University Library

o o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Prokopidis, K;Varanoske, AN;Veronese, N;Kirk, B;Triantafyllidis, KK;Giannaki,
CD;Stavrinou, PS;Church, DD;Duque, G

Title:
Effects of exercise with or without a hypocaloric diet on intermuscular and intramuscular
fat: a systematic review

Date:
2025-12-01

Citation:

Prokopidis, K., Varanoske, A. N., Veronese, N., Kirk, B., Triantafyllidis, K. K., Giannaki,
C.D., Stavrinou, P. S., Church, D. D. & Duque, G. (2025). Effects of exercise with or
without a hypocaloric diet on intermuscular and intramuscular fat: a systematic review.
Aging Clinical and Experimental Research, 37 (1), pp.183-. https://doi.org/10.1007/
s40520-025-03097-2.

Persistent Link:
https://hdl.handle.net/11343/360852

License:
cCcBY


CC%20BY

Aging Clinical and Experimental Research
https://doi.org/10.1007/540520-025-03097-2

(2025) 37:183

SYSTEMATIC REVIEW

®

Check for
updates

Effects of exercise with or without a hypocaloric diet on intermuscular
and intramuscular fat: a systematic review

Konstantinos Prokopidis'® - Alyssa N. Varanoske? - Nicola Veronese? - Ben Kirk*® -
Konstantinos Katsikas Triantafyllidis® - Christoforos D. Giannaki’ - Pinelopi S. Stavrinou’ - David D. Church?®.
Gustavo Duque®'®

Received: 11 February 2025 / Accepted: 29 May 2025
© The Author(s) 2025

Abstract

Background Intermuscular (InterMAT) and intramuscular (IntraMAT) adipose tissues are key contributors to skeletal mus-
cle function and metabolic health.

Objective In this systematic review, we aimed to investigate the impact of different types of exercise with or without a hypo-
caloric diet on reducing InterMAT and IntraMAT in various muscle tissues.

Method A literature search was performed via PubMed, Cochrane Library, Scopus, and Web of Science from inception until
February 2025. Eligible RCTs examined the effects of exercise compared to control in adults > 18 years. A narrative synthesis
was employed with a registered protocol at CRD42024511531.

Results Nineteen RCTs were included in the systematic review. Resistance and aerobic exercise alongside a hypocaloric
diet displayed inconsistent results in reducing thigh InterMAT. Under non-hypocaloric conditions there were consistently no
alterations of InterMAT and IntraMAT irrespective of muscle tissue. When concurrent exercise was followed, no statistically
significant changes were observed with or without a hypocaloric diet on thigh InterMAT and IntraMAT. Results were overall
lacking in regards to resistance or aerobic exercise and IntraMAT due to the low number of studies.

Conclusion There is potential in reducing thigh InterMAT following resistance or aerobic exercise combined with a hypo-
caloric diet, although inconsistencies among studies were presented. However, irrespective of exercise type, under non-
hypocaloric conditions no benefits were conferred on InterMAT and IntraMAT of any muscle tissue. Further research is
warranted to determine the effects of different exercise intensities employing an adequate dietary and hypocaloric control on
skeletal muscle InterMAT and particularly IntraMAT.
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Introduction

Physical activity and exercise have been recognized as
essential components of a healthy lifestyle, providing ben-
efits to cardiovascular health [1], muscle mass, strength, and
physical performance [2] that correspond to better quality of
life and reduced mortality [3, 4]. Some of these benefits may
potentially be explained in part by changes to intramuscular
adipose tissue localized within skeletal muscle fibres (Intra-
MAT), and intermuscular adipose tissue localised between
distinct muscle groups (InterMAT). Both IntraMAT and
InterMAT possess key roles in metabolic health, for which,
their reduction through exercise has become a subject of
growing interest in the fields of exercise physiology and
obesity research. In particular, IntraMAT and InterMAT
content have been shown to decrease with prolonged physi-
cal activity [5—8] or its combination with dietary restriction
[9]. Increases in both tissues may reduce skeletal muscle
insulin sensitivity, potentially through the secretion of
inflammatory cytokines and extracellular matrix proteins, as
well as by elevating local concentration of free fatty acids
(FFA) [10, 11]. Furthermore, as adipose tissue plays also
a key role in muscle function, both IntraMAT and Inter-
MAT accumulation have been found to be associated with
poor physical performance [12], such as gait-speed decline
[13], and reduced muscle strength [14]. Accordingly, their
decrement through exercise and diet was associated with
improvements in physical function [7, 15].

The type of exercise may play a pivotal role in deter-
mining the extent of changes in IntraMAT and InterMAT,
however, little is known around this area. Aerobic exercise,
resistance training, and a combination of both may influ-
ence adipose tissue distribution within and around muscles
[16], although, such changes may not correspond equally to
different muscle groups [17]. Some of these changes may
underpin the metabolic impact that each type of exercise,
to different extents, could exert on reducing inflammation,
assisting with body fat losses, and improving insulin sen-
sitivity [18, 19]. However, considering the multifactorial
nature of weight loss and subsequent reductions in different
adipose tissues, evidence is lacking in support of aerobic
or resistance training per se. Furthermore, these exercise-
induced adaptations highlight the dynamic nature of adipose
tissue and highlight the importance of tailoring exercise
prescriptions for individuals with specific health goals.
Moreover, dietary interventions targeting weight loss may
also potentiate improvements in metabolic health by fur-
ther reducing myosteatosis in skeletal muscle independent
of changes in subcutaneous or visceral fat [20]. Previous
studies have demonstrated favourable effects of exercise in
alleviating these adipose tissues [21-24], however, the rela-
tionship appears to be complex and may vary depending on

@ Springer

factors such as exercise type (e.g., resistance training, aero-
bic exercise), intensity and duration, specific muscle tissue
from which InterMAT and IntraMAT were measured from,
as well as the dietary protocol followed (i.e., following a
weight-loss intervention or controlling for dietary intake).

As mentioned above, there is evidence indicating that
various forms of exercise can reduce different types of adi-
pose tissue present in skeletal muscle. However, it is unclear
whether this is achievable in cases where the individual
does not concurrently follow a diet, such as a hypocaloric
diet, or which form of exercise is most effective when com-
bined with a diet. For example, in the study by Waters et al.
(2022) on older adults with obesity, the results showed that
the most effective intervention for reducing InterMAT and
other metabolic markers was the combination of acrobic and
strength training along with a hypocaloric diet, compared to
groups that performed only aerobic exercise, only strength
training, or no exercise at all [19].

Unravelling the specific effects of exercise on InterMAT
and IntraM AT and its metabolic consequences is an ongoing
area of investigation with implications for the management
of sarcopenia and/or obesity. Characteristics of exercise
(strength, HIIT, submaximal, concurrent) are factors influ-
encing muscle growth/protein synthesis, energy expendi-
ture, and finally muscle composition [25, 26]. The limitation
of sarcopenia (elderly population) and/or the benefit in
weight loss (obesity) seems to depend on the characteris-
tics of the exercise. In this systematic review, by taking into
account critical confounding factors such as dietary patterns
and type of exercise, we attempt to explore the underlying
exercise-induced changes in InterMAT and IntraM AT, aim-
ing to provide valuable insights that could inform clinical
practice and public health guidelines on the efficacy of exer-
cise interventions on mitigating fat infiltration in and around
the skeletal muscle.

Methods

This systematic review was conducted based on the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines, with a protocol registered
in the International Prospective Register of Systematic
Reviews (PROSPERO) (CRD42024511531) [27].

Search strategy

Two independent reviewers (KP, KKT) searched PubMed,
Scopus, Web of Science, and Cochrane Library from incep-
tion until February 2025. Table S1 describes the full search
strategy and the search terms used in each database. A third
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reviewer resolved discrepancies in the literature search pro-
cess (NV).

PICOS criteria
Studies met the inclusion criteria if:
Population

1) they included participants with a mean age above 18 years
old irrespective of health status.

Intervention

ii) studies followed an exercise protocol of any type and fre-
quency and described/followed some type of dietary intake
control during and/or around the study (i.e., baseline and
during follow-up)/were provided dietary supervision from
authors or a healthcare professional, such as a registered
nutritionist or dietitian. Study duration should have been 4
weeks minimum.

Comparator

In case a hypocaloric protocol or a pharmacological agent
was being administered in the intervention group, the com-
parator group should also have had an identical protocol in
order to distinguish the (additional) impact of exercise on
different adipose tissues in or around the muscle.

Outcomes

Studies measured IntraMAT and/or InterMAT from any
muscle group using magnetic resonance imaging (MRI) or
computed tomography (CT).

Study design

Randomized controlled trials (RCTs).

Studies were excluded if:

They were (i) published dissertations or conference
abstracts; (i) included individuals below 18 years of age;
(iii) included an active control outside of usual care; (iv) in
vitro and animal studies; and (v) studies were not written as
full-text or in English. A PICOS principles table is presented
in Table S2.

Data extraction and risk of bias
Two reviewers (KP, KKT) extracted data independently,

including the name of the first author, date of publication,
number, mean age, body mass index (BMI), health status,

and sex of the participants, outcomes of interest, exercise
type (aerobic or resistance, or both), intensity, frequency and
duration, hypocaloric protocol and how it was controlled,
InterMAT and IntraMAT content, and skeletal muscle fat
infiltration assessment tool. Disagreements between authors
were resolved by a third independent reviewer (NV). Data
presented only in figures or graphs were obtained using
image analysis software (Image J, version 1.52a, National
Institutes of Health, Bethesda, MD, USA) by digitally mea-
suring the height of data points and error bars and calculat-
ing relative to measured y-axis units. Quality of included
studies was evaluated via the risk-of-bias 2 (RoB2) tool [28]
by two reviewers (KKT, KSK) and any discrepancies were
resolved by another independent member (KP). RoB2 is
used to assess bias in RCTs based on the following domains:
(i) randomization process; (ii) deviations from intended
interventions; (iii) missing outcome data; (iv) measurement
of the outcome; (v) selection of the reported result. Based
on the score, bias was defined as ‘high’, ‘some concerns’,
or ‘low’ [29].

Data synthesis

Quantitative data were treated as continuous measurements
and any standard errors (SE) were transformed to standard
deviations (SD), using the formula SE=SD/\n or SE=
(Upper CI limit—Lower CI limit/2x1.96) to improve the
consistency across studies that would assist with the inter-
pretation of the systematic review via a narrative synthesis.

Results
Search results

The initial literature search displayed 2433 publications.
Following the exclusion of 1612 duplicates, 821 unique
publications were screened. In total, 788 publications were
marked as ineligible, while full-text screening of the remain-
ing 33 publications resulted in 19 eligible RCTs examining
the impact of exercise with or without a hypocaloric diet
on IntraMAT and InterMAT (Fig. 1). More specifically, 12
studies incorporated exercise combined with a hypocaloric
diet [19, 30-40], while seven studies incorporated exercise
without a hypocaloric diet [41-47]. The majority of the
eligible studies combining hypocaloric diet and exercise
involved overweight/obese older adults, while in the studies
analysing exercise without hypocaloric diet, both healthy
status and age show greater heterogeneity. A detailed table
of characteristics of the included studies is presented in
Tables 1 and 2.
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£ PubMed (n = 993) Records removed before
8 Cochrane L}brary (n=466) screening:
EE Websof Sc1ence;(§ Z 710) Duplicate records
g copus (n =264) removed (n=1612)
= Total (n =2433)
Records screened Records marked as lnellglble
o (n=2821) (n="788)
=
=
: I
32
Reports assessed for Reports excluded (n = 14):
eligibility (n = 33) - Weight loss & aerobic exercise vs. aerobic exercise (n = 1)
- Weight loss & concurrent exercise vs. concurrent exercise
— l and lifestyle advice (n = 2)
— - Identical study cohort of an included study (n = 1)
2 o ) - Weight loss intervention, but in the control group (n = 1)
E Studies included in the - Assessed intramyocellular lipids (n = 1)
g systematic review (n = 19) - Assessed echo intensity (n=1)
= - Assessed muscle attenuation (n = 2)
- Different dietary patterns. The resistance training group
received significantly higher protein intake (n = 2)
- Exercise was provided only one week (n = 1)
- Insufficient data (n = 3)
- Passive training movement as control (n = 1)

Fig. 1 Flowchart of the search strategy employed in the literature search

Tables S3 and S4 show a descriptive summary of the
results for each type of exercise on compartments of Inter-
MAT and IntraMAT.

Effects of resistance exercise vs. control on thigh
InterMAT with a hypocaloric diet

Following resistance exercise and a hypocaloric diet, a ben-
efit was displayed in terms of thigh InterMAT in adults with
overweight and obesity after 10 weeks vs. control (resis-
tance exercise ¢ A = -1.5 (0.5) cm?, p<0.01; control ¢ A
=-0.9 (0.4) cm?, p=0.07) [48]. Similarly, but in the lon-
ger term (6 months) the study by Waters et al., (2022) also
showed a benefit on thigh InterMAT following resistance
exercise (A = -101 (19.9) cm?, p<0.05) vs. control (A =
-9 (20) em®) (»p<0.01) [15]. On the contrary, no statisti-
cal differences were observed after 16 weeks of resistance
exercise in men and women with overweight and obesity,
separately [49] (Men ¢ resistance exercise: A = -6.4 (3.3)
cm’/5 cm vs. control: A = -3.4 (3.4) cm®/5 cm; Women 0
resistance exercise: A = -8.9 (2.7) cm?/5 ¢cm vs. control: A

@ Springer

=-12.1 (2.8) cm?/5 cm). More recent research employing
a longer-term protocol (18 months) in adults with obesity
also demonstrated identical results by Madrid et al., (2023)
(resistance exercise: A= -2.55 (2.94) cm?; control: A =-2.43
(3.07) cm?) [32]. Lastly, a protocol employing resistance
training for 5 months in adults with overweight and obesity
showed a significant reduction of thigh InterMAT in both
the resistance exercise and control groups, however, without
any between-group differences (resistance exercise: A=-3.8
(6.8) cm’; control: A=-2.2 (6.2) cm®) (p>0.05) [33].

Effects of resistance exercise on InterMAT and thigh
InterMAT vs. control with a hypocaloric diet

Only one study measured InterMAT in another tissue and
thigh IntraMAT following resistance exercise. Janssen et
al., (2002) found a significant difference after 16 weeks in
adults with obesity, but without between-group changes
(resistance exercise: A = -0.12 (0.14) kg; control: A =-0.22
(0.19), p<0.05) [37]. Regarding thigh IntraMAT, a sig-
nificant decrease was shown in the resistance training vs.
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§ _ E E“ L e P *rg contr.ol.(p<0.01) after 12 weeks in individuals with spinal
§~§§—§§ gg_éﬂgégg e cord injury [38].
T I ZE LS
E E 8 % %"é ;§ o ﬁ = i‘; 83 = é i Effects of resistance exercise vs. control on InterMAT
g 2523222 2E8EEE |2 without a hypocaloric diet
£ |zfzEciizisisii:
5 § _:Es’:; g% ;: s § = E g S - g During protocols that did not employ a hypocaloric diet, no
§ 5 g < ; z Y 2 5 % s g % S 2 g= statistically significant changes were shown with resistance
'E A E z 2 :% § gj a3 E 3 % z ?; %« exercise alone on thigh InterMAT in healthy individuals after
% C ; 8 weeks (pre-intervention: 427.4+219.3 cm? to post-inter-
253|2 S ~ vention: 432.2+206.8 cm® vs. pre-control: 375.0+128.4
<E 2= e 2 em® to post-control: 355.5+182.4 cm?; p>0.05) [17]. This
g P 2 é was also demonstrated in adults with type 2 diabetes fol-
kS 3 2 é lowing 12 weeks of resistance exercise (A=4 (199) g) vs.
a :i q 2 2 control (A=-32 (171) g) (p>0.05) [50]. When L4/L5 psoas
= 2 w8 Lg B InterMAT was assessed, identical results were observed
2 3 i ; = ‘; S 2 = after 8 weeks in adults with obesity (resistance exercise ¢
2 (\'1 s s g 8 gbg g ‘é‘ pre: 122 (13) em? to post: 115 (13.5) em?; control O pre: 126
i s eE G2 25 (21) ecm? to post: 142 (23) cm?) [45].
g 2ax = = £q
= oo & SR % = Effects of aerobic exercise vs. control on thigh
_ “ = g intramat and thigh InterMAT with or without a
= |- TRE L % 5 hypocaloric diet
23 PEE I
S & g"z ) & g § % In terms of aerobic exercise, no InterMAT differences were
| o oS ;é- E found after 18 months in adults with obesity (A = -2.89
sBalaa % :? — S g (2.92) cm?) vs. control (A = -2.43 (3.07) cm?) [32]. Con-
_|<gl3 e L& B versely, another study conducted in adults with obesity for
% ) Q é § 6 months showed a significant reduction in thigh InterMAT
Sl= 2|S e E § (A=-105 (18.9) cm®) vs. control (A= -9 (20) cm?) (p<0.01)
- [15].
“E é g 2y g g When a hypocaloric diet was absent, Ku et al., (2010)
B f T T %D% o ER) found no changes from aerobic exercise (A =-31 (159) g)
= |3 Bl 3 - 5 3{ vs. control (A=-32 (171) g) after 12 weeks regarding thigh
E o TCER S *§ 3) IntraMAT [50]. Moreover, in relation to thigh InterMAT,
R R Lo~ = % the study from Murphy et al., (2012) [51] demonstrated a
§ 5‘)@ z g EE% —gn z statistically significant reduction following aerobic exer-
§ - - % éﬁ cise vs. control in the absence of a hypocaloric diet after
&2 ; = S 2 12 months (A = -45+8.16 ml vs. -25+7.45 ml; p<0.05).
= E B & 5 However, these changes were not observed following vigor-
g ? > 5g éﬁ 2 ous or moderate intensity of aerobic exercise (p>0.05) for
52 |agz =2 S5 12 weeks [52].
8% |5<2 A2 32
;f éﬁ Effects of aerobic exercise vs. control on InterMAT
K E = with or without a hypocaloric diet
5 S
2 'E Eﬁ g} InterMAT of psoas at L2/L3 level and the abdomen follow-
] § g E 5 ing aerobic exercise after 6 months in individuals with obe-
E = é‘ g Z = sity was not reduced following a hypocaloric protocol vs.
§ é % § _§,§ control (p>0.05 between groups) [38]. Moreover, IntraMAT
~ . = 3 :3; of erector spinae, lateral and rectus abdominal, and psoas at
E: § jg S %D::AE é g § %i; L4/L5 level following aerobic exercise with a hypocaloric
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diet did not induce any significant changes between groups
(»>0.05) [53]. Likewise, similar findings were found
regarding IntraMAT of the distal tibia following combined
aerobic with resistance exercise, but without a hypocaloric
diet (p>0.05). Additionally, another study examining psoas
InterMAT at L2/L3 level did not show a difference after 12
weeks in adults with obesity (acrobic exercise: A = -8-11%;
control: A = -7%) [39]. Finally, a significant reduction in
abdominal InterMAT was shown after 16 weeks in adults
with obesity in both aerobic and control groups, however,
a between group analysis was not conducted (aerobic exer-
cise: A=-38 (0.4) kg; control: A=-22 (0.19), p<0.05) [37].

Effects of concurrent exercise vs. control on thigh
InterMAT and thigh InterMAT with or without a
hypocaloric diet

When resistance and aerobic exercise was combined with a
hypocaloric diet, no changes were observed in adults with
obesity after 6 months in regards to thigh InterMAT (concur-
rent exercise: A=-0.07 (0.07) kg; control: A=0.0 (0.05) kg))
[54]. No changes in thigh InterMAT were also presented
after a hypocaloric diet from a low fat or low carbohydrate
diet al.ongside concurrent exercise in the CENTRAL trial
[55]. Lastly, in adults with heart failure and preserved ejec-
tion fraction with obesity, no changes were revealed after
20 weeks of concurrent exercise on thigh IntraMAT with a
hypocaloric diet (A = -4 (3.2) cm?) vs. control (A=—4 (3.2)
cm?) [56].

Similarly, when a hypocaloric diet was not followed in
adults with obesity for 12 weeks, InterMAT from soleus and
tibialis anterior, and psoas at L4/L5 level, were not reduced
following a combined aerobic with resistance exercise vs. an
resistance exercise regime alone, respectively [44]. Minett
et al., (2020) also investigated the impact of concurrent
exercise for 12 weeks in community-dwelling individuals,
however, no changes were also displayed in terms of distal
tibia IntraMAT between groups (concurrent exercise: A =
-39.6 (65.9) mm?; control: A = -94.7 (71.6) mm?, p<0.05)
[46].

Risk of bias assessment

From the included studies for which a hypocaloric diet was
introduced, three had an overall low risk of bias [19, 30, 37],
seven had some concerns [31, 33-35, 38—40], and two had
an increased risk of bias [32, 36] (Table S5). In addition,
from the studies that did not introduce a hypocaloric diet,
one study had an overall low risk of bias [41], four had some
concerns [43—45, 47], and two had a high risk of bias [42,
46] (Table S6).

Discussion

In this systematic review, we explored the impact of exer-
cise with or without a hypocaloric diet on InterMAT and
IntraMAT through different compartments. Albeit exercise,
either aerobic, resistance, or concurrent, may offer multiple
health-related benefits, results were inconsistent following a
hypocaloric diet compared to control, while no changes were
demonstrated when a hypocaloric diet was not followed.

Recently, a previous meta-analysis found a small effect
of exercise (mean g=0.21, p=0.03) on muscle quality [21],
in which, both InterMAT and IntraMAT were included in
its definition. It was unknown, however, whether different
types of exercise would exhibit differing results, consider-
ing that the relationship of skeletal muscle metabolism with
aerobic and resistance exercise may differ substantially.
Similarly, another meta-analysis’ pooled effect estimates
from three studies that utilized different types of exercise,
showed identical results (SMD: 0.45, 95% CI: 0.05-0.86)
[22]. Similar findings pertinent to effect estimate were dis-
played in another study, which also mixed exercise types
and was prone to double-counting, including in the same
analysis two or more control groups of the same cohort [24].
Lastly, the study by Ramirez-Velez et al. (2021) [23] fol-
lowed a similar methodological protocol, demonstrating sig-
nificant reductions due to exercise; however, the inclusion
of studies measuring muscle attenuation was also made. It
is worth noting, that none of the previous meta-analyses had
inclusion criteria in terms of collecting studies that would
control, to an extent, for dietary intake and a hypocaloric
diet, which are critical confounders.

Our narrative synthesis found no conclusive evidence
regarding the impact of different exercise types with or with-
out a hypocaloric diet on thigh InterMAT and IntraMAT, as
well as InterMAT and IntraMAT from other compartments.
Some of these findings are reflected by the lack of avail-
able studies that could reveal more reliable conclusions,
especially in allowing to perform a meta-analysis. Interest-
ingly, the majority of studies examined thigh InterMAT with
a hypocaloric diet, for which, although statistical findings
between groups were presented for both aerobic and resis-
tance exercise, other studies with homogeneous populations
and study durations found no differences vs. control. The
studies that examined concurrent exercise, even in the pres-
ence of hypocaloric diet, did not demonstrated any reduc-
tions in thigh InterMAT and IntraMAT. Therefore, albeit
trials controlling for dietary intake while employing a hypo-
caloric diet during exercise may have potential in reducing
fat infiltration in and around the (thigh) skeletal muscle,
more research is warranted. When a non-hypocaloric diet
was followed, exercise of any type did not confer any ben-
efits overall.
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Clinical and statistical implications

The results of this systematic review have significant clini-
cal and practical implications. Metabolic diseases such as
obesity and diabetes have reached very high prevalence
rates globally, and one of the ways to address these con-
ditions is through lifestyle changes, such as diet and exer-
cise. Often, these specific interventions are implemented as
monotherapies rather than combined interventions within
a more holistic approach. Our results indicated that it may
be important to combine exercise with a hypocaloric diet to
reduce adipose tissue levels in skeletal muscle, albeit more
research is needed to confirm the intensity of exercise and
magnitude of caloric deficit and/or macronutrient compo-
sition. Hence, physicians, exercise scientists, and dietitians
should collaborate harmoniously to provide targeted inter-
ventions, as this appears to be the most effective approach,
ensuring a negative energy balance.

Strengths and limitations

This is the first systematic review that examined different
types of exercise in InterMAT and IntraMAT separately,
including studies that attempted to control for dietary intake,
with or without a hypocaloric diet. By applying these crite-
ria, we sought to carefully examine the effect of different
types of exercise on fat infiltration in and around different
muscle tissues and provide further insights to clinicians and
researchers in exploring ways to improve skeletal muscle
and overall metabolic health. However, our study was prone
to several limitations. First, considering the low number
of studies by applying such inclusion criteria, we were not
able to explore the impact of age, sex, different health status,
and assessment tools on our findings. Moreover, we could
not make conclusions based on the intensity, frequency,
and duration of the exercise protocol used among studies,
while in terms of caloric intake, we could not account for
the magnitude of calorie deficit that was varied significantly.
Finally, the different methods used to control for dietary
intake, including nutritional education, frequency of food
diary collection, and overall methods of nutritional assess-
ment, among studies is another limitation.

Conclusion

This systematic review investigated the effects of different
exercise types, both with and without a hypocaloric diet,
on InterMAT and IntraMAT in various muscle compart-
ments. Although some studies suggest potential benefits
from combining aerobic and/or resistance exercises with a
hypocaloric diet, no statistically significant differences were

@ Springer

observed compared to control when exercise overall was
performed without a caloric deficit. These findings may be
influenced by the considerable variability in exercise proto-
cols and dietary interventions, as well as the limited num-
ber of studies available. Therefore, more research is needed
to assess the impact of exercise type, intensity, and dietary
control on fat infiltration in skeletal muscle under hypoca-
loric conditions.
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supplementary material available at https://doi.org/10.1007/s40520-0
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