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Bjørnsen T, Wernbom M, Løvstad A, Paulsen G, D’Souza RF,
Cameron-Smith D, Flesche A, Hisdal J, Berntsen S, Raastad T.
Delayed myonuclear addition, myofiber hypertrophy and increases in
strength with high-frequency low-load blood flow restricted training to
volitional failure. J Appl Physiol 126: 578–592, 2019. First published
December 13, 2018; doi:10.1152/japplphysiol.00397.2018.—The pur-
pose of the present study was to investigate muscle hypertrophy, strength,
and myonuclear and satellite cell (SC) responses to high-frequency blood
flow-restricted resistance exercise (BFRRE). Thirteen individuals
[24 � 2 yr (mean � SD), 9 men] completed two 5-day blocks of 7
BFRRE sessions, separated by a 10-day rest period. Four sets of unilateral
knee extensions to voluntary failure at 20% of one repetition maximum
(1RM) were conducted with partial blood flow restriction (90–100
mmHg). Muscle samples obtained before, during, 3 days, and 10 days
after training were analyzed for muscle fiber area (MFA), myonuclei, SC,
and mRNA and miRNA expression. Muscle size was measured by
ultrasonography and magnetic resonance imaging and strength with 1RM
knee extension. With the first block of BFRRE, SC number increased in
both fiber types (70%–80%, P � 0.05), whereas type I and II MFA
decreased by 6 � 7% and 15 � 11% (P � 0.05), respectively. With the
second block of training, muscle size increased by 6%–8%, whereas the
number of SCs (type I: 80 � 63%, type II: 147 � 95%), myonuclei (type
I: 30 � 24%, type II: 31 � 28%), and MFA (type I: 19 � 19%, type II:
11 � 19%) peaked 10 days after the second block of BFRRE, whereas
strength peaked after 20 days of detraining (6 � 6%, P � 0.05). Pax7-
and p21 mRNA expression were elevated during the intervention,
whereas myostatin, IGF1R, MyoD, myogenin, cyclinD1 and -D2 mRNA
did not change until 3–10 days postintervention. High-frequency low-
load BFRRE induced robust increases in SC, myonuclei, and muscle size
but modest strength gains. Intriguingly, the responses were delayed and
peaked 10–20 days after the training intervention, indicating overreach-
ing.

NEW & NOTEWORTHY In line with previous studies, we dem-
onstrate that high-frequency low-load blood flow-restricted resistance
exercise (HF-BFRRE) can elicit robust increases in satellite cell and
myonuclei numbers, along with gains in muscle size and strength.
However, our results also suggest that these processes can be delayed

and that with very strenuous HF-BFRRE, there may even be transient
muscle fiber atrophy, presumably because of accumulated stress
responses. Our findings have implications for the prescription of BFR
exercise.

ischemic exercise; Kaatsu; muscle hypertrophy; myogenic stem cells;
myonuclei

INTRODUCTION

During the last two decades low-load resistance training
combined with blood flow restriction (BFR) has gained in
popularity among health and fitness practitioners (45a). This is
accompanied by increasing evidence for substantial skeletal
muscle hypertrophy with low loads [20%–50% one repetition
maximum (1RM)] with varying modalities of blood flow-
restricted resistance exercise (BFRRE) (1, 23, 31, 43). Thus
low-load BFRRE is able to increase skeletal muscle mass and
strength to a similar extent as traditional heavy-load strength
training (59). However, the underlying mechanisms of action
are still not completely elucidated. Similar to high-load
strength training, BFRRE has been reported to cause long-
lasting (~24 h) elevations in mTOR-p70S6k pathway activa-
tion (24, 58) and elevated myofibrillar protein synthesis (24)
together with reduced proteolysis-related gene expression (39).
The latter includes reduced expression of myostatin, a key
negative regulator of muscle mass (32, 39). Yet hypertrophy is
complex and involves mechanisms that include noncoding
microRNA (2, 8). To our knowledge, no study has yet inves-
tigated changes in microRNA abundance after BFRRE.

In addition to elevated protein synthesis and decreased
expression of proteolytic genes, activation and proliferation of
satellite cells have recently been implicated in the hypertrophic
response observed with low-load BFRRE (43, 58). Interest-
ingly, Nielsen et al. (43) reported that short-term high-fre-
quency BFRRE (23 sessions in 3 wk) at 20% of 1RM, resulted
in pronounced 150%–300% increases in satellite cells and a
~30% increase in myonuclear number. These responses are
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impressive compared with the modest elevations in the number
of satellite cells (30%–50%) and myonuclei (20%) commonly
observed after 12–16 wk of heavy-load strength training (47,
48). However, the satellite cell and myonuclear responses
appeared to plateau already after 1 wk of training (7 sessions)
in the study by Nielsen et al. (43). Previous studies have
observed that phosphorylation of hypertrophy-associated sig-
naling proteins is suppressed during repeated bouts of exercise
and that these responses can be resensitized after ~10 days of
detraining (45). Therefore, it may be speculated that a rest
period could reset the responsiveness of the myofibers after the
initial training period and consequently allow the muscle fibers
to respond to a second block of BFRRE by further increases in
satellite cells, myonuclei, and hypertrophy.

Notably, the satellite cell numbers in Nielsen et al. (43)
increased by ~300% after the initial week of unaccustomed
BFRRE (7 sessions within 5 days) but was only elevated by
147%–160% when assessed 10 days after 3 wk of BFRRE.
These large initial increases in satellite cell numbers could
reflect acute myocellular stress. In addition to direct measures
of myocellular stress in muscle biopsy analyses, changes in
blood concentration of creatine kinase and myoglobin, as well
as changes in muscle strength, can be used as indirect markers
of myocellular stress and “overreaching” (29, 62). Conse-
quently, frequent blood samples and regular measurements of
muscle strength were included in this study.

The purpose of the present study was to investigate the
effects of 2 blocks with high-frequency BFRRE separated by
10 days of rest on fiber and whole-muscle areas, myonuclear
and satellite cell numbers and muscle strength, and the time
courses of the changes. We hypothesized that the 10-day rest
period would reset the responsiveness of the myofibers so that
in contrast to the plateau observed after the first 7 training
sessions by Nielsen et al. (43), we expected to see further
increases in whole-muscle areas and in myonuclear and satel-
lite cell numbers in the second training block. In addition,
analyses were made of some well-characterized myogenic and
cell cycle regulatory factors (Pax7, MyoD, Myogenin, Myo-

statin, p21, CyclinD1 and -D2) and microRNAs known to be
coordinately involved in the regulation of protein synthesis.

METHODS

Sixteen recreationally active adults (4 women and 12 men) were
recruited at the Norwegian School of Sport Sciences, Oslo, Norway.
To be included in the study, participants could not have done regular
strength training (�1 session every week) of their thigh muscles in the
last 6 months. The participants were instructed to refrain from stren-
uous activities and maintain their usual food intake during the inter-
vention. Exclusion criteria were any injuries in the musculoskeletal
system that could prevent the participants from training or testing, as
well as any use of medication and/or supplements (e.g., protein
powder, vitamins, creatine, NSAIDs, etc.). The study complied with
the standards set by the Declaration of Helsinki and was reviewed by
the Regional Committee for Medical and Health Research Ethics
(REC South-East) and the Norwegian Social-Science Data Services.
The nature and goals of the study were thoroughly explained, and all
participants provided a written informed consent.

Study design. A total of 14 low-load BFRRE sessions were con-
ducted, including 7 BFRRE sessions in 5 days during the first block,
followed by 10 days of rest, and then additionally 7 more BFRRE
sessions in the next following 5 days (Fig. 1). One BFRRE session per
day was performed the first 3 days of each training block, and then
two sessions per day the following 2 days, separated by at least 4 h (1,
43). One week before the intervention period, subjects underwent a
familiarization session in which they practiced knee extensions (with-
out BFR) and strength tests. Machine settings (seat, leg pad) were
noted and standardized for each participant. Muscle biopsies were
obtained from m. vastus lateralis (VL) from both legs at baseline and
then alternately from the right and left legs (to reduce the total number
of sampling events from one muscle) at 1 h after the first BFRRE
session of each training block (Acute 1 and Acute 2), at rest on the
fourth day of BFRRE (day 4), during the Rest Week (4 days after the
7th BFRRE session), as well as 3 and 10 days after the second training
block (Post 3 and Post 10, respectively). Participants arrived fasted in
the mornings before muscle biopsies were obtained and were served
a standardized breakfast consisting of oatmeal (0.16 g protein/kg body
wt) mixed with sugar (6 g) and water 2 h before the biopsies were
sampled. Muscle function, muscle size by ultrasonography, muscle
soreness, and perceived pain and exertion were measured at baseline,

Fig. 1. Schematic illustration of the study design. White arrows denote individual training sessions. See the METHODS section for more details.
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during the Rest Week, and at 3, 10, and 20 days post-BFRRE. In
addition, muscle size by ultrasonography, muscle soreness, and per-
ceived pain and exertion were registered every training day. Magnetic
resonance imaging (MRI) scans, as well as blood flow and occlusion
pressure measurements, were conducted at baseline and 5 days post
the BFRRE intervention. Each test was conducted by a single inves-
tigator and done in the same order during each visit to maintain
consistency.

Strength test. Muscle strength was evaluated by testing 1RM in a
unilateral knee extension machine (GYM2000 Gym Equipment, Gei-
thus, Norge). General warm-up consisted of 5 min of cycling with a
standardized load (100 watt at 80–90 revolutions/min) for each
subject. Specific warm-up before the 1RM test consisted of sets with
10 repetitions at 50% of 1RM, 6 repetitions at 70% of 1RM, and 3
repetitions at 80% of 1RM. After warm-up, single repetitions with
increasingly heavier load were performed until the 1RM load was
found, i.e., the highest load that could be lifted throughout the range
of motion. Three-minute rests were given between each 1RM attempt
and at least 30 s rest best between each leg. The right leg was always
tested first. The lift was approved if the knee joint reached an angle of
10° (0° � full extension). Subjects were secured to the chair by a seat
belt around the waist and their hands placed on handles on the side of
the chair. Strong verbal motivation was given during the test.

BFRRE. The exercise protocol consisted of four sets (30 s rest
between sets) of knee extension to voluntary failure at 20% of 1RM.
A greater magnitude of peripheral fatigue seems to be tolerated during
unilateral single-joint knee extension compared with double-leg knee
extension (50, 51); thus the knee-extensions were conducted unilat-
erally similar to Nielsen et al. (43, 44). Both legs were exercised each
session, and before the exercise a 145-mm-wide pressure cuff with a
12-cm bladder (9–7359–003, Delfi Medical, Vancouver, Canada)
was placed around the proximal part of the thigh and inflated by a
tourniquet system (Zimmer A.T.S. 2000, Warsaw, IN) to 90 mmHg
(women) and 100 mmHg (men). The right leg was exercised before
the left, with a 5-min break in between. Repetitions were performed
with a 1-s concentric phase and a 1-s eccentric phase. Warm up
consisted of 15 repetitions of 5-kg resistance performed without BFR.
During BFRRE, the cuff was kept inflated and released immediately
upon completion of the fourth set. Range of motion was set from 100°
to 10° (0° � full extension). Blood flow was measured in a. femoralis
superficalis distally to the cuff with the subject in a seated position at
rest with and without blood flow restriction using a 9-MHz ultrasound
probe (9L) (Vivid E9 GE Vingmed Ultrasound, Horten). The blood
flow measurements were performed by a physiologist (J. H.) with
expertise in this area.

Ultrasonography and MRI. Changes in whole-muscle size were
assessed by ultrasonography and MRI. MRI is generally accepted to
be the “gold standard” in measurement of muscle size in vivo (18);
however, this technique is expensive and was not easily available in
the present study. Hence, MRI measurements of cross-sectional area
(CSA) in the quadriceps muscles were only obtained at baseline and
5 days after BFRRE, whereas ultrasonography was used to assess the
time-course of changes in CSA of m. rectus femoris (RF) and muscle
thickness of VL before, during each training day, during the Rest
Week, and four times after the last BFRRE session (Fig. 1). Ultra-
sound measurements (Philips HD11XE Ultrasound system, Eind-
hoven, The Netherlands) of muscle thickness in VL and the CSA of
RF were obtained at a distance equal to 50% of the femur length as
previously described in Bjørnsen et al. (4). A small grid with three
metallic wires was placed above RF to generate echo-absorptive
markers, and two images were stitched together to analyze the CSA.
Images were analyzed blindly in a random order by one examiner
using the software ImageJ (Wayne Rasband, National Institutes of
Health, Bethesda, MD). Test-retest measurements between the famil-
iarization and baseline measurements revealed a coefficient of varia-
tion of 0.3% (VL muscle thickness) and 1.3% (RF CSA).

During MRI scans (Siemens MAGNETOM Avanto, A Tim�Dot
System 1,5-T, Erlangen, Germany), participants lay on a bench in a
supine position. Every muscle in the quadriceps (RF, VL, m. vastus
medialis, and m. vastus intermedius) was scanned in nine slices
(5-mm-thick sections). From the most distal slice 40 mm above the
knee joint (with the joint gap used as a reference point), pictures were
taken with 40-mm intervals in a proximal direction along the femur.
The computer program OsiriX (OsiriX medical imaging software,
Atlanta, GA) was used to analyze the CSA of the muscles. The most
distal and proximal slices had very small muscle CSAs or even no
visual muscle tissue in some cases. Thus, the CSA of the quadriceps
muscles were calculated from an average of slice 2–7 (except for RF;
slice 2–5).

Muscle biopsy sampling. Muscle biopsies (200–300 mg) were
obtained from VL using a 6-mm sterile Bergström needle (Pelomi, 6
mm, Albertslund, Denmark) under local anesthesia (Xylocain-adren-
aline, 10 mg/ml � 5 �g/ml, AstraZeneca, Södertälje, Sweden).
Visible connective tissue and fat were dissected away before a bundle
of fibers for later immunohistochemical analyses was mounted in
optimum cutting temperature (OCT) Embedding Matrix (Tissue-tek,
O.C.T. compound, Sakura) and immediately frozen in isopentane,
which was precooled (�140°C) with liquid nitrogen and stored at
�80°C for later analysis. A ~20-mg piece was snap frozen in liquid
nitrogen for RNA analysis.

Histochemical staining. Muscle biopsies were cut to 8-�m-thick
cross sections at �20°C using a cryostat (CM 3050, Leica Biosystems
GmbH, Wetzlar, Germany), mounted on microscope slides (Super-
frost Plus, Menzel-Glaser, Brouschweig, Germany) air-dried at room
temperature, and stored at �80°C. Before immunostaining, frozen
sections were air-dried and subsequently permeabilized with 0.1%
Tween 20 in PBS for 3 	 10 min and blocked with serum-free protein
blocker (Dako, 10082504, Glostrup, Denmark) and PBS-t (PBS with
0.05% Tween 20) solution (QC213624, Thermo Fisher Scientific,
Carlsbad, CA) for 10 min at room temperature. Sections were incu-
bated with primary antibodies for 60 min (room temperature) in a
serum-free protein blocker (Dako, 10082504, Glostrup, Denmark) and
PBS-t (PBS with 0.05% Tween 20) solution (QC213624, Thermo
Fisher Scientific), and incubated with secondary antibodies for 60 min
at room temperature. Satellite cells were visualized with antibodies
against PAX7 (DSHB, Iowa City, Iowa, 1:100) and laminin (Dako,
00090772, Glostrup, Denmark, 1:400) together with DAPI-stains (for
nuclear staining) (Invitrogen, 1266174, Carlsbad, CA). Neighboring
sections were stained for myosin heavy chain (MHC)-II (SC-71,
DSHB, Iowa City, Iowa, 1:1,000) and dystrophin (Abcam, 831009,
Cambridge, UK, 1:500) for identification of type II myofibers (54) and
delineation of the myofiber border, respectively, together with DAPI-
stains. Specific secondary antibodies [Alexa-488 goat anti-mouse
(Invitrogen, 1008801, 1:200) and CF-594 goat anti-rabbit (Invitrogen,
1008648, 1:200)] were applied after each primary antibody. Sections
were mounted with a fluorescent anti-fade containing DAPI solution.
The sections were visualized on a computer screen using a light
microscope (Olympus BX61, Tokyo, Japan) connected to a fluores-
cent light (X-Cite 120PCQ; EXFO Photonic Solutions, Inc., Missis-
sauga, Ontario, Canada). The microscope was connected to a digital
camera (Olympus DP72, Tokyo, Japan), and pictures were taken at
	20 (satellite cells and myonuclei) and 	4 (muscle fiber areas and
fiber type) magnification. All morphometric analysis was performed
in Cell-F (Olympus), TEMA (ChekVision, Hadsund, Denmark) and
ImageJ. The criteria for identifying satellite cells were that they had to
stain positive for PAX7, be placed within the basal lamina and have
a nucleus with a subordinate placement (Fig. 2). Myonuclei had to be
stained for DAPI and be placed within the dystrophin staining.
Furthermore, nuclei with a central myofiber position were counted as
an additional indicator of myofiber regeneration (19).

RNA extraction and cDNA/real-time polymerase chain reaction.
Total RNA was extracted using AllPrep DNA/RNA/miRNA Univer-
sal Kit (Qiagen GmbH, Hilden, Germany) according to manufactur-
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er’s instructions. Total RNA concentration and purity was measured
using a NanoDrop 1000 running 3.1.2 NanoDrop software (BioLab,
Auckland, New Zealand). Input RNA (1,500 ng) was used for cDNA
synthesis using the High�Capacity RNA�to�cDNA kit (Life Technol-
ogies), and mRNA were measured by real-time polymerase chain
reaction (RT�PCR) on a LightCycler 480 II (Roche Applied Science,
Penzberg, Germany) using SYBR Green I Master Mix (Roche Ap-
plied Science). Target mRNAs were Myogenic Differentiation 1
(MYOD), Myogenin (MYOG), Paired box 7 (PAX7), CyclinD1
(CCND1), CyclinD2 (CCND2), insulin-like growth factor 1 receptor
(IGF1R), Cyclin-dependent kinase inhibitor 1 (p21), and Myostatin
(MSTN) (Table 1). mRNA primers were designed using BLAST
software (Qiagen; Venlo, Limburg, The Netherlands). The geometric
mean of four recently proposed human reference genes (13), endo-
plasmic reticulum membrane protein complex subunit 7 (EMC7),
valosin-containing protein (VCP), charged multivesicular body pro-
tein 2A (CHMP2A), and chromosome 1 open reading frame 43
(C1orf43) were identified as the least variable and used as reference
genes. Standard and melting curves were performed for every target to
confirm primer efficiency and single-product amplification.

miRNA cDNA and RT-PCR. As described in D’Souza et al. (13), 10
ng of total RNA was converted to cDNA using the TaqMan Advanced
miRNA cDNA Synthesis Kit (Thermo Fisher Scientific), miRNA
abundance was measured by RT-PCR on a QuantStudio 6 (Thermo
Fisher Scientific) using Applied Biosystems Fast Advanced Master
Mix (Thermo Fisher Scientific). Target miRNAs were miR-15a-5p,
-16–5p, -206, -208b-3p, -451a, and -486-5p (Thermo Fisher Scien-
tific, cat. no. A-25576) (Table 1). The geometric mean of three stable
endogeneous miRs (miR-361-5p, -320a, and -186-5p) were identified

as the least variable and used as reference genes. The abundance of
miRs and mRNA were measured using the 2(�

CT) method (13).

Blood samples. Blood samples were obtained in a fasted state (�12
h) from resting individuals every training day, during the Rest Week,
3 and 10 days post-BFRRE, as well as 1 and 3 h post-BFRRE (not
fasted) the first day of each training block. Blood was drawn from an
antecubital vein into 8-ml serum vacutainer tubes. After 30 min, the
tubes were centrifuged at 2,100 g for 10 min at 4°C and serum was
transferred to 1-ml blood collection tubes. Serum were immediately
stored at �80°C until analysis. A Modular Analyzer P800 (Roche
Diagnostics, Mannheim, Germany) was used to analyze creatine
kinase and a Modular Analyzer E170 (Roche Diagnostics) was used to
assess myoglobin levels. Test-retest measurements revealed a coeffi-
cient of variation of 5% creatine kinase and 6% for myoglobin
analysis.

Delayed-onset muscle soreness, perceived exertion and pain. De-
layed-onset muscle soreness (DOMS) was registered on a 100-mm
visual analog scale (55) before every BFRRE bout. Subjects were
asked to quantify their DOMS by palpating their quadriceps with two
fingers against five different locations on both legs: distal, middle, and
proximal on the VL, then distal and middle on m. vastus medialis. The
measurement locations were recorded on transparent, acetate paper.
Palpations were done in a standing position, and participants were
familiarized to apply palpation pressures two times before the baseline
measurements. The average of the five positions was used for further
analysis. Subjects were instructed to not include soreness or pain from
the area that biopsies were obtained in the assessment. Test-retest
DOMS measurements acquired before the intervention (13 partici-
pants, on 2 separate days) demonstrated limits of agreements (mean

Fig. 2. Representative immunohistochemical staining. White arrows denote Pax7�/DAPI� satellite cell, yellow arrows denote DAPI� myonuclei within the
dystrophin staining and star mark other DAPI� nuclei outside the dystrophin staining. Pax7 and Laminin staining (A), Pax7 and DAPI merged (B), DAPI and
Laminin (C), Dystrophin and DAPI (D).
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difference � 1.96 standard deviations SD of the difference) of be-
tween 0.1 and 0.7 � 1.9–3.6 mm at all measurement locations.
Participants were asked to report perceived pain (Borg Category Ratio
scale 10) and exertion (Borg-Rated Percieved Exertion scale) imme-
diately after every BFRRE bout, as they perceived it during the
exercise efforts.

Statistical analysis. Based on an expected standard deviation (SD)
of 12% (49), a minimum of 12 participants were required to detect a
mean change of 11% in muscle fiber area with a power of 80% (�:
0.05; two-tailed). We considered such difference to be well within the
physiological meaningful range (43). For secondary outcomes, such
as muscle strength (1RM) and the number of myonuclei and satellite
cells, we estimated our statistical power to be 80% to detect a true
change of 11%. Statistical analyses were performed using Graph Pad
Prism Software (GraphPad Software, Inc., La Jolla, CA). Differences
between time points were determined using one-way repeated mea-
sures ANOVA, Dunnett’s was used as a post hoc test, and Pearson r
was used to assess correlations. The pooled means between the right
and left leg of each subject was used to analyze changes from
baseline. Results are shown as means � SD. Statistical significance
level was set to 5%.

RESULTS

Subjects. Two participants dropped out because of the fre-
quent training and testing. One participant dropped out because
of severe muscle soreness and weakness in the quadriceps and
could not walk without crutches for two days after conducting
the first BFRRE sessions (creatine kinase levels; 4188 U/l on

day 4 versus 194 U/l at baseline). Thirteen participants com-
pleted all 14 training sessions (24 � 2 yr; mean � SD,
78 � 12 kg and 179 � 8 cm high; 9 men and 4 women).

BFFRE. The mean training load (20% of 1RM) was
13.1 � 3.1 kg and remained unchanged during the BFRRE
intervention. On average, the participants performed 51 � 9,
13 � 4, 11 � 4, and 10 � 4 repetitions in the first, second,
third, and fourth set, respectively, for a total of 84 � 15
repetitions per training session. The number of repetitions per
session increased from 80 � 14 in the first training block to
89 � 13 during the second block of training (P � 0.01).
Repetitions per set increased from training block 1 to block 2
(P � 0.01), and total work (repetitions 	 kg) increased from
1,050 � 314 kg during training block 1 to 1,153 � 266 kg in
training block 2 (P � 0.01). The BFR pressures applied
corresponded to 58 � 3% (range: 54–64%) of the pressure
needed to occlude blood flow fully of a. femoralis superficialis
(170 � 10 mmHg). In the rested condition, blood flow was
reduced with 66 � 13% (baseline) and 64 � 17% (post-
BFRRE) when the BFR pressure was applied (both P � 0.001).

Muscle size. Type I muscle fiber CSA (MFA) decreased
from baseline (4,275 � 1,014 �m2) to day 4 (4,015 � 1,226
�m2; �6 � 7%, P � 0.04) and tended to be reduced during the
Rest Week (4,006 � 1,082 �m2; �6 � 10%, P � 0.09).
Thereafter, MFA increased over baseline in the later phase of
recovery (Post 10: 5,092 � 1,549 �m2; �19 � 19%, P �
0.01) (Fig. 3A). Type II MFA decreased from baseline
(5,785 � 1,032 �m2) to day 4 (5,362 � 1,226 �m2;
�8 � 10%, P � 0.02) and Rest Week (4,893 � 1,191 �m2;
�15 � 11%, P � 0.001) (Fig. 3B). No change was observed in
type II MFA from baseline to Post 3, but a trend to increase
was observed to Post 10 (6,468 � 1,623 �m2, �11 � 19%,
P � 0.09). Type I MFA increased significantly more than type
II MFA 10 days post-BFRRE (Post 10: 19 � 21 versus
11 � 20%, respectively; P � 0.02).

The CSA of RF and the muscle thickness of VL measured by
ultrasound increased from baseline during the first block of
BFRRE, reaching 6.8 � 4.1% (P � 0.004) and 5.6 � 2.8%
(P � 0.001), respectively, at the fifth day of training, but both
RF and VL tended to decrease from the last day of the first
training block to the first day of the second block [from 6.8%
to 1.5% (P � 0.08) and 5.6% to 3.4% (P � 0.07), respec-
tively]. Similar to the first training block, both the RF and VL
increased progressively during the second block of BFRRE,
reaching 7.9 � 3.7% (P � 0.002) and 6.9 � 3.1% (P � 0.001)
from baseline at the last training day, respectively. The size of
both RF and VL stayed elevated at 3 (Post 3: RF 8.1 � 4.8%,
P � 0.008 and VL 5.3 � 2.0%, P � 0.001) and 10 days
post-BFRRE (Post 10: RF 7.0 � 4.1%, P � 0.007 and VL
5.7 � 2.8%, P � 0.001) compared with baseline (Fig. 4).

The average CSA of RF, VL, and total quadriceps measured
by MRI increased from baseline by 6.2 � 6.4% (P � 0.004),
2.4 � 2.7% (P � 0.007), and 1.2 � 1.8% (P � 0.04) 5 days
after the last BFRRE session, respectively. Absolute means
with corresponding SD for MRI and ultrasonography measure-
ments at all time-points are presented in Table 2.

Maximal strength. Strength measured as 1RM in knee ex-
tension (Fig. 5), was reduced from 65 � 14 kg at baseline to
63 � 14 kg at the Rest Week (corresponding to �4 � 5%, P �
0.04) but increased to 69 � 15 kg in the later phase of recovery
(Post 20, corresponding to 6 � 6% from baseline, P � 0.001).

Table 1. mRNA and microRNA sequences

Gene Sequence or Cat no./ID no.

mRNA primers
MYOD (Forward) CGGCATGATGGACTACAGCG
MYOD (Reverse) CAGGCAGTCTAGGCTCGAC
PAX 7 (Forward) CCTTTGGAAGTGTCCACCCC
PAX 7 (Reverse) TCGCCCATTGATGAAGACCC
CCND1 (Forward) GCTGCGAAGTGGAAACCATC
CCND1 (Reverse) CCTCCTTCTGCACACATTTGAA
CCND2 (Forward) CTGCCCCCACCTAGATCATA
CCND2 (Reverse) TCCCTTATGCTGTACTTCAAATAGG
MYOG (Forward) GGCCAAACTTTTGCAGTGAATATT
MYOG (Reverse) TCGGATGGCAGCTTTACAAACAAC
MSTN (Forward) CTACAACGGAAACAATCATTACCA
MSTN (Reverse) GTTTCAGAGATCGGATTCCAGTAT
P21 (Forward) TGCCGAAGTCAGTTCCTTGT
P21 (Reverse) GTTCTGACATGGCGCCTCC
IGF1R (Forward) GACATGCCCAAGACCCAGAAGGA
IGF1R (Reverse) CGGTGGCATGTCACTCTTCACTC

Reference genes
EMC7 (Forward) GGGCTGGACAGACTTTCTAATG
EMC7 (Reverse) CTCCATTTCCCGTCTCATGTCAG
VCP (Forward) AAACTCATGGCGAGGTGGAG
VCP (Reverse) TGTCAAAGCGACCAAATCGC
CHMP2A (Forward) CGCTATGTGCGCAAGTTTGT
CHMP2A (Reverse) GGGGCAACTTCAGCTGTCTG
C1orf43 (Forward) CTATGGGACAGGGGTCTTTGG
C1orf43 (Reverse) TTTGGCTGCTGACTGGTGAT

microRNA primers
miR-15a-5p A25576/477858_mir
miR-16–5p A25576/477860_mir
miR-206 A25576/477968_mir
miR-208b-3p A25576/477806_mir
miR-451a A25576/477968_mir
miR-486–5p A25576/478128_mir

Forward and reverse sequences of analyzed genes. Please refer to the main
text for definitions of relevant genes.
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Satellite cells. On average, 670 � 342 muscle fibers (type I;
426 � 64, type II; 360 � 145) per section were analyzed for
Pax7-positive satellite cells. Pax7-positive cells around type I
muscle fibers increased from baseline (3.4 � 0.7; cells per 100
muscle fibers) to day 4 (6.1 � 3.2, P � 0.02), the Rest Week

(6.1 � 3.0, P � 0.01), Post 3 (6.8 � 2.0, P � 0.001), and Post
10 (6.3 � 2.5, P � 0.002), corresponding to relative increases
by 71%–96%, (Fig. 3C). Similarly, Pax7-positive cells around
type II muscle fibers increased from baseline (3.6 � 1.2) to day
4 (5.3 � 1.9, P � 0.008), Rest Week (6.4 � 2.7, P � 0.005),

Fig. 3. Immunohistochemistry. Muscle fiber
cross sectional area, type I (A) and type II
(B). Pax7� myogenic stem cells per muscle
fiber type I (C) and II (D). Myonuclei num-
ber per muscle fiber type I (E) and II (F).
Muscle fiber cross sectional area per nu-
cleus, type I (G) and II (H). The relative
changes are from baseline to the fourth day
of training (day 4), after the first block of
training (Rest Week), as well as 3 (Post 3)
and 10 days (Post 10) after cessation of
training. (*P � 0.05). Data expressed are
expressed as means with 95% confidence
intervals.
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Post 3 (7.9 � 2.9, P � 0.001), and Post 10 (8.4 � 2.8, P �
0.001), corresponding to relative increases by 51%–144% from
baseline (Fig. 3D). The increases in satellite cell numbers at
Post 10 were correlated with the increases in MFA (r � 0.56,
P � 0.05).

Myonuclei and myonuclear domain. The number of myonu-
clei in type I fibers increased from baseline (3.28 � 0.42) to
Post 3 (4.00 � 0.84, P � 0.002) and Post 10 (4.28 � 1.07, P �
0.003), corresponding to relative increases of 21 � 17 and
30 � 24%, respectively (Fig. 3E). Similarly, the number of
myonuclei in type II fibers increased from baseline
(3.65 � 0.42) to Post 3 (4.36 � 0.80, P � 0.007) and Post 10
(4.80 � 1.25, P � 0.005), corresponding to 19 � 18 and
31 � 27%, respectively (Fig. 3F). No changes were observed
in myonuclear numbers from baseline to day 4 or Rest Week.
We could not detect any increases in centrally placed nuclei for
type I or II fibers (0.6–1.6 nuclei per 50 fibers at all time-
points).

MFA per nucleus (myonuclear domain) decreased for type I
fibers during BFRRE from 1,336 � 376 �m2 at baseline to
1,153 � 349 �m2 (P � 0.008) at Post 3, corresponding to a
relative decrease of �13 � 12% (Fig. 3G). In type II fibers, the

MFA per nucleus decreased from baseline (1,504 � 417 �m2)
to day 4 (1,336 � 379 �m2, P � 0.04), Rest Week
(1,191 � 367 �m2, P � 0.002), and Post 3 (1,257 � 420 �m2,
P � 0.005), corresponding to a relative change of �10 � 13%,
�20 � 15%, and �16 � 14%, respectively (Fig. 3H).

Gene expression. Fold changes in mRNA are presented in
Fig. 6. Pax7 mRNA abundance was increased after the first
block of BFRRE (Rest Week: 2.02 � 0.21-fold, P � 0.02) and
was elevated 3 (Post 3: 2.26 � 0.19-fold, P � 0.04) and 10
days (Post 10: 2.04 � 0.23-fold, P � 0.04) after BFRRE. p21
mRNA increased 1 h after BFRRE during the first (Acute 1:
4.23 � 3.24-fold, P � 0.04) and second block (Acute 2:
3.87 � 0.82-fold, P � 0.004) and tended to stay elevated at
day 4 (1.96 � 0.74-fold, P � 0.09) and during the Rest Week
(3.61 � 1.40-fold, P � 0.08). MyoD tended to be elevated at
the Rest Week (1.32 � 0.20-fold, P � 0.06) and was signifi-
cantly elevated 10 days after the intervention (Post 10:
1.44 � 0.23-fold, P � 0.04). After the training intervention,
mRNA abundance was also elevated for myogenin (Post 10:
1.36 � 0.10-fold, P � 0.01), Cyclin D1 (Post 3: 1.85 � 0.21
fold, P � 0.02, and Post 10: 1.73 � 0.29-fold, P � 0.03),
Cyclin D2 (Post 10: 2.15 � 0.45 fold, P � 0.03), and IGF1R
(Post 10: 1.34 � 0.24-fold, P � 0.04). Myostatin did not
change during the BFRRE intervention but was decreased 3
days after BFRRE (Post 3: 0.71 � 0.09-fold, P � 0.04). The
increases in p21 mRNA at Acute 1 were correlated with the
reduction in MFA at day 4 of type II (r � �0.67, P � 0.01)
and type I � II fibers (r � �0.78, P � 0.01), and a tendency
was observed in type I fibers (r � �0.52, P � 0.06). Further-
more, the increases in p21 mRNA at day 4 were correlated with
the reduction in MFA at the Rest Week for type II (r � �0.55,
P � 0.05) and type I � II fibers (r � �0.53, P � 0.05).

MicroRNA. Fold changes in miRs are presented in Fig. 7.
Across the time-points, miR-451a was unchanged whereas
miR-486 decreased significantly 1 h after BFRRE in the second
block (Acute 2: 0.68 � 0.21-fold, P � 0.001) and increased at
10 days postintervention (Post 10: 1.43 � 0.54-fold, P �
0.048). miR-16 increased by 3.14 � 1.98-fold (P � 0.007) at
Post 10, whereas miR-15a tended to increase at Post 10
(3.39 � 3.11-fold, P � 0.06). miR-208b decreased signifi-
cantly during the Rest Week (0.76 � 0.26-fold, P � 0.03) and

Fig. 4. Muscle thickness and cross sectional area. Relative increases in the
cross sectional area of m. rectus femoris (RF) and muscle thickness of m.
vastus lateralis (VL) expressed on a timeline from the first day of BFRRE until
the last measurements at day 29. *Significant change in VL compared with
baseline (P � 0.05), #significant change in RF compared with baseline (P �
0.05). Data are reported as pooled means between the left and right leg and
expressed as means � SD.

Table 2. Ultrasonography and magnetic resonance imaging measurements of muscle size

Ultrasonography Magnetic Resonance Imaging

Time point RF CSA, cm2 VL thickness, cm VL CSA, cm2 RF CSA, cm2 Total quadriceps, cm2

Baseline 11.27 � 2.43 2.63 � 0.31 22.47 � 4.02 8.99 � 1.85 65.74 � 11.88
Day 2 11.58 � 2.45 2.73 � 0.35
Day 3 11.73 � 2.43 2.72 � 0.33
Day 4 11.69 � 2.34 2.74 � 0.33*
Day 5 12.04 � 2.48* 2.78 � 0.32*
Rest Week 11.49 � 2.38 2.72 � 0.29*
Day 15 11.45 � 2.38 2.72 � 0.30
Day 16 11.56 � 2.35 2.77 � 0.29*
Day 17 11.84 � 2.56 2.80 � 0.32*
Day 18 11.85 � 2.64 2.79 � 0.30*
Day 19 12.16 � 2.64* 2.81 � 0.32*
Post 3 12.07 � 2.61* 2.77 � 0.32*
Post 5 22.99 � 3.78* 9.57 � 1.71* 66.35 � 11.25*
Post 10 11.99 � 2.60* 2.78 � 0.32*

Values presented as mean � SD. CSA, cross sectional area; RF, m. rectus femoris; VL, m. vastus lateralis. *Time points significantly different from baseline
with P � 0.05.
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1 h after BFRRE in the second block (Acute 2: 0.72 � 0.28-
fold, P � 0.01). miR-206 tended to increase at the fourth day
of BFRRE (day 4: 1.73 � 0.89-fold, P � 0.098). The reduction
in MFA of type II fiber at day 4 was correlated with the
increases in miR 15a at Acute 1 (r � �0.55, P � 0.05), day 4
(r � �0.73, P � 0.01), and at the Rest Week (r � �0.69,
P � 0.01). Means with corresponding SD for fold changes
in microRNA and mRNA at all time-points are presented in
Table 3.

Creatine kinase and myoglobin. Creatine kinase (Fig. 8) and
myoglobin increased from baseline (177 � 118 U/l and
42 � 24 �g/l, respectively) to a maximum of 1,224 � 968 U/l
(P � 0.03) and 253 � 238 �g/l (P � 0.04) the fifth day of
training, respectively. Creatine kinase and myoglobin returned
to baseline after the Rest Week (170 � 99 U/l and 38 � 13
�g/l, respectively; the first day during the second training
block) and did not increase significantly during the second
block of BFRRE.

DOMS, perceived exertion and pain. DOMS increased to a
maximum of 39 � 21 mm (P � 0.001) the third day of training
and returned to baseline during the Rest Week (4.7 � 5.9 mm,
day 9). DOMS did not increase significantly during the second
block of BFRRE. Perceived exertion (ranging between 18 and
19) and pain (between 7 and 8), measured as they perceived it
during the exercise efforts, did not change during intervention.

DISCUSSION

There were several notable findings in the present study.
First, satellite cell numbers increased gradually, by ~70%–
80% after the first block of BFRRE and by 80%–144% 10 days
after the second block of BFRRE. Second, the number of
myonuclei also increased gradually, by ~20% in both fiber
types 3 days after and by ~30% 10 days after the second block
of BFRRE, suggesting a delayed satellite cell/myoblast fusion
into existing muscle fibers. Third, there was a discrepancy
between the whole-muscle and muscle fiber measurements.
Although muscle thickness and the CSA of VL and RF in-
creased progressively during both training weeks, the MFA
decreased significantly in both type I (�6%) and II (�15%)
fibers during the first block of BFRRE. Only type I fiber areas
increased significantly (19%) over baseline 10 days after full
completion of the BFRRE intervention. Finally, in parallel with
the initial decrease and delayed increase in MFA, strength
decreased after the first block and did not increase significantly

until 20 days after cessation of BFRRE (6% gain in 1RM). The
delayed increase in myonuclear number, MFA, and strength
may indicate an overreaching effect especially during the first
block of BFRRE.

Training data. Although the present study aimed to repro-
duce the BFRRE protocol applied by Nielsen et al. (43, 44)
during the first week, the training volume was higher in our
study, especially during the first 3 bouts (~80 versus 45
repetitions per session). This discrepancy may be explained by
the difference in cadence [1.5 � 1.5 s in Nielsen et al. (43, 44),
1 � 1 s in the present study] and perhaps also by slight
differences in actual loads. Moreover, we may have “pushed”
our participants harder before they reached the criteria of
voluntary failure (personal communication, Jakob Nielsen).
The marked increases in total number of repetitions during
week 1 in Nielsen et al. (43, 44) clearly support that the effort
was not truly maximal in the first 3 training bouts compared
with bouts 5–7. Thus, it may be hypothesized that the exercise
volume and overall stress in Nielsen et al. (43) were close to a
tolerable limit after high-frequency low-load BFRRE and that
this threshold was exceeded in the first part of the present
study, which could explain many of the discrepant findings
between this study and that of Nielsen et al. (43), discussed
further below.

Satellite cell and myonuclear responses. The gradual in-
crease in satellite cells (96%�144%) and the delayed increase
in myonuclei (~30%) during the BFRRE intervention were
large when compared with the responses seen previously with
heavy-load strength training (satellite cells: 30%–50%, and
myonuclei number: ~20%) (47, 48). To the best of our knowl-
edge, Nielsen et al. (43) is the only previous study to explore
satellite cells and myonuclear responses to a training period of
low-load BFRRE. In contrast to the findings of Nielsen and
coworkers, the MFAs were reduced, myonuclear numbers were
unaltered, and the satellite cell responses were much smaller
(approximately one-quarter of Nielsen et al.) in both fiber types
after the first block of BFRRE in the present study. In accor-
dance with our hypothesis, however, our participants seemed to
respond to the second block of BFRRE, resulting in peak
increases in myonuclear number (Post 10) that were similar to
Nielsen and coworkers (~30%; at 3 days after the first block).
The different time-course of responses between the present
study and Nielsen et al. (43) are intriguing. Although the
number of satellite cells Nielsen et al. (10) increased during the
first week but decreased 10 days after the intervention,
the increases in the present study were gradual and did not peak
before 3–10 days after BFRRE (especially in type II fibers). It
could be speculated that the delayed increases in satellite cells
were in part related to a delayed regeneration—as previously
observed after exercise-induced muscle damage (e.g., 11, 36,
37). In support of this hypothesis, we did observe some small
muscle fibers that were strongly positive for neural cell adhe-
sion molecule in a few of our subjects (data not shown), which
has previously been associated with muscle regeneration (38).
On the other hand, we could not detect any increases in nuclei
with a central myofiber position as an additional indicator of
muscle regeneration (19). Furthermore, the delayed satellite
cell responses coincided and correlated with the increases in
MFA (r � 0.56, P � 0.05) and myonuclei between 3 and 10
days after the intervention, which could support the notion that
the delayed peak in satellite cell responses in the present study

Fig. 5. Maximal strength. Relative change in 1 repetition maximum during the
Rest Week as well as 3 (Post 3), 10 (Post 10), and 20 days (Post 20) after
cessation of training; *P � 0.05. Data are reported as pooled means between
the left and right leg and expressed as means with 95% confidence intervals.
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were at least in part related to the delayed myonuclear addition.
These delayed increases may in part be explained by the
observed changes in mRNAs for the myogenic regulatory
factors and cell cycle regulators.

Myogenic and cell cycle regulatory factors. Despite the
observed increase in satellite cell number during BFRRE,
MyoD only tended to increase at the Rest Week, and no
increases in the myogenic regulatory factors MyoD and myo-
genin, as well as the cell cycle regulators cyclin D1 and D2,
were observed until 3 and 10 days after the second BFRRE
block. MyoD is present in both proliferating Pax7-positive
myoblasts and in differentiating Pax7-negative myoblasts that
have exited the cell cycle (17). Disregarding the tendency for
elevated MyoD expression after training block 1, the lack of
significant increases in MyoD mRNA in the present study
before Post 10 is therefore puzzling, given that increases in the

number of satellite cells and myonuclei occurred also before
this time point. However, MyoD mRNA has a half-life of only
~90 min (30), and MyoD is not expressed in quiescent satellite
cells (17). Therefore, the timing of biopsy sampling may
simply have missed the transient increases in MyoD mRNA in
conjunction with myoblast proliferation and differentiation.

The late increases (Post 10) in MyoD and myogenin mRNA
indicate myoblast differentiation and possible fusion between
myoblasts and myofibers and/or between myoblasts. The for-
mer scenario is consistent with the observation that the peak
increases in myonuclei were observed at Post 10 but also
suggests the intriguing possibility that the processes of differ-
entiation and myonuclear addition were still ongoing at this
time point. However, part of the increase in MyoD mRNA may
also be related to the elevated satellite cell numbers, which
were at their highest at this point, especially in the type II

Fig. 6. Gene abundance. The fold changes
are from baseline to 1 h after the first
BFRRE session during training block 1
(Acute 1), at rest the fourth day of training
(day 4), during the Rest Week, 1 h fter the
first blood flow-restricted resistance exercise
(BFRRE) session during training block 2
(Acute 2), as well as 3 (Post 3) and 10 days
(Post 10) after cessation of training. Pax7
mRNA (A), p21 mRNA (B), � MyoD
mRNA (C), Myogenin mRNA (D), Cyclin
D1 mRNA (E), Cyclin D2 mRNA (F), Myo-
statin mRNA (G), IGF1R mRNA (H).
mRNAs normalized to geomean of four
housekeepers. *P � 0.05. Data expressed
are expressed as means � SD.
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fibers. Interestingly, the increases in satellite cell numbers at
Post 3 and Post 10 appeared to coincide with the increments in
myonuclear numbers in the type II fibers at these time-points.
Increased transcription of cell-cycle proteins like Cyclin D1
promotes satellite cell proliferation (17). The observation that
the mRNAs for the cell cycle regulators cyclin D1 and cyclin
D2 were elevated at Post 3 (Cyclin D1) and Post 10 (both
Cyclin D1 and D2) therefore seems consistent with the finding
that the satellite cell numbers were highest at these same
points. Taken together, these responses may partly explain the
delayed satellite cell fusion with existing muscle fibers, man-
ifested as a delayed increase in myonuclear number, observed
during BFRRE in the present study.

Interestingly, p21, which is expressed at low levels in
healthy muscle but highly induced during muscle atrophy (6,
20), was upregulated ~fourfold at the mRNA level 1 h after the
first BFRRE session during both blocks and tended to remain
elevated (~3.6-fold) during the Rest Week. Notably, the in-
crease in p21 mRNA at 1 h postexercise and at day 4 was
correlated with the reduction in type II MFA at day 4 and
during the Rest Week, respectively. The observation that in-
creased p21 expression was correlated with the reduction in

type II myofiber area at the two time-points where muscle fiber
atrophy was observed, together with a clear trend toward
long-lasting elevations in expression (2–3.6-fold increases at
day 4, Rest Week, and Post 3), may suggest a role for p21 in
the myofiber atrophy in the present study. Importantly, similar
~fourfold upregulations of p21 at the mRNA as well as at the
protein levels have been observed after 3 days of immobiliza-
tion in a mouse model of disuse atrophy (20) and after p21
overexpression by plasmid transfection in mouse muscle fibers
(5), and in these two models p21 has been shown to be both
necessary and sufficient to induce marked myofiber atrophy
(5, 18).

It should be noted that in the rodent immobilization model,
p21 probably increases primarily in the myonuclei and acts via
cell cycle-independent mechanisms in skeletal muscle fibers
(discussed in 20), at least in part via repressing spermine
oxidase (6). Support for a myonuclear location of the increased
p21 expression during atrophic conditions can be found in a
study on denervation atrophy in rats by Ishido et al. (27), who
showed that p21 was primarily expressed in myonuclei and not
satellite cells. Our observation of increased p21 mRNA already
at 1 h postexercise is in line with the findings of Drummond et

Fig. 7. miRNA abundance. The fold changes
are from baseline to 1 h after the first blood
flow-restricted resistance exercise (BFRRE)
session during training block 1 (Acute 1), at
rest the fourth day of training (day 4), during
the Rest Week, 1 h after the first BFRRE
session during training block 2 (Acute 2), as
well as 3 (Post 3) and 10 days (Post 10) after
cessation of training. miR 15a (A), miR 16
(B), miR 206 (C), miR 208b (D), miR 451
(E), and miR 486 (F). miRNAs normalized
to geomean of three housekeepers. *P �
0.05. Data expressed are expressed as
means � SD.
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al. (16), who reported a more than 50-fold upregulation of p21
mRNA 3 h after an acute bout of BFRRE at 20% of 1RM. The
greater elevation in their study is likely in part because of the
different time points of biopsy sampling, as it has been shown
that many exercise-responsive genes reach their peak mRNA
expression between 2 and 8 h postexercise (35).

An argument against our hypothesis of a myonuclear up-
regulation of p21 with excessive BFRRE is that there are
several other cell types in skeletal muscle that may also be
subject to upregulation of p21, including satellite cells. How-
ever, electron microscopy studies have revealed that myonuclei
comprise ~74% of all nuclei in human skeletal muscle whereas
satellite cells only contribute with 4%, the remaining 22%
being ascribed to interstitial cells (52). Therefore, we argue that
the increases observed by us and by Drummond et al. (16)
seem too early and too large to be accounted for by nuclei from
other cell types than muscle fibers. With regard to the contri-
butions of myonuclei versus satellite cells to the p21 mRNA
upregulation, we similarly favor a predominant influence of the
myonuclei, but the fact that both types of nuclei are situated in
similar (but not identical) peripheral positions within the basal
lamina suggests that they may be exposed to similar stresses
during BFRRE (e.g., ischemia-reperfusion). In turn, this raises
the intriguing possibility that both myonuclei and satellite cells
may upregulate p21 after acute BFRRE. Nevertheless, we
acknowledge the need for further investigations with immuno-
histochemistry and Western blotting to support or refute our
views with regard to the location(s) and extent of p21 expres-
sion at the protein level after strenuous BFRRE.

Interestingly, Hulmi et al. (26) reported ~500%–700% in-
creases in p21 mRNA 1 h after acute heavy resistance exercise,
and similar increases were also observed at 48 h postexercise.
Collectively, these findings suggest that increased p21 mRNA
occurs as a part of a stress response to both unaccustomed
heavy resistance exercise and BFRRE. We hypothesize that
although this is a normal event after these types of exercise, too
high and too frequent and/or long-lasting elevations can atten-
uate the hypertrophic responses and even induce atrophy.

Changes in muscle size during high-frequency BFRRE. A
few previous studies have investigated the effects of high-
frequency (up to two times per day) low-load BFRRE on
increases in muscle size (1, 23, 43) and observed high rates of

muscle growth (0.4%�0.6% per calendar day) that exceed
those in the present study [~0.3% in CSA of RF and 0.4%–
0.7% in MFA, per day (29 days)]. Surprisingly, in contrast to
the gradual day-to-day increase in muscle CSA and thickness
during the first training block, the MFA was reduced in the
present study. The discrepancy between changes in MFA
versus the gradual increase in muscle CSA and thickness is
intriguing. It could be speculated that an enlarged interstitial
space (via e.g., extracellular swelling and remodeling of the
extracellular matrix) of the muscle occurred because of the
intense exercise stimulus (22). It should also be kept in mind
that muscle fibers from a single level of a muscle are not
necessarily representative of the whole muscle (33). There
were also some discrepancies between the ultrasound and MRI
data for whole-muscle size in our study. Both RF CSA and VL
thickness increased considerably more than the CSA for the
quadriceps as a whole. However, the vastus medialis and
intermedius displayed very little CSA changes (data not
shown), which would help explain the minor increases in the
overall quadriceps CSA. Furthermore, although CSA would be
expected to change proportional to the square power of the
change in radius (thickness), the muscle thickness of the VL
measured by ultrasound increased more than the VL CSA by

Table 3. Muscle mRNAs and miRs expression fold changes to baseline

mRNA Acute 1 Day 4 Rest Week Acute 2 Post 3 Post 10

PAX7 1.05 � 0.13 1.24 � 0.14 2.02 � 0.21* 1.54 � 0.26 2.26 � 0.19* 2.04 � 0.21*
p21 4.23 � 3.24* 1.96 � 0.74 3.61 � 1.40 3.87 � 0.82* 2.28 � 1.20 1.33 � 0.28
Myo D 1.11 � 0.23 1.09 � 0.43 1.32 � 0.20 1.15 � 0.20 1.05 � 0.29 1.44 � 0.23*
Myogenin 0.94 � 0.18 1.00 � 0.15 1.25 � 0.22 0.94 � 0.08 1.09 � 0.40 1.36 � 0.10*
Cyclin D1 1.16 � 0.20 0.85 � 0.14 1.31 � 0.18 1.15 � 0.12 1.85 � 0.21* 1.73 � 0.29*
Cyclin D2 1.27 � 0.24 1.00 � 0.13 1.38 � 0.29 1.33 � 0.17 1.36 � 0.22 2.15 � 0.45*
Myostatin 1.08 � 0.16 0.83 � 0.29 1.05 � 0.09 0.92 � 0.13 0.71 � 0.09* 1.41 � 0.23
IGF1R 0.93 � 0.11 0.79 � 0.12 1.15 � 0.19 0.90 � 0.14 1.03 � 0.09 1.34 � 0.24*
miR Acute 1 Day 4 Rest Week Acute 2 Post 3 Post 10
15a 5.01 � 9.05 7.26 � 16.19 3.97 � 6.60 5.36 � 9.51 4.51 � 7.70 3.39 � 3.11
16 2.11 � 2.21 1.11 � 0.92 1.27 � 1.53 2.58 � 3.94 1.48 � 1.92 3.14 � 1.98*
206 1.32 � 0.89 1.57 � 0.89 1.28 � 0.72 1.44 � 1.06 1.14 � 0.66 1.59 � 1.52
208b 0.95 � 0.50 0.85 � 0.66 0.76 � 0.26* 0.72 � 0.28* 0.82 � 0.63 0.89 � 1.07
451a 1.82 � 1.64 1.56 � 1.53 2.10 � 2.05 2.16 � 2.42 1.14 � 1.40 2.27 � 2.84
486 1.11 � 0.53 1.21 � 0.74 1.00 � 0.41 0.68 � 0.21* 1.04 � 0.49 1.43 � 0.54*

Values presented as mean � SD. Please refer to the main text for definitions of relevant genes and proteins. *Time-points significantly different from baseline
with P � 0.05.

Fig. 8. Creatine kinase. Increases in the creatine kinase levels expressed on a
timeline from the first day of blood flow-restricted resistance exercise until the
last measurements at day 29. *Significant change in creatine kinase compared
with baseline (P � 0.05). Data are expressed as means SD.
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MRI (~5% versus ~2%, respectively). Interestingly, a recent
study by Franchi et al. (21) on conventional heavy resistance
training also clearly indicate greater increases in muscle thick-
ness than in muscle CSA and volume for the VL (~8% versus
~5%). Moreover, Franchi et al. (21) reported poor correlations
between changes in muscle thickness and volume. It is thus
possible that the muscle enlargement of the VL was not
homogenous in all directions and at all levels, explaining the
lesser increase in muscle CSA than in thickness in our study.

Fiber-type specific responses after high-frequency BFRRE.
Interestingly, we observed significantly larger increases in
MFA of type I fibers than type II fibers (type I: 19% versus
type II: 11%). These responses are in agreement with our
recent findings that low-load BFRRE induces preferential hy-
pertrophy of type I fibers in highly strength-trained individuals
(5). The stress response and metabolic demand seems to be
higher in type I fibers during low-load BFRRE (12), and a few
recent studies have also observed indications of larger gains in
type I muscle fibers during low-load (�50%) strength training
(40–42), which may indicate that resistance exercise with
low-loads could be more beneficial for type I fiber hypertrophy
than heavy-load strength training. However, the atrophy ob-
served in the first phase (training block 1) of the present study
was most severe in the type II fibers (type I: �6% versus type
II: �15%). It could be speculated that type II muscle fibers are
more sensitive to the atrophic conditions. In support of this
hypothesis, a specific reduction of type II muscle fiber areas
may be observed during both hypoxia-induced muscle atrophy
(15) and high-intensity strength training with insufficient re-
covery (14). Furthermore, Theije et al. (15) observed that
increased expression of the glucocorticoid receptor and its
target genes, as well as the activation of the ubiquitin-protea-
some system and the autophagy-lysosome pathway, mainly
occurred in the glycolytic muscles during the hypoxia-induced
muscle atrophy. As discussed previously, a contributing factor
to the myofiber atrophy may be the approximately two- to
fourfold increases in p21 that were observed at several of the
time points. Intriguingly, increases in p53 and activating tran-
scription factor 4 (ATF4), both of which upregulate p21,
appear to promote atrophy in type II but not type I fibers (20).
Although this finding was reported in a vastly different exper-
imental setting, it could explain our observation of myofiber
atrophy particularly in the type II fibers following the first
training block.

It could be speculated if the delayed increases in satellite
cells of type II fibers were in part related to a delayed regen-
eration in some of these muscle fibers and/or to a persistent
upregulation of p21 as discussed above, potentially leading to
decreased satellite cell proliferation (17). In this context, it is
interesting to note that the greatest increases in satellite cell
numbers in type II fibers were observed at the same time as the
p21 mRNA was seemingly declining (Post 3 and Post 10). In
any case, the late increases in myofiber areas and myonuclei at
Post 10 may at least in part have been caused by satellite
cell-mediated myonuclear addition, based on the elevations of
mRNAs for MyoD, myogenin, cyclin D1, and cyclin D2. We
also speculate that these processes may have continued beyond
Post 10, which would have facilitated the recovery and even-
tual supercompensation of strength (see below).

Changes in strength during high-frequency BFRRE. Nota-
bly, muscle strength was reduced 4 days after the first block of

BFRRE (Rest Week) and did not increase significantly before
20 days of detraining. These results seemed to parallel the
changes observed in muscle fiber areas and are also in line with
the modest increase in total quadriceps muscle cross sectional
area observed 5 days after the last training block [�1.2 � 1.8%
(P � 0.04)]. Interestingly, Nielsen et al. (44) did not observed
increases in isokinetic strength at slow velocity until 12 days
posttraining, whereas fast-velocity strength decreased at 5 days
posttraining, further supporting a delayed effect on force-
generating capacity after high-frequency strenuous BFRRE.
Very delayed supercompensatory strength increases have pre-
viously been observed after 4 wk of detraining during high-
frequency electrical stimulation (62). However, to the authors’
knowledge, we are the first to observe a delayed supercompen-
sation occurring in strength as long as 20 days after BFRRE.
The very late increases in strength observed with BFRRE in the
present study may be explained by the prolonged time course
of the physiological adaptations taking place at the muscle fiber
level.

Muscle damage after high-frequency BFRRE. Performing
BFRRE submaximally or with a fixed number of repetitions
(e.g., 30–15–15–15) typically causes little to no muscle dam-
age (34). However, several recent studies have shown that
performing high-volume BFRRE close to voluntary failure
increases markers of muscle damage and cellular stress (10, 12,
53, 57, 60, 61). In fact, rhabdomyolysis and excessive break-
down of muscle tissue have been reported in some individuals
(9, 28, 53, 56). Furthermore, Hain et al. (25), using a rodent
model, observed that detrimental effects may occur after 5 days
of very high-frequent blood flow-restricted exercise (four times
per day), as evidenced by a 35% reduction in MFA (~1,800
�m2). These observations convincingly demonstrate that ex-
cessive low-load BFRRE may cause muscle damage and/or
atrophy, especially at the initiation of training. In line with this
we observed relatively high overall increases in creatine kinase
and myoglobin (~1,200 U/l and 253 �g/l, respectively) in the
present study, and three of the subjects who completed the
study had creatine kinase values of 1,800–2,600 U/l after 3–4
days of training. Furthermore, the subject who dropped out
because of severe weakness was possibly developing rhabdo-
myolysis, as indicated by rising creatine kinase levels (2,389
U/l and 4,188 U/l on day 3 and 4, respectively). Interestingly,
the increased levels of creatine kinase, myoglobin, and DOMS
during the first block of BFRRE normalized during the Rest
Week and did not increase during the second block of training.
In addition, the initial decrease in myofiber areas and strength
had returned to baseline levels during the second block, which
indicates a repeated bout effect reminiscent of the protective
effects seen after damaging eccentric exercise (46, 53). We
also observed some small muscle fibers that were strongly
positive for neural cell adhesion molecule in a few of our
subjects, indicating muscle fibers regenerating from some type
of stress or damage. Taken together with the other delayed
responses of the present study, it seems like the first block of
unaccustomed BFRRE heavily stressed the muscles of our
participants and may even have induced some muscle damage
and regeneration. However, the participants seemed to recover
during the Rest Week and responded to a second block of
BFRRE.

Strengths and limitations. Strengths of the present study
included high attendance, close control of adherence during
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BFRRE, and frequent measurements to assess the time-course
of changes. Furthermore, the participants were well familiar-
ized to the strength measurements, and all measurements were
performed by the same test leaders and in the same order each
time. Nevertheless, the present study has several limitations.
First, we did not include a control group. An additional
nontraining control group, or group training without BFR,
would have allowed us to observe the effects of the BFRRE per
se. Second, we used an identical absolute cuff pressure across
all participants. However, the variations in our participants’
relative arterial occlusion pressure (AOP) were small, corre-
sponding to a range of 54% to 64%. We therefore argue that we
achieved reasonably similar degrees of blood flow restriction in
our subjects. It should be noted that we measured AOP at rest
and performing exercise will in itself likely influence the
pressure required to obtain AOP. Finally, our counting criteria
for Pax7-positive staining seemed to be more restrictive than
what is commonly used, causing the average number of satel-
lite cells per muscle fiber at baseline to be lower in the present
study compared with the majority of reports [~0.035 at in the
present study versus ~0.10 (e.g., in 3, 36, 37, 43)]. This may
have reduced the sensitivity of our satellite cell analysis, but
the observed time-course of responses should not be affected
by the reduced sensitivity.

In conclusion, we report pronounced responses in satellite
cell proliferation, delayed myonuclear addition, and increases
in muscle size, concomitantly with modest and delayed in-
creases in strength. We hypothesized that the 10-day rest
period would reset the responsiveness of the myofibers after
the first 7 training sessions; however, the physiological re-
sponses were very much delayed and did not peak until 10–20
days of detraining. The initial myofiber atrophy followed by
delayed hypertrophy and strength increases are reminiscent of
the supercompensation observed after periods of overreaching
(29, 62). It appears that the first block of unaccustomed
BFRRE exceeded the capacity for recovery and may have
induced muscle damage in some of our participants. Future
research should investigate if lower exercise volumes and/or
protocols performed not to failure can be more successful, and
if a rest period can reset the responsiveness of the myofibers
after a block of high-frequency BFRRE.

ACKNOWLEDGMENTS

The authors thank Hege Nymo Østgaard and Ingrid Ugelstad for technical
support and the dedicated subjects for their time and effort.

The results of this study are presented clearly, honestly, and without
fabrication, falsification, or inappropriate data manipulation.

GRANTS

The study was supported by a grant from the University of Agder,
Norwegian School of Sport Sciences and the Norwegian Olympic Federation.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the authors.

AUTHOR CONTRIBUTIONS

T.B., M.W., A.L., G.P., and T.R. conceived and designed research; T.B.,
M.W., A.L., G.P., A.F., J.H., and T.R. performed experiments; T.B., A.L.,
R.F.D., D.C.-S., A.F., J.H., S.B., and T.R. analyzed data; T.B., M.W., G.P.,
R.F.D., D.C.-S., A.F., J.H., S.B., and T.R. interpreted results of experiments;
T.B. prepared figures; T.B. drafted manuscript; T.B., M.W., G.P., R.F.D.,
D.C.-S., A.F., J.H., S.B., and T.R. edited and revised manuscript; T.B., M.W.,

A.L., G.P., R.F.D., D.C.-S., A.F., J.H., S.B., and T.R. approved final version
of manuscript.

REFERENCES

1. Abe T, Yasuda T, Midorikawa T, Sato Y, Kearns F, Inoue K, Koizumi
K, Ishii N. Skeletal muscle size and circulating IGF-1 are increased after
two weeks of twice daily “KAATSU” resistance training. International
Journal of KAATSU Training Research 1: 6–12, 2005. doi:10.3806/ijktr.
1.6.

2. Aqeilan RI, Calin GA, Croce CM. miR-15a and miR-16-1 in cancer:
discovery, function and future perspectives. Cell Death Differ 17: 215–
220, 2010. doi:10.1038/cdd.2009.69.

3. Bellamy LM, Joanisse S, Grubb A, Mitchell CJ, McKay BR, Phillips
SM, Baker S, Parise G. The acute satellite cell response and skeletal
muscle hypertrophy following resistance training. PLoS One 9: e109739,
2014. doi:10.1371/journal.pone.0109739.

4. Bjørnsen T, Salvesen S, Berntsen S, Hetlelid KJ, Stea TH, Lohne-
Seiler H, Rohde G, Haraldstad K, Raastad T, Køpp U, Haugeberg G,
Mansoor MA, Bastani NE, Blomhoff R, Stølevik SB, Seynnes OR,
Paulsen G. Vitamin C and E supplementation blunts increases in total lean
body mass in elderly men after strength training. Scand J Med Sci Sports
26: 755–763, 2016. doi:10.1111/sms.12506.

5. Bjørnsen T, Wernbom M, Kirketeig A, Paulsen G, Samnøy L, Bæk-
ken L, Cameron-Smith D, Berntsen S, Raastad T. Type 1 muscle fiber
hypertrophy after blood flow-restricted training in powerlifters. Med Sci
Sports Exerc 1, 2018. doi:10.1249/MSS.0000000000001775.

6. Bongers KS, Fox DK, Kunkel SD, Stebounova LV, Murry DJ, Pufall
MA, Ebert SM, Dyle MC, Bullard SA, Dierdorff JM, Adams CM.
Spermine oxidase maintains basal skeletal muscle gene expression and
fiber size and is strongly repressed by conditions that cause skeletal muscle
atrophy. Am J Physiol Endocrinol Metab 308: E144–E158, 2015. doi:10.
1152/ajpendo.00472.2014.

8. Braun T, Gautel M. Transcriptional mechanisms regulating skeletal
muscle differentiation, growth and homeostasis. Nat Rev Mol Cell Biol 12:
349–361, 2011. doi:10.1038/nrm3118.

9. Clark BC, Manini TM. Can KAATSU exercise cause rhabdomyolysis?
Clin J Sport Med 27: e1–e2, 2017. doi:10.1097/JSM.0000000000000309.

10. Cook SB, Murphy BG, Labarbera KE. Neuromuscular function after a
bout of low-load blood flow-restricted exercise. Med Sci Sports Exerc 45:
67–74, 2013. doi:10.1249/MSS.0b013e31826c6fa8.

11. Crameri RM, Aagaard P, Qvortrup K, Langberg H, Olesen J, Kjaer
M. Myofibre damage in human skeletal muscle: effects of electrical
stimulation versus voluntary contraction. J Physiol 583: 365–380, 2007.
doi:10.1113/jphysiol.2007.128827.

12. Cumming KT, Paulsen G, Wernbom M, Ugelstad I, Raastad T. Acute
response and subcellular movement of HSP27, �B-crystallin and HSP70
in human skeletal muscle after blood-flow-restricted low-load resistance
exercise. Acta Physiol (Oxf) 211: 634–646, 2014. doi:10.1111/apha.
12305.

13. D’Souza RF, Bjørnsen T, Zeng N, Aasen KMM, Raastad T, Cameron-
Smith D, Mitchell CJ. MicroRNAs in muscle: characterizing the power-
lifter phenotype. Front Physiol 8: 383, 2017. doi:10.3389/fphys.2017.
00383.

14. De Souza RWA, Aguiar AF, Carani FR, Campos GER, Padovani CR,
Silva MDP. High-intensity resistance training with insufficient recovery
time between bouts induce atrophy and alterations in myosin heavy chain
content in rat skeletal muscle. Anat Rec (Hoboken) 294: 1393–1400, 2011.
doi:10.1002/ar.21428.

15. de Theije CC, Langen RCJ, Lamers WH, Gosker HR, Schols AMWJ,
Köhler SE. Differential sensitivity of oxidative and glycolytic muscles to
hypoxia-induced muscle atrophy. J Appl Physiol (1985) 118: 200–211,
2015. doi:10.1152/japplphysiol.00624.2014.

16. Drummond MJ, Fujita S, Abe T, Dreyer HC, Volpi E, Rasmussen BB.
Human muscle gene expression following resistance exercise and blood flow
restriction. Med Sci Sports Exerc 40: 691–698, 2008 [Erratum in Med Sci
Sports Exerc 40:1191, 2008]. doi:10.1249/MSS.0b013e318160ff84.

17. Dumont NA, Wang YX, Rudnicki MA. Intrinsic and extrinsic mecha-
nisms regulating satellite cell function. Development 142: 1572–1581,
2015. doi:10.1242/dev.114223.

18. English C, Fisher L, Thoirs K. Reliability of real-time ultrasound for
measuring skeletal muscle size in human limbs in vivo: a systematic review.
Clin Rehabil 26: 934–944, 2012. doi:10.1177/0269215511434994.

19. Folker ES, Baylies MK. Nuclear positioning in muscle development and
disease. Front Physiol 4: 363, 2013. doi:10.3389/fphys.2013.00363.

590 DELAYED RESPONSES WITH HIGH-FREQUENCY LOW-LOAD BFR EXERCISE

J Appl Physiol • doi:10.1152/japplphysiol.00397.2018 • www.jappl.org
Downloaded from journals.physiology.org/journal/jappl (071.224.041.211) on October 29, 2021.

https://doi.org/10.3806/ijktr.1.6
https://doi.org/10.3806/ijktr.1.6
https://doi.org/10.1038/cdd.2009.69
http://dx.doi.org/e109739
https://doi.org/10.1371/journal.pone.0109739
https://doi.org/10.1111/sms.12506
https://doi.org/10.1249/MSS.0000000000001775
https://doi.org/10.1152/ajpendo.00472.2014
https://doi.org/10.1152/ajpendo.00472.2014
https://doi.org/10.1038/nrm3118
https://doi.org/10.1097/JSM.0000000000000309
https://doi.org/10.1249/MSS.0b013e31826c6fa8
https://doi.org/10.1113/jphysiol.2007.128827
https://doi.org/10.1111/apha.12305
https://doi.org/10.1111/apha.12305
https://doi.org/10.3389/fphys.2017.00383
https://doi.org/10.3389/fphys.2017.00383
https://doi.org/10.1002/ar.21428
https://doi.org/10.1152/japplphysiol.00624.2014
https://doi.org/10.1249/MSS.0b013e318160ff84
https://doi.org/10.1242/dev.114223
https://doi.org/10.1177/0269215511434994
https://doi.org/10.3389/fphys.2013.00363


20. Fox DK, Ebert SM, Bongers KS, Dyle MC, Bullard SA, Dierdorff JM,
Kunkel SD, Adams CM. p53 and ATF4 mediate distinct and additive
pathways to skeletal muscle atrophy during limb immobilization. Am J
Physiol Endocrinol Metab 307: E245–E261, 2014. doi:10.1152/ajpendo.
00010.2014.

21. Franchi MV, Longo S, Mallinson J, Quinlan JI, Taylor T, Greenhaff
PL, Narici MV. Muscle thickness correlates to muscle cross-sectional
area in the assessment of strength training-induced hypertrophy. Scand J
Med Sci Sports 28: 846–853, 2018. doi:10.1111/sms.12961.

22. Fujikake T, Hart R, Nosaka K. Changes in B-mode ultrasound echo
intensity following injection of bupivacaine hydrochloride to rat hind limb
muscles in relation to histologic changes. Ultrasound Med Biol 35:
687–696, 2009. doi:10.1016/j.ultrasmedbio.2008.10.008.

23. Fujita T, Brechue WF, Kurita K, Sato Y, Abe T. Increased muscle
volume and strength following six days of low-intensity resistance training
with restricted muscle blood flow. Int J KAATSU Train Res 4: 1–8, 2008.
doi:10.3806/ijktr.4.1.

24. Gundermann DM, Walker DK, Reidy PT, Borack MS, Dickinson JM,
Volpi E, Rasmussen BB. Activation of mTORC1 signaling and protein
synthesis in human muscle following blood flow restriction exercise is
inhibited by rapamycin. Am J Physiol Endocrinol Metab 306: E1198–
E1204, 2014. doi:10.1152/ajpendo.00600.2013.

25. Hain BA, Dodd SL, Judge AR. I�B� degradation is necessary for
skeletal muscle atrophy associated with contractile claudication. Am J
Physiol Regul Integr Comp Physiol 300: R595–R604, 2011. doi:10.1152/
ajpregu.00728.2010.

26. Hulmi JJ, Kovanen V, Selänne H, Kraemer WJ, Häkkinen K, Mero
AA. Acute and long-term effects of resistance exercise with or without
protein ingestion on muscle hypertrophy and gene expression. Amino
Acids 37: 297–308, 2009. doi:10.1007/s00726-008-0150-6.

27. Ishido M, Kami K, Masuhara M. In vivo expression patterns of MyoD,
p21, and Rb proteins in myonuclei and satellite cells of denervated rat
skeletal muscle. Am J Physiol Cell Physiol 287: C484–C493, 2004.
doi:10.1152/ajpcell.00080.2004.

28. Iversen E, Røstad V. Low-load ischemic exercise-induced rhabdomyol-
ysis. Clin J Sport Med 20: 218–219, 2010. doi:10.1097/JSM.
0b013e3181df8d10.

29. Kraemer WJ, Ratamess NA, Volek JS, Häkkinen K, Rubin MR,
French DN, Gómez AL, McGuigan MR, Scheett TP, Newton RU,
Spiering BA, Izquierdo M, Dioguardi FS. The effects of amino acid
supplementation on hormonal responses to resistance training overreach-
ing. Metabolism 55: 282–291, 2006. doi:10.1016/j.metabol.2005.08.023.

30. Kudou K, Komatsu T, Nogami J, Maehara K, Harada A, Saeki H, Oki
E, Maehara Y, Ohkawa Y. The requirement of Mettl3-promoted MyoD
mRNA maintenance in proliferative myoblasts for skeletal muscle differ-
entiation. Open Biol 7: 170119, 2017. doi:10.1098/rsob.170119.

31. Laurentino G, Ugrinowitsch C, Aihara AY, Fernandes AR, Parcell
AC, Ricard M, Tricoli V. Effects of strength training and vascular
occlusion. Int J Sports Med 29: 664–667, 2008. doi:10.1055/s-2007-
989405.

32. Laurentino GC, Ugrinowitsch C, Roschel H, Aoki MS, Soares AG,
Neves M Jr, Aihara AY, Fernandes AR, Tricoli V. Strength training
with blood flow restriction diminishes myostatin gene expression. Med Sci
Sports Exerc 44: 406–412, 2012. doi:10.1249/MSS.0b013e318233b4bc.

33. Lexell J, Taylor CC. Variability in muscle fibre areas in whole human
quadriceps muscle. How much and why? Acta Physiol Scand 136: 561–
568, 1989. doi:10.1111/j.1748-1716.1989.tb08702.x.

34. Loenneke JP, Thiebaud RS, Abe T. Does blood flow restriction result in
skeletal muscle damage? A critical review of available evidence. Scand J
Med Sci Sports 24: e415–e422, 2014. doi:10.1111/sms.12210.

35. Louis E, Raue U, Yang Y, Jemiolo B, Trappe S. Time course of
proteolytic, cytokine, and myostatin gene expression after acute exercise
in human skeletal muscle. J Appl Physiol (1985) 103: 1744–1751, 2007.
doi:10.1152/japplphysiol.00679.2007.

36. Mackey AL, Brandstetter S, Schjerling P, Bojsen-Moller J, Qvortrup
K, Pedersen MM, Doessing S, Kjaer M, Magnusson SP, Langberg H.
Sequenced response of extracellular matrix deadhesion and fibrotic regu-
lators after muscle damage is involved in protection against future injury
in human skeletal muscle. FASEB J 25: 1943–1959, 2011. doi:10.1096/
fj.10-176487.

37. Mackey AL, Rasmussen LK, Kadi F, Schjerling P, Helmark IC,
Ponsot E, Aagaard P, Durigan JLQ, Kjaer M. Activation of satellite
cells and the regeneration of human skeletal muscle are expedited by

ingestion of nonsteroidal anti-inflammatory medication. FASEB J 30:
2266–2281, 2016. doi:10.1096/fj.201500198R.

38. Malm C, Nyberg P, Engström M, Sjödin B, Lenkei R, Ekblom B,
Lundberg I. Immunological changes in human skeletal muscle and blood
after eccentric exercise and multiple biopsies. J Physiol 529: 243–262,
2000. doi:10.1111/j.1469-7793.2000.00243.x.

39. Manini TM, Vincent KR, Leeuwenburgh CL, Lees HA, Kavazis AN,
Borst SE, Clark BC. Myogenic and proteolytic mRNA expression fol-
lowing blood flow restricted exercise. Acta Physiol (Oxf) 201: 255–263,
2011. doi:10.1111/j.1748-1716.2010.02172.x.

40. Mitchell CJ, Churchward-Venne TA, West DWD, Burd NA, Breen L,
Baker SK, Phillips SM. Resistance exercise load does not determine
training-mediated hypertrophic gains in young men. J Appl Physiol (1985)
113: 71–77, 2012. doi:10.1152/japplphysiol.00307.2012.

41. Netreba A, Popov D, Bravyy Y, Lyubaeva E, Terada M, Ohira T,
Okabe H, Vinogradova O, Ohira Y. Responses of knee extensor muscles
to leg press training of various types in human. Ross Fiziol Zh Im I M
Sechenova 99: 406–416, 2013.

42. Netreba AI, Popov DV, Bravyı̆ IR, Misina SS, Vinogradova OL.
[Physiological effects of low-intensity strength training without relax-
ation]. Fiziol Cheloveka 35: 97–102, 2009.

43. Nielsen JL, Aagaard P, Bech RD, Nygaard T, Hvid LG, Wernbom M,
Suetta C, Frandsen U. Proliferation of myogenic stem cells in human
skeletal muscle in response to low-load resistance training with blood flow
restriction. J Physiol 590: 4351–4361, 2012. doi:10.1113/jphysiol.2012.
237008.

44. Nielsen JL, Frandsen U, Prokhorova T, Bech RD, Nygaard T, Suetta
C, Aagaard P. Delayed effect of blood flow-restricted resistance training
on rapid force capacity. Med Sci Sports Exerc 49: 1157–1167, 2017.
doi:10.1249/MSS.0000000000001208.

45. Ogasawara R, Kobayashi K, Tsutaki A, Lee K, Abe T, Fujita S,
Nakazato K, Ishii N. mTOR signaling response to resistance exercise is
altered by chronic resistance training and detraining in skeletal muscle. J
Appl Physiol (1985) 114: 934–940, 2013. doi:10.1152/japplphysiol.
01161.2012.

45a.Patterson SD, Brandner CR. The role of blood flow restriction training
for applied practitioners: A questionnaire-based survey. J Sports Sci 36:
123–130, 2018. doi:10.1080/02640414.2017.1284341.

46. Paulsen G, Egner IM, Drange M, Langberg H, Benestad HB, Fjeld
JG, Hallén J, Raastad T. A COX-2 inhibitor reduces muscle soreness,
but does not influence recovery and adaptation after eccentric exercise.
Scand J Med Sci Sports 20: e195–e207, 2010. doi:10.1111/j.1600-0838.
2009.00947.x.

47. Petrella JK, Kim JS, Cross JM, Kosek DJ, Bamman MM. Efficacy of
myonuclear addition may explain differential myofiber growth among
resistance-trained young and older men and women. Am J Physiol
Endocrinol Metab 291: E937–E946, 2006. doi:10.1152/ajpendo.00190.
2006.

48. Petrella JK, Kim JS, Mayhew DL, Cross JM, Bamman MM. Potent
myofiber hypertrophy during resistance training in humans is associated with
satellite cell-mediated myonuclear addition: a cluster analysis. J Appl Physiol
(1985) 104: 1736–1742, 2008. doi:10.1152/japplphysiol.01215.2007.

49. Roberts LA, Raastad T, Markworth JF, Figueiredo VC, Egner IM,
Shield A, Cameron-Smith D, Coombes JS, Peake JM. Post-exercise
cold water immersion attenuates acute anabolic signalling and long-term
adaptations in muscle to strength training. J Physiol 593: 4285–4301,
2015. doi:10.1113/JP270570.

50. Rossman MJ, Garten RS, Venturelli M, Amann M, Richardson RS.
The role of active muscle mass in determining the magnitude of peripheral
fatigue during dynamic exercise. Am J Physiol Regul Integr Comp Physiol
306: R934–R940, 2014. doi:10.1152/ajpregu.00043.2014.

51. Rossman MJ, Venturelli M, McDaniel J, Amann M, Richardson RS.
Muscle mass and peripheral fatigue: a potential role for afferent feedback?
Acta Physiol (Oxf) 206: 242–250, 2012. doi:10.1111/j.1748-1716.2012.
02471.x.

52. Schmalbruch H, Hellhammer U. The number of satellite cells in normal
human muscle. Anat Rec 185: 279–287, 1976. doi:10.1002/ar.1091850303.

53. Sieljacks P, Matzon A, Wernbom M, Ringgaard S, Vissing K, Over-
gaard K. Muscle damage and repeated bout effect following blood flow
restricted exercise. Eur J Appl Physiol 116: 513–525, 2016. doi:10.1007/
s00421-015-3304-8.

591DELAYED RESPONSES WITH HIGH-FREQUENCY LOW-LOAD BFR EXERCISE

J Appl Physiol • doi:10.1152/japplphysiol.00397.2018 • www.jappl.org
Downloaded from journals.physiology.org/journal/jappl (071.224.041.211) on October 29, 2021.

https://doi.org/10.1152/ajpendo.00010.2014
https://doi.org/10.1152/ajpendo.00010.2014
https://doi.org/10.1111/sms.12961
https://doi.org/10.1016/j.ultrasmedbio.2008.10.008
https://doi.org/10.3806/ijktr.4.1
https://doi.org/10.1152/ajpendo.00600.2013
https://doi.org/10.1152/ajpregu.00728.2010
https://doi.org/10.1152/ajpregu.00728.2010
https://doi.org/10.1007/s00726-008-0150-6
https://doi.org/10.1152/ajpcell.00080.2004
https://doi.org/10.1097/JSM.0b013e3181df8d10
https://doi.org/10.1097/JSM.0b013e3181df8d10
https://doi.org/10.1016/j.metabol.2005.08.023
http://dx.doi.org/170119
https://doi.org/10.1098/rsob.170119
https://doi.org/10.1055/s-2007-989405
https://doi.org/10.1055/s-2007-989405
https://doi.org/10.1249/MSS.0b013e318233b4bc
https://doi.org/10.1111/j.1748-1716.1989.tb08702.x
https://doi.org/10.1111/sms.12210
https://doi.org/10.1152/japplphysiol.00679.2007
https://doi.org/10.1096/fj.10-176487
https://doi.org/10.1096/fj.10-176487
https://doi.org/10.1096/fj.201500198R
https://doi.org/10.1111/j.1469-7793.2000.00243.x
https://doi.org/10.1111/j.1748-1716.2010.02172.x
https://doi.org/10.1152/japplphysiol.00307.2012
https://doi.org/10.1113/jphysiol.2012.237008
https://doi.org/10.1113/jphysiol.2012.237008
https://doi.org/10.1249/MSS.0000000000001208
https://doi.org/10.1152/japplphysiol.01161.2012
https://doi.org/10.1152/japplphysiol.01161.2012
https://doi.org/10.1080/02640414.2017.1284341
https://doi.org/10.1111/j.1600-0838.2009.00947.x
https://doi.org/10.1111/j.1600-0838.2009.00947.x
https://doi.org/10.1152/ajpendo.00190.2006
https://doi.org/10.1152/ajpendo.00190.2006
https://doi.org/10.1152/japplphysiol.01215.2007
https://doi.org/10.1113/JP270570
https://doi.org/10.1152/ajpregu.00043.2014
https://doi.org/10.1111/j.1748-1716.2012.02471.x
https://doi.org/10.1111/j.1748-1716.2012.02471.x
https://doi.org/10.1002/ar.1091850303
https://doi.org/10.1007/s00421-015-3304-8
https://doi.org/10.1007/s00421-015-3304-8


54. Smerdu V, Soukup T. Demonstration of myosin heavy chain isoforms in
rat and humans: the specificity of seven available monoclonal antibodies
used in immunohistochemical and immunoblotting methods. Eur J His-
tochem 52: 179–190, 2008. doi:10.4081/1210.

55. Summers S. Evidence-based practice part 2: reliability and validity of
selected acute pain instruments. J Perianesth Nurs 16: 35–40, 2001.
doi:10.1016/S1089-9472(01)19774-1.

56. Tabata S, Suzuki Y, Azuma K, Matsumoto H. Rhabdomyolysis after
performing blood flow restriction training: a case report. J Strength Cond
Res 30: 2064–2068, 2016. doi:10.1519/JSC.0000000000001295.

57. Umbel JD, Hoffman RL, Dearth DJ, Chleboun GS, Manini TM, Clark
BC. Delayed-onset muscle soreness induced by low-load blood flow-
restricted exercise. Eur J Appl Physiol 107: 687–695, 2009. doi:10.1007/
s00421-009-1175-6.

58. Wernbom M, Apro W, Paulsen G, Nilsen TS, Blomstrand E, Raastad T.
Acute low-load resistance exercise with and without blood flow restriction

increased protein signalling and number of satellite cells in human skeletal muscle.
Eur J Appl Physiol 113: 2953–2965, 2013. doi:10.1007/s00421-013-2733-5.

59. Wernbom M, Augustsson J, Raastad T. Ischemic strength training: a
low-load alternative to heavy resistance exercise? Scand J Med Sci Sports
18: 401–416, 2008. doi:10.1111/j.1600-0838.2008.00788.x.

60. Wernbom M, Paulsen G, Nilsen TS, Hisdal J, Raastad T. Sarcolemmal
permeability and muscle damage as hypertrophic stimuli in blood flow
restricted resistance exercise (Reply to Loenneke and Abe). Eur J Appl
Physiol 112: 3447–3449, 2012. doi:10.1007/s00421-012-2309-9.

61. Yasuda T, Fukumura K, Iida H, Nakajima T. Effect of low-load
resistance exercise with and without blood flow restriction to volitional
fatigue on muscle swelling. Eur J Appl Physiol 115: 919–926, 2015.
doi:10.1007/s00421-014-3073-9.

62. Zory RF, Jubeau MM, Maffiuletti NA. Contractile impairment after
quadriceps strength training via electrical stimulation. J Strength Cond Res
24: 458–464, 2010. doi:10.1519/JSC.0b013e3181c06d25.

592 DELAYED RESPONSES WITH HIGH-FREQUENCY LOW-LOAD BFR EXERCISE

J Appl Physiol • doi:10.1152/japplphysiol.00397.2018 • www.jappl.org
Downloaded from journals.physiology.org/journal/jappl (071.224.041.211) on October 29, 2021.

https://doi.org/10.4081/1210
https://doi.org/10.1016/S1089-9472%2801%2919774-1
https://doi.org/10.1519/JSC.0000000000001295
https://doi.org/10.1007/s00421-009-1175-6
https://doi.org/10.1007/s00421-009-1175-6
https://doi.org/10.1007/s00421-013-2733-5
https://doi.org/10.1111/j.1600-0838.2008.00788.x
https://doi.org/10.1007/s00421-012-2309-9
https://doi.org/10.1007/s00421-014-3073-9
https://doi.org/10.1519/JSC.0b013e3181c06d25

