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A B S T R A C T

This review examines physiological 

limits, longitudinal projections, and 

best practices for muscle hypertrophy 

with a focus on bodybuilding and 

physique sport. Recurring body com-

position assessments using multi-

compartment models are 

recommended for monitoring short-

term fat-free mass (FFM) changes and 

long-term muscular development. 

Normative data indicate that drug-free 

male athletes typically gain roughly 

1.4 kg of FFM over 12 weeks of 

resistance training, with an interquar-

tile range of 1–2 kg. A practical upper 

limit for FFM index in drug-free male 

athletes is approximately 28.5, 

although higher values have been 

observed in the context of elevated 

adiposity or anabolic androgenic ste-

roid use. Female athletes tend to have 

roughly 70% less FFM at baseline but 

make proportionally similar FFM gains 

in response to resistance training. The 

present review models plausible short-

term and long-term growth trajectories 

for both male and female lifters. Train-

ing practices that optimize hypertrophy

include moderate loads (6–12 repeti-

tion maximum), training near muscular 

failure, and sufficient weekly volume 

(12–30 fractional sets per muscle 

group). Nutritional factors include 

maintaining modest caloric surpluses 

(0.1–0.25% body weight gain weekly), 

adequate protein intake (1.6–2.2 g/kg/ 

d), sufficient carbohydrate intake

($3 g/kg/d), and moderate fat intake 

(0.5–1.5 g/kg/d). Creatine and protein 

supplementation provide established 

hypertrophic benefits, while evidence 

for other supplements remains incon-

clusive.

INTRODUCTION

P 
hysique athletes strategically 
implement planned periods of 
intentional weight gain to sup-

port long-term muscular development. 
While the bodybuilding division repre-
sents the competitive category that re-
quires the most muscular physiques for 
optimal performance, other competi-
tive divisions (such as classic body-
building, physique, figure, and bikini) 
still require strategic manipulation of 
body mass and muscularity. For the 
purposes of this article, the term “body-
building” will be used to represent phy-
sique sports of all competitive

categories. Among bodybuilding ath-
letes and practitioners, knowledge of 
normative short-term resistance train-
ing responses, specifically with regard 
to hypertrophy, are imperative for eval-
uating the effectiveness of training pro-
grams and other interventions 
intended to support training adapta-
tions. Understanding the nuances of 
valid and reliable body composition 
assessment can help provide clarity 
and guide realistic expectations regard-
ing the interpretation of body compo-
sition changes. Similarly, knowledge of 
normative long-term resistance train-
ing responses and upper limits of 
human muscularity may help athletes 
plan their long-term development or 
assess their suitability or potential for 
a given competitive category. The aims 
of this article were to review practical 
methods for assessing body composi-
tion and muscularity, provide norma-
tive estimates of short-term and long-
term muscle growth, and identify best 
practices for supporting hypertrophy. 
The article will focus on changes in 
fat-free mass (FFM) as a proxy for
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muscle growth, using the terms “hyper-
trophy” and “muscle hypertrophy” as 
general terms for muscle growth.

ESTIMATING AND DESCRIBING 
BODY COMPOSITION

Accurate assessment of body compo-
sition is crucial for evaluating the effec-
tiveness of short-term interventions 
intended to induce hypertrophy and 
understanding the maximum potential 
for muscle growth in bodybuilders and 
other athletes. Given the highly com-
petitive nature of physique sports, rely-
ing on simple metrics such as body 
mass or body mass index does not pro-
vide adequate insight. Most notably, 
these highly simplistic metrics do not 
distinguish between basic tissue com-
partments such as fat mass and FFM. 
By leveraging modern body composi-
tion estimation methods, physique ath-
letes and the practitioners who coach 
them can obtain more granular data to 
guide their training and nutrition strat-
egies to better monitor relevant 
changes.

As reviewed by Ackland et al. (1) and 
Kasper et al. (51), several approaches to 
body composition estimation may be 
accessible for athletes and practitioners. 
Densitometric techniques such as 
hydrostatic weighing have historically 
served as a gold standard; newer meth-
ods such as dual-energy X-ray absorpti-
ometry provide a more convenient and 
robust alternative (87), yet may be inac-
cessible to many athletes and practi-
tioners. Many athletic facilities have 
access to more affordable alternatives, 
such as bioelectrical impedance devices, 
caliper-based skinfold measurements, or 
even 3-dimensional scanning devices. 
Ultrasound devices, commonly accessi-
ble in sports medicine facilities (but 
rarely in commercial gyms), can also 
be used to measure skinfold thickness 
and muscle thickness (92). Standardiza-
tion of hydration status is particularly 
important for reliable use of bioelectrical 
impedance devices, as estimates from 
these devices can be meaningfully 
affected by fluid intake (97). While 
rarely found outside of research settings, 
air displacement plethysmography de-
vices also offer a convenient assessment

method with minimal burden to the 
athlete being measured. A summary of 
common body composition estimation 
methods is presented in Table 1.

Determining whether the goal is to 
monitor training adaptations, inform 
nutritional interventions, or assess 
health status can guide the selection 
of the most appropriate estimation 
method. Athlete-specific factors such 
as sport type, competitive level, pres-
ence of medical implants, and individ-
ual physiology may influence the 
choice of assessment technique. Con-
siderations regarding equipment acces-
sibility, cost, and practitioner expertise 
are also essential in method selection. 
For regular monitoring, methods that 
are practical, accessible, affordable, 
minimally invasive, and have low 
day-to-day variability are preferable. 
Regardless of the method used, pretest-
ing standardization and consistency are 
key, so practitioners and athletes 
should always adhere to best practices 
that are specific to the body composi-
tion assessment method they are using. 
The method selected should be per-
formed with reliable preparation and 
identical testing equipment used over 
long enough time horizons that mea-
surement changes can be attributed to 
more than machine error levels.

MULTICOMPARTMENT MODELS

Many common body composition 
estimation methods divide the body 
into 2 main compartments: fat mass 
and FFM. Fat mass includes all the 
lipid-derived sources of body fat (BF), 
while FFM consists of body water, 
proteins, and minerals in the body, 
excluding fat. Given the multifaceted 
components of FFM, these 2 compart-
ments do not provide a complete or 
maximally comprehensive picture of 
the body’s composition. For instance, 
a traditional 2-compartment model 
may mischaracterize changes in fat 
mass or FFM due to shifts in hydration 
status (96). By contrast, multicompart-
ment models can help distinguish 
between changes in fat mass, lean mass 
(soft tissues that are not fat or bone), 
bone mineral content, and water

content, providing more useful infor-
mation for applications in sports sci-
ence, clinical nutrition, and weight 
management. As such, separating the 
body into more granular levels of de-
scriptions such as tissue, molecular, or 
chemical-specific compartments al-
lows for a more precise understanding 
of the body’s tissue make up and com-
position. As reviewed by Heymsfield 
et al. (44), different multicompartment 
(i.e., multicomponent) models are 
therefore used to characterize different 
body components and serve to help 
quantify specific tissues, based on 
either a chemical or molecular-based 
categorization.

There are several versions of various 
multicompartment models (44), and 
the number of compartments can vary 
from 2 compartments all the way to 6, 
depending on the purpose of the anal-
ysis and the measurement technologies 
used. A 2-compartment model is 1 of 
the simplest and most widely used and 
divides the body into fat mass and 
FFM. Techniques such as air displace-
ment plethysmography, underwater 
weighing, and skinfold assessments 
can yield 2-compartment body compo-
sition estimates by relying on the esti-
mation of body density, which is then 
used to calculate BF percentage, fat 
mass, and FFM. This is a commonly 
used model in sport and fitness settings 
because of the simplicity and often 
cost-effective options for assessments.

A common version of the 3-
compartment model divides the body 
into fat mass, dry FFM (proteins and 
minerals), and body water, which is 
a significant component of FFM. An 
alternative 3-compartment model di-
vides the body into fat mass, lean soft 
tissue mass, and bone mass. Three-
compartment models are often used 
in research settings where a moderate 
level of precision is required, and they 
can be applied to a wide variety of 
populations, including athletes, indi-
viduals with obesity, and those with 
chronic health conditions. To use a 3-
compartment model, it is necessary to 
include a measurement method that 
directly estimates total body water
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(such as bioelectrical impedance, bio-
electrical spectroscopy, or isotope dilu-
tion) or bone mineral content (such as 
dual-energy X-ray absorptiometry).

The 4-compartment model is an exten-
sion of the 3-compartment model in 
which the body is divided into 4 com-
partments: fat mass, total body water, 
mineral mass, and protein mass (44). 
This model is more precise than the 
3-compartment model and is often 
used in more detailed clinical and 
research settings. Novel approaches 
use multiple technologies that estimate

body volume, total body water, total 
body mass, and bone mineral content 
to produce 4-component body compo-
sition estimates (16,34,93). By focusing 
specifically on bone mineral content, 4-
compartment models can provide an 
estimate of the bone mass, which is 
important for understanding skeletal 
health and conditions such as osteopo-
rosis. The 4-compartment model is 
often used in advanced research stud-
ies, such as those investigating changes 
in body composition related to aging, 
disease, or exercise training.

In research settings, even more 
nuanced 5-compartment and 6-
compartment body composition mod-
els are possible. One example of 
a 5-compartment model divides the 
body into 5 compartments: fat mass, 
FFM, body water, bone mineral con-
tent, and protein mass. The model al-
lows researchers to separate out 
protein mass, which is a key compo-
nent of lean tissue, offering insights into 
muscle mass and metabolic activity. 
One example of a 6-compartment 
body composition model adds 1 more

Table 1
Common body composition estimation methods

Method Principle Advantages Limitations

Hydrodensitometry Underwater weighing to 
determine body density

Simple methodology, rapid 
testing, no power source 
needed

Logistical challenges in elite 
sports

Air displacement 
plethysmography (ADP)

Measures air displacement in 
a sealed chamber to 
calculate body density

Noninvasive, suitable for
a wide range of populations

Requires specialized 
equipment, accuracy 
influenced by body hair and 
thoracic gas volume

Bioelectrical impedance 
analysis (BIA) and 
spectroscopy (BIS)

Measures resistance and 
reactance of bodily tissues 
to electrical currents

Noninvasive, quick, relatively 
inexpensive, portable

Accuracy affected by hydration 
status, food intake, electrode 
placement

Ultrasound Measures subcutaneous fat 
thickness and muscle 
dimensions using high-
frequency sound waves

Time-efficient, minimally 
invasive, portable and can 
measure CSA

Operator expertise and device 
calibration critical

Three-dimensional (3D) optical 
scanning

Captures external body 
morphology to estimate 
body composition

Time-efficient, portable Accuracy affected by clothing 
and movement during 
scanning

Dual-energy X-ray 
absorptiometry (DXA)

Uses low-dose X-rays at 2 
energy levels to 
differentiate bone mineral 
content, fat mass, and lean 
tissue mass

Precise measurements of bone 
density and soft tissue 
composition

Radiation exposure, cost, need 
for controlled conditions

Skinfold thickness 
measurements

Measures thickness of 
skinfolds at specific body 
sites using calipers

Practical, cost-effective, 
minimal equipment needs

Accuracy dependent on skill of 
the assessor, may not reflect 
visceral fat

Computed tomography (CT) Provides detailed cross-
sectional images of the 
body

High-resolution images, 
detailed analysis, muscle 
mass can be directly 
estimated

High cost, limited availability, 
involves ionizing radiation

Magnetic resonance imaging 
(MRI)

Provides detailed cross-
sectional images of the 
body

High-resolution images, 
detailed analysis, muscle 
mass can be directly 
estimated

High cost, limited availability, 
contraindicated with certain 
implants
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layer of complexity to the 5-
compartment model by incorporating 
a body glycogen estimate. Estimation 
of a 5-compartment or 6-compartment 
body composition model typically re-
quires a combination of measurement 
techniques with high cost or low acces-
sibility, such as isotope tracers, bio-
chemical tissue analyses, or advanced 
imaging modalities. Reliance on time-
consuming, costly, and largely inacces-
sible measurement techniques limits 
widespread application of 5-
compartment and 6-compartment 
models outside of specialized research 
settings. As a result, most athletes and 
practitioners use 2-compartment, 3-
compartment, or 4-compartment body 
composition models. The most com-
monly used models are summarized 
in Table 2.

By categorizing the body into multiple 
distinct compartments that represent 
different tissues, multicompartment 
models enable researchers and practi-
tioners to isolate key body composi-
tion parameters of interest for 
nuanced interpretation. One of the pri-
mary parameters derived from multi-
compartment models is BF

percentage. This value represents the 
proportion of fat mass relative to total 
body mass and is a key indicator of 
body composition. A high BF percent-
age is associated with increased risk of 
cardiovascular disease, diabetes, and 
other metabolic conditions. FFM rep-
resents all the tissue in the body that is 
not fat. This includes muscles, bones, 
organs, and connective tissue. The 
amount of water in the body is another 
crucial parameter, as it influences 
hydration status and metabolic func-
tion. Total body water includes both 
intracellular and extracellular water, 
and changes in TBW can reflect 
changes in health status, such as dehy-
dration, fluid retention, or edema.

Bone mineral content is an important 
measure for assessing bone health and 
risk of osteoporosis. This parameter is 
particularly useful in populations at 
risk of bone loss, such as postmeno-
pausal women and individuals with 
certain medical conditions or medica-
tions that affect bone density. Other 
parameters of interest include lean soft 
tissue and skeletal muscle mass. While 
“lean body mass” is synonymous with 
FFM (43), lean soft tissue describes the

sum of all lean tissues except for bone 
mass (i.e., muscle, organs, water, skin, 
and other non-fat tissues). Lean soft 
tissue and skeletal muscle mass are crit-
ical indicators of muscle health and 
function, particularly with regard to 
aging, sarcopenia (age-related muscle 
loss), and athletic performance. Key 
body composition parameters of inter-
est are summarized in Table 3.

SHORT-TERM FAT-FREE MASS 
ACCRETION

NORMATIVE RESPONSES

To facilitate the evaluation of changes 
in training or nutrition practices, it is 
important for bodybuilding athletes 
and practitioners to understand typical 
or normative responses to short-term 
resistance training interventions. Beni-
to et al. (12) conducted a comprehen-
sive systematic review and meta-
analysis that examined the impact of 
resistance training on whole-body 
muscle growth in healthy adult male 
athletes. The researchers searched 3 
databases from inception through 
May 10, 2018, and included studies that 
assessed resistance training’s effect on 
FFM with a duration of at least 2 weeks 
to 1 year. Studies were excluded if they 
involved participants with pathologies, 
participants outside the 18–40 year age 
range, mixed-sex training groups, neg-
ative energy balance, or used gravita-
tional weight-training methods. 
Training status of participants ranged 
from untrained to experienced body-
builders, but the researchers reported 
that only 15 groups (out of 82 total 
groups with useable FFM data) had 
more than 2 years of resistance training 
experience.

The FFM analysis incorporated data 
from 61 studies, with a total of 951 
participants who had an average age 
of 23.8 6 3.4 years, an average weight 
of 79.5 6 6.4 kg, and an average height 
of 178 6 3.6 cm. For studies reporting 
changes in FFM, the resistance training 
programs ranged in duration from 4 to 
24 weeks, with an average duration of 
10.4 6 5.4 weeks. The results of this 
meta-analysis revealed an average 
increase of 1.53 kg in FFM following

Table 2
A select list of commonly used body composition models

Model Compartments

2-compartment model Fat mass

Fat-free mass

3-compartment model Fat mass

Water

Fat-free dry mass

Or

Fat mass

Bone mass

Lean soft tissue mass

4-compartment model Fat mass

Water

Protein

Bone mineral content
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resistance training, with a 95% confi- 
dence interval ranging from 1.30 to 
1.76 kg. However, the reported mean 
values exhibited considerable variabil-
ity across the studies. The lowest 2.5% 
of study means were below 0.2 kg, the 
lowest 5% were below 0.4 kg, and the 
lowest 10% were below 0.44 kg. The 
median value was 1.4 kg, with an inter-
quartile range from 1.0 to 2.0. The 
highest 10% of study means exceeded 
3 kg, the highest 5% surpassed 3.4 kg, 
and the highest 2.5% exceeded 3.8 kg. 
These normative responses can serve 
as a general frame of reference for 
bodybuilding practitioners and ath-
letes, but limitations must be acknowl-
edged. Specifically, these estimates are 
derived from meta-studies with hetero-
geneous training programs and a broad 
range of training experience levels. 
These estimates are most appropriate 
for early-career bodybuilders with 
beginner-to-intermediate training sta-
tus, and greater growth may be acces-
sible when following programs that are 
more directly tailored to the individual-
level needs and abilities of a given lifter. 
Furthermore, these data are from stud-
ies with only male participants. While 
female lifters tend to experience similar 
relative FFM gains (i.e., proportional to 
baseline FFM) in response to resis-
tance training (83), female baseline 
FFM values are typically about 30% 
lower in comparison with male base-
line FFM values (77).

EFFECTS OF ANABOLIC 
ANDROGENIC STEROIDS

While it can reasonably be inferred 
that very few (if any) participants 
included in the meta-analysis by Benito 
et al. (12) were using anabolic andro-
genic steroids (AAS), it is critically 
important to acknowledge the pro-
found impact that exogenous AAS 
can have on muscle growth. The sport 
of bodybuilding is divided into natural 
and non-natural federations; the for-
mer explicitly bans and rigorously tests 
for the use of AAS, whereas it is con-
fidently inferred that a large percentage 
of competitors in the latter are using 
AAS. Comparing the FFM changes 
observed in the meta-analysis to the 
responses seen with AAS use is instruc-
tive for understanding muscle growth 
rates in “enhanced” athletes 
(i.e., physique athletes who use AAS 
and compete in federations that refrain 
from testing for their use). It is impor-
tant to note that many performance-
enhancing drugs used by bodybuilders 
are considered illegal controlled sub-
stances that can lead to serious medical 
complications (26). In addition, the use 
of any substance that is explicitly 
banned in one’s sport or athletic feder-
ation is a serious breach of ethics that 
undermines the integrity of competi-
tive sport. As such, the authors of this 
article do not condone any practices 
related to the use of AAS that may 
be illegal, unsafe, or unethical in nature.

Scant literature evaluating the direct 
effects of AAS on muscle growth in 
healthy, resistance-training humans is 
available, as the feasibility of conduct-
ing randomized controlled trials on the 
topic is challenged by ethical con-
straints. Nonetheless, a study by Bhasin 
et al. (13) provides novel insights 
regarding the anabolic effects of ste-
roids in combination with resistance 
training. The authors conducted a rig-
orous randomized, double-blind study 
in 1996 (13) to investigate the anabolic 
effects of supraphysiological doses of 
testosterone on muscle size and 
strength in untrained healthy adult 
men. After enrollment, 43 men were 
divided into 4 groups: placebo with 
no exercise, testosterone with no exer-
cise, placebo plus exercise, and testos-
terone plus exercise. Participants 
received weekly injections of either 
600 mg testosterone enanthate or pla-
cebo for 10 weeks, with standardized 
protein and energy intake. The exercise 
groups performed supervised strength 
training 3 times weekly following 
a structured resistance training proto-
col. Before and after the intervention, 
the researchers measured FFM 
through underwater weighing, muscle 
size through MRI, and maximal 
strength (bench press and squat).

The results demonstrated significant in-
creases in FFM, muscle size, and 
strength in all groups except the

Table 3
Key body composition parameters of interest

Parameter Description Measurement methods

Body fat percentage Proportion of fat mass relative to total body 
mass

Dual-energy X-ray absorptiometry (DXA), bioelectrical 
impedance analysis (BIA), bioelectrical impedance 
spectroscopy (BIS), skinfold measurements

Fat-free mass (FFM) All tissue in the body that is not fat DXA, BIA, magnetic resonance imaging (MRI)

Total body water 
(TBW)

Includes intracellular and extracellular water BIA, isotope dilution

Bone mineral content Measure for assessing bone health DXA, quantitative computed tomography (QCT)

Lean soft tissue Indicator of muscle health and function DXA

Skeletal muscle mass Indicator of muscle health and function Magnetic resonance imaging (MRI), quantitative computed 
tomography (QCT)
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placebo-no exercise group (13). Nota-
bly, the testosterone-plus-exercise 
group exhibited the most pronounced 
gains in FFM, with an increase of 
6.1 6 0.6 kg in FFM compared with 
only a 1.9 kg increase in the placebo-
plus-exercise group. The testosterone-
only group gained 3.2 kg of FFM. 
Muscle size and strength measure-
ments followed similar patterns, with 
the testosterone-plus-exercise group 
showing the largest increases in tri-
ceps area, quadriceps area, bench 
press strength, and squatting strength, 
all significantly greater than either 
non-exercise group or the placebo-
exercise group. As such, it appears 
that the effects of 600 mg of testoster-
one enanthate have an additive effect 
on gains in FFM, with an additive gain 
of roughly 3–4 kg over a 10-week 
period. When generalizing these find-
ings to competitive bodybuilders 
using AAS, this may be a modest 
underestimate. In real-world scenar-
ios, individuals using AAS are likely 
to have higher training status than 
the untrained participants in the study 
by Bhasin et al. (13) but are also likely 
to incorporate training and nutrition 
programs more directly optimized 
for maximizing hypertrophy and to 
take higher AAS doses.

FAT-FREE MASS INDEX

In the realm of sports science, precise 
assessment of an athlete’s body com-
position is paramount for optimizing 
performance, guiding training regi-
mens, and facilitating recovery pro-
cesses. Traditional metrics, such as 
percent body fat (%BF), have been 
extensively used. However, %BF does 
not directly reflect muscularity, as 2 
individuals with identical weight and 
%BF values could have dramatically 
different levels of muscularity, strength, 
and power (primarily due to differen-
ces in height and other anthropometric 
characteristics). These limitations 
underscore the necessity for a more 
contextually relevant metric. To 
address this, the FFM index (FFMI) 
was developed, which normalizes 
FFM to an individual’s height (103).

It is calculated using the formula 
(Equation 1):

FFMI 5 FFM   
� 
kg 
� 
OHeight   ðmÞ 2

As reviewed by Magee et al. (66) and 
Jagim et al. (50), integration of FFMI 
into athletic programs can offer several 
practical benefits. For example, by es-
tablishing sport-specific FFMI bench-
marks, coaches and sports nutritionists 
can use FFMI data to set realistic, sport-
specific body composition goals. Ath-
letes with FFMIs below the average 
range for their sport may benefit from 
targeted interventions aimed at increas-
ing FFM, thereby enhancing perfor-
mance. Conversely, exceptionally high 
FFMIs may prompt evaluations for 
potential use of AAS (55). In addition, 
monitoring FFMI allows for the detec-
tion of reductions in FFM, which may 
predispose athletes to injury. Similarly, 
tracking FFMI during rehabilitation can 
guide the progression of strength and 
conditioning programs to ensure a safe 
return to competition.

Although FFMI has great potential for 
practical application in a variety of 
contexts (50,66), it is not without lim-
itations. A primary concern is its sus-
ceptibility to bias due to variations in 
height. While FFMI attempts to miti-
gate this by incorporating height 
squared in its calculation, thereby aim-
ing to provide a height-adjusted mea-
sure of muscularity, it does not entirely 
eliminate the influence of height (55). 
Consequently, FFMI values tend to 
increase as individuals with compara-
ble muscularity become taller, leading 
to a slight overestimation of muscular-
ity in individuals who are taller than 
average, and a slight underestimation 
in those who are shorter than average. 
Researchers have previously used 
regression-based equations to compute 
normalized FFMI values that eliminate 
the height bias, but these equations are 
sample-specific and have not produced 
consistent slopes (55,100).

Another significant limitation pertains 
to the definition of muscularity itself. 
FFM encompasses muscle, but it is 
not exclusively muscle. Technically,

FFM includes all body mass that is 
not fat, such as bones, organs, skin, 
and body fluids. Nevertheless, muscle 
mass is typically the primary tissue 
that significantly influences changes 
in FFM and FFMI over time, which 
justifies overlooking this technicality 
for practical purposes. In addition, 
FFMI can be conveniently calculated 
from all common methods of body 
composition, thus providing an indi-
rect, height-adjusted index of muscu-
larity with broad applicability. As 
such, the present review will discuss 
acute and chronic changes in muscu-
larity in terms of short-term FFM 
changes and long-term FFMI changes.

LONG-TERM FAT-FREE MASS 
ACCRETION

UPPER LIMITS IN PRESUMABLY 
DRUG-FREE ATHLETES

A 1995 study by Kouri et al. (55) com-
pared FFMI values among resistance-
trained male users and nonusers of 
AAS. Steroid use history was obtained 
through personal interviews supple-
mented by urine testing. The researchers 
measured skinfold thicknesses using cal-
ipers to enable the calculation of %BF. 
The researchers then calculated the 
FFMI for 157 male lifters, which 
included 83 AAS users and 74 nonusers. 
After calculating raw FFMI values, these 
values were further height-corrected 
using a regression-based approach, re-
sulting in values normalized to a height 
of 1.8 meters. The results showed that 
while height and %BF did not differ sig-
nificantly between the 2 groups, weight 
and FFMI were dramatically higher in 
AAS users (24.8 6 2.2 in users compared 
with 21.8 6 1.8 in nonusers; p , 0.0001). 
The researchers did not observe any 
FFMI values above 25.0 kg/m 2 among 
nonusers, while many AAS users com-
fortably exceeded this limit, with some
exceeding 30.0 kg/m 2. 

To supplement their collected data, 
Kouri et al. (55) also examined FFMI 
values from historical Mr. America 
winners (1939–1959) and modern 
bodybuilders of the early 1990s. A 
researcher experienced in body
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composition assessment estimated 
these bodybuilders’ FFMI values based 
on their height, weight, and visual 
appearance in bodybuilding maga-
zines, which is a notable limitation. 
The researchers specifically sought to 
obtain historical bodybuilding values 
from 1939 to 1959 because this time 
period predates widespread availability 
of AAS, thereby conferring a high level 
of confidence that these athletes had 
no access or extremely limited access 
to AAS. The researchers reported that 
presteroid era bodybuilders displayed 
a mean height-normalized FFMI of 
25.4 kg/m 2 . Thirteen of the 20 esti-
mated FFMI values from Mr. America 
winners were greater than 25.0 and 3 
exceeded 27.0 kg/m 2 . By contrast, 
bodybuilders of the early 1990s readily 
exceeded this threshold, with many 
reaching FFMI values in the low-to-
mid 30s, and some nearly reaching 40 
in competitive federations that did not 
regularly test for use of AAS.

This article by Kouri et al. (55) is widely 
used to suggest that 25 kg/m 2 repre-
sents the absolute maximum FFMI limit 
for drug-free lifters, but such a conclu-
sion cannot be credibly drawn. First and 
foremost, the small convenience sample 
of 74 nonusers from gymnasiums in 
Boston and Los Angeles cannot be con-
sidered a robust representative sample 
of the general population of drug-free 
lifters. A considerably larger and more 
geographically diverse sample would be 
required to make any such claim. In 
addition, the researchers specifically 
evaluated the FFMI of historical 
(1939–1959) Mr. America winners 
because it was highly implausible, 
although not strictly impossible, that 
steroids would be available to these 
lifters. As presented in Table 4, several 
of these lifters comfortably exceed the 
purported “limit” of 25 kg/m 2 . Further-
more, the idea that these Mr. America 
winners represent the most muscular 
bodybuilders of the era is a misconcep-
tion. To maintain its status as the pre-
mier amateur title in bodybuilding, the 
Mr. America competition implemented 
a rule prohibiting repeat winners follow-
ing John Grimek’s second win in 1941

(109). As a result, the FFMI values 
observed among winners from 1939 to 
1959 represent those of early-career am-
ateurs rather than professional compet-
itors in the prime of their competitive 
careers.

In 2017, Trexler et al. (100) sought to 
quantify FFMI values in a large sample 
of collegiate Division I and II American 
football players. In total, over a quarter 
of the sample (62 athletes) had height-
normalized FFMI values above 
25.0 kg/m 2 . The highest observed 
value was 31.7 kg/m 2 , with a 97.5th 
percentile value of 28.1 kg/m 2 . In the 
years since this publication, several 
studies have reported similar results 
in large cohorts of male athletes across 
several collegiate sports. For example, 
Currier et al. (25) reported a 97.5th per-
centile value of 28.3 kg/m 2 among all 
male athletes and Magee et al. (66) re-
ported a 99th percentile value of 
28.8 kg/m 2 among throwers. In sum-
mary, it appears quite common for 
male athletes subject to NCAA drug 
testing to attain FFMI values above 
25 kg/m 2 in sports or positions that 
emphasize high levels of strength and 
body mass, such as rugby, throwing, 
and American football positions 
including lineman, linebacker, and run-
ning back (25,66,100). A limitation for 
interpretation of these data is that 
NCAA drug testing cannot be assumed 
to identify all instances of banned AAS 
use among athletes. For these sports 
and positions, it remains rare (but not 
unprecedented) to see values substan-
tially above 28 kg/m 2 . When looking at 
a more extreme example of a sport that 
more explicitly favors the accretion of 
body mass, sumo wrestlers have con-
tributed the highest documented 
FFMI values in the scientific literature, 
with 2 sumo wrestlers exceeding 
36 kg/m 2 (39). While the peer-
reviewed literature offers minimal evi-
dence regarding the prevalence of AAS 
among sumo wrestlers, extremely high 
FFMI values may be related, at least in 
part, by the high levels of fat mass in 
this population (27). Notably, adipose 
tissue has a non-negligible FFM com-
ponent, so an increase in adipose tissue

necessarily corresponds with an 
increase in FFM. As a result, untrained 
individuals with obesity often have 
higher levels of FFM than untrained 
overweight individuals (45). Once 
again, a limitation for interpretation 
of data from sumo wrestlers is that 
we cannot be entirely certain that none 
of the measured athletes were using (or 
had a history of using) AAS.

As would be expected based on the re-
sults from resistance training interven-
tions (83), FFMI values are typically 
much lower in resistance-trained female 
athletes in comparison with resistance-
trained male athletes. According to 
NHANES data (58), the 25th, 50th, 
75th, and 97.5th FFMI percentiles of 
the general male US population are 
17.9, 19.2, 20.4, and 22.7, respectively. 
In comparison, corresponding female 
values are 15.1, 16.0, 16.9, and 18.6, 
respectively. These values suggest that 
the FFMI gap between sexes is not con-
stant, with smaller differences (;2.8) at 
lower FFMI values and a gap of over 4 at 
high FFMI levels. This is compatible 
with data from competitive collegiate 
athletes. As reviewed by Magee et al. 
(66), the average FFMI difference 
between male athletes and female ath-
letes competing in the same sport tends 
to about between 2.7 and 3.5. However, 
this gap grows at higher FFMI levels. 
Magee et al. suggest that the threshold 
for a “high” FFMI value is 26.0 for male 
athletes and 21.0 for female athletes, re-
flecting a gap of 5.0 between the sexes. 
Similarly, Jagim et al. (50) propose that 
the threshold for a “high” FFMI value is 
24.7 for male athletes and 19.7 for female 
athletes, reflecting the exact same gap of 
5.0 between the sexes. In past literature, 
the 97.5th percentile has been used to 
quantify practical upper limits for FFMI 
(25,38,50,100). A team of researchers 
from Lindenwood University conducted 
studies examining FFMI values among 
209 male (25) and 372 female (38) col-
legiate athletes. Given the contextual fac-
tors, this represents a reasonably robust 
head-to-head comparison. Their analysis 
revealed a percentile-based “upper 
threshold” of 28.3 kg/m 2 for male ath-
letes and 23.9 kg/m 2 for female athletes,
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identifying a gap of approximately 4 kg/ 
m 2 between sexes. However, when the 
rugby team (which was statistically over-
represented) was removed from the 
female cohort, the upper limit dropped 
to 22.89. Taken in totality, previous liter-
ature has pointed to practical upper lim-
its of roughly 28–29 among drug-free 
male athletes and roughly 23–24 among 
female drug-free athletes (25,38,50,100).

UPPER LIMITS IN PRESUMED 
USERS OF ANABOLIC 
ANDROGENIC STEROIDS

In addition to estimating FFMI values 
among bodybuilders of the presteroid

era, the previously discussed article by 
Kouri et al. (55) also estimated FFMI 
values among bodybuilders of the early 
1990s. Unsurprisingly, several values 
were well beyond the levels observed 
in presumably drug-free college ath-
letes and historical presteroid era body-
builders. The majority of values were
clustered between 30 and 34 kg/m 2, 
with the 2 highest values between 38 
and 40 kg/m 2 . These values are com-
patible with measured body composition 
data from a recent case series by Moreno 
et al. (71). This case series reported data 
from an elite (Mr. Olympia-qualified) 
professional bodybuilder who was

184 cm tall and 131.4 kg at 12.2% BF, 
yielding an FFMI value of approxi-
mately 34 kg/m 2 . A 2020 article by 
Kraemer et al. (56) reported body com-
position data from a small group of elite 
strongmen who had qualified for the 
Arnold Strongman Classic, a prestigious 
non–drug-tested competition. The re-
searchers reported an average lean mass 
index value, a height-scaled index of 
all lean mass other than bone, of 
33.4 kg/m 2 . By adding bone content 
back into the formula, this corres-
ponds to an FFMI value slightly above 
35 kg/m 2 . As such, it appears that elite 
strongmen and elite offseason body-
builders in non–drug-tested competi-
tions may routinely reach FFMI 
values in the low-to-mid 30s, with very 
rare outliers reaching into the high 30s. 
In summary, there are ample data to 
cast doubt on the claim that 25 kg/m 2 

represents a true limit for FFMI in drug-
free lifters. The available data suggest 
that drug-free male lifters often attain 
FFMI values in the mid-to-high 20s, 
while male lifters using AAS may rea-
sonably anticipate attaining FFMI val-
ues in the low-to-mid 30s. In 
comparison, there is a lack of published 
data describing maximal FFMI values 
among female athletes using AAS.

MODELED TRAJECTORIES FOR 
SHORT-TERM AND LONG-TERM 
ACCRETION OF FAT-FREE MASS

Trajectories for FFM accretion were 
modeled using a Weibull-type 
(stretched exponential) growth func-
tion, allowing flexible curvature and 
asymptotic behavior. Accretion of male 
FFM was modeled first, applying the 
assumption that long-term FFM accre-
tion is positively correlated with base-
line FFM. To facilitate modeling of 
male data, the 25th, 50th, 75th, and 
97.5th FFMI percentiles of the general 
male US population were identified as 
baseline points of reference. These val-
ues were 17.9, 19.2, 20.4, and 22.7, 
respectively (58). Values for FFM were 
back-calculated assuming a height of 
180 cm and a body-fat percentage of 
15%. Short-term growth over a 12-
week time scale was modeled using 
the 25th, 50th, 75th, and 97.5th

Table 4
Estimated fat-free mass index of Mr. America winners from 1939 to 1959.

Year Winner FFMI (kg/m 2)

1939 Goodrich 24.3

1939 Essmaker 22.6

1940 Grimek 24

1941 Grimek 26.9

1942 Leeight 25.5

1943 Bacon 23.9

1944 Stanko 27.3

1945 Ross 26.1

1946 Stephan 25.9

1947 Reeves 23

1948 Eiferman 27.7

1949 Delinger 28

1950 Farbotnik 26.5

1951 Hilligenn 26

1952 Park NA

1953 Pearl 25.8

1954 Dubois 25.4

1955 Klisanin 23.5

1956 Schaeffer NA

1957 Lacy 25.2

1958 Sansone 26.8

1959 Johnson 24.6

Data from Kouri et al. FFMI 5 fat-free mass index; NA 5 not available.
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percentiles of FFM gains as reported 
by Benito et al. (12). These values were 
1.0, 1.4, 2.0, and 3.8, respectively. Long-
term growth over a 416-week (8 year) 
time scale, corresponding to an 8-year 
lifting career, was modeled using the 
approximate 25th, 50th, 75th, and 
97.5th percentiles of FFM gains 
observed among male collegiate ath-
letes (25,50,66,100). These values were 
21.5, 23, 25, and 28.5, respectively. To 
demonstrate the combined effects of 
steroid use in combination with favor-
able training responses, a fifth curve was 
modeled to represent 97.5th percentile 
values for baseline muscularity and the 
short-term training response, plus add 
additive effect of +4 kg of FFM (13). 
The long-term growth for this condition 
was modeled to attain an eventual 
FFMI value of 32.5, consistent with 
research in high-level bodybuilders 
and strongmen who use AAS (55,56,71).

For each condition, Weibull-type 
(stretched exponential) growth func-
tions were fit to pass through the origin 
point, short-term growth point, and 
long-term growth point. For example, 
the growth curve for the 25th percentile 
would pass through the 25% percentile 
of “baseline” (general population) FFMI 
values, then the FFMI value that would 
be obtained from achieving the 25th 
percentile of short-term growth results, 
and then the FFMI value that would be 
obtained from reaching the 25th per-
centile on male collegiate athletes in 
sports that emphasize FFM accretion. 
These growth functions took the fol-
lowing form (Equation 2):

FFMI ðt Þ 5 FFMI 0

þ A 
� 
1 2 e f 2 ðk   t Þ m g 

�

where t refers to time (in weeks), 
FFMI 0 refers to baseline FFMI, A re-
fers to the asymptotic gain parameter, k 
refers to the rate parameter, and m re-
fers to the shape parameter. In lieu of 
empirical data from long-term longitu-
dinal trials to identify the most appro-
priate shape parameter (m) value, this 
parameter was adjusted to establish 
a growth rate trajectory that was 
deemed realistic by the authors of this

article. The shape parameters ranged 
from 0.7 to 0.8.

Research has demonstrated that 
female participants in resistance train-
ing studies typically have lower FFM 
than male participants at baseline (77) 
but achieve similar proportional FFM 
gains (83). As such, female FFM accre-
tion trajectories were modeled based 
on the male models. To begin, 25th, 
50th, 75th, and 97.5th FFMI percen-
tiles of the general female US popula-
tion were identified as baseline points 
of reference. The corresponding values 
were 15.1, 16.0, 16.9, and 18.6, respec-
tively (58). Values for FFM were back-
calculated assuming a height of 168 cm 
and a body-fat percentage of 23%. 
Starting from this baseline, all 5 condi-
tions were modeled to achieve propor-
tionally equivalent proportional gains 
in FFM relative to the modeled male 
data (i.e., equal percentage increases 
relative to baseline FFM). The result-
ing female FFMI estimates (25th, 50th, 
75th, and 97.5th FFMI percentiles: 
18.1, 19.2, 20.7, and 23.4, respectively) 
are highly compatible with values 
observed among resistance-trained 
female athletes (15,38,50,66). Trun-
cated figures displaying only short-
term growth data are presented in Fig-
ure 1, while the full long-term growth 
trajectories are presented in Figure 2. It 
is important to note that these poten-
tial growth trajectories are not meta-
regression models derived directly 
from empirical data. Rather, they are 
presented as representative example 
trajectories based on normative data 
from the general population, short-
term growth data from longitudinal 
resistance training studies, and norma-
tive FFMI data from experienced, 
resistance-trained athletes. As such, 
the projections should be interpreted 
as plausible trajectories for the corre-
sponding percentiles of the population 
rather than precise forecasts. Prospec-
tive, long-term, longitudinal resistance 
training studies are required to verify 
the typical shape of these growth curve 
trajectories, the exact distribution of 
short-term and long-term outcomes, 
and key variables that are predictive

of short-term and long-term growth 
trajectories. These types of studies will 
allow for future meta-regression analy-
ses that will enable more precise pro-
jections with empirically derived 
estimates of variance for each 
projection.

The estimates presented in Figure 1 do 
not directly account for training status or 
recent training history. While the meta-
analysis by Benito et al. (12) did not find 
a consistent, monotonic relationship 
between training history and rate of 
hypertrophy, this was likely due to 
between-study differences in key factors 
such as population sampled, train pro-
gram characteristics, and dietary practi-
ces of subjects. When such factors are 
held constant, we can confidently infer 
that short-term rates of hypertrophy will 
tend to be relatively higher in new train-
ees and trainees who are reinitiating 
resistance training from a detrained state. 
We have modeled long-term growth tra-
jectories in the form of a stretched expo-
nential growth function loosely based on 
long-term strength and hypertrophy 
models as described by Steele et al. 
(94) and Gschneidner et al. (36). This 
assumption of rapid initial growth fol-
lowed by diminishing returns and an 
asymptotic approach to one’s “genetic 
limit” for FFMI is compatible with 
meta-analytic findings by Lopez et al. 
(64), and potential explanatory mecha-
nisms for the plateau in muscle growth 
are reviewed by Kataoka et al. (52). As 
such, assessment of one’s progress over 
a 10–12 week of time scale requires that 
observations are interpreted within the 
context of one’s long-term trajectory of 
FFM accretion. More specifically, realis-
tic expectations for short-term growth 
(i.e., growth over the course of a 1–
3 month period of training) will be high-
er among novice lifters in comparison 
with experienced lifters with a high level 
of muscularity at the onset of the training 
period.

BEST PRACTICES FOR 
SUPPORTING HYPERTROPHY: 
TRAINING

Resistance training is the primary stim-
ulus for FFM accretion in adults.
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The primary mechanism by which 
resistance training induces hypertro-
phy appears to be mechanical tension, 
with potential mechanistic contribu-
tions from exercise-induced muscle 
damage and metabolic stress (107). 
To leverage these mechanisms to opti-
mize FFM accretion, bodybuilding 
athletes and practitioners must induce 
progressive overload by thoughtfully 
manipulate key training variables 
including load, proximity to failure, fre-
quency, progression, and volume 
(69,70). These training variables will 
be discussed in the sections below.

LOAD AND PROXIMITY TO 
FAILURE

A substantial body of research indicates 
that athletes can achieve comparable 
muscle growth across a range of load-
ing intensities (91). As reviewed by 
Schoenfeld et al. (91), several studies 
have reported similar whole-muscle 
hypertrophy from training with heavy 
loads (as heavy as 80% of 1-repetition

maximum (RM) or a 3–5RM load) and 
light loads (as light as 30% of 1RM or 
a 30–40RM load), provided that both 
training conditions include adequate 
set volume, training frequency, and 
proximity to failure. However, a 2018 
study by Lasevicius et al. (60) observed 
suboptimal hypertrophy from training 
with 20% of the 1RM load in compar-
ison with training with 40% of 1RM. As 
such, hypertrophy-oriented resistance 
training programs should use loads of 
at least ;30% of 1RM. From a practical 
perspective, it is important to note that 
very low-load training consistently pro-
duces more discomfort and displeasure 
than moderate-load training, whereas 
very high-load training offers relatively 
poor time efficiency in comparison with 
moderate-load training due to the large 
number of sets required to attain suffi- 
cient volume (91). As such, prioritizing 
moderate loads (i.e., loads correspond-
ing to a 6–12RM) for most sets in 
a hypertrophy-focused training pro-
gram may offer practical advantages.

The relationship between proximity to 
failure during resistance training and 
muscle hypertrophy is approximately 
linear, such that muscle growth in-
creases as sets are performed closer to 
failure (4 or less reps from failure) (86). 
However, this relationship appears to 
be load-dependent; while low-load 
training appears to require close prox-
imity to failure to maximize muscle 
growth (3 or less reps), heavier loads 
may not necessarily require such close 
proximity to failure (4 or less). This find-
ing is consistent with Henneman’s size 
principle (41), which posits that higher 
threshold motor units innervating type 
II muscle fibers are progressively re-
cruited as a sufficiently challenging set 
progresses due to fatigue in fibers 
already recruited. Substantial recruit-
ment of high-force motor units may 
be achieved by using heavy loads, or 
alternatively by using light loads with 
close proximity to failure, as both ap-
proaches will then elicit a training effect 
on those recruited fibers.

Figure 1. Modeled estimates of short-term (12-week) FFM gains and FFMI increases among lifters. Male gains in FFM and FFMI are 
presented in panels (A and B), respectively. Female gains in FFM and FFMI are presented in panels (C and D), respectively.
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Bodybuilders often use advanced 
“intensification” training methods such 
as drop sets, forced repetitions, pre-
exhaustion/post-exhaustion, supersets, 
and eccentric overload (89,90). While 
these training strategies differ in terms 
of their stated aims and execution, they 
broadly share the aim of reaching high 
proximities to failure or even training 
“beyond” concentric failure. Despite 
the previously discussed relationship 
between proximity to failure and 
hypertrophy outcomes, the available 
evidence does not strongly support 
the superiority of these intensification 
techniques for enhancing muscle 
hypertrophy (90). Nonetheless, some 
methods (such as agonist/antagonist 
supersets) may offer a more time-
efficient approach to resistance train-
ing, and pre-exhaustion techniques 
may provide modest, context-
dependent benefits by reducing the 
absolute loads used for certain multi-
joint movements (90). On the whole, 
these advanced techniques appear nei-
ther categorically advantageous nor 
detrimental for hypertrophy in com-
parison with traditional training, sug-
gesting they can be incorporated 
strategically but are not strictly neces-
sary for maximizing muscle growth. 
Furthermore, there is a general lack 
of research assessing these training 
strategies in large samples of highly 
trained lifters, so it is possible that the

existing literature understates the 
potential utility of these strategies for 
highly trained lifters who value inter-
ventions that may marginally improve 
training adaptations.

FREQUENCY AND VOLUME

Relationships between frequency, vol-
ume, and hypertrophy have been rig-
orously explored in a recent set of 
meta-regressions by Pelland et al. 
(80). The results indicate that the 
dose-response relationship between 
weekly resistance training volume and 
muscle hypertrophy shows a positive 
but gradually diminishing effect with 
increasing sets. Notably, set number 
was quantified using a “fractional” 
quantification method where indirect 
muscle work (as in synergist muscles 
during compound movements) is 
counted as half a set. For hypertrophy, 
the minimum weekly set volume 
required to induce detectable hypertro-
phy was estimated to be approximately
4 weekly fractional sets per muscle 
group. Further volume increases pro-
moted larger magnitudes of hypertro-
phy, but progressively more sets are 
required to achieve additional detect-
able gains due to diminishing returns. 
For competitive bodybuilders aiming 
to maximize hypertrophy at the 
expense of time efficiency, the authors 
of the present review recommend 
higher volume training in the range

of 12–30 fractional sets per muscle 
group per week. To facilitate adequate 
recovery during high-volume training 
sessions, adequate rest periods are crit-
ical. The best available evidence sug-
gests that rest periods of at least
2 minutes in duration are advisable 
for compound (multijoint) exercises, 
whereas shorter rest periods ($1 min-
ute) may be suitable for single-joint 
exercises (90).

Regarding training frequency, the avail-
able data indicate that hypertrophy is 
not consistently enhanced by greater 
weekly frequency when volume is 
equated, particularly for weekly fre-
quencies beyond 2 sessions per major 
muscle group per week (80). These data 
suggest bodybuilders have flexibility to 
organize their total weekly volume ac-
cording to personal preference and 
recovery capabilities. For bodybuilders 
with sufficient recovery capacity, higher 
volumes (approaching 20–30 weekly 
fractional sets per muscle group) distrib-
uted across 2–5 weekly sessions can be 
reasonably expected to produce a robust 
training stimulus for FFM accretion. If 
athletes are unable to sufficiently 
recover from higher-volume programs, 
volume reductions are advisable. It is 
noteworthy to acknowledge that AAS 
appear to improve recovery capacity 
(65), which may alter optimal weekly 
volume ranges and distribution patterns 
of training volume throughout the

Figure 2. Modeled estimates of long-term (8-year) FFMI increases among male (left) and female (right) lifters.
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week. Unfortunately, the general lack of 
research in lifters using AAS precludes 
the authors of the present review from 
providing adjusted guidelines or target 
ranges for this population.

BEST PRACTICES FOR 
SUPPORTING HYPERTROPHY: 
NUTRITION

ENERGY INTAKE

Muscle growth is an energy-intensive 
process. As such, it is imperative to 
consume enough dietary energy to 
support positive energy balance when 
aiming to maximize FFM accretion. As 
demonstrated by a recent meta-
regression by Murphy et al. (73), sub-
stantial energy deficits can directly 
blunt gains in FFM. However, body-
builders must consider tradeoffs when 
determining how large an energy sur-
plus should be to support hypertrophy 
without inducing excessive accretion of 
fat. A 2013 study by Garthe et al. (29) 
explored the relationship between the 
rate of weight gain and body compo-
sition changes in a sample of 39 elite 
athletes, training over a period of 8–12 
weeks. Average weekly weight gain in 
the “fast” group (larger surplus) was 
0.4% of body mass per week, whereas 
average weekly weight gain in the 
“slow” group (smaller surplus) was 
0.2% of body mass per week. Both 
groups gained lean mass; the difference 
between groups was not statistically 
significant (p 5 0.10), although it did 
lean slightly in favor of the faster group 
(2.8 versus 1.9%). However, the faster 
group gained considerably more fat 
mass (15 versus 3%), which suggests 
disproportionately higher fat gains in 
exchange for very modest differences 
in lean mass accretion when larger 
energy surpluses are used.

A more recent study by Helms et al. 
(40) randomly assigned resistance-
trained individuals to 3 dietary groups: 
maintenance energy intake, moderate 
energy surplus, or large energy surplus. 
Participants were then given individu-
alized energy intake targets based on 
their group assignment: The mainte-
nance group targets aimed to maintain 
weight stability, the moderate surplus

group targets aimed to induce 0.2–0.3% 
of body mass gain per week, and the 
large surplus group targets aimed to 
induce 0.7–0.8% of body mass gain 
per week. Participants engaged in 
weekly check-ins with a coach, and 
calorie targets were adjusted to keep 
them on track with their assigned 
energy surplus. They were instructed 
to consume at least 1.8 g of protein 
per kilogram of body mass, with at 
least 20% of calories from fat and 
40% from carbohydrates. The dietary 
intervention was implemented during 
an 8-week supervised training pro-
gram, involving 3 full-body weight-
training sessions per week. Outcome 
measures included bench and squat 
1RM, muscle thickness through ultra-
sound, and skinfold thickness through 
calipers. Despite the research team’s 
efforts to keep participants on track 
with their target weight gain rates, 
the small and large energy surplus 
groups exhibited similar rates of weight 
gain. As such, the primary analysis 
framed weight change as a continuous 
predictor variable. In this analysis, 
body mass changes were strongly asso-
ciated with increases in skinfold thick-
ness and weakly associated with 
changes in biceps muscle thickness 
(40). Body mass changes did not mean-
ingfully predict other outcomes related 
to muscle growth, strength, or body 
composition. Overall, the results sug-
gest that faster weight gain may mod-
estly increase muscle growth, but this 
effect was small and inconsistent across 
muscle groups. The results indicate 
that faster weight gain is more reliably 
associated with greater fat gain rather 
than markedly greater strength or 
hypertrophy outcomes. The average 
rate in the surplus groups was about 
0.4% of body mass per week, which 
led to disproportionately large in-
creases in fat mass relative to the mod-
est and inconsistent advantages for 
strength and muscle growth.

Based on the available literature, very 
large energy surpluses offer limited 
utility to bodybuilders who must 
achieve extremely low BF levels for 
competitive purposes. Instead, a more

modest surplus that maintains a posi-
tive energy balance is warranted. Dur-
ing periods in which substantial 
muscle growth is feasible (e.g., early 
in a lifting career or after a period of 
detraining), a target rate of weight gain 
at or above 0.25% per week should be 
pursued to maximize muscle gain. By 
contrast, more experienced lifters who 
have been regularly engaged in effec-
tive hypertrophy training may antici-
pate more modest rates of muscle 
growth, and these individuals should 
aim for a more moderate pace of 
0.10–0.25% per week to limit excessive 
fat accretion. For individuals anticipat-
ing extremely modest rates of muscle 
growth, such as those very close to 
their genetic muscular potential, an 
even slower rate of weight gain is most 
appropriate. If possible (based on 
access, availability, and budgetary con-
straints), body composition should be 
periodically assessed after body weight 
has changed by 2% or more, or after 
more than 3 months of continuous 
training have elapsed, to discern what 
type of tissue is being accrued.

MACRONUTRIENTS

Considerable evidence supports the 
use of high-protein diets for maximiz-
ing gains in FFM. Some prior meta-
regressions (72) have suggested that 
the hypertrophy-supporting benefits 
of high protein intake are maximized 
at 1.6–2.2 grams of protein per kilo-
gram of body mass per day (g/kg/d), 
while others have reported a positive 
relationship between protein intake 
and FFM gains without identifying 
a clear threshold at which protein’s 
benefits are maximized or begin to 
diminish (76,82). In some scenarios, 
such as caloric restriction among body-
builders with low body-fat levels, pro-
tein intakes even higher than 2.2 g/kg 
may be prudent (82,85). Nonetheless, 
there are practical constraints on pro-
tein intake. Excessively high protein 
targets can potentially displace dietary 
carbohydrate and fat intakes to a coun-
terproductive degree, as the satiating 
effects of high protein intake may 
lead to unintended reductions in car-
bohydrate and fat, or the calorie
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content of excessive protein in the diet 
may require reductions in carbohy-
drate and fat to hit a predetermined 
daily calorie target (82). As such, evi-
dence suggests that individuals in neu-
tral or positive energy balance with 
moderate BF levels may maximize 
hypertrophy when consuming 1.6– 
2.2 g/kg/d (72). For individuals with 
very low or very high BF percentages, 
it may be preferable to scale this value 
to FFM rather than total body mass; 
this yields an approximately equivalent 
target range of 2.0–2.75 g of protein per 
kilogram of FFM per day.

Aside from total daily protein intake tar-
gets, there is considerable interest in spe-
cific protein food sources and daily 
distribution of protein intake. There are 
several distinct scoring systems for the 
purpose of quantifying protein quality 
(46). While these scoring systems mod-
estly differ from 1 another, plant-based 
proteins generally have lower protein 
quality scores than animal-based pro-
teins, primarily due to differences in 
amino acid profile and digestibility (46). 
However, as reviewed by Antonio et al. 
(3), the majority of experimental evi-
dence suggests that plant-based protein 
supplements can yield similar increases 
in FFM as milk-based proteins (the most 
common source of animal-based protein 
supplements), provided that the plant 
protein source delivers at least 8–10 g 
of essential amino acids and at least 
2.0 g of leucine, and provided that the 
individual is consuming a high protein 
diet (at least 1.4 g/kg of total protein 
per day). In addition, balanced high-
protein diets that include a diversity of 
plant-based protein sources tend to yield 
complementary amino acid profiles, 
such that adequate intake of all essential 
amino acids is achieved (106). As re-
viewed by Barnes et al. (10), the relative 
impact of protein quality depends on 
daily protein intake; consistent consump-
tion of low-quality proteins may hinder 
hypertrophy outcomes at low daily pro-
tein intakes but are far less likely to do so 
when total daily protein intake (through 
whole foods and/or supplements) ex-
ceeds 1.6 g/kg/d. This concept is sup-
ported by recent studies indicating that

vegan and omnivorous diets appear to 
similarly support muscle protein synthe-
sis and hypertrophy outcomes when 
daily protein intake is adequate, and 
the vegan diet provides an adequate bal-
ance of essential amino acids (42,70).

Muscle protein synthesis is acutely ele-
vated after consumption of dietary pro-
tein, but this elevation is transient (8); as 
such, it is mechanistically plausible to 
suggest that protein distribution may 
affect muscle hypertrophy outcomes. 
Indeed, the results of Yasuda et al. 
(111) indicate that spreading daily pro-
tein intake evenly among 3 meals leads 
to slightly better strength and hypertro-
phy outcomes than imbalanced distri-
bution that provides only 2 large 
protein boluses per day. Having said 
that, the findings of Taguchi et al. (95) 
suggest that there is no further benefit 
when increasing from 3 large daily pro-
tein boluses to 6. In summary, it appears 
that hypertrophy is optimized by con-
suming 3–6 sufficiently sized 
($0.24 g/kg) relatively evenly spaced 
doses of protein throughout the day, 
yielding a daily intake of $1.6 g/kg. 
In this context, a wide variety of protein 
sources can be used to support hyper-
trophy, and the impact of individual 
protein quality scores will have a practi-
cally negligible impact in the context of 
a varied and balanced diet.

In comparison with protein, carbohy-
drate and fat play substantially smaller 
roles in supporting hypertrophy. The 
primary impact of insufficient carbohy-
drate intake on hypertrophy is a potential 
reduction in resistance training perfor-
mance and subsequent reduction in 
resistance training adaptation, due to 
inadequate glycogen availability. As 
quantified in a recent meta-analysis, a sin-
gle bout of resistance exercise may 
reduce muscle glycogen content by 
24–40%. Key determinants of the precise 
magnitude of depletion include set vol-
ume, session duration, and session inten-
sity (37). As reviewed by Hamidvand 
et al. (37), prior research has indicated 
that initiating exercise with low muscle 
glycogen levels can hinder performance 
due to accelerated fatigue, reduced

isotonic force production, and reduced 
isometric strength. It is believed that 
these factors are driven by alterations 
in excitation-contraction coupling, 
potentially due to localized limitations 
on glycolytic ATP production, centrally 
mediated reductions in force production, 
or a combination of the 2 (37), although 
more research is needed to establish 
clear causal relationships. To avoid per-
formance decrements and support 
hypertrophy, consistent daily carbohy-
drate intake of at least 3 g/kg is recom-
mended for physique athletes, with 
intakes of 4–5 g/kg or higher when pos-
sible (85). While this intake may not be 
practical during low-calorie contest 
preparation diets, it should be main-
tained during training periods in which 
FFM accretion is prioritized.

As reviewed by Liu et al. (63), adequate 
dietary fat intake is imperative for over-
all health, specifically to ensure proper 
absorption of fat-soluble vitamins and 
adequate intakes of omega-3 and 
omega-6 fatty acids. By contrast, its 
direct effects on hypertrophy are mod-
est. Meta-analyses routinely fail to find 
any positive impact of dramatic in-
creases of fat intake on net accretion 
of FFM (54,104). The primary impact 
of insufficient fat intake on hypertro-
phy is a reduction in circulating levels 
of sex hormones (108,110), which may 
increase the likelihood of muscle loss. 
Standard guidelines established by 
health organizations around the world 
typically recommend a lower limit of 
20% of total daily calories from fat (63), 
although some neglect to recommend 
a quantifiable lower limit. Given that 
bodybuilders typically experience large 
fluctuations in energy intake across the 
competition calendar (i.e., comparing 
offseason intakes to contest prepara-
tion intakes), prior reviews have sug-
gested that intakes of 20–35% of 
energy among the general population 
would generally translate to roughly 
0.5–1.5 g/kg of fat per day, thus rec-
ommending that bodybuilders con-
sume 0.5–1.5 g/kg of fat per day 
(47,85). Regardless of a given body-
builder’s preference for a relatively 
higher balance of fat versus
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carbohydrate intake, it is important to 
note that both dietary fat and carbohy-
drate represent more productive and 
economical routes to creating a caloric 
surplus in comparison with protein (4).

DIETARY SUPPLEMENTS

In comparison with resistance training, 
adequate energy intake, and adequate 
protein intake, the effects of dietary 
supplements on hypertrophy are 
extremely small. For example, protein 
and creatine are widely viewed as the 
most effective supplements for sup-
porting hypertrophy (67), but their 
effect sizes (as calculated in recent 
meta-analyses) are considerably small-
er than the negative impact of a calorie 
deficit for muscle growth (18,74,76). 
Nonetheless, for competitive athletes 
for whom modest effects can apprecia-
bly affect performance or placings, 
a small group of supplements may be 
worthwhile. The 2 supplements with 
the most robust evidence for support-
ing muscle growth are creatine and 
protein. Muscle phosphocreatine plays 
a critical role in supporting rapid ATP 
production during high-intensity activ-
ities requiring repeated forceful muscle 
contractions (9), such as bodybuilding-
oriented resistance training. By supple-
menting with creatine monohydrate, 
intramuscular creatine storage can be 
increased by roughly 20–40% on aver-
age (approximately 5 grams taken each 
day) (57). In short-term studies, crea-
tine supplementation has been shown 
to increase strength, power, and hyper-
trophy outcomes to a small but practi-
cally meaningful degree (18). It is 
widely accepted that the primary 
mechanism by which creatine supports 
muscle growth is by bolstering intra-
muscular creatine storage (57), thereby 
enhancing training quality through 
improved strength endurance. In addi-
tion, direct mechanisms by which cre-
atine may promote hypertrophy have 
been proposed (22), but more research 
is needed to verify the degree to which 
these mechanisms might contribute to 
longitudinal gains in FFM.

Protein supplements are commonly con-
sumed by bodybuilding athletes and

offer a convenient option for meeting 
the elevated daily dietary protein targets 
described previously. The most widely 
researched and marketed form of sup-
plemental protein is whey, which is 
derived from dairy milk. Other common 
sources of supplemental protein include 
casein, egg, soy, pea, and rice, among 
others (32). With the exception of colla-
gen (48,69,78), the source of supplemen-
tal protein is unlikely to meaningfully 
impact muscle accretion, provided that 
a lifter is consuming a diverse selection of 
protein sources and adequate total daily 
protein (10). Having said that, collagen 
protein supplements have become 
increasingly popular in recent years, so 
it is important to recognize the unique 
amino acid composition of this protein. 
Incomplete dietary protein sources (such 
as wheat protein or peanut protein) typ-
ically have broad and relatively balanced 
mixtures of essential amino acids but lack 
sufficient amounts of at least 1 essential 
amino acid—most commonly lysine, 
methionine, or threonine (32,106). For-
tunately, well-balanced diets that incor-
porate a diversity of food sources 
typically provide plant-based proteins 
with complementary amino acid profiles. 
For example, a diet containing plenty of 
rice, corn, or wheat (high in methionine, 
low in lysine) in addition to plenty of 
lysine-rich proteins (such as lentils, 
beans, or soy) will result in a balanced 
overall intake of essential amino acids to 
support muscle protein synthesis and 
muscle hypertrophy (106). By contrast, 
the amino acid profile of collagen protein 
is heavily dominated by glycine, proline, 
and hydroxyproline, with comparatively 
low concentrations of several key essen-
tial amino acids (62). As a direct result of 
this atypical amino acid mixture, colla-
gen fails to promote hypertrophy to the 
level observed with other common sup-
plementary protein sources (48,69,78). 
While potential effect of collagen protein 
supplementation on nonmuscular tissues 
is beyond the scope of the present 
review, bodybuilders should not use col-
lagen for the specific purpose of support-
ing hypertrophy.

There are several additional supple-
ments that may positively affect

hypertrophy outcomes but require fur-
ther research to verify their effective-
ness. Betaine (trimethylglycine) is 
commonly used in agricultural applica-
tions to increase the meat yield of pigs 
and chickens (21,112). There is some 
research documenting improvements 
in body composition with betaine sup-
plementation (2.5 g/d) among humans 
engaged in resistance training (24), but 
evidence in this area is limited in volume 
and reports mixed findings (6). A recent 
umbrella review indicated that dietary 
nitrate, which promotes increased nitric 
oxide availability, supports improve-
ments in strength and power outcomes 
(81). The most substantial improve-
ments were observed when individuals 
consumed a minimum dose of 
6 mmoL/day (372 mg/d) and used die-
tary nitrate chronically (.3 days) rather 
than acutely (81). Research has similarly 
indicated that citrulline, another ingredi-
ent that promotes increased nitric oxide 
availability, modestly improves strength 
and power performance at doses over 3 
grams (31,33,98). Aside from resistance 
training performance improvements, 
mechanistic research has suggested that 
citrulline could facilitate hypertrophy by 
altering gene expression through 
increased nitric oxide production (105) 
or increasing muscle protein synthesis 
(61). It has also been speculated that 
the nitric oxide–boosting effect of citrul-
line may support hypertrophy by tran-
siently increasing swelling of muscle 
cells (23), although direct evidence for 
this mechanism is lacking. Despite plau-
sible mechanisms by which citrulline 
and dietary nitrate could promote accre-
tion of FFM, preliminary systematic re-
views of human studies have thus far 
failed to demonstrate a substantial 
impact of citrulline (7) or dietary nitrate 
(2) supplementation on hypertrophy, so 
more research is needed in this area.

Caffeine (dosed at 3–6 mg per kilogram 
of body mass) may also support hyper-
trophy by improving training quality. 
There is substantial evidence support-
ing caffeine’s ability to acutely improve 
strength and power performance (35), 
but considerable questions affecting its 
practical utility remain. For example,
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there is some evidence demonstrating 
that ergogenic effects of caffeine may 
decrease in magnitude as chronic caf-
feine users become habituated to its 
effects (59). As such, longitudinal evi-
dence is needed to rigorously estimate 
the ergogenic effects of caffeine on 
strength and power performance over 
long time courses. There is also evi-
dence indicating that morning caffeine 
supplementation may be more effective 
than evening caffeine supplementation 
(17), so more research is needed to 
determine how caffeine timing may 
affect longitudinal outcomes related 
to training quality and FFM accretion. 
A related concern is that caffeine can 
impair sleep quality in some individu-
als, with the sleep-disrupting effects of 
caffeine lasting over 13 hours in the 
dosing ranges commonly consumed 
by many lifters (28). Given the negative 
impacts of sleep disruption on body 
composition (75), exercise perfor-
mance (20), and appetite regulation 
(11), this consideration may detract 
from caffeine’s utility within the body-
building population. In addition, 
research has suggested that high-dose 
caffeine consumption may interfere 
with the ergogenic effects of creatine 
loading (99,101). The most likely

mechanism underlying this apparent 
interference is related to gastrointesti-
nal discomfort, so physique athletes 
using caffeine and creatine simulta-
neously may wish to avoid consuming 
their largest doses of caffeine and cre-
atine simultaneously (99).

For approximately the last 2 decades, 
beta-alanine has been consistently mar-
keted to lifters as a supplement that 
improves performance and training 
quality by delaying fatigue. There is 
strong evidence to suggest that beta-
alanine enhances buffering of acidosis 
during high-intensity exercise by 
increasing intramuscular carnosine lev-
els (102). As such, beta-alanine mod-
estly but consistently improves 
performance in highly glycolytic activ-
ities, such as maximal intensity running 
over time frames from roughly 0.5– 
10 minutes in duration (88). Because 
of glycolytic metabolism and acidosis 
occurring during high-repetition resis-
tance exercise, it has commonly been 
presumed that beta-alanine can sup-
port hypertrophy by enhancing train-
ing quality through improvements in 
strength endurance. However, a recent 
8-week study providing 6.4 g/d of 
beta-alanine failed to identify

significant positive effects on a wide 
range of training adaptations, including 
total load lifted, maximal strength, 
strength endurance, or muscle thick-
ness (19). In addition, a recent meta-
analysis found virtually no effect of 
beta-alanine supplementation on 
FFM (5). Taken together, the research 
to date suggests that hypertrophy-
focused training is not sufficiently gly-
colytic nor sufficiently limited by pro-
cesses related to exercise-induced 
acidosis, to meaningfully benefit from 
beta-alanine supplementation. None-
theless, there is a possibility that beta-
alanine (and other acidosis buffering 
supplements) may have some limited 
applications for bodybuilders. For 
example, beta-alanine has been studied 
within a limited range of daily dosages, 
and a nuanced analysis by Rezende 
et al. (84) suggests that dosages studied 
to date are insufficient for maximally 
saturating muscle carnosine levels. It 
is also possible that bodybuilders on 
programs that induce substantial acute 
acidosis (e.g., 20+ repetitions per set 
with numerous sets to failure) might 
benefit, as these types of programs 
are understudied in the existing beta-
alanine literature. In addition, an 
emerging approach to boosting

Table 5
Supplements that may support hypertrophy

Supplement Common dose Primary mechanism Level of evidence supporting 
hypertrophy

Protein 1.6–2.2 g/kg/d (total protein) Facilitate positive muscle protein balance Conclusive

Creatine 0.07–0.10 g/kg/d Bolster phosphagen energy system Conclusive

Betaine 2.5 g/d Osmolytic effect and methyl donation Inconclusive

Dietary nitrate 400–800 mg, ;2–3 h before 
exercise

Increase nitric oxide bioavailability Inconclusive

Citrulline 3–6 g, ;1 h before exercise Increase nitric oxide bioavailability Inconclusive

Caffeine 3–6 mg/kg/d, ;1 h before 
exercise

Stimulation of central nervous system via 
adenosine receptor antagonism

Inconclusive

Beta-alanine 3.2–6.4 g/d Chronically increase muscle carnosine storage Inconclusive

Carnosine + 
anserine

40–60 mg/kg of each, ;1 h 
before exercise

Acutely increase carnosine bioavailability Inconclusive

All doses refer to grams (g) or milligrams (mg) of ingredient, either in absolute quantities or scaled to total body mass in kilograms (kg).

Strength and Conditioning Journal | www.nsca-scj.com 15

Copyright © National Strength and Conditioning Association. Unauthorized reproduction of this article is prohibited.



carnosine availability involves acute 
supplementation with a combination 
of anserine and carnosine, which ap-
pears to provide acute increases in car-
nosine availability rather than the 
chronic increases observed with weeks 
of beta-alanine supplementation 
(14,49). As such, additional research 
is warranted to explore the effects of 
higher daily doses of beta-alanine sup-
plementation and the utility of a com-
bined supplementation approach that 
involves preworkout consumption of 
anserine and carnosine for acute effects 
and daily consumption of beta-alanine 
for chronic effects.

The supplements discussed in this sec-
tion do not constitute an exhaustive 
list of supplements that may plausibly 
improve hypertrophy outcomes. 
Rather, this list aims to provide a thor-
ough review of the most common and 
most promising supplements that may 
be advantageous to the bodybuilding 
population. For more exhaustive lists 
of emerging supplements that may 
enhance hypertrophy, readers are 
referred to comprehensive reviews by 
Gonzalez et al. (30), Kerksick et al. 
(53), Maughan et al. (68), and Paoli 
et al. (79). The supplements discussed 
within this section are summarized in 
Table 5.

CONCLUSIONS

FFM accretion is a critical process for 
all physique sport athletes, regardless 
of competitive division. For individu-
als in the bodybuilding division, max-
imizing FFM accretion is of utmost 
importance for competitive success. 
Short-term projections of realistic 
FFM accretion allow physique ath-
letes to assess the effectiveness of ma-
nipulations to their training, nutrition, 
or recovery methods. For individuals 
in all other competitive classes, fore-
casting FFM allows for proper identi-
fication of the best-fitting class for an 
individual and long-term planning for

FFM manipulation. Notably, the use 
of AAS will dramatically affect these 
forecasted estimates. To facilitate 
competitive success, physique athletes 
should aim to apply best practices for 
muscle growth. These best practices 
include the implementation of a resis-
tance training program with adequate 
volume (5 or more training sets per 
week), frequency (2 or more times 
per week), and intensity (4 or less 
RIR), which applies progressive over-
load to facilitate continued growth. 
Best practices also include adequate 
energy intake, adequate protein 
intake, and an adequate balance of car-
bohydrate and fat intake. The athlete 
may also consider the use of dietary 
supplements that are purported to 
support hypertrophy, such as protein 
and creatine, although there is incon-
clusive evidence regarding the effec-
tiveness of many other supplements 
within this category.
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61. Le Plé nier S, Goron A, Sotiropoulos A, et al. 
Citrulline directly modulates muscle protein 
synthesis via the PI3K/MAPK/4E-BP1 pathway in 
a malnourished state: Evidence from in vivo,
ex vivo, and in vitro studies. Am J Physiol 
Endocrinol Metab 312: E27–E36, 2017.

62. Li P, Wu G. Roles of dietary glycine, proline, and 
hydroxyproline in collagen synthesis and animal 
growth. Amino Acids 50: 29–38, 2018.

63. Liu AG, Ford NA, Hu FB, Zelman KM, Mozaffarian 
D, Kris-Etherton PM. A healthy approach to 
dietary fats: Understanding the science and 
taking action to reduce consumer confusion. Nutr 
J 16: 53, 2017.

64. Lopez P, Radaelli R, Taaffe DR, et al. Resistance 
training load effects on muscle hypertrophy and 
strength gain: Systematic review and network 
meta-analysis. Med Sci Sports Exerc 53: 1206– 
1216, 2021.

65. MacKrell JG, Yaden BC, Bullock H, et al. 
Molecular targets of androgen signaling that 
characterize skeletal muscle recovery and 
regeneration. Nucl Recept Signal 13: e005, 
2015.

66. Magee MK, Fields JB, Jagim AR, Jones MT. Fat- 
free mass index in a large sample of national

collegiate athletic association men and women 
athletes from a variety of sports. J Strength Cond 
Res 38: 311–317, 2024.

67. M�anescu AM, Hangu SS ‚ , M �anescu DC.
Nutritional supplements for muscle hypertrophy: 
Mechanisms and morphology—focused evidence. 
Nutrients 17: 3603, 2025.

68. Maughan RJ, Burke LM, Dvorak J, et al. IOC 
consensus statement: Dietary supplements and 
the high-performance athlete. Br J Sports Med 
52: 439–455, 2018.

69. McKendry J, Lowisz CV, Nanthakumar A, et al. 
The effects of whey, pea, and collagen protein 
supplementation beyond the recommended 
dietary allowance on integrated myofibrillar 
protein synthetic rates in older males: A 
randomized controlled trial. Am J Clin Nutr 120: 
34–46, 2024.

70. Monteyne AJ, Dunlop MV, Machin DJ, et al. A 
mycoprotein based high-protein vegan diet 
supports equivalent daily myofibrillar protein 
synthesis rates compared with an isonitrogenous 
omnivorous diet in older adults: A randomized 
controlled trial. Br J Nutr: 1–35, 2020.

71. Moreno EN, Hammert WB, Montgomery TR, Abe 
T, Loenneke JP, Buckner SL. Skeletal muscle 
mass in competitive physique-based athletes 
(bodybuilding, 212 bodybuilding, bikini, and 
physique divisions): A case series. Am J Hum 
Biol 36: e23978, 2024.

72. Morton RW, Murphy KT, McKellar SR, et al. A 
systematic review, meta-analysis and meta-
regression of the effect of protein 
supplementation on resistance training-induced 
gains in muscle mass and strength in healthy 
adults. Br J Sports Med 52: 376–384, 2018.

73. Murphy C, Koehler K. Energy deficiency impairs 
resistance training gains in lean mass but not 
strength: A meta-analysis and meta-regression. 
Scand J Med Sci Sports. 2021;125–137.

74. Murphy C, Koehler K. Energy deficiency impairs 
resistance training gains in lean mass but not 
strength: A meta-analysis and meta-regression. 
Scand J Med Sci Sports 32: 125–137, 2022.

75. Nedeltcheva AV, Kilkus JM, Imperial J, Schoeller 
DA, Penev PD. Insufficient sleep undermines 
dietary efforts to reduce adiposity. Ann Intern 
Med 153: 435–441, 2010.

76. Nunes EA, Colenso-Semple L, McKellar SR, et al. 
Systematic review and meta-analysis of protein 
intake to support muscle mass and function in 
healthy adults. J Cachexia, Sarcopenia Muscle 
13: 795–810, 2022.

77. Nuzzo JL. Narrative review of sex differences in 
muscle strength, endurance, activation, size, fiber 
type, and strength training participation rates, 
preferences, motivations, injuries, and 
neuromuscular adaptations. J Strength Cond 
Res 37: 494–536, 2023.

78. Oikawa SY, Kamal MJ, Webb EK, McGlory C, 
Baker SK, Phillips SM. Whey protein but not 
collagen peptides stimulate acute and longer-
term muscle protein synthesis with and without 
resistance exercise in healthy older women: A 
randomized controlled trial. Am J Clin Nutr 111: 
708–718, 2020.

79. Paoli A, Cerullo G, Bianco A, et al. Not only 
protein: Dietary supplements to optimize the 
skeletal muscle growth response to resistance 
training: The current state of knowledge. J Hum 
Kinet 91: 225–244, 2024.

80. Pelland JC, Remmert JF, Robinson ZP, Hinson 
SR, Zourdos MC. The resistance training dose 
response: Meta-regressions exploring the effects 
of weekly volume and frequency on muscle 
hypertrophy and strength gains. Sports Med. 
2025;481–505.

81. Poon ET-C, Iu JC-K, Sum WM-K, et al. Dietary 
nitrate supplementation and exercise 
performance: An umbrella review of 20 published 
systematic reviews with meta-analyses. Sports 
Med. 2025;1213–1231.

82. Refalo M, Trexler E, Helms E. Effect of dietary 
protein on fat-free mass in energy restricted, 
resistance-trained individuals: An updated 
systematic review with meta-regression. Strength 
Cond J. 2025. 10.1519.

83. Refalo MC, Nuckols G, Galpin AJ, Gallagher IJ, 
Hamilton DL, Fyfe JJ. Sex differences in absolute 
and relative changes in muscle size following 
resistance training in healthy adults: A systematic 
review with Bayesian meta-analysis. PeerJ 13: 
e19042, 2025.

84. Rezende NS, Swinton P, de Oliveira LF, et al. The 
muscle carnosine response to beta-alanine 
supplementation: A systematic review with 
Bayesian individual and aggregate data E-Max 
model and meta-analysis. Front Physiol 11: 913, 
2020.

85. Roberts BM, Helms ER, Trexler ET, Fitschen PJ. 
Nutritional recommendations for physique 
athletes. J Hum Kinet 71: 79–108, 2020.

86. Robinson ZP, Pelland JC, Remmert JF, et al. 
Exploring the dose-response relationship 
between estimated resistance training proximity 
to failure, strength gain, and muscle hypertrophy: 
A series of meta-regressions. Sports Med 54: 
2209–2231, 2024.

87. Santos DA, Dawson JA, Matias CN, et al. 
Reference values for body composition and 
anthropometric measurements in athletes. PLOS 
ONE 9: e97846, 2014.

88. Saunders B, Elliott-Sale K, Artioli GG, et al. 
b-alanine supplementation to improve exercise 
capacity and performance: A systematic review 
and meta-analysis. Br J Sports Med 51: 658– 
669, 2017.

89. Schoenfeld B. The use of specialized training 
techniques to maximize muscle hypertrophy. 
Strength Cond J 33: 60–65, 2011.

90. Schoenfeld B, Fisher J, Grgic J, et al. Resistance 
training recommendations to maximize muscle 
hypertrophy in an athletic population: Position 
stand of the IUSCA. Int J Strength Cond. 2021;1. 
doi:10.47206/ijsc.v1i1.81.

91. Schoenfeld BJ, Grgic J, Van Every DW, Plotkin 
DL. Loading recommendations for muscle 
strength, hypertrophy, and local endurance: A 
Re-Examination of the repetition continuum. 
Sports (Basel). 2021;9:32. doi:10.3390/ 
sports9020032.

92. Smith-Ryan AE, Blue MNM, Trexler ET, Hirsch 
KR. Utility of ultrasound for body fat assessment: 
Validity and reliability compared to
a multicompartment criterion. Clin Physiol Funct 
Imaging 38: 220–226, 2018.

93. Smith-Ryan AE, Mock MG, Ryan ED, Gerstner 
GR, Trexler ET, Hirsch KR. Validity and 
reliability of a 4-compartment body 
composition model using dual energy x-ray 
absorptiometry-derived body volume. Clin 
Nutr 36: 825–830, 2017.

94. Steele J, Fisher JP, Giessing J, et al. Long-term 
time-course of strength adaptation to minimal 
dose resistance training through retrospective 
longitudinal growth modeling. Res Q Exerc Sport 
94: 913–930, 2023.

95. Taguchi M, Hara A, Murata H, Torii S, Sako T. 
Increasing meal frequency in isoenergetic 
conditions does not affect body composition 
change and appetite during weight gain in 
Japanese athletes. Int J Sport Nutr Exerc Metab 
31: 109–114, 2021.

96. Thompson DL, Thompson WR, Prestridge TJ, 
et al. Effects of hydration and dehydration on 
body composition analysis: A comparative study 
of bioelectric impedance analysis and 
hydrodensitometry. J Sports Med Phys Fitness 
31: 565–570, 1991.

97. Tinsley GM, Stratton MT, Harty PS, et al. 
Influence of acute water ingestion and prolonged 
standing on raw bioimpedance and subsequent 
body fluid and composition estimates. J Electr 
Bioimpedance 13: 10–20, 2022.

Fat-Free Mass Accretion

VOLUME 00 | NUMBER 00 | MONTH 202618

Copyright © National Strength and Conditioning Association. Unauthorized reproduction of this article is prohibited.



98. Trexler ET, Persky AM, Ryan ED, Schwartz TA, 
Stoner L, Smith-Ryan AE. Acute effects of 
citrulline supplementation on high-intensity 
strength and power performance: A systematic 
review and meta-analysis. Sports Med 49: 707– 
718, 2019.

99. Trexler ET, Smith-Ryan AE. Creatine and caffeine: 
Considerations for concurrent supplementation. 
Int J Sport Nutr Exerc Metab 25: 607–623, 
2015.

100. Trexler ET, Smith-Ryan AE, Blue MNM,
et al. Fat-free mass index in NCAA division I 
and II collegiate American football
players. J Strength Cond Res 31: 2719– 
2727, 2017.

101. Trexler ET, Smith-Ryan AE, Roelofs EJ, Hirsch 
KR, Persky AM, Mock MG. Effects of coffee and 
caffeine anhydrous intake during creatine 
loading. J Strength Cond Res 30: 1438–1446, 
2016.

102. Trexler ET, Smith-Ryan AE, Stout JR, et al. 
International society of sports nutrition position 
stand: Beta-alanine. J Int Soc Sports Nutr 12: 30, 
2015.

103. VanItallie TB, Yang MU, Heymsfield SB, Funk 
RC, Boileau RA. Height-normalized indices of the 
body’s fat-free mass and fat mass: Potentially 
useful indicators of nutritional status. Am J Clin 
Nutr 52: 953–959, 1990.

104. Vargas-Molina S, Gó mez-Urquiza JL, 
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