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Abstract 

 
Characterisation of the physical environment embryos are exposed to throughout in 

vitro culture for treatments involving in vitro fertilisation (IVF) has been limited due 

to measurement difficulties (since the position of an embryo is the point of interest) 

and the lack of a theoretical framework. Temperature, oxygen concentrations and pH 

are all important factors in an oocyte’s and an embryo’s environment which, if away 

from desired levels, may impact on embryo viability. The development of 

mathematical models provides a structured approach which helps to overcome 

measurement difficulties.    

 

The IVF process was broken down into 70 discrete back-to-back steps, from oocyte 

aspiration to embryo transfer, which could be modelled. Models of heat transfer were 

developed for a Petri dish, 4-well dish, Pasteur pipette (un-pulled and pulled), plastic 

pipette tip (two sizes), denuding pipette and transfer catheter. Models of oxygen and 

carbon dioxide mass transfer were developed for the Petri dish, in which oocytes and 

embryos spend the majority of their time in culture. The models were solved by the 

finite element method in the software package COMSOL Multiphysics 3.3a used in 

conjunction with MATLAB R2006a. Models were then validated against 

experimental data. 

 

There is considerable variation in the embryology culture process, with respect to the 

number and timing of steps, both between and within laboratories. Of all the factors in 

an embryo’s environment embryology practice has the greatest impact on 

temperature. Embryos are cultured in dishes in incubators which maintain the required 

gaseous and thermal environment. While paraffin oil, which overlays culture media in 
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a dish, successfully buffers embryos from great changes in oxygen and pH when 

dishes are removed from an incubator, maintenance of embryo temperature is 

dependent on numerous factors including the setting of the surface temperature of 

microscope stages, whether the lid is on or off the dish, the embryo position across the 

floor of the dish, the dish’s foot height, the time out of incubator and the depth of 

liquid in the dish. For a period of 5 minutes out of an incubator in a standard Petri 

dish set up, the pH an embryo is exposed to will not likely rise from pH 7.33, as in an 

incubator, to above pH 7.38. However, the temperature an embryo is exposed to may 

change by ± < 0.5 °C or may change by ± 1 to 3 °C, depending on embryology 

practice. Importantly, an increase of 1 °C in embryo temperature may adversely affect 

embryo viability while a decrease of 1 °C will likely have little impact.  

 

Transfer of an embryo in a pipette is the step identified which subjects embryos to the 

greatest rate and magnitude of temperature change. While temperature in a dish may 

change by 1 to 3 °C during 5 minutes out of an incubator, the temperatures within a 

pulled glass Pasteur pipette can fall by > 10 °C in 10 seconds. Use of plastic pipette 

tips instead of glass pipettes is beneficial for maintaining embryo temperature as the 

temperature will fall by approximately 3 °C in 10 seconds, 7 °C less than in the glass 

pipette under the same conditions. This work identified many simple practical steps, 

such as the use of plastic pipette tips instead of glass, which minimise temperature 

changes embryos are exposed to throughout the culture process. 

 

Applying the Model of mass transfer of O2 in a Petri dish disproved the belief that 

equilibration of gas in the dish occurs significantly faster without a lid. The model of 

O2 transport in a Petri dish demonstrated that it takes 1 hour to reach 67 % and 4 
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hours to reach 95 % full equilibration of oxygen between atmospheric and 5 vol % O2 

at 37 �C. Modelling mass transport of CO2 provided a means to predict pH changes 

within a media drop in a Petri dish. In equilibration from atmospheric to 6 vol % CO2, 

the pH reached within 0.1 unit of the final value in 1.5 hours. An important finding 

of this work was that sufficient equilibration of gas may be achieved in 2 hours and 

therefore the pre-equilibration time for dishes (currently overnight) may be shortened, 

reducing the degradation of amino acids, which occurs at 37 °C, to ammonium 

(embryo toxic).   

 

There is considerable variation in embryology practice. This work successfully 

utilised engineering knowledge and mathematical modelling to describe the physical 

environment of temperature, oxygen and pH that oocytes and embryos may be 

exposed to throughout an open embryo culture system, used by the majority of IVF 

clinics worldwide. The findings here provide a basis for establishing best practice. 

Further work is needed to quantify the effects on the embryo of fluctuation in the 

embryo’s environment but this work demonstrates that mathematical modelling of the 

embryo’s environment in IVF is a viable tool for improving laboratory practice. 



iv 
 

 



v 
 



vi 
 



vii 
 

Abstract ........................................................................................................................................ i

Acknowledgements ..................................................................................................................... v

Table of Contents ..................................................................................................................... vii

List of Figures ............................................................................................................................ xi

List of Tables ........................................................................................................................ xxiii

Nomenclature ....................................................................................................................... xxvii

Subscripts ............................................................................................................................... xxxi

1 Introduction ......................................................................................................................... 1

2 Literature Review................................................................................................................ 5
2.1 Infertility and in vitro fertilisation (IVF) .................................................................... 5
2.2 Mammalian oocyte (egg) and embryo development .................................................. 7

2.2.1 Oogenesis .............................................................................................................. 7
2.2.2 Embryo development .......................................................................................... 10

2.3 Culture media ............................................................................................................ 13
2.4 The embryo culture process ...................................................................................... 14

2.4.1 Evolution of the embryo culture process ............................................................ 15
2.5 Embryo plasticity ...................................................................................................... 16
2.6 Temperature .............................................................................................................. 18

2.6.1 in vivo environment............................................................................................. 18
2.6.2 in vitro environment ............................................................................................ 19
2.6.3 Temperature maintenance in the IVF Laboratory ............................................... 23
2.6.4 Other temperature considerations ....................................................................... 27

2.7 Oxygen ...................................................................................................................... 28
2.7.1 in vivo environment............................................................................................. 29
2.7.2 in vitro environment ............................................................................................ 30

2.8 pH .............................................................................................................................. 32
2.8.1 in vivo environment............................................................................................. 32
2.8.2 The internal pH of oocytes and embryos ............................................................ 32
2.8.3 in vitro pH ........................................................................................................... 34

2.9 Engineering in assisted reproductive technology (ART) .......................................... 34
2.10 Summary ................................................................................................................... 35

3 IVF Process Characterisation Overview ........................................................................... 37
3.1 Methodology ............................................................................................................. 37
3.2 The Embryo Culture Process .................................................................................... 38

3.2.1 Ovum pick up (OPU) (hour 0) ............................................................................ 40
3.2.2 Oocyte Processing Post OPU .............................................................................. 42
3.2.3 Insemination (IVF) (hour 4-6) ............................................................................ 43
3.2.4 Insemination (ICSI) (hour 4-6) ........................................................................... 44
3.2.5 Fertilisation Check (~ hour 18) ........................................................................... 46
3.2.6 Early Cleavage Check (~hour 25) ....................................................................... 47
3.2.7 Day 2 Check (hour 43 is desirable – usually 42-45) ........................................... 47
3.2.8 Day 3 Check (hour 65-70) .................................................................................. 48
3.2.9 Day 3 Embryo Replacement (ER) (hours 65-70) and Media Change ................ 48



viii 
 

3.2.10 Day 5 Check ........................................................................................................ 50
3.2.11 Day 5 ER and Day 5 Media change .................................................................... 50
3.2.12 Day 6 Check ........................................................................................................ 51

3.3 Process Simplification .............................................................................................. 51
3.3.1 Geometries .......................................................................................................... 51
3.3.2 Boundary conditions ........................................................................................... 53

3.4 Process variation ....................................................................................................... 57
3.5 Approach to the modelling........................................................................................ 58
3.6 Commonly accepted limits to an embryo’s physical environment ........................... 59
3.7 Process Flow Diagram .............................................................................................. 60
3.8 Summary ................................................................................................................... 67

4 Heat transfer in a Petri dish ............................................................................................... 69
4.1 Drop culture in a Petri dish ....................................................................................... 70

4.1.1 The system .......................................................................................................... 70 
4.1.2 Model requirements ............................................................................................ 72
4.1.3 Conceptual model development .......................................................................... 73
4.1.4 Model formulation .............................................................................................. 86

4.2 The model solution ................................................................................................... 89
4.2.1 The simulation .................................................................................................... 89
4.2.2 Error checks ........................................................................................................ 90

4.3 The Monte Carlo simulation ..................................................................................... 96
4.4 Parameter estimation ................................................................................................. 97
4.5 Model validation ..................................................................................................... 105

4.5.1 Equipment ......................................................................................................... 106
4.5.2 Experimental methodology ............................................................................... 108
4.5.3 The boundary conditions................................................................................... 110
4.5.4 Model validation ............................................................................................... 111

4.6 Summary ................................................................................................................. 116

5 Petri dish model application............................................................................................ 119
5.1 The Petri dish as part of the culture process ........................................................... 119

5.1.1 Process steps ..................................................................................................... 119
5.2 Equilibration of a Petri dish .................................................................................... 120
5.3 Transfer of a Petri dish ............................................................................................ 122

5.3.1 Heat loss to the laboratory air ........................................................................... 124
5.3.2 Heat loss to the carrier ...................................................................................... 129

5.4 The Petri dish-heated surface thermal environment ............................................... 133
5.4.1 Heated stage use ................................................................................................ 133
5.4.2 Validation of the model on a surface of constant and uniform temperature ..... 135
5.4.3 Factors which affect the temperatures on the dish floor ................................... 140
5.4.4 Investigating the glass heated microscope stage ............................................... 149

5.5 Summary ................................................................................................................. 153

6 The 4-well Dish............................................................................................................... 157
6.1 Drop culture in a 4-well dish .................................................................................. 157

6.1.1 The System........................................................................................................ 157
6.1.2 Conceptual Model Development ...................................................................... 158
6.1.3 Model Formulation ........................................................................................... 162

6.2 The Model Solution ................................................................................................ 163
6.3 Model Validation .................................................................................................... 163

6.3.1 Experimental set up........................................................................................... 164



ix 
 

6.3.2 Model Validation .............................................................................................. 165
6.4 Model Application .................................................................................................. 171

6.4.1 Transfer of a 4-well dish ................................................................................... 173
6.4.2 The 4-well dish on a surface of constant and uniform temperature .................. 175

6.5 Summary ................................................................................................................. 184

7 Pipettes ............................................................................................................................ 187
7.1 Heat transfer during pipetting ................................................................................. 187

7.1.1 The system ........................................................................................................ 187
7.1.2 Conceptual model development ........................................................................ 189

7.2 Model Formulation ................................................................................................. 199
7.3 Parameter Estimation .............................................................................................. 201
7.4 Model solution ........................................................................................................ 204
7.5 Model validation ..................................................................................................... 204

7.5.1 Experimental equipment and set-up.................................................................. 206
7.5.2 Experimental Methodology .............................................................................. 207
7.5.3 Model Validation: Pre-warmed pipettes ........................................................... 209
7.5.4 Model Validation: Pipettes initially at room temperature ................................. 218

7.6 Model Application .................................................................................................. 224
7.6.1 Pipette Tip: T-400 ............................................................................................. 224
7.6.2 Pulled glass Pasteur pipettes ............................................................................. 227

7.7 Summary ................................................................................................................. 229

8 Mass Transfer of Oxygen in Dishes................................................................................ 231
8.1 Drop culture in a Petri Dish .................................................................................... 232

8.1.1 Conceptual Model Development ...................................................................... 232
8.1.2 Model Formulation ........................................................................................... 235

8.2 Parameter estimation ............................................................................................... 238
8.2.1 Solubility ........................................................................................................... 239
8.2.2 Diffusion coefficients........................................................................................ 245
8.2.3 Parameter Summary .......................................................................................... 251

8.3 The model solution ................................................................................................. 252
8.4 Model Validation .................................................................................................... 252

8.4.1 Experimental Design ......................................................................................... 253
8.4.2 Model Validation .............................................................................................. 255

8.5 Model Application .................................................................................................. 262
8.5.1 The Model for Application ............................................................................... 263
8.5.2 The impact of a lid on oxygen mass transfer .................................................... 264
8.5.3 Oxygen changes throughout the embryo culture process ................................. 266

8.6 Summary ................................................................................................................. 269

9 pH changes in a Petri dish ............................................................................................... 271
9.1 Drop culture in a Petri dish ..................................................................................... 272

9.1.1 Conceptual model development ........................................................................ 272
9.1.2 Model Formulation ........................................................................................... 273

9.2 Parameter Estimation .............................................................................................. 277
9.2.1 Media (Water) ................................................................................................... 278
9.2.2 Paraffin Oil........................................................................................................ 281
9.2.3 Polystyrene ........................................................................................................ 285
9.2.4 Summary of the mass transfer properties of CO2 ............................................. 285
9.2.5 Constants for pH determination ........................................................................ 286

9.3 The Model Solution ................................................................................................ 287



x 
 

9.4 Model Validation .................................................................................................... 288
9.4.1 Experimental Design ......................................................................................... 289
9.4.2 Model Validation .............................................................................................. 291

9.5 Model Application .................................................................................................. 296
9.5.1 pH equilibration ................................................................................................ 297
9.5.2 The impact of temperature on pH change ......................................................... 299
9.5.3 pH change during embryo manipulation........................................................... 301

9.6 Summary ................................................................................................................. 302

10 Discussion and future work ............................................................................................ 305
10.1 Evaluation of the modelling .................................................................................... 307

10.1.1 Heat transfer in Dishes ...................................................................................... 307
10.1.2 Heat transfer in a pipette ................................................................................... 309
10.1.3 Oxygen mass transfer in a Petri dish................................................................. 311
10.1.4 Mass transfer of carbon dioxide in a Petri dish and prediction of pH change .. 311

10.2 Recommendations for embryo culture .................................................................... 313
10.3 Recommendations for future work ......................................................................... 317

References ............................................................................................................................... 321 

Appendices .............................................................................................................................. 331
Appendix A – Petri dish heat transfer files ......................................................................... 331 
Appendix B – 4-well dish heat transfer files ...................................................................... 332
Appendix C – Pipette heat transfer files ............................................................................. 332
Appendix D – Petri dish mass transfer files........................................................................ 332



xi 
 



xii 
 

3.18184828.40108.0 2
++−= θθoc



xiii 
 



xiv 
 



xv 
 



xvi 
 



xvii 
 



xviii 
 



xix 
 



xx 
 



xxi 
 



xxii 
 



List of Tables 







 



xxvii 
 

Nomenclature 

d Angle of flaring of the dish walls  ° 

A Area m2 

As Surface area m2 

ß Thermal expansion coefficient °C-1 

Bi Biot number - 

c Heat capacity J.kg-1K-1 

C Concentration mol.m-3 

2OC  Concentration of O2 mol.m-3 

D Diffusion coefficient m2s-1 

 Emissivity - 

g Acceleration due to gravity m.s-2 

h Convective heat transfer coefficient W. m-2K-1 

Hd Height of media drop m 

hfg Latent heat of water J.kg-1 

Hlw Height of Petri dish lid wall m 

Ho Depth of oil  m 

Hw Height of Petri dish wall m 

K Equilibrium constant - 

kp Mass transfer coefficient for a partial pressure 
driving force 

s.m-1 

Mr Molar mass kg.mol-1 

n Number  - 

P Partial Pressure mmHg 

1v
P  Partial pressure of water at a surface mmHg 
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2vP  Partial pressure of water above a surface mmHg 

2OP  Partial pressure of O2 mmHg 

2COP  Partial pressure of CO2 mmHg 

2aOP  Atmospheric O2 partial pressure mmHg 

2iOP  Initial partial pressure of O2 mmHg 

2eOP  Experimentally recorded partial pressure of O2 mmHg 

2aCOP  Atmospheric CO2 partial pressure mmHg 

2iCOP  Initial partial pressure of CO2 mmHg 

pKa -log(K) - 

q Heat flux W.m-2 

r Radial distance m 

R Thermal resistance m2.K.W-1  

ra Radius of air gap beneath Petri dish m 

Ra Rayleigh number - 

rd Radius of media drop m 

Re Reynolds number - 

Rg Gas constant J.mol-1K-1 

ri Internal radius of Petri dish m 

rl Radius of Petri dish lid m 

ro Radius of the dish at Ho m 

Rx Cross sectional area/wetted perimeter m 

S Solubility mol.m-3mmHg 

t Time s 

T Temperature in Kelvin K 
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Ta Ambient air temperature in Kelvin K 

Ts Surface temperature in Kelvin K 

U Apparent heat transfer coefficient  W. m-2K-1 

v Velocity m.s-1 

Vd Volume of media drop m3 

Voil Volume of paraffin oil m3 

x Thickness m 

xa Width of the Petri dish foot m 

xb Thickness of the Petri dish floor + air gap m 

xf Thickness of Petri dish floor m 

xl Thickness of the Petri dish lid m 

xla Thickness of the air gap between the Petri dish and 
its lid 

m 

xlw Thickness of the Petri dish lid wall m 

xw Thickness of the Petri dish wall m 

y Vertical distance m 

 Temperature in degrees Celsius °C 

a Ambient air temperature in degrees Celsius °C 

b Temperature of base boundary  °C 

e Experimentally recorded temperature °C 

i Initial temperature °C 

s Surface temperature in degrees Celsius °C 

eff Effective thermal conductivity W.m-1K-1 

ρ Density kg.m-3 

λ Thermal conductivity W.m-1K-1 
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 Viscosity (kinematic) m2s-1 

 Thermal diffusivity m2s-1 

 Stefan-Boltzmann constant W.m-2K-4 

 Denotes the subdomain - 
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Subscripts 
a Air 

g Glass 

m Media 

o Paraffin oil 

p Polystyrene 

pp Polypropylene 
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