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A B S T R A C T

Individuals often restrict energy intake to

lose fat mass (and bodymass [BM]) while

performing resistance training (RT) to

retain fat-free mass (FFM). Therefore, the

aim of the present systematic review with

meta-regression was to explore (a) the

pattern and strength of the dose-response

relationship between daily dietary protein

intake and FFM change, and (b) whether

intervention duration, energy deficit mag-

nitude, baseline body fat percentage (BF

%), and participant sex influence this

relationship. Studies were included if they

involved a standardized RT protocol with

nonobese, energy-restricted (experienc-

ing fat mass loss) individuals with a mini-

mum of 3 months RT experience. Of 916

retrieved studies, data were extracted

from a total of 29 studies. Bayesian

methods were used to fit linear and non-

linear meta-regression models and esti-

mate effect sizes, highest density credible

intervals, and probabilities. Results sug-

gest a.97% probability of a linear dose-

response relationship between daily pro-

tein intake [g/kgBM: b 5 0.07 (95%

highest density interval [HDI]: 20.01 to

0.14), and g/kg/FFM: b 5 0.06 (95%

HDI: 0.01 to 0.12)] and favorable FFM

changes. The relationship is stronger

when protein intake is expressed relative

to FFM, in interventions longer than

4 weeks, in men, and when BF% is lower.

Overall, the heterogeneity between stud-

ies renders our findings exploratory.

Address correspondence to Martin C. Refalo,
mrefalo@deakin.edu.au.

KEY WORDS :

fat-free mass; protein; lean; deficit

Copyright � The Authors. Published by Wolters Kluwer Health, Inc.

on behalf of the National Strength and Conditioning Association. Strength and Conditioning Journal | www.nsca-scj.com 1

https://osf.io/s2bgk/
https://osf.io/s2bgk/
http://journals.lww.com/nsca-scj
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mrefalo@deakin.edu.au


INTRODUCTION

I
ndividuals often restrict energy
intake to lose fat mass (and body
mass [BM]) while performing resis-

tance training (RT) to retain fat-free
mass (FFM). This strategy is especially
important for individuals attempting to
maximize strength or power-to-mass
ratio, such as combat athletes (26),
sprinters (57), and jumpers (61), as well
as weight-restricted strength athletes,
such as weight lifters (56) and power-
lifters (28), and bodybuilders (51).
Importantly, multiple factors mediate
and moderate potential FFM loss during
energy restriction (Figure 1), which can
hinder body composition and compet-
itive outcomes.

A recent meta-regression of 1,213 par-
ticipants across 52 studies (41) found
that larger energy deficits lead to
greater FFM loss, even with RT, sug-
gesting that energy deficit magnitude
mediates FFM change. Furthermore,
baseline body fat percentage (BF%)
may moderate this relationship, as
Heymsfield and colleagues (20) re-
ported greater FFM loss in men with
lower versus higher baseline BF%.
Mechanistically, an acute energy deficit
suppresses muscle protein synthesis
(MPS), and although muscle protein
breakdown (MPB) is unaffected among
men in the “overweight” body mass
index (BMI) category (BMI: 28.6 6

0.6 kg/m2) (16), MPB may increase
alongside this decrease in MPS in lean-
er individuals in the “normal” BMI
range (6,48). Furthermore, if longer-
term energy restriction results in low
energy availability (i.e., insufficient
energy intake to support physiological
and training demands), it may nega-
tively affect immune function, sleep
quality, hormone production, motiva-
tion, RT performance, and MPS (40),
indirectly reducing FFM. Maximizing
FFM retention during energy restric-
tion in individuals with lower BF%
may, therefore, require specific nutri-
tional manipulation, such as increasing
dietary protein intake (18).

In their 2014 systematic review, Helms
and colleagues suggested the combina-
tion of being lean while energy
restricted increases the already high
dietary protein requirement of individ-
uals partaking in RT (18). Although
not a health requirement per se, con-
suming roughly twice the recommen-
ded protein intake or higher
(i.e., .1.6 g/kgBM/day) increases
FFM to a greater extent during RT,
albeit when at or above energy balance
(43). Scaling protein to FFM, Helms
and colleagues recommended 2.3–
3.1 g/kgFFM/day for lean, energy-
restricted individuals based on the pro-
tein intake ranges of their reviewed
groups that increased, maintained, or

nonsignificantly decreased FFM (18).
Since Helms’ publication, numerous
reviews went on to suggest the same
or similar high protein intake for max-
imizing FFM retention during energy
restriction in lean individuals
(2,15,17,42,70). However, the original
recommendation is subject to notable
limitations. Specifically, while the 2.3–
3.1 g/kgFFM/day protein range was
associated with FFM retention, only 2
reviewed studies specifically had the
research aim of experimentally manip-
ulating protein intake for FFM reten-
tion (35,68), and no meta-analysis was
conducted. As such, meta-analysis of
the updated and relevant literature
investigating the effect of dietary pro-
tein intake on FFM retention during
energy restriction (in nonobese,
resistance-trained individuals) is war-
ranted and allows more robust recom-
mendations to be derived from the
literature.

OBJECTIVES

Although consensus dietary protein
recommendations based on meta-
analysis exist for individuals in states
of energy balance or surplus (39,43),
consensus recommendations for non-
obese, resistance-trained individuals
in an energy deficit rest on weaker
quality evidence (i.e., systematic review
(18)), with no meta-analysis on the
topic published to date. Therefore,
the present article extends previous
findings (18) by including new evi-
dence and using meta-regression to
explore (a) the pattern and strength
of the dose-response relationship
between daily protein intake (g/kgBM
and g/kgFFM) and FFM change and
(b) whether specific variables
(i.e., intervention duration, energy def-
icit magnitude, baseline BF%, and par-
ticipant sex) influence this relationship,
in energy-restricted, resistance-trained
individuals. We used a Bayesian
approach for data analysis to improve
the interpretation and precision (e.g.,
“borrowing” of information across
studies (29)) of the effect size (ES) esti-
mate, directly model the uncertainty of
the ES estimate, and present the results
with probabilities and high density

Figure 1. Mediators and moderators of fat-free mass change during energy restriction
investigated in this systematic review with meta-regression. Moderators are
conditions under which energy restriction may influence fat-free mass
retention, whereas mediators are affected by energy restriction and may
therefore influence fat-free mass retention.
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credible intervals that allow for mean-
ingful and intuitive inferences (29).

METHODS

EXPERIMENTAL APPROACH

A systematic review and meta-analysis
were performed in accordance with the
Preferred Reporting Items for System-
atic Reviews and Meta-Analyses
(PRISMA) guidelines (2). The original
protocol was registered with Open Sci-
ence Framework in May 2024
(https://osf.io/s2bgk/). Since then, it
was slightly adjusted to improve the
suitability of the analysis with the avail-
able data. Only 5 studies (5,19,35,49,68)
involving experimental comparisons of
higher versus lower protein intakes
qualified for meta-analysis. This was
deemed to be an insufficient amount
of data to justify conducting the
meta-analysis.

RESEARCH QUESTION(S)

The research question(s) were defined
using the participants, interventions,
comparisons, outcomes, and study
design framework. The meta-
regression included any study that re-
ported protein intake and FFM change
across an RT intervention within the
target population. As such, the primary
research question was: “What magni-
tudes of FFM change are associated with
a given protein intake in non-obese (BF
% # 27.8% for males and # 39.7% for
females), energy restricted, resistance-
trained individuals following an RT inter-
vention?” To facilitate the interpretation
of this research question, we also inves-
tigated whether intervention duration,
energy deficit magnitude, baseline BF
%, or participant sex had a moderating
effect on the pooled ES estimate.

INCLUSION CRITERIA

Studies were included if (a) they were
longitudinal trials reporting the
required information; (b) participants
were apparently healthy, young to
middle-aged (18–50-year-old), nonob-
ese (men# 27.8% and women# 39.7%
body fat) adults with a minimum of 3-
months RT experience; (c) the inter-
vention or observation period included
a standardized RT protocol completed

1 or more times per week, or partici-
pants were told to continue performing
their habitual RT protocol; (d) the
intervention or observation period
was at least 7 days in duration (based
on the shortest intervention duration
from the previously published system-
atic review (18)) and involved energy
restriction (prescribed or unprescribed)
that successfully induced fat mass loss
during the intervention or observation
period. The BF% cutoff points were
chosen based on data across 3,517
adults (,30 years of age), suggesting
body fat above 27.8% for men and
39.7% for women had low-to-
acceptable power for predicting cardi-
ometabolic risk factors (45). Studies
were excluded if (a) participants were
receiving hormone replacement ther-
apy or using anabolic exogenous hor-
mones or (b) participants were using
supplements (other than protein pow-
der or amino acids) known to influence
muscle size. Only original research ar-
ticles (English language) in peer-
reviewed journals were included. Case
studies were excluded.

LITERATURE SEARCH STRATEGY

The literature search updated a previ-
ously published systematic review
(18) following the PRISMA guidelines
(46). The previously published sys-
tematic review (18) was restricted to
studies published before January 2013,
so we conducted an updated search of
the PubMed, SCOPUS, and SPORT-
Discus databases on the 20th of May,
2024. This search was restricted to
articles published after January 2013
and used the following search terms
that were adapted for each individual
database: “resistance training” OR
“resistance exercise” OR “strength
training” AND “protein” OR “protein
intake” AND “muscle hypertrophy”
OR “muscle size” OR “muscle
growth” OR “muscle mass” OR “lean
body mass” OR “fat free mass” AND
“diet” OR “energy deficit” OR “energy
restricted” OR “calorie deficit” OR
“calorie restricted.” Search terms were
added using the NOT term to reduce
the number of irrelevant studies ac-
cording to exclusion criteria (e.g.,

older, elderly, sarcopenia, cancer).
Studies identified in this updated
search were added to the studies pub-
lished before 2013 (n 5 6) that were
included in the previously published
systematic review on this topic (18).
The reference lists of 2 previous meta-
analyses (7,53) were also manually
checked for relevant studies. Only
studies conducted in humans were
included.

STUDY SELECTION

Covidence software (Veritas Health In-
novations, Melbourne, Australia) was
used to manage and conduct the sys-
tematic study selection process, includ-
ing the removal of duplicates and the
exclusion of ineligible studies at each
stage of the screening process. An
overview of the article identification
process is shown in Figure 2. The arti-
cle identification process was com-
pleted independently to reduce bias
by 2 authors (M.C.R. and E.T.T.) with
any disagreement resolved by discus-
sion with E.R.H. Finally, M.C.R. and
E.T.T. reviewed the full texts to deter-
mine inclusion eligibility based on pre-
determined criteria. Any studies added
through reference checking or manual
searching were subjected to the same
screening process as if they were found
in the initial database search.

DATA EXTRACTION

Data charting was performed by the
principal investigator (M.C.R.) to cap-
ture key information in a table
(https://osf.io/s2bgk/). The following
participant characteristics were ex-
tracted: (a) years of RT experience,
(b) age, (c) sex, and (d) baseline fat
mass and BF%. If RT experience was
not explicitly reported, the minimum
years of RT experience required for
inclusion was extracted. The following
article characteristics were also ex-
tracted: (a) first author, (b) sample size,
(c) publication year, (d) intervention
groups and protocol outlines (includ-
ing average protein intake and calorie
deficit size), (e) intervention duration
and weekly RT sessions completed,
(f ) fat mass loss, and (g) raw data from
preintervention and postintervention
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for all relevant outcome measures
(where figures were used instead of
numerical data: (a) authors were con-
tacted, or (b) data were extracted using
Web Plot Digitizer). If specific data
(e.g., fat mass) were not reported and
unable to be obtained from authors,
values were estimated with the data
provided (e.g., body weight and total
BF%). Where data at multiple time
points were provided, the mean score
was extracted and used for data analy-
sis (e.g., protein intake in the early,
middle, and late phases of the interven-
tion). Owing to the absence of energy
expenditure data in most studies, we
quantified energy deficits through
changes in fat mass (9,400 kcal per kg
(41)) and FFM (1816.44 kcal per kg
(14)) across the intervention (Table 1).

METHODOLOGICAL QUALITY
ASSESSMENT

Evaluation of methodological study
quality (including risk of bias) was

conducted by M.C.R. using the tool
for the assessment of study quality
and reporting in exercise (TESTEX)
scale (19). Ambiguities in methodolog-
ical quality assessment were resolved
by discussion between M.C.R. and
E.T.T. The scale contains 12 criteria
scored dichotomously: 1, eligibility; 2,
randomization; 3, allocation conceal-
ment; 4, groups similar at baseline; 5,
assessor blinding; 6, outcome measures

assessed in 85% of patients (3 possible
points); 7, intention-to-treat; 8,
between-group statistical comparisons
(2 possible points); 9, point-estimates
of all measures included; 10, activity
monitoring in control groups; 11, rela-
tive exercise intensity remained con-
stant; and 12, exercise parameters
recorded. The best possible score is
15 points. Sensitivity analyses were
conducted to investigate whether

Figure 2. PRISMA flow chart. Summary of systematic literature search and article selection process.

Table 1
Equations for calculating energy deficit magnitudes based on fat mass and

fat-free mass changes

Primary equation Secondary equations

94003 FM  Lossþ1816:443ΔFFM
Number   of   Days  in  Deficit

Pre  FM2Post   FM 5 FM  Loss  ðkgÞ
Post   FFM2Pre  FFM 5 ΔFFM  ðkgÞ

Fat mass was assumed to store 9,400 kcal per kg, and fat-free mass was assumed to store
1816.44 kcal per kg. Number of days in a deficit were calculated by multiplying the inter-
vention weeks with 7.

FFM 5 fat-free mass; FM 5 fat mass; kg 5 kilograms.
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study quality (as assessed by the TES-
TEX scale (58)) influenced the overall
outcomes.

STATISTICAL ANALYSIS

A Bayesian meta-regression using the
“brms” (Bürkner, 2023) package in R (v
4.0.2; R Core Team, https://www.r-
project.org/) was performed. The ex-
tracted data and R code can be found
on the Open Science Framework
(https://osf.io/s2bgk/). Raw changes
in FFM (or lean body mass) from pre-
intervention to postintervention for all
experimental groups were extracted
from each study. Where possible, indi-
vidual participant data were obtained
from authors, and the pretest to post-
test correlation coefficients (r value)
were calculated. The mean correlation
coefficient value was subsequently cal-
culated and used for studies where
individual participant data could not
be obtained. Most studies reported
multiple observations, and some re-
ported multiple observations in the
same group (cross-over designs); as
such, we nested random effects in the
models (i.e., observations were nested
within groups, which were nested
within studies). ESs were estimated
as standardized mean changes in
FFM for each experimental group
using the “escalc” function in the
“metafor” (Viechtbauer, 2010) package
following instructions for pretest to
posttest study designs as per Morris
(38) with an adjustment for small sam-
ple size bias (see Table 1.1, Supplemen-
tal Digital Content 1, http://links.lww.
com/SCJ/A418). All group-level ESs
were included in a meta-regression
with protein intake (as g/kgBM/day
and g/kgFFM/day) fitted as the pri-
mary continuous predictor. To explore
the pattern of the dose-response rela-
tionship between protein intake and
FFM change, linear and nonlinear
(i.e., quadratic and cubic) Bayesian
meta-regressions were generated with
and without additional predictors (see
Table 1.2, Supplemental Digital Con-
tent 1, http://links.lww.com/SCJ/
A418): (a) intervention duration
(weeks), (b) energy deficit magnitude
(kcal), (c) baseline BF%, and (d)

participant sex. Bayes factors using
the “bayestestR” package (Makowski,
2019) were used to compare model
fit and determine the “best fit” model,
along with the widely applicable infor-
mation criterion and leave-one-out
cross-validation (See Figures 3.1 and
3.2, Supplemental Digital Content 1,
http://links.lww.com/SCJ/A418). To
investigate specific hypotheses about
the effect of certain predictors, the
structure of the best fit model (e.g., lin-
ear or non-linear, and with or without
additional predictors) was used to con-
duct secondary subgroup analyses with
categorical predictors of interest. Predic-
tors were categorized by the distribu-
tion of data and domain-specific
expertise of the researchers. Noninfor-
mative priors (i.e., default “brms” pri-
ors) were used for all model parameters
and outcome measures. Posterior
draws were extracted using “tidybayes”
(Kay, 2023) and ESs using “emmeans”
(Lenth, 2023). Inferences were made
from posterior distributions generated
using the Hamiltonian Markov Chain
Monte Carlo method and by the use of
highest density credible intervals
(HDI). Interpretations were based on
the median marginal slope of the main
effect of dietary protein intake on FFM
change and its probability from 0 to
100% of being positive or negative (cal-
culated manually by examining the
proportion of posterior draws that
meet the criteria of interest [e.g., .0]
and described as the probability of
direction). Both R2 and I2 statistics
were calculated to assess the propor-
tion of variance in ES estimates ex-
plained by the predictor(s) and the
variance in ES estimates due to study
heterogeneity rather than within-study
sampling error, respectively. Small-
study effects were visually assessed
using funnel plots.

RESULTS

SEARCH RESULTS AND STUDY
CHARACTERISTICS

A total of 31 studies met the inclusion
criteria; however, data from 2 studies
(11,54) could not be extracted despite
author correspondence. A PRISMA

diagram of the systematic literature
search and study selection process is
displayed in Figure 1. Funnel plot visual
inspection (see File 4.1, Supplemental
Digital Content 1, http://links.lww.
com/SCJ/A418) identified no outliers.
Important study characteristics related
to the statistical analysis are visualized
in Figure 3, and the following qualita-
tive overview involves data from the 29
included studies. Data from 455 male
and 274 female participants were ob-
tained, with the male participants’
mean age being 24.8 6 4.1 (range:
19.3 to 31.7) and female participants’
24.7 6 5 (range: 20.7 to 30.7) years.
Many studies did not report years of
RT experience, making participant
mean RT experience unclear. How-
ever, minimum years of required RT
experience ranged from 3 months to
5 years. FFM outcomes (n 5 61) were
extracted with the following measures:
(a) dual energy x-ray absorptiometry
(n 5 34), (b) bioelectrical impedance
analysis (n 5 10), (c) ultrasound (n 5
8), (d) hydrostatic weighing (n 5 5),
and (e) anthropometric testing (n5 4).
Study durations ranged from 1 to
21 weeks, with a mean of 8 weeks.
For secondary subgroup analysis,
intervention duration was categorized
as # 4 and . 4 weeks, as
interventions # 4 weeks may be sus-
ceptible to fluid alterations that influ-
ence FFM changes (4,52). Estimated
energy deficit magnitudes ranged from
36 to 4,637 kcal (mean 5 557 kcal),
resulting in a mean fat mass loss of
;14% (;2–;68%) from baseline.
Energy deficit magnitude was catego-
rized by a median split (#300 kcal
and . 300 kcal) for secondary sub-
group analysis. For statistical analysis,
some energy deficit values were con-
sidered extreme and potentially
implausible (.2000) and were thus re-
placed with the median energy deficit
value (304 kcal). Sensitivity analyses
were performed, showing weak evi-
dence for a better model fit when
extreme energy deficit values were re-
placed with the median (see Figures
2.2.1 and 2.2.2, Supplemental Digital
Content 1, http://links.lww.com/
SCJ/A418). Participant baseline BF%
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ranged from 7.5 to 27.4% for male par-
ticipants (mean 5 16%) and 17.9–35%
for female participants (mean 5
27.4%). Male BF% was split into quar-
tiles and categorized into low (first
quartile), medium (second and third
quartiles), and high (fourth quartiles)
for secondary subgroup analysis
(low 5 ,12.2%, medium 5 .12.2%
and #18.9%, high 5 .18.9%).

Considering the lower end of a healthy
BF% is approximately 8% higher in
female participants than male partici-
pants (1), female ranges were devel-
oped by adding 8% to that of male
participants (low 5 , 20.2%,
medium 5 .20.2% and # 26.9%,
high 5 .26.9%). Dietary protein
intake per kilogram of BM ranged
from 0.8 to 3.2 g (mean 5 1.8 g), and

protein intake per kilogram of FFM
ranged from 0.9 to 4.2 g (mean 5 2.4
g). Of the 29 included studies, 13 pre-
scribed RT (8,9,19,21,22,24,25,31–
35,44,47,49,50); however, the remain-
ing studies instructed participants
to continue their habitual
RT (3,5,10,13,36,37,53,55,59,63,66–68).
Extracting accurate RT characteristics
from many studies was, therefore, not

Figure 3. Key characteristics from each group within the included studies. Data are presented as raincloud plots with each dot
point representing a group-level effect included in the meta-regression. Energy deficit magnitude does not include
extreme values (.2000) that were replaced with the median.
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possible as not all variables were reported
in studies where participants followed
their habitual RT. A comprehensive
overview of all studies (including limited
RTcharacteristics) is in the “data extrac-
tion” table on Open Science Framework
(https://osf.io/s2bgk/).

META-REGRESSIONS

Model comparison results and further
details relevant to statistical modeling
are in the Supplementary File. Five
group-level observations from 3 studies
(3,25,50) were deemed outliers as they
(a) highly influenced the ES estimate
and (b) negatively affected the model’s
predictive performance (see Fig-
ure 2.1.1, Supplemental Digital Con-
tent 1, http://links.lww.com/SCJ/
A418). Outliers were removed, and
meta-regression models were refit,
with Bayes Factor comparisons indi-
cating removal minimized their dispro-
portionate influence and enhanced the
accuracy of our findings by an
improved model fit. Outlier identifica-
tion sensitivity analysis is displayed in
Supplemental Digital Content (see Fig-
ure 2.1.2, http://links.lww.com/
SCJ/A418).

Daily dietary protein intake—
grams per kilogram of body
mass. Bayes Factor model compari-
sons revealed the linear model, with-
out additional predictors, provided the
best fit (see Figure 3.1, Supplemental
Digital Content 1, http://links.lww.
com/SCJ/A418). The linear
meta-regression model (including 56
outcomes from 27 studies) estimated
a positive median slope (b 5 0.07
[95% HDI: 20.01 to 0.14]) for the
effect of daily dietary protein intake
on FFM change, reflecting a typical
ES increase of 0.07 for each 1-unit
increase in protein intake (g/kgBM/
day) (Figure 4). In addition, there was
a 97% probability that FFM change
becomes more positive as daily protein
intake (g/kgBW) increases. Further-
more, approximately 55% (R2

conditional)
of the variance in FFM change was
explained by protein intake and ran-
dom effects (across study, group, and
observation levels), representing amod-
erate-to-strong model fit and explana-
tory power with a 95% HDI of 34–71%
and reasonable precision (SE 5 0.09).
Of this variance, most is attributed to
the study level (I2study 5 85%; I2group 5
8%; I2observation 5 3%). Secondary

subgroup analyses are displayed in
Table 2 and Supplemental Digital Con-
tent (see Figure 6.1, http://links.lww.
com/SCJ/A418). Supplemental Digital
Content (see Figure 7.1, http://links.
lww.com/SCJ/A418) for forest plot
displaying study-level ESs.

Dietary protein intake—grams
per kilogram of fat-free mass.

Bayes Factor model comparisons re-
vealed the linear model, without addi-
tional predictors, provided the best fit
(see Figure 3.2, Supplemental Digital
Content 1, http://links.lww.com/SCJ/
A418). The linear meta-regression
model (including 55 outcomes from
26 studies) estimated a positive median
slope (b 5 0.06 [95% HDI: 0.01 to
0.12]) of daily dietary protein intake
on FFM change, reflecting a typical
ES increase of 0.06 for each 1-unit
increase in protein intake (g/kgFFM/
day) (Figure 5). In addition, there was
a 99% probability that FFM change be-
comes more positive as daily protein
intake (g/kgFFM) increases. Further-
more, approximately 54% (R2

conditional)
of the variance in FFM change was ex-
plained by protein intake and random
effects (across study, group, and

Figure 4. Best fit linear meta-regression displaying the relationship between daily protein intake (grams per kilogram of body mass)
and fat-free mass change across a resistance training intervention in energy-restricted individuals. Dot points represent
estimated group-level standardized mean changes, with dot size representing its weight determined by inverse variance
weighting. Shaded region around regression line represents highest density credible intervals categorized as 50%
(darkest red), 80%, and 95% (lightest red).
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observation levels), representing a mod-
erate-to-strong model fit and explana-
tory power with a 95% HDI of 33–71%
and reasonable precision (SE 5 0.09).
Of this variance, most is attributed to
the study level (I2study 5 83%;
I2group5 9%; I2observation5 4%). Second-
ary subgroup analyses are displayed in
Table 2 and Supplemental Digital Con-
tent (see Figure 6.2, http://links.lww.
com/SCJ/A418). Supplemental Digital
Content (see Figure 7.2, http://links.
lww.com/SCJ/A418) for forest plot dis-
playing study-level ESs.

METHODOLOGICAL QUALITY

A detailed overview of the methodolog-
ical quality of included studies using the
TESTEX scale (58) is in Supplemental
Digital Content (see Table 5.1, http://
links.lww.com/SCJ/A418). Study qual-
ity ranged from 2 to 15 (out of a possible
15), with mean and median scores of 8.
Although each study had some risk of
bias, many lost points because they
lacked (a) an intention-to-treat analysis,
(b) blinding of assessors, or (c)
activity monitoring. Furthermore, 16
(8,9,19,21,22,24,25,31–35,44,47,49,50) of
29 studies instructed participants to con-
tinue their habitual RT, losing points for

not reporting (a) exercise adherence and
(b) program variables (intensity, fre-
quency, volume, etc). Overall, 12 of 29
studies scored highly (.10). Sensitivity
analyses based on study quality scores
identified no influence on the overall
standardized mean change in FFM
(see Figures 5.1 and 5.2, Supplemental
Digital Content 1, http://links.lww.
com/SCJ/A418).

DISCUSSION

The purpose of this systematic review
with meta-regression was to update die-
tary protein intake recommendations
for energy-restricted, nonobese,
resistance-trained individuals with high-
er quality evidence. Prior recommenda-
tions were derived from a 2014
systematic review of only 6 studies
(18). Primarily, and in support of pre-
vious recommendations, our data sug-
gest a linear dose-response relationship
between daily protein intake (g/kgBM
and g/kg/FFM) and favorable FFM
changes in RT individuals undergoing
energy restriction. Secondarily, this rela-
tionship is stronger when protein intake
is expressed relative to FFM, in inter-
ventions longer than 4 weeks, in male
participants, and when baseline BF% is

lower. We intended to perform a meta-
analysis of studies directly comparing
groups with different protein intakes,
but only 5 studies were eligible. We
deemed this small group of studies
insufficient for a precise, informative
outcome and opted instead to analyze
the data using meta-regression. The
meta-regression models presented are
exploratory, as included studies (a) may
not have compared higher versus lower
protein intakes in a controlled setting,
and (b) involve intervention heteroge-
neity (e.g., different RT protocols).
Nonetheless, our findings update die-
tary protein intake recommendations
for the target population and increase
their strength of evidence (Figure 6).

The results of the best fit meta-
regression models indicate for each
additional gram of dietary protein
consumed per kilogram of BM (b 5
0.07) or FFM (b5 0.06), there is high
probability (.97%) of a favorable
change in FFM; such that increasing
protein intake leads to either lower
FFM loss or larger FFM gain. How-
ever, increasing protein intake from
the lowest (0.8 g/kg/BM/day and
0.9 g/kg/FFM/day) to the highest

Figure 5. Best fit linear meta-regression displaying the relationship between daily protein intake (grams per kilogram of fat-free
mass) and fat-free mass change across a resistance training intervention in energy-restricted individuals. Dot points
represent estimated group-level standardized mean changes, with dot size representing its weight determined by inverse
variance weighting. Shaded region around regression line represents highest density credible intervals categorized as
50% (darkest orange), 80%, and 95% (lightest orange).

Effect of Dietary Protein on Fat-Free Mass

VOLUME 00 | NUMBER 00 | MONTH 20258

http://links.lww.com/SCJ/A418
http://links.lww.com/SCJ/A418
http://links.lww.com/SCJ/A418
http://links.lww.com/SCJ/A418
http://links.lww.com/SCJ/A418
http://links.lww.com/SCJ/A418
http://links.lww.com/SCJ/A418
http://links.lww.com/SCJ/A418


(3.2 g/kg/BM/day or 4.2 g/kg/

FFM/day) analyzed intakes results
in only a “small” ES difference (60).
The present best fit models have

moderate-to-strong explanatory
power, with protein intake and ran-
dom effects (studies, groups, and ob-
servations) accounting for ;54–55%

of the variance in FFM change. Of
this variance, ;83–85% is due to sub-
stantial heterogeneity in study design.
Indeed, a robust RT stimulus is likely

Table 2
Secondary subgroupanalyses of interventionduration, energydeficitmagnitude, baselinebody fat (%), andparticipant

sex for daily protein intake (g) per kilogram of body mass and fat-free mass

Categorical variable b estimate HDI pd Obs

Dietary protein intake (g)—per kilogram of body mass

Study duration

#4 Weeks 0.05 20.06 to 0.15 80% 21

.4 Weeks 0.07 20.05 to 0.18 88% 34

Energy deficit (kcal/d)

#300 kcal 0.08 20.07 to 0.22 85% 28

.300 kcal 0.04 20.04 to 0.14 84% 28

Body fat percentage

Low BF% 0.14 20.04 to 0.31 93% 10

Medium BF % 0.10 20.05 to 0.24 91% 18

High BF% 0.04 20.06 to 0.14 78% 28

Participant sex

Male 0.09 0.00 to 0.19 98% 34

Female 0.05 20.06 to 0.16 81% 22

Dietary protein intake (g)—per kilogram of fat-free mass

Study duration

#4 Weeks 0.04 20.04 to 0.13 83% 21

.4 Weeks 0.07 20.01 to 0.16 95% 33

Energy deficit (kcal/d)

#300 kcal 0.07 20.05 to 0.20 89% 27

.300 kcal 0.05 20.02 to 0.12 93% 28

Body fat percentage

Low BF% 0.12 20.03 to 0.27 94% 10

Medium BF % 0.07 20.05 to 0.20 89% 17

High BF% 0.03 20.04 to 0.11 78% 28

Participant sex

Male 0.09 0.01 to 0.17 99% 34

Female 0.02 20.06 to 0.11 69% 21

Estimate of coefficient (b) presented as a median value.

pd 5 probability of direction; Obs 5 observations.
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more important for retaining FFM
during energy restriction than dietary
protein intake. For example, Long-
land and colleagues (30) observed
no mean loss of lean body mass
(+0.1 6 1.0 kg) in male participants
undergoing 4 weeks of 40% energy

restriction consuming 1.2 g/kgBM/
day of protein (an amount associated
with a mean reduction in FFM in the
present analysis) while performing
sprint interval cycling 23/week,
plyometrics 23/week, and RT 23/
week with the final set per exercise

performed to volitional failure. The
comparator high-protein group con-
sumed twice as much protein
(2.4 g/kgBM/day), and while they
gained significantly more lean body
mass (+1.2 6 1.0 kg), the difference
(1.1 kg) was modest. As such, it is

Figure 6. Graphical overview of practical applications.
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plausible that the quality of RT per-
formed by participants across the
included studies highly influenced
the FFM outcomes. Overall, while
there is strong evidence for a linear
relationship between dietary protein
intake and favorable FFM change,
the effect magnitude is small and
likely influenced by variables not con-
trolled for within the meta-regression
models (e.g., RT protocol character-
istics). Nonetheless, these findings
may be relevant for those benefitting
from small advantages, such as ath-
letes (e.g., weight-restricted combat
and strength athletes and bodybuild-
ers), of whom FFM loss would be
detrimental to competitive outcomes.

Although similar, the model for die-
tary protein intake expressed relative
to FFM had a higher probability of
favorably influencing FFM change
than the model with protein ex-
pressed relative to BM (99 versus
97%), as the entirety of the 95% HDI
was positive and did not include zero
(95% HDI: 0.01 to 0.12 versus 20.01
to 0.14). As Helms and colleagues (18)
originally speculated, “it may be worth-
while to prescribe protein intake based on
FFM versus total body mass in athletic
populations. This may avoid giving rec-
ommendations that are too low for lean
athletes.” Importantly, neither model
fit was improved by including addi-
tional predictors such as intervention
duration, energy deficit magnitude,
baseline BF%, and participant sex.
The simpler models, including only
protein intake as a predictor of FFM
change, were the most parsimonious
fits for the data. However, considering
the substantial study-level heteroge-
neity, it is possible that model com-
parison results could have differed
had more studies met our inclusion
criteria and been analyzed. Further-
more, the observed heterogeneity
may indicate other variables influence
the relationship between protein
intake and FFM change, such as envi-
ronmental factors (e.g., sleep, stress,
other nutrition factors) or RT varia-
bles, as previously mentioned. Argu-
ably, more high-quality, longitudinal

data are needed to make nuanced in-
ferences, as only 12 of 29 studies

scored highly (.10) on the TESTEX

scale. With that said, our categorical
subgroup analyses captured some var-

iables that may influence the relation-

ship between protein intake and FFM
change.

The probability of a linear dose-
response relationship between dietary
protein and favorable FFM change was
higher in studies lasting longer versus
shorter than 4 weeks with protein ex-
pressed relative to BM (88 versus 80%)
and FFM (95 versus 83%). FFM
changes in short-term interventions
(#4 weeks) are likely more susceptible
to fluid alterations (4,52), which could
add variability to the relationship
between protein intake and changes
in FFM. Notably, the median slope
was larger for interventions longer than
4 weeks with slightly tighter HDIs, par-
ticularly with protein intake expressed
relative to FFM, arguably strengthen-
ing the evidence that higher protein
intakes protect against “true” FFM los-
ses (i.e., are not influenced by fluid al-
terations) while dieting. Interestingly,
the probability of a linear dose-
response was stronger for male partic-
ipants than female participants, with
the difference more pronounced with
protein expressed relative to FFM (99
versus 69%) than BM (98 versus 81%).
Highlighting the possibility that pro-
tein requirements for FFM retention
may be lower in female participants is
research showing less protein and leu-
cine oxidation during exercise in
female participants (62,65). However,
substantially less female versus male
observations were included in our anal-
ysis, and it is unclear whether results
would be altered with more female par-
ticipants. Finally, our subgroup analy-
ses of BF% indicated leaner individuals
may benefit more from higher protein
intakes. Probability of a linear dose-
response increased with each stepwise
decrease in BF% (High BF% 5 78%;
Medium BF%5 89–91%; Low BF%5
93–94%). Specifically, for each addi-
tional gram of protein consumed per
kilogram of BM and FFM, FFM

change increased by 0.14 and 0.12 in
the Low BF% category, 0.10 and 0.07
in the Medium BF% category, and 0.04
and 0.03 in the High BF% category,
respectively. This finding supports the
initial premise set forth by Helms and
colleagues (18) that protein demands
increase in leaner individuals during
energy restriction due to a reduced
ability to liberate energy from lower
adipose tissue stores (12). As discussed
by Elia and colleagues in their review
of early starvation studies, lean individ-
uals have 2-fold to 3-fold higher rates
of urinary nitrogen excretion, leucine
oxidation, and contributions of protein
to glucose production compared with
individuals with obesity (12). More
recently, MPB increases were observed
alongside decreases in MPS in leaner
individuals during energy restriction
(6,48), compared with those with obe-
sity only experiencing decreases in
MPS (16). However, the extent to
which lessened MPB may aid FFM
retention remains unclear (64).
Although our observed relationship is
somewhat tentative, there is theoretical
support that higher protein intakes in
leaner individuals might offset the use
of body protein stores for energy. In
addition, splitting our data into 3 BF
% categories reduced the observations
per category (Low BF%: 10), resulting
in higher uncertainty of ES estimates,
most notably in the Low BF% cate-
gory, making more research on leaner
individuals important for firmer
conclusions.

The relationship between dietary pro-
tein intake and FFM changes were
similar between smaller (#300 kcal/
d) and larger (.300 kcal/d) energy
deficits. To perform this subgroup anal-
ysis, we categorized the energy deficit
magnitude by a median split, ensuring
a balanced number of observations per
category. Although alternative catego-
rization methods (e.g., #500
and .500 kcal/d) may have provided
different insights, they would have
been influenced by an unequal number
of observations. Helms and colleagues
(18) speculated that protein intake
should scale with energy deficit
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severity while acknowledging that
energy deficit magnitude may be more
important for FFM retention than pro-
tein intake (13,34). During large energy
restriction, any increase in dietary pro-
tein necessarily reduces dietary carbo-
hydrate or fat, with potential for low
dietary carbohydrate negatively affect-
ing RT volume performance (27) and
low dietary fat compromising sex hor-
mone concentrations (23,69). Further-
more, Murphy and colleagues recently
suggested that an energy deficit of
;500 kcal per day prevented gains in
FFM, highlighting a possible interac-
tion between energy deficit magnitude
and FFM change (41). Therefore, indi-
viduals seeking to avoid FFM losses at
all costs should likely implement mod-
est energy restriction.

STRENGTHS & LIMITATIONS OF
CURRENT RESEARCH

Previous research investigating the
effect of dietary protein intake on
FFM retention during energy restric-
tion qualitatively summarized findings
across a total of 6 studies (18). The
present analyses for protein expressed
relative to BM and FFM involved 56
and 55 study observations, respectively,
allowing quantitative synthesis of
a larger body of literature that ac-
counted for different protein intakes
across observations. Data were only ex-
tracted by 1 author (M.C.R.), which we
acknowledge may increase the poten-
tial for error in data extraction. It is
important to note that changes in
FFM do not directly equate to changes
in skeletal muscle mass and may be
affected by fluid alterations (4,52).
Nonetheless, most studies in the rele-
vant literature assess FFM to infer
whole-body changes, which we con-
sidered relevant to our target popula-
tion. Shorter-term interventions
(e.g.,# 4 weeks) also likely have a high-
er susceptibility to fluid alterations,
with our data analysis involving studies
of 4-week (9,10,22,34,35,59), 3-week
(66), 2-week (19,49), and 1 (68)-week
durations. In addition, most studies
relied on self-reported dietary records
to estimate protein intake, leaving the
accuracy of the reported protein

intakes in question. To estimate the
pattern of the dose-response relation-
ship, we fit both linear and nonlinear
meta-regression models and identified
the best fit using model comparison
techniques. We also calculated multiple
statistics, including probability of direc-
tion and R2, to assess the strength of
the dose-response relationship. These
advanced statistical techniques pro-
vided important insights into the
research question that individual stud-
ies could not achieve independently. To
investigate potential sources of
between-study heterogeneity, we
explored the impact of multiple predic-
tors (i.e., intervention duration, energy
deficit magnitude, baseline BF%, and
participant sex) on the relationship
between protein intake and FFM
change but found they did not improve
the model fit. Owing to poor reporting
of RT interventions within the included
studies, we were unable to use RTchar-
acteristics as predictors within the
meta-regression models; RT interven-
tions differed widely between studies,
and 16 (8,9,19,21,22,24,25,31–
35,44,47,49,50) of the 29 retrieved stud-
ies had participants perform habitual
rather than prescribed RT. Further-
more, many studies did not report
years of RT experience, and it is thus
unclear how the relationship between
dietary protein intake and FFM change
may be influenced by different levels of
RT experience. Importantly, energy
deficit magnitude was estimated using
approximated energy values of FFM
and fat mass; however, the accuracy
of the estimations is unclear. To explore
how the relationship between protein
intake and FFM change may vary, we
used domain-specific expertise and
data distribution to categorize predic-
tors for secondary subgroup analyses.
The number of observations in each
subgroup therefore decreased, reducing
statistical power and increasing uncer-
tainty of the ES estimates. Despite dif-
ferences between study interventions
likely influencing the overall outcomes
of our best fit models that only involved
protein intake as a predictor, the results
provide a more robust basis for protein
intake recommendations in the target

population and highlight areas for
future research. For example, future
studies should consider (a) experimen-
tally comparing different protein in-
takes (particularly very high protein
intakes) while reporting and control-
ling RT variables, (b) recruiting leaner
individuals to better understand how
low BF% may influence optimal pro-
tein intake for FFM retention, and (c)
further assessing whether protein
intake should scale with energy deficit
severity or differ between male partic-
ipants and female participants.

PRACTICAL APPLICATION OF KEY
FINDINGS

During energy restriction, resistance-
trained individuals may benefit from
higher dietary protein intakes than cur-
rently advised during states of energy
balance or surplus (1.6 g/kgBM/day
or higher), particularly when maximal
FFM preservation is of utmost impor-
tance (Table 3). Specifically, increasing
protein intake up to 1.9 g/kgBM/day or
2.5 g/kgFFM/day, on average, is asso-
ciated with less FFM loss in the present
analysis (representing the protein intake
levels at which the trend line of our
meta-regression crosses an ES of zero).
Furthermore, intakes above these val-
ues, up to the highest analyzed intakes
of 3.2 g/kgBM/day and 4.2 g/kgFFM/
day, are linearly associated with larger
FFM gain. Furthermore, protein intake
should inversely scale with BF%, such
that lean individuals (BF% below ;12
and ;20% for males and females,
respectively) should select protein tar-
gets comfortably associated with larger
FFM gain in the present analysis. How-
ever, it is also important to acknowledge
that energy restriction imposes a “caloric
budget,” such that increasing protein
intake necessitates lowering fat or car-
bohydrate intakes, plausibly detracting
from health, performance, or dietary
adherence. As such, the potential bene-
fit of higher protein intake must be
weighed against the potential detri-
ments of reduced fat or carbohydrate
intake. Furthermore, practitioners
should weigh the perceived risk of
FFM loss (e.g., based on the context
and circumstances of the athlete) with
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the importance of FFM retention or gain
(e.g., importance of FFM retention to
the athlete or their sporting require-
ments). For example, higher dietary
protein intakes may be prescribed when
both risk and importance are high. Prac-
titioners may consider the exploratory
recommendations outlined in Table 3
for practical evaluation, guided by their
expertise and the specific needs and
preferences of their athletes. When rea-
sonably accurate estimations of FFM
are possible, FFM-based protein recom-
mendations are preferred. In addition,
female participants may not benefit as
much as male participants from higher
protein intakes during energy restric-
tion, but more data are needed to
strengthen this observation. Finally,
while a linear dose-response relation-
ship between daily protein intake and
favorable FFM change was observed, it
is paramount that practitioners under-
stand that a robust RT stimulus and an
appropriately sized energy deficit also
have a meaningful influence on FFM
change during energy restriction.

Which of these variables has the great-
est influence on FFM change, however,
is likely context-dependent (e.g., large
energy deficits may lead to more
FFM loss in leaner individuals).

CONCLUSION

Prior dietary protein intake recommen-
dations for resistance-trained individuals
undergoing energy restriction were based
on plausible theoretical rationale that
protein demands increase during energy
restriction and with reduced adiposity
but relied on weak empirical evidence.
The present meta-regression updates
those prior protein intake recommenda-
tions, providing quantitative support for
a linear dose-response relationship
between dietary protein intake and favor-
able FFM change. Specifically, while
increasing protein intake may lead to
FFM gain even in energy restriction, at
minimum, it can mitigate FFM loss,
thereby maximizing FFM retention.
Although the magnitude of change in
FFM with increased protein intake is
likely most relevant when FFM retention

is of utmost importance (e.g., weight-
restricted combat and strength athletes,
and bodybuilders), higher protein intake
leads to more favorable FFM changes
when (a) protein intake is expressed rel-
ative to FFM, (b) baseline BF% is lower,
and (c) possibly in male participants ver-
sus female participants. While these con-
clusions are based on stronger evidence
than prior recommendations, the hetero-
geneity between studies included in our
meta-regression renders the findings
exploratory rather than confirmatory.
Practitioners and researchers should thus
interpret the results with caution and
treat findings as hypotheses that may
be carefully tested in practice and/or
future experimental investigations.
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Table 3
Exploratory dietary protein intake recommendations for fat-free mass

retention during energy restriction, intended for practical evaluation by
practitioners and athletes

FFM retention rating Risk/Importance Dietary protein recommendations

High [ Risk 1.9–3.2 g/kgBM/day

[ Importance 2.5–4.2 g/kgFFM/day

Moderate Y Risk At least 1.9 g/kgBM/day

[ Importance

[ Risk At least 2.5 g/kgFFM/day

Y Importance

Low Y Risk Up to 1.9 g/kgBM/day

Y Importance Up to 2.5 g/kgFFM/day

Risk 5 perceived risk of FFM loss; Importance 5 importance of FFM retention/gain.

Recommendations are based on perceived risk of fat-free mass loss (i.e., Risk) and the
importance of fat-free mass retention or gain (i.e., Importance), referred to as the “fat-free mass
retention rating.” For example, practitioners may consider low body fat percentages or large
energy deficits as high risk, while the athlete’s preferences or sport requirements may influ-
ence the importance. These recommendations are derived from the exploratory findings of
the present meta-regression and should be applied with caution. Future research may further
support or revise these dietary protein recommendations.

FFM 5 fat-free mass.
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Journey, and a co-author of the MASS
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