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Abstract

One aspect of skeletal muscle memory is the ability of a previously trained muscle to hypertrophy more rapidly follow-
ing a period of detraining. Although the molecular basis of muscle memory remains to be fully elucidated, one potential
mechanism thought to mediate muscle memory is the permanent retention of myonuclei acquired during the initial
phase of hypertrophic growth. However, myonuclear permanence is debated and would benefit from a meta-analysis
to clarify the current state of the field for this important aspect of skeletal muscle plasticity. The objective of this study
was to perform a meta-analysis to assess the permanence of myonuclei associated with changes in physical activity and
ageing. When available, the abundance of satellite cells (SCs) was also considered given their potential influence on
changes in myonuclear abundance. One hundred forty-seven peer-reviewed articles were identified for inclusion across
five separate meta-analyses; (1–2) human and rodent studies assessed muscle response to hypertrophy; (3–4) human
and rodent studies assessed muscle response to atrophy; and (5) human studies assessed muscle response with ageing.
Skeletal muscle hypertrophy was associated with higher myonuclear content that was retained in rodents, but not
humans, with atrophy (SMD = �0.60, 95% CI �1.71 to 0.51, P = 0.29, and MD = 83.46, 95% CI �649.41 to
816.32, P = 0.82; respectively). Myonuclear and SC content were both lower following atrophy in humans
(MD =�11, 95% CI�0.19 to�0.03, P= 0.005, and SMD =�0.49, 95% CI�0.77 to�0.22, P= 0.0005; respectively),
although the response in rodents was affected by the type of muscle under consideration and the mode of atrophy.
Whereas rodent myonuclei were found to be more permanent regardless of the mode of atrophy, atrophy of ≥30%
was associated with a reduction in myonuclear content (SMD = �1.02, 95% CI �1.53 to �0.51, P = 0.0001). In
humans, sarcopenia was accompanied by a lower myonuclear and SC content (MD = 0.47, 95% CI 0.09 to 0.85,
P = 0.02, and SMD = 0.78, 95% CI 0.37–1.19, P = 0.0002; respectively). The major finding from the present
meta-analysis is that myonuclei are not permanent but are lost during periods of atrophy and with ageing. These find-
ings do not support the concept of skeletal muscle memory based on the permanence of myonuclei and suggest other
mechanisms, such as epigenetics, may have a more important role in mediating this aspect of skeletal muscle plasticity.
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Introduction

Skeletal muscle fibres are some of the largest cells in the
body and uniquely multinucleated with more than one hun-
dred myonuclei per mm length of fibre.1 In order to maximize
the distance between neighbouring nuclei, all nuclei within
the syncytium are evenly positioned, adjacent to the plasma
membrane.2 More interestingly, skeletal muscle is an extraor-
dinary tissue with the ability to respond to intrinsic and ex-
trinsic stimuli by changing its size.3 Myonuclei have an impor-
tant role in skeletal muscle size adaptation through the
production of transcripts that support the synthesis of pro-
teins for use in the immediate vicinity surrounding each
nucleus.4

In response to exercise, new myonuclei can be acquired by
myofibres as the result of fusion by muscle stem cells (known
as satellite cells), which are normally in a quiescent state and
become activated upon exposure to external stimuli, such as
exercise or injury. Once activated, satellite cells (SCs) prolifer-
ate, differentiate into myogenic progenitor cells, and subse-
quently fuse to existing myofibres, providing additional nuclei
to the growing myofibres.5–7 Studies have provided evidence
showing that each nucleus within a myofibre oversees a given
amount of cytoplasm, which is referred to as the myonuclear
domain.3,4 The notion of a myonuclear domain is based on
the concept that each nucleus has a limited capacity to con-
trol transcriptional characteristics over a finite volume of
cytoplasm.4,8 Further, other studies have suggested the size
of the myonuclear domain may not be as fixed as is often
indicated.9,10

Skeletal muscle possesses the remarkable ability to ‘recall’
a previous hypertrophic state upon resumption of training
following a period of detraining, a phenomenon that has
been called ‘muscle memory’.11–13 Scientists first attributed
the phenomenon of muscle memory to motor learning via
the central nervous system.14 The findings from more recent
studies have proposed that muscle memory is related to the
abundance of myonuclei, with the new myonuclei added dur-
ing the initial hypertrophy being permanent, thereby provid-
ing enhanced transcriptional output in response to training
following a bout of detraining.15,16 It has been hypothesized
that the retention of the hyper-nucleated condition might
be responsible for the accelerated regeneration and return
of myofibre size and function even after a prolonged period
of inactivity in previously trained skeletal muscle.16 Current
available evidence regarding muscle memory is quite conflict-
ing with some reports confirming myonuclear
permanence,15–18 although other studies showing myonuclei
could be lost during detraining.19–22 Some studies have re-
ported that myonuclear content in skeletal muscle is not per-
manent and undergoes apoptosis with atrophy in response to
hindlimb suspension,23,24 denervation,25,26 exposure to
microgravity,27 and immobilization.28 Moreover, recent stud-
ies in both rodents21 and humans22,29,30 have shown that

myonuclei acquired during hypertrophy are not permanent
following long-term inactivity with myonuclear abundance
returning to previously untrained state.

To the best of our knowledge, no systematic review and
meta-analysis has yet assessed whether hypertrophy-induced
myonuclear accretion is maintained after exercise cessation
or inactivity in both humans and rodents. The aim of this sys-
tematic review and meta-analysis was to assess myonuclear
and SC content in skeletal muscle that underwent hypertro-
phy or atrophy in both humans and rodents. Finally, the
long-term myonuclear permanence in human was assessed
by the inclusion of ageing studies in the meta-analyses.

Methods

The present preclinical and clinical review was registered in
the International Prospective Register of Systematic Reviews
(PROSPERO) with the registration number: CRD42020152068
and was performed in accordance with PRISMA guidelines.31

Research question

In the present systematic review and meta-analysis, we
sought to answer the following questions: (i) Is
hypertrophy-induced myonuclear accretion maintained after
exercise cessation in either humans and/or rodents? (ii) Does
myonuclear content and/or SC abundance change during at-
rophy in either humans or rodents? (iii) Is there any differ-
ence in myonuclear content and/or SC abundance between
elderly and young adults?

Data sources and searches

A systematic literature search for relevant studies was carried
out using the following databases: CINAHL, MEDLINE, CEN-
TRAL, PEDro, ProQuest, and Scopus, from the earliest record
of each database up to February 2022. Search terms included
a combination of the following keywords related to muscle
memory: ‘muscle memory’ and ‘memory’; related to muscle
CSA: ‘muscle hypertrophy’, ‘muscle atrophy’, ‘myonuclei’,
‘myonuclear domain’, ‘satellite cell’, and ‘muscle stem cell’;
related to training: ‘resistance exercise’, ‘resistance training’,
‘strength training’, ‘power training’, ‘endurance exercise’,
and ‘endurance training’; related to atrophy stimuli: ‘loading’,
‘unloading’, ‘hindlimb suspension’, ‘suspension’, ‘leg immobili-
zation’, ‘immobilization’, ‘step reduction’, ‘denervation’, ‘spi-
nal cord injury’ and ‘spinal cord transaction’; and related to
human ageing: ‘sarcopenia’, ‘human Aging’, ‘aging’, and
‘elderly’.
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Study selection

We included all studies involving human and animal models
independent of sex, age, and intervention (except steroid ad-
ministration) that evaluated satellite cell or myonuclear
abundance. In terms of study design, both controlled and un-
controlled clinical trials were included in the systematic re-
view and meta-analysis (Figure 1).

Quality assessment

We assessed potential study bias using Physiotherapy Evi-
dence Database (PEDro) scale for human studies by two inde-
pendent researchers.32 All included human studies presented
a score of ≤5.0. We also used the Systematic Review Centre
for Laboratory Animal Experimentation (SYRCLE) tool for
assessing the risk of bias in animal studies.33 The results of
quality assessments in both human and animal studies are
outlined in Figure S1A–S1E.

Data extraction

Two reviewers independently (MR and FM) extracted all re-
lated information with disagreements between reviewers re-

solved by discussion. The included information was collected
and organized into Tables 1–3. Information was extracted on
study design characteristics (rodent species, sex, age, hyper-
trophy or atrophy model, etc.), type of intervention (training
or atrophy duration), and outcome data (myonuclear content
and satellite cell abundance). Included studies were grouped
according to the following experiments: human subjects ex-
perienced hypertrophy, human subjects experienced atrophy,
comparison of old vs. young people, animal models experi-
enced hypertrophy, and animal models experienced atrophy.

Data analysis

All data analyses were conducted using Review Manager Soft-
ware (RevMan 5.3, Cochrane Collaboration, Copenhagen,
Denmark) as previously described in detail by us.34 For in-
stance, when data was only available in a graphic format,
we used WebPlotDigitizer software to extract quantitative
data from the figure. Results were expressed as standardized
mean difference (SMD) and 95% confidence intervals (CI)
when the outcome is measured in different ways; otherwise,
the mean difference (MD) and 95% CI were calculated.31,34

When there was a sufficient number of studies, subgroup
analysis was performed on muscle type, atrophy model, atro-
phy duration, and hypertrophy percentage in the animal

Figure 1 PRISMA flow diagram of study selection.
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model and on age (young and old) and atrophy model in hu-
man subjects. To evaluate and ensure the robustness of the
results, sensitivity analysis was carried out by removing stud-
ies from the meta-analysis. Sensitivity analysis showed that
no results were affected by any study (data not shown). Fi-
nally, funnel plots with Egger weighted regression test were
used for assessing publication bias using STATA version 16.

Results

Evidence from human studies

Skeletal muscle responses to hypertrophy
Four reports involving 117 participants assessed the response
of skeletal muscle (vastus lateralis) to resistance training
followed by a period of detraining.29,30,35,36 Resistance train-
ing duration ranged from 10 to 24 weeks in these studies.
However, detraining duration ranged from 12 to 48 weeks.
Currently, the general consensus is that myonuclear content
tends to be lower in older adults (≥60 year) compared with
young adults (18–55 year).37 Thus, we performed a subgroup
analysis to clarify the effects of an episode of overload hyper-
trophy and subsequent disuse atrophy on the present review
outcomes in terms of the different age categories. The details
of the included studies are shown in Table 1.

Myofibre size following training and detraining Resistance
training significantly increased cross-sectional area (CSA)
compared with baseline values (mean: MD = 650.32, 95% CI
355.30–945.34, P = 0.0001; Type I: MD = 470.83, 95% CI
168.29–773.37, P = 0.002; Type II: MD = 723.93, 95% CI
358.02–1089.84, P = 0.0001; Figure S2A–S2C). Further, CSA
after a detraining period following resistance training re-
turned to the pre-training values (mean: MD = 83.46, 95%
CI �649.41 to 816.32, P = 0.82; Type I: MD = 104.39, 95%
CI �604.64 to 813.23, P = 0.77; Type II: MD = 190.74, 95%
CI �882.92 to 1264.40, P = 0.73; Figure S2D–S2F). Subgroup
analysis in mixed and Type II fibres showed no statistically sig-
nificant difference between young and old adults after train-
ing and detraining periods (mixed: P = 0.50 and P = 0.20; Type
II: P = 0.97 and P = 0.31, respectively). Further, subgroup anal-
ysis showed that the reduction of Type I fibre CSA of young
adults was significantly higher following a detraining period
than old subjects (P = 0.03) (Figure S2A–S2F).

Myonuclear content following training and detraining Resis-
tance training significantly increased myonuclear content in
mixed and Type II fibres compared with baseline values
(mean: MD = 0.12, 95% CI 0.00–0.23, P = 0.04; Type I:
MD = 0.04, 95% CI �0.08 to 0.15, P = 0.55; Type II:
MD = 0.23, 95% CI 0.07–0.40, P = 0.006; Figure S2G–S2I).
Compared with pre-training, there was a significant differ-
ence in myonuclear content after a detraining period (mean:

MD = �0.14, 95% CI �0.26 to �0.02, P = 0.02; Type I:
MD = �0.14, 95% CI �0.28 to �0.0, P = 0.05; Type II:
MD = �0.23, 95% CI �0.37 to �0.10, P = 0.0009; Figure
S2J–S2L), indicating that myonuclear content after a
detraining period was less than the baseline. Subgroup anal-
ysis showed no statistically significant difference between
young and old adults after training and detraining periods
(mixed: P = 0.56 and P = 0.73; Type I: P = 0.42 and P = 0.86;
Type II: P = 0.37 and P = 0.73; respectively; Figure S2G–S2L).

Myonuclear content in single muscle fibre following training
and detraining A single report with 19 participants assessed
myonuclear content in single muscle fibre using 44–57 fibres
from each biopsy sample.29 This study reported no change in
myonuclear content in response to resistance training (i.e.
+5%) and after detraining (i.e. +3%).

Myonuclear domain following training and detraining Resis-
tance training significantly increased myonuclear domain
(MND) only in mixed fibres compared with baseline values
(mean: MD = 110.91, 95% CI 24.93–196.89, P = 0.01; Type I:
MD = 5.67, 95% CI �133.51 to 144.85, P = 0.94; Type II:
MD = 73.87, 95% CI �62.35 to 210.09, P = 0.29; Figure
S2M–S2O). Moreover, MND after a detraining period re-
turned to pre-training levels (mean: MD = 43.16, 95% CI
�42.14 to 128.47, P = 0.32; Type I: MD = �9.26, 95% CI
�166.29 to 147.77, P = 0.91; Type II: MD = 55.98, 95% CI
�138.18 to 250.14, P = 0.57; Figure S2P–S2R). Subgroup anal-
ysis in mixed fibres showed no statistically significant differ-
ence between young and old adults after training and
detraining periods (P = 0.06 and P = 0.33, respectively). The
number of studies was too small to permit subgroup analyses
of Type I or Type II fibres (Figure S2M–S2R).

Satellite cell number following training and detraining Three
studies involving 94 participants assessed SC
abundance.30,35,36 Resistance training significantly increased
SC abundance in mixed and Type II fibres compared to base-
line values (mean: SMD = 0.75, 95% CI 0.33–1.18, P = 0.0005;
Type I: SMD = 0.36, 95% CI �0.14 to 0.85, P = 0.16; Type II:
SMD = 0.81, 95% CI 0.30–1.32, P = 0.002; Figure S2S–S2U).
Additionally, SC abundance after a detraining period returned
to pre-training levels (mean: SMD = 0.16, 95% CI �0.32 to
0.64, P = 0.52; Type I: SMD = �0.01, 95% CI �0.66 to 0.65,
P = 0.99; Type II: SMD = 0.09, 95% CI �0.57 to 0.74,
P = 0.79; Figure S2W–S2Y). Subgroup analysis in mixed fibres
showed no statistically significant difference between young
and old adults after training and detraining periods
(P = 0.29 and P = 0.58, respectively). The number of studies
was too small to permit subgroup analyses of Type I or Type
II fibres (Figure S2S–S2Y).

Skeletal muscle responses to atrophy
Twenty-nine studies assessed skeletal muscle growth in
whole muscle cross section in response to leg
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immobilization,38–42 bed rest,19,43–46 step reduction,47,48

space flight,20 and patients suffering from cerebral palsy,49–
51 chronic obstructive pulmonary disease (COPD),52–55 ante-
rior ligament reconstruction,56–58, fully sedating ICU
patients59 hip fracture,60 multiple sclerosis,61 adolescent idio-
pathic scoliosis,62 spinal cord injury,63 and Type1 diabetes.64

The details of the included studies are shown in Table 1.
We performed subgroup analyses to determine the potential
impact that differences in the age of the participants (old vs.
young), the duration of the intervention (≤5 days, 7–14 days,
20–30 days, and ≥60 days), and the model of atrophy used
had on the atrophic response.

Myofibre size following atrophy Analysis of 19 studies involv-
ing 460 participants19,39,41–43,45–47,50,52–56,59,60,62,63,65 found
there was lower skeletal muscle CSA following the aforemen-
tioned (‘Skeletal muscle responses to atrophy’ section) inter-
ventions (mixed: MD =�497.24, 95% CI�734.13 to�260.35,
P = 0.0001; Type I: MD = �743.63, 95% CI �1059.28 to
�427.98, P = 0.00001; Type II: MD = �908.11, 95% CI
�1268.67 to �547.54, P = 0.00001; Figure S3A–S3C). Sub-
group analysis showed no statistically significant difference
between young and old adults for CSA of mixed, Type I, and
Type II fibres in response to atrophy (P = 0.52, P = 0.93, and
P = 0.60, respectively). Stratifying studies based on the dura-
tion of the intervention period found that myofibre CSA was
decreased after 7 days in different atrophy models (mixed:
MD = �914.33, 95% CI �1528.91 to �299.75, P = 0.004; Type
I: MD = �710.72, 95% CI �1217.05 to �204.38, P = 0.006;
Type II: MD = �1126.26, 95% CI �1618.85 to �633.68,
P = 0.00001; Figure S3D–S3F). Subgroup analysis that strati-
fied studies based on the model of atrophy showed that
bed rest, COPD, idiopathic scoliosis, and hip fracture induced
a significant decrease in fibre CSA (Figure S3G–S3I).

Myonuclear content following atrophy Analysis of 13 studies
involving 260 participants19,39–41,43–45,47,50,59–62 found lower
myonuclear content in response to skeletal muscle atrophy
(mean: MD = �11, 95% CI �0.19 to �0.03, P = 0.005; Type
I: MD = �0.09, 95% CI �0.17 to �0.00, P = 0.04; Type II:
MD = �0.13, 95% CI �0.22 to �0.05, P = 0.003; Figure S3J–
S3L). Interestingly, subgroup analysis showed myonuclear
content in mixed, Type I, and Type II fibre only decreased in
young adults and not in old adults who experienced atrophy
(old adults: P = 0.61, P = 0.58, and P = 0.77, respectively). Sub-
group analysis showed no difference between different pe-
riod of interventions in mixed, Type I, and Type II fibres
(P = 0.69, P = 0.81, and P = 0.64, respectively; Figure S3M–
S3O). Stratifying studies based on the model of atrophy
showed that bed rest, idiopathic scoliosis, and cerebral palsy
induced a significant decrease in myonuclear content (Figure
S3P–S3R).

Myonuclear content in single muscle fibre following atrophy A
single report with five astronauts assessed myonuclear con-

tent in single muscle fibre using 42–81 fibres from each bi-
opsy sample before and after 11 days of space flight.20 This
study reported no change in the myonuclear content of Type
I fibres, whereas lower myonuclear content was found in
Type II fibres.

Myonuclear domain following atrophy Analysis of 10 studies
involving 202 participants19,39–41,43,47,50,59,60,63 found a signif-
icant decrease in MND in response to skeletal muscle atrophy
(mean: MD = �1.92, 95% CI �2.72 to �1.12, P = 0.00001;
Type I: MD = �0.65, 95% CI �0.97 to �0.32, P = 0.0001; Type
II: MD = �0.72, 95% CI �1.03 to �0.40, P = 0.0001; Figure
S3S–S3W). The results from a single study with five astro-
nauts showed lower MND in single muscle fibres after 11 days
of space flight.20 Subgroup analysis showed no difference be-
tween the reduction of MND in mixed, Type I, and Type II fi-
bres in old and young adults and different periods of inter-
vention (Figure S3X–S3Z). Stratifying studies based on the
model of atrophy showed that leg immobilization, step re-
duction, cerebral palsy, and hip fracture induced a significant
decrease in myonuclear content (Figure S3A1–S3C1).

Satellite cell number following atrophy Analysis from 24 stud-
ies involving 611 participants19,38,39,41,45–47,50–54,56–61,64,66,67

found there was lower SC abundance in response to skeletal
muscle atrophy (mean: SMD = �0.49, 95% CI �0.77 to
�0.22, P = 0.0005; Type I: SMD = �0.20, 95% CI �0.59 to
0.20, P = 0.33; Type II: SMD = �0.37, 95% CI �0.71 to
�0.02, P = 0.04; Figure S3D1–S3F1). In agreement with
changes in myonuclear content, subgroup analysis showed
SC content in mixed, Type I, and Type II fibre only decreased
in young adults and not in old adults who experienced atro-
phy (old adults: P = 0.07, P = 0.76, and P = 0.35, respectively).
Stratifying studies based on duration of the intervention pe-
riod found that SC content was decreased after 60 days
(mixed: MD = �0.85, 95% CI �1.61 to �0.09, P = 0.03; Type
I: MD = �0.87, 95% CI �0.48 to �0.43, P = 0.01; Type II:
MD = �1.02, 95% CI �1.61 to �0.44, P = 0.0006; Figure
S3G1–S3I1). Stratifying studies based on the model of atro-
phy showed that bed rest, cerebral palsy, idiopathic scoliosis,
and ACL injury induced a significant decrease in SC content
(Figure S3J1–S3L1).

Skeletal muscle responses in ageing compared with young
adults
Next, we assessed the impact of ageing on myonuclear con-
tent, MND, and SC abundance. Twenty-nine studies mea-
sured the aforementioned skeletal muscle characteristics in
young and old adults.42,60,63,65,68–91 The details of the in-
cluded studies are shown in Table 2.

Myofibre size following ageing Analysis of 25 studies involv-
ing 724 participants42,46,60,63,65,68–70,76–90 found that except
Type I fibres, CSA in mixed and Type II fibres decreased with
ageing (mean: SMD = 0.91, 95% CI 0.25–1.56, P = 0.007; Type
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I: MD = �131.7, 95% CI �353.91 to 90.51, P = 0.25; Type II:
MD = 1313.31, 95% CI 995.45–1631.16, P = 0.00001; Figure
S4A–S4C).

Myonuclear content following ageing Analysis of 17 studies
involving 494 participants60,63,68–70,72,74,76,77,79,82–88 found
no change in myonuclear content of mixed and Type I fibres
with ageing (MD = �0.03, 95% CI �0.24 to 0.19, P = 0.8;
MD =�0.01, 95% CI�0.31 to 0.29, P = 0.95; respectively; Fig-
ure S4D and S4E). A pooled analysis from eight studies involv-
ing 274 participants found lower myonuclear content in Type
II fibres with ageing (MD = 0.47, 95% CI 0.09–0.85, P = 0.02;
Figure S4F).

Myonuclear content in single muscle fibre following ageing
Two studies assessed muscle response to ageing at the single
muscle fibre level. Cristea et al.80 in a separate analysis of
men and women reported a significant increase in
myonuclear content of Type I fibres with no change in Type
II fibres. In another study, Naro et al.89 reported no change
in myonuclear content and MND of Type I and II fibres.

Myonuclear domain following ageing Analysis of 11 studies
involving 346 participants60,63,69,77,79,81–84,87,88 found no
change in MND of mixed and Type I fibres with ageing
(MD = 236.01, 95% CI �11.78 to 483.79, P = 0.06;
MD = �26.75, 95% CI �207.05 to 153.56, P = 0.77; respec-
tively; Figure S4G and S4H). In contrast, there was lower
MND in Type II fibres with ageing (MD = 296.19, 95% CI
109.08–483.29, P = 0.002; Figure S4I).

Satellite cell number following ageing Analysis of 25 studies
involving 717 participants42,46,63,65,70–79,81–88,90,91 found
lower SC abundance in mixed fibres with ageing
(SMD = 0.78, 95% CI 0.37–1.19, P = 0.0002; Figure S4J). There
was no change in SC content associated with Type I fibres,
whereas SC content associated with Type II fibres was lower
with ageing (SMD = 0.09, 95% CI �0.11 to 0.28, P = 0.38;
SMD = 1.23, 95% CI 0.86–1.60, P = 0.00001; respectively; Fig-
ure S4K and S4L).

Evidence from animal studies

Skeletal muscle responses to hypertrophy
Five studies assessed skeletal muscle growth in response to a
hypertrophic stimulus induced by synergist ablation,16 weight
loaded-ladder climbing,18 climbing,92 or weighted wheel
running21,22 in extensor digitorum longus (EDL),16 flexor
hallucis longus (FHL),18 plantaris,21,22 soleus, tibialis anterior
(TA),92 and gasterocnemius22,92 muscles. Following exposure
to an episode of overload-induced hypertrophy, skeletal mus-
cle was subsequently exposed to disuse atrophy as a model
of detraining18,21,22,92 or denervation.16 Given that young
mice (<4 months old) have been shown to display a different

response to overload-induced hypertrophy relative to mature
mice (>4 months old),93 we performed a subgroup analysis
to determine the effects of age on an episode of
overload-induced hypertrophy followed by disuse atrophy
on the aforementioned outcome variables. The details of
the included studies are shown in Table 3.

Myofibre size following training and detraining Five studies
assessed CSA response to increased activity.16,18,21,22,92 An
episode of overload-induced hypertrophy significantly in-
creased fibre CSA (SMD = 1.25, 95% CI 0.83–1.67,
p = 0.00001; Figure S5A). Compared with control, there was
no significant difference in fibre CSA after a detraining period
(SMD = �0.60, 95% CI �1.71 to 0.51, P = 0.29), demonstrat-
ing that fibre CSA after a detraining period returns to baseline
levels (Figure S5B). Subgroup analysis showed a significant
difference between young and mature animals after training
and detraining (P = 0.04 and P = 0.03, respectively), indicating
that fibre CSA in young animals increases by a higher extent
following training and decreases by a larger extent following
detraining.

Myonuclear content following training and detraining Three
studies assessed myonuclear content in muscle cross
section.21,22,92 In response to a hypertrophic stimulus, there
was a significant increase in myonuclear content
(MD = 0.17, 95% CI 0.09–0.25, P = 0.0001; Figure S5C).
Myonuclear content remained significantly elevated after a
period of detraining compare with control animals
(MD = 0.11, 95% CI 0.02–0.20, P = 0.01; Figure S5D). The
number of studies was too small to permit subgroup analysis.

Myonuclear content in single muscle fibre following training
and detraining Four studies assessed myonuclear content in
single muscle fibre.16,18,21,22 An episode of overload-induced
hypertrophy significantly increased myonuclear content
(SMD = 2.26, 95% CI 1.28–3.23, P = 0.00001; Figure S5E).
Myonuclear content following a period of detraining re-
mained significantly elevated compared with control animals
(SMD = 1.46, 95% CI 0.60–2.32, P = 0.0008; Figure S5F). Sub-
group analysis of maturational age showed no statistically sig-
nificant difference after overload-induced hypertrophy or
detraining periods (P = 0.60 and P = 0.43, respectively).

Skeletal muscle responses to atrophy
Eighty studies assessed skeletal muscle atrophy in response
to different duration of denervation,1,17,25,S1–S24 hindlimb
suspension,15,17,23,24,66,S25–S57 immobilization,28,S58–S66 space
flight,27,67,S67–S69 tetrodotoxin blockage,17 and mechanical
ventilation.S70 We performed subgroup analyses to deter-
mine the potential impact that differences in the muscle un-
der investigation, the duration of the intervention, and the
model of atrophy used had on the atrophic response.
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Myofibre size following atrophy Analysis of 53 studies found
lower CSA in response to skeletal muscle atrophy with a
mean reduction of ~�36.9% (SMD = �1.96, 95% CI �2.21
to �1.71, P = 0.00001; Figure S6A). Subgroup analysis for dif-
ferent muscles showed fibre CSA was significantly decreased
in plantaris, soleus, gastrocnemius, pectoralis major, EDL, and
TA (Figure S6B). Subgroup analysis that stratified studies
based on duration of the intervention period (≤5 days, 7–
14 days, 20–30 days, and ≥42 days) found that myofibre
CSA was decreased for all periods (Figure S6C). Subgroup
analysis that stratified studies based on the model of atrophy
showed that except for mechanical ventilation, all models in-
duced a significant decrease in fibre CSA (Figure S6D). Sub-
group analysis that stratified studies based on different
methods of atrophy showed that myonuclear content was
decreased in studies that performed hindlimb suspension,
denervation, and immobilization (Figure S6E). Additionally,
subgroup analysis based on %CSA reduction (<20, 20–29,
30–39, 40–49, and >50%) showed that when %CSA reduction
reach ≥30%, myonuclear content decreased significantly (Fig-
ure S6F). A final subgroup analysis that stratified studies
based on different methods of atrophy showed that SC con-
tent was decreased only in studies that performed hindlimb
suspension (~�24.4%) and immobilization (~�30.1%). More
interestingly, SC abundance was increased (~+113.3%) in re-
sponse to denervation (Figure S6G).

Myonuclear content following atrophy Analysis of 40 studies
found lower myonuclear content in muscle cross section with
a mean reduction of ~�20.6% (SMD = �1.03, 95% CI �1.30
to �0.76, P = 0.00001; Figure S6H). Subgroup analysis that
stratified studies based on different muscles showed that
myonuclear content was decreased only in gastrocnemius,
EDL, and soleus (Figure S6I). Subgroup analysis that stratified
studies based on different intervention periods (≤5, 7–14,
20–30, and ≥42 days) showed that myonuclear content was
decreased in all periods (Figure S6J).

Myonuclear content in single muscle fibre following atrophy
Analysis of 22 studies found lower myonuclear content in sin-
gle muscle fibres with a mean reduction of approximately
�10.1% (SMD = �0.52, 95% CI �0.81 to �0.23, P = 0.0005;
Figure S6K). Subgroup analyses that stratified studies based
on differences in muscle under investigation, duration of
the intervention, and model of atrophy used found
myonuclear content was only decreased in the soleus (Figure
S6L). Subgroup analysis that stratified studies based on differ-
ent intervention periods (≤5 days, 7–14 days, 20–30 days,
and ≥42 days) showed that myonuclear content was de-
creased in studies that lasted between 7–14 and more than
42 days (Figure S6M). Subgroup analysis that stratified stud-
ies based on different models of atrophy showed that
myonuclear content was decreased in studies that performed
hindlimb suspension and denervation (Figure S6N). Consider-

ing the different muscle type responses to atrophy, the dis-
crepancy between the results for myonuclear content in
whole muscle cross section and single muscle fibres may be
due to the lower and selected fibre measurements in the
studies that used single muscle fibre, as no more than 100 fi-
bres were evaluated in any study.

Satellite cell number following atrophy Analysis of 41 studies
found no change in SC content in cross-section
(SMD = �0.13, 95% CI �0.50 to �0.24, P = 0.48) (Figure
S6O). Subgroup analysis that stratified studies based on dif-
ferent muscles showed that SC content was decreased in so-
leus, whereas in TA it increased, and in EDL tend to increase
(Figure S6P). Subgroup analysis that stratified studies based
on different intervention periods (≤5, 7–14, 18–30, and
≥42 days) showed a trend for lower SC content only in studies
that lasted between 7 and 14 days (Figure S6Q).

Sensitivity analysis and publication bias

In regard to sensitivity analysis, the overall pooled estimates
of the respective outcomes obtained in each analysis closely
resembled the preliminary associations. Further, funnel plots
were checked for the included studies in the meta-analysis,
which suggested that in almost all analyses in human studies,
there is no noticeable bias (Figure S7A–S7D). Additionally,
Begg’s correlation rank and Egger’s regression did not show
significant publication bias in almost all analyses in human
studies (Table 4). In contrast, we found noticeable publication
bias in most analyses of animal studies with significant Begg’s
correlation rank and Egger’s regression results (Figure S7E
and S7F; Table 4).

Discussion

The objective of the current systematic review and
meta-analysis was to assess the myonuclear and SC content
of either human or rodent skeletal muscle that had under-
gone hypertrophy, atrophy, or detraining. We found that
both myonuclear and SC content in human skeletal muscle
are lower with atrophy, ageing, and following a period of
detraining; however, the change in myonuclear and SC con-
tent with detraining represents a return to pre-training
levels. Subgroup analyses that stratified studies based on
the age of the subjects showed that following detraining,
Type I CSA in young adults decreases to a higher extent than
in old adults. Additionally, following atrophy in human stud-
ies, we found that both myonuclear and SC content in mixed,
Type I, and Type II fibres only decreased in young adults. In
rodent studies, myonuclear content after an episode of
overload-induced hypertrophy remains elevated during the
subsequent detraining period. With atrophy in rodents,
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myonuclear content is sensitive to the muscle type and the
model of atrophy. More interestingly, we found that in ani-
mals, an atrophy of myofibre CSA of ≥30% was associated
with a significant decrease in myonuclei.

Skeletal muscle fibres have a memory of prior chronic
contractile activity, termed ‘muscle memory’. Evidence sug-
gests myonuclei acquired during an initial period of hyper-
trophy are associated with enhanced muscle growth upon
resumption of training following a period of detraining.1,15–
17 An obvious, but debated, critical aspect of this proposed
mechanism of muscle memory is the ‘new’ myonuclei must
be retained throughout the period of detraining.16,17 The
present meta-analysis found that exercise-induced
myonuclei were not retained during detraining in humans
but were in rodents. The rodent finding should be viewed
with some caution as only five studies were included in the
analysis with one study using denervation as a model of
detraining following synergist ablation-induced
hypertrophy.16 The concern with denervation as a model of
detraining stems from our meta-analysis showing that dener-
vation in rodent skeletal muscle causes a significant increase
in SC content. Thus, it is not clear if the elevated myonuclear
content reported by Bruusgaard et al.16 after
denervation-induced atrophy was driven by enhanced SC fu-
sion, which would mask any loss of myonuclei. Other con-
cerns that need to be taken into consideration are the mag-
nitude of the hypertrophic response and the age of animals.
The 25–60% increase in skeletal muscle CSA in response to
synergist ablationS71–S75 is much higher than 6–10% increase
in quadriceps CSA in response to resistance training in
humans.S75–S79 Furthermore, three of the five rodent studies
used animals under 4 months old.16,18,92 Considering the dif-
ferent SC requirements for hypertrophic growth in fully ma-
ture mice compared with juvenile mice,93 the elevated
myonuclear content during detraining might reflect a low
level of SC fusion known to occur in juvenile mice.S80 Addi-
tional animal studies are needed to more definitively answer
the question of whether or not myonuclei acquired during
hypertrophy are permanent during periods of detraining.
Moreover, evaluating the same muscle in human studies
(vastus lateralis) and different muscles in rodent studies (in-
cluding EDL, FHL, gastrocnemius, soleus, and plantaris) re-
sulted in very high heterogeneity in myonuclear content
analysis in rodents (I2 = 60–80%) but absolute homogeneity
in humans (I2 = 0%).

The meta-analysis for atrophy in humans found that young
adults respond differently to atrophy stimuli than old adults;
myonuclear and SC content in mixed, Type I, and Type II fi-
bres only decreased in young adults in response to atrophy.
The influence of age on skeletal muscle plasticity is also ob-
served in rodent studies, which found that juvenile mice
(8 weeks of age) display a different response to
overload-induced hypertrophy relative to mature (16 weeks
of age) mice; SC depletion in juvenile mice prevents hypertro-

phic growth, whereas skeletal muscle fibres in mature mice
grow following SC depletion despite the lack of myonuclear
accretion.93 The results of our meta-analysis indicate that in
young adults, skeletal muscle atrophy is accompanied by a
decrease in myonuclear and SC content, although changes
in the myonuclear domain control skeletal muscle size in
old adults. The rodent meta-analysis for atrophy found that
myonuclear content is sensitive to muscle type as the abun-
dance of myonuclei may not change in some muscles. In this
regard, following a detraining period, some muscles (like gas-
trocnemius and plantaris) lose their myonuclei, whereas
other muscles (such as the soleus) with different activation
patterns are resistant to the loss of myonuclei.22 Hence, more
pre-clinical research using the various interventions in the
same muscle is warranted. Interestingly, the magnitude of
myonuclear elevation in rodent studies was about 2.6 times
higher than in human studies (23.2% in animals vs. 9% in
humans) and is reduced by 6.6% in animals after a detraining
period. This finding indicates that even in rodents, elevated
myonuclear content is not retained indefinitely but may de-
crease to a lower extent compared with humans. Addition-
ally, the greater magnitude of hypertrophy in rodents was as-
sociated with a higher myonuclear content of approximately
18%, whereas in humans, it was ~11%. This finding provides
further support for the notion that changes in myonuclear
content influence the magnitude of muscle hypertrophy.
Meta-analysis of atrophy in humans found that myonuclear
content was lower with only 9% atrophy. The rodent studies
that directly assessed muscle memory showed no change in
myonuclear number with atrophy of 10%; however, when at-
rophy was ≥30% in rodents, myonuclear content was lower.
These findings reveal that, in rodents, myonuclear content
is stable, except under the most extreme atrophic
conditions.22

Needing more evidence in both humans and rodents, we
decided to assess myonuclear content and SC numbers af-
ter exposure to atrophy. The results of our meta-analysis
showed that myonuclear content and SCs of atrophied hu-
man Type II fibres decrease following atrophy. This analysis
also found that myonuclear content in rodents decreases in
response to hindlimb suspension, denervation, and immobi-
lization with SC content lower in response to hindlimb sus-
pension and immobilization. These findings implicate that
myonuclear and SC content in both humans and rodents
are not maintained indefinitely and may be reduced with
skeletal muscle atrophy. Interestingly, we found lower
myonuclear content was associated with higher SC content
in response to denervation. These results can be explained
by a higher rate of atrophy and a lower rate of myonuclear
reduction in response to denervation (44 vs. 16%, respec-
tively) compare with hindlimb suspension (35 vs. 25%, re-
spectively), and immobilization (28 vs. 19%, respectively).
Finally, needing more evidence regarding the possibility of
long-term myonuclear permanence in humans, we assessed
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myonuclear content, MND, and SC numbers in studies that
compared young and elderly adults. Interestingly, we found
that human ageing is accompanied by reduction in
myonuclear content, MND, and SC abundance in atrophied
Type II myofibres. These results clearly demonstrate that
myonuclei are not retained indefinitely throughout the hu-
man lifespan.

To better understand how skeletal muscle possesses a
memory of prior chronic contractile activity, recent studies
have focused on the potential role of epigenetics. Skeletal
muscle may possess a long-term DNA hypomethylation
‘memory’ of prior exercise training that could have conse-
quences for future myofibres adaptability during
retraining.94–96 Future studies should evaluate the role of epi-
genetic ‘memory’ association with a first training period to
extend our understanding of the molecular bases of ‘muscle
memory’.

Limitations

There are several limitations of the systematic review and
meta-analysis. First, despite the intense interest in the con-
cept of ‘muscle memory’, the evidence to support the con-
cept remains anecdotal as illustrated by the paucity of hu-
man and animal studies (i.e. only five studies in animals
and four studies in humans). Second, different muscles
were analysed across the animal studies, which confounded
the results. Third, the different rates of muscle hypertrophy
and myonuclear accretion between humans and animals
make it quite challenging to translate animal results to
in vivo human setting. Fourth, the small number of human
studies made it challenging to determine the relationship
between myonuclear content and the degree of atrophy
as observed in rodents. Fifth, the analysis of SC content
during atrophy in human studies associated with different
diseases or models of atrophy was unable to identify a loss
of SC content is related to a particular disease state or
model of atrophy. Sixth, the current meta-analysis is based
on the assumption that all studies accurately measured
myonuclear content. To accurately quantify myonuclear
abundance by muscle cross section (which represents the
vast majority of the studies analysed), it is critical to clearly
identify the myofibre cell border; yet this approach can be
hampered by the fact that a three-dimensional structure,
that is, the myofibre is being assessed in two dimensions.

This can lead to the mis-identification of a satellite cell nu-
cleus being inside the myofibre or, alternatively, a bona fide
myonucleus not being counted as it appears outside the
dystrophin border. While this scenario is possible, it is as-
sumed to have a minor impact, if at all, on the quantifica-
tion of myonuclear content. We generated a new trans-
genic mouse model that allows for the definitive
identification of myonuclei via nuclear GFP-labelling, which
should help to further minimize this inherent limitation of
quantifying myonuclear content by muscle cross section.97

Finally, the meta-analysis of animal studies should be
interpreted with caution as publication bias may be
present.

Conclusion

The findings of this study extend and add new information to
the field’s knowledge regarding the concept of ‘muscle mem-
ory’ based on the idea that, once myonuclei are acquired,
they are permanent. In humans, myonuclear content is not
stable as it was found to change in response to a bout of
detraining or atrophy. This finding suggests that other mech-
anisms are operative in mediating muscle memory. In ro-
dents, the stability of myonuclei is less clear because of the
limited number of studies and differences in experimental
design across studies.
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