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Abstract  

This work aimed to provide an evidence-base to inform the evaluation of future 

soldier systems so that they minimise breathing restriction. The hypothesis that 

restrictions to ventilatory function observed with torso-borne load carriage would 

limit exercise and the performance of military tasks was tested.  

Four separate studies were conducted to quantify the effect of wearing body 

armour with backpack loads on infantry soldiers at rest and whilst marching. 

Load redistribution was also assessed as a potential intervention. The load 

configurations examined ranged from no load to 50 kg. Ventilatory function, 

maximum inspiratory / expiratory pressures (PImax and PEmax respectively, to 

estimate respiratory muscle fatigue (RMF)), shoulder pressure / force and 

cardiopulmonary parameters were measured pre / post and during the loaded 

marches. The marches were between 40 and 180 minutes in duration and 

included light to heavy exercise intensities. Military task performance was 

measured using cognitive performance tests and the time to complete a 2.4 km 

best effort test.  

Wearing military loads caused a restrictive ventilatory impairment of up to 20 % 

depending on the load carried. Soldiers developed a rapid / shallow breathing 

pattern whilst marching with load which led to RMF. PImax and PEmax were 

reduced post-exercise following short duration tasks in Assault Order loads 

(PImax: 8 %, PEmax: 17 %) and following long duration moderate intensity 

marches in body armour (PImax: 7 to 13 %, PEmax: 10 to 19 %). Expiratory 

flow limitation was evident in 72 % of participants tested during heavy exercise. 

Accuracy during working memory and response inhibition tasks reduced with 

load and time by up to 20 %. Load redistribution improved accuracy during 

cognitive tasks but did not affect physiological parameters.  

The study hypothesis was accepted. The restriction to breathing caused by 

military loads limited performance during heavy exercise. RMF was evident 

during long duration marching although this did not limit performance.  



Page ii of xix 

Contents Page 

 

Abstract i 

Contents Page ii 

Declaration vi 

List of Tables vii 

List of Figures x 

List of Abbreviations xiii 

Acknowledgements xvi 

Dissemination xviii 

Chapter 1 Introduction 1 

 The Problem ...................................................................................... 2 1.1

 Research Background ....................................................................... 5 1.2

 Knowledge Gaps Identified During the Procurement Process ........... 5 1.3

 Summary ......................................................................................... 13 1.4

 Thesis Aim and Hypothesis ............................................................. 14 1.5

 Summary of Individual Chapters ...................................................... 14 1.6

Chapter 2 General Methods 16 

 Introduction ...................................................................................... 17 2.1

 Literature Review Procedure ........................................................... 17 2.2

 Work Rate ........................................................................................ 18 2.3

 Peak Inspiratory and Expiratory Mouth Pressures ........................... 25 2.4



Page iii of xix 

 Handgrip Strength ........................................................................... 27 2.5

 Cognitive Function Tests ................................................................. 28 2.6

 Pressure and Force ......................................................................... 36 2.7

 Participant Characterisation............................................................. 38 2.8

 Body Armour .................................................................................... 41 2.9

 Statistics .......................................................................................... 44 2.10

 Delimitations and Assumptions ........................................................ 45 2.11

Chapter 3 The Effect of Wearing Body Armour With Additional Load on 

Ventilatory Function Whilst Marching 47 

 Introduction ...................................................................................... 48 3.1

 Literature Review ............................................................................. 58 3.2

 Methods ........................................................................................... 65 3.3

 Results............................................................................................. 73 3.4

 Discussion ....................................................................................... 93 3.5

Appendix 1. Summary of Studies Involving Body Armour 102 

Appendix 2. Peak Inspiratory (PImax) and Peak Expiratory (PEmax) 

Pressures Measured Pre and Post Load Carriage 103 

Chapter 4 The Effect of Carrying Military Loads on Respiratory Muscle 

Fatigue, and Soldier Performance in Men 105 

 Introduction .................................................................................... 106 4.1

 Aim, Objective and Hypotheses ..................................................... 113 4.2

 Method .......................................................................................... 114 4.3

 Results........................................................................................... 124 4.4

 Discussion ..................................................................................... 154 4.5



Page iv of xix 

Appendix 3. Data Appendix 163 

1-1 Physical Characteristics of Test “Completers” and “Non-Completers”.

 163 

Chapter 5 The Effect of Carrying Military Loads on Respiratory Muscle 

Fatigue, and Soldier Performance in Women 170 

 Introduction .................................................................................... 171 5.1

 Method .......................................................................................... 178 5.2

 Results........................................................................................... 181 5.3

 Discussion ..................................................................................... 224 5.4

Appendix 4. Analysis of the Physical Characteristics of Test 

“Completers” and “Non-Completers”. 232 

Appendix 5. Power Calculations Based on Data from Studies 2 and 3 234 

Chapter 6 Can Load Redistribution be Used as a Strategy to Reduce the 

Negative Effects of Torso-Borne Load Carriage on Ventilatory Function?

 236 

 Introduction .................................................................................... 237 6.1

 Method .......................................................................................... 240 6.2

 Results........................................................................................... 249 6.3

 Discussion ..................................................................................... 265 6.4

 Summary ....................................................................................... 272 6.5

Appendix 6. Participant Characteristics 273 

Appendix 7. Correlation Between Participant Characteristics and 2-Back 

Accuracy 274 

Appendix 8. Power Calculations Based on Data From Study 4 276 

Chapter 7 General Discussion 278 



Page v of xix 

 Introduction .................................................................................... 279 7.1

 Key Findings .................................................................................. 280 7.2

 Practical Applications and Recommendations ............................... 289 7.3

 Future Research ............................................................................ 291 7.4

 Exploitation .................................................................................... 292 7.5

References 294 

ANNEX 1. Letters from Ethics Committees Confirming Favourable 

Opinion 305 

ANNEX 2. Form UP161: Research Ethics Review Checklist 313 

 

 

  



Page vi of xix 

Declaration 

Whilst registered as a candidate for the above degree, I have not been 

registered for any other research award. The results and conclusions embodied 

in this thesis are the work of the named candidate and have not been submitted 

to any other academic award. 

 

Signed ___________________________ 

Nicola Armstrong, PhD Candidate 

 

Date  ___________________________ 

 

 

Word Count: 62842 

 

© Crown copyright (2019), Dstl. This material is licensed under the terms of the 

Open Government Licence except where otherwise stated. To view this licence, 

visit http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3 

or write to the Information Policy Team, The National Archives, Kew, London 

TW9 4DU, or email: psi@nationalarchives.gov.uk 

Note that the images used on the title and chapter pages were downloaded 

from the Defence Images Website; reuse of these images is also licensed under 

the terms of the Open Government Licence 

  

http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3)
mailto:psi@nationalarchives.gsi.gov.uk


Page vii of xix 

List of Tables 

Table 1-1: Mean Patrol Loads Recorded During Operation HERRICK. .............. 4 

Table 3-1: Load Configurations Used During Study 1. ...................................... 68 

Table 3-2: Resting Spirometry Data in Each Load Configuration. ..................... 74 

Table 3-3: Resting Spirometry Data: Percentage Change From NBA. ............. 75 

Table 3-4: Resting Spirometry Data: Effect of Loosening the Body Armour. .... 76 

Table 3-5: Cardio-Respiratory Data Measured During The Exercise Test. ....... 80 

Table 3-6: Effect Sizes for Cardio-Respiratory Data Measured During The 

Exercise Test. ................................................................................................... 82 

Table 3-7: Operating Lung Volumes Measured at the End of Each Stage of the 

Exercise Test. ................................................................................................... 84 

Table 3-8: Effect Sizes for Operating Lung Volumes Measured at the End of 

Each Stage of the Exercise Test. ...................................................................... 84 

Table 3-9: Incidence and Degree of Expiratory Flow Limitation Experienced in 

Each Load Configuration. ................................................................................. 85 

Table 3-10: Inspiratory (PImax) and Expiratory (PEmax) Pressures Measured 

Pre and Post Exercise. ..................................................................................... 89 

Table 4-1: Examples of Studies Which Have Measured the Effect of Increasing 

the Mass Carried on Short Duration and Long Duration Tasks. ...................... 109 

Table 4-2: Load Configurations Used During Study 2. .................................... 117 

Table 4-3: Participant Characteristics. ............................................................ 124 

Table 4-4: Load Carried Expressed as a Percentage of Body Mass, Percentage 

of Lean Body Mass and Dead Mass. .............................................................. 125 

Table 4-5: Summary of Exercise Test Completions. ....................................... 127 

Table 4-6: Summary of Reasons Participants Were Excluded From the Exercise 

Test by the Investigator. .................................................................................. 128 

Table 4-7: Resting Spirometry Data. ............................................................... 130 

Table 4-8: Cardio-Respiratory Data Measured During the Exercise Test. ...... 132 

Table 4-9: Effect Sizes for Cardio-Respiratory Data Measured During the 

Exercise Test. ................................................................................................. 133 

Table 4-10: Peak Inspiratory Mouth Pressures (PImax) Measured Throughout 

the Exercise Test. ........................................................................................... 135 



Page viii of xix 

Table 4-11: Peak Expiratory Mouth Pressures (PEmax) Measured Throughout 

the Exercise Test. ........................................................................................... 136 

Table 4-12: Minute Ventilation, Breathing Frequency and Tidal Volume 

Measured During the March. .......................................................................... 139 

Table 4-13: Grip Strength (kg) Measured Throughout the Exercise Test. ....... 140 

Table 4-14: Symptoms Reported During the Exercise Test. ........................... 144 

Table 4-15: Number of Complete Tests for n-back Task. ............................... 146 

Table 4-16: Accuracy Measured During the N-Back Tasks. ........................... 148 

Table 4-17: Accuracy Measured During the Visual Go / No Go Test. ............. 151 

Table 4-18: Accuracy Measured During the Auditory Go / No Go Test. .......... 152 

Table 5-1: Participant Characteristics ............................................................. 181 

Table 5-2: Resting Spirometry Data – Women................................................ 189 

Table 5-3: Summary of Test Completions - Women. ...................................... 194 

Table 5-4: Summary of Test Completions - Men. ............................................ 195 

Table 5-5: Reasons Why Women Were Withdrawn by the Medical Officer. ... 196 

Table 5-6: Oxygen Uptake Measured During the Loaded March- Women. .... 198 

Table 5-7: Oxygen Uptake Measured During the Loaded March Expressed as a 

Percentage of Maximum and Gas Exchange Threshold (GET) - Women. ...... 199 

Table 5-8: Comparison of Indices of Cardio-Respiratory Strain Between the 

Sexes. ............................................................................................................. 203 

Table 5-9: Peak Inspiratory Pressures (PImax) Measured Pre and Post March – 

Women. .......................................................................................................... 205 

Table 5-10: Peak Expiratory Pressures Measured Pre and Post March (PEmax) 

– Women. ....................................................................................................... 206 

Table 5-11: Rating of Perceived Exertion Measured During the Exercise Test- 

Women. .......................................................................................................... 210 

Table 5-12: Rating of Dyspnoea Measured During the Exercise Test- Women.

 ........................................................................................................................ 211 

Table 5-13: Symptoms Reported During the Exercise Test. ........................... 214 

Table 5-14: Accuracy Measured During the N-Back Tasks. ........................... 219 

Table 5-15: Accuracy Measured During the Visual Go / No Go Task. ............ 221 

Table 5-16: Accuracy Measured During the Auditory Go / No Go Task. ......... 222 

Table 6-1: Spirometry Data in Each Load Configuration. ................................ 253 

Table 6-2: Cardio-Respiratory Data Measured During the Exercise Test. ...... 255 



Page ix of xix 

Table 6-3: Peak Inspiratory (PImax) and Peak Expiratory (PEmax) Mouth 

Pressures Measured Pre and Post Exercise. ................................................. 259 



Page x of xix 

List of Figures 

Figure 1-1: Summary of The Effect of Load on the Soldiers Physiology, 

Biomechanics and Cognition............................................................................... 7 

Figure 1-2:The Process for Defining Systems Requirements. ............................ 8 

Figure 2-1: Laboratory Set-Up for Cognitive Testing During Studies 2 and 3. .. 35 

Figure 2-2: Explanation of N-back Task. ........................................................... 30 

Figure 2-3: Initial Location of the Response Button on Weapon to Replicate 

Weapon Safety Catch. ...................................................................................... 33 

Figure 2-4: Visual Go/ No Go Balcony Scene and Target Locations ................ 33 

Figure 2-5: Targets Used During Visual Go / No Go Task. ............................... 33 

Figure 2-6: Example of Xsensor Pressure Sensor Pads. .................................. 38 

Figure 2-7: Body Armour Plate and Vest Dimensions. ...................................... 43 

Figure 3-1: Anatomy of the Human Respiratory Muscles. ................................. 50 

Figure 3-2: Example of the Ventilatory Response to Progressive Exercise on a 

Cycle Ergometer. .............................................................................................. 53 

Figure 3-3: Explanation of Expiratory Flow Limitation. ...................................... 55 

Figure 3-4: Schematic Representation of the Metaboreflex and its Effects. ...... 57 

Figure 3-5: Study 1 Test Session Overview. ..................................................... 72 

Figure 3-6: Oxygen Uptake, Minute Ventilation, Breathing Frequency and Tidal 

Volume Measured During the Exercise Test. .................................................... 79 

Figure 3-7: Difference in Operating Lung Volumes Between NBA and the 

Loaded Configurations. ..................................................................................... 86 

Figure 3-8: Effect of Loosening the Body Armour on Operating Lung Volumes.

 .......................................................................................................................... 87 

Figure 3-9: Shoulder Force Measured During the Exercise Test. ..................... 91 

Figure 3-10: Chest Force Measured During the Exercise Test. ........................ 92 

Figure 4-1: Power Bag Lift Test. ..................................................................... 115 

Figure 4-2: Test Session Overview for Study 2. .............................................. 119 

Figure 4-3: Minute Ventilation (top), Breathing Frequency (middle) and Tidal 

Volume (bottom). ............................................................................................ 138 

Figure 4-4: Ratings of Perceived Exertion and Dyspnoea. ............................. 142 

Figure 4-5: Time to Complete the Best Effort Test. ......................................... 143 

Figure 4-6: Examples of Postures Adopted During the Exercise Test. ........... 145 



Page xi of xix 

Figure 4-7: Response Time Measured During the N-Back Tasks. .................. 149 

Figure 4-8: Response Time Measured During the Visual and Auditory Tasks.

 ........................................................................................................................ 153 

Figure 5-1: Relationship Between Performance and Arousal During Complex, 

Familiar and Learned Tasks. .......................................................................... 176 

Figure 5-2: Fitness Characteristics for Men and Women. ............................... 182 

Figure 5-3: Body Composition for Men and Women. ...................................... 183 

Figure 5-4: Load as a Percentage of Body Mass, Lean Body Mass, and Dead 

Mass. .............................................................................................................. 185 

Figure 5-5: Examples of Body Armour Fit in Women. ..................................... 187 

Figure 5-6: Comparison of Spirometry in Men and Women. ........................... 191 

Figure 5-7: Percentage Reduction in Spirometry for Men (closed squares) and 

Women (open circles). .................................................................................... 192 

Figure 5-8: Difference in Oxygen Uptake Relative to Body Mass Between the 

Sexes .............................................................................................................. 200 

Figure 5-9: Difference in Oxygen Uptake Relative to Lean Body Mass Between 

the Sexes. ....................................................................................................... 201 

Figure 5-10: Percentage Reduction in Peak Inspiratory Pressures for Men and 

Women. .......................................................................................................... 207 

Figure 5-11: Percentage Reduction in Peak Expiratory Pressures for Men and 

Women. .......................................................................................................... 208 

Figure 5-12: Perceived Exertion Measured During the March- Men and Women.

 ........................................................................................................................ 212 

Figure 5-13: Dyspnoea Measured During the March- Men and Women. ........ 213 

Figure 5-14: Time to Complete the Best Effort Test - Men and Women. ........ 215 

Figure 5-15: Response Time In Women During the N-Backs. ........................ 220 

Figure 5-16:  Response Time in Women During the Visual and Auditory Tasks.

 ........................................................................................................................ 223 

Figure 6-1: Components of the Load Carriage System. .................................. 244 

Figure 6-2: Exercise Test Schematic for Study 4. ........................................... 247 

Figure 6-3: Effect of Breathing Cycle on Pressure Measurement. .................. 250 

Figure 6-4: Force on the Shoulders. ............................................................... 251 

Figure 6-5: Pressure on the Shoulders. .......................................................... 252 

Figure 6-6: Operating Lung Volumes Measured During the Exericse Test. .... 258 

Figure 6-7: Pain Soreness and Discomfort for Individual Regions. ................. 261 



Page xii of xix 

Figure 6-8: Pain Soreness and Discomfort. .................................................... 262 

Figure 6-9: 2-Back Data. ................................................................................. 264 



Page xiii of xix 

List of Abbreviations 

ANOVA Analysis of variance 

AO Assault order loads 

ARL Army Research Laboratory 

ATS American Thoracic Society 

BA Body armour 

BA15 Body armour + 15 kg 

BA25 Body armour + 25 kg 

BA35 Body armour + 35 kg 

BTPS Body temperature, ambient pressure and saturated 

CO2 Carbon Dioxide 

CPE Combat protective equipment 

d Cohen‟s d 

DE&S Defence Equipment and Support 

DEXA Dual-energy x-ray absoptiometry 

DWD Dynamic weight distribution system 

ƒb Breathing frequency (breaths·min-1) 

EELV End expiratory lung volume (L or % of FVC) 

EILV End inspiratory lung volume (L or % of FVC) 

FEV1 Forced expiratory volume in the first second of expiration (L) 

FVC Forced vital capacity (L) 

GET Gas Exchange Threshold 



Page xiv of xix 

HR Heart rate (beats·min-1) 

IC Inspiratory capacity 

ISAK International Society for the Advancement of Kinanthropometry 

ITDU Infantry Trials and Development Unit 

LBA25 Loose body armour + 25 kg 

LISP Land Integrated Survivability Programme 

LSD Least squares difference 

MFVL Maximal flow volume loop 

MO Marching order loads 

MOD Ministry of Defence 

MVV Maximal voluntary ventilation (L·min-1) 

ηp
2 Partial eta squared 

NBA No body armour 

NL No load 

O2 Oxygen 

PCS Personal Clothing System 

PEF Peak expiratory flow (L·second-1) 

PIF Peak inspiratory flow (L·second-1) 

PEmax Maximal expiratory mouth pressure (cm H2O) 

PETCO2 End tidal carbon dioxide pressure (mmHg) 

PImax Maximal inspiratory mouth pressure (cm H2O) 

PLCE Personal load carrying equipment 

PO Patrol order loads 



Page xv of xix 

PSD Pain, soreness and discomfort 

r Pearson‟s r 

RH Relative humidity (%) 

RMF Respiratory muscle fatigue 

SD Standard deviation 

STPD Standard temperature, pressure and dry 

TI / Tot Inspiratory time relative to total breath time (%) 

UBACS Under body armour clothing system 

UK United Kingdom 

  A Alveolar ventilation (L·min-1) 

VBS2 Virtual Battlespace 2 

  D Deadspace ventilation (L·min-1) 

  E Minute ventilation (L·min-1) 

  E     C 2 Ventilatory equivalent for carbon dioxide (L·min-1) 

  E     O2 Ventilatory equivalent for oxygen (L·min-1) 

   2 Rate of oxygen uptake (L·min-1) 

   2max Maximum rate of oxygen consumption (L·min-1) 

   2peak Peak rate of oxygen consumption (L·min-1) 

VT Tidal volume (L·min-1) 

WOB Work of breathing 

  



Page xvi of xix 

Acknowledgements 

I‟ve been told by many that when I talk about my PhD research I should say “I” 

instead of “we”. I find this difficult because there is no way I could have 

completed this work without the support of others. 

First of all I would like to thank / curse my colleagues at Dstl, Kim Strickland, Dr 

Simon Holden, Lorraine Beavis and Dr Tim Goodman who encouraged me to 

pursue PhD research in the first place and helped me to find an opportunity to 

do so. They have cheered me on throughout by reminding me how important 

this work is and how it was going to make a difference to the soldier. Dr Sue 

Tattersall (my work mum) has always been there when I needed a cup of tea 

and a chat and I am indebted to Sue for taking the time to review this thesis on 

behalf of Dstl. 

I feel extremely lucky to have had the opportunity to work with the team at the 

University of Portsmouth. I started my PhD with 10 years of experience at Dstl, 

and have been amazed by how much I have learned; I believe this is a 

reflection on the strength of my supervisory team. I have thoroughly enjoyed 

working with Dr Jim House who has given me the confidence to think for myself 

and has imparted an immeasurable amount of knowledge / advice to me over 

the years. Jim‟s experience in both the academic and defence environments 

has been invaluable in helping me to transition between the two. Dr Mitch 

Lomax has enabled me to step outside the bubble of defence research; I have 

particularly valued the mentorship which Mitch has provided throughout the 

preparation of this thesis. Prof. Mike Tipton is the person who makes the 

Department at UoP a family; it has been a career highlight to benefit from his 

insight and experience. I would also like to thank Dr. Jo Corbett, Dr. Andy Scott 

and Dr. Claire Eglin for their guidance during my Annual Reviews. 

The experimental work has been by far the most enjoyable part of my PhD as 

has working with Amanda Ward and Dr Debbie Risius – I would not have got 

through my data collection without them. The studies would also not have been 

possible without the support of Lt Col. Potter, Gilbert Chanza, Rory Butterworth, 

Christine Joliffe, Dr Dan Roiz de Sa, WO1 Garry Simpson, Darren Doyle, Sarah 

Kemp, David McNeish, Emily Parish, Dr Sophie Wardle, Dr Julie Greeves, Dr 



Page xvii of xix 

Hugh Dyson, Dr Steve Emmett, Dr Vibha Patel, Dr Joon-Hyuk Park, Dr Angie 

Boynton, Andrew Tweedell, Jemma Coleman Dr Courtney Webster and Corey 

Koller. 

Finally I would like to thank my family for their love and support. My husband 

Stuart fully understands the challenges of doing a part time PhD whilst working 

full time and being a parent. I would like to thank him for the times when he has 

had to be both Mum and Dad; for his advice, encouragement and guidance as 

well as countless acts of love and kindness. Luca and Noah have helped me to 

put the challenging times into perspective and given me the opportunity to 

forget about this PhD when I needed to – I would like to thank them for making 

me laugh by typing words like “bogies” in my thesis when I wasn‟t looking. 

 

 

  



Page xviii of xix 

Dissemination 

Journal Articles 

Armstrong, N. C., Ward, A., Lomax, M., Tipton, M. J., & House, J. R. (2019). 

Wearing body armour and backpack loads increases the likelihood of expiratory 

flow limitation and respiratory muscle fatigue during marching. Ergonomics, 

62(9), 1181-1192. doi:10.1080/00140139.2019.1629638. 

Armstrong, N.C., Doyle, D., Risius, D., Smith, S.J.R.a Wardle, S.L., Greeves, 

J.P., Tipton, M., Lomax, M. House, James. R. (In Preparation). The effect of 

carrying military loads for long durations on soldier cognitive performance in 

men and women. Journal of Royal Army Medical Corps (invited paper). 

Conference Papers 

Armstrong, N., Ward, A., Chanza, G., Lomax, M., Tipton, M. J., & House, J. R. 

(2015). The effect of body armour and load carriage on respiratory function and 

exercise. Extreme Physiology & Medicine, 4(1), A84. doi:10.1186/2046-7648-4-

s1-a84. 

Armstrong, N. C., Doyle, D., Smith, S., Risius, D., Wardle, S., Greeves, J. P., & 

House, J. R. (2017). A preliminary study of the effects of load carriage on 

cognition during a simulated military task in male and female soldiers. Journal of 

Science and Medicine in Sport, 20, S125. doi:10.1016/j.jsams.2017.09.480 

Armstrong, N. C., Risius, D., Wardle, S., Greeves, J. P., & House, J. R. (2017). 

The effects of body armour and load carriage on respiratory function and 

physical performance during a simulated military task in male and female 

soldiers. Journal of Science and Medicine in Sport, 20, S75. 

doi:10.1016/j.jsams.2017.09.173. 

Dstl Outputs 

Armstrong, N.C. (2015). The effect of body armour and load carriage on soldier 

performance. Presented at the Women in Ground Close Combat Review, Army 

Head Quarters, December 2015. 



Page xix of xix 

Armstrong, N.C. (2015). Investigating the impact of body armour and load 

carriage on respiratory function and exercise. DSTL/CR87139. 

Armstrong, N.C. (2017). The effects of body armour and load carriage of 

varying masses on respiratory function, movement biomechanics and 

performance during a simulated military task in male and female soldiers. 

DSTL/CR102711. 

Armstrong, N.C., Risius, D., Doyle, D. and Smith SJR. (2017). The effect of 

wearing body armour and load carriage on respiratory function and simulated 

military task performance. DSTL/TR100039. 

Armstrong N.C. Park, J.H., Tweedell, A. and Boynton, A. (2020). Redistributing 

torso borne load from the shoulders to the hips: an interdisciplinary evaluation 

of the VIRTUS dynamic weight distribution system. DSTL/TR116601.  

Armstrong, N.C. (2019). The effect of wearing military loads on ventilatory 

function and soldier performance. Presented at the Human and Social Sciences 

Technical Conference, Tidworth, December 2019. 

Armstrong, N.C. (2019). The effect of carrying military loads on the soldier‟s 

lung function and performance. Invited presentation at the Microbiology and 

Aerosol Sciences Christmas Review, Winterbourne Gunner, December 2019. 

Abstracts Accepted for Oral Presentations at the International Congress 

on Soldier Physical Performance (Feb 2020) 

Redistributing the load carried from the shoulders to the hips: an 

interdisciplinary evaluation of the VIRTUS Dynamic Weight Distribution System. 

The effect of wearing body armour and additional load on pulmonary function 

and soldier performance.  



Page 1 of 313 

Chapter 1 Introduction 

 

  



Page 2 of 313 

 The Problem 1.1

It is well established that carrying load has a detrimental effect on performance. 

There are anecdotal reports dating back to the early 1900s documenting the 

effect of wearing military clothing and additional load carriage on the soldier. 

The extract below is an example which describes a long duration loaded march 

that took place in the late 18th century (Lothian, 1921).  

“In one night the soldiers looked as if they had aged ten years, almost at every 

step lay a fainting man, and entire troops lay in the road-side…. They only 

recovered after a long time… when the pack which confined the chest so 

heavily was removed.” 

Military equipment has changed dramatically over the years. Historically, 

uniforms and load carriage systems were made of cotton, leather or heavy 

oilskin and clad with brass plates (Lothian, 1921). Current combat clothing is 

made of light-weight fabrics that, by design, do not readily retain liquid. Further, 

Combat Protective Equipment (CPE) which includes specialist boots, trousers, 

pelvic protection, shirt, body armour (with accessory equipment e.g. neck and 

groin protection) and helmet, now forms an essential part of the soldier system1. 

CPE offers protection from adversaries and the environment, but it also 

contributes to soldier burden.  

In addition to wearing CPE, soldiers are required to operate specialist 

equipment, for example, radios, weapon systems, detection equipment and 

electronic countermeasure devices. Specialist equipment enhances 

performance, offers protection and supports soldiers in achieving their mission 

objectives. However, the introduction of such items has led to a “Christmas 

Tree” effect where additional items of equipment are continually added to the 

soldier; collectively these items increase soldier burden by increasing the mass, 

bulk and stiffness of the soldier system.  

Since the 1900s the mass carried by soldiers has continually increased. Prior to 

the 18th century Patrol Order2 loads typically did not exceed 15 kg (Knapik & 

                                            
1
 For the purpose of this thesis, the term “soldier system” encompasses the soldier and any 

clothing or specialist equipment required for training and operations. 
2
 Patrol Order loads comprise the equipment required to fight through a position and support 

longevity in the field. 
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Reynolds, 2012). During Operation HERRICK (Afghanistan, 2004 to 2014), 

mean Patrol Order loads for UK soldiers were 57 kg with a peak load of 78 kg 

recorded (Table 1-1) (Lloyd-Williams & Fordy, 2013). This rise has been 

attributed to an increase in the mass and quantity of CPE, electronic devices 

(including batteries) and amount of ammunition carried (Lloyd-Williams & Fordy, 

2013).  

Post operational tour interviews during Operation HERRICK, recommended that 

the burden imposed by CPE, in particular body armour should be reduced. 

These recommendations prompted immediate action to fully elucidate the 

nature of this burden so that a balance could be achieved between the 

protection afforded by CPE and the burden imposed on the wearer. A 

programme of accelerated research to address immediate operational needs 

was initiated as well as an extended research programme (Land Integrated 

Survivability Programme, LISP) to address longer terms needs. The work 

reported in this thesis forms part of the extended research programme. 
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Table 1-1: Mean Patrol Loads Recorded During Operation HERRICK.  

Operation Mean Patrol Loads (kg) Peak Patrol Loads (kg) 

HERRICK 9 

HERRICK 10 

HERRICK 11 

HERRICK 12 

HERRICK 13 

HERRICK 14 

HERRICK 15 

Mean (SD) 

56.8 

53.1 

55.5 

59.0 

58.9 

60.9 

57.6 

57.4 (2.6) 

77.9 

61.4 

67.8 

75.5 

73.0 

69.2 

69.5 

70.6 (5.5) 

Notes: Reproduced from Lloyd-Williams and Fordy (2013) with permission from Dstl. Operation 
HERRICK is the name of the campaign under which British operations in the War in Afghanistan 
were conducted. Operation HERRICK was split into 20 periods of approximately six months 
each starting with HERRICK 1 (April 2004) to HERRICK 20 (March 2014). 
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 Research Background 1.2

Under the LISP there was a requirement to understand, define and quantify the 

effect of military loads on the dismounted soldier. This knowledge was needed 

to provide an evidence base to inform decisions regarding the use of current 

CPE, the procurement of future soldier systems and the preparation of military 

doctrine relating to load carriage. The overall aim of this programme was to 

ensure that the British Armed Forces maintained a leading edge on operations. 

For the purpose of this thesis, soldier burden is defined as the cumulative effect 

of internal3 and external4 stressors on the soldier that are oppressive, difficult to 

bear and may elicit a reduction in soldier performance (Armstrong & Izard, 

2019). Load carriage is an external stressor, and its effects on the soldier‟s 

physiology, biomechanics and cognition have been summarised in a recent and 

comprehensive review (Bossi et al., In Press); Figure 1-1 summarises the main 

effects of load on the soldier. Despite a large volume of research, there are still 

a number of knowledge gaps which limit current understanding of how load 

carriage affects soldier performance; this has implications for the procurement 

of future soldier systems. 

 Knowledge Gaps Identified During the Procurement 1.3

Process 

New soldier systems are introduced into service using the Defence 

Procurement Process. Part of this process involves defining requirements which 

articulate the user need; this will encompass the protection requirements as well 

as human factors. These requirements are prioritised as “key” i.e. those that are 

essential and then 1, 2 or 3 depending on their level of importance. When 

potential systems are tested, they are scored based on how well they meet the 

requirements. These scores are weighted depending on the priority level of the 

requirement, an example of this process is provided in Figure 1-2.  

                                            
3
 Examples of internal stressors include physical and cognitive fatigue, nutrition, and physical 

limitations. 
4
 Examples of external stressors include the environment, the task, and personal protective 

equipment. 
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This process provides an evidenced-based approach to compare potential 

soldier systems: its success is dependent on the quality of the systems‟ 

requirements which must be measureable and testable. There are existing 

standards available which define how the protection requirements are tested 

and evaluated however, these standards do not exist for human factors. 
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Figure 1-1: Summary of The Effect of Load on the Soldiers Physiology, Biomechanics and Cognition. 
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Figure 1-2:The Process for Defining Systems Requirements. 

The requirement is first defined (Step 1), it is given a priority level (Step 2) and then the methods for testing the requirement are 

articulated (Step 3). Two fictitious examples are provided for each step. 

STEP 3: Define the test method and assessment metrics for each requirement 

The system will be weighed in accordance with 

British Standard xxx. Mass must not exceed x kg. 

This will be assessed via subjective feeback during 
user trials. Ease of use must not be rated as worse 

than the in-service system. 

STEP 2: Set the priority level of each requirement 

Key Priority 1 

STEP 1: Define the requirement 

Example 1: The mass of the system must be less 
than x kg. 

Example 2: The system must be easy to use. 
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As the mass carried by the soldier has increased so too has breathing 

discomfort5. As such, the requirement that future soldier systems “should 

not restrict breathing” was included as a requirement for the system 

designed to replace the body armour and load carriage used during 

operation HERRICK. However, there are no standards or guidelines 

available to advise the Ministry of Defence (MOD) or potential suppliers 

how this requirement should / will be tested. In fact at the time this PhD 

programme was initiated, ventilatory function was not routinely assessed 

during the procurement of body armour and load carriage systems. 

There are several studies which have investigated the effect of torso 

loading on ventilatory function which will be discussed in Section 1.3.1, 

Section 1.3.2 and Section 1.3.3. However, there are also knowledge gaps 

which make it challenging to use existing literature to define a standard for 

assessing breathing restriction in military loads. Specifically, there is not 

sufficient evidence to define the priority level of the requirement, the test 

method and the minimum / maximum acceptable limits of performance. 

These gaps exist because of the characteristics of the participants, the 

loads carried and the tasks used during previous research. 

1.3.1 Knowledge Gaps Related to Participant Characteristics 

Only four (Armstrong & Gay, 2016; Legg, 1988; Majumdar et al., 1997; 

Muza et al., 1989b) out of 23 studies (Bygrave et al., 2004; Chow et al., 

2009; Dominelli et al., 2012; Faghy et al., 2016; Faghy & Brown, 2014, 

2016, 2017; Faghy & Brown, 2019; Hinde et al., 2018; Legg & Cruz, 2004; 

Legg & Mahanty, 1985; Peoples et al., 2016; Phillips et al., 2016a, 2019; 

Phillips et al., 2016b, 2016c; Shei et al., 2018; Walker et al., 2015; Wang & 

Cerny, 2004) which have investigated the effect of load on ventilatory 

function, were undertaken using military participants. Of those four 

studies, only the work of Majumdar et al. (2010) included exercise, but this 

study was designed to assess thermal burden rather than the effect of 

load on the ventilatory system. Soldiers complete training programmes 

specifically designed to improve their load carriage capacity (see Knapik et 

                                            
5
 Incidents of breathing discomfort have emerged from post operational tour debriefs; the 

technical reports of these interviews are not openly available. 
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al. (2012) for a systematic review and (Figure 1-1)); as such, the physical 

capabilities and mental resilience to load carriage is likely to be greater in 

the military population compared to active civilians. Knapik et al. (2012) 

suggest that this resilience develops as the muscle groups involved in load 

carriage are used more regularly. To define a systems requirement for 

breathing restriction, data are required which quantify the effects of 

wearing body armour with load in trained soldiers.  

In the UK armed forces, infantry soldiers typically undertake the most 

physically demanding load carriage tasks compared to other military roles. 

Until recently women were excluded from infantry roles, therefore, load 

carriage research has been focussed on men; only four of the 

aforementioned studies included civilian women (Legg & Cruz, 2004; 

Phillips et al., 2019; Phillips et al., 2016b; Walker et al., 2015). In July 

2016 (part way through the author‟s PhD programme) a UK Parliamentary 

decision removed the exclusion on women in infantry roles. As a result, 

women are now required to have the same capability to carry load as men. 

The MOD have identified a number of knowledge gaps relating to the 

physiological risks and combat effectiveness of women in dismounted 

roles (MOD, 2014). Of relevance to this thesis is the requirement to better 

understand load carriage in women.  

1.3.2 Knowledge Gaps Related to Load Characteristics 

Within the load carriage literature, research investigating the effect of 

wearing body armour on ventilatory function is limited, with the majority of 

studies focussing on loads carried in a backpack (the effects of load 

carriage on ventilatory function are summarised in Section 3.2.1). Only 

three (Armstrong & Gay, 2016; Legg, 1988; Majumdar et al., 1997) out of 

23 studies included body armour as part of the load and only one of those 

studies involved exercise (Majumdar et al., 1997). This is not surprising 

given that military body armour is not always accessible to the research 



 Page 11 of 313 
 

community due to its availability6 and the security classification of body 

armour plates7.  

Loads carried in a backpack compared to body armour have different 

characteristics (bulk, flexibility, moisture vapour permeability and 

coverage) and the soldier‟s response to carrying load may not be the 

same when the mass carried is worn in different configurations. For 

example, loads carried as a double pack distributed across the chest and 

back reduce maximal voluntary ventilation (MVV) by 10 % more than when 

load is carried in a backpack with a frame (Legg & Mahanty, 1985). Load 

carriage on the torso imposes elastic and inertial forces on the torso 

leading to chest wall restriction (first reported by Legg and Mahanty, 

1985). The severity of this restriction is influenced by the configuration of 

the load carried (Armstrong & Gay, 2016). Given that there are no studies 

which have measured ventilatory function at rest and during exercise with 

body armour, it is unknown how this restriction translates to exercise 

performance. Thus further work is required to quantify the soldier‟s 

response to load carriage during physical soldiering tasks when body 

armour is worn either in isolation or in combination with other military 

equipment.  

As previously discussed, the majority of load carriage studies have been 

undertaken using the civilian population where the loads investigated were 

much less than operational loads; typically loads less than 25 kg are used. 

Only four studies (Dominelli et al., 2012; Muza et al., 1989b; Phillips et al., 

2016a; Walker et al., 2015) investigating ventilatory function have 

examined the effects of carrying loads greater than 25 kg with the 

maximum load carried being 45 kg (Phillips et al., 2016a), this is still 13 kg 

less than the mean loads carried during Operation HERRICK (Table 1-1). 

Further work is required using operationally relevant loads to address this 

gap. 

                                            
6
 The military will always prioritise giving body armour to the soldier, especially during 

times of conflict. This means that the research community may not always be able to get 
access to in-service body armour. 
7
 Body armour plates are classified items of equipment as they can reveal the maximum 

threat that the wearer is protected against. As such, research organisations must be 
certified to demonstrate they can store them securely. 
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1.3.3 Knowledge Gaps Related to Task Characteristics 

Military task performance is difficult to measure and quantify, and it is 

almost impossible to replicate all of the stressors of the operational 

environment in an experimental situation. Previous work has attempted to 

isolate specific aspects of military task performance to investigate the 

effect of load on the soldier, that work identified that load carriage 

increased the time to complete short, best paced, tasks (Jaworski et al., 

2015; Laing & Billing, 2011; Loverro et al., 2015) and longer duration, best 

paced, marches (Knapik et al., 1997) by 5 % to 31 % depending on the 

characteristics of the task and the loads carried. 

In the operational environment, military personnel are required to complete 

several different tasks in combination. For example, soldiers may 

undertake a long duration loaded march, over very demanding terrain and 

under extreme climatic conditions that lead to physical exertion. On arrival 

at their destination, the soldier must still be able to complete demanding 

soldiering tasks such as digging a trench or entering into enemy contact.  

There are examples of research which have attempted to replicate this 

situation by investigating the effect of a long duration load carriage task 

(using loads ranging from 26 kg to 61 kg) on a subsequent military task 

(Knapik et al., 1991; Knapik et al., 1997; Tenan et al., 2016). These 

authors used either a best paced 20 km march (Knapik et al., 1991; 

Knapik et al., 1997) or an 11.8 km march at 4.3 km·h-1 (Tenan et al., 2016) 

both of which were followed by a marksmanship task. That work 

demonstrated a reduction in firing accuracy during the marksmanship 

tasks which were conducted immediately following load carriage; however, 

it is unclear if the decrement in marksmanship performance observed was 

related to overall physical exertion or load carriage per se. Marksmanship 

is an essential military task which requires cognitive control, muscle 

strength and control of breathing. As marksmanship does not place 

particular demand on the cardiovascular system these studies alone do 

not replicate the full demands placed on the soldier. 



 Page 13 of 313 
 

Faghy and Brown (2014) have partially addressed this knowledge gap: 

those authors have investigated the effect of carrying 25 kg at 6.5 km·h-1 

for one hour on subsequent time trial performance. The authors reported a 

30 % increase in the time to complete the time trial, with load carriage 

compared to an unloaded configuration. The increase was attributed to 

load carriage-induced inspiratory muscle fatigue, where an 11 % reduction 

in respiratory mouth pressures were observed post march as well as a 

16 % reduction post time trial (Faghy & Brown, 2014). However, as the 

loads carried during the time trial were different (unloaded v 25 kg), it is 

not possible to determine the influence of the one-hour march on time trial 

performance.  

There are also other factors which make it difficult to translate the results 

of Faghy and Brown (2014) to an operational scenario. The loads carried 

were representative of the training environment (25 kg compared to 57 kg) 

and the marching speed of 6.5 km·h-1 is representative of the speed 

required to complete a combat fitness test rather than the much slower 

marching speeds that have been recorded during recent operations8. To 

fully understand how breathing restriction may affect the soldier, further 

research is needed which uses speeds, durations and combinations of 

tasks which are typical of the operational environment.  

 Summary 1.4

There is a requirement that future soldier systems are designed so that 

they minimise breathing restriction. This will be achieved through the 

development of clearly defined system requirements to assess breathing 

restriction. Despite a large body of load carriage literature, there are 

knowledge gaps that exist because existing studies have used a civilian 

population carrying civilian loads. Further, there are also limitations 

associated with the experimental protocols used. As such, existing work 

cannot be used to appropriately address this requirement. Further, data 

are required to characterise how breathing restriction affects soldier 

                                            
8
 Marching speeds recorded on operations are variable. Due to the risk of encountering 

an improvised explosive device marching speeds recorded during recent operations were 

much slower (3 to 4 km·h
-1

). 
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performance to inform the protection-burden trade-off. The evidence-base 

available to inform this requirement should be strengthened to inform the 

priority level and the criteria for test and evaluation. Specifically, data are 

required which quantify a soldier‟s physiological response to exercising 

with military loads during different tasks. 

 Thesis Aim and Hypothesis 1.5

The aim of this thesis was to address the knowledge gaps identified in 

Section 1.3 which relate to the characteristics of the participants, loads 

and tasks used to investigate the effects of load carriage on ventilatory 

function and soldier performance. Specifically, this work was designed to 

identify if doctrinal military loads9 worn on the torso by the dismounted 

combatant, reduced soldier performance during simulated military tasks. 

This work was the first to investigate this concept using an infantry 

population, wearing doctrinal military loads.  

The studies reported here were designed to provide an evidence base to 

support the procurement of future body armour and load carriage systems 

so that they minimise breathing restriction. They were designed to inform 

the priority level of systems requirements related to breathing restriction 

and their assessment methods. The overarching hypothesis that doctrinal 

military loads would restrict ventilatory function which in turn would limit 

exercise and the performance of military tasks was tested. 

 Summary of Individual Chapters 1.6

Chapter 2 provides a general method section which discusses the primary 

outcome measures used in this project. The knowledge gaps and aim 

described in this chapter were addressed through four studies reported in 

Chapters 3 to 6. The aim of Study 1 (Chapter 3) was to define the 

ventilatory response to wearing body armour with loads of varying masses 

on the soldier during rest and different exercise intensities. The second 

(Chapter 4) and third (Chapter 5) studies were designed to translate these 

                                            
9
 In this context, doctrinal military loads include body armour, Assault Order loads (~25 

kg), Patrol Order loads (~30 kg) and Marching Order loads (~40 kg). 
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findings to a representative military task using men and women. The final 

study (Chapter 6) investigated the effectiveness of an intervention which 

had the potential to mitigate the detrimental effects of load on the 

ventilatory system. 

The available literature was critically reviewed and reported within the 

introduction of each chapter. The aims, objectives and hypotheses for 

each study are provided within each study chapter.  

Chapter 7 provides a general discussion which draws out the conclusions / 

key findings of the four studies in the context of the thesis aim and 

provides practical recommendations for the UK MOD. Exploitation 

pathways and recommendations for future research are also provided. 
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Chapter 2 General Methods 
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 Introduction 2.1

This chapter provides a description of key techniques and primary 

outcome measures reported in this thesis. The outcome measures 

discussed were collected at four different laboratories located at the 

University of Portsmouth (Study 1), Dstl (Studies 2 and 3), Army Training 

Centre (Studies 2 and 3) and the US Army Research Laboratory (ARL, 

Study 4). Measurements were undertaken in accordance with local health 

and safety procedures; the same methodologies and measurement 

equipment were used at each location unless otherwise stated.  

 Literature Review Procedure 2.2

Each literature review reported in the introduction of each study chapter 

was initiated with a search of electronic databases including PubMed, 

Science Direct, Ebsco; Google Scholar and Dstl‟s internal report library, 

Athena. Combinations of the following key words were used: load 

carriage; military load carriage; body armour; load placement; load 

distribution; backpack; protective clothing; weighted vest; breathing; 

respiratory function; pulmonary function; ventilatory function; breathing 

mechanics; respiratory muscle fatigue; work of breathing; ventilatory 

capacity; torso borne load; chest wall loading; chest wall restriction; chest 

wall strapping; performance; military task performance; marching; tactical 

advance to battle; sex differences; gender differences; women; cognition; 

cognitive workload; cognitive function; cognitive performance; working 

memory; go no/go; n-backs; vigilance; situational awareness and cognitive 

tasks.  

Relevant articles were selected based on a review of article titles and 

abstracts; these were downloaded and managed using an Endnote 

Database (Version 7). The reference lists of each downloaded article were 

also reviewed as well as author publication lists to identify additional 

studies of interest that were not found during the electronic database 

search.  
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The following criteria were adopted for the inclusion and exclusion of 

articles: 

 The study must be peer reviewed. 

 Results should be related to at least one of the areas of interest 

identified in the key words list above.  

 Participations must be adults and free from a diagnosed respiratory 

disease. 

 Methodologies must be scientifically robust and ethically sound. 

 Report classification must not exceed Official Sensitive. 

 Work Rate 2.3

2.3.1 Procedure 

A metabolic cart (Metamax 3B, Cortex, Germany) was used to measure 

work rate. This required participants to wear an oronasal mask (Hans 

Rudolf, Germany) which covered their nose and mouth.  On the first day of 

each study, participants were able to try on masks of different sizes to 

select one that was comfortable and fully sealed. The mask was worn for 

the duration of the measurement and participants were instructed to 

breathe normally when wearing it. 

2.3.1.1 V O2max Assessment 

   2max was assessed during Studies 2, 3 and 4 to characterise the 

participants, and so that their work rate during the study could be better 

understood. These assessments were conducted during training and 

familiarisation sessions.  

The first phase of the assessment was an incremental exercise test. 

During this phase, the speed and incline of the treadmill was increased 

continuously until the participant reached volitional exhaustion. The test 

used a protocol which started at 6 km∙h-1 with a gradient of 0 % and was 

increased by 0.5 km∙h-1 and 0.7 % every minute.   O2max was recorded as 
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the greatest   O2 over 45 seconds. Gas Exchange Threshold (GET)10 

(Bergstrom et al., 2013) was calculated using a simplified V-slope method 

to visually determine the first point of departure from linearity of   CO2 

output plotted against   O2. The point at which   CO2 departed from a line 

with a slope equal to 1.00 was visually selected as GET during the 

incremental exercise test (Schneider et al., 1993).  

Following a short period of seated recovery (approximately 15 minutes), 

participants were asked to perform a verification test to confirm that the 

  O2peak attained during the incremental test was the maximum achievable 

value (Midgley et al., 2006; Poole et al., 2008; Rossiter et al., 2006). The 

verification test involved exercising at the maximum speed and gradient 

achieved during the incremental test.   O2max was confirmed if the 

maximum   O2 achieved during the verification test was ≤ 5 % higher than 

that achieved during the incremental test (Midgley et al., 2006). The value 

of 5 % is based on the measurement error associated with the metabolic 

cart used for this study (Midgley et al., 2006; Scharhag-Rosenberger et al., 

2011; Schneider et al., 1993). 

2.3.2 Equipment 

A breath by breath system was deemed more suitable for this project than 

the gold standard Douglas Bag system, as it allowed for the measurement 

of breathing pattern, whereas the Douglas Bag system would only have 

provided the measurement of gas fractions and volumes. The Metamax 

3B also included a spirometry module which enabled the collection of 

spirometry at rest and during exercise.  

The Metamax 3B can be used as a portable system (worn by the 

participant) or in stationary mode (mounted on a trolley with cable 

extensions); for the purpose of this project it was used in stationary mode. 

This device was selected for use, as it was initially envisaged that both 

laboratory and field based data would be collected during this project and 

the author intended to use the same metabolic cart for all studies. 

                                            
10

 GET is associated with the point at which lactate accumulation starts to exceed lactate 
removal. It marks the boundary between the moderate and heavy exercise domains. 
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Although field based data collection was not required, the portable nature 

of this system meant that it could be easily transported to all of the 

laboratory locations used in this project, which offered the advantage that 

the same metabolic cart could be used throughout.  

The operation of the Metamax has previously been described (Macfarlane, 

2001; Macfarlane & Wong, 2012). Briefly, oxygen (O2) and carbon dioxide 

(CO2) were collected via a Nafion / Permapure sampling tube which dried 

the sample. The gas was analysed using an electrochemical cell for O2 

and an infrared analyser for CO2. Volume was measured using a digital 

turbine. Each rotation of a vane within the turbine was detected by a 

photocell-device which was summed to provide the gas volume: this was 

expressed as standard temperature, pressure and dry (STPD) for breath 

by breath data collected during the exercise test and body temperature, 

ambient pressure and saturated (BTPS) for spirometry.  

Two different Metamax devices were used throughout this project as up to 

two participants were tested at the same time in some studies. The 

devices were serviced and calibrated annually by an engineer trained and 

approved by the manufacturer; the devices were verified as being within 

2 % of reference values. The devices were also calibrated for gas (using 

room air and calibration gas), volume (using a 3 L syringe) and pressure 

(using a digital barometer) prior to each test session. Data collection for an 

individual participant was always undertaken using the same device given 

the repeated measures approach to improve test-retest reliability.  

2.3.3 Supporting Literature 

The Metamax 3B has demonstrated stable and reliable results but has 

been shown to underestimate    2 and   C 2 during heavy exercise 

(Macfarlane & Wong, 2012). Macfarlane and Wong (2012) compared the 

Metamax 3B to a Douglas Bag system, but due to practical reasons 

samples were not taken at the same time. Further, no details were 

provided regarding the general condition of the Metamax used and how it 

had been maintained. As the Metamax is designed for field use, it can be 
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used in extreme environments thus require considerable care and 

maintenance.  

The author believes that the underestimation reported previously may also 

have been caused by flaws in the design of earlier models of the system 

which was prone to kinks in the internal tubing that connects the O2 and 

CO2 analysers. These flaws were addressed by the manufacturers in later 

models such as those used in the current project. During pilot testing 

undertaken by the author, the Metamax showed good agreement with a 

Douglas Bag system and there was no evidence that    2 or   C 2 were 

underestimated at any work rate.  

One disadvantage of using the Metamax 3B was that the O2 cell requires 

replacement approximately every six months. This was considered during 

the design of the study so that the cell did not need to be replaced part 

way through data collection. 

2.3.4 Spirometry 

2.3.5 Procedure 

On the first day of each study, participants received training in the 

measurement techniques described below. This included a verbal 

explanation, demonstration and practice until they reached a plateau in 

performance (i.e. participants were able to practice the measurement until 

no improvements in performance were observed). 

2.3.5.1 Flow Volume Loop Procedure 

Flow volume loops were measured without load during the training and 

familiarisation session and in each load configuration. Forced expiratory 

volume in one second (FEV1
11), forced vital capacity (FVC12) and peak 

                                            
11

 FEV1 is defined as the amount of air which can be forcibly exhaled from the lungs in 
the first second of expiration, after fully inflating the lungs. 
12

 FVC is defined as the amount of air which can be forcibly exhaled from the lungs after 
fully inflating the lungs. 
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inspiratory / expiratory flow (PIF and PEF respectively13) were all 

measured during this procedure. 

Measurements were undertaken in accordance with the guidelines 

provided by the ATS (Miller et al., 2005). In summary, participants were 

asked to adopt a standing position with back straight and head slightly 

elevated. When ready they exhaled rapidly and completely from total lung 

capacity, followed by a maximal inspiration. Verbal encouragement was 

provided by an investigator who was paired to the participant throughout 

the study (i.e. measurements were always taken by the same 

investigator). This was repeated three to eight times until three acceptable 

manoeuvres were completed. This was defined as a difference in volume 

of <150 mL and no aberrations in the measurements (e.g. coughs). Three 

to eight manoeuvres was considered sufficient to meet the acceptable 

measurement criteria without fatiguing the participant. A minimum of one 

minute of recovery was also given between attempts to give the 

participants time to recover. The largest recorded values of FEV1, and 

FVC during a test session were used for analysis; FEV1 / FVC was 

calculated from these values. 

2.3.5.2 Maximal Voluntary Ventilation (MVV) Procedure 

MVV was always conducted after the flow volume loop to standardise the 

amount of work undertaken by the lungs during measurements. 

Participants were asked to adopt a standing position with back straight 

and head slightly elevated. When ready they were asked to breathe as 

rapidly and deeply as possible for 12 s. Verbal encouragement was given 

throughout by an investigator who was paired to the participant throughout 

the study. Two minutes of rest between manoeuvres was allowed as light 

headedness during this measurement was common but reversed quickly 

with rest. Two to four measurements were conducted in one session, until 

two acceptable measurements were obtained. This was defined as a 

breathing frequency (ƒb) of 90–110 breaths·min-1 and a variation of <20 % 

                                            
13

 PIF and PEF are the peak inspiratory and expiratory flows recorded during the 
measurement. 
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between the volume measurements. The largest recorded volume was 

used for analysis (Miller et al., 2005).  

2.3.5.3 Exercise Flow Volume Loop Procedure 

Exercise flow volume loops are used to evaluate ventilatory limitation 

during exercise (Johnson et al., 1999b). This technique has largely 

replaced the calculation of peak exercise ventilation    E) to MVV ratio, as 

    measurement is undertaken at rest thus does accurately represent 

the peak   E that an individual can achieve during exercise  (Klas & 

Dempsey, 1989). Exercise flow volume loops can also be used to 

measure operating lung volumes, which allows the comprehensive 

evaluation of breathing pattern. 

In Studies 1 and 4 exercise flow volume loops were calculated by 

superimposing tidal breaths within the maximal flow volume loops (MFVL) 

measured at rest (Guenette et al., 2013; Johnson et al., 1999a; Johnson et 

al., 1999b). This was achieved by asking participants to undertake an 

inspiratory capacity (IC) manoeuvre at the end of a tidal expiration to 

position the tidal breath within the MFVL (Guenette et al., 2013; Johnson 

et al., 1999a; Johnson et al., 1999b). However, this technique is 

challenging to implement and relies on the participant‟s ability to initiate 

the manoeuvre at the correct point in their breathing cycle. As such 

participants were asked to conduct two manoeuvres at a given time point. 

The first manoeuvre was used for analysis unless it did not meet the 

criteria defined below. If the second manoeuvre did not meet the 

measurement criteria the data point was excluded from the analysis.  

Post-test, each manoeuvre was reviewed by the investigator to ensure 

that a minimum of six breaths were recorded prior to an IC manoeuvre; 

end expiratory lung volume (EELV, the volume at the end of an expiration) 

was “zeroed”; and the IC was initiated at the correct EEL  (Guenette et 

al., 2013). Flow limitation was characterised as the percentage of VT that 

met or exceeded the expiratory boundary of the maximum flow volume 

loop envelope (Johnson et al., 1999a; Johnson et al., 1999b), EELV and 

end inspiratory lung volume (EILV, the volume at the end of an inspiration) 
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were also presented as a percentage of the MFVL collected at rest with 

load.  

Systems that measure bidirectional flow / volume are subject to signal drift 

which may occur due to changes in temperature, humidity and gas 

density. The Metamax accounted for thermodynamic drift by correcting the 

inspiratory and expiratory flow / volume signals to BTPS (Guenette et al., 

2013).  

2.3.6 Equipment 

These measurements were undertaken using the Metamax 3B which is 

described in Section 2.3.2. 

2.3.7 Supporting Literature 

Spirometry is a technique that is widely used for both research and 

medical purposes to measure lung function. As such, the American 

Thoracic Society (ATS) has developed detailed guidance and procedures 

to ensure that these measurements can be conducted in a valid, 

repeatable and reliable manner (Miller et al., 2005; Wanger et al., 2005). 

Romer and McConnell (2004) have also examined the reliability of these 

metrics during repeated measures study designs. Those authors 

concluded that spirometry could be conducted reliability in healthy 

participants and that within-subjects designs could be conducted in 

sample sizes of ≤11 per group where changes ≥5 % are expected. 

However, given the volitional nature of the measurements and other 

confounding factors, it is essential that appropriate control measures are 

implemented to measurement protocols to produce valid, repeatable and 

reliable data, (Miller et al., 2005; Romer & McConnell, 2004; Wanger et al., 

2005). Details of these control measures are described within Section 

2.3.5. 
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 Peak Inspiratory and Expiratory Mouth Pressures 2.4

Measurement of peak inspiratory and expiratory mouth pressures (PImax 

and PEmax respectively) was used to assess respiratory muscle strength 

non-invasively.  

This measure estimates the change in alveolar pressure thus mouth 

pressures represent the pressure generated by the respiratory muscles 

and the passive recoil of the respiratory system including the lung and the 

chest wall (American Thoracic Society & European Respiratory Society, 

2002). For the purpose of this project, mouth pressures were used to 

estimate respiratory muscle fatigue (RMF) by comparing pre-exercise with 

post-exercise measurements.  

2.4.1 Procedure 

Participants were trained in the measurement techniques during a 

familiarisation session. This included an inspiratory muscle warm-up using 

the PowerLung (Sport model, PowerLung, USA) to ensure that maximum 

pressures were attained. The warm-up comprised two sets of 30 

inspiratory breaths at 40 % of PImax; one minute of recovery was given 

between sets (Lomax et al., 2011). 

Unlike spirometry, measurements were only taken without load, because it 

was not the intention to measure the effect of load on muscle strength, but 

rather to assess the impact of the exercise test on muscle strength.  

Measurements were made in accordance with the guidelines provided by 

the (American Thoracic Society & European Respiratory Society, 2002). 

Participants were asked to wear a nose clip and adopt a standing position 

with back straight and head slightly elevated. They were instructed to fill / 

empty their lungs completely before inserting the mouthpiece, and inhaling 

/ exhaling maximally. The procedure lasted for a minimum of 1.5 s and 

verbal encouragement was provided by the investigator.  
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For pre-test measures, three to eight measurements were taken until three 

measurements were obtained with a variation of less than 5 %. A 

minimum of one minute of recovery was given between attempts.  

If pre-test values were 20 % lower than values recorded during 

familiarisation, participants were asked to complete a respiratory muscle 

warm-up as described above. 

Given the volitional nature of these measurements, data were also 

compared to normal values reported previously  (Wilson et al., 1984). 

2.4.2 Equipment  

Mouth Pressures were measured using a hand held, factory calibrated 

Pmax meter (Morgan Medical Ltd) that is suitable for both laboratory and 

field use. The type of mouthpiece used with these devices can influence 

the pressure measurement due to leaks (Fiz et al., 1992; Koulouris et al., 

1988) thus all participants were required to use a flanged mouthpiece for 

the duration of the study. To reduce the use of the buccal muscles, the 

attachment which the mouthpiece was connected to had a small leak 

(approximately 1 mm in diameter) and participants were asked to hold 

their cheeks during expiratory manoeuvres. 

The Pmax meter measured both the peak pressure achieved and the 

maximum pressure sustained for 1 second. The later value was used for 

analysis as this it was considered more reproducible (American Thoracic 

Society & European Respiratory Society, 2002).  

2.4.3 Supporting Literature 

If conducted in accordance with the appropriate control measures 

(American Thoracic Society & European Respiratory Society, 2002), the 

test-retest reliability of mouth pressure measurements is strong (Romer & 

McConnell, 2004); the validity of the measurement equipment used 

throughout this project has also been previously confirmed by the author 

(Mifsud et al., 2002).  
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The main limitation of mouth pressure measurements is that they are 

volitional tests that rely on sufficient training and motivation of the 

participant. There are non-volitional methods for assessing RMF that 

measure the diaphragmatic response to phrenic nerve stimulation. These 

techniques involve the measurement of transdiaphragmatic pressure via 

balloon catheters that are inserted via the nose. Whilst this technique 

removes the volitional aspect of this measurement it is considered more 

invasive and requires a clinical setting. Phrenic nerve stimulation also 

focuses on the diaphragm alone whereas mouth pressures provide a 

global index of all of the respiratory muscles. A global index of RMF was 

deemed more appropriate for addressing the study hypotheses. 

 Handgrip Strength 2.5

Isometric handgrip strength was measured as an indicator of whole body 

fatigue during Studies 2 and 3. This was achieved by comparing pre-test 

measurements with those taken during recovery periods. This method was 

selected because it is quick and easy to administer and only required a 

minimal amount of training for the participants.  

2.5.1 Procedure 

Participants were familiarised with this procedure prior to the start of test 

sessions. Grip strength measurements were conducted from a standing 

position with a slightly abducted, straight arm held at the side of the body. 

Participants were instructed to use their dominant hand to squeeze the 

dynamometer as hard as possible for approximately 5 seconds. Verbal 

encouragement was given throughout by an investigator who was paired 

to the participant throughout the study. Pilot testing determined that three 

measurements were sufficient for the participant to reach a plateau in 

performance: the largest force (kg) produced was used for analysis.  
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2.5.2 Equipment and Supporting Literature 

Measurements were taken using a handgrip dynamometer (Jamar, 5030) 

that was calibrated by the manufacturer. This device has demonstrated 

strong intra / inter rater reliability: reliability co-efficients greater than 0.9 

have consistently been reported as well as a coefficient of variation from 

2 % to 8 % (Nuzzo et al., 2019).   

The main limitation to this procedure was that it was always conducted 

after the Pmax measurements. This was because Pmax was considered a 

primary outcome measure. This lengthened the period of time between the 

end of exercise and the start of measurement which allowed the 

participants time to recover from exercise induced fatigue. 

 Cognitive Function Tests 2.6

2.6.1 Procedure 

2.6.1.1 Training and Familiarisation 

Participants were trained to a plateau in performance prior to the start of 

the study, where they were given the opportunity to practice each 

cognitive task four times, others have shown that this is sufficient to train 

participants to a plateau in performance (Fordy et al., 2011). During 

training a verbal description of the tasks and demonstration was provided. 

Participants were then given the opportunity to practice the tasks whilst 

seated in front of a computer and whilst marching on the treadmill at the 

exercise test speed but without any load carriage.      

2.6.1.2 N-Back Working Memory Task 

For Studies 2 and 3 participants completed four n-back tasks which 

increased in difficulty one after another. In order these were 0-back, 1-

back, 2-back and 3-back. For Study 4 only the 2-back was used as each 

work period was much shorter in duration (10 minutes). Each n-back task 

consisted of 45 stimulus presentations (letters) and lasted approximately 

three minutes. The stimuli were presented centrally on the screen for a 
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period of 500 ms followed by a blank screen for 2500 ms. Of the stimuli 

presented, 15 (33 %) were targets and 30 (67 %) were non-targets. The 

task was programmed to reflect the timings and target / non-target ratios 

of published specifications for the task (Jaeggi et al., 2010).  

The response button was handed to the participant before the task14 and 

consisted of a red and green button. The 0-back required participants to 

press the green button whenever a target letter  in this case an „x‟) was 

presented on the screen, and to press the red button in response to 

everything else. For the 1- back, participants had to press the green button 

whenever the letter presented matched the letter that had been presented 

on the screen immediately before it. If it did not match they had to press 

the red button. For the 2-back, participants had to press the green button 

whenever the letter matched the letter presented two letters back, if it did 

not match they had to press the red button. For the 3-back, participants 

had to press the green button whenever the letter matched the letter 

presented three letters back if it did not match they had to press the red 

button. Figure 2-1 provides a graphical explanation of the tasks.  

The data collected from the n-back tasks included correct target response 

time (ms), correct non-target response time (ms), accuracy of response to 

targets (number of correct) and accuracy of response to non-targets.  

 

                                            
14

 The decision was taken during pilot testing not to attach the buttons to the treadmill, as 
the participants tended to lean on the treadmill and this resulted in a decrease in   O2. 
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Figure 2-1: Explanation of N-back Task.  

Correct green / red button presses for each n-back task, letters 

presented one at a time from left to right. 

 

2.6.1.3 Go / No Go Tasks 

Two Go / No Go tasks were developed for Studies 2 and 3. The design of 

these tasks was based on the protocols used by Eddy et al., (2015) and 

Kobus et al., (2010) which used a combination of visual and auditory 

stimuli. The tasks were administered twice during each march; at minutes 

0-10 and then at minutes 15-25. In total, the test was completed six times 

during the three hour march and each element (visual / auditory) lasted 

three minutes.  

In both the auditory and the visual task participants were presented with 

60 targets, 48 (80 %) of which were enemy and 12 (20 %) were friendly15. 

                                            
15

 This is the typical ratio of „Go‟ to „No Go‟ stimuli for this type of cognitive task, stimulus 
presentation and inter-stimulus interval was also based on the standard presentation rate 
in published studies. 
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Participants were asked to press a button whenever an enemy target was 

presented  „Go‟ stimuli) and not press the button whenever a friendly 

target was presented  „No Go‟ stimuli). The order of friendly and enemy 

targets was randomised and inter-stimulus interval was 1000-2000 ms. 

Stimuli were presented for 500 ms and participant response was recorded 

for 1000 ms from the start of stimulus onset. Each task lasted 

approximately three minutes. Both tasks were completed twice during 

each hour block, resulting in six tasks per condition (6 x auditory and 6 x 

visual) and 48 tasks over the four conditions (24 x auditory and 24 x 

visual). Data collected were response time (for correct and incorrect 

responses) and accuracy (for friendly and enemy targets and overall 

accuracy). 

Initially the response button was mounted on the weapon as close to the 

safety catch as possible, thereby replicating the soldier disengaging the 

safety catch when an enemy target is seen (Figure 2-2). However, the 

soldiers continually adjusted the position of the weapon throughout the 

march and as a result, the cables became disconnected or damaged, 

which resulted in loss of data. Thus, after completing data collection in 

eight participants the decision was taken to hand the participants the 

button to hold in whatever way was most comfortable so they could 

respond to the task.  

The visual task comprised a static image of an apartment block with 12 

possible target locations, as illustrated in Figure 2-3. All possible targets 

were locations where targets could be expected to appear i.e. doorways or 

balconies, and participants were briefed on these locations during the 

training session. The location of the targets was randomly selected by the 

computer programme. Friendly targets were depicted as NATO soldiers, 

enemy targets were depicted as insurgents (Figure 2-4). Images were 

selected to ensure that the complexity of target presentation was the same 

for all stimuli.  

The stimuli for the auditory task consisted of the sound of a single shot 

from a Dragonov sniper rifle from 130 m as the enemy target, and the 

sound of a single shot from a L85 A2 from 30 m as the friendly target. 
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These were recordings of actual weapons firing taken by Dstl. Stimulus 

presentation time, inter-stimulus interval and response period matched the 

visual task. 

The gun fire sounds were chosen because they provided high ecological 

validity in terms of what soldiers may encounter on operations. The 

distances account for incoming fire and outgoing fire from the soldiers 

section respectively. Single shot here does not refer to the number of 

times the sound was played, rather the fire mode of the weapon as 

opposed to fully automatic or burst fire. Sounds were controlled for 

volume.  
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Figure 2-2: Initial Location of the Response Button on Weapon to 

Replicate Weapon Safety Catch. 

 

Figure 2-3: Visual Go/ No Go Balcony Scene and Target Locations 

 

Figure 2-4: Targets Used During Visual Go / No Go Task.  

Friendly target (left), enemy target (centre), enemy target appearing at 

position 12 (right). 

 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 



 Page 34 of 313 
 

2.6.2 Equipment and Laboratory Set-Up  

2.6.2.1 Studies 2 and 3 

The treadmill was positioned in front of a 296.5 cm x 214 cm projector 

screen, elevated to 118 cm to a central position at eye level. The n-back 

task was presented using Eprime (version 2); the Go / No Go task was 

presented using the Virtual Battlespace 2 (VBS2) programme. Both tests 

were displayed on the screen using an EPSON EH-TW490 projector, 

located 4 m away from the projector screen (Figure 2-5). The projector 

was set to the left hand side of the treadmill so as to not obscure the 

participants view, projection angle was adjusted to ensure a flat image. 

Sounds were played using a Cambridge Audio azur 351A integrated 

amplifier connected to a Tannoy Revolution DC6 Espresso Speaker.  

One investigator was present in the laboratory at all times, the investigator 

work station was positioned out of the participant‟s peripheral vision, 

laboratory access was restricted during the cogntive tests to prevent 

distractions. 

2.6.2.2 Study 4 

A 17‟ monitor screen was positioned directly in front of the treadmill.  The 

height of the screen was adjusted for each participant to ensure that they 

were able to maintain a comfortable upright posture at all times16. 

                                            
16

 It was not possible to provide photographs of the laboratory set-up for Study 4 due to 
security restrictions within this laboratory. 
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Figure 2-5: Laboratory Set-Up for Cognitive Testing During Studies 2 

and 3.  

White arrow = location of the projector; red arrow = location of the 

speakers; blue arrow = investigator station; black arrow = projector 

screen. 
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2.6.3 Supporting Literature 

The n-back task and an auditory and visual Go / No Go task were selected 

for this project, as they activate the frontal areas of the brain (Braver et al., 

2001; Chikazoe, 2010): previous work suggests that this region is critical 

to the dismounted soldier‟s operational performance (Smith et al., 2011). 

The working memory n-back task involves increasing levels of frontal area 

involvement (amongst other areas associated with verbal working 

memory) as memory load increases (Braver et al., 2001; Jonides et al., 

1997), further this task is sensitive to the cognitive effects of increasing 

levels of load carriage during physical tasks (Fordy et al., 2011).  

Visual and Auditory Go / No Go tasks require response inhibition which 

also includes involvement of the frontal areas of the brain (amongst other 

areas associated with response inhibition tasks) (Chikazoe, 2010). Others 

have also shown that both these tasks are suitable and reliable for 

research purposes (Jaeggi et al., 2010; Soveri et al., 2018) as well as 

sensitive to the effects of carrying load during prolonged periods of 

walking (Eddy et al., 2015; Kobus et al., 2010) and short periods of high 

intensity exercise (Smith et al., 2016). 

 Pressure and Force 2.7

A novel method (to the laboratory) was used to measure pressure and 

force on the shoulders and chest. This was piloted in Study 1 and used for 

analysis in Study 4.  

2.7.1 Procedure 

Sensors (Section 2.7.2) were positioned under the body armour / 

backpack straps and aligned to the acromion. The largest sensor was 

mapped to the position of the body armour or webbing belt so that it 

recorded the pressure under the plate insert or belt. Identical smaller 

sensors were placed on the shoulders. 
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A five second measurement was taken whilst the participant was standing. 

Peak pressure (N/cm2), mean pressure (N/cm2) and contact area (cm2) 

were recorded. Mean pressure was calculated only from sensels that were 

active (i.e. pressure was applied). Estimated load (N) was also calculated 

which is the product of mean contact pressure and the contact area. 

2.7.2 Equipment and Supporting Literature 

Two 27.1 cm × 19.5 cm pressure sensor pads were positioned on the 

shoulders (Xsensor, Technology Corporation, Canada, and model - 

PX200.15.30.05) and a larger sensor pad was positioned on the chest or 

hips (Xsensor, Technology Corporation, Canada, model - 

LX200.36.36.02). The pads comprised a matrix of capacitive pressure 

sensors: when pressure was applied to the surface of the pad a change in 

capacitance that was correlated to a change in pressure was recorded 

(Cork & Du, 2007). The sensor material was 0.06 cm in thickness and did 

not restrict movement. All sensors were calibrated by the manufacturer 

prior to the start of the study.  

Each sensor was split into a grid of 1.27 cm square sensels, each of which 

recorded individual pressures (Figure 2-6). Previous work has compared 

the performance of Xsensor sensors with other manufacturers. The 

Xsensor sensors were selected as they were considered the robust 

(Summers, 2009) and had a coefficient of variation of 0.5 % (Fergenbaum 

et al., 2005). 

Peak pressure (N/cm2), mean pressure (N/cm2) and contact area (cm2) 

were recorded from each pad. Mean pressure was calculated only from 

sensels that registered pressures. Estimated shoulder load (N) was 

calculated which is the product of mean contact pressure and the contact 

area. 
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Figure 2-6: Example of Xsensor Pressure Sensor Pads. 

 Participant Characterisation 2.8

Additional measurements to those already described were taken to define 

the physical characteristics of the participants and to normalise other 

parameters (e.g. oxygen uptake). Height and body mass were measured 

for all studies; sit-ups and press-ups were measured during studies 2, 3 

and 4, Dual-energy x-ray absorptiometry (DEXA) body scanning was 

measured during Studies 2 and 3; skinfold measurement was used during 

study 4. 

2.8.1 Procedure 

2.8.1.1 Height and Body Mass 

Height was measured to an accuracy of 1 cm on day one of each study. 

Participants were asked to remove their footwear and stand on a 

stadiometer with feet together. Buttocks, feet and scapulae were in contact 

with the back of the stadiometer, whilst the participant looked directly 

ahead.  

Body mass was measured to an accuracy of 100 g using digital scales at 

the start of each test session. Two measurements were taken: the first 

was undressed mass (in underwear), the second was taken when the 

participant was fully instrumented and wearing the clothing configuration 

for the session (if applicable). 
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2.8.1.2 Sit-Ups and Press-Ups 

The press-ups and sit-ups tests used in Military Annual Training Test 2 

(MATT-2) (MOD, 2013) were used as an indicator of upper body and 

abdominal / hip-flexor muscle endurance. These were conducted during 

the training and familiarisation session. 

Participants worked in pairs and were asked to complete as many 

repetitions as possible in two minutes. They were allowed to rest during 

the test if they wished and restart from the start position. 

During the press-ups test, participants started by lying flat on their 

stomach / chest with their legs straight. Feet were positioned no more than 

30 cm apart and hands with palms down in a comfortable position. One 

complete press-up involved straightening the arms until they were fully 

locked at the elbows, then lowering the body using the toes as a pivot until 

the chest touched their partner‟s fist. Participants were instructed to 

maintain a rigid body posture, generally in a straight line, moving as a 

single unit.  

For the sit-ups test, participants started by lying flat on their back with their 

knees bent to an angle between 70 º and 110 º. Forearms and hands were 

crossed across the chest and elbows tucked in throughout. Participants 

initiated the sit-up by raising their body up to, or beyond the vertical 

position (base of their neck in a position directly above the base of their 

spine), maintaining a straight back at all times. Once this position was 

reached they lowered their body until they touched the mat with the bottom 

of their shoulder blades. Their feet were held in place by their partner. 

2.8.1.3 DEXA 

DEXA body scanning was undertaken during Studies 2 and 3 to inform 

comparisons of body composition between men and women. For logistical 

reasons, these measurements were not undertaken by the author as the 

body scanner was located at a different laboratory (Army Training Centre, 

Purbright) and measurements were conducted at the same time as other 

laboratory tests.  
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The DEXA body scan (GE Healthcare, model Lunar iDXA, USA) 

measured bone mass, fat mass and fat-free (muscle) mass. Participants 

were required to lie supine on the scanning bed while a collimated dual-

energy x-ray bean is passed through their body.  

2.8.1.4 Skinfolds 

It was not possible to undertake DEXA body scans during Study 4. As 

such, skinfolds were used as an alternative to estimate body composition.  

Skinfolds were taken from the eight sites (Bicep, Tricep, Subscapular, Iliac 

crest, Supraspinale, Abdomen, Front thigh and Medial calf). A pair of 

calibrated skinfold callipers, accurate to within 0.2 mm were zeroed prior 

to use. The callipers were placed perpendicular to the skinfold. A mean of 

two measurements was taken at each site, with an agreement of +/-10 %. 

If these measurements did not agree, a third measurement was taken, and 

the average of the two closest measurements was recorded. Sum of eight 

skinfolds was calculated.  

The Equation developed by (Peterson et al., 2003) was used to calculate 

% body fat and fat mass. This equation was selected as it was derived 

from an active civilian population, which is considered representative of 

the participants used in the study. 

2.8.2 Equipment 

Measurements required the use of a stadiometer, digital scales, skin-fold 

callipers and DEXA body scanner. All equipment was calibrated by 

external bodies prior to use, at intervals recommended by the 

manufacturer and International Society for the Advancement of 

Kinanthropometry (ISAK) (Marfell-Jones et al., 2006). 

2.8.3 Supporting Literature 

DEXA body scanning is considered a valid method to assess body 

composition provided that participants are sufficiently hydrated prior to 

measurement (Eston et al., 2009). As such, in the studies reported here, 
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all scans were conducted on days where no exercise was undertaken. 

Further, participants were given a minimum of 500 mL of water to 

consume two hours prior to the scan. Previous work has shown that the 

scanner used in the current studies has demonstrated excellent precision 

(Hind et al., 2011).  

There are limitations associated with the use of skinfold measurement, 

with regard to differences in skin thickness and compressibility that occur 

with age, sex, hydration status and measurement site (Eston et al., 2009). 

Further, this measurement is subject to systematic error from the 

investigator and a significant amount of training and experience is required 

to improve validity and reliability (Aandstad et al., 2014).  

Control measures were introduced to improve the validity and reliability of 

these measurements. Firstly, all measurements were undertaken by the 

same investigator who was trained in the ISAK measurement procedures 

and was considered experienced in the techniques. Participants were also 

given a minimum of 500 mL of water to consume two hours prior to 

measurements which were conducted prior to exercise.  

 Body Armour 2.9

To ensure that a selection of sizes were available to the participants, the 

body armour used was a commercially available off the shelf option (T45 

modular tactical vest, Andover, UK), which was very similar in mass and 

design to the in-service OSPREY body armour. The body armour 

comprised a vest (with cummerbund) with soft armour and two identical 

symmetrical ballistic plate inserts for the front and rear of the vest. One 

size of plate and five sizes of vest were available as shown in Figure 2-7. 

The body armour was fitted to participants to ensure that all essential 

areas were covered (Breeze et al., 2016). 

The procedure developed by Armstrong and Gay (2016) was used to fit 

the body armour and is summarised here. Once a correct size was 

established, the armour was loosened and participants were asked to 

breathe normally. After approximately 30 s, when a stable breathing 
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pattern was established, participants were asked to hold their breath at the 

end of a tidal inspiration and the armour was tightened (Armstrong & Gay, 

2016). Body armour straps were marked to ensure that the tightness of fit 

was reproducible in each configuration. 
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Figure 2-7: Body Armour Plate and Vest Dimensions. 

Diagrams are not to scale. The plate was available in one size and vest in five sizes. Note: the measurements for the large vest have 

been verified as correct despite the size for measurement B being larger than XL and XXL. 
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 Statistics 2.10

Data are presented as mean and SD throughout, unless otherwise stated. 

Data were inspected graphically to identify erroneous data points. 

2.10.1 ANOVA and T-Tests 

Data were checked for normality prior to undertaking parametric tests 

(skewness, kurtosis, analysis of outliers and the Shapiro-Wilk test). α was 

0.05 for all comparisons. 

One-way or two-way repeated measures Analysis of Variance (ANOVA) 

followed by the Bonferroni post-hoc test was used throughout this project. 

Details of the comparisons are provided within each chapter. The 

Greenhouse-Geisser correction was applied where the assumption of 

sphericity was not met.  

Not all data were normally distributed thus a log transformation was 

initially attempted to normalise the data. If this was unsuccessful, non-

parametric statistics were applied. The Friedman‟s test and Wilcoxon post-

hoc test were used as an alternative to the ANOVA, noting that this did not 

investigate interactions.  

Paired t-tests were also used in situations where there were only two 

groups. The Wilcoxon test was used as an alternative for non-parametric 

data if appropriate.  

2.10.2 Effect Sizes 

For parametric data effect sizes were calculated using partial eta squared 

 ηp
2) for the main ANOVA effects so that statistical power could be 

calculated retrospectively; 0.01, 0.06 and 0.14 were considered small, 

moderate and large effects respectively (Richardson, 2011). Cohen‟s d  d) 

was also calculated for pairwise comparisons and interpreted as 0.2 - 

small, 0.6 - moderate, 1.2 - large, 2.0 - very large and 4.0 - extremely large 

(Hopkins et al., 2009). The range for Cohen‟s d was reported for 
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significant comparisons, for non-significant comparisons the maximum 

Cohens d is reported. For non-parametric statistics, Pearson‟s r is 

reported where 0.1 is considered a small effect, 0.3 a medium effect and 

0.5 a large effect (Field, 2005).  

 Delimitations and Assumptions 2.11

Soldering tasks are varied in terms of length, intensity, work rest cycles 

and the climate within which they are conducted.  As this project was the 

first to investigate RMF and operating lung volumes in a soldier 

population, it did not attempt to measure these parameters in all of the 

possible operational environments. The focus of this project was steady 

state tasks in a thermo-neutral environment. 

As demonstrated by Table 1-1, there are examples where loads carried by 

soldiers during Operation HERRICK were in excess of 75 kg. However, 

the loads used in this project were designed to represent doctrinal loads 

as these loads are recommended by the MOD.  Further, using doctrinal 

loads was a control measure used to mitigate the risk of participants 

experiencing musculoskeletal injuries during the project. 

The units from which the soldiers were invited to participate were asked to 

identify soldiers who regularly undertake load carriage as part of their 

normal duties. It was assumed that these soldiers would be physically 

suitable to participate in the study, and no pre-screening (e.g. assessment 

using physical employment standards) was undertaken by the author. 

In order to use soldiers for research, permission must be obtained from 

the Army Trials Unit at least six months before the start of this study. As 

such, it was not possible to increase the number of participants recruited 

for each study in response to retrospective power calculations or 

participant withdrawals.  

The body armour used in this project was a commercially available body 

armour rather than one that was in-service. This was selected to avoid any 

security restrictions associated with using in-service armour and to ensure 

that sufficient sizes available. Two body armours were in-service at the 



 Page 46 of 313 
 

time of this study (ECBA and Osprey).The body armour used was 

representative of Osprey only. 
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Chapter 3 The Effect of 

Wearing Body Armour With 

Additional Load on Ventilatory 

Function Whilst Marching 
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 Introduction 3.1

3.1.1 Breathing Mechanics During Unloaded Exercise 

3.1.1.1 Ventilation 

The primary function of the lungs is gas exchange where O2 moves from 

the atmospheric air into the venous blood in exchange for CO2. This 

function is dependent on ventilation, diffusion and blood flow (West, 2008): 

it is the ventilatory aspect of gas exchange that will be the focus of this 

thesis. 

Total ventilation    E) is the product of the volume of expired air per breath 

(tidal volume, VT) and the number of breaths per minute (breathing 

frequency, ƒb). Total ventilation includes alveolar ventilation    A) and dead 

space ventilation    D):   A is the volume of air that enters the respiratory 

zone of the airways and is involved in gas exchange;   D is the volume of 

air that remains in the conducting zone of the airways and is not involved 

in gas exchange (West, 2008). 

3.1.1.2 The Role of the Respiratory Muscles in Ventilation 

The lungs are passive elastic organs which rely on the action of the 

respiratory muscles for inspiration and expiration. When the inspiratory 

muscles contract, the volume in the chest cavity increases thus intra-plural 

pressure reduces and atmospheric air moves into the lungs. Relaxation of 

the inspiratory muscles and contraction of the expiratory muscles returns 

the chest cavity to normal volumes and inspired air is moved out of the 

lungs. (Lumb, 2017; Ratnovsky et al., 2008; Sheel, 2002). As the 

respiratory muscles are skeletal muscles, their role extends beyond 

ventilation: they are also involved in speech, locomotion and the 

maintenance of posture (Aleksandrova & Breslav, 2009).  

The inspiratory muscles comprise the diaphragm (costal and crural 

muscles), external intercostals, and accessory muscles (scalene and 

sternocleidomastoid muscles) (Figure 3-1). The diaphragm is the primary 

muscle of inspiration; it is innervated by phrenic nerves (from cervical 
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segments 3, 4 and 5) and separates the abdomen from the chest. When 

the demands placed on the respiratory system increase, the remaining 

inspiratory muscles are recruited to assist the diaphragm with inspiration. 

(Aleksandrova & Breslav, 2009; Lumb, 2017; Ratnovsky et al., 2008; 

West, 2008). 

Expiration is passive when the forces from the elastic recoil of the lungs 

and mass of the abdomen are sufficient to reduce the volume of the chest 

cavity (for example when supine). When expiration becomes active the 

expiratory muscles (Figure 3-1) are recruited to return the ribcage and 

diaphragm back to their resting position. The muscles of the abdominal 

wall are the principal muscles of expiration (rectus abdominus, obliques 

and transversus abdominus) and these are assisted by the internal 

intercostal muscles when   E increases (Aleksandrova & Breslav, 2009; 

Lumb, 2017; Sheel, 2002; West, 2008). 
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Figure 3-1: Anatomy of the Human Respiratory Muscles.  

Inspiratory muscles: costal and crural diaphragm; sternomastoid and 

scalenes (accessory muscles); external intercostals. Expiratory 

muscles: Internal intercostals; internal / external obliques; transverse / 

rectus abdominis. Figure taken from (Ratnovsky et al., 2008).  



 Page 51 of 313 
 

3.1.1.3 Work of Breathing 

Work of breathing (WOB) is a measure of the metabolic cost of respiratory 

muscle work during ventilation (Lumb, 2017): it encompasses the work 

required to overcome elastic resistance (including the lung and chest wall 

as well as the resistance from surface forces at the alveolar gas-liquid 

interface) and respiratory system resistance (including frictional airway 

resistance, thoracic tissue resistance and inertia associate with the 

movement of gas and tissues) (Guenette et al., 2009; Sheel & Romer, 

2012). During moderate intensity exercise, WOB is ~5 % of metabolic cost 

and increases to ~10 % during maximal exercise in the trained civilian 

population (Aaron et al., 1992a; Aaron et al., 1992b). Breathing pattern 

(i.e. ƒb and VT) is regulated to maintain a minimal    ; at a given   E, ƒb is 

adjusted to balance the elastic and resistive components of WOB, whilst 

VT is maintained at the most compliant portion of the pressure-volume 

curve; a low compliance is indicative of a stiff lung with high elastic recoil 

and a high compliance describes a pliable lung with low elastic recoil 

(Guenette et al., 2009; Otis et al., 1950; Sheel & Romer, 2012). 

3.1.1.4 Breathing Mechanics 

There is significant reserve in the ventilatory system which allows it to 

continue to function effectively against stressors placed on the airways, 

gas exchange mechanisms and the chest wall (Dempsey et al., 2008). 

Figure 3-2 provides an example of the ventilatory response to progressive 

increases in work rate. As   E increases, VT and ƒb increase until there is a 

plateau in VT and further increases in   E are met by increases in ƒb. 

During exercise, increases in VT are achieved via a reduction in EELV as 

the expiratory muscles are recruited. Reducing EELV allows for the 

storage of elastic energy in the chest and abdominal walls, which supports 

a significant portion of the work required during inspiration. Recruiting the 

expiratory muscles and reducing EELV also means that intra-abdominal 

pressure is elevated and the diaphragm is lengthened at the end of 

expiration. This allows the diaphragm to operate near its optimal length for 

force generation. 
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As   E rises, further increases in VT result from increases in EILV. This 

pattern of breathing is preferential to increases in breathing frequency 

alone as it minimises   D and the WOB because flow rate is reduced. 

During very high rates of   E, EELV may also rise above resting levels, but 

this places greater strain on the inspiratory muscles (Sheel & Romer, 

2012). 
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Figure 3-2: Example of the Ventilatory Response to Progressive Exercise on a Cycle Ergometer.  

A plateau in VT is observed at approximately 150 W, at this point ƒb increases more rapidly. This occurs to minimise the elastic WOB. 

TI/Tot (%) (inspiratory time relative to total breath time) increases as there is a greater proportional decrease in TE than TI.Taken From 

(Sheel & Romer, 2012). 
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3.1.1.5 Expiratory Flow Limitation 

There are situations where ventilatory reserve is reduced to a point at which it is 

unable to meet homeostatic demands during exercise: under these conditions 

the respiratory system can limit performance during exercise. Examples where 

this occurs are in disease states at environmental extremes and other situations 

where dead space is increased (Dempsey, 1986; Dempsey et al., 2012; 

Dempsey et al., 2008). 

Expiratory flow limitation (Figure 3-3) is one such condition where the ventilatory 

system limits exercise performance. It can be identified by plotting VT within the 

maximum flow volume loop envelope (measured at rest) and occurs when VT 

meets or exceeds the expiratory boundary of the maximal envelope (Johnson et 

al., 1999a; Johnson et al., 1999b). As discussed above, in healthy individuals 

undertaking incremental exercise, EELV is reduced to minimise WOB. EILV can 

also increase towards 75 % to 90 % of total lung capacity (TLC) during heavy 

exercise to meet the ventilatory demands. In the presence of expiratory flow 

limitation EELV increases and EILV shifts above 90 % of TLC; this moves 

breathing against a greater elastic load and increases WOB (Figure 3-3). When 

EILV cannot increase further this leads to increased ƒb which adds to the WOB 

(Guenette et al., 2013; Johnson et al., 1999a; Johnson et al., 1999b).  
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Figure 3-3: Explanation of Expiratory Flow Limitation. 

LEFT: Example of a resting and peak exercise tidal breath superimposed within a maximum flow-volume loop (thick black line). 
RIGHT: Operating lung volume plot versus cycle work rate. TLC, total lung capacity; IRV, inspiratory reserve volume; EILV, end-
inspiratory lung volume; EELV, end-expiratory lung volume; VT tidal volume; IC, inspiratory capacity; VFL, volume of the tidal breath that is 
flow limited on expiration; %EFL, percentage of expiratory flow limitation; ERV, expiratory reserve volume; MFVL, maximum flow-volume 
loop; DH, dynamic hyperinflation. Taken from (Guenette et al., 2013). 
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3.1.1.6 Respiratory Muscle Fatigue (RMF) 

All muscles are susceptible to fatigue which for the purpose of this thesis 

is defined as a reduction in the force generated by the muscles in 

response to exercise: an effect which can be reversed with rest (Romer et 

al., 2012). RMF is another example where the respiratory system can limit 

the performance of exercise: during unloaded exercise it is typically 

observed at severe exercise intensities (>85 % of maximum) (Johnson et 

al., 1993; Taylor et al., 2006).  

One of the consequences of RMF is locomotor muscle fatigue (Harms et 

al., 1997; Romer et al., 2006; Sheel et al., 2001): this occurs via activation 

of the sympathetically mediated respiratory muscle metaboreflex which 

accompanies RMF. Fatiguing contractions of the respiratory muscles 

trigger group III and group IV phrenic afferents which in turn increase 

sympathetic efferent discharge (Hussain et al., 1990; Jammes & Balzamo, 

1992). This increases the muscles sympathetic nerve activity which 

increases heart rate, mean arterial blood pressure and limb 

vasoconstriction. Ultimately this leads to a reduction in O2 transport to the 

locomotor muscles which increases the likelihood of locomotor muscle 

fatigue, increases perceived exertion and dyspnoea and reduces time to 

exhaustion (Dempsey et al., 2006; Welch et al., 2018a) (Figure 3-4). 

Previous work has identified that the magnitude of inspiratory muscle 

fatigue required to trigger the metaboreflex is approximately 19 % 

(McConnell & Lomax, 2006). 
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Figure 3-4: Schematic Representation of the Metaboreflex and its Effects.  

Taken From (Dempsey et al., 2006). 
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 Literature Review 3.2

3.2.1 The Effect of Load on Ventilatory Function 

3.2.1.1 Military Context 

The soldier carries load on their head (helmet), hips (webbing belt), arms / 

legs (extremity armour), hands (weapon) and feet (boots), but the heaviest 

loads are carried on the torso (pack, body armour, webbing pouches). 

Load carried as a double pack where it is distributed across the front and 

back of the torso, reduces energy cost by up to 45 % compared to carrying 

the load on other areas of the body (Datta & Ramanathan, 1971). Further, 

carrying torso borne load is more comfortable than carrying load further 

from the bodies centre of mass (Legg & Mahanty, 1985). However, 

carrying torso borne load negatively affects ventilatory function (first 

reported by Legg (1988)); the influence this has on soldier performance is 

largely unknown. 

Over the years, the mass carried on the torso by soldiers has substantially 

increased (see Section 1.1) and it is well established that carrying load on 

the torso causes a reduction in FVC and FEV1 without a reduction in the 

ratio of these values (Brown & McConnell, 2012). This response is 

characteristic of a restrictive ventilatory impairment. (Armstrong & Gay, 

2016; Bygrave et al., 2004; Legg, 1988; Legg & Cruz, 2004; Majumdar et 

al., 1997; Muza et al., 1989b). The cause of this impairment is related to 

an increase in the inertial (increased mass carried) and elastic forces 

(chest wall restriction) on the torso which restrict shoulder elevation and 

chest wall expansion.  

Current evidence suggests that load carriage-induced ventilatory 

impairments are mild in the order of 2 % (Legg, 1988) to 9 % (Bygrave et 

al., 2004) as measured whilst wearing loads of 6 kg (Legg & Cruz, 2004) 

to 45 kg (Phillips et al., 2016a). Whilst many studies have characterised 

the effect of a range of torso borne loads on ventilatory function at rest 

(Armstrong & Gay, 2016; Bygrave et al., 2004; Dominelli et al., 2012; 

Faghy & Brown, 2014; Hinde et al., 2018; Legg, 1988; Legg & Cruz, 2004; 
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Majumdar et al., 1997; Muza et al., 1989b; Phillips et al., 2016a; Phillips et 

al., 2016b, 2016c; Walker et al., 2015), further work is required to 

understand how this ventilatory impairment will affect the soldier wearing 

military loads during military tasks. The following sections summarise 

previous undertaken during exercise in civilian populations and identies 

where gaps exist which prevent this work being translated to the military 

setting. 

3.2.1.2 Loaded Breathing Mechanics 

Most published work investigating the effect of torso borne load carriage 

on ventilatory function during exercise has used backpack loads (Dominelli 

et al., 2012; Faghy et al., 2016; Faghy & Brown, 2014, 2016, 2017; Faghy 

& Brown, 2019; Hinde et al., 2018; Legg & Mahanty, 1985; Peoples et al., 

2016; Phillips et al., 2016a, 2019; Phillips et al., 2016b, 2016c; Shei et al., 

2018; Walker et al., 2015; Wang & Cerny, 2004); there are no studies 

which have investigated this subject using body armour. As discussed in 

the first chapter of this thesis, the characteristics of body armour and 

backpack loads are different. Thus, the elastic and inertial forces imposed 

on the torso by the load carried will also differ. This is demonstrated by the 

work of Hinde et al. (2018) who found that an 18 kg backpack did not 

reduce FVC or FEV1 when compared to an unloaded configuration, 

whereas Armstrong and Gay (2016) reported reductions in FVC and FEV1 

of 6 % were evidence in soldiers wearing body armour weighing 8 kg. 

This presents a critical knowledge gap in the literature which prevents the 

author from using existing data to address the overarching hypothesis of 

this thesis. However, there are studies which have measured breathing 

mechanics in civilians wearing backpack loads which provide useful 

insights into how torso borne loads may influence soldier performance 

(Dominelli et al., 2012; Hinde et al., 2018; Peoples et al., 2016; Phillips et 

al., 2016a, 2019; Phillips et al., 2016b, 2016c; Shei et al., 2018; Wang & 

Cerny, 2004). 

 arching with a loaded backpack increases   E due to the increased 

metabolic demands associated with carrying added mass. These 

additional ventilatory demands are met by increases in ƒb rather than VT 
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as is typically observed during exercise of increasing metabolic demand to 

minimise the elastic WOB (Figure 3-2). The magnitude of these increases 

in   E, metabolic cost and ƒb is dependent on the mass carried and 

exercise intensity (Dominelli et al., 2012; Phillips et al., 2016a; Phillips et 

al., 2016b; Sheel & Romer, 2012; Wang & Cerny, 2004) which further 

supports the notion that undertaking this work using military loads is 

essential.  

Evidence from the literature indicates that backpack loads alter breathing 

mechanics and reduce ventilatory reserve particularly during tasks with 

high ventilatory demands. For example, Dominelli et al. (2012) measured 

  E, power of breathing (via measurement of oesophageal pressure) and 

operating lung volumes with and without a backpack up to 35 kg in mass 

in civilians. Up to 21 % more of the ventilatory capacity was used in the 

35 kg load compared to no load configuration and two out of seven 

participants developed expiratory flow limitation. Given the invasive nature 

of oesophageal pressure measurements, this work was undertaken using 

very short stages (2.5 minutes). It has been suggested that load effects 

ventilatory function in a progressive manner (Phillips et al., 2016c), thus 

the reported effects may have underestimated the effects of load on 

ventilatory function.  

In a study using civilian participants carrying a 45 kg backpack, Phillips et 

al. (2016a) reported that   D but not   A was increased with load during an 

incremental exercise test.  eductions in peak values of    2 (10 %), VT 

(12 %),   A (13 %) and   E (9 %) were observed with load, EIL  was also 

reduced at matched   E. The authors hypothesised that the reductions in 

peak    2 were the result of RMF which triggered the respiratory muscle 

metaboreflex and recommended that this be evaluated directly. Phillips et 

al. (2016a) compared loaded and unloaded data at matched   E to 

understand how adding load to the participant affects ventilation when the 

external work done is the same. However, this does not represent the 

military scenario where the soldiers work rate is defined by the task (e.g. a 

forced march) and the ventilatory demands associated with that task 

increase with load carried. Further, as with the study by Dominelli et al. 

(2012) the exercise profile used was a short incremental exercise test and 
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not representative of military tasks; thus it is not possible to understand 

the implications of these findings for soldiering tasks.  

In a follow on study Phillips et al. (2016c) investigated their earlier findings 

further using a 45 minute, loaded march at matched oxygen demand with 

and without a 25 kg backpack. An increase in both   E (15 %) and ƒb 

(22 %) was evident which was accompanied by a reduction in VT (6 %) 

and EILV (6 %). PImax was also reduced by 7 % post march with no 

change in PEmax. As discussed for Phillips et al. (2016a), whilst this study 

had the benefit of being longer in duration, the march lacked ecological 

validity (for a military population) given that the oxygen demand was 

matched as opposed to using a fixed workload. The load carried was also 

much lighter than is typically carried by soldiers on operations which again 

would underestimate the restrictions observed by soldiers carrying military 

loads. 

The work of Faghy and Brown (2014) has partially addressed these 

limitations whilst investigating the effect of loaded marching on RMF. 

Civilian participants wore a 25 kg backpack during a 60 minute loaded 

march at 6.5 km·h-1. Reductions in both inspiratory (11 %) and expiratory 

(13 %) mouth pressures were reported, which suggests that soldiers 

wearing assault order loads may experience RMF during a loaded march. 

However, those authors did not measure breathing mechanics thus the 

cause of this fatigue cannot be fully elucidated. Further, the marching 

speeds used by those authors represent the speeds required for a combat 

fitness test rather than the marching speeds reported on operations. As 

such it is still unclear if solders would experience RMF during operational 

tasks. 

It is recognised by the research community that there are limitations 

associated with using backpack loads to understand the effect of load on a 

soldier‟s ventilatory function. To address this limitation, weighted vests 

have been used as an alternative to body armour (Peoples et al., 2016; 

Walker et al., 2015); they can be configured to match the mass of body 

armour, but as with backpacks they differ in terms of the distribution of the 

mass, coverage and rigidity, so again may not match the inertial and 
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elastic forces imposed by body armour. Chest strapping has also been 

considered as an alternative method to simulate the elastic forces 

imposed on the torso by body armour (Coast & Cline, 2004; Gonzalez et 

al., 1999; Harty et al., 1999; Miller et al., 2002; O'Donnell et al., 2000; 

Peoples et al., 2016; Tomczak et al., 2011). In most cases the restriction 

caused by the chest strapping was more typical of disease states where 

reductions in lung volumes were greater than 35 % (Coast & Cline, 2004; 

Gonzalez et al., 1999; Harty et al., 1999; Miller et al., 2002; O'Donnell et 

al., 2000; Tomczak et al., 2011). There are also examples where lung 

volumes in the chest strapping device were not measured, which makes it 

difficult to compare those methods to military loads (Coast & Cline, 2004; 

Gonzalez et al., 1999; Harty et al., 1999; Miller et al., 2002; O'Donnell et 

al., 2000; Peoples et al., 2016; Tomczak et al., 2011).  

Peoples et al. (2016) investigated the difference between the elastic and 

inertial contributions of torso borne loads using an incremental treadmill 

test to exhaustion. Civilian participants wore either a 22 kg weighted vest, 

chest strapping or an unloaded configuration. In the weighted vest, 

reductions in time to exhaustion (21 %) and mass specific oxygen 

consumption (26 %) were observed but chest strapping had minimal 

effect. The authors concluded that the reduction in mass specific peak 

aerobic power had the greatest influence on exercise performance, rather 

than restrictions to breathing, but acknowledged the limitations associated 

with wearing a weighted vest / chest strapping.  

The findings from Peoples et al. (2016) differ from others who have 

investigated the effect of chest wall restriction on exercise capacity. One 

such example is provided by Coast and Cline (2004) who developed a 

chest wall restriction device which progressively restricted chest wall 

expansion. This device produced similar decrements in FVC (1.2 % to 

11.9 %) to studies using body armour (Armstrong & Gay, 2016; Legg, 

1988; Majumdar et al., 1997). Those authors demonstrated that the device 

significantly reduced    2max by up to 9 % and time to maximum 

exhaustion by up to 8 % during cycle ergometry. It has been suggested 

that the observed reduction in exercise capacity was the result of 

increased recruitment of the respiratory muscles and increased oxygen 
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cost of breathing, combined with a decrease in ventilatory function, all of 

which can lead to the early onset of fatigue (Gonzalez et al., 1997).  

3.2.1.3 Potential Consequences of RMF for the Soldier 

The studies described above indicate that increasing the inertial and 

elastic forces on the torso places additional strain on the ventilatory 

system: this increases the likelihood that the wearer will develop RMF, but 

the consequences of this for the soldier are yet to be fully understood.  

The diaphragm, transversus abdominus and intercostal muscles play an 

important role in the maintenance of posture as well as in ventilation; their 

contribution to postural stability is attenuated when respiratory demand 

increases. As such there is a risk that this would compromise the stability 

of the spine and increase the risk of musculoskeletal injuries during load 

carriage tasks although this has not been investigated directly (Hodges et 

al., 1997; Hodges & Gandevia, 2000; Janssens et al., 2013; Janssens et 

al., 2010; Shirley et al., 2003).  

It is also likely that RMF will influence the perception of exercise intensity 

(Harty et al., 1999). Further, RMF can lead to the development of a rapid 

and shallow breathing pattern (Gallagher et al., 1985; Sliwinski et al., 

1996), which may influence shooting accuracy, as marksmanship tasks 

rely heavily on the soldier‟s ability to maintain a stable breathing pattern 

and posture. 

It is unclear if the reductions in mouth pressures observed by others 

(Faghy & Brown, 2014; Phillips et al., 2016a; Phillips et al., 2016c) were 

sufficient to trigger the respiratory muscle metaboreflex. Nevertheless, in 

the presence of other stressors of the operating environment, load 

carriage will increase the likelihood of this metaboreflex being activated 

because it will increase the ventilatory demands placed on the soldier and 

therefore the exercise intensity. 

3.2.1.4 Evidence Gaps  

In recent years, knowledge of the effects that carrying load has on 

ventilatory function has grown substantially. Studies undertaken using 
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backpack loads or alternatives to body armour have provided a valuable 

insight into the effect of load carriage on ventilatory function. This 

knowledge can be immediately exploited in civilian populations for 

example backpack designers and hikers. Gaps exist which make it 

challenging for this knowledge to be translated to the military population. 

The characteristics of loads carried in a backpack or as body armour are 

different (e.g. coverage and fit) and will likely impose different elastic and 

inertial forces on the chest wall. This will influence the effects that the load 

has on lung volumes as well as the magnitude of RMF experienced by the 

wearer. This raises the question whether studies undertaken using 

backpack loads or alternatives to body armour fully represent the 

demands placed on the soldier. To the authors knowledge only three 

studies have investigated the effect of wearing body armour on cardio-

respiratory function (Appendix 1, Table A 1) and these studies did not 

measure breathing mechanics.  

The outputs of the studies by Dominelli et al. (2012); Phillips et al. (2016a); 

Phillips et al. (2016c) and Faghy and Brown (2014) cannot be immediately 

applied to the military environment because none of those studies used 

military participants or civilians experienced with load carriage (see 

Chapter 1 Section 1.3.1). Furthermore, the experimental designs did not 

fully replicate the demands of the operational environment given the mass 

of the loads carried was much lighter, the length of the loaded marching 

protocols were much shorter and the marching speeds were either at 

matched demands or represented the training environment. Additional 

work is required using experimental protocols which represent the 

demands placed on soldiers to fully understand the implications of carrying 

load on the soldiers breathing mechanics as well as understanding the 

impact of RMF on soldier performance.  

3.2.2 Aim, Objective and Hypothesis 

This study aimed to define the ventilatory response to wearing body 

armour with loads of varying masses on the soldier during rest and 

exercise. The objective of this study was to identify the conditions under 
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which soldiers experience ventilatory impairments and become 

susceptible to respiratory limitation: this was undertaken to address gaps 

in existing knowledge associated with participant characteristics (See 

Section 1.3.1). 

The following research hypotheses were tested: 

Hypothesis 1 

H0: Soldiers will not experience expiratory flow limitation during a loaded 

marching task. 

H1: Increasing the mass carried will increase the likelihood of infantry 

soldiers experiencing expiratory flow limitation during a loaded marching 

task. 

Hypothesis 2 

H0: Increasing the mass carried during a loaded marching task will not 

affect the magnitude of RMF. 

H1: Increasing the mass carried during a loaded marching task will 

increase the magnitude of RMF.  

Hypothesis 3 

H0: Loosening the body armour will not affect FVC, FEV1, mouth pressures 

and expiratory flow limitation. 

H1: Reductions in FVC, FEV1 at rest, mouth pressures post-exercise and 

expiratory flow limitation during exercise will be less when loose fitting 

armour is worn with load. 

 Methods 3.3

3.3.1 Pilot Testing 

Prior to the start of this study, a pilot study was undertaken in six infantry 

participants. This study was used to train investigators in the 
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measurement techniques, refine the load configurations and make sure 

that the exercise profile could be completed by the participants. 

3.3.2 Participants 

A priori calculations were undertaken using the PASS statistical software 

to estimate the number of participants required for the study: data from 

Coast and Cline (2004) and Armstrong and Gay (2016) were used as 

these were the most relevant studies available at the time. Based on 

measurements of FVC, FEV1, time to complete and oxygen uptake, 

α=0.05 and 1-β=0.80 a minimum number of ten participants was 

recommended. Four intakes of six potential participants were scheduled to 

attend the laboratory17. This number was greater than the minimum 

number of ten indicated by the power calculation given that data were not 

available to calculate the required power for measurements of RMF and 

expiratory flow limitation; it was estimated that more than ten participants 

would be required to achieve the required power. Further, there was a risk 

that the identified participants would not want to participate in the study; it 

was estimated that one participant from each intake would opt out of the 

study. Finally additional contingency was built into the study to allow for 

data loss as a result of participants not being able to correctly perform the 

breathing manoeuvres; it was estimated that one participant‟s data from 

each intake would be excluded based on poor measurement technique. 

This study received favourable opinion from the Ministry of Defence 

Research Ethics Committee and was conducted under protocol 

518/MODREC14 (ANNEX 1). Following informed written consent, 24 

infantry soldiers (men) volunteered to participate in the study; women were 

not included as they were excluded from infantry roles at the time this 

study was conducted. Their physical characteristics were (mean and SD): 

age 25.8 (4.7) years; stature 1.76 (0.08) m; mass 78.2 (13.3) kg; BMI 

25.08 (2.89) kg·m2. Nine were smokers and all participants were deemed 

medically fit to participate in the study by their unit Medical Officer and met 

                                            
17

  hen requesting military participants for research, a minimum of six months‟ notice is 
required. There is no guarantee that the participants identified will consent to take part in 
the research. 
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the laboratory health history screening requirements. This included the 

requirement to be free from musculoskeletal injury and respiratory tract 

infections for at least one month and have normal pulmonary function 

defined as FVC and FEV1 >80°% of predicted values.  

3.3.3 Clothing and Load Configurations 

Five load configurations (Table 3-1) were investigated in a repeated 

measures design. The order in which the configurations were worn was 

counterbalanced using a five by five Latin square, with one configuration 

being worn per day for five consecutive days.  

The additional load was carried in four webbing pouches attached to the 

sides of the body armour and carried in a military issue daysack. As with 

the body armour, the daysack straps (chest and shoulder) were marked to 

ensure the tightness of fit was the same for each test session. Load 

distribution and bulk were standardised across the configurations that 

involved additional load carriage. No weapon was carried or helmet worn 

so that the focus of the investigation was on torso borne load.  
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Table 3-1: Load Configurations Used During Study 1.  

Configuration Abbreviation Clothing Total mass (kg) Torso borne mass 

(kg) 

No body armour NBA Underpants, Socks, Issue boots, 

Personal Clothing System (PCS) 

trousers, Under Body Armour Clothing 

System (UBACS) shirt 

3.01 (0.65) - 

Body armour BA NBA configuration, body armour 

(10.9 kg). 

14.97 (1.00) 11.96 

Body armour + 15 kg BA15 BA configuration, 4 x body armour 

pouches (8.8 kg), day sack (6.2 kg). 

30.37 (1.40) 27.36 

Body armour + 25 kg BA25 BA configuration, 4 x body armour 

pouches (8.8 kg), day sack* (16.2 kg) 

40.23 (0.85) 37.22 

Body armour + 35 kg BA35 BA configuration, 4 x body armour 

pouches (8.8 kg), day sack (26.2 kg) 

50.28 (0.83) 47.27 

Notes: Mean (SD) is reported, variations in mass carried between participants were due to different clothing and boot sizes. *The day sack included a chest belt but 
no hip belt. BA25 was also worn loosely to investigate the effect of loosening the body armour (Section 3.3.3.1). 
. 
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3.3.3.1 Loose Body Armour Configuration 

To test hypothesis three, a sixth load configuration was included where the 

participants wore loose body armour with 25 kg (LBA25). This 

configuration was not part of the 5×5 Latin Square design as the data were 

only compared to the BA25 configuration. As such, testing in this 

configuration was conducted on the same day as the NBA configuration, 

with a minimum of three hours of rest between the two sessions to ensure 

sufficient recovery from the first test18.  

To fit this configuration, participants were asked to inhale to total lung 

capacity before the body armour and backpack straps were fastened to 

ensure that the tightness of the configuration did not affect their ability to 

inflate their lungs. This method was based on a similar approach using 

backpack loads where the chest strap and hip belt were loosened 

sufficiently to elicit a change in lung volumes (Bygrave et al., 2004). 

3.3.4 Pre-Study Procedures 

Participants attended a training and familiarisation session, during which 

they were fitted with the study clothing and measurement equipment (e.g. 

facemasks) and were trained in the measurement procedures as 

described in Chapter 2. 

Participants were asked to refrain from additional strenuous physical 

activity for 48 hours prior to the start of the study and during data 

collection, alcohol consumption for 24 hours prior to each test session and 

smoking for two hours prior to the start of measurements.  

3.3.5 Test Session Procedures 

3.3.5.1 Pre-Exercise Measurements 

Prior to the start of the exercise test, body mass, respiratory mouth 

pressures and resting spirometry were measured in accordance with the 

                                            
18
 During the pilot study, the resting heart rate and resting     2 of tests 1 and 2 were 

compared to ensure they were not different.  
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procedures detailed in Chapter 2 (Figure 3-5). Participants were 

instrumented with a heart rate monitor (Polar, RS800, UK) and oronasal 

mask (Hans Rudolf, Germany). A subset of volunteers (n=12) were 

instrumented with the pressure sensors (Section 2.7.1): pressure and 

force were measured during the MVV test (Figure 3-5). 

3.3.5.2 Exercise Test  

Participants progressed to the exercise test immediately on completion of 

spirometry measurement (Figure 3-5). Following a ten minute rest period 

(five minutes seated and five minutes standing), participants walked for 40 

minutes on a motor driven slatted belt treadmill (Woodway Pro-XL, USA). 

The speed and incline of the treadmill (Figure 3-5) were increased every 

ten minutes to represent the following military tasks; a cautious patrol 

(Stage 1), a low threat patrol (Stage 2), forced march (Stage 3) and a 

contact situation (Stage 4). The test was designed in collaboration with UK 

military advisors and subject matter experts to ensure that the exercise 

intensity19 was representative of military tasks. To reduce the risk of injury 

in the heaviest loads, increases in pace were such that the participants 

would be able to maintain a walking pace throughout.  

3.3.5.3 Environmental Conditions 

Testing was conducted in a temperate environment. Temperature and 

relative humidity were maintained by an air conditioning unit and recorded 

using a data logger (Squirrel 1000 series, Grant Instruments, UK) at the 

start of each rest period. Mean (SD) air temperature was 19.86 (0.51) ºC 

and relative humidity 49.38 (2.44) %. 

3.3.5.4 Cardio-Respiratory Measurements 

Beat-by-beat heart rate and breath-by-breath gas analysis (2.3.2) were 

undertaken. Mean data at 15 second intervals were used for statistical 

comparisons. Data from the final minute of each 10 minute exercise period 

were used for analysis. Participants provided ratings of perceived exertion 

                                            
19

 In order to test the study hypotheses, exercise intensity but not duration was designed 
to represent military tasks. Longer duration tasks were considered in subsequent studies. 
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(6 to 20) and dyspnoea (0 to 10) (Borg, 1982) in the ninth minute of each 

exercise period (Figure 3-5).  

3.3.5.5 Operating Lung Volume Measurements 

Participants performed an IC manoeuvre for the measurement of exercise 

flow volumes loops, during the seventh and eighth minute of each exercise 

period (Section 2.3.5.3, Figure 3-5). Not all of the measured exercise flow 

volume loops were initiated at the appropriate EELV as some participants 

were unable to correctly perform the IC manoeuvre in the heaviest load 

configurations (manoeuvre and criteria described in Section 2.3.5.3). 

Where this occurred the entire data set for that participant was excluded 

leaving n=15 for analysis.  

3.3.5.6 Shoulder and Chest Pressure and Force 

Measurements were taken at rest and during the final 30 seconds of each 

stage of the exercise test (Figure 3-5). As this data was collected as part 

of piloting for future studies, statistical analysis was not undertaken, but 

descriptive data presented. 

3.3.6 Post-Exercise Test Measurements 

At the end of the exercise test, the load configuration was removed 

immediately. Mouth pressure measurements were recorded as previously 

described within five minutes of test completion (Figure 3-5). 
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Figure 3-5: Study 1 Test Session Overview. 
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3.3.7 Data Analysis and Statistics 

One-way (load) or two-way (load × stage / time) repeated measures 

ANOVA followed by Bonferroni post-hoc test was used to compare the 

difference between the configurations as described in Section 2.10.1. 

Where the effect of load, stage and interaction were significant, the 

interaction effects are reported. 

Paired t-tests were used to compare BA25 with LBA25 to investigate the 

effect of loosening the body armour on the outcome measures.  

 Results 3.4

3.4.1 Resting Spirometry 

There was a main effect of load on FVC (F(4,92)=17.825, p=<0.0001, 

ηp
2=0.44, d=0.5 to 1.1), FEV1 (F(4,92)=13.418, p=<0.0001, ηp

2=0.37, d=0.4 

to 1.0) but not the ratio of these values (F(2.931, 67.402)=0.771, p>0.05, 

ηp
2=0.03, d<0.3). Pairwise comparisons identified lung volumes were 

reduced (from NBA) in all loaded configurations: reductions were in the 

order of 8 % to 15 % and 6 % to 14 % for FVC and FEV1 respectively 

(Table 3-2 and Table 3-3)  

There was also a main effect of load on MVV (F(4, 92)=5.758, p =<0.0001, 

ηp
2=0.20). Pairwise comparisons revealed that MVV was reduced from 

NBA by 18 % in BA25 (p=0.003, d=0.69) and 14 % (p=0.005, d=0.55) in 

BA35 (Table 3-3). No differences in peak expiratory (F(1.978, 45.486)=1.949, 

p>0.05, ηp
2=0.078, d<0.6) or peak inspiratory flows (F(2.180, 50.129)=0.971, 

p>0.05, ηp
2=0.041, d<0.3) were identified. 

Table 3-4 provides comparisons between spirometry measures in 

participants wearing BA25 and LBA25. No differences were observed 

between the configurations except for MVV, which was 11 % greater in 

LBA25 (t(23)=-3.391, p=0.003, d=0.37). 
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Table 3-2: Resting Spirometry Data in Each Load Configuration.  

Parameter NBA BA BA15 BA25 BA35 

FVC  5.54 5.12 a 4.85 a 4.85 a 4.71 a,b 

(L) (0.76) (0.79) (0.76) (0.68) (0.82) 

      

FEV1  4.17 3.92 a 3.80 a 3.82 a 3.60 a,b 

(L) (0.58) (0.56) (0.66) (0.59) (0.53) 

      
FEV1 / FVC 76.59 77.25 78.47 78.94 77.40 

(%) (8.15) (8.47) (7.13) (7.92) (9.70) 

      
PEF  9.76 8.48 9.29 9.05 8.80 

(L·second-1) (1.93) (2.44) (2.47) (2.29) (1.62) 

      
PIF  8.24 7.49 8.28 7.84 7.87 

(L·second-1) (2.51) (2.58) (2.57) (2.36) (2.41) 

      
MVV  161.67 150.87 146.83 132.03 a,b 138.64 a 

(L·minute-1)  
(48.52) (32.22) (43.27) (38.88) (34.15) 

Notes: Mean (SD) is presented for n=24. “a” and “b” indicate a difference from NBA and BA respectively (p<0.05). FVC = forced vital capacity; FEV1 = forced 
expiratory volume in one second; PEF=peak expiratory flow; PIF = peak inspiratory flow; MVV = maximal voluntary ventilation. 
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Table 3-3: Resting Spirometry Data: Percentage Change From NBA.  

  BA BA15 BA25 BA35 

FVC  -7.6 * ♦♦ -12.5 * ♦♦ -12.5 * ♦♦ -15.0 * ♦♦ 

FEV1 -6.0 * ♦ -9.0 * ♦♦ -8.6 * ♦♦ -13.7 * ♦♦ 

FEV1 / FVC 0.9 2.5 ♦ 3.1 ♦ 1.1 

PEF  -13.1 ♦♦ -4.8 ♦ -7.3 ♦ -9.9 ♦♦ 

PIF -9.1 ♦ 0.4 -4.9 ♦ -4.6 ♦ 

MVV  -6.7 ♦ -9.2 ♦ -18.3 * ♦♦ -14.2 * ♦♦ 

Notes: Percentage change from NBA (n=24) was calculated as ((configuration - NBA) / NBA) × 
100. Negative values represent a reduction in spirometry from NBA. Statistical differences from 
NBA are identified with * (p<0.05). ♦ = small effect (d=0.2 to 0.59); ♦♦ = medium effect (d=0.6 to 
1.1); ♦♦♦ = large effect (d≥1.2). FVC = forced vital capacity; FEV1 = forced expiratory volume in 
one second; PEF=peak expiratory flow; PIF = peak inspiratory flow; MVV = maximal voluntary 
ventilation.   
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Table 3-4: Resting Spirometry Data: Effect of Loosening the Body Armour. 

Parameter 
BA25 

(Battle fit) 

LBA25 

(Loose fit) 
% difference 

FVC  4.85  4.93  
1.6 

(L) (0.68) (0.86) 

    

FEV1  3.82  3.78  
-1.1 

(L) (0.59) (0.67) 

    

FEV1 / FVC  78.94  77.39  
-2.0  ♦ 

(%) (7.92) (10.63) 

    

PEF  9.05  9.28  
2.5 

(L·second-1) (2.29) (2.34) 

    

PIF  7.84  8.31  
5.8  ♦ 

(L·second-1) (2.36) (2.41) 

    

MVV  132.03  147.04  
10.8 *  ♦ 

(L·min-1) (38.88) (44.24) 

Notes: Mean (SD) is presented for n=24. Percentage difference between the configurations was 
calculated as ((LBA25 - BA25) / Mean) × 100. Negative values indicate where spirometry was 
reduced in LBA25. Statistical differences between the two configurations are identified with * 
(p<0.05). ♦ = small effect (d=0.2 to 0.59); ♦♦ = medium effect (d=0.6 to 1.1); ♦♦♦ = large effect 
(d≥1.2). FVC = forced vital capacity; FEV1 = forced expiratory volume in one second; PEF=peak 
expiratory flow; PIF = peak inspiratory flow; MVV = maximal voluntary ventilation.   
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3.4.2 Exercise Test Measurements 

3.4.2.1 Incomplete Tests 

Four out of 24 participants (17 %) were unable to complete the exercise 

test wearing BA35. One participant requested to stop the test at the end of 

light work, due to chaffing caused by the BA on his back and hips. Two 

participants terminated the test in the final work period (very heavy) 

because they did not feel able to continue. A fourth participant was 

withdrawn for safety reasons by the chief investigator as he reported 

dizziness during very heavy exercise. The three participants who were 

withdrawn / self-withdrew from very heavy exercise were all undertaking 

remedial physical training due to periods of absence from their typical role 

(e.g. through extended periods of desk based training or paternity leave). 

Data for these four participants was removed from further analysis to 

ensure a balanced design with equal groups. Removing this data was also 

deemed necessary to ensure that the participant characteristics 

represented soldiers on operations (See Section 1.3.1). As such, all data 

generated from the exercise test are presented for 20 participants unless 

otherwise stated. 

3.4.2.2 Cardio-Respiratory Measurements 

During the exercise test there was a significant interaction between load 

and stage for   O2 (F(20, 360)=75.759, p=<0.0001, ηp
2=0.81, d=0.6 to 4.6), 

heart rate (F(20, 380)=75.132, p=<0.0001, ηp
2=0.80, d=0.5 to 6.2),   E (F(20, 

380)=66.469, p=<0.0001, ηp
2=0.78, d=0.6 to 3.1), percentage of heart rate 

maximum (F(20, 380)=75.934, p=<0.0001, ηp
2=0.80, d=0.6 to 6.5) and ƒb 

(F(20, 380)=25.481, p=<0.0001, ηp
2=0.57, d=0.3 to 2.4). These parameters 

increased with load and stage, with the size of the increase being greater 

in the heavier loads (Figure 3-6 and Table 3-5). There was also an 

increase in perceived exertion (Load: χ2
(4)=68.074, p=<0.0001, r=-0.3 to 

0.6; Time: χ2
(5)=81.661, p=<0.0001, r=-0.3 to 0.6) and rating of dyspnoea 

(Load: χ2
(4)=56.685, p=<0.0001, r=0.3 to 0.6; Time: χ2

(5)=89.536, 

p=<0.0001, r=0.5 to 0.6) with load and time (Table 3-5).  
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There was a significant interaction for End tidal CO2 (PETCO2) which was 

reduced (F(20, 380)=8.065, p=<0.0001, ηp
2=0.30, d=0.7 to 1.3) during Stage 

4 when body armour was worn with a backpack. This coincided with a rise 

in   E /   C 2 (F(20, 380)=4.316, p=<0.0001, ηp
2=0.185, d=0.5 to 1.1) 

indicating hyperventilation during Stage 4 in the heaviest loads. Analysis 

of VT indicated a significant interaction between load and stage (F(20, 

380)=3.199, p=<0.0001, ηp
2=0.14, d=0.3 to 0.5). VT increased with stage in 

all configurations however, increases with load were only observed during 

Stage 4 in the heaviest loads (Figure 3-6 and Table 3-5).  

When load was expressed relative to total mass carried (body mass + 

configuration mass)    2 (mL·kg-1·min-1) did not change with load (F(1.675, 

31.825)=3.143, p=0.119, ηp
2=0.14, d=0.0 to 1.0). 

 



 Page 79 of 313 
 

0 1 0 2 0 3 0 4 0 5 0

0

1

2

3

4

T im e  (m in u te s )

O
x

y
g

e
n

 U
p

ta
k

e
 (

L
 m

in
-1

)

S ta g e  1 S ta g e  2 S ta g e  3 S ta g e  4R e s t

0 1 0 2 0 3 0 4 0 5 0

0

5 0

1 0 0

1 5 0

T im e  (m in u te s )

M
in

u
te

 V
e

n
ti

la
ti

o
n

 (
L
 m

in
-1

)

S ta g e  1 S ta g e  2 S ta g e  3 S ta g e  4R e s t

0 1 0 2 0 3 0 4 0 5 0

0

2 0

4 0

6 0

8 0

T im e  (m in u te s )

B
re

a
th

in
g

 F
re

q
u

e
n

c
y

 (
B

re
a

th
s
 m

in
-1

)

S ta g e  1 S ta g e  2 S ta g e  3 S ta g e  4R e s t

0 1 0 2 0 3 0 4 0 5 0

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

T im e  (m in u te s )
T

id
a

l 
V

o
lu

m
e

 (
L
 m

in
-1

)

S ta g e  1 S ta g e  2 S ta g e  3 S ta g e  4R e s t

B o d y  A rm o u r +  3 5  kgB o d y  A rm o u r +  2 5  kgB o d y  A rm o u r +  1 5  kgB o d y  A rm o u rN o  B o d y  A rm o u r

 

Figure 3-6: Oxygen Uptake, Minute Ventilation, Breathing Frequency and Tidal Volume Measured During the Exercise Test. 

Mean is presented for n=20, SD has been omitted for clarity but is provided in Table 3-5.  
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Table 3-5: Cardio-Respiratory Data Measured During The Exercise Test.  

  NBA BA BA15 BA25 BA35 

  
Stage 

1 
Stage 

2 
Stage 

3 
Stage 

4 
Stage 

1 
Stage 

2 
Stage 

3 
Stage 

4 
Stage 

1 
Stage 

2 
Stage 

3 
Stage 

4 
Stage 

1 
Stage 

2 
Stage 

3 
Stage 

4 
Stage 

1 
Stage 

2 
Stage 

3 
Stage 

4 

  O2                          
(L·min

-1
) 

0.8 1.0 1.3 1.8 0.9
a
 1.2

a
 1.6

a
 2.1

a
 1.0

ab
 1.3

ab
 1.7

ab
 2.4

ab
 1.1

abc
 1.4

abc
 2.0

abc
 2.7

abc
 1.3

abcd
 1.6

abcd
 2.2

abcd
 3.0

abcd
 

0.1 0.1 0.2 0.2 0.1 0.2 0.2 0.3 0.1 0.2 0.2 0.2 0.1 0.2 0.2 0.3 0.2 0.2 0.2 0.4 

                     

  O2                          
(mL·kg

-1
·min

-1
) 

10.0 13.3 17.1 23.2 9.3 12.6 16.8 22.8 8.9 11.9 16.1 22.9 9.1 12.1 16.6 23.2 9.5 12.6 17.1 23.2 

1.1 2.4 2.5 3.6 0.9 1.2 1.5 2.1 1.1 1.0 1.2 2.1 1.0 1.0 1.3 2.1 1.4 1.6 2.2 2.7 

                     

  E                          
(L·min

-1
) 

21.8 28.0 35.2 46.5 24.3
a
 31.5

a
 40.6

a
 52.9

a
 27.9

ab
 35.3

ab
 47.3

ab
 68.2

ab
 30.2

abc
 40.2

abc
 53.5

abc
 80.9

abc
 35.7

abcd
 45.5

abcd
 61.5

abcd
 98.1

abcd
 

4.5 4.9 6.7 9.5 5.6 6.3 8.0 10.4 5.1 6.0 7.8 13.7 4.7 6.3 7.9 15.1 7.0 7.5 9.6 21.2 

                     

  E /   CO2                          
(L·min

-1
) 

30.9 29.5 28.4 27.1 30.2 28.7 27.5 26.2 31.1 29.2 28.8 27.8
 b
 30.8 28.9 27.8 28.2

b
 29.8 28.2 27.4 30.0

abc
 

3.4 3.2 2.6 2.8 3.4 3.0 2.8 3.1 2.6 2.1 3.0 3.4 2.8 2.6 2.7 3.0 2.5 2.2 2.3 3.8 

                     

PETCO2                          
(mmHg) 

38.6 39.4 40.5 41.1 39.0 39.7 41.2 42.5 38.5 39.6 39.9 39.7
b
 38.8 39.7 40.5 38.8

b
 38.9 40.0 40.4 36.6

abc
 

2.7 2.8 2.8 3.3 3.4 3.6 4.0 4.6 2.4 2.5 2.9 4.0 2.6 3.1 3.5 3.9 2.5 3.1 3.6 4.3 

                     

HR                 
(beats·min

-1
) 

80.5 87.4 96.6 112.9 84.4
a
 92.5

a
 106.5

a
 128.9

a
 89.6

a
 100.2

ab
 118.1

ab
 150.6

ab
 94.4

ab
 106.9

abc
 128.8

abc
 161.6

abc
 102.6

abcd
 120.1

abcd
 145.2

abcd
 175.0

abcd
 

7.4 8.4 8.3 9.5 6.8 6.0 7.4 8.4 8.9 9.2 10.7 14.4 8.8 8.6 11.8 13.1 12.3 13.5 13.5 10.6 

                     

HR                          
(% max) 

41.5 45.1 49.8 58.2 43.5
a
 47.7

a
 54.9

a
 66.4

a
 46.1

a
 51.6

ab
 60.8

ab
 77.5

ab
 48.6

abc
 55.1

abc
 66.4

abc
 83.3

abc
 52.9

abcd
 61.9

abcd
 74.8

abcd
 90.2

abcd
 

3.7 4.1 4.3 4.9 3.6 3.0 3.5 4.1 4.2 4.1 4.8 6.3 4.2 4.0 5.3 6.0 5.9 6.4 6.3 5.0 

                     

ƒb                
(breaths·min

-1
) 

21.9 24.3 26.7 30.5 24.4
a
 27.5

a
 30.1

a
 33.4

a
 28.3

ab
 31.5

ab
 35.9

ab
 42.0

ab
 29.5

ab
 33.8

abc
 38.3

abc
 47.7

abc
 33.3

abcd
 38.1

abcd
 43.4

abcd
 56.3

abcd
 

5.0 6.2 6.9 8.0 6.1 6.0 7.6 7.9 6.1 7.1 8.9 11.1 5.1 7.6 9.3 12.9 6.9 7.6 9.7 13.1 
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  NBA BA BA15 BA25 BA35 

  
Stage 

1 
Stage 

2 
Stage 

3 
Stage 

4 
Stage 

1 
Stage 

2 
Stage 

3 
Stage 

4 
Stage 

1 
Stage 

2 
Stage 

3 
Stage 

4 
Stage 

1 
Stage 

2 
Stage 

3 
Stage 

4 
Stage 

1 
Stage 

2 
Stage 

3 
Stage 

4 

                     

VT                          
(L·min

-1
) 

1.0 1.2 1.5 1.6 1.1 1.2 1.4 1.7 1.1 1.2 1.4 1.7 1.1 1.2 1.5 1.8
ab

 1.1 1.3 1.49
 b
 1.79

ab
 

0.2 0.3 0.4 0.4 0.2 0.2 0.3 0.4 0.2 0.2 0.3 0.3 0.2 0.2 0.3 0.3 0.3 0.2 0.3 0.3 

                     

Perceived 
exertion 

6.0 6.0 7.0 7.0 6.0 6.0 7.0
a
 8.0 7.0

ab
 7.5

ab
 9.0

ab
 11.5

ab
 8.0

abc
 9.5

abc
 11.0

abc
 12.5

abc
 13.0

abcd
 13.0

abcd
 14.5

abcd
 17.0

abcd
 

0.8 1.0 1.8 2.5 0.8 1.0 3.5 5.5 3.8 3.8 5.5 5.8 5.8 6.5 6.0 6.5 6.0 4.8 4.0 5.5 

                     

Dyspnoea 
0.0 0.0 0.5 2.0 0.0 0.3 1.0 1.0 0.5

ab
 0.5

a
 2.0

ab
 2.5

ab
 0.5

ab
 1.0

ab
 3.0

abc
 3.0

ab
 2.0

abcd
 2.5

abcd
 3.0

abcd
 4.5

abcd
 

0.4 0.9 1.8 2.0 0.5 0.5 1.6 2.03 1.8 2.8 3.1 3.0 2.8 2.4 1.0 1.8 2.5 1.8 1.8 4.0 

Notes: Mean (SD) are reported for all parameters except perceived exertion and dyspnoea where median (interquartile range) is shown. (n=20). HR maximum was 
estimated using the formula 220-age.   O2 expressed relative to mass used total mass carried (body mass + mass of load configuration). “a” indicates a difference 
from NBA; “b” indicates a difference from BA; “c” indicates a difference from BA15; “d” indicates a difference from BA25; (p<0.05). Effect sizes for these data are 
provided in Table 3-6.  O2=rate of oxygen uptake;   E=minute ventilation;   CO2=rate of carbon dioxide production; PETCO2 =end tidal carbon dioxide; HR=heart rate; 
ƒb=breathing frequency; VT=tidal volume.  
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Table 3-6: Effect Sizes for Cardio-Respiratory Data Measured During The Exercise Test. 

  BA   BA15   BA25   BA35 

  Stage 1 Stage 2 Stage 3 Stage 4   Stage 1 Stage 2 Stage 3 Stage 4   Stage 1 Stage 2 Stage 3 Stage 4   Stage 1 Stage 2 Stage 3 Stage 4 

   2 -0.6 -0.7 -1.1 -1.1 
 

-1.2 -1.5 -2.2 -2.6 
 

-2.2 -2.4 -3.2 -3.6 
 

-2.5 -3.5 -4.1 -4.6 

                    
  E  -0.5 -0.6 -0.7 -0.6 

 
-1.3 -1.3 -1.6 -1.8 

 
-1.8 -2.2 -2.5 -2.7 

 
-2.4 -2.8 -3.2 -3.1 

                    
  E / 
  C 2  

0.0 0.0 0.0 0.0 
 

0.0 0.1 0.0 0.0 
 

0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 -0.1 

                    
PETCO2 -0.2 -0.1 -0.2 -0.4 

 
0.0 -0.1 0.2 0.4 

 
-0.1 -0.1 0.0 0.6 

 
-0.1 -0.2 0.0 1.2 

                    
HR -0.5 -0.7 -1.3 -1.8 

 
-1.1 -1.5 -2.3 -3.1 

 
-1.7 -2.3 -3.2 -4.3 

 
-2.2 -2.9 -4.3 -6.2 

                    

ƒb -0.5 -0.5 -0.5 -0.4 
 

-1.1 -1.1 -1.2 -1.2 
 

-1.5 -1.4 -1.4 -1.6 
 

-1.9 -2.0 -2.0 -2.4 

                    
VT 0.0 0.0 -0.2 -0.3 

 
0.1 0.2 -0.1 -0.2 

 
0.2 0.1 0.0 -0.1 

 
-0.1 -0.3 -0.5 -0.5 

 
    

               
Perceived 
exertion  -0.1 -0.2 -0.3 -0.3  -0.5 -0.5 -0.5 -0.6  -0.6 -0.6 -0.6 -0.6  -0.6 -0.6 -0.6 -0.6 

                    
Dyspnoea -0.3 0.0 -0.1 0.0   -0.4 -0.5 -0.5 -0.5   -0.5 -0.6 -0.6 -0.6   -0.6 -0.6 -0.6 -0.6 

Notes: Effect sizes compare loaded configurations with the unloaded configuration (NBA).  Cohen’s d is reported for all data except for perceived exertion and 
dyspnoea where Pearson’s r is reported. Cohen’s d is interpreted as 0.2 - small, 0.6 - moderate, 1.2 - large, 2.0 - very large and 4.0 - extremely large. For Pearson’s 
r 0.1 = small, 0.3 = medium and 0.5 = a large effect.   O2=rate of oxygen uptake;   E=minute ventilation;   CO2=rate of carbon dioxide production; PETCO2 =end 
tidal carbon dioxide; HR=heart rate; ƒb=breathing frequency; VT=tidal volume. 
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3.4.2.3 Operating Lung Volumes 

For EELV there was a main effect of load (F(4, 56)=2.709, p=0.039, 

ηp
2=0.16, d=0.7 to 0.8) and stage (F(3, 42)=11.196, p=<0.0001, ηp

2=0.44, 

d=0.6 to 0.9) but no interaction (F(5.519, 77.263)=2.165, p=0.060, ηp
2=0.13). 

For EILV there was also a main effect of load (F(4, 56)=11.657, p=<0.0001, 

ηp
2=0.45, d=0.4 to 1.4) and stage (F(3, 42)=45.501, p=<0.0001, ηp

2=0.77, 

d=0.3 to 1.3) but no interaction (F(12, 168)=0.877, p=0.572, ηp
2=0.06). The 

changes in operating lung volumes with stage are shown in Table 3-7. The 

effect of load is demonstrated in Figure 3-7. 

Expiratory flow limitation was identified in participants marching with load 

during Stages 3 and 4. The occurrence and size of the encroachment of 

the maximal flow envelope increased with load and stage (Table 3-9).  

Comparisons between BA25 with LBA25 are shown in Figure 3-8. There 

were no differences in   E (t(19)=-1.379, p>0.05, d<0.24), VT (t(19)=-0.550, 

p>0.05, d<0.20), EILV (t(18)=-1.274, p>0.05, d<0.24) or EELV (t(18)=0.703, 

p>0.05, d<0.11). When BA25 was loosened, expiratory flow limitation was 

absent in three of the seven participants who developed expiratory flow 

limitation wearing BA25. The percentage encroachment on the MFVL 

envelope was similar for the remaining three participants. 
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Table 3-7: Operating Lung Volumes Measured at the End of Each Stage of the Exercise Test.  

 NBA BA BA15 BA25 BA35 

 
Stage 

1 

Stage 

2 

Stage 

3 

Stage 

4 

Stage 

1 

Stage 

2 

Stage 

3 

Stage 

4 

Stage 

1 

Stage 

2 

Stage 

3 

Stage 

4 

Stage 

1 

Stage 

2 

Stage 

3 

Stage 

4 

Stage 

1 

Stage 

2 

Stage 

3 

Stage 

4 

EILV 52.1 55.1 59.8 63.2
*†

 54.5 54.4 57.7 63.1
*†‡

 53.9 59.3 61.8
*
 67.0

*†‡
 58.4 63.3 66.2

*†
 67.4

*†
 63.4 66.3 71.1

*
 73.1

*†
 

(%) (12.8) (9.3) 12.4) (9.6) (10.4) (10.9) (9.7) (9.2) (10.3) (9.9) 11.8) (9. 8) (8.9) (8.9) (9.1) (8.7) (9.5) (11.1) (9.0) (11.2) 

                     

EELV 35.4 35.0 37.1 34.0 38.9 34.5 34.0 34. 7 34.7 37.0 35.5 32.1
†
 39.2 39.9 38.0 33.1

*†‡
 44.3 42.7 41.7 35.5

*†‡
 

(%) (11.7) (9.8) (12.9) (9.5) (12.0) (10.5) (9.9) (10.0) (11.3) (9.0) (12.5) (11.2) (9.6) (10.3) (11.1) (9.2) (9.5) (10.1) (9.0) (10.9) 

Notes: Mean (SD) is presented for n=15. “*” indicates a difference from Stage 1; “†” indicates a difference from Stage 2; “‡” indicates a difference from Stage 3; 
(p<0.05). Effect sizes for these data are provided in Table 3-8.EILV=end inspiratory lung volume; EELV=end expiratory lung volume. 
 

 

Table 3-8: Effect Sizes for Operating Lung Volumes Measured at the End of Each Stage of the Exercise Test. 

  NBA BA BA15 BA25 BA35 

  Stage 2 Stage 3 Stage 4 Stage 2 Stage 3 Stage 4 Stage 2 Stage 3 Stage 4 Stage 2 Stage 3 Stage 4 Stage 2 Stage 3 Stage 4 

EILV 0.3 0.6 1.0 0.0 0.3 0.9 0.5 0.7 1.3 0.5 0.9 1.0 0.3 0.8 0.9 

                                

EELV 0.0 0.1 0.1 0.4 0.4 0.4 0.2 0.1 0.2 0.1 0.1 0.6 0.2 0.3 0.9 
Notes: Effect sizes compare Stage 2 to Stage 4 with Stage 1.  Cohen’s d is reported for all data. Cohen’s d is interpreted as 0.2 - small, 0.6 - moderate, 1.2 - large, 
2.0 - very large and 4.0 - extremely large. For Pearson’s r 0.1 = small, 0.3 = medium and 0.5 = a large effect. EILV=end inspiratory lung volume; EELV=end 
expiratory lung volume. 
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Table 3-9: Incidence and Degree of Expiratory Flow Limitation Experienced in Each Load Configuration.  

 NBA BA BA15 BA25 BA35 

Stage 3 0 / 15 0 / 15 
1 / 15 

25 % 

2 / 15 

23.5 (9.2) % 
0 / 15 

      

Stage 4 0 / 15 
1 / 15 

25 % 

7 / 15 

45.1 (27.3) % 

7 / 15 

68.4 (15.8) % 

11 / 15 

71.6 (12.7) % 

Notes: Frequency (out of 15 participants) and the percentage encroachment on the maximal envelope are reported. Mean (SD) is presented. 

 



 Page 86 of 313 
 

S ta g e  1 S ta g e  2 S ta g e  3 S ta g e  4

0

2 0

4 0

6 0

8 0

1 0 0

N B A  v  B A

O
p

e
ra

ti
n

g
 L

u
n

g
 V

o
lu

m
e

 (
%

)

E IL V

E E L V

S ta g e  1 S ta g e  2 S ta g e  3 S ta g e  4

0

2 0

4 0

6 0

8 0

1 0 0

N B A  v  B A 1 5

O
p

e
ra

ti
n

g
 L

u
n

g
 V

o
lu

m
e

 (
%

)

E IL V

E E L V

S ta g e  1 S ta g e  2 S ta g e  3 S ta g e  4

0

2 0

4 0

6 0

8 0

1 0 0

N B A  v  B A 2 5

O
p

e
ra

ti
n

g
 L

u
n

g
 V

o
lu

m
e

 (
%

)

E IL V

E E L V

S ta g e  1 S ta g e  2 S ta g e  3 S ta g e  4

0

2 0

4 0

6 0

8 0

1 0 0

N B A  v  B A 3 5

O
p

e
ra

ti
n

g
 L

u
n

g
 V

o
lu

m
e

 (
%

)

* ***

**

E IL V

E E L V

*
V T*

 

Figure 3-7: Difference in Operating Lung Volumes Between NBA and the Loaded Configurations.  

Mean (SD) is presented for n=15. Closed squares (solid line) represent NBA, open circles (dashed line) represent the loaded 

configuration. * indicates a significant difference from NBA (p<0.05). EILV=end inspiratory lung volume; EELV=end expiratory lung 

volume; VT=tidal volume. 
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Figure 3-8: Effect of Loosening the Body Armour on Operating Lung 

Volumes. 

Mean (SD) is presented (n=15) for BA25 (closed squares, solid line) 

and LBA25 (open circles, dashed line). EILV=end inspiratory lung 

volume; EELV=end expiratory lung volume. 
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3.4.3 PImax and PEmax 

The results of the main ANOVA suggest there was no effect of load on 

PImax (F(1.794, 34.090)=0.565, p>0.05, ηp
2=0.03, d<0.3) or PEmax (F(2.598, 

49.362)=1.588, p>0.05, ηp
2=0.08, d<0.4). There was also no interaction 

between load and time for PImax (F(2.416, 45.913)=1.336, p>0.05, ηp
2=0.07) or 

PEmax (F(4, 76)=1.349, p>0.05, ηp
2=0.07) (Table 3-10). However there was 

an effect of time on both PImax (F(1, 19)=15.221, p=0.001, ηp
2=0.45, , d=0.4 

to 0.5) and PEmax (F(1, 19)=100.255, p=<0.0001, ηp
2=0.84, d=0.5 to 0.7) 

indicating that inspiratory and expiratory pressures were reduced post-

exercise.  

Pairwise comparisons identified that PImax was reduced post-exercise in 

participants wearing BA15, BA25 and BA35 (p=<0.0001 to 0.004, d=0.4 to 

0.5), i.e. in the heaviest loads when body armour was worn with a 

backpack. Reductions in PEmax post-exercise were identified in all 

configurations (p=<0.0001 to 0.001, d=0.5 to 0.7) (Table 3-10).  

When the effect of loosening the armour was considered, no differences in 

PImax (Z=-5.60, p>0.05, r=-0.1) or PEmax (t(19)=-0.624, p>0.05, r=-0.2) 

were observed between BA25 and LBA25.  



 Page 89 of 313 
 

Table 3-10: Inspiratory (PImax) and Expiratory (PEmax) Pressures Measured Pre and Post Exercise.  

 PImax (cm H2O)  PEmax (cm H2O) 

 NBA BA BA15 BA25 BA35  NBA BA BA15 BA25 BA35 

Pre-exercise 138.6 

(29.0) 

136.2 

(26.6) 

138.3 

(23.4) 

139.1 

(25.9) 

137.5 

(24.9) 

 202.3 

(48.0) 

212.6 

(51.2) 

209.2 

(53.3) 

208.1 

(45.7) 

204.9 

(48.2) 

Post-exercise 133.45 

(36.12) 

132.10 

(26.19) 

128.05 

(21.69) 

128.25 

(24.66) 

122.95 

(36.03) 

 178.15 

(44.04) 

188.90 

(43.09) 

174.00 

(42.63) 

183.95 

(49.84) 

170.90 

(44.73) 

 % change -3.7 -3.0 -7.4** -7.7** -10.6***  -11.9*** -11.1*** -16.8*** -11.6*** -16.6*** 

Cohen‟s d 0.2 0.2 0.5 0.4 0.4  0.5 0.5 0.7 0.5 0.7 

Notes: Mean (SD) are reported for n=20. Percentage change from pre-exercise was calculated as ((post - pre) / pre) × 100. Negative values indicate a reduction in 
pressures post-exercise. Reductions in pressures with time are identified as p<0.01=**; p<0.001=***. Predicted normal values are 106 cm H2O for PImax and 
148 cm H2O for PEmax (Wilson et al., 1984). 
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3.4.4 Shoulder and Chest Force 

3.4.4.1 General Observations 

During the exercise test, the participants regularly adjusted the position of 

their body armour and backpacks due to the discomfort it imposed on their 

shoulders. This adjustment moved the position of both the shoulder and 

chest sensors which meant that the sensors were not in the same position 

for each measurement. Efforts were made to secure the sensors during 

exercise but this did not prevent the movement. 

Review of the data indicates an increase in force on the shoulders and 

chest as the mass carried increased. The greatest force on the chest was 

recorded under the chest strap. Reductions in force with increasing 

exercise intensity were observed in some cases, but this was related to 

measurement error (movement of the sensors).  
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Figure 3-9: Shoulder Force Measured During the Exercise Test.  

Closed circles and the solid horizontal line represent individual values and the mean for the left shoulder. Open squares and the 

dashed horizontal line represent individual values and the mean for the right shoulder.  
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Figure 3-10: Chest Force Measured During the Exercise Test. 

Individual data is shown using closed circles, the solid horizontal line represents the mean.
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 Discussion 3.5

The objective of this study was to identify the conditions under which 

soldiers may experience ventilatory impairments, become susceptible to 

expiratory flow limitation and experience RMF whilst wearing body armour 

with additional load.  

The main findings were: 

1. The soldiers experienced expiratory flow limitation during stage 4 of the 

exercise test when body armour was worn with additional load. The 

severity of this increased with mass carried. As such, the null 

hypothesis that soldiers will not experience expiratory flow limitation 

during a loaded march is rejected. 

2. Inspiratory muscle fatigue was evident post-exercise in participants 

wearing the heaviest loads (BA15, BA25 and BA35). Expiratory muscle 

fatigue was evident in all configurations. The null hypothesis that 

increasing the mass carried during a loaded marching task will not 

affect the magnitude of RMF is rejected. 

3. Loosening the body armour did not affect spirometry, inspiratory / 

expiratory pressures or operating lung volumes; the null hypothesis 

that loosening the body armour will not affect FVC, FEV1, PImax / 

PEmax and expiratory flow limitation is accepted. 

4. Wearing body armour (~11 kg) caused a restrictive ventilatory 

impairment, in the order of 8 %. The magnitude of this impairment 

increased to 15 % when body armour was worn with 35 kg (total mass 

on the torso 47 kg). 

5. During Stage 1 and Stage 2 of the exercise test, both EILV and EELV 

were increased in the heaviest load without a change in VT, which 

moved breathing against a greater elastic load.  
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3.5.1 Resting Spirometry 

Wearing body armour caused a mild restrictive ventilatory impairment (8 % 

and 6 % reduction in FVC and FEV1 respectively). The size of this 

impairment increased (by up to 15 % for FVC and 14 % for FEV1) as 

additional mass was added to webbing pouches attached to the body 

armour and carried in a backpack (Table 3-2 and Table 3-3). 

The decrements in FVC and FEV1 observed were comparable to other 

studies that used body armour of a similar mass (Armstrong & Gay, 2016; 

Majumdar et al., 1997). However, studies using backpacks of a similar 

mass have reported smaller decrements in these measures (Dominelli et 

al., 2012; Muza et al., 1989b; Phillips et al., 2016a). The author suggests 

that these comparisons highlight differences in the characteristics of body 

armour and backpack loads i.e. that body armour imposes greater elastic 

forces on the chest wall. This has implications for future equipment 

procurement programmes as it highlights the importance of testing a load 

configuration that represents the conditions under which it is worn on 

operations. 

3.5.2 RMF and Expiratory Flow Limitation 

The data presented provide support to hypotheses 1 and 2 which state 

that increasing the mass carried will increase the likelihood that infantry 

soldiers will experience expiratory flow limitation and the magnitude of 

RMF whilst marching with load. 

Expiratory flow limitation was observed in over half of the participants 

when body armour was worn with additional load (Table 3-9). This was 

accompanied by inspiratory muscle fatigue (Table 3-10). Expiratory 

muscle fatigue was identified in all configurations; the percentage change 

in PEmax was greatest in the heaviest loads (Table 3-10). Inspiratory 

muscle fatigue typically occurs during unloaded exercise of severe 

intensities (>85 % of   O2peak) (Johnson et al., 1993) however, Faghy and 

Brown (2014) have suggested that this threshold is reduced when load is 

carried. In the current study, participants marched between 46 % and 
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78 % of age predicted maximum heart rate when inspiratory muscle 

fatigue was evident (Table 3-5). These data support the findings of Faghy 

and Brown (2014) and also indicate that RMF is more likely as the mass 

carried is increased. 

During the current study,    2 and   E increased with mass carried and 

stage (Table 3-5). These additional ventilatory requirements were met by 

increases in ƒb rather than VT leading to a rapid and shallow breathing 

pattern (Table 3-5). A concomitant rise in   E /   C 2 and reduction in 

PETCO2 was also present during Stage 4 in the heaviest loads which is 

indicative of hyperventilation (Table 3-5). This inefficient pattern of 

breathing will have increased WOB and contributed to the observed RMF. 

Review of operating lung volumes provides further insight into the reported 

RMF. The data provided in Table 3-7 demonstrate trends that are typically 

seen during exercise where   E progressively increases (Sheel & Romer, 

2012). However, when the loads were compared, EELV and EILV were 

increased in the heavier loads without a change in VT (Figure 3-7). This 

pattern differs from the findings of others who found reductions in both 

EILV and EELV during fixed speed / incline marching tests (Dominelli et 

al., 2012; Phillips et al., 2016b, 2016c) and graded exercise tests (Phillips 

et al., 2016a, 2019) with load carriage. It is hypothesised that this 

difference may be a reflection on the use infantry soldiers in the current 

study who are experienced load carriers, compared with the civilian 

populations used by others.  

The author suggests that soldiers who regularly train with load may adopt 

a different breathing pattern to mitigate the increased risk of expiratory 

flow limitation that is more likely when carrying load. Specifically, they 

would Increase EELV and EILV when carrying load to reduce the 

likelihood / severity of expiratory flow limitation. However, this would move 

tidal breathing against a greater elastic load thus increasing the WOB and 

likelihood of RMF. This is the first study to measure operating lung 

volumes in experienced load carriers thus this hypothesis has not been 

proposed elsewhere. 
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Reductions in EELV are usually observed with increasing exercise 

intensities as the expiratory muscles are recruited to maintain the 

diaphragm at an optimum length (Johnson et al. 1999b). With load 

carriage, the expiratory muscles have additional work as   E is increased 

due to the additional mass carried and as soldiers develop a forward lean 

which places extra stress on the abdominal muscles to maintain posture 

(Attwells et al., 2006). The upward shift in operational lung volumes 

observed in the current study may also be an adjustment to mitigate the 

extra stress placed on the abdominal muscles so that they can continue to 

maintain a postural function.  

Mean values of PImax and PEmax measured during this study were 

considerably larger than normal values reported previously (106 cm H2O 

for PImax and 148 cm H2O for PEmax) (Wilson et al., 1984). This finding 

could be attributed to differences in methodologies or measurement 

equipment that has evolved over the years. However, the PEmax recorded 

in the current study was noticeably greater than more recent studies that 

have used similar data collection methods and equipment (e.g. Current: 

213cm H2O; Faghy and Brown 2014: 158 cm H2O; Faghy et al., 2016: 132 

cm H2O; Phillips et al 2015: 183 cm H2O; Shei et al., 2018: 166 cm H2O; 

for a summary see Appendix 2, Table A 2). Again, this may reflect a 

difference between an infantry soldier and a man from the general 

population. It is possible that regularly training with load will inadvertently 

offer training of the respiratory muscles in the same way that has been 

demonstrated with inspiratory muscle training devices (Faghy & Brown, 

2016; Shei et al., 2018). 

Fatigue of the inspiratory muscles has been shown to impair exercise 

tolerance by activation of the metaboreflex (described in Section 3.1.1) 

(Harms et al., 2000; Romer et al., 2006). This study and the work of others 

(Faghy & Brown, 2014; Phillips et al., 2016c) indicate that RMF occurs at a 

lower exercise intensities with load carriage. As such, soldiers are at 

greater risk of activating the metaboreflex with load carriage.  

It is unknown if the magnitude of RMF experienced in the current study 

was sufficient to trigger the metaboreflex. Others have demonstrated that 
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the magnitude of inspiratory muscle fatigue required to trigger the 

metaboreflex is approximately 19 % during unloaded exercise (McConnell 

& Lomax, 2006). Additional stressors associated with the operating 

environment (e.g. terrain, altitude and climate) will place extra demands on 

the soldiers and their respiratory system which will increase the magnitude 

of RMF and therefore the likelihood that the metaboreflex will be activated. 

However, to understand the implications of RMF for the soldier it needs to 

be understood in the context of military task performance; this will be 

investigated as part of Study 2. 

3.5.3 The Effect of Wearing Loose Body Armour 

These data do not support hypothesis 3 which states that reductions in 

FVC and FEV1 at rest, PImax / PEmax post-exercise and expiratory flow 

limitation during exercise will be less when loose fitting armour is worn 

with load.  

To investigate the effect of reducing the elastic forces imposed by body 

armour, an additional configuration where BA25 was loosened was 

included in the study design. Greater reductions in MVV were observed in 

BA25 compared to LBA25 and three participants who experienced 

expiratory flow limitation in BA25 did not experience it when the armour 

was loosened. No other differences in spirometry, cardiovascular 

parameters, inspiratory / expiratory pressures or operating lung volumes 

were observed. Others have reported that loosening a 15 kg backpack 

attenuated the reduction in FVC and FEV1 by 5 %, but potential benefits 

during exercise were not examined (Bygrave et al., 2004).  

A study designed to mimic the elastic loading of body armour without the 

inertial component, showed smaller reductions in MVV (5 % less) than a 

weighted vest, but had minimal impact during exercise (Peoples et al., 

2016). In contrast a chest wall restriction device that produced similar 

decrements in FVC (1 % to 12 %) to that observed with body armour, 

reduced    2max by up to 9 % and time to maximum exhaustion by up to 

8 % during cycle ergometry (Coast & Cline, 2004). The differences in 
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these findings were attributed to the characteristics of the chest wall 

restriction method. 

Taken together, these data highlight the contributions of both the elastic 

and inertial components of the soldier‟s load, both of which have the 

potential to restrict lung function. The findings of the current study suggest 

that during exercise reducing the elastic component of the soldiers load - 

by introducing a flexible body armour for example (Armstrong & Gay, 

2016) - may be of less value compared to reducing the mass carried. Thus 

investments in lighter weight rather than flexible body armours may be a 

more effective strategy to minimise the breathing restriction imposed by 

body armour. 

3.5.4 Utility of Shoulder and Chest Force Measurements 

This study piloted a method to measure the force on the shoulders and 

chest at rest and whilst marching. This method was selected as it has 

previously demonstrated efficacy on manikins during simulated marching 

(Stevenson et al., 2004) and good repeatability (Fergenbaum et al., 2005). 

However, at present there is no standardised methodology for undertaking 

these measurements under body armour and load carriage.  

Resting measurements of shoulder and chest force were successfully 

undertaken in accordance with the described methods. During the course 

of this study, the procedure was refined to ensure that the sensors could 

be positioned in the same location for each load configuration using 

anatomical landmarks (specifically the acromion process on the scapula). 

Further it is recommended that these measurements be undertaken at the 

same point in the respiratory cycle (e.g. at total lung capacity or residual 

volume) to reduce the variability in the measurement. During exercise, it 

was not possible to prevent movement of the sensors under the body 

armour despite many attempts to secure the sensors. As such, it is 

recommended that this method be used only at rest until a method to 

prevent movement under the load carried is identified.  
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3.5.5 Limitations 

This study was not designed to quantify the point at which RMF occurred 

during the march (i.e. a low threat patrol, a cautious patrol or a contact 

situation), rather to understand the load above which soldiers become 

susceptible to RMF. It would be informative for infantry soldiers to 

understand the activities that are susceptible to RMF to assist with mission 

planning and work-rest cycles. This limitation will be addressed in Study 2. 

This study has relied on volitional based mouth pressure measures as an 

indication of RMF as opposed to the direct measurement of this parameter 

that could identify the specific respiratory muscle that was fatigued. This 

was because this method is the most suitable for the military environment. 

To ensure the validity and reliability of this measurement, participants 

attended a training session prior to the data collection and were allowed a 

warm-up if pre exercise pressures were lower than achieved previously. 

Further, participants were paired with the same investigator throughout the 

study to ensure motivation was consistent and reduce the impact that rater 

variability and test administration differences would have on the 

measurements. 

Whilst this study has quantified the effect of wearing body armour with 

load on the ventilatory system, the impact that this has on soldier 

performance has not been fully elucidated. As such, Study 2 will include 

measures of military task performance so that these findings can be 

translated to a military scenario. 

Due to the limited amount of time the military participants were available, it 

was not possible to include an additional day of testing for    2max 

assessment. As such cardiovascular fitness was not measured and the 

%   2max that the participants were exercising at was not determined. 

However, age predicted heart rate maximum was calculated to provide an 

indication of exercise intensity.  

Operating lung volume data were not measured independently of the 

increases in   E that occur when additional mass is carried. The purpose of 

this study was to understand the consequence of adding load to the 
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soldier, thus comparing the loads during a fixed task was considered the 

most representative of the military environment. Indeed increases in 

metabolic cost and breathing restriction are both consequences of adding 

load to the soldier and both factors contribute to the reported effects on 

ventilatory function during exercise. 

When this study was undertaken, women in the UK were excluded from 

ground close combat roles, thus women were not recruited as participants. 

This exclusion has since been lifted therefore it is important to consider 

the influence of sex differences on these results. Women are more 

susceptible to expiratory flow limitation during exercise (Guenette et al., 

2007; Harms & Rosenkranz, 2008), but have demonstrated a greater 

resistance to exercise-induced fatigue of the diaphragm (Guenette et al., 

2010). The follow on studies reported in this thesis will also consider the 

implications for women. 

3.5.6 Summary 

This work supports the hypothesis that increasing the mass carried will 

increase the likelihood of infantry soldiers experiencing expiratory flow 

limitation during a loaded marching task. Further this work indicates that 

RMF is more likely when additional mass is carried which provides partial 

support of hypothesis 2. However, hypothesis 3 was rejected as 

reductions in FVC, and FEV1 at rest, PImax / PEmax post-exercise and 

expiratory flow limitation during exercise were not less when loose fitting 

armour was worn with load. 

The data indicate that wearing body armour with load causes a restrictive 

ventilatory impairment. This impairment is likely to be greater when body 

armour is worn compared with backpacks of a similar mass. Even at light 

intensities of exercise, carrying load will increase the demands placed on 

soldiers during marching. When torso borne loads of approximately 27 kg 

are worn (including the use of body armour), RMF is likely, the magnitude 

of which will increase with mass carried, due to the development of a 

breathing strategy that is inefficient  increased ƒb with no change in VT). 
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During heavy exercise expiratory flow limitation is also likely when torso-

borne loads are worn.  

3.5.7 Next Steps 

This study has quantified the ventilatory response to marching with body 

armour and various additional loads at different exercise intensities. The 

next stage of this research will aim to translate these findings into a 

military context, to identify if the observed restrictions to ventilatory 

function are sufficient to influence the performance of military tasks. 
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 Appendix 1. Summary of Studies Involving Body Armour  

Table A 1: Summary of Studies Investigating the Effect of Wearing Body Armour on Cardiovascular Parameters. 

Study Aim Experimental design Outcome 

Caldwell et al. 
(2011) 

To evaluate the effect of BA on 
physiological and cognitive 
function during low intensity 
exercise in hot-humid 
conditions. 

Load configurations 
(1) Combat uniform (2) BA (6.07 kg), cloth hat - total 
mass 8.12 kg (3) BA with helmet, total mass 9.41 
kg. 
Protocol 
Nine male civilians. 36°C / 60 % RH, 2.5 h treadmill 
test at 2 km·h

-1
 and 4 km·h

-1
. 

Wearing BA with helmet significantly increased 
thermal and cardiovascular strain, but these were 
unlikely to lead to either exertional heat illness or 
impaired cognitive function during military patrols in 
hot-humid conditions. 

    
Majumdar et 
al. (1997) 

To investigate the effects of 
two armours on ventilatory 
function and physical work 
capacity in a temperate and 
hot-humid environment. 

Load configurations 
(1) No BA (2) 9 kg BA (3) 11 kg BA 
Protocol 
6 men for exercise studies, 16 men for pulmonary 
function tests. 
Test 1: 26-28°C; 10 minutes at 8 km·h

-1
. Test 2: 

34°C / 60 % RH, 20 minute rest, 40 minute step test 
– 4 steps·min

-1
. Test 3: pulmonary function only. 

Reductions in forced vital capacity and forced 
expiratory volume in 1 second (9 % and 6 %, 
respectively) reported with 11 kg BA. Heart rate was 
up to 14 % greater in BA compared to no BA. 

    
Ricciardi et al. 
(2007) 

To identify the effects of sex 
and body adiposity on 
physiological responses to 
wearing BA. 

Load configurations 

(1) No BA (2) BA (7.4 kg - mass estimated). 
Protocol 
17 men and 17 women (military). 30 minute 
treadmill march in speeds to up 6 km·h

-1
 

14 out of 34 participants were unable to complete 
the test as they reached volitional exhaustion or due 
to self-reported dyspnoea. Numerical data for 
cardiovascular parameters not reported. 

Notes: BA=body armour; RH=relative humidity. 
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 Appendix 2. Peak Inspiratory (PImax) and Peak Expiratory (PEmax) Pressures Measured Pre and Post Load 
Carriage 

Table A 2: Summary of Studies Which have Measured PImax and PEmax Pre and Post Load Carriage. 

Authors and Title Overview PIMAX (cmH2O) PEMAX (cmH2O) 

Faghy, M. A., & Brown, P. I. (2014). 
Thoracic load carriage-induced 
respiratory muscle fatigue.  

PURPOSE: To investigate the effect of carrying a 25 kg backpack upon exercise-
induced RMF. 
METHODS: 19 men marched for 60 min at 6.5 km h

−1
, followed by a 2.4 km time trial 

with and without load. PImax and PEmax were assessed pre / post march and post 
time trial.  
KEY FINDINGS: PImax and PEmax were reduced from baseline by 11 % and 13 % 
respectively post march with load only. Following the time trial PImax and PEmax 
were reduced by 16 % and 19 %, respectively with load carriage and by 6 % and 
10 %, without load. 

Pre-ex: 141 
Post-ex: 124 
Post time trial: 
118 
 

Pre-ex: 158 
Post-ex: 139 
Post time 
trial:130 

    

Faghy, M., S. Blacker, and P.I. 
Brown. (2016). Effects of load mass 
carried in a backpack upon 
respiratory muscle fatigue.  

PURPOSE: To investigate whether backpack loads from 0 to 20 kg, cause 
respiratory muscle fatigue.  
METHODS: 8 men marched for 60 min at 6.5 km h

−1
 wearing 0, 10, 15 or 20 kg. 

PImax and PEmax were assessed pre / post march. 
KEY FINDINGS: No change in PImax or PEmax was observed. 

Pre-ex: 97 
Post-ex: 93   

Pre-ex: 132  
Post-ex: 127 

    

Faghy, M. A., & Brown, P. I. (2016). 
Training the inspiratory muscles 
improves running performance 
when carrying a 25 kg thoracic load 
in a backpack.  

PURPOSE: To investigate the effect of inspiratory muscle training (IMT) on load 
carriage (25 kg backpack) and time-trial performance with load carriage. 
METHODS: 19 men undertook an IMT intervention (n=10) or placebo (n=9). A 60 min 
loaded march (6.5 km h

–1
) followed by a 2.4 km time trial was performance pre / post 

intervention. 
KEY FINDINGS: Prior to the intervention, PImax was reduced post-exercise, 
following load carriage and the time trial in both groups; similar changes were 
observed post-placebo. Post-IMT PImax was increased (+31 %) relative to pre-IMT, 
was greater following load carriage (+19 %) and post time trial (+18 %). The relative 
reduction in PImax at each time point was unchanged.  

Resting data 
estimated from a 
figure: 
Placebo: 130 
Pre-IMT: 140 
Post IMT: 180 

Resting data 
estimated from a 
figure: 
Placebo: 150 
Pre-IMT: 150 
Post IMT: 180 
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Authors and Title Overview PIMAX (cmH2O) PEMAX (cmH2O) 

Phillips, D. B., Stickland, M. K., & 
Petersen, S. R. (2016). 
Physiological and performance 
consequences of heavy thoracic 
load carriage in females  

PURPOSE: To study physiological responses during 45 min of exercise with and 
without a 25 kg backpack.  
METHODS: 14 women completed loaded and unloaded submaximal treadmill 
marching at matched oxygen demands.  
KEY FINDINGS: After loaded exercise, PImax decreased by 11.5 % with no changes 
in PEmax in either condition  

PImax pre: 112 
(unloaded) 114 
(loaded) 
PImax post: 114 
(unloaded) 103 
(loaded) 

PEmax pre: 136 
(unloaded) 135 
(loaded) 
PEmax post: 135 
(unloaded) 135 
(loaded) 

    

Phillips, D. B., Stickland, M. K., & 
Petersen, S. R. (2016). Ventilatory 
responses to prolonged exercise 
with heavy load carriage.  

PURPOSE: To study breathing pattern and operating lung volume during 45 min of 
marching with a backpack (25 kg) and examine the effect of this exercise on 
respiratory muscle strength.  
METHODS: 15 men completed 45 min of treadmill marching with and without the 
pack. Oxygen demand was matched between conditions. 
KEY FINDINGS: Following loaded exercise, PImax decreased by 6.7 % with no 
change in PEmax. No changes PImax / PEmax were observed following unloaded 
exercise.  

PImax pre: 134 
(unloaded) 135 
(loaded 
PImax post: 135 
(unloaded) 126 
(loaded) 

PEmax pre: 183 
(unloaded) 179 
(loaded 
PEmax post: 181 
(unloaded) 178 
(loaded) 
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Chapter 4 The Effect of Carrying 

Military Loads on Respiratory 

Muscle Fatigue, and Soldier 

Performance in Men 
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 Introduction 4.1

4.1.1 Load Carriage Induced RMF 

As previously discussed in Chapter 2 (section 3.1.1) during unloaded 

exercise RMF typically occurs at severe exercise intensities (>85 % of 

maximum    2) (Johnson et al., 1993). However, more recent work has 

identified that when load is carried there is evidence that RMF occurs at 

lower exercise intensities.  

Load carriage induced RMF was first demonstrated by Faghy and Brown 

(2014) following a 60 minute march at 6.5 km·h-1 (~58  % of    2max) with a 

25 kg backpack. This study was undertaken in a civilian population using a 

marching speed that represented the training environment rather than the 

much slower speeds observed during Operation HERRICK. RMF has also 

been demonstrated following 45 minutes of treadmill marching with a 25 kg 

backpack (Phillips et al., 2016c). The results presented by Phillips and 

colleagues (2016c) are difficult to translate to the operational setting as the 

civilian participants marched below their ventilatory threshold rather than 

during a fixed task.  More recently, Shei et al. (2018) demonstrated RMF 

following a fixed speed running test with a 10 kg backpack at 70 % of    2max 

to volitional exhaustion. The loads used by Shei et al. (2018) where much 

lighter than doctrinal loads. It is also noted that soldiers rarely undertake high 

intensity tasks in isolation, thus it is expected that the RMF reported would 

underestimate that which would be experienced by soldiers undertaking 

military tasks.  

Reductions in PImax (11 %) and PEmax (13 %) were observed by Faghy 

and Brown (2014) whereas Phillips et al. (2016c) only observed a reduction 

in PImax (7 %). The study by Shei et al. (2018) used bilateral phrenic nerve 

stimulation to measure diaphragmatic fatigue and reported a 14 % reduction 

in trans-diaphragmatic pressure following load carriage. Differences in the 

magnitude of load carriage induced RMF reported by those authors is the 

result of differences in exercise intensity, load carried and measurement 

techniques. This demonstrates that RMF in the soldier population can only 

be elucidated using soldiers undertaking representative military tasks.  
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In summary, previous work clearly indicates that RMF is evident following 

load carriage tasks. However, differences in the characteristics of the loads 

carried and the participants / tasks investigated mean that the magnitude of 

RMF during operational tasks and the consequence for soldier performance 

has yet to be elucidated. 

4.1.2 The Influence of Load Carriage on Soldier Physical 

Performance 

Soldier performance is difficult to measure and quantify, and it is challenging 

to identify the direct cause of any change in performance. To the author‟s 

knowledge, there are no published studies which have measured RMF in the 

soldier population, but there are studies which have measured reductions in 

soldier performance, and it is possible that RMF may have been a factor that 

contributed to the decline in performance: this has not been measured 

directly. 

Previous work has attempted to isolate specific aspects of soldier 

performance in order to understand the consequence of loading the soldier 

(Examples are provided in Table 4-1). This work has identified that 

increasing the mass carried will increase the time to complete short best 

paced tasks (Jaworski et al., 2015; Laing & Billing, 2011; Loverro et al., 

2015) and longer duration best paced marches (Knapik et al., 1997). 

Jaworski et al., 2015 also reported a negative effect of load carriage on 

marksmanship (accuracy and precision variability of shot).  

Soldiers are required to complete several different tasks in combination. For 

example, they may start a task with a long duration loaded march over very 

demanding terrain and under extreme climatic conditions. Once at their 

destination, they must still be fit to complete demanding soldiering tasks (e.g. 

digging and enemy contact). If soldiers develop fatiguing contractions of the 

respiratory muscles during an initial task this may trigger the metaboreflex 

which has the potential to reduce performance of both the initial and 

subsequent task (Section 3.1.1). 
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Research has been undertaken to investigate the effect of a load carriage 

task on subsequent tasks, with the focus being on marksmanship (Knapik et 

al., 1991; Knapik et al., 1997; Stanbridge et al., 2011; Tenan et al., 2016). A 

reduction in firing accuracy was reported during marksmanship tasks 

conducted immediately following best paced load carriage tasks of short (500 

m) (Stanbridge et al., 2011) and long (20 km) duration (Knapik et al., 1991), 

however, it is unclear if the decrement observed was related to overall 

physical exertion or load carriage per se. When a longer period of recovery 

was introduced between the load carriage and marksmanship tasks, load did 

not appear to affect marksmanship (Knapik et al., 1997) suggesting that 

these negative effects can be reversed with time. 

In the aforementioned study by Faghy and Brown (2014), participants 

conducted a 2.4 km time trial following the 60 minute march: time trial 

performance was 30 % slower with load. The time trial was undertaken with 

or without load thus as the conditions of the time trial differed, it is not 

possible to determine the effects of the 60 minute march on time trial 

performance.  
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Table 4-1: Examples of Studies Which Have Measured the Effect of Increasing the Mass Carried on Short Duration and Long 

Duration Tasks. 

Author Aim Key findings 

Jaworski, 2015 To investigate the effect of load carriage as a function 

of body mass on military task performance. 

Increasing the mass carried from 0 % to 45 % of body mass 

increased the time to complete a series of combat related 

obstacles by 13 %.  

   

Knapik, 1997 To determine the effects of load mass and load 

distribution on a maximal effort march and cognitive 

ability. 

Increasing the mass from 34 kg to 61 kg increased time to 

complete a best effort 20 km march by 48 % and 53 % 

depending on the load configuration.  

   

Laing and Billing, 2011 To investigate the effects of load carriage on 

performance of an explosive, anaerobic military task. 

Increasing the mass carried increased the time to complete a 

30 m sprint by 32 %. This figure was derived from men and 

women; the increase was 29 % in men and 35 % in women. 

   

Loverro et al., 2015 To examine how increasing body armour protection 

with and without a fighting load would impact soldier 

performance and mobility. 

Increasing torso borne load by 7 kg increased the time to 

complete a 30 m sprint task by 5 %. 
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4.1.3 The Influence of Load Carriage on Soldier Cognitive 

Performance 

Soldiering tasks require both physical and cognitive resources thus, to 

investigate the effect of carrying load on soldier performance both cognitive 

and physical aspects of performance should be given equal consideration. 

Military tasks that use cognitive resources are numerous; examples include 

maintaining vigilance, processing verbal communications, responding to 

threats and making go / no go decisions.  

The transient hypofrontality hypothesis has been proposed to explain the 

mechanism by which exercise can affect cognition (Dietrich, 2006). This 

hypothesis suggests that to meet the demands of exercise the brain 

prioritises blood flow to favour motor, sensory and autonomic regions of the 

brain, at the detriment to other areas in particular the prefrontal cortex that 

supports higher-level cognitive processes (Dietrich, 2003, 2006; Dietrich & 

Audiffren, 2011). 

Like all areas of the body, the brain requires a constant energy source that is 

provided by the blood. Exercise increases activation of the motor, sensory, 

and autonomic regions of the brain (Christensen et al., 2000) however, blood 

flow to the brain remains the same with the effect that the percentage of total 

cardiac output to the brain reduces as blood is directed to the muscles to 

sustain workload (Ide & Secher, 2000). Given the increased risk of RMF with 

load carriage and the likelihood that the respiratory muscle metaboreflex will 

be triggered at lower exercise intensities with load carriage, there is potential 

that greater reductions in the percentage of cardiac output that is delivered to 

the prefrontal cortex will be experienced when load is carried.  

Investigation into the effect of exercise on cognition suggests that results are 

equivocal with exercise being either beneficial, detrimental or having no 

effect on cognitive function (Smith et al., 2011). It is reasonable to suggest 

that this variance is due to methodological differences between research 

studies where the cognitive tasks used measured different aspects of 

cognition (examples include working memory, processing or attention) and 

the mode, intensity and duration of exercise differed.  
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Early work which explored the effect of load on cognition measured cognitive 

workload pre and post-exercise rather than during exercise. These studies 

were limited as the delay between the end of exercise and the start of the 

cognitive tasks allowed participants to recover from the physical exertion 

thus underestimating the effects of load on the cognitive tasks (Fordy et al., 

2011; Knapik et al., 1997; Stanbridge et al., 2011). 

More recently, it has been possible to measure performance on cognitive 

tasks concurrently with a load carriage task. This work has shown that 

increased cognitive demands are placed on a soldier as the load carried 

increases, and this is likely to manifest itself as a negative effect on soldier 

performance. These studies are discussed below.  

Mahoney et al. (2007) measured cognitive performance (accuracy and 

response time) in military volunteers during a vigilance task while soldiers 

were standing, walking over flat terrain or walking over small obstacles (e.g. 

cones and hurdles). Accuracy, but not response time to a vigilance task was 

significantly degraded in participants wearing 40 kg in comparison to wearing 

no load or standing, with the degradation in correct responses across 

conditions being ~4 % lower with load. The authors reported that walking 

over obstacles and adding load increased the cognitive demand placed on 

the soldier and thus resulted in reduced vigilance performance (Mahoney et 

al., 2007).  The walking test used by Mahoney and colleagues (2007) was 

short (30 min) in comparison to operational marches which can last for 

several hours. Further, the level of physical exertion was not quantified, thus 

the results cannot be translated to other soldiering tasks.   

In an unpublished study, Kobus et al. (2010) investigated the effect of 

carrying load (no load, 44 kg and 61 kg) on two cognitive tasks (a novel two-

choice reaction time and memory recall tasks) during a two hour treadmill 

walk at 3.2 km·h-1 (2 miles·h-1). The authors reported a decline in cognitive 

performance with increasing load and time. Detections on the two-choice 

reaction time test decreased across the load conditions (87.6 (1.62) % with 

61 kg, 92 (0.72) % without load), although, this difference was only evident 

after 85 minutes of marching. In the 61 kg load configuration more errors 

were made on the two-choice reaction time test compared to no load (~3.2 
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with 61 kg, ~1.8 in no load)20 and accuracy was reduced on the recall tasks 

in comparison to no load (63 (2.16) items were recalled with 61 kg, 70 (1.93) 

items were recalled without load) (Kobus et al., 2010). The physical aspects 

of the task used by Kobus et al. (2010) were a closer representation of 

recent operations in comparison to that used by Mahoney et al. (2007). 

However, the cognitive task lacked face validity as it was a choice reaction 

time task were soldiers were required to respond to both targets and non-

targets: soldiers do not typically respond to non-targets, they are required to 

make a Go / No Go decision. 

Eddy et al. (2015) investigated the effect of two hours of treadmill walking at 

4.8 km·h-1 (the first hour at 0 % and the second hour under varying treadmill 

grades) wearing either no load or 40 kg on auditory and visual Go / No Go 

tasks (where participants responded to a target or withheld their response 

i.e. response inhibition). The results showed that under the loaded condition, 

the number of false alarm responses increased over time on an auditory task 

that involved responding to the sounds of gunfire (completed every 20 

minutes). However, there were no effects of load on the accuracy or speed of 

responses to the visual task, leading to the conclusion that the auditory Go / 

No Go task was more sensitive to the effects of load carriage than the visual 

task (Eddy et al., 2015). The authors acknowledged that the negative 

findings may have been due to the small number of participants examined. 

However, it is possible that the participants in this study may not have 

reached the critical point for a decline in cognitive performance on the visual 

Go / No Go task as others have shown that a visual Go / No Go is sensitive 

to the effects of increasing exercise intensity but at higher physical workloads 

(Smith et al., 2016). This highlights the importance of investigating the effects 

of load on cognition during a range of different physical tasks, as soldiers 

undertake a range of physical tasks that vary in length and intensity,  

If the transient hypofrontality hypothesis is indeed true, then cognitive tasks 

that involve the frontal areas of the brain are likely to be the most sensitive to 

any changes in cognitive workload resulting from load carriage. The results 

from the studies reviewed above support this idea, demonstrating that the 

                                            
20

 Data taken from a figure, no SD presented. 
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most sensitive tests appear to be those that involve working memory and 

executive functions. Cognitive performance tests that involve the frontal 

areas are also of relevance to the cognitive tasks required of dismounted 

close combat soldiers. The functions that these areas of the brain perform 

relate to higher order cognitive processes such as working memory and 

response inhibition (Braver et al., 2001; Hester et al., 2004). These 

processes are considered fundamental to military tasks which involve 

decision-making, problem-solving and shoot   don‟t shoot decisions which 

underpin operational effectiveness and will be the focus for this study.  

 Aim, Objective and Hypotheses 4.2

The study reported in Chapter 2 of this thesis demonstrated that wearing 

body armour with additional load causes a restrictive ventilatory impairment 

which altered breathing pattern during exercise and led to RMF and 

expiratory flow limitation during high intensity tasks. The aim of this second 

study was to investigate the impact of these effects on soldier performance. 

This study was designed to address the knowledge gaps related to the 

characteristics of the participants, load and task (described in Chapter 1 

Section 1.3.1, Section 1.3.2 and Section 1.3.3) 

The study objective was to investigate the effect of load induced RMF on 

soldier performance during a long duration loaded march. The following 

hypotheses were tested: 

Hypothesis One 

H0: PImax and PEmax will not be reduced following a long duration loaded 

march of moderate intensity, when compared to pre-exercise measurements. 

H1: Reductions in PImax and PEmax will be evident following a long duration 

loaded march of moderate intensity, when compared to pre-exercise 

measurements. The severity of this fatigue will increase with load carried and 

march duration.  
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Hypothesis Two 

H0: Increasing the mass carried during a long duration loaded march will not 

affect the time to complete a subsequent best effort test in Assault Order 

loads.  

H1: Increasing the mass carried during a long duration loaded march will 

increase the time to complete a subsequent best effort test in the Assault 

Order load configuration (25 kg).  

Hypothesis Three 

H0: As load mass and time increases, accuracy during working memory (n-

backs) and response inhibition (Go / No Go) tasks will not change. 

H1: As load mass and time increases, accuracy during working memory (n-

backs) and response inhibition (Go / No Go) tasks will decrease. 

 Method 4.3

4.3.1 Ethics 

This study was conducted under protocol 694   D EC 15 “The Effect of 

Body Armour and Load Carriage on Respiratory Function and Simulated 

 ilitary Task Performance” which received favourable opinion from the   D 

Research Ethics Committee (ANNEX 1). 

4.3.2 Participant Recruitment and Entrance Requirements 

Participants were recruited from the 1st Battalion The Yorkshire Regiment. In 

order to be accepted onto the study, participants were required to: 1) be 

signed off as fit by their unit; 2) have passed their most recent annual fitness 

test and not be undertaking remedial physical training; 3) receive a study 

briefing; 4) provide informed consent; 5) be signed off as fit by the study 

medical officer (Section 4.3.2.1); and 6) lift 30 kg on the power bag lift test 

(Section 4.3.2.2). 



 

Page 115 of 313 
 

4.3.2.1 Entrance Medical Examination 

The entrance medical examination included history, physical examination, 

ECG and pulmonary function tests. All participants were required to have 

normal ECG and pulmonary function (defined as FVC and FEV1 >80 % of 

predicted values) and be free of respiratory tract infections and 

musculoskeletal injuries for one month prior to the start of the study. 

Individuals with a body mass index <18.5 were excluded from the study as a 

safety measure. 

4.3.2.2 Power Bag Lift Test 

At the time of the study, the power bag lift test was one of the physical 

selection standards designed for use by the British Army to predict a 

potential recruit‟s physical potential to perform military tasks. For the purpose 

of this study, it was used to assess the participant‟s suitability for undertaking 

loaded marching. 

Participants were asked to lift a power bag up to a height of 1.45 m. The 

mass of the power bag started at 15 kg and increased in 5 kg increments up 

to 40 kg (ARTD, 2011). Following advice from Army Headquarters a 

minimum lift of 30 kg threshold was established as the entrance criteria for 

the study.  

   

Figure 4-1: Power Bag Lift Test.  

Pictures taken from the power bag lift test procedure (ARTD, 2011). 

4.3.3 Participants 

Data from Study 1 were used to determine the number of participants 

required for the study using GPower Version 3.1. Based on mouth pressure 
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measurements, effect sizes of 0.45 / 0.84, α = 0.05 and 1-β = 0.80 six to 

eleven participants was recommended.  

Twelve male soldiers participated in the study. Their physical characteristics 

were (mean and SD): age 22.58 (3.63) yr; height 1.81 (0.07) m; mass 77.94 

(8.41) kg. Four of the participants were smokers.  

Load carriage experience was variable between the participants. Four had 

served in Afghanistan, whilst others had recently completed basic training. 

Three were Lance Corporals, the remaining participants were Privates. 

4.3.4 Participant Characterisation 

Height and mass (Section 2.8.1.1), sit-ups and press-up (Section 2.8.1.2and 

   2max (Section 2.3.1.1) were measured in line with the procedures provided 

in Chapter 2. Body composition was assessed using a DEXA body scan 

(Section 2.8.1.2). 

4.3.5 Load Configurations 

Four load configurations were investigated (Table 4-2), these were agreed in 

consultation with military advisors from Dstl and the Infantry Trials and 

Development Unit (ITDU), and were deemed appropriate for the tasks that 

were being simulated in this study. The order in which the configurations 

were worn was counterbalanced as far as practicable using a Latin Square.  

In order to maintain the operational relevance of the task, body armour was 

not worn in Marching Order configuration; it was carried in the daysack. 

Feedback from military advisors indicated that soldiers are required to carry 

loads in excess of 40 kg for several hours. However, these loads would 

normally be carried during low threat patrols where the combat protective 

equipment is carried in the bergen and available to wear when the threat 

level increases. This strategy is used as a means to reduce the resultant 

thermal strain from wearing body armour for long periods. 
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Table 4-2: Load Configurations Used During Study 2.  

Configuration Equipment Mass 

A – Body armour (BA) 

(not a military dress state, but required to 

understand the impact of wearing BA 

alone)  

Mk 7 helmet (1.46 kg) 

Under Body Armour Combat Shirt (UBACS), Personal Clothing System (PCS) trousers  

Boots*, SA80 (dummy rifle matched for dimensions and mass 5.13 kg), United Shields body 

armour with front and rear plates (~10.9 kg size dependent) 

20.94 (0.56) kg 

   

B - Assault order (AO)  

(includes equipment worn to fight through 

a position) 

Configuration A 

Personal Load Carrying Equipment (PLCE) webbing pouches (× 5) evenly distributed around the 

waist and weighted with 5 kg equipment required to achieve target mass. 

26.12 (0.49) kg 

   

C - Patrol order (PO) 

(additional equipment carried to support 

longevity in the field) 

Configuration B 

Daysack
1
 with chest belt fastened, weighted with 7 kg equipment required to achieve target mass. 

33.28 (0.59) kg 

   

D – Marching order (MO) 

(Associated with extended durations, 

overnight). 

Configuration A 

Short back bergen
2
 with waist belt fastened, weighted with 17 kg equipment required to achieve 

target mass. Note that the body armour and daysack were carried in the bergen. 

43.37 (0.64) kg 

Notes: * Participants were asked to wear boots that they would normally wear during loaded marching. The mass carried is provided as mean (SD) and represents 
the dressed mass –undressed mass. 

1
The daysack was worn with a chest strap which was always fastened, but did not include a hip / waist belt. 

2
The Bergen also 

included a chest strap which was always fastened.  
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To improve comfort, participants were asked to provide their own trousers, 

shirt, boots and helmet. If they had not been issued with the items listed in 

Table 4-2, they were provided by the laboratory. Webbing, body armour, 

daysacks and bergen were provided by the laboratory. Equipment was 

configured and packed by a military advisor, and the load distribution was the 

same for each test. Participants were fitted with all equipment by an 

investigator, body armour was issued and fit using the equipment and 

procedures previously reported (Chapter 1, Section 3.3.3). Participants were 

asked to adjust the webbing, daysack and bergen to suit their comfort. 

Equipment worn on multiple occasions was measured to ensure the fit was 

the same on each session.  

4.3.6 Test Session Procedures 

An overview of the test session is provided in (Figure 4-2). Participants 

completed this test four times (once in each load configuration) with a 

minimum of one day of rest between each exercise test. On rest days, 

participants avoided strenuous exercise or load carriage tasks.  

Test sessions were conducted in a temperate environment that was 

maintained at 19.83 ± 0.71 ºC and 48.9 ± 3.32 % relative humidity. 

The test was designed to represent a forced march (where a commander 

aims to move his soldiers to a location in the shortest time possible)21 

followed by a period of high intensity activity (e.g. a contact situation). The 

exercise profile was designed in collaboration with Dstl military advisors and 

the ITDU. Unpublished data from Dstl that was collected during field based 

training exercises was also used to verify the marching speeds used. Each 

test session comprised four phases that were conducted in immediate 

succession on the same day: 

.  

                                            
21

 Note that completing a forced march does not necessarily mean marching as fast as 
possible. It may be more appropriate to march for longer durations each day depending on 
the situation.  
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Figure 4-2: Test Session Overview for Study 2. 

The test was completed four times wearing either Body Armour, Assault Order, Patrol Order or Marching Order loads.
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 Phase 1: Pre-test procedures. 

 Phase 2: 12.25 km Loaded march.  

 Phase 3: 2.4 km (1.5 mile) best effort time trial. 

 Phase 4: Post-test procedures 

4.3.6.1 Phase 1: Pre-Test Procedures 

The test session started with Pmax and grip strength measurements (Section 

2.4 and Section 2.5 respectively). Participants donned a heart rate monitor 

(Polar, RS800, UK), oronasal mask (Hand Rudolf, Germany) and the load 

configuration under investigation (Table 4-2). The load was worn for Phase 1 

and Phase 2 of the exercise test. Participants then completed the resting 

spirometry measurements (Section 2.3.4). This was followed by five minutes 

of seated and five minutes of standing rest for the collection of baseline 

physiological data.  

4.3.6.2 Phase 2:12.25 km Loaded March 

Participants conducted three periods of loaded marching on a slatted belt 

treadmill (Woodway, PPS70, Germany). Each period was undertaken at 

4.9 km∙h-1 (3.04 miles·h-1) on a level treadmill for 50 minutes, separated by 

three 10 minute recovery periods. The total distance marched was 12.25 km 

(7.6 miles). This part of the test was designed to represent a forced march 

with a ten minute water stop every 50 minutes. Previous research using 

chest wall restriction devices has shown that RMF was still presented after 

10 minutes of recovery from fatiguing exercise (Tomczak et al., 2011).  

During the march, soldiers were asked to remain alert with their heads up 

and in a posture akin to “scanning their arcs” and maintaining visual 

situational awareness. They were asked to hold their weapon in a position so 

that it would be ready to aim (and fire) at a target in the environment if it 

presented itself. 

Heart rate and gas analysis (Section Error! Reference source not found.) 

were measured continuously and averaged at 15 second intervals for 

analysis. Ratings of perceived exertion (Borg, 1982) and dyspnoea (ATS, 
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2002) were also taken at minutes 10, 25 and 45 of each 50 minute march 

(nine measurements in total).  

The auditory and visual Go / No Go tasks (Section 2.6.1.3) were 

administered twice during each 50 minute march; at minutes 0-10 and 

minutes 15-25. The 0, 1, 2 and 3-back tasks were administered during the 

final 15 minutes of each march (three times during the session) as previously 

described (Section 2.6.1.2) and lasted for approximately 12 minutes in total.  

During the recovery periods participants were given a drink (water, quantity 

was not specified) and Pmax and grip strength measurements were repeated 

to monitor if these changed during the session. 

4.3.6.3 Phase 3: 2.4 km Best Effort Time Trial 

Participants were then asked to complete 2.4 km on a level treadmill, as fast 

as possible in AO loads. The treadmill speed was controlled by the 

participant (i.e. it was self-paced) and distance prompts were provided by an 

investigator at 0.5, 1.0, 1.5, 2.0, 2.1, 2.2, 2.3 and 2.4 km. Time and treadmill 

speed were not visible to the participants during the march. This part of the 

test was designed to represent a contact situation during which soldiers 

would wear AO loads.  

Due to restrictions on the length of time military participants were available 

for testing, it was not possible to familiarise them with Phase 3 prior to the 

start of the study. Priority was given to providing training in the measurement 

techniques, characterising the participants and ensuring correct clothing fit. 

This is accepted as a limitation to the study design as there may have been a 

learning effect during this test. However, all participants reported that they 

had completed loaded 2.4 km best effort tests during their normal training, 

which coupled with the counterbalanced design, may have reduced the 

impact that a learning effect would have had on the data. 

4.3.6.4 Phase 4: Post Test Procedures 

On completion of the best effort test the load was removed and final Pmax 

and grip strength measurements were made. Participants were asked to 
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report any pain soreness and discomfort that they experienced during the 

test. 

4.3.7 Exclusions and Restrictions 

Participants were asked to observe a number of restrictions prior to the 

measurement days as follows: 

Exercise: Participants were asked to refrain from strenuous physical activity 

for 48 h prior to the exercise test. This was to avoid injury and reduce the 

impact that fatiguing exercise may have on the study. Participants were 

advised not to exercise above 60 % of their maximum predicted heart rate for 

their age and avoid exercising for over one hour. 

Alcohol: To ensure the participants were well and hydrated at the start of 

each test session, no alcohol was consumed after 2100 h the day prior to 

each test session. Participants were breathalysed at the start of each day. 

Smoking and caffeine: Participants did not smoke (including e-cigarettes) or 

eat / drink caffeinated products for two hours prior to the exercise test, to 

reduce the impact of nicotine and caffeine on the study measurements.  
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4.3.8 Data Analysis and Statistics 

Data were analysed using the methods described in Section 2.10 however, 

there were occasions where this approach was modified to account for 

missing data. Modifications to this procedure are identified in the results 

section to improve clarity when interpreting the results. Statistical analysis 

was performed using IBM SPSS Statistics Version 24.  

To investigate the effect of load (×5: No Load (NL), BA, AO, PO, MO) on 

spirometry, data were analysed using a one-way repeated measures ANOVA 

followed by Bonferroni post-hoc test.  

For PImax / PEmax, the effect of load (×4: BA, AO, PO and MO) and time 

(×5: pre, recovery 1, 2, 3 and 4) was investigated using a two-way repeated 

measures ANOVA. Post-hoc comparisons were made used a paired t-test 

which compared pre-exercise data with recovery data (four comparisons for 

each load). T-tests were used to minimise the number of post-hoc 

comparisons, to reduce the family-wise error rate. This approach was 

considered the best way to balance the risk of achieving a Type I with the 

risk of a Type II error. 

For data collected using the metabolic cart and during cognitive tasks, the 

effect of load (×4: BA, AO, PO and MO) and time (×3 to ×922) on the 

dependent variable was analysed using a repeated measures two-way 

ANOVA followed by Bonferroni post-hoc test. 

.  

                                            
22

 The number of levels for time ranged from 3 to 7 according to in the independent variable 
being tested. 
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 Results 4.4

4.4.1 Participant Characteristics 

The characteristics of the 12 participants tested in this study are provided in 

Table 4-3. One of the participants was unable to attend the DEXA body scan 

thus lean body mass and body fat data are presented for n=11. 

 

Table 4-3: Participant Characteristics. 

  Characteristic 

Height (m) 1.8  (0.1) 

Mass (kg) 77.9  (8.4) 

Lean Body Mass (kg) 59.7  (5.4) 

Body Fat (kg) 15.9  (4.25) 

Age (years) 22.6  (3.6) 

Smokers (n / total n) 4 / 12 

  O2max (mL·kg-1·min-1) 55.2  (5.4) 

GET (%  ax   O2) 64.6  (10.8) 

Notes: Mean (SD) is presented for n=12. Lean body mass and Body fat are based on n=11 
men as one participant was unable to attend the DEXA body scan. 
 

4.4.2 Characterising the Load Carried 

The loads carried represented 28 % to 57 % of body mass and 36 % to 74 % 

of lean body mass. The sum of fat mass and the configuration mass was 

calculated to quantify the total dead mass carried (Table 4-4).  
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Table 4-4: Load Carried Expressed as a Percentage of Body Mass, 

Percentage of Lean Body Mass and Dead Mass.  

  BA AO PO MO 

% Body Mass 
27.52 34.18 43.55 56.69 

(2.91) (3.61) (4.60) (5.99) 

     

% Lean Body Mass 
35.68 44.32 56.46 73.51 

(2.99) (3.72) (4.74) (6.17) 

     

Dead Mass (kg) 
36.54 41.68 48.91 59.05 

(4.58) (4.58) (4.58) (4.58) 

Notes: Mean (SD) is presented for each load configuration. Dead mass was calculated as 
the sum of fat mass and configuration mass. One participant was unable to attend the 
laboratory for the DEXA body scan thus data is presented for n=11.  
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4.4.3 Incomplete Exercise Tests 

Not all participants were able to complete the exercise test. Four of the 

participants (P4, P6, P11, P12) were unable to complete the three hour 

march wearing MO, and one participant (P10) withdrew from the 2.4 km best 

effort test following completion of the three hour march. Of these participants, 

one was also unable to complete the exercise test in a lighter load (P11).  

Another participant (P9) completed the test in MO, but was withdrawn from 

his final test in AO as he experienced discomfort from an old injury, and was 

excluded from further participation to prevent reoccurrence. Finally one 

participant (P5) developed a respiratory tract infection and was withdrawn by 

the medical officer. 

The reasons for withdrawing from the test were categorised as follows: 

1. Withdrawal due to discomfort caused by the load carried. This 

included reports of pain caused by the pressure points on the 

shoulders, blisters on the feet and chaffing around the hips and groin.  

2. Withdrawal due to muscular discomfort. This included reports of 

muscular pain / aches. 

3. Withdrawal due to factors unrelated to the study. This category 

includes participants who had to leave the study due to personal 

reasons or those that developed respiratory tract infections. 

A summary of test completions and reasons for withdrawal is provided in 

Table 4-5 and discussed further in section 4.4.5.8. Only 55 % (6 / 11) of 

participants were able to complete the entire study. Note that this percentage 

has been calculated based on 11 participants as P5 was withdrawn part way 

through the study.  

The author explored if the physical characteristics of the soldiers influenced 

their ability to complete the test. As this was not related to the study 

hypothesis, these data are provided in Appendix 3. 
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Table 4-5: Summary of Exercise Test Completions.  

Participant 
BA 
M1 

BA 
M2 

BA 
M3 

BA 
2.4 

AO 
M1 

AO 
M2 

AO 
M3 

AO 
2.4 

PO 
M1 

PO 
M2 

PO 
M3 

PO 
2.4 

MO 
M1 

MO 
M2 

MO 
M3 

MO 
2.4 

1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

4 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 15   ✓ 

5 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓           

6 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 23   ✓ 

7 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

8 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

9 ✓ ✓ ✓ ✓ ✓ ✓     ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ DNF 

11 ✓ ✓   ✓ ✓ ✓ ✓ ✓         ✓ ✓     

12 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓   35     ✓ 

Notes: M1 = march 1, M2 = march 2, M3 = march 3, 2.4 = 2.4 km best effort test.  

✓ indicates that the full test was completed.  

red cells indicate a participant withdrawal due to discomfort caused by the load carried (e.g. shoulder pain, blisters, chaffing); blue cells indicate a participant 
withdrawal due to muscular discomfort; yellow cells indicate where a test was not completed due to circumstances unrelated to the study (e.g. illness. 

DNF = did not finish the best effort test. Numbers in cells indicate the length of time that was completed. 
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Table 4-6: Summary of Reasons Participants Were Excluded From the 

Exercise Test by the Investigator. 

Participant Reason 

P5 

Developed a respiratory tract infection and was withdrawn from 

further data collection by the Medical Officer as this was one of 

the study exclusion criteria. 

  

P11 
Withdrawn from study by the Chief Investigator due to an event 

unrelated to the study. 

  

P12 

Due to a technical issue, the experimental start time was delayed 

by approximately 1.5 h. This resulted in an extended period 

between the participant‟s last meal and the start of their test 

session. At the end of the 12.25 km march, the participant was 

feeling hungry and light headed. They were excluded by the 

Medical Officer as a precautionary measure as their blood 

glucose level was considered too low to progress to the 2.4 km 

best effort test.  
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4.4.4 Resting Spirometry 

4.4.4.1 Revisions to Data Analysis Procedure 

Two participants (P5 and P11) did not undertake spirometry in all of the load 

configurations as there were withdrawn from the study (Table 4-6), therefore 

data is presented for n=10.  

4.4.4.2 ANOVA Results 

Spirometry data is provided in Table 4-7. FVC (F(2.010, 18.087) =5.166, p=0.002, 

ηp
2=0.37, d=0.5 to 1.1), FEV1 (F(4, 36) =9.425, p=<0.0001, ηp

2=0.51, d=0.7 to 

1.3) and MVV (F(4,36) =10.136, p=<0.0001, ηp
2=0.53, d=0.7 to 0.9) but not 

FEV1 / FVC (F(1.942,17.480) =0.836, p>0.05, ηp
2=0.09, d<0.5) were reduced with 

load. 

The Bonferroni post-hoc test did not identify any differences between NL and 

MO for FVC and NL and BA / AO for MVV. Given the large percentage 

differences reported (19 %, 11 % and 10 %) and effect sizes (1.0, 0.5 and 

0.5 respectively) it was considered that Bonferroni post-hoc test may be too 

conservative for these comparisons (i.e. increased likelihood of a Type II 

error). Thus these comparisons were repeated using the Least Squares 

Difference (LSD) post-hoc test which does not apply a correction factor for 

multiple comparisons. Using this approach, differences were identified 

between BA and MO. No differences were identified between the loaded 

configurations (p>0.05, d=0.03 to 0.5). 
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Table 4-7: Resting Spirometry Data.  

                            Percentage change from NL 

 
No load BA AO PO MO  BA AO PO MO 

FVC  6.04 5.45 5.23 5.03 4.86  -9.1*♦ -12.3*♦♦ -16.2*♦♦ -17.1†♦♦ 

(L) (1.08) (1.11) (0.98) (0.78) (1.20)  (6.8) (7.5) (10.1) (16.5) 

           

FEV1  4.66 4.08 3.98 3.72 3.77  -11.9*♦♦ 13.5*♦♦ -20.2*♦♦♦ -17.4*♦♦ 

(L) (0.85) (0.74) (0.82) (0.59) (0.85)  (6.0) (10.3) (9.7) (13.8) 

           

FEV1/FVC 77.35 75.62 76.63 74.28 78.11  -2.6♦ -1.1 -4.4♦ 0.8♦ 

(%) (5.74) (8.49) (10.79) (7.15) (4.18)  (9.5) (11.2) (8.2) (7.4) 

           

MVV  148.50 132.45 133.59 123.03 126.73  -13.1†♦ -12.5†♦ -17.5*♦♦ -15.0*♦♦ 

(L·min-1) (28.03) (35.70) (34.77) (26.56) (30.19)  (12.1) (12.4) (8.8) (8.7) 

Notes: Mean (SD) is presented (n=10).* Indicates a difference from No load (NL) identified using Bonferroni post-hoc test; † indicates a difference from NL as 
identified using the Least Squares Difference (LSD) post-hoc test (p<0.05). Percentage change from NL was calculated using the formula ((configuration - NL  /  NL) 
× 100), negative values indicate a reduction from NL. ♦ = small effect (d=0.2 to 0.59); ♦♦ = medium effect (d=0.6 to 1.1); ♦♦♦ = large effect (d≥1.2). FVC = forced vital 

capacity; FEV1 = forced expiratory volume in one second; PEF=peak expiratory flow; PIF = peak inspiratory flow; MVV = maximal voluntary ventilation. 
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4.4.5 Exercise Test Data – Physical Performance Measurements 

4.4.5.1 Revisions to Data Analysis Procedure  

To account for participants who were unable to complete the exercise test, 

data for the loaded march were analysed in two parts. Firstly, the two-way 

repeated measures ANOVA previously described was conducted with three 

loads (BA, AO and PO). P11 was excluded from this analysis due to the high 

number of missing data points, thus data is presented for 11 participants. 

The ANOVA was then repeated to include all four loads. For this second 

ANOVA, data for participants who did not complete the entire march were 

excluded, leaving seven participants for analysis. Where the outcomes of the 

AN  A‟s were the same, the statistics for the AN  A which included all 

loads (n=7) were reported. 

4.4.5.2 Cardio-Respiratory Data 

   2 and heart rate data are presented in Table 4-8.    2 increased with load 

(F(1.243, 7.459)=28.631, p=0.001, ηp
2=0.83, d=0.4 to 2.4) and time (F(8, 

48)=21.433, p=0.001, ηp
2=0.78, d=0.4 to 0.9). There was also a significant 

interaction between load and time (F(24, 144)=5.018, p=0.001, ηp
2=0.46)23. 

During the march, participants exercised between 31 % to 41 % of   O2max or 

50 % to 62 % of the GET, depending on the load carried and the time point.  

Heart rate also increased with load (F(3,18)=15.351, p=<0.0001, ηp
2=0.72, 

d=0.1 to 2.7) and time (F(8, 24)=33.213, p=<0.0001, ηp
2=0.85, d=0.3 to 2.3) 

and there was a significant interaction (F(24, 144)=4.540, p=<0.0001, ηp
2=0.43) 

between load and time. 

                                            
23
  tatistics reported are for absolute    2. 
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Table 4-8: Cardio-Respiratory Data Measured During the Exercise Test.  

 
March BA AO PO MO 

   2 

(L·min
-1

) 

1 1.29 (0.16) 1.37 (0.17)
 a
 1.41 (0.18) 

a
 1.64

 
(0.28) 

abc
 

2 1.32 (0.17) 1.40 (0.17)
 a
 1.47 (0.20) 

a†
 1.72 (0.26) 

abc
 

3 1.34 (0.15) 1.44 (0.17)
 a
 1.54 (0.16) 

ab†
 1.82 (0.29) 

abc†
 

      

   2 

(mL·kg(body mass)·min
-1

) 

1 16.33 (1.79) 17.32 (1.80)
 a
 17.87 (1.77) 

a
 20.80 (2.88) 

abc
 

2 16.74 (1.89) 17.68 (1.69)
 a
 18.64 (1.90) 

a
 21.70 (2.28) 

abc
 

3 17.02 (1.58) 18.25 (2.09)
 a
 19.49 (1.59) 

ab†
 23.07 (3.47) 

abc†
 

     

   2 

(mL·kg(lean body mass)·min
-1

) 

1 21.39 (1.79) 22.70
 
(1.99)

 a
 23.47 (2.45) 

a
 27.35 (3.71) 

abc
 

2 21.91 (1.92) 23.17 (1.97)
 a
 24.46 (2.46) 

a†
 28.54 (3.17) 

abc
 

3 22.30 (1.58) 23.91
 
(2.35)

 a
 25.59 (2.14) 

ab†
 30.33 (4.48) 

abc†
 

      

      2max 

1 29.87 (2.14) 31.70 (2.27)
 a
 32.86 (3.71) 

a
 37.07 (4.86) 

abc
 

2 30.57 (1.76) 32.34 (1.93)
 a
 34.20 (3.62) 

a†
 38.66 (3.91) 

abc
 

3 31.15 (1.81) 33.35 (2.48)
 a†

 35.77 (3.32) 
ab†

 41.13 (6.13) 
abc†

 

     

 % GET 

1 47.71 (10.03) 50.49 (9.81)
 a
 52.28 (10.97) 

a
 56.21 (6.55) 

abc
 

2 48.86 (10.38) 51.68 (11.07)
 a
 54.31 (10.72) 

a
 58.83 (6.96) 

abc
 

3 49.65 (9.90) 53.29 (11.52)
 a
 56.98 (11.75) 

a†
 62.34 (7.96) 

abc†
 

       

Heart rate 
(Beats·min

-1
) 

1 104.8 (8.8) 108.9 (11.3)
 †
 114.4 (17.5) 

a†
 114.8 (12.7) 

2 106.1 (9.7) 110.2 (11.5)
 †
 118.6 (17.1) 

a†
 120.7 (13.7) 

†
 

3 108.6 (10.8) 115.2
 
(13.0)

 a†
 124.6 (16.7) 

ab†
 127.0 (15.1) 

ac†
 

Notes: Mean (SD) is presented for n=11 (BA, AO, PO) and n=7 (MO). The data reported was averaged from the final five minutes of each march. “a” = difference 
from BA, “b” = difference from AO, “c” = difference from PO, 

† 
= a difference from the start of march 1 (p<0.05).  O2=rate of oxygen uptake; GET=gas exchange 

threshold. 
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Table 4-9: Effect Sizes for Cardio-Respiratory Data Measured During the Exercise Test.  

 
March AO PO MO 

   2 

(L·min-1) 

1 0.5a 0.7a, 0.3b 1.7a, 1.3b, 1.0c 

2 0.4a 0.8a, 0.4b 1.9a, 1.5b, 1.1c 

3 0.6a 1.2a, 0.6b 2.2a, 1.7b, 1.3c 

     

   2 

(mL·kg(body mass)·min-1) 

1 0.6a 0.9a, 0.3b 2.0a, 1.5b, 1.3c 

2 0.5a 1.0a, 0.5b 2.4a, 2.1b, 1.5c 

3 0.7a 1.6a, 0.7b 2.4a, 1.8b, 1.4c 

    

   2 

(mL·kg(lean body mass)·min-1) 

1 0.7a 1.0a, 0.3b 2.2a, 1.7b, 1.3c 

2 0.6a 1.2a, 0.6b 2.7a, 2.2b, 1.5c 

3 0.8a 1.7a, 0.7b 2.7a, 1.9b, 1.5c 

     

      2max 
1 0.8a 1.0a, 0.4b 2.1a, 1.5b, 1.0c 

2 1.0a 1.3a, 0.6b 2.9a, 2.2b, 1.2c 

3 1.0a 1.7a, 0.8b 2.5a, 1.8b, 1.2c 

    

 % GET 
1 0.3a 0.4a, 0.2b 1.0a, 0.7b, 0.4c 

2 0.3a 0.5a, 0.2b 1.1a, 0.7b, 0.5c 

3 0.3a 0.7a, 0.3b 1.4a, 0.9b, 0.5c 

      

Heart rate 
(Beats·min-1) 

1 0.4a 0.8a, 0.5b 1.3a, 0.9b, 0.2c 

2 0.8a 1.4a, 0.7b 2.0a, 1.1b, 0.2c 

3 0.7a 1.3a, 0.8b 2.7a, 2.0b, 1.1c 
Effects sizes for comparisons with BA

a
; AO

b
 and PO

c
 are shown. Cohen’s d is reported and interpreted as 0.2 - small, 0.6 - moderate, 1.2 - large, 2.0 - very large 

and 4.0 - extremely large.   O2=rate of oxygen uptake; GET=gas exchange threshold. 
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4.4.5.3 PImax and PEmax Mouth Pressure Measurements 

For PImax, there was an effect of time (F(4, 12)=3.440, p=0.043, ηp
2=0.534, 

d=0.2 to 0.9) but not load (F(3,9)=0.936, p>0.05, ηp
2=0.238, d=0.6) and no 

interaction between load and time (F(12, 36)=0.551, p>0.05, ηp
2=0.155). PImax 

was reduced during recovery 1 (Table 4-10).  

For PEmax, there was an effect of time (F(1.176, 7.058)=32.335, p=0.001, 

ηp
2=0.843, d=0.7 to 1.4) but not load (F(1.197, 7.185)=0.755, p>0.05, ηp

2=0.112, 

d<0.9) and no interaction between load and time (F(9,54)=1.707, p>0.05, 

ηp
2=0.222). PEmax was reduced during recovery 1 in BA, AO and PO loads 

and in AO during recovery 3 (Table 4-11). There were no statistically 

significant differences between pre-exercise measures of PEmax however, 

visual inspection of the data suggests that these data were lower in AO, 

which may account for why there was no reduction from pre-exercise values 

in recovery 1 and 2.  
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Table 4-10: Peak Inspiratory Mouth Pressures (PImax) Measured Throughout the Exercise Test. 

 
cm H2O   % change from pre-exercise 

  Pre-exercise Recovery 1 Recovery 2 Recovery 3 Post-exercise  Recovery 1 Recovery 2 Recovery 3 Post-exercise 

BA 
144.3 
(28.3) 

127.9 
(28.7) 

134.2 
(29.4) 

124.2 
(22.7) 

127.1 
(32.0) 

 -11.3 *♦♦ 
(8.0) 

-6.9 *♦ 
(9.2) 

-13.2 *♦♦ 
(10.5) 

-11.2 *♦♦ 
(17.4) 

           

AO 
135.6 
(24.1) 

128.8 
(22.0) 

126.5 
(20.0) 

127.0 
(21.8) 

120.1 
(27.2) 

 -4.8 *♦♦ 
(7.3) 

-6.3 *♦♦ 
(7.7) 

-6.2 *♦♦ 
(8.6) 

-10.6 *♦♦ 
(12.6) 

           

PO 
139.0 
(28.7) 

130.3 
(30.1) 

127.6 
(27.4) 

121.8 
(25.4) 

120.8 
(35.2) 

 -6.7 *♦ 
(9.5) 

-8.2 *♦♦ 
(8.7) 

-12.2 *♦♦ 
(7.3) 

-12.6 *♦♦ 
(12.0) 

           

MO 
146.0 
(25.5) 

136.0 
(23.4) 

131.4 
(25.7) 

137.4 
(26.8) 

129.8 
(28.0) 

 -6.7 *♦ 
(7.1) 

-10.2 *♦ 
(6.9) 

-6.1 *♦ 
(7.9) 

-15.3 *♦ 
(12.4) 

Notes: mean (SD) is presented, negative values indicate a reduction in PImax.* indicates a difference from pre-exercise values (p<0.05). n=11 for BA, AO and PO, 
n=10 to 7 for MO. For post-exercise measurements, n=11 for BA and AO, n=9 for PO and n=6 for MO. Percentage change from pre-exercise was calculated for 
each participant using the formula ((time -pre-exercise) / pre-exercise) ×100). The percentage change data reported in this table provides a mean of these data. ♦ = 
small effect (d=0.2 to 0.59); ♦♦ = medium effect (d=0.6 to 1.1); ♦♦♦ = large effect (d≥1.2). Predicted normal values are 106 cm H2O for PImax (Wilson et al., 1984). 
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Table 4-11: Peak Expiratory Mouth Pressures (PEmax) Measured Throughout the Exercise Test. 

 
cm H2O   % change from pre exercise 

  Pre exercise Recovery 1 Recovery 2 Recovery 3 Post-exercise  Recovery 1 Recovery 2 Recovery 3 Post-exercise 

BA 
194.3 
(34.2) 

169.2 
(35.4) 

170.0 
(35.8) 

167.2 
(35.4) 

156.1 
(27.3) 

 
-12.6 *♦♦ 

(11.0) 
-10.8 *♦♦ 

(9.5) 
-13.3 *♦♦ 

(12.8) 
-19.0 *♦♦♦ 

(10.5) 

           

AO 
177.5 
(27.3) 

169.2 
(37.8) 

164.3 
(33.8) 

158.9 
(35.0) 

149.4 
(29.1) 

 
-4.7♦♦ 
(14.4) 

-7.4♦♦ 
(11.9) 

-10.8 *♦♦ 
(10.9) 

-15.7 *♦♦♦ 
(11.6) 

           

PO 
190.2 
(24.7) 

165.8 
(26.8) 

157.4 
(27.8) 

159.8 
(32.7) 

157.0 
(34.9) 

 
-13.0 *♦♦ 

(6.3) 
-17.3 *♦♦♦ 

(8.6) 
-16.4 *♦♦ 

(9.2) 
-17.2 *♦♦ 

(12.4) 

           

MO 
201.6 
(27.7) 

162.6 
(29.4) 

165.6 
(33.6) 

157.9 
(42.1) 

152.7 
(20.9) 

 
-19.5 *♦♦ 

(6.9) 
-18.3 *♦♦ 

(7.1) 
-22.5 *♦♦ 

(12.2) 
-24.5 *♦♦♦ 

(6.1) 
Notes: mean (SD) is presented, negative values indicate a reduction in PImax.* indicates a difference from pre-exercise values (p<0.05). n=11 for BA, AO and PO, 
n=10 to 7 for MO. For post-exercise data, n=11 for BA and AO, n=9 for PO and n=6 for MO. Percentage change from pre-exercise was calculated for each 
participant using the formula ((time -pre-exercise) / pre-exercise) ×100). The percentage change data reported in this table provides a mean of these data. ♦ = small 
effect (d=0.2 to 0.59); ♦♦ = medium effect (d=0.6 to 1.1); ♦♦♦ = large effect (d≥1.2). Predicted normal values are 148 cm H2O for PEmax (Wilson et al., 1984). 
 



 

Page 137 of 313 
 

4.4.5.4 Breathing Pattern 

  E increased with load (F(3,18)=32.833, p=<0.0001, ηp
2=0.845, d=1.0 to 3.9), 

and time (F(5,30)=19.540, p=0.0001, ηp
2=0.765, d=0.7 to 1.1) and there was a 

significant interaction between load and time (F(15,90)=5.676, p=0.0001, 

ηp
2=0.486) (Figure 4-3, Table 4-12).  

The changes in   E were reflected in ƒb as there was also an increased with 

load (F(3,18)=24.503, p=<0.0001, ηp
2=0.803, d=0.8 to 3.0), and time 

(F(5,30)=19.748, p=<0.0001, ηp
2=0.767, d=1.0 to 2.8) and there was a 

significant interaction between load and time (F(15, 90)=3.353, p=<0.0001, 

ηp
2=0.359) (Figure 4-3, Table 4-12).  

No differences in VT (Figure 4-3, Table 4-12) were observed between the 

load configurations (F(3,18)=2.143, p>0.05, ηp
2=0.263, d<0.6). However, there 

was a main effect of time (F(5,30)=16.877, p=<0.0001, ηp
2=0.738, d=0.3 to 0.7) 

on VT and a significant interaction between load and time when MO was 

excluded from the analysis (F(10,100)=2.205, p=0.023, ηp
2=0.181); this 

indicated a decrease in VT with time which was greater as the mass carried 

increased. 

4.4.5.5 Grip Strength 

Grip strength data is provided in Table 4-13. The ANOVA indicated that there 

was a difference between the loads for pre-exercise values (F(2,16)=4.599, 

p=0.026, ηp
2=0.365, d=0.6). Therefore, statistical analysis was conducted on 

percentage change data. There was no effect of load (F(3,15)=0.981, p>0.05, 

ηp
2=0.164, d=0.01 to 1.1) time (F(1.182, 5.911)=1.688, p>0.05, ηp

2=0.252, d=0.03 

to 0.6) and no interaction between load and time (F(9, 45)=1.311, p>0.05, 

ηp
2=0.208). 
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Figure 4-3: Minute Ventilation (top), Breathing Frequency (middle) and 

Tidal Volume (bottom). 

Mean and SD is presented (n=11 for BA, AO and PO; n=7 for MO). 

Significance levels have been omitted for clarity.  
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Table 4-12: Minute Ventilation, Breathing Frequency and Tidal Volume Measured During the March. 

    March 1 March 2 March 3 

Minute Ventilation 
 (L·min

-1
) 

BA 35.1  (3.6) 34.6  (2.5) 35.6  (3.2) 

AO 36.7  (4.4) 36.8  (4.3) 
a
 37.5  (4.4) 

a
 

PO 39.2  (4.5) 
ab

 40.6  (4.5) 
ab

 † 41.8  (3.9) 
ab

 † 

MO 46.4  (6.9) 
abc

 48.7  (5.0) 
abc

 50.1  (7.1) 
abc

 

     

Breathing Frequency 
(breaths·min

-1
) 

BA 29.6  (2.3) 30.7 (2.8) 31.0  (2.9) 

AO 31.2  (3.0) 33.8  (3.2) † 33.3  (3.0) † 

PO 32.1  (1.8) 35.2  (2.3) † 37.5
  
(3.2) 

ab 
† 

MO 37.4  (3.8) 
ab

 41.0 (4.9) 
abc

 † 43.1  (4.8) 
abc 

† 

     

Tidal Volume 
(L·min

-1
) 

BA 1.20  (0.15) 1.14  (0.16) 1.17  (0.16) 

AO 1.19  (0.19) 1.10  (0.16) † 1.14  (0.15) 

PO 1.21  (0.16) 1.16  (0.17) 1.13  (0.16) † 

MO 1.25  (0.21) 1.21  (0.23) 1.18  (0.20) † 

Notes: Mean (SD) is presented for n=11 (BA, AO, PO) and n=7 (MO). The data reported was averaged from the final five minutes of each march. “a” = difference 

from BA, “b” = difference from AO, “c” = difference from PO, 
† 
= a difference from the start of march 1 (p<0.05). 
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Table 4-13: Grip Strength (kg) Measured Throughout the Exercise Test.  

 
Kg 

 
% Change from pre-exercise 

 
Pre-exercise Recovery 1 Recovery 2 Recovery 3 Post-exercise  Recovery 1 Recovery 2 Recovery 3 Post-exercise 

BA 
48.8 
(8.7) 

47.8 
(9.7) 

47.2 
(9.6) 

46.5 
(8.3) 

44.1 
(9.9) 

 -2.0 
(11.7) 

-3.3 
(11.8) 

-4.2♦ 
(11.9) 

-9.6♦♦ 
(14.8) 

           

AO 
46.5 
(7.3) 

46.7 
(7.0) 

45.3 
(8.6) 

45.3 
(9.6) 

42.9 
(11.6) 

 1.4 
(12.8) 

-2.3 
(13.1) 

-2.7 
(13.3) 

-7.6♦ 
(20.1) 

           

PO 
51.0 ab 
(8.6) 

48.4 
(9.4) 

47.1 
(11.3) 

47.6 
(10.8) 

46.8 
(9.2) 

 -5.2 
(9.0) 

-8.1♦ 
(13.3) 

-7.0♦ 
(11.1) 

-9.6♦♦ 
(12.8) 

           

MO 
50.5 
(8.4) 

48.7 
(9.4) 

50.4 
(8.8) 

52.1 
(7.3) 

51.5 
(5.4) 

 -1.8 
(8.6) 

-2.8 
(6.4) 

1.1♦ 
(7.0) 

-3.0 
(11.3) 

Notes: Mean (SD) is presented. n=11 for BA, AO and PO, n=10 to 7. For post-exercise data, n=11 for BA and AO, n=9 for PO and n=6 for MO (p<0.05). “a” 
Indicates a difference from BA, “b” indicates a difference from AO. As differences were observed between pre-exercise values, statistics were conducted on 
percentage change data. Percentage change from pre-exercise was calculated using the formula ((time -pre-exercise) / pre-exercise) ×100). A negative 
percentage change indicates reduced grip strength. Effects sizes were calculated for percentage change to show comparisons with Recovery 1: ♦ = small effect 
(d=0.2 to 0.59); ♦♦ = medium effect (d=0.6 to 1.1); ♦♦♦ = large effect (d≥1.2). 
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4.4.5.6 Perceptual Scales 

For perceived exertion (Figure 4-4), there was a main effect of load during 

march 1 (χ2
(3)= 15.987, p=0.001, r=-0.4 to -0.5) and march 2 (χ2

(3)= 10.139, 

p=0.017, r=-0.5) but not march 3 (χ2
(3)= 6.942, p=0.074, r<-0.6). There was 

also a main effect of time for all load conditions   A: χ2
(8)= 35.785, 

p=<0.0001, r=-0.4 to -0.5; A : χ2
(8)= 32.235, p=<0.0001, r=-0.4 to 0.5; PO: 

χ2
(8)= 43.175, p=<0.0001, r=-0.4 to -0.6;   : χ2

(8)= 29.135, p=<0.0001, r=-

0.5). When a Bonferroni correction was applied to contrasts, differences 

between the loads were not detected (p=>0.017, α =0.008, r=-0.6); increases 

with time were also only evident in PO only during March 2 (p=>0.007, α = 

0.017, r=-0.6).  

There was a main effect of load on ratings of dyspnoea (Figure 4-4) during 

march 1  χ2
(3)= 18.983, p=0.001, r=-0.5), march 2  χ2

(3)= 13.244, p=0.004, r=-

0.4 to -0.5) but not march 3  χ2
(3)= 7.667, p>0.05, r=-0.4 to -0.5). There was 

also a main effect of time on dyspnoea in all configurations   A: χ2
(8)= 

22.869, p=0.004, r=-0.3 to -.04; A : χ2
(8)= 24.521, p=0.002, r=-0.4 to -0.5; 

P : χ2
(8)= 31.322, p=<0.0001, r=-0.5;   : χ2

(8)= 23.407, p=0.003, r=-0.4 to -

0.5). Pairwise comparisons did not identify any statistically significant 

differences between the loads (p=>0.011, r=0 to 0.5, α =0.008) but increases 

in dyspnoea were observed in PO during march 1 (p=0.016, r=-0.5, α=0.017) 

and march 2 (p=0.014, r=-0.5, α=0.017).  

4.4.5.7 Time to Complete the Best Effort Test 

Individual time to complete the best effort test in each load configuration is 

provided in Figure 4-5. No differences in time to complete were observed 

between the load configurations (F(3,12)=1.070, p>0.05, ηp
2=0.211, d<0.4).  
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Figure 4-4: Ratings of Perceived Exertion and Dyspnoea. 

Median and interquartile range is presented for n=11 for BA, AO and PO; 

n=7 for MO. 
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Figure 4-5: Time to Complete the Best Effort Test. 

Individual data is shown for each load configuration; the horizontal lines 
represent the mean for each load configuration. 
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4.4.5.8 Subjective Feedback 

A summary of the symptoms reported is provided in Table 4-14. Some of the 

participants were withdrawn by an investigator or the Medical Officer. 

Reasons for these withdrawals are provided in Table 4-6. 

All of the participants that were unable to complete the march stopped as a 

result of discomfort caused by the load. Reports from participants and 

investigators indicate that in the heaviest loads, the most comfortable 

marching position was with their chin on their chest and face directed 

towards the floor (Figure 4-6). In the heaviest loads, participants were unable 

to maintain a patrolling posture with two hands on their weapon, scanning 

the environment.  

 

 

Table 4-14: Symptoms Reported During the Exercise Test. 

  BA AO PO MO 

Shoulder discomfort 1 
 

5 8 

Chaffing1   2   2 

Blisters / hot spots2 
 

2 
 

2 

General discomfort 1   1   

Helmet discomfort 1 
   

Back discomfort   2   1 

Hip discomfort 
 

1 2 
 

Neck discomfort       2 

Legs tired 
   

1 

Hamstring discomfort       1 

Notes: 
1
Hips and groin. 

2
Feet. Data represent the number of participants who reported each 

symptom during the post-test interview. 
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Figure 4-6: Examples of Postures Adopted During the Exercise Test. 

Left: participant maintaining the required patrolling posture in Assault 

Order. Right: The Same Participant in Marching Order. 

4.4.6 Exercise Test Data – Cognitive 

4.4.6.1 Revisions to Data Analysis Procedure 

During the cognitive tasks, participants reported that they found it difficult to 

maintain their performance whilst marching, as it was too uncomfortable for 

them to lift their head to look up at the projector screen in some load 

configurations. This discomfort caused some participants to withdraw from 

the exercise test altogether, whilst others withdrew from the cognitive tasks 

alone but continued marching. This resulted in a number of missing data 

points.  

Data from the n-back tasks has been used to illustrate this further (Table 

4-15). These data indicate that the number of missing data points increased 

with load. There are also examples where some participants would opt out of 

an n-back task to give themselves time to recover for the next one. To 

mitigate data loss, missing data was replaced with the series mean for the 
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purpose of statistical analysis, n is reported in each table to indicate the 

number of participants which data was recorded from for each time point. 

Statistical analysis should be treated with caution given the low n reported. 

 

Table 4-15: Number of Complete Tests for n-back Task. 

  0-back 1-back 2-back 3-back Total Percentage 

BA 34 33 34 34 135 93.8 

       

AO 34 35 34 34 137 95.1 

       

PO 33 33 32 34 132 91.7 

       

MO 26 26 25 24 101 70.1 
Notes: The maximum number of data points was 36 for each task and 144 in total (n=12, 
task completed 3 times per configuration). 

 

4.4.6.2 N-Back Working Memory Task 

Accuracy 

There was no effect of load (χ2
(3) =6.553, p>0.05) or time (χ2

(2) =2.649, 

p>0.05) during the 0-back task (Table 4-16).  

Analysis of 1-back data (Table 4-16) indicated that accuracy was reduced 

with load during March 1 and 3 (χ2
(3) =12.143, p=0.007, r=-0.5) and time in 

participants wearing PO (χ2
(2) =12.154, p=0.002, r=-0.4).  

During the 2-backs (Table 4-16) accuracy was reduced with load during 

March 3 (χ2
(3) =11.822, p=0.008, r=-0.5 to -0.6) but there was no effect of 

time (χ2
(2) =4.667, p=0.097).  

There was a reduction in accuracy during the 3-back task. Accuracy was 

reduced with load during March 1 and March 3 (χ2
(3) =9.235, p=0.026, r=-0.4 

to -0.6) (Table 4-16). Reductions in accuracy with time were also observed in 

MO loads (χ2
(2) =7.478, p=0.024, r=-0.05). 
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Response Time 

Response time data is presented in Figure 4-7. During the 0-backs, response 

time was unaffected by load (F(3,30)=1.172, p=0.337, ηp
2=0.105, d=0.1 to 0.8) 

or time F(3,20)=1.903, p=0.421, ηp
2=0.083, d=0.1 to 0.7) but there was a 

significant interaction (F(6,60)=3.200, p=0.009, ηp
2= 0.242). During March 2, 

participants took longer to respond in AO when compared to BA (p=0.022, 

d=0.4). 

Response time was unaffected by load or time and there was no interaction 

during the 1-backs (F(6,60)=0.423, p>0.05, ηp
2=0.041, d=0.1 to 0.5); 2-backs 

(F(1.318, 13.182)=2.441, p>0.05, ηp
2= 0.196, d=0.1 to 0.8) and 3-backs 

(F(6,60)=2.247, p>0.05, ηp
2= 0.183, d=0.1 to 0.5). 
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Table 4-16: Accuracy Measured During the N-Back Tasks.  

  
March 1 March 2 March 3 

0
-b

a
c
k
 

BA 97.0 (3.3) [12] 98.0 (2.6) [11] 97.0 (2.2) [11] 

AO 96.7 (4.3) [12] 97.4 (2.3) [11] 97.2 (2.7) [11] 

PO 96.6 (3.5) [11] 97.8 (2.3) [11] 91.3 (12.5) [11] 

MO 96.4 (3.9) [11] 95.6 (2.7) [8] 96.8 (2.1) [7] 

1
-b

a
c
k
 

BA 96.5 (2.6) [12] 97.0 (2.2) [11] 97.1 (3.0) [11] 

AO 96.3 (4.5) [12] 95.0 (6.1) [12] 93.1 (6.2) [11] a 

PO 96.0 (4.4) [11] 95.6 (3.8) [11] 92.7 (5.6) [11] a † 

MO 89.7 (13.7) [11] abc 94.2 (4.3) [8] a 92.4 (4.9) [7] ac 

2
-b

a
c
k
 

BA 92.6 (7.3) [12] 94.5 (5.0) [11] 91.5 (6.6) [11] 

AO 88.7 (11.2) [12] 90.7 (10.3) [11] 85.7 (11.0) [11] 

PO 92.2 (8.2) [10] 89.3 (10.8) [11] 88.1 (11.1) [11] 

MO 89.3 (7.7) [10] 87.2 (9.0) [8] 74.0 (22.6) [7] ac 

3
-b

a
c
k
 

BA 85.7 (8.3) [12] 87.1 (6.3) [11] 83.6 (8.6) [11] 

AO 86.3 (11.4) [12] 82.6 (10.5) [11] 83.2 (11.3) [11] 

PO 87.3 (9.0) [10] 86.7 (9.5) [11] 82.8 (10.3) [11] 

MO 78.9 (9.3) [10] ac 81.1 (8.5) [8] a 75.6 (7.8) [6] ab † 

Notes: Mean (SD) [n] is provided. “a” Indicates a difference from BA; “b” indicates a difference from AO; “c” indicates a difference from PO. † indicates a 
reduction from March 1; ‡ indicates a reduction from March 2 (p<0.05). 
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Figure 4-7: Response Time Measured During the N-Back Tasks.  

Individual data is presented for each load configuration. Horizontal lines represent the mean for each load. 
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4.4.6.3 Visual Go / No Go Test 

Accuracy 

There was a main effect of load during minutes 5 and 20 in March 1 

(χ2
(3)=10.447, p=0.015, r=-0.5) and during minute 5 of March 2 (χ2

(3)=11.821, 

p=0.008, r=-0.5 to -0.6) and March 3 (χ2
(3)=8.538, p=0.036, r=-0.5). Outputs 

from pairwise comparisons are provided Table 4-17. Accuracy did not 

change with time (χ2
(5)=10.811, p>0.05).  

Response Time 

Response time data is provided in Figure 4-8. There was a main effect of 

load on response time (F(3, 33)=3.295, p>0.032, ηp
2=0.231, d=0.1 to 0.9) but 

post-hoc testing did not identify which loaded configurations were different 

from each other. This may suggest that the Bonferroni correction was too 

conservative for these data. Response time was unaffected by time 

(F(5,55)=1.216, p>0.05, ηp
2=0.100, d=0.1 to 0.7) and there was no interaction 

between load and time (F(15, 165)=1.225, p>0.05, ηp
2=0.100). 

4.4.6.4 Auditory Go / No Go Test 

Accuracy 

Due to a technical error, data were only analysed for eight participants; these 

data are provided in Table 4-18. No differences in accuracy were observed 

with load (χ2
(3)=3.926, p>0.05) or time (χ2

(5)=10.695, p>0.05).  

Response Time 

Response time data is provided in Figure 4-8. Overall response time was 

unaffected by load (F(3,21)=0.613, p>0.05, ηp
2=0.080, d=0.1 to 0.4) or time 

(F(5, 35)=2.060, p>0.05, ηp
2=0.227, d=0.1 to 0.4) and there was no interaction 

between load and time (F(15, 1055)=1.333, p>0.05, ηp
2=0.160). 
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Table 4-17: Accuracy Measured During the Visual Go / No Go Test.  

 

March 1 March 2 March 3 

  Minute 5 Minute 20 Minute 5 Minute 20 Minute 5 Minute 20 

BA 83.7 (13.8) [12] 85.8 (12.0) [12] 88.8 (7.0) [11] 86.8 (8.8) [11] 87.7 (8.7) [11] 84.5 (11.5) [11] 

AO 81.3 (14.4) [10] 69.4 (24.9) [11] a 69.4 (20.4) [11] a 73.8 (23.8) [10] 75.7 (15.1) [10] a 77.2 (18.0) [10] 

PO 75.2 (17.0) [9] a 69.2 (23.7) [10] a 73.9  (18.6) [9] a 82.2 (13.2) [9] 78.7 (14.4) [9] 76.5 (15.3) [9] 

MO 81.8 (13.3) [11] 82.1 (15.4) [11] 83.0 (14.4) [10] 87.8 (6.6) [9] 85.7 (6.6) [7] 83.8 (9.1) [7] 

Notes: Mean (SD) [n] is provided. ”a” Indicates a difference from BA; “b” indicates a difference from AO; “c” indicates a difference from PO (p<0.05).   
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Table 4-18: Accuracy Measured During the Auditory Go / No Go Test.  

 

March 1 March 2 March 3 

  Minute 10 Minute 25 Minute 10 Minute 25 Minute 10 Minute 25 

BA 96.5 (3.5) [8] 96.7 (6.8) [8] 95.6 (6.7) [8] 94.8 (6.8) [8] 95.4 (6.0) [8] 93.1 (11.8) [8] 

AO 96.0 (5.9) [8] 94.4 (6.6) [8] 95.7 (5.9) [7] 94.5 (5.5) [7] 95.0 (7.6) [8] 95.2 (5.5) [8] 

PO 97.3 (6.4) [8] 95.4 (5.0) [8] 96.2 (7.3) [8] 94.8 (9.4) [8] 93.5 (8.4) [8] 95.8 (6.7) [8] 

MO 95.7 (7.9) [7] 95.5 (7.8) [7] 93.8 (7.4) [7] 94.2 (5.8) [6] 97.3 (1.9) [5] 94.3 (4.9) [5] 

Notes: Mean (SD) [n] is provided.   
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Figure 4-8: Response Time Measured During the Visual and Auditory Tasks. 

Mean (SD) is reported for each load configuration. 
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 Discussion 4.5

The objective of this study was to investigate the effect of load induced RMF 

on soldier performance during a long duration loaded march. The main 

findings were:  

 RMF was evident during the march. The magnitude of this fatigue 

increased with time but not load, with the expiratory muscles being more 

susceptible to fatigue. As such the null hypothesis that RMF will not be 

present during the march can be rejected.  

 Increasing the mass carried did not affect time to complete the 2.4 km 

best effort test. Therefore the null hypothesis that time to complete the 

best effort test will not be affected by the loaded march is accepted. 

 Accuracy was reduced during the working memory n-back task as load 

increased. Greater reductions in accuracy were seen in more complex 

tasks with heavier loads. Accuracy was also reduced during the visual 

response inhibition task (Go / No Go) with increasing load, but no 

differences in performance were observed during the auditory task with 

load. The null hypothesis that accuracy will not change with time and load 

is rejected.  

4.5.1 The Physical Demands of the Exercise Test 

Military doctrine recommends the equipment that should be carried to fight 

through a position (AO) or to support longevity in the field (PO and MO). The 

data from this study describes these loads in relation to the soldier‟s physical 

characteristics. The AO, PO and MO loads carried during this study 

represented a considerable percentage of the soldier‟s body mass  34 % to 

57 %) and lean body mass (44 % to 74 %), further the total dead mass 

carried ranged from 42 kg to 59 kg (Table 4-4).  

The data collected indicate that    2, heart rate and   E increased with time 

and load (Table 4-8) however, the exercise intensity remained below GET 

throughout (Table 4-8).  This suggests that under the conditions tested the 
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additional demands associated with increasing the mass carried and march 

duration were not sufficient to increase the overall intensity of the march 

above moderate (Burnley & Jones, 2007). There are several factors in the 

study design which will have influenced the intensity of the march including 

the loads carried, the marching speeds selected, the length and frequency of 

the recovery periods and the training status of the participants (i.e. their 

GET). The exercise profile was designed to replicate the demands of a 

typical soldiering task, but it should be recognised that there are other 

stressors of the operating environment that may increase the intensity of 

tasks such as this above moderate including climate, terrain, incline and 

altitude. 

Despite the moderate intensity of the march, only 55 % of males were able to 

complete the entire exercise test in all four load configurations (Table 4-5). 

This finding is indicative of the impact that wearing load has on military task 

performance, which in this case was an inability to complete the task. Based 

on subjective feedback it is evident that the limiting factor for the march was 

related to load discomfort rather than exercise intensity. Load discomfort 

includes blisters, chaffing and pain (particularly in the back and shoulders); 

readers are directed to a review by Knapik et al. (2004) for a detailed 

overview of the features of load discomfort.  

4.5.2 The Effect of Military Loads on Ventilatory Function, RMF 

and Soldier Performance 

Spirometry data indicate that wearing military loads induced a restrictive 

ventilatory impairment (Table 4-7). It is interesting to note that the 

percentage change from NL for FEV1 and MVV, was greatest in PO rather 

than MO, the author suggests that this reflects the use of body armour (worn 

in PO but not MO). The reductions in spirometry were in line with previous 

studies that have measured ventilatory function in BA of a similar mass 

(Armstrong & Gay, 2016; Majumdar et al., 1997) but greater than studies that 

used backpack loads of a similar mass (i.e. no body armour) (Dominelli et al., 

2012; Muza et al., 1989a; Phillips et al., 2016a). These data support the 
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findings of Study 1 which indicate that loads which include body armour 

restrict breathing more than backpack loads of the same mass. 

Carrying additional mass increased the ventilatory demands of the march. 

These additional demands were met by increasing ƒb with minimal changes 

to VT which was also observed in Study 1 (Table 4-8). Increases in   E were 

also observed with time and were met by further increases in ƒb and a 

reduction in VT. The consequence of this breathing pattern within the context 

of this study were two-fold: firstly, participants reported increased dyspnoea 

with increases in both mass and time; secondly there was evidence of 

fatigue of both the inspiratory and expiratory respiratory muscles during the 

march.  

In the current study, PImax was reduced by 11 % to 13 % and PEmax by 

13 % to 21 % after three hours of marching in loads up to ~43 kg (Table 4-10 

and Table 4-11). These reductions in pressures were evident after the first 

50 minutes of marching (even in the lightest load BA). Reductions in Pmax 

were similar to those reported by others (Appendix 2, Table A 2) even though 

the exercise intensity used in this study was lower than that used by others 

and the load carried were lighter when BA was worn alone.  

Previous work using backpack loads has demonstrated that treadmill walking 

for 60 minutes at 6.4 km·h-1 in loads up to 20 kg did not induce RMF despite 

causing an increase in pulmonary gas exchange, heart rate and perceptions 

of effort (Faghy et al., 2016). Data from the current study indicate that RMF 

was present in lighter loads, lower exercise intensities and shorter durations. 

A key difference between the two studies was the position of the load (i.e. BA 

and backpack versus backpack alone). These results highlight the additional 

demands associated with wearing loads that include BA compared with 

backpack loads of the same mass; it is suggested that BA imposes greater 

inertial and elastic forces on the chest wall, although this has not been 

measured directly in the studies reported in this thesis.  

Reductions in PEmax were greater than PImax in the current study. It is 

proposed that this is a reflection on the additional demands placed on the 

expiratory muscles for the maintenance of posture. As reported for Study 1 

(Chapter 2 Section 3.5.2) PEmax was greater in the participants used for the 
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current study when compared to others (e.g. Current: 202 cm H2O; Faghy 

and Brown 2014: 158 cm H2O; Faghy et al., 2016: 132 cm H2O; Phillips et al 

2015: 183 cm H2O; Shei et al., 2018: 166 cm H2O; see table Appendix 2, 

Table A 2 for a summary). As previously discussed, this may also be a 

reflection on the use of military participants who regularly train with load, and 

this training may have inadvertently offered training to their respiratory 

muscles. 

Despite experiencing RMF no differences in time to complete the best effort 

test were observed. The study design included a ten minute recovery period 

between the end of the march and the best effort test; this may have been 

sufficient to allow for recovery from RMF; it is also possible that the severity 

of the RMF may not have been sufficient to trigger the respiratory muscle 

metaboreflex (Chapter 2, Section 3.1.1). McConnell and Lomax (2006) have 

identified that the magnitude of inspiratory muscle fatigue required to trigger 

the metaboreflex is approximately 19 % and this was not achieved during the 

current study. 

These data do not indicate that the best effort test was unaffected by the 

initial march; the study did not include an unloaded configuration or a 

configuration where RMF was absent during the march. These data show 

that increasing the mass carried during the three hour march did not make 

performance on the best effort test any worse.    2, heart rate and ventilation 

increased with load and march duration, but the overall intensity remained as 

moderate regardless of the load carried.  

Data collected during both Study 1 and the current study demonstrate that 

soldiers have stronger respiratory muscles than the civilian population. It is 

hypothesised that this occurs because they regularly train with load, which 

inadvertently offers training of their respiratory muscles (Wilson et al., 1984). 

It is possible that another adaption caused by training with load is an 

increase in GET. GET typically ranges from 45 % to 60 %, but can be as 

high as 80 % in the athletic population (Jones & Poole, 2005). In this current 

study, mean GET was 65 %, but eight participants had a GET greater than 

60 %  one participant‟s GET could not be determined, Table 4-8). If the 

intensity of loaded marching can be maintained below GET, soldiers will be 
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able to march for longer periods of time (>4h) as the mechanisms of fatigue 

at this intensity are not related to the depletion of energy stores but rather 

hyperthermia (in the heat), reduced motivation or muscle damage (Burnley & 

Jones, 2007). 

Grip strength was measured as an indication of whole body fatigue, but there 

was no change in post-exercise grip strength measured during the recovery 

periods. This was surprising given the physical demands associated with the 

best effort test, but as grip strength was always conducted after the 

respiratory mouth pressure measurements, it is possible that the delay 

between the end of exercise and grip strength measurement was sufficient to 

allow for grip strength to recover. The effect sizes calculated for grip strength 

data were small to moderate (Table 4-13). Thus it is also suggested that grip 

strength may not be a measure that is sensitive enough to detect small 

differences in whole body fatigue between participants exercising in different 

load configurations. 

Time to complete the 2.4 km best effort test was similar between the load 

configurations (Figure 4-5). Based on this evidence the hypothesis that 

increasing the load carried would increase time to complete the best effort 

test is rejected. During the march three ten minute recovery periods were 

included providing periods of recovery from the physical demands of the 

task. When this is considered alongside an exercise intensity below GET and 

no difference in inspiratory / expiratory pressures or grip strength between 

the loads, it is logical that time to complete the 2.4 km best effort test would 

be similar between the load configurations, given that the total load carried 

during this phase of the exercise test was always the same (~26 kg). 

However, a lack of difference in time to complete does not indicate that a 

loaded march does not affect performance on a subsequent task. The data 

provide evidence that RMF was present even when body armour was worn 

on its own thus the current evaluation cannot elucidate the effect of RMF on 

performance given that there was not a “no fatigue” configuration. The 

presence of RMF with body armour alone was surprising given that during 

Study 1, inspiratory muscle fatigue was only present in loads above 30 kg 

and others have found 60 minutes of marching (6.5 km·h-1) in backpack 
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loads less that 20 kg did not cause RMF (Faghy et al., 2016). This once 

again highlights the importance of using body armour for evaluations of this 

nature as well as the impact of wearing relatively light soldiers loads on 

respiratory function. 

4.5.3 The Effect of Military Loads on Cognitive Function 

Due to several incomplete marches, interpretation of the accuracy data 

should be treated with caution given the reduced sample size and the 

number of test withdrawals. For the n-back tasks, reductions in accuracy 

were observed with load and time. During the visual Go / No Go test, 

reductions in accuracy were observed with load only; during the auditory Go / 

No Go test no differences with load or time were observed. These data 

support the hypothesis that as load mass and time increases, accuracy 

during visual cognitive tasks will decrease. 

These data provide evidence of increased conflict between the dual cognitive 

/ physical task conditions as time and mass carried was increased (i.e. 

greater impact of the physical task on the behavioural ability to actually 

complete the cognitive task) which occurred to a greater extent during tasks 

that had a visual component. The author hypothesises that the increased 

difficulty associated with tasks that had a visual component, was related to 

the discomfort the participants experienced when lifting their heads to look 

up at the screen. Both physical exertion (Dietrich, 2006) and discomfort (Bell 

et al., 2005) have the potential to add to the cognitive load and negatively 

affect the subjective experience of the soldier, indeed reports of discomfort, 

perceived exertion and dyspnoea all increased with mass carried in the 

current investigation.  

The trends identified during the visual and auditory Go / No Go tasks 

highlight the interaction between the behavioural requirements of the visual 

task (i.e. the requirement to look at the screen) and the discomfort / physical 

effect of carrying load  which affected participants‟ posture). This illustrates 

the conflicts that may occur in a dual-task involving both physical and 

cognitive demands and the effect it can have upon performance. These data 

are supported by Kobus et al., (2010) who reported reductions in accuracy 



 

Page 160 of 313 
 

during a visual choice reaction time test after 85 minutes of marching at 3.2 

km·h-1 in 61 kg. The authors presented eye-tracking data which identified 

that visual focus was directed towards the lower part of the projector screen 

and threat detection was reduced towards the upper portion of the visual field 

as mass increased. 

4.5.3.1 Face Validity 

The test battery was designed to represent the demands of operational 

scenarios in terms of the loads carried and the cognitive tasks required by 

the soldier. Feedback from both military advisors and the participants 

indicated the cognitive tasks were well received and considered to have 

good face validity. This was an important consideration as it ensured the 

participants were engaged as well as providing a good protocol to simulate 

military task performance. 

It is acknowledged that conducting this study in a more immersive simulated 

environment or in a field environment would further increase the validity. 

When designing the test battery, the authors prioritised collecting the data in 

a controlled environment to reduce the impact of external factors (e.g. 

varying weather and light levels) on the data. However, the trade-off was that 

participants experienced boredom during the tests which may have 

influenced their decision to withdraw from the march. Future work should 

investigate how this test battery could be used in the field environment to 

evaluate the cognitive demands on the Soldier (e.g. using an auditory test 

under dual-task conditions) or an approach where a combination of both 

simulated laboratory environment and field testing is used. 

4.5.4 Limitations to the Study Design 

This study recruited military participants to ensure the highest ecological 

validity of the study results. However, in order to balance the availability of 

military participants with their daily duties, participants were recruited in 

groups of four for a two week period, during which they attended the 

laboratory on every week day. Whilst this gave the investigators unlimited 

access to the participants, it meant that all testing had to be conducted in a 
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short timescale. The impact was that familiarisation on the best effort 2.4 km 

test was not possible and only one day of rest was provided between test 

sessions. It is evident that performance on some tests was affected by 

symptoms experienced on previous test sessions and this resulted in data 

loss and reduced statistical power. Whilst this has presented a challenge for 

data analysis, it has highlighted the effect of conducting repeated long 

duration marches in heavy loads on soldier performance. 

Despite recruiting infantry soldiers, load carriage experience was variable in 

the participant‟s tested. During the study, it was evident to the investigator 

that more experienced soldiers were able to better mitigate the discomfort 

caused by load, although this was not measured directly. The experience 

level of the soldiers ranged from those who had recently completed basic 

training to those who had undertaken several operational tours and were 

section commanders. The more experienced soldiers wore tighter fitting, 

Lycra undergarments to reduce the effect of chaffing around their groin and 

they had specific socks and taping methods which they used to prevent 

blisters. It should be noted that with the exception of the soldiers‟ boots and 

underwear, all equipment used in the current study was standardised so 

differences in discomfort were not related to the use of personal kit.  

It was not possible to determine the effect of carrying military loads on 

physical performance as there were no configurations without RMF. It is 

acknowledged that there was no unloaded configuration and therefore this 

study has not presented evidence that RMF would have been absent without 

load. However, Faghy et al. (2014) measured respiratory mouth pressures 

during 60 minutes of treadmill marching with and without load (25 kg). The 

authors reported no evidence of RMF in the unloaded configuration despite 

using a faster walking pace (6.4 km·h-1) than the current study (4.9 km·h-1). 

Thus, it is unlikely that the participants used in the current study would have 

experienced RMF in an unloaded march. 

It is accepted that the laboratory setting is a sterile environment for the 

soldiers to conduct a three hour march, and during operations, soldiers 

marching alongside their peers may be more willing / motivated to continue 

with the test despite the load discomfort that they are experiencing. 
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4.5.5 Summary 

This study has demonstrated that wearing body armour during a long 

duration loaded march of moderate intensity will cause RMF; it was not 

possible to fully elucidate the impact of this RMF on subsequent tasks given 

that RMF was present in all of the configurations tested. When considering 

cognitive performance, carrying military loads reduced accuracy during tasks 

which had a visual component; greater reductions in accuracy were 

observed as mass and time increased. 

4.5.6 Next Steps 

In July 2016 a parliamentary decision was made to lift the exclusion on 

women in GCC roles. As a result, women are now required to carry the same 

equipment as men whilst undertaking arduous tasks. As this decision 

coincided with the start of Study 2, the author decided to extend the data 

collection of this study to include women. The following study reports this 

extension.   
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 Appendix 3. Data Appendix 

1-1 Physical Characteristics of Test “Completers” and “Non-
Completers”. 

Unpaired t-tests were used to compare the characteristics of participants 

who were able to complete the entire march in all load configurations and 

those who were not. Corrections were applied where the Levene‟s test 

identified that the groups did not have equal variances. The Bonferroni 

correction was not applied to these tests as there were only two groups and 

the impact of a type I error was considered minimal. 

The height, mass, maximal oxygen uptake, GET, lean body mass, trunk lean 

mass, legs lean mass, fat mass, inspiratory muscle strength, grip strength 

and the number of sit ups / press ups in two minutes were compared 

between test “completers” and “non-completers”  Figure: A 1 to Figure: A 6). 

These comparisons should be treated with some caution due to the small 

number of data points in each group. Statistical analysis identified that there 

were no differences between the groups for any of the measures tested 

(p>0.05). When considering effect sizes, no effect was observed (d <0.2) for 

height, mass, maximal oxygen uptake, GET, lean mass, fat mass, trunk lean 

mass, legs lean mass and press-ups. A small effect (d = 0.2 to 0.6) was 

observed for sit ups, grip strength and PEmax and a moderate effect (d = 0.6 

to 1.2) for inspiratory mouth pressure. 
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Figure: A 1 Comparison of Height and Mass Between Completers and 

Non-Completers. 

Individual data and mean is presented. No statistical differences were 

identified between completers and non-completers (p<0.05). Cohens d 

(d) is indicated. 
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Figure: A 2 Comparison of Maximal Oxygen Uptake and GET Between 

Completers and Non-Completers. 

Individual data and mean is presented. No statistical differences were 

identified between completers and non-completers (p<0.05). Cohens d 

(d) is indicated. 
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Figure: A 3 Comparison of Lean Body Mass and Total Body Fat Between 

Completers and Non-Completers. 

Individual data and mean is presented. No statistical differences were 

identified between completers and non-completers (p<0.05). Cohens d 

(d) is indicated.  
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Figure: A 4 Comparison of Trunk Lean Mass and Legs Lean Mass 

Between Completers and Non-Completers. 

Individual data and mean is presented. No statistical differences were 

identified between completers and non-completers (p<0.05). Cohens d 

(d) is indicated. 
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Figure: A 5 Comparison of Mouth Pressures and Grip Strength Between 

Completers and Non-Completers. 

Individual data and mean is presented. No statistical differences were 

identified between completers and non-completers (p<0.05). Cohens d 

(d) is indicated.  
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Figure: A 6 Comparison of Number of Sit ups and Press ups Completed 

in Two Minutes Between Completers and Non-Completers. 

Individual data and mean is presented. No statistical differences were 

identified between completers and non-completers (p<0.05). Cohens d 

(d) is indicated. 
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Chapter 5 The Effect of Carrying 

Military Loads on Respiratory 

Muscle Fatigue, and Soldier 

Performance in Women 
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 Introduction  5.1

5.1.1 The Implications of Sex Differences for Military Load 

Carriage Tasks 

There are several studies which have investigated the physical 

characteristics that correlate with effective soldier performance. Individuals 

with increased body mass, fat free mass, stature, stride length and reduced 

body fat have been associated with improved load carriage performance 

(Bilzon et al., 2001; Dziados et al., 1987; Knapik et al., 1990; Koerhuis et al., 

2009; Lyons et al., 2005; Martin & Nelson, 1986; Mello et al., 1988; Pandorf 

et al., 2000; Rayson et al., 2000). Further those with greater muscle strength 

and cardiovascular fitness are also thought to be better suited to load 

carriage tasks (Dziados et al., 1987; Knapik et al., 1990; Koerhuis et al., 

2009; Lyons et al., 2005; Mello et al., 1988; Pandorf et al., 2000; Rayson et 

al., 2000). 

In the general population women are shorter, have a greater percentage of 

body fat, a lower lean body mass, reduced muscle strength and reduced 

cardiovascular fitness, although it is acknowledged that there will be some 

overlap between these characteristics (Astrand et al., 2003). Thus it is not 

unreasonable to expect that men would be more effective load carriers than 

women. However, it is important to distinguish between the characteristics 

linked to body size which will impact the performance of both men and 

women from those related to genuine sex differences.  

There are sex differences that may put women at a disadvantage during 

loaded marching and best paced tasks. Miller et al. (1993) demonstrated that 

when men and women were matched for height and physical activity 

patterns, muscle strength and muscle cross sectional area was up to 48 % 

and 45 % respectively less in women. Differences are also evident in the 

distribution of lean body mass, where women have a reduced percentage of 

their lean body mass distributed to their upper body than men (Miller et al., 

1993). Women also have a smaller stroke volume and lower haemoglobin 

content which reduces their oxygen carrying capacity and therefore maximal 

aerobic capacity (Astrand et al., 2003). These factors may affect the ability of 
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women to sustain both best paced short duration and longer duration load 

carriage tasks under the increased metabolic demands associated with 

carrying heavy loads.  

There are a few studies which have compared the performance of men and 

women during load carriage tasks. These studies indicate that women are 

23 % slower when undertaking best paced sprinting tasks (Laing & Billing, 

2011), and 21 % slower when completing longer duration marches (Harper et 

al., 1997). However, it should be noted that despite taking longer to complete 

the tasks, there is no indication that performance in women is below 

acceptable levels. In fact, Harper et al. (1997) reported that the time to 

complete a 10 km loaded march with 36 kg was within the time limits 

specified in the Army field manual for both sexes (Harper et al., 1997). 

Additional data which quantifies how load affects different aspects of 

performance during military tasks (including subsequent tasks) is needed in 

women so that issues specific to women can be identified and considered 

during the test and evaluation of future body armour and load carriage 

systems. 

5.1.2 Sex Differences in Ventilatory Function and Their 

Implications for Load Carriage Tasks 

When matched for height, women have smaller airways (33 % smaller) 

(Martin et al., 1987), a decreased capacity for lung diffusion (Stickland et al., 

2011) and weaker respiratory muscles (mouth pressures up to 69 % lower) 

(Wilson et al., 1984). Thus during tasks that require high ventilation rates, 

women experience greater airway resistance and more turbulent airflow. This 

leads to a reduction in peak expiratory flow rates and a greater resistive 

WOB, which means that women are more likely to experience expiratory flow 

limitation during exercise (Cory et al., 2015; Dominelli et al., 2015; Guenette 

et al., 2009; Guenette et al., 2010; Harms & Rosenkranz, 2008; Sheel, 2015; 

Sheel & Guenette, 2008; Sheel & Romer, 2012 ).  

During militarily relevant load carriage tasks, the previous studies reported in 

this thesis provide evidence of reduced lung volumes, a preference for 

increasing ƒb rather than VT to meet the additional ventilatory requirements 



 

Page 173 of 313 
 

and RMF. These effects together with the physiological differences between 

the sexes have implications for women required to conduct load carriage 

tasks whilst in Ground Close Combat (GCC) roles.  

However, following exercise at 90 % of peak power output to exhaustion, 

Guenette and colleagues (2010) demonstrated that fewer women than men 

experienced diaphragm fatigue and smaller reductions in transdiaphragmatic 

pressure were observed post-exercise (Guenette et al., 2010). The authors 

concluded that women demonstrate a greater resistance to exercise-induced 

fatigue of the diaphragm and peripheral skeletal muscle which may 

counteract the aforementioned differences. The authors suggested that this 

difference occurred because women had less muscle mass than men thus 

lower absolute force generation and reduced O2 demand. However as 

absolute diaphragmatic force production and therefore load on the 

diaphragm was greater in men than women, this may also account for this 

difference. 

Welch et al. (2018b) investigated this further using isocapnic inspiratory 

pressure loading at 60 % of PImax to induce the same level of diaphragm 

fatigue in both sexes (21 % reduction in diaphragm twitch pressure). The 

authors reported that time to task failure was 41 % longer in women. There 

was also evidence of an attenuated respiratory muscle metaboreflex in 

women as the increase in heart rate was 32 % less, the increase in mean 

arterial pressure was 29 % less and sympathetic vasomotor tone was 32 % 

less in women than men. 

There are clearly differences in the response of men and women to RMF but 

it is unclear how these differences translate to a difference in military task 

performance. To ensure that future soldier systems are suitable for both men 

and women, it is important to understand how breathing restrictions affect 

military task performance in both sexes.  
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5.1.3 Sex Differences in Cognition and Their Implications for 

Military Tasks 

Studies which have compared military task performance in men and women 

during load carriage tasks have focussed on time to complete as the primary 

outcome measure. Data which considers other performance metrics is 

lacking. As discussed in the previous chapter (Chapter 3, Section 4.1.3), 

soldiering tasks require both physical and cognitive resources thus, to fully 

understand how military tasks are affected by load, both the cognitive and 

physical aspects of performance should be given consideration. 

To the author‟s knowledge, the effect of load carriage on cognition has not 

been compared in soldiers from both sexes during a long duration loaded 

march. There are psychological and physical factors known to influence the 

effect that load carriage has on cognition, which may make some women 

and men more susceptible to declines in cognitive performance when 

carrying heavy loads.  

These factors can in part be explained by the arousal-performance 

relationship which is based on work by Yerkes and Dodson (1908) and 

proposes an inverted-U relationship between arousal and performance: 

during familiar tasks performance is greatest at moderate levels of arousal, 

but is reduced at the extremes (Figure 5-1). This relationship may shift left or 

right depending on the complexity of the task or the characteristics of the 

individual. Exercise is a stimulus that increases arousal (Kubitz & Mott, 

1996), thus if women exercise at a greater work-rate than men, this may 

move them towards the extremes of the arousal-performance relationship 

and result in a decline in the performance of cognitive tasks.  

There is also evidence during cycle ergometry tasks that reaction time is 

faster in individuals with greater cardiovascular fitness (Brisswalter et al., 

1997). It is accepted that there is cross-over in cardiovascular fitness 

between the sexes, but men are typically fitter than women, which may 

indicate that their performance on a dual physical-cognitive task would also 

be better. 
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Taken together these factors indicate that sex differences known to influence 

physical performance may also have implications for cognitive tasks and this 

requires further investigation. 
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Figure 5-1: Relationship Between Performance and Arousal During Complex, Familiar and Learned Tasks. 
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5.1.4 Aim 

The objective of this study was to determine if the performance decrements 

associated with carrying load were similar between the sexes during a 

simulated military task. As such, the study reported in Chapter 3 was 

repeated using women and the data from both sexes compared. 

5.1.5 Hypotheses 

Hypothesis One 

H0: There will be no differences in cardiovascular or respiratory strain 

between men and women. 

H1: Women will experience greater cardiovascular (oxygen uptake, heart 

rate, perceived exertion) and respiratory (ventilation, breathing frequency, 

tidal volume and dyspnoea) strain when compared to men. 

Hypothesis Two 

H0: There will be no difference in the magnitude of RMF (i.e. percentage 

change in Pmax post-exercise) between women and men. 

H1: The magnitude of RMF will be less in women than men. 

Hypothesis Three 

H0: There will be no difference in time to complete the best effort test in 

women. 

H1: Time to complete the best effort test will increase with load in women. 

Hypothesis Four 

H0: There will be no difference in accuracy during cognitive tasks between 

men and women. 

H1: Greater reductions in accuracy during cognitive tasks will be observed in 

women compared to men. 
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 Method  5.2

The procedures and measurements used during Study 2 were repeated in 

women. These are provided in Chapter 2 and Section 4.3. 

5.2.1 Participants 

At the time this study was undertaken, there were no women in infantry roles. 

Thus participants were recruited from the Royal Artillery as the physical 

demands associated with these roles were considered the closest match to 

the infantry (as advised by Army Headquarters). 

Ten women were recruited from the 1st Regiment Royal Horse Artillery and 

the 19th Regiment Royal Artillery. Hormonal contraceptive use was as 

follows: combined oral contraceptive pill x 4; contraceptive implant x 2; 

intrauterine contraceptive device x 1; no hormonal contraception x 3. As with 

the men, military experience was variable; three of the participants had 

served in Afghanistan, whilst others had recently completed basic training. 

Three were Lance Bombardiers (equivalent to Lance Corporal); the 

remaining participants were Gunner‟s  equivalent to Private).  

Participants were selected based on their suitability for the role i.e. a forced 

march with varying heavy loads. Matching height and mass with the men 

who participated in Study 2 was not conducted as this does not represent 

military selection methods. To ensure the training status of the women was 

suitable for this study, the military unit signed-off each individual as “fit”. 

Further, each volunteer was assessed by a study medical officer and 

required to pass the power bag lift test (see Chapter 3, Section 4.3.2.2).  

It should be noted that to achieve the desired power for this study, 12 

participants were required (Chapter 3, section 4.3.3) however, six potential 

participants failed to meet the study entrance criteria based on the medical 

examination or the power bag lift test: these women were excluded from the 

study. 
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5.2.2 Data Analysis 

The load carried was characterised in three ways: (1) as a percentage of 

total body mass, (2) as a percentage of lean body mass and (3) as total dead 

mass. During load bearing activities, body fat is considered “dead weight” 

(Haisman, 1988; Lyons et al., 2005): Total dead mass was calculated as the 

sum of external mass carried and the mass of body fat. 

Data were analysed using the methods described in Section 2.10 however, 

there were occasions where this approach was modified to account for 

missing data. Modifications to this procedure and the number of participants 

which the analysis was based on is identified in the results section to 

improve clarity when interpreting the results. 

It was originally planned to compare data from men and women using a two-

way repeated measures ANOVA (load × time) with sex included as a factor. 

However, this approach was revised at the end of data collection as the 

group sizes were different between men and women which, coupled with the 

high number of incomplete tests (Section 5.3.5), would have inflated the risk 

of a type I error. This would have resulted in a large volume of data being 

excluded from the analysis (due to the repeated measures nature of this 

statistical test). Instead, data were analysed in two parts described below. 

Data for women only were analysed using a two-way repeated measures 

ANOVA (load × time) or Friedman‟s non-parametric equivalent in accordance 

with the procedures detailed in Section 2.10. The ANOVA was only 

conducted using BA, AO and PO configurations where data from six of more 

participants was available. Descriptive data are presented for MO, for 

indication only. Three participants were excluded from the ANOVA analysis 

due to the large number of missing data points. The remaining missing data 

points were replaced with the series mean giving n=7.  

Comparisons between men and women were made (using the data collected 

in Study Two and the current study) using an unpaired t-test or Mann-

Whitney U if data were not normally distributed. The Bonferroni correction 

was not applied to t-tests or Mann-Whitney U as the impact of making a Type 
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II error was considered to be greater than the impact of making a Type I error 

(Armstrong, 2014). For example interventions would not be explored or 

further research would not be recommended.  

Where the outputs of multiple probability values have been summarised in 

the results section, the largest probability value and associated statistics 

(e.g. t value and ηp
2) were reported.  
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 Results  5.3

5.3.1 Participant Characteristics 

Participant characteristics for both sexes are provided in Table 5-1. Individual 

data is provided in Figure 5-2 and Figure 5-3. In general, the men were taller 

and leaner, with a greater aerobic fitness although there was overlap 

between the groups for all parameters.  

 

Table 5-1: Participant Characteristics 

  Men Women 

Height (m) 1.8  (0.1) 1.7  (0.1)*♦♦ 

Mass (kg) 77.9  (8.4) 71.4  (9.1) ♦♦ 

Lean Body Mass (kg) 59.7  (5.4) 47.2  (7.2) *♦♦♦ 

Body Fat (kg) 15.9  (4.25) 21.2  (1.5) *♦♦♦ 

Age (years) 22.6  (3.6) 22.8  (3.7) 

Smokers (n / total n) 4 / 12 5 / 10 

  O2max (mL·kg-1·min-1) 55.2  (5.4) 44.1  (4.3) *♦♦♦ 

GET (%  ax   O2) 64.6  (10.8) 71.5  (7.4) ♦♦ 

Notes: Mean (SD) is presented for 12 men and 10 women. Lean body mass and body fat 
are based on 11 men as one participant was unable to attend the DEXA body scan. 
*Indicates difference from men (p<0.05). ♦ = small effect (d=0.2 to 0.59); ♦♦ = medium effect 
(d=0.6 to 1.1); ♦♦♦ = large effect (d≥1.2). 
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Figure 5-2: Fitness Characteristics for Men and Women. 

Individual data is presented for men (n= 12, closed squares) and women 

(n=10, open circles). Mean is indicated by the solid (men) or dashed 

(women) line for each data set. * Indicates a statistical difference between 

the sexes (p<0.05). 
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Figure 5-3: Body Composition for Men and Women.  

Individual data is presented for men (n=11, closed squares) and women 

(n = 10, open circles). Mean is indicated by the solid (men) or dashed 

(women) line for each data set. * Indicates a statistical difference between 

the sexes (p<0.05). The dashed vertical line separates the data on the 

right and left axis.  
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5.3.2 Characterising the Load Carried 

Men carried 28 % (BA) to 57 % (MO) and women 29 % (BA) to 61 % (MO) of 

their body mass (Figure 5-4). No differences in load carried as a percentage 

of body mass was observed between the sexes (BA: t(20) = -1.234, p>0.05, 

d=0.5 AO: t(20) = -1.379, p>0.05, d=0.6; PO: t(20) = -1.424, p>0.05, d=0.6; MO: 

t(20) = -1.447, p>0.05, d=0.6). 

When expressed as a percentage of lean body mass (Figure 5-4) men 

carried 36 % to 74 % and women 44 % to 93 % of their lean body mass. For 

all load configurations, load as a percentage of lean body mass was 

significantly increased in women (BA: t(12.128) = -3.934, p=0.002, d=1.8; AO: 

t(12.084) = -4.055, p=0.002, d=1.9; PO: t(12.071) = -4.092, p=0.001, d=1.9; MO: 

t(12.064) = -4.111, p=0.001, d=1.9). 

Total dead mass is provided in Figure 5-4. Statistical analysis revealed that 

women carried significantly more dead mass during the test than men (BA: 

t(20) = -2.633, p=0.016, d=1.1; AO: t(20) = -2.651, p=0.015, d=1.1; PO: t(20) = -

2.605, d=1.1, p=0.017; MO: t(20) = -2.525, p=0.020, d=1.1). 
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Figure 5-4: Load as a Percentage of Body Mass, Lean Body Mass, and 

Dead Mass.  

Individual data is presented as closed squares for men (n=11) and open 

circles for women (n=10). Mean is indicated by the solid (men) or dashed 

(women) line. * Indicates a statistical difference between the sexes 

(p<0.05). Dead mass: the sum of external mass carried and body fat.   
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5.3.3 Body Armour Fit 

Men were able to achieve the desired body armour fit in all configurations. 

When body armour was worn alone, the majority of women were able to 

achieve the correct body armour fit however, plate coverage extended over 

the minimum requirements (Fryer, 2016) in shorter participants. Although not 

directly measured, the investigators observed that increased coverage of the 

body armour plate had an impact on mobility when the participants were 

required to bend at the waist. Observations also indicated that coverage was 

reduced in women with larger breasts due to gaping at the top and sides of 

the plate, especially when the participants were seated. 

Despite five different sizes of body armour being available (ranging from 

small to extra, extra large), only one out of the ten women was able to 

achieve the correct fit when body armour was worn with webbing. This was 

due to poor integration between the body armour and the webbing.  

A number of strategies were adopted to address this issue as detailed below: 

1. The body armour was tightened as much as possible, but was looser 

at the bottom where it met with the webbing (Figure 5-5). 

2. The position of the webbing was lowered below the recommended 

position. 

3. The webbing was worn over the body armour (Figure 5-5). 

4. The buckle on the webbing belt was loosened as far as possible and 

had to be held in place with tape rather than on loop holes, this was a 

less secure method of tightening the webbing. 

Observations from the investigators indicate that the shorter torso length 

combined with wider hip width was primarily responsible for the issues 

associated with fit. Interestingly, the one women who did achieve the correct 

fit was the second tallest (1.78 m), and had the highest lean body mass 

(60.7 kg).
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Figure 5-5: Examples of Body Armour Fit in Women.  

Left: P7 webbing worn over body armour in PO. This modification would alter the level of chest wall restriction and prevent quick 

release of body armour in an emergency situation. Middle: P9 unable to fasten body armour tightly at the bottom in AO. This resulted 

in increased movement of the armour and would reduce the level of protection. Right: P9 wearing BA alone (in the smallest size 

available). 
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5.3.4 Spirometry  

5.3.4.1 Spirometry - Women 

As reported in section 5.3.3, some of the participants were unable to achieve 

the required body armour fit in AO, PO and MO configurations. As such, the 

tightness of the armour may not have been consistent between the sexes for 

these configurations. Three women were excluded from the analysis as they 

were withdrawn from the study (Table 5-5) thus data are presented for n=7. 

Spirometry data are presented in Table 5-2. Reductions in FVC (F(4, 

24)=13.346, p=<0.0001, ηp
2=0.690, d=0.8 to 1.2); FEV1 (F(4, 24)=11.383, 

p=<0.0001, ηp
2=0.655, d=0.4 to 0.7) and MVV (F(4, 24)=1.828, p=0.005, 

ηp
2=0.446, d=0.2 to 0.9) were observed with load. There were no reductions 

in FEV1 / FVC (F(4, 24)=1.812, p>0.05, ηp
2=0.232, d<0.8) which is indicative of 

a restrictive respiratory impairment.  

The Bonferroni post-hoc test was initially used for pairwise comparisons 

however, the percentage difference and effect sizes indicate that this may 

have been too conservative. Thus Table 5-2 presents data using both the 

Bonferroni and LSD post-hoc tests. These data indicate that lung volumes 

were reduced in all of the loaded conditions. The percentage reduction 

increased with the mass carried, although the ANOVA did not detect any 

statistical differences between the loaded configurations.   
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Table 5-2: Resting Spirometry Data – Women. 

  
 % Change from NL 

 
NL BA AO PO MO BA AO PO MO 

FVC (L) 4.71 4.19 4.15 3.96 4.03 
-10.4 †♦♦ -11.1 †♦♦ -15.2 †♦♦♦ -14.2 *♦♦ 

  (0.78) (0.53) (0.51) (0.44) (0.62) 

          

FEV1 (L) 3.79 3.53 3.41 3.37 3.34 
-6.8 †♦ -9.4 †♦♦ -10.9 *♦♦ -11.8 *♦♦ 

 
(0.68) (0.63) (0.47) (0.60) (0.58) 

          

FEV1/FVC 80.43 83.87 82.20 84.87 82.83 
4.4♦♦ 2.3♦ 5.6♦♦ 3.1♦ 

  (3.49) (5.20) (4.94) (6.80) (5.38) 

          

MVV (L·min-1) 119.36 107.91 114.76 102.71 99.06 -9.0♦ -3.0♦ -13.1♦♦ -17.0 *♦♦ 

 
(21.12) (21.08) (21.43) (23.66) (22.09) 

Notes: Mean (SD) is presented for n=7. Percentage change from NL was calculated as ((configuration - NL) / NL) × 100. Negative values represent a reduction in 
spirometry from NL. * Indicates a difference from NL identified using Bonferroni post-hoc test; † indicates a difference from NL as identified using the Least Squares 
Difference (LSD) post-hoc test (p<0.05). ♦ = small effect (d=0.2 to 0.59); ♦♦ = medium effect (d=0.6 to 1.1); ♦♦♦ = large effect (d≥1.2). FVC = forced vital capacity; 
FEV1 = forced expiratory volume in one second; PEF=peak expiratory flow; PIF = peak inspiratory flow; MVV = maximal voluntary ventilation. 
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5.3.4.2 Spirometry – Sex Differences 

Comparisons between the sexes are provided in Figure 5-6: these should be 

treated with caution given the challenges reported with achieving the correct 

fit in the women and therefore the inconsistent tightness of fit achieved. 

Further, participants were not matched for height. 

Lung volumes were greatest in men (Figure 5-6). When the percentage 

reduction in spirometry was compared (i.e. the reduction from the unloaded 

configuration) only FEV1 (in BA and PO) was reduced to a greater extent in 

the men (BA: t(19)=-2.171, p=0.043; d=1.0; PO: t(18)=-2.423, p=0.026, d=1.1) 

(Figure 5-7).  
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Figure 5-6: Comparison of Spirometry in Men and Women. 

For men, individual data is shown using closed squares, and mean using 

the solid line (n=12 for BA / AO; n=11 for PO / MO). For women, 

individual data is shown using open circles, and mean using the dashed 

line (n=9 for BA/PO; n=8 for AO / MO). * Indicates statistical differences 

between the sexes (p<0.05). FVC = forced vital capacity; FEV1 = forced 

expiratory volume in one second; MVV = maximal voluntary ventilation. 
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Figure 5-7: Percentage Reduction in Spirometry for Men (closed squares) 

and Women (open circles). 

For men, individual data is shown using closed squares, and mean using 

the solid line (n=12 for BA / AO; n=11 for PO / MO). For women, 

individual data is shown using open circles, and mean using the dashed 

line (n=9 for BA / PO; n=8 for AO / MO). * indicates statistical differences 

between the sexes (p<0.05). FVC = forced vital capacity; FEV1 = forced 

expiratory volume in one second; MVV = maximal voluntary ventilation. 
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5.3.5 Summary of Exercise Test Completions 

Only 1 out of 10 women were able to complete the entire exercise test in all 

of the load configurations (note that two participants were able to complete 

the MO configuration in full), compared to 5 out of 1124 men. The reasons for 

test withdrawals were similar between the sexes (Section 4.4.3). 

A summary of test completions for women is provided in Table 5-3; data for 

men is repeated in Table 5-4 for comparative purposes. Some women were 

withdrawn by the Medical Officer, the reasons for withdrawal are provided in 

Table 5-5.  

Data from men and women were pooled and comparisons made between 

test “completers”  i.e. those that were able to complete the full march in each 

load configuration) and “non-completers”  i.e. those that were unable to 

complete all or part of the test) to identify if those that were able to complete 

the test in each configuration displayed certain physical characteristics. As 

this question was not related to the study hypotheses, the data are provided 

in Appendix 4, but summarised here for clarity. Height, mass, lean body 

mass,    2max, grip strength and mouth pressures were compared. The only 

differences between the two groups were for height (t(20)=2.473, p=0.023, 

d=1.1) and grip strength (t(20)=2.759, p=0.012, d=1.3).  

 

                                            
24

 Note that one man was withdrawn from the study due to a respiratory tract infection prior 
to completing his final test in MO and thus has not been included in this figure. 
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Table 5-3: Summary of Test Completions - Women. 

Participant 
BA 
M1 

BA 
M2 

BA 
M3 

BA 
2.4 

AO 
M1 

AO 
M2 

AO 
M3 

AO 
2.4 

PO 
M1 

PO 
M2 

PO 
M3 

PO 
2.4 

MO 
M1 

MO 
M2 

MO 
M3 

MO 
2.4 

1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓           

2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 28     ✓ 

3 ✓ ✓ 19   ✓ ✓ 5   ✓ ✓ 11 ✓ ✓ 9   ✓ 

4                 ✓ ✓ 5 ✓ ✓     ✓ 

5 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

6 ✓       ✓ 9                     

7 ✓ ✓ ✓ ✓ ✓ 44     32     ✓ ✓ ✓ ✓ ✓ 

8 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓       

9 ✓ ✓ 11           ✓ 40   ✓         

10 ✓ ✓ ✓   ✓ ✓ ✓ DNF 40       ✓ ✓     
Notes: M1 = march 1, M2 = march 2, M3 = march 3, 2.4 = 2.4 km best effort test.  

✓ indicates that the full test was completed. 

Red squares indicate a participant withdrawal due to discomfort caused by the load carried (e.g. shoulder pain, blisters, chaffing); blue squares indicate a participant 
withdrawal due to muscular discomfort; yellow squares indicate where a test was not completed due to circumstances unrelated to the study (e.g. illness). 
 DNF = did not finish the best effort test.  
Numbers indicate the length of time (minutes) that was completed.  
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Table 5-4: Summary of Test Completions - Men. 

Participant 
BA 
M1 

BA 
M2 

BA 
M3 

BA 
2.4 

AO 
M1 

AO 
M2 

AO 
M3 

AO 
2.4 

PO 
M1 

PO 
M2 

PO 
M3 

PO 
2.4 

MO 
M1 

MO 
M2 

MO 
M3 

MO 
2.4 

1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

4 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 15   ✓ 

5 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓           

6 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 23   ✓ 

7 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

8 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

9 ✓ ✓ ✓ ✓ ✓ ✓     ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ DNF 

11 ✓ ✓   ✓ ✓ ✓ ✓ ✓         ✓ ✓     

12 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓   35     ✓ 

Notes: M1 = march 1, M2 = march 2, M3 = march 3, 2.4 = 2.4 km best effort test.  

✓ indicates that the full test was completed. 

Red squares indicate a participant withdrawal due to discomfort caused by the load carried (e.g. shoulder pain, blisters, chaffing); blue squares indicate a participant 
withdrawal due to muscular discomfort; yellow squares indicate where a test was not completed due to circumstances unrelated to the study (e.g. illness). 
 DNF = did not finish the best effort test.  
Numbers indicate the length of time (minutes) that was completed. 
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Table 5-5: Reasons Why Women Were Withdrawn by the Medical Officer. 

Participant Reason 

P4  Sustained a lower limb musculoskeletal injury outside of the 

study after completing two test sessions (MO and PO). Was 

excluded from participation in any further exercise by the 

Medical Officer as this was one of the study exclusion criteria 

for exercise, but allowed to complete spirometry 

measurements. 

P6  Participant terminated the test in BA and AO due to upper 

body muscular discomfort. Withdrawn from further data 

collection by the Medical Officer as not deemed suitable to 

undertake the load carriage task in the heavier loads without 

causing injury. 

P9  Developed a respiratory tract infection and was withdrawn 

from further data collection by the Medical Officer as this was 

one of the study exclusion criteria. 
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5.3.6 Cardiovascular Strain 

5.3.6.1 Oxygen Uptake  V  O2) 

V O2 - Women 

   2 data from the current study has been presented as absolute and relative 

to body mass, and lean body mass (Table 5-6). Statistical Analysis was 

conducted on all parameters; the statistics reported here are for absolute 

  O2 only as the outcomes were the same for each method of data 

presentation. The data identified that   O2 increased with load (F(2, 12)=49.316, 

p=<0.0001, ηp
2=0.851, d=0.9 to 2.5) and time (F(8, 48)=12.193, p=<0.0001, 

ηp
2=0.680, d=2.2), and there was no interaction between load and time (F(16, 

96)=0.845, p>0.05, ηp
2=0.134).    2 data expressed as a percentage of 

maximum and GET is provided in Table 5-7. Despite the  

V  O2 – Sex Differences 

  O2 relative to body mass and lean body mass are presented for men and 

women in Figure 5-8 and Figure 5-9. For   O2 relative to body mass, no 

differences were observed between the sexes (t(16)=1.330, p>0.05, d=0.1 to 

0.6). For lean body mass, differences between the groups were observed for 

each load at each stage of the march (t(16)=-3.261, p=0.005, d=1.1 to 1.6) 

Indicating that work rate was greater in women.  

Men marched between 30 % to 41 % of   O2max and women 36 % to 55 % of 

  O2max depending on the load carried and time point. At the end of each 

march women marched at an increased percentage of their   O2max in all 

loads compared to men (t(14)=4.745, p=<0.0001, d=1.8 to 2.4). However,   O2 

did not exceed GET in either group during the march, indicating that work 

rate remained as “moderate” (Burnley & Jones, 2007) regardless of the load 

carried or duration of the test. The percentage of GET that the participants 

worked at (48 % to 62 % in men and 50 % to 73 % in women) was similar 

between the sexes for all time points and load configurations (t(14)=-0.431, 

p>0.05, d=0.0 to 0.2).  
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Table 5-6: Oxygen Uptake Measured During the Loaded March- Women.  

  BA AO PO MO 

Oxygen Uptake 

(L·min-1) 

March 1 1.2  (0.1) 1.3  (0.1) a 1.3  (0.1) ab 1.6  (0.1) 

March 2 1.2  (0.1) 1.3  (0.1) 1.4  (0.1) ab 1.5  (0.2) 

March 3 1.2  (0.1) 1.3  (0.1) 1.4  (0.1) ab † 1.8  (0.0) 

      

Oxygen Uptake 

(mL·kg(body mass)·min-1) 

March 1 15.6  (0.5) 16.9   (0.8) a 18.0  (0.7) ab 20.3  (2.7) 

March 2 16.0  (0.3) 17.1  (1.1) 18.3  (0.9) ab 19.7  (2.6) 

March 3 16.5  (0.6) 17.7  (1.2) 18.9  (1.1) ab 22.7  (4.1) 

      

Oxygen Uptake 

(mL·kg(lean body mass)·min-1) 

March 1 23.7  (2.2) 25.7  (2.8) a 27.4  (2.5) ab 29.9  (3.2) 

March 2 24.3  (2.2) 25.9  (3.1) 27.8  (2.6) ab † 29.7  (1.1) 

March 3 25.0  (2.4) 26.9  (3.0) 28.7  (3.2) ab † 33.3  (2.0) 

Notes: Mean (SD) for minutes 40 to 45 of each march are presented (n=7 for BA, AO, PO; n reduces from 6 to 2 throughout the march for MO).”a” Indicates a 
difference from BA; “b” indicates a difference from AO; † indicates difference from march 1 (p<0.05). Grey highlight indicates where statistics were not undertaken 

due to reduced n. 
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Table 5-7: Oxygen Uptake Measured During the Loaded March Expressed as a Percentage of Maximum and Gas Exchange 

Threshold (GET) - Women. 

  BA AO PO MO 

     O2max 

March 1 36.4  (3.9) 39.4  (5.1) 42.2  (5.4) 48.1  (6.4) 

March 2 37.3  (3.7) 39.6  (5.9) 42.4  (5.7) 47.0  (5.2) 

March 3 38.1  (4.1) 40.8  (6.5) 43.8  (7.5) 54.8  (5.0) 

       

 % GET 

March 1 49.9  (6.5) 53.9  (7.1) 56.4  (7.2) 68.2  (11.9) 

March 2 50.8  (5.7) 54.4  (6.9) 56.5  (6.9) 67.8  (1.7) 

March 3 53.3  (5.3) 57.3  (7.0) 60.0  (8.8) 72.8  (8.3) 
Notes: Mean (SD) for minutes 40 to 45 of each march is presented. n=7 for BA, AO, PO; n reduces from 6 to 2 throughout the march for MO.  
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Figure 5-8: Difference in Oxygen Uptake Relative to Body Mass Between 

the Sexes  

Data for men (closed squares) and women (open circles) is presented for 

the end of each march. Solid line shows mean for men, dashed line 

shows mean for women. Note that no statistical analysis was undertaken 

for MO. 
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Figure 5-9: Difference in Oxygen Uptake Relative to Lean Body Mass 

Between the Sexes. 

Data for men (closed squares) and women (open circles) is presented for 

the end of each march. Solid line shows mean for men, dashed line 

shows mean for women. * Indicates differences between groups 

(p<0.05). Note that no statistical analysis was undertaken for MO.  
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5.3.6.2 Other Indices of Cardio-Respiratory Strain 

Heart Rate  

Heart rate in women (Table 5-8) was not affected by load (F(2,12)=3.650, 

p>0.05, ηp
2=0.378, d<0.9) but increases were evident with time (F(2.561, 

15.366)=23.244, p=<0.0001, ηp
2=0.795, d=0.6 to 1.3). There was no interaction 

between load and time (F(10,60)=1.669, p>0.05, ηp
2=0.218). In general women 

marched at an increased heart rate when compared to men, but this only 

reached statistical significance when BA was worn (U=6.0, p=0.007, r=-0.5 to 

-0.7).  

Breathing Pattern 

In women   E was increased with load (χ2
(2)=12.286, p=0.002, r=-0.5 to -0.6) 

and time when AO  χ2
(5)=12.541, p=0.028, r=-0.6) and P   χ2

(5)=25.694, 

p=<0.0001, r=-0.5 to -0.6) were worn (Table 5-8). These increases were 

seen earlier in the march than in men, but there were no differences between 

the sexes (U=16.0, p>0.05, r<-0.2). In women, increases in   E with load were 

met with increased ƒb  effect of load: χ
2
(2)=7.714, p=0.021, r=-0.6; effect of 

time: χ2
(5)=29.122, p=<0.0001, r=-0.5 to -0.6) whilst VT remained unchanged 

(effect of load: F(2,12)=3.696, p>0.05, ηp
2=0.381, d<0.3) (Table 5-8). This 

pattern echoed that seen in men. In general, ƒb was increased (t(16)=-3.457, 

p=0.003, d>1.67) and VT (U=0.009, p=0.009, r=-0.6) was reduced in the 

women compared to men. 
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Table 5-8: Comparison of Indices of Cardio-Respiratory Strain Between the Sexes. 

  
Men  Women 

    March 1 March 2 March 3  March 1 March 2 March 3 

Heart Rate 
(beats·min

-1
) 

BA 104.8  (8.8)  [12] 106.1 (9.7)  [12] 108.6 (10.8)  [11]  116.8  (15.6)  [9] 122.9  (15.2)  [8] † * 126.1  (15.3)  [6] † * 

AO 108.9  (11.3)
  
[12]

 
† 110.2 (11.5)  [12]

 
† 115.2

 
(13.0)  [11]

 a
†  120.9  (18.0)  [8] 124.7   17.0)  [7] † 129.8  (17.2)  [5] † 

PO 114.4  (17.5)  [11] 
a
† 118.6 (17.1)  [11] 

a
† 124.6 (16.7)  [11] 

ab
†  126.4  (13.8)  [7] 134.2  (15.8)  [7] 135.2  (12.5)  [4] 

MO 114.8  (12.7)  [10] 120.7 (13.7)  [8] 
†
 127.0 (15.1)  [7] 

ac
†  138.5  (13.7)  [6] 144.1  (7.3)  [3] 157.0  (16.2)  [2] 

         

Minute Ventilation 
 (L·min

-1
) 

BA 35.1  (3.6)  [12] 34.6  (2.5)  [12] 35.6  (3.2)  [11]  34.7  (3.4)  [9] 35.0  (4.1)  [8] 35.3  (4.8)  [6] 

AO 36.7  (4.4)  [12] 36.8  (4.3)  [12]
 a
 37.5  (4.4)  [11]

 a
  37.7

  
(3.9)  [8]

 a
 38.0

  
(4.8)  [7]

 a
 39.4  (4.5)  [5]

 a
 † 

PO 39.2  (4.5)  [11]
 ab

 40.6  (4.5)  [11]
 ab

 † 41.8  (3.9)  [11]
 ab

 †  40.0
  
(3.6)  [7]

 ab
 † 40.7

 
(3.5)  [7]

 ab
 † 41.7  (3.4)  [4

 a
 †] 

MO 46.4  (6.9)  [10]
 abc

 48.7  (5.0)  [8]
 abc

 50.1  (7.1)  [7]
 abc

  49.1  (3.7)  [6] 51.0  (6.5)  [3] 61.2  (7.0)  [2] 

         

Breathing 
Frequency 

(breaths·min
-1

) 

BA 29.6  (2.3)  [12] 30.7 (2.8)  [12] 31.0  (2.9)  [11]  34.3  (6.4)  [9] * 36.4 (5.5)  [8] † * 37.1  (7.0)  [6] † * 

AO 31.2  (3.0)  [12] 33.8  (3.2)  [12] † 33.3  (3.0)  [11] †  35.5  (5.5)  [8] * 38.2  (6.1)  [7] † * 39.3  (5.5)  [5] † * 

PO 32.1  (1.8)  [11] 35.2  (2.3)  [11] † 37.5
  
(3.2)  [11]

 ab 
†  38.3  (4.9)  [7]

 ab
 * 40.1  (5.3)  [7] † * 41.2  (7.0)  [4] † * 

MO 37.4  (3.8)  [10]
 ab

 41.0 (4.9)  [8]
 abc

 † 43.1  (4.8)  [7]
 abc 

†  46.5  (5.8)  [6] 49.1  (2.6)  [3] 51.1  (5.7)  [2] 

         

Tidal Volume 
(L·min

-1
) 

BA 1.20  (0.15)  [12] 1.14  (0.16)  [12] 1.17  (0.16)  [11]  1.04  (0.21)  [9] * 0.98  (0.18)  [8] * 0.98  (0.19)  [6] * 

AO 1.19  (0.19)  [12] 1.10  (0.16)  [12] † 1.14  (0.15)  [11]  1.09  (0.21)  [8] * 1.02  (0.18)  [7] † 1.03  (0.19)  [5] † 

PO 1.21  (0.16)  [11] 1.16  (0.17)  [11] 1.13  (0.16)  [11] †  1.06  (0.15)  [7] * 1.04  (0.15)  [7] * 1.06  (0.18)  [4] 

MO 1.25  (0.21)  [10] 1.21  (0.23)  [8] 1.18  (0.20)  [7] †  1.10  (0.13)  [6] 1.05  (0.18)  [3] 1.20  (0.0)  [2] 

Notes: Mean (SD) [n] is presented. “a” Indicates a difference from BA; “b” indicates a difference from AO; “c” indicates a difference from PO; † indicates a difference 
from the start of march 1; * indicates a difference from men. Grey highlight indicates where statistical analysis was not undertaken (p<0.05). 
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5.3.7 PImax and PEmax 

5.3.7.1 PImax / PEmax - Women 

For PImax (Table 5-9) there was an effect of time (F(3,18)=16.327, p<0.0001, 

ηp
2=0.731, d=0.7 to 0.8) but not load (F(2,12)=0.683, p>0.05, ηp

2=0.102, d<0.2) 

and there was no interaction between load and time (F(2.079, 12.473)=0.483, 

p>0.05, ηp
2=0.075). Post-hoc comparisons indicated that reductions in PImax 

were observed at Recovery 3 in BA and at Recovery 1 in AO, and PO. 

For PEmax (Table 5-10) there was an effect of time (F(3, 18)=19.065, 

p=<0.0001, ηp
2=0.761, d=0.9 to 1.3)  but not load (F(2,12)=2.662, p>0.05, 

ηp
2=0.307, d<0.3) and there was no interaction between load and time (F(6, 

36)=0.407, p>0.05, ηp
2=0.064). Post-hoc comparisons identified that 

reductions in PEmax were observed during all recovery periods in all of the 

loads, with greater effect sizes observed as the mass carried was increased. 

5.3.7.2 PImax and PEmax – Sex Differences 

The percentage reduction from pre-exercise values was compared in men 

and women. For PImax percentage reduction was greater in women in 1 out 

of 9 comparisons (when AO was worn during Recovery 1, (t(15)=2.301, 

p=0.036, d=1.2). No differences in percentage reduction were identified for 

PEmax between the sexes (t(15)=1.621, p>0.05, d>0.8) (Figure 5-10 and 

Figure 5-11).  
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Table 5-9: Peak Inspiratory Pressures (PImax) Measured Pre and Post March – Women. 

 cm H2O  % change from pre-exercise 

 Pre-exercise Recovery 1 Recovery 2 Recovery 3  Recovery 1 Recovery 2 Recovery 3 

BA 
110.6 
(15.9) 

101.6 
(16.5) 

99.7 
 (19.4) 

96.9 
(18.4) 

 

7.4 ♦♦ 

(13.0) 

9.6 ♦♦ 

(12.3) 

14.6 * ♦♦ 

(11.1) 

         

AO 
111.0 
(23.0) 

95.3 
(28.3) 

95.7 
(27.3) 

94.4 
(29.0) 

 

14.8 * ♦♦ 

(10.6) 

13.2 * ♦♦ 

(12.6) 

17.0 * ♦♦ 

(14.6) 

         

PO 
112.3 
(19.0) 

97.7 
(16.7) 

95.0 
(23.6) 

94.9 
(20.9) 

 

8.9 * ♦♦ 

(11.3) 

13.3 * ♦♦ 

(16.8) 

9.6 * ♦♦ 

(13.4) 

         

MO 
104.5 
(27.6) 

79.0 
(7.3) 

73.3 
(18.2) 

75.5 
(12.0) 

 

10.8 
(17.1) 

13.7 
(37.0) 

3.1 
(21.4) 

Notes: mean (SD) is presented, negative values indicate a reduction in PImax.* indicates a difference from pre-exercise values (p<0.05). Grey highlight indicates 
were statistical analysis was not conducted. n=7 for BA, AO and PO, n=4 to 2 for MO. Percentage change from pre-exercise was calculated for each participant 
using the formula ((time -pre-exercise) / pre-exercise) ×100). The percentage change data reported in this table provides a mean of these data. ♦ = small effect 
(d=0.2 to 0.59); ♦♦ = medium effect (d=0.6 to 1.1); ♦♦♦ = large effect (d≥1.2). Predicted normal values are 73 cm H2O for PImax (Wilson et al., 1984). 
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Table 5-10: Peak Expiratory Pressures Measured Pre and Post March (PEmax) – Women. 

 cm H2O  % change from pre-exercise 

 Pre-exercise Recovery 1 Recovery 2 Recovery 3  Recovery 1 Recovery 2 Recovery 3 

BA 
150.1 
(22.1) 

125.7 
(30.3) 

121.6 
(28.0) 

122.4 
(27.3)  

17.9 *♦♦ 

(14.1) 

17.6 *♦♦ 

(13.3) 

18.2 *♦♦ 

(10.6) 

         

AO 
141.9 
(29.9) 

120.3 
(36.6) 

120.4 
(38.7) 

117.7 
(37.9)  

15.9 *♦♦ 

(11.8)   

12.6 *♦♦ 

(11.7) 

14.6 *♦♦ 

(10.0) 

         

PO 
144.4 
(32.1) 

116.4 
(34.5) 

115.9 
(33.5) 

112.9 
(31.8)  

17.2 *♦♦♦ 

(2.7) 

16.2 *♦♦♦ 

(4.9) 

10.2 *♦♦♦ 

(15.0) 

         

MO 
132.8 
(40.4) 

92.0 
(28.4)   

89.0 
(14.7) 

95.5 
(26.2)   

23.6 
(10.4) 

22.9 
(22.1) 

17.5 
(21.2) 

Notes: mean (SD) is presented, negative values indicate a reduction in PImax.* indicates a difference from pre-exercise values (p<0.05). Grey highlight indicates 
were statistical analysis was not conducted. n=7 for BA, AO and PO, n=4 to 2 for MO. Percentage change from pre-exercise was calculated for each participant 
using the formula ((time -pre-exercise) / pre-exercise) ×100). The percentage change data reported in this table provides a mean of these data. ♦ = small effect 
(d=0.2 to 0.59); ♦♦ = medium effect (d=0.6 to 1.1); ♦♦♦ = large effect (d≥1.2). Predicted normal values are 93 cm H2O for PEmax (Wilson et al., 1984).
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Figure 5-10: Percentage Reduction in Peak Inspiratory Pressures for Men 

and Women. 

Top: BA; Middle: AO; Bottom: PO. Closed squares represent men, open 

circles represent women. Mean is shown by the horizontal line (complete 

for men and dashed for women). * indicates were there was a difference 

between the groups p<0.05. 
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Figure 5-11: Percentage Reduction in Peak Expiratory Pressures for Men 

and Women. 

Top: BA; Middle: AO; Bottom: PO. Closed squares represent men, open 

circles represent women. Mean is shown by the horizontal line (complete 

for men and dashed for women).  
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5.3.8 Perceptual Scales 

5.3.8.1 Perceived Exertion 

In women there was a main effect of load on perceived exertion (Table 5-11) 

during march 1  χ2
(2)= 8.375, p=0.015, r=-0.5 to -0.8), march 2  χ2

(2)= 8.588, 

p=0.014, r=-0.5 to -0.6) and march 3 (χ2
(2)= 6.615, p=0.037, r=-0.6). There 

was also a main effect of time for all load conditions   A: χ2
(8)= 19.049, 

p=0.015, r=-0.5; A : χ2
(8)= 22.968, p=0.003, r=-0.5; P : χ2

(6)= 21.251, 

p=0.002, r=-0.5 to -0.6). Perceived exertion increased with load and time in 

both sexes (Figure 5-12), perceived exertion was generally increased in 

women wearing AO and PO compared to men (U=6.5, p<0.049, r=-0.5 to -

0.7). 

5.3.8.2 Dyspnoea  

There was a main effect of load on ratings of dyspnoea (Table 5-12) at the 

end of march 1  χ2
(2)= 6.333, p=0.042, r=-0.6), march 2  χ2

(2)= 8.588, 

p=0.014, r=-0.5 to -0.6) and march 3  χ2
(2)= 7.412, p=0.025, r=-0.6). There 

was also a main effect of time on dyspnoea in all configurations   A: χ2
(8)= 

25.180, p=0.001, r=-0.5; A : χ2
(8)= 29.035, p=<0.0001, r=-0.5 to -0.6; PO: 

χ2
(6)= 18.615 p=<0.005, r=-0.5). Dyspnoea increased with load and time in 

both sexes (Figure 5-13). Women rated their dyspnoea as more severe than 

men, (U=8.5, p=0.027, r=-0.5 to -0.7).  

5.3.8.3 Symptoms 

A summary of the symptoms reported is given in Table 5-13. When 

considering the symptom data, the reader is advised to make comparisons 

between the configurations and sexes with caution, given that fewer women 

were recruited for the study and not all participants completed the test in 

each configuration.  
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Table 5-11: Rating of Perceived Exertion Measured During the Exercise Test- Women. 

  March 1  March 2  March 3 

  BA AO PO MO  BA AO PO MO  BA AO PO MO 

N 9 8 7 6  8 6 6 3  6 5 4 2 

Minimum 7 7 8 12  7 7 8 13  7 7 8 13 

Maximum 9 10 12 17  13 12 14 20  12 14 14 17 

Median 8.0 8.5 10.0 a 14.0  8.5 9.5 12.0 a † 15.0  9.0 † 11.0 11.0 a † 15.0 

Notes: Data presented is for the end of each march. “a” indicates where differences from BA were observed; † indicates a difference from the start of march 1 
(p<0.05). Grey highlight indicates were data was not included in the statistical analysis. 
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Table 5-12: Rating of Dyspnoea Measured During the Exercise Test- Women. 

  March 1  March 2  March 3 

  BA AO PO MO  BA AO PO MO  BA AO PO MO 

N 9 8 8 6  8 7 6 3  6 6 4 2 

Minimum 0 1 1 2  0 1 1 3  0 1 1 3 

Maximum 2 2 3 7  2 3 4 8  3 3 3 3 

Median 1.0 † 1.0 † 2.0 a † 3.0  1.0† 2.0 a † 3.0 a † 3.0  1.0 † 1.0 † 2.0 3.0 

Notes: Data presented is for the end of each march. “a” indicates where differences from BA were observed; † indicates a difference from the start of march 1 
(p<0.05). Grey highlight indicates were data was not included in the statistical analysis.  
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Figure 5-12: Perceived Exertion Measured During the March- Men and Women.  

Men = Closed squares, women = open circles. Median is presented using the solid (men) and dashed (women) line. * represents a 

difference between the groups (p<0.05), note that statistical analysis was not undertaken for MO. 
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Figure 5-13: Dyspnoea Measured During the March- Men and Women. 

Men = Closed squares, women = open circles. Median is presented using the solid (men) and dashed (women) line. * represents a 

difference between the groups (p<0.05), note that statistical analysis was not undertaken for MO. 
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Table 5-13: Symptoms Reported During the Exercise Test. 

 Men   Women 

 BA AO PO MO Total   BA AO PO MO Total 

Shoulder 

discomfort 

1  5 8 14   2 5 7 6 20 

Chaffing  2  2 4   1 4 3  8 

Blisters / hot 

spots 

 2  2 4    2 5 2 9 

General 

discomfort 

1  1  2      2 2 

Helmet 

discomfort 

1    1   1    1 

Back discomfort  2  1 3   3 3 3 2 11 

Hip discomfort  1 2  3   1 3 1  5 

Neck discomfort    2 2    1 1 2 4 

Legs tired    1 1    1 1 1 3 

Hamstring 

discomfort 

   1 1        

Feeling hot        2    2 

Knee discomfort        1 1   2 

Arm discomfort        1    1 

Shin discomfort        1  1  2 

Calf discomfort           1 1 

Breathing 

discomfort 

        1 3 1 5 

Chest discomfort        1  1 1 3 

Notes: This table should be considered in line with Table 5-3 and Table 5-4 which indicates 
how many participants completed each element of the test. 
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5.3.9 Time to Complete the Best Effort Test 

Statistical analysis was not performed on data from women due to the high 

number of incomplete tests. However, descriptive analysis using participants 

that completed the march prior to the best effort test (Figure 5-14) indicates 

that men completed the test 13 % to 24 % faster than women although there 

were overlaps for BA, AO and PO configurations.  
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Figure 5-14: Time to Complete the Best Effort Test - Men and Women. 

Individual data is presented for men (closed squares) and women (open 

circles) who completed the full march prior to the test. Mean is indicated 

by the solid (men) and dashed (women) line.  

5.3.10 Cognitive Performance 

5.3.10.1 General Observations 

Participants experienced difficulties completing the cognitive tasks as it was 

uncomfortable for them to lift their head to look up at the projector screen in 

some load configurations. This discomfort caused some participants to 

withdraw from the exercise test altogether, whilst others withdrew from the 

cognitive tasks but continued marching. Given that these test withdrawals 

occurred on an already small data set, the outputs of the statistics reported 

should be treated with caution.  
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5.3.10.2 N-Back Working Memory Task 

N-back Data - Women 

Due to the number of missing cases, statistical analysis was conducted for 

the full three hour march in BA and march 1 and 2 only in AO and PO. The 

number of participants for each mean is indicated in Table 5-14.  

Reductions in accuracy were observed when PO was compared to the lighter 

loads (0-back: χ2
(2)=12.054, p=0.002, r=-0.5 to -0.7; 1-back: χ2

(2)=6.645, 

p=0.036, r=-0.5 to -0.7; 2-back: χ2
(2)=8.359, p=0.015, r=-0.6; 3-back: 

χ2
(2)=6.400, p=0.011, r=-0.6 to -0.7). The response with time was more 

complex as accuracy increased in some loads  χ2
(2)=8.579, p=0.014, r=-0.5 

to r=-0.6) and decreased in others  χ2
(2)=13.235, p=0.001, r=-0.6 to -0.7). 

The data indicate that this was influenced by test withdrawals as those with a 

greater accuracy were more likely to march for longer. 

Response time was unaffected by load or time during the 0-back (load: 

χ2
(2)=1.400, p>0.05; time: χ2

(7)=11.467, p>0.05), 2-back (load: χ2
(2)=2.889, 

p>0.05, time: χ2
(7)=9.963) and 3-back (load: χ2

(2)=3.200, p>0.05; time: 

χ2
(7)=11.567, p>0.05)25.  

During the 1-backs there was an effect of load (χ2
(2)=8.600, p=0.14, r=-0.6 to 

-0.7) where participants responded more quickly in BA when compared to 

AO (march 3) and PO (march 1); and time (χ2
(7)=23.967, p=0.001, r=-0.6 to -

0.7) where participants responded more slowly as the march progressed in 

BA and AO (Figure 5-15).  

N-Back - Sex Differences 

Accuracy ranged from 74 % to 98 % in men and 62 % and 98 % in women. 

Differences between the groups were evident in 3 out of 2826 comparisons 

(U=8.0, p<0.049, r=-0.4 to -0.7). 

                                            
25

 It was not possible to calculate effect sizes for these data. Parametric statistics require the 
Pearson‟s r effect size. This requires the calculation of a z score from post-hoc comparisons. 
As no post-hoc comparisons were made no z scores were generated. 
26

 In total there were 48 data points (four loads, three time points and four n-backs) however, 
20 of these were not compared due to reduced n (<6) giving 28 comparisons.  
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In men reductions in accuracy were predominantly observed when accuracy 

in MO was compared to the lighter loads and reductions in accuracy with 

time were observed in PO and MO (see Chapter 3, Section 4.4.6.2). When 

the results of the statistical tests conducted separately in men and women 

were compared, reductions in accuracy were observed in lighter loads and 

earlier in the march in women.  

Differences in response time between men and women were evident in 2 out 

of 28 comparisons (t(19)=-3.388, p>0.003, d=0.07 to 1.21), thus it is 

suggested that there were no differences between the groups. 

5.3.10.3 Visual Go / No Go Task 

Visual Task: Women 

Accuracy data is provided in Table 5-15. In general, accuracy was increased 

from minute 5 to minute 20 of each march which the author attributes to an 

exercise-induced increase in arousal  χ2
(5)=26.044, p<0.0001, r=-0.6 to -0.7). 

Reductions in accuracy with load were observed during march 1 and 2 

 χ2
(2)=19.538, p=<0.0001, r=-0.7). 

Response time (Figure 5-16) was not affected by load (F(2, 18)=1.950, p>0.05, 

ηp
2=0.178) or time (F(1.809, 16.280)=0.973, p>0.05, ηp

2=0.098) and there was no 

interaction between load and time (F(10, 90)=1.382, p>0.05, ηp
2=0.133). 

Visual Task: Sex Differences 

Accuracy ranged from 89 % to 69 % in men and 90 % to 65 % in women. 

Statistical analysis identified a statistical difference between the groups in 1 

out of 17 comparisons (t(17)=2.573, p=0.020, d=1.2), overall, the author 

interprets this as no difference between the groups. 

5.3.10.4 Auditory Go / No Go Task 

Auditory Task: Women 

There was an effect of load (F(2,18)=13.338, p=0.0001, ηp
2=0.59, d=0.7 to 1.1) 

and time (F(5,45)=4.033, p=0.004, ηp
2=0.309, d=0.5 to 0.8) but no interaction 

between load and time (F(10,90)=13.338, p>0.05, ηp
2=0.176). The outcomes of 

pairwise comparisons are provided in Table 5-16.   
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Overall response time (Figure 5-16) was unaffected by load (F(2,18)=1.073, 

p>0.05, ηp
2=0.107) or time (F(2.906, 26.154)=0.639, p>0.05, ηp

2=0.066) and there 

was no interaction between load and time (F(10,90)=1.583, p>0.05, ηp
2>0.150). 

Auditory Task: Sex Differences 

Accuracy ranged from 97 % to 93 % in men and 95 % to 77 % in women. 

Statistical analysis identified a difference between the groups in 1 out of 17 

comparisons (U=9.0, p<0.023, r=-0.6), as with the visual task, the authors 

interpret this as no difference between the groups.
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Table 5-14: Accuracy Measured During the N-Back Tasks.  

 
 

Men Women 

 
March 1 March 2 March 3 March 1 March 2 March 3 

0
-b

a
c
k
 

BA 97.0 (3.3) [12] 98.0 (2.6) [11] 97.0 (2.2) [11] 97.0 (1.8) [9] 96.1 (2.5) [8] 98.1 (1.6) [6] 

AO 96.7 (4.3) [12] 97.4 (2.3) [11] 97.2 (2.7) [11] 96.9 (2.6) [8] 94.6 (4.2) [7] 96.9 (1.7) [5] 

PO 96.6 (3.5) [11] 97.8 (2.3) [11] 91.3 (12.5) [11] 94.1 (4.3) [6] 89.5
 
(6.8) [7] * 

ab
 97.8 (1.8) [4] 

MO 96.4 (3.9) [11] 95.6 (2.7) [8] 96.8 (2.1) [7] 84.0 (12.9) [6] 93.3 (0.0) [2] 97.8 (0.0) [2] 

1
-b

a
c
k
 

BA 96.5 (2.6) [12] 97.0 (2.2) [11] 97.1 (3.0) [11] 94.8 (1.8) [9] 92.5 (5.8) [8] 93.7 (2.9) [6] 

AO 96.3 (4.5) [12] 95.0 (6.1) [12] 93.1
 
(6.2) [11] 

a
 93.6 (3.4) [8] 91.1 (2.6) [7] † * 96.0 (1.2) [5] 

PO 96.0 (4.4) [11] 95.6 (3.8) [11] 92.7 (5.6) [11] 
a 

† 90.0 (6.6) [8] 
a
* 89.6 (7.9) [6] 91.1 (6.3) [4] 

MO 89.7
 
(13.7) [11] 

abc
 94.2

 
(4.3) [8] 

a
 92.4

 
(4.9) [7] 

ac
 78.2 (11.9) [5] 84.4 (-) [1] 91.1 (-) [1] 

2
-b

a
c
k
 

BA 92.6 (7.3) [12] 94.5 (5.0) [11] 91.5 (6.6) [11] 92.6 (4.9) [9] 89.7 (6.2) [8] 89.3 (5.9) [6] 

AO 88.7 (11.2) [12] 90.7 (10.3) [11] 85.7 (11.0) [11] 90.0 (5.3) [8] 90.8 (7.8) [7] 86.2 (9.9) [5] 

PO 92.2 (8.2) [10] 89.3 (10.8) [11] 88.1 (11.1) [11] 82.5
 
(9.1) [7] 

ab
 82.9 (13.8) [6] 94.4 (4.3) [4] 

MO 89.3 (7.7) [10] 87.2 (9.0) [8] 74.0
 
(22.6) [7] 

ac
 74.1 (8.4) [3] 71.1 (-) [1] 75.6  (-) [1] 

3
-b

a
c
k
 

BA 85.7 (8.3) [12] 87.1 (6.3) [11] 83.6 (8.6) [11] 81.7 (8.3) [8] 88.6 (4.8) [7] † 87.8 (4.4) [6] 

AO 86.3 (11.4) [12] 82.6 (10.5) [11] 83.2 (11.3) [11] 79.4 (7.7) [8] 84.2 (4.8) [7] 84.2 (4.2) [5] 

PO 87.3 (9.0) [10] 86.7 (9.5) [11] 82.8 (10.3) [11] 78.6 (6.9) [6] 81.2 
a 

(8.1) [6] 85.6 (7.6) [4] 

MO 78.9
 
(9.3) [10] 

ac
 81.1

 
(8.5) [8] 

a
 75.6 (7.8) [6] 

ab 
† 62.2 (22.2) [3] 75.6 (-) [1] 80.0 (-) [1] 

Mean (SD) [n] is provided. Grey highlight indicates where statistical analysis was not completed due to reduced n. * Indicates a difference from men; “a” indicates a 
difference from BA; “b” indicates a difference from AO; “c” indicates a difference from PO, p<0.05. † indicates a difference from march 1 (p<0.05). There was a main 
effect of time on 0-back accuracy in women wearing BA, but post-hoc testing did not identify where the differences were.   
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Figure 5-15: Response Time in Women During the N-Backs. 
Individual values are shown for each load. The mean is represented in each data set by the horizontal line. * indicates a statistical difference from BA (p<0.05).  
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Table 5-15: Accuracy Measured During the Visual Go / No Go Task. 

  

March 1 March 2 March 3 

    Minute 5 Minute 20 Minute 5 Minute 20 Minute 5 Minute 20 

M
e

n
 

BA 83.7 (13.8) [12] 85.8 (12.0) [12] 88.8 (7.0) [11] 86.8 (8.8) [11] 87.7 (8.7) [11] 84.5 (11.5) [11] 

AO 81.3 (14.4) [10] 69.4 (24.9) [11] a 69.4 (20.4) [11] a 73.8 (23.8) [10] 75.7 (15.1) [10] a 77.2 (18.0) [10] 

PO 75.2 (17.0) [9] a 69.2 (23.7) [10] a 73.9  (18.6) [9] a 82.2 (13.2) [9] 78.7 (14.4) [9] 76.5 (15.3) [9] 

MO 81.8 (13.3) [11] 82.1 (15.4) [11] 83.0 (14.4) [10] 87.8 (6.6) [9] 85.7 (6.6) [7] 83.8 (9.1) [7] 

        

W
o

m
e

n
 

BA 84.5 (6.0) [7] 90.4 (5.3) [8] † 86.0 (6.8) [8] 82.5 (13.5) [8] 71.5 (16.1) [8] † 88.3 (6.7) [7] † 

AO 70.5 (9.7) [7] a 81.7 (14.6) [8] † 72.5 (15.1) [6] a 79.7 (15.5) [6] † 77.8 (13.4) [6] † 85.0 (12.2)[5] 

PO 72.4 (10.1) [7] ab 66.4 (14.9) [7] ab 86.0 (5.5) [8] b † 76.7 (12.5) [7] 76.7 (18.7) [5] 70.7 (15.4)[5] 

MO 79.4 (10.8) [6] bc 69.8 (12.1) [7] a 82.1 (7.0)[4] 75.0 (13.0 [3] 85.0 (7.1)[2] 65.0 (35.4 [2] 

Notes: Mean (SD) [n] is provided. Grey highlight indicates where statistical analysis was not completed due to reduced n. ”a” Indicates a difference from BA; “b” 
indicates a difference from AO; “c” indicates a difference from PO; † Indicates a difference from march 1 (p<0.05).  
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Table 5-16: Accuracy Measured During the Auditory Go / No Go Task.  

  

March 1 March 2 March 3 

    Minute 5 Minute 20 Minute 5 Minute 20 Minute 5 Minute 20 

M
e

n
 

BA 96.5 (3.5) [8] 96.7 (6.8) [8] 95.6 (6.7) [8] 94.8 (6.8) [8] 95.4 (6.0) [8] 93.1 (11.8) [8] 

AO 96.0 (5.9) [8] 94.4 (6.6) [8] 95.7 (5.9) [7] 94.5 (5.5) [7] 95.0 (7.6) [8] 95.2 (5.5) [8] 

PO 97.3 (6.4) [8] 95.4 (5.0) [8] 96.2 (7.3) [8] 94.8 (9.4) [8] 93.5 (8.4) [8] 95.8 (6.7) [8] 

MO 95.7 (7.9) [7] 95.5 (7.8) [7] 93.8 (7.4) [7] 94.2 (5.8) [6] 97.3 (1.9) [5] 94.3 (4.9) [5] 

        

W
o

m
e

n
 

BA 94.8 (4.3) [9] 96.7 (3.8) [9] 94.4 (4.1) [8] 95.2 (2.8) [8] 94.0 (5.3) [8] 95.8 (2.3) [6] 

AO 93.6 (5.4) [7] 92.4 (6.1) [7] 89.5 (4.8) [7] 89.6 (5.5) [5] a 92.4 (3.7) [3] 89.9 (5.2) [4] 

PO 91.9 (5.4) [7] 91.0 (5.7) [7] a 87.4 (6.8) [7] a † 82.5 (13.9) [6] a † 87.7 (5.8) [5] 86.3 (17.7) [4] 

MO 95.7 (3.8) [5] 86.4 (12.8) [6] 88 (7.2) [5] 82.1 (14.9) [4] 82.8 (10.2) [3] 77.2 (15.5) [3] 

Notes: Mean (SD) [n] is provided. Grey text indicates where statistical analysis was not completed due to reduced n. ”a” Indicates a difference from BA; “b” indicates 
a difference from AO; “c” indicates a difference from PO; † indicates a difference from march 1 (p<0.05).   
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Figure 5-16:  Response Time in Women During the Visual and Auditory Tasks. 

Mean (SD) is presented for each load configuration. 
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 Discussion 5.4

This study was conducted to identify if the performance decrements 

observed with load were similar between men and women, with performance 

measured using a combination of physiological and cognitive metrics. Given 

the number of incomplete sessions, it was not possible to fully test the study 

hypotheses; however, the main findings were: 

 Women experienced greater cardiovascular and respiratory strain 

than men, thus the null hypothesis that cardiovascular and respiratory 

strain will be similar in men and women is rejected. 

 There was evidence of RMF in both sexes, but the null hypothesis that 

the magnitude of this fatigue will be similar between the sexes is 

accepted.  

 Women experienced reductions in accuracy earlier in the march and 

in lighter loads, thus the null hypothesis that accuracy during cognitive 

tasks will be similar in men and women is rejected.  

5.4.1 Load Discomfort 

Discomfort was highlighted by both men and women as the primary reason 

for withdrawing from the exercise test. The number of test withdrawals was 

considerably greater in women than men; a finding which the author 

attributes to either the poor integration of the body armour with the webbing 

belt in women and a difference in training status. 

The body armour vest used in this study was available in five sizes ranging 

from small to extra, extra large. Observations from the investigators indicated 

that the smallest vest size was too long for some of the women which 

prevented them from fastening it securely at the bottom (Figure 5-5). This 

also affected the integration of the body armour and the webbing with the 

effect that the webbing belt was not always worn in the correct position. The 

impact of these modifications on the soldier was that it made them more 
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susceptible to load discomfort, because the equipment was not worn as it 

was designed.  

At the time that this study was conducted, women were excluded from 

infantry roles. As such, the women recruited for this study were from the 

Royal Artillery rather than the infantry. Specific study entrance criteria (unit 

sign-off and Powerbag lift test) were put in place to ensure that the 

participants were suitable for load carriage tasks. However, whilst Royal 

Artillery soldiers are required to undertake heavy load carriage and other 

physically demanding tasks, the training of these two units is likely be 

different given the difference in role. It is expected that infantry soldiers by 

nature will be more experienced load carriers. More experienced load 

carriers are better able to mitigate against the detrimental effects of carrying 

load (Vacheron et al., 1999) therefore differences in the load carriage 

experience of the participants may also have been a factor that has 

contributed to the increased reports of load discomfort in the women. 

5.4.2 Cardiovascular Strain and Respiratory Function 

   2 increased with mass in both sexes, but was 9 % to 15 % greater in 

women (Table 5-6). This is not surprising given that women carried an extra 

5 kg of dead mass which represented 8 % to 13 % of the total dead mass 

carried (Figure 5-4). However despite these differences neither sex 

exceeded their GET indicating that their work rate remained moderate 

throughout the march (Burnley & Jones, 2007). Moderate intensity exercise 

can be sustained for longer than four hours (Burnley & Jones, 2007) which 

suggests that although the women marched at an increased work rate this 

should not have affected their ability to complete the march.  

It is also of interest to note that    2 drift was evident in both sexes wearing 

PO and MO loads (Table 4-8 and Table 5-6).    2 increased by 7 % to 16 % 

in men and 8 % to 23 % in women (including MO). This agrees with the 

findings of Patton et al. (1991) who used a similar exercise profile / speed 

and found increases in    2 with time of a similar magnitude. It was not the 

purpose of this study to elucidate the causes of O2 drift in this context, but 
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others suggest it may be related to an increase in body temperature and / or 

biomechanical changes (Blacker et al., 2009; Patton et al., 1991). 

The men recruited for this study were taller and therefore had greater lung 

volumes than women. This was reflected in the breathing pattern data which 

indicated that during exercise ƒb was increased and VT was reduced in 

women (Table 5-8). When matched for height women have smaller lung 

volumes than men (Martin et al., 1987), and therefore a smaller maximal 

breathing envelope. To reduce the likelihood of respiratory limitation during 

exercise, ƒb is typically increased in women compared to men to maintain   E 

without encroaching on the maximal breathing envelope (Guenette et al., 

2007). This breathing strategy is not without its consequences as it forces 

breathing on a less compliant portion of the pressure volume curve, altering 

the length-tension relationship of the diaphragm and increasing respiratory 

muscle work (Guenette et al., 2007).  

Others have demonstrated that WOB in women is greater than men as their 

breathing is more rapid and shallow compared to men (Guenette et al., 2009; 

Guenette et al., 2010). Thus given the pattern of breathing reported in the 

current study, it is reasonable to suggest that WOB could also have been 

increased in the women. One would expect that a greater WOB would 

manifest itself as increased RMF. This was not the case here as although 

there was evidence of RMF in both sexes, there were no differences in the 

magnitude of this fatigue RMF. This may be related to the number of test 

withdrawals, but may also be indicative of women having a diaphragm that is 

more resistant to muscle fatigue.  

Previous work has demonstrated that a woman‟s diaphragm is more 

resistant to fatigue than a man‟s. This has been observed during high 

intensity exercise relative to the participants‟ fitness (Guenette et al., 2010), 

as well as during tasks where the work done by the diaphragm was fixed 

(Welch et al., 2018b). During a constant load cycling test at 90 % of peak 

work rate Guenette et al. (2010) observed diaphragm fatigue in 42 % more 

men than women; the percentage reduction in diaphragm twitch pressure 

was up to 10 % greater in men. Welch et al. (2018b) reported that women 

were able to sustain a pressure-threshold loading at 60 % PImax for 75 % 
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longer than men and exhibited an attenuated respiratory muscle 

metaboreflex. The author attributed these differences to a combination of 

women having more slow twitch muscle fibres and a greater reliance on β-

oxidation of fatty acids: women also have less muscle mass than men thus 

lower absolute force generation and reduced O2 demand (Guenette et al., 

2009; Guenette et al., 2010; Welch et al., 2018a; Welch et al., 2018b). It is 

interesting to note that these differences were identified during tasks with 

intensities relative to    2max / PImax and the absolute work rate of men was 

greater than women. The opposite was observed in the current study as the 

marching task was fixed and    2,   E and ƒb were greater in women. 

It was originally intended to use the post-march best effort test to understand 

how the 3 hour march affected performance of subsequent military tasks. 

This was not possible given the number of test withdrawals. It was noted that 

time to complete the best effort test was generally longer in women although 

statistical analysis was not conducted. This finding agrees with the work of 

others (Harper et al., 1997; Laing & Billing, 2011) however, it was not 

possible to determine if the differences in physical strain experienced during 

the loaded march affected time to complete the best effort test. 

When the physical characteristics of the groups are considered, total body 

mass, lean body mass, stature,   O2max and the number of press-ups 

achieved in two minutes were all reduced in women compared to men. This 

supports previous work which indicates individuals with increased body 

mass, fat free mass, stature, reduced body fat, greater muscle strength and 

increased cardiovascular fitness are better suited to load carriage tasks 

(Bilzon et al., 2001; Dziados et al., 1987; Knapik et al., 1990; Koerhuis et al., 

2009; Lyons et al., 2005; Martin & Nelson, 1986; Mello et al., 1988; Pandorf 

et al., 2000; Rayson et al., 2000). There was overlap between the sexes for 

all of these measures, so these findings do not indicate that women per se 

would not be effective load carriers, rather it is the physical characteristics of 

the individual that define their suitability for this task. 



 

Page 228 of 333 
 

5.4.3 Cognitive Performance 

When accuracy data from both sexes were compared directly using Mann-

 hitney‟s t-test there were no differences between men and women. 

However, the outcomes of the Friedman and Wilcoxon analysis that was 

conducted for each group separately differ. During the visual Go / No Go 

test, reductions in accuracy were observed with load in both sexes but only 

with time in women (Table 5-15). During the auditory Go / No Go test, 

reductions in accuracy were observed in women only (Table 5-16). For the n-

back tasks, reductions in accuracy were observed with load and time in both 

sexes however, in women these reductions were seen during less complex 

tasks (e.g. the 0-backs compared to the 1-backs) and reductions with time 

were observed in lighter loads (e.g. BA compared to PO) (Table 5-14).  

These data suggest increased conflict between the dual cognitive / physical 

task conditions (i.e. greater impact of the physical task on the behavioural 

ability to actually complete the cognitive task) which increased with load and 

occurred to a greater extent in women. The author suggests that the 

difference in response observed between the sexes were related to 

discomfort rather than increased cardio-respiratory strain. Increased reports 

of dyspnoea and perceived exertion that were observed in women (Figure 

5-12 and Figure 5-13) may also have contributed to the reduction in 

accuracy. 

Both physical exertion (Dietrich, 2006) and discomfort (Bell et al., 2005) have 

the potential to add to the cognitive load and negatively affect the subjective 

experience of the soldier. Reports of discomfort increased in both sexes with 

mass carried, but the frequency of these reports was greatest in women, as 

were reports of perceived exertion and dyspnoea. This is not surprising given 

that correct fit was only achieved in 1 out of 10 women and highlights the 

issue that women should not be issued with smaller sizes of equipment 

designed to fit men. Reports from investigators also indicate that more 

experienced soldiers were able to better mitigate the discomfort and 

increased perceived exertion caused by load. Experience level ranged from 

those who had recently completed basic training to those who had 

undertaken several operational tours as section commanders. As the women 
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used in this study were not infantry soldiers load carriage experience will 

have contributed to some of the observed differences. 

The trends identified during the visual and auditory Go / No Go tasks 

highlight the interaction between the behavioural requirements of the visual 

task (i.e. the requirement to look at the screen) and the discomfort / physical 

effect of carrying load  which affected participants‟ posture). This illustrates 

the conflicts that may occur in a dual-task involving both physical and 

cognitive demands and the effect it can have upon performance. Indeed this 

data is supported by Kobus et al. (2010) who reported reductions in accuracy 

during a visual choice reaction time test after 85 minutes of marching at 3.2 

km·h-1 in 61 kg. The authors presented eye-tracking data which identified 

that visual focus was directed towards the lower part of the projector screen 

and threat detection was reduced towards the upper portion of the visual field 

as mass increased. 

5.4.4 Summary 

In this study women experienced greater cardiovascular and respiratory 

strain than men whilst marching which supports hypothesis one; this is likely 

a reflection on the increased dead mass carried and smaller lung volumes. 

However neither cardiovascular nor respiratory strain limited performance 

under the conditions tested. Hypothesis 2 is accepted as the women were 

less suceptible to RMF as reductions in mouth pressures with time were not 

observed in this group. Women experienced reductions in accuracy earlier in 

the march, in lighter loads and during less complex tasks, which support 

hypothsis four. The data indicate increased discomfort experienced by 

women was largely responsible for the reduction in accuracy.  

5.4.5 Limitations 

When considering the respiratory data, consideration should be given to how 

the groups were matched and how the equipment was fitted. Men and 

women were matched based on their suitability for the role rather than height 

(as is typically seen in studies comparing the sexes). This was to ensure that 

the study represented the operational scenario where all soldiers who meet 
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the physical employment standard are required to carry load. Tightness of fit 

may have been different between the men and women given the 

aforementioned challenges associated with equipment integration.  

The large number of test withdrawals has limited the power of the study and 

may have increased the likelihood of a type II error. Individual data and effect 

sizes have been reported throughout this chapter in order to fully understand 

any trends observed, but in some cases this has meant that it was not 

possible to fully address the study hypotheses. The data have been used to 

calculate the desired power for future studies of this nature (Appendix 5); a 

total sample size of 16 to 48 (depending on the outcome measure) is 

recommended for future studies of this nature. This number is much greater 

than what was originally estimated prior to the start of data collection (6 to 11 

participants). The author believes that the variance in characteristics of the 

soldier population is much greater than observed in a trained civilian 

population (typically university students) that previous studies have used, 

thus a larger sample size is required. 

Whilst statistics are a useful tool for a researcher, a statistical difference 

does not necessarily translate to a difference on the battlefield. Indeed 

making a single incorrect Go / No Go decision could result in a civilian or UK 

soldier becoming a casualty. Thus although it was not possible to fully 

address the study hypothesis using a statistical approach, review of the 

descriptive data (mean and SD) provides a valuable insight into the effect of 

loaded marching on soldier performance.    

It is evident in women that those who started the study wearing the heaviest 

loads were more likely to withdraw from tests on subsequent test days in the 

lighter loads, as they had not recovered from the discomfort experienced 

during the previous test (examples include blisters / chaffing). Therefore, the 

Latin Square order was influential in test completion (note that it was 

identical for men and women). Whilst this has presented a challenge for the 

analysis of the data in this study, it is representative of the nature of 

conducting a forced march, where soldiers are expected to cover a distance 

in as short a time as possible. This does not necessarily mean travelling as 
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fast as possible, but may result in conducting several low intensity marches 

of a long duration with minimal rest in between.  

5.4.6 Next Steps 

During the course of this PhD a new body armour and load carriage system 

(VIRTUS) was introduced into service. The new backpack included a spine 

bar which was designed to redistribute the load carried from the shoulders to 

the hips.  The final study reported in this thesis was designed to identify if the 

use of this spine bar would reduce the nature of the restrictive ventilatory 

impairment or discomfort previously reported during studies one to three. 
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 Appendix 4. Analysis of the Physical Characteristics of Test 
“Completers” and “Non-Completers”. 
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Figure: A 7 Comparison of Height, Mass and Lean Body Mass in 

Completers and Non-Completers. 

Individual data is presented for men (closed squares, n=12 / n=11) and 

women (open circles, n=10). Mean is indicated by the black line for each 

data set. * indicates where differences were significant (p<0.05). 
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Figure: A 8 Comparison of   O2max, Respiratory Muscle Strength and Grip Strength in Completers and Non-Completers. 

Individual data is presented for men (closed squares, n=12 / n=11) and women (open circles, n=10). Mean is indicated by the black 

line for each data set. * indicates where differences were significant (p<0.05).
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 Appendix 5. Power Calculations Based on Data from Studies 
2 and 3 

Table A 3 provides power calculations based on the effect sizes calculated 

during this study. Power calculations were performed using GPower 3.1.9.2.  

A ηp
2 = 0.248 was used as this was the smallest effect size where a 

significant difference was reported during the study. This was derived from 

PImax / PEmax data and generated in SPSS as part of the ANOVA output. 

Using these data, a total sample size of 16 is required to achieve 80 % 

power and an alpha level of <0.5.  

The calculation was also repeated using Cohen‟s d where d=0.5 was used. 

This was the smallest Cohen‟s d  from the visual task) that was derived from 

data where non-parametric statistics were used. A total samples size of 48 is 

required to achieved 80 % power and an alpha level of <0.5. This is reduced 

to 38 to achieve a 70 % power. 
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Table A 3: Power Calculations Based on Data From Studies 2 and 3. 

Test 

Family 

Statistical test Effect size α 1-

β 

Groups Measurements Correlation Nonsphericity 

correction 

Total 

Sample 

size 

F-tests 

 

ANOVA, 

repeated 

measures, 

within-between 

interaction 

ηp
2 = 0.248 

(from Pmax 

data) 

0.05 0.8 2 (men 

and 

women) 

Pre, march 1, 

march 2, 

march 3, 

march 4 

0.5 1 16 

          

F-tests 

 

ANOVA, 

repeated 

measures, 

within-between 

interaction 

d=0.5 (from 

visual task 

data) 

0.5 0.8 2 (men 

and 

women) 

Pre, march 1, 

march 2, 

march 3, 

march 4 

0.5 1 48 

          

F-tests 

 

ANOVA, 

repeated 

measures, 

within-between 

interaction 

d=0.5 (from 

visual task 

data) 

0.5 0.7 2 (men 

and 

women) 

Pre, march 1, 

march 2, 

march 3, 

march 4 

0.5 1 38 
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Chapter 6 Can Load 

Redistribution be Used as a 

Strategy to Reduce the 

Negative Effects of Torso-

Borne Load Carriage on 

Ventilatory Function? 
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 Introduction 6.1

6.1.1 Why Redistribute Load? 

Body armour and backpack straps exert a compressive load on the 

underlying soft tissue which can lead to paraesthesia (tingling), a loss of 

sensation, pain and nerve damage (Bhatt, 1990; Hadid et al., 2012). 

Redistributing load from the shoulders to the hips / waist is a strategy that 

has been adopted by backpack designers to reduce shoulder discomfort and 

mitigate against the risk of sustaining these injuries (Knapik et al., 2004). 

This is effective because the hips are more tolerant than the shoulders to 

increases in pressure given that the soft tissue is thicker and the nerves are 

deeper set (Scribano et al., 1970; Wettenschwiler et al., 2015). Previous 

work indicates that hip pressure needs to be at least twice that observed at 

the shoulder to exert the same level of discomfort (Scribano et al., 1970; 

Wettenschwiler et al., 2015). 

Lenton et al. (2018) compared body armours with and without a hip belt 

during treadmill marching and reported that the hip belt displaced 29 % of the 

vertical force on the shoulders. The effect was that 20 % fewer participants 

experienced shoulder discomfort. Similar levels of off-loading have been 

observed with backpacks. For example a 30 % displacement of vertical force 

was reported by Lafiandra and Harman (2004). There is also evidence which 

suggests that redistributing load to the hips reduces EMG activity in the 

trapezius muscles (Bobet & Norman, 1984; Holewijn, 1990) which may be 

indicative of a reduction in neck and shoulder strain. However, there is 

minimal data which indicates how load redistribution affects physiological 

function and cognitive workload: this means that the potential benefits and 

trade-offs of load redistribution are not fully understood. 

The data presented in Chapters 3 and 4 demonstrates that during long 

duration marches of moderate intensity, the main limiting factor for 

performance is discomfort. Thus strategies that reduce the discomfort 

experienced by the soldier are likely to increase the length of time that 

soldiers can operate for and reduce the time to recover from the discomfort 

experienced during loaded marching.  
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6.1.2 Knowledge Gaps 

As discussed throughout this thesis and by others, the restrictive ventilatory 

defect that occurs whilst carrying backpack and / or body armour is caused 

by increased inertial and elastic forces imposed on the torso (Peoples et al., 

2016). Elastic loading can be reduced through the use of flexible body 

armours (Armstrong & Gay, 2016) or by loosening the backpacks straps 

(Bygrave et al., 2004), but these strategies have not been adopted by the 

Armed Forces because current flexible body armours are typically heavier, 

more expensive and are not scalable to the threat. Further, unpublished 

research conducted by Dstl has demonstrated that loosening the backpack 

straps makes the packs more mobile / less stable, and affects integration 

with other items of equipment (Stanbridge et al., 2011). It is not possible to 

loosen the body armour because this reduces the level of protection. 

The most obvious way to reduce inertial forces on the torso is to reduce the 

mass carried by the soldier. However, as reported in Chapter 1 Section 1.1, 

despite years of research highlighting the detrimental effects of load on the 

wearer (Bossi et al., In Press; Drain et al., 2010; Knapik et al., 2004) the 

mass carried by soldiers continues to rise (Lloyd-Williams & Fordy, 2013). 

Redistributing the load carried from the shoulders to the hips may be an 

alternative strategy to reduce the inertial component of the load carried on 

the torso given the aforementioned reductions in force on the shoulders 

(Lafiandra & Harman, 2004; Lenton et al., 2018). It is possible that in addition 

to reducing injury and discomfort, load redistribution may also reduce the 

level of ventilatory impairment experienced as well as the postural load 

placed on the breathing muscles and hence the magnitude of RMF. To the 

author‟s knowledge, there are no known studies that have investigated this 

concept. 

The literature presented in Chapter 3, Section 4.1.3 demonstrates a 

reduction in accuracy during a range of cognitive tasks as the mass carried 

and time of marching is increased (Eddy et al., 2015; Mahoney et al., 2007; 

May et al., 2009). In these studies, there were several factors proposed to 

influence the reduction in accuracy including an increase in physical exertion, 

physical fatigue and perceived exertion as well as a reduction in arousal. The 
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results from Studies 2 and 3 reported in this thesis indicate that load 

discomfort was also a significant contributory factor in the reduction in 

accuracy observed, but this has not been investigated directly. 

As there is clear evidence that redistributing the load from the shoulders to 

the hips reduces force / pressure on the shoulders and discomfort (Holewijn, 

1990; Lafiandra & Harman, 2004; Lenton et al., 2018; Wettenschwiler et al., 

2015), it is likely that this would also be beneficial to cognitive function and 

this warrants further investigation.  

6.1.3 Aims, Objectives and Hypothesis 

To the author‟s knowledge, this was the first study to investigate if 

redistributing the load carried from the shoulders to the hips mitigates the 

negative effects of load carriage on ventilatory function and RMF. The aim of 

this study was to conduct a preliminary investigation into this concept to 

inform the design of future studies of his nature. Further, this work was 

designed to characterise how load redistribution would influence ventilatory 

function, to inform the overarching hypothesis in this thesis.  

The objective of this study was to investigate the effect of redistributing load 

from the shoulders to the hips on ventilatory function, respiratory muscle 

strength and cognition. The following hypotheses were tested: 

Hypothesis One 

H0: Load redistribution will not affect lung volumes. 

H1: Load redistribution will decrease the reduction in lung volumes observed 

with backpack loads. 

Hypothesis Two 

H0: Load redistribution will not affect PImax / PEmax. 

H1: Reductions in PImax / PEmax observed with load carriage will be less 

when backpack load is redistributed from the shoulders to the hips. 
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Hypothesis Three 

H0: Load redistribution will not influence reports of discomfort. 

H1: Load redistribution from the shoulders to the hips will reduce shoulder 

discomfort. 

Hypothesis Four 

H0: Accuracy will not be affected by load redistribution. 

H1: Accuracy during the n-back task will be increased when load is 

redistributed from the shoulders to the hips. 

 Method 6.2

6.2.1 Participants 

6.2.1.1 Ethics 

This study was conducted during a secondment at the U.S. ARL (Aberdeen, 

MD, USA), the study protocol was reviewed and given a favourable opinion 

by the ARL institutional review board under protocol 17-103 “The effect of 

redistributing torso borne load from the shoulders to the hips on respiratory 

function, biomechanics and cognition” (ANNEX 1). It should be noted that 

biomechanics data was also collected during this study in collaboration with 

colleagues from the ARL. As these measurements were led by ARL, they 

have not been reported in this thesis, but have been reported in subsequent 

publications resulting from this work. 

6.2.1.2 Entrance Criteria 

Following informed consent, nine healthy volunteers (age: 31.2 (8.5) years; 

stature: 1.77 (0.08) m; mass: 82.45 (9.92); one women and eight men) took 

part in the study: the characteristics of each participant are provided in 

Appendix 6. The participants were civilian (n=5) and military (n=4) staff 

working at the Aberdeen Proving Ground, MD, USA. Participants were 

screened using a medical questionnaire. The criteria to be accepted onto the 

study were: 
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1. To be free from musculoskeletal injury and respiratory tract infections 

for one month prior to the start of the study. 

2. To have normal pulmonary function (FVC and FEV1 greater than 

80 % of predicted). 

3. To have experience with loaded marching.  

4. To undertake regular exercise.  

An additional three individuals completed part of the study, but they were 

withdrawn from the study as they failed to meet the inclusion criteria in 

subsequent sessions (e.g. they became unwell). 

This study was originally designed to be conducted in infantry participants. 

However due to the proximity of infantry units to the laboratory, only one 

infantry soldier was initially recruited for the study. As such, participation in 

this study was extended to the other military units and civilian populations 

(following approval from the institutional review board). This approach was 

deemed acceptable to address the hypothesis as the study was designed to 

test the effect of changing the configuration of the backpack rather than to 

evaluate how load affected military task performance.  

6.2.1.3 Restrictions 

Participants were asked to refrain from additional strenuous physical activity 

for 48 h prior to the start of the study, alcohol consumption for 24 hours prior 

to the start of the study and smoking for two hours prior to the start of 

measurements although none of the participants were smokers.  

6.2.2 Load Configurations  

6.2.2.1 The Dynamic Weight Distribution System (DWD) 

The UK MoD have recently introduced a new soldier system into service 

(VIRTUS) which includes a helmet, body armour and load carriage system. 

The VIRTUS backpack incorporates a spine bar and additional hip belt (with 

yolk) called the dynamic weight distribution system (DWD) (Figure 6-1). This 

system allows the soldier to adjust the backpack whilst marching to 
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redistribute load from the shoulders to the hips.  hen the D D is “engaged” 

i.e. the spine bar is inserted into a sheath on the hip belt, it is possible to 

extend the spine bar to raise the pack off the shoulders and direct the load to 

the hips. 

6.2.2.2 Study Load Configurations 

The mass of the load configurations was standardised to 25 kg. Previous 

work has shown that this mass can be carried for one hour in civilians (Faghy 

& Brown, 2014). This mass also represented assault order loads worn by 

soldiers during combat. The load comprised a backpack, and DWD system. 

Four sizes of hip belt and two sizes of DWD were available. The load was 

worn in two configurations in a counterbalanced order:  

(1) No DWD: The backpack and hip belt were worn, the spine bar was 

removed but carried within the pack to ensure that the mass was 

consistent between the two configurations. 

(2) DWD: The DWD was engaged by attaching it to the backpack and 

inserting the spine bar into a sheath in the centre of the hip belt. The 

DWD was adjusted so that the shoulder straps were raised to 2 cm off 

the shoulders. This was to ensure sufficient off-loading without 

comprising the stability of the backpack on the participant. 

One difference from this and other studies reported in this thesis was that 

body armour was not worn. This was because the VIRTUS body armour 

which is designed to integrate with the DWD was not available during the 

testing period. Other armours were available but excluded as an option as 

they did not integrate well with the DWD and made it more difficult to achieve 

sufficient off-loading. As such this study was designed to represent low-

threat environments where soldiers wear backpacks without body armour. 

Participants wore footwear that they would normally wear for loaded 

marching (trainers or boots) and sports clothing that was the same for each 

configuration. 

The initial study design was intended for infantry soldiers thus a 40 kg load 

configuration was also included. However, only three military participants 
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were able to take part in the study. Thus, the study was extended to civilian 

participants and this configuration was excluded from the study as pilot 

testing identified that this load could not be tolerated by the civilian 

population. 
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Figure 6-1: Components of the Load Carriage System. 

 

1:Dynamic Weight Distribution (DWD) frame (attaches to the backpack). 2: DWD adjustable spine bar which inserts into a sheath 

on the back of the hip belt. 3: Backpack with DWD in place. 4: Hip belt and yolk. Note that the sheath is not visible on this picture. 

Pictures taken form DE&S (2015).
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6.2.3 Experimental Design 

6.2.3.1 Participant Characterisation and Training 

Participants attended a training and characterisation session prior to the start 

of the study during which they were fitted with the study clothing and 

measurement equipment (e.g. facemasks) and trained in the measurement 

techniques. All participants demonstrated a plateau in performance during 

training where no increase in the outcome measures tested were observed.  

Baseline measurements of spirometry (without load) were taken using the 

methods described in Chapter 2 Section 3.3.5.1. These data were compared 

to loaded spirometry measurements taken immediately prior to the exercise 

test (Section 6.2.4). 

Height and mass (Section 2.8.1.1), sit-ups and press-up (Section 2.8.1.2and 

   2max (Section 2.3.1.1) were measured in line with the procedures provided 

in Chapter 2. Body composition was assessed using skinfolds (Section 

2.8.1.4). 

6.2.3.2 Exercise Test 

The exercise test described in Chapter 3, Section 3.3.5.2 was replicated and 

is summarised in Figure 6-2. Marching was undertaken on motor driven 

treadmill (Advanced Medical Technology, Inc.). Temperature and relative 

humidity were maintained by an air conditioning unit and recorded using a 

data logger (Kestrel, 400 NV) at the start of each rest period. Air temperature 

was 24.0 (0.87) ºC and relative humidity 62.3 (8.3) %. 

6.2.4 Measurements 

PImax / PEmax, spirometry, gas analysis, ratings of perceived exertion and 

dyspnoea were measured as described in Chapter 2. Additional 

measurements or modifications to the procedures previously reported are 

described below. 
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6.2.4.1 Shoulder Load 

Shoulder load was measured prior to the start of exercise to identify if off-

loading of the shoulders was achieved. The procedures detailed in Chapter 

2, Section 0 were used.  

The sensors were placed on the shoulders under the backpack and yolk 

straps and aligned to the acromion to ensure that they were in the same 

position for each participant. It should be noted that measurements on the 

hips were not undertaken, as the backpack exerts pressures as both 

compressive and sheering forces in this area and the pressure sensors only 

measure compressive forces.  

There are no standards available for measuring skin contact pressure under 

CPE, therefore to inform the implementation of these measurements in future 

studies a five second measurement was taken at the end of a full inspiration 

and full expiration in each load configuration.  

6.2.4.1 Heart Rate 

Beat-to-beat heart rate was recorded using a chest strap system (Zephyr 

Bioharness 3). The mean heart rate over a 10 second period was used for 

analysis. 

6.2.4.2 2-Back Working Memory Task 

The 2-back working memory task was used as an indicator of cognitive 

workload as described in Chapter 2, Section 2.6.1.2. The task was started 

during the 6th minute of each exercise period and lasted for approximately 

three minutes (Figure 6-2).  
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Figure 6-2: Exercise Test Schematic for Study 4. 
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6.2.4.3 Pain Soreness and Discomfort Questionnaire 

At the end of each exercise test (Figure 6-2), participants were asked to 

indicate any areas of pain, soreness and discomfort (PSD) using a bespoke 

four point scale developed by ARL. This body map based approach has 

been recommended for evaluations of CPE by The Technical Cooperation 

Panel (HUM JP1)27 (Mudie et al., 2018).  

 

Participants indicated areas of PSD on a body map and rated the severity of 

PSD using a scale from 1 to 4. The scale ranged from, slight – “small in 

degree   amount” (score of 1), moderate – “average in degree   amount” 

(Score of 2), severe – “high in degree   amount” (score of 3) and extreme – 

“highest in degree   amount” (Score of 4). Mean data was used to produce 

body maps which highlighted the location and severity of discomfort. 

6.2.5 Data Analysis 

Data were analysed in accordance with the procedures in Chapter 2, Section 

2.10. Specifically, a repeated measures two-way ANOVA was used to 

determine the effect of Configuration (×2) and Stage (×5) on each of the 

dependent variables (described above).  

  

                                            
27

 TTCP HUM JP1 is a defence research group comprised of government scientists from 
UK, US, Canada, Australia and New Zealand. 
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 Results 6.3

6.3.1 Estimated Load on the Shoulders 

6.3.1.1 Comparison of Measurements Taken Post Inspiration / 

Expiration 

Differences between measurements taken at the end of an inspiration / 

expiration were compared for each shoulder in each load configuration 

(Figure 6-3 shows example data for shoulder pressure). No statistical 

differences were observed for shoulder pressure, force or contact area (t(8)= -

1.427, p>0.05, d=0.04 to 0.5) for either shoulder.  

 

As no differences were observed between inspiration and expiration, data for 

shoulder load and pressure presented from this point forward are based on 

measurements conducted at the end of expiration. Expiration was selected 

as there was a potential outlier in the left shoulder data measured during 

inspiration (highlighted in Figure 6-3). 



 

Page 250 of 313 
 

E xp ira t io n Ins p ira t io n E xp ira t io n Ins p ira t io n

0

1

2

3

4

P
re

s
s

u
re

 (
N

/c
m

2
)

N o  D W D D W D

L e ft S h o u ld e r R ig h t S h o u ld e r

 

Figure 6-3: Effect of Breathing Cycle on Pressure Measurement.  

Arrow indicates a potential outlier in the data set. Mean is indicated using 

the horizonal line for each data set. 

 

6.3.1.2 Force 

When the DWD was engaged, Force (N) was reduced by 70 % (t(8)=7.165, 

p=<0.0001, d=2.6) and 71 % (t(7)=7.122, p=<0.0001, d=3.4) for the left and 

right shoulders respectively (Figure 6-4). 7 out of 9 participants exceeded 

recommended maximum forces on the shoulders (Stevenson et al., 2004) 

without the DWD, no participants exceeded the maximum forces with the 

DWD. 
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Figure 6-4: Force on the Shoulders.  

Closed circles represent measurements without the DWD, open squares 

represent measurements taken with the DWD engaged. Horizontal lines 

represent the mean for each data set. * indicates differences between the 

configurations (p<0.05). The recommended maximum force that should 

be borne by the shoulders was derived from previous work (Stevenson et 

al., 2004). 

 

6.3.1.3 Pressure 

When the DWD was engaged, pressure (N/cm2) was reduced by 66 % 

(t(8)=7.419, p=<0.0001, d=2.7) and 67 % (t(7)=5.827, p=0.001, d=3.3) for the 

left and right shoulders respectively. 5 out of 9 participants exceeded the 

recommended maximum pressures without the DWD, no participants 

exceeded the recommended maximum pressures with the DWD (Stevenson 

et al., 2004) (Figure 6-5). 
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Figure 6-5: Pressure on the Shoulders.  

Closed circles represent measurements without the DWD, open squares 

represent measurements taken with the DWD engaged. Horizontal lines 

represent the mean for each data set. * indicates differences between the 

configurations (p<0.05). The recommended maximum pressure that 

should be borne by the shoulders was derived from previous work 

(Stevenson et al., 2004). 

6.3.2 Spirometry 

FVC (F(2,16)=16.082, p=<0.0001, ηp
2=0.668, d=0.5 to 0.7) and FEV1 (F(2, 

16)=21.351, p=<0.0001, ηp
2 =0.727, d=0.7 to 0.8), but not the ratio of these 

values (F(2, 16)=2.085, p=0.157, ηp
2 = 0.207, d=0.2) were reduced with load. 

Pairwise comparisons indicated that wearing both load configurations 

induced a restrictive ventilatory impairment (Table 6-1) (p<0.006, d=0.6 to 

0.8). 

 

Analysis of MVV data identified a main effect of load configuration (F(2, 

16)=3.998, p=0.039, ηp
2=0.333, d=0.6). However, when pairwise comparisons 

were undertaken using the Bonferroni correction no differences were 

identified. These comparisons were repeated without this correction which 

indicated that MVV was reduced without the DWD only (p=0.039, d=0.6). 
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Table 6-1: Spirometry Data in Each Load Configuration.  

 
Spirometry   % change / difference 

 
No Load No DWD DWD 

 

No Load v No DWD 
No Load v 

DWD 
No DWD v 

DWD 

FVC  5.60 4.76 4.87  
15.0 *♦♦ 13.1 *♦♦ 2.2 

(L)  (1.38) (1.02) (1.31)  

FEV1  4.35 3.64 3.69  
16.3 *♦♦ 15.3 *♦♦ 1.3 

(L)  (0.98) (0.73) (0.87)  

FEV1/FVC  78.23 76.97 76.67  
1.6 ♦ 2.0 ♦ 0.4 

(%) (6.70) (7.00) (7.38)  

PEF  10.15 9.04 9.23  
11.0 *♦♦ 9.1 *♦ 2.1 

(L·second-1)  (1.82) (1.70) (1.85)  

PIF  8.38 7.56 8.22  
9.8 ♦♦ 1.9 8.4 ♦ 

(L·second-1) (1.48) (1.52) (1.11)  

MVV  147.24 130.89 137.26  
11.1 †♦♦ 6.8 ♦ 4.8 ♦ 

(L·minute-1)  (25.88) (32.36) (30.65)  

 Notes: Mean (SD) is reported (n=9).* Indicates a difference from no load; † indicates a difference from no load without the Bonferroni correction (p<0.05). ♦ = 
small effect (d=0.2 to 0.59); ♦♦ = medium effect (d=0.6 to 1.1); ♦♦♦ = large effect (d≥1.2). Percentage change from No Load was calculated using the formula 
((Configuration - No Load) / No Load) × 100). Percentage difference between the load configurations was calculated using the formula (((No DWD - DWD) / 
(mean)) × 100). FVC = forced vital capacity; FEV1 = forced expiratory volume in one second; PEF=peak expiratory flow; PIF = peak inspiratory flow; MVV = 
maximal voluntary ventilation. 
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6.3.3 Cardio-Respiratory Parameters 

All participants were able to complete the exercise test wearing the DWD. 

One participant withdrew from the exercise test without the DWD following 

completion of Stage 2 due to discomfort on the shoulders (note this 

participant was a civilian man).  

 

Analysis of cardio-respiratory parameters demonstrated an increase in the 

physiological demands with each stage of the exercise test (Table 6-2,    2: 

F(1.654, 11.578)=753.839, p=<0.0001, ηp
2=0.991, d=4.8 to 12.0;   C 2: F(1.384, 

9.687)=658.127, p=<0.0001, ηp
2=0.989, d=4.7 to 12.5; HR: F(1.990, 

13.932)=443.200, p=<0.0001, ηp
2=0.984, d=1.4 to 5.8;   E: F(1.582, 

11.073)=698.634, p=<0.0001, ηp
2=0.990, d=3.7 to 11.0; ƒb: F(1.674, 

11.715)=88.645, p=<0.0001, ηp
2=0.927, d=0.5 to 4.5; VT: F(1.598, 11.186)=80.379, 

p=<0.0001, ηp
2=0.920, d=0.9 to 3.7) however, the physiological response 

was similar in both load configurations (   2: F(1,7)=2.310, p>0.05, ηp
2=0.248, 

d=0.1 to 0.3;   C 2: F(1,7)=0.584, p>0.05, ηp
2=0.00, d=0.1 to 0.3; HR: 

F(1,7)=0.507, p>0.05, ηp
2=0.068, d=0.1 to 0.4;   E: F(1,7)=0.837, p>0.05, 

ηp
2=0.006, d=0.2 to 0.3; ƒb: F(1,7)=0.852, p>0.05, ηp

2=0.109, d=0.1 to 0.4; VT: 

F(1,7)=0.4365, p>0.05, ηp
2=0.062, d=0.1 to 0.3) and there was no interaction 

between configuration and stage     2: F(5,35)=0.897, p>0.05, ηp
2=0.114; 

  C 2: F(1.855, 12.985)=0.938, p>0.05, ηp
2=0.118; HR: F(1.511, 10.476)=0.844, 

p>0.05, ηp
2=0.108;   E: F(1.864, 13.049)=1.569, p>0.05, ηp

2=0.183; ƒb: F(5, 

35)=0.993, p>0.05, ηp
2=0.436; VT: F(1.841, 12.887)=1.041, p>0.05, ηp

2=0.129).  

 

The stage during which the participants reached GET differed during the 

exercise test but was unaffected by the load configuration worn. One 

participant reached GET during Stage 2, two participants reached GET 

during Stage 3 and the majority (n=5) reached GET during Stage 4. One 

participant did not reach GET during the test, this participant had the greatest 

  O2max (50 mL·kg-1·min-1). 

.
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Table 6-2: Cardio-Respiratory Data Measured During the Exercise Test.  

 
No DWD  DWD 

  Stage 1 Stage 2 Stage 3 Stage 4  Stage 1 Stage 2 Stage 3 Stage 4 

   2 0.97 1.48a 1.98ab 2.78abc  0.99 1.52a 2.04ab 2.80abc 
(L·min-1) (0.08) (0.11) (0.18) (0.23)  (0.09) (0.12) (0.17) (0.19) 

          

  C 2  0.86 1.37a 1.89ab 2.89abc  0.85 1.37a 1.95ab 2.95abc 

(L·min-1) (0.08) (0.13) (0.23) (0.31)  (0.09) (0.12) (0.19) (0.22) 

          

Heart rate 97.3 120.2a 145.3ab 175.2abc  103.2 122.6a 146.0ab 176.4abc 
(Beats·min-1) (15.3) (18.3) (14.6) (11.0)  (16.0) (17.3) (14.0) (10.9) 

          

Heart rate 53.3 63.6 76.4 93.2  51.9 63.9 76.4 92.1 
(% 220-age) (8.4) (9.4) (7.5) (6.3)  (8.8) (10.4) (8.7) (7.6) 
          

  E 28.14 41.14a 55.72ab 90.4abc  27.28 40.41a 57.15ab 92.37abc 
(L·min-1) (3.29) (3.47) (6.01) (8.39)  (2.91) (4.15) (4.26) (7.83) 

          

ƒb 28.54 32.68a 38.56ab 47.42abc  26.11 30.56a 36.40a 47.1abc 

(breaths·min-1) (7.69) (8.88) (9.29) (8.00)  (2.83) (5.44) (7.05) (5.91) 

          

VT 1.04 1.34a 1.52ab 1.96abc  1.06 1.36a 1.64ab 1.99abc 
(L) (0.26) (0.37) (0.38) (0.37)  (0.14) (0.25) (0.38) (0.33) 

          

  E / VCO2 27.59 26.22a 26.17 28.11  26.99 25.75 26.22 28.56c 
(%) (2.34) (1.82) (1.46) (1.29)  (1.72) (1.36) (1.18) (1.79) 
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PETCO2 38.19 40.53a 40.09 37.47  38.99 40.81a 39.84 37.01 
(mmHg) (2.91) (2.88) (2.56) (1.59)  (2.37) (2.03) (1.73) (2.20) 

          

Perceived 9.0 11.0a 13.0ab 15.5abc  8.0 11.0 12.0 16.0 

Exertion (3.0) (1.0) (1.3) (2.3)  (4.0) (3.0) (1.0) (2.0) 

          

Dyspnoea 0.5 2.0a 3.0ab 5.0abc  0.5 1.0a 2.0ab 4.0abc 

  (0.5) (0.5) (2.0) (2.0)  (0.5) (2.0) (2.0) (2.0) 
Notes: Mean (SD) is presented for all parameters except perceived exertion and dyspnoea where Median (interquartile range) is shown. n = 9, except for Stages 4 
and 5 without the DWD which is based on n=8. “a” Indicates a difference from Stage 2; “b” indicates a difference from Stage 3; “c” indicates a difference from Stage 
4 (p<0.05).   O2=rate of oxygen uptake;   E=minute ventilation;   CO2=rate of carbon dioxide production; PETCO2 =end tidal carbon dioxide; ƒb=breathing frequency; 
VT=tidal volume 
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6.3.4 Operating Lung Volumes 

EILV was not affected by load configuration (F(1,7)=0.290, p>0.05, ηp
2=0.040, 

d<0.2)28, there was an effect of stage (F(4, 28)=4.044, p=0.010, ηp
2=0.366, 

d=0.4)21 but no interaction between stage and configuration (F(1.672, 

11.704)=2.90, p>0.05, ηp
2=0.040)21. Pairwise comparisons identified that 

increased in EILV were only evident when the DWD was worn, during Stage 

4 (p=0.030, d=0.4) (Figure 6-6). 

 

EELV was not affected by load configuration (F(1, 7)=0.145, p>0.05, 

ηp
2=0.020, d=0.1)21, there was a decrease with stage (F(7.000, 1.660)=10.451, 

p=0.003, ηp
2=0.599, d=0.4 to 0.6)21 but no interaction between stage and 

configuration (F(1.538, 10.769)=0.159, p>0.05, ηp
2=0.022)21. Pairwise 

comparisons identified a reduction in EELV only when the DWD was worn, 

during Stages 3 and 4 (p=<0.006, d=0.4 to 0.6). 

                                            
28

 Data for operating lung volumes were analysed as L or % of FVC.  The statistical outputs 
of the main effects ANOVA were the same thus data are presented for L only.  
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Figure 6-6: Operating Lung Volumes Measured During the Exericse Test.  

Top figure presents volumes in Litres; Bottom figure presents volumes as 

a percentage of FVC. Mean (SD) is presented “a DWD” indicates a 

difference from rest in the DWD configuration. EILV=end inspiratory lung 

volume; EELV=end expiratory lung volume; FVC=forced vital capacity.  
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6.3.5 PImax / PEmax 

PImax was not affected by configuration (F(1,7)=0.176, p=0.687, ηp
2=0.025, 

d<0.2), time (F(1,7)=3.941, p=0.088, ηp
2=0.360, d<0.3) and there was no 

interaction between configuration and time (F(1,7)=0.792, p=0.403, ηp
2=0.102) 

(Table 6-3).  

PEmax was not affected by configuration (F(1,7)=0.276, p=0.615, ηp
2=0.038, 

d<0.1), there was a reduction with time (F(1,7)=13.157, p=0.008, ηp
2=0.653, 

d=0.5 to 0.6) but no interaction between configuration and time (F(1,7)=0.184, 

p=0.681, ηp
2=0.026) (Table 6-3). 

 

Table 6-3: Peak Inspiratory (PImax) and Peak Expiratory (PEmax) Mouth 

Pressures Measured Pre and Post Exercise. 

 

PImax (cm H2O)  PEmax (cm H2O) 

  No DWD DWD 
 

No DWD DWD 

Pre-exercise 
101.3 102.9  161.9 165.6 

(30.8) (34.4)  (42.1) (56.8) 

      

Post-exercise 
97.4 92.0  140.3 140.1 

(40.0) (33.3)  (40.4) (46.3) 

      

 % change 3.8 10.6 ♦  15.5*♦♦ 17.5*♦ 
Notes: Mean (SD) is presented for n=8 participants. * Indicates a difference between the 
configurations (p=0.05). ♦ = small effect (d=0.2 to 0.59); ♦♦ = medium effect (d=0.6 to 1.1); 
♦♦♦ = large effect (d≥1.2). Percentage change from the pre-exercise was calculated using 
the formula ((Post - Pre) / Pre) × 100).  
 
 

6.3.6 Pain Soreness and Discomfort 

The severity of the pain soreness and discomfort (PSD) experienced was 

greatest when the load was worn without the DWD (Figure 6-7). When the 

body map was divided into five segments (Shoulders, Arms, Torso, Hips and 

Legs) mean scores for each individual were consistently greatest without the 

DWD (Figure 6-8). Although the severity of PSD was increased without the 

DWD, the frequency of reporting was similar between the load 
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configurations, however, differences in the distribution of the PSD were 

observed.
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Figure 6-7: Pain Soreness and Discomfort for Individual Regions. 
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Figure 6-8: Pain Soreness and Discomfort.  

Individual data is provided for each region. Horizontal lines represent the mean. 
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6.3.7 2-Back 

The 2-back task was completed during training until a plateau in performance 

was achieved. This was undertaken without load and whilst standing. Mean 

overall accuracy was 98 (1.7) %, with a number of participants achieving 

100 % overall accuracy. 

 

In the No DWD configuration, reductions in overall accuracy were observed 

with time  χ2
(4)=9.629, p=0.047, r=-0.6). Accuracy was reduced during Stage 

4 when compared with rest (p=0.028, r=-0.6), Stage 1 (p=0.028, r=-0.6) and 

Stage 2 (p<0.028, r=-0.6). No differences in accuracy were identified with 

stage when the D D was worn  χ2
(4)=9.288, p>0.05) (Figure 6-9).  

 

Overall accuracy ranged from 83 % to 96 % in the No DWD configuration 

and from 93 % to 97 % with the DWD engaged. When the two configurations 

were compared, overall accuracy in participants wearing No DWD was 

reduced by 6 % during Stage 4 (Z=-2.201, p=0.028, r=-0.6). 

 

Reaction time reduced with stage in both configurations (F(4, 28)=12.578, 

p=<0.0001, ηp
2=0.642, d=0.6 to 1.2) but there were no differences between 

the configurations (F(1,7)=0.624, p>0.05, ηp
2=0.082, d<0.2) and no interaction 

between load configuration and stage (F(1.483, 10.383)=1.103, p>0.05, 

ηp
2=0.136) (Figure 6-9).  
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Figure 6-9: 2-Back Data.  

Accuracy is presented as individual data and mean (horizontal line), 

reaction time presented as mean (SD). * indicates a difference between 

the load configurations; “a” indicates a difference from rest; “b” indicates a 

difference from Stage 1; “c” indicates a difference from Stage 2 (p<0.05).  
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 Discussion 6.4

The objective of this study was to determine if redistributing the load carried 

from the shoulders to the hips reduced the negative effects of torso-borne 

load carriage on ventilatory function, RMF, discomfort and accuracy during 

cognitive tasks. The overarching aim was to inform the design of future 

evaluations of this nature. The VIRTUS DWD was used to redistribute the 

load. The main findings of this work were: 

 

1. No differences in lung volumes were identified between the load 

configurations thus the null hypothesis that load redistribution would 

not affect lung volumes is accepted. 

2. No differences in PImax / PEmax were identified between the load 

configurations thus the null hypothesis that load redistribution would 

not affect inspiratory / expiratory pressures is accepted. 

3. Pressure and force on the shoulders were reduced by up to 71 % 

when the DWD was engaged, as such the severity of pain, soreness 

and discomfort (PSD) was reduced when the DWD was engaged. 

Thus the null hypothesis that load redistribution will not influence 

discomfort is rejected. 

4. Accuracy during the working memory 2-back task was increased 

during Stage 4 of the exercise test when the DWD was engaged. 

Thus the null hypothesis that accuracy will not be affected by load 

redistribution is rejected. 

6.4.1 The Effect of Wearing the DWD on Ventilatory Function  

The data presented do not support the first hypothesis that load redistribution 

from the shoulders to the hips will decrease the reduction in lung volumes 

observed with backpack loads. Both FVC and FEV1 were reduced with the 

25 kg backpack when compared to unloaded measurements. Wearing the 

DWD did not attenuate the reduction in FVC and FEV1 observed with the 

backpack.  
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Reductions in FVC and FEV1 that occur with torso-borne loads are caused 

by increases in both the inertial and elastic forces imposed on the torso. 

Previous work has shown that reducing the elastic component of the load 

using either flexible body armour (Armstrong & Gay, 2016) or by loosening 

the straps on a backpack (Bygrave et al., 2004) reduced the impairment to 

ventilatory function typically seen with load carriage. This was the first study 

to investigate methods to reduce the inertial forces on the torso. The results 

of the current study suggest that the DWD did not sufficiently reduce the 

inertial load imposed on the torso by the backpack as originally 

hypothesised. This is surprising given that shoulder pressure / force was 

reduced by over 66 % with the DWD, but indicates the inertial component of 

the load would need to be removed from the anterior chest wall as well as 

the shoulders to mitigate reductions in ventilatory function. 

During unloaded exercise of increasing work rate, EELV is reduced and EILV 

increased as a means to increase VT to meet the ventilatory demands (Sheel 

& Romer, 2012). In the current study   E increased with each stage of the 

exercise test, but the typical adjustment to EELV and EILV were only evident 

when the DWD was worn. It should be noted that there were no statistical 

differences between the load configurations for EIL  and EEL , but as the 

  E and    2 responses followed the same trends in both loads, these findings 

provide preliminary indications that the DWD may enable the wearer to 

adjust their EILV and EELV during exercise under conditions where this 

adjustment may be impaired by load. This observation is supported by MVV 

data given that MVV was only reduced without the DWD. However, the 

changes in ƒb and VT measured breath × breath followed similar trends in 

both load configurations. This suggests that the aforementioned differences 

in the trends for EILV and EELV were small and thus unlikely to make a 

difference to performance on the battlefield. 

Under the conditions of the current study, wearing the DWD did not reduce 

the ventilatory impairment that is typically observed with load carriage. 

However, the loads investigated in the current study only represented 

Assault Order loads, and the potential benefits to ventilatory function should 

be investigated in heavier loads. 
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6.4.2 The Effect of Wearing the DWD on Respiratory Muscle 

Strength 

The data presented does not support the hypothesis that reductions in PImax 

/ PEmax would be less when backpack load is redistributed from the 

shoulders to the hips.  

Mouth pressures were measured pre and post-exercise as an indication of 

RMF. PImax was reduced post-exercise by 4 % in the No DWD configuration 

and 11 % with the DWD, although these differences did not reach statistical 

significance (Table 6-3 and Table 6-3). It is possible that the observed trend 

where reductions in PImax were greatest with the DWD engaged, was 

related to the reduced stability of the backpack as it was raised off the 

shoulders. This may have increased the postural work on of the inspiratory 

muscles leading to greater reductions in PImax post-exercise.  

It is suggested that with a larger sample size the 11 % difference observed 

with the DWD engaged would have reached significance. This is based on 

data from Study 1: a 7 % difference between pre and post-exercise 

measurements was observed when 27 kg was worn; this was statistically 

significant (Table 3-10). Retrospective power calculations suggest that a 

sample size of 21 would be required to detect statistical differences of this 

magnitude (Appendix 8). This exceeds the recommendations of (Romer & 

McConnell, 2004) who report that for repeated measures designs, 

differences >5 % should be detected using n<11. In the current study, the 

population was less homogenous than that recruited by Romer and 

McConnell (2004) as it included men, women, civilians and soldiers. Thus 

the standard deviations of 31 cm H2O to 57 cm H2O were much greater than 

those reported by Romer and McConnell (2004) (13 cm H2O to 15 cm H2O).  

PEmax was reduced post-exercise in both of the load configurations by 16 % 

and 18 %. These results reflect the trends observed during Study 1 where 

PEmax was reduced post exercise in the 27 kg load by 17 %. Reductions in 

PEmax post-exercise were greater than PImax; it is possible that this reflects 

a greater contribution of the expiratory muscles to the maintenance of 

posture with load carriage and fatigue of the core muscles. This theory 
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supports the findings of others who have demonstrated that the contribution 

of the diaphragm to the maintenance of posture reduces when respiratory 

demand increases (Hodges et al., 2001); the resultant effect is that the 

expiratory muscles are required to do additional work to maintain posture. 

It is also interesting to note that when participants marched without the DWD 

engaged, the reduction in Pmax post-exercise was minimal. Whereas in 

Study 1 reductions in Pmax were evident post-exercise in the 27 kg load 

(7 % reduction, Table 3-10). The author believes that this reflects the 

differences in the participants‟ selected  e.g. trained load carriers in Study 1 v 

a mixed population in Study 4) and the differences in breathing strategies 

that are adopted by these populations. There is evidence from Study 1 that 

suggests trained load carries breath at an increased EILV and EELV to 

mitigate expiratory flow limitation, but this increases the WOB and thus the 

likelihood of RMF. Further, body armour was worn in Study 1, which imposes 

a greater elastic load on the torso when compared to backpacks alone, 

which also increases respiratory muscle work. 

The participants adopted a similar breathing strategy in the two 

configurations as demonstrated by the   E, VT and ƒb responses during 

exercise. The percentage change in PImax post-exercise was much larger in 

the DWD (although this was not statistically significant), which may be 

related to the stability of the backpack. Participants reported that the 

backpack was less stable when the DWD was engaged and rocked from side 

to side. This may have required a greater contribution of the respiratory 

muscles to maintain a stable posture (Hodges et al., 1997; Hodges & 

Gandevia, 2000; Janssens et al., 2013; Janssens et al., 2010; Shirley et al., 

2003). This is in part why the position off the shoulders was standardised to 

2 cm, to ensure that the pack was not overly raised. 

The data indicate that the participants in the current study worked at an 

increased percentage of their maximum heart rate with   E, VT and ƒb all 

being greater than reported for Study 1. The author suggests that the 

participants in the current study were less efficient load carriers than the 

soldiers who participated in  tudy 1 as their load was further from the body‟s 



 

Page 269 of 313 
 

centre of mass (no body armour was worn in the current study but it was in 

Study 1) and the participants were less experienced load carriers. 

6.4.3 The Effect of Wearing the DWD on Discomfort and Accuracy 

During Cognitive Tasks 

Carrying 25 kg in the backpack applied forces up to 211 N and pressures up 

to 21 kPa on the shoulders. When the DWD was engaged, force was 

reduced to 63 N and pressure to 7 kPa. The Canadian Armed Forces have 

developed test and evaluation procedures for load carriage systems and 

have recommended that maximum forces applied to each shoulder should 

not exceed 145 N and maximum pressures 20 kPa (2.0 N/cm2) (Stevenson 

et al., 2004). Without the DWD the forces / pressures applied exceeded 

these recommendations, when the DWD was worn all participants were 

within the recommended guidelines (Figure 6-4). These data indicate that the 

DWD reduced the force / pressure applied to the shoulders to within the 

recommended guidelines. 

Review of the pain, soreness and discomfort questionnaire indicates that the 

frequency of reports of pain, soreness and discomfort was similar between 

the two load configurations, but the severity was reduced when the DWD 

was worn. This is not surprising given that the hips are more tolerant to 

increases in pressures than the shoulders (Wettenschwiler et al., 2015). 

Therefore, these data support the hypothesis that wearing the DWD will 

reduce shoulder discomfort and also indicates that and the overall severity of 

the discomfort experienced by the participants is reduced when load is 

redistributed to the hips. 

Overall accuracy during the 2-back task without physical exertion or load 

carriage was 98 % (measured whilst standing at the end of training). In the 

No DWD configuration accuracy was significantly reduced to 83 % by the 

end of the exercise test whilst accuracy remained above 93 % when the 

DWD was engaged (no statistical differences from rest were identified). 

When the configurations were compared, accuracy was significantly lower 

during Stage 4 of the exercise test without the DWD. Therefore the 

hypothesis that overall accuracy during the n-back task will be increased 
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when participants wear the load redistribution system is supported. The 

cardiopulmonary and perceptual data recorded during this study indicate that 

the measured and perceived work rate of both load configurations was 

similar. This suggests that the aforementioned reductions in accuracy reflect 

increased shoulder discomfort, although there was no correlation between 

accuracy and PSD (Figure: A 10). 

Previous studies which have investigated the effect of load on cognition have 

observed reductions in accuracy of up to 17 % when load was worn and 

concluded that an increase in physical exertion or physical fatigue that was 

primarily responsible for reduced accuracy observed (Eddy et al., 2015; 

Mahoney et al., 2007; May et al., 2009). In the current study, participants 

who reached GET earlier in the march experienced greater reductions in 

accuracy (although, correlations between the participant characteristics and 

accuracy did not reach statistical significance: Appendix 7). This finding 

supports the work of others, as participants who reached GET at an earlier 

point in the march would have been working at a greater exercise intensity. 

This is an important factor to consider in the military scenario as task 

intensity is absolute and not defined by an individual‟s fitness; those working 

at a greater exercise intensity may be more susceptible to reductions in 

cognition. This is supported by the work of others who have reported a 

correction between cardiovascular fitness and cognition: the focus of this 

subject has primarily been in older adults (Cherup et al., 2018; Dyrstad et al., 

2007; Kramer et al., 2005; Voss et al., 2010), thus future work should 

investigate the relationship between physical fitness and cognition in 

soldiers. Addressing this knowledge gap will inform future strategies to 

improve soldier performance during cognitive tasks.   

Discomfort may have affected the participants in two ways. First of all, the 

discomfort may have increased the number of sensory inputs to the brain, 

which would have reduced the cognitive reserve available for the 2-back task 

(Bell et al., 2005). Secondly, the discomfort may have forced the participants 

to adjust their posture which would have shifted their visual focus to a 

different part of the computer screen. This theory is supported by the work of 

(Kobus et al., 2010) who reported reductions in accuracy during a visual 

choice reaction time test after 85 minutes of marching at 3.2 km·h-1 in 61 kg. 
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The authors presented eye-tracking data which identified that visual focus 

was directed towards the lower part of the projector screen and threat 

detection was reduced towards the upper portion of the visual field as mass 

increased. 

 The data suggest that increased discomfort was primarily responsible for the 

reduction in accuracy observed without the DWD given that no differences in 

cardiopulmonary data were observed between the two configurations. These 

data indicate that discomfort caused by carrying load places additional 

demands on the soldier, reducing discomfort through the use of the DWD will 

increase the reserve available for cognitive tasks (Bell et al., 2005).  

6.4.4 Trade-Offs Associated With Using the DWD 

As previously mentioned, anecdotal reports from both the participants and 

the investigators indicate that the back pack was more mobile when the 

DWD was engaged. Raising the pack also interfered with the participant‟s 

ability to move their head backward. This did not present a problem in the 

current study as the participants were marching for relatively short periods in 

the same position. However, in the field environment this may have an 

impact when a helmet is worn and during tasks requiring different postures 

(e.g. standing v prone positions). This highlights the importance of testing 

future soldier systems in a variety of environments and tasks as well as the 

importance of training and familiarisation with these systems. 

6.4.5 Limitations 

Interpretation of the data should be treated with caution given the small 

sample size used in this study. However, as the overarching aim of the study 

was to inform the design of future studies of his nature, power calculations 

for follow on work have been provided (Appendix 8). 

Although shoulder pressure / force were measured in the study, it was not 

possible to measure pressure on the hips. As such, the author has reported 

off-loading of pressure / force rather than the percentage of load that was 

indeed redirected to the hips. 
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Due to logistical constraints experienced during this study, it was not 

possible to recruit from the infantry population. Thus the participants tested 

had a wide range of load carriage experience and cognitive capability. 

Collecting data from a broader population would likely have increased the 

variability in the data and increased the chance of a Type II error. Further, 

the use of civilians meant that is was not possible to test participants in loads 

greater than 25 kg. Using greater loads would have enabled the investigators 

to identify if effectiveness of the DWD increased or decreased in heavier 

loads. 

It was not possible to use body armour during this study, as the armour used 

during Studies 1, 2 and 3 did not integrate with the DWD, and the VIRTUS 

body armour was not available. As such, the breathing restriction reported 

may have been underestimated. Whilst this will present challenges for 

translating these findings to the operational environment, this will have had 

no effect on the comparison of the two load configurations. 

 Summary 6.5

This study has demonstrated significant off-loading of shoulder pressure and 

force using the VIRTUS DWD system. The data presented support 

hypotheses three and four as load distribution using the DWD reduced 

shoulder discomfort which in turn led to increases in accuracy during 

cognitive tasks. However, hypotheses one and two were rejected: under the 

conditions tested in the current study the DWD did not decrease reductions 

in lung volumes or the magnitude of RMF. Power calculations have been 

undertaken to inform the design of future investigations of this nature (Table 

A 5). 
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 Appendix 6. Participant Characteristics 

Table A 4: Participant Characteristics 

Participant 1 2 3 4 5 6 7 8 10 

Height (m) 1.65 1.79 1.85 1.77 1.66 1.88 1.77 1.68 1.80 

Mass (kg) 69.10 79.20 72.80 80.60 75.70 94.00 75.10 90.40 89.00 

Body Mass Index 25.38 24.72 21.27 25.73 27.47 26.60 23.97 32.03 27.47 

Sit-ups 61 63 35 58 71 51 31 52 111 

Press-ups 73 52 52 32 35 45 37 72 118 

   2max (L·min-1) 3.10 3.55 3.19 3.03 3.59 4.54 3.27 4.07 4.42 

   2max (mL·kg-1·min-1) 44.86 44.82 43.82 37.59 47.42 48.30 43.54 45.02 49.66 

GET (L) 1.61 2.17 2.04 1.48 2.46 3.14 1.89 2.67 3.21 

Stage GET reached 3 4 2 3 4 4 4 4 Not reached 

GET ( % of max) 51.94 61.13 63.95 48.84 68.52 69.16 57.80 65.60 72.62 

Max HR 178 206 180 176 191 204 189 187 192 

Age 34 38 24 43 19 23 34 27 27 

Smoker (Y / N) N N N N N N N N N 

Sex Male Male Male Male Female Male Male Male Male 

Military (M) / Civilian (C) M C C M M C C C M 

Sum 8 skinfolds 96.1 90.1 57.4 116.3 144.0 81.3 104.3 131.8 60.8 

Body Fat (%) 21.24 19.75 13.32 25.36 36.41 17.59 23.33 29.30 16.29 

Fat Mass (kg) 14.68 15.64 9.70 20.44 27.57 16.53 17.52 26.48 14.50 

Fat Free Mass (kg) 54.42 63.56 63.10 60.16 48.13 77.47 57.58 63.92 74.50 

Load (25kg) % LBM 45.9 39.3 39.6 41.6 51.9 32.3 43.4 39.1 33.6 

Accuracy (%)*  87 93 96 71 96 87 - 38 98 
Notes: *Accuracy refers to the overall accuracy achieved during Stage 4 of the exercise test without the DWD.   O2max=maximum rate of oxygen uptake; GET=gas 

exchange threshold; HR=heart rate; LBM=lean body mass. 
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 Appendix 7. Correlation Between Participant Characteristics and 2-Back Accuracy 
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Figure: A 9 Correlations Between Participant Characteristics and 2-Back Accuracy. 

 Calculated using Pearsons Correlation Coefficient (r).  
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Figure: A 10 Correlations Between Data Collected during Stage 4 and 2-Back Accuracy. 

 Calculated using Pearson’ s Correlation Coefficient (r) or Spearman’s Rank (ρ). 
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 Appendix 8. Power Calculations Based on Data From Study 4 

Table A 5 provides power calculations based on the effect sizes calculated 

during this study. Power calculations were performed using GPower 3.1.9.2.  

To calculate the power required to test hypothesis 1 ηp
2 = 0.680 was used: 

this was the smallest effect size calculated from spirometry data where a 

significant difference was observed. Using these data, a total sample size of 

9 is required to achieve 80 % power with an alpha level of <0.05.  

To calculate the power required to test hypothesis 2 ηp
2 = 0.360 was used: 

this was the smallest effect size calculated from PImax / PEmax data where 

a significant difference was observed. Using these data, a total sample size 

of 21 is required to achieve 80 % power with an alpha level of <0.05. 

To calculate the power required to test hypothesis 4 d = 0.70 was used: this 

was the smallest effect size calculated from accuracy data where a 

significant difference was observed. Using these data, a total sample size of 

27 is required to achieve 80 % power with an alpha level of <0.05. 
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Table A 5: Power Calculations Based on Data From Study 4. 

Test 

Family 

Statistical test Effect size α 1-

β 

Groups Measurements Correlation Nonsphericity 

correction 

Total 

Sample 

size 

F-tests 

 

ANOVA, 

repeated 

measures, 

within-between 

interaction 

ηp
2 = 0.680 0.05 0.8 3 

configurations 

2: Pre, post 0.5 1 9 

          

F-tests 

 

ANOVA, 

repeated 

measures, 

within-between 

interaction 

ηp
2 = 0.360 0.5 0.8 3 

configurations 

2: Pre, post 0.5 1 21 

          

F-tests 

 

ANOVA, 

repeated 

measures, 

within-between 

interaction 

d=0.7 0.5 0.7 3 

configurations 

5: Rest, 

stages 1-4 

0.5 1 27 
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Chapter 7 General Discussion 
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 Introduction 7.1

The aim of this thesis was to provide an evidence base to support the 

procurement of future body armour and load carriage systems so that they 

minimise breathing restriction. This was achieved through the conduct of four 

studies, designed to quantify the soldier‟s physiological response and 

performance whilst marching wearing body armour and carrying loads of 

varying masses / configurations. The overarching hypothesis that restrictions to 

ventilatory function observed with torso borne load carriage would limit exercise 

and the performance of military tasks was tested. The novel findings which have 

emerged from this body of work include: 

1. The restrictive ventilatory impairment observed with torso-borne load 

carriage is greater than the evidence in the literature indicated. 

2. Soldiers may experience expiratory flow limitation during high intensity 

tasks wearing Assault Order loads. 

3. Soldiers may experience RMF during high intensity tasks with Assault 

Order loads and during longer duration loaded marches wearing body 

armour. 

4. Accuracy during cognitive tasks will decrease as load discomfort 

increases. 

5. Loosening body armour and redistributing load from the shoulders to the 

hips did not affect cardiovascular or respiratory parameters.  

6. Redistributing load reduced the severity of discomfort and improved 

accuracy during cognitive tasks. 

7. Restrictions to breathing observed with torso borne load carriage can 

limit the performance of military tasks.  
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 Key Findings 7.2

7.2.1 The restrictive ventilatory impairment observed with torso 

borne load carriage is greater than the evidence in the 

literature indicated. 

The work reported in this thesis has quantified the breathing restriction imposed 

on soldiers wearing body armour alone or with loads representative of 

equipment carried by the soldier. With body armour alone, breathing was 

restricted by ~8 %29 (Table 3-2, Table 3-3 and Table 4-7). This increased to 

20 %30 when additional mass was added to the soldier (Table 3-2, Table 3-3 

and Table 4-7). Assault Order (25 kg), Patrol Order (30 kg) and Marching Order 

loads represent what military doctrine recommends should be carried by the 

soldier. However, during Operation HERRICK (Afghanistan, 2008 to 2012) 

soldier loads exceeded these recommendations, with peak loads of ~80 kg 

(Chapter 1, Section 1.1) (Lloyd-Williams & Fordy). Operational loads are also 

much greater than those used in previous ventilatory function studies: to the 

author‟s knowledge, 45 kg is the greatest mass that has been investigated by 

others (Phillips et al., 2016a) but 25 kg is typical. As such, it is likely that the 

magnitude of restriction to ventilatory function experienced by soldiers on the 

battlefield will be greater than reported in this body of work or in published 

research. 

Published data indicate that the restrictive impairment observed with torso 

borne loads ranges from 2 % to 9 %, depending on the mass carried 

(Armstrong & Gay, 2016; Bygrave et al., 2004; Dominelli et al., 2012; Faghy et 

al., 2016; Faghy & Brown, 2014; Hinde et al., 2018; Legg, 1988; Legg & Cruz, 

2004; Majumdar et al., 1997; Muza et al., 1989b; Phillips et al., 2016a; Phillips 

et al., 2016b, 2016c; Walker et al., 2015). The data reported here demonstrate 

that the restriction experienced by soldiers exceeds these values. This 

underestimation is likely to be caused by two factors; firstly, the characteristics 

of loads investigated previously were different – 19 out of 23 studies used back 

pack loads typically weighing 25 kg and excluded body armour (Bygrave et al., 

                                            
29

 8 % represents data from Studies 1 and 2 where body armour was worn (n=36). Note data 
from women was excluded from this figure due to inconsistencies with body armour fit. 
30

 20 % represents data from Study 2 (n=12). 
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2004; Chow et al., 2009; Dominelli et al., 2012; Faghy et al., 2016; Faghy & 

Brown, 2014, 2016, 2017; Faghy & Brown, 2019; Hinde et al., 2018; Legg & 

Cruz, 2004; Legg & Mahanty, 1985; Peoples et al., 2016; Phillips et al., 2016a, 

2019; Phillips et al., 2016b, 2016c; Shei et al., 2018; Walker et al., 2015; Wang 

& Cerny, 2004). Secondly, studies that used body armour (Armstrong & Gay, 

2016; Legg, 1988; Majumdar et al., 1997) were conducted several years ago 

and no longer represent current soldier systems. Further, body armours were 

assessed in isolation and not with additional load.  

The body armours worn by soldiers today are much heavier than those worn 

previously; the armour used in Studies 1, 2 and 3 weighed ~11 kg compared 

with armours weighing ~2 kg and ~6 kg in the study conducted by Legg (1988). 

Body armour has a soft armour filler to protect from fragments and a hard 

armour plate to protect from higher velocity projectiles; the hard armour plate is 

the heaviest component. Previous iterations of body armour comprised a small 

hard plate worn in the front of the vest. As the threat from adversaries has 

increased, so too has the size and thickness of the plate which can now be 

worn in the front, rear and sides of the vest: this increases protection to the vital 

organs to increase the likelihood of survival in the event that a soldier is shot. 

Body armours have evolved to enhance protection but the consequence of this 

has been an increase in the burden on the respiratory system.  

This work demonstrates that the evidence base informing the protection-burden 

trade-off should include data from soldier systems which represent how load is 

worn by the soldier on operations. 

7.2.2 Soldiers may experience expiratory flow limitation during high 

intensity tasks wearing Assault Order loads. 

This body of work is the first to measure expiratory flow limitation with body 

armour and in operationally relevant loads (i.e. Assault, Patrol and Marching 

Order). Data from Study 1 support the hypothesis that increasing the mass 

carried increases the likelihood that soldiers will experience expiratory flow 

limitation whilst marching (Table 3-9). Specifically, this work has identified that 
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expiratory flow limitation was present during high intensity tasks31 involving 

loads equivalent to Assault Order loads and above (i.e. loads greater than 25 

kg). 

Assault Order loads are carried by soldiers during ground close combat and 

include essential equipment that is required to “close with and kill the enemy”. 

Ground close combat is a varied task which includes high intensity activities 

such as sprinting, casualty evacuation and fire and movement. The data 

presented in this thesis suggests that soldiers may experience expiratory flow 

limitation during ground close combat tasks. The data also indicate that the 

magnitude of expiratory flow limitation will increase with mass carried, which 

puts tasks such as casualty evacuation32 and soldiers who operate heavy 

weapons33 at particular risk.  

Expiratory flow limitation was not evident during the three hour march 

conducted during Studies 2 and 3: even as the mass carried was increased. 

This suggests that during moderate intensity tasks of long duration the 

respiratory system will not limit performance (i.e. soldiers are unlikely to develop 

expiratory flow limitation).  

Expiratory flow limitation occurs when tidal breathing meets or exceeds the 

maximal flow volume envelope (Johnson et al., 1999b). In physically active 

healthy individuals there is sufficient reserve in the ventilatory system that 

ensures maximal oxygen uptake is not limited by ventilation (Aliverti, 2008; 

Sheel & Romer, 2012). The data reported in this thesis and that of others 

(Dominelli et al., 2012) has shown that wearing load (12 kg to 47 kg) on the 

torso reduces the size of the maximal envelope, therefore increasing the 

likelihood of expiratory flow limitation. The consequences of expiratory flow 

limitation are dynamic hyperinflation, where there is insufficient time for 

expiration: respiratory gases become trapped in the lungs and EELV increases 

towards or above resting values. This increases the elastic work or breathing 

due to reduced compliance at increased lung volumes (Aliverti, 2008; Guenette 

                                            
31

 During Study 1, high intensity tasks were defined as 78 % of age predicted maximum heart 
rate. 
32

 Casualty evacuation may require soldiers to carry or drag an injured soldier whilst carrying 
their standard equipment (AO, PO or MO) as well as the casualty‟s equipment. 
33

 Some weapon systems are very heavy. For example anti-tank missiles can weigh over 20 kg. 
Soldiers are required to carry the weapon and ammunition as well as their standard equipment. 
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et al., 2013; O'Donnell et al., 2001; Sheel & Romer, 2012). Expiratory flow 

limitation also contributes to breathlessness and can have negative effects on 

gas exchange (Aliverti, 2008; Guenette et al., 2013; O'Donnell et al., 2001; 

Sheel & Romer, 2012). 

During Study 1, EELV and EILV increased with load (Figure 3-7). This differs 

from the findings of others who reported reductions in both EILV and EELV 

during fixed speed / incline marching tests (Dominelli et al., 2012; Phillips et al., 

2016b, 2016c) and graded exercise tests (Phillips et al., 2016a, 2019) with load 

carriage. This disparity may be a reflection on methodological differences 

between the current and previous evaluations. In this project, a representative 

military task was used where participants marched at a fixed workload and 

therefore exercised at difference percentages of their maximum capacity. 

Others have selected exercise tests where loads were compared at matched 

ventilations / oxygen uptake, so that the ventilatory demand was the same in all 

load configurations (Phillips et al., 2016a, 2019; Phillips et al., 2016b, 2016c). 

Further work is required where civilians and military are compared using the 

same exercise profile to examine this concept further.  

Differences between the participants may also be a factor in the aforementioned 

differences. It is suggested that infantry soldiers who are experienced load 

carriers may have developed stronger respiratory muscles through their load 

carriage training and increase EILV and EELV (rather than decrease as typically 

seen) to mitigate expiratory flow limitation with load. Increases in EELV and 

EILV with load carriage would reduce the likelihood / severity of expiratory flow 

limitation, but would move tidal breathing against a greater elastic load thus 

increasing the WOB and likelihood of RMF.  

7.2.3 Soldiers may experience RMF during high intensity tasks with 

Assault Order loads and during longer duration loaded 

marches wearing body armour. 

This work has shown that soldiers may experience RMF during load carriage 

tasks (Table 3-10, Table 4-10 and Table 4-11). A reduction in mouth pressures 

post-load carriage was used to indicate the presence of RMF; this was defined 
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as a statistically significant reduction in mouth pressures post-exercise 

compared to pre-exercise values.  

RMF was observed in Assault Order loads (25 kg) during Study 1. PImax was 

reduced by 7 % (p<0.01) post-exercise and 11 % (p<0.001) when the mass 

carried was increased by 20 kg (50 kg total). Expiratory muscle fatigue was 

observed in all loads (including the unloaded configuration); mouth pressures 

were reduced by 12 % (p<0.001) when no load was carried and 17 % (p<0.001) 

in 50 kg. The exercise protocol used in Study 1 was a 40-minute continuous 

staged protocol which included a range of exercise intensities from light to very 

heavy exercise; heart rate ranged from 42 % to 90 % of age predicted 

maximum depending on the load carried and stage of the test. As mouth 

pressures were not measured at the end of each exercise intensity, the time 

and exercise intensity at which reductions occurred was not elucidated.  

One of the objectives of Studies 2 and 3 was to investigate if RMF occurred 

during long duration loaded marching of moderate intensities. The march was 

three hours in duration and of moderate intensity as all participants remained 

below GET regardless of the load carried (Table 5-7). An 11 % and 13 % 

reduction in PImax and PEmax respectively was measured in soldiers wearing 

body armour after only 50 minutes of marching. This was surprising given that 

RMF was absent following a 60 minute march, at 6.5 km·h-1 in backpacks less 

than 20 kg (Faghy et al., 2016). This may reflect the difference between the 

restriction caused by backpacks alone when compared to BA, and highlights the 

importance of using loads representation of military load carriage. 

Previous work without load has identified that inspiratory muscle fatigue occurs 

during exercise of severe intensities (>85 % of   O2peak) (Johnson et al., 1993). 

The findings reported here indicate that load carriage reduces the threshold for 

RMF and agrees with others who have used the same methodological approach 

(Faghy & Brown, 2014; Phillips et al., 2016a; Phillips et al., 2016c), however, 

this is the first body of work to investigate the consequence of this fatigue on the 

soldier. 

During studies 2 and 3, participants completed a 2.4 km best effort test wearing 

Assault Order loads, at the end of the three-hour loaded march. This was 

designed to simulate a tactical advance to battle (three-hour march) followed by 
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a contact situation (best effort test). The objective was to determine if increasing 

the load carried during the march would influence the time to complete the best 

effort test. Given that RMF was evident in all configurations, it was not possible 

to fully investigate this objective. 

Adding load to the soldier did not increase the magnitude of RMF experienced 

in body armour alone. As such, it is not surprising that time to complete the best 

effort test was similar despite the load carried during the three-hour march. 

There are two main reasons which may account for this finding: firstly, it is 

unclear if the magnitude of RMF observed during these studies was sufficient to 

trigger the respiratory muscle metaboreflex34 as blood flow was not measured. 

Secondly, there was a 10 minute rest period following the three-hour march to 

allow for measurements to be taken and for the load configuration to be 

changed. This may have been sufficient time to recover from fatigue 

experienced during the initial march enabling participants to perform to their full 

capabilities during the test. On the battlefield there will be situations where 

soldiers do not get the chance to have a rest period prior to a subsequent task, 

but also situations where additional stressors will increase the physical 

demands of a task and thus increase the stress on the respiratory muscles.  

When the baseline measurements of PEmax were descriptively compared to 

other studies that have used an active civilian population the mouth pressures 

in soldiers were much greater (Faghy & Brown, 2014, 2016; Phillips et al., 

2016c; Shei et al., 2018; Wilson et al., 1984). Infantry soldiers regularly 

undertake loaded marching as part of their training, so their respiratory muscles 

will be exposed to greater stress than those who train without load. This may 

inadvertently offer training of the respiratory muscles which has been shown to 

increase muscle strength (Faghy & Brown, 2016; Shei et al., 2018). If training 

with load does train the respiratory muscles, it may make soldiers less 

susceptible to RMF following load carriage. This finding links to operating lung 

volume data; if operating lung volumes are increased with load, soldiers will 

regularly breathe against greater elastic loads, which may account for why 

mouth pressures are greater in this population.   

                                            
34

 McConnell and Lomax (2006) have identified that the magnitude of inspiratory muscle fatigue 
required to trigger the metaboreflex in participants exercising without load carriage is 
approximately 19 %. 
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In the operational environment, activation of the respiratory muscle 

metaboreflex would have the potential to [1] reduce the length of time that 

soldiers could operate for, [2] add a requirement for longer recovery periods and 

[3] reduce physical performance during intermittent high intensity tasks. 

The detrimental effects of RMF will extend beyond physical performance. Both 

RMF and the development of rapid shallow breathing are associated with 

increases in the perception of effort and breathing discomfort, as observed in 

the current study and by others (Harms et al., 2000; Romer et al., 2006). As 

perception of effort and breathing discomfort increases so too does the 

cognitive demands of a task due to an increase in the sensory inputs to the 

brain (Bell et al., 2005). This increase in cognitive demand will leave less 

cognitive reserve available for other tasks that are required of the soldier such 

as maintaining vigilance, discriminating between friendly and enemy targets and 

communications (Mahoney et al., 2007; May et al., 2009). 

7.2.4 Accuracy during cognitive tasks will decrease as load 

discomfort increases. 

 ilitary task performance was measured by the soldier‟s ability to complete the 

exercise test and using cognitive tasks which modelled common military tasks 

(friend / foe discrimination, vigilance and working memory). The data presented 

indicate that accuracy during cognitive tasks was reduced as mass carried, time 

and exercise intensity were increased. The reduction in accuracy observed 

during Studies 2, 3 and 4 was predominantly related to discomfort (increased 

force / pressure on the shoulders) associated with load carriage but increased 

physical exertion and reduced arousal would have also have effects on 

accuracy (Eddy et al., 2015; Mahoney et al., 2007; May et al., 2009). 

During Studies 2 and 3, a number of participants withdrew from the exercise 

test. Post-test interviews with participants revealed that most withdrew due to 

the discomfort associated with carrying the load. Predominantly, participants 

reported shoulder and back discomfort but it is suggested that dyspnoea may 

also have been a contributory factor: rapid and shallow breathing patterns as 

well as RMF are associated with dyspnoea and these responses were observed 

in Studies 1 to 3 of this thesis (Jensen et al., 2009; Lansing et al., 2009; 
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Laviolette et al., 2014; O'Donnell et al., 2009). Soldiers will expect to become 

more breathless during exercise but as their awareness of their breathlessness 

increases it will expend some of the available cognitive reserve available for 

military tasks in the same way as shoulder discomfort. 

Given the large number of incomplete tests, it was not possible to fully test the 

hypotheses for Study 3 using the planned statistical methods. Whilst statistics 

are an important tool for researchers, it is acknowledged that a statistical 

difference does not necessarily translate to a difference on the battlefield. As 

such the analysis was modified and review of the descriptive data (mean and 

standard deviation) from Studies 2 and 3 was also undertaken. This indicated 

that accuracy was reduced to a greater extent in women than men: the author 

attributes this to poorly fitting equipment, which in turn increased discomfort in 

women compared to men. These results are in agreement with others who have 

investigated body armour fit in women (Fryer, 2016; Russell et al., 2016). 

Evidence from these investigations indicates that it is not sufficient to simply 

scale down the size of equipment proportioned for men to fit women: the 

requirement for sex specific sizing must be assessed in future equipment 

procurements. 

7.2.5 Loosening body armour and redistributing load from the 

shoulders to the hips did not affect cardiovascular or 

respiratory parameters. Redistributing load reduced the 

severity of discomfort and improved accuracy during 

cognitive tasks. 

Load carriage restricts ventilatory function by imposing inertial and elastic forces 

on the torso which affect the soldier‟s ability to inflate their lungs. During  tudies 

1 and 4 the effect of removing one of these components was investigated, to 

identify if this would reduce the restriction observed. In Study 1 the elastic 

forces were reduced by loosening the body armour, in Study 4 the backpack 

was raised off the shoulders using the VIRTUS DWD to remove part of the 

inertial force on the torso. 

Loosening the body armour did not affect cardiovascular or pulmonary 

responses at rest or during exercise when the body armour was worn with 
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additional load (Body armour + 25 kg). Previous work conducted by Bygrave et 

al. (2004) suggested that the tightness of backpack straps can influence the 

magnitude of the restrictive impairment observed with loads. This was 

supported by Armstrong and Gay (2016) who reported that using flexible body 

armours could reduce the magnitude of this ventilatory impairment. In the 

current investigation, the body armour was not worn on its own (unlike in the 

study by Armstrong and Gay) and the mass carried (~40 kg) was heavier than 

used by Bygrave et al. (2004) (15 kg). Increasing the elastic forces on the torso 

does restrict ventilatory function, as has been demonstrated using chest 

strapping devices (Coast & Cline, 2004; Gonzalez et al., 1999; Harty et al., 

1999; Miller et al., 2002; O'Donnell et al., 2000; Tomczak et al., 2011). 

However, the work reported here indicates that with military loads reducing the 

elastic restrictions imposed by body armour will be an ineffective strategy to 

mitigate the respiratory burden if the inertial forces are not reduced as well. 

This was the first study to investigate the effect of removing the inertial 

component of a backpack on ventilatory function using a load redistribution 

system. Despite significant off-loading of the shoulders by up to 71 %, (Figure 

6-4 and Figure 6-5) the DWD did not influence cardiovascular parameters, 

ventilatory function and did not reduce the level of RMF experienced with load 

carriage. This may be because although the inertial load was reduced on the 

shoulders the inertial forces from the chest strap may still have been sufficient 

to cause restriction to breathing. 

Removing the elastic or inertial forces did not influence breathing restriction 

under the conditions tested (Table 3-4 and Table 6-1) but other benefits were 

observed in terms of reduced discomfort and increased accuracy during 

cognitive tasks. This is also the first body of work to demonstrate how reducing 

discomfort on the shoulders by redistributing the load carried to the hips can 

increase the available cognitive reserve during load carriage tasks. The data 

presented indicate that the reduction in pressure and force on the shoulders 

which occurred with DWD reduced the severity of pain, soreness and 

discomfort: this led to improvements in accuracy during the working memory 2-

back task during very heavy exercise.  
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7.2.6 Restrictions to breathing observed with torso borne load 

carriage can limit the performance of military tasks  

The data presented in this thesis indicate that soldiers will experience expiratory 

flow limitation during high intensity tasks wearing Assault Order loads (Table 

3-9). Expiratory flow limitation will accelerate the onset of RMF thus limiting 

performance of high intensity tasks. This work has also identified that load 

carriage will reduce the threshold for RMF (Table 3-10), which also has the 

potential to accelerate whole body fatigue. During long duration marching, the 

main limiting factor for performance was shoulder / back discomfort: dyspnoea 

resulting from RMF will contribute to the overall experience of discomfort. Taken 

together this supports the hypothesis that restriction to breathing observed with 

torso borne load carriage will limit the performance of military tasks. 

 Practical Applications and Recommendations 7.3

The novel findings presented in this thesis have highlighted the conditions (load 

configurations and task characteristics) under which soldiers may experience 

expiratory flow limitation and RMF. Ultimately, removing the load from the 

soldier will alleviate these effects but this is not a simple task especially giving 

the continual rise in the load carried by soldiers. Strategies to reduce or at least 

prevent this problem becoming worse are proposed. 

7.3.1 Recommendations for Future Procurements 

 During future procurement programmes breathing restriction should be 

assessed as a “key” priority.  

 Equipment should be tested as individual components (i.e. body armour 

and backpacks alone) and as a complete system (i.e. body armour 

should be tested with and without additional loads) to fully understand 

how the individual components of the system affect performance but also 

how the component parts integrate to exert their effects on performance.  

 Breathing restriction should be assessed using objective measures. 

Measurements of FVC and FEV1 have proved to be effective at 
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differentiating between body armours of different designs at rest 

(Armstrong & Gay, 2016). During exercise, measurement of exercise 

flow volume loops is advised to detect the presence of expiratory flow 

limitation.  

 Sufficient resource should be allocated to these assessments as they 

can be costly and time consuming.  

 Breathing restriction in potential future systems should be compared to 

the in-service equipment, so that the restriction to breathing does not 

exceed what is currently observed with current equipment. Future 

systems should look to reduce the restriction to breathing to a level that 

does not cause expiratory flow limitation during high intensity tasks. 

 Equipment fit should be assessed to identify if it fits the entire population 

it is intended for. Women should not be issued with a smaller size of 

equipment that is designed to fit men.  

7.3.2 Recommendations for the Military Training Environment 

 Soldiers should be given regular opportunities to train with load including 

regular experience of undertaking high intensity tasks with Assault Order 

loads.  

 Physical employment standards must also represent tasks where 

expiratory flow limitation and RMF are present to ensure that soldiers 

have the physical capabilities to cope with the demands of the role. The 

physical employment standards for the British Army that were introduced 

in April 2019 include such tasks (MOD, 2019).  

 This study has provided evidence of the benefits of using the VIRTUS 

DWD in terms of reducing discomfort and cognitive workload. This 

information should be used to inform soldier training programmes so that 

soldiers are aware of the benefits of using the system. This will support 

the correct use of the VIRTUS DWD. Future studies should also 

investigate if these benefits are still observed when body armour is worn. 
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7.3.3 Recommendations for the Battlefield 

 Soldiers should be encouraged to remove their body armour in low threat 

environments particularly during high intensity tasks such as digging and 

unloading / loading vehicles. The level of the protection worn should 

reflect the threat; the threat from soldier burden should be considered as 

part of the threat assessment.  

 During low threat patrols, soldiers should be empowered to carry their 

armour in their backpacks (provided this does not increase shoulder load 

and therefore discomfort) and remove accessory items (neck / groin 

protection, plates) where the threat does not necessitate such a high 

level of protection.  

7.3.4 Other Recommendations 

 Future work examining the effect of torso borne loads on ventilatory 

function should clearly define the characteristics of the system being 

tested. Procedures for fitting equipment must be standardised across 

participants and load configurations. This will ensure that the results of 

future evaluations can be more widely exploited for different applications. 

 Future Research 7.4

This body of work has provided evidence that soldiers may develop stronger 

respiratory muscles as part of their normal training although this has not been 

investigated directly. Future research should seek to identify if regular load 

carriage training leads to physiological adaptations that are beneficial for load 

carriage performance. This will ensure that training programmes can be 

optimised to achieve these adaptations and may inform strategies to accelerate 

the development of these adaptations. 

This work has recommended the restriction imposed by future soldier systems 

is compared to in-service equipment to ensure that breathing restriction does 

not get worse, however, with this approach breathing restriction will not be 

improved. Future work should examine if it is possible to develop a standard 
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which sets a threshold above which future soldier systems should not restrict 

breathing: all future soldier systems must be designed to meet this standard. 

This work has used statistical methods to determine if RMF is present i.e. a 

change in mouth pressure post-exercise when compared to pre-exercise 

values. Future work should seek to examine if the metaboreflex is triggered with 

load to fully elucidate the potential impact that RMF will have on soldier 

performance. 

One of the objectives of this work was to address knowledge gaps in the 

literature related to participant characteristics. Specifically this work intended to 

collect data in infantry soldiers as previous work had predominantly been 

undertaken in civilians. It is essential that this approach continues and that 

future studies of this nature seek to use military participants. Given that the 

exclusion on women in infantry roles has now been lifted, future research 

should consider knowledge gaps that may exist for women in infantry roles. 

 Exploitation  7.5

The outputs of Study 1 were used to inform the design of the systems 

requirements document for the first phase of the VIRTUS procurement 

programme. That programme introduced a new body armour and load carriage 

system into service for the UK Armed Forces in 2015. Prior to this programme, 

assessments of spirometry were not routinely undertaken as part of equipment 

procurements but the outputs of Study 1 provided sufficient evidence to ensure 

that breathing restriction was assessed objectively using spirometry during that 

programme. 

Data from Studies 2 and 3 provided evidence of the impact of poor fitting body 

armour on soldier performance. This was highlighted to the Army and Defence 

Equipment and Support (DE&S) and has since informed a decision to increase 

the number of sizes that the body armour plate will be available in from one size 

to five sizes. 

Following from the recommendations of this work, Dstl have initiated a project to 

assess the physical adaptations that occur with regular load carriage training. 

That work seeks to identify: (1) if soldiers who are required to carry heavy loads 
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have stronger respiratory muscles than the active civilian population, (2) if 

regular load carriage training leads to physiological adaptions that reduce the 

burden on the ventilatory system and (3) if strategies exist which can accelerate 

the rate at which these adaptations develop. 
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 ANNEX 1. Letters from Ethics Committees Confirming Favourable 
Opinion 

As described in the methods section of each study chapter, two ethical protocol 

applications were submitted and given a favourable opinion from the MoD 

Research Ethics Committee (518/MODREC/14; 694/MODREC/15). One 

application was submitted and given favourable opinion from the US ARL 

Institutional Review Board (ARL Protocol 17-103). Letters confirming favourable 

opinion are provided in this Annex. 

  



 

Page 306 of 313 
 

 
 
 

From the Chairman  
Professor Allister Vale  

National Poisons Information Service (Birmingham Unit),  
City Hospital, Birmingham B18 7QH 

Telephone: 0121 507 4123 
e-mail:allistervale@npis.org 

 

 

Mrs Nicola Armstrong 

Information Management Department 

Dstl Porton Down 

Salisbury 

SP4 0JQ 

 

 

Our Reference: 

518/MODREC/14 

 

Date: 27 April 2014 

 

Dear Mrs Armstrong 

Thank you for submitting your revised Protocol 518 with tracked 
changes, and with a covering letter. The revised protocol has been 
approved by MODREC ex-Committee. 
 

I wish you and your colleagues a successful study and we look forward 

to receiving in due course a brief summary of the results so that these 

can be filed in accordance with the arrangements under which 

MODREC operates. 
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Yours sincerely 

 

 

Allister Vale MD FRCP FRCPE FRCPG FFOM FAACT FBTS FBPhamacolS FEAPPCCT Hon FRCPSG 

 

cc Professor David Jones, Professor David Baldwin, Dr Paul Rice OBE, 

Marie Jones  
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From the Chairman  
Professor Allister Vale MD 

National Poisons Information Service (Birmingham Unit),  
City Hospital, Birmingham B18 7QH 

Telephone: 0121 507 4123 
e-mail:allistervale@npis.org 

 

 

Mrs Nicola Armstrong 

Dstl 

Porton Down 

Salisbury 

Wiltshire 

SP4 OJQ. 

  

 

Our Reference: 

694/MODREC/15 

 

Date: 27 January 2016 

 

Dear Mrs Armstrong, 

The effect of body armour and load carriage on respiratory function 

and simulated military task performance 

Thank you for submitting your revised Application 694 with tracked 

changes, and with a covering letter with responses to my own letter. The 

revised protocol has been approved by the Officers of MODREC ex-

Committee.  
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I wish you and your colleagues a successful study. In due course please 

send the Secretariat a final report containing a summary of the results so 

that these can be filed in accordance with the arrangements under which 

MODREC operates. Please would you also send a brief interim report in 

one year‟s time if the study is still ongoing. 

This approval is conditional upon adherence to the protocol – please let 

me know if any amendment becomes necessary. 

 

Yours sincerely 

 

 

Allister Vale MD FRCP FRCPE FRCPG FFOM FAACT FBTS  FBPhS FEAPCCT Hon FRCPSG 

cc, Professor David Jones, Professor David Baldwin, Secretariat 
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 ANNEX 2. Form UP161: Research Ethics Review Checklist 

 


