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Abstract
Exercise training in combination with optimal nutritional support is an effective strategy to maintain or increase skeletal 
muscle mass. A single bout of resistance exercise undertaken with adequate protein availability increases rates of muscle 
protein synthesis and, when repeated over weeks and months, leads to increased muscle fiber size. While resistance-based 
training is considered the ‘gold standard’ for promoting muscle hypertrophy, other modes of exercise may be able to pro-
mote gains in muscle mass. High-intensity interval training (HIIT) comprises short bouts of exercise at or above the power 
output/speed that elicits individual maximal aerobic capacity, placing high tensile stress on skeletal muscle, and somewhat 
resembling the demands of resistance exercise. While HIIT induces rapid increases in skeletal muscle oxidative capacity, 
the anabolic potential of HIIT for promoting concurrent gains in muscle mass and cardiorespiratory fitness has received 
less scientific inquiry. In this review, we discuss studies that have determined muscle growth responses after HIIT, with a 
focus on molecular responses, that provide a rationale for HIIT to be implemented among populations who are susceptible 
to muscle loss (e.g. middle-aged or older adults) and/or in clinical settings (e.g. pre- or post-surgery).
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Key Points 

High-intensity interval training (HIIT) possesses inher-
ent similarities to resistance training and may be a viable 
exercise modality to maintain muscle mass. However, no 
scientific literature has evaluated the anabolic effects of 
HIIT alone or combined with optimal nutritional support 
(i.e. increased protein availability) on skeletal muscle 
adaptations.

Emerging evidence from human studies shows that HIIT 
can modulate expression of genes and proteins impli-
cated in muscle mass regulation, increase muscle protein 
synthesis and activate muscle satellite cells.

Despite stimulation of acute molecular events that 
precede gains in muscle mass with HIIT alone or with 
increased protein availability, further research assessing 
chronic muscle mass/size responses is needed to eluci-
date the role of HIIT in counteracting muscle loss with 
age.

1 Introduction

Human skeletal muscle comprises ~ 40% of body mass and 
plays fundamental roles in locomotion, thermoregulation 
and metabolic health [1]. Sarcopenia, the gradual loss 
of skeletal muscle mass with age, is closely linked with 
adverse health outcomes including reduced physical func-
tion, independence, quality of life and increased risk of 
premature death [2–4]. The global prevalence of sarcope-
nia is contentious due to different definitions of diagnosis 
[5], although this condition is now recognised as a report-
able medical condition by the World Health Organisation 
[6]. Sarcopenia is associated with substantial personal suf-
fering along with loss of independence, and places a sig-
nificant economic burden on healthcare systems worldwide 
[7, 8]. Skeletal muscle mass decreases by ~ 1–2% per year 
after the age of 60 years [9–11] whereas muscle strength 

declines by up to 3% per year after the sixth decade [11, 
12]. As peak muscle mass in mid-adulthood is related to 
muscle mass and strength in older age [13], maintenance 
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of muscle mass throughout early and mid-life is crucial 
for mobility and prevention of physical inactivity-related 
chronic diseases.

Resistance-based exercise and optimal nutritional sup-
port (i.e. increased protein availability) are potent modu-
lators of skeletal muscle protein turnover that work syn-
ergistically to promote gains in skeletal muscle mass [14, 
15]. Divergent exercise modalities initiate unique molec-
ular programs resulting in the accumulation of skeletal 
muscle proteins that, over time, modulate muscle func-
tion and phenotype [1]. Resistance training, characterised 
by repeated contractions against near-maximal external 
loads, increases the synthesis of myofibrillar proteins and 
promotes satellite cell or nuclear addition to pre-existing 
myofibers [15]. Resistance training increases the cross-
sectional area (CSA) of muscle fibers (hypertrophy) and 
muscle mass, which is related to the capacity to move an 
external load (strength) [1]. Crucially, fat-free mass (as 
an estimate of muscle mass) and strength are both inde-
pendent predictors of all-cause mortality in older adults 
[16, 17], highlighting the importance of regular exercise 
to counteract the negative effects of sarcopenia. Although 
resistance training is regarded as the ‘gold standard’ for 
promoting gains in muscle mass and maximal strength, 
participation rates remain low among older adults [18–21], 
in part due to a need for specialised equipment and correct 
technique to prevent injury. In contrast, moderate inten-
sity continuous training (MICT) performed at submaximal 
intensities (45–75% maximal oxygen uptake [VO2max]) for 
30 min or longer can be performed safely with little/no 
equipment or supervision. Aerobic training primarily stim-
ulates cell signalling cascades that modulate the expres-
sion of nuclear and mitochondrial genes encoding mito-
chondrial proteins [1]. Increases in mitochondrial density 
enhance skeletal muscle oxidative capacity and cardiores-
piratory fitness, the latter of which declines with age [22], 
and is inversely associated with cardiovascular disease risk 
and all-cause mortality [23]. Several factors preclude the 
performance of any form of exercise training, with a ‘lack 
of time’ remaining the most commonly cited barrier to 
regular participation [24]. As such, time-efficient, practi-
cal and stimulating exercise prescription that maintains 
muscle mass and function is important countermeasure to 
delay the onset of sarcopenia.

Interval training, such as high-intensity interval training 
(HIIT) and sprint interval training (SIT), has recently risen 
in popularity [25], and may be a viable, yet overlooked 
alternative to resistance training for promoting muscle 
mass accrual. HIIT is infinitely variable, but typically 
characterised by brief periods (≤ 4 min) of intense con-
tinuous exercise [80–100% peak heart rate  (HRpeak)] inter-
spersed with short periods of rest or recovery. In contrast, 

SIT involves shorter (≤ 30 s) ‘all-out’ work periods per-
formed at ≥ 100% of the power output/speed that elicits an 
individual’s VO2max [26]. The enhanced metabolic and car-
diorespiratory effects of HIIT and SIT in skeletal muscle 
have been well documented [27, 28]. However, much less 
is known about the impact of aerobic-based HIIT and SIT 
modalities (e.g. cycling, running, swimming) on muscle 
growth responses and whether these interventions can pro-
mote gains in muscle hypertrophy, lean mass and strength, 
particularly when undertaken with optimal nutritional 
support. Furthermore, it is of interest to exercise physi-
ologists, clinicians and the general population alike to 
determine if HIIT can maintain and/or improve cardiores-
piratory fitness and muscle mass concurrently, given the 
reduced time commitment compared to traditional resist-
ance or aerobic exercise modalities. Accordingly, the prin-
cipal aim of this review is to critically evaluate emerging 
evidence that HIIT, either in isolation or combined with 
increased protein availability, can promote skeletal muscle 
anabolism. We conducted a thorough PubMed search of 
literature up until October 2020 that examined skeletal 
muscle and whole body responses to HIIT in young, mid-
dle-aged and older adults. First, studies investigating the 
cellular responses related to muscle hypertrophy following 
HIIT are discussed. Subsequently, investigations that have 
determined whole body functional outcomes in response 
to HIIT are considered. Collectively, the findings from 
these studies provide a molecular basis for the efficacy of 
HIIT to complement resistance-based exercise training or, 
under certain conditions, provide an alternative stimulus 
for skeletal muscle anabolism.

2  Defining the Diversity in Skeletal Muscle 
Adaptations with HIIT

Various HIIT and SIT protocols in both healthy and clinical 
populations have been shown to improve cardiometabolic 
health outcomes [26, 29, 30]. Some of the more popular 
and well researched protocols are the ‘Norwegian’ [31–35], 
‘Gibala’ [36–39] and ‘Tabata’ models [40–42], as well as 
Wingate-based training [43–46] and reduced exertion HIIT 
(REHIT) [47–49] (Table 1). Importantly, various interval 
training regimes [50–52], particularly the ‘Norwegian’ 
model [31, 34, 53–55] have been shown to increase aerobic 
fitness in older adults. HIIT improves skeletal muscle oxida-
tive capacity, primarily via activation of signalling cascades 
that stimulate mitochondrial biogenesis and angiogenesis 
[27]. SIT and MICT can induce similar improvements in 
oxidative metabolism with vastly different training volumes 
[43, 49]. As such, interval training is often considered a 
time-efficient alternative to traditional aerobic training.



High-Intensity Interval Training and Muscle Growth Responses

Despite similarities in skeletal muscle oxidative capac-
ity and subjective ratings of enjoyment between HIIT and 
MICT [56], two weeks of HIIT induce a different neuro-
muscular profile to MICT in young men [57, 58]. Using 
high-density electromyography (EMG), HIIT increases mus-
cle fiber conduction velocity [58], maximal knee extensor 
torque and discharge rate of high-threshold motor units [57], 
all factors related to maximal force production. In contrast, 
only minor changes in these functional measures have been 
observed after MICT. There is a greater activation of type II 
muscle fibers with increasing exercise intensity/contractile 
force [59, 60], with these fibres having the greatest potential 
for hypertrophy following resistance training [61]. Consid-
ering that changes to neural factors and muscle fiber CSA 
following resistance training are directly linked to maximal 
strength gains [62], HIIT may also increase muscle strength, 
albeit to a lesser magnitude, particularly in populations sen-
sitive to relatively intense exercise (e.g. untrained/ageing 
populations). While the results from these studies [57, 58] 
provide information regarding neuromuscular adaptations 
with HIIT, the focus of this review is on the capacity for 
HIIT to increase skeletal muscle mass and size as a practi-
cal strategy to offset the inevitable loss in muscle mass with 
advancing age.

3  Molecular Responses to HIIT/SIT

3.1  Effects of HIIT/SIT on Skeletal Muscle 
Transcriptome and Proteome

In response to skeletal muscle contraction, a multitude of 
cellular events are initiated that modulate the expression 
of specific gene sets that encode proteins that ultimately 
form the basis of adaptation responses [63]. The majority 
of studies investigating molecular responses to HIIT have 
focused on pathways regulating mitochondrial biogenesis 
and insulin sensitivity in skeletal muscle [27]. Recent stud-
ies incorporating high-throughput ‘-omics’ techniques have 
explored the ‘global’ effects of HIIT at the transcriptional 

and translational levels. Key findings from these studies 
reveal unique molecular ‘signatures’ supporting the notion 
that genes and proteins implicated in muscle mass regulation 
are up-regulated through interval-style exercise (Table 2).

Rundqvist et al. [64] were among the first to examine the 
global gene expression profiles in skeletal muscle (v. later-
alis) from young (~ 26 years) adults in response to a single 
bout of sprint cycling exercise (3 × 30 s ‘all-out’ sprints). 
A biopsy obtained ~ 2 h following the final sprint revealed 
differential expression of 879 genes (471 genes upregu-
lated, 408 genes downregulated). Notably, sprint exercise 
significantly increased expression of genes implicated in the 
regulation of muscle mass including frizzled class receptor 
7 (FZD7) and myogenic differentiation 1 (MYOD1), while 
concomitantly downregulating myostatin (MSTN) expres-
sion, a key suppressor of skeletal muscle growth. However, 
the acute nature of the sprint exercise protocol makes it dif-
ficult to assess the contribution and involvement of the col-
lective changes in these gene transcripts to promote the req-
uisite molecular signals for muscle hypertrophy responses. 
Extending these findings, Miyamoto-Mikami et al. [65] 
examined global gene expression profiles (v. lateralis) fol-
lowing six weeks of Tabata-style SIT (cycling exercise, 
6–7 × 20 s, 170% VO2max) in healthy young (~ 23 years) 
men [65]. The authors reported 79 genes were upregulated 
with 73 genes downregulated post-intervention [65]. Given 
the transient nature of many exercise-sensitive transcripts, 
and the time-course of sampling of the post-training muscle 
biopsy (48–72 h after the last training session), it is likely 
that changes in expression of many transcripts may have 
been missed. Nonetheless, the CSA of the quadriceps femo-
ris and hamstring muscles (assessed by magnetic resonance 
imaging; MRI) were both increased following SIT, despite 
downregulation of several genes, such as myosin heavy 
chain 1 (MYH1), myosin light chain kinase 2 (MYLK2) and 
nebulin-related anchoring protein (NRAP) [65], genes that 
encode proteins with putative roles in contractile function. 
Furthermore, gene expression of myostatin was decreased 
following HIIT [65]. In addition to changes at the mRNA 
level, the authors also observed increased protein expres-
sion of carnosine synthase 1 (CARNS1), myosin light chain 
kinase family member 4 (MYLK4), protein phosphatase 1 
regulatory subunit 3 C (PPP1R3C), serum/glucocorticoid 
regulated kinase 1 (SGK1) and peroxisome proliferator-
activated receptor gamma (PPARGC1A) [65]. CARNS1 and 
MYLK4 are involved in events that may improve force-gener-
ating capacity. Carnosine synthase, an enzyme catalysing the 
β-alanyl-l-histidine dipeptide to carnosine encoded by the 
CARNS1 gene, improves pH buffering capacity and increases 
calcium  (Ca2+) sensitivity to the contractile apparatus [66]. 
Skeletal muscle myosin light chain kinase, a  Ca2+/calmod-
ulin-dependent protein kinase encoded by the MYLK gene, 
phosphorylates the regulatory light chain of myosin in the 

Table 1  Popular high-intensity interval training protocols

HRpeak peak heart rate, REHIT reduced exertion high-intensity inter-
val training; maximal oxygen uptake, VO2max, s second

Model Interval training protocol

Repetitions Work (duration [s], intensity) Rest (s)

REHIT 2–3 20, ‘all out’ sprint 120–180
Tabata 7–8 20, ~ 170% VO2max 10
Wingate 4–10 30, ‘all out’ sprint 240
Gibala 10 60, > 90%  HRpeak 60
Norwegian 4 240, 85–95%  HRpeak 180
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sarcomere providing mechanical support during force gen-
eration [67]. Collectively, these data provide preliminary 
evidence for enhanced calcium handling that may support 
improved force-generating capacity and possibly muscle 
hypertrophy following SIT. Indeed, contraction-induced 
alterations in intracellular  [Ca2+] may be linked to distinc-
tive programs of gene expression that establish phenotypic 
diversity among skeletal muscle fibers and confer some of 
the whole body adaptations after SIT protocols [68].

Robinson et al. [34] compared transcriptome and pro-
teome responses from skeletal muscle of young (~ 25 years) 
and older (~ 70 years) adults obtained 72 h after the final 
training session of a 12 week programme of either cycling 
HIIT [4 × 4 min at > 90% peak oxygen uptake (VO2peak)], 
resistance training (whole body, 2–4 sets × 8–12 reps) or 
combined training (HIIT and resistance training). They 
reported increased expression of 22 genes in older adults 
following HIIT, including the genes collagen type XIV 
alpha 1 chain (COL14A1) and lumican (LUM), with roles 
in extracellular matrix (ECM) organisation, and integ-
rin subunit beta 2 (ITGB2), which is involved in integrin 
signalling. Increased basal expression of these genes may 
support enhanced ECM tensile strength, cell-to-ECM adhe-
sions and mechanotransduction signalling [69]. Increased 
COL14A1 and LUM expression has been reported following 
12 weeks of MICT, suggestive of enhanced mechanotrans-
duction to ECM components [70], although the precise 
role of ECM reorganization in facilitating muscle growth 
responses following aerobic training remains unknown. 
HIIT also increased the expression of 11 genes in the older 
adults that were significantly downregulated prior to exer-
cise training compared to younger adults including MYLK4 
(actin cytoskeleton regulation) and KAZALD1 (insulin-like 
growth factor binding). Given both the MYLK4 gene and 
protein expression have previously been shown to increase 
following SIT in younger adults [65], increased mechanical 
support to the sarcomere to facilitate higher-intensity con-
tractions may be a characteristic molecular response to HIIT/
SIT independent of age. Another key finding from the study 
by Robinson et al. [34] was that the expression of genes 
upregulated with HIIT and resistance training showed con-
siderable overlap in both older (81 genes) and younger adults 
(88 genes). Collectively, results from these investigations 
[34, 64, 65] provide evidence of transcriptional and trans-
lational responses implicated in muscle growth responses 
following exposure to SIT and HIIT.

3.2  Effects of HIIT/SIT on Rates of Muscle Protein 
Synthesis

Increases in rates of muscle protein synthesis and the con-
comitant increases in muscle mass occur in response to 
sustained periods of positive net protein balance (NPB), Ta
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when the rates of muscle protein synthesis (MPS) exceed 
that of muscle protein breakdown [71]. Two recent stud-
ies have used deuterium oxide  (D2O) tracer methodology 
to measure MPS following SIT and HIIT. Scalzo et al. 
[46] investigated the integrated v. lateralis MPS response 
over the course of a three-week SIT intervention (nine 
cycling sessions, 4–8 × 30 s, 100% VO2max) in young (~ 23 
years) adults. Contrary to their hypothesis and previous 
literature demonstrating no sex differences in exercise-
induced MPS [72, 73], males had greater rates of both 
mixed (~ 0.40 vs. ~ 0.25%.day−1) and cytoplasmic (~ 0.40 
vs. ~ 0.29%.day−1) protein synthesis compared to females. 
Regardless of the sex-based differences, post-intervention 
increases in mixed and cytosolic protein synthesis demon-
strated that three weeks of SIT can stimulate increases in 
MPS in human skeletal muscle.

Bell et al. [74] compared protein fractional synthetic 
rates (FSR) following a single session of either HIIT 
(10 × 1  min cycling at ~ 95%  HRpeak), resistance exer-
cise (3 sets of leg press and leg extension at ~ 95% 10RM 
with last set to failure) or MICT (30 min cycling at ~ 70% 
 HRpeak) in untrained older (~ 67 years) men. Participants 
consumed  D2O for nine days and muscle biopsies were 
obtained from the v. lateralis on days 5–8 and used to esti-
mate integrated myofibrillar and sarcoplasmic FSR during 
the 48-h period following each of the exercise bouts. Rates 
of myofibrillar FSR significantly increased in the 24 and 
48 h period following the single bout of HIIT compared to 
rest [74]. The magnitude of the HIIT-induced increase in 
myofibrillar protein synthesis was less compared to resist-
ance exercise (~ 50% versus ~ 80%) but greater than MICT 
(~ 10%) 24 h post exercise. Additionally, HIIT was the 
only exercise modality to increase sarcoplasmic protein 
synthesis 24 h post exercise (~ 25%), a response the authors 
suggested may be due to increased mitochondrial protein 
synthesis. The acute [74] and short-term training-induced 
[46] increases in MPS with HIIT and SIT demonstrate that 
HIIT can regulate the molecular machinery that underpins 
muscle hypertrophy. Some studies have reported that acute 
changes in integrated MPS following resistance exercise 
align with changes in the short-term (three weeks) adap-
tive hypertrophic response [75]. However, acute changes in 
MPS do not always reflect subsequent increases in muscle 
hypertrophy [76–78] particularly in the short-term where 
oedematous muscle swelling is likely an artefact contribut-
ing to measurements of ‘hypertrophy’ [79]. Whether acute 
rises in MPS align with HIIT-induced muscle hypertrophy 
are yet to be determined. In any case, the available litera-
ture suggests that skeletal muscle remodelling with HIIT 
may extend beyond established changes in oxidative capac-
ity and substrate metabolism.

3.3  Effects HIIT/SIT on Satellite Cell Dynamics, 
Myonuclear Content and Muscle Fiber 
Cross‑Sectional Area

Investigating the activity of satellite cells in response to 
HIIT can provide mechanistic insight into potential factors 
regulating the remodelling of skeletal muscle beyond that of 
gross measures of muscle hypertrophy [80]. However, com-
pared to resistance exercise, few studies have investigated 
satellite cell responses following HIIT. Nederveen and co-
workers [81] compared satellite cell responses in older (~ 67 
years) men at 24 and 48 h post-exercise between HIIT (10 
× 1 min cycling at ~ 95%  HRpeak), resistance exercise (three 
sets of bilateral leg press and leg extension at 95% of 10RM 
with last set to failure) and MICT (30 min cycling at ~ 70% 
 HRpeak). While satellite cell content  (Pax7+ cells) in type I 
fibers was elevated at 24 and 48 h following resistance exer-
cise, satellite cell activity  (Pax7+/MyoD+ cells) increased 
at the same time points only following HIIT. As such, these 
findings do not exclude the possibility of HIIT can induce 
increases in satellite cell content later during post-exercise 
recovery (i.e. > 48 h post-exercise) in this cohort.

Joanisse et al. examined satellite cell dynamics follow-
ing short-term HIIT using a 10 × 1 min cycling protocol 
performed three times per week over 6 weeks in untrained 
young (~ 27 years) women [36]. Despite no significant 
change in the myonuclear content or CSA of myosin heavy 
chain one (MHCI), myosin heavy chain two (MHCII) or 
hybrid fibers, a 96 h post-training muscle biopsy revealed 
that HIIT induced a significant increase in the number of 
quiescent and differentiating satellite cells associated with 
hybrid fibers (i.e. those displaying MHC I and II). There was 
also a significant 15% increase in the number of hybrid fibers 
containing centrally located nuclei, a commonly used marker 
of skeletal muscle remodelling and repair [36]. The absence 
of muscle fiber hypertrophy but increased satellite cell activ-
ity with hybrid fibers and fast-to-slow fiber type distribution 
(i.e. increase in hybrid fibers and decrease in MHCII fibers) 
led the authors to conclude that HIIT contributed to ‘non-
hypertrophic’ remodelling of muscle fibers [36]. However, 
not all studies report such changes in fibre-type distribution 
with short-term (four weeks) HIIT in young (~ 21 years) 
adults [42].

Active satellite cells have been shown to reside in closer 
proximity to capillaries than quiescent satellite cells at rest 
and 24 h following a single bout of high-intensity resistance 
exercise in young men [82]. Given aerobic-based exercise 
training increases satellite cell activity [36, 41], an enhanced 
spatial relationship between active satellite cells and capil-
laries may increase uptake of circulating substrates known 
to modulate satellite cell function. Mitochondrial metabo-
lism regulates satellite cell fate in vitro whereby oxidative 
phosphorylation promotes satellite cell differentiation and 
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repression which is obligatory for satellite cell self-renewal 
[83]. Thus, aerobic-based exercise training-induced altera-
tions in mitochondrial activity may modulate satellite cell 
function. Abreu et al. [84] reported no change in muscle fiber 
CSA in young mice following five weeks of MICT com-
pared to non-exercised controls. However, MICT resulted 
in enhanced skeletal muscle repair, assessed by centrally 
located nuclei counts on individual fibers, seven days follow-
ing muscle injury. Furthermore, isolated satellite cells from 
the exercised mice showed profiles indicative of improved 
activation and self-renewal while mRNA expression of mito-
chondrial markers remained unchanged and respiration at 
rest was repressed [84]. As such, aerobic-based exercise 
training-induced changes to skeletal muscle mitochondria 
and the microvasculature may regulate satellite cell func-
tion to facilitate enhance skeletal muscle remodelling [80].

In another investigation comprising two independent 
6-week study protocols, Joanisse et al. implemented diver-
gent aerobic training protocols to examine satellite cell activ-
ity [41]. The first six-week study compared Tabata-style 
interval training to MICT performed three times per week 
by recreationally active young (~ 21 years) adults. In the 
second six-week intervention, young (~ 29 years) overweight 
adults performed three all-out 20 s cycling sprints against a 
resistance set to 0.05 kg.kg body mass  [BM]−1 (with 2 min 
of active rest between work bouts) three times per week [41]. 
Similar to their previous findings [36], no changes were 
observed in myonuclear content or muscle fiber CSA with 
either training intervention [41], despite an increase in the 
number of active and differentiating satellite cells following 
all three exercise protocols. Taken together, results from the 
aforementioned studies demonstrate that satellite cells are 
activated in response to different short-term aerobic training 
protocols in young adults, and such changes occur independ-
ent of muscle fiber hypertrophy. In contrast, Charifi et al. 
[85] observed increased v. lateralis satellite cell content in 
the absence of myonuclear accretion or mixed muscle fiber 
hypertrophy in response to 14 weeks of aerobic-based (i.e. 
cycling endurance and HIIT) training in older (~ 73 years) 
men. However, fiber-type analysis revealed larger type IIA 
fibers following the intervention. Verney et al. [86] reported 
v. lateralis fiber hypertrophy and increases in the satellite 
cell pool from both the v. lateralis and deltoid following 
14 weeks’ combined lower body cycling HIIT and upper 
body resistance training (i.e. both modalities performed at 
each training session) in older (~ 73 years) men. Similarly, 
Snijders et al. [87] observed increased v. lateralis satellite 
cell content in the absence of muscle fiber hypertrophy or 
myonuclear content following 12 weeks of combined train-
ing (one session of cycling HIIT and two sessions of whole 
body resistance training per week) in older (~ 74 years) men. 
Taken together, results from these studies [85, 87] suggest 
that ~ 3–4 months of combined HIIT and resistance training 

can increase muscle fiber hypertrophy and satellite cell con-
tent in older men. Whether prolonged HIIT induces muscle 
fiber hypertrophy in young, middle-aged and older adults 
remain to be determined.

From the limited data available, HIIT performed 
for ~ six weeks in young untrained adults does not lead to 
muscle fiber hypertrophy or satellite cell-mediated myonu-
clei accretion. Whether HIIT can increase satellite cell and 
myonuclei content in middle-aged and older adults follow-
ing short-term or prolonged interventions also remains to be 
determined. However, increases in satellite cell activation 
following acute and short-term HIIT indicate the potential 
for HIIT to regulate muscle satellite cell dynamics [36, 41, 
81]. Muscle protein synthesis and satellite cell responses 
provide important mechanistic insight regarding HIIT-
induced skeletal muscle remodelling. However, changes 
in body composition and skeletal muscle mass also require 
consideration given phenotypic changes to tissues (e.g. lean/
fat-free mass) are often linked with health outcomes.

4  Body Composition and Skeletal Muscle 
Morphology Responses to HIIT/SIT

4.1  Effects of HIIT/SIT Lean or Fat‑Free Mass

The majority of studies that have reported changes in body 
composition following HIIT or SIT have utilised dual-energy 
X-ray absorptiometry (DXA) where changes in total, appen-
dicular lean tissue or fat-free mass are used as a proxy for 
skeletal muscle mass. A recent meta-analysis of 47 studies 
found no differences in body composition (i.e. increased lean 
body mass and/or decreased fat mass) between low volume 
HIIT and MICT or a non-exercise control [88]. However, 
several other investigations that were not included in that 
meta-analysis because they did not meet inclusion criteria 
(e.g. no MICT group or non-exercising control) have meas-
ured changes in lean/fat-free mass in response to various 
interval training protocols involving cycling [34, 37, 50, 
89–101], running [102, 103], rowing [104], whole body [51, 
105] and elliptical-based [106] HIIT/SIT. While some of 
these investigations failed to detect changes in lean/fat free 
mass [37, 50, 90–92, 96, 98, 100, 101, 103], others reported 
an increase in lean/fat-free mass in response to HIIT [34, 89, 
93–95, 102, 104, 107–109]. Most studies that have observed 
increases in lean/fat-free mass with HIIT incorporated train-
ing durations of ≥ 12 weeks duration undertaken by young 
[34, 93, 95, 104], middle-aged [89, 109] and older adults 
[34]. Additionally, short-term HIIT interventions (6–8 
weeks) have also induced increases in lean/fat-free mass in 
young [94, 107, 108] and middle-aged adults [102].

As previously noted, the aforementioned studies have 
estimated alterations in lean/fat-free mass using DXA 
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methodology: however, several limitations need to be taken 
into account when considering exercise training-induced 
changes in body composition using this approach. For 
example, the precision (trueness) of whole body lean mass 
measurements, as estimated from the coefficient of variation 
(CV) ranges from ~ 0.5 to 1% depending on the densitometer 
used [110]. Additionally, DXA cannot distinguish muscle 
from intramuscular fluid and is affected by hydration status 
[111, 112]. These factors have raised questions regarding the 
validity of DXA-derived changes in muscle mass [113]. In 
contrast, techniques, such as magnetic resonance imaging 
(MRI) and computed tomography (CT), are considered as 
reference methods for measuring whole body and regional 
skeletal muscle mass [114]. However, notable limitations of 
MRI and CT include the cost and expertise to operate and 
maintain the scanners and in the case of CT, exposure to 
larger doses of ionising radiation.

4.2  Effects of HIIT/SIT on Skeletal Muscle 
Morphology

Using MRI, Osawa et al. [105] reported that 16 weeks 
of cycling HIIT (8–12 × 60 s, > 90% VO2peak) or whole-
body HIIT (cycling followed by arm cranking ergometry 
[4–6 × 60 s, > 90% peak workload]) in healthy young (~ 35 
years) men increased CSA of thigh and trunk muscles. 
Specifically, quadriceps femoris CSA increased with both 
types of HIIT (cycling: 7.7%, whole body: 5.2%) but only 
whole body HIIT increased trunk and abdominal muscle 
CSA. In contrast, DXA-derived total and regional lean 
mass remained unchanged following training. Similarly, 
HIIT has been shown to increase MRI-derived CSA and 
volume of skeletal muscle. In older (~ 68 years) men, 
eight weeks cycling HIIT (7 × 120  s, 80–90% VO2max) 
increased quadriceps femoris CSA (4.3%) and volume 
(5.8%) despite no change in total lean mass as assessed by 
DXA [90]. HIIT also increased maximal isometric torque 
at 60° of knee flexion but not at 90° of knee flexion or max-
imal isokinetic torque [90], while two-dimensional ultra-
sound detected increases in v. lateralis CSA in response to 
cycling [37] and running [115] HIIT in untrained young 
adults. In both studies that used both MRI and DXA to 
estimate training-induced changes in muscle size/mass 
following HIIT, MRI detected changes in CSA whereas 
DXA measures did not [90, 105]. In summary, findings 
from these studies, particularly those using MRI to assess 
changes in whole muscle CSA, provide data to suggest 
that HIIT has the potential to induce significant changes 
in whole muscle CSA.

5  HIIT and Increased Protein Availability

Nutrient availability is a key factor mediating exercise-
induced skeletal muscle adaptations [116]. A key omis-
sion of the majority of studies discussed is the capacity 
for nutrient ingestion, particularly increased protein avail-
ability, to augment changes in skeletal muscle mass with 
HIIT. Dietary protein, principally the essential amino acid 
leucine, increases MPS [117, 118] and satellite cell activ-
ity [119]. Of the major macronutrients, post-exercise pro-
tein ingestion is crucial for skeletal muscle remodelling by 
stimulating rates of MPS through the transfer and incor-
poration of amino acids into skeletal muscle proteins [14]. 
Indeed, positive muscle protein turnover and net accretion 
of myofibrillar proteins are only achieved through post-
exercise protein feeding [120]. However, the magnitude to 
which protein may promote anabolic training adaptations 
is dependent on several factors including the dose, source, 
timing and distribution of intake. A comprehensive dis-
cussion of these factors is beyond the scope of the present 
review and the reader is referred to other sources on these 
topics [14, 121, 122].

Protein supplementation in combination with resistance 
training amplifies changes in muscle fiber CSA, lean mass 
and strength [123, 124]. Protein intake in close proximity 
to aerobic exercise increases post-exercise rates of MPS 
[125–127] and attenuates muscle protein breakdown [128]. 
However, little is known about possible synergistic effects 
of HIIT and increased protein availability on anabolic skel-
etal muscle adaptations. One of the first studies to investi-
gate the potential for protein ingestion to augment anabolic 
responses after HIIT/SIT was that of Coffey et al. [129] 
who reported that post-exercise rates of myofibrillar protein 
synthesis were ~ 48% higher (~ 0.083 vs ~ 0.056%  h−1) in 
young (~ 21 years) men performing repeated cycling sprints 
(10 × 6 s, 0.75 N torque  kg−1 interspersed by 60 s of recov-
ery) following the ingestion of a pre-exercise meal contain-
ing 24 g whey protein (4.8 g leucine) and 50 g maltodex-
trin, or a placebo [129] (Fig. 1). While protein ingestion 
and repeated sprints resulted in higher rates of myofibril-
lar protein synthesis, there was little effect of feeding on 
the rates of mitochondrial protein synthesis during a ~ 4 h 
post-exercise recovery for nutrient or placebo treatments. 
The increase in myofibrillar protein synthesis with protein 
ingestion was associated with significant increases in the 
phosphorylation status of several key signalling proteins 
mediating translation initiation, such as protein kinase B 
(Akt), mTOR mammalian target of rapamycin (mTOR), 
ribosomal protein S6 kinase beta-1 (p70S6K) and riboso-
mal protein S6 (rpS6).

Recently, Rundqvist et al. [131] investigated the effect of 
an acute bout of SIT (3 × 30 s sprints separated by a 20 min 



 M. J. Callahan et al.

recovery) in young (~ 26 years) healthy men with the co-
ingestion of 300 mg kg  BM−1 of essential amino acids and 
1 g kg  BM−1 of maltodextrin 5 min before the first sprint and 
15 min after each of the remaining sprints. Compared to a 
placebo treatment, cycling sprints in the fed state resulted in 
greater gene and protein expression of sodium-coupled neu-
tral amino acid transporter 2 (SNAT2), Akt and mamillian 
target of rapaymycin complex 1 (mTORC1) [131]. Moreo-
ver, post-exercise plasma (~ 42%) and muscle (~ 15%) FSR 
rates were higher with the nutrient compared to placebo con-
dition [131]. Together, the results from these studies provide 
evidence of acute changes to molecular networks that sup-
port myofibrillar [129] and mixed muscle [131] protein syn-
thesis with high-intensity interval-based exercise performed 
in the fed state, supporting the notion that HIIT undertaken 
with increased protein availability may be able to promote 
synergistic increases in muscle hypertrophy. Whether the 
cumulative effect of repeated HIIT sessions with increased 
protein availability can elicit similar or greater increases in 
rates of MPS over weeks/months remains an area for future 
investigation.

There is a paucity of information regarding the capacity 
for HIIT and increased protein availability to induce positive 
changes in muscle fiber hypertrophy or other measurements 
indicative of increases in skeletal muscle size/mass (e.g. 
MRI-derived muscle CSA/volume, DXA-derived lean body 
mass, ultrasound-derived muscle thickness). Leuchtmann 

et al. [132] observed no change in muscle fiber CSA fol-
lowing 12 weeks of cycling HIIT combined with post-
exercise whey protein ingestion (30 g) in older (~ 66 years) 
men. However, total daily protein intake was not reported 
in that study. This is an important consideration as meet-
ing a daily dietary protein intake appears to be critical for 
exercise-induced increases in muscle hypertrophy compared 
to protein feedings in close temporal proximity to an exercise 
bout [123].

In middle-aged (~ 55 years) adults with type 2 diabetes 
mellitus, 10 weeks of mixed model interval training (MMIT; 
consisting of HIIT and low-intensity high-volume resistance 
exercise performed on alternative days) combined with 20 g 
of whey protein before and after each exercise session pro-
vided no further increases in v. lateralis CSA compared to 
a non-protein isoenergetic control beverage [133]. In that 
study, participants were encouraged to maintain dietary hab-
its during the experimental period, although macronutrient 
intake was not reported [133]. As such it is difficult to deter-
mine if both total daily protein intake and distribution were 
adequate to support skeletal muscle protein accretion. Fur-
thermore, given that an increase in VO2max but not 1RM was 
reported in that study [117], it cannot be ruled out that the 
MMIT protocol may have contributed to blunted anabolic 
effects, particularly considering that combined strength and 
aerobic-based training typically negate some of the gains in 
muscle strength attained after single-mode training [134].

Fig. 1  Acute rates of myofibrillar protein synthesis following cycling 
sprints with and without increased protein availability. Myofibrillar 
fractional synthesis rate figure (left) adapted from Coffey et al. [129], 
with permission. Combined exercise and diet interactions that stimu-
late myofibrillar protein synthesis induce muscle hypertrophy when 
repeated over time (i.e. weeks to months). Previous evidence of a 
single bout of sprint interval exercise with protein ingestion signifi-
cantly increasing rates of myofibrillar protein synthesis compared to 

a placebo condition (*) raises the possibility that sustained increases 
may promote increases in muscle fiber hypertrophy. However, the 
extent to which acute increases in rates of muscle protein synthesis 
form the basis of chronic muscle hypertrophy responses is equivocal 
with accumulating evidence in resistance training models indicating 
such increases, in part, likely contribute to extensive muscle repair 
and remodelling of damaged proteins prior to facilitating muscle fibre 
hypertrophy [78, 130]
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6  Conclusion and Future Directions

Evidence presented in this review supports the potential for 
HIIT to stimulate cellular responses that regulate metabolic 
pathways with putative roles in skeletal muscle hypertro-
phy. Acute and short-term HIIT increase rates of MPS and 
emerging evidence from ‘-omics’-based approaches suggests 
HIIT upregulates unique gene ‘signatures’ along with pro-
teins implicated in anabolic signalling transduction. While 
HIIT does not increase muscle fiber CSA or satellite cell 
content, short-term and prolonged HIIT across a range of age 
groups have been associated with increases in whole mus-
cle (i.e. MRI-derived muscle CSA/volume) and whole body 
(i.e. DXA-derived lean mass), surrogates of muscle hyper-
trophy. Notably, the majority of studies that have reported 
measures of muscle anabolism incorporating molecular and 
whole muscle/body measures have failed to provide opti-
mal nutritional support (i.e. increased protein availability), 
which is considered essential to promote muscle hypertro-
phy in association with resistance exercise. Further work 
investigating the synergistic capacity for HIIT and long-term 
protein supplementation based on strategies that maximise 
muscle protein synthetic responses (i.e. timing, distribution, 
high-quality liquid and food sources) to promote lean mass 
accrual is urgently needed (Fig. 2). Moreover, we implore 
researchers to report relative daily intake values for protein 
intake (e.g. g kg  BM−1) to better understand protein require-
ments for HIIT-induced muscle hypertrophy.

There is currently a paucity of information that directly 
compares muscle growth response with HIIT and resist-
ance training. Future studies including both single-mode 
HIIT and resistance training are warranted to understand 
where HIIT fits on an ‘exercise continuum’ with regard 
to stimulating muscle hypertrophy. Moreover, unravelling 
the potential of HIIT to induce muscle hypertrophy will 
require manipulation of variables known to promote resist-
ance training-induced muscle hypertrophy. Thus, further 
investigation of HIIT following chronic training and in 
populations of different age groups/training status will 
be required. Specifically, prolonged interventions (≥ 12 
weeks) assessing (a) rates of MPS in all muscle protein 
pools (i.e. myofibrillar, sarcoplasmic and mitochondrial), 
(b) global changes in gene and protein expression, and (c) 
muscle fiber-type specific changes in CSA/satellite cell 
dynamics, will provide novel insights into the hypertrophic 
potential of HIIT at the cellular level. Moreover, studies 
investigating potential dynamics between the microvas-
culature (e.g. flow, density), skeletal muscle mitochon-
dria (e.g. biogenesis, function) and satellite cell activity 
following HIIT in various age groups will provide novel 
insight into mechanisms that contribute to muscle func-
tion with aging.

Another important consideration is that most studies 
assessing the anabolic effects of HIIT have used non-
weight-bearing (cycling) protocols, presumably because 
ergometry cycling is a practical and safe exercise modality 
to implement in a laboratory-based setting. However, lower 
body aerobic exercise, such as cycling, does not engage 
upper body musculature to the same extent as whole body 
resistance training. In other words, it is difficult to observe 
whole body gains in muscle mass with cycling-only train-
ing protocols. As such, HIIT interventions incorporating 
dual arm and leg cycling ergometry would help to clarify 
whether robust changes in total lean mass reported with 
resistance training are also achievable with HIIT. Where 
cycling HIIT protocols are used, inclusion of segmental 
assessments of lean mass from the lower limb would be 
informative to ensure the regional anabolic effects of HIIT 
are detected. Even modest increases in leg or trunk lean 
mass may be of functional importance in clinical settings. 
Middle-aged or older adults may benefit from HIIT where 
either pre-operative physical conditioning (inclusive of 
simultaneous increases in muscle mass and cardiorespira-
tory fitness) is required for surgery clearance or exercise 
prehabilitation is recommended to improve post-operative 
outcomes. However, it must be noted that voluntary perfor-
mance of HIIT may not always be suited to ageing popula-
tions despite its time-efficient nature. Moderate-intensity 
interval training may initially be more appropriate to help 
‘condition’ previously sedentary/ageing populations when 
introducing interval-style training. Furthermore, modali-
ties that aim to minimise potential adverse events arising 
from compromised balance (e.g. stationary cycling, seated 
upper body ergometry) should be considered when pre-
scribing HIIT for older adults.

Finally, future studies should aim to include simultane-
ous measurements at various ‘levels’ of interrogation when 
studying HIIT-induced muscle anabolism to ensure differ-
ent attributes contributing to muscle growth responses and 
hypertrophy are assessed [111]. Such measures include 
biochemical assays to measure muscle protein concentra-
tions at the molecular level, cell size (i.e. CSA) at the 
muscle fiber level and MRI/CT at the whole muscle level. 
In addition to such measures of muscle growth, it is also 
important to measure the ‘functionality’ of these potential 
increases in muscle hypertrophy with HIIT. In particular, 
determining whether HIIT-induced increases in lean mass 
are concomitant with improvements in maximal muscle 
strength or results from clinical assessments used to deter-
mine functional capacity (e.g. hand grip strength, timed 
up and go test, 6-min walk test, etc.) will ensure exercise 
physiologists and clinicians obtain the most meaningful 
information possible to assist in the rehabilitation of their 
patients. Overall, while further work is required, HIIT is 
a promising and viable strategy to promote and maintain 
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muscle mass, and may serve as a useful adjunct to tradi-
tional resistance exercise.
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