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Blood Flow Restriction Therapy Preserves
Lower Extremity Bone and Muscle Mass
After ACL Reconstruction

Robert A. Jack Il, MD," Bradley S. Lambert, PhD," Corbin A. Hedt, DPT,*
Domenica Delgado, BS,T Haley Goble, MHA,T and Patrick C. McCulloch, MD*"

Background: Muscle atrophy is common after an injury to the knee and anterior cruciate ligament reconstruction (ACLR).
Blood flow restriction therapy (BFR) combined with low-load resistance exercise may help mitigate muscle loss and improve
the overall condition of the lower extremity (LE).

Purpose: To determine whether BFR decreases the loss of LE lean mass (LM), bone mass, and bone mineral density (BMD)
while improving function compared with standard rehabilitation after ACLR.

Study Design: Randomized controlled clinical trial

Methods: A total of 32 patients undergoing ACLR with bone-patellar tendon-bone autograft were randomized into 2 groups
(CONTROL: N = 15 [male = 7, female = 8; age = 24.1 + 7.2 years; body mass index [BMI] = 26.9 + 5.3 kg/m’] and BFR:

N = 17 [male = 12, female = 5; age = 28.1 7.4 years; BMI = 25.2 + 2.8 kg/m?]) and performed 12 weeks of postsurgery
rehabilitation with an average follow-up of 2.3 + 1.0 years. Both groups performed the same rehabilitation protocol. During
select exercises, the BFR group exercised under 80% arterial occlusion of the postoperative limb (Delfi tourniquet system).
BMD, bone mass, and LM were measured using DEXA (iDXA, GE) at presurgery, week 6, and week 12 of rehabilitation.
Functional measures were recorded at week 8 and week 12. Return to sport (RTS) was defined as the timepoint at which
ACLR-specific objective functional testing was passed at physical therapy. A group-by-time analysis of covariance followed
by a Tukey’s post hoc test were used to detect within- and between-group changes. Type I error; a = 0.05.

Results: Compared with presurgery, only the CONTROL group experienced decreases in LE-LM at week 6 (=0.61 + 0.19 kg,
—6.64 £ 1.86%; P < 0.01) and week 12 (-0.39 + 0.15 kg, —4.67 £ 1.58%; P = 0.01) of rehabilitation. LE bone mass was
decreased only in the CONTROL group at week 6 (-12.87 £ 3.02 g, =2.11 + 0.47%; P < 0.01) and week 12 (-16.95 + 432 g,

-2.58 £ 0.64%; P < 0.01). Overall, loss of site-specific BMD was greater in the CONTROL group (P < 0.05). Only the
CONTROL group experienced reductions in proximal tibia (=8.00 + 1.10%; P < 0.01) and proximal fibula (-=15.0£2.50%,

P <0.01) at week 12 compared with presurgery measures. There were no complications. Functional measures were similar
between groups. RTS time was reduced in the BFR group (6.4 + 0.3 months) compared with the CONTROL group (8.3 £ 0.5
months; P =0.01).

Conclusion: After ACLR, BFR may decrease muscle and bone loss for up to 12 weeks postoperatively and may improve
time to RTS with functional outcomes comparable with those of standard rehabilitation.

Keywords: ACL; anterior cruciate ligament; blood flow restriction; rehabilitation

injuries whereby quadriceps weakness and atrophy are reir1ju1’y.5'?’4'44 Loss of bone mineral density (BMD) in the
of primary concern after surgery.”> Muscular strength immobilized limb may also contribute to postoperative
imbalance and deficiencies in the knee extensors increase the periarticular or patellar fractures.** Because of functional

Q nterior cruciate ligament (ACL) tears are common sports | probability of an unsuccessful return to sport (RTS) and/or
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limitations immediately after surgery, therapists are challenged
to minimize the deleterious effects of unloading while
promoting recovery.

Blood flow restriction therapy (BFR) uses a specialized cuff
applied around the proximal limb that restricts vascular flow via
either automated or manual compression.*® Modified from a
form of resistance training known as “Kaastu training,” therapies
employing BFR have been shown to stimulate muscle
anabolism.” When combined with low-intensity resistance
exercise (LIX; <30% of maximal strength, 30% 1-repetition
maximum [1RM]), BFR has been reported to increase fatigue
resistance and strength in a manner comparable with that of
high-intensity resistance exercise (HIX) in healthy adults,"*¥’
via mechanisms associated with metabolic and mechanical
stress sensing.”” As a result, BFR-LIX has become popular in
rehabilitation to reduce muscle atrophy while preserving
strength and function at safe resistance loads.**> However, the
impact of BFR-LIX on clinical outcomes such as functional
measures and RTS timelines after ACL reconstruction (ACLR) are
not well known. While BFR does not prevent postoperative
reductions in mechanical loading of bone, exercise intensity-
dependent effectors involved in the regulation of bone
metabolism may still play a role in bone preservation after
surgery.”"* Information regarding the efficacy of BFR-LIX for
bone preservation during chronic postsurgery rehabilitation
would provide insight with regard to reducing fracture risk or
improving bone-patellar tendon-bone (BTB) autograft healing.

In light of previous observations regarding the therapeutic
efficacy of BFR-LIX, the authors hypothesized that the use of
BFR would decrease the loss of lower extremity lean muscle
mass (LE-LM), bone mass, and BMD, and would decrease RTS
time and improve functional measures.

METHODS

The institutional review board for research involving human
subjects approved all protocols presented here. Before
beginning the investigation, data from previous training
investigations,7'26'3o as well as from pilot BFR investigations,”’
were analyzed. Based on a power of 0.80 at a = 0.05 with a
minimum between-group detectable effect size (ES) of

0.5 and within-group detectable difference (pre- to
postrehabilitation) of 5% in leg LM and BMD at the distal femur
and proximal tibia, it was determined that a minimum of 15
participants per group would be required. Therefore, a target of
20 participants per group was set to account for potential
dropouts.

Patients between the ages of 16 and 39 years who sustained a
primary tear of the ACL scheduled to undergo ACLR with a BTB
autograft were recruited. They were required to complete a
minimum of 6 months of supervised outpatient physical therapy
at the designated study site. After consent, patients were
randomized into a standard rehabilitation group (CONTROL) or
a standard rehabilitation group with the addition of BFR
(CONSORT Diagram,; Figure 1). Both groups performed

12 weeks of progressive rehabilitation (rehab) (twice weekly)
following the same protocol with a licensed physical therapist
beginning within 7 days postsurgery. ACLR was performed by 1
of 2 sports medicine fellowship-trained surgeons at 1 institution.

Baseline demographics and concomitant procedures are
shown in Table 1 with no differences detected between group
or between limbs within group. In addition, time between initial
clinic visit and date of surgery did not differ between groups
(BFR, 065 £ 30 days; CONTROL, 65 * 36 days). During select
exercises within the rehab protocol, the BFR group exercised
under conditions of 80% arterial limb occlusion pressure
(80%LOP) (Figure 2). LOP was determined and applied using an
automated tourniquet around the proximal thigh (Delfi
Medical). LOP was maintained and adjusted in real time with
each contraction. Resistance was set at 20%1RM assessed in the
contralateral limb. Exercises were performed for 4 sets of
30-15-15-15 repetitions separated by 30 seconds of rest as
described in previous investigations.”

Functional assessments were performed at 8 and 12 weeks
postsurgery in accordance with standardized therapy protocols
for the following: single-leg (SL) squat (best of 3 attempts), SL
eccentric step-down (reps to fatigue), Y-balance (best of 3
attempts),"" SL leg press (1IRM), and SL hamstring curl (1IRM).
BMD, bone mass, and LM were measured using dual-energy-x-
ray-absorptiometry (DXA; iDXA, GE) at presurgery as well as
week 6 and week 12 of rehabilitation. All scans were
performed by a licensed radiation technician blinded to study
group assignment. Additionally, using techniques similar to
those reported by Lambert et al® and Chapeleau et al’,
site-specific DXA knee scans were also used for site-specific
measurements of BMD at the knee taken at 3 cm proximal to
the end of the distal femur, 3 cm distal to the tibial plateau, and
in the center of the head of the fibula.”** Previous
investigations have reported the accuracy of segmented
regional soft tissue and bone analysis via DEXA to be within
1% to 6% error, with excellent reliability and repeatability
between measurements (intraclass correlation coefficient [ICC
0.99).° For the specific measures performed in this
investigation, analysis performed in triplicate revealed similar
results, with an ICC >0.96 for all measurements. In a subset of
patients where data were available (BFR, n = 12; CONTROL, n
= 10), physician clearance for time to return to full activity
(RTS) was also recorded (physicians blinded to group
assignment). Physician clearance was defined as the date seen
in clinic after successful completion of functional testing
specific to ACLR. Patients were not cleared to RTS without
completion of ACLR-specific testing.

For primary outcome variables, a 2(group) x 3(time) analysis
of covariance (ANCOVA) (covaried on presurgery measures and
sex) was used to detect changes in muscle and bone measures
from presurgery to week 6 and week 12 of rehab within and
between groups. For secondary outcome variables, a 2(group) x
2(time) ANCOVA (covaried on sex) was used to detect and
compare changes in functional outcomes tested at week 8 and
week 12 between groups. Significant interactions indicated by
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[ Enrollment ]

Assessed for eligibility

Patients were screened through EPIC in order to
determine their eligibility. Those who met the
inclusion criteria were contacted and asked to

> participate in the study. Patients who expressed
interest, were consented at the Pre-Op DEXA scan.
Participants were then randomized to either routine
rehab or rehab with BFR.

Randomized (n = 32)

46 patients were consented to participate.
14 withdrew due to scheduling conflicts.

32 participants completed the study.

v [ Allocation ] v
Allocated to intervention: Rehab with BFR Allocated to non intervention: Routine Rehab
+(n=17) +(n=15)
v [ Follow-up ] v
o J

Participants received follow-up DEXA scans at
6 and 12 weeks Post-Op.

17 participants completed the study in the BFR
group.

Participants received follow-up DEXA scans at 6
and 12 weeks Post-Op.

15 participants completed the study in the BFR
group.

Figure 1. CONSORT diagram. BFR, blood flow restriction therapy; Post-Op, postoperatively; Pre-Op, preoperatively; rehab,

rehabilitation.

Type-III tests of fixed effects were followed with a Bonferroni
post hoc test for pairwise comparisons. These statistical models
were selected based on previous investigations regarding
musculoskeletal and cardiovascular responses to 12 weeks of
physical training**"** An independent samples ¢ test was
used to compare time to RTS and time between initial clinic
visit and date of surgery between groups. For all significant
pairwise comparisons between groups, ES was calculated
using a Cohen d statistic,” and interpreted as follows: ES <0.1,
negligible; 0.1 to 0.3, small; 0.3 to 0.5 moderate; 0.5 to 0.7,
large; and +0.7, very large (VL). Type-I error was set at

a = 0.05.

RESULTS

The average patient follow up was 2.3 + 1.0 years. There were
no surgical complications or adverse events in rehabilitation
from the use of the BFR cuff. For all group-by-time
comparisons, sex was not observed to be a significant covariate
and was therefore excluded from the final analysis.

Bone Mass and Site-Specific BMD

Measures of LE bone mass in the injured/operative limb are
shown in Figure 3, where loss of whole limb and femur bone
mass was attenuated in the BFR group compared with the
CONTROL group (P < 0.05). Only the CONTROL group
experienced decreases in LE bone mass relative to presurgery

(Pre-Op) measures following weeks 6 (P =0.01) and 12 (P <
0.01) of rehab (Figure 3a), resulting in reduced injured/healthy
limb ratios in the CONTROL group at both timepoints relative to
Pre-Op (P < 0.05). No change in LE bone mass was observed in
the BFR group over time. Similarly, femur bone mass was
preserved in the BFR group compared with the CONTROL
group, where a decrease in bone mass was observed following
6 (P=10.03) and 12 (P < 0.01) weeks of rehabilitation, resulting
in reduced injured/healthy limb ratios (week 6: —4.21 £ 0.92%;
week 12: —4.44 £ 0.88%; P < 0.01) (Figure 3b). Femur bone
mass was observed to be decreased only in the BFR group at
week 12 (P = 0.02) (Figure 3b).

Similar to measures of whole limb and femur bone mass, loss
in site-specific BMD around the knee was attenuated overall in
the BFR group compared with the CONTROL group (Figure 4)
over time for the distal femur (Figure 4a), proximal tibia (Figure
4b), and proximal fibula (Figure 4c).

Lean Mass

Only the CONTROL group was observed to experience a
change in total-LM at week 6 (-1.27 + 0.53 kg; P = 0.04) with
both groups not differing from baseline by week 12. Measures
of LE-LM in the injured/operative limb are shown in Figure 5.
Only the CONTROL group experienced decreases in LE-LM
relative to presurgery (Pre-Op) measures after weeks 6 (P <
0.01) and 12 (P = 0.01) of rehabilitation (Figure 5a). This
resulted in reduced injured/healthy limb ratios in the CONTROL
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Reps: 1x30; 3x15 (~30%1RM); 30 Seconds of Rest Between Sets

-

Weeks 2-12 of Rehabilitation
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Quadriceps Contractions

Closed-chain Knee Extensions

Bilateral Leg Press

Single Leg Press
Single Leg Hamstring Curl

quats I I

Split Lunges

Box Step-ups

Figure 2. Exercises and exercise progression chart. 1RM, 1-repetition maximum.

group at both timepoints relative to Pre-Op (week 6: -5.65 £
1.38%; week 12: =4.06 + 0.84%; P < 0.01). No change was
observed in the BFR group over time, which resulted in greater
LE-LM measures in the operative limb at 6 (P < 0.01; ES = 1.35,
VL) and 12 (P < 0.01; ES = 1.10, VL) weeks of rehabilitation
compared with the CONTROL group (Figure 5a). Similarly, thigh
LM was observed to decrease only in the CONTROL group
relative to presurgery after 6 (P < 0.01) and 12 (P < 0.01) weeks
of rehabilitation resulting in reduced injured/healthy limb ratios
(week 6: =7.14 + 1.47%; week 12: =5.42 £ 1.10%; P < 0.01) as
well as reduced thigh LM compared with the BFR group (week
6: P<0.01; ES = 1.31,VL; week 12: P < 0.01; ES = 1.04,VL)
(Figure 5b). Lastly, gluteal LM was decreased at week 6 only in
the CONTROL group (-0.38 £ 0.11 kg; P < 0.01).

Functional Measures and RTS/Return to Activity

For functional measurements, both groups were found to have
similar improvements in all measures across the 4-week interval
with the exception of the anterior Y-balance measurement,
where only the BFR group was observed to have a significant
improvement between 8 and 12 weeks (Table 2). Physician
clearance for RTS is shown in Figure 6 in addition to sport
participation frequencies for each group. Of the patients who
were either actively involved in organized competitive sports or
classified themselves as recreational athletes (BFR, n = 12;
CONTROL, n = 10), time to RTS was lower in the BFR group
compared with the CONTROL group (P = 0.01, ES = 1.34,VL).

DISCUSSION

In the present study, the use of BFR was observed to decrease
the loss of LE-LM, LE body mass, and LE-BMD during 12 weeks
of rehab from ACLR as well as decrease time to RTS compared
with standard rehab alone. The findings, in addition to others,">**
provide considerable support for the efficacy of BFR augmented
rehabilitation after ACLR. In a novel finding, the use of BFR
resulted in preservation of LE body mass and BMD. These obser-
vations were made in conjunction with a reduced time to RTS.
Therefore, these results not only support the therapeutic use of
BFR after ACLR but also provide new potential target populations
in those with osteopenia and/or requiring prolonged unloading.

Bone Preservation

A novel finding from this investigation was that the BFR group
was observed to have preserved whole-limb and site-specific
bone compared with the CONTROL group (Figures 3 and 4).
Because bone is highly responsive to loading,** patients who are
completely or partially immobilized may be at risk of osteopenia
or subsequent fracture. The finding of decreased BMD in the
proximal tibia of the CONTROL group is similar to the findings
of Mundermann et al*' (and others),"** where patients were
observed to have an average BMD decrease of ~12% in the tibial
plateau after 3 months of postoperative rehab in an injured limb.
The mechanism(s) by which BFR may have stimulated the
preservative responses observed here are not well understood. It
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Table 1. Baseline patient demographics and concomitant procedures?

Demographics
Age, years Height, cm Weight, kg BMI, kg/m? Lean Mass, kg
BFR (m12, f5) 281£7.4 173.6+£9.2 76.6+15.5 252128 52.5+9.0
CONTROL (m7, f8) 241+7.2 170.9+12.4 79.3£22.0 26.9+5.3 52.6+13.1

Lower Extremity Lean Mass and Bone Mass

Lean Mass, kg Bone Mass, g
Whole Limb Thigh (Distal 2/3) Whole Limb Femur (Distal 2/3)

BFR

Injured limb 8.9+15 3.2+0.6 574.7+101.1 158.2+26.6

Healthy limb 9117 3.3£0.7 588.9+106.6 163.6+£28.4
CONTROL

Injured limb 91+1.7 3.2+09 560.6+132.1 154.3+36.4

Healthy limb 9.3+1.4 3.3+1.0 562.0+130.9 155.1+37.4

Site-specific Bone Mineral Density (g/cm?)

Distal Femur Proximal Tibia Proximal Fibula
BFR
Injured limb 1.19+40.20 1.47+0.16 0.45+0.11
Healthy limb 1.21£0.19 1.47+£0.15 0.47£0.10
CONTROL
Injured limb 1.20 £0.22 1.47 £0.21 0.47+0.11
Healthy limb 1.21£0.25 1.46+0.20 0.47£0.12

Concomitant Procedures

PMMx PLMx
BFR 9 1 0 1 4
CONTROL 9 0 1 4 2

BFR, blood flow restriction therapy; BMI, body mass index; LMR, lateral meniscal repair; MMR, medial meniscal repair; PLMx, partial lateral meniscectomy;

PMMX, partial medial meniscectomy.

“Data are presented as mean + SD for baseline patient characteristics. No significant differences detected between groups or between limbs within group at

baseline.

has been hypothesized that venous occlusion may lead to fluid
shifts causing increased intramedullary pressure and interstitial
fluid flow within the bone.* Previous observations suggest that
the response of bone to chronic exercise is potentially
interlinked with skeletal muscle with regard to mechanical,
systemic, and local signaling factors.*"***' Swift et al’
demonstrated in a rodent model that simulated HIX using
electrical stimulation was able to preserve bone under conditions
of unloading, which suggests that muscle contractions alone can

partially mitigate bone loss during disuse.* Relatedly, myokines
are secreted from muscle during exercise in an intensity-stress-
dependent manner and are known to act on bone metabolism in
either proformation or resorption calpalcities.22'4‘7‘56 Both systemic
and muscle-derived insulin-like growth factors (IGFs) and
fibroblast growth factors are also known to act directly at the
muscle-bone interface.** Lastly, inhibition of myostatin, a
negative regulator of muscle mass and bone repair,* has been
observed to improve muscle and fracture healing after trauma."”
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Figure 3. Changes in site-specific bone mass after 6 and 12 weeks of rehabilitation. BFR, blood flow restriction therapy; CON,

CONTROL.

Data are presented as adjusted means =+ 95% Cl for site specific bone mineral density (BMD, g/cm?) measures in the injured limb
before surgery (Pre-0p) and following 6 and 12 weeks of rehabilitation for the A) distal femur, B) proximal tibia, and C) proximal
fibula. ***Significant change from Pre-Op baseline within group at p < 0.05 and p < 0.01, respectively. **Significant difference
between groups at the same measurement timepoint at p < 0.05 and p < 0.01, respectively.

In a group of 29 active men, Laurentino et al* observed
reductions in myostatin expression after 8 weeks of BFR-LIX that
were similar to responses found with HIX. While further research
will be required to determine cause and effect, the present data
provide impactful evidence that BFR may be a suitable tool for
combatting postoperative bone loss. Perhaps most importantly
for ACLR using BTB grafts is to determine whether BFR
expedites graft integration, which is currently thought to be
complete at 5 months.” Given the novel findings of this study
with regard to bone preservation, further study should be
focused on the rate of graft integration with BFR.

Skeletal Muscle Mass/Prevention of Atrophy

LE-LM and thigh LM were more well-preserved in the BFR
group (Figure 5). This finding is supported by previous
literature suggesting BFR-LIX is effective at minimizing atrophy
in the early stages of unloading (1-4 weeks) after surgery.”*>*
However, few have investigated more long-term postoperative
effects of BFR on preserving total body-LM, LE-LM, and site-
specific LM (>8 weeks). This suggests that BFR may be used as
part of an effective rehab strategy even as patients begin to
progress back into high-intensity or sport-specific exercises.
Support for longer-term interventions with BFR may be drawn
from previous studies in healthy populations."* Vechin et al”

observed that BFR-LIX produced similar improvements in
quadriceps cross sectional area compared with HIX in older
adults. In young healthy adults, Lowery et al*”’ observed that,
similar to HIX alone, 8 weeks of BFR-LIX resulted in increased
muscle thickness. However, in a study by Curran et al,"* the use
of BFR with HIX beginning 10 weeks after ACL surgery did not
produce additional gains compared with HIX alone. Therefore,
it seems the greatest benefit may be early in rehab or after
injury when HIX is not possible or recommended.

Potential Proximal Responses to BFR

Prevention of muscle loss in the BFR group was not limited to
the musculature distal to the site of occlusion, which may indicate
proximal benefit. A perceived limitation of BFR is that the
benefits are isolated to musculature distal to the occlusion site.
Currently, the impact of LE BFR on hip/trunk musculature is not
well known. However, previous investigations have reported size
and strength improvements of shoulder and back musculature
with upper extremity occlusion.' These findings have been
indirectly attributed to factors such as increased motor unit
recruitment as well as systemic metabolic effects mimicking the
responses to HIX that influence skeletal muscle metabolism.* In
a recent investigation on the effects of BFR-LIX for rotator cuff
strengthening across 8 weeks of training in healthy adults,
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Figure 4. Changes in site-specific BMD after 6 and 12 weeks of rehabilitation.

Data are presented as adjusted mean + 95% Cl for site-specific (BMD, g/cm?) measures in the injured limb before surgery (Pre-Op) and after 6 and 12
weeks of rehabilitation for the (a) distal femur, (b) proximal tibia, and (c) proximal fibula. ***Significant change from Pre-Op baseline within group at
P<0.05 and P<0.01, respectively. **Significant difference between groups at the same measurement timepoint at P<0.05 and P<0.01, respectively.
BFR, blood flow restriction therapy; BMD, bone mineral density; CON, CONTROL.

Lambert et al”® observed significantly greater improvements in alone. During fatigue testing, it was also observed that, while
shoulder region muscle mass (BFR-LIX: +175 £ 54 g; LIX alone: under occlusion, BFR significantly increased deltoid and rotator
496 + 61 g; P < 0.05) and work capacity compared with LIX cuff EMG amplitude compared with the unoccluded state.
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Figure 5. Changes in lower extremity lean mass after 6 and 12 weeks of rehabilitation.

Data are presented as adjusted mean + 95% Cl for lean mass measures in the injured limb before surgery (Pre-Op) and after 6 and 12 weeks of rehabilita-
tion for (a) whole limb lean mass and (b) thigh lean mass (kg, templated to distal 2/3 of the thigh for each patient). * **Significant change from Pre-Op
baseline within group at P<0.05 and P<0.01, respectively; M"Significant difference between groups at the same measurement timepoint at P<0.05 and

P<0.01, respectively. BFR, blood flow restriction therapy; CON, CONTROL.

In the present study, the BFR group performed exercises
under conditions of 80%LOP previously shown to result in an
accumulation of metabolites due to increased hypoxic
conditions in the limb.”** Under these conditions, BFR-LIX
yields increases in systemic blood lactate, calcium, muscle-
derived myokines, and blood acidity that are similar to
HIX. "% These metabolically stressful conditions and
mechanical stress resulting from cell swelling during occlusion
have been hypothesized to play a role in acute stimulation of
muscle anabolism via multiple cell signaling pathways, ' *#%
BFR-LIX has also been observed to rapidly increase systemic
growth hormone release® and to chronically increase systemic
IGFs,> known to play a role in satellite cell proliferation
and differentiation and bone anabolism during recovery
from exercise.®” Therefore, it is possible that the present
findings may result from both increased motor unit recruitment
and an increased presence of systemic anabolic effectors.
However, further study is needed to determine direct cause and
effect.

Functional Outcomes and RTS

Here, BFR proved to be a safe intervention as there were no
short-term complications including superficial or deep infections
and deep or superficial venous thrombosis. BFR was also safely
integrated into existing rehab protocols without difficulty. RTS

time was also decreased in the BFR group compared with the
CONTROL group in this study. Notably, RTS in this study was
defined as a clearance to return to full activity by the treating
surgeon with successful completion of functional testing specific
to ACLR (similar to other studies).” A decrease of 1.4 months in
the BFR group compared with the CONTROL group is clinically
significant and important for professional and recreational
athletes alike.

Interestingly, functional outcome measures were similar
between groups (Table 2). There are many possible contributing
factors, but the most likely explanation is within the timing of
testing. Due to the nature of rehab protocols for ACLR, the
earliest the select functional tests can be safely done is 8 weeks
postsurgery. Therefore, early functional gains due to BFR may
be “hidden” due to the lack of evaluations during the first 2
months. In addition, the second evaluation was done at week
12 postsurgery. In this study, only a 4-week window was
captured, which was already 2 months into rehab and, as such,
the timeframe used may not have been optimal to identify
differences. Nevertheless, it can be concluded that BFR did not
have a negative effect on patients’ functional outcomes.

Limitations and Conclusion

The present study has several major limitations. Although
powered to detect the present findings, the small patient sample
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Table 2. Change in functional outcomes between weeks 8 and 12 of rehabilitation?

Independent Variables BFR CONTROL
SL squat, cm Week 8 33.4+5.1 34.3+6.3
Week 12 43.0 £5.5* 409+5.4*
A 9.6+5.3 6.7+2.6
Pvalue (wig) <0.01 <0.01
SL eccentric step-down, reps | Week 8 451+13.9 443 +14.7
Week 12 62.7 £ 18.0* 61.0 + 18.6*
A 176 £10.3 171 +£11.7
Pvalue (wig) <0.01 0.01
Y-balance, cm
Anterior Week 8 50.0+£2.2 48.7+£143
Week 12 54.6 + 3.5* 55.9+18.6
A 46+2.8 72167
Pvalue (wig) 0.01 0.29
Posteromedial Week 8 939+7.4 93.3+8.6
Week 12 100.0 + 8.5* 104.4 +9.2*
A 59+5.1 11.1+64
Pvalue (wig) 0.03 <0.01
Posterolateral Week 8 91.9+46 90.3+10.3
Week 12 99.7 + 8.5* 104.5+9.2*
A 78+76 141477
Pvalue (wig) 0.03 <0.01
SL leg press, kg Week 8 59.3+10.0 58.6 £8.0
Week 12 72.7+8.7* 76.5+9.0*
A 13.3+5.2 14.3+57
Pvalue (wig) <0.01 <0.01
SL hamstring curl, kg Week 8 28.2+4.2 29.9+5.1
Week 12 37.7+4.9* 38.5+4.5*
A 9.5+2.1 86+29
Pvalue (wig) <0.01 <0.01

BFR, blood flow restriction therapy; CON, CONTROL; 1RM, 1-repetition maximum; SL, single leg, wig, within group.

“Data are presented as mean + 95% Cl for functional outcome measures assessed at weeks 8 and 12 of rehabilitation for the following exercises: SL squat
depth, eccentric step-down (repetitions to fatigue), Y-balance, leg curl (1RM), and hamstring curl (1RM).
*Significant change wig from baseline (P<0.05). No between-group interactions detected.
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Figure 6. Return to sport.

* BFR CONTROL
N=12 N=10

Soccer 2 2
Basketball 3 1
Football 2 1
Volleyball 1

Lacrosse 1
e | e |

CONTROL

Data are presented as mean + Cl for time to RTS (months) as cleared by a physician. Frequencies of sport participation for each group are also shown. Pa-
tients not actively participating in an organized competitive sport but who regularly perform exercise training and play sports were classified as recreational

athletes. BFR, blood flow restriction therapy; RTS, return to sport.
*Significantly different from the BFR group at P<0.05.

size from a single institution should be considered. Next,
although participants were screened for supplement use before
entry into the study, nutritional intake was not monitored.
However, because subjects were randomized to each group, it is
unlikely that such dietary modifications would have been made
to favor one group more than another. Patients did not undergo
functional testing until week 8 of the rehab program in
accordance with protocols and to avoid graft injury. Therefore,
the rate of functional progress from surgery to the week 8
testing is unknown. Conclusions for complications including
graft tear/failure are limited due to the lack of long-term follow
up. Patient-reported outcomes, overall patient satisfaction, and
performance metrics were not evaluated. Although DXA allows
for precise assessments of soft tissue mass/distribution, bone
mineral content, and bone density, we caution the reader that it
is not possible to differentiate between knee flexors and
extensor muscles, which presents a limitation regarding which
specific muscles of the LE may have been most impacted by
the rehab protocol. Regarding the DEXA measures performed
here, further studies requiring longer follow-up timelines

(>6 months) and larger patient sample sizes will be required to
confirm the present findings related to preservation of whole
limb bone mass and site-specific BMD. As changes in bone
assessed via densitometry are often tracked over the course of
6-months to multiple years, such information will be valuable to
further characterize chronic patient responses to rehabilitation
protocols involving BFR. Lastly, tissue collection was not
performed which precludes insight on systemic and local
effectors in this study.

In light of the findings presented here, when added to a
standardized rehabilitation protocol, BFR may decrease muscle
and bone loss up to 12 weeks postoperatively and may improve
time to RTS after ACLR. These findings are of clinical
significance for active individuals after surgery for accelerating
recovery. The findings regarding bone preservation are of great

interest and warrant further investigation with regard to the
mechanisms responsible as well as applied application for other
operative and nonoperative injuries of the extremities.
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