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Thesis overview

Study Title Aims Methods Conclusions

I Efficacy of low-load blood flow To describe the rational This is a protocol paper,
restricted resistance EXercise in  and design of the outlining the methods used
patients with Knee randomized controlled in the randomized
osteoarthritis scheduled for total trial. controlled trial.
knee replacement (EXKnee):
protocol for a multicenter
randomized controlled trial

I Sit-to-stand (STS) power To examine i) the Design: Cohort study. Only STS Power was
predicts functional performance  relationship of STS muscle ~ Cohort was divided into a associated with physical
and patient-reported outcomes  power and maximal male- and female cohort. function in male- and
in patients with advanced knee  jsometric knee extensor Linear- and multiple female patients with
osteoarthritis. A cross sectional strength (KE MVC) on regression analyses with knee OA, and KOOS pain
study. objective measures of and without adjusting for and ADL in male

physical function and age. patients. STS power
patient-reported Pitman's test correlated better with
outcomes; ii) Dependent variables: STS measures of physical
if STS power stronger Power and KE MVC function and KOOS Pain
correlated than knee Independent variables: and ADL-scores than the
extensor MVC with Timed Up & Go (TUG), 40 knee extensor MVC.
physical function and meter fast paced walk test
patient-reported outcomes. (40mFWT), Knee Injury &

Osteoarthritis Outcome

Score (KOOS) scales for

Pain, Symptoms, Activities

of Daily Living (ADL), Sport

& Recreational Activities

(Sport), Quality of Life

(QoL).

111 The efficacy of blood flow To investigate the efficacy Eighty-six patients Eight weeks of
restriction EXercise prior to of eight weeks of scheduled for TKA were preoperative BFR-RT
total Knee arthroplasty on sit- preoperative low-load randomized to eight weeks  yielded no superior
to-stand function three months  blood flow restricted of preoperative BFR-RT effects on physical
postoperatively (EXKnee): A resistance training (BFR- 3x/week or usual function or patient-
randomized controlled trial RT) compared with preoperative medical care. reported outcomes three

preoperative standard care  Primary outcome: 30STS months after surgery.
total knee arthroplasty Intention-to-treat analysis BFR-RT induced

(TKA) on changes in 30- significant gains in leg
seconds chair stand test press strength lasting up
(30STS), patient-reported to three months after
outcomes, and lower limb surgery.

strength three months

after surgery.

v Eight weeks of preoperative low  To compare eight weeks of =~ Described in study III BFR-RT effectively
load blood flow restricted pre-operative BFR-RT with prevented decreases in
exercise induce gains in knee usual preoperative medical Outcomes: maximal knee extensor

extensor muscle strength three
months after total knee
replacement surgery: Secondary
analyses from a randomized
controlled trial

care on maximal knee
extensor and flexor muscle
strength, knee range of
motion function, physical
function, and EQ-5D-5L
three months after TKA
surgery.

1RM knee extension
strength, maximal isometric
knee extensor/flexor
contraction strength, TUG,
40mFWTt, EQ-5D-L5

strength three months
after TKA. No between-
group changes in
physical function and
knee joint range of
motion were observed
three months
postoperatively.




Summary in English

Improving treatment in patients scheduled for total knee arthroplasty. The
role of preoperative low-load blood flow restricted resistance training.

Jorgensen SL

Background: The number of total knee arthroplasties (TKA) due to knee osteoarthritis
(OA) increases worldwide. Despite being a successful surgery, ~20% of the patients
perceive insufficient postoperative outcomes. Also, the majority of patients demonstrate
long-lasting impairments in physical function following TKA compared with healthy peers.
Improving preoperative knee extensor strength is proposed to enhance postoperative
physical function. Low-load blood flow restricted resistance training (BFR-RT) increases

skeletal strength and size and physical function with minimal stress on the knee joint.

Aims: The main aims of the overall PhD project were to
i.  Outline the complete description of the trial protocol (Paper I)

ii.  Evaluate the associations to lower limb sit-to-stand power (STS Power) or maximal
isometric knee extensor strength (knee extensor MVC), respectively, with objective
measures of physical function and patient-reported outcomes (Paper II).

ili.  Determine if STS Power or knee extensor MVC would be differently related to
physical function and patient-reported outcomes (Paper II)

iv.  Investigate the efficacy of preoperative BFR-RT compared with usual preoperative

medical care on physical function, lower limb strength, and patient-reported

outcomes three months after TKA (Paper III & IV).

Methods: The intervention phase of the PhD project was designed as a randomized,
controlled, assessor-blinded trial (RCT). Patients =50 years scheduled for TKA at Horsens-
or Silkeborg Regional Hospital due to knee OA were randomly assigned to (i) eight weeks
of preoperative BFR-RT or (ii) usual preoperative medical care. The primary endpoint was
between-group mean change in 30-sec sit-to-stand (30STS) performance three months
after TKA. Key secondary outcomes were: Timed Up & Go (TUG), 40-meter fast-paced
walk test (40mFWT), 1 repetition maximum (RM) leg press and knee extensor strength,
knee extensor and flexor MVC, the Knee Injury & Osteoarthritis Outcome Score (KOOS),
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and the EQ-5D-L5 questionnaire. Paper II was designed as a cross-sectional study
comprising baseline data from all trial participants. Linear and multiple regression
analyses and Pitman's test were applied with STS Power and knee extensor MVC as the
dependent variables. The cohort was divided into a male- and female-patient cohort.
Papers III and IV present intention-to-treat results from the RCT collected on the

primary and secondary outcomes at baseline, pre-surgery, and three months after surgery.

Findings: At baseline, only STS Power was statistically associated with TUG and
40mFWT in our male- and female patient cohorts, and with KOOS subscales of Pain,
Activities of Daily Living, and Sport & Recreational Activities in our male patient cohort
(Study II). STS Power was equal or more strongly correlated to TUG, 40mFWT, and the
KOOS subscales compared with the correlation coefficients derived with knee extensor
MVC (Study I).

No significant between-group changes were observed in physical function or patient-
reported outcomes from baseline to three months after surgery. Patients following usual
preoperative medical care demonstrated significant postoperative decreases in leg extensor
strength in the affected leg, while BFR-RT sustained preoperative levels of leg extensor
strength (Paper 111 & IV).

Interpretation: STS Power can be used as a time-efficient and inexpensive measure to
estimate ambulatory and walking speed in patients with advanced stages of knee OA
(Study II).

The present preoperative BFR-RT protocol did not improve the postoperative measures of
physical function or patient-reported outcomes compared with receiving usual
preoperative medical care. The patients in the BFR-RT group only exercised the affected
leg, which may, in part, explain the lack of significant between-group changes. However,
preoperative BFR-RT protected against decreases in maximal knee extensor strength in the
exercised leg (Paper I1I & IV).
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Summary in Danish

Baggrund: Antallet af operationer, hvor der indsattes en total knae alloplastik (TKA)
grundet artrose i knaet, er stadt stigende. Selvom operationen er effektiv, har det vist sig
at ~20% af patienterne ikke tilfredse med resultatet af operationen. Generelt oplever
patienterne vedvarende forringelse af deres fysiske funktionsniveau sammenlignet med
alderssvarende raske. Ved at forbedre muskelstyrken i larets kneaestrakkemuskel for
operationen, kan man potentielt opna bedre fysisk funktion efter operationen.
Styrketraening med lette belastninger og samtidig delvis atklemning af blodets tillgb til det
treenende ben (okklusionstraening) eger muskelstyrken, muskelmassen og det fysiske

funktionsniveau samtidig med at knaeleddet belastes minimalt.

Formal: Formalet med det overordnede PhD projekt var at

i) Praesentere projektprotokollen i sin fulde leengde (Studie I)

ii) Evaluere om objektive mal for fysisk funktionsevne og patient-rapporterede
udfaldsmaél heenger sammen med muskelpower i benene og/eller maksimal
isometrisk knaekstensionsstyrke (knastraekker MVC) (Studie II)

iii)  Vurdere om fysisk funktionsevne og patient-rapporterede udfaldsmal har en
statistisk bedre sammenhang til muskelpower i underekstremiteterne
sammenlignet med til knaestraekker MVC.

iv)  Undersoge effekten af praeoperativ okklusionstrening sammenlignet med
vanlige praeoperative forlogb malt pa fysisk funktion, muskelstyrke i
underekstremiteterne og patient-rapporterede udfaldsmal tre maneder efter en
TKA (Studie III og IV) operation.

Metoder: Projektet blev udfert som et randomiseret, kontrolleret, tester-blindet forsog.
Patienter >50 ar, skrevet op til TKA pa Regionshospitalerne Horsens eller Silkeborg pa
grund af artrose i kneeet blev randomiseret til enten i) praoperativ okklusionstreening eller
ii) det vanlige praeoperative forlgb. Den primeere analyse var baseret pa om
gennemsnitsandringen i 30-sekunders rejse/satte sig-testen (30STS) 3 maneder efter
operationen var forskellig mellem grupperne. Vigtige sekundare effektmal var Timed Up &
Go (TUG), 40-meter gangtest (40mFWT), 1 repetition maksimum (RM) benpres og
knaeekstensions styrke, knaestraekker MVC og maksimal isometrisk knabgjer styrke, the

Knee Injury & Osteoarthritis Outcome Score og EQ-5D-L5-sporgeskemaet. Studie II var
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et tveersnitsstudie pa baselinedata fra alle projektdeltagerne. Vi anvendte lineaer og
multipel regressionsanalyser samt Pitman's-testen med STS Power og knaestraeekker MVC
som de athangige variable. Vi delte kohorten op i mand og kvinder. Studie III & IV
prasenterer resultaterne fra vores intention-to-treat analyser pa det primere og
sekundere effektmal, som vi indsamlede data ved baseline, for operationen og tre méneder

efter operationen.

Fund: Ved baseline viste kun muskelpower i benene en statistisk sammenhaeng med TUG
og 40mFWT i badde den mandlige og kvindelige patientkohorte, samt yderligere for KOOS
subskalaerne smerte, dagligdagsaktiviteter og sport- og fritidsaktiviteter i den mandlige
patientkohorte (Studie IT). Der kunne ikke observeres nogle forskelle mellem
patientgrupperne (interventionsgruppen og kontrolgruppen) i fysisk funktion eller patient-
rapporterede udfaldsmal tre maneder efter operationen. Patienterne der fulgte det vanlige
praoperative forlgb blev svagere i knaekstensorerne efter operationen, mens patienterne i
gruppen der udfere okklusionstraening fastholdt muskelstyrkeniveauet i knaeekstensorerne

svarende til baselinemaélingerne (Studie III & IV).

Fortolkning: Muskelpower i benene malt ud fra en rejse-sette-sig test kan let anvendes
til at estimere ganghastighed og fysisk funktionsevne i patienter med svaer grad af artrose i
kneet (Studie II). Vores studie viser at praeoperativ okklusionstraning ikke forbedrer
fysisk funktion eller patient-rapporterede udfaldsmal mere end den vanlige praoperative
forlgb. Dette kan skyldes at patienterne kun treenede det ben, der skulle opereres, mens
benet uden symptomer ikke modtog nogen traening. Ligesom i tidligere studier, sa vi, at
vores praoperative okklusionstraeningsprotokol beskyttede mod tab af maksimal
muskelstyrke i larets knaestreekkemuskel i det traenende ben (Studie I1I & IV)
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BACKGROUND

Osteoarthritis

Osteoarthritis (OA) is one of the world's most prevalent diseases causing joint pain,
disability, and reduced levels of physical function (Bade, Kohrt, and Stevens-Lapsley 2010;
Cross et al. 2014; Hunter and Bierma-Zeinstra 2019). OA most commonly affects the knee,
hip, spine, or hand (March et al. 2014; Murray et al.) with 528 million people worldwide
suffering from mild-to-more advanced stages of OA. According to the World Health
Organization, 73% of the subjects affected by OA are >55 years old, 60% are females, and
344 million people would benefit from treatment (i.e. rehabilitation) to alleviate symptoms

and prevent further impairments in physical function (www.who.org). With the aging

population increasing worldwide, a global obesity pandemic, and a high prevalence of knee
joint injuries, the OA burden is projected to rise (Cross et al. 2014; Hunter and Bierma-

Zeinstra 2019).

OA pathogenesis

Historically, OA has been considered tobe | 1nformation Box

The cartilage is non-vascularized and not neurally

a result of wear and tear (Abramoff and innervated. It consists mainly of collagen fibrils
embedded in a proteoglycan matrix containing

Caldera 2020). However, our current ~70% water (Martel-Pelletier et al. 2016). A small
population of chondrocytes controls the cartilage

understanding of the disease has tissue turnover (Martel-Pelletier et al. 2016).

Healthy cartilage is characterized by sophisticated
resilience to withstand and distribute compressive
forces evenly between bone plates, and, thus,
sustains a healthy equilibrium between cartilage
tissue synthesis and degradation (Martel-Pelletier
et al. 2016; Abramoff and Caldera 2020)

developed and today we know that OA

pathogenesis involves a complex interplay

of mechanical, inflammatory, and

metabolic factors (Hunter and Bierma-Zeinstra 2019; Abramoff and Caldera 2020;
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Lespasio et al. 2017; Martel-Pelletier et al. 2016). Despite cartilage degeneration is a
primary factor in OA progression, the disease affects the whole joint and alters the
remodeling processes of its structures, including the bone, subchondral bone, muscles,
ligaments, capsules, synovia, menisci, and cartilage (Sharma 2021; Hunter and Bierma-

Zeinstra 2019).

Onset of the OA disease is typically characterized by a gradual negative
imbalance in the cartilage tissue turnover, which increases cartilage fragility and
vulnerability to physical compression forces (Hunter and Bierma-Zeinstra 2019). As a
result, a cascade of downstream factors is initiated to repair the damaged regionss (Hunter
and Bierma-Zeinstra 2019; Martel-Pelletier et al. 2016; Abramoff and Caldera 2020).
Chondrocytes, which are responsible for cartilage tissue turnover (Martel et al. 2005)
elevate their synthesis-activity, leading to increased levels of matrix degrading products
that negatively affect the adjacent synovium causing tissue hypertrophy and vascular
infiltrations. In the subchondral bone regions, bone marrow lesions and vascular
infiltration occur due to an elevated bone tissue turnover and development of osteophytes
occurs due to accumulation of inflammatory biological factors and mechanical overloading
(Figure 1) (Hunter and Bierma-Zeinstra 2019; Martel-Pelletier et al. 2016; Abramoff and

Caldera 2020).

n'f-'“"' —
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Figure 1. Yellow lines = Collagen; Red ovals = chondrocytes; dots = proteoglycans. To aid repair processes,
the chondrocytes upregulate the synthesis activity. This results in the generation of matrix degradation
products and proinflammatory mediators negatively affecting the function of the chondrocytes. (Illustration
borrowed from Idraetsskadebogen 1st edition)
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Knee Osteoarthritis

More than half of the OA prevalence worldwide is due to knee OA (Lespasio et al. 2017).
The prevalence peaks in subjects =50 of age (Cross et al. 2014; Abbassy, Trebinjac, and
Kotb 2020) Primary knee OA consists of articular degeneration of one or more
compartments of the knee joint without any specific underlying reason, but is strongly
associated with age, female gender, obesity, joint malalignment, increased biomechanical
joint-loading (incl. body overweight), genetics, and lower limb muscle weakness (Sen R
2023; Hunter and Bierma-Zeinstra 2019; Martel-Pelletier et al. 2016). Secondary knee OA
occurs due to joint morphology/deformity or injury (i.e. anterior cruciate ligament
rupture, knee fractures, tibia plateau fractures or meniscus injury) triggering articular joint
degeneration (Sen R 2023). Additionally, occupations involving prolonged standing,
repetitive squatting, and kneeling increases the risk of developing knee OA (Johnson and
Hunter 2014; Hunter and Bierma-Zeinstra 2019; Lespasio et al. 2017). By the age of 75,

some degree of knee OA is observed in 75% of all people (Lespasio et al. 2017).

Symptoms and diagnostics

Pain is the overwhelming self-perceived symptom of symptomatic knee OA, which often
occurs at the onset of movement, then alleviates during locomotion (within 30 minutes),
and returns after prolonged periods of joint-loading (the OA Triade) (Hunter and Bierma-
Zeinstra 2019; Bliddal 2020). Further, knee OA-related pain reduces locomotive function
(i.e. reduced walking distance and gait speed) compared with healthy peers and impairs
the motivation for sports- and leisure-time physical activities (Gay et al. 2016; Lespasio et
al. 2017). In the advanced stages of knee OA, joint pain even appears at rest, during load-

bearing activities, and at night which hampers the sleep quality (Sharma 2021)
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Clinically, OA can be diagnosed based on symptoms and a physical
examination involving: crepitus; joint tenderness with palpation; visible bony
enlargements; reduced joint range of motion (ROM) with pain at maximal knee joint
extension and flexion; knee joint pain; morning stiffness; impairments in physical
function; impairments in maximal lower limb muscle strength; and muscle atrophy in the
muscles surrounding the affected joint (Hunter and Bierma-Zeinstra 2019; Sharma 2021,
Bade, Kohrt, and Stevens-Lapsley 2010; Taylor et al. 2014; Calatayud et al. 2016; Skoffer,
Dalgas, and Mechlenburg 2015). Inflammation, effusion, warmth, and synovitis are not
always present in patients with knee OA (Sharma 2021). Also, disease progression
increases the risk of obvious joint deformities such as varus or valgus of the knee joint
(Leopold 2009). Ultimately, the above-mentioned signs and symptoms result in
impairments in quality of life (QoL) (Lespasio et al. 2017).

Radiographic imaging is used to confirm the OA diagnosis and grade the
severity of OA (Lespasio et al. 2017). Typical radiographic signs of OA are joint-space
narrowing, subchondral bone sclerosis, osteophyte formation, and cyst formation (Figure
2) (Taruc-Uy and Lynch 2013; Lespasio et al. 2017).

The most frequent radiographic grading system is the Kellgren & Lawrence
scale (Kellgren and Lawrence 1957) ranging from 0-4 based on the degree of joint space
narrowing with 0 = no joint space narrowing and osteophytes; 1: doubtful-; 2: minimal- ;
3: moderate-; 4: Severe joint space narrowing and osteophyte formation (Lespasio et al.

2017; Kellgren and Lawrence 1957).
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Figure 2. Illustration of the joint space knee in a non-affected knee and an osteoarthritic knee joint
with joint-space narrowing, osteophytes, and sclerosis (Borrowed from Gornale et al. (Gornale,
Patravali, and Hiremath 2020)

Knee extensor and flexor strength in patients with knee OA

Maximal knee extensor- and flexor muscle strength, muscle activation, and proprioception
all represent factors that are impaired in patients with advanced stages of knee OA - both
compared with the contralateral leg and with healthy age-matched peers - ultimately
increasing the risk of physical disability and falling episodes in these patients (Skoffer et al.
2015; Zeng et al. 2021; Sharma 2021; Bade, Kohrt, and Stevens-Lapsley 2010). This is
often due to progressively increasing patterns of symptom-related disuse (i.e. pain-
avoidance) (Johnson and Hunter 2014; Skoffer et al. 2015; Skoffer, Dalgas, and
Mechlenburg 2015; Bade, Kohrt, and Stevens-Lapsley 2010; Dreyer et al. 2013). Notably,
improving knee extensor strength can reduce perceived knee pain and increase physical
function in patients suffering from knee OA (DeVita et al. 2018; Bartholdy et al. 2017), but
the underlying biomechanical mechanisms for these positive adaptations in pain
perception remain largely unknown (DeVita et al. 2018). Nonetheless, due to the positive
features associated with improving lower limb strength, exercise training to increase
maximal lower limb muscle strength is a recommended treatment modality for subjects
with knee OA (Zeng et al. 2021; Skoffer et al. 2015). Increased levels of preoperative

physical function and maximal knee extensor strength are suggested as therapeutic key
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targets prior to total knee arthroplasty (TKA) surgery while shown to correlate positively
with postoperative physical function (Mizner, Petterson, and Snyder-Mackler 2005;
Mizner et al. 2005; Stevens, Mizner, and Snyder-Mackler 2003; Kwok, Paton, and Haddad
2015; Gill and McBurney 2013; Wang et al. 2016).

However, pain, swelling, and increased joint stiffness associated with knee OA
affect the tolerance to perform physical exercise at high loading intensities, thereby
rendering the patients even more prone to disuse muscle atrophy, loss in muscle strength,

and impairments in physical function (Kwok, Paton, and Haddad 2015).

Total knee arthroplasty

When non-invasive treatments fail to attenuate pain, improve or maintain physical
function, or sustain QoL in subjects with advanced stages of knee OA, TKA surgery is
offered to the patients (Granicher et al. 2022; Sharma 2021; Hunter and Bierma-Zeinstra
2019). TKA is a highly effective treatment for reducing pain and improving quality of life in
patients with advanced stages of knee OA (Canovas and Dagneaux 2018; Rolfson et al.
2016).

Both globally and in Denmark, the number of TKA procedures is increasing
(Carr et al. 2012). In Denmark ~8,000 subjects underwent TKA in 2015, ~10,000 in 2019,
and ~13.000 in 2022 (Odgaard et al. 2019; S.; Ostergaard S.E.; Jakobsen T.L.; Christensen
T.M. 2023).

Despite being considered an effective treatment, ~20% of the patients remain
dissatisfied with pain and physical function following TKA surgery (Bourne et al. 2010;
Noble et al. 2006; Hunter and Bierma-Zeinstra 2019). Notably, impairments in physical

function and lower limb strength have been demonstrated to persist for years following
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surgery and to stay below levels of healthy peers (Noble et al. 2005; Meier et al. 2008;
Mizner, Petterson, and Snyder-Mackler 2005; Mizner et al. 2005; Alnahdi, Zeni, and
Snyder-Mackler 2012; Paxton et al. 2015). Thus, despite relieving knee joint pain, TKA
surgery may not reverse preexisting impairments in physical function and muscle strength

(Bade, Kohrt, and Stevens-Lapsley 2010; Walsh et al. 1998; Capin et al. 2022).

Treatment guarantee

In Denmark, the healthcare system is obliged to provide the recommended treatment
within four weeks after being diagnosed (the so-called 'treatment guarantee'). However,
this treatment guarantee is often exceeded, and the majority of patients scheduled for TKA
typically wait several months before undergoing surgery. The waiting time prolongs their
suffering and, may, negatively influence health-related quality and life (Gill and McBurney
2013). On the other hand, this preoperative waiting period provides a window of
opportunity to introduce preoperative muscle strengthening exercises to improve

postoperative physical function.

Muscle strengthening exercises before total knee arthroplasty

Prehabilitation involves a structured preoperative intervention protocol aiming to improve
holistic fitness (Sutton et al. 2023) and optimize postoperative recovery (Franz et al. 2019;
Franz et al. 2018; Topp et al. 2002). Within orthopedic elective surgery, prehabilitation
efforts primarily have focused on exercise programs (Jorgensen et al. 2022; Husted et al.
2020), weight loss programs (Liljensge et al. 2021), and/or patient education programs

(Sutton et al. 2023; Skou et al. 2015). The present Thesis focuses on prehabilitation
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1

protocols involving muscle strengthening exercises, referred to below as "prehabilitation’
or "preoperative muscle strengthening exercises".

To induce gains in maximal muscle strength it is essential to systematically
overload the target musculature, which is typically achieved by means of progressively
adjusted resistance training exercise (Minshull and Gleeson 2017; Garber et al. 2011).
Traditionally, resistance training regimes using heavy loading intensities (>60-80% 1
repetition maximum (RM)) have been deemed necessary to induce gains in muscle
strength in healthy and older individuals (Garber et al. 2011; Chodzko-Zajko et al. 2009).
In line with this notion, preoperative heavy-load progressive resistance (HL-PRT) training
has been demonstrated effective in improving physical function and lower limb strength in
patients undergoing TKA, when compared with usual preoperative medical care (i.e. no
exercise) (Skoffer et al. 2016; Calatayud et al. 2016; Jorgensen et al. 2022). However,
Ferraz et al. (Ferraz et al. 2018) reported that about 25% of patients with moderate-degree
knee OA allocated to HL-PRT were unable to tolerate the heavy exercise loads imposed by
their training protocol due to exercise-related exacerbations in knee pain (Ferraz et al.

2018).

Recommendations for improving preoperative fitness in patients with knee

osteoarthritis scheduled for total knee arthroplasty

Due to the absence of Danish national clinical guidelines on how to physically prepare
patients for TKA surgery, Danish regional hospitals typically apply locally developed
preoperative guidelines. At Horsens Regional Hospital, patients are recommended "to
exercise to improve fitness before the TKA surgery. I.e. by walking or cycling". At

Silkeborg Regional Hospital the local preoperative guidelines encourage patients to follow
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the national dietary guidelines, stop smoking, and exercise as seen fit, "i.e. by walking or
cycling". Intuitively, these exercise guidelines appear insufficient to induce gains in
patient's musculoskeletal fitness levels before surgery in patients with advanced stages of
knee OA (Chodzko-Zajko et al. 2009; Garber et al. 2011).

In 2020, The Journal of Physical Therapy published a set of clinical practice
guidelines entitled "Physical Therapist Management of Total Knee Arthroplasty"”, outlining
various treatment recommendations for patients scheduled for TKA (Jette et al. 2020).
These guidelines recommended preoperative exercise programs involving strengthening
and flexibility exercises since these activities were presumed to positively enhance the rate
of postoperative recovery in physical function and self-reported outcomes (i.e. pain and
QoL) (Jette et al. 2020). Specifically, the recommendations stated that preoperative
exercises should be safe to perform, while targeting activities such as postural balance,
knee flexion and extension range of motion (ROM), lower limb strength, and QoL,
respectively, while concurrently decreasing pain and reducing the length of inpatient stay

(Jette et al. 2020).

Low-load blood flow restricted resistance training

Resistance training exercises using low loading intensities (30%1RM) and concurrent
partial blood flow restriction to the active muscles (BFR-RT) (Figure 3) have been shown
to produce gains in maximal muscle strength, muscle size, physical function, and self-
reported outcomes in patients with mild-to-moderate knee OA (Ferraz et al. 2018; Segal et
al. 2015; Bryk et al. 2016). Muscle perfusion is typically restricted using pressure cuffs
positioned proximally on the exercising limb (Figure 3). Furthermore, BFR-RT is

considered safe and feasible in various patient populations (Petersson et al. 2020;
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Jorgensen and Mechlenburg 2021; Petersson et al. 2022; Hogsholt et al. 2022; Mortensen,
Mechlenburg, and Langgard Jergensen 2023; Jorgensen et al. 2023; Jorgensen 2023;
Bentzen et al. 2023; Jonsson et al. 2024)

Current recommendations suggest to use cuff pressures between 40-80% of
the total arterial occlusion pressure (AOP) during BFR-RT exercise (Patterson et al. 2019).
Thus, BFR-RT typically allows an initial and partial arterial inflow to the exercising limb
while venous outflow is largely obstructed (Cuyul-Vasquez et al. 2020).

Despite the low loading intensities (20-40% 1RM), BFR-RT appears effective
in producing gains in maximal muscle strength, muscle size, and physical function that are
comparable to that achieved with HL-PRT in both patients and healthy subjects
(Jorgensen et al. 2023; Gronfeldt et al.). Importantly, BFR-RT appears to induce less knee-
related discomfort than HL-PRT during exercise while leading to more marked relieve in
self-reported knee pain in patients suffering from knee-joint disorders (Ferraz et al. 2018;
Hughes et al. 2019; Giles et al. 2017).

The adaptive mechanisms evoked by BFR-RT are not fully understood. It is
hypothesized that the hypoxic environment resulting from high metabolic stress along with
mechanical tension induces increased levels of systematic hormone production, muscle cell
swelling, production of reactive oxygen species (ROS), activation and proliferation of
myogenic stem cells (so-called satellite cells), and increased fast-twitch myofiber
recruitment (Hughes et al. 2017; Wernbom and Aagaard 2019; Wernbom, Augustsson, and
Raastad 2008; Rossi et al. 2018; Pearson and Hussain 2015; Vissing et al. 2020)

Although the physiological mechanisms remain under scrutiny, BFR-RT has
been recommended as a viable treatment method across multiple clinical patient

populations, especially in conditions where high mechanical loading is contraindicated or

29



intolerable due to excessive joint pain (Hughes et al. 2017; Lim and Thahir 2021; Franz et

al. 2018).

Obstructing venous return

(= Partial arterial restriction

Figure 3. Illustration of leg press exercise with blood flow restriction. The pneumatic cuff is inflated to
achieve partial arterial inflow while obstructing the venous return. Adapted from Jorgensen & Bohn
(Jorgensen 2023)

Assessment procedures in patients with knee osteoarthritis

Physical function

The Osteoarthritis Research Society International (OARSI) has recommended five
objective measures to monitor and evaluate various skills-related mobility statuses in
persons with knee OA (Dobson et al. 2013).

Measures of physical function typically comprise the 30-second sit-to-stand
test (30STS), the 40-meter fast-paced walk test (40mFWT), stair negotiation, the Timed
Up & Go (TUG), and the 6-min walk test (Dobson et al. 2013). The 30STS, 40mFWT, and
stair tests form the recommended minimal core set for evaluating the physical function in
patients with knee OA. However, no standardized assessment protocol for the star test

exists (Dobson et al. 2013). Therefore, as stair cases can differ markedly between sites,
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assessing stair test performance can be challenging in trials with multiple assessments

sites.

Assessing muscle power in patients with knee OA

Mechanical muscle power is the product of contractile force and contraction velocity (force
- velocity = power (Watt)) (Caserotti et al. 2008; Caserotti et al. 2001; Cormie, McGuigan,
and Newton 2011). High lower limb muscle power represents an important prerequisite for
unassisted rising from a chair, negotiating stairs, and crossing the street by foot (Aagaard
et al. 2010). Evaluating lower limb muscle power has been suggested to be equally or more
important for various mobility tasks than maximal knee extensor strength in both older
adults and patients with knee OA (Bean et al. 2003; Reid et al. 2015; Accettura et al. 2015;
Langgard Jorgensen et al. 2023). Moreover, maximal lower limb muscle power appears
more strongly correlated to given measures of physical function and patient-reported pain
and quality of life compared with knee extensor strength in patients with knee OA (Reid et
al. 2015). However, assessing muscle power has historically rarely been available nor
readily affordable in clinical settings. Notably, Alcazar et al. (Alcazar, Kamper, et al. 2020;
Suetta et al. 2019; Alcazar, Aagaard, et al. 2020; Alcazar et al. 2021; Alcazar et al. 2018)
demonstrated that lower limb muscle power can be derived from sit-to-stand testing (STS
Power) in healthy young-to-old adults (i.e. employing the 30STS) with strong similarity to
more established measures of mechanical muscle power (i.e. Nottingham power rig)
(Alcazar, Kamper, et al. 2020; Alcazar et al. 2018). Thus, implementation of the STS Power
test provides clinicians and researchers with an unique, simple, and affordable tool to
evaluate and monitor muscle power in individuals with knee OA, including before and

after TKA.
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Knee joint range of motion (ROM)

Restoring knee ROM after TKA is a highly important clinical objective, while also used as
an essential discharge parameter and marker of recovery progression (Jorgensen et al.
2020; Capin et al. 2022). In practical terms, and to sufficiently engage in daily life
activities such as negotiating stairs and riding a bike, a 110° ROM in knee flexion is

required (Rowe et al. 2000; Capin et al. 2022).

Lower limb muscle strength

Strength improvements often appear to be highly task-specific (i.e. leg press exercise will
mostly improve 1RM leg press strength) (Spitz et al. 2023). Consequently, in the present
PhD project it was deemed important to include measures of maximal isometric knee
extensor- and flexor strength which would represent strength measures to which the

patients were unaccustomed (non-specific strength) (Spitz et al. 2023).

Patient-reported outcomes

Patient-reported outcomes is considered an important part of the overall patient
evaluation before and after TKA as they evaluate the patient perceptions and perspectives
within specific domains (Collins et al. 2011; Dobson et al. 2013). Thus, the patient-reported
outcomes provide (i) insights about the specific aspects the patients perceive as important,
and (ii) the surgery success rates (Rolfson et al. 2016; Most et al. 2022). The International
Society of Arthroplasty Registries have recommended to apply both patient-specific
questionnaires and generic to evaluate the effectiveness of TKA treatment (Rolfson et al.
2016). The Knee Injury & Osteoarthritis Outcome Score (KOOS) was suggested one of

several possible patient-specific questionnaires to apply before and after TKA surgery
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(Rolfson et al. 2016). The KOOS has been extensively used to monitor and evaluate the
current patient-perceived disease status before and after undergoing TKA (Collins et al.
2016; Collins and Roos 2012; Skou and Roos 2017; Skou et al. 2015).

Furthermore, the 5-level EuroQol 5 dimension (EQ-5D-L5) was suggested as
one of the generic questionnaires (Rolfson et al. 2016). The EQ-5D-L5 is a widely used
generic questionnaire to assess health-related quality of life and health-status (Jensen et
al. 2023) compared with the general population (Jensen et al. 2023). Recently, preference
values of the general Danish population has been developed for the EQ-5D-L5 (Jensen et
al. 2023). Ultimately, to assess a broad range of dimensions, the utilization of the generic
and patient-specific questionnaires have been suggested as good complements (Collins and

Roos 2012).

AIMS AND HYPOTHESIS

Aims

Paper I: The protocol paper aimed to outline the entire RCT project protocol. Parts of the
methods and aims included in the protocol paper will be covered in my subsequent
postdoc period (muscle biopsy data: under preparation at the University of Southern

Denmark, and 12-month follow-up data).

Paper II: To examine the relationship between STS muscle power and knee extensor MVC
in the affected leg, respectively, versus TUG, 40m-FWT, and the KOOS subscales of pain,
symptoms, ADL, Sport, QoL, respectively, in a cohort of male and female patients with

advanced knee OA. Secondly, we aimed to determine if STS muscle power was a stronger

33



predictor (i.e. correlated more strongly) than maximal isometric knee extensor strength

(MVIC) for the above objective and subjective outcome measures.

Paper III and IV: To investigate the efficacy of eight weeks of preoperative BFR-RT
compared with usual preoperative medical care on the postoperative recovery in 30STS,
TUG, 40m-FWT, KOOS, and EQ-5D-L5, 1RM leg press strength, 1RM knee extensor
strength, knee extensor MVC, and knee flexor MVC when assessed three months after

TKA.

Hypotheses:

Paper I: In this protocol paper we outline the hypotheses related to the entire project.

Paper II: STS Power and knee extensor MVC on the affected leg, respectively, will both be

positively associated with outcomes of physical function and patient-reported outcomes,
however STS power will be more strongly correlated with these outcomes compared with

knee extensor MVC on the affected leg.

Paper III and IV: Eight weeks of preoperative BFR-RT will improve physical function,
patient-reported outcomes, and lower limb strength both before and three months after

TKA surgery compared with usual preoperative medical care.
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STUDY DESIGN, MATERIALS AND METHODS

The present section summarizes the overall study design, materials and the methods. More

detailed descriptions on the methods are provided in Paper I (Jorgensen et al. 2020).

Study Design

The trial was designed as a multicenter, randomized, assessor-blinded controlled trial
conducted at Horsens Regional Hospital, Silkeborg Regional Hospital, and Aarhus
University Hospital. In brief, eligible patients scheduled for TKA were randomized to
either eight weeks of preoperative BFR-RT (BFR-RT) or usual preoperative medical care
(control group (CON)). Data were collected on physical function, lower limb strength, and
patient-reported outcomes at baseline (~10 weeks before surgery), 3-5 days before surgery
(pre-surgery), and three months after surgery by the PhD student and two research staff
members at Silkeborg Regional Hospital, respectively. The primary end-point was three
months after surgery. Follow-up assessments 12 months after surgery are expected to be

completed June 2024.

The trial was (i) approved by the Central Denmark Region Committee on
Health Research Ethics (Journal No 10-72-19-19), (ii) registered at the Central Denmark
Region's internal list of research projects (Journal No 652164), and (iii) registered at
clinicaltrial.gov (NCT 04081493). Before enrolment, participants signed an informed
consent. All data retrieved from the enrolled patients were handled by Danish law
(databeskyttelses-forordningen, databeskyttelsesloven, lov om patientens retsstilling),
treated confidentially by the research staff, and securely stored in the Research Electronic

Data Capture (REDCap) online databases.
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Systematic instructions and monitoring of both the physiotherapists in charge

of the assessment protocol and the physiotherapists in charge of the exercise protocol was

performed regularly by the PhD-student during the trial period to reduce the effect of

heterogeneity between sites. An overview of trial responsibilities for the participating

hospital is presented in Table 1.

Table 1. Overview of hospitals involved the PhD study

Hospitals Patient Baseline- & follow- Exercise Surgery
enrollment up assessments sessions
Horsens Regional Hospital X X X X
Silkeborg Regional Hospital X X X X
Aarhus University Hospital X
Participants

Patients fulfilling the following eligibility criteria were invited into the RCT:

Enrollment criteria:

e Patients aged >50 years scheduled for TKA at Horsens- or Silkeborg Regional

Hospital.

Exclusion criteria:

e Cardiovascular disease classified as New York Heart Association class III-IV (Dolgin

and New York Heart Association Criteria 1994)
e Former suffering from stroke- or thrombosis event(s)
e Systolic blood pressure >180 or diastolic blood pressure >110 mmHg
e Traumatic nerve injury in leg scheduled for surgery
e Spinal cord injury

e Pregnancy
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e Existing arthroplasty in the leg scheduled for surgery

e Other plans for lower extremity surgery within 12 months after the TKA surgery

e Currently receiving chemo-, immuno-, or radiotherapy treatment due to cancer

e Other reasons for exclusion (i.e. unable to understand written and spoken Danish,

mental unable to participate, etc.)

Enrolment Procedures

The initial eligibility screening was conducted by orthopedic surgeons in the outpatient
clinics at Horsens- and Silkeborg Regional Hospital (Table 1, Figure 4). The orthopedic
surgeons briefly introduced the project and provided written information about the project
to the patients. The assessment flow is illustrated in Figure 4.

Patients motivated to participate were provided 24 hours of consideration.
Subsequently, the PhD-student or the project coordinator at Silkeborg Regional Hospital
contacted the patients and provided detailed project information. Patients accepting to
participate were booked for baseline testing. Eligible patients declining to participate were

invited to complete the baseline questionnaires sent by email (observational cohort).

Eligible patients
received brief . . . .
as . . . Eligible patients Patients
Iflcl)lrtléllli slcgﬁletr;:lrig ai)nolcg?tllllztlt?;}l] received accepting to Baseline testing
the ogt atient and was ¢ detailed participate were followed by
clir]i)i ¢ sché dule d( for a information scheduled for randomization
total knee about the trial baseline testing
arthroplasty
L ] |\ )
! |
Responsibility: Responsibility:
Orthopedic Surgeon PhD-student (Horsens)

Figure 4. Illustration of the enrollment flow. Project coordinator (Silkeborg)
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Randomization, allocation concealment, and blinding

After baseline testing, a research staff member uninvolved in the data collection
procedures block-randomized (stratified by site) the patients to either (i) preoperative
BFR-RT or (ii) CON using a random number matrix (RedCap randomization tool).

It was not possible to blind the patients, involved surgeons, and the
physiotherapist in charge of exercise sessions for treatment allocation. In contrast, the
PhD-student and the assessors at Silkeborg Regional Hospital were blinded to patient
allocation during all follow-up tests to avoid performance bias. All participants were
carefully instructed to withhold information about group allocation at all follow-up

assessments.

Intervention procedures

Determination of limb occlusion pressure
At the baseline test session, individual AOP was determined for each participant with an
Ultrasound Doppler probe (EDAN Instruments, inc., China) placed over the posterior

tibial artery to capture the auscultatory pulse (Ferraz et al. 2018; Rodrigues et al. 2020;

Jorgensen et al. 2020). Cuff pressure (mmHg) was measured with the patient seated on an

examination table (Jorgensen et al. 2020; Petersson et al. 2022). The cuff was

incrementally inflated until the auscultatory pulse was interrupted, defined as AOP. The

procedure was repeated until two identical AOPs were identified consecutively (Jorgensen

et al. 2020; Petersson et al. 2022).
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Low-load blood flow restricted resistance training (BFR-RT)
In addition to receiving usual preoperative medical care, the BFR-RT group performed
eight weeks of supervised exercises three times per week. Each session consisted of 10-min
low-intensity ergometer cycling followed by a unilateral leg press exercise and a unilateral
knee extension exercise. All exercises were performed using a 12 cm pneumatic nylon cuff
(Occlude Aps, Denmark) positioned around the proximal part of the exercising thigh
(affected limb) inflated to 60% AOP. A physiotherapist educated in administering the BFR-
RT protocol performed on-site supervision in all training sessions.

All exercise variables are presented in Table 2. Each exercise consisted of four
sets: set 1: 30 repetitions (reps); set 2-3: 15 reps, set 4: as many reps as possible, with 30
seconds rest between sets. The cuff remained inflated between sets (Nielsen et al. 2012;
Hughes et al. 2019). A preset position for cuff inflation and resting was established for leg

press exercise to ensure the 60% AOP between sets (Figure 5).

Figure 5. Illustration of the standard resting position during the leg press exercise to ensure 60%
limb occlusion pressure during the rest periods. The cuff was inflated to 60% limb occlusion pressure
in the same position.
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The fourth exercise set was performed until the concentric contraction phase
exceeded two seconds which was defined as failure. If the patients completed >15 reps in
the fourth set, the exercise load was increased with the minimum extra load possible in the
following session (Jargensen et al. 2016). Between each exercise, a 5-min rest pause
without cuff compression was provided. The patients only exercised the limb scheduled for

surgery. All exercise machines as progression models were similar between all three sites.

Table 2. Exercise variables in the low-load blood-flow restricted exercise protocol
Exercise variable

Weeks 8
Level of AOP 60% AOP
Sets 4
Load intensity 30% 1RM
Repetitions 15t set 30
Repetitions 2nd & 3rd set 15
Repetitions 4th set To failure
Contraction modes per repetition
Concentric 2 seconds
Isometric 0 seconds
Eccentric 2 seconds
Rest between repetitions 0 seconds
Time under tension per repetition 4 seconds
Range of movement maximum
Rest between sets 30 seconds
Rest between sessions >36 hours
Progression >15 repetitions in set 4 = progression with the minimal
possible load
Minimal additional load, leg press 10 kilo

Minimal additional load, knee extension 0.6 kilo
AOP = Arterial occlusion pressure; RM = Repetition maximum

Control group

The CON group was encouraged to live their lives as usual until TKA surgery, according to
local preoperative recommendations, involving no hospital led prehabilitation activities.
They received usual preoperative medical care approximately two weeks before surgery,

which is described below.
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Usual Preoperative Medical Care

All patients were invited to a standard preoperative information- and educational meeting
~2 weeks before surgery where the patients gained knowledge about pain management,
nutrition, the surgical procedure, physical activity, postoperative home-based

rehabilitation, and load management (Jorgensen et al. 2020).

Total knee arthroplasty
On the day of TKA surgery, the patients were hospitalized. The day after surgery, the
participants received mild rehabilitation (mobilization) activities by a hospital
physiotherapist to (i) achieve the discharge criteria set out by the local hospital (Table 3)
and (ii) learn the home-based rehabilitation exercise program (the home-based
rehabilitation exercise programs differed between sites; descriptions of each home-based
rehabilitation exercise program is available in Paper I, Table 1a & Table 1b (Jorgensen et al.
2020)). Normally, patients were discharged within ~1-2 days postoperatively. Before
discharge, the physiotherapists and orthopedic surgeons considered if the patients were
suited for handling the home-based rehabilitation exercise program, or if the patient
needed supervised physiotherapy to achieve a sufficient postoperative recovery of physical
function. If the physiotherapist or orthopedic surgeon considered supervised postoperative
physiotherapy necessary for the patient to achieve sufficient postoperative recovery, the
patient was referred to a municipal rehabilitation center or specialized hospital-based
rehabilitation.

Two to three weeks postoperatively all patients who performed the home-
based rehabilitation exercise program (usual postoperative care) visited the hospital
outpatient physiotherapy clinics for an examination of physical function, knee joint

mobility, knee pain, -swelling and symptoms, and understanding of how to perform the

41



exercises. If the patients recovered sufficiently, the home-based rehabilitation exercise
program was progressed, and no follow-up assessment at the hospital was scheduled. If the
patient demonstrated insufficient recovery based on the examination, the patients were
referred to a municipal rehabilitation with no follow-up assessment at the hospital or
specialized hospital-based rehabilitation.

The patients referred to supervised postoperative rehabilitation were
evaluated by the physiotherapists in charge of the supervised postoperative rehabilitation

without any follow-up examination in the hospital outpatient clinics.

Table 3. Discharge criteria at Horsens Regional Hospital and Silkeborg Regional Hospital

Hospital
Outcome Horsens Silkeborg
Minimum knee flexion range of motion 60° 90°
Maximal knee extension deficit 15° 5°
In-and-out of bed Independent Independent
Sit-to-stand Independent Independent
Walking with/without assistive devices Independent Independent
Stair negotiation with/without assistive devices Independent Independent
Activities of daily living Independent Independent
Understanding of the home-based postoperative exercise Sufficient Sufficient

program

Borrowed from Jorgensen et al. (Jorgensen et al. 2020)

OUTCOME MEASURES

Outcomes measures were collected at baseline (~10 weeks before surgery), again pre-
surgery (in the week before surgery), and finally three months after surgery. The primary

end-point was three months after surgery.
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Demographics

At baseline we collected the following demographic data from all patients: Age, sex
(female/male), weight (kg), height (cm), civil status, smoking status, alcohol consumption,
education level beyond high school, employment status, previous TKA (left/right/no),
previous total hip arthroplasty (left/right/no), duration of knee symptoms, knee planned

for surgery (right/left), medication in the past week, and the AOP.

An overview of the primary and secondary outcomes and data collection time points is

presented in Table 4.

Primary outcome

The 30-second sit-to-stand test

The primary outcome was the between-group difference in change in 30STS performance
from baseline to three-month follow-up. The patients were instructed to perform as many
sit-to-stands as possible in 30 seconds from seated to standing with full hip- and knee
extension (seat height 44 cm) while the arms were crossed on the chest (Jones, Rikli, and
Beam 1999; Gill and McBurney 2008). Three practice repetitions were allowed before

performing the test (Dobson et al. 2013).

Secondary outcome variables

Timed Up & Go
The patients were instructed to (i) rise from a chair on the command "Go", (ii) walk as fast

as possible to mark two meters ahead (iii) turn 180° around (iv) walk rapidly back to sit
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down on the chair seat. The use of armrests was allowed. The test was demonstrated to the
patient. The patient initiated the test with the command "go" and the time was stopped at
initial contact with the chair seat (seat height 44 cm). The fastest of the three trials was
included in the statistical analyses. One minute rest was allowed between trials (Bloch,

Jonsson, and Kristensen 2017; Kristensen et al. 2010).

4x10 meter walk test meter walk test

The patients were instructed to walk as fast and safely as possible to a visible mark 10 m
away excluding 2 meters in each end to turn around (Wright et al. 2011; Dobson et al.
2013). The patients were allowed to use assistive walking devices if necessary. One practice

trial was provided to check understanding (Dobson et al. 2013).

Sit-to-stand Power (STS Power)

STS Power (watt/kg) was only reported in Paper II. STS Power was derived from 30STS
repetitions, body height (m), and body weight (kg) (Alcazar et al. 2018; Suetta et al. 2019;
Alcazar, Kamper, et al. 2020; Alcazar, Aagaard, et al. 2020; Alcazar et al. 2021) as

presented in the equation:

Body mass (kg) - 0.9 - [Height (m) - 0.5 — Chair height(m)]
Time (sec)
[number of repetitions

STS power =

]1-0.5

The 0.9 represents the fraction of body mass that is vertically displaced during the STS

movement, 0.5 in the numerator denotes the estimated ratio of leg length relative to body
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height, and 0.5 in the denominator denotes the relative duration (ratio) of the concentric

movement phase relative to each cyclic STS repetition (Alcazar et al. 2021).

Knee joint range of motion (ROM)
Maximal active knee joint flexion and extension ROM were measured with the patient
lying supine on the examination table with a 360° plastic goniometer. The fulcrum of the

goniometer was visually aligned to the medial epicondyle of the knee joint, and the

moveable arms pointed towards the greater trochanter and the lateral malleolus (Jakobsen

et al. 2010). To allow hyperextension of the knee, the heel was placed on a firm square box

(height 5 cm, width 8 cm; length 15 cm).

Estimated 1RM leg press strength and 1RM knee extensor strength
All patients performed the leg press strength testing before the knee extensor strength

testing. Patients first performed three low-load warm-up sets of 12-, 12, and eight

repetitions before 5-8RM leg press testing and 5-8RM knee extensor testing, respectively.

The load in each warm-up set increased by 5-10 kilos. After the warm-up, the load was
increased to determine the 5-8 RM load. If the 5-8 RM load was undetermined within
three trials, a final all-out trial was performed. Estimated 1RM strength was calculated as
[1RM = load (kg)/1.0278-0.0278-number of repetitions)] (Hansen 2012). The tests were

performed unilaterally.

Maximal isometric knee extensor and flexor strength
Knee isometric extensor- and flexor strength (MVC) were measured with a hand-held

dynamometer (HDD) (MicroFet2) setup. The patient was seated upright on an
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examination table with arms crossed on the shoulders to avoid compensation (Koblbauer
et al. 2011). The HHD was fixated with a rigid adjustable strap allowing MVC testing to be
performed at 90° knee flexion. For knee extensor MVC, the HHD was fixed to the leg of the
examination table and positioned on the anterior part lower leg 5 cm above the medial
malleolus (111). For the knee flexor MVC, HHD was fixed to a wall-mounted rib and was
placed on the posterior aspect of the calcaneus (111). The HHD-stain gauge automatically
converted the signal into newton which was multiplied with the lever arm length to
calculate the moment of force (torque) (Aagaard et al. 2002). The tests were performed

unilaterally and normalized to bodyweight (Nm/kg).

Knee disability and Osteoarthritis Outcome Score (KOOS)

Patients were instructed to complete the five KOOS subscales; pain, symptoms, activities of
daily living (ADL), sport and recreational activities (Sport), and quality of life (QoL) with a
total of 42 questions scored from zero to four on a Likert-type scale boxes (Roos and
Lohmander 2003). The total sum of each subscale was converted into a numeric score of

zero (worst) to 100 (best) on a 0-100 continuous scale (Roos and Lohmander 2003).

EuroQol Group 5-dimension (EQ-5D-5L)

Patients also were instructed to complete the EQ-5D-L5 questionnaire. The EQ-5D-5L is a
generic questionnaire containing two separate parts: (I) an evaluation of mobility, self-
care, usual activities, pain/discomfort, and anxiety/depression (no problems, slight
problems, moderate problems, severe problems, and extreme problems), yielding a health
state ranging from -0.624 (worst) to 1.000 (best), using a Danish preference value set
(Herdman et al. 2011; Wittrup-Jensen et al. 2009; Jensen et al. 2023; Mandy van Reenen

2019); (IT) a visual analog self-rating scale (EQ-VAS) of the overall current health status
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from o (worst imaginable health) to 100 (best imaginable health) (Mandy van Reenen

2019; Herdman et al. 2011).

Numeric Rating Scale Pain (NRS pain)

Patients reported pain intensity using a segmented unidimensional 11-item measure of
pain intensity in adults (Numeric ranking scale (NRS,0-10) for pain at each testing session
at rest, and after all lower limb strength tests. Further, NRS pain was measured at each
exercise session, before-, after 1st set- and after the last set of each exercise. Zero was no

pain and 10 representing worst pain (Hawker et al. 2011).

Exercise adherence and progression
Project physiotherapists registered all exercise session attendances and loading

progressions during BFR-RT sessions. Exercise adherence was calculated as:

scheduled sessions
adherence (%) =

- 100 (Hogsholt et al. 2022; Petersson et al. 2022)

completed sessions

Adverse events

Patients completed an open-labeled questionnaire to describe any unexpected or
unintended events occurring during the period from enrolment until the 3-month follow-
up resulting in contact with the healthcare system regardless of whether related or

unrelated to the intervention or outcome assessments.

Declining surgery

The patients revealed if they decided to undergo surgery. Patients declining to be operated

followed all prescheduled follow-up assessments.
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Postoperative supervised physiotherapy

Participation in postoperative supervised training was recorded at the three-month follow-

up assessments by using patient-reported questionnaires (yes/no; type of exercise).

Table 4. Overview of the primary and secondary outcomes

Measure

Primary
Outcome

30-sec sit-to-stand
test

Secondary
Outcomes
Physical function

Timed Up & Go

40 meter fast paced
walk test

Sit-to-stand Power

Outcome

More repetitions
represents better
physical function

Fewer seconds
represents better
ambulatory function

Fewer seconds
represents better
walking speed

Higher watts
represents better
performance

Measures the number of sit-to-stands performed
with full hip- and knee extension when standing
within 30 seconds with the hands crossed in
front of the chest (Jones, Rikli, and Beam 1999;
Gill and McBurney 2008). The 30STS is
associated with lower limb strength and physical
function with good to excellent intra- and inter-
rater reliability (Dobson et al. 2013; Gill and
McBurney 2008; Jones, Rikli, and Beam 1999;
Wright et al. 2011). The chair height was 44 cm
high. The patients were allowed three practice
repetitions before performing the trial (Dobson
et al. 2013).

An ambulatory test measuring the time required
to stand from a chair (seat height 44 cm) walk
around a tape mark 3 meters away and return to
sitting. The test has good inter-rater reliability
(Bloch, Jonsson, and Kristensen 2017;
Kristensen et al. 2010).

Measures the time spent to walk as fast as
possible for 4x10 meters excluding 2 meters in
each end to turn around (107). The test is valid
and responsive for assessing short-distance
maximum walking speed with excellent inter-
rater reliability (Wright et al. 2011).

Lower limb muscle power derived from sit-to-
stand testing (STS Power) in healthy young-to-
old adults (i.e. employing the 30STS) is strongly
correlated to more established measures of
mechanical muscle power (i.e. Nottingham

Time point

To
T1
T2

To
T1
T2

To
T1
T2

To
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Knee joint range of
motion

Lower limb strength

1 Repetition
maximum leg
press- and knee
extensor strength

Isometric maximal
knee extensor- and
flexor torque

0° represents full knee
extension range of
motion. 130° represent
full knee flexion range
of motion.

More kilos represents
stronger lower limbs

Higher force
production (Nm/kg)
represents stronger
lower limbs

Patient-reported outcomes (questionnaires)

The Knee
Osteoarthritis
Outcome Score

The EQ-5D-L5

Scores closer to 100
represents better self-
perception in each
subscale

An EQ-Index score -
0.624 I worst and
1.000 is best. An EQ-
VAS score closer to
100 is better.

power rig) (Alcazar, Kamper, et al. 2020; Alcazar
et al. 2018).

Maximal active knee joint flexion and extension
range of movement (ROM) were measured with
the patient lying supine on the examination table
with a 360° plastic goniometer. High intra-tester
reliability has been observed for this test
(Jakobsen et al. 2010). A 6.6°-change in knee
ROM is considered to reflect a true change when
assessing maximal knee joint flexion and
extension (Jakobsen et al. 2010).

The load was gradually increased to determine
the 5-RM load. One RM strength was estimated
[1RM = load (kg)/1.0278-0.0278-number of
repetitions)] (Hansen 2012). The tests were
performed unilaterally.

Knee extensor- and flexor MVC force output was
measured with a standardized hand-held
dynamometer (HDD) setup. The method has
good-to-excellent inter- and intra-rater
reliability in patients scheduled for TKA (111).
The tests were performed unilaterally.

The questionnaire is intended for, among other
knee-injury populations, subjects suffering from
knee OA and after TKA (Collins et al. 2016). The
KOOS is valid and reliable in patients on the
waiting list for TKA for knee OA with adequate
content validity, and construct validity (Roos
and Lohmander 2003; Lyman et al. 2018;
Collins et al. 2016).

The EQ-5D-L5 is a generic questionnaire but has
been demonstrated to be responsive in terms of
detecting changes in health-related QoL
(HRQoL) in patients undergoing TKA with a
small ceiling- and floor effect (Jin et al. 2019).
The EQ-5D-L5 has been found reliable and valid
in patients with knee OA eligible for TKA
(Herdman et al. 2011; Buchholz et al. 2018;
Bilbao et al. 2018; Conner-Spady et al. 2015).
The patients completed both parts of the EQ-5D-
Ls.

To
T1
T2

To
T1
T2

To
T1
T2

To
T1
T2

To
T1
T2
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The patients completed an open-labeled
questionnaire with the possibility to describe the T2
adverse event in 5-8 words.

No = no adverse events

Adverse Events
Yes = adverse event

. . . To
Pain during testing TE
and exercise Lower pain scores represent lower perceived pain. T1
sessions T

. . Yes = received total knee arthroplasty surgery

Declining surgery No = declined total knee arthroplasty surgery T2
No = performed the postoperative home-based rehabilitation exercise

Postoperative program

supervised Yes; type = Description of the postoperative supervised physiotherapy T2

physiotherapy received

Exercise related variables

Exercise adherence ng}_ler exercise adherence represents more attendance to planned TE
sessions

Exercise Higher loading intensity represent exercise progression TE

progression

Knee extensor MVC = maximal isometric knee extensor torque; knee flexor MVC = maximal isometric knee flexor
torque; To = baseline; TE = during exercise sessions; T1 = pre-surgery; T2 = Three months after surgery; Nm =
newton meter; kg = kilo

SAMPLE SIZE CALCULATION

No data were available in the literature on changes in 30STS following BFR-RT in patients
scheduled for TKA or on the minimal clinically relevant change in 30STS in patients
suffering from knee OA. Skoffer et al. (Skoffer et al. 2016) found a 3-4-rep improvement in
30STS three months after TKA following four weeks of preoperative HL-RT compared with
usual preoperative medical care, which was applied in our calculation along with a 4.7
standard deviation (Skoffer et al. 2016). Assuming a statistical power of 0.80 and a
significance level of 0.05, it was calculated that 39 patients were required in each group
yielding 78 patients in total. With an expected 10% dropout rate, a total sample size of 86

patients was deemed required.
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STATISTICAL CONSIDERATIONS AND METHODS

Paper I1

Descriptive statistics are presented as group means and 95% Confidence Interval (CI).
Continuous data were checked for normality using histograms and QQ plots. Dependent
variables were: STS Power knee extensor MVC, and independent variables were TUG,
40mFWT, and KOOS subscales Pain, Symptoms, Sport, ADL, QOL (Langgard Jergensen et
al. 2023).

We performed all analyses with each dependent variable separately for the
male patient cohort and the female patient cohort using linear and multiple regression
analysis (Pearson product-moment method) with age as the covariate (Langgard
Jorgensen et al. 2023).

The assumption of the multiple regression analyses was verified using plots of
observed versus predicted values, residual plots, histograms, and QQ plots. 3 coefficients
with 95%CI were calculated along with the correlation coefficient (r), the unadjusted and
adjusted coefficients of determination (r2) (Foldager et al. 2022; Langgard Jorgensen et al.
2023).

To compare the strength of the r-values based on STS Power and knee
extensor MVC as a predictor of physical function and patient-reported outcomes,
respectively, the Pitman's test was performed on the unadjusted r-values (Skoffer et al.

2015). The level of statistical significance was set at P<0.05.

Papers III and IV

Recommendations listed in the “Enhancing the QUAlity and Transparency Of health

Research” (EQUATOR) network (Christensen, Bliddal, and Henriksen 2013), the
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CONSORT statement (Moher et al. 2012), and a Checklist for statistical Assessment of
Medical Papers (Mansournia et al. 2021) were followed using the intention-to-treat
principle including all 86 patients. A pre-specified per-protocol analysis on the primary
outcome variable was performed. The per-protocol population included patients in the
intervention group attending >80% of the supervised exercise sessions (=19 sessions), and
all control subjects. Between-group comparisons from baseline to three months
postoperatively were analyzed using a mixed linear model with patient ID as a random
effect and time, hospital site, and subject group as fixed effects. Student t-tests were
applied to compare the pre-to-post-training differences within the respective training or
control groups (Jargensen et al. 2020). Patients with missing values were excluded from
the specific analyses (complete case-analysis) (Heymans and Twisk 2022) The level of

statistical significance was set at P<0.05.

RESULTS

Participant enrollment and flow

From September 2019 to June 2023, a total of 2805 patients were scheduled for a TKA at
Horsens Regional Hospital and Silkeborg Regional Hospital (Figure 6). Of these, 612 were
assessed for eligibility. Eighty six patients were enrolled in the trial and randomized to

BFR-RT (n = 42) or CON (n = 44). Forty-three patients were enrolled from each site.

The most frequent reason for ineligibility was unwillingness to participate due

to too much time spent on transportation (n = 223).

A total of 16 (19%) patients were lost to follow-up pre-surgery, and 16 patients

were lost to follow-up after surgery. Lost to follow-up was defined as not completing the
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primary outcome at the respective follow-up tests (Figure 6). Of the 42 patients allocated
to BFR-RT, 2 (5%) patients declined to participate in the exercise sessions due to (i) too

much time spent on transportation (n=1) and (ii) personal reasons (n=1).

Patient characteristics

Paper II
Baseline characteristics of included patients in the RCT (males and females) are presented
in Table 5.

The included patients comprised of 14% more females than males (37 males
versus 49 females). The males were significantly higher and heavier compared with the
females (p<0.05) while no differences were observed in age and body mass index (BMI)

between genders (Table 5).
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CONSORT FLOW CHART

Enrollment Not meeting inclusion criteria (n = 568)
, >45 min transportation (n = 223)
- : Below the age of 50 (n = 5)
Scheduled for TKA in the trial Previous stroke (n = 11)
period Cardiovascular or pulmonary disease (n
(n =2805) = 4)
Assessed for eligibility . ér; (e)))ﬂstlng prosthesis in the index leg (n
(n = 6|12) Refused to participate (n = 84)
Randomized (n = 86) Other reasons (n = 137)

\4

Allocated to the Intervention Group (n = 42)
Received allocated intervention (n = 40)

No intervention (n = 2)

Withdrew consent (n = 1)

Too much time spent on transportation (n = 1)

Pre-surgery (T1)

Assessed (n = 40)

Lost to follow-up (n=2):

Too much time on transportation (n=1)
Personal reasons (n=1)

Allocation & Baseline testing (To) l

Allocated to Control Group (n = 44)
Received allocated intervention (n = 44)

Assessed (n=30)

Lost to follow-up (n=14).

Did not show for the appointment (n=3)

Knee effusion following baseline testing (n=1)
Surgery for cervical herniated disc (n=1)
Influenza symptoms (n=1)

Personal reasons (n=4)

PhD Student sick leave (n=1)

Refrains to hospital visit due to COVID19 (n=1)
Declined surgery due to personal reasons (n=2)
Unsatisfied with randomization (n = 1)

Analysis

Intention-to-treat-analysis (n = 40)

Three months after
surgery (T2)

Assessed (n = 35)

Lost to follow-up (n = 7)

Too much time spent on transportation (n=1)
Personal reasons (n=2)

Withdrew consent (n = 1)

Brissement force (n = 1)

Did not show for the appointment (n = 1)
Diagnosed with spinal stenosis (n = 1)
Postoperative neuropathic sensation in the leg

(n=1)

Intention-to-treat-analysis (n = 30)

Assessed (n=35)

Lost to follow-up (n = 9)

Knee effusion following baseline testing (n=1)
Surgery for cervical herniated disc (n=1)
Personal reasons (n = 3)

Refrains to hospital visit due to COVID19 (n=1)
Declined surgery due to personal reasons (n = 2)
Unsatisfied with randomization (n = 1)

Allergic to band aid (n = 1)

Analysis

Intention-to-treat-analysis (n = 35)
Per protocol analysis (n = 31)

A\ 4

Intention-to-treat-analysis (n = 35)
Per protocol analysis (n = 34)

Figure 6. Consort study flow chart until three months follow-up. N represent the number of patients who

was assessed for the primary outcome.
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Equal distributions between genders were scheduled for right leg TKA (males: 48%;
females 53%) and left leg TKA (males: 51%; females: 47%), patient with a total hip
arthroplasty in the contralateral limb (males: 8%; females 4%), and symptom duration
were observed (Table 5). The female patient cohort demonstrated 9% more patients with
an existing TKA in the contralateral knee (males: 13%; females: 22%) (Table 5).

No differences were observed at baseline in the five KOOS subscales between
genders. Also, no between-group differences were observed for 30STS or 40omFWT. The
males were faster during the TUG test (p<0.05) compared with the female patients (Table
5). Males and females demonstrated similar STS power values, but the males produced
higher knee MVC torque on the affected limb (p<0.01) compared with the female patients

(Table 5).
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Table 5. Baseline characteristics of the male and female trial participants (n=86)

Outcome
Height (cm)
Weight (kg)
Age (years)
BMI

Knee Osteoarthritis Outcome Score
Pain (0-100)

Symptoms (0-100)

Activities of daily living (0-100)
Sport & Recreational (0-100)
Quality of life (0-100)

Physical Function
Sit to stand (repetitions)

Timed Up & Go (seconds)
40 meter fast paced walk test (meter)

STS power production (W/kg)

Maximal isometric knee extensor strength, affected leg (Nm/kg)

Knee scheduled for surgery (n)
Right
Left

Males (n=37)

Mean
[95%CI]
178.2

[172.9; 183.6]*

94.5

[89.5;99.5]*

65.9
[63.2; 68.6]
30.8
[27.2; 34.4]

47.6
[42.3; 53.0]
53.8
[47.5; 60.0]
54.7
[49.3; 60.1]
23.7
[17.6; 29.8]
30.7
[26.2; 35.2]

12.4
[11.1; 13.6]
6.6
[5.8; 7.4]*
25.8
[23.4; 28.3]
3.22
[2.81; 3.63]
2.99

[2.67; 3.31]**

Counts
18

19

Existing total knee replacement in the contralateral knee (n)

Yes/No

Existing total hip replacement in the contralateral leg (n)

Yes/No

Symptoms duration (n)
0-6 months

6-12 months

1-3 years

>3 years

5/32

3/34

(0]

4

5
28

Females (n=49)

Mean
[95%CI]
165.6

[162.9;166.3]

86.6
[81.1; 92.1]
67.2
[64.9; 69.4]
31.9
[30.1; 33.8]

47.5
[43.1: 51.9]
51.8
[46.6: 57.0]
53.4
[49.0; 57.9]
16.8
[12.1; 21.4]
20.2
[25.3; 33.1]

12.3
[11.3; 13.4]
7.8
[6.9; 8.6]
28.8
[26.8; 30.9]
2.72
[2.46; 2.97]
2.03
[1.83; 2.23]
Counts
26

23

11/38

2/47

2

3
11

33

*Male/female are presented as the absolute number of males and females, respectively; Cm= centimeter; kg
= kilo; CI = confidence interval *: p<0.05, **=<0.01



Paper IIT and IV

Baseline characteristics of all 86 patients, the BFR-RT group, and CON are presented in
Table 6. No between-group differences were observed for age, height, weight, or BMI
(Table 6). There were 10% more males in the CON group (48%) compared with the BFR-
RT group (38%). The number of patients scheduled for a TKA on the right limb and left
limb, living with an existing TKA or THA in the contralateral limb, civil status, smoking
status, duration of knee symptoms, and pain medication were similar between the groups

(Table 6).
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Table 6. Baseline patient characteristics of the intervention group and control group

All BFR-RT CON
(n=86) (n=42) (n=44)
Mean Mean Mean
[95%CI] [95%ClI] [95%CI]
Age (years) 66.6 67.1 66.1
[64.9; 67.7] [64.6; 69.7] [63.8; 68.5]
Height (cm) 170.5 169.1 171.7
[167.6; 173.3] [164.2; 174.1] [168.7; 174.8]
Weight (kg) 90.0 90.3 89.7
[86.2; 93.8] [85.1; 95.6] [83.9; 95.5]
Body mass index (weight (kg) « height (cm)2) 31.4 32.5 30.5
[29.6; 33.3] [29.2; 35.7] [28.6; 32.4]
Count Count Count
Males/females 37/49 16/26 21/23
Knee scheduled for surgery (n)
Right 44 23 21
Left 42 19 23

Existing total knee replacement in the contralateral knee (n)

No 70 33 37
Yes 16 9 7

Existing total hip replacement in the contralateral leg (n)
No 81 40 43
Yes 5 2 3

Civil status

Married/in a relationship 69 33 36
Single/divorced/widow/widower 17 9 8

Smoking

Never smoked 43 21 22
Former smoker 23 16 17
Occasional smoker 3 1 2

Smoking 5 4 1

Duration of knee symptoms

0-6 months 2 1 1
6-12 months 7 3 4
12-36 months 16 9 7
More than 36 months 61 29 32

Pain medication

Paracetamol 65 33 32
Ibuprofen 34 17 17
Morphine 6 3 3
Did not use pain medication 15 6 9

BFR-RT = intervention group; Con = control group; cm = centimetre; kg = kilo; CI = confidence interval
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At baseline, the BFR-RT and CON groups displayed similar performance in all measures of
physical function, knee joint range of motion, patient-reported outcomes, and lower limb

strength (Table 7).
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Table 7. Baseline measures of physical function, patient-reported outcomes and lower limb
strength in the intervention group and control group

BFR-RT CON
Outcome Mean Mean
[CI95%] [CIo5%]
Physical function and knee range of motion
30-sec sit-to-stand (repetitions) [11 2218 4.1] [10 192_'(1)3 1
Timed Up & Go (seconds) [6 1697 7] [6 972 5]
40 meter fast paced walk test (seconds) [24 22638 6] [26 2?’370 8]
Knee flexion, affected leg (degrees) [llll,lf2 o] [1121.1 ?20]
Knee extension, affected leg (degrees) [2.711] [2.610]
Patient-reported outcomes
i - 50.5 45.0
KOOS Pain (0-100) [45.7; 55.3] [40.5; 59.4]
2.8 2,
KOOS Symptoms (0-100) (47.3; 68.4] (472 57,
KOOS Activities of daily living (0-100) Lo oy ] 48 9761
KOOS Sport & Recreational Activities (0-100) [11 §7212 4] [16 ?1 '216 1]
KOOS Quality of Life (0-100) [26.391'.(;5.1] [24.?;.35’2_2]
0.6 0.6
EQ-5D-5_Index (-0.624-1) [0.65; 3_73] [0.61; g’_ 69]
61.4 64.0
EQ-VAS (0-100) [53.9; 69.0] [56.8; 71.3]
Lower limb strength
1RM Leg press, affected (Kg) [ 485-66 5] [ 495376 5]
1RM Leg press, non-affected (Kg) [667'787] [6 47'585]
1RM Knee extensor, affected leg (Kg) [1 4%720] [1;12 4]
1RM Knee extensor, non-affected leg (Kg) [2 02'428] [222.629]
Isometric knee extensor torque, affected leg (Nm kg ) [2 02?; 6] [2 322 9]
Isometric knee extensor torque, non-affected leg (Nm kg 1) [2 122 7] [2 42:72) o]
Isometric knee flexor torque, affected leg (Nm kg 1) [1 21?; 5] [1 21,' ?; 5]
Isometric knee flexor torque, non-affected leg (Nm kg -1) [1 3151 6] [1 ; f‘i 6]

Cl95% = 95% confidence interval; rep = repetition; KOOS = Knee Injury & Osteoarthritis Outcome Score; RM
= repetition maximum; kg = kilo; pre = pre-surgery; pre = prior to surgery; 3 months = 3 months
postoperative

Associations with STS Power vs knee extensor strength when adjusted to age to physical

function and patient-reported outcomes

STS power was better associated with TUG and 40mFWT compared with knee extensor
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MVC in both the male- and female patient cohort (Table 8a, Table 8b).

Significant associations to KOOS subscales were only found with STS Power to
pain, sport, and ADL in the male patient cohort (Table 8a, Table 8b).

Overall, knee extensor MVC was not significantly associated with any of the

selected outcomes (Table 8b).
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Table 8a. Associations to STS Power (watt/body mass)

Timed Up & Go (Seconds)

p
95%CI

R
r2
p-value r2
n

40 meter fast paced walk test

(seconds)
p

95%CI

R

r2

p-value r2

n

KOOS Pain
p

95%CI

R

r2

p-value r2

n

KOOS Symptoms
p

95%CI

R

r2

p-value r2

n

KOOS Sport
p

95%CI

R

r2

p-value r2

n

KOOS ADL
p

95%CI

R

r2

p-value r2

n

KOOS QOL
p

95%CI

R

r2

p-value r2

n

Males

_1‘3**
[-1.3; -0.8]
0.68
0.46
<0.01
37

-4.3%*
[-5.8; -2.9]
0.72
0.52
<0.01
37

5.2%
[1.2;9.2]
0.42
0.18
0.01

34

1.1
[-4.0; 6.2]
0.08
>0.00
0.65

34

2.2
[-2.7; 7.1]
0.18
0.03
0.36
34

7'1**
[3.6; 10.7]
0.58
0.34
<0.01

34

1.4
[-2.2; 5.1]
0.15
0.02
0.43
34

Crude

Females

_1_4**
[-2.3; -0.5]
0.41
0.17
<0.01

49

-2,7%
[-5.0; -0.5]
0.34
0.12
0.02

49

3.5
[-1.4; 8.3]
0.22
0.05
0.16

45

-0.7
[-6.6; 5.2]
0.03
<0.00
0.82

46

3.2
[-1.9; 8.4]
0.19
0.03
0.21

45

2.7
[-2.2;7.7]
0.17
0.03
0.27

45

3.1
[-1.2;7.4]
0.21
0.05
0.16

46

Adjusted
Males Females
-1.1%* -1.4%*
[-1.6; -0.6] [-2.3; -0.5]
0.68 0.43
0.47 0.19
<0.01 <0.01
36 49
-4.4%* -2.6%
[-6.0; -2.7] [-4.8; -0.5]
0.74 0.43
0.55 0.18
<0.01 0.01
36 49
6.5 3.5
[2.2;10.8] [-1.3; 8.4]
0.50 0.28
0.25 0.08
<0.01 0.17
33 45
3.5 -0.6
[-1.4; 8.5] [-6.6; 5.3]
0.49 0.11
0.24 0.01
0.17 0.77
33 46
4.6% 3.3
[0.09.2] [-1.6; 8.3]
0.55 0.35
0.29 0.12
<0.01 0.07
33 45
7.2%% 2.8
[3.3; 11.0] [-2.3; 7.8]
0.58 0.17
0.33 0.03
<0.01 0.54
33 45
2.1 3.2
[-1.6; 5.9] [-0.9;7.3]
0.32 0.37
0.10 0.14
0.12 0.04
33 46

B = P—coefficient; KOOS = Knee Injury & Osteoarthritis Outcome Score; Sport = sport and recreational
activities; ADL = activities of daily living, QoL = quality of life * p<0.05 ** p<0.01
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Table 8b. Associations to knee extensor MVC strength in the affected leg (Nm/kg)

Timed Up & Go (Seconds)

B-

95%CI

R

r2

p-value r2
n

40 meter fast paced walk test

(seconds)
p

95%CI

R

r2

p-value r2

n

KOOS Pain

B

95%CI

R

r2

p-value r2

n

KOOS Symptoms
B

95%Cl

R

r2

p-value r2

n

KOOS Sport
p

95%CI

R

r2

p-value r2

n
KOOS ADL
p

95%CI

R

r2

p-value r2

n
KOOS QOL

p

95%CI

R

r2

p-value r2
n

Males

-0.9%
[-1.7; -0.2]
0.39
0.15
0.02

35

-2.9%
[-5.5; -0.3]
0.37
0.14
0.03

35

-2.9
[-8.7; 3.0]
0.18
0.03
0.32
32

4.4
[-11.2; 2.3]
0.24
0.06
0.19

32

0.3
[-6.1; 6.8]
0.02
<0.00
0.91
32

1.4
[-4.6; 7.4]
0.09
0.01
0.63

32

-0.7
[-5.9; 4.6]
0.05
>0.00
0.80

32

Crude

Females

-1.0
[-2.3; 0.2]
0.24
0.06
0.10
48

-3.0%
[-3.0; -0.0]
0.29
0.08
<0.05
48

-0.0
[-6.6; 6.5]
>0.00
>0.00
0.99
44

-1.1
[-6.3; 8.4]
0.04
>0.00
0.77
45

1.9
[-5.0; 8.8]
0.09
0.01
0.58
44

1.9
[-4.8; 8.5]
0.09
<0.01
0.57
44

-1.4
[-7.1; 4.2]
0.08
0.01
0.61

45

Adjusted

Males

-0.6
[-1.5; 0.3]
0.39
0.15
0.08

34

-2.7
[-6.0; 0.5]
0.37
0.14
0.08

34

-2.0
[-9.1; 5.1]
0.23
0.05
0.45
31

-2.3
[-0.0; 0.0]
0.38
0.14
0.11

31

3.6
[-3.5; 10.8]
0.39
0.15
0.10

31

-0.1
[-7.2;7.0]
0.07
<0.01
0.94
31

0.3
[-5.7; 6.3]
0.25
0.06
0.41
31

Females

-1.0
[-2.2; 0.3]
0.26
0.07
0.20

48

-2.6
[-5.5; 0.3]
0.36
0.13
0.04

48

0.3
[-6.3;6.9]
0.17
0.03
0.54
44

1.4
[-6.1; 8.9]
0.10
0.01
0.81

45

2.5
[-4.2; 9.2]
0.29
0.09
0.16

44

1.9
[-4.9; 8.7]
0.09
<0.01
0.16

44

-0.6
[-6.2; 4.9]
0.30
0.09
0.61

45

p = p—coefficient; KOOS = Knee Injury & Osteoarthritis Outcome Score; Sport = sport and recreational
activities; ADL = activities of daily living, QoL = quality of life * p<0.05 ** p<0.01
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Pitman's test
Table 9 presents the comparison of the crude r-values of STS Power and knee extensor

MVC to each outcome parameter.

For the male patient cohort, TUG, 40mFWT, KOOS Pain, KOOS Sport, KOOS
ADL, and KOOS QOL displayed a significantly stronger correlation to STS Power
compared with knee extensor MVC (Table 9). Only KOOS Symptoms revealed a stronger
correlation to knee extensor MVC compared with STS Power in the male patient cohort

(Table 9).

For the female patient cohort, TUG, KOOS Pain, KOOS Sport, KOOS ADL, and
KOOS QOL were significantly stronger correlated to STS Power compared with knee
extensor MVC (Table 9). The correlation with 40mFWT and KOOS Symptoms displayed

no significant differences in STS Power compared with knee extensor MVC (Table 9).
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Table 9. Correlations of sit-to-stand power vs. maximal knee extensor strength as crude

predictors of physical function and patient-reported outcomes

Sex
Male
Timed Up & Go
Female
40 meter fast paced Male
waling Female
Male
KOOS Pain
Female
Male
KOOS Symptoms
Female
KOOS Sport & Male
Recreation
Female
KOOS Activities of daily Male
living Female
Male
KOOS Quality of life
Female

STS Power

r=0.68
r=0.41
r=0.72
r=0.34
r=0.42
r=0.22
r=0.08
r = 0.03
r=0.18
r=0.19
r=0.58
r=0.17
r=0.15

r=0.21

>

p <0.01
>

p=o0.01
>

p <0.01

p =048
>

p < 0.01
>

p = 0.01
<

p = 0.03

p=0.07
>

p < 0.01
>

p=0.05
>

p < 0.01
>

p=0.01
>

p=0.01
>

p=0.01

r=0.39

r=0.24

r=0.37

r=0.29

r=0.18

r=0.00

r=0.24

r=0.04

r=0.02

r=0.09

r=0.09

r=0.09

r=0.05

r =0.08

Knee extensor MVC

> favors STS power, < favors knee extensor MVC strength, = no significant difference between STS power

and knee extensor MVC strength

STS power: mean 30-s sit-to stand power; MVC knee extensor MVC strength: maximal isometric knee

extensor torque; KOOS=Knee Injury & Osteoarthritis Outcome Score
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Repetitions

Changes in physical function

Paper I1II and Paper IV
Raw data for the primary and secondary outcomes at each follow-up are presented in

Paper III and Paper IV (appendix).

Primary outcome

For the primary outcome (30STS), the between-group mean change at the primary
endpoint (three months after surgery) was 0.01 [-1.6; 1.6] (Table 10, Figure 7). Likewise, no
between-group difference was observed pre-surgery (Table 10, Figure 7).

Both groups revealed significant within-group improvements three months

after surgery (Table 10).
A 30-sec sit-to-stand performance B Mean changes in 30-sec sit-to-stand performance
N
N
15+ BFR-RT CON =
3]
14+ g—— *
- 2
‘I/i’ 12}
_— 5
13 7//—/ —— BFR-RT :;
— e CON 2 I Mean
& T s 95%CI
e
12+ —
o
14 T
A
Baseline Pre-surgery 3 months post Pre-surgery 3 months post Pre-surgery 3 months post

Figure 7. A. Absolute numbers of repetitions and Between-group differences in the 30 seconds sit-to-
stand test at the three measurement points. B. Mean changes in the primary outcome, 30 seconds sit-to-
stand test from baseline to pre-surgery, and from pre-surgery to three months after total knee arthroplasty
for the group engaging in eight weeks of preoperative low-load blood flow restricted resistance training
(BFR-RT) and the control group (CON) receiving usual preoperative medical care.

* = within-group change p <0.05
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Table 10. Mean change in the primary and secondary outcomes with BFR-RT vs. usual

preoperative medical care

BFR-RT
Outcome Mean Mean
change T1 change T2
[CI] [CI]
Physical function
30-sec sit-to- 0.4 1.2
stand (reps) [-0.4;1.3] [0.03; 2.3]*
Per protocol
. 0.4 1.0
30-sec sit-to- [0.6: 1.4] [-0.4: 2-4]
stand (reps) o v
Timed Up & Go -0.5 -0.6
(sec) [-1.3; 0.2] [-1.3; 0.0]
40 meter fast
paced walk test [-1 O:2 _g 9
(sec) -1.5; 1.9] [-2.6; 0.9]
Knee joint range of motion, affected leg
. e -2 -1
Knee flexion (°) [-4: 1] [-6: 5]
Knee extension -4 -4
Q) [-8; 1] [-8; 1]
Patient-reported outcomes
KOOS Pain 3.4 23.1
(0-100) [-1.4; 8.2] [16.6; 29.7]*
KOOS Symptoms 6.8 14.3
(0-100) [2.0; 11.5]* [8.1; 20.5]*
KOOS ADL 2.5 22.9
(0-100) [-2.4; 7.5] [17.2;28.6]*
KOOS Sport 2.7 20.9
(0-100) [-3.6; 9.0] [11.7; 30.1]*
KOOS QoL 3.3 33.8
(0-100) [-1.2;7.8] [26.0; 41.7]*
EQ-5D-5_Index 0.02 0.13
(-0,624-1.000) [-0.01; 0.06] [0.07; 0.18]*
EQ-VAS (0-100) 8.6 19.8
[0.3;16.9]* [12.6; 27.0]*
Lower limb strength, affected leg
1RM Leg press 27 17
(kg) [20; 35]* [10; 24]*
1RM Knee 7 1
extensor (kg) [4; 10]* [-2; 3]
Knee extensor 0.2 o1
MVC ) )
(Nm kg 1) [-0.1; 0.4] [-0.2; 0.4]
Knee flexor MVC 0.2 -0.2
(Nm kg 1) [-0.0; 20.3] [-0.4; -0.1]*

Lower limb strength, non-affected leg

1RM Leg press 0. 13
(kg) [1; 17]* [4; 22]*
1RM Knee 2 -1
extensor (kg) [-1; 4] [-4; 2]

CON
Mean Mean
change T1 change T2
[CI] [CI]
-0.1 1.2
[-1.1;0.8] [0.03;2.4]*
-0.0 1.5
[-1.1; 1.0] [0.1;2.4]
0.01 -0.6
[-0.8; 0.8] [-1.2; 0.1]
0.2 -0.8
[-1.6; 2.1] [-2.5; 0.9]
0] -2
[-3; 3] [7; 3]
_1 _3
[-5; 4] [-8;1]
3.7 29.4
[-1.6; 9.0] [23.1; 35.8]%
2.6 14.9
[-2.7; 8.0] [9.1; 20.7]*
1.7 22.7
[-3.8; 7.2] [17.3; 28.1]*
-1.6 19.7
[-8.6; 5.4] [10.9; 28.5]*
-0.5 28.9
[-5.6; 4.6] [21.2; 36.6]*
0.04 0.16
[-0.00; 0.07] [0.11; 0.21]*
2.2 12.6
[-6.6; 10.9] [5.9; 19.3]*
-2 0
[-10; 7] [-7; 8]
2 -4
[-1; 5] [-7; 1]
-0.1 -0.4
[-0.4; 0.2] [-0.7; -0.1]*
0.0 -0.3
[-0.2; 0.2] [-0.5; -0.2]*
5 0
[-4; 13] [-10; 9]
2 -1
[-1; 4] [-4; 2]

Between-group

T1
[CI]

-0.6
[-1.9; 0.7]

-0.4
[-1.9; 1.0]

0.5
[-0.6; 1.6]

0.01
[-2.5; 2.5]

1
[-3; 5]
3
[-3; 9]

0.3
[-6.9; 7.5]
-4.1
[-11.3; 3.0]
-0.8
[-8.2; 6.5]
-4.3
[-13.7; 5.1]
-3.7
[-10.5; 3.0]
0.01
[-0.04; 0.07]
-6.4
[-18.5; 5.7]

_29
[-42; -18]*
-5
[-9; -1]*
-0.2
[-0.6; 0.1]

-0.1
[-0.4; 0.1]

[-17; 8]
0.00
[-3; 3]

T2
[CI]

0.01
[-1.6; 1.6]

0.5
[-1.5; 2.4]
0.1
[-0.8; 1.0]

0.1
[-2.4; 2.5]

-1
[-9; 6]
(0]
[-6; 7]

6.3
[-2.8; 15.4]
0.6
[-7.95 9.1]
-0.2
[-8.1;7.7]
-1.2
[-13.9; 11.6]
-4.9
[-15.9; 6.1]
0.04
[-0.03; 0.11]
-7.2
[-17.0; 2.6]

-16
[-26; -6]*
-5
[-8; -1]*
-0.5
[-0.9; -0.1]*

-0.1
[-0.3; 0.1]

-13
[-26; 0.00]
-0.1
[-4; 4]
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Knee extensor

MVC 0.2 0.2 -0.2 -0.2 -0.4 -0.4
(Nm kg ) [-0.1; 0.4] [-0.1; 0.4] [-0.5; 0.1] [-0.5; 0.1] [-0.8; 0.0] [-0.8; 0.0]
Knee flexor MVC 0.1 0.1 -0.1 -0.2 -0.2 -0.1

(Nm kg 1) [-0.1; 0.2] [-0.1; 0.2] [-0.3; 0.1] [-0.2;-0.1] [-0.4; 0.6] [-0.3; 0.1]

BFR-RT = preoperative low-load blood flow restricted resistance training; CI = confidence interval; rep = repetition;
KOOS = Knee Injury & Osteoarthritis Outcome Score; RM = repetition maximum; kg = kilo; knee extensor MVC =
maximal isometric knee extensor torque; knee flexor MVC = maximal isometric knee flexor torque; Sport = Sport &
Recreational activities; QoL = quality of life; VAS = Visual Analog Scale; T1 = pre-surgery; T2 = 3 months
postoperative; Rep = repetitions; Sec = Seconds; Nm = newton meter. *p<0.05

Secondary outcomes

Physical function
The TUG and 40mFWT tests demonstrated no between-group differences pre-surgery or
three months after surgery (Table 10). Both tests displayed no significant within-group

changes at any time point in any of the groups (Table 10).

Knee joint range of motion
Knee joint flexion and extension revealed no significant between-group changes pre-
surgery or three months after surgery (Table 10). Likewise, no within-group changes

occurred in knee joint flexion or extension at any time point in both groups (Table 10).

Patient-reported outcomes

No between-group changes in any of the KOOS subscales were observed pre-surgery or
three months after surgery (Table 10). Notably, the BFR-RT group demonstrated a
significant within-group improvement in KOOS Symptoms pre-surgery, while both groups
demonstrated significant within-group improvements three months after surgery in all

KOOS subscales (Table 10).
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The EQ-5D-L5 index score displayed no significant between-group changes
pre-surgery or three months after surgery (Table 10). Both groups demonstrated
significant within-group changes three months after surgery in the index score and EQ-

VAS (Table 10).

Lower limb strength

1RM leg press strength (Kg)

1RM leg press strength in the affected leg differed significantly between groups pre-surgery
and three months after surgery, favoring BFR-RT (Table 10). Only the BFR-RT group
demonstrated significant within-group changes (increases) pre-surgery and after surgery
(Table 10).

In the non-affected leg, 1RM leg press strength was different between groups
at three months after surgery favoring BFR-RT, while no between-group difference was
observed pre-surgery (Table 10). The BFR-RT group showed significant gains 1RM leg
press strength in the non-affected leg pre-surgery and three months after surgery (Table

10).

1RM knee extensor strength (Kg)

Significant between-group changes in 1RM knee extensor strength were observed in the
affected leg pre-surgery and three months after surgery favoring BFR-RT (Table 10). BFR-
RT demonstrated significant within-group improvements in 1RM knee extensor strength in
the affected leg pre-surgery but not three months after surgery (Table 10). No within-group

changes in knee extensor strength were observed in CON at any time point (Table 10).
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No between-group or within-group changes were observed in 1RM leg knee

extensor strength in the non-affected leg at any time point (Table 10).

Knee extensor MVC
Significant between-group differences in isometric knee extensor MVC of the affected leg
were observed three months after surgery favoring BFR-RT (Table 10), with no between-
group differences pre-surgery (Table 10). BFR-RT demonstrated significant within-group
improvements in knee extensor MVC in the affected leg pre-surgery but not three months
after surgery (Table 10). The CON group displayed a significant within-group decrease in
knee extensor MVC in the affected leg from baseline to three months after surgery (Table
10).

Knee extensor MVC in the non-affected leg showed no between-group
differences pre-surgery or three months after surgery (Table 10), or any within-group

changes at any time point in both group (Table 10).

Knee flexor MVC
Isometric knee flexor MVC in the affected leg revealed no significant between-group
differences pre-surgery or three months after surgery (Table 10). Both groups
demonstrated significant within-group decreases in knee flexor MVC in the affected leg
three months after surgery (Table 10).

No between-group or within-group changes in knee flexor MVC were noted in the

non-affected leg at any time point in any of the groups (Table 10).
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Intervention-related outcomes

Paper III

Table 11 displays all exercise-related outcomes.

Ninety percent of the patients allocated to BFR-RT completed >80% of the exercise
sessions. Excellent adherence to the exercise sessions was observed (>90%), and patients
waited on average three weeks from the last exercise session and until surgery (Table 11).
Five patients waited >4 weeks and seven patients received more than 24 exercise sessions
because their surgery was postponed due to the COVID-19 pandemic (Table 11).

No within-session changes in knee joint pain before, during, or immediately
after the exercise sessions appeared, while the loading intensity increased significantly in
both the leg press exercise and the knee extension exercise from the first to last exercise
session (Table 11).

The number of repetitions completed in each exercise set remained constant
during the exercise period, while the number of repetitions decreased from sets 1 through 4

(Table 11).
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Table 11. Exercise-related variables

Patients
Patient with <80% adherence

Exercise adherence

Days from last exercise session and until surgery

Waiting >4 weeks from last exercise session to surgery due to COVID-19
Receiving >24 exercise sessions due to COVID-19

Knee pain

Knee pain at rest before exercise

Knee pain after 1st set
Leg press

Knee pain after 1st set
Knee extension

Knee pain immediately after exercise
Leg press
Load

Set 1
Set 2
Set 3

Set 4
Knee extension

Load
Set1
Set 2
Set 3

Set 4

%

0-10
0-10
0-10

0-10

Kg

Rep
Rep
Rep

Rep

Kg

Rep
Rep
Rep

Rep

Mean
[CIgo5%]
41
4
90.6
[83.5; 97.8]
22.8
[8.3; 37.3]

5
7

1st sessions
2.4
[2.3; 2.6]
3.3
[2.5; 4.0]
3.3
[2.4; 4.1]
2.9
[2.1; 3.6]

16
[13; 18]
30
[29; 30]
15
[14; 15]
13
[12; 14]
12
[9; 16]

5
[4.; 6]
28
[27; 30]
13
[11; 14]
11
[9; 12]
12

[8; 15]

Last session
2.9
[2.1;3.7]
2.9
[1.9; 3.8]
2.7
[1.7; 3.7]
2.5
[1.5; 3.4]

45
[36; 55]
29
[27; 30]
15
[14; 15]
13
[12; 15]
11
[9; 13]

8
[6; 10]
28
[27; 30]
12.7
[12; 14]
12
[10;13]
10
[8; 13]

CI = confidence interval; NRS = numeric ranking scale; Kg = kilo; rep = repetition
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A similar number of surgery-related adverse events was noted between BFR-RT and the
CON group (12 vs. 13 adverse events). Seven and nine surgery-related adverse events
occurred in the BFR-RT and CON group, respectively. Five and four adverse events
unrelated to surgery occurred in the BFR-RT and CON group (Table 12).

In the BFR-RT, 54% of the patients were referred to supervised physical
therapy rehabilitation, while 70% were referred to supervised physical therapy
rehabilitation in the CON group within the first three months after surgery.

Two patients in each group declined TKA surgery. In the BFR-RT group both
patients declined surgery due to self-perceived improvements in knee joint pain and

symptoms. In the CON group, both declined surgery due to personal reasons.

Table 12. Adverse events related and un-related to

surgery and requirement for supervised physiotherapy in

the period following the total knee arthroplasty surgery
BFR-RT Con

Surgery-related adverse events

Infection in the knee 1 1
Reoperation

Deep vein thrombosis 1
Neuropathic pain or sensation in the limb 1 1
following surgery

Severe postoperative knee effusion requiring 4
further examination

Cicatrize (insufficient wound healing) 2 1
Severe knee pain requiring further examination at 2

the hospital

Severe pain during the night 1
Brissement force 1
Adverse events unrelated to the surgery

Experienced hip symptoms following surgery 1 1
Fall episode resulting in a fractured arm 2

Severe pain in the operated limb 1
Shingles 2

Ulster

Strain in the calf muscle during rehab 1
Additional rehabilitation following surgery

Supervised municipal rehabilitation 24 31

BFR-RT = intervention group; Con = control group
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DISCUSSION
Key findings
Paper I1

e STS Power was associated with physical function in both genders. STS Power only
associated with KOOS Pain, ADL, and Sport in the male patient-cohort.

e Knee extensor MVC demonstrated no correlation to physical function or patient-
reported outcomes in the male- or female-patient cohort.

e The crude correlation coefficients of physical function and patient-reported
outcomes correlated to a similar or greater extent with STS Power than the same
correlations with knee extensor strength in our male- and female patient cohorts.

Paper I11

e Preoperative BFR-RT for the affected leg yielded no superior effects on 30STS or the
KOOS subscales compared with usual preoperative medical care three months
postoperatively.

e The BFR-RT protocol yielded significant gains in unilateral 1RM leg press strength
in both the affected- and non-affected leg pre-surgery and three months after
surgery compared with the CON group.

Paper IV

e Preoperative BFR-RT protected against loss of knee extensor MVC in the exercised
leg three months after TKA surgery.

e Knee joint ROM and physical function remained unchanged three months following
surgery in both groups, while significant improvements in health status emerged in

both groups three months postoperatively.
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STS power versus knee extensor MVC in patients with knee OA

As a main finding in Paper II, STS power was significantly associated with TUG and 40m-
FWT in both male- and female patients with advanced stages of knee OA, while knee
extensor MVC showed no associations with TUG or 40mFWT in the male- or female
patient cohorts (Paper II). In slight contrast, previous studies have found physical function
to be correlated both with lower limb muscle power and knee extensor MVC in patients
with mild-to-advanced stages of knee OA (Accettura et al. 2015; Holm et al. 2022; Murray
et al. 2015; Davison et al. 2017; Skoffer et al. 2015).

Skoffer et al. (Skoffer et al. 2015) and Holm et al. (Holm et al. 2022) reported
significant associations with 30STS (Holm et al. 2022; Skoffer et al. 2015), TUG (Skoffer et
al. 2015), 40m-FWT (Holm et al. 2022), and 10 meters fast-paced walk test (Skoffer et al.
2015) to isometric and isokinetic knee extensor MVC (Skoffer et al. 2015). Accetura et al.
(Accettura et al. 2015) found significant associations with 6-minute walking test, stair
descent, and stair ascent to both knee extensor MVC and knee extensor power, respectively
(Accettura et al. 2015). Holm et al. demonstrated that 40m-FWT, stair climbing, and
30STS were associated with leg extension power and knee extensor MVC (Holm et al.
2022). Thus, based on previous results both lower limb power and knee extensor strength
would be expected to be associated with various measures of lower limb physical function,
although muscle power would tend to be more strongly associated with physical function
than knee extensor MVC (Holm et al. 2022; Accettura et al. 2015; Murray et al. 2015).

The apparent disparities between the present results and previous reports may
rely at least in part on methodological differences. Skoffer (Skoffer et al. 2016), Accettura
(Accettura et al. 2015), and Holm (Holm et al. 2021) all analyzed the association to the

peak knee extensor MVC, while we analyzed the average knee extensor MVC of three trials.
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Also, Skoffer (Skoffer et al. 2015) and Accettura (Accettura et al. 2015) assessed knee
extensor MVC with sophisticated isokinetic dynamometry (Human Norm and Biodex,
respectively). Holm et al. (Holm et al. 2022) used a standardized HHD setup, but in
contrast to the present trial, Holm et al. (Holm et al. 2022) restricted vertical BCM
displacement by stabilizing the patients at mid-thigh using a belt attached to a custom-
built testing chair. This may increase the reliability of the HHD-testing setup as the knee
joint angle is not affected by vertical unintentional BCM displacement (hip movement),
securing all knee extensor MVCs to be measured at a 90-degree joint angle.

Table A-1, Appendix display a significant difference in the average MVC output
of three trials and the peak MVC output exerted in one of the three trials in the present
trial. Further, the associations to peak MVC in the affected leg with TUG (males: f=-0.46 [-
1.39; 0.48], p<0.05; females: f=-0.92 [-2.03; 0.19], p<0.05) and 40mFWT (males: f=-1.89
[-5.27; 1.50], p<0.05; females: f=-2.38 [-4.97; 0.21], p<0.05) remained insignificant in
both the male- and female patient cohorts.

Thus, based on the present results, STS power appears to be more strongly
associated with ambulatory function including walking speed compared with knee

extensor MVC of the affected leg.

Correlation coefficients based on STS power vs. knee extensor MVC strength

To our best knowledge, no previous studies have statistically compared correlations to
physical function and patient-reported outcomes based on lower limb muscle power versus
strength. The Pitman's test is a significance test of correlation coefficients (PITMAN 1939),

and previously Skoffer et al. (Skoffer et al. 2015) reported statistically stronger correlations
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with TUG and 10-meter walking speed to 30STS test outcome compared with the
relationships based on isolated knee extensor strength by applying the Pitman's test.

In Paper II we reported that when compared to MVC strength, STS Power was
statistically more strongly or at least similarly correlated to physical function and all KOOS
subscales. Thus, based on the present results STS muscle power appears to be a stronger
determinant of physical function and patient-reported outcomes compared with knee
extensor MVC, at least in males and females suffering from advanced stages of knee OA

(Paper II) (Langgard Jorgensen et al. 2023).

Changes in physical function from baseline to three months after TKA

In Paper I1II and Paper IV, we observed no differences in the between-group changes in
physical function (30STS, TUG, 40m-FWT) from baseline to pre-surgery, nor from
baseline to three months after surgery. A recent systematic review and meta-analysis from
our research group found improvements in physical function, isometric knee extensor
strength, and self-reported pain in response to preoperative muscle strengthening exercise
(HL-PRT), when evaluated three and 12 months after TKA and THA (Jorgensen et al.
2022). Thus, the present lack of improvements in physical function despite substantial
increases in lower limb muscle strength at three months postoperatively seem in partial
conflict with our previous meta-analysis findings (Jorgensen et al. 2022).

Based on a systematic PubMed literature search on December 7th, 2023
(Table A-2, Appendix), 17 systematic reviews were identified involving preoperative
exercises in patients scheduled for TKA (of 206 hits in total), and we extracted 50 original
studies from these reviews. Six of the systematic reviews recommended preoperative

exercise before surgery (Wallis and Taylor 2011; Peer et al. 2017; Moyer et al. 2017; Chen et

77



al. 2018; Wang et al. 2021; Granicher et al. 2022) to improve postoperative outcomes of
pain, length of stay, quality of life, quadriceps strength, physical function, and knee range
of motion, whereas the remaining eleven reviews concluded that there were no
postoperative effects of preoperative exercise compared with control-interventions
(Silkman Baker and McKeon 2012; Gill and McBurney 2013; Jordan et al. 2014; Kwok,
Paton, and Haddad 2015; Wang et al. 2016; Chesham and Shanmugam 2017; Ma et al.
2018; Husted et al. 2020; Blasco et al. 2021; Su et al. 2022; Vasileiadis et al. 2022).
Although improving knee extensor muscle strength before TKA is deemed
important to improve postoperative physical function (Bade, Kohrt, and Stevens-Lapsley
2010; Bade and Stevens-Lapsley 2012), only four of the 50 trials extracted from the search
in December 2023 (Table A-2, Appendix) reported sufficiently detailed exercise protocols
(sets, repetitions, loading-intensity, frequency, duration) to assume that the intervention
was able to induce gains in maximal muscle strength (Calatayud et al. 2016; Skoffer et al.
2016; McKay, Prapavessis, and Doherty 2012; Dominguez-Navarro et al. 2021) (A-3).
Therefore, the discussion below will mainly focus on the comparison of the present
observations with those of Skoffer et al. (Skoffer et al. 2016), Calatayud et al. (Calatayud et
al. 2016), McKay et al. (McKay, Prapavessis, and Doherty 2012), and Dominguez-Navarro

et al. (Dominguez-Navarro et al. 2021).

Improvements favoring preoperative lower limb strength training have been
demonstrated for preoperative 30STS (Skoffer et al. 2016), TUG (Dominguez-Navarro et
al. 2021; Skoffer et al. 2016; Calatayud et al. 2016), walking speed (McKay, Prapavessis,
and Doherty 2012) and stair climbing (Calatayud et al. 2016), while positive postoperative

effects in terms of enhanced 30STS (Skoffer et al. 2016), TUG (Skoffer et al. 2016;
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Calatayud et al. 2016), and stair climbing performance (Calatayud et al. 2016) have been

reported when assessed three months after surgery.

In contrast to the above findings - suggesting significant postoperative benefits
in physical function arising from prehabilitation - the present results are more in line with
the results of McKay et al. (McKay, Prapavessis, and Doherty 2012) and Dominguez-
Navarro et al. (Dominguez-Navarro et al. 2021). McKay (McKay, Prapavessis, and Doherty
2012) found no superior effect of preoperative lower limb resistance training compared
with control intervention (engaging in upper body exercises) on walking speed or stair
climbing three months after surgery. Dominguez-Navarro (Dominguez-Navarro et al.
2021) reported no differences between usual preoperative medical care compared with
preoperative resistance training (Table A-3, Appendix) on TUG when assessed six weeks

after surgery.

These contrasting findings may, at least in part, be explained by differences in
exercise protocols (Table A-3, Appendix). Firstly, McKay (McKay, Prapavessis, and
Doherty 2012) and Dominguez-Navarro (Dominguez-Navarro et al. 2021) employed fewer
sets at repetition maximum in each exercise compared with Skoffer (Skoffer et al. 2016)
and Calatayud (Calatayud et al. 2016) (Table A-3, Appendix). Thus, considering the
relatively short exercise periods used by Mckay (McKay, Prapavessis, and Doherty 2012)
and Dominguez-Navarro (Dominguez-Navarro et al. 2021), their total training volume
exposure for the lower limbs (load x sets x frequency x weeks) might have been

insufficient.

Skoffer et al. (Skoffer et al. 2016) elegantly provided a total of eight weeks of
exercise to their intervention group: Four weeks of preoperative HL-PRT followed by four

weeks of postoperative HL-PRT (Table A-3, Appendix), whereas CON participants received
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postoperative HL-PRT only. For comparison, the intervention group in Calatayud et al.

(Calatayud et al. 2016) exercised for 12 weeks achieving a high total training volume.

Also, Skoffer and Calatayud included hamstring- and hip abduction exercises.
High levels of hamstring and hip abductor strength are associated with better physical
function in patients with advanced stages of knee OA and after TKA (Skoffer et al. 2015;
Piva et al. 2011; Alnahdi, Zeni, and Snyder-Mackler 2014; Thomas et al. 2022). Therefore,

future studies should include exercises targeting these muscle groups.

Changes in lower limb strength from baseline to three months after TKA

The present RCT demonstrated significant between-group changes in the gains in 1RM leg
press strength on the affected and non-affected leg (Paper III) and in 1RM knee extensor
strength (Paper IV), respectively, favoring preoperative BFR-RT. The observed increases in
1RM leg press strength and 1RM knee extensor strength observed at surgery (i.e. after
preoperative training) and again three months after surgery were obviously expected. That
is, gains in strength are typically more pronounced when tested in the exercises/machines
that were used during training (training specificity) compared with measured in isokinetic
or isometric test devices (Dankel et al. 2020; Mitchell et al. 2012).

Spitz et al. (Spitz et al. 2023) quantified the effect sizes of gains in specific and
non-specific strength and specific strength to be 0.8 (cohen's d) and 1.8 (cohen's d) in
healthy subjects relative to healthy non-exercising controls. The authors found 95%
predictions intervals of the non-specific test to be -1.2 to 2.8, indicating that it may be
difficult to detect (or at least expect) improvements in non-specific strength. Therefore, the

present observations of significant between-group differences in the change in knee

80



extensor MVC in the affected leg when assessed three months after surgery in the present
trial are noteworthy (Paper IV).

Interestingly, these between-group differences were partly driven by decreases
in knee extensor MVC strength three months after surgery in the CON, while the BFR-RT
sustained knee extensor MVC outputs corresponding to baseline-levels. Thus, the present
BFR-RT exercise protocol was effective of preventing postoperative impairments in knee
extensor MVC. This in line with Calatayud et al. (Calatayud et al. 2016) and Skoffer et al.
(Skoffer et al. 2016) who also found postoperative effects favoring preoperative muscle
strengthening exercises when performing isokinetic knee extensor strength testing three
months after surgery.

Knee flexor MVC decreased three months after surgery in all our trial
participants irrespectively of group allocation. In contrast, Calatayud (Calatayud et al.
2016) and Skoffer (Skoffer et al. 2016) prevented decreases in isometric knee flexor MVC
(Skoffer et al. 2016; Calatayud et al. 2016), and hip abductor strength (Calatayud et al.
2016) in the intervention groups, indicating that exposure to systematic (exercise-induced)
overloading is necessary to prevent impairments in strength. Therefore, including exercise
specifically targeting the hamstring muscles (i.e. the hamstring curl exercise) could
potentially have prevented the decrease observed in hamstring muscle strength in the
present trial. These protective effects of muscle strength in both the knee extensors, knee
flexors, and hip abductors might also, at least in part, explain the better results on physical
function reported by Calatayud et al. (Calatayud et al. 2016) and Skoffer et al. (Skoffer et

al. 2016).
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Changes in patient-reported outcome from baseline to three months after

TKA

Both groups yielded significant and clinically relevant improvements in all KOOS subscales
three months after surgery (Paper III). Likewise, both BFR-RT and CON demonstrated
significant improvements in EQ-5D-L5 Index and EQ VAS when evaluated three months
after surgery (Paper IV).

The baseline data on the KOOS subscales indicate that the patients were
highly affected by their knee OA conditions. Fortunately, therefore, both groups
experienced clinically relevant improvements three months following TKA surgery (Paper
I1I).

In accordance with the present results, Skoffer (Skoffer et al. 2016) and
Dominguez-Navarro (Dominguez-Navarro et al. 2021) demonstrated similar between-
group changes in all KOOS subscales with preoperative muscle strengthening exercises and
usual preoperative medical care three months and six weeks after surgery, respectively.
Also, McKay (McKay, Prapavessis, and Doherty 2012) found no between-group differences
in WOMAC pain and function three months after surgery. In contrast, Calatayud
(Calatayud et al. 2016) found significant between-group changes in WOMAC pain and
stiffness three months after surgery favoring the intervention group compared with the
control group.

The present improvements in EQ-VAS scores in BFR-RT (20 points) and CON
(13 points) following TKA (Paper IV) are in line with Skoffer et al. (Skoffer et al. 2016).
Further, in the present trial EQ-5D-5L Index scores improved following TKA to reach 0.82
and 0.82 in the BFR-RT and CON, respectively. In comparison, healthy age-matched

Danish peers are reported to have an EQ-5D-5L Index of 0.89 (Jensen et al. 2023).
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Changes in knee joint range of motion from baseline to three months after
TKA

The data from the present trial on changes in active knee joint flexion and extension from
baseline to three months after surgery confer with those reported by Skoffer et al.(Skoffer
et al. 2016). The high baseline levels in knee flexion and knee extension ROM observed in
the present trial may have induced a ceiling effect in knee ROM hindering postoperative
improvements with training.

Only Calatayud et al.(Calatayud et al. 2016) demonstrated significant between-
group changes favoring the intervention group in terms of knee flexion ROM and knee
extension ROM before and three months after surgery. However, the patients enrolled in
Calatayud et al. (Calatayud et al. 2016) demonstrated more pronounced impairments in
knee joint ROM compared with our patient population (~12° lower baseline levels), which

may explain these between-trial differences.

Adherence, loading progression and adverse events

In the present trial, patients allocated to BFR-RT demonstrated a high exercise adherence
(90.6%) without any gradual worsening of their knee joint pain or other major adverse
effects during the exercise period. Thus, despite substantial progression in exercise loading
during both the leg press exercise (184% increase) and the knee extensor exercise (57%
increase), knee joint pain remained constant. Further, the present BFR-RT exercise
protocol did not acutely lead to increases in within-session knee joint pain, suggesting that
BFR-RT can be applied without expecting to provoke knee joint pain in patients with
advanced stages of knee OA. These observations add new insights to the applicability of

BFR-RT, supporting previous reports that patients with mild-to-moderate stages of knee
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OA may engage safely in BFR-RT (Ferraz et al. 2018; Bryk et al. 2016; Segal, Davis, and

Mikesky 2015; Segal et al. 2015).

Strengths and limitations

To be included in the present trial, the patients accepted (i) several extra hospital visits
before and after surgery and (ii) agreed to participate in three weekly supervised exercise
sessions for eight weeks before TKA surgery. These demands for participation may render
the trial vulnerable to selection bias. Notably, transportation to exercise sessions was the
most frequent reason for declining to participate.

All patients eligible for participation who declined to participate in the trial
were invited to complete the questionnaires included in the RCT at baseline. As illustrated
in Table A-4, Appendix, patients declining to participate indeed suffered from more severe
knee joint pain and were more affected in ADL activities compared with patients
volunteering to participate in the trial. These findings suggest that the patients included in
the present trial may at least in part have been affected by selection bias.

The obvious limitation of trial II is the cross-sectional design implying that no
conclusions can be drawn on causality. The relatively low sample sizes in each cohort
(males: n=37; females: n=49) kept us from performing more extensive adjustments in the
regression analysis (Green 1991). Nonetheless, the analyses may have benefitted from
taking other potentially confounding factors into account such as pain levels.

Our comparisons of correlation coefficients based on STS Power and knee
extensor MVC, respectively, versus physical function and patient-reported outcome were
performed only on the crude data. Therefore, these data must be interpreted cautiously as

confounding factors such as age, pain, BMI, etc. was not taking into account.
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Due to the nature of the RCT design (intervention-group vs. no-intervention
group), the present trial may have been affected by an attention bias favoring the
intervention group. The BFR-RT group received 24 supervised exercise sessions, two
testing sessions, and one information meeting before surgery, whereas the CON group
received two testing sessions and one information meeting before surgery. Only the
preoperative information meeting was designated for educating and mentally preparing
the patients for surgery, while the testing sessions and exercise sessions focused on
performance during physically demanding tests and exercises. Regardless, the present
findings of similar between-group changes in postoperative physical function and patient-
reported outcomes do not suggest that attention bias played any systematic role in the

present trial.

Blinding of the assessors was successfully maintained by i) randomizing the
patients after baseline testing and ii) stressing to the patients to withhold information
about their group allocation at follow-up test sessions. Additionally, the assessors were
informed (i) to remind the patients to withhold information about their allocation during
the follow-up visits and, maybe most importantly, (ii) to treat all patients as first-time
visitors to the testing facilities and procedures (i.e. leading the way to and thoroughly
explaining each test).

We made multiple comparisons between the BFR-RT and CON group. This
increases the risk of statistical type I errors, meaning that the significant differences found
in our secondary outcomes must be interpreted with some caution.

During the trial period, 16 patients were not assessed pre-surgery and 16
patients were not assessed three months after surgery (Figure 6, Flow Chart). This was

higher than the expected 10% dropout rate. Fourteen of the 16 unassessed patients at
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baseline were allocated to the CON group. This large number (~30%) of absent patients
may have influenced the preoperative results. In contrast, the number of unassessed
patients three months after surgery were similar between groups. Additionally, at the
primary end-point, we did not achieve data on the desired 39 patients in each group
(sample size). Thus, we cannot rule that our trial was slightly underpowered. Nonetheless,
the results from the intention-to-treat analysis and per-protocol analysis on the primary
outcome (30ST) at the primary end-point (3 months after surgery) were similar, indicating

that present results were robust.

Methodological related limitation and considerations

In designing the trial, we decided to use 30STS — a test of lower limb function — as our
primary outcome variable. In contrast, the exercise protocol solely focused on the single leg
scheduled for surgery. TUG and 40mFWT performance also relies on bilateral lower limb
performance. However, Skoffer et al. previously established that (i) the knee extensors of
the affected leg is significantly weaker compared with the knee extensors of the non-
affected leg (Skoffer et al. 2015) and (ii) performing four weeks of preoperative muscle
strengthening exercises only for the affected leg improved physical function three months
after surgery compared with receiving usual preoperative medical care (Skoffer et al.
2016). Thus, based on these results, and intending to reduce the magnitude of lower limb
asymmetry in maximal knee extensor strength (Skoffer et al. 2015), we decided not to
exercise the non-affected leg. Ultimately, the unilateral focus in the exercise protocol could
potentially have limited the effectiveness of the preoperative intervention protocol on all

the outcome variables related to physical function.
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As mentioned above, muscle strengthening exercises for the hip abductors and
knee flexors appears important to include in prehabilitation protocols to achieve
improvements postoperative gains in postoperative physical function (Skoffer et al. 2016;
Calatayud et al. 2016). However, only the leg press machine and knee extension machine
were available at all three sites. Thus, from a pragmatic perspective to provide identical
exercise protocols at each hospital site, we decided to only include these two exercises.
Furthermore, at the time we designed our exercise protocol, little was known about the
adaptations to BFR-RT in the exercising lower limb muscles proximal to the cuff (non-
occluded muscles). Therefore, we considered that low-load BFR-RT exercises for the hip
abductors would provide an insufficient physiological stimulus to promote positive
adaptation in hip abductor muscle strength and size. Interestingly, more recent reports
have suggested that positive effects may be attained for this muscle group with the use of

lower leg BFR-RT intervention (Hagsholt et al. 2022; Bowman et al. 2019).

In the present trial, we compared BFR-RT with a non-exercising control
group. This have obviously made it easier to detect between-group changes in strength pre-
surgery and three months after surgery. Therefore, it remains unknown how our
preoperative BFR-RT protocol would compare with other preoperative muscle
strengthening protocols (i.e. HL-PRT). However, the present data suggest that patients
scheduled for TKA who perceive other types of preoperative muscle strengthening
exercises intolerable due to excessive knee pain can perform BFR-RT without experiencing
exercise-related exacerbation of knee pain.

As a measure of lower limb muscle strength, we decided to use both estimated
1RM strength testing in the leg press exercise and the knee extensor exercise as well as

isometric knee and flexor MVC. We assumed that the patients were unable to express their
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true 1RM strength due to knee OA-related pain and, thus, we decided to derive 1RM values
from maximal 5-8RM testing. Despite using a standardized formula for deriving 1RM

(Hansen 2012), this extrapolation may have skewed our 1RM data.

The hospitals were not equipped with isokinetic muscle strength
dynamometers. Therefore, we used a standardized testing protocol with HDD to assess
isometric lower limb strength (Koblbauer et al. 2011). As opposed to Holm et al. (Holm et
al. 2021) we did not fixate the patients' thigh with straps to avoid hip movement during the
test. This may have affected the data, as the strongest patients were able to lift their body
center of mass horizontally, ultimately reducing the designated 90° knee flexion to a more
favorable joint angle (closer to 70° knee flexion) for producing maximal knee extensor

muscle forces.

AOP and 1RM were determined at baseline only. Blood pressure is dynamic
and fluctuates constantly, which can be affect lower limb AOP (Parati et al. 2018; Ingram
et al. 2017). Furthermore, thigh circumference influences on the AOP (Loenneke et al.
2012). Thus, longer periods of exercise (i.e. 24 sessions) some changes in AOP are expected
to occur, especially if muscle mass has increased (Loenneke et al. 2012). Therefore,
preferably we should have reassessed AOP every second week during the exercise period.
However, we intended to use the same equipment as the clinicians in our department to
increase the transferability of our exercise method. Also, the cuff pressure applied during
sessions remained most likely within the recommended range of 40-80%AOP (Patterson et

al. 2019).

Further, we did not reassess 1RM subsequent to the first exercise session.
Thus, the loads applied in later exercise sessions may not reflect 30%1RM. To avoid

excessive time spent on 1RM testing during exercise sessions and the potential risk of
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inducing knee joint pain exacerbation due to high loading intensities, we decided to
progress the loading whenever a patient were able to perform more than 15 repetitions in
the fourth set in one of the exercises.

As mentioned in the Background section, the most frequent radiographic
grading system to determine knee OA severity is the Kellgren & Lawrence scale (Kellgren
and Lawrence 1957). We included all patients scheduled for TKA due to advanced stages of
knee OA regardless of the radiographic findings and grading. Therefore, it is possible that
the patients included in our trial demonstrate various degrees of joint space narrowing,
osteophytes, etc. Nonetheless, the patients included in the preset trial were deemed eligible
for TKA due to symptoms of knee OA supplemented with a clinical and radiographic

examination.

Generalizability
The patient cohort in this trial was selected based on a number of in- and exclusion
criteria. A large number of the patients initially assessed for eligibility failed to meet the
inclusion criteria which causes our results only to be generalizable to this particular group
of patients. In addition, our trial participants reported systematically better on KOOS pain
and KOOS ADL compared with eligible patients who declined to participate, which also
impairs the generalizability of our results.

Patients accepting to participate in this trial may have been highly motivated
towards training. Unfortunately, we did not collect data on self-reported activity levels or if
patients allocated to the CON group engaged in other preoperative exercise interventions.

However, although anecdotally, patients allocated to the CON group were usually
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dissatisfied with the allocation underlining that the patients were motivated and positive

towards exercising.

Ethical precautions and consideration

The three primary ethical considerations of the trial were (i) the risk of inducing adverse
events due to the blood-flow restriction during exercise; (ii) postponing surgery; (iii) and
depriving participants of the treatment guarantee.

No adverse health-related events have been reported with previous BFR-RT
protocols in subjects suffering from knee OA (Segal, Davis, and Mikesky 2015; Segal et al.
2015; Bryk et al. 2016; Ferraz et al. 2018). Also, we followed the recommendations outlined
for BFR-RT (Patterson et al. 2019) with supervised training sessions and careful education
of the physiotherapists in charge of training.

The patients were expected to benefit from three weekly BFR-RT sessions for
eight weeks, which would justify postponing TKA surgery and depriving the treatment
guarantee.

All patients volunteered and were entitled to withdraw from the trial at any
time. All patients were insured by the national patient insurance in case of adverse events,
in accordance with "Promulgation of the Danish Act on the Right to Complain and Receive
Compensation within the Health Service". The Danish Act on Processing of Personal Data
(DAPPD) was followed.

Collectively, we considered the overall benefits greater than the potential risks

and possible adverse events.
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CONCLUSIONS

Study 11

STS lower limb muscle Power demonstrated moderate-to-strong associations with
physical function in both male and female patients with advanced stages of knee
OA, while predicting KOOS Pain and ADL in male patients only.

Knee extensor MVC revealed no associations with physical function or any patient-
reported outcomes in the male- or female-patient cohort.

STS power was significantly better correlated with physical function, KOOS pain,
and ADL compared with the corresponding relationships based on knee extensor
MVC.

Simple on-site assessments of STS power can aid researchers and clinicians to
rapidly obtain estimates of physical function, pain, and ADL in patients with

advanced knee OA.

Study III

Changes in 30STS and KOOS subscales were not increased in response to
preoperative BFR-RT when assessed three months after surgery.

Eight weeks of preoperative BFR-RT caused improvements in unilateral leg press
strength for both the affected and the non-affected legs when assessed three months

postoperatively, and when compared with usual preoperative medical care.

Study IV

Eight weeks of preoperative BFR-RT was effective of protecting against decreases in
knee extensor MVC in the affected leg three months after surgery. This may support

the long-term postsurgical recovery of physical function in this patient population.
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e Regardless of the intervention received, physical function and knee joint range of

motion remained unaltered three months postoperatively compared to baseline.

PERSPECTIVES

The findings of the present PhD thesis have shown that the current usual preoperative
medical care approach yields similar postoperative levels of physical function compared
with eight weeks of preoperative BFR-RT. Thus, considering the existing focus on
prioritizing (limited) healthcare resources optimally to i) optimize patient treatment
algorithms and ii) protect the healthcare employees from work overload, it seems
redundant to implement the specific prehabilitation program tested in this thesis.

Nonetheless, available observations from Calatayud et al. (Calatayud et al.
2016) and Skoffer et al. (Skoffer et al. 2016) are encouraging, suggesting that preoperative
muscle strengthening exercises involving exercises for the knee extensor-, knee flexor, and
hip abductor muscles improves physical function three months after TKA surgery.
Additionally, a recent RCT from Franz et al. (Franz et al. 2022) demonstrated that six
weeks of twice-weekly preoperative blood flow-restricted low-intensity cycling exercise led
to significant gains in leg extensor and flexor strength, while also improving KOOS scores
in ADL, Sport, and QoL compared with usual preoperative medical care three-to-six
months postoperatively. These results call for future research on how to apply
contemporary training principles (incl. BFR-RT) to real-world settings where 1-to-1
supervision often is less affordable.

On that note, our research group has demonstrated that home-based blood
flow-restricted exercises with biweekly onsite or online supervision may be safe and
feasible in various patient populations (Hogsholt et al. 2022; Bentzen et al. 2023;

Mechlenburg et al. 2023; Mortensen, Mechlenburg, and Langgard Jergensen 2023;
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Petersson et al. 2020; Petersson et al. 2022; Jorgensen and Mechlenburg 2021; Bentzen
2024). Also, BFR-RT appears to induce similar gains in muscle strength, muscle size, and
physical function compared with HL-PRT in patients with orthopedic disorders (Jorgensen
et al. 2023). Therefore, home-based BFR-RT protocols inspired by the principles of Skoffer
et al. or Calatayud et al. (in regards to exercise selection, combining pre- and
postoperative exercises, and total training volume) may be relevant for providing home-
based preoperative muscle strengthening exercises in patients scheduled for TKA that can
be implemented into clinical practice.

The present results demonstrate that the vast majority of knee OA patients
undergoing TKA surgery are able to recover to reach baseline levels in terms of physical
function and perceive clinically meaningful improvements in all KOOS subscales after
surgery. Therefore, shifting focus to prioritize the subgroup of patients achieving poor
postoperative outcomes (i.e. insufficient pain relief, persistent impairments in physical
function, and those at risk of revision arthroplasties) may seem highly relevant.

As previously described, ~20% of the patients are dissatisfied with the
outcome of the TKA surgery. This subpopulation, with poor postoperative outcomes are
characterized by higher physiotherapy utilization and costs, however, with lower benefits
of the interventions compared with patients achieving satisfying postoperative results
(Orndahl et al. 2021). Thus, to improve QoL, and physical function, relieve pain, and also
reduce the need for healthcare utilization, more effective pre- and rehabilitation protocols
should be developed for this subgroup of patients.

To our best knowledge, only two previous studies have investigated the
myocellular adaptation to TKA surgery without (Toth et al. 2022) or with postoperative
muscle strengthening intervention (Neuromuscular Electrical Stimulation (NMES) (Cheuy

et al. 2023). Toth et al. (Toth et al. 2022) observed a 24% decrease in muscle fiber size, and
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up to 50% decrease in single-muscle fiber force output of chemically skinned muscle fibers
five weeks after surgery (Toth et al. 2022). Notably, two weeks of twice-daily NMES
intervention initiated two days after TKA surgery attenuated muscle strength loss while
concurrently offsetting postsurgical-induced muscle atrophy compared with controls
receiving standard postoperative rehabilitation (Cheuy et al. 2023). Therefore, the
protective effect on muscle strength with preoperative BFR-RT found in our intervention
group is highly interesting and may be related to adaptations in muscle at the cellular level.
Needle muscle biopsies using the Bergstrom technique (Aagaard et al. 2001; Bergstrom
1962; Ekblom 2017; Nielsen et al. 2012) of the vastus lateralis muscles on both legs were
harvested from all patients scheduled for TKA at Horsens Regional Hospital at baseline,
during surgery, and three months after surgery. These results (awaiting Lab analysis) may
extend our understanding of how prehabilitation protocols can be used to sustain muscle
strength under conditions (surgery) that usually involve excessive loss of maximal muscle
strength and mass (Toth et al. 2022). Consequently, these results can potentially also be of

interest to other populations planned for elective surgery.

94



REFERENCES

Abbassy, A. A., S. Trebinjac, and N. Kotb. 2020. 'The use of cellular matrix in symptomatic
knee osteoarthritis', Bosn J Basic Med Sci, 20: 271-74.

Abramoff, B., and F. E. Caldera. 2020. 'Osteoarthritis: Pathology, Diagnosis, and Treatment
Options', Med Clin North Am, 104: 293-311.

Accettura, A. J., E. C. Brenneman, P. W. Stratford, and M. R. Maly. 2015. 'Knee Extensor
Power Relates to Mobility Performance in People With Knee Osteoarthritis: Cross-
Sectional Analysis', Phys Ther, 95: 989-95.

Alcazar, J., J. Losa-Reyna, C. Rodriguez-Lopez, A. Alfaro-Acha, L. Rodriguez-Mafas, I. Ara, F.
J. Garcia-Garcia, and L. M. Alegre. 2018. 'The sit-to-stand muscle power test: An easy,
inexpensive and portable procedure to assess muscle power in older people', Exp
Gerontol, 112: 38-43.

Alcazar, J., P. Aagaard, B. Haddock, R. S. Kamper, S. K. Hansen, E. Prescott, L. M. Alegre, U.
Frandsen, and C. Suetta. 2020. 'Age- and Sex-Specific Changes in Lower-Limb Muscle
Power Throughout the Lifespan', J Gerontol A Biol Sci Med Sci, 75: 1369-78.

Alcazar, J., P. Aagaard, B. Haddock, R. S. Kamper, S. K. Hansen, E. Prescott, I. Ara, L. M.
Alegre, U. Frandsen, and C. Suetta. 2021. 'Assessment of functional sit-to-stand muscle
power: Cross-sectional trajectories across the lifespan', Exp Gerontol, 152: 111448.

Alcazar, Julian, Rikke S. Kamper, Per Aagaard, Bryan Haddock, Eva Prescott, Ignacio Ara, and
Charlotte Suetta. 2020. 'Relation between leg extension power and 30-s sit-to-stand
muscle power in older adults: validation and translation to functional performance’,
Scientific Reports, 10: 16337.

Alnahdi, A. H., J. A. Zeni, and L. Snyder-Mackler. 2014. 'Hip abductor strength reliability and
association with physical function after unilateral total knee arthroplasty: a cross-
sectional study', Phys Ther, 94: 1154-62.

Alnahdi, Ali H., Joseph A. Zeni, and Lynn Snyder-Mackler. 2012. 'Muscle Impairments in
Patients With Knee Osteoarthritis', Sports Health.

Bade, M. J., and J. E. Stevens-Lapsley. 2012. 'Restoration of physical function in patients
following total knee arthroplasty: an update on rehabilitation practices', Curr Opin
Rheumatol, 24: 208-14.

Bade, Michael J., Wendy M. Kohrt, and Jennifer Stevens-Lapsley. 2010. 'Outcomes before and
after total knee arthroplasty compared to healthy adults', The Journal of orthopaedic
and sports physical therapy, 40: 9.

Bartholdy, Cecilie, Carsten Juhl, Robin Christensen, Hans Lund, Weiya Zhang, and Marius
Henriksen. 2017. 'The role of muscle strengthening in exercise therapy for knee
osteoarthritis: A systematic review and meta-regression analysis of randomized trials',
Seminars in Arthritis and Rheumatism, 47: 9-21.

Bean, J. F., S. G. Leveille, D. K. Kiely, S. Bandinelli, J. M. Guralnik, and L. Ferrucci. 2003. 'A
Comparison of Leg Power and Leg Strength Within the INCHIANTI Study: Which
Influences Mobility More?', The Journals of Gerontology Series A: Biological Sciences
and Medical Sciences.

Bentzen, Andreas, Line Bilgrav Nisgaard, Rikke Boeriis Leth Mikkelsen, Annette Hagh, Inger
Mechlenburg, and Stian Langgdrd Jgrgensen. 2023. 'Blood flow restricted walking in
patients suffering from intermittent claudication: a case series feasibility and safety
study', Annals of Medicine and Surgery: 10.1097/MS9.0000000000000673.

Bentzen, Andreas; Jgrgensen, Stian Langggrd; Birch, Sara; Mortensen, Louise; Toft, Marianne;
Lindvig, Michael Godsvig; Gundtoft, Per Hviid; and Mechlenburg, Inger. 2024.
'Feasibility of Blood Flow Restriction Exercise in Adults with a Non-surgically Treated
Achilles Tendon Rupture; a Case Series', International Journal of Exercise Science, 17:
140-53.

Bergstrom, JONAS. 1962. 'Muscle electrolytes in man determined by neutron activation
analysis on needle biopsy specimens', Scandinavian Journal of Clinical and Laboratory
Investigation (England), 14.

95



Bilbao, A., L. Garcia-Perez, J. C. Arenaza, 1. Garcia, G. Ariza-Cardiel, E. Trujillo-Martin, M. J.
Forjaz, and J. Martin-Fernandez. 2018. 'Psychometric properties of the EQ-5D-5L in
patients with hip or knee osteoarthritis: reliability, validity and responsiveness', Quality
of life research : an international journal of quality of life aspects of treatment, care and
rehabilitation, 27: 2897-908.

Blasco, J. M., D. Hernadndez-Guillen, F. Dominguez-Navarro, Y. Acosta-Ballester, Y. Alakhdar-
Mohmara, and S. Roig-Casasus. 2021. 'Sensorimotor training prior total knee
arthroplasty and effects on functional outcome: A systematic review and meta-
analysis', Gait Posture, 86: 83-93.

Bliddal, H. 2020. '[Definition, pathology and pathogenesis of osteoarthritis]', Ugeskr Laeger,
182.

Bloch, M. L., L. R. Jonsson, and M. T. Kristensen. 2017. 'Introducing a Third Timed Up & Go
Test Trial Improves Performances of Hospitalized and Community-Dwelling Older
Individuals', Journal of geriatric physical therapy (2001), 40: 121-26.

Bourne, Robert B., Bert M. Chesworth, Aileen M. Davis, Nizar N. Mahomed, and Kory D. J.
Charron. 2010. 'Patient Satisfaction after Total Knee Arthroplasty: Who is Satisfied and
Who is Not?', Clinical Orthopaedics and Related Research®, 468: 57-63.

Bowman, E. N., R. Elshaar, H. Milligan, G. Jue, K. Mohr, P. Brown, D. M. Watanabe, and O.
Limpisvasti. 2019. 'Proximal, Distal, and Contralateral Effects of Blood Flow Restriction
Training on the Lower Extremities: A Randomized Controlled Trial', Sports Health, 11:
149-56.

Bryk, Flavio Fernandes, Amir Curcio dos Reis, Deborah Fingerhut, Thomas Araujo, Marcela
Schutzer, Ricardo de Paula Leite Cury, Aires Duarte, and Thiago Yukio Fukuda. 2016.
'Exercises with partial vascular occlusion in patients with knee osteoarthritis: a
randomized clinical trial', Knee Surgery, Sports Traumatology, Arthroscopy, 24: 1580-
86.

Buchholz, I., M. F. Janssen, T. Kohlmann, and Y. S. Feng. 2018. 'A Systematic Review of
Studies Comparing the Measurement Properties of the Three-Level and Five-Level
Versions of the EQ-5D', PharmacoEconomics, 36: 645-61.

Calatayud, Joaquin, Jose Casafia, Yasmin Ezzatvar, Markus D. Jakobsen, Emil Sundstrup, and
Lars L. Andersen. 2016. 'High-intensity preoperative training improves physical and
functional recovery in the early post-operative periods after total knee arthroplasty: a
randomized controlled trial', Knee surgery, sports traumatology, arthroscopy : official
journal of the ESSKA.

Canovas, F., and L. Dagneaux. 2018. 'Quality of life after total knee arthroplasty', Orthop
Traumatol Surg Res, 104: S41-s46.

Capin, J. 1., M. 1. Bade, J. M. Jennings, L. Snyder-Mackler, and J. E. Stevens-Lapsley. 2022.
'Total Knee Arthroplasty Assessments Should Include Strength and Performance-Based
Functional Tests to Complement Range-of-Motion and Patient-Reported Outcome
Measures', Phys Ther, 102.

Carr, A. 1., O. Robertsson, S. Graves, A. J. Price, N. K. Arden, A. Judge, and D. J. Beard. 2012.
'Knee replacement', Lancet (London, England), 379: 1331-40.

Caserotti, P., P. Aagaard, J. Buttrup Larsen, and L. Puggaard. 2008. 'Explosive heavy-
resistance training in old and very old adults: Changes in rapid muscle force, strength
and power', Scandinavian Journal of Medicine and Science in Sports, 18: 773-82.

Caserotti, P., P. Aagaard, E. B. Simonsen, and L. Puggaard. 2001. 'Contraction-specific
differences in maximal muscle power during stretch-shortening cycle movements in
elderly males and females', European journal of applied physiology, 84: 206-12.

Chen, H., S. Li, T. Ruan, L. Liu, and L. Fang. 2018. 'Is it necessary to perform prehabilitation
exercise for patients undergoing total knee arthroplasty: meta-analysis of randomized
controlled trials', Phys Sportsmed, 46: 36-43.

Chesham, Ross Alexander, and Sivaramkumar Shanmugam. 2017. "Does preoperative
physiotherapy improve postoperative, patient-based outcomes in older adults who have
undergone total knee arthroplasty? A systematic review." In.

96



Cheuy, V. A., M. R. Dayton, C. A. Hogan, J. Graber, B. M. Anair, T. B. Voigt, N. J. Nelms, J. E.
Stevens-Lapsley, and M. J. Toth. 2023. 'Neuromuscular electrical stimulation preserves
muscle strength early after total knee arthroplasty: Effects on muscle fiber size', J
Orthop Res, 41: 787-92.

Chodzko-Zajko, Wojtek J., David N. Proctor, Maria A. Fiatarone Singh, Christopher T. Minson,
Claudio R. Nigg, George J. Salem, and James S. Skinner. 2009. 'Exercise and Physical
Activity for Older Adults', Medicine & Science in Sports & Exercise, 41.

Christensen, R., H. Bliddal, and M. Henriksen. 2013. 'Enhancing the reporting and
transparency of rheumatology research: a guide to reporting guidelines', Arthritis
research & therapy, 15: 109.

Collins, N. 1., D. Misra, D. T. Felson, K. M. Crossley, and E. M. Roos. 2011. 'Measures of knee
function: International Knee Documentation Committee (IKDC) Subjective Knee
Evaluation Form, Knee Injury and Osteoarthritis Outcome Score (KOOS), Knee Injury
and Osteoarthritis Outcome Score Physical Function Short Form (KOOS-PS), Knee
Outcome Survey Activities of Daily Living Scale (KOS-ADL), Lysholm Knee Scoring
Scale, Oxford Knee Score (OKS), Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC), Activity Rating Scale (ARS), and Tegner Activity Score
(TAS)', Arthritis Care Res (Hoboken), 63 Suppl 11: S208-28.

Collins, N. 1., C. A. Prinsen, R. Christensen, E. M. Bartels, C. B. Terwee, and E. M. Roos. 2016.
'Knee Injury and Osteoarthritis Outcome Score (KOOS): systematic review and meta-
analysis of measurement properties', Osteoarthritis and cartilage, 24: 1317-29.

Collins, N. J., and E. M. Roos. 2012. 'Patient-reported outcomes for total hip and knee
arthroplasty: commonly used instruments and attributes of a "good" measure’', Clinics
in geriatric medicine, 28: 367-94.

Conner-Spady, B. L., D. A. Marshall, E. Bohm, M. J. Dunbar, L. Loucks, A. Al Khudairy, and T.
W. Noseworthy. 2015. 'Reliability and validity of the EQ-5D-5L compared to the EQ-5D-
3L in patients with osteoarthritis referred for hip and knee replacement’, Qual Life Res,
24: 1775-84.

Cormie, Prue, Michael R. McGuigan, and Robert U. Newton. 2011. "Developing maximal
neuromuscular power: Part 1 - Biological basis of maximal power production." In, 17-
38.

Cross, M., E. Smith, D. Hoy, S. Nolte, I. Ackerman, M. Fransen, L. Bridgett, et al. 2014. 'The
global burden of hip and knee osteoarthritis: estimates from the global burden of
disease 2010 study', Annals of the Rheumatic Diseases, 73: 1323-30.

Cuyul-Vasquez, 1., A. Leiva-Sepulveda, O. Catalan-Medalla, F. Araya-Quintanilla, and H.
Gutiérrez-Espinoza. 2020. 'The addition of blood flow restriction to resistance exercise
in individuals with knee pain: a systematic review and meta-analysis', Braz J Phys Ther,
24: 465-78.

Dankel, S. 1., Z. W. Bell, R. W. Spitz, V. Wong, R. B. Viana, R. N. Chatakondi, S. L. Buckner, et
al. 2020. 'Assessing differential responders and mean changes in muscle size, strength,
and the crossover effect to 2 distinct resistance training protocols', App!/ Physiol Nutr
Metab, 45: 463-70.

Davison, M. 1., M. R. Maly, P. J. Keir, S. M. Hapuhennedige, A. T. Kron, J. D. Adachi, and K. A.
Beattie. 2017. 'Lean muscle volume of the thigh has a stronger relationship with muscle
power than muscle strength in women with knee osteoarthritis', Clin Biomech (Bristol,
Avon), 41: 92-97.

DeVita, P., J. Aaboe, C. Bartholdy, J. M. Leonardis, H. Bliddal, and M. Henriksen. 2018.
'Quadriceps-strengthening exercise and quadriceps and knee biomechanics during
walking in knee osteoarthritis: A two-centre randomized controlled trial', Clin Biomech
(Bristol, Avon), 59: 199-206.

Dobson, Fiona, Kim L. Bennell, Rana S. Hinman, J. H. Abbott, and Ewa M. Roos. 2013.
'Recommended performance - based tests to assess physical function in people
diagnosed with hip or knee osteoarthritis', OARSI - Osteoarthritis Research Society
International.

97



Dolgin, Martin, and Committee New York Heart Association Criteria. 1994. Nomenclature and
criteria for diagnosis of diseases of the heart and great vessels (Little, Brown Boston:
Boston).

Dominguez-Navarro, Fernando, Antonio Silvestre-Muiioz, Celedonia Igual-Camacho, Beatriz
Diaz-Diaz, Jose Vicente Torrella, Juan Rodrigo, Alfonso Paya-Rubio, Sergio Roig-
Casasus, and Jose Maria Blasco. 2021. 'A randomized controlled trial assessing the
effects of preoperative strengthening plus balance training on balance and functional
outcome up to 1 year following total knee replacement', Knee Surgery, Sports
Traumatology, Arthroscopy, 29: 838-48.

Dreyer, Hans C., Lisa A. Strycker, Hilary A. Senesac, Austin D. Hocker, Keith Smolkowski,
Steven N. Shah, and Brian A. Jewett. 2013. 'Essential amino acid supplementation in
patients following total knee arthroplasty', The Journal of Clinical Investigation, 123:
4654-66.

Ekblom, B. 2017. 'The muscle biopsy technique. Historical and methodological considerations',
Scandinavian Journal of Medicine & Science in Sports, 27: 458-61.

Ferraz, Rodrigo Branco, Bruno Gualano, Reynaldo Rodrigues, Ceci Obara Kurimori, Ricardo
Fuller, Fernanda Rodrigues Lima, Ana Lucia De S&-Pinto, and Hamilton Roschel. 2018.
'Benefits of Resistance Training with Blood Flow Restriction in Knee Osteoarthritis’,
Medicine and science in sports and exercise.

Foldager, F., P. B. Jgrgensen, L. U. Tgnning, E. T. Petersen, S. S. Jakobsen, D. Vainorius, M.
Homilius, T. B. Hansen, M. Stilling, and I. Mechlenburg. 2022. 'The relationship between
muscle power, functional performance, accelerometer-based measurement of physical
activity and patient-reported outcomes in patients with hip osteoarthritis: A cross-
sectional study', Musculoskelet Sci Pract, 62: 102678.

Franz, A., J. Becker, M. Behringer, C. Mayer, B. Bittersohl, R. Krauspe, and C. Zilkens. 2019.
'Skeletal Muscle Health in Osteoarthritis and Total Joint Replacement Therapy: Effects
of Prehabilitation on Muscular Rehabilitation', Deutsche Zeitschrift fiir Sportmedizin,
Volume 70: 145-52 doi.

Franz, Alexander, Sanghyeon Ji, Bernd Bittersohl, Christoph Zilkens, and Michael Behringer.
2022. 'Impact of a Six-Week Prehabilitation With Blood-Flow Restriction Training on
Pre- and Postoperative Skeletal Muscle Mass and Strength in Patients Receiving Primary
Total Knee Arthroplasty', Frontiers in Physiology, 13.

Franz, Alexander, Fina Pauline Queitsch, Michael Behringer, Constantin Mayer, Rl Krauspe,
and Christoph Zilkens. 2018. 'Blood flow restriction training as a prehabilitation concept
in total knee arthroplasty: A narrative review about current preoperative interventions
and the potential impact of BFR', Medical hypotheses, 110: 6.

Garber, Carol Ewing, Bryan Blissmer, Michael R. Deschenes, Barry A. Franklin, Michael J.
Lamonte, I. M. Lee, David C. Nieman, and David P. Swain. 2011. 'Quantity and quality
of exercise for developing and maintaining cardiorespiratory, musculoskeletal, and
neuromotor fithess in apparently healthy adults: Guidance for prescribing exercise’,
Medicine and science in sports and exercise, 43: 1334-59.

Gay, C., A. Chabaud, E. Guilley, and E. Coudeyre. 2016. 'Educating patients about the benefits
of physical activity and exercise for their hip and knee osteoarthritis. Systematic
literature review', Ann Phys Rehabil Med, 59: 174-83.

Giles, L., K. E. Webster, J. McClelland, and J. L. Cook. 2017. 'Quadriceps strengthening with
and without blood flow restriction in the treatment of patellofemoral pain: a double-
blind randomised trial', Br J Sports Med, 51: 1688-94.

Gill, S. D., and H. McBurney. 2013. 'Does exercise reduce pain and improve physical function
before hip or knee replacement surgery? A systematic review and meta-analysis of
randomized controlled trials', Archives of Physical Medicine and Rehabilitation, 94: 164-
76.

Gill, S., and H. McBurney. 2008. 'Reliability of performance-based measures in people awaiting
joint replacement surgery of the hip or knee', Physiotherapy Research International :
The Journal for Researchers and Clinicians in Physical Therapy, 13: 141-52.

98



Gornale, S. S., P. U. Patravali, and P. S. Hiremath. 2020. 'Automatic Detection and
Classification of Knee Osteoarthritis Using Hu's Invariant Moments', Front Robot Al, 7:
591827.

Green, S. B. 1991. 'How Many Subjects Does It Take To Do A Regression Analysis',
Multivariate Behav Res, 26: 499-510.

Granicher, P., L. Mulder, T. Lenssen, J. Scherr, J. Swanenburg, and R. de Bie. 2022.
'Prehabilitation Improves Knee Functioning Before and Within the First Year After Total
Knee Arthroplasty: A Systematic Review With Meta-analysis', J Orthop Sports Phys
Ther, 52: 709-25.

Grgnfeldt, Birk Mygind, Jakob Lindberg Nielsen, Rune Mygind Mieritz, Hans Lund, and Per
Aagaard. 'Effect of blood-flow restricted vs heavy-load strength training on muscle
strength: Systematic review and meta-analysis', Scandinavian Journal of Medicine &
Science in Sports, n/a.

Hansen, H. 2012. "RM-testmanal.” In, 2. Danish Physiotherapy Society: Danish Physiotherapy
Society.

Hawker, G. A., S. Mian, T. Kendzerska, and M. French. 2011. 'Measures of adult pain: Visual
Analog Scale for Pain (VAS Pain), Numeric Rating Scale for Pain (NRS Pain), McGill Pain
Questionnaire (MPQ), Short-Form McGill Pain Questionnaire (SF-MPQ), Chronic Pain
Grade Scale (CPGS), Short Form-36 Bodily Pain Scale (SF-36 BPS), and Measure of
Intermittent and Constant Osteoarthritis Pain (ICOAP)', Arthritis care & research, 63
Suppl 11: S240-52.

Herdman, M., C. Gudex, A. Lloyd, M. Janssen, P. Kind, D. Parkin, G. Bonsel, and X. Badia.
2011. 'Development and preliminary testing of the new five-level version of EQ-5D (EQ-
5D-5L)', Quality of life research : an international journal of quality of life aspects of
treatment, care and rehabilitation, 20: 1727-36.

Heymans, Martijn W., and Jos W. R. Twisk. 2022. 'Handling missing data in clinical research’,
Journal of Clinical Epidemiology, 151: 185-88.

Holm, P. M., J. Kemnitz, T. Bandholm, M. Wernbom, H. M. Schrgder, and S. T. Skou. 2022.
'Muscle Function Tests as Supportive Outcome Measures for Performance-Based and
Self-Reported Physical Function in Patients With Knee Osteoarthritis: Exploratory
Analysis of Baseline Data From a Randomized Trial', J Strength Cond Res, 36: 2635-42.

Holm, P. M., M. Nyberg, M. Wernbom, H. M. Schrgder, and S. T. Skou. 2021. 'Intrarater
Reliability and Agreement of Recommended Performance-Based Tests and Common
Muscle Function Tests in Knee Osteoarthritis', J Geriatr Phys Ther, 44: 144-52.

Hughes, L., B. Rosenblatt, F. Haddad, C. Gissane, D. McCarthy, T. Clarke, G. Ferris, J. Dawes,
B. Paton, and S. D. Patterson. 2019. '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, 49: 1787-805.

Hughes, Luke, Bruce Paton, Ben Rosenblatt, Conor Gissane, and Stephen David Patterson.
2017. "Blood flow restriction training in clinical musculoskeletal rehabilitation: A
systematic review and meta-analysis." In.

Hunter, D. J., and S. Bierma-Zeinstra. 2019. 'Osteoarthritis', Lancet, 393: 1745-59.

Husted, R. S., C. Juhl, A. Troelsen, K. Thorborg, T. Kallemose, M. S. Rathleff, and T.
Bandholm. 2020. 'The relationship between prescribed pre-operative knee-extensor
exercise dosage and effect on knee-extensor strength prior to and following total knee
arthroplasty: A systematic review and meta-regression analysis of randomized
controlled trials', Osteoarthritis Cartilage.

Hggsholt, M., S. L. Jgrgensen, N. Rolving, I. Mechlenburg, L. U. Tgnning, and M. B. Bohn.
2022. 'Exercise With Low-Loads and Concurrent Partial Blood Flow Restriction Combined
With Patient Education in Females Suffering From Gluteal Tendinopathy: A Feasibility
Study', Front Sports Act Living, 4: 881054.

Ingram, J. W., S. J. Dankel, S. L. Buckner, B. R. Counts, J. G. Mouser, T. Abe, G. C.
Laurentino, and J. P. Loenneke. 2017. 'The influence of time on determining blood flow
restriction pressure', J Sci Med Sport, 20: 777-80.

99



Jakobsen, Thomas Linding, Malene Christensen, Stine Sommer Christensen, Marie Olsen, and
Thomas Bandholm. 2010. 'Reliability of knee joint range of motion and circumference
measurements after total knee arthroplasty: does tester experience matter?’,
Physiotherapy Research International, 15: 126-34.

Jensen, Morten B., Cathrine E. Jensen, Claire Gudex, Kjeld M. Pedersen, Sabrina S. S@grensen,
and Lars H. Ehlers. 2023. 'Danish population health measured by the EQ-5D-5L",
Scandinavian Journal of Public Health, 51: 241-49.

Jette, D. U., S. J. Hunter, L. Burkett, B. Langham, D. S. Logerstedt, N. S. Piuzzi, N. M. Poirier,
et al. 2020. 'Physical Therapist Management of Total Knee Arthroplasty', Phys Ther,
100: 1603-31.

Jin, X., F. Al Sayah, A. Ohinmaa, D. A. Marshall, and J. A. Johnson. 2019. 'Responsiveness of
the EQ-5D-3L and EQ-5D-5L in patients following total hip or knee replacement’, Qual
Life Res, 28: 2409-17.

Johnson, V. L., and D. J. Hunter. 2014. 'The epidemiology of osteoarthritis', Best practice &
research.Clinical rheumatology, 28: 5-15.

Jones, C. 1., R. E. Rikli, and W. C. Beam. 1999. 'A 30-s chair-stand test as a measure of lower
body strength in community-residing older adults', Research quarterly for exercise and
sport, 70: 113-19.

Jordan, R. W., N. A. Smith, G. S. Chahal, C. Casson, M. R. Reed, and A. P. Sprowson. 2014.
'Enhanced education and physiotherapy before knee replacement; is it worth it? A
systematic review', Physiotherapy, 100: 305-12.

Jansson, A. B., S. Krogh, H. S. Laursen, P. Aagaard, H. Kasch, and J. F. Nielsen. 2024. 'Safety
and efficacy of blood flow restriction exercise in individuals with neurological disorders:
A systematic review', Scand J Med Sci Sports, 34: e14561.

Jgrgensen, A. N., P. Aagaard, J. L. Nielsen, U. Frandsen, and L. P. Diederichsen. 2016. 'Effects
of blood-flow-restricted resistance training on muscle function in a 74-year-old male
with sporadic inclusion body myositis: a case report', Clinical Physiology and Functional
Imaging, 36: 504-09.

Jgrgensen, S. L., M. B. Bohn, P. Aagaard, and I. Mechlenburg. 2020. 'Efficacy of low-load blood
flow restricted resistance EXercise in patients with Knee osteoarthritis scheduled for
total knee replacement (EXKnee): protocol for a multicentre randomised controlled
trial', BMJ Open, 10: e034376.

Jgrgensen, S. L., S. Kierkegaard, M. B. Bohn, P. Aagaard, and I. Mechlenburg. 2022. 'Effects of
Resistance Training Prior to Total Hip or Knee Replacement on Post-operative Recovery
in Functional Performance: A Systematic Review and Meta-Analysis', Front Sports Act
Living, 4: 924307.

Jgrgensen, S.L. Bohn, M.B. . 2023. 'Blood Flow Restricted Low-Load Resistance Exercise in
Patients with Persistent Knee Symptoms despite Previous Rehabilitation Efforts: A Pilot
Study.', Rheumatology (Sunnyvale). 13: 1-8.

Jgrgensen, Stian Langgard, Signe Kierkegaard-Brgchner, Marie Bagger Bohn, Mathias
Hggsholt, Per Aagaard, and Inger Mechlenburg. 2023. 'Effects of blood-flow restricted
exercise versus conventional resistance training in musculoskeletal disorders—a
systematic review and meta-analysis', BMC Sports Science, Medicine and Rehabilitation,
15: 141.

Jgrgensen, Stian Langgard, and Inger Mechlenburg. 2021. 'Effects of Low-Load Blood-Flow
Restricted Resistance Training on Functional Capacity and Patient-Reported Outcome in
a Young Male Suffering From Reactive Arthritis', Frontiers in Sports and Active Living, 3.

Kellgren, J. H., and J. S. Lawrence. 1957. 'Radiological assessment of osteo-arthrosis', Ann
Rheum Dis, 16: 494-502.

Koblbauer, Ian F. H., Yannick Lambrecht, Der Hulst Van, Camille Neeter, Raoul H. H.
Engelbert, Rudolf W. Poolman, and Vanessa A. Scholtes. 2011. 'Reliability of maximal
isometric knee strength testing with modified hand-held dynamometry in patients
awaiting total knee arthroplasty: Useful in research and individual patient settings? A
reliability study', BMC Musculoskeletal Disorders.

100



Kristensen, M. T., C. Ekdahl, H. Kehlet, and T. Bandholm. 2010. '"How many trials are needed
to achieve performance stability of the Timed Up & Go test in patients with hip
fracture?', Archives of Physical Medicine and Rehabilitation, 91: 885-89.

Kwok, I. H., B. Paton, and F. S. Haddad. 2015. 'Does Pre-Operative Physiotherapy Improve
Outcomes in Primary Total Knee Arthroplasty? - A Systematic Review', The Journal of
arthroplasty, 30: 1657-63.

Langgard Jgrgensen, S., I. Mechlenburg, M. Bagger Bohn, and P. Aagaard. 2023. 'Sit-to-stand
power predicts functional performance and patient-reported outcomes in patients with
advanced knee osteoarthritis. A cross-sectional study', Musculoskelet Sci Pract, 69:
102899.

Leopold, S. S. 2009. 'Minimally invasive total knee arthroplasty for osteoarthritis', N Engl J
Med, 360: 1749-58.

Lespasio, M. J., N. S. Piuzzi, M. E. Husni, G. F. Muschler, A. Guarino, and M. A. Mont. 2017.
'Knee Osteoarthritis: A Primer', Perm J, 21: 16-183.

Liljensa@e, A., J. O. Laursen, H. Bliddal, K. Sgballe, and I. Mechlenburg. 2021. 'Weight Loss
Intervention Before Total Knee Replacement: A 12-Month Randomized Controlled Trial',
Scand J Surg, 110: 3-12.

Lim, J. A., and A. Thahir. 2021. 'Perioperative management of elderly patients with
osteoarthritis requiring total knee arthroplasty', J Perioper Pract, 31: 209-14.

Loenneke, J. P., C. A. Fahs, L. M. Rossow, V. D. Sherk, R. S. Thiebaud, T. Abe, D. A. Bemben,
and M. G. Bemben. 2012. 'Effects of cuff width on arterial occlusion: implications for
blood flow restricted exercise', European journal of applied physiology, 112: 2903-12.

Lyman, S., Y. Y. Lee, A. S. McLawhorn, W. Islam, and C. H. MacLean. 2018. 'What Are the
Minimal and Substantial Improvements in the HOOS and KOOS and JR Versions After
Total Joint Replacement?’, Clinical orthopaedics and related research, 476: 2432-41.

Ma, J. X., L. K. Zhang, M. J. Kuang, J. Zhao, Y. Wang, B. Lu, L. Sun, and X. L. Ma. 2018. 'The
effect of preoperative training on functional recovery in patients undergoing total knee
arthroplasty: A systematic review and meta-analysis', Int J Surg, 51: 205-12.

Mandy van Reenen, B.]., Elly Stolk, Kristina Secnik Boye, Mike Herdman, and T.K.-M. Matthew
Kennedy-Martin, Bernhard Slaap, EuroQol Research Foundation. 2019. 'EQ-5D-5L
UserGuide'.

Mansournia, M. A., G. S. Collins, R. O. Nielsen, M. Nazemipour, N. P. Jewell, D. G. Altman, and
M. J. Campbell. 2021. 'A CHecklist for statistical Assessment of Medical Papers (the
CHAMP statement): explanation and elaboration', Br J Sports Med, 55: 1009-17.

March, L., E. U. Smith, D. G. Hoy, M. J. Cross, L. Sanchez-Riera, F. Blyth, R. Buchbinder, T.
Vos, and A. D. Woolf. 2014. 'Burden of disability due to musculoskeletal (MSK)
disorders', Best practice & research.Clinical rheumatology, 28: 353-66.

Martel-Pelletier, Johanne, Andrew J. Barr, Flavia M. Cicuttini, Philip G. Conaghan, Cyrus
Cooper, Mary B. Goldring, Steven R. Goldring, Graeme Jones, Andrew J. Teichtahl, and
Jean-Pierre Pelletier. 2016. 'Osteoarthritis', Nature Reviews Disease Primers, 2: 16072.

Martel, Gregory F., Matthew L. Harmer, Jennifer M. Logan, and Christopher B. Parker. 2005.
'Aquatic plyometric training increases vertical jump in female volleyball players’,
Medicine and science in sports and exercise.

McKay, C., H. Prapavessis, and T. Doherty. 2012. 'The effect of a prehabilitation exercise
program on quadriceps strength for patients undergoing total knee arthroplasty: a
randomized controlled pilot study', Pm r, 4: 647-56.

Mechlenburg, I., T. G. Nielsen, N. Kristensen, A. Bentzen, and S. L. Jgrgensen. 2023. 'Low-load
exercises with concurrent blood flow restriction as rehabilitation for unspecific knee pain
to a former American football player: A case report', SAGE Open Med Case Rep, 11:
2050313x231203465.

Meier, Whitney, Ryan Mizner, Robin Marcus, Lee Dibble, Christopher Peters, and Paul C.
Lastayo. 2008. 'Total Knee Arthroplasty: Muscle Impairments, Functional Limitations,
and Recommended Rehabilitation Approaches', Journal of Orthopaedic & Sports Physical
Therapy, 38: 246-56.

101



Minshull, C., and N. Gleeson. 2017. 'Considerations of the Principles of Resistance Training in
Exercise Studies for the Management of Knee Osteoarthritis: A Systematic Review',
Arch Phys Med Rehabil, 98: 1842-51.

Mitchell, C. J., T. A. Churchward-Venne, D. W. West, N. A. Burd, L. Breen, S. K. Baker, and S.
M. Phillips. 2012. 'Resistance exercise load does not determine training-mediated
hypertrophic gains in young men', J App!/ Physiol (1985), 113: 71-7.

Mizner, Ryan L., Stephanie C. Petterson, and Lynn Snyder-Mackler. 2005. 'Quadriceps strength
and the time course of functional recovery after total knee arthroplasty', The Journal of
orthopaedic and sports physical therapy.

Mizner, Ryan L., Stephanie C. Petterson, Jennifer E. Stevens, Michael J. Axe, and Lynn Snyder-
Mackler. 2005. 'Preoperative quadriceps strength predicts functional ability one year
after total knee arthroplasty', Journal of Rheumatology.

Moher, D., S. Hopewell, K. F. Schulz, V. Montori, P. C. Gotzsche, P. J. Devereaux, D. Elbourne,
M. Egger, D. G. Altman, and Consort. 2012. 'CONSORT 2010 explanation and
elaboration: updated guidelines for reporting parallel group randomised trials',
International journal of surgery (London, England), 10: 28-55.

Mortensen, L., I. Mechlenburg, and S. Langgard Jgrgensen. 2023. 'Low-Load Blood-Flow-
Restricted Exercise to Prevent Muscle Atrophy and Decline in Functional Performance in
a Patient Recovering From a Malleolus Fracture. A Case Report', Clin J Sport Med, 33:
97-100.

Most, J., T. A. Hoelen, A. Spekenbrink-Spooren, M. G. M. Schotanus, and B. Boonen. 2022.
'Defining Clinically Meaningful Thresholds for Patient-Reported Outcomes in Knee
Arthroplasty', J Arthroplasty, 37: 837-44.e3.

Moyer, Rebecca, Kathy Ikert, Kristin Long, and Jacquelyn Marsh. 2017. 'The Value of
Preoperative Exercise and Education for Patients Undergoing Total Hip and Knee
Arthroplasty: A Systematic Review and Meta-Analysis', JBJS Reviews, 5.

Murray, A. M., A. C. Thomas, C. W. Armstrong, B. G. Pietrosimone, and M. A. Tevald. 2015.
'The associations between quadriceps muscle strength, power, and knee joint
mechanics in knee osteoarthritis: A cross-sectional study', Clin Biomech (Bristol, Avon),
30: 1140-5.

Murray, C. 1., T. Fau Vos, R. Fau Lozano, Abraham D. Naghavi M Fau - Flaxman, Flaxman A. D.
Fau, C. Fau Michaud, M. Fau Ezzati, et al. "Disability-adjusted life years (DALYs) for 291
diseases and injuries in 21 regions, 1990-2010: a systematic analysis for the Global
Burden of Disease Study 2010." In.

Nielsen, Jakob Lindberg, Per Aagaard, Rune Dueholm Bech, Tobias Nygaard, Lars Grgndahl
Hvid, Mathias Wernbom, Charlotte Suetta, and Ulrik Frandsen. 2012. 'Proliferation of
myogenic stem cells in human skeletal muscle in response to low-load resistance
training with blood flow restriction', The Journal of physiology, 590: 4351-61.

Noble, P. C., M. A. Conditt, K. F. Cook, and K. B. Mathis. 2006. 'The John Insall Award: Patient
expectations affect satisfaction with total knee arthroplasty', Clin Orthop Relat Res,
452: 35-43.

Noble, P. C., M. J. Gordon, J. M. Weiss, R. N. Reddix, M. A. Conditt, and K. B. Mathis. 2005.
'Does total knee replacement restore normal knee function?', Clinical orthopaedics and
related research, (431):157-65. doi: 157-65.

Odgaard, A., A. H. Hjelm, P. Iversen, and P. R. Nielsen. 2019. 'Dansk Knaealloplastikregister,
drsrapport 2019'.

Orndahl, C. M., R. A. Perera, A. Hung, L. Dumenci, and D. L. Riddle. 2021. 'Physical Therapy
Use, Costs, and Value for Latent Classes of Good vs Poor Outcome in Patients Who
Catastrophize About Their Pain Prior to Knee Arthroplasty', Arch Phys Med Rehabil, 102:
1347-51.

Parati, G., G. S. Stergiou, E. Dolan, and G. Bilo. 2018. 'Blood pressure variability: clinical
relevance and application', J Clin Hypertens (Greenwich), 20: 1133-37.

Patterson, S. D., L. Hughes, S. Warmington, J. Burr, B. R. Scott, J. Owens, T. Abe, et al. 2019.
'Blood Flow Restriction Exercise: Considerations of Methodology, Application, and
Safety', Front Physiol, 10: 533.

102



Paxton, R. J., E. L. Melanson, J. E. Stevens-Lapsley, and C. L. Christiansen. 2015. 'Physical
activity after total knee arthroplasty: A critical review', World J Orthop, 6: 614-22.

Pearson, Stephen John, and Syed Robiul Hussain. 2015. "A Review on the Mechanisms of
Blood-Flow Restriction Resistance Training-Induced Muscle Hypertrophy." In.

Peer, M. A., R. Rush, P. D. Gallacher, and N. Gleeson. 2017. 'Pre-surgery exercise and post-
operative physical function of people undergoing knee replacement surgery: A
systematic review and meta-analysis of randomized controlled trials', J Rehabil Med,
49: 304-15.

Petersson, N., S. Jgrgensen, T. Kjeldsen, P. Aagaard, and I. Mechlenburg. 2020. '[Blood-flow
restricted walking exercise as rehabilitation for a patient with chronic knee
osteoarthritis]', Ugeskr Laeger, 182.

Petersson, N., S. Langgard Jgrgensen, T. Kjeldsen, 1. Mechlenburg, and P. Aagaard. 2022.
'‘Blood Flow Restricted Walking in Elderly Individuals with Knee Osteoarthritis: A
Feasibility Study', J Rehabil Med, 54: jrm00282.

PITMAN, E. J. G. 1939. 'A NOTE ON NORMAL CORRELATION*', Biometrika, 31: 9-12.

Piva, S. R., P. E. Teixeira, G. J. Almeida, A. B. Gil, A. M. DiGioia, 3rd, T. J. Levison, and G. K.
Fitzgerald. 2011. 'Contribution of hip abductor strength to physical function in patients
with total knee arthroplasty', Phys Ther, 91: 225-33.

Reid, K. F., L. L. Price, W. F. Harvey, J. B. Driban, C. Hau, R. A. Fielding, and C. Wang. 2015.
'Muscle Power Is an Independent Determinant of Pain and Quality of Life in Knee
Osteoarthritis', Arthritis Rheumatol, 67: 3166-73.

Rodrigues, R., R. B. Ferraz, C. O. Kurimori, L. K. Guedes, F. R. Lima, A. L. de Sa-Pinto, B.
Gualano, and H. Roschel. 2020. 'Low-Load Resistance Training With Blood-Flow
Restriction in Relation to Muscle Function, Mass, and Functionality in Women With
Rheumatoid Arthritis', Arthritis Care Res (Hoboken), 72: 787-97.

Rolfson, O., E. Bohm, P. Franklin, S. Lyman, G. Denissen, J. Dawson, J. Dunn, et al. 2016.
'Patient-reported outcome measures in arthroplasty registries Report of the Patient-
Reported Outcome Measures Working Group of the International Society of Arthroplasty
Registries Part II. Recommendations for selection, administration, and analysis', Acta
Orthop, 87 Suppl 1: 9-23.

Roos, Ewa M., and L. S. Lohmander. 2003. "The Knee injury and Osteoarthritis Outcome Score
(KOOS): From joint injury to osteoarthritis." In.

Rossi, F. E., M. C. de Freitas, N. E. Zanchi, F. S. Lira, and J. M. Cholewa. 2018. 'The Role of
Inflammation and Immune Cells in Blood Flow Restriction Training Adaptation: A
Review', Front Physiol, 9: 1376.

Rowe, P. J., C. M. Myles, C. Walker, and R. Nutton. 2000. 'Knee joint kinematics in gait and
other functional activities measured using flexible electrogoniometry: how much knee
motion is sufficient for normal daily life?', Gait Posture, 12: 143-55.

S.; @stergaard S.E.; Jakobsen T.L.; Christensen T.M. , Lindberg-Larsen M.; Attazadeh A.P.;
Troelsen A.; Kappel A.; Bruun C.; Koppens A.; Petersen F.L.; Andersen L.; Iversen P.;
Villekjeer. 2023. "Dansk Knaealloplastikregister Arsrapport.” In.
https://www.sundhed.dk/content/cms/99/4699 dkr-aarsrapport-

2022 udgivet2023 offentliggjort version.pdf: Regionernes Kliniske
Kvalitetsudviklingsprogram (RKKP).

Segal, N. A., G. N. Williams, M. C. Davis, R. B. Wallace, and A. E. Mikesky. 2015. 'Efficacy of
blood flow-restricted, low-load resistance training in women with risk factors for
symptomatic knee osteoarthritis', PM & R : the journal of injury, function, and
rehabilitation, 7: 376-84.

Segal, N., M. D. Davis, and A. E. Mikesky. 2015. 'Efficacy of Blood Flow-Restricted Low-Load
Resistance Training For Quadriceps Strengthening in Men at Risk of Symptomatic Knee
Osteoarthritis', Geriatric orthopaedic surgery & rehabilitation, 6: 160-67.

Sen R, Hurley JA. 2023. 'Osteoarthritis.' in StatPearls Publishing (ed.), Statpearls [Internet]
(Available from: https://www.ncbi.nlm.nih.gov/books/NBK482326/ (PubMed):
In: StatPearls [Internet]. Treasure Island (FL)).

Sharma, L. 2021. 'Osteoarthritis of the Knee', N Engl J Med, 384: 51-59.

103


https://www.sundhed.dk/content/cms/99/4699_dkr-aarsrapport-2022_udgivet2023_offentliggjort_version.pdf
https://www.sundhed.dk/content/cms/99/4699_dkr-aarsrapport-2022_udgivet2023_offentliggjort_version.pdf
https://www.ncbi.nlm.nih.gov/books/NBK482326/

Silkman Baker, C., and J. M. McKeon. 2012. 'Does preoperative rehabilitation improve patient-
based outcomes in persons who have undergone total knee arthroplasty? A systematic
review', Pm r, 4: 756-67.

Skoffer, Birgit, Ulrik Dalgas, and Inger Mechlenburg. 2015. "Progressive resistance training
before and after total hip and knee arthroplasty: A systematic review." In, 15. Clinical
Rehabilitation.

Skoffer, Birgit, Ulrik Dalgas, Inger Mechlenburg, Kjeld Soballe, and Thomas Maribo. 2015.
'Functional performance is associated with both knee extensor and flexor muscle
strength in patients scheduled for total knee arthroplasty: A cross-sectional study’,
Journal of Rehabilitation Medicine.

Skoffer, Birgit, Thomas Maribo, Inger Mechlenburg, Per M. Hansen, Kjeld Sgballe, and Ulrik
Dalgas. 2016. 'Efficacy of Preoperative Progressive Resistance Training on Postoperative
Outcomes in Patients Undergoing Total Knee Arthroplasty', Arthritis Care & Research.

Skou, S. T., E. M. Roos, M. B. Laursen, M. S. Rathleff, L. Arendt-Nielsen, O. Simonsen, and S.
Rasmussen. 2015. 'A Randomized, Controlled Trial of Total Knee Replacement', N Engl J
Med, 373: 1597-606.

Skou, Sg, and Ewa M. Roos. 2017. 'Good Life with osteoArthritis in Denmark (GLA:D™):
evidence-based education and supervised neuromuscular exercise delivered by certified
physiotherapists nationwide', BMC Musculoskeletal Disorders.

Spitz, Robert W., Ryo Kataoka, Scott J. Dankel, Zachary W. Bell, Jun Seob Song, Vickie Wong,
Yujiro Yamada, and Jeremy P. Loenneke. 2023. 'Quantifying the Generality of Strength
Adaptation: A Meta-Analysis', Sports Medicine, 53: 637-48.

Stevens, J. E., R. L. Mizner, and L. Snyder-Mackler. 2003. 'Quadriceps strength and volitional
activation before and after total knee arthroplasty for osteoarthritis', J Orthop Res, 21:
775-9.

Su, W., Y. Zhou, H. Qiu, and H. Wu. 2022. 'The effects of preoperative rehabilitation on pain
and functional outcome after total knee arthroplasty: a meta-analysis of randomized
controlled trials', J Orthop Surg Res, 17: 175.

Suetta, Charlotte, Bryan Haddock, Julian Alcazar, Tim Noerst, Ole M. Hansen, Helle Ludvig,
Rikke Stefan Kamper, et al. 2019. 'The Copenhagen Sarcopenia Study: lean mass,
strength, power, and physical function in a Danish cohort aged 20-93 years', Journal of
Cachexia, Sarcopenia and Muscle, 10: 1316-29.

Sutton, Emma L., Usama Rahman, Eleni Karasouli, Heather J. MacKinnon, Anand
Radhakrishnan, Maxwell S. Renna, and Andrew Metcalfe. 2023. 'Do pre-operative
therapeutic interventions affect outcome in people undergoing hip and knee joint
replacement? A systematic analysis of systematic reviews', Physical Therapy Reviews,
28: 175-87.

Taruc-Uy, R. L., and S. A. Lynch. 2013. 'Diagnosis and treatment of osteoarthritis', Prim Care,
40: 821-36, vii.

Taylor, A. L., J. M. Wilken, G. D. Deyle, and N. W. Gill. 2014. 'Knee extension and stiffness in
osteoarthritic and normal knees: a videofluoroscopic analysis of the effect of a single
session of manual therapy', J Orthop Sports Phys Ther, 44: 273-82.

Thomas, D. T., S. R, A. J. Prabhakar, P. V. Dineshbhai, and C. Eapen. 2022. 'Hip abductor
strengthening in patients diagnosed with knee osteoarthritis - a systematic review and
meta-analysis', BMC Musculoskelet Disord, 23: 622.

Topp, R., M. Ditmyer, K. King, K. Doherty, and J. Hornyak, 3rd. 2002. 'The effect of bed rest
and potential of prehabilitation on patients in the intensive care unit', AACN Clinical
Issues, 13: 263-76.

Toth, M. 1., P. D. Savage, T. B. Voigt, B. M. Anair, J. Y. Bunn, I. B. Smith, T. W. Tourville, M.
Blankstein, J. Stevens-Lapsley, and N. J. Nelms. 2022. 'Effects of total knee
arthroplasty on skeletal muscle structure and function at the cellular, organellar, and
molecular levels', J Appl Physiol (1985), 133: 647-60.

Vasileiadis, D., G. Drosos, G. Charitoudis, I. Dontas, and J. Vlamis. 2022. 'Does preoperative
physiotherapy improve outcomes in patients undergoing total knee arthroplasty? A
systematic review', Musculoskeletal Care, 20: 487-502.

104



Vissing, K., T. Groennebaek, M. Wernbom, P. Aagaard, and T. Raastad. 2020. 'Myocellular
Adaptations to Low-Load Blood Flow Restricted Resistance Training', Exerc Sport Sci
Rev, 48: 180-87.

Wallis, J. A., and N. F. Taylor. 2011. 'Pre-operative interventions (non-surgical and non-
pharmacological) for patients with hip or knee osteoarthritis awaiting joint replacement
surgery--a systematic review and meta-analysis', Osteoarthritis Cartilage, 19: 1381-95.

Walsh, M., L. J. Woodhouse, S. G. Thomas, and E. Finch. 1998. 'Physical impairments and
functional limitations: a comparison of individuals 1 year after total knee arthroplasty
with control subjects', Physical Therapy, 78: 248-58.

Wang, D., T. Wu, Y. Li, L. Jia, J. Ren, and L. Yang. 2021. 'A systematic review and meta-
analysis of the effect of preoperative exercise intervention on rehabilitation after total
knee arthroplasty', Ann Palliat Med, 10: 10986-96.

Wang, L., M. Lee, Z. Zhang, J. Moodie, D. Cheng, and J. Martin. 2016. 'Does preoperative
rehabilitation for patients planning to undergo joint replacement surgery improve
outcomes? A systematic review and meta-analysis of randomised controlled trials', BMJ
open, 6: e009857-2015-57.

Wernbom, M., J. Augustsson, and T. Raastad. 2008. 'Ischemic strength training: a low-load
alternative to heavy resistance exercise?', Scandinavian Journal of Medicine & Science
in Sports, 18: 401-16.

Wernbom, M., and P. Aagaard. 2019. 'Muscle fibre activation and fatigue with low-load blood
flow restricted resistance exercise-An integrative physiology review', Acta physiologica
(Oxford, England): e13302.

Wittrup-Jensen, K. U., J. Lauridsen, C. Gudex, and K. M. Pedersen. 2009. 'Generation of a
Danish TTO value set for EQ-5D health states', Scandinavian Journal of Public Health,
37: 459-66.

Wright, A. A., C. E. Cook, G. D. Baxter, J. D. Dockerty, and J. H. Abbott. 2011. 'A comparison
of 3 methodological approaches to defining major clinically important improvement of 4
performance measures in patients with hip osteoarthritis', The Journal of orthopaedic
and sports physical therapy, 41: 319-27.

Zeng, C. Y., Z. R. Zhang, Z. M. Tang, and F. Z. Hua. 2021. 'Benefits and Mechanisms of
Exercise Training for Knee Osteoarthritis', Front Physiol, 12: 794062.

Aagaard, P., C. Suetta, P. Caserotti, S. P. Magnusson, and M. Kjaer. 2010. 'Role of the nervous
system in sarcopenia and muscle atrophy with aging: strength training as a
countermeasure', Scand J Med Sci Sports, 20: 49-64.

Aagaard, Per, Jesper L. Andersen, Poul Dyhre-Poulsen, Anne Mette Leffers, Aase Wagner, S.
Peter Magnusson, Jens Halkjaer-Kristensen, and Erik B. Simonsen. 2001. 'A mechanism
for increased contractile strength of human pennate muscle in response to strength
training: Changes in muscle architecture', Journal of Physiology, 534: 613-23.

Aagaard, Per, Erik B. Simonsen, Jesper L. Andersen, Peter Magnusson, and Poul Dyhre-
Poulsen. 2002. 'Increased rate of force development and neural drive of human skeletal
muscle following resistance training', Journal of Applied Physiology (Bethesda, Md.:
1985).

105



APPENDENCIES

Table A-1. Differences in average and peak knee extensor MVC of the affected leg at
baseline

Average (n=80) Peak (n=80)
Knee extensor MVC Nm kg 2.5[2.3; 2.7] 2.9 [2.7; 3.2]*

Knee extensor MVC = maximal isometric knee extensor torque; * = p>0.05
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Table A-2. Search strategy

("Arthroplasty, Replacement, Knee"[Mesh]) AND ((prehabilitation OR "preoperative rehabilitation" OR
"preoperative training*" OR "preoperative exercise*" OR "preoperative physiotherapy" OR "preoperative
physical therapy") OR ("Preoperative Exercise"[Mesh]))
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Table A-3. Key exercise variables for trials using muscle strengthening exercises

Trial Exercises Sets Repetitio Loading intensity Progression Frequency
ns model Duration
Supervision
McKay Calf raises 2 8 60% 1RMSets at Adding 1-2 kilos per 3/week
Leg Press 100%RM: none week 6 weeks
(McKay, Leg Curl All sessions
Prapavessis, Leg Extension
and Doherty Exercises were
2012) performed
bilaterally
Dominguez- Leg Raise 3 10 Knee extension and Based on 10RM 3/week
Navarro Knee extension Hamstring Curl: testing at each 4 weeks
i Hamstring Curl Initial load: 50% 10 exercise session All sessions
1(\11331;112%;3;1'. Isoton'ic RM (15t set)
2021) hamstring ond set: 75%RM
activation 3rd set: 100% RM (if
Both leg§ were possible)**
exercised Leg raise and
isotonic hamstring
activation:
Load: 50%10RM?*.
No progression
Sets at 100%RM: 1
in two exercises,
respectively
Skoffer Leg press 3 12-8 12-8RM 12RM progressing 3/week
Knee extension Sets at 100% RM: 3 towards 8RM 4 weeks
(Skoffer et al. Knee flexion in each exercise All sessions
2016) Hip extension
Hip abduction
Hip adduction
Exercises were
performed on
the affect leg
only
Calatayud Leg Press 5 10 10RM 3/week
Knee Extension Sets at 100% RM: 12 weeks
(Calatayud et Leg Curl 5in each exercise All sessions
al. 2016) Hip Abduction

Exercises were
performed on
each leg

RM = repetition maximum; * = The 10RM calculation was performed each session, after the warm-up phase. It is
understood by 10RM the maximum weight that a subject could lift correctly for 10 repetitions. **= Progression from 50%
10RM to 75% 10RM and 10RM was performed if possible. Otherwise, the load applied was the maximum the participants

could stand (Dominguez-Navarro et al. 2021).
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Table A-4. Patient characteristics of the patients included in the trial

versus the observational cohort

Age (years)

KOOS Pain (0-100)

KOOS Symptoms (0-100)

KOOS Activities of daily living (0-100)

KOOS Sport & Recreational Activities (0-100)

KOOS Quality of Life (0-100)

All
(n=86)

Mean
[CT]
66.6

[64.9; 67.7]

50.5
[45.7; 55.3]
52.8
[47.3; 68.4]
54.3
[49.4; 59.1]
17.1
[11.8; 22.4]
31.0
[26.9; 35.1]

Cohort
(n=66)

Mean
[CI]
68.4

[66.4; 70.4]

41.4
[37.3; 45.5]
49.2
[43.6; 54.8]
45.2
[41.2; 49.1]
16.3
[12.0; 20.6]
27.5
[23.9; 31.2]

All = BFR-RT and controls; BFR-RT = intervention group; Cohort = eligible patients

declining to participate in the trial; cm = centimetre; kg = kilo; CI = confidence interval
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ABSTRACT

Introduction Up to 20% of patients undergoing total knee
replacement (TKR) surgery report no or suboptimal pain
relief after TKR. Moreover, despite chances of recovering to
preoperative functional levels, patients receiving TKR have
demonstrated persistent deficits in quadriceps strength
and functional performance compared with healthy age-
matched adults. We intend to examine if low-load blood
flow restricted exercise (BFRE) is an effective preoperative
method to increase functional capacity, lower limb muscle
strength and self-reported outcomes after TKR. In addition,
the study aims to investigate to which extent preoperative
BFRE will protect against surgery-related atrophy 3 months
after TKR.

Methods In this multicentre, randomised controlled and
assessor blinded trial, 84 patients scheduled for TKR
will be randomised to receive usual care and 8 weeks

of preoperative BFRE or to follow usual care-only. Data
will be collected before randomisation, 3—4 days prior

to TKR, 6 weeks, 3 months and 12 months after TKR.
Primary outcome will be the change in 30s chair stand
test from baseline to 3-month follow-up. Key secondary
outcomes will be timed up and go, 40 me fast-paced
walk test, isometric knee extensor and flexor strength,
patient-reported outcome and selected myofiber
properties.

Intention-to-treat principle and per-protocol analyses

will be conducted. A one-way analysis of variance model
will be used to analyse between group mean changes.
Preintervention-to-postintervention comparisons will

be analysed using a mixed linear model. Also, paired
Student’s t-test will be performed to gain insight into the
potential pretraining-to-post-training differences within
the respective training or control groups and regression
analysis will be used for analysation of associations
between selected outcomes.

Ethical approval The trial has been accepted by the
Central Denmark Region Committee on Biomedical
Research Ethics (Journal No 10-72-19-19) and the Danish
Data Protection Agency (Journal No 652164). All results
will be published in international peer-reviewed scientific
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» The trial is a multicentre, randomised controlled as-
sessor blinded trial.

» This is the first clinical trial to investigate the effect
of low-load ischaemic-resistance training as a pre-
conditioning method prior to elective knee replace-
ment surgery.

» Patients will not be blinded to their allocation into in-
tervention groups (blood flow restricted vs control).

» This is a protocol paper.

journals regardless of positive, negative or inconclusive
results.
Trial registration number NCT04081493.

INTRODUCTION

Knee osteoarthritis (OA) is a degenerative
joint disease associated with pain, reduced
physical activity and quality of life and affects
almost 40% of all individuals 260 years of
age.'"” Approaching end-stage knee OA,
total knee replacement (TKR) is often the
preferred treatment choice to reduce pain
and regain functional capacity. That is, TKR
is considered a highly successful treatment
to improve quality of life and long-term
function.® However, despite being consid-
ered highly successful, approximately 20% of
the patients undergoing TKR experience a
suboptimal outcome,’ which has often been
suggested to be related to incomplete resto-
ration of physical function.” In addition, TKR
patients typically demonstrate long-lasting
deficits in quadriceps strength and functional
performance.” * This failure to return to
‘normal’ strength levels has been suggested
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to be associated with preoperatively lower limb muscle
strength and function.”

Preconditioning exercise designed to prepare the
musculoskeletal system to better tolerate stressful events
such as the impact of invasive surgery has been suggested
to be applicable prior to elective TKR.® This is supported
by the results of two randomised controlled trials indi-
cating that preoperative heavy-resistance strength training
(HRST) may enhance functional capacity and knee
extensor muscle strength 3months postoperatively.” ®
Joint pain resulting from the high mechanical loads asso-
ciated with HRST may represent a barrier to this type
of training in some patients suffering from severe knee
OA.'? Therefore, a more tolerable, yet effective, alter-
native is needed for this population. Also, three recent
systematic reviews investigating the topic of preoperative
physiotherapy-based exercise before TKR all warrant
high-quality, well-powered evidence to investigate the effi-
cacy of preoperative physiotherapy before TKR.'""?

Resistance training with low exercise loads (~30%
one repetition maximum) performed with concurrent
partial blood flow restriction to the working limb (blood
flow restricted exercise, BFRE) has received increasing
clinical interest during the last decade.' "™* The appli-
cation of low muscle/tendon/joint forces in BFRE has
been documented to increase human skeletal muscle
size and to cause substantial strength gain in healthy
young and old individuals, as well as some patient popu-
lations, despite the low magnitude of mechanical stress
imposed on the trained tissue."”*** When applied in the
clinical setting, BFRE has demonstrated positive effects
on skeletal muscle hypertrophy, strength, and functional
capacity in mild-degree knee OA patients' ?**** although
not observed in all studies.” Importantly, BFRE appears
to be feasible with a high training adherence in knee
OA patients.! * * The use of different restrictive pres-
sures (absolute restrictive pressures: 160-200 mm Hg and
individualised pressure of 70%; the pressure needed to
provide complete arterial blood flow restriction (total
limb occlusion pressure, LOP) has been applied without
any adverse events in mild-degree knee OA." *** This is
in line with Hughes et al'® who suggested that when BFRE
is performed correctly, it has been demonstrated to be as
safe as free-flow exercise methods."

Currently, no consensus exists about the appropriate
restrictive pressure to induce favourable muscle adapta-
tion in patients suffering from knee OA. This might be
due to the fact that the effective occlusion pressure seems
to be dictated by the exercise load/intensity.”” Thus, the
effective occlusion pressure varies between studies due to
use of different exercises or differences in exercise load
and intensity. Restrictive pressures ranging from 40% to
80% LOP have been suggested to be sufficient to evoke
muscular adaptation in healthy adults."*'” '* * If the load
is less than 30% 1RM, higher restrictive pressures seems
required to evoke muscle hypertrophy, while lower pres-
sures (40% LOP) requires training loads of 30% 1RM or
above to be performed.” Injury or joint pain (ie, from

the knee) might limit the amount of resistance applied
during strength testing, and may thus compromise the
ability to rely fully on a given 30% 1RM estimation. There-
fore, higher pressures than 40% LOP are suggested to be
used in clinical settings.”® On the other hand, higher pres-
sures are associated with more discomfort during exercise
and in between-set rest pauses,'* which potentially can
affect exercise motivation negatively in patients. Thus, an
occlusion pressure sufficiently high to evoke measurable
muscle adaptation despite potentially exercising at loads
lower than 30% 1RM; yet tolerable to maintain a high
adherence, seems a favourable choice for this particular
patient population.

The adaptive mechanisms evoked by BFRE seem to
involve accumulation of metabolites, ischemia (transient
tissue hypoxia), which may increase recruitment of higher
threshold (type II) fibres through stimulation of group
III and IV afferent nerve ﬁbres,37 3 and also activation
of myogenic muscle stem cells (satellite cells, SC)."* % *!
SC are cells positioned between the sarcolemma and the
myofiber basal lamina.”" * SCs play an important role
in human skeletal muscle growth due to their ability to
donate new myonuclei to the muscle fibres.”" **** That
is, the human skeletal muscle fibres are multinucle-
ated cells with each myonucleus controlling the protein
synthesis of a certain cytoplasmatic area in the muscle
fibre. "% Myonuclei transcriptional activity can be fully
maximised with exercise, hence requiring new myonuclei
to support further muscle tissue accretion.*’ *** It has
been suggested that exercise-related addition of SC and
myonuclei by means of BFRE might reduce the muscle
atrophy related to bedrest and/or prolonged inac-
tivity.”" * Previous studies applying short-term (10 days)
preoperative BFRE before an anterior cruciate ligament
rupture-reconstruction found no atrophy protective
effect or higher postoperative muscle strength compared
with performing a low-load exercise without blood flow
restriction (placebo). However, it might be questionable
if the applied training frequency, intensity and training
period have been sufficient to promote SCs and myonu-
clei addition. Thus, longer periods of intensive training
might be necessary to promote the desired muscle
morphological adaptations (addition of myonuclei and
increased SC content).

Aim and hypothesis of the trial

The primary aim of this trial is to investigate the efficacy of
8weeks of BFRE compared with receiving usual care prior
to TKR on postoperative chair stand performance. We
hypothesise that 8weeks of preoperative BFRE will lead to
increased 30s chair stand performance (30s chair stand
test: 30s CST) when assessed 3months postoperatively.
Secondary aims are to investigate the efficacy of preop-
erative BFRE on lower limb muscle strength 3months
after TKR and investigate the potential relationship to
functional capacity and quality of life. Furthermore,
it will be investigated to which extent 8weeks of BFRE
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induce myofiber hypertrophy and gain in SC number and
myonuclei content in the knee extensor musculature.

MATERIAL AND METHODS

Design

The trial is designed as a multicentre (two sites),
randomised, assessor blinded, controlled trial following
the Consolidated Standards of Reporting Trials
(CONSORT) guidelines.” Primary endpoint will be
3months after TKR. Additional and secondary endpoints
will be evaluated during the week of TKR, 6weeks after
TKR (questionnaires only) and 12 months after TKR.
Muscle biopsies will be obtained from all patients under-
going surgery at Horsens Regional Hospital at baseline,
during surgery and 3 months after TKR.

Participants

Patients will be recruited from the Departments of Ortho-
pedic Surgery at Horsens and Silkeborg Regional Hospi-
tals in Denmark. Patient enrolment will start 2 September
2019 at Horsens Regional Hospital and 1 October 2019
at Silkeborg Regional Hospital. Patient recruitment
is expected to be completed in June 2021. All patients
are expected to have completed baseline testing in
September 2021. To account for surgery and interven-
tion, the 3-month follow-up will be concluded in April
2022. Thus, at the end of September 2022, all patients are
expected to have completed 12-month follow-up testing.

Inclusion criteria
(1) Patients =250 years scheduled for TKR due to knee OA
at Horsens or Silkeborg Regional Hospital.

Exclusion criteria

(1) Severe cardiovascular diseases (New York Heart Asso-
ciation class III and IV), previous stroke incident, throm-
bosis incident; (2) traumatic nerve injury in affected limb
(3) unregulated hypertension (systolic 2180 or diastolic
2110mm Hg) (4) spinal cord injury; (5) planned other
lower limb surgery within 12 months; (6) cancer diag-
nosis and currently undergoing chemotherapy-, immuno-
therapy or radiotherapy; (7) inadequacy in written and
spoken Danish; (8) an existing prosthesis in the index
limb; (9) living more than 45min from either Horsens
Regional Hospital or Silkeborg Regional Hospital and
(10) pregnancy.

All patients will be screened for eligibility by four ortho-
paedic chief physicians at Horsens Regional Hospital
and by three orthopaedic chief physicians at Silkeborg
Regional Hospital who will perform the initial inclu-
sion of study participants and hand out written project
information. All patients accepting to participate will be
asked to complete a written informed consent allowing
the physiotherapist (at Horsens Regional Hospital and
Silkeborg Regional Hospital) to contact the patients
by phone for a final eligibility and exclusion criteria-
screening and book an appointment for baseline testing.
If the patient agrees to participate in the trial, he/she
will sign a written informed consent to participate in

the project. Subsequently, the patient will be baseline
tested at the hospital by a blinded (to group allocation)
assessor. Patients declining to participate in the RCT
will be offered the option of participating in a parallel
observational cohort trial. All patients included in the
project will be scheduled for a TKR. Two to three weeks
before surgery, all patients will be invited to a, preoper-
ative information meeting where nurses, surgeons and
physiotherapists will provide detailed information on
pain management, nutrition, the surgical procedure,
physical activity, postoperative home-based rehabilitation
(table 1A,1B), load management (usual care).” On the
day of surgery, patients will be hospitalised at Horsens
Regional Hospital or Silkeborg Regional Hospital where
an orthopaedic chief physician will perform the TKR
procedure. The day after surgery all patients will receive
physiotherapy-supervised training once or twice per day
by a physiotherapist in order to fulfil the discharge criteria
(table 2).*® Patients will generally be discharged within
1-2days after fulfilling all the discharge criteria listed
above. After discharge, all patients will receive a stan-
dard home-based rehabilitation programme focusing on
improving knee joint mobility, increasing the tolerance
for standing without assistive devices and lower extremity
muscle strength. Variations in the selection of exercises
and exercise variables exist in the standard home-based
rehabilitation programmes between the respective hospi-
tals; however, the purpose of the programmes is identical.
If the patients do not fulfil the discharge criteria, they will
be offered supervised knee-specific exercise therapy at a
municipal rehabilitation centre or specialised hospital-
based rehabilitation after discharge from the hospital.

Randomisation

After baseline assessment, patients will be randomised
(1:1) using the Research Electronic Data Capture
(REDCap) randomisation system to either the training
(BFRE) group or the control (CON) group. Prior to
randomisation, all patients will be booked for follow-up
test sessions and surgery. All randomisation procedures
will be performed by the physiotherapists in charge of
the BFRE training. Assessors performing the tests will
be blinded to group allocation until completion of the
trial. A flow chart of the patient allocation procedures is
depicted in figure 1.

CON group

Participants in CON will receive usual care (see above)
prior to TKR and be encouraged to continue their usual
lifestyle up until TKR.

BFRE group

In addition to receiving usual care (cf. above), partici-
pants in the BFRE group will perform supervised BFRE
sessions three times per week for 8weeks supervised by
a physiotherapist educated in administering BFRE. All
BFRE training will be performed at Horsens Regional
Hospital and Silkeborg Regional Hospital.
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Step Exercise Repetitions Sets Resistance

Step 1 Supine peristaltic pump exercise with feet 20min 3-4/day -
and 2 above heart level

Step 1 Supine unilateral knee and hip extension and 5 repetitions 3 sets Slipper minimises floor friction
flexion mobilisation with slipper under the heel

Step2  Standing weight transfer exercise 15 repetitions 1 set Body weight
each side

Week 3 and onwards

Step1  Seated knee extension mobilisation 20s 4 rounds Arms can be used to apply pressure
onto the knee to help extend the
knee

Step 1  Standing knee isometric knee towel press 10-15 2-3 sets Ball/towel rolled together
repetitions

Step1  One leg standing 30s 1 set Body weight

Step2  Standing hip abduction Not informed  Not informed Elastic band

Step2  Partial back sliding lunge 10 repetitions 3 sets, 2-3/ Body weight
day

Step 1 is performed in the morning and step 2 is performed in the afternoon. All exercises are performed once per day.
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Step Exercise Repetitions Sets Resistance

Optional Cycling 5-10min 2/day

- Rest with leg above heart level 30min 4/day -

- Seated knee flexion mobilisation 3s 10 sets -

- Supine isometric knee extension 3s 10 sets Lower leg and the foot

Week 2 and onwards

Continued

E-
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Table 1B Continued

Step Exercise Repetitions Sets Resistance

- Supine knee isometric knee towel press 3s hold 10 sets Lower leg and the foot
- Sit to stand 10 repetitions 1 set Body weight

= Standing knee flexion mobilisation 3s 10 sets Body weight

- Step up exercise 10 repetitions 1 set Body weight

All exercises are performed twice per day. Cycling ergometer exercise is optional.

Intervention procedures

BFRE

Each BFRE session will consist of a 10min warm up
(ergometer cycling), followed by two different unilateral
lower-limb-resistance training exercises: (1) leg press
and (2) knee extension performed on standard strength
training machines. Each exercise will be performed with
the affected lower limb only and consist of four rounds
interspaced by 30s of rest (table 3). First round: 30 repeti-
tions (reps); second round: 15 reps; third round: 15 reps;
fourth round: until exhaustion (table 1A,1B). If patients
can perform more than 15 repetitions in the fourth
exercise set, the exercise load will be increased with
the minimum extra load possible.” Participants will be
instructed to perform both the eccentric and concentric
contraction phases using a steady 2s pace duration. The
fourth and final exercise set will be performed to the point
of exhaustion defined as being unable to complete the
final concentric contraction phase in 2s. During the 30s
rest period, patients will rest in a standardised resting posi-
tion while maintaining the initial cuff-pressure. Between
each exercise, patients will have a 5min ‘free-flow’ rest
period. The 5min rest period applied between exercises
was chosen based on experiences from a previous pilot
project (Jorgensen & Bohn 2019, unpublished data) and
experience with applying BFRE in clinical practice. In

Table 2 Discharge criteria at Horsens regional hospital and
Silkeborg regional hospital

Horsens Silkeborg
Regional Regional
Outcome Hospital Hospital
Minimum knee flexion range of 60° 90°
motion
Maximal knee extension deficit 15° 5°
In-and-out of bed Independent Independent
Sit-to-stand Independent Independent
Walking with/without assistive  Independent Independent
devices
Stair negotiation with/without Independent Independent
assistive devices
Activities of daily living Independent Independent
Understanding of the home- Sufficient Sufficient

based postoperative exercise
programme

both situations, we often experienced that patients stayed
seated in the leg press machine for >2min after the last
(fatiguing) set to feel sufficiently rested and confident
to walk from one exercise machine to another. The cuff
will be released immediately after completion of the final
exercise set.

The occlusion pressure during both exercises will be
set at 60% of LOP and the starting load intensity will be
30% with 1 repetition maximum (1RM) in both exercises.

Individual LOP will be determined using a pneumatic,
conically shaped, 12cm wide, rigid cuff (Occlude Aps,
Denmark) attached to the patient’s most proximal area of
the thigh on the affected side. While sitting on an exam-
ination table with the ankle and 1/3 of the lower limb off
the table, a vascular Doppler probe (EDAN Instruments,
China) will be placed posterior to the medial malleolus
over the posterior tibial artery to capture the auscultatory
pulse. To determine the cuff pressure (mm Hg) needed for
total blood flow occlusion, the cuff will gradually be inflated
in 20mm Hg steps until reaching the pressure where the
auscultatory pulse is interrupted (ie, LOP). The first time
the auscultatory pulse is interrupted, the examiner releases
10-20mm Hg pressure from the cuff until the auscultatory
pulse is present again. When the auscultatory pulse reap-
pears, the cuff is inflated with 10mm Hg until the LOP is
found again. If the second LOP is identical to the first, it will
be defined as the LOP for that specific patient. Otherwise,
the procedure will be repeated until determining an iden-
tical LOP two consecutive times.

Outcome variables

Outcome assessments will be performed at baseline
(before randomisation), 3—4 days before surgery, 6 weeks
after TKR, 3months after TKR and 12 months after TKR.
To reduce the number of postoperative visits, only ques-
tionnaires; The Knee disability and Oteoarthritis Outcome
Score (KOOS), EuroQol Group 5-dimensions-Level 5
(EQ-5D-L5) and reporting of adverse event or receiving
supervised physiotherapy postoperatively will be sent via
email 6weeks after surgery. Two testers (two trained phys-
iotherapists) blinded to group allocation will perform all
baseline and follow-up measurements. Bergstrom needle
muscle biopsies*” will be taken from vastus lateralis of
the quadriceps muscle in both lower limbs from patients
included at Horsens Regional Hospital only at base-
line, during surgery, and 3 months after TKR by doctors
trained in performing the procedure. An overview of the
data collection parameters is presented in table 4.
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Patients scheduled for a TKR at Horsens Regional Hospital and Silkeborg Regional Hospital
Aassessed for eligibility (n)

Excluded (n)
Not meeting inclision criteria (n)

- Declining to participate
- Other reasons (n)

| Baseline assessments and randomization |

-

I BFRE group (n=42) |

v

Lost to follow-up (n)
Did not complete the intervention (n)
Declining TKA (n)

I Lost to follow-up (n) | -

| Lost to follow-up (n)

| Lost to follow-up (n)

Figure 1
control; TKR, total knee replacement.

Before starting the baseline testing, all assessors will be
thoroughly trained in performing the tests according to
the standardised test procedures for each test method.
All assessors will be blinded to intervention allocation
(presurgery BFRE training or usual care). Further, asses-
sors will be trained in how to communicate with the partic-
ipants at follow-up test sessions to avoid break of blinding
due to miscommunication. Also, all cases where blinding
is being broken will be registered. Also, the physiother-
apist in charge of LL-BFRE will be thoroughly trained
in performing the exercise on healthy subjects before
applying LL-BFRE on study-patients. At the last scheduled
exercise session (ie, 24th session), the physiotherapists in
charge of LL-BFRE will carefully remind the participants
not to reveal their group allocation to any assessors at any
time point during post-testing.

The primary investigator will be in weekly contact with
the physiotherapists supervising the LL-BFRE at Horsens
Regional Hospital and Silkeborg Regional Hospital where
day-to-day-retraining and supervision can be arranged.
Furthermore, physiotherapists supervising the LL-BFRE
will receive in-depth retraining every 3 months.

Outcomes

Primary outcome

The 30s-CST

The 30s-CST will be assessed using a 44cm (seat height)
chair with armrests. The 30s-CST measures the number

¢« Surgery _____ )

follow-up

6 weeks I
follow-up

|, 3 months

primary Endpoint i

|| 12 months ,_.l

follow Up

v

CON Group (n=42) |

v

Lost to follow-up ()
Declining TKA (n)

Lost to follow-up (n) |

-

Lost to follow-up (n) |

Lost to follow-up (n) I

Flow chart of the enrolment, treatment and follow-up phases. BFRE, low-load blood flow restricted exercise; CON,

of sit-to-stand repetitions completed within 30s. The 30s-
CST is considered a valid and sensitive measure of lower-
extremity sit-to-stand function with good to excellent
intraobserver and interobserver reliability.”*

Secondary outcomes

The timed up and go test

The timed up and go test (TUG) assesses the time
required for patients to stand from a 44 cm (seat height)
chair walk around a tape mark 3 m away and sit into the
chair at return. The patients will be instructed to walk
as fast and safely as possible towards the tape mark (and
touch the tape mark (with at least one foot), turn around
and return to the chair and sit down. Use of armrests is
allowed. The fastest of two trials will be used for further
analysis. Up to 1min of rest will be allowed between
trials.” > Good interrater reliability has been demon-
strated with the TUG test.”

4x10 m walk test

4x10 m walk test (40m-FWT) measures the total time it
takes to walk 4x10 m excluding turns (m/s).” Patients will
be instructed to walk as quickly and as safely as possible
without running to a visible mark 10 metres away, return
and repeat for a total distance of 40 m.”* Prior to the
test, one practice trial will be provided to check under-
standing. The 40m-FWT is a valid and responsive measure
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Table 3 Exercise variables for the blood-flow restricted
exercise (BFRE) protocol

Exercise variable Weeks 1-8
Level of LOP 60% LOP
Sets 4

Load intensity 30% 1RM
Repetitions 1st set 30
Repetitions 2nd and 3rd 15

set
Repetitions 4th set To volitional failure

Contraction modes per

repetition
Concentric 2s
Isometric Os
Eccentric 2s

Rest between repetitions 0s
Time under tension per 4s

repetition

Range of movement Maximum
Rest between sets 30s

Rest between sessions >36 hours

Progression The minimal possible load (5 kg)
is added when patients perform

>15 repetitions in 4th set

LOP, total limb occlusion pressure; RM, repetition maximum.

for assessing short distance maximum walking speed with
excellent inter-rater reliability.””

1RM leg press strength

1RM leg press strength will be estimated from a 5-8RM
leg press test. Patients perform three low-load warm-up
sets. The first and second warm-up sets consist of 12 repe-
titions, and the third warm-up set consists of eight repe-
titions. The load of each warm-up set will be increased
with 10 kilos. After warm-up, the load will be increased
to determine the 5RM. If the 5RM cannot be determined
within three trials, a fourth all-out trial (as many repe-
titions as possible) will be performed. The 1RM will be
calculated as [1IRM=load (kg)/1.0278-0.0278-number of
repetitions)].”’

1RM knee extension strength

1IRM knee extension strength will be estimated from
5-8RM knee extension test as described above for the esti-
mation of 1RM leg press test (55).

Maximal isometric voluntary contraction of the knee

Maximal isometric voluntary contraction (MVC) of the
knee will be measured using a handheld dynamometer
(HHD). The patients will be seated on an examination
table with knees and hips positioned at 90° flexion. The
patients will be instructed to remain seated in an upright
position and place both hands on the shoulder to avoid

compensation. The HHD will be fixed with a rigid belt to
the examination table. Adjustable straps will be used to
allow MVCs of the knee extensors to be performed at 90°
knee flexion in all patients. The HDD will be positioned
5cm above the medial malleolus.”® The patients will be
instructed to produce as much force as possible into the
HHD. Good to excellent interrater and intrarater reli-
ability has previously been demonstrated on group-level
in patients suffering from knee OA for maximum knee
extensor muscle strength testing with HDD.”® Patients
will receive four trials. For analysis, the mean maximal
strength of the second, third and fourth measures will be
calculated and corrected for bodyweight™®

MVC of the knee flexors

MVC of the knee flexors will be measured and performed
using HHD at 90° knee flexion with the patients seated
identically as during MVC for the knee extensors.”’ The
HHD will be positioned posterior aspect of calcaneus”
and patients will be instructed to produce as much force
as possible into the HHD. Good to excellent inter-rater
and intrarater reliability has previously been demon-
strated on group-level in patients suffering from knee
OA for maximum knee flexor muscle strength testing
with HDD.”® Patients will receive four trials. For anal-
ysis, the mean maximal strength of the second, third
and fourth measures will be calculated and corrected for
bodyweight™

Myofiber cross-sectional area, muscle fibre type composition, SC
content and myonuclei number

Myofiber cross-sectional area (CSA), muscle fibre type
composition, SC content and myonuclei number will
be assessed by obtaining needle biopsies (100-150mg)
from all patients enrolled at Horsens Regional Hospital.
The biopsies will be obtained bilaterally from the middle
portion of the vastus lateralis muscle using the percuta-
neous needle biopsy technique of Bergstrom.* " *® Biop-
sies will be performed by two experienced orthopaedic
surgeons (chief physicians) trained in performing the
needle muscle biopsy technique at Horsens Regional
Hospital. Efforts will be made to extract tissue from the
same region (2-3cm apart) and depth (~1-2 cm).” The
tissue samples will be dissected of all visible blood, adipose
tissue and connective tissue and mounted in Tissue-Tec
(4583, Sakura Finetek, Alphen aan den Rijn, The Neth-
erlands), frozen in isopenate precooled with liquid
nitrogen, and stored at ~80°C.*" * % All muscle samples
will be analysed as previously described by Nielsen et al”
using immunofluorescence microscopy. Transverse serial
sections (8pm) of the embedded muscle biopsy specimen
will be cut at -22°C using a cryostat (HM560; Microm,
Walldorf, Germany) and will be mounted on glass slides
for subsequent analysis as described in detail elsewhere.”
Myogenic stem cells ((SC) will be visualised with an
antibody against Pax7.”! Type I (stained) and type II
(unstained) myofibers will be differentiated, and muscle
fibre area will be determined®: MSC-derived nuclei will
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Table 4 Outcome measures to be collected

Outcome measures

Data collection instrument

Time points of assessment

Primary outcome
Sit-to-stand function
Secondary outcomes
Ambulatory capacity
Gait speed
1RM leg press strength
1RM knee extension strength
Isometric knee extensor muscle strength
Isometric knee flexion muscle strength
Myofiber morphology
Myogenic stem cell content
Pain
Symptoms
Activities of daily living
Sports and recreation
Quality of life
Socioeconomic costs
Adverse events
Exercise compliance and progression
Pain during visits
Declining to be operated
Postoperative supervised physiotherapy
Knee joint range of motion
Patient characteristics and related
Measurements
Gender
Age
Height
Body mass
Civil status
Educational level
Employment status
Substance use (alcohol, smoking)
Duration of knee symptoms
Pain medication during the last week
Comorbidities

30 s chair stand test

Timed up and

4x10 m walk test

Leg press machine
Knee extension machine
Handheld Dynamometer
Handheld Dynamometer
Muscle Biopsies

Muscle Biopsies

B, S, 3 and 12 months

go B, S, 3 and 12 months
B, S, 3 and 12 months
B, S, 3 and 12 months
B, S, 3 and 12 months
B, S, 3 and 12 months
B, S, 3 and 12 months
B, S, 3 months

B, S, 3 months

KOOS B, S, 6 weeks, 3 and 12 months
KOOS B, S, 6 weeks, 3 and 12 months
KOOS B, S, 6 weeks, 3 and 12 months
KOOS B, S, 6 weeks, 3 and 12 months
KOOS B, S, 6 weeks, 3 and 12 months
EQ-5D B, S, 6 weeks, 3 and 12 months
Questionnaire and medical records 3 months

Physiotherapist records BFRE

NRS for pain
Questionnaire
Questionnaire
Goniometer
Questionnaire
Questionnaire
Tape measure

Electronic body mass scale

Questionnaire
Questionnaire
Questionnaire
Questionnaire
Questionnaire
Questionnaire
Questionnaire
Questionnaire
Questionnaire

B, BFRE, S, 3 and 12 months
3 months

6 weeks, 3 and 12 months

B, S, 3 and 12 months

B

00 U 0 W 0 0 0 0 0 W @

os]

B, baseline; BFRE, low-load blood flow restricted exercise; D, during surgery; EQ-5D, EuroQol Group 5-dimension; KOOS, knee
disability and osteoarthritis outcome score; 12 months, 12 months after TKR; 3 months, 3 months after TKR; NRS, Numeric Rating
Scale; RM, repetition maximum; S, 0-2 days before surgery.

stain positive for Pax7 and be within the basal lamina;
nuclei (DAPI stained) with a sublaminar placement will
be considered rnyonuclei.31

Knee disability and osteoarthritis outcome score

KOOS is a patient-administered knee-specific question-
naire comprising five subscales: Pain; Symptoms; Activi-
ties of daily living; Sport & Recreation and Knee-Related
Quality of Life. Each item is scored from 0 to 4.°” The

raw score for each of the five subscales is the total sum
of the associated item scores. Scores can be transformed
to a 0-100 scale. The scores of the five subscales can be
expressed as a composite outcome profile, higher scores
indicating fewer problems.”’ The KOOS questionnaire
is valid and reliable in patients suffering from knee
OA and patients on the waiting list for TKA for knee
OA 606263
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EuroQol Group 5-dimension-Level 5

EQ-5D-5L is a self-completion questionnaire consisting of
two parts; the first part of the EQ-5D-5L. comprises five
dimensions involving mobility, self-care, usual activities,
pain/discomfort and anxiety/depression. All dimen-
sions have five response categories (no problems, slight
problems, moderate problems, severe problems and
extreme problems) resulting in a five digit descriptive
health state,64 which will be converted into a summary
index ranging from -0.624 (worst) to 1.000 (best), using
a Danish value set.” The second part, EQ-VAS rates the
overall current health status from 0 (worst imaginable
health) to 100 (best imaginable health).’* The EQ-5D-5L
is reliable and valid in patients with knee OA eligible for
TKA 66 67

Adverse events

Adverse events will be defined as unpredicted or unin-
tended events, signs or disease occurring during the
period from inclusion until the 3-month follow-up
(primary endpoint) resulting in contact with the health-
care system (hospital or general practitioner) inde-
pendent of whether or not the event is related to the
intervention or outcome assessments. Adverse events will
be recorded and categorised in accordance with the defi-
nitions established by the US Food and Drug Adminis-
tration. Continuous registration of adverse events will be
performed and a short open-ended questionnaire will be
administered at 3 months follow-up.

Other outcome measures

Blood pressure

Blood pressure will be measured by the orthopaedic chief
physicians when patients are visiting the outpatient clinic.
Blood pressure will be used to determine eligibility to
participate in the project.

Exercise compliance and progression

Exercise compliance and progression will be obtained by
the physiotherapist in charge of the training sessions and
entered directly into the REDCap-system. The progres-
sion will be monitored as the total load lifted by the
patient for exercise session.

Numeric rating scale for pain

Numeric Rating Sscale (NRS) for pain is a segmented
unidimensional 1l-item measure of pain intensity in
adults® that will be used to rate pain intensity during
both testing and exercise sessions.”” The number ‘0’
represents no pain while ‘10’ represents worst pain
imaginable.®”

Declining to be operated

Declining to be operated will be measured at 3-month
follow-up, where patients will be asked whether they
decided to be operated or not. Patients who declined to
be operated will be invited to participate in all presched-
uled follow-up assessments.

Postoperative supervised physiotherapy

Postoperative supervised physiotherapy will be measured
at6weeks, 3 months and 12 months follow-up by answering
a questionnaire. If patients have participated in postoper-
ative supervised physiotherapy, the patient must specify
whether the treatment was related to the TKR or due to
other circumstances.

Knee joint active range of motion

Knee joint active range of motion will be measured with
a 360° plastic goniometer (scale 1°) with 16.5 cm move-
able arms at baseline in the week of surgery, 3 months,
and 12 months after surgery. Laying supine on an exam-
ination table, the knee joint flexion and knee joint
extension will be measured separately.69 The tester then
identifies the most prominent part of the trochanter,
the lateral epicondyle of the femur, the lateral head of
fibula and the lateral malleolus. When identified, the
patient is asked to flex the knee as much as possible with
the heel maintaining contact to the surface at all time.%
Second, the patients will be asked to extend the knee
joint as much as possible. To allow the knee to extend
as much as possible, a firm quadratic box (height: 5cm,
width: 8cm, length: 15cm) will be placed under the
heel of the patient. The procedure of measuring knee
extension will be similar to knee flexion, as the patients
increases the degree of knee extension maximally® The
fulcrum of the goniometer will correspond visually to
the transepicondylar axis of the knee joint. The move-
able arms of the goniometer will be pointed towards the
greater trochanter and the lateral malleolus.”

Data management

All data from the physical function tests will be entered
into RedCap by the assessors using double data entry to
ensure data quality. All patientreported outcome data
(KOOS, NRS Pain, EQ-5D-5L) will be entered directly into
RedCap by the patients, and usage of the ‘required fields’
will ensure no missing items from the completed ques-
tionnaires. To reduce missing data, a reminder email will
be sent automatically from the RedCap-system. All patient
data will be anonymised by assigning study numbers to
each patient (coding). Personal data about the patient
will be located separately from the main dataset to protect
confidentiality during all trial phases.

The raw dataset will be maintained for ten years after
completion of the trial with indefinite restricted access due
to sensitive data. After publication of the trial, a fully anony-
mised patientlevel dataset and corresponding statistical
description will be made publicly available if required by
the scientific journal, in which the results are published.

Sample size

The power and sample size calculation is based on the
expected differences between the two subject groups
from baseline to 3-month follow-up.® Due to lack of
data on the primary outcome for investigations applying
LL-BFRE before a surgical procedure, we decided to base
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our sample size calculation on Skoffer et al® who investi-
gated the efficacy of 4weeks of preoperative and 4weeks
postoperative HRST (intervention group) compared with
4weeks of postoperative HRST only (CON group) on 30s
CST 3months in patients receiving a TKR.® The authors
found a between-group difference of 3-4 repetition
difference (14.7+4.7 repetitions vs 11.0+4.4 repetitions)
3months after TKR surgery.®

To reduce the probability of type I errors and enable detec-
tion of a between-group difference also, o-level is set at 0.05
(p<0.05) and B-level is set at 0.20 (80% power). Expecting a
3-repetition between-group difference 3 months postopera-
tively and assuming an SD of 4.7 in both groups, 39 patients
are required in each group (yielding 78 patients in total).
With an anticipated dropout rate of 10%, 84 patients will be
recruited for the trial.

Statistical considerations

The primary efficacy analysis will be an assessment of the
between group difference in change in the 30s CST from
baseline to 3-month follow-up (primary endpoint).

All descriptive statistics and tests will be reported in accor-
dance with the recommendations of the ‘Enhancing the
QUAlity and Transparency Of health Research’ network”’
and the CONSORT statement.”” Intention-to-treat prin-
ciple (ie, all patients as randomised independent of
departures from allocation treatment, compliance and/or
withdrawals) and per-protocol analysis will be conducted. A
one-way analysis of variance model will be used to analyse
between group mean changes in continuous outcome
measures.” The model includes changes from baseline
to 12month follow-up. Between-intervention comparison
from baseline to 3months after surgery will be analysed
using a mixed linear model with patient ID as a random
effect and time, group and hospital as fixed effects.” ™
Also, to gain insight into the potential pretraining-to-post-
training differences within the respective training or CON
groups, paired Student's t-test will be performed. Level of
statistical significance is p<0.05.

Secondary outcome variables: Between-intervention
comparison from baseline to the week of surgery, 6weeks
after surgery, three and 12 months after surgery will be
analysed as described for the primary outcome. Regres-
sion analysis will be used to analyse the potential associ-
ations between preoperative strength and postoperative
lower extremity function and self-reported outcome as
well as between preoperative functional capacity and
postoperative functional capacity. Additionally, regression
analysis will be used to analyse the association between
preoperative number of SCs and myonuclei on postop-
erative isometric knee extensor muscle strength, muscle
fibre CSA, and functional capacity. All statistical analyses
will be performed by the primary investigator using Stata
(Stata 16.1, StataCorp LLC, Texas, USA).

Ethical aspects and dissemination
The trial has been accepted by the Central Denmark
Region Committee on Biomedical Research Ethics

(Journal No 10-72-19-19) and by the Danish Data Protec-
tion Agency (Journal No 652164). Before inclusion, all
patients will provide their written informed consent in
accordance with the Declaration of Helsinki. All data and
information collected in regard to this trial will be treated
confidentially (blinded and encrypted) by the researchers
and staff connected to the trial.

All results from the trial will be published in interna-
tional peerreviewed scientific journals regardless of the
results being considered positive, negative or inconclusive.

Patient and public involvement

Before developing this clinical trial, a pilot project was
performed to determine the feasibility and efficacy of BFRE
in patients suffering from lower limb injuries. The experi-
ences with the training modality and the verbal feedback
from patients on training duration, frequency and intensity
resulted in useful knowledge that certainly has improved
the development of the present clinical trial.

DISCUSSION

To the best of our knowledge, this is the first trial to
investigate the effect of preoperative BFRE on func-
tional capacity, self-reported outcome, lower limb muscle
strength and myofiber morphology/stem cell abundance
in patients scheduled for TKR. Only few studies have
investigated (short-term [10 days]) preoperative BFRE
without finding an atrophy protective effect or differ-
ence in muscle strength compared with a CON group
performing a placebo intervention (SHAM group).”
However, patients performing short term preoperative
BFRE before ACL-R demonstrated higher muscle endur-
ance compared with a SHAM group.73 Therefore, results
of this trial are expected to provide novel information on
longer periods of BFRE that will enable researchers to
design effective exercise-based preconditioning protocols
for elective TKR patients. The LL-BFRE protocol applied
in the present projectis widely used and follows the recom-
mendations from a recent position stand by Patterson
et al™ The authors suggested that exercising 2-3 times
per week at 20%-40% of 1RM in 2—4 sets (eg, 30-15-15-15
or sets to failure) using pressures between 40% and 80%
of LOP has demonstrated to be effective when aiming
at increasing muscle strength and promoting muscle
hypertrophy.”

The trial is designed as an assessor blinded randomised
controlled trial, thus representing the highest evidence
level. However, the nature of the trial does not allow
blinding of the participants which is an inherent limita-
tion of the trial. The trial is conducted at two hospitals
that consistently perform a high number of TKR proce-
dures annually (225 and 460, respectively), thus securing
a strong expertise in terms of surgery and infrastructure.
Both hospitals have all equipment needed available
for surgery, postoperative hospitalisation, training and
testing. All outcome variables are considered valid and
reliable measures and consist of both objective outcomes
and self-reported patient outcomes.
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No adverse health-related events have been reported in
previous studies applying BFRE in patients’ suffering from
knee OA or in healthy older adults." * * # % 3 Further, in
a recent review and meta-analysis, it was stated that exer-
cise with concurrent blood-flow restriction is a safe exer-
cise modality when occlusion procedures are applied
correctly.”” The inherent invasive procedure of muscle
biopsies may cause adverse events in rare occasions. There-
fore, all muscle biopsy samples will be collected by trained
medical doctors and performed following administration of
local anaesthesia and in fully sterile conditions. The needle
muscle biopsy protocol has been applied in a large number
of previous investigations including very old frail subjects
(97 years of age) without any reporting of adverse events
besides occasional muscle soreness.* *57 7570

There are some limitations of the project that must be
taken into account. First, our primary end pointis 3 months
postoperatively. The (uncontrolled) period discharge to
3months postoperatively renders the project vulnerable to
external variabilities. However, from a pragmatic point of
view, this uncontrolled period from discharge to 3-month
follow-up reflects the reality that Danish patients face post-
operatively. Thus, the results at 3-month follow-up will,
indeed, reflect the impact of performing preoperative
LL-BFRE on the postoperative outcome regardless of the
external variable that can hamper the results. Second, the
discharge criteria at Horsens Regional Hospital and Silke-
borg Regional Hospital withhold slight differences. That
is, the acceptable knee joint ROM at discharge differs
between the sites, thus it can be speculated that more
patients from Silkeborg Regional Hospital will be offered a
postoperative, supervised rehabilitation programme. This
might affect the number of patients receiving supervised
physiotherapy after discharge between sites. However,
all patients included in the present project will report
whether they have received postoperative supervised phys-
iotherapy at all follow-up assessments. Thus, we will be
able to determine (and normalise) a potential between-
site difference in patients receiving supervised physio-
therapy after TKR. Also, site-specific differences in the
postoperative rehabilitation protocols (table 1A,1B) may
be considered a limitation. That is, the protocols contain
both identical but also different exercises and progression
steps. However, a recent review and meta-analysis found no
difference in effectiveness between clinic-based or inpa-
tient programmes compared with home-based rehabilita-
tion programmes in the early subacute period after TKA*’
and studies in other knee patient populations have also
been unable to observe differences in main outcome vari-
ables when comparing home-based postoperative rehabil-
itation to supervised postoperative rehabilitation.”® * We
feel confident, therefore, that the apparent differences
between the postoperative rehabilitation protocols are
not highly likely to affect the results of the present study.
Nonetheless, to verify this notion we will introduce site
allocation (Horsens Hospital vs Silkeborg Hospital) as a
separate independent variable in the mixed linear model
used for the statistical analysis.
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ABSTRACT

Background: Lower limb muscle power is positively associated with functional performance and patient-reported
outcomes (PROMs) and suggested as an important variable to evaluate in patients with advanced knee osteo-
arthritis (OA).

Objectives: To explore the association between muscle power derived from the 30-sec sit-to-stand test (STS power)
with functional performance and PROMs compared to maximal isometric knee extensor strength (KE MVC) in
male- and female patients with advanced OA.

Study design: Cross-sectional design.

Methods: Eighty-six patients (66.6 [64.9-67.7]years) with advanced knee OA were included. Dependent variables
were STS power and KE MVC. Independent variables were Timed Up&Go (TUG), 40-m fast-paced walk test
(40mFWT), Knee injury and Osteoarthritis Outcome Score (KOOS) subscales.

Covariate: Age.

Analyses: Simple linear- and multiple regression analyses with and without adjusting for age. Pitman’s test was
used to evaluate differences in correlation strength among dependent variables.

Results: STS power demonstrated a statistical relationship with TUG and 40mFWT for both sexes (f§ coefficients
—1.11 to —4.36 (p < 0.05), r2 = 0.47-0.55 (p < 0.05)), and with KOOS Pain, ADL, and Sport for male patients (f
coefficients 6.53 to 7.17 (p < 0.05), r2 = 0.29-0.33 (p < 0.05)). Knee extensor MVC demonstrated no rela-
tionship with any outcomes for male patients or female patients. STS power displayed statistically stronger
correlation to functional performance.

Conclusion: STS power was associated with functional performance in both male patients and female patients
suffering from advanced knee OA. Moreover, STS power was associated with KOOS Pain, Sport, and ADLin male
patients. The assessment of STS power should be considered in the evaluation of patients with advanced knee OA.
Trial registration number: NCT04081493.

1. Introduction

(Covinsky et al., 2008; Global, 2019). Ultimately, around 528 million
people worldwide are currently suffering from knee OA (Global, 2019).

Osteoarthritis (OA) is among the world’s most prevalent and
disabling musculoskeletal diseases and has been ranked as a major
contributor to disability (March et al., 2014; Murray et al., 2010). The
knee has previously been identified as the joint most prevalently
affected by OA with an 113% increase in prevalence since 1990

Persons affected by knee OA typically experience impaired func-
tional performance, reduced lower limb strength and impaired quality of
life compared to asymptomatic healthy peers (Skoffer et al., 2015a; Bade
et al.,, 2010; Alkan et al., 2014). Reduced knee extensor strength has
been associated with reduced functional performance in patients with
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knee OA (Chun et al., 2013; Skoffer et al., 2015b). However, some
studies have suggested muscle power as a stronger determinant of
functional performance than knee extensor strength in patients with OA
(Accettura et al., 2015; Murray et al., 2015; Davison et al., 2017). Muscle
power is a unique parameter distinct from muscle strength, reflecting
the product of contractile force and instantaneous contraction velocity
(force - velocity = power (W)) (Cormie et al., 2011a, 2011b; Bean et al.,
2002, 2003; Caserotti et al., 2001, 2008). Maximal leg extensor power is
known to affect activities of daily living such as rising from a chair,
ascending stairs, and brisk walking (Alcazar et al., 2020/10; Rittweger
et al., 2004; Larsen et al., 2009; Bassey et al., 1992; Elam et al., 2021).
Specifically, muscle power has been observed to be positively associated
with objective measures of functional performance, lean muscle mass,
pain, and quality of life, respectively, in patients with knee OA (Accet-
tura et al., 2015; Murray et al., 2015; Davison et al., 2017; Reid et al.,
2015). Collectively, this highlights the relevance of monitoring lower
limb muscle power in patients with advanced knee OA. In addition, the
onset of age-related decline in maximal muscle power occurs earlier and
with a steeper rate of decline than muscle strength (3.5% per year vs.
1.5-2% per year from 65 years of age), and with different trajectories for
males and females (Skelton et al., 1994; Edwen et al., 2013). Also,
previous studies in frail older subject have observed associations of
different strength between lower limb muscle power and functional
performance in males and females (Bassey et al., 1992; Rantanen and
Avela, 1997). Thus, measuring lower limb muscle power in male and
female patients with knee OA, respectively, may aid the evaluation of
knee and OA disease progression in this population. Also, previous
studies in frail older subject have observed associations of different
strength between lower limb muscle power and functional performance
in males and females (Bassey et al., 1992; Rantanen and Avela, 1997).
Thus, measuring lower limb muscle power in male and female patients
with knee OA, respectively, may aid the evaluation of knee and OA
disease progression in this population.

Lower limb muscle power has been obtained in subjects with knee
OA using various dynamometer-based methodologies (i.e. isokinetic
dynamometry, Nottingham Power Rig, pneumatic leg press machines)
(Accettura et al., 2015; Murray et al., 2015; Davison et al., 2017; Reid
et al., 2015; Calder et al., 2014; Barker et al., 2004; Tevald et al., 2016),
which unfortunately only rarely are available in clinical settings.
Interestingly, recent reports have demonstrated that mechanical lower
limb muscle power can be derived from a simple sit-to-stand test (STS
power) (Alcazar et al., 2020/10) in older healthy adults with good
correlation to functional performance in both males and females,
respectively (Alcazar et al., 2020/10; Alcazar et al., 2018; Alcazar et al.,
2021). Therefore, the STS power test could potentially aid clinicians
with an easy-to-use and validated assessment tool to assess leg extensor
muscle power in subjects suffering from advanced knee OA.

The aim of the present study was twofold: Firstly, to examine the
relationship of STS muscle power and maximal isometric knee extensor
strength (knee extensor MVC) on objective measures of functional per-
formance and selected patient-reported outcomes in a cohort of male
and female patients with advanced (end-stage) knee OA. Secondly, we
aimed to determine if STS muscle power was more strongly correlated
than knee extensor MVC with given objective and subjective measures of
functional performance, knee function, pain and quality of life,
respectively.

2. Material & methods

The present cross-sectional study was part of a larger randomized
controlled trial (RCT) that investigated the effect of preoperative low-
load blood flow restricted resistance exercise (LL-BRFE) compared to
usual preoperative care on postoperative measures of: functional per-
formance, muscle strength, muscle morphology, and patient-reported
outcomes subsequent to TKR surgery (Jorgensen et al., 2020). To
reduce the risk of motivational bias due to group allocation, baseline
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assessments were conducted prior to randomization into either LL-BFRE
or standard (usual) preoperative care. The detailed study protocol has
been published elsewhere (Jgrgensen et al., 2020). In the present study,
baseline data from all 86 patients (i.e. assessed prior to intervention)
were harvested from the RCT trial. The original sample size was deter-
mined for the RCT study to allow detection of a significant
between-group difference in the training-induced change in the 30-s
sit-to-stand test three months post surgery.

In brief, the study participants were included from the Orthopedic
Departments at Regional Hospital Horsens, Denmark and Regional
Hospital Silkeborg, Denmark from September 2" 2019 and until
October 30® 2022. Patients aged >50 years scheduled for Total Knee
Replacement (TKR) due to knee OA were included in the present study.
Patients were excluded from the trial if suffering from severe cardio-
vascular diseases (New York Heart Association class III and IV); previ-
ously suffered from a stroke incident or thrombosis incident; suffered
from a traumatic nerve injury in affected limb; were living with un-
regulated hypertension (systolic >180 or diastolic>110 mm Hg);
affected by spinal cord injury; had planned other lower limb surgery
within 12 months; diagnosed with cancer and currently undergoing
chemotherapy, immunotherapy or radiotherapy; unable to understand
or write in Danish; had an existing prosthesis in the index limb; were
living more than 45 min from either Horsens Regional Hospital, Silk-
eborg Regional Hospital or Aarhus University Hospital; or were
pregnant.

The study adhered to the Declaration of Helsinki and was approved
by Central Denmark Region Committee on Biomedical Research Ethics
(Journal No 10-72-19-19) and the Danish Data Protection Agency
(Journal No 652164). All participants gave informed consent and signed
a form for participation. The study was registered at ClinicalTrials.gov
(NCT04081493).

2.1. Outcome measures

The present data included standardized measures of functional per-
formance, maximal lower limb muscle strength and power, and patient-
reported outcomes. All outcomes variables are elaborated in detail in
elsewhere (Jorgensen et al., 2020).

2.2. Dependent variables

STS power was derived from the 30-s chair stand test (30STS) as
described by Alcazar et al. (2021). During 30STS testing we recorded the
maximal number of full sit-to-stands (i.e. from sitting to standing with
full hip- and knee extension) completed within 30 s when rising from a
44 cm (seat height) chair without armrests. The patients were instructed
to perform the test with their arms across the chest (Jorgensen et al.,
2020; Hogsholt et al., 2022; Petersson et al., 2020, 2022). Prior to actual
testing the patients performed 3-5 repetitions to practice and become
familiarized to the test. Subsequently, participants performed a single
trial.

Subsequently, STS mean power (W) was calculated as described by
Alcazar et al. (2021):

Body mass @ 0.9 e [Height ® 0.5 — Chair height)

STS power =
:| 0.5

Time
number of repetitions

In this equation, body mass was expressed in kg, body height and chair
height in m, and time in seconds (30 s). 0.9 is the fraction of body mass
that is vertically displaced during the STS movement, 0.5 in the
numerator denotes the estimated ratio of leg length relative to body
height, and 0.5 in the denominator denotes the relative duration (ratio)
of the concentric movement phase relative to each cyclic STS repetition
(Alcazar et al., 2021).

Maximal isometric knee extensor strength (MVC knee extensor) was
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measured with a stabilized handheld dynamometer (HHD) fixed to the
examination bed with rigid adjustable straps (Jorgensen et al., 2020;
Hggsholt et al., 2022). The patient was seated on the examination table
without back rest with knees and hips positioned at 90° flexion and with
the HDD attached with a rigid strap around the ankle 5 cm above the
medial malleolus. The distance from the HHD to the knee axis of rotation
(medial femur condyle) was measured (external lever arm). The patients
were instructed to remain seated in an upright position and place both
hands on the shoulder to avoid compensation. Patients were instructed
to produce as much knee extensor force as possible in four separate trials
of 3-4 s duration, separated by 30-s rest. For analysis, peak knee
extensor torque (HDD peak force - external lever arm length) was
averaged for the second, third and fourth trial, and subsequently
normalized to bodyweight (Nm/kg) (Jgrgensen et al., 2020).

2.3. Functional performance

The Timed Up & Go test (TUG) measures the time required for pa-
tients to stand up from a chair (seat height 44 cm), and walk as fast as
possible to a mark on the floor 3 m away and subsequently return back to
sit on the chair. Use of armrests was allowed. The faster of two trials was
selected for analysis. One minute of rest was allowed between trials
(Wright et al., 2011).

The 4 x 10 m walk test (40FWT) was performed as a measure the
total time required to cover 4 x 10 m excluding turns (m/s). Patients
were instructed to walk as fast as possible without running to a visible
mark 10 m away, return and repeat for a total distance of 40 m. Prior to
the test, one submaximal practice trial was performed to familiarize
participants to the specific test procedure (Wright et al., 2011).

Table 1
Characteristics of study participants (n = 86).
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2.4. Patient-reported outcomes (PROMS)

Patient-reported outcomes were obtained using the Knee Injury and
Osteoarthritis Outcome Score (KOOS) based on the subscales: pain,
symptoms, sport and recreational activities (Sport), activities of daily
living (ADL), quality of life (QoL). Each subscale consists of multiple
items scored from O to 4 using Likert type scale boxes. The raw score for
each of the five subscales is the total sum of the associated item scores
ranging from O (worst) to 100 (best). KOOS is considered a valid, reli-
able, and responsive assessment tool for measuring patient-perceived
outcomes during long-term and short-term follow-up for knee OA and
TKA (Collins and Roos, 2012).

2.5. Covariates

Age was chosen as the only covariate factor since (i) STS power and
knee extensor MVC were normalized to body mass and (ii) analyses were
performed separately for male and female patients, respectively
(Accettura et al., 2015; Holm et al., 2022).

2.6. Statistical analysis

Descriptive statistics were presented as group means and 95% CI in
Table 1. Continuous data were evaluated for normality using histograms
and QQ plots. Dependent variables comprised objective measures of
mechanical muscle function: Sit-to-stand mean power and maximal knee
extensor strength, while independent variables were TUG, 40mFWT,
and KOOS subscales Pain, Symptoms, Sport, ADL, QOL. Correlation
analysis was performed between STS power versus each of the individ-
ual independent variables using linear regression analysis (Pearson
product-moment method) adjusted for age. Similar analysis was per-
formed for knee extensor MVC strength (peak torque) as the dependent

Outcome Males (n = 37) Females (n = 49)

Mean [95%] Mean [95%CI]
Height (cm) 178.2 [172.9 to 183.61* 165.6 [162.9 to 166.3]
Weight (kg) 94.5 [89.5 to 99.5]* 86.6 [81.1 to 92.1]
Age (years) 65.9 [63.2 to 68.6]* 67.2 [64.9 to 69.4]
BMI 30.8 [27.2 to 34.4] 31.9 [30.1 to 33.8]
Knee Osteoarthritis Outcome Score
Pain (0-100) 47.6 [42.3 to 53.0] 47.5 [43.1 to 51.9]
Symptoms (0-100) 53.8 [47.5 to 60.0] 51.8 [46.6 to 57.0]
Activities of daily living (0-100) 54.7 [49.3 to 60.1] 53.4 [49.0 to 57.9]
Sport & Recreational (0-100) 23.7 [17.6 to 29.81# 16.8 [12.1 to 21.4]
Quality of life (0-100) 30.7 [26.2 to 35.2] 29.2 [25.3 to 33.1]
Functional Performance Measures
Sit to stand (repetitions) 12.4 [11.1 to 13.6] 12.3 [11.3 to 13.4]
Timed Up & Go (seconds) 6.6 [5.8 to 7.41* 7.8 [6.9 to 8.6]
40 m fast paced walk test (meter) 25.8 [23.4 to 28.3] 28.8 [26.8 to 30.9]#
STS power production (W/kg) 3.22 [2.81 to 3.63] 2.72 [2.46 to 2.97]
Maximal isometric knee extensor strength, affected leg (Nm/kg) 2.99 [2.67 to 3.31%* 2.03 [1.83 to 2.23]
Sex
Male/female (n)*
Knee scheduled for surgery (n) Counts Counts
Right 18 26
Left 19 23
Existing total knee replacement in the contralateral knee (n)
Yes/No 5/32 11/38
Existing total hip replacement in the contralateral leg (n)
Yes/No 3/34 2/47
Symptoms duration (n)
0-6 months 0 2
6-12 months 4 3
1-3 years 5 11
>3 years 28 33

*Male/female are presented as the absolute number of males and females, respectively.

Cm = centimeter; kg = kilo; CI = confidence interval.
*:p < 0.05, **=<0.01; #: p < 0.07.
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variable. The assumption of the multiple regression analyses was veri-
fied using plots of observed versus predicted values, residual plots,
histograms, and QQ plots. B coefficients with 95%CI were calculated
(representing the change in the independent variable per unit change in
the dependent variable) along with r-values as well as crude (unad-
justed) and adjusted coefficients of determination (rz) (Foldager et al.,
2022). Pitman’s test was performed to determine statistically significant
differences in correlational strength (numeric r-values) between re-
lationships based on STS power versus knee extensor strength (Skoffer
et al., 2015b).

3. Results

A total of 2805 patients scheduled for a TKA were assessed for
eligibility (Fig. 1). From these, 86 patients were included in the present
study, as detailed in Fig. 1. Anthropometrics, patient-reported outcomes,
measures of functional performance, STS power, knee range of motion
and strength measures are presented in Table 1. Males were on average
heavier and taller than female patients (p < 0.05) (Table 1), while also
demonstrating faster TUG performance and higher knee extensor MVC
torques normalized to body mass (p < 0.05) (Table 1). All other outcome
variables were similar between male and female patients (Table 1).

3.1. Associations between STS power vs. functional performance and
PROMS

3.1.1. Male patients

After adjusting for age, STS power was found to be negatively asso-
ciated with TUG performance (p=<0.01) and 40mFPW (p=<0.01)
(Table 2). Likewise, after adjusting for age, STS power was positively
associated with KOOS Pain and ADL (p < 0.01) (Table 2).

3.1.2. Female patients

After adjusting the model, TUG and 40mFWT was negatively asso-
ciated with STS power (p < 0.05), while none of the KOOS subscales
demonstrated any statistical association (Table 3).

4. Associations between knee extensor MVC vs. functional
performance and PROMS

4.1. Male patients

When adjusting for age, none of the outcome variables revealed a
statistically significant B coefficient (Table 4).
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4.2. Female patients

After adjusting for age none of the outcome variables revealed a
statistically significant § coefficient (Table 5).

4.3. Comparison of the crude correlations based on STS power and knee
extensor MVC

Table 6 compares the correlation coefficients based on STS power
and knee extensor MVC strength for all outcome variables examined. A
stronger correlation with STS power were observed for TUG in both
male and female patients, respectively (p < 0.05), along with a stronger
relationship for 40mFWT in male (p < 0.01) but not female patients (p
= 0.38). Further, equal or stronger correlations with STS power were
observed for all KOOS subscales (Table 6).

5. Discussion

The present study demonstrated that STS power but not knee
extensor strength was associated with functional performance in male
patients and female patients suffering from advanced knee OA. Addi-
tionally, patient reported outcomes (PROMs) KOOS Pain, ADL and Sport
were associated with STS power. Notably also, functional performance
(TUG and 40mFWT) and PROMs were correlated with STS power to a
similar or greater extent than knee extensor strength in male and female
patients.

The present assessments of sit-to-stand leg extensor power appear to
provide a time efficient low-cost test tool that predict overall ambulatory
function, horizontal walking speed and selected PROM:s in female and
male patients suffering from advanced knee OA. Further, the regression
coefficients observed in the present study provide an estimate of the
predicted improvement in these outcome parameters for given im-
provements in STS power (cf. Table 7), which may be useful information
in the clinical practice.

5.1. Relationships between mechanical muscle function (STS power, MVC
strength) and functional performance

The present study demonstrated moderate-to-strong linear relation-
ships between STS power and functional performance (TUG, 40-m
maximal walking speed) in male and female knee OA patients, respec-
tively, in the absence of any relationships with knee extensor MVC
strength, in overall support of previous reports (Accettura et al., 2015;
Murray et al., 2015; Tevald et al., 2016; Holm et al., 2022). In line with
the present observations, Accettura et al. (2015) found that knee
extensor muscle power was significantly associated with functional
performance (stair walking, 6-min walking distance) in persons aged

Patients received total knee arthroplasty from
September 2019 — June 2023 (n=2805)

Patients offered to participate by the Orthopedic
Surgeon following screening for eligibility
(n=612)

e o o o o o o

Declined invitation to participate after second screening
by physiotherapist (n=84)

Did not meet the inclusion criteria (n=42)

Did not want to participate due to transportation (n=223)
Below the age of 50 years (n=5)

Previous stroke (n=11)

Cardiovascular or pulmonary disease (n=4)

An existing prosthesis in the index limb (n=20)

Other reasons (n=131)

Recruited (n=92)

!

Included patients (n=86)

Withdrew prior to randomization (n=6)

Wanted to undergo bilateral total knee replacement (n=1)
Did not want the surgery (n=1)

Personal reasons (n=3)

Other reasons (n=1)

Fig. 1. Flow chart.
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Fig. 2. Relationships (crude) between STS Power and Functional performance (top panels: TUG, bottom panels (40-m paced walk) in male (A, B) and female (C, D)
knee OA patients. For regression slopes, see p-coefficients listed in Table 3 (males) and 4 Females).

40-70 years with clinically verified knee OA (Accettura et al., 2015).
Likewise, Holm et al. (2022) reported moderate-to-strong associations
between maximal leg extensor power vs. TUG and Stair ascent speed in
patients with knee OA scheduled for TKR while less strong correlations
were observed based on maximal knee extensor strength. Nonetheless,
sit-to-stand function and PROM (KOOS physical function) was better
predicted by knee extensor strength than maximal leg extensor power
(Holm et al., 2022). The correlation between STS power and maximal
40-m walking speed observed in the present group of male knee OA
patients was identical to previous relationships reported in healthy
males aged 60-93 years of age (present study: r = 0.49 versus 0.53)
(Alcazar et al., 2021). In contrast, markedly weaker relationship were
observed between STS power and 40-m walking speed in the present
group of female OA patients compared to previous observations in
healthy females aged 60-93 years (present study: r = 0.33 versus 0.51)
(Alcazar et al., 2021). This apparent disparity between healthy females

and the present cohort of female knee OA patients may, at least in part,
be explained by more severe impairments in walking ability in the
present female OA patients due to their advanced state of OA disease
progression.

5.2. Relationships between mechanical muscle function (STS power, MVC
strength) and patients-reported outcomes

Moderate-to-strong correlations were observed in the present cohort
of male knee OA patients between STS power vs. KOOS Pain and ADL
function, respectively, whereas no correlations could be observed in
female participants. Notably also, no relationships could be observed
between maximal knee extensor MVC strength and any of the patient-
reported outcome variables examined in the present study. The data
obtained in the present male knee OA patients are in accordance with
previous reports of associations between maximal leg muscle strength or
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Table 2
Crude and adjusted associations between Sit-to-stand Power (Watt/body mass)
and functional performance and PROMS in male knee OA patients.

Crude Adjusted for Age
Timed Up & Go (sec)
B coefficient —1.26%* —1.11%*
95% CI [-1.27; —0.79] [-1.62; —0.60]
r 0.68 0.68
2 (Murray et al., 2010) 0.46 0.47
P value for r? <0.01 <0.01
Observations (n) 37 36
40 m fast paced walk test (sec)
P coefficient —4.32%* —4.36%*
95% CI [-5.76; —2.88] [-5.99; —2.73]
r 0.72 0.74
r? (Murray et al., 2010) 0.52 0.55
P value for <0.01 <0.01
Observations (n) 37 36
KOOS Pain
P coefficient 5.17* 6.53 **
95% CI [1.19; 9.15] [2.23; 10.82]
T 0.42 0.50
r? (Murray et al., 2010) 0.18 0.25
P value for r* 0.01 <0.01
Observations (n) 34 33
KOOS Symptoms
P coefficient 1.14 3.52
95% CI [-3.96; 6.24] [-1.44; 8.49]
T 0.08 0.49
r? (Murray et al., 2010) >0.00 0.24
P value for r* 0.65 0.17
Observations (n) 34 33
KOOS Sport & Recreation
P coefficient 2.23 4.61*
95% CI [-2.67; 7.14] [0.02 9.20]
r 0.18 0.55
r? (Murray et al., 2010) 0.03 0.29
P value for r* 0.36 <0.01
Observations (n) 34 33
KOOS Activities of daily living
P coefficient 7.12%* 7.17**
95% CI [3.55; 10.70] [3.31; 11.04]
r 0.58 0.58
r? (Murray et al., 2010) 0.34 0.33
P value for r? <0.01 <0.01
Observations (n) 34 33
KOOS Quality of life
B coefficient 1.44 2.12
95% CI [-2.23; 5.11] [-1.61; 5.88]
r 0.15 0.32
I (Murray et al., 2010) 0.02 0.10
P value for r? 0.43 0.12
Observations (n) 34 33

*p < 0.01, *p < 0.05.

knee extensor muscle power versus various patient-reported outcomes
(Tevald et al., 2016; Holm et al., 2022; Berger et al., 1985). Notably,
Reid et al. (2015) found a negative relationship between maximal knee
extensor peak power and WOMAC pain (r2 = 0.26) while knee extensor
power was positively correlated to health-related quality of life (r2 =
0.26) in a combined cohort of male and female patients suffering from
symptomatic knee OA. Also, Berger et al. (1985) reported that knee
extensor power had a low-to-moderately strong relationship to
self-reported physical function (r> = 0.28-0.14, <0.05) (Berger et al.,
1985), supporting the present findings of a positive relationship between
STS power and KOOS ADL, although stronger relationships were
observed in the present study. In contrast, no such associations could be
identified by Holm et al. (2022).

5.3. Comparing relationships based on STS power vs. knee extensor MVC
strength

The present study is the first to assess STS power in patients with
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Table 3
Crude (unadjusted) and adjusted associations between Sit-to-stand Power
(Watt/body mass) and functional performance and PROMS in female knee OA
patients.

Crude Adjusted for Age
Timed Up & Go (sec)
P coefficient —1.38%* —1.35%*
95% CI [-2.27; —0.48] [-2.25; —0.46]
r 0.41 0.43
S 0.17 0.19
P value for r* <0.01 <0.01
Observations (n) 49 49
40 m fast paced walk test (sec)
P coefficient —2.74* —2.64*
95% CI [-4.96; —0.51] [-4.81; —0.48]
r 0.34 0.43
S 0.12 0.18
P value for r* 0.02 0.01
Observations (n) 49 49
KOOS Pain
P coefficient 3.47 3.53
95% CI [-1.38; 8.32] [-1.29; 8.35]
r 0.22 0.28
? 0.05 0.08
P value for r* 0.16 0.17
Observations (n) 45 45
KOOS Symptoms
P coefficient —0.68 —0.63
95% CI [-6.59; 5.22] [-6.58; 5.31]
r 0.03 0.11
'S <0.00 0.01
P value for r* 0.82 0.77
Observations (n) 46 46
KOOS Sport & Recreation
p coefficient 3.24 3.34
95% CI [-1.89; 8.38] [-1.63; 8.32]
r 0.19 0.35
? 0.03 0.12
P value for r? 0.21 0.07
Observations (n) 45 45
KOOS Activities of daily living
B coefficient 2.74 2.75
95% CI [-2.23; 7.72] [-2.29; 7.79]
r 0.17 0.17
? 0.03 0.03
P value for r? 0.27 0.54
Observations (n) 45 45
KOOS Quality of life
B coefficient 3.09 3.20
95% CI [-1.22; 7.40] [-0.94; 7.33]
r 0.21 0.37
? 0.05 0.14
P value for r? 0.16 0.04
Observations (n) 46 46

**p < 0.01, *p < 0.05.

knee OA. Correlations of STS power to functional performance and
PROMs were compared to correlations based on knee extensor MVC
strength by means of the Pitman’s test (Skoffer et al., 2015b). To our best
knowledge, the present data are the first to statistically verify the
presence of stronger (for males) or comparable (40mFWT for females)
relationships to functional performance when based on lower limb STS
power than MVC strength. Likewise, all KOOS subscales were similarly
or stronger correlated with STS power compared to knee extensor MVC
strength. Also using the Pitman test, Skoffer et al. (2015b) observed that
30-s STS test outcome was more strongly correlated with TUG perfor-
mance and 10-m fast paced walking test outcome compared to the re-
lationships based on knee extensor strength. Thus, the present findings
support and expand previous observations in patients suffering from
various degrees of knee OA (Accettura et al., 2015; Calder et al., 2014;
Tevald et al., 2016; Holm et al., 2022; Berger et al., 1985) by demon-
strating STS muscle power to be a stronger determinant of functional
performance and patient-reported outcomes than maximal knee
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Table 4

Crude (unadjusted) and adjusted associations between maximal knee extensor
strength in the affected limb (Nm/kg) versus functional performance and
PROMS in male knee OA patients.
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Table 5

Crude (unadjusted) and adjusted associations between maximal knee extensor
strength in the affected limb (Nm/kg) vs. functional performance and PROMS in
female knee OA patients.

Crude Adjusted for Age Crude Adjusted for Age
Timed Up & Go Timed Up & Go
P coefficient —0.90% —0.60 P coefficient -1.02 —0.95
95% CI [-1.66; —0.15] [-1.51; 0.31] 95% CI [-2.26; 0.22] [-2.20; 0.31]
T 0.39 0.39 T 0.24 0.26
? 0.15 0.15 S 0.06 0.07
P value for 0.02 0.08 P value for r? 0.10 0.20
Observations (n) 35 34 Observations (n) 48 48
40 m fast paced walk test (sec) 40 m fast paced walk test (sec)
P coefficient —2.93* -2.70 P coefficient —2.95* —2.60%
95% CI [-5.54; —0.33] [-5.95; 0.54] 95% CI [-2.95; —0.02] [-5.51; 0.31]
r 0.37 0.37 r 0.29 0.36
S 0.14 0.14 S 0.08 0.13
P value for r 0.03 0.08 P value for r? <0.05 0.04
Observations (n) 35 34 Observations (n) 48 48
KOOS Pain KOOS Pain
P coefficient —-2.85 -1.99 P coefficient —0.03 0.32
95% CI [-8.65; 2.95] [-9.09; 5.11] 95% CI [-6.60; 6.54] [-6.27; 6.91]
R 0.18 0.23 R >0.00 0.17
r? 0.03 0.05 'S >0.00 0.03
P value for r* 0.32 0.45 P value for r* 0.99 0.54
Observations (n) 32 31 Observations (n) 44 44
KOOS Symptoms KOOS Symptoms
P coefficient —4.42 —2.25 P coefficient —1.05 1.38
95% CI [-11.15; 2.30] [-0.02; 0.01] 95% CI [-6.28; 8.38] [-6.10; 8.85]
R 0.24 0.38 R 0.04 0.10
r 0.06 0.14 'S >0.00 0.01
P value for r* 0.19 0.11 P value for r* 0.77 0.81
Observations (n) 32 31 Observations (n) 45 45
KOOS Sport & Recreation KOOS Sport & Recreation
P coefficient 0.34 3.64 p coefficient 1.90 2.49
95% CI [-6.11; 6.80] [-3.51; 10.78] 95% CI [-4.98; 8.78] [-4.23; 9.21]
R 0.02 0.39 R 0.09 0.29
r <0.00 0.15 r? 0.01 0.09
P value for r? 0.91 0.10 P value for r? 0.58 0.16
Observations (n) 32 31 Observations (n) 44 44
KOOS Activities of daily living KOOS Activities of daily living
B coefficient> 1.44 —0.10 B coefficient> 1.87 1.89
95% CI [-4.57; 7.44] [-7.15; 6.95] 95% CI [-4.78; 8.52] [-4.87; 8.66]
r 0.09 0.07 r 0.09 0.09
? 0.01 <0.01 2 <0.01 <0.01
P value for r? 0.63 0.94 P value for r? 0.57 0.16
Observations (n) 32 31 Observations (n) 44 44
KOOS Quality of life KOOS Quality of life
B coefficient —0.65 0.32 B coefficient —1.44 —0.63
95% CI [-5.92; 4.61] [-5.65; 6.29] 95% CI [-7.11; 4.23] [-6.19; 4.92]
R 0.05 0.25 R 0.08 0.30
? >0.00 0.06 ? 0.01 0.09
P value for 0.80 0.41 P value for r? 0.61 0.61
Observations 32 31 Observations 45 45

**p < 0.01 *p < 0.05.

extensor strength in this patient cohort.

5.4. Limitations

A number of limitations may be mentioned with the present study.
First, as this is a cross-sectional study, any causal relationships may not
be inferred, and further the direction of any potential cause-effects also
would be speculative, for which reasons the present associations must be
interpreted with caution 40. Also, the present sample size did not allow
for more extensive adjustments in the regression analysis (Green, 1991),
which may have left the analyses unadjusted for other potentially con-
founding factors (i.e. pain).

5.5. Perspectives

From a clinical perspective the present STS power test offers a simple
tool to evaluate lower limb mechanical power during a closed kinetic

**p < 0.01 *p < 0.05.

chain-activity, which resembles a multitude of ADL tasks (i.e. rising
from a chair, ascending stairs, brisk walking) (Cormie et al., 2011b;
Tevald et al., 2016). The current data suggest that STS power can be
used as a low-cost assessment method for clinicians to monitor func-
tional performance related to ambulatory function and walking speed in
elderly knee OA patients (Fig. 2), while at the same time reflecting
selected patient reported outcomes (PROMs) such as KOOS pain and
KOOS ADL. The associations observed in the present study suggest that
exercise protocols designed to improve STS power in knee OA patients
may translate into parallel improvements in functional performance and
PROM s in this patient population. However, this hypothesis awaits to be
tested in future experimental studies.

6. Conclusion

In male and female patients with advanced knee OA, STS power was
found to be a moderate-to-strong determinant of functional
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Table 6
Comparison of sit-to-stand power vs. maximal knee extensor strength as crude
predictors of functional performance and PROMs.

Sex STS Knee extensor
Power MVC

Timed Up & Go Male r=0.68 >p< r=0.39
0.01

Female r=0.41 >p= r=0.24
0.01

40 m fast paced waling Male r=0.72 >p< r=0.37
0.01

Female r=0.34 =p= r=0.29
0.48

KOOS Pain Male r=0.42 >p< r=20.18
0.01

Female r=0.22 >p= r=0.00
0.01

KOOS Symptoms Male r=10.08 <p= r=0.24
0.03

Female r=0.03 =p= r = 0.04
0.01

KOOS Sport & Recreation Male r=0.18 >p< r=0.02
0.01

Female r=0.19 >p= r=0.09
0.05

KOOS Activities of daily Male r=0.58 >p< r=0.09
living 0.01

Female r=0.17 >p= r=0.09
0.01

KOOS Quality of life Male r=0.15 >p= r=0.05
0.01

Female r=0.21 >p= r=0.08
0.01

> favors STS power, < favors knee extensor MVC strength, = no significant
difference between STS power and knee extensor MVC strength.

STS power: mean 30-s sit-to stand power; MVC knee extensor MVC strength:
maximal isometric knee extensor torque; KOOS=Knee Injury & Osteoarthritis
Outcome Score.

Table 7
Expected mean improvements in STS Power required to produced relevant
changes in functional performance.

FuncTiONAL PERFORMANCE STS POWER

Outcomes Relevant change Required to achieve clinically

relevant change

Timed Up & Go 1.1-2.3 sec®® Males: 1.0-2.1 W/kg
Females: 0.8-1.7 W/kg
Males: 1.5 W/kg

Females: 2.4 W/kg

+0.3m/s” = 6.4s
faster®

40 m fast paced
walking

40-m paced walking averaged for the present cohort = 1.54 m/s [1.47; 1.63]. All
data adjusted for age.

performance, while also predicting KOOS subscales Pain and ADL in
male patients. Maximal isometric knee extensor strength did not show
any associations with functional performance or any of the KOOS sub-
scales. Importantly, STS power was more strongly correlated with
measures of functional performance and KOOS Pain and ADL-scores
than the corresponding relationships based on maximal knee extensor
strength.

In conclusion, STS power testing may provide researchers and cli-
nicians with a time- and cost efficient tool to evaluate overall ambula-
tory function (TUG, maximal horizontal walking speed), and self-
reported pain and ADL-function in elderly patients with advanced
knee OA.
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ABSTRACT

Objective: To compare eight weeks of preoperative low-load blood flow restricted resistance
training (BFR-RT) with preoperative standard care before total knee arthroplasty (TKA) on changes
in the 30 seconds chair stand test (30STS) from baseline to three months after TKA as the primary
outcome.

Design: Randomized controlled trial

Methods: Eighty-six patients scheduled for TKA were randomized to 8 weeks preoperative BFR-
RT 3x/week or preoperative usual care. The 30-s sit-to-stand test was the primary outcome, while
secondary outcomes consisted of the Knee injury and Osteoarthritis Outcome Score (KOOS)
subscales Pain, Symptoms, Activities of Daily Living, Sport & Recreation, and Quality of Life,
Irepetition maximum (RM) leg press strength on the affected and unaffected leg, exercise

adherence and surgery-related complications.

Results: Intention-to-treat analysis of 86 patients did not reveal significant between-group changes
from baseline to three months after surgery on 30STS performance 0.01(95%CI -1.7;1.7). No
between-group changes were observed for KOOS subscales. Significant between-group changes in
I1RM leg press strength were observed before surgery and three months after surgery for both legs
favouring BFR-RT. Exercise adherence was 90.6%, and 36 patients completed >80% of the
sessions. No differences were observed in surgery-related complication. Two patients declined

TKA after engaging in BFR-RT.

Conclusion: Eight weeks of preoperative BFR-RT yielded no superior effects compared with usual
care on functional performance and patient-reported outcomes three months after surgery. BFR-RT

elicited significant gains in leg press strength persisting up to three months after surgery.

Keywords: Occlusion training, prehabilitation, physical function, exercise medicine
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INTRODUCTION

Total Knee Arthroplasty (TKA) is considered highly effective in reducing pain and improving
quality of life in patients suffering from advanced knee osteoarthritis (OA)* !4, Unfortunately,
~20% of TKA patients are dissatisfied with the postoperative outcome, due to persistent pain and
impairments in physical activity* !!. Even in satisfied patients, the postsurgical physical function-

and activity-level remains below that of age-matched healthy adults' 2

Preoperative maximal knee extensor muscle strength and physical function are two
key modifiable factors in the recovery of physical function following TKA!3:26:30:35 Engaging in
preoperative rehabilitation exercises (prehabilitation) before TKA can potentially improve maximal
knee extensor strength, physical function and patient-reported outcomes up to twelve months after
surgery compared with usual preoperative care!* 2% 34 Thus, implementing prehabilitation efforts
involving muscle strengthening exercises prior to TKA surgery seems highly relevant in this patient

population.

Resistance training using low loading intensities (10-30% 1 repetition maximum
(1RM)) combined with partial blood flow restriction (BFR-RT) induces gains in maximal muscle
strength and physical function comparable to that achieved by heavy-load resistance training (HL-

RT) in both clinical and healthy populations'> !%:20:24

and alleviates knee pain and symptoms more
than HL-RT in knee patients’. Recent study reports have suggested BFR-RT as an attractive
prehabilitation-method in patients with knee OA awaiting TKA, specifically to counteract skeletal
muscle atrophy induce preoperative gains in knee extensor muscle strength to enhance the
postoperative recovery of physical function'">?’. To our best knowledge the efficacy of preoperative

BFR-RT compared with usual preoperative care on the postoperative recovery in physical function

remains unknown.
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Therefore, the present study aimed to investigate the efficacy of eight weeks of
preoperative BFR-RT compared with usual preoperative care on the postoperative recovery in
physical function assessed by 30-s chair stand testing (30STS) at baseline and three months after
TKA. As a secondary aim, we examined the temporal change in patient-reported outcomes and leg

muscle strength from baseline to three months after TKA.

MATERIALS AND METHODS

Trial design

The trial was designed as a multicentre, randomised, assessor-blinded, controlled trial®®, pre-
registered at Clinicaltrials.gov (NCT 04081493), approved by the Central Denmark Region
Committee on Biomedical Research Ethics (Journal No 10-72-19-19) and The Danish Data
Protection Agency (Journal No 652164). A detailed trial protocol was published 20™ August 20207,
All participants provided signed informed consent and their rights were protected. Reporting

coheres with the Consolidated Standards of Reporting Trials (CONSORT) statement®.

Inclusion statement
Neither patients nor members of the public were involved in the design or conduct of this trial. All
patients eligible for inclusion were invited to participate regardless of gender, race/ethnicity or

socioeconomic status.

Participants

Patients were included from September 2019 to October 2022. Six experienced orthopaedic

surgeons at XXX Regional Hospital (n=2) and YYY Regional Hospital (n=4) performed the initial
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screening and referred eligible patients to the local physiotherapist in charge of the patient

enrolment procedures®.

Patients aged >50 years scheduled for TKA due to knee OA at one of two orthopaedic
departments in Denmark were considered eligible for enrolment. Exclusion criteria were:
cardiovascular disease (New York Heart Association class III and IV); previous stroke or
thrombosis incidents; traumatic nerve injury in the affected limb; unregulated hypertension (systolic
>180 or diastolic>110 mm Hg); spinal cord injury; planned lower limb surgery in the following 12
months, pregnancy; cancer and current chemotherapy; immunotherapy or radiotherapy; unable to
understand or write Danish; an existing prosthesis in the affected limb; or living >45 min from one

of three physiotherapy departments clinics (XXX, YYY, ZZZ).

Intervention procedures

All patients were tested at baseline by a blinded (to group allocation) assessor and subsequently
randomised (stratified for sites) in a 1:1 ratio using the Research Electronic Data Capture (REDCap)
randomization system!”- '8 to either preoperative exercise (BFR-RT) or adhering to the preoperative
usual care-treatment (Con)**. Randomization was performed by the physiotherapists responsible for

the BFR-RT at the local sites.

The preoperative BFR-RT exercise protocol consisted of three weekly exercise
sessions performed for eight weeks (Table 1). BFR-RT was performed using pneumatic cuffs
(Occlude APS, Denmark) inflated to 60% of total limb occlusion pressure (LOP)?!?* and
supervised by physiotherapists educated in the BFR-RT protocol. The physiotherapists were aware
of the intervention allocation. Each session was initiated with a 10-minute warm-up on an

ergometer bike followed by 1) leg press (Technogym Element Leg Press) and i1) knee extension
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(SportArt Fitness Leg Extension). The exercises were performed in four sets: set one: 30 repetitions
(reps); set two-three: 15 reps; set four: until volitional contraction failure. Exercise loads was 30%
I1RM and was progressed when a participant was able to complete more than 15 reps in set 4. Thirty
seconds rest was provided between sets?* and five minutes without blood flow restriction between

exercises. The Con group were encouraged to continue their lifestyle as usual.

Individual LOP was determined using a pneumatic, conically shaped cuff, 11.7 cm
wide (Occlude Aps, Denmark) attached to the proximal thigh of the affected leg®2. Sitting on an
examination table with 2/3 of the lower limb resting on the table and the knee extended, a vascular
Doppler probe (EDAN Instruments, inc., China) was placed posterior to the medial malleolus over
the posterior tibial artery to measure the auscultatory pulse. The thigh cuff was gradually inflated
until the distal auscultatory pulse was fully interrupted (defined as total leg occlusion pressure:
LOP). The procedure was repeated until two consecutive identical LOPs were obtained. In case the
auscultatory pulse was not interrupted at 300 mmHg, the procedure was interrupted for safety
reasons and 300 mmHg was defined as LOP.

On the day of the surgical procedure or the day after, all patients were introduced to a

home-based rehabilitation program by a physiotherapist in the hospital (care-as-usual)>.

Insert table 1 about here

Due to COVID-19 restrictions, elective surgery was partially suspended at the two
hospitals from March 2020 to June 2022. Consequently, patients were rescheduled for surgery with
a delay of several months compared to their original date of surgery. Patients allocated to BFR-RT
who had their surgery postponed were offered to continue the training protocol 1-3 times per week

until the time of surgery, regardless of exceeding the pre-planned exercise protocol.
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Assessments and outcome variables

Data for the present trial were collected on three separate test days: at baseline typically; in the
week before surgery (pre-surgery); and three months following surgery. The pre-specified primary
outcome was the between-group difference in the change in 30STS performance assessed from

baseline to three months following surgery.

The 30STS test was used to measure the number of completed sit-to-stands from a 44
cm (seat height) chair without armrests in 30 seconds 7 122236,

The Knee Injury and Osteoarthritis Outcome Score (KOOS) questionnaire was
used to assess patient-reported measures of knee function; pain, symptoms, activities of daily living
(ADL), sport & recreational activities (sport), and quality of life (QoL). Each subscale consists of
multiple items scored from 0 to 4 using Likert-type scale boxes. The raw score for each of the five
subscales is the total sum of the associated item scores ranging from 0 (worst) to 100 (best)®.

1RM leg press strength was estimated based on the measurement of 5-RM leg press
strength. Patients performed three low-load warm-up sets. The first and second warm-up sets
consisted of 12 repetitions, and the third warm-up set consisted of eight repetitions. The load of
each warm-up set was increased by 10 kilos. After the warm-up, the load was increased to
determine the 5-RM load. If the 5-RM load could not be determined within three trials, a fourth all-

out trial was performed. 1RM strength was calculated based on previously reported equations [ IRM

= load (kg)/1.0278-0.0278 -number of repetitions)] ®.

Sample size
No data were available in the literature on the change in 30STS following BFR-RT and

subsequently undergoing TKA. Likewise, no data exist on the minimal clinically relevant change in
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30STS in OA patients. We decided to apply the result of Skoffer et al.>* to - a 3-4-rep (SD 4.7 chair
stands) improvement in 30 three months after TKA with four weeks of preoperative HL-RT - in our
calculation®®. With a statistical power of 0.80 and a significance level of 0.05, 39 patients was

required in each group, giving a total of 78 patients. Assuming a dropout rate of 10%, a total sample

size of 84 patients was required.

Statistical analysis

Recommendations listed in the “Enhancing the QUAlity and Transparency Of health Research”
(EQUATOR) network®, the CONSORT statement®”, and a Checklist for statistical Assessment of
Medical Papers®® were followed using the intention-to-treat principle including all 86 knee OA
patients. In addition, a pre-specified per protocol analysis on the primary outcome variable were
performed. The per protocol population included patients in the intervention group attending >80%
of the supervised exercise sessions (>19 sessions), and all control subjects. A one-way analysis of
variance (one-way ANOVA) model was used to analyse between-group mean changes in
continuous outcome measures’! including changes from baseline to 3-month follow-up. Between-
group comparison from baseline to 3 months after surgery was analysed using a mixed linear model
with patient ID as a random effect and time, hospital site, and subject group as fixed effects. Student
t-testing was applied to compare the pre-to-post-training differences within the respective training
or control groups. The level of statistical significance was set at P<0.05. All statistical analysis was

performed in Stata (Statacorp, College Station, Texas, USA).

RESULTS

A total of 2805 patients were assessed for eligibility from September 2019 through June 2023. Of

these, 86 patients were randomly allocated to the two subject groups, with 42 in the BFR-RT group
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and 44 in the CON Group (Figure 1). Baseline characteristics did not differ between the two groups
(Table 2). Two patients in CON decided to retract from surgery due to personal reasons, while two

patients in BFR-RT decided to refrain from surgery after completing the BFR-RT protocol.

Insert Figure 1 about here

Insert Table 2 about here

Physical function

Baseline data and raw data for each follow-up assessment is presented in Table 3. Mean
improvements for each group and between group differences are presented in Table 4. The mean
improvement (95% CI) in the 30STS performance from baseline to three months after surgery was
1.2 (0.03; 2.4) chair stands in BFR-RT and 1.2 (0.03; 2.4) in CON, with a mean difference between
the two groups of 0.01 (-1.7; 1.7) (Table 4). Also, no difference was observed in the between-group
improvements assessed from baseline to pre-surgery (Table 4). Per protocol analysis on the primary
outcome revealed no significant between-group differences at any time point (data not shown).
Significant within-group improvements in the 30STS performance were observed in

both BFR-RT and CON from baseline to three months after surgery (Table 4).

Insert Table 3 and 4 about here
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Patient-reported outcomes

No between-group differences in the magnitude of improvement from baseline to pre-surgery or
three months post surgery were observed for any of the KOOS subscales (Table 4). However,
significant within-group improvements were observed for all KOOS subscales three months after
surgery in both groups (Table 4) while only BFR-RT experienced a significant within-group

improvement in KOOS symptoms from baseline to pre-surgery (Table 4).

One repetition maximum leg press strength

A significant between-group increase in 1RM leg press strength for the affected leg was observed
favouring BFR-RT from baseline to pre-surgery and at three months post-surgery (Table 4).
Moreover, BFR-RT showed significant within-group increases in 1RM leg press strength for the
affected limb from baseline to pre-surgery and when assessed at three months after surgery (Table
4). In the non-affected leg no between-group differences could be observed between the
improvements from baseline pre-surgery or three months after surgery (Table 4). Finally, BFR-RT
demonstrated a significant within-group increase in 1RM leg press strength for the non-affected leg

pre-surgery as well as three months after surgery (Table 4).

BFR-RT adherence, pain, and exercise load progression

A total of 37 (90%) patients in the BFR-RT group demonstrated high adherence (= 80%) to the
training protocol, while four (10%) patients completed less than 80% of the planned exercise

sessions. Mean adherence in BFR-RT was 90.6% (CI 95% 83.5; 97.8) (Table 5).

10
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No significant changes in knee joint pain were observed from the first exercise session to the last

session whether assessed before, during or immediately post exercise.

Insert Table 4 about here

Due to COVID-19 restrictions, 6 patients were delayed >28 days from the last exercise session until
admitted into surgery. Three patients waited more than 100 days (106, 120, and 216 days), while
three waited 43, 44, and 34 days. Seven patients in BFR-RT received additional exercise sessions

(1-24 sessions) because their surgery was delayed.

Postoperative complications

The incidence of postoperative complications was similar between the two groups (Table 6). In
BFR-RT, 55% of the participants (n=23) and in CON 70% (n=31) were referred to supervised

physiotherapy following surgery.

Insert Table 5 about here

DISCUSSION

The main finding of the present study was that eight weeks of preoperative BFR-RT yielded no
superior effects compared with usual preoperative care on functional sit-to-stand performance or on

any self-reported measures (KOOS subscales) when assessed three months postoperatively.

11



261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

Notably, BFR-RT yielded significant gains in unilateral 1RM leg press strength in both the affected
leg and the non-affected leg pre-surgery that were sustained and elevated compared to non-

exercising controls at three months after surgery.

Physical function

As elaborated in a recent meta-analysis from our Lab, muscle strengthening prehabilitation can
induce improvements in sit-to-stand performance 3-12 months after TKA and total hip arthroplasty
compared with usual preoperative care®”. The present results on 30STS performance refuted these
observations, and also appeared to conflict with previous trials applying prehabilitation in patients
scheduled for TKA® 33, Skoffer et al.>* observed significant between-group differences three months
after TKA when combining four weeks of preoperative progressive HL-RT (8-12 RM, 3x/week, leg
press, knee extension, knee flexion, hip abduction) with four weeks of postoperative progressive
HL-RT compared with a control group receiving usual preoperative care followed by four weeks of
postoperative progressive HL-RT. Calatayud et al. reported superior Timed Up & Go- and stair
climbing performance three months after TKA with 12 weeks of preoperative HL-RT (10RM
3x/week, leg press, knee extension, knee flexion, hip abduction for both legs) compared with usual

care’.

More aligned with the present results, Franz et al.'

found similar changes in 30STS
and 6-min walking distance at three and six months following TKA when six weeks of
preoperative, twice-weekly low-intensity cycling exercise at 40% LOP was compared with an

active control group (sham-BFR) and a control group receiving preoperative usual care.

Dominguez-Navarro et al. 8 reported that four weeks of preoperative HL-RT (50-100% 10RM,

12
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3x/week, knee extensor, knee flexor exercises) produced improvements in Timed Up & Go at 2-12

months following TKA that did not differ from usual preoperative care.

The disparate observations in the literature (including the present data) may arise from

methodological differences between the individual studies where Skoffer et al. >’

utilized both pre-
and posteoperative HL-RT; Calatatyud et al.> applied 12 weeks of HL-RT; both Skoffer*> and
Calatayud? applied maximal effort-exercises (10RM) for the hamstring- and hip abductors, whereas

lower loading intensities, fewer exercises and sets with maximal effort were applied in Dominguez-

Navarro et al.® and the present trial

Patient-reported outcomes (PROMs)

Our KOOS data at baseline underline that the present patients were severely affected by knee OA,
which may explain the marked improvements in all KOOS subscales observed following TKA
surgery regardless of group allocation. Pre-surgery, we noted an improvements in KOOS

Symptoms following BFR-RT only, supporting previous findings> % 33, Skoffer et al.** observed
preoperative HL-RT to improve KOOS symptoms pre-surgery although no statistical differences
with usual preoperative care was observed. Domiguez-Navarro et al.® reported that HL-RT resulted
in superior improvements in KOOS symptoms and pain pre-surgery compared with usual
preoperative care. Calatayud et al. > demonstrated that twelve weeks of HL-RT resulted in improved
WOMAC pain scores pre-surgery compared with usual preoperative care. Thus, designating knee
extensor muscle-strengthening exercises can potentially reduce joint pain and disability in patients

with knee OA.
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Lower limb muscle strength

In the present trial, BFR-RT yielded significant improvements in IRM leg press strength both pre-
and three months after surgery compared with usual preoperative care. Somewhat unexpectedly, the
training-induced gains in 1RM leg press strength were not translated into improvements in

10, 33

postoperative physical function'™ *°, which most likely arise from the same methodological

between-trial differences as mentioned above.

Exercise adherence

The patients engaging in BFR-RT demonstrated a high adherence to the present BFR-RT exercise
protocol (90.6%) with without exacerbating knee joint pain or other adverse effects. These
observations are in line with previous reports that patients with knee OA can engage safely in

muscle-strengthening exercises involving BFR-RT without experiencing increases in joint pain’.

Limitations

A number of potential limitations may be mentioned with the present trial. Firstly, while assessors
were blinded to group allocation, it was impossible to blind participants and physiotherapists
supervising the BFR-RT sessions. Secondly, unilateral exercise was performed for the affected limb
only, while our primary outcome parameter was a bilateral STS test. Thirdly, due to concurrent
COVID19 restrictions not all pre-defined specifications in the pre-registered exercise protocol could
be adhered. Specifically, several trial patients had their scheduled TKA postponed, which may have

affected the effectiveness of the BFR-RT protocol.
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Conclusions

Improvements compared to baseline in 30STS performance and KOOS subscales observed three
months after TKA did not differ between patients engaging in eight weeks of preoperative unilateral
BFR-RT or allocated to usual preoperative care. Nonetheless, superior gains in unilateral leg press
strength were observed in both the affected and the non-affected legs three months post-surgery in

response to eight weeks of preoperative BFR-RT compared with usual preoperative care.

Key Points

Findings: Eight weeks of preoperative muscle strengthening exercises, by means of low-load blood
flow restricted resistance training did not improve physical function and patient-reported outcomes

three months after surgery compared with usual preoperative care (no preoperative exercise).

Implications: The indications for applying supervised muscle strengthening prehabilitation to
improve postoperative physical function and patient-reported outcomes with advanced knee OA

scheduled for TKA appear vague.

Caution: Due to concurrent COVID19 restrictions not all pre-defined specifications in the pre-

registered exercise protocol could be adhered.
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TABLES

Table 1. Exercise variables

Exercise variable

Duration

Sessions per week

Load

Limb occlusion pressure (%)

Cuff size (cm)

Cuff material

Repetition, first round

Repetitions, second round
Repetitions, third round

Repetitions, fourth round

Contraction speed, the con phase
Contraction speed, the ecc phase
Contraction speed, the isometric phase
Rest between sets

Rest without cuff compression between exercises
Rest between sessions

Progression, leg press

Progression, knee extension

(weeks)
(no)
(%)
(%)

(cm)

(rep)
(rep)
(rep)
(rep)
(sec)
(sec)
(sec)
(min)
(mi)
(h)

30% IRM

60

11.7

Rigid nylon cuff

30

15

15

To volitional failure
2

2

0.5

<36

>15 reps in round 4 = add 10 kg next session

>15 reps in round 4 = add 1.6 kg next session

No = number; cm = centimetre; rep = repetition; sec = seconds; min = minutes; h = hours; RM = repetition maximum; con = concentric; ecc =

eccentric
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Table 2. Patient characteristics

All
(n=86)

Mean
(@)

Age (years) 66.6
(64.9; 67.7)

Height (cm) 170.5
(167.6; 173.3)

Weight (kg) 90.0
(86.2;93.8)

Body mass index (weight (kg) * height (cm)?) 31.4
(29.6; 33.3)

Count

Males/females 37/49
Knee scheduled for surgery (n)
Right 44

Left 42

Existing total knee replacement in the contralateral knee

(n)
No 70
Yes 16

Existing total hip replacement in the contralateral leg (n)
No 81

Yes 5

Civil status

Married/in a relationship 69
Single/divorced/widow/widower 17
Smoking

Never smoked 43
Former smoker 23
Occasional smoker 3
Smoking 5

BFR-RT
(n=42)

Mean
(CDh

67.1
(64.6; 69.7)

169.1
(164.2; 174.1)

90.3
(85.1;95.6)

325
(29.2;35.7)

Count

16/26

23

19

33

40

33

21

16

CON
(n=44)

66.1
(63.8; 68.5)

171.7
(168.7; 174.8)

89.7
(83.9;95.5)

30.5
(28.6; 32.4)

Count

21/23

21

23

37

43

36

22

17
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483

Duration of knee symptoms

0-6 months 2
6-12 months 7
12-36 months 16
More than 36 months 61

Pain medication

Paracetamol 65
Ibuprofen 34
Morphine 6
Did not use pain medication 15

29

33
17
3

6

32

32

17

BFR-RT = intervention group; Con = control group; cm = centimetre; kg = kilo; CI = confidence interval
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Table 3. Raw data on 30 second sit-to-stand performance, patient-reported outcomes, and leg press
strength intention-to-treat analysis

Outcome

Physical function
30-sec sit-to-stand
Patient-reported

KOOS Pain

KOOS Symptoms

KOOS ADL

KOOS Sport/recreation

KOOS Quality of Life
Strength

IRM Leg press, affected

1RM Leg press, nonaffected

Rep

0-100

0-100

0-100

0-100

0-100

Kg

Kg

Baseline
(@)

12.8
(11.4;14.1)

50.5
(45.7;55.3)

52.8
(47.3; 68.4)

543
(49.4;59.1)

17.1
(11.8;22.4)

31.0
(26.9; 35.1)
56
(48; 65)

77
(66; 87)

BFR-RT
Pre
(@]

13.2
(12.0; 14.4)

53.9
(48.3; 59.4)

59.7
(53.6; 65.8)

56.8
(51.2; 62.5)

19.8
(13.0; 26.5)

343
(29.1; 39.5)
84
(73; 94)

86
(74; 98)

3 months
(@)

13.9
(12.8; 15.1)

72.8
(67.2;78.3)

66.1
(59.9; 72.4)

76.4
(71.7; 81.1)

37.7
(28.0; 47.4)

64.7
(57.1;72.3)
73
(65; 81)

90
(74; 98)

Baseline
(€D

12.0
(10.9; 13.1)

45.0
(40.5; 59.4)

52.5
(47.2;57.8)

53.0
(48.5; 57.6)

21.1
(16.1;26.1)

283
(24.5;32.2)
57
(49; 65)

75
(64; 85)

CON
Pre
(@)

11.8
(10.6; 13.1)

485
(42.6; 54.5)

55.3
(48.8; 61.8)

547
(48.5; 60.8)

20.6
(13.1; 28.0)

28.0
(22.3;33.6)
55
(44; 66)

79
(67;92)

3 months
(€D

13.2
(12.0; 14.3)

75.4
(69.9; 81.0)

67.6
(61.4;73.7)

76.6
(71.9; 81.3)

415
(32.0; 51.1)

582
(50.6; 65.7)
57
(49; 65)

75
(62; 88)

484

CI = confidence interval; rep = repetition; KOOS = Knee Injury & Osteoarthritis Outcome Score; RM = repetition maximum; kg = kilo; pre = pre-surgery; pre

= prior to surgery; 3 months = 3 months postoperative
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Table 4. Outcomes, intention-to-treat analysis

Outcome

Physical function
30-sec sit-to-stand
Patient-reported

KOOS Pain

KOOS Symptoms

KOOS ADL

KOOS Sport/recreation

KOOS Quality of Life
Strength

1RM Leg press, affected

1RM Leg press, nonaffected

Rep

0-100

0-100

0-100

0-100

0-100

Kg

Kg

Change pre
(€D

0.4
(-0.4; 1.3)

34
(-1.4; 8.2)

6.8
(2.0; 11.5)*

2.5
(-2.4;7.5)

2.7
(-3.6;9.0)

33
(-1.2;7.8)
273
(19.6; 35.0)*

9.2
(0.9; 17.4)*

BFR-RT
Change 3 months
(&)

12
(0.03; 2.3)*

23.1
(16.6; 29.7)*

14.3
(8.1; 20.5)*

229
(17.2;28.6)*

20.9
(11.7; 30.1)*

33.8
(26.0; 41.7)*
16.7 *
(9.7; 23.7)

13.1
(4.0; 22.3)*

Change pre
(&)

-0.1
(-1.10.8)

37
(-1.6;9.0)

2.6
(-2.7; 8.0)

1.7
(-3.8;7.2)

1.6
(-8.6;5.4)

0.5
(-5.6; 4.6)
1.9
(-10.4; 6.6)

45
(-4.4; 13.4)

CON

Change 3 months
(&)

12
(0.03;2.4)*

29.4
(23.1; 35.8)*

14.9
(9.1; 20.7)*

22.7
(17.3; 28.1)*

19.7
(10.9; 28.5)*

28.9
(21.2; 36.6)*
0.4
(-6.6;7.5)

0.04
(-9.5;9.4)

Between-group

Pres
(€D

0.6
(-1.9;0.7)

0.3
(-6.9;7.5)

4.1
(-11.3;3.0)

0.8
(-8.2;6.5)

43
(-13.7;5.1)

37
(-10.5; 3.0)
292
(-40.7; -17.7)*

-4.6
(-16.8;7.5)

3 months
(@)

0.01
(-1.6; 1.6)

6.3
(-2.8; 15.4)

0.6
(-7.9;9.1)

0.2
(-8.1;7.7)

1.2
(-13.9; 11.6)

49
(-15.9; 6.1)

-16.3
(-26.2; -
6.4)*

132
(-26.3; 0.00)

CI = confidence interval; rep = repetition; KOOS = Knee Injury & Osteoarthritis Outcome Score; RM = repetition maximum; kg = kilo; pre = pre-surgery; pre =
prior to surgery; 3 months = 3 months postoperative

485
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Table 5. Exercise-related variables

Patients

Exercise adherence

Days from last exercise session and until surgery

Patients waiting >4 weeks from last exercise session to surgery due to COVID-19
Patients receiving >24 exercise sessions due to COVID-19

Knee pain

Knee pain at rest before exercise

Knee pain after 1st set

Leg press

Knee pain after st set

Knee extension
Knee pain immediately after exercise

Leg press
Load

Set 1

Set 2

Set 3

Set 4
Knee extension
Load

Set 1

Set 2

Set 3

Set 4

%

=

0-10
0-10
0-10

0-10

Kg

Rep
Rep
Rep

Rep

Kg

Rep
Rep
Rep

Rep

Mean
(@)
41

90.6
(83.5;97.8)

22.8
(8.3;37.3)

5
7

1st sessions

16
(13; 18)
30
(29; 30)

4;6)
28
(27; 30)
13
(11; 14)
12
;12)
12
(8; 15)

Last session

(1.7;3.7)
2.5
(1.5;3.4)

45
(36; 55)
29
(27; 30)
15
(14; 15)
13
(12; 15)
11
(9; 13)

8
(6; 10)
28
(27; 30)
13
(12; 14)
12
(10; 13)
10
(8; 13)

CI = confidence interval; NRS = numeric ranking scale; Kg = kilo; rep = repetition
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Table 6. Adverse events related and un-related to surgery and requirement for supervised
physiotherapy in the period following the total knee arthroplasty surgery

BFR-RT Con
Surgery-related adverse events
Infection in the knee 1 1
Reoperation 1
Deep vein thrombosis 1
Neuropathic pain or sensation in the limb following surgery 1 1
Severe postoperative knee effusion requiring further examination 4
Cicatrize (insufficient wound healing) 2 1
Severe knee pain requiring further examination at the hospital 2
Severe pain during the night 1
Brissement force 1
Adverse events unrelated to the surgery
Experienced hip symptoms following surgery 1 1
Fall episode resulting in a fractured arm 2
Severe pain in the operated limb 1
Shingles 2
Ulster 1
Strain in the calf muscle during rehab 1
Additional rehabilitation following surgery
Supervised municipal rehabilitation 24 31

BFR-RT = intervention group; Con = control group
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FIGURE LEGENDS

FIGURE 1. Flow chart
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CONSORT FLOW CHART

Enrollment

Scheduled for TKA in the trial
period
(n =2805)

Assessed for eligibility
(n =612)

Not meeting inclusion criteria (n = 568)

>45 min transportation (n = 223)

Below the age of 50 (n = 5)

Previous stroke (n = 11)

Cardiovascular or pulmonary disease (n

- 4)

An existing prosthesis in the index leg (n
=20)

Randomized (n = 86)

Refused to participate (n = 84)
Other reasons (n = 137)

A4

Allocation & Baseline testing (To) y

Allocated to the Intervention Group (n = 42)
Received allocated intervention (n = 40)

No intervention (n = 2)

Withdrew consent (n = 1)

Too much time spent on transportation (n = 1)

Before surgery (T1)

Assessed (n = 40)

Lost to follow-up (n=2):

Too much time on transportation (n=1)
Personal reasons (n=1)

Intention-to-treat-analysis (n = 40)

Allocated to Control Group (n = 44)
Received allocated intervention (n = 44)

Assessed (n=30)

Lost to follow-up (n=14).

Did not show for the appointment (n=3)

Knee effusion following baseline testing (n=1)
Surgery for cervical herniated disc (n=1)
Influenza symptoms (n=1)

Personal reasons (n=4)

PhD Student sick leave (n=1)

Refrains to hospital visit due to COVID19 (n=1)
Declined surgery due to personal reasons (n=2)
Unsatisfied with randomization (n = 1)

Analysis

Intention-to-treat-analysis (n = 30)

Three months after
surgery (T2)

Assessed (n = 35)

Lost to follow-up (n =7)

Too much time spent on transportation (n=1)
Personal reasons (n=2)

Withdrew consent (n = 1)

Brissement force (n = 1)

Did not show for the appointment (n = 1)
Diagnosed with spinal stenosis (n = 1)
Postoperative neuropathic sensation in the leg

(n=1)

Assessed (n=35)

Lost to follow-up (n = 9)

Knee effusion following baseline testing (n=1)
Surgery for cervical herniated disc (n=1)
Personal reasons (n = 3)

Refrains to hospital visit due to COVID19 (n=1)
Declined surgery due to personal reasons (n = 2)
Unsatisfied with randomization (n = 1)

Allergic to band aid (n = 1)

Analysis

Intention-to-treat-analysis (n = 35)
Per protocol analysis (n = 31)

Intention-to-treat-analysis (n = 35)
Per protocol analysis (n = 34)

Figure 1. Consort study flow chart until three months follow-up. N represent the number of patients who

was assessed for the primary outcome.
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ABSTRACT

Objective: To compare eight weeks of preoperative low-load blood flow restricted resistance
training (BFR-RT) with preoperative standard medical care on changes in maximal isometric knee
extensor and flexor strength (MVIC), knee joint range of motion (ROM), physical function and
health status from baseline to pre-surgery and three months after total knee arthroplasty (TKA).

Design: Secondary analysis of Randomized controlled trial.

Methods: Eighty-six patients scheduled for TKA were randomized to 8 weeks preoperative BFR-
RT 3x/week or preoperative standard medical care (i.e. no exercise intervention). Data were
collected at baseline, before surgery, and three months after surgery on unilateral estimated 1
repetition maximum (1RM) knee extensor strength, knee extensor and flexor MVIC, knee ROM,
Timed Up&Go, 40-m fast-paced walking speed, and health status measured with EQ-5D-L5. Data

were analyzed using intention-to-treat method.

Results: The trial comprised of 37 males and 49 females. Intention-to-treat analysis of the 86
patients revealed significant between-group changes from baseline to pre-surgery in estimated 1RM
knee extensor strength (-4.9[95%CI -9.0;-0.9]) in the affected leg favoring BFR-RT. Three months
postoperatively, estimated 1RM knee extensor strength and knee extensor MVIC was higher in
patients receiving BFR-RT compared with usual preoperative medical care(-4.7[-8.4;-1.0] and -
0.5[-0.9; -0.1], respectively) . No significant between-group changes were observed for physical

function, knee ROM, or health status.

Conclusion: BFR-RT performed prior to TKA surgery was effective in preventing loss of maximal

knee extensor strength three months postoperatively of the affected leg.

Keywords: Occlusion training, physical function, exercise medicine, orthopaedics, isometric

strength
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INTRODUCTION
Knee osteoarthritis (OA) is a highly prevalent and disabling disease!’, and a total knee arthroplasty
(TKA) is offered when conservative treatments fail to reduce pain and improve physical function,

and quality of life**. Knee OA and the TKA procedure, independently, impairs knee extensor

1, 15,17 28,36

muscle strength and size , ultimately affecting postoperative physical function
Interestingly, higher preoperative knee extensor muscle strength correlates positively with
postoperative physical function and is considered an important modifiable factor (i.e. inducing gains
in quadriceps strength) before surgery!.

Preoperative heavy-load progressive resistance training (HL-PRT) (60-100% 1
repetition maximum (1RM)) is known to improve postoperative outcomes in patients scheduled for
TKA* 162435 Byt for some patients with knee OA, the exposure to HL-PRT exacerbates knee joint
pain®. These patients might prefer exercises with lower loading intensities to reduce knee joint
discomfort. Low-load resistance training (10-30% 1RM) combined with blood flow restriction to
the exercising limb (BFR-RT) induces gains in muscle strength and size and physical function
comparable with HL-PRT in both healthy subjects and patients '*2*. Due to the low loading
intensities applied with BFR-RT, it has been suggested as a relevant preoperative rehabilitation
(prehabilitation) tool in patients with advanced knee OA scheduled for TKA %26,

Our primary analysis found no differences in 30-second sit-to-stand function or any of
the Knee Injury & Osteoarthritis Outcome Score subscales (pain, symptoms, activities of daily
living, sport & recreational activities, or quality of life) with eight weeks of preoperative BFR-RT
compared with no preoperative exercise intervention three months after receiving TKA surgery
(Jorgensen et al. 2024, in review). In this secondary analysis of a randomized controlled trial

(RCT), we examined the effect of eight weeks of preoperative BFR-RT compared with usual

preoperative medical care on maximal knee extensor and flexor muscle strength, knee range of
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motion function, physical function, and patient-reported health-related quality of life before and

three months after TKA.

MATERIALS AND METHODS

Trial design

The present study reports on secondary outcomes from an RCT investigating the efficacy of
preoperative BFR-RT on 30 second sit-to-stand test performance (primary outcome) compared with
usual preoperative medical care in patients scheduled for TKA??.. Recommendations from the
“Enhancing the QUAlity and Transparency Of health Research” (EQUATOR) network* and the
CONSORT statement® were followed. The trial was accepted by the Central Denmark Region
Committee on Biomedical Research Ethics (10-72-19-19) and by The Danish Data Protection
Agency (652164). The trial was conducted in accordance with the Declaration of Helsinki. The trial
was registered at Clinicaltrials.gov (NCT 04081493).

Participants were tested at (i) baseline (~10 weeks before surgery), (ii) three to five
days before surgery (pre-surgery), and (ii1) three months after surgery for various measures of
physical function, lower limb muscle strength, and self-perceived health status*’. The recruitment
and randomization process has been described in detail elsewhere??. All patients provided informed

signed consent to participate in the trial and were assured that their rights were protected.

Inclusion statement

Neither patients nor members of the public were involved in the design or conduct of this trial.

Participants
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Patients were included from September 2019 to October 2022. All patients scheduled for TKA at
the Orthopedic departments at two regional hospitals (XXX Regional Hospital, YYY Regional
Hospital) were assessed for eligibility. Eligible patients were recruited by six orthopedic surgeons
and project physiotherapists at the two sites. The main inclusion criteria were: >50 years of age
scheduled for primary unilateral TKA due to knee OA. Exclusion criteria were:

e Cardiovascular disease classified as New York Heart Association class III-IV

e Former stroke- or thrombosis event

e Systolic blood pressure >180 or diastolic blood pressure >110 mmHg

e Traumatic nerve injury in leg scheduled for surgery

e Spinal cord injury

e Pregnancy

e Living with an existing arthroplasty in the leg scheduled for surgery

e Other planned lower extremity surgery within 12 months

e Currently receiving chemo-, immuno-, or radiotherapy treatment due to cancer

e Other reasons for exclusion (i.e. inadequacy in written and spoken Danish, mental unable to

participate, etc.). .

Intervention procedures

All patients were tested at baseline by a blinded (to group allocation) assessor and subsequently
randomised (stratified for sites) in a 1:1 ratio using the Research Electronic Data Capture (REDCap)
randomization system'? ! to either preoperative exercise (BFR-RT) or adhering to the preoperative
usual medical care (CON)?*2. Randomization was performed by the physiotherapists responsible for

the BFR-RT at the local sites. CON participants were instructed to "live their lives as usual" and

follow the current standard care which involved a preoperative information meeting about pain
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management, nutrition, the surgical procedure, physical activity, postoperative home-based
rehabilitation, and postoperative load management®?. BFR-RT participants exercised three times per
week for eight weeks with 1:1 supervision by physiotherapists trained in the present BFR-RT
protocol. Each BFR-RT session consisted of; i) a 10-min warm-up (self-paced low-intensity
ergometer cycling); ii) a unilateral leg press exercise; and iii) a unilateral knee extension exercise
(Technogym Leg press, SportArt P-700 Leg Extension). Only the affected leg was trained. Before
starting the exercises, a pneumatic cuff (Occlude APS, Denmark) was placed around the proximal
part of the exercising thigh and inflated to 60% of the total limb occlusion pressure (LOP)!'® 22,
Each exercise was performed in 4 sets separated by 30-second rest involving 30-15-15 reps in sets
1-3, respectively, followed by repetitions to failure in the 4th (final) set. The concentric and
eccentric contractions phases were performed in a slow controlled manner (lasting 2-s each)*?. The
initial load was 30% of 1RM. If patients were able to perform more than 15 repetitions in the 4" set,
the exercise load was increased with the minimum extra load possible in the subsequent session (leg
press: 10 kg; knee extension: 0.5 kg.). Failure in the fourth set was defined as the inability to
complete the final concentric contraction phase in 2 seconds. The pneumatic cuff was released upon
completion of the 4th set in each exercise, while kept inflated between successive sets in each
exercise. Patients rested 5 minutes between exercises. LOP was determined with ultrasound
Doppler at baseline assessment!® 2231 For safety reasons, 180 mmHg (LOP=300 mmHg) was

decided as the maximum cuff pressure allowed during exercise.

The training adherence was reported in Jorgensen et al. 2024 (in review). In brief,
mean exercise adherence was 91% where 36 patients completed at least 80% of the planned
exercise session (Jorgensen et al. 2024, in review). The mean leg press load increased from 16 kg in
the first session to 45 kg in the last exercise session, and mean knee extensor load increased from

five kg to eight kilos. Knee pain did not increase during exercises and did not change from first
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session to last session (Numeric Ranking Scale for Pain after exercise, first session: 2.9; last session
2.5)

Assessments and outcome variables

All assessments were performed at baseline, in the week of surgery (pre-surgery), and 3 months
postoperative.

Estimated 1RM knee extension strength was derived from a 5-8RM knee extensor
test. Patients performed three low-load warm-up sets. The first and second warm-up sets consisted
of 12 repetitions, and the third warm-up set consisted of eight repetitions. After the warm-up, the
load was increased to determine the SRM. If the SRM was not determined within three trials, a
fourth all-out trial (as many repetitions as possible) was performed. The estimation of 1RM load
was calculated using a linear regression equation [estimated 1RM = load (kg)/1.0278-
0.0278-number of repetitions)]'!.

Maximum voluntary isometric knee extensor strength (knee extensor MVIC) was
measured using stabilized dynamometry with the participant seated upright on a rigid examination
bed with the hands crossed above the chest to avoid compensation, and knees and hips positioned at
90° flexion. The hand-held dynamometer (HHD) was positioned distally at the tibia (5 cm above
the medial malleolus) and fixed with an adjustable rigid strap to the legs of the examination bed?”.
Patients completed four trials. For analysis, the average peak force (converted into torque) of the
second, third, and fourth trials was calculated and normalized to bodyweight?>.

Maximal voluntary isometric knee flexor strength (knee flexor MVIC) was
assessed also using stabilized HHD with patients seated as described for the knee extensor MVIC.

In this test, the HHD was positioned on the posterior aspect of the calcaneus and fixed with an

adjustable rigid strap to a wall-mounted rib®*. Patients completed four trials. For analysis, the
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average peak force (converted into torque) of the second, third, and fourth trials was calculated and
normalized to bodyweight?>.

Active knee joint range of motion (ROM) was measured with the patient lying
supine on the examination bed with a 360° plastic goniometer with the fulcrum of the goniometer
visually aligned to the medial epicondyle of the knee joint. The moveable arms of the goniometer
were aligned towards the greater trochanter and the lateral malleolus'. First, the patients performed
a maximal active flexion of the knee joint. Subsequently, the patients performed a maximal active
extension of the knee. To allow hyperextension of the knee, the heel was placed on a firm square
box (height:5 cm,width:8 cm;length:15 cm).

Timed Up & Go (TUG) testing was performed using a chair with a seat height of 46
cm. Patients were instructed to rise from the chair and walk as fast as possible to a tape mark 3
meters away and return to sitting in the chair. Use of the armrests was allowed. The fastest of the
two trials was selected for further analysis. One minute of rest was allowed between trials®’.

40-m fast-paced walk testing (40m-FWT) excluding turns®’ was performed in a
quiet hallway. Patients were instructed to walk as fast as possible between two visible marks on the
floor 10 meters apart with 2 meters of space to turn safely around in each end °. The patients started
behind the 10-m mark. Time was recorded within the 10-meter track®’. The usage of assistive
walking devices was allowed. Before the test, a practice trial was provided to familiarize the
participants with the specific experimental procedure.

The EQ-5D-5L is a standardized, generic instrument for describing and assessing
health status®®2’. The questionnaire generates two overall values: the EQ-5D-5L Index and the EQ
Visual Analogue scale (VAS) ("Current state of health"). The EQ-5L-5D Index was calculated
based on 5 separate dimensions: mobility, self-care, usual activities, pain/discomfort, and

anxiety/depression having five response categories (no problems, slight problems, moderate
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problems, severe problems, and extreme problems). This produced a five-digit code. Through an
index calculator, these codes were converted into a numerical value (EQ-5D-5L index) ranging
from -0.757 (worse than death) to 1.00 (best possible health)?*2’. EQ VAS was used to rate overall
current health status by stating scores between 0 (worst imaginable health) to 100 (best imaginable

health) (EQ-VAS)**?7,

Sample size calculations

The present data analysis was based on secondary data obtained from a randomized controlled trial,
where the 30-s sit-to-stand test (30STS) performance was chosen as the primary outcome??. The
sample size calculation did not account for the secondary outcomes. Therefore, all outcomes

presented in the present study should be considered exploratory.

Statistical analysis

Our pre-specified analysis followed an intention-to-treat principle. Between-group comparisons of
change from baseline to three months after surgery were analyzed using a linear mixed model with
patients as a random effect and time and group as fixed effects *°. Paired student t-tests were
performed to gain insights into potential within-group changes from baseline to pre-surgery and 3
months post TKA, respectively. The level of statistical significance was set at P<0.05. Patients with
missing values were excluded from the specific analyses (complete case-analysis CCA)™. All

statistical analysis was performed using STATA (StataCorp LP, College Station, Texas) version 18.

RESULTS

10
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All 86 patients were included in the analysis. Two patients in CON retracted from surgery due to
personal reasons, while two patients in BFR-RT decided to refrain from surgery after completing
the BFR-RT protocol due to improvements in self-perceived knee pain and knee symptoms.

Demographic characteristics at baseline for patients in BFR-RT and CON are listed in Table 1.

insert Table 1 about here

Estimated 1RM knee extensor strength

Significant between-group differences in estimated 1RM knee extensor strength change favoring
BFR-RT were observed in the affected leg from baseline to pre-surgery (-4.9 [-9.0; -0.9]) and from
baseline to three months after TKA surgery (-4.7 [-8.4; -1.0]) (Table 2). No between-group
differences in estimated 1RM knee extensor strength were observed for the contralateral non-

affected leg at any time points (Table 2).

BFR-RT, but not CON, demonstrated significant within-group improvements (~50%
increase) (6.9 [4.1; 9.6]) in estimated 1RM knee extensor strength in the affected limb from baseline
to pre-surgery (Table 2). No within-group changes in estimated 1RM knee extensor strength

emerged for the non-affected leg at any time points (Table 2).

insert Table 2 about here

Maximal isometric knee extensor and knee flexor strength (MVIC)

11
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There was no significant between-group change in knee extensor MVIC in the affected leg from
baseline to pre-surgery (Table 2). A significant between-group difference favoring BFR-RT was
observed in postoperative knee extensor MVIC for the affected leg from baseline to three months

after surgery (-0.5 [-0.9; -0.1]) (Table 2).

Knee extensor MVIC showed no within-group changes between time points for the
affected leg in BFR-RT, while decreasing in CON (-0.4 [-0.7; -0.1]) from baseline to three months

after surgery (Table 2).

For the non-affected leg, no significant between-group changes or within-group

changes occurred in knee extensor MVIC at any time point (Table 2).

Knee flexor MVIC showed no between-group changes for any of the legs at any time
point (Table 2). Both BFR-RT and CON Group showed reduced knee flexor MVIC on the affected
side from baseline to three months after surgery (Table 2). For the unaffected leg, no within-group

changes emerged at any time point (Table 2).

Knee joint range of motion

No between-group differences in active knee joint ROM (flexion and extension) were observed at
any time point (Table 2). Likewise, no within-group changes in knee joint ROM were observed at

any time point for both knees (Table 2).

Physical function

TUG and 40mFWT performance remained unaltered in both groups at all time points (Table 3).

12
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insert Table 3 about here

Patient-reported outcomes

No significant between-group differences emerged in the EQ-5D-5L Index pre-surgery or three
months after surgery (Table 3). Both groups demonstrated significant within-group improvements
(BFR-RT: 0.13 [0.07; 0.18]; CON: 0.16 [0.11; 0.21]) in EQ-5D-5L Index from baseline to three

months after surgery (BFR-RT: 0.13 [0.07; 0.18]; CON: 0.16 [0.11; 0.21]) (Table 3).

No significant between-group differences in EQ-VAS occurred at any time point
(Table 3). BFR-RT demonstrated within-group improvements in EQ-VAS from baseline to pre-
surgery (8.6 [0.3; 16.9] and from baseline to three months after surgery (19.8 [12,6; 27.0]).
Likewise, CON demonstrated an improvement (p<0.05) in EQ-VAS from baseline to three months

after surgery (12.6 [5.9; 19.3]) (Table 3).

DISCUSSION

As the main study finding, BFR-RT performed before surgery in patients with advanced knee OA
scheduled for TKA appeared effective in protecting against a loss in knee extensor muscle strength
in the operated leg when assessed three months after surgery. This observation suggests a sustained
effect of preoperative BFR-RT that persists at least three months into the postoperative
rehabilitation phase. In contrast, patients receiving usual preoperative medical care involving no
exercise intervention demonstrated a significant decrease in knee extensor MVIC when assessed

three months following TKA surgery. Knee joint ROM and physical function remained unchanged

13
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three months following surgery in both groups, although we noted a tendency (p=0.08) towards
improved active knee ROM in the BFR-RT group pre-surgery. Significant improvements in health

status were seen in both groups three months postoperatively.

Maximal muscle strength

The present data show that engaging in preoperative BFT-RT preserves lower limb muscle strength
in the operated limb following knee TKA surgery, which may help to enhance the long-term
postoperative recovery in physical function. In support of this notion, combating knee extensor
strength deficits typically is recommended as a main rehabilitation target following TKA, because
reduced knee extensor strength leads to increased risks of falling and adopting aberrant movement

patterns?.

The present muscle strength data support previous reports by Skoffer et al.*> and
Calatayud et al.3, who observed that preoperative muscle strengthening exercises (Calatayud: 8 wks
of HL-PRT in 3x/wk 5 sets @10RM, leg press, knee extension, leg curl, and hip abduction
performed for both legs; Skoffer: 4 wks of HL-PRT 3x/wk, 3 sets @8-12RM, leg press, knee
extension, knee flexion, hip extension, hip abduction, hip adduction on the affected leg) led to
sustained levels of knee extensor MVIC when assessed three months after TKA. Interestingly, the

preoperative HL-PRT protocols discussed above® ¥

also effectively prevented the loss in maximal
knee flexor strength® *° and hip abductor strength 3. These disparities may reflect differences in
exercise selection, where Skoffer®® and Calatayud® included designated knee flexor- and hip

abductor exercises. Both maximal knee flexor- and hip abductor strength are associated with

physical function in patients undergoing TKA 3, Thus, exercise(s) targeting the knee flexor- and

14
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hip abductor muscles seems reasonable to implement in prehabilitation protocols for this patient

population.

Knee Joint Range of Motion

The present ROM findings of no changes in active knee joint flexion and extension are in line with
Skoffer et al.**. The high baseline levels in knee flexion and knee extension ROM observed in the
present trial, suggest the potential presence of a ceiling effect hindering further improvements with
training. In contrast, Calatayud et al.’ reported much more impaired (~12° lower baseline levels)
knee joint flexion and extension ROM compared with the present patient cohort. Consequently,
they were better able to demonstrate significant between-group changes favoring prehabilitation in
terms of improvements in knee flexion ROM and extension ROM before and three months after

surgery”.

Physical function

The lack of improvements in TUG and 40mFWT contrasts with previous findings® *. Calatayud et
al.> demonstrated that eight weeks of HL-PRT was superior to preoperative standard care in
improving TUG performance three months after surgery. Skoffer et al.>> found that preoperative
HL-PRT (4 wk) combined with early postoperative PRT (4 wk) resulted in better TUG-performance
and 10-m maximal walking speed three months after TKA compared with only performing

postoperative HL-PRT.

In line with our results, however, Dominguez-Navarro et al.” were unable to detect

changes in TUG performance 6 weeks after TKA, when preceded by four weeks of preoperative

15
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HL-PRT (3 sessions/wk,3 sets of 10 repetitions @50-100% 10RM in knee extensor and flexor
exercises). These disparities between different studies may arise, at least in part, from
methodological differences: (i) Patients included in Calatayud.? exercised both the affected and
non-affected limb (Calatayud, personal communication); (ii) Skoffer*> combined preoperative and
postoperative HL-PRT; (iii) both Calatayud® and Skoffer*® included exercises specifically targeting
the knee flexors and hip abductor muscles, (iv) Navarro’ used preoperative exercise of limited
duration (4 wk). Thus, from a clinical perspective when prescribing preoperative muscle
strengthening exercises to improve postoperative physical function, it seems important to exercise
both limbs, provide a high total training volume, and include exercises for the hamstring muscles

and hip abductor muscles.

Health status

The present observations of improved EQ-VAS scores in both BFR-RT (20 points) and CON (13
points) following TKA are in line with Skoffer et al.**. Further, EQ-5D-5L Index scores improved
following TKA to 0.82 and 0.82 in the BFR-RT and CON, respectively. In comparison, healthy

Danish peers (aged 60-69 yr) have an EQ-5D-5L Index of 0.89 2!,

Limitations

A number of potential limitations may be mentioned. First due to the secondary analysis approach,
the present analysis may have been insufficiently powered to detect longitudinal changes in some of
the presented outcome parameters. Second, EQ-5D-LS5 is a generic questionnaire, which may mask
the true change in health status in patients with advanced knee OA undergoing TKA surgery. Third,

the present BFR-RT group and physiotherapists supervising their exercise sessions were unblinded
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to the group allocation. Thus, the BFR-RT group may have received additional (unintended)
counseling from the physiotherapists during the preoperative exercise sessions. Fourth, we only
exercised the affected leg which potentially could have limited the effectiveness of our intervention.

However, (i) significant asymmetries in knee extensor strength between the affected- and non-
affected leg have been demonstrated 34 and (ii) performing four weeks of preoperative HL-PRT
(followed by four weeks of post-operative HL-PRT) for the affected leg only has been proven
effective in improving postoperative physical function 35. Therefore, based on previous results 3435,
and to reduce the lower limb asymmetry in maximal knee extensor strength, we decided not to

exercise the non-affected leg. Fifth, we compared BFR-RT with non-exercising control group. This
have obviously made it easier to detect between-group changes in strength before surgery and three
months after surgery. Therefore, it remains unknown how our intervention would compare with
other preoperative muscle strengthening protocols. However, patients scheduled for TKA who

perceive HL-PRT intolerable due to excessive knee pain would benefit from preoperative BFR-RT.

Some strengths may be mentioned as well for the present analysis: the use of an
experimental RCT design; blinding of all assessors; education of the physiotherapists performing
the supervised exercise sessions; 1:1-supervision in all exercise sessions; and selection of outcome

measures relevant for this patient population®.

Conclusion

Eight weeks of preoperative BFR-RT were observed to protect against a decrease in maximal knee
extensor strength in the affected leg when evaluated three months following TKA. These
observations may be clinically important for the long-term postsurgical recovery in physical
function in this patient population. Regardless of the intervention received, physical function and

knee joint range of motion were unchanged three months postoperatively compared to baseline.
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Key Points

Findings: Eight weeks of preoperative BFR-RT prevented decrements in maximal knee extensor
strength three months after TKA compared with usual preoperative medical care.

TKA induced similar changes in physical function and patient-reported outcomes when assessed
three months after TKA regardless of receiving preoperative BFR-RT or usual preoperative medical
care.

Implications: Low-load BFR-RT may be a useful training modality in patients with knee OA to
preserve maximal knee extensor muscle strength following TKA, which can be important for the
long-term retention in physical function in this patient population.

Caution: The control group received usual preoperative medical care which contained no exercise

interventions.
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Table 1. Patient demographics

All BFR-RT CON
(n=86) (n=42) (n=44)
Mean Mean Mean
(SD) (SD) (SD)
Males/Females 37/49 16/26 21/23
Age (years) 66.6 67.1 66.1
(8.4) 9.1 (7.6)
Height (cm) 171 169 172
(168; 173) (164; 174) (169; 175)
Weight (kg) 90 90 90
(86; 94) (85; 96) (84; 96)
Body mass index (weight (kg) * height (cm)?) 314 325 30.5
(29.6; 33.3) (29.2;35.7) (28.6;32.4)

BFR-RT = intervention group performing BFR-RT; Con = non-exercising control group
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Table 2. Raw data on maximal thigh muscle strength and knee range of motion, intention-to-treat
analysis

BFR-RT CON
Change 3
Baseline Pre 3 months Baseline Change pre months
Outcome I I
(@] ()] (@] e
Muscle Strength
IRM Knee extensor, affected leg 17 24 18 21 23 17
(Kg) (14; 20) (205 29) (155 20) (19; 24) (195 27) (14; 20)
1RM Knee extensor, nonaffected leg 24 26 23 25 27 25
(Kg) (20; 28) (21; 30) (19; 28) (22; 29) (23;31) (20; 29)
Isometric knee extensor torque, affected leg 2.3 2.5 24 2.6 2.5 22
(Nm kg ™" (2.0;2.6) (2.1;2.8) (2.1;2.7) (2.3;2.8) (2.2;2.8) (1.9;2.4)
{szetrlc knee extensor torque, non-affected 24 26 26 27 2.5 25
(Nmke ) (2.1;2.7) (2.3;2.9) (2.3;2.9) (2.4;3.0) 2.1;2.9) (2.2;2.9)
Isometric knee flexor torque, affected leg 1.3 1.5 1.1 1.3 1.4 1.0
(Nmkg ™) (1.2; 1.5) (1.3; 1.7) 0.9;1.2) (1.2; 1.5) (1.1; 1.6) (0.9; 1.1)
Isometric knee flexor torque, non-affected leg 1.5 1.5 1.5 1.4 1.4 1.4
(Nm kg ™" (1.3; 1.6) (1.4, 1.7) (1.3; 1.7) (1.3; 1.6) (1.2, 1.5) (1.3; 1.6)
Knee joint range of motion
. . 115 114 114 116 116 114
gﬁ;c flexion, affected limb (111; 120) (109; 118) (111;118)  (111;120)  (111; 120) (110; 117)
. . 7 3 3 6 5 2
Knee extension, affected limb @:11) (1: 4) (2: 4) (1: 10) (3:7) (1: 4)
Deg
Physical Function
Timed Up & Go 6.9 6.3 6.2 7.7 7.7 7.1
(Sec) 6.1;7.7) (5.5;7.2) (5.6;6.8) (6.9; 8.5) (6.7; 8.6) (6.5;7.7)
40 meter fast paced walk test 26.4 26.6 25.5 28.7 28.9 27.9
(Sec) (24.2; 28.6) (24.2;29.0) (23.8;27.2) (26.6;30.8) (26.5;31.4) (26.2; 29.6)
Patient-reported variables (EQ-5D-5L)
EQ-5D-5_Index 0.69 0.71 0.81 0.65 0.68 0.81
(-0.0.624-1) (0.65; 0.73) (0.67; 0.75) (0.77; 0.85) (0.61; 0.69) (0.64; 0.72) (0.78; 0.85)
EQ-VAS 61.9 70.4 81.6 64.5 66.6 77.1
(0-100) (54.8; 69.9) (631;77.8) (76.9; 86.4) (57.8;71.2) (58.8;74.5) (72.6; 81.6)

Sec = seconds; Deg = degrees; Kg = kilo; Nm = Newton meter; RM = repetition maximum; Change pre = change form baseline to pre-surgery; Change
3 months = change from baseline to three months after surgery; BFR-RT = intervention group performing BFR-RT; Con = non-exercising control group

*<0.05



Table 3. Maximal thigh muscle strength and knee range of motion, intention-to-treat analysis

Between-group difference in

BFR-RT CON Change scores
Change 3 Change 3
Outcome Change pre months Change pre months Pre 3 months
(CDH (CDh
(CDH I (ChH e
Muscle Strength
Eimated 1M finee 6.9 0.7 20 40 49 47
Key & (4.1;9.6)* (-1.9;3.3) (-1.0; 5.0) (-6.6;1.4) (-9.0; -0.9)* (-8.4; -1.0)*
extmson, nomaiTcte e Lo o8 Lo 09 0.00 ol
ey & (-0.5; 3.6) (-3.5,1.9) (-0.6;3.7) (-3.6;1.7) (-3.0;3.0) (-3.9;3.7)
Ls)‘r’::lztr:ff]:clf: de;:ge“s"r 02 0.1 -0.1 -0.4 -0.2 0.5
> 01 09- 04 07 - * 06 09 _ *
Nemke ) (-0.1; 0.4) (-0.2; 0.4) (-0.4;02) (-0.7; -0.1) (-0.6;0.1) (-0.9; -0.1)
N ke ) (-0.1; 0.4) (-0.1; 0.4) (-0.5;0.1) (-0.5;0.1) (-0.8; 0.0) (-0.8; 0.0)
;Sf‘;:;fégcle];“ee flexor torque, 02 02 0.0 03 0.1 -0.1
| . | . k i . | . * _ . _ .
(Nm ke ) (-0.0; 0.3) (-0.4; -0.1) (-0.2;02) (-0.5;-0.2) (-0.4;0.1) (-0.3; 0.1)
L?ﬁ:g:;tl;ﬁz;ex"r torque, 0.1 0.1 -0.1 02 202 0.1
Nk ) (-0.1;0.2) (-0.1;0.2) (-0.3;0.1) (-0.2; -0.1) (-0.4;0.1) (-0.3; 0.1)
Knee joint range of motion
. . -1.5 -0.8 1.1 -1.3
Knee flexion, affected limb ; . -0.4 2.2 : ;
Deg (-4.0; 1.0) (-6.2; 4.5) (33:2.5) (74 3.1) (2.7, 4.9) (-8.8; 6.2)
. . -3.8 -3.6 32 0.3
Knee extension, affected limb . . -0.6 -3.3 : )
Deg (-8.1;0.5) (-8.2; 1.0) (4.9:3.8) 78 12) (-2.9:9.4) (-6.2; 6.7)

Sec = seconds; Deg = degrees; Kg = kilo; Nm = Newton meter; RM = repetition maximum; Change pre = change form baseline to pre-surgery;
Change 3 months = change from baseline to three months after surgery; BFR-RT = intervention group performing BFR-RT; Con = non-
exercising control group

*<0.05



Table 4. Physical function and patient-reported outcomes, intention-to-treat analysis

Outcome Cha(ncgg pre
Physical Function

Timed Up & Go -0.5
(Sec) (-1.3;0.2)
40 meter fast paced walk 02
E‘;itc) (-1.5;1.9)

Patient-reported variables (EQ-5D-5L)

EQ-5D-5_Index 0.02
(-0.0.624-1) (-0.01; 0.06)
EQ-VAS 8.6

(0-100) (0.3; 16.9)*

BFR-RT CON
Change 3 months Change pre Change 3
(1 ) months
(&)
-0.6 0.01 -0.6
(-1.3;0.00) (-0.8; 0.8) (-1.2;0.1)
-0.9 0.2 -0.8
(-2.6;0.9) (-1.6;2.1) (-2.5;0.9)
0.13 0.04 0.16
(0.07; 0.18)* (-0.00; 0.07) (0.11; 0.21)*
19.8 22 12.6
(12.6; 27.0)* (-6.6; 10.9) (5.9; 19.3)*

Between-group difference in
Change scores

Pre
(@)

0.5
(-0.6; 1.6)

0.01
(-2.5;2.5)

0.01
(-0.04;
0.07)

6.4
(-18.5;5.7)

3 months
(@)

0.1

(-0.8; 1.0)

0.1
(-2.4;2.5)

0.04
(-0.03; 0.11)

72
(-17.0;2.6)

Sec = seconds; Kg = kilo; Pre = change form baseline to pre-surgery; 3 months = change from baseline to three months after surgery;
BFR-RT = intervention group performing BFR-RT; Con = non-exercising control group; W=watt

*<0.05
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