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Abstract

Muscle disuse caused by bed rest and immobilization is associated with muscle

atrophy and insulin resistance, which might be related to increases in intramuscular

fat (IntraMAT) and intermuscular fat (InterMAT) accumulation. In this systematic

review, we compiled evidence on the effects of bed rest and unilateral lower-limb

immobilization on IntraMAT and InterMAT in healthy adults. Following PRISMA

guidelines, we searched PubMed, Scopus, Web of Science, and Cochrane Library from

inception until July 2025. Included studies were clinical trials involving healthy adults

(≥18 years old) undergoing bed rest or immobilization, with IntraMAT and Inter-

MAT as outcomes (CRD420251112427). Two reviewers extracted data and assessed

bias using RoB2 and ROBINS-I tools for randomized and non-randomized studies,

respectively. Data were synthesized using a narrative synthesis. Nine studies met the

inclusion criteria. Bed rest increased IntraMAT in the lumbarmultifidus, erector spinae,

and quadratus lumborum by 18.7%, 5.4% and 4.5%, respectively (P < 0.01), whereas

thigh-related changes were inconsistent. Immobilization produced heterogeneous

effects: calf muscles showed both small decreases (−0.5%) and increases (+0.3%),
whereas thigh IntraMAT increased by 12.8% after 28 days. InterMAT increased in

the lumbar spine (1.2–5.3%) and immobilized thigh (+14.5%) and calf (+20%) muscles.

Muscle disuse from bed rest or immobilization can promote site-specific increases

in IntraMAT and InterMAT, particularly in lumbar regions, highlighting muscle fat

infiltration as a potential key adaptation to unloading.
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1 INTRODUCTION

Physical inactivity, particularly variousmodels ofmuscle disuse, suchas

prolonged bed rest or immobilization, can induce rapid and significant

physiological losses of skeletal muscle tissue. Several mechanisms

might mediate muscle disuse-induced atrophy, underpinning reduced
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signalling ofmuscle protein synthetic responses andalteredexpression

of mitochondrial and neuromuscular adaptations (Deane et al.,

2024).

For instance, a 5-day period of bed rest can be sufficient to cause

muscle strength andmass loss, in addition to increased fall risk, further

indicating potential disruption of muscle fibre mechanical properties
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(Marusic et al., 2021). These effects can be especially important in

adults undergoing critical care or who are hospitalized, given that

the physiological impact of secondary conditions or catabolic states

(such as surgery) may worsen muscle health (Lees et al., 2025; Parry

& Puthucheary, 2015). Among these adaptations, changes in intra-

muscular fat (IntraMAT; consisting of lipid droplets within muscle

fibres) and intermuscular fat (InterMAT; located between muscle

fibres or fascicles) have garnered increasing attention owing to their

implications for cardiometabolic and muscle metabolism (Wang et al.,

2024). Although excessive accumulation of these adipose tissues

during periods of inactivity could contribute to insulin resistance

and reduced muscle mass and strength (Di Girolamo et al., 2021;

Eggelbusch et al., 2024), evidence onwhether their accumulation alone

is responsible for these effects requires further investigation (Dirks

et al., 2016).

The muscle disuse-induced build-up of IntraMAT and InterMAT is

believed to result from an imbalance between lipid uptake, storage

and oxidation, in addition to altered adipocyte differentiation, driven

by reduced mitochondrial activity and impaired insulin signalling

(Addison et al., 2014; Eggelbusch et al., 2024). These changes

may have functional consequences, including compromised muscle

contractility, decreased oxidative capacity, and increased systemic

inflammation (Carter et al., 2019). Currently, the impact of bed rest

and immobilization on IntraMAT and InterMAT, along with their

effects on various fat-infiltratedmuscle tissues, has not been examined

systematically, despite their physiological significance. Understanding

site-specific fat changes is crucial, because IntraMAT and Inter-

MAT differentially affect muscle quality and metabolic health. This

systematic review aims to synthesize existing evidence on the effects

of bed rest and immobilization on both IntraMAT and InterMAT in

different skeletal muscle tissues of healthy adults.

2 MATERIALS AND METHODS

This systematic review was conducted in accordance with the Pre-

ferred Reporting Items for Systematic Reviews and Meta-Analyses

(PRISMA) guidelines (Page et al., 2021). The protocol was registered

in the International Prospective Register of Systematic Reviews

(PROSPERO; CRD420251112427).

2.1 Search strategy

Two independent reviewers (K.P. and J.M.R.) searched PubMed,

Scopus, Web of Science and the Cochrane Library from inception

until July 2025. The comprehensive search strategy used is described

in Table 1. A manual search of references cited in the selected

articles and published reviews was also performed. Discrepancies in

the literature search process were resolved by a third investigator

(G.D.). Studies were included based on the following criteria: (1) must

be a clinical trial, either randomized or non-randomized; (2) included

participants with a mean age of ≥18 years; (3) participants were

Highlights

∙ What is the topic of this review?

What is the impact of bed rest or immobilization on

site-specific changes in intramuscular (IntraMAT)

and intermuscular (InterMAT) fat in healthy adults?

∙ What advances does it highlight?

Bed rest may increase IntraMAT in lumbar muscles

(by up to 18.7%), with variable responses in the

thigh, and immobilization could significantly

increase thigh IntraMAT (by 12.8%), indicating

site-specific fat infiltration patterns that depend on

the disuse model. InterMAT accumulation might be

more pronounced in the lumbar spine (1.2–5.3%)

during bed rest and in the thigh (+14.5%) and

calf (+20%) during immobilization, highlighting

muscle disuse as a driver of muscle fat deposition,

with implications for muscle atrophy and insulin

resistance.

overall healthy, without reporting any major comorbidities; and (4)

participants were not receiving any type of intervention. Studies were

excluded if they: (1) were non-clinical trials (i.e., observational studies);

(2) included participants with major comorbidities or participants who

were hospitalized or critically ill; or (3) a full text was not available and

not in English.

2.2 PICOS criteria

Population: Healthy adults≥18 years of age.

Intervention: Bed rest or unilateral lower-limb immobilization for a

minimum of 7 days.

Comparator: Baseline changes or changes observed in comparison

to the non-immobilized lower limb.

Outcomes: InterMAT and IntraMAT of various skeletal muscle

tissues. These could include the lumbar spine, the thighs, quadriceps

and calves, and/or the psoasmuscle.

Study design: Randomized and non-randomized trials.

2.3 Data extraction

Two authors (K.P. and J.M.R.) extracted data regarding the date of

publication, study design, participant health status and sample size,

age, body mass index, body weight, sex, tool of InterMAT and Intra-

MAT assessment, model of muscle disuse alongside its duration, and

outcomes of interest (i.e. area of muscle fat infiltration).

 1469445x, 0, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/E

P093306 by Spanish C
ochrane N

ational Provision (M
inisterio de Sanidad), W

iley O
nline L

ibrary on [06/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



PROKOPIDIS ET AL. 3

TABLE 1 Study and participant characteristics of the included
studies.

Database Search terms

PubMed (fat infiltrationOR intramuscular fat OR intramuscular

adipos* ORmuscle fat OR intermuscular fat OR

intermuscular adipos* OR “IMAT”ORmyosteatosis OR

ectopic fat OR lipid infiltration) AND (immobili* OR bed

rest OR bedriddenOR head down tilt OR limb suspension

ORmuscle disuse)

Cochrane

Library

(fat infiltrationOR intramuscular fat OR intramuscular

adipos* ORmuscle fat OR intermuscular fat OR

intermuscular adipos* OR “IMAT”ORmyosteatosis OR

ectopic fat OR lipid infiltration) AND (immobili* OR bed

rest OR bedriddenOR head down tilt OR limb suspension

ORmuscle disuse)

Web of

Science

(fat infiltrationOR intramuscular fat OR intramuscular

adipos* ORmuscle fat OR intermuscular fat OR

intermuscular adipos* OR “IMAT”ORmyosteatosis OR

ectopic fat OR lipid infiltration) AND (immobili* OR bed

rest OR bedriddenOR head down tilt OR limb suspension

ORmuscle disuse)

Scopus (intramuscular fat OR intramuscular adipose tissueOR

muscle fat OR intermuscular fat OR intermuscular

adipose tissueOR lipid infiltrationORmyosteatosis OR

ectopic fat) AND (bedriddenOR head down tilt OR bed

rest OR immobilizationOR immobilisation)

2.4 Risk-of-bias assessment

The quality of included studies was assessed using the Cochrane Risk-

of-Bias 2 (RoB2) and the Risk Of Bias In Non-randomized Studies—

of Interventions (ROBINS-I) tools for randomized controlled trials

(Higgins et al., 2011) and non-randomized controlled trials (Sterne

et al., 2016), respectively, and were evaluated by two independent

reviewers (K.P. and J.M.R.). Appraisal of bias risk using the RoB2 tool

included assessment of the following domains of bias in randomized

clinical trials: randomization process; deviations from intended inter-

ventions; missing outcome data; measurement of the outcome; and

selection of the reported result. If studies had a crossover design,

a RoB2 modified tool was used, with the additional domain related

to bias arising from the timing of identification and recruitment of

individual participants in relationship to the timing of randomization.

According to the scoring system of the tools, study quality was defined

as low, some concerns or high risk of bias.

2.5 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 95% confidence interval

(CI) limit − lower 95% CI limit/2 × 1.96) to enhance uniformity across

studies, facilitating the interpretationof the systematic review through

a narrative synthesis.

3 RESULTS

The initial literature search displayed 1102 publications. Following the

exclusion of 193 duplicates, 909 unique publications were screened,

from which 886 were marked as ineligible after reading their titles

and abstracts. In total, 23 full texts were screened, and nine of them

were deemed eligible for inclusion in this systematic review and meta-

analysis (Bergouignan et al., 2009; De Martino et al., 2021; Fuchs

et al., 2024; Gerlach et al., 2017; Holloway et al., 2019; Manini et al.,

2007; Ogawa, Belavý et al., 2020; Rudwill et al., 2018;Wesselink et al.,

2025; Figure 1). From the 14 studies that were excluded, four studies

included identical populations to prior eligible studies (De Martino

et al., 2022a, b; McNamara et al., 2019; Tran et al., 2021), one study

included acutely ill patients (Rommersbach et al., 2020), one study

included patients admitted into an intensive care unit (Erley et al.,

2024), one study included participants with metatarsal bone or fibular

fractures (Yoshiko et al., 2018), one study had insufficient information

(Yuri et al., 2021), one study had a duration of 3 days (Pagano et al.,

2018), one studymeasuredbonemarrow fat (Trudel et al., 2019), in one

study resistance trainingwas incorporated (Standleyet al., 2017) and in

another study resistance training or amino acids were incorporated in

the study arms (Brooks et al., 2008), in one study hypercortisolaemia

was induced (Cree et al., 2005), and one study used microgravity

(Demangel et al., 2017). Characteristics of the included studies are

shown in Table 2.

3.1 Effects of bed rest on IntraMAT

Bed rest protocols consistently demonstrated site-specific increases in

IntraMAT, particularly in the lumbar region and lower extremities. In

a 60 day head-down bed rest study in healthy young men, calf Intra-

MAT increased non-significantly by 2.7% in the gastrosoleus complex

(P = 0.54) despite a mean body weight loss of 3.3 kg (Bergouignan

et al., 2009). Likewise, Rudwill et al. (2018) observed amodest increase

in calf IntraMAT from 4.5% ± 0.1% to 4.8% ± 0.2% (P = 0.04) after

21 days of bed rest, also accompanied by a small mean weight loss

(−0.9 kg; Rudwill et al., 2018). In the anterior thigh, Fuchs et al.

(2024) reported an increase in IntraMAT levels after 14 days of bed

rest, from baseline (4.4% ± 1.2%) to post-intervention (4.5% ± 1.4%;

P= 0.02; Fuchs et al., 2024). In a 56 day bed rest study, (Ogawa, Belavý

et al., 2020) evaluated changes in IntraMAT and InterMAT volume

across multiple individual thigh muscles (Ogawa, Belavý et al., 2020).

Although none of the changes reported reached statistical significance

(all P > 0.05), consistent trends towards reduction were observed.

In particular, the rectus femoris InterMAT volume decreased from

40.8 ± 7.9 to 38.0 ± 9.2 cm3 (∆ = −2.8 cm3), the vastus lateralis Intra-

MAT volume from 133.4 ± 16.3 to 107.0 ± 16.8 cm3 (∆ = −26.4 cm3)

and the vastus intermedius from 109.6 ± 27.7 to 109.0 ± 29.2 cm3

(∆ = −13.0 cm3). Likewise, the vastus medialis declined from

103.7 ± 23.0 to 96.6 ± 26.4 cm3 (∆ = −6.0 cm3), while the overall

quadriceps femoris reduced from 387.5 ± 51.2 to 344.0 ± 71.8 cm3
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Cochrane Library (n = 111)
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removed (n =193)
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Records marked as ineligible

(n = 886)
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eligibility (n = 23)

Reports excluded (n = 14):

- Identical population to prior eligible studies (n = 4)
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- Intensive care unit (n = 1)

- Metatarsal bone or fibular fractures (n = 1)

- Insufficient data (n = 1)

- Bone marrow fat (n = 1)

- 3-day duration (n = 1)

- Resistance training was incorporated (n = 1)

- Resistance training or amino acids were incorporated (n = 1)
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systematic review and meta-

analysis (n = 9)
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F IGURE 1 Flowchart of the study screening and eligibility.

(∆=−48.2 cm3), with an associated increase in IntraMAT content from

15.6% ± 2.2% to 16.0% ± 3.2% (∆ = +0.4%; P < 0.05). In the posterior

compartment, the biceps femoris short headdecreased from27.6±8.3

to 24.1±8.9 cm3 (∆=−3.5 cm3) and the biceps femoris long head from

51.9 ± 12.3 to 41.6 ± 15.4 cm3 (∆ = −10.3 cm3; P < 0.05). The semi-

tendinosus dropped insignificantly from 48.3 ± 16.0 to 36.4 ± 9.6 cm3

(∆ = −11.8 cm3; P > 0.05), while the semimembranosus showed a

statistically significant change (from 55.2 ± 12.7 to 54.7 ± 15.8 cm3;

∆ = −0.5 cm3; P < 0.05). The total hamstrings IntraMAT volume

decreased from 183.0 ± 38.0 to 156.9 ± 44.2 cm3 (∆ = −26.2 cm3),

with a slight but significant reduction in IntraMAT content from

18.3% ± 3.3% to 17.5% ± 4.4% (∆ = −0.8%; P < 0.05). The

adductor muscle group also showed declines: the adductor longus

from 29.7 ± 5.1 to 27.2 ± 6.8 cm3 (∆ = −2.7 cm3), adductor magnus

from 126.9 ± 16.5 to 101.0 ± 23.5 cm3 (∆ = −22.3 cm3) and

adductor brevis from 28.7 ± 6.9 to 26.6 ± 18.5 cm3 (∆ = −2.1 cm3;

P < 0.05). The total hip adductors IntraMAT volume decreased from

264.1 ± 32.3 to 215.3 ± 49.8 cm3 (∆ = −41.4 cm3), with IntraMAT

content declining from 19.2% ± 1.4% to 17.4% ± 3.4% (∆ = −1.8%;
P < 0.05). Other muscles also exhibited significant reductions: the

sartorius from 53.9 ± 17.4 to 47.9 ± 19.1 cm3 (∆ = −6.0 cm3)

and the gracilis from 24.9 ± 5.1 to 20.8 ± 4.1 cm3 (∆ = −4.1 cm3;

P < 0.05). Finally, the whole thigh IntraMAT volume declined from

834.6±67.3 to 721.7±161.7 cm3 (∆=−111.2 cm3), accompanied by a

small but statistically insignificant decrease in IntraMAT content from

17.3% ± 1.1% to 17.0% ± 3.7% (∆ = −0.3%; P > 0.05). Wesselink et al.

(2025) reported a mean increase of 18.7% ± 15.7% IntraMAT in the

lumbar multifidus, 5.4% ± 5.9% in the erector spinae and 4.5% ± 4.1%

(all P < 0.001) in the quadratus lumborum after 59 days of bed rest

(Wesselink et al., 2025).

3.2 Effects of immobilization on IntraMAT

Protocols using unilateral lower-limb immobilization revealed

heterogeneous changes in IntraMAT. Gerlach et al. (2017) observed

the effect of unilateral lower-limb immobilization on calf fat fraction

changes after 60 days. In the medial gastrocnemius, IntraMAT

decreased slightly, from 10.2% ± 1.2% to 9.9% ± 1.2% (∆ = −0.3%),
without reaching statistical significance (P > 0.05). The lateral gastro-

cnemius showed a significant reduction, from 10.8% ± 1.4% to

10.3% ± 1.0% (∆ = −0.5%; P < 0.05). Additionally, the soleus muscle

exhibited a non-significant increase in IntraMAT, from 10.9% ± 1.5%

to 11.2% ± 2.0% (∆ = +0.3%; P > 0.05). Regarding muscle groups,

the ventral muscle group IntraMAT decreased from 10.8% ± 0.8% to

10.4% ± 0.9% (∆ = −0.4%; P < 0.05) and the central muscle group

showed a similar trend, decreasing from10.9%±0.9% to 10.3%±0.9%

(∆ = −0.6%; P < 0.05; Gerlach et al., 2017). Holloway et al. (2019)

reported a marked increase in thigh IntraMAT (by 12.8% ± 6.1%;

P < 0.05) after only 28 days of unilateral lower-limb immobilization

(Holloway et al., 2019).

3.3 Effects of bed rest on InterMAT

Evidence for InterMAT accumulation following bed rest is limited

and shows mixed results depending on muscle region. In the thigh,

Ogawa, Belavý et al. (2020) reported a reduction of 15.3 cm3 (from

375.0± 128.4 to 355.5± 182.4 cm3) in total InterMAT volume after 56

days of bed rest, albeit not reaching statistical significance (P > 0.05).

In contrast, De Martino et al. (2021) found increases in lumbar Inter-

MAT with 59 days of bed rest, particularly in multifidus and erector
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PROKOPIDIS ET AL. 7

spinae (De Martino et al., 2021). In the lumbar multifidus muscle,

values increased consistently across all intervertebral disc levels. At

the L1–L2 level, the mean lumbar multifidus InterMAT content rose

from 14.0% ± 7.4% to 15.2% ± 8.8% (∆ = +1.2%; P = 0.005), at L2–

L3 it increased from 12.6% ± 6.9% to 13.8% ± 7.1% (∆ = +1.2%;
P < 0.001) and at L3–L4 from 15.2% ± 6.5% to 17.4% ± 6.8%

(∆=+2.2%; P< 0.001). At the L4–L5 level, the lumbarmultifidus Intra-

MAT percentage increased from 20.7% ± 10.6% to 23.5% ± 10.9%

(∆ = +2.8%; P < 0.001) and at L5–S1 from 24.1% ± 8.3% to

29.4 ± 9.2% (∆ = +5.3%; P < 0.001). Likewise, the lumbar erector

spinae also showed significant increases in InterMAT across all disc

levels. At the L1–L2 intervertebral disc, InterMAT increased from

9.4% ± 3.4% to 11.1% ± 4.3% (∆ = +1.7%; P < 0.001), at L2–L3 from

11.3% ± 4.8% to 13.7% ± 6.2% (∆ = +2.4%; P < 0.001) and at L3–

L4, from 12.7% ± 6.6% to 15.5% ± 8.0% (∆ = +2.8%; P < 0.001).

A further increase was observed at L4–L5, with values increasing

from 21.2% ± 12.6% to 24.3% ± 12.8% (∆ = +3.1%; P < 0.001),

and at L5/S1 from 37.8% ± 13.3% to 41.1% ± 15.1% (∆ = +3.3%;
P< 0.001).

3.4 Effects of immobilization on InterMAT

Manini et al. (2007) investigated changes in thigh and calf InterMAT

following 28 days of unilateral lower-limb immobilization in young

adults (Manini et al., 2007). Their results demonstrated a significant

increase in thigh InterMAT, rising from 166 ± 50 to 190 ± 60 cm3

(∆ = +24 cm3; P = 0.005), and in mid-calf InterMAT, which increased

from 30 ± 6.9 to 36 ± 8.6 cm3 (∆ = +6 cm3; P = 0.001). The relative

increase in InterMAT was greater in the calf (+20%) than in the thigh

(+14.5%; P= 0.005).

3.5 Risk-of-bias assessment

Assessment of the risk of bias for each study is presented in Figure 2.

Using theRoB2 tool, all included studieshad someconcerns (Figure2a).

Likewise, ROBINS-I was used for one study that displayed some

concerns (Figure 2b), and a crossover randomized controlled trial had

a low overall risk (Figure 2c). Primarily, these concerns were related to

the lack of randomization process and blinding.

4 DISCUSSION

This systematic review suggests that muscle disuse can promote

increases in IntraMAT and InterMAT, although their magnitude,

distribution, and temporal dynamics depend on the experimental

model andmuscle tissue examined viaMRI.

4.1 Impact of bed rest

During bed rest, consistent increases in IntraMAT and InterMAT

in paraspinal muscles highlight the susceptibility of these regions

to unloading. These muscles are enriched in type I fibres, which

display metabolic regulation that favours lipid deposition in conditions

of reduced activity (Johnson et al., 1973; Komiya et al., 2017;

Regev et al., 2010). The soleus, chronically engaged during stance

and locomotion (Neptune et al., 2001), undergoes profound trans-

criptomic andmetabolic remodellingwhendeprivedof tonic activation,

including reductions in oxidative enzyme activity and mitochondrial

function that could impair fatty acid oxidation (Fajardo et al.,

2017). Such metabolic shifts provide a mechanistic basis for intra-

myocellular lipid accumulation observed in bed rest trials (Komiya

et al., 2017). Likewise, paraspinal muscles (essential for postural

control) demonstrate marked sensitivity to inactivity, making them

particularly prone to fat accumulation (Teichtahl et al., 2015). Thus,

bed rest-induced fat infiltration in paraspinal and soleus muscles may

compromise postural stability andmetabolic health.

In contrast, (Ogawa, Belavý et al., 2020) reported a trend towards

reductions in thigh IntraMAT and InterMAT. This discrepancy could

be explained by several factors, including a lower oxidative muscle

fibre content of quadriceps and hamstrings, redistribution of fat

towards visceral depots during inactivity (Belavy et al., 2014; Jacob

et al., 2015; Moreno-Justicia et al., 2025), and dietary control; the

trial enforced a strictly standardized diet that maintained energy

balance. These differences are crucial, considering that positive energy

balance may drive IntraMAT and InterMAT accumulation independent

of unloading. However, it is noteworthy that Rudwill et al. (2018)

and Bergouignan et al. (2009) observed increases in IntraMAT despite

mean weight losses of 0.9 and 3.3 kg, respectively. Interestingly, in

the study by Bergouignan et al. (2009), calorie intake was significantly

reduced after 60 days of bed rest, yet gastrosoleus IntraMAT increased

(non-significantly). Importantly, the bed rest group showed a small

negative energy balance (∼0.54 ± 0.38 MJ/day), corresponding to

∼88.5% agreement between estimated and measured energy balance.

In addition, Rudwill et al. (2018) reported a significant rise in calf Intra-

MAT after 21 days of bed rest while participants were maintained

in near-energy balance via individualized diets set at 1.2 × resting

metabolic rate, illustrating that IntraMAT accrual may occur despite

modest lean soft tissue losses and without evidence of meaningful

energy deficit. These findings suggest that: (1) IntraMAT accumulation

may occur even during negative energy balance and body weight

loss; and (2) caloric reductions during bed rest can exceed energy

expenditure declines, resulting in mild energy deficit, reinforcing point

1. Nevertheless, using a standardized dietary control in future studies

to isolate mechanisms could be a strong tool for causal inferences, and

mechanistic work to disentangle how IntraMAT can accumulate in the

presence of bodyweight losses may bewarranted.
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8 PROKOPIDIS ET AL.

F IGURE 2 Risk-of-bias assessment of the included studies.

Methodological variability also warrants consideration. For

instance, conventional T1-weighted MRI with manual segmentation

is less sensitive to subtle intramyocellular lipid shifts and could

overestimate IntraMAT, whereas Dixon-based fat-fraction imaging

provides greater precision and might consistently demonstrate

adipose accumulation (Bolsterlee et al., 2021; Ogawa, Yoshiko

et al., 2020; Wokke et al., 2013). Thus, despite variable findings,

mechanistic evidence indicates that unloading could activate fibro-

adipogenic progenitors and adipocyte-related proteins (e.g. perilipin,

FABP4), while suppressing oxidative capacity and lipid utilization.

This combination could create a permissive environment for ectopic

muscle fat deposition, a process consistently observed across

human and animal models (Gaster, 2011; Pagano et al., 2018; Tan

et al., 2025). Collectively, these mechanisms could explain why

paraspinal and soleus muscles consistently accumulated Intra-

MAT and InterMAT during bed rest, whereas thigh responses

remained more variable and context dependent. Methodological

heterogeneity highlights the need for advanced imaging to quantify

disuse-induced fat infiltration accurately, informing targeted

interventions.

4.2 Impact of unilateral immobilization

Unilateral lower-limb immobilization has been studied using diverse

models, each imposing distinct mechanical constraints. Knee bracing,

 1469445x, 0, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/E

P093306 by Spanish C
ochrane N

ational Provision (M
inisterio de Sanidad), W

iley O
nline L

ibrary on [06/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



PROKOPIDIS ET AL. 9

which restricts joint motion and predominantly inactivates the

quadriceps, could often lead to rapid IntraMAT accumulation in

thigh muscles (Holloway et al., 2019). In contrast, the Hephaistos

orthosis, which unloads the knee and anklewhile still permitting partial

weight-bearing, allows intermittent gastrocnemius activation; this

residual recruitment may facilitate lipid utilization and help to explain

reductions in gastrocnemius IntraMAT despite concurrent increases

in the soleus (Gerlach et al., 2017). This is crucial to consider, given

that model-specific constraints, such as knee bracing, could partly pre-

serve muscle activity in unloaded areas (e.g. gastrocnemius), leading

to variable fat accumulation in comparison to complete unloading in

suspension models, which may induce complete unloading and drive

InterMAT increases in both thigh and calf compartments (Manini et al.,

2007). Thus, immobilization model-specific constraints may lead to

variable fat accumulation, where complete unloading could exacerbate

InterMAT deposition.

The heterogeneity of these outcomes reflects not only differences

in model design and unloading intensity, but also intrinsic skeletal

muscle biology. The soleus, a slow-twitch muscle rich in oxidative

type I fibres, could be particularly lipid-prone during muscle disuse,

whereas the gastrocnemius, a fast-twitch muscle dominated by

glycolytic type II muscle fibres, often shows slower or inconsistent

changes (Soendenbroe et al., 2025; Vasileiadou et al., 2023).Moreover,

prolonged immobilization can promote fibre-type transitions from

oxidative type I muscle fibres towards more glycolytic type II fibre

phenotypes, further reducing oxidative capacity and exacerbating

lipid accumulation in slow-twitch compartments (Stein & Wade,

2005). Taken together, these findings indicate that the focal nature

of unilateral lower-limb immobilization, combined with partial pre-

servation of activity in some protocols, may result in more variable

remodelling of IntraMAT and InterMAT compared with the more

uniform vulnerability observed in systemic bed rest.

4.3 Future directions

Future research should focus on longitudinal studies, which are

particularly needed to capture both early and late phases of

remodelling, ideally incorporating molecular markers, such as

fibro-adipogenic progenitor activity, mitochondrial dynamics, and

lipid droplet turnover. Given the influence of energy balance on

ectopic muscle fat deposition, future protocols should also rigorously

control and report dietary intake, because differences in caloric

supply could confound the interpretation of muscle disuse-specific

effects. Added to this, considering some evidence around Intra-

MAT accumulation despite caloric reductions, mechanistic research

should be incorporated to investigate this phenomenon. Moreover,

model-specific differences, such as systemic unloading in bed rest

vs. immobilization, may yield variable thigh responses, warranting

work pertaining to within-study explorations between these disuse

models. Finally, clinical trials should link imaging-derived measures

of IntraMAT and InterMAT with functional outcomes to establish

their prognostic and therapeutic relevance. In parallel, targeted

interventions, such as exercise, warrant further evaluation, because

they have already demonstrated efficacy in attenuating these changes

during short-term bed rest (Mastrandrea et al., 2025; Prokopidis et al.,

2025).

4.4 Strengths and limitations

This systematic review integrates findings from two major disuse

models and distinguishes between IntraMAT and InterMAT

compartments, providing a comprehensive narrative synthesis

of available evidence. However, several limitations should be

acknowledged: (1) relatively few immobilization studies exist; (2)

most included small, homogeneous samples of young men; (3)

imaging modalities and analytical approaches varied substantially;

(4) several trials did not control rigorously for dietary intake, which

might confound observed changes in muscle fat infiltration; (5)

follow-up durations were often short, potentially underestimating

cumulative remodelling; (6) few studies directly assessed functional

correlations, limiting translational interpretation; (7) differences

in the duration of disuse protocols complicate synthesis across

studies; and (8) heterogeneity of imaging modalities. In particular,

heterogeneity in MRI techniques, including pulse sequences (e.g.

T1-weighted vs. Dixon), field strengths and fat quantificationmethods,

coimpact the sensitivity and comparability of IntraMAT and Inter-

MAT measurements (Huijgen et al., 2019; Wokke et al., 2013). Such

variability might complicate meta-analyses and narrative syntheses

and the interpretation of site-specific fat infiltration, particularly in

lumbar and thigh muscles. These limitations restrict generalizability,

particularly to older adults, women and patients with chronic disease;

populations for whom the clinical implications aremost relevant.

5 CONCLUSION

Muscle disuse is consistently associated with increases in IntraMAT

and InterMAT, but the magnitude and distribution of these changes

are highly dependent on the model and the muscle tissue. Bed

rest preferentially promotes accumulation in paraspinal and distal

muscles, whereas thigh responses remain inconsistent. Unilateral

immobilization produces more heterogeneous outcomes, with

divergent responses even within the calf, highlighting the role of

fibre-type composition and unloading characteristics. Preservation

of muscle structure should be an explicit target in preventive and

rehabilitative strategies, alongside maintenance of muscle strength

and function. Future research should prioritize standardized imaging

protocols, rigorous control of dietary intake, mechanistic insights,

and longitudinal designs incorporating both molecular markers

and functional outcomes, particularly in older adults and clinical

populations that may be more vulnerable to muscle disuse-induced

impairments.
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