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Abstract 
 

High speed surgical cutting tools induce heat (>47°C) for short durations on bone 

tissue, leading to a thermally-induced cell death in bone cells. Post-operative bone healing at 

the cut surface and bone dust are important for ensuring the success of surgery and preventing 

long recovery time for patients. Autograft bone dust prepared using surgical burs can be re-

introduced into patients to enhance bone healing. Recent in vitro and in vivo studies have 

provided evidence that thermal elevations can in fact trigger osteogenic responses by bone 

cells, enhancing mineralisation and new bone formation. However, whether bone dust and the 

cut surface exhibit an osteogenic response to heat shock induced by cutting conditions is 

unknown. Moreover, the influence of cutting conditions on the osteogenic potential of bone 

dust is not understood. In particular, the influence of the tissue source, the design of the cutting 

tool and the use of irrigation have not been investigated. Thus, the global aim of this PhD 

Thesis is to assess the ex-vivo osteogenic potential of autograft bone dust and the cut surface 

resected under different cutting conditions, and associated temperature elevations, using 

surgical burs for cutting and heat induction.  

The duration of bone surface exposure to elevated temperatures during surgical bone 

cutting and the extent of heat dissipation and its effect on the bone healing capacity are not 

well understood. The first study of this PhD thesis sought to address this gap by conducting 

experimental studies to determine (1) temperature generation and dissipation during surgical 

bone cutting with no irrigation and (2) the ex-vivo regenerative potential of bone dust and the 

cut surface. During surgical cutting of bovine bone using burs (Multi-Flute, 2Flute) the relative 

surface temperatures (using a thermal camera) and dissipated temperatures (measured by 

embedded thermocouples) were quantified. Ex-vivo culture of bone dust and the cut surface 

samples were conducted up to 20 days post-cutting. Histological staining and biochemical 
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assays (Alamar Blue, ALP, Alizarin red staining) quantified osteonecrosis and osteogenesis. 

The results of this study revealed that superficial heat generation induced by high speed 

surgical burs for short durations triggered an osteogenic response in bone dust, which was 

associated with apoptotic cell death. The cutting temperature was significantly higher with the 

Multi-Flute compared to the 2Flute bur, but the % heated tissue volume was lower and faster 

cooling was observed. Interestingly, the ex-vivo osteogenic capacity of both the bone dust and 

the cut surface were enhanced when using the Multi-Flute bur, even though increased apoptotic 

thermal damage was observed.   

To reduce the risk of excess tissue necrosis during surgical cutting, irrigation is 

commonly used to minimise temperature elevation. Yet, the influence of irrigation approaches, 

namely using a surgical assistant to apply irrigation (manual) or using an automated irrigation 

(continuous) device, have not been investigated and as such there is no consensus regarding a 

favourable approach to minimise tissue necrosis or osteogenesis. The objective of the second 

study was to determine how irrigation techniques influence cellular responses to surgical bone 

cutting. Specifically, this study sought to (1) compare superficial temperature generation and 

dissipation during high speed surgical bone cutting with either manual or continuous irrigation 

and (2) determine the influence of irrigation technique on the ex-vivo regenerative potential of 

bone dust and the cut surface. The results of this study revealed that dissipated temperatures 

remained below 30°C throughout the cutting for both types of irrigation. Interestingly, the cut 

surface was preserved when continuous irrigation was used during cutting. In contrast, when 

using manual irrigation increased apoptotic thermal damage was observed and the ex-vivo 

osteogenic capacity of bone dust was enhanced. This study can inform surgical irrigation 

approaches to preserve the osteogenic potential of bone dust and the cut surface.  

The most common implantation site for such autografts is in the spine, where bone dust 

is subjected to in vivo biophysical conditions, including compression and torsional forces. 
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However, previous studies of autograft bone dust have been conducted under static conditions 

and so the mineralisation potential of bone dust in a mechanical environment representative of 

in vivo conditions is unknown. The objective of the third study was to assess and compare ex-

vivo osteogenesis by bone dust using a custom-made compression bioreactor to recreate in 

vivo mechanical stimulation. The effect of irrigation was assessed under both static and 

mechanical loading conditions. Interestingly, in this study a 3mm bur was used and the 

irrigation method (manual or continuous irrigation) did not influence the mineralisation 

potential of bone dust under either static or mechanically stimulated conditions. Here it is 

reported for the first time that the osteogenic capacity (in terms of viability and mineralisation 

responses) was significantly higher for mechanically stimulated bone dust when compared to 

those cultured under static conditions. These results suggest that the osteogenic potential of 

bone dust may be enhanced by the mechanical loading conditions that exist in vivo.  

Together, these studies provide (1) an insight into the osteogenic response of bone 

tissue resected with different design burs and different irrigation approaches during cutting, 

and (2) uncovers how the mechanical environment that arises in vivo might influence the 

osteogenic capacity of autograft bone dust. The information elucidated from this body of work 

can inform future surgical instrument design to improve post-operative bone tissue 

regeneration. 
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Chapter 1 : Introduction and Objectives 

1.1 Bone, mechanobiology and osteogenesis 

The skeletal system is important for protecting our vital organs, such as the heart, lungs, and 

brain. It is a hard material that is constantly modelling its shape to adapt to the forces that are 

continually exerted at different locations of the skeleton throughout life. Bone is a highly 

adaptable material, and mechanical stress can induce an osteogenic response (Chao and Inoue 

2003; Davies et al. 2006), whereas the absence of loading can lead to a net increase in bone 

resorption (Spengler et al. 1983; Vico et al. 1987). Different bone cell types play specific roles 

in bone regeneration, and these cells include mesenchymal stem cells (MSCs), osteocyte, 

osteoblast and osteoclast cells. MSCs are important for bone regeneration, because they 

differentiate into osteoprogenitor cells that are committed to become osteoblasts (McNamara 

2011). The intimate partnership between osteoblasts and osteoclasts is key for bone modelling 

and remodelling, which will be discussed further in Chapter 2. Osteocytes are mature osteoblast 

cells, and they permeate the bone by embedding themselves in the extracellular matrix. Along 

with osteoblasts, they are the main mechanosensitive cells (Cowin 1983; Kleinnulend et al. 

1995; C. 1990). Mechanical stimulation, such as compression, fluid flow shear stress induces 

cellular responses for bone modelling and remodelling, which will be discussed further in 

Chapter 2. 

Bone formation during embryo development and adolescence occurs by one of two 

processes, endochondral ossification or intramembranous ossification. During endochondral 

ossification, which is the bone forming process in long bones, cartilage is formed first before 

mineral is laid down onto the cartilage template. The other type of bone formation process is 

intramembranous ossification, which does not involve the formation of a cartilage template, 
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instead, stem cells aggregate into a cluster creating a nodule that is surrounded by a membrane, 

within which MSCs differentiate into osteoprogenitor cells for bone formation. MSCs express 

osteogenic genes when they are differentiating into bone cells. Expression of these genes are 

markers for osteogenesis, and they include alkaline phosphatase (ALP), Collagen type I, 

osteocalcin (OCN), osteopontin (OPN), and runt-related transcription factor 2 (RUNX2), and 

cyclooxygenase 2 (COX2). Bone tissue damage due to aging, injury or disease can active bone 

remodelling and initiate repair to restore bone function.  

Fracture healing is a complicated process involving osteoprogenitors, osteoblasts, and 

chondrocytes to repair the site of damage (McKibbin 1978; Einhorn 1998). The first step in 

this process is the recruitment of blood and inflammatory cells, forming a hematoma at the site 

of damage. Granulation tissue consisting of blood vessels with immune cells is then formed, 

where macrophages engulf damaged and unwanted tissues and debris at the site of injury. 

MSCs and osteoprogenitor cells are recruited to the site to begin the bone formation process, 

where osteoblasts produce woven bone, forming a callus around the fracture site. 

Osteoprogenitors differentiate into either osteoblasts or fibroblasts, which further differentiate 

into chondrocytes to form a hyaline cartilage and a fracture callus (Tsiridis, Upadhyay, and 

Giannoudis 2007). In time, osteoblasts secrete mineral onto the extracellular matrix and then 

terminally mature into osteocytes to embed themselves in the bone matrix and become the 

structural component of the new bone.  

1.2 Surgical cutting tools for orthopaedic surgery 

The market size value for orthopaedic products was estimated at $52.8 billion in 2017 and is 

projected to grow to $66.2 billion with a Compound Annual Growth Rate (CAGR) of 3.8%, 

according to GlobalData. Devices in these markets include spinal cage, surgical burs, bone 

mill, pedicles and screws, bone allografts, hip implants, and oscillating saws. The market size 
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of cutting tool devices was $944.99 billion in 2019, and it is estimated to be $1.5 trillion by 

2027, according to Verified Market Research.  

Bone resection using surgical cutting tools is required to gain access to specific skeletal 

sites or harvest autograft tissue for various procedures, such as tympanomastoidectomy (Roth 

AA 2017), spinal fusion (Perez-Cruet M 2013; Epstein 2017) or acetabular revision (Schreurs 

et al. 2004). High speed cutting tools used in surgical intervention for bone resection include 

orthopaedic drills, where holes are created for insertion of screws and pedicles (Cheng et al. 

2015). Surgical burs are also a high speed cutting tool, and they are used in decortication of 

vertebrae and laminectomy during lumbar spinal fusion surgery (Epstein 2017; Yilmaz et al. 

2015; MenMuir and Fielding 2017). Bone resection with surgical burs create bone dust 

autograft material that can be re-introduced into patients to enhance bone fusion (Epstein 2017; 

Kim et al. 2016). Bone dust are much smaller (<66,000 µm2) in size compared to bone chips 

(>112,000 µm2)  (Ye et al. 2013; Eder et al. 2011; Roth AA 2017), which are resected with 

rongeurs or bone cutters but do not generate heat during cutting.  

Surgical cutting induces both thermal and mechanical stress on bone cells, and this 

affects post-operative bone regeneration. In particular, these cutting tools can induce thermal 

damage, whereby cells undergo apoptosis and necrosis. Temperature elevations generated from 

high speed cutting exceed 47°C (Karaca, Aksakal, and Kom 2011; Dolan, Vaughan, Niebur, 

Casey, et al. 2014; Matthes et al. 2018; Livingston et al. 2015; Hosono et al. 2009), due to 

frictional heat at the interface of the bone and cutting tool, and induce cells to undergo 

apoptosis. Thermally-induced cell apoptosis can be detrimental if excessive tissue necrosis 

occurs, increasing patient recovery time (Ochsner, Baumgart, and Kohler 1998). However, the 

ensuring temperature elevations during cutting with surgical burs and their influence on the 

regenerative capacity of bone dust and the cut surface are not fully understood.  
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1.3 Biological implications of temperature  

High speed cutting tools have been shown to generate temperature elevations above 47°C 

(Eriksson 1984; Karaca, Aksakal, and Kom 2011; Hosono et al. 2009), which induces thermal 

tissue damage (Dolan et al. 2016; Eriksson, Albrektsson, and Magnusson 1984). The extreme 

response to thermal damage is cell apoptosis and tissue necrosis. Necrosis is an immediate 

response to severe injury, where cell swelling and loss of cell membrane integrity occurs 

(Noble 2003c; Ziegler and Groscurth 2004), leading to tissue void of cells. Cell apoptosis is a 

systematic process initiated by external factors (extrinsic pathway) or internally (intrinsic 

pathway) to induce disassembly of cell structure and content into membrane-bound vesicles, 

which are then transported out of the cell to be phagocytosed by immune cells (Ziegler and 

Groscurth 2004; Noble 2003c). However, a slight increase in temperature for short durations 

can enhance the bone healing process, where thermally induced cell apoptosis led to an increase 

in COX2, RANKL, and M-csf in rat tibia exposed to 47°C and 60°C thermal elevations for 1 

minute (Dolan et al. 2015). Another study reported a production of heat shock proteins, and 

growth factors for angiogenesis, osteoblastogenesis, and bone matrix protein in MC3T3 cells 

(Chung and Rylander 2012). Heat shock proteins play a crucial role in thermally damaged bone 

tissue, because they act as intracellular chaperones that facilitate folding of proteins into the 

correct conformation and they stably transport unfolded protein across the membranes within 

the cell (Walter and Buchner 2002; Borges and Ramos 2005). The heat shock protein 

implicated in bone, HSP70, is known to inhibit apoptosis by preventing the recruitment of pro-

caspase-9 to the Apaf-1 apoptosome (Beere et al. 2000). Moreover, HSP70 promotes the 

induction of osteogenesis, where increase in ALP activity and mineralisation was observed in 

human MSCs (hMSCs) (Chen et al. 2015). 
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1.4 Flute design parameter affects temperature elevation during 

cutting 

Cutting parameters such as drill speed, feed rate and cutting flute design affect temperature 

elevation (Karaca, Aksakal, and Kom 2011; Matthews and Hirsch 1972a; Saha, Pal, and 

Albright 1982; Davidson and James 2003; Choi et al. 2010). These parameters have been 

extensively studied (Davidson and James 2003; Dolan, Vaughan, Niebur, Casey, et al. 2014; 

Saha, Pal, and Albright 1982; Matthews and Hirsch 1972a), in order to optimise design of 

orthopaedic drills and limit osteonecrosis. In comparison to orthopaedic drills that cut at one 

location, surgical burs are considered as a moving heat source (Hou and Komanduri 2000; Shin 

and Yoon 2006), because they are not limited to one location on the bone during cutting. 

Constant movement of bur across the bone surface allows cooling to occur at the cut site. 

Moreover, design of cutting flutes on surgical burs affects heat generation, whereby clogging 

of flutes create higher frictional heat (Albright, Johnson, and Saha 1978; Jacob and Berry 1976; 

Pal and Saha 1981). The two main flute designs in surgical burs are the 2Flute and Multi-Flute, 

as seen in Figure 1.1, and bone resected with these designs produce bone dust of different sizes, 

with the Multi-Flute creating smaller bone dust sizes (Roth AA 2017). The Multi-Flute design 

has more cutting flutes than the 2Flute design. Therefore the induction of higher temperature 

elevation is expected with the Mult-Flute bur compared to 2Flute burs. However, the 

temperature magnitude of Multi-Flute and 2Flute burs have not been previously reported. Also 

shown in Figure 1.1A is a rongeur, a tool used to scrape out bone autograft material during 

cranial surgeries, in order to gain access to tissue beneath the skull. This device does not induce 

temperature elevation. The devices in Figure 1.1B-D below are high speed cutting tools, 

surgical saws and burs, where saws are used to resect bone such as long bones, while the 

surgical burs are used during spine surgery to resect lamina and obtain autograft material that 

can be used for spinal fusion. 
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Figure 1.1: Orthopaedic devices used for bone resection in surgery, A) a rongeur image taken 
from the website of DTR Medical (Medical), B) drill and oscillating saw images taken from 
(Stryker) website, C) design of surgical burs, image taken from (Roth AA 2017) and D) Drill 
attachment for burs image taken from (Stryker). 

 

Bone has low thermal conductivity and so heat generated during drilling does not 

dissipate quickly (Feldmann et al. 2018; Davidson and James 2000). It is not known whether 

the increase in surface temperature induced by cutting with surgical burs on the bone surface 

will also significantly increase heat dissipation within the bone, or if there is a significant 

difference in heat generation between cutting flute designs. Therefore, there is a need to 

quantify heat generation both at the cut surface and inside the bone, and also investigate 

temperature elevations during high speed cutting with surgical burs of different flute designs. 

The first research hypothesis of this Thesis addresses this problem, which is “A Multi-Flute 

surgical cutting tool bur generates higher temperature at the superficial surface than a 

2Flute bur design”. 

C

BA

D2Flute  
6 mm    4 mm

2Multi- Flute     
6 mm   4 mm
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1.5 Thermally induced apoptosis enhances regenerative 

response in bone cells 

As a result of high speed surgical cutting, cells lose their tissue integrity and lamellar structure 

(Eder et al. 2011; Kuttenberger, Polska, and Schaefer 2013) and are subjected to extreme 

temperature elevations (>60°C) during cutting without the presence of irrigation (Hosono et al. 

2009; Livingston et al. 2015; Xu et al. 2014). Thermal stress conditions (> 44°C for 10 minutes 

duration) have been shown to induce recruitment of heat shock proteins (HSP40, HSP70) and 

upregulation of osteogenic genes in MC3T3 osteoblast-like cells (Chung and Rylander 2012). 

The mechanism that governs the osteogenic response in cells subjected to thermal damage 

involves the cell apoptosis pathway, whereby cells undergoing necrosis and apoptosis initialise 

a remodelling signalling repair response (Dolan et al. 2015).  

Thermally induced remodelling pathway begins with thermal damage by an external 

heat induction such as high speed cutting. Figure 1.2 is a schematic that summarises the cell 

signalling cascade of a cell undergoing apoptosis, and the bone remodelling cascade induced 

by cell apoptosis and necrosis. Under thermal stress conditions, the cell’s mitochondria express 

cytochrome C, which binds to Apaf-1 to activate Caspase 9 (Du et al. 2000; Garrido et al. 2006; 

Chinnaiyan 1999; Hill et al. 2004). The activation of Caspase-9 leads to cleavage of pro-

caspase-3 into activated Caspase-3, which commits the cell for apoptosis (Crowley and 

Waterhouse 2016). Osteocytes undergoing apoptosis send signals (COX2 and OPG) to initiate 

a bone remodelling cascade, whereby osteoclastogenesis is initiated to produce the bone 

resorbing cells, osteoclasts (Dolan et al. 2015). They are recruited to the site of damage and 

begin resorbing bone, along with other macrophages to phagocytose cellular debris. Moreover, 

nearby osteocytes receive signals from their dying neighbours to begin osteoblastogenesis, by 

increasing expression of COX2 and RANKL, which leads to the differentiation of MSC into 

bone forming cells, which upregulate ALP activity and calcium (Dolan et al. 2015). When 
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osteoclast has resorbed tissue in the damaged area, osteoblast cells follow closely behind to 

begin forming bone matrix. They mature into osteocytes and embed themselves in the bone 

matrix, to become part of it. Here, they reside and act as sensory cells to regulate bone 

remodelling, which will be discussed in detail in Section 2.4.2. 

 
Figure 1.2: Schematic of a) cell signalling in thermally induced cell apoptotic osteocytes, 
which initiates a healing response, where an increase in COX2 and decrease in RANKL/OPG 
is expressed in heat treated osteocytes leading to b) differentiation of hematopoietic stem cells 
(HSC) into osteoclast precursors. c) Differentiation of MSCs into osteoblasts, which follows 
behind osteoclasts to lay down new bone in the necrotic zone. Image created from literature 
review. 
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However, the cellular response to thermal damage is dependent on the cell phenotype, 

magnitude of temperature elevation, and duration of heat shock (Dolan et al. 2012). Previous 

in vitro and in vivo studies have investigated the effect of low to moderate temperature 

elevations (<60°C) for long (>1 hour) (Norgaard, Kassem, and Rattan 2006) and short (<1 

minute) durations (Dolan et al. 2015; Dolan et al. 2016; Dolan et al. 2012; Eriksson and 

Albrektsson 1983; Eriksson, Albrektsson, and Magnusson 1984; Eriksson, Albrektsson, and 

Albrektsson 1984; Eriksson and Albrektsson 1984). However, cutting temperature and 

duration is not consistent between cutting tools, or even between cutting procedures used from 

surgeon to surgeon. Moreover, previous studies have artificially induced temperatures using in 

vitro approaches (water bath), to represent the temperature elevations arising in orthopaedic 

cutting and investigate in vitro cell viability and mineralisation responses. Temperature 

measured in vivo with surgical burs and orthopaedic drills show fluctuations, whereby bone 

tissue is subjected to a rise and fall of heat generation (Matthes et al. 2018; Xu et al. 2014; 

Sener et al. 2009). In vitro and in vivo studies have shown that heat generated above 47°C, 

when artificially inducing heat, can enhance an osteogenic response in bone cells (Dolan et al. 

2012; Dolan et al. 2015) and rat tibia (Dolan et al. 2016), even though cell apoptosis occurred 

as a response to thermal damage. High speed cutting tools such as drills and burs were reported 

to create temperatures above 47°C, but the cellular response was not further assessed (Matthes 

et al. 2018; Hosono et al. 2009; Livingston et al. 2015; Karaca, Aksakal, and Kom 2011; Saha, 

Pal, and Albright 1982; Eriksson, Albrektsson, and Albrektsson 1984). To fully understand the 

osteogenic capacity of surgically cut bone, a cutting tool needs to be used to generate heat and 

then viability and osteogenic responses be investigated as a response to this cutting and 

associated temperature elevations. The second hypothesis of this thesis is “Bone surfaces and 

autograft dust exposed to temperature elevations induced by high speed cutting undergo cell 

apoptosis, which enhances the osteogenic response ex-vivo”.  
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1.6 The role of using irrigation during orthopaedic cutting 

In order to limit thermally induced osteonecrosis, temperature elevations can be minimised 

using an irrigation method during surgical cutting. The two main irrigation methods used in 

surgery are manual irrigation, whereby a surgical assistant applies irrigation solution onto the 

cutting tool while the surgeon is conducting the surgical cutting, and the second method is 

continuous irrigation, which involves using an automated irrigation device that is attached to 

the cutting tool. Irrigation parameters, such as flow rate and temperature of irrigation solution, 

affect heat generation during surgical cutting (Sener et al. 2009; Isler et al. 2011; Hosono et al. 

2009; Xu et al. 2014). For example, surgical cutting with a high speed diamond-tipped bur with 

automated continuous irrigation (540 ml/hr) led to a decrease in temperature elevation (52°C), 

measured by a Forward-Looking Infrared Radiometer (FLIR) camera on porcine lamina, when 

compared to temperatures reported (174°C)  at a lower flow rate (180 ml/hr) with the same bur 

(Hosono et al. 2009). Furthermore, temperature elevations measured using a FLIR thermal 

camera during bony decompression surgery (59 patient study), revealed significantly higher 

temperature when manual irrigation (148.17 ± 42.62°C) was used, when compared to 

continuous irrigation (119.46 ± 28.19°C) (Matthes et al. 2018). The major factor causing a 

higher temperature elevation during manual irrigation, compared to continuous, is the 

fluctuation of temperature elevation, because the assistant has to follow the movement of the 

instrument tip, which is not always predictable and can be associated with short durations 

during which dry cutting occurs (Matthes et al. 2018). However, the cellular response to bone 

cutting in the presence of irrigation, representative of methods used in surgery, is not fully 

understood and it is still unclear which irrigation approach is more suitable to enhance post-

operative bone regeneration. Since cutting in the presence of manual irrigation induces higher 

heat than continuous irrigation, and a degree of thermal damage can enhance osteogenesis, this 

method might be more suitable for post-operative bone regeneration, but this has never been 
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investigated. Therefore, the third hypothesis is “Surgical cutting with manual irrigation 

induces higher temperatures, when compared to cutting with continuous irrigation, but the 

ex-vivo osteogenic potential of autograft bone dust is enhanced”. 

1.7 The influence of implantation site on the osteogenic potential 

of autograft bone dust 

Autograft bone dust is commonly re-introduced into patients to enhance bone regeneration, to 

take advantage of the osteogenic capacity of native cells and growth factors within the bone 

dust to encourage both osteo-induction and osteo-conduction (Kuttenberger, Polska, and 

Schaefer 2013). Studies have shown that mechanical stimulation can increase bone matrix 

formation (Guo et al. 2012), osteogenesis of bone marrow cells (Matziolia et al. 2011) and 

bone formation in trabecular explants (Birmingham et al. 2015). Therefore, autograft bone dust 

implanted into different sites may have different osteogenic responses arising from the different 

mechanical loading at these locations. For example, bone dust implanted between two 

vertebrae will undergo compression and torsional forces, whereas bone dust implanted as a 

filler in cranial surgical procedures do not experience loading forces, and so osteogenic 

response will differ. Previous studies of the osteogenic potential of bone dust (Ye et al. 2013; 

Eder et al. 2011; Gao et al. 2018; Gupta et al. 2009; Roth AA 2017) were all conducted in static 

conditions, whereas autograft bone dust is intended for implantation, where a mechanically 

stimulated environment exists. However, the regenerative capacity of bone dust under 

mechanical stimulation is not known. Therefore, the final hypothesis of the Thesis is “The 

mineralisation potential of autograft bone dust is enhanced by mechanical stimulation 

representative of in vivo conditions”. 
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1.8 Objectives and Hypotheses 

The global objective of this PhD thesis is to investigate the effect of surgical cutting with high 

speed surgical burs, which induce mechanical and thermal stress, on the osteogenic potential 

of bone dust and the cut surface. Therefore, the first specific objective is to determine the 

temperature elevations during surgical cutting with a high speed bur without irrigation. The 

second specific objective is to determine the effect of heat generation during surgical cutting 

without irrigation on the cellular response of ex-vivo bone dust and the cut site, which were 

resected with 2Flute and Multi-Flute bur designs. The third specific objective is to investigate 

the cellular viability and mineralisation response in ex-vivo bone dust and the cut site resected 

in the presence of manual and automated irrigation methods used in surgery. The final specific 

objective is to conduct an ex-vivo bioreactor experiment, in order to investigate the osteogenic 

potential of autograft bone dust in a mechanical environment representative of in vivo 

conditions. Four hypotheses have been identified to address each of these objectives, which 

will underpin the research of Chapters 3-5 of this Thesis, respectively. 

 

Hypothesis 1: A Multi-Flute surgical cutting tool bur generates higher temperature at the 

superficial surface than a 2Flute bur design 

Hypothesis 2: Bone surfaces and autograft dust exposed to temperature elevations induced by 

high speed cutting undergo cell apoptosis, which enhances the osteogenic response ex-vivo  

Hypothesis 3: Surgical cutting with manual irrigation induces higher temperatures, when 

compared to cutting with continuous irrigation, but the ex-vivo osteogenic potential of 

autograft bone dust is enhanced 

Hypothesis 4: The mineralisation potential of autograft bone dust is enhanced by mechanical 

stimulation representative of in vivo conditions. 
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By testing each of these hypotheses, the research objectives, as outlined above, can be 

answered and the proposed research will deliver significant advances in understanding the 

effect of temperature induced by surgical cutting with a high speed bur on post-operative 

osteogenic potential of bone. 

1.9 Thesis structure 

This Thesis comprises the work completed for the duration of the candidate’s Ph.D. studies. 

Chapter 2 provides a thorough review of relevant literature, detailing the specific roles of each 

bone cell on bone morphology and function, and the bone cell’s response to thermal and 

mechanical stress conditions. The processes of bone formation, bone remodelling, and fracture 

healing, as well as the influence of high speed cutting tools on bone regeneration, are described 

in detail. In Chapter 3, the experimental studies conducted to measure surface and dissipated 

temperatures during high speed cutting with surgical burs are described, which tests Hypothesis 

1 of the Thesis. The influence of heat generation induced by surgical cutting with a high speed 

bur on bone regeneration during recovery days is also investigated in Chapter 3, testing 

Hypothesis 2. In Chapter 4, the viability and regenerative capacity of bone resected in the 

presence of manual and continuous irrigation methods are investigated, testing Hypothesis 3 

of the Thesis. Chapter 5 investigates the mineralisation response of autograft bone dust in a 

mechanical environment compared to a static environment, using a compression bioreactor to 

mechanically stimulate bone dust, testing Hypothesis 4. 
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Chapter 2 : Literature Review 

2.1. Introduction to Bone Biology 

The musculoskeletal organs form a very important system in the human body. It helps to protect 

our vital organs, such as the brain, heart, and lungs. The two main components of the system 

are bone and muscle, and they work together to move the human body through mechanical 

forces generated by muscle contraction and relaxation. Bone is a very versatile composite 

material that can adapt to mechanical cues and biochemical cues in its microenvironment, 

which are described below in detail (Chao and Inoue 2003). Bone tissue has a high stiffness 

and strength and is organised into a hierarchical architecture, as discussed in detail below. 

2.1.1. Bone Composition 

Bone is a hard material, where 35% comprises organic phase and 65% is made up of a stiff 

mineral phase, which consists of hydroxyapatite crystals containing calcium and phosphorus 

(Fratzl et al. 2004). The high mineral content of the tissue serves as a reservoir for calcium, 

and changes in this mineral density can occur according to mechanical load. The organic phase 

consists of bone cells, water, lipids, and other non-collagenous protein such as osteopontin, 

osteocalcin, osteonectin, and bone sialoprotein, which enable bone mineralisation (Thurner et 

al. 2009; Roach 1994). Of this organic phase, 90% is collagen, which provides the structural 

integrity and matrix of bone. Bone is mainly composed of collagen Type I, although, Types 

III, IV, and V also exist in trace amounts (Miller 1984; Miller, Vanderko.Jk, and Sokoloff 

1969). The intricate physical interaction between the structural organisation and mechanical 

integrity of these phases determine the structure and mechanical behaviour of bone tissue 

(McNamara 2011). 
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2.1.2. Hierarchical Structure of Bone 

Bone function is dependent on the intricate and complex hierarchical organisation of bone. 

This architecture consists of component phases at levels of structural organization and can be 

classified from the organ level to the macro-scale, micro-scale, and nano-scale structure (see 

Figure 2.1). The adult skeleton comprises of approximately 80% of cortical bone and the 

remaining 20% is known as trabecular bone, which is also known as spongy bone or cancellous. 

Cortical bone is a hard and dense connective tissue with a low porosity of 5-10% (McNamara 

2011). It is found in the shafts of long bones and also acts as a shell around the ends of bones 

such as the vertebra, scapula and pelvis. This dense property of cortical bone facilitates high-

load bearing, absorbs mechanical forces from the musculature to facilitate movement of body 

parts. Structural units in mature bone are known as lamellae and osteons. Immature bone, also 

known as woven bone, is irregularly organized with random osteocyte cells and collagen fibre 

bundles. As bone remodelling occurs, this woven bone is replaced by lamellar bone, which are 

collagen fibrils organised into parallel layers. In each lamella, the collagen fibrils are oriented 

in the same direction. In bone tissue containing blood vessels, lamellae are organised in 

concentric rings around a Haversian canal containing a central vessel, called an osteon 

(McNamara 2011). 

 
Figure 2.1: Hierarchical structure of bone showing the structure at the a) nanoscale, b) 
microscale, c) macroscale and d) organ level (McNamara 2011). 
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2.2. Bone formation 

In early life, bone formation occurs during embryonic development by two distinct methods, 

endochondral or intramembranous ossification. As humans mature and grow, bone formation 

continues to alter the geometry of bone, providing larger bones that are adaptable to mechanical 

loading (modelling), and to replace aged or damaged bone (remodelling), discussed further in 

Section 2.3.1 and Section 2.3.2, respectively. During bone formation, an organic matrix of 

osteoid/cartilage template is laid down first by osteoblasts, then mineralisation crystals are 

gradually formed over time to produce the bone composite material and becomes mechanically 

more stable. 

2.2.1. Endochondral ossification 

Endochondral ossification is the process by which long bones are formed in early foetal 

development. There are two crucial aspects of the process that occur for bone to be formed. 

The first is the formation of the cartilage template and the second is the vascularisation of the 

cartilage template. When these two processes have taken place, bone mineral is produced and 

laid down onto the vascularised cartilage template (Ortega, Behonick, and Werb 2004). 

Mesenchymal stem cells (MSCs) differentiate into chondroblast cells to form a membrane 

template known as the perichondrium (Figure 2.2). The chondroblasts proliferate and the 

template grows in length and thickness, after which the cells secrete extracellular matrix (ECM) 

comprising mainly of collagen and proteoglycans. Eventually, the chondroblasts differentiate 

into chondrocytes and begin to secrete alkaline phosphatase, a nucleator enzyme for deposition 

of minerals onto the template. Chondrocytes also secrete growth factors to initiate 

vascularisation. An outer membrane, known as the periosteum, is formed at the outermost layer 

of bone. The periosteum is an important source for undifferentiated osteoprogenitor cells, 

where the outer layer is a source for fibroblasts while the inner layer is a source for 
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osteoprogenitor cells that develop into osteoblast cells (Gerber and Ferrara 2000). Ligaments, 

tendons and muscles attach to the periosteum. Primary ossification occurs in the centre of the 

perichondrium, where chondrocytes undergo apoptosis during the mineralisation process, 

giving rise to a cavity that is invaded by blood vessels from the perichondrium. These blood 

vessels are a source of hemopoietic cells, which form the bone marrow. Endothelial cells on 

the lining of the blood vessels produce growth factors that aid in recruitment, proliferation and 

differentiation of osteoblasts (Sumpio, Riley, and Dardik 2002). Osteoclasts are also recruited 

to form the medullar cavity in bone marrow. At birth, a secondary ossification centre in the 

epiphyses of long bone is produced, and this is known as the growth plate (Figure 2.3). 

 

 
Figure 2.2: Process of endochondral ossification showing a) the cartilage template, b) 
chondrocyte differentiation c) primary ossification at the centre and d) secondary ossification 
at the two ends of long bone (McNamara 2011). 
 

The growth of bones is ongoing throughout childhood and is regulated by the growth 

plate, which continuously produces cartilage to be replaced by bone mineral over time. This 

lengthens the bone and is the reason for growth during childhood and adolescence. In adults, 
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this lengthening stops and the growth plate fuses to form bone, creating the epiphyseal line. 

Endochondral ossification is important in development and growth of long bones, but it also 

regulates fracture repair, which will be discussed further in Section 2.3.3. 

 

 
Figure 2.3: Growth plate showing secondary ossification. The epiphyseal plate elongates 
during childhood and adolescence, which is when human grow in size (Betts et al. 2013). 

 

2.2.2. Intramembranous ossification 

Bone formation also occurs by a process called intramembranous ossification during 

embryonic development (Figure 2.4). This process regulates the formation of non-long bones, 

such as bones of the skull, clavicle, and ribs. Unlike endochondral ossification, the formation 

of a cartilage template does not proceed bone formation in intramembranous ossification. 

Instead stem cells divide, condense and then aggregate together to form a nodule surrounded 



 

 19 

by a membrane. Next, differentiation of MSCs inside the membrane occurs towards 

osteoprogenitors and osteoblasts. The osteoblasts line the membrane nodule and begin to 

secrete ECM comprising of type I collagen fibrils within the centre of the nodule. Some 

osteoblasts begin to embed themselves into the bone matrix and differentiate into osteocytes 

by forming cytoplasmic processes, which creates an interconnecting network with other 

osteocytes. Osteoblast cells in the outer surface of this new bone matrix form a periosteum, 

and bone growth continues to create the trabeculae. Over time, the trabeculae fuse to form a 

woven bone, which is remodelled to become a lamellar structure, with concentric lamellae 

surrounding Haversian systems, known as an osteon (Chung et al. 2004; Kanczler and Oreffo 

2008; Cowin 2001). 

 

 
Figure 2.4: Diagram of intramembranous ossification showing aggregation of MSCs, which 
induces the formation of a membrane comprising bone lining cells. Cells inside the membrane 
start to differentiate and create a matrix, ultimately forming trabecular bone (Betts et al. 2013). 
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2.3. Bone as a Natural Material 

Bone is an adaptive material under constant modelling and remodelling, which is a response to 

forces exerted onto the bone in everyday physical activity (Carter 1984; Forwood and Turner 

1995; Jee, Li, and Schaffler 1991; Mosley and Lanyon 1998; Woo et al. 1981; Oconnor, 

Lanyon, and Macfie 1982). Bone modelling and remodelling is a physiological process that 

continuously alters and renews the shape of bone by making micro changes in bone mass and 

microstructural architecture. Bone modelling is a process where bone shape is modified, while 

bone remodelling is a process of bone repair and renewal. These two processes are orchestrated 

by the actions of osteoblast and osteoclast cells, which are regulated by osteocytes (Bonewald 

and Johnson 2008; Nakashima et al. 2011; Xiong et al. 2011; Xiong et al. 2015). Microcracks 

occur in bone, and this is regenerated through a process known as fracture healing, which also 

renews bone in macro fractures (McKibbin 1978; Einhorn 1998). The bone physiological 

adaptive process allows bone to survive and adapt under diverse loading conditions 

(McNamara 2011). This adaptive property of bone is facilitated by residing specialised cells 

on the bone surfaces, bone marrow and blood vessels. These special cells constantly remove 

bone from damaged sites and replace it with newly formed bone mineral (Frost 1990). Each of 

these cells will be discussed further in Section 2.4. 

2.3.1. Bone modelling  

Bone modelling is a process by which bone forms its shape during development throughout 

childhood and adolescence, and continues throughout adulthood in response to mechanical 

loading in everyday life. Osteoclasts (bone resorption cells) resorb bone, and osteoblasts (bone 

forming cells) form new bone, working together to shape bone during the modelling process. 

This process is different from bone remodelling because of an overall alteration in bone 

morphology (Frost 1990). 
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2.3.2. Bone Remodelling  

Bone remodelling is a process controlled primarily by cells (Parfitt 1987, 1994), whereby 

osteoclasts move along the bone surface to resorb any unwanted or damaged bone tissue while 

osteoblasts follow closely behind to fill in the resorption cavity with new bone. This 

coordination and harmonised partnership is known as the Basic Multi-cellular Unit (BMU), 

and it occurs in six successive phases: resting, activation, resorption, reversal, formation and 

mineralisation (Frost 1973; Cowin 1989), discussed further in Section 2.4. Bone mass and 

strength is preserved because this cellular activity is continuously active during bone 

physiology.  

2.3.3. Fracture Healing 

Bone fracture healing occurs when traumatic injuries or certain diseases lead to bone fractures, 

where repair is needed to restore the bone to its normal physiological shape. Fracture healing 

is a process to repair the site of damage and it is carried out through a synchronised activity of 

osteoprogenitor, chondroblast and osteoblast cells (McKibbin 1978; Einhorn 1998). Figure 2.5 

is an illustration of the fracture healing process, where damage and bleeding has occurred 

leading to recruitment of inflammatory cells, forming a hematoma. These cells begin to form 

a granulation tissue consisting of blood vessels with the invasion of immune cells, which engulf 

damaged and unwanted tissues and debris. This inflammatory phase usually lasts 3 – 7 days. 

The next stage is the reparative phase, which lasts for approximately one month, and is initiated 

by the differentiation of osteoprogenitor cells into osteoblasts or fibroblasts. Osteoblast cells 

are responsible for producing woven bone, which forms the periosteal and marrow callus to fill 

in the fracture space. Fibroblasts differentiate into chondrocytes and form the hyaline cartilage 

to create a fracture callus (Tsiridis, Upadhyay, and Giannoudis 2007). Woven bone inside the 

callus has a low mechanical stiffness compared to the surrounding native bone. The cross-

sectional area of the callus is therefore larger in order to compensate for the lower mechanical 
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stiffness. This woven bone is eventually remodelled to become lamellar bone with 

vascularisation, and the cartilage undergoes endochondral ossification. Over time, the callus 

will remain present under bone modelling and bone remodelling phases to shape the healed 

fracture site into its original geometry, strength and stiffness, which is dependent of the 

mechanical forces applied to the bone (McNamara 2011; Tsiridis, Upadhyay, and Giannoudis 

2007; McKibbin 1978). 

 

Figure 2.5: Schematic of the fracture healing process. A hematoma is formed, leading to 
recruitment of immune and blood cells, followed by formation of woven bone by osteoblast 
cells occurs and a callus is formed. Over time this callus is reshaped by bone remodelling  
(Betts et al. 2013).   

 

2.4. Bone Cells 

Bone cells make up the organic phase of bone, and there are different types of bone cells that 

have different roles in bone remodelling. Mesenchymal stem cells (MSCs) play an important 

role by differentiating into osteoprogenitor cells, which are precursors for osteoblast cells. 

Osteoblasts are responsible for bone formation (Aubin 2001; Cowin 2001), while osteoclasts 

resorb bone mineral (Watanabe, Yanagisawa, and Sasaki 1995). The fine balance between 

these two cells is a process called bone remodelling and they make up the Basic Multi-cellular 

unit (BMU), as seen in Figure 2.6. Osteoblasts mature into osteocytes to form the structure of 
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bone matrix. The coordination of each of these cell types in bone formation, resorption, and 

remodelling dictates the unique behaviour of bone as a material (McNamara 2011), as is 

described below. 

 
Figure 2.6: Basic Multi-cellular unit cell system, where osteoclast cells resorb bone and 
osteoblast cells fill in the area of resorption by laying down new bone (McNamara 2011). 

 

2.4.1. Mesenchymal Stem Cells and Osteoprogenitors 

Mesenchymal stem cells (MSCs) are nonspecialised cells that capable of differentiating into 

multiple pathways for tissue regeneration, and these pathways include osteogenesis, 

chondrogenesis, adipogenesis, and myogenesis. These cells play an important role during 

embryo development, and later in life they reside in the bone marrow, periosteum and 

endosteum, from where they may be recruited to initiate tissue regeneration. During bone 

remodelling, growth factors, cytokines, and mechanical stimuli induce MSCs to differentiate 

into osteoprogenitor cells that can thereafter commit to the chondrogenic or osteogenic 

pathway to form cartilage or bone cells, respectively (McNamara 2011). 

Bone marrow cells are important for bone healing, because MSCs and osteoprogenitors 

reside here, along with hematopoietic cells, adipocytes and immune cells, such as T cells and 
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macrophages. Bone healing is initiated when biochemical cues are sent to MSCs to induce 

differentiation into osteoprogenitors, leading to osteogenesis (Subbiah et al. 2015). MSCs are 

also influenced by mechanical cues, which are observed in a bone niche environment. When 

osteoprogenitors receive biochemical and mechanical cues, they differentiate into osteoblast 

cells (Okazaki et al. 2002), which are responsible for the production of bone by laying down 

bone matrix and minerals. Their main function is to produce new bone when micro-damage 

occurs or in the replacement of aged bone and repair fractures. They form new bone by 

secreting osteoid, which is an organic extracellular matrix composed of collagen type I (Aubin 

2001). Osteoid is formed by the presence of alkaline phosphatase (ALP), a glycoprotein 

enzyme found in the plasma membrane of osteoblasts in the early stages of mineralisation that 

removes inhibitor proteins for mineral deposition (Clarke 2008). ALP also provide an 

attachment site for mineral nucleation along the collagen fibrils, and it is vital for increasing 

local phosphate concentration (Cowin 2001). Known as an early marker for bone regeneration, 

production of ALP leads to an upregulation of osteocalcin (OCN), osteopontin (OPN) and bone 

sialoprotein (BSP) expression, which is deposited onto the bone matrix to be mineralised 

(Aubin 2001). During the process of new bone formation, osteoblasts become embedded in the 

bone matrix by surrounding themselves with minerals, and then mature into osteocytes, 

forming the matrix structure of bone. Osteoblasts that do not become osteocytes become bone 

lining cells, and they reside on the bone surface as quiescent osteoblasts (Mulcahy 2012; 

McNamara 2011). It is believed that bone lining cells act as a functional membrane on the bone 

surface, and they regulate exchange of fluids and ions to initiate bone resorption and 

remodelling, as well as playing an important role in the marrow stromal system (Miller et al. 

1989). 
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2.4.2. Osteocytes 

Osteocytes are the most abundant bone cell type, making up 90% of all cells in mature bone 

(Kato et al. 1997; Bonewald 2011). Representing the terminal differentiation of the osteogenic 

lineage, they are embedded within the bone matrix, where they are immobilised to play a 

structural role (Frost 1960a), as shown in Figure 2.7. When osteoblast cells terminally 

differentiate into osteocytes, their anabolic activity changes as well as losing much of their 

organelles. Here, osteoblast morphology changes from a cuboidal shape into a cell body with 

many dendritic processes that extend in an unorganised pattern towards nearby cells, the 

vascular space, and the bone surface (Bonewald 2011). Osteocytes produce bone matrix non-

collagenous proteins such as osteocalcin (OCN), osteopontin (OPN), and dentin matrix 1 

(DMP1), and they also produce hyaluronic acid (HA) and proteoglycans (Noonan et al. 1996; 

Noble 2008; Thompson et al. 2011). 

Osteocytes are believed to play a role as mechanosensors, where they sense their 

mechanical environment and communicate with their neighbours through a complex network 

of communication using their processes (Cowin, Weinbaum, and Zeng 1995; Bonewald 2002). 

These mechanosensors are important for monitoring bone remodelling throughout life, 

providing signals to nearby cells to initiate bone resorption and formation. The intricate balance 

of these two functions is monitored by osteocytes to adapt to altered mechanical demands or 

repair tissue caused by bone injury and fractures (McKibbin 1978; Einhorn 1998). Osteocytes 

express inhibitors of the Wnt pathway such as DKK1, sFRP1 and sclerostin, a negative 

regulator for bone formation (Bonewald 2011; Dallas, Prideaux, and Bonewald 2013; Prideaux, 

Findlay, and Atkins 2016). The Wnt pathway is known to regulate the differentiation of 

osteoblast cells from their early precursors (Bonewald and Johnson 2008). Receptor Activator 

Nuclear factor-kB Ligand (RANKL) from osteocytes is responsible for bone remodelling 



 

 26 

(Xiong et al. 2011; Xiong et al. 2015; Nakashima et al. 2011). This ligand binds to the RANK 

receptor on osteoclast precursors to induce osteoclastogenesis, as discussed below. 

 

 

Figure 2.7: TEM image of osteocyte in a lacunar-canalicular system using acrolein fixation 
method (McNamara et al. 2009). 

 

2.4.3. Osteoclasts 

Osteoclasts are multinucleated cells, derived from precursor stem cells of the macrophage 

lineage, known as bone marrow stromal cells of monocytes, and they reside in the 

hematopoietic bone marrow (You et al. 2001). They are commonly found in the small 

depressions called Howship’s lacunae during the resorption process (Watanabe, Yanagisawa, 

and Sasaki 1995; Udagawa et al. 1990). Their role is to resorb bone by digesting damaged and 
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aged bone during the physiological process of modelling and remodelling. Resorption takes 

place when bone lining cells begin to degrade osteoid and secrete growth factors for 

recruitment of pro-osteoclast cells and monocytes, which fuse together to form active, mature 

osteoclasts with multiple nuclei and a ruffled cell membrane border for attachment onto the 

bone surface. This ruffled border is essential for maximizing the release of hydrogen ions, 

which acidify and dissolve calcium and phosphate minerals in the bone matrix. The digested 

components of the matrix are then packaged into small vesicles and released into the 

extracellular fluid as waste products. Osteoclastogenesis begins with the secretion of pro-

osteoclastogenic factors, which include the Receptor Activator Nuclear factor-kB Ligand 

(RANKL), the macrophage colony-stimulating factor (MCSF), and osteoprotegerin (OPG). 

RANKL is a surface ligand on osteoblast and bone lining cells, and it binds to the RANK 

receptor on the surface of osteoclast precursor cells to induce the differentiation of mature 

multinucleated osteoclast cells. OPG is produced by osteoblasts as a soluble decoy receptor for 

RANKL to prevent osteoclast formation and bone resorption (McNamara 2011; Boyce and 

Xing 2008). The recruitment and differentiation of osteoclast cells is controlled by hormonal 

and growth factors (Cowin 2001) and these include oestrogen, vitamin D, and parathyroid 

hormone (PTH), bone morphogenetic protein 2 (BMP-2), transforming growth factor 𝛽 (TGF-

	𝛽), and calcitonin. These factors inhibit osteoclast differentiation and maturation (Cowin 2001; 

Filvaroff and Derynck 1998; Boyle, Simonet, and Lacey 2003).  

2.5. Cell Apoptosis and Necrosis 

There are two forms of cell death, necrosis and apoptosis, categorised according to the nature 

of their cellular death (Figure 2.8). Cell death by necrosis is a premature death and it is caused 

by an external factor, such as tissue exposure to poison, trauma, and infections. On the other 

hand, cell apoptosis is a programmed cell death, that commonly arises in cells that have reached 
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the end of their lifespan and are signalled to commit suicide, but also occurs under thermal 

stress conditions wherein temperatures elevation exceeds 47°C (Dolan et al. 2012; Dolan et al. 

2015; Dolan et al. 2016). 

 
Figure 2.8: Image of healthy, apoptotic, and necrotic cells showing morphological differences 
between each type of cell death (Noble 2003c). 

 

There are morphological differences between cells that are necrotic and apoptotic. Cells 

undergoing necrosis are characterised by passive cell swelling, deterioration of cell organelles 

and loss of internal homeostasis, whereby the cell membrane is lysed, as shown in Figure 2.8 

(Bonfoco et al. 1995; Wylie, Kerr, and Currie 1980; Noble 2003c). Figure 2.8 also shows 

apoptotic cells, which are characterised by cell shrinkage, retention of organelles, condensation 

and margination of the chromatin, changes in their nuclear membrane, protein fragmentation 

and cleavage of DNA (Noble 2003c; Wylie, Kerr, and Currie 1980; Hengartner 2000). Once 

these cellular contents have been disassembled, they are packaged into vesicles as apoptotic 

bodies with or without nuclear fragments. Specific membrane surface markers signal their 

removal by phagocytotic cells, such as macrophages, parenchymal cells and neoplastic cells, 

which degrade the cellular components (Hengartner 2000; Kogianni, Mann, and Noble 2008; 

Savill and Fadok 2000).  

Cell apoptosis is initiated either through an intrinsic or extrinsic pathway. The intrinsic 

pathway is a non-receptor mediated stimulus and involves intracellular cues, such as DNA 
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damage, to signal cell death. These intracellular cues create a knock on effect to supress death 

inhibitors, and thereby trigger apoptosis. Stimuli induce changes in the inner mitochondrial 

membrane to release two groups of normally sequestered pro-apoptotic proteins from the 

intermembrane space into the cytosol (Saelens et al. 2004). Cytochrome c and serine proteases 

HtrA2/Omi work to bind and activate Apaf-1 as well as procaspase 9 to form an apoptosome 

(Du et al. 2000; Garrido et al. 2006; Chinnaiyan 1999; Hill et al. 2004). The second group, 

AIF, endonuclease G and CAD are released from the mitochondria after the cell has committed 

to death. Their role is to cause DNA fragmentation and condensation of peripheral nuclear 

chromatin (Joza et al. 2001). The extrinsic pathway is initiated by external biochemical cues, 

such as ligands (TNF-𝛼/TNFR1, Apo3L/DR3, Apo2L/DR4, Apo2L/DR5) binding to the death 

receptors that are members of the tumour necrosis factor (TNF) receptor gene super family 

(Chicheportiche et al. 1997; Ashkenazi and Dixit 1998; Peter and Krammer 1998; Suliman et 

al. 2001; Rubio-Moscardo et al. 2005; Locksley, Killeen, and Lenardo 2001). Members of this 

family have a cytoplasmic domain called the death domain which, when bound, transmits a 

death signal from the cell surface to the intracellular signalling pathways (Ashkenazi and Dixit 

1998). Clustering of membrane-bound receptors and binding of trimeric homologous ligands 

leads to recruitment of cytoplasmic adapter proteins FADD and RIP (Wajant 2002; Hsu, Xiong, 

and Goeddel 1995), which is associated with procaspase-8 via dimerization of the death 

effector domain, resulting in auto-catalytic activation of procaspase-8 (Kischkel et al. 1995). 

The activation of either Caspase-8 or Caspase-9 leads to cleavage of Caspase-3, which is a 

marker for active apoptosis (Crowley and Waterhouse 2016). 

Thermal stress conditions initiate bone healing by inducing cells to express heat shock 

proteins and growth factors such as osteopontin (OPN) and osteocalcin (OCN) for bone 

remodelling (Chung and Rylander 2012). In this study MC3T3 cells were exposed to a slight 

elevation in temperature (44°C) for short durations of 10 minutes, and it was reported that 
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mRNA expression of OPN and OCN were higher at 8 hours and 24 hours after heat treatment, 

compared to control cells which were not exposed to heat treatment (Chung and Rylander 

2012). Another study assessed the remodelling signalling cascade in osteocyte-like (MLOY4) 

cells exposed to moderate temperature elevations (47°C) for 1 minute durations (Dolan et al. 

2015). In this study, cell apoptosis and necrosis were observed in the MLOY4 cells exposed to 

heat treatment at 47°C, and when these cells were co-cultured with control MLOY4 cells 

(37°C), higher expression of COX2, ALP and calcium were also observed (Dolan et al. 2015). 

Furthermore, an in vivo study conducted by the same author demonstrated thermally induced 

cell apoptosis in bone (rat tibia) exposed to a thermal probe at 47°C and 60°C for 1 minute 

duration, and cells in the vicinity of thermal damage had expressed an upregulation of 

osteogenic genes, COX2 and RANKL (Dolan et al. 2016). These studies confirm that thermally 

induced cell apoptosis can initiate a bone healing response in bone cells. In comparison to a 

controlled cell signalling response in cell apoptosis, the cellular membrane of necrotic cells are 

lysed whereby cellular content is released, and these contents contain pro-inflammatory signals 

which induce inflammation and a healing response (Majno, Lagattuta, and Thompson 1960). 

2.6. Surgical Cutting 

Cutting tools include the high speed bone mill (Figure 2.9A), which cuts by milling a large 

piece of autograft such as one from the iliac crest into morselised autograft bone for 

implantation  into small spaces, and the ultrasonic device (Figure 2.9B), which cuts by creating 

tiny vibrations on the tissue. Most cutting tools induce heat, especially high speed orthopaedic 

drills, oscillating saws, and round surgical burs, which are known to induce temperatures of 

more than 47°C on bone. The extent of tissue and cellular damage as a response to this 

temperature has been explored using orthopaedic drills. Different parameters affecting heat 

generation has been investigated in an effort to decrease temperature elevation and limit 
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osteonecrosis. The cellular response to thermal damage has also been explored by artificially 

inducing temperature, where heat treatment (>37°C) for short (< 10 minute) and long (>1 hour) 

durations were investigated (Dolan et al. 2015; Dolan et al. 2016; Eriksson and Albrektsson 

1983; Eriksson, Albrektsson, and Magnusson 1984; Eriksson and Albrektsson 1984; Norgaard, 

Kassem, and Rattan 2006).  

 
Figure 2.9: Cutting instruments A) bone mill process large bone into small autograft B) 
SONOPET ultrasonic cutting device that simultaneously cuts and removes waste tissue during 
surgery (Stryker). 

 

2.6.1. Heat Generation Caused by High Speed Cutting Tools 

Post-operative bone healing after bone resection is associated with the mechanical forces and 

temperature elevations generated by surgical cutting tools (Dolan et al. 2012; Karaca, Aksakal, 

and Kom 2011). High speed surgical instruments generate heat and create mechanical loading 

onto the bone during cutting. Temperature elevations have been reported for orthopaedic drills 

(Sener et al. 2009; Karaca, Aksakal, and Kom 2011; Saha, Pal, and Albright 1982; Davidson 

and James 2003; Matthews and Hirsch 1972b; Augustin G 2008; Matthes M 2018), where 

parameters such as spindle speed, feed rate, depth of drilling, cutting flute designs, and forces 

have been extensively studied (Karaca, Aksakal, and Kom 2011; Davidson and James 2003; 

Saha, Pal, and Albright 1982; Matthews and Hirsch 1972a). Temperature elevations are 
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influenced by cortical thickness depending on mineralisation distribution and porosity of the 

bone (Toews et al. 1999). For example, a surgical drill used on a canine femur with a cortical 

thickness of 3.5 mm created lower temperature (56 ± 1.5°C) compared to a human femur (89 

± 4.9°C), which has a cortical thickness of 6.5 mm (Eriksson, Albrektsson, and Albrektsson 

1984). Moreover, cortical bone experiences higher temperature elevations than trabecular 

bone, because bone mineral density is higher in cortical bone (Karaca, Aksakal, and Kom 

2011). Heat generation above 47°C causes osteonecrosis, and temperatures above this 

threshold have been quantified to occur during cutting with orthopaedic twist drills (Karaca, 

Aksakal, and Kom 2011) and surgical saws (Dolan, Vaughan, Niebur, Casey, et al. 2014). 

One study investigated the effect of feed rate and drill speed on osteonecrosis and 

temperature elevations (Karaca, Aksakal, and Kom 2011). They reported a high drill force 

(100N) led to lower temperature generation (57°C), compared to a force of 40N generating a 

temperature of 83°C on bovine tibia which was measured by a T-type thermocouple 0.5 mm 

away. They also reported lower temperature (<57°C) for lower bone densities (<2.051 g/cm3) 

when the force applied was 40N and 70N, where osteonecrosis was observed 150 µm away 

from the cut site when these lower temperatures were generated. Another study used 

experimental and computational methods to explore the influence of blade design and feed rate 

on temperature elevations (Dolan, Vaughan, Niebur, Casey, et al. 2014). It was reported that 

operating at a lower feed rate (50 mm/min vs. 150 mm/min) led to lower temperature 

generation (<53.78 ± 2.54°C measured by a thermal camera) (Dolan, Vaughan, Niebur, Casey, 

et al. 2014). A blade design with a unique centre region removed induced lower temperature 

elevations, when compared to a conventional solid blade (Dolan, Vaughan, Niebur, Casey, et 

al. 2014). This unique design also resulted in higher force of 20.14 ± 5.13N and 9.90 ± 1.22N, 

compared to 9.99 ± 0.51N and 4.85 ± 0.21N for feed rates, 150 mm/min and 50 mm/min 
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respectively. This corroborated other studies also reporting higher force leading to decreased 

temperature generation (Karaca, Aksakal, and Kom 2011; Matthews and Hirsch 1972a). 

Another high speed surgical cutting tool is a surgical round bur, which is used in spinal 

laminectomy and vertebrae resection during spinal fusion surgery. The design of the bur 

(diameter size, 2Flute, Multi-Flute) affects the viability of cells in the bone dust resected with 

these burs (Roth AA 2017). Temperature is also affected because of the contact surface 

between the cutting flutes and the bone tissue, which creates frictional heat during cutting 

(Davidson and James 2003). High frictional heat is dependent on the feed rate, which also 

increases with dull cutting flutes (Davidson and James 2003).  

2.6.2. Cellular Response to Thermal Damage 

It is well established that temperature above 47°C is detrimental to cells in vitro and in vivo 

(Eriksson, Albrektsson, and Magnusson 1984; Eriksson, Albrektsson, and Albrektsson 1984; 

Eriksson and Albrektsson 1984; Dolan et al. 2015; Dolan et al. 2016). However, a slight 

increase in temperature for short (30 seconds, 1 minute) and long (>1 hour) durations has been 

shown to enhance osteogenic response in bone cells, when compared to physiological 

temperature (37°C) (Chung and Rylander 2012; Norgaard, Kassem, and Rattan 2006; Dolan et 

al. 2012; Dolan et al. 2015; Dolan et al. 2016). In a study carried out by (Dolan et al. 2015) 

MLO-Y4 cells subjected to 47°C were necrotic and apoptotic compared to control cells (37°C) 

which had a healthy cell morphology. They reported an upregulation of COX2 (osteoblast 

differentiation marker) in co-culture of 37°C MLO-Y4 cells with heat treated MLO-Y4 cells 

(47°C for 1 minute) compared to control group (37°C MLO-Y4 with 37°C MLO-Y4 cells). 

Moreover, higher osteogenic expression (ALP activity and calcium deposition) were observed 

in co-culture of heat treated MLO-Y4 cells with BALB/c MSCs with no heat treatment, 

compared to control co-culture, which received no heat treatment. Cells underwent cell death 
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as a response to temperature elevation during heat treatment, but this response initiated an 

osteogenic response in MLO-Y4 cells and BALB/c MSCs (Dolan et al. 2015). In an in vivo 

study by the same author, the surface of tibiae of Sprague-Dawley rats were heat treated with 

47°C and 60°C for 1 minute duration with a thermo probe, which resulted in thermally induced 

apoptotic cells in the area where the thermo probe was used (Dolan et al. 2016). They also 

reported an upregulation in gene expression for bone healing (RANKL, OPG, COX2) in 

osteocyte-enriched segment of rat tibia after heat treatment to 47°C and 60°C for 1 minute. 

These studies suggest that a slight increase in temperature for short duration could have a 

beneficial effect on the regenerative capacity of bone resected with high speed cutting tools 

which induce heat generation. 

Thermally induced cellular apoptosis and necrosis are a response to thermal damage 

when cells are exposed to temperatures above 47°C (Dolan et al. 2012; Dolan et al. 2015; Dolan 

et al. 2016). The effect of heat on bone regeneration has been investigated using a bone growth 

chamber, which was implanted in rabbits (tibial metaphysis) to assess tissue growth after four 

weeks of recovery from heat exposure to 44°C, 47°C, and 50°C for 1 minute durations 

(Eriksson and Albrektsson 1984). In this in vivo study heat was induced by an electric heater 

attached to the top of a thermal glass chamber implanted into the rabbit tibia, where a 

thermocouple was embedded in the bone in the narrow canal side of the chamber. They 

reported a disturbance of regenerative capacity at a temperature of 47°C, whereby only blood 

clots were seen in bone subjected to 50°C, whereas bone ingrowth was observed in both the 

47°C and 44°C groups. In another study by the same author, rabbit femurs exposed to heat 

trauma (60°C for 1 minute) led to a permanent cessation of blood flow and bone tissue necrosis 

(empty lacunae), which showed no sign of repair following 100 days recovery (Eriksson, 

Albrektsson, and Magnusson 1984). They reported a 10 µm wide zone of empty osteocyte 

lacunae in their histological stains. Moreover, high speed cutting tools are known to generate 
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high temperatures (> 60°C), and some have been recorded to elicit temperatures higher than 

100°C using a thermal camera or thermocouple (Karaca, Aksakal, and Kom 2011; Dolan, 

Vaughan, Niebur, Casey, et al. 2014; Eriksson and Albrektsson 1984; Eriksson, Albrektsson, 

and Magnusson 1984; Xu et al. 2014; Matthes et al. 2018; Livingston et al. 2015; Hosono et 

al. 2009).  

2.6.3. Tissue and Thermal Damage Induced by Cutting with a High Speed Bur 

Cutting with high speed drills will induce tissue and thermal damage, where heat generated 

during cutting affect cell viability and osteogenic potential (Roth AA 2017; Ye et al. 2013; 

Eder et al. 2011; Kuttenberger, Polska, and Schaefer 2013; Karaca, Aksakal, and Kom 2011; 

Livingston et al. 2015; Sener et al. 2009). No study has been conducted on thermal damage 

induced by cutting with surgical burs. Bone dust autograft is used for spinal fusion surgeries, 

and it has been shown to contain viable cells that have osteogenic, osteo-inductive, and 

osteoconductive properties (Patel et al. 2009; Gao et al. 2018; Kuttenberger, Polska, and 

Schaefer 2013; Eder et al. 2011; Roth AA 2017). Previous studies only investigated viability 

and osteogenic potential of bone resected with surgical burs. They reported bone chips have 

more bone mineral and intact tissue structure for regeneration, compared to bone dust (Ye et 

al. 2013; Eder et al. 2011). Bone chips are harvested with rongeurs or Kerrisons, which 

resemble scissors. One study using bone dust from patients undergoing lumbar spinal surgery 

reported higher viability and mineralisation in laminectomy bone chips, because their lamellar 

structure is more intact (Eder et al. 2011). Another study reported higher resorption in human 

bone dust groups compared to human iliac bone chips, when ectopically implanted in rats (Ye 

et al. 2013). They also reported lower viability (MTT assay), less ALP activity, and higher 

TRAP staining in cells from bone dust groups, where tissue staining showed decrease in 

osteoblast cells compared to staining of bone chips groups (Eder et al. 2011). However, a 
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comparison between bone dust and bone chips is not a full assessment of the regenerative 

capacity of bone dust, because both were resected in different cutting temperature conditions. 

Bone dust are resected with a high speed cutting bur, which induces temperatures above 

47°C (Hosono et al. 2009; Shin and Yoon 2006), and it has been shown to have osteogenic 

potential (Kuttenberger, Polska, and Schaefer 2013; Roth AA 2017). One study compared bone 

dust resected with burs of different designs (6mm 2Flute, 6mm Multi-Flute, 4mm 2Flute, or 

4mm Multi-Flute). Mineralisation, assessed by Alizarin red staining, was not significant 

between all the bur groups, but a high concentration of positive osteoid could be observed 

around the edges of the bone dust (Roth AA 2017). Gene expression of osteoblast markers 

(ALP, COL1a, osteonectin) and osteocalcin were observed in all bone dust groups, as assessed 

by polymerase chain reaction (PCR). Bone dust size was quantified using haematoxylin and 

eosin (H&E) staining images, and they reported that the 6 mm 2Flute generated large bone dust  

(112,632 ± 14,216 µm2) and had a higher cell concentration (cells/µg bone) after two weeks in 

culture, when compared to bone dust prepared using a 6 mm Multi-Flute (66,637 ± 8,387 µm2) 

(Roth AA 2017). This was relevant because previous studies have shown that more bone 

structure remained intact where bone dust sizes were larger. However, thermal damage in the 

form of cell apoptosis and necrosis was not assessed in this study, and it is not known whether 

irrigation was used, which is another variable influencing heat generation and thermal damage 

during surgical cutting.  

It is difficult to separately assess osteogenic response of surgically cut bone induced by  

thermal and mechanical stress, because bone is simultaneously exposed to both stress factors 

during high speed cutting. Separate in vivo experiments using either thermal stimulation or 

mechanical stimulation need to be conducted side by side. Recently, a previous study has 

assessed the thermally induced osteogenic response in a rat tibia, whereby there was an increase 

in gene expression of COX2 (Dolan et al. 2016), which is an enzyme that promotes 
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osteoblastogenic differentiation by producing prostaglandins during bone repair (Zhang et al. 

2002). This study was conducted using thermal stimulation only under no mechanical stress, 

and so it was determined that thermal stress had led to cell apoptosis and an increase in 

osteogenic genes such as COX2, RANKL, and OPG (Dolan et al. 2016). No study has been 

conducted to assess the effects of mechanical stimulation representative of cutting on bone, 

and this assessment would add further knowledge on whether thermal or mechanical stress 

alone or simultaneously plays a crucial role on the osteogenic response in surgically cut bone. 

2.6.4.  High speed cutting in the presence of irrigation 

In order to minimise temperature elevation, high speed drills and sagittal saws are irrigated 

during cutting, and thus limiting thermally induced osteonecrosis. Studies have shown that 

irrigation during orthopaedic surgery significantly decrease temperature elevations compared 

to cutting with no irrigation, even below body temperature of 37°C (Livingston et al. 2015; 

Hosono et al. 2009; Sener et al. 2009). However, the effects of irrigation on the bone dust and 

the cut site during spinal surgery have not been investigated. Previous studies have only 

reported temperature data and not cell viability or mineralisation potential (Livingston et al. 

2015; Sener et al. 2009). One study measured the magnitude of temperature generated by 

cutting with surgical burs on sheep vertebrae using a thermal camera and thermocouple, 

comparing temperature elevation between dry cutting and cutting with continuous irrigation 

(Livingston et al. 2015). Temperature generated during cutting in the presence of irrigation was 

significantly lower than heat generated during dry cutting, where the thermal camera  recorded 

significantly higher temperatures (71.1±14.7°C dry, 43.3±6.25°C  irrigation) than the 

thermocouple (25±0.9°C dry, 22±1.9°C irrigation). Another study assessed temperature 

generated by cutting with an orthopaedic drill on 37°C bovine mandibles, using a thermocouple 

to measure temperature elevations and continuous irrigation at 10°C  and 25°C (Sener et al. 

2009). Cutting in the presence of irrigation, both 10°C and 25°C, significantly decreased 
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temperature elevation (<37°C) compared to cutting without irrigation (>37°C). They reported 

temperatures below physiological temperature, maintained using a water bath, but they did not 

further assess the cellular response as it would be influenced by irrigation temperature. Thus, 

there still remains a lack of knowledge in the regenerative response of bone subjected to cutting 

with irrigation. 

2.6.5. Autogenous bone grafting  

A large defect space where the fracture healing process cannot spontaneously take place is 

called a critical size defect (CSD). The gold standard treatment is to use an autogenous bone 

graft, which is resected from another location on the skeleton (usually from the iliac crest). 

This is the gold standard material because it contains the native growth factors and cells needed 

for bone repair. The size of the graft is dependent on the CSD. However, obtaining autograft 

creates donor site morbidity, which is painful for a patient. Autograft bone dust obtained from 

resection with surgical burs can be used as space filler in spinal fusion surgery such as lumbar 

interbody fusion, where a spinal cage is inserted into the intervertebral disc space with or 

without bone dust autograft material with the intention of bone fusion in the vertebra. This 

autograft material is collected during laminectomy surgery and can be re-introduced into 

patients to enhance bone healing at the resected site, which was discussed earlier in Section 

2.6.3. 

 Autograft bone chips (>4 x 105 µm3), which are harvested with a rongeur cutting tool, 

are not exposed to temperature elevations, because there is no frictional heat induction. On the 

other hand, bone dusts (<4 x 105 µm3) are harvested by bone resection with a high speed cutting 

bur, and their sizes are much smaller than bone chips, as seen in Figure 2.10. Cells in bone dust 

are exposed to temperature elevations above 47°C during high speed cutting, which induces 

thermal damage (Hosono et al. 2009). In comparison to bone chips, tissue integrity is not intact 

in bone dust, whereby osteocytes lose their lamellar structure, as seen in Figure 2.10 (Eder et 
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al. 2011). Bone dust are resected using surgical burs, which are designed to harvest autograft 

tissue to use as a filler. The design of the burs dictate the sizes of the bone dust, whereby a 

2Flute design create bigger size dust (112,632 ± 14,216 µm2) than a Multi-Flute design (66,637 

± 8,387 µm2) (Roth AA 2017). In this study, cell viability (Cell count) from bone dust resected 

with a 2Flute design bur was higher compared to cells from bone dust created by a Multi-Flute 

design (Roth AA 2017).  

 

 

Figure 2.10: Image of (a) bone chips and (b) bone dust that was stained with H&E, showing 
the different sizes. Image was taken from (Eder et al. 2011). 
 

As discussed in Section 2.4, bone cells such as MSCs, osteoprogenitors osteoclasts, and 

osteoblasts, reside in a mechanical environment, where they are exposed to various mechanical 

factors such as compression loading, perfusion, fluid flow shear stress, and tensional strains. 

These factors also influence cells in bone dust, because they are stimulated by the mechanical 
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factors, which has been shown in previous studies that assessed osteogenic potential of 

mechanically stimulated bone cells (Davies 2006; Sittichokechaiwut et al. 2010). During high 

speed cutting with surgical round burs, chattering occurs when resection of bone takes place. 

This chattering is caused when the cutting flute scrapes the bone, whereby each cutting flute 

induces a chattering compression motion onto the bone. The Multi-Flute design bur induces 

more frequency of chattering than the 2Flute design, because there are more cutting flutes. No 

study has been conducted to understand the influence of chattering on the osteogenic potential 

of bone dust resected with burs of a 2Flute and Multi-Flute design. 

2.7. Thermal Imaging and Thermocouple 

Two temperature measurement techniques were used in Chapters 3 and 4 of this Thesis; 

thermal imaging and a K-type thermocouple. These two instruments are used simultaneously 

to measure surface and dissipated temperatures induced by surgical cutting with a high speed 

cutting tool. The background theory in relation to these are provided here. 

Thermal imaging is used to detect invisible infrared energy. A thermal camera captures 

infrared images, in the form of electromagnetic waves, and converts this into a visual image 

through digital and analog video outputs (Fig. 2.10). The components of a thermal camera are 

a lens, thermal sensor, processing electronics, and a mechanical housing. The lens focuses the 

infrared energy onto the sensor, which can have different resolutions of 80 x 60 to 1280 x 1024 

pixels (FLIR).  

 



 

 41 

  
Figure 2.11: Images taken by a FLIR thermal camera where heat is detected by thermal 
radiation energy  (FLIR). 

 

Objects with temperatures above absolute zero will emit thermal radiation, and as 

temperature increases more thermal radiation is created. Emission of heat is caused by changes 

in the electron configurations of constituent atoms or molecules, where energy of the radiation 

is transported by electromagnetic waves. The Stefan-Boltzmann law describes the radiated 

power emitted from a black body in terms of temperature (Moran et al. 2003), and the equation 

is  

                                     Eb = 𝜎 Ts4                                                       (2.1) 

Where: 

Eb = emissivity power,  

Ts = absolute temperature (K) of the surface,  

𝜎 = Stefan-Boltzmann constant (𝜎 = 5.67 X 10-8W/m2∙K4).  

 



 

 42 

A blackbody is an ideal radiator, where a real surface is less than that of a blackbody at the 

same temperature and is given by  

Eb = 𝜀𝜎 Ts4                                                       (2.2) 

Where: 

Eb = emissivity power 

𝜀 = the emissivity, known as the radiative property of the surface 

𝜎 = the Stefan-Boltzmann constant  

Ts = absolute temperature (K) of the surface  

  

The radiation exchange rate quantifies the difference between internal energy that is released 

due to radiation emission and the energy that is gained from radiation absorption, and this is 

calculated by:  

q” = 𝜀𝜎(Ts4 - Tsur4)                                      (2.3) 

Where: 

q” = the radiation incident on a unit area of the surface (W/m2),  

𝜀 = emissivity,  

𝜎 = the Stefan-Boltzmann constant  

A thermal camera is a good instrument to measure heat generation on the surface bone, but it 

does not measure temperature elevation inside the bone. 

A thermocouple can be used to measure temperature inside an object by embedding the 

thermocouple inside the object at specific locations (Fig. 2.11). There are different types of 

thermocouples (J, K, T, etc.) depending on the metals that are used in the wiring. Figure 2.12 

is a schematic of a thermocouple, which is joined together by two dissimilar metals. For 
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example, a K-type thermocouple is joined by an aluminum wire and a chromium wire. This 

junction joined by the two metal wires is called the measurement junction, and the junctions 

where the metals are not joined is called the reference junction. The temperature at the 

reference junction must be known in order to measure absolute temperature at the measurement 

junction, which is embedded in the object of interest (Corporation ; Duff and Towey 2010).  

 

 
Figure 2.12: Thermocouple embedded in bovine mandible at different locations to measure 
temperature elevations at different drill depths. Image taken from (Sener et al. 2009). 

 

 
Figure 2.13: Schematic of thermocouple, which is joined together by two metal wirings that 
are dissimilar. Accuracy of the absolute temperature recorded at the measurement junction is 
dependent on the voltage generated at the reference junction. Image taken from (Duff and 
Towey 2010). 
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The accuracy of measuring absolute temperature is dependent on measuring the temperature at 

the reference junction. To do this, a reference-junction compensation technique is used, 

whereby another temperature sensitive device (thermistor, diode or resistance temperature-

detectors) is used. The voltage reading at the measurement junction is compensated by this 

reference reading (Duff and Towey 2010). This reference-junction compensation is based on 

the relationship: 

∆V = V @ J1 – V @ J2                                                                   (2.4) 

where: 

∆V = thermocouple output voltage 

V @ J1 = voltage generated at measurement junction (thermocouple) 

V @ J2 = voltage generated at reference junction 

 

 There are limitations in using a thermocouple for measuring temperature in bone, 

because a hole needs to be drilled for embedding the couple inside the bone. Using a high speed 

drill to create a hole could also change the tissue properties in the hole area that is being 

measured. For example, if copious irrigation is not used during the drilling process, bone could 

burn and create excessive necrotic tissue. Also, the tissue properties of thawed bone changes if 

it is frozen to be used later in the experiment. These changes in tissue properties affect the heat 

dissipation that is being measured by the thermocouple. Another limitation is the space created 

between the thermocouple and bone tissue during embedment. This is often resolved using 

thermal paste, which has similar properties to bone. 
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2.8. Mechanobiology  

Cells residing in bone tissue are in a mechanical environment in vivo, where forces such as 

torsional, compression and tensional forces are exerted on them. In bone, these forces induce 

tissue repair, regeneration and remodelling, which is modulated by a biophysical stimulation 

(Chao and Inoue 2003). These forces also induce mechanical stimulation at the cellular level, 

such as hydrostatic pressure, direct cell strain, electrical fields and fluid-flow shear stress (Rauh 

et al. 2011). Bone dust experience mechanical loading conditions when they are re-introduced 

into patients at a site of implantation where a mechanical environment exists but the role of 

biophysical stimulation on bone dust is not well understood. 

2.8.1. In vitro bioreactors 

Many bioreactors have been designed to replicate the in vivo mechanical environment of bone 

(Freeman et al. 2017; Campbell, Lee, and Bader 2006; Davies et al. 2006). For bone tissue 

engineering applications, they can be used to expand a population of cells on a scaffold 

construct and/or provide a controlled environment for tissue formation (Sladkova and de Peppo 

2014). There are many types of bioreactors used to represent an in vivo microenvironment, and 

some of these are explained below. The dynamic properties of cell culture and cell-cell 

interactions are difficult to control in vitro, with organ cultures deemed a suitable solution. 

However organ cultures have a short lifespan, because the centre of the organ undergoes 

necrosis if there is insufficient nutrient flow through the organ (Gantenbein et al. 2015; Walter 

et al. 2014). Perfusion bioreactors are designed to solve this problem by creating a flow of 

media with nutrients through the organ or scaffold, ensuring every organ surface gets the 

required nutrients. Due to the flow of liquid across the cell surface, perfusion bioreactors create 

a fluid flow shear stress as a mechanical stimulus. Some examples are spinner flasks, rotating 

wall vessels and perfusion bioreactors (Gaspar, Gomide, and Monteiro 2012). The spinner flask 
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is a stirred tank bioreactor, where there is a rotating stir bar to keep the movement of media 

flowing constantly over the cells (Vunjak-Novakovic et al. 1998; Kim et al. 1998). The rotating 

wall bioreactor was developed by NASA to provide upward hydrodynamic drag force that 

would balance with downward gravitational force (Schwarz, Goodwin, and Wolf 1992). 

A limitation to many tissue culture studies is the lack of controlled physical loading which 

is normally seen in vivo. This physical loading is important for bone remodelling, because it 

aids in extracellular matrix formation (Sittichokechaiwut et al. 2010). A study has shown that 

compressive loading upregulates ALP activity and bone transcription factor, RunX2/cbfa in 

MSCs (Liu et al. 2009). Moreover, MSCs experience secondary effects caused by scaffold 

compression (Sittichokechaiwut et al. 2010; Delaine-Smith and Reilly 2011). Dynamic 

compression bioreactors were designed to allow for direct compressive strain on bone 

constructs. An example of this bioreactor system was used by (Sittichokechaiwut et al. 2010), 

which consisted of a BioDynamicTM chamber mounted on a ELF3200 mechanical testing 

machine (ElectroForce System Group, Bose, USA). This bioreactor was capable of applying a 

compressive strain of 5% at 1 Hz to polyurethane scaffolds (Sittichokechaiwut et al. 2010). 

They reported an upregulation of genes associated with bone matrix formation (ALP, COL1) 

and mineralisation in human bone marrow cells seeded on a polyurethane foam scaffold 

(Sittichokechaiwut et al. 2010). Just 2 hours of compressive loading (BioDynamicTM) every 5 

days was enough to induce osteogenic differentiation and increase calcium deposition by 50% 

(Sittichokechaiwut et al. 2010). Another example of a compression bioreactor is the Zetos 

system, as seen in Figure 2.13, which was able to mechanically stimulate by compression and 

perfusion simultaneously (Davies et al. 2006). Human trabecular cores were cultured in this 

bioreactor system, whereby dead cells were observed on the bone surface of all samples, with 

live cells observed inside the cores using a Live/Dead stain for viability assessment. They also 

reported that the centre of human bone cores contained calcified trabecular matrix, with 
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adipocytes and haemopoietic cells, assessed via Giemsa, Toluidine blue and Masson tissue 

staining (Davies et al. 2006).  

 
Figure 2.14: The Zetos system, which is a bioreactor with the ability to mechanically stimulate 
by compression and perfusion. Image taken from (Davies et al. 2006). 

 

2.9. Summary 

This Chapter has presented an overview of bone structure, composition, and the roles of 

specific bone cells in the function of bone modelling and remodelling. Bone is an adaptable 

material capable of regenerating in response to fracture damage. This adaptability is important 

in maintaining the structure of bone by responding to mechanical loading cues. Osteocytes 

residing in the area of damage orchestrate the healing response by bone forming osteoblast and 

bone resorbing osteoclast cells. The studies referenced in this Chapter discuss cell apoptosis 

and necrosis, specifically the response to thermal and mechanical damage induced by high 

speed surgical cutting tools such as orthopaedic drills. Moreover, the theoretical bases of the 

experimental techniques used in this thesis are presented in this Chapter. Many studies have 
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measured temperature elevations during high speed cutting in order to understand the different 

parameters affecting heat generation. In vitro and in vivo studies have investigated the 

influence of heat generation on bone cell’s response to thermal damage, by artificially inducing 

temperature elevations above physiological temperature. However, no study has investigated 

the heat shock response of bone to heat generation induced by high speed cutting with surgical 

burs or the role of irrigation in influencing these biological processes. 

 To address the lack of knowledge of cellular response to surgical cutting with surgical 

burs, Chapter 3 of this Thesis investigates surface and dissipated temperatures generated by 

surgical burs of two designs (2Flute, Multi-Flute), and then the regenerative capacity of ex-

vivo bone as a response to cutting with these burs under no irrigation were also assessed, using 

temperature measurement tools and biochemical assays. Chapter 4 compares the osteogenic 

potential of ex-vivo bone surgically cut in the presence of different irrigation approaches used 

in surgery (manual vs continuous), using similar experimental methods to Chapter 3. In 

Chapter 5, the role of a mechanical environment on the osteogenic potential of autograft bone 

dust is investigated, using an in vitro compression bioreactor to mimic in vivo mechanical 

stimulation and conducting experimental studies to assess osteogenic response ex-vivo, which 

includes micro-CT analysis to quantify long-term mineralisation in bone dust autograft 

constructs. 
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Chapter 3 : Temperature elevations during 
high speed cutting occur for short durations 
and enhance ex-vivo osteogenesis, which is 

associated with thermal damage 
 

3.1. Introduction 
Bone resection using surgical cutting tools is required to gain access to specific skeletal sites 

or harvest autograft tissue for tympanomastoidectomy (Roth AA 2017), spinal fusion (Perez-

Cruet M 2013) or acetabular revision (Schreurs et al. 2004). Post-operative bone healing at the 

resected surgical surface itself is affected by many factors, in particular elevated temperatures 

arising from high speed cutting. It has long been proposed that 47°C is the cell death threshold 

(Karaca, Aksakal, and Kom 2011; Dolan, Vaughan, Niebur, Casey, et al. 2014; Matthes et al. 

2018; Livingston et al. 2015). Using a thermal camera for measurement, high speed cutting 

tools have been shown to generate temperatures higher than 80°C (Xu et al. 2014; Matthes et 

al. 2018; Livingston et al. 2015; Hosono et al. 2009). One study reported heat generation 

(88.4°C to 249.7°C) measured by a thermal FLIR camera in the spine of patients undergoing 

bony decompression surgery using a high speed diamond bur (for 2.4 - 12.7 minutes) with 

manual irrigation (Matthes et al. 2018). However, the duration of exposure to such extreme 

temperatures, the extent of the tissue volume exposed to these temperatures, and the cooling 

rate are not yet understood.  

The effects of surgical cutting and irrigation on temperature generation has been 

assessed using histological staining to observe bone healing at the cut surface (Emmett R. 

Costich 1964; Saha, Pal, and Albright 1982; Augustin G 2008; Karaca, Aksakal, and Kom 

2011; Isler et al. 2011; Xu et al. 2014). A previous study, using a twist drill to create holes in 

human cadaveric cortical bone, reported a link between drill cutting force (2 to 12 Kg of force) 
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and temperature elevations (50°C to 80°C), measured by a thermocouple 0.5 mm away 

(Matthews and Hirsch 1972b). A later study investigated temperature generation during 

orthopaedic drilling of bovine tibia using a thermocouple (embedded 0.5 mm from the cut 

area), and quantified the influence of drilling parameters (force, speed, feed rate) and bone 

mineral density on temperature elevations, which were related to osteocyte density (a measure 

of tissue necrosis) by histological staining (Karaca, Aksakal, and Kom 2011). It was reported 

that lower drill force (40 N) and higher bone density (>2 g/cm2) resulted in high temperatures 

(60°C - 79°C), which also lead to lower osteocyte density at the drill site. Low to moderate 

temperature elevations (35°C - 52°C) were also measured using a thermocouple when lower 

drill speed (800 rpm) and higher feed rate (70 mm/min) was used for cutting, however, there 

were damages to tissue integrity (Karaca, Aksakal, and Kom 2011). However, staining for 

necrosis using H&E is limited because it offers no information on the cellular osteogenic 

response in resected bone during recovery days. The regenerative potential of the cells at the 

cut surface prepared by surgical burs has never been investigated in ex vivo bone. 

 High speed surgical burs are used to harvest autologous bone dust from locations such 

as the spine, and this bone dust is commonly re-introduced to enhance bone regeneration at a 

surgically resected site. Bone dust, also known as bone shavings and bone paté, is an autograft 

material commonly implanted in bone spaces to enhance the formation of new bone, and in the 

spine can encourage fusion of two or more vertebrae (Perez-Cruet M 2013; Matsumoto et al. 

1998). The osteogenic potential of human bone dust has been investigated from tissue resected 

during spinal or orthodontic surgery (Eder et al. 2011; Ye et al. 2013; Roth AA 2017). Bone 

chips, collected by rongeur, and shavings, generated using a high speed drill under irrigation, 

from patients undergoing laminectomy were compared (Eder et al. 2011). It was reported that 

both chips and shavings had osteogenic potential, as assessed by Alizarin red staining on day 

21, but that bone chips demonstrated higher viability (Eder et al. 2011). A later study compared 



 

 51 

bone chips harvested from the iliac crest to bone dust (spine) created by different bur diameter 

sizes (3 mm, 4 mm, 5 mm), and it was reported that bone chips had significantly higher cell 

viability and mineralisation, assessed by Alizarin red staining on recovery day 21 (Ye et al. 

2013). A more recent study comparing different design burs (2Flute, Multi-Flute) reported a 

higher cell count after 21 days of recovery following cutting with a 2Flute, compared to the 

Multi-Flute (Roth AA 2017). These studies did not characterise temperature elevation, but 

speculated that low viability in the bone dust groups was accredited to high temperature 

(>47°C) generated by the high speed bur. However, in order to fully understand the influence 

of heat generation on osteogenic potential of bone dust, the temperature created by surgical 

burs needs to be characterised.  

In vitro studies have investigated the influence of moderate temperature elevations 

(44°C - 60°C), representative of cutting with an orthopaedic twist drill (Karaca, Aksakal, and 

Kom 2011), for short durations (30 seconds, 1 minute) on bone cell viability (Dolan et al. 2012; 

Dolan et al. 2015; Dolan et al. 2016; Chung and Rylander 2012; Eriksson and Albrektsson 

1983; Eriksson and Albrektsson 1984; Eriksson, Albrektsson, and Magnusson 1984). It was 

reported that in vitro cellular responses, such as apoptosis, paracrine signalling for 

osteoclastogenesis and regeneration were higher in heat treated cells compared to control 

(37ºC) (Dolan et al. 2015; Dolan et al. 2016). Interestingly, it was reported that Balb/c MSCs 

and osteoblast-like cells exposed to severe heat-shock (60ºC for 30 seconds and 1 minute) 

underwent apoptosis but also stimulated an osteogenic mineralisation response by day 14 

(Dolan et al. 2012). Moreover, in vivo rat tibia exposed to temperatures of 47ºC and 60ºC for 

1 minute durations upregulated osteoblastogenic genes (receptor activator of nuclear factor 

kappa B ligand, osteoprotegrin, COX2, vascular endothelial growth factor) (Dolan et al. 2016). 

Interestingly, in the heat treated tibia, apoptotic cells were observed along the thermal damage 

boundary, and it was proposed that thermally induced osteocyte damage can initiate an 
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osteogenic healing response (Dolan et al. 2016). These studies investigated 30 second and 1 

minute durations in an attempt to reflect the usage time of cutting tools, which is not always 

consistent between surgical procedures or even between surgeons. However, the precise 

durations of temperature elevation during high speed cutting have not been fully characterised. 

Cellular response to thermal damage has been only investigated using moderate and artificial 

(not using cutting tool) temperature (Dolan et al. 2012; Dolan et al. 2015; Dolan et al. 2016; 

Dolan, Vaughan, Niebur, Casey, et al. 2014; Dolan, Vaughan, Niebur, Tallon, et al. 2014; 

Chung and Rylander 2012; Eriksson and Albrektsson 1983; Eriksson 1984; Eriksson and 

Albrektsson 1984; Eriksson, Albrektsson, and Magnusson 1984). Therefore, an advanced 

understanding of the effect of severe temperature elevations, arising during surgical cutting, on 

tissue damage and cellular response in surgically cut bone is required. Moreover, heat 

generation during cutting with a surgical bur have not been fully characterised to understand 

the bur’s influence on osteogenic potential in thermally damaged tissue (bone dust and cut 

surface). 

In this Chapter, the hypotheses that (1) “A Multi-Flute surgical cutting tool bur 

generates higher temperature at the superficial surface than a 2Flute bur design” and (2) “Bone 

surfaces and autograft dust exposed to temperature elevations induced by high speed cutting 

undergo cell apoptosis, which enhances the osteogenic response ex-vivo” were tested. The first 

specific objective of the study was to measure the surface and dissipated temperature elevations 

in surgically cut bone using high speed surgical burs with a FLIR camera and a K-type 

thermocouple. The duration of exposure of the bone surface to elevated temperatures, the 

cooling rate, and the extent of tissue volume damage were quantified. No irrigation was used 

during cutting in order to achieve and investigate high temperatures, but these are higher than 

those expected when they are used with irrigation, which is recommended in order to minimise 

temperature elevation. The second objective of this study was to investigate the role of this 
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heat generation for dictating the cellular thermal damage after 24 hours of recovery and the 

osteogenic capacity of autologous bone dust and the cut surface during 20 days of recovery, 

using ex-vivo cell culture techniques and biochemical assays. 

3.2. Materials and Methods 

3.2.1. Bone harvesting  

Bone samples for cell culture and biochemical assays were harvested from the metatarsal and 

cervical vertebra of recently sacrificed cattle (Local abattoir, Athenry). Bovine femur and 

scapula was used for temperature analysis (Local abattoir in Middleton, Cork). The extractable 

protein and hydroxyproline content of bovine bone is similar to human (Aerssens et al. 1998) 

and has been used for previous temperature measurement studies (Saha, Pal, and Albright 

1982; Karaca, Aksakal, and Kom 2011; Sener et al. 2009; Gehrke et al. 2016). For ex-vivo 

culture studies bone was transported within 1 hour of sacrifice on ice. Within 1 hour of arrival 

to the lab, all excess soft tissues, except for the periosteal membrane, were removed. To ensure 

sterility, the bone was generously sprayed with 70% ethanol before immediately transferring 

the tissue into a laminar flow hood for cutting. 

3.2.2. Surgical Cutting 

Surgical cutting on femur, scapula, metatarsal and vertebra (all bovine) were conducted using 

either a 2Flute or Multi-Flute bur (Stryker Innovation Centre, Cork) attached to a high speed 

pi drill (Stryker Innovation Centre, Cork) at a rotation speed of 75000 rev/min using a 

clockwise hand motion (Figure 3.1a and b). Cutting with surgical burs were conducted 

according to manufacturer’s manual, whereby the bur was angled at 45° to the bone. All bones 

were at room temperature when cutting took place. No irrigation technique was used, therefore, 

the bone dust generated had a powder form (Figure 3.1c). Bone dust was collected in a gamma 

irradiated plastic bag and transferred into a 50 mL falcon tube then washed three times with 
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calcium free phosphate buffered saline (PBS, Sigma). Afterwards, to handle the bone dust, 6 

laboratory spoons of it were transferred into a T75 culture flask and incubated in 37°C, 5% 

CO2.  

 
Figure 3.1: (a) Set up of surgical cutting with a high speed pi drill, using (b) 2Flute and Multi-
Flute bur designs. (c) Bone dust resected with surgical burs have a powder form when no 
irrigation is used. The design of burs (2Flute, Multi-Flute) also determines the size of a single 
bone dust particle. 

 

The cut surfaces were further processed to create bone cores (10 mm x 10 mm x 5 mm) for 

ex-vivo cell culture. Cores with no cut site were also prepared and used as a control. Both 

samples were immediately placed in cell culture media at 37°C, 5% CO2 for the ex-vivo cell 

culture experiments, described in detail below. 

3.2.3. Surface Temperature determined by FLIR camera 

Temperatures generated on the surface of femur and scapula (Fig 3.2a) during cutting with 

surgical burs was determined using a Forward-looking Infrared Radiometer (FLIR, FLIR 

T440) thermal camera. The FLIR camera imaged at a frame rate of 7.5 frames/second, and the 

thermal emissivity of bone was determined as 0.95 (Feldmann 2016). The Ar1 setting was used 

to gather temperature on the cut surface. This setting provides temperature measurement in a 

wide field of view where a square (120 pixels x 120 pixels) dictates the area for the camera to 

measure surface temperature (Fig 3.2b). Temperature data was analysed to determine (1) the 
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relative surface temperature during surgical cutting. The bone temperature reading was taken 

in a location close to the intended cut surface prior to cutting, using the FLIR camera, and this 

reading was used to quantify the relative increase in temperature from the initial temperature 

of the bone before cutting. (2) The duration of relative temperature elevation above 80°C, and 

(3) the cooling rate was also analysed using the FLIR data. The Sp1 setting was also used to 

determine surface temperature at one location during 60 seconds of cutting (Fig 3.2b) to further 

investigate exposure time to high temperature increase at one specific location on the bone. 

Furthermore, heated cut surface and total cut surface was quantified using ImageJ and used to 

calculate percentage of heated cut surface area.  

  
Figure 3.2: Picture showing the cut surface of (a, left) cortical and (a, right) cortico-cancellous 
bone. FLIR camera image of surgical cutting using a (b, left) 2Flute and (b, right) Multi-Flute 
bur. Dashed square indicates where temperature was measured for Ar1 setting, while dashed 
circle (Sp1) shows local temperature measurement for one specific location. The thermocouple 
location is indicated (white arrow). (c) The smallest bone space not cut (yellow line) between 
the thermocouple (* inner dashed circle) and the edge of the cut surface (outer dashed circle) 
is the (d) thermocouple distance.  

 

Couple Distance

2Flute Multi-Flute 2Flute Multi-Flute
0.00

0.05

0.10

0.15

Di
st

an
ce

 (m
m

)

Femur Scapula

Thermocouple Distance

Femur Scapulaa

b d

c

2Flute

Bone

Thermocouple

Ar1

Sp1

Thermocouple
Bone space 

not cut

*

Cut Surface



 

 56 

3.2.4. Dissipated Temperature determined by Thermocouple 

Dissipated temperature, which is heat dissipation within the bone to the thermocouple, was 

measured using a K-type thermocouple (Agilent) embedded in the bone, at the centre of the 

intended cutting area. Using a 𝜋drill with a 1 mm router attachment (both Stryker), a hole was 

drilled into the bone before embedding the thermocouple, and thermal paste (Sigma) was used 

to fill in the spaces between the thermocouple and the bone. Cutting took place around this 

thermocouple, while the FLIR camera was pointed at the cut site. The space between the 

thermocouple and the cut surface (thermocouple distance) ranged between 40 µm and 131 µm 

(Fig 3.2c and d). Thermocouple data was extracted from the data logger and analysed to 

determine the absolute maximum temperature and relative temperature (normalised to the 

initial bone temperature). For all temperature analyses, cutting was repeated 3 times with 3 

technical replicates for each condition, and the duration of cutting was 60 seconds. Data are 

expressed as mean ± standard deviation. 

3.2.5. Thermal damage determination at the cut surface 

Bone tissue necrosis and cell death arising within 24 hours of cutting were determined using 

histological staining techniques. A hematoxylin and eosin staining (H&E, Sigma) was used. 

Hematoxylin stains for DNA, indicating the presence of cells. On the other hand, eosin stains 

non-specifically for proteins, showing tissue in different shades of pink. Necrotic bone tissue 

was identified as lacunae that were empty of osteocytes.  

To determine cell death, an antibody for cleaved caspase 3 (Cell Signalling) was used. Pro-

caspase 3 is cleaved to activate the cell apoptosis pathway (extrinsic and intrinsic), where cell 

morphology changes, and blebbing occurs due to lysed cellular and nuclear membrane, 

releasing cellular content. On day 1 of recovery, cut surface samples were fixed with 4% 

paraformaldehyde (PFA) and then decalcified in 10% w/v ethylenediaminetetraacetic acid 
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(EDTA, Sigma) and processed in an automated tissue processor (Leica) overnight, embedded 

in paraffin wax and sectioned at 4 µm using a microtome (Leica). Sectioned samples were 

mounted on a glass slide and dewaxed overnight in an oven at 60°C before staining with either 

H&E or cleaved caspase 3. 

Deparaffinised sections of the cut surface were stained with H&E ready to use solutions 

as described previously (Kuttenberger, Polska, and Schaefer 2013). Briefly, samples were 

dewaxed in xylene and rehydrated in graded ethanol. After staining with H&E, slides were 

mounted in distyrene plasticiser xylene (DPX mountant for histology, Sigma) for imaging. 

Imaging was carried out using an upright microscope BX 43 (Olympus) at 20x magnification. 

Immunostaining was carried out according to a previous protocol (Dolan et al. 2016). 

Briefly, samples were blocked for 30 minutes with 1% bovine serum albumin (BSA, Sigma) 

to prevent non-specific binding, and then incubated overnight with cleaved caspase 3 antibody 

(Cell Signalling) at a concentration of 1:100. The following day, samples were washed with 

BSA and stained with Alexa Fluor 488 (ThermoFisher) at a dilution of 1:700 for 1 hour at room 

temperature in the dark. Samples were then counterstained with mounting media containing 

4’,6-diamidino-2-phenylindole (DAPI, Sigma), and imaged on a confocal laser scanning 

microscope (Olympus Fluoview 100 system) with 40x magnification. 

3.2.6. Ex-vivo cell culture  

Bone dust and the cut surface samples were cultured in T75 flasks with Dulbecco Modified 

Eagle Medium Glutamax (Biosciences) and Hyclone Nutrient Ham’s/F12 (ThermoFisher) 

(DMEM/F12 1:1 ratio) media supplemented with 10% foetal bovine serum (FBS, Sigma), 2% 

antimycotic antibiotic streptomycin solution (Sigma) and osteogenic supplements; 50 µM 

ascorbic acid, 1% w/v Dexamethasone and 20 mM β-Glycerol phosphate (all from Sigma). 

Media was changed twice per week, or two days before collecting media for extracellular ALP 
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activity. Time points for metabolic activity and extracellular alkaline phosphatase (ALP) 

activity were at 5, 10, 15, and 20 days recovery. Calcium was quantified on days 10, 15, and 

20 of recovery. All ex-vivo culture experiments were repeated 3 times with 3 replicates. 

3.2.7. Metabolic Activity  

Metabolic activity of the cells in bone dust and the cut surface was assessed using an Alamar 

Blue assay (Bioscience, DAL 1100) to measure metabolic activity of cells through glycolysis. 

Briefly, bone dust and the cut surface groups were washed three times with calcium free 

phosphate buffered saline (PBS, Sigma). Then samples were incubated in 10% Alamar Blue 

with media for 4 hours in 37°C, 5% CO2. Afterwards, absorbance values were measured at 570 

nm and 600 nm using a microplate reader (BioTek Synergy HT) and calculated for Alamar 

Blue reduction, which was normalised to weight and expressed as mean ± standard deviation. 

3.2.8. Osteogenic Capacity  

Osteogenic capacity was determined using an alkaline phosphatase (ALP) assay and alizarin 

red staining. ALP activity is an early marker for mineralisation and indicates differentiation 

down the osteoblast lineage. An ALP assay is commonly used to quantify ALP content, using 

a calorimetric test for p-nitrophenyl phosphate (p-NPP) as a phosphate substrate. Extracellular 

ALP activity for bone dust, the cut surface and controls were determined using a modified 

protocol described previously (Dolan et al. 2012). Briefly, spent media was taken from all 

groups on specific recovery days and stored in -20ºC until use. A 40 µl sample of spent media 

was added to 40 µl of deionized water (ddH2O) in a 96-well plate, to which 50 µl of 5 mM p-

NPP (Sigmafast, Sigma) solution was added and incubated for 1 hour at room temperature. An 

absorbance value was measured at 405 nm using a microplate reader (BioTek Synergy HT). 

Using a standard curve of 0-80 nM of p-NPP content, ALP activity was calculated as units (U), 

then normalised to weight and reported as mean ± standard deviation in units per gram (U/g).  
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Mineralisation was quantified on specific recovery days as described in cell culture and 

using Alizarin Red S (AR, Sigma). AR binds to mineralised matrix, where 1 mole of alizarin 

red binds to 2 moles of calcium. Bounded AR creates an AR-calcium complex, which can be 

quantified by de-staining with cetylpyridinuim chloride (CpCl, Sigma). Quantification was 

carried out according to previous protocols (Dolan et al. 2012). Briefly, bone dust was washed 

five times with PBS, and then fixed with 4% PFA until use. After fixing bone dust, samples 

were washed 3 times with distilled water (ddH2O), then incubated in 40 mM AR solution at 

room temperature for 50 minutes in an orbital shaker (350 rev/min). After incubation, bone 

dust groups were washed with ddH2O until liquid was clear, which indicates that all unbound 

AR was removed. To quantify calcium, bound AR was de-stained by adding 10% w/v CpCl 

solution to each sample then incubated on an orbital shaker at 350 rev/min for 50 minutes at 

room temperature. Absorbance was measured in triplicates at 562 nm. Using a standard curve 

from 0-4 mM AR, calcium content was calculated, normalised to weight of bone dust, and 

reported as mean ± standard deviation in mM/g. 

3.2.9. Live/Dead stain on the cut surface 

Cell viability in the cut surface was analysed on day 44 of recovery, using a Live/Dead 

fluorescent staining. Live cells break down calcein AM (Sigma), which is then able to bind to 

the cellular membrane and is observed as green. Dead cells have a lysed membrane, therefore, 

ethidium homodimer-1 (Sigma) is able to penetrate through the cell’s membrane and stain parts 

of the nucleus. Live/Dead assay was carried out according to a previous protocol with 

modifications (F.A. Saleh 2011). Briefly, the cut surface and control samples were washed 3 

times in PBS for ten minute duration washes, and then incubated in 8 µM calcein AM and 8 

µM ethidium homodimer solution for 4 hours at 37°C, 5% CO2. After incubation, samples were 

washed 3 times with PBS and transferred to a glass bottom petri dish for imaging, using a 

confocal laser scanning microscope (Olympus Fluoview 1000 system). 
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3.2.10. Statistical Analysis 

Statistical analysis for temperature measurement and analysis, Alamar Blue reduction, ALP 

activity, and calcium was carried out using GraphPad (version 5) software. Two-way ANOVA 

was used with Bonferroni’s post-test to compare between 2Flute and Multi-Flute groups. The 

results are displayed as a mean ± standard deviation with significance at p ≤ 0.05.  

3.3. Results  

3.3.1. Surface and Dissipated Temperature Analysis  

Surgical cutting with a Multi-Flute bur on a femur and scapula bone resulted in a significantly 

(p<0.01) higher relative surface temperature, whereby the Multi-Flute generated a temperature 

increase of more than 120°C on the cut surface (Table 3.1, Fig 3.3a). Relative surface 

temperature ranged between 80°C to 120°C when using a 2Flute bur for cutting (Table 3.1, Fig 

3.3a). 

 
 

Dissipated temperature recorded by the thermocouple were all below 40°C (Table 3.2). 

Using a 2Flute for cutting on a femur and scapula, maximum temperature was 30.51 ± 2.48°C 

and 32.96 ± 1.17°C, respectively. Cutting with a Multi-Flute on femur and scapula generated 

a maximum temperature of 34.63 ± 3.35°C and 35.85 ± 3.06°C, respectively (Table 3.2). The 
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increase in dissipated temperature had a higher trend for Multi-Flute groups compared to 

2Flute when cutting took place on both bones (Fig 3.3b).   

 

A closer analysis of relative surface temperature at a local (Sp1) level reveals a curve 

with multiple peaks (heat shock pulse) and fluctuations, during a period of 60 seconds of 

surgical cutting (Fig 3.3c-f). For both the scapula and femur bone groups, some peaks for the 

Multi-Flute showed a temperature increase of more than 120°C, indicated by the red baseline 

in Fig 3.3c-f. The peaks never went above 120°C during cutting with the 2Flute bur. 

During cutting for 60 seconds, the duration time for surface temperature elevations 

above 80ºC was significantly higher (p<0.05) when a Multi-Flute was used compared to using 

a 2Flute (Fig 3.4a). The cooling rate (Fig 3.4b) was significantly faster (p<0.05) and the 

percentage of heated surface area (Fig 3.4c and d) was significantly lower (p<0.001) when 

using a Multi-Flute for cutting, in comparison to a 2Flute.  
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Figure 3.3: Relative (a) surface and (b) dissipated temperature was higher in Multi-Flute 
groups. (c-f) Temperature curve showing temperature fluctuations on one location on the bone. 
Red line is the baseline for relative temperature above 120°C. *p<0.05, **p<0.01, **p<0.001; 
Multi-Flute compared to 2Flute. 
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Figure 3.4: (a) The duration time of relative temperature elevations above 80°C. (b) Cooling 
was faster immediately after contact with cutting bur. (c) Extent of tissue volume damage 
showing percentage of heated surface to total cut surface. (d) FLIR images showing heated 
surface (yellow boundary line) and total cut surface (dashed grey circle). Bur is indicated by 
dashed blue circle. 

 

3.3.2. Tissue Analysis and Thermal Damage in the cut surface 

On day 1 of recovery, no significant difference in necrotic tissue was observed in both of the 

cut surface groups, 2Flute and the Multi-Flute, where empty lacunae were seen as far as 182.4 

µm away from the cut surface (Fig. 3.5). Apoptotic positive cells were identified for both bur 

groups (Fig. 3.6), where more positive apoptotic cells could be observed in the Multi-Flute cut 

surface (34.3% apoptotic, Fig 3.6b) when compared to the 2Flute groups (15.7% apoptotic, Fig 

3.6a). Apoptotic bodies (grey arrows) on the edge of the cut surface could also be seen in the 

Multi-Flute group (Fig 3.6b). Moreover, in both groups, caspase negative cells (white arrow) 
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were also seen in proximity to apoptotic cells, indicating cell survival from thermal damage 

(Fig 3.6 merge). 

  
Figure 3.5: Hematoxylin and Eosin stain of bone cores with (a) 2Flute and (b) Multi-Flute cut 
surface (black arrow on diagram above). Zoomed in box shows that both cut sites had necrotic 
tissue with empty lacunae (yellow arrow) and filled lacunae (green arrow). Scale bar is 50 µm. 

 

 

 
Figure 3.6: Apoptosis fluorescence staining. Orange line indicates the cut surface, while white 
line shows boundary of DAPI-negative region. Cells with DAPI (magenta) are indicated by 
white arrows. Cleaved-caspase 3 (green) is shown by red arrow. Apoptosis positive cells 
(yellow arrow) and apoptotic bodies (grey arrows) were observed in the cut surface of both (a) 
2Flute and (b) Multi-Flute. More apoptotic positive cells in the cut surface of Multi-Flute, 
compared to the cut surface prepared by 2Flute. 
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3.3.3. Metabolic Activity and Osteogenic Capacity of Bone Dust  

At recovery day 15 in both the metatarsal (p<0.05) and vertebra (p<0.001) groups, DNA 

content was significantly higher in bone dust resected with Mult-Flute compared to those 

resected with a 2Flute bur (Fig 3.7a and b). Metabolic activity from all bone dust groups 

decreased after day 5 of recovery (Fig 3.7c and d). Bone dust in Multi-Flute groups showed 

significantly (p<0.001) higher metabolic activity on day 5 and 15 for metatarsal, compared to 

2Flute groups (Fig 3.7c). This significance was also seen on day 5 (p<0.05) and day 20 

(p<0.001) for the vertebra groups (Fig 3.7d).  

  
Figure 3.7: (a and b) DNA content and (c and d) Metabolic activity from metatarsal (left) and 
vertebra (right) bone dust groups. At various time points, DNA content and Alamar Blue 
reduction were higher in Multi-Flute groups. *p<0.05, **p<0.01, ***p<0.001; significance of 
2Flute compared to Multi-Flute.  
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(p<0.01) and 15 (p<0.01), ALP activity was significantly higher in the Multi-Flute groups 

when compared to the 2Flute group (Fig 3.8a). Furthermore, on days 5 (p<0.05) and 20 

(p<0.05) for vertebra, bone dust created by Multi-Flute showed significantly higher 

extracellular ALP activity in comparison to 2Flute groups (Fig 3.8b).  

 
Figure 3.8: (a and b) Extracellular ALP activity and (c and d) calcium content were also higher 
in Multi-Flute groups. *p<0.05, **p<0.01, ***p<0.001; significance of 2Flute compared to 
Multi-Flute.  

 

On recovery day 15 for all groups, calcium content was significantly (p<0.01) higher 

in the bone dust group created by Multi-Flute cutting (Fig 3.8c and d). On recovery day 10 in 

the vertebra group, the Multi-Flute group had a significantly (p<0.05) higher calcium content 

than the 2Flute group (Fig 3.8d). 
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groups (Fig 3.9a). Metabolic activity was significantly higher when a Multi-Flute was used for 

cutting on vertebra bone, compared to 2Flute groups, on days 10 (p<0.01), 15 (p<0.001), and 

20 (p<0.001) (Fig 3.9b). 

In the metatarsal cut surface group, extracellular ALP activity remained the same for 

all recovery days (Fig 3.9c). On days 5 and 10, control groups from the metatarsal bone had 

significantly (p<0.001) higher ALP than the 2Flute and Multi-Flute groups (Fig 3.9c). In the 

vertebra cut surface groups, extracellular ALP activity was significantly higher on day 20 

(p<0.05) for Multi-Flute group, in comparison to the 2Flute (Fig 3.9d). 

  
Figure 3.9: (a and b) Alamar Blue reduction of the cut surface from metatarsal (left) and 
vertebra (right). (c and d) Extracellular ALP activity of the cut surface groups. On day 20 of 
recovery, bone cut surface created by cutting with Multi-Flute showed significantly higher 
ALP activity in vertebra group. *p<0.05, **p<0.01, ***p<0.001; significance of 2Flute 
compared to Multi-Flute. #p<0.05, ###p<0.001; control compared to both 2Flute and Multi-
Flute groups. 
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On day 44 of recovery, live (green, white arrows) and dead (red, yellow arrows) cells 

were seen on the cut surface of all groups (Fig 3.10a). When images were quantified, more 

viable cells were seen on the cut surface created by Multi-Flute, compared to 2Flute groups 

and control groups (Fig 3.10b). This was not significant, but the trend was higher in the Multi-

Flute group.  

 
Figure 3.10: (a) Live (green, white arrows) and dead (red, yellow arrows) cells were 
observed. (b) In comparison to control and 2Flute groups, the cut surface created by cutting 
with Multi-Flute design had a higher trend for percentage of live cells to total cell count. 
Scale bar is 100 µm. 

 

3.4. Discussion  

 Surgeons tend to avoid high speed cutting tools, because they generate high temperature that 

can thermally damage bone and leave behind necrotic tissue. The study in this Chapter has 

shown although high speed surgical cutting (without irrigation) generated increased surface 

temperatures in excess of 80°C, whereas dissipated temperatures were less than 35°C, bone 
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dust and the cut surface still have osteogenic potential, because only cells in the superficial 

region experience these high temperatures for very short durations (<1.33 seconds). 

Interestingly, the Multi-Flute bur generated higher temperature for longer durations, but the 

dissipated temperature in the bone still remained lower than 30°C throughout the cutting. 

Furthermore, the percentage of heated surface area was significantly lower with Multi-Flute 

cutting, because the cooling was quick after contact with the bur. Here it is reported that the 

regenerative potential was significantly higher in the Multi-Flute group for both bone dust and 

the cut surface. Thermal damage (cell apoptosis) was exacerbated in the Multi-Flute group, but 

only identified in the superficial resected surface and did not dissipate deep into the bone. 

Duration of temperature elevations and heat shock were also exacerbated during cutting with 

the Multi-Flute bur, but these spikes in temperature rise also cooled faster, whereby thermal 

necrosis was only 107.7 µm deep compared to the 182.4 µm depth observed in the cut surface 

resected with a 2Flute bur. These findings of enhanced mineralisation in the bone dust and the 

cut surface might seem surprising. Alamar blue reduction is a measurement of metabolic 

activity and it is commonly used to determine viability of cells exposed to stress conditions 

(Kuttenberger, Polska, and Schaefer 2013). It is believed that the decrease in metabolic activity 

at recovery day 10 is due to cells dying after 5 days of recovery, which was observed in the 

DNA results. However, it has been previously reported that thermal damage activates tissue 

regeneration (Dolan et al. 2015; Dolan et al. 2016). It is proposed that the higher temperature 

elevation and duration above 80°C during cutting with Multi-Flute increased the percentage of 

positive apoptotic cells, and thereby initiated an earlier healing response pathway than that for 

the 2Flute group. The Live/Dead images revealed cells dying in cut surface resected by a 2Flute 

bur, which was surprising after 44 days of recovery. Cells in the cut surface were not 

characterised in this study, further investigation is needed in order to determine which cell type 

was dying at later recovery days. It is proposed that the deeper necrotic tissue zone, observed 
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on the cut site resected with a 2Flute bur, resulting from slower cooling time had affected cell 

viability later during recovery. The clinical expectation of a necrotic tissue zone is initiated by 

angiogenesis in the area of necrosis, then bone remodelling takes place, whereby necrotic bone 

is resorbed by osteoclasts, paving the way for osteoblasts to lay down new bone (Shah et al. 

2015).  

A limitation in this study was that different bones for the temperature study (Femur and 

scapula for cortical and cortico-cancellous bone, respectively) and ex-vivo culture study 

(metatarsal and vertebra bone) was used for investigation, and so the generated temperature 

could be influenced by inherent differences in the mineral density distribution. Cutting on high 

bone density (>2 g/cm2) generates more heat, because there is longer drill time leading to higher 

frictional heat (Eriksson 1984; Toews et al. 1999). However, to ensure similarity in temperature 

elevations, cutting only took place on the shaft of the femur, where mineral distribution is 

expected to be similar to the metatarsal. Moreover, it was not expect that this would influence 

the comparison between the different tool designs. Another limitation of this study was that 

irrigation was not included, although it is commonly used in surgery to minimise temperature 

elevations (Matthes et al. 2018) and is recommended by the manufacturers to minimise heat 

generation, because it was important to understand the influence of bur design on temperature 

elevation and bone regeneration without the influence of irrigation cooling. However, even 

with manual irrigation surface temperatures generated by surgical burs have been reported to 

elevate within the range reported here (100 - 249.7°C) (Matthes et al. 2018). Different irrigation 

methods affect heat generation (Matthes et al. 2018; Xu et al. 2014; Sener et al. 2009; Gehrke 

et al. 2016; Livingston et al. 2015), and further investigation is needed to fully understand the 

influence of irrigation on post-operative bone regeneration. It should also be noted that, as 

indicated by a previous study, there are discrepancies between temperature readings from a 

thermal camera and a thermocouple (Livingston et al. 2015). Therefore, the absolute 
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temperature reading on the surface is not the same as the reading inside the bone. Neither 

temperature measurement approaches are fully reflective of the temperatures arising because 

there are added variables, such as the surrounding environment, whether there are spaces 

between the bone and thermocouple (thermocouple) or the fluctuation in ambient temperature 

(FLIR camera). Finally, this experimental approach cannot distinguish the effect arising due to 

the mechanical forces applied during cutting, such as thrust force and torque created by the 

cutting flutes. It is well known that mechanical stimulation and thermal stimulation can 

separately enhance osteogenesis (Chung and Rylander 2012; Rauh et al. 2011; 

Sittichockechaiwut et al. 2009). However, previous in vivo work using a thermal probe 

(without mechanical forces) at 47°C and 60°C on a rat tibia for short durations of 30 seconds 

and 1 minute also reported that thermally damaged cell death initiated a healing response 

(Dolan et al. 2016). In surgical cutting, it is not easy to separate the role of each stimulation 

factor on post-operative bone regeneration. Further investigation is needed to fully understand 

the separate influences of mechanical and thermal stimulation on the osteogenic potential of 

surgically cut bone dust and the cut surface. 

In the study conducted in this Chapter, temperature elevations increased more than 

80°C on the cut surface during cutting with 2Flute and Multi-Flute surgical burs, which is much 

higher than temperatures previously used or investigated in either in vitro or in vivo studies 

(Dolan et al. 2012; Dolan et al. 2015; Dolan et al. 2016; Chung and Rylander 2012). Surface 

temperatures generated by surgical burs have been reported to be higher than 80°C, even as 

high as 249.7°C with manual irrigation on human spine (Matthes et al. 2018), whereas a 

maximum surface temperature of 141°C was reported when a diamond bur was used for cutting 

with no irrigation on porcine spine (Hosono et al. 2009). Surface temperature measured by a 

FLIR thermal camera can be unreliable due to outside factors affecting the reading from the 

bone cut surface, such as the camera’s focal point or the temperature in the room. However, a 
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mean surface temperature elevation of  71.1±14.7°C was reported when no irrigation was used 

during cutting on sheep cervical vertebrae (Livingston et al. 2015). It should be noted that this 

study (Livingston et al. 2015) used a standard light pressure on their bur, which prevented 

excessive frictional heat.  

Here it is report that tissue necrosis occurred as far as 182.4 µm (2Flute) and 107.7 µm 

(Multi-Flute) away from the cut surface when cutting with a high speed drill, which is less than 

that previously reported, whereby empty lacunae was observed up to 300 µm away from the 

drill site, where temperature was measured at 75°C with a thermocouple 500 µm away (Karaca, 

Aksakal, and Kom 2011). Previous work involving bone chips cut from different design burs 

have reported no significant difference in osteogenic capacity between different diameter size 

burs (3 mm, 4 mm, 5 mm, 6 mm) (Ye et al. 2013; Roth AA 2017). Both of these studies were 

carried out using primary cells isolated from surgically cut bone dust, where cells were devoid 

of their bone matrix, and identified mineralisation by qualitative immunostaining alone at later 

time points (Roth AA 2017) than those investigated in our study. Here, this is the first study to 

report significant differences in temperature elevations, thermal damage, and tissue osteogenic 

response, measured using quantitative assays, between two different surgical bur designs 

(2Flute and Multi-Flute).  

Temperature elevation above the cell death threshold has been shown in vitro (Dolan 

et al. 2012; Dolan et al. 2015) and in vivo (Dolan et al. 2016) to cause thermally induced cell 

apoptosis leading to an osteogenic response in bone cells, but these studies used temperatures 

up to 60°C, which was considered an extreme temperature based on studies using an optical 

thermal chamber to stimulate heat generation and study recovery in rabbit tibia (Eriksson and 

Albrektsson 1984; Eriksson, Albrektsson, and Magnusson 1984; Eriksson and Albrektsson 

1983). The study conducted in this Chapter report that cutting with a high speed bur generates 

superficial temperatures that increase by more than 80°C for short durations, and that thermally 
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induced cell apoptosis occurs. This study proposes that this apoptosis triggered an osteogenic 

response in ex-vivo bovine bone.  

In contrast to previous osteogenic studies using bone dust harvested from human 

patients, (Roth AA 2017; Ye et al. 2013; Eder et al. 2011), temperature elevation was 

characterised during cutting, in order to understand heat generation on bone and influence on 

mineralisation. The temperature characterisation has shown that the superficial cooling rate 

increases as the generation of heat gets higher, and as a result, the percent of heated cut surface 

was lower. The study conducted in this Chapter is the first to characterise heat generated during 

cutting with a high speed bur, and then use this characterisation to understand the osteogenic 

response in ex-vivo bovine bone. 

 Orthopaedic surgeons have always viewed temperatures >47°C as a negative factor for 

bone regeneration. For this reason, surgical tools are designed with the aim of maintaining 

temperatures below this threshold in order to limit osteonecrosis. However, such low 

temperatures are not always achieved in surgery, even when irrigation is used (Matthes et al. 

2018). High temperature and cell death is unavoidable during high speed surgical cutting, but 

the study conducted in this Chapter has shown that in fact temperature elevations can be 

exploited to enhance post-operative bone regeneration. It has already been shown in vitro and 

in vivo that thermally induced cell death initiate proliferation and tissue repair in thermally 

damaged bone (Dolan et al. 2015; Dolan et al. 2016). Temperatures >47°C can lead to 

recruitment of heat-shock proteins and upregulation of osteogenic factors to promote cell 

survival during thermal stress conditions (Chung and Rylander 2012). The study conducted in 

this Chapter have shown that ex vivo bone exposed to high superficial temperature can still 

survive and have osteogenic capabilities. This study could change the thinking of surgeons who 

avoid using these high speed tools for fear of excessive osteonecrosis. To convince them, more 

clinical surgical studies using high speed tools are needed. These studies should not be limited 
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to just osteonecrosis investigation, but should further include the osteogenic response during 

recovery days, which includes using quantitative PCR to determine osteogenic gene expression 

(COX2, RANKL, OPG, VEGF). 

3.5. Conclusion 

High speed cutting with surgical burs generate temperatures that increase more than 80°C for 

short durations at the cut surface, but temperatures in the bone remain below the threshold for 

cell death. This high temperature induced superficial cells to undergo apoptosis, creating 

necrotic tissue, and it is proposed that the thermally induced cell death triggered an osteogenic 

response in ex-vivo bovine bone dust and the cut surface. This study also proposes that bone 

exposed to high superficial temperature during high speed cutting can survive and have 

osteogenic capabilities. 
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Chapter 4 : The ex-vivo osteogenic capacity 
of surgically cut bone surfaces is enhanced 

using continuous irrigation by a device, 
whereas bone dust is preserved for 

osteogenesis when a manual intermittent 
irrigation is used during cutting 

 

4.1. Introduction 
High speed surgical cutting tools generate heat (Dolan, Vaughan, Niebur, Casey, et al. 2014; 

Matthes et al. 2018) and induce temperature elevations in the bone tissue that exceeds 47°C 

(Dolan et al. 2012; Dolan et al. 2015; Karaca, Aksakal, and Kom 2011; Eriksson and 

Albrektsson 1983; Eriksson 1984; Eriksson and Albrektsson 1984; Eriksson, Albrektsson, and 

Magnusson 1984). It has been shown that temperatures generated above 47°C can induce 

thermal necrosis and apoptosis, leading to osteogenic paracrine signalling from apoptotic cells 

(osteocytes) to nearby surviving cells (Dolan et al. 2015; Dolan et al. 2016). Most recently it 

has been reported that thermally induced cell death can initiate osteogenesis by bone cells in 

vitro and in vivo (Chung and Rylander 2012; Dolan et al. 2012; Dolan et al. 2015; Dolan et al. 

2016). An in vitro study investigated the role of thermal stress on MC3T3 cells (pre-osteoblast) 

by subjecting them to temperature elevations (40°C, 42°C and 44°C) for short durations of (4, 

8 minutes). Gene expression analysis of heat shock proteins, HSP47 and HSP70, and bone-

related proteins, osteopontin (OPN) and osteocalcin (OCN) were carried out at 8, 24, and 72 

hours after thermal conditioning (Chung and Rylander 2012). They reported an upregulation 

in HSP47, HSP70, OPN and OCN gene expression after thermal stress conditioning at 44°C, 

indicating that MC3T3 cells underwent an osteogenic response when experiencing a slight 

increase in temperature compared to physiological temperature (37°C). However this study 
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investigated temperatures below the threshold temperature for cell death (47°C). The study 

conducted in Chapter 3 has reported that temperature increases (relative to bone temperature) 

exceed 80°C for short durations, using a thermal camera during cutting with high speed surgical 

burs of different designs (2Flute, Multi-Flute) on bovine bone surfaces (Chapter 3). The study 

also reported higher temperature elevation and apoptotic cells in the cut surface resected with 

Multi-Flute bur (Chapter 3). Interestingly, the bone dust and the cut surfaces resected with the 

Multi-Flute exhibited an enhanced ex-vivo osteogenic response and this was proposed to be 

associated with higher thermally-induced cell apoptosis (Chapter 3). However, this study was 

not conducted in the presence of irrigation, which is commonly used alongside of high speed 

cutting, and so the osteogenic response in cells subjected to the same cutting conditions in 

surgery is not fully understood. 

Post-operative bone regeneration can be influenced by duration of temperature 

elevation (Dolan et al. 2012; Eriksson and Albrektsson 1983; Eriksson, Albrektsson, and 

Magnusson 1984; Eriksson and Albrektsson 1984). An in vitro study compared the influence 

of heat treated MLO-Y4 cells on Balb/c MSCs and MC3T3 cells, using moderate temperature 

elevations (45ºC, 47ºC, and 60ºC) for short durations (30 seconds and 1 minute), and they 

reported an increase in extracellular and intracellular ALP activity and calcium content in 

Balb/c and MC3T3 cells receiving conditioned media from heat treated MLO-Y4 compared to 

control (MLO-Y4 cells with no heat treatment) (Dolan et al. 2012). In comparison to control 

groups (37ºC), heat-treated MC3T3 cells in groups subjected to 60ºC for 30 seconds and 1 

minute durations had an immediate necrotic response to heat shock and showed an increase in 

intracellular ALP activity (Dolan et al. 2012). Another study heat treated (41 - 44°C)  human 

mesenchymal stem cells (MSCs) from bone marrow of iliac crest of patients (25 - 30 years) for 

one hour duration, and reported an increase in ALP activity and calcium content after 8 days 

of culture (Norgaard, Kassem, and Rattan 2006). These studies chose durations to reflect the 
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usage time of cutting tools, yet this is not always consistent between surgical procedures or 

even between surgeons and is highly dependent on the duration of the procedure. However, the 

duration of heat shock (>47°C) on bone surgically cut using burs and irrigation methods still 

remains unknown, and the effect of heat exposure time on post-cutting bone regeneration is 

still not known. 

Using irrigation during high speed cutting is a common practice during orthopaedic 

surgery, in order to minimise temperature elevations and limit cell death and osteonecrosis. 

Different irrigation approaches are used; manual irrigation is applied by a surgical assistant 

whereas automated irrigation is delivered by a pumped device with constant continuous flow 

of liquid onto the cut site. Parameters such as feed rate, spindle speed, irrigation temperature, 

and irrigation flow rate have been explored to determine the effect of irrigation on temperature 

elevation during cutting with a high speed orthopaedic twist drill (Sener et al. 2009; Hosono et 

al. 2009; Sharawy et al. 2002). One study explored the effect of continuous irrigation 

temperature at 10°C and 25°C on heat elevation at different drilling depths (3 mm, 7 mm, and 

12 mm) on 37°C bovine mandibles (Sener et al. 2009). Temperature was measured by a 

thermoresistor (0.5 mm away) and it was reported to decrease below 37°C during drilling at a 

rotational speed of 800 rpm when irrigation at 10°C and 25°C was incorporated (Sener et al. 

2009). Another study exploring temperature elevation during cutting on porcine spinal lamina 

using steel and diamond tip burs and varying irrigation flow rate (180ml/hr and 540 ml/hr 

delivered using an irrigation device), reported a significant increase in temperature when a 

diamond bur was used compared to a steel tip bur, both without irrigation (Hosono et al. 2009). 

They also reported a decrease in temperature when irrigation (540 ml/hr) was used with a 

diamond bur, compared to not irrigating with the same bur  (Hosono et al. 2009). These studies 

focused on irrigation parameters affecting heat generation, but they did not further explore the 

influence of manual and continuous irrigation, used during high speed cutting, on ex-vivo bone 
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regeneration. These different methods likely influence temperature elevations during cutting, 

but this has never been quantified. 

A study compared temperature generation during spinal fusion surgery using high 

speed cutting with diamond burs in the presence of manual and continuous irrigation, and the 

temperature as measured by a thermal camera for manual and continuous irrigation was 

reported to be between 88.4°C and 249.7°C, and 75.5°C and 194.2°C, respectively (Matthes et 

al. 2018). The surgical cutting temperature was significantly decreased in the presence of 

continuous irrigation, in comparison to using manual irrigation with a syringe (Matthes et al. 

2018). Another study investigated temperature elevation using a FLIR camera (superficial) and 

thermocouple (deep) during surgical decortication of porcine vertebra, and they also reported 

a significant decrease in temperature when continuous irrigation (43.3±6.25°C) was delivered 

by a 10 mL syringe, in comparison to no irrigation (71.1±14.7°C) (Livingston et al. 2015). 

However, these studies did not further investigate bone cell recovery from such temperatures 

generated during high speed cutting, and so the influence of irrigation on bone cells’ 

regenerative capacity remains unknown. 

Bone cells are exposed to temperature elevations during cutting with a high speed 

device, and the regenerative capacity of these cells at the cut surface is vital for bone healing. 

One study reported maximum temperature elevations (54.84°C) at the endosteal cut surface 

during cutting of  ovine metatarsal bone using a surgical saw (150 mm/min) (Dolan, Vaughan, 

Niebur, Casey, et al. 2014). The duration that the endosteal cut surface exceeded the cell death 

threshold (47°C) was reported to be 38 seconds, whereas the temperate also dissipated to bone 

tissue up to 620 µm from the cut surface and remained above the cell death threshold for 20 

seconds (Dolan, Vaughan, Niebur, Casey, et al. 2014). Computational modelling predicted that 

these elevated temperatures could be experienced by osteocyte cells embedded in the matrix 

(Dolan, Vaughan, Niebur, Casey, et al. 2014). Another study assessed cell viability at the cut 
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surface using histological staining to report osteonecrosis induced by cutting with a high speed 

orthopaedic drill (Karaca, Aksakal, and Kom 2011). An increase in empty lacunae at the cut 

surface were observed to be associated with temperatures between 60°C and 79°C, measured 

by thermocouples (0.5 mm away) (Karaca, Aksakal, and Kom 2011). Although these studies 

explored thermal exposure of cells at (and in proximity to) the cut surface, the influence of 

irrigation parameters on temperature elevations at the surface, and the regenerative capacity of 

the cut surface is not yet fully understood.  

Therefore, the hypothesis that “Surgical cutting with manual irrigation induces higher 

temperatures, when compared to cutting with continuous irrigation, but the ex-vivo osteogenic 

potential of autograft bone dust is enhanced” was tested in this Chapter. The overall objective 

of the study conducted in this Chapter was to compare the cellular response in bone dust and 

the cut surface after resection with high speed cutting while using manual and continuous 

irrigation. The first specific objective of this study was to determine the relative surface (FLIR 

camera) and dissipated (thermocouple) temperature elevation during cutting with surgical burs 

(2Flute, Multi-Flute). Specifically the study sought to compare temperature elevations in the 

presence of manual irrigation, representative of a surgeon’s assistant applying irrigation with 

a syringe, and continuous, where temperature fluctuations is minimised by an automated 

irrigation device. Thermal exposure time to damaging levels was assessed by quantifying the 

duration of surface temperature above the cell death threshold (47°C). The extent of potential 

tissue volume damage was assessed by quantifying the cooling rate and percent heated cut 

surface. The second specific objective of this study was to determine the role of this 

temperature elevation on thermal damage by investigating osteogenic capacity of bone dust 

and the cut surface during recovery days post cutting using ex-vivo cell culture techniques 

(Alamar blue, ALP activity, Alizarin red), and to compare this response between manual and 

continuous irrigation. 
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4.2. Materials and Methods 

4.2.1. Bone harvest  

Freshly harvested porcine spine samples (Rosderra Irish Meats, Edenderry, Offaly, n=3) were 

obtained, where cutting took place in the spinal lamina located in the lumbar region (L1-L6) 

of the spine (4 samples from each porcine animal). A scalpel blade was used to cut through the 

vertebra disc, ensuring that the vertebra body and lamina bones were not damaged. Soft tissue 

was removed using osteotomy tools (Stryker, Kalamazoo, Michigan) and scalpels, ensuring 

that the periosteum was completely removed from the lamina and spinal processes. 

4.2.2. Surgical Cutting 

All cutting was conducted with a high speed πDrive drill (Stryker, Kalamazoo, 

Michigan) at a rotational speed of 75,000 rev/min using a clockwise hand motion with either a 

2Flute or Multi-Flute bur (both from Stryker, Kalamazoo, Michigan) until 20 cc of bone dust 

was collected. Surgical cutting was conducted in combination with either (a) manual or (b) 

continuous irrigation, wherein the irrigation solution was phosphate buffered saline (PBS) 

containing 5% Antimycotic Antibiotic solution (AAS, both Sigma). Manual irrigation was 

delivered with a 50 ml syringe, and this represents a surgical assistant applying irrigation while 

a surgeon is cutting. Cutting with manual irrigation was conducted by cutting for 30 seconds, 

then irrigate cut surface and repeat until 20 cc of bone dust was collected. Continuous irrigation 

was conducted using an irrigation sleeve, (Stryker, Kalamazoo, Michigan) attached to the 

πDrive drill to provide continuous irrigation on the surface throughout the cutting process (Fig. 

4.1a), whereby the flow rate of the irrigation solution (14 ml/minute ) was controlled using an 

irrigation cassette and console (both Stryker, Kalamazoo, Michigan). Thus, the four conditions 

in this study are as follows: Multi-Flute Manual (MM), 2Flute Manual (2M), Multi-Flute 

Continuous (MC), and 2Flute Continuous (2C).  
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4.2.3. Surface Temperature determined by FLIR camera 

Temperature analysis was conducted during surgical cutting of porcine spinal lamina using a 

Forward-Looking Infrared Radiometer thermal camera (FLIR, FLIR T440) to measure surface 

temperature (Fig. 4.1a and d). The FLIR camera took images at a frame rate of 7.5 

frames/second, where emissivity of 0.95 (Feldmann 2016) and the Ar1 setting was to define 

the area for temperature measurement (27 mm x 31 mm, Fig. 4.1a). The surface temperature 

data was analysed to quantify (1) the maximum relative temperature during 60 seconds of 

cutting (relative to initial wet bone temperature), (2) the duration of temperature exposure to 

bone at temperature elevations above 47°C, and (3) the cooling rate, which was the differential 

in one second. The initial temperature of the bone in the intended cut surface prior to cutting 

was used to quantify the relative increase in temperature. FLIR images were further processed 

using ImageJ software to quantify the percent heated surface area and the total cut surface area. 

All temperature measurements for each condition were repeated 3 times (replicates) for 3 

different animals.  

4.2.4. Dissipated temperature determined by thermocouple 

A K-type thermal couple (Agilent) was embedded into the centre of the porcine lamina to 

measure dissipated temperature (Fig. 4.1b) into a pre-drilled hole, prepared using a 𝜋Drive drill 

with a router attachment (both Stryker, Kalamazoo, Michigan), with thermal paste (Sigma) 

filling the spaces between the thermocouple and bone (Fig. 4.1b, yellow line). Cutting was 

conducted in the vicinity of the thermocouple, whereby the borderline of the cut surface was 

between 0.24 mm and 0.56 mm (Fig 4.1c) from the thermocouple, whereas the FLIR camera 

was pointed at the cut site. Data from the thermocouple was analysed to quantify the maximum 

dissipated temperature elevation during cutting in the presence of irrigation and temperature 

increase relative to bone temperature before cutting. For all temperature analysis, the duration 

of cutting was 60 seconds, and data is expressed as mean ± standard deviation. 
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Figure 4.1: (a) Thermal camera image of irrigation sleeve. (b) Gross image of porcine spine 
showing clogging (black arrows), the location of the thermocouple and distance between edge 
of the cut surface and thermocouple (yellow line). (c) Graph of distance of thermocouple. (d) 
Thermal camera images also showing clogging of bone dust on the cut surface during cutting 
(black arrows). 

 

4.2.5. Ex-vivo culture 

The (1) bone dust was collected into 50 ml falcon tubes, and (2) the cut surfaces were further 

processed into bone cores (5 mm x 5 mm x 2 mm) using the router attachment (Stryker, 

Kalamazoo, Michigan) with copious continuous irrigation for ex-vivo culture. Control cores of 

the same dimensions were also prepared using a router, but contained no cut surface created 
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containing 5% AAS in phosphate buffered saline solution (PBS). Using a vortex to remove fats 

and unwanted soft tissue, all bone dust and the cut surface groups were washed 3-5 times with 

sterile PBS. Afterwards, all bone dust and bone cut surface samples were cultured in cell culture 

media at 37°C, 5% CO2 for ex-vivo cell culture experiments for up to 65 days for bone dust 

groups and 55 days for the cut surface groups, when experiment was terminated. 

Bone dust, and the cut surface samples were cultured in Dulbecco Modified Eagle 

Medium Glutamax media (Biosciences) and Hyclone Nutrient Ham’s/F12 (ThermoFisher) 

(DMEM/F12, 1:1 ratio), supplemented with 10% foetal bovine serum (FBS), 2% antimycotic 

antibiotic streptomycin solution, 50 µM Ascorbic acid, 1% w/v Dexamethasone, and 20 mM 

β-Glycerol phosphate (all Sigma). The media was changed twice per week or two days before 

collecting media for alkaline phosphatase (ALP) assay (Sigma). For all ex-vivo groups, 

metabolic activity and extracellular ALP activity was quantified on days 1, 10, 15, and 20. For 

bone dust groups, calcium was quantified on days 55 and 65, while calcium was quantified on 

days 41 and 55 in  the cut surface groups. All data is expressed as mean ± standard deviation.  

4.2.6. Thermal damage in bone 

Thermally induced damage in the bone dust was investigated using an antibody for cleaved 

caspase 3, a marker of cell apoptosis, as described previously (Dolan et al. 2016). The cleavage 

of pro-caspase 3 activates extrinsic and intrinsic cell apoptosis pathways, whereby cell 

morphology changes, and cell blebbing occurs due to lysis of cellular and nuclear membrane, 

leading to the release of cellular content. On recovery day 1, bone dust groups were fixed with 

10% neutral buffered formalin solution (Sigma) and then decalcified in 0.5M 

ethylenediaminetetraacetic acid (EDTA, Sigma) for five days or until a decalcification test was 

negative for calcium. Following this, bone dust samples were embedded in Histogel (Thermo 

Fisher), processed in an automated Tissue Processor (Leica) overnight, embedded in paraffin 
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wax and sectioned at 4 µm using a microtome (Leica). Sectioned samples were mounted on a 

glass slide and deparaffinised overnight in an oven at 60°C. Sections were blocked for 30 

minutes using 1% bovine serum albumin (BSA, Sigma) to prevent non-specific binding, then 

followed by overnight incubation with cleaved caspase 3 antibody (Cell Signalling) at a 

concentration of 1:100. Samples were washed with 1% BSA and stained with Alexa Fluor 488 

(Thermo Fisher) at a concentration of 1:700 for 1 hour at room temperature in the dark, then 

counterstained with mounting media containing 4’,6’-diamidino-2-phenylindole (DAPI, 

Sigma), and imaged using a confocal laser scanning microscope (Olympus Fluoview 100 

system) at 40x magnification. Images were processed using ImageJ software to quantify 

positive and negative apoptotic cells. To quantify intensity of cleave caspase 3, images were 

further processed by ImageJ as previously described by (Geoghegan, Hoey, and McNamara 

2019), whereby more intensity indicate increase in concentration of activated caspase 3 

signalling molecule, which leads to DNA fragmentation and cell blebbing.  

4.2.7. Metabolic activity in bone dust and the cut surface 

An Alamar Blue assay (Bioscience, DAL 1100) was conducted on ex-vivo bone dust and the 

cut surface groups to measure the metabolic activity of cells through glycolysis, according to 

previous protocol (Kuttenberger, Polska, and Schaefer 2013). Briefly, bone dust and the cut 

surface were washed 3 times with 2% AAS/PBS solution, then incubated in 10% v/v Alamar 

Blue reagent in DMEM/F12 media in an incubator (37°C, 5% CO2) for 4 hours. Absorbance 

values were measured using a microplate reader (BioTek Synergy HT), and Alamar Blue 

reduction was quantified for each condition group and normalised to DNA content (bone dust) 

and weight (cut surface), expressed as %/µg and %/g, respectively.  
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4.2.8. Alkaline phosphatase activity in bone dust and the cut surface 

Alkaline phosphatase (ALP) activity is an early mineralisation marker and an indication of 

osteoblastic differentiation. An ALP assay is commonly used to quantify extracellular ALP 

content in media, using a calorimetric test for p-nitrophenyl phosphate (p-NPP) as a phosphate 

substrate. Extracellular ALP activity for bone dust and the cut surface groups were quantified 

according to a previous protocol (Dolan et al. 2012). Briefly, media from the bone dust and the 

cut surface groups were collected on recovery days, where 40 µl of media from each sample 

group was added to 50 µl of 5mM pNPP solution (Sigmafast) and 40 µl of water in a 96-well 

plate, which was then incubated at room temperature for 1 hour, to which 20 µl of 3M NaOH 

was added to stop reaction of ALP enzyme (all Sigma). Absorbance values were measured at 

405 nm using a microplate reader (BioTek Synergy HT). Using a standard curve of 0-80 nM 

of p-NPP content, ALP activity was calculated in milli-units (mU), then normalised to DNA 

content and expressed as milli-units per µg of DNA (mU/µg) for bone dust groups and weight 

for the cut surface groups (mU/g). 

4.2.9. Calcium content assay in bone dust and the cut surface 

Calcium deposition is a late stage mineralisation marker for osteogenesis. To determine the 

calcium deposition from the cells derived from the surgically cut bone dust and the cut surface, 

cell outgrowths were expanded and seeded at a concentration of 100 x 103 cells/well in a 24-

well plate. Time points were chosen based on first passage of cells in the first repeat, then the 

same time point was used for all repeated experiments. Calcium content was quantified by 

Alizarin red staining, as previously described (Dolan et al. 2016). Briefly, cells were washed 

twice with PBS, then stained with 40 µM Alizarin red S (Sigma) for 20 minutes at room 

temperature on an orbital shaker at 350 rpm. Afterwards, cells were washed with PBS until the 

liquid was clear, indicating the full removal of unbound Alizarin red S (AR). AR-calcium 

complex was de-stained in 10% w/v cetylpyridinium chloride (Cpl, Sigma) by incubating at 
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room temperature for 20 minutes on an orbital shaker (350 rpm) and quantified. Absorbance 

values were measured using a microplate reader (BioTek Synergy HT) at 562 nm. Calcium 

content was calculated, normalised to DNA content (both bone dust and the cut surface), and 

expressed as micro-molar per microgram (µM/µg).  

4.2.10. DNA content in bone dust 

DNA content was quantified using a Hoechst assay, as previously described (Dolan et al. 

2012). Briefly, bone dust and cells were washed twice with PBS and then 500 µl of lysis buffer 

solution, containing 1% Triton X (Sigma) in Hoechst buffer (100mM Tris, 2M NaCl, and 

10mM EDTA, all Sigma), was added and placed into a -80°C freezer. Samples were subjected 

to 3 cycles of freeze-thawing in lysis buffer. For cell samples, a cell scraper was used to detach 

and lyse the cells. Lysate solution was transferred into a 1.5 ml Eppendorf tube and frozen at -

20°C until use for Hoechst assay.  The Hoechst assay was carried out by aliquoting 20 µl of 

lysate for each group in triplicates into a 96-well plate. Two hundred microlitre of DNA 

working solution, containing 0.01% Hoechst 33258 dye in Hoechst buffer, was added into each 

well, ensuring homogenous mixture. Using a microplate reader (BioTek Synergy HT), 

fluorescence was measured and DNA content was quantified and used to normalise Alamar 

blue reduction, extracellular ALP activity and calcium data. 

4.2.11. Statistical analysis 

Temperature data, ex-vivo metabolic activity (Alamar Blue), ALP activity and calcium 

(quantified Alizarin red) data were analysed using Graphpad (version 5) software, and values 

are represented as mean ± standard deviation. A two-way ANOVA was used with Bonferroni’s 

post-test to compare between manual and continuous irrigation groups, and between 2Flute 

and Multi-Flute groups. A student t-test was used to analyse apoptosis images with significance 

at p<0.05. All experiments were repeated 3 times with 3 replicates.  
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4.3. Results 

4.3.1. Higher surface and dissipate temperature elevations occur during cutting in 
the presence of manual irrigation 

Relative surface temperature was significantly higher with manual irrigation in comparison to 

continuous irrigation for both Multi-Flute (p<0.01) and 2Flute cutting (p<0.05) (Fig. 4.2a, 

Table 4.1). For the manual group, the relative temperature was significantly higher (p<0.01) 

when a Multi-Flute was used for cutting, compared to cutting with the 2Flute design (Table 

4.1). However, with continuous irrigation there was no significant (p=0.1398) difference in 

temperature elevation between cutting with the 2Flute and Multi-Flute bur (Fig. 4.2a, Table 

4.1). 

  
Figure 4.2: (a) Relative surface temperature was significantly higher during manual irrigation 
in both 2Flute and Multi-Flute groups. (b) Dissipated temperature was higher during manual 
irrigation, compared to automated. * p<0.05; ** p<0.01; *** p<0.001 Manual vs Continuous 

 

The dissipated temperatures inside the bone remained below 30°C for all cutting conditions 

(Fig. 4.2b, Table 4.2). The dissipated temperature was significantly higher (p<0.05) when 

manual irrigation was used, in comparison to continuous groups (Fig. 4.2b, Table 4.2). This 

significance was observed in both Multi-Flute (p<0.01) and 2Flute (p<0.05) groups. Moreover, 
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the increase in dissipated temperature was also significantly higher (p<0.05) during manual 

irrigation compared to continuous (Table 4.2). When comparing bur designs during continuous 

irrigation, the increase in dissipated temperature was significantly (p=0.014) higher when using 

a Multi-Flute for cutting (Table 4.2). 

 

The cooling rate was significantly faster with manual compared to continuous irrigation 

for the 2Flute groups (Fig. 4.3a). When cutting in the presence of continuous irrigation, the 

cooling rate was significantly faster when a Multi-Flute was used for cutting (Fig. 4.3a). The 

elevated temperature (>47°C) duration was significantly (p<0.001) longer during manual 

irrigation when compared to continuous for the Multi-Flute groups (Fig. 4.3b). The percent 

heated surface was also higher during manual irrigation in comparison to using continuous 

irrigation (Fig. 4.3c) for both the Multi-Flute (p<0.01) and 2Flute (p<0.001) groups. 
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Figure 4.3: (a) Cooling rate during cutting in the presence of manual and continuous irrigation. 
(b) Duration time of exposure to temperatures >47°C during cutting with manual and 
continuous irrigation using 2Flute and Multi-Flute burs. (c) Percent heated cut surface was 
higher during manual irrigation. ** p<0.01; *** p<0.001 Manual vs Continuous; ### p<0.001 
2Flute vs Multi-Flute. 

 

4.3.2. Cell apoptosis and metabolic activity within bone dust and at the cut surface 
do not differ due to cutting with manual and continuous irrigation 

Caspase positive and negative cells were observed in all bone dust (Fig. 4.4) and the cut surface 

groups (Fig. 4.5). For both bone dust and the cut surface groups, there was no significant 

difference in positive staining for apoptotic cells between the manual and continuous groups 

(Fig. 4.4 and Fig. 4.5). Significantly higher negative apoptotic cells were observed than positive 

cells in both bone dust and the cut surface groups (Fig. 4.4c and Fig. 4.5c). Cleaved caspase 3 

was more prominent in bone dust resected with manual irrigation, whereby fluorescence 

intensity for cleaved caspase 3 (activated cell death) was higher compared to continuous 

irrigation groups (Fig. 4.4d). Necrotic region (DAPI-negative) on surface of cut site was 
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quantified, and the trend was higher in cut surface resected with a manual irrigation approach 

during cutting with high speed burs (Fig. 4.5e). 

 

 
Figure 4.4: Fluorescence image of cleaved caspase 3 on recovery day 3 on bone dust resected 
during (a) manual irrigation and (b) continuous irrigation. White line indicates shape of bone 
dust, white arrows indicate DAPI stain for cell nucleus, red arrow indicates caspase 3, and 
yellow arrows indicated caspase positive cells. (c) Graph showing percentage of positive and 
negative apoptotic cells. (d) Quantified apoptosis intensity of images from bone dust resected 
in the presence of manual and continuous irrigation. Scale bar is 20 µm.  



 

 91 

  
Figure 4.5: Fluorescence image of cleaved caspase 3 on recovery day 1 on the cut surface 
resected during (a) manual irrigation (n=557) and (b) continuous irrigation (n=444). White line 
indicates border of the cut surface and yellow lines indicate DAPI negative area, white arrows 
indicate DAPI stain for cell nucleus, red arrow indicates caspase 3, grey arrows indicate 
apoptotic bodies, and yellow arrows indicate caspase positive cells. (c) Graph showing 
percentage of positive and negative apoptotic cells. (d) Quantified apoptosis intensity of images 
from the cut surface resected in the presence of manual and continuous irrigation. (e) 
Quantified area of DAPI-negative region on surface of cut site, where the trend is higher in cut 
surface resected with a manual irrigation approach. Scale bar is 20 µm. The n represents the 
total cell count for manual and continuous irrigation. 

 

Metabolic activity (Alamar Blue reduction) increased on day 10 and decreased 

afterwards in bone dust groups, whereas reduction remained the same (>50%) for all time 

points in the cut surface groups (Fig. 4.6). Moreover, there was no significant difference in 

metabolic activity between manual and continuous irrigation groups, observed in both bone 

dust and the cut surface groups (Fig. 4.6). 
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Figure 4.6: Alamar Blue reduction of (a-b) bone dust and (c-d) the cut surface during 20 days 
of recovery, where there was no significant difference between manual and continuous 
irrigation. 
 

4.3.3. The osteogenic capacity of bone dust is higher when resected in the 
presence of manual irrigation compared to continuous irrigation 

In bone dust groups, extracellular ALP activity decreased after recovery day 1 and increased 

after day 10 (Fig. 4.7). The manual irrigation group had significantly higher ALP activity on 

recovery day 1, compared to continuous irrigation groups on the same day for both the 2Flute 

(p<0.001) and Multi-Flute (p<0.05) bur cutting conditions  (Fig. 4.7a). The results demonstrate 

that there was no significant difference between manual and continuous irrigation cutting 

groups on recovery days 10, 15 and 20 (Fig. 4.7a).  
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Figure 4.7: (a) Extracellular ALP activity and (b) calcium content of bone dust resected with 
manual and continuous irrigation. Images (5x magnification) of Alizarin red stain of calcium 
deposits (stained red) of cells from bone dust resected with (c) manual and (d) continuous 
irrigation.   *p<0.05; *** p<0.001 comparing either 2Flute -  Manual  vs 2Flute – Continuous 
or Multi-Flute – Manual vs Multi-Flute – Continuous. 
 
 

The calcium content was significantly higher in manual irrigation groups, compared to 

its continuous counterpart (Fig. 4.7b-d). This significance was seen on recovery day 55 

(p<0.001) in Multi-Flute group and recovery day 65 (p<0.05) in 2Flute group (Fig. 4.7b).  
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significantly higher (p<0.05) ALP activity on recovery day 15, in comparison to resection with 

manual irrigation (Fig. 4.8a). Moreover, at day 1, ALP activity was significantly higher in 

(p<0.05) cut surface resected with 2Flute bur using a manual irrigation approach when 

compared to the cut surface resected with Multi-Flute with the same irrigation approach (Fig. 

4.8a).  

The calcium content was significantly higher in continuous irrigation groups compared 

to manual groups, whereby significance was seen on recovery day 41 (p<0.05) and 55 

(p<0.001) in Multi-Flute and day 55 (p<0.001) in 2Flute groups (Fig. 4.8b-d). Moreover, 

calcium content was also higher in cut surface resected with 2Flute bur using a manual 

irrigation approach when compared to the cut surface resected with Multi-Flute with the same 

irrigation approach at day 41 (p<0.05) and 55 (p<0.01)  (Fig. 4.8b). 

 
Figure 4.8: (a) Extracellular ALP activity and (b) calcium content of the cut surface resected 
with manual and continuous irrigation. Alizarin red images (5x magnification) of calcium 
deposits (stained red) in cells from the cut surface resected with (c) manual and (d) continuous 
irrigation. * p<0.05; *** p<0.001 Manual vs Continuous, & p<0.05; && p<0.01 2Flute vs 
Multi-Flute 
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4.4. Discussion 
One of the main factors affecting post-operative bone regeneration is heat generated during 

cutting with high speed tools. In this study the relative surface temperature increase arises 

during cutting of porcine spine lamina with high speed burs in the presence of manual and 

continuous irrigation (< 39°C, < 22°C respectively). The study conducted in this Chapter reveal 

that both irrigation approaches maintain dissipated temperatures within the bone tissue (0.5 

mm from the cut surface) below 30°C. The cooling rate at the cut surface was faster during 

manual irrigation, whereas the rate decreased when continuous irrigation was used during 

cutting. Cell apoptosis was induced in both the bone dust and the cut surface ex-vivo samples 

by heat generated during cutting with both irrigation methods. However, this was not 

substantially high in comparison to the cell apoptosis observed in the study conducted in 

Chapter 3. It is proposed that both irrigation approaches limited the temperature elevations 

during high speed cutting, and thereby prevented excessive cell death to occur at the cut 

surface. Fluorescent intensity was higher in bone dust groups compared to the cut site groups. 

It is proposed that exposure to both mechanical and thermal damage during the cutting process 

lead to a more prominent cleavage of Caspase 3 signalling molecule in the bone dust groups. 

Moreover, metabolic activity was not significant when comparing manual and continuous 

irrigation groups, and it changes during recovery days. Although, Alamar Blue is not a perfect 

representation of cell viability, because non-proliferating healthy cells may not reduce Alamar 

Blue. Interestingly, the regenerative capacity of the cut surface was preserved when continuous 

irrigation was used for cutting with two different surgical bur designs, whereas cells in bone 

dust resected with manual irrigation, which also generated higher temperature, had the highest 

calcium content.   
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There are a number of limitations regarding this study that require consideration. 

Firstly, this study measured bone surface temperature in the presence of manual and continuous 

irrigation using a thermal camera, which can be limited due to the surrounding ambient 

temperature. However, relative temperature was referenced to temperature on the bone before 

cutting took place. Secondly, recording surface temperature elevation with the thermal camera 

using irrigation was also limited, and this was resolved by irrigating the bone before cutting 

and use this temperature as a reference. Thirdly, accumulation of bone dust occasionally 

occurred on the surface, which might increase heat generation, and this was exacerbated during 

cutting in the presence of manual irrigation (Fig. 4.1b and d, black arrows). This was quickly 

addressed by immediately removing the build-up of bone dust on the cut surface using 

irrigation. Moreover, measuring dissipated temperature with a thermocouple was also limited 

by the space between the bone and thermocouple, which was mitigated by using thermal paste 

to fill in the holes. Finally, the effect due to the mechanical forces applied during cutting, such 

as thrust force and torque created by the cutting flutes, may have played a role in cellular 

damage, especially in the bone dust groups, which experienced both mechanical and thermal 

damage. However, whereby the study conducted in Chapter 3 implemented histological 

evaluation on similar cutting experiments and showed intact tissue and lamellar structure on 

the cut surface and so mechanical damage at the surface might be minimal (Chapter 3). 

Moreover, it is well known that mechanical stimulation (Rauh et al. 2011; Sittichockechaiwut 

et al. 2009) and thermal stimulation (Dolan et al. 2015; Dolan et al. 2016; Chung and Rylander 

2012) can separately enhance osteogenesis. In surgical cutting, the role of each stimulation 

factor on post-operative bone regeneration is indistinguishable. Further investigation is needed 

to fully understand the influences of mechanical and thermal stimulation both separately and 

together on the osteogenic potential of surgically cut bone dust and the cut surface.  
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The study conducted in this Chapter report relative surface temperatures lower than 

80°C, with a range of 21.27°C-79.47°C and 7.6°C-54.26°C for manual and continuous 

irrigation respectively. This is lower than absolute temperatures previously reported with 

manual and continuous irrigation during bony decompression surgery on human patients, 

whereby the absolute maximum temperature range was 75.5°C - 194.2°C and 88.4°C - 249.7°C 

for manual and continuous irrigation respectively (Matthes et al. 2018). However, it should be 

noted that (Matthes et al. 2018) did not reference their temperature to initial bone temperature. 

Another study reported a surface temperature increase of 14.6±6.1°C with continuous saline 

irrigation, using a 10 mL syringe, on ovine cervical spine (Livingston et al. 2015), which is 

lower than the relative temperature of 22.07±11.55°C (2Flute) and 33.15±17.92°C (Multi-

Flute) in the continuous irrigation group, which is reported here. However, they used a standard 

light pressure on the bur during cutting, which explains their lower temperature compared to 

results reported here. Moreover, they reported a dissipated temperature of 22.0±1.9°C with 

continuous irrigation (Livingston et al. 2015), which is similar to results reported here, the 

dissipated temperature result of 21.29±1.26°C (2Flute) and 22.59±0.62°C (Multi-Flute) for 

continuous irrigation. 

The study in this Chapter has reported enhanced mineralisation in bone dust resected 

in the presence of manual irrigation, where cutting also exposed cells in bone dust to higher 

temperature elevations compared to continuous irrigation groups. A previous bone dust study, 

which did not report use of irrigation, reported a significantly higher viability (cell count after 

3 weeks of culture) in cells from bone dust produced by 2Flute compared to Multi-Flute groups 

(Roth et al. 2018). In comparison, the study conducted in this Chapter has shown no difference 

in viability (metabolic activity) between the 2Flute and Multi-Flute groups during 20 days of 

recovery. This previous bone dust study also reported similar qualitative expression of ALP 

and Alizarin Red staining between cells derived from bone dust produced by 2Flute and Multi-
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Flute, whereas similar results of quantified ALP activity between cells derived from bone dust 

resected with 2Flute and Multi-Flute were observed in this Chapter. This is the first study to 

investigate osteogenesis in bone dust autograft resected with manual irrigation and compare it 

to continuous irrigation, whereby bone dust exposed to higher relative temperature (manual 

irrigation) also showed higher mineralisation (quantified Alizarin Red). It has previously been 

reported that high speed cutting with no irrigation method generated relative surface 

temperatures higher than 80°C and induced thermal damage in bone dust autograft, which 

enhanced mineralisation response in cells (Chapter 3). In the study conducted in this Chapter, 

mineralisation was also enhanced in bone dust group that was exposed to higher temperature 

(manual irrigation).  

Previous studies investigating the effect of irrigation on the cut surface have focused 

on mechanical and irrigation parameters, such as temperature of liquid, flow rate, forces 

affecting heat generation and tissue viability and integrity using histological staining (Isler et 

al. 2011; Haddad et al. 2014), but they did not determine the cellular response to temperature 

generated by cutting in the presence of irrigation. An in vivo study in rabbits, using a high 

speed carbide bur at 35,000 rev/min for cutting with 6°C of continuous irrigation, reported a 

higher trend for bone fusion rate at the cut surface (ulnohumeral) compared to using no 

irrigation method (Haddad et al. 2014). Similar to these results, here it is reported that the cut 

surface resected with continuous irrigation exhibited higher osteogenic response than the cut 

surface resected in the presence of manual irrigation. Another study on Spraque-Dawley rats 

explored the effect of cutting (burs) using no irrigation compared to cutting with continuous 

irrigation at different temperatures (4°C, 25°C) on new bone formation, bone necrosis, and 

presence of infection using histologic evaluations (Isler et al. 2011). According to their 

histological images, they reported a significantly higher new bone formation with less infection 

and necrosis at the cut surface resected using (4°C and 25°C) continuous irrigation, when 
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compared to no irrigation. Both of these in vivo studies provided an insight into the influence 

of using continuous irrigation to minimise temperatures during surgical cutting with burs and 

enhance new bone formation. However, to the best of our knowledge, no study has been 

conducted to compare irrigation approaches (manual with continuous) to determine the 

irrigation parameters that influence post-surgical regeneration following cutting with surgical 

burs.  

Understanding the effect of cutting tool parameters, such as spindle speed (revolutions 

per minute), feed rate (chip thickness or mm/min), magnitude of thermal elevation (°C) and 

blade sharpness, on temperature elevation will inform approaches to alleviate thermal damage 

(Eriksson and Albrektsson 1983; Matthews and Hirsch 1972a; Xu et al. 2014; Lee, Chavez, 

and Park 2018). One study reported a drill speed higher than 70,000 rpm can generate lower 

temperature (74°C), compared to a drill speed of 27,000 rpm ,which generated a temperature 

of 105°C measured by a thermocouple 0.75 mm away on bovine cortical bone (Abouzgia and 

James 1997). Here, in the study conducted in this Chapter, manual and continuous irrigation 

approaches are shown to affect heat generation during high speed cutting, where a drill speed 

of 75,000 rev/min was used. Moreover, results from this study has shown that inside the bone, 

dissipated temperatures (0.5 mm away) were between 20°C and 30°C during cutting in the 

presence of manual and continuous irrigation respectively, and this dissipated temperature did 

not significantly increase compared to the referenced bone temperature (16.64 ± 0.753°C). 

Temperatures generated during cutting with manual irrigation are highly variable, because 

using a syringe does not create a constant cooling on the cut surface.  

It has been proposed that heat generation >47°C will induce tissue damage, and as a 

consequence may limit bone healing (Eriksson and Albrektsson 1983; Eriksson, Albrektsson, 

and Magnusson 1984; Eriksson 1984; Eriksson and Albrektsson 1984). Previous cut surface 

studies have only used histology to explore tissue damage and regenerative capacity. The study 
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conducted in this Chapter further explored the regenerative capacity at the cut surface by 

investigating the cellular response to cutting with surgical burs in the presence of different 

irrigation methods. Surgeons are wary about using high speed cutting instruments because it 

can induce excessive necrosis and cell death. In this study, temperatures generated by surgical 

burs in the presence of continuous irrigation did exceed the threshold for cell death (>47°C), 

but only for a short duration (<4 seconds). Moreover, the cut surface was preserved for 

regeneration when continuous irrigation was used in combination with high speed cutting with 

surgical burs. It is proposed that heat shock created during cutting with this irrigation method 

initiated an earlier mineralisation response. Thus it is proposed that continuous irrigation might 

be favourable for surgical applications that rely on preservation of the cut surface for post-

surgical healing, whereas manual irrigation might be a beneficial approach for cases where 

harvesting and preservation of the osteogenic capacity of autograft bone dust is required.  

4.5. Conclusion 
The study conducted in this Chapter reveals that temperatures generated by surgical burs at the 

cut surface exceeded the threshold for cell death, but only for short durations. Importantly the 

cut surface was preserved for regeneration when continuous irrigation was used in combination 

with high speed cutting with surgical burs. It was also observed that cut surface resected with 

a Multi-Flute design bur using both irrigation approaches also showed higher calcium content 

at day 41 and 55 compared to ones resected with a 2Flute design, and this corroborates with 

the study conducted in Chapter 3. In contrast an enhanced osteogenic response occurred in 

bone dust resected in the presence of manual irrigation, and this was associated with heat shock 

created during cutting with this irrigation method. Our study can be used to inform surgical 

irrigation for surgical procedures using high speed burs whereby continuous irrigation might 

be preferred for post-surgical healing of the cut surface, whereas manual irrigation enhances 

the osteogenic capacity of autograft bone dust.  
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Chapter 5 : Early and long-term 
mineralisation in porcine autograft bone dust 
surgically cut with a high speed bur using an 

ex-vivo bioreactor 
 

5.1. Introduction 
Spinal laminectomy during posterolateral fusion is performed to allow posterior access to the 

intervertebral disc space, such that the disc can be resected to place a supporting spinal cage 

and bone graft material with the aim of achieving interbody fusion. Larger bone chips 

(>112,000 µm2) are typically resected using manual instrumentation, such as a rongeur, while 

bone dust is produced using a high speed bur and is subsequently much smaller (<66,000 µm2) 

in comparison (Kim et al. 2016; Epstein 2017; Perez-Cruet et al. 2013). The in vitro and ex-

vivo osteogenic potential of bone dust for dental and orthopaedic applications has been studied 

using in vitro cell culture approaches (Roth et al. 2018; Kuttenberger, Polska, and Schaefer 

2013; Eder et al. 2011; Ye et al. 2013). One study compared the osteogenic potential of bone 

dust (cut with high speed bur) with iliac bone chips (harvested with rongeur), and reported a 

significantly higher cell viability and alkaline phosphatase activity in bone chips compared to 

bone dust groups, although there was no difference in mineralisation (Alizarin red staining) 

between the groups (Ye et al. 2013). Another study compared the osteogenic potential of 

human laminectomy bone chips and bone dust, and reported that bone dust had a poorer 

osteogenic potential (osteoblast yield and Alizarin red staining) by 3 weeks post-surgery 

compared to bone chips, which was proposed to be associated with the preservation of lamellar 

tissue structure (Eder et al. 2011).  

Cutting tools induce thermal and mechanical damage by creating necrotic tissue and 

microcracks at the superficial cut surface (Karaca, Aksakal, and Kom 2011; Xu et al. 2014). 
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The influence of orthopaedic twist drilling parameters (drill speed, drill force, drill diameter, 

and feed rate) on temperature elevation has been investigated in bovine cortical bone using a 

T-type thermocouple situated 0.5 mm away from drill site (Karaca, Aksakal, and Kom 2011) 

and compared tissue necrosis and tissue damage at the cut surface (drill site) by histology. It 

was reported that higher drill force, lower drill speed, and higher feed rate led to lower 

magnitude of temperature elevation, visually less necrotic tissue (empty lacunae) and higher 

tissue damage at the drill site. Another study also compared the influence of drilling parameters 

(drilling speed, feed rate) on temperature elevation, measured by a thermal camera, in a study 

using a twist drill in porcine humerus bone under dry and irrigated conditions (Xu et al. 2014). 

They reported that higher feed rate and lower drill speed led to lower temperature elevation 

during dry cutting, whereas irrigation minimised temperature elevation and mitigated the 

influence of feed rate and drill speed parameters (Xu et al. 2014).  

The regenerative capacity of bone dust is influenced by temperature elevation generated 

during high speed cutting. Interestingly, thermally induced cell apoptosis has been shown to 

enhance in vitro, in vivo, and ex-vivo osteogenesis in bone (Chung and Rylander 2012; Dolan 

et al. 2012; Dolan et al. 2015; Dolan et al. 2016) (Chapter 3 and 4). The study conducted in 

Chapter 3 has shown that temperature elevations during high speed cutting (Multi-Flute and 

2Flute Bur) occur for short durations and are associated with cell apoptosis (Chapter 3). In the 

same study an ex-vivo culture approach was used to study the osteogenic potential of the bone 

dust and the cut surface after cutting, and reported that the cutting approach that led to the 

highest temperature resulted in an enhanced osteogenic response (confirmed by ALP activity 

and calcium) (Chapter 3). The differences in osteogenic potential of bone dust and bone chips 

might be associated with heat exposure, which differs between the two whereby temperature 

elevations during high speed cutting with burs expose bone dust to temperatures above 60°C 

(Hosono et al. 2009) while cutting with rongeurs does not expose bone chips to heat generation. 
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It should be noted that the study (Chapter 3) was conducted under in vitro static conditions. 

However, autograft bone chips and dust experience mechanical forces such as compression and 

torsion in vivo (Kim et al. 2016), for example when implanted between the vertebral bodies for 

spinal fusion surgery (Epstein 2017; Kim et al. 2016), in gums for orthodontic surgery 

(McAllister and Haghighat 2007), and as a bone filler during canal wall reconstruction (Roth 

et al. 2018). While patients are encouraged to return to physical activity, because of the 

beneficial effect of loading on bone cells (osteoblasts, osteocytes, and mesenchymal stem cells) 

(Guo et al. 2012), the influence of mechanical stimuli on the osteogenic potential of bone dust 

is not fully understood.  

Bioreactors are commonly used to provide an in vitro physical growth environment for 

cells and tissue, and can induce an upregulation of gene expression and matrix production 

associated with osteogenic differentiation (Matziolia et al. 2011; Freeman et al. 2017). For 

example, a study used porcine trabecular cores to investigate mechanotransduction in bone 

marrow cells under vibrational low magnitude mechanical stimulation (LMMS, 50 Hz for two 

30 minutes bouts for 5 days per week), and reported higher bone formation rate (Alizarin red 

fluorochrome labelling) and downregulation of sclerostin expression (anti-osteoblast 

differentiation) in mechanically stimulated trabecular cores compared to control (Curtis et al. 

2018). However, no study has implemented a bioreactor approach to assess cellular viability 

and the osteogenic response of bone dust exposed to the effects of surgical cutting. 

Irrigation is a common practice during orthopaedic cutting with high speed cutting 

tools, which is implemented to minimise temperature elevation and prevent excessive cell 

death and tissue necrosis. Irrigation can be implemented in a manual fashion, whereby a 

surgical assistant applies irrigation to flush out bone debris during cutting, or using an irrigation 

device to automatically apply a continuous flow of irrigation while simultaneously cutting. It 

has been reported that heat generation during decompression surgery in a human spine is higher 
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in the presence of manual irrigation when compared to automated continuous irrigation 

(Matthes et al. 2018). The study conducted in Chapter 4 has also shown that manual irrigation 

can induce higher temperature elevations in porcine bone than cutting with continuous 

irrigation, and that this is associated with apoptosis but an enhanced cellular mineralisation 

response in bone dust cultured ex-vivo (ALP and quantified Alizarin red), when compared to 

bone dust surgically cut with continuous irrigation to minimise temperature elevation (Chapter 

4). Previous studies have investigated the influence of irrigation parameters (flow rate, 

temperature of liquid) (Hosono et al. 2009; Sener et al. 2009; Isler et al. 2011) and bur design 

(Chapter 3) on temperature elevation. A study of thermal damage to nerve roots in porcine 

lumbar spines reported higher temperature elevation (measured by FLIR) when a diamond bur 

was used for cutting, when compared to using a steel fluted / cutting bur, without irrigation 

(Hosono et al. 2009). The study also investigated temperature arising under different irrigation 

flow rates, and reported that a higher flow rate applied by automated irrigation (540 ml/hour 

vs 180 ml/hour) significantly decreased temperature elevation when a diamond bur was used 

(Hosono et al. 2009). However, these studies were conducted under static conditions and they 

did not assess the cellular response to cutting with irrigation. Thus the osteogenic capacity of 

surgically cut bone dust under mechanical stimulation, representative of the in vivo 

implantation environment, has not been explored.  

 Therefore, the hypothesis that “The mineralisation potential of autograft bone dust is 

enhanced by mechanical stimulation representative of in vivo conditions” was tested in this 

Chapter. The global objective of this study was to assess the mineralisation capacity of 

surgically cut bone dust under mechanical stimulation, representative of the in vivo 

implantation environment, using a custom bioreactor. Moreover, the study sought to compare 

the osteogenic capacity of bone dust prepared in the presence of manual and continuous 

irrigation and then cultured under static and mechanically stimulated conditions. The study 
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determined the osteogenic capacity of bone dust during post-cutting recovery using an ex-vivo 

cell culture approach with a mechanical bioreactor and biochemical assays. The post-cutting 

mineralisation was also assessed by high-resolution micro-CT scanning.  

5.2. Materials and Methods 

5.2.1. Bone harvest  

Porcine (Rosderra Irish Meats, Edenderry, Offaly) spine samples, were transported on ice to 

the university, where fresh lamina sections (n=3) were harvested. It was confirmed that the 

spinal lamina was still intact and not affected by the cutting in the slaughterhouse. Tissue 

samples were thoroughly sprayed with 70% ethanol immediately before transfer into a 

biosafety laminar flow hood. The spine was dissected using a scalpel blade to cut through the 

vertebral disc, ensuring that the vertebra body (C10-C12 and L1-L6) and lamina bones were 

not damaged. The sectioned spine samples (3 vertebrae per section) were held in a clamp during 

surgical cutting. Soft tissue was removed using osteotomy tools (Stryker) and scalpel, ensuring 

that the periosteum was completely removed from the lamina and spinous process. 

5.2.2. Surgical Cutting 

All cutting was conducted with a high speed πDrive drill ( Stryker, Kalamazoo, Michigan) at 

a rotational speed of 75,000 rev/min using a clockwise hand motion. Surgical cutting was 

conducted in the presence of either continuous, with an automated irrigation sleeve (Stryker, 

Kalamazoo, Michigan) attached to the drill attachment, or manual irrigation. Manual irrigation 

was conducted by an assistant using a 50 ml syringe, where drops of saline were administered 

in a drip-drip technique by hand during cutting, and this represented the scenario in which a 

surgical assistant applies irrigation while the surgeon cuts. Irrigation solution was phosphate 

buffered saline containing 5% Antimycotic Antibiotic solution (AAS/PBS, both Sigma). 

Continuous flow from the irrigation sleeve was set at 8% (8 ml/minute) flow rate using an 
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irrigation cassette and Console (both Stryker, Kalamazoo, Michigan). The surgical bur used 

for all cutting was a 3 mm 2Flute bur (Stryker, Kalamazoo, Michigan), and cutting was carried 

out until 20 cc of bone dust for each condition (manual static, manual stimulated, continuous 

static, continuous stimulated) was collected with a bone collector device (Bone Vac, Stryker, 

Kalamazoo, Michigan) and transferred into a 50 ml falcon tube. All bone dust groups were 

washed with sterile PBS containing 5% AAS, then cultured in media as explained below. 

5.2.3. Ex-vivo cell culture 

All bone dust groups (4 replicates for each condition per animal) were cultured in Dulbecco 

Modified Eagle Medium Glutamax media (Biosciences) and Hyclone Nutrient Ham’s/F12 

(ThermoFisher) (DMEM/F12, 1:1 ratio), supplemented with 10% foetal bovine serum (FBS, 

Sigma), 2% antimycotic antibiotic streptomycin (Sigma), 50 µM Ascorbic acid (Sigma), 1% 

w/v Dexamethasone (Sigma), and 20 mM β-Glycerol phosphate (Sigma). The media was 

changed twice per week or on days 1 and 20 of recovery for extracellular alkaline phosphatase 

(ALP) activity. Bone dust constructs were cultured ex-vivo in a 24-well plate placed in an 

incubator set at 37°C and 5% CO2 for 20 days, when the experiment was terminated. Static 

condition groups were continuously cultured in the well plates. Stimulated bone dust groups 

were also cultured in 24 well plates until time of stimulation.  

5.2.4. Mechanical stimulation with compression bioreactor 

A custom bioreactor, designed to compress with cyclic loading (Fig. 1a), was validated by 

applying controlled displacements to a porous scaffold and recording under high magnification 

(Figure 5.1a and b). The strain distribution was determined locally using a digital image 

correlation (DIC) technique (Verbruggen et al. 2015).  

At time of stimulation, bone dust groups were transferred from well plates into a 

chamber. Mechanically stimulation of bone dust was carried out at the same time every day. 
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The cyclic loading regime was set at 0.05 Hz for 1 hour every day for 20 days. Media was 

added into the wells of the bioreactor, but no perfusion was used during cyclic loading for 1 

hour. Bone dust constructs resected with manual and continuous irrigation during cutting then 

cultured in mechanical stimulation were immediately transferred back into well plates for 

culturing after each bout of loading. 

 

 
Figure 5.1: Validation of bioreactor was carried out with a porous scaffold. A) Bioreactor 
contained 4 chamber wells where the bone dust constructs were placed into and subjected to 
cyclic loading. B) Compression was verified with computational modelling. 

 

5.2.5. Cell apoptosis 

Cell apoptosis was assessed on recovery days 1 and 20, in order to investigate viability of 

constructs cultured under static and stimulated ex-vivo culture conditions. Cleavage of pro-

caspase 3 activates extrinsic and intrinsic cell apoptosis pathways, whereby cell morphology 

changes, and cell blebbing occurs due to lysis of cellular and nuclear membranes, leading to 

the release of cellular content.  
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On recovery days 1 and 20, bone dust groups were fixed with 10% neutral buffered 

formalin solution (Sigma) and then decalcified in 0.5M ethylenediaminetetraacetic acid 

(EDTA, Sigma) for five days or until full decalcification. Bone dust samples were embedded 

in Histogel (Thermo Fisher), then processed in an automated Tissue Processor (Leica) 

overnight, embedded in paraffin wax and sectioned at 7 µm using a microtome (Leica). 

Sectioned samples were mounted on a glass slide and deparaffinised overnight in an oven at 

60°C. Sections were blocked for 30 minutes using 1% bovine serum albumin (BSA, Sigma) to 

prevent non-specific binding, then followed by overnight incubation with cleaved caspase 3 

antibody (Cell Signalling) at a concentration of 1:100. Samples were washed with 1% BSA 

and stained with Alexa Fluor 488 (Thermo Fisher) at a concentration of 1:700 for 1 hour at 

room temperature in the dark, then counterstained with mounting media containing 4’,6’-

diamidino-2-phenylindole (DAPI, Sigma), and imaged using a confocal laser scanning 

microscope (Olympus Fluoview 100 system) at 40x magnification. Images were processed 

using ImageJ software to quantify positive apoptotic cells.  

Control porcine cells were also cultured on slides and stained with cleaved caspase 3 

antibody. Positive controls were dosed with 5 µM Etoposide (Abcam), which induces cell 

apoptosis, whereas negative controls received no etoposide treatment. 

5.2.6. Hoechst DNA Assay 

DNA content was quantified as described previously with modifications (Dolan et al. 2012), 

in order to asses cell proliferation during recovery days. Briefly, bone dust constructs were 

washed twice with PBS, then lysis buffer solution, containing 1% Triton X (Sigma) was added. 

Then, cells in bone dust were subjected to 3 cycles of freeze-thaw to break open the cell 

membrane. Lysate solution was transferred into a 1.5 ml Eppendorf tube and frozen at -20°C 
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until use. Bone dust was wet weighed after lysate solution was fully removed, and weight was 

used to normalise DNA content. 

Hoechst DNA assay was carried out by adding 20 µl lysate solution from each group to 

200 µl DNA working solution in triplicates into a black 96-well plate. DNA working dye 

solution contained 2 µl Hoechst 33258 enzyme (Sigma) added to 20 mL of Hoechst buffer 

(100mM Tris, 2 M NaCl and 10 mM EDTA, all Sigma). Ensuring a homogeneous mixture, 

fluorescence was measured at an emission of 460 nm and excitation of 365 nm using a 

spectrophotometer (BioTek Synergy HT). DNA content was calculated with a known amount 

of calf thymus DNA as the standard. Quantified DNA was used to assess cell proliferation at 

recovery day 1 and 20, and also to normalise ALP activity. 

5.2.7. Extracellular Alkaline Phosphatase Activity 

Alkaline phosphatase (ALP) activity is an early mineralisation marker and an indication of 

osteoblastic differentiation. An ALP assay is commonly used to quantify extracellular ALP 

content, using a calorimetric test for p-nitrophenyl phosphate (p-NPP) as a phosphate substrate. 

Extracellular ALP activity for bone dust was quantified as previously described with 

modifications (Dolan et al. 2012). Briefly, media was changed on recovery days 1 and 20, and 

then collected 24 hours after stimulation as described above, where 40 µl of media from each 

sample group was added to 50 µl of 5 mM p-NPP solution (Sigmafast) and 40 µl of water in a 

96-well plate, which was then incubated at room temperature for 1 hour, to which 20 µl of 3M 

NaOH was added to stop reaction of ALP enzyme (all Sigma). Absorbance values were 

measured at 405 nm with a microplate reader (BioTek Synergy HT). Using a standard curve of 

0-80 nM of p-NPP content, ALP activity was calculated in milli-units (mU), then normalised 

to DNA content and expressed as milli-units per µg of DNA (mU/µg). 
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5.2.8. Micro computed tomography 

Both static and stimulated bone dust constructs were fixed on recovery day 1 and 20 with 

formalin 10% neutral buffered (Sigma) for 24 hours and then scanned by micro-computed 

tomography (micro-CT, Scanco 100) with parameters: 14 mm holder, 45 kVp tube voltage, 

200 µA intensity, A1 filter, 5 µm voxel size, 300 ms integration time, and framing averaging 

value of 2. Samples were scanned in air with Styrofoam and tape to hold samples in place. 

Constructs were evaluated using a threshold of 200 - 255 mgHA/ccm, ensuring that the 

threshold preview matches the grey scale image (Figure 5.2a and b). A volume of interest (VOI, 

cylindrical, mm3) was 3D reconstructed and evaluated for bone volume fraction (BV/TV) and 

greyscale histograms, to describe bone volume and bone mineral density distribution 

(explained below).  

  

 
Figure 5.2: Example of grey scale image in (a) sagittal and (b) top view. Scale bar is 1 mm. 
(c) Example of a histogram for static and stimulated bone dust, where black line indicates most 
common mineral density, red lines show tissue volume at low and high mineral density, and 
black arrow is the full width at half max (FWHM) for heterogeneity.  
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5.2.9. Bone mineral density distribution analysis 

Bone mineral density distribution was quantified from 3D reconstruction of VOI, using 

evaluation scripts in the Scanco Image Processing Language (IPL) as previously described by 

(O'Sullivan et al. 2020). This method assessed the amount of bone volume and bone quality at 

early (day 1) and late (day 20) stages of regeneration post-cutting. Raw micro-CT data files 

were processed to produce bone mineral density distribution (BMDD) measurements for each 

static and stimulated groups. Grey scale histograms were evaluated from micro-CT images in 

order to show frequency of occurrence of voxels at a grey level or mineral density 

(mgHA/ccm), see example curve in Figure 5.2c. A script was also used to characterise the full 

width at half maximum (FWHM) of the mineral distribution curve (mineral heterogeneity, 

mgHA/ccm) (Roschger et al. 2008), average weighted mineral density (Mmean, mgHA/ccm), 

the most frequent mineral density (Mmode, mgHA/ccm), and the bone volume at low and high 

mineral density (Mlow, Mhigh, mgHA/ccm). Tissue volume at Mlow represents immature bone, 

while Mhigh represents mature bone mineral. Bone volume (BV, mm3) at low and high mineral 

densities were quantified below the 25th and above the 75th, respectively, percentile mineral 

density value of the baseline BMDD curves. This analysis allows for a comprehensive and 

quantitative description of changes in mineral composition of bone dust constructs. 

5.2.10. Statistical Analysis 

Data was analysed using Graphpad (version 5) software, and values are represented as mean ± 

standard deviation. A two-way ANOVA was used with Bonferroni’s post-test to compare 

between manual and continuous irrigation groups, and between static and stimulated condition 

groups. All experiments were repeated with 3 animals, and 4 replicates for each animal.  
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5.3. Results 

5.3.1. Cell apoptosis arises in bone dust cultured under static conditions, and the 
irrigation method did not influence cell death 

Apoptotic cells were observed in the positive control group (Etoposide treated)  (Figure 5.3a), 

but not in the negative control group (Figure 5.3b).  

 
Figure 5.3: a) Positive caspase 3 control, where porcine cells were dosed with etoposide, which 
induces cell apoptosis. b) Negative control porcine cells did not get treatment with etoposide. 
 

On day 1, positive apoptotic cells were observed in the continuous irrigation group 

cultured under static conditions (Figure 5.4a-b and e). Also on day 1, cell apoptosis was not 

observed in bone dust obtained under manual or continuous irrigation and cultured ex-vivo in 

the presence of mechanical stimulation (Figure 5.4c-e). On day 20, apoptotic cells were 

observed in bone dust cut in the presence of both manual and continuous irrigation and then 

cultured under static conditions (Figure 5.5a-b, e). On the other hand, no apoptotic cells were 

observed in bone dust cultured under mechanical stimulation by recovery day 20, regardless of 

the irrigation approach used during cutting (Figure 5.5c-e). 



 

 113 

 
Figure 5.4: Day 1 images of apoptotic cells of bone dust in (a) static and manual, (b) static and 
continuous, (c) stimulated and manual, and (d) stimulated and continuous groups. White line 
indicates shape of construct, white arrows indicate DAPI stain for cell nucleus, red arrow 
indicates cleaved caspase 3, and yellow arrows indicate positive apoptotic cells. (e) Graph is 
quantified percentage of positive apoptotic cells normalised to total cells.  
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Figure 5.5: Day 20 images of apoptotic cells of bone dust in (a) static and manual, (b) static 
and continuous, (c) stimulated and manual, and (d) stimulated and continuous groups. White 
line indicates shape of construct, white arrows indicate DAPI stain for cell nucleus, red arrow 
indicates cleaved caspase 3, and yellow arrows indicate positive apoptotic cells. (e) Graph is 
quantified percentage of positive apoptotic cells normalised to total cells.  
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5.3.2. Cell viability was higher in mechanically stimulated bone dust, regardless of 
the irrigation approach used during cutting 

All mechanically stimulated groups had significantly higher DNA content at recovery day 20 

(p<0.001) than the static groups, regardless of the irrigation method used during cutting (Figure 

5.6a and b, Table 1). Moreover, the DNA content in bone dust resected with either manual or 

continuous irrigation and then cultured under stimulated conditions was significantly higher 

(p<0.001) at day 20, compared to day 1, (day 1 vs day 20, Figure 5.6a and b, Table 2). 
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Figure 5.6: (a and b) Viability (DNA content) and (c and d) ALP activity of bone dust in 
manual and continuous irrigation groups. *** p<0.001 static vs stimulated groups; aaa p<0.001 
day 1 vs day 20. 

 

5.3.3. Early osteogenic response was higher in mechanically stimulated bone dust 
groups, regardless of the irrigation approach used during cutting 

At day 1 and 20, ALP activity was significantly (p<0.001) higher in bone dust resected with 

manual and continuous irrigation and then cultured ex-vivo under mechanical stimulation, 

when compared to groups cultured under static conditions (Figure 5.6c and d, Table 1). The 

irrigation approach during cutting did not affect ALP activity at day 1 and 20 (Figure 5.6c and 

d). Moreover, there was no difference in ALP activity at day 20, compared to day 1, for all 

irrigation groups cultured in either static or stimulated conditions (Figure 5.6c and d). 
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5.3.4. Longer-term mineralisation was higher in mechanically stimulated groups 
compared to static, but no difference between manual and continuous 
groups 

Micro CT images showed dispersed bone dust cultured under static conditions at day 1 of 

recovery, whereas in the mechanically stimulated groups bone dust was more compacted 

(Figure 5.7a), and there was no influence of the irrigation technique used during cutting on the 

distribution of mineral within the samples. The quantified 3D reconstructed micro-CT data at 

day 20 revealed a higher bone volume fraction (BV/TV) for all irrigation groups, cultured ex-

vivo under either static or stimulated conditions, when compared to day 1 (Figure 5.7b, Table 

2). At day 20, fusion of bone fragments were also observed in the bone dust resected with 

continuous irrigation and cultured under stimulated condition (Figure 5.7b, right). Bone 

volume fraction (BV/TV) was significantly higher on recovery day 1 and 20 for bone dust 

cultured under stimulated conditions. This was statistically significant for both manual 

(p<0.05) and continuous (p<0.01) irrigation groups at day 1 and 20 (Figure 5.7c and d, Table 

1). Moreover, the irrigation approach did not influence the BV/TV results at day 1 and 20 

(Figure 5.7c and d, Table 1). There was a significant (p<0.001) increase in BV/TV value at day 

20 compared to day 1 of recovery, for all the groups (Figure 5.7c and d, Table 2).   
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Figure 5.7: Bone volume fraction 3D reconstructed images on (a) day 1 and (b) day 20. Bone 
volume fraction in (c) manual and (d) continuous groups * p<0.05, ** p<0.01 static vs 
stimulated groups; aaa p<0.001 day 1 vs day 20. 

 

5.3.5. Mineralisation enhanced in bone dust resected with manual irrigation and 
cultured ex-vivo under mechanical stimulation 

By day 20, bone dust resected in the presence of manual irrigation and then cultured under 

stimulated conditions had a higher (p<0.01) peak mineralisation (Mmode) compared to the same 

irrigation group cultured under static conditions (Figure 5.8a, Table 1). Also at day 20, bone 

dust resected with manual irrigation and cultured in a mechanically stimulated condition had a 

significantly (p<0.05) higher Mmode compared to the continuous irrigation group also cultured 

in stimulated condition (manual vs continuous, Figure 5.8a and b). Mmode was significantly 
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(p<0.05) increased at day 20, compared to day 1, in bone dust resected with manual irrigation 

and cultured under mechanically stimulated conditions (Figure 5.8a, Table 2). 

 
Figure 5.8: Most frequent mineral density (Mmode) for (a) manual and (b) continuous irrigation 
groups are reported as mean ± standard deviation. (c and d) Average weighted density (Mmean) 
and (e and f) heterogeneity (FWHM) for manual and continuous groups. @ p<0.05 manual vs 
continuous; * p<0.05, ** p<0.01, *** p<0.001 static vs stimulated groups; a p<0.05, aa p<0.01 
day 1 vs day 20. 
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At day 20, the average weighted mineral density (Mmean) was significantly higher 

(p<0.05) in bone dust cultured under stimulated condition compared to the group cultured 

under static condition, regardless of the irrigation approach used during cutting (Figure 5.8c 

and d, Table 1). Under both static and stimulated conditions, there was no significant difference 

in Mmean between bone dust resected with manual irrigation and those resected with continuous 

irrigation at day 1 and 20 (manual vs continuous, Figure 5.8c and d). Also at day 20, compared 

to day 1, mean mineral density (Mmean) was significantly increased (p<0.01) in bone dust 

resected with manual irrigation and then cultured under mechanical stimulation (day 1 vs day 

20, Figure 5.8c and d, Table 2).  

The Full width at half max (FWHM, heterogeneity) at day 20 was significantly higher 

in the bone dust group cultured under stimulated conditions (p<0.001), compared to the group 

cultured under static conditions, regardless of the irrigation approach used during cutting 

(Figure 5.8e and f, Table 1). There was no significant difference between bone dust resected 

using manual and the group resected with continuous irrigation at day 1 and 20, for either static 

or stimulated conditions (manual vs continuous, Figure 5.8e and f). However, heterogeneity 

(FWHM) was significantly (p<0.01) higher at day 20, compared to day 1, in the bone dust 

group resected using continuous irrigation and cultured ex-vivo under stimulated conditions 

(Figure 5.8f, Table 2). 

At day 20, bone dust resected with manual irrigation and cultured under stimulated 

conditions had a higher proportion of (p<0.05) immature and mature bone mineral (Mlow and 

Mhigh) compared to the static counterpart (Figure 5.9a and c, Table 1). The irrigation approach 

did not have an effect on immature and mature bone mineral (Fig 5.9). At day 20, compared to 

day 1, both immature and mature bone volume (Mlow and Mhigh) was significantly (p<0.05) 

increased in bone dust resected using manual irrigation and then cultured under stimulated 

conditions (Figure 5.9a and c, Table 2). 
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Figure 5.9: Tissue volume at (a and b) low and (c and d) high mineral density * p<0.05, ** 
p<0.01 static vs stimulated groups; a p<0.05 aa p<0.01, day 1 vs day 20. 
 

5.4. Discussion 
In vitro and ex-vivo studies have been conducted using cell culture techniques to assess the 

osteogenic potential of bone dust autograft material. Yet these studies may not fully represent 

the osteogenic potential of bone dust in vivo when implanted in patients, due to the absence of 

a mechanically active environment. The study conducted in this Chapter assessed the 

mineralisation capacity of surgically cut bone dust using a custom bioreactor to more closely 

represent the in vivo implantation environment. This study reports that the osteogenic capacity 

of bone dust was increased in the presence of mechanical stimulation, whereby cell apoptosis 

was absent. However, cell apoptosis was observed at day 20 in bone dust resected with 

continuous irrigation approach and cultured under static condition. In Micro-CT images, bone 

dust constructs cultured under static condition were still dispersed at day 20 and had higher 
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mechanical damage, compared to the stimulated groups, which had a solid consistency that 

was easy to transfer during loading regimes. This higher damage lead to cell apoptosis observed 

at day 20 in the bone dust cultured under static condition. Cell proliferation and early 

mineralisation responses from bone cells were significantly higher for mechanically stimulated 

bone dust when compared to those cultured under static conditions. It has also been shown that 

longer term mineralisation was significantly increased in bone dust subjected to compression 

forces during cyclic loading, whereby bone tissue volume at recovery day 20 was higher 

compared to bone dust in a static environment, and this increase at day 20 was significant 

compared to bone volume at day 1. Interestingly the irrigation method, representative of a 

manual approach or a continuous irrigation device, did not have an effect on mineralisation 

potential of bone dust under either static and stimulated conditions.  

There were some limitations to this study. Firstly, the sourced spine was from porcine 

and so the results may not represent the outcome arising in human bone tissue. However, 

porcine spines are anatomically similar to humans (Abbasi and Abbasi 2019), and they have 

been used for regenerative and bone fusion studies (Curtis et al. 2018; Xue et al. 2005). A 

second limitation was that all spines were retrieved 12 hours post mortem and kept in a 

refrigerated room until collection, which might affect the viability of cells in the tissue before 

cutting experiments were conducted. However, it has been previously confirmed that cells in 

the vertebra were still viable following overnight refrigeration of bovine and porcine spines 

post-mortem (Chapter 3 and 4). Moreover, there was an increase in DNA content for both static 

and loaded bone dust constructs, which confirms the viability of bone cells after overnight 

refrigeration. A third limitation was related to the use of a bioreactor to represent loading in 

the human body, which is not a perfect representation of in vivo loading. However, bioreactors 

have been established as a tool to induce mechanical stimulation on ex-vivo bone cores, by 

replicating in vivo physical loading (Birmingham et al. 2015; Davies et al. 2006). Moreover, 
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there were some challenges in ensuring the bone dust construct remained intact during the first 

few cycles of cyclic loading. However, although some movement of the bone dust occurred, 

the construct quickly became compacted and deformation was observed visually during cyclic 

loading. Moreover, the bone volume and mineralisation densities were significantly higher in 

stimulated conditions compared to static bone dust constructs, which was expected based on 

previous mechanical stimulation studies (Birmingham et al. 2015; Mann et al. 2006) and 

confirmed that loading of the bone dust was achieved. In order to fully understand the 

mechanical environment’s influence on mineralisation capacity of bone dust autograft, further 

studies are needed using ex-vivo human bone dust under varying loading conditions within 

bioreactors. 

The study conducted in this Chapter is the first to assess the osteogenic potential of 

stimulated bone dust autograft, which was cut with a high speed surgical bur, in a mechanically 

loaded environment. A previous in vitro and ex-vivo bone dust study was conducted under 

static conditions, and it was reported that bone chips (cut with rongeurs) were superior in 

osteogenic response compared to bone dust (cut with high speed bur) (Eder et al. 2011; Ye et 

al. 2013). The study conducted by (Ye et al. 2013) assessed human autograft bone dust on days 

7, 14 and 21 post-surgery, and reported higher ALP activity and Alizarin red staining in bone 

chips compared to bone dust, under static conditions (Ye et al. 2013). In comparison to their 

results (ALP activity at day 21: 0.95 ± 0.46 mM pNPP/mg protein) for bone dust cut with a 3 

mm bur, results in the study conducted in this Chapter for ALP activity at day 20, also cut with 

a 3 mm bur and under static conditions, was comparable (0.802 ± 0.581 mM/µgDNA (manual) 

and 1.223 ± 1.018 mM/µgDNA (continuous)). Another study investigated the osteogenic 

potential of human bone shavings (dust) for spinal fusion, and they reported an osteoblast yield 

of 1.73 x 105 cells/g bone (equivalent to 1.34 µg/g bone) at week 3 (21 days). In comparison, 

the study conducted in this Chapter reported a higher DNA content of 5.992 ± 5.88 µg/g for 



 

 124 

the manual and 5.671 ± 5.3 µg/g for the continuous groups at day 20 in the bone dust cultured 

under static conditions. 

The micro-CT data in the study conducted in this Chapter has characterised bone dust 

mineral distribution during recovery days in a mechanical environment, and it was shown that 

mineralisation was increased when bone dust was subjected to compression loading. In 

comparison to static constructs, results from the study conducted in this Chapter show that low 

mineral density (25th percentile, Mlow), high mineral density (75th percentile, Mhigh), 

heterogeneity (FWHM), and most frequent mineral density (Mmode) were higher in 

mechanically stimulated bone dust. Similarly, a study on hydrogel constructs mechanically 

stimulated within a hydrostatic pressure vessel also reported higher volume of most frequent 

mineral density and low mineral density compared to its static counterpart (Naqvi et al. 2020). 

Moreover, their heterogeneity (FWHM) was also higher in mechanically stimulated constructs 

compared to their static constructs, which is similar to the results of this study, where there was 

higher heterogeneity in stimulated bone dust compared to static conditions. A clinical study of 

lumbar non-instrumented fusion rate using lamina autograft (59 patients), combined with 

Nanoss and bone marrow aspirate, reported bone fusion at 6 months post-operatively in a 

patient with grade 1 degenerative spondylolisthesis, whereby fusion of bone fragments were 

visually observed in a 3D-CT scan of the L4-L5 vertebrae (Epstein 2017). Similarly, the results 

from the study conducted in this Chapter of 3D reconstructed micro-CT images of bone dust 

constructs at day 20 also show a fusion of bone fragments, especially in mechanically 

stimulated groups, when compared to more dispersed bone fragments at day 1. Studies have 

been conducted on mechanically stimulated bone cores (Mann et al. 2006; Birmingham et al. 

2015; Birmingham et al. 2016), where mechanically stimulated osteogenic potential have been 

assessed using a bioreactor. In one study, a mechanically loaded (cyclic loading) human 

trabecular bone core (cut with low speed diamond drill) showed an increase in viability, 
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assessed by lactate dehydrogenase (LDH) activity, and higher positive staining of ALP 

(histochemical Fast Blue and Naphthol-ASMX stain) on bone surface when subjected to  

loading and prefusion, compared to unloaded groups (Mann et al. 2006). Similarly, the ex-vivo 

cell culture analysis in the study conducted in this Chapter show that viability and extracellular 

ALP activity was increased in mechanically stimulated (cyclic loading) bone dust compared to 

static bone dust, and this was observed in both irrigation groups.  

In conclusion, the mechanical environment existing in vivo does influence the 

mineralisation response in autograft bone dust. This is the first study conducted to investigate 

the mineralisation potential of surgically cut bone dust in a mechanical environment 

representing the site of implantation, which is relevant to implantation in a vertebral site where 

bone dust autograft would experience compression loading. Previous clinical studies of bone 

dust have assessed long term (>4 months) bone fusion between the vertebrae with the addition 

of a scaffold or demineralised bone matrix (DMBM) (Epstein 2017; Kim et al. 2016). They did 

not assess the immediate mineralisation response taking the mechanical environment of 

implant site into account. The study conducted in this Chapter is the first to assess and 

characterise the mineralisation potential of bone dust cultured under a mechanically stimulated 

environment, using an ex-vivo cellular technique and micro-CT analysis. This is relevant to 

fully understand the potential of bone dust to regenerate in the site of implantation, where 

mechanical loading is experienced continuously. This approach could be used for further 

assessment of bone dust intended for different sites of implantation with varying loading 

conditions, such as compression and torsional forces between two vertebra or inside gums 

under a dental implant. Bone dust are a unique autograft, because they are subjected to both 

thermal and mechanical stress during and after resection, which also influences their 

regenerative capacity to heal. The study conducted in this Chapter has unique clinical relevance 
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because it further informs surgeons the important role of a mechanical environment in a site of 

implantation when assessing mineralisation potential of autograft bone dust.  

 

 

  



 

 127 

Chapter 6 : Discussion and Conclusion 

6.1. Introduction 

This Chapter summarizes the main findings of the Thesis, where the influence of high speed 

cutting on post-operative bone regeneration, by the surgically cut bone surface and bone dust 

material for autografting applications, has been explored. The osteogenic response of autograft 

bone dust in a mechanical environment representative of in vivo conditions was also 

investigated. The relationship between the individual Chapters and previous studies are shown 

in a schematic in Figure 6.1, and this will be discussed in more detail in Section 6.3. Key 

findings are discussed in context to other relevant studies in the field, and implications as a 

result of this Thesis for the field of bone regeneration and high speed surgical cutting are 

explored. Recommendations for further studies and future work are also discussed in Section 

6.4.  

6.2. Main Findings of Thesis 

The studies conducted during the course of this PhD Thesis focused on the ex-vivo cellular 

response to surgical cutting with a high speed bur. Heat generated by cutting with surgical burs 

with 2Fute and Multi-Flute designs were measured by a thermal camera and thermocouple, to 

assess surface and dissipated temperature respectively. Thermal damage and osteogenic 

responses by ex-vivo bone dust and the cut surface samples were investigated to determine the 

relationship between their regenerative potential and surface and dissipated temperature 

elevations. Next a study was conducted to determine the effect of cutting with different 

irrigation approaches, mimicking those used during surgery, on the osteogenic potential of ex-

vivo bone dust and the cut surface, and to determine its association with temperature elevations 

arising during cutting in the presence of irrigation. Autograft bone dust are re-introduced into 
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patients to enhance healing at the cut site, but in these environments mechanical forces are 

exerted onto the autograft. Therefore, the final study investigated the osteogenic response in 

autograft bone dust in a mechanical environment representative of in vivo conditions. The key 

contributions of each hypothesis are summarised below. 

Hypothesis 1: A Multi-Flute surgical cutting tool bur generates higher temperature at the 

superficial surface than a 2Flute bur design 

The first study, presented in Chapter 3 of this Thesis, demonstrated that surface temperature 

elevations was in excess of 80°C during high speed cutting with a 2Flute and Multi-Flute 

design bur where no irrigation was used, whereas dissipated temperatures were less than 40°C. 

Moreover, the Multi-Flute design generated significantly higher surface temperature compared 

to the 2Flute design bur. These findings support Hypothesis 1. Although higher temperature 

was observed during dry cutting with the Multi-Flute bur, there was a faster cooling rate at the 

cut surface immediately after contact with the bur, which also resulted in a lower percentage 

of heated cut surface when compared to the 2Flute design. By observing these high temperature 

elevations at the surface, but not dissipated inside the bone, this Chapter provided an insight 

into heat dissipation during dry cutting with high speed surgical burs. In particular, this Chapter 

reveals an increase in heat generation (>80°C) at the surface but it does not induce a substantial 

heat shock inside the bone. This was corroborated by a study that was conducted by (Malvisi 

et al. 2000) using an E-type thermocouple 1 mm away to measure temperature elevations in 

bovine bone heated to 37°C by a heating element, and they reported temperatures below 46°C, 

which was a 10°C increase during dry cutting with a milling tool similar to a surgical bur.  

The difference in temperature elevation between dry cutting with a 2Flute and Multi-

Flute has not been reported before the studies of this PhD thesis. The results in this Chapter 
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provided essential information regarding the relationship between dissipated heat generation 

and induced surface temperature elevations during high speed cutting with surgical burs.  

Hypothesis 2: Bone surfaces and autograft dust exposed to temperature elevations induced 

by high speed cutting undergo cell apoptosis, which enhances the osteogenic response ex-

vivo 

The first study of this Thesis also investigated the regenerative capacity in ex-vivo bone in 

response to temperatures above 60°C for short durations, which was induced during cutting 

with a high speed bur. Although heat generation reached in excess of 80°C, bone dust and the 

cut surface still had osteogenic potential, because only the cells on the surface were affected 

by these high temperature elevations for short durations (<1.33 seconds). Cell apoptosis was 

exacerbated in the cut surface prepared by a Multi-Flute cutting tool compared to the cut 

surface prepared using a 2Flute. Tissue necrosis was observed as far as 182.4 µm (2Flute) and 

107.7 µm (Multi-Flute) away from the cut surface. Interestingly, the cut surface resected with 

the Multi-Flute tool also had higher osteogenic potential, whereby ALP activity and 

mineralisation was higher than that of the cut surface generated using a 2Flute device. As such, 

these results provided evidence to support Hypothesis 2. Surgeons avoid using high speed 

cutting tools because of concerns regarding the potential for excess osteonecrosis. This Chapter 

provides evidence that although high speed surgical round burs may generate high surface 

temperatures above the threshold for cell death (>47°C), enhanced osteogenesis is in fact 

observed in the cut surface resected with 2Flute and Multi-Flute designs, because the dissipated 

temperatures remain below 47°C and cells deep inside the bone and away from the cut surface 

are not exposed to temperature elevations.  
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Hypothesis 3: Surgical cutting with manual irrigation induces higher temperatures, when 

compared to cutting with continuous irrigation, but the ex-vivo osteogenic potential of 

autograft bone dust is enhanced 

The second study, presented in Chapter 4 of this Thesis, quantified the influence of irrigation 

approaches on temperature elevations arising during high speed cutting. The results of this 

Chapter revealed that both surface and dissipated temperature elevations were higher during 

cutting in the presence of manual irrigation, which replicated the surgical scenario in which a 

surgical assistant applies irrigation to the cut surface, when compared to continuous irrigation 

with an irrigation device attached to the cutting instrument. Relative surface temperature 

elevations only increased to 60°C, while dissipated temperatures remained below 30°C, during 

high speed cutting with 2Flute and Multi-Flute design burs with either irrigation approach. 

However, the cooling rate was faster, and the percentage of heated surface was higher in the 

cut surface resected in the presence of manual irrigation in comparison to continuous. 

Interestingly, there was a lower percentage of positive apoptotic cells in both the cut surface 

and bone dust resected in the presence of both manual and continuous irrigation methods, and 

also no significant difference was observed in metabolic activity between all of the irrigation 

groups. However, bone dust exposed to the higher increase in temperature elevation (manual 

group) also showed higher mineralisation response, whereby ALP activity and calcium content 

were significantly higher, supporting Hypothesis 3. This study revealed that although surface 

temperatures did not increase to the same level as cutting with no irrigation (>80°C, Chapter 

3), the slight increase in temperature still induced a mineralisation response in bone dust 

resected in the presence of manual irrigation.  

The results of Chapter 4 also showed for the first time that the cut surface was preserved 

for osteogenesis when continuous irrigation was used during high speed cutting with surgical 

burs. The study conducted in Chapter 4 is the first to report a difference of osteogenic response 
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in bone surgically cut in the presence of different irrigation methods (manual vs continuous). 

Previous work have reported differences in new bone formation (histological analysis) between 

the cut surface resected with no irrigation or prepared using continuous irrigation (Isler et al. 

2011; Haddad et al. 2014).  

Hypothesis 4: The mineralisation potential of autograft bone dust is enhanced by 

mechanical stimulation representative of in vivo conditions 

All previous bone dust and bone chip autograft studies have been assessed in static conditions 

by culturing in a tissue flask or well plates (Roth AA 2017; Ye et al. 2013; Eder et al. 2011; 

Kuttenberger, Polska, and Schaefer 2013; Gao et al. 2018). All of these studies have made 

considerable contributions to the understanding of osteogenic potential of bone dust. However 

autograft bone dust is harvested with the intention of re-implantation, commonly into an in 

vivo environment that induces mechanical stimulation, such as the intervertebral spaces that 

induce compressional and torsional forces. Therefore, in vitro studies under static conditions 

do not fully represent the cellular response in vivo, where a mechanical environment exists and 

is known to be critical to bone biology. The final study (Chapter 5) sought to address this gap 

in the field of bone dust regeneration and demonstrated that the osteogenic response in 

autograft bone dust is enhanced by mechanical stimulation representing in vivo conditions, and 

this is independent of the irrigation method used during surgical cutting. Interestingly, cell 

death was not observed in bone dust resected with irrigation and then cultured under 

mechanically stimulated conditions, and a significant increase in osteogenic potential was also 

observed. Longer-term mineralisation as assessed by Micro-CT scans revealed a significant 

increase in bone volume by day 20. All of these findings support Hypothesis 4 of the Thesis. 

The study conducted in Chapter 5 is the first to report the osteogenic potential of autograft bone 

dust in a mechanical environment setting representative of in vivo. 
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These findings are further considered in the context of current understanding of 

temperature elevations during high speed cutting, the thermal damage and cellular response 

associated with these heat generations. 

6.3. Insight and implications for the field of surgical cutting  

The findings of this Thesis provide an insight into tissue and thermal damage in bone surgically 

cut with a high speed bur, and a further understanding of the association of temperature 

elevation to the osteogenic potential of ex-vivo bone. Moreover, the results in this Thesis have 

important implications for the field of post-operative bone regeneration and surgical cutting 

research. The occurrence of temperature elevations during surgical cutting with a high speed 

bur is explored. The osteogenic response in ex-vivo bone contributes to the understanding of 

bone healing after surgical cutting. 

Although heat generation on the superficial cut surface reached above 47°C, it did not 

dissipate deep into the bone. The thermal diffusivity of bone is low and is associated with bone 

mineral density surrounding the osteocytes (Dolan, Vaughan, Niebur, Casey, et al. 2014), 

therefore heat generated by high speed surgical burs is only felt by cells on the cut surface. 

Moreover, it has been shown that using a drill speed above 27,000 rpm decreases temperature 

elevation during cutting (Abouzgia and James 1997). Until now, temperature elevations 

representing orthopaedic cutting have been explored using artificial induction of temperature 

to investigate bone cell response to moderate temperatures (<60°C) (Dolan, Vaughan, Niebur, 

Casey, et al. 2014; Dolan et al. 2015; Dolan et al. 2016; Eriksson and Albrektsson 1984; 

Eriksson and Albrektsson 1983; Eriksson, Albrektsson, and Magnusson 1984). However, high 

speed cutting with surgical burs has been shown to generate temperatures above 60°C (Gao et 

al. 2018; Hosono et al. 2009; Livingston et al. 2015; Matthes et al. 2018), even with manual 

irrigation during decompression surgery, temperatures can reach up to 249°C (Matthes et al. 
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2018). While all of these studies have added new knowledge to the field regarding temperature 

elevations arising during orthopaedic cutting, the precise osteogenic response to surgical 

cutting under different conditions previously remained unknown. The temperature analysis in 

Chapter 3, built upon previous temperature parameter studies, measured the temperature 

elevation on the surface and dissipated inside the bone during high speed cutting with burs, 

whereby surface temperatures were in excess of 80°C for very short durations (<1.33 seconds), 

but dissipated temperatures remained below 35°C. These results are corroborated by previous 

studies, where temperatures measured using a thermocouple remains below 47°C (Shin and 

Yoon 2006) during cutting with a round bur, which suggests that temperature elevation does 

not dissipate substantially into bone and therefore only affect the cells on the surface. 

High speed surgical burs generate temperatures in excess of 80°C on the surface, but this 

thermal damage on the surface led to a thermally induced cell apoptosis and an enhanced bone 

regeneration, whereby the bur design that generated higher temperature (Multi-Flute) also 

created bone dust with increased mineralisation potential (Chapter 3). The results of Chapter 3 

also revealed that osteonecrosis occurs at the surface up to 182.4 µm deep, but the necrotic 

tissue did not negatively affect the osteogenic capacity of the ex-vivo bone dust or the cut 

surface groups. Previous studies assessed osteonecrosis (histological staining) caused by 

surgical cutting with orthopaedic drills, but these studies did not assess the cellular response 

post-cutting (Karaca, Aksakal, and Kom 2011; Isler et al. 2011; Haddad et al. 2014). Chapter 

4 built upon previous studies of bone dust (Roth AA 2017; Eder et al. 2011; Ye et al. 2013) 

and the cut surface (Karaca, Aksakal, and Kom 2011; Xu et al. 2014; Matthes et al. 2018) to 

specifically compare ex-vivo osteogenic responses under different irrigation methods, which 

are commonly used in surgery during high speed cutting with surgical burs.  

The regenerative capacity of autograft bone dust is vital for success of laminectomy 

surgery, and the location of implantation site is also important to consider. These locations 
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present varying mechanical environments, which can also influence bone regeneration, because 

bone cells responds positively to mechanical forces such as compression, hydrostatic pressure, 

torsion, and fluid flow shear stress (Birmingham et al. 2015; Matziolia et al. 2011; Freeman et 

al. 2017). Chapter 5 adds knowledge beyond that established in previous bone dust studies 

(Roth AA 2017; Ye et al. 2013; Eder et al. 2011; Kuttenberger, Polska, and Schaefer 2013) by 

assessing the osteogenic potential of bone dust in a mechanical environment representative of 

in vivo. This Chapter also compared the ex-vivo osteogenic response between irrigation 

methods using micro-CT analysis, and have shown that the type of irrigation method used 

during surgical cutting does not influence long-term mineralisation in autograft bone dust. It 

should be noted that surgical cutting conducted in Chapters 4 and 5 were carried out with 

different size burs. A 6 mm size was used in the study conducted in Chapter 4 while a 3 mm 

size bur was used for cutting in the study conducted in Chapter 5, which might explain the 

differences observed with respect to the influence of irrigation. In a preliminary temperature 

analysis conducted in the study of Chapter 3, cutting with a 3 mm bur led to lower heat 

generation compared to cutting with a 6 mm bur. No difference in mineralisation response was 

observed between manual and continuous irrigation groups in the study conducted in Chapter 

5, and this might be explained by the fact that the temperature elevation during cutting with a 

3 mm bur did not increase sufficiently to induce a thermal healing response.  

The ex-vivo experiments conducted in this PhD provide an insight into the thermally 

induced osteogenic response of bone dust and the cut surface prepared by surgical cutting with 

different surgical flute designs (Chapter 3), cutting in the presence of different irrigation 

approaches (Chapter 4), and the mineralisation response of autograft bone dust in a mechanical 

environment representative of in vivo (Chapter 5). The individual studies reported in this 

Thesis add new knowledge to the field of surgical cutting, shedding further light on the current 

understanding of autograft bone dust and the cut surface resected by surgical burs, as shown in 
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Figure 6.1. When analysed together, these findings provide a novel insight into the post-

operative bone tissue response to resection in different cutting conditions, as discussed further 

in the following section. 

 

 
Figure 6.1 Schematic of work conducted as part of this PhD thesis in context with previous 
studies. 

 

The findings of Chapters 3 and 4 provide an understanding of temperature elevations during 

cutting with a high speed bur on the surface and inside the bone during different cutting 

conditions where different flute designs and irrigation methods were used. Temperature 

findings were then correlated to cell culture results in order to understand the osteogenic 

response of autograft bone dust and the cut surface, as shown in Figure 6.2. Moreover, the 

findings showed the importance of a mechanical environment representative of in vivo on the 

mineralisation potential of autograft bone dust, also shown in Figure 6.2. Based on the results 

of this Thesis, post-operative bone regeneration is influenced by both thermal and mechanical 

stimulation. Surgical cutting induces temperature elevation and mechanical damage (bone dust 
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group) during cutting with surgical burs. Temperature elevations during cutting with no 

irrigation were in excess of 80°C, which is corroborated by a study conducted in clinical 

settings where temperatures were well above this during cutting with manual irrigation on 

human patients undergoing laminectomy surgery (Matthes et al. 2018). Moreover, mechanical 

stimulation during recovery days also enhance mineralisation in autograft bone dust. This 

corroborates with other regenerative studies using trabecular bone cores (Birmingham et al. 

2015; Birmingham et al. 2016) or stem cells (Freeman et al. 2017; Matziolia et al. 2011) to 

assess mineralisation of bone cells in a mechanical environment representative of in vivo. 

These findings add further understanding of mineralisation potential in bone dust and the cut 

surface created by surgical burs, and can be used to improve designs of future surgical burs, 

irrigation device, or consideration of bone dust implantation site. 

Autograft bone dust differ from other graft materials such as de-cellularised bone allograft, 

because autograft dust contain the native growth factors and cells needed for bone healing. 

Unlike allografts, there is no risk of a foreign body response to autograft dust, which  has been 

shown to be both osteoconductive and osteo-inductive (Kuttenberger, Polska, and Schaefer 

2013). These properties make bone dust a better graft material, and therefore, understanding 

the influence of cutting bur design on post-operative bone regeneration is crucial. The clinical 

implication of this Thesis is to inform both surgeons and engineers on the cutting flute design 

(2Flute, Multi-Flute) and irrigation approach (manual, continuous) to use during cutting with 

surgical burs, whereby the results of post-operative bone regeneration is enhanced. Based on 

the results outlined in Chapters 3 and 4 of this Thesis, the recommendation is to use a Multi-

Flute bur design for resection and to use a manual irrigation approach for surgeries where the 

intention is to use autograft bone dust for bone fusion. But if the intention is to preserve the cut 

site, then cutting with a Multi-Flute design and using a continuous automated irrigation 

approach may be better. 
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Figure 6.2 Schematic of bone response to surgical cutting with a high speed bur. 

 

6.4. Recommendations for Future Work 

The studies described in this Thesis has shed further light on the influence of high speed 

surgical burs on post-operative bone regeneration. The following recommendations are made 

for future research based on the findings of this Thesis; 

6.4.1. Temperature elevations in bone surgically cut with high speed drills and 
oscillating saws 

Temperature elevations during high speed surgical cutting is a major factor in the ability of 

bone tissue to recover from damage. High speed surgical cutting tools can be designed to 

minimise temperature elevations and prevent excessive osteonecrosis by studying the 
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parameters that induce heat generation (Matthews and Hirsch 1972a; Karaca, Aksakal, and 

Kom 2011; Saha, Pal, and Albright 1982; Sener et al. 2009). The studies in this Thesis have 

evaluated the temperature elevation induced by different cutting flute designs in burs and 

different irrigation methods. Investigation into temperature elevations was only assessed in 

surgical burs. Currently, there is no assessment of surface temperature elevations during high 

speed cutting with drills. It would be interesting to conduct the same assessment as conducted 

in this for orthopaedic drills. This surgical instrument would not fit the criteria for a moving 

heat object and therefore, heat generation is expected to be higher. Gathering surface 

temperature data would be challenging, however, as the cutting instrument would interfere with 

FLIR results because it remains in front of the cut surface during this process. From the time 

the instrument is moved out of frame the surface temperature would have significantly 

decreased, which cooling rate results in Chapter 3 would suggest. To overcome this challenge, 

cutting should take place where the drill is visible and the middle section of the bone has been 

exposed to the camera lens. Embedding thermocouples in the bone would also add 

understanding of heat dissipation during cutting. 

6.4.2. In vivo osteogenic potential of the cut surface 

Another suggestion for future work based on the results of this Thesis is an in vivo study to 

assess post-operative bone regeneration. Surgical burs were used on porcine spines, therefore 

a porcine animal study would be suitable to use these burs on. Results from studies conducted 

in Chapters 3 and 4 have laid out the cellular response to temperature elevations induced by 

surgical cutting with burs in different cutting conditions. However, an animal study would give 

a more representative understanding of the cellular response in vivo. Osteogenic potential can 

be assessed using histological staining with hematoxylin and eosin, immunostaining with 

cleaved caspase 3 antibodies, and quantitative polymerase chain reaction (qPCR) to quantify 

gene expression of osteogenic genes, such as COX2, OPG, RANKL, Il-1a, M-csf, and bone 
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sialoprotein (BSP). Methods adapted from (Dolan et al. 2016) could be employed to assess 

expression of osteogenic genes in vivo. The methods used to assess temperature analysis in 

Chapters 3 and 4 could be employed to quantify temperature elevations during cutting, in order 

to establish a correlation between heat generation and in vivo osteogenic capacity of surgically 

cut bone.  

6.4.3. Influence of thermal and mechanical stimulation induced by high speed 
cutting 

It is difficult to separately assess thermal and mechanical stimulation that is induced during 

surgical cutting, because the cutting tool simultaneously induces both. Osteogenic potential of 

thermally induced cells has been fully assessed in vitro and in vivo (Dolan et al. 2012; Dolan 

et al. 2015; Dolan et al. 2016). Mechanical stimulation of bone cells have also been assessed 

in vitro and ex vivo (Matziolia et al. 2011; Birmingham et al. 2015; Freeman et al. 2017). 

However, the comparison between thermal and mechanical stimulation has not been conducted 

to determine which stimulation would benefit post-operative bone regeneration. For 

mechanical stimulation, a device that simulates physical chattering on bone would need to be 

used to represent cutting with surgical burs or oscillating saws. For thermal stimulation, a 

thermal probe could be used to induce temperature elevation, and this is easily controlled. 

Alternatively, an in vitro study could be conducted by exposing bone cell lines, such as MC3T3 

cells or MLO-Y4 cells, to thermal stress conditions, and compare this group to cell lines 

cultured under mechanical stimulation using a bioreactor.  

6.4.4. Regenerative capacity in diseased bone 

The studies conducted in this Thesis were carried out on healthy bone resected from 

slaughtered animals. However, patients undergoing surgery may be osteoarthritic, 

osteoporotic, or diabetic, where bone quality is low (O'Sullivan et al. 2020; Parle et al. 2020). 

For example, bone mineral content is decreased in osteoporotic patients compared to healthy 
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bone, where the fine balance between bone forming cells and bone resorbing cells has been 

compromised. This compromised interaction between osteoblasts and osteoclasts will 

influence the ability of bone to heal. A study could be designed to address this by using methods 

and results from Chapters 3, 4, and 5. Diseased human femoral heads could be obtained from 

patients undergoing hip surgery, or bone dust samples could be taken from patients undergoing 

lumbar spinal fusion surgery. Temperature analysis from Chapters 3 and 4 could be employed 

to assess temperature elevations during cutting with different design burs (2Flute and Multi-

Flute) and different cutting conditions (no irrigation, manual, continuous) on human femoral 

bone (cancellous region). A collaboration with a spinal surgeon will be needed to carry out a 

study using bone dust directly from patients. Methods from the study conducted by (Matthes 

et al. 2018) will need to be used to measure the temperature elevation during cutting, then bone 

dust from patients will need to be harvested and assessed for ex-vivo osteogenic potential, 

categorising patients depending on whether they were healthy and or had diseased bone 

(osteoporotic, diabetic). Comparing these results with the ones reported in this Thesis will 

provide a complete understanding of the influence of temperature elevation on post-operative 

bone regeneration in humans.  

6.5. Conclusion 

In conclusion, this Thesis has presented experimental studies performed throughout the course 

of the author’s PhD studies to investigate the influence of temperature elevation and 

mechanical stimulation in surgically cut bone under different cutting conditions. Together, 

these studies provide (1) an insight into the osteogenic response of bone tissue resected with 

different design burs and different irrigation approaches during cutting, and (2) uncovers how 

the mechanical environment that arises in vivo might influence the osteogenic capacity of 

autograft bone dust. Experimental design was established to determine temperature elevations 

during cutting with surgical burs and no irrigation, and this temperature was correlated to the 
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ex-vivo cell culture study where viability, ALP activity and calcium content were assessed. 

The established methods for temperature analysis and cell culture were then implemented to 

assess osteogenic potential of bone cut with different irrigation approaches, manual and 

continuous irrigation. Finally, to fully understand the osteogenic potential of bone dust 

implanted in a site representing in vivo, the autograft was cultured under static and stimulated 

conditions to assess early and long-term mineralisation. A compression bioreactor was used to 

stimulate bone dust constructs, and this represented the intervertebral disc space, which is the 

implantation site for lumbar interbody spinal fusion. This Thesis provides an ex-vivo 

understanding of regenerative tissue response to surgical cutting with burs and the osteogenic 

recovery in a mechanical environment representative of in vivo, and as such, the information 

elucidated from this body of work will inform future surgical instrument design to improve 

post-operative bone tissue regeneration. 
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