Cassidy et al. BMC Musculoskeletal Disorders (2023) 24:580 BM C Muscu | oS ke | eta |
https://doi.org/10.1186/5s12891-023-06693-3 .
Disorders

. ®
ADAPTations to low load blood flow et

restriction exercise versus conventional

heavier load resistance exercise in UK military
personnel with persistent knee pain: protocol
for the ADAPT study, a multi-centre randomized
controlled trial

Robyn P. Cassidy'??, Kieran M. Lunt'?3, Russell J. Coppack'??, Alexander N. Bennett'#, James L. J. Bilzon??,
M. Polly Mcguigan?, Natalie Egginton', Edward Sellon>®, Jo Day® and Peter Ladlow'*"

Abstract

Background Muscle atrophy, muscle weakness and localised pain are commonly reported following musculoskel-
etal injury (MSKI). To mitigate this risk and prepare individuals to return to sport or physically demanding occupations,
resistance training (RT) is considered a vital component of rehabilitation. However, to elicit adaptations in muscle
strength, exercise guidelines recommend lifting loads > 70% of an individual’s one repetition maximum (1-RM).
Unfortunately, individuals with persistent knee pain are often unable to tolerate such high loads and this may nega-
tively impact the duration and extent of their recovery. Low load blood flow restriction (LL-BFR) is an alternative RT
technique that has demonstrated improvements in muscle strength, hypertrophy, and pain in the absence of high
mechanical loading. However, the effectiveness of high-frequency LL-BFR in a residential rehabilitation environment
remains unclear. This study will compare the efficacy of high frequency LL-BFR to ‘conventional’ heavier load resistance
training (HL-RT) on measures of physical function and pain in adults with persistent knee pain.

Methods This is a multicentre randomised controlled trial (RCT) of 150 UK service personnel (aged 18-55) admitted
for a 3-week residential rehabilitation course with persistent knee pain. Participants will be randomised to receive: a)
LL-BFR delivered twice daily at 20% 1-RM or b) HL-RT three-times per week at 70% 1-RM. Outcomes will be recorded
at baseline (T1), course discharge (T2) and at three-months following course (T3). The primary outcome will be

the lower extremity functional scale (LEFS) at T2. Secondary outcomes will include patient reported perceptions

of pain, physical and occupational function and objective measures of muscle strength and neuromuscular perfor-
mance. Additional biomechanical and physiological mechanisms underpinning both RT interventions will also be
investigated as part of a nested mechanistic study.
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active adults suffering MSKI.

Discussion LL-BFR is a rehabilitation modality that has the potential to induce positive clinical adaptations

in the absence of high mechanical loads and therefore could be considered a treatment option for patients suffering
significant functional deficits who are unable to tolerate heavy load RT. Consequently, results from this study will have
a direct clinical application to healthcare service providers and patients involved in the rehabilitation of physically

Trial registration ClinicalTrials.org reference number, NCT05719922
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Background

The goal of most rehabilitation care pathways is to safely
return a patient to their previous level of physical func-
tion. It is widely acknowledged that muscle atrophy
can prolong the duration of musculoskeletal rehabilita-
tion, increase the cost to healthcare providers and pre-
vent optimal recovery [1]. A significant challenge lies
in designing optimal rehabilitation programmes that
facilitate both neurological and muscular adaptations
whilst accommodating for biological healing and patient
safety [2]. Symptomatic impairment, including immobil-
ity and pain, may limit an individual’s ability to tolerate
the heavy-load resistance training (RT) methods often
recommended to elicit increases in muscle strength and
hypertrophy [3, 4]. Therefore, patients with musculoskel-
etal injury (MSKI), such as persistent knee pain, are often
advised to reduce their training load, potentially limiting
the desired muscular response to treatment and delaying
their subsequent return to sport or occupational roles.

Knee pain can arise from the tibiofemoral joint and/or
the patellofemoral joint, with common diagnosed pathol-
ogies including osteoarthritis (OA), meniscal pathology
and patellofemoral pain [5-7]. Persistent knee pain has
been associated with decreased function and physical
activity levels and consequently can lead to progressive
muscle atrophy [8, 9]. Subsequently, a negative feedback
response can occur as decreased muscle strength limits
activity participation leading to further muscular dete-
rioration and exacerbation of symptoms [10, 11]. Thus,
addressing injury related muscle atrophy is a vital part of
rehabilitation for persistent knee pain [12—14].

Within military cohorts, MSKI is the leading cause
of medical downgrading and discharge [15-17]. This
can negatively impact operational readiness, place an
increased demand on global Defence healthcare system
and is associated with considerable economic cost [18,
19]. Injury and pain at the knee joint constitute a signifi-
cant proportion of all reported MSKI [20-23]. In Europe,
one-fifth of serving personnel report knee pain during
their military career. Additionally, in the American mili-
tary, knee injury is the most frequent reason for hospi-
talisation [20, 22]. Within the UK armed forces, knee

pain accounted for 17-25% of all MSKI related medical
discharges in 2021/2022 [17].

Within UK Defence, serving personnel with persis-
tent knee pain are offered a 3-week intensive residen-
tial rehabilitation course at a regional rehabilitation
unit (RRU). These multidisciplinary courses have dem-
onstrated efficacy for improving clinical outcomes
in a variety of MSKI [24-26]. For military personnel,
regaining muscular capacity is deemed a priority within
rehabilitation to improve a soldiers’ tolerance and per-
formance in common physically demanding military-
based tasks [27]. Traditional guidelines recommend
that RT programmes incorporate strengthening exer-
cises with loads of > 70% 1-repetition maximum (1-RM)
[4]. However, for many service personnel undergoing
rehabilitation, heavy loads cannot be tolerated due to
pain and functional limitations [28].

An alternative RT approach is low load blood flow
restriction (LL-BFR) training. With this method, a
pneumatic tourniquet system is applied to the proximal
region of a limb and inflated to determine their per-
sonalised limb occlusion pressure (LOP). A percentage
of this LOP is then prescribed (often 80% LOP) which
will partially reduce arterial inflow, but fully occlude
venous outflow; exercises are then performed under
low load, typically 20-40% 1-RM [29]. The compression
of vasculature, coupled with skeletal muscle contrac-
tion during LL-BER is known to increase the metabolic
stress associated with exercise [30, 31]. This increase
in metabolic stress is believed to induce hypertrophic
adaptations through several mechanisms, such as an
increase in the recruitment of fast-twitch muscle fibres
[32] and by increasing intra-cellular water content (cell
swelling), which could increase protein synthesis and
decrease protein breakdown [33, 34]. Indeed, signifi-
cant improvements in both muscle strength and hyper-
trophy, similar to that of traditional heavier load RT
approaches have been demonstrated using LL-BFR in
healthy individuals [35-38]. To date however studies
have restricted their measures of muscle hypertrophy
to measures of anatomical cross-sectional area (ACSA)
and/or volume, with no research in clinical populations
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investigating the effect of LL-BFR on the physiologi-
cal cross-sectional area (PCSA), the only architectural
measurement which is known to directly influence
tetanic force production [39].

Improvements in muscular capacity in the absence
of, or reduced, mechanical loading have led to increas-
ing interest in the use of LL-BFR in the rehabilitation
setting [40—44]. Positive clinical adaptations for muscle
strength, hypertrophy and self-reported function follow-
ing a course of LL-BFR have been shown in knee OA [45,
46], patellofemoral pain [47] and post ACL reconstruc-
tion [48]. In addition, reduced levels of pain have also
been observed following a single bout [49] and repeated
bouts of LL-BFR [47]. This exercise induced hypoalge-
sia response makes LL-BFR a particular clinical interest
when rehabilitating symptomatic MSKI pain [50, 51].

The lower relative training loads and consequential
lower mechanical stress during exercise may reduce
associated exercise induced muscle damage (EIMD).
Here, indirect markers of EIMD, such as torque decre-
ments, delayed onset of muscle soreness (DOMS), range
of movement (ROM), creatine kinase (CK) and myoglo-
bin are typically lower following an acute bout of LL-BFR
compared to conventional high load RT [29, 52, 53]. This
may reduce the requirement for long inter session recov-
ery periods and thus allow for an intensive course of treat-
ment to be implemented. Favourable muscle adaptations
following high frequency training protocols have been
documented. Notably, increases in lower limb strength
and muscle cross sectional area (CSA) following twice
daily treatments over a period of 2-3 weeks [54—58].
A recent scoping review of short-term, high frequency
BER training protocols have identified numerous limita-
tions within the existing literature. The ADAPT study will
help to address many of the knowledge gaps identified,
including; 1) the lack of personalised pressure applica-
tions, 2) lack of females, 3) lack of studies using clinical
populations, 4) potentially high numbers of under-pow-
ered study designs, 5) limited data regarding the proximal
effects of BFR, and 6) the absence of data investigating
hypoalgesia responses to high frequency [59].

The effectiveness of a high frequency training
approach is of particular interest to professional sport
teams and providers of residential rehabilitation (e.g.,
UK Defence Rehabilitation). A pilot study randomised
controlled trial (RCT) assessing the feasibility and
acceptability of introducing twice daily LL-BFR within
a busy UK Defence residential rehabilitation setting
has previously been demonstrated [26]. LL-BFR was
found to produce similar training adaptations in rela-
tion to muscle strength, hypertrophy and physical func-
tion when compared to conventional rehabilitation.
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However, it is unclear if the observed improvements in
muscle strength translated into performance improve-
ments during occupational specific tasks requiring
high levels of force production, or alterations in kinetic
or kinematic variables during functional movements.
Furthermore, as Ladlow et al. [26] did not include any
longer-term outcome measures following either treat-
ment intervention, it is not possible to speculate on the
potential longer-term benefits of LL-BFR beyond the
3-week rehabilitation intervention.

Pragmatic research trials are designed to assess the
effectiveness of an intervention as it would be delivered
in the ‘real world, rather than under highly controlled
conditions. More pragmatic research trials, embedded
within the rehabilitation setting, are needed to advance
our understanding of the benefits of LL-BFR based thera-
peutic interventions. This study consists of two distinct
but inter-dependent experimental approaches; a multi-
centre RCT and a nested mechanistic based study.

Study aims

The aim of the main RCT and the nested mechanistic study
is to investigate the effects of high frequency, low-load
resistance training using blood flow restriction (LL-BFR)
and ‘conventional’ heavier load resistance training (HL-RT)
in UK military personnel with persistent knee pain.

Main RCT

1) The main RCT will compare the effects of the two
interventions on physical function and pain.

Nested mechanistic study

2) The nested mechanistic study will compare the
effects of the two interventions on i) muscle mor-
phology and architecture, ii) muscle strength, iii)
performance during occupational specific tasks, iv)
kinetic and kinematic variables during functional
tasks and v) blood biomarkers of EIMD, inflamma-
tion, oxidative stress and vascular function.

Methods

Design

This is a prospective, multicentre RCT embedded
within five UK Defence RRUs. Serving personnel will
be randomly assigned to one of the following groups:
(1) twice-daily low load resistance training with blood
flow restriction (LL-BFR) or (2) heavier load resistance
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training (HL-RT) 3-days per week. Both treatment arms
will be delivered alongside a standardised 3-week resi-
dential rehabilitation programme. Study outcomes will
be recorded on course admission, course discharge and
at three-months follow course, with the primary outcome
time point being course discharge. The study design is
outlined in Fig. 1.

The study protocol complies with the Standard Pro-
tocol Items Recommendations for Interventional Trials
(SPIRIT) statement [60] and its checklist is included as
supplementary material. The study has been approved
by the Army Scientific Advisory Committee (SAC) and
Ministry of Defence (MOD) research ethics committee
(2129/MoDREC/2022) and is registered with Clinical-
Trials.org (Trial registration number: NCT05719922).
The study sponsor is the Head of Research and Clinical
Innovation within UK Defence Medical Services. The
study is joint funded through the Defence Medical Ser-
vices Research Steering Group (DMSRSG), University of

Eligibility Screening
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Bath and Versus Arthritis Centre for Sport and Exercise
Osteoarthritis Research.

Study setting

The study will be conducted at five RRUs across UK
Defence Rehabilitation. Each RRU delivers a standard-
ised 3-week residential rehabilitation course for serv-
ing personnel with MSKI. The exercise rehabilitation
component of each course is led by a physiotherapist
and exercise rehabilitation instructor (ERI). Details of
course components are outlined in the supplementary
material 1. The two treatment group interventions will
be delivered alongside this standardised rehabilitation
programme.

Participants, recruitment, and screening

Prior patient and public engagement with all relevant
stakeholders within UK Defence Rehabilitation to dis-
cuss strategies for achieving adequate participant

Exclusion of patients:
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enrolment to reach target sample size was conducted.
All patients referred to an RRU assessment clinic with
persistent knee pain will be screened against the eligi-
bility criteria by a sport and exercise (SEM) medicine
physician and/or senior physiotherapist.

Inclusion criteria

Patients will be eligible for the study if they have
mechanical knee pain for at least three months; present
with clinical signs and symptoms of knee pain arising
from the tibiofemoral or patellofemoral joint diagnosed
by SEM physician and/or senior physiotherapist; have
reduced occupational employability medical grade sec-
ondary to their knee pain; report progression of resist-
ance training load within the patient’s rehabilitation
programme is limited by knee pain; aged between 18
and 55 years and are available to attend for the entire
duration of the RRU course and a review appointment
three-months following course.

Exclusion criteria

Patients will be ineligible for the study if they present
with any medical contraindication related to LL-BFR
(Table 1); diagnosed tibial, femoral or patella fracture
and/or dislocation; present with instability in the knee
resulting from ligament deficiency; present with clini-
cal signs and symptoms of patellar tendinopathy; have
planned surgery over the study period; restricted knee
range of movement; clinical signs and symptoms of
non-musculoskeletal or serious pathological condition
(i.e. Inflammatory arthropathy, infection or tumour)
or referred pain from non-local pain source; pre-
sent with any physical impairment or co-morbidities

Table 1 Medical exclusion criteria
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(including cardio-vascular disease) precluding the safe
participation in the rehabilitation programme and/or
assessment procedures; have received cortico-steroid
or analgesic injection intervention within the previ-
ous 7-days or previous knee surgery within the last
12-months to the affected limb.

Eligible participants will be informed of the study
objectives, procedures, and interventions in both writ-
ten and verbal format. Those expressing an interest to
participate will be contacted by a member of the research
team inviting them to participate in the clinical RCT. Par-
ticipants meeting the eligibility criteria, who have read
and understood the participant information sheet and
volunteer to participate in the study, will be emailed an
e-consent form to sign electronically. Participants who
provide informed consent will be invited to participate
in the nested mechanistic study. Those who volunteer
for the nested mechanistic study will provide a separate
written informed consent upon arrival at Defence Medi-
cal Rehabilitation Centre (DMRC), Stanford Hall on their
first assessment day.

Randomisation

A permuted block randomisation method with a 1:1 ratio
of the two treatment arms will be used using random
block sizes. Randomisation will be stratified by study site,
biological sex at birth, and diagnostic sub-group. A plain
language statement will inform participants that they
have an equal chance of receiving the HL-RT or LL-BFR
intervention. A concealed list will be used to assign group
allocation, this will be performed by an independent
administrator not involved in the recruitment, treatment,
or assessment of study outcomes.

Medical Exclusion criteria

History of cardiovascular disease including hypertension, peripheral vascular disease, thrombosis/embolism, ischaemic heart disease, myocardial infarc-

tion

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

History of the following neurological disorders: Peripheral neuropathy, Alzheimer’s disease, amyotrophic lateral sclerosis, 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 (CECS)

Postsurgical swelling
Pregnant or medically downgraded post-partum
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/exercise that causes loss of balance

History of haemorrhagic stroke or exercise induced rhabdomyolysis
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Intervention

Both groups will receive standardised rehabilitation care
at their regional unit as per the course programme (sup-
plementary file 1). The only component of treatment
that differs between the two groups is the RT interven-
tion prescribed for the quadriceps-based resistance exer-
cise. Participants will be randomised into one of two RT
groups. Group 1 will perform 1 set of 30 repetitions fol-
lowed by 3 sets of 15 repetitions of LL-BER at 20% 1-RM
twice daily. Group 2 will perform 4 sets of 12 repetitions
of HL-RT at~70% 1-RM without BFR; aligned with con-
ventional rehabilitation practice. Primary RT methods
for the strength development of the quadriceps muscles
will consist of two lower-limb exercises (1) unilateral leg
press using a leg press machine, (2) unilateral knee exten-
sions using a knee extension machine or ankle weights
when clinically indicated. Resistance exercise order will
consist of leg press followed by knee extension.

Low load resistance training with blood flow restriction
(LL-BFR)

The blood flow restriction cuff will be securely fitted to
the most proximal portion of the thigh by the exercise
therapist. Prior to exercise, a personalised tourniquet
pressure (PTP) of 80% of limb occlusion pressure will be
determined, using the automated features inbuilt to the
blood flow restriction (BFR) system (Delfi Medical, Van-
couver, Canada). Participants will be asked to perform 1
set of 30 repetitions, followed by 3 sets of 15 reps of each
exercise at 20% of their predicted 1-RM with an inter-set
interval of 30 s of each exercise whilst wearing the BFR
cuff. Between exercises the cuff will be deflated for 3 min.
Exercises will be performed using a 1:0:1 tempo (1 s con-
centric phase; no pause; and 1 s eccentric phase). Train-
ing will be performed twice daily separated by interludes
of at least 5 h.

Heavier load resistance training (HL-RT)

Participants will be asked to perform 4 sets of 12 rep-
etitions for the leg press and knee extension exercise at
70% of their predicted 1-RM with an inter-set interval of
2 min. This sequence of exercise will be repeated 3 times
per week during the 3-week rehabilitation course. Whilst
the HL-RT protocol closely matches the total work vol-
ume of LL-BER over the 3-week period, it is recognised
that the treatment arms are not matched in other train-
ing parameters such as frequency, intensity, session vol-
ume, or rest periods. However, this exercise prescription
was identified to reflect, as best, the current RT recom-
mendations in rehabilitation [4].
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Main RCT outcome measures

Measurements will be assessed at course admission (T1),
course discharge (T2) and at 12-weeks following course
(T3), with the primary outcome time point being course
discharge (T2). See Table 2 for schedule of data collec-
tion. The following subheadings include test overviews
and justifications, whilst test procedures are outlined in
supplementary file 2.

Baseline characteristics

Baseline characteristics (T1) will include a participant
demographics questionnaire and Health Anxiety Depres-
sion Scale (HADS). Personal and demographic character-
istics including age, body height, body mass, body mass
index (BMI), duration of symptoms, previous injuries,
previous treatment, military occupation, duration of mil-
itary service, smoking and drinking habits.

Patient reported outcome measures

The Lower Extremity Functional Scale (LEFS) at course
discharge (T2) will be the primary outcome measure. The
LEFS is a patient-reported outcome measure (PROM)
that measures functional status in patients with lower
limb MSKI [61]. Ability to perform 20 activities, rang-
ing from walking to running on uneven ground, are self-
reported from 0—4 with higher scores indicating better
function. The minimum clinically important difference
(MCID) of the LEFS is 9 points. The LEFS is a validated
tool and has demonstrated good test-retest reliability and
responsiveness in individuals with persistent knee pain
[61-63].

Secondary patient reported outcome measures will
record patient reported levels of function, pain, fear of
movement, rehabilitation beliefs, physical activity and
occupational status. Questionnaires include: the Knee
Injury and Osteoarthritis Outcome Score (KOOS) [64],
Patient Specific Functional Scale [65], Musculoskeletal
Health Questionnaire (MSKHQ) [66], Tampa Scale of
Kinesiophobia (TSK) [67], Numeric Pain Rating Scale
(NPRS) [68], Functional Activity Assessment (FAA) [69],
Sports Injury Rehabilitation Beliefs Survey (SIRBS) [70]
and the International Physical Activity Questionnaire
(IPAQ). Questionnaires will be distributed at T1, T2 and
T3 via email using a research electronic data collection
application (REDCap).

Physical/functional capacity tests

Physical/Functional capacity tests will assess muscle
strength at the hip and knee, calf muscular endurance,
single leg movement patterning and pain-free maximum
loaded knee flexion. Tests will be conducted and recorded
by the study site clinicians. All assessments include test-
ing procedures that can be applied in the clinical setting.
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Table 2 Schedule for data collection

Domain/Outcome Measure T1 T2 T3

Baseline Assessment
Demographics Questionnaire X
Health Anxiety Depression Scale (HADS)

Patient Reported Outcomes

Function
Lower Extremity Functional Scale (LEFS)* X X X
Knee Injury and Osteoarthritis Outcome Score (KOOS) X X X
Musculoskeletal Health Questionnaire (MSKHQ) X X X
Patient Specific Functional Scale X X X
Physical Activity Questionnaire X X
Pain
Numeric Pain Rating Scale (NPRS) X X X
Psychosocial
Tampa Scale of Kinesiophobia (TSK) X X X
Sports Injury Rehabilitation Beliefs Survey (SIRBS) X X X
Occupation
Functional Activity Assessment (FAA) X X
Physical Capacity Assessment
Muscular performance
5-RM Lower-Limb Strength X X X
Isometric Muscle Strength of hip and knee
Single Leg Heel Raises to Fatigue X X X
Movement pattern analysis
Qualitative Assessment of Single Leg Squat (QASLS) X X X
Pain provoking task performance
Decline Knee Bend X X X
Muscle Imaging
Magnetic resonance imaging (MRI)
Anatomical Cross-sectional area (ACSA) X X X
Muscle volume X X X
Ultrasound imaging
Fascicle length (F)) X X X
Pennation angle (6p) X X X
MRI+ ultrasound
Physiological cross-sectional area (PCSA) X X X
Neuromuscular Performance
Isometric strength testing
Isometric mid-thigh pull X X X
Maximum voluntary isometric contraction (MVIC) X X X
Kinetic and kinematic analysis of functional movements
Bilateral squat X X X
Unilateral squat X X X
Countermovement jump (CMJ) X X X

Isometric strength testing + ballistic task performance
Dynamic Strength Index (DSI) X X X
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Table 2 (continued)
Domain/Outcome Measure T1 T2 T3
Blood sampling
Muscle damage X X X
Inflammation X X X
Oxidative stress X X X
Endothelial function X X X

......... X

N -

Fig. 2 Testing positions and order for isometric strength assessment. A Hip flexors B Hip extensors C Hip adductors D Hip abductors E Knee

extensors F Knee flexors

5-RM leg press Unilateral muscle strength will be
assessed using a dynamic 5-RM test, defined as the maxi-
mal load (kg) that the participant can lift five times con-
secutively with the correct lifting technique. This will be
performed on a leg press machine to assess multi-joint
functional strength and is aligned with current clinical
care practice. Multiple repetition strength assessments
expose the skeletal muscles, connective tissue and joints
to lower loads when compared to maximal strength test-
ing, such as 1-RM testing, and are associated with a lower
risk of injury and symptoms of delayed muscle soreness
[71]. Thus, 5-RM testing is considered a more suitable
assessment protocol for injured personnel in the reha-
bilitation setting. This test has demonstrated good test-
retest reliability and can be used as a valid predictor of
maximal strength (1-RM) [72, 73].

Isometric hip and knee strength Isometric muscle
strength will be assessed at the hip and knee in frontal
and sagittal planes. This will provide an indication of
muscular adaptation at the knee but also muscles proxi-
mal to the cuff [74-76]. Measurements will be taken
using a wireless digital Lafayette hand-held dynamom-
eter (HHD) (Lafayette, Indiana, United States). Hand
held dynamometry is considered a valid practical method
to assess muscle isometric strength [77]. The isomet-
ric ‘make-test’ was chosen as isometric loading induces
less stress on the musculoskeletal system than eccentric
loading (‘break-test’), which is a key consideration when
testing individuals with a physical injury [78, 79]. A
standardised HHD measurement technique will use pro-
cedures often applied in the clinical setting (Fig. 2). The
testing positions offer sufficient mechanical advantage
for the testers and has demonstrated good to excellent
interrater reliability (ICC 0.82-0.98) and low test-retest
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Fig. 3 Decline knee bend task. A Start position; B End position

variation (<10%) when measuring isometric lower limb
muscle strength [80].

Heel-raise test The heel-raise test is used in clinical prac-
tice to assess properties of the calf muscle-tendon unit
(MTU) [81, 82]. The heel-raise test involves repetitive
concentric—eccentric muscle action of the plantar-flexors
in a single leg stance and is quantified by the total num-
ber of raises performed. This test demonstrates good reli-
ability and has traditionally been used to assess various
calf MTU properties including muscular strength, endur-
ance and fatigue [82-85]. It is acknowledged that the
ankle plantar flexors (gastrocnemius and soleus muscles)
will not be subjected to high contracting forces during
the leg press and knee extension exercises and are there-
fore not under a comparable biological stimulus as the
quadriceps muscle. However, it is important to consider
the holistic impact of any new exercise rehabilitation pro-
tocol on physical metrics considered important to the
population of interest. Due to the high demand placed
on the ankle plantar flexors during military tasks, such
as running, load carriage and multidirectional speed and
agility, restoring calf capacity is a common goal during
military specific rehabilitation programmes [86]. There-
fore, it is of clinical interest to determine whether any
muscular adaptation occurs in this functionally impor-
tant muscle group.

Decline knee bend Knee pain is commonly reported dur-
ing specific weight-bearing knee flexion tasks such as
stair climbing, running, jumping [87]. The decline step-
down test is a clinical performance test that replicates
these movement patterns and thus assesses changes in
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knee pain and function that is directly relevant to these
commonly reported problems [88]. The maximum flex-
ion angle achieved at the knee joint without increasing
symptomatic knee pain will be determined using video
analysis (RPC). A box with a 25° decline angle will be
used to prevent ankle dorsi-flexion being the limiting fac-
tor during this task (Physio Foam, UK) (Fig. 3).

Qualitative analysis of single leg squat (QASLS) The
qualitative analysis of single leg squat (QASLS) is a scor-
ing system designed to identify segmental sub optimal
behaviour following performance of a single leg squat
[89]. This testing procedure will be video recorded and
independently scored by two members of the research
team (RPC and KML). The QASLS involves dichotomous
scoring of the movement strategies occurring in indi-
vidual body regions. Movement analysis is subdivided
into six categories-arm strategy, trunk alignment, pelvic
plane, thigh motion, knee position and steady stance. Pel-
vic plane, thigh motion, knee position and steady stance
each have two performance points. This test has demon-
strated very good to excellent inter and intra-rater reli-
ability and good criterion validity against three-dimen-
sional (3D) motion capture [89, 90].

Training load

A participant monitoring booklet (Table 3) will enable
daily monitoring of training load, participant wellness
scores, symptomatic knee pain and localised muscle dis-
comfort during the 3-week rehabilitation course. This
will be recorded in a participant booklet that is com-
pleted daily by the participant and therapist.
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Table 3 Participant monitoring booklet

Domain Measure Frequency

Participant Wellness Score Likert scale (0-5) of 5 dimensions Once daily, AM

Training load
Session rate of perceived exertion (sRPE) scale of 0to 10

Symptomatic knee pain

Muscular discomfort

Symptomatic knee pain during a pain provoking
functional task (single-leg knee bend)

Sets, reps, load completed

Visual analogue scale (VAS), 100 mm horizontal line

Visual analogue scale (VAS), 100 mm horizontal line

Visual analogue scale (VAS), 100 mm horizontal line

Immediately post study intervention session
Immediately post study intervention session

Immediately prior to starting the exercise,
during the exercise and then 5 min post-
exercise

Immediately prior to starting the exercise,
during the exercise and then 5 min post-
exercise.

Every third session for LL-BFR group
Every session for HL-RT session.

Muscular discomfort and symptomatic knee pain

A visual analogue scale (VAS) will be used to measure
pain intensity. The VAS uses a 100 mm horizontal line
anchored by the terms no pain’ (0) and ‘worst possible
pain’ (100). The VAS response format has shown good
internal consistency, is easy to understand, is in wide
clinical use, and has been sufficiently evaluated in clini-
cal trials [91]. Levels of muscular discomfort and symp-
tomatic knee pain will be recorded immediately prior
to starting the quadriceps-based exercise, during the
exercise and then 5 min post-exercise. Previous studies
have demonstrated a hypoalgesia response up to 45 min
post BER training [49]. Therefore, all participants will
also be asked to score symptomatic knee pain during a
pain provoking functional task (single-leg knee bend)
immediately prior and 15 min following the cessation of
exercise. These pain-related outcome measures will be
repeated at the start, middle and end of each treatment
week to monitor how pain response changes over time to
both intervention arms. Muscular discomfort and symp-
tomatic knee pain will be monitored during the 3-week
rehabilitation admission using a participant monitoring
tool (Table 3).

Nested mechanistic study outcome measures

All mechanistic based outcome measures will be assessed
at DMRC Stanford Hall 3-days prior to T1 (course admis-
sion), 3-days following T2 (course discharge) and at T3
(three-months following discharge). T2 data will be col-
lected 5-days following the final exercise session. This is
to provide sufficient recovery for maximal torque gen-
eration following resistance exercise and for the effects of
exercise induced muscle swelling to subside [52, 92-95].
Outcome measures will be collected in the following
order: blood sample, muscle imaging, bilateral squat, uni-
lateral squat, countermovement jump (CMJ), isometric
mid-thigh pull IMTP), maximum isometric voluntary

contraction (MVIC). Performing muscle imaging prior
to neuromuscular testing ensures that exercise does
not influence muscle morphology or architecture. The
sequence of neuromuscular testing ensures that move-
ments that place the greatest loading demands on the
knee joint are scheduled towards the end of the testing
session, reducing the probability of symptomatic pain or
neuromuscular fatigue affecting subsequent task perfor-
mance. Outcome data will be collected at the same time
of day to minimise the effects of circadian rhythm on
performance.

Muscle imaging

Participants will rest quietly in a supine position for
20 min prior to muscle imaging to allow for postural
related fluid shifts to occur [96].

Anatomical cross-sectional area and volume Ana-
tomical cross-sectional area (ACSA) (cm?) and volume
(cm®) of the involved thigh musculature will be meas-
ured using magnetic resonance imaging (MRI) with
a Philips Ingenia Elition 3.0T X (Philips Healthcare,
Best, The Netherlands). A T1-weighted, spin echo, axial
plane sequence will be obtained with contiguous trans-
verse images from the greater trochanter to the lateral
condyle of the femur with a 1.0 cm slice thickness and
no inter-slice gap. The MRI data will be anonymised
and transferred onto a study laptop for analysis using
a public domain image analysis software (Image J, v1.
48, National Institutes of Health, Bethesda, USA). For
each slice, ACSA and volume will be calculated for each
muscle within the quadriceps femoris and for the global
hamstring compartment. Inter- and intra-rater reliabil-
ity will be calculated from the repeated analysis of the
first five MRI scans.
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Quadriceps muscle architecture Pennation angle (6p)
and fascicle length (F;) of the vastus lateralis (VL) mus-
cle on the involved leg will be measured using a B-Mode
Philips Epiq 5G ultrasound device and a 5 cm Philips
eL18-4 PureWave transducer (Philips Healthcare, Best,
The Netherlands). Measurements will be taken at 35, 50
and 65% of the distance between the lateral condyle of
the femur and the greater trochanter, as muscle architec-
ture is known to vary across the VL [97]. The knee will be
flexed to 40°, as this is thought to represent the resting
length of the VL, thereby minimising fascicle stretch or
slackness [98-100]. Increases in Op are thought to rep-
resent an increase in sarcomeres in parallel and allows
short muscle fibres to be packed within a limited volume,
thus increasing force generation capacity [101, 102]. The
acute angle between a fascicle and the deep aponeurosis
will be defined as Op. The F; has been proposed to reflect
muscle fibre length and therefore the number of sarcom-
eres in series, which dictates the maximal shortening
velocity of a muscle [39]. Measures of F; will be obtained
by tracing over a fascicle that extends from the superficial
to the deep aponeurosis.

Ultrasound data will be anonymised and transferred
onto a study laptop before being digitised using a pub-
lic domain image analysis software (Image J, v1. 48,
National Institutes of Health, Bethesda, USA). During
digitisation, measurements at each ultrasound location
will be performed on three different fascicles, with dig-
itisation repeated three times. Mean VL 0p and F; val-
ues will then be used for statistical analyses. To ensure
the same fascicles are measured at each time point,
pre- and post-intervention images will be compared
during analysis, with identifiable landmarks such as
fat and connective tissue used as reference points [97,
103]. One researcher (KL) will perform all ultrasound
assessments and will be trained by a consultant radi-
ologist (ES) at DMRC over three, 1-h sessions. The first
five participants will be assessed by both the researcher
and the consultant radiologist to calculate intra- and
inter-rater reliability.

Physiological cross-sectional area Physiological cross-
sectional area (PCSA) is proposed to represent the sum
of the cross-sectional areas of all muscle fibres within a
given muscle and is known to be the only architectural
parameter which directly relates to maximal isometric
force production [39]. An in vivo estimate of VL PCSA
will be calculated using Eq. 1 [39, 104].

2\ VL volume (cm?)
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Neuromuscular performance

For each neuromuscular task, participants will be
asked to rate their symptomatic knee pain before, dur-
ing, immediately after and 5 min following each task
using a VAS. Surface electromyography (sEMG) will
be used during all neuromuscular testing using a wire-
less SEMG system (Trigno; Delsys Inc., Boston, MA).
Standard Trigno, single differential sensors (Delsys Inc.,
Boston, MA) with a fixed 1 cm inter-electrode distance
will be attached to the superficial quadriceps (vastus
medialis, rectus femoris and VL), hamstrings (long head
biceps femoris and semitendinosus). Electrodes will be
attached on both legs and in the presumed orientation
of the underlying fibres. Electrode locations will be pre-
pared and defined in accordance with Seniam guidelines
[105]. To ensure the reliability of electrode location
between time points, the distance of each electrode
relative to the two anatomical landmarks used to deter-
mine electrode location (as defined by Seniam) will be
recorded at T1 and replicated at T2 and T3. Electrode
orientation will also be measured at T1 (using a goni-
ometer) and replicated at T2 and T3.

Isometric strength testing Where pain is the primary
limiting factor to performance, isometric strength testing
may eliminate painful joint movement under loaded con-
ditions and may provide a safer alternative for the quanti-
fication of force production [106—108].

The IMTP has demonstrated good-to-excellent reli-
ability in measuring maximal strength [109], is currently
implemented as a role fitness test within the British Army
Physical Employment Standards and has previously been
integrated into lower-limb rehabilitation settings within
UK Defence rehabilitation [108]. 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. The
IMTP will be delivered using a previously established,
standardised testing procedure [107] on a pair of portable
force plates (Hawkin Dynamics, Portland, Maine, United
States) located on the base plate of a mid-thigh pull rig
(Absolute Performance, Cardiff, UK). Force-time data
will be sampled at 1,000 Hz and will be visually assessed
against a previously established criteria, with invalid tri-
als repeated [107].

Knee extension and knee flexion MVIC’s will be per-
formed using an isokinetic dynamometer (Biodex Multi-
Joint system Pro, Biodex Medical Systems Inc, Shirley,
New York). The use of isokinetic dynamometry is widely
considered to be the gold standard for measuring mus-
cle torque [110]. All isokinetic dynamometry will be
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conducted with participants at a hip angle of 90°, with
knee angles at 60° and 45° for knee extension and flex-
ion respectively; these joint angles are known to produce
maximal torque values and electromyographic ampli-
tudes and have previously been performed safely by indi-
viduals with pain arising from the patellofemoral and
tibiofemoral joints [111, 112].

Kinetic and kinematic analysis during functional move-
ments Three-dimensional motion capture and force
plate data will be collected for the analysis of kinetic and
kinematic variables during the bilateral squat, single leg
squat and the CM] using a 20-camera 3D system (Vicon
MX system, Oxford Metrics, Oxford, England) and two
AMTI force plates (Boston, USA). Data will be captured
at 200 Hz and 2,000 Hz for motion capture and force
plate data respectively. Forty-six retroreflective markers
will be placed on the skin over anatomical landmarks by
the same researcher (KML), establishing an eight-seg-
ment model including the foot, shank, thigh, pelvis and
trunk [113]. Data will be labelled in Vicon Nexus (Oxford
Metrics, version 2.12, Oxford, England) before being
processed in Visual 3D (C-motion, version 2022.08.3,
Rochelle, USA).

The performance of bilateral and unilateral squats
allows for the detailed assessment of clinically relevant
kinetic and kinematic variables during functional tasks
commonly used during patient clinical assessments
[114]. Five trials will be performed, where participants
will be asked to squat to a depth beyond 60° and return
to an upright position over a 4 s metronome paced
cycle. Data from the first and fifth trial will be dis-
carded, with mean values from the middle three trials
used for analysis.

The CM]J can yield valuable insight into an individu-
al’s neuromuscular function, ballistic force production
and stretch-shortening (SSC) capabilities [115]. The
CM]J has been demonstrated to be a valid and reliable
measure of lower-body explosive strength [116] and
has strong, positive associations with occupational
performance in military settings [117]. Three trials
will be performed, with mean values used for analy-
sis. No coaching on technique will be offered during
any movement, as technique cueing is known to alter
kinetic and kinematic variables and may therefore
encourage participants to adopt movement strategies
which do not represent their typical movement pat-
terns [118]. On the contrary, self-selected movement
patterns possess high correlations with the joint load-
ing encountered during daily living and occupational
tasks [114].
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Dynamic strength index The dynamic strength index
(DSI) provides a ratio of the force that an individual
can produce during isometric and ballistic tasks and is
thought to provide insight into an individual’s training
status by highlighting performance deficits [119]. A DSI
will be calculated using peak force values from the IMTP
and the propulsion phase of the CMJ and is shown in
Eq. 2. These tasks have previously been demonstrated to
produce reliable DSI data [120].

CM] Peak Force(N)
DSI = 2)
IMTP Peak Force(N)
Blood sampling

A 20 ml venous blood sample will be obtained from an
antecubital vein to assess the chronic effects of LL-BFR
and HL-RT on markers of muscle damage, inflammation,
and endothelial function. Samples will be obtained at the
same time of day (07:00-10:00 h), following a>12 h fast,
with abstinence from alcohol (>24 h), caffeine (>12 h)
and vigorous exercise (72 h). These measurement proce-
dures are designed to minimise pre-analytical variability
in biomarkers [121].

Blinding

Given the nature of BFR, it is not possible to blind
participants to their treatment allocation. The clini-
cal staff who deliver the study interventions and col-
lect outcome data for the main RCT must also be, by
necessity, un-blinded. The following outcome meas-
ures will be assessor blinded: Decline knee bend,
QASLS and all the outcome measures collected in the
nested mechanistic study.

Study site training

Prior to data collection, all study site clinicians will
receive BFR specific training from a recognized exter-
nal provider. Training on the recruitment, intervention
delivery and data collection procedures will be provided
by the principal investigators (RPC and KML) and the
chief investigator (PL). Each study site will have a named
lead study practitioner (a physiotherapist or exercise
rehabilitation instructor) who will take responsibility for
day-to-day management of the trial at their respective
rehabilitation unit. In addition, the research team will
audit and conduct interim research training days for each
study site to allow training updates.
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Sample size

Main randomised control trial

A sample size of 150 participants (75 in each arm) will be
recruited into the study. The study is powered to detect
a minimum clinically important difference (MCID)
in the Lower Extremity Functional Scale (LEFS) using
a between group MCID of 9 points and an estimated
standard deviation of 15.8 [61]. From this an effect size,
f, of 0.285 was calculated. The expected sample size for
0.80 power to detect an effect size (f) of 0.285 at a level
of significance «a=0.05 is 122 participants (61 In each
group). By estimating an approximate 20% dropout rate
we concluded a sample size of 150, with 75 in each inter-
vention arm. The G Power 3.1.9.7 software was used to
calculate the sample size. This sample size is also suf-
ficient to detect a MCID of 8 points in the KOOS ADL
subscale with a statistical significance of a=0.05 and
power of >0.80 where the MCID is 8 points and expected
standard deviation is 8.9 [122, 123].

Nested mechanistic study

The nested study will recruit a sub-sample of partici-
pants from the main RCT. No group x time interaction is
hypothesised to occur for the primary dependent variable
of quadriceps femoris muscle volume. Therefore, a within
factors priori power analysis was performed to calculate
the sample size required to detect a within group change
in quadriceps femoris muscle volume between T1 and
T2. Based on data from the ADAPT pilot study [26],
which reported an effect size of 4=0.35, the minimum
sample size required is n=52. By estimating an approxi-
mate 20% dropout rate we concluded a sample size of
n=64 (n=32 in each intervention arm) is required.

Statistical methods and analysis

Descriptive data will be reported as the mean and stand-
ard deviation (SD) for continuous variables and fre-
quency statistics for non-continuous variables. Prior to
statistical analysis, tests to establish the normality of data
distributions will be performed and, where appropri-
ate, variance-stabilising transformations will be applied.
Analysis will be conducted on a modified intention to
treat basis, including all available outcomes at course dis-
charge regardless of compliance to treatment. All tests
will be two-sided, and alpha will be set at 0.05. Assump-
tions for all tests will be considered and adhered to. In
the primary analysis, a mixed-effects regression analy-
sis will be used to assess the effects of the interventions
on primary outcome scores at course discharge (T2)
between the two treatment groups, after adjusting for
fixed effects of biological sex at birth and baseline (T1)
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primary outcome scores, with study site centre included
as a random effect. The treatment effect estimates will be
presented from the adjusted mixed model with 95% con-
fidence intervals (CI) and P-values. This mixed-effects
model will be used for all secondary outcome measures.
Supporting analysis of the primary outcome will include:
A per-protocol analysis including patients with compli-
ance >80% to intervention; a repeat of the primary anal-
ysis with additional adjustments for baseline values and
a mixed effects model to compare primary outcomes at
three-months post intervention between the two treat-
ment groups. In addition to the primary adjusted analy-
sis, the unadjusted mean differences between groups will
be compared using t-test for independent groups, report-
ing 95% CI. Sub-group analysis will be conducted by
diagnostic sub-group, biological sex at birth, age and pain
levels at baseline. Study participant flow will be recorded
and reported in accordance with the Consolidated Stand-
ard of Reporting Trials (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 using Fisher’s exact test. All analysis will
be conducted using SPSS.

At n=20 an interim analysis of study fidelity and reli-
ability of data recorded will be performed. At n=50 and
n=100 additional interim analysis will be performed to
establish any clear superiority of one intervention over
another. If the magnitude of the difference warrants con-
sideration for stopping the trial, this will be discussed
with the chair of the MOD ethics committee.

Data management

All data will be entered into REDCap by study site cli-
nicians or participants directly. Participants will be
identified through a unique identification key. Data
access will be restricted to pre-identified clinicians
at each individual study site to ensure confidentiality.
Only the research team involved in data analysis will
have data exportation rights. Participant monitor-
ing booklets will be stored securely at each study site
and collected periodically by the research team. All
anonymised data and data dictionary will be retained,
both raw and processed, since both may be useful in
future studies. As data used in the course of this pro-
ject is crown copyright protected. On completion of
the study raw and processed data underpinning pub-
lications will be archived and stored securely on the
electronic data archiving system at the Academic
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Department of Military Rehabilitation (ADMR) within
the MOD. 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 a formal data monitoring committee was not
required. However, a study steering group (RPC, KML
RJC and PL) will meet weekly to discuss matters aris-
ing from each study site location related to adherence
and data management.

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-h of
its occurrence. A standardised proforma will be com-
pleted 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 following action
taken and 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 (GCP).

Discussion

The use of LL-BER in rehabilitation is increasing. Pre-
vious studies have highlighted the benefits of this
approach regarding muscular strength, hypertrophy,
function and pain modulation within different knee
pathologies [45-49]. Other study protocols typically
deliver LL-BFR 2-3 times a week over a 6-8-week
duration, mirroring a traditional resistance training
programme approach. However, one of the advantages
of LL-BFR is providing an exercise stimulus in the
absence of high mechanical stress. This enables high
frequency LL-BER to be used over short durations not
deemed feasible with heavy load resistance training
protocols. In healthy adult populations, high frequency
(twice daily) LL-BFR has shown to be a safe and effec-
tive form of exercise intervention that can elicit favour-
able changes in lower limb muscle strength and muscle
CSA over a 2-3 week duration [54-58]. However, the
potential benefits of replicating this intensive approach
in the rehabilitation setting when compared to conven-
tional rehabilitation are still unclear. This study aims to
expand on the pilot and feasibility RCT delivered in UK
Defence rehabilitation in 2018 [26] into a comprehen-
sive, fully powered, pan-UK Defence multi-centre RCT.
This will help determine the effectiveness and clinical
utility of this approach when utilised in an intensive
rehabilitation setting.
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The effects LL-BFR immediately following a course of
treatment are well documented. However, less is known
about the longer-term impact on an individual’s rehabili-
tation pathway. Therefore, this study protocol includes a
follow-up assessment at three-months following inter-
vention, this will provide some additional insight as to
whether any changes in outcome seen immediately post
intervention led to a meaningful lasting impact for that
participant and their recovery.

To our knowledge, this is the first study to assess the
effect of LL-BFR on neuromuscular performance and bio-
mechanical adaptations in a military cohort with persis-
tent knee pain. It will also be the first study to determine
whether LL-BER elicits an increase in agonist PCSA. The
clinical implications of these findings are that LL-BFR is a
rehabilitation modality that has the potential to induce pos-
itive clinical adaptations in the absence of high mechanical
loads and therefore could be considered a treatment option
for patients suffering significant functional deficits who
are unable to tolerate heavy load RT. This study will aim to
optimise rehabilitation outcomes and improve the time-
and cost-effectiveness of the service delivered across UK
Defence Rehabilitation and beyond. Results will provide
insight and knowledge to the clinical and scientific commu-
nity to not only those embedded within Defence Rehabilita-
tion, but also those working in civilian sector organisations
and professional sport in the UK and abroad.

Abbreviations

ACSA Anatomical Cross-Sectional Area

ADMR Academic Department of Military Rehabilitation
BFR Blood Flow Restriction

BMI Body Mass Index

a Confidence Intervals

CK Creatine Kinase

CcMmJ Countermovement Jump

CONSORT Consolidated Standard of Reporting Trials
CSA Cross-Sectional Area

DMRC Defence Medical Rehabilitation Centre
DMSRSG Defence Medical Services Research Strategy Group
DOMS Delayed Onset Muscle Soreness

DSl Dynamic Strength Index

EIMD Exercise Induce Muscle Damage

ERI Exercise Rehabilitation Instructor

FAA Functional Activity Assessment

FL Fascicle Length

GCP Good Clinical Practice

HADS Health Anxiety Depression Scale

HHD Hand-Held Dynamometer

HL-RT Heavier Load Resistance Training

IMTP Isometric Mid-Thigh Pull

IPAQ International Physical Activity Questionnaire
KOOS Knee Injury and Osteoarthritis Outcome Score
LEFS Lower Extremity Functional Scale

LL-BFR Low Load Blood Flow Restriction

LOP Limb Occlusion Pressure

MCID Minimum Clinically Important Difference
MOD Ministry of Defence

MRI Magnetic Resonance Imaging
MSKHQ Musculoskeletal Health Questionnaire



Cassidy et al. BMC Musculoskeletal Disorders (2023) 24:580

MSKI Musculoskeletal Injury

MTU Muscle-Tendon Unit

MVIC Maximum Isometric Voluntary Contraction

NPRS Numeric Pain Rating Scale

PCSA Physiological Cross-Sectional Area

PROM Patient-Reported Outcome Measure

PSFS Patient Specific Functional Scale

PTP Personalised Tourniquet Pressure

QASLS Qualitative Analysis of Single Leg Squat

RCT Randomised Controlled Trial

REDCap Research Electronic Data Collection Application

RM Repetition Maximum

ROM Range of Movement

RRU Regional Rehabilitation Unit

RT Resistance Training

SAC Scientific Advisory Committee

SD Standard Deviation

SEM Sport and Exercise Medicine

SEMG Surface Electromyography

SIRBS Sports Injury Rehabilitation Beliefs Survey

SPIRIT Standardised Protocol Items Recommendations for Interven-
tions Trials

SSC Stretch-Shortening Capabilities

TSK Tampa Scale of Kinesiophobia

VAS Visual analogue scale

VL Vastus Lateralis

Op Pennation Angle

3D Three-Dimensional

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512891-023-06693-3.

Additional file 1. ADAPTation to therapeutic resistance training (ADAPT)
Study Intervention Guide.

Additional file 2. ADAPT Study Outcome Measures.
Additional file 3. ADAPT Study Eligibility Criteria.

Additional file 4. SPIRIT-Outcomes 2022 Checklist (for combined comple-
tion of SPIRIT 2013 and SPIRIT-Outcomes 2022 items)?.

Acknowledgements

The authors wish to thank the clinical staff at each study centre location,
including: Mr Gordon McKay (RRU Edinburgh); Mr Robert Jones, Mr Mark Per-
kins and Mr David Church (RRU St Athan); Mr Neil Strawbridge (RRU Cranwell);
Miss Rachel Spanner and Maj Helen Stammers (RRU Colchester) and Mr Oliver
Rosenstock and Mr Christopher Hughes (RRU Aldershot) for supporting the
conduct of this research in a busy clinical setting. The authors also acknowl-
edge the efforts of administrative support staff at each study centre location,
in particular the ADAPT Study lead administrator Fiona Miller based at the UK
Defence Medical Rehabilitation Centre (DMRC), Stanford Hall.

Dissemination policy

Disseminations of research findings will be primarily driven via publications
and conference proceeding. All author eligibility criteria will be based on
meaningful contribution to the manuscript in accordance with International
Committee of Medical Journal Editors (ICMJE) guidelines.

Authors’ contributions

RJC and PL conceived the study idea. RPC, KML, RJC and PL designed the
original study methodology. ANB, JLB, MPM, NE, ES and JD reviewed and
provided detailed comments on the original study design. RJC, JLB and

PL obtained funding. RPC and KML will be responsible for recruiting and
consenting participants into the study. ES and JD will be responsible for
the administrative oversight of all MRI findings. NE will be providing clinical
support for biomechanical measurements. RPC, KML and PL will analyse
the study findings. RPC, KML and PL wrote the first draft manuscript. RJC
reviewed and provided detailed comments and revisions on the first draft.

Page 150f 18

ALL authors participated in further revisions and provided their full approval
prior to submission.

Authors’information

RPC is a Research Physiotherapist for the Academic Department of Military
Rehabilitation (ADMR) at DMRC Stanford Hall, a PhD candidate with the Uni-
versity of Bath and principal investigator for the ADAPT Study.

KML is a PhD candidate with the University of Bath and principal investigator
for the ADAPT Study.

RJC s the Clinical Research Manager at DMRC Stanford Hall, Project Manager
and PhD supervisor for the ADAPT study.

ANB is Defence Professor of Rheumatology and Rehabilitation, Officer Com-
manding the Academic Department of Military Rehabilitation (ADMR) at
DMRC Stanford Hall and senior MOD representative for the ADAPT study.
JLB is a Professor of Applied Human Physiology at the University of Bath and
PhD supervisor for the ADAPT study.

MPG is Head of Department and Senior Lecturer in Biomechanics at the
University of Bath and PhD supervisor for the ADAPT study.

NE is the Clinical Biomechanics Lead for UK Defence Rehabilitation at DMRC
Stanford Hall and clinical advisor for the ADAPT study.

ES is Defence Consultant Radiologist and clinical advisor for the ADAPT study.
JD is the MRI Lead Radiographer at DMRC Stanford Hall and clinical advisor for
the ADAPT study.

PL is the Exercise Physiology Lead for UK Defence Rehabilitation at DMRC
Stanford Hall, Chief Investigator and PhD supervisor for the ADAPT study.

Funding

Funding has been provided by Defence Medical Service Research Steering
Group (DMSRSG), Versus Arthritis Centre for Sport and Exercise Osteoarthritis
Research and the University of Bath.

Availability of data and materials
Data sharing is not applicable to this article as no datasets were generated or
analysed during the current study.

Declarations

Ethics approval and consent to participate

The study was approved by the UK Ministry of Defence Research Ethics
Committee (MODREQ), reference number: 2129/MoDREC/2022. Any protocol
modifications will be subject to scrutiny by the MODREC board. The study will
be performed in accordance with the Declaration of Helsinki [124]. Partici-
pants who provide informed consent for the main RCT will also be invited to
participate in the nested mechanistic study.

Consent for publication
The volunteer provided informed consent to include his image in the sup-
plementary file.

Competing interests
The authors declare no competing interests.

Author details

! Academic Department of Military Rehabilitation (ADMR), Defence Medi-
cal Rehabilitation Centre (DMRC) Stanford Hall, Loughborough LE12 5BL,
UK. 2Versus Arthritis Centre for Sport, Exercise and Osteoarthritis Research,
Department for Health, University of Bath, Bath, UK. 3Department for Health,
University of Bath, Bath, UK. “National Heart and Lung Institute, Imperial
College London, London, UK. °Royal Centre for Defence Medicine (RCDM),
Birmingham, UK. *Radiology Department, Defence Medical Rehabilitation
Centre (DMRC) Stanford Hall, Loughborough, UK.

Received: 22 February 2023 Accepted: 4 July 2023
Published online: 17 July 2023

References
1. Hunter GR, McCarthy JP, Bamman MM. Effects of resistance training on
older adults. Sports Med. 2004,34(5):329-48.


https://doi.org/10.1186/s12891-023-06693-3
https://doi.org/10.1186/s12891-023-06693-3

Cassidy et al. BMC Musculoskeletal Disorders

20.

21.

22.

23.

(2023) 24:580

Lorenz DS, Reiman MP, Walker JC. Periodization: current review and
suggested implementation for athletic rehabilitation. Sports Health.
2010;2(6):509-18.

Slysz J, Stultz J, Burr JF. The efficacy of blood flow restricted exercise: a
systematic review & meta-analysis. J Sci Med Sport. 2016;19(8):669-75.
Garber CE, Blissmer B, Deschenes MR, Franklin BA, Lamonte MJ, Lee IM,
et al. American College of Sports Medicine position stand. Quantity
and quality of exercise for developing and maintaining cardiorespira-
tory, musculoskeletal, and neuromotor fitness in apparently healthy
adults: guidance for prescribing exercise. Med Sci Sports Exerc.
2011;43(7):1334-59.

Jones JC, Burks R, Owens BD, Sturdivant RX, Svoboda SJ, Cameron KL.
Incidence and risk factors associated with meniscal injuries among
active-duty US military service members. J Athl Train. 2012;47(1):67-73.
Farrokhi S, Chen Y-F, Piva SR, Fitzgerald GK, Jeong J-H, Kwoh CK. The
influence of knee pain location on symptoms, functional status, and
knee-related quality of life in older adults with chronic knee pain: data
from the Osteoarthritis Initiative. Clin J Pain. 2016;32(6):463-70.

Smith BE, Selfe J, Thacker D, Hendrick P, Bateman M, Moffatt F, et al.
Incidence and prevalence of patellofemoral pain: a systematic review
and meta-analysis. PLoS One. 2018;13(1):e0190892.

Alnahdi AH, Zeni JA, Snyder-Mackler L. Muscle impairments in patients
with knee osteoarthritis. Sports Health. 2012;4(4):284-92.

Willy RW, Hoglund LT, Barton CJ, Bolgla LA, Scalzitti DA, Loger-

stedt DS, et al. Patellofemoral pain. J Orthop Sports Phys Ther.
2019;49(9):CPG1-95.

Pisters MF, Veenhof C, van Dijk GM, Dekker J. Avoidance of activity and
limitations in activities in patients with osteoarthritis of the hip or knee:
a 5 year follow-up study on the mediating role of reduced muscle
strength. Osteoarthritis Cartilage. 2013;22(2):171-7.

Van Der Esch M, Holla J, van der Leeden M, Knol D, Lems W, Roorda L,
et al. Decrease of muscle strength is associated with increase of activity
limitations in early knee osteoarthritis: 3-year results from the CHECK
study. Ann Rheum Dis. 2014;73(6):1065.

Crossley K, Bennell K, Green S, Cowan S, McConnell J. Physical therapy
for patellofemoral pain: a randomized, double-blinded, placebo-con-
trolled trial. Am J Sports Med. 2002;30(6):857-65.

Fransen M, McConnell S, Harmer AR, Van der Esch M, Simic M, Bennell
KL. Exercise for osteoarthritis of the knee: a Cochrane systematic review.
Br J Sports Med. 2015;49(24):1554~7.

Kollock RO, Andrews C, Johnston A, Elliott T, Wilson AE, Games KE, et al.
A meta-analysis to determine if lower extremity muscle strengthen-
ing should be included in military knee overuse injury-prevention
programs. J Athl Train. 2016;51(11):919-26.

Kaufman K. Military training-related injuries surveillance, research, and
prevention. Am J Prev Med. 2000;18(1):54-63.

Lovalekar M, Hauret K, Roy T, Taylor K, Blacker SD, Newman P, et al.
Musculoskeletal injuries in military personnel—descriptive epide-
miology, risk factor identification, and prevention. J Sci Med Sport.
2021,24(10):963-9.

UK Ministry of Defence. Annual medical discharges in the UK regular
armed forces. Bristol; 2022.

Andersen KA, Grimshaw PN, Kelso RM, Bentley DJ. Musculoskel-

etal lower limb injury risk in army populations. Sports Med Open.
2016;2(1):22.

Dijksma Cl, Bekkers M, Spek B, Lucas C, Stuiver M. Epidemiology and
financial burden of musculoskeletal injuries as the leading health
problem in the military. Mil Med. 2020;185(3-4):e480-6.

Lauder TD, Baker SP, Smith GS, Lincoln AE. Sports and physical training
injury hospitalizations in the army. Am J Prev Med. 2000;18(3):118-28.
Hauret KG, Jones BH, Bullock SH, Canham-Chervak M, Canada S. Mus-
culoskeletal injuries description of an under-recognized injury problem
among military personnel. Am J Prev Med. 2010;38(1 Suppl):561-70.
Pihlajamaki HK, Parviainen MC, Kautiainen H, Kiviranta I. Incidence and
risk factors of exercise-related knee disorders in young adult men. BMC
Musculoskelet Disord. 2017;18(1):340.

Sharma J, J S, Jc C, Rdh H. Musculoskeletal Injuries in British Army
Recruits: a retrospective study of incidence and training outcome in dif-
ferent infantry regiments over five consecutive training years. Int J Phys
Med Rehabil. 2017;5(6):406-11.

24.

25.

26.

27.

28.

29.

30.

32.

33

34

35.

36.

37.

38.

39.

40.

42.

43.

44,

Page 16 of 18

Surtees JE, Heneghan NR. General group exercise in low back pain
management in a military population, a comparison with specific spine
group exercise: a service evaluation. BMJ Mil Health. 2020;166(3):140-5.
Coppack RJ, Bilzon JL, Wills AK, McCurdie IM, Partridge LK, Nicol AM,

et al. Physical and functional outcomes following multidisciplinary
residential rehabilitation for prearthritic hip pain among young active
UK military personnel. BMJ Open Sport Exerc Med. 2016;2(1):e000107.
Ladlow P, Coppack RJ, Dharm-Datta S, Conway D, Sellon E, Patterson SD,
et al. Low-load resistance training with blood flow restriction improves
clinical outcomes in musculoskeletal rehabilitation: a single-blind
randomized controlled trial. Front Physiol. 2018;9:1269.

Orr RMRM, Dawes JJJJ, Lockie RGRG, Godeassi DPDP. The relationship
between lower-body strength and power, and load carriage tasks: a
critical review. Int J Exerc Sci. 2019;12(6):1001-22.

Hoyt BW, Pavey GJ, Pasquina PF, Potter BK. Rehabilitation of lower
extremity trauma: a review of principles and military perspective on
future directions. Curr Trauma Rep. 2015;1(1):50-60.

Patterson SD, Hughes L, Warmington S, Burr J, Scott BR, Owens J, et al.
Blood flow restriction exercise: considerations of methodology, applica-
tion, and safety. Front Physiol. 2019;10:533.

Larkin KA, Macneil RG, Dirain M, Sandesara B, Manini TM, Buford TW.
Blood flow restriction enhances post-resistance exercise angiogenic
gene expression. Med Sci Sports Exerc. 2012;44(11):2077-83.

Pearson SJ, Hussain SR. A review on the mechanisms of blood-flow
restriction resistance training-induced muscle hypertrophy. Sports Med.
2015;45(2):187-200.

Wernbom M. Muscle fibre activation and fatigue with low-load blood
flow restricted resistance exercise—an integrative physiology review.
Acta Physiol. 2020;228(1):e13302.

Haussinger D. The role of cellular hydration in the regulation of cell
function. Biochem J. 1996;313(Pt 3):697-710.

Loenneke JP, Fahs CA, Rossow LM, Abe T, Bemben MG. The anabolic
benefits of venous blood flow restriction training may be induced by
muscle cell swelling. Med Hypotheses. 2012,78(1):151-4.

Loenneke JP, Wilson JM, Marin PJ, Zourdos MC, Bemben MG. Low inten-
sity blood flow restriction training: a meta-analysis. Eur J Appl Physiol.
2012;112(5):1849-59.

Lixandrao ME, Ugrinowitsch C, Berton R, Vechin FC, Conceicao MS,
Damas F, et al. Magnitude of muscle strength and mass adaptations
between high-load resistance training versus low-load resistance
training associated with blood-flow restriction: a systematic review and
meta-analysis. Sports Med (Auckland). 2018;48(2):361-78.

Centner C, Wiegel P, Gollhofer A, Kénig D. Effects of blood flow restric-
tion training on muscular strength and hypertrophy in older individu-
als: a systematic review and meta-analysis. Sports Med (Auckland).
2019;49(1):95-108.

Slysz J, Stultz J, Burr JF. The efficacy of blood flow restricted exercise: a
systematic review & meta-analysis. J Sci Med Sport. 2015;19(8):669-75.
Lieber RL, Fridén J. Functional and clinical significance of skeletal mus-
cle architecture. Muscle Nerve. 2000;23(11):1647-66.

Cuyul-Vésquez |, Leiva-Sepulveda A, Cataldn-Medalla O, Araya-Quint-
anilla F, Gutiérrez-Espinoza H. The addition of blood flow restriction to
resistance exercise in individuals with knee pain: a systematic review
and meta-analysis. Rev Bras Fisioter (Sao Carlos (Sao Paulo, Brazil)).
2020;24(6):465-78.

Ferlito JV, Pecce SAP. Oselame L, De Marchi T. The blood flow restriction
training effect in knee osteoarthritis people: a systematic review and
meta-analysis. Clin Rehabil. 2020;34(11):1378-90.

Van Cant J, Dawe-Coz A, Aoun E, Esculier J-F. Quadriceps strengthening
with blood flow restriction for the rehabilitation of patients with knee
conditions: a systematic review with meta-analysis. J Back Musculo-
skelet Rehabil. 2020;33(4):529-44.

Grantham B, Korakakis V, O'Sullivan K. Does blood flow restriction
training enhance clinical outcomes in knee osteoarthritis: a systematic
review and meta-analysis. Phys Ther Sport. 2021;49:37-49.

Bobes Alvarez C, Issa-Khozouz Santamarfa P, Ferndndez-Matfas R,
Pecos-Martin D, Achalandabaso-Ochoa A, Fernéndez-Carnero S, et al.
Comparison of blood flow restriction training versus non-occlusive
training in patients with anterior cruciate ligament reconstruction or
knee osteoarthritis: a systematic review. J Clin Med. 2020;10(1):68.



Cassidy et al. BMC Musculoskeletal Disorders

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

(2023) 24:580

Bryk FF, dos Reis AC, Fingerhut D, Araujo T, Schutzer M, Cury RDPL, et al.
Exercises with partial vascular occlusion in patients with knee osteoar-
thritis: a randomized clinical trial. Knee Surg Sports Traumatol Arthrosc.
2016,24(5):1580-6.

Ferraz RB, Gualano B, Rodrigues R, Kurimori CO, Fuller R, Lima FR, et al.
Benefits of resistance training with blood flow restriction in knee osteo-
arthritis. Med Sci Sports Exerc. 2018;50(5):897-905.

Giles L, Webster KE, McClelland J, Cook JL. Quadriceps strengthening
with and without blood flow restriction in the treatment of patel-
lofemoral pain: a double-blind randomised trial. Br J Sports Med.
2017,51(23):1688-94.

Hughes L, Rosenblatt B, Haddad F, Gissane C, McCarthy D, Clarke T, et al.
Comparing the effectiveness of blood flow restriction and traditional
heavy load resistance training in the post-surgery rehabilitation of
anterior cruciate ligament reconstruction patients: a UK national
health service randomised controlled trial. Sports Med (Auckland).
2019;49(11):1787-805.

Korakakis V, Whiteley R, Giakas G. Low load resistance training with
blood flow restriction decreases anterior knee pain more than resist-
ance training alone. A pilot randomised controlled trial. Phys Ther Sport.
2018;34:121-8.

Hughes L, Patterson SD. Low intensity blood flow restriction exercise:
rationale for a hypoalgesia effect. Med Hypotheses. 2019;132:109370.
Song JS, Spitz RW, Yamada Y, Bell ZW, Wong V, Abe T, et al. Exercise-
induced hypoalgesia and pain reduction following blood flow restric-
tion: a brief review. Phys Ther Sport. 2021;50:89-96.

Loenneke JP, Thiebaud RS, Fahs CA, Rossow LM, Abe T, Bemben MG.
Blood flow restriction does not result in prolonged decrements in
torque. Eur J Appl Physiol. 2013;113(4):923-31.

Loenneke JP, Thiebaud RS, Abe T. Does blood flow restriction result in
skeletal muscle damage? A critical review of available evidence. Scand J
Med Sci Sports. 2014;24(6):e415-22.

Abe T, Beekley M, Hinata S, Koizumi K, Sato Y. Day-to-day change in
muscle strength and MRI-measured skeletal muscle size during 7

days KAATSU resistance training: a case study. Int J Kaatsu Train Res.
2005;1:71-6.

Abe T, Yasuda T, Midorikawa T, Sato Y, Kearns C, Inoue K, et al. Skeletal
muscle size and circulating IGF-1 are increased after two weeks

of twice daily "KAATSU" resistance training. Int J KAATSU Train Res.
2005;1(1):6-12.

Fujita T, Brechue W, Kurita K, Sato Y, Abe T. Increased muscle volume
and strength following six days of low-intensity resistance training with
restricted muscle blood flow. Int J Kaatsu Train Res. 2008;4:1-8.

Yasuda T, Fujita S, Ogasawara R, Sato Y, Abe T. Effects of low-intensity
bench press training with restricted arm muscle blood flow on

chest muscle hypertrophy: a pilot study. Clin Physiol Funct Imaging.
2010;30(5):338-43.

Nielsen JL, Aagaard P, Bech RD, Nygaard T, Hvid LG, Wernbom M, et al.
Proliferation of myogenic stem cells in human skeletal muscle in
response to low-load resistance training with blood flow restriction. J
Physiol. 2012;590(17):4351-61.

de Queiros VS, Rolnick N, de Alcantara Varela PW, Cabral B, Silva Dantas
PM. Physiological adaptations and myocellular stress in short-term,
high-frequency blood flow restriction training: a scoping review. PLoS
One. 2022;17(12):20279811.

Chan A. SPIRIT 2013 statement: defining standard protocol items for
clinical trials. Ann Intern Med. 2013;158(3):200-7.

Binkley JM, Stratford PW, Lott SA, Riddle DL. The Lower Extremity
Functional Scale (LEFS): scale development, measurement properties,
and clinical application. North American Orthopaedic Rehabilitation
Research Network. Phys Ther. 1999;79(4):371-83.

Watson CJ, Propps M, Ratner J, Zeigler DL, Horton P, Smith SS. Reliability
and responsiveness of the lower extremity functional scale and the
anterior knee pain scale in patients with anterior knee pain. J Orthop
Sports Phys Ther. 2005;35(3):136-46.

Williams VJ, Piva SR, Irrgang JJ, Crossley C, Fitzgerald GK. Comparison
of reliability and responsiveness of patient-reported clinical outcome
measures in knee osteoarthritis rehabilitation. J Orthop Sports Phys
Ther. 2012;42(8):716-23.

Roos EM, Roos HP, Lohmander LS, Ekdahl C, Beynnon BD. Knee

Injury and Osteoarthritis Outcome Score (KOOS)-development of

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

Page 17 of 18

a self-administered outcome measure. J Orthop Sports Phys Ther.
1998,28(2):88-96.

Nicholas P, Hefford C, Tumilty S. The use of the Patient-Specific
Functional Scale to measure rehabilitative progress in a physiotherapy
setting. J Man Manip Ther. 2012;20(3):147-52.

Hill JC, Kang S, Benedetto E, Myers H, Blackburn S, Smith S, et al.
Development and initial cohort validation of the Arthritis Research UK
Musculoskeletal Health Questionnaire (MSK-HQ) for use across muscu-
loskeletal care pathways. BMJ Open. 2016;6(8):e012331.

French DJ, France CR, Vigneau F, French JA, Evans RT. Fear of move-
ment/(re)injury in chronic pain: a psychometric assessment of the
original English version of the Tampa scale for kinesiophobia (TSK). Pain
(Amsterdam). 2007;127(1):42-51.

Piva SR, Gil AB, Moore CG, Fitzgerald GK. Responsiveness of the activi-
ties of daily living scale of the knee outcome survey and numeric

pain rating scale in patients with patellofemoral pain. J Rehabil Med.
2009;41(3):129-35.

Roberts AJM, Franklyn-Miller ADMH, Etherington JF. A new functional
outcome assessment tool for military musculoskeletal rehabilitation: a
pilot validation study. PM R. 2011;3(6):527-32.

Lu FJH, Hsu Y. Injured athletes'rehabilitation beliefs and subjective
well-being: the contribution of hope and social support. J Athl Train.
2013;48(1):92-8.

Gail S, Ktinzell S. Reliability of a 5-repetition maximum strength test in
recreational athletes. Dtsch Z Sportmed. 2014;2014(11):314-7.
Dohoney P, Chromiak JA, Lemire D, Abadie BR, Kovacs C. Prediction of
one repetition maximum (1-RM) strength from a 4-6 RM and a7-10 RM
submaximal strength test in healthy young adult males. J Exerc Physiol
Online. 2002;5(3):54-9.

Reynolds JM, Gordon TJ, Robergs RA. Prediction of one repetition
maximum strength from multiple repetition maximum testing and
anthropometry. J Strength Cond Res. 2006;20(3):584-92.

Lambert B. Blood flow restriction training for the shoulder: a case for
proximal benefit. Am J Sports Med. 2021;49(10):2716-29.

Dankel SJ, Jessee MB, Abe T, Loenneke JP. The effects of blood flow
restriction on upper-body musculature located distal and proximal to
applied pressure. Sports Med (Auckland). 2016;46(1):23-33.

Bowman EN, Elshaar R, Milligan H, Jue G, Mohr K, Brown P, et al. Proxi-
mal, distal, and contralateral effects of blood flow restriction training
on the lower extremities: a randomized controlled trial. Sports Health.
2019;11(2):149-56.

Stark TBSDC, Walker BDCMPHD, Phillips JKPB, Fejer RBMP, Beck RBDCP.
Hand-held dynamometry correlation with the gold standard isokinetic
dynamometry: a systematic review. PM R. 2011,3(5):472-9.

Bohannon RW. Make tests and break tests of elbow flexor muscle
strength. Phys Ther. 1988;68(2):193-4.

Stratford PW, Balsor BE. A comparison of make and break tests using a
hand-held dynamometer and the Kin-Com. J Orthop Sports Phys Ther.
1994;19(1):28-32.

Mentiplay BF, Perraton LG, Bower KJ, Adair B, Pua Y-H, Williams GP, et al.
Assessment of lower limb muscle strength and power using hand-held
and fixed dynamometry: a reliability and validity study. PLoS One.
2015;10(10):e0140822.

Svantesson U, Osterberg U, Thomeé R, Grimby G. Muscle fatigue in a
standing heel-rise test. Scand J Rehabil Med. 1998;30(2):67-72.
Hébert-Losier K, Wessman C, Alricsson M, Svantesson U. Updated reli-
ability and normative values for the standing heel-rise test in healthy
adults. Physiotherapy. 2017;103(4):446-52.

Méller M, Lind K, Styf J, Karlsson J. The reliability of isokinetic testing of
the ankle joint and a heel-raise test for endurance. Knee Surg Sports
Traumatol Arthrosc. 2005;13(1):60-71.

Ross MD, Fontenot EG. Test-retest reliability of the standing heel-rise
test. J Sport Rehabil. 2000,9(2):117-23.

Hébert-Losier K, Newsham-West RJ, Schneiders AG, Sullivan SJ. Raising
the standards of the calf-raise test: a systematic review. J Sci Med Sport.
2009;12(6):594-602.

Seay JF. Biomechanics of load carriage. 2015. p. 71-106.

Crossley KM, Stefanik JJ, Selfe J, Collins NJ, Davis IS, Powers CM, et al.
2016 Patellofemoral pain consensus statement from the 4th Interna-
tional Patellofemoral Pain Research Retreat, Manchester. Part 1: termi-
nology, definitions, clinical examination, natural history, patellofemoral



Cassidy et al. BMC Musculoskeletal Disorders

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

102.

103.

106.

107.

(2023) 24:580

osteoarthritis and patient-reported outcome measures. Br J Sports
Med. 2016;50(14):839-43.

Ophey MJ, Bosch K, Khalfallah FZ, Wijnands AMMP, van den Berg RB,
Bernards NTM, et al. The decline step-down test measuring the maxi-
mum pain-free flexion angle: a reliable and valid performance test in
patients with patellofemoral pain. Phys Ther Sport. 2019;36:43-50.
Almangoush A. A preliminary reliability study of a qualitative scoring
system of limb alignment during single leg squat. Int J Phys Med Reha-
bil. 2014;51(1):2-9.

Herrington L. A preliminary investigation to establish the criterion valid-
ity of a qualitative scoring system of limb alignment during single leg
squat and landing. J Exerc Sports Orthop. 2014;1(2):1-6.

Collins SL, Moore RA, McQuay HJ. The visual analogue pain inten-

sity scale: what is moderate pain in millimetres? Pain (Amsterdam).
1997;72(1):95-7.

Umbel JD, Hoffman RL, Dearth DJ, Chleboun GS, Manini TM, Clark BC.
Delayed-onset muscle soreness induced by low-load blood flow-
restricted exercise. Eur J Appl Physiol. 2009;107(6):687.

Farup J, de Paoli F, Bjerg K, Riis S, Ringgard S, Vissing K. Blood flow
restricted and traditional resistance training performed to fatigue
produce equal muscle hypertrophy. Scand J Med Sci Sports.
2015;25(6):754-63.

Sieljacks P, Matzon A, Wernbom M, Ringgaard S, Vissing K, Overgaard
K. Muscle damage and repeated bout effect following blood flow
restricted exercise. Eur J Appl Physiol. 2016;116(3):513-25.

Freitas EDS, Poole C, Miller RM, Heishman AD, Kaur J, Bemben DA, et al.
Time course change in muscle swelling: high-intensity vs. blood flow
restriction exercise. Int J Sports Med. 2017;38(13):1009-16.

Berg HE, Tedner B, Tesch PA. Changes in lower limb muscle cross-
sectional area and tissue fluid volume after transition from standing to
supine. Acta Physiol Scand. 1993;148(4):379-85.

Ema R, Wakahara T, Miyamoto N, Kanehisa H, Kawakami Y. Inhomo-
geneous architectural changes of the quadriceps femoris induced by
resistance training. Eur J Appl Physiol. 2013;113(11):2691-703.
Blazevich AJ, Gill ND, Zhou S. Intra- and intermuscular variation in
human quadriceps femoris architecture assessed in vivo. J Anat.
2006,209(3):289-310.

Franchi MV, Atherton PJ, Reeves ND, Flick M, Williams J, Mitchell WK,
et al. Architectural, functional and molecular responses to concen-
tric and eccentric loading in human skeletal muscle. Acta Physiol.
2014;210(3):642-54.

Marzilger R, Bohm S, Mersmann F, Arampatzis A. Modulation of
physiological cross-sectional area and fascicle length of vastus
lateralis muscle in response to eccentric exercise. J Biomech.
2020;111:110016.

Maffiuletti NA, Aagaard P, Blazevich AJ, Folland J, Tillin N, Duchateau
J. Rate of force development: physiological and methodological
considerations. Eur J Appl Physiol. 2016;116(6):1091-116.
Maden-Wilkinson TM, Balshaw TG, Massey GJ, Folland JP. Muscle
architecture and morphology as determinants of explosive strength.
Eur J Appl Physiol. 2021;121(4):1099-110.

Alegre LM, Ferri-Morales A, Rodriguez-Casares R, Aguado X. Effects of
isometric training on the knee extensor moment-angle relation-
ship and vastus lateralis muscle architecture. Eur J Appl Physiol.
2014;114(11):2437-46.

Lieber RL. Can we just forget about pennation angle? J Biomech.
2022;132:110954.

Hermens HJ, Freriks B, Merletti R, Stegeman D, Blok J, Rau G, et al.
European recommendations for surface electromyography. Roess-
ingh Res Dev. 1999;8(2):13-54.

De Witt JK, English KL, Crowell JB, Kalogera KL, Guilliams ME,
Nieschwitz BE, et al. Isometric midthigh pull reliability and relation-
ship to deadlift one repetition maximum. J Strength Cond Res.
2018;32(2):528.

Comfort P, Dos'Santos T, Beckham GK, Stone MH, Guppy SN, Haff GG.
Standardization and Methodological considerations for the isometric
midthigh pull. Strength Cond J. 2019;41(2):57.

Walters V, Coppack RJ, Cassidy RP, Suffield C, Papadopoulou T, Bilzon

J, et al. Use of an isometric mid-thigh pull test during musculoskeletal
rehabilitation: can the criterion values from the updated British Army

109.

111,

114.

115.

117.

118.

119.

121.

Page 18 of 18

physical employment standards be used to inform UK Defence Reha-
bilitation practice? BMJ Mil Health. 2022;168(4):279-85.

Grgic J, Scapec B, Mikulic P, Pedisic Z. Test-retest reliability of isometric
mid-thigh pull maximum strength assessment: a systematic review. Biol
Sport. 2021;39(2):407-14.

Chamorro C, Armijo-Olivo S, De la Fuente C, Fuentes J, Javier CL.
Absolute reliability and concurrent validity of hand held dynamom-
etry and isokinetic dynamometry in the hip, knee and ankle joint:
systematic review and meta-analysis. Open Med (Warsaw, Poland).
2017;12(1):359-75.

Krebs DE. Isokinetic, electrophysiologic, and clinical function rela-
tionships following tourniquet-aided knee arthrotomy. Phys Ther.
1989,69(10):803-15.

Chiu JKW, Wong Y-M, Yung PSH, Ng GYF. The effects of quadriceps
strengthening on pain, function, and patellofemoral joint contact

area in persons with patellofemoral pain. Am J Phys Med Rehabil.
2012,91(2):98-106.

Barker-Davies RM, Roberts A, Bennett AN, Fong DTP, Wheeler P, Lewis
MP. Single leg squat ratings by clinicians are reliable and predict exces-
sive hip internal rotation moment. Gait Posture. 2018;61:453-8.

Ortiz A, Micheo W. Biomechanical evaluation of the athlete’s knee: from
basic science to clinical application. PM R. 2011;3(4):365-71.

Cormie P, McBride JM, McCaulley GO. Power-time, force-time, and
velocity-time curve analysis of the countermovement jump: impact of
training. J Strength Cond Res. 2009;23(1):177-86.

Markovic G, Dizdar D, Jukic |, Cardinale M. Reliability and factorial valid-
ity of squat and countermovement jump tests. J Strength Cond Res.
2004;18(3):551.

Mala J, Szivak TK, Flanagan SD, Comstock BA, Laferrier JZ, Maresh CM,
et al. The role of strength and power during performance of high
intensity military tasks under heavy load carriage. US Army Med Dep J.
2015;Apr-Jun:3-11.

Mizner RL, Kawaguchi JK, Chmielewski TL. Muscle strength in the
lower extremity does not predict postinstruction improvements in

the landing patterns of female athletes. J Orthop Sports Phys Ther.
2008;38(6):353-61.

Comfort P, Thomas C, Dos'Santos T, Jones PA, Suchomel TJ, McMahon
JJ. Comparison of methods of calculating dynamic strength index. Int J
Sports Physiol Perform. 2018;13(3):320-5.

Comfort P, Thomas C, Dos'Santos T, Suchomel TJ, Jones PA, McMahon
JJ. Changes in dynamic strength index in response to strength training.
Sports. 2018;6(4):176.

Kackov S, Simundic A-M, Gatti-Drnic A. Are patients well informed
about the fasting requirements for laboratory blood testing? Biochem
Med. 2013;23(3):326-31.

Collins NJD, Prinsen CAC, Christensen R, Bartels EM, Terwee CB, Roos
EM. Knee Injury and Osteoarthritis Outcome Score (KOOS): systematic
review and meta-analysis of measurement properties. Osteoarthritis
Cartilage. 2016;24(8):1317-29.

Salavati M, Akhbari B, Mohammadi F, Mazaheri M, Khorrami M. Knee
injury and Osteoarthritis Outcome Score (KOOS) reliability and validity
in competitive athletes after anterior cruciate ligament reconstruction.
Osteoarthritis Cartilage. 2011;19(4):406-10.

Association WM. World Medical Association Declaration of Helsinki:
ethical principles for medical research involving human subjects. JAMA.
2013;310(20):2191-4.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	ADAPTations to low load blood flow restriction exercise versus conventional heavier load resistance exercise in UK military personnel with persistent knee pain: protocol for the ADAPT study, a multi-centre randomized controlled trial
	Abstract 
	Background 
	Methods 
	Discussion 
	Trial registration 

	Background
	Study aims
	Main RCT​
	Nested mechanistic study


	Methods
	Design
	Study setting
	Participants, recruitment, and screening
	Inclusion criteria
	Exclusion criteria
	Randomisation

	Intervention
	Low load resistance training with blood flow restriction (LL-BFR)
	Heavier load resistance training (HL-RT)

	Main RCT outcome measures
	Baseline characteristics
	Patient reported outcome measures
	Physicalfunctional capacity tests
	Training load
	Muscular discomfort and symptomatic knee pain

	Nested mechanistic study outcome measures
	Muscle imaging
	Neuromuscular performance
	Blood sampling

	Blinding
	Study site training
	Sample size
	Main randomised control trial
	Nested mechanistic study

	Statistical methods and analysis
	Data management
	Adverse events

	Discussion
	Anchor 40
	Acknowledgements
	References


