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Abstract 
 
 
 

Muscular adaptations to low-load resistance training to repetition failure  
with and without blood flow restriction 

 
 
 
 

Christopher John Pignanelli     Advisor: 
University of Guelph, 2019     Dr. Jamie F. Burr 
 
 
 
 

Blood flow restriction during resistance exercise is an effective method for 

increasing muscular size and strength. However, skeletal muscle adaptations to low-

load resistance exercise (LL-RE) and low-load blood flow restriction resistance exercise 

(LL-BFR) performed to repetition failure are lacking. Whole-body and skeletal muscle 

physiological outcomes were measured following 6-weeks of LL-RE and LL-BFR 

training to repetition failure using a within-subject design. Similar muscle strength and 

size outcomes occurred despite lower total exercise volume with LL-BFR. Both groups 

increased power output during the first-third of an endurance task and only LL-BFR 

training sustained a greater power output during the midpoint by 18%. Capillary 

contacts of type I muscle fibers increased similarly for both groups and only LL-RE 

training increased mitochondrial respiratory capacity by 20%. Overall, differences in 

muscle fatigue between LL-RE and LL-BFR may exist and are not explained by 

muscular strength and size or muscle microvascular and mitochondrial properties. 
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Chapter 1: Review of the Literature 1 

 2 

1.1 Resistance Exercise 3 

 4 

Muscle strength and mass are recognized as important factors involved in 5 

disease prevention, injury risk, and athletic performance with low strength and mass 6 

associated with an increased risk for all-cause mortality1. Thus, the maintenance or 7 

increase of both muscle strength and mass should be a priority in all training programs 8 

regardless of age and/or gender. In order to maintain or increase muscle strength and 9 

mass, resistance exercise (RE) is considered the most effective method, which includes 10 

single- or multiple-joint movements against an external load and/or bodyweight for 11 

multiple repetitions and sets. Importantly, RE can improve muscular outcomes early in 12 

childhood2 and in elderly populations with some benefits seen in nonagenarians3. These 13 

findings alone provide insight in the ability of RE to influence skeletal muscle. To 14 

optimize muscle strength and mass, it has traditionally been recommended that 15 

individuals use relatively high exercise loads (>60% of an individual’s 1-repetition 16 

maximum; 1-RM) ranging from 1- to 15-repetitions4. However, this has recently been 17 

challenged as similar muscular adaptations such as muscle mass occur between high- 18 

and low-exercise loads when performed to fatigue5. These findings suggest that 19 

perturbations within muscle cells are important factors leading to muscular adaptations 20 

and are of importance for the application of RE in healthy and clinical populations who 21 

may not desire or be able to perform high-load RE (HL-RE). Recent work has also 22 

investigated low-load RE (LL-RE) with blood flow restriction (LL-BFR) to further 23 

understand the importance of muscular fatigue resulting in muscular adaptations and 24 

will be highlighted within this thesis. 25 

  26 
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1.2 The Effects of Resistance Exercise Load on Muscular Hypertrophy, Strength, 27 

and Endurance 28 

 29 

1.2.1 Does exercise load really matter?  30 

 31 

Within a training program several variables can be manipulated including but not 32 

limited to: rest period, frequency (e.g. sets, repetitions, days/week), type of contraction 33 

(e.g. isometric, concentric, eccentric), time under tension, and exercise load – all of 34 

these variables can potentially influence the physiological response to RE. To optimize 35 

specific muscular adaptations the American College of Sports Medicine has 36 

recommended to follow a load-continuum4; wherein low-load, high-repetition (e.g. > 15 37 

repetitions/set) are recommended for muscular endurance, high-load and moderate 38 

repetition (e.g. 6-12 repetitions/set) for increased muscle mass, and very high-load, low-39 

repetitions (e.g. 1-6 repetitions/set) for muscle strength.  40 

 41 

When reviewing the literature, it is not clear if exercise load can differentially 42 

influence muscle mass, primarily due to the variety of outcomes used. For example, 43 

measurements can be done at segments or at the whole-muscle level for muscle 44 

thickness (1-dimensional) or cross-sectional (CSA, 2-dimnesional) (e.g. by ultrasound, 45 

magnetic resonance imaging; MRI or computed tomography; CT), as well as for 46 

estimations in whole-limb or -body muscle mass (e.g. dual X-ray absorptiometry; DEXA 47 

or bioelectrical impedance) or volume (e.g. MRI). Each method has its own pros and 48 

cons as highlighted recently6. For example, some techniques allow for direct 49 

measurement of specific muscles (e.g. MRI, CT, ultrasound), whereas others are non-50 

specific (e.g. DEXA or bioelectrical impedance). Moreover, measurements of individual 51 

muscle fibers via muscle biopsy are rarely performed concurrently with the 52 

measurements previously mentioned. A recent meta-analysis examining the outcomes 53 

using whole-muscle measurements has illustrated that HL-RE and LL-RE increase 54 

muscle mass similarly when RE is performed to repetition failure7. Although the high-55 

load training trended towards a greater response, it is suggested this finding may be 56 

practically insignificant for the general population7, 8.  57 
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The relatively novel findings that muscle mass adaptation may be independent of 58 

exercise load is important due to muscle mass being recognized as a predictor for 59 

longevity9. Muscle mass is generally acquired through individual muscle fiber 60 

hypertrophy, which can be defined as an increase in fiber cross-sectional area (CSA). 61 

Since muscle hypertrophy appears to be independent of absolute exercise load when 62 

performed to fatigue, this suggests common mechanisms exist related to muscular 63 

fatigue. To achieve muscle hypertrophy there must be a net difference between the rate 64 

of muscle protein synthesis (MPS) and muscle protein breakdown (MPB), which favours 65 

the accretion of proteins (i.e. MPS > MPB)10. A single bout of RE can influence both 66 

MPS and MPB, which can persist for 24-48 hours11 with early rates of MPS augmented 67 

with dietary protein supplementation12, 13 contributing to an overall net positive muscle 68 

protein balance. As such, over multiple bouts of RE (assuming adequate dietary 69 

requirements) there are small positive increases in protein balance that can arise from 70 

several subcellular (sarcoplasmic, myofibrillar, and mitochondrial) protein fractions often 71 

expressed as fractional synthesis rates (FSR) that contribute to the overall increase in 72 

fiber size. An increase in myofibrillar FSR is commonly observed following an acute 73 

bout of RE in the untrained and trained states14–17 with some studies demonstrating 74 

increased sarcoplasmic and/or mitochondrial FSR following a single bout of RE in the 75 

untrained state12, 14, 16, 18. Acute mixed MPS responses at different exercise loads 76 

demonstrate a greater response in the low-load condition19, although caution is 77 

warranted in solely relying on acute early MPS responses as it does not correlate with 78 

muscle hypertrophy following RE training5, 20.  79 

 80 

The mechanisms of RE-induced muscle hypertrophy are not fully elucidated; 81 

however, it is believed that both increased translation efficiency (i.e. number of 82 

ribosomes for each mRNA transcript) and capacity (i.e. ribosome biogenesis and/or 83 

increased number of mRNA transcripts) play a pivotal role in the hypertrophic response 84 

following resistance training21, 22.  The activation of the mammalian target of rapamycin 85 

(mTOR) signaling pathway has been suggested to be heavily involved in the initial MPS 86 

response following both RE and amino acid consumption, as pharmacologically 87 

inhibiting mTOR activity blunts the early (1-2 hours post-exercise) MPS response23, 24. 88 
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Additionally, recent rodent work suggests mTOR-independent activation of MPS occurs 89 

>3 hours following exercise25, 26. The regulation of these molecular responses is most 90 

likely due to a combination of muscle fiber mechanical stretching, perturbations in 91 

cellular redox state, ion (e.g. cytosolic Ca2+) and metabolite (e.g. H+, Pi) 92 

concentrations27, 28. With several weeks to months of training, the skeletal muscle 93 

response to RE is diminished in regard to MPS over time29 and an observed ‘plateau’ in 94 

muscle hypertrophy occurs30.  95 

 96 

Along the load-continuum, it does appear there are specific adaptations in 97 

endurance (increase in the number of submaximal load repetitions) and strength 98 

(improvements in 1-RM) to the load. Campos et al.,31 were amongst the first to 99 

investigate the effect of load and repetition schemes on the influence of muscular 100 

endurance and strength adaptations. They demonstrated that the greatest increase in 101 

muscular endurance, but lowest in strength, occurred following a low-load protocol (20-102 

28 repetitions) and vice versa for the very high-load group (3-5 repetitions) with recent 103 

studies corroborating these findings32, 33. Interestingly, the mechanisms for the 104 

increased muscular endurance have remained relatively unexplained due to dynamic 105 

strength tending to increase to a greater extent following high-load training7, 31–38 as well 106 

as similar outcomes for muscle fiber type, hypertrophy, capillarization, and 107 

mitochondrial content5, 33, 39.  108 

 109 

1.3 Manipulation of Blood Flow in Combination with Resistance Exercise 110 

 111 

Since muscle remodeling (e.g. muscle hypertrophy) appears to be dependent on 112 

repetition fatigue to cause perturbations within muscle cells, recent interest has 113 

increased in manipulating blood flow during RE (known has BFR training) to further 114 

evaluate the importance of muscular fatigue. BFR training is often accomplished by 115 

placing a tourniquet or cuff proximal to the contracting muscles to decrease arterial 116 

blood flow and increase pooling of venous blood during and between exercise sets. 117 

Traditional work with BFR exercise has been performed with LL-RE, although its 118 

application for different loads (e.g. high-loads), modes (e.g. running/cycling), and/or 119 
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protocols (e.g. BFR only during sets or rest intervals) have also appeared in recent 120 

literature. The focus will be on the traditional approach to performing BFR with LL-RE 121 

including initial investigations, recent findings of the effects of tourniquet width and 122 

pressures, and the skeletal muscle responses to LL-BFR training. 123 

 124 

1.3.1 Blood flow restriction during resistance exercise 125 

 126 

Initial studies have revealed LL-BFR induced greater muscular strength and 127 

hypertrophic adaptations in comparison to LL-RE, yet similar to HL-RE. One of the first 128 

training studies had participants perform 36 isometric contractions on each leg initially 129 

set at 40% of their maximal voluntary contraction 3 days per week for 4 weeks with and 130 

without BFR40. The leg undergoing BFR increased in strength by ~ 25%, whereas the 131 

non-BFR leg had a blunted increase in strength (~ 10%). Two years later, performing 132 

LL-BFR or HL-RE for 36 sessions for 16-weeks resulted in similar changes in whole 133 

muscle CSA and isokinetic torque41. The same authors have shown LL-BFR to 134 

positively influence muscle strength and size after only 6-12 days of consecutive 135 

training, with no effects observed with LL-RE when performing similar repetition 136 

schemes42–44. Methodological variations exist amongst these studies with respect to the 137 

application of BFR using different tourniquet widths and/or absolute pressures, which 138 

can greatly alter the degree of BFR and perceived discomfort. For example, a narrow 139 

tourniquet (5 cm width) compared to a wider tourniquet (13.5 cm width) elicited a 140 

difference of ~ 100 mmHg in pressure required to completely occlude blood flow, with 141 

some participants requiring over 300 mmHg with the narrow cuff45. This is of importance 142 

due to arbitrary pressures may provide unnecessary perceived discomfort and 143 

differential reductions in blood flow across individuals. Due to the relationship of 144 

tourniquet width and pressure, the lowest effective occlusion pressure (LOP), which is 145 

defined as the lowest pressure required to occlude arterial blood flow is now 146 

advocated46 and can be influenced by limb of choice (e.g. arms vs. legs)47, limb 147 

composition or circumference45, and body position48. General recommendations are 148 

now being made to apply 50-80% of the resting LOP to minimize discomfort and 149 

potentially maximize muscular adaptions46. Although, these recommendations still result 150 
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in a large variation in reducing resting blood flow (~ 20-60%) in the legs using 10 and 12 151 

cm width tourniquets49, this method does help standardize and/or replicate methods 152 

across different studies and cuff sizes. As a whole, a recent meta-analysis has 153 

demonstrated BFR training to be an effective exercise modality to improve strength and 154 

size50. Furthermore, compared to HL-RE, LL-BFR induces similar changes in size but 155 

not strength in healthy51 and rehabilitation52 populations.  156 

 157 

1.3.2 Skeletal muscle responses to low-load blood flow restriction resistance exercise 158 

 159 

 While not specifically designed to examine LL-BFR as a training modality, 160 

independent studies have investigated the effect of blood flow manipulation on the 161 

regulation of muscle metabolism and adaptations following muscle contractions. For 162 

example, greater phosphocreatine (PCr) and glycogen utilization occurs during 163 

electrical stimulation with complete arterial occlusion compared to without occlusion53. 164 

Furthermore, reducing arterial blood flow by ~20% during single-leg cycling results in a 165 

significant increase in genes associated with aerobic adaptations54, 55, and with chronic 166 

training leads to greater capillarization and markers for mitochondrial content compared 167 

to the free-blood flow condition56, 57. Recent reviews58, 59 have speculated the effect of 168 

BFR to increase ‘metabolic stress’ or ‘metabolite accumulation’ in the muscle to be a 169 

primary mechanism for the muscular adaptations following LL-BFR.  However, similar 170 

decreases in intramuscular PCr and ATP content (i.e. similar ‘metabolic stress’) is 171 

observed following knee-extensions at 50% peak thigh oxygen consumption (VO2) with 172 

complete arterial occlusion and 110% peak thigh VO2 regardless of fiber type, whereas 173 

non-significant changes occurred at 50% peak thigh VO2 without occlusion60. Thus, 174 

these findings suggest BFR accelerates fatigue or metabolic stress of muscle fibers at 175 

low-intensities. 176 

 177 

A considerable amount of work has been done to evaluate the muscular 178 

responses at the metabolite, gene, and protein levels following a single bout of LL-BFR 179 

(Table 1). Variations exist in regard to cuff width (5-18.5 cm) as well as applied 180 

pressures (90-220 mmHg); however, similar conclusions emerge across studies for the 181 
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ability of BFR to positively influence the muscular responses. For example, LL-BFR 182 

compared to LL-RE has been shown to augment PCr61–64 and glycogen utilization65, 183 

leading to increased rates of mixed MPS66, 67 and myofibrilliar FSR68, which appears to 184 

be partially regulated by the activation of mTOR69, 70. Moreover, LL-BFR has been 185 

shown to induce muscle fiber damage65, 71 with subsequent remodeling 1-48 h after a 186 

single bout, including satellite cell activation and proliferation72, 73, and regulation of 187 

mRNA expression for proteins associated with angiogenesis/mitochondrial biogenesis74, 188 

75 and protein turnover76, 77. Studies comparing LL-BFR to HL-RE following an acute 189 

bout have demonstrated similar PCr utilization and metabolite accumulation61–63, cell 190 

signaling78 and early (1 hour post-exercise) mRNA expression79 between both 191 

modalities.   192 
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Table 1. Summary of studies investigating the effects of LL-BFR following a single bout 193 

of exercise on skeletal muscle physiology 194 

 
Study 
design 

Loading 
protocols 

Tourniquet 
width & 

pressure 

Primary 
outcome(s) 

General finding(s) 

Fujita et al., 
2007 

Within-
subject 

 
Leg 

extensions 
 

LL-BFR and LL-RE (20% 1-RM): 
Sets: 30, 15, 15, 15 repetitions 

30 s rest between sets 

5cm / 200 
mmHg 

Protein 
phosphorylation 
(inferred activity) 

influencing MPS and 
rate of mixed MPS 

LL-BFR only altered 
phosphorylation 

(inferred activity) of 
proteins related to 

MPS, and increased 
rate of MPS 3 h 
post-exercise 

Drummond et 
al., 2008 

Within-
subject 

 
Leg 

extensions 
 

LL-BFR and LL-RE (20% 1-RM): 
Sets: 30, 15, 15, 15 repetitions 

30 s rest between sets 

5cm / 200 
mmHg 

Gene expression for 
myogenic and 

proteolytic pathways 

Similar changes in 
expression between 
both groups 0-3 h 

post-exercise 

Suga et al., 
2009 

Within-
subject 

 
Plantar 
flexion 

LL-BFR and LL-RE (20% 1-RM) 
and HL-RE (65% 1-RM): 

Sets: 1x60 repetitions 

18.5cm / 
1.3x SBP 

Metabolite 
accumulation (Pi , 

H2PO4
-, pH) by MRI 

High-load had the 
greatest decrease in 
pH and metabolite 

accumulation 
followed by LL-BFR  

Suga et al., 
2010 

Within-
subject 

 
Plantar 
flexion 

LL-BFR (20, 30, and 40% 1-
RM), LL-RE (20% 1-RM) and 

HL-RE (65% 1-RM): 
Sets: 1x60 repetitions 

18.5cm / 
1.3x SBP or 
200 mmHg 

Metabolite 
accumulation (Pi , 

H2PO4
-, pH) by MRI 

Load dependent 
increase in 
metabolite 

accumulation and 
PCr utilization with 
BFR. All superior 

compared to LL-RE 

Fry et al., 
2010 

Within-
subject 

 
Leg 

extensions 

LL-BFR and LL-RE (20% 1-RM): 
Sets: 30, 15, 15, 15 repetitions 

30 s rest between sets 

5cm / 200 
mmHg 

Protein 
phosphorylation 
(inferred activity) 

influencing MPS and 
rate of mixed MPS 

LL-BFR altered 
phosphorylation 

(inferred activity) of 
proteins related to 

MPS, and increased 
rate of MPS 3 h 
post-exercise 

Manini et al., 
2011 

Between-
subject 

 
Leg 

extensions 

LL-BFR and LL-RE (20% 1-RM): 
Sets: 30, 15, 15, 15 repetitions 

30 s rest between sets 
 

11cm / 1.5 
xSBP 

Gene expression for 
myogenesis and 

proteolytic pathways 

Only LL-BFR 
reduced genes 

related to proteolysis 
0-8 h post-exercise 

Sugaya et al., 
2011 

Within-
subject 

 
Plantar 
flexion 

LL-BFR and LL-RE (20% 1-RM) 
Sets: 30, 15, 15, 15 repetitions 

30 s rest between sets 
 

5cm / 180 
and 230 
mmHg 

Pi production by MRI 

Higher BFR 
pressure produced 

significant increases 
in Pi only 

Wernbom et 
al., 2012 

Within-
subject 

 
Leg 

extensions 

 
LL-BFR (30% 1-RM): 

Sets: 5 to repetition failure 
45 s rest between sets 

 
LL-RE (30% 1-RM): 

Sets: 5 work-matched to LL-BFR 
45 s rest between sets 

 

13.5cm / 90-
100 mmHg 

Muscle fiber 
damage (Tetranectin 

staining) 

LL-BFR induced 
significant damaged 
fibers at 1, 24, and 

48 h. 
LL-BFR had greater 
positive staining for 
damaged fibers at 

24 h vs. LL-RE 

Suga et al., 
2012 

Within-
subject 

 
Plantar 
flexion 

 
LL-BFR (intermittent and 

continuous), LL-RE (all 20% 1-
RM) and HL-RE (65% 1-RM): 

Sets: 3x30 repetitions 
60 s rest between sets 

 

18.5cm / 
1.3x SBP 

Metabolite 
accumulation (Pi , 

H2PO4
-, pH) by MRI 

Continuous LL-BFR 
and high-load had 

the greatest 
decrease in pH and 

metabolite 
accumulation 

Gundermann 
et al., 2012 

Within-
subject 

 

LL-BFR and LL-RE (20% 1-RM): 
Sets: 30, 15, 15, 15 repetitions 

30 s rest between sets 

11cm / 200 
mmHg 

Compared mixed 
MPS and signalling 
proteins compared 
to LL-RE with the 

Only LL-BFR 
increased in mixed 
muscle FSR and 

signaling proteins. 
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Leg-
extensions 

addition of a 
vasodilator  

Larkin et al., 
2012 

Within-
subject 

 
Leg 

extensions 

LL-BFR and LL-RE (40% 1-RM): 
Sets: 10x12 repetitions 
60 s rest between sets 

5cm / 220 
mmHg 

Gene and protein 
expression related 

factors to 
angiogenesis 

Only LL-BFR 
increased mRNA 

expression for 
genes related to 

angiogenesis 4 and 
24 h post-exercise 

Wernbom et 
al., 2013 

Within-
subject 

 
Leg 

extensions 

 
LL-BFR (30% 1-RM): 

Sets: 5 to repetition failure 
45 s rest between sets 

 
LL-RE (30% 1-RM): 

Sets: 5 work-matched to LL-BFR 
45 s rest between sets 

 

13.5cm / 90-
100 mmHg 

Signalling proteins 
associated with the 
activation of MPS 
and satellite cell 

recruitment 

Similar increased 
satellite cell content 
(1-48 h) and greater 
phosphorylation of 
some proteins 1 h 

post-exercise 

Gundermann 
et al., 2014 

Between-
subject 

 
Leg-

extensions 

 
LL-BFR (20% 1-RM): 

Sets: 30, 15, 15, 15 repetitions 
30 s rest between sets 

11cm / 200 
mmHg 

Mixed MPS with and 
without inhibition of 

mTOR activity 

Inhibition of mTOR 
activity reduces 

down-stream 
signaling and MPS 

at 3, 6, and 24 h 
post-exercise 

Cumming et 
al., 2014 

Within-
subject 

 
Leg 

extensions 

LL-BFR (30% 1-RM): 
Sets: 5 to repetition failure 

45 s rest between sets 
 

LL-RE (30% 1-RM): 
Sets: 5 work-matched to LL-BFR 

45 s rest between sets 

13.5cm / 90-
100 mmHg 

Markers associated 
with muscle damage 
and remodelling, as 

well as glycogen 
content 

LL-BFR caused 
greater type I 
muscle fiber 

damage, whereas 
type II muscle fibers 

were largely 
unaffected. LL-BFR 
resulted in greater 

reduction in 
glycogen content for 

both fiber types 

Ellefsen et 
al., 2015 

Within-
subject 

 
Leg 

extension 

 
LL-BFR (30% 1-RM): 

Sets: 5 to repetition failure 
45 s rest between sets 

 
HL-RE (74-92 % 1-RM) 

Sets: 3 to for 6-10 repetitions 
90 s rest between sets 

 

18 cm / 90-
100 mmHg 

Expression of an 
array of genes 

related to several 
biological pathways 
in the untrained and 

trained state 

Both LL-BFR and 
high-load RE 

induced similar gene 
expression changes 
in the untrained and 

trained states 1 h 
post-exercise 

Layne et al., 
2017 

Within-
subject 

 
Leg 

extensions 

LL-BFR and LL-RE (40% 1-RM): 
Sets: 10x12 repetitions 
60 s rest between sets 

5cm / 220 
mmHg 

Gene and protein 
expression for 

factors related to 
myogenesis and 

proteolysis 

LL-BFR altered 
genes related to 
myogenesis and 

decreased human 
growth factor 24 h 

post-exercise 

Groennebaek 
et al., 2018 

Between-
subject 

 
Leg 

extensions 

 
LL-BFR (30% 1-RM): 

Sets: 4 to repetition failure 
30 s rest between sets 

 
HL-RE (70% 1-RM): 

Sets: 4x10-12 max repetitions 
180 s rest between sets 

 

14cm / 50% 
LOP 

Protein 
phosphorylation 
status for factors 

related to 
transcriptional 
regulation and 

downstream targets 

Similar increase in 
MAPK and 

ACC 
phosphorylation 

immediately post-
exercise 

Ferguson et 
al., 2018 

Within-
subject 

 
Leg 

extensions 

LL-BFR and LL-RE (20% 1RM): 
Sets: 30, 15, 15, failure 

repetitions 
30 s rest between sets 

13 cm / 110 
mmHg 

Gene and protein 
expression for 

factors related to 
angiogenesis and 

mitochondrial 
biogenesis 

LL-BFR increased 
expression in genes 

associated to 
angiogenesis and 

mitochondrial 
biogenesis 2-4 h 

post-exercise, 
potentially by 

increased MAPK 
activity 
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FSR; Fractional synthesis rate, HL-RE; High-load resistance exercise, LL-BFR; Low-195 

load resistance exercise with blood flow restriction, LL-RE; Low-load resistance 196 

exercise LOP; Lowest effective occlusion pressure, MPS; muscle protein synthesis, 197 

SBP; Systolic blood pressure, ROS; Reactive oxygen species 198 

 199 

In agreement with the acute findings, following 3-12 weeks of training (Table 2), 200 

LL-BFR compared to LL-RE has been shown to increase glycogen content82, augment 201 

muscle remodeling via macrophage recruitment83, as well as muscle fiber hypertrophy 202 

and myonuclear addition73, 84, 85, although the accretion of myonuclei following training is 203 

not a universal finding79, 80. Compared to HL-RE, LL-BFR has been shown to modulate 204 

gene expression for proteins associated with proteolysis86, increased muscle 205 

myofibrillar, RNA, and mitochondrial FSRs78, 80 and respiratory capacity78. LL-BFR has 206 

even been shown to have a positive influence on several muscular adaptations in 207 

highly-trained, national level powerlifters following two one-week blocks within a 208 

periodized training program87.   209 

Bjørnsen et 
al., 2019 

Within-
subject 

 
Leg 

extensions 

LL-BFR (20% 1-RM): 
Sets: 4 sets to repetition failure 

30 s rest between sets 

12cm / 90-
100 mmHg 

Change in mRNA 
and miRNA 

expression related 
to cell hypertrophy 
and differentiation 

Increased 
expression 1 h post 
exercise for satellite 

cell cycle marker 
(p21) after 2 acute 

bouts 

Nyakayiru et 
al., 2019 

Within-
subject 

 
Leg press 

and leg 
extensions 

LL-BFR and LL-RE (20% 1-RM): 
Sets (Leg press): 30, 15, 15, 15 

repetitions 
Sets (Leg extensions): 3x10 

repetitions 
30 s rest between sets 

13 cm / 200 
mmHg 

Gene and protein 
expression 
influencing 

myofibrillar FSR and 
rate of MPS 

LL-BFR positively 
influenced 

myofibrillar FSR and 
ACC 

phosphorylation 
(referred as a 

marker for 
‘metabolic’ stress) to 
a greater extent than 

LL-RE 

Sieljacks et 
al., 2019 

Between-
subject 

 
Leg 

extensions 

 
LL-BFR (30% 1-RM): 

Sets: 4 to repetition failure 
30 s rest between sets 

 
HL-RE (70% 1-RM): 

Sets: 4x10-12 max repetitions 
180 s rest between sets 

 

14cm / 50% 
LOP 

Protein content and 
post-translational 
status for factors 

related to autophagy  

Similar changes in 
protein content and 
post-translational 

modifications 
suggesting 
increased 

autophagy for LL-
BFR and HL-RE 

Petrick et al., 
2019 

Within-
subject 

 
Single-leg 

squat 

LL-BFR and LL-RE (30% 1-RM) 
Sets: 3 to repetition failure 
100 s rest between sets 

11cm / 60-
70% LOP 

Mitochondrial 
bioenergetics 

LL-BFR decreased 
maximal and 
submaximal 

mitochondrial ROS 
emission without 

changes in 
respiratory capacity 
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Table 2. Summary of studies investigating the effects of LL-BFR chronically on skeletal 210 

muscle physiology 211 

 
Study 
design 

Loading protocols 
Frequency 

and duration 

Tourniquet 
width & 

pressure 
Primary outcome(s) General finding(s) 

Burgomas
ter et al., 

2003 

Within-
subject 

 
Arm 

flexion 

 
LL-BFR (50% 1-

RM) 
Sets: 3-6 for 10 

repetitions, last set 
to failure  

 
LL-RE (50% 1-RM) 

Sets: 3-6 work-
matched to LL-BFR  

 

2x/week for 8 
weeks  

12cm / 100 
mmHg 

Glycogen, PCr, and 
ATP content 

LL-BFR increased 
muscle glycogen 

content and had a 
greater decrease in 

resting ATP than 
LL-RE 

Laurentino 
et al., 2012 

Between-
subject 

 
Leg 

extensio
ns 

 
LL-BFR and LL-RE 

(20% 1-RM): 
Sets: 3-4 for 15 

repetitions 
60 s rest between 

sets 
 

HL-RE (80% 1-RM): 
Sets: 3-4 for 8 

repetitions 
60 s rest between 

sets 
 

2x/week for 8 
weeks (16 

training 
sessions) 

17.5cm / 50% 
LOP 

Gene expression of 
proteins related to 
proteolysis after 8 
weeks of training 

LL-BFR induced 
similar changes to 
the HL-RE group in 
expression levels 
that favour muscle 

growth 

Nielsen et 
al., 2012 

Between-
subject 

 
Leg 

extensio
ns 

 
LL-BFR (20% 1-

RM): 
Sets: 4 to repetition 

failure 
30 s rest between 

sets 
 

LL-RE (20% 1-RM): 
Sets: 4 work-

matched to LL-BFR 
30 s rest between 

sets 
 

5x/week for 3 
weeks (23 

training 
sessions) 

15cm / 100 
mmHg 

Muscle fiber 
hypertrophy, 

myonuclear and satellite 
cell addition during and 
post-exercise training 

LL-BFR induced 
greater muscle 

hypertrophy in both 
type I & II fiber 
types. Greater 

addition of 
myonuclei and 

satellite cells during 
and after training 

Ellefsen et 
al., 2015 

Within-
subject 

 
Leg 

extensio
ns 

LL-BFR (30% 1-
RM): 

Sets: 5 to repetition 
failure 

45 s rest between 
sets 

 
HL-RE (74-92 % 1-

RM) 
Sets: 3 to for 6-10 

repetitions 
90 s rest between 

sets 

2x/week for 12 
weeks (24 

training 
sessions) 

18 cm / 90-
100 mmHg 

Fiber type distribution, 
myonuclear addition, 
and gene expression 

levels 

Neither group 
increased 

myonuclei, LL-BFR 
fiber type 

distribution did not 
change, but HL-RE  

increased 
proportion of type 

IIa. Limited change 
in expression of 
genes after 12 

weeks of training for 
both groups 

Nielsen et 
al., 2017a 

Between-
subject 

 
Leg 

extensio
ns 

 
LL-BFR (20% 1-

RM): 
Sets: 4 to repetition 

failure 
30 s rest between 

sets 
 

LL-RE (20% 1-RM): 
Sets: 4 work-

matched to LL-BFR 
30 s rest between 

sets 

5x/week for 3 
weeks (23 

training 
sessions) 

 
 

13.5cm / 100 
mmHg 

Muscle damage and 
inflammatory response 
during and after training 

LL-BFR induced 
greater 

macrophage 
infiltration and 

increased central 
nuclei throughout 

training. Increase in 
HSP27 content 

compared to LL-RE 
mid-intervention. No 

change in marker 
for myofiber 

damage. 
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Nielsen et 
al., 2017b 

 
Between-
subject 

 
Leg 

extensio
ns 

 
 

LL-BFR (20% 1-
RM): 

Sets: 4 to repetition 
failure 

30 s rest between 
sets 

 
LL-RE (20% 1-RM): 

Sets: 4 work-
matched to LL-BFR 
30 s rest between 

sets 
 

 
5x/week for 3 

weeks (23 
training 

sessions) 

 
15cm / 100 

mmHg 

 
Proteins associated with 

calcium sensing and 
muscle mechanical 
function to assist in 

explaining enhanced 
rate of torque 
development 

LL-BFR increased 
total CaMKII 

expression after 
training, whereas 

other proteins 
and/or post-
translational 

modifications did 
not change. 

Groenneb
aek et al., 

2018 

Between-
subject 

 
Leg 

extensio
ns 

 
LL-BFR (30% 1-

RM): 
Sets: 4 to repetition 

failure 
30 s rest between 

sets 
 

HL-RE (70% 1-RM): 
Sets: 4x10-12 max 

repetitions 
180 s rest between 

sets 
 

3x/week for 6 
weeks (18 

training 
sessions) 

14cm / 50% 
LOP 

Mitochondrial fractional 
synthesis rate, content 

and function (inferred by 
rate of oxygen 
consumption) 

LL-BFR and HL-RE 
increased 

mitochondrial 
protein synthesis 

and function with no 
changes in content 

Bjørnsen 
et al., 2018 

Between-
subject 

 
Front 

squats 
 

(National 
level 

powerlift
ers) 

 

LL-BFR (30 %1-
RM) 

Sets: 4 to repetition 
failure 

30 s rest between 
sets 

 
HL-RE (60-85% 

1RM) 
Sets: 6-7 for 1-6 
max repetitions 
Unspecified rest 

period 
 

Two one-week 
blocks (Week 1 
& 3) during a 6 
week training 

program 

13-14cm / 
~120 mmHg 

Muscle fiber 
hypertrophy, ribosomal 

content, capillarity, 
myonuclear and satellite 
cell addition as well as 

mRNA and miRNA 
expression related to 

angiogenesis, cell 
hypertrophy and 

differentiation 

Only the LL-BFR 
group increased 

fiber CSA, 
myonuclei, and 

capillary contacts in 
type I fibers. mRNA 

abundance 
increased for 

markers of satellite 
cell 

proliferation/differen
tiation 

Bjørnsen 
et al., 2019 

Within-
subject 

 
Leg 

extensio
ns 

LL-BFR (20% 1-
RM): 

Sets: 4 sets to 
repetition failure 

30 s rest between 
sets 

Two one-week 
training blocks 

(14 total 
sessions) with 
10 days rest 

between each 

12cm / 90-
100 mmHg 

Late recovery following 
high-frequency training 
on muscle fiber CSA, 

myonuclear and satellite 
cell addition, as well as 

mRNA and miRNA 
expression related to 
cell hypertrophy and 

differentiation 

Rapid increase in 
positive staining for 
satellite cell marker 

(Pax7) after first 
block in both type I 
and II fibers with an 

increase in 
myonuclear content 

only after the 
second block of 

training. Increase in 
type I CSA only 10 
days post-training. 

Sieljacks 
et al., 2019 

Between-
subject 

 
Leg 

extensio
ns 

LL-BFR (30% 1-
RM): 

Sets: 4 to repetition 
failure 

30 s rest between 
sets 

 
HL-RE (70% 1-RM): 
Sets: 4x10-12 max 

repetitions 
180 s rest between 

sets 

3x/week for 6 
weeks (18 

training 
sessions) 

14cm / 50% 
LOP 

Muscle fiber CSA, 
cumulative myofibrillar 
FSR, RNA synthesis, 

ribosomal content, 
satellite cell 

accumulation, 
myonuclear content 

Similar increases in 
myofibrillar FSR, 
RNA synthesis. 

Increased muscle 
fiber CSA only 

when grouped into 
responders and 

non-responders. No 
change in satellite 
cell or myonuclei in 

either group. 

CSA; cross-sectional area, FSR; fractional synthesis rate, HL-RE; High-load resistance 212 

exercise, LL-BFR; Low-load resistance exercise with blood flow restriction, LL-RE; Low-213 

load resistance exercise, LOP; Lowest effective occlusion pressure 214 
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In summary, greater muscular responses occur following LL-BFR when LL-RE is 215 

work-matched to LL-BFR acutely and chronically. However, as previously mentioned, 216 

since repetition failure appears to mediate muscular hypertrophy it is also likely to 217 

regulate other remodeling processes. Therefore, when LL-RE is work-matched to LL-218 

BFR where each performs the same exercise load, sets, and repetitions this may hinder 219 

the muscular response following LL-RE. Indeed, these work-matched studies are 220 

required to illustrate that BFR can promote a sufficient stimulus that is greater than the 221 

free blood-flow condition resulting in muscular adaptations. However, these work-222 

matched studies do not indicate if similar muscular outcomes occur following LL-BFR 223 

and LL-RE when both are performed to repetition failure. Previous studies have 224 

demonstrated similar increases in muscular strength, size, and endurance when each 225 

modality is performed to repetition failure88, 89. Moreover, following a single bout of LL-226 

BFR performed to repetition failure, a reduction in mitochondrial-derived reactive 227 

oxygen species (ROS) emission occurred, an effect that did not occur when LL-RE was 228 

performed to failure81. These findings are important as mitochondrial-derived ROS 229 

appears to play role in the adaptations to aerobic exercise in rodents90, 91, and previous 230 

work has illustrated blunted adaptations and/or metabolic responses to endurance92 and 231 

resistance training93, 94 with antioxidant supplementation in humans. Thus, it is possible 232 

when LL-BFR is performed to repetition failure, adaptations in skeletal muscle aerobic 233 

capacity may be attenuated compared to LL-RE.  234 

 235 

1.4 The Impact of Resistance Training on Muscle Aerobic Capacity  236 

 237 

1.4.1 Mitochondrial adaptations following resistance training 238 

 239 

The ability of resistance training to positively influence muscle mitochondrial 240 

content and function has garnered less attention than endurance training, which is 241 

typically associated with these adaptations. This is likely due to initial cross-sectional 242 

studies that compared resistance-trained athletes (i.e. powerlifters and weightlifters) to 243 

recreationally active and endurance-trained individuals. In these studies, despite a 244 

markedly greater muscle fiber CSA, the resistance-trained athletes had lower maximal 245 
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activity for enzymes located within mitochondria compared to endurance and 246 

recreationally active controls95–97. When cross-sectionally examining activity of enzymes 247 

located within mitochondria, whole-muscle homogenates are typically used. This can 248 

produce biased findings depending on the proportion of muscle fibers present (type I or 249 

type II muscle fibers), as type I fibers generally contain greater mitochondrial content98, 250 

99. As such, aerobically-trained subjects tend to have a greater percentage of type I 251 

muscle fibers and greater absolute mitochondria content leading to elevated maximal 252 

activity per unit muscle mass. Thus, it is difficult to interpret the role of resistance 253 

training in altering mitochondrial content cross-sectionally. 254 

 255 

Resistance training studies ranging 6-weeks to 6-months in length have provided 256 

equivocal results for influencing mitochondrial content with some studies demonstrating 257 

an increase100–102, decrease103–105, or no change39, 106–108 in mitochondrial volume, 258 

protein content or enzyme activity. These inconsistent findings may in part be related to 259 

differences in training duration, participant population (e.g. old vs. young or trained vs. 260 

untrained), inter-individual variability, method of detection, and/or sample sizes. Indeed, 261 

technological advances have allowed the assessment of mitochondrial function by 262 

monitoring the rate oxygen consumption in the presence and absence of various 263 

substrates and inhibitors by high-resolution respirometry in muscle fibers. An increase in 264 

mitochondrial respiration with no change in markers for mitochondrial content following 265 

resistance training has been shown recently in several studies78, 109, 110. Thus, given 266 

these results, it appears resistance training, regardless of load39, is a weak stimulus for 267 

increasing mitochondrial content; however, it may improve mitochondrial respiratory 268 

capacity at the skeletal muscle level.  269 

 270 

1.4.2 Microvascular adaptations following resistance training 271 

 272 

The microvascular-skeletal muscle relationship is a highly dynamic system that 273 

plays a crucial role in health111, 112 and athletic performance113, 114 by regulating 274 

substrate delivery and metabolite removal. Similar to what has been shown with 275 

mitochondrial content, RE has been considered as a weak stimulus to increase muscle 276 
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capillary supply due to cross-sectional evidence demonstrating endurance-trained 277 

individuals have significantly higher number of capillaries per fiber (C/F), and capillary 278 

density (CD) compared to the resistance trained individuals96. However, several 279 

descriptive properties have since been proposed to interpret the microvascular-skeletal 280 

muscle relationship and are summarized below in Table 3.  281 
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Table 3. Common microvascular properties used for the evaluation of microvascular-282 

skeletal muscle relationship 283 

Property Definition 

Capillary contacts (CC) Number of capillaries in contact with a single muscle fiber 

Sharing factor (SF) Number of muscle fibers a single capillary is directly supplying  

Capillary density (CD) Number of capillaries in a standard area 

Fiber area per capillary contact (FA/CC) The individual fiber cross-sectional area supplied by the number of CC 

Capillary-to-fiber ratio (C/F) Number of capillaries divided by number of fibers in a standard area 

Individual capillary-to-fiber ratio (C/Fi) The sum of each capillary contact relative to the number of fibers (SF) 

it is supplying to each individual fiber 

Capillary-to-fiber perimeter exchange (CFPE) index C/Fi divided by the fiber perimeter per 1000-m fiber perimeter 

 284 

Muscular properties that are commonly used to evaluate changes in the 285 

microvasculature following resistance training include CD and C/F, both of which are 286 

dependent on a standard area of the muscle sample. However, these properties are 287 

subject to potentially large variability given that human skeletal muscle is heterogenous 288 

for fiber type, and resistance training-induced muscle fiber hypertrophy leads to a single 289 

fiber occupying a larger area. As such, valuable information may be lost when 290 

interpreting these properties which could explain the lack of appreciable change in 291 

these metrics in several resistance training studies31, 39, 107, 108, 115–120 despite an 292 

increase in CC with individual fibers39, 115–117, 119, 120. Therefore, when interpreting the 293 

relationship between the microvascular system and skeletal muscle following a 294 

resistance training intervention, it is important to account for not only fiber type and CC, 295 

but the geometric arrangement of individual muscle fibers as hypertrophy is an 296 

expected outcome. Measurements at the individual muscle fiber level (C/Fi) and 297 

considering area (e.g. FA/CC) or perimeter (e.g. CFPE index) may provide more 298 

relevant information and consistent findings following resistance training. Indeed, when 299 

considering CC relative to fiber area and/or perimeter, it appears resistance training 300 

positively increases muscle microvasculature regardless of fiber type and 301 

hypertrophy121, 122, an effect that is independent of load39 and may occur as early as 2-4 302 

weeks of training in young men117.  303 
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Chapter 2: Statement of the Problem 304 

 305 

2.1 Rationale 306 

 307 

The use of BFR provides an interesting model to study the physiological 308 

responses following resistance training as it increases the muscle perturbations and 309 

responses when work-matched to the free-blood flow condition. However, since 310 

repetition failure and/or muscular fatigue appears to be a primary training factor 311 

mediating muscular adaptations, work-matched studies may hinder or blunt the 312 

adaptations with LL-RE. Moreover, studies comparing HL-RE to LL-BFR make it difficult 313 

to compare the direct role that BFR has on muscle adaptations. Given that altered 314 

mitochondrial bioenergetics occur following a single bout of LL-BFR and LL-RE when 315 

performed to failure81 despite similar muscle strength and hypertrophy88, 89, it is possible 316 

differential muscle remodeling for capillary content and mitochondrial content/function 317 

may occur. This is of importance to evaluate considering that LL-BFR is currently being 318 

used across healthy and clinical populations. 319 

 320 

2.2 Purpose 321 

 322 

The primary purpose of this study was to compare changes in muscular strength, 323 

endurance, and hypertrophy following 6-weeks of LL-RE and LL-BFR performed to 324 

repetition failure. A secondary purpose was to evaluate alterations in microvascular 325 

content, and markers of mitochondrial content/function.  326 

 327 

2.3 Hypotheses 328 

 329 

1) Both LL-RE and LL-BFR will increase similarly in 1-RM strength, endurance and 330 

indices of muscular hypertrophy (muscle thickness, thigh lean mass, and muscle 331 

fiber CSA) despite different exercise volume. 332 
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2) Relative to baseline, LL-RE and LL-BFR will increase in muscle fiber properties 333 

including microvascular supply, mitochondrial content and function; however, LL-334 

BFR will have a blunted increase compared to LL-RE.  335 
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Abstract  383 

The application of blood flow restriction (BFR) during resistance exercise is 384 

increasingly recognized for its ability to improve rehabilitation and as an effective 385 

method for increasing muscular hypertrophy and strength amongst healthy populations. 386 

However, direct comparison of the skeletal muscle adaptations to low-load resistance 387 

exercise (LL-RE) and low-load blood flow restriction resistance exercise (LL-BFR) 388 

performed to repetition failure are lacking. Using a within-subject design, we examined 389 

whole-body and skeletal muscle physiological outcomes to 6-weeks of LL-RE and LL-390 

BFR training to repetition failure. We demonstrate both types of training have similar 391 

muscle strength and size outcomes despite ~33% lower total exercise volume (load x 392 

repetition) with LL-BFR (LL-RE: 28,544±1,771 kg vs. LL-BFR: 18,949±1,541 kg, 393 

p=0.004). Following training, only LL-BFR improved the average power output 394 

throughout the midportion of a voluntary muscular endurance task. Specifically, LL-BFR 395 

training sustained an 18% greater power output from baseline and had a greater 396 

change from baseline compared to LL-RE (19±3 W vs. 3±4 W, p=0.039). This 397 

improvement occurred despite histological analysis revealing similar increases in 398 

capillary content of type I muscle fibers following LL-RE and LL-BFR training, which was 399 

primarily driven by increased capillary contacts (Pre: 4.53±0.23 vs. LL-RE: 5.33±0.27 400 

and LL-BFR: 5.17±0.25, both p<0.05). Moreover, maximally-supported mitochondrial 401 

respiratory capacity increased only in the LL-RE leg by 20% (p=0.006). Overall, this 402 

study demonstrates potential training related differences between LL-RE and LL-BFR 403 

with regard to voluntary power output, which are not explained by muscular strength 404 

and size or skeletal muscle mitochondrial and microvascular properties. 405 

 406 

Abbreviations 407 

ADP; Adenosine diphosphate, AMP; Adenosine monophosphate, ATP; Adenosine 408 

triphosphate, BFR; Blood flow restriction, CC; capillary contacts, CFPE; Capillary-to-409 

fiber perimeter exchange CSA; Cross-sectional area, C/Fi; Capillary-to-fiber ratio, 410 

DEXA; Dual-energy X-ray absorptiometry, LL-BFR; Low-load blood flow restriction 411 

resistance exercise, LL-RE; Low-load resistance exercise, LOP; Lowest effective 412 

occlusive pressure, MET; Muscular endurance test, OCT; optimal cutting temperature, 413 
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ROS; Reactive oxygen species, RCR; Respiratory control ratio, SF; Sharing factor, 1-414 

RM; 1-repetition maximum 415 

  416 
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Introduction 417 

Traditional resistance training is well-established as an exercise modality to 418 

increase muscular strength and hypertrophy. The use of blood flow restriction (BFR) 419 

during training has garnered substantial interest amongst athletes, clinicians, and sports 420 

scientists as an effective method to augment training adaptations when using low 421 

intensity resistance exercise 50, 52. BFR training typically involves the proximal 422 

application of a tourniquet above the contracting muscle, which reduces arterial inflow 423 

and prevents venous outflow during low-load (<40% 1-repetition maximum; 1-RM) 424 

resistance exercise 46. Recent reports using this technique demonstrate similar 425 

increases in muscle size, but not strength when compared to free blood-flow, high-load 426 

resistance exercise (>65% 1-RM) 51. Low-load BFR resistance exercise (LL-BFR) has 427 

been proposed to increase the metabolic stimulus within the exercising muscle leading 428 

to augmentation in muscle protein synthesis 66–69, 80, alterations in gene expression 74–76, 429 

123, and changes in muscle fiber size, damage, and repair 65, 71, 72, 84, 85, which are 430 

greater and similar to volume-matched low-load resistance exercise (LL-RE) or high-431 

load controls, respectively. Moreover, recent reviews 124, 125 and investigations 74, 126 432 

have suggested the reduced arterial blood flow (i.e. increasing tissue hypoxia) during 433 

LL-BFR may, in part, facilitate greater muscular adaptations (e.g. increased muscle 434 

oxidative capacity). Indeed, the previous LL-BFR literature demonstrates the ability of 435 

LL-BFR to positively influence skeletal muscle physiology compared to volume-matched 436 

LL-RE; however, with the application of BFR, an increase in muscle fiber recruitment 437 

and/or fatigue is expected to occur earlier during an exercise set compared to a LL-RE 438 

control 60, 127. Since performing resistance exercise to repetition failure (irrespective of 439 

load) appears to be a primary stimulus for muscular adaptations when equal exercise 440 

sets are performed 7, 39, volume-matched studies may attenuate potential training-441 

induced skeletal muscle remodeling. Moreover, comparing LL-BFR to high-load 442 

resistance exercise makes it difficult to discern the role that blood-flow manipulation 443 

may play in muscular adaptations. 444 

 445 

A limited amount of work has investigated the muscular adaptations of BFR 446 

training performed to failure using high- or low-load controls. Similar improvements in 447 
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the number of repetitions performed during a muscular endurance test have been 448 

demonstrated following LL-RE and LL-BFR training to repetition failure (Fahs et al., 449 

2015; Sousa et al., 2017). Moreover, following 6-weeks of upper body LL-BFR and LL-450 

RE training using a within-subject design 88, similar muscular strength and size occur 451 

despite different exercise volumes (load x repetitions) leading to muscular fatigue. 452 

Three other studies have directly compared LL-BFR to high-load protocols to repetition 453 

failure and found similar outcomes in muscle fiber cross-sectional area (CSA), 454 

mitochondrial content and function, and subcellular protein synthesis between both 455 

groups 78–80.  However, in the absence of a LL-RE group performed to repetition failure, 456 

the training adaptations at the skeletal muscle level that occur as a direct result of BFR 457 

remain unknown. 458 

 459 

We have demonstrated previously a decrease in mitochondrial-derived reactive 460 

oxygen species (ROS) emission following a single-bout of LL-BFR compared to LL-RE 461 

when both are performed to repetition failure 81. Given the apparent role of 462 

mitochondrial-derived ROS for aerobic exercise-induced adaptations in rodent skeletal 463 

muscle 90, 91 and previous work that demonstrated blunted increases in markers of 464 

mitochondrial biogenesis following chronic antioxidant supplementation with exercise in 465 

humans 92 these findings suggest mechanistic pathways to be explored. If 466 

mitochondrial-derived ROS are involved in resistance training adaptations, it is possible 467 

that chronic exposure to LL-BFR could attenuate skeletal muscle response compared to 468 

LL-RE. Therefore, the aims of this study were to examine the following: 1) muscle 469 

strength and endurance performance, 2) fiber-type specific skeletal muscle 470 

microvascular and morphological properties, and 3) mitochondrial content and function 471 

after 6-weeks of lower-body training with LL-RE or LL-BFR performed to repetition 472 

failure. It was hypothesized that both types of training would increase all outcomes 473 

relative to baseline. Furthermore, similar changes in muscle strength, endurance and 474 

size would occur between exercise groups; however, LL-RE would have a greater 475 

increase relative to LL-BFR in skeletal muscle mitochondrial content and function as 476 

well as microvascular supply.   477 
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Methods 478 

Subjects  479 

Ten healthy, young males (24±1 yr, 1.77±0.01 m, 78±6 kg) who previously 480 

participated in an investigation of a single bout of LL-RE and LL-BFR 81 consented to 481 

perform 6-weeks of training. Before enrollment, participants completed the Physical 482 

Activity Readiness Questionnaire (PAR-Q+), were informed of the risks involved, and 483 

provided written informed consent. Inclusion criteria consisted of the absence of major 484 

injuries in the past 6 months, no musculoskeletal disease, previous lower-body 485 

resistance training experience (1 d/wk) for 6 months and abstinence from a 486 

periodization program for 1 month before study commencement. This study was 487 

reviewed and approved by the University of Guelph Human Research Ethics Board 488 

(REB#17-12-005) in accordance with the Declaration of Helsinki. 489 

 490 

Study design 491 

We employed a within-subject unilateral model to mitigate the role that inter-492 

individual variability may have on adaptations in skeletal muscle as previously 493 

discussed 128. A schematic representation of the study design is provided in Figure 1. 494 

Each leg was randomly assigned with matching for dominance to perform LL-RE and 495 

LL-BFR 3x/week for 6-weeks. Muscle biopsies were taken before and after 6-weeks of 496 

training. Strength testing was performed at baseline, the start of weeks 3 and 5 and 497 

following 6-weeks of training. Immediately following each training session, participants 498 

consumed ~25g of whey protein (~2.5g leucine/serving; Canadian Protein, Windsor, 499 

Canada) to standardize post-exercise nutrition. Participants were instructed to avoid any 500 

other lower-body aerobic or resistance exercises throughout the study. Every participant 501 

completed all training sessions. During data acquisition and analysis, investigators were 502 

not blinded to experimental conditions. All testing sessions were performed abstaining 503 

from tobacco/caffeine (12 h) and alcohol ( 24 h). 504 
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Figure 1. A schematic representation of the study design. DEXA; Dual-energy X-ray 505 

absorptiometry, US; Ultrasound, MET; Muscular endurance test. 506 

 507 

Resistance training protocol 508 

With each leg, participants performed 3 sets of single-leg squats in a robotically 509 

resisted Smith machine (1080 Quantum, 1080 Motion Inc., Lidingö, Sweden) at a load 510 

corresponding to 30% 1-RM to repetition failure with rest periods set at 100 s for 6-511 

weeks. Bi-weekly 1-RM testing on each leg was considered as a training day that week. 512 

Training order was randomized such that half of the participants performed LL-RE 513 

followed by LL-BFR each day, and vice versa. A 5-10 min rest period was used 514 

between training bouts on each leg. Repetitions were performed at a 3.5s duty cycle 515 

(1.75 s eccentric and 1.75 s concentric contraction, with pace set to an audible signal) 516 

and if either leg performed >30 repetitions on the first set, the load was increased by 2 517 

kg for the subsequent training day on that leg only. For the LL-BFR leg, an 11cm wide 518 

tourniquet was placed on the upper thigh as high as possible (above biopsy sites) and 519 

the pressure was set corresponding to 60-70% of the lowest effective occlusive 520 

pressure (LOP) in the seated position. The LOP is defined as the lowest pressure 521 

required to occlude arterial blood flow and was determined using the Personalized 522 

Tourniquet System (Delfi Inc., Vancouver, Canada). The tourniquet remained inflated 523 

until the completion of the third set during LL-BFR. LOP was determined each training 524 

day and no differences were observed in pressure applied between the first and last 525 

training day (1537 mmHg vs. 156±6 mmHg, p=0.5).   526 

Week 1

Training day

Muscle biopsy

1-RM test

DEXA/US/MET

7 days Week 2 Week 3 Week 4 Week 5 Week 6 2 days 2 days2 days 2-5 days

Training intervention Pre-testing Post-testing

Figure 1. A schematic representation of the study design. DEXA; Dual-energy X-ray 

absorptiometry, US; Ultrasound, MET; Muscular endurance test.
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Muscle biopsies 527 

Following baseline testing, a single resting muscle biopsy from the vastus 528 

lateralis was obtained. Baseline samples were randomized so 50% of the biopsies were 529 

from the non-dominant and dominant legs, respectively. Following the 6-weeks of 530 

training, a muscle biopsy was acquired on each leg within 5 days of the last training 531 

session. Biopsies were performed under local anesthesia (2% lidocaine with 532 

epinephrine) using the Bergström technique. Samples were freed from blood and/or 533 

connective tissue and a section of each sample was quickly placed into ice-cold 534 

preservation buffer (BIOPS; 50mM MES, 7.23mM K2EGTA, 2.77mM CaK2EGTA, 20mM 535 

imidazole, 0.5mM dithiothreitol, 20mM taurine, 5.77mM ATP, 15mM PCr, 6.56mM 536 

MgCl2•H2O; pH 7.1) for high-resolution respirometry, or embedded in optimal cutting 537 

temperature (OCT) medium in isopentane cooled by liquid nitrogen for future 538 

immunohistochemical analysis. The remainder of each sample was flash-frozen in liquid 539 

nitrogen. Subjects were asked to refrain from lower-body exercise (48 h) and food (12 540 

h) prior to each sampling. 541 

 542 

Strength testing 543 

The 1-RM testing was performed using the robotically resisted Smith Machine 544 

according to the methodology described previously 81. Pre-testing was undertaken with 545 

participants refraining from lower body exercise for at least 72 h prior while during and 546 

following the 6-weeks of training was done with at least 24 h rest prior.  547 

 548 

Body composition and ultrasound for quadriceps muscle thickness 549 

Participants were fasted, with no food or liquid for 12 h and whole-body 550 

densitometry was performed by dual-energy X-ray absorptiometry (DEXA) using the 551 

Discovery DEXA System (Christie InnoMed Inc., Mississauga, Canada) calibrated to a 552 

manufacturer-provided phantom spine. Only the fat-free lean mass (bone mineral 553 

content subtracted) from each thigh was analyzed from the mid-neck to below the distal 554 

portion of the femur (Hologic Software, Hologic Inc., Bedford, USA) due to controlling for 555 

only the lower body training. 556 
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Muscle thickness measurements determined by ultrasound were used as an 557 

index of whole muscle hypertrophy, which is strongly correlated to muscle cross-558 

sectional area (CSA) determined by magnetic resonance imaging 129. Following the 559 

DEXA scan, the vastus lateralis and rectus femoris muscles were landmarked to ensure 560 

consistency of measures at each time point. The vastus lateralis site was located at 561 

50% of the distance between the greater trochanter and lateral epicondyle of the femur, 562 

whereas the rectus femoris was located at 50% of the distance between the anterior 563 

superior iliac spine and superior aspect of the patella. The 50% distance for each 564 

muscle was recorded and replicated pre- and post-intervention with the results 565 

expressed as an average of two separate images acquired from each muscle. 566 

Participants rested supine for 10 min before commencement of measurements. Images 567 

were acquired using B-mode ultrasound with a linear-array probe (8L-RS Transducer, 568 

GE Healthcare, Chicago, USA) with minimal pressure applied to the probe and 569 

analyzed immediately post-acquisition from the superficial to the deep aponeurosis 570 

(Vivid I software, GE Healthcare). Reliability of these measurements for the 571 

sonographer was assessed over three consecutive days on preserved human cadavers 572 

and was found to have a coefficient of variation of 4.8%. Measurements were taken 573 

distal to the site of the tourniquet due to the potential attenuation in muscular 574 

adaptations caused by compression 130 in the LL-BFR leg. 575 

 576 

Muscular endurance test (MET)  577 

A custom-built leg-extension dynamometer (1080 Quantum, 1080 Motion 578 

Inc., Lidingö, Sweden), which has previously been shown to be reliable for measuring 579 

human power output 131 was used during a maximal effort muscular endurance task. In 580 

brief, the anatomical positioning was performed according to the methods of Whinton et 581 

al. (2018) such that the distal shin pad was ~2cm above the lateral malleolus and knee 582 

joint angle was ~90 ° knee flexion.  Single-leg 1-RM leg extension was determined for 583 

each leg on the same day following baseline 1-RM squats using a similar protocol. 584 

Because the use of a single measurement  585 

(such as number of repetitions performed) may not provide sufficient resolution to 586 

determine differences between legs to repeatedly maintain power outputs across 587 
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multiple muscle contractions, we opted to perform a test fixed for the number of 588 

repetitions (30 repetitions) and maximum concentric velocity (0.5 m/s or 180/s) 589 

resulting in ~60 s in length. Participants were familiarized with the protocol and allowed 590 

2-3 practice repetitions. Following ~5 min of rest they were instructed to performed 30 591 

maximal concentric effort repetitions at 30% of the 1-RM. Subjects were instructed to 592 

extend the leg with maximal speed and force to full extension, followed by a controlled 593 

eccentric return to ~90°knee flexion. Feedback was provided to ensure a full stop 594 

occurred between repetitions and strong verbal encouragement was given throughout. 595 

Half of the participants performed LL-RE leg first with a 10-15 min rest followed by the 596 

LL-BFR leg and vice versa. The load, time of day and anatomical positions were 597 

recorded and replicated pre- and post-training. The data presented is the mean 598 

concentric power output for repetitions 1-30. Power output was expressed in both 599 

absolute and relative terms to account for individual differences. Relative power output 600 

was calculated by dividing each repetition by the highest power output obtained from a 601 

single repetition of each trial and expressed as a percentage by multiplying each value 602 

by 100. 603 

 604 

Mitochondrial respiration measurements 605 

Muscle samples in ice-cold BIOPS were trimmed of non-muscle tissue, 606 

separated with fine-tipped forceps under a microscope, and incubated with 40µg/uL of 607 

saponin for 30 min prior to washing in mitochondrial respiration buffer (MiR05; 0.5mM 608 

EGTA, 3mM MgCl2-6H2O, 60mM potassium lactobionate, 10mM KH2PO4 , 20mM 609 

HEPES, 110mM sucrose, 20mM taurine, 1g/L fatty acid free BSA; pH 7.1) for 15 610 

minutes. Respiration experiments were performed using high-resolution respirometry 611 

(Oroboros Oxygraph-2K: Oroboros Instruments, Innsbruck, Austria), as previously 612 

described 81, 91. Briefly, ADP was titrated in the presence of 5mM pyruvate and 1mM 613 

malate. Following ADP titrations, 10mM glutamate and 10mM succinate were 614 

sequentially added to determine maximal complex I and complex I/II-linked respiration. 615 

Cytochrome c (10µM) was added at the end of all experiments to confirm mitochondrial 616 

membrane integrity by an increase in respiration less than 10%. Respiratory control 617 

ratios (RCR) were determined (state 3/state 4 respiration) to demonstrate the 618 
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mitochondrial coupling. Following completion of experiments, fiber bundles were 619 

recovered and freeze-dried to normalize all data to fiber weight. ADP titrations were 620 

analyzed using Michaelis-Menten kinetics with a constraint of 100 in Prism 8 (GraphPad 621 

Inc., La Jolla, USA). 622 

 623 

Western blotting 624 

Freeze-dried muscle fibers were digested in a lysis buffer containing 10% 625 

glycerol, 5% β-mercaptoethanol, 2.3% SDS in 62.5mM Tris-HCl, and 0.01% 626 

bromophenol blue, for 1 h at 65ºC with gentle shaking 90. Samples were vortexed briefly 627 

every 15 min to improve digestion, and 5µL of digested lysate was then loaded onto 628 

SDS-polyacrylamide gels for Western blotting protein quantification. Proteins were 629 

separated by electrophoresis at 150V for 1 h and transferred at 100V for 1 h to 630 

polyvinylidene difluoride membranes. Following blocking in 5-7.5% skim milk or bovine 631 

serum albumin, commercially available antibodies were used to detect COXIV 632 

(Invitrogen-A21347; 1:30000), OXPHOS (Mitosciences-ab110413; 1:500), VDAC 633 

(Abcam-ab14734; 1:1000), MiCK (Abcam-ab131188; 1:1000), SOD2 (Abcam-ab13533; 634 

1:5000) PDHE1 (Invitrogen-459400; 1:1000). Appropriate washes and secondary 635 

antibodies (1:1000-1:5000) were applied. All samples for each protein were transferred 636 

on the same membrane to limit variability and quantified via chemiluminescence using a 637 

FluorChem HD imaging system (Alpha Innotech, Santa Clara, USA). Equal loading 638 

across groups was confirmed using Ponceau staining for each membrane.  639 

 640 

 Immunohistochemical preparation 641 

Muscle samples embedded in OCT medium were cut into 10m thick sections 642 

with a cryostat (ThermoFisher Scientific, Mississauga, Canada) maintained at -20°C. To 643 

reduce experimental variation, samples from each condition were placed on the same 644 

slide. Determination of muscle fiber type was carried out in a similar manner as 645 

previously described 132 with slight modifications. Slides were incubated with primary 646 

antibodies against MHC I (BA-F8; 1:20), MHC IIa (SC-71; 1:200), and MHC IIx 647 

(6H1;1:40) for 1 h. Similarly, serial sections were utilized for the determination of muscle 648 

fiber capillary supply 133. Briefly, sections were incubated overnight with primary 649 
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antibodies specific for endothelium (Collagen-IV; M3F7; 1:50) and sarcolemma 650 

(Dystrophin; MANDYS1;1:100). Following overnight incubation and appropriate 651 

washes/secondary antibody incubation slides were counterstained for cell nuclei using 652 

DAPI (30 M) for 5 min followed by washing with 1xPBS for 3x5 min. Before imaging, 653 

sections were mounted with Prolong Antifade Reagent (Life Technologies, Burlington, 654 

Canada) and all images were acquired following 6-24 h after the reagent was applied. 655 

All primary antibodies were purchased from the Developmental Studies Hybridoma 656 

Bank (University of Iowa) and secondary antibodies were purchased from Invitrogen 657 

(Burlington, Canada).  658 

 659 

Sections were visualized with a Zeiss Axio Observer Z1 microscope (Carl Zeiss, 660 

Jena, Germany) and individual images were taken across the entire cross-section 661 

followed by assembly into a composite image using the Zen software. The entire section 662 

for each sample was analyzed completely. Due to the lack of type IIX fibers in most 663 

participants we classified fibers as type I or II only. Type I/IIA hybrid fibers were 664 

excluded from analysis due to their low abundance and all peripheral, 665 

longitudinal/oblong, and/or damaged fibers were not analyzed. No differences in fiber 666 

number between groups was observed (Pre; 81±10, LL-RE; 86±13, LL-BFR; 70±7 667 

fibers, p=0.6). 668 

 669 

Immunohistochemical analysis 670 

Quantification of muscle fiber CSA and perimeter were calculated manually by 671 

tracing around each fiber using ImageJ (National Institutes of Health, Bethesda, USA). 672 

For analysis of capillary supply, several properties were examined: capillary contacts 673 

(CC; number of capillaries/fiber), sharing factor (SF; number of fibers sharing each 674 

capillary), individual capillary-to-fiber ratio (C/Fi), capillary-to-fiber perimeter (CFPE) 675 

index (number of capillaries/1,000-m perimeter) as described previously 119.  676 

Myonuclei were quantified by clear positive staining to be within the sarcolemma and 677 

myonuclear domain was determined by dividing the individual fiber CSA by the number 678 

of myonuclei per fiber. 679 

 680 
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One sample was not acquired for a participant at the end of the study due to 681 

tissue constraints and was excluded from analysis. This was similarly true for baseline 682 

samples in two other participants. However, at baseline an additional sample for a 683 

related study was acquired 2 h following an acute bout of exercise on the same day 81 684 

and was used for subsequent analysis. Statistical analysis on morphology did not reveal 685 

changes with (n=9) or without (n=7) these samples, thus they were included in the final 686 

data representation. Myonuclei analysis was performed without these samples (n=7) 687 

due to the potential of satellite-cell infiltration following an acute bout of exercise 72. 688 

 689 

Statistical Analysis 690 

Repeated measures ANOVA (2-Group x 2-Time) were performed on exercise 691 

parameters: exercise volume and indices for muscle hypertrophy (muscle thickness and 692 

thigh lean mass). Strength (1-RM) and repetitions per set were analyzed using a 2-693 

Group x 4-Time and 2-Group x 3-Set repeated measures ANOVA, respectively. A 2-694 

Group x 2-Time x 30-Repetition) repeated measures ANOVA was also used to analyze 695 

absolute and relative power outputs from the muscular endurance test as an entire data 696 

set. To aid in practical interpretation, absolute and relative power outputs were further 697 

expressed as changes from baseline and analyzed in tertials (i.e. repetitions 1-10, 11-698 

20, 21-30) by using repeated measures ANOVA (2-Group x 10-Repetition). Analysis in 699 

tertials was to account for potential early increases in power output (resulting from 700 

increases in strength) and to remove the influence of the expected decrease in power 701 

output near the completion of the test. All skeletal muscle results were analyzed using 702 

repeated measures ANOVA (1x3). Where a significant interaction occurred, post-hoc 703 

tests were performed to compare baseline values to LL-RE and LL-BFR.  One-tailed 704 

tests were used when comparing to baseline due to previous resistance training 705 

interventions showing either no change or increases for all measurements compared to 706 

baseline. Two-tailed tests were performed to directly to compare LL-RE and LL-BFR 707 

between each other. Post-hoc tests were corrected for multiple comparisons using the 708 

Bonferroni correction factor. All data were analyzed in SPSS version 25 (IBM Corp., 709 

Armonk, USA), with alpha set a priori at p<0.05. Data are expressed as the mean±SEM. 710 

  711 
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Results 712 

Exercise volume and muscular strength 713 

Similar 1-RM values were observed at baseline between legs (LL-RE: 77.4±4 kg 714 

vs. LL-BFR: 74.4±5 kg, p=0.2), although, the training load (i.e. 30% 1-RM) was slightly 715 

greater for the LL-RE leg (LL-RE: 23.4±2 kg vs. LL-BFR: 22±2 kg, p=0.03). In the first 716 

training session, both legs performed more repetitions in the first set compared to the 717 

following two sets; however, across all sets, the LL-BFR leg performed fewer repetitions 718 

compared to LL-RE (Set 1: 20±2 vs. 25±2, Set 2: 9±1 vs. 17±1, Set 3: 5±1 vs. 14±1, all 719 

p<0.05; Fig. 2a). By the last training session similar to the first training session, both 720 

legs performed more repetitions in the first set compared to the following two sets, with 721 

the LL-BFR performing fewer repetitions across all sets compared to LL-RE (Set 1: 722 

27±2 vs. 30±2, Set 2: 12±1 vs. 17±1, Set 3: 9±1 vs. 15±1, all p<0.05; Fig 2b). 723 

Additionally, the LL-RE leg accomplished the lifting of a greater exercise load compared 724 

to LL-BFR by the last training session (LL-RE: 36±2 kg vs. LL-BFR:32±2 kg, p=0.004).  725 

 726 

As a result of the differences in load and/or repetitions performed, total exercise 727 

volume (load x repetitions) during the first and last training sessions were lower during 728 

LL-BFR compared to LL-RE; however, both legs increased exercise training volume by 729 

~2-fold by the final training session (both p<0.01) (Fig. 2c). As a result, cumulative 6-730 

week training volume for the LL-BFR leg was ~33% (p<0.0001) lower than the LL-RE 731 

leg (Fig. 2d). Despite large differences in exercise volume, both legs increased their 1-732 

RM (LL-BFR: 92±5 kg and LL-RE: 96±5 kg, both p=0.001) with no differences between 733 

legs following the 6-weeks of training (Fig. 2d).  734 

 

 

 



 

 
34  

 735 

Figure 2. Exercise training volume and muscular strength changes following 6 weeks of 736 

low-load resistance exercise (LL-RE) or low-load blood flow restriction resistance 737 

exercise (LL-BFR) training. (a) Repetitions to failure for each set of the first training 738 

session. (b) Repetitions for each set of the last training session. (c) Daily training 739 

volume for the first and last training sessions. Cumulative exercise training volume is 740 

shown on the right. (d) Dynamic muscular strength before (Pre), after 2 weeks (W2), 4 741 

weeks (W4), and 6 weeks (Post) of training. Absolute change in each group is shown on 742 

the right. ‡ p<0.05 vs. Set 1. ⍵ p<0.05 vs. Set 2. † p<0.01 vs. LL-RE at similar 743 

timepoints. * p<0.01 vs. Pre.  Data expressed as mean±SEM. n=10/group.   744 
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Indices of whole-muscle hypertrophy 745 

Following both protocols, an effect of time (p=0.043) was observed for vastus lateralis 746 

muscle thickness (LL-RE; Pre: 2.80±0.12 cm vs. Post: 2.92±0.1 cm and LL-BFR; Pre: 747 

2.72±0.06 cm vs. Post: 2.92±0.08 cm), whereas this effect was not observed for rectus 748 

femoris muscle thickness or thigh lean mass in either leg (Table 1).  749 

 750 

Table 1. Thigh lean mass & quadriceps muscle thickness before and after 6 weeks of 751 

LL-RE of LL-BFR training in young males 752 

 Pre Post 
P-value 
(Time) 

P-value 
(Group) 

P-value 
(Time x Group) 

Thigh lean mass (kg) 
      LL-RE 
      LL-BFR 

7.19±0.28 
7.16±0.29 

7.23±0.28 
7.24±0.30 

0.6 0.9 0.14 

Rectus femoris muscle 
thickness (cm) 
      LL-RE 
      LL-BFR 

2.56±0.09 
2.59±0.08 

2.58±0.08 
2.70±0.08 

0.13 0.4 0.09 

Vastus lateralis muscle 
thickness (cm) 
      LL-RE 
      LL-BFR 

2.80±0.12 
2.72±0.06 

2.92±0.10 
2.92±0.08 

0.043 0.7 0.2 

Indices of whole muscle hypertrophy following 6 weeks of low-load resistance exercise 753 

(LL-RE) or low-load blood flow restriction resistance exercise (LL-BFR) training. Thigh 754 

lean mass was acquired using DEXA and muscle thickness was acquired by ultrasound 755 

at 50% of the muscle length. Data expressed as mean±SEM. n=10/group.  756 
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Muscular endurance test (MET) 757 

 Power output during all 30 repetitions before and after training, expressed in 758 

absolute and relative terms, is presented in Figs. 3a-b. An expected effect of time 759 

(p=0.001) was observed for the average power output across all 30 repetitions (LL-BFR; 760 

Pre: 116±7 W vs. Post: 130±6 W, and LL-RE; Pre: 119±6 W vs. Post: 128±7 W) with a 761 

non-significant (p=0.11) increase from baseline in maximum power output for a single 762 

repetition (LL-BFR; Pre: 183±14 W vs. Post: 192±11 W, and LL-RE; Pre: 177±13 W vs. 763 

Post: 189±11 W). Absolute power outputs trended toward an interaction (Group x Time 764 

x Repetition) in absolute terms (p=0.061) and when controlling for inter-individual 765 

variation by expressing data as a relative percentage of highest power output obtained 766 

from a single repetition, a significant interaction occurred (p=0.026). 767 

 768 

 Both legs similarly improved power output during the first 10 repetitions following 769 

training (Pre LL-RE: 152±12 W, vs. Post LL-RE: 168±10 W and Pre LL-BFR: 157±12 W 770 

vs. Post LL-BFR: 171±11 W, p=0.027). Interestingly, only the LL-BFR leg had an 771 

approximate 18% increase compared to baseline values in power output throughout the 772 

middle of the test (repetitions 11-20), which was greater compared to the LL-RE leg (LL-773 

BFR: 19±3 W vs. LL-RE: 3±4 W, p=0.008) (Fig. 3c). When the change from pre-training 774 

values were analyzed, a similar pattern occurred such that the LL-BFR leg maintained a 775 

greater change across repetitions 11-20 compared to the LL-RE leg (LL-BFR: 5±2.5 % 776 

vs. LL-RE: -4±3.5 %, p=0.039) (Fig. 3d). 777 
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 778 

Figure 3. Concentric power output during a muscular endurance test before (Pre) and 779 

after (Post) 6-weeks of low-load resistance exercise (LL-RE) or low-load blood flow 780 

restriction resistance exercise (LL-BFR) training. (a) Absolute power output for each 781 

repetition. (b) Relative power output expressed as a percentage of the highest power 782 

output of a single repetition. (c-d) Change from baseline for absolute and relative power 783 

output, respectively. Data expressed as mean±SEM. n=10/group. Rep; Repetition, W; 784 

watts.  785 
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Muscle fiber characteristics  786 

Fiber type distribution, CSA, perimeter, sharing factor, myonuclei per fiber, and 787 

myonuclear domain did not significantly differ following the 6-weeks of training for either 788 

leg irrespective of fiber type (Table 2). On the other hand, both LL-RE and LL-BFR 789 

effectively increased the capillary contacts (CC) with type I fibers by ~18% (p=0.018) 790 

and ~14% (p=0.006), respectively, an effect that was trending towards an increase for 791 

type II fibers relative to baseline for both LL-RE (p=0.067) and LL-BFR (p=0.1; Fig. 4b). 792 

When investigating the individual capillary-to-fiber ratio (C/Fi), there was an increase for 793 

type I fibers in both legs relative to baseline values (Pre: 1.74±0.10 vs LL-RE 2.07±0.13 794 

and LL-BFR: 2.01±0.12, both p<0.05; Fig. 4c). Repeated measures ANOVA revealed 795 

only a trend for differences in C/Fi for type II fibers following training (Pre: 1.74±0.12 vs. 796 

LL-RE: 1.96±0.14 and LL-BFR: 1.92±0.09, p=0.08). Finally, the CFPE Index increased 797 

for type I fibers for both legs (Pre: 6.38±0.29 vs. LL-RE: 7.49±0.39 and LL-BFR: 798 

7.39±0.35, both p<0.05) and only in the LL-RE leg for type II fibers (Pre: 5.51±0.32 vs. 799 

LL-RE: 6.30±0.25, p=0.048; Fig. 4d).   800 
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Table 2. Muscle fiber characteristics and structural properties 801 

    Pre LL-RE LL-BFR P value 
     

Fiber type (%) 
Type I 57±5 57±3 52±4 0.6 

Type II 43±5 43±3 47±4 0.6 
     

Fiber CSA (µm2) 
Type I 4393±318 5088±388 4838±348 0.12 

Type II 5770±437 6291±567 6280±518 0.5 
     

Fiber perimeter (µm) 
Type I 261±10 281±11 273±10 0.14 

Type II 299±12 309±14 313±14 0.5 
       

Sharing factor 
Type I 2.70±0.03 2.67±0.05 2.69±0.03 0.7 

Type II 2.73±0.04 2.69±0.05 2.68±0.03 0.8 
       

Myonuclei 
Type I 2.17±0.11 2.33±0.19 2.17±0.13 0.7 

Type II 2.80±0.08 2.83±0.24 2.73±0.15 0.9 
      

Myonuclear domain 
(µm2) 

Type I 2369±227 2671±154 2701±251 0.4 

Type II 2594±252 2668±208 2947±296 0.6 

Muscle fiber properties before (Pre) and following 6 weeks of low-load resistance 802 

exercise (LL-RE) or low-load blood flow restriction resistance exercise (LL-BFR) 803 

training. Data expressed as mean±SEM. n=9, except for myonuclei n=7. CSA; Cross-804 

sectional area. 805 
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Figure 4. Skeletal muscle microvascular properties before (Pre) and after 6 weeks of 

low-load resistance exercise (LL-RE) or low-load blood flow restriction resistance 

exercise (LL-BFR) training. (a) Representative images for immunohistochemical 

staining of serial cross-sections. Top row: Muscle fiber boarder (Dystrophin; red), 

capillary (Collagen-IV; green) and nuclei (DAPI; blue). White and yellow arrows 

represent a capillary and myonucleus, respectively. Bottom row: Type I (MHC I; blue) 

and Type II (MHC IIa; green and MHC IIx; red) muscle fibers. The ‘X’ depicts the same 

fiber within each condition for both sets of images. Scale bar is 100 microns. (b) 

Capillary contacts (c) Capillary-to-fiber ratio (d) Capillary-to-fiber perimeter exchange 

(CFPE) index. * p<0.05 vs. Pre. Data expressed as mean±SEM. n=9/group. 
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Figure 4. Skeletal muscle microvascular properties before (Pre) and after 6 weeks of low-load 
resistance exercise (LL-RE) or low-load blood flow restriction resistance exercise (LL-BFR) 

training. (a) Representative images for immunohistochemical staining of serial cross-sections. 

Top row: Muscle fiber boarder (Dystrophin; red), capillary (Collagen-IV; green) and nuclei 

(DAPI; blue). White and yellow arrows represent a capillary and myonucleus, respectively. 

Bottom row: Type I (MHC I; blue) and Type II (MHC IIa; green and MHC IIx; red) muscle 
fibers. The ‘X’ depicts the same fiber within each condition for both sets of images. Scale bar 

is 100 microns. (b) Capillary contacts (c) Capillary-to-fiber ratio (d) Capillary-to-fiber perimeter 

exchange (CFPE) index. * p<0.05 vs. Pre. Data expressed as mean±SEM. n=9/group. 
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Mitochondrial content and function 806 

Irrespective of training condition, protein content of electron transport chain subunits 807 

(CV, CIII, CII, CI, COXIV) and mitochondrial membrane transporters (VDAC, MiCK) 808 

were not different, although there was an increase in the antioxidant protein, SOD2 in 809 

the LL-RE leg (p=0.02; Fig. 5a-b). Moreover, despite the absence of changes in 810 

mitochondria content, LL-RE did increase maximal oxygen consumption by ~20%, 811 

(p=0.006), an effect which was not observed following LL-BFR training (p=0.14) (Fig. 812 

5c). We also observed no differences in mitochondrial ADP sensitivity following 6-weeks 813 

of training in either leg (Apparent Km Pre: 1030±83 M vs. LL-RE: 1122±55 M and LL-814 

BFR: 960±55 M, p=0.2) (Fig. 5d). 815 

 816 

Figure 5. Mitochondrial content and respiratory capacity in permeabilized muscle fibers 817 

before (Pre) and after 6 weeks of low-load resistance exercise (LL-RE) or low-load 818 

blood flow restriction resistance exercise (LL-BFR) training. (a) Representative Western 819 

blot images for each protein for two participants. (b) Quantification of Western blots for 820 

proteins located within mitochondria.  821 
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Figure 5. Mitochondria content and respiratory capacity in permeabilized muscle fibers 
before (Pre) and after 6 weeks of low-load resistance exercise (LL-RE) or low-load blood 
flow restriction resistance exercise (LL-BFR) training. (a) Representative Western blot 

images for each protein for two participants. (b) Quantification of Western blots for proteins 
located within mitochondria (c) High-resolution respirometry illustrating maximal complex 

I/II linked respiration. (d) Michaelis-Menten kinetic curves and Apparent Km for ADP. * 

p<0.01 vs. Pre. JO2; oxygen consumption, PM; pyruvate+malate, +D; PM+ADP, +G; 
PMD+glutamate, +S; PMDG+succinate, +C; PMDGS+Cytochrome C, RCR; respiratory 

control ratio. Data expressed as mean±SEM. Western blot data; n=7-10/group, 
respirometry data; n=10/group. 
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Figure 5. Mitochondrial content and respiratory capacity in permeabilized muscle fibers 845 

before (Pre) and after 6 weeks of low-load resistance exercise (LL-RE) or low-load 846 

blood flow restriction resistance exercise (LL-BFR) training. (c) High-resolution 847 

respirometry illustrating maximal complex I/II linked respiration. (d) Michaelis-Menten 848 

kinetic curves and Apparent Km for ADP. * p<0.01 vs. Pre. JO2; oxygen consumption, 849 

PM; pyruvate+malate, +D; PM+ADP, +G; PMD+glutamate, +S; PMDG+succinate, +C; 850 

PMDGS+Cytochrome C, RCR; respiratory control ratio. Data expressed as mean±SEM. 851 

Western blot data; n=7-10/group, respirometry data; n=10/group.  852 
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Discussion 853 

In the present study, we demonstrate that when LL-RE and LL-BFR were both 854 

performed to repetition failure during a training program of 6-weeks in duration, similar 855 

outcomes in muscular strength and size were observed despite the LL-BFR leg 856 

accumulating approximately 33% lower training volume compared to LL-RE. 857 

Interestingly, there was a greater sustained power output during a muscular endurance 858 

task following LL-BFR training, which could not be explained by changes in muscle fiber 859 

size, microvascular supply, or mitochondrial respiration capacity. These findings provide 860 

novel insight into the muscular adaptations following low-load resistance training, with or 861 

without BFR and may have implications for the prescription of these training modalities 862 

to healthy or clinical populations. 863 

 864 

Exercise volume, muscular strength and size 865 

We observed an approximate 25% increase in 1-RM following the 6-weeks of 866 

training in both LL-BFR and LL-RE conditions; however, in both groups only vastus 867 

lateralis muscle thickness demonstrated a measurable increase whereas non-significant 868 

increases in other indices of muscle hypertrophy (lean thigh mass, rectus femoris 869 

muscle thickness, and muscle fiber CSA) occurred. These findings corroborate previous 870 

evidence 88 illustrating similar muscular strength and size outcomes between LL-RE and 871 

LL-BFR when taken to repetition failure despite different exercise volumes. The failure 872 

to reach a statistically significant change in three of our indices of muscle hypertrophy 873 

(i.e. thigh lean mass, rectus femoris muscle thickness, and muscle fiber CSA) compared 874 

to similar studies in length 79, 88, 134 may be a result of several factors including training 875 

experience at the commencement of the study and exercise volume during the study 876 

135. A greater duration of training (e.g. 8-12 weeks) and/or exercise sets (e.g. 4-6 sets) 877 

may have well led to appreciable increases in these variables and future research into 878 

optimal frequency, intensity, and duration of programs is warranted. 879 

 880 

  881 
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Skeletal muscle microvascular properties  882 

Previous work has shown that following a single-bout of LL-BFR when compared 883 

to volume-matched LL-RE, a superior increase in genes associated with angiogenesis 884 

occurred 74. However, we were interested in determining if LL-BFR would induce greater 885 

muscle capillarity when exercise was not work-matched, but rather performed to 886 

repetition failure as we believe resistance training to repetition failure is an important 887 

stimulus to elicit muscular remodeling when equal number of exercise sets are 888 

performed. The present study did not demonstrate differences in angiogenesis following 889 

BFR when combined with exercise to volitional failure; however, whether the 890 

mechanisms and temporal responses leading to microvascular expansion are similar 891 

between the two modalities remains to be determined. Indeed, both LL-RE and LL-BFR 892 

positively influenced capillary content in type I muscle fibers, but this effect was not 893 

observed in type II muscle fibers, which were trending toward significance. Previous 894 

work has shown both fiber types to respond positively to high- and low-load resistance 895 

training 39, and in agreement with this we did not find evidence that BFR nor LL-RE 896 

training greatly influenced the capillary response in a fiber-type specific manner when 897 

performed to repetition failure. 898 

 899 

Mitochondria function and content following LL-RE and LL-BFR 900 

As our previous investigation demonstrated an acute reduction in mitochondrial-901 

derived ROS emission following LL-BFR 81, we evaluated the consequences of 902 

performing LL-BFR with regard to changes in mitochondria function and content. Given 903 

that a decrease in mitochondria ROS production has been linked to attenuated 904 

adaptations to aerobic training 91 it was of interest if this would occur following LL-BFR 905 

training. Interestingly, we observed an approximate 20% increase in muscle 906 

mitochondria respiratory capacity only following LL-RE with non-significant changes 907 

following LL-BFR, which suggests BFR during resistance exercise blunts the 908 

mitochondrial respiratory adaptations. Alternatively, it is possible the effects we 909 

observed are a consequence of greater total exercise volume in the LL-RE leg, although 910 

direct evidence comparing the effects of LL-RE and LL-BFR on respiratory capacity 911 

when exercise volume is matched is lacking. Our results are in opposition to previous 912 
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work that demonstrated a 40% increase in maximally-linked complex I/II respiration after 913 

6 weeks of LL-BFR 78. The discrepancies between our findings and Groennebaek et al., 914 

(2018) may be due to the participant population as untrained participants who had not 915 

participated in resistance- or aerobic-type exercise 6 months prior the commencement 916 

of the study had been used previously, whereas our cohort was resistance-trained and 917 

had only refrained from a periodized resistance training program for at least 1 month. As 918 

such, the exercise stimulus (e.g. LL-BFR) may have been more novel in previous work, 919 

leading to an augmentation of intramuscular signaling events and subsequent 920 

remodeling 136, 137.  921 

 922 

Despite an increased respiratory capacity in the LL-RE leg there was no increase 923 

in any markers of mitochondrial content, a finding which has been demonstrated 924 

previously in young individuals following resistance training 78, 109, 110. This is interesting 925 

given previous evidence that mitochondrial protein fractional synthesis rates increase 926 

throughout resistance training 78 and acutely after a novel bout of resistance type 927 

exercise, an effect that is blunted in the trained state 14. Thus, it is possible that the 928 

brief, intermittent nature of resistance exercise does not provide a sufficiently large 929 

metabolic perturbation (e.g. rise in free ADP or AMP) to alter processes associated with 930 

mitochondrial biogenesis in young individuals regardless if BFR is applied. It is possible 931 

that our findings indicate intrinsic changes within mitochondria leading to improved 932 

respiratory capacity, such as post-translational modifications of proteins 138 or 933 

alterations in super-complex abundance 139, though the underlying mechanisms remain 934 

to be determined. In opposition to our findings, a recent study using isolated 935 

mitochondria reported no change in respiratory capacity using isolated mitochondria 936 

following 12 weeks of high-load resistance training in young individuals 101; but the 937 

methodological differences of using isolated mitochondria must be recognized 140 and 938 

this could help to explain our differential results. As a whole, our present results suggest 939 

when LL-RE is performed to repetition failure, there is an observed increase in 940 

respiratory capacity with no appreciable increase in mitochondrial content. 941 

 942 

  943 



 

 
46  

Muscular endurance test  944 

Herein, we provide evidence that LL-BFR training results in greater sustained, 945 

voluntary power output during a muscular endurance test. While the mechanisms of 946 

muscular fatigue are multifactorial and highly dependent on the mode, intensity, and 947 

duration 141–143, in the present study the improvement in endurance following LL-BFR 948 

cannot be explained by enhancements in muscle strength, size, microvasculature 949 

supply, or respiratory capacity. Although currently speculative, given the nature of our 950 

protocol (~60 s) the improved voluntary muscular power output following LL-BFR 951 

training may be related to an improved anaerobic maintenance of muscle ATP and/or 952 

preservation of proper ion gradients, both of which would allow repeated excitation-953 

contraction coupling of muscle fibers and sustained force output 144, 145. Recent 954 

literature has demonstrated greater exercise performance accompanied by a reduction 955 

in muscle K+ efflux from exercising muscle following intermittent BFR cycling for 6-956 

weeks, which the authors attributed to in part by an increase in Na+ - K+ ATPase 957 

isoforms 146. Therefore, it is possible performing LL-BFR chronically displays similar 958 

adaptations leading to sustained power outputs during intense exercise, although this 959 

remains an unexplored avenue of research. Despite this knowledge gap, our data 960 

suggests the observed fatigue-resistance following BFR training was likely not a result 961 

of improved muscle aerobic capacity. 962 

 963 

Limitations 964 

As with all investigations, this work was not without limitations. One limitation of 965 

this study that should be acknowledged was the high-intensity nature of the muscular 966 

endurance test, which lasted approximately 60 seconds in length. Since skeletal muscle 967 

relies on a balance of anaerobic and aerobic means for ATP provision at different 968 

exercise intensities, it remains unclear if the augmented muscle mitochondrial 969 

respiratory capacity following only LL-RE training would result in greater performance 970 

outcomes compared to LL-BFR throughout a lower intensity muscular endurance task of 971 

a greater duration. Therefore, future studies are required to evaluate the potential 972 

exercise performance differences as a result of performing these exercise modalities. 973 

Furthermore, given our differential findings in muscular endurance and mitochondrial 974 



 

 
47  

respiratory capacity, the inclusion of a volume-matched LL-RE control to LL-BFR (i.e. 975 

performed the same load and repetition scheme as the LL-BFR leg) is required to fully 976 

elucidate the muscular adaptations between these exercise modalities.   977 

 978 

Conclusion 979 

We evaluated the effect of performing resistance exercise with and without BFR 980 

to repetition failure for 6-weeks in young men by examining a combination of whole-981 

body physiological outcomes and skeletal muscle properties. Both training modalities 982 

resulted in similar improvements in strength and indices of muscle hypertrophy despite 983 

a lower exercise volume with LL-BFR; however, LL-BFR caused a greater sustained 984 

power output during a fatiguing muscular endurance test. The increased power output 985 

could not be explained by muscle mitochondrial content/function or muscle fiber 986 

morphological and microvascular properties. Thus, these findings provide novel 987 

avenues of research and insight into the potential application of LL-BFR and LL-RE to 988 

certain populations. 989 
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Chapter 4: Discussion 1011 

 1012 

In this investigation, when LL-RE and LL-BFR are performed to repetition failure 1013 

3 times per week for 6-weeks, similar outcomes for muscular strength and size occur 1014 

despite ~33% lower exercise volume in the LL-BFR leg. Following LL-BFR training, a 1015 

greater fatigue-resistance was observed following a muscular endurance test, a finding 1016 

which could not be explained by changes in muscle fiber CSA, microvascular supply, or 1017 

mitochondria content/function. These results provide valuable insight in the application 1018 

of LL-BFR for practitioners and provides potential novel avenues for BFR exercise 1019 

research. 1020 

 1021 

4.1 Muscular Strength, Hypertrophy, and Exercise Volume 1022 

 1023 

4.1.1 Muscle strength 1024 

 1025 

Early studies demonstrated LL-BFR was superior for eliciting muscular strength 1026 

adaptations compared to LL-RE40–42 when repetition-matched. However, recent 1027 

findings88, 89 along with the findings in this study show that when both LL-RE and LL-1028 

BFR are performed to repetition failure, similar changes in dynamic strength occur. 1029 

Thus, the necessity to sufficiently fatigue a large proportion of muscle fibers may be a 1030 

mechanism that leads to morphological and neural adaptations typically associated with 1031 

improvements in strength. Alternatively, the increased strength observed in this study 1032 

could be, in part, due to testing 1-RM twice during training, which may allow for 1033 

sufficient practice of the testing procedure by the end of the 6-weeks. Recent studies 1034 

have shown similar increases in 1-RM between high-load training and a group that 1035 

simply practices the 1-RM attempts147, 148. Further support of the importance of 1036 

practicing the 1-RM test itself can be found in recent literature5, 33. Mitchell et al., (2012) 1037 

demonstrated significantly lower changes in 1-RM following LL-RE compared to HL-RE 1038 

training33, an effect that can be reduced if participants performed 1-RM testing 1039 

periodically throughout training5. Lastly, the contralateral or cross-education effect for 1040 

increased muscular strength149 must also be recognized as a potential limitation in this 1041 
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study due to the within-subject design. Regardless of these possible limitations, the 1042 

mechanisms of increased strength following low-load exercise training with or without 1043 

BFR remains insufficiently explained and more work is clearly required. 1044 

 1045 

4.1.2 Muscle hypertrophy 1046 

 1047 

It is generally accepted that LL-BFR can induce muscle hypertrophy (e.g. muscle 1048 

mass, thickness, and CSA)51, however, this is the first study that compared both LL-1049 

BFR and LL-RE performed to repetition failure and monitored changes using several 1050 

indices of muscle hypertrophy. A strength of this study design was the use of a within-1051 

subject protocol, which reduces inter-individual variability related to dietary or lifestyle 1052 

choices; although non-significant increases occurred for several of the muscle 1053 

hypertrophy markers (rectus femoris muscle thickness, thigh lean mass, muscle fiber 1054 

CSA). These findings are contrary to a recent resistance training study of similar length 1055 

and design, which showed robust changes in muscle thickness and thigh lean mass134. 1056 

Brook et al.,134 had untrained participants (no RE training within 12 months of enrolling 1057 

in the study) perform 6 sets of 8 repetitions at 75% of their 1-RM, 3 times per week, for 1058 

6 weeks while assessing strength and adjusting exercise load every 10 days. These 1059 

authors observed an ~4% increase in thigh lean mass, which is greater than the non-1060 

significant changes in thigh lean mass within this study (LL-BFR: 1.1% and LL-RE: 1061 

0.56%). Furthermore, participants in the Brook et al.,134 study had an ~11% increase in 1062 

vastus lateralis muscle thickness, which is greater than the significant increases in 1063 

vastus lateralis muscle thickness in this study (LL-BFR: 7.4% and LL-RE: 4.3%). The 1064 

observed discrepancies could be explained by at least two possible factors. Firstly, the 1065 

population Brook et al.,134 used were untrained, versus resistance trained subjects in 1066 

the present study. Given that RE was a more novel stimulus to their untrained group 1067 

(i.e. less exposure to the stimulus of resistance training), they may have had a greater 1068 

increased rate of MPS, which is supported by the observed increase in muscle 1069 

thickness and myofibrillar FSR by 3 weeks of training in their study. Moreover, recent 1070 

literature suggests blunted MPS response and potentially the amount of muscle 1071 

hypertrophy following months of resistance training17, 30. Although we did not measure 1072 
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MPS throughout the study, when comparing our baseline measurements for vastus 1073 

lateralis muscle thickness (LL-BFR: 2.72 and LL-RE 2.80 cm vs. Brook et al.,134: 2.46 1074 

cm) and DEXA-derived thigh lean mass (LL-BFR: 7.16 and LL-RE: 7.19 kg vs. Brook et 1075 

al.,134: 6.01 kg) it is clear that our participants began with a greater amount of muscle 1076 

mass. A second factor leading to the reduced muscle hypertrophy in our study could be 1077 

due to the moderate number of exercise sets performed at 9 total sets per week. 1078 

Superior muscle hypertrophy has been observed when increasing the number of weekly 1079 

exercise sets from 9, 27, to 45135. Thus, increasing the number of exercise sets, or 1080 

training days per week, could have elicited greater muscle hypertrophy, which would 1081 

help determine if differences exist between LL-RE and LL-BFR performed to repetition 1082 

failure.  1083 

 1084 

4.1.3 Exercise volume 1085 

 1086 

Similar changes in muscular strength and size occurred between LL-RE and LL-1087 

BFR despite large differences in exercise volume throughout the study, a finding that 1088 

has been shown previously88, 89. These findings further support that muscular strength 1089 

and size are influenced to an extent by repetition failure as opposed to exercise volume 1090 

when equal number of sets are performed. How LL-BFR accelerates fatigue per set and 1091 

throughout multiple sets is most likely explained by a combination of mechanisms. 1092 

Previous work has shown a reduction in muscular force when under complete arterial 1093 

occlusion between two sets of repeated maximal effort isometric contractions separated 1094 

by 3 minutes; an effect that does not persist once blood flow was restored to the 1095 

muscle150. The authors speculated this effect to be a result of decreased motoneuron 1096 

firing rates as a result of sustained metabolite accumulation within the muscle and its 1097 

environment, which can lead to greater muscle afferent stimulation151. Moreover, 1098 

several studies have demonstrated complete BFR with muscle contractions increased 1099 

the rate of muscle PCr utilization53, 61, 63, 152, attenuated PCr re-synthesis and increased 1100 

metabolite (e.g. lactate and H+) accumulation during recovery153, 154. Therefore, it is 1101 

most likely that the LL-BFR protocol used in this thesis (restricting leg venous blood 1102 

outflow and partial arterial blood inflow) allowed for only partial recovery between sets 1103 
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due to a combination of muscle afferent-mediated decreased motoneuron firing and 1104 

reduced PCr within individual muscle fibers, which resulted in a more rapid and 1105 

sustained fatigue for each exercise set compared to LL-RE.  1106 

 1107 

4.2 Skeletal Muscle Microvascular and Mitochondrial Properties Following LL-RE 1108 

and LL-BFR 1109 

 1110 

4.2.1 Microvascular content 1111 

 1112 

 LL-BFR has been speculated to improve the microvascular supply to skeletal 1113 

muscle given recent findings that BFR plantar flexion lead to enhanced calf filtration 1114 

capacity, which is correlated to muscle capillary surface area126 . Furthermore, LL-BFR 1115 

elicits superior gene expression of factors associated with angiogenesis compared to a 1116 

worked-match LL-RE control74. However, direct measurements of muscle capillarity 1117 

between LL-BFR and LL-RE, particularly when taken to repetition failure remained 1118 

relatively unknown. Both LL-RE and LL-BFR increased capillary contacts around type I 1119 

fibers similarly with trends for capillary contacts around type II muscle fibers. Given that 1120 

12-weeks of resistance training has shown LL-RE to induce capillarization in type II 1121 

fibers39 it is most likely that if this study was extended beyond 6-weeks, appreciable 1122 

increases in capillary contacts would have occurred in both groups. It remains to be 1123 

determined whether BFR during resistance training can differentially induce 1124 

angiogenesis, or if the mechanism is a result of repetition failure eliciting similar 1125 

signaling pathways as free blood-flow resistance training. However, it is clear that by 6-1126 

weeks, similar microvascular adaptations are seen regardless of the application of BFR 1127 

during RE. What governs the formation of new capillaries in response to various stimuli 1128 

remains an active area of research; however, it is dependent on the balance of pro- and 1129 

anti-angiogenic factors (most likely with redundancy) between the microvasculature and 1130 

muscle fibers155, 156. 1131 

  1132 
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4.2.2 Mitochondria content and function following LL-BFR compared to LL-RE 1133 

 1134 

In the present study, an increase in maximal respiratory capacity by ~20% 1135 

following only LL-RE, whereas non-significant trends occurred following LL-BFR. The 1136 

increase in function occurred without increased markers of mitochondrial content, a 1137 

finding which has been corroborated in young, healthy individuals by several 1138 

independent laboratories78, 109, 110. The apparent lack of increase in mitochondrial 1139 

density appears to contradict previous findings that an increase in mitochondrial FSR 1140 

occurs following a single bout of RE14 and throughout training78. However, in order to 1141 

increase mitochondrial density, there must be a net difference (biogenesis vs. 1142 

degradation) favouring mitochondrial biogenesis. Given that RE influences both mixed 1143 

MPS and MBP11, it is likely RE also activates pathways associated with mitochondrial 1144 

breakdown to a similar extent as mitochondrial biogenesis, though no direct research 1145 

exists evaluating this possibility. Moreover, it is also possible that normalizing protein 1146 

concentration to dry muscle mass interfered in the ability to detect an increase in 1147 

markers related to mitochondria content due to the expected increase in other 1148 

subcellular constituents following resistance training. Therefore, the absolute number of 1149 

mitochondria may have increased slightly, however by expressing it in relative terms we 1150 

effectively lose the ability to detect a difference. Regardless of whether or not this 1151 

limitation does exist, it would not explain the enhanced respiratory capacity following 1152 

only LL-RE since these results were also normalized to dry muscle mass. Since we did 1153 

not observe significant changes in ADP sensitivity (via apparent Km) following training in 1154 

either leg, this suggests intrinsic changes within the mitochondrial electron transport 1155 

chain (ETC) following LL-RE to improve the rate of oxygen consumption. How this 1156 

process may occur could be through formation of supercomplexes and/or modifications 1157 

of proteins in the ETC which in theory allows for more efficient electron shuttling through 1158 

each complex138, 139 and subsequently more oxygen consumed per unit time. Following 1159 

a single bout of LL-BFR there is a reduction in mitochondrial-derived ROS emission, 1160 

whereas the LL-RE leg did not change relative to baseline81. Thus, it is tempting to 1161 

speculate that BFR could negatively influence mitochondrial bioenergetics via 1162 

alterations in ROS production with training. Future studies should investigate the effects 1163 



 

 
54  

of RE on mitochondria function while concurrently evaluating changes in mitochondria 1164 

density/structure, protein markers for mitochondria content, supercomplex abundance, 1165 

and modifications of ETC proteins to further advance our understanding of how 1166 

resistance training can influence mitochondria physiology.  1167 

 1168 

4.3 Muscular Endurance Test  1169 

 1170 

An increase in power output for both legs following training occurred during the 1171 

first 10 repetitions of the muscular endurance test, however, only LL-BFR was able to 1172 

sustain this greater output through repetitions 11-20.  The muscular endurance test was 1173 

restricted in number of repetitions and velocity due to a single measurement such as 1174 

repetitions may not provide enough resolution to determine if differences in fatigue 1175 

existed between LL-RE and LL-BFR. This is in part due to the expected increase in 1176 

number of repetitions in both groups based on previous literature89. Owing to the study 1177 

design (within-subject), there is greater confidence that the observed outcomes are 1178 

related to alterations within the exercising limb (i.e. reducing the likelihood of central 1179 

factors mediating the effect). The improved fatigue-resistance cannot be explained by 1180 

our skeletal muscle results and/or muscular strength or size, which are commonly 1181 

associated with greater or sustained exercise performance. A greater cumulative fatigue 1182 

likely occurred with LL-BFR compared to LL-RE due to the application of BFR 1183 

throughout each training session. The sustained BFR would reduce the rate of recovery 1184 

for each rest period (i.e. prolong the muscular fatigue) and could have led to muscle 1185 

remodelling to delay processes or factors associated with muscular fatigue.  1186 

 1187 

The exact mechanisms of fatigue varies depending on the type of contraction, 1188 

duration, and intensity141; however, since the endurance test was ~60 s in length with 1189 

maximal concentric contractions, two processes involved in the improvement could be 1190 

the ability to sustain high rates of muscle ATP turnover and the maintenance of ion 1191 

gradients. With respect to the rate of ATP turnover, glycolysis has been estimated to 1192 

provide a large proportion of ATP during the first 6-15 s of a 30 s isokinetic cycling 1193 

bout157 and the sustained fatigue was observed at approximately the same relative time 1194 
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(i.e. at 20-40 s), perhaps training with LL-BFR could allow for sustained rates of ATP 1195 

production by glycolysis. Moreover, the fatigue resistance could also be related to the 1196 

muscle fibers ability to maintain or sustain ion gradients allowing for repeated excitation-1197 

contraction coupling of muscle fibers141.  Two primary sites of interest during excitation-1198 

contraction coupling are the maintenance of muscle fiber membrane potential and the 1199 

ability to maintain proper Ca2+ handling within muscle fibers. Thus, it would be of interest 1200 

to explore if LL-BFR could influence these processes differentially from LL-RE to assist 1201 

explaining the greater fatigue-resistance observed in this study. 1202 

 1203 

4.4 Limitations and Future Directions  1204 

 1205 

 A limitation that exists is the lack of a LL-RE control that was work-matched to 1206 

LL-BFR training. Without this control it is not entirely clear if some of the outcomes (e.g. 1207 

muscle size, strength, and muscle fiber properties) are driven primarily by performing 1208 

RE to repetition failure or if there is a critical point of exertion that must be met, thus, 1209 

only requiring certain proportion of the musculature to be fatigued. Moreover, the 1210 

inclusion of this control would allow for determining whether the enhanced mitochondria 1211 

function following LL-RE was a result of greater total exercise volume or if the BFR had 1212 

detrimental effects in altering the muscle respiratory capacity. Our study design limited 1213 

the use of only two interventions without complicating our design and need for greater 1214 

sample size (e.g. if a mixed-model design was employed); however, the exclusion of a 1215 

work-matched control was merited based on the lack of existing literature comparing 1216 

skeletal muscle properties following LL-RE and LL-BFR performed to repetition failure.  1217 

 1218 

 Another limitation is the applicability of these findings to certain populations. 1219 

Unpublished observations have indicated that LL-BFR may induce a greater perception 1220 

of pain compared to LL-RE, a finding which did not change with 6-weeks of training. 1221 

Performing high-repetition exercises to failure for multiple sets and weeks is a 1222 

demanding task, thus the additional distress caused by the BFR may have negative 1223 

consequences to individuals who are not highly motivated, and may outweigh the 1224 

greater fatigue resistance, which was observed during maximal effort exercise. LL-BFR 1225 
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has been suggested to be an effective option for elderly populations158, however caution 1226 

is likely warranted for practitioners. A recent meta-analysis demonstrated positive 1227 

responses to resistance training regardless of exercise load in elderly populations159 1228 

along with several independent studies demonstrating positive muscular remodelling 1229 

with HL-RE121, 160, 161. Therefore, the increased discomfort resulting from BFR 1230 

(performed to failure or not), and the safety aspect of applying BFR to elderly individuals 1231 

whom may be asymptomatic for age-related illnesses/diseases (e.g. venous 1232 

thromboembolism162) probably outweighs the inclusion of LL-BFR in their exercise 1233 

program. On the contrary, the use of LL-BFR in a rehabilitation setting (particularly with 1234 

young individuals) seems to have benefits that are primarily driven by reducing the 1235 

number of repetitions (thus reducing potential stress on joints or connective tissue), or in 1236 

situations of limited equipment access in order to obtain positive muscular benefits, 1237 

which may be greater than LL-RE when work-matched. Lastly, these findings could be 1238 

of potential interest for athletes who could benefit from LL-BFR when trying to improve 1239 

their athletic performance. 1240 

 1241 

 Despite these limitations, the findings from this study extend our current 1242 

understanding of muscular adaptations following RE. Future directions of RE research 1243 

will be discussed below, with a particular emphasis on LL-BFR, which will help further 1244 

advance its applicability across clinical and healthy populations. 1245 

 1246 

4.4.1 Muscle hypertrophy, metabolic perturbations, and signals 1247 

 1248 

The mechanisms that are involved in muscle hypertrophy remain to be 1249 

elucidated; however, several studies have shown that muscle hypertrophy occurs 1250 

independent of load when performed to repetition failure for equal number of sets5, 7, 33, 1251 

38. These findings suggest common mechanisms influence muscle hypertrophy and are 1252 

generally classified as mechanical or metabolic. It has been recently suggested that 1253 

mechanical forces “…are probably the most important hypertrophy stimuli…” during 1254 

RE27, a conclusion the authors attribute using the following points: 1) rodent study 1255 

designs to induce hypertrophy (e.g. synergist ablation and single protein knockouts) 1256 
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leading to the proposal of several “…hypertrophy sensors…” which the authors 1257 

speculate to be load-driven, 2) low-load endurance exercise producing limited 1258 

hypertrophy and 3) limb immobilization thereby reducing the ‘load’ on the musculature 1259 

leading to muscle atrophy. All these lines of evidence have additional confounding 1260 

factors, thus by using these as support for the importance of external load following RE-1261 

induced muscle hypertrophy in humans is difficult. Additionally, the same authors state 1262 

that “…mechanical loading does not need to be excessive for muscle hypertrophy 1263 

stimulation. Loads as low as ~30% of the 1RM seem sufficient to trigger a near maximal 1264 

hypertrophic response” 27. If external load is the primary signal of muscle hypertrophy, it 1265 

remains unclear at which point the load is not great enough to initiate the signalling 1266 

cascades and processes associated with muscle hypertrophy. Alternatively, fatiguing 1267 

the muscle fibers to augment intracellular stimuli leading to an increase in MPS from 1268 

rest may provide a better explanation for RE-induced muscle hypertrophy. Although, the 1269 

intracellular stimuli that cause an increase in MPS remain poorly understood. Moreover, 1270 

it is not clear whether different RE loads can induce differential subcellular FSRs 1271 

(sarcoplasmic, myofibrillar, and mitochondrial) and if this translates with chronic training 1272 

to different muscle fiber content. The addition of BFR provides an interesting model to 1273 

determine if/what intracellular events occur resulting in muscle hypertrophy as this 1274 

would allow for the comparison between load (e.g. LL-RE and HL-RE) and allow for the 1275 

determination of whether muscle fatigue (LL-RE, LL-BFR, HL-RE) is similar across 1276 

modalities.  1277 

 1278 

Therefore, future work should examine the skeletal muscle metabolic 1279 

perturbations immediately following LL-BFR, LL-RE and HL-RE to repetition failure and 1280 

to determine the long-term (months of training) changes in FSRs of each cellular 1281 

compartment and overall muscle fiber hypertrophy. A ‘reverse’ approach could be used 1282 

with the initial exercise bout to evaluate which signals and/or signaling pathways are 1283 

similar or different between groups and attempting to relate it to muscle hypertrophy. 1284 

Such study designs would require large collaborations and the probable use of several 1285 

‘omics’ approaches; however, these would help elucidate the role of load and muscular 1286 

fatigue in mediating muscle hypertrophy. 1287 
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4.4.2 Intermittent blood flow restriction resistance exercise – The best of both worlds? 1288 

 1289 

 Several studies have examined the impact of intermittently applying BFR only 1290 

during rest or set periods following high-intensity aerobic training. These findings have 1291 

demonstrated greater activation of cell signalling pathways and gene expression 1292 

associated with mitochondrial biogenesis163 and when performed chronically, improve 1293 

exercise performance146 and maximal VO2 in highly trained individuals164, 165. Given our 1294 

previous results81 demonstrating a greater effect of lowering muscle oxygenation during 1295 

the rest periods, the combined findings make an interesting case for potentially applying 1296 

BFR only during the rest periods during maximal effort LL-RE in order to increase RE-1297 

adaptations. Having the BFR during the rest periods would reduce the rate of recovery 1298 

as well as provide greater transient muscular stress, which could augment molecular 1299 

responses related to exercise adaptations and subsequent performance166. Secondly, 1300 

because the cuff would be released during the exercise, this would remove the potential 1301 

discomfort experienced by some individuals, allow for the removal of large metabolite 1302 

build-up and greater number of repetitions to be performed. Therefore, intermittently 1303 

applied BFR during the rest periods could maximize exercise volume and muscular 1304 

stress. A theoretical example is provided below in Fig. 1 between LL-RE, LL-BFR 1305 

(intermittent), and LL-BFR (continuous). Thus, future work should examine the ability of 1306 

different BFR protocols performed to repetition failure to influence skeletal muscle 1307 

following a single bout and with months of training.  1308 
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 1309 

 1310 

 1311 

 1312 

 1313 

 1314 

 1315 

 1316 

 1317 

 1318 

 1319 

 1320 

 1321 

 1322 

 1323 

 1324 

 1325 

 1326 

 1327 

 1328 

 1329 

Figure 1. A theoretical example of low-load resistance exercise without (LL-RE) and with blood flow 1330 

restriction (LL-BFR) to repetition failure with different applications of blood flow restriction. (A) Expected 1331 

number of repetitions performed using each modality. (B) The muscular stress experienced throughout a 1332 

training session. (C) Cumulative muscular stress from the beginning (Set 1) and end (Rest 3) of a training 1333 

session. A.U; Arbitrary units, AUC; Area under the curve. 1334 

  1335 

4.4.3 The effect of blood flow restriction resistance training on excitation-contraction 1336 

coupling and muscle metabolism during fatigue  1337 

 1338 

 As previously mentioned, recent studies have applied BFR with interval training, 1339 

which improves endurance performance to a greater extent than regular interval 1340 

training146. The authors attributed these findings to an increase in Na+-K+ ATPase 1341 

content, which would assist in the maintenance of proper ion concentration gradients 1342 
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and sustained excitability of muscle fibers at a given power output and time. Moreover, 1343 

previous studies have demonstrated high-load resistance training to attenuate 1344 

submaximal exercise-induced inhibition of maximal SERCA protein activity168. It is 1345 

unclear if the improvements observed in these previous studies are a function of 1346 

changes in skeletal muscle microvascular content, protein content (e.g. greater 1347 

expression of SERCA and Na+-K+ ATPase isoforms), proteins regulating ion handling 1348 

(content and post-translational modifications), greater muscle fiber size or attenuated 1349 

changes in metabolism associated with muscular fatigue. Since this study demonstrated 1350 

no appreciable differences in microvascular content and fiber size between LL-BFR and 1351 

LL-RE, it would be of interest to investigate the role of BFR with resistance training and 1352 

its ability to influence various aspects of the excitation-contraction coupling process and 1353 

metabolic flux, which could help explain improved fatigue-resistance compared to LL-1354 

RE. 1355 

 1356 

4.4.4 Role of resistance exercise volume and load on aerobic capacity 1357 

 1358 

 Both LL-RE and LL-BFR increased capillary content to a similar extent following 1359 

6-weeks of training. Therefore, externally manipulating blood flow to/from exercising 1360 

muscle and creating a local hypoxic environment appears to be non-essential for 1361 

angiogenesis during RE, when equal number of exercise sets are performed to 1362 

repetition failure. Moreover, only LL-RE increased mitochondrial respiratory capacity 1363 

following 6 weeks of training. From these findings it is unclear if BFR is detrimental to 1364 

the skeletal muscle response when performed to repetition failure or if exercise 1365 

volume/length of training dictates certain adaptations associated with skeletal muscle 1366 

aerobic capacity. Therefore, future work comparing the changes in both capillary 1367 

content and mitochondria function following different exercise volumes/loads (LL-RE vs. 1368 

HL-RE) to repetition failure as well as a LL-RE work-matched protocol to LL-BFR 1369 

performed to repetition failure will help elucidate the roles of muscular fatigue, exercise 1370 

volume, and the effects of BFR following resistance training. These findings would have 1371 

importance when applying different exercise loads or modalities to clinical and healthy 1372 

populations. 1373 
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4.5 Conclusion 1374 

 1375 

 The main findings from this study were that when LL-RE and LL-BFR are 1376 

performed to repetition failure, similar outcomes for muscular strength and size are 1377 

observed despite different total exercise volume. During a muscular endurance test, LL-1378 

BFR had a greater fatigue-resistance, which could not be explained by key skeletal 1379 

muscle properties often associated with enhanced performance (fiber size, 1380 

microvascular content, and aerobic capacity). These findings are novel as this is the first 1381 

study to date which evaluated both whole-body/limb and skeletal muscle adaptations 1382 

between LL-RE and LL-BFR, when both are performed to repetition failure. These 1383 

findings further advance our understanding of how BFR can modulate the skeletal 1384 

muscle response during resistance training and provide novel avenues of research in 1385 

the application of BFR to influence skeletal muscle adaptations.  1386 
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