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Dose–response relationship between protein intake and muscle
mass increase: a systematic review and meta-analysis of
randomized controlled trials

Ryoichi Tagawa, Daiki Watanabe, Kyoko Ito, Keisuke Ueda, Kyosuke Nakayama, Chiaki Sanbongi, and
Motohiko Miyachi

Context: Lean body mass is essential for health, yet consensus regarding the effec-
tiveness of protein interventions in increasing lean body mass is lacking.
Objective: The aim of this systematic review was to evaluate the dose–response
relationship of the effects of protein intake on lean body mass. Data Sources: The
PubMed and Ichushi-Web databases were searched electronically, and reference
lists of the literature included here and in other meta-analyses were searched
manually. Study Selection: Randomized controlled trials evaluating the effects of
protein intake on lean body mass were included. Data Extraction: Two authors in-
dependently screened the abstracts; 5 reviewed the full texts. Results: A total of
5402 study participants from 105 articles were included. In the multivariate spline
model, the mean increase in lean body mass associated with an increase in protein
intake of 0.1 g/kg of body weight per day was 0.39 kg (95%CI, 0.36–0.41) and 0.12
kg (95%CI, 0.11–0.14) below and above the total protein intake of 1.3 g/kg/d,
respectively. Conclusions: These findings suggest that slightly increasing current
protein intake for several months by 0.1 g/kg/d in a dose-dependent manner over
a range of doses from 0.5 to 3.5 g/kg/d may increase or maintain lean body mass.
Systematic Review Registration: UMIN registration number UMIN000039285.

INTRODUCTION

Skeletal muscle, which is responsible for movement and

activity, is the largest organ in the human body, ac-
counting for 40% of total body weight (BW). Among

young and middle-aged adults, decreased muscle mass
increases the risk of chronic metabolic diseases such as

type 2 diabetes and obesity.1,2 Moreover, among the el-
derly, sarcopenia, a progressive decrease in muscle mass

with age, is a risk factor for fractures, physical disabil-
ities, and frailty.3 Accordingly, sustaining and increas-

ing muscle mass is extremely important for the
promotion and maintenance of health across all

populations.4
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Protein, an energy-producing nutrient, is a major

component of skeletal muscle in living organisms and is

involved in the regulation of metabolism.5,6 A decrease in

muscle mass may be accelerated by a decline in the assim-

ilation response to insufficient protein intake.7 According

to a meta-analysis of nitrogen delivery tests to evaluate

the amount of protein required in healthy adults, the av-

erage protein requirement was estimated to be 0.66 g/kg

BW/d.8 However, although some randomized controlled

trials (RCTs) reported increased skeletal muscle mass fol-

lowing intake of more than the required amount of pro-

tein,9–15 no consistent results have been demonstrated.12

A recent meta-analysis of RCTs reported the dose–

response relationship between protein intake and in-

creased muscle mass in healthy adults.14 However, this

report mainly demonstrates the magnitude of the effect

in the dose–response curve, and thus the dose–response

relationship between increased muscle mass and pro-

tein intake cannot be estimated from confidence inter-

vals. Furthermore, these analyses only included studies

that examined the effect of protein supplementation in

conjunction with resistance training; thus, the effect of

protein supplementation without resistance training

was not considered.
Ingestion of protein and amino acids strongly stim-

ulates muscle protein synthesis,16 and the digested and

absorbed proteins and amino acids also act as structural

components of muscle hypertrophy.5 Additionally, re-

sistance training facilitates muscle protein synthesis and

subsequent increases in muscle mass. The aims of the

present meta-analysis were as follows: (1) to evaluate

the dose–response relationship between protein intake

and the increase in lean body mass (LBM); and (2) to

assess this relationship within the context of the pres-

ence or absence of resistance training. The hypothesis

in this study was that increased protein intake would re-

sult in an increase in muscle mass in a dose-dependent

manner and that ingestion of small amounts of protein,

especially among a resistance-trained population, would

be effective in increasing muscle mass. This study is the

first meta-analysis to examine the dose–response rela-

tionship between a wide range of protein intakes and an

increase in muscle mass in the presence or absence of

resistance training. On the basis of the findings of this

study, recommendations are provided for appropriate

amounts of protein required to sustain and improve

muscle mass in a diverse population.

METHODS

Study protocol

This study was registered in UMIN Clinical Trials

Registry (registration no. UMIN000039285).

Reporting

This systematic review and meta-analysis was con-

ducted in accordance with PRISMA (Preferred

Reporting Items for Systematic Reviews and Meta-

Analyses) guidelines.17

Data sources

A systematic review of published literature was con-

ducted using the PubMed and Ichushi-Web (online

database of academic articles in Japan) databases (last

accessed on May 27, 2019). Results were limited to

English- and Japanese-language RCTs. The combina-

tions of search terms and search parameters are shown

in Table S1 in the Supporting Information online.

Additionally, the reference lists of the literature in-

cluded in this review and in other meta-analyses were

searched manually.

Study identification and data extraction

Two authors (R.T. and K.N.) independently screened

titles and abstracts of all the search results, and eligibil-

ity was judged on the basis of the criteria described be-

low. Any disagreement regarding eligibility was

resolved through deliberations. Articles judged to be

potentially eligible in the primary screening, along with

articles for which no such decision could be made, were

subjected to secondary screening to determine eligibil-

ity using the full-text version. Data on attributes of par-

ticipants, intervention conditions, and the target

outcome were extracted from the articles judged to be

eligible during secondary screening. If a trial included

more than one intervention group, each group was

treated as a separate trial. Measurements taken in the

middle of the intervention period were excluded, and

only one result before and one result after the full inter-

vention were utilized. When data required for the crea-

tion of a forest plot could not be collected, the article’s

corresponding author was contacted. In cases in which

numerical data were not available and a response could

not be obtained from the corresponding author but the

data were available as graphs, numerical values were

obtained using the web-based tool WebPlotDigitizer,

version 4.1 (Ankit Rohatgi; Pacifica, CA).18 Five authors

(K.I., K.U., R.T., C.S., and K.N.) conducted the second-

ary screening and data extraction, and 2 authors (K.I.

and K.U.) conducted the verification.

Eligibility

Randomized controlled trials that studied the effects of

protein intake on LBM (or fat-free mass, if LBM was
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not available) and in which supplemental protein doses

varied between study groups were selected for analysis.

The PICOS (population, intervention, comparison, out-

come, and study design) criteria were used to define the

research questions (Table 1). The target population was

limited to study participants who did not have any seri-

ous illness (eg, HIV infection, cancer, chronic renal fail-

ure, terminal illness, or diseases that seriously affect

physical activity). The protein intervention period was

set as 2 weeks or more, which was considered a suffi-

cient length of time for protein supplementation to en-

hance LBM,19 so that data from all potentially eligible

RCTs could be collected. The supplemental protein

dose (g/d or g/kg BW/d) was set in advance of the inter-

vention. Trials with intergroup differences in the

amounts for interventions with muscle hypertrophy

promoters (leucine, b-hydroxy-b-methyl butyrate, crea-

tine, etc) or vitamin D were excluded. When there was

more than one control group, priority was given to the

group with equal energy intake and with larger differen-

ces in the supplemental protein dose. Control groups

with different conditions other than nutrition (such as

exercise) were excluded.

Outcomes

When extracting data for muscle mass, muscle strength,

and body fat mass as outcomes, the target of analysis in

this systematic review and meta-analysis was LBM. For

LBM, 2 values were recorded: LBM change in each

group, and the difference in LBM changes between an

intervention group and a control group. The former

was used to evaluate the effect of total protein intake as

calculated by the sum of the supplemental protein dose

and the dietary protein intake in each group, and the

latter was used to evaluate the effect of the difference in

supplemental protein doses between groups.

Quality assessment

Two authors (K.I. and K.N.) independently evaluated

the quality of the selected articles, using the Cochrane

risk-of-bias tool.20 Disagreements about quality were re-

solved through discussions with a third author (R.T.).

The articles identified as containing high-risk items all

contained sufficient descriptions to allow inclusion, and

thus, to avoid bias, all articles were evaluated.

Statistical analysis

A meta-analysis of the effect of protein intake on LBM

was conducted using the mean change in LBM and the

standard deviation (SD) of change (SDchange). In cases

where SDchange was not reported, it was calculated using

the equations shown below.20 In cases where all data for

SD before the intervention (SDbaseline), SD after the in-

tervention (SDfinal), and SDchange were available, the

correlation coefficient (Corr) was calculated using the

following equation:

Corr ¼ ðSDbaseline
2 þ SDfinal

2 � SDchange
2Þ=ð2

� SDbaseline � SDfinalÞ:

In cases where SDchange was unknown, but

SDbaseline and SDfinal were available, SDchange was calcu-

lated using the following equation:

SDchange ¼ �ðSDbaseline
2 þ SDfinal

2 � 2� Corr

� SDbaseline � SDfinalÞ:

In cases where none of the above data were avail-

able, SDchange was obtained by contacting the corre-

sponding author.

The effects of differences in supplemental doses on

differences in LBM changes between groups were ana-

lyzed by point estimation and displayed as a forest plot

of the point estimates of the mean difference and

95%CI. To investigate the effect of resistance training,

subgroup analyses were conducted. The analyses were

performed using a random-effects model in which it

was assumed that trial errors were included, since the

trials selected used a wide range of conditions and were

not limited by sex, age, or exercise conditions.

Statistical heterogeneity was evaluated using the incon-

sistency index (I2) and v2 test, but the entire analysis

was performed even when heterogeneity was high, since

it was assumed that corrections for confounding factors

would be incorporated later. Publication bias was evalu-

ated visually using a funnel plot.
Moreover, unadjusted or multivariate-adjusted

spline models were used to evaluate the dose–response

relationship between protein intake (total protein intake

in each group or the difference in supplemental protein

doses between groups) and change in LBM (a value in

each group or the difference between groups).

Multivariate analysis was verified in 2 models. Model 1

adjusted for age (continuous), sex (percent male), inter-

vention period (continuous), and resistance training

(yes or no), while model 2 adjusted for the factors in

Table 1 PICOS criteria for inclusion of studies
Parameter Inclusion criterion

Population Adult participants (not critically ill)
Intervention Supplementary protein intake for � 2 weeks
Comparator Placebo or no intervention
Outcome Lean body mass or fat-free mass
Study design Randomized controlled trial
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model 1 and also for weight change (continuous). The

missing values of these covariates (from all 105 selected

trials, sex was missing in 8 cases, age in 1 case, and

weight change in 14 cases) were substituted with the av-

erage values (for weight change only, missing values

were substituted with 0) of all included trials. Model 1

was adjusted for variables that were used in a Dietary

Reference Intake as confounders.21 Weight change was

the selected mediator of these relationships in model 2.

Additionally, the stratified-models analysis was per-

formed according to the presence or absence of resis-

tance training, and the results were expressed as the

effect size and 95%CI, with the former being calculated

relative to the control group. The mean effect size, along

with the corresponding 95%CI for an increase in LBM,

was estimated for a 0.1 g/kg BW/d increment in protein

intake stratified by approximately 1.3 g/kg BW/d (< 1.3

kg or� 1.3 kg), which was the inflection point with the

association between protein intake and fat-free mass us-

ing a multivariate spline model. In these analyses, when

the 95%CI of the magnitude of effect did not straddle 0,

it was estimated that P< 0.05. When the 95%CI of the

magnitude of effect straddled 0, it was estimated that

P � 0.05.

Statistical significance was considered when both

sides were less than 5%. Analyses were conducted using

Review Manager (RevMan), version 5.3 (Nordic

Cochrane Centre; Cochrane Collaboration,

Copenhagen, Denmark) and Stata/MP, version 15.0

(StataCorp LP; College Station, TX).

RESULTS

Study selection

Figure 1 shows the results of the literature search. In the

search conducted through May 27, 2019, 1700 poten-

tially relevant articles were identified. Primary screen-

ing of titles and abstracts identified 295 articles that

were potentially eligible or for which no clear judgment

could be made. Secondary screening using the full-text

versions identified 149 eligible articles. The search was

narrowed according to the target outcome specified for

analysis in this meta-analysis, and data for 105 articles,

138 intervention groups, and 5402 individuals were

obtained. The data for interventions with resistance

training were extracted from 53 articles that described

72 intervention groups and 2325 individuals. The data

for interventions without resistance training were

extracted from 56 articles that described 66 intervention

groups and 3077 individuals. Four of the included

articles reported on interventions both with and with-

out resistance training. All 105 articles were used to

create a forest plot and to create spline models to evalu-

ate the relationship between differences in supplemental
protein doses and LBM change between groups; 92

articles were also used to create spline models to evalu-

ate the relationship between total protein intake and
change in LBM in each group.

Study characteristics

Tables S2 through S5 in the Supporting Information

online summarize the features of the 105 selected
articles. Total protein intake ranged from 0.64 to

3.50 g/kg BW/d (mean 6 SD, 1.58 6 0.59 g/kg BW/d)

in intervention groups and from 0.52 to 2.00 g/kg BW/d
(mean 6 SD, 1.04 6 0.35 g/kg BW/d) in control groups.

There was a significant increase in total protein intake

in the intervention groups (mean 6 SD, 31 6 27 g/d;
range, �13 to 135 g/d; P< 0.01) and a significant de-

crease in the control groups (mean 6 SD; �5 6 15 g/d;

range, �55 to 47 g/d; P< 0.01) such that the change in

total protein intake was significantly greater in the
intervention groups (P< 0.01). Relative total protein

intake (g/kg BW/d) significantly increased in the inter-

vention groups (before, 1.13 6 0.33 g/kg BW/d; after,
1.52 6 0.51 g/kg BW/d; change, 0.38 6 0.33 g/kg BW/d;

P< 0.01) and significantly decreased in the control

groups (before, 1.12 6 0.31 g/kg BW/d; after,
1.06 6 0.33 g/kg BW/d; change, �0.05 6 0.19 g/kg BW/

d; P< 0.01), such that there was a greater change in the

intervention groups (P< 0.01). Differences in supple-
mental protein doses between an intervention group

and a control group ranged from 0.06 to 2.38 g/kg BW/

d (0.51 6 0.37 g/kg BW/d). There were 68 RCTs evalu-
ating LBM only, 35 evaluating fat-free mass only, and 2

evaluating both LBM and fat-free mass. There were 66

trials in which protein supplementation was added to
regular meals and 39 trials in which the meal content it-

self was changed. The intervention period spanned a

wide range, from 2 weeks to 18 months, with a mean of
19.8 weeks. Concerning energy balance, 41 trials used

interventions for aggressive weight loss; 2 trials, aggres-

sive weight gain; and 62 trials, neither. With regard to
sex, 2459 study participants were female and 2422 male;

the sex of the remaining 530 participants was unknown

(data not available). The mean age of the study partici-

pants ranged from 19 to 81 years, with an overall mean
of 47.2 years.

Risk of bias

Assessment of risk of bias is summarized in Figure S1
in the Supporting Information online. Conditions in-

dicative of high risk of bias included the following:

blinding of participants and personnel in 58 trials,
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incomplete outcome data in 7 trials, random sequence

generation in 3 trials, and allocation concealment in 3

trials. Publication bias was not observed in the funnel

plot (see Figure S2 in the Supporting Information

online).

Meta-analysis

Figure S3 in the Supporting Information online shows

the forest plot that consolidates the results of the trials

for 138 intervention conditions stratified by the pres-

ence or absence of resistance training. The results of

subgroup analyses by supplemental doses with or with-

out resistance training are summarized in Table 2.

Protein supplementation in a wide range of doses was

significantly effective in improving LBM, with or with-

out resistance training. As a whole, the weighted aver-

age difference in supplemental protein doses was 0.51

kg (95%CI, 0.36–0.65 kg) (P< 0.01). For statistical het-

erogeneity, I2 ¼ 72%, and v2 tests demonstrated statisti-

cal significance (P< 0.01).

Dose–response analyses with multivariate-adjusted
spline models

The effect of total protein intake on change in LBM in

each group was analyzed with 3 spline models: an unad-

justed model, the multivariate-adjusted model 1, or the

multivariate-adjusted model 2 (Figure 2). In the analy-

ses conducted with the unadjusted model or with

Figure 1 Flow diagram of the literature search process.
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multivariate-adjusted model 1 (which did not include

weight change), the change in LBM became incremen-
tally greater with total protein intake across a wide

range of intakes, with or without resistance training.
When multivariate-adjusted model 1 was used, the

mean increase in LBM (and the corresponding 95%CI)

associated with a protein intake increment of 0.1 g/kg

BW/d was 0.39 kg (95%CI, 0.36–0.41) below and 0.12
kg (95%CI, 0.11–0.14) above a total protein intake of

1.3 g/kg BW/d. Positive correlations across a range of
total protein intakes were also observed when the sam-

ple was stratified according to resistance training

Table 2 Summary of the effect of protein supplementation on change in lean body mass (LBM), stratified by the supple-
mental protein dose or by the presence or absence of resistance training
Subgroup Mean difference in LBM (kg) 95%CI (kg) No. of trials Total no. of individuals

All trials 0.51 0.36–0.65 138 5866
Protein dose < 0.3 g/kg BW/d 0.38 0.20–0.55 40 1815
Protein dose 0.3–0.6 g/kg BW/d 0.41 0.19–0.63 56 2641
Protein dose � 0.6 g/kg BW/d 0.80 0.45–1.14 42 1410
With resistance training 0.48 0.31–0.65 72 2686
Without resistance training 0.53 0.36–0.76 66 3180
Abbreviations: BW, body weight.

Figure 2 Dose–response relationship between total protein intake and change in lean body mass in each group. Spline curves illus-
trating the associations between total protein intake and change in lean body mass in each group in an unadjusted model (a, b, and c for all
trials, trials with resistance training, and trials without resistance training, respectively), in multivariate-adjusted model 1 (d, e, and f for all tri-
als, trials with resistance training, and trials without resistance training, respectively), or multivariate-adjusted model 2 (g, h, and i for all trials,
trials with resistance training, and trials without resistance training, respectively). The solid line and dashed line represent the mean change
in LBM and 95%CIs, respectively. Covariates of multivariate-adjusted model 1 are age, sex, intervention period, and resistance training.
Covariates of multivariate-adjusted model 2 are weight change in addition to the covariates of multivariate-adjusted model 1. Abbreviations:
BW, body weight; FFM, fat-free mass; LBM, lean body mass.
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groups: a protein intake of 0.52 to 1.30 g/kg BW/d was

associated with a mean increase in LBM of 0.06 kg

(95%CI, 0.03–0.08) with resistance training and 0.40 kg
(95%CI, 0.37–0.43) without resistance training, and a

protein intake of 1.31 to 3.50/kg BW/d was associated

with a mean increase in LBM of 0.08 kg (95%CI, 0.06–

0.09) with resistance training and 0.26 kg (95%CI, 0.23–
0.29) without resistance training. In model 2, in which

change in BW was added as a mediator to those varia-

bles already present in model 1, after a total protein in-

take of 1.3 g/kg BW/d was exceeded, the effect on LBM
change continued to rise with resistance training and

declined without resistance training. The effect of dif-

ferences in supplemental protein doses was analyzed in

the same manner as before (see Figure S4 in the
Supporting Information online). Before and after the

differences in supplemental protein doses reached ap-

proximately 0.5 g/kg BW/d, the effects on LBM change

declined and rose, respectively.

DISCUSSION

Primary findings

The purpose of this study was to elucidate the dose–

response relationship using a meta-analysis of RCTs in-

vestigating the effect of protein intake on LBM increase,

considering the presence or absence of resistance train-
ing. The primary findings include the following: (1) The

subgroup analyses, displayed as forest plots, indicated

that protein supplementation was significantly effective

for increasing LBM with or without resistance training;
(2) Dose–response analyses with the multivariate-

adjusted spline model indicated that total protein intake

over a wide range of doses (from 0.5 to 3.5 g/kg BW/d)

was positively correlated with an increase in LBM.
Slightly increasing the current protein intake by 0.1

g/kg BW/d may potentially increase or maintain current

muscle mass; (3) The rate of increase in the effect of

protein supplementation rapidly diminished after 1.3
g/kg BW/d was exceeded, and resistance training mark-

edly suppressed this decline.

Effect of protein supplementation with or without
resistance training

Several previous systematic reviews and meta-analyses

of RCTs that included resistance training report that

protein supplementation has a significant positive effect

on muscle mass, 9,10,14 but this meta-analysis demon-
strates for the first time that protein supplementation is

significantly effective without resistance training in a di-

verse population without specific serious health condi-

tions. Subgroup analysis by the presence or absence of

resistance training demonstrated no superior effects of

protein supplementation with resistance training

(Table 2). It seems that resistance training has no syner-

gistic effects, but it may have a simple additive

effect.22,23

Effective dose of protein

Subgroup analyses by supplemental protein doses dem-

onstrated that protein supplementation of less than

0.3 g/kg BW/d (0.17 g/kg BW/d, on average) was suffi-

cient to significantly increase LBM. Furthermore, the

multivariate-adjusted spline model revealed that total

protein intake positively correlated with LBM change

over a wide range of protein intakes (0.5–3.5 g/kg BW).

Lean body mass increased by 0.39 kg (95%CI, 0.36–

0.41) and 0.12 kg (95%CI, 0.11–0.14) per 0.1 g/kg BW/d

increment in total protein intake below and above 1.3 g/

kg BW/d, respectively. These results suggest that a small

amount of protein supplementation promotes an in-

crease in LBM. Daily addition of a high-protein food

item such as an egg (6–8 g protein) or 1 cup (200 mL) of

milk (6.8 g protein) to usual meals may increase muscle

mass. These findings may be helpful for managing nu-

trition in people who have difficulty eating sufficient

amounts of food, such the elderly or people with dys-

phagia, as well as in low-income, food-insufficient

populations.

Correlation between total protein intake and change
in lean body mass

Multivariate-adjusted spline model 1 (which did not in-

clude weight change) indicated that total protein intake

and change in LBM were positively correlated over a

wide range of protein intakes (from 0.5 to 3.5 g/kg BW/

d); model 2 (which included weight change) revealed

that the effect of total protein intake was especially pro-

nounced at protein intakes below 1.3 g/kg BW/d, indi-

cating that increasing total protein intake within the

range recommended by the Dietary Reference Intakes

in Japan21 leads to linear increases in LBM relative to

change in BW. Considering that differences between

supplementation doses and differences in LBM

increases were negatively associated with low doses, to-

tal protein intake may be essential to accurately estimate

the dose–response relationship of protein intake.

Indeed, several previous reports indicate positive corre-

lations between total protein intake and LBM in a di-

verse population.24–29
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Effect of higher protein intake with or without
resistance training

The rate of increase in the effect of protein supplemen-

tation rapidly diminished when total protein intake

exceeded 1.3 g/kg BW/d in the multivariate-adjusted

spline model 2 (which included weight change). This

result suggests that the efficiency of conversion of

ingested protein into LBM declines when protein is

ingested in sufficient amounts or more. This finding is

consistent with previous research using meta-regression

between total protein intake and change in fat-free

mass.14 Interestingly, this decline was markedly sup-

pressed by resistance training, suggesting that resistance

training may contribute to maintaining or improving

the efficiency of protein anabolism. According to the

National Health and Nutrition Survey in Japan,30

roughly 33% of Japanese adults may have a total protein

intake that exceeds 1.3 g/kg BW/d. Although resistance

training has become increasingly popular in Japan, cur-

rently only approximately 10% of Japanese adults per-

form resistance training once or more per week.31 For

health-oriented people who consume high amounts of

protein in daily meals, resistance training is strongly

recommended to increase LBM.

Adverse effects of excessive protein intake

While the efficacy of protein intake for maintaining or

increasing muscle mass is well known, it is important to

highlight potential adverse effects related to excess pro-

tein intake. High protein intake during pregnancy has

been reported to increase the risk of small-for-

gestational-age infants32 and neonatal death.33 While

inconsistent results regarding renal function34 and can-

cer mortality35 have been reported, some studies report

that high protein intake is associated with lower renal

function in individuals with mild renal insufficiency36

and that high consumption of animal proteins is associ-

ated with a higher risk of cancer mortality in middle-

aged individuals.37 Thus, consuming moderate amounts

of protein to maintain overall nitrogen balance is im-

portant in these populations, particularly because of the

risks associated with excessive protein intake.

Strengths and limitations

This study has several strengths. First, a large number

of selected studies (trials) and individuals were in-

cluded, approximately 2 to 3 times more than those in

previous meta-analyses.9–15 Second, dose reactivity was

described using a multivariate-adjusted spline model.

Surprisingly, although numerous meta-analyses have

been published to date, only a few analyzed dose–

response relationships, despite major interest and con-

cerns about the amount of protein intervention and its
effect size. Third, this study is the first meta-analysis to

examine the dose–response relationship between a wide

range of protein intakes and the increase in LBM while

also considering the presence or absence of resistance
training.

This study also has several limitations. First, in-
cluded studies were limited to those published in

English or Japanese. Second, for articles in which the

magnitude of effect on LBM was not mentioned in ei-
ther the text or tables, the corresponding authors were

contacted, but the response rate was low (7 responses of

36 requests). However, 18 the 29 articles for which no
response was received contained related graphs, and the

WebPlotDigitizer tool was used to extract data from

these graphs. Third, bias related to blinding was high.

Double-blind trials are difficult to perform in dietary
protein interventions, since meals with different protein

content must be provided to study participants.

However, since most protein intervention studies are
not double-blind, excluding non–double-blind studies

may result in large deviations from the current status of

protein intervention studies. Consequently, studies that
were not double-blind were also included in this meta-

analysis.

Perspectives

A future large-scale RCT is necessary to examine the
dose–response relationship of multiple amounts of sup-

plemental protein under the same conditions to more

accurately elucidate the relationship between the
amount of supplemental protein and the increase in

muscle mass. Only 4 of the 105 articles included in this

meta-analysis examined the dose–response relationship
under identical conditions. Moreover, additional inter-

vention studies that include individuals with conditions

caused by severely insufficient protein intake (such as
frailty and sarcopenia) are also warranted. Sarcopenia

and frailty in the elderly and kwashiorkor in young chil-

dren in developed and developing countries, respec-
tively, are important global health issues that require

well-designed and multifaceted studies to further clarify

the relationship between protein intake and muscle

mass.

Conclusion

This meta-analysis revealed that total protein intake

enhances the increase in LBM in a dose-dependent
manner over a wide range of doses (0.5–3.5 g/kg BW).

These results suggest that slightly increasing protein in-

take for several months, even by as little as 0.1 g/kg BW/
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d, may increase or help maintain muscle mass. The ef-

fect of protein intake on LBM increase relative to weight
change rapidly diminishes after the intake of 1.3 g/kg

BW/d is exceeded, and resistance training markedly
suppresses this decline. Therefore, both increasing pro-

tein intake and performing resistance training is recom-
mended to optimally augment LBM. The findings of

this study indicate the appropriate protein intakes re-
quired to sustain and improve muscle mass in diverse

populations and provide a better understanding of the
influence of resistance training on the effect of protein

intake.
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