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Abstract Osteosarcopenia is characterized by a progres-
sive decline in muscle function and bone strength and
associated with muscle fat accumulation. This study aimed
to determine the effect of long-term high intensity resis-
tance training (HIRT) on thigh muscle fat infiltration in
older men with osteosarcopenia. Forty-three community-
dwelling men (72 years and older) were randomly
assigned to either an exercise group (EG, n = 21) or an
inactive control group (CG, n = 22). EG participants per-
formed a supervised single-set exercise training with high
effort two times per week. Participants of both groupswere
individually provided with dietary protein to reach a

cumulative intake of 1.5–1.6 g/kg/day or 1.2–1.3 g/kg/
day (EG/CG), respectively, and Up to 10,000 IE/week of
Vitamin-D were supplemented in participants with 25 OH
Vitamin-D 3 levels below 100 nmol/l. Magnetic resonance
(MR) imaging was performed to determine muscle and
adipose tissue volume and fat fraction of the thigh. At
baseline, there were no significant differences between
the two groups. After 16 month,, there were significant
training effects of 15% (p = 0.004) on intermuscular adi-
pose tissue (IMAT) volume, which increased in the CG
(p = 0.012) and was stable in the EG. In parallel, fat
fraction within the deep fascia of the thigh (Baseline, EG:
18.2 vs CG: 15.5, p = 0.16) significantly differed between
the groups (Changes, EG: 0.77% vs. CG: 7.7%, p =
0.009). The study confirms the role of fat infiltration of
the muscles as an advanced imaging marker in
osteosarcopenia and the favorable effects of HIRT on
adipose tissue volume of the thigh, in men with
osteosarcopenia.
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Introduction

Osteosarcopenia, a combination of osteoporosis and
sarcopenia, is characterized by a progressive decline in
muscle function and bone strength [1], resulting in an
increased risk of falls and eventually of fractures in older
adults [2]. The term osteosarcopenia emphasizes the
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increasing understanding of bone muscle interactions and
challenges the exclusive role of bone-related risk factors
for osteoporotic fractures. Muscle-related risk factors
may be equally important [3]. The interdependence of
age-related changes of muscle, fat, and bone may be a
key factor to develop effective therapies to target disabil-
ity and subsequent mortality in older adults [4].

Muscle function declines with age but pathophysio-
logical causes are not fully understood. Muscle size is
only weakly associated with muscle function [5]. Re-
cently, mechanisms of immobility and inflammation
triggered fat accumulation have been suggested as lead-
ing causes for declining muscle quality, not only in
osteosarcopenia but also in many other metabolic dis-
eases [6–8]. Traditionally, intermuscular adipose tissue
(IMAT) determined in T1-weighted magnetic resonance
(MR) images and more recently muscle fat fraction (FF)
determined in MR Dixon images have been used to
quantify muscle fat infiltration.

Resistance exercise is an effective therapy to increase
muscle strength and to reduce fractures in older adults
[9]. Some initial studies have also shown beneficial
effects of resistance exercises on muscle fat [10]. Sev-
eral studies in postmenopausal women with increased
risk for osteoporotic fractures focused on high intensity
resistance training (HIRT) to improve muscle strength,
balance, and to increase muscle mass [11]. Correspond-
ing studies in males are rare and effects of HIRT in
elderly males are not well known. Therefore, we have
initiated the Franconian Osteopenia and Sarcopenia Tri-
al (FrOST) to investigate effects of high intensity resis-
tance training in older men with osteosarcopenia. The
trial design and first results have been published earlier
[12–14]. The aim of this study was to examine the effect
of HIRT on thigh muscle and fat infiltration in the
FrOST cohort. We hypothesized that long-term resis-
tance exercise training has a positive effect on muscle
quality and specifically on IMAT in older men with
osteosarcopenia.

Material and methods

This randomized controlled trial was conducted by the
Institute of Medical Physics, University of Erlangen-
Nürnberg, Germany. The project was approved by the
university ethics committee (numbers 67_15b and
4464b) and the federal bureau of radiation protection
(BfS, number Z 5–2,246,212 - 2017-002). The project

fully complied with the Helsinki Declaration [15]. All
study participants gave their written informed consent
after receiving detailed information. The study was
performed between February 2018 and February 2020
and r e g i s t e r e d unde r C l i n i c a lT r i a l s . g ov :
NCT03453463.

Participants

Details of the recruitment procedure have been pub-
lished previously in detail [13]. Briefly, 180
community-dwelling men 72 years and older of a pre-
vious study [16] were monitored. Applying the inclu-
sion criteria (a) morphometric sarcopenia (skeletal mus-
cle mass index (SMI) ≤ 7.26 kg/m2 [17, 18]) and (b)
osteopenia or osteoporosis at the lumbar spine (LS) or
total hip (tHip) [19]), and the exclusion criteria (a)
secondary osteoporosis, (b) pharmacologic therapy or
disease with impact on bone or muscle metabolism
during the last 2 years, (c) hip fractures, (d) limitations
or problems that prevent intense exercise (e) participa-
tion in any resistance training during the last 2 years, and
(f) alcohol consumption > 60 g/d ethanol, in summary,
43 men were eligible and willing to participate. Men
were randomly allocated to an exercise (EG, n = 21) or
control (CG, n = 22) group; however, due to contraindi-
cations for MRI, the present analysis included 16men of
the EG and 20 men of the CG (Fig. 1).

Interventions

The EG attended two supervised exercise sessions per
week for 16 months on machines in a well-equipped
(MedX, Ocala, FL, USA), centrally located gym (Kieser
Training, Erlangen, Germany). In intended or unintend-
ed cases of temporary inability (holidays, illness), sub-
jects were allowed to visit a third session in the week
before and/or after.

We applied a periodized HIRT defined as single-set
exercise training with high effort; details have been
published previously [13]. Our training strategy concen-
trated on short but intense bouts of resistance exercise
performed on machines without any other types of
exercises either in parallel or as a warm up. With few
exceptions, all major and minor muscle groups were
addressed by the various exercises periods.

The exercise intensity was consistently adopted by
prescribing a range of repetitions (i.e., 5–7 or 8–10 reps)
and the corresponding degree of work to failure
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(“effort”)1 [20–22]. We used a specific approach that
classified set endpoints as “non-repetition maximum”
(nRM), “(self-determined) repetition maximum” (RM),
or (not applied during year one) “complete momentary
muscular failure” [20]. In order to quantify the relative
intensity (% 1RM) of a range of reps and the corre-
sponding “effort” [20], we frequently conducted leg and
bench press 1RM-maximum tests for according to the
approach of Kraemer [23].

The 18 months intervention was structured into 5
periods (meso-cycles) with different aims and training
protocols. The first training period focused on education
and experience to select the adequate load. Eight exer-
cises as single set and 4 exercises as double sets of 8–15
repetitions (reps), using nearly the full range of motion
with 90–120 s rest, were prescribed. During the second
period, participants performed the single set of 14 exer-
cises with 90 s of rest. The programs designed to the
repetition in reserve (RIR) approach [24]. The RM ap-
proach was introduced with the start of the third period,
and with the exception of back extension, about one-third
of the sets were conducted with an explosive movement
in the concentric phase. The superset approach intro-
duced at the start of the fourth period addressed the same
or related muscle groups (e.g., knee extension and leg
press), or agonist and antagonist (e.g., leg press and leg
curls). At the end, we introduced drop-sets. That is, after

work to RM (≤ 10 reps) or RM-1 rep, load was immedi-
ately decreased by 10–20% in order to complete more
reps also conducted up to RM or RM-1 reps.

Supplements

All participants were provided with a supplementation
of protein, cholecalciferol, and calcium according to
recent recommendations [25, 26]. At baseline dietary
protein intake was calculated based on 4-day dietary
protocols (Freiburger Nutrition Record, nutri-science,
Hausach, Germany). Results were carefully checked
and discussed. In cases of unrealistic results (e.g., ener-
gy intake < 1000 kcal/d or > 3500 kcal/d), the partici-
pant was asked to complete another diet record based on
more representative days.

All participants were provided with whey protein
powder (Active PRO80, inkospor, Roth, Germany).
According to present recommendations [25], the EG
was supplied to reach a cumulative daily protein intake
of 1.5–1.6 g/kg body-mass, while the CG was supplied
to reach a cumulative daily protein intake of 1.2–
1.3 g/kg body-mass/d. The chemical score of the protein
product is 159, 100 g/d represented a caloric value of
360 kcal and contained 80 g of (whey) protein with a
high L-leucine (9 g) and essential amino acid (57 g)
component. Participants were asked to take the protein
powder with low fat milk, doses of more than 40 g were
split. There was no focus on intake at a specific time of
the day.

1 E.g., maximum effort minus 1–3 reps; defined as non-repetition
maximum: “Set endpoint when trainees completed a pre-determined
number of repetitions despite the fact that further repetitions could be
completed.”

180 community-dwelling men with low muscle mass, 72 years and older were willing to 

participate in the study and were assessed for eligibility

130 men were excluded by criteria:
102 men: No sarcopenia

26 men: No osteopenia 

1 man: Secondary osteoporosis

1 man: Problems getting to the gym

7 men: refused to participate in the study 

43 men were randomly allocated to the study groups

Exercise Group (EG): n=21 

All received allocated intervention

Non-training control (CG): n=22

All received allocated intervention

Lost to follow-up: n=5:

Lost interest: n=1

Prostate cancer: n=1

Contraindications for MRI: n=3

Lost to follow-up: n=2:

Lost interest: n=1

Contraindications for MRI: n=1

Participants included in the ITT analysis (MRI)

EG: n=16 CG: n=20

Fig. 1 Participant flow through
the study

609GeroScience (2021) 43:607–617



Twenty-five OH vitamin D3 (25-OHD3) levels of all
participants were determined at baseline and after 6 and
12 months. Independent of their group affiliation, par-
ticipants with serum concentrations below 75 nmol/l
(n = 37) were asked to ingest four cholecalciferol units
(MYVITAMINS, Manchester, UK) of 2500 IE a week
(i.e., 10,000 IE/week) and those with 76 to ≤ 100 nmol/l
were requested to take two capsules of 2500 IE/d, a
week (i.e., 5000 IE/week).

Based on dietary calcium questionnaires (Rheumaliga,
Switzerland), each participant received an individual sup-
plement (calcium capsules; Sankt Bernhard, Bad
Dietzenbach, Germany) to ensure a cumulative calcium
intake of 1000 mg/d.

Assessments

All assessments were highly standardized. The same
research assistant consistently led, supervised, and/or
analyzed a given assessment at about the same time of
day (± 2 h). Tests were consistently conducted at the
same location, in the identical order, and with the same
calibrated devices. Participants were asked to maintain
their dietary habits and lifestyle including physical ac-
tivity and exercise routines outside the present study
intervention. Before all experiments, participants com-
pleted a standardized questionnaire that asked for (a)
demographic parameters, (b) diseases, pharmacologic
therapy/dietary supplements, and operations, (c) physi-
cal limitations, (d) falls and injurious falls, (e) injuries
and low trauma fractures within the last year, and (f)
lifestyle, including physical activity and exercise [27,
28]. The questionnaires were carefully checked for con-
sistency, completeness and accuracy in close interaction
between the primary investigator and participants. The
final assessments took place after the regeneration week
of the last mesocycle. However, due to logistic reasons,
baseline MR imaging assessments were conducted 5–
6 weeks after the start of the intervention, i.e., 1–2 weeks
after the conditioning and familiarization period. Final
MR imaging assessments were performed during the
regeneration week of the penultimate mesocycle (i.e.,
4 weeks before intended study end).

Anthropometric measurements

Body height was assessed by a Holtain stadiometer
(Crymych Dyfed, Great Britain). Body mass was deter-
mined via direct-segmental, multi-frequency Bio-

Impedance-Analysis (DSM-BIA; InBody 770, Seoul,
Korea); body composition was evaluated by Dual Ener-
gy X-Ray Absorptiometry (DEXA, QDR 4500a, Dis-
covery-upgrade, Hologic Inc., Bedford, USA), accord-
ing to the specification of the manufacturer.

MR imaging and analysis

MRI acquisition was performed using a 3T scanner
(MAGNETOM Skyrafit, Siemens Healthineers AG, Er-
langen, Germany) and an 18-channel body surface coil.
The flexible coil was wrapped around the left mid-thigh.
Thirty slices with a thickness of 3 mm covering a length
of 9 cm were acquired. The protocol included a clini-
cally common T1-weighted Turbo Spin Echo and a 6-
point Dixon Gradient Echo Volumetric Interpolated
Breath-hold Examination (Dixon) sequence to deter-
mine proton density fat fraction [29]. Intensities in the
FF images are in a range of 0–1000 corresponding to a
FF of 0.0–100.0%. By this sequence, a direct measure-
ment of fat content in a specific voxel is possible.

Image analysis was performed using MIAF (Medical
Image Analysis Framework, University of Erlangen).
The analysis started with a segmentation of the outer
surface of the thigh, the femoral bone, and the fascia lata
in the T1 images (Fig. 1). Segmentation was based on a
multi-stage approach combining fuzzy c-means cluster-
ing, level sets, and 3D filtering of structures belonging
to the fascia lata as described previously [30]. The
analysis of the T1-weighted images resulted in total
thigh volume, which was further divided in subcutane-
ous adipose tissue (SAT) and intra-fascia (IF) volume.

The segmentation masks obtained in the T1 images
were 3D registered to quantitative Dixon FF images to
directly measure the percentage of fat within IF. Based
on the histogram of the FF values of all voxels within IF,
a threshold was determined to separate IMAT from
muscle tissue (Fig. 2). In order to avoid partial volume
artifacts, voxels at the border between muscle tissue and
IMAT were excluded from analysis. Subsequently vol-
ume of IMAT and muscle tissue and FF of muscle tissue
were determined. In addition, ratios IMAT volume/intra
fascia volume and muscle tissue volume/intra fascia
volume were calculated.

Statistical analysis

Multiple imputation (ITT) using R statistics software (R
Development Core Team Vienna, Austria) in

610 GeroScience (2021) 43:607–617



combination with Amelia II [31] was used to compare
changes in MR based imaging parameters between EG
and CG after 16 months. The full data set was used for
ITT, and repeated imputation 100 times. As confirmed
by over-imputation diagnostic plots (“observed versus
imputed values”) provided by Amelia II, the imputation
worked well in all cases. Normal distribution of the data
was checked by statistical (Shapiro-Wilk test) and
graphical (qq-plots) tests. All the study outcomes ad-
dressed here were analyzed by dependent t-tests, apply-
ing t-test comparisons with pooled SD. All tests were 2-
tailed, significance was accepted at p < 0.05. ITT results
were compared to a per protocol (PP) analysis in which
outcomes were also analyzed by dependent t tests. Fur-
ther, between group differences after 16 months were
also analyzed by ANCOVA using group as covariate.
As p values of the PP and the ANCOVA were very
similar to the ITT analysis and significance did not
change with one exception discussed below, results of
the PP analysis are omitted.

Results

Three participants of the CG and two participants of the
EGwere lost to follow-up (Fig. 1). Two participants lost
interest, one participant of the EG suffered from prostate
cancer and withdrew from the study, and two other CG
participants were unable to attend the final assessment
due to a hip fracture and influenza infection.

Baseline characteristics

Baseline characteristics of anthropometric measure-
ments and of variables determined from the question-
naires are presented in Table 1 (published previously
[14]). There were no significant differences between
exercise and control groups except for protein intake.
Average dietary protein intake was very high in the CG
and differed significantly from the EG.

MRI assessments

Results are summarized in Table 2. At baseline, no
significant differences between control and exercise
groups were observed for any of the variable, although
numerical differences were in particular high for IMAT
and total thigh volume.

After 16 months thigh (− 2.8%) and intra-fascia vol-
ume (− 2.0%) decreased significantly in EG whereas for
these parameters no significant changes were detected in
CG. In contrast, CG IMAT volume (10.3%) significant-
ly increased and muscle tissue volume (− 2.6%) signif-
icantly decreased, while no significant changes were
observed in EG. Intra-fascia FF significantly increased
in the CG and was stable in EG, while muscle tissue FF
(CG: 6.5%; EG 3.0%) significantly increased in both
groups after 16 months. The difference in increase (%)
in muscle tissue FF between both groups was borderline
significant. The only parameter were results of the ITT
analysis (p = 0.57) and the Ancova (p = 0.02) differed
with respect to significant–non significant.

Group differences after 16 months were significant
for IMAT volume as well as for intra-fascia FF. IMAT
volume and intra-fascia FF increased more in the CG
than in EG.

Results of the derived MR assessments are summa-
rized in Table 3. In CG, the ratio of IMAT to fascia
volume significantly increased and relative muscle tis-
sue volume significantly decreased after 16 months,
while changes were not significant in the EG. Between
groups differences after 16 months were significant for
both parameters.

Discussion

This study presents additional data of the randomized
controlled FrOST trial, a study in elderly men with
osteosarcopenia. In this study, we applied a time effec-
tive HIRT protocol, i.e., a single-set resistance exercise
protocol with high strainmagnitude, rate, and high effort
which was recently recommended as a very effective
training strategy [34]. Here we presented results of
muscle fat infiltration of the thigh from 3D noninvasive
MR imaging specifically focusing on intermuscular ad-
ipose tissue and fat fraction. Other aspects of the study
such as the effect of HIRT on the sarcopenia Z-score
[35], bone mineral density [14], and whole body com-
position [12] have been reported separately.

After 16 months, there was a significant increase of
IMAT combined with a significant decrease in muscle
tissue volume in the non-exercising compared to the
exercising men. Results persisted after normalizing
IMAT and muscle tissue volume to the fascia lata vol-
ume. In parallel, fat fraction within the fascia lata was
significantly increased in CG relative to EG after
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16 months. On the basis of these results, the HIRT
prevented a further increase of IMAT and of muscle

atrophy that was observed in the control group, possibly
indicating that the exercise intervention was able to slow
down or halt the process but did not reverse it. Interest-
ingly, the dominant training effect was observed on
IMAT volume and in parallel on intra fascia FF. The
effect on FF of muscle tissue, which unexpectedly also
increased in EG, was much lower and only borderline
significant between the both groups.

The increase of the IMAT to fascia volume ratio in the
control group implies an increase in muscle atrophy con-
sistent with the results of a deceasing ratio of muscle tissue
volume to fascia volume. The increase of IMAT and
muscle atrophy in the control group is most likely normal
age-related processes [10, 36]. Average protein levels of
the control group observed at baseline were not changed
during the course of the study; only three subjects of this
group received any protein supplementation.

IMAT was not significantly reduced by exercise
although a numerical decrease of 4.6% was observed.
Other studies reported significant exercise related de-
creases in IMAT [10, 37, 38]. However, a comparison of
exercise effects on IMAT across the few published
studies is difficult. First, cohorts differ: elderly men with
osteosarcopenia in our study, elderly men and women
with different preconditions such as cancer, multiple
sclerosis, or stroke in [10], and healthy young and older
men and older women in [38] or obese elderly males and
females [37]. Second, a non-exercising control group
existed only in FrOST. Third, type of training, resistance
versus aerobic, and duration of training differed. Fur-
ther, MRI protocols differed. In our study, a 3D assess-
ment of IMAT volume in cm3 and of FF in % was

Fig. 2 Segmentation of magnetic resonance (MR) images. Left:
T1-weighted image used for the segmentation of the fascia lata
(magenta). Thigh volume: area inside blue contour; SAT (subcu-
taneous adipose tissue): area between blue and magenta contours.
Intra fascia volume: area inside magenta contour excluding bone
(green contour); Intermuscular adipose tissue (IMAT): all bright
pixels inside the fascia lata; Center: Dixon fat fraction (FF) map.

The poorer spatial resolution compared to the T1 image is obvious,
Right: segmented Dixon FF map showing IMAT (yellow) and
muscle tissue (red). Black voxels inside the fascia lata were not
analyzed. They are located at the borders between IMAT and
muscle tissue and their intensities are affected by partial volume
artifacts

Table 1 Baseline characteristics of the participants of the exercise
and control group

Variable EG (n = 21) CG (n = 22) p

Age [years] 77.8 ± 3.6 79.2 ± 4.7 .262

Body mass index [kg/m2] 25.0 ± 3.0 24.5 ± 1.9 .515

Total body fat [%] 28.6 ± 5.8 30.5 ± 6.8 .330

Physical activity [index]a 4.45 ± 1.32 4.15 ± 1.53 .490

Exercise per week [min] 59 ± 56 46 ± 52 .780

Three (3) or more diseases [n]b 10 12 .826

Hip and knee arthritis [n]b 2 2 .959

Low back pain [n] 3 4 .527

Diabetes mellitus type II [n] 1 1 .960

Habitual gait velocity [m/s] 1.25 ± 0.17 1.26 ± 0.15 .703

LLFDI [index] c 1.51 ± 0.74 1.44 ± 0.53 .727

25 (OH)D [nmol/l]d 43.8 ± 17.5 54.0 ± 21.1 .126

Energy intake [MJ/d]e 8.84 ± 1.71 9.39 ± 2.42 .407

Protein intake [g/kg/d]e 1.10 ± 0.25 1.29 ± 0.34 .043

Calcium intake (mg/d)f 802 ± 226 833 ± 282 .636

Smokers [n] 3 4 .959

CG control group; EG exercise group; significant p values are
shown in bold
a scale from (1) “very low” to (7) “very high” [28]; b using the
ICD-10 based disease cluster of Schäfer et al. [32]; c LLFDI (Late
Life Function Disability Instrument) [33]: scale from (1) “no
problem” to (5) “impossible”; d Roche Diagnostics, Mannheim,
Germany; e as determined by a 4-day dietary record; f as deter-
mined by a Calcium Questionnaire provided by Rheumaliga,
Switzerland)
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performed compared to the assessment of IMAT cross
sectional area (CSA) in cm2 in the other two studies.

Two exercises studies, one in subjects with type 2
diabetes [39] and one in older adults with a history of
falls [40] did not find any exercise effects on IMAT
even when compared to a control group but training
periods of just 3 months may have been too short. As

detailed above, the majority of studies including FrOST
showed positive effects of exercise on IMAT in elderly
subjects across various diseases when comparing group
differences. This is highly important as in contrast to
SAT, IMAT of the thigh is associated with muscle
function and mobility in older adults, either healthy or
with comorbid conditions such as insulin resistance,

Table 2 Baseline and absolute and percentage changes after 16 months

Baseline (SD) Δ Absolut (SD) Δ % p*

Thigh volume [cm3] CG 1494 (122) − 10.3 (52) − 0.7 .49

EG 1625 (243) − 44.9 (75) − 2.8 .007

p** .065 .14 –

SAT volume [cm3] CG 314 (72) 1.6 (37) 0.51 .85

EG 358 (130) − 14.7 (41) − 4.1 .15

p .24 .20

Intra fascia volume [cm3] CG 1125 (99) − 14.8 (38) − 1.3 .14

EG 1210 (164) − 24.2 (50) − 2.0 .04

p .08 .54 –

IMAT volume [cm3] CG 69.2 (27) 7.1 (10) 10.3 .008

EG 104.4 (74) − 4.8 (12) − 4.6 .09

p .09 .004 –

Muscle tissue volume [cm3] CG 999 (91) − 25.6 (38) − 2.6 .018

EG 1024 (113) − 21.7 (53) − 2.1 .07

p .49 .81 –

Intra fascia FF CG 15.5 (3.9) 1.2 (0.97) 7.7 < .001

EG 18.2 (6.9) 0.14 (1.2) 0.77 .60

p .16 .009 –

Muscle tissue FF CG 7.7 (1.8) 0.50 (0.33) 6.5 < .001

EG 8.3 (2.4) 0.25 (0.40) 3.0 .007

p .39 .06 –

* Within-group differences (follow up vs baseline); ** Between-group differences (CG vs EG); CG control group; EG exercise group; Δ
change between baseline and 16 months measurements; FF fat fraction; IMAT intermuscular adipose tissue; SAT subcutaneous adipose
tissue; SD standard deviation; significant p values are shown in bold

Table 3 Mean relative value and changes of IMAT and muscle tissue in the exercise and control groups

Baseline (SD) Δ Absolut (SD) Δ% p*

IMAT/fascia volume CG 0.059 (0.022) 0.007 (0.008) 11.9 .002

EG 0.080 (0.044) − 0.002 (0.012) −2.5 .49

p** .11 .014 –

Muscle tissue/fascia volume CG 0.86 (0.05) − 0.013 (0.011) −1.5 < .001

EG 0.82 (0.09) − 0.003 (0.017) −0.37 .40

p .19 .056 – –

* Within-group differences (follow up vs baseline); ** Between-group differences (CG vs EG); CG control group; EG exercise group; Δ
change between baseline and 16 months measurements; IMAT intermuscular adipose tissue; SD standard deviation; significant p values are
shown in bold
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type 2 diabetes, metabolic syndrome, stroke, spinal cord
injury, or obesity [41–44]. Aging is related with an
accumulation of IMAT [10, 45, 46] which contributes
to osteosarcopenia [3]. Therefore, the prevention of fat
infiltration has been suggested as a novel therapeutic
method in osteosarcopenia [1].

A current limitation of studies assessing IMAT is the
lack of standardization of the measurement. Even the
term IMAT is used in different contexts. The traditional
definition is based on T1-weighted MRI images and
denotes the “white” pixels within the fascia lata [8],
from which usually an IMAT CSA is measured. Some-
times IMAT CSA is averaged over multiple slices [10].
As an alternative, an IMAT volume as in our study can
be measured, which also considers the slice thickness.
The interpretation of absolute values such as area or
volume may be problematic as they depend on body
size. Thus, for comparison across studies IMAT should
be normalized, for example, to the volume bounded by
the fascia lata [30]. Some studies normalize IMAT area
or volume also to the corresponding muscle area or
volume [40, 43]. It must also be remembered that IMAT
depends on the spatial resolution of the MRI dataset, the
higher the resolution the higher IMAT [47]. Finally, in
some publications [42] IMAT refers to intramuscular
adipose tissue, which excludes all perimuscular adipose
tissues. However, in in vivo imaging, this definition is
problematic as in T1-weighted MRI images intramuscu-
lar adipose tissue would only comprise the visible white
voxels within muscles, i.e., only an unknown portion of
the total intramuscular adipose tissue.

It is a strength of our study that we presented IMAT
volume, the ratio of IMAT to fascia volume and in
addition FF obtained from an additional 6 pt Dixon
sequence [48]. FF results confirmed the volumetric re-
sults obtained from the T1-weighted MR images. An-
other strength is the rather long study duration of
16 months. Limitations of the study were the relatively
small number of subjects with respect to the MRI anal-
ysis. The FrOST study was powered for BMD, not for
parameters of muscle fat infiltration. Nevertheless, sig-
nificant results on IMAT were observed. Another limi-
tation seems to be the relatively large although not
significant baseline difference in IMAT volume be-
tween EG and CG. Also the ratio IMAT to fascia
volume was comparable between the two groups.

Diagnosis of sarcopenia and also of sarcopenic obe-
sity remains challenging due to the variability of key
symptoms and cutoffs for functional deficits [49]. In

addition, the variability of pathophysiological factors
results in sometimes extreme complexity, mainly be-
cause there is a considerable influence of disuse in,
e.g., cardiovascular and lung comorbidities and also of
chronic inflammatory conditions in metabolic diseases
including type 2 diabetes and obesity. IMAT and fatty
muscle infiltration may be influenced by all the above
conditions but may also develop as an endogenous
problem based on chronic inflammatory tissue condi-
tions like aging and cellular senescence [8]. Medical
interventions such as SARMs and antagonists for
myostatin and activin showed effects mainly on muscle
mass but not on function, unless the respective clinical
trials also included specific exercise interventions [50].
In contrast, a recent meta-analysis [51] showed that if
exercise can be performed, physical training showed
overall significant positive effects on muscle strength
and physical performance but not on muscle mass.
Exercise seems to halt the process of fatty infiltration
as a read out of progressive disease and has positive
effects on metabolic parameters and inflammation. This
challenges questions as to which patients would get
benefit from combined treatment strategies in order to
reverse the inflammatory process that impairs continu-
ous regeneration and functional performance. Future
studies should be homogenized in design as recently
recommended and should carefully evaluate the benefit
of combined medical and physical treatments on func-
tional performance, metabolic parameters including fat-
ty muscle infiltration and healthy aging [52]. Chronic
inflammatory processes also trigger fatty infiltration of
bone marrow which impair mechanotransduction and
consequently bone remodeling, one of the causes of
osteoporosis [8]. Indeed, after 12 month of exercise in
the FROST study, lumbar spine BMD as measured by
quantitative computed tomography was maintained in
the EG and decreased significantly by 4.1 in the CG,
resulting in significant between-group differences [13].

Conclusion

In elderly men with osteosarcopenia, a high intensity
resistance training prevented a further increase of mus-
cle fat infiltration of the thigh determined as IMAT and
FF which was observed in a non-exercising control
group. In the CG, the increase in IMAT was accompa-
nied by muscle atrophy. The combination of T1-
weighted MR and Dixon sequences is an effective tool
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to investigate muscle fat infiltration, but outcome pa-
rameters must be further standardized to be better com-
parable across studies. The study confirms the value of
fat infiltration as an advanced imaging marker in
sarcopenia and its potential impact on osteoporosis.
These data also demonstrate that the development of
fatty infiltration of musculature is a rapidly progressive
disease in these elderly males, which can be retarded but
not substantially be reversed by HIRT at least with the
time and intensity of exercise applied here. Whether
combined HIRT exercise and sarcopenia medication
can reverse IMAT in this elderly population remains to
be documented in appropriate studies.
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