Blood Flow Restriction Training Can Improve Peak
Torque Strength in Chronic Atrophic Postoperative
Quadriceps and Hamstrings Muscles

Frank R. Noyes, M.D., Sue D. Barber-Westin, B.S., and Lindsey Sipes, A.T.C.

Purpose: To report a prospective study of patients who underwent blood flow restriction training (BFRT) for marked
quadriceps or hamstring muscle deficits after failure to respond to traditional rehabilitation after knee surgery. Meth-
ods: The BFRT protocol consisted of 4 low resistance exercises (30% of 1 repetition maximum): leg press, knee extension,
mini-squats, and hamstring curls with 60% to 80% limb arterial occlusion pressure. Knee peak isometric muscle torque
(60° flexion) was measured on an isokinetic dynamometer. Results: Twenty-seven patients (18 females, 9 males; mean
age, 40.1 years) with severe quadriceps and/or hamstrings deficits were enrolled from April 2017 to January 2020. They
had undergone a mean of 5.3 + 3.5 months of outpatient therapy and 22 £ 10 supervised therapy visits and did not
respond to traditional rehabilitation. Prior surgery included anterior cruciate ligament reconstruction, partial or total knee
replacements, meniscus repairs, and others. All patients completed 9 BFRT sessions, and 14 patients completed 18 ses-
sions. The mean quadriceps and hamstrings torque deficits before BFRT were 43% =+ 16% and 38% = 14%, respectively,
Alter 9 BERT sessions, statistically significant improvements were found in muscle peak torque deficits for the quadriceps
(P =.003) and hamstring (P = .02), with continued improvements after 18 sessions (P = .004 and P = .002, respectively).
After 18 BFRT scssions, the peak quadriceps and hamstring peak torques increased > 20% in 86% and 76% ol the pa-
tients, respectively. The [ailure rate of achieving this improvement in peak quadriceps and hamstring torque after 18 BFRT
sessions was 14% and 24%, respectively, Conclusions: BFRT produced statistically significant improvements in peak
quadriceps and hamstring torque measurements alter 9 and 18 sessions in a majority of patients with severe quadriceps
and hamstring strength deficits that had failed to respond to many months of standard and monitored postoperative
rehabilitation. Level of Evidence: Level IV therapeutic case series,

See commentary on page 2870

here is a subset of patients who undergo major
knee surgical procedures and who develop a
persistent and troublesome postoperative weakness and
atrophy of the knee joint musculature with limitations
in ambulation, activities of daily living, and return to

occupations or athletics."™ Marked lower limb muscle
atrophy and prolonged dysfunction may occur even
with modern postoperative rehabilitation programs that
use early knee motion, weightbearing, electrical muscle
stimulation, and open- and closed-kinetic chain exer-
cises. Residual quadriceps weakness may persist many
months or years alter major operations such as anterior
cruciate ligament (ACL) reconstruction, preventing re-
turn to athletic activities.”*'*

Current recommendations to achieve muscle hyper-
trophy include using resistance training loads of 60% to
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70% of 1 repetition maximum (1-RM)."'* These higher
loads are commonly not tolerable in postoperative pa-
tients because of pain, soft tissue swelling, and damage
to joint structures. Blood flow restriction training
(BFRT) with low-resistance loads (30% of 1-RM) has
been advocated carly in the postoperative phase to
lessen muscle atrophy. Partial vascular occlusion is
achieved with an extremity tourniquet and is combined
with weightbearing, nonweightbearing, and resistance
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machine exercises.!®'” BFRT has been shown to be
better tolerated than high-resistance training after sur-
gery, because patients can perform ellective low-
resistance strengthening with reduced knee pain and
swelling symptoms.'®?® Positive elfects of BFRT on
muscle strength and volume have been reported in
small cohorts after ACL reconstruction,”'"** knee
arthroscopy,” and total knee arthroplasty.”> Hughes
et al.* compared high-load resistance training alone to
BFRT therapy within 2 weeks of ACL reconstruction
(n = 12 each group) and reported BFRT produced
similar or greater improvements in [unction parame-
ters, with reduced knee pain and joint effusion, and
recommended that BERT be introduced in the early
rehabilitation phase.

There is inconclusive evidence on BFRT because of
limited studies, small patient populations, varying BFRT
protocols, and lack of statistical power to support con-
clusions.?**272% A recent systematic review of BERT for
lower extremity muscle weakness of studies published
between 1974 to 2017 {found that only 9 of 534 published
articles met the inclusion criteria with objective data
related to knee surgery or arthritis.'® Authors reported
statistically significant improvements in 6 of the 7 studies
that determined quadriceps strength and BFRT was re-
ported as safe with no serious complications reported.
Minniti etal.*” reported a systematic review on the safety
ol BFRT for a variety ol musculoskeletal disorders, with
19 of 322 studies meeting the eligibility criteria. These
authors concluded that BFRT was a safe strengthening
approach with rare adverse events, although [urther
research was recommended to screen [or adverse events
as BFRT becomes a more widespread modality.

The mechanisms responsible for BFRT strength gains
involve inducing different forms of muscle metabolic
stress and have been discussed in detail else-
where.'??*! There is limited evidence to determine
whether BFRT is effective as a rescue type treatment in
patients who are many months after surgery and who
have severe and chronic quadriceps and hamstring
strength deficits after failing a closely supervised and
lengthy postoperative therapy program,

The purpose of this study was to report the effect of
BFRT [or marked quadriceps or hamstring muscle def-
icits after [ailure to respond to many months of stan-
dard supervised rehabilitation after knee surgery. The
hypothesis was that at least 50% of the patients would
achieve a >10% increase in quadriceps and hamstrings
peak torques after 9 BFRT sessions and 20% or greater
increase in peak torques alter 18 BFRT sessions.

Methods

Study Design
The enrollment period of this study was from
April 2017 to January 2020. The inclusionary
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criteria for BFRT were (1) postoperative 20% or
greater difference from the contralateral extremity
in isometric quadriceps or hamstrings strength or 2
cm or greater thigh muscle atrophy to the contra-
latcral extremity and (2) agreement to complete at
least 9 training sessions. The exclusionary criteria
were (1) pregnancy, (2) history of varicose veins,
(3) history of deep venous thrombosis or pulmonary
embolism, (4) use of oral contraceptives, (5) history
of myocardial infarction, stroke, unstable cardiac
disease, and use of heart medications, (6) hyper-
tension (>140/90), and (7) cardiac disorders of any
type including tachycardia (>100 beats/min)."”
This is a prospective study of patients who had un-
dergone knee surgery and were then enrolled in a
postoperative rehabilitation program to regain knee
muscle strength and function. The patients were iden-
tified by the surgeon and physical therapist as having
persistent strength deficits and a failure to respond to a
standard open- and closed-kinetic chain outpatient
program that was monitored by postoperative isokinetic
torque objective measurements. The patients repre-
sented a heterogenous group, with the prior knee sur-
geries and patient demographics listed in Table 1. All
patients were informed of the purposes, risks, and po-
tential discomnforts with BERT training before providing
written consent, This study conformed to guidelines
outlined in the Declaration of Helsinki and was
approved by our hospital institutional review board and
registered at clinicalirials.gov NCT04357184.

BFRT Protocol

All patients underwent 2 or 3 training sessions per
week for a total of 9 sessions (Table 1).2*? Further
BERT training was recommended and occurred on the
basis of the patient’s discretion, time constraints, and
overall ability to continue. Fourteen patients under-
went a second round of BFRT training [or a total of 18
sessions. The patients completed training under the
direct supervision of a research assistant in our clinic.
The exercises performed are shown in Figure 1 and
consisted of leg press, knee extension, mini-squats, and
hamstring curls with 60% to 80% limb arterial occlu-
sion pressure.

A commercially available cuff (Smart Culfs, Strongs-
ville, OH) was used in this study, During the first session,
a research assistant positioned the cuff on the involved
leg only and instructed the patient on application. Pa-
tients were instructed to place the cull around their up-
per thigh as close to the inguinal area as comfortable snug
against the skin. In patients who had adipose tissue, the
cuff was instructed to be tight. Pressure was determined
using an ultrasound doppler in either the supine or 45°
inclined position. Patients were instructed to inflate the
cuff, and limb occlusion pressure was measured until no
there were no Doppler arterial pulses, indicating
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Table 1. Patient Demographics, Preoperative and Operative
Variables

Patient Variable Data

Gender

Female 18

Male 9
Knee

Right 17

Lelt 10
Age, yr 40.1 + 18.4
Height, cm 167.7 & 9.8
Weight, kg 74.8 £ 18.6

Body mass index, kg/m* 26.3 - 4.8
Days training begun after surgery 241 =k 232
Relerred alter surgery elsewhere 7 (25%)
Supervised rehabilitation visits belore 22+ 10
BERT
Months home therapy program belore 53£35
BFRT
BERT done [or:
Quadriceps and hamstrings strength 16
deficits
Quadriceps deficit only 10
Hamstrings deficit only 1
No. BFRT sessions completed:
9 sessions 27
18 sessions 14
Qperation
ACL reconstruction, isolated 2
ACL reconstruction with meniscus 7
repair or partial meniscectomy
TKA, primary 6
TKA, revision 2
Medial unicompartmental knee 1
arthroplasty
Distal [emoral osicotomy 1
Arthroscopy, multiple releases 2
MPFL revision reconstruction 1
Arthroscopy, lateral release 1
Posterolateral ligament reconstruction 1
Arthroscopy, medial meniscus repair, 1
partial lateral meniscectomy
Osteochondral autograft transfer I
femoral condyle
Arthroscopy, [at pad resection 1

Data are reported as mean £ standard deviation or number.

ACL, anterior cruciate ligament; BFRT, blood [low restriction
training; MPFL, medial patellofemoral ligament; TKA, total knee
arthroplasty.

complete arterial occlusion. The limb muscles remained
in a relaxed state during this process.

The cuff pressures during the exercises were indi-
vidualized and set between 60% to 80% of the com-
plete arterial occlusion pressure to provide a maximum
and minimum threshold for BFRT. Patient complaints
of culf thigh pain, muscle pain and fatigue, and overall
comfort during the exercises were used as a general
guide for the culf pressure setting within this threshold.
The 1-RM was determined for each patient as described
elsewhere,”*" and the loading for the resistive exer-
cises was standardized to 25% to 35% of 1-RM.

F. R. NOYES ET AL.

The research assistant asked each patient to rate the
muscle burn for each exercise, with the goal of
achieving a 7 on a 0 to 10 scale to ensure muscle
exhaustion, Muscle burn was defined as tired and
fatigued to differentiate it from muscle pain. On the
scale, 0 indicated no effort and 10, unmanageable pain.
Patients who had muscle pain at 80% dropped the cuff
pressure by 10 mm Hg until muscle burn was achieved.
Patients who had lower pressure used slightly higher
weights to achieve muscle burn. In patients who began
to reach heavier weights (no more than 10% increase
in weight at a time), the pressurc was adjusted by 10
mm Hg. No patient dropped below the 60% threshold.
Il a patient came close to the threshold, the weight was
increased no more than 10% to provide an increased
burn, The patients’ cuff pressure was retaken, and the
60% to 80% range was reset, along with the 1-RM to
ensure proper weight was used.

The exercises and rest periods are shown in Table 2.
The cull was inflated for the duration of each of the 4
exercises. Although there was no reliable manner to
monitor the pressure during the exercise, it was peri-
odically checked between repetitions to ensure it was
maintained. After the fourth set of repetitions for each
exercise, the cuff was deflated for 2 minutes. A 5
cm—wide cuff was used in the initial months of the study
and changed to a 10 cm—wide cuff because of better
tolerance and less pressure required to achieve partial
occlusion.”® After 9 training sessions, the 1-RM and culff
pressure were determined and reset if required. In
addition, all patients were prescribed a home exercise
program. The program varied according to each patient’s
individual requirements and consisted of body weight
open- and closed-kinetic chain exercises usually 3 days a
wecek and was not tracked [or this study.

Quadriceps and Hamstring Strength Testing
Parameters

All patients were tested on a Biodex System 3 (Biodex
Medical Systems, Inc., Shirley, NY) before the first
training session and then after 9 sessions. Patients who
then continued training were tested after the 18th
BFRT session. Alter a 10-minute warm-up on a sta-
tionary bicycle, the patients were positioned in the
dynamometer chair with the knee at 60° of flexion and
secured per the manufacturer’s instructions. Pcak
quadriceps and hamstrings isometric torque was
measured bilaterally from 3 repetitions, each of 10
seconds’ duration. The repetitions alternated between
knee extension and knee flexion and included a 15-
second rest period between repetitions. Peak torque
was measured in foot pounds and normalized to the
patients’ body weight (Ibs). The average of the 3 repe-
titions was calculated and the deficit between legs
determined. Verbal encouragement was provided for
every test.
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Table 2. Blood Flow Restriction Training Exercise Protocol
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Exercise Repetitions Rest Repetitions Rest Repelilions Rest Repetitions Rest
{1 Leg press machine, 30 1 min 15 1 min 15 1 min 15 2 min, cuff deflated
30% 1-RM
#2 Hamstring curl machine, 30 1 min 15 I min 15 1 min 15 2 min, cull deflated
30% 1-RM
#3 Leg cxtension machine, 30 1 min 15 1 min 15 1 min 15 2 min, cull deflated
30% 1-RM
#4 Mini-squat 30 1 min 15 1 min 15 1 min 15 2 min, cufl deflated

1-RM, 1 repetition maximum; min, minute

Thigh Circumference Measurements

Standard thigh circumference measurements were
taken 5 ¢m and 15 c¢m above the superior pole of the
patella with a standard tape measuring device in pa-
tients who underwent training at our [acility.

Patient Satisfaction
The level of satisfaction was rated on a 0 to 10 scale,
with 10 indicating the highest satislaction possible.

Fig 1. BFRT using (a) leg press
machine, (b) hamstring curl ma-
chine, (¢) knee extension ma-
chine, and (d) mini-squat.

Patients were asked if they believed BFRT was more
elfective than the traditional rehabilitation program
they had participated in and could respond significantly
better, somewhat better, or no better.

Statistical Analysis

Descriptive data are presented as means + SD. Paired
Student t-tests were used to evaluate changes from
before training to after training for average peak torque
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Table 3A. Improvements in Quadriceps Muscle Strength and Deficits

Effect 9 BERT Sessions

Elfect 18 BERT Sessions

P P

Pre-train (n=26) Post-train (n=26) ES Pre-train (n = 14) Post-train (n = 14) ES
Quadriceps peak torque, involved side 71 £ 39 84 & 47 <.0001 64 + 39 85 £ 51 .004
0.31 0.35

Quadriceps peak torque noninvolved side 122 £ 58 132 4+ 62 .003 117 £ 63 131 £ 63 .02
0.16 0.22
Quadriceps deficit (%) 43 = 16 36 £ 19 003 48 £ 17 38 4+ 22 004
0.35 0.52

Data are presented as mean =+ standard deviation. Bold indicates significant effect according to both P and ES values.

BFRT. blood {low restriction training; ES, eflect size; NS, not significant.

values and strength deficits for the cohort. The results
were also analyzed according to the percent change
{improvement) from pretraining values for peak tor-
ques and strength deficits and were distributed into 4
categories: (1) > 30%, (2) 20% to 29%, (3) 11% to
19%, and (4) < 10%. The y* and Fisher’s exact test
were used to determine significant differences for these
data. The level of significance was set at P <.05. Elfect
sizes (ES) were calculated and interpreted according to
Cohen,”® where >0.8 was considered large, 0.8 to 0.5
moderate, and <0.5 small.’” A significant elfect
required both P < .05 and ES > 0.50. Post-hoc power
analysis compared the mean muscle strength percent-
age strength gains from a recent meta-analysis (14% =+
1.5%)** with the results of our study. With 27 patients
in our study, we achieved a power of 95% at an alpha
level ol 0.05 to detect a meaninglul difference in both
quadriceps and hamstrings strength gains. Statistical
studies also used Minitab 18 Statistical Software 2010
(Minitab, Inc., State College, PA).

Results

Participants

Twenty-seven patients were enrolled and completed
this study from April 2017 to January 2020. Twenty
patients (74%) enrolled were surgical patients of the
senior author who underwent supervised rehabilitation

with a team approach of experienced therapists at our
center. The remaining 7 of 27 patients (26%) were
referred for treatinent after outside surgery and devel-
opment of chronic muscle atrophy after an average of
9.2 months of therapy outside of our center. The pa-
tients began BFRT a mean of 241 + 232 days (range, 92
to 1122) after surgery. Before training, they had un-
dergone a mean ol 22 £ 10 (range, 0 to 37) supervised
rehabilitation visits and a home exercise program [or an
average of 5.3 + 3.5 months (range, 2 to 18 months)
that failed to resolve atrophy after a variety ol operative
procedures. All patients but 1 had a quadriceps deficit
>20%, and 12 had a hamstrings deficit of >20%. All
completed at least 9 BFRT sessions. A total of 18 ses-
sions were complected by 14 patients with quadriceps
deficits and 9 patients with hamstring deficits.

Effect BFRT on Quadriceps and Hamstrings
Strength

Before training began, the mean quadriceps deficit (in
26 knees) was 43% + 16% (range, 20%-76%, Table 3).
The quadriceps deficits ranged {rom 20% to 40% in 13
knees; from 41% to 60% in 10 knees; and >60% in 3
knees. Although significant improvements were found
in quadriceps peak torques (Fig. 2) and deficits (Fig. 3)
alter 9 training sessions (P < .0001 and P = .003,
respectively), the ES were small (0.31 and 0.35,
respectively). After 18 training sessions, the mean

Table 3B. Improvements in Hamstrings Muscle Strength and Deficits

Ellect 9 BFRT Sessions

Ellect 18 BFRT Sessions

P P

Pre-train (n = 12)  Post-train (n = 12) ES Pre-train (n = 8) Post-train (n = 8) ES
Hamstrings peak torque involved side 35+ 19 44 + 22 002 33+ 17 44 +£ 19 .0005
0.45 0.66

Hamstrings peak torque noninvolved side 55 + 27 58 + 28 NS 56 + 27 58 + 22 NS
0.08 0.11
Hamstrings deficit (%) 38+ 14 22 + 26 .02 43 + 15 25 £ 13 0002
0.78 1.31

Data are presented as mean * standard deviation, Bold indicates significant effect according to both P and ES values.

BFRT, blood [low restriction training; ES, ellect size; NS, not significant.
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A E3 Improved > 10%
Hamstrings

¥ od < 10%
Quadriceps W lpeved 2

T

Improvement Peak Torques After 9 Sessions

B E3 Improved > 20%

W Improved 10-19%
Quadriceps Hamslrings 1 Improved < 10%

Improvement Peak Tarques After 18 Sessions

Fig 2. The percent improvement of quadriceps and hamstring
peak torques are shown after 9 (A) and 18 (B) BERT scssions.

quadriceps deficit (in 14 patients) significantly
decreased (P = .004, ES 0.52). Mean pcak lorques
decreased; however, ES were small (P = .004, ES 0.35).

Before BFRT, the mean hamstrings deficit (in 12
knees) was 38% =+ 14% (range, 20%-66%). The
hamstring deficits ranged [rom 20% to 40% in 8 knees;
from 41% to 60% in 3 knees; and >60% in 1 knce.
Statistically significant improvements occurred after 9
and 18 sessions (in 8 patients) for hamstrings peak
torques and deficits. Alter 18 training sessions, the
mcan hamstrings deficit decreased from 43% =+ 15%
before training to 25% 4+ 13% (P = .002, ES 1.31).

The study hypothesis was proven because more than
50% of the cohort had >10% increase in quadriceps
and hamstring peak torques alter 9 BFRT sessions, and
20% or greater ol the cohort had these improvements
after 18 sessions. Thigh circumference measurements
shown in Table 4 showed minimal changes.

Patient Satisfaction

The mean satisfaction score, obtained in 19 patients,
was 8.9 £ 1.5 points (range, 4 to 10). Sixty-three
percent believed the BFRT program produced signifi-
cantly better results than their previous traditional
rehabilitation program, and the remainder indicated it
produced somewhat better results. There were no
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complications. One patient complained of muscle
soreness after exercise.

Discussion

The most important finding of this study was the
statistically significant improvements in quadriceps and
hamstring peak torques and deficits after 9 BFRT ses-
sions and continued improvements alter 18 BFRT ses-
sions. These improvements occurred in patients who
had participated in a closely supervised postoperative
therapy program for an average of 5.3 months after
knee surgery in which the surgeon and therapist noted
no or limited improvement in quadriceps and
hamstring strength. The mean quadriceps deficit in 26
patients before training was 43% (range, 20%-76%),
and the mean hamstring deficit in 12 patients was 38%
(range, 20%-66%). These muscle strength deficits
prevented training with heavy resistance weights and
other standard rehabilitation exercises normally used to
promote increases in muscle mass and strength. Most of
these patients underwent postoperative therapy after
surgery at our center by the senior author, [ollowing
well-established and published knee surgery protocols.
From a clinical standpoint, it is sometimes surprising to

A Improved > 10%
Hamslrings

1 Improved < 10%
Quadriceps e =

Improvement in Muscle Strength Deficits After 9 Sesslions

B 4 Improved > 20%
W Improved 10-19%
Quadriceps

Hamslrings Improved < 10%

Improvement in Muscle Strenglh Deficils Afler 18 Sessions

Fig 3. The percent improvement of quadriceps and hamstring
muscle strength deficits are shown after (A) and 18 (B) BFRT
sessions.
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Table 4. Thigh Circumference Measurements

F. R. NOYES ET AL.

Measurement From

Superior Pole of Patella Preoperative (cm)

Post 9 Sessions (cm)

Change Post 9
Sessions (cm)

Change Post 18

Post 18 Sessions {cm) Sessions (cm)

15 ¢cm 498 £+ 6.1 (n = 20) 49.3 £ 6.1 (n=17) 0.5+ 1.7 51.2 £ 7.8 (n=8) 09+ 2.5
P = NS P = NS

ES = 0.08 ES=0.11

5 cm 42.5 £ 5.1 (n = 20) 424 5.1 (n=17) 0.6 £ 1.0 42.7 £ 6.8 (n = 8) 0.6 £ 2.1
P=.03 P = NS

ES =0.11 ES =0.10

NOTE: Data are presented as mean =+ standard deviation,
ES, elfect size; NS, nol significant.

see the severe extent of muscle weakness that may
occur in some patients after knee surgery in an early
postoperative period, because of a combination of
postoperative pain, knee swelling, and overall inability
to participate in standard open and closed chain stan-
dard knee exercises. For example, 11 of 26 patients ol
the senior author were cnrolled at 3 months after sur-
gery with an average quadriceps deficit of 46.6% and
hamstring deficit of 32.5%. The BFRT provided low-
resistance exercises with diminished knece symptoms
to interrupt the downward therapy course that was
occurring in these patients.

Our hypothesis was proven after both 9 and 18 BFRT
sessions as statistically significant increases in quadri-
ceps and hamstring peak torque were measured. Alter
9 sessions, a >10% increase in muscle strength
occurred in quadriceps and hamstring peak torques in
69% and 75% of the patients, respectively. After 18
training BFRT sessions, a >20% increase in quadriceps
and hamstring peak torques was measured in 86% and
76% ol the patients, respectively. The failure rate to
respond after 18 BFRT sessions (<20% improvement)
in peak quadriceps and hamstring torques was 14%
and 24 %, respectively.

Authors have published on the application of BFRT
early in the postoperative period with recommenda-
tions that the low-resistance BFRT is an important
therapy modality to be considered in the overall ther-
apy protocol.>**? It is not known whether BFRT has a
beneficial effect in patients who have already developed
marked muscle atrophy and strength deficits because
only 2 studies with a limited number of patients have
been published to our knowledge. Hylden et al.* re-
ported on 7 active duty Service members with chronic
quadriceps and hamstrings weakness who were >3
months after surgery in which traditional therapy and
resistance training failed to improve strength. The BFRT
protocol involved training 3 days a week for 2 weceks for
a total of 6 sessions. The authors reported improve-
ments for flexion and extension [or peak torque that
ranged from 13% to 38%, [lor average power that
ranged from 42% to 81%, and total work that ranged
from 35% to 55%. Kilgas et al.*' conducted a study of 9
patients a mean of 5 years after ACL reconstruction and

reported that knee extensor strength increased by 20%
+ 14% with a BERT program for 25 minutes, 5 times a
week for 4 weeks consisting of single-leg knee exten-
sion, bodyweight hall-squats, and walking activities at
50% limb occlusion pressure.

The extrapolation of the results of the current study,
and overall promising results of BFRT in other studies
has led to the adoption at our Center of a BFRT pro-
gram alter all major knee operative procedures begin-
ning at 3 weeks after surgery. Some patients after their
initial BFRT instruction choose to perform a home-
based program; however, we prefer that training be
conducted under the direct supervision ol the therapy
stalf because this study showed the necessity lor close
supervision and adjustments with regard to cuff pres-
sures and load resistance for each exercise to achieve
the level 7 muscle burn. Patients are educated on the
BFRT protocol and the associated limb discoloration
and muscle discomfort with the cuff inflation that may
initially produce anxiety. Therapists and athletic
trainers in Dbusy clinics require adequate patient
scheduling so an appropriate amount of time is avail-
able because BFRT is initially time consuming; how-
ever, it has proven to be a beneficial modality to offer to
postoperative patients. There are physiological adapta-
tions produced by BFRT, and studies have provided
important patient recommendations regarding cuff
width, exercises, and cuff pressures.'”**%!!

Blood flow to the upper or lower extremity and tissue
perfusion decreases (non-linear manner) with
increasing limb occlusion pressures (LOP). Kilgas
et al.** showed that at 60% to 80% LOP, the blood flow
decreased in the upper extremity approximately 20%
and 45%, respectively, during rest and during exercise
even with increased blood flow induced by active
muscle contractions that was referred to as an exercise-
induced hyperemic response. After exercise, blood flow
levels returned to those similar to pre-exercise levels.
Singer et al.”* showed in the lower extremity that a
60% to 80% LOP decreased femoral arterial blood flow
by 34% and 45%, respectively. Maintaining the LOP
after exercise continues metabolic stress, and pressures
above 80% did not result in decreases in oxyhemo-
globin and increases in deoxyhemoglobin levels that
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reflect overall metabolic stress. This data facilitates
recommendations on safe BFRT guidelines. A range of
60% to 80% LOP allows continued blood flow perfu-
sion in a safe and tolerable manner, avoiding higher
pressures that are uncomfortable and not necessary Lo
produce overall muscle metabolic stress. A potential
problem with BFR training is that the tourniquet easily
compresses venous structures to markedly restrict
venous return, The continued arterial blood inflow
with a tourniquet at 60% to 80% LOP increases overall
extremity blood volume™*** with venous engorgement,
and therefore a shortened time period of LOP remains
as a safety factor.

Recent publications on BFRT have evaluated the
safety and adverse events ol BERT and concluded the
addition of BFRT as a modality is a safe strengthening
approach and no more likely for an adverse event in
comparison to standard exercises,'®'"***? Isolated
BFRT rare case reports ol upper extremity vein
thrombosis, rhabdomyolysis, and increased cardiac
stress have not been reported in published knee BFRT
studies.”” There are published patient exclusion criteria,
as adopted in this study, to exclude patients with
medical disorders including renal, cardiac, neurologic,
blood disorders including clotting and sickle cell disor-
ders, extremity venous abnormalities, immune, and
cancer-related diseases. Clinicians need to be aware of
pre-existing or risk [actors belore recommending BFRT.
Published studies report on the advantage and appli-
cation of BFRT and the low-resistance exercises in pa-
tients with postoperative restrictions or pain with high
resistance exercises, prolonged weightbearing re-
strictions, recurrent knece swelling with strengthening
exercises, persistent muscle atrophy not responding to
standard therapy protocols, and decreasing muscle at-
rophy in the initial knee surgery postoperative
phase,'® 7202429338 The most frequent patient com-
plaints are delayed muscle soreness and fatigue, and
close supervision is necessary during the BFRT sessions
on monitoring cufl pressures, exercises, and patient
safety. BFRT represents an interim modality as a bridge
to later higher resistance and strengthening protocols
that are eventually necessary for final muscle
strengthening and return of lower limb function. There
still exists a paucity of well-controlled studies, incon-
sistent BFRT protocols, and studies with appropriate
power that prevent conclusions with regard to optimnal
BFRT protocols and research on intensity, duration, and
safety is needed in different patient populations. Added
training is necessary for the physician and therapist,
and recommended BFRT protocols and patient guide-
lines have been published ?**%*¢47

Recent reviews ol cardiovascular risk during BERT
that have suggested that training may evoke increased
blood pressure that may add 5 to 10 mm Hg to the usual
blood pressure response during resistance training.*%""
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Authors have cautioned that this increase may trigger
major cardiovascular events in patients with elevated
risks, such as those middle-aged or elderly or with hy-
pertensive or coronary artery disease. Specifically, re-
ductions in blood flow to exercising muscle engage the
exercise pressor reflex (EPR), a reflex that contributes
to the autonomic cardiovascular response to exercise,
The EPR generates increases in sympathetic nerve ac-
tivity in diseases such as hypertension, heart failure,
and peripheral artery disease. This could result in car-
diac arrhythmia, myocardial inlarction, stroke, or sud-
den cardiac death and the concern expressed in these
review articles was generated by BFRT in elderly pa-
tients and in cardiac rehabilitation. The extent of this
risk in normal healthy patients has not been
determined.

Limitations

There are limitations to this study that include small
patient numbers, the heterogenous enrollment of pa-
tients at different time periods from surgery and post-
operative rehabilitation, varying operative procedures,
and the amount of time postoperatively BFRT was
initiated. A selection bias may exist as the recommen-
dations for inclusion in the study by the therapist and
surgeon was based on a lack of response [or many
postoperative months to standard therapy protocols;
however, inclusion in the study required documenta-
tion of at least a 20% or greater deficit in muscle
strength and in the majority of patients, this muscle
deficit was 2 times this amount. Furthermore, a ma-
jority of the patients were under treatment by experi-
enced therapists at our center using well-established
and published postoperative therapy protocols. It was
not possible to establish a control patient group because
no published study has provided an alternative protocol
for patients with chronic muscle atrophy not respond-
ing to well monitored and structured standard post-
operative open and closed-chain rehabilitation
protocols. The patients provided their own internal
control in the lack ol a response to their therapy pro-
gram and necessity for an alternative BFRT modality.
The study protocol did not include patient-reported
outcome subjective evaluation scales as these outcome
measures depend on other variables such as the success
of the surgical procedure and paticnt expectations and
the study focus was solely on an objective increase of
the change in muscle strength isokinetic measurements
with the BFRT program. We did not obtain magnetic
resonance imaging or ultrasound cross-sectional area
measurements or muscle biopsies. In this study, a blood
pressure cull was used that lacked a more sophisticated
design to monitor and maintain the same percent oc-
clusion pressures during the different exercises due to
expense issues with treating multiple patients. The
blood pressure was initially measured with the patient
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in the supine position and not in the exercise position in
which pressure gradients may change. The usec of the
contralateral limb as a control would be problematic if
also affected with disuse muscle atrophy.

Conclusions
BFRT produced statistically significant improvements
in peak quadriceps and hamstring torque measure-
ments after 9 and 18 sessions in a majority of patients
with severe quadriceps and hamstring strength deficits
that had failed to respond to many months of standard
and monitored postoperative rehabilitation.
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