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Abstract

Purpose The purpose of this investigation was to examine the individual and composite patterns of responses and time-course
of changes in muscle size, strength, and edema throughout a 4 week low-load blood flow restriction (LLBFR) resistance
training intervention.

Methods Twenty recreationally active women (mean + SD; 23 + 3 years) participated in this investigation and were randomly
assigned to 4 weeks (3/week) of LLBFR (n=10) or control (n=10) group. Resistance training consisted of 75 reciprocal
isokinetic forearm flexion—extension muscle actions performed at 30% of peak torque. Strength and ultrasound-based assess-
ments were determined at each training session.

Results There were quadratic increases for composite muscle thickness (R?=0.998), concentric peak torque (R*=0.962),
and maximal voluntary isometric contraction (MVIC) torque (R*>=0.980) data for the LLBFR group. For muscle thickness,
seven of ten subjects exceeded the minimal difference (MD) of 0.16 cm during the very early phase (laboratory visits 1-7)
of the intervention compared to three of ten subjects that exceeded MD for either concentric peak torque (3.7 Nm) or MVIC
(2.2 Nm) during this same time period. There was a linear increase for composite echo intensity (+*=0.563) as a result of
LLBEFR resistance training, but eight of ten subjects never exceeded the MD of 14.2 Au.

Conclusions These findings suggested that the increases in muscle thickness for the LLBFR group were not associated with
edema and changes in echo intensity should be examined on a subject-by-subject basis. Furthermore, LLBFR forearm flex-
ion—extension resistance training elicited real increases in muscle size during the very early phase of training that occurred
prior to real increases in muscle strength.

Keywords Low intensity - Occlusion - Biceps - Hypertrophy - Ultrasound

Abbreviations BFR Blood flow restriction
EMG Electromyography MVIC  Maximal voluntary isometric contraction
LLBFR Low-load venous blood flow restriction I1CC Intraclass correlation coefficients

MD Minimal difference

SEM Standard error of measurement
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Introduction

Increases in muscle strength as a result of resistance train-
ing are attributed to muscle hypertrophy and neural adap-
tations (Moritani and deVries 1979; Sale 1988; DeFreitas
et al. 2011; Jenkins et al. 2016, 2017; Colomer-Poveda
et al. 2017). It is generally believed that during resistance
training the early phase (<4 weeks) increases in muscle
strength are driven primarily by neural adaptations and
muscle hypertrophy becomes the primary contributor to
further increases in muscle strength after approximately
4 weeks of resistance training. This initial understanding
of resistance training on muscle adaptation was based on
the work of Moritani and deVries (1979) who proposed
an electromyographic (EMG) technique called efficiency
of electrical activity for estimating the relative contribu-
tions of neural and hypertrophic adaptations to resistance
training-induced increases in muscle strength. Using this
technique, Moritani and deVries (1979) reported that the
relative contributions of muscle hypertrophy and neu-
ral adaptations to the increases in muscle strength were
approximately 15% versus 85% at 2 weeks, 52% versus
48% at 4 weeks, 80% versus 20% at 6 weeks, and 85%
versus 15% at 8 weeks, respectively. More recently, the
time-course of training-induced adaptations in skeletal
muscle and neuromuscular adaptations have commonly
been investigated using computed tomography, ultrasound,
mechanomyography, and interpolated twitch technique
(DeFreitas et al. 2011; Jenkins et al. 2016, 2017; Colomer-
Poveda et al. 2017).

The early phase increases in muscle size as a result of
resistance training may reflect exercise-induced edema as a
result of muscle damage, particularly in previously untrained
individuals (Damas et al. 2016; Buckner et al. 2017). For
example, a single bout of resistance training increased mus-
cle thickness that was attributed to exercise-induced mus-
cle edema possibly the result of muscle damage (Buckner
et al. 2017). Interestingly, however, this response was finite
and was not further increased by additional training ses-
sions performed over an 8-day period (Buckner et al. 2017).
Similarly, muscle cross-sectional area increased within 1
week of resistance training that was attributed to muscle
edema, but the subsequent increases in muscle size beyond
1 week reflected muscle hypertrophy apart from muscle
edema (DeFreitas et al. 2011). Therefore, to differentiate
early phase increases in muscle size as it relates to mus-
cle hypertrophy, it was suggested to simultaneously assess
muscle size and exercise-induced edema via echo intensity
from ultrasound (Damas et al. 2016). In addition, muscle
size should be assessed prior to exercise under resting condi-
tions as acute changes in muscle blood flow may result in an
overestimation of exercise-induced edema (Hill et al. 2018).
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Little is known regarding the patterns of responses and
time-course of changes in muscle hypertrophy associated
with low-load blood flow restriction (LLBFR) resistance
training. This is of particular interest as LLBFR resistance
training increases muscle strength and elicits muscle hyper-
trophy without the use of heavy training loads or exercis-
ing to volitional exhaustion. For example, we previously
demonstrated that LLBFR resistance training performed at
30% of peak torque increased muscle strength and size of
the forearm flexors within 2 weeks, but was not associated
with delayed onset muscle soreness or high perceived exer-
tion (Hill et al. 2018, 2019c¢). Furthermore, unlike high-load
non-blood flow restriction (BFR) resistance training, the
increases in muscle strength as a result of LLBFR were not
associated with neural adaptations (Loenneke et al. 2012).
For example, there were no changes in muscle activation
following 4—6 weeks of LLBFR forearm flexion or bench
press resistance training performed at 20-30% of maximum
strength (Yasuda et al. 2011; Hill et al. 2018). Similarly,
there were no changes in afferent excitability or cortical
activation following 4 weeks of LLBFR plantarflexion
resistance training performed at 20% of maximum strength
(Colomer-Poveda et al. 2017). Therefore, the early phase
increases in muscle strength as a result of LLBFR appear to
occur independent of neural adaptations, but may be associ-
ated with increased muscle size. No previous investigations,
however, have examined the patterns of responses and the
time-course of changes in muscle size, strength, and edema
as a result of LLBFR resistance training on a visit-by-visit
and subject-by-subject basis. Together, these findings may
provide further insight to the utility or limitations of LLBFR
resistance training. Therefore, the purpose of this investiga-
tion was to examine the individual and composite patterns
of responses and the time-course of changes in muscle size,
strength, and edema throughout a 4-week LLBFR resistance
training intervention. Based on previous investigations (Hill
et al. 2018, 2019a), it was hypothesized that LLBFR resist-
ance training will increase muscle size and strength for the
individual and group responses within 2 weeks of training
without changes in muscle edema.

Methods
Subjects

Twenty women volunteered to participate in this investiga-
tion and were randomly assigned to either LLBFR (n=10;
mean age +SD =22 +2 years; body mass=60.1 +5.3 kg;
height=165.1 +7.4 cm) or control (n=10; mean
age + SD =23 +3 years; body mass=62.6+8.0 kg;
height=164.8 +9.2 cm). The data from these subjects have
been examined in a previous investigation for purposes
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unrelated to the present study (Hill et al. 2019a). The partici-
pants had no known cardiovascular, pulmonary, metabolic,
muscular, and/or coronary heart disease, or regularly used
prescription medication. All participants were recreationally
active at the time of testing (Progression Models in Resist-
ance Training for Healthy Adults 2009), but no participants
had been actively participating in resistance training for
at least the past 6 months. To minimize the influence that
extrinsic variables may exhibit on individual responses to
the interventions, the subjects were asked to maintain cur-
rent eating, drinking, sleeping, and exercise habits through-
out the duration of the study and to avoid starting dieting,
new exercise habits, and major lifestyle changes. Addition-
ally, subjects were excluded if they were currently taking
any nutritional supplements. All eligible participants were
currently taking an oral contraceptive and started the testing
and training procedures during the menses phase of their
ovulatory cycle and all testing and training procedures were
performed at the same time of day (+2 h). The study was
approved by the University Institutional Review Board for
Human Participants (IRB #20180918559EP) and all partici-
pants completed a health history questionnaire and signed a
written informed consent prior to testing.

Experimental design

A randomized, repeated measures, between-group, parallel
design was used for this study. Twenty women were ran-
domly assigned to either LLBFR or control. A KAATSU
resistance band was used to achieve BFR and the BFR pres-
sure was determined individually for each subject as 40%
of the pressure needed to completely occlude the brachial
artery as indicated by ultrasound. The subjects assigned
to LLBFR performed reciprocal concentric forearm flex-
ion—extension resistance training (dominant arm) at 30%
of forearm flexion peak torque and forearm extension peak
torque, respectively. Training was performed 3 times per
week for 4 weeks which consisted of 75 reciprocal forearm
flexion—extension isokinetic muscle actions of the forearm
flexors and extensors performed over 4 sets (1 x30, 3x 15)
and each set was separated by 30 s of rest. The relative train-
ing intensity, repetitions, rest between sets, and frequency
of training were consistent with previous investigations
(Thiebaud et al. 2013; Loenneke et al. 2017; Counts et al.
2016; Yasuda et al. 2013) that have examined low-load blood
flow restriction and were selected to optimize the training-
induced adaptations on muscle strength and hypertrophy.
Furthermore, meta-analyses (Loenneke et al. 2012; Patterson
et al. 2019) reported that effects sizes for increasing muscle
strength and hypertrophy as a result of blood flow restric-
tion resistance training were greatest using training loads
of 20-40% of maximum strength, performing 75 repeti-
tions (1 %30, 3 x 15) with 30 s between sets, and performed

2-3 days per week. The control group also visited the labora-
tory three times per week for 4 weeks, but did not perform
any training. During each laboratory visit, ultrasound and
strength assessments were measured from the dominant arm
for both the LLBFR and control groups. All procedures were
performed using a calibrated isokinetic dynamometer per-
formed at a velocity of 120° s™!.

Procedures

Prior to the baseline and subsequent laboratory visits, the
participants completed an orientation session to familiarize
the participants with the testing procedures. During the ori-
entation, participants performed submaximal and maximal
isometric and concentric isokinetic muscle actions of the
forearm extensors at 120° s~! on an isokinetic dynamom-
eter (Biodex System 3; Biodex Medical Systems, Inc.
Shirley, NY, USA). To familiarize the participants with the
training protocols, the participants also practiced perform-
ing reciprocal concentric-only forearm flexion—extension
muscle actions at 30% of their forearm flexion concentric
peak torque and forearm extension concentric peak torque,
respectively. Torque was visually tracked using real-time
torque displayed on a computer monitor.

The participants in the LLBFR group completed 4 weeks
of training at a frequency of 3 training sessions per week
(separated by 48-h) for a total of 12 training sessions. Each
training session consisted of 75 reciprocal concentric fore-
arm flexion—extension muscle actions performed over 4 sets
(1x30, 3% 15) and each set was separated by 30 s of rest.
All muscle actions were performed at a velocity of 120° s~
on a Biodex System 3 Pro isokinetic dynamometer. The
reciprocal concentric forearm flexion—extension muscle
actions were performed at 30% of forearm flexion concentric
peak torque and forearm extension concentric peak torque,
respectively. The concentric muscle actions were performed
through a 120° range of motion (0°-120° of elbow flexion,
where 0° corresponds to full extension at the elbow).

BFR was applied using a 30-mm wide cuff (KAATSU
Master, Sato Sports Plaza, Tokyo, Japan) placed on the
proximal portion of the arm. The cuff pressure was initially
applied at 30 mmHg and progressively inflated and deflated
over a 60 s period until the target pressure was reached.
Target pressure was calculated as 40% of the lowest pressure
needed to completely occlude the brachial artery as indicated
by ultrasound (Counts et al. 2016; Loenneke et al. 2017;
Loenneke et al. 2013). Previous investigations (Counts et al.
2016; Loenneke et al. 2016, 2013) have indicated that 40%
of arterial occlusion results in the same training-induced
responses as 50-90% of arterial occlusion when combined
with low-load training (30% one-repetition maximum). The
cuff remained inflated during the duration of the training
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bout and was deflated immediately after completing the 75
repetitions. The total duration of BFR was approximately
5 min.

Measurements
Muscle strength

During each laboratory visit, the participants (LLBFR and
control) performed a warm-up consisting of 10 submaximal
(approximately 50% effort), reciprocal concentric forearm
flexion—extension muscle actions performed at 120° s!. Fol-
lowing the warmup, the participants rested for 5 min and
then performed two randomly ordered maximal concentric
(120° s~1) and isometric muscle actions of the forearm flex-
ors and extensors to determine the concentric peak torque
and maximal voluntary isometric contraction (MVIC) val-
ues, respectively. The highest forearm extension concentric
peak torque and MVIC torque produced during each of the
two attempts were used for further analyses. The forearm
extension MVIC muscle actions were performed at 45° of
flexion at the elbow (where 0° corresponds to full extension
at the elbow) sustained for a period of 3 s.

Ultrasound-based assessments of muscle size

To examine the time-course of muscle hypertrophy, ultra-
sound assessments of muscle thickness and echo intensity
were performed at the beginning of each laboratory visit
prior to the warmup for both the LLBFR and control groups.
Ultrasound images of the trained arm (triceps brachii) were
obtained using a portable brightness mode (B-mode) ultra-
sound-imaging device (GE Logiq, USA) and a multi-fre-
quency linear-array probe (12 L-Rs; 5-13 MHz; 38.4 mm
field-of-view). All ultrasound measurements were performed
at a sampling rate of 10 MHz and at a gain of 58 dB. Ultra-
sound images were analyzed using ImageJ software (Version
1.47v., National Institutes of Health, Bethesda, MD, USA)
and prior to all analyses, images were scaled from pixels
to centimeters using the straight-line function in ImageJ.
Muscle thickness and echo intensity were assessed at 20% of
the distance from the infraglenoid tubercle to the olecranon.
Muscle thickness was determined as the distance from the
adipose-muscle interface to the muscle-bone interface. Echo
intensity, as assessed by gray-scale analysis (0 arbitrary units
[Au]) corresponds to black image, 255 Au corresponds to
white image) was determined from the same region of inter-
est as muscle thickness. Great care was taken to ensure that
consistent, minimal pressure was applied with the probe to
limit compression of the artery. To enhance acoustic cou-
pling and reduce near field artifacts, a generous amount of
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water-soluble transmission gel was applied to the skin prior
to each measurement.

Data analysis
Reliability

Test—retest reliability for muscle thickness, concentric
peak torque, MVIC, and echo intensity were assessed
from the baseline visit and first laboratory visit. Repeated
measures ANOVAs were used to assess systematic error,
and model 2, 1 was used to calculate intraclass correla-
tion coefficients (ICCs), standard errors of measurement
(SEM), and minimal difference (MD = SEM x 2!? x df)
needed to consider a change as real (Weir 2005). The MD
was used to determine at which visits real changes in each
of the dependent variables (muscle thickness, MVIC, and
echo intensity) were observed. The visit-by-visit changes
for each dependent variable were compared relative to the
average of the baseline visit and first visit values. The 95%
confidence intervals for the means of the dependent vari-
ables were calculated with the Studentized ¢ distribution.

Statistical analyses

Polynomial regression analyses (first, second, and third
order) were used to examine the individual and compos-
ite patterns of responses for muscle thickness, concentric
peak torque, MVIC, and echo intensity across the 13 labo-
ratory visits (visit 1 proceeds the orientation and baseline
visits). The F test was used to determine if the increment
in proportion of variance accounted for by a higher-order
polynomial was significant at p <0.05. All statistical anal-
yses were performed using IBM SPSS v. 27 (Armonk, NY)
and an alpha of p <0.05 considered statistically significant
for all comparisons.

Results
Reliability

Table 1 includes the test—retest reliability and MD values
from the baseline and first laboratory visits for muscle
thickness, concentric peak torque, MVIC, and echo inten-
sity. There were no mean differences for baseline versus
first laboratory visits (p > 0.05) for any of the variables.
The ICC values for muscle thickness, concentric peak
torque, MVIC, and echo intensity ranged from 0.836 to
0.981 and the SEM values were 2.9, 6.0, 3.3, and 5.8% of
the grand mean, respectively. Furthermore, the MD for
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Table 1 Test-retest reliability assessed from the baseline and first laboratory visits for all subjects (n=20)

Variables Baseline 0 week p value IcC ICCysq, SEM MD Grand mean
Muscle thickness (cm) 1.99+0.43 1.95+045  0.720 0.983 0.956-0.994 0.06 0.16 1.97

Echo intensity (Au) 86.6+13.2 90.9+11.9 0.053 0.836 0.568-0.936 5.1 14.2 88.8
Concentric peak torque (Nm) 222+5.5 22.7+5.7 0.281 0.940 0.923-0.988 1.4 3.7 225

MVIC (Nm) 23.8+4.4 239+5.1 0.773 0.972 0.929-0.989 0.8 22 239

p value (ANOVA for systematic error)

ICC intraclass correlation coefficient, ICCysq ICC 95% confidence interval, SEM standard error of the measurement, MD minimal difference,

MVIC maximal voluntary isometric contraction

a change to be considered real was 0.16 cm for muscle
thickness, 3.7 Nm for concentric peak torque, 2.2 Nm for
MVIC, and 14.2 Au for echo intensity.

Muscle thickness

LLBFR group

For the individual muscle thickness versus laboratory vis-
its, there was a significant linear increase for one of the 10

subjects, significant quadratic increases for five (one quad-
ratic decrease) of the 10 subjects, and significant cubic

increases for three of the 10 subjects (Table 2). For the
composite muscle thickness versus laboratory visits, there
was a significant quadratic increase (Fig. 1a). Additionally,
two subjects exceeded the MD of 0.16 cm on the fourth
laboratory visit, three subjects on the fifth laboratory visit,
two subjects on the sixth laboratory visit, one subject on the
10th visit, one subject on the 11th visit, and one of the 10
subjects never exceeded the MD of 0.16 cm across the 13
laboratory visits (Table 3, Fig. 2a).

Table 2 The individual

. . Subject Muscle thickness ~ Concentric peak MVIC Echo intensity

and corpposﬁe polynomial Torque

regression analyses for muscle

thickness (cm), concentric Pattern 7 Pattern 7 Pattern 7 Pattern P

peak torque (Nm), maximal

voluntary isometric contraction LLBFR 1 Linear 0.971 Linear 0.802 Quadratic 0.927 Linear 0.311

(MVIC) torque (Nm), and echo 2 Cubic 0.993 Quadratic 0.829 Linear 0.953 NS 0.302

intensity (Au) assessed from the 3 Quadratic 0.859 Quadratic 0.766 Quadratic 0964 NS 0.132

triceps brachii assessed across . ] .

13 laboratory visits for the 4 Cubic 0.984 NS 0.118 Linear 0.795 Linear 0.469

low-load blood flow restriction 5 Quadratic  0.950 Quadratic 0.912 Cubic 0.982 NS 0.047

(LLBFR) and control groups 6 Quadratic 0.978 Linear 0.907 Linear 0.881 Linear 0.846
7 Cubic 0.962 Linear 0.704 Linear 0.890 NS 0.115
8 Quadratic 0.978 Linear 0.786 Linear 0.919 NS 0.204
9 Quadratic 0.758 Linear 0.834 Linear 0.819 NS 0.134
10 Quadratic 0.974 Linear 0.527 Linear 0.786 NS 0.034
Composite Quadratic 0.998 Quadratic 0.961 Quadratic 0.980 Linear 0.563

Control 11 Linear 0.426 NS 0.003 NS 0.131 NS 0.028

12 NS 0.019 Linear 0.352 NS 0.044 NS 0.281
13 NS 0.103 NS 0.053 Linear 0.419 NS 0.003
14 NS 0.049 NS 0.117 NS 0.133 Linear 0.344
15 NS 0.169 NS 0.001 NS 0.034 NS 0.227
16 NS 0.024 NS 0.290 NS <0.001 NS 0.208
17 Linear 0.333 Linear 0.370 Linear 0.531 Quadratic  0.672
18 NS 0.263 NS 0.232 NS 0.043 NS 0.126
19 NS 0.191 NS 0.002 NS 0.139 NS 0.053
20 NS 0.010 NS 0.120 NS 0.012 NS 0.028
Composite NS 0.041 NS 0.079 Linear 0.334 Linear 0.425

If there was a non-significant (NS) relationship, the 7 for the linear model was provided
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Fig. 1 The patterns of responses
(£95% confidence intervals) for
muscle thickness (a), concen-
tric peak torque (b), maximal
voluntary isometric contrac-
tion (MVIC) torque (c), and
echo intensity (d) as a result of
low-load blood flow restric-

tion (LLBFR, filled squares)
and control (filled triangles).
Laboratory visit 1 represents the
first day of intervention follow-
ing the orientation and baseline
visits. For echo intensity (c), the
95% confidence intervals are
shaded in light gray (LLBFR)
and dark gray (control) to
delineate the two data sets from
each other
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Table 3 The laboratory visits

s Subject Muscle thickness Concentric peak MVIC (Nm) Echo intensity
that an individual or mean (cm) torque (Nm) (Au)
response exceeded the minimal
difference (MD) for a change to MD Visit MD Visit MD Visit MD Visit
be considered real for muscle
thickness, concentric peak LLBFR 1 0.16 cm 10 < 3.7 Nm 7< 2.2 Nm 5< 14.2 Au -
torque, maximal voluntary 2 4< 10 < 9< _
isometric contracFion (MVIC) 3 11< 13 8 < _
torque, and echo intensity
4 5< - 10< -
5 5< 8 < 9< 3-5
6 6< 9< 7< -
7 4< 10< 9< 9<
8 5< 5< 3< -
9 6< 4< _
10 6< 13 9< -
Mean 6< 10 < 6 < -
Control 11 0.16 cm 3.7 Nm - 2.2 Nm - 14.2 Au -
12 - - - -
13 - 13 8 < -
14 - - - -
15 - - - -
16 - - - -
17 - 13 - 4<
18 - - -
19 - - - -
20 - - - -
Mean - - - -

The MD needed for a change to be considered real was derived using standard error of measurement
(SEM) values from the reliability data in Table 1 and using the equation, MD = SEM x 22 x df (Weir 2005)

Control group

For the individual muscle thickness versus laboratory vis-
its, there were significant linear increases for two subjects
and no significant relationships for eight of the 10 subjects
(Table 2). For the composite muscle thickness versus labo-
ratory visits, there was no significant relationship (Fig. 1a).
Additionally, none of the 10 subjects ever exceeded the MD
of 0.16 cm across the 13 laboratory visits (Table 3, Fig. 2b).

Concentric peak torque
LLBFR group

For the individual forearm extension concentric peak
torque versus laboratory visits, there were significant linear
increases for five subjects, significant quadratic increases for
four subjects, and no significant relationship for one of the
10 subjects (Table 2). For the composite forearm extension
concentric peak torque versus laboratory visits, there was a
significant quadratic increase (Fig. 1b). Additionally, one
subject exceeded the MD of 3.7 Nm on the fifth laboratory

visit, one subject on the sixth laboratory visit, one subject
on the seventh laboratory visit, one subject on the eighth
laboratory visit, one subject on the ninth laboratory visit,
two subjects on the 10th laboratory visit, two subjects on the
13th visit, and one of 10 subjects never exceeded the MD
of 3.7 Nm across the 13 laboratory visits (Table 3, Fig. 3a).

Control group

For the individual forearm extension concentric peak
torque versus laboratory visits, there were significant linear
increases for two subjects and no significant relationships for
eight of the 10 subjects (Table 2). For the composite forearm
extension concentric peak torque versus laboratory visits,
there was no significant relationship (Fig. 1b). Additionally,
two subjects exceeded the MD of 3.7 Nm on the 13th visit,
while eight of the 10 subjects never exceeded the MD of 3.7
Nm across the 13 laboratory visits (Table 3, Fig. 3b).
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Fig.2 The individual absolute a
changes in muscle thickness 0.75-
(cm) as a result of low-load 75
blood flow restriction (LLBFR, 'é\ 0.651
a) and control (b). Labora- )
tory visit 1 represents the first @ 0.551
day of intervention following 2 0.45-
the orientation and baseline 5
visits. All subsequent visits = 0.35-
represent absolute changes rela- =
)
tive to laboratory visit 1. The g 0.251
minimal difference (MD, open 2 0.15-
circles) needed for a change to =
be considered real is plotted 5 0.054
and derived using standard 1)
error of measurement (SEM) § -0.05+
values from the reliability 6 20.15-
data and using the equation, ’
MD = SEM x 22 x df (Weir -0.25-
2005)
b
0.751
g 0.651
N
w 0.551
n
=
2 0.45-
=
= .
= 0.35
D
g 0.254
S 0.1519
£ 0.051
S
£ -0.051
=
O -0.151
-0.25
Laboratory Visits
MVIC Control group
LLBFR group For the individual forearm extension MVIC versus labora-

For the individual forearm extension MVIC versus labora-
tory visits, there were significant linear increases for seven
subjects, significant quadratic increases for two subjects,
and a significant cubic increase for one of the 10 subjects
(Table 2). For the composite forearm extension MVIC
versus laboratory visits, there was a significant quadratic
increase (Fig. 1c). Additionally, one subject exceeded the
MD of 2.2 Nm on the third laboratory visit, one subject on
the fourth laboratory visit, one subject on the fifth labora-
tory visit, one subject on the seventh laboratory visit, one
subject on the eighth laboratory visit, four subjects on the
ninth laboratory visit, and one of the 10 subjects on the 10th
laboratory visit (Table 3, Fig. 4a).
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tory visits, there were significant linear increases for two
subjects and no significant relationships for eight of the 10
subjects (Table 2). For the composite forearm extension
MVIC versus laboratory visits, there was a significant lin-
ear increase (Fig. 1c). Additionally, one of the 10 subjects
exceeded the MD of 2.2 Nm, while nine of the 10 subjects
never exceeded the MD of 2.2. Nm across the 13 laboratory
visits (Table 3, Fig. 4b).

Echo intensity
LLBFR group

For the individual echo intensity versus laboratory visits,
there were significant linear increases for three subjects
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Fig.3 The individual absolute a
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and no significant relationships for seven of the 10 subjects
(Table 2). For the composite echo intensity versus labora-
tory visits, there was a significant linear increase (Fig. 1d).
Additionally, one subject exceeded the MD of 14.2 Au on
the third laboratory visit but no longer exceeded the MD on
the sixth laboratory visit. Furthermore, one subject exceeded
the MD of 14.2 Au on the ninth laboratory visit and eight
of the 10 subjects never exceeded the MD of 14.2 Au across
the 13 laboratory visits (Table 3).

Control group

For the individual echo intensity versus laboratory visits,
there was a significant linear increase for one subject, a sig-
nificant quadratic increase for one subject, and no signifi-
cant relationships for eight of the 10 subjects (Table 2). For
the composite echo intensity versus laboratory visits, there
was a significant linear increase (Fig. 1d). Additionally, one

Laboratory Visits

subject exceeded the MD of 14.2 Au on the fourth laboratory
visit and nine of the 10 subjects never exceeded the MD of
14.2 Au across the 13 laboratory visits (Table 3).

Discussion

The results of the present study indicated that 4 weeks
of LLBFR forearm flexion—extension resistance training
resulted in a 17.4% increase in muscle thickness, a 32.3%
increase in forearm extension concentric peak torque, a
29.5% increase in forearm extension MVIC torque, and no
change in echo intensity. These findings were consistent with
previous investigations (Laurentino et al. 2012; Cook et al.
2017; Hill et al. 2018, 2019b) that have examined the early
phase changes in muscle size, strength, and echo intensity as
aresult of LLBFR resistance training. For example, in previ-
ously untrained women, 4 weeks of LLBFR forearm flexion
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resistance performed at 30% of peak torque increased muscle
thickness by 9.9-12.8% and muscle cross-sectional area by
26.6%, increased peak torque by 31.4-35.0%, but had no
effects on echo intensity (Hill et al. 2018, 2019b). In physi-
cally active men, 8 weeks of LLBFR leg extension resist-
ance training performed at 20% of one-repetition maximum
increased muscle cross-sectional area by 6.3% and increased
one-repetition maximum by 40.1% (Laurentino et al. 2012).
Furthermore, among previously untrained older adults,
6 weeks of LLBFR leg extension resistance training per-
formed at 30% of one-repetition maximum increased muscle
cross-sectional area by 4.3% and one-repetition maximum by
12-24% (Cook et al. 2017). Therefore, in conjunction with
previous investigations (Laurentino et al. 2012; Cook et al.
2017; Hill et al. 2018, 2019b), the present findings indicated
that LLBFR resistance training was an effective training
modality to increase muscle size and muscle strength for a
variety of muscle groups and populations.

@ Springer

Laboratory Visits

This was the first study to describe the patterns of
responses for muscle thickness, concentric peak torque,
MVIC torque, and echo intensity and to examine the indi-
vidual responses relative to the MD for each of these param-
eters. Specifically, for the composite data, there were quad-
ratic increases for muscle thickness, concentric peak torque,
and MVIC torque as a result of LLBFR resistance training
(Fig. 1a, b, c, respectively). For the individual relationships,
the increases in muscle thickness were primarily quadratic
(five of 10 subjects), but linear (six to seven of 10 subjects)
for concentric peak torque and MVIC torque (Table 2). Fur-
thermore, muscle thickness increased predominately during
the very early phase (across laboratory visits 1-7) and began
to plateau during the latter half (laboratory visits 8—13) of
the training intervention (Fig. 2a). Conversely, concentric
peak torque and MVIC torque exhibited smaller increases
during the very early phase of the intervention, but increased
more rapidly during the latter half (Figs. 3a, 4a). Together,
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these findings suggested that increases in muscle size pre-
ceded increases in muscle strength.

The individual relationships were consistent with the
individual absolute responses for muscle thickness and
torque responses. Specifically, for muscle thickness, seven
of 10 subjects exceeded the MD during the very early phase
(laboratory visits 1-7) of the training intervention compared
to three of 10 subjects that exceeded MD for concentric peak
torque and MVIC torque during this time period (Table 2).
Furthermore, real increases in muscle thickness preceded
real increases in concentric peak torque for seven of 10 sub-
jects and MVIC torque for six of 10 subjects. It is plausible,
therefore, that the increases in muscle thickness contributed
to the increases in concentric peak torque and MVIC torque
as a result of LLBFR resistance training, which has been
dissociated from neural adaptations (Loenneke et al. 2012;
Colomer-Poveda et al. 2017; Hill et al. 2018, 2019a). The
association between muscle size and muscle strength, how-
ever, has been debated (Hornsby et al. 2018; Loenneke et al.
2019). For example, detraining-induced decreases in mus-
cle size did not result in muscle strength loss (Kubota et al.
2008). Additionally, the relative contributions that changes
in muscle size facilitate muscle strength is less than previ-
ously thought (Erskine et al. 2014) and difficult to delineate
(Buckner et al. 2016). However, LLBFR-induced increases
in muscle strength have been associated with muscle hyper-
trophy and increased cellular expression promoting muscle
growth (Bjgrnsen et al. 2019). Furthermore, we (Hill et al.
2018, 2019a) have recently demonstrated that LLBFR-
induced increases in muscle strength were associated with
increases in muscle size, but not neural adaptations. There-
fore, in conjunction with previous investigations (Hill et al.
2018, 2019a; Bjgrnsen et al. 2019), our current findings
indicated that LLBFR forearm flexion—extension resistance
training elicited real increases in muscle size during the very
early phase of training that preceded real increases in muscle
strength that occurred later on.

In the present study, for the composite responses there
were linear increases in echo intensity for the LLBFR and
control groups (Fig. 1c). Echo intensity has been used to
identify very early phase changes in muscle edema as a
result of muscle damage (Damas et al. 2016; Dankel et al.
2020). Echo intensity has also been used to quantify mus-
cle quality (Merrigan et al. 2018). For example, it has been
suggested that increases in echo intensity may reflect con-
nective tissue infiltration or increased adiposity as a result
of aging, inactivity, or disease (Pillen et al. 2006; Arts et al.
2010; Wilhelm et al. 2014). Our findings indicated that for
the composite relationships, there were linear increases
in echo intensity across the 13 laboratory visits, but this
was unlikely related to muscle edema or reduced muscle
quality. Instead, the lack of individual changes in the abso-
lute responses relative to the MD coupled with primarily

non-significant individual relationships may indicate that
the composite data for echo intensity is not a valid indicator
of individual responses (Table 2). Furthermore, for eight
of 10 subjects within the LLBFR resistance training group
there were no real changes in echo intensity, while one sub-
ject exceeded the MD for a short period of time (laboratory
visits 3-5) and one subject exceeded the MD on the 9th
laboratory visit that remained elevated (Table 2). For these
two subjects, however, the increases in muscle thickness
were observed after the initial increase in echo intensity or
prior to the sustained increase in echo intensity, respectively.
Additionally, we (Hill et al. 2019¢) and others (Fujita et al.
2008; Curty et al. 2018) have recently reported that BFR
resistance training was not associated with muscle damage
and, alternatively, may attenuate the development of delayed
onset muscle soreness. Therefore, these data suggested that
the observed increases in muscle thickness for the LLBFR
group were not associated with muscle edema and changes
in echo intensity should be examined on a subject-by-subject
basis. Collectively, there were no meaningful relationships
for echo intensity across the 13 laboratory visits and no real
changes in echo intensity for 17 of 20 subjects.

Study limitations

As a limitation, the muscle thickness measurements were
assessed from only one location from the triceps brachii
muscle that may not reflect location-specific muscle hyper-
trophy. Additionally, muscle strength was assessed using
concentric peak torque assessed and 120° s~! and MVIC
torque which may not reflect mode- or velocity-specific
adaptations as a result of the resistance training intervention.
In the present study, however, the purpose was to examine
the patterns of responses and time-course of change in mus-
cle size and strength. Future studies may consider examining
these relationships using different muscle size and strength
assessments.

Summary

The results of the present study indicated that 4 weeks
of LLBFR forearm flexion—extension resistance training
increased muscle thickness, concentric peak torque, and
MVIC torque, but had no effects on echo intensity. For the
composite data, there were quadratic increases for muscle
thickness, concentric peak torque, and MVIC torque as
a result of LLBFR resistance training. For the individual
relationships, the increases in muscle thickness were pri-
marily quadratic, but linear for concentric peak torque and
MVIC torque. For muscle thickness, seven of 10 subjects
exceeded the MD during the very early phase (laboratory
visits 1-7) of the training intervention compared to three
of 10 subjects that exceeded MD for concentric peak torque
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and MVIC torque during this same time period. There were
linear increases in the composite echo intensity relationships
for the LLBFR and control groups, but this was unlikely
related to muscle edema or reduced muscle quality. That is,
for eight of 10 subjects within the LLBFR resistance training
group there were no real changes in echo intensity, while one
subject exceeded the MD for a short period of time (labora-
tory visits 3-5) and one subject exceeded the MD on the
Oth laboratory visit that remained elevated. Therefore, these
data suggested that the observed increases in muscle thick-
ness for the LLBFR group were not associated with muscle
edema and changes in echo intensity should be examined on
a subject-by-subject basis.
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