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ABSTRACT
Background  Musculoskeletal injury (MSKI) is the leading 
cause of medical downgrading and discharge within the 
UK military, with lower limb MSKI having the greatest 
incidence, negatively impacting operational readiness. 
Pain is a primary limiting factor to rehabilitation progress 
following MSKI. Heavy-load resistance training (RT; 
ie, loads >70% 1-repetition maximum) is traditionally 
used but may be contraindicated due to pain, potentially 
prolonging recovery and leading to failure of essential 
physical employment standards for UK military personnel. 
Low-load RT with blood flow restriction (BFR) can promote 
favourable morphological and physiological adaption, 
as well as elicit hypoalgesia in healthy and clinical 
populations (eg, post-operative), and has proven a viable 
option in military rehabilitation settings. The acceptability 
and tolerance of higher relative BFR pressures in persistent 
pain populations are unknown due to the complexity of 
presentation and the perception of discomfort experienced 
during BFR exercise. Greater relative pressures (ie, 80% 
limb occlusion pressure (LOP)) elicit a greater hypoalgesic 
response in pain-free individuals, but greater perceived 
discomfort which may not be tolerated in persistent pain 
populations. However, lower relative pressure (ie, 40% 
LOP) has elicited hypoalgesia in pain-free individuals, 
which therefore may be more clinically acceptable and 
tolerated in persistent pain populations. The primary aim 
of both randomised controlled trials (RCT) is to investigate 
the efficacy and acceptability of using high-frequency, 
low-load BFR-RT in UK military personnel with lower limb 
MSKI where persistent pain is the primary limiting factor 
for progression.
Methodology  The presented protocol is a two-phase 
RCT based within a military rehabilitation setting. Phase 
One is a 1-week RCT to determine the most efficacious 
and acceptable BFR-RT protocol (7× BFR-RT sessions 
over 5 days at 40% or 80% LOP; n=28). Phase Two is a 
3-week RCT comparing the most clinically acceptable 
BFR pressure, determined by Phase One (21× BFR-RT 

sessions over 15 days; n=26) to usual care within UK 
Defence Rehabilitation residential rehabilitation practices. 
Outcomes will be recorded at baseline, daily and following 
completion of the intervention. The primary outcome will 
be the brief pain inventory. Secondary outcomes include 
blood biomarkers for inflammation and pain (Phase Two 
only), injury-specific outcome measures, lower extremity 
function scale, objective measures of muscle strength and 
neuromuscular performance, and pressure pain threshold 
testing.
Ethics and dissemination  The study is approved by the 
Ministry of Defence Research Ethics Committee (2318/
MODREC/24) and Northumbria University. All study findings 
will be published in scientific peer-reviewed journals and 
presented at relevant scientific conferences.

STRENGTHS AND LIMITATIONS OF THIS STUDY
	⇒ This novel two-phase study is based within a mili-
tary residential rehabilitation setting with real-world 
outcomes and implications.

	⇒ Our two-phase study compares high versus low 
pressure blood flow restriction with resistance 
training (BFR-RT) over a 1-week period, to assess 
the acceptability and efficacy, before implementing 
the most accepted and efficacious pressure during 
a 3-week rehabilitation intervention where BFR-RT 
and usual care are compared with usual care alone.

	⇒ Our study combines objective (eg, neuromuscu-
lar strength, pressure pain threshold and temporal 
summation, blood biomarkers) and subjective (eg, 
patient-reported outcome measures) outcome mea-
sures to assess the acceptability, effectiveness and 
tolerability of BFR-RT.

	⇒ Our study only includes short-term follow-ups due 
to the nature of the studies, and the setting it is em-
bedded within (ie, quick deployment upon return to 
home-unit).
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Trial registration number  Registered with Clinical Trials. The registration 
numbers are as follows: NCT06621914 (Phase One) and NCT06621953 
(Phase Two).

BACKGROUND
The occupational requirements for serving military 
personnel include exposure to extreme, arduous and 
unpredictable environments, increasing the risk of 
musculoskeletal injury (MSKI).1 2 Within the UK mili-
tary, MSKI is the leading cause of medical downgrading 
(ie, medically limited deployable or medically non-de-
ployable) and discharge.3 Subsequently, this negatively 
impacts operational readiness and increases the demand 
on Defence Rehabilitation services, both at a substantial 
economic cost to the UK Ministry of Defence.4 5 Within 
the UK military, the greatest incidence of MSKI occurs at 
the lower limb,1 6 with lower limb MSKI medical discharge 
rates varying between 31 and 42% in 2022/2023.7 Pain 
is often considered a primary limiting factor to rehabili-
tation progress following MSKI, further delaying return-
to-operational duty.8–10 Persistent pain is considered a 
frequent contributing factor to the rates of many MSKI-
related medical downgrades/discharges across military 
populations.3 11

Persistent pain (defined as pain lasting >3 months)12 
can occur innocuously (eg, fibromyalgia) or following 
injury (eg, post-surgical), resulting in pathology-specific 
pathophysiological changes that can cause life-changing, 
prolonged disability and loss of function, and poor 
long-term prognosis.13 14 Moreover, the development 
of persistent pain involves abnormal somatosensory 
processing in the central and/or peripheral nervous 
system.15 MSKI and associated pain and/or persistent 
pain are often associated with altered motor drive,16 
kinesiophobia17 and symptomatic impairment,18 thus 
reducing rehabilitation potential, increasing recovery 
time and associated financial costs.5

UK Defence Rehabilitation currently offers 2-week and 
3-week residential/inpatient rehabilitation courses at 
regional rehabilitation units, and the Defence Medical 
Rehabilitation Centre (DMRC), Stanford Hall, for more 
complex and/or chronic musculoskeletal conditions, 
including persistent pain populations. Residential reha-
bilitation courses are interdisciplinary in nature and have 
demonstrated efficacy for improving clinical outcomes 
in a wide array of MSKI.19–21 Rehabilitation outcomes 
are assessed against the physical employment standards 
with an increasing emphasis on the restoration of muscle 
strength and power alongside aerobic and anaerobic 
capacity, ensuring military personnel are physically 
prepared to tolerate and meet the physical demands of 
their occupational role.22

Within traditional rehabilitation settings, heavy-load 
resistance training (RT; ie, loads >70% 1-repetition 
maximum (RM)) is often mandated to develop muscular 
hypertrophy and strength to improve function following 
MSKI.23 24 However, persistent pain can create symptomatic 

impairment and thus contraindicate the use of heavy-load 
RT due to the risk of further injury and/or worsening of 
symptoms.25 26 An individual’s inability to produce high 
quantities of force or apply force rapidly due to MSKI 
and/or persistent pain prolongs the rehabilitation time-
frame and leads to failure to meet the essential physical 
employment standards for UK military personnel.5 22 In 
addition, following an MSKI and/or persistent pain, a 
decrease in physical function and reduction in physical 
activity levels can occur, leading to progressive, disuse-
induced atrophy of skeletal muscle.27 Consequently, a 
negative feedback loop occurs, whereby decreased func-
tional status and physical activity levels promote further 
exacerbation of symptoms (eg, persistent pain, and 
movement-evoked pain) and skeletal muscle atrophy,27 28 
further prolonging the duration of rehabilitation and risk 
of secondary health conditions.29

To combat the dearth of exercise rehabilitation inter-
ventions that attenuate pain, a proactive three-pronged 
approach is employed by Defence Medical Services 
(ie, detection, prevention and treatment).30 Defence 
Medical Services practitioners identified 11 research 
topics that should be prioritised, including novel and 
innovative treatments (eg, blood flow restriction (BFR) 
exercise), pain management in rehabilitation, rehabilita-
tion outcomes and residential/inpatient treatment para-
digm.31 Recent research suggests that BFR exercise can 
elicit hypoalgesia,32–34 as well as promote favourable phys-
iological adaption in load-compromised populations.35–37 
Ladlow et al21 reported comparable changes in muscular 
strength and hypertrophy following two times per day 
low-load RT with BFR (BFR-RT) when compared with 
traditional heavy-load RT, as well as a significant reduc-
tion in pain (BFR group only) in UK military personnel 
with lower limb MSKI, highlighting the efficacy of imple-
menting BFR-RT within a military inpatient setting. Addi-
tionally, Mason et al38 investigated intensity-matched and 
volume-matched BFR versus a non-BFR group in active 
military personnel who had knee surgery (meniscal 
repair or chondral restoration) and reported a reduction 
in within-session anterior knee pain following BFR-RT, 
and comparable changes in patient-reported function 
and strength measures.

Hughes et al33 reported significant reductions in knee 
pain during and 24 hours following BFR-RT, but not tradi-
tional RT, throughout an 8-week intervention following 
anterior cruciate ligament reconstruction. Additionally, 
following 12 weeks of two times per week BFR-RT, a signif-
icant reduction in pain was noted in a knee osteoarthritis 
cohort.35 Furthermore, Giles et al32 reported a greater 
reduction in pain (p=0.02) during activities of daily living 
following 8 weeks of three times per week BFR-RT sessions 
compared with a traditional heavy-load RT control group 
in patients with anterior knee pain. Research specifi-
cally investigating BFR-induced hypoalgesia is still within 
its infancy and has been extrapolated from the work of 
exercise-induced hypoalgesia (EIH).39 40 However, to elicit 
an EIH response through traditional exercise modalities, 
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high-intensity effort and/or longer durations of exercise 
are typically required (eg, >75% 1RM),41 which is often 
not feasible for load-compromised and/or persistent pain 
populations due to self-immobilisation and symptomatic 
impairments.25 26 The hypoalgesic response reported 
following BFR-RT occurs following low-load (20–30% 
1RM) exercise.32 33 35 It has been proposed that a combi-
nation of factors accounts for the hypoalgesic response 
seen following BFR exercise, with the activation of opioid 
and endocannabinoid systems, conditioned pain modula-
tion, high threshold motor unit recruitment, simulation 
of baroreceptors, and local mechanisms (eg, autoregu-
lation of chemokine pathways, exercise metabolite accu-
mulation, mast cell degranulation, and upregulation 
of anti-inflammatory cytokines), all being cited.39 40 42 
Hughes et al,43 and Hughes and Patterson,44 reported a 
greater hypoalgesic response following low-intensity BFR 
exercise with a high pressure (ie, 80% of limb occlu-
sion pressure (LOP)) compared with a lower pressure 
(ie, 40% LOP), and low-intensity exercise without BFR, 
suggesting a possible dose-response relationship between 
the pressure applied and magnitude of the hypoalgesic 
response. An acute increase in beta-endorphin, an endog-
enous neuropeptide, was reported in healthy participants 
following BFR-RT; however, at 24 hours, beta-endorphin 
levels were comparable to baseline, despite a local hypoal-
gesic response still being evident, suggesting that alterna-
tive mechanisms mediate BFR-induced hypoalgesia.43 44 
This research supports the notion that local mechanisms 
play a substantial role in the hypoalgesic response of BFR 
exercise.42 Conversely, the EIH response is often incon-
sistent within persistent pain populations,45 with exercise 
sometimes eliciting hyperalgesia.46

A scarcity of literature is currently available concerning 
the impact of the applied pressure (ie, LOP) and BFR-
induced hypoalgesia effect. The acceptability and toler-
ance of higher relative BFR pressures in persistent pain 
populations are also unknown due to the complexity 
of presentation (eg, hyperalgesia) and the perception 
of discomfort experienced during BFR exercise.47 48 
Research currently suggests that greater pressures (ie, 80% 
LOP) elicit a greater hypoalgesic response in response to 
a noxious stimulus in pain-free individuals;43 44 however, 
if greater pressures are not tolerated, the opportunity 
to promote hypoalgesia could be lost, and it is currently 
unknown whether higher pressures elicit a greater acute 
hypoalgesic response in individuals with pain/persistent 
pain. Additionally, lower relative pressures (ie, 40% LOP) 
have elicited a statistically significant hypoalgesic response 
in pain-free individuals,43 44 which therefore may be more 
clinically acceptable and tolerated within persistent pain 
populations. Within UK Defence Rehabilitation residen-
tial rehabilitation courses, physiotherapists and exercise 
rehabilitation instructors only get a limited period per 
day with injured personnel; therefore, leveraging short-
term pain reduction from BFR-RT may allow additional 
exercise rehabilitation activities to occur, akin to the work 
by Hughes et al,33 Korakakis et al49 and Ladlow et al.21 The 

clinical and mechanistic (biomechanical and neuromus-
cular) underpinnings of high-frequency BFR-RT in UK 
military personnel with persistent knee pain are currently 
being investigated at multiple regional rehabilitation 
units.50 However, this study does not directly measure 
mechanisms of pain modulation.

Any intervention that can accelerate the progression 
of complex MSKI rehabilitation and ameliorate pain, 
while exercising at a lower relative training intensity, is of 
interest to UK Defence Rehabilitation services.50 Research 
investigating the efficacy and acceptability of different 
BFR training interventions during the rehabilitation of 
military personnel with lower limb MSKI primarily limited 
by pain is warranted. To develop our understanding of 
BFR-induced hypoalgesia and develop best practice 
guidelines, a pragmatic research study, embedded within 
a ‘real-world’ clinical setting, is proposed.

STUDY AIMS
The overall aim of both randomised controlled trials 
(RCT) is to investigate the efficacy and acceptability of 
using high-frequency, low-load BFR-RT in UK military 
personnel with lower limb MSKI where persistent pain is 
the primary limiting factor for progression.

Phase One RCT
A 1-week pilot RCT will determine the most effective and 
acceptable BFR-RT protocol in UK military patients, with 
the primary aim of reducing pain. This will be achieved 
by comparing two different BFR-RT pressures (high-
pressure (80% LOP) vs low-pressure (40% LOP)) within 
a military residential rehabilitation setting. It is hypothe-
sised that high-pressure BFR-RT will elicit a greater hypo-
algesic response, but be less tolerable (ie, less total work 
completed with higher perception of effect).

Phase Two RCT
A 3-week RCT (resembling actual inpatient rehabilita-
tion duration at DMRC) will compare the efficacy of 
the most clinically acceptable BFR pressure from Phase 
One to standard/conventional UK Defence Rehabilita-
tion residential rehabilitation practice on physiological 
mechanisms underpinning changes in pain modulation 
and rehabilitation outcomes. It is hypothesised that the 
BFR-RT group will have greater reductions in pain, and 
increases in function, when compared with usual care 
alone.

METHODS AND ANALYSIS: SHARED
Study setting
Both phases of the study will be conducted at DMRC, Stan-
ford Hall. The facility delivers 3-week residential rehabili-
tation courses to service personnel with complex/chronic 
injuries. The exercise rehabilitation components of each 
course are led by a physiotherapist and exercise rehabil-
itation instructor who receive specific training to ensure 
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continuity, and best practice across UK Defence Reha-
bilitation. Details of course components are outlined in 
table 1. The experimental treatment group interventions 
will be delivered alongside a standardised rehabilitation 
programme (replacing the knee dominant exercises; leg 
press and knee extension).

Ethics and dissemination
The study has been approved by the Army Scientific 
Advisory Committee and Ministry of Defence research 
ethics committee (2318/MODREC/24), Northumbria 
University, and is registered with ​clinicaltrials.​gov (trial 
registration number: Phase One, NCT06621914; Phase 
Two, NCT06621953). The study sponsor is the Director of 
Research within UK Defence Medical Services. The study 
is jointly funded through the Defence Medical Services 

Table 1  Components of residential rehabilitation at Defence Medical Rehabilitation Centre, Stanford Hall

Course component Intervention content Intervention aim
Frequency and 
duration

SEM/Rehabilitation 
Medicine Consultant 
Review

Clinical Review
Medication Review
Patient education for example, 
diagnostic description+/-support of 
imaging
Co-ordination of investigation and 
referral
Liaison with primary, secondary care 
and occupational health

Optimisation of health state
Consideration of co-morbidities
Consideration of need for further 
investigations or imaging, for 
example, POCUS, MRI, X-ray etc.
Consideration of need for 
further sub-specialist referral, for 
example, psychological support, 
neurophysiology, specialist pain 
team
Recommendations for occupational 
function and follow-up

Day one course review
Discharge clinic on final 
day of course
Interim 1-2-1 or MDT 
course reviews as 
required
Typical appointments 
30 min

Individual Patient 
Assessment

MDT Clinic
Subjective Assessment
Objective Assessment

Identify individual impairments and 
dysfunction to be addressed within 
the residential rehabilitation course

1× 1-hour session

Exercise-Based
Therapy (Group)

ERI led group-based training that 
involves cardiovascular exercise, 
functional movement patterns, 
hydrotherapy, minor team games, 
LL mobility, neuromuscular control, 
balance and proprioception, and LL 
strengthening

Improve muscle strength, and 
quality and timing of movement; 
increase joint range of motion; 
induce relaxation; promote normal 
walking gait; reduce pain levels

15× 45 min sessions

Exercise-Based
Therapy (Individual)

ERI/PT led individual, directly 
supervised, gym-based session 
compromising of elements of group-
based session

As per group-based therapy 4× 1-hour sessions

Patient Education Workshops and presentations covering 
anatomy and pathology of their lower 
limb injury, goal setting, nutrition, 
pain education science, planning and 
pacing, and principles of exercise

Improve ability to relax, and 
knowledge of self-help techniques 
and treatment options; improves 
patients understanding of injury, 
diagnosis and rehabilitation 
plan; promote behavioural 
change; reduction of pain; weight 
management

5× 30 min sessions

One-on-One Support Individualised PT and/or OT sessions 
focusing on active/passive ROM 
exercises, advice on home exercise, 
cognitive behavioural therapy 
techniques, gait re-education training, 
manual therapy techniques, muscle 
activation and timing patterns, pain 
management, postural re-education, 
relaxation techniques, and self-help 
coping strategies

Control and reduce pain; improve 
muscle strength, and quality and 
timing of movement; increase joint 
ROM; induce relaxation; promote 
behavioural change and normal 
walking gait

5× 30 min sessions

ERI, exercise rehabilitation instructor; LL, lower limb; MDT, multidisciplinary team; OT, occupational therapy; POCUS, point-of-care 
ultrasound; PT, physiotherapy; ROM, range of movement; SEM, sport and exercise medicine.
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Research Steering Group, Delfi Medical Innovations 
Inc. and Northumbria University. The study protocol 
has been developed in accordance with the Standard 
Protocol Items for Randomised Trials (SPIRIT) state-
ment51 (SPIRIT checklist found in online supplemental 
file 1) and the RCT will be delivered in accordance with 
Consolidated Standards of Reporting Trials (CONSORT) 
2010 Statement: updated guidelines for reporting parallel 
group randomised trials.52 The results of these studies 
will be published by the investigators in relevant scien-
tific peer-reviewed journals, regardless of study outcomes. 
Moreover, study results will be presented at relevant scien-
tific conferences.

Participants, recruitment and screening
All patients referred to DMRC, Stanford Hall multidisci-
plinary injury assessment clinic with MSKI of the lower 
limb with persistent pain as the primary limiting factor 
for progression will be screened against the eligibility 
criteria (table 2) by a sport and exercise medicine and/
or rehabilitation medicine consultant within the lower 
limbs team who is not responsible for the direct treat-
ment of the participant while on the residential rehabili-
tation course. Those who meet the eligibility criteria will 
be contacted via telephone by a member of the research 
team to discuss their possible inclusion in the study. 
Potential participants will be sent an information pack 

consisting of the patient information sheet. Participants 
who meet the eligibility criteria and provide written 
informed consent (returned to a member of the research 
team; online supplemental file 2) will be randomly 
assigned to one of the two study groups. Participants will 
then be invited to a pre-admission clinic to collect base-
line outcome measures.

Randomisation and blinding procedure
For both phases, a permuted block randomisation method 
with a 1:1 ratio will be used using random block sizes. 
Randomisation will be stratified by age (18–36, 37–55 
years old) and sex, to prevent an imbalance between 
groups.53 A plain language statement will inform partici-
pants that they have an equal chance of receiving low-load 
RT with either high-pressure or low-pressure BFR (Phase 
One), or low-load RT with BFR or standard rehabilitation 
(Phase Two). A sealed envelope will be opened to reveal 
group allocation by an independent administrator not 
involved in the recruitment, treatment or assessment of 
study outcomes. Given the nature of BFR, it is not feasible 
to blind participants to their treatment allocation. The 
clinical staff who deliver the study interventions and 
collect outcome data for the RCT must also be, by neces-
sity, unblinded.

Table 2  Participant inclusion/exclusion criteria

Inclusion Exclusion

	► Serving UK military personnel,
	► Aged 18–55,
	► Has unilateral lower limb injury whereby 
pain is the primary limiting factor hindering 
progression, as diagnosed by relevant 
consultant and team,

	► Reduced occupational employability and 
function,

	► Scheduled to attend Defence Medical 
Rehabilitation Centre, Stanford Hall, for 3-
week residential rehabilitation course 

Musculoskeletal-specific exclusion criteria
	► Any medical contraindication related to blood flow restriction exercise*
	► Non-musculoskeletal or serious pathological condition (ie, inflammatory 
arthropathy, infection or tumour)

	► Spinal or referred pain from non-local pain source
	► Any pre-diagnosed physical impairment or comorbidities (including 
cardiovascular disease) precluding the safe participation in the rehabilitation 
programme and/or assessment procedures

	► Cortico-steroid or analgesic injection intervention to the affected area within 
the previous 7 days

	► Currently pregnant or have not yet completed a return to work assessment 
following the birth of your child

*Medical-related exclusion criteria
	► History of cardiovascular disease (hypertension, peripheral vascular disease, 
thrombosis/embolism, ischaemic heart disease, myocardial infarction)

	► History of the following musculoskeletal disorders: rheumatoid arthritis, 
avascular necrosis or osteonecrosis, severe osteoarthritis

	► History of the following neurological disorders: Alzheimer’s disease, 
amyotrophic lateral sclerosis, peripheral neuropathy, Parkinson’s disease, 
severe traumatic brain injury

	► Varicose veins in the lower limb
	► Acute viral or bacterial upper or lower respiratory infection at screening
	► Known or suspected lower limb chronic exertional compartment syndrome
	► Surgical insertion of metal components at the position of cuff inflation
	► History of any of the following conditions or disorders not previously listed: 
diabetes, active cancer

	► History of elevated risk of unexplained fainting or dizzy spells during physical 
activity and/or exercise that causes loss of balance

	► Increased risk of haemorrhagic stroke, exercise-induced rhabdomyolysis

https://dx.doi.org/10.1136/bmjopen-2024-096643
https://dx.doi.org/10.1136/bmjopen-2024-096643
https://dx.doi.org/10.1136/bmjopen-2024-096643
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Sample size calculation
For both phases, the sample size calculation was based 
on the effect size for a significant and clinically mean-
ingful reduction in patient-reported pain (ie, the primary 
outcome measure, the Brief Pain Inventory (BPI))54 and 
calculated using G Power V.3.1.9.6.

Phase One: using a repeated measures analysis of vari-
ance (ANOVA; between factors) sample size calculation 
with an effect size of d=0.64,54 power=0.95, alpha=0.05, 
considering two treatment arms and three measurements 
timepoints (ie, pre-intervention and post-intervention, 
and follow-up), the required sample size is 24 patients. 
However, to account for a 10% drop out (as guided by 
previous ADMR publications50 55 56), a minimum of 28 
patients will be recruited (n=14 per study arm).

Phase Two: using a repeated measures ANOVA (between 
factors) sample size calculation with an effect size of 
d=0.64,54 power=0.95, alpha=0.05, two treatment arms, 
and four measurements timepoints (ie, pre-intervention, 
end-week 1 intervention, end-week 2 intervention and 
post-intervention), the required sample size is 22 patients. 
However, to account for a 10% drop-out, 26 patients will 
be recruited (n=13 per study arm).

Statistical methods and analysis
Descriptive data will be reported as the mean and SD 
for continuous variables and frequency statistics for 
non-continuous variables. Prior to statistical analysis, 
normality tests will establish data distribution; if data are 
non-normally distributed, transformation and the use of 
non-parametric statistical analysis tests will be employed. 
All tests will be two-sided, and alpha significant will be 
set a priori p<0.05. A between-subjects and within-subjects 
ANOVA will be used to assess the effect of the intervention 
on all outcome variables. Any statistically significant two-
way interactions will be followed up using post hoc anal-
ysis with Bonferroni corrections to account for multiple 
comparisons. The magnitude of any differences will be 
presented using 95% CI and Cohen’s D for effect size.

Supporting analysis of the primary outcome will include 
a per-protocol analysis including patients with compliance 
>80% to intervention. In addition to the primary adjusted 
analysis, the unadjusted mean differences between 
groups will be reported using t-test, reporting 95% CI. 
Study participant flow will be recorded and reported as 
per CONSORT guidelines. Analysis will be conducted on 
a pairwise case basis. Therefore, all missing data will be 
reported, and patterns investigated. Sensitivity analysis 
will be conducted using multiple imputation techniques 
to assess the effect of missing data on primary outcomes. 
Post-intervention adverse events between groups will 
be analysed using Fisher’s exact test. All analysis will be 
conducted using SPSS.

Data management
All data will be completed on hard copy by participants 
and collected by the research team. Participants will be 
identified through a unique identification key. Data access 

will be restricted to pre-identified researchers to ensure 
confidentiality. Only the research team involved in data 
analysis will have data access rights. All data collected will 
be stored securely at the study site. All data used in this 
project are crown copyright protected. On completion of 
the study, raw and processed data underpinning publi-
cations will be archived and stored securely on the elec-
tronic data archiving system at the Academic Department 
of Military Rehabilitation within the Ministry of Defence. 
Data will be retained for 10 years. This trial is embedded 
within an existing clinical care pathway, and as it is not 
testing new pharmaceutical products or drugs; therefore, 
a formal data monitoring committee was not required. 
However, a study steering group (LG, LH and PL) will 
meet periodically to discuss matters arising related to 
adherence and data management.

Adverse events
All clinical and research staff will be briefed, detailing 
the procedures for identifying and reporting adverse 
events. Information on any unexpected adverse events 
deemed to be related to study participation will be 
collected and reported to the chief investigator within 
24 hours of its occurrence. A standardised proforma 
will be completed by the study site clinician which 
will detail the time and date of the incident, severity 
of the event, the relationship to the study and the 
action taken and overall outcome. All serious adverse 
events will be recorded and discussed directly with 
the MODREC. Reporting of safety incidents will be 
duplicated using existing clinical health and safety 
reporting procedures and in accordance with the 
principles of good clinical practice. It is not antici-
pated that there will be any risk to study participants.

METHODS AND ANALYSIS: PHASE ONE
Study design
Phase One is a 1-week, single-centre, pilot RCT 
embedded within DMRC, Stanford Hall’s residential 
rehabilitation courses, running from October 2024 to 
August 2025. Injured serving military personnel will 
be randomly assigned to one of the following groups: 
(1) low-load resistance training with high-pressure 
BFR (BFR80) or (2) low-load resistance training with 
low-pressure BFR (BFR40). Both treatment arms will 
be delivered during week 1 of the participant’s 3-week 
residential rehabilitation course. The study design is 
outlined in figure 1.

Experimental intervention
During the first week of the residential rehabilita-
tion course, participants in both groups will replace 
standardised knee dominant exercise with low-load 
BFR-RT at either low (ie, 40% LOP) or high (ie, 80% 
LOP) pressure, with previous literature reporting 
significant hypoalgesia following BFR exercise at 
both high and low pressures.43 44 Both experimental 
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groups will complete seven BFR-RT sessions over the 
first week of the residential rehabilitation course 
(Monday–Friday). Using the Personalised Tourni-
quet System for BFR (Delfi Medical Innovations Inc, 
Vancouver BC, Canada), with an Easi-Fit BFR Cuff 
(single-bladder, contoured) fully encircling the limb 
and matching limb protection sleeve (24″×4.5″ or 
34″×4.5″, dependent on limb size), each session will 
consist of a unilateral leg press exercise (Technogym, 
Bracknell, UK), followed by unilateral knee exten-
sion exercise with ankle weights (Komodo Sports, 
Huntingdon, UK), on the affected limb. The Person-
alised Tourniquet System for BFR automatically 
measures the individual’s LOP while at rest in supine 
(20–350 mm Hg±6 mm Hg of a set-point, 10 s average 
under non-transient conditions), which literature 
reports as a valid and reliable measure;57–59 thereafter, 
either 80% LOP (BFR80) or 40% LOP (BFR40) will 

be used based on the participants’ assigned group. 
Participants will complete 1 set of 30 repetitions, 
followed by 3 sets of 15 repetitions at 20% 1RM, with 
30 s rest between sets (continuous inflation during 
exercise) and a 3 min reperfusion period between 
exercises. Both exercises will be performed using a 
1:0:1 tempo (1 s concentric phase, no pause and 1 s 
eccentric phase). On the Wednesday and Thursday 
of the intervention week, BFR-RT will be performed 
twice daily, with sessions separated by >4 hours.

Outcome measures
A full list of outcome measures and their respective data 
collection timepoints are provided in online supple-
mental file 3, with an overview of each patient-reported 
outcome measure (PROM) provided in online supple-
mental file 4. A description of each timepoint (T0P1 to 
T4P1) is provided in figure 2.

Figure 1  Study design flow diagram: Phase One. Phase One timepoints—T0P1, baseline (day −3); T1P1, admission day (day 
1); T2P1, daily (days 1–5); T3P1, end of intervention (day 5); T4P1, follow-up (day 6). BFR40, blood flow restriction with resistance 
training at 40% limb occlusion pressure; BFR80, blood flow restriction with resistance training at 80% limb occlusion pressure; 
DMRC, Defence Medical Rehabilitation Centre.

https://dx.doi.org/10.1136/bmjopen-2024-096643
https://dx.doi.org/10.1136/bmjopen-2024-096643
https://dx.doi.org/10.1136/bmjopen-2024-096643
https://dx.doi.org/10.1136/bmjopen-2024-096643
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Baseline characteristics
During Phase One, baseline data collection (T0P1) will 
include a participant demographics questionnaire, Health 
Anxiety Depression Scale,60 Musculoskeletal Health Ques-
tionnaire61 and medication history. Personal and demo-
graphic characteristics including age, body height, body 
mass, body mass index, duration of symptoms, previous 
injuries, previous treatment, military occupation, dura-
tion of military service, smoking and drinking habits will 
also be collected at T0P1.

Patient-reported outcome measures
The primary outcome measure of intervention efficacy 
will be the BPI;62 additionally, all participants will be 
asked to complete the Lower Extremity Function Scale 
(LEFS).63 A detailed description of all PROMs can be 
found in online supplemental file 4. All other PROMs 
listed will only be completed based on injury-specific site 
location. For example, an individual with a foot/ankle 
injury will only be asked to complete foot/ankle question-
naires, not knee or hip-specific questionnaires.

The BPI is a patient-administered, multidimensional, 
pain assessment tool commonly used within musculoskel-
etal clinical practice.62 Higher scores on the nine-item 
short form indicate greater interference with function, 
or greater pain intensity.62 Literature suggests the BPI 
has excellent test-retest reliability (intra-class correlation 
coefficient=0.90–0.96) and excellent internal consistency 
(Cronbach’s α=0.86–0.96) in populations with persistent 
neuropathic, nociceptive and nociplastic pain.64–66 The 

minimally clinically important difference for the BPI is a 
2-point reduction for average pain, pain interference and 
pain severity.67–69

To assess the feasibility and tolerability of the BFR-RT 
interventions, a participant monitoring booklet will be 
used throughout the intervention period (T2P1). The 
booklet consists of multidimensional daily morning well-
being questions, training load monitoring (sets × reps × 
load completed), sessional ratings of perceived exertion, 
and Numerical Pain Rating Scale (NPRS) for injury-
specific pain and localised muscle soreness (NPRS; pre-
intervention, immediately post-intervention and 1-hour 
post-intervention for each BFR-RT session).

Pressure pain threshold testing
Pressure pain threshold (PPT) testing is reported as the 
minimum pressure applied to cause pain and used to 
quantify pain sensitivity in persistent pain populations.70 
It is suggested that PPT could be used as an indicator of 
persistent pain, as a reduction is consistent with hyper-
excitability in central nervous system processing.71 The 
inter-rater and intra-rater reliability of PPT has previ-
ously been established as good to excellent, despite 
significant variation between measurement procedures 
being reported within the literature.72–75 For the collec-
tion of data within this pilot RCT, a member of research 
staff skilled in using a handheld pressure algometer (1 
cm2 probe, Wagner Instruments, Greenwich, USA) will 
apply pressure at a rate of 1 kgf/s until the first point of 
perceived pain, whereby the participant will say ‘pain’ 

Figure 2  Timepoints of data collection for Phase One RCT (top) and Phase Two RCT (bottom). Phase One timepoints—T0P1, 
baseline (day −3); T1P1, admission day (day 1); T2P1, daily (days 1–5); T3P1, end of intervention (day 5); T4P1, follow-up (day 6). 
Phase Two timepoints—T0P2, baseline (day −3); T1P2, admission day (day 1); T2P2, daily (days 1–5, 6–10, 11–15); T3P2, start and 
end of residential rehabilitation weeks (days 1 and 5, 6 and 10, and 11 and 15); T4P2, end of intervention (day 15). BFR, blood 
flow restriction; BFR40, blood flow restriction with resistance training at 40% limb occlusion pressure; BFR80, blood flow 
restriction with resistance training at 80% limb occlusion pressure; RCT, randomised controlled trials.

https://dx.doi.org/10.1136/bmjopen-2024-096643
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to indicate the perceived pain. The selected locations of 
measurement are based on existing literature:43 44

1.	 Bilateral quadriceps—test location measured 20 cm 
proximal to base of patella.

2.	 Dominant biceps brachii—test location measured 
10 cm proximal to the cubital fossa.

3.	 Medial gastrocnemius of the injured/dominant 
limb—test location measured at 60% length of gas-
trocnemius muscle, measuring from calcaneus to pop-
liteal fossa.

4.	 Nondominant upper trapezius—test location mea-
sured at 10 cm from the acromion in direct line with 
the neck.

5.	 Tibialis anterior of injured/dominant limb—test lo-
cation measured at one-quarter of the distance be-
tween the superior edge of the fibular head and the 
most lateral part of the lateral malleolus was marked 
using a delible pen; then, half the distance from the 
palpated anterior-lateral edge of the tibia horizontal 
to the first mark is marked with a delible pen as test-
ing location.

Pressure pain threshold testing will be completed 
at T0P1, T1P1, T2P1, T3P1 and T4P1. At each location, 
two measures will be collected, separated by 20 s, with 
the mean score for analysis (PPT quantified as the 
kilogram force applied at the point of ‘pain’). There-
after, PPT testing will be completed pre-intervention, 
immediately post-intervention and 60 min post-
intervention to assess the immediate and lasting 
effects of the intervention. Additionally, the pre-
intervention PPT metrics on the following day will 
act as a 24-hour mechanistic measure of BFR-induced 
hypoalgesia following BFR intervention. As a result of 
assessing six separate points, we will be able to deter-
mine if the BFR interventions produce a systemic as 
well as a local hypoalgesic effect.

Physical and functional capacity assessment
5RM leg press and knee extension
Multiple repetition strength assessments are asso-
ciated with a lower risk of injury and symptoms of 
delayed muscle soreness as skeletal muscles, connec-
tive tissue and joints are exposed to lower loads than 
with maximal strength testing, such as 1RM;76 thus, 
5RM testing is considered a more suitable assessment 
method within a rehabilitation setting for injured 
personnel. Therefore, unilateral muscle strength 
will be assessed using a dynamic 5RM test, defined 
as the maximal load (kg) that the participant can lift 
five times consecutively with the correct lifting tech-
nique. This will be performed on a leg press and knee 
extension machine to assess functional strength and 
is aligned with current clinical care practice. This test 
has demonstrated good test-retest reliability and can 
be used as a valid predictor of maximal strength.77 78 
This outcome measure will be collected at T0P1 and 
T4P1, only, in Phase One.

Isometric mid-thigh pull
Isometric strength testing may provide a safer alter-
native for the quantification of force production 
relating to the elimination of painful joint move-
ments under loaded conditions, thus offering clin-
ical testing utility to those where pain is the primary 
limiting factor to performance.79–81 The isometric 
mid-thigh pull (IMTP) is currently implemented as 
a role fitness test within the British Army Physical 
Employment Standards, integrated into lower limb 
rehabilitation settings within UK Defence Rehabilita-
tion,79 and has demonstrated good-to-excellent reli-
ability in measuring maximal strength.82 The IMTP is 
a test that can assess multiple derivatives of maximal 
lower limb muscle force production capabilities, 
including peak force, rate of force development and 
limb symmetry, and will be delivered using a previ-
ously established, standardised testing procedure80 
on a pair of portable force plates (Hawkin Dynamics, 
Portland, Maine, USA) located on the base plate of 
a mid-thigh pull rig (Absolute Performance, Cardiff, 
UK). Force-time data will be sampled at 1000 Hz and 
will be visually assessed against a previously estab-
lished criteria, with invalid trials repeated.80 Isometric 
mid-thigh pull assessment will be completed at T1P1 
and T4P1, in Phase One.

METHODS AND ANALYSIS: PHASE TWO
Study design
Phase Two is a 3-week, single-centre RCT embedded 
within DMRC Stanford Hall’s residential rehabilita-
tion courses running from August 2025 to May 2026. 
Injured serving military personnel will be randomly 
assigned to one of the following groups: (1) low-
load resistance training with either high-pressure 
or low-pressure BFR as determined by the outcome 
of Phase One or (2) standard residential rehabilita-
tion (CON). The experimental treatment arm will be 
delivered alongside the 3-week residential rehabilita-
tion course. The study design is outlined in figure 3.

Experimental intervention
Throughout the residential rehabilitation course, 
participants in the BFR group will have their stan-
dardised knee dominant exercises replaced with 
low-load BFR-RT at either high or low pressure. The 
decision as to which BFR pressure (ie, high or low 
pressure) will be implemented within Phase Two will 
be determined by a multistage process: (1) the pres-
sure which elicits the greatest reduction in pain as per 
the primary outcome measure (BPI); (2) if no statis-
tically significant difference is reported for pain, the 
pressure which promotes the greatest improvement 
in function as per the secondary outcome measure 
(LEFS) will be used; or (3) if no difference between 
groups for pain (BPI) or function (LEFS), the low-
pressure group will be used due to greater tolerability 
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and reduced perception of effort. The BFR group 
will complete 21× BFR-RT sessions over the 3-week 
residential rehabilitation course. Phase Two uses the 
same BFR protocol as in Phase One with only the 
number of sessions (21× vs 7× sessions) and study 
duration (3 weeks vs 1 week) changing. The control 
group will receive standard residential rehabilitation 
only, as described in table 1.

Outcome measures
Baseline characteristics
The same baseline characteristics as Phase One will be 
collected in Phase Two, at T0P2.

Patient-reported outcome measures
The PROMs used in Phase One (BPI, LEFS and injury-
specific) will also be used within Phase Two, collected 
at T0P2, T3P2 and T4P2. Additionally, secondary outcome 
measures will be collected, including the Fatigue 
Assessment Scale, McGill Pain Questionnaire – Short 
Form, Pain Catastrophising Scale and Tampa Scale of 
Kinesiophobia. These secondary outcome measures 
will be collected at T0P2 and T4P2 only. The assess-
ment of tolerability and daily response will again be 
monitored using the participant monitoring booklet 

(T2P2). The data collection schedule for all outcome 
measures can be found in online supplemental file 3.

Mechanistic pain measures
Pressure pain threshold
Following the same protocol as per Phase One, PPTs will 
be collected at T0P2–T4P2.

Temporal summation
Temporal summation is a form of quantitative sensory 
testing that uses mechanical pressure to gain insight 
into which pain mechanisms are involved for an indi-
vidual patient.83 When used at local and remote sites 
of injured tissue, the assessment of temporal summa-
tion tests the function of A and C fibres, and their asso-
ciated central pathways, and identifies the presence 
of local (peripheral sensitisation) and/or centrally 
driven symptoms (eg, secondary hyperalgesia).83–85 
Central sensitisation, defined as increased nocicep-
tive responsiveness following normal or subthreshold 
afferent input, may occur in different areas of the 
nervous system (eg, dorsal horn neurons),86 and 
current evidence suggests temporal summation is 
indicative of central sensitisation.87 Temporal summa-
tion assessment resembles the ‘wind-up’ effect, or 

Figure 3  Study design flow diagram: Phase Two. Phase Two timepoints—T0P2, baseline (day −3); T1P2, admission day (day 
1); T2P2, daily (days 1–5, 6–10, 11–15); T3P2, start and end of residential rehabilitation weeks (days 1 and 5, 6 and 10, and 
11 and 15); T4P2, end of intervention (day 15). BFR, blood flow restriction with resistance training; CON, standard residential 
rehabilitation/usual care group; DMRC, Defence Medical Rehabilitation Centre.

https://dx.doi.org/10.1136/bmjopen-2024-096643
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second pain stimulus,86 88 often seen in persistent 
pain populations, by stimulating the unmyelinated 
C fibres.89 90 A measure of temporal summation will 
be taken at T0P2 and T4P2. To assess temporal summa-
tion, at the location closest to the individuals’ injured 
site from the previously described PPT test locations, 
10 consecutive ramping pulses building to the mean 
pressure of the respective PPT score will be applied 
over 5 s with a 1 s hold, before immediate release, with 
1 s rest interval before the next pulse. At the peak of 
each pulse, the participant will be asked to rate their 
pain on the NPRS scale. The first NPRS value will act 
as an anchor/baseline. Thereafter, each NPRS will be 
normalised via subtraction of the initial NPRS value. 
To reflect changes in temporal summation across the 
series, the NPRS epochs (mean NPRS rating of peaks; 
I 2–4, II 5–7 and III 8–10) will be calculated for the 
statistical analysis.91

Blood biomarkers
To date, there is limited literature investigating the effect 
of high-frequency BFR-RT on markers of inflammation 
and hypoalgesia.92 During Phase Two, 19× 10 mL venous 
blood samples from an antecubital vein will be collected at 
various timepoints to assess the acute and chronic effects 
of BFR-RT on hypoalgesia and inflammation, respectively. 
Beta-endorphin is a neuropeptide produced in the central 
nervous system and pituitary gland in response to pain or 
exercise93 and shares a similar structure to morphine and 
the same binding sites within the brain cells and recep-
tors, thereby working as a powerful analgesic by inhib-
iting the communication of pain signals.93 Additionally, 
beta-endorphin has previously been used as an outcome 
measure within the BFR literature, with elevated levels 
reported following BFR-RT and BFR with aerobic exer-
cise immediately post-intervention.43 44 Venous blood 
samples for beta-endorphin will be collected at T0P2, 
T2P2 (BFR only: Tuesday pre-intervention, immediately 
post-intervention, and 1-hour post-intervention, and 
Wednesday pre-intervention), T3P2 and T4P2. Inflamma-
tory cytokines interleukin-6 and tumour necrosis factor-⍺ 
are thought to be drivers for the development of patholog-
ical pain94–96 and have been shown to have elevated levels 
in persistent pain populations97–100 and will be collected at 
T0P2, T3P2 and T4P2. To minimise pre-analytical variability 
within these biomarkers, all samples will be obtained at 
the same time of day (08:00–12:00), after a ≥12-hour fast 
and abstinence from alcohol (≥24 hours) and caffeine 
(≥12 hours).101 All samples will be centrifuged at 1000 × g 
for 15 min, within 30 min of sample collection. Plasma will 
then be separated into 1.5 mL aliquots and stored in snap-
seal microcentrifuge tubes (Sarstedt, Germany) at −80°C. 
Samples will be analysed at the biochemistry laboratory 
at Northumbria University using commercially available 
ELISA kits.

Physical and functional capacity assessment
5RM leg press and leg extension
Following the same protocol as per Phase One, 5RM 
assessment will take place at T0P2 and T4P2.

Isometric mid-thigh pull
Following the same protocol as per Phase One, IMTP 
assessment will take place at T0P2, T3P2 and T4P2.

DISCUSSION
The utility of BFR exercise is expanding across numerous 
clinical populations,102–104 with multisystem beneficial 
adaptions being increasingly reported (eg, cardiovascular, 
morphological and neural).105–108 Numerous studies have 
investigated BFR-RT utility over 6–8 weeks, with two to 
three sessions per week, mirroring a traditional rehabilita-
tion approach, focusing on physiological adaption rather 
than pain.37 109 110 Additionally, Ladlow et al21 provided 
rationale for high-frequency usage within military reha-
bilitation settings; however, significantly less research has 
investigated high-frequency BFR-RT in inpatient setting 
when pain is the primary outcome measure. This two-
phase research programme aims to expand upon the 
previous and currently ongoing UK Defence Rehabilita-
tion RCT.21 50 To our knowledge, this two-phase RCT will 
be the first to assess the effect of high-frequency BFR-RT, 
and BFR-RT in general, on pain modulation in military 
personnel with lower limb MSKI. The clinical implica-
tions of these findings are that BFR-RT could be a reha-
bilitation intervention that can induce beneficial clinical 
adaptions and attenuate pain response, in the absence 
of high mechanical loads and pharmacological interven-
tion, respectively. This study aims to optimise rehabilita-
tion outcomes when hypoalgesia is the primary focus of 
treatment. If efficacy is established, BFR therapy for the 
management of MSKI associated pain could be applied 
across UK Defence Rehabilitation settings. The results of 
this study will provide insight and knowledge applicable 
to the wider clinical and scientific community, including 
those in civilian and professional sports settings.

Methodological considerations and study limitations
Our participants are exclusively lower limb MSKI only; 
therefore, inference cannot be made to the efficacy of 
BFR-RT in upper limb injuries. Additionally, participants 
will comprise different diagnostic injury types and will be 
undergoing multimodal intervention, which may atten-
uate the treatment effect. The small sample sizes included 
within both phases limit the ability to make definitive 
statements regarding the effectiveness of BFR-RT, and 
results may be susceptible to type I or II errors. The lack 
of exercises-based control within Phase Two was delib-
erate, to assess whether BFR-RT offers additional value to 
usual care; however, we acknowledge that we therefore 
cannot say whether BFR-RT is more effective than tradi-
tional RT methods. Following completion of the residen-
tial rehabilitation course, personnel will return to their 
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local units (nationwide) and could be deployed at short 
notice with limited/restricted duties. Therefore, a deci-
sion to exclude a follow-up assessment was made. The 
authors recognise this, which therefore means a conclu-
sion to long-term benefit cannot be made.
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