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analysis of the effects of blood flow
restriction training on bone health
in older adults
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While low-intensity blood flow restriction (LI-BFR) training has recently been shown to improve

bone health, there remains limited evidence regarding its impact on older adults. This meta-analysis
aimed to quantitatively identify the effects of LI-BFR training on bone mineral density (BMD) and
bone biomarkers compared with conventional resistance training programs. Studies were identified
through searches of four databases: PubMed, Scopus, SPORTDiscus, and Web of Science. R packages
were utilized for this meta-analysis. The results indicated that compared to low-intensity (LI) training,
LI-BFR significantly increased BMD (ES =0.25, 95% Confidence Interval [CI]: [0.08, 0.41], p<0.01),
osteotropic hormones (i.e., GH, ES=1.18, 95%Cl: [0.66, 1.70]), p<0.001; IGF-1, ES=0.89, 95%

Cl: [0.44, 1.33], p<0.001), but resulted in a smaller increase in bone resorption markers (i.e., CTX,

ES =-0.77, 95%Cl: [-1.16, -0.37], p<0.001). LI-BFR training demonstrated similar effects on BMD
improvement as high-intensity (HI) resistance training (ES = -0.1, 95%Cl: [-0.66, 0.41], p=0.64).
Furthermore, sex and training frequency moderated the secretion of osteotropic hormones (male

vs. female: IGF-1, 0.51 vs. 1.64, p<0.01; < 3 times per week vs. > 3 times per week: GH, 1.62 vs. 0.68,
p<0.01, and IGF-1, 1.13 vs. 0.39, p<0.05). In conclusion, LI-BFR training shows promise for enhancing
bone health in older adults, offering benefits comparable to Hl training.

Keywords Blood flow restriction training, Low-intensity training, High-intensity training, Bone health,
Bone mineral density

With the global trend of an aging population, health issues, particularly bone health, have garnered increasing
attention'. Around 8.9 million osteoporotic fractures occur each year worldwide, primarily affecting
individuals over 50 years old>. Osteoporosis is characterized by decreased bone density and deteriorating bone
microstructure, which weakens bone strength and increases the risk of fractures®. While high-intensity (HI)
training is effective for maintaining bone health?-S, it may present challenges for older adults due to the high
mechanical loads involved. Low-intensity (LI) training presents an appealing alternative for older adults due to
its reduced physical demands. However, it is less effective in enhancing bone density”®. Evidence suggests that
low-intensity blood flow restriction (LI-BFR) training (20-30% 1RM) may present a promising approach for
stimulating bone adaptation®1°.

The application of pressurized cuffs at the proximal regions of the limbs in LI-BFR training partially limits
venous return, leading to elevated local blood pressure and increased interstitial fluid accumulation, which
consequently augments intramedullary pressure within bone and promotes bone metabolic activity'!. Moreover,
LI-BFR training induces local hypoxia conditions and a modest decrease in pH levels, stimulating angiogenesis
and modulating the activities of bone-forming osteoblasts and bone-resorbing osteoclasts'>!3. Additionally,
BEFR training increases the effects of hormones such as cortisol, testosterone, and insulin-like growth factor-1
(IGF-1), which regulate bone formation and resorption, effectively promoting bone health!*15. Therefore, BFR
training may provide an effective alternative for older adults who are unable to participate in high-intensity
exercise regimens.

However, current research presents controversies regarding the efficacy of LI-BFR training in improving
bone health among older adults. Certain studies have suggested that LI-BFR is more effective than LI training
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alone in improving BMD and promoting bone formation!®-!%. Moreover, some findings have shown that the
impact of LI-BFR training on BMD and growth factors is comparable to those of HI training'®. However, other
studies have reported similar outcomes with LI-BFR and LI training in bone health improvements”2°.

While some studies have explored the impact of LI-BFR training on bone health in older adults, a
comprehensive meta-analysis is necessary to synthesize the current evidence and definitively determine its
efficacy. Therefore, this study aimed to systematically assess the effects of LI-BFR training on bone health in
older adults, ultimately informing evidence-based recommendations for preventing and treating age-related
osteoporosis.

Materials and methods

Registration and literature search

This meta-analytical review was conducted following the PRISMA guidelines for systematic reviews and meta-
analyses?! and the PRISMA statement (Prospero registration number: CRD42024520288).

The following databases were searched up to May 27, 2024: PubMed, Scopus, Web of Science, and
SPORTDiscus. The search terms included “blood flow restriction” “vascular occlusion”, “KAATSU”, “bone”,
“osteo*”, " biomarkers”, “elderly”, “older”. The full search string is provided in Supplementary Material 1. After
duplicates were removed, the titles and abstracts of the retrieved articles were screened, and the full texts were
thoroughly reviewed (Fig. 1). Additionally, reference lists from included studies were examined. Two researchers
(Y.L. and Y.Z.) independently retrieved articles and extracted data. Any discrepancies were resolved by a third

researcher (Z.G.).

Eligibility criteria

Eligibility criteria for article inclusion were as follows: (a) age> 50 years; (b) pre- and post-training assessment
of BMD, bone biomarkers (e.g., bone-specific alkaline phosphatase [BALP], C-terminal telopeptide of type I
collagen [CTX], growth hormone [GH], and insulin-like growth factor 1 [IGF-1]); (c) comparisons between LI-
BEFR training and LI or HI resistance training; (d) studies with a physiotherapy evidence database (PEDro) scale
score of >4 in the quality assessment.

Methodological quality assessment

The quality of the methodologies of the included studies was evaluated using the PEDro scale?2. The PEDro
scale evaluates the methodological quality based on 11 criteria (e.g., randomization, blinding, and outcome
measures), with a maximum score of 10 points, excluding item 1 from the rating. Studies scoring below 4 on
the PEDro scale are typically regarded as low quality. Therefore, the meta-analysis included studies that met a
minimum PEDro score of 4. Two researchers independently performed the methodological quality assessment
(Y.L.and Y.Z.), and any disagreements were settled by a third researcher (T.W.). Furthermore, potential bias was
assessed using funnel plots.

Data extraction

Relevant data were extracted on population characteristics (i.e., age and sex), primary outcome measures,
interventional characteristics (i.e., group, number, exercise mode, cuff pressure, training duration, and training
frequency), and the main results of each study. The primary outcome measures included BMD, bone biomarkers
(e.g., bone formation markers such as osteocalcin and BALP, and bone resorption markers such as CTX and
N-terminal telopeptide [NTX]), and osteotropic hormones (e.g., GH, IGF-1, and testosterone). If the raw data
(mean and standard deviation) were not available, they were requested directly from the authors; otherwise, the
data were extrapolated from the figures.

Statistical analyses

R packages (R version 4.3.0 with R Studio version 2024.04.1 +748) were utilized to conduct the statistical
analyses. Effect sizes (standardized mean difference, SMD) with 95% confidence intervals were calculated
based on measurements taken before and after the interventions, accounting for baseline differences across the
included studies®. SDchan ge was calculated using the following equation:

SDchange = \/(SDPTEQ/N;UT‘e) + (SDpostz/Npost)

The magnitude of effect size was classified according to the following scale: trivial (<0.2), small (0.2-0.5),
moderate (0.5-0.8), and large (> 0.8)*%. A random effects model was applied to account for heterogeneity among
the studies and to provide more generalizable and robust results. I? statistics was used to assess the heterogeneity
for between-study variability, with thresholds set at <25% for low, 25-75% for moderate, and > 75% for high?.
Sensitivity analyses were conducted to examine the robustness of the results by excluding studies with potential
outlier effects or low quality.

A total of five meta-analyses were performed, examining the impact of LI-BFR versus LI training on BMD
and bone biomarkers (i.e., BALP, CTX, GH, and IGF-1). Additionally, subgroup analyses were conducted to
investigate the moderating effects of age (<60 years old vs. = 60 years old), sex, training duration (<12 weeks
vs. > 12 weeks), training frequency (< 3 days/week vs. > 3 days/week), and cuff pressure (<150 mmHg vs. > 150
mmHg) on these training outcomes. Subgroup analyses were conducted if three or more relatively homogeneous
data were available for each subgroup. Statistical significance was determined using a threshold of p <0.05.
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Results

Study selection

The initial search identified 1231 studies. Following duplicate removal, 594 studies were left for title and abstract
examination. This screening excluded 561 studies, resulting in 33 studies for full-text review. Following the
full-text review, 21 studies were excluded. Additionally, two more studies were identified through references of
the included studies. Ultimately, 14 studies fulfilled the inclusion criteria (see Fig. 1). Detailed characteristics of
these included studies are summarized in Table 1.

Methodological quality assessment

Among the included studies, three were of moderate quality, scoring between 4 and 5 points, while 11 were of
high quality, scoring between 6 and 10 points. The median score was 6 out of 10, indicating a moderate to high
level of overall quality, thereby ensuring the reliability of the studies. Detailed PEDro scale scores can be found
in Supplementary material 3. Sensitivity analyses were conducted to assess the robustness of the results, and no
significant changes in effect sizes were observed, confirming the consistency and reliability of the main findings
(Supplementary material 4).

Meta-analysis results

Two studies examining the effects of LI-BFR vs. HI training on BMD reported an effect size of -0.13 (trivial
effect, 95%CI: [-0.66, 0.41], p=0.64) (see Fig. 2A). Eight studies investigating the effects of LI-BFR vs. LI training
on BMD were included in this meta-analysis. The effect size was 0.25 (small effect, 95% Confidence Interval, CI:
[0.08, 0.41], p<0.01) (see Fig. 2B). Five studies, involving 166 participants, examined the effects of LI-BFR vs. LI
training on BALP and reported an effect size of 0.36 (small effect, 95% CI: [-0.13, 0.84], p=0.15) (see Fig. 3A).

Group Duration; | Cuff Outcomes
Author Study sample &N Exercise mode Frequency | pressure | (Percentage increase or decrease)
Bittar, et al. 3 Elderly women | BFR, 10; 20-min walking training on | 24 wk; 20-40% BMD: BER 1 0.8%, LI | 1.2%; Osteocalcin: BFR 1
> : (64.7+£4.6y) L9 treadmill 2 days/wk | AOP 10.2%, L1 | 18%
Centner, et Elderly men . . B 8 wk; .
al (60.127.6 y) BFRI, 11; BFR2, 11; LI, 8 | Leg press (20-30% 1RM) 3 days/wk 50% AOP | IGF-1: BFR1 1 9.2%, BFR2 1 15%, LI1 4.5%
BFR, 13; Leg press and knee . BMD: BER 1 0%, HI, 1 0%, LI 1 0.8%; BALP: BFR 1
52‘{?1’“1‘“‘ et ](55125;13’ O“;e“) HI, 13; extension (20% 1RM); HI g ‘é’;"s Ik ﬁ&;so 20.8%, HI 1 21.5%, LI 1 5.2%; CTX: BFR | 13.5%, HI
: oxloy LI 11 (80% 1RM) Y & | 157% LI15.7%
Karabulut, et | Elderly men BER, 13; Leg press and knee 6 wk; 160-240 .
al. 38 (56.8+0.6y) LI, 11 extension (20% 1RM) 3 days/wk | mmHg IGF-1: BER 1 4.6%, LL | 5.6%
Kargaran . " .
. Elderly women | BFR, 10; 20-min cognitive-walking | 9 wk; 50-80% .
gﬁgl?n:lz?;il-‘f’ (63.1+£2.9y) LL 10 training on treadmill 3 days/wk | AOP BMD: LI-BFT 1 2.1%, L1 1 0%
. Postmenopausal | LI-BE, 6; Bilateral leg press, leg . B BMD: BFR | 2.2%, HI 1 0%, LI | 0.35%; PINP: BER 1
Ié‘}?;f? and ) men HL 7 extension (30% 1RM), HI ;de:e:/lxl’{ 140-200" | 1179, HI 1 15.5%, LI| 0.3%; CTX: BER | 11.5%, HI 1
(56+1.8y) LL7 (60-80% 1RM) 4 § | 21.7%,L11 0%
Liw et al. 18 Middle adults LI-BE 26; Squat and knee extension 36 weeks; 150 BMD: LI-BFT 1 6.7%, LI 1 2.4%; GH: BFR 1 15.5%, LI
? . (49.3£5.1y) 11,27 q 5 days/wk | mmHg 1 2.6%; IGF-1: BFR 1 16.8%, LI 1 12.3%
39 | Elderly BEFR, 12; Leg press and knee 12 wk; .
Lopes, etal. ™ | 75 70 y) LI 10 extension (30% 1RM) 3 daysiwk | 0% AOP | IGF-1: BER 123.29%, LI 15%
Park. et al. 19 Elderly women hliBgF’ 8 knee extension and leg curl | 12 wk; 120-160 | BALP: BFR 1 7.8%, HI 1 18.3%, LI 1 1%; CTX: BFR |
ek (78.4+7.0'y) s (20% 1RM); HI (70% 1RM) |3 days/wk | mmHg | 18.4%, HI | 20.5%, LI | 2.4%
Seo, et al. 10 Elderly women | BFR, 7; Leg curl and leg extension 12 wk; Belt (5% | GH: BFR 1 43.8%, LI 1 4.6%; IGF-1: BFR 1 35.5%, LI
? ) (52.7+£7.8y) LI, 9 (20% 1RM) 3 days/wk | tight) 13.9%
Shimizu, et Elderly BFR, 20; Leg extension and leg press | 4 wk; .
al 1 (714dy) LI, 20 (20% 1RM) 3 daysiwk | NoR GH: BFR 1 244.4%, LT | 11.1%
Postmenopausal 30-min walking training on BMD: BER 1 5.2%, LI 1 1.4%; BALP: BER 1 16.8%,
TANG and women 3 LI-BE 29; treadmill. kneegextensiogn 24 wk; 186+ 16 LI 1 4.8%; CTX: BFR | 15.4%, LI 1 4.7%; GH: BFR 1
PENG # (55.8+4.0) LI, 29 and le Cl)ll‘l (10RM) > 3 days/wk | mmHg 57.4%, LI 1 19.9%; IGF-1: BFR 1 93.2%, LI 1 23.6%;
oxaly 8 Vitamin D3: BFR 1 21.4%, LI 1 16.9%
BMD: BFR 1 1.9%, BFR (vibrate) 1 7.7%, LI 1 0.5%;
. BALP: BFR | 3.7%, BFR (vibrate) 1 0%, LI | 2.3%;
YE 20 fﬁlge&ff;‘;e“) BFR1,18; BFR2, 17; LI, 18 gﬁi Sgggt;ifl‘]‘li:‘f:ag’ Cuzltf Zéd::’ks’/wk rlrfng BGP: BER | 1.2%, BER (vibrate) 1 14.3%, LI 1 4.4%;
HESIY g gle leg sq 24 & | GH: BFR 1 11.5%, BER (vibrate) 1 16%, LI 1 2.4%;
IGF-1: BFR 1 22.9%, BFR (vibrate) 1 39.2%, LI 1 10.8%
Zaravar, et Elderly women BFR,15; Water exercise 8 wk; 110-220 | BMD: BFR 1 4.4%, LI 1 1.5%; GH: BFR 1 221%, LI 1
al. ¥ (60-70y) LI, 15 3 days/wk | mmHg 32.1%; IGF-1: BFR 1 54.4%, L1 1 6.8%
Table 1. Study characteristic. Note: ACL: Anterior Cruciate Ligament; AOP: Arterial Occlusion Pressure;
BALP: Bone-Specific Alkaline Phosphatase; BMC: Bone Mineral Content; BM: Bone Mass; BMD: Bone
Mineral Density; BGP: Bone Gla Protein; CTX: C-Terminal Telopeptide Of Type I Collagen; GH: Growth
Hormone; HI: High Intensity; IGF-1: Insulin-Like Growth Factor 1; LI: Low Intensity; BFR: Low-Intensity
Blood Flow Restriction; NTX: Serum Cross-Linked N-Telopeptide Of Type I Collagen; PINP: Procollagen I
Intact N-Termina.
Scientific Reports|  (2025) 15:12800 | https://doi.org/10.1038/s41598-025-98053-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

——
=
= ,
s Records identified ‘Sucugh Rec01d51e.mo\ ed bef.01e‘the screening:
=t o “ —> Duplicate records removed
= database searching (n = 1231) -
s (n=0637)
=
L)
—
" \ 4
T Records excluded after reading the title and abstract
Records after removal of —» (n=561)
duplicates (n = 594)
l Full-text articles excluded (n=21)
g ) * Lack of measurements for bone metabolism or bone
g Full-text .alTl?leS evaluated for ; density (n=7)
o eligibility (n=33) + Insufficient/inappropriate statistical information (n = 5)
@ l ¢ Acute study(n=9)
Records assessed for eligibility ) o )
m=12) «—— Articles identified in references
m=2)
. J
- '
3 Studies included in quantitative
% synthesis (Meta-analysis)
= (n=14)
—

Fig. 1. PRISMA flow diagram.

Four studies, involving 108 participants, examined the effects of LI-BFR vs. LI training on CTX and reported an
effect size of -0.77 (medium effect, 95% CI: [-1.16, -0.37], p<0.001) (see Fig. 3B). Seven studies, involving 268
participants, examined the effects of LI-BFR vs. LI training on GH and reported an effect size of 1.18 (large effect,
95% CI: [0.66, 1.70], p<0.001) (see Fig. 3C). Ten studies, involving 311 participants, examined the effects of LI-
BFR vs. LI training on IGF-1 and reported an effect size of 0.89 (large effect, 95% CI: [0.44, 1.33], p <0.001) (see
Fig. 3D). Additionally, the funnel plots from the five meta-analyses demonstrated a fairly uniform distribution,
indicating no significant publication bias or selective reporting (see Supplementary Material 2).

Subgroup analyses were conducted if three or more relatively homogeneous data were available for each
subgroup. A total of 13 subgroup analyses were performed for BMD, GH, and IGF-1 based on age, sex, training
duration, training frequency, and cuff pressure (see Table 2). Training frequency had a significant moderating
effect on GH (1.62 [0.98, 2.27] vs. 0.68 [0.32, 1.05], p<0.01) and IGF-1 (1.13 [0.57, 1.69] vs. 0.39 [0.03, 0.74],
p<0.05). Specifically, training frequencies of >3 times per week were less effective than frequencies of <3 times
per week. Additionally, sex had a significant moderating effect on IGF-1 (0.51 [0.16, 0.87] vs. 1.64 [1.05, 2.23],
P <0.01), with females showing a more pronounced IGF-1 response.

Discussion
The present meta-analysis compared the impact of LL-BFR training on bone health with that of LI and HI
resistance training without BFR in older adults. The main findings indicated that LI-BFR resulted in more
significant bone health improvements compared to LI training. Specifically, these improvements included
enhancements in BMD, increased bone formation (BALP 1), elevated secretion of osteotropic hormones (GH
1 and IGF-1 1), and decreased bone resorption (CTX |). Additionally, LL-BFR had similar effects on BMD
improvement as HI resistance training. Furthermore, the study found that training frequency moderated the
secretion of osteotropic hormones (GH and IGF-1), with a frequency of <3 times per week being more effective
than > 3 times per week. Sex also had a moderating effect on IGF-1, with women showing greater increases in
IGF-1 levels with LL-BFR training compared to men. These findings highlight the promise of LL-BFR training as
alow-load option for improving bone health in older adults, comparable to the benefits of HI resistance training.
The current meta-analysis found LI-BFR training yielded superior improvements in bone health compared
to LI training, consistent with the meta-analysis by Wang, et al.”. However, several key differences underscore
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Standardised Mean
Difference SMD

Experimental Control

Total Mean SD Total Mean SD 95%-Cl Weight

Karabulut, 2011 13 0.00 0.0950 13 0.00 0.0470 S— 0.00 [-0.77; 0.77] 48.4%
Linero1, 2021 7 -0.02 0.0200 7 -0.01 0.0400 -0.30 [-1.35;0.76] 25.7%
Linero2, 2021 7 0.00 0.0500 7 0.01 0.0400 -0.21 [-1.26; 0.84] 25.9%
Random effects model 27 27 — -0.13 [-0.66; 0.41] 100.0%
Heterogeneity: P= 0%, P= 0,p=0.89 J T I T 1
-1 05 0 05 1
B Experimental Control Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight
Bittar 1, 2023 10 0.01 0.0400 9 -0.01 0.0500 —|——~— 0.42 [-0.49;1.34] 3.2%
Bittar 2, 2023 10 -0.01 0.0300 9 -0.01 0.0500 —— 0.00 [-0.90; 0.90] 3.3%
Bittar 3, 2023 10 0.02 0.0400 9 -0.01 0.0400 +—~— 0.72 [-0.22; 1.65] 3.0%
Karabulut, 2011 13 0.00 0.0950 11 0.01 0.1550 — T -0.08 [-0.88; 0.73] 4.1%
Kargaran, 2021 10 0.02 0.0500 10 0.00 0.0700 — T 0.31 [-0.57;1.20] 3.4%
Linero 1, 2021 7 -0.02 0.0200 6 -0.01 0.0300 -0.37 [-1.47;0.73] 2.2%
Linero 2, 2021 7 0.00 0.0500 6 -0.04 0.0400 0.81 [-0.34;1.97] 2.0%
Liu 1, 2018 26 0.04 0.3100 29 -0.03 0.2400 —Te 0.25 [-0.28;0.78] 9.3%
Liu 2, 2018 26 0.06 0.2200 29 -0.02 0.2000 T 0.38 [-0.16; 0.91] 9.2%
Liu 3, 2018 26 0.04 0.1000 29 -0.02 0.1000 — 0.59 [0.05;1.13] 9.0%
Tang, 2023 29 0.04 0.2100 29 0.01 0.2000 — 0.14 [-0.37;0.66] 9.9%
Ye a1, 2018 18 0.01 0.1900 18 0.00 0.1600 — 0.06 [-0.60; 0.71] 6.2%
Ye a2, 2018 18 0.01 0.1600 18 0.00 0.2000 — 0.05 [-0.60; 0.71] 6.2%
Ye a3, 2018 18 0.02 0.2300 18 0.01 0.1600 — 0.05 [-0.60; 0.70] 6.2%
Ye b1, 2018 17 0.04 0.2700 18 0.00 0.1600 —(— 0.18 [-0.49;0.84] 6.0%
Ye b2, 2018 17 0.04 0.2300 18 0.00 0.2000 — 0.18 [-0.48;0.85] 6.0%
Ye b3, 2018 17 0.08 0.1800 18 0.01 0.1600 1 0.40 [-0.27;1.07] 5.9%
Zaravar, 2021 15 0.03 0.0800 15 0.01 0.0500 *«'— 0.29 [-0.43;1.01] 5.1%
Random effects model 294 299 < 0.25 [ 0.08; 0.41] 100.0%
Heterogeneity: /° = 0%, ° = 0, p = 0.98
-1 0 1

Fig. 2. Forest plot demonstrating the effects of LI-BFR vs. HI training (A) and LI-BFR vs. LI training (B) on
BMD. “Experimental”: LI-BFR training; “Control”: HI or LI training.

the novelty of our study. Wang et al. analyzed separate groups for young and older adults, but the older adult
subgroup was based on a limited number of studies and included fewer outcome measures. In contrast, this
meta-analysis specifically focuses on older adults, with a more robust sample and a wider range of outcome
measures, providing a more comprehensive and nuanced evaluation of the relative effectiveness of LI-BFR versus
LI training in this population.

There are several potential reasons for these discrepancies regarding LI-BFR versus LI training yielding
superior improvements in bone health. Firstly, the increase in intramedullary pressure and interstitial fluid
resulting from BFR training may enhance the activity of osteoblasts and osteoclasts, activate bone cell signaling,
and may promote bone formation and remodeling®. Secondly, hypoxia and pH reductions caused by BFR can
regulate the secretion of bone metabolic hormones, thereby promoting bone formation!>?’. This meta-analysis
suggests that the increased concentrations of osteogenic hormones (GH and IGF-1) in LI-BFR training may
promote bone formation and remodeling. Additionally, the hypoxic and acidic environment induced by BFR
training may lower parathyroid hormone (PTH) levels, thereby inhibiting bone resorption and further promoting
bone formation?®. Thirdly, the hypoxic conditions generated by BFR can stimulate hypoxia-inducible factor
(HIF) and enhance the production of vascular endothelial growth factor (VEGF), promoting the formation of
new blood vessels'?, which is crucial for the transport of osteoblast precursors®. Through these mechanisms, LI-
BEFR training accelerates bone formation and inhibits bone resorption. This meta-analysis also confirmed these
findings, as LI-BFR training resulted in higher levels of bone formation markers (i.e., BALP) and lower levels
of bone resorption markers (i.e., CTX) compared to LI resistance training. Therefore, LI-BFR training appears
to significantly enhances bone health through multiple mechanisms, possibly making it superior in promoting
bone health.

Regarding BMD, the present meta-analysis found no significant difference between LI-BFR training and
HI resistance training, but LI-BFR training was more effective than LI resistance training. The meta-analysis
by Wang et al.” also observed statistically significant results in BMD; however, the effect sizes were relatively
small, with —0.01 for LI-BFR vs. HI training and 0.04 for LI-BFR vs. LI training. One possible reason for this
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A Experimental
Study Total Mean SD
Karabulut2011 13 6.00 3.1400
Park2019 8 1.21 5.3900
Tang 2023 29 3.07 7.1900
Ye a2018 18 -0.88 7.7200
Ye b2018 17 -0.01 6.8400
Random effects model 85

Heterogeneity: /2 = 53%, t° = 0.1646, p = 0.08

B

Experimental
Study Total Mean SD
Karabulut2011 13 -0.07 0.1000
Linero2021 7 -0.06 0.0660
Park2019 8 -0.07 0.1900
Tang 2023 29 -0.10 0.0900
Random effects model 57

Heterogeneity: 1= 0%, P= 0,p=0.79

C
Study Total
Liu2018 26
Se02016 7
Shimizu2016 20
Tang2023 29
Ye a2018 18
Ye b2018 17
Zaravar2021 15
Random effects model 132

Experimental
Mean SD

0.42 0.4700
0.60 1.1700
2.20 1.1300
0.93 0.4300
0.14 0.1100
0.20 0.2300
4.17 2.4800

Heterogeneity: /2 = 71%, t* = 0.3461, p < 0.01

D
Study Total
Centner a2019 i
Centner b2019 11
Karabulut2013 13
Liu2018 26
Lopes 2022 12
Se02016 7
Tang2023 29
Ye12018 18
Ye22018 17
Zaravar2021 15
Random effects model 159

Experimental
Mean SD

15.00 49.0000
11.00 23.0000
17.70 20.9500
15.47 27.3700
9.20 9.9100
59.30 54.0000
66.34 34.8800
21.10 28.9900
36.02 30.4500
48.90 23.3900

Heterogeneity: 1= 68%, 2= 0.3323, p < 0.01

Total

1

5
29
18
18

81

Total

[(e e, B> B

51

Total

27

9
20
29
18
18
15

136

Total

10
27
10

[{e]

29
18
18
15

152

Control Standardised Mean
Mean SD Difference SMD 95%-Cl Weight
1.50 2.3100 —=— 1.56 [0.62;2.49] 15.9%
0.14 6.6730 0.17 [-0.95; 1.29] 12.7%
0.88 7.1900 —TEe— 0.30 [-0.22; 0.82] 26.6%
-0.56 8.3700 — -0.04 [-0.69; 0.61] 22.6%
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Fig. 3. Forest plot demonstrating the effects of LI-BFR versus LI training on (A) bone alkaline phosphatase
(BALP), (B) C-terminal telopeptide of type I collagen (CTX), (C) growth hormone (GH), and (D) insulin-like

growth factor 1 (IGF-1). “Experimental”: LI-BFR training; “Control”: LI training.

discrepancy is that the meta-analysis by Wang, et al.’ did not distinguish between different populations, such
as young adults, older adults, and patients. In contrast, this present meta-analysis specifically focused on older
adults. Another possible reason is the difference in the intervention periods of the included studies. Wang, et
al.? reported intervention periods ranged from 3 to 12 weeks, whereas in the present meta-analysis, intervention
periods ranged from 4 to 36 weeks, with four studies exceeding 24 weeks. The bone remodeling process takes
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Covariate ‘ k ‘ g ‘ 95% CI ‘ 2 (%) ‘ p-value for subgroup
BMD (LI-BFR vs. LI training) (k=18)

Sex 0.40
Male 7 1013 |-0.13,0.38 |0
Mixed 3 (040 |0.09,0.71 0
Female 8 [0.26 |-0.03,0.55 |0
Age 0.66
<60 7 1029 |-0.01,043 |0
=60 11 {0.21 |0.05053 |0
Duration 0.73

<12 weeks 5 [0.18 |-0.22,0.58 |0
> 12 weeks 10 | -0.82 | -1.16,-0.48 | 0

Frequency 0.98
<3 days/week |9 022 |-0.05049 |0
>3 days/week |2 |-1.07 | -1.98,-0.15 | 0
Cuff pressure 0.63

<150 mmHg |9 0.26 | 0.06, 0.46 0
>150mmHg |6 |0.17 |-0.15,0.48 |0
GH (LI-BFR vs. LI training) (k=7)

Sex 0.11
Male 2 059 |0.11,1.07 0

Mixed 2 | 153 |0.06,2.99 88.6

Female 3 1.41 |0.73,2.08 51.5

Age 0.63
<60 3 | 105 |0.44,1.66 57.6

>60 4 | 131 |0.44,2.18 80.9
Duration 0.21

<12 weeks 3 | 162 |0.61,2.62 72.1
> 12 weeks 4 1091 |0.44,138 56.6

Frequency 0.01
1.62 |0.98,2.27 58.7
> 3 days/week 0.68 |0.32,1.05 0

IGF-1 (LI-BFR vs. LI training) (k=10)

N

<3 days/week

w

Sex 0.01
Male 5 |0.51 |0.16,0.87 |0

Mixed 2 080 |-0.56,2.16 |83.2

Female 3 |l64 | 105223 |367

Age 0.96
<60 4 1091 |026,1.55 |724

=60 6 |0.88 |021,1.55 |715
Duration 0.17

<12 weeks 6 |1.06 |0.39,1.72 66.2

> 12 weeks 4 |0.69

Frequency 0.03
<3 days/week |7 |1.13 |0.57,1.69 63.3
>3 days/week |3 | 0.39 |0.03,0.74 0

Table 2. Subgroup analyses. Note: Subgroup analyses were conducted if three or more relatively homogeneous
data were available for each subgroup.

approximately 24 weeks (about 2 weeks for the resorption phase, 5 weeks for the reversal phase, and 16 weeks for
the formation phase)***l. Most of the included studies in the meta-analysis by Wang, et al. were in the reversal
and early formation phases, while the included studies in the present meta-analysis were mostly in the formation
phase or had completed a full bone remodeling cycle. As a result, the longer intervention periods in the studies
included in this meta-analysis likely contributed to more significant BMD adaptation and improvement. The
finding of no significant difference between LI-BFR and HI training suggests that LI-BFR could be as effective as
HI resistance training. Hence, LI-BFR may provide a viable alternative for improving bone health in older adults.
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Interestingly, our findings indicated that training frequency had a moderating effect on the secretion of
osteogenic hormones (i.e., GH and IGF-1), with a frequency of <3 times per week resulting in higher secretion,
and >3 times per week leading to relatively lower secretion. This may be because high-frequency training (>3
times per week) can lead to overtraining, putting the body into a state of stress. This state may affect the balance
of the endocrine system and the bone repair process, thereby reducing the secretion of osteogenic hormones*.
Therefore, it is essential to design training programs with a reasonable frequency to ensure that the body has
enough recovery time to maintain bone health.

Additionally, our meta-analysis also found that sex had a moderating effect on the secretion of osteogenic
hormones, with women producing more osteogenic hormones with LI-BFR training compared to men.
Postmenopausal women may face greater challenges in maintaining bone density due to a significant decrease
in estrogen levels**. However, the endocrine response to exercise differs between women and men. Despite the
decrease in estrogen levels, women may compensate by increasing the secretion of osteogenic hormones, such as
GH and IGF-1, to maintain bone health3*.

Different levels of blood flow restriction lead to varying hemodynamic changes, which may differentially
impact bone adaptation!’. However, in the present meta-analysis, variations in occlusion pressure did not
significantly moderate the training outcomes. One possible reason is the multiple forms of pressure presentation
used in the included studies, such as specific pressure values, percentage of arterial occlusion pressure (AOP %),
and cuff tightness. These variations complicate the moderation analysis and reduce the precision of the results.
Additionally, due to individual differences, the same occlusion pressure may induce different degrees of blood
flow restriction. Therefore, it is crucial to adopt personalized occlusion pressure prescriptions. The currently
popular method of AOP % is recommended>?, as it allows for personalized pressure settings based on individual
arterial characteristics, thereby ensuring the precision and safety of the training.

Limitations

The meta-analysis has several potential limitations that necessitate cautious interpretation of the findings.
Firstly, the small number of included studies may limit the statistical power and generalizability of the findings,
particularly in the moderation analyses. More high-quality studies are needed in the future to enhance the
robustness and applicability of the results. Secondly, in the subgroup analyses, the methods of representing
occlusion pressure varied, including specific pressure values, AOP %, and cuff tightness. This variability
increased the complexity of the analysis and may have reduced the precision and accuracy of the results,
necessitating cautious interpretation. Thirdly, while many studies have not reported adverse reactions or injuries
related to LI-BFR training, this does not imply that LI-BFR training is free of potential safety issues. The lack
of reported issues may stem from limitations in study design or incomplete reporting. Therefore, it is crucial to
implement LI-BFR training with caution, incorporating thorough risk assessments and careful monitoring to
ensure participant safety.

Conclusion

In conclusion, LI-BFR training demonstrates superior efficacy in enhancing bone health compared to LI
resistance training, while also exhibiting comparable benefits to HI resistance training. Additionally, women
and low-frequency training (<3 times per week) result in higher levels of osteogenic hormones (i.e., GH and
IGF-1). Therefore, LI-BFR training appears to be a viable and effective alternative to HI resistance training for
older adults.

Practical applications

When implementing LI-BFR training, several practical considerations are crucial to maximize effectiveness
and ensure safety. Training sessions exceeding three times per week may reduce bone health improvements.
Therefore, a low-frequency regimen is recommended to ensure effectiveness and prevent overtraining, which is
crucial for allowing adequate recovery time in older adults. Additionally, due to the extended bone remodeling
cycle, typically around six months, short-term interventions may not yield significant results. Thus, long-term
engagement in LI-BFR training is necessary to observe meaningful improvements in bone health, highlighting
the importance of sustained intervention.

Moreover, the application of LI-BFR should be carefully managed to avoid adverse events. It is essential to
conduct a comprehensive risk assessment of the training program before initiating LI-BFR training, considering
the individual health status and medical history of the participants. It is recommended to use a personalized
AOP % method to ensure safety and maximize effectiveness. By adhering to these practices, LI-BFR training
may serve as a safe and effective strategy for improving bone health in older adults, offering an alternative to
high-load resistance training.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author on rea-
sonable request.
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