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Abstract 

Complete surgical resection with disease free margins remains the 

cornerstone of effective breast cancer treatment. Breast cancer management 

continues to evolve with the development of more sophisticated techniques 

of mastectomy and breast reconstruction, and more widespread use of 

adjuvant and neoadjuvant treatments including chemotherapy and 

radiotherapy.  

The aim of the work undertaken for this thesis was to investigate the evolving 

management of breast cancer from a surgical perspective. This includes 

assessment of factors such as the impact the introduction of neoadjuvant 

chemotherapy has had on surgical practice and the potential impact that 

further changes to treatment sequence may have on surgical practice, with a 

specific focus on mastectomy and breast reconstruction. This work also aimed 

to investigate novel regenerative approaches to post mastectomy breast 

reconstruction utilising autologous adipose derived stem cells and tissue 

engineering strategies.   

Evolution in surgical practice was examined by reviewing breast cancer cases 

treated surgically at Galway University Hospital over a ten year period. This 

revealed an increase in the use of neoadjuvant chemotherapy from 2005 to 

2014, with a corresponding increase in the rate of breast conserving surgery. 

However, mastectomy remains an integral component of surgical treatment 

in this patient cohort with a mastectomy rate of approximately 55%.  

The evolution of mastectomy and reconstruction practices at Galway 

University Hospital from 2004 to 2014 was investigated. The rate of post 

mastectomy breast reconstruction increased over the study period. Preference 

for autologous reconstructive procedures at the beginning of the study period 

changed over time with implant reconstruction becoming the most commonly 

utilised method of breast reconstruction later in the study. Clinicopathologic 

and treatment factors also influenced surgical practice in relation to post-

mastectomy breast reconstruction.  
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Neoadjuvant chemo-radiation is currently being investigated as a novel 

treatment sequence in breast cancer. A pilot study was carried out at Galway 

University Hospital comparing the outcomes of patients being treated with 

neoadjuvant chemo-radiation to patients being treated with traditional post-

mastectomy adjuvant radiotherapy. This study found that neoadjuvant 

chemo-radiation is a feasible method of delivering breast cancer treatment in 

shorter treatment times, without increasing surgical complication rates and 

while sparing the newly reconstructed breast from radiation.  

Limitations of current methods of breast reconstruction have directed 

research towards adipose tissue engineering strategies. Adipose derived stem 

cells (ADSCs) have become the gold standard cell source for tissue 

engineering. This study investigated the potential for autologous adipose 

derived stem cells to be harvested from breast cancer patients. A stem cell 

population was isolated from various adipose tissue sources in patients treated 

and not treated with neoadjuvant chemotherapy. Cell populations were 

assessed for their adipogenic potential for suitability for use in adipose tissue 

engineering. Genetic expression and cytokine secretion analysis was used to 

assess oncological safety of the isolated ADSCs. ADSCs isolated from breast 

adipose tissue of breast cancer patients exhibit features which may raise 

concern relating to their oncological safety for use in breast regeneration. 

However, breast adipose tissue from patients treated with neoadjuvant 

chemotherapy is potentially a safer source of autologous ADSCs.  

Breast adipose tissue engineering strategies require suitable scaffold 

biomaterials. An injectable hyaluronic acid hydrogel was assessed for its 

ability to be seeded with abdominal lipoaspirate with or without the stromal 

vascular fraction of adipose tissue. A hyaluronic acid hydrogel with a 

concentration of 2% w/v, at a 2x crosslinking density, loaded with 400µl 

abdominal lipoaspirate, with or without the stromal vascular fraction of 

adipose tissue, was shown to possess biomechanical properties suitable for 

breast adipose tissue engineering.   

Mastectomy remains a mainstay of breast cancer treatment. For patients 

undergoing mastectomy, breast reconstruction is proven to improve 
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psychosocial and quality of life outcomes.  Therefore, optimising  methods of 

breast reconstruction is essential in order to ensure the optimal patient quality 

of life outcomes. Alterations to systemic and local treatment sequence, along 

with tissue engineering and regenerative surgery techniques are important 

developments in the further evolution of breast cancer management.  
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1.1 Breast Cancer 

Breast cancer is the most commonly diagnosed malignancy in females, with 

approximately 1.7 million women diagnosed and treated worldwide annually. 

While significant progress has been made in the multidisciplinary 

management of breast cancer, complete surgical resection with disease free 

margins remains the cornerstone of effective therapy. Historically this was 

achieved with extensive surgery in the form of the Halstead radical 

mastectomy, which achieved a 6% rate of local recurrence, albeit at the 

expense of significant associated physical and psychosocial morbidity [1]. 

The development of adjuvant therapies such as chemotherapy, hormonal 

therapy and radiotherapy, which effectively reduce both distant and 

locoregional recurrence [2, 3], and the recognition that tumour biology also 

impacts local control [4] have contributed to a paradigm shift towards 

increasingly conservative therapeutic surgical approaches. The delivery of 

these treatments in the neoadjuvant setting have also allowed for increased 

numbers of women to undergo breast conserving surgery [5]. Despite this, 

approximately 40% of women still require mastectomy to achieve 

locoregional disease control [6]. The current indications for mastectomy 

include: prior radiation therapy to the breast or chest wall; inflammatory 

breast cancer; diffuse suspicious microcalcifications on mammogram; 

widespread disease that is multicentric, located in more than one quadrant and 

cannot be removed through a single incision with negative margins; a positive 

pathologic margin after repeat re-excision and suboptimal cosmetic outcome; 

tumours greater than 5cm; and a focally positive margin. Mastectomy is also 

indicated in the case of prophylactic risk reducing surgery in patients 

identified to have a genetic mutation conferring a high risk of developing 

breast cancer.  

There has been an increase in the rate of mastectomy procedures being carried 

out in recent years [7]. As the recognition of the genetic component of familial 

breast cancer grows and genetic testing has become more available, rates of 

bilateral prophylactic mastectomy and contralateral prophylactic mastectomy 

have increased in high risk patients. Furthermore, a trend has also been 

reported for women who are eligible for breast conserving surgery to opt for 
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mastectomy and contralateral prophylactic mastectomy in the unaffected 

breast, despite a lack of evidence of a survival advantage for this approach in 

the absence of a known genetic mutation [8]. The introduction of 

mammographic screening has also had a role in this phenomenon. Screening 

has resulted in increased diagnosis of ductal carcinoma in situ (DCIS). In the 

UK, there were approximately 1,500 cases of DCIS diagnosed in 1998/1999, 

which increased significantly to 3,500 cases in 2007/2008. However, the rate 

of breast conserving surgery during this time remained constant at 30%. Thus, 

the absolute numbers of patients of women undergoing mastectomy had 

almost doubled in the course of one decade as a result of screening [9]. 

According to the National Cancer Registry in Ireland, the incidence of in situ 

breast cancer diagnoses increased by approximately 9% per annum from 1994 

to 2013. The influence of the national screening programme can be seen in 

peaks around 2001 and 2009.  

Mastectomy is proven to have adverse psychosocial effects on breast cancer 

patients including anxiety, depression and negative body image. As a result 

of the improved survival of breast cancer patients, there is an increasing 

emphasis on survivorship issues, which include aesthetic and quality of life 

outcomes [2]. The practice of breast reconstruction has evolved to afford 

clearly defined psychosocial and aesthetic benefits for women undergoing 

mastectomy and it is for this reason that post-mastectomy breast 

reconstruction has become the standard of care in the surgical management 

of breast cancer [10]. Thus surgical techniques for both mastectomy and 

PMBR have evolved in an effort to optimise the aesthetic results for patients 

undergoing mastectomy and breast reconstruction.   
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1.2 Current Strategies in Mastectomy & Breast Reconstruction 

1.2.1 Mastectomy Techniques – Aiding Superior Reconstruction Outcomes 

The evolution of mastectomy techniques has influenced post-mastectomy 

breast reconstruction (PMBR). In the 19th century, Halstead pioneered the 

radical mastectomy which involved extensive en bloc resection of the affected 

breast, overlying skin, pectoral muscle and axillary lymph nodes. Over time, 

less radical surgical excision was undertaken with the development of the 

modified radical mastectomy which involved removal of the breast and 

overlying skin level I or II axillary nodes, sparing the pectoral muscle [11]. 

By the 1970’s, this had become the standard of care in breast cancer surgery. 

The advent of the “skin sparing mastectomy” (SSM), first reported  in 1991, 

has had a significant  impact on cosmetic improvements seen in contemporary 

breast reconstruction [12]. With this approach, the majority of the skin 

envelope is preserved as SSM involves the removal of only the nipple-areola 

complex and skin involved with, or in close proximity to, the tumour. SSM is 

oncologically safe in most breast cancer patients, although it is 

contraindicated in inflammatory carcinoma, locally advanced breast cancers, 

and is relatively contraindicated in smokers [13, 14]. Preserving the native 

skin pocket results in superior symmetry with the contralateral breast by 

matching skin colour and texture and allowing a natural ptosis of the 

reconstructed breast. Necrosis of the mastectomy flaps must be avoided and 

in patients who are also undergoing placement of expanders or implants, it is 

crucial to ensure complete coverage of the prosthesis, either with a complete 

submuscular pocket or addition of an acellular dermal matrix (ADM) to the 

lower pole. Decreased mastectomy skin flap thickness can increase the risk 

of mastectomy flap necrosis [15]. Preservation of the skin layer superficial to 

Scarpa’s fascia, thus leaving the subdermal vascular plexus intact, can help to 

prevent mastectomy skin flap necrosis and has been shown to be 

oncologically safe [16]. Other patient factors such as smoking have a 

significant effect on rates of mastectomy flap necrosis. The hypothesised 

mechanism of this is vasoconstriction caused by nicotine, reduced 

haemoglobin oxygenation secondary to carbon monoxide binding and 

increased platelet aggregation [16]. Radiotherapy also results in a higher rate 
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of mastectomy flap necrosis, particularly in the case of implant 

reconstruction. Traditionally, identification of mastectomy flap necrosis has 

been via clinical evaluation including assessment of skin colour, capillary 

refill time, skin temperature and dermal bleeding [16]. Several technologies 

have recently been developed to aid in the early detection of mastectomy flap 

necrosis following SSM and immediate reconstruction, such as Indocyanine 

green contrast [17] . High intra-operative tissue expander fill volumes have 

also been shown to increase the risk of mastectomy flap necrosis [18]. Despite 

the lack of  randomised controlled trials, SSM is considered to be as safe 

oncologically as simple mastectomy, with similar rates of local recurrence 

(6.2% skin sparing mastectomy vs. 4.0% non-skin sparing mastectomy), as 

reported in a meta-analysis of 3739 patients (1104 SSM and 2635 non-skin 

sparing mastectomy) [19].  

Nipple reconstruction has become an integral part of breast reconstruction, 

with subsequent tattooing of the reconstructed nipple areola complex. Nipple 

sparing mastectomy (NSM), is becoming popular, obviating the need for this 

reconstructive step and improving aesthetic outcomes [20]. Preservation of 

the nipple-areolar complex (NAC) has been shown to be  oncologically safe 

with no increased risk of breast cancer recurrence in women with sporadic 

breast cancer [21]. However, in order to ensure this oncological safety, a 

significant amount of tissue posterior to the nipple must be removed, leading 

to a risk of reduced vascularisation to the nipple areola complex (NAC), often 

leading to partial or total necrosis of the NAC requiring further surgery and 

exposure of an underlying prosthesis. Rusby et al. demonstrated that blood 

supply to the nipple could be adequately maintained by a subdermal plexus 

with removal of the ductal tissue within the core of the nipple with a 92.3% 5 

year survival [22]. Tumour involvement of the nipple can be predicted 

clinically by a tumour-to-nipple distance of less than 2.5cm, positive lymph 

node status, stage III or IV disease, negative oestrogen and progesterone 

receptor status, Her 2 positivity and DCIS [23]. If the retro-areolar biopsy is 

found to be positive, the NAC requires excision. Nipple margin involvement 

is reported at a rate of 2.8-20% [24]. There have been some concerns raised 

regarding NSM safety in BRCA gene mutation positive patients as this 
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procedure requires a small amount of tissue to be left behind the NAC to 

maintain an adequate blood supply [25]. However, the procedure has been 

deemed oncologically safe by a meta-analysis of 5594 patients with a follow 

up of greater than 5 years with a recurrence rate of 11.4% [26]. Nipple sparing 

mastectomy is becoming more widely performed and has a central role in 

improving patient satisfaction outcomes [27]. Garwood et al. investigated the 

impact of NSM on reconstruction type; an increased rate of nipple necrosis 

had been observed with fixed-volume implants. This group found that use of 

tissue expanders decreased rates of nipple necrosis. It was hypothesised that 

immediate breast reconstruction (IBR) with fixed volume implants may place 

too much tension on the skin flaps and limited blood supply of the spared 

NAC. Autologous reconstruction was also found to be an independent risk 

factor for nipple necrosis, possibly due to the fixed volume of the flap, similar 

to fixed volume implants [28].  Toesca et al. have recently described a novel 

robotic technique for carrying out nipple sparing mastectomy and immediate 

breast reconstruction with an implant with a single small hidden axillary scar. 

They have reported a case series of 29 such procedures with good patient and 

surgeon satisfaction ratings [29]. Sarfati et al. have also published on a robotic 

nipple sparing mastectomy technique using the da Vinci Xi surgical system 

(Xi). The incision for this approach is located posterior to the axillary line, 

hidden in the axilla of the patient and compatible with breast reconstruction 

[30]. 

1.2.2 Contemporary Breast Reconstruction Techniques 

Changes in the law and the publication of healthcare guidelines have placed 

a greater emphasis on breast reconstruction as an integral part of breast cancer 

care. In 1998, the Women’s Health and Cancer Rights Act was signed into 

law in the US, stipulating that insurance companies must also cover breast 

reconstruction procedures for women undergoing mastectomy for the 

treatment of breast cancer. UK NICE guidelines published in 2009 state that 

all women undergoing mastectomy should be offered breast reconstruction 

regardless of whether it is available locally or not. These laws and guidelines 

have helped to increase rates of breast reconstruction internationally. IBR 

rates in the US have increased by an average of 5% per year from 20.8% in 
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1998 to 37.8% in 2008 [31].A study by Jeevan et al. on rates of breast 

reconstruction in the UK reported an increase in IBR from 10% in 2000, to 

23.3% in 2014 [32]. Current methods of breast reconstruction can be 

categorised into implant and autologous approaches along with these 

approached combined. These are carried out either in the immediate setting 

at the time of mastectomy or at a later delayed stage, for example, after 

radiotherapy and other adjuvant treatments have been completed.  

1.2.2.1 Implant Breast Reconstruction  

Post-mastectomy breast reconstruction (PMBR) utilising implants, is 

currently more commonly performed than autologous breast reconstruction  

[33]. Several advantages such as shorter operation times, lack of donor site 

and associated morbidity, and quicker return to normal activities make this an 

attractive reconstructive option. Breast reconstruction utilising implants can 

be carried out either as (a) single stage, direct to permanent implant (DTI) 

procedures or (b) two-stage procedure with the insertion of a tissue expander, 

which is inflated over time and later replaced by a permanent implant. Direct 

to implant (DTI) reconstructions may be commonly associated with problems 

such as skin flap necrosis, implant extrusion, pectoralis muscle retraction, 

implant malposition and capsular contracture. Total muscle coverage is rarely 

utilised in DTI reconstructions as a result of limitations in implant size and 

suboptimal breast shape [34]. Careful patient selection is vital for the success 

of a DTI breast reconstruction. The surgical technique for partial muscle 

coverage involves first assessing the skin envelope for perfusion and 

candidacy for DTI reconstruction. If the skin is discovered to be very thin  

with areas of dermis exposure or if skin discolouration  is observed with the 

insertion of a sizer, the patient is not a candidate for DTI reconstruction and 

a tissue expander is implanted instead [34]. More modern DTI procedures use 

Acellular Dermal Matrices (ADMs) which attempt to overcome these issues 

by fixing the pectoralis muscle and forming a complete pocket around the 

inferior pole of the implant in the required position (table 1.1). Stress on the 

inferior skin envelope is also decreased, resulting in lower rates of 

mastectomy skin flap necrosis and capsular contracture [35].  Traditionally, 

DTI with total muscle coverage of the implant was only possible in small-
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breasted women with minimal ptosis as it was limited by the degree of 

expansion of the overlying pectoral muscles. This is overcome by ADMs as 

they obviate the need for total muscle coverage [36]. Currently, DTI 

reconstruction is suitable for women with small to moderate sized breasts who 

wish to remain a similar breast size. Those patients who wish to be a 

significantly larger size should undergo a two-stage procedure with a tissue 

expander [35].  

Subglandular/pre-pectoral implant placement is a muscle sparing technique 

which is currently being revived in breast reconstruction. The main 

advantages associated with this reconstructive strategy are avoidance of 

animation deformity, prevention of shoulder dysfunction and a lower reported 

incidence of capsular contracture (2.8-15.9%, with increased incidence post-

radiotherapy) [37]. In some cases of unilateral reconstruction, a pre-pectoral 

implant reconstruction may provide superior symmetry with the contralateral 

breast [34]. Prepectoral breast reconstruction involves the creation of a new 

breast by coverage of the implant with the mesh and then attachment to the 

chest wall, without the need to raise the pectoralis major or serratus anterior 

[37]. Whereas short-term outcomes appear to be favourable, there is limited 

data with regard to long term outcomes of prepectoral breast reconstruction. 

A prospective trial of retro-pectoral and pre-pectoral implant breast 

reconstruction was carried out by Bernini et al. which found no significant 

difference in terms of short- or long-term complications or sexual well-being 

between the groups. However, a greater patient satisfaction rate was observed 

in the pre-pectoral group by the BREAST-Q questionnaire [38]. The 

oncological safety of this procedure has yet to be elucidated however, patients 

with late stage breast cancer, posterior tumours near to or involving the 

pectoralis major and those with a high risk of disease recurrence are not 

thought to be suitable candidates for this reconstructive procedure [39].   
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Table 1.1 - Commercially available acellular dermal matrices (ADMs) used in direct-to-implant 

breast reconstructions or in conjunction with a tissue expander 

 

 

 

 

Acellular Dermal 

Matrix (Trade 

Names) 

Company Tissue Source Sterile Advantages 

Flex HD Ethicon Human allograft 

skin 

No • Little elasticity 

• Prehydrated 

AlloDerm Life Cell Human cadaveric 

skin 

No • Can be irradiated 

• Widely used, 

extensive studies 

carried out 

• Rapid 

revascularisation 

• Allows lymphocyte 

migration 

DermaMatrix Synthes Human skin Yes • Bacterially 

inactivated 

• Rapid rehydration 

• No refrigeration 

required 

Permacol Covidien Porcine dermis Yes • Cross-linked for 

greater durability 

• No refrigeration or 

rehydration 

required 

• Available in larger 

sizes 

Strattice LifeCell Porcine dermis Yes • Good 

biomechanical 

strength 

• Prevents adhesions 

•  Allows 

revascularisation 

• Allows lymphocyte 

migration and cell 

ingrowth 

SurgiMend Polytech Foetal bovine 

dermis 

Yes • Rapid rehydration 

• Easy to suture 

• Fenestration to 

allow fluid drainage 

•  

AlloMax Bard Davol Human dermis Yes • Virally inactivated 

• Hydrates rapidly  

• Little elasticity 

• Early cellular 

infiltration and 

neovascularisation 

7 days post-implant  
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1.2.2.2 Limitations of Implant Breast Reconstruction 

Implant breast reconstruction is associated with several complications and 

limitations including infection, contracture, wound dehiscence, implant 

deflation, haematoma, seroma, lymphoedema and back pain [40]. The 

incidence of infection following breast reconstruction with tissue expanders 

and silicone implants ranges from 1-24%. In a study by Nahabedian et al. 

there was an association between receipt of radiation therapy and infection in 

implant breast reconstructions. There was also an increased risk of infection 

following lymph node dissection, however there was no association between 

wound infection in implant breast reconstruction and patient age, diabetes, 

tobacco use, tumour stage, timing of implant insertion or chemotherapy [41]. 

Implant rupture remains an issue in implant breast reconstruction. An 

incidence of implant rupture of 26% has been reported for implants in situ for 

12 years [42] and an incidence of 55% for implants in situ for 16.4 years [43]. 

It has been reported that the newer low-bleed, third generation breast implants 

are durable for the first 6-8 years, after which the rupture rate increases. 

Earlier implant generations have higher rupture rates, primarily due to a 

longer time in situ, which was found to be the single most important risk 

factor for rupture [44].  

1.2.2.2.1 Capsular Contracture 

Capsular contracture is the most common complication of implant based 

breast reconstruction. It is caused by an excessive fibrotic reaction to an 

implanted foreign body and has a reported incidence of 15% to 45% (table 

1.2) [45]. Factors such as infection, biofilms, irradiation, subglandular 

implant placement, haematoma, irradiation and type of implant surface are 

associated with this phenomenon [46]. Of note, the rate of capsular 

contracture is higher in breast reconstruction post-mastectomy compared to 

simple aesthetic breast augmentation (20% vs. 8%) [45]. Smooth implants are 

associated with higher rates of capsular contracture than textured surfaced 

implants [47]. Additionally, subglandular placement of breast implants result 

in greater rates of capsular contracture than submuscular insertion [45]. 

Polyurethane coating of silicone implants has been demonstrated to reduce 
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rates of capsular contracture, with an inverse relationship existing between 

capsular contracture and a reduced amount of polyurethane coating on the 

implant surface [48]. Despite fears of possible carcinogenetic effects of 

polyurethane breakdown products, several studies have shown no association 

between polyurethane-coated implants and increased cancer risk [49-51]. 

Capsular contracture is a foreign body reaction predominantly mediated by 

macrophages. More commonly occurring in smooth surface implants, 

leucocytes surround the implant surface, secreting chemicals which 

encourage the migration and proliferation of fibroblasts. Collagen production 

by fibroblasts produces circumferential contracture when placed under 

tension. [48]. Biofilm, largely due to skin commensals has been implicated in 

capsular contracture. It has been shown that macrotextured breast implants 

harbour greater numbers of bacteria than smooth or microtextured implants. 

Biofilm forms at the implant surface at time of operation. The extracellular 

slime created provides some isolation from antibiotic treatment and limits 

bacterial exposure to the host’s immune response. The irregular surface and 

increased surface area of macrotextured implants, designed to allow peri-

prosthetic capsular tissue ingrowth and limit mobility of the implant, provides 

shelter for bacterial growth and biofilm formation [52]. Techniques, such as 

the “14 point plan” have been developed in order to reduce the number of 

bacteria around implants (table 1.3). This strategy minimises the bacterial 

contamination at the time of operation and the bacterial load that leads to 

biofilm formation. The “14 point plan effect” has been proven to reduce rates 

of capsular contracture occurring as a result of biofilm [52]. Capsular 

contracture contributes significantly to the long term maintenance of implant 

breast reconstruction that is required. Breast implants need to be replaced, 

usually in conjunction with a capsulotomy, approximately every 10 – 15 years 

due to the ongoing risk for leak, malrotation and rupture. The requirement for 

added surgical procedures increases patient morbidity. 
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Table 1.2 Outline of studies reporting incidence of capsular contracture.  

Author 

Year 

Publication 

Type 

No. of 

Patients 

Reported 

incidence 

of capsular 

contracture 

Reference 

Whitfield et 

al. 

2009 Cohort 

study 

178 
19.5% [53] 

Liu et al. 
2015 Meta-

analysis 

4486 
30% [54] 

Benediktsson 

et al. 

2006 Prospective 

trial 

178 
20.6% [55] 

Cordeiro et 

al 

2014 Cohort 

study 

1415 
0.5 – 6.9% [56] 

Salzberg at 

al 

2016 Cohort 

study 

1584 
0.8-1.9% [57] 

 

Table 1.3 - Surgical 14 point plan for breast implant placement 

Surgical 14 point plan for breast implant placement 

1. Use IV antibiotic prophylaxis at the time of anaesthetic induction 

2. Avoid peri-areolar/transaxillary incisions 

3. Use nipple shields to prevent spillage of bacteria into the pocket 

4. Perform careful atraumatic dissection to minimise devascularised 

tissue 

5. Perform careful prospective haemostasis 

6. Avoid dissection into the breast parenchyma 

7. The use of a dual plane pocket 

8. Perform pocket irrigation with proven betadine triple-antibiotic  

solution, non-betadine triple or 50% (1:1 dilution) or stronger 

povidone-iodine 

9. Steps to minimise skin contamination (e.g. wipe/prep skin, barrier, 

sleeve) 

10. Minimise implant open time and replacement of implant or sizers 

11. Change surgical gloves before handling and use new or cleaned 

instruments and drapes 

12. Avoid using draining tube, which can be a potential site of entry for 

bacteria (augmentation) 

13. Use a layered closure 

14. Use antibiotic prophylaxis to cover subsequent procedures that 

breach skin or mucosa 
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1.2.2.2.2 Breast Implant Associated Anaplastic Large Cell Lymphoma 

There have been increasing reports of anaplastic large cell lymphoma, a rare 

Non-Hodgkin lymphoma, occurring in association with implant-based breast 

reconstruction. This most often presents as a late peri-prosthetic effusion. 

Reports of disease incidence vary widely between 1 in 3,000,000 to 1 in 

50,000. A recent case series from Australia and New Zealand report an 

incidence as high as 1 in 4,000 in textured implants with a high surface area 

[58]. Though this disease appears to be relatively rare, studies have only 

recently begun to examine this phenomenon and little is known of the natural 

history of the condition, warranting further study. The median time between 

implantation and presentation is 9 years [59]. Diagnosis is usually based on 

aspiration of the effusion fluid, which is positive for CD30 expression and 

negative for Anaplastic Lymphoma Kinase (ALK) [60]. Patients with in-situ 

disease, which is confined to the lumen surrounding the prosthesis, have an 

excellent prognosis once the capsule is removed in its entirety with negative 

surgical margins. Invasive disease, with or without lymph node involvement 

has a worse prognosis with mortality reaching approximately 40% at 2 years 

[60]. The aetiology of the disease is as yet unknown, however several 

hypotheses exist. Risk factors suggested include the presence of a subclinical 

biofilm on the implant surface, capsular contracture, repeated capsular 

trauma, genetic predisposition or autoimmune aetiology [59].      

1.2.2.2.3 “Red Breast Syndrome”  

During their early use, there was concern that ADMs were associated with a 

higher risk of infections and complications such as seroma [61, 62]. “Red 

breast syndrome” (RBS) was a phenomenon synonymous with ADM use, 

first described in 2010. It was described as a non-infectious erythema, 

appearing days to weeks after ADM implantation, localised to the areas of 

ADM placement, typically along the inferior pole of the breast [63].  It is 

thought to be a delayed Type IV hypersensitivity reaction to ADM-associated 
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antigens. Currently available ADMs differ in terms of tissue source, method 

of decellularisation, antigen removal, cross-linking method and final 

preparation and packaging (aseptic vs. sterile) (table 1.1). How the ADM 

integrates into host tissue, its durability and the host’s reaction may be 

influenced by these differences. Incomplete decellularisation of an ADM may 

induce an inflammatory response within the host upon implantation. 

However, more recent research has shown that there is no increase in 

complication rates associated with ADM use for single stage DTI 

reconstruction [64-66]. Paprottka et al. compared complication rates in 

patients receiving human-derived, porcine-derived and bovine-derived 

acellular dermal matrices after 3 years follow-up. They reported an RBS rate 

of 6% (3/52 patients), one occurring with Strattice (porcine ADM) and two 

occurring with Tutomesh (bovine ADM). They conclude that human-derived 

ADMs have the lowest overall complication rates,  with bovine ADMs having 

the highest complication rates, despite their advantages with regard to 

flexibility and ease of use [67]. Synthetic mesh is being increasingly utilised 

in breast reconstructive surgery. TIGR matrix is one such synthetic mesh, 

composed of slow- and fast-degrading fibres and is a potential alternative to 

ADMs [68].  

1.2.2.3 New Developments in Breast Implant Technology 

Recent advances in implant-based breast reconstruction include the 

development of CO2 filled tissue expanders. Traditional saline-filled tissue 

expanders require repeated inflations which can be painful and time-

consuming and result in an asymmetric breast appearance in the interim. 

Injections through the skin also add to the risk of infection. Therefore, 

AirXpanders™ Inc., have developed the AeroForm™ remote-controlled, 

needle-free tissue expander, which releases CO2 from an internal reservoir to 

inflate the expander. This system allows for daily gradual expansions as 

opposed to the less frequent, larger volume expansions associated with saline 

tissue expanders [69].   

1.2.2.4 Autologous Breast Reconstruction 
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Autologous reconstruction is carried out using “pedicled” or “free” flaps. A 

pedicled flap consists of tissue transferred to a new region of the body, but 

remaining attached to its native blood supply at the donor site. Free 

microvascular tissue transfer was first described in 1973 for the primary 

closure of a compound leg injury, a development  which broadened the 

horizons of breast reconstruction [70]. Free tissue transfer involves the 

vascular dissection and detachment of tissue (e.g. skin, fat, muscle, bone) 

which is then transferred to another area of the body in order to reconstruct 

an existing defect. Anastomosis of the divided artery and vein to a separate 

artery and vein at the site of the defect ensures blood supply and survival of 

the flap. Microvascular free flaps have increased in popularity, particularly in 

the case of immediate breast Free Transverse Rectus Abdominis Muscle 

(TRAM), muscle sparing TRAM and Deep Inferior Epigastric Artery 

Perforator (DIEP) flaps which are the most commonly utilised free flaps for 

breast reconstruction[71]. Perforator flaps were developed from the principles 

of free microvascular tissue transfer which have reduced donor site morbidity 

associated with harvesting the muscle. Deep inferior epigastric perforator 

(DIEP), and gluteal artery perforator (GAP) flaps have had successful 

outcomes [71].  

Autologous breast reconstruction remains the gold standard in post-

mastectomy breast reconstruction, particularly in patients who have poor skin 

quality of the mastectomy flaps or in whom delayed reconstruction is 

preferred [72]. Although it is a more significant/invasive surgical procedure 

and can be associated with considerable patient morbidity, autologous 

reconstructions are more natural in shape, feel and texture than implants, with 

a natural ptosis requiring little or no maintenance in the long term. 

Autologous reconstruction allows for importation of healthy tissue, especially 

in cases of poor quality of the native mastectomy flaps or delayed 

reconstruction. Although initial complication rates may be higher, autologous 

reconstructions provide a more consistent and durable reconstruction over 

time [73]. Autologous reconstruction is also often used as a salvage procedure 

upon failure of an implant reconstruction. The most common indications for 

salvage breast reconstruction in a retrospective study from Cambridge 
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including 14 patients were capsular contracture, intractable pain, implant 

exposure and poor cosmesis [74].  

The TRAM flap was pioneered in 1982 by Hartrampf, Scheflan and Black 

[75]. It has evolved from a pedicled flap with a necrosis rate of 10%, to a free 

flap with a possible success rate of 98%. Originally, the TRAM flap took its 

blood supply from the superior epigastric vessels via a series of vessels within 

the rectus abdominis, which had the highest rate of abdominal wall morbidity. 

With increasing use of muscle-sparing procedures, the pedicled TRAM is 

usually performed only in a setting where peri-operative support is inadequate 

for free tissue transfer, for unilateral procedures and in those patients with 

severe co-morbidities that require shorter operation times [23]. The pedicled 

TRAM is a technique where the rectus abdominis muscle and adjoining fat 

and skin is detached from the upper abdominal skin to reconstruct the breast 

mound. Such a procedure is associated significant patient morbidity and long 

recovery times along with decreased abdominal strength, often resulting in 

complications such as herniae, which had an incidence of 0-10% [76]. The 

free TRAM flap uses the rectus abdominis muscle as in the pedicled TRAM 

flap; however the vascular pedicle is dissected, completely removing the flap 

from the abdominal wall. This obviates the need for tunnelling of the flap and 

the flap is anastomosed to an artery and vein on the chest wall. The more 

modern use of the inferior epigastric vessels in the free TRAM flap allows 

larger amounts of abdominal tissue to be removed completely from the body 

and transplanted to the chest wall with less risk of fat necrosis. In addition, 

limiting the muscle harvest to the portion of muscle containing the medial and 

lateral rows of perforating vessels reduces the risk of donor site morbidity by 

minimising violation of the abdominal wall [77]. The anterior rectus sheath 

is usually sutured closed, however in cases of difficult closure, particularly if 

both rectus muscles are used, a synthetic mesh may be required  to achieve 

closure [78].  

The DIEP flap is the most commonly performed perforator flap for breast 

reconstruction and relies on microdissection of the branches of the deep 

inferior epigastric vessels which perforate the rectus abdominis and its fascia. 

In a DIEP flap, the primary vessels are the deep inferior epigastric artery and 
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vein. [79]. A superficial inferior epigastric perforator (SIEP) flap results if the 

primary vessels are the superior epigastric vessels [80]. Due to the minimal 

breach of the rectus sheath, DIEP flaps are associated with minimal loss of 

function, reduced risk of hernia, reduced rates of fat necrosis, less post-

operative pain,  lower cost and shorter length of hospital stay [23]. Reduced 

abdominal wall tension makes tension-free closure possible without the use 

of a synthetic mesh [77]. In a comparison between DIEP and SIEP flaps, SIEP 

flaps required higher rates of re-exploration due to arterial insufficiency and 

flap failure [81]. The requirement for abdominoplasty with limited abdominal 

wall complications in these reconstructive techniques make DIEP and SIEP 

flaps attractive options for reconstruction in mastectomy patients. A muscle-

sparing TRAM flap involves harvesting the skin, subcutaneous fat and one 

side of the rectus abdominis muscle along with the inferior epigastric artery 

and vein pedicle, making a very similar to the DIEP flap. This is usually 

undertaken when the perforating vessels are small.  

Alternative donor sites to the abdominal wall are required in patients who 

have had previous major abdominal surgery. Although its use has been 

surpassed by DIEP and TRAM flaps in more recent times, the latissimus dorsi 

(LD) flap is still a widely used method of breast reconstruction. An LD flap 

may be used alone or in conjunction with an implant to recreate the breast 

mound depending on the volume required to achieve symmetry. An 

“extended LD flap” allows for greater volume generation without the use of 

an implant by harvesting lumbar adipose tissue along with the muscle flap in 

order to reconstruct the breast mound [82]. An extended LD flap can provide 

flap volumes of 400cc in up to 70% of patients, however this technique is 

associated with poor donor wound site healing and a high incidence of fat 

necrosis [23].  A thoracodorsal artery perforator (TDAP) flap is another flap 

originating from the thoracic wall and back that can be transplanted into the 

anterior thorax for breast mound reconstruction, first described in 2004 [83]. 

This flap is capable of reconstructing a B-cup sized breast and allows for 

harvesting of the same skin and subcutaneous tissue as that in the LD flap, 

without the muscle, avoiding the possible associated complications. This type 
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of flap has a low rate of seroma and no impairment of shoulder motion [84]. 

However, it has been associated with a higher rate of flap congestion [85]. 

A transverse upper gracilis (TUG) flap is a less commonly performed method 

of breast reconstruction usually indicated for partial mastectomy defects or 

small breasts. If the TUG flap is based on a distal perforator, a pedicle length 

of up to 25cm may be achieved. This reconstructive method is safe to use in 

patients unsuitable for abdominally based reconstruction, including the 

morbidly obese, smokers and diabetics [23]. The TUG flap is harvested from 

the medial aspect of the thigh and is associated with advantages such as 

relatively consistent anatomy, an inconspicuous donor site scar and relatively 

little functional morbidity. Potential complications include medial thigh 

paraesthesia, chronic lower limb lymphoedema and contour deformities of 

the medial thigh.  

The skin and fat of the posterior thigh can also be utilised for autologous 

breast reconstruction with a profunda artery perforator (PAP) flap, first 

described in 2010. This technique is indicated for patients with insufficient 

abdominal tissue, previous abdominal surgery or liposuction, those with a 

failed DIEP/SIEP/TRAM flap, patients with a pear-shaped body habitus or 

those who have a preference for a non-abdominal donor site. Breast volumes 

achievable are usually reported in the range of 300-400g, which will give an 

A to B cup breast. Post-operative pain and functional issues are minimised as 

the underlying muscle is spared. The pedicle length ranges from 8 to 10cm 

and is generally a reasonable size match for anastomosis to the internal 

mammary vessels [86].   

1.2.2.5 Limitations of Autologous Breast Reconstruction 

 Despite the advantages, autologous reconstructions are not without their own 

specific complications. Autologous reconstruction is associated with 

morbidity risks at both the donor and the recipient site. Tissue flap necrosis 

and loss may occur secondary to ischaemia of transferred tissue. 

Complications may arise from the donor site, for example wound dehiscence 

and abdominal wall hernia. These operations have a longer operative time, 

require longer hospital stay and recovery times. Autologous flap procedures 
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are more technically challenging, particularly in the case of free DIEP and 

transverse rectus abdominis muscle (TRAM) flaps which require the 

formation of a microvascular anastomosis. Therefore, autologous 

reconstruction is associated with specific training requirements and a 

significant learning curve for surgeons [87].  Some authors predict an increase 

in the need for autologous reconstructions secondary to the increasing number 

of indications for radiotherapy, and thus an unacceptably high rate of capsular 

contracture and radio-dermatitis in implant reconstructive procedures [88]. 

As surgical techniques have evolved, there has been a progression from 

pedicled to free musculocutaneous flaps to muscle-sparing perforator flaps 

[71]. Currently, the abdominal wall is the most commonly used donor site. 

Six to fourteen per cent of free flaps are re-explored secondary to vascular 

compromise.  Ninety five per cent of vascular complications present in the 

first 72 hours post-procedure. There is a higher flap salvage rate in those flaps 

with vascular compromise that are detected and operated on early [89].   

With increasing numbers of bilateral mastectomies being carried out, both as 

therapeutic and prophylactic procedures, there is increasing demand for 

autologous reconstruction [33]. Bilateral abdominal based autologous breast 

reconstruction procedures are complex operations associated with longer 

operating times and technical challenges for surgeons, such as one abdomen 

being divided to recreate two breast mounds, often leading to a smaller 

volume in the reconstructed breasts [90]. The use of abdominal free flaps is 

also unique in that the use of this flap in the unilateral setting precludes the 

use of the abdomen for subsequent breast reconstruction procedures [91]. 

Systematic reviews of the literature have reported higher rates of 

complications in bilateral abdominal free flap reconstructions compared to 

unilateral abdominal free flap reconstructions, particularly the incidence of 

breast seroma and total flap failure rates (RR of total flap failure between 

unilateral and bilateral DIEP flap of 3.31) [92].  
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Table 1.4 - Major complications associated with commonly utilised methods of breast 

reconstruction  

Complication ADM based 

Reconstruction 

Implant Based 

Reconstruction 

Autologous 

Reconstruction 

Reference 

Infection ✓ ✓ ✓ 

[93-100] 

Seroma ✓ ✓ ✓ 

Capsular 

Contracture 

- ✓ - 

Donor Site 

Wound 

Dehiscence 

- - ✓ 

Mastectomy 

flap necrosis 

✓ ✓ ✓ 

Haematoma ✓ ✓ ✓ 

Capsular 

contracture 

✓ ✓  

Loss of implant ✓ ✓  

Red Breast 

Syndrome 

✓   

Implant 

exposure 

 ✓  

Pain/tightness  ✓ ✓ 

Injection port 

migration 

 ✓  

Implant 

deflation 

 ✓  

Implant 

migration 

 ✓  

BIA-ALCL  ✓  

Flap 

congestion/ 

necrosis 

  ✓ 

Abdominal 

hernia/bulge 

  ✓ 

 

1.2.2.6 Autologous Fat Grafting – As a Reconstructive Approach/Adjunct 

to Breast Reconstruction 

Autologous fat grafting (AFG) involves liposuction of adipose tissue from 

donor sites such as the abdomen, thighs or buttocks and subsequent 

reinjection of the lipoaspirate into an area in which there is a defect for the 

purposes of reconstruction (figure 1.1). AFG has been successful in small 

volume breast augmentation, filling small volume defects post-breast 

conserving surgery [101] and adds value in implant based reconstructions 

[102].  When used as an adjunct to breast reconstruction, autologous fat 
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grafting has been employed to correct reconstruction volume, shape and 

contour deformities, treat damaged irradiated tissue and also to prime the 

irradiated field for delayed breast reconstruction [103]. AFG has also been 

utilised in the treatment of post-mastectomy pain syndrome [104] and for the 

treatment of capsular contracture [105]. AFG has been shown to have an 

effect on the skin quality of irradiated tissue; namely decreasing dermal 

thickness, decreasing collagen content and increasing vascular density, 

therefore reversing the characteristic sequelae of radiation induced fibrosis 

[106]. Autologous fat grafting is also a procedure that is associated with 

minimal donor site morbidity, increasing its attractiveness as an adjunct to 

breast reconstruction. Although positive outcomes have been demonstrated in 

this setting, the larger volume of adipose tissue required for an autologous 

breast reconstruction post-mastectomy using fat grafting alone has proven 

beyond its capabilities thus far [107]. Autologous fat transfer is limited by 

resorption, with rates ranging from 25-80% and complications such as fat 

necrosis, oil cyst formation and microcalcifications in patients receiving 

autologous fat transfer in addition to primary reconstructive procedure e.g. 

LD flap [108], or as a filler for small volume defects post breast-conserving 

surgery (BCS) [101]. The most significant issue associated with autologous 

fat grafting is the large variation and unpredictability of outcomes. Several 

AFG techniques have been described, however no one method has been 

shown to be superior as of yet. One such technique is the BRAVA system, 

first described by Khouri et al. This is a vacuum system which creates pockets 

within the breast which act as an internal scaffold once autologous fat is 

injected into the pocket after approximately 6 weeks [101]. The wearing of 

the vacuum system prior to fat transfer requires significant compliance on the 

patient’s part and therefore it is not widely used.  The BRAVA device is now 

approved by the FDA as a class B device that is reimbursable by Medicare. 

Autologous fat grafting as a reconstructive and cosmetic procedure is now 

accepted by the American Board of Plastic Surgery and the American Society 

of Plastic Surgeons [109, 110].  
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Figure 1.1 - Autologous fat grafting and lipomodelling procedure 

A. Liposuction is performed to harvest adipose tissue 

B. Lipoaspirate is stored in a vacuum reservoir where the adipose is allowed time to accumulate 

at the top of the lipoaspirate 

C. Adipose from the top of the lipoaspirate is drawn into syringes for delivery to the chest wall 

D. Abdominal lipoaspirate is injected into the breast 

 

Cell-assisted lipotransfer, designed to enhance autologous fat grafting was 

first described by Matsumoto et al in 2006. This technique involves 

enrichment of autologous lipoaspirates with adipose derived stem cells 

(ADSCs) harvested from half of the lipoaspirate prior to reinjection [111]. 

Enrichment  of autologous fat lipoaspirates with ADSCs, which have been 

expanded ex-vivo has had more successful outcomes in terms of volume 

retention, likely as a result of superior graft maintenance due to increased 

vascularisation and collagen synthesis within the graft [112]. Kolle et al 
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demonstrated fat residual volume of >80% in 10 patients over 121 days 

utilising abdominal lipoaspirate enriched with ADSCs that had been 

expanded ex-vivo for 14 days prior to reimplantation into the upper posterior 

arm [113]. Yoshimura et al conducted a study in 40 healthy patients 

undergoing cosmetic breast augmentation, where a mean volume of 270ml 

ADSC-enriched fat was injected into the breast. There was minimal post-op 

atrophy of the injected fat which did not change significantly over 2 months. 

Small cystic formations and microcalcifications were observed in some cases; 

however, the microcalcifications were readily distinguished from those 

associated with breast cancer on mammography. This data indicates that cell-

assisted lipotransfer is suitable for repair/reconstruction of smaller breast 

defects [114].  

1.2.3 Adjuvant Therapy for Breast Cancer and Impact on Breast 

Reconstruction  

Adjuvant therapies such as radiotherapy and chemotherapy are crucial in the 

treatment of breast cancer to increase disease free- and overall survival. 

However, the delivery of such treatments can interfere with surgical 

outcomes, particularly in the case of breast reconstruction. Radiotherapy is 

known to adversely affect the aesthetic outcome of reconstructive procedures 

secondary to fibrosis. It has also been postulated that immediate breast 

reconstruction can affect the effective delivery of radiation to the chest wall. 

Cytotoxic chemotherapy and its effects on wound healing also require 

consideration in the setting of breast reconstruction. These treatment 

modalities may also influence the timing of breast reconstruction [115]. 

1.2.3.1 Radiotherapy and Breast Reconstruction  

Increasing numbers of breast cancer patients are being treated with 

postmastectomy radiotherapy. Currently the American College of Radiation 

Oncology recommends radiotherapy for patients with tumours larger than 

5cm  and >4 positive lymph nodes [116]. However, the National 

Comprehensive Cancer Network has recommended that radiotherapy be 

administered to patients with tumours smaller than 5cm and 1-3 positive 

lymph nodes [2]. The relationship between post-mastectomy radiotherapy 
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(PMRT) and breast reconstruction is controversial, particularly in the case of 

implant-only reconstructions. PMRT can have a deleterious effect on the 

symmetry, volume and breast projection achieved at the time of breast 

reconstruction, thus affecting cosmetic outcomes and complication rates 

[117]. Radiotherapy induced tissue injury can be categorised as acute or 

chronic. Acute injury includes erythema, oedema, desquamation, 

hyperpigmentation and ulceration. Chronic injury entails skin atrophy, 

telangiectasia, dyspigmentation and dyschromia [118]. Significantly higher 

complication rates are observed in implant reconstructions compared to 

autologous in the setting of PMRT: infection (13.5% vs. 5.8%), mastectomy 

flap necrosis (10.5% vs. 5%) and reoperation secondary to complication 

(37.0% vs. 16.63%) [119]. Implant reconstruction in the setting of PMRT is 

associated with an implant failure rate of 16.8% [119]. A meta-analysis by 

Fischer et al. demonstrated that use of autologous tissue (LD flap) with an 

implant significantly reduces the rate of implant loss compared to implant 

alone (5% vs. 15% respectively).  A similar trend was observed for post-

operative infections, however no difference was found in the incidence of 

capsular contracture [120]. Total implant coverage is essential in order to 

minimise post-radiotherapy complications. An expander and/or implant 

failure rate of 18% has been reported in cases where there was incomplete 

total expander and implant coverage with either an ADM or serratus anterior 

muscle at time of irradiation [121].  PMRT also affects the process of tissue 

expansion. A meta-analysis of all the risk factors associated with tissue 

expansion over a 20 year period reported that smoking and receipt of 

radiotherapy were independent risk factors for complications with tissue 

expansion [122]. Despite PMRT being significantly associated with greater 

complication rates  in implant reconstruction, recent studies have shown that 

implant reconstruction is more popular post-radiotherapy than autologous 

techniques [123]. In a meta-analysis by El-Sabawi et al., 5437 patients were 

treated with PMRT and breast reconstruction, 3605 with implant 

reconstruction and 1832 with autologous reconstruction [119]. However, 

Kearney et al. demonstrated an increase in the number of patients converting 

from an implant reconstruction to an autologous reconstruction in those 

patients receiving radiotherapy compared to those not treated with 



Chapter 1: Introduction 

25 

 

radiotherapy [124]. PMRT timing is paramount to the prevention of 

complications and attaining superior cosmetic outcomes. Autologous 

reconstruction gives a more predictable aesthetic outcome than implant only 

reconstruction in those patients previously treated with PMRT. In the case of 

autologous reconstructions, there is no difference in complication rates, flap 

failure rates or revision surgery depending on the timing of PMRT. In the 

setting of previous radiation, compared with implant reconstruction, 

autologous reconstruction is associated with a 92% decreased risk of 

reconstructive loss. However, operating within a radiated field is challenging 

as this involves operating within a fibrosed environment. The 

microvasculature, and indeed more macroscopic vessels, may be impacted 

into the surrounding tissues [125]. Berbers et al. carried out a systematic 

review of breast reconstruction before and after PMRT, which concluded that 

removal of a tissue expander and placement of a definitive implant should be 

carried out before PMRT; and autologous reconstruction should be carried 

out post-PMRT  in order to avoid radiation-induced fibrosis and impaired 

cosmesis [126]. El-Sabawi et al concluded their systematic review of breast 

reconstruction and adjuvant therapy with similar recommendations relating 

to the timing of breast reconstruction in patients requiring treatment with 

PMRT [119]. Autologous reconstruction is considered the gold standard 

method of breast reconstruction in previously irradiated fields, although intra-

operative microvascular and post-operative minor complications may be 

more common. It is suggested that radiotherapy delivered directly after 

autologous breast reconstruction may increase rates of fat necrosis but there 

is little effect on complications or the rate of revision surgeries required [127].   

A new treatment sequence in which radiotherapy is delivered in the 

neoadjuvant setting, followed by mastectomy and reconstruction has been 

investigated recently [128]. This is commonly utilised in other tumours such 

as rectal or oesophageal cancers. This aims to enhance the pathological 

response to neoadjuvant chemotherapy and to downstage the tumour 

significantly to allow for more conservative surgery to be undertaken. 

Pathological complete response has been clearly shown to confer a survival 

advantage in patients receiving neoadjuvant systemic therapy [129]. 
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Neoadjuvant radiotherapy in the treatment of breast cancer is a novel 

therapeutic sequence with relatively small numbers of patients treated as such 

to date. There is a lack level I evidence from randomised controlled trials with 

the existing data being sourced from retrospective case series.  

Neoadjuvant radiotherapy in the setting of locally advanced breast cancer 

may be advantageous for several reasons. First, neoadjuvant accelerated 

partial breast irradiation can help reduce soft tissue toxicity because the 

clinical target volume is smaller than the corresponding lumpectomy or 

mastectomy cavity. Second, delivery of neoadjuvant radiotherapy prior to 

mastectomy results in fibrotic tissue being removed from the breast at time of 

tumour excision, potentially negating the negative cosmetic effects of fibrosis 

on immediate breast reconstruction. Thirdly, recent studies have 

demonstrated that radiation of the tumour bulk can activate a robust anti-

tumour immune response, potentially converting the tumour into a patient 

specific in situ vaccine capable of re-educating the immune system to 

recognise and reject cancer. This occurs due to the fact that radiation induces 

cell stress and immunogenic cell death, exposing previously hidden tumour-

associated antigens and stress proteins, which are endogenous immune 

adjuvants. Therefore it is possible that neoadjuvant radiotherapy to the large 

bulk of disease activates a robust anti-tumour immunity, which would be 

absent in post-operative radiotherapy to the tumour bed. Radiation-induced 

anti-tumour immunity may help to eradicate subclinical disease in the 

ipsilateral and contralateral breast as well as distant micro-metastases, 

possibly leading to an immune memory that vaccinates against future tumours 

[130].  

The need for radiotherapy has been considered to be a relative 

contraindication to breast reconstruction. As such, this had led to the 

investigation of this novel treatment sequence in an effort to improve patient 

satisfaction and quality of life outcomes.  

1.2.3.2 Hormonal Therapy and Breast Reconstruction 

There is a paucity of evidence within the literature regarding the effects of 

hormonal therapy and breast reconstruction outcomes. The principle 
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complication reported appears to be the increased risk of thromboembolic 

events in those patients in receipt of tamoxifen therapy who have undergone 

a delayed breast reconstruction procedure involving a microvascular 

anastomosis ( e.g. DIEP) [131].  Some centres have protocols to temporarily 

hold tamoxifen administration 14 days prior to microvascular breast 

reconstruction. A study by Kelley et al. showed that microvascular 

complications were significantly more common among patients who received 

tamoxifen. They also reported that patients in receipt of tamoxifen and 

microvascular breast reconstruction had an increased rate of immediate total 

flap loss and a lower rate of flap salvage. In addition, the risk of flap 

complications was 3.1 times higher for patients who had one or more pre-

existing cardiovascular co-morbidity [132].  

1.2.3.3 Chemotherapy and Breast Reconstruction  

A large proportion of breast cancer patients require chemotherapy, either in 

the neodjuvant or adjuvant setting to improve disease outcomes, therefore this 

is an important consideration in the setting of breast reconstruction choice. In 

a meta-analysis by El-Sabawi et al., total complication rates of 16-54% and 

reconstructive failure rates of 0-32% were reported in conjunction with 

adjuvant chemotherapy. Six studies, comprising 435 patients in total, showed 

no increase in complication or reconstructive failure rates compared to 

patients not in receipt of adjuvant chemotherapy. Overall, adjuvant 

chemotherapy has not been proven to interfere with complication rates post-

breast reconstruction and is not considered to be a relative contraindication to 

this surgical modality [119]. The interaction between neoadjuvant 

chemotherapy (NAC) and breast reconstruction is not well described. 

However, it has been demonstrated in several studies that receipt of 

neoadjuvant chemotherapy and IBR does not cause a significant delay in 

commencement of further adjuvant therapies. A study by Hu et al. reported 

that patients in receipt of NAC were less likely to undergo IBR when 

compared to patients treated with adjuvant chemotherapy (23% vs. 44% 

respectively) but were no less likely to undergo delayed reconstruction. 

Twenty one per cent of NAC recipients underwent delayed breast 
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reconstruction compared to 14% of those in receipt of adjuvant chemotherapy 

[133].   

1.3 Adipose Derived Stem Cells and Tissue Engineering 

Increasing patient expectations for improved aesthetic outcomes means that 

surgeons are persistently attempting to optimise surgical technique and 

investigating new and improved approaches to breast reconstruction [134]. 

There has been increasing interest in the potential of autologous fat as a donor 

source for effective breast reconstruction. Autologous fat is thought to be a 

superior method of soft tissue augmentation due to a range of properties 

including biocompatibility and versatility; it is non-immunogenic, has similar 

mechanical properties to breast tissue, appears more natural than implants or 

pedicled flaps and is associated with minimal donor site morbidity [135]. 

Recent scientific interest has focused on the potential for adipose tissue 

engineering to generate sufficient volumes of fat for breast reconstruction. 

Adipose tissue engineering requires a stem cell with the capacity for 

differentiation into mature adipocytes.  

Stem cells are an undifferentiated cell type with multipotent capacity [136, 

137]. Adult/somatic stem cells are multipotent cells within adult tissues which 

maintain and repair the tissue in which they are found and are capable of 

differentiating into mature cell types such as osteoblasts, adipocytes and 

chondroblasts, in addition to a lack of expression of HLA-DR surface 

molecules [138]. Adult/somatic stem cells are more abundantly available and 

avoid the ethical considerations associated with the use of embryonic stem 

cells for tissue regeneration [139, 140]. Adult stem cells are found in almost 

all adult tissues; mesenchymal stem cells have been harvested from tissues 

such as trabecular bone and periosteum, synovial membrane, skeletal muscle, 

skin, teeth and periodontal ligaments [139, 141-147]. However, the most 

widely harvested and studied adult stem cells are those from bone marrow, 

adipose tissue and peripheral blood [148]. Adipose derived stem cells 

(ADSCs) are rapidly becoming the gold standard as a cell source for tissue 

engineering and regenerative medicine. They are contained within the stromal 

vascular fraction (SVF) of adipose tissue and hypothesised to improve wound 
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healing, tissue regeneration and graft retention [149]. According to the 

International Federation for Adipose Therapeutics (IFATs) and International 

Society for Cellular Therapy (ISCT) joint statement on ADSCs, these cells 

are identified phenotypically as a CD45-, CD235a-, CD31- and CD34+ cell 

population. They differ from bone marrow derived cells BMSCs in that they 

are positive for CD36 and negative for CD106. They are also capable of 

trilineage differentiation [150].  

ADSCs possess certain advantages over BMSCs and embryonic stem cells 

(ESCs) from a tissue engineering perspective. They are isolated with less 

invasive techniques, offer a higher cell yield than bone marrow aspirates 

(>1000x stem cell number per gram of tissue) or umbilical cord blood [137, 

151], have significant proliferative capacity in culture with a longer lifespan 

in culture than BMSCs [139, 152] and possess multi-lineage potential (e.g. 

adipogenic, osteogenic, myogenic, cardiomyogenic and neurogenic cell 

types) [153-156]. ADSCs also have a shorter doubling time and later in vitro 

senescence than BMSCs [157].  

1.3.1 ADSC Isolation and Preparation 

ADSCs are typically isolated from lipoaspirates obtained at liposuction 

procedures, of which, approximately 400,000 are carried out in the US 

annually. Each procedure yields approximately 100ml - 3L of lipoaspirate, in 

which 90-100% of ADSCs are viable, which is usually discarded following 

routine liposuction [137]. To isolate ADSCs, adipose tissue is digested with 

collagenase, filtered and centrifuged. The resulting cell pellet is the SVF, 

containing stromal cells, including ADSCs, which do not contain the lipid 

droplet in mature adipocytes and have a fibroblast like morphology [158]. 

Other cell types present include endothelial cells, smooth muscle cells, 

pericytes, fibroblasts and circulating cells such as leucocytes, haematopoietic 

stem cells or endothelial progenitor cells. White adipose tissue depots vary in 

stem cell content and properties depending on anatomical site. ADSCs of 

visceral origin have a higher self-renewal capacity [159] and ADSCs from 

abdominal superficial regions are more resistant to apoptosis than those from 

the arm, thigh or trochanteric depots [139]. This is hypothesised to be 
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secondary to different levels of apoptotic regulators within cells from 

different depots, such as the Bcl-2 family,  in addition to variations in 

production of paracrine/autocrine factors e.g. IGF-1 [160]. A recent study 

demonstrated that superficial abdominal cells have higher G3PD activity, 

aP2, PPAR-γ and C/EBP-α expression compared to other depots, which may 

contribute to their resistance to apoptosis [161]. However, the greatest 

numbers of stem cells are isolated from the arm when compared to depots 

such as the thigh, abdomen or breast, postulated to be secondary to this depot 

having the highest PPAR-γ-2 expression [161, 162]. The optimum white 

adipose tissue depot ADSC harvest and recovery has yet to be elucidated 

[134].  

1.3.2. ADSC Characteristics 

The immunophenotype of ADSCs is >90% identical to that of BMSCs [112]. 

One significant difference between the cell types is the presence of the 

glycoprotein CD34 on the ADSC cell surface [134, 163, 164]. ADSCs show 

uniformly positive expression for stem cell markers CD34, CD44, CD73, 

CD90 and CD105 [157] and are negative for CD19, CD14 and CD45. They 

are positive for pericytic markers CD140a and CD14b and the smooth muscle 

marker α-smooth muscle actin. ADSCs secrete growth factors vascular 

endothelial growth factor (VEGF), hepatocyte growth factor (HGF), FGF-2 

and insulin-like growth factor 1 (IGF-1), all of which are involved in 

angiogenesis and adipose tissue regeneration [152, 163]. As ADSCs exhibit 

a similar cell surface immunophenotype as pericytes, it is thought that ADSCs 

reside within the perivascular region of adipose tissue, between mature 

adipocytes and adipose ECM in the vicinity of small capillaries [112, 165]. 

The transition of a multipotent ADSC into a mature adipocyte occurs in two 

stages. First, by determination and differentiation of the stem cell into a pre-

adipocyte,  with subsequent terminal differentiation into a mature adipocyte 

characterised by accumulation of a single lipid droplet within the cell [152]. 

This is regulated by the nuclear transcription factor peroxisome proliferator-

activated receptor γ (PPAR-γ). The transcriptional programme activated by 

PPAR-γ is responsible for the regulation of expression of hormone sensitive 
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lipase (HSL), adiponectin and fatty acid binding protein 4 (FABP-4) [166]. 

Insulin like growth factor 1 (IGF-1) stimulates the first stage of adipogenesis. 

Glucocorticoids, insulin and growth hormone play a role in the stimulation of 

the early and late phases of adipogenesis [137]. Mature adipocytes are 

terminally differentiated cells with limited capacity for self-renewal and 

replacement of  mature adipocytes [134]. The responsibility for tissue 

homeostasis and cell renewal as a result of cells lost due to maturation, 

damage or aging in mature adipose tissue lies with ADSCs [167]. As ADSCs 

originate from the SVF of digested adipose tissue, they also have the ability 

to differentiate into vascular endothelial cells and also produce the pro-

angiogenic growth factor VEGF, which would be advantageous in the process 

of vascularising an engineered tissue construct [139].  

Due to these characteristics, ADSCs hold considerable potential for the 

regeneration of fat tissue in reconstructive surgery, and can be utilised as both 

autologous and allogenic grafts in this context.  

1.3.3 Adipose Tissue Engineering 

Tissue engineering is defined as “regeneration of damaged tissues by 

combining cells from the body with highly porous scaffold biomaterials, 

which act as templates for tissue regeneration, to guide the growth of new 

tissue” [168]. An appropriate scaffold for tissue engineering should 

accurately mimic the natural tissue 3D architecture [169]. Recreating the 

breast mound post-mastectomy is likely to require long term maintenance of 

larger tissue volumes in engineered grafts supported by a biocompatible 

scaffold (28). For scaffold-based tissue engineered constructs, correct 

scaffold material and design selection will be paramount in overcoming the 

obstacles of volume retention and vascularisation. Current tissue engineering 

strategies involve 2D or 3D natural or synthetic scaffold biomaterials, that 

may or may not be seeded with mesenchymal stem cells [152].  

1.3.4 Tissue Engineering Scaffolds 

Scaffolds allow for the culture of cells in a 3D microenvironment, more 

accurately mimicking native tissue in-vivo. The “ideal” scaffold is one that 
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allows for the production of “native like tissue”, with similar physical and 

biochemical properties of the tissue it is replacing. Choice of scaffold material 

is a key consideration in the regeneration of specific tissue types. Biomaterials 

act as the biochemical and biophysical environment to tune the cell response 

for the specific tissue engineering requirement [152]. The ideal scaffold is 

also biocompatible, preventing the occurrence of a long term immune 

reaction. A highly porous structure is required for vascular ingrowth and cell 

differentiation, in addition to removal of cellular waste [170]. A scaffold’s 

stiffness is an important consideration, in that it must be capable of 

maintaining its structural integrity despite handling during surgical insertion 

and physiological forces in vivo, yet flexible so that ingrowth of new tissue 

and vascular structures is possible. The scaffold stiffness also must mimic the 

stiffness of native tissue that it is replacing. There is evidence that the 

mechanical properties of a scaffold can influence the differentiation of 

mesenchymal stem cells towards a specific cell lineage [171]. Degradation 

properties of a biomaterial are imperative; an ideal scaffold should remain 

intact for sufficient time for new tissue to form, but degrade at a sufficient 

rate that new ECM can be formed and tissue regenerated [172]. Generally, 

scaffolds are composed of biomaterials in the form of sponges, hydrogels, 3D 

or bioprinted constructs and electrospun scaffolds. Some of the various types 

of scaffolds from natural biomaterials available and their properties, clinical 

applications, advantages and disadvantages are outlined in table 1.5. 

Hydrogel scaffolds are commonly utilised in adipose tissue engineering.  

 

 

 

Table 1.5 - Natural biomaterials and scaffold designs used in adipose tissue engineering 
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1.3.5 Hydrogels 

Biomaterial Scaffold 
Advantages/ 

Disadvantages 
Clinical Data Reference 

Collagen 

Sponge, 

injectable 

microbeads, 
hydrogel 

Advantages 

• ADSC differentiation and 

vascularisation in vivo 

• Can be modified by addition 
of growth factors 

• Porosity can be modified 

• Suturable 

Disadvantages 

• Capsule formation evident in 

vivo 

• Rapid degradation 

• Low mechanical strength 

Collagen 

sponge 
impregnated 

with bFGF has 

for the 
treatment of 

chronic skin 

ulcers 

[152, 158, 

173-176] 

Hyaluronic 

acid 

derivatives 

Sponge, 

hydrogel 

Advantages 

• Higher cell density with more 

homogenous spread than 
collagen sponge 

• Well differentiated adipocytes 

and large amounts of ECM  

Disadvantages 

• More expensive than collagen  

ADSCs seeded 
onto cellular 

biohybrid 

ADIPOGRAFT 

and implanted 
subcutaneously 

[173, 177-

180] 

Silk 

Disk, 

hydrogels, 

sponge, thin 
films, tubes 

Advantages 

• Good mechanical strength 

• low immunogenicity 

• Silk protein bioengineering 

allows for expression of 

growth, differentiation and 
angiogenic factors 

• Retain size and porous 

structure long term due to 

slow proteolytic degradation  

• Does not require cross-linking 

Disadvantages 

• Stability of degradation 
products unknown 

• Not licensed in the UK 

Silk used as a 

surgical 
scaffold in soft 

tissue 

reconstruction 

e.g. two stage 
implant breast 

reconstruction, 

and in the repair 

of the 
abdominal wall 

[152, 181-

186] 

Gelatin 

Coating, 

hydrogel, 
bioprinting, 

sponge 

Advantages 

• Non-toxic 

• Enables delivery of growth 

factors 

Disadvantages 

• Rapid degradation 

• Weak mechanical strength 

• Often requires combination 

with another scaffold 
biomaterial 

Used in 

conjunction 

with collagen 
sponge for 

treatment of 

chronic skin 

ulcers 

[152, 176, 
187-190] 

Alginate 

Hydrogel, 

microsphere, 
bioprinting 

Advantages 

• Incorporates well with 
surrounding tissue 

• Addition of growth factors 

possible 

• Can be used in combination 

with other scaffolds 
Disadvantages 

• Rapid degradation 

• Weak mechanical strength 

Alginate 

hydrogels used 

as a vehicle for 

stem cell 
delivery in the 

treatment of 

myocardial 

infarction 

[152, 191-
194] 
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1.3.5.1 Mechanical Properties 

A hydrogel can be defined as a 3D cross-linked hydrophilic network that is 

capable of absorption and retention of large quantities of water and/or 

biological fluids [195]. They are composed of hydrophilic polymer chains, 

the crosslinks between which dictate the structural properties of the hydrogel 

[196]. Crosslinks are ionic or covalent bonds between polymer chains. The 

resulting net-like structure with its porous formation allows the hydrogel to 

absorb large amounts of water. The type of cross-linking (e.g. physical or 

chemical) influences the physical properties of the hydrogel, such as swelling 

ratios, elastic modulus and degradation [197]. Hydrogels have become an 

attractive scaffold for tissue engineering purposes due to their ability to 

closely mimic the native tissues extracellular matrix (ECM), their suitability 

for cell and drug delivery and their injectability, which allows hydrogels to 

be implanted in a minimally invasive manner [196]. Hydrogels act as a 

framework to regenerate new native tissue, and therefore the mechanical 

properties of the gel must mimic the physical properties of the tissue to be 

replaced [198]. Macroscopically, the hydrogel requires adequate stiffness and 

rigidity to withstand forces to which the native tissue is exposed and to 

provide adequate stability to the new tissue as it is formed replacing the 

hydrogel scaffold. Microscopically, the hydrogel must provide appropriate 

attachment sites, mechanical cues and growth factors to the embedded cells 

to ensure cell growth and proliferation [199]. There is evidence to show that 

mechanical properties of a scaffold can influence the differentiation of 

mesenchymal stem cells to a specific cell lineage, with MSCs maturing 

towards cells in matrices with similar mechanical properties to that of their 

natural microenvironment. Naïve MSCs have been shown to be very sensitive 

to elasticity of their scaffold structure when committing to a particular 

lineage. For example, soft matrices direct differentiation towards a 

neurogenic phenotype, matrices that mimic muscle encourage myogenic 

differentiation and rigid matrices resembling bone result in osteogenesis [171, 

200, 201]. Adipose derived stem cells tend to differentiate towards an 

adipogenic cell type when seeded onto a softer scaffold [169]. Other cellular 

behaviours such as spreading, migration and attachment within a scaffold 
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microenvironment are also influenced by physical properties of the scaffold, 

such as stiffness/softness, elastic modulus, degradation and adhesion [202].  

1.3.5.2 Degradation 

Hydrogel degradation is of particular importance for tissue engineering 

applications. Typically, the scaffold provides temporary stability and support 

and is gradually replaced by the newly regenerated native  tissue [203]. 

Ideally, a hydrogel scaffold will degrade at an equal rate to that of new tissue 

formation, creating space for the deposition of new ECM while maintaining 

the tissue stability during this process. There are three basic mechanisms of 

hydrogel degradation: hydrolysis, enzymatic cleavage and dissolution [196]. 

Hydrolysis is defined as “the chemical breakdown of a compound due to 

reaction with water”. Generally, synthetic hydrogels degradation is via 

hydrolysis of ester linkages. Therefore, degradation rates of these hydrogels 

are manipulated by the make-up of the hydrogel, and less so by the 

environment. Enzymatic cleavage of hydrogels occurs with natural 

biomaterials such as collagen or hyaluronic acid. The rate of degradation is 

determined by the number of enzyme cleavage sites within the hydrogel and 

the availability of the particular enzyme within the tissue micro-environment 

[196]. Hydrogel dissolution occurs by several different chemical reactions 

which include thiol-ester exchange, thiol-disulfide exchange, retro-Michael-

type addition and retro-Diels-Alder reactions [204].  The by-products of the 

biomaterial degradation need to be non-toxic, cause limited inflammation and 

not activate the immune response. The degradation properties of natural 

scaffolds are less toxic than those of synthetic biomaterials and trigger a 

minimal immune response  [169, 196]. The rate of degradation of a hydrogel 

scaffold can be manipulated by altering the crosslinking density, a process 

which is easier carried out with synthetic than naturally-occurring 

biomaterials. The degradation rate of natural biomaterials can be rapid, thus 

work has been carried out to alter the degradation properties of these 

biomaterials via various crosslinking approaches [205]. Hydrogel surface 

modification has been carried out to modify rates of degradation by 

incorporation of enzyme sensitive peptide (ESP) sequences, for example 
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peptides like collagen-derived GPQG↓IAGQ make matrix-metalloproteinase 

sensitive PEG hydrogels [206, 207].  

1.3.5.3 Cell Encapsulation 

Similar to other scaffold designs, hydrogels allow for the incorporation of live 

cells within the scaffold. However, environmental changes during some 

hydrogel formation processes, e.g. temperature increases, changes in pH and 

the use of certain solvents, may result in cell damage or cell death before they 

are delivered into the defect [208]. It is therefore important to consider 

hydrogel formation parameters when developing a cell loading strategy. It is 

also possible to alter the hydrogel to deliver growth factors and mechanical 

signals to the incorporated cells [205]. Hydrogels have been modified to more 

accurately mimic ECM biofunctions by the addition of bioactive molecules 

such as cell-adhesive peptides, enzyme-sensitive peptides and growth-factor 

binding. Cell-adhesive peptides used to modify hydrogel cell surfaces are 

generally derived from four ECM proteins: fibronectin, laminin, collagen and 

elastin. Cell adherence to the hydrogel is necessary for cell growth and 

proliferation and ultimately, graft survival, therefore specific adhesion 

molecules have been designed to ensure cell attachment to the hydrogel [205]. 

The most commonly used peptide for this purpose is RGD, an amino acid 

sequence of arginine-glycine-aspartic acid which is derived from ECM 

proteins: fibronectin; laminin; vitronectin and collagen, to which most cell 

types are able to bind to [196, 205]. Peptides which contain the RGD sequence 

of Arg-Gly-Asp serve as attachment sites via integrin binding, for cells 

encapsulated within an inert hydrogel. The RGD peptide sequence can 

potentially influence cell survival, proliferation and differentiation [206]. 

Therefore, specific tissue properties can be engineered within synthetic 

hydrogel environments to maximise cell phenotype upon delivery, and 

improve outcomes [209].  

1.3.5.4 Mass Transport and Vascularisation 

In addition to providing a structural support for new tissue genesis, providing 

mechanical cues to seeded cells, and possessing appropriate degradation 

properties, hydrogels must also facilitate the mass transport of nutrients, 



Chapter 1: Introduction 

37 

 

proteins and waste materials into and out of and/or within the engineered 

construct. These processes are usually achieved by diffusion.  Properties such 

as polymer size and crosslinking density will determine the porous structure 

of the hydrogel, which in turn influences the rate of diffusion of biomolecules 

[196].  Typically, the diffusion distance limit of oxygen and nutrients in vivo 

is 100 µm therefore, cells are usually within this distance of a capillary [169]. 

Hence, the provision of an adequate blood supply to the hydrogel graft is 

essential in order to ensure  survival and proliferation of the cells within the 

graft [196]. Several studies have demonstrated that the mechanical properties 

of hydrogels can influence the formation of new capillary like structures to 

aid in the mass transport of waste and nutrients to newly formed engineered 

tissues [210-212]. Pore size and density within hydrogels also influences 

vascularisation. Within non-porous hydrogels, vascularisation is determined 

by factors such as degradation rate. Enhanced vascularisation has been in 

demonstrated in natural hydrogels compared to synthetic. Hydrogels have 

also been modified to enhance angiogenesis by the addition of growth factors 

(e.g. VEGF, FGF), or cells (e.g. ADSCs) [195]. The development of a new 

vascular network in a timely manner is essential for cell viability longevity of 

the graft after delivery into native tissue environments, allowing time for 

deposition of native ECM and tissue remodelling. 

1.3.5.5 Natural Hydrogels in Adipose Tissue Engineering – Potential 

Application in Post-Mastectomy Breast Regeneration 

Hydrogels can be composed of naturally-occurring or synthetic polymers. 

Both are associated with their own unique advantages and limitations for 

tissue engineering purposes. Natural hydrogels are usually components of, or 

have molecular properties similar to those of native ECM. Collagen is the 

most commonly occurring protein within native ECM, making up 

approximately 25% of the protein mass in most mammals, and has been 

widely studied as a scaffold biomaterial [196]. Similarly, hyaluronic acid 

[213], chitosan [214], chondroitin sulfate [215], fibrin [216] and alginate 

[217] are natural scaffolds that have been studied in this field. Natural 

biomaterials, such as these, can have their mechanical properties modified 

utilising cross-linking strategies and can also be blended with other various 
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biomaterials in order to create a scaffold with the desired physical and 

chemical properties [196]. Natural scaffolds display favourable bioactivity as 

a result of their ECM contents, as they usually possess the RGD (Arg-Gly-

Asp) sequence. However, an important limitation of natural biomaterials is 

their rapid rate of degradation upon contact with bodily fluids or culture 

media [205].  Natural hydrogels are utilised in adipose tissue engineering due 

to their advantageous properties such as biocompatibility, low inflammation 

and suitable mechanical properties.  

1.3.5.6 Delivery of Injectable Hydrogels for Adipose Tissue Engineering 

The traditional approach of pre-formed scaffolds in tissue engineering are 

associated with several limitations, namely; surgical implantation, greater 

infection risk and improper filling of the defect site, all of which may 

contribute to graft failure [195]. Injectable hydrogels are an effective method 

of overcoming these limitations. They are easier to handle than pre-formed 

hydrogels, can reach deeper tissue depths, can be delivered via a minimally 

invasive mechanism and can adapt effectively to fill the defect margins 

properly allowing for neovascularisation from neighbouring healthy tissue. 

Further advantages stemming from this include a decreased risk of infection, 

pain and scar formation [195]. Injectable hydrogels also allow for more 

uniform and homogenous distribution of cells within the hydrogel, resulting 

in higher quality ECM deposition and tissue regeneration [205, 218].  

Injectable hydrogels can be delivered by three distinct mechanisms: photo-

crosslinking, dual syringe systems or thermoresponsive hydrogels [195]. For 

photo-cross-linked hydrogels, the hydrogel precursors and photo-initiators 

are injected simultaneously and high intensity visible or UV light is then 

applied transdermally to initiate the cross-linking reaction to form the 

hydrogel [219]. This was investigated in adipose tissue engineering by Hillel 

et al. with a biosynthetic composite of poly(ethylene glycol) (PEG) and 

hyaluronic acid (HA). This was injected and crosslinked in situ via light 

exposure transdermally. Hydrogel characteristics such as elasticity and 

volume persistence were modulated by altering the ratio of PEG to HA. The 

PEG-HA photo-crosslinked hydrogel was injected subcutaneously in a rodent 
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model which demonstrated greater implant volume persistence with a higher 

PEG to HA ratio within the composite. A feasibility study in humans was then 

undertaken which showed effective implantation and photo-crosslinking  in 

abdominal soft tissue, however an inflammatory reaction was observed 

surrounding the implant[220]. Dual syringe systems are utilised in enzyme 

mediated cross-linking techniques and the reaction occurs in situ [221]. 

Finally, thermoresponsive polymers are those that form hydrogels at body 

temperature (37˚C), but are still found in a liquid state at room temperature 

(25˚C) [222]. Song et al. investigated a chitosan/glycerophosphate/collagen 

hydrogel seeded with ADSCs that formed a hydrogel at 37˚C. After 7 days in 

culture, ADSCs displayed good proliferation and high cellular viability, thus 

suggesting that this thermosensitive hydrogel possess good cellular 

compatibility [223]. Xiao et al. created a thermosensitive hydrogel by using 

agmatine to synthesise a poly(amdioamine) as a cell attachable crosslinker, 

which was then co-polymerised with N-isopropylacrylamide. ADSCs could 

adhere to the gel as seen by SEM and the hydrogel was found to be non-toxic 

to ADSCs. This was then injected into a depressed defect model in rats. Gross 

and histological analysis after 4 weeks showed a significant improvement in 

the depressed defect. After 6 months, the hydrogel had degraded completely, 

leaving a defect filled with adipocytes and mutlilocular immature adipocytes 

[224]. These injectable properties allow repeat hydrogel delivery to the site 

of interest as required. In breast reconstruction, autologous fat grafting is 

currently used to improve cosmetic and patient satisfaction outcomes [6], and 

combining this approach with injectable hydrogels may allow multiple 

minimally invasive interventions, with greater longevity and less adipose 

resorption than the current state of the art, thus increasing the life span of a 

breast implant.   

More recently, biological scaffolds, such as decellularised ECM have been 

studied. They generate a minimal immunological and inflammatory response; 

provide an accurate mimicry of the native tissue microenvironment by 

preserving the structure of organised tissue and acting as a natural template 

for the remodelling of regenerated tissue.  
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Vascularisation of regenerated tissue is one of the primary challenges of 

tissue engineering. Several methods of providing these constructs with 

adequate blood supply have been investigated. The scaffold within 

regenerated tissue can play a prominent role in this regard, as scaffold 

stiffness and porosity are known to influence angiogenesis [225]. In addition, 

ADSCs themselves are implicated in the regulation of neovascularisation 

through their modulation of the ECM, or scaffold, by matrix 

metalloproteinases (MMPs). “Additive biomanufacturing” used delayed fat 

injection into a custom-made scaffold implanted in minipigs for 24 weeks 

after a period of prevascularisation. The prevascularisation + lipoaspirate 

group had the highest relative area of adipose tissue on explantation (47.32% 

+/- 4.12%) which was similar to native breast tissue (44.97% +/- 14.12%) 

[226]. These studies represent the largest volumes of adipose tissue 

engineering in vivo. 

The transition to large animal studies and the generation of larger, more 

clinically relevant volumes of adipose tissue present an exciting prospect for 

translation of a tissue-engineered breast reconstruction to the clinical setting. 

However, the evidence for the oncological safety of using ADSCs in patients 

who have been treated for breast cancer is limited and requires further 

investigation before the knowledge and techniques generated through these 

studies can be considered for application in post-mastectomy breast 

reconstruction.  

1.3.6 Oncologic Safety of ADSCs in Adipose Tissue Engineering 

Despite the promising early results of ADSC use in breast lipofilling and 

small volume reconstruction, its’ application towards post oncologic 

reconstruction should be approached with caution. The concern regarding use 

of autologous ADSCs in this setting stems from the very same characteristics 

which make them so attractive for tissue regeneration. ADSCs may 

potentially contribute to stromal support for cancer cells and deliver locally 

inflammatory cytokines and/or growth factors thus facilitating residual cancer 

cell survival and growth.  
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1.3.6.1 Tumour Microenvironment 

Breast cancer grows in close anatomical proximity to adipose tissue. The 

“tumour microenvironment” consists of a complex signalling network which 

influences the behaviour of both resident stem cells and tumour cells (45). It 

is composed of all cells surrounding the tumour including endothelial, 

inflammatory and immune cells, adipocytes, myoepithelial cells and 

fibroblasts in conjunction with their ECM [227, 228]. Understanding the 

complexity of tumour-stromal interactions will enhance our understanding of 

how ADSCs may interact with the tumour microenvironment. Numerous 

autocrine, paracrine and exocrine pathways in this environment have been 

described as a role playing factor in breast cancer (46). 

A subset of adipocytes known as “cancer associated adipocytes” (CAAs) have 

been shown to play an active role in tumour progression and metastasis [229].  

CAAs are mature adipocytes that have dedifferentiated into preadipocytes 

through loss of their lipid droplet and adopted a fibroblastic morphology 

[166]. This cell type increases tumour growth, tumour invasion via greater 

epithelial mesenchymal transition (EMT) [112] and results in a radio-resistant 

breast cancer phenotype [230]. Several inflammatory cytokines are thought 

to be involved in this process e.g. TNFα, IL-1, IL-6, IL-11, leukaemia 

inhibitory factor, interferon γ, oncostatin M and ciliary neurotrophic factor. 

They have been observed to both inhibit stem cell commitment and 

differentiation towards adipogenesis and may be implicated in adipocyte 

dedifferentiation (67). 

In order for cancer to progress, it requires stem cells and partly differentiated 

progenitor cells to be recruited from local and distant sites and angiogenesis, 

both of which occur due to release of factors by the inflammatory and hypoxic 

tumour microenvironment [231]. ADSCs have a role in angiogenesis and 

localise to sites of injury and contribute to revascularisation [163]. EMT plays 

a major role in tumour development and benign resident and stromal cells 

recruited to the area are implicated in early cancer development and 

metastasis [136]. These stromal cells within the tumour microenvironment 

are collectively known as “cancer associated fibroblasts”. They secrete pro-
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angiogenic and anti-apoptotic factors, contributing to tumour development. 

Zhang et al. demonstrated that ADSCs mobilise and migrate through the 

systemic circulation to distant tumours resulting in acceleration of tumour 

growth [159].  

ADSCs, both local and those recruited to a breast tumour site are capable of 

dedifferentiation into cancer associated adipocytes. Several genes involved in 

cell growth, ECM deposition/remodelling and angiogenesis are expressed at 

higher levels in local breast ADSCs than those isolated from adipose tissue 

or bone marrow, suggesting that the breast adipose depot plays a more 

intimate role in breast cancer progression [232]. Coculture of breast cancer 

cells and preadipocytes prevents adipogenic differentiation, supporting the 

hypothesis that ADSCs are part of the CAA population within breast cancer 

tumours [233]. 

1.3.6.2 ADSC Secretome 

ADSCs possess tumour supporting functions through provision of migratory 

cells which secrete trophic factors, increasing vascularisation and 

contributing to survival and proliferation of malignant cells [228]. Adipose 

tissue secretes cytokines known as adipokines e.g. TNFα, IL-6, IL-8, PAI-1, 

MCP-1, adiponectin, resistin, leptin, insulin growth factor and steroid 

hormones some of which have been studied in relation to cancer [234], e.g. 

leptin upregulates activity in signalling pathways in breast cancer tumours 

that play a role in proliferation [230]. 

Many adipokines are pro-inflammatory, are secreted in increasing amounts in 

obese individuals and are involved in the promotion of tumour growth, locally 

at the tumour site and, via communication with distant sites, in particular 

TNF-α, IL-6, IL-8 and MCP-1 [159, 166, 230]. Factors known to play a 

significant role in tissue regeneration, neo-vascularisation, carcinogenesis 

and tumour progression found high risk patients, expressed by MSCs and 

ADSCs, include FGF, interleukins, IGFBP, PDGF, TGFβ, TNFα and VEGF 

[136]. 
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Adipokines induce transcriptional programmes implicated in promoting 

tumorigenesis which include increased cell proliferation through IGF-2, FOS, 

JUN and cyclin D1; invasive potential through MMP1 and AFT3l; cell 

survival via A20 and NFκB and angiogenesis [235]. 

ADSCs may also influence tumour growth and progression through exertion 

of immunomodulatory effects on T cells within the tumour 

microenvironment, due to the secretion of cytokines such as prostaglandin E2 

(PGE2), TGFβ1, indoleamine 2,3-dioxygenase, HGF, and inducible nitric-

oxide synthase (iNOS). ADSCs may be responsible for abnormal CD4+ T 

cell activation and function [236]. Therefore, ADSCs may assist in protecting 

the breast cancer from anti-tumour immune responses by providing a source 

of anti-inflammatory cytokines within the tumour microenvironment, and 

their potential to act as regulatory T cells [236]. 

Extracellular matrix (ECM) secreted by adipocytes also has a role in breast 

cancer progression [237-240]. Adipose tissue ECM is rich in collagen VI 

[241], which is upregulated in tumorigenesis and promotes GSK3β 

phosphorylation and increased β-catenin activity in breast cancer cells. Breast 

tumour growth has been shown to be reduced in a collagen VI deficient 

murine model. Breast cancer cells cocultured with adipocytes and injected 

subcutaneously in the mammary fat pad of a nude mouse resulted in larger 

tumours than breast cancer cells cocultured with fibroblasts and Matrigel 

[235]. MMPs are enzymes involved in the degradation of ECM proteins 

during growth and tissue turnover. Higher levels of MMP-11 are expressed 

by adipocytes at the invasive front of human breast cancers secondary to ECM 

remodelling in this area. MMP-11 is a negative regulator of adipogenesis and 

may be responsible in part for the “dedifferentiation” of adipocytes [230]. 

Certain cell surface markers, e.g. CD44, mediate reorganisation of ECM 

components, by anchoring matrix-metalloproteinases (MMPs) to the cell 

surface. Therefore, ADSCs play a direct role in ECM remodelling occurring 

during tumour growth [157]. ADSCs are involved in the desmoplastic 

reaction occurring within tumours through their involvement with MMPs. 

Desmoplasia results in the recruitment of myofibroblasts, a cell type 

frequently detected in breast cancer tumour stroma. ADSCs express alpha-
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smooth muscle actin, a marker for myofibroblasts, suggesting ADSCs are a 

source of tumour myofibroblasts [112]. These intricate interactions within the 

tumour microenvironment illustrate how ADSCs may create a favourable 

milieu for tumour growth.  

1.3.6.3 The Effect of ADSCs on Breast Cancer: In Vitro and In Vivo 

Evidence 

As discussed above, ADSCs have the potential to influence the behaviour of 

breast cancer cells, due to secreted adipokines and their effect on the tumour 

microenvironment. However, there are conflicting reports on the manner in 

which this influence is exerted. 

The role of adipokines was demonstrated by Dirat  et al who reported 

increased invasiveness of both human and murine breast cancer cells 

associated with overexpression of proteases, including MMP-11, and 

proinflammatory cytokines ((IL)-6, IL-1β), when co-cultured with adipocytes 

[229]. Zhang et al. demonstrated that ADSCs increased the motility of MCF-

7 breast cancer cells in vitro through the secretion of the chemokine CCL5 

[242]. 

However, it has been suggested that ADSCs may only promote the growth 

and progression of active breast cancer cells and don’t activate dormant 

residual breast cancer cells, therefore the use of ADSC regenerative therapies 

should therefore be delayed until there is no evidence of active disease[243]  

Indeed, there is a lack of consensus on the reported effects of ADSCs on 

tumour behaviour as some studies have demonstrated an ability by ADSCs to 

inhibit tumour growth in-vitro. ADSCs are capable of inducing cell death in 

pancreatic adenocarcinoma, hepatocarcinoma, colon and prostate cancer 

[244, 245]. ADSCs cultured at high density and their conditioned media have 

been shown to be capable of supressing the growth of MCF-7 cells in vitro, 

as a result of IFN-β expression by ADSCs in high density culture [246].  

There is a similar discordance in results from in-vivo studies. Increased 

tumour growth and metastasis in a murine model was observed when ADSCs 

from white adipose tissue (WAT) were coinjected with triple negative human 
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breast cancer cells. Tumour progression was similar in the groups that were 

coinjected with human breast cancer cells and unprocessed lipoaspirate and 

those coinjected with human breast cancer cells and purified CD34+ WAT 

ADSCs, suggesting that the majority of tumour progression effects of human 

WAT are due to the ADSC fraction. A follow-up metastasis study 

demonstrated that mice who had a primary breast cancer tumour removed and 

were injected with ADSCs alone, had a higher rate of axillary and lung 

metastasis than mice who had CD34- cells injected post-resection. 

Immunohistochemistry revealed that human cells generated from ADSCs 

were incorporated into the tumour vasculature. These effects have never been 

observed utilising bone marrow derived stem cells, suggesting these functions 

are unique to ADSCs [151].  

Conversely, the ability of ADSCs to inhibit MDA-MB-231 breast 

adenocarcinoma cells was demonstrated by Sun et al. The authors using a 

murine cancer model similar to prior studies  demonstrated that ADSCs did 

not appear to increase tumour progression or metastasis and actually had the 

effect of inhibiting breast cancer cells by apoptosis [247]. 

Experimental data, both in vitro and in vivo, is conflicting with regard to the 

effect of ADSCs on breast cancer and there is a lack of consensus on this 

subject. Data from their use in the clinical setting must also be considered 

when evaluating the oncological safety of their use in breast cancer patients. 

1.3.6.4. ADSCs & Oncologic Safety - Clinical Data  

In addition to experimental mechanistic data, the clinical evidence relating to 

the safety of ADSC use in breast cancer patients has been assessed in both 

retrospective and prospective series of patients undergoing ADSC enhanced 

fat grafting.  

The oncological safety of autologous fat grafting has been assessed in 

multiple prospective and retrospective series of patients who have undergone 

breast conserving surgery (BCS) or mastectomy (table 1.4). Petit et al. 

reported local recurrence rates of 1.35% for the mastectomy group and 2.19% 

in the BCS group. Only patients with intraepithelial neoplasia (n = 37) who 
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underwent autologous fat grafting demonstrated an increased rate of local 

recurrence (10.8%) [248]. A follow up matched-cohort study investigating fat 

grafting in 59 patients with intraepithelial neoplasia concluded that there is a 

higher risk of local recurrence in this patient cohort compared to age and stage 

matched controls (n = 118) [249]. While the results of these studies are 

significant, they are retrospective series in a single centre with small numbers 

of patients. Several other explanations may exist for this increased rate of 

recurrence: there was a higher rate of recurrence in those patients with close 

or positive surgical margins in the study group; and there was an increased 

rate of recurrence in those with a higher grade tumour. There is no other 

published study that reports such an increased rate of breast cancer recurrence 

after autologous fat grafting. Further prospective investigation of the risk that 

intraepithelial neoplasia poses in autologous fat grafting is required, in larger 

numbers of patients with longer follow up. The largest retrospective study to 

date which focused on ADSCs use in patients with a history of breast cancer 

was carried out by Kronowitz et al. The authors conducted a retrospective 

matched controlled study of 719 patients undergoing lipofilling of the breast 

post-tumour resection. There was no increase in loco regional or systemic 

recurrence or of a second breast cancer [250, 251]. In a separate retrospective 

study carried out by Petit et al which focused on local recurrence consisted of 

370 patients who underwent mastectomy (1.35%) and 143 who underwent 

BCS (2.19%), the authors concluded that there was no difference in 

recurrence rate of  either group when compared to controls [252]. Several 

other studies showed similar rates of recurrence in patients who underwent 

BCS with subsequent autologous fat grafting when compared to controls who 

underwent BCS without AFG [253]. The RESTORE-2 trial prospectively 

assessed the oncological safety of ADSC-enriched fat grafting in patients 

undergoing breast conserving surgery with defects of up to 150ml. 67 patients 

reported high levels of satisfaction with the cosmetic outcomes. No 

incidences of local recurrence were reported within 12 months of the 

procedure; however, this is not a sufficient follow up time to adequately 

investigate the oncologic safety of this technique (121). Therefore there does 

not appear to be any difference in the rate of recurrence in patients undergoing 

autologous fat grafting post BCS or mastectomy and reconstruction. 
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Systematic reviews on the topic conclude that autologous fat grafting appears 

to be oncologically safe with low rates of complications and high rates of 

patient and surgeon satisfaction [254-257]. 

The timing of the autologous fat grafting after surgery is another area for 

consideration; deciding on an optimal time point post primary surgery for 

autologous grafting with ADSCs may indeed be the primary decision in 

preventing recurrence. It is due to these issues that all authors call for well-

designed randomised controlled trials with adequate follow up to adequately 

address these issues, and to exercise caution in carrying out these procedures 

in high risk patients. A phase III multicentre randomized, controlled trial is 

currently underway in France with the goal of investigating this issue 

(GRATSEC NCT01035268.) 

One suggested explanation  for the discrepancies between basic science and 

clinical studies in relation to oncological safety is the higher concentration of 

ADSCs used in vitro than clinically, which raises further concerns for the use 

of ADSCs in tissue engineering strategies which would require high 

concentrations of ADSCs to generate large volumes of adipose tissue [107, 

254, 257-259]. 
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Table 1.6 - Clinical data for the oncological safety of autologous fat grafting 

 

 

 

Author 
Type of 

study 

Publishe

d 

No. of 

patient

s 

Follow 

up 

Oncologic 

procedure 

or cosmetic 

Rate of 

recurrence 

Referenc

e 

Delay et 

al 

Retrospective 

cohort study 
2009 880 

120 

months 
Both 

1.5% per 

year 
[260] 

Rigotti et 

al 

Retrospective 

cohort study 
2010 137 

36 

months 
Oncology 3.6% [261] 

Rietjens 

et al 

Prospective 

cohort study 
2011 158 

6 

months 
Oncology 0% [262] 

Petit et al 

Multicentre 

retrospective 

cohort study 

2011 513 
19.2 

months 
Oncology 5.6% [263] 

Sarfati et 

al 

Cohort study 
2011 28 

17 

months 
Oncology 0% [264] 

Petit et al 

Prospective 

matched 
cohort study 

2012 321 
26 

months 
Oncology 2.5% [248] 

Perez-

Cano et al 

Single arm 
prospective 

multicentre 

clinical trial 

2012 71 
12 

months 
Oncology 0% [265] 

Petit et al 
Matched 

cohort study 
2013 59 

38 

months 

Intraepitheli

al neoplasia 
18% [249] 

Riggio et 

al 

Observational 

study 
2013 60 

120 

months 
Oncology 7.25% [266]   

Ihrai et al 
Retrospective 

cohort study 
2013 64 

46 

months 
Oncology 3.1% [267] 

Brenelli 

et al 

Prospective 

cohort study 
2014 59 

34.4 

months 

Oncology – 

all BCS 
4% [268] 

Semprini 

et al 

Cohort study 
2014 151 

45 

months 
Oncology 0% [269] 

Gale et al 

Case 

controlled 

study 2015 328 
32 
months 

Oncology  

Local 0.95% 

Regional 

0.95% 
Distant 

3.32% 

[270] 

Masia et 

al 

Retrospective 

case control 

study 

2015 100 
29  

months 
Oncology 2.8% [271] 

Pinell-

White et 

al 

Matched 

cohort study 2015 51 
50.4 

months 
Oncology 5.9% [272] 

Silva-

Vergara 
et al 

Prospective 

cohort study 2016 195 
31 
months 

Oncology 3.1% [273] 

Kronowit

z et al 

Matched 
controlled 

study 

2016 719 
60 

months 
Oncology 1.3% [250] 

Mestak et 

al 

Prospective 

cohort study 2016 32 

Not 

reporte

d 

Oncology 6.25% [253] 

Kaoutzan

is et al 

Retrospective 

cohort study 
2016 108 

20.2 

months 
Oncology 0% [274] 

Molto 

Garcia et 
al 

Prospective 

cohort study 2016 37 
12 

months 
Oncology 0% [275] 
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1.3.7 ADSCs and Adjuvant Therapy 

If ADSC based breast reconstruction/regeneration approaches are to be 

translated to the clinical setting for breast cancer patients, in addition to 

addressing oncologic safety, the potential effect of tissue regeneration 

utilising ADSCs on the efficacy of adjuvant therapy, and the effects of 

adjuvant therapy on the success of tissue regeneration and breast 

reconstruction also require investigation.  

1.3.7.1 Cytotoxic Chemotherapy 

After neoadjuvant chemotherapy for breast cancer, poor wound healing is a 

significant problem for patients undergoing subsequent tumour resection and 

reconstruction. It is postulated that chemotherapy has an effect on ADSC’s 

ability to function effectively. Choron et al were the first to investigate the 

effect of the effect of Paclitaxel on ADSCs. They found that Paclitaxel 

inhibits proliferation and differentiation of ADSCs and can induce apoptosis. 

Paclitaxel can also impair wound healing in chemotherapy patients due to its’ 

inhibition of endothelial differentiation in ADSCs [276].  Harris et al. treated 

ADSCs isolated from human periumbilical fat with paclitaxel at various 

concentrations in-vitro. ADSCs from rodents treated with paclitaxel were also 

investigated. Paclitaxel treatment resulted in increased ADSC apoptosis, 

decreased cell proliferation and migration, and inhibited ADSC multipotent 

differentiation in both human and rodent cell populations. However, human 

and rodent ADSCs recovered differentiation abilities after cessation of 

paclitaxel treatment [277]. Chen et al. demonstrated that ADSCs induce 

doxorubicin resistance in MDA-MBA-231 triple negative breast cancer cells 

through IL-8 secretion [278]. However, ADSCs are shown to cause increased 

chemosensitivity to doxorubicin and 5-flourouracil in SKBR3 Her2 breast 

cancer cell lines [279]. Beane et al discovered that Vincristine, Cytarabine 

and Etoposide all inhibited the proliferative ability of ADCSs, although the 

authors did note that variability did exist between drug type and 

concentration. In direct comparison it was found that ADSCs growth or 

viability was not inhibited by any concentration of Methotrexate [280].  
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Overall it would appear that each chemotherapeutic agent interacts with 

ADSCs in a distinct manner and each would warrant investigation.  

1.3.7.2 Radiotherapy 

Post-mastectomy radiotherapy can result in complications such as recurrent 

infection, impaired healing, fibrosis, contracture and lymphoedema. ADSCs 

display an element of radio-resistance in comparison to other components of 

the SVF [281]. This may be secondary to a superior ability of MSCs to retain 

their proliferative capacity due to their enhanced repair mechanisms for 

damaged DNA compared to terminally differentiated cells. Lower metabolic 

demands of ADSCs compared to mature adipocytes results in protection from 

hypoxia and apoptosis, preserving them to carry out regenerative functions 

[281]. There are several possible mechanisms by which injection of ADSCs 

into a previously irradiated area can overcome radiation-induced injury: 

ADSC adipogenic differentiation; increasing perfusion of injured tissues 

through induction and paracrine promotion of angiogenesis; exerting an anti-

oxidant effect against hypoxia, ischaemia reperfusion and ROS induced 

damage by adipokine release; modulating immune responses, inflammation 

and improving wound healing; modulating granulation tissue, fibrosis, ECM 

remodelling and improve epithelialisation; secreting lymphangiogenic 

factors, improving or reversing lymphoedema in damaged tissues; and 

recruiting endogenous stem cells via a homing chemokine gradient [281]. A 

study of cocultured ADSCs and normal human fibroblasts (NHF) exposed to 

radiation shows promise for the use of ADSCs in breast reconstruction. 

Monocultures of ADSCs and NHFs showed reduced cell proliferation after 

radiation exposure however reduced impairment of cell proliferation was seen 

in the cocultured cells after radiation exposure. Gene expression of matrix 

metalloproteinases was also improved in the cocultured group [282]. 

Microvascular endothelial cells were then added to the co-culture. The 

cytokines and adhesion molecules IL-6, bFGF, ICAM-1 and VCAM-1 levels 

in the co-culture supernatants were significantly less affected by irradiation 

than monocultures [282].  
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ADSCs improve graft retention in irradiated scalps of mice. Fat grafts 

supplemented with ADSCs demonstrated superior volume retention, 

structural qualities and vascularity [283]. In a study of the effect of ADSCs 

on flap survival in irradiated tissues in rats, increased flap viability was 

observed in the ADSC injected irradiated group compared to the control 

radiation only group. The mechanism may be both neovascularisation and 

vasodilation in addition to endothelial repair [284]. A clinical study of the 

treatment of radiotherapy induced injury by lipoaspirate containing ADSCs 

showed improved outcomes for twenty grade 3 or 4 patients on the LENT-

SOMA scale measuring severity of radiation effects, with improvement or 

remission of symptoms in all 20 patients [105].  

1.3.7.3 Trastuzumab 

There is very limited data on the effect of anti Her2 therapy on ADSCs. An 

in-vitro coculture study and in-vivo analysis of Her2 breast cancer found that 

adipocytes play a role in resistance of Her2 overexpressing breast cancer cells 

to trastuzumab. Whether this effect is exclusive to mature adipocytes or 

whether ADSCs are capable of similar promotion of breast cancer cell 

resistance to trastuzumab requires further investigation [285].  

1.3.7.4 Hormonal Therapy 

Tamoxifen is the most widely utilised adjuvant hormonal therapeutic agent 

for the treatment of breast cancer [286]. Pike et al. isolated human ADSCs 

and treated them with various concentrations of tamoxifen. This resulted in 

increased apoptosis, decreased proliferation of human ADSCs, a decrease in 

differentiation capability into adipocytes and osteocytes and inhibited ability 

to form cords in Matrigel, suggesting patients treated with tamoxifen may 

have decreased ADSC graft survival [287]. This is a cause for concern and 

could potentially mean women may not be suitable for ADSC based tissue 

regeneration while being treated with tamoxifen. In the clinical setting 

Kronowitz et al showed a significant increased risk of LRR in patients who 

received hormonal therapy after autologous fat grafting (75). While it is 

unclear what this increased risk is actually due to,  Waked et al (46) 

hypothesized that it may be due to a stimulatory effect of hormonal therapy 
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on the communication between breast cancer cells and ADSCs or more 

worryingly that hormone receptor positive breast cancer patients may be at 

increased risk of loco regional recurrence post autologous grafting.  

Further investigation of the effects of adjuvant cancer therapies, both 

cytotoxic and targeted, on ADSC based tissue regeneration is required before 

this method of breast reconstruction can be considered for translation into the 

clinical setting. 

1.4 Conclusion 

With rates of mastectomy showing no signs of decline, novel, safe, functional 

and cost effective methods of breast reconstruction are required. Trends in 

breast reconstruction are changing, with greater numbers of implant breast 

reconstruction being carried out over autologous procedures secondary to the 

advantages of shorter operation times, shorter length of hospital stay, lack of 

donor site morbidity, quicker return to normal activities and less healthcare 

cost. Current methods of implant and autologous reconstruction have been 

recently improved with alterations to implant characteristics and the use of 

acellular dermal matrices (ADMs) and through the development of superior 

methods of free tissue transfer. Additionally, changes to adjuvant therapy 

protocols, for example, the neoadjuvant delivery of radiotherapy, have the 

potential to simplify and shorten the breast cancer treatment pathway, without 

increasing complication rates or sacrificing treatment efficacy.  Modern 

techniques such as autologous fat grafting are becoming more widespread 

with increasing evidence of its oncological safety in vivo. Adipose tissue has 

been shown to be a valuable source of mesenchymal stem cells that hold 

immense potential for modern tissue engineering strategies in the field of 

breast reconstruction. However, there are still pertinent research questions 

outstanding regarding the best adipose tissue depot from which to isolate 

ADSCs, how to generate and sustain volumes of mature adipose tissue to 

reconstruct the breast mound. Furthermore, the oncological safety of 

implanting ADSCs into breast cancer patients due to the risk of cancer 

recurrence and what effects do adjuvant therapies have on ADSC isolation 

and their function upon implantation remain to be fully elucidated. With the 
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future of breast reconstruction likely to rely heavily on adipose tissue 

engineering strategies, a suitable scaffold needs to be identified. Hydrogels 

are widely studied in adipose tissue engineering and hold significant promise 

for success due to their accurate mimicry of the adipose ECM and ability to 

encapsulate cells effectively. Injectable hydrogels hold advantages over pre-

formed scaffolds in that they can be implanted via minimally invasive 

techniques and more accurately fill the defect site, which makes them very 

suitable for clinical translation. Generation of an adequate volume of adipose 

tissue to augment current methods of breast reconstruction post-mastectomy 

remains the principle limitation of adipose tissue engineering. Further 

research is needed to create the ideal tissue engineered construct accurately 

mimicking the 3D architecture of the native breast adipose tissue. The 

combination of the adjustable mechanical properties associated with synthetic 

biomaterials and the biomimetic properties of natural scaffold biomaterials 

will be required to achieve adequate adipose tissue volume for breast 

reconstruction post-mastectomy in conjunction with an implant.  
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2.1. Breast Cancer Database 

The breast care unit at Galway University Hospital consists of the Breast 

Check National Cancer Screening Service and the Symptomatic Breast 

Clinic. This is a high volume cancer centre; treating upwards of 450 breast 

cancers per annum; in 2016, the Symptomatic Breast Unit recorded 10,293 

outpatient attendances, 307 new breast care diagnoses and had a cancer 

detection rate of 5.9 per 100 new patients seen. In 2016, 26,271 women were 

screened in the Western Region of the Breast Check Programme, with 1184 

women being re-called to GUH for assessment. There were 166 breast cancer 

diagnoses in this population.  

Clinical and pathological data relating to all patients undergoing mastectomy, 

with or without breast reconstruction are appropriately anonymised and 

recorded in a departmental database in the Discipline of Surgery for research 

purposes. Clinical data includes patient demographics, family history, 

menopausal status, co-morbid disease and medications. Pathological data, 

gathered from reports by the pathology laboratory at Galway University 

Hospital, includes oestrogen and progesterone receptor status, Her2neu status 

which is determined by immunohistochemistry (IHC) on formalin fixed, 

paraffin embedded sections of clinical specimens as part of routine pathology 

to guide clinical decision making regarding adjuvant therapy. IHC is 

performed in the pathology laboratory using a rabbit monoclonal antihuman 

ER antibody (clone SP1, Dako, UK) and a polyclonal rabbit antihuman PR 

antibody (Dako, UK).  ER, PR and HER2/neu markers are used to determine 

biologic subtype in the clinical setting, influencing management decisions 

and can be predictors of response to neoadjuvant therapies and disease 

outcomes.  

The Allred scoring method [288] is used by the pathology laboratory in 

Galway University Hospital for expression scoring of ER and PR and is based 

on proportion and intensity. In brief, the proportion score represents the 

estimated percentage of tumour cells staining positive as follows:  
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0 = 0  

1 = 1%  

2 = 1-10%  

3 = 10-33%  

4 = 33-66%  

5 = >67%  

  

Intensity of staining is defined as follows: 

1 = weakly positive 

2 = moderately positive  

3 = strongly positive  

 

The final score for ER status is derived from the equation:  

  % Positive cells + Intensity of staining = Total score  

Scores of 0-1 are ER negative; scores of 2-8 are ER positive (figure 1a)  

 

Membranous staining is scored for HER2/neu according to the HercepTest™ 

(Dako, UK) as follows:  

0 = negative 

1 = weak incomplete membranous staining of >10% cells (negative) 

2 = weak-moderate complete membranous staining of >10% of cells 

(equivocal-fluorescence in-situ hybridisation (FISH) is used to assess 

amplification in these cases)  

3 = strong complete membranous staining of >30% of cells (positive) (figure 

1c). 

Tumour size, tumour grade, nodal status and metastases status are also 

recorded according to the TNM classification system by the pathologists at 

Galway University Hospital [289] .  
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Figure 2.1 - Oestrogen receptor status (as performed by the pathology laboratory in GUH) 

1. Breast tumour with Allred score of 8 for ER staining. There is intense staining and 

>67% of tumour cells stain positive for ER. This tumour is clinically given an ER 

positive status 

2. Breast tumour with Allred score of 0 for ER staining. None of the tumour cells stain 

positive for ER. This tumour is clinically given an ER negative status 

 

Figure 2.2 - Progesterone receptor status (as performed by the pathology laboratory in GUH) 

1. Breast tumour with Allred score of 8 for PR staining. There is intense staining and 

>67% of tumour cells stain positive for PR. This tumour is clinically given a PR positive 

status 

2. Breast tumour with Allred score of 0 for PR staining. None of the tumour cells stain 

positive for PR. This tumour is clinically given a PR negative status 
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Figure 2.3 - HER2/neu status (as performed by the pathology laboratory at GUH) 

1. Breast tumour with HercepTest™ score of 0 for HER2/neu receptor staining. No 

staining is observed, or membrane staining is observed in <10% of the tumour cells. 

This tumour is clinically given a HER2/neu receptor negative status 

2. Breast tumour with HercepTest™ score of 1+ for HER2/neu receptor staining. A 

faint/barely perceptible membrane staining is detected in <10% of tumour cells. The 

cells exhibit incomplete membrane staining. This tumour is clinically given a HER2/neu 

receptor negative status 

3. Breast tumour with HerceptTest™ score of 2+ for HER2/neu receptor staining. A weak 

to moderate complete membrane staining is observed in (equivocal) >10% of tumour 

cells. This tumour requires further analysis of HER2/neu receptor status with FISH 

4. Breast tumour with a HerceptTest™ score of 3+ for HER2/neu receptor staining. A 

strong complete membrane staining is observed in >30% of tumour cells. This tumour 

is clinically given a HER2/neu receptor positive status 

 

This database of breast cancer patients treated at Galway University Hospital, 

which is maintained by a data manager in the Department of Surgery, was 

used to analyse breast reconstruction practices in this cancer centre between 

2004 and 2014, as described in Chapter 4, and also used to identify patients 

treated with neoadjuvant radiotherapy, as described in Chapter 5. A data 

request form was submitted to the data manager for all patients at the 

institution who were treated with neoadjuvant and adjuvant chemotherapy 

and who were treated with radiotherapy. I updated this database as required 

to provide clinicopathological details of the patients who donated tissue 

samples to laboratory research at The Lambe Institute for Translational 

Research at the National University of Ireland Galway.   
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2.2 Primary Cell Culture Overview 

The primary cell culture laboratory contains two cell hoods. Each cell line is 

maintained in a HEPA filtered humidified incubator at 37˚C and 5% CO2. 

Cell maintenance and manipulation was undertaken in separate laminar air 

flow cabinets. According to aseptic guidelines each cabinet was sterilised by 

spraying down with 70% IMS before and after any intervention. Additionally 

any items introduced to the cabinet were also sprayed and swabbed with 70% 

IMS.  

2.3 Suitability and Oncological Safety of Adipose Derived Stem Cells for 

Adipose Tissue Engineering  

2.3.1 Patient Derived Samples 

Ethical approval from the Galway University Hospital’s research ethics 

committee has been granted to collect patient derived samples of both tumour 

and normal tissue for translational research.  

Patient tissue samples were collected at time of primary tumour excision in 

the case of breast cancer patients. Adipose tissue was collected from normal 

healthy controls during elective abdominoplasty procedures.  

Overall, adipose tissue samples were collected from 4 distinct patient groups 

in this study. Demographic details, clinicopathological details and surgical 

details were also collected for these patients, as described in section 2.1: 

1. Breast Cancer (BC): Breast adipose tissue from  breast cancer 

patients who had not received any neoadjuvant treatment at time of 

tumour excision.  

2. BC – Post-Neoadjuvant Chemotherapy (NAC) : Breast adipose tissue 

from breast cancer patients who had been treated with neoadjuvant 

chemotherapy at time of tumour excision 

3. BC – Abdominal : Abdominal wall adipose tissue from breast cancer 

patients who had not received any neoadjuvant treatment at time of 

tumour excision 
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4. Control – Abdominal : Abdominal wall adipose tissue from normal 

healthy, non-cancer control patients at time of elective surgery 

2.3.2 Isolation and Culture of Adipose Derived Stem Cells 

Subcutaneous adipose tissue was excised by en bloc resection at the time of 

surgery and collected in complete media (DMEM + GlutaMax, heat 

inactivated foetal bovine serum and penicillin/streptomycin) in a sterile pot 

and then brought to the laboratory. The adipose tissue was rinsed with 

penicillin/streptomycin diluted in PBS and then minced with a scalpel in a 

petri dish. Minced adipose tissue was immersed in 3ml Type III collagenase 

in a 15ml falcon tube overnight in an incubator at 37˚C 5% CO2. After 

overnight incubation, the adipose tissue/collagenase was centrifuged at 400 

RPM for 1 minute. The supernatant was then transferred to a new falcon tube. 

This was centrifuged again at 700 RPM for 2 minutes and the supernatant 

transferred to a new falcon tube. This was centrifuged for the final time at 

1200 RPM for 5 minutes. The resulting cell pellet was the stromal vascular 

fraction (SVF) of adipose tissue. This was resuspended in culture media 

(DMEM + GlutaMax + Foetal Bovine Serum + Penicillin/Streptomycin) and 

placed in a T25 cell culture flask.  

2.3.3 Cell Maintenance and Subculturing  

Cells were inspected on a daily basis, macroscopically to detect pH shifts 

indicated by a media colour change, and microscopically to ascertain cell 

health and confluency. In order to maintain healthy cells with a normal 

growth pattern, it was necessary to feed cells every 2-3 days. Prior to 

replenishment, media was preheated to 37˚C for 15-20 minutes. Old media 

was removed and fresh warmed media pipetted down the side of the flask 

opposite the cell monolayer. Flasks were then returned to the 37˚C incubator. 

Upon reaching approximately 90% confluency, cells were subcultured into 

new flasks. This supported maintenance of cells in the log phase of growth. 

For subculturing, media was removed from the flask. Phosphate buffered 

saline (PBS) was pipetted along the side of the flask covering the cell 

monolayer. PBS facilitated the neutralisation of protease inhibitors which are 
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found in animal sera such as FBS, which inhibits activity of trypsin. The PBS 

was rinsed on the cell monolayer and removed to waste. Trypsin EDTA 

(0.25%) was then added to the flask, dispersed across the cells and incubated 

at room temperature for one minute. The trypsin/EDTA complex causes cells 

to lose adhesive ability by hydrolysing specific peptide bonds. The EDTA 

component improves the efficiency of the process by removing calcium and 

magnesium from the extracellular matrix, promoting trypsin activity. The 

trypsin was then poured off and the flask returned to the incubator for a further 

3-5 minutes at 37˚C. The flask was then removed and gently tapped to 

dislodge cells and examined under the microscope, to ensure they were no 

longer adherent and to determine the presence of cells in the solution. Cells 

were then resuspended in the appropriate volume of media, counted and 

reseeded at the appropriate density/cm2. 

2.3.4 Cell Counting 

For cell counting the chemometec nucleometer™ was used (figure 2.4). The 

Nucleocounter system allows for calculation of cell counts based on 

measurement of the fluorescent dye propidium iodide (PI) by an inbuilt 

fluorescence microscope. The PI is immobilised in the nucleocassette. Once 

the stabilised cell lysate is loaded into the nucleocassette the PI dissolves 

immediately and mixes with the lysate. Propidium bromide then intercalates 

with DNA and forms a fluorescent strain, absorbing green light and emitting 

green light, which allows for the detection of stained cells. PI stains the cell 

nuclei and cannot penetrate a viable cell, it is therefore necessary to lyse the 

cell membranes in order for calculation of the total cell count. Non-viable 

cells are already permeable and hence are directly stained by PI and measured 

by the nucleocounter. Each nucleocassette contains approximately 2.8µg of 

PI suspended inside the flow channels. Once the cassette is placed in the 

NucleoCounter the mixture is transferred to the measurement chamber, which 

facilitates the fluorescent measurement of cell volumes. The counting process 

is dependent on the use of a Lysis buffer (Reagent A100) and a Stabilising 

buffer (Reagent B). The lysis buffer is used for disruption of the plasma 

membranes, rendering the nucleus susceptible to staining with PI. The 

stabilising buffer then raises the pH, which optimises the fluorescence of PI 
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and stabilised the cell nuclei. To determine the total cell count equal volumes 

of cell suspension and Reagent 100 were mixed and vortexed for 30 seconds. 

Reagent B was then added and again vortexed to form the stabilised cell 

lysate. The nucleocassette™ was then loaded with the stabilised lysate and 

placed into the nucleocounter for an approximation of the total cell count. To 

determine the concentration of non-viable cells no pre-treatment is necessary, 

with a representative sample of cell suspension being directly loaded into the 

nucleocassette and the resultant measurement being an approximation of the 

non-viable cell count. The total viable cell count was determined by using the 

following equation: 

% Viability = (CtMt – CnvMnv)/CtMt * 100 

Ct = Total cell concentration 

Mt = Multiplication factor used for total cell count (Stabilised lysate is 

prepared using equal volumes of cell suspension, lysis buffer and stabilising 

buffer, multiplication factor is therefore 3) 

Cnv = Concentration of non-viable cells 

Mnv = Multiplication factor used in the counting of non-viable cells (usually 

no diluted so = 1) 
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Figure 2.4 - Cell counting protocol 

2.3.5 Cell Cryopreservation and Recovery 

Cell cryopreservation is the process which allows for the storage of stocks of 

cells to facilitate the provision of a quantity of cells for future study. Without 

the use of a cryoprotective agent, freezing would be lethal to cells in most 

cases. Dimethylsulphoxide (DMSO) is a cryoprotective agent used in 

conjunction with complete medium which facilitates long term cell storage at 

-196˚C in liquid nitrogen. DMSO acts to reduce the freezing point and allows 

a slower cooling rate. Gradual cooling reduces the risk of cell damage from 

the formation of crystals. A 1.6ml suspension containing 1 x 106 cells was 

generated. 85µl of DMSO (final concentration 5%) was added to each 

cryovial by the addition of the cell suspension. The cryovials were then stored 

in the cell cryopreservation container for a minimum of 3 hours at -80˚C to 

avoid cell lysis. The cryopreservation container gradually reduced the 

temperature of the suspension by -1˚C per minute until it reached a 

temperature of -80˚C at which point the cryovials were then transferred to the 

liquid nitrogen storage container and stored at - 196˚C. In order to recover 

cells, frozen stock was removed from the liquid nitrogen storage chamber and 
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thawed in the 37˚C water bath. Immediately upon thawing, cells were 

transferred to pre-warmed media and placed in the incubator at 37˚C 5% CO2. 

2.3.6 Cell Morphology 

Cell morphology of ADSCs was examined using a light microscope in a T175 

flask at 75% confluency. Images of the cells were obtained using an Olympus 

C-7070 Wide Zoom digital camera (figure 2.5). The morphology of stem cells 

is typically fibroblastic. These are bipolar (spindle) or multipolar (stellate), 

have elongated shapes and grow attached to a substrate. Adherent mammalian 

cultures should be passaged when they are in the log phase, before they reach 

confluence. Signs of deterioration include granularity around the nucleus, 

detachment of the cells from the substrate and cytoplasmic vacuolation. Signs 

of deterioration may be caused by contamination of the culture, senescence 

of the cell line, the presence of toxic substances in the media or simply that 

the culture media needs to be changed. 

 

Figure 2.5 - Typical fibroblastic cell morphology of adipose derived stem cells 

 

 



Chapter 2: Materials and Methods 

64 

 

2.3.7 Flow Cytometry 

Flow cytometry is a widely used method for analysing the expression of cell 

surface and intracellular molecules, characterising and defining different cell 

types in a heterogeneous cell population, assessing the purity of isolated 

subpopulations and analysing cell size and volume. It is predominantly used 

to measure fluorescence intensity produced by fluorescent-labelled antibodies 

detecting proteins or ligands that bind to specific cell-associated molecules. 

When a cell suspension is run through the cytometer, sheath fluid is used to 

hydrodynamically focus the cell suspension through a small nozzle (figure 

2.6). The tiny stream of fluid takes the cells past the laser light one cell at a 

time. Light scattered from the cells or particles is detected as they go through 

the laser beam. A detector in front of the light beam measures forward scatter 

(FS) and several detectors to the side measure side scatter (SS). Fluorescence 

detectors measure the fluorescence emitted from positively stained cells or 

particles (figure 2.6). Fluorochromes used for the detection of target proteins 

emit light when excited by a laser with the corresponding excitation 

wavelength. These fluorescent stained cells or particles can be detected 

individually. Forward and side scattered light and fluorescence from stained 

cells are split into defined wavelengths and channelled by a set of filters and 

mirrors within the flow cytometer. The fluorescent light is filtered so that each 

sensor will detect fluorescence only at a specified wavelength.  In direct 

immunofluorescence staining, cells are incubated with an antibody directly 

conjugated to a fluorochrome (e.g. FITC). This has the advantage of requiring 

only one antibody incubation step and eliminates the possibility of non-

specific binding from a secondary antibody. 
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Figure 2.6 - Flow cytometry 

Cultured cells were trypsinised and counted. 2.5 x 105 cells were placed in 

suspension. Cell suspension was centrifuged at 2000 RPM for 5 minutes. 

Culture media was removed and the cell pellet was resuspended in 1ml of 

PBS in order to wash the cells. This was centrifuged at 2000 RPM for 4 

minutes. PBS was removed and resuspended in 1ml of fresh PBS. This was 

broken up into equal parts in 6 tapered tubes with 167µl in each tube. 2µl of 

antigen was added to each tube. The tapered tubes were placed on ice for 30 

minutes. Cells were incubated with monoclonal antibodies directed against 

CD105, CD73, CD90, CD45, CD34, CD14 or PeQCy control or PE or 

PeCy5.5 or RPE or APC. After this, the tubes were centrifuged at 2000 RPM 

for 5 minutes. Excess PBS was removed and 400µl PBS used to resuspend 

the cell pellet. This was then transferred to a 96 well plate for analysis by the 

flow cytometer (Guava easyCyte 8HT, Merck Millipore, Darmstadt 

Germany). Data analysis was carried out using Guava 2.2 InCyte software 

(Merck Millipore, Darmstadt Germany).  
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2.3.8 Adipogenic Differentiation 

When ADSCs in the four patient groups reached passage 3, their adipogenic 

potential was assessed. ADSCs were trypsinised and counted. An 

adipogenesis assay was set up in one 6 well plate per patient. 4 adipogenic 

test wells and 2 control wells were set up and 40,000 ADSCs seeded into each 

well. This was placed in the incubator at 37˚C 5% CO2. The cells were 

allowed to grow for 2-3 days until they reached confluency. Once confluent, 

3ml of the adipogenic induction media (table 2.1) was added to the test wells 

and left for three days. Control wells received normal unsupplemented media. 

After three days the media was changed in the test wells and maintenance 

media (table 2.2) was added for 1 day. The media in the control wells was 

changed for normal unsupplemented media. These media changes were 

repeated until three cycles in induction and maintenance media had been 

completed (figure 2.7). After the three cycles, ADSCs were left in 

maintenance media for 7 days. After this, cells were fixed and stained with 

Oil Red O.  

 

Figure 2.7 - 19 day adipogenesis differentiation protocol 
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Table 2.1 - Adipogenesis induction media 

Reagent 
Volume  

(to make up 500ml) 
Final Concentration 

DMEM + GlutaMax 442.5ml  

Dexamethasone 1mM 500µl 1µM 

Insulin 10mg/ml 500µl 10µg/ml 

Indomethacin 100mM 1ml 200µM 

500mM MIX 500µl 500µM 

Penicillin/Streptomycin 5ml 

100U/ml penicillin 

100µg/ml 

streptomycin 

FBS 50ml 10% 

 

Table 2.2 - Adipogenesis maintenance media 

Reagent 
Volume 

(to make up to 500ml) 
Final Concentration 

DMEM + GlutaMax 444.5ml  

Insulin 10mg/ml 500µl 10µg/ml 

Penicillin/Streptomycin 5ml 

100U/ml penicillin 

100µg/ml 

streptomycin 

FBS 50ml 10% 

 

 

2.3.9 Oil Red O Staining 

The adipogenic potential was quantified by staining lipid deposits with Oil 

Red O and subsequently extracting this lipid and measuring the incorporated 

dye spectrophotometrically.  

A working solution of Oil Red O was prepared by mixing 6 parts of Oil Red 

O stock solution with 4 parts of distilled water. This was allowed to stand for 

10 minutes. The solution was then filtered using a Whattman no.1 filter. The 
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working solution must be used within 2 hours of filtering. Media was 

removed from cells in the 6 well plate and the cells were washed twice with 

PBS. The cells were fixed in 10% Neutral buffered Formalin for 30 minutes 

at room temperature. The fixative was removed and disposed of in a formalin 

waste container and the plate rinsed with distilled water. The working solution 

of Oil Red O was then pipetted onto the cells with the plate rotated slowly to 

spread Oil Red O over the cells evenly and let stand for 5 minutes. The stain 

was then discarded. Excess stain was cleared by adding 60% isopropanol (2ml 

per well), swirling and then removing. The plate was rinsed under tap water 

until the water ran off smoothly. Haematoxylin stock solution was diluted 

1/10 in distilled water. This was pipetted onto the cells and allowed to stain 

for 1 minute. The plate was washed in warm tap water and covered with water 

until required for photography.  

Microscopic images were taken of the cells after staining at 4X and 10 X 

magnifications (figure 2.8). After photography, the water was removed. Oil 

Red O was extracted using 99% Isopropanol (350µl) over the surface of the 

well several times. This was allowed to stand until all the dye was extracted. 

Isopropanol was left on all wells for the same length of time. The 

isopropanol/dye solution was then transferred to an Eppendorf tube. Cell 

debris was pelleted by centrifugation (500G x 2 min). 100µl of the extracted 

stain was placed into each of 3 wells of a 96 well plate and the absorbance 

measured on a plate reader at 540nm to quantify the Oil Red O stain uptake 

by cells and adipogenic potential.  
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Figure 2.8 - Adipogenesis Oil Red O staining 

1. Oil Red O staining of intracellular lipid in ADSCs treated with adipogenic media over 19 day 

protocol 

2. Control ADSCs not treated with adipogenic media over 19 days showing no staining of 

intracellular lipid with Oil Red O 

 

2.3.10 Osteogenic Differentiation 

Osteogenic differentiation of the cells isolated from adipose tissue was 

performed in order to confirm their multilineage potential and therefore prove 

the presence of a stem cell population.  

Osteogenic media was made up according to the table below: 

Table 2.3 - Osteogenic differentiation media 

Reagent 
Volume 

(to make up 100ml) 
Final Concentration 

DMEM + GlutaMax 87.5ml  

Dexamethasone 1mM 10µl 100nM 

Ascorbic Acid 2-P 10mM 1ml 100µM 

Β-glycerophosphate 1ml 10mM 

FBS 10ml 10% 

Penicillin/Streptomycin 

1ml 

100U/ml penicillin 

100µg/ml 

streptomycin 
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ADSCs were trypsinised and counted. 4 test wells and 2 control wells were 

set up in a 6 well plate. 4 x 104 cells were seeded into each well. The plate 

was placed in the incubator at 37˚C 5% CO2 for 48 hours, when the ADSCs 

would have adhered to the plastic and become confluent. The culture media 

was removed and 3ml of the osteogenic media placed onto the test wells with 

normal DMEM + GlutaMax with 10% FBS and 1% penicillin/streptomycin 

on the control wells. Media was changed twice a week. The assay was 

harvested after 10 days. Cells were then stained with Alizarin Red to identify 

calcium and osteogenic differentiation (figure 2.9).  

 

Figure 2.9 – Osteogenesis Alizarin Red staining 

1. Alizarin Red staining of intracellular calcium in ADSCs treated with osteogenic media 

2. Control ADSCs not treated with osteogenic media showing no staining of intracellular staining 

of calcium with Alizarin Red 

 

2.3.11 Cell Viability 

Cell viability was measured by an Alamarblue® assay (figure 2.10). The 

active ingredient of alamarblue® is resazurin, which is a non-toxic, cell 

permeable, blue non-fluorescent compound. Upon entering cells, resazurin is 

reduced to resorufin, which produces a very bright red fluorescence. Viable 

cells continuously convert resazurin to resorufin, thereby generating a 

quantitative measure of metabolic activity and cytotoxicity.  
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Figure 2.10 - AlamarBlue™ cell proliferation assay 

 

Cells were trypsinised and counted. 3 test wells were set up in a 24 well plate 

and 10,000 cells seeded into each well. Cell viability was measured at day 1, 

4 and 7.  

A 10% alamarblue® solution was prepared in PBS. Culture medium was 

removed from cells and cells were washed with PBS. 1ml of the diluted 

alamarblue® solution was added to the cells and a negative control of 

alamarblue® at 10% alone. To obtain background absorbance, PBS was 

added to empty wells. The plate was incubated for 3 hours at 37˚C, 5% CO2. 

After incubation, 100µl of the alamarblue® solution and of the negative 

control and background were transferred to a clear 96 well plate. Absorbance 

was measured at 540nm and 600nm.  

The values of PBS alone were subtracted from the values of alamarblue® 

alone to obtain the absorbance of alamarblue®. For 540nm, this value is 

called absorbance of the oxidised form at the lower wavelength (AOLW) and 

for 600nm it is called absorbance of the oxidised form at higher wavelength 

(AOHW). The correlation factor was calculated by the following equation: 
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R0 = AOLW/AOHW 

The percentage of alamarblue® reduced by the cells was calculated by the 

following equation: 

AR = ALW-(AHW*R0)*100 

2.3.12 Gene Expression Analysis 

2.3.12.1 RNA Extraction 

RNA was extracted from cell pellets of ADSCs from a fully confluent T175 

flask. RNA extraction was carried out using the Roche MagNA Pure Compact 

system, which is an automated bench top system for nucleic acid purification 

(figure 2.11). The ADSC cell pellet was resuspended in 100µl of cold PBS 

and 100µl of Lysis buffer from the MagNA pure compact RNA isolation kit. 

This solution was then transferred into a 0.5ml tube and placed into the 

MagNA Pure Compact system along with additional reagents from the RNA 

Isolation Kit. 50µl of RNA was extracted and stored at -80˚C prior to RNA 

analysis and quantification. Briefly, RNA is extracted by the MagNA Pure 

Compact system by the following steps: cells are disrupted and protein is 

digested by the addition of Lysis buffer and Proteinase K; nucleic acid binds 

to the surface of magnetic glass particles and DNA is removed by DNase 

digestion; there is magnetic separation of the nucleic acid-bead complex; 

cellular debris is removed by several wash steps; there is magnetic separation 

of the nucleic acid-bead complex again and nucleic acid elution occurs at high 

temperatures during the removal of Magnetic Glass Particles.  
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Figure 2.11 - RNA extraction by MagNA Pure Compact system 

 

2.3.12.2 Analysis of RNA 

Once extracted, RNA concentration and integrity was measured using the 

NanoDrop® ND-1000 Spectrophotometer (NanoDrop Technologies Inc, 

Wilmington, DE, USA) (figure 2.12). The ratio of sample absorbance at 

260nm and 280nm (A260/A280) and the ratio at 260nm and 230nm 

(A260/A230) were used to assess the purity of RNA. Concentration of RNA 

was determined (by spectrophotometry) using the following formula:  

RNA concentration (ng/µl) = A260 x *44.19 x D 

(A260 = Absorbance in optical density units, *44.19 = the extinction 

coefficient of RNA. For these purposes, the approximate value of 40 was 

used, D = Dilution factor) 
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Figure 2.12 - Example of RNA concentration as measured by photospectometry 

2.3.12.3 cDNA synthesis 

Reverse transcription involves conversion of single stranded RNA into 

double stranded cDNA which can be subsequently amplified using PCR. The 

reverse transcriptase (RT) enzyme is used by a subset of viruses to convert 

their RNA genome into DNA. The DNA can then be integrated in the host 

cell genome and replicated using host cell machinery. For cDNA synthesis 

aliquots of total RNA equivalent to 1µg were reverse transcribed using 

Superscript III reverse transcriptase enzyme (Invitrogen, Calsbad, CA, USA) 

according to the manufacturer’s instructions. The reaction was primed using 

random primers (9*N; 1.0µg) in the presence of dNTPs (10nM). Sample 

denaturation was achieved by incubation at 65˚C of 5 minutes. Then 7µl RT-

reaction mix was added consisting of 5X reaction buffer, 0.1 M DTT, 40 U 

RNAasOut™ (Qiagen Ltd, Crawley, UK) and 200 U SuperScript III enzyme. 

The samples were then incubated at 25˚C for 5 minutes, 50˚C for 60 minutes, 

and finally 70˚C for 15 minutes to denature the enzyme. The reaction was 

performed using a GeneAmp PCR 9700 thermal cycler (Applied 

Biosystems). 30µl of Nuclease free water was then added to each sample 

resulting in a 50µl solution which was stored at -20˚C.  
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2.3.12.4 Real Time Quantitative Polymerase Chain Reaction (RQ-PCR) 

PCR was the technique used to amplify DNA across several orders of 

magnitude, generating multiple copies of a specific DNA sequence. The 

process depends on thermal cycling which consists of cycles of continuous 

heating and cooling which results in DNA denaturation and enzymatic 

replication. PCR amplification is measured as it occurs, allowing a more 

accurate means of RNA quantitation. A basic PCR run consists of three 

phases, the exponential phase, the linear phase and the plateau phase. During 

the exponential phase there is exact doubling of the product at every cycle, as 

all reagents are fresh and available. During the linear phase, the reactions 

begin to slow down and there is no longer doubling at each cycle, due to the 

gradual consumption of the reagents. Finally, during the plateau phase, the 

reaction has stopped as no more products are being made.  Each sample 

plateaus at a different stage due to individual sample kinetics. Traditional 

PCR takes its measurement at this stage, otherwise known as end point 

detection. Real-time PCR provides more accurate quantitation data as it 

focuses on the exponential phase. The RQ-PCR instrument used was the ABI 

Prism® 7000 sequence detection system (Applied Biosystems). This 

instrument calculates two values within the exponential phase, the first 

Threshold line is the stage of the reaction where the fluorescent intensity 

detection reaches a level above the background. The Cycle Threshold (CT) 

Value is determined by the PCR cycle at which this threshold level is reached. 

The CT values allow us to accurately determine the amount of template DNA 

in an unknown reaction by comparing unknown values with a series of 

standard values. The genes targeted were Lipoprotein Lipase (LPL), 

Peroxisome Proliferator-activated Receptor Gamma (PPAR-γ), Fatty Acid 

Binding Protein 4 (FABP4), Hepatocyte Growth Factor (HGF), Fibroblast 

Growth Factor 2 (FGF-2), Stromal Cell-Derived Factor-1 (SDF-1/CXCL12) 

and Chemokine (C-C motif) ligand 2 (CCL2).  

RQ-PCR cycling conditions were performed [195˚C for 10 minutes (95˚C for 

15 seconds, 60˚C for 1 minute) x 40 cycles] in a final reaction volume of 10µl.  
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Table 2.4 - Reagents required for RQ-PCR 

Reagent Volume (µl) 

Universal PCR Master Mix 5.0 

Taqman® Gene Expression Assay 

Primer PDAR 
0.5 

Nuclease Free Water 3.5 

Template cDNA 1 

Total Volume 10 

 

2.3.12.5 Relative Quantification 

In the first step of relative quantification, the Ct values generated by the ABI 

Prism 7000 Sequence Detection System were scaled to an endogenous control 

known to have consistent levels of expression in all samples. In this case 

relative expression levels were then determined using the formula: 

ΔCt = Average Ct (test sample) – Average Ct (endogenous control) 

The ΔCt values were converted to a linear form using the formula: E-ΔCt where 

E = amplification efficiency. In order to correct for non-biological variation 

in gene expression potentially introduced during the RQ-PCR process, an 

endogenous control (EC) gene (PPIA), which had verified stable expression 

across samples was used. Comparison of expression levels between 

experimental groups requires calculating the delta-delta Ct (ΔΔCt); this is the 

difference in ΔCt value between sample groups relative to the endogenous 

control. Thus the comparative Ct method for relative quantification resulted 

in the determination of the quantity of the target gene in each sample 

population normalised to an endogenous control and compared to a calibrator 

sample and can be expressed in linear form by the formula E-ΔΔCt. The 

derivation of this formula has been described in detail [290]. In these 

experiments, gene expression levels in ADSCs from breast cancer patients 

were determined relative to the gene expression of ADSCs from normal 

healthy controls.  
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2.3.13 Cell Secreted Cytokine Analysis  

Cytokine analysis of cell conditioned media from ADSCs from each of the 

four groups was carried out. This was completed using the Proteome Profile 

Human XL Oncology Array Kit purchased from RnD Systems (Minneapolis, 

Minnesota, United States) (figure 2.13). This array allowed for the relative 

expression of 84 human cancer-related proteins to be determined 

simultaneously. 

 

Figure 2.13 - Cytokines detected in Human Proteome Profiler Oncology XL Array Kit 
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2.3.13.1 Protein Estimation 

Protein estimation of each sample was carried out prior to using them for 

ChemiArray analysis to ensure equal amounts of protein were being loaded 

onto the ChemiArray. This was carried out using the Thermo Scientific™ 

Pierce™ BCA Protein Assay (Pierce Technology, Rockford, Illinois, United 

States), a detergent-compatible formulation based on bicinchoninic acid 

(BCA) for the colorimetric detection and quantitation of total protein. Protein 

concentrations were determined and reported with reference to standards of a 

common protein such as bovine serum albumin (BSA) (figure 2.14). A series 

of dilutions of known concentrations are prepared from the protein and 

assayed alongside the unknowns before the concentration of each unknown 

is determined based on the standard curve. Diluted albumin standards (BSA) 

are prepared as follows: 

 

Figure 2.14 - Diluted albumin standards for protein estimation standard curve 
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The following formula was used to determine the total volume of BCA 

working reagent (WR) required: 

(# standards + # unknowns) x (# replicates) x (volume of WR per sample) 

25µl of each standard or sample was pipetted onto each microplate well. 

200µl of WR was added to each well and the plate was mixed thoroughly on 

a plate shaker for 30 seconds. The plate was then covered and incubated at 

37˚C for 30 minutes. The plate was then cooled to room temperature and the 

absorbance at 562nm measured on a plated reader. The average 562nm 

absorbance measurement of the Black standard replicates was subtracted 

from the 562nm measurements of all other individual standard and unknown 

sample replicates. 

2.3.13.2 ChemiArray 

A ChemiArray was carried out on ADSC lysate and cell conditioned media 

from undifferentiated ADSCs following 24 hours in culture for one patient 

from each of the 4 patient groups. This was carried out using a Proteome 

Profiler Array Human XL Oncology Kit (RnD systems, Minneapolis, 

Minnesota, United States). In this assay, capture and control antibodies have 

been spotted and duplicated on nitrocellulose membranes. Cell culture 

supernates and cell lysates were diluted and incubated overnight with the 

Proteome Profiler Human XL Oncology Array Kit (figure X). The membrane 

was then washed to remove unbound material following incubation with a 

cocktail of biotinylated detection antibodies. Streptavidin-HRP and 

chemiluminescent detection reagents are then applied, and a signal is 

produced at each capture spot corresponding to the amount of protein bound 

(figure 2.15).  

Membranes were analysed using a Biorad ChemiDoc MP Imaging System. 

Analysis of membrane images was carried out using ImageLab™ 5.2.1 

software. The average signal (pixel density) of the pair of duplicate spots 

representing each analyte was determined. An averaged background signal 

was subtracted from each spot. Corresponding signals on different arrays 
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were compared to determine the relative change in analyte between the 

samples.  

 

Figure 2.15 - ChemiArray membranes for four patient groups 

 

2.3.14 Enzyme-linked Immunosorbent Assay (ELISA) 

An enzyme-linked immunosorbent assay (ELISA) was carried out to validate 

the results of the ChemiArray. A Total ELISA Quantikine Kit was for each 

of the cytokines being studied was purchased from RnD Systems 

(Minneapolis, Minnesota, United States). Cytokines selected for further 

evaluation were MMP-2, MMP-3, MMP-11 and FGF2. Protein estimation 

was carried out for all samples being used as described above in 2.2.13.1, 

prior to carrying out the ELISA.  
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ELISAs are used for the quantitative determination of secreted proteins such 

as cytokines and intracellular signalling proteins. ELISA kits are based on the 

solid phase sandwich ELISA technique. For this method, an antibody against 

the specific antigen is coated onto the wells of the microtiter strips provided 

in the kits. During the first incubation, standards of known content, controls 

and unknown samples are added to the coated wells to allow the antigen from 

the samples bind to the immobilised (capture) antibody. After washing, a 

detection antibody is added that binds to the immobilised antigen captured 

during the first incubation. After removal of excess detection antibody, 

Streptavidin-HRP (enzyme) is added. This binds to the detection antibody to 

complete the four member sandwich. After a second incubation and washing 

to remove all the unbound enzyme, a stabilised substrate solution is added, 

which is acted upon by the bound enzyme to produce colour. The intensity of 

this coloured product is directly proportional to the concentration of antigen 

present in the original specimen.  
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2.4 Assessment of a Cell Seeded Hydrogel Scaffold as a Novel Adjunct to 

Implant Breast Reconstruction  

2.4.1 Adipose Tissue Harvest and Culture 

Adipose tissue was harvested by liposuction procedures from the abdomen of 

healthy female donors undergoing cosmetic procedures at Galway University 

Hospital. The lipoaspirate was collected in sterile containers and transported 

to the laboratory immediately after the surgical procedure. The adipose tissue 

was rinsed with PBS + penicillin/streptomycin and then placed in Type III 

collagenase overnight. Adipose tissue was aspirated from the top of the 

collagenase and cultured in 15ml Falcon tubes in DMEM + GlutaMax cell 

culture media with added heat inactivated FBS, penicillin/streptomycin, 1mM 

dexamethasone, insulin 10ml/ml, indomethacin 100mM and 3-isobutyl-1-

methylxanthine 500mM. Harvested lipoaspirate was seeded into hyaluronic 

acid hydrogels within 24 hours of being placed in cell culture.  

2.4.2 Stromal Vascular Fraction (SVF) Isolation 

Abdominal lipoaspirate was immersed in Type III collagenase overnight as 

described above. The quantity of adipose tissue being seeded onto the 

hydrogel scaffold was taken from the culture falcon tube and placed in a 

separate tube with 1ml culture media. This was centrifuged at 400 RPM for 1 

minute. The supernatant was removed and added to a fresh 15ml falcon tube. 

This was centrifuged again at 700 RPM for 2 minutes and supernatant 

removed and put into a fresh 15ml falcon tube. The supernatant was 

centrifuged at 2000 RPM for 5 minutes. The resulting cell pellet is the stromal 

vascular fraction (SVF). Cell pellet was added to the adipose tissue being 

seeded onto the hydrogel scaffold.  

2.4.3 Hyaluronic Acid Hydrogel Cell Seeding 

HA-PH-RGD (240-360kDa) was rehydrated in phosphate buffered saline 

(PBS) (pH 7.4) on a rocker overnight to form a 2% w/v solution. The polymer 

solution was crosslinked using horseradish peroxidase (HRP) and H2O2. HRP 

powder was dissolved in 0.1% bovine serum albumin (BSA) in PBS at 8U/ml 
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and vortexed to form a stock solution was stored at -20˚C. 0.1% (w/w) H2O2 

solution was prepared fresh for every use.  

To prepare the hydrogels, the 2% HA-PH-RGD solution was divided equally 

into two separate vials, which are referred to as hydrogel precursor solutions 

part A and part B. HRP stock solution was added to part A dependent on the 

required cross-linking concentration of the final hydrogel, as shown below. 

Adipose tissue, with or without the stromal vascular fraction (SVF) was also 

added to part A. Similarly 0.1% H2O2 solution was added to part B, along 

with PBS in equal measure to adipose tissue added to part A. Parts A and B 

were agitated on a rocker for 2 minutes to ensure a homogenous solution. 

Each solution was drawn into a separate syringe and attached to the laboratory 

scale benchtop hydrogel mixer (BHM) (Contipro, Czech Republic). The 

syringes were depressed in parallel and parts A and B were forced into contact 

at the reservoir of the BHM (figure 2.16). A key feature of the BHM is the 

presence of a static mixer in the reservoir which ensures mixing of precursor 

solutions and results in homogenous gelation. Before gelation occurs, the 

hydrogels were injected in custom built polytetrafluoroethylene (PTFE) 

moulds (8mm diameter, 4mm height) and left for 1 minute to ensure complete 

cross-linking. Hydrogels were left for 30 minutes before measuring 

mechanical and viscoelastic properties. The hydrogels were then cultured in 

a 24 well plate, with one gel per well in 1ml of culture media (DMEM + 

GlutaMax, heat inactivated FBS, penicillin/streptomycin, 10mg/ml insulin, 

1mM dexamethasone, 100mM indomethacin, 500mM 3-isobutyl-

methylxanthine) for 7 days.  

To make up 2% 1x 400µl adipose/HA hydrogel: 

To make 6ml gel, add 120mg HA precursor powder to 5.2ml PBS, leave 

overnight 

2.6ml HA 2% w/v solution + 400µl 

PBS = 3mL 

2.6ml HA 2% w/v solution + 400µl 

Adipocytes = 3mL 

180µl H2O2 180µl HRP 
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To make up 2% 2x 400µl/adipose HA hydrogel: 

To make 6ml gel, add 120mg HA precursor powder to 5.2ml PBS, leave 

overnight 

2.6ml HA 2% w/v solution + 400ul 

PBS = 3mL 

2.6ml HA 2% w/v solution + 400ul 

Adipocytes = 3mL 

360µl H2O2 360µl HRP 

 

To make up 2% 2x 400µl adipose/SVF/HA hydrogel: 

To make 6ml gel, add 120mg HA precursor powder to 5.2ml PBS, leave 

overnight 

2.6ml HA 2% w/v solution + 400µl 

PBS = 3ml 

2.6ml HA 2% w/v solution + 400µl 

adipocytes + 400µl SVF = 3ml 

360µl H202 360µl HRP 

 

To make up 2% 2x 800µl adipose/HA hydrogel: 

To make 6ml gel, add 120mg HA precursor powder to 4.4ml PBS, leave 

overnight 

2.2ml HA 2% w/v solution + 800µl 

PBS = 3ml 

2.2ml HA 2% w/v solution + 800µl 

adipocytes = 3ml 

360µl H202 360µl HRP 

 

To make up 2% 2x 800µl adipose/SVF/HA hydrogel 

To make 6ml gel, add 120mg HA precursor powder to 4.4ml PBS, leave 

overnight 

2.2ml HA 2% w/v solution + 800µl 

PBS = 3ml 

2.2ml HA 2% w/v solution + 800µl 

adipocytes + 800µl SVF = 3ml 

360µl H202 360µl HRP 
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To make up 2% 2x 1600µl adipose/HA hydrogel: 

To make up 6ml gel, add 120mg HA precursor powder to 2.8ml PBS, leave 

overnight 

1.4ml HA 2% w/v solution + 1600µl 

PBS = 3ml 

1.4ml HA 2% w/v solution + 1600µl 

adipocytes = 3ml 

360µl H202 360µl HRP 

 

 

 

Figure 2.16 - Cell seeding protocol for hyaluronic acid hydrogel using dual syringe injection 

technique 

2.4.4 Sedimentation Rate 

HA-PH-RGD precursor solutions were prepared at 1% w/v and 2% w/v 

concentrations in 15ml falcon tubes. 400µl adipose tissue was added to each 

precursor solution concentration. Hydrogel/adipose tissue mixture was drawn 

up into a 3ml syringe using a wide bore 18G needle. Syringes were held 

upright for 1 minute and the rate of sedimentation of the adipose tissue to the 

top of the gel was observed and recorded by video.  
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2.4.5 Swelling Ratio 

HA-PH-RGD hydrogels for each of the test groups outlined in Section 2.4.3 

(n = 4) were prepared and weighed immediately. They were then placed in 

3ml of PBS at 37˚C for 24 hours and weighed. Swelling ratio was calculated 

from ratio of weight before and after swelling. Swelling is induced by uptake 

of PBS by the hydrogel biomaterial. The quantity of liquid that a hydrogel 

can absorb is determined by the degree of crosslinking and how the presence 

of cells within the gel affects this degree of cross-linking.  

2.4.6 Compression Testing 

Hydrogel samples were removed from culture media at day 1, 4 and 7 and 

unconfined compression tests performed. The original diameter and height of 

each cylindrical hydrogel was determined using a vernier calliper. Cylindrical 

samples were compressed using a strain rate of 10mm/min, in a Zwick/Roell 

Z030 Universal Mechanical Tester with a 10N load cell (figure 2.17). 

Subsequently, load and displacement data were recorded at 10Hz with the 

testXpert II software. A tangent compressive modulus was measured for each 

sample at 10-20% compressive strain.  

 

Figure 2.17 – 1. Zwick/Roell Z030 Universal Mechanical Tester. 2. Hydrogel during compression 

testing on the Zwick/Roell Z030 Universal Mechanical Tester with a 10 Newton load cell and 

compression plates.   

1

A 

2

B 
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2.4.7 Cell Proliferation in Hydrogels 

Cell viability was measured by an AlamarBlue® assay (mechanism as 

described in 2.3.11). Cell viability was measured at day 1, 4 and 7.  A 10% 

AlamarBlue® solution was prepared in culture media. Culture media was 

removed from the hydrogels and replaced by the 10% AlamarBlue® + culture 

media solution. A 0% control of AlamarBlue® + culture media with no 

hydrogel and a 100% control of 10% AlamarBlue® + culture media that had 

been previously autoclaved were also added to the 24 well plate. Autoclaving 

10% AlamarBlue® + culture media at 121˚C reduces all of the contained 

AlamarBlue®, giving a 100% control for the experiment [291]. The plate was 

incubated for 4 hours at 37˚C, 5% CO2. After incubation, 100µl of the 

AlamarBlue® solution and of the negative and positive controls were 

transferred to a clear 96 well plate. Absorbance was measured at 540nm and 

600nm. Analysis was carried out as described in 2.3.11.  

2.4.8 Snap Freezing Hydrogels for Cryosectioning 

To prepare for histology, culture media was removed and the hydrogels rinsed 

with PBS. Hydrogels were fixed in 1ml of 4% formaldehyde for a period of 

40 minutes. Hydrogels were then washed with PBS and infiltrated with OCT 

overnight. Hydrogels were transferred to labelled eppendorfs and snap frozen 

by submerging in liquid nitrogen for 1 minute before storing in the -80˚C 

freezer.  

2.4.9 Histology and Oil Red O Staining 

Histology was carried out on cryosectioned HA hydrogels for each group. 

Assistance was given by David Monaghan, a PhD student in histology from 

the Department of Anatomy for this. Hydrogels were stained with 

haematoxylin and eosin (H&E). Eosin is an acidic dye than stains basic 

structures pink. Therefore cell cytoplasm is stained pink. Haematoxylin is a 

basic dye that stains acidic structures purple. Thus the nuclei of cells are 

stained purple due to the presence of nucleic acid. This was used to analyse 

cells of the SVF that were present within the hydrogel. Oil Red O staining 
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was used to identify lipid within adipocytes and confirm the presence of 

adipose tissue within the hydrogel.  

2.5 Statistical Analysis 

The Shapiro-Wilk test was used to assess the normality of distribution of 

investigated parameters. Parametric tests such as one-way ANOVA were 

used for normally distributed data. These were expressed as mean +/- standard 

deviation. Non-parametric tests such as Mann-Whitney test were used for 

non-normally distributed data.  These were expressed as median + range.  For 

multivariable analysis, the Wald test was used to determine statistical 

significance for each of the explanatory  variables.  P <  0.05  was assumed 

to represent statistical significance. Data were analysed using SPSS version 

23.0 (IBM, Armonk, New York, USA). 
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3.1 Introduction 

The treatment of breast cancer has evolved from Halsted’s radical 

mastectomy to the current molecular driven, subtype specific rationale. Breast 

cancer surgery has changed from the routine removal of breast, chest wall 

muscles and axillary lymph nodes to accurately selecting patients suitable for 

breast conserving surgery (BCS) and to skin and often nipple sparing 

mastectomy for those who still require complete removal of the breast [292]. 

Systemic chemotherapy is a well-established aspect of breast cancer 

treatment protocols, which has traditionally been delivered in the adjuvant 

setting. There has been a move in the last decade towards neoadjuvant 

chemotherapy (NAC) for the treatment of breast cancer. In addition, 

chemotherapy regimens are often tailored towards specific breast tumour and 

patient characteristics, ever moving towards the concept of “personalised 

medicine” [293]. The use of NAC has not been shown to convey survival 

benefit but is advantageous in other aspects of breast cancer management: it 

allows for tumour downsizing and BCS in patients who may previously have 

required mastectomy; it generates in vivo data on the tumour 

chemosensitivity which in turn is a prognostic factor for recurrence and 

survival and potentially reduces the micro-metastatic component of the 

disease. NAC is now considered the standard of care in locally advanced 

breast cancer (LABC) and has become accepted by patients and treating 

physicians because it allows for BCS to be carried out over mastectomy and 

allows surgical treatment of those patients who were inoperable at baseline 

[294]. 

Downsizing tumours, thus making the patient eligible for BCS, is a significant 

advantage of NAC. There is some evidence to show that this may be 

dependent on breast cancer subtype. Boughey et al. demonstrated that patients 

with Her2 overexpressing and triple negative breast tumours were more likely 

to have a better pathological response to treatment and had higher rates of 

BCS than luminal breast cancers [295]. On analysis by breast cancer subtype, 

pathological complete response does not always correlate with survival and 

outcomes. A study from the MD Anderson centre quoted a pCR rate of 9% in 
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Luminal A tumours, however these patients had excellent locoregional 

recurrence free survival regardless of the tumour response to neoadjuvant 

treatment, potentially as a reflection of overall favourable biology of Luminal 

A disease and the efficacy of hormonal treatment [296]. 

The oncological safety of performing BCS over mastectomy in patients 

treated with NAC remains controversial. The NSABP-B18 trial was set up in 

1998 to compare disease free survival and overall survival in patients treated 

with neoadjuvant or adjuvant chemotherapy. One of the secondary aims of 

this trial was to compare rates of BCS and mastectomy in the adjuvant and 

neoadjuvant groups. At nine year follow up, patients in receipt of neoadjuvant 

chemotherapy were more likely to have undergone BCS over mastectomy, 

particularly those with a tumour of 5cm or greater at time of entry to the study. 

BCS rates rose from 60% to 68% after administration of neoadjuvant 

chemotherapy. Additionally, rates of disease recurrence and survival in the 

BCS group were equivalent to those in the mastectomy group [297]. 

However, a meta-analysis  of the long term outcomes for neoadjuvant and 

adjuvant chemotherapy in breast cancer found that neoadjuvant 

chemotherapy with BCS had a higher rate of locoregional recurrence than 

adjuvant chemotherapy with BCS, with no difference in distant recurrence or 

survival [298]. Rates of locoregional recurrence are also dependent on the 

molecular subtype of the tumour, as outlined in table 3.1. 

Table 3.1 - Rates of locoregional recurrence by breast cancer subtype 

Subtype 
Locoregional 

Recurrence 
Reference 

Luminal A 1.3% 

[299] 
Luminal B 2.5% 

Her 2 5.6% 

Triple Negative 6.4% 

 

There has been some controversy surrounding the role of breast 

reconstruction in patients receiving chemotherapy as part of breast cancer 

treatment. In the adjuvant setting, chemotherapy does not cause an increase 

in the complication rate post-operatively or an increased length of time before 
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administration of adjuvant radiotherapy [133]. The relationship between 

neoadjuvant chemotherapy and breast reconstruction is poorly described in 

the literature. A study by Hu et al. reported that those in receipt of NAC have 

a 28% chance of undergoing an immediate breast reconstruction procedure 

compared to 40% in patients who have undergone adjuvant therapies only 

[133].  

The aim of this study is to assess what effect the introduction of neoadjuvant 

chemotherapy for the treatment of breast cancer had on surgical practice in a 

regional cancer centre over a ten year period. We examine the indications for 

and the trends in neoadjuvant chemotherapy use, response to treatment, the 

impact neoadjuvant chemotherapy has on breast surgery and reconstruction, 

patient outcomes and its current role in the management of breast cancer 

patients.  

3.2 Methods 

This study was undertaken at Galway University Hospital, a tertiary referral 

specialist breast cancer unit. Patients who were treated with chemotherapy for 

breast cancer were identified from a prospectively maintained institutional 

database including patient demographics, tumour clinicopathology and 

surgical and medical therapeutic information. Patients were categorised as 

receiving neoadjuvant or adjuvant chemotherapy based on whether they had 

treatment before or after their curative surgery. Patients were also categorised 

by whether they underwent mastectomy or breast conserving surgery. Those 

who underwent BCS as their primary tumour resection and then required a 

completion mastectomy were classified as “failed BCS”.  

Clinical decisions relating to surgical intervention and neoadjuvant/adjuvant 

local and systemic therapy are made by discussion and consensus at a 

multidisciplinary team meeting with medical, surgical and radiation 

oncologists present. Breast reconstruction is offered to all suitable 

mastectomy patients at our institution, as per the 2009 NICE guidelines.  
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Tumour size was assessed using post-operative pathology in the adjuvant 

chemotherapy group and using pre-treatment MRI in the neoadjuvant 

chemotherapy group.  

Tumour response to neoadjuvant chemotherapy was reported by the Miller 

Payne Grading system, which is as follows: 

Grade 1 – No change or some alteration to individual malignant cells but no 

reduction in the overall cellularity 

Grade 2 – A minor loss of tumour cells but overall cellularity still high; up to 

30% loss 

Grade 3 – Between an estimated 30% to 90% reduction in tumour cells 

Grade 4 – A marked disappearance of tumour cells such that only small 

clusters or widely dispersed individual cells remain; more than 90% loss of 

tumour cells 

Grade 5 - No malignant cells identifiable in sections from the site of the 

tumour; only vascular fibro-elastic stroma remains often containing 

macrophages. However, DCIS may be present.  

Data analysis was carried out using IBM SPSS statistics 2.0. The association 

between categorical factors of interest and chemotherapy timing and surgical 

procedures was analysed using Pearson’s Chi square test of association. A p-

value of < 0.05 was assumed to represent statistical significance.  
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3.3 Results 

3.3.1 Patient and Treatment Characteristics 

One thousand six hundred and nineteen patients were included in the study 

from 2005 to 2014. Three hundred and eighty three patients were treated with 

neoadjuvant chemotherapy and 1236 were treated with adjuvant 

chemotherapy. The average age at diagnosis within the neoadjuvant 

chemotherapy group was younger (48.67 ±11.49 years) than the adjuvant 

chemotherapy group (54.5 ±10.12 years) (p < 0.001) (table 3.2). Patients in 

receipt of neoadjuvant chemotherapy had larger tumours (34.8mm ±15.7mm) 

than those receiving adjuvant chemotherapy (22.8mm ± 12.1mm) (p = 0.005). 

Sixteen point two per cent of the neoadjuvant group had T4 disease compared 

to 1.4% of the adjuvant group. The majority of patients treated with 

neoadjuvant chemotherapy were diagnosed with at least N1 disease at time of 

presentation. Conversely, in the adjuvant chemotherapy group, 48% (n = 594) 

had no evidence of nodal disease at presentation (p < 0.001, table 3.2). 

Patients with higher grade disease were more likely to be treated with 

neoadjuvant chemotherapy. Forty six point four per cent of those treated with 

NAC had grade III disease compared to 39.0% of those treated with adjuvant 

chemotherapy (p = 0.017). A higher proportion of the adjuvant chemotherapy 

group was composed of Luminal A breast cancer subtype. Neoadjuvant 

chemotherapy was more commonly administered in the treatment of Luminal 

B, Her2 overexpressing and triple negative subtypes (p < 0.001, table 3.2).  
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Table 3.2 - Clinicopathological features of patients treated with chemotherapy for breast cancer 

 

Neoadjuvant 

Chemotherapy 

(n = 383, 23.7%) 

Adjuvant 

Chemotherapy 

(n = 1236, 

76.3%) 

P-Value 

Age at 

diagnosis 
48.67 +/- 11.49 54.50 +/- 10.12 

< 0.001 

Independent T-

test 

T stage 

T1 

T2 

T3 

T4 

 

23 (6.2%) 

145 (39.1%) 

143 (38.5%) 

60 (16.2%) 

 

436 (35.5%) 

659 (53.7%) 

115 (9.4%) 

17 (1.4%) 

< 0.001 

Chi Square 

N stage 

N0 

N1 

N2 

N3 

 

60 (17.0%) 

231 (65.4%) 

54 (15.3%) 

8 (2.3%) 

 

594 (48.3%) 

429 (34.9%) 

133 (10.8%) 

74 (6.0%) 

< 0.001 

Chi Square 

M Stage 

M0 

M1 

 

366 (24.9%) 

1 (11.1%) 

 

1104 (75.1%) 

8 (88.9%) 

0.340 

Chi Square 

Grade 

Grade I 

Grade II 

Grade III 

 

12 (3.2%) 

188 (50.4%) 

173 (46.4%) 

 

67 (5.5%) 

678 (55.5%) 

477 (39.0%) 

0.017 

Chi Square 

Subtype 

Luminal A 

Luminal B 

Her 2 

Triple 

Negative 

 

202 (52.3%) 

62 (16.4%) 

44 (11.6%) 

71 (18.7%) 

 

855 (71.13%) 

131 (10.9%) 

74 (6.2%) 

142 (11.8%) 

<0.001 

Chi Square 
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3.3.2 Temporal Trends in Systemic Chemotherapy and Breast Surgery 

The proportion of patients being treated with neoadjuvant chemotherapy has 

increased over time with 12.1% (n=15) of all those in receipt of chemotherapy 

in 2005 being treated in the neoadjuvant setting and 48.3% (n=58) of all 

patients being treated with chemotherapy in 2014 being treated in the 

neoadjuvant setting (p < 0.001, table 3.3). Delivery of chemotherapy to 

tumours of distinct breast cancer subtypes has changed over time, with fewer 

Luminal A cancers in receipt of chemotherapy towards the end of the study 

period (p = 0.045, table 3.4). 

Table 3.3 - Timing of chemotherapy delivery from 2005 to 2014 

 Neoadjuvant 

Chemotherapy 

(n = 383, 23.7%) 

Adjuvant 

Chemotherapy 

(n = 1236, 76.3%) 

P-Value 

2005 15 (12.1%) 109 (87.9%) 

< 0.001 

Chi Square 

2006 12 (9.8%) 110 (87.8%) 

2007 29 (17.8%) 134 (82.2%) 

2008 31 (14.6%) 182 (85.4%) 

2009 33 (13.3%) 215 (86.7%) 

2010 33 (17.6%) 155 (82.4%) 

2011 68 (41.2%) 97 (58.8%) 

2012 51 (33.6%) 101 (66.4%) 

2013 53 (42.7%) 71 (57.8%) 

2014 58 (48.3%) 62 (51.7%) 
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Table 3.4 - Trends in breast cancer subtype being treated with chemotherapy from 2005 to 2014 

 
Luminal A 

Luminal 

B 
Her 2 

Triple 

Negative 

P-

Value 

2005 89 (8.4%) 19 (9.8%) 2 (1.7%) 10 (4.7%) 

0.045 

2006 82 (7.8%) 20 (10.4%) 8 (6.8%) 8 (3.8%) 

2007 121 (11.4%) 9 (4.7%) 10 (8.5%) 18 (8.5%) 

2008 133 (12.6%) 23 (11.9%) 16 (13.6%) 27 (12.7%) 

2009 159 (15.0%) 30 (15.5%) 15 (12.7%) 40 (18.8%) 

2010 120 (11.4%) 19 (9.8%) 18 (15.3%) 28 (13.1%) 

2011 98 (9.3%) 23 (11.9%) 18 (15.3%) 25 (11.7%) 

2012 99 (9.4%) 18 (9.3%) 11 (9.3%) 24 (11.3%) 

2013 87 (8.2%) 12 (6.2%) 8 (6.8%) 17 (8.0%) 

2014 69 (6.5%) 20 (10.4%) 12 (10.2%) 16 (7.5%) 
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Trends in surgical procedures carried out in breast cancer patients receiving 

chemotherapy were analysed. Equal numbers of mastectomy and breast 

conserving surgery were carried out at the start of the series (50.4% 

mastectomy rate in 2005), whereas breast conserving surgery was more 

common towards the end of the study (69.2% breast conserving surgery rate 

in 2014) (p = 0.002) (table 3.5).  

Table 3.5 – Trend in surgical procedures of all chemotherapy patients between 2005 and 2014 

 

  

 Breast 

Conserving 

Surgery 

(n = 985, 61.4%) 

Mastectomy 

(n = 618, 38.6%) 
P-Value 

2005 60 (49.6%) 61 (50.4%)  

 

 

 

0.002 

Chi Square 

2006 72 (59.0%) 50 (41.0%) 

2007 80 (50.3%) 81 (49.7%) 

2008 132 (63.2%) 77 (36.8%) 

2009 156 (63.7%) 89 (36.3%) 

2010 125 (66.8%) 62 (33.2%) 

2011 104 (63.5%) 60 (36.6%) 

2012 104 (68.4%) 48 (31.6%) 

2013 69 (56.6%) 53 (43.4%) 

2014 83 (69.2%) 37 (30.8%) 



Chapter 3: Neoadjuvant Chemotherapy  

99 

 

Fifty five patients underwent bilateral mastectomy, 33 of whom underwent 

adjuvant chemotherapy (60%). Forty six prophylactic mastectomies were 

carried out during this study. A higher proportion (55.5%) of patients treated 

with neoadjuvant chemotherapy underwent mastectomy for the surgical 

treatment of breast cancer. In comparison, 66.8% of those in receipt of 

adjuvant chemotherapy underwent BCS (p < 0.001). However, there was an 

increase in NAC patients undergoing BCS over time (26.7% in 2005 vs. 

63.8% in 2014) (table 3.6).  

Table 3.6 - Trends in surgical procedures in patients treated with neoadjuvant chemotherapy 

from 2004 to 2014 

 Breast 

Conserving 

Surgery 

(n = 170 (44.5%) 

Mastectomy 

(n = 212, 55.5%) 
P-Value 

2005 4 (26.7%) 11 (73.3%) 

0.007 

Chi Square 

2006 2 (16.7%) 10 (83.3%) 

2007 7 (24.1%) 22 (75.9%) 

2008 16 (51.6%) 15 (48.4%) 

2009 14 (43.8%) 18 (56.3%) 

2010 12 (36.4%) 21 (63.6%) 

2011 28 (41.2%) 40 (58.8%) 

2012 27 (52.9%) 24 (47.1%) 

2013 23 (43.4%) 30 (56.6%) 

2014 37 (63.8%) 21 (36.2%) 
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There was no difference in the rate of excision of margins post-BCS between 

the adjuvant and neoadjuvant chemotherapy groups (p = 0.997) (table 3.7). 

However, there was a higher rate of BCS failure and patients requiring a 

completion mastectomy in the neoadjuvant chemotherapy group (21.8% 

neoadjuvant vs. 12.8% adjuvant, p = 0.003). Breast cancer subtype did not 

significantly influence whether patients had mastectomy or BCS (p = 0.105) 

(table 3.8).  

Table 3.7 - Surgical procedure required by timing of chemotherapy delivery 

 

 

Table 3.8 - Surgical procedure by breast cancer subtype 

 Breast 

Conserving 

Surgery 

(n = 968, 61.7%) 

Mastectomy 

(n = 601, 38.3%) 
P-Value 

Subtype 

Luminal A 

Luminal B 

Her 2 

Triple Negative 

 

660 (68.2%) 

114 (11.8%) 

61 (6.3%) 

133 (13.7%) 

 

389 (64.7%) 

77 (12.8%) 

57 (9.5%) 

78 (13.0%) 

0.105 

Chi Square 

 

 

 

Neoadjuvant 

Chemotherapy 

(n = 383, 23.7%) 

Adjuvant 

Chemotherapy 

(n = 1236, 

76.3%) 

P-Value 

Surgery Type 

Breast 

Conserving 

Surgery 

Mastectomy 

 

170 (44.5%) 

 

212 (55.5%) 

 

818 (66.8%) 

 

406 (33.2%) 

<0.001 

Breast Conserving Surgery Only (n = 988, 61.5% of all surgery) 

Excision of 

Margins 

required 

No 

Yes 

 

 

 

152 (89.4%) 

18 (10.6%) 

 

 

 

732 (89.5%) 

86 (10.5%) 

0.977 

Failed BCS 

No  

Yes 

 

133 (78.2%) 

37 (21.8%) 

 

713 (87.2%) 

105 (12.8%) 

0.003 



Chapter 3: Neoadjuvant Chemotherapy  

101 

 

Post-mastectomy breast reconstruction (immediate or delayed) post tumour 

excision was analysed for patients in receipt of chemotherapy (table 3.9). 

Overall there was a reconstruction rate of 59.2% for those patients who 

underwent mastectomy. A Latissimus Dorsi flap with an implant was the most 

common breast reconstruction procedure carried out for those in receipt of 

mastectomy (57.8%). There was no significant difference in the rate of breast 

reconstruction post-mastectomy between patients receiving neoadjuvant or 

adjuvant chemotherapy (p = 0.540). However, neoadjuvant or adjuvant 

chemotherapy did influence the type of reconstruction procedure carried out 

(p = 0.003). Those in receipt of adjuvant chemotherapy were more likely to 

have a pedicled flap with or without an implant as their reconstruction 

procedure. There was a higher rate of free flaps in patients in receipt of 

neoadjuvant chemotherapy (14.6% neoadjuvant vs. 4.1% adjuvant). Forty six 

prophylactic mastectomies were undertaken in this study with a 

reconstruction rate of 82.6%. 56.5% of prophylactic mastectomies were 

carried out for patients in receipt of adjuvant chemotherapy (p = 0.001).  

Table 3.9 - Breast reconstruction practices in patients in receipt of chemotherapy and 

mastectomy 

 Neoadjuvant 

Chemotherapy 

(n = 212, 34.3%) 

Adjuvant 

Chemotherapy 

(n = 406, 65.7%) 

P – value 

Breast 

Reconstruction 

Mastectomy 

alone 

Mastectomy and 

Reconstruction  

 

 

90 (42.5%) 

 

122 (57.5%) 

 

 

162 (39.9%) 

 

244 (60.1%) 

0.540 

Reconstruction 

Type 

Implant only 

Pedicle flap + 

implant 

Pedicle flap 

Free flap 

 

 

24 (19.5%) 

68 (55.3%) 

 

13 (10.6%) 

18 (14.6%) 

 

 

46 (18.9%) 

144 (59.0%) 

 

44 (18.0%) 

10 (4.1%) 

0.003 
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3.3.3 Disease Recurrence 

Breast cancer recurrence rates were examined for patients in receipt of 

neoadjuvant or adjuvant chemotherapy (table 3.10). A higher rate of disease 

recurrence was observed for the neoadjuvant chemotherapy group than the 

adjuvant therapy group (22.7% vs. 11.2%, p < 0.001). The neoadjuvant group 

had a local recurrence rate of 4.4% (n = 17) compared to 1.9% (n = 24) in the 

adjuvant chemotherapy group (p < 0.001). The neoadjuvant group had a 

distant recurrence rate of 18.3% (n = 70) compared to 9.2% (n = 114) in the 

adjuvant chemotherapy group (p < 0.001). The most common sites of disease 

recurrence were bone (30.7%), liver (18.2%), brain (15.6%) and lung 

(14.7%). Pre-neoadjuvant chemotherapy T stage was a positive predictor of 

recurrence, with larger tumours more commonly associated with disease 

recurrence (table 3.10). Of those with T1 disease, 3 patients (14.3%) had a 

recurrence compared to 40 patients (28.2%) with T3 and 20 patients (37.7%) 

with pre-treatment T4 disease (p = 0.007). Post-neoadjuvant T stage was also 

predictive of disease recurrence. Of those patients with ypT0 disease after 

neoadjuvant chemotherapy, 10 (9.9%) had disease recurrence, compared to 

31 (39.7%) of those with residual T3 disease or 3 (60.0%) of those who had 

residual T4 disease (p < 0.001). Pre-neoadjuvant N stage was not a predictor 

of disease recurrence (p = 0.089). However, N stage after neoadjuvant 

chemotherapy did predict recurrence (p < 0.001). Twenty patients (10.9%) 

with ypN0 disease had a recurrence of their disease compared to 26 (41.3%) 

of patients with ypN2 disease or 15 (37.5%) of patients with ypN3 disease. 

The Miller Payne response to neoadjuvant chemotherapy was also predictive 

of breast cancer recurrence (p = 0.006, Chi Square test). Five patients (7.2%) 

who had a complete pathological response to neoadjuvant chemotherapy 

(Miller Payne Grade 5) had a disease recurrence. Twelve patients (27.3%) 

with a Miller Payne grade 2 response and 29 patients (28.4%) with a Miller 

Payne grade 3 response had a recurrence of their breast cancer. Breast cancer 

subtype was also predictive of disease recurrence (p = 0.002, Chi Square test), 

with a smaller proportion of Luminal A patients (n = 135, 12.5%) having 

breast cancer recurrence compared to Her2 overexpressing tumours (n = 27, 

22.9%) and triple negative tumours (n = 38, 17.8%). Receipt of mastectomy 
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or BCS did not have a significant influence on the rate of locoregional of 

distant recurrence in patients in receipt of neoadjuvant (p = 0.974) or adjuvant 

chemotherapy (p = 0.815) (table 3.11).  

Table 3.10 - Disease recurrence pattern and chemotherapy timing 

 
Neoadjuvant 

(n = 383, 23.7%) 

Adjuvant 

(n = 1236, 

76.3%) 

P-value 

Recurrence 

No 

Yes 

 

296 (77.3%) 

87 (22.7%) 

 

1098 (88.8%) 

138 (11.2%) 

< 0.001 

Chi square 

Locoregional 

Distant 

17 (4.4%) 

70 (18.3%) 

24 (1.9%) 

114 (9.2%) 

<0.001 

Chi square 

 

Table 3.11 – Disease recurrence patterns in patients treated with neoadjuvant or adjuvant 

chemotherapy and surgery type.  

 

Recurrence 

Breast 

Conserving 

Surgery 

Mastectomy P-value 

Neoadjuvant 

Locoregional  

Distant 

6 

25 

11 

45 

0.974 

Chi 

square 

Adjuvant 

Locoregional  

Distant 

12 

54 

12 

60 

0.815 

Chi 

square 
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Table 3.12 - Breast cancer recurrence clinicopathological details 

 No Recurrence 

(n = 1394, 

86.1%) 

Recurrence 

(n = 225, 

13.9%) 

P-Value 

Pre-

Neoadjuvant T 

T1 

T2 

T3 

T4 

 

18 (85.7%) 

116 (83.5%) 

102 (71.8%) 

33 (62.3%) 

 

3 (14.3%) 

23 (16.5%) 

40 (28.2%) 

20 (37.7%) 

0.007 

Chi square 

Pre-

Neoadjuvant N 

N0 

N1 

N2 

N3 

 

33 (80.5%) 

150 (74.6%) 

21 (56.8%) 

4 (66.7%) 

 

8 (19.5%) 

51 (25.4%) 

16 (14.3%) 

2 (33.3%) 

0.089 

Chi square 

Post-

Neoadjuvant T 

ypT0 

ypT1 

ypT2 

ypT3 

ypT4 

 

91 (90.1%) 

72 (80.0%) 

87 (77.0%) 

47 (60.3%) 

2 (40.0%) 

 

10 (9.9%) 

18 (20.0%) 

26 (23.0%) 

31 (39.7%) 

3 (60.0%) 

<0.001 

Chi square 

Post-

Neoadjuvant N 

ypN0 

ypN1 

ypN2 

ypN3 

 

164 (89.1%) 

63 (68.5%) 

37 (58.7%) 

25 (62.5%) 

 

20 (10.9%) 

29 (31.5%) 

26 (41.3%) 

15 (37.5%) 

<0.001 

Chi square 

Miller Payne 

Response 

Grade 1 

Grade 2 

Grade 3 

Grade 4 

Grade 5 

 

 

13 (92.9%) 

32 (72.7%) 

73 (71.6%) 

45 (81.8%) 

64 (92.8%) 

 

 

1 (7.1%) 

12 (27.3%) 

29 (28.4%) 

10 (18.2%) 

5 (7.2%) 

0.006 

Chi square 

Breast Cancer 

Subtype 

Luminal A 

Luminal B 

Her2 

Triple Negative 

 

 

922 (87.2%) 

174 (90.2%) 

91 (77.1%) 

175 (82.8%) 

 

 

135 (12.8%) 

19 (9.8%) 

27 (22.9%) 

38 (17.8%) 

0.002 

Chi square 
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3.4 Discussion 

Modern breast cancer management is multidisciplinary; involving surgery, 

systemic chemotherapy and radiotherapy, to improve outcomes for patients. 

Over the past decades, the use of systemic chemotherapy in particular has 

becomes subtype dependent and moved in the direction of neoadjuvant rather 

than adjuvant in order to utilise the therapeutic window to assess its ability to 

shrink tumour size for facilitation of breast conserving surgery and assess 

chemosensitivity in vivo.  

Patients treated with NAC in our study were significantly younger than those 

treated with adjuvant chemotherapy. In this study a higher proportion of the 

neoadjuvant chemotherapy group were diagnosed with T3 or T4 disease 

compared to the adjuvant therapy group, which may reflect an attempt to 

downstage larger tumours to allow for BCS or to render inoperable tumours 

operable using neoadjuvant therapy. A study from the MD Anderson Cancer 

Centre has stated that BCS after NAC is suitable for appropriately selected 

patients, even those with T3-4 disease, and may allow BCS to be carried out 

safely [5]. N1 disease was more common in the neoadjuvant than the adjuvant 

chemotherapy group. Residual axillary disease is found in 50-60% of patients 

presenting with clinically node positive disease who are subsequently treated 

with NAC [300]. Patients with higher grade tumours were more likely to be 

treated with NAC in our study, in keeping with several other studies which 

have shown that high grade disease responds well to pre-operative systemic 

therapy [301-303].  

In our study, NAC was more commonly used for Luminal B, Her2 

overexpressing and triple negative breast cancer subtypes with Luminal A 

breast tumours being administered adjuvant chemotherapy. Traditionally, 

node negative Luminal A breast cancer was managed surgically, whereas 

node positive Luminal A breast cancer was administered systemic 

chemotherapy regardless of tumour size or grade. The realisation that few of 

these patients benefit from this treatment has seen in a decline in the number 

of these breast cancer patients being treated with chemotherapy. Analysis of 

the CTNeoBC data showed that a pathological complete response to NAC 
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was more common in more aggressive breast cancer subtypes such as triple 

negative and Her2 overexpressing disease [304]. Luminal A breast cancer has 

been shown to be somewhat more resistant to neoadjuvant chemotherapy, 

despite it’s more positive outcomes in terms of survival than its more 

aggressive counterparts [129].  

Pathological response to NAC has been proposed as a predictor of disease 

free survival and overall survival and a predictor of long-term clinical benefit 

[304]. Results from the I-SPY 1 trial demonstrated that hormone receptor 

positive, Her2 negative tumours were the least sensitive to neoadjuvant 

chemotherapy and that those patients who achieved a pCR after neoadjuvant 

chemotherapy, had a greater 3 year recurrence free survival [305]. This has 

been reflected in the results of our study, with fewer Luminal A patients being 

treated with chemotherapy, adjuvantly or neoadjuvantly, over time. However, 

the timeline in our study has coincided with the introduction of Oncotype, a 

21 gene panel capable of predicting disease recurrence in patients with node 

negative oestrogen receptor positive tumours. Those patients with a 

recurrence score of less than 18 are thought to receive no benefit from 

adjuvant chemotherapy, therefore reducing the numbers of patients with 

Luminal A breast cancer being treated with adjuvant chemotherapy during 

this time [306].  

More patients were treated with NAC in our institution over time with 12.1% 

of patients treated with chemotherapy receiving treatment neoadjuvantly in 

2005 compared to 48.3% in 2014, in keeping with international trends. 

Indications for NAC appear to be expanding. Graham et al. identified factors 

such as younger age, higher T stage, tumour palpability, multifocality, 

multicentricity, molecular subtype, Her2 status, clinical lymph node status 

and year of treatment that are predictive of treatment with NAC [307]. 

Additionally, data from the I-SPY 1 trial suggests that those tumours with a 

high Ki67 also respond favourably to neoadjuvant chemotherapy with higher 

rate of pCR [305]. The timing of delivery of NAC also facilitates other aspects 

of care such as genetic testing, fertility preservation and immediate breast 

reconstruction [307].  
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Several studies have demonstrated increased use of BCS compared to 

mastectomy in patients treated with NAC; the NSABP-B18 trial 

demonstrated an increased rate of BCS from 60% to 68% post-neoadjuvant 

therapy; trials from the Royal Marsden an increase from 78% to 89% and 

trials from the Curie Institute reported an increased BCS rate of 82% from 

77% [308-310]. The use of BCS in patients receiving chemotherapy increased 

from 49.6% in 2005 to 69.2% in 2014 in our institution. However, 55.5% of 

patients receiving NAC underwent mastectomy, though the rate of BCS did 

increase over the study period. Graham et al. similarly found that those treated 

with NAC were more likely to undergo mastectomy [307]. This may reflect 

the finding reported in the NeoALLTO trial that pre-operative tumour 

characteristics were more likely to influence the surgical procedure carried 

out than the rate of response to NAC [311]. This finding of an increased use 

of mastectomy in NAC patients and the higher rate of BCS failure in patients 

treated with NAC demonstrated clearly the difficulty in assessing, clinically 

and radiologically, the pathological response to NAC in patients who have an 

unpredictable, “honeycomb” pattern response to treatment [294]. Achieving 

clear margins at time of resection is paramount for the prevention of disease 

recurrence and thus, audit of the oncological safety of BCS for large breast 

tumours that have been shrunk by NAC and relapse pattern is important.  

In our study, there was a post-mastectomy breast reconstruction rate of 59.2% 

in the overall chemotherapy cohort. There has been apprehension regarding 

immediate breast reconstruction (IBR) in patients treated with NAC due to a 

fear of delaying subsequent adjuvant therapy and increased rates of 

complications [133]. A meta-analysis by Song et al. showed that NAC does 

not increase complication rates post-IBR and that there is no association 

between haematomas, seroma or infection post-operatively. There was also 

no significant increase in the rate of expander implant loss or total flap loss 

in implant and autologous reconstruction respectively after NAC [312]. 

Neoadjuvant chemotherapy in the treatment of breast cancer has been shown 

to be associated with a higher rate of locoregional recurrence than adjuvant 

chemotherapy [313]. In the UK, the local recurrence target rate is 2.5% [314]. 

In this study the rate of local recurrence was 4.4% (n=17) in the neoadjuvant 



Chapter 3: Neoadjuvant Chemotherapy  

108 

 

group, and 1.9% (n=24) in the adjuvant group. This is in keeping with 

international trends, with a meta-analysis published by the EBCTCG 

reporting a local recurrence rate of 21.4% in patients receiving NAC 

compared to 15.9% for those receiving adjuvant chemotherapy [298]. Local 

recurrence reporting is time dependent. Local recurrence in this study pertains 

to 5 year follow up, whereas recurrence rates reported by the EBCTCG are 

after 15 years follow up.  A significant difference in rates of distant recurrence 

between neoadjuvant and adjuvant chemotherapy was observed in our study 

which is not in keeping with that reported in the EBCTCG meta-analysis. The 

data included in these studies pertains to patients entered into trials from 1983 

to 2002 and so is older than data included in our study, therefore our results, 

though in a smaller population, may be more in keeping with image guided 

surgery and may be a better reflection of tumour biology. 

 It has been hypothesised that the delay in surgery caused by NAC can 

increase the risk of breast cancer metastases, particularly in the case of tumour 

resistance to chemotherapeutics [313]. This phenomenon may be evident in 

our study in that those patients with a poor pathological response to 

chemotherapy (Miller Payne grade 1 and 2), had a higher rate of disease 

recurrence. It has been well established in the literature that compete tumour 

response can predict lower rates of distant recurrence and death. This is also 

in keeping with our findings of higher T and N stage after chemotherapy being 

associated with more disease recurrences. Larger tumours, both before and 

after chemotherapy were more likely to recur, either locally or distantly. 

Larger tumours and increased disease stage at presentation are also more 

likely to be treated with neoadjuvant chemotherapy which may help to 

explain the higher rates of disease recurrence in the neoadjuvant 

chemotherapy group in this study. As such, the higher rate of recurrence in 

the neoadjuvant chemotherapy group may be a reflection of the more 

aggressive disease in this patient cohort rather than the failings of the 

treatment protocol. 
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Pre-neoadjuvant N stage was not predictive of disease recurrence in this 

study; however, N stage after NAC did predict recurrence. This suggests that 

response to NAC has greater prognostic value than disease stage at 

presentation. A negative nodal status after completion of neoadjuvant 

chemotherapy appears to be protective against breast cancer recurrence 

according to our data. Analysis of the CTNeoBC pooled data showed that 

those patients with ypT0 ypN0 after NAC have a greater event free and 

overall survival than those patients who had a complete response in the breast 

but residual nodal disease. The prognostic value of complete pathological 

response in the breast and axilla was also greater in Her2 overexpressing and 

triple negative breast cancer subtypes than Luminal subtypes [304].  

Patterns of disease recurrence by tumour subtype in our study revealed that 

those with Luminal breast cancer were less likely to experience disease 

recurrence than those patients with Her2 overexpression or triple negative 

tumours. Her2 overexpressing and triple negative tumours are known to be 

associated with a greater rate of locoregional and disease recurrence and 

distant disease recurrence [315]. Luminal A disease has been shown to have 

a lower rate of recurrence and greater survival despite its poor pathological 

response to neoadjuvant chemotherapy, and therefore it has been 

recommended that pCR is not used as a surrogate end point for disease 

recurrence or survival in a Luminal A population [316].  

3.5 Conclusion 

Trends in the timing of chemotherapy delivery have changed dramatically in 

recent years, with neoadjuvant chemotherapy becoming the standard of care 

in breast cancer management. Patients treated with NAC are more likely to 

undergo BCS than those in receipt of adjuvant chemotherapy; however 

mastectomy is still a mainstay of treatment in this patient group. Neoadjuvant 

chemotherapy is associated with increased rates of disease recurrence, though 

this could be a result of NAC being prescribed for those patients with a higher 

disease stage at presentation. NAC has been shown to not be a 

contraindication to immediate breast reconstruction. Pathologic response 

appears to be influenced by breast cancer subtype, with doubt cast over the 



Chapter 3: Neoadjuvant Chemotherapy  

110 

 

effectiveness of administering chemotherapy in the case of Luminal A 

tumours. More accurate selection of those patients who are likely to response 

to NAC is required to avoid administering this high morbidity treatment to 

those patients who will not gain benefit.  
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4.1 Introduction 

Breast cancer is the most commonly diagnosed cancer in women, with 

approximately 1.7 million women diagnosed and treated worldwide annually 

[317]. Although significant progress has been made in the multimodal 

management of breast cancer, complete surgical resection with disease-free 

margins remains the cornerstone of effective therapy. To achieve adequate 

locoregional control, approximately 40 per cent of patients have a total 

mastectomy [318, 319] (table 3.1). For these patients, breast reconstruction is 

proven to improve psychosocial and aesthetic outcomes [10]. Recent 

guidelines [320, 321] recommend that reconstruction should be discussed and 

offered as an option for the majority of women undergoing mastectomy. 

Postmastectomy breast reconstruction (PMBR) has thus been incorporated 

into the contemporary surgical management of patients with breast cancer, 

resulting in increasing reconstruction rates, as reported in national audits of 

populations in both the UK and USA [31, 322].  

Table 4.1 - Indications for mastectomy 

Indications for Mastectomy 

• Multicentric disease with two or more primary tumours in separate 

quadrants of the breast 

• Diffuse malignant microcalcifications on mammography 

• A history of prior therapeutic radiation that included a portion of 

the affected breast which, when combined with the proposed 

treatment, would result in an excessively high total radiation dose 

to the chest wall.  

• Pregnancy is an absolute contraindication to the use of breast 

irradiation; however, it may be possible to perform breast 

conserving surgery in the third trimester, deferring breast 

irradiation until after delivery 

• Persistently positive resection margins after reasonable attempts at 

re-excision 

• Large tumour size in relation to breast size 
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The practice of breast reconstruction has also been affected by changes in 

practices in relation to mastectomy indications and techniques in recent years. 

As recognition of the genetic component of familial breast cancer grows and 

genetic testing has become more widely available, rates of bilateral 

prophylactic mastectomy and contralateral prophylactic mastectomy have 

increased in high-risk patients [323, 324]. Furthermore, a trend has also been 

reported for women who are eligible for breast-conserving surgery to opt for 

mastectomy [319, 325] and contralateral prophylactic mastectomy in the 

unaffected breast [326-330], despite a lack of evidence of a survival 

advantage for this approach in the absence of a known genetic mutation.  

Mammographic screening has contributed to the rising mastectomy rate in the 

treatment of breast cancer. Screening has resulted in the increased diagnosis 

of ductal carcinoma in situ (DCIS). This was demonstrated in the UK after 

the introduction on a national breast screening service. There were 

approximately 1,500 cases of DCIS diagnosed in 1998/1999, which increased 

significantly to 3,500 cases in 2007/2008. However, the rate of breast 

conserving surgery during this time remained constant at 30%. Thus, the 

absolute numbers of women undergoing mastectomy for the treatment of 

DCIS almost doubled in the course of one decade as a result of screening [9]. 

As a consequence of both the increasing volume of risk-reducing surgery and 

improved survival of patients with breast cancer, surgical techniques for both 

mastectomy and PMBR have evolved significantly over the past decade in an 

effort to maximize aesthetic and quality-of-life outcomes [33]. Evolution in 

mastectomy techniques has had a direct effect on PMBR. In the 19th century, 

the Halstead radical mastectomy was the standard of breast cancer care, 

involving the en bloc resection of the affected breast, overlying skin, pectoral 

muscle and axillary lymph nodes. The modified radical mastectomy 

consisting of the removal of the breast, overlying skin and level I or II axillary 

nodes and sparing the pectoral muscle became the gold standard in the 20th 

century. The skin sparing mastectomy was first described in 1991 and 

preserves the majority of the skin envelope, removing only the nipple-areola 

complex and skin involved with, or in close proximity to the tumour [12]. 

This has had a significant impact on cosmetic improvements seen in 
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contemporary breast reconstruction. The development of the nipple sparing 

mastectomy has also significantly improved patients’ satisfaction with PMBR 

[20]. Breast reconstruction techniques have evolved exponentially also. 

Direct-to-implant breast reconstruction is now possible in more women 

immediately post-mastectomy due to the development of acellular dermal 

matrices (ADMs). Stress on the inferior skin envelope is decreased, resulting 

in lower rates of mastectomy skin flap necrosis and capsular contracture [35]. 

However, there is limited evidence available for the safety of this technique. 

The recently published Dutch BRIO trial compared the rate of adverse events 

in patients randomised to undergo immediate breast reconstruction with an 

ADM to two stage reconstruction with a tissue expander. They reported a 

higher rate of severe adverse events in the ADM group (29%) compared to 

the two stage reconstruction group (5%) [331]. Autologous reconstruction 

remains the gold standard for breast reconstruction and has been evolved 

dramatically in recent decades. Free tissue and perforator flaps have all but 

replaced pedicled flaps with the development of microvascular surgery. The 

deep inferior epigastric perforator flap (DIEP) is the most commonly used 

abdominal wall flap currently. Due to the minimal breach of the rectus sheath, 

DIEP flaps are associated with minimal loss of function, reduced risk of 

hernia, reduced rates of fat  necrosis, less post-operative pain, lower cost and 

shorter length of hospital stay [23]. Reduced abdominal wall tension makes 

tension-free closure possible without the use of a synthetic mesh [77]. The 

training of oncoplastic surgeons as subspecialists has also been central to 

making breast reconstruction much more accessible to mastectomy patients 

[332].  

The majority of the available data on mastectomy and breast reconstruction 

practices and how these have evolved over time pertains to the experience in 

the UK or the US. There is limited data on the Irish experience of the changing 

trends in mastectomy and breast reconstruction and how this compares to 

international standards. The aim of this study was to review the experience of 

PMBR in a specialized breast tertiary referral centre over an 11-year interval 

(2004–2014), with respect to rates and trends in timing, type and 

clinicopathological characteristics associated with PMBR.  
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4.2 Methods 

4.2.1 Data Collection 

The study was undertaken at a single cancer centre (Galway University 

Hospital). Patients who underwent mastectomy with or without PMBR over 

an 11-year interval from 2004 to 2014 were identified from a prospectively 

maintained institutional database. Data extracted and collated included: 

patient demographics, tumour clinicopathology and therapeutic information. 

Details of operative procedures including mastectomy and reconstructive 

approach, and timing were obtained from operative records.  Patients were 

categorized as having immediate breast reconstruction if a reconstructive 

procedure was undertaken on the same date and side as the index mastectomy. 

Patients who underwent multiple operations on the same side as part of staged 

reconstruction were included only once. All types of reconstruction (implants, 

autologous and combined approaches) were included.  

4.2.2 Surgical Strategy/Management 

All patients undergoing mastectomy were offered breast reconstruction, 

either as an immediate or delayed procedure. Patients were counselled in the 

outpatient clinic before operation, with both autologous and implant 

reconstruction options discussed. Breast reconstruction was offered to older 

patients routinely unless there was an absolute contraindication. Breast 

reconstruction was discussed at a multidisciplinary meeting with radiation 

and medical oncology colleagues, where appropriate, and these 

recommendations were passed on to patients during counselling. However, 

the final, fully informed decision in relation to PMBR lay with the patient.  

The majority of implant-only breast reconstruction procedures were two-

stage procedures using a tissue expander, which was later replaced by a 

permanent implant placed subpectorally. Direct-to-implant procedures were 

carried out with the insertion of an acellular dermal matrix (ADM) to improve 

implant coverage.  

These data pertain to the work of five oncoplastic and two plastic surgeons. 

All implant-only procedures were performed by oncoplastic surgeons. All 
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deep inferior epigastric perforator flap (DIEP) procedures were carried out by 

plastic surgeons with microvascular surgical training & expertise. Autologous 

procedures were performed by both oncoplastic and plastic surgeons; 

however, the majority were undertaken by oncoplastic surgeons. During the 

study interval, breast cancer services for the Northwest of Ireland were 

centralized to this tertiary referral centre. In addition to centralisation of 

cancer services, the National Breast Cancer Screening Programme was also 

introduced during this time. The Western Unit in Galway commenced 

operation in December of 2007.  

Patients presenting with a strong family history of breast cancer, particularly 

at a younger age, were referred for genetic testing and counselling at a 

separate referral centre (National Genetics Centre, Our Lady’s Hospital 

Crumlin), in accordance with National Institute for Health and Care 

Excellence Guidelines [333]. Currently patients are tested routinely only for 

BRCA1 and BRCA2 mutations. 

4.2.3 Statistical Analysis 

Analysis was performed on trends in mastectomy and breast reconstruction 

practices for the whole patient population.  Subgroup analysis of patients who 

had invasive disease was then undertaken, with separate analysis of those 

undergoing prophylactic mastectomy and subgroup analysis was also 

conducted according to patient age. The population was divided into patients 

aged 50 years and over, and those aged less than 50 years. A cut-off of 50 

years was chosen to capture a postmenopausal ‘elderly’ population compared 

with a premenopausal younger, fitter population.  

The association between categorical factors of interest and breast 

reconstruction was analysed using Pearson’s 2 test of association. A 

multivariable logistic regression was undertaken to assess the effects of 

histology, nodal status, chemotherapy and radiotherapy on the likelihood that 

patients would have breast reconstruction after mastectomy. The Wald test 

was used to determine statistical significance for each of the explanatory 

variables. P < 0.050 was assumed to represent statistical significance. Data 

were analysed using SPSS® version 23.0 (IBM, Armonk, New York, USA). 
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4.3 Results 

4.3.1 Patient Population 

A total of 1303 mastectomies and 1885 wide local excisions were performed 

for breast cancer at GUH between 2004 and 2014. 706 patients who 

underwent mastectomy had PMBR, resulting in an overall reconstruction rate 

of 54.2% over the time period studied. Six hundred and twenty-nine 

reconstructions (89.1%) were performed in the immediate setting; the 

remaining 77 women underwent delayed reconstruction following a previous 

mastectomy.  

The characteristics of patients who underwent mastectomy and PMBR are 

summarized in table 2. Mean (s.d.) patient age was 55.6 (13.3) years. There 

was no difference in mean patient age between the first 6 and last 5 years of 

the study. T2 tumours were the most common (444 of 987, 45.0%), along 

with N0 disease (403, 40.7%).  

The majority of mastectomies were therapeutic (1124 of 1180, 95.3%), with 

the remainder carried out as either contralateral or bilateral prophylactic 

mastectomies (n=56).  
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Table 4.2 – Demographic, clinicopathologic and treatment data for patients undergoing 

mastectomy and mastectomy with reconstruction  

 
Mastectomy 

alone 

(n = 597) 

Mastectomy and 

reconstruction 

(n = 706) P 

Age (years) 63.3(12.5) 49.0(10.2) < 0.001 

Histology 

No disease (RRM) 

Non-invasive 

Invasive 

 

6 (1.1) 

29 (5.5) 

495 (93.4) 

 

50 (7.7) 

88 (13.5) 

512 (78.8) 

< 0.001 

Invasive disease only 

T category  

T1 

T2 

T3 

T4 

 

87 (17.9) 

230 (47.2) 

130 (26.7) 

40 (8.2) 

 

150 (30.0) 

214 (42.8) 

121 (24.2) 

15 (3.0) 

< 0.001 

Nodal status 

N0 

N1 

N2 

N3 

 

168 (34.3)  

168 (34.3)  

92 (18.8)  

62 (12.7) 

 

 235 (47.1)  

160 (32.1)  

67 (13.4)  

37 (7.4) 

< 0.001 

M category 

M0 

M1 

 

 409 (91.7) 37 

(8.3) 

 

 464 (96.7)  

17 (3.5) 

< 0.001 

Tumour grade  

I 

II 

III 

 

26 (5.6) 

256 (54.7) 

186 (39.7) 

 

42 (9.4) 

244 (54.5) 

162 (36.2) 

0.720 

Subtype  

Luminal A 

Luminal B 

Basal type 

HER2 

 

313 (65.5) 

68 (14.2) 

54 (11.3) 

43 (9.0) 

 

316 (65.0) 

75 (15.4) 

53 (10.9) 

42 (8.6) 

 0.958 

Chemotherapy 

   Yes 

   No  

 

 274 (55.7)  

218 (44.3) 

 

360 (70.9) 

148 (29.1) 

< 0.001 

Timing of 

chemotherapy 

Neoadjuvant  

Adjuvant  

 

 

93 (33.9) 

181 (66.1) 

 

 

109 (29.7) 

258 (70.3) 

 

 

0.253 

Radiotherapy 298 of 595 

(50.1) 

275 of 671 (41.0) 0.001 

Hormone therapy 298 of 592 

(50.3) 

357 of 667 (53.5) 0.246 
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4.3.2 Influence of Patient and Clinicopathological Factors on Post 

Mastectomy Breast Reconstruction  

Patients who underwent PMBR were significantly younger than those who 

had mastectomy alone (mean age 49.0 ±10.2 vs. 63.3 ±12.5, p < 0.001) (table 

3.2). A higher proportion of younger patients (aged less than 50 years) 

underwent PMBR (375 of 461, 81.3%) compared with older patients (331 of 

842 39.3%) (table 3.4). There was no difference in the most commonly 

carried out reconstruction procedure (latissimus dorsi (LD) flap with or 

without implant) between the two age groups.  

On subgroup analysis of patients with invasive breast cancer (table 4.2), 

patients with T1 disease were more likely to undergo PMBR than those with 

a T2, T3 or T4 tumour (p < 0.001).  Patients with node-negative disease (N0) 

were more likely to undergo breast reconstruction compared with those with 

axillary metastases (p < 0.001). Patients with non-metastatic disease were 

more likely to undergo a reconstructive procedure than those with distant 

metastases (p < 0.001). Tumour grade (P = 0.720) and tumour biological 

subtype (p = 0.958) had no influence on the rate of PMBR. Patients with 

DCIS were more likely to undergo mastectomy with breast reconstruction 

rather than mastectomy alone (n = 88, 75.2% vs. n = 29, 24.8%).  

Timing of breast reconstruction (immediate vs. delayed) was not associated 

with any of the clinicopathological factors investigated, such as histology (p 

= 0.056), grade (p = 0.204), T category (p = 0.150), subtype (p = 0.297) or 

M status (p = 0.793) (table 4.3).  
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Table 4.3 - Relationship between timing of reconstruction, tumour factors and therapy 

 Delayed 

 (n =77) 

Immediate 

 (n = 629) P 

Histology 

No disease (RRM) 

Non-invasive 

Invasive 

 

8 (15) 

4 (8) 

40 (77) 

 

42 (7.0) 

84 (14.1) 

470 (78.9) 

0.056 

Tumour grade 

I 

II 

III 

DCIS 

 

4 (11.4) 

18 (51.4) 

10 (28.6) 

3 (8.6) 

 

38 (7.6) 

228 (45.5) 

152 (30.6) 

81 (16.3) 

0.552 

T category 

T0 

T1 

T2 

T3 

T4 

Tis 

 

7 (14) 

9 (18) 

21 (42) 

10 (20) 

0 (0) 

3 (6) 

 

43 (7.3) 

141 (24.0) 

193 (32.9) 

111 (18.9) 

15 (2.6) 

84 (14.3) 

0.150 

Subtype 

Luminal A 

Luminal B 

Basal 

HER2 

DCIS 

 

24 (59) 

7 (17) 

5 (12) 

2 (5) 

3 (7) 

 

292 (55.1) 

68 (12.8) 

48 (9.1) 

40 (7.5) 

82 (15.5) 

0.547 

M category 

M0 

M1 

 

45 (98) 

1 (2) 

 

548 (97.2) 

16 (2.8) 

0.793 

Radiotherapy 

No 

Yes 

 

39 (62) 

24 (38) 

 

355 (58.6) 

251 (41.4) 

0.610 

 

Chemotherapy 

No 

Yes 

 

33 (52) 

30 (48) 

 

270 (44.4) 

338 (55.6) 

0.226 

Timing of chemotherapy  

Adjuvant 

Neoadjuvant 

 

18 (60) 

12 (40) 

 

239 (71.1) 

97 (28.9) 

0.201 
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 Table 4.4 - Relationship between treatments and patient age  

 Age < 50 years 

(n = 461, 

35.4%) 

Age ≥ 50 

years 

(n = 842, 

64.6%) 

P-Value 

Mastectomy alone 

Mastectomy and 

reconstruction  

86 (18.7) 

375 (81.3) 

511 (60.7) 

331 (39.3) < 0.001 

Reconstruction 

procedure 

Implant/expander 

Pedicled flap + 

implant/expander 

Autologous pedicled 

flap 

Free flap 

 

 

83 (22.6) 

111 (30.2) 

 

144 (39.1) 

30 (8.2) 

 

 

102 (31.4) 

102 (31.4) 

 

99 (30.5) 

22 (6.8) 

0.026 

Radiotherapy 

Radiotherapy and 

reconstruction  

No radiotherapy and 

reconstruction 

 

147 (41.1) 

 

211 (58.9) 

 

127 (40.8) 

 

184 (59.2) 

 

Chemotherapy 

Chemotherapy and 

reconstruction 

No chemotherapy and 

reconstruction 

 

207 (57.8) 

 

151 (42.2) 

 

184 (54.6) 

 

153 (45.4) 
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4.3.3 Trends in Mastectomy and Reconstruction Over Time 

The mastectomy rate at this institution appears to have declined significantly 

over the study interval. Seventy four point three per cent of patients 

undergoing surgical treatment for breast cancer were treated with a 

mastectomy in 2004 (figure 4.1). There was a steady decline over time, with 

a mastectomy rate of 41.6 per cent in 2014. This occurred with a 

corresponding increase in the rate of breast-conserving surgery, from 25.7% 

in 2004 to 58.4% in 2014. Breast cancer screening was introduced in Ireland 

in December 2007. There was a sharp increase in the centre’s caseload with 

the introduction of screening. The mastectomy rates for 2007 and 2008 were 

comparable (54.3% vs. 54.7%), however the mastectomy rate for 2009 was 

much lower (33.9%).  
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Figure 4.1 - Mastectomy rate and number of mastectomies and breast conserving surgeries 

performed per annum 2004 - 2014 

Rates of skin-sparing and nipple-sparing mastectomies were analysed for 

2009–2014, as not all specimen descriptions within pathology reports before 

this date were available for analysis. Some 61.1% of all mastectomies carried 

out during this time were skin-sparing, and 20.5% were nipple-sparing. There 

was no significant change in trends for skin- and nipple-sparing mastectomies 

during these 6 years (p = 0.147 and p = 0.143 respectively).  
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The number of PMBRs increased over time from 16 of 78 (20.5%) in 2004 to 

51 of 114 (44.7%) in 2014 (figure 4.2). Reconstructive approaches used 

included prosthetic with implant/expander only (185 of 693, 26.7%), 

combined pedicled flap and implant/tissue expander (213 30.7%), autologous 

pedicled flap (both LD and transverse rectus abdominis (TRAM) flaps) (243, 

35.1%) and free DIEP flaps (52 7.5%).  

 

Figure 4.2 - Number of mastectomy procedures with and without reconstruction per annum 2004 

- 2014 

A change in the pattern of reconstruction was noted over the time interval 

analysed (figure 4.3). Over half of all reconstructive procedures in the first 5 

years of the study (2004–2008) were LD flaps with insertion of an implant 

(162 of 303, 53.5%). There was a significant increase in the rate of prosthetic 

implant-based reconstructions, from none being carried out in 2004 to this 

type of reconstruction being the most widely used procedure in 2014 (22of 

50, 44.0%) (p < 0.001). The use of autologous pedicled flaps decreased from 

2004 (7 of 13, 54.0%) to 2014 (12 of 50, 24.0 %). Free DIEP flaps were 

introduced to the institution in 2009, with a mean of 8.8 per annum. ADMs 

were introduced in 2009 and their use increased over time. Only one of 74 

reconstructions (1.0%) with an ADM was carried out in 2009 compared with 

18 of 74 (12.0%) in 2013.  

Rates of prophylactic mastectomy were analysed from 2009 to 2014. During 

this interval, there were no significant changes in this practice for either 

bilateral prophylactic mastectomies (mean 4 (range 3–5) per year; p = 0.788) 
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or contralateral prophylactic mastectomies (mean 4.5 (3–6) per year; P = 

0.322) A higher proportion of patients undergoing risk-reducing mastectomy 

or therapeutic mastectomy for in situ disease underwent PMBR compared 

with those with invasive breast cancer (79.8% vs. 50.8%) (P < 0.001) (table 

4.2). Twenty-nine bilateral prophylactic mastectomies were carried out, 16 in 

women with a BRCA gene mutation. There were 27 contralateral prophylactic 

mastectomies, four in patients with a BRCA gene mutation. Implant-only 

reconstruction was the most common type of reconstructive procedure in 

patients undergoing risk-reducing prophylactic mastectomies (19 of 49, 

38.8%), followed by pedicled flap with implant (16 of 49, 32.7%).  
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Figure 4.3 - Types of breast reconstruction procedures performed per annum 2004 - 2014
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4.3.4 Radiotherapy 

An inverse relationship between radiotherapy and rates of reconstruction was 

observed (P = 0.001). In the cohort of patients who underwent PMBR, 396 

of 671 (59.0%) did not receive radiotherapy compared with 297 of 595 

(49.9%) in the mastectomy-alone group. There was no significant correlation 

between administration of postmastectomy radiotherapy (PMRT) and timing 

of reconstruction (P = 0.610) (table 3.3).  

There was an association between receipt of radiotherapy and type of 

reconstruction (P < 0.001). Pedicled flaps (with or without implant) (206 of 

273, 75.5%) were more common in those treated with PMRT. Implant-only 

(60, 22.0%) and free flap (7 of 273, 2.6%) procedures were less common in 

those patients who received radiotherapy. Between 2004 and 2008, there was 

no association between receipt of radiotherapy and reconstruction type (P = 

0.524). However, pedicled flaps with or without implant were still the most 

commonly carried out reconstruction type for those treated with radiotherapy 

(126 of 137, 92.0%), with very few patients having implant-only 

reconstructions (11, 8.0%). An association between radiotherapy and 

reconstruction type was observed for 2009–2014 (P < 0.001). Again, pedicled 

flaps with or without implants were the most common type of reconstruction 

(80 of 136, 58.8%). 

There was no statistically significant association between radiotherapy and 

PMBR in patients aged 50 years or more, whereas there was a significant 

inverse relationship between receipt of radiotherapy and rate of 

reconstruction in younger patients (odds ratio (OR) 0.393, 95% c.i. 0.241 to 

0.640; p < 0.001). Of those undergoing breast reconstruction in the younger 

group, 147 of 358 (41.1%) received radiotherapy and 211 (58.9%) did not. 

Pedicled flaps with or without an implant were most common in younger 

patients undergoing reconstruction (255 of 368, 69.3%).  
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4.3.5 Chemotherapy 

Of those treated with chemotherapy, 56.9% underwent reconstruction after 

mastectomy. More patients aged less than 50 years underwent chemotherapy 

(269 of 444, 60.6%, p = 0.015) compared with older patients (373 of 821, 

45.4%) (p < 0.001). Of younger patients who had chemotherapy, 207 (77.0%) 

underwent PMBR, whereas only 160 (42.9%) of older patients treated with 

chemotherapy underwent breast reconstruction (p = 0.01).Chemotherapy was 

associated with the type of reconstruction (P < 0.001). Similar to 

radiotherapy, pedicled flaps with or without an implant (267 of 366, 73.0%) 

were more common in those treated with chemotherapy. Implant-only (96 of 

260, 36.9%) and free flap (31 of 260, 11.9%) reconstructions were more 

commonly performed in those not undergoing chemotherapy. There was an 

association between the age of patients in receipt of chemotherapy and the 

type of reconstruction. Pedicled flaps with or without implants were most 

common in younger patients receiving chemotherapy (157 of 205; 76.6%; P 

= 0.006) In older patients, pedicled flaps, with or without implants were also 

the most common breast reconstruction method in those receiving 

chemotherapy (109 of 159, 68.6%; p = 0.013). Fewer patients undergoing 

mastectomy were treated with chemotherapy from 2009 to 2014 (343 of 746, 

46.0%) than from 2004 to 2008 (301 of 522, 57.7%). There was an association 

between timing of chemotherapy and the type of breast reconstruction (P < 

0.001). Of those who had chemotherapy and free flap reconstruction, the 

majority underwent neoadjuvant chemotherapy (12 of 17). Adjuvant 

chemotherapy was more common in all other types of reconstruction.  

There was a significant increase in the proportion of patients being treated 

with neoadjuvant chemotherapy over the course of the study (P < 0.001). In 

2004, only two of 39 patients (5%) receiving chemotherapy received 

neoadjuvant treatment. In contrast, 35 of 55 patients (58%) having 

chemotherapy received treatment in the neoadjuvant setting in 2014. 
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4.3.6 Multivariable Analysis of Breast Reconstruction Procedures  

Several co-variables had a significant association with PMBR on 

multivariable logistic regression analysis after adjusting for other variables 

(table 4.5). Those patients who had not undergone breast reconstruction were 

not included in this analysis. On analysis of tumour histology, women 

undergoing therapeutic mastectomy for invasive breast cancer were less 

likely to have PMBR than those having risk-reducing mastectomy (OR 0.13, 

95% c.i. 0.06 to 0.33; P < 0.001). Regarding nodal status, compared with 

women with N0 disease, those with axillary nodal metastasis were less likely 

to have PMBR (N1 disease, OR 0.57, 0.41 to 0.80, P < 0.001; N2 disease, OR 

0.44, 0.29 to 0.67, P < 0.001; N3 disease, OR 0.35, 0.21 to 0.57, P < 0.001). 

N3 disease pertains to those patients who were identified to have ten or more 

lymph nodes positive for breast cancer on formal histological analysis. 

Patients treated with adjuvant radiotherapy were also less likely to have 

PMBR (OR 0.68, 0.49 to 0.94; P = 0.018). In contrast, patients who had 

chemotherapy were more likely to have PMBR (OR 3.11, 2.27 to 4.25; P < 

0.001).  

When these factors were analysed in relation to type of breast reconstruction 

they remained significantly associated with procedure type. Patients 

undergoing PMBR following therapeutic mastectomy for invasive breast 

cancer were more likely to have an implant-based reconstruction, either 

implant/expander (OR 2.14, 1.11 to 4.14; P = 0.024) or an autologous/implant 

combined approach (OR 4.98, 2.45 to 10.11; P < 0.001) (Table 4.5). 

Similarly, patients with node-positive disease were more likely to have an 

implant-based reconstruction (N3 disease, OR 3.20, 1.35 to 7.59; P = 0.008). 

On analysis of treatment factors, the administration of adjuvant radiotherapy 

was the only independent predictor of a free flap reconstruction (OR 5.68, 

2.52 to 12.82; P<0.001).  
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 Table 4.5 - Results of multivariable regression analysis. A multivariable logistic regression was 

undertaken to assess the effects of histology, nodal status, chemotherapy and radiotherapy on the 

type of reconstruction received by patients undergoing post-mastectomy breast reconstruction. 

The Wald test was used to determine statistical significance for each of the explanatory variables.  

 

   

Predictor β SE(β) eβ (OR) p 

Implant/Expander 

Intercept 

Histology 

• No malignancy 

• In situ 

• Invasive CA 

Nodal Status 

• N0 

• N1 

• N2 

• N3 

 

0.818 

 

0 

0.267 

0.760 

 

0 

0.932 

0.690 

1.162 

 

0.310 

 

 

0.382 

0.337 

 

 

0.211 

0.302 

0.441 

 

2.267 

 

1 

1.306 

2.139 

 

1 

1.480 

1.994 

3.197 

 

0.008 

 

0.025 

0.484 

0.024 

 

0.009 

0.064 

0.022 

0.008 

Pedicle flap + 

implant/expander 

Intercept 

Histology 

• No malignancy 

• In situ 

• Invasive CA 

Chemotherapy 

(yes versus no) 

 

 

0.890 

 

0 

0.680 

1.606 

 

-1.033 

 

 

0.313 

 

 

0.402 

0.361 

 

0.217 

 

 

2.435 

 

1 

1.973 

4.982 

 

0.356 

 

 

0.004 

 

<0.001 

0.091 

<0.001 

 

<0.001 

Autologous flap 

Intercept 

Nodal Status 

• N0 

• N1 

• N2 

• N3 

Chemotherapy 

• Yes 

 

1.652 

 

0 

0.377 

0.775 

0.543 

 

-0.736 

 

0.131 

 

 

0.189 

0.264 

0.298 

 

0.174 

 

5.218 

 

1 

1.457 

2.170 

1.720 

 

0.479 

 

<0.001 

 

0.013 

0.046 

0.003 

0.069 

 

<0.001 

Free Flap 

Intercept 

 

Radiotherapy 

• Yes 

 

2.637 

 

 

1.738 

 

0.166 

 

 

0.415 

 

13.974 

 

 

5.684 

 

<0.001 

 

 

<0.001 
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4.4 Discussion 

Immediate breast reconstruction is the standard of care for suitable patients 

with breast cancer requiring mastectomy, and is advantageous in that it can 

the skin envelope, resulting in improved aesthetic outcomes, involves fewer 

operations to achieve the reconstructive goals, and has potential 

psychological benefits [320, 334, 335]. The increasing rate of breast 

reconstruction at this institution reflects the specialization and 

multidisciplinary care available to patients from both oncoplastic and 

microvascular plastic surgeons. Immediate breast reconstruction with 

implant-based approaches is the currently the most common approach; 

however, using a multidisciplinary approach, postmastectomy reconstructive 

choices can be tailored to the individual, and their disease and treatment 

considerations. 

Younger patients are more likely to undergo PMBR, possibly because 

aesthetic outcomes are of higher priority in this cohort. In addition to this, 

women aged under 40 years are more likely to undergo risk-reducing surgery, 

either contralateral prophylactic mastectomy or bilateral prophylactic 

mastectomy, particularly in the case of a BRCA diagnosis or a strong family 

history [336]. BRCA1 and BRCA2 mutations were the only genetic mutations 

identified in this population. A younger cohort of patients is less likely to be 

affected by co-morbidities such as cardiovascular or respiratory disease, 

making them more suitable candidates for longer and possible additional 

procedures required to complete the breast reconstruction [337]. In the 

present cohort, patients aged less than 50 years were more likely to undergo 

breast reconstruction than older patients, despite receipt of chemotherapy, 

which may be influenced by chemotherapy-induced morbidity in older 

patients in addition to treatment fatigue. The inverse relationship between 

radiotherapy and breast reconstruction was more pronounced in younger 

patients in this cohort, potentially as a result of the inferior reconstruction 

outcomes associated with the treatment. The present study reflects the real-

world setting in a mature surgical group, suggesting that breast reconstruction 

rates are approximately 70.0 per cent in those aged less than 50 years, and 

20.0 per cent in patients aged over 50 years. 



Chapter 4: Trends in Breast Reconstruction Practices 

134 

 

Those with smaller tumours (T1) and those undergoing risk-reducing 

mastectomy were more likely to undergo PMBR. Patients with non-invasive 

disease require less neoadjuvant or adjuvant treatment, such as radiotherapy 

or chemotherapy, and are therefore at a lower risk of complications after the 

reconstructive procedure [338]. Conversely, there is a greater emphasis on 

oncological outcomes in those with a higher disease stage, which may act as 

a barrier to breast reconstruction. The complication rate is higher in patients 

who undergo PMBR, which may contribute to adjuvant therapy being 

delayed, failed reconstructions and a higher risk of recurrence [339]. Beecher 

at al. investigated the complication rate in patients undergoing IBR in this 

centre and reported a complication rate of 23.1%. Wound infections were the 

most common complication (19.2%) but also included would dehiscence, 

skin necrosis and haematoma formation. The LD flap with an implant had the 

highest complication rate. They also reported that the delivery of neoadjuvant 

chemotherapy was not associated with the development of a wound infection 

[339].  

The reconstruction rate between 2004 and 2014 was 54.2%. This compares 

favourably with rates of 16–59% internationally [33, 319, 322, 340-343]. The 

strongest predictors of PMBR cited in other series were: age under 50 years; 

white race; higher income and education; and earlier disease stage [344]. This 

is reflected in the present cohort where younger age and earlier disease stage 

were predictive of PMBR. The rate of reconstruction increased over time 

(from 20.5 per cent in 2004 to 44.7 per cent in 2014), in keeping with 

international trends. There are several factors influencing the rising rates of 

breast reconstruction internationally. The introduction of the Women’s 

Health and Cancer Rights Act of 1998, requiring health insurance policies in 

the USA to reimburse breast reconstruction procedures after mastectomy, has 

been paramount to the recent higher reconstruction rates in America [344]. In 

the present study, there was a peak in numbers of women undergoing PMBR 

in 2008 (Fig. 2). In the later years of the study, similar numbers of women 

underwent reconstruction and mastectomy alone. This may be explained by a 

peak in patients in receipt of radiotherapy in 2007 (59.4 per cent). PMRT-
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related complications over the next 2 years may have prompted surgeons to 

be more selective in offering reconstruction.  

Skin- and nipple-sparing mastectomies have been associated with superior 

cosmetic and quality-of-life outcomes [345, 346]. Previously there were 

concerns regarding the oncological safety of these procedures; however, they 

have been proven to not increase rates of recurrence in patients undergoing 

mastectomy and have contributed to improving outcomes in breast 

reconstruction. The practice of skin- and nipple-sparing mastectomy is well 

established in this institution, and the increasing use of these techniques 

appears to have plateaued, with no significant change in the rates in the last 6 

years of the present study.  

There has been a change in the present series and internationally, in the 

preferred reconstructive approach. Earlier in the study period, autologous 

flaps were the most widely used. However, over time, implant-based 

reconstructions have become more common [31, 78, 283, 319, 335, 347]. This 

may be explained by implant reconstructions requiring less complicated 

operations and shorter operating times, lack of donor-site morbidity and no 

requirement for microvascular surgery expertise as in the case of some 

autologous procedures (DIEP flaps). Complex patient selection and the 

requirement for preoperative CT (in DIEP flap surgery) also make autologous 

reconstructions a less attractive reconstructive technique [78, 347, 348]. 

ADMs were first reported in 2005 [349]. Increasing utilization of ADMs may 

have contributed to the increase in implant-based reconstructions as their use 

obviates the need for total muscle coverage, which frequently requires the use 

of a tissue expander in a two-stage procedure. Therefore, immediate implant 

reconstructions with optimal aesthetic outcomes may be carried out in a single 

direct-to-implant procedure without the need for a second operation [36].  

There was a trend towards the use of pedicled flaps with or without implants 

in the early years of the study, with few other options available, and a peak 

rate of autologous flap use was noted in 2008. More recently, there has been 

a much wider array of reconstructive procedures, without the peaks in 

reconstruction types observed at earlier time points. This may be attributed to 
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the development of new techniques, wider expertise available with the 

centralization of services in a tertiary referral centre with both microvascular 

plastic and oncoplastic surgeons on site, and greater patient autonomy with 

the ability to offer a reconstruction more suited to each patient. These trends 

demonstrate how oncoplastic breast surgery and breast reconstruction is 

maturing as a surgical specialty with several options, allowing more suitable 

patient selection for each reconstruction type.  

There was an inverse relationship between radiotherapy and breast 

reconstruction in the present cohort. PMRT has deleterious effects on 

complication rates and aesthetic outcomes in breast reconstruction, 

particularly implant-based reconstructions, as it can affect the symmetry, 

volume and projection initially achieved at the time of reconstruction [117]. 

PMRT also increases the rates of grade 3 and 4 capsular contracture, and 

reduces the skin quality of the mastectomy flaps. The effect of PMRT on LD 

reconstruction can be catastrophic secondary to muscular atrophy [350]. It is 

believed that DIEP flap reconstruction is better suited to patients who require 

PMRT, although the number of DIEP flaps in the present cohort was small. 

The administration of adjuvant radiotherapy was the only independent 

predictor of this reconstructive approach on multivariable analysis. 

Receipt of chemotherapy was not a barrier to breast reconstruction in the 

present study. There have been concerns that chemotherapy can contribute to 

increased adverse effects, such as impaired wound healing and infection in 

reconstructive procedures [351]. It has been shown that PMBR does not delay 

delivery of adjuvant chemotherapy, despite the increased rate of wound 

complications [351, 352]. Neoadjuvant chemotherapy did not influence 

whether or not a patient underwent reconstruction, or whether reconstruction 

was carried out on an immediate or delayed basis. However, those in receipt 

of neoadjuvant chemotherapy were more likely to receive a DIEP flap over 

any other type of reconstruction. Although this result may be statistically 

significant, there were relatively few of these procedures in the present study, 

therefore the results should be interpreted with caution.   
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There are limitations to this study, as it is a single-centre review of breast 

reconstruction practices. Smaller numbers of certain procedures, such as 

DIEP flaps, mean that the associations with clinicopathological factors must 

be interpreted with a degree of caution. However, the data are from a 

specialist breast cancer centre and reflect the real-world experience in a 

mature, high-volume centre. 
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5.1 Introduction 

The treatment of breast cancer has changed dramatically over recent decades, 

and currently involves a diverse multi-disciplinary team of surgeons, medical 

oncologists and radiation oncologists [353]. Each of these specialties 

continues to evolve, resulting in more effective treatments and improved 

outcomes for breast cancer patients [2, 304, 354-356]. The delivery of 

chemotherapy in the neoadjuvant setting in the treatment of breast cancer is 

becoming more common, and is frequently delivered with the aim of reducing 

tumour burden to facilitate breast conserving surgery (BCS) [297]. The 

concept of delivery of chemotherapy pre-operatively for the treatment of 

breast cancer was first considered in the NSABP-B18 trial which aimed to 

determine whether pre-operative doxorubicin and cyclophosphamide permits 

a higher number of breast conserving surgeries to be undertaken and 

decreases the incidence of positive nodes in women with primary breast 

cancer [308]. No improvement in survival was observed, however 

neoadjuvant chemotherapy did allow for a greater proportion of women to 

undergo less aggressive breast conserving surgery (BCS), with rates as high 

as 72.3% in breast cancer patients who would not have been candidates for 

this less aggressive surgical approach at diagnosis [308]. Neoadjuvant 

chemotherapy also allows for the assessment of tumour response to treatment 

in vivo. It has been shown that patients with triple negative and Her2 

overexpressing tumours have a better pathological response to neoadjuvant 

chemotherapy than patients with Luminal A tumours. This has improved our 

ability to tailor treatment regimens to individual patients and select patients 

to undergo neoadjuvant treatments who are more likely to experience a 

complete pathological response [316]. However, mastectomy is a still a 

required component of surgical treatment in this group of patients in the case 

of chemoresistant or multifocal tumours [357]. For patients undergoing 

mastectomy, breast reconstruction has become the standard of care, and is 

known to improve psychosocial and quality of life outcomes [10]. According 

the NICE guidelines, all patients undergoing mastectomy should be 

counselled about immediate breast reconstruction options [320].  
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Post-mastectomy radiation therapy (PMRT) is central to breast cancer 

treatment protocols in women with a high risk of locoregional disease 

recurrence. Indications for this include: tumour size ≥5cm, ≥4 positive 

axillary lymph nodes, the presence of lymphovascular invasion and higher 

histological grade tumours [358]. Data from the Early Breast Cancer Trialist’s 

Collaborative Group (EBCTCG) has suggested that women with 1-3 positive 

axillary nodes may also benefit from radiotherapy, thus potentially expanding 

the indications for radiotherapy in the treatment of LABC [359]. Although it 

is an effective means of reducing local disease recurrence and improving 

systemic outcomes [360, 361], radiotherapy can be associated with negative 

sequelae, particularly in the case of immediate breast reconstruction. Several 

studies have demonstrated the increased risk of severe capsular contracture in 

patients who have been treated with radiotherapy post-implant based 

reconstruction [41, 53, 55, 362, 363]. Short term complications are more 

common in implant based reconstructions in the setting of PMRT including 

infection (13.5% vs. 5.8%), mastectomy flap necrosis (10.5% vs. 5%) and 

reoperation secondary to complication (37.0% vs. 16.6%). The most 

significant long term complication associated with implant breast 

reconstruction and PMRT is capsular contracture. It is caused by an excessive 

fibrotic reaction to an implanted foreign body and has an overall incidence of 

10.6% [45].  PMRT is associated with a reported  implant reconstruction 

failure rate of 16.8% [119]. A study by Beecher et al. reported a complication 

rate of 23.1% in post-mastectomy breast reconstruction in this institution, 

with 58.1% of patients in receipt of PMRT [339]. Subsequently, PMRT has 

become a relative contraindication to immediate implant based breast 

reconstruction [364]. Autologous breast reconstruction appears to be more 

suitable for patients requiring PMRT, however radiation still has deleterious 

effects on aesthetic outcomes [365, 366]. The timing of delivery of post-

mastectomy radiotherapy is also crucial to the cosmetic outcome of breast 

reconstruction. Berbers et al. carried out a systematic review of breast 

reconstruction before and after PMRT, which evaluated complication rates 

and cosmetic outcomes of implant and autologous breast reconstruction in 

relation to timing of radiotherapy delivery post-mastectomy. They 

recommended that replacement of tissue expanders with definitive implants  
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be carried out before radiotherapy,  and autologous reconstruction be carried 

out post-PMRT to avoid radiation-induced fibrosis and impaired cosmesis 

[126].The ASCO guidelines do not offer a recommendation on radiotherapy 

and PMRT secondary to a paucity of evidence [367]. However, IBR should 

be integrated into patient’s management even if radiotherapy is indicated.  

Neoadjuvant radiotherapy is the standard of care in certain tumours (e.g. 

oesophageal, rectal) and is delivered sequentially with neoadjuvant 

chemotherapy as a “radiosensitiser” [368]. This mechanism is hypothesised 

to result from enhancement of the radiation damage secondary to the 

incorporation of chemotherapeutics into the cellular DNA. Inhibition of 

cellular repair mechanisms also enhances the radiation effects. The 

combination of neoadjuvant chemotherapy and radiotherapy improves 

pathological response and decreases rates of distant metastases, as seen in 

oesophageal and rectal tumours [361, 369]. Controversy exists as to the 

appropriate time interval between completion of neoadjuvant treatment and 

surgical resection of the tumour. The ideal interval between neoadjuvant 

treatment and surgery allows maximal tumour regression while not resulting 

in greater post-operative complications, thus resulting in optimal long term 

oncological, functional and aesthetic outcomes [370]. One meta-analysis 

reported higher rates of pathological complete response and tumour 

downstaging in rectal tumours with longer intervals, however there is limited 

evidence for timing of resection post-neoadjuvant treatment and further 

studies are required [371]. Favourable outcomes have also been reported in 

the use of neoadjuvant chemoradiotherapy in oesophageal tumours. At long 

term follow up, the CROSS (ChemoRadiotherapy for Oesophageal cancer 

followed by Surgery Study) trial has now shown that treatment of locally 

advanced oesophageal or junctional cancer with neoadjuvant 

chemoradiotherapy followed by surgery significantly improves 5 year overall 

survival and progression free survival, compared with treatment with surgery 

alone. Of note, the largest reported trials with neoadjuvant chemotherapy only 

showed limited improvement in rates of R0 resection, pathological complete 

response and locoregional recurrence. Two additional randomised trials 

which compared neoadjuvant chemotherapy followed by surgery to 
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neoadjuvant chemoradiotherapy plus surgery reported similar R0 resection 

rates between the two groups, however there was a significantly higher rate 

of pathological complete response and lower rates of locoregional recurrence 

in the neoadjuvant chemoradiotherapy plus surgery group. The results from 

these trials suggest that neoadjuvant radiotherapy   combined with sensitising 

chemotherapy, rather than neoadjuvant chemotherapy alone, is the likely 

cause of improved locoregional control, as that achieved in the CROSS trial 

[372].  

A clear survival advantage has been shown in those patients in receipt of 

neoadjuvant therapy who achieve a complete pathological response (pCR) 

[304]. A higher rate of pCR has been demonstrated  in breast cancer patients 

treated with neoadjuvant chemo-radiation [128]. However, there have been 

very few studies investigating this novel treatment sequence. Zinzindohoue 

et al analysed the complete pathological response rate in 83 patients treated 

with neoadjuvant chemoradiation. They reported a pCR rate of 36% which 

was higher than those published in other studies. However, they also 

demonstrated that pathological response was also dependent on tumour 

characteristics such as size, histology, molecular subtype and Ki67 [128]. In 

addition to pathological response, neoadjuvant radiotherapy in the treatment 

of breast cancer has also been associated with several other advantages. 

Grinsell et al. reported on 29 patients who were treated with neoadjuvant 

chemo-radiation therapy and concluded that the challenges associated with 

operating in a recently irradiated surgical field were outweighed by a shorter 

treatment period and superior cosmetic results. They also report that 

neoadjuvant chemo-radiation has at least equivalent oncological safety to 

standard treatment with adjuvant radiotherapy [373].  Pazos et al., in a study 

of 22 patients, concluded that delivery of radiotherapy in the neoadjuvant 

setting simplified the reconstructive pathway, making breast reconstruction 

more accessible in locally advanced breast cancer [374]. Evidence that 

delaying delivery of radiotherapy more than 6 months from the start of 

chemotherapy has detrimental  effects on survival also suggests that early 

radiation therapy is preferable [375]. Delivery of radiotherapy in the 

neoadjuvant setting may also overcome the major side effects of PMRT on 
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breast reconstruction cosmetic outcomes [376], by sparing exposure of the 

newly reconstructed breast to radiation. The hypothesis is that the integration 

of neoadjuvant radiotherapy into the breast cancer treatment protocol will 

result in shorter treatment completion times along with making immediate 

breast reconstruction more accessible to greater numbers of mastectomy 

patients.  

The aim of this study was compare patient and disease outcomes in a group 

of patients treated with a novel treatment sequence of neoadjuvant chemo-

radiotherapy to a matched cohort of patients undergoing standard treatment 

with post-mastectomy breast reconstruction.  The uptake of IBR, time to 

completion of therapy, pathological response rates and post-operative 

complications were analysed. 

5.2 Methods 

This ethically approved, prospective pilot study was undertaken in a tertiary 

referral specialist breast unit. Ethical approval was obtained from the Ethics 

Review Board of Galway University Hospital. Between 2010 and 2016, 16 

patients with locally advanced breast cancer requiring radiotherapy as a 

component of multimodality treatment were selected to receive their 

radiotherapy in the neoadjuvant setting prior to mastectomy. The selection 

criteria for this included a histological confirmation of invasive breast cancer 

with a tumour size of greater than 5cm or a tumour requiring mastectomy 

(multifocal tumour/ tumour to breast size ratio, failed trial of BCS), or 

histologically confirmed nodal involvement. Patients with metastatic disease, 

a personal history of another solid organ cancer or contraindications to 

radiotherapy were excluded. 

A matched cohort undergoing treatment in the standard sequence of 

neoadjuvant chemotherapy and post-mastectomy radiotherapy were selected 

for comparative analysis (figure 5.1).  

Each patient in the neoadjuvant radiotherapy group was age- and stage-

matched to two patients in the adjuvant radiotherapy group.  
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Figure 5.1 - Study design – Patients with biopsy proven breast cancer with an indication for 

mastectomy and positive axillary lymph nodes at diagnosis were enrolled in the study. 16 patients 

were selected to undergo neoadjuvant chemotherapy and neoadjuvant radiotherapy followed by 

mastectomy +/- reconstruction. These were age and stage matched to a cohort of patients 

undergoing the standard treatment sequence of neoadjuvant chemotherapy, mastectomy +/- 

reconstruction and post-mastectomy radiotherapy.  

Chemotherapeutic regimes were determined by the treating medical 

oncologist based on the biologic and hormonal features of each individual 

tumour. All patient cases were discussed at a multidisciplinary team meeting 

and from there a management plan decided upon.  

Postmastectomy and neoadjuvant radiotherapy consisted of a dosing schedule 

of 50.4 Gy at 6/15 MV in 25-28 fractions delivered over 5 weeks to the chest 

wall or intact breast. Supraclavicular radiotherapy was administered in 25 

patients, consisting of a dosing schedule of 50.4Gy at 6 MV photons delivered 

in 25-28 fractions over 5 weeks. The dosing schedule did not differ for those 

patients whose breast was still intact at the time of radiotherapy 

administration (i.e. neoadjuvant radiotherapy cohort) 

Biopsy proven breast cancer requiring 
mastectomy +/- reconstruction
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Control Group
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All patients undergoing mastectomy were counselled about breast 

reconstruction options in the outpatient setting, and both implant and 

autologous reconstruction techniques were performed based on breast size 

and shape, surgeon’s decision and patient preferences. All reconstruction 

procedures were performed by oncoplastic or plastic surgeons in the same 

breast cancer centre.  

Pathological response to neoadjuvant treatment and rate of recurrence were 

analysed for both groups, along with disease free and overall survival. 

Pathological response was measured by the Miller Payne Classification (table 

5.1). Breast reconstruction procedure details and post-operative 

complications were analysed.  

Table 5.1 – Miller Payne classification of pathological response to neoadjuvant therapy 

Grade Description 

1 
No change or some alteration to individual malignant cells but no 

reduction in the overall cellularity 

2 
A minor loss of tumour cells but overall cellularity still high; up 

to 30% loss 

3 Between an estimated 30% to 90% reduction in tumour cells 

4 

A marked disappearance of tumour cells such that only small 

clusters or widely dispersed individual cells remain; more than 

90% loss of tumour cells 

5 

No malignant cells identifiable in sections from the site of 

tumour; only vascular fibro-elastic stroma remains often 

containing macrophages. However, DCIS may be present.  

 

Data was analysed using SPSS version 23. The data was normally distributed 

(p = 0.55). The association between categorical factors of interest and 

radiotherapy was analysed using Pearson’s 2 test of association. Continuous 

variables were analysed using an Independent T-test.  P-values <0.05 were 

considered statistically significant.  
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5.3 Results 

5.3.1 Patient and Clinicopathologic Details 

Sixteen patients with locally advanced breast cancer were treated with 

neoadjuvant radiotherapy for the treatment of breast cancer in this study. 

These were each age- and stage-matched to 32 patients who underwent post-

mastectomy radiation therapy (PMRT). The demographic and 

clinicopathologic details for these patients are outlined in table 5.2. The mean 

age was 49.9 +/- 11.1 years and the mean/median follow up was 39.8 months 

(median 36.6 months).  

The neoadjuvant radiotherapy cohort can be subdivided into 2 groups 

according to the indication for mastectomy in this study: those patients who 

underwent primary mastectomy due to tumour multifocality/large tumour 

size (n=9 patients) and another group of patients who underwent primary 

breast conserving surgery (BCS) with positive resection margins in whom 

mastectomy was required as secondary surgery (n=7 patients). These patients 

had their radiotherapy administered prior to the mastectomy being performed. 

There was no significant difference in the age profile of the two groups.  There 

was also no difference in clinicopathological details between these two 

groups such as tumour grade (p = 0.64), subtype (p = 0.242), pathological 

response (p = 0.108), disease recurrence (p = 0.471) or survival (p = 0.349). 

There were no other significant differences observed between these two 

groups with regard to rate of reconstruction (p = 0.725), whether 

reconstruction was carried out as an immediate or delayed procedure (p = 

0.159) or reconstruction type (p = 0.538). There was also no difference in the 

post-op complication rate (p = 0.760).  
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Table 5.2 - Patient clinicopathological details 

Patient 

Characteristics 

Adjuvant 

Radiotherapy 

Neoadjuvant 

Radiotherapy 

P-Value 

Age at diagnosis 

(years) 

51.31 +/- 

12.14 
47.0 +/-8.2 

0.064 

Independent 

T-test 

Mastectomy 

specimen weight (g)  

889.28 +/- 

635.8 

592.13 +/- 

425.03 

0.246 

Independent 

T-test 

Tumour histology (n) 

• Invasive 

ductal CA 

• Invasive 

lobular CA 

• Invasive 

ductal and 

lobular CA 

• Predominant 

in situ 

component 

 

28 

 

3 

 

0 

 

2 

 

11 

 

4 

 

1 

 

0 

 

0.191 

Chi square 

           Radiological T size 

• T1 

• T2 

• T3 

• T4 

 

0 

4 

10 

2 

 
0 

4 

10 

2 

0.656 
Chi square 

Nodal Status 

• N1 

• N2 

• N3 

 

21 

6 

0 

 

14 

2 

0 

0.428 

Chi square 

Grade 

• Grade 1 

• Grade 2 

• Grade 3 

 

2 

20 

10 

 

0 

12 

4 

 

0.498 

Chi square 

Molecular Subtype 

• Luminal A 

• Luminal B 

• Her 2  

• Triple 

negative 

 

15 

6 

7 

4 

 

12 

0 

3 

1 

 

0.175 

Chi square 
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5.3.2 Mastectomy and Reconstruction 

Twenty eight patients underwent skin sparing mastectomy (13 in the 

neoadjuvant radiotherapy group, 15 in the adjuvant radiotherapy group, p = 

0.023), with 12 patients undergoing nipple sparing mastectomy (6 in each of 

the neoadjuvant and adjuvant radiotherapy groups, p = 0.176) (table 5.3). A 

higher proportion of patients in the neoadjuvant radiotherapy group (n = 

14/16) underwent post mastectomy breast reconstruction compared to the 

adjuvant radiotherapy group (n = 15/32) (p = 0.007, Chi square). The majority 

of these were immediate breast reconstruction with two delayed 

reconstructions in the adjuvant group and one delayed procedure in the 

neoadjuvant group. A range of autologous and implant-based reconstructive 

procedures were performed including: Deep Inferior Epigastric flap (n=4), 

extended Latissimus Dorsi Flap (n=8); Latissimus Dorsi Flap with implant 

(n=9); tissue expander (n=3); direct to implant (n=2); implant with ADM 

(n=3) (Table 2). The timing of radiotherapy did not affect the type of 

reconstruction carried out (p = 0.135, Chi square). 
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Table 5.3 - Breast reconstruction by timing of radiotherapy delivery 

 

 

 

 

 Adjuvant 

Radiotherapy 

Neoadjuvant 

Radiotherapy 

P-Value 

Breast Reconstruction 

• Mastectomy 

alone 

• Mastectomy & 

Reconstruction 

 

17 

 

15 

 

2 

 

14 

 

 

0.007 

Chi 

square 

Immediate V Delayed 

Reconstruction 

• Immediate 

• Delayed 

 

 

13 

2 

 

 

13 

1 

 

0.584 

Chi 

Square 

Reconstruction Type 

• LD  

• LD + implant 

• Tissue 

expander 

• Implant only 

• Implant + 

ADM 

• DIEP 

 

6 

2 

2 

0 

2 

3 

 

2 

7 

1 

2 

1 

1 

 

0.135 

Chi 

square 

Complications post-op 

4 

• 2 seroma 

(Clavien 

Dindo 

Grade IIIa) 

• 1 

haematoma 

(Clavien 
Dindo 

Grade IIIb) 

• 1 

parasternal 

fluid 

collection 

(Clavien 

Dindo 

Grade IIIa) 

5 

• 3 wound 

infection 

(Clavien 

Dindo 

Grade II 

and IIIb) 

• 1 wound 

breakdown 

(Clavien 

Dindo 

Grade IIIb) 

• 1 

respiratory 

tract 

infection 

(Clavien 

Dindo 

Grade II) 

0.117 

Chi 

square 
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5.3.3 Post-Operative Complications 

 There was no difference in the rate of post-operative complications between 

the neoadjuvant (5 complications,) and adjuvant radiotherapy (4 

complications,) groups (p = 0.117) (Table 5.3). There were three wound 

infections in the neoadjuvant group: one requiring oral antibiotics, one 

requiring removal of implant and ADM (Strattice™ Reconstructive Tissue 

Matrix) and one requiring debridement and washout of the autologous 

reconstruction site. There was also one event of wound breakdown in an 

implant-based reconstruction and one post-op respiratory tract infection in the 

neoadjuvant group. Complications in the adjuvant radiotherapy group 

consisted of two seromas requiring drainage, a haematoma requiring 

evacuation and a subcutaneous parasternal fluid collection. Tumour factors 

such as clinical tumour stage (T stage) (p = 0.253, chi square) or nodal status 

(p = 0.206, chi square) had no effect on rates of complication. No type of 

reconstruction was identified as a risk factor for post-op complications (p = 

0.667, Chi square test). Breast size did not affect complication rates (p = 

0.472, Chi square test).  

5.3.4 Pathological Response to Neoadjuvant Therapy 

The treatment response results are outlined in table 4 and 5. Six patients in 

each of the neoadjuvant and adjuvant groups achieved a complete 

pathological response, and one patient in each group exhibited no response to 

neoadjuvant treatment (p = 0.335, Chi square). Both tumours that did not 

respond to treatment were of Luminal A subtype. Six patients in the adjuvant 

group had a recurrence, 5 distant and 1 local, whereas there were no episodes 

of disease recurrence or metastasis in the neoadjuvant radiotherapy group 

during the follow up period. However, the follow up period in this pilot study 

is relatively short and longer term follow up will be required.  
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Table 5.4 - Response to neoadjuvant treatment and recurrence 

 Adjuvant 

Radiotherapy 

Neoadjuvant 

Radiotherapy 

P-

Value 

Pathological complete 

response (Miller Payne 

Classification) 

• Grade 1 

• Grade 2 

• Grade 3 

• Grade 4 

 

 

 

6 

16 

7 

1 

 

 

 

6 

4 

4 

1 

 

 

0.335 

Chi 

square 

Recurrence 

• Locoregional 

• Recurrence/ 

metastases 

 

1 

5 

 

0 

0 

 

0.064 
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5.3.5 Length of Treatment 

The time from diagnosis to completion of treatment was significantly shorter 

for patients treated with neoadjuvant radiotherapy (table 5.5) (p = 0.001). In 

the neoadjuvant radiotherapy group, there was a mean of 48.7 +/- 15.3 days 

between completion of neoadjuvant radiotherapy and mastectomy. In the 

adjuvant group, there was an interval of 78.5 +/- 17.3 days between surgery 

and commencement of adjuvant radiotherapy treatment. There was no 

difference in the interval between surgery and commencement of adjuvant 

radiotherapy between patients undergoing mastectomy alone (74.5 +/- 15.3 

days) and patients undergoing mastectomy with reconstruction (84.0 +/- 19.4 

days) (p = 0.246, Independent T-test). There was no significant difference in 

length of hospital stay post-op (p = 0.364), or length of outpatient follow up 

(p= 0.451).  

Table 5.5 - Treatment time 

 Neoadjuvant 

Radiotherapy 

Adjuvant 

Radiotherapy 
P-Value 

Diagnosis-to-

completion 

(days) 

245.63 +/- 44.16 291.15 +/- 38.69 

0.001 

Independent T-

test 

Length of 

stay 
8.38 +/- 3.6 6.8 /- 2.4 

0.364 

Independent T-

test 

Length of 

follow up 
41.9 months 35.6 months 

0.451 Chi 

square 

Completion 

of 

neoadjuvant 

radiotherapy 

to 

mastectomy 

(days) 

48.7 +/- 15.3 

days 
n/a  

Completion 

of 

mastectomy 

to starting 

adjuvant 

radiotherapy 

(days) 

n/a 
78.47 +/- 17.3 

days 
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5.4 Discussion 

The principle findings of this study are that administration of radiotherapy 

neoadjuvantly allows for a shorter treatment completion time with the 

possibility of greater access to breast reconstruction without any major 

increase in complications or any obvious short term increase in local 

recurrence. A higher proportion of the neoadjuvant radiotherapy group 

underwent post-mastectomy breast reconstruction in our study. The delivery 

of radiotherapy in the neoadjuvant setting also resulted in a shorter time 

between diagnosis and completion of treatment. This neoadjuvant 

radiotherapy protocol is an alternative to the concept of delayed breast 

reconstruction [377], and avoidance of radiating a newly reconstructed breast 

offers potential protection against fibrosis and capsule formation. The 

delivery of radiotherapy in the neoadjuvant setting allows for completion of 

a skin sparing mastectomy and immediate reconstruction, after the removal 

of irradiated, less-viable tissue which may cause problems (e.g. skin necrosis) 

in the post-operative period, resulting in superior cosmetic outcomes by 

avoiding contracture and exposure of a prosthesis [128]. Two advantages of 

neoadjuvant radiotherapy with regard to cosmetic outcomes are; (a) skin 

sparing mastectomy and IBR can be carried out on women with locally 

advanced cancer, who may not have been surgical candidates prior to 

treatment and (b) as surgery is the completion step of cancer therapy in this 

protocol, mastectomy and reconstruction do not interfere with chemo- or 

radiotherapy [377]. Neoadjuvant radiotherapy has the potential to allow IBR 

to be carried out in women with large, node positive breast cancers who 

should not be denied the psychological and physical benefits of breast 

reconstruction. Receipt of neoadjuvant radiotherapy did not influence choice 

of reconstruction procedure carried out in our study. There are reports of 

several types of reconstruction being used in combination with neoadjuvant 

radiotherapy in the literature ; LD flap [128], LD with implant [377], TRAM 

flaps [378] and implant reconstruction [357]. LD flaps appear to be most 

widely studied in this regard and have been proven to be a reliable and robust 

method of breast reconstruction. Monrigal et al. reported a higher rate of 

reconstruction failure in TRAM flaps and implant reconstructions than LD 
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flaps. Although not statistically significant, there were a higher number of 

wound infections in the neoadjuvant radiotherapy treatment group. 

Additionally there was loss of one implant in this group. However, as this was 

a retrospective review, it is difficult to comment on the infection or 30 day 

readmission rate in these patients. Ionising radiation causes DNA damage by 

direct strand breaks and oxygen derived free radicals. This insult results in 

cellular alterations that underlie mechanisms of delayed wound healing. 

Theories to explain this pathogenesis include cellular depletion, stromal cell 

dysfunction, aberrant collagen deposition and microvascular damage. 

Delayed wound healing by these mechanisms associated with radiation 

therapy leave the patient and surgical wound after breast reconstruction 

susceptible to infection [379].  

Neoadjuvant systemic therapy in the treatment of breast cancer has become 

increasingly common in recent years for the treatment of large or locally 

advanced breast tumours and offers the advantages of downsizing tumours to 

allow for breast conserving surgery (BCS) and to ascertain the efficacy of 

treatment through measurement of the pathological response [380]. 

Neoadjuvant and adjuvant systemic therapy appear to be equivalent in terms 

of  survival, disease progression and recurrence outcomes [313]. However, a 

clear survival advantage has been demonstrated in those patients treated with 

neoadjuvant therapy who achieve a complete pathological response (pCR), 

especially in the case of patients with more aggressive disease subtypes, such 

as triple negative breast cancer [304]. The trend towards improved 

pathological response in our study suggests that there is the possibility of a 

better prognosis for breast cancer patients treated with neoadjuvant 

radiotherapy. A study by Zinzindohoue et al demonstrated a pCR rate of 36% 

in breast cancer patients undergoing neoadjuvant chemo-radiation, a rate that 

is higher than previously reported with traditional PMRT [128, 295, 381]. 

Breast cancer tumour subtype also influences the rate of pCR to neoadjuvant 

treatment. This has been widely studied in relation to neoadjuvant 

chemotherapy, with hormone negative tumours exhibiting better pCR rates 

than hormone receptor positive tumours [304, 316, 382, 383].  



Chapter 5: Neoadjuvant Chemoradiation 

156 

 

In our patient population, there were no incidences of local or distant 

recurrence in the neoadjuvant radiation group compared to 6 in the adjuvant 

group. Although this did not reach statistical significance, it does suggest that 

addition of radiotherapy to the neoadjuvant treatment protocol has at least 

comparable safety to adjuvant radiotherapy. Monrigal et al. demonstrated that 

neoadjuvant chemo-radiation was not inferior to the traditional adjuvant 

delivery of radiotherapy in terms of disease free and overall survival [357]. 

Ludwig Roth et al. showed that neoadjuvant chemoradiation resulted in a pCR 

rate of 29.2% and a better disease free survival and overall survival, 

particularly in patients with T2 tumours [384]. 

The timing of surgery after completion of neoadjuvant chemotherapy and 

radiotherapy is paramount for the prevention of post-operative complications. 

It is known that surgery within 2 weeks of chemotherapy can have detrimental 

effects on outcomes, whereas wounds from surgery carried out several weeks 

after chemotherapy heal with superior tensile strength [376]. It is generally 

accepted that 4-6 weeks is the optimum time to operate post-radiotherapy, 

when skin desquamation has settled [371]. Therefore, the 48-day interval 

between completion of radiotherapy and mastectomy in our study is 

acceptable. The paucity of evidence for timing of tumour resection post-

neoadjuvant treatment is not limited to breast cancer surgery and requires 

well-designed RCTs to guide future treatment guidelines [371].  

Overall, neoadjuvant chemoradiation is a feasible way of delivering breast 

cancer treatment as it results in a shorter treatment time with improved access 

to breast reconstruction, without increasing complication rates and without 

any short term increase in locoregional recurrence.  

5.5 Conclusion 

Neoadjuvant chemoradiation followed by mastectomy and reconstruction is 

a feasible way of delivering breast cancer treatment and has the potential 

benefits of it resulting in a shorter treatment time without increasing the rate 

of complications. A larger case series to demonstrate the clinical safety of this 

novel treatment sequence is required as follow on to this pilot study. 
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6.1 Introduction 

Breast reconstruction improves psychosocial and quality of life outcomes for 

the 40% of breast cancer patients who will require mastectomy in order to 

achieve locoregional disease control [6, 10]. Rates of mastectomy are 

currently increasing secondary to increased diagnosis of BRCA and other 

high risk genetic mutations and an increased demand for contralateral 

prophylactic mastectomy [385-387]. There is also an increasing trend for 

patients who are eligible for breast conserving surgery to opt for mastectomy 

[7]. According to the 2009 NICE guidelines, immediate breast reconstruction 

should be offered to all mastectomy patients [388].  

While satisfactory aesthetic outcomes are possible with existing methods of 

breast reconstruction, there are significant limitations associated with all 

breast reconstruction strategies currently utilised. Implant reconstruction is 

currently the most commonly performed breast reconstruction procedure 

[31], secondary to cited advantages such as shorter operation times, lack of 

donor site morbidity, and quicker return to normal activities [389]. However, 

this method of breast reconstruction is associated with limitations such as the 

need for a second operative procedure to replace tissue expanders with a 

permanent implant, implant rupture and extrusion, capsular contracture, the 

need for implant replacement every 5-10 years and the more recently 

recognised breast implant-associated anaplastic large cell lymphoma [45, 58, 

390]. Autologous procedures are currently the gold standard for breast 

reconstruction [72]. However, these procedures are associated with morbidity 

at both the donor and recipient sites. Tissue flap necrosis and loss may occur 

secondary to ischaemia of transferred tissue. Complications such as wound 

dehiscence and abdominal wall herniae may occur at donor sites. These 

procedures also require a longer operative time, longer hospital stays and 

involve a prolonged recovery [348]. Autologous reconstruction procedures 

incorporating microvascular anastomoses are also exquisitely complex, 

requiring a high level of surgical skill and training, thus making these 

reconstructive options only available in specialist centres [87].  
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In recent decades, there has been an increasing research focus on stem cells 

and their use in regenerative surgery with the potential to repair, replace 

and/or regenerate cells, tissues and organs to restore those lost through 

disease. Adipose derived stem cells (ADSCs) and adipose tissue engineering 

have emerged as an opportunity to develop novel approaches to breast 

reconstruction with the potential for an autologous tissue source with a natural 

appearance and texture after mastectomy. ADSCs are rapidly becoming the 

gold standard cell source for tissue engineering purposes as they are abundant 

in adipose tissue which is easily harvested via liposuction procedures, 

allowing for autologous stem cell donation [149]. They are capable of 

differentiating into multiple mature cell types and have an immunophenotype 

that is more than 90% identical to bone marrow derived stem cells [112]. 

ADSCs secrete growth factors such as vascular endothelial growth factor 

(VEGF), hepatocyte growth factor (HGF),  fibroblast growth factor 2 (FGF-

2) and insulin like growth factor 1 (IGF-1), all of which are involved in 

adipose tissue regeneration and vasculogenesis, adding to their suitability for 

adipose tissue engineering [152, 163]. ADSCs are central to the new and 

emerging field of regenerative surgery and are currently being trialled in 

several clinical applications such as in the treatment of osteoarthritis, bladder 

bioengineering, treatment of ischaemic heart disease and chronic limb 

ischaemia [391-395].  

The primary challenge of adipose tissue engineering in breast reconstruction 

is generating an adequate tissue volume to recreate the breast mound after 

mastectomy. However, an additional challenge is posed when utilising 

autologous stem cells in a population that have had a cancer diagnosis. As 

yet, the role of stem cells in breast cancer development and metastasis is not 

completely understood; therefore, we must consider the oncological safety of 

an autologous source of ADSCs for use in breast regeneration. The concern 

regarding the use of autologous stem cells in tissue engineering is as a result 

of the same cell characteristics that make them attractive for tissue 

regeneration: immune-modulatory, pro-survival, pro-angiogenic and anti-

apoptotic effects, immunosuppression, tissue growth and cellular homing are 

also dysregulated in tumorigenesis [396]. It is possible that ADSCs 
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introduced to a site where a malignant tumour has been excised will 

contribute to stromal support for cancer cells and deliver local inflammatory 

cytokines and/or growth factors, facilitating residual cancer cell survival and 

growth. ADSCs have been used clinically in autologous fat grafting and cell-

assisted lipotransfer. A retrospective clinical study by Petit et al. 

demonstrated an increased rate of disease recurrence in patients with 

intraepithelial neoplasia who underwent fat grafting procedures [397]. 

However, larger studies of invasive breast cancer have demonstrated no 

evidence of increased rates of disease recurrence. However, there are few 

clinical trials in this area and for those that have been published; the length of 

follow up is short. The prospective RESTORE-2 trial demonstrated 

encouraging results with no increased risk of disease recurrence after ADSC-

enriched fat grafting, however this study only has a 12 month follow up, 

therefore these results are not conclusive [398].  

The aim of this study was to assess the suitability of ADSCs isolated from 

breast cancer patients for adipose tissue regeneration, specifically focusing on 

(a) the effect of adipose tissue harvest site on adipose stem cells (b)   the effect 

of the presence of a breast tumour and (c) the effect of treatment received  
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6.2 Materials and Methods 

6.2.1 Patient Groups 

Adipose tissue samples were collected from four distinct patient groups: 

1. Breast cancer (BC): Breast adipose tissue from breast cancer patients 

at time of primary tumour excision. These patients had no treatment 

prior to primary surgery 

2. BC Post-NAC: Breast adipose tissue from breast cancer patients who 

received  neoadjuvant chemotherapy prior to tumour excision 

3. BC – Abdominal: Abdominal wall adipose tissue from breast cancer 

patients at the time of primary tumour excision. These patients had no 

treatment prior to primary surgery.  

4. Control – Abdominal: Abdominal wall adipose tissue from normal, 

healthy, non-cancer control patients at time of elective surgery (i.e. 

abdominoplasty) 
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Table 6.1 - Clinicopathological details 

 

Breast 

Cancer 

(n = 10) 

BC – Post-

NAC 

(n = 5) 

BC – 

Abdominal 

(n = 5) 

Control – 

Abdominal 

(n = 5) 

Age  
51 (21 – 

66) 
59 (46 – 68) 58 (38 -71) 52 (32-59) 

T 1-3 0-3 1-2 n/a 

N 0-1 0-2 0-1 n/a 

Tumour 

biologic 

subtype 

Luminal 

A/B 

Luminal 

A/B 
Luminal A n/a 

Neoadjuvant 

chemotherapy 

received 

n/a 
Dose dense 

ACT 
n/a n/a 

Pathological 

response 
n/a 

1 x 

complete 

pathological 

response 

4 x Grade 3  

Miller 

Payne 

response 
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6.2.2 ADSC Harvest and Culture 

Adipose tissue was excised by en bloc resection and collected in complete 

media (DMEM + GlutaMax, heat inactivated foetal bovine serum, 

penicillin/streptomycin) in a sterile pot and transferred immediately to the 

primary cell culture laboratory. The adipose tissue was rinsed in 

penicillin/streptomycin and minced. This was then digested overnight in Type 

III collagenase. The SVF was then isolated by centrifugation and resuspended 

in culture media (DMEM + GlutaMax + foetal bovine serum + 

penicillin/streptomycin). Cell media was changed every 2-3 days. Cells were 

used for experiments only between passages 3 and 5.  

6.2.3 Cell Morphology 

Cell morphology of ADSCs was examined using a light microscope in a T175 

flask at 75% confluency. Images of the cells were obtained using an Olympus 

c-7070 Wide Zoom digital camera.  

6.2.4 Flow Cytometry 

Flow cytometry was carried out to assess cell surface markers and identify a 

stromal cell population. Cells were incubated with monoclonal antibodies 

directed against CD105, CD73, CD90, CD45, CD34 and CD 14 and against 

isotype controls PeQCy, PE, PeCy5.5 RPE, APC and FITC. The cell 

suspension was transferred to a 96 well plate for analysis by the flow 

cytometer (Guava easyCyte 8HT, Merck, Millipore, Darmstadt, Germany). 

Data analysis was carried out using Guava 2.2 InCyte software (Merck 

Millipore, Darmstadt, Germany).  

6.2.5 Osteogenic Differentiation 

ADSCs were trypsinised and seeded into 6 well plates and treated with 

osteogenic media (DMEM + GlutaMax + foetal bovine serum + 

penicillin/streptomycin + 1mM Dexamethasone + 10mM Ascorbic acid + β-

glycerophosphate). Media was changed twice a week and the assay harvested 

after 10 days. Cells were then stained with Alizarin Red to identify calcium 

and osteogenic differentiation.  
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6.2.6 Adipogenic Differentiation  

ADCSs were trypsinised and seeded into 6 well plates and treated with 

adipogenic induction media (DMEM + GlutaMax + foetal bovine serum + 

penicillin/streptomycin + insulin 10mg/ml + indomethacin 100mM + 500mM 

MIX). ADSCs were treated with induction media for three days which was 

then exchanged for maintenance media (DMEM + GlutaMax + foetal bovine 

serum + penicillin/streptomycin + insulin 10mg/ml) for one day. This was 

then replaced by induction media for a further three days (figure 6.1). These 

media changes were repeated until three cycles in induction and maintenance 

media had been completed. After three cycles, ADCSs were left in 

maintenance media for 7 days. After this, cells were fixed and stained with 

Oil Red O.  
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Figure 6.1 - 19 day ADSC differentiation protocol 
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6.2.7 Cell Proliferation 

Cell proliferation was assessed by an AlamarBlue® assay (ThermoFischer 

Scientific). 3 test wells were set up in a 24 well plate and 10,000 cells seeded 

into each well. Cell proliferation was measured at day 1, 4 and 7. The number 

of viable cells correlated with the magnitude of dye reduction and was 

expressed as a percentage of AlamarBlue® reduction.  

6.2.8 Gene Expression  

RNA was extracted from a cell pellet of ADSCs using the Roche MagNA 

Pure Compact system. Once extracted, RNA concentration and integrity was 

measured using the NanoDrop® ND-1000 Spectrophotometer (NanoDrop 

Technologies Inc, Wilmington, DE, USA). For cDNA synthesis, aliquots of 

total RNA equivalent to 1µg were reverse transcribed using SuperScript III 

reverse transcriptase enzyme (Invitrogen, Carlsbad, CA, USA). PCR was the 

technique used to amplify DNA across several orders of magnitude, 

generating multiple copies of a specific DNA sequence. The RQ-PCR 

instrument used was the ABI Prism®  7000 sequence detection system 

(Applied Biosystems). The genes targeted were Adipogenic genes - 

Lipoprotein Lipase (LPL), Peroxisome Proliferator-activated Receptor 

Gamma (PPAR-γ), Fatty Acid Binding Protein 4 (FABP4),  and genes known 

to be involved in breast carcinogenesis and progression Hepatocyte Growth 

Factor (HGF), Fibroblast Growth Factor 2 (FGF2), Stromal Cell-Derived 

Factor-1 (SDF1/CXCL12) and Chemokine (C-C motif) ligand 2 (CCL2).  

6.2.9 Cytokine Assessment 

Cytokine analysis of cell conditioned media from ADSCs from each of the 

four patient groups was carried out. Cell conditioned media was harvested 

from ADSCs during differentiation towards an adipogenic lineage by 

treatment with adipogenic media. ADSCs were seeded at 40,000 cells per 

well in a 6 well plate and placed in an incubator at 37˚C, 5% CO2 for 24 hours. 

Cell conditioned media was harvested at this time point for analysis. ADSCs 

were then treated with adipogenic media as the protocol in figure 1, with cell 

conditioned media harvested at day 8 for cytokine analysis. Cell conditioned 
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media at day 19, when adipogenic differentiation was complete, was also 

harvested for cytokine analysis. This was completed using the Proteome 

Profile Human XL Oncology Array Kit (RnD systems, Minneapolis, 

Minnesota, United States). Protein estimation prior to carrying out the 

ChemiArray was carried out using the ThermoScientific™ Pierce™ BCA 

Protein Assay (Pierce Technology, Rockford, Illinois, United States). Protein 

concentrations were determined and reported with reference to standards of a 

common protein such as bovine serum albumin (BSA). ChemiArray analysis 

was performed for ADSC lysate and cell conditioned media from 

undifferentiated ADSCs from each source. ChemiArray membranes were 

analysed using a BioRad ChemiDoc MP Imaging system. Analysis of 

membrane images was carried out using ImageLab™ 5.2.1 software.  

6.2.10 Enzyme-Linked Immunosorbent Assay (ELISA) 

An enzyme-linked immunosorbent assay (ELISA) was carried out to validate 

the results of the ChemiArray and to further investigate cytokines of interest 

during adipogenic differentiation. Time points for analysis included prior to 

differentiation, day 8 and day 19 of the adipogenic differentiation protocol. 

These time points were selected to investigate the ADSC secretome at early 

and late stages of adipogenesis. Cytokines selected for validation were MMP-

2, MMP-3, MMP-11 and FGF2.  A Total ELISA Quantikine Kit was for each 

of the cytokines being studied was purchased from RnD Systems 

(Minneapolis, Minnesota, United States). 
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6.3 Results 

6.3.1 Clinicopathological Details 

ADSCs from a total of 20 breast cancer patients were analysed, 10 breast 

cancer (BC), 5 BC - NAC, 5 BC – Abdominal and 5 Control – Abdominal 

(Table 1). The clinicopathologic details are outlined in table 5.1. All breast 

tumours were of Luminal subtype, with one tumour also Her2 positive. All 

those treated with neoadjuvant chemotherapy received dose dense ACT 

(doxorubicin plus cyclophosphamide followed by paclitaxel). One patient 

who received neoadjuvant chemotherapy had a complete pathological 

response to treatment at the time of tumour excision. The remaining 4 patients 

were shown to have had a Miller Payne Grade 3 (between an estimated 30-

90% reduction in tumour cells) response to treatment at the time of tumour 

excision.  

6.3.2 Cell Morphology 

ADSCs were imaged at passage 3 at 10X magnification (figure 5.2). ADSCs 

isolated and harvested from all 4 patient groups demonstrated similar 

fibroblastic cell morphology, typical of stem cells. 
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Figure 6.2 - Fibroblastic cell morphology of adipose derived stem cells at 10x magnification. A. Breast cancer B. BC – Post-NAC C. BC – Abdominal D. Control - Abdominal 
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6.3.3 Immunophenotype 

The immunophenotype of ADSCs isolated from the breast and abdomen of 

breast cancer patients and the abdomen of normal healthy controls is that of 

a stem cell population (figure 5.3). A similar immunophenotype was observed 

in all 4 patient groups: positive for CD105, CD73 and CD90; and negative 

for CD45, CD34 and CD14. 
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Figure 6.3 - Immunophenotype of cells isolated from various adipose tissue depots demonstrating a stem cell population 
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6.3.4 Osteogenic Differentiation 

ADSCs isolated from the four patient groups were treated with osteogenic 

media and harvested after a 10 day differentiation protocol as outlined above. 

Positive Alizarin Red staining was observed for all four patient groups, 

demonstrating calcium deposits and evidence of differentiation to mature 

osteocytes (figure 5.4). This differentiation potential confirms that the cells 

isolated were a stem cell population.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6: Adipose Derived Stem Cells in Breast Regeneration 

175 

 

 

 

Figure 6.4 - Alizarin Red S staining of ADSCs after osteogenic differentiation 
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6.3.5 Adipogenic Differentiation 

ADSCs isolated from the four patient groups were treated with adipogenic 

media as outlined above and were subsequently stained with Oil Red O to 

identify intracellular lipid deposits and evidence of transformation to a mature 

adipocyte cell type (figure 5.5). ADSCs from all four groups demonstrated 

evidence of differentiation to mature adipocytes. This adipogenic 

differentiation potential was then quantified using photospectometry (figure 

5.6). ADSCs harvested from the breast of patients with a tumour in situ (BC) 

demonstrated the lowest yield of mature adipocytes. Interestingly, ADSCs 

isolated from the breast of patients who had completed neoadjuvant 

chemotherapy (BC-NAC) had a greater yield of mature adipocytes. However, 

ADSCs from the abdominal wall of patients with a breast cancer (BC-ABD) 

demonstrated the greatest yield of mature adipocytes.  

 



Chapter 6: Adipose Derived Stem Cells in Breast Regeneration 

177 

 

 

Figure 6.5 - Oil Red O staining of ADSCs after adipogenic differentiation  
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Figure 6.6 - Absorbance of Oil Red O from mature adipocytes as a marker of adipogenic 

potential. Yield of mature adipocytes in each group following the adipogenic differentiation 

protocol of each group was compared to Control-Abdominal patients. Statistical analysis for 

significance was carried out using one-way ANOVA. ** denotes statistical significant difference 

when compared to Control-Abdominal group with p < 0.01. * denotes statistical significant 

difference when compared to Control-Abdominal group with p < 0.05.  
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6.3.6 Adipogenic Gene Expression  

Gene expression analysis was carried out on undifferentiated ADSCs and 

ADSCs after they had been treated with adipogenic media over a 19 day 

protocol to induce adipogenic differentiation. Gene expression of adipogenic 

genes LPL, PPARγ and FABP4 was quantitated using RQ-PCR (figure 5.7). 

In undifferentiated ADSCs, the only statistically significant difference 

observed was a higher expression in PPARγ in the breast cancer breast 

adipose tissue group (BC)  compared to the breast cancer abdominal adipose 

tissue group (BC-Abdo) (p = 0.046). Gene expression of the same genes was 

also examined in ADSCs after they had been differentiated to mature 

adipocytes by treatment with adipogenic media (day 19). These genes were 

expressed in all groups, however there was no statistically significant 

difference in expression between the groups.  
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Figure 6.7 - Adipogenic gene expression in ADSCs pre-differentiation. * denotes statistical 

significant difference when compared to the Breast Cancer group with p < 0.05.  

* 
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6.3.7 ADSC Proliferation 

Undifferentiated ADSC proliferation was measured at day 1, 4 and 7 after cell 

seeding (figure 5.8). ADSCs isolated from breast cancer patients had a 

proliferation rate 17% higher than normal healthy controls at day 4. ADSCs 

from patients in receipt of chemotherapy was lower, at 88% of that of normal 

healthy controls at day 1 and remained consistent at that level at all time 

points. The proliferation rate of abdominal ADSCs from both breast cancer 

patients and normal healthy controls were comparable across all time points. 
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Figure 6.8 - ADSC proliferation at day 1, 4 and 7. % AlamarBlue reduced depicts the mean proliferation rate of ADSCs isolated from 5 patients in each group at each time point. 

Error bars depict the standard deviation of the mean. Statistical significance was determined using one-way ANOVA. * denotes statistical significant difference when compared to 

the Breast Cancer group within the same time point with p < 0.05. ** denotes statistical significant difference when compared to the Breast Cancer group within the same time point 

with p < 0.01. “†” denotes statistical significant difference when compared to the Breast Cancer group at day 1 with p < 0.01.  
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6.3.8 Gene Expression  

Gene expression analysis was carried out to quantitate the expression of 

specific genes known to be dysregulated in breast cancer and to be 

representative of pathways involved in breast cancer progression & 

metastasis (table 5.2). These genes were HGF, FGF2, VEGFA, CCL2 and 

CXCL12. The most significant differences seen were between the Breast 

Cancer and BC-NAC groups. Expression of HGF (p = 0.007), FGF2 (p= 

0.014) and VEGFA (p = 0.011) were all upregulated in ADSCs from breast 

cancer patients who had not received any treatment compared to ADSCs from 

breast cancer patients treated with NAC (figure 5.9). There was no significant 

difference in the genetic expression of CCL2 and CXCL12 among the ADSC 

groups.  

In ADSCs from patients treated with NAC, FGF2 (p = 0.049) and VEGFA (p 

= 0.011) were also down-regulated compared to abdominal ADSCs from 

breast cancer patients and VEGFA was down-regulated compared to 

abdominal ADSCs from healthy controls (p = 0.047). As such, ADSCs 

isolated from patients treated with NAC demonstrated the lowest genetic 

expression of FGF2 and VEGFA, genes known to play a significant role in 

angiogenesis.  

Gene expression analysis was also carried out on ADSCs following 

differentiation into mature adipocytes. No significant differences in gene 

expression in mature adipocytes were observed between the groups.  

Gene expression was compared between matched samples of undifferentiated 

ADSCs and those differentiated to mature adipocytes (figure 5.11). 

Expression of HGF (p = 0.009), FGF2 (p = 0.005) and VEGFA (p = 0.009) 

was upregulated in the undifferentiated vs. the differentiated ADSCs in the 

Breast Cancer group (figure 5.10).  
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Table 6.2 - Genes investigated known to be dysregulated in breast cancer and representative of 

pathways involved in breast cancer progression and metastasis 

Hepatocyte growth 

factor (HGF) 

Ligand of the c-Met receptor. Involved 

in tumour cell-cell interactions, matrix 

adhesion, migration, invasion and 

angiogenesis 

[399, 

400] 

Basic fibroblastic 

growth factor 

(FGF2) 

Promotes autocrine and paracrine 

growth control of malignant tumours and 

displays potent angiogenic activity. 

Increases motility and invasiveness of 

cancer 

[401] 

Vascular endothelial 

growth factor A 

(VEGFA) 

A potent endothelial cell mitogen and a 

regulator of vascular permeability. 

Associated with poor prognosis in breast 

cancer 

[402] 

Chemokine (C-C) 

Ligand 2 (CCL2) 

Plays a role in metastatic seeding of 

breast cancer cells via recruitment of 

inflammatory monocytes 

[403] 

Chemokine (C-X-C) 

Ligand 12 

(CXCL12) 

CXCL12 and its receptor CXCR4 play a 

role in regulating metastasis of breast 

cancer to specific organs. Tumour cells 

express a high level of CXCR4 and 

tumour metastasis target tissues express 

high levels of ligand CXCL12 creating a 

chemotactic gradient allowing breast 

cancer cell migration 

[404] 
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Figure 6.9 - Gene expression analysis of ADSCs for VEGFA, HGF and FGF2. Patient groups 

were compared using statistical test one-way ANOVA. * denotes statistical significant difference 

with p < 0.05. ** denotes statistical significance with p < 0.01. 
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Figure 6.10 - Gene expression analysis results for VEGFA, HGF and FGF2 in undifferentiated 

vs. differentiated ADSCs. Groups were compared using statistical test one-way ANOVA. ** 

denotes statistical significant difference with p < 0.01.  

 

** 

** 
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6.3.9 Chemi-Array Cytokine Analysis 

Analysis of cytokines released by ADSCs in cell culture was carried out using 

a commercially available ChemiArray (Proteome Profiler Array Human XL 

Oncology Array Kit, R&D Systems). Analysis of both ADSC cell lysate and 

cell conditioned media was undertaken as described in section 5.2.9.  Figures 

5.11, 5.12 and 5.13 show cytokines of interest that were detected by the 

ChemiArray. The ChemiArray was used to test the cell lysate and cell 

conditioned media of one patient as a screening tool for further validation by 

ELISA on greater patient numbers.  

Several cytokines were identified in the cell lysate (figure 6.13). CD105 was 

identified which, in breast cancer, reflects neoangiogenesis and endothelial 

activation [405]. Enolase 2 was also identified, which is involved in increased 

anaerobic glycolysis, the main source of energy in cancer cells, supporting 

cell proliferation [406]. Vimentin is an intermediate filament protein 

associated with high tumour invasiveness and chemoresistance [407]. EGFR 

was detected in cell lysate samples, the ligands of which induce cell 

proliferation, alter cell adhesion and motility, protect against apoptosis  and 

promote invasion and angiogenesis [408]. Of particular interest was FGF 

basic (FGF2) expression which was increased in the Breast Cancer group. 

Thus further analysis by enzyme linked immunosorbent assays (ELISA) to 

validate results relating to a subset of the identified cytokines was undertaken.  

In cell conditioned media, cytokines known to be involved in invasion and 

metastasis appeared to be secreted at different levels by ADSCs from 

different sources; MMP-2 had a higher expression in breast cancer patients 

than in healthy controls. MMP-3 was seen to be increased in the BC-NAC 

group.  
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Figure 6.11 - ChemiArray membrane 
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Figure 6.12 - ChemiArray analysis results of ADSC lysate. Highlighted results (FGF basic) demonstrates a cytokine that was chosen for validation by ELISA based on ChemiArray 

analysis results.  
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Figure 6.13 - ChemiArray analysis results of undifferentiated ADSC cell conditioned media. Highlighted results (MMP-2, MMP-2) are cytokines that were chosen for further 

validation using an ELISA based on the ChemiArray results. 
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6.3.10 ELISA 

For further investigation of specific cytokines and their secretion pattern 

throughout the process of adipogenesis ELISAs were performed on cell 

conditioned media harvested from undifferentiated ADSCs prior to being 

commenced on an adipogenic differentiation protocol, ADSCs on day 8 of an 

adipogenic differentiation protocol and ADSCs on day 19 of an adipogenic 

differentiation protocol when the protocol is complete to represent early and 

late stages of adipogenesis respectively. MMP-2, MMP-3 and FGF2 were 

selected for further validation of the ChemiArray results by ELISA. MMP-11 

was selected as this cytokine is suggested in the literature to play a role in the 

dedifferentiation of adipocytes in breast cancer. ELISA was carried out on 5 

patients in each group and in duplicate on each plate. A standard curve was 

generated against known standards on each plate to prevent inter-assay 

variability.  

6.3.10.1 MMP-2 

MMP-2 secretion was compared at all time points as the cells progressed 

through adipogenesis for each patient group (figure 5.14). There was no 

significant change in the quantity of MMP-2 secreted as ADSCs 

differentiated towards a mature adipocyte cell type for any individual patient 

group.  

MMP-2 secretion between the patient groups at each time point was then 

compared. Undifferentiated ADSCs (day 1) isolated from the Breast Cancer 

group demonstrated increased secretion of MMP-2 compared to the BC - 

Abdominal group (p = 0.045, one-way ANOVA) and the Control – 

Abdominal group (p = 0.036).  



Chapter 6: Adipose Derived Stem Cells in Breast Regeneration 

192 

 

 

Figure 6.14 - ELISA analysis of MMP2 secretion in cell conditioned media. MMP-2 secretion 

between patient groups was compared at all time points.  

* denotes statistical significant difference compared to the Breast Cancer group of the same time 

point with p < 0.05.  

† denotes statistical significant difference compared to the Breast Cancer group at the same time 

point with p < 0.05.  
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6.3.10.2 MMP-3 

There was no significant difference in the secretion of MMP3 among the 

patient groups (figure 5.15). There was a trend towards increased secretion of 

MMP-3 in undifferentiated ADSCs in the Breast Cancer and BC-Post-NAC 

groups; however, this did not reach statistical significance. Expression 

decreased during adipogenic differentiation in all groups.  

 

 

Figure 6.15 - ELISA analysis of MMP-3 secretion in cell conditioned media 
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6.3.10.3 MMP-11 

MMP-11 secretion was compared at all time points for each patient group 

(figure 5.16). In the Breast Cancer group, there was increased secretion of 

MMP-11 at day 8 (p = 0.013) and at day 19 (p = 0.014) compared to day 1.  

MMP-11 secretion between the patient groups at each time point was then 

compared. At day 8, the Breast Cancer group demonstrated increased 

secretion of MMP-11 compared to the BC-Abdominal (p < 0.001) and the 

Control-Abdominal (p < 0.001) groups. At the same time point, the BC-Post-

NAC group also demonstrated a higher secretion of MMP-11 compared to 

the BC-Abdominal group (p = 0.032).  

 

Figure 6.16 - ELISA analysis of MMP-11 secretion in cell conditioned media. MMP-11 secretion 

between the patient groups at each time point was compared.  

‡ denotes statistical significant difference when compared to the Breast Cancer group at the same 

time point with p < 0.001.  

Δ denotes statistical significant difference when compared to the BC-Abdominal group at the 

same time point with p < 0.05.  

* denotes statistical significant difference when compared to the Breast Cancer group at day 1 

with p < 0.05.  

† denotes statistical significant difference when compared to the same patient group at day 8 with 

p < 0.05. 
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6.3.10.4 FGF2 

FGF2 secretion was compared at all time points for each patient group. In the 

Breast Cancer group, there was increased secretion at day 8 compared to day 

1 (p = 0.005) (figure 5.17). Conversely, in the BC-Abdominal group, there 

was increased secretion of FGF2 at day 1 compared to day 19 (p = 0.006). In 

the Control-Abdominal group, there was increased secretion of FGF2 at day 

1 compared to day 8 (p = 0.009) and day 19 (p < 0.001).  

FGF2 secretion between patient groups at each time point was then compared. 

At day 1, there was increased secretion of FGF2 in the control group 

compared to the Breast Cancer (p < 0.001), BC-Post-NAC (p = 0.001) and 

BC-Abdominal (p = 0.007) groups. At day 8, there was increased secretion of 

FGF2 in the Breast Cancer group compared to the BC-Post-NAC group (p = 

0.014). At day 19, there was increased secretion of FGF2 in the BC-Post-

NAC group compared to the BC-Abdominal (p = 0.011) and Control-

Abdominal (p = 0.014) groups. 

 

Figure 6.17 - ELISA analysis of FGF2 secretion in cell conditioned media.  

** denotes statistical significant difference when compared to the Breast Cancer group at day 1 

with p < 0.01.  

†† denotes statistical significant difference when compared to BC-Abdominal group at day 1 with 

p < 0.01.  

‡‡ denotes statistical significant difference when compared to the Control-Abdominal group at 

day 1 with p < 0.01. 
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Figure 6.18 - ELISA analysis of FGF2 secretion in cell conditioned media.  

** denotes statistical significance when compared to the Control-Abdominal group at the same 

time point with p <0.01.  

*** denotes statistical significant difference when compared to the Control-Abdominal group at 

the same time point with p < 0.001.  

† denotes statistical significant difference when compared to Breast Cancer group within the 

same time point with p < 0.05.   

‡ denotes statistical significant difference when compared to the BC-Post-NAC group within the 

same time point with p < 0.05.  
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6.4 Discussion 

Although there has been significant advancement made in the field of adipose 

tissue engineering and in the use of ADSCs as a cell source in this regard, 

there are several outstanding issues that must be addressed before adipose 

tissue engineering can be considered for translation to the clinical setting in 

breast reconstruction. These include identification of the most appropriate 

adipose tissue depot from which to isolate ADSCs; the assessment of the 

effect systemic breast cancer treatments have on ADSCs isolated and how 

these effects may influence their suitability for use in adipose tissue 

regeneration; and the identification of potential oncological risks in the use of 

these various ADSC types in breast reconstruction practices.  

Many studies have been carried out utilising ADSCs isolated from the 

abdominal wall subcutaneous fat [409-411]. There are fewer studies in which 

ADSCs have been isolated from breast subcutaneous fat [412]. There has 

been very limited work carried out in ADSCs isolated from the breast 

subcutaneous fat when there has been a breast tumour in situ [149, 236, 413]. 

Additionally, there has been no published work to date on ADSCs isolated 

from patients with breast cancer who have been treated with neoadjuvant 

chemotherapy. More often, ADSCs in this scenario have been isolated from 

the tumour itself, as opposed to the surrounding adipose tissue [414]. Initial 

experiments carried out in the present study were undertaken to identify 

whether the cells isolated from the adipose tissue excised were indeed a stem 

cell population. Cells isolated from each of the four patient groups were 

shown to have similar morphology, regardless of cancer diagnosis, adipose 

tissue depot or neoadjuvant chemotherapy received. All isolated ADSCs 

demonstrated a fibroblastic, adherent morphology typical of stem cells. The 

immunophenotype of the isolated cells was then examined by flow cytometry. 

According to the International Society for Cellular Therapy, the minimal 

criteria for identification of a stem cell population includes a plastic adherent 

cell when maintained in standard cell culture conditions, a cell population that 

expresses CD105, CD73 and CD90 and shows no expression for CD45, CD34 

and CD14. Additionally, stem cells must also demonstrate multi-differential 

potential, as was shown in this study, by differentiation of the isolated cells 
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into mature adipocytes and osteoblasts, as demonstrated by Oil Red O and 

Alizarin Red S staining [138]. Thus, these experiments confirmed that 

ADSCs can be successfully isolated from fat harvested from the breast and 

abdomen of breast cancer patients, including those that have been treated with 

NAC at the time of therapeutic surgery. As such, there is potential for breast 

cancer patients to be autologous stem cell donors for breast reconstruction 

utilising ADSCs and tissue engineering strategies. However, before 

autologous donation can be considered in the clinical setting, the suitability 

and oncological safety of such a strategy must be assessed.  

In this study, the adipogenic differentiation potential of each of the four 

patient groups was assessed in order to determine which adipose tissue depot 

provided ADSCs that would be most effective for tissue volume generation 

in adipose tissue engineering strategies. It was shown that ADSCs isolated 

from adipose tissue in the vicinity of a breast tumour that were treated with 

adipogenic media generated the least amount of mature adipocytes and as 

such, had the poorest adipogenic potential. The adipogenic potential of 

ADSCs isolated from the breast adipose tissue of patients treated with 

neoadjuvant chemotherapy had greater/superior adipogenic potential, 

confirmed by photospectometric quantification of Oil Red O staining of 

intracellular lipid in mature adipocytes following the differentiation process. 

The increased amount of mature adipocytes generated by the ADSCs isolated 

from abdominal tissue of breast cancer patients suggests that the factor 

reducing the rate of adipogenic differentiation of the breast ADSCs in breast 

cancer patients may only be present in close proximity to the tumour within 

the breast, and not present systemically. Additionally, we hypothesise that 

this factor or what is responsible for its secretion is sensitive to the effects of 

cytotoxic chemotherapy, as a greater yield of mature adipocytes was 

generated by ADSCs from patients treated with NAC. As such, abdominal 

ADSCs were shown to possess the greatest adipogenic potential and be most 

suitable for breast regeneration purposes before consideration of oncological 

safety.  

ADSCs isolated from the Breast Cancer group demonstrated increased 

expression for the adipogenic gene PPAR-γ. This gene has been shown to be 
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over-expressed in many tumour types, including breast cancer, possibly 

explaining the results observed in this experiment [415]. 

A ChemiArray was performed on cell conditioned media harvested from 

undifferentiated ADSCs and on the cell lysate of undifferentiated ADSCs to 

identify cytokines/adipokines being produced to assess if factors secreted 

may influence the adipogenic potential of ADSCs and also to assess if any 

secreted factors may signify an increased oncologic risk. A group of matrix 

metalloproteinases (MMPs) along with basic fibroblast growth factor (FGF2) 

differed in their secretion profile between the cell groups. MMPs are 

responsible for the degradation of the extracellular matrix within tissues 

which is central to the processes of morphogenesis, wound healing, tissue 

repair and remodelling in response to injury and in the progression of 

diseases, such as breast cancer [416]. MMPs are usually paracrine factors 

secreted by connective tissue cells such as ADSCs [417]. They are typically 

synthesised and secreted by stromal cells in the vicinity of a tumour, and not 

by the genetically altered tumour cells themselves [418]. The results of the 

ChemiArray were validated and further explored through quantitation of 

these cytokines in cell conditioned media at early and late stages of 

adipogenesis.  

MMP-11 which is a negative regulator of adipogenesis and may be 

responsible in part for the “dedifferentiation” of adipocytes and has also been 

shown to decrease pre-adipocyte differentiation [417, 419] was identified at 

significantly higher levels in the Breast Cancer group during early 

differentiation of ADSCs towards an adipogenic lineage.  There is in vitro 

evidence of induction of mature adipocyte “dedifferentiation” in response to 

recombinant MMP-11 [420]. Therefore, MMP-11 may be responsible for the 

reduced adipogenic potential observed in the BC group in this study. MMP-

11 is known to be expressed by cancer associated adipocytes found in close 

proximity to invading cancer cells at the breast cancer invasive tumour front 

[419]. A subset of adipocytes known as “cancer associated adipocytes” 

(CAAs) have been shown to play an active role in tumour progression and 

metastasis. CAAs are mature adipocytes that have dedifferentiated into 

preadipocytes through loss of their lipid droplet and adopted a fibroblastic 
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morphology. This cell type increases tumour growth, tumour invasion via 

greater epithelial-mesenchymal transition (EMT) and results in a radio-

resistant breast cancer phenotype [419]. MMP-11 allows breast cancer cells 

to partake in bidirectional signalling with adipocytes and ADSCs in close 

proximity to the tumour [421]. MMP-11 is therefore involved in the 

accumulation of fibroblast-like cells which are possibly de-differentiated 

adipocytes, since these cells are morphologically identical to fibroblasts 

[417]. These non-malignant peri-tumoural fibroblast-like cells favour cancer 

survival and tumour progression [422]. In the present study, the increased 

secretion of MMP-11 by ADSCs isolated from breast adipose tissue of breast 

cancer patients may be as a result of their close proximity to the breast tumour 

prior to excision, which is concerning from an oncological standpoint. 

Additionally, the decreased secretion of MMP-11 in the BC – Post-NAC 

group may be as a result of the partial or complete pathological response to 

neoadjuvant chemotherapy observed in this patient group.   

FGF2 has also been shown to have a role in the differentiation of ADSCS 

towards an adipogenic lineage. Secretion of FGF2 was significantly higher in 

cell conditioned media of ADSCs isolated from breast adipose tissue 

compared to controls at the end of the differentiation protocol. Gene 

expression of FGF2 was also significantly upregulated in the Breast Cancer 

group. FGF2 has been shown to supress differentiation of mesenchymal stem 

cells by inducing Twist-2 and Sprouty4 [423]. In vivo evidence for the 

negative adipogenic function of FGF2 also exists with the observation that 

MSCs from mice deficient in FGF2 displayed enhanced adipogenic potential 

[423]. The increased secretion of MMP-11 and FGF-2 demonstrated in the 

Breast Cancer group, after induction of adipogenesis, may contribute to the 

reduced adipogenic potential observed in this BC untreated group.  

In addition to identifying an adipose tissue depot with ADSCs most capable 

of generating adipose tissue volume for breast reconstruction, the adipose 

tissue depot containing ADSCs which can be safely used in autologous stem 

cell donation from an oncological standpoint must also be identified. The 

expression of genes known to be associated with breast cancer development 

and progression was quantitated in samples from each group, in 
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undifferentiated ADSCs and mature adipocytes. Significant differences in the 

expression of VEGFA, HGF and FGF2 were observed.  

VEGFA plays an important role in angiogenesis in physiological and 

pathological processes, including breast cancer tumour growth. It has been 

shown that tumours can promote the production of VEGF in the adjacent 

stroma, encouraging further tumour growth [424]. In the present study, the 

genetic expression of VEGF-A was shown to be down-regulated in the 

ADSCs of those patients who had been treated with dose-dense ACT 

neoadjuvant chemotherapy (doxorubicin plus cyclophosphamide followed by 

paclitaxel). Duyndam et al. investigated whether the DNA-damaging drugs 

cisplatin and doxorubicin affect VEGF-A expression and hypoxia-inducible 

factor-1α (HIF-1α) activity in ovarian cancer cell lines. They showed that 

cisplatin and doxorubicin abolished HIF-1α induced VEGF-A mRNA 

expression in all three cancer cell lines and that basal VEGF-A mRNA 

expression was also down-regulated [425]. Therefore, the receipt of 

doxorubicin in the patient population in this study can explain the reduction 

in VEGF-A expression in ADSCs harvested from breast adipose tissue. 

Therefore, ADSCs isolated from breast adipose tissue of patients treated with 

NAC are potentially safer for use in adipose tissue regeneration than ADSCs 

isolated from breast adipose tissue of breast cancer patients who have not 

received any neoadjuvant therapy prior to tumour excision. However, while 

the increased expression of genes involved in angiogenesis is a concern with 

regard to the oncological safety of using autologous ADSCs from breast 

cancer patients for breast regeneration, the expression of angiogenic genes 

could be potentially advantageous in terms of tissue engineering, as 

vascularisation of an engineered tissue graft is essential for its success. As 

such, striking the correct balance between successful regeneration of breast 

adipose tissue and oncological safety remains the challenge of tissue 

engineering in this breast cancer population.  

Hepatocyte growth factor (HGF) is secreted by stromal cells and is known to 

stimulate epithelial cell proliferation, motility, morphogenesis and 

angiogenesis via tyrosine phosphorylation of its receptor, c-Met [426]. HGF-

C-Met signalling is a downstream function of the c-SRC-Stat3 pathway in 
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tumorigenesis in mammals [400]. The Breast Cancer ADSC group in this 

study displayed significantly higher HGF expression than that of the other 

patient groups. HGF expression was downregulated in the BC – Post-NAC 

group. Eterno et al demonstrated using an in-vivo model that HGF expression 

was found to significantly correlate with the ability of ADSCs to influence 

tumorigenic behaviour of epithelial cells. Experiments using c-Met inhibitors 

suggested that HGF/c-Met crosstalk between ADSCs and breast cancer cells 

could have a role in promoting cancer cell migration and tumour growth. 

[427]. Therefore, the increased expression of HGF in the Breast Cancer 

ADSC group of the present study is of concern in the consideration of the use 

of these cells for adipose tissue engineering purposes. Firstly, it could be 

proposed that the elevated HGF expression may promote disease recurrence 

should there be any residual cancer cells remaining at time of ADSC 

implantation. Secondly this diminishes their suitability for use in adipose 

tissue engineering as it reduces their ability to differentiate into mature 

adipocytes and therefore their ability to generate tissue volume for 

reconstructive purposes. The reduced expression of HGF in ADSCs from 

patients treated with NAC suggests that these may be a safer autologous cell 

source from an oncological standpoint.  

Cytokines secreted by ADSCs are also suspected to contribute to their 

potential role in breast cancer initiation, development and metastasis, further 

demonstrating the important role the ECM has on tumorigenesis. There is a 

trend observed in this study for increased secretion of MMP-2 in the Breast 

Cancer and BC – Post-NAC groups at all time points throughout the 

adipogenic process. Secretion of this protease is lowest in the BC – 

Abdominal and Control – Abdominal groups i.e. patients with no cancer 

diagnosis. MMP-2 degrades the components of the ECM and has a role in cell 

migration and invasion of the basement membrane [428]. It has been 

hypothesised that tumours are capable of enhancing MMP-2 expression in 

their surrounding tissues, accumulating it from the circulation and storing the 

molecules at the cell surface [428]. Malignant breast cancer cells may 

stimulate MMP-2 secretion by stromal cells through paracrine mechanisms. 

MMPs that are secreted by stromal cells can still be recruited to the cancer 
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cell membrane. MMP-2 mRNA is found in stromal cells within human breast 

tumours, however, MMP-2 protein is identified on both stromal and cancer 

cell membranes [429]. This proteinases production in stromal cells in the 

vicinity of the tumour in the breast helps to explain why its expression is 

decreased in abdominal adipose ADSCs in the present study. The increased 

expression of this cytokine in ADSCs isolated from the breast adipose tissue 

of breast cancer patients raises concerns regarding the oncological safety of 

these groups as a cell source for breast regeneration.  

Secretion of MMP3 was also investigated in the cell conditioned media of 

ADSCs undergoing adipogenic differentiation. Although differences in 

secretion did not reach statistical significance, MMP3 secretion was initially 

increased in the ADSCs isolated from those patients who were treated with 

NAC. MMP3 has been observed in highly invasive breast cancer cell lines 

and shown to be involved in the metastatic process of breast cancer, MMP3 

induces apoptosis when overexpressed in mammary epithelial cells [429]. 

Increased apoptosis secondary to systemic chemotherapeutics may contribute 

to the increased secretion of MMP3 in the neoadjuvant chemotherapy group. 

Differences in the cell proliferation rate and viability were also observed 

between the ADSC groups. ADSCs isolated from patients who had been 

treated with NAC demonstrated decreased cell viability. Li et al. carried out 

a study investigating the differential damage and recovery of human 

mesenchymal stem cells isolated from bone marrow after exposure to several 

chemotherapeutic agents. They observed that MSCs were more resistant to 

the effects of chemotherapy than a human leukaemia cell line, NB-4 cells, 

which is encouraging for patients in receipt of NAC who might wish to be 

autologous stem cell donors for breast regeneration purposes. Exposure to 

paclitaxel was also associated with suppression of cell recovery and growth 

[430]. All patients in the present study receiving NAC were treated with 

paclitaxel which correlates with the decreased cell proliferation and cell 

viability in this ADSC group. An increased rate of apoptosis also correlates 

with the increased secretion of MMP3 in the BC – NAC ADSC group during 

adipogenic differentiation, as MMP3 is considered a marker of apoptosis 

[429].  
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Overall, significant differences in regenerative potential, cell proliferation, 

gene expression and cytokine secretion were observed in ADSCs isolated 

from various adipose tissue depots of breast cancer patients undergoing 

various treatment protocols, compared to healthy controls. ADSCs isolated 

from the breast adipose tissue of those with an untreated carcinoma appear to 

bear more hallmarks of cancer associated adipocytes than any other group. 

The delivery of systemic neoadjuvant chemotherapy prior to ADSC isolation 

appears to modify some of these geno- and phenotypic effects, possibly 

making these stem cells safer for use in adipose tissue engineering purposes. 

ADSCs isolated from abdominal wall subcutaneous adipose tissue appear to 

be somewhat influenced by the presence of a tumour within the breast, 

however may still be considered as oncologically safe. This group also 

demonstrated the greatest adipogenic potential suggesting these cells may 

produce the greatest adipose tissue volume when used for adipose tissue 

engineering strategies.  

6.5 Conclusion 

The suitability and oncological safety of autologous adipose derived stem 

cells isolated from breast cancer patients is influenced by the adipose tissue 

depot and neoadjuvant treatments received. Results from this study highlight 

significant concerns about the use of ADSCs from tumour adjacent breast 

adipose tissue in patients who have not been treated with neoadjuvant 

chemotherapy. ADSCs isolated from the breast of patients treated with NAC 

and the abdomen of breast cancer patients (i.e. distant from the tumour site) 

may still be suitable for autologous stem cell donation in breast adipose 

regeneration however, in vivo studies are warranted. In vivo studies should 

aim to assess which cell source allows for the greatest adipose tissue volume 

production to recreate the breast mound and also assess if there is a difference 

in the rate of breast cancer recurrence when various ADSC sources are used.
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7.1 Introduction 

Approximately 40% of women with breast cancer require mastectomy to 

achieve locoregional disease control [431]. Mastectomy is associated with 

significant aesthetic and psychological morbidity. Recent advancements in 

breast cancer diagnosis and treatment and the increased rate of survival have 

resulted in an increased emphasis on survivorship issues such as quality of 

life. As such, breast reconstruction has become the standard of care in 

mastectomy patients [10, 432]. Increasing patient expectations for improved 

aesthetic outcomes means that surgeons are persistently attempting to 

optimise surgical technique and investigating novel approaches to breast 

reconstruction.   

Capsular contracture is a frequent complication of implant based 

reconstruction, requiring additional surgery to excise the fibrous tissue 

surrounding the implant and replacement of the implant. It is caused by an 

excessive fibrotic reaction to an implanted foreign body and has an overall 

incidence of 10.6% [45]. Factors such as infection, biofilms, irradiation, 

subglandular placement, haematoma and implant surface are associated with 

this phenomenon [46]. Smooth implants have been associated with greater 

rates of capsular contracture than textured surface implants [47, 433]. 

Polyurethane coating of silicone implants has been demonstrated to reduce 

the rates of capsular contracture, with an inverse relationship existing 

between capsular contracture and a reduced amount of polyurethane coating 

on the implant surface [48]. Despite fears of possible carcinogenic risk from 

polyurethane breakdown products, several studies have shown no association 

between polyurethane-coated implants and increased cancer risk [50]. 

Biofilm, largely due to skin commensals, has been implicated in capsular 

contracture. Biofilm forms at the implant surface during surgery. The 

extracellular slime created provides some insulation from antibiotic treatment 

and limits bacterial exposure to the host’s immune response [52]. Breast 

implants need to be replaced, usually in conjunction with a capsulotomy, 

approximately every 10-15 years owing to the ongoing risk of leak, 

malrotation and rupture. The incidence of capsular contracture is reported to 

be 8-50%, though it is widely accepted that the incidence is significantly 
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increased in those patients who require post-mastectomy radiotherapy [434].  

The requirement for added surgical procedures increases patient morbidity.  

Techniques such as autologous fat grafting have become more commonly 

utilised, particularly in the case of augmentation an implant based 

reconstruction. Although promising aesthetic outcomes have been 

demonstrated in this setting, autologous fat grafting has been limited by 

adipose resorption with rates ranging from 25% to 80% and complications 

such as fat necrosis, oil cyst formation and microcalcifications in patients 

receiving  autologous fat transfer in addition to a primary reconstructive 

procedure, e.g. latissimus dorsi flap [108] or as a filler for small-volume 

defects after breast conserving surgery [260, 435, 436]. In an attempt to 

reduce the rate of resorption, cell assisted lipotransfer, first described by 

Matsumoto et al. [111] in 2006, involves enrichment of autologous 

lipoaspirates with ADSCs prior to fat grafting. This study demonstrated a 

35% increase in retained fat graft compared to adipose tissue not enriched 

with ADSCs and a more prominent microvasculature. However, despite such 

improvements in autologous fat grafting techniques, graft retention remains a 

significant limitation which limits its use to small volume defects.  

Limitations in current methods of breast reconstruction, such as that of graft 

resorption, have directed research towards adipose tissue engineering in an 

effort to develop superior breast reconstruction strategies [437]. Recreating 

the breast mound post-mastectomy will require long-term maintenance of 

large adipose tissue volumes in engineered grafts supported by a 

biocompatible scaffold [72]. Hydrogels have been widely studied in adipose 

tissue engineering strategies. A hydrogel can be defined as a 3D crosslinked 

hydrophilic network that is capable of absorption and retention of large 

quantities of water and/or biological fluids [195]. Hydrogels have become an 

attractive scaffold for tissue engineering purposes due to their ability to 

closely mimic the native tissues extracellular matrix (ECM), their suitability 

for cell and drug delivery and their injectability, which allows hydrogels to 

be implanted in a minimally invasive manner [196].  Injectable hydrogels 

hold several advantages over traditional pre-formed scaffolds: they are easier 

to handle; can reach deeper tissue depths; can be delivered via a minimally 
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invasive mechanism and can adapt effectively to fill the defect margin 

properly allowing for neovascularisation from neighbouring healthy tissue. 

Further advantages stemming from this include a decreased risk of infection, 

pain and scar formation [195]. Injectable hydrogels also allow for more 

uniform and homogenous distribution of cells within the hydrogel, resulting 

in higher quality ECM deposition and tissue regeneration [218]. Hydrogels 

can be composed of naturally-occurring or synthetic polymers. Natural 

hydrogels are usually components of, or have molecular properties similar to 

those of the native ECM. Natural hydrogels are utilised in adipose tissue 

engineering due to their advantageous properties such as biocompatibility, 

low inflammation and suitable mechanical properties.  

Hyaluronic acid (HA) is a naturally occurring linear unbranched 

polysaccharide found in the connective, epithelial and neural tissue of 

vertebrates. HA has been used for tissue engineering purposes due to its 

inherent biocompatibility, biodegradability and viscoelastic characteristics 

[438]. For adipose reconstruction approaches, the solution must gel rapidly at 

the injection site in order to retain the therapy at the desired site when the 

delivery catheter/needle is retracted.  

HA needs to be modified to support cell growth as it is rapidly metabolised 

by hyaluronidases in vivo. Covalently cross-linkable derivatives of HA are a 

potential solution, exhibiting an extended biological half-life in addition to 

being able to withstand high mechanical loads. One such material is a 

hydroxyphenol derivative (HA-PH) which is capable of forming a covalently 

crosslinked hydrogel via an oxidative coupling reaction catalysed by 

horseradish peroxidase (HRP) and H202 [439]. The solution is agitated with a 

static mixer to allow exposure of the HRP to the H202, which results in 

oxidation of the HRP and the phenol moiety of the HA-PH conjugate. 

Crosslinking of oxidised HA-PH molecules then occurs forming a robust 

hydrogel. The mechanical properties and degradation rate of the formed 

hydrogels can be modified by altering the cross-linking concentration.  

Cell attachment to HA is thermodynamically unfavourable because of its 

hydrophilic and polyanionic properties [440]. Fibronectin derived RGD is an 
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oligopeptide which stimulates integrin mediated cell adhesion [441]. 

Contipro (Czech Republic) have synthesised a HA derivative (HA-PH-RGD) 

bearing both hydroxyphenol moiety and RGD and can undergo HRP-

mediated crosslinking to form robust hydrogels favourable for cell 

attachment. Inclusion of a high density of cells in the hydrogel could 

potentially physically interfere with the crosslinking reaction, reducing the 

mechanical properties of the hydrogel. In this case, the crosslinking 

concentration may need to be increased. 

The aim of this study was to assess the suitability of hyaluronic acid hydrogel 

loaded with abdominal lipoaspirate as an adjunct to implant breast 

reconstruction post-mastectomy.  

7.2 Methods 

7.2.1 Adipose Tissue Harvest and Culture 

Adipose tissue was harvested by liposuction procedures from the abdomen of 

healthy female donors undergoing cosmetic procedures at Galway University 

Hospital. This was washed with penicillin/streptomycin immediately after 

harvesting and place in Type III collagenase overnight. This was then cultured 

in media in falcon tubes at 37˚C 5% CO2. Culture media consisted of DMEM 

+ GlutaMax, heat inactivated FBS, penicillin/streptomycin, insulin 1mg/ml, 

dexamethasone 100nM, indomethacin 100mM, 500mM 

methylisobutylxanthine. Harvested lipoaspirate was seeded into hyaluronic 

acid hydrogels (as described in Section 6.2.3) within 24 hours of being placed 

in cell culture.  

7.2.2 Stromal Vascular Fraction (SVF) Isolation 

Abdominal lipoaspirate was immersed in Type III collagenase overnight. The 

quantity of adipose tissue being seeded onto the hydrogel scaffold was taken 

from the culture falcon tube and placed in a separate tube with 1ml of culture 

media. This was centrifuged at 400RPM for 1 minute. The supernatant was 

then centrifuged at 700RPM for 2 minutes. This supernatant was centrifuged 

at 2000RPM for 5 minutes. The resulting cell pellet is the stromal vascular 

fraction (SVF). This cell pellet was then added to the adipose tissue being 
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seeded onto the hydrogel scaffold. This mixture was agitated to disperse the 

SVF prior to mixing with HA hydrogel precursor solution.  

7.2.3 Hyaluronic Acid Hydrogel Cell Seeding 

HA-PH-RGD (240-360 kDa) was rehydrated in phosphate buffered saline 

(PBS) (pH 7.4) on a rocker overnight to form a 1% or 2% w/v solution. The 

polymer solution was crosslinked using horseradish peroxidase (HRP) and 

H202. HRP powder was dissolved in 0.1% bovine serum albumin (BSA) in 

PBS at 8U/ml and vortexed to form a stock solution which was stored at -

20ºC. 0.1 %( w/w) H202 solution was prepared fresh for every use. 1x 

crosslinking density consisted of 1µl/ml H202 and 0.24U/ml HRP. 2x 

crosslinking density consisted of 2µl/ml H202 and 0.48U/ml HRP.   

To prepare the hydrogels, the 2% HA-PH-RGD solution was divided equally 

into two separate vials, which are referred to as hydrogel precursor solutions 

part A and part B (Please refer to Chapter 2, figure 2.16). HRP stock solution 

was added to part A dependent on the required cross-linking concentration of 

the final hydrogel. Adipose tissue, with or without SVF was also added to 

part A. Similarly, 0.1% H202 solution was added to part B, along with PBS in 

equal measure to adipose tissue added to part A. Parts A and B were agitated 

on a rocker for 2 minutes to ensure a homogenous solution. Each solution was 

drawn into a separate syringe and attached to the laboratory scale benchtop 

mixer (BHM) (Contipro, Czech Republic). The syringes were depressed in 

parallel and parts A and B were forced into contact at the reservoir of the 

BHM, The resulting hydrogels were cultured in a 24 well plate, with one gel 

per well in 1ml of culture media (DMEM + GlutaMax, heat inactivated FBS, 

penicillin/streptomycin, 10mg/ml insulin, 1mM dexamethasone, 100mM 

indomethacin, 500mM methylisobutylxanthine) for 7 days.  

 

7.2.4 Lipoaspirate Floating Rate  

HA-PH-RGD precursor solutions were prepared at 1% and 2% w/v 

concentration in 15ml falcon tubes. Crosslinkers HRP and H202 were not 

added at this time. 400µl adipose tissue was added to each precursor solution 
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concentration. Hydrogel/adipose tissue mixture was drawn up into a 3ml 

syringe using a wide bore 18G needle. Syringes were held upright for 1 

minute and the rate of sedimentation of the adipose tissue to the top of the gel 

was observed and recorded by video.  

7.2.5 Swelling Ratio 

Cell loaded HA-PH-RGD hydrogels were prepared and weighed 

immediately. They were then placed in 3ml of PBS at 37ºC 5% CO2 for 24 

hours and weighed. Swelling ratio was calculated from ratio of weight before 

and after swelling. 

7.2.6 Compression Testing 

Hydrogel samples were removed from culture media at day 1, 4 and 7 and 

unconfined compression tests performed. The original diameter and height of 

each cylindrical hydrogel was determined using a Vernier calliper. 

Cylindrical samples were compressed using a strain rate of 10mm/min, in a 

Zwick/Roell Z030 Universal Mechanical Tester with a 10N load cell. 

Subsequently, load and displacement data were recorded at 10Hz with the 

testXpert II software. A tangent compressive modulus was measured for each 

sample at 10-20% compressive strain.  

7.2.7 Cell Metabolic activity in Hydrogels 

Cell metabolic activity was measured by an AlamarBlue®. Cell metabolic 

activity was measured at day 1, 4 and 7. A 10% AlamarBlue® solution was 

prepared in culture media. Culture media was removed from the hydrogels 

and replaced with the 10% AlamarBlue® solution. A 0% control of 

AlamarBlue® + culture media with no hydrogel and a 100% control of 10% 

AlamarBlue® + culture media that had been previously autoclaved were also 

added to the 24 well plate. The plate was incubated at 37ºC, 5% CO2 for 4 

hours. After incubation, 100µl of the AlamarBlue® solution and of the 

negative and positive controls were transferred to a clear 96 well plate. 

Absorbance was measured at 540nm and 600nm.   

7.2.8 Histology and Oil Red O Staining 
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Histology was carried out on cryosectioned HA hydrogels for each group. Oil 

Red O staining was used to identify lipid within adipocytes and confirm the 

presence of adipose tissue within the hydrogel.  

7.2.9 Statistics 

Statistical analysis was carried out using Minitab 17 statistical software. For 

comparison of the mean of samples one-way ANOVA was performed.  

When assessing the Young’s compressive modulus of a 1x vs. 2x crosslinking 

density, the mean Young’s compressive modulus of n=4 1x crosslinking 

density was compared to that of a 2x crosslinking density using one-way 

ANOVA.  

When assessing the swelling ratio of maximum cell loading density, the mean 

weight of the hydrogel samples for each cell loading density were measured. 

The mean of day 0 and day 1 data were compared using one-way ANOVA.  

When assessing the Young’s compressive modulus of the maximum cell 

loading density, the Young’s modulus of each time point in cell loading 

density groups 400µl lipoaspirate + SVF, 800µl lipoaspirate alone and 800µl 

lipoaspirate + SVF was compared to the same time point in the 400µl 

lipoaspirate group using one-way ANOVA.  
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7.3 Results 

7.3.1 1% vs. 2% w/v HA-PH-RGD Precursor Solution Lipoaspirate Float 

Rate 

1% w/v and 2% w/v HA-PH-RGD precursor solutions were tested for 

suitability to seed hydrogels with lipoaspirate. Lipoaspirate was seen to rise 

to the top of the 1% w/v solution after 1 minute. Lipoaspirate and 2% w/v 

HA-PH-RGD solution created a homogenous mixture that did not separate 

out over time, as the 2% solution was more viscous than 1%, making it a more 

suitable carrier for lipoaspirate solution and cell seeding (figure 6.1).  

 

Figure 7.1 - Lipoaspirate floating rate of abdominal lipoaspirate in 1% and 2% w/v HA hydrogels 

 

 

 

 

 

 

 



Chapter 7: Evaluation of a Hydrogel Scaffold 

215 

 

7.3.2 1x vs 2x Crosslinking Density 

2% HA-PH-RGD precursor solution was prepared with 400ul lipoaspirate 

tissue and then crosslinked at 1x and 2x crosslinking densities. These were 

then stored in a 24 well plate, 1 hydrogel per well with 1ml of culture media. 

2% w/v 1x hydrogels became more swollen and softer over time, started to 

lose their shape and became more difficult to handle. Conversely, 2% w/v 2x 

hydrogels retained their shape and stiffness and were equally easy to handle 

on day 7 as day 1 (figure 6.2).  

 

 

Figure 7.2 - Macroscopic images of 1x and 2x crosslinking densities in 2% w/v HA hydrogels 

over a 7 day period 
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The weight of 2% w/v 1x hydrogels over a 7 day period was compared to the 

weight of 2% w/v 2x hydrogels over the same time period. The weight of 2% 

w/v 2x hydrogels were significantly lower than 2% w/v 1x hydrogels at all 

time points (p = 0.002 at day 1, p < 0.001 at day 4, p = 0.002 at day 7). Weight 

was taken as a surrogate marker of absorption of water over time. The weight 

of 1x hydrogels increased from day 1 to day 4 (457.7mg to 525.125mg) 

suggesting swelling and absorption of culture media. The weight of these gels 

decreased at day 7 (490.2mg), possibly suggesting scaffold degradation and 

loss of water and seeded lipoaspirate. Conversely, the weight of 2% w/v 2x 

hydrogels remained constant over the 7 day period (figure 6.3). Swelling ratio 

for these hydrogel samples was not calculated due to the need for these 

samples to remain sterile.  

 

Figure 7.3 - Weight change of 2% w/v HA hydrogels of 1x compared to 2x crosslinking densities 

at day 1, 4 and 7 as a surrogate marker for swelling. ** denotes statistical significant difference 

with p < 0.01, *** denotes statistical significant difference with p < 0.001 
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Compression testing was then carried out to define Young’s compressive 

modulus for both crosslinking densities (figure 6.4). 2% w/v 1x hydrogels 

demonstrated a Young’s compressive modulus that was significantly lower 

than that of 2% w/v 2x hydrogels at each time-point (3.8kPa vs. 10.7kPa at 

day 1, 4.7kPa vs. 9.1kPa at day 4, 3.9kPa vs. 9.8 kPa at day 7, p ≤ 0.01).  

 

Figure 7.4 - Young’s modulus of 2% w/v HA hydrogels at 1x and 2x crosslinking densities over a 

7 day period. ** denotes statistical significant difference with p < 0.01 
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7.3.3 Maximum Cell Loading Density 

The maximum cell loading density of a 2% w/v 2x HA hydrogel was then 

assessed. Hydrogels were loaded with 400µl abdominal lipoaspirate alone; 

400µl lipoaspirate with the stromal vascular fraction (SVF) from the same 

quantity of lipoaspirate; 800µl lipoaspirate alone; 800µl lipoaspirate with the 

SVF of the same quantity of lipoaspirate; and 1600µl lipoaspirate. The 

macroscopic appearance of the resulting hydrogels is shown in figure 6.5.  

 

Figure 7.5 - Macroscopic appearance of 2% w/v HA hydrogels at 2x crosslinking density at 

various cell loading densities 
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7.3.3.1 Swelling Ratio 

The swelling ratio over 24 hours of each cell loading density was then 

assessed (figure 6.6). Each cell loading density demonstrated a significant 

increasing in swelling over a 24 hour period (p < 0.006 for all groups), 

compared to an idealised scenario where no swelling occurs (swelling ratio = 

1). The swelling ratio increased with the increasing amount of lipoaspirate 

and SVF loaded onto the hydrogel. The exception to this trend was seen in 

the 400µl lipoaspirate alone group (swelling ratio of 1.8), which had a higher 

swelling ratio than the 400µl + SVF (swelling ratio of 1.4) and the 800µl 

lipoaspirate (swelling ratio 1.4) groups. The swelling ratio of the HA hydrogel 

loaded with 1600µl abdominal lipoaspirate was greater than 2 (swelling ratio 

2.4) and so was excluded from the remaining studies.  

 

Figure 7.6 - Swelling ratio of 2% w/v 2x HA hydrogels at various cell loading densities. ** denotes 

statistical significant difference with p < 0.01 
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7.3.3.2 Compression Testing 

Young’s Compressive Modulus was assessed for each cell loading density 

(figure 6.7). At day 0, the young’s modulus is seen to decrease with increasing 

quantities of cells loaded onto the hydrogel (6.6kPa 400µl, 3.4kPa 400µl + 

SVF, 1.2kPa 800µ, 0.9kPa 800µl + SVF, p < 0.001 for all groups compared 

to the 400µl lipoaspirate alone group). At day 1, there is no significant 

difference between the Young’s modulus of the 400µl lipoaspirate alone 

group and the 400µl lipoaspirate + SVF group. The Young’s modulus of all 

other groups is significantly lower than that of the 400µl lipoaspirate alone 

group (p < 0.001). The Young’s modulus of the 400µl lipoaspirate + SVF 

group was significantly higher than the 400µl lipoaspirate alone group at day 

4 (p = 0.002). The Young’s modulus of all other groups was significantly 

lower than the 400µl lipoaspirate alone group (p ≤ 0.002). At day 7, there was 

no difference in the Young’s modulus between the 400µl lipoaspirate alone 

and the 400µl lipoaspirate + SVF groups (p = 0.843). All other groups had a 

Young’s modulus significantly lower than the 400µl lipoaspirate alone group 

(p < 0.001).  

 

Figure 7.7 - 10-20% Young's compressive modulus of 2% w/v 2x HA hydrogels at various cell 

loading densities over a 7 day test period. Statistical analysis compared all groups to the 400µl 

lipoaspirate alone group (control). “aaa” denotes statistical significant difference at day 0 (p < 

0.001). “bbb” denotes statistical significant difference at day 1 (p < 0.001). “cc” denotes statistical 

significant difference at day 4 (p < 0.01). “ddd” denotes statistical significant difference at day 7 

(p < 0.001).  
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7.3.3.3 Cell Metabolic Activity 

Cell metabolic activity within the hydrogels was measured using an 

AlamarBlue™ assay (figure 6.8). There was no significant difference in the 

cell metabolic activity observed between the groups. Cell metabolic activity 

was approximately 80% of the 100% positive control at day 1 (p < 0.01). This 

had decreased to approximately 40% of the 100% positive control at day 4 (p 

< 0.001), and remained constant at day 7 (p < 0.001).  

 

Figure 7.8 - Cell metabolic activity within 2% 2x HA hydrogels as measured by reduction of 10% 

Alamar blue. “aaa” denotes statistical significant difference between day 1 and 100% control at 

day 1 with p < 0.001. “aa” denotes statistical significant difference between day 1 and 100% 

control at day 1 with p < 0.01. “bbb” denotes statistical significant difference between day 4 and 

100% control at day 4 with p < 0.001. “ccc” denotes statistical significant difference between day 

7 and 100% control at day 7 with p < 0.001.  
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7.3.3.4 Oil Red O Staining 

Cryosectioning and staining of 2% w/v 2x crosslinking density hyaluronic 

acid hydrogels at various cross linking densities was performed (figure 6.9). 

Sections were stained with Oil Red O to identify intracellular lipid of 

adipocytes. All hydrogels demonstrated significant staining with Oil Red O, 

which was seen to be more prominent in hydrogels loaded with 800µl of 

abdominal lipoaspirate with or without the stromal vascular fraction.   
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Figure 7.9 – 10x image of Oil Red O staining of 2% w/v 2x crosslinking density hydrogel at various 

cell loading densities 
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7.4 Discussion 

Breast reconstruction strategies utilising abdominal lipoaspirate have to date 

been associated with significant drawbacks, namely resorption of injected 

adipose tissue and loss of the treatment effect resulting in poorer cosmetic 

outcomes and poorer patient satisfaction. Additionally, the traditional method 

of utilising silicone implants to generate breast volume in reconstruction is 

associated with drawbacks such as capsular contracture. In this study, we 

have demonstrated the feasibility of seeding an injectable hyaluronic acid 

hydrogel scaffold with abdominal lipoaspirate with favourable biomechanical 

properties for use in breast reconstruction that has the potential to overcome 

the limitations of the current clinical standard. Like silicone implants, 

hydrogel biomaterials also generate inflammation within tissue when injected 

and each biomaterial generates its own inflammatory pattern. This 

inflammation stimulates the production of myofibroblasts in adjoining tissues 

which can lead to fibrosis [442]. Appearance of myofibroblasts along with 

excessive collagen deposition is observed surrounding silicone breast 

implants [443]. This is also observed upon injection of other biomaterial 

scaffolds such as poly-l-lactic acid [444]. However, no myofibroblasts have 

been found after the injection of HA fillers up to 114 days after injection [442, 

445]. HA is also a popular choice as a supporting scaffold for in vivo 

transplantation of preadipocytes and ADSCs as a result of its adipogenic 

potential and its physical properties [446-448].  

The first step in developing a hyaluronic acid hydrogel to carry abdominal 

lipoaspirate was to ascertain what concentration of hyaluronic acid would be 

required in order to allow a homogenous solution of hyaluronic acid and 

lipoaspirate to be created. The sedimentation rate of lipoaspirate in both 1% 

and 2% hydrogel precursor solutions was measured, revealing that a higher 

concentration of 2% would be necessary for uniform and homogenous cell 

seeding of the scaffold biomaterial. The relative concentration of HA within 

a hydrogel is important as this affects its biophysical properties. Hyaluronic 

acid molecules behave as highly hydrated random coils, which, at 

concentrations of 1mg/ml, start to entangle [449]. Above this point, the 

viscosity of the HA solution rapidly increases with increasing HA 
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concentration. Increasing HA concentration in solution is known to increase 

the elasticity of the HA hydrogel and also affect the proliferation and 

differentiation of ADSCs seeded within it [450].  

After a suitable HA concentration had been investigated, an appropriate 

cross-linking density to create a HA hydrogel seeded with abdominal 

lipoaspirate was required. Crosslinking was carried out by a hydroxyphenol 

derivative within the hyaluronic acid, which is capable of forming a 

covalently crosslinked hydrogel via an oxidative coupling reaction catalysed 

by HRP and H202. Crosslinking densities of 1x and 2x were tested. 400ul of 

abdominal lipoaspirate was loaded into the hydrogel precursor solution. The 

resulting 1x hydrogels were macroscopically larger, more swollen, softer and 

more difficult to handle than their 2x counterparts. After 24 hours in culture, 

they weighed significantly more than 2x hydrogels, which is a surrogate 

marker for a greater swelling ratio in a 24 hour period. Additionally, they 

displayed a reduced Young’s compressive modulus compared to 2x 

hydrogels. As such, it was decided that 2x hydrogels were more suitable for 

adipose tissue engineering in breast reconstruction as they appeared to be 

more robust and capable of withstanding the mechanical forces within the 

reconstructed breast, as discussed below, while also being more resistant to 

enzymatic breakdown in vivo and a better support for lipoaspirate and ADSCs 

[442].  

The maximum cell loading density of 2% w/v 2x HA hydrogels was assessed. 

HA hydrogels were loaded with 400µl, 800µl and 1600µl abdominal 

lipoaspirate with or without the SVF of adipose tissue. The swelling ratio was 

seen to increase in a linear fashion with the increasing amounts of lipoaspirate 

and SVF. This is postulated to be as a result of greater cell numbers seeded 

onto the hydrogel interfering with the formation of crosslinks, therefore 

allowing the HA hydrogel material to absorb greater quantities of water from 

its surrounding environment. The swelling ratio of HA hydrogels loaded with 

1600µl of lipoaspirate was greater than 2, resulting in a soft hydrogel which 

was difficult to handle. As such, this cell loading density was excluded from 

further analysis. The elastic modulus of each cell loading density was 

assessed, which decreased with increasing quantities of lipoaspirate and SVF 
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seeded onto the hydrogel biomaterial. This demonstrates the interference of 

crosslinking by increasing cell numbers; as the number of crosslinks in an 

elastic polymer increases, the polymer increases in rigidity and stiffness 

[197]. The stiffness of normal breast adipose tissue is approximately 2kPa 

[451]. The elastic modulus of the 2% w/v 2x hydrogels loaded with 800µl of 

abdominal lipoaspirate was observed to be approximately half this. As such, 

this cell loading density is possibly too high for the 2% w/v 2x hydrogel to 

accurately mimic native adipose tissue, and may not be suitable for the 

purpose of breast regeneration. However, the mechanical properties and 

degradation rate of the formed hydrogels can be modified by altering the % 

w/v, molecular weight of the HA and cross-linking concentration as 

mentioned earlier. Higher cell loading densities may require higher % w/v 

and cross-linking densities to achieve robust hydrogels. Differing trends in 

Young’s compressive modulus is observed between the 400µl lipoaspirate 

alone and the 400µl lipoaspirate + SVF groups. Young’s modulus increased 

in the hydrogels enriched with adipose SVF. The Young’s modulus for the 

hydrogels loaded with 400µl of lipoaspirate ranged between 3kPa and 6kPa 

over a 7 day period. The approximate Young’s modulus for native adipose 

tissue is 2kPa, somewhat lower than the hydrogels in this study [451, 452]. It 

could be argued that hydrogels seeded with abdominal lipoaspirate require a 

higher Young’s modulus at implantation to allow for degradation after 

injection, however in vivo studies will be required to assess the effect of the 

higher Young’s modulus and the degradation rate within the body. ADSCs 

have been shown to secrete HA into the ECM during their differentiation to 

mature adipocytes [197, 453], potentially increasing the concentration of HA 

within the hydrogels of this group, thus affecting the stiffness of the hydrogel. 

In contrast, without SVF enrichment, the Young’s modulus of the HA 

hydrogel in the lipoaspirate alone group decreases steadily over time.  

No significant differences were observed in cell metabolic activity within 2% 

w/v 2x HA hydrogels at various cell loading densities. Cell metabolic activity 

is seen to decrease by approximately half from day 1 to day 4 and remain 

constant thereafter. This is postulated to be as a result of differentiation of 

preadipocytes and ADSCs into mature adipocytes within the hydrogel. 
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Mature adipocytes are associated with lower metabolic activity than their 

precursors [454]. The proposed cell differentiation seen in this study may 

result from a combination of being cultured in adipogenic media and also the 

tendency for increased adipogenic differentiation of ADSCs on cross-linked 

HA [442].  

In this chapter I have shown that the combination of autologous fat transfer 

or cell assisted lipotransfer and a hyaluronic acid hydrogel appears to be a 

promising solution to the current limitations of the clinical standard. I have 

identified that 2x a cross-linking concentration of 2% w/v hyaluronic acid 

precursor solution with 400µl lipoaspirate is the optimal hydrogel to mimic 

the native adipose tissue. The hydrogel showed approximately 40% metabolic 

activity at day 4 and 7 which correlated well with histology which showed 

positive staining for intracellular lipid by Oil Red O.  It is postulated that the 

utilisation of a scaffold biomaterial along with autologous fat grafting will 

prevent the high rate of reabsorption. The addition of the stromal vascular 

fraction may also encourage the formation of new native adipose tissue to 

replace the hydrogel biomaterial upon its degradation [455].  

Injection of a hyaluronic acid hydrogel loaded with abdominal lipoaspirate 

and the stromal vascular fraction of adipose tissue around a silicone implant 

at time of insertion is also hypothesised to reduce the rate of capsular 

contracture. This is secondary to the high biocompatibility of hyaluronic acid 

and the minimal inflammation it produces upon injection [442]. It’s ability to 

mimic native ECM and encourage adipogenesis of ADSCs will also result in 

improved aesthetic results than the current clinical standard [456].
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8.1 Breast Cancer 

Breast cancer represents a significant healthcare burden, with 1.7 million 

women diagnosed and treated annually worldwide. It is projected that from 

2010 to 2035, the incidence of female breast cancer in Ireland will rise by 

108% to 6274 ±1818 new cases diagnosed per annum  [457]. Surgical 

resection of the breast tumour with disease free margins is the mainstay of 

treatment in breast cancer. Techniques to achieve this goal have evolved 

dramatically over the past century. In the 19th century, the Halsted radical 

mastectomy was the standard of breast cancer care, involving en bloc 

resection of the affected breast, overlying skin, pectoral muscle and axillary 

lymph nodes. The modified radical mastectomy was introduced in the 20th 

century and involved the removal of the breast, overlying skin and level I or 

II axillary lymph nodes, sparing the pectoral muscles. The skin sparing 

mastectomy was first described in 1991, which has helped to improve 

cosmetic outcomes in women undergoing post-mastectomy breast 

reconstruction [306, 389].   

The development of adjuvant therapies such as chemotherapy, radiotherapy 

and hormonal therapy has been central in facilitating this evolution in surgical 

treatment of breast cancer. Systemic chemotherapy has been shown to 

decrease locoregional disease recurrence and distant metastatic spread after 

curative surgery [458]. More specifically, delivery of chemotherapy in the 

neoadjuvant setting has resulted in less aggressive surgical approaches to 

breast cancer and in breast conserving surgery being adopted as a feasible 

method of removing a breast tumour. The move towards both breast 

conserving surgery and the administration of systemic chemotherapy in the 

neoadjuvant setting was championed by Bernard Fischer and the National 

Surgical Adjuvant Breast and Bowel Project. A series of randomised 

controlled trials run by the NSABP demonstrated equivalent outcomes for 

patients treated with mastectomy and patients treated with breast conserving 

surgery and radiotherapy [6].  Subsequently , the NSABP-B18 trial 

demonstrated that the neoadjuvant administration of systemic chemotherapy 

resulted in an increase in the number of women eligible for mastectomy at 
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time of diagnosis, being eligible for breast conserving surgery after 

neoadjuvant therapy [459].  

8.2 Breast Reconstruction 

Due to significant improvements in diagnosis and treatment of breast cancer 

and subsequent increased survival rates, there is now a greater emphasis on 

survivorship issues such as quality of life and psychosocial outcomes. The 

loss of a breast is psychologically traumatic for many women [460]. Breast 

reconstruction has been proven to improve the quality of life of breast cancer 

survivors and has become an integral part of the breast cancer treatment 

protocol [10]. Rates of breast reconstruction after mastectomy are increasing 

worldwide. This can be partly attributed to published guidelines, such as the 

2009 NICE Guidelines which recommend that all women undergoing 

mastectomy should be offered a breast reconstruction procedure, and the 

Women’s Health and Cancer Rights Act in the US which stipulates that 

insurance policies must cover the cost of a reconstructive procedure for 

women undergoing mastectomy. These legislative changes have had a very 

positive influence on the quality of life outcomes of breast cancer survivors 

and are a progressive step for improving the rights of women in access to 

appropriate healthcare. Additionally, they have also influenced trends in 

breast reconstruction practices since their introduction. Until recently, 

autologous flap procedures were the most common reconstructive approach. 

Contemporary trends have seen implant-based reconstruction become more 

common in the United States and Europe [31, 33, 461-463]. Implant breast 

reconstructions are associated with shorter operation times and a shorter 

length of hospital stay which make them a more cost-effective procedure than 

autologous reconstructions [389]. Autologous reconstructive techniques also 

require specialist surgical training which may not be available in all centres, 

making implant reconstruction, which does not require microvascular 

expertise, more accessible to greater numbers of patients. These factors and 

the higher volumes of breast reconstruction procedures being undertaken in 

recent times may have contributed to the shift in popularity from autologous 

to implant reconstructions. The introduction of the Acellular dermal matrices 

has also played a role in the increased use of implant breast reconstruction. 
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These allow direct to permanent implant breast reconstruction, without a 

tissue expander by fixing the pectoralis muscle and forming a complete 

pocket around the inferior pole of the implant in the required position. This 

has helped to significantly improve the cosmetic outcomes of breast implant 

reconstructions [389]. 

8.3 Treatment Sequence  

Neoadjuvant chemotherapy is associated with several advantageous 

characteristics, however its’ ability to allow for tumour shrinkage and breast 

conserving surgery (BCS) in patients who have been candidates for 

mastectomy at diagnosis is one of the most significant [294]. The delivery of 

systemic chemotherapy in the neoadjuvant setting has been paramount to the 

increasing rate of BCS observed in recent years. Chapter 3 of this body of 

work examines the trends in surgical practice in the treatment of breast cancer 

patients treated with neoadjuvant chemotherapy compared to those treated 

with adjuvant chemotherapy at Galway University Hospital from 2004 to 

2014. An increase in the number of patients treated with BCS was observed. 

However, a significant portion of this patient cohort (55.5%) still required 

mastectomy, despite receipt of neoadjuvant chemotherapy. There was also a 

higher rate of failed BCS in the neoadjuvant chemotherapy group, with these 

patients subsequently undergoing completion mastectomy. As such, 

mastectomy remains an important component of surgical treatment in breast 

cancer, particularly in those patients in receipt of neoadjuvant chemotherapy.   

Neoadjuvant delivery of chemotherapy has been shown to have comparable 

outcomes to adjuvant chemotherapy with regard to survival [313]. There also 

appears to be no increased risk of breast reconstruction failure with pre-

operative chemotherapy [464]. Receipt of neoadjuvant chemotherapy in our 

cancer centre does not appear to be a barrier to immediate breast 

reconstruction.  
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8.4 Breast Reconstruction Practices 

In Chapter 4 of this work, a review of practices in mastectomy and breast 

reconstruction at Galway University between 2004 and 2014 is presented. 

Similar to international trends, there has been an increased utilisation of 

implant breast reconstruction in this institution over the last decade, with 

implant reconstruction use surpassing that of autologous reconstruction in the 

last 5 years. Clinicopathological factors are still also heavily influencing 

trends in breast reconstruction, as seen in our study population. Older women 

with larger tumours and nodal metastases were significantly less likely to 

undergo a breast reconstruction procedure. This is also in keeping with trends 

seen in the SEER database as analysed by Lang et al. where the rates of 

immediate breast reconstruction decreased as patients aged, as disease stage 

increased and as the number of positive lymph nodes increased [325]. This 

study also found an inverse relationship between radiotherapy and post-

mastectomy breast reconstruction in recent years, which was more 

pronounced in younger patients. Radiotherapy also influenced choice of 

breast reconstruction procedure, with pedicled flaps being more common in 

this patient cohort, a procedure with greater patient morbidity than the more 

commonly utilised implant reconstruction.  

8.5 Impact of Radiotherapy Treatment Sequence on Surgical Approach 

In keeping with the theory that reducing tumour and nodal disease burden 

makes breast reconstruction more accessible for greater numbers of women, 

the neoadjuvant delivery of radiotherapy has been investigated by several 

groups in recent years [128, 377, 465]. This had been investigated in the past, 

but was not adopted into routine clinical practice as it failed to demonstrate 

the required clinical efficacy [466]. However, there have been considerable 

advances in breast radiotherapy delivery, including intensity modulated 

radiotherapy, accelerated partial breast irradiation, simultaneous integrated 

boost and image-guided radiation that could now facilitate more effective pre-

operative radiotherapy [466]. This strategy has been suggested as salvage 

treatment in the case of large, hormone receptor positive and lower grade 

breast cancers that have responded less effectively to neoadjuvant systemic 
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chemotherapy and hormonal therapy than anticipated[466].  It is widely 

accepted that adjuvant radiotherapy has deleterious effects on breast 

reconstruction, particularly in the case of implant reconstructions [365]. 

Additionally, some studies have raised the concern that irradiation of the 

immediately reconstructed breast results in less effective irradiation. These 

studies show that the majority of radiation plans post immediate breast 

reconstruction are unsatisfactory in terms of providing broad coverage of the 

chest wall and internal mammary nodes while adequately sparing the heart 

and lungs [377]. Radiotherapy is also more technically challenging to deliver 

after breast reconstruction [128]. Most of the studies that have been carried 

out to investigate this novel treatment sequence have been relatively small 

case series and there is a lack of data from randomised control trials of this 

approach. The study described in Chapter 5 investigates patient and disease 

outcomes after neoadjuvant chemoradiation for the treatment of breast cancer. 

Our case series investigated a cohort of patients who received neoadjuvant 

chemo-radiotherapy prior to mastectomy compared to an age and stage 

matched cohort of patients receiving the standard treatment protocol of 

neoadjuvant chemotherapy, mastectomy with or without breast 

reconstruction followed by adjuvant radiotherapy. A higher proportion of the 

neoadjuvant radiotherapy group underwent breast reconstruction procedures, 

demonstrating that this treatment sequence can make breast reconstruction 

more accessible to women with locally advanced breast cancer requiring 

chemo-radiotherapy. There was no significant difference in complication 

rates between the two treatment protocols, however, complications in the 

neoadjuvant radiotherapy group trended towards a higher rate of post-

operative infection, as opposed to the non-infective complications that 

appeared to be more prevalent in the adjuvant group, e.g. seroma and 

haematoma requiring evacuation. Radiotherapy results in delayed wound 

healing which may explain the tendency for infection in the neoadjuvant 

radiotherapy group. Ionising radiation causes DNA damage by direct strand 

breaks and oxygen free radicals. This insult results in cellular alterations that 

underlie mechanisms of delayed wound healing such as cellular depletion, 

stromal cell dysfunction, aberrant collagen deposition and microvascular 

damage [379]. Autologous tissue transfer may be a superior reconstructive 
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method to overcome the sequelae of such mechanisms. The PRADA 

randomised control trial is currently recruiting with the aim to assess breast 

reconstruction outcomes after preoperative radiation therapy, mastectomy 

and DIEP flap reconstruction 2-6 weeks following completion. Autologous 

tissue flaps provide pliable, well-vascularised soft tissue which can facilitate 

wound healing [377]. The evidence available in the literature currently 

suggests that neoadjuvant chemoradiation offers the same feasibility, 

oncological safety and cosmetic results as the standard treatment protocol 

with adjuvant radiotherapy. However, more level I evidence in the form of 

prospective randomised controlled trials is required prior to this novel 

sequence becoming routine in clinical practice.  

8.6 ADSCs and Adipose Tissue Engineering 

There has been increasing interest in the potential of autologous fat as a donor 

source for effective breast reconstruction. Autologous fat is thought to be a 

superior method of soft tissue augmentation and source of ADSCs due to a 

range of properties including biocompatibility and versatility; it is non-

immunogenic, has similar mechanical properties to breast tissue, appears 

more natural than implants or pedicled flaps and is associated with minimal 

donor site morbidity [158]. Recent scientific interest has focused on the 

potential for adipose tissue engineering to generate sufficient volumes of fat 

for breast reconstruction. ADSCs are thought to be an appropriate stem cell 

source for this tissue engineering applications as they are abundantly 

available in adipose tissue and have the capacity for differentiation into 

mature adipocytes [419]. ADSCs have been shown in multiple studies to be 

suitable for adipose regeneration, both in vitro and in vivo [173, 177, 179, 

467-469]. However, these studies have demonstrated this regenerative 

potential in non-cancerous models, which does not reflect the real-world 

application of this technology in breast cancer patients. There has been a lot 

of concern surrounding the implantation of ADSCs into patients who have 

had a previous breast cancer as the exact role of ADSCs in breast cancer 

initiation, growth and metastasis has yet to be elucidated. There have been 

reassuring results from clinical studies utilising autologous fat transfer and 

cell assisted lipotransfer demonstrating no increased risk of recurrence or 
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decreased survival [250, 260, 261, 270]. However, there have also been 

discouraging results from in vitro and in vivo animal studies [470-473]. In 

studying ADSCs and their use in breast regeneration post mastectomy for 

breast cancer patients, there is little work yet done on investigating suitability 

of ADSCs from breast cancer patients for breast regeneration and the effect 

that cytotoxic systemic therapy has had on this stem cell population prior to 

harvesting.  These questions were the subject of Chapter 6 of this thesis. 

ADSCs were isolated from 4 patient groups, investigating the effect of 

adipose tissue depot and of neoadjuvant systemic chemotherapy delivered 

prior to ADSC harvest. Initial experiments carried out pertained to the ability 

to extract a stem cell population from the adipose tissue of breast cancer 

patients. Similar cell morphology, immunophenotype and mutipotency of the 

isolated cell population demonstrated that this was possible [138]. Therefore, 

an ADSC population, with the potential for use in adipose tissue engineering 

strategies, is available from multiple adipose tissue sites in breast cancer 

patients, regardless of receipt of NAC. Suitability of each cell group for use 

in adipose tissue engineering was then investigated by measuring their 

adipogenic potential. ADSCs isolated from breast adipose tissue of breast 

cancer patients were shown to have the least suitability for adipose tissue 

engineering with regard to adipogenic potential as they yielded the lowest 

number of mature adipocytes. MMP-11 and FGF2 were two cytokines 

identified to potentially play a role in these ADSCs inability to differentiate 

towards an adipogenic lineage. MMP-11 is a negative regulator of 

adipogenesis and may be responsible in part for the “dedifferentiation” of 

adipocytes [230]. This finding also raises concerns with regard to the 

oncological safety of ADSCs isolated from close proximity to a tumour. 

MMP-11 has been associated with the creation of “cancer associated 

adipocytes”, which play an active role in tumour progression and metastasis 

[229].. The high gene expression of VEGFA, HGF and FGF2 within ADSCs 

in the Breast Cancer group also raises significant concerns regarding their use 

in adipose tissue regeneration, as these patterns of gene expression are 

associated with angiogenesis, invasion, cell motility and metastasis, all 

hallmarks of cancer behaviour. It is therefore worth considering that ADSCs 

isolated from adipose tissue in close proximity to a breast tumour are, in fact, 
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dedifferentiated adipocytes with genetic alterations induced by the breast 

tumour, which are known to be morphologically identical to ADSCs as they 

both display a fibroblastic morphology [417]. As such, the use of this cell 

type for adipose tissue engineering strategies in breast reconstruction cannot 

be considered oncologically safe. The increased expression of angiogenic 

genes is potentially advantageous with regard to tissue engineering strategies 

as the success of an engineered tissue graft is dependent on the development 

of an adequate vascular network. As such, the challenge is adipose tissue 

engineering is striking the balance between angiogenesis and oncological 

safety. The adipogenic potential of breast ADSCs from patients treated with 

NAC and abdominal ADSCs from breast cancer patients demonstrate greater 

adipogenic potential and a more favourable gene expression and secretory 

profile than the Breast Cancer group. Increased adipogenesis and the 

decreased expression of VEGFA, HGF and FGF2 in the BC-Post-NAC group 

likely demonstrate/reflect the effectiveness of neoadjuvant systemic 

chemotherapy. However, the increased expression of MMP-11 in this cohort 

compared to non-cancer controls again raises concerns about the proximity 

of these ADSCs to the remaining tumour in cases which have not achieved a 

complete pathologic response. Patients in this group all demonstrated at least 

a Miller Payne Grade 3 response to NAC. Therefore, it is possible that any 

patient who demonstrated no response (Miller Payne Grade 1) to NAC may 

display the same risk profile as the patients in the Breast Cancer group. In-

vivo studies are required to determine the oncological safety of ADSCs 

isolated from patients treated with NAC. Results from studies such as that 

published by Eterno et al. are encouraging in that they demonstrate that 

ADSCs themselves are not inherently tumorigenic, although they are affected 

by the presence of the tumour within their microenvironment. This study 

concluded that ADSCs could be oncologically safe so long as there was an 

absence of residual cancer cells [427]. The use of neoadjuvant therapies have 

a role to play in this regard. NAC has been adopted into routine clinical 

practice as its efficacy in reducing disease burden has been clearly 

demonstrated. Studies evaluating neoadjuvant radiotherapy have also 

demonstrated that this treatment modality and protocol can assist in reducing 

disease burden. The combined use of neoadjuvant chemotherapy and 
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radiotherapy could ensure that no residual cancer cells would be present 

within the breast after final tumour excision, making it safe to graft 

autologous adipose tissue and ADSCs in breast reconstruction strategies, 

potentially in the immediate setting. As surgery is also the final step in the 

breast cancer treatment protocol, it does not interfere with delivery of 

essential chemotherapy or radiotherapy treatments. Also, adjuvant 

chemotherapy or radiotherapy does not interfere with the aesthetic outcome 

of breast reconstruction, potentially improving patient satisfaction and quality 

of life outcomes.  

ADSCs isolated from the abdominal subcutaneous adipose tissue do not 

appear to be affected by local chemokine secretion, such as MMP-11. As 

such, the subcutaneous adipose tissue of the abdominal wall demonstrates the 

most promise as a safe and effective source of autologous adipose tissue and 

ADSCs from breast cancer patients for breast regeneration purposes. 

8.7 Hydrogels as a Scaffold Biomaterial for Breast Adipose Regeneration 

Autologous fat grafting has been successfully used for breast augmentation, 

filling small volume defects post-breast conserving surgery and contour 

defects in implant-based reconstruction [101, 102, 108, 474-478]. However 

this success has been limited by resorption rates ranging from 25-80% and 

complications such as fat necrosis, oil cyst formation and microcalcifications 

[108]. In an attempt to overcome the issue of resorption, cell-assisted 

lipotransfer was described by Matsumoto et al., which involves enrichment 

of autologous lipoaspirates with ADSCs prior to grafting [111]. This has had 

more successful outcomes in terms of volume retention, likely as a result of 

superior graft maintenance due to increased vascularisation and collagen 

synthesis within the graft [112]. However, this technique is still far from 

perfect and still has a high rate of resorption [479].  

Limitations of autologous fat transfer and cell assisted lipotransfer can 

potentially be overcome by employing tissue engineering strategies. Tissue 

engineering is defined as the “regeneration of damaged tissues by combining 

cells from the body with highly porous scaffold biomaterials, which act as 

templates for tissue regeneration, to guide the growth of new tissue” [168]. 
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Seeding lipoaspirate used for autologous fat transfer or cell assisted 

lipotransfer onto a suitable biocompatible scaffold is potentially effective 

strategy for breast reconstruction, either on its own or as an adjunct to implant 

breast reconstruction. A scaffold may reduce the rate of adipose resorption 

seen when adipose tissue in injected alone. Hydrogels are a suitable cell 

scaffold for adipose tissue engineering [438]. Injectable hydrogels are 

particularly advantageous as they are easier to handle than pre-formed 

hydrogels, can reach deeper tissue depths, can be delivered via a minimally 

invasive mechanism and can adapt effectively to fill the defect margins 

properly allowing for neovascularisation from neighbouring healthy tissue 

[195]. The biomechanical properties of a hyaluronic acid hydrogel were 

investigated in Chapter 7 in order to identify the optimal concentration of 

hyaluronic acid and optimal cross-linking density for breast adipose tissue 

engineering. Experiments comparing different concentrations of hydrogel 

precursor solutions revealed that a higher concentration of 2% w/v hyaluronic 

acid was required in order to prevent lipoaspirate from “settling out” of 

solution and to allow for homogenous cell seeding within the cross-linked 

hydrogel upon injection. An increased crosslinking density was also required 

in order to create a cell seeded hydrogel material of adequate stiffness to 

mimic native adipose tissue and withstand forces created within the 

reconstructed breast by overlying skin and breast implants. Increasing the 

crosslinking density of a hydrogel biomaterial also increases the length of 

time required for the scaffold to degrade in vivo [480, 481], which allows 

more time for native adipose tissue regeneration within the graft, generation 

of a greater adipose tissue volume and improved cosmetic outcomes. The 

results of the present study demonstrated that both autologous fat grafting and 

cell assisted lipotransfer techniques can be augmented by seeding the tissue 

graft onto an injectable hydrogel material. However, the addition of the 

stromal vascular fraction to the hydrogel does potentially interfere with the 

crosslinking density, as demonstrated by the decreased elastic modulus in the 

400µl + SVF and 800µl + SVF groups compared to the 400µl and 800µl 

groups respectively. In vivo studies will be required in order to investigate 

whether the regenerative potential of ADSCs within the SVF or the increased 
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hydrogel stiffness in hydrogels without ADSC enrichment is advantageous 

with regard to adipose tissue regeneration.  

Seeding of abdominal lipoaspirate, with or without ADSC enrichment, onto 

a hydrogel scaffold biomaterial and injection into the breast as an adjunct to 

implant breast reconstruction has the potential to be carried out in the 

immediate breast reconstruction setting. Such a strategy may reduce the rate 

of capsular contracture formation and allow a more natural texture and 

appearance to be created with implant breast reconstruction, improving 

aesthetic outcomes and patient satisfaction [45].  

Seeding of abdominal lipoaspirate enriched with ADSCs onto a 

biocompatible hydrogel scaffold for injection at time of breast reconstruction 

is also potentially advantageous in the setting of neoadjuvant radiotherapy. 

Firstly, ADSCs, contained within lipoaspirate, have been shown to be 

effective in the treatment of radiation induced injury [281]. Second, adipose 

tissue regeneration at the surface of the breast implant may prevent the 

formation of capsular contracture, one of the most common complications 

associated with radiotherapy to the breast.  

Adipose tissue engineering utilising autologous adipose derived stem cells 

isolated from breast cancer patients is plausible. However, this work has 

shown that adipose tissue depot and neoadjuvant treatment received is an 

important consideration. ADSCs from the breast of patients with an invasive 

cancer at time of ADSC isolation may not be suitable for this purpose. 

Eradication of residual breast cancer cells will also be vital prior to the 

implantation of ADSCs into the breast mound at time of breast reconstruction 

in order to minimise the risk of disease recurrence. Neoadjuvant therapies will 

have a large role to play in this regard, which suggests a role for neoadjuvant 

chemo-radiotherapy in the treatment of breast cancer prior to mastectomy and 

reconstruction utilising ADSCs and tissue engineering strategies. The 

feasibility of using breast regeneration techniques alongside chemotherapy 

and radiotherapy also suggests that these methods of breast reconstruction 

will also be available to women with locally advanced breast cancer in the 

future.  
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8.8 Future Directions 

Future work is required in order for the findings of these studies to be 

translated effectively into the clinical setting.  

The potential for neoadjuvant chemo-radiotherapy in the treatment of breast 

cancer was demonstrated in the pilot study described in Chapter 5. 

Neoadjuvant chemo-radiotherapy followed by mastectomy and 

reconstruction has the benefits of resulting in a shorter treatment time without 

increasing the rate of complications. However, this study, and the evidence 

for this novel treatment protocol in the literature is based on small patient 

numbers in retrospective review. Therefore, multicentre prospective 

randomised controlled trials are the next step in validating this treatment 

strategy and investigating the most appropriate method of breast 

reconstruction to accompany it.  

The results presented in Chapter 6 demonstrate that adipose tissue depot and 

neoadjuvant therapy received have a significant influence on the oncological 

safety and suitability of ADSCs for use in breast regeneration. ADSCs 

isolated from the breast of patients treated with neoadjuvant chemotherapy 

and the abdomen of breast cancer patients not treated with neoadjuvant 

chemotherapy may still be suitable for autologous stem cell donation. In vivo 

studies will be required to investigate this. This future in vivo work should 

aim to assess which ADSC source allows for the greatest adipose tissue 

volume to be produced to recreate the breast mound and also if there is a 

difference in the rate of breast cancer recurrence when different ADSC 

sources are utilised.  

In vivo experiments will also be required to establish the properties of 

hyaluronic acid hydrogels seeded with abdominal lipoaspirate. These 

experiments will be important to investigate the degradation rate of the 

hydrogels and whether this allows ample time for native adipose regeneration. 

This will also provide information on whether a hydrogel scaffold will 

prevent the high rate of adipose resorption currently seen in autologous fat 

grafting in the clinical setting. Longer term in vivo studies will be required in 

order to assess whether the injection of a hyaluronic acid hydrogel loaded 
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with abdominal lipoaspirate will prevent the formation of capsular 

contracture around the inserted silicone implant.  

Hydrogel experiments in this thesis were also undertaken using abdominal 

lipoaspirates from healthy patients without a cancer diagnosis. Similar 

experiments should be carried out using adipose tissue from breast cancer 

patients to assess what effect, if any, this may have on the biomechanical 

properties of hyaluronic acid hydrogels.   

In order for injectable hydrogel biomaterials loaded with abdominal 

lipoaspirate to be utilised in the clinical setting, a delivery device to facilitate 

this needs to be developed. In the case of covalently crosslinked hydrogels, 

as presented in this thesis, with the use of H202 and HRP, gelation time is an 

important consideration. The solution must gel rapidly at the site of injection 

within the reconstructed breast in order for the therapy to be retained at that 

site, while premature gelation may block the catheter. Injection through the 

delivery device must also not affect the viability of the cells encapsulated 

within the hydrogel. Adipocytes measure approximately 100µm in diameter, 

which is larger than other cells within the stromal vascular fraction (e.g. 

ADSCs are approximately 40µm in diameter). Therefore, the delivery device 

must be of ample diameter to allow safe passage of these cells encapsulated 

within a hydrogel for injection.  

8.9 Conclusion 

 Despite the increasing use of neoadjuvant chemotherapy and breast 

conserving surgery, mastectomy and breast reconstruction remain a critical 

intervention in the treatment of breast cancer. Increasing patient expectations 

regarding aesthetic and quality of life outcomes have directed research focus 

towards alternative treatment sequences and tissue engineering strategies in 

the pursuit of the ideal breast reconstruction. This represents an exciting new 

chapter in the evolution of breast cancer management.
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Review

Recent Advances and Future Directions in
Postmastectomy Breast Reconstruction
Niamh O’Halloran, Shirley Potter, Michael Kerin, Aoife Lowery

Abstract
Postmastectomy breast reconstruction (PMBR) has evolved dramatically since it was first described by Vincent
Czerny in 1895. The increasing numbers of mastectomy procedures and improved patient survival have placed an
increasing emphasis on the aesthetic and psychosocial outcomes, prompting surgeons to develop more sophisticated
methods to reconstruct the breast mound. Significant improvements have been made to existing implant and
autologous methods of PMBR in recent decades in an effort to reduce donor site morbidity and complication rates and
improve cosmesis. The limitations of contemporary methods of PMBR have directed research toward more novel
techniques such as autologous fat grafting and adipose tissue engineering. The present review discusses recent
advances in the evolution of contemporary approaches to breast reconstruction and the future directions of PMBR
using adipose tissue engineering strategies.

Clinical Breast Cancer, Vol. -, No. -, --- ª 2018 Elsevier Inc. All rights reserved.
Keywords: Adipose tissue, Adipose tissue engineering, Autologous breast reconstruction, Future breast reconstruction,

Implant breast reconstruction

Introduction
Postmastectomy breast reconstruction (PMBR) has become the

standard of care in the surgical management of breast cancer and has
been shown to improve psychosocial outcomes.1 The number of
patients undergoing mastectomy has increased during the past
decade, because of both an increase in prophylactic risk-reducing
surgery for patients with cancer-predisposing genetic mutations
and the increasing numbers of patients with breast cancer opting for
contralateral prophylactic mastectomy.2-8 Furthermore, a greater
number of women who are eligible for breast-conserving surgery
(BCS) have been opting to undergo mastectomy.7 As a result of the
increasing number of mastectomies being performed and the
improved survival of breast cancer patients, the emphasis on sur-
vivorship issues has increased, which include aesthetic and quality of
life outcomes. Surgical techniques have evolved in an effort to
optimize the aesthetic results for patients undergoing mastectomy
and breast reconstruction. Recent advances have seen the evolution
of mastectomy techniques and the addition of novel autologous and
implant-based reconstructive approaches to the oncoplastic sur-
geon’s armamentarium. Furthermore, advances in the fields of tissue
engineering and regenerative medicine hold enormous potential for

novel autologous reconstructive approaches. Recent efforts in this
field have focused on stem cell-based regeneration of adipose tissue.
The ultimate goal is to create the “ideal” breast reconstructive
technique, resulting in a texturally accurate, symmetric, and
aesthetically appropriate breast reconstruction, despite the need for
radiotherapy, which can be performed in the immediate setting,
without the need for a donor site or reoperation secondary to
phenomena such as foreign body reactions to synthetic materials.

The present review discusses the recent advances in contemporary
approaches to PMBR and the challenges that must be overcome in
the development of future novel reconstructive techniques.

We performed searches using PubMed. The searches were
performed using keywords such as “mastectomy,” “breast recon-
struction,” “implant,” “autologous,” “adipose tissue engineering”
and “scaffold.” The reference lists were also examined to identify
studies that might have been inadvertently excluded during the
initial PubMed search.

Advances in Mastectomy—Aiding
Superior Reconstruction Outcomes

The evolution of mastectomy techniques has influenced PMBR.
The advent of “skin sparing mastectomy” (SSM), first reported in
1991, has had a significant effect on the cosmetic improvements
seen in contemporary breast reconstruction.9 Most of the skin en-
velope is preserved, because SSM involves the removal of only the
nippleeareola complex and the skin involved with, or in close
proximity to, the tumor. This involves the removal of as much
breast tissue as possible, with dissection performed above the
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superficial fascia, leaving only the epidermis, dermis, and small
quantities of subcutaneous fat. It has been shown that skin flaps
> 5 mm in thickness are associated with the presence of residual
breast cancer.10 SSM is oncologically safe for most breast cancer
patients, although it is contraindicated for inflammatory carcinoma
and is relatively contraindicated for smokers.11,12 Despite the lack of
randomized, controlled trials, SSM is as safe oncologically as simple
mastectomy, with similar rates of local recurrence, as reported in a
meta-analysis of 3739 patients (1104 SSM and 2635 non-SSM).13

SSM has been shown to have locoregional recurrence rates com-
parable to those with non-SSM for small and low-grade tumors.
Recent research has also shown that this might also be true for
tumors of higher grade and stage.10 Achieving clear margins is
especially important in SSM, because the most common site for
locoregional recurrence after conventional mastectomy is within the
skin overlying the chest wall.14 Preserving the native skin pocket
results in superior symmetry by matching the skin color and texture
and allowing for a natural ptosis of the reconstructed breast. Ne-
crosis of the mastectomy flaps must be avoided. Also, in patients
who are undergoing placement of expanders or implants, it is crucial
to ensure complete coverage of the prosthesis, with either a com-
plete submuscular pocket or the addition of an acellular dermal
matrix (ADM) to the lower pole. Decreased mastectomy skin flap
thickness can increase the risk of mastectomy flap necrosis.15 Sig-
nificant complications associated with expander inflation and breast
reconstruction have often been attributed to inadequate tissue
perfusion secondary to thin mastectomy flaps. Expansion failure
rates of 1.8% to 18% have been reported, which have often been
attributable to impaired wound healing and tissue necrosis.16

Preservation of the skin layer superficial to Scarpa’s fascia, leaving
the subdermal vascular plexus intact, can help prevent mastectomy
skin flap necrosis and has been shown to be oncologically safe.17

Other patient factors such as smoking have a significant effect on
the rates of mastectomy flap necrosis. The hypothesized mechanism
of this is the vasoconstriction caused by nicotine, reduced hemo-
globin oxygenation secondary to carbon monoxide binding, and
increased platelet aggregation.17 Radiotherapy results in a greater
rate of mastectomy flap necrosis, in particular, in the case of implant
reconstruction. Traditionally, identification of mastectomy flap
necrosis has been through clinical evaluation, including assessment
of skin color, capillary refill time, skin temperature, and dermal
bleeding.17 Several technologies have recently been developed to aid
in the early detection of mastectomy flap necrosis. The indocyanine
green (ICG) contrast agent holds promise as an intraoperative
prediction system for mastectomy flap necrosis. High intraoperative
tissue expander fill volumes have been shown to increase the risk of
mastectomy flap necrosis.18 Therefore, the insertion of an under-
inflated tissue expander might initially reduce the risk of mastec-
tomy skin flap necrosis by reducing the tension on the skin.

Nipple reconstruction has become an integral part of breast
reconstruction. Nipple sparing mastectomy (NSM), first described
in 1962,19 is becoming popular, obviating the need for this
reconstructive step.20 A systematic review of 12,358 cases by
Headon et al21 revealed a locoregional recurrence rate of 2.38%
after 38 months of follow-up, comparable to that after conventional
mastectomy. However, to make this procedure oncologically safe, a
separate histologic examination of the areolar tissue is essential.

Therefore, a significant amount of the tissue posterior to the nipple
must be removed, leading to reduced vascularization to the
nippleeareola complex (NAC), often leading to partial or total
necrosis of the NAC and requiring further surgery and resulting in
exposure of the underlying prosthesis. Rusby et al22 demonstrated
that the blood supply to the nipple can be adequately maintained by
a subdermal plexus with removal of the ductal tissue within the core
of the nipple, with a 92.3% 5-year survival. Tumor involvement of
the nipple can be predicted clinically by a tumor-to-nipple distance
of < 2.5 cm, positive lymph node status, stage III or IV disease,
negative estrogen and progesterone receptor status, HER2 positiv-
ity, and ductal carcinoma in situ.23 If the retroareolar biopsy is
found to be positive, the NAC requires excision. Nipple margin
involvement has been reported at a rate of 2.8% to 20%.24 One
technique developed to help prevent NAC necrosis after NSM is a
“nipple delay” procedure, which involves raising the nipple using a
hemicircumareolar incision, causing the NAC to become reliant on
its subdermal vascular plexus, followed by NSM 1 week later,
making the NAC more likely to survive.25 If the nipple core biopsy
findings are reported as positive in the interim, the nipple should be
excised at the second-stage mastectomy procedure.26 Some concerns
have been raised regarding NSM safety in BRCA gene mutation-
positive patients, because this procedure requires a small amount
of tissue to be left behind in the NAC to maintain an adequate
blood supply.27 However, the procedure has been deemed onco-
logically safe by the results from a meta-analysis of 5594 patients
with a follow-up period > 5 years.28 Garwood et al29 investigated
the effect of NSM on reconstruction type. An increased rate of
nipple necrosis was observed with fixed-volume implants. This
group found that an increased use of tissue expanders decreased the
rates of nipple necrosis. It was hypothesized that immediate breast
reconstruction (IBR) with fixed volume implants might place too
much tension on the skin flaps and limited blood supply of the
spared NAC. Autologous reconstruction was also found to be an
independent risk factor for nipple necrosis, possibly owing to the
fixed volume of the flap, similar to that of fixed volume
implants.29 Toesca et al30 recently described a novel robotic tech-
nique for performing NSM and immediate breast reconstruction
with an implant with a single, small, hidden axillary scar. They have
reported the data from a case series of 29 such procedures with good
patient and surgeon satisfaction ratings.30

Recent Advances in Contemporary
Breast Reconstruction Techniques
Implant-based Reconstruction

PMBR using implants is currently more commonly performed
than autologous breast reconstruction (Figure 1).31 Several advan-
tages, such as shorter operation times, lack of donor site morbidity,
and a quicker return to normal activities, make this an attractive
reconstructive option. Breast reconstruction using implants can be
performed as either a single-stage, direct to permanent implant
(DTI) procedure or a 2-stage procedure with the insertion of a tissue
expander that is inflated over time and later replaced by a permanent
implant. More detail on DTI breast reconstruction after mastec-
tomy can be found in a review by Colwell et al.32 More modern
DTI procedures use ADMs in an attempt to overcome these issues
by fixing the pectoralis muscle and forming a complete pocket
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around the inferior pole of the implant in the required position
(Table 1). During their early use, concern was raised that ADMs
were associated with a greater risk of infections and complications
such as seroma.33,34 Red breast syndrome (RBS) is a phenomenon
synonymous with ADM use that was first described in 2010. It is
described as a noninfectious erythema, appearing days to weeks after
ADM implantation, localized to the areas of ADM placement,
typically along the inferior pole of the breast.35 It is thought to be a
delayed type IV hypersensitivity reaction to ADM-associated anti-
gens. The available ADMs differ in terms of tissue source, method
of decellularization, antigen removal, cross-linking method, and
final preparation and packaging (aseptic vs. sterile; Table 1). How
the ADM integrates into host tissue, its durability, and the host’s
reaction can be influenced by these differences. Incomplete decel-
lularization of an ADM can induce an inflammatory response
within the host on implantation. In contrast, damage to the ADM
extracellular matrix (ECM) during manufacture, such as chemical
cross-linking or exposure to radiation, can result in increased
inflammation and a reduction in cellular and vascular infiltration of
the ADM, limiting tissue regeneration. However, more recent

research has shown that complication rates associated with ADM
use for single-stage DTI reconstruction were not increased.36-38

Lewis et al39 investigated the rate of RBS with the use of aseptic
AlloDerm and sterile AlloDerm, which resulted in a decrease in the
rate of RBS in the sterile AlloDerm group but did not eliminate its
occurrence completely. Paprottka et al40 compared the complication
rates in patients receiving human-derived, porcine-derived, and
bovine-derived acellular dermal matrices after 3 years of follow-up.
They reported an RBS rate of 6% (3 of 52 patients), 1 occurring
with Strattice (porcine ADM) and 2 occurring with Tutomesh
(bovine ADM). They concluded that human-derived ADMs have
the lowest overall complication rates, with bovine ADMs resulting
in the greatest complication rates, despite their advantages with
regard to flexibility and ease of use.40 Synthetic mesh has been
increasingly used in breast reconstructive surgery. The TIGR matrix
is one such synthetic mesh, composed of slow- and fast-degrading
fibers and is a potential alternative to ADMs.41 Sharma et al42 re-
ported on the use of TIGR matrix in 74 breast reconstructions,
citing a complication rate of 17.5%, which appears favorable
compared with the complication rates reported for ADMs. It has
been postulated that the reason for this incongruity in data relating
to complication rates has resulted from the learning curve associated
with the introduction of a new product or technique.43 The cost of
ADMs is offset by completing the reconstructive process in a single
procedure and the possibility for superior cosmesis.32

Capsular Contracture
Capsular contracture is the most common complication of

implant-based breast reconstruction. It is caused by an excessive
fibrotic reaction to an implanted foreign body and has an overall
incidence of 10.6%.44 Factors such as infection, biofilms, irradia-
tion, subglandular placement, hematoma, irradiation, and implant
surface are associated with this phenomenon.45 Smooth implants
have been associated with greater rates of capsular contracture than
textured surfaced implants.46 Additionally, subglandular placement
of breast implants results in greater rates of capsular contracture

Figure 1 Photograph Showing Implant Only Reconstruction

Table 1 Commercially Available Acellular Dermal Matrices Used in Direct-to-implant Reconstructions or With a Tissue Expander

ADM Trade Name Company Tissue Source Sterile Advantages

Flex HD Ethicon Human allograft skin No Little elasticity; prehydrated

AlloDerm Life Cell Human cadaveric skin No Can be irradiated; widely used, with extensive
studies performed; rapid revascularization; allows

for lymphocyte migration

DermaMatrix Synthes Human skin Yes Bacterially inactivated; rapid rehydration; no
refrigeration required

Permacol Covidien Porcine dermis Yes Cross-linked for greater durability; no refrigeration
or rehydration required; available in larger sizes

Strattice LifeCell Porcine dermis Yes Good biomechanical strength; prevents adhesions;
allows for revascularization; allows for lymphocyte

migration and cell ingrowth

SurgiMend Polytech Fetal bovine dermis Yes Rapid rehydration; easy to suture; fenestration to
allow fluid drainage

AlloMax Bard Davol Human dermis Yes Virally inactivated; hydrates rapidly; little elasticity;
early cellular infiltration and neovascularization

7 days after implantation

ADMs are created by a decellularization process that leaves the extracellular matrix of the original tissue intact.
Abbreviation: ADM ¼ acellular dermal matrix.

Niamh O’Halloran et al
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compared with submuscular insertion.44 Polyurethane coating of
silicone implants has been demonstrated to reduce the rates of
capsular contracture, with an inverse relationship existing between
capsular contracture and a reduced amount of polyurethane coating
on the implant surface.47 Despite fears of possible carcinogenetic
effects from polyurethane breakdown products, several studies have
shown no association between polyurethane-coated implants and
increased cancer risk.48-50 Biofilm, largely due to skin commensals,
has been implicated in capsular contracture. Biofilm forms at the
implant surface at during surgery. The extracellular slime created
provides some isolation from antibiotic treatment and limits bac-
terial exposure to the host’s immune response.51 Techniques, such
as the “14-point plan,” have been developed to reduce the number
of bacteria around implants. This strategy minimizes the bacterial
contamination at surgery and the bacterial load that leads to biofilm
formation. The “14-point plan effect” has been proved to reduce the
rates of capsular contracture occurring as a result of biofilm
formation.51 Capsular contracture contributes significantly to the
long-term maintenance of implant breast reconstruction required.
Breast implants need to be replaced, usually in conjunction with a
capsulotomy, approximately every 10 to 15 years owing to the
ongoing risk of leak, malrotation, and rupture. The requirement for
added surgical procedures increases patient morbidity.

Subglandular Implant Reconstruction
Subglandular or prepectoral implant placement is a muscle

sparing technique that has been revived in breast reconstruction.
The main advantages associated with this reconstructive strategy are
avoidance of animation deformity, prevention of shoulder
dysfunction, and a lower reported incidence of capsular contracture
(2.8%-15.9%, with an increased incidence after radiotherapy).52

The increased use of ADMs and synthetic meshes has been cen-
tral to the revival of this surgical procedure. Although the short-term
outcomes appear favorable, limited data are available regarding the
long-term outcomes of prepectoral breast reconstruction. Several
detailed reviews of this revived practice have been recently
reported.52-55

Breast Implant-associated Anaplastic Large Cell
Lymphoma

Reports of anaplastic large cell lymphoma, a rare non-Hodgkin
lymphoma, occurring in association with implant-based breast
reconstruction have been increasing. Anaplastic large cell lymphoma
most often presents as a late periprosthetic effusion. Reports of the
disease incidence have varied widely from 1 in 3,000,000 to 1 in
50,000. A recent case series from Australia and New Zealand
reported an incidence as great as 1 in 4000 with textured implants
with a high surface area.56 The median time between implantation
and presentation is 9 years.57 The diagnosis is usually determined by
aspiration of the effusion fluid, which will be positive for CD30
expression and negative for anaplastic lymphoma kinase.58 Patients
with in situ disease, which is confined to the lumen surrounding the
prosthesis, have an excellent prognosis once the capsule has been
removed in its entirety with negative surgical margins. Invasive
disease, with or without lymph node involvement, carries a worse
prognosis, with mortality reachingw40% at 2 years.58 The etiology
of the disease is as yet unknown. The suggested risk factors include

the presence of a subclinical biofilm on the implant surface, capsular
contracture, repeated capsular trauma, a genetic predisposition, or
an autoimmune etiology.57

Advances in Tissue Expander Implants
Recent advances in implant-based breast reconstruction include

the development of carbon dioxide-filled tissue expanders. Tradi-
tional saline-filled tissue expanders require repeated inflations,
which can be painful and time-consuming and can result in an
asymmetric breast appearance in the interim. Injections through the
skin also add to the risk of infection. Therefore, AirXpanders, Inc,
has developed the AeroForm remote-controlled, needle-free tissue
expander, which releases carbon dioxide from an internal reservoir
to inflate the expander. The gas released is stored within a high-
barrier material that has been preformed into a breast shape shell
of the required volume. This system allows for daily gradual
expansions, instead of the less frequent, larger volume expansions
associated with saline tissue expanders.59 Expansion is performed by
the patient in 10-cm3 increments to � 30-cm3 of carbon dioxide
daily. Within the AeroForm expander is a preformed inner liner
with lower pole projection. Therefore, intentional overexpansion of
the tissue expander is not required to achieve lower pole fullness.
Two patients within the XPAND (patient controlled tissue expan-
sion for breast reconstruction) trial required postmastectomy radi-
ation therapy. Immediate-delayed breast reconstruction was
successfully performed for these patients with the AeroForm tissue
expander. Carbon dioxide tissue expanders also convey advantages
with regard to adjuvant chemotherapy, because a low white blood
cell count is not a contraindication to AeroForm expansion,
allowing continuous expansion during chemotherapy delivery. Air
travel with an AeroForm in situ requires consideration. However, 3
patients within the XPAND trial travelled by air with the expander
in situ without adverse effects or significant discomfort.59

Autologous Reconstruction
Autologous breast reconstruction remains the reference standard

for PMBR, especially for patients who have poor skin quality of the
mastectomy flaps or for whom delayed reconstruction is preferred.60

Although it is a more significant surgical procedure and is associated
with considerable patient morbidity, autologous reconstructions
result in a more natural in shape, feel, and texture compared with
implants, with a natural ptosis requiring little or no maintenance in
the long term. Autologous reconstruction allows for importation of
healthy tissue, especially in cases of poor quality of the native
mastectomy flaps or delayed reconstruction. Although the initial
complication rates might be higher, autologous reconstructions
provide a more consistent and durable reconstruction over time.61

Autologous reconstruction is also often used as a salvage proced-
ure after failure of an implant reconstruction.62 Despite its advan-
tages, autologous reconstructions are not without their own specific
complications. Autologous reconstruction has morbidity risks at
both the donor and the recipient sites. Tissue flap necrosis and loss
can occur secondary to ischemia of the transferred tissue. Compli-
cations can arise at the donor site, including wound dehiscence and
abdominal wall hernia. These operations also require a longer
operative time and longer hospital stay and recovery times. Pro-
cedure times have been reduced in recent years, with the average
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unilateral deep inferior epigastric artery perforator (DIEP) proced-
ure now requiring 4 to 6 hours.63 Autologous flap procedures are
more technically challenging, especially in the case of free DIEP and
transverse rectus abdominis muscle (TRAM) flaps, which require
the formation of a microvascular anastomosis. Therefore, autolo-
gous reconstruction is associated with a significant learning curve for
surgeons.64 Some investigators have predicted an increase in the
need for autologous reconstructions secondary to the increasing
number of indications for radiotherapy and, therefore, an unac-
ceptably high rate of capsular contracture and radiodermatitis with
implant reconstructive procedures.65 As surgical techniques have
evolved, a progression has occurred from pedicled flaps to free
musculocutaneous flaps to muscle-sparing perforator flaps.66

Currently, the abdominal wall is the most commonly used donor
site.

Autologous reconstruction is performed using pedicled or free
flaps. The pedicled TRAM flap is a reconstruction technique in
which the rectus abdominis muscle and adjoining fat and skin is
detached from the abdominal wall and tunneled under the upper
abdominal skin to reconstruct the breast mound. Such a procedure
is associated with significant patient morbidity and long recovery
times, along with decreased abdominal strength, often resulting in
complications such as a hernia, which has had a reported incidence
of 0% to 10%.67 Free microvascular tissue transfer was first
described in 1973 for the primary closure of a compound leg injury,
a development that broadened the horizons of breast reconstruc-
tion.68 Microvascular free flaps have increased in popularity, espe-
cially the free TRAM, muscle-sparing TRAM, and DIEP flaps,
which are the most commonly used free flaps for breast recon-
struction, although other donor sites are also used, including deep
circumflex iliac artery flaps, lateral thigh (tensor fascia lata) flaps,
superior and inferior gluteal musculocutaneous flaps, gracilis flaps,
and triceps flaps.66 The internal mammary vessels are the most
commonly used recipient vessels on the chest wall for microvascular
anastomosis.69 Alternative recipient sites include the thoracodorsal
vessels and thoracoacromial vessels.

Abdominal Wall Flaps
The TRAM flap was pioneered in 1982 by Hartrampf et al.70 It

has evolved from a pedicled flap with a necrosis rate of 10% to a free
flap with a possible success rate of 98%. Originally, the TRAM flap
took its blood supply from the superior epigastric vessels by way of a
series of vessels within the rectus abdominis, which had the greatest
rate of abdominal wall morbidity. With increasing use of muscle-
sparing procedures, the pedicled TRAM flap is usually performed
only in a setting in which the perioperative support is inadequate for
a free tissue transfer, for unilateral procedures, and in those patients
with severe comorbidities that require shorter operative times.23 The
free TRAM flap uses the rectus abdominis muscle just as does the
pedicled TRAM flap; however, the vascular pedicle is dissected,
completely removing the flap from the abdominal wall. This obvi-
ates the need for tunneling of the flap, and the flap is anastomosed
to an artery and vein on the chest wall. The more modern use of the
inferior epigastric vessels in the free TRAM flap allows for larger
amounts of abdominal tissue to be removed completely from the
body and transplanted to the chest wall, with less risk of fat necrosis.
In addition, limiting the muscle harvest to the portion of muscle

containing the medial and lateral rows of perforating vessels reduces
the risk of donor site morbidity by minimizing violation of the
abdominal wall.71 A free TRAM flap provides an improved blood
supply, which aids in providing maximal volume and preventing
partial flap loss.23 Free tissue transfer also allows for easier manip-
ulation during implantation. The anterior rectus sheath is usually
sutured closed; however, in cases of difficult closure, especially if
both rectus muscles are used, a synthetic mesh might be required to
achieve closure.72

The DIEP flap is the most commonly performed perforator flap
for breast reconstruction and relies on microdissection of the
branches of the deep inferior epigastric vessels that perforate the
rectus abdominis and its fascia. In a DIEP flap, the primary vessels
are the deep inferior epigastric artery and vein.73 The flap is termed
a superficial inferior epigastric perforator (SIEP) flap if the primary
vessels are the superior epigastric vessels.74 Owing to the minimal
breach of the rectus sheath, DIEP flaps have been associated with
minimal loss of function, a reduced risk of hernia, reduced rates of
fat necrosis, less postoperative pain, lower costs, and a shorter length
of stay.23 Reduced abdominal wall tension makes tension-free
closure possible without the use of a synthetic mesh71 (Figure 2).
In a comparison of DIEP and SIEP flaps, SIEP flaps required greater
rates of re-exploration because of arterial insufficiency and flap
failure.75 The requirement for abdominoplasty with limited
abdominal wall complications in these reconstructive techniques
have made DIEP and SIEP flaps attractive options for reconstruc-
tion in mastectomy patients.

Thoracic Wall Flaps
Alternative donor sites to the abdominal wall are required for

patients who have undergone previous major abdominal surgery.
Although its use has been surpassed by DIEP and TRAM flaps in
more recent times, the latissimus dorsi (LD) flap is still a widely
used method for breast reconstruction (Figure 3). An LD flap can be
used alone or in conjunction with an implant to re-create the breast
mound, depending on the volume required to achieve symmetry.
An extended LD flap allows for greater volume generation without

Figure 2 Photograph Showing Bilateral Deep Inferior
Epigastric Artery Perforator Flap
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the use of an implant by harvesting lumbar adipose tissue along with
the muscle flap to reconstruct the breast mound.76 An extended LD
flap can provide flap volumes of 400 cm3 in � 70% of patients;
however, this technique has been associated with poor wound site
healing and a high incidence of fat necrosis.23 The indications
suggested for LD reconstruction include previous abdominal oper-
ations, a preferred dorsal donor site, a failed implant or TRAM flap,
and patients who wish to become pregnant at a later stage. The LD
flap is suitable for use in the immediate and delayed setting.76 A
thoracodorsal artery perforator flap is another flap originating from
the thoracic wall and back that can be transplanted into the anterior
thorax for breast mound reconstruction, first described in 2004.77

This flap is capable of reconstructing a B-cup size breast and al-
lows for harvesting of the same skin and subcutaneous tissue as that
in the LD flap, without the muscle, avoiding the possible associated
complications. This type of flap has a low rate of seroma and no
impairment of shoulder motion.78

Lower Limb Flaps
A transverse upper gracilis (TUG) flap is a less commonly per-

formed method of breast reconstruction usually indicated for partial
mastectomy defects or small breasts. If the TUG flap is based on a
distal perforator, a pedicle length of � 25 cm can be achieved. This
reconstructive method is safe to use in patients unsuitable for
abdominally based reconstruction, including the morbidly obese,
smokers, and diabetics.23 The TUG flap is harvested from the
medial aspect of the thigh and is associated with advantages such as
relatively consistent anatomy, an inconspicuous donor site scar, and
relatively little functional morbidity. Potential complications
include medial thigh paresthesia, chronic lower limb lymphedema,
and contour deformities of the medial thigh. The flap is supplied by
the medial circumflex artery. Harvest of tissue beyond the femoral
axis should be avoided to prevent flap necrosis. Preservation of the
saphenous vein will preserve the lymphatics that lie below it.79

The skin and fat of the posterior thigh can also be used for
autologous breast reconstruction using a profunda artery perforator
flap, first described in 2010. This technique is indicated for patients
with insufficient abdominal tissue, previous abdominal surgery or
liposuction, a failed DIEP/SIEA/TRAM flap, or a pear-shaped body
habitus and those with a preference for a nonabdominal donor site.
The breast volumes achievable have usually been reported in the
range of 300 to 400 g, which will result in an A- to B-cup breast.

Postoperative pain and functional issues are minimized because the
underlying muscle is spared. The pedicle length ranges from 8 to 10
cm and is generally a reasonable size match for anastomosis to the
internal mammary vessels.80 A more comprehensive review of lower
extremity free flaps for breast reconstruction has been reported by
Dayan et al.81

Vascular Assessment of Transferred Flaps in Autologous
Breast Reconstruction

Adequate tissue perfusion increases the likelihood of achieving a
successful reconstruction; therefore, great emphasis should be placed
intraoperatively and postoperatively on assessment of flap perfusion.
New preoperative, intraoperative, and postoperative technologies
have been developed to assess the vascular supply of skin and tissue
flaps to prevent complications such as flap necrosis. Computed
tomography angiography (CTA) has been used in various surgical
specialties for many years; however, recent advances have meant that
with better imaging techniques and 3-dimensional reconstruction, it
is now possible to map perforating vessels preoperatively, allowing
the surgeon to devise a surgical plan and save significant amounts of
time. Although CTA is associated with drawbacks, such as cost,
nephrotoxicity, and radiation exposure, the predictive value of CTA
in identifying the perforators used in DIEP is 75% to 82%. The
major advantages of CTA are the elimination of interobserver
variability, that it is noninvasive, the short scanning time and high
spatial resolution, visualization of vessels as small as 0.3 mm, and
easy image interpretation.82 It has also been shown that the use of
preoperative CTA results in reduced donor site morbidity, fewer
flap complications, and an operative time 88 minutes shorter.23

However, preoperative CTA cannot provide physiologic data such
as the blood flow characteristics of perforating vessels or an assess-
ment of perfusion.82 Several technologies have been developed to
assess flap perfusion intraoperatively, including oxygen partial
pressure, capillaroscopy, laser Doppler flow measurement, ther-
mography, and photoplethysmography. However, because of their
high cost, complexity, and low sensitivity, these techniques have not
been routinely integrated into the operative process. Intravenous
injection of ICG dye and imaging with near-infrared angiography
might improve the assessment of flap perfusion, improving post-
operative outcomes.17 This would be superior to the current
methods of clinically evaluating flap perfusion by examining the
tissue color, capillary reperfusion, and evidence of arterial bleeding

Figure 3 Photograph Showing Latissimus Dorsi Flap With Tissue Expander Reconstruction
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at the flap edge. ICG angiography can be used during the design of
the flap, localizing the underlying perforator vessels.82 ICG has a
short half-life, allowing for multiple injections during the course of
an operation without reaching toxic levels for ICG.83 A large case
series by Moyer and Losken84 found, using this technology, that
skin with < 25% perfusion was not viable 90% of the time and skin
with > 45% perfusion would survive in 98% of cases. Alternatively,
dynamic infrared thermography allows for easier localization of the
main perforator within the flap. The technique is based on surface
cooling, followed by rewarming, during which cutaneous perfusion
is examined using an infrared camera, with “hot spots” correlating
with the location of the perforator. Although this technique is
noninvasive and does not require contrast, its accuracy is the same as
that of a Doppler examination.82 Recent advances in the post-
operative monitoring of the vascular anastomosis in free flaps have
helped to improve outcomes. Of all free flaps, 6% to 14% will
require re-exploration secondary to vascular compromise. Also, 95%
of vascular complications will present in the first 72 hours after the
procedure. The flap salvage rate is greater for those flaps with
vascular compromise that are detected and operated on early.
Implantable Doppler probes that wrap around the arterial or venous
anastomosis and detect flow have been used to detect vascular
compromise postoperatively; these have been shown to be superior
to external Doppler monitors85 and are especially useful for buried
flaps with no external skin paddle.

Bilateral Reconstructive and Symmetrization Procedures
With the increasing numbers of bilateral mastectomies per-

formed, as both therapeutic and prophylactic procedures, the
demand for autologous reconstruction has increased.31 Bilateral
abdominal-based autologous breast reconstruction procedures are
complex operations associated with longer operating times and
technical challenges for surgeons, such as 1 abdomen being divided
to re-create 2 breast mounds, often leading to a smaller volume in
the reconstructed breasts.86 The use of abdominal free flaps is also
unique in that the use of this flap in the unilateral setting precludes
the use of the abdomen for subsequent breast reconstruction pro-
cedures.87 Systematic reviews of the reported data have detailed
greater rates of complications with bilateral abdominal free flap
reconstructions compared with unilateral abdominal free flap
reconstructions, especially in the incidence of breast seroma and

total flap failure rates (relative risk of total flap failure between
unilateral and bilateral DIEP flaps, 3.31).88

Achieving symmetry after breast reconstructive surgery is of
considerable importance. The most common procedures performed
to achieve symmetry have included contralateral breast reduction,
augmentation, and mastopexy. These procedures require significant
surgical skill and operative time and clinic time to counsel these
patients regarding this aspect of the breast reconstructive pathway.89

Symmetrization surgery can be performed immediately at the
original reconstruction procedure or at a later delayed stage. It has
been postulated to be easier to perform symmetrization surgery
successfully as a delayed procedure after mastectomy flaps have
healed and contracted.23 Huang et al90 demonstrated improved
patient satisfaction outcomes for o patients who had undergone
symmetrization surgery compared with those who had not.

Autologous Fat Grafting
Autologous fat grafting (AFG) involves liposuction of adipose

tissue from donor sites such as the abdomen, thighs, or buttocks and
subsequent reinjection of the lipoaspirate into an area in which a
defect is present for the purposes of reconstruction (Figure 4). AFG
has been successful in small-volume breast augmentation and filling
small-volume defects after BCS91 and adds value in implant-based
reconstructions.92 When used as an adjunct to breast reconstruc-
tion, AFG has been used to correct the reconstruction volume,
shape, and contour deformities, treat damaged irradiated tissue, and
to prime the irradiated field for delayed breast reconstruction.93

AFG has also been used in the treatment of postmastectomy pain
syndrome94 and in the treatment of capsular contracture.95 AFG has
been shown to have an effect on the skin quality of irradiated tissue
by decreasing dermal thickness, decreasing the collagen content, and
increasing vascular density, thereby reversing the characteristic
sequelae of radiation-induced fibrosis.96 AFG is also a procedure
associated with minimal donor site morbidity, increasing its
attractiveness as an adjunct to breast reconstruction. Although
positive outcomes have been demonstrated in this setting, the larger
volume of adipose tissue required for an autologous breast recon-
struction after mastectomy using fat grafting alone has proved
beyond its capabilities to date.97 AFG is limited by resorption, with
rates ranging from 25% to 80%, and complications such as fat
necrosis, oil cyst formation, and microcalcifications in patients

Figure 4 Intraoperative Photograph Showing Autologous Fat Grafting
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undergoing autologous fat transfer in addition to primary recon-
structive procedure such as the LD flap98 or as a filler for small-
volume defects after BCS.91 The most significant issue associated
with AFG is the large variation and unpredictability of the out-
comes. Several AFG techniques have been described; however, no
one method has been shown to be superior as of yet. One such
technique is the BRAVA system, first described by Khouri et al.91

BRAVA is a vacuum system that creates pockets within the breast
that act as an internal scaffold once autologous fat has been injected
into the pocket after w6 weeks.91 The wearing of the vacuum
system before the fat transfer requires significant compliance on the
patient’s part; therefore, it has not been widely used. The BRAVA
device is now approved by the Food and Drug Administration as a
class B device that is reimbursable by Medicare. AFG as a recon-
structive and cosmetic procedure has also been accepted by the
American Board of Plastic Surgery and the American Society of
Plastic Surgeons.99,100

Cell-assisted lipotransfer, first described by Matsumoto et al101 in
2006, involves enrichment of autologous lipoaspirates with adipose-
derived stem cells (ADSCs) harvested from one half of the
lipoaspirate before reinjection. Enrichment of autologous fat lip-
oaspirates with ADSCs, which have been expanded ex vivo, has
resulted in more successful outcomes in terms of volume retention,
likely as a result of superior graft maintenance owing to increased
vascularization and collagen synthesis within the graft.102 Kølle
et al103 demonstrated a fat residual volume of > 80% in 10 patients
within 121 days using abdominal lipoaspirate enriched with ADSCs
that had been expanded ex vivo for 14 days before reimplantation
into the upper posterior arm. Yoshimura et al104 conducted a study
of 40 healthy patients undergoing cosmetic breast augmentation, in
whom a mean volume of 270 cm3 ADSC-enriched fat was injected
into the breast. Minimal postoperative atrophy of the injected fat
occurred and did not change significantly over 2 months. Small
cystic formations and microcalcifications were observed in some
cases; however, the microcalcifications were readily distinguished
from those associated with breast cancer on mammography. These
data indicate that cell-assisted lipotransfer is suitable for the repair of
smaller breast defects.104

Adjuvant Therapy for Breast Cancer
and Effect on Breast
Reconstruction
Radiotherapy and Breast Reconstruction

Increasing numbers of breast cancer patients are undergoing
postmastectomy radiotherapy (PMRT). Currently, the American
College of Radiology recommends radiotherapy for patients with
tumors > 5 cm and > 4 positive lymph nodes.105 However, the
National Comprehensive Cancer Network has recommended that
radiotherapy be administered to patients with tumors < 5 cm and 1
to 3 positive lymph nodes.106 PMRT can have deleterious effects on
the symmetry, volume, and breast projection achieved with breast
reconstruction, affecting the cosmetic outcomes and complication
rates (Figure 5).107 Significantly greater complication rates have
been observed with implant reconstructions compared with autol-
ogous reconstructions in the setting of PMRT, with infection rates
of 13.5% versus 5.8%, mastectomy flap necrosis rates of 10.5%
versus 5%, and reoperation rates secondary to complications of

37.0% versus 16.63%.108 Implant reconstruction in the setting of
PMRT has been associated with an implant failure rate of
16.8%.108 A meta-analysis by Fischer et al109 demonstrated that the
use of autologous tissue (LD flap) with an implant significantly
reduced the rate of implant loss compared with the use of an
implant alone (5% vs. 15%). A similar trend was observed for
postoperative infections; however, no difference was found in the
incidence of capsular contracture.109 Total implant coverage is
essential to minimize complications after radiotherapy. An expander
and/or implant failure rate of 18% has been reported for cases with
incomplete total expander and implant coverage using either an
ADM or serratus anterior muscle at the time of irradiation.110

PMRT also affects the process of tissue expansion. A meta-
analysis of all the risk factors associated with tissue expansion
during a 20-year period reported that smoking and the receipt of
radiotherapy were independent risk factors for complications with
tissue expansion.111 Although PMRT has been significantly asso-
ciated with greater rates of complications in implant reconstruction,
recent studies have shown that implant reconstruction is more
popular after radiotherapy than are autologous techniques.112 In a
meta-analysis by El-Sabawi et al,108 5437 patients underwent
PMRT and breast reconstruction, 3605 underwent implant
reconstruction, and 1832 underwent autologous reconstruction.
However, Kearney et al113 demonstrated an increase in the number
of patients converting from an implant reconstruction to an autol-
ogous reconstruction in those patients who had undergone radio-
therapy compared with those who had not undergone radiotherapy.
Autologous reconstruction provides a more predictable aesthetic
outcome compared with implant-only reconstruction in those
patients who had previously undergone PMRT. In the setting of
previous radiation, compared with implant reconstruction, autolo-
gous reconstruction has been associated with a 92% decreased risk
of reconstructive loss. However, operating within a radiated field is

Figure 5 Photograph Showing Capsular Contracture Resulting
From Exposure of an Implant Reconstruction to
Radiation
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challenging, because this involves operating within a fibrosed envi-
ronment. The microvasculature and, indeed, more macroscopic ves-
sels, can be affected in the surrounding tissues.114 Berbers et al115

performed a systematic review of breast reconstruction before and
after PMRT and concluded that removal of a tissue expander and
placement of a definitive implant should be performed before PMRT.
Also, autologous reconstruction should be performed after PMRT to
avoid radiation-induced fibrosis and impaired cosmesis.115 El-Sabawi
et al108 concluded their systematic review of breast reconstruction and
adjuvant therapy with similar radiation timing recommendations.
Autologous reconstruction is considered the reference standard
method of breast reconstruction in previously radiated fields,
although intraoperative microvascular and postoperative minor
complications might be more common. It has been suggested that
radiotherapy delivered directly after autologous breast reconstruction
might increase the rates of fat necrosis; however, little effect has been
seen in complications and the rate of revision surgeries required.116

Neoadjuvant Radiotherapy and Breast Reconstruction
A new treatment sequence in which radiotherapy is delivered in the

neoadjuvant setting, followed bymastectomy and reconstruction, has
been investigated recently.117 A study by Chen et al118 compared the
outcomes of implant reconstruction in patients who had undergone
perioperative radiotherapy compared with PMRT and no radio-
therapy. An increased rate of complications was reported in the pre-
operative radiotherapy group, with a 50% reconstructive failure rate.
Kearney et al113 reported an increased rate of conversion from implant
to autologous reconstruction in patients who had received preoper-
ative radiotherapy compared with patients who had not received any
radiotherapy. The investigators of both of these studies advocated for
the use of autologous reconstruction in the setting of preoperative
radiotherapy. The PRADA (prevention of cardiac dysfunction during
adjuvant breast cancer therapy) trial is the first randomized control
trial investigating neoadjuvant radiotherapy and IBR and is currently
recruiting. Their protocol is investigating DIEP flaps as a method of
IBR after neoadjuvant radiotherapy.119

Hormonal Therapy and Breast Reconstruction
A paucity of reported evidence is available regarding the effects of

hormonal therapy and breast reconstruction outcomes. The prin-
ciple complication reported appears to be the increased risk of
thromboembolic events in those patients receiving tamoxifen ther-
apy while undergoing breast reconstruction involving microvascular
anastomosis (eg, DIEP).120 Some centers have protocols to
temporarily withhold tamoxifen administration for 14 days before
microvascular breast reconstruction. A study by Kelley et al121

showed that microvascular complications were significantly more
common among patients who had received tamoxifen. They also
reported that patients receiving tamoxifen and undergoing micro-
vascular breast reconstruction had an increased rate of immediate
total flap loss and a lower rate of flap salvage. In addition, the risk of
flap complications was 3.1 times greater for patients who had � 1
pre-existing cardiovascular comorbidity.121

Chemotherapy and Breast Reconstruction
Much of the reported data are conflicting with regard to

chemotherapy and breast reconstruction. Adjuvant chemotherapy

has been associated with complications such as postoperative
infection, delayed wound healing, and fat necrosis in the past. In a
meta-analysis by El-Sabawi et al,108 total complication rates of 16%
to 54% and reconstructive failure rates of 0% to 32% were reported
in conjunction with adjuvant chemotherapy. Six studies of 435
patients in total showed no increase in complication or recon-
structive failure rates compared with patients not in receipt of
adjuvant chemotherapy. Overall, adjuvant chemotherapy has not
been proved to interfere with the complication rates after breast
reconstruction and is not a relative contraindication to this surgical
modality.108 The interaction between neoadjuvant chemotherapy
and breast reconstruction has not been well described. However, it
has been demonstrated in several studies that receipt of neoadjuvant
chemotherapy and IBR does not cause a significant delay to adju-
vant therapies. A study by Hu et al122 reported that patients in
receipt of NAC were less likely to undergo IBR compared with
patients receiving adjuvant chemotherapy (23% vs. 44%, respec-
tively). However, the latter group was no less likely to undergo
delayed reconstruction, with 21% of NAC recipients undergoing
delayed breast reconstruction compared with 14% of adjuvant
chemotherapy recipients.122

Future Directions in Breast
Reconstruction
Tissue Engineering

Increasing patient expectations for improved aesthetic outcomes
means that surgeons are persistently attempting to optimize surgical
techniques and investigating new and improved approaches to
breast reconstruction.123 Recent scientific interest has focused on
the potential for adipose tissue engineering to generate sufficient
volumes of fat for breast reconstruction. Adipose tissue engineering
requires a stem cell with the capacity for differentiation into mature
adipocytes.

Adipose-derived Stem Cells
Stem cells are an undifferentiated cell type with multipotent

capacity.124 Adult/somatic stem cells are multipotent cells within
adult tissues that maintain and repair the tissue in which they are
found and are capable of differentiating into mature cell types such
as osteoblasts, adipocytes, and chondroblasts, in addition to a lack of
expression of HLA-DR (human leukocyte antigeneantigen D
related) surface molecules.125 Adult/somatic stem cells are more
abundantly available and avoid the ethical considerations associated
with the use of embryonic stem cells for tissue regeneration.126

Adult stem cells are found in almost all adult tissues. Mesen-
chymal stem cells have been harvested from tissues such as trabec-
ular bone, periosteum, synovial membrane, skeletal muscle, skin,
teeth, and periodontal ligaments.126-133 However, the most widely
harvested and studied adult stem cells are those from bone marrow,
adipose tissue, and peripheral blood.134 ADSCs are rapidly
becoming the reference standard cell source for tissue engineering
and regenerative medicine. They are contained within the stromal
vascular fraction of adipose tissue and hypothesized to improve
wound healing, tissue regeneration, and graft retention.135 ADSCs
are typically isolated from lipoaspirates obtained at liposuction
procedures, of which, w400,000 are performed in the United
States annually. Each procedure yields w100 mL to 3 L of
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lipoaspirate, which will have 90% to 100% of viable ADSCs. These
are usually discarded after routine liposuction.124 White adipose
tissue (WAT) depots vary in stem cell content and properties
depending on the anatomic site. ADSCs of visceral origin have a
greater self-renewal capacity,136 and ADSCs from abdominal
superficial regions are more resistant to apoptosis than those from
arm, thigh, or trochanteric depots.126 The optimum WAT depot
ADSC harvest and recovery has yet to be elucidated.123 The
immunophenotype of ADSCs is > 90% identical to that of bone
marrow stem cells.102 ADSCs secrete the growth factors vascular
endothelial growth factor, hepatocyte growth factor, fibroblast
growth factor-2, and insulin-like growth factor 1, all of which are
involved in angiogenesis and adipose tissue regeneration.137,138 The
transition of a multipotent ADSC into a mature adipocyte occurs in
2 stages. The first stage is determination and differentiation of the
stem cell into a preadipocyte, with subsequent terminal differenti-
ation into a mature adipocyte characterized by accumulation of a
single lipid droplet within the cell.137 Glucocorticoids, insulin, and
growth hormone play a role in the stimulation of the early and late
phases of adipogenesis.124 Mature adipocytes are terminally differ-
entiated cells with limited capacity for self-renewal and replacement
of mature adipocytes.123 The responsibility for tissue homeostasis
and cell renewal as a result of cells lost by maturation, damage, or
aging in mature adipose tissue lies with ADSCs.139 Because ADSCs
originate from the stromal vascular fraction of digested adipose
tissue, they also have the ability to differentiate into vascular
endothelial cells and to produce the proangiogenic growth factor
vascular endothelial growth factor, which would be advantageous in
the process of vascularizing an engineered tissue construct.126

Tissue Engineering Scaffolds
Re-creating the breast mound after mastectomy is likely to

require long-term maintenance of larger tissue volumes in engi-
neered grafts supported by a biocompatible scaffold.28 For scaffold-
based tissue-engineered constructs, the correct scaffold material and
design selection will be paramount in overcoming the obstacles of
volume retention and vascularization. Current tissue engineering
strategies involve 2-dimensional or 3-dimensional (3D) natural or
synthetic scaffold biomaterials that might or might not be seeded
with mesenchymal stem cells.137

Scaffolds allow for the culture of cells in a 3D microenvironment,
more accurately mimicking native tissue in vivo. The “ideal” scaf-
fold would be one that allows for the production of “native-like
tissue,” with physical and biochemical properties similar to those of
the tissue it is replacing. The choice of scaffold material is a key
consideration in the regeneration of specific tissue types.
Biomaterials act as the biochemical and biophysical environment to
tune the cell response for the specific tissue engineering require-
ment.137 The properties of biomaterials (eg, mechanical and
chemical functionality) affect phenomena such as cell adhesion,
proliferation, and differentiation.137 The ideal scaffold should also
be biocompatible, preventing the occurrence of long-term immune
reactions. A highly porous structure is required for vascular
ingrowth, cell differentiation, and removal of cellular waste.140 A
scaffold’s stiffness is an important consideration because it must be
capable of maintaining its structural integrity despite handling
during surgical insertion and the physiologic forces in vivo but also

flexible enough that ingrowth of new tissue and vascular structures
is possible. The scaffold stiffness also must mimic the stiffness of the
native tissue it is replacing. Evidence has shown that the mechanical
properties of a scaffold can influence the differentiation of mesen-
chymal stem cells toward a specific cell lineage.141 Degradation
properties of a biomaterial are imperative; an ideal scaffold should
remain intact for a sufficient time for new tissue to form but should
degrade at a sufficient rate that new ECM can be formed and tissue
regenerated.142 Generally, scaffolds are composed of biomaterials in
the form of sponges, hydrogels, 3D or bioprinted constructs, and
electrospun scaffolds.

Natural Scaffold Biomaterials
Biomaterials can be naturally or synthetically derived. The nat-

ural biomaterials used in adipose tissue engineering include
collagen, silk, alginate, and gelatin. The principle advantage of these
biomaterials is their biocompatibility. Significant differences exist in
the biochemical properties of these biomaterials. For example,
collagen, a major component of in vivo microenvironments, is
capable of interaction with ADSCs by way of integrins, unlike
alginate, because it does not exist in native ECM and thus does not
interact with stem cells.143 Natural biomaterials can have their
mechanical properties modified using cross-linking strategies and
can also be blended with other various biomaterials to create a
scaffold with the desired physical and chemical properties.144

Collagen is a biocompatible and biodegradable material suitable
for adipose tissue engineering. von Heimburg et al145 investigated
freeze-dried collagen sponges seeded with preadipocytes implanted
into immunodeficient mice. The constructs were explanted at 3 and
8 weeks, and histologic analysis revealed adipose tissue with rich
vascularization attached to the scaffold beneath a thin capsule layer
of fibrovascular tissue. Their study highlighted the need for the
correct scaffold pore size because scaffolds with smaller pore sizes
were unable to support preadipocyte differentiation to mature adi-
pocytes, which involves a change in diameter from 10 to 100
mm.145 Collagen can also be used to create hydrogel scaffolds
capable of cell encapsulation. Yao et al5 created a collagen/alginate
microsphere composite hydrogel containing encapsulated adipo-
cytes, which was cocultured with human umbilical vein endothelial
cells in an effort to encourage vascularization within the graft
in vivo. They observed functional angiogenesis within the graft with
long-term stability and weight of the injected graft.5 Hyaluronic
acid is a naturally occurring glycosaminoglycan in the ECM of
connective tissues and plays a role in biologic processes such as
tissue hydration, nutrient diffusion, proteoglycan organization and
cell differentiation. However, because hyaluronic acid is rapidly
metabolized by hyaluronidases in vivo, it needs to be modified to
support cell growth. A study of HYAFF11 sponges, a derivative of
hyaluronic acid, concluded that these were superior to collagen
sponges with regard to the cellularity achieved in adipose tissue
engineering.146 This has been identified as a suitable scaffold ma-
terial for the culture and in vivo differentiation of ADSCs.147

Synthetic Scaffold Biomaterials
The synthetic scaffolds studied in this field include polyglycolic

acid (PLGA), polyethylene glycol, polycaprolactone, and polylactic
acid. Properties such as mechanical strength and stiffness are easily
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modifiable in synthetic scaffolds. The addition of growth factors and
ECM components is also readily possible, making these biomaterials
very flexible for use in tissue engineering. However, one of the most
concerning limitations of synthetic scaffolds is the production of
harmful byproducts resulting from the degradation of the synthetic
scaffold. This can result in a change in the pH of the local envi-
ronment or inflammation, causing delayed healing and complica-
tions after graft implantation.148 Patrick et al149-151 were one of the
first groups to investigate the use of scaffolds in adipose tissue
regeneration. They reported the isolation and culture of pre-
adipocytes on a PLGA scaffold, which was then successfully
implanted into a murine model. Despite their initial success, with
good adipose tissue formation evident in vivo at 2 months, a
decrease in adipose tissue was seen at 3 months, with complete
disappearance of all adipose tissue and PLGA scaffold at 12
months.149-151 More recently, 3D-printed patient-specific breast
scaffolds with a polylactide polymer have been investigated. These
were seeded with human umbilical cord perivascular cells and
cultured for 6 weeks and then seeded with human umbilical vein
endothelial cells and subcutaneously implanted in athymic nude
mice for 24 weeks. Explanted samples were well-vascularized con-
structs of adipose tissue without necrosis, inflammation, or cysts.152

Chhaya et al153 investigated additively manufactured hemisphere-
shaped polycaprolactone-based scaffolds for breast adipose tissue
engineering. Their study included 3 experimental groups: (1) empty
scaffold; (2) scaffold containing 4 cm3 of lipoaspirate; and (3) an
empty scaffold for a 2-week prevascularization period, with 4 cm3 of
lipoaspirate injected subsequently. The prevascularization and lip-
oaspirate group had the greatest fold increase in adipose tissue
volume.153 Polyethylene glycol-based hydrogels are effective as
scaffolds for adipose tissue engineering because their hydrophilic
polymer networks are capable of absorbing large quantities of water.
In addition, they allow unrestricted diffusion of low molecular
weight nutrients and metabolites, and their physiochemical simi-
larity to native ECM results in good biocompatibility.154

Biologic Scaffold Biomaterials
More recently, biologic scaffolds, such as decellularized ECM,

have been studied. They generate a minimal immunologic and
inflammatory response; provide an accurate mimicry of the native
tissue microenvironment by preserving the structure of organized
tissue and acting as a natural template for the remodeling of
regenerated tissue. The process of decellularization removes the
cellular contents of the tissue but leaves the biologic properties of
the native ECM intact.155 Specifically, human-derived decellular-
ized adipose tissue (DAT) promotes the proliferation and induces
the adipogenic differentiation of human ADSCs. The principle
component of DAT is type I collagen.156 The ability to alter the
mechanical properties of these biomaterials adds to their attrac-
tiveness for adipose tissue engineering.157 Pati et al158 successfully
bioprinted a 3D cell-laden construct with decellularized ECM that
showed high cell viability and functionality. DAT also holds
promise as an adipogenic bioscaffold. One study seeded ADSCs
onto DAT bioscaffolds and implanted them into female Wistar rats.
At explantation at 12 weeks, 56.1% � 9.2% of the ASC-seeded
DAT had been remodeled into mature adipose tissue.159

Oncologic Safety of AFG and
Adipose Tissue Regeneration

Despite the promising early results of AFG and ADSCs in breast
lipofilling and small volume reconstruction, their application for
reconstruction after oncologic surgery should be approached with
caution.

Concerns have been raised regarding the oncologic safety of AFG
(Table 2). A small, retrospective series showed an increased risk of
breast cancer recurrence in patients with intraepithelial neoplasia
undergoing AFG. Only patients with intraepithelial neoplasia
(n ¼ 37) who had undergone AFG in that series demonstrated an
increased rate of local recurrence (10.8%).161 A follow-up matched
cohort study investigating fat grafting in 59 patients with intra-
epithelial neoplasia concluded that the risk of local recurrence was
greater in this patient cohort compared with age- and stage-matched
controls (n ¼ 118).162 Although these results are concerning, they
were from a single-center retrospective study with small patient
numbers. Overall, fat grafting appears to be oncologically safe;
however, longer follow-up data are awaited to confirm this. More
encouraging results have been observed in larger studies, with no
increases in locoregional or systemic recurrence.163-165 Delay et al166

retrospectively analyzed the outcomes for 880 patients who had
undergone fat grafting. They demonstrated no increased risk of
cancer recurrence or new cancer development after 10 years
of follow-up.166 They also reported that the radiologic appearance
of the breasts after lipofilling did not negatively influence the ability
to identity a neoplastic process. In a retrospective study by Kro-
nowitz et al,163 719 patients underwent AFG after tumor resection.
No increase was found in locoregional or systemic recurrence or the
incidence of a second breast cancer.163 The RESTORE-2 (study of
autologous fat enhanced with regenerative cells transplanted to
reconstruct breast deformities after lumpectomy) trial assessed the
oncologic safety of ADSC-enriched fat grafting in patients under-
going BCS with defects � 150 cm3. No cases of local recurrence
were reported within 12 months of the procedure. Although these
results are encouraging, longer follow-up data required to accurately
investigate the oncologic safety of this procedure.167 Systematic
reviews have concluded that AFG appears to be oncologically safe
with low rates of complications and good patient and surgeon
satisfaction.168-171 However, all investigators have suggested that
randomized controlled trials with adequate follow-up are urgently
needed to confirm this finding and have advised that caution should
be exercised in performing these procedures in high-risk patients.

The concern regarding the use of autologous ADSCs in this
setting stems from the very same characteristics that make them so
attractive for tissue regeneration. The immunomodulatory,
prosurvival, proangiogenic, and antiapoptotic effects and immuno-
suppression, tissue growth, and cellular homing are also dysregu-
lated in tumor progression and metastasis, raising questions
regarding the oncologic safety of these cells for PMBR.172 ADSCs
might potentially contribute to stromal support for cancer cells and
deliver locally inflammatory cytokines and/or growth factors, facil-
itating residual cancer cell survival and growth.

ADSCs have the potential to influence the behavior of breast
cancer cells by secreted adipokines and their effect on the tumor
microenvironment. However, conflicting findings have been
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reported regarding how this influence is exerted. ADSCs in breast
reconstruction are associated with the same oncologic safety issues as
those for AFG, namely using a subpopulation of highly active cells
with the potential to induce tumor initiation and progression by
their immunomodulatory, prosurvival, proangiogenic, and anti-
apoptotic effects.160

The role of adipokines was demonstrated by Dirat et al,173 who
reported increased invasiveness of both human and murine breast
cancer cells associated with overexpression of proteases, including
matrix metallopeptidase-11 and proinflammatory cytokines, such as
interleukin-6 and interleukin-1b, when cocultured with adipo-
cytes.173 Zhang et al174 demonstrated that ADSCs increased the
motility of MCF-7 breast cancer cells in vitro through the secretion
of the chemokine CCL5.

However, it has been suggested that ADSCs might only promote
the growth and progression of active breast cancer cells and will not
activate dormant residual breast cancer cells. Therefore, the use of
ADSC regenerative therapies should be delayed until no evidence of
active disease can be found.175

Consensus is lacking regarding the reported effects of ADSCs on
tumor behavior, with some studies demonstrating an ability of
ADSCs to inhibit tumor growth in vitro. ADSCs cultured at high
density and their conditioned media have been shown to be capable
of suppressing the growth of MCF-7 cells in vitro as a result of
interferon-b expression by ADSCs in high-density culture.176

A similar discordance exists in the results from in vivo studies.
Increased tumor growth and metastasis in a murine model was
observed when ADSCs from WAT were coinjected with triple-
negative human breast cancer cells. Tumor progression was
similar in the groups coinjected with human breast cancer cells and
unprocessed lipoaspirate and those coinjected with human breast
cancer cells and purified CD34þ WAT ADSCs, suggesting that
many tumor progression effects of human WAT result from the

ADSC fraction. A follow-up metastasis study demonstrated that
mice with a primary breast cancer tumor removed, who had been
injected with ADSCs alone, had a greater rate of axillary and lung
metastasis than that of mice who had had CD34� cells injected after
resection. Immunohistochemistry revealed that human cells gener-
ated from ADSCs were incorporated into the tumor vasculature.
These effects have never been observed using bone marrow-derived
stem cells, suggesting these functions are unique to ADSCs.177

In contrast, the ability of ADSCs to inhibit MDA-MB-231 breast
adenocarcinoma cells was demonstrated by Sun et al.178 The in-
vestigators, using a murine cancer model similar to that used in
previous studies, demonstrated that ADSCs did not appear to in-
crease tumor progression or metastasis and actually had the effect of
inhibiting breast cancer cells by apoptosis.178

Experimental data, both in vitro and in vivo, is conflicting
regarding the effect of ADSCs on breast cancer and consensus is
lacking on this subject. Data from their use in the clinical setting
must also be considered when evaluating the oncologic safety of
their use in breast cancer patients.

Conclusion
Increased numbers of mastectomies and higher patient expecta-

tions regarding the cosmetic and psychosocial outcomes have
resulted in the continued evolution of breast reconstruction tech-
niques. The current methods of implant and autologous recon-
struction have been recently improved with alterations to implant
characteristics and the use of ADMs and through the development
of superior methods of free tissue transfer. More modern techniques
such as autologous fat transfer are becoming more widespread, with
increasing evidence of its oncologic safety in vivo. It appears that the
future of PMBR lies in the field of adipose tissue engineering;
however, challenges such as adipose tissue volume generation and
oncologic safety assessment have yet to be overcome.

Table 2 Advantages and Disadvantages of Natural, Synthetic, and Biologic Scaffold Biomaterials Used in Adipose Tissue Engineering

Biomaterial Scaffold Advantages and Disadvantages Reference

Naturally derived
(eg, collagen,
hyaluronic acid
derivatives, silk,
gelatin, alginate)

Sponge, injectable
microbeads,

hydrogel, disk, thin
films, tubes,

coating, bioprinted,
microsphere

Advantages: good biocompatibility; ADSC differentiation and vascularization in vivo; can be modified by
addition of growth factors; porosity can be modified; suturable; well-differentiated adipocytes and large
amounts of ECM; some have good mechanical strength (eg, silk); low immunogenicity; bioengineering
allows for expression of growth, differentiation and angiogenic factors (eg, silk protein); does not require
cross-linking; generally nontoxic; some allow for delivery of growth factors (eg, gelatin); incorporates

well with surrounding tissues; can be used in combination with other biomaterials
Disadvantages: rapid degradation without cross-linking; stability of some degradation products

unknown (eg, silk)

145, 160

Synthetic (eg,
polyglycolic acid),
polycaprolactone,
polyurethane,
polypropylene,
polylactic acid,
polyethylene
glycol

3D printing,
sponge, injectable
spheres, hydrogel,
electrospun mesh,

fleece

Advantages: biodegradable; modifiable by altering biomechanical and biochemical properties; good
mechanical strength; angiogenesis in ADSC-seeded and unseeded constructs; adipogenesis and
angiogenesis evident in vivo; some are elastic (eg, polyurethane); some have good biocompatibility
(eg, polypropylene); easily tailored to desired shape; surface modification possible; some are water

soluble and degradable (eg, polyethylene glycol); can promote adipose tissue regeneration
Disadvantages: degradation products can cause inflammation; scaffold surface requires modification

for ADSC attachment, growth, and differentiation to occur
Capsule formation in vivo; unpredictable degradation (eg, polycaprolactone); not absorbable

(eg, polypropylene); requires cross-linking

137, 160

Biologic (eg,
adipose-
decellularized
ECM)

Bioprinted,
injectable

microparticles,
hydrogel, 3D
printing

Advantages: xenogenic implantation does not cause inflammatory reaction; ECM provides microenvironment
for cells to respond to cues for cellular function and activity; well-maintained 3D architecture and

biochemical composition after decellularization; adipogenesis and angiogenesis in vivo; can be used in
combination with other scaffold biomaterials

Disadvantages: not mass producible; decellularization technique is complicated and time consuming

158, 160

Abbreviations: ADSC ¼ adipose-derived stem cell; 3D ¼ 3-dimensional; ECM ¼ extracellular matrix.
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 Rates of mastectomy are increasing internationally due to phenomena such as 
contralateral and bilateral prophylactic mastectomies and women eligible for breast 
conserving surgery opting for mastectomy. Breast reconstruction has been demon-
strated to improve psychosocial and quality of life outcomes in this patient cohort, 
and has become the standard of care in the treatment of breast cancer. With an ever 
increasing emphasis being placed on this aspect of care, there have been significant 
advances within the field over recent decades. The development of skin and nipple 
sparing mastectomy has done much to enhance cosmetic outcomes. Refinement of 
breast implants to reduce complications and development of free autologous flaps 
have revolutionised patient outcomes. Results are still heavily influenced by ad-
juvant breast cancer therapies such as radiation and chemotherapy, and much has 
been accomplished in making breast reconstruction more compatible with these 
treatment modalities. However, breast reconstruction is still evolving and novel 
technologies such as tissue engineering hold promise for the development of supe-
rior techniques of breast reconstruction post-mastectomy.

Abstract

1. Introduction

 Breast cancer is the most commonly diagnosed cancer in females, with approximately 
1.7 million women diagnosed and treated worldwide annually [1]. While significant progress 
has been made in the multimodality management of breast cancer, complete surgical resection 
with disease free margins remains the cornerstone of effective therapy. In order to achieve 
adequate locoregional control approximately 40% of patients will undergo a total mastectomy 
[2,3]. In recent years there has been an increase in the number of patients undergoing mastec
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tomy; this is explained by an increase in prophylactic risk-reducing surgery in patients with 
cancer predisposing genetic mutations and increasing numbers of patients with breast cancer 
opting for contralateral prophylactic mastectomy (CPM) [4-10]. Furthermore, a trend has also 
been reported of women who are eligible for breast conserving surgery opting to undergo mas-
tectomy [3,9,11,12]. For  patients who undergo mastectomy, breast reconstruction is known to 
improve psychosocial and aesthetic outcomes [13]. Recent guidelines recommend that breast 
reconstruction should be discussed and offered as an option for the majority of women un-
dergoing mastectomy [14,15]. Post-mastectomy breast reconstruction (PMBR) has thus been 
incorporated into the contemporary surgical treatment of breast cancer patients, resulting in 
increasing reconstruction rates as reported in audits of both the US and UK populations. Rates 
of breast reconstruction post-mastectomy are increasing by 5% per annum [16]. As a conse-
quence of both the increasing number of mastectomies being performed and improved survival 
of breast cancer patients, surgical techniques have evolved in an effort to maximise aesthetic 
and quality-of-life outcomes. Refinement of the mastectomy technique itself has included the 
development of skin-sparing and nipple-sparing mastectomies which preserve the skin enve-
lope +/- the nipple-areolar-complex (NAC). These procedures are increasingly performed for 
patients with breast cancer and those with genetic predisposition. Correspondingly, the range 
of reconstructive techniques on offer for patients undergoing PMBR is expanding due to the 
innovation of breast and plastic surgeons. Recent advances have seen the addition of novel 
autologous reconstructive approaches in addition to the expansion of indications for pros-
thetic reconstruction facilitated by the use of Acellular Dermal Matrices (ADM). Advances in 
the fields of tissue engineering and regenerative medicine hold enormous potential for novel 
reconstructive approaches and recent efforts have focused on stem cell-based regeneration of 
adipose tissue. 

 This chapter provides an overview of the current/contemporary approaches for post-
mastectomy breast reconstruction and the challenges that must be overcome in the develop-
ment of future novel reconstructive techniques. 

2. Historical perspective / evolution of breast reconstructive techniques

 The primary goal of surgery for breast cancer is to achieve local disease control. Histori-
cally this was achieved with extensive surgery in the form of the Halstead radical mastectomy, 
which achieved a 6% rate of local recurrence, albeit at the expense of significant associated 
physical and psychosocial morbidity [17]. The development of adjuvant therapies which ef-
fectively reduce both distant and loco-regional recurrence [18-20], and the recognition that tu-
mour biology also impacts local control [21] have contributed to a paradigm shift towards in-
creasingly conservative therapeutic surgical approaches [22]. Despite this, approximately 40% 
of women still require mastectomy to achieve locoregional control. Mastectomy is proven to 
have adverse psychosocial effects on breast cancer patients including anxiety, depression and 
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negative body image, all of which impact negatively on quality of life in a cohort of patients 
who are already dealing with cancer diagnosis, treatment and the fear of disease recurrence 
[23]. The practice of breast reconstruction has evolved to afford clearly defined psychosocial 
and aesthetic benefits for women undergoing mastectomy [23-25] and it is for this reason that 
PMBR has become an important component of multidisciplinary breast cancer care. The evo-
lution in breast reconstructive approaches over time is outlined in figure 1.

 The first post-mastectomy breast reconstruction was successfully carried out in 1895 
by Vincent Czerny by transplanting a lipoma from the patient’s flank to the chest wall, “the 
left breast was well formed, perhaps somewhat smaller than and firmer than the right but the 
disparity in any case was far less than with the usual mastectomy” [26]. The pectoral muscle 
was first used as a mound to reconstruct the breast in 1905 by Ombredanne [27]. In 1906, 
Tanzini was cited as the first to utilise a musculocutaneous flap for the purposes of breast re-
construction when he developed a pedicled flap of latissimus dorsi muscle and overlying skin 
paddle. However, as a result of Halsted’s beliefs that breast reconstruction was a risk factor 
for disease recurrence, Tanzini’s LD flap breast reconstruction technique was not utilised and 
forgotten [28]. Different forms of pedicled flaps were subsequently developed over the 20th 
century with limited success, mainly due to the requirement for multiple operations to com-
plete the reconstructive process. These included use of the opposite breast as a donor site and 
a thoracoepigastric flap with prosthesis pioneered by German surgeons Hohler and Bohmert 
[29] (figure 1).

 Autologous flap reconstructions were popularised with the reintroduction of the Latis-
simus Dorsi flap for breast reconstruction in 1977 by Schneider, Hill and Brown [30], and 
Muhlbauer and Olbrisch [31]. These were also used in conjunction with an implant as they of-
ten did not produce adequate breast volume alone. An extended LD flap (harvesting of the LD 
muscle and accompanying lumbar fat without the use of an implant [32] was developed with 
positive aesthetic outcomes; however, donor site morbidity was a significant problem with this 
procedure. The Transverse Rectus Abdominis (TRAM) flap was first described in 1982 which 
allowed for a more aesthetic donor site than that of the LD, leading it to become widely used 
as a method of breast reconstruction post-mastectomy. 

 Free microvascular tissue transfer was first described in 1973 for the primary closure of 
a compound leg injury, a development  which broadened the horizons of breast reconstruction 
[33, 34]. Microvascular free flaps have increased in popularity in recent years, particularly 
in the case of immediate breast reconstruction and have been associated with lower rates of 
flap necrosis. Free TRAM and Deep Inferior Epigastric Artery Perforator (DIEP) flaps are the 
most commonly utilised free flaps for breast reconstruction, though other donor sites are also 
utilised including deep circumflex iliac artery flaps, lateral thigh (tensor fascia latae) flaps, 
superior and inferior gluteal musculocutaneous flaps, gracilis flaps and triceps flaps [29]. 
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 Perforator flaps were developed from the principles of free microvascular tissue transfer 
which have further minimised donor site morbidity associated with harvesting the musculocu-
taneous flap. Deep inferior epigastric perforator (DIEP), latissimus dorsi perforator and gluteal 
artery perforator (GAP) flaps have had successful outcomes [29]. The DIEP flap is the most 
commonly performed for breast reconstruction and relies on microdissection of the branches 
of the deep inferior epigastric vessels that perforate the rectus abdominis and its fascia. The 
internal mammary vessels are currently the most commonly used recipient vessels on the chest 
wall for microvascular anastomosis after transfer of the flap to the chest wall [35].

 Prostheticbreast reconstruction began with the introduction of the silicone breast im-
plant in 1963, which was originally performed as a delayed reconstruction but then became 
more commonly used in immediate reconstruction [28]. This trend changed in the 1980’s 
when Radovan published on the use of immediate-delayed reconstruction using tissue expand-
er implants in 1982 [36]. This was a popular breast reconstructive option as it was deemed to 
have superior outcomes in the case of postmastectomy radio therapy. Over time, modifications 
have been made to the shape, texture, site of ports and integrated valves of expander implants, 
lowering complication rates and increasing their effectiveness. Permanent implants and their 
design have also evolved over time with modifications being made to their shape, silicone 
shell thickness, gel viscosity and texture. When the safety of silicone implants was questioned, 
and they were eventually withdrawn from the market in 1992, there was an increased use of 
saline-filled implants which were shown to be superior with  regard to implant rupture, capsu-
lar contracture, ease of revision surgery and cost [37]. However, they can be  associated with 
a “rippling” effect which significantly reduces patient satisfaction and cosmetic outcome [38]. 
Textured implants, which have a rough external surface giving traction once implanted,are 
currently widely utilised as they have been shown to have lower rates of capsular contracture 
than smooth implants. Polyurethane-coated implants have also been used to prevent capsular 
contracture, which is effective until the breakdown of the polyurethane coating after years 
in situ [39]. The introduction of Acellular Dermal Matrices (ADMs) in 1994 has helped to 
overcome limitations of prosthetic breast reconstruction such as inadequate infra-mammary 
fold support, reduced expansion of the inferior pole and inadequate soft-tissue coverage of the 
implant [40]. It also allows for direct-to-implant reconstructions without the need for insertion 
of a tissue expander, speeding up the reconstructive process [41]. ADMs are soft tissue matrix 
grafts produced by a process of tissue decellularisation while leaving the extracellular matrix 
(ECM) intact. They were first used in breast implant reconstruction in 2005 [42] and later used 
in conjunction with tissue expander breast implants in 2007 [43]. 

 The evolution in mastectomy technique has also influenced PMBR. The advent of the 
“skin sparing mastectomy”, first reported in 1991, has had a significant impact on the improve-
ments seen in contemporary breast reconstruction techniques [44,45]. The skin envelope is 
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preserved with this technique as it involves the removal of only the nipple-areola complex 
and skin involved with or in close proximity to the tumour. Preserving the skin results in su-
perior symmetry due to matching skin colour and texture. It also aids the surgeon in shaping 
the breast mound in reconstruction. Skin sparing mastectomy is suitable in most breast cancer 
patients, though it is contraindicated in inflammatory carcinoma, locally advanced breast can-
cers, and is relatively contraindicated in smokers. Necrosis of the mastectomy flaps must be 
avoided and in patients who are also undergoing placement of expanders, it is crucial to ensure 
complete coverage of the implant, either with a complete muscular pocket or an ADM. Despite 
the lack of a randomised controlled trial, SSM is as safe oncologically as simple mastectomy, 
with similar rates of local recurrence, as shown in a meta-analysis, in 2010, of 3739 patients 
(1104 SSM and 2635 non-skin sparing mastectomy) [46].

 Nipple reconstruction has become an accepted part of the breast reconstruction process, 
with tattooing the reconstructed nipple areola being commonly carried out. Nipple sparing 
mastectomy, first described in 1962 [47], is also becoming popularised, obviating the need for 
this reconstructive step and improving aesthetic outcomes [28]. Preservation of the nipple-
areolar complex (NAC) has been shown to be oncologically safe with no increased risk of 
breast cancer recurrence in women with sporadic breast cancer. There have been some con-
cerns raised regarding its safety in BRCA gene mutation positive patients as this procedure 
requires a small amount of tissue to be left behind the NAC to maintain an adequate blood 
supply [48]. However, the procedure has been deemed oncologically safe by a meta-analysis 
of 5594 patients with a follow up of greater than 5 years [49]. Nipple sparing mastectomy is 
becoming more widely performed and has a central role in improving patient satisfaction out-
comes [50]. 

3. Contemporary reconstructive approaches

 There are two primary decisions involved when planning breast reconstruction in post-
mastectomy patients; (a) Timing i.e. immediate vs. delayed reconstruction and (b) Type i.e. 
implant vs. autologous [51].

4. Timing of breast reconstruction

 The rate of immediate breast reconstruction (IBR) has risen dramatically in the last 
two decades, with one study reporting a 78% increase from 1998 to 2008, an average of 
5% per year [16]. IBR results in better aesthetic outcomes in those patients who do not re-
quire post-mastectomy radiation therapy (PMRT), superior psychosocial and patient satisfac-
tion outcomes than delayed breast reconstruction (DBR). Breast reconstruction can also be 
achieved in fewer surgical procedures with IBR. IBR is oncologically safe, with no increased 
risk of locoregional disease recurrence or in the ability to detect recurrence [51]. The National 
Institute for Clinical Excellence (NICE) guidelines state that IBR should be offered to all suit-
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able patients undergoing mastectomy, however there is a decreased likelihood of this in older 
patients, those of African-American race, patients who are married or from rural locations and 
those with increased comorbidities [52]. Despite the aesthetic advantages of IBR, its cosmetic 
outcomes are said to deteriorate over time independent of radiotherapy, type and volume of 
implant, patient age or mastectomy incision [53]. There are no clear indications with regard 
to timing or technique of PMRT administration in IBR, thus, capsular contracture is the most 
common limitation, with a rate of 40.4% in IBR compared to 17% in DBR. PMRT negatively 
influences outcomes of both implant and autologous reconstructions. The challenge lies in be-
ing able to predict the need for PMRT when deciding about reconstruction timing. Therefore, 
in cases where the need for PMRT is ambiguous, the patient should be offered an immediate-
delayed or delayed procedure in order to ensure optimal aesthetic results [51].

4.1 Type of breast reconstruction

4.1.1 Prosthetic reconstruction

 There has been a change in the trends of breast reconstruction most commonly carried 
out in recent years. Autologous methods of breast reconstruction were most popular early in 
the breast reconstruction era. However, this has been surpassed by the use of implant based 
reconstructions. This trend is also evident in those patients undergoing PMRT [54]. Breast re-
construction utilising implants can be carried out either as (a) single stage, direct to permanent 
implant (DTI) procedures or (b) two-stage procedure with the insertion of a tissue expander, 
which is inflated with saline over time and then replaced by a permanent implant. Several 
advantages such as shorter operation times, lack of a donor site and the associated morbidity, 
and quicker return to normal activities make this an attractive reconstructive option to both 
patients and surgeons. The FDA and WHO have recently confirmed an association between 
breast implants, particularly those with textured surfaces, and anaplastic large cell lymphoma 
(ALCL). This is a rare T-cell lymphoma requiring surgical management. It usually presents as 
a peri-prosthetic fluid collection 8-10 years after breast implant insertion. It is imperative that 
patients are counselled about the risk of breast implant associated anaplastic large cell lym-
phoma (BIA-ALCL) prior to breast reconstruction [55].

 Direct to implant (DTI) reconstructions, carried out in one procedure were common-
ly associated with problems such as pectoralis muscle retraction, implant malposition and 
capsular contracture. More modern DTI procedures make use of  Acellular Dermal Matrices 
(ADMs) which overcome these issues by fixing the pectoral is muscle and forming a complete 
pocket around the inferior pole of the implant in the required position. This also decreases the 
stress on the inferior skin envelope, resulting in lower rates of contracture [56].  Traditionally, 
DTI with total muscle coverage of the implant was only possible in small-breasted women as 
it was limited by the degree of expansion of the overlying pectoral muscles. This limitation 
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has also been overcome by ADMs as they obviate the need for total muscle coverage [57]. DTI 
reconstruction is suitable for women with small to moderate sized breasts who wish to remain 
a similar breast size (figure 2). Those patients who wish to be a significantly larger size should 
undergo a two-stage procedure with a tissue expander [56]. During their early use, there was 
concern that ADMs were associated with a higher risk of infections and complications such 
as seroma [58-61]. “Red breast syndrome” (RBS) was a phenomenon synonymous with ADM 
use, first described in 2010 [62,63]. It was described as a non-infectious erythema, appearing 
days to weeks after ADM implantation, localised to the areas of ADM placement, typically 
along the inferior pole of the breast  [64].  However, more recent research has shown that there 
is no increase in complication rates [65-67]. It is postulated that the reason for this incongru-
ity in data is due to the learning curve associated with the introduction of a new product or 
technique [56,68]. The cost of ADMs are offset by completing the reconstructive process in a 
single procedure [56].

 For those patients for whom there is a possible need for post-mastectomy radiation 
therapy (PMRT), which has deleterious effects on implant reconstructions, an immediate-de-
layed reconstruction is an option where a tissue expander is inserted at time of mastectomy 
and inflated over time. This can then be replaced by a permanent implant after completion of 
PMRT. This approach allows for the preservation of the skin envelope and matching of skin 
colour and texture. Preservation of the breast skin envelope allows for immediate placement of 
a permanent implant post-PMRT, reduces the need for the use of autologous flaps and lessens 
the size of the skin paddle required from an autologous flap [53].

4.1.2 Complications of prosthetic reconstruction

 Capsular contracture, haematoma and infection are the most commonly cited complica-
tions of prosthetic breast reconstruction, and rates of these complications have been shown 
to be higher than in those patients who undergo autologous reconstruction, especially post-
radiation therapy [69]. Reconstructive failure is associated with patient factors factors such as 
smoking, obesity type 2 diabetes, tumours of a higher grade, nodal disease involvement and 
tamoxifen use, and technical factors including incomplete muscle coverage of the implant, 
large implant volume (>400ml), thin mastectomy flaps [53]. 

 Capsular contracture is a significant complication of prosthetic reconstruction, with risk 
factors such as bacterial colonisation, type of implant used (smooth), implant placement, smok-
ing, haematoma, and most significantly, delivery of PMRT [70]. Staphylococcus epidermidis 
is the bacteria most commonly implicated in capsular contracture, and forms a biofilm around 
the silicone implant [71]. Higher rates of capsular contracture exist in IBR (20% - 40.4%) than 
in DBR (17% - 26.4%). Radiotherapy is the greatest predictor of capsular contracture with 
rates of 87% being reported compared to 13% in patients who did not undergo radiotherapy. 
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The risk of capsular contracture is seen to decrease when an autologous flap is used in conjunc-
tion with the implant [53].

 A controversial relationship exists between implant breast reconstruction and PMRT. 
The delivery of ionising radiation has direct toxic effects on both malignant cells and healthy 
tissue. It’s mechanism for tissue damage includes direct tissue cellular damage with chromo-
somal alteration, ischaemia as a result of microvascular occlusion and prevention of  fibroblast 
activity [72]. The deleterious effects of radiotherapy on breast reconstruction are unpredict-
able and tend to be biphasic in nature, with acute changes occurring in the days to weeks post-
PMRT (e.g. desquamation or necrosis of tissue), and changes also occurring at a later stage, 
months to years’ post-PMRT(atrophy, fibrosis, obstructed wound healing) [73]. A systematic 
review by Berber et al  investigating complications after radiotherapy and reconstruction in 
general reported a rate of 37% which varied widely from 8.7% to 70% [74]. As previously 
discussed, radiotherapy is the greatest predictor of capsular contracture, a complication often 
requiring another operation to excise the capsule and replace the implant. However, some ra-
diation oncologists are of the opinion that breast reconstruction interferes with the delivery of 
effective PMRT through alteration of the chest wall anatomy and therefore the radiation field, 
resulting in under/over-dosing the targeted tissues unpredictably [75,76]. Surveyed radiation 
oncologists report differing preferences in the degree of inflation of tissue expanders at time 
of radiotherapy delivery: 60% moderately inflated (150-250 CC); 13% completely deflated 
and 28% completely inflated [77]. Higher grades of capsular contracture (Baker III or IV) are 
more common with radiotherapy delivery [78,79]. Capsular contracture secondary to PMRT 
is also a risk factor for persistent pain post-operatively up to 2 years after reconstruction [80]. 
Radiotherapy is associated with a higher rate of complications overall in patients receiving 
both IBR (0-64%) and DBR (22-55%) compared to those patients not in receipt of PMRT, both 
IBR (0-12%) and DBR (13-34%) [81]. Overall, patients who undergo radiotherapy with im-
plant reconstruction have worse psychosocial outcomes and lower satisfaction in comparison 
to non-irradiated reconstructed patients [82-84]. 

4.2 Autologous reconstruction

 Autologous breast reconstruction remains an important option in post-mastectomy 
breast reconstruction, particularly in patients who have poor skin quality of the mastectomy 
flaps or for whom delayed reconstruction is preferred [85]. Some authors predict an increase 
in the need for autologous reconstructions secondary to the increasing number of indications 
for radiotherapy, and thus an unacceptably high rate of capsular contracture and radio-derma-
titis in implant-based  reconstructive procedures [86]. Autologous reconstructions are more 
cosmetically natural in shape and texture than implants. They provide skin coverage in cases 
of poor quality of the mastectomy flaps or delayed reconstruction. It is believed that DIEP 
reconstruction is more suitable in patients who will require PMRT. Conversely, the effect of 
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radiotherapy on an LD reconstruction can be catastrophic secondary to muscular atrophy [87]. 
Although initial complication rates may be higher, autologous reconstructions provide a more 
consistent and durable reconstruction over time [88]. This approach however is not without 
its unique set of complications; autologous reconstruction is associated with morbidity at the 
donor and reconstruction site. Tissue flap necrosis and loss may occur secondary to ischaemia 
of transferred tissue. Complications may arise from the donor site in the form of, for example, 
an incisional hernia in the case of a TRAM flap. These operations have a longer operative time, 
require longer admissions and recovery times [52]. Complex patient selection and requirement 
for pre-operative CT angiography to detect the perforator vessel supplying the skin flap (in 
DIEP flaps) make autologous reconstruction a less attractive reconstructive technique [51]. 
Autologous flap procedures are longer and more technically challenging, particularly in the 
case of free DIEP and TRAM flaps which require the formation of a microvascular anastomo-
sis [89]. As surgical techniques have evolved, there has been a progression from pedicled and 
free musculocutaneous flaps to muscle-sparing perforator flaps [29]. Currently, the abdominal 
wall is the most commonly used donor site.

4.2.1 Transverse rectus abdominis (TRAM) flap

 The TRAM flap was pioneered in 1982 by Hartrampf, Scheflan and Black [90]. The 
technique has since been refined, with improvements in blood supply. It has evolved from a 
pedicled flap with a necrosis rate of approx. 10% to a free flap with a possible success rate of 
98%, producing a breast reconstruction potentially superior to any other technique. TRAM 
flaps make up approx. 20% of  breast reconstructive procedures carried out in the US. Origi-
nally, the pedicled TRAM flap took its blood supply from the superior epigastric vessels via a 
series of vessels within the rectus abdominis. The more modern use of the inferior epigastric 
vessels in the free TRAM flap allows larger amounts of abdominal tissue to be removed com-
pletely from the body and transplanted to the chest wall with minimal risk of fat necrosis. In 
addition, limiting the muscle harvest to the portion of muscle containing the medial and lateral 
rows of perforating vessels reduces the risk of donor site morbidity by minimising violation 
of the abdominal wall [91]. The anterior rectus sheath is usually sutured closed, however, in 
cases of difficult closure, particularly if both rectus muscles are used, a synthetic mesh may be 
required to achieve closure [92].

4.2.2 Deep inferior epigastric perforator/superficial inferior epigastric perforator (DIEP/
SIEP) flap

 It is possible to preserve all of the rectus abdominis muscle when raising a TRAM flap. 
In this case, only the perforating vessels are taken with the flap and the inferior or superior 
epigastric vessels are left intact. A deep inferior epigastric perforator (DIEP) flap results if the 
primary vessels are the deep inferior gastric artery and vein, which was described for use in 
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breast reconstruction in 1994 [93]. If the primary vessels are the superior epigastric gastric 
vessels, the procedure is known as a superficial inferior epigastric perforator (SIEP) flap [94]. 
They are anastomosed to the internal mammary vessels preferably, though they may also be 
anastomosed to the circumflex scapular vessels [95]. Donor site morbidity is minimised even 
further with this technique, however, increased dissection and longer operative times are re-
quired for this method of reconstruction. Due to the minimal breach of the rectus sheath, DIEP 
or SIEP flaps are associated with minimal loss of function, reduced risk of hernia, less post-op 
pain and shorter length of stay. Reduced abdominal wall disruption makes a tension free clo-
sure possible without requirement of a synthetic mesh [91]. DIEP flaps are indicated in young 
healthy women, those undergoing prophylactic mastectomy and patients who do not require 
PMRT; and contraindicated in patients of ASA Grade 3, collagen vascular disease, previous 
abdominoplasty or radiation to the abdomen that may have damaged perforating vessels, pa-
tients with severe haematological disorders or contraindications to anticoagulation. Relative 
contraindications include obesity, older age (<70 years) or smoking [96,97].

4.2.3 Latissimus dorsi (LD) flap

 Alternative donor sites to the abdominal wall are required occasionally, specifically in 
patients who have had previous abdominal surgery. Although its use has been surpassed by 
that of the TRAM and DIEP flap in recent years, the LD flap is still a widely used method of 
breast reconstruction. This flap produces a ptotic breast with projection and texture similar to 
that of native breast tissue. It may be used alone or in conjunction with an implant in order to 
recreate the breast mound depending on the volume required to achieve symmetry. LD flaps 
are useful in the case of failed expander/implant reconstructions. LD flaps have evolved over 
time, particularly in the late 1970’s when a greater understanding of the vascular connections 
to the skin allowed for a skin paddle to be transferred along with the muscle, improving the 
skin coverage and replacement of the breast mound contour [98]. As a result, superior breast 
symmetry and cosmetic outcomes were achieved. Although the transfer of abdominal tissue is 
preferable in the setting of breast reconstruction, it is not suited to all patients. Indications sug-
gested for LD reconstruction include: previous abdominal operations; a preferred dorsal donor 
site; failed implant or TRAM flap; patients who wish to become pregnant at a later stage. LD 
is suitable for use in the immediate and delayed setting. The latissimus dorsi, a large triangular 
muscle on the upper back, is dissected along with a “paddle” of muscle, vascularised by the 
thoracodorsal artery and vein, and the overlying skin and fat (musculocutaneous flap). Once 
raised, the muscle is tunnelled below the axilla and implanted subcutaneously under the axilla, 
into the breast pocket and then sutured in place. The LD is often augmented by implants or 
fat grafting to provide symmetry and cosmesis [99]. An “extended LD flap” allows for greater 
volume generation without the use of an implant by harvesting lumbar adipose tissue along 
with the muscle flap in order to reconstruct the breast mound.
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4.2.4 Transverse upper gracilis (TUG) Flap

 The TUG flap is a less commonly performed method of breast reconstruction suitable 
for those in whom the abdomen in unsuitable as a donor site. The TUG flap is harvested from 
the medial aspect of the thigh and is associated with advantages such as a relatively consis-
tent anatomy, a reasonably inconspicuous donor site scar and relatively little functional mor-
bidity. However, potential limitations include medial thigh paraesthesia, chronic lower limb 
lymphoedema and contour deformities of the medial thigh. The flap is supplied by the medial 
circumflex artery. For patients with large breast volumes, the volume requirement of the flap 
can result in severe donor site morbidity with large contour deformities, widened and lowered 
donor scars, impaired wound healing and higher rates of lower leg lymphoedema. This has led 
to the use of a bilateral TUG flap for unilateral breast reconstruction in selected cases. Harvest 
of tissue anterior or beyond the femoral axis should be avoided to prevent flap necrosis. In ad-
dition, the preservation of the saphenous vein preserves lymphatics that lie below [100].

4.2.5 Thoracodorsal artery perforator (TDAP) flap

 The TDAP flap is a de-epithelialised flap taken from the lateral thoracic wall and the 
back that can be transplanted to the anterior thorax for breast mound reconstruction. It was first 
described for breast reconstruction in 2004 [101]. This method of breast reconstruction has 
sufficient volume to recreate a B cup-sized breast using a totally or partially de-epithelialised 
flap. The TDAP flap allows for harvesting of the same skin and subcutaneous tissue as that in 
an LD flap, without the muscle, thus avoiding the possible associated complications. TDAP 
flaps have a very low incidence of seroma, no impairment of shoulder motion and have a satis-
factory aesthetic outcome. Distal tissue necrosis is the most commonly occurring complication 
[102].

4.2.6 Superior gluteal artery flap

 The SGAP flap was first described in 1973 as part of a multistage procedure. It was 
refined to a one stage procedure in 1975 [29]. This is considered to be superior to the inferior 
gluteal artery flap as the IGAP flap requires exposure of the sciatic nerve. This flap utilises 
only fat and skin from the gluteal region, which creates good projection and volume of the 
reconstructed breast. The pedicle is anastomosed to the internal mammary vessels. The long 
pedicle of the GAP flap minimises the need for venous grafts at the site of anastomosis and it 
has been shown that an S-GAP flap can survive successfully on a single perforator [103].

5. Autologous fat grafting

 Autologous fat grafting involves liposuction of adipose tissue from the abdomen, thighs 
or buttocks and subsequent reinjection of the lipoaspirate into an area in which there is a defect 
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for the purposes of reconstruction. Autologous fat grafting has been successful in small vol-
ume breast augmentation, filling small volume defects post-breast conserving surgery [104-
108] and adds value in implant based reconstructions [109,110]. Although positive outcomes 
have been demonstrated in this setting, the larger volume of adipose tissue required to carry 
out breast reconstruction post-mastectomy has proven beyond its capabilities thus far [111]. 
Autologous fat transfer is limited by resorption, with rates ranging from 25-80% and compli-
cations such as fat necrosis, oil cyst formation and microcalcifications in patients receiving 
autologous fat transfer in addition to primary reconstructive procedure e.g. LD flap [112] or as 
a filler for small volume defects post breast-conserving surgery (BCS) [106,113]. 

 Cell-assisted lipotransfer, first described by Matsumoto et al in 2006, involves enrich-
ment of autologous lipoaspirates with ADSCs harvested from half of the lipoaspirate prior to 
reinjection [114]. Enrichment  of autologous fat lipoaspirates with ADSCs, which have been 
expanded ex-vivo has had more successful outcomes in terms of volume retention, likely as 
a result of superior graft maintenance due to increased vascularisation and collagen synthesis 
within the graft [115]. Kolle et al demonstrated fat residual volume of >80% in 10 patients 
over 121 days utilising abdominal lipoaspirate enriched with ADSCs that had been expanded 
ex-vivo for 14 days prior to reimplantation into the upper posterior arm. Compared to controls, 
without ADSCs, there were higher amounts of adipose tissue, less necrotic tissue and newly 
formed connective tissue [116]. Yoshimura et al conducted a study in 40 healthy patients un-
dergoing cosmetic breast augmentation, where a mean volume of 270ml ADSC-enriched fat 
was injected into the breast. There was minimal post-op atrophy of the injected fat which 
did not change significantly over 2 months. Small cystic formations and microcalcifications 
were observed in some cases; however the microcalcifications were readily distinguished from 
those associated with breast cancer. Post-op CT and MRI images showed that transplanted fat 
tissue survived and formed a substantial thickness of the fatty layer subcutaneously on and 
around the mammary glands and also between the mammary glands and the pectoralis muscle. 
Breast volume stabilised 2-3 months post-op. This data indicates that cell-assisted lipotransfer 
is suitable for repair of smaller breast defects [117].

 There have been concerns regarding the oncological safetyof autologous fat grafting. 
This issue has been addressed by several clinical studies. A small, retrospective series showed 
an increased risk of breast cancer recurrence in patients with intraepithelial neoplasia under-
going autologous fat grafting. Only patients with intraepithelial neoplasia (n=37) who under-
went autologous fat grafting in this series demonstrated an increase rate of local recurrence 
(10.8%) [118]. A follow-up matched cohort study investigating fat grafting in 59 patients with 
intraepithelial neoplasia concluded that there is a higher risk of local recurrence in this patient 
cohort compared to age and stage matched controls (n=118) [119]. While these results are 
concerning, it must be noted that they are from a single centre retrospective study with small 
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numbers. More encouraging results are observed in larger studies with no increase in locore-
gional or systemic recurrence[120-122]. Delay et alretrospectively analysed outcomes in 880 
patients who underwent fat grafting. They demonstrated , no increased risk of cancer recur-
rence or new cancer development after 10 years of follow up [113]. They also reported that the 
radiological appearance of the breasts post-lipofillingdid not negatively influence the ability to 
identity a neoplastic process. To date, the largest retrospective carried out was by Kronowitz 
et al. where 719 patients underwent autologous fat grafting post-tumour resection. There was 
no increase in locoregional or systemic recurrence or of a second breast cancer [120]. The 
RESTORE-2 trial assessed the oncological safety of ADSC-enriched fat grafting in patients 
undergoing BCS with defects up to 150ml. 67 patients reported high levels of satisfaction with 
the cosmetic outcomes. No incidences of local recurrence were reported within 12 months of 
the procedure. While these results are encouraging, longer follow up is required to accurately 
investigate the oncological safety of this procedure [123]. Systematic reviews conclude that 
autologous fat grafting appears to be oncologically safe with low rates of complications and 
good patient and surgeon satisfaction [124-126]. However, all authors suggest that there is an 
urgent need for randomised controlled trials with adequate follow up to confirm this opinion, 
and to exercise caution in carrying out these procedures at high risk patients. 

6. Breast reconstruction and neoadjuvant/adjuvant therapy

6.1 Chemotherapy and breast reconstruction

 There is some concern over the relationship between breast reconstruction and the de-
livery of chemotherapy in the treatment of breast cancer. No clear evidence exists for the op-
timal time for initiation of adjuvant chemotherapy, however most guidelines state that chemo-
therapy can be safely initiated within 4 weeks of mastectomy. It has been previously suggested 
that breast reconstruction is responsible for delays in the delivery of adjuvant chemotherapy, 
therefore compromising oncological treatment and outcomes [127]. This has been disproven 
by several studies and it is now widely accepted that breast reconstruction does not pose a risk 
for delayed delivery of adjuvant therapies [128,129]. There have been reports of increased 
surgical complications post-breast reconstruction (e.g. wound healing, tissue necrosis and in-
fection) in patients also in receipt of chemotherapy, secondary to its myelosuppressive and 
cytotoxic effects [72]. A limited number of studies have examined this; however, the largest 
of these studies did not find significantly higher complication rates in this patient cohort un-
dergoing reconstruction and chemotherapy. There is a paucity of data relating to  neoadjuvant 
chemotherapy and breast reconstruction, though it is accepted that neoadjuvant chemotherapy 
results in similar outcomes to adjuvant chemotherapy post-breast reconstruction [72].

6.2 Radiotherapy and breast reconstruction

 A controversial relationship exists between post-mastectomy radiation therapy (PMRT) 
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and breast reconstruction, particularly in the case of implant only reconstructions. PMRT has 
deleterious effects on aesthetic outcomes and complication rates in implant-based reconstruc-
tions as it can affect the symmetry, volume and projection achieved at the time of initial re-
construction [130]. Implant-based reconstructions have a significantly higher rate of compli-
cations than autologous reconstructions in the setting of PMRT: infection (13.5% vs. 5.8%), 
mastectomy flap necrosis (10.5% vs. 5%), and reoperation secondary to complication (37.0% 
v 16.6%)(131). There is a reconstructive failure rate of 16.8% in implant reconstructions in the 
presence of PMRT [131]. The timing of PMRT is an important consideration in the avoidance 
of complications. For those patients who have already received PMRT, insertion of implants 
and tissue expansion techniques can troublesome, with increased rates of infection, implant 
extrusion and capsular contracture. Autologous reconstruction gives a more predictable aes-
thetic outcome in those patients previously treated with PMRT. The reconstructive procedure 
itself is less complicated in those patients who have not received PMRT but exposure of the 
reconstruction to ionising radiation creates its own issues, both for implant and autologous 
reconstructions. In patients in whom PMRT is expected to be required, oncoplastic surgeons 
will insert a tissue expander implant which will be inflated over time and replaced by a perma-
nent implant prior to delivery of PMRT [92]. In the case of autologous reconstructions, there 
is no difference in complication rates, flap failure or rates of revision surgery depending on 
the timing of PMRT. A systematic reviewof breast reconstruction before and after PMRT by 
Berbers et al recommend that  definitive implant reconstruction be carried out before PMRT 
and autologous reconstruction be carried out post-PMRT to avoid radiation-induced fibrosis 
and compared cosmesis [74].

6.3 Hormonal therapy

 A paucity of evidence exists in the literature regarding the effects of hormonal therapy 
on breast reconstruction. The principle consideration in this regard appears to be the increased 
risk of  thromboembolic events associated with tamoxifen therapy in those patients who have 
undergone a breast reconstruction procedure involving a microvascular anastomosis (e.g. 
DIEP) according to a systematic review by Parikh et al [132].

7. Future Directions

 Despite the clear aesthetic and psychosocial benefits of breast reconstruction [133], 
currently available techniques, including synthetic implants and autologous tissue grafts are 
limited by morbidity risks at both the reconstruction and donor sites. Increasing patient ex-
pectations for cosmetic/aesthetic outcomes means that surgeons are persistently attempting to 
optimise reconstruction methods through innovative development of a functional tissue sub-
stitute for postmastectomy reconstruction. The rapidly advancing fields of tissue engineering 
and regenerative medicine hold enormous potential in this regard and recent years have seen 
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key innovations in vascular, osseus, cutaneous and soft tissue regeneration [134]. For breast 
cancer patients, the ability to generate living functional tissue to fill disfiguring defects follow-
ing tumour resection will have enormous implications for future quality of life. Recent efforts 
have focused on cell-based regeneration of adipose tissue to fill the defect following BCS or 
mastectomy [135]. Adipose-derived stem cells (ADSCs) offer the advantage of an abundant 
autologous source, a minimally invasive method of harvesting, significant proliferative capac-
ity, and secretion of growth and angiogenic factors to stimulate tissue regeneration [136]. For 
these reasons, 

 ADSCs) have become the gold standard as a cell source for tissue engineering [137].
ADSCs can be easily  isolated from lipoaspirates obtained at liposuction procedures, of which, 
approximately 400,000 are carried out in the US annually. Each procedure yields 100ml-3L of 
lipoaspirate, in which 90% of ADSCs are viable, which is usually discarded post-operatively 
[138]. ADSCs can be used as autologous and allogenic grafts. It has been determined that 
passaged ADSCs, as opposed to freshly isolated SVF cells, reduce histocompatibility surface 
antigen expression and no longer induce a lymphocytic reaction when cocultured with al-
logenic peripheral blood monocytes. Immunoreactions are suppressed by ADSCs, indicating 
that ADSCs may not elicit a cytotoxic T cell response in vivo though this hypothesis has yet to 
be tested comprehensively [137,139].

 As discussed above, the use of autologous adipose tissue via fat-grafting is in wide-
spread clinical use for breast augmentation and correction of small volume defects following 
breast conserving surgery [140]. The use of fat grafts supplemented with ASCs in “cell-assist-
ed lipotransfer” has been reported to result in more durable outcomes than conventional fat 
grafting [141,142].

 However, in order to regenerate sufficient tissue volume to fill a larger mastectomy 
defect it is likely that a de-novo adipose tissue engineering approach will be required; combin-
ing living cells (ADSCs), a biocompatible scaffold, and a microenvironment that will provide 
the appropriate cues to support cell growth, differentiation and long-term volume retention to 
promote tissue regeneration.

 A scaffold acts as a template for new tissue formation. Correct scaffold material and 
design selection will be paramount in overcoming the obstacles of volume retention and vas-
cularisation. A variety of synthetic and natural scaffold materials have been studied for this 
purpose [135,143-149].

 Patrick et al was one of the first groups to investigate scaffolds in adipose tissue re-
generation. Preadipocytes were isolated and cultured on a polymeric scaffold which was then 
implanted into a murine model. Good adipose tissue formation was evident at 2 months; how-
ever a decrease was noted at 3 months, with complete disappearance of all engineered adipose 
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tissue and the PLGA scaffold at 12 months [150-152]. 

 Von Heimburg et al. investigated freeze-dried collagen sponges seeded with preadipo-
cytes. These were implanted into immunodeficient mice and preadipocytes differentiated to 
mature adipocytes in vivo. The constructs were explanted at 3 and 8 weeks and histology re-
vealed adipose tissue with rich vascularisation attached to the scaffold beneath a thin capsule 
layer of fibrovascular tissue [153]. A study on HYAFF11 sponges, a derivative of hyaluronic 
acid, concluded that these were superior to collagen sponges with regard to cellularity achieved 
in adipose tissue engineering [154]. This has been found to be a suitable scaffold material for 
the culture and in vivo differentiation of ADSCs [155,156].

 Pati et al successfully bioprinted a 3D cell laden construct with decellularised extracel-
lular matrix (dECM) that showed high cell viability and functionality [157]. A similar bioma-
terial adipose tissue construct was implanted into a mouse model, which demonstrated positive 
tissue infiltration, constructive tissue remodelling and adipose tissue formation.

 One study 3D-printed patient-specific breast scaffolds with a poly-lactide polymer cul-
tured for 6 weeks. The constructs were seeded with human umbilical vein endothelial cells 
and subcutaneously implanted in athymic nude mice for 24 weeks. Explanted samples were 
well-vascularised constructs of adipose tissue without necrosis, inflammation or cysts. There 
was an increase in adipose tissue produced from 37.17% to 81.2% 15 weeks [158].

 One study seeded ADSCs onto decellularised adipose tissue (DAT) bioscaffolds and 
implanted them into female Wistar rats. At explantation at 12 weeks, 56.1 +/- 9.2% of the 
ADSC-seeded DAT had been remodelled into mature adipose tissue with a higher density of 
blood vessels within the areas of the implant that had been remodelled into mature adipose tis-
sue [159].

 The largest volumes of sustained regeneration of adipose tissue have been achieved by 
“additive biomanufacturing” utilised delayed fat injection into a custom-made scaffold im-
planted in minipigs for 24 weeks after a period of prevascularisation. The prevascularisation + 
lipoaspirate group had the highest relative area of adipose tissue upon explantation (47.32 +/- 
4.12%) which was similar to native breast tissue (44.97 +/- 14.12%)[160]. Morrison et al are 
the first group to engineer clinically relevant volumes of adipose tissue in humans through the 
use of a porous chamber and an arterio-venous loop, producing 80ml of adipose tissue [161].

 Although these results are promising from a technical and tissue regeneration perspec-
tive, a critical question is that of oncological safety; there is a recurrence rate of 20% at 10 
years for breast cancer patients, indicating the persistence of dormant cancer cells even in the 
setting of contemporary multimodality therapy [162]. A major concern is the risk of stimulating 
tumour recurrence by the use of stem cells for breast tissue regeneration. There is conflicting 
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data regarding the possible interplay between breast tumour cells and transplanted ASCs; the 
ASC secretome has been shown variably to promote [163-165] and suppress tumour growth 
in-vitro [166,167]. Our knowledge of ASC behaviour in-vivo is limited [168] and the concept 
of a detrimental interaction between transplanted ASCs and residual/dormant cancer cells re-
quires further clarification through in-vivo and clinical studies which should aim to clarify 
how ASCs can be exploited for their regenerative function in this setting without influencing 
tumorigenesis. If this can be achieved, translation to the clinical setting will offer the exciting 
potential to engineer a reconstruction, generated from autologous cells which may be surgi-
cally implanted without requiring tissue transfer, thereby eliminating or reducing donor site 
morbidity, and answering a clinical need for breast cancer patients. 

8. Conclusion

 Post-mastectomy breast reconstruction is an integral component of optimal multimo-
dality breast cancer care. It is an ever-evolving field, partly due to increasing patient expecta-
tions with regard to aesthetic outcomes and due to the need to adapt to new oncological and 
radiation-based treatments. While historically, breast reconstruction has been composed of 
implant-based and autologous tissue techniques, research into the field of tissue engineer-
ing has yielded promising results, suggesting that this may be the future solution to the many 
limitations of current approaches and will maximise aesthetic and quality of life outcomes for 
breast cancer patients.

9. Figures
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Figure 1: Evolution of Post-Mastectomy Breast Reconstruction
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10. Tables

Figure 2: Bilateral implant reconstruction

 

Figure 3: LD flap reconstruction

Figure 4: TRAM flap reconstruction

Table 1: Commercially available Acellular Dermal Matrices (ADMs) used in direct-to-implant reconstruc-
tions or in conjunction with a tissue expander. ADMs are created by a decellularisation process that leaves the 
extracellular matrix of the original tissue intact. 
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Acellular 
Dermal 
Matrix (Trade 
Names)

Company Tissue Source Sterile Advantages

Flex HD Ethicon Human allograft skin No
Little elasticity• 
Prehydrated• 

AlloDerm Life Cell Human cadaveric skin No

Can be irradiated• 
Widely used, extensive • 
studies carried out
Rapid revascularisation• 
Allows lymphocyte • 
migration

DermaMatrix Synthes Human skin Yes
Bacterially inactivated• 
Rapid rehydration• 
No refrigeration required• 

Permacol Covidien Porcine dermis Yes

Cross-linked for greater • 
durability
No refrigeration or • 
rehydration required
Available in larger sizes• 

Strattice LifeCell Porcine dermis Yes

Good biomechanical • 
strength
Prevents adhesions• 
 Allows revascularisation• 
Allows lymphocyte • 
migration and cell ingrowth

SurgiMend Polytech Foetal bovine dermis Yes

Rapid rehydration• 
Easy to suture• 
Fenestration to allow fluid • 
drainage

AlloMax Bard Davol Human dermis Yes

Virally inactivated• 
Hydrates rapidly • 
Little elasticity• 
Early cellular infiltration • 
and neovascularisation 7 
days post-implant 

Table 2: Biomaterials used as scaffolds in adipose tissue engineering. A scaffold acts as a template for new 
tissue formation. They can be naturally occurring materials or synthetic, each with their own properties, ad-
vantages and limitations. 

Natural Scaffolds Advantages Limitations

Collagen

Can be modified e.g. addition of growth 
factors
Supports adipogenesis, vascularisation and 
ECM deposition
Licensed for clinical use

Limited mechanical strength
Short degradation time
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HYAFF11

Longer degradation time than collagen 
Licensed for clinical use
Good mechanical stability 
Supports vascularisation and ECM 
deposition

Decreased differentiation  of ADSCs 

Silk

Low immunogenicity
Slow, controlled degradation 
Licensed for clinical use
Supports adipogenesis in vitro and in vivo

No data on stability of degradation 
products
Limited surface modification 

Synthetic Scaffolds Advantages Limitations

PLGA

Biodegradable
Easily mass produced
Adipogenic differentiation of ADSC in 
vivo
Surface modification improves tissue 
growth

Foreign body capsule formation
Short degradation time
Requires surface modification

PEG 

Licensed for medical use
Low toxicity
Water soluble 
Biodegradable

Hydrogel
Poor mechanical strength
Rapid degradation 

PLA

Easy surface modification 
Good mechanical strength
Allows vascularisation 
Adipogenic differentiation of BMSCs

Rapid degradation 
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Introduction
Breast cancer represents a significant health care burden, with 
an estimated 1.7 million new cases diagnosed worldwide 
annually.1 Approximately 40% of patients with breast cancer 
require mastectomy to achieve locoregional disease control; 
recent trends show that higher numbers of women eligible for 
breast-conserving surgery (BCS) are opting for mastectomy 
and rates of contralateral and bilateral prophylactic mastectomy 
are also rising.2–7 Mastectomy is associated with significant aes-
thetic and psychosocial morbidity, which is improved by breast 
reconstruction.8,9 Current reconstructive approaches include 
autologous tissue transfer, prosthetic implants, and biological 
matrices; however, these approaches remain limited by the 
potential for complications at the donor and reconstruction 
sites. Increasing patient expectations for improved aesthetic 
outcomes means that surgeons are persistently attempting to 
optimise surgical technique and investigating new and improved 
approaches to breast reconstruction. This has driven research in 
the direction of tissue engineering strategies in an effort to 
develop superior breast reconstruction alternatives. Adipose-
derived stem cells (ADSCs) have become the gold standard as a 
cell source for tissue engineering.10 They are particularly attrac-
tive for breast reconstruction as they exhibit potential for prolif-
eration, preferential differentiation to adipocytes, and 
maintenance of mature adipose graft volume. However, the 
oncological safety of their use for adipose tissue regeneration, 
particularly in patients who have had a malignancy has been 
questioned.11–15 Concern stems from the characteristics that 

make ADSCs attractive for tissue engineering, namely, their 
proliferative and differentiation capacity along with stromal sup-
port of cancer cells and delivery of locally inflammatory cytokines 
and/or growth factors. The aim of this review is to examine the 
current use of ADSCs in adipose tissue engineering, specifically 
related to breast reconstruction with a focus on cellular biology; 
use in breast surgery; oncological safety; and the effect of adju-
vant therapies on the regenerative potential of ADSCs.

Breast Reconstruction: Current Approaches and 
Limitations
The National Institute of Clinical Excellence (NICE) guide-
lines recommend that all suitable patients undergoing mastec-
tomy for breast cancer should be offered immediate breast 
reconstruction.16 Contemporary breast reconstruction 
approaches can be categorised as follows:

1. Implant-based reconstruction. Encompassing (a) implant-
only reconstructions performed as a 2-stage procedure 
with placement of a tissue expander which is subse-
quently replaced with a permanent implant at a later 
operation or (b) single-stage, direct to fixed-volume per-
manent implant reconstruction with or without an acel-
lular dermal matrix (ADM);

2. Autologous reconstruction. Using pedicled tissue flaps (eg, 
latissimus dorsi [LD] flap), which tend to be myocutane-
ous, or free tissue transfer (eg, deep inferior epigastric 
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perforator [DIEP] flap), which may be composed of 
myocutaneous tissue or solely adipose tissue along with 
perforating vasculature.

Until recently, autologous flap procedures were the most 
common reconstructive approach. Contemporary trends have 
seen implant-based reconstruction become more common in 
the United States and Europe,17–21 possibly explained by 
shorter and less complicated procedures and increased use of 
ADMs which have been shown to improve cosmetic outcomes 
by allowing for better definition of the infra- and lateral mam-
mary folds, reduced capsular contracture rates, and the provi-
sion of an additional biocompatible layer between the 
prosthesis and the overlying skin.22 Traditionally, single-stage 
immediate implant-based reconstruction with total muscle 
coverage of the implant was only achievable in small-breasted 
women as it is limited by the degree of expansion of the over-
lying pectoral muscles. This may be overcome by placement of 
a tissue expander prosthesis which can be inflated over time 
and replaced by a permanent implant at a second surgery, or 
alternatively using an ADM with the permanent implant, 
obviating the need for total muscle coverage.23 Short-term 
complications of implant-based reconstructions include ser-
oma, haematoma, infection, and skin necrosis, with implant 
extrusion and rupture being long-term possibilities.24,25 A sig-
nificant longer term complication of implants is capsular con-
tracture; the formation of a firm, fibrous tissue capsule 
surrounding the implant. This constricts over time, resulting 
in a spherical appearance of the breast which feels firmer than 
desired, chronic chest wall discomfort, and restricted shoulder 
rotation. The increasing use of ADMs in implant-based 
reconstruction has reduced the rate of capsular contracture; 
however, it remains a significant problem. Capsular contrac-
ture has a cumulative incidence of 6% to 18% in non–ADM-
assisted implant reconstructions, compared with <5% in 
ADM-assisted procedures.26 Post-mastectomy radiation ther-
apy (PMRT) has deleterious effects on aesthetic outcomes 
and complication rates in implant-based reconstruction as it 
can affect the symmetry, volume, and projection initially 
achieved at the time of reconstruction. Post-mastectomy radi-
ation therapy also increases the rates of grade 3 and 4 capsular 
contracture and reduces the skin quality of the mastectomy 
flaps27 leading to an increased risk of necrosis and implant loss.

Although the number of autologous reconstructions being 
performed has been surpassed by implant-based approaches, 
this approach still has a prominent role in post-mastectomy 
breast reconstruction, particularly in patients who have poor 
skin quality of the mastectomy flaps or for whom delayed 
reconstruction is preferred.28 The most widely used pedicled 
flap was traditionally the LD flap29; however, this is now being 
surpassed by the DIEP flap, although LD reconstruction is still 
popular as a salvage or delayed breast reconstruction tech-
nique.30,31 Free flaps include DIEP flaps and transverse rectus 
abdominis muscle (TRAM) flaps, which is also used as 

a pedicled flap. More recently developed flaps include the 
superior and inferior gluteal artery perforator flaps, transverse 
upper gracilis flap, superficial inferior epigastric artery flap, and 
profunda artery perforator flap. Autologous reconstructions are 
more cosmetically natural in shape and texture than implants. 
They provide skin coverage in cases of poor quality of the mas-
tectomy flaps or delayed breast reconstruction. It is believed 
that DIEP reconstruction is more suitable in patients who will 
require PMRT as muscular atrophy is a significant complica-
tion of LD reconstruction that may occur post-radiotherapy.32

Although initial complication rates for autologous recon-
structions may be higher, they provide a more consistent and 
durable reconstruction over time.33 Unfortunately, autologous 
reconstruction is associated with morbidity at the donor and 
reconstruction site. Tissue flap necrosis and loss may occur sec-
ondary to ischaemia of transferred tissue. Complications may 
arise from the donor site in the form of, eg, an incisional hernia 
in the case of a TRAM flap (incidence of 1.2%-8%) or donor 
site seroma in LD flaps (incidence of 70%-80%).34,35 These 
operations require longer admissions and recovery times.36 
Autologous flap procedures are also longer and more techni-
cally challenging, particularly in the case of DIEP flaps which 
require the formation of a microvascular anastomosis.37

Due to the complications associated with current breast 
reconstruction methods, there is an urgent need to develop 
superior alternatives that will achieve the aesthetic goal of 
establishing a natural appearing breast shape. The preferred 
approach would include an autologous or biocompatible com-
ponent to minimise foreign body reactions but without the 
requirement for extensive surgical resection at a donor site. 
Regenerative medicine approaches hold exciting potential in 
this regard, and recent efforts have focused on cell-based regen-
eration of adipose tissue.

Adipose-Derived Stem Cells
There has been increasing interest the potential of autologous 
fat as a donor source for effective breast reconstruction. 
Autologous fat is thought to be a superior method of soft tissue 
augmentation due to a range of properties including biocom-
patibility and versatility; it is non-immunogenic, has similar 
mechanical properties to breast tissue, appears more natural 
than implants or pedicled flaps, and is associated with minimal 
donor site morbidity.38 Recent scientific interest has focused on 
the potential for adipose tissue engineering to generate suffi-
cient volumes of fat for breast reconstruction. Adipose tissue 
engineering requires a stem cell with the capacity for differen-
tiation into mature adipocytes.

Stem cells are an undifferentiated cell type with multipotent 
capacity.39,40 Adult/somatic stem cells are multipotent cells 
within adult tissues which maintain and repair the tissue in 
which they are found and are capable of differentiating into 
mature cell types such as osteoblasts, adipocytes, and chondro-
blasts, in addition to a lack of expression of HLA-DR surface 
molecules.41 Adult/somatic stem cells are more abundantly 
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available and avoid the ethical considerations associated with 
the use of embryonic stem cells (ESCs) for tissue regenera-
tion.10,42 Adult stem cells are found in almost all adult tissues; 
mesenchymal stem cells (MSCs) have been harvested from tis-
sues such as trabecular bone and periosteum, synovial mem-
brane, skeletal muscle, skin, teeth, and periodontal 
ligaments.10,43–49 However, the most widely harvested and 
studied adult stem cells are those from bone marrow, adipose 
tissue, and peripheral blood.50 Adipose-derived stem cells are 
rapidly becoming the gold standard as a cell source for tissue 
engineering and regenerative medicine. They are contained 
within the stromal vascular fraction (SVF) of adipose tissue 
and hypothesised to improve wound healing, tissue regenera-
tion, and graft retention.51 According to the International 
Federation for Adipose Therapeutics and Science (IFATS) and 
International Society for Cellular Therapy (ISCT) joint state-
ment on ADSCs, these cells are identified phenotypically as a 
CD45−, CD235a−, CD31−, and CD34+ cell population. They 
differ from bone marrow–derived cells (BMSCs) in that they 
are positive for CD36 and negative for CD106. They are also 
capable of trilineage differentiation.52

Adipose-derived stem cells possess certain advantages over 
BMSCs and ESCs. They are isolated with less invasive tech-
niques, offer a higher cell yield than bone marrow aspirates 
(>1000× stem cell number per gram of tissue) or umbilical cord 
blood,40,53 have significant proliferative capacity in culture with 
a longer life span in culture than BMSCs,10,54 and possess 
multi-lineage potential (eg, adipogenic, osteogenic, myogenic, 
cardiomyogenic, and neurogenic cell types).55–58 Adipose-
derived stem cells also have a shorter doubling time and later in 
vitro senescence than BMSCs.12

ADSC isolation and preparation

Adipose-derived stem cells are typically isolated from lipoaspi-
rates obtained at liposuction procedures, of which, approxi-
mately 400 000 are conducted in the United States annually. 
Each procedure yields approximately 100 mL to 3 L of lipoaspi-
rate, in which 90% to 100% of ADSCs are viable, which is 
usually discarded following routine liposuction.40 To isolate 
ADSCs, adipose tissue is digested with collagenase, filtered, 
and centrifuged. The resulting cell pellet is the SVF, containing 
stromal cells, including ADSCs, which do not contain the lipid 
droplet in mature adipocytes and have a fibroblast-like mor-
phology.38 Other cell types present include endothelial cells, 
smooth muscle cells, pericytes, fibroblasts, and circulating cells 
such as leucocytes, haematopoietic stem cells, and endothelial 
progenitor cells. White adipose tissue (WAT) depots vary in 
stem cell content and properties depending on anatomical site. 
Adipose-derived stem cells of visceral origin have a higher self-
renewal capacity59 and ADSCs from abdominal superficial 
regions are more resistant to apoptosis than those from the 
arm, thigh, or trochanteric depots.10 This is hypothesised to be 
secondary to different levels of apoptotic regulators within cells 

from different depots, such as the Bcl-2 family, in addition to 
variations in production of paracrine/autocrine factors, eg, 
insulinlike growth factor 1 (IGF-1).60 A recent study demon-
strated that superficial abdominal cells have higher G3PD 
activity, aP2, peroxisome proliferator–activated receptor γ 
(PPAR-γ), and C/EBP-α expression compared with other 
depots, which may contribute to their resistance to apoptosis.61 
However, the greatest numbers of stem cells are isolated from 
the arm when compared with depots such as the thigh, abdo-
men, or breast, postulated to be secondary to this depot having 
the highest PPAR-γ2 expression.61,62 The optimum WAT 
depot ADSC harvest and recovery has yet to be elucidated.63

ADSC characteristics

The immunophenotype of ADSCs is >90% identical to that of 
BMSCs.14 One significant difference between the cell types is 
the presence of the glycoprotein CD34 on the ADSC cell sur-
face.63–65 Adipose-derived stem cells show uniformly positive 
expression for stem cell markers CD34, CD44, CD73, CD90, 
and CD10512 and are negative for CD19, CD14, and CD45. 
They are positive for pericytic markers CD140a and CD14b 
and the smooth muscle marker α-smooth muscle actin. 
Adipose-derived stem cells secrete growth factors such as vas-
cular endothelial growth factor (VEGF), hepatocyte growth 
factor, fibroblast growth factor 2 (FGF-2), and IGF-1, all of 
which are involved in angiogenesis and adipose tissue regen-
eration.54,64 As ADSCs exhibit a similar cell surface immu-
nophenotype as pericytes, it is thought that ADSCs reside 
within the perivascular region of adipose tissue, between 
mature adipocytes and adipose extracellular matrix (ECM) 
near small capillaries.14,66

The transition of a multipotent ADSC into a mature adipo-
cyte occurs in 2 stages. First, by determination and differentia-
tion of the stem cell into a preadipocyte, with subsequent 
terminal differentiation into a mature adipocyte characterised 
by accumulation of a single lipid droplet within the cell.54 This 
is regulated by the nuclear transcription factor PPAR-γ. The 
transcriptional programme activated by PPAR-γ is responsible 
for the regulation of expression of hormone-sensitive lipase, 
adiponectin, and fatty acid–binding protein 4 (FABP-4).11 
Insulinlike growth factor 1 stimulates the first stage of adipo-
genesis. Glucocorticoids, insulin, and growth hormone play a 
role in the stimulation of the early and late phases of adipogen-
esis.40 Mature adipocytes are terminally differentiated cells 
with limited capacity for self-renewal and replacement of 
mature adipocytes.63 The responsibility for tissue homeostasis 
and cell renewal as a result of cells lost due to maturation, dam-
age, or ageing in mature adipose tissue lies with ADSCs.67 As 
ADSCs originate from the SVF of digested adipose tissue, they 
also have the ability to differentiate into vascular endothelial 
cells and also produce the pro-angiogenic growth factor VEGF, 
which would be advantageous in the process of vascularising an 
engineered tissue construct.10
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Due to these characteristics, ADSCs hold considerable 
potential for the regeneration of fat tissue in reconstructive sur-
gery and can be used as both autologous and allogenic grafts in 
this context.

ADSCs and Breast Surgery
Fat grafting

Autologous fat grafting has been successfully used in the clini-
cal setting for breast augmentation, filling small-volume defects 
post–breast-conserving therapy68–72 and contour defects in 
implant-based breast reconstructions.73,74 Although promising 
aesthetic outcomes have been demonstrated in this setting, the 
larger volume of adipose tissue required to reconstruct the 
breast mound post-mastectomy is more challenging.75 
Autologous fat grafting has had limited success in breast recon-
struction with resorption rates ranging from 25% to 80% and 
complications such as fat necrosis, oil cyst formation, and 
microcalcifications in patients receiving autologous fat transfer 
in addition to a primary reconstructive procedure, eg, LD flap76 
or as a filler for small-volume defects post-BCS.77–79 In an 
attempt to reduce the rate of resorption, cell-assisted lipotrans-
fer, first described by Matsumoto et  al80 in 2006, involves 
enrichment of autologous lipoaspirates with ADSCs prior to 
grafting. Enrichment of autologous fat lipoaspirates with 
ADSCs which have been expanded ex vivo has had more suc-
cessful outcomes in terms of volume retention, likely as a result 
of superior graft maintenance due to increased vascularisation 
and collagen synthesis within the graft.14 Kolle et al demon-
strated residual fat volume of >80% in 10 patients over 121 days 
using abdominal lipoaspirate enriched with ADSCs that had 
been expanded ex vivo for 14 days prior to reimplantation into 
the upper posterior arm. Compared with controls, there were 
higher amounts of adipose tissue, less necrotic tissue, and newly 
formed connective tissue in grafts enriched with ADSCs.81 
Yoshimura et  al conducted a study in 40 healthy patients 
undergoing cosmetic breast augmentation, where a mean vol-
ume of 270 mL of ADSC-enriched fat was injected into the 
breast. They reported minimal post-operative atrophy of the 
injected fat which did not change significantly more than 
2 months. Small cystic formations and microcalcifications were 
observed in some cases; however, the microcalcifications were 
readily distinguished as benign radiologically. Post-operative 
computed tomographic and magnetic resonance imaging 
images showed that transplanted fat tissue survived and breast 
volume stabilised 2 to 3 months post-operatively. These data 
indicate that cell-assisted lipotransfer is effective for small-
volume breast defects.82

Tissue-engineered constructs

Recreating the breast mound post-mastectomy is likely to 
require long-term maintenance of larger tissue volumes in 
engineered grafts supported by a biocompatible scaffold.28 

There has been limited success with ‘scaffold free’ techniques. 
This approach involves inducing ADSCs to differentiate into 
adipocytes and supplementation of culture media with ascorbic 
acid, to stimulate the production and organisation of ECM to 
form manipulatable sheets which can be assembled into thicker 
adipose constructs. Such constructs produced a thickness of 
140 ± 14 µm after superimposing 3 adipose sheets.83 For scaf-
fold-based tissue-engineered constructs, correct scaffold mate-
rial and design selection will be paramount in overcoming the 
obstacles of volume retention and vascularisation. Current tis-
sue engineering strategies involve 2-dimensional or 3-dimen-
sional (3D) natural or synthetic scaffold biomaterials that may 
or may not be seeded with MSCs.54

Scaffolds allow for the culture of cells in a 3D microenvi-
ronment, more accurately mimicking native tissue in vivo. The 
‘ideal’ scaffold is one that allows for the production of ‘native-
like tissue’, with similar physical and biochemical properties of 
the tissue it is replacing. Choice of scaffold material is a key 
consideration in the regeneration of specific tissue types (Table 
2). Biomaterials act as the biochemical and biophysical envi-
ronment to tune the cell response for the specific tissue engi-
neering requirement. The properties of biomaterials (eg, 
mechanical and chemical functionality) affect phenomena 
such as cell adhesion, proliferation, and differentiation.54 The 
ideal scaffold is also biocompatible, preventing the occurrence 
of a long-term immune reaction. A highly porous structure is 
required for vascular ingrowth and cell differentiation. 
Adipose-derived stem cells undergo morphologic alterations 
during differentiation to mature adipocytes which includes an 
increase in diameter from approximately 10 to 100 µm.84 Pores 
within the scaffold must be of adequate size to accommodate 
changes such as these. A scaffold’s stiffness is an important 
consideration, in that it must be capable of maintaining its 
structural integrity despite handling during surgical insertion 
and physiological forces in vivo, yet flexible so that ingrowth of 
new tissue and vascular structures is possible. In addition to 
this, biomaterial stiffness influences ADSC differentiation, eg, 
when stem cells are encapsulated in polycaprolactone (PCL), 
they are more likely to differentiate towards bone, tendon, and 
cartilage over other tissue types.85 Biomechanical properties of 
the biomaterial must be adjustable to regulate the cellular 
microenvironment. Degradation properties of a biomaterial 
are imperative; an ideal scaffold should remain intact for suf-
ficient time for new tissue to form but degrade at a sufficient 
rate that new ECM can be formed and tissue regenerated.86 
Generally, scaffolds are composed of biomaterials in the form 
of sponges, hydrogels, 3D or bioprinted constructs, and elec-
trospun scaffolds (Table 2).

Biomaterials can be naturally or synthetically derived. 
Natural biomaterials used in adipose tissue engineering include 
collagen, silk, alginate, and gelatin (Table 1). The principle 
advantage of these biomaterials is their biocompatibility. There 
are significant differences in the biochemical properties of these 
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Table 1. Natural biomaterials previously studied as scaffolds in adipose tissue engineering.

SCAffOLD SCAffOLD ADvANTAGES/DISADvANTAGES CLINICAL DATA REfERENCES

Collagen Sponge, injectable 
microbeads, 
hydrogel

Advantages
ADSC differentiation and 
vascularisation in vivo
Can be modified by addition of 
growth factors
Porosity can be modified
Suturable
Disadvantages
Capsule formation evident in vivo
Rapid degradation
Low mechanical strength

Collagen sponge 
impregnated with bfGf for 
the treatment of chronic 
skin ulcers

38,54,87,91-93

Hyaluronic 
acid 
derivatives

Sponge, hydrogel Advantages
Higher cell density with more 
homogeneous spread than collagen 
sponge
Well-differentiated adipocytes and 
large amounts of ECM
Disadvantages
More expensive than collagen

ADSCs seeded onto 
cellular biohybrid 
ADIPOGRAfT and 
implanted subcutaneously

88-90,94,95

Silk Disc, hydrogels, 
sponge, thin films, 
tubes

Advantages
Good mechanical strength
Low immunogenicity
Silk protein bioengineering allows 
for expression of growth, 
differentiation, and angiogenic 
factors
Retain size and porous structure 
long term due to slow Proteolytic 
degradation
Does not require cross-linking
Disadvantages
Stability of degradation products 
unknown

Silk used as a surgical 
scaffold in soft tissue 
reconstruction, eg, 2-stage 
implant breast 
reconstruction and in the 
repair of the abdominal 
wall

54,96-101

Gelatin Coating, hydrogel, 
bioprinting, sponge

Advantages
Non-toxic
Enables delivery of growth factors
Disadvantages
Rapid degradation
Weak mechanical strength
Often requires combination with 
another scaffold biomaterial

Used in conjunction with 
collagen sponge for 
treatment of chronic skin 
ulcers

54,93,102-105

Alginate Hydrogel, 
microsphere, 
bioprinting

Advantages
Incorporates well with surrounding 
tissue
Addition of growth factors possible
Can be used in combination with 
other scaffolds
Disadvantages
Rapid degradation
Weak mechanical strength

Alginate hydrogels used as 
a vehicle for stem cell 
delivery in the treatment of 
myocardial infarction

54,106-109

Abbreviations: ADSC, adipose-derived stem cell; bfGf, basic fibroblast growth factor; ECM, extracellular matrix.

biomaterials, eg, collagen, a major component of in vivo micro-
environments, is capable of interaction with ADSCs via integ-
rins, unlike alginate, as it does not exist in native ECM and thus 
does not interact with stem cells.85 Von Heimburg et al investi-
gated freeze-dried collagen sponges seeded with preadipocytes. 
These were implanted into immunodeficient mice and preadi-
pocytes differentiated to mature adipocytes in vivo. The con-
structs were explanted at 3 and 8 weeks and histologic analysis 
revealed adipose tissue with rich vascularisation attached to the 
scaffold beneath a thin capsule layer of fibrovascular tissue. This 

study highlighted the need for the correct scaffold pore size as 
scaffolds with smaller pore sizes were unable to support preadi-
pocytes differentiation to mature adipocytes. Developing adipo-
cytes have the potential to grow to a diameter of 100 µm. A 
narrow pore size can restrict growth and differentiation of 
preadipocytes.87 A study on HYAFF11 sponges, a derivative of 
hyaluronic acid, concluded that these were superior to collagen 
sponges regarding cellularity achieved in adipose tissue engi-
neering.88 This has been identified as a suitable scaffold mate-
rial for the culture and in vivo differentiation of ADSCs.89,90
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Synthetic scaffolds studied in this field include polyglycolic 
acid (PLGA), polyethylene glycol, PCL, and poly-l-lactic acid 
(Table 2). Properties such as mechanical strength and stiffness 
are easily modifiable in synthetic scaffolds. Addition of growth 
factors and ECM components is also readily possible making 
these biomaterials very flexible for use in tissue engineering. 
Patrick et al was one of the first groups to investigate the use of 
scaffolds in adipose tissue regeneration. They reported the isola-
tion and culture of preadipocytes on a PLGA scaffold which was 
then successfully implanted into a murine model. Despite initial 
success, with good adipose tissue formation evident in vivo at 
2 months, a decrease in adipose tissue was seen at 3 months with 

complete disappearance of all adipose tissue and PLGA scaffold 
at 12 months.110–112 More recently, 3D-printed patient-specific 
breast scaffolds with a poly-lactide polymer have been investi-
gated. These were scaled down to be implanted in mice, seeded 
with human umbilical cord perivascular cells, and cultured for 
6 weeks. The resulting constructs were seeded with human 
umbilical vein endothelial cells (HUVECs) and subcutaneously 
implanted in athymic nude mice for 24 weeks. Explanted sam-
ples were well-vascularised constructs of adipose tissue without 
necrosis, inflammation, or cysts. There was an increase in adipose 
tissue produced from 37.17% to 62.3% between weeks 5 and 15. 
This further increased to 81.2% between weeks 15 and 24.113

Table 2. Synthetic biomaterials previously studied as scaffolds in adipose tissue engineering.

Poly(l-lactide-co-
glycolide) (PLGA)

Synthetic 3D printing, sponge, 
injectable spheres, 
hydrogel

Advantages
Biodegradable
Modifiable by altering biomechanical 
and biochemical properties
Disadvantages
Degradation products cause 
inflammation
Scaffold surface requires modification 
for ADSC growth and differentiation to 
occur
Capsule formation in vivo
Short degradation time

54,111,112,114-118

Polycaprolactone 
(PCL)

Synthetic Electrospun mesh, 
3D printing, sponge

Advantages
Modifiable by altering biomechanical 
and biochemical properties
Good mechanical strength
Angiogenesis in ADSC-seeded and 
ADSC-unseeded constructs
Disadvantages
Unpredictable degradation
Mammalian cell attachment is limited 
due to its hydrophobicity

54,102,119-122

Polyurethane Synthetic Sponge Advantages
Adipogenesis and angiogenesis 
evident in vivo
Elastic
Disadvantages
Capsule formation evident in vivo

119,123,124

Polypropylene Synthetic Mesh Advantages
Good biocompatibility
No inflammatory reaction
Maintains good dimensional stability 
after implantation
Easily tailored to desired shape
Disadvantages
Unabsorbable

125

Polylactic acid Synthetic Sponge, fleece Advantages
Good mechanical strength
Surface modification possible
Disadvantages
Rapid degradation

54,102,113

Polyethylene 
glycol (PEG)

Synthetic Hydrogel Advantages
Low toxicity
Water soluble and degradable
Promotes adipose tissue regeneration
Disadvantages
Weak mechanical strength
Rapid degradation
Requires cross-linking

54,126

Abbreviations: 3D, 3-dimensional; ADSC, adipose-derived stem cell.
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More recently, biological scaffolds such as decellularised 
ECM (dECM) have been studied (Table 3). They generate a 
minimal immunologic and inflammatory response and provide 
an accurate mimicry of the native tissue microenvironment by 
preserving the structure of organised tissue and acting as a 
natural template for the remodelling of regenerated tissue. 
Scaffolds exist in different biomaterials and different formats 
based on the individual requirements of the tissue to be regen-
erated. Pati et al127 successfully bioprinted a 3D cell laden con-
struct with dECM that showed high cell viability and 
functionality. A similar biomaterial adipose tissue construct 
was implanted into a mouse model, which demonstrated posi-
tive tissue infiltration, constructive tissue remodelling, and adi-
pose tissue formation. Decellularised adipose tissue (DAT) also 
holds promise as an adipogenic bioscaffold. One study seeded 
ADSCs onto DAT bioscaffolds and implanted them into 
female Wistar rats. At explantation at 12 weeks, 56.1% ± 9.2% 
of the ADSC-seeded DAT had been remodelled into mature 
adipose tissue. There was a higher density of blood vessels 
within the areas of the implant that had been remodelled into 
mature adipose tissue.128

Vascularisation of regenerated tissue is one of the primary 
challenges of tissue engineering. Several methods of providing 
these constructs with adequate blood supply have been investi-
gated. The scaffold within regenerated tissue can play a promi-
nent role in this regard, as scaffold stiffness and porosity are 
known to influence angiogenesis.133 In addition, ADSCs 
themselves are implicated in the regulation of neovascularisa-
tion through their modulation of the ECM, or scaffold, by 
matrix metalloproteinases (MMPs).134 Some studies have 
sought to aid vascularisation by the addition of HUVECs to 
ADSC and scaffold constructs.135,136 Chhaya et  al seeded 
HUVECs onto their adipose tissue construct prior to implan-
tation into a murine model. They observed a 62.3% increase in 
adipose tissue with the formation of a functional capillary net-
work within the tissue.113 Vascular pedicles have been used as 
additional support for an engineered adipose construct within 
a chamber to facilitate large-scale adipose tissue engineering.137 
In this setting, a chamber allows the vascular pedicle to induce 
intense vasculogenesis to maximise cell survival.84 Dolderer 
et al138 demonstrated a 10% to 15% increase in adipose tissue 

volume over a 20-week period using this approach; there was 
no evidence of hypertrophy, fat necrosis, or atypical changes in 
the regenerated tissue. Findlay et al114 was successful in gener-
ating up to 56.5 mL of adipose tissue by implanting bilateral 
78.5-mL chambers subcutaneously in the groin of a pig which 
enclosed a fat flap based on the superficial circumflex iliac 
pedicle for 22 weeks. Implantation of a scaffold prior to ADSC/
adipose tissue to allow for ingrowth of new vessels among the 
scaffold has been investigated. ‘Additive biomanufacturing’ 
used delayed fat injection into a custom-made scaffold 
implanted in minipigs for 24 weeks after a period of prevascu-
larisation. The prevascularisation + lipoaspirate group had the 
highest relative area of adipose tissue on explantation 
(47.32% ± 4.12%) which was similar to native breast tissue 
(44.97%±14.12%).122 These studies represent the largest vol-
umes of adipose tissue engineering in vivo.

The transition to large animal studies and the generation of 
larger, more clinically relevant volumes of adipose tissue pre-
sent an exciting prospect for translation of a tissue-engineered 
breast reconstruction to the clinical setting. However, the evi-
dence for the oncological safety of using ADSCs in patients 
who have been treated for breast cancer is limited and requires 
further investigation before the knowledge and techniques 
generated through these studies can be considered for applica-
tion in post-mastectomy reconstruction.39

Oncologic Safety Considerations
Despite the promising early results of ADSCs in breast lipofill-
ing and small-volume reconstruction, its application towards 
post-oncologic reconstruction should be approached with cau-
tion. The concern regarding use of autologous ADSCs in this 
setting stems from the very same characteristics which make 
them so attractive for tissue regeneration. Adipose-derived stem 
cells may potentially contribute to stromal support for cancer 
cells and deliver locally inflammatory cytokines and/or growth 
factors, thus facilitating residual cancer cell survival and growth.

Tumour microenvironment

Breast cancer grows in close anatomical proximity to adipose 
tissue. The ‘tumour microenvironment’ consists of a complex 

Table 3. Biological scaffolds previously studies as scaffolds in adipose tissue engineering.

Adipose-
decellularised 
ECM

Natural/biological Bioprinted, injectable 
microparticles, 
hydrogel, 3D printing

Advantages
Xenogenic implantation does not cause inflammatory reaction
ECM provides the microenvironment for cells to respond to cues 
for cellular function and activity
Well maintained 3D architecture and biochemical composition 
after decellularisation
Adipogenesis and angiogenesis in vivo
Can be used in combination with other scaffold biomaterials
Disadvantages
Not mass-producible
Decellularisation technique is complicated and time-consuming

127–132

Abbreviations: 3D, 3-dimensional; ECM, extracellular matrix.
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signalling network which influences the behaviour of both resi-
dent stem cells and tumour cells.46 It is composed of all cells 
surrounding the tumour including endothelial, inflammatory 
and immune cells, adipocytes, myoepithelial cells, and fibro-
blasts in conjunction with their ECM.139,140 Understanding 
the complexity of tumour-stromal interactions will enhance 
our understanding of how ADSCs may interact with the 
tumour microenvironment. Numerous autocrine, paracrine, 
and exocrine pathways in this environment have been described 
as a role-playing factor in breast cancer.47

A subset of adipocytes known as ‘cancer-associated adipo-
cytes’ (CAAs) have been shown to play an active role in tumour 
progression and metastasis.141 Cancer-associated adipocytes 
are mature adipocytes that have dedifferentiated into preadipo-
cytes through loss of their lipid droplet and adopted a fibro-
blastic morphology.11 This cell type increases tumour growth, 
tumour invasion via greater epithelial-mesenchymal transition 
(EMT)14 and results in a radio-resistant breast cancer pheno-
type.13 Several inflammatory cytokines are thought to be 
involved in this process, eg, tumour necrosis factor α (TNF-α), 
interleukin (IL)-1, IL-6, IL-11, leukaemia inhibitory factor, 
IFN-γ, oncostatin M, and ciliary neurotrophic factor. They 
have been observed to both inhibit stem cell commitment and 
differentiation towards adipogenesis and may be implicated in 
adipocyte dedifferentiation.67

In order for cancer to progress, it requires stem cells and 
partly differentiated progenitor cells to be recruited from local 
and distant sites and angiogenesis, both of which occur due to 
release of factors by the inflammatory and hypoxic tumour 
microenvironment.142 Adipose-derived stem cells have a role in 
angiogenesis and localise to sites of injury and contribute to 
revascularisation.64 Epithelial-mesenchymal transition plays a 
major role in tumour development and benign resident and 
stromal cells recruited to the area are implicated in early cancer 
development and metastasis.39 These stromal cells within the 
tumour microenvironment are collectively known as ‘cancer-
associated fibroblasts’. They secrete pro-angiogenic and anti-
apoptotic factors, contributing to tumour development. Zhang 
et al59 demonstrated that ADSCs mobilise and migrate through 
the systemic circulation to distant tumours resulting in accel-
eration of tumour growth. This action appears to be unique to 
ADSCs and is not observed in similar models using bone mar-
row-derived or lung-derived MSCs.143 It remains unclear 
whether ADSCs used in wound repair are capable of migration 
to distant tumours. Altman et al investigated whether ADSCs 
had any effect on the growth and progression of distant 
tumours when applied to a skin wound; comparing tumour 
growth in vivo (murine model) when breast cancer cells and 
ADSCs were co-injected and when the ADSCs were intro-
duced on an ADM at a distant skin wound. Although there 
was an increase in tumour volume when ADSCs were co-
injected, there was no such effect observed in cases where the 
ADSCs were introduced at the skin wound, indicating that 

that the wound microenvironment is capable of retaining 
ADSCs and preventing their migration to distant malignant 
sites.144

Adipose-derived stem cells, both local and those recruited 
to a breast tumour site, are capable of dedifferentiation into 
CAAs. Several genes involved in cell growth, ECM deposi-
tion/remodelling, and angiogenesis are expressed at higher lev-
els in local breast ADSCs than those isolated from adipose 
tissue or bone marrow, suggesting that the breast adipose depot 
plays a more intimate role in breast cancer progression.145 
Coculture of breast cancer cells and preadipocytes prevents 
adipogenic differentiation, supporting the hypothesis that 
ADSCs are part of the CAA population within breast cancer 
tumours.146

Extracellular matrix secreted by adipocytes also has a role in 
breast cancer progression.147–150 Adipose tissue ECM is rich in 
collagen VI,151 which is upregulated in tumorigenesis and pro-
motes GSK3β phosphorylation and increased β-catenin activ-
ity in breast cancer cells. Breast tumour growth has been shown 
to be reduced in a collagen VI–deficient murine model. Breast 
cancer cells cocultured with adipocytes and injected subcutane-
ously in the mammary fat pad of a nude mouse resulted in 
larger tumours than breast cancer cells cocultured with fibro-
blasts and Matrigel.152 Matrix metalloproteinases are enzymes 
involved in the degradation of ECM proteins during growth 
and tissue turnover. Higher levels of MMP-11 are expressed by 
adipocytes at the invasive front of human breast cancers sec-
ondary to ECM remodelling in this area. MMP-11 is a nega-
tive regulator of adipogenesis and may be responsible in part 
for the ‘dedifferentiation’ of adipocytes.13 Certain cell surface 
markers, eg, CD44, mediate reorganisation of ECM compo-
nents, by anchoring MMPs to the cell surface. Therefore, 
ADSCs play a direct role in ECM remodelling occurring dur-
ing tumour growth.12 Adipose-derived stem cells are involved 
in the desmoplastic reaction occurring within tumours through 
their involvement with MMPs. Desmoplasia results in the 
recruitment of myofibroblasts, a cell type frequently detected in 
breast cancer tumour stroma. Adipose-derived stem cells 
express α-smooth muscle actin, a marker for myofibroblasts, 
suggesting that ADSCs are a source of tumour myofibro-
blasts.14 These intricate interactions within the tumour micro-
environment illustrate how ADSCs may create a favourable 
milieu for tumour growth.

ADSC secretome

Adipose-derived stem cells possess tumour-supporting func-
tions through provision of migratory cells which secrete trophic 
factors, increasing vascularisation and contributing to survival 
and proliferation of malignant cells.140 Adipose tissue secretes 
cytokines known as adipokines, eg, TNF-α, IL-6, IL-8, PAI-1, 
MCP-1, adiponectin, resistin, leptin, insulin growth factor, and 
steroid hormones, some of which have been studied in relation 
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to cancer,142 eg, leptin upregulates activity in signalling path-
ways in breast cancer tumours that play a role in proliferation 
(Figure 1).13

Many adipokines are pro-inflammatory, are secreted in 
increasing amounts in obese individuals, and are involved in 
the promotion of tumour growth, locally at the tumour site 
and, via communication with distant sites, in particular 
TNF-α, IL-6, IL-8, and MCP-1.11,13,59 Factors known to 
play a significant role in tissue regeneration, neovascularisa-
tion, carcinogenesis, and tumour progression found in high-
risk patients, expressed by MSCs and ADSCs, include FGF, 
ILs, IGF-binding protein, platelet-derived growth factor, 
transforming growth factor β (TGF-β), TNF-α, and 
VEGF.39

Adipokines induce transcriptional programmes implicated 
in promoting tumorigenesis which include increased cell pro-
liferation through IGF-2, FOS, JUN, and cyclin D1; invasive 
potential through MMP-1 and AFT3l; cell survival via A20 
and nuclear factor κB; and angiogenesis.152

Adipose-derived stem cells may also influence tumour growth 
and progression through exertion of immunomodulatory effects 
on T cells within the tumour microenvironment due to the 
secretion of cytokines such as prostaglandin E2, TGF-β1, 
indoleamine 2,3-dioxygenase, hepatocyte growth factor (HGF), 
and inducible nitric oxide synthase. Adipose-derived stem cells 
may be responsible for abnormal CD4+ T-cell activation and 
function.15 Razmkhah et al investigated the expression of IL-4, 
IL-10, and TGF-β1 in ADSCs isolated from breast tissue in 
patients with cancer and healthy controls and whether these 
cytokines had an influence on peripheral blood lymphocytes. 

Messenger RNA expression of IL-10 and TGF-β1 in ADSCs 
from patients with cancer was higher than those isolated from 
healthy patients. The conditioned media from ADSCs of 
patients with stage III disease was used to culture ADSCs from 
healthy patients and caused IL-4 and IL-10 expression to 
increase. Therefore, ADSCs may assist in protecting the breast 
cancer from anti-tumour immune responses by providing a 
source of anti-inflammatory cytokines within the tumour micro-
environment and their potential to act as regulatory T cells.15

Breast adipose tissue functions in oestrogen biosynthesis and 
high local levels of oestrogen are related to breast cancer devel-
opment and progression.153 Oestrogen upregulates growth fac-
tors such as epidermal growth factor receptor and Akt 
phosphorylation, sustaining breast cancer growth.154 Oestrogen 
plays a role in the increased aggressiveness of breast cancer in 
obese individuals.155 Adipose-derived stem cells isolated from 
abdominal adipose tissue of those with a body mass index >30 
enhance breast cancer cell line proliferation and tumorigenicity 
in vitro and in vivo. Changes in the oestrogen receptor alpha and 
progesterone receptor gene expression profile correlated with 
these changes. Obesity caused changes in several adipogenic 
genes including leptin, and women with ER+/PR+ tumours that 
had high leptin expression had a poorer prognosis.156

The effect of ADSCs on breast cancer: in vitro and 
in vivo evidence

As discussed above, ADSCs have the potential to influence the 
behaviour of breast cancer cells due to secreted adipokines and 
their effect on the tumour microenvironment. However, there 

Figure 1. Adipogenesis in tissue-engineered adipose construct and produced adipokines. ADSC indicates adipose-derived stem cell; fGf, fibroblast 

growth factor; IGf, insulinlike growth factor; IGfBP, IGf-binding protein; IL, interleukin; MMP-1, matrix metalloproteinase 1; Nf-κB, nuclear factor κB; 

PDGf, platelet-derived growth factor; TGf-β, transforming growth factor β; TNf-α, tumour necrosis factor α; vEGf, vascular endothelial growth factor.
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are conflicting reports on the manner in which this influence is 
exerted.

The role of adipokines was demonstrated by Dirat et al141 
who reported increased invasiveness of both human and 
murine breast cancer cells associated with overexpression of 
proteases, including MMP-11, and pro-inflammatory 
cytokines (IL-6, IL-1β), when cocultured with adipocytes. 
Zhang et  al157 demonstrated that ADSCs increased the 
motility of MCF-7 breast cancer cells in vitro through the 
secretion of the chemokine CCL5.

However, it has been suggested that ADSCs may only 
promote the growth and progression of active breast cancer 
cells and do not activate dormant residual breast cancer cells; 
therefore, the use of ADSC regenerative therapies should 
therefore be delayed until there is no evidence of active 
disease.158

Indeed, there is a lack of consensus on the reported effects 
of ADSCs on tumour behaviour as some studies have demon-
strated an ability by ADSCs to inhibit tumour growth in 
vitro. Adipose-derived stem cells are capable of inducing cell 
death in pancreatic adenocarcinoma, hepatocarcinoma, colon, 
and prostate cancers.159,160 Adipose-derived stem cells cul-
tured at high density and their conditioned media have been 
shown to be capable of suppressing the growth of MCF-7 
cells in vitro, as a result of IFN-β expression by ADSCs in 
high-density culture.161

There is a similar discordance in results from in vivo 
studies. Increased tumour growth and metastasis in a 
murine model was observed when ADSCs from WAT were 
co-injected with triple-negative human breast cancer cells. 
Tumour progression was similar in the groups that were co-
injected with human breast cancer cells and unprocessed 
lipoaspirate and those co-injected with human breast can-
cer cells and purified CD34+ WAT ADSCs, suggesting that 
most of the tumour progression effects of human WAT are 
due to the ADSC fraction. A follow-up metastasis study 
demonstrated that mice which had a primary breast cancer 
tumour removed and were injected with ADSCs alone had 
a higher rate of axillary and lung metastasis than mice 
which had CD34− cells injected post-resection. 
Immunohistochemistry revealed that human cells gener-
ated from ADSCs were incorporated into the tumour vas-
culature. These effects have never been observed using bone 
marrow–derived stem cells, suggesting that these functions 
are unique to ADSCs.53

Conversely, the ability of ADSCs to inhibit MDA-MB-231 
breast adenocarcinoma cells was demonstrated by Sun et al.162 
The authors using a murine cancer model similar to prior stud-
ies demonstrated that ADSCs did not appear to increase 
tumour progression or metastasis and actually had the effect of 
inhibiting breast cancer cells by apoptosis.

Experimental data, both in vitro and in vivo, are conflicting 
regarding the effect of ADSCs on breast cancer, and there is a 
lack of consensus on this subject. Data from their use in the 

clinical setting must also be considered when evaluating the 
oncological safety of their use in patients with breast cancer.

ADSCs – Clinical Use in Patients With Breast 
Cancer
As outlined above, the properties of ADSCs which are advan-
tageous tissue regeneration, including immune-modulatory, 
pro-survival, pro-angiogenic, and anti-apoptotic effects, immu-
nosuppression, tissue growth, and cellular homing are also dys-
regulated in tumour progression and metastasis, thus raising 
questions regarding the oncologic safety of these cells in breast 
reconstruction post-mastectomy.39,163,164 In addition to experi-
mental mechanistic data, the clinical evidence relating to the 
safety of ADSC use in patients with breast cancer has been 
assessed in both retrospective and prospective series of patients 
undergoing ADSC-enhanced fat grafting (Table 4).

The oncological safety of autologous fat grafting has been 
assessed in multiple prospective and retrospective series of 
patients who had undergone BCS or mastectomy (Table 4). 
Petit et al reported local recurrence rates of 1.35% for the mas-
tectomy group and 2.19% in the BCS group. Only patients 
with intraepithelial neoplasia (n = 37) who underwent autolo-
gous fat grafting demonstrated an increased rate of local recur-
rence (10.8%).165 A follow-up–matched cohort study 
investigating fat grafting in 59 patients with intraepithelial 
neoplasia concluded that there is a higher risk of local recur-
rence in this patient cohort compared with age-matched and 
stage-matched controls (n = 118).166 Although the results of 
these studies are significant, they are retrospective series in a 
single centre with small numbers of patients. Several other 
explanations may exist for this increased rate of recurrence: 
there was a higher rate of recurrence in those patients with 
close or positive surgical margins in the study group, and there 
was an increased rate of recurrence in those with a higher grade 
tumour. There is no other published study that reports such an 
increased rate of breast cancer recurrence after autologous fat 
grafting. Further prospective investigation of the risk that 
intraepithelial neoplasia poses in autologous fat grafting is 
required, in larger numbers of patients with longer follow-up. 
The largest retrospective study to date which focused on 
ADSCs use in patients with a history of breast cancer was con-
ducted by Kronowitz et al. The authors conducted a retrospec-
tive matched controlled study of 719 patients undergoing 
lipofilling of the breast post-tumour resection. There was no 
increase in locoregional or systemic recurrence or of a second 
breast cancer.167,168 In a separate retrospective study conducted 
by Petit et al,169 which focused on local recurrence consisted of 
370 patients who underwent mastectomy (1.35%) and 143 
patients who underwent BCS (2.19%), the authors concluded 
that there was no difference in recurrence rate of either group 
when compared with controls. Several other studies showed 
similar rates of recurrence in patients who solely underwent 
BCS when compared with controls.170 Therefore, there does 
not appear to be any difference in the rate of recurrence in 
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patients undergoing autologous fat grafting post-BCS or mas-
tectomy and reconstruction.

The RESTORE-2 trial prospectively assessed the onco-
logical safety of ADSC-enriched fat grafting in patients under-
going BCS with defects of up to 150 mL. In total, 67 patients 
reported high levels of satisfaction with the cosmetic outcomes. 
No incidences of local recurrence were reported within 
12 months of the procedure; however, this is not a sufficient 
follow-up time to adequately investigate the oncologic safety of 
this technique.121

Delay et al analysed outcomes in 880 patients in a retrospec-
tive review, who underwent fat grafting. This review of the 
practice of 4 surgeons demonstrated that after 10 years of fol-
low-up, there was no increased risk of cancer recurrence or new 
cancer development.77 They also reported that the radiological 
appearance of the breasts post-lipofilling was usually of normal 
breast tissue; however, some images showed fat necrosis, which 
was easily distinguished from neoplastic lesions. Systematic 
reviews on the topic conclude that autologous fat grafting 
appears to be oncologically safe with low rates of complications 
and satisfactory patient and surgeon satisfaction.186–189 
However, questions remain with many of these previous men-
tioned studies as limited information is given about tumour 
size, lymph node status, and chemotherapy regimens, all of 
which would affect the locoregional recurrence (LRR) rate. 
Another key factor is the follow-up time, which varied consid-
erably between studies. The largest study published by 
Kronowitz et al had a follow-up time of 5 years; in comparison, 
Petit et  al reported a follow-up time of a little more than 
2 years.167,169 The timing of the autologous fat grafting after 
surgery is another area for consideration; deciding on an opti-
mal time point post primary surgery for autologous grafting 
with ADSCs may indeed be the primary decision in preventing 
recurrence. It is due to these issues that all authors call for well-
designed randomised controlled trials with adequate follow-up 
to adequately address these issues and to exercise caution in 
performing these procedures in high-risk patients. A phase 3 
multicentre randomised controlled trial is currently underway 
in France with the goal of investigating this issue (GRATSEC 
NCT01035268).

One further suggested explanation for the discrepancies 
between basic science and clinical studies in relation to onco-
logical safety is the higher concentration of ADSCs used in 
vitro than clinically, which raises further concerns for the use of 
ADSCs in tissue engineering strategies which would require 
high concentrations of ADSCs to generate large volumes of 
adipose tissue.75,186,189–191

Adjuvant Therapy Considerations
If ADSC-based breast reconstruction/regeneration approaches 
are to be translated to the clinical setting for patients with 
breast cancer, in addition to addressing oncologic safety, the 
potential effect of tissue regeneration using ADSCs on the 
efficacy of adjuvant therapy and the effects of adjuvant therapy 

on the success of tissue regeneration and breast reconstruction 
also require investigation.

Cytotoxic chemotherapy

After neoadjuvant chemotherapy for breast cancer, poor wound 
healing is a significant problem for patients undergoing subse-
quent tumour resection and reconstruction. It is postulated that 
chemotherapy influences ADSC’s ability to function effec-
tively. Charon et  al were the first to investigate the effect of 
paclitaxel on ADSCs. They found that paclitaxel inhibits pro-
liferation and differentiation of ADSCs and can induce apop-
tosis. Paclitaxel can also impair wound healing in chemotherapy 
patients due to its inhibition of endothelial differentiation in 
ADSCs.192 Harris et al treated ADSCs isolated from human 
periumbilical fat with paclitaxel at various concentrations in 
vitro. Adipose-derived stem cells from rats treated with pacli-
taxel were also investigated. Paclitaxel treatment resulted in 
increased ADSC apoptosis and decreased cell proliferation and 
migration and inhibited ADSC multipotent differentiation in 
both human and rodent cell populations. However, human and 
rodent ADSCs recovered differentiation abilities after cessa-
tion of paclitaxel treatment.193 Chen et al194 demonstrated that 
ADSCs induce doxorubicin resistance in MDA-MBA-231 
triple-negative breast cancer cells through IL-8 secretion. 
However, ADSCs are shown to cause increased chemosensitiv-
ity to doxorubicin and 5-flourouracil in SKBR3 Her2 breast 
cancer cell lines.195 Beane et al discovered that vincristine, cyta-
rabine, and etoposide all inhibited the proliferative ability of 
ADSCs, although the authors did note that variability did exist 
between drug type and concentration. In direct comparison, it 
was found that ADSCs’ growth or viability was not inhibited 
by any concentration of methotrexate.196

Overall, it would appear that each chemotherapeutic agent 
interacts with ADSCs in a distinct manner and each would 
warrant investigation. What is clear, however, is that harvesting 
and storing ADSCs prior to beginning any chemotherapeutic 
regime may be the best approach to maximise their benefit in 
terms of adipose regeneration.

Targeted therapies

Trastuzumab. An in vitro coculture study and in vivo analysis 
of Her2 breast cancer found that adipocytes play a role in 
resistance of Her2-overexpressing breast cancer cells to trastu-
zumab. Whether this effect is exclusive to mature adipocytes or 
whether ADSCs are capable of similar promotion of breast 
cancer cell resistance to trastuzumab requires further 
investigation.197

Hormonal therapy. Tamoxifen is the most widely used adju-
vant hormonal therapeutic agent for the treatment of breast 
cancer.198 Pike et al isolated human ADSCs and treated them 
with various concentrations of tamoxifen. This resulted in 
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increased apoptosis, decreased proliferation of human ADSCs, 
and a decrease in differentiation capability into adipocytes and 
osteocytes and inhibited ability to form cords in Matrigel, 
suggesting that patients treated with tamoxifen may have 
decreased ADSC graft survival.199 This is a cause for concern 
and could potentially mean women may not be suitable for 
ADSC-based tissue regeneration while being treated with 
tamoxifen. In the clinical setting, Kronowitz et al167 showed a 
significant increased risk of LRR in patients who received 
hormonal therapy after autologous fat grafting. Although it is 
unclear what this increased risk is due to, Waked et  al47 
hypothesised that it may be due to a stimulatory effect of hor-
monal therapy on the communication between breast cancer 
cells and ADSCs or more worryingly that hormone receptor–
positive patients with breast cancer may be at increased risk of 
LRR post-autologous grafting. This is a hypothesis that also 
requires further investigation.

Radiotherapy. Post-mastectomy radiotherapy can result in 
complications such as recurrent infection, impaired healing, 
fibrosis, contracture, and lymphoedema. Adipose-derived stem 
cells display an element of radio-resistance in comparison with 
other components of the SVF.200 This may be secondary to a 
superior ability of MSCs to retain their proliferative capacity 
due to their enhanced repair mechanisms for damaged DNA 
compared with terminally differentiated cells. Lower metabolic 
demands of ADSCs compared with mature adipocytes result 
in protection from hypoxia and apoptosis, preserving them to 
perform regenerative functions.200 There are several possible 
mechanisms by which injection of ADSCs into a previously 
irradiated area can overcome radiation-induced injury: ADSC 
adipogenic differentiation; increasing perfusion of injured tis-
sues through induction and paracrine promotion of angiogen-
esis; exerting an anti-oxidant effect against hypoxia, ischaemia 
reperfusion, and reactive oxygen species–induced damage by 
adipokine release; modulating immune responses, inflamma-
tion, and improving wound healing; modulating granulation 
tissue, fibrosis, ECM remodelling, and improve epithelialisa-
tion; secreting lymphangiogenic factors, improving or reversing 
lymphoedema in damaged tissues; and recruiting endogenous 
stem cells via a homing chemokine gradient.200 A study of 
cocultured ADSCs and normal human fibroblasts (NHF) 
exposed to radiation shows promise for the use of ADSCs in 
breast reconstruction. Monocultures of ADSCs and NHFs 
showed reduced cell proliferation after radiation exposure; 
however, reduced impairment of cell proliferation was seen in 
the cocultured cells after radiation exposure. Gene expression 
of MMPs was also improved in the cocultured group.201 Micro-
vascular endothelial cells were then added to the coculture. The 
levels of cytokines and adhesion molecules, IL-6, bFGF, 
ICAM-1, and VCAM-1, in the coculture supernatants were 
significantly less affected by irradiation than monocultures.202

Adipose-derived stem cells improve graft retention in irra-
diated scalps of mice. Fat grafts supplemented with ADSCs 

demonstrated superior volume retention, structural qualities, 
and vascularity.203 In a study of the effect of ADSCs on flap 
survival in irradiated tissues in rats, increased flap viability was 
observed in the ADSC-injected irradiated group compared 
with the control radiation only group. The mechanism may be 
both neovascularisation and vasodilation in addition to 
endothelial repair.204 A clinical study of the treatment of radi-
otherapy-induced injury by lipoaspirate-containing ADSCs 
showed improved outcomes for 20 grade 3 or 4 patients on the 
Late Effects Normal Tissue Task force - Subjective, Objective, 
Management, Analytic (LENT-SOMA) scale measuring 
severity of radiation effects, with improvement or remission of 
symptoms in all 20 patients.205

Further investigation of the effects of adjuvant cancer thera-
pies, both cytotoxic and targeted on ADSC-based tissue regen-
eration, is required before this method of breast reconstruction 
can be considered for translation into the clinical setting.

Future Direction
Although there has been significant advancement made in the 
field of adipose tissue engineering, and in the use of ADSCs as 
a cell source in this regard, there are several outstanding issues 
that need to be addressed before adipose tissue engineering can 
be used to its full potential in breast reconstruction. Most basi-
cally, the isolation techniques used to produce lipoaspirate 
require refinement to optimise cell yield, survival, and viability. 
Investigation of this has thus far revealed that high-speed cen-
trifugation is harmful to lipoaspirates and that washing the 
adipose tissue to separate it from blood and infiltration solu-
tions may improve outcomes.206 However, as of yet, there is no 
consensus on the protocol for adipose aspiration.207 The opti-
mal adipose depot also needs to be identified. First, as the 
source of greatest ADSC cell yield, and second, as the one that 
is oncologically safe. As previously discussed, several genes 
involved in cell growth, ECM deposition, or remodelling and 
angiogenesis are expressed at higher levels in local breast 
ADSCs than those isolated from adipose tissue or bone mar-
row, suggesting that the breast adipose depot plays a more inti-
mate role in breast cancer progression.

The question of oncological safety of ADSCs needs to be 
definitively answered through investigation of the adipokines 
produced by this cell type and elucidating the role that these 
adipokines play in EMT and the tumour microenvironment. 
The role of ADSCs in stromal support for tumours will also 
require scrutiny in future experiments. Patient factors will also 
influence the oncological safety of ADSCs. Many adipokines 
are pro-inflammatory and are secreted in increasing amounts in 
obese individuals and are involved in the promotion of tumour 
growth, which begs the question, whether ADSCs are used in 
breast reconstruction, are obese individuals are greater risk of 
cancer recurrence? In addition, are there any other patient char-
acteristics that place them at a greater recurrence risk?

Timing of reconstruction with ADSCs also requires careful 
consideration. It has been suggested that ADSCs may only 
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promote the growth and progression of active breast cancer 
cells and not dormant residual breast cancer cells. Therefore, 
should the use of ADSC regenerative therapies be delayed 
until such time that there is no evidence of active disease, and 
what is the optimal time point post-curative surgery for recon-
struction with ADSC technology to prevent recurrence?

Several clinical studies and systematic reviews have con-
cluded that reconstruction techniques using autologous fat and 
ADSCs are oncologically safe with no increased rate of LRR. 
However, data such as tumour size, lymph node status, and 
adjuvant therapy regimens are scant. These factors are highly 
influential on the rate of recurrence and so need to be studied 
in greater detail in clinical trials of breast reconstruction tech-
niques involving ADSCs.

Finally, there has been limited investigation of the relation-
ship between ADSCs, adjuvant therapies, such as chemother-
apy and radiotherapy, and cosmetic and oncological outcomes. 
The potential effect of tissue regeneration using ADSCs on 
the efficacy of adjuvant therapy and the effect of adjuvant ther-
apy on the success of tissue regeneration and breast reconstruc-
tion requires elucidation.

Conclusions
With rates of mastectomy showing no sign of decline, novel, 
safe, functional, and cost-effective methods of breast reconstruc-
tion are required. Adipose tissue has been shown to be a valuable 
source of MSCs that hold immense potential for modern tissue 
engineering strategies in the field of breast reconstruction. 
However, there are still several pertinent research questions out-
standing regarding the best adipose tissue depot from which to 
isolate ADSCs and how to generate and sustain volumes of 
mature adipose tissue to reconstruct the breast mound. 
Furthermore, the oncological safety of implanting ADSCs into 
patients with breast cancer due to the risk of cancer recurrence 
and what effects do adjuvant therapies have on ADSC isolation 
and their function on implantation remain to be fully elucidated. 
Well-designed randomised controlled trials will be required to 
accurately answer these issues. However, it is currently widely 
believed that ADSCs will be central to the development of novel 
future techniques in adipose tissue engineering.
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Background: Breast reconstruction is an important component of multidisciplinary breast cancer man-
agement. The practice of breast reconstruction after mastectomy has evolved significantly in the past
decade as a result of both increasing mastectomy rates and advances in reconstructive strategy. These
changes have significantly influenced the contemporary surgical management of breast cancer. The aim
of this study was to examine trends in breast reconstruction after mastectomy in an Irish population.
Methods: Data were reviewed from a database of all patients who had mastectomy with or without
breast reconstruction at Galway University Hospital, a tertiary breast cancer referral centre, between
2004 and 2014. Trends in breast reconstruction after mastectomy were explored with respect to patient
demographics, clinicopathological features, and neoadjuvant and adjuvant therapy.
Results: Of 1303 patients who underwent mastectomy during interval studied, 706 (54.2 per cent)
had breast reconstruction after mastectomy. In 629 patients (89⋅1 per cent), breast reconstruction was
performed in the immediate setting. Reconstruction rates increased over time from 20⋅5 per cent in
2004 to 44⋅7 per cent in 2014. Reconstruction was more commonly performed in younger patients and
those with benign, in situ and early-stage disease. A negative relationship between radiotherapy and
reconstruction was observed. A pedicled flap with or without an implant was the most commonly used
reconstructive approach in patients receiving radiotherapy.
Conclusion: Breast reconstruction after mastectomy has become the standard of care in the surgical
treatment of breast cancer. Recent trends show a transition favouring implant-based approaches.
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Introduction

Breast cancer is the most commonly diagnosed cancer
in women, with approximately 1⋅7 million women diag-
nosed and treated worldwide annually1. Although signifi-
cant progress has been made in the multimodal manage-
ment of breast cancer, complete surgical resection with
disease-free margins remains the cornerstone of effective
therapy. To achieve adequate locoregional control, approx-
imately 40 per cent of patients have a total mastectomy2,3.
For these patients, breast reconstruction is proven to
improve psychosocial and aesthetic outcomes4. Recent
guidelines5,6 recommend that reconstruction should be
discussed and offered as an option for the majority of

women undergoing mastectomy. Postmastectomy breast
reconstruction (PMBR) has thus been incorporated into
the contemporary surgical management of patients with
breast cancer, resulting in increasing reconstruction rates,
as reported in national audits of populations in both the
UK and USA7,8.

The practice of breast reconstruction has also been
affected by changes in mastectomy patterns in recent
years. As recognition of the genetic component of familial
breast cancer grows and genetic testing has become more
available, rates of bilateral prophylactic mastectomy and
contralateral prophylactic mastectomy have increased in
high-risk patients9,10. Furthermore, a trend has also been
reported for women who are eligible for breast-conserving
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surgery to opt for mastectomy3,11–13 and contralateral pro-
phylactic mastectomy in the unaffected breast13–17, despite
a lack of evidence of a survival advantage for this approach
in the absence of a known genetic mutation.

As a consequence of both the increasing volume of
risk-reducing surgery and improved survival of patients
with breast cancer, surgical techniques for both mastec-
tomy (such as skin- and nipple-sparing approaches18) and
PMBR have evolved significantly over the past decade in an
effort to maximize aesthetic and quality-of-life outcomes19.

The aim of this study was to review the experience of
PMBR in a specialized breast tertiary referral centre over
an 11-year interval (2004–2014), with respect to rates and
trends in timing, type and clinicopathological characteris-
tics associated with PMBR.

Methods

The study was undertaken at a single tertiary referral breast
cancer centre (Galway University Hospital). Patients who
underwent mastectomy with or without PMBR over an
11-year interval from 2004 to 2014 were identified from
an institutional database. Data extracted included: patient
demographics, tumour clinicopathology and therapeutic
information. Details of operative procedures including
breast-conserving surgery, mastectomy and reconstruc-
tive approach, and timing were obtained from operative
records. Patients were categorized as having immediate
breast reconstruction if a reconstructive procedure was
undertaken on the same date and side as the index mas-
tectomy. Patients who underwent multiple operations
on the same side as part of staged reconstruction were
included only once. All types of reconstruction (implants,
autologous and combined approaches) were included.

All patients undergoing mastectomy were offered breast
reconstruction, either as an immediate or delayed pro-
cedure. Patients were counselled in the outpatient clinic
before surgery, with both autologous and implant recon-
struction options discussed. Breast reconstruction was
offered to older patients routinely unless there was an abso-
lute contraindication. Breast reconstruction was discussed
at a multidisciplinary meeting with radiation and medical
oncology colleagues, where appropriate, and these recom-
mendations were passed on to patients during counselling.
However, the final decision lay with the patient.

The majority of implant-only breast reconstruction pro-
cedures were two-stage procedures using a tissue expander,
which was later replaced by a permanent implant placed
subpectorally. Direct-to-implant procedures were carried
out with the insertion of an acellular dermal matrix (ADM)
to improve implant coverage.

These data pertain to the work of five oncoplastic
and two plastic surgeons. All implant-only procedures
were performed by oncoplastic surgeons. All deep infe-
rior epigastric perforator flap (DIEP) procedures were
carried out by plastic surgeons. Autologous procedures
were performed by both oncoplastic and plastic surgeons;
however, the majority were undertaken by oncoplastic
surgeons. Mastectomy and immediate reconstruction was
done by oncoplastic surgeons, with plastic surgeons more
commonly performing delayed reconstructive procedures.
During the study interval, breast cancer services for the
Northwest of Ireland were centralized to this tertiary
referral centre. Overall, this institution receives referrals
from four other centres.

Patients presenting with a strong family history of breast
cancer, particularly at a younger age, were referred for
genetic testing and counselling at a separate referral cen-
tre, in accordance with National Institute for Health and
Care Excellence Guidelines20. Currently patients are tested
routinely only for BRCA1 and BRCA2 mutations.

Statistical analysis

Analysis was performed on trends in breast reconstruction
practices for the whole patient population. Subgroup
analysis of patients who had invasive disease was then
undertaken, excluding those undergoing prophylactic
mastectomy and therapeutic mastectomy for in situ dis-
ease. Subgroup analysis was also conducted according to
patient age. The population was divided into patients aged
60 years and over, and those aged less than 60 years. A
cut-off of 60 years was chosen to capture a postmenopausal
‘elderly’ population compared with a premenopausal
younger, fitter population.

The association between categorical factors of interest
and breast reconstruction was analysed using Pearson’s χ2

test of association. A multivariable logistic regression was
undertaken to assess the effects of histology, nodal sta-
tus, chemotherapy and radiotherapy on the likelihood that
patients would have breast reconstruction after mastec-
tomy. The Wald test was used to determine statistical sig-
nificance for each of the explanatory variables. P < 0⋅050
was assumed to represent statistical significance. Data
were analysed using SPSS® version 2.0 (IBM, Armonk,
New York, USA).

Results

A total of 1303 mastectomies and 1885 wide local exci-
sions were performed between 2004 and 2014. Some 706
patients who underwent mastectomy had PMBR, resulting
in an overall reconstruction rate of 54⋅2 per cent over this
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Table 1 Factors influencing reconstruction rate

Mastectomy
alone

Mastectomy and
reconstruction

(n=597) (n=706) P†

Age (years)* 63⋅3(12⋅5) 49⋅0(10⋅2) <0⋅001‡
Histology <0⋅001

No disease (RRM) 6 (1⋅1) 50 (7⋅7)
Non-invasive 29 (5⋅5) 88 (13⋅5)
Invasive 495 (93⋅4) 512 (78⋅8)

Radiotherapy 298 of 595 (50⋅1) 275 of 671 (41⋅0) 0⋅001
Invasive disease only

T category <0⋅001
T1 87 (17⋅9) 150 (30⋅0)
T2 230 (47⋅2) 214 (42⋅8)
T3 130 (26⋅7) 121 (24⋅2)
T4 40 (8⋅2) 15 (3⋅0)

Nodal status <0⋅001
N0 168 (34⋅3) 235 (47⋅1)
N1 168 (34⋅3) 160 (32⋅1)
N2 92 (18⋅8) 67 (13⋅4)
N3 62 (12⋅7) 37 (7⋅4)

M category <0⋅001
M0 409 (91⋅7) 464 (96⋅5)
M1 37 (8⋅3) 17 (3⋅5)

Tumour grade 0⋅720
I 26 (5⋅6) 42 (9⋅4)
II 256 (54⋅7) 244 (54⋅5)
III 186 (39⋅7) 162 (36⋅2)

Subtype 0⋅958
Luminal A 313 (65⋅5) 316 (65⋅0)
Luminal B 68 (14⋅2) 75 (15⋅4)
Basal type 54 (11⋅3) 53 (10⋅9)
HER2 43 (9⋅0) 42 (8⋅6)

Chemotherapy <0⋅001
Yes 274 (55⋅7) 360 (70⋅9)
No 218 (44⋅3) 148 (29⋅1)

Timing of chemotherapy 0⋅253
Neoadjuvant 93 (33⋅9) 109 (29⋅7)
Adjuvant 181 (66⋅1) 258 (70⋅3)

Hormone therapy 176 of 451 (39⋅0) 275 of 451 (61⋅0) 0⋅006

Values in parentheses are percentages unless indicated otherwise; *values
are mean(s.d.). Some data are missing for all variables, except age. RRM,
risk-reducing mastectomy; HER2, human epidermal growth factor
receptor 2. †χ2 test, except ‡independent-samples t test.

time. Six hundred and twenty-nine reconstructions (89⋅1
per cent) were performed in the immediate setting; the
remaining 77 women underwent delayed reconstruction
following a previous mastectomy.

The characteristics of patients who underwent mastec-
tomy and PMBR are summarized in Table 1. Mean(s.d.)
patient age was 55⋅6(13⋅3) years. There was no difference
in mean age between the first 6 and last 5 years of the study.
T2 tumours were the most common (444 of 987, 45⋅0 per
cent), along with N0 disease (403 of 989, 40⋅7 per cent).

The majority of mastectomies were therapeutic (1124 of
1180, 95⋅3 per cent), with the remainder carried out as
either contralateral or bilateral prophylactic mastectomies.

Table 2 Relationship between treatments and patient age

Age<60 years Age≥60 years
(n=832) (n= 471)

Mastectomy alone 230 (27⋅6) 367 (77⋅9)
Mastectomy and reconstruction 602 (72⋅4) 104 (22⋅1)
Reconstruction procedure*

Implant/expander 147 (24⋅8) 38 (37⋅6)
Pedicled flap + implant/expander 187 (31⋅6) 26 (25⋅7)
Autologous pedicled flap 213 (36⋅0) 30 (29⋅7)
Free flap 45 (7⋅6) 7 (6⋅9)

Radiotherapy*
Radiotherapy and reconstruction 229 (40⋅2) 45 (45)
No radiotherapy and reconstruction 341 (59⋅8) 54 (55)

Chemotherapy*
Chemotherapy and reconstruction 316 (55⋅2) 51 (52)
No chemotherapy and reconstruction 256 (44⋅8) 48 (48)

Values in parentheses are percentages. *Data missing for some patients.

Influence of patient and clinicopathological factors
on reconstruction practices

Patients who underwent PMBR were significantly younger
than those who had mastectomy alone (Table 1). A higher
proportion of younger patients (aged less than 60 years)
underwent PMBR (602 of 832, 72⋅4 per cent) compared
with older patients (104 of 471, 22⋅1 per cent) (Table 2).
There was no difference in the most commonly carried out
reconstruction procedure (latissimus dorsi (LD) flap with
or without implant) between the two age groups.

On subgroup analysis of patients with invasive breast can-
cer (Table 1), patients with T1 disease were more likely to
undergo PMBR than those with a T2, T3 or T4 tumour
(P < 0⋅001). Patients with node-negative disease (N0) were
more likely to undergo breast reconstruction compared
with those with axillary metastases (P < 0⋅001). Patients
with non-metastatic disease were more likely to undergo
a reconstructive procedure than those with distant metas-
tases (P < 0⋅001). Tumour grade (P= 0⋅720) and tumour
biological subtype (P= 0⋅958) had no influence on the rate
of PMBR.

Timing of breast reconstruction was not associated
with clinicopathological factors, such as histology
(P= 0⋅056), grade (P= 0⋅552), T category (P= 0⋅150),
subtype (P= 0⋅547) or M status (P= 0⋅793) (Table 3).

Trends in mastectomy and reconstruction over
time

The mastectomy rate at this institution declined signif-
icantly over the study interval. Some 74⋅3 per cent of
patients undergoing surgical treatment for breast cancer
received a mastectomy in 2004 (Fig. 1). There was a steady
decline over time, with a mastectomy rate of 41⋅6 per cent
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Table 3 Relationship between timing of reconstruction, tumour
factors and therapy

Delayed Immediate
(n=77) (n=629) P*

Histology 0⋅056
No disease (RRM) 8 (15) 42 (7⋅0)
Non-invasive 4 (8) 84 (14⋅1)
Invasive 40 (77) 470 (78⋅9)

Tumour grade 0⋅552
I 4 (11⋅4) 38 (7⋅6)
II 18 (51⋅4) 226 (45⋅5)
III 10 (28⋅6) 152 (30⋅6)
DCIS 3 (8⋅6) 81 (16⋅3)

T category 0⋅150
T0 7 (14) 43 (7⋅3)
T1 9 (18) 141 (24⋅0)
T2 21 (42) 193 (32⋅9)
T3 10 (20) 111 (18⋅9)
T4 0 (0) 15 (2⋅6)
Tis 3 (6) 84 (14⋅3)

Subtype 0⋅547
Luminal A 24 (59) 292 (55⋅1)
Luminal B 7 (17) 68 (12⋅8)
Basal 5 (12) 48 (9⋅1)
HER2 2 (5) 40 (7⋅5)
DCIS 3 (7) 82 (15⋅5)

M category 0⋅793
M0 45 (98) 548 (97⋅2)
M1 1 (2) 16 (2⋅8)

Radiotherapy 0⋅610
No 39 (62) 355 (58⋅6)
Yes 24 (38) 251 (41⋅4)

Chemotherapy 0⋅226
No 33 (52) 270 (44⋅4)
Yes 30 (48) 338 (55⋅6)

Timing of chemotherapy 0⋅201
Adjuvant 18 (60) 239 (71⋅1)
Neoadjuvant 12 (40) 97 (28⋅9)

Values in parentheses are percentages unless indicated otherwise. Some
data are missing for all variables. RRM, risk-reducing mastectomy; DCIS,
ductal carcinoma in situ; HER2, human epidermal growth factor
receptor 2. *χ2 test.

in 2014. This coincided with an increase in the rate of
breast-conserving surgery, from 25⋅7 per cent in 2004 to
58⋅4 per cent in 2014.

Rates of skin-sparing and nipple-sparing mastectomies
were analysed for 2009–2014, as not all specimen descrip-
tions within pathology reports before this date were avail-
able for analysis. Some 61⋅1 per cent of all mastectomies
carried out during this time were skin-sparing, and 20⋅5 per
cent were nipple-sparing. There was no significant change
in trends for skin- and nipple-sparing mastectomies during
these 6 years (P= 0⋅147 and P= 0⋅143 respectively).

The number of PMBRs increased over time from 16
of 78 (21 per cent) in 2004 to 51 of 114 (44⋅7 per cent)
in 2014 (Fig. 2). Reconstructive approaches used included

prosthetic with implant/expander only (185 of 693, 26⋅7
per cent), combined pedicled flap and implant/tissue
expander (213, 30⋅7 per cent), autologous pedicled flap
(both LD and transverse rectus abdominis (TRAM) flaps)
(243, 35⋅1 per cent) and free DIEP flaps (52, 7⋅5 per cent).

A change in the pattern of reconstruction was noted
over the time interval analysed (Fig. 3). Over half of all
reconstructive procedures in the first 5 years of the study
(2004–2008) were LD flaps with insertion of an implant
(162 of 303, 53⋅5 per cent). There was a significant increase
in the rate of prosthetic implant-based reconstructions,
from none being carried out in 2004 to this type of recon-
struction being the most widely used procedure in 2014 (22
of 50, 44 per cent) (P < 0⋅001). The use of autologous pedi-
cled flaps decreased from 2004 (7 of 13, 54 per cent) to 2014
(12 of 50, 24 per cent). Free DIEP flaps were introduced
to the institution in 2009, with a mean of 8⋅8 per annum.
ADMs were introduced in 2009 and their use increased
over time. Only one of 74 reconstructions (1 per cent) was
carried out with an ADM in 2009 compared with 18 of 74
(24 per cent) in 2013.

Rates of prophylactic mastectomy were analysed from
2009 to 2014. During this interval, there were no signifi-
cant changes in this practice for either bilateral prophylac-
tic mastectomies (mean 4 (range 3–5) per year; P= 0⋅788)
or contralateral prophylactic mastectomies (mean 4⋅5 (3–6)
per year; P= 0⋅322) A higher proportion of patients under-
going risk-reducing mastectomy or therapeutic mastec-
tomy for in situ disease underwent PMBR compared with
those with invasive breast cancer (P < 0⋅001) (Table 1).
Twenty-nine bilateral prophylactic mastectomies were car-
ried out, 16 among women with a BRCA gene mutation.
There were 27 contralateral prophylactic mastectomies,
four in patients with a BRCA gene mutation. Implant-only
reconstruction was the most common type of reconstruc-
tive procedure in patients undergoing risk-reducing pro-
phylactic mastectomies (19 of 49, 39 per cent), followed by
pedicled flap with implant (16 of 49, 33 per cent).

Radiotherapy

An inverse relationship between radiotherapy and rates
of reconstruction was observed (P= 0⋅001). In the cohort
of patients who underwent PMBR, 396 of 671 (59⋅0 per
cent) did not receive radiotherapy compared with 297
of 595 (49⋅9 per cent) in the mastectomy-alone group.
However, this trend was only significant for the latter
half of the study (2009–2014; P < 0⋅001); there was no
significant association between the receipt of radiother-
apy and breast reconstruction in the first 5 years of the
study (P= 0⋅953). There was no significant correlation
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between administration of postmastectomy radiother-
apy (PMRT) and timing of reconstruction (P= 0⋅610)
(Table 3).

There was an association between receipt of radiother-
apy and type of reconstruction (P < 0⋅001). Pedicled flaps
(with or without implant) (206 of 273, 75⋅5 per cent) were
more common in those treated with PMRT. Implant-only
(60, 22⋅0 per cent) and free flap (7 of 273, 2⋅6 per cent)
procedures were less common in those patients who
received radiotherapy. Between 2004 and 2008, there was
no association between receipt of radiotherapy and recon-
struction type (P= 0⋅524). However, pedicled flaps with or
without implant were still the most commonly carried out
reconstruction type for those treated with radiotherapy
(126 of 137, 92⋅0 per cent), with very few patients having
implant-only reconstructions (11, 8⋅0 per cent). No free
flaps were carried out for patients receiving radiotherapy
during these 5 years. An association between radiotherapy
and reconstruction type was observed for 2009–2014

(P < 0⋅001). Again, pedicled flaps with or without implants
were the most common type of reconstruction (80 of 136,
58⋅8 per cent), but with an increase in the proportion of
both implant-only (49, 36⋅0 per cent) and free flap (7, 5⋅1
per cent) procedures.

There was no statistically significant association between
radiotherapy and PMBR in patients aged 60 years or
more, whereas there was a significant inverse relationship
between receipt of radiotherapy and rate of reconstruction
in younger patients (odds ratio (OR) 0⋅55, 95 per cent
c.i. 0⋅39 to 0⋅73; P < 0⋅001). Of those undergoing breast
reconstruction in the younger group, 229 of 570 (40⋅2
per cent) received radiotherapy and 341 did not. There
was an association between age and reconstruction type
in patients aged below 60 years (P < 0⋅001). Pedicled flaps
with or without an implant were most common in younger
patients undergoing reconstruction (400 of 592, 67⋅6
per cent). No such association was observed in the older
subgroup (P= 0⋅130).
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Chemotherapy

A higher percentage of those who underwent PMBR
were treated with chemotherapy compared with those who
did not have reconstruction (P= 0⋅002) (Table 1). More
patients aged less than 60 years underwent chemotherapy
(461 of 800, 57⋅6 per cent) compared with older patients
(181 of 464, 39⋅0 per cent). Of younger patients who
had chemotherapy, 316 of 461 (68⋅5 per cent) underwent
reconstruction, whereas only 51 of 181 (28⋅2 per cent) of
older patients treated with chemotherapy underwent breast
reconstruction (OR 1⋅92, 1⋅23 to 3⋅01; P= 0⋅004).

Chemotherapy was associated with the type of recon-
struction (P < 0⋅001). Similar to radiotherapy, pedicled
flaps with or without an implant (267 of 366, 73⋅0 per cent)
were more common in those treated with chemotherapy.
Implant-only (96 of 260, 36⋅9 per cent) and free flap (31
of 260, 11⋅9 per cent) reconstructions were more com-
monly performed in those not undergoing chemotherapy.
There was an association between the age of patients in
receipt of chemotherapy and the type of reconstruction.
Pedicled flaps with or without implants were most com-
mon in younger patients receiving chemotherapy (235 of
314; 74⋅8 per cent; P < 0⋅001), and there was no association
between chemotherapy and reconstruction type in older
patients (P= 0⋅130). Fewer patients undergoing mastec-
tomy were treated with chemotherapy from 2009 to 2014
(343 of 746, 46⋅0 per cent) than from 2004 to 2008 (301
of 522, 57⋅7 per cent). There was an association between
timing of chemotherapy and the type of breast recon-
struction (P < 0⋅001). Of those who had chemotherapy and
free flap reconstruction, the majority underwent neoadju-
vant chemotherapy (12 of 17). Adjuvant chemotherapy was
more common in all other types of reconstruction.

There was a sharp increase in the proportion of patients
being treated with neoadjuvant chemotherapy over the
course of the study (P < 0⋅001). In 2004, only two of

39 patients (5 per cent) receiving chemotherapy received
neoadjuvant treatment. In contrast, 32 of 55 patients (58
per cent) having chemotherapy received treatment in the
neoadjuvant setting in 2014.

Multivariable analysis

Several co-variables had a significant association with
PMBR on multivariable logistic regression analysis after
adjusting for other variables. As regards histology, women
undergoing therapeutic mastectomy for invasive breast
cancer were less likely to have PMBR than those having
risk-reducing mastectomy (OR 0⋅13, 95 per cent c.i. 0⋅06
to 0⋅33; P < 0⋅001). Regarding nodal status, compared
with women with N0 disease, those with axillary nodal
metastasis were less likely to have PMBR (N1 disease, OR
0⋅57, 0⋅41 to 0⋅80, P < 0⋅001; N2 disease, OR 0⋅44, 0⋅29
to 0⋅67, P < 0⋅001; N3 disease, OR 0⋅35, 0⋅21 to 0⋅57,
P < 0⋅001). Patients treated with adjuvant radiotherapy
were also less likely to have PMBR (OR 0⋅68, 0⋅49 to 0⋅94;
P = 0⋅018). In contrast, patients who had chemotherapy
were more likely to have PMBR (OR 3⋅11, 2⋅27 to 4⋅25;
P < 0⋅001).

When these factors were analysed in relation to type
of breast reconstruction they remained significantly asso-
ciated with procedure type. Patients undergoing PMBR
following therapeutic mastectomy for invasive breast can-
cer were more likely to have an implant-based recon-
struction, either implant/expander (OR 2⋅14, 1⋅11 to 4⋅14;
P = 0⋅024) or an autologous/implant combined approach
(OR 4⋅98, 2⋅45 to 10⋅11; P < 0⋅001) (Table 4). Similarly,
patients with node-positive disease were more likely to have
an implant-based reconstruction (N3 disease, OR 3⋅20,
1⋅35 to 7⋅59; P = 0⋅008). On analysis of treatment factors,
the administration of adjuvant radiotherapy was the only
independent predictor of a free flap reconstruction (OR
5⋅68, 2⋅52 to 12⋅82; P < 0⋅001).
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Table 4 Results of multivariable logistic regression analysis

β Standard error (β) Odds ratio (eβ) P

Implant/expander
Intercept 0⋅818 0⋅310 2⋅27 0⋅008
Histology

No malignancy 0 1⋅00 (reference) 0⋅025
In situ 0⋅267 0⋅382 1⋅31 (0⋅62, 2⋅76) 0⋅484
Invasive cancer 0⋅760 0⋅337 2⋅14 (1⋅11, 4⋅14) 0⋅024

Nodal status
N0 0 1⋅00 (reference) 0⋅009
N1 0⋅932 0⋅211 1⋅48 (0⋅98, 2⋅24) 0⋅064
N2 0⋅690 0⋅302 1⋅99 (1⋅10, 3⋅60) 0⋅022
N3 1⋅162 0⋅441 3⋅20 (1⋅35, 7⋅59) 0⋅008

Pedicled flap + implant/expander
Intercept 0⋅890 0⋅313 2⋅44 0⋅004
Histology

No malignancy 0 1⋅00 (reference) < 0⋅001
In situ 0⋅680 0⋅402 1⋅97 (0⋅90, 4⋅34) 0⋅091
Invasive cancer 1⋅606 0⋅361 4⋅98 (2⋅45, 10⋅11) < 0⋅001

Chemotherapy (yes versus no) –1⋅033 0⋅217 0⋅36 (0⋅23, 0⋅55) < 0⋅001
Autologous flap

Intercept 1⋅652 0⋅131 5⋅22 < 0⋅001
Nodal status

N0 0 1⋅00 (reference) 0⋅013
N1 0⋅377 0⋅189 1⋅46 (1⋅01, 2⋅11) 0⋅046
N2 0⋅775 0⋅264 2⋅17 (1⋅30, 3⋅64) 0⋅003
N3 0⋅543 0⋅298 1⋅72 (0⋅96, 3⋅09) 0⋅069

Chemotherapy (yes versus no) –0⋅736 0⋅174 0⋅48 (0⋅34, 0⋅67) < 0⋅001
Free flap

Intercept 2⋅637 0⋅166 13⋅97 < 0⋅001
Radiotherapy (yes versus no) 1⋅738 0⋅415 5⋅68 (2⋅52, 12⋅82) < 0⋅001

Values in parentheses are 95 per cent confidence intervals.

Discussion

Immediate breast reconstruction is the standard of care
for patients with breast cancer, and is advantageous in
that it retains the skin envelope, resulting in improved
aesthetic outcomes, involves fewer operations to achieve
the reconstructive goals, and has potential psychological
benefits5,21,22. The increasing rate of breast reconstruction
at this institution reflects the specialization and multidisci-
plinary care available to patients from both oncoplastic and
microvascular plastic surgeons. Immediate breast recon-
struction with implant-based approaches is the current
preferred approach; however, using a multidisciplinary
approach, reconstructive choices after mastectomy can be
tailored to the individual, and their disease and treatment
considerations.

Younger patients are more likely to undergo PMBR,
possibly because aesthetic outcomes are of higher pri-
ority in this cohort. In addition to this, women aged
under 40 years are more likely to undergo risk-reducing
surgery, either contralateral prophylactic mastectomy or
bilateral prophylactic mastectomy, particularly in the case
of a BRCA diagnosis or a strong family history23. BRCA1

and BRCA2 were the only genetic mutations identified
in this population. A younger cohort of patients is less
likely to be affected by co-morbidities such as cardiovas-
cular or respiratory disease, making them more suitable
candidates for longer and possible additional procedures
required to complete the breast reconstruction24. In the
present cohort, patients aged under 60 years were more
likely to undergo breast reconstruction than older patients,
despite receipt of chemotherapy, which may be influenced
by chemotherapy-induced morbidity in older patients in
addition to treatment fatigue. The inverse relationship
between radiotherapy and breast reconstruction was more
pronounced in younger patients in this cohort, potentially
as a result of the inferior reconstruction outcomes asso-
ciated with the treatment. The present study reflects the
real-world setting in a mature surgical group, suggesting
that breast reconstruction rates are approximately 70 per
cent in those aged less than 60 years, and 20 per cent in
patients aged over 60 years.

Those with smaller tumours (T1) and those undergoing
risk-reducing mastectomy were more likely to undergo
PMBR. Patients with non-invasive disease require less
neoadjuvant or adjuvant treatment, such as radiotherapy or
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chemotherapy, and are therefore at a lower risk of compli-
cations after the reconstructive procedure25. Conversely,
there is a greater emphasis on oncological outcomes in
those with a higher disease stage, which may act as a barrier
to breast reconstruction. The complication rate is higher
in patients who undergo PMBR, which may contribute to
adjuvant therapy being delayed, failed reconstructions and
a higher risk of recurrence26.

The reconstruction rate between 2004 and 2014 was 54⋅2
per cent. This compares favourably with rates of 16–59
per cent internationally3,8,19,27–30. The strongest predic-
tors of PMBR cited were: age under 50 years; white race;
higher income and education; and earlier disease stage31.
This is reflected in the present cohort where younger age
and earlier disease stage were predictive of PMBR. The rate
of reconstruction increased over time (from 20⋅5 per cent
in 2004 to 44⋅7 per cent in 2014), in keeping with inter-
national trends. There are several factors influencing the
rising rates of breast reconstruction internationally. The
introduction of the Women’s Health and Cancer Rights
Act of 1998, requiring health insurance policies in the USA
to reimburse breast reconstruction procedures after mas-
tectomy, has been paramount to the recent higher recon-
struction rates in America31. In the present study, there was
a peak in numbers of women undergoing PMBR in 2008
(Fig. 2). In the later years of the study, similar numbers of
women underwent reconstruction and mastectomy alone.
This may be explained by a peak in patients in receipt of
radiotherapy in 2007 (59⋅4 per cent). PMRT-related com-
plications over the next 2 years may have prompted sur-
geons to be more selective in offering reconstruction.

Skin- and nipple-sparing mastectomy have been
associated with superior cosmetic and quality-of-life
outcomes32,33. Previously there were concerns regarding
the oncological safety of these procedures; however, they
have been proven to not increase rates of recurrence in
patients undergoing mastectomy and have contributed to
improving outcomes in breast reconstruction. The practice
of skin- and nipple-sparing mastectomy is well established
in this institution, and the increasing use of these tech-
niques appears to have plateaued, with no significant
change in the rates in the last 6 years of the present study.

There has been a change in the present study and
internationally, in the preferred reconstructive approach.
Earlier in the study period, autologous flaps were the
most widely used. However, over time, implant-based
reconstructions have become more common3,7,22,34–36.
This may be explained by implant reconstructions requir-
ing less complicated operations and shorter operating
times, lack of donor-site morbidity and no requirement
for microvascular surgery expertise as in the case of some

autologous procedures (DIEP flaps). Complex patient
selection and the requirement for preoperative CT (in
DIEP flap surgery) also make autologous reconstructions a
less attractive reconstructive technique35–37. ADMs were
first reported in 200538. Increasing utilization of ADMs
may have contributed to the increase in implant-based
reconstructions as their use obviates the need for total
muscle coverage, which frequently requires the use of
a tissue expander in a two-stage procedure. Therefore,
immediate implant reconstructions with optimal aesthetic
outcomes may be carried out in a single direct-to-implant
procedure without the need for a second operation39.

There was a trend towards the use of pedicled flaps with
or without implants in the early years of the study, with
few other options available, and a peak rate of autologous
flap use was noted in 2008. More recently, there has been
a much wider array of reconstructive procedures, without
the peaks in reconstruction types observed at earlier time
points. This may be attributed to the development of new
techniques, wider expertise available with the centraliza-
tion of services in a tertiary referral centre with both plastic
and oncoplastic surgeons on site, and greater patient auton-
omy with the ability to offer a reconstruction more suited to
each patient. These trends demonstrate how breast recon-
struction is maturing as a surgical specialty with several
options, allowing more suitable patient selection for each
reconstruction type.

There was an inverse relationship between radiotherapy
and breast reconstruction in the present cohort. PMRT has
deleterious effects on complication rates and aesthetic out-
comes in breast reconstruction, particularly implant-based
reconstructions, as it can affect the symmetry, volume and
projection initially achieved at the time of reconstruction40.
PMRT also increases the rates of grade 3 and 4 capsular
contracture, and reduces the skin quality of the mastectomy
flaps. The effect of PMRT on LD reconstruction can be
catastrophic secondary to muscular atrophy41. It is believed
that DIEP flap reconstruction is better suited to patients
who require PMRT, although the number of DIEP flaps
in the present cohort was small (52). The administration of
adjuvant radiotherapy was the only independent predictor
of this reconstructive approach on multivariable analysis.

Receipt of chemotherapy was not a barrier to breast
reconstruction in the present study. There have been
concerns that chemotherapy can contribute to increased
adverse effects, such as impaired wound healing and infec-
tion in reconstructive procedures42. It has been shown that
PMBR does not delay delivery of adjuvant chemother-
apy, despite the increased rate of wound complications42,43.
Neoadjuvant chemotherapy did not influence whether
or not a patient underwent reconstruction, or whether
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reconstruction was carried out on an immediate or delayed
basis. However, those in receipt of neoadjuvant chemother-
apy were more likely to receive a DIEP flap over any other
type of reconstruction. Although this result may be statis-
tically significant, there were relatively few of these proce-
dures in the present study, which may have skewed the data,
and the results should be interpreted with caution.

Neoadjuvant chemotherapy has become the standard
treatment for locally advanced breast cancer. The adoption
of neoadjuvant chemotherapy in the treatment of breast
cancer has had a significant influence on trends in mas-
tectomy and reconstruction over time, partly because it
increases the possibility of breast-conserving surgery in
patients who were previously candidates for mastectomy
or were considered inoperable44. Although high overall,
the rate of reconstruction at this institution started to
decline towards the end of the study period34. This may
reflect a decreasing mastectomy rate as tumour downsizing
with neoadjuvant chemotherapy has allowed greater use of
breast-conserving surgery.

There are limitations to this study, as it is a retrospec-
tive, single-centre review of breast reconstruction prac-
tices. Smaller numbers of certain procedures, such as DIEP
flaps, mean that the associations with clinicopathological
factors must be interpreted with a degree of caution. How-
ever, the data are from a specialist breast tertiary referral
centre and reflect the real-world experience in a mature,
high-volume centre.
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Abstract
Background Immediate breast reconstruction (IBR) improves psychosocial and quality of life outcomes. Post-mastectomy
radiation therapy is indicated for patients with a high risk of locoregional recurrence including locally advanced tumours (≥
5 cm) or greater than or equal to four axillary nodes positive for breast cancer and can be a relative contraindication to IBR.
Administration of radiation therapy pre-operatively, analogous to neoadjuvant chemotherapy, may reduce time to completion of
treatment and facilitate better access to IBR.
Methods This is a prospective pilot study in a tertiary referral breast cancer unit, comparing surgical, pathological response and
oncological outcomes and time to completion of therapy for a prospective group of patients who received neoadjuvant radio-
therapy with a cohort of age- and stage-matched patients requiring post-mastectomy (± reconstruction) radiation between 2010
and 2016.
Results Sixteen patients with locally advanced breast cancer underwent neoadjuvant radiation and were age- and stage-matched
to 32 patients who received post-mastectomy radiation therapy (PMRT) between 2010 and 2016. Neoadjuvant radiotherapy
resulted in shorter time between diagnosis and treatment completion (245.6 ± 44.2 days in the neoadjuvant group,
291.2 ± 36.7 days in the adjuvant group, p = 0.001). A higher proportion of patients undergoing neoadjuvant chemoradiation
therapy underwent breast reconstruction (14/16 patients in the neoadjuvant group, 15/32 patients in the adjuvant group, p =
0.007) without an increase in complication rate (p = 0.117). There was a trend towards improved pathological complete response
and survival in the neoadjuvant group.
Conclusion This pilot study confirms that neoadjuvant chemoradiation is a feasible way of delivering breast cancer treatment and
may facilitate improved access to IBR.

Keywords Breast cancer . Breast reconstruction .Mastectomy . Neoadjuvant chemoradiation . Neoadjuvant radiotherapy

Introduction

The treatment of breast cancer has changed dramatically over
recent decades and currently involves a diverse multidisciplin-
ary team of surgeons, medical oncologists and radiation on-
cologists [1]. Each of these specialties continues to evolve,

resulting in more effective treatments and improved outcomes
for breast cancer patients [2–6]. The delivery of chemotherapy
in the neoadjuvant setting in the treatment of breast cancer is
becoming more common and is frequently delivered with the
aim of reducing tumour burden to facilitate breast-conserving
surgery (BCS) [7]. However, mastectomy is still a required
component of surgical treatment in this group of patients in
the case of chemoresistant or multifocal tumours [8]. For pa-
tients undergoing mastectomy, breast reconstruction has be-
come the standard of care and is known to improve psycho-
social and quality of life outcomes [9]. According the NICE
guidelines, all patients undergoing mastectomy should be
counselled about immediate breast reconstruction options
[10].

Post-mastectomy radiation therapy (PMRT) is central to
breast cancer treatment protocols in women with a high risk

* Niamh O’ Halloran
niamhoh91@gmail.com

1 Discipline of Surgery, Lambe Institute, NUI Galway, Galway, Ireland
2 Department of Radiation Oncology, Galway University Hospital,

Galway, Ireland
3 Department of Medical Oncology, Galway University Hospital,

Galway, Ireland

Irish Journal of Medical Science (1971 -)
https://doi.org/10.1007/s11845-018-1846-6

http://crossmark.crossref.org/dialog/?doi=10.1007/s11845-018-1846-6&domain=pdf
http://orcid.org/0000-0002-5153-3566
mailto:niamhoh91@gmail.com


of disease recurrence. Indications for this include tumour size
≥ 5 cm, greater than or equal to four positive axillary lymph
nodes, the presence of lymphovascular invasion and higher
histological grade tumours [11]. Data from the Early Breast
Cancer Trialists’ Collaborative Group (EBCTCG) has sug-
gested that women with one to three positive axillary nodes
may also benefit from radiotherapy, thus potentially
expanding the indications for radiotherapy in the treatment
of locally advanced breast cancer (LABC) [12]. Although it
is an effective means of reducing local disease recurrence and
improving systemic outcomes [13, 14], radiotherapy can be
associated with negative sequelae, particularly in the case of
immediate breast reconstruction. Several studies have demon-
strated the increased risk of severe capsular contracture in
patients who have been treated with radiotherapy
post-implant-based reconstruction [15–19]. Short-term com-
plications are more common in implant-based reconstructions
in the setting of PMRT including infection (13.5 vs. 5.8%),
mastectomy flap necrosis (10.5 vs. 5%) and reoperation sec-
ondary to complication (37.0 vs. 16.6%). PMRT is associated
with an implant reconstruction failure rate of 16.8% [20].
Subsequently, PMRT has become a relative contraindication
to immediate implant-based breast reconstruction.
Autologous breast reconstruction appears to be more suitable
for patients requiring PMRT; however, radiation still has del-
eterious effects on aesthetic outcomes [21, 22]. The timing of
delivery of post-mastectomy radiotherapy is also crucial to the
cosmetic outcome of breast reconstruction. Berbers et al. car-
ried out a systematic review of breast reconstruction before
and after PMRT, which evaluated complication rates and cos-
metic outcomes of implant and autologous breast reconstruc-
tion in relation to timing of radiotherapy delivery post mastec-
tomy. They recommended that replacement of tissue ex-
panders with definitive implants should be carried out before
radiotherapy, and autologous reconstruction should be carried
out post PMRT to avoid radiation-induced fibrosis and im-
paired cosmesis [23].The ASCO guidelines do not offer a
recommendation on radiotherapy and PMRT secondary to a
paucity of evidence [24]. However, IBR should be integrated
into patient’s management even if radiotherapy is indicated.

Neoadjuvant radiotherapy is the standard of care in
certain tumours (e.g. oesophageal, rectal) and is delivered
sequentially with neoadjuvant chemotherapy as a
Bradiosensitiser^ [25]. This mechanism is hypothesised
to result from enhancement of the radiation damage sec-
ondary to the incorporation of chemotherapeutics into the
cellular DNA. Inhibition of cellular repair mechanisms
also enhances the radiation effects. The combination of
neoadjuvant chemotherapy and radiotherapy improves
pathological response and decreases rates of distant me-
tastases, as seen in oesophageal and rectal tumours [14,
26]. Controversy exists as to the appropriate time interval
between completion of neoadjuvant treatment and surgical

resection of the tumour. The ideal interval between neo-
adjuvant treatment and surgery allows maximal tumour
regression while not resulting in greater post-operative
complications, thus resulting in optimal long-term onco-
logical, functional and aesthetic outcomes [27]. One
meta-analysis reported higher rates of pathological com-
plete response and tumour downstaging in rectal tumours
with longer intervals; however, there is limited evidence
for timing of resection post-neoadjuvant treatment and
further studies are required [28].

A clear survival advantage has been shown in those pa-
tients in receipt of neoadjuvant therapy who achieve a patho-
logical complete response (pCR) [2]. A higher rate of patho-
logical complete response has been demonstrated in breast
cancer patients treated with neoadjuvant chemoradiation
[29]. However, there have been very few studies investigating
this novel treatment sequence. Zinzindohoué et al. analysed
the pathological complete response rate in those patients treat-
ed with neoadjuvant chemoradiation. They reported a rate of
36% which was higher than that published in other studies.
However, they also demonstrated that pathological response
was also dependent on tumour characteristics such as size,
histology, molecular subtype and Ki67 [29]. In addition to
pathological response, neoadjuvant radiotherapy in the treat-
ment of breast cancer has also been associated with several
other advantages. Grinsell et al. reported on 29 patients who
were treated with neoadjuvant chemoradiation therapy and
concluded that the challenges associated with operating in a
recently irradiated surgical field were outweighed by a shorter
treatment period and superior cosmetic results. They also
claim that neoadjuvant chemoradiation has at least equivalent
oncological safety to standard treatment with adjuvant radio-
therapy [30]. Pazos et al., in a study of 22 patients, concluded
that delivery of radiotherapy in the neoadjuvant setting sim-
plified the reconstructive pathway, making breast reconstruc-
tion more accessible in locally advanced breast cancer [31].
Evidence that delaying delivery of radiotherapy more than
6 months from the start of chemotherapy has detrimental ef-
fects on survival also suggests that early radiation therapy is
essential [32]. Delivery of radiotherapy in the neoadjuvant
setting may also overcome the major side effects of PMRT
on breast reconstruction cosmetic outcomes [1], by sparing
exposure of the newly reconstructed breast to radiation. We
hypothesise that the integration of neoadjuvant radiotherapy
into the breast cancer treatment protocol will result in shorter
treatment completion times along with making immediate
breast reconstruction more accessible to greater numbers of
mastectomy patients.

Our aim was to conduct a pilot study to investigate the
effect of administration of radiotherapy in the neoadjuvant
setting by comparing the uptake of IBR, time to completion
of therapy, pathological response rates and outcomes includ-
ing post-operative complications.
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Methods

This ethically approved, prospective pilot study was undertak-
en in a tertiary referral specialist breast unit. Between 2010
and 2016, 16 patients with locally advanced breast cancer
were selected to receive radiotherapy in the neoadjuvant set-
ting prior to mastectomy. The selection criteria for this includ-
ed a histological confirmation of invasive breast cancer with a
tumour size of greater than 5 cm or a tumour requiring mas-
tectomy (multifocal tumour/tumour to breast size ratio, failed
trial of BCS), or histologically confirmed nodal involvement.
Patients with metastatic disease, a personal history of another
solid organ cancer or contraindications to radiotherapy were
excluded.

A historic group of age- and stage-matched patients man-
aged using the traditional treatment sequence of neoadjuvant
chemotherapy followed by surgery and adjuvant radiotherapy
was selected for comparative analysis (Fig. 1). These patients
are a consecutive cohort of breast cancer patients treated at this
institution during the same time period. Each patient in the
neoadjuvant radiotherapy group was age- and stage-matched
to two patients in the adjuvant radiotherapy group.

Chemotherapeutic regimes were defined by the treating
medical oncologist based on the biologic and hormonal fea-
tures of each individual tumour.

Post-mastectomy and neoadjuvant radiotherapy consisted
of a dosing schedule of 50.4 Gy at 6/15MVin 25–28 fractions

delivered over 5 weeks to the chest wall or intact breast.
Supraclavicular radiotherapy was administered in 25 patients,
consisting of a dosing schedule of 50.4 Gy at 6 MV photons
delivered in 25–28 fractions over 5 weeks. The dosing sched-
ule did not differ for those patients whose breast was still intact
at the time of radiotherapy administration.

All patients undergoing mastectomywere counselled about
breast reconstruction options in the outpatient setting, and
both implant and autologous reconstruction techniques were
performed based on breast size and shape, surgeon’s decision
and patient preferences. All reconstruction procedures were
performed by oncoplastic or plastic surgeons in the same ter-
tiary referral centre.

Pathological response to neoadjuvant treatment and rate of
recurrence were analysed for both groups, along with survival.
Pathological response was measured by the Chevallier classi-
fication, which is defined as follows:

Grade 1: Complete pathological response macroscopical-
ly and microscopically
Grade 2: Presence of in situ carcinoma only in the breast,
without invasive tumour and tumour cells in the lymph
nodes
Grade 3: Presence of invasive carcinoma with stromal
alterations, such as sclerosis or fibrosis
Grade 4: No or few modifications of the tumoral
appearance

Breast reconstruction procedure details and post-op com-
plications were analysed. Completion of therapy was defined
as date of mastectomy with or without reconstruction or date
of delayed reconstruction for the neoadjuvant radiotherapy
treatment group and as date of completion of adjuvant radio-
therapy for the adjuvant radiotherapy treatment group.

Data was analysed using SPSS, version 23. Chi-square test
and independent t-test were used for variable analysis. p
values < 0.05 were considered statistically significant.

Results

Sixteen patients with locally advanced breast cancer were
treated with neoadjuvant radiotherapy for the treatment of
breast cancer in this study. Each of them was age- and
stage-matched to 32 patients who underwent PMRT. The de-
mographic and clinicopathologic details for these patients are
outlined in Table 1. The mean age was 49.9 ± 11.1 years, and
the mean follow-up was 39.8 months (median 36.6 months).

The neoadjuvant radiotherapy cohort can be subdivided
into two groups according to the indication for mastectomy
in this study: those patients who underwent primary mastec-
tomy due to tumour multifocality/large tumour size (n = 9 pa-
tients) and another group of patients who underwent primary

Biopsy proven breast cancer requiring
mastectomy +/- reconstruc�on

Axillary lymph node posi�ve at diagnosis

Control Group

Neoadjuvant
Chemotherapy

Mastectomy +/-
Reconstruc�on

Adjuvant
Radiotherapy

Pilot Study group

Neoajduvant
Chemotherapy

Neoadjuvant
Radiotherapy

Mastectomy +/-
Reconstruc�on

Fig. 1 Study design
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BCS with positive resection margins in whom mastectomy
was required as secondary surgery (n = 7 patients). There
was no significant difference in the age profile of the two
groups.

Twenty-eight patients underwent skin-sparing mastectomy
(13 in the neoadjuvant radiotherapy group, 15 in the adjuvant
radiotherapy group, p = 0.023), with 12 patients undergoing
nipple-sparing mastectomy (6 in each of the neoadjuvant and
adjuvant radiotherapy groups, p = 0.176). A higher proportion
of patients in the neoadjuvant radiotherapy group (n = 14/16)
underwent post mastectomy breast reconstruction compared
to the adjuvant radiotherapy group (n = 15/32) (p = 0.007,
chi-square test). The majority of these were immediate breast
reconstruction with two delayed reconstructions in the adju-
vant group and one delayed procedure in the neoadjuvant
group. The timing of radiotherapy did not affect the type of
reconstruction carried out (p = 0.135, chi-square test). A range
of autologous and implant-based reconstructive procedures
were performed including deep inferior epigastric perforator
flap (n = 4), extended latissimus dorsi flap (n = 8), latissimus
dorsi flap with implant (n = 9), tissue expander (n = 3), direct
to implant (n = 2) and implant with acellular dermal matrices
(ADM) (n = 3) (Table 3).

There was no difference in the rate of post-operative com-
plications between the neoadjuvant (five complications) and
adjuvant radiotherapy (four complications) groups (p = 0.117)
(Tables 2 and 3). There were three wound infections in the
neoadjuvant group: one requiring oral antibiotics, one requir-
ing removal of implant and ADM (Strattice™ Reconstructive
Tissue Matrix) and one requiring debridement and washout of
the autologous reconstruction site. There was also one event
of wound breakdown in an implant-based reconstruction and
one post-op respiratory tract infection in the neoadjuvant
group. Complications in the adjuvant radiotherapy group
consisted of two seromas requiring drainage, a haematoma
requiring evacuation and a subcutaneous parasternal fluid col-
lection. Tumour factors such as clinical tumour stage (T stage)
(p = 0.253, chi-square test) or nodal status (p = 0.206,
chi-square test) had no effect on rates of complication. No
type of reconstruction was identified as a risk factor for
post-op complications (p = 0.667). Breast size did not affect
complication rates (p = 0.472).

The treatment response results are outlined in Tables 2 and
5. Six patients in each of the neoadjuvant and adjuvant groups
achieved a pathological complete response, and one patient in
each group exhibited no response to neoadjuvant treatment (p

Table 1 Patient clinicopathologic
details Patient characteristics Adjuvant

radiotherapy
Neoadjuvant
radiotherapy

p value

Age at diagnosis 51.31 ± 12.14 47.0 ± 8.2 0.064 (independent t-test)

Mastectomy specimen weight (g) 889.28 ± 635.8 592.13 ± 425.03 0.246 (independent t-test)

Tumour histology

• Invasive ductal CA 28 11 0.191 (chi-square test)
• Invasive lobular CA 3 4

• Invasive ductal and lobular CA 0 1

• Predominant in situ component 2 0

Radiological T size

• T1 0 0 0.656 (chi-square test)
• T2 4 4

• T3 10 10

• T4 2 2

Nodal status

• N1 21 14 0.428 (chi-square test)
• N2 6 2

• N3 0 0

Grade

• Grade 1 2 0 0.498 (chi-square test)
• Grade 2 20 12

• Grade 3 10 4

Molecular subtype

• Luminal A 15 12 0.175 (chi-square test)
• Luminal B 6 0

• Her 2 7 3

• Triple negative 4 1
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= 0.335, chi-square test). Both tumours that did not respond to
treatment were of Luminal A subtype. All hormone-negative
Her2-overexpressing tumours and triple-negative tumours in
the neoadjuvant group had a > 50% response rate to neoadju-
vant treatment (Tables 4 and 5). Six patients in the adjuvant
group had a recurrence (five distant and one local), whereas
there were no episodes of disease recurrence or metastasis in
the neoadjuvant radiotherapy group.

The time from diagnosis to completion of treatment was
significantly shorter for patients treated with neoadjuvant
radiotherapy (Table 4) (p = 0.001). In the neoadjuvant ra-
diotherapy group, there was a mean of 48.7 ± 15.3 days
between completion of neoadjuvant radiotherapy and mas-
tectomy. In the adjuvant group, there was an interval of

78.5 ± 17.3 days between surgery and commencement of
adjuvant radiotherapy treatment. There was no difference
in the interval between surgery and commencement of ad-
juvant radiotherapy between those patients undergoing
mastectomy alone (74.5 ± 15.3 days) or mastectomy and
reconstruction (84.0 ± 19.4 days) (p = 0.246, independent
t-test). There was no significant difference in length of
hospital stay post-op (p = 0.364) or length of outpatient
follow-up (p = 0.451).

There was a trend towards improved survival in the neoad-
juvant radiotherapy treatment group compared to the adjuvant
radiotherapy treatment group; however, this did not reach sta-
tistical significance in our limited pilot study population (p =
0.243) (Fig. 2).

Table 2 Response to neoadjuvant
treatment and recurrence Adjuvant

radiotherapy
Neoadjuvant
radiotherapy

p value

Pathological complete response (Chevallier classification)

• Grade 1 6 6 0.335 (chi-square test)
• Grade 2 16 4

• Grade 3 7 4

• Grade 4 1 1

Recurrence

•
Recurrence/metastas-
es

6 0 0.064

Table 3 Breast reconstruction

Adjuvant radiotherapy Neoadjuvant radiotherapy p value

Breast reconstruction

• Mastectomy alone 17 2 0.007 (chi-square test)
• Mastectomy and reconstruction 15 14

Immediate V delayed reconstruction

• Immediate 13 13 0.584 (chi-square test)
• Delayed 2 1

Reconstruction type

• LD 6 2 0.135 (chi-square test)
• LD + implant 2 7

• Tissue expander 2 1

• Implant only 0 2

• Implant + ADM 2 1

• DIEP 3 1

Post-op complications 4
• 2 seroma (Clavien-Dindo grade IIIa)
• 1 haematoma (Clavien-Dindo grade IIIb)
• 1 parasternal fluid collection

(Clavien-Dindo grade IIIa)

5
• 3 wound infection

(Clavien-Dindo grades
II and IIIb)

• 1 wound breakdown
(Clavien-Dindo grade IIIb)

• 1 respiratory tract infection
(Clavien-Dindo grade II)

0.117 (chi-square test)
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Discussion

The principle finding of this study is that neoadjuvant chemo-
radiation allows for a shorter treatment completion time with
the possibility of greater access to breast reconstruction with-
out any major increase in complications or any obvious short-
term increase in local recurrence. A higher proportion of the
neoadjuvant radiotherapy group underwent post-mastectomy
breast reconstruction in our study. The delivery of radiothera-
py in the neoadjuvant setting also resulted in a shorter time
between diagnosis and completion of treatment. This neoad-
juvant radiotherapy protocol is an alternative to the concept of
delayed breast reconstruction [33], and avoidance of radiating
a newly reconstructed breast offers potential protection against
fibrosis and capsule formation. The delivery of radiotherapy
in the neoadjuvant setting allows for completion of a
skin-sparing mastectomy and immediate reconstruction, after
the removal of irradiated, less-viable tissue which may cause
problems (e.g. skin necrosis) in the post-operative period,
resulting in superior cosmetic outcomes by avoiding contrac-
ture and exposure of a prosthesis [29]. Two advantages of

neoadjuvant radiotherapy with regard to cosmetic outcomes
are as follows: (a) skin-sparing mastectomy and IBR can be
carried out on women with locally advanced cancer, who may
not have been surgical candidates prior to treatment, and (b) as
surgery is the completion step of cancer therapy in this
protocol, mastectomy and reconstruction do not interfere
with chemo- or radiotherapy [33]. Neoadjuvant radiotherapy
has the potential to allow IBR to be carried out in women with
large, node-positive breast cancers who should not be denied
the psychological and physical benefits of breast reconstruc-
tion. Receipt of neoadjuvant radiotherapy did not influence
choice of reconstruction procedure carried out in our study.
There are reports of several types of reconstruction being used
in combination with neoadjuvant radiotherapy in the litera-
ture: latissimus dorsi (LD) flap [29], LD with implant [33],
transverse rectus abdominis muscle (TRAM) flaps [34] and
implant reconstruction [8]. LD flaps appear to be most widely
studied in this regard and have been proven to be a reliable and
robust method of breast reconstruction. Monrigal et al. report-
ed a higher rate of reconstruction failure in TRAM flaps and
implant reconstructions than LD flaps [8].

Table 5 Pathological response by
subtype Complete response > 50% response < 50% response No response p value

Neoadjuvant radiotherapy

Luminal A 3 3 4 1 0.675
Luminal B 0 0 0 0

Her 2 2 1 0 0

Triple negative 1 0 0 0

Adjuvant radiotherapy

Luminal A 1 8 5 1 0.313
Luminal B 1 3 1 0

Her 2 4 3 0 0

Triple negative 0 2 1 0

Table 4 Treatment time
Neoadjuvant
radiotherapy

Adjuvant
radiotherapy

p value

Diagnosis to completion (days) 245.63 ± 44.16 291.15 ± 38.69 0.001
(independent
t-test)

Length of stay 8.38 ± 3.6 6.8 ± 2.4 0.364
(independent
t-test)

Length of follow-up 41.9 months 35.6 months 0.451 (chi-square
test)

Completion of neoadjuvant radiotherapy to
mastectomy (days)

48.7 ± 15.3 days n/a

Completion of mastectomy to starting adjuvant
radiotherapy (days)

n/a 78.47
± 17.3 days
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Neoadjuvant systemic therapy in the treatment of breast
cancer has become increasingly common in recent years for
the treatment of large or locally advanced breast tumours and
offers the advantages of downsizing tumours to allow for BCS
and to ascertain the efficacy of treatment through measure-
ment of the pathological response [35]. Neoadjuvant and ad-
juvant systemic therapies appear to be equivalent in terms of
survival, disease progression and recurrence outcomes [36].
However, a clear survival advantage has been demonstrated in
those patients treated with neoadjuvant therapy who achieve a
pCR, especially in the case of patients with more aggressive
disease subtypes, such as triple-negative breast cancer [2]. The
trend towards improved pathological response in our study
suggests that there is the possibility of a better prognosis for
breast cancer patients treated with neoadjuvant radiotherapy.
A study by Zinzindohoué et al. demonstrated a pCR rate of
36% in breast cancer patients undergoing neoadjuvant chemo-
radiation, a rate that is higher than previously reported with
traditional PMRT [29, 37, 38]. Breast cancer tumour subtype
also influences the rate of pCR to neoadjuvant treatment. This
has been widely studied in relation to neoadjuvant chemother-
apy, with hormone-negative tumours exhibiting better pCR
rates than hormone receptor-positive tumours [2, 39–41]. We
had similar findings in this study.

In our patient population, there were no incidences of local
or distant recurrence in the neoadjuvant radiation group com-
pared to six in the adjuvant group. Though this did not reach
statistical significance, it does suggest that there is some ben-
efit to be gained from the addition of radiotherapy to the neo-
adjuvant treatment protocol. Monrigal et al. demonstrated that
neoadjuvant chemoradiation was not inferior to the traditional

adjuvant delivery of radiotherapy in terms of disease free and
overall survival [8]. Roth et al. showed that neoadjuvant che-
moradiation resulted in a pCR rate of 29.2% and a better
disease-free survival and overall survival, particularly in pa-
tients with T2 tumours [42].

The timing of surgery after completion of neoadjuvant che-
motherapy and radiotherapy is paramount for the prevention
of post-operative complications. It is known that surgery with-
in 2 weeks of chemotherapy can have detrimental effects on
outcomes, whereas wounds from surgery carried out several
weeks after chemotherapy heal with superior tensile strength
[1]. It is generally accepted that 4–6 weeks is the optimum
time to operate post-mastectomy radiotherapy, when skin des-
quamation has settled [28]. Therefore, the 48-day interval be-
tween completion of radiotherapy and mastectomy in our
study is acceptable. The paucity of evidence for timing of
tumour resection post neoadjuvant treatment is not limited to
breast cancer surgery and requires well-designed RCTs to
guide future treatment guidelines [28].

Overall, neoadjuvant chemoradiation is a feasible way of
delivering breast cancer treatment as it results in a shorter
treatment time with improved access to breast reconstruction,
without increasing complication rates and without any
short-term increase in locoregional recurrence.

Conclusion

Neoadjuvant chemoradiation followed by mastectomy and
reconstruction is a potential treatment sequence in the delivery
of breast cancer treatment with the benefits of shorter

Log Rank = 0.243 

Fig. 2 Survival
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treatment times. The results from this pilot study are encour-
aging; however, further study in the form of randomised con-
trolled trials and long-term follow-up are required.

Clinical practice points

Currently, the common treatment sequence in breast cancer
therapy is neoadjuvant chemotherapy, followed by surgical
resection of the tumour and then radiotherapy in the adjuvant
setting. Exposure of the reconstructed breast to radiation is
known to increase complication rates and results in inferior
cosmetic outcomes. As such, an indication for adjuvant radio-
therapy is a relative contraindication to immediate breast re-
construction. The delivery of radiotherapy in the neoadjuvant
is the standard of care in several tumours, such as rectal and
oesophageal cancers. Recently, there has been increased re-
search into neoadjuvant radiotherapy in the setting of breast
cancer treatment. Some studies have demonstrated improved
rates of pathological complete response to neoadjuvant treat-
ment and improved aesthetic outcomes. This study has found
that the delivery of radiotherapy in the neoadjuvant setting for
the treatment of breast cancer also results in a significantly
shorter time to completion of treatment with a greater number
of mastectomy patients undergoing breast reconstruction. In
addition, there is no significant increase in the rate of post-op
complications. Sequential neoadjuvant chemoradiation
followed by tumour resection is a feasible method of treating
breast cancer and may become the standard treatment se-
quence in the future, resulting in greater rates of pathological
complete response, shorter treatment time, greater access to
immediate breast reconstruction for more patients and im-
proved cosmetic outcomes. However, more randomised con-
trolled trials investigating this treatment sequence are required
in addition to long-term data on recurrence, survival and cos-
metic outcomes.
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