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Background: There is an increasing trend in the consumption of poor-quality diets
worldwide, contributing to the increase of non-communicable diseases. Diet directly
influences physiological composition and subsequently physical health. Studies have
shown that dietary macronutrient and energy content can influence the proportion of
intramuscular fat (IMF), which mediates various metabolic and endocrine dysfunction.
The purpose of this systematic review was to identify evidence in the literature asses-
sing the association between different dietary interventions on the proportion of IMF in
humans.

Methods: Three medical databases were investigated (Medline, EMBASE, and
Cochrane) to identify studies assessing changes in IMF after dietary interventions. The
primary outcome measure was the change in IMF proportions after a dietary interven-
tion. The effects of high-fat, high-carbohydrate, low-calorie, and starvation diets were
assessed qualitatively. A meta-analysis assessing the effect of high-fat diets was con-
ducted. Follow-up sensitivity and subgroup analyses were also conducted.

Results: One thousand eight hundred and sixty-six articles were identified for review. Of
these articles, 13 were eligible for inclusion after a full screening. High-fat diets increased
IMF proportions, standardized mean difference = 1.24 (95% confidence interval,
0.43-2.05) and a significant overall effect size (P = 0.003). Diets with an increased
proportion of carbohydrates decreased IMF proportions; however, increasing caloric
intake with carbohydrates increased IMF. Starvation diets increased IMF stores, and
hypocaloric diets did not result in any IMF proportion changes.

Conclusion: This systematic review suggests that high-fat diets and diets with caloric
intake increased above the amount required to maintain BMI with carbohydrates, and
short-term starvation diets are associated with increases in IMF content. Further studies
are needed to assess the effects of macronutrient combinations on IMF and the influence
of diet-induced IMF alterations on health outcomes. In addition, IMF poses a possibly
effective clinical marker of health.
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INTRODUCTION

The prevalence of poor-quality diets has increased worldwide
in the past two decades, presenting as a main contributor to the
increasing rates of chronic illness and mortality (1, 2). A study by
Ward et al. (3) showed that one in four adults had two or more
chronic health conditions. This is projected to increase in the
coming years, accounting for 62% of worldwide deaths (4-6).
Increases in body fat deposition increase the risk of developing
non-communicable diseases. Intramuscular fat (IMF) propor-
tions are principal mediators of various metabolic and endocrine
functions that lead to these diseases (7, 8).

Studies have shown that dietary macronutrient distribution
and energy content can influence the proportion of IMF (9-11).
Common diet interventions include various combinations of
fat, carbohydrate, and protein proportions as well as low-calorie
and starvation diets. Increases in fat consumption, saturated or
unsaturated, has been correlated with increases in the proportion
of IMF in rodents, cattle, and porcine (12, 13). Buettner et al. (14)
and van den Broek et al. (15) report increases in the proportion
of IMF with high-fat diets in rodents. Similarly, high-fat diets are
also associated with increases in IMF levels in humans (16). The
effects of high-carbohydrate and low-calorie/starvation diets on
IMF present conflicting results in the literature. Lapachet et al.
(17) report unchanging IMF content in rats following a high-
carbohydrate diet. In humans, Kiens et al. (9) and Maersk et al.
(11) reported increases in IMF with increased dietary intake
of carbohydrates. Very low-calorie or starvation diet interven-
tions result in conflicting IMF content changes. Starvation diets
induce IMF loss in porcine (18). In humans, there are reports
of significantly higher proportions of IMF following starvation
or low-calorie interventions (19, 20). Conversely, Larson-Meyer
et al. (10) reported no significant changes in IMF with a low-
calorie diet intervention compared to a control diet. It should be
noted that changes in the proportion and metabolism of IMF can
depend upon physical fitness. For example, in the so-called athlete
paradox, high IMF levels are present in highly trained endurance
athletes as a result of physiological adaptations to training (21);
however, the influence of exercise training on IMF regulation is
beyond the scope of this review. Since IMF mediates metabolic
and endocrine functions, assessing the influence of diet on IMF
levels is of clinical importance.

Increases in IMF have been implicated in the development of
negative health outcomes such as metabolic syndrome and poor
muscle strength, presenting a risk for the progression of chronic
illness (22, 23). With the increase of nutrient-poor and energy-
dense diets, predominantly the result of increases in high-fat and
high-carbohydrate foods, the impact of dietary composition on
IMF is important to elucidate (1). Poor IMF sequestering and
higher levels of stored IMF have been associated with diseases such
as diabetes and obesity and were found to mediate physiological
functions such as insulin sensitivity (23-25). For instance, higher
IMF levels are associated with increased insulin resistance. IMF
may serve as a clinical marker of health status and diseases pro-
gression, as mounting evidence suggests that IMF is a significant
mediator of chronic illness and an indicator of musculoskeletal

health. IMF proportions can be readily imaged clinically using
ultrasound and magnetic resonance imaging modalities (26-29).
Currently, there are no systematic reviews assessing the effect of
diet on IMF in humans. The purpose of this systematic review
is to identify and evaluate literature assessing the association
between different dietary interventions on the proportion of IMF
in humans. The results of this study will provide insight into the
anatomical changes associated with dietary intake and may pro-
vide useful implications for clinical dietary recommendations.

MATERIALS AND METHODS

This study was performed in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-analyses
(PRISMA). An information specialist conducted a comprehen-
sive systematic search of the literature in Medline (including
Medline ePub Ahead of Print, In Process, and Other Non-Indexed
Citations), EMBASE, and the Cochrane CENTRAL Register of
Controlled Trials. Searches in each database were conducted
from inception of the database to January 2017. The search strate-
gies broadly searched for text words describing the words IMF,
lipids triacylglycerol, or triglyceride. Searches were then limited
to English papers and human populations. Google scholar was
also searched to identify any missed articles. The full Medline
search can be viewed in Appendix A.

Randomized controlled trials (RCTs), quasi-RCTs, controlled
trials, randomized controlled crossover trials, or controlled
crossover trials were included in this study. Crossover studies
were included as they present low between-group variability and
lend robust findings, particularly in studies with multiple dietary
interventions. Systematic reviews, case—control, and cohort
studies were excluded. Studies assessing the effects of interven-
tions on pediatric populations, populations with chronic illness,
and animal studies were excluded from this review because our
purpose is to investigate dietary effects on humans with mature
physiology. We included studies assessing the effects of any
dietary intervention that implemented macronutrient modifica-
tions. Our primary outcome was the change in IMF proportions
after a dietary intervention. Studies presenting changes associated
with IMF physiology were excluded, as we were interested in the
outcome of dietary intervention on IMF proportions rather than
the mechanism to achieve these anatomical changes.

Two reviewers, SA and DS, independently assessed the titles
and abstracts eligible for a full screen, and conflicts were resolved
by a third reviewer, SK. Reviewers SA and DS screened full arti-
cles and determined those to be included in the review. Reviewers
SA and DS completed data extraction independently and risk of
bias assessments without blinding to authorship or journal. The
risk of bias in the articles was determined using the checklist
proposed by Downs and Black (30) for methodological quality in
healthcare intervention studies. The criteria assessed were selec-
tion, performance, measurement, attrition, and reporting.

Data Analysis
Studies were assessed qualitatively for the sample size, study
design, proportion of men and women, age of the sample
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population, the macronutrient distributions or lack thereof in low/
calorie starvation diets, the muscle assessment site, and the meas-
urement modality. Results from each study were summarized,
and trends associated with changes in IMF after different diet
interventions were described.

The effect measures chosen were standardized mean differ-
ences (SMDs) for continuous data. Uncertainty was expressed
using 95% confidence intervals (CIs). A meta-analysis was
conducted to estimate pooled SMDs for each category using the
RevMan© software (version 5.3.5, Software RevMan, Cochrane
Collaboration). A random-effects model (DerSimonian and
Laird method) was used to estimate the pooled SMD due to the
variance in study interventions. The inverse variance method was
used to calculate the pooled SMD. If a study presented multiple
intervention comparisons or body area for muscle biopsy or scan,
this was reported as a separate entry in the meta-analysis. Cohen’s
criteria were used to determine the effect size of SMDs, where a
SMD between 0.2 and 0.5 is small, and a SMD between 0.5 and
0.8 is moderate, and a SMD above 0.8 is large (31). SMDs below
0.2 were considered unsubstantial.

The y test was used to assess heterogeneity with an alpha of
0.05. The I* test for heterogeneity was used, with <25% represent-
ing low heterogeneity, 25-50% representing moderate heteroge-
neity, and over 50% representing high heterogeneity (32). Visual
inspection of a funnel plot and an Egger’s test for funnel plot
asymmetry was planned to assess for publication bias; however,
there were too few studies (<10) in each intervention group
to substantiate a powerful study. Clinical and methodological
variability was assessed qualitatively to determine the sources of
heterogeneity. Clinical variables may include age, physical activ-
ity, and gender of study participants. Methodological variables
may include duration of dietary intervention, type characteristics
of the dietary intervention, and blinding of assessors. A subgroup
analysis was conducted to quantitatively ascertain sources of
heterogeneity. Percent males, physical activity, trial type, assessed
muscle, and measurement technique were included as subgroups.
A sensitivity analysis was also conducted by removing studies
with a minimum group sample size below 8, those who did not
elucidate participant characteristics (gender, age, physical activ-
ity), and those with a higher risk of bias.

RESULTS

After the removal of duplicates, 1,866 studies were identified for
preliminary screening. The title and abstract screening process
identified 28 potential articles for full screening. After screening
the full articles (13 articles) remained for qualitative and quanti-
tative synthesis (see Figure 1 for a PRISMA diagram).

The risk of bias in the screened articles was low. Specific
significance levels, random variability measures, description of
sample characteristics, and attrition with the characteristics of
removed participants were described in these studies. The study
by St-Onge et al. (33) presented large attrition, as they reported
a decrease in participants from 45 to 33 and then IMF meas-
urements from 24 of the 33 participants. External validity and
compliance was achieved in most studies. These studies applied
stringent protocols to ensure participants’ adherence to the

dietary interventions. Regular follow-ups, educational sessions,
and diary recordings of diet were also consistent among all of the
articles. All studies recruited participants through convenience
sampling. Physical activity was well controlled for in all the stud-
ies. Sedentary participants were prohibited from physical activity.
Activity remained constant among active participants groups,
reducing the probability for exercise to present as a confounding
variable. All studies consistently measured IMF proportions from
lower body muscles, which included the vastus lateralis, tibialis
anterior, and the soleus muscles. Eight articles took measure-
ments from the vastus lateralis muscle. Three studies assessed the
soleus muscle, and two assessed the tibialis anterior muscle. Of
all the studies reviewed, only two studies specified blinding of
data assessors and/or participants (19, 34). A detailed report on
the risk of bias in the included studies can be found in Table 1.
The dietary interventions in the 13 studies included high-fat
diets, high-carbohydrate diets, normal diets with added car-
bohydrate consumption, low-calorie/starvation diets, and one
intervention assessing the effect of a high-protein diet.

Qualitative and Quantitative Analysis
Summaries of the included articles can be found in Table 2.
Articles that provided absolute proportions of IMF were included
in the meta-analysis. Studies that reported measurements using
an IMF: water ratio or difference scores were not included in the
meta-analysis. These studies were excluded from the meta-analysis
because their metrics were not consistent with the remainder of
the studies, and thus, a comparison could not be made. Methods
used to quantify the amount of IMF in these studies were the fol-
lowing: magnetic resonance spectroscopy or muscle biopsy and
chemical extraction, spectrophotometry, transmission electron
microscopy, or oil red stain.

High-Fat Diets
Eight studies investigated the effects of a high-fat diet on the
proportion of IME Intervention groups consumed diets with a
proportion of fat between 38 and 85%. Three studies instructed
participants to consume 60% of their caloric intake in the form
of fat, the remainder of the studies varied in the proportion of
fat given to study participants (33-38). van Herpen et al. (38)
and St-Onge et al. (33) instructed participants to consume 55 and
38% of their caloric intake in the form of fat. Carbohydrate levels
were varied to accommodate for the increase in fat proportion.
Protein intake was consistent among studies, constituting 15% of
the experimental and control diets. Only one study assigned 20%
protein as a component of the experimental and control diet (35).
Four of the six studies assessing the vastus lateralis muscle
found a significant increase of IMF after a high-fat diet interven-
tion (9, 20, 35, 39). These studies implemented a 54-83% fat diet
in their experimental conditions. Schrauwen-Hinderling et al.
(36) and Skovbro et al. (37) did not find any significant changes
in the proportion of IMF within the vastus lateralis muscle
after a high-fat (55-60% fat) diet. van Herpen et al. (38) found
significant changes in IMF from baseline within the high-fat
(55% of diet fat) and the control diet (25% fat in diet) group;
however, they did not find any between-group differences after
the interventions. Studies assessing changes in IMF in the soleus

Frontiers in Nutrition | www.frontiersin.org

February 2018 | Volume 5 | Article 7


http://www.frontiersin.org/Nutrition
http://www.frontiersin.org
http://www.frontiersin.org/Nutrition/archive

Ahmed et al.

Effects of Diet on IMF in Human Muscle

)
Records identified through
S database searching
s (n =1865)
;E . Medline, Medline in process and
= other non-indexed citations (n=792) . . .
c e Embase (n=299) Additional records identified
= e Cochrane CENTRAL (n=151) through other sources
*  Web of Science (n=505) (n = 1) from Google scholar
~—
—
A 4 A\ 4
2 Records after duplicates removed
‘e (n=1866)
[
1]
S
(%]
i l
— H
Records screened Records r‘r.1tet fexclusmn
criteria
) (n =395) > (n =368)
>
=
2
20
[} Full-text articles excluded,
with reasons
A (n=15)
| S—
Full-text articles assessed df availabl
SR for eligibility L no pdf available
(n =28) 8 uncontrolled trials
1 uncontrolled trial and
E wrong intervention
3 3 wrong outcomes
e 1 wrong intervention
1 authors used same data
s in 2 studies
-
Studies included in
qualitative synthesis
(n=13)
From: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting /tems for Systematic Reviews and Meta-
Analyses: The PRISMA Statement. PLoS Med 6(7): e1000097. doi:10.1371/journal.pmed1000097
For more information, visit www.prisma-statement.org.
FIGURE 1 | Preferred Reporting Items for Systematic Reviews and Meta-Analysis flow diagram.

muscle found a significant increase in IMF after a high-fat diet
that consisted of 38% fat relative to 30% fat diet and a 60% fat
relative to a 25% fat diet (33, 35). The study assessing IMF changes
in the tibialis anterior muscle also found a significant increase
in IMF in the high-fat diet group (60% fat diet) relative to the
control group (35). There was a 30% increase in the IMF in the
tibialis anterior muscle of the high-fat diet group relative to the
control group, and a 20% increase was found in the soleus muscle
of the high-fat diet group relative to the control group. The studies
by Johnson et al. (20) and Sakurai et al. (35) reported the largest
proportion difference of IMF following a high-fat diet relative to
a control diet. Skovbro etal. (37) reported the smallest proportion
difference.

High-Carbohydrate Diets

Four studies assessed the effect of increased carbohydrate intake
on IMF (9, 11, 34, 40). Two studies increased the experimental
groups carbohydrate intake and reduced their fat intake to
compensate for this proportion change (9, 34). Larson-Meyer
et al. (34) instructed participants to consume 75% of their daily
caloric intake in the form of carbohydrates and 10% in the form
of fat, relative to 50% carbohydrates and 35% fat in the control
group. Protein intake was maintained at 15% of participants’ daily
caloric intake. Kiens et al. (9) fed the high-carbohydrate group 51
and 38% of their daily caloric intake in the form of carbohydrates
and fat, respectively, relative to 42 and 43% in the control group.
Protein consumption remained constant at 15%. The remaining
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TABLE 2 | Summary of findings.

Author Sample Age? Study Sample Intervention Assessment Assessment Postintervention/
size (N) design characteristics site method IMF proportion
Larson-Meyer M = 20, 25-50 Randomized Healthy, 1. Control (C) Soleus H' magnetic No difference 25%
etal. (10) F=26 controlled sedentary 2. 959 calorie restriction muscle resonance calorie restriction
(N = 46) trial overweight men ' of baseline energy spectroscopy and C/no difference
and women ) between low
requirements .
o . calorie and C
3. Low-calorie diet until 15%
reduction in weight
Johnson M=7 30 (6) Randomized Healthy, 1. Control: mixed Vastus H' magnetic HF > C, S > C/no
etal. (20,39) (N=7) crossover physically fit carbohydrate diet (C) lateralis resonance difference HF
design males 2. Water-only starvation (S) spectroscopy and S
3. Low-carbohydrate/high-fat
intake (HF)
Green M=66 38.8(12.7) Randomized Healthy, 1. Control: mixed diet (C) Vastus H' magnetic S>C, 8> HP/no
etal (19) N=6) cro&.‘,sover physically fit men 2. Water-only starvation (S) lateralis resonance difference HP
design spectroscopy and C
3. Low-carbohydrate/high-
protein intake (HP)
Johnson M=6 32(2.2) Randomized Healthy, 1. Control: high-carbohydrate ~ Vastus H' magnetic HF >C
etal. (20,39) (N=6) crossover physically fit diet (C) lateralis resonance
design males 2. Low-carbohydrate/high-fat Spectroscopy
diet (HF)
t-Onge = . andomize ealthy men - low- i oleus magnetic >
St-0 (N=24)  44(2.5) Randomized Health 1. Control: low-fat diet (C) Sol ) i HF>C
etal.. (33) crosgover ahd women with 2. High-fat diet (HF) resonance
design mildly elevated spectroscopy
LDL
Kiens M=19 36 (30-40) Controlled Healthy, 1. Control diet (C) Vastus Biopsy and HF > C/no
etal. (9) N=19) trial physically active 2. High-fat diet (HF) lateralis chemical extraction  difference HC
males o : and C
3. High-carbohydrate diet (HC)
Sakurai M =37 23.6 (0.5) Randomized Healthy, non- 1. Control: normal fat Soleus and H' magnetic i. HF > G, ii.
et al. (35) (N=237) crossover obese male diet (C) tibialis anterior resonance HF > C
design volunteers 2. High-fat diet (HF) spectroscopy
i = soleus;
i = tibialis anterior
Schrauwen- M=10 25(6.2)  Randomized Healthy, young 1. Control: normal fat diet (C) ~ Vastus H' magnetic No difference
Hinderling (36) (N =10) crosgover male subjects 2. High-fat diet (HF) lateralis resonance imaging
design
Skovbro M=21  23.7(2.74) Randomized Healthy, 1. Control: normal fat Vastus Biopsy and No differences
et al. (37) N=21) controlled untrained male diet (C) lateralis spectrophotometry
trial subjects 2. High-fat diet (HF)
Sock M =11 25(0.6) Randomized Healthy, non- 1. Control diet (C) Not specified  H' magnetic HGIu > C/no
et al. (40) N=11) crosgover smoking males 2. High-glucose diet (HGIU) resonance difference HFru
design . ) spectroscopy and C
3. High-fructose diet (HFIu)
Larson-Meyer (N = 18) 18-45 Randomized Healthy, 1. Control: moderate fat Vastus Biopsy and HC<C
etal. (34) crossover endurance diet (C) lateralis transmission
design trained runners 2. High-carbohydrate elgctron
diet (HC) microscopy
van Herpen (N=20) 55.2(7.6) Randomized Healthy, 1. Control: low-fat diet (C) Vastus Biopsy and Oil Red  No difference
et al. (38) controlled sedentary men 2. High-fat diet (HF) lateralis stain between change
trial C change vs. HF
change
Maersketal. M=17, 20-50 Randomized Healthy, 1. Control: water (C) Tibialis H' magnetic Sucrose/fructose
(11) F =230 controlled overweight, non- 5 1 L of sucrose and fructose anterior resonance difference > control/
(N =47) trial diabetic subjects o . spectroscopy no difference milk
3. Semi-skim milk and control

2Age is reported in mean (SD), mean, or range based on reporting in article.
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two studies added excess carbohydrates to their participants’
diets. Sock et al. (40) had two experimental groups, one that
consumed 35% more energy in the form of glucose and the other
consumed 35% more energy in the form of fructose. All partici-
pants, including the control group, consumed a standardized diet
that consisted of 55% carbohydrates, 30% fat, and 15% protein.
Maersk et al’s (11) study participants received 1 L of a sucrose
fructose drink (106 g of added carbohydrates), 1 L of semi-skim
milk (41 g of added carbohydrates), or the control diet that was
to maintain the composition of their current diet.

Two studies assessed the proportion of IMF in the vastus
lateralis muscle, with one study utilizing chemical extrac-
tion and staining and the other using transmission electron
microscopy to perform their measurements (9, 34). One study
assessed IMF in the tibialis anterior muscle using H'MRS (11).
One study reported using H'MRS as their measurement tool,
but they did not specify the muscle they assessed (40). The
studies assessing the impact of increased dietary carbohydrate-
to-fat ratio observed decreases in IMF content of the vastus
lateralis muscle in the high-carbohydrate diet group relative
to the control diet (9, 34). Studies assessing the addition of
carbohydrate sources to a normal diet found significant
increases in the proportion of IMF in the assessed muscles (11,
40). Sock et al. (40) found that a high-fructose diet increased
IMF proportions more than a high-glucose diet. Maersk et al.
(11) found a 221% increase in IMF proportions after consum-
ing 1 L of glucose fructose solution (106 g of carbohydrates)
for 6 months relative to people consuming 1 L of water as a
control. In addition, consuming semi-skim milk (added 41 g of
carbohydrates) resulted in a 25% decrease in IMF proportions
relative to consuming water.

Low-Calorie and Starvation Diets

Three studies assessed the effects of low-calorie and starvation
diets on the proportions of IMF (10, 19, 20). Larson-Meyer et al.
(10) compared the effects of a 25% calorie reduced diet from
weight maintenance energy requirements and a very low-calorie
diet (890 cal per day) until 15% weight reduction, with control
subjects on a weight maintenance diet. Participants were exposed
to these interventions for 8 days with a 3-week washout period
in between. Johnson et al. (20) and Green et al. (19) studied the
influence of short-term starvation diets relative to control weight
maintenance diets on IME. Johnson et al. (20) and Green et al.
(19) exposed participants in the starvation group to 67 h of water-
only starvation, after 65 h of starvation measurements of IMF
were taken. There was no change in IMF concentrations following
a25% calorie reduction diet and a very low-calorie diet relative to
control diets (10). Starvation diets resulted in significantly higher
IMF proportions relative to control diets (19, 20). These studies
were composed of physically active men.

High-Protein Diet

Green et al. (19) (n = 6), assessed whether a high-protein
low-carbohydrate diet would influence IMF proportions.
Participants in the experimental group consumed diets consist-
ing of 35% fat and 65% protein, with a negligible consumption

of carbohydrates. The control group consumed 50% of their
daily calorie intake in the form of carbohydrates, 35% in the
form of fat, and 15% in the form of protein. There was no sig-
nificant difference in IMF proportions between participants in
the high-protein, low-carbohydrate diet relative to the control

group.

Quantitative Analysis

Studies were divided into three categories as follows: high-fat
versus a control diet, high-carbohydrate/added carbohydrate
diet versus a control diet, and low-calorie/starvation diet versus
a control diet. Only studies that assessed changes in IMF propor-
tions after the ingestion of high-fat diets were eligible for analysis.
The number of studies in the other categories was limited and
would bias the results of a meta-analysis since a small number
of studies can result in a poor estimate of a distribution’s width
and intervention effects (41, 42). Six of the eight studies assessing
the impact of high-fat diets on IMF were included in the meta-
analysis. One of the excluded studies only reported difference
scores in their results and could not be included. The second
excluded study reported their findings in a different metric,
IMF:water ratio, relative to the absolute arbitrary metric values
reported by the remainder of the studies. One of the included
studies reported IMF proportion changes in two muscles areas,
and these findings were reported as two separate entries in the
meta-analysis. The pooled SMD of the proportion of IMF ~%
change after a high-fat diet was estimated.

There were a total of 134 participants receiving a high-fat
intervention and 135 people receiving a control intervention.
SMDs were small for two of the seven reported observations and
moderate for two other studies (Figure 2; overall SMD = 1.24,
95% CI 0.43-2.05) (9, 33, 36, 37). Two entries from Sakurai
et al’s (35) study presented large effect sizes. Johnson et al’s
(20) findings also presented a large SMD. All reported SMD
values were in favor of increased IMF content in muscle after a
high-fat diet intervention. The overall effect size was significant
(P = 0.003; Figure 2). Heterogeneity in the sample was high
(I =87%). This can be attributed to both clinical and methodo-
logical differences between studies. Participant’s characteristics
varied between studies. Three of the studies included samples
consisting of physically trained men (9, 20, 35). Two of the
remaining studies included healthy males with sedentary or
moderate activity patterns (33, 37). Schrauwen-Hinderling
et al. (36) did not state the physical activity patterns of their
participants. Participants were all young to middle aged adults
with ages varying between 18 and 50 years. The fat content of
the diets and time period of the intervention within each of
these studies varied as well. Finally, measurements were taken
from three different muscles including the vastus lateralis mus-
cle, soleus, and tibialis anterior using different measurement
modalities across these studies.

Sensitivity and Subgroup Analyses

The sensitivity analysis revealed results similar to the primary
analysis results for the high-fat interventions studies (Table 3).
Both results had significant effect sizes (sensitivity analysis SMD
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Heterogeneity: Tau? = 1.02; Chi? = 46.94, df = 6 (P < 0.00001); I = 87%
Test for overall effect: Z = 2.99 (P = 0.003)

FIGURE 2 | Meta-analysis on the effects of high-fat diets on IMTG proportions.
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TABLE 3 | Subgroup and sensitivity analysis.

Analysis SMD (95% Cl) Significance P*

Primary analysis

Sensitivity analysis: excluding studies
with a quality value <20, smallest
sample size <8, and those that do not
specify participant characteristics

1.24 (0.43, 2.05) 0.003
1.26 (0.23, 2.28) 0.02

Subgroup analyses

Percent males
Male only studies
Mixed studies (21% M, 79% F)

Trial type

1.4 (0.55, 2.25) 0.05
0.38 (~0.20, 0.96)

Controlled trial 0.58 (-0.30, 1.46) 0.23
Controlled crossover trial 1.35 (0.44, 2.25)

Measurement modality

H'MRS 1.55(0.57, 2.54) 0.06
Biopsy 0.44 (-0.18, 1.05)

Muscle

Vastus lateralis 0.70(0.17,1.22) Reference group
Soleus 1.35 (-0.55, 3.26) 0.52
Tibialis anterior 2.58 (1.96, 3.20) <0.001*
Physical activity

Active 1.09 (-0.09, 2.27) 0.26
Inactive 0.36 (-0.12, 0.84)

Subgroup analyses (Der Simonian and Laird) random-effects model.
Cl, confidence interval; SMD, standardized mean difference.
*Significance defined as P < 0.05.

1.49, P = 0.008). The subgroup analyses were not significant for
percent males, trial type, measurement modality, and physical
activity. However, significance was marginal for percent males
(P=0.05) and the measurement modality (P=0.06) comparisons.
There was a significant difference in the amount of IMF change
between the types of muscle assessed after the dietary interven-
tion. There were larger changes in the IMF of the tibialis anterior
muscle relative to the vastus lateralis muscle after a high-fat diet
intervention (9, 20, 35-39). Sakurai et al. (35) assessed changes
at both the soleus and the tibialis anterior, and they found an
increase in IMF in both muscle regions after a high-fat diet. The
effect of IMF change in the soleus muscle and tibialis anterior
muscle was comparable.

DISCUSSION

Currently, there is an increasing focus on the importance of lead-
ing a healthy lifestyle, and diet is a central component to achieving
this. Individuals, healthy or with illness, want to know what the
ideal diet is for their physical health. A clinician cannot objec-
tively prescribe a diet without knowing the individuals’ health
profile. Muscle health is an essential component of wellness, as
it regulates many physiological processes. Diet plays a dominant
role in maintaining muscle health. Historically, the beliefhas been
that high-fat and high-carbohydrate diets are harmful to health
(14, 22). However, the effects of high-fat or high-carbohydrate
diets on muscle composition, specifically IMF content, have not
been described sufficiently in literature to provide a conclusive
statement on the association between diet, IME, and the potential
health impacts.

Our systematic review suggests that high-fat diets, excessive
caloric intake in the form of carbohydrates, and short-term
starvation diets are associated with increases in IMF content.
Hypocaloric diets did not result in any IMF proportion changes.
Robust effects were found for increases in IMF content after
high-fat diets. This effect was consistent across different patient
populations with different proportions of fat in the diet. These
findings are also in line with the evidence from the animal
literature (12-14, 22). The subgroup analyses revealed more
IMF storage after the dietary interventions in males relative
to females, suggesting differences in male IMF metabolism
or deposition relative to females. In addition, more IMF was
found to be stored in the tibialis anterior muscle relative to the
vastus lateralis, potentially due to its extensive use for walk-
ing and the need to store energy. Increases in the proportion
of carbohydrates in the diet with decreased fat were shown to
reduce IMF proportions (19, 20). This effect may have been due
to decreases in diet fat content rather than increases in the pro-
portion of carbohydrate consumption, since it was only present
when the proportion of carbohydrates in the diet accounted
for 75% of the participant’s caloric intake compared to 51%.
Isocaloric diets with higher fat content present comparable
effects to hypercaloric diets with added glucose and/or fruc-
tose consumption, suggesting that increases in IMF are both
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dependent on macronutrient intake and energy balance. Short-
term starvation presented similar findings although it would be
expected that non-caloric diets would result in decreases in IMF
proportions as seen in animal models (18). It may be postulated
that pathophysiological mechanisms associated with adapting
to starvation alter the use of IMF reserves. This effect may also
be attributed to the characteristics of the sample receiving this
intervention. The two studies observing increased IMF stores
after starvation had sample sizes composed of physically active
men, whereas the study reporting no IMF change after starva-
tion consisted of overweight men and women (19, 20). Increased
physical activity may alter the utilization of IMF stores under
starvation conditions. There is a need for additional studies to
investigate the effects of diet on IMF further. The present review
found one article assessing the impact of a high-protein diet on
IME which found inconclusive results. However, a robust effect
exists in the animal literature, suggesting that high-protein diets
decrease IMF content and increase muscle mass (18, 19).

The impact on metabolic health associated with changes
in IMF proportions in relation to different diets remains to be
investigated further. There is consensus that high-fat diets and
high-carbohydrate diets are associated with the development
of disorders such as metabolic syndrome (43-45). IMF content
has been shown to mediate this association with the additive
effects of subcutaneous and visceral triglycerides (46). This
study found an SMD of 1.24 on the change of IMF after the
consumption of a high-fat diet. Studies by Mazzali et al. (47)
and Janssen et al. (48) studied the effect of exercise/weight loss
and diet/weight loss on IMF and insulin sensitivity, respectively.
Mazzali et al. (47) reported a reduction in IMF proportions with
an approximate effect size of 0.63, where participants’ insulin
resistance significantly decreased. Janssen et al. (48) found that
an energy-restrictive diet reduced IMF by an approximate effect
size of 1.24. The insulin sensitivity of participants in this study
increased. In light of this study’s findings, the increase of IMF
(SMD 1.24) induced by high-fat diets may increase the risk
for developing insulin resistance, and further evidence on this
relationship is necessary. Although a reduction in the proportion
of IMF has been reported with higher carbohydrate diets, these
diets have also been associated with unhealthy blood lipid profiles
(34); however, there is contrary evidence and further evidence is
needed (49). Low-calorie, low-carbohydrate diets, which entail
high-fat diet compositions and low caloric intake mitigate and
can reverse elements of metabolic syndrome, namely insulin
resistance, hypertension, poor lipid profile, and weight gain (50).
It is unknown whether changes in IMF may mediate the health
effects of this type of diet. The discrepancy between the health
effects of isocaloric high-carbohydrate/high-fat diets and low-
calorie, high-fat diets may be associated with the combined effect
of low-calorie and low-carbohydrate intake, whereby it may tax
the body into utilizing its fat reserves.

Due to the observed relationship between diet and IMF, we
believe that it would be useful to assess IMF concentrations
as a health outcome. Since IMF can reflect ones’ diet, imaging
modalities such as ultrasound or H'MRS could be used to track
the influence diet has on an individual and serve as an indication
of health. For instance, increased IMF is found in elderly with

poor gait (51). Based on the findings in animal models, a protein-
rich, low-fat diet may be more suitable for the aging population
to increase their muscle mass and decrease IMF stores (18, 19).
Changes in muscle thickness and IMF can be monitored using
feasible imaging modalities to assess their improvement. This
outcome can also be generalized to clinical populations, such as
those with metabolic syndrome, since high IMF is associated with
insulin resistance. Or further, it can be used to gage how and where
an individual is storing fat based on their diet, physical activity,
training demands, and lifestyle. Measuring muscle thickness
has been done clinically to monitor the effect of strengthening
exercise on muscle thickness (52). Moreover, in view of the fact
that diet influences the structure, composition, and metabolism
of a muscle, clinical interventions and measurement techniques
of the muscle will be affected by diet.

The subgroup analyses pointed to differences in IMF deposition
between males and females, which are important to consider when
imaging. Clinicians are taught to account for BMI when utilizing
bedside imaging modalities such as ultrasound. Measurements
acquired using imaging modalities will be influenced by BMI and
diet-induced changes within anatomical structures—these two
factors may have synergistic effects on image-based quantifica-
tion of muscle characteristics. Different muscles also store fat
differently, as demonstrated by the sensitivity analysis, and are
influenced by physiology or lifestyle choices.

Limitations

This is the first review assessing the effects of diet on IME The
search for this review was comprehensive. Search terms covered
IMF only, and three scientific and medical databases were used
to identify articles discussing this topic in the literature. The risk
of bias in the identified articles was low, lending to the strength
of the conclusions drawn from the studies, with the exception of
St-Onge et al’s (33) study that presented high rates of attrition.
The present review also presents some clinical and methodologi-
cal variables that lend to the high heterogeneity observed among
studies. The subgroup analyses indicated that the measurement
modality, gender, and the type of muscle measured may have
contributed to the heterogeneity observed. The studies examined
in this review utilized various measurement modalities to charac-
terize the proportion of IMF in its participants, namely H'MRS,
and biopsy with transmission electron microscopy, extraction, or
Oil Red staining. Most of the articles, 9 of the 13 chosen articles,
utilized H'MRS when assessing the proportion of IMF in the
muscle. In additionally, there was variability in the characteristics
of participants in each study. Nine of the studies consisted of
only men, of which five studies included physically active men.
The remainder of the studies consisted of both men and women
with various levels of physical activity. Seven of eight studies
consuming high-fat diet interventions were male. Two of the
four studies assessing the effects of increased carbohydrate con-
sumption consisted of only males. Two of three studies assessing
low-calorie/starvation diets consisted of males. Although there
are between-study differences in IMF quantification methods
and population characteristics, we do not believe they represent
critical limitations to the interpretation or generalizability of the
study’s results. Finally, since there were less than 10 studies in the
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meta-analysis assessing for IMF proportions following high-fat
diets, we were unable to assess for publication bias among those
studies both visually and statistically.

CONCLUSION

A robust association between high-fat diets and IMF content is
presented in this study. We suggest that the effect of diet on IMF
content in humans be researched further, and the possible utility
of IMF as a clinical marker of health also be investigated. There is
a need for additional evidence on the single and combined effects
of protein, carbohydrates, low-calorie, and starvation diets on
IME. With enough evidence, IMF may be a useful clinical tool to
make specific dietary recommendations to combat chronic illness
and improve health outcomes. The influence of low-calorie diets
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APPENDIX A

Medline (Ovid) Search Strategy

intramyocellular triglyceride*1.tw,kw.
intra-myocellular triglyceride*1.tw,kw.
intramyocellular lipid*1.tw,kw.
intra-myocellular lipid*1.tw,kw.
intramyocellular fat*.tw,kw.
intra-myocellular fat*.tw,kw.
intramyocellular triacylglycerol*1.tw,kw.
intra-myocellular triacylglycerol*1.tw,kw.
intramuscular triglyceride*1.tw,kw.

10 intra-muscular triglyceride*1.tw,kw.

11 intramuscular lipid*1.tw,kw.

O 0 N QN Ul i W N~

12
13
14
15
16
17
18
19
20
21

22
23
24

intra-muscular lipid*1.tw,kw.
intramuscular fat*1.tw,kw.
intra-muscular fat*1.tw,kw.
intramuscular triacylglycerol*1.tw,kw.
intra-muscular triacylglycerol*1.tw,kw.
intramuscular adipose tissue*.tw,kw.
intra-muscular adipose tissue*.tw,kw.
IMCL.tw,kw.

IMTG.tw,kw.

(skeletal muscle*1 adj2 (fat or triglyceride*1 or lipid*1 or
triacylglycerol*1)).tw,kw.

or/1-21

22 not (exp animals/not exp humans/)
limit 23 to english language
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