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in this model of rehabilitative care. For example, unfavourable changes in body composition 

(abdominal fat) in many UK military personnel with LLA have been observed by clinical staff and 

it is unknown what effect this may have on short to long-term health outcomes.  Within the UK 

military, and the National Health Service (NHS), there is a medical and economic interest in 

ensuring that the chosen complex trauma rehabilitation pathway is the most effective and 

efficiently administered one available to ensure the best possible functional, medical and 

psychosocial health outcomes. An evaluation of this care pathway would be a useful step in this 

process. 

 

The overall aim of this thesis is to evaluate the effect of the UK DMS Complex Trauma 

Rehabilitation Care Pathway on the health and well-being of serving UK military personnel with 

traumatic unilateral and bilateral LLA at DMRC Headley Court. The thesis will begin with a 

literature review exploring the impact of traumatic LLA on secondary health conditions, physical 

function and body composition. The initial research question is to determine the functional and 

mental health outcomes of individuals with LLA at the end of the complex trauma rehabilitation 

pathway and comment on whether these outcomes are compatible with independent living or 

community integration. The impact of structured exercise rehabilitation at DMRC and free-living 

PA at home on the health and wellbeing of individuals with unilateral and bilateral LLA against 

age-matched uninjured controls will then be investigated. The necessary starting point for this 

assessment is to develop population specific models capable of accurately estimating physical 

activity energy expenditure (PAEE). These methods, incorporating validated wearable technology, 

will then be utilised in a longitudinal observational study to ascertain the impact of intensive in-

patient rehabilitation and recovery at home on functional health, body composition and 

cardiometabolic health outcomes in individuals with traumatic LLA (see figure 1.2). 
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Figure 1.2: Schematic of the research questions and layout of thesis. 
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2.2. EPIDEMIOLOGY OF TRAUMATIC AMPUTATION 
 

2.2.1. Incidence and Prevalence  

In the year 2005, 1.6 million people (or one in 190) were living in the United States with a loss to 

an extremity, mainly due to vascular aetiology. It is projected that the number of Americans living 

with an amputation will increase 2-fold by the year 2050 to 3.6 million (Ziegler-Graham et al, 

2008). In the United States, an average of 133,235 amputation-related hospital discharges occur 

each year, with the vast majority (82%) linked to vascular-related conditions (Adams et al, 1999). 

In the UK, an estimated 5,500 people require a LLA each year, and of these, 53% are transtibial 

amputation and 39% transfemoral amputation (NHS, 2009). Similar to the US, three quarters of all 

referrals for LLA are due to dysvascularity, 8% due to infection and 7% of amputations are due to 

trauma (NHS, 2009). 

 

Traumatic amputation has long been a devastating consequence of war. The prevalent mechanism 

of injury leading to combat amputations is powerful explosive weapons (Melcer et al, 2010) that 

create extensive tissue trauma and disruption of vascular and neurological networks (Keklikci et al, 

2010). As a consequence of such high forces, velocities and temperatures at the time of injury most 

combat injured personnel have also sustained other associated injuries in addition to amputation(s) 

(Smurr et al, 2008). At the end of World War I there were at least 29,400 British servicemen with 

LLA and 11,600 with limb loss to the upper extremity. By the end of 1938 there were only 3,400 

surviving amputees in receipt of artificial limbs in the UK (Ministry of Pensions, 1939). At the end 

of World War II the UK military had an additional 9,000 amputees (Stewart, 2008). During the 

most recent conflicts in Iraq and Afghanistan (Operation Iraqi Freedom and Operation Enduring 

Freedom), 52,022 US Military servicemen were wounded in action with 1,645 requiring major limb 

amputation(s) (Fischer, 2013). Between 2003 and 2012 the number of UK Military servicemen 

wounded in action during these conflicts were 2,184 (Penn-Barwell et al, 2015), in Afghanistan, 

265 individuals sustained 416 amputations (Edwards et al, 2015).  

 

Webster et al. (2018) determined the mortality rates for each traumatic LLA level and associated 

injuries sustained in both Iraq and Afghanistan between January 2003 and the end of UK 

operations in August 2014. Of the 977 casualties, there were 298 fatalities (30.5%) and 679 

(69.5%) survivors (Webster et al, 2018). Injury characteristics associated with an increased 

mortality rate include a more proximal amputation level, pelvic fracture, and abdominal injury. 

Those sustaining bilateral transfemoral amputation had a mortality rate of nearly 4.5 times those 

with a unilateral transtibial amputation and those sustaining a traumatic LLA with a pelvic fracture 

had a mortality rate nearly three times greater (60.8%) than those without a pelvic fracture (22.9%) 

(Webster et al, 2018). Although deeply traumatic to each casualty, their family and serving 
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2.3. PREVALENCE OF SECONDARY HEALTH CONDITIONS ASSOCIATED WITH 
TRAUMATIC LOWER-LIMB AMPUTATION 
 

Whilst mortality is an important factor and metric, it is arguably more important to know and 

understand the prevalence of those living with chronic diseases due to the known financial and 

well-being implications. In this section, the following chronic diseases are discussed; 

cardiovascular disease, diabetes mellitus, obesity, osteoporosis, low back pain, chronic pain and 

mental health disorders. 

 

2.3.1. Cardiovascular Disease 

Using self-report questionnaires and interview techniques to determine the long-term QoL and 

health of 247 Vietnam veterans with combat related limb-loss, Foote et al. (2015) reported 

cardiovascular disease in 18.2% of the cohort. Shahriar et al. (2009) performed a 22 year cross-

sectional study using 327 Iranian males with war-related traumatic bilateral LLA. The prevalence 

of coronary artery disease was similar to the general Iranian population; however, 95% presented 

with at least one modifiable cardiovascular disease risk factor, which is significantly greater than 

population norms. The prevalence of risk factors included: hyperglycemia (13.1%), systolic 

hypertension (18.9%), diastolic hypertension (25.6%), abdominal obesity (82.5%), high total 

cholesterol (36.7%), reduced high density lipoprotein (HDL) cholesterol (25.9%), elevated low 

density lipoprotein (LDL) cholesterol (24.7%), high triglycerides (32.1%), and smoking (31.8%) 

(Shahriar et al, 2009). The authors conclude that the majority of individuals with trauma related 

bilateral LLA are at an increased risk of cardiovascular disease in the near future. 

 

Stewart et al. (2015) performed a retrospective analysis of 3,846 US injured military personnel 

wounded between 2002 and 2011 during conflicts in Iraq and Afghanistan. Using International 

Classification of Diseases - 9th edition administrative codes, the authors aim was to determine the 

impact of injury severity on subsequent development of four conditions; hypertension, coronary 

artery disease, diabetes mellitus and chronic kidney disease. Each 5-point increment in injury 

severity score (ISS) was associated with a 6%, 13%, 13%, and 15% increase in developing 

hypertension, coronary artery disease, diabetes mellitus, and chronic kidney disease, respectively 

(Stewart et al, 2015). The estimated incidence rates of hypertension and coronary artery diseases 

for the most severely injured patients (ISS > 25) were 2.5 to 4-fold higher than published rates for 

the overall US military population, respectively (Crum-Cianflone et al, 2014; Granado et al, 2009). 

It is quite compelling that these outcomes were observed after a relatively short period of 1 to 3 

years post-injury. This may have profound implications for both the individual wounded during 

combat and for healthcare departments responsible for funding long-term care of US military 

veterans. 
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2.3.2. Diabetes Mellitus 

Hyperinsulinemia has been reported in older individuals with traumatic unilateral and bilateral 

LLA (Peles et al, 1995; Rose et al, 1987). Using self-reported questionnaires and interview 

techniques, Foote et al. (2015) reported diabetes mellitus in 23% of Vietnam veterans (n = 247) 

approximately 40 years following injury. In the same retrospective analysis mentioned earlier, 

Stewart et al. (2015) estimated incidence of developing diabetes mellitus for the most severely 

injured patients (ISS > 25) to be 2.6 fold higher than published rates for the overall US military 

population (Boyko et al, 2010; Stewart et al, 2015). 

 

2.3.3. Obesity 

Individuals who undergo LLA are at increased risk for weight gain and obesity as a result of 

positive energy balance and comorbid conditions (Bouldin et al, 2016; Eckard et al, 2015; Gailey et 

al, 2008; Kurdibaylo, 1996; Shahriar et al, 2009). Cross-sectional studies show that obesity is more 

common in those with an amputation than those without an amputation (Kurdibaylo, 1996; Rose et 

al, 1987). In 327 Iranian men with combat-related traumatic bilateral LLA, the most commonly 

reported modifiable cardiovascular disease risk factor at 22 years follow-up was abdominal obesity 

(82.5%) (Shahriar et al, 2009). Anthropometric markers taken from adults during the first year after 

amputation demonstrate an increase in body fat mass directly related to the level of amputation 

(Kurdibaylo, 1996). The largest increase in obesity progression was reported in individuals with 

bilateral transfemoral or transfemoral/transtibial amputation (64%), with both groups averaging 

25.9% body fat. The frequency of obesity in individuals with unilateral transtibial amputation and 

transfemoral amputation was 38% and 48%, respectively. Unfortunately, this study did not recruit 

individuals without amputation(s) to act as a control group comparison. 

 

2.3.4. Osteoarthritis 

Post-traumatic degenerative arthritis from injuries to joints on non-amputated limbs takes years to 

develop and is more common in individuals with traumatic LLA and contralateral limb 

involvement than in individuals without amputation (Reiber et al, 2010). Most studies that have 

assessed the future development of arthritis following amputation are in older military veterans and 

they reveal a prevalence of 54% to 71% (Dougherty et al, 2014; Foote et al, 2015; Gailey et al, 

2010; Kulkarni et al, 1998; Reiber et al, 2010). Kulkarni et al. (1998) found a 3-fold increased risk 

for osteoarthritis in individuals with transfemoral amputation compared with transtibial amputation. 

Reiber et al. (2010) compared individuals with unilateral LLA from Vietnam (n = 178) to those 

injured during the recent conflicts in Iraq and Afghanistan (n = 172). Arthritis in the contralateral 

limb was reported  in 72% and 30% of Vietnam and Iraq/Afghanistan servicemen, respectively. 

This finding by Reiber et al. (2010) is clinically significant as the mean time since amputation in 
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who sustained major traumatic LLA during the Vietnam War and Iraq/Afghanistan conflicts, the 

prevalence of reported chronic back pain was 36% and 42%, respectively (Reiber et al, 2010). Back 

pain may be more common following transfemoral than transtibial amputation (Ebrahimzadeh & 

Fattahi, 2009; Ebrahimzadeh & Hariri, 2009; Smith et al, 1999). The increased susceptibility is 

thought to be the result of the myofascial changes following amputation and the altered gait pattern 

developed to accommodate the prosthesis (Kulkarni et al, 2005; Smith et al, 1999).  

 

2.3.7. Chronic Pain (phantom and residual limb pain) 

Chronic pain is highly prevalent, and a significant cause of disability following trauma-related LLA 

(Castillo et al, 2006; Ephraim et al, 2005; Hagberg & Branemark, 2001). Furthermore, pain may 

worsen the functional, vocational and psychiatric outcomes of individuals with amputation 

(Castillo et al, 2006). The prevalence of phantom limb pain, a form of neuropathic pain, is typically 

reported in 50% to 80% of individuals with traumatic LLA (Ebrahimzadeh & Rajabi, 2007; Ehde et 

al, 2000; Ephraim et al, 2005; Flor, 2002; Foote et al, 2015; Ketz, 2008; Reiber et al, 2010). For 

veterans with amputation, the duration of phantom pain is associated with worse physical 

functioning, bodily pain, mental health and a lower score on the physical component scale (Rahimi 

et al, 2012). The development of phantom limb pain is associated with the magnitude of pre-

amputation and residual limb pain experienced, the duration of limb pain before amputation, and 

psychological factors such as emotional stress and anxiety (Perkins et al, 2012). When comparing 

phantom limb pain reported among veterans from Vietnam and those from Iraq and Afghanistan, 

the prevalence appears comparable between groups (72% and 76%, respectively) (Reiber et al, 

2010).   

 

There is almost a two-fold increase in the reporting of residual limb pain (remaining part of the 

amputated limb) following traumatic LLA compared to amputations resulting from non-traumatic 

pathologies (Ephraim et al, 2005). Whilst common immediately after amputation, residual limb 

pain was traditionally believed to resolve with surgical healing (Perkins et al, 2012). However, 

Reiber et al. (2010) reported an elevated number of servicemen/veterans who sustained major 

traumatic LLA during Iraq and Afghanistan report residual limb pain (63%) 3 years post injury 

compared to Vietnam veterans (48%) who have lived with their injury for 39 years (Reiber et al, 

2010). It important to remain mindful that the severity of injury between these groups are unlikely 

to be comparable and as those injured in Iraq/Afghanistan who have only lived with their injury for 

3 years are younger and more likely to pursue an active lifestyle thereby increasing the loading 

demands on their residual limb(s) potentially elevating the prevalence of residual limb pain in this 

group. Edhe et al. (2000) recorded residual limb pain intensity scores in individuals with 

amputation as 5.4 ± 2.7 (scored on a scale of 0 to 10), with 38% of participants rating their residual 

limb pain intensity as severe (Ehde et al, 2000).  
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long-term chronic conditions detailed here are from US servicemen injured during the Vietnam 

War where the mechanisms of injury differed. There have also been advances in emergency care 

medicine since the Vietnam War, with UK servicemen surviving injuries that would have proved 

fatal to US servicemen during this conflict, therefore presenting a different challenge to UK DMS.  

 

The outcomes that demonstrate unfavourable changes in short-term cardiometabolic health are 

primarily based on retrospective administrative reports rather than prospective observations using 

objective methods of assessment. The majority of the studies mentioned used body mass index 

(BMI), skinfolds or waist:hip circumference ratios to determine levels of obesity. Whilst 

informative, only one study (Eckard et al, 2015) has used dual-energy X-ray absorption (DEXA), a 

more accurate method of determining total body composition.  

 

Based on the available evidence, it is unclear what impact traumatic LLA has on many of these 

secondary health outcomes in injured servicemen who are still embedded within a rehabilitation 

care pathway. To my knowledge, no prospective longitudinal study has used objective methods of 

assessing cardiometabolic health in individuals with LLA injured during the Iraq/Afghanistan 

conflicts, where access to advanced prosthetic provision is commonly available. Also, none of 

these studies attempted to quantify PA, one of the primary modifiable risk factors in a lot of these 

chronic conditions. Accurate information on PA levels in individuals with LLA may help explain 

some of the high incidences of secondary health conditions reported in the literature so far. In order 

for UK DMS to better understand the risk of developing some of these secondary health conditions 

in their severely injured servicemen and women, further exploratory research embedded within 

their unique rehabilitation care pathway is warranted. 

 

 

2.4. PHYSICAL FUNCTION OF INDIVIDUALS WITH LOWER-LIMB 
AMPUTATION 
 

Among the primary goals of any rehabilitation programme for people with LLA is the aspiration to 

improve physical function. An understanding of the factors that influence function and the ability 

to perform ADL may inform rehabilitation programmes and facilitate social, community and 

vocational integration. However, first it will be useful to identify the criteria used to classify 

functional performance and identify reference values of physical function for individuals with 

LLA. 
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2.4.1. Classifying Levels of Physical Function and Reference Values for Individuals with 
Lower-Limb Amputation 

Table 2.1 describes the Medicare Functional Classification Level (MFCL). Medicare established 

the K-Levels in 1995 to quantify need and the potential benefit of prosthetic devices for patients 

with LLA. The rating system is still commonly used today by insurance companies to determine 

eligibility for payment or reimbursement, but not traditionally by the UK DMS. 

 

Table 2.1: Medicare Functional Classification Level (MFCL) for individuals with lower-limb 
amputation 

MFCL 
Classification 

Definition 

K-Level 0 Does not have the ability or potential to ambulate or transfer safely with or 
without assistance, and a prosthesis does not enhance quality of life or 
mobility. 

K-Level 1 Has the ability or potential to use a prosthesis for transfers or ambulation in 
level surfaces at a fixed cadence. Typical of the limited and unlimited 
household ambulator. 

K-Level 2 Has the ability or potential for ambulation with the ability to transverse low-
level environmental barriers such as curbs, stairs, or uneven surfaces. Typical 
of the limited community ambulator. 

K-Level 3 Has the ability or potential for ambulation with variable cadence. Typical of 
the community ambulator who has the ability to transverse most environmental 
barriers and may have vocational, therapeutic, or exercise activity that 
demands prosthetic use beyond simple locomotion. 

K-Level 4 Has the ability or potential for prosthetic ambulation that exceeds basic 
ambulation skills, exhibiting high impact, stress, or energy levels. Typical of 
the prosthetic demands of the child, active adult, or athlete. 

 

Two of the most commonly used methods of assessing physical function in individuals with LLA 

include the six-minute walk test (6-MWT) and the Amputee Mobility Predictor Questionnaire 

(AMPQ). Physical function reference values for different aetiologies of LLA are demonstrated in 

table 2.2. Based on the mean reference values provided, level of function increases linearly with 

every increase in K-level, military personnel demonstrate greater levels of function than civilians, 

trauma-based mechanisms of injury achieve greater levels of function than vascular-based 

mechanisms and transtibial LLA achieve superior levels of function than transfemoral LLA. 

Reference values for distances walked in six minutes by the general population (aged 20 to 50 

years)  range between 459 and 738 metres (Chetta et al, 2006) and provide a useful reference 

distance for community integration.  
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Table 2.2: Reference values for the six-minute walk test and the Amputee Mobility Predictor 
Questionnaire (AMPQ) for a variety of lower-limb amputee populations. Data are presented 
as mean ± SD and (range) 

Amputation Group 6-MWD (metres) AMPQ score 
Unilateral Amputation   
Civilian mixed aetiology a   
     K-Level 0 to 1 50 ± 30 (4 to 96) 25 ± 7 (14 to 33 
     K-Level 2 190 ± 111 (16 to 480) 35 ± 6 (19 to 46) 
     K-Level 3 299 ± 102 (48 to 475) 41 ± 4 (26 to 46) 
     K-Level 4 419 ± 86 (264 to 624) 45 ± 2 (38 to 47) 
Peripheral Vascular Disease b 410 ± 66 (298 to 463) 37 ± 2 (35 to 39) 
US military (Trauma) c   
     Transtibial 661 ± 87 (433 to 858) 46 ± 1 (42 to 47) 
     Transfemoral 542 ± 67 (442 to 686) 43 ± (41 to 46) 
Bilateral Amputation    
US military (Trauma) d   
     Transfemoral 452 ± 141 (264 to 645) 35 ± 3 (32 to 39) 
Abbreviations: 6-MWD = six-minute walk distance, AMPQ = Amputee Mobility Predictor 
Questionnaire. References values used include: a = (Gailey et al, 2002), b = (Gailey et al, 2012), c = 
(Gailey et al, 2013b), and d = (Raya et al, 2013).  
 
 
Reference values like the ones demonstrated in table 2.2 are useful for clinicians and patients when 

it comes to goal setting. However, in an effort to attain these reference values of physical function, 

it is important to be aware of factors that affect functional capacity and inactivity in LLA. 

 

2.4.2. Factors Effecting Functional Capacity and Inactivity 

Sedentary lifestyles and reduced physical function contribute to the increased morbidity and 

mortality observed in LLA. Self-reported QoL measures consistently show significantly worse 

physical health outcomes in traumatic amputees compared with population norms (Dougherty, 

2001; 2003; Hagberg & Branemark, 2001; Hoogendoorn & van der Werken, 2001; MacKenzie et 

al, 2004; Pezzin et al, 2000). Poor long-term physical function scores have been demonstrated after 

traumatic amputation (Akula et al, 2011; Bosse et al, 2002; Doukas et al, 2013; MacKenzie et al, 

2005). At 7 years post-injury, only one-third (34.5%) of civilians with LLA had a functional status 

(measured using three components of the Sickness Impact Profile questionnaire; (1) walking (2) 

mobility and (3) body care and movement) typical of the general population of similar age and 

gender (MacKenzie et al, 2005).  

 

The ability of individuals with LLA to perform common functional tasks associated with ADL like 

standing from and sitting in a chair (Highsmith et al, 2011), negotiating uneven terrain (Lamoth et 

al, 2010),  ascending and descending stairs (Jones et al, 2006; Schmalz et al, 2007) and hills 

(Vrieling et al, 2008) have all been reported to be significantly impaired compared to non-

amputation controls. Older research exploring gait in individuals with traumatic unilateral 
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amputation(s) (Gailey et al, 2008; Reiber et al, 2010). Prosthetic usage has been shown to vary by 

type of amputation. For instance, a series of long-term follow-up studies of Vietnam veterans 

conducted by Dougherty revealed that 87.5% of individuals with unilateral transfemoral 

amputation were current prosthetic users (average of 13.5 hours per day) compared with just 22% 

of people with bilateral transfemoral amputation (average of 7.7 hours per day), thereby 

highlighting the significant additional impact of multiple compared to unilateral LLA (Dougherty, 

1999; 2001; 2003). Among individuals with bilateral LLA, 33% of Vietnam veterans (compared 

with just 6% of Iraq/Afghanistan veterans) could no longer walk wearing a prosthesis (Dougherty 

et al, 2010). Differences in functional status and PA levels between UK military personnel with 

traumatic unilateral and bilateral LLA are not yet known (this will be explored in greater detail in 

chapter 4 and chapter 6, respectively). However, access to a comfortably fitted prosthesis is likely 

to play a significant role. 

 

Complications associated with prosthetic socket fitting may negatively impact participation in 

structured exercise and/or habitual PA thereby limiting the ability to perform ADL and fully 

integrating into society. Poorly fitting prosthesis, symptomatic neuromas and stump infections have 

all been reported as reasons for increases in residual limb pain. Both bone pathology (bone spurs 

and sharp bone ends, heterotrophic ossification and stress fractures) and soft tissue pathology 

(excess soft tissue, failure of muscle reconstruction to protect bone ends, symptomatic scar tissue 

and wound breakdown) have also been implicated (Perkins et al, 2012). Chronic skin problems in 

the residual limb can often cause serious limitations in mobility and QoL (Demet et al, 2003; 

Pezzin et al, 2004). Skin exposed to weight-bearing areas of the socket is not always resilient to the 

pressure and friction caused by the socket during ambulation (Van de Meent et al, 2013). 

Approximately one third of individuals with transfemoral amputation report skin damage 

associated with prosthetic socket fitting (Hagberg & Branemark, 2001; Lyon et al, 2000; 

Meulenbelt et al, 2009). The occurrence of complications associated with skin health of the residual 

limb can vary from 18% to 75% (Schoppen et al, 2001b; Sinha et al, 2011; 2014). The most 

prevalent problem assessed in US military personnel with LLA was sweating inside the socket, 

with 67% of Vietnam and 62% of Iraq/Afghanistan veterans identifying sweating as a problem 

(Reiber et al, 2010). Increases in injury severity (i.e. more proximal amputations) are associated 

with an increased likelihood of any infection, osteomyelitis, and non-healing wounds (Melcer et al, 

2017). The level and number of LLA also has an impact on functional performance.  

 

2.4.2.2. Determinants of Functional Performance with Different Levels / Number of Lower-
Limb Amputation(s) 

Poorer scores in the 6-min walk test (6-MWT) (Lin et al, 2014) are found to correlate with lower 

levels of PA. In US servicemen a significant contrast in ambulatory function (209 metres) was 
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demonstrated between individuals with unilateral transtibial amputation (661 ± 87 m) and bilateral 

transfemoral amputation (452 ± 141m) during the 6-MWT (Linberg et al, 2013). Suggesting 

individuals with bilateral transfemoral amputation find ambulation more challenging and therefore 

may be at increased risk of physical inactivity. 

 

Gaunaurd et al. (2013) predicted high level mobility measured using the Comprehensive High-

Level Activity Mobility Predictor assessment in US servicemen with LLA. The most common 

factors that significantly contributed to higher levels of mobility include; the ability to 

ascend/descend stairs, sitting down from standing, reduced waist circumference, number of intact 

knee joints, greater time spent with an amputation and reduced injury severity (Gaunaurd et al, 

2013). In order to perform maximally on the Comprehensive High-Level Activity Mobility 

Predictor assessment, it is important to perform quick, alternating eccentric and concentric 

contractions of the lower-limb musculature to generate maximum power in multiple planes. A 

rehabilitation intervention aimed at improving lower-limb strength, power and dynamic balance 

could lead to improved high-level mobility and subsequently facilitate higher levels of habitual PA 

and long-term positive cardiometabolic health (see section on muscle atrophy and strength  later in 

this chapter: section 2.6.2). Another benefit from increased levels of physical function includes 

current and future employment prospects. 

 

2.4.2.3. Employment Status 

Employed individuals have greater prosthetic use than those who are unemployed (Schoppen et al, 

2001b; Whyte & Carroll, 2002). The ability to return to work following a traumatic LLA is 

dependent on numerous factors including age, preinjury vocational ability, level of amputation, 

residual limb health, associated injuries, social support and the national disability systems (Perkins 

et al, 2012). Assessments of physical function and pain at 3 months post-injury are significant 

predictors of later return to work (MacKenzie et al, 2006). For individuals who do return to work it 

is rarely to their previous job role. Most often, the individual returns to a less physically demanding 

role or they require job modifications (Hebert & Ashworth, 2006; Schoppen et al, 2001a; Whyte & 

Carroll, 2002). Among service members, amputation resulted in only 11% to 13% continuing on 

activity duty (Belisle et al, 2013; Hurley et al, 2015) with approximately 85% who continued on 

active duty returning with a job modification to a less physically demanding role (Hurley et al, 

2015). 

 

2.4.3. Summary 

Improvements in physical function are a key determinant of any successful rehabilitation 

programme. The level of function achieved by individuals with LLA appears to be affected by 
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unloading and eventually reaching a nadir where further loss of muscle occurs at a slower rate 

despite continued unloading of muscle (Bodine, 2013).  

 

Depending on the severity of the injury, extended bed rest in a hospital environment is often 

essential for military personnel with combat related LLA. They are therefore predisposed to 

considerable muscle atrophy and strength deficits early in their treatment care pathway (Isakov et 

al, 1996; Jaegers et al, 1995; Moirenfeld et al, 2000; Renstrom et al, 1983a; Renstrom et al, 1983b; 

Sadeghi et al, 2001; Schmalz et al, 2001; Sherk et al, 2010; Tugcu et al, 2009). This is likely due to 

decreased use of the muscle tissue (Tugcu et al, 2009), as well as reduced muscle fibre size which 

may negatively influence the function of the residual limb and prosthesis (Renstrom et al, 1983b) 

and complicate the ability to perform ADL (Moirenfeld et al, 2000). The level of amputation and 

length of the residual limb are significant factors in the severity of muscle atrophy (Isakov et al, 

1996; Jaegers et al, 1995). Muscle recruitment strategies for gait and joint stabilization change after 

amputation (Centomo et al, 2008; Sadeghi et al, 2001) with numerous studies reporting differences 

in thigh strength and circumference between amputated and non-amputated limbs (Isakov et al, 

1996; Renstrom et al, 1983a). Renstrom et al. (1983b) found that muscle fibre size in the vastus 

lateralis of individuals with transtibial amputation were less than the intact limb. The amputated 

limb had a greater proportion of type IIb fibres, and the intact limb had a greater proportion of type 

IIa fibres. Schmalz et al. (2001) has reported a 15% to 30% reduction in muscle cross-sectional 

area and muscle volume of the quadriceps, in the amputated limb of individuals with unilateral 

transtibial amputation compared to the intact limb. Another study found concentric muscle strength 

of the quadriceps and hamstrings in the amputated limb ranged from 40% to 60% of the intact limb, 

with eccentric quadriceps strength being weaker in individuals with shorter residual tibia, and 

individuals with shorter residual tibia had weaker hamstrings (Isakov et al, 1996).  

 

Individuals with unilateral/bilateral transfemoral amputation are missing osseous structures and 

original insertion sites for the quadriceps and hamstring muscles and therefore have a disadvantage 

to individuals with transtibial amputation when generating force and maintaining balance during 

high-level mobility (Gaunaurd et al, 2013). The presence of the knee joint enables individuals with 

transtibial amputation to change direction faster and maintain posture and balance with greater ease 

(Gailey et al, 2013b). Individuals with transfemoral amputation are more susceptible to postural 

asymmetries at the pelvis and hip and degenerative changes to the intact hip, knee, and ankle joints 

that may impair function and restrict activity over the long-term (Gailey et al, 2008; Gaunaurd et al, 

2011). Asymmetry in weight bearing between the contralateral and amputated limb during sit-to-

stand and stand-to-sit tasks has been demonstrated in individuals with transfemoral, concluding that 

the activity was primarily performed with the contralateral limb (Highsmith et al, 2011).  

 













https://www.dtu.ox.ac.uk/homacalculator
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cellular removal by macrophage phagocytosis (Crossland et al, 2019). It is therefore characterised 

as a well standardised marker of systemic inflammation and is considered the most accurate 

inflammatory marker to predict future risk of cardiovascular events (Nimmo et al, 2013; Schillinger 

et al, 2003; Tsimikas et al, 2006). CRP is regulated by other pro-inflammatory cytokines such as 

Tumor Necrosis Factor Alpha and Interleukin-6 and as such circulating CRP may be an upstream 

representative of their activity (Ridker, 2016). CRP has been shown to be highly associated with 

VAT, insulin resistance, BP, LDL cholesterol, and triglycerides (Roberts et al, 2013). CRP appears 

to be inversely associated with self-reported PA, aerobic fitness (Aronson et al, 2004a; Aronson et 

al, 2004b; Lavie et al, 2011) and loss of lean body mass (Dutra et al, 2017; Schaap et al, 2006).  

 

Physical function status, physical inactivity and the subsequent alterations in body composition, 

predisposes individuals to an increased likelihood of chronic disease and impaired metabolic 

control compared to able-bodied adults. Various psychosocial and environmental barriers mean that 

it is difficult for individuals with traumatic LLA to engage in PA. Moreover, due to functional 

limitations typical of complex blast and/or blunt force-related trauma, exercise options can often be 

limited. The current available evidence on PA levels in individuals with LLA shows that the 

majority of this population is predisposed to living sedentary lifestyles. Considering the 

independent role that PA has on metabolic health and inflammation and subsequently body 

composition, it is important to understand how it is quantified. This review will now focus on the 

components of EE, and the measurement of these in individuals with LLA. 

 

 

2.8. ENERGY EXPENDITURE: COMPONENTS  
 

It is important to recognise the difference between EE and PA. Total energy expenditure can be 

subdivided into basal metabolic rate, diet-induced thermogenesis and PAEE. Basal metabolic rate 

typically represents the largest component of total EE (Landsberg et al, 2009) and is the energy 

required to sustain metabolic activities of cells and tissues within the body to maintain homeostasis. 

Basal metabolic rate and resting metabolic rate (RMR) are often used interchangeably. To estimate 

basal metabolic rate accurately, participants are required to sleep in a specifically designed 

respiration chamber (a calorimeter), where carbon dioxide (CO2) production and oxygen (O2) 

uptake can be measured. Due to logistics and equipment limitations, this is not always possible. 

Therefore, the resting component of total EE is often used instead. RMR is influenced by body 

mass, specifically fat-free mass (Schofield, 1985), which, as mentioned previously (section 2.6.2) is 

known to be reduced in individuals with traumatic LLA due to the loss of metabolically active 

tissue and difficulties in eliciting site specific muscle hypertrophy following injury.  
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PAEE is characterised by the thermic effect of any movement produced by a skeletal muscle 

contraction which exceeds RMR (Westerterp, 2009). Due to its high variability amongst free-living 

individuals, it is often considered the most important component of total EE. However, due to its 

variable nature it can be very problematic to accurately translate human movement into units of 

PAEE. This task is even more challenging in individuals with LLA during free-living, attributable 

to atypical gait.  

 

2.9. ENERGY EXPENDITURE: CRITERION MEASURES  
 

2.9.1. Direct Calorimetry  

Despite being considered the gold standard method for measuring total EE, direct calorimetry is not 

widely used due to its large cost and operational complexity. The method involves quantifying heat 

exchange between the human body and the environment of a participant whilst they remain 

unaccompanied in an airtight isolation chamber for 24 hours or more. Measuring heat released by 

the body, as well as water vapour released through respiration and from the skin, the measurements 

recorded represents the combustion of energy in the form of carbohydrate, protein or fat (Schutz, 

1995). As this method of measuring EE is not practical or possible within the rehabilitation 

environment of DMRC, this review will focus on applicable measures.  

 

2.9.2. Doubly Labelled Water  

Doubly labelled water is a method used to measure free-living total EE in humans. The doubly 

labelled water method is based on the principle of isotope dilution, and total EE is measured via 

estimating whole-body CO2 production  (Speakman, 1998). Participants orally ingest a dose of 

water containing stable isotopes of both oxygen and hydrogen. Within a couple of hours the 

isotopes (O18 and H2) mix with the more abundant forms of hydrogen and oxygen found in the 

endogenous body water pool throughout the body. As energy is expended by the body, H2O and 

CO2 are produced. Hydrogen is removed from the body via urination and sweating; O18 is removed 

via these same routes, but also lost as CO2
 which is expelled via the lungs during exhalation. 

Consequently, with both isotopes being ingested simultaneously, their rate of elimination will differ 

as O18 will be eliminated at a faster rate than H2. The disappearance rate of both isotopes is 

determined by measuring their concentrations in urine samples collected over an allotted period of 

time (typically 7 to 14 days). The difference in the elimination rate of H2 and O18 reflects the rate at 

which CO2 is produced (Ainslie et al, 2003). EE can then be estimated using the Weir equation, 

assuming a mean respiratory quotient value of 0.85, indicative of a standard westernised diet 

(Westerterp, 1999).  
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remove the prosthesis to perform ADL. An Actigraph GT1M accelerometer has previously been 

used to assess the effects of two types of microprocessor-controlled prosthetic knee joints on 

perceived performance and everyday life activity level (Theeven et al, 2012). However, it is 

important to note this uniaxial accelerometer has not been validated in populations with 

amputation, so although they were able to ascertain raw counts, this information cannot accurately 

translate to PAEE. Using algorithms intrinsic to certain devices may not be generalisable to a target 

population (Pedisic & Bauman, 2015), an important consideration for individuals predisposed to 

significant gait or movement deficiencies such as individuals with LLA (Sagawa et al, 2011; Su et 

al, 2007).  
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(Hordacre et al, 
2015) 

N = 46 
Mean age = 60  
 

18 
Vascular 
17 Trauma 
11 Other 

StepWatch 3 
and GPS 

Prosthetic 
ankle 

1 week Steps/day Median = 3,441 (home) 
Median = 2,124 (community) 
 
 
 

(Kanade et al, 2006) N = 21 
Mean age = 63  

Vascular StepWatch a Prosthetic 
ankle 

1 week Steps/day Mean = 1,941 
 
 

(Kent et al, 2015) N = 22 
Mean age = 52  

7 vascular 
13 Trauma 
2 Other 

Actigraph a Prosthetic 
Pylon 

3 week Steps/day Mean = 4,581 
Range = 2,497 to 8,305 
 
 

(Klute et al, 2011) N = 5 
Mean age =56  

4 trauma 
1 vascular 

StepWatch 3 Not Specified 2 weeks Steps/day Mean = 2,714 and 5,214 
 
 

(Segal et al, 2014) N = 10 
Mean age = 56  

5 Trauma 
4 vascular 
1 Cancer 

StepWatch 3 Prosthetic 
Pylon 

1 week Steps/day 
 

Mean = 6,269 and 6,728 
 
 
 

(Selles et al, 2005) N = 26 
Mean age = 67 
and 58 

11 Trauma 
14 
Vascular 
1 Other 

Temec 
Instruments 
activity monitor 
a 

Sternum, mid-
thigh on both 
limbs 

2 days Time spent in dynamic 
activities (hours) 
Time spent walking (hours) 

Mean = 1.5 and 2.2 
 
Mean = 1.1 and 1.8 
 
 

Unilateral Transfemoral Amputation 
(Albert et al, 2014) N = 9 

Mean age = 53  
6 Trauma 
2 Vascular 
1 Other 

Fitbit One Waist 1 week Steps/day 
 
Fitbit activity score 
 
Time spent active (hours) 

Mean = ~4,000 
Range = ~0 to 8,200 b 
Mean = ~400 
Range = 50 to 630 b 
Mean = ~3.6 
Range = ~1.2 to 6.0 b 

 
(Hafner & Askew, 
2015) 

N = 12 
Mean age = 58  

10 Trauma 
2 Other 

StepWatch 3 Prosthetic 
Ankle 

60 
consecutive 

Steps/day Mean = 1,942 and 2,239 
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 days over 2-
14 months 

(Hafner et al, 2007) N = 17 
Mean age = 48  

10 Trauma 
7 Other 

StepWatch 2 Not specified 2 months Steps/day Mean = ~1,800 b  
 
 

(Halsne et al, 2013) N = 17 
Mean age = 50 

10 Trauma 
7 Other 

StepWatch 2 Prosthetic 
Ankle 

145 to 359 
days 

Steps/day Mean = 1,540 
Range = 497 to 2675 
 

Mixed (Transfemoral and Transtibial Amputations) 
(Buis et al, 2014) N= 48 TTA 

Mean age = 50 
and 61 

12 
Vascular 
36 
unknown 

ActivPAL 
 

Prosthetic 
Ankle 
 

Up to 6 days 
 

Steps/day 
 
 

Mean = 9,130 and 7,383 
Range = 1,570 16,815 
 
 
 

(Klute et al, 2006) N = 12 TTA 
N= 5 TFA 
Mean age = 54 
and 48  

11 Trauma 
4 Vascular 
2 Other 

StepWatch 2 Distal end of 
Prosthetic 
limb 

1 week Steps/day 
Time spent active (hours) 

Mean = 2,657 and 2,976 
Mean = 4.2 to 4.7 
 
 
 

(Lin et al, 2014) N= 12 TTA 
N= 8 TFA 
Mean age = 51 

12 Trauma 
7 vascular 
1 Other 

Impulse 
Pedometer, 
model B1 

Waist 1 week Steps/day Mean =  4785 
 
 
 

(Stepien et al, 2007) N = 54 TTA 
N = 23 TFA 
Mean age = 60 

39 Trauma 
23 
Vascular 
15 Other 

StepWatch 3 Prosthesis 6 days Steps/day 
Time spent active (hours) 

Mean = 2,284 and 3,395 
Mean = 10.1 
 
 
 

(Theeven et al, 2012) N = 24 TFA 
N = 6 KD 
Mean age = 59  

23 Trauma 
6 Vascular 
1 Tumor 

Actigraph 
GT1M 
(uniaxial) 

Waist 1 week Counts per day 
 
 
 
Time spent active (hours) 

All = 117,852 
Low MFCL-2 = 48,322 
Intermediate MFCL-2  = 114,165  
High MFCL-2 = 156,304 
Mean = ~7.7 
 

(Parker et al, 2010) N= 27  
Mean age = 55  

20 vascular 
26 Trauma 

StepWatch 3 Prosthetic 
Ankle 

1 week Steps/day 
 

Mean = 4,217 
Range = 249 to 12714 
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6 Other Time Spent active (hours) Mean = 3.78 
Range = 0.77 to 10.5 

Bilateral Amputation 
(Sherman et al, 2019) N = 9 

Mean age = 26  
Trauma LAM2 ActiPAL  Prosthesis 2 weeks Steps/day Mean = 2,258 (rehabilitation) 

Mean = 1,387 (home) 
Adapted from Pepin et al. (2017) 
aType or model of activity monitor is not specified in the reviewed manuscript. bEstimated physical activity level based on visual examination of published graphs. 
Abbreviations: TTA: transtibial amputation, TFA: transfemoral amputation, KD: knee disarticulation, MFCL: medicare functional classification system, GPS: global 
positioning system 
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Accelerometry data alone is unable to capture the physiological strain associated with certain 

ambulatory behaviours, such as walking up a gradient (Lamonte & Ainsworth, 2001). Multi-sensor 

devices, incorporating physiological signals, might offer a greater improvement in prediction 

accuracy (Strath et al, 2005).  

 

2.10.7. Multi-Sensor Physical Activity Devices 

Multi-sensor technologies, which incorporate both accelerometry and physiological parameters, 

have great potential for increasing the accuracy of predicting PAEE as they reduce the weaknesses 

of using HR and accelerometry in isolation. The ActiheartTM (AHR) (Cambridge Neurotechnology 

Ltd, Papworth, UK) is a research grade multi-sensor device that utilises branched modelling 

techniques to estimate PAEE through the combination of accelerometer counts and HR (Brage et 

al, 2004). Combining HR and accelerometer devices have been used to accurately estimate PAEE 

during activities of low-to-moderate-intensity (Thompson et al, 2006) and treadmill walking / 

running in uninjured adults in a laboratory setting (Brage et al, 2005). Other multi-sensor devices 

used to predict EE include the SenseWear® Armband, a commercially available monitor that is 

designed to be worn on the upper arm. This device incorporates acceleration signals and 

physiological measures such as galvanic skin response and heat flux to estimate EE. More detail 

regarding componentary and specifications of the SenseWear® Armband  can be found elsewhere 

(Chen et al, 2012). It is unclear whether positioning a multi-sensor on the upper arm is suitable 

location when attempting to predict ambulatory EE in prosthetic users (see table 2.3). Previously 

the sternum has been used (Bussmann et al, 2004; Bussmann et al, 2008; Selles et al, 2005) and 

anatomically, this is closer to the accelerometry placement of the AHR than the SenseWear 

Armband.   

 

Wearable PA monitors like the Fitbit and Apple Watch are growing in popularity and provide an 

opportunity for large numbers of the public to self-monitor their own PA behaviours (Chowdhury 

et al, 2017). To date, only one study has used one of these widely available consumer devices in a 

group of individuals with LLA. Albert et al. (2015) performed a feasibility study monitoring daily 

function in persons with trans-femoral amputations using a Fitbit. They found that this monitor has 

the potential to be used to assess the PA levels of people with LLA. However, it is important to 

note that commercially available activity monitors such as the Fitbit or Apple Watch are yet to be 

validated in individuals with LLA, therefore the information they provide must be viewed with 

caution.   
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2.10.8. Summary 

In order to enhance research and practice in this field, it is important to develop valid and reliable 

tools to estimate free-living PAEE in individuals with LLA. The development of tools specific to 

individuals with traumatic LLA would help both researchers and clinicians better understand the 

link between PA and metabolic health in this population. This is of primary importance in 

individuals with traumatic LLA, who exhibit lower levels of self-reported PA and an increased risk 

of chronic disease. To date, work in this area has focussed self-reported questionnaires and/or the 

use of step counts relating to different prosthetic componentry using uniaxial accelerometry (see 

table 2.3). The ability to accurately predict free-living PAEE in individuals with unilateral and/or 

bilateral LLA with modern day triaxial accelerometers has yet to be explored. To date, there are no 

published studies to determine the most appropriate anatomical placement of accelerometers to 

accurately predict PAEE in unilateral or bilateral amputees. Consequently, there are no peer-

reviewed articles, which have attempted to develop population specific algorithms for the 

prediction of PAEE in lower-limb amputees. It is unclear whether the addition of a physiological 

variable (such as HR) improves the accuracy of these models against a criterion measure or 

whether inherited proprietary predictive algorithms of devices like the AHR can accurately predict 

ambulatory EE in individuals with traumatic LLA. These questions will form the bases of chapter 5 

of this thesis. 

 

 

2.11. SUMMARY OF LITERATURE REVIEW AND PLAN FOR THE 
FOLLOWING CHAPTERS 
 

As stated in the introduction, strategies to increase physical function, whilst reducing the 

development of secondary health disorders in severely injured military personnel is a very 

important issue for UK DMS. Their primary concern relates to the premise that disability is known 

to negatively impact PA behaviour and that injured personnel with LLA are considered a 

population at risk of developing future cardiometabolic health conditions (pathways described in 

chapter 1 figure 1.1). Based on the available literature, individuals with traumatic LLA are 

predisposed to a range of long term secondary health conditions (section 2.3). The review then 

describes some of the functional challenges associated with LLA, which may explain the reported 

reductions in PA in this population (section 2.4). There is limited available literature detailing 

changes in body composition and cardiometabolic health following traumatic LLA. Unfortunately, 

in the studies that are available the short to long-term prognosis is not always positive. 

 

Although informative, much of the available evidence used to support the findings stated above are 

not directly applicable or transferable to UK DMS, in particular UK military personnel with 
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an active normative control group to see how previously active military personnel with LLA now 

compare to their peers.  

 

The review details unfavourable changes in body composition (i.e., obesity) and elevated risks 

associated with cardiovascular disease and metabolic disorders following traumatic LLA. The 

majority of these studies are based on long term follow-up and older cohorts, therefore their results 

are not easily transferable to DMS and patients still engaged in intensive exercise based 

rehabilitation. As part of the same longitudinal study as chapter 6, chapter 7 will investigate 

changes in clinical outcomes, body composition and cardiometabolic health over a 20 week 

duration in unilateral and bilateral LLA nearing the end of their rehabilitation care pathway at 

DMRC.  

 

Before addressing the research areas outlined above it is useful to provide some detail of the DMS 

combat casualty care pathway. Chapter 3 therefore describes the journey from point of injury to last 

admission to DMRC Headley Court. This will also provide an overview of the heterogeneous 

injury profiles of the participants with LLA who will be investigated in the later chapters of this 

thesis. 
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