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Abstract

Background The quantity and quality of skeletal muscle are important determinants of daily function and metabolic
health. Various forms of physical exercise can improve muscle function, but this effect can be inconsistent and has
not been systematically examined across the health-neurological disease continuum. The purpose of this systematic
scoping review with meta-analyses was to determine the effects and potential moderators of exercise training on
morphological and neuromuscular muscle quality (MMQ, NMQ) in healthy older individuals. In addition and in the
form of a scoping review, we examined the effects of exercise training on NMQ and MMQ in individuals with neuro-
logical conditions.

Methods A systematic literature search was performed in the electronic databases Medline, Embase, and Web of
Science. Randomized controlled trials were included that examined the effects of exercise training on muscle qual-
ity (MQ) in older individuals with and without neurological conditions. Risk of bias and study quality were assessed
(Cochrane Risk of Bias Tool 2.0). We performed random-effects models using robust variance estimation and tested
moderators using the approximate Hotelling—Zhang test.

Results Thirty studies (n=1494, 34% females) in healthy older individuals and no studies in individuals with neuro-
logical conditions were eligible for inclusion. Exercise training had small effects on MMQ (g=0.21, 95% confidence
interval [Cl]: 0.03-0.40, p=0.029). Heterogeneity was low (median /*=16%). Training and demographic variables did
not moderate the effects of exercise on MMQ. There was no association between changes in MMQ and changes

in functional outcomes. Exercise training improved NMQ (g=0.68, 95% Cl 0.35-1.01, p < 0.000) across all studies, in
particular in higher-functioning older individuals (g=10.72, 95% Cl 0.38-1.06, p <0.001), in lower extremity muscles
(g=0.74,95% Cl 0.35-1.13, p=0.001), and after resistance training (g=0.91; 95% Cl 0.42-1.41, p=0.001). Heteroge-
neity was very high (median /= 79%). Of the training and demographic variables, only resistance training moder-
ated the exercise-effects on NMQ. High- versus low-intensity exercise moderated the exercise-effects on NMQ, but
these effects were considered unreliable due to a low number of studies at high intensity. There was no association
between changes in NMQ and changes in functional outcomes.

Conclusion Exercise training has small effects on MMQ and medium-large effects on NMQ in healthy older individu-
als. There was no association between improvements in MQ and increases in muscle strength, mobility, and balance.
Information on dose-response relations following training is currently lacking. There is a critical gap in muscle quality
data for older individuals with lower function and neurological conditions after exercise training. Health practitioners
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should use resistance training to improve muscle function in older individuals. Well-designed studies are needed to
examine the relevance of exercise training-induced changes in MQ in daily function in older individuals, especially to

those with lower function and neurological conditions.
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Key points

« The quantity and quality of skeletal muscle are important determinants of daily function and metabolic health

+ Exercise training had small effects on morphological muscle quality (MMQ) in healthy older adults but
improved neuromuscular muscle quality (NMQ) with a medium-to-large effect size

+ Resistance training versus other exercise interventions moderated the exercise effects on NMQ

+ High- versus low-intensity exercise moderated the exercise effects on NMQ but these effects are considered
unreliable due to a low number of studies at high intensity

+ Improvements in NMQ were not associated with improvements in mobility or balance

« Health practitioners should use resistance training to improve muscle function in older individuals

Introduction

Skeletal muscle forms ~40% of human body mass [1, 2].
The quantity of muscle varies greatly among individuals
with 35-50 kg in young men and can be as low as <13 kg
in elderly women [3]. With natural aging, muscle mass
starts to decline at an age zone of 35-50 years, depending
on health status, sex, muscle group, and measurement
method [2, 4-10]. Low muscle mass is associated with
a reduced muscle strength (i.e., dynapenia) [11-14], fit-
ness [15], mobility [14], postural stability [16], release of
anti-inflammatory myokines [17], brain gray matter vol-
ume [18], therapeutic efficacy [19], and quality of life [20,
21]. On the other hand, low age-related muscle mass (i.e.,
sarcopenia) is associated with an increase in falls [22-24],
frailty [25], fractures [26], intra- and inter-muscular fat
accumulation [27, 28], risks for cardiovascular disease
[29], incidence of cancer [30-32], mental health prob-
lems [20, 33], cognitive impairment [34], hospitalization
[24], morbidity, and mortality [35-41].

Age-related decline in physical activity exacerbates
muscle atrophy and weakness [42]. Muscle mass loss
coupled with low muscle strength and reduced physical
function constitute sarcopenia [1], a condition now with
an international disease classification code [43]. Preva-
lence of sarcopenia gave rise to a geriatric pandemic [25],
making ‘Musclespan’ a key component of ‘Healthspan!
Minimizing age- and disease-related muscle loss has
become a public health priority.

Muscle quality (MQ) further specifies the above-
described changes in whole-body and regional skeletal
muscle loss in older individuals and clinical conditions.
Morphological MQ (MMQ) measures non-contractile
(intermuscular, intramuscular adipose and fibrous) tissue

in absolute units and relative to total limb muscle size
using imaging methods [44—49]. High quantities of such
tissues have unfavorable effects on physical function and
metabolic health [44, 45]. Neuromuscular MQ (NMQ)
is the ratio between the force or torque generated or a
load lifted relative to muscle thickness, volume, cross-
sectional area or echo intensity [44, 47, 48]. While MMQ
expresses MQ as the quantity of mechanical, architec-
tural, and metabolically active tissue compartments,
NMQ expresses the functionality of the muscle tissue
with respect to force generation [44].

Physical exercise has beneficial effects on physical fit-
ness, metabolic, and inflammatory processes across the
lifespan [50] and is a favorable modifier of MMQ and
NMQ [23, 25, 28, 51, 52]. However, it is unclear if the
MQ-promoting effects of physical exercise differ along
the health-disease continuum. For example, while resist-
ance training, an anabolic exercise stimulus, improved
functional outcomes and MQ [53-55], these improve-
ments were small and occurred independent of training
variables [28]. In addition, the effects of exercise train-
ing on MQ are also unclear in patients with neurological
conditions such as Parkinson’s disease [56—58], multi-
ple sclerosis [59-63], and stroke [64—71]. In individuals
with neurological conditions, the disease amplifies age-
related muscle loss [72] yet it remains unexamined to
what extent exercise training could counteract sarcope-
nia in these patients. As is the case with dynapenia and
functional capacity [73], sarcopenia is also greater in
lower compared with upper extremity muscles [74, 75].
Whether sarcopenia and subsequent exercise training
each impact upper and lower extremity muscles simi-
larly in older individuals with and without neurological
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conditions has not yet been systematically examined
[76-81]. Additionally, because aging and disease tend
to reduce responsiveness to the exercise stimulus, die-
tary supplements are often added to exercise training
[44, 67, 81-84]. However, it is unclear if, compared with
exercise training-only, combining dietary supplements
with exercise training would produce greater effects on
MQ in older individuals with and without neurological
conditions.

Therefore, the purpose of this systematic scoping
review with meta-analyses was to determine the effects
and potential moderators of exercise training on morpho-
logical and neuromuscular muscle quality (MMQ, NMQ)
in lower- and higher-functioning healthy older individu-
als, a comparison that is new. We identified lower versus
higher-functioning older individuals based on walking
speed (<1.0 m/s), short physical battery performance
score (<8.0) and author-reported diagnosis of sarcope-
nia. In addition and in the form of a scoping review, we
examined for the first time the effects of exercise train-
ing on NMQ and MMQ in individuals with neurologi-
cal conditions. We addressed the following questions:
1) what are the exercise training effects on MQ and do
these effects differ between low and high-functioning
older individuals and those with neurological condi-
tions?; 2) which demographic, training variables, and MQ
measurement methods are associated with changes in
measures of MQ?, and 3) which variables moderate the
exercise-training effects on MQ? Answers to these ques-
tions would expand and further synthesize our current
understanding of exercise training-improved MQ’s role
in older adults’ physical function [27, 28, 44, 46, 49, 60,
67, 74, 85].

Methods

Literature Search and Selection Criteria

A library expert designed the search syntaxes (Additional
file 1). Figure 1 shows the PRISMA flowchart. Inclu-
sion and exclusion criteria were defined according to the
population, intervention, comparators, outcomes, and
study design criteria (Table 1). Concerning the popula-
tion category, studies were eligible when including either
higher- or lower-functioning healthy older individu-
als aged > 65 years. We determined the age criterion by
averaging the age of participants across the training and
control groups in each study and compared it against the
age limit of 65 years. For lower-functioning older indi-
viduals, we used walking speed (< 1.0 m/s), short physical
battery performance score (<8.0) and author-reported
diagnosis of sarcopenia [86, 87]. Individuals with neuro-
logical conditions (e.g., Parkinson’s disease, multiple scle-
rosis, stroke) were included without restrictions of age,
medication, disease stage, or disease sub-type and were
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included based on the author-reported diagnosis crite-
ria. Concerning exercise training, we included resistance
training, aerobic training, multicomponent training, and
other single-mode exercise interventions (e.g., aquatic,
dance exercise) with or without dietary supplements. We
considered both active (i.e., contrast with different train-
ing programs) and passive, placebo or wait-list control
groups as comparators. MMQ outcomes included inter-
muscular and intramuscular adipose and fibrous tissue,
i.e., the amount of non-contractile tissue expressed in
absolute terms and relative to total muscle size deter-
mined by imaging (e.g., magnetic resonance imaging
[MRI], peripheral quantitative computed tomography
[PQCT], computed tomography [CT], or ultrasound
imaging [US]). NMQ outcomes were the ratio of maximal
isometric or dynamic voluntary force, torque, or the load
lifted relative to muscle size, i.e., muscle thickness, mus-
cle mass, muscle volume or muscle cross-sectional area
determined by MRI, pQCT, CT, US and also by dual-
energy X-ray absorptiometry (DXA). We included both
upper and lower extremity muscles. We included only
randomized controlled trials. By including upper extrem-
ity and dietary supplement data, we modified the regis-
tered review to increase scope.

Studies were excluded when: 1) it was clear from the
article title or abstract that the trial was not relevant or
if it did not meet inclusion criteria; 2) the journal was
not peer-reviewed (e.g., gray literature); 3) the trial failed
to use at least one marker of MMQ or NMQ; 4) the trial
failed to report the pre-post means or change scores and
their standard deviations numerically or graphically; and
5) the article was a case report, used a cross-over design
or a diet-only intervention. To maximize muscular ver-
sus neural adaptations, we excluded studies that were
shorter than six weeks in duration or used fewer than
nine exercise sessions. While specific cut-offs of exer-
cise intervention duration and total number of sessions
have not yet been established with respect to MQ [88,
89] and intervention duration was not associated with
MQ [28], we used these intervention duration and ses-
sion number cut-offs in an anticipation to induce robust
instead of transient changes in measures of muscle qual-
ity. Also, a previous systematic review with meta-analysis
reported that ‘Meta-regression of data from 25 studies
revealed that a resistance training program with the goal
to increase healthy old adults’ muscle strength is charac-
terized by a training period of 50-53 weeks.., suggesting
the inclusion of studies with longer intervention dura-
tion and higher number of session number is likely to
improve MQ [90]. Searches were limited to human stud-
ies reported in full-text articles in English.

Two authors, blinded to each other, independently
screened the titles and abstracts of the records resulting



Hortobdgyi et al. Sports Medicine - Open (2023) 9:41

Y
= Records identified from*:
% Pgbabbﬁzzsnrl:ggggs Records_ removed before screening:
EE « WoS n=262 L Efgggate records removed
€ » Embase n=378 -
§ » Manual search of
references n=9
—
A4
Records screened Records excluded**
—>
n=604 n=503
\4
- Rieports sought for retrieval Reports not retrieved
1 n=101 > n=4
S
@
5
v
@ Reports excluded: n=67
Reports assessed for eligibility gge outside criterion n=3
n=97 — isease not meeting inclusion
(COPD, DM, T2D, obesity, cancer)
n=18
Not randomized n=6
Diet only, no exercise n=12
Hormone therapy n=1
Muscle quality not measured n=15
v No control group, acute, cross-
Y
sectional / animal / review, protocol
2 Studies included in review study n=12
°
3 n=30
©
£
—

Page 4 of 18

* Number of records identified from each database.

** Manual exclusion only.

Fig. 1 PRISMA flowchart. WoS, Web of Science; COPD, chronic obstructive pulmonary disease; DM, diabetes mellitus; T2D, type 2 diabetes mellitus

from database searches. After this initial screening, the
two authors unblinded their decisions and disagree-
ments were resolved through discussions with a third
author. Reference lists of the included studies and rel-
evant review articles were screened for the inclusion of
additional potential studies. Duplicates between searches
were removed.

Data Extraction

We extracted the following information from each study:
first author, publication year, population (higher- and
lower-functioning older individuals, individuals with
neurological conditions), age, sex, participant num-
ber, type of exercise intervention (resistance, aerobic,

multimodal, other), dietary supplement use, interven-
tion duration, total number of training sessions, ses-
sion duration, exercise intensity (low, high), limb (arm,
leg), MQ outcomes (MMQ, NMQ), and functional out-
comes (mobility, strength/power, balance). In several
cases, we requested data from corresponding authors
and if not received, the study was excluded. When data
were reported only in charts, a semi-automated soft-
ware (https://automeris.io/WebPlotDigitizer/) was used
to extract data from x—y plots. Low versus high inten-
sity was determined for aerobic training based on the
percentage of maximal oxygen uptake (with 63% as
the threshold between the two intensities), percentage
of maximal heart rate (77%), heart-rate reserve (60%),
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Table 1 Selection criteria according to PICOS criteria (population, intervention, comparator, outcome, study design

Category

Inclusion criteria

Exclusion criteria

Population

Intervention

Comparator

Outcome

Study design

Higher- or lower-functioning healthy older individuals

age > 65 years or individuals with neurological conditions (e.g.,
Parkinson's disease, multiple sclerosis, stroke)

We determined the age criterion by averaging the age of partici-
pants across the training and control groups in each study and
compared it against the age limit of 65 years. For lower-function-
ing older individuals, we used walking speed (< 1.0 m/s), short
physical battery performance score (<8.0) and author-reported
diagnosis of sarcopenia

Resistance training, aerobic training, multimodal training, and
other single-mode exercise interventions (e.g., aquatic, dance
exercise) with or without dietary supplements

Active (i.e,, contrast with different training programs) and passive,
placebo control or wait-list control groups

MMQ outcomes included intermuscular and intramuscular
adipose and fibrous tissue, i.e., the amount of non-contractile
tissue expressed in absolute terms and relative to total muscle size
determined by imaging (e.g., magnetic resonance imaging [MRI],
peripheral quantitative computed tomography [pQCT], computed
tomography [CT], or ultrasound imaging [US]). NMQ outcomes
were the ratio of maximal isometric or dynamic voluntary force,
torque, or the load lifted relative to muscle size, i.e., muscle thick-
ness, muscle mass, muscle volume or muscle cross-sectional area
determined by MRI, pQCT, CT, US and also by dual-energy X-ray
absorptiometry (DXA). We included both upper and lower extrem-
ity muscles

Randomized controlled trials including upper extremity and

Higher- or lower-functioning healthy older individuals
age <65 years or individuals with neurological conditions (e.g.,
Parkinson’s disease, multiple sclerosis, stroke)

Studies that were shorter than six weeks in duration or used fewer
than nine exercise sessions

No control group

Failed to report the pre-post means or change scores and their
standard deviations numerically or graphically; studies for which
authors did not reply to our inquiries sent by email; failed to use at
least one marker of MMQ or NMQ

Case report, used a cross-over design or a diet-only intervention

dietary supplement data

MMQ, NMQ: morphological and neuromuscular muscle quality

metabolic equivalent (6.0), rate of perceived exertion
(Borg scales 6-20: 15/20; 0—10: 5/10), second ventilatory
threshold, and anaerobic threshold (below: low intensity)
[91, 92]. Intensity for resistance training was categorized
as low intensity versus high when the load was, on aver-
age, below 69% of 1-repetition maximum and high when,
on average, the load was above 69% of the one-repetition
maximum [91, 92]. For multicomponent and other train-
ing, the training parameters were also determined based
on the above or other reported training descriptors (elas-
tic band color coding, dumbbell weights, vibration fre-
quency, heart rate during dancing). When aerobic and
resistance training intensity progressively increased dur-
ing an intervention, we averaged the intensity values to
arrive at an overall intervention intensity. Two authors
blinded to each other independently performed these
categorizations and disagreements were resolved by con-
sensus. If a study had two groups performing different
interventions, these intervention arms were coded as a
separate study.

Measures of muscle density, echo intensity, and intra-
muscular fat were categorized as MMQ, with a positive
(density, high density) or negative sign (intramuscular fat,
low density area, echo intensity) for improvement [28].
Measures of force, torque, and load expressed relative to

muscle thickness, muscle mass, muscle volume or mus-
cle cross-sectional area were coded as NMQ. Functional
outcomes were coded as: mobility (walking speed/time/
distance, timed up and go test under single and cognitive
dual task conditions); muscle strength/power (maximal
voluntary contraction of handgrip, shoulder, wrist, elbow,
hip, knee, ankle muscle groups, stair climbing, jumping,
object carrying, chair rise time, number), and balance
(standing time, postural sway, tandem gait).

Risk of Bias Assessment

The risk of bias was evaluated according to the second
version of the Cochrane risk-of-bias tool for randomized
trials. Each assessment focused on the outcome level
[93]. The five-domain instrument includes: 1) randomiza-
tion process; 2) deviation from intended interventions; 3)
missing outcome data; 4) measurement of the outcome;
5) selection of the reported result, and 6) overall bias
(summary score, derived from the 5 items). Overall risk
of bias was expressed as “low risk of bias” if all domains
were classified as low risk, “some concerns” if some con-
cern was raised in at least one domain but not classified
as at high risk in any other, or “high risk of bias” if at
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least one domain was classified as high risk, or multiple
domains had some concerns.

Statistical Analyses

We used robumeta (version 2.0), metafor (version 3.4-
0), and clubSandwich (version 0.5.6) packages in R, ver-
sion 4.2.0 (The R Foundation for Statistical Computing,
Vienna, Austria). To pool the data, a robust variance
estimation random-effects meta-analytical approach
was applied which allows for the inclusion of multiple
dependent outcomes from the same study. Robust vari-
ance estimation assesses the variance of regression coeffi-
cient estimates with the use of the observed residuals and
does not require the weights or distributional assump-
tions [94, 95]. To account for the correlated effects within
the studies, ‘study’ was used as the clustering variable.

First, we computed the overall summary effects of all
included studies separately for MMQ and NMQ and vis-
ualized them using forest plots. Sensitivity analyses were
undertaken by assessing the effects of influential cases on
the results. The influential cases were diagnosed using a
combination of several methods (externally standardized
residuals, difference in fit values, Cook’s distances, covar-
iance ratios, leave-one-out estimates of the amount of
heterogeneity, leave-one-out values of the test statistics
for heterogeneity, hat values, weights) as implemented in
the 'influence’” function within the metafor package [96].
We also examined potential publication bias using a fun-
nel plot and Egger’s regression test [97].

Second, we performed a series of subgroup meta-
analyses for different populations, exercise types, train-
ing intensities, muscle groups and limbs (upper, lower),
presence of dietary supplementation, use of active versus
passive control group, methods of determination and
measures of the MQ outcomes. Exercise types included
resistance training and ’‘other exercise interventions,
which combined aerobic, multimodal, and other train-
ing interventions due to their low yield. For all analyses,
we computed Hedge’s g effect size (g=0.15, 0.40, 0.75,
respectively, small, medium and large effects) [98], stand-
ard error (SE) of the effect size, 95% confidence intervals,
the statistical significance of the effect (set at p<0.05),
and heterogeneity statistics /> and Tau®. The values of
P>25%,>50%, and>75% indicated, respectively, low,
moderate, and high heterogeneity [99]. The direction of
effect sizes was standardized so that positive effect sizes
would reflect improvements in a given outcome.

Third, to explore potential effect moderators, we con-
structed full meta-regression models (separately for
MMQ and NMQ) including age, sex, population, exercise
type, exercise intensity, muscle group, limb, presence of
dietary supplementation, method of determination of the
MQ outcome, intervention duration, the total number

Page 6 of 18

of sessions, session duration, whether the study used an
active or passive control group, and their interactions as
covariates. Potential moderators and their interactions
were removed from the full model one-by-one when not
significant (p >0.05), resulting in a final model where only
those with significant moderating effects were included.
The statistical significance of categorical moderators
with three or more levels was tested using the Hotelling—
Zhang test.

Finally, to assess the association between MQ and
functional outcomes within individual studies, a series
of random-effects meta-regression models were under-
taken treating the MQ effect sizes as the outcome vari-
ables and the functional outcome effect sizes as predictor
variables [100]. These association analyses examined if
exercise-induced changes in MQ were related to changes
in functional outcomes (i.e., walking speed, balance, mus-
cle strength). Because the current review was anchored
on MQ, we did not perform meta-analyses on functional
outcomes. Such analyses would have yielded biased
effect size estimates, as we would have failed to include
potentially hundreds of studies summarized by targeted
reviews of the effects of exercise on functional outcomes.

Results

Characteristics of the Included Studies

The search identified 888 records as of 1 April 2023. With
duplicates removed, we screened 604 records and identi-
fied 30 studies for inclusion (Fig. 1) [10, 54, 76—81, 83—
85, 101-119]. Of these, we coded 23 studies examining
high-functioning and 7 studies examining low-function-
ing older individuals, and 0 studies examining individuals
with a neurological condition.

A total of 1,494 older individuals (34% female), with a
median age of 71 years (1st and 3rd interquartile range,
IQR: 67-77) were enrolled in the 30 studies. Seven stud-
ies used dietary supplements. The median intervention
duration was 12 weeks (IQR: 12—24), with a median of
36 exercise sessions scheduled (IQR: 24—48) for a median
session duration of 50 min (IQR:40-60) at a median fre-
quency of 2/week (IQR:2-3).

Six and 24 studies used, respectively, high and low exer-
cise intensities, contrasting these effects against passive
(n=22 studies) or an active control group (n=38; stretch-
ing, walking, health/diet education, diet placebo, cogni-
tive exercise). MMQ was determined by CT, DXA, MR,
and pQCT (n=13 studies). Measures of torque, force, or
load were expressed relative to muscle thickness, cross-
sectional area, muscle volume, and muscle mass to derive
NMQ (n=21 studies). Four studies reported measures
for both MMQ and NMQ. MQ data were reported for
muscles in the trunk only (n=1 study), upper extremity
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only (n=1 study), lower extremity only (n=19 studies),
or in both lower and upper extremities (n=9 studies).
Additional file 1: Table S1 shows the study characteristics.

Overall Effects and Subgroup Analyses of Exercise Effects
on MMQ

While the overall and several subgroup analyses were
statistically significant, most effect sizes were small,
£<0.34, with the lower limits of the confidence inter-
vals near zero, and study numbers as low as 4 (Table 2,
Fig. 2). For example, the overall exercise-training effects
on MMQ were g=0.21 (small effect size, n =562 partic-
ipants, 95% CI 0.03-0.40, p =0.029). When dietary sup-
plementation was used, the effect of exercise on MMQ
was g=0.26. When supplementation was not used, it
was g=0.19. The highest effect size of g=0.49 (medium
effect size, n=303 participants, 95% CI 0.12-0.86,
p=0.019) appeared for studies (n=6) analyzing muscle
density. Heterogeneity was low (median I*=16%).

Overall Effects and Subgroup Analyses of Exercise Effects
on NMQ

Exercise training had a medium overall effect on NMQ,
g=0.68 (95% CI 0.35-1.01, p<0.001, n=894 partici-
pants; Table 2, Fig. 3). Higher-functioning older adults
responded strongly to the exercise training-stimulus
(g=0.72). Resistance training (g=0.91) but no other
exercise interventions (g=0.21) improved NMQ. Low-
intensity exercise improved NMQ (g=0.65). When die-
tary supplementation was used, the effects of exercise on
MMQ was g=0.32. When supplementation was not used,
it was g=0.77. Exercise training-effects on NMQ were
significant in lower (g=0.74) but not in upper extrem-
ity muscles. Effect sizes were over two-fold greater when
contrasting intervention effects with passive (g=0.82)
versus active (g=0.34, n.s.) control groups. Data were
insufficient to determine the exercise-training effects on
NMQ in lower-functioning older adults (n=4 studies),
after high-intensity exercise, and methods to determine
NMQ other than DXA. Heterogeneity was very high
(median P =79%).

Effect Moderators
None of the variables moderated the effects of exercise
on MMQ.

Additional file 1: Table S2 shows the final multi-vari-
able meta-regression model for NMQ including train-
ing modality, intensity, and methods to assess NMQ. For
training modality, the effects of resistance training ver-
sus other exercise interventions were greater (Ag=1.19,
SE=0.23, p<0.001). The effects of high versus low inten-
sity training were greater (Ag=0.57, SE=0.13, p=0.023)
but the low number of high-intensity studies (n=3) and
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resulting low degrees of freedom (<4) make this moder-
ating effect unreliable. Likewise, the moderating effects of
methods to assess NMQ, although significant (p <0.001),
were considered unreliable because of the large imbal-
ance in study numbers between methods (BIA: n=2
studies; CT: n=3; DXA: n=13; MRI: n=1; US: n=4).

Association Between MQ and Functional Outcomes

The associations between effect sizes reflecting changes
in MMQ and effect sizes reflecting changes in functional
outcomes as a whole (n=13 studies, p=0.873), mobility
(n=8, p=0.888), and strength (n=13, p=0.588) were not
significant. The associations between effect sizes reflect-
ing changes in NMQ and effect sizes reflecting changes
in mobility (n=11 studies, p=0.464) and balance (n=8,
p=0.975) were not significant.

Risk of Bias, Publication Bias, and Sensitivity Analyses
Additional file 1: Table S3 shows the risk of bias analysis.
Of the 30 studies reporting on MQ, 1, 21, and 8 studies
showed low, some or high concerns, respectively, with
respect to overall bias.

The visual inspection of the funnel plots (Additional
file 1: Figs. S1, S2) complemented with Egger’s regression
tests for funnel plot asymmetry indicated potential pub-
lication bias resulting in possible overestimation of the
summary effect on NMQ (z=3.1, p=0.002) but not on
MMQ (z=0.07, p=0.947).

The sensitivity analyses exploring the effect of influen-
tial cases revealed that the removal of the identified influ-
ential cases (Additional file 1: Figs. S3, S4) did not affect
the results of either MMQ (Ag=- 0.086, SE=0.147,
p=0.556) or NMQ analysis (Ag=— 0.004, SE=0.224,
p=0.984).

Discussion

The purpose of this systematic scoping review with
meta-analyses was to determine the effects and potential
moderators of exercise training on MMQ and NMQ in
lower- and higher-functioning healthy older individu-
als. In addition and in the form of a scoping review, we
examined for the first time the effects of exercise train-
ing on MMQ and NMQ in individuals with neurological
conditions. We found a medium-to-large effect [98] of
exercise (e.g., resistance, aerobic, multimodal) training
on healthy older individuals’ NMQ but small to no effects
on MMQ. Multi-variable meta-regression revealed that
resistance training, high intensity exercise, and assess-
ment method of NMQ moderated the exercise effects on
NMQ. However, the moderating effects of high intensity
and assessment methods were likely unreliable due to the
low number and average quality of included studies. We
found no associations between exercise training-induced
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Table 2 Overall and subgroup analyses for MMQ (upper panel) and NMQ (lower panel)

Variable Effect size 95%Cl Heterogeneity Frequencies

g SE LL uL p P Tau? N; k N, N,
MMQ 0.21 0.08 0.03 040 0.029 25 0.04 15 54 13 562
Population
LFOI 0.24 0.04 0.09 038 0.016 0 0.00 5 15 5 274
Intervention
RT 0.28 0.08 0.08 047 0013 8 0.01 9 27 9 319
OFl 0.12 0.18 - 037 0.62 0.538 45 0.11 6 27 5 243
Intensity
Low 0.19 0.10 —0.03 042 0.085 37 0.06 11 42 10 473
Dietary supplementation
Yes 0.26 0.06 0.02 049 0.041 0 0.00 4 8 4 259
No 0.19 0.12 —0.08 046 0.148 36 0.09 12 46 10 345
Limb
Lower 0.16 0.08 - 003 035 0.088 0 0.00 14 48 12 502
Method
cT 034 0.08 0.12 0.55 0.011 31 0.06 7 41 5 281
us 0.22 0.06 0.05 038 0.021 0 0.00 6 10 6 213
Measure
El 0.22 0.06 0.05 038 0.021 0 0.00 6 10 6 213
MD 049 0.15 0.12 0.86 0.019 29 0.05 8 28 6 303
Control group
Passive 0.19 0.11 - 0.06 043 0.119 34 0.07 12 45 10 402
NMQ 0.68 0.16 035 1.01 0.000 81 0.6 26 55 21 894
Population
HFOI 0.72 0.16 038 1.06 0.000 77 0.6 22 49 17 623
LFOI 0.51 052 -1.15 216 0.400 91 0.7 4 6 4 271
Intervention
RT 091 0.23 042 141 0.001 86 09 17 41 15 566
OFl 021 0.17 —=0.23 0.65 6 0.0 9 14 6 328

0.285

Intensity
Low 0.65 017 0.30 099 0.001 81 0.6 23 51 18 798
Dietary supplementation
Yes 032 027 - 044 1.07 0.302 74 03 5 10 5 263
No 0.77 0.18 040 1.15 0.001 79 0.6 22 45 19 653
Limb
Upper 061 0.28 —-0.02 1.24 0.056 76 0.6 11 20 8 302
Lower 0.74 0.19 035 1.13 0.001 83 0.7 24 33 19 844
Muscle
Arm 061 0.28 -0.02 1.24 0.056 76 0.6 11 20 8 302
Thigh 0.79 0.19 040 1.19 0.001 83 0.7 23 31 18 820
Method
DXA 1.12 0.22 0.65 1.59 0.000 78 0.7 16 34 13 443
us -025 0.15 -0.79 0.29 0213 20 0.0 4 5 4 153
Control group
Active 034 0.22 -0.20 0.88 0.171 72 03 7 20 6 290
Passive 0.82 0.20 039 1.24 0.001 82 0.7 19 35 15 604

g, effect size; SE, standard error of the effect size; Cl, LL, UL, 95% confidence interval lower and upper limit; p, probability; />, percent of heterogeneity; Tau?, absolute
value of true heterogeneity; N, number of intervention arms; k, number of outcomes; N, number of studies; N,, number of participants; HFOI, higher-functioning
older individuals; LFOI, lower-functioning older individuals; RT, resistance training; OEl, other exercise interventions; CT, computed tomography; US, ultrasound
imaging; El, echo intensity; MD, muscle density
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improvements in MQ outcomes and improvements in
functional outcomes (muscle strength, power, mobility,
balance). We did not identify any studies reporting exer-
cise intervention effects on MQ in individuals with neu-
rological conditions.

Exercise Training Minimally Improves MMQ

Exercise interventions had small effects on MMQ (Fig. 2,
Table 2). While a given exercise intervention could
improve a given MMQ outcome with an effect size of
0.92 [116, 119], the aggregated effects of exercise on
MMQ were comparable to the effects observed in pas-
sive control groups. Subgroup analyses of two popula-
tions, two categories of interventions, exercise training
variables, muscle groups, dietary supplements, and
assessment methods of MMQ revealed inconsistencies,
negating the possibility of identifying potential modera-
tors of exercise response on MMQ. Because between-
study heterogeneity was low, the often-parallel changes in
MMQ in the experimental and control groups after inter-
ventions imply the unreliability of the MMQ measures.
Several studies reported increases in measures of myoste-
atosis of up to 9% following exercise training [76], or
had 2-fold baseline between-group differences (exercise:
1,387 +723, control: 685+ 146 cm? low density [high fat
infiltration] adipose tissue) [102] or reported other such
unexpected findings. The small and inconsistent exercise-
effects were additionally accompanied by a relatively high
risk of bias (Additional file 1: Table S3). While we used
a different mathematical treatment of the MMQ data
to increase robustness of a potential aggregated effect,
the current results crudely agree with a previous review
reporting small effects of exercise training on MMQ in
older adults [28]. We intended to extend these previ-
ous findings by determining the potential moderators
and functional correlates of exercise training-induced
changes in MMQ in individuals with and without neuro-
logical conditions. We argued that as the degree of sar-
copenia and dynapenia increases with disease burden, as
observed in individuals with neurological conditions and
frailty [10, 72, 102, 120], the exercise training-effects on
MMQ would be greater.

The small of effects of exercise training on MMQ
do not diminish the physiological and functional sig-
nificance of MMQ. In lower extremity muscles of older
individuals and those with neurological conditions, adi-
pose tissue accumulates between muscle fibers, between

(See figure on next page.)
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muscle groups, in the cytoplasm of muscle cells, and in
the extramyocellular space in the form of interstitial or
intramyofascial adipocytes. Such changes are accompa-
nied by an activation of catabolic molecular cascades (i.e.,
Sirtuinl gene activation) and ~ 40% increase in myostatin
mRNA levels, counteracting myocellular growth. Ulti-
mately, these effects result in insulin resistance, hyper-
insulinemia, and cellular inflammation [44, 45, 121-123].
The small number of studies and relatively high risk of
bias also prevented us from detecting systematic effects
of the muscles trained (upper vs. lower extremity) and
dietary supplements on MMQ. Therefore, the meta-ana-
lytical evidence from a past [28] and the current review
calls for a renewed effort to determine the viability of
MMQ to detect improvements in myosteatosis following
chronic exercise training in lower and higher functioning
older individuals and those with neurological conditions.

Exercise Training Improves NMQ

Compared with MMQ, we found strikingly differ-
ent results concerning the exercise training-effects on
NMQ in healthy older individuals (Fig. 3, Table 2). While
ratio scores can be statistically problematic, [124], mus-
cle strength-to-muscle size ratio scores versus muscle
strength or size alone allow for a more comprehensive
estimation of exercise training-induced changes in mus-
cle function [47, 48]. The low study numbers in lower-
functioning older individuals (Additional file 1: Table S1)
[10, 81, 102, 107] and in those with a neurological condi-
tion (n=0 studies, see below) restricted our analyses to
higher-functioning older individuals in whom our results
were in line with a previous meta-synthesis of exercise-
training effects on NMQ also in older individuals [28].
Our larger effect size suggests that resistance train-
ing (median duration: 12 weeks; frequency: 2x/week)
is particularly effective in improving NMQ outcomes
compared with other exercise interventions, includ-
ing walking, running, aquatic, and dance exercise train-
ing (Table 2, Additional file 1: Table S1). Relative to all
other types of exercise training, the multi-variable meta-
regression confirmed that resistance training moderates
the exercise effects on NMQ (Additional file 1: Table S2).
While recent trends promote high-intensity exercise in
older individuals regardless of health status [76, 107, 114,
119, 125], our data were inconclusive regarding exercise
training-intensity effects on NMQ due to the low num-
ber of studies involving high-intensity exercise training

Fig. 2 Effects of exercise interventions on morphological muscle quality in 562 participants, 13 studies, 15 intervention arms, and 54 outcomes
(g=0.21,95% Cl 0.03-0.40, p=0.029, median 1> =34%). Positive effect sizes denote favorable effects of exercise on morphological muscle quality.
Abbreviations: AT, aerobic training; BT, balance training; CT, computed tomography; El, echo intensity; FA, fat area; FA, fat density; HD, high density;
IM, intramuscular; LD, low density; M/F, muscle to fat ratio; MD, muscle density; MRI, magnetic resonance imaging; MT, multimodal training; OT,
other exercise training; pQCT, peripheral quantitative computed tomography; RT, resistance training; SC, subcutaneous; US, ultrasound imaging
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Forest Plot

Studies Effect Size Weight
Bergamin 2013 (OT: Aquatic exercises) [76] f
pQCT-MD — 0.408 1.108
pQCT-FA e 0.232 1.108
pQCT-MD —t 0.573 1.108
pQCT-FA — 0.049 1.108
Bergamin 2013 (OT: Land exercise) [76] 3
pQCT-MD T 0.784 1.102
pQCT-FA —_— -0.357 1.102
pQCT-MD —_— -0.181 1.102
pQCT-FA —_— -0.152 1.102
Cadore 2014 (RT) [99] ;
CT-HD-MD i 0.597 1.180
CT-HD-LD —_— 0.037 1.180
CT-MD-total T 0.767 1.180
CT-HD-LD — T -0.171 1.180
de Azevedo Bach 2022 (RT) [101] 3
US-El —— 0.031 5.947
Englund 2018 (MT: RT, BT, walking+Suppl.) [83]
CT-MD-NORMAL - 0.450 3.322
CT-MD-LD -— 0.337 3.322
CT-SC-FA — 0.048 3.322
CT-IM-FA |- 0.372 3.322
Flor-Rufino 2023 (RT) [102] ;
MRI-M/F ratio —f— 0.136 2.260
MRI-FA — 0.141 2.260
Lopez 2020 (RT) [54] :
US-EI —r— 0.266 4.828
Osuka 2022 (RT) [110] 3
US-El — 0.173 10.721
Scanlon 2014 (RT) [112] ;
US-El —— 0.235 4.991
Sipila 1995 (AT: walking, step aerobics) [113]
CT-MD s a— 0.270 0.288
CT-MD —t 0.403 0.288
CT-FA _ -0.135 0.288
CT-MD _— 0.042 0.288
CT-MD _— 0.147 0.288
CT-FA —_—t -0.030 0.288
CT-MD R ma— 0.054 0.288
CT-MD —_— 0.181 0.288
CT-FA — -0.061 0.288
CT-MD —_— 0.089 0.288
CT-MD e e 0.098 0.288
CT-FA —_—t -0.033 0.288

14 1995 (RT) [113]
CT-MD B I — 0.742 0.275
CT-MD S 0.485 0.275
CT-FA S B — 0.397 0.275
CT-MD S 0.192 0.275
CT-MD _—t— 0.151 0.275
CT-FA —_—t 0.318 0.275
CT-MD —_— 0.336 0.275
CT-FA S B a— 0.474 0.275
CT-MD S E— 0.758 0.275
CT-MD  EEna— 0.924 0.275
CT-FA S E— 0.329 0.275
Vojciechowski 2021 (OT: Dance exergaming) [114] 3
MRI-FA —— -0.518 7.721
Wei 2023 (RT) [115] ;
QCT-MD L —.— 1.153 4.495
QCT-MD —— 0.109 4.495
Wilhelm 2014 (MT: AT+RT) [116]
US-EI — 0.656 1.608
US-EI  EEEEne— 0.924 1.608
Yamada 2019 (RT) [81] :
US-EI — 0.751 1.688
US-EI — 0.225 1.688
US-EI —1 -0.224 1.688
US-EI —t 0.009 1.688

>
I T T T 1
-2 -1 0 1 2 3
Effect Size

Fig. 2 (Seelegend on previous page.)
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(n=3). On the other hand, it is encouraging that even
low-intensity exercise training could improve NMQ in
older individuals. This observation is in line with the
specificity of exercise training with respect to baseline
fitness (i.e., untrained individuals respond well to low-
intensity exercise stimuli) [126]. Subgroup analyses also
revealed actually lower effects of exercise with dietary
supplements on NMQ compared with no-supplement
training, a finding corroborated by another review of 22
studies [127]. It is possible that older individuals without
nutrient deficiencies on a healthy diet would not benefit
from dietary supplements, especially when receiving a
strong anabolic stimulus from resistance training. The
consistently greater effect sizes for muscle size outcomes
in lower versus upper extremity muscles agree with most
[74, 75, 128—130] but not all meta-analytical data [52].
Recorded for 10 h on each of two days, electromyogram
activity of hand and arm muscles were active for 18% of
the recording time [131]. Leg muscles were active for
only 10% of the recording time. Upper-limb muscles
were activated 67% more often than lower-limb muscles.
However, when lower-limb muscles were activated, the
mean amplitude of each burst was greater in leg muscles
(~18% of maximum) compared with upper limb muscles
(~7%). The greater effect sizes in muscle size outcomes
in leg versus arm muscles could be because leg mus-
cles are recruited and stimulated during the day more
strongly than arm muscles. This greater activation along
with exercise training aids the increases in muscle gains.
That arm versus leg muscles are less intensely active
might increase the need for higher training stimulus for
hypertrophy.

Concerning the methods of measuring NMQ, there
was a paucity of data (Table 2) and we can only con-
firm the DXA-based evaluation of the exercise-effects
in older individuals (Table 2). However, the moderating
effects of DXA versus other methods to determine NMQ,
remain unclear due to low study numbers. As observed
for MMQ, the functional relevance of these NMQ data
remains unclear: there was no association between effect
sizes reflecting exercise training-induced improvements
in NMQ and effect sizes reflecting changes in mus-
cle strength mobility and balance. The interpretation of
our NMQ data requires further caution due to the high
between-study heterogeneity, average study quality, and
a potential risk of publication bias reflected by the asym-
metrical funnel plot (Additional file 1: Fig. S2).

(See figure on next page.)
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Muscle Quality in Individuals with a Neurological
Condition

We argued that if the degree of sarcopenia and dynapenia
increased with the diagnosed disease burden, exercise
effects on MQ would also increase with disease burden.
Considering the potential physiological and functional
significance of MQ in individuals with a neurological
condition, it was unexpected that we would fail to iden-
tify a single study meeting our inclusion criteria. We thus
provide a brief perspective on this issue.

Parkinson’s disease comprises bradykinetic move-
ment disorders caused by dysfunctional basal ganglia-
cortical neuronal circuits. Rigidity, postural instability,
and gait dysfunction can co-occur with movement slow-
ing. Clearly, MQ plays a key role in mobility in Parkin-
son’s disease. While the prevalence of dynapenia is more
consistent and can approach 80%, the prevalence of sar-
copenia varies widely between 6 [56] and 40% [58]. This
large variation in sarcopenia stems from the interactions
between aging, the disease, drugs, and physical inactiv-
ity [72, 125]. Sporadic data suggest that older individu-
als with Parkinson’s disease can have even higher fat-free
mass than age-matched controls [132]. Physically active
individuals with Parkinson’s disease compared with
healthy individuals can also have similar maximal quadri-
ceps force, volume, physiological cross-sectional area,
and NMQ [133]. Individuals with this condition respond
favorably to exercise training, implying improvements in
muscle structure and function [56-58, 72, 120, 133-135].
However, studies are urgently needed to determine the
effects and dose-response relations of exercise training
on MQ in individuals with Parkinson’s disease.

Multiple sclerosis is a chronic autoimmune, inflamma-
tory, demyelinating disease of the central nervous system
causing poor motor-cognitive function and quality of life
[136]. In addition to neuronal dysfunctions, impaired
skeletal muscle metabolism, altered muscle fiber type
composition, architecture, and impaired cross-bridge
mechanics have been suggested to contribute to a dis-
use phenotype, overt fatigue, and muscle weakness in
individuals with multiple sclerosis [137-140]. However,
declines in muscle strength and muscle mass follow very
different trajectories in these individuals, justifying the
need to determine muscle function more accurately and
reliably through MQ outcomes. Such measures would
provide clearer insights into skeletal muscle functional-
ity and adaptability following exercise training [60]. A

Fig. 3 Effects of exercise interventions on neuromuscular muscle quality in 894 participants, 21 studies, 26 intervention arms, and 55 outcomes
(g=0.68,95% Cl 0.35-1.01, p<0.001, median I2=79%). Positive effect sizes denote favorable effects of exercise on neuromuscular muscle
quality. Abbreviations: AT, aerobic training; BFR, blood flow restriction; BIA, Bioelectrical impedance analysis; BT, balance training; CT, computed
tomography; DXA, dual-energy X-ray absorptiometry; F, Force; MA, muscle area; MM, muscle mass; MRI, magnetic resonance imaging; MT,
multimodal training; MT, muscle thickness; MV, muscle volume; OT, other exercise training; RT, resistance training; TQ, torque; W, weight
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Forest Plot
Studies Effect Size  Weight
Brightwell 2019 (AT: Treadmill walking) [98] |
DXA-TQ/MM i 0.583 1275
Coelho-J 2019 (RT) [100] :
BIA-LOAD/MM ——— 0.341 0.295
BIA-LOAD/MM — 0.065 0.295
BIA-LOAD/MM —t 0.000 0.295
BIA-LOAD/MM — -0.205 0.295
Cunha 2018 (RT) [78]
BIA-LOAD/MM - 1.352 0.630
BIA-LOAD/MM L. 2.099 0.630
Cunha 2020 (RT) [77] :
BIA-LOAD/MM —— 1628 0.323
BIA-LOAD/MM B 1.226 0.323
BIA-LOAD/MM — -0.241 0.323
BIA-LOAD/MM —— 1.653 0.323
Englund 2018 (MT: RT, BT, walking+Suppl.) [83] :
CT-TQ/MA - -0.209 0.783
CT-TQ/MA - -0.185 0.783
Fragala 2014 (RT) [103] :
DXA-TQ/MM —— 1.337 1.226
‘Ghasemikaram 2021 (RT) [104]
MRI-F/MV-IMF [ 2.032 0.669
DXA-F/MM i 2.190 0.669
Goodpaster 2008 (MT: RT, AT, walking) [10] |
Specific torque - 0.487 1427
Herda 2021 (MT: Elastic bands) [79] :
DXA-LOAD/MM ——— 0.167 0.608
DXA-LOAD/MM . 2.096 0.608
Herda 2021 (RT: Dumbbell) [79]
DXA-LOAD/MM : —_— 4329 0.445
DXA-LOAD/MM : —— 3.798 0.445
Hofmann 2016 (RT: Elastic bands) [80]
BIA-FIMM — 0.104 0.690
BIA-W/MM —— 0.226 0.690
Hofmann 2016 (RT: Elastic bands+Suppl.) [80] :
BIA-F/MM - 0.388 0.659
BIA-W/MM —.— 1.454 0.659
Kargaran 2021 (AT: Treadmill walking) [105] ;
DXA-LOAD/MM — 0.000 0.511
DXA-LOAD/MM ——— 0.009 0511
Kargaran 2021 (OT: Walking with BFR) [105] :
DXA-LOAD/MM —— 0.000 0.510
DXA-LOAD/MM —1-—— 0.386 0.510
Kennis 2013 (MT: AT+RT) [106]
CT-TQ/MV —— 0.724 0.705
CT-TQ/MV - 0.334 0.705
Kennis 2013 (OT: WBV) [106] :
CT-TQ/MV T 0.445 0.708
CT-TQ/MV —— 0.143 0.708
Liao 2018 (RT) [107] :
DXA-LOAD/MM - 0.956 0.707
DXA-LOAD/MM L. 2434 0.707
Lopez 2020 (RT) [54] :
US-TQMT —a— 0.000 0.646
us-TQ/MT —a -0.684 0.646
Markofski 2019 (AT: Treadmill walking) [108]
DXA-TQ/MM — 0.124 1274
Markofski 2019 (AT: Treadmill walking+Suppl.) [108] ;
DXA-TQ/MM -+l 0.555 1272
©Oh 2017 (RT) [109] :
DXA-TQ/MM —a— 1.187 0.692
DXA-TQ/MM —— 0.900 0.692
Osuka 2022 (RT) [110] :
Us-TQMT : -0.181 1.522
Pinto 2014 (RT) [111] ;
US-LOADMT : 0.142 1.354
Ribeiro 2022 (RT) [85] :
DXA-LOAD/MM —— 0.021 0.665
DXA-LOAD/MM ——— 0.230 0.665
Scanlon 2014 (RT) [112] :
DX-TQ/MS - 1.563 0.630
US-TQ/EI —a— -0.812 0.630
Strasser 2018 (RT) [84] ‘
DXA-F/MM — 0.000 0.143
DXA-FIMM : 1.380 0.143
DXA-LOAD/MM — 0.000 0.143
DXA-LOAD/MM : 1.955 0.143
DXA-F/MM —— 0.217 0.143
DXA-F/MM — 0.879 0.143
DXA-LOAD/MM : 1.954 0.143
DXA-LOAD/MM —— 0.924 0.143

>
T T T 1
-2 0 2 4 6
Effect Size

Fig. 3 (Seelegend on previous page.)
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determination of MMQ, including intramuscular non-
contractile quantity in particular, after training is lacking
[61, 63, 141]. Such data are especially needed to clarify
the dissociation between improvements in muscle size
and strength and functional outcomes [120, 141].

Stroke is the second leading cause of death world-
wide. Nearly 50% of survivors live with chronic disability
stemming from weakness, hypotrophy, fatigability, and
altered motor control due to denervation, disuse, remod-
eling, and spasticity [68, 72]. Stroke-induced sarcopenia
secondary to the cerebral trauma arises from immobi-
lization and dysfunctional atrophy, impaired feeding,
inflammation, sympathetic overactivation, and denerva-
tion. Unsurprisingly, the prevalence of sarcopenia in the
acute stage of stroke is~50% which improves to~30%
six months later [72, 121]. Skeletal muscle after a stroke
is characterized by a~25% increase in echo intensity,
potentially indicative of high volumes of intramuscu-
lar fat deposition particularly in the paretic limb. Such
changes are coupled with~20% reductions in muscle
mass and fiber size over 3 years [65, 72]. High-intensity
resistance training, including eccentric overloading, has
been effective in increasing muscle size, muscle strength
(g=0.59), walking capacity (g=0.45) [64, 71, 142]. How-
ever, training studies so far have failed to capture the
functionality of muscle adaptations by measuring intra-
muscular fat, a particularly strongly affected property of
skeletal muscle in individuals with stroke.

In sum, considering the importance of skeletal mus-
cle in metabolic, motor, and cognitive health, our review
unexpectedly identified a substantial gap in our under-
standing of how exercise training modifies MQ in indi-
viduals with neurological conditions. We conjecture that
quantifying responses to exercise interventions through
MMQ and NMQ would benefit individuals with neuro-
logical conditions and therapists because such outcomes
would permit: 1) direct, standardized comparisons of
exercise adaptations in the contractile and non-contrac-
tile compartments of skeletal muscle with disease-free
controls; 2) a more accurate determination of the func-
tionality of newly acquired skeletal muscle mass, and 3) a
more informed monitoring of disease progression, symp-
tom management, and responses to drugs interacting
with skeletal muscle metabolism and regulation.

Limitations

The accuracy of stratifying older individuals into lower-
and higher-functioning categories was limited by the
number and type of tests provided in the individual
studies and might not accurately reflect these health
states. While exercise intensity is an important deter-
minant of responses to training, our training intensity
categorization was limited by the quality and quantity
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of information reported by the individual studies. The
included studies were of average quality at best, mostly
due to the process of randomization and measurement
of the outcomes. For example, periodization of resist-
ance training is an important training variable but due
to a lack of details and insufficient data, we were unable
to test its moderating effects on MQ. Due to the limited
number of studies, the current review cannot inform
exercise prescription concerning the most effective exer-
cise interventions to improve MMQ and NMQ. Even
for subgroup analyses with medium-high effect sizes,
the median between-study heterogeneity was~80% for
NMQ outcomes, warranting serious caution in interpret-
ing the data. A major limitation was a lack of studies in
individuals with neurological conditions.

Conclusion

Exercise training has small effects on MMQ and
medium-large effects on NMQ in healthy older individu-
als. There was no association between improvements
in MQ and increases in muscle strength, mobility, and
balance. Information on dose-response relations follow-
ing training is currently lacking. There is a critical gap
in muscle quality data for older individuals with lower
function and neurological conditions after exercise train-
ing. Well-designed studies are needed to examine the
relevance of exercise training-induced changes in MQ
to daily function in older individuals, especially in those
with lower function and neurological conditions.
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DXA Dual-energy X-ray absorptiometry
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