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Background: Previous meta-analyses show contrasting findings regarding the effects of blood flow restriction training (BFRT) in
different knee conditions. Furthermore, no previous dose-response analysis has been conducted to determine the dose of BFRT
required for maximal strength and functionality adaptations.

Objective: To analyze the evidence on the effects of BFRT on strength and functionality in patients with knee osteoarthritis or
rheumatoid arthritis through a systematic review with dose-response meta-analysis.

Methods: Included studies met the following criteria: participants with knee osteoarthritis or rheumatoid arthritis; low-load
resistance BFRT as intervention; control group with traditional moderate or high intensity resistance training (MIRT and HIRT);
include muscle strength and functionality as primary and secondary outcome measures, respectively; and only randomized
controlled trials. A random-effects and a dose-response model estimated strength and functionality using estimates of the total
repetitions performed.

Results: We included five studies with a sample of 205 participants. No statistically significant differences were found between
BFRT and MIRT or HIRT for strength (SMD =-0.06; 95% CI=-0.78-0.67; and p >0.05) and functionality (SMD =0.07; 95%
CI=-0.23-0.37; and p >0.05). We found an inverted U-shaped association between the increase in total repetitions and strength
gain and between the increase in total repetitions and functional improvement.

Conclusions: People with knee osteoarthritis or rheumatoid arthritis can use low-load BFRT for strength and functionality as
a similarly effective alternative to MIRT and HIRT. A total of 2000 repetitions per BFRT program are necessary to maximize
strength gains in these patients, while functional improvement requires 1800 total repetitions.
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1. Introduction

Osteoarthritis (OA) and rheumatoid arthritis (RA) are ex-
amples of chronic arthropathies. OA is a chronic progressive
multifactorial joint disease that can affect the many tissues of
the joint [1]. Knee OA is one of the leading causes of global
functional disability health burden among adults [2, 3].
Chronic pain and stiffness are its dominant symptoms [1],
but knee extensor muscle weakness has been shown to be
a risk factor for the development of symptomatic knee OA
[4], a major independent contributor to falls [5], and in-
creased activity limitations [6]. On the other hand, RA is
a chronic, autoimmune and highly inflammatory disease
that affects mainly large joints and extraarticular tissues,
often leading to significant functional disability [7]. RA
patients show a reduction of muscle mass and strength with
stable or increased adiposity [8] that contributes to increased
physical disability [9] and risk of comorbidities and mor-
tality [10]. Thus, both OA and RA are associated with muscle
weakness that may benefit from physical rehabilitation.
Current guidelines strongly recommend exercise for the
management of OA and RA, although current evidence is
insufficient to recommend specific exercise modalities
[11, 12]. Traditional strength programs for impairment
mitigation should be of sufficient intensity to stimulate
anabolism and limit muscle loss. However, resistance
training with moderate to high-intensity loads (60%-80% of
1 repetition maximum (1RM)) [13] could likely be a barrier
to participation secondary to discomfort and pain from the
physical and psychological symptomatology of RA and OA
[14-19]. Thus, the challenge lies in implementing alternative
exercise interventions that are effective in combating muscle
weakness yet tolerable to encourage long-term adherence.
Low-load (20%-30% 1RM) resistance training with
concurrent blood flow restriction (BFR) [20-22] has
emerged as a training modality that could be tolerable to
load compromised patients that provides similar benefits to
high intensity exercise. BFR training (BFRT) is typically
applied with a pressurized cuff on the proximal aspect of
a limb to compress the underlying vasculature during ex-
ercise. In theory, the interaction between mechanical tension
and metabolic stress (hypoxia and accumulation of me-
tabolites, reactive hyperemia) leads to an enhanced in-
tramuscular signaling that would explain the benefits seen
with BFRT in other populations [23]. However, several
previous systematic reviews and meta-analyses have raised
apparently contrasting findings about the effects of BFRT in
different knee conditions [23-28]. While some of these
reviews reported that BFRT appears to be a promising
strategy for muscle strength gains [23, 24, 26], muscle mass
gains [23, 24] or improving function [23, 24], others in-
dicated that BFRT may not have greater efficacy compared
with moderate to high-intensity resistance training for
various clinical outcomes [25, 27, 28], which is still a positive
finding as it signifies BFRT is roughly equivalent to moderate
to high-intensity resistance training, and could still have its
utility in load compromised individuals. While there was
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considerable overlap between the studies included across
these reviews, it should be noted that their precise eligibility
criteria varied, and so did the included knee conditions, or
the intervention loads that were compared. A more recent
meta-analysis further supports the potential of BFRT in the
disease management of patients with OA and RA, yet it does
so with a high degree of heterogeneity due to pooling dis-
similar intervention loads and self-reported function or
physical function outcomes [29]. In addition, previous re-
views have not considered other crucial variables for exercise
prescription such as the number of repetitions within
a training program. Importantly, to date, no previous review
has conducted a dose-response meta-analysis that could
allow a better understanding of the dose of BFRT required to
maximize strength and functionality adaptations. We aimed
to analyze the evidence for the effects of BFRT on strength
and functionality in individuals with a diagnosis of knee OA
or RA through a systematic review and dose-response
meta-analysis. The secondary objective was to analyze the
quality of the evidence.

2. Materials and Methods

2.1. Protocol Design. The search and selection of articles
adhered to PRISMA-P guidelines [30] and were conducted
after registering the protocol with PROSPERO platform
(CRD42023401715).

2.2. Study Selection and Eligibility Criteria. Two authors
(D.C.O. and P.G.) applied the same criteria to identify and
select the included articles based on the PICOS criteria [31].
To match the inclusion criteria, a study had to include
participants diagnosed with knee OA or RA (P); have tra-
ditional BERT (constant BFR, applied throughout all the sets
and interset rests of an exercise uninterruptedly) with low-
load resistance (20%-40% 1RM) as the intervention (I); have
a control group with conventional moderate intensity re-
sistance training (MIRT) or high intensity resistance
training (HIRT) (60%-80% 1RM) (C); include muscle
strength as a primary outcome measure or physical function
as secondary (O); and the study type should be a randomized
controlled trial (S). Also, the articles should be written in
English or Spanish. The search was conducted from database
inception until 30 June 2024.

2.3. Data Sources and Search Strategy. The search was
conducted using the following electronic databases:
PubMed, Ebsco, Cochrane Library, and PEDro. Due to
concerns about the quality of gray literature, only peer-
reviewed sources were included to ensure a higher level of
rigor and reliability. In addition, reference lists were man-
ually searched to identify studies that were not found
through database searching.

The search terms included the following keywords and
their possible variants, synonyms, or combinations: “blood
flow restriction,” “therapy,” “training,” “exercise,”
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“KAATSU,” “osteoarthritis,” and “rheumatoid arthritis”.
The keywords were the same in all the databases, yet some
adjustments were required to match each database’s par-
ticularities, as can be seen in Supporting File 1.

2.4. Data Extraction. Data extraction was performed by two
authors (D.C.O. and P.G.). The results were compared, and
any disagreements/discrepancies were resolved by a third
and fourth reviewers (J.C. and L.S.M.). The information
extracted from the studies regarded: 1) sample: sample size
of each group (n) and characteristics of study participants
(age, sex, type of pathology, and eligibility); 2) methodology:
characteristics of the intervention protocol (duration, fre-
quency, intensity, volume, types of exercises, rest times, form
of occlusion application, pressure used, and cuff size); and 3)
effects: type of outcome, result measurement, measurement
instrument or scale, statistical data, results obtained for
dynamic and isometric muscle strength, and physical
function. After inclusion of the articles in our systematic
review with meta-analysis (n=5), data were extracted from
each study. When available, data were extracted in the form
of mean and standard deviation, mean difference or per-
centage of change, and sample size of the studies to perform
the meta-analysis. When data were not in the expected
format, we requested information from the respective au-
thors. If the authors did not reply or if the data provided by
them were not clear, means and SD from the figures pro-
vided in the articles were extrapolated using the Web-
PlotDigitizer (Version 4.6; Pacifica, California, USA)
tool [32].

2.5. Assessment of Risk of Bias. The risk of bias of ran-
domized trials was evaluated with the Risk of Bias 2 (RoB 2)
tool by two independent authors (D.C.O. and P.G.) [33].
Similarly, any disagreements/discrepancies were resolved by
a third and fourth reviewers (J.C. and L.S.M.). Five items were
assessed, namely, randomization process, deviations from
intended interventions, missing outcome data, measurement
of the outcome, and selection of the reported results. Thus,
based on the overall risk of bias from RoB 2, studies were
classified into low, moderate, or high risk of bias.

2.6. Certainty of Evidence. Certainty of the evidence was
evaluated by two independent authors (D.C.O. and R.N.C.)
using the Grading of Recommendations Assessment, De-
velopment and Evaluation (GRADE) approach [34]. The
GRADE is a method to assess the quality of evidence based
on the risk of bias, indirectness, inconsistency, imprecision,
and risk of publication bias. Similarly, any disagreements/
discrepancies were resolved by a third and fourth reviewers
(J.C. and L.S.M.). The criteria for one level of downgrade
were (1) risk of bias of included studies: if 25% or more of the
included articles had a high risk of bias as assessed by RoB 2;
(2) inconsistency: if there was considerable heterogeneity
(I? > 75%); (3) indirectness: if there were differences between
participants, interventions, outcome measures or indirect
comparisons; (4) imprecision: if there was a wide confidence

interval or its upper or lower limits spanned an effect size of
0.5, and/or small sample size (n<300); and (5) risk of
publication bias: if there was asymmetry in the doi plot and
Luis Furuya-Kanamori (LFK) index was +2.

2.7. Statistical Analyses. Statistical analysis was performed
with the RStudio software (RStudio, PBC, Boston, MA) to
analyze the effect of BFRT on knee extension strength
(isometric and dynamic) and timed-up-and-go test (TUG).
A random-effects meta-analysis was performed using the
standardized mean difference (SMD) for knee extension
strength and TUG, and the corresponding 95% confidence
interval (CI). The heterogeneity of the studies included in the
meta-analysis was evaluated through the inconsistency test
(I?), represented in percentage values, interpreted using the
following cutoff values: < 25% =low, 25%-50% = moderate,
and > 50% =high [35]. The statistical significance of the
pooled SMD was examined as Hedges’ g to account for
possible overestimation of the true population effect size in
small studies. The estimated SMDs were interpreted as
follows: SMD of 0.0-0.2 represented a trivial effect, 0.2-0.6
represented a small effect, 0.6-1.2 represented a moderate
effect, 1.2-2.0 represented a large effect, 2.0-4.0 represented
a very large effect, and 4.0 to represent an extremely large
clinical effect [36]. A visual inspection of the DOI graph was
performed to detect publication bias [37], looking for
asymmetry. In addition, a quantitative measure of the LFK
index was performed. An LFK index within +1 represents no
asymmetry; an LFK index greater than +1 but within +2
represents a minor asymmetry; and an LFK index greater
than +2 represents a major asymmetry [38]. The significance
level was set at a p <0.05.

To evaluate the dose-response relationship between
BFRT dose and the clinical variables (knee extension
strength and TUG), previously published methods were
used [39]. A one-stage dose-response meta-analysis of mean
differences proposed by Crippa and Orsini was performed
[40, 41]. The method consisted of dose-response models
estimated by pooling study-specific dose-response co-
efficients. Selected effect sizes and corresponding (co)vari-
ances were used to estimate study-specific dose-response
curves (Supporting files 5 and 6), using the mean differences
of each variable of interest and repetitions (total of repeti-
tions during the entire BFR training program and only
during the BFR exercises) as doses. This enables the char-
acterization of the relative efficacy of the dose studied, using
the placebo effect as a reference. It was used using a restricted
cubic spline model with three knots at the 10th, 50th, and
90th percentiles to characterize the dose-response re-
lationship. The procedure was implemented in the dos-
resmeta R package [42].

3. Results

3.1. Search Results. A total of 188 records were identified,
and their titles and abstracts were screened. The article
screening strategy is shown as a flow diagram in Figure 1.
Subsequently, 31 full-text articles were assessed for
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FiGure 1: Flow diagram of the literature search and selection.

eligibility, and five articles [43-47] reporting on muscle
strength (knee extension) and physical function (TUG) were
included in this study.

3.2. Assessment of Risk of Bias. The risk of bias assessment of
the randomized trials is shown in Figure 2. The two re-
viewers agreed on the scoring of 28 of the 30 final items
(which include five dimensions and an overall score for each
study analyzed), a 93.33% absolute agreement (x=0.884),
indicating an almost perfect level of agreement. Main
weaknesses of included studies were that no studies were
rated as being at “low” risk. All studies had at least one
domain judged as “some concerns” risk of bias. From the five
studies evaluated, one [43] was judged as “high” risk of bias
and four [44-47] (80%) as “some concerns’. The second
domain (regarding deviations from the intended in-
terventions) achieved the highest risk of bias in all the studies
(one study with “high” [43] and four with “some concerns”
[44-47]), while the third (missing outcome data) and fourth
(measurement of the outcome) domains presented the
lowest risk of bias with all the studies grading with “low”
risk. Also, 40% of the studies exhibited “some concerns” in
the randomization process [46, 47] and in the selection of the
reported results [43, 44].

3.3. Certainty of Evidence. There is low to moderate certainty
evidence in favor of BFRT for improving functionality and
knee extension strength in individuals with knee OA or RA. A
summary table of the results is included in Supporting File 2.

3.4. Study Characteristics. We included a total of 205 pa-
tients. Details of the participant’s characteristics and studies
are shown in Table 1. The studies compared BFRT with low
loads (20%-30% 1RM) against conventional MIRT or HIRT
(60%-80% 1RM). The intervention duration ranged between
4 and 12 weeks. The frequency of training ranged from 2 to
3 times/week. Further details of the BFR training protocols
are shown in Table 2.

3.5. Outcome Measures

3.5.1. Knee Extension Strength. The meta-analysis did not
show statistically significant differences between in-
terventions in 4 studies (SMD = -0.06; 95% CI = —-0.78-0.67;
and p>0.05) without evidence of significant heterogeneity
(p =0.15 and I?> =40%) (Figure 3). The shape of DOI plot
did not present asymmetry, and the LFK index showed no
asymmetry (LFK=0), indicating a low risk of publication
bias (Supporting File 3).
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FIGURE 2: (a) Summary of the risk of bias in included studies and (b) the risk of bias as percentages across all included studies.

3.5.2. TUG. The meta-analysis did not show statistically
significant differences between interventions in 4 studies
(SMD =0.07.; 95% CI=-0.23-0.37; and p >0.05) without
evidence of significant heterogeneity (p =0.82 and
I*=0%) (Figure 4). The shape of DOI plot presented
asymmetry, and the LFK index showed minor asymmetry
(LFK =1.19), indicating a risk of publication bias (Sup-
porting File 4).

3.6. Dose Response

3.6.1. Knee Extension Strength. The report by Harper et al.
[46] was excluded from the dose-response analysis be-
cause their participants went to volitional failure, while
the other studies were structured around a fixed repetition
scheme. The results indicated a statistically significant
negative association between increasing doses of BFRT
(total repetitions) and the mean change in knee extension
strength, with the maximum value of 18.03 (95% CI: 13.90,
22.15) observed at dose max=2000 reps total (Figure 5
and Supporting File 7).

3.6.2. TUG. The results indicated a statistically significant
negative association between increasing doses of BFRT (total
repetitions) and the mean change in TUG score with the
maximum value of —1.36 (95% CI: 0.96, 1.76) observed at
dose max = 1800 reps total (Figure 6 and Supporting File 8).

4. Discussion

This systematic review with dose-response meta-analysis
was performed to analyze the effects of BFRT on strength
and physical function in the treatment of knee OA or RA.
The main findings were that (1) BFRT resulted in significant
improvements in strength and functionality in individuals
with knee OA or RA similar to conventional MIRT and
HIRT; (2) a total of 2000 repetitions per BFRT program are
required to maximize strength gains in these individuals;
and that (3) maximal improvement of physical function was
observed with approximately 1800 total repetitions.

The pooled data of the included studies did not show
significant differences between BFRT and MIRT or HIRT in
individuals with knee OA or RA for knee extension strength

85UB017 SUOLILLIOD BAIFER1D) 3|cedl|dde au Aq peusenob ae sajoe YO ‘BSN JO SaIN1 10y AfeiqIT UIIUO /8|1 UO (SUORIPUOD-PUR-SLLBY /WD A3 1M AfeAq1/BUI|UO//:SUNY) SUORIPUOD PUe SWwie L 8U388S *[5202/L0/T0] uo Ariqiauliuo Ao|1M ezoferez 80 PepsRAIUN AQ 600E99E/CWSHSSTT OT/I0P/W00" A3 1M Afeiq1|BUI|UO//SANY WO} papeo|umMoq ‘T ‘S0z ‘Pous)



tsmed, 2025, 1, Downloaded from https:/onlinelibrary.wiley.com/doi/10.1155/tsm2/3663009 by Universidad De Zaragoza, Wiley Online Library on [01/07/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

Translational Sports Medicine

“(50'0<d) DL 9y U
syuowaaoxdwr dnoid-usamyaq
10 (50'0 < d) dnoiSenur oN
‘(s00<d)
qdd P 1LITT pue LITH

‘ured 23UY PIONPUI-ISIIIOXD  USIMISQ SOUISYIP Juedyrudis N..om\ 662
03 anp dn-mofoy OU 319M 23U, "IdTT 159} ON.L LTI A9 UM LTI /€0e =1INd [e¥] 8107
pue ‘YT uorsualxs  aarssaxSoid pue : sreura,j vO s1eak ¢'09
Suumnp popnpxo arom dnoid  ym paredwod (5000°0 = d Sty < sso1d 8o SAssa1301 aarssaxdorg e “Ie 39 Zel1dg
IMTH 24 woxy stuaned mnog PUT 50000 = d 9%€7 N AT 1 IdTH AT d Rw%wm:%
"SA 9%7T) INYT UOISUIXD 99Uy V=
pue (¥000°0 = d pue 10000 > d
0697 "SA %¢€) INYT ssaid Sop
ur sjuswsoidwr juesyrudis
pey L¥A9 pue LNTH
'sdnoid usamiaq punoy
2IoM s2OULIdPIP Jueoyrudis
ou g (LITH S'€F9'1—
'SA [[Ag 10] §'T F¢'[— 91008 -
adueyop S F ueaw 9000 = d) 1806 = [N
"parrodar ONL pue (LYTH €8 F7'6 1891 DL LATH oatssoxSorg B8 B IATT oy, vox s1eak €79 [zv] 910
1M $129J2 SIAAPE ON 'SA IA9 10§ €01 F89T  pue DIAN sdaoupend . aarssaxdo1g . “Ie 32 Shig
121008 a3ueyd (S F UBSW 1709
AN — ye=u
1000 = d) DIAIN sdaoupenb
ur dur[aseq oY) M paredwod
PUNOJ SEM IDUIIIPIP
yueoyrudis e ‘sdnoid yjoq uf
"(85¢°0 = d) yusunear; 1aye
10 (11€°0 = d) 910J9q 1910
sdnoid usamiaq souaIPIP
3 ¢ 17°9¢
Juedyrudis ou inq (LYTH /S7°9 = IING
‘partodar L1 "sA 1YA4 103 €07 PSueyd qdd PIM DITT o [1¥] T20T
9IOM S}O9J3 ISISAPE ON 30 9% <1000°0 = d) sdnoid 1591 ONL LATH 2nss21301d aarssardoiq PN VOX steak .mw 8v “Ie 39 Ye[epqy
yjoq ur uonuaArdjunsod / mm|ww
pue -a1d usamiaq 07 =
189} DT, ul syuswasoxdur
JuedyTudIs a1om 219y,
INg [saouarayar]
$31992 sSurpuy jo saanseawr 10yeredwiod ofe
UOTJUIAII U] xa¢  uonemdog . 1eaf
3SIAPY Areuruing awonnQ /[onuo) IZIS oum
srdureg By

'SOIpNIS Papn[oUl Jo SIsA[euy :[ 14V],



tsmed, 2025, 1, Downloaded from https:/onlinelibrary.wiley.com/doi/10.1155/tsm2/3663009 by Universidad De Zaragoza, Wiley Online Library on [01/07/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

Translational Sports Medicine

189} Om.v:w.mz paum ‘D I, ‘wmwixew uonnadal AR STLIY)IE PIOJRWNaYI VY ‘UONIRIJUOD JLIJOUWOST 53:39» wnwrxew ‘DIAW ‘Sururer) aoue)sisar Ajsuajur 9jeropouwr
‘LITIN ‘ururer) 90ue)sIsal peo[-mo[ ‘ITT SHLIYIIL03]}s0 2ouy ‘YO ‘Sururen) aoue)sisal peo[-y31y ‘Y TH Xopul ssewr Apoq ‘TN ‘Sururer) uonornsal Moy poo[q [ YId ‘UONILNSII MO Poo[q I :SUONLIAIqQY

‘A1eSsadou
jou 1M syudusn(pe peoy nq
‘SUOISSIS JSIY Y} Ul UOIST[II0
0} anp }10Jw0dSIp A10}ISUE)

"SJUSWIIBAI} UIIMIIq
Joope reqruars e Sunesrpur
(500 <d) 149 pue LYTH
UOMI2q SIOUIdPYIP Juedoyrudrs
ou a19m 2134, (5000 = d
pue 10000 >d 9%8'9— 'sA
98— :98ueypd Jo 9) 159 DN T,
ur syuswasordwr Juesyrudis
pey .L¥49 pue LYTH

pairodax syuanjed 9 ‘dnoid "SJUSUIIBAT) USIMIIq . m.oN\ viiT
i 1891 DN T, [onuod ILYT=TN] c
L4dg oy ul Suolssas g o) dn - 329p2 sequnts © Bupeorput pue JARI] UOISUIXd  ISIDIdXd ON pue Ladd Srewa] v s1ea4 1'86 [sv] 6102 “1¢ 3
uonpnpar sdax/peof Sutimbar  (50'0<d) 119 pue LYTH oty ¢ ssoad 9o o aarssarSor aarssardoig ) sanSupoy
ured 29wy pajrodor (LY TH) UWI9MIDQ SIOUIIIPIP JULOYIUSIS AL ‘T LYTH >N d 19°65/89
g 1oyjouy ‘ured [erowajorared OU dI9M 213(], JOIU0D 8y =4
PooNpUI-3SIOIOXD m paredurod (10000 > d pue
03 anp 1no paddoip 1000°0 > d %L 6T 'SA %8°€ET
(L9TH) wedonred sug :93ueyd Jo %) AT UOISUIXd
2awy pue (1000°0>d pue
1000°0 > d %8'TT "SA %THT
:a8ueyd Jo %) JAYT ssoxd Sof
ur syuswsoidwr juesyrudis
PeY 1¥d9 Pue LITH
WN (€T°L ‘96°01-)
£8'T— (LYIN 03 dAne[PI YAd)
sem T Y9 e anbioy yead
‘payrodaz I0SU2)Xa 2oy d)1sodurod ueawr .
a1am Apmnys 9y} 01 paje[ax 103 sdnoi3 usamjaq dueyp (193owroureu£p) . L Mm
Aqqissod 10 pojeror (ured oouy  uedw Y, ‘WIN (9TFHT 94°S) yiduons s10suAXe TN 2aIssaidord YAg 2aissardorg STeo) vO /8 MNWHEM . (7] %SN
Jo sy1odax payoadxs 3uipnpxa)  96'6 Jo anbioy yead 1osuaixo 99wy O1}oUD OS] PU N SIBATLO/T69 TP 33 dodiPH
SJUIAD ISIIAPE UIAIS 20wy 9yrsodwod ueduwr 9y} se=u
ur o3ueyo Sururenysod oy -axd e
m qiSuans ur Juswasordwr
ue pamoys sdnoid yjog
INd [saoudrayar]
$31092 sSurpuy jo saanseawr 10yereduwrod wonuoATI xos  uonemdo e ook
ISIAPY Areuruing swoonQ /[oxuo) : nemded 718 .
srdureg fomny

panunuo) 1 dIdV],



tsmed, 2025, 1, Downloaded from https:/onlinelibrary.wiley.com/doi/10.1155/tsm2/3663009 by Universidad De Zaragoza, Wiley Online Library on [01/07/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

Translational Sports Medicine

‘uonisod

P1e3s UT UOTSUI)XD JoUY e
‘(Surpueys)

Sururen 10jowIosusg o
NIOT ®

I0J SMO[[e Jey) pueq ©
ym (uonisod Sutk[-apis

(10j0UILIOSUSS

g4 ym uonisod

P21e3s UT UOTSUI)XD 30U e
*(Burpuess)

Sururen) 10)0WIIOSUIS
IO ®

I0J SMO[[e Jey} pueq
yim (uonrsod Surk[-aprs
ur) as1IX9 WE[D) e

(10j0UILIOSUSS ur) 3s1oI9Xa wep) e ‘$9D)a11S) S13S € X S (€ SasTeI By o
Yoom ‘saU[232115) "SasTel J[eD) e Yoom (g19) s19s ¢ x sdax o¢ SHww oz = 21nssaig (uonisod SUIATaDIS (2h] 9102
/sawuny ¢ $198 € XS Q¢ ‘(uonisod Juif[-oprs  /sown ¢ s19s ¢ x sdax QT ySryy ot Jo paryy soddn = juswese[q w) ston on . % v.. e s
$ooM 9 s39s ¢ x sdax o ur) suoronppe diff e SYo9M 9 JANT %0¢ I PIM payads jou = az1g : Acozﬁ.womv%c& ..W . [e 39 jAIg
AT %0L “(uontsod Buik[-aprs SaSTOIOXT NUT %0L ur) suordnpqe % v..
ur) suononpqe diff e [UOWWIOD Ul SISISXY R pqe diH
‘(Surureny 2100) (Suturex; 2103)
UOTJOBIIUOD SIUTUIOPQE uompenuos suwopqe
SNSIIASURI} JLIJOWOST m:mb%ME HIOWOSE
. . HM 95pLIq N[ e
.SMMWHMWMMMMMHN ” 'sayojans Jurnswer] e
THTH Mg JueISuoD)
YA [PUOBIPEIL,
‘(ourdns (durdns
ur) [Yojamns mcEmEmr . z.c rens Sutnswer] e
"SOSTRI J[ed [eIdJe[Iu[) e Sosted JIe2 ﬁm.HBm::D °
3 "(snyqnoap g g (smqnap
yom (yo1o1s Surysuwrey)) [e137¢[ UI) UOTANPPE yoom (yo1o1ms Surysuwrey)) EGE 007 =2aInssaig [e1a3e[ UT) UONONppE
$138 € X S O $138 € X S 0¢ asea1d [eurngur pue uononpqe diff e [1%] 1202
/SoUn € d pue uoponpqe dig « - /sowm ¢ dar Y} 0} TBISIP 9%¢¢ = JUIWDE. ‘(uontsod “Te 30 yeqre
SYooM § $198 € X S¢a1 01 ‘(uontsod  syoom ¥ $198 € x8431 0T [ O3 ISP %t =1 Id (uonr [239 EIEPqY
AT %09 Pa183S UT) UOISUR)X? 20Uy @ WIT %0€ PP Wd 9-G = 371§ P3183S UT) UOISUI)XS 39U o
c ‘(ourdns (ourdas
ur) sastex 397 JySreng e ur) sastex 3] yBrens e
LTH Mg 3uesuo))
YA [PUOBIPeIL,
KL>uanbaiy A>uanbaxy .
pue JwmnjoA SISIOIIXI pue JwmnjoA ?‘Smwu‘a yusuraoed Mummuuoxu [soou12521]
woneang pue Aysusayuy pue LjfepoN wonem( pue Lysudayuy aZIs) yn) pue L1fepoy reak soqny

10jereduwros/jonuo)

UOTIUIAINUIL YIg

'sjooojoxd Sururer) YAg Y3 JO S[reIv( :g 414V,



tsmed, 2025, 1, Downloaded from https:/onlinelibrary.wiley.com/doi/10.1155/tsm2/3663009 by Universidad De Zaragoza, Wiley Online Library on [01/07/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

"armssaid poo[q o1[03s£s ‘JgS ‘wnwIxew

uonnadax ‘WY Sururen) 20ue)sIsax AJISUL)UT 3JLISPOW TN SUTUTRI} 9OURISISIT PEO[-MO[ ‘I YTT ‘Sururen) aoue)sisal peo[-yd1y ‘Y TH UONILNSII MO poo[q g1 2Inssaid uorsn[do0 [er1dlie ‘JOV :SUONeIAdIqqY

*3S1DI9X3 ON

[o13U0)D) B
(T1-s 9SDINE ON M) § Mmmﬁ N sdax
Yoam) s39s ¢ x sdax 01 :dnoid [onjuo) M) $335 6 X st UOISUI)Xd 29UY e
oM F-1 UOISUIIXI 3UY e oM (-1 dOV %0L =2108831d ssaxd 3o o [s7]
/sawiny ¢ : /9w T MPaMm) $39s  x sdax g1 PI0F TeurnSuy = JUawade[J 610T “Te 10
SYOIM 7T &uuﬁowwm WMOMMMH 01 mmma.rmwwwm SYoIM 7T "YooM pUO0D2Ss WW ()76 X WW G/ = ZIS ﬁwﬂwﬁm%“w sondupoy
o) woxy YT %0/  "dnoid jonuod pue YTH .o€ oL AT %0€ N
~YooM 1T YT %0S oM 3ISIJ N T %0C
LYTH
SOSTRI J[eD) e G + (9oURIAJWINDILD zomﬁwwﬁuwﬁu *
Yoom -andney Arejunjoa o) UOIXJ[J 9oUY| o Yoom -andney Arejunjoa o) y3my) x ¢ + (44S) X §°0 = 21mssa1g Horsts xm mm:M °
/sawm ¢ pawrojrad sasoraxy UOTSUI)XD 29U e /sowm) ¢  pawIojrad sasoIoxy ydyy ‘ MmE d mw ¢ i wuw_o%%om
SYoIM 7T AT %09 ssoxd So7 o SyPIM 7T AT %02 a1 Jo 1red [ewrxoid = juswade[d - Eﬁw%o% 3 H
LAIN payIads jou=aug ¥dd [PUOnIpeIL,
(c1-¢
Yoam) 8395 G x sdar g1
-1
Yoom) s319s  x sdax 6T
99M pUO0D3S (T1-¢
o) WO AT %0€ yoam) s3as G x sdax 6T
YoM 18I AT %0T UOISUIIXD 99UY
Yoom UOTSUIIXI JUY o Yoom F-1 dOV %0/ = 21nssaig " ceo1d 97 (£5]
sowny ¢ LATI ssaxd o7 o /sowm ¢ 29M) §39s § x sdax 6T 0J Teumnguy = juauIde 1 €¥] 810C
/ . (T1-¢ 1 / ) L PIoF T I 1d ydg wesuo) - “Te 19 Zelrdg
SYoIM 7T 29m) 5395 € x 541 01 INTT pue LITH  SYoom 71 99M pUO0D3S WW ()76 X WW G/ = 3ZI§ N —
i ot oY) WOy AT 9%0€ [euonp
Yoam) s31as X sda1 o1 SRR 35T TR %02
"99M pUO0DS
oY) woxy YT %08
oaM ISIY AT %0S
JLdTH
A>uanbaiy A>uanbaxy ]
pue awnjoA SISIIIXD pue awnjoA (3anssaxd quouraserd SISIIIIXD [sooud10521]
ue AyIsudju ue Ayepo ue L)Isudju Q7Z1I8) Pn ue A}epo
wonemq  PU Ausuaul PUe SIEPON 1 eng pue Lisuajuy 1s) ynd pue AMEPON. o ¢ oy

103eredwods/foryuo) UOTJUIAINUT I

‘ponunuo)) g 414Vv],

Translational Sports Medicine



10
Stud Experimental Control
udy Total Mean SD Total Mean SD

Rodrigues 2019 16 36.67 11.5900 16 43.76 15.0800
Ferraz 2018 16 40.34 89000 16 42.40 8.9800
Harper 2019 16 53.55 18.7200 19 54.93 17.8800
Bryk 2016 17 40.00 9.2000 17 33.50 12.9000
Random effects model 65 68

Prediction interval
Heterogeneity: I* = 40% [0%; 80%], 7> = 0.0814, p = 0.17

Translational Sports Medicine

Standardised mean

difference SMD 95%—CI Weight
—-0.51 [-1.22; 0.19] 24.2%
—-0.22 [-0.92; 0.47] 24.7%
—0.07 [-0.74; 0.59] 26.0%
0.57 [-0.12; 1.25] 25.0%

—0.06 [-0.78;0.67)  100.0%
[-1.63; 1.51]

[ T T I T T 1
-1.5 -1 =05 0 05 1 15

Favors BFR  Favors control

FIGURE 3: Forest plot of comparisons between BFR and control for knee extension strength.

Experimental Control Standardised mean
Study Total Mean SD  Total Mean SD difference SMD 95%—CI Weight
Abdallah 2018 20 9.48 1.2100 20 9.63 1.3600 4‘—|— —0.11 [-0.73; 0.51] 29.1%
Bryk 2016 17 6.30 1.6000 17 6.30 1.7000 0.00 [-0.67; 0.67] 24.7%
Ferraz 2018 16 6.53 0.4700 16  6.45 1.0100 - 0.10 [-0.59; 0.79] 23.3%
Rodrigues 2019 16 6.74 0.9800 16 647 0.5600 : 0.33 [-0.37; 1.03] 22.9%
Random effects model 69 69 ; 0.07[-0.23;0.37]  100.0%

Prediction interval
Heterogeneity: I = 0% [0%; 85%], 72 =0, p = 0.82

[-0.34; 0.47]

[ T I T
-1 -0.5 0 0.5 1
Favors BFR Favors control

FIGURE 4: Forest plot of comparisons between BFR and control for physical function (timed up and go (TUG) test).
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FIGURE 5: Knee extension strength BFR training dose-response.

and physical function (TUG). Previous meta-analyses have
shown that BFRT produces similar effects to MIRT and
HIRT in improving strength and functionality in subjects
with knee RA [23] and OA [23-28]. Dos Santos et al. [23]
highlight that MIRT and HIRT are extremely effective in
producing gains in strength and functionality, so the find-
ings for BFRT are highly important and promising for these
populations. Similarly, other systematic reviews also report
similar results between BFRT and HIRT in strength and
functionality gains in subjects with knee OA [26-48] or in
patients after anterior cruciate ligament reconstruction [48].
However, Pitsillides et al. [26] report that HIRT protocols

may have been applied improperly due to the pain produced,
as the 1IRM may have been the maximum load tolerated
instead of the real maximum load, so the similar strength
values in BFRT and HIRT groups could have been altered for
this reason. The meta-analysis conducted by Grantham et al.
[27], found similar results in strength and objective physical
function (and no difference for the other clinical outcomes
(pain, self-reported function, and muscle size)) between
BFRT and HIRT in individuals with knee OA. Besides ef-
fectiveness, a previous systematic review found BFRT safe
when used according to evidence-based guidelines in pa-
tients with various knee-related musculoskeletal disorders
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Ficure 6: TUG BEFR training dose-response.

[49]. That finding is further backed by Wang et al. in their
more recent meta-analysis that showed BFRT has less risk of
adverse effects than HIRT [28]. Research thus far is
promising with respect to safety and efficacy outcomes in
a variety of elderly and clinical populations, with minimal
incidence of adverse effects [50-58]. Of the included studies
[43-47], only two reported adverse events in the BFRT
group, with most of these events being related to knee pain
(or mild discomfort regarding occlusion pressure in the first
sessions) [46, 47]. However, in aggregate, the BFRT group
had less of these reports than traditional MIRT or HIRT.
Importantly, the fear of experiencing discomfort or exac-
erbating existing pain during high-intensity strength
training can be a major barrier to exercise adherence in
patients with knee OA or RA, an issue that is significantly
reduced with BFRT due to its low-load nature. Thus, beyond
the comparison of efficacy and safety, the critical question
might be which of the interventions—BFRT, MIRT, or
HIRT—provides the greatest balance of benefits with min-
imal risk and discomfort, thus promoting the highest level of
patient adherence and long-term commitment to an exercise
program. While some aspects of BFRT are often considered
as limitations to its implementation and clinical relevance,
like lack of equipment and insufficient training [59], com-
monly, any kind of training modality requires some kind of
equipment and some level of training. Nonetheless, low-cost
approaches that could help make BFRT safer and more
accessible to clinicians, and even for home use, are becoming
more readily available [60-62]. Using pneumatic cuffs
designed for BFRT, or even elastic wraps as an even more
economic equivalent, and procedures that obviate the need
for individualized objective measurement of limb occlusion
pressures, allows for BFRT implementations that are safe and
do not require costly equipment [60-62].

The major novelty of this study is the estimation, through
a dose-response meta-analysis, of the total training volume
required to maximize the improvements in strength and
functionality with BFRT for patients with knee OA and RA.
Interestingly, the BFRT doses differ depending on the

outcome of interest. Specifically, we observed that the curve
describing the relationship between the increase in repetitions
in a BFRT program and knee extension strength has an
inverted U-shape. According to our results, 2000 total rep-
etitions are necessary to achieve maximal strength im-
provement. As an example, following the standard 75 rep
scheme, at a frequency of 3 sessions per week, that would
amount to about 9 weeks of BFRT, which would be in line
with Pitsillides’s et al. and dos Santos’s et al. recommenda-
tions [23-26]. However, another possible practical application
would be to perform two exercises per muscle group, po-
tentially halving the required time. In addition, a training
frequency of at least 3 times per week also seems to be
supported in young and older adults [50-63]. For physical
function, we observed that the relationship between BFRT
repetitions and TUG also has an inverted U-shape, where the
greatest improvements in functionality are found at 1800 total
repetitions. Similarly to strength, if following the standard 75
rep scheme, at a frequency of 3 sessions per week, that would
amount to about 7weeks of BFRT. From a strength per-
spective, as the model suggested a decrease in the predicted
strength gains for doses above 2000 total repetitions, our
results would imply that there is a certain threshold of volume
that can be used in a BFRT program, over which further
increases in volume are not advantageous. It might be that
higher BFRT volumes over longer time courses limit the
breadth of muscle-related adaptations to resistance training in
this population. That might be because of a different time
course of metabolic signaling or neurophysiological adapta-
tions with BFRT, different responses based on training status,
the lack of periodization due to the intervention designs, the
attenuated muscle anabolic response with age or pathology, or
delayed or impaired recovery from exercise. A recent meta-
analysis showed that responses to BFRT regarding the
magnitudes of muscle strength and hypertrophy adaptations
do indeed differ based on individual training status, being
greater for trained than untrained individuals, compared with
HIRT [64]. It is also conceivable that the dose-response re-
lationship may be moderated by the implemented
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intervention designs, which ranged from 4 to 12 weeks. As the
included studies made use of no periodization model, our
analysis of the response patterns suggests that further in-
tensity progression may be necessary during the training
program to sustain adaptive responses. Given that the exact
physiological mechanisms underlying BFRT are still hotly
debated and that most of the research on periodization has
been conducted on other training modalities and in healthy
individuals, we can only speculate on the causes of the
inverted U-shape of the dose-response relationship. Exploring
this topic in future studies using longer duration interventions
and additional outcome measures might further the un-
derstanding of our findings. Similarly, this decrease in
physical function at higher training volumes may be because
improvements in functionality are not only influenced by
strength but also require improving coordination, pro-
prioception, and mobility. Therefore, even though strength is
very important to improve functionality, other factors should
not be ignored if wanting to optimize functionality.

To our knowledge this is the first dose-response meta-
analysis that investigates the effects of BFRT on lower limb
strength and functionality in individuals with knee OA or
RA. Our findings may have important clinical implications
for the treatment of these patient populations in the future.

4.1. Limitations. The limitations to our research are those
inherent to this type of quantitative analysis, such as the
constraints imposed by the low number, small sample sizes,
and methodological heterogeneity of the studies published
to date in these populations as well as publication bias, which
might bias the results obtained in the meta-analysis. As such,
it is important to recognize that, due to the small sample
sizes, our results represent trends in strength gains and
physical function improvements and cannot be considered
a definitive recommendation. Only improvements in muscle
strength were considered, as we could not analyze muscle
hypertrophy due to these constraints. In the same vein, we
pooled together dynamic and isometric maximal strength
measures to allow for meta-analysis. Similarly, our analysis
of physical function was constrained to the TUG test. Fi-
nally, the risk of bias in the included studies was mainly
affected by the domain of “deviations from planned in-
terventions”, which highlights the need for researchers to
publish a priori complete protocols and write their reports
with more details. Despite these limitations, our findings
represent an important advance in understanding the role of
BFRT in treating muscle weakness and functionality loss in
individuals with knee OA or RA. Further high-quality, large-
scale, randomized controlled trials that investigate the effects
of BFRT on myoelectric activity, muscle hypertrophy, pain,
diverse functionality tests, safety and long-term adherence in
these populations are necessary to confirm and extend our
findings. Moreover, standardized reporting of methodology
and results, including complete intervention protocols,
should be prioritized in future research to enhance trans-
parency and reproducibility. Future randomized controlled
trials should corroborate our findings and evaluate the ef-
fects of different BFRT dosing and to address the evidence

Translational Sports Medicine

gap around the sustainability of outcome measures with
programs that are longer than 12weeks as to ascertain
whether the positive effects persist beyond the initial study
period or they are likely to fade over time.

5. Conclusions

This dose-response meta-analysis identifies significant im-
provements in strength and functionality after performing
BFRT in individuals with knee OA or RA similar to con-
ventional moderate-high intensity resistance training. A
total of 2000 repetitions per BFRT program are necessary to
maximize strength gains in these patients, while maximal
functional improvement requires 1800 total repetitions.
Following a one exercise standard 75 rep BFRT scheme, at
a frequency of 3 sessions per week, about 9 weeks of BFRT
for knee extension strength, and 7weeks for physical
function would maximize the gains achievable through this
modality. BFRT is a promising intervention, especially for
patients who cannot tolerate high training load, and could be
an important therapeutic strategy to maintain and improve
their strength and functionality.
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