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Abstract

Background The increasing interest in plant-based diets (PBDs) results from their beneficial impact on human health
and environmental sustainability. However, the effect of PBDs on muscular strength in athletes remains unclear. This
systematic review and meta-analysis evaluated the impact of PBDs on muscular strength compared to omnivorous
diets in adult populations.

Methods The methodology was conducted following the Preferred Reporting Items for Systematic Reviews

and Meta-Analyses (PRISMA) guidelines to ensure a comprehensive and transparent review process. Four electronic
databases—MEDLINE, The Cochrane Library, Web of Science, and Scopus—were searched from their inception

to September 2, 2024. Randomized controlled trials (RCTs) that evaluated the impact of PBDs on the lower body,
upper body, and overall muscular strength were included. The risk of bias for the included RCTs was assessed using
the Cochrane Risk of Bias 2.0 tool. Standardized mean differences (SMD) were used to estimate effect sizes, and multi-
ple random-effects meta-analyses were conducted using an inverse variance model with Paule-Mandel adjustment.

Results Eight RCTs met the inclusion criteria, involving a total of 188 participants (46% women; mean age
between 20 and 65 years). The meta-analysis indicated that there were no significant differences between PBDs
and omnivorous diets in terms of upper body muscular strength (SMD,—0.12; 95% confidence interval [CI],—0.50
t0 0.27, n=146), lower body muscular strength (SMD, 0.18; 95% Cl,—0.31 to 0.67; n=188), and overall muscular
strength (SMD, 0.21; 95% Cl,—0.16 to 0.58;, n=188).

Conclusions This meta-analysis suggests that PBDs do not compromise muscular strength compared to omnivorous
diets. Further investigation considering key nutrients is necessary to ascertain the long-term effects of these dietary
patterns on strength outcomes.
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4 Key Points

+ The growing popularity of plant-based diets (PBDs) due to their health and environmental benefits has raised

questions about their impact on muscular strength.

« No significant differences were found between PBDs and omnivorous diets in terms of upper body, lower body,

and overall muscular strength.

« Our findings suggest that these diets are compatible with athletic performance, as they do not appear to compro-

~

\_ mise muscular strength or result in inferior improvements in strength measures. J

Background

The interest in plant-based diets (PBDs) has increased sig-
nificantly in recent years due to their potential benefits for
human and planetary health [1]. These are defined as dietary
patterns in which foods of animal origin are totally or mostly
excluded. Among PBDs, the vegan diet is distinguished by
excluding all animal products. The vegetarian diet, which
allows the intake of eggs and dairy products, and the flexi-
tarian diet, which incorporates animal products on an occa-
sional basis, represent other dietary patterns within the
broader category of PBDs [2]. A survey conducted in 2021
estimated that 3.4% of Europeans follow a vegan diet, 11.1%
are flexitarians and 23% limit their meat consumption [3]. In
the United States, the prevalence of vegan, vegetarian, and
flexitarian diets has been reported with figures rising from 4
in 2019 to 11.8% in 2022 [4].

PBDs are gaining attention in sports contexts and par-
ticularly in strength sports. For instance, vegetarian ath-
letes tend to have a higher carbohydrate consumption
than omnivores [5]. As carbohydrates are the main energy
source in high-intensity exercises [6], this particular-
ity might be related to enhancements in sports perfor-
mance. In addition, PBDs are rich in antioxidants and
phytochemicals, which help reduce acute oxidative stress
and inflammation produced during physical exercise [7].
Nonetheless, a lack of awareness and prevalent miscon-
ceptions about the impact of plant-based diets on perfor-
mance may discourage athletes from considering them as
a viable option for optimizing strength development [8].
Although key nutrients such as protein and iron are typi-
cally consumed in adequate amounts, concerns remain
regarding the sufficiency of this dietary pattern for sup-
porting sports performance [9]. Similarly, plant protein
differs from animal protein concerning digestibility and
amino acid profile. For example, compared to animal pro-
teins, many plant proteins contain lower levels of leucine,
an essential amino acid that plays a crucial role in muscle
protein synthesis [10]. From a musculoskeletal perspec-
tive, the lower leucine content and digestibility of plant
proteins may influence muscle protein synthesis rates,
potentially affecting muscle mass maintenance and hyper-
trophy [11]. Additionally, the bioavailability of non-heme
iron might be reduced in PBDs, which might potentially

impact oxygen-carrying capacity [12]. This situation has
been speculated to be related to a higher risk of anaemia,
particularly in women, thus negatively affecting athletic
performance [13]. Moreover, dietary components such as
omega-3 fatty acids, creatine, and vitamin B12—nutrients
that are less abundant in PBDs—play a crucial role in neu-
romuscular function and motor unit recruitment, which
could negatively impact athletic performance in individu-
als following PBDs [14]. Although performance outcomes
have been suggested to be similar between PBDs and
omnivorous diets [15, 16], there has been speculation that
potential differences in performance could result from
varying intakes of key nutrients in each diet. Therefore,
it is recommended that individuals adhering to a PBDs
ensure adequate intake of these nutrients to optimize
muscle strength outcomes [17].

Previous systematic reviews have evaluated the effects
of PBDs on muscular strength, reporting no differences
compared to omnivorous diets [5, 15, 16]. Despite the
growing interest in PBDs among athletes, no meta-
analysis of randomized controlled trials (RCTs) has yet
examined the impact of these diets on muscular strength
in comparison with omnivorous diets. A previous meta-
analysis evaluated the effects of PBDs on aerobic and
strength performance [16]. However, this work included
RCTs, epidemiological studies, and multi-arm studies,
which were included as many times as there were possi-
ble comparisons. In this manner, failing to account for the
correlation between estimated intervention effects from
multiple comparisons leads to a unit-of-analysis error.
Therefore, following the recommendations outlined in
the Cochrane methodology, the appropriate approach to
avoid this unit-of-analysis error is to combine the groups
in question to create a single pair-wise comparison [18].
Hence, this systematic review and meta-analysis aimed to
assess the effect of PBDs on muscular strength compared
to omnivorous diets in adult population.

Methods

Review Design

A systematic review with meta-analysis was carried out
in accordance with a pre-defined protocol. The process
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was conducted and documented following the Preferred
Reporting Items for Systematic Reviews and Meta-Anal-
yses (PRISMA) guidelines. Additionally, the protocol
was registered in the International Prospective Register
of Systematic Reviews (PROSPERO) under the registra-
tion number CRD42024576245. Initially, the effect on
strength outcomes and muscle mass was intended to
be evaluated. However, due to the heterogeneity in how
these variables were reported in the included studies (fat-
free mass, lean mass, and muscle mass), the meta-analy-
sis focused primarily on strength outcomes.

Search Strategy and Eligibility Criteria

The following search strategy was used in MEDLINE and
adapted to the other used databases (Cochrane, Web of
Science and Scopus): (“Diet, Plant-Based” [MeSH Terms]
OR “plant based*” OR “vegan*” OR “vegetarian*” OR
“lacto-ovo*” OR “lactoovovegetarian®” OR “lactovegetar-
ian*” OR “ovovegetarian*” OR “macrobiotic*” OR “frui-
tarian*” OR “herbivor*” OR “meatless*” OR “meat free*”)
AND (“Resistance Training”[MeSH Terms] OR “Mus-
cle Strength’[MeSH Terms] OR “Weight Lifting”[MeSH
Terms] OR “Skeletal Muscle Enlargement”’[MeSH Terms]
OR “muscle, skeletal’[MeSH Terms] OR “weight lift*” OR
“strength*” OR “weight train*” OR “resistance exercis*”
OR “Physical Fitness” OR “lean body mass*” OR “mus-
culoskeletal*” OR “muscle*” OR “lean body*” OR “Body
composition*” OR “fat free mass*” OR “athletic perfor-
mance*” OR “sport performance*”).

The detailed search strategies for each database are
presented in Table S1. In line with international stand-
ards, no language restrictions were applied. The search
covered all available literature from the inception of the
databases up to September 2, 2024. The inclusion criteria
for study selection are outlined in Table S2.

Study Selection and Data Extraction

Articles meeting the defined criteria underwent a
two-stage screening process 1). After the removal of
duplicates, two independent reviewers (GB and ARR)
conducted an initial screening of titles and abstracts to
assess eligibility based on the selection criteria. Stud-
ies passing this stage were then subjected to full-text
screening, which was also independently carried out
by the same reviewers. At this level, key study details
were extracted: authorship, publication year, study loca-
tion, design, sample size, follow-up duration, mean age,
comparator interventions, and key outcomes (lower
body strength, upper body strength, or overall muscu-
lar strength). These data are summarized in Table 1. In
addition, the reference lists of all included studies were
reviewed to identify any additional relevant research, but
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no other research matching the selection criteria was
found. Discrepancies regarding study eligibility at any
stage were resolved by consensus among the research
team (MLM, ARR, GB).

Outcomes Data Collection

The main objective of this meta-analysis was to deter-
mine the pre-post intervention changes in lower body,
upper body, and overall muscular strength when com-
paring PBDs with omnivore diets. The overall mus-
cular strength was defined as the average of the results
obtained in lower body and upper body strength assess-
ments, as well as physical tests involving full-body mus-
cular strength. In studies where lower body or upper
body strength was assessed using different tests, a pooled
analysis of the means and standard deviations was con-
ducted using the Psychometrica software [19]. If stud-
ies provided relevant data solely in graphical form, Web
Plot Digitizer was utilized for data extraction [20]. There-
fore, the reported effects result from the following equa-
tion: plant-based change (post—pre)—omnivore change
(post—pre). When the 95% confidence interval (CI) was
reported instead of SD, SD was calculated with the fol-
lowing equation: “SD = (E*/n)/Z*2"; being E= half the
width of the CI, and Z= critical value of the standard
normal distribution. Additionally, concerning the data
of pre-post standard deviation (SD) difference, it was
reported by “SD =+((A"2 +B"2) —(2*CF*A*B))’ being
A= pre SD; B= post SD; and CF =correlation factor. In
this respect, the 0.79 standardized reported correlation
factor was used. Crossover studies were interpreted as
follows: when washout periods were not reported, the
initial baseline data provided were also used as pre-inter-
vention values for arms after the first intervention.

Risk of Bias Assessment

The risk of bias for the included RCTs was assessed using
the Cochrane Risk of Bias 2.0 tool (RoB 2.0). This tool
evaluates bias across five domains: the randomization
process, deviations from intended interventions, missing
outcome data, measurement of the outcome, and selec-
tion of the reported result. Based on these assessments,
the studies were classified into three categories: (1) Low
risk of bias: all domains were judged to have a low risk
of bias; (2) Some concerns: at least one domain indicated
some concerns, but no domain was rated as having a
high risk of bias; and (3) High risk of bias: at least one
domain was rated as having a high risk of bias, or multi-
ple domains raised concerns.

Publication Biases
To evaluate the impact of small-study effects and
potential publication bias, the Doi plot and the Luis
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Furuya-Kanamori (LFK) index were employed [21]. The
LFK index was utilized to assess asymmetry, with a value
lower than 1 indicating no asymmetry, values between
1 and 2 suggesting minor asymmetry, and values of 2 or
higher indicating significant asymmetry [21].

Statistical Analysis

Standardized mean differences (i.e., Hedges' g) were
employed to compute the effect size of each intervention,
comparing changes in muscular strength between inter-
vention and control groups in individual RCTs [22]. Mul-
tiple independent random-effects meta-analyses were
conducted to evaluate the impact of interventions incor-
porating PBDs on muscular strength, including overall,
lower body, and upper body measurements. The overall
effect size estimate and its 95% CI were determined using
a random-effects inverse variance model with Paule-
Mandel adjustment [23].

To validate the findings’ reliability, sensitivity analyses
were performed by sequentially omitting one study from
the overall estimates. Finally, despite the limited number
of studies (fewer than 10) in the meta-analysis, which pre-
vented conducting a meta-regression for each outcome
[24], an exploratory meta-regression using mixed-effects
models was conducted to test whether mean age, duration
of intervention, daily protein intake (g/day), daily protein
intake adjusted for body weight (g/kg/day), or type of
exercise included in the analysis influenced the effect esti-
mates. The analyses were executed using R version 4.3.0
(R Core Team) and RStudio version 2023.03.1 (Posit). The
meta package (commands metagen, forest, and metainy)
and metasens package (command Ifkindex) were utilized
for the study [25]. Statistical significance was set at a two-
sided p-value <0.05.

Results
Of the 8079 records identified, 19 reports were assessed
for eligibility and eight RCTs were finally included
(Fig. 1). Reasons for exclusion at the full-text stage are
presented in Table S3. Most RCTs were conducted as
parallel-group trials, except for one crossover design
study [26]. The studies were published between 2003 and
2023 and were carried out in the USA [26-29], Canada
[30], South Korea [31], Poland [32] and the UK [33]. A
total of 188 participants (46% women) were included,
with sample sizes ranging from 11 to 42 participants,
with an average age between 20 and 65 years old. The
included participants were sedentary individuals [27-29,
31], recreational athletes [26, 30, 33] and CrossFit-trained
participants [32].

The duration of the interventions ranged from 10
days to 12 weeks. Out of the eight RCTs included in the
study, five employed a vegetarian diet [27-31], and three
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utilized a vegan diet [26, 32, 34]. In one of the RCTs, two
vegan interventions based on either a whole food PBDs
or plant-based meat alternatives were employed [26]. In
terms of dietary recommendations, five studies employed
a normocaloric diet [27-30, 32], two permitted ad libi-
tum intake [26, 31], and one prescribed an energy sur-
plus [33]. Across all studies, the dietary intervention was
combined with a strength training programme [26-30,
33], high-intensity functional training [32] or a com-
bined programme including aerobic training, flexibility
and resistance training [31]. Finally, three of the included
studies were supported by the Cattlemen’s Beef Board
and the National Cattlemen’s Beef Association [27-29],
and one by Marlow Foods Ltd [33].

The meta-analysis included a total of 7 RCTs for
upper body muscular strength (Figure S1), 8 RCTs for
lower body muscular strength (Figure S2), and 8 RCTs
for overall muscular strength (Fig. 2). Results showed
no differences in upper body muscular strength (SMD,
—0.12; 95% CI, —0.50 to 0.27; n=7), lower body muscu-
lar strength (SMD, 0.18; 95% CI, —0.31 to 0.67; n= 8) or
overall muscular strength (SMD, 0.21; 95% CI, —0.16 to
0.58; n= 8) when comparing PBDs with omnivore diets.

Sensitivity and Meta-Regression Analysis

The results of the sensitivity analyses are provided in Fig-
ure S3. Upon removal of each study from the analyses,
no relevant changes were observed in the main results
(regarding the direction of the estimates and the statisti-
cal significance). Additionally, meta-regression analyses
did not show a moderating effect as a function of mean
age (standardized beta coefficient [B] = — 0.004, p=
0.742), duration of intervention (B = — 0.043, p= 0.365),
daily protein intake (B= —0.009, p = 0.469), daily protein
intake adjusted for body weight (B= —0.429, p= 0.385),
and type of exercise: aerobic and resistance training
(B= 0.551, p= 0.194) and HIIT (B= —0.403, p= 0.464)
(Table S5).

Risk of Bias in Studies

The risk of bias of the included studies was evaluated
using the RoB 2.0 (Figure S4). Four RCTs were classified
as exhibiting a low risk of bias [27, 29, 32, 33], two dem-
onstrated some concerns of bias [26, 28], and two were
identified as presenting a high risk of bias [30, 31].

Publication Bias

Figure S5 shows the results of the publication bias of the
included RCTs. No asymmetries were found for none of
the muscular strength outcomes (LFK index, 0.66).
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Identification of studies via databases and registers
Records identified from: Records rgmoved before
15 Databases (n = 4) scregnulv.g. X 4 g
= ¢ Scopus (n = 3223) _up icate records removed (n
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= e Medline (n = 1887) > R d ked as ineligibl
= e Wos (n = 2677) ecords marked as ineligible
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= s Cochrane (n = 292) Records removed for other
Registers (n = 8079) reasons (n = 0)
\ 4
Records excluded.
Records screened. »| (n=6650)
(n = 6669) .
(no automation tools were used)
\ 4
- ReBorts sought for retrieval. Reports not retrieved.
= (n=19) (n=0)
c
[}
o
‘g \
Reports assessed for eligibility. _
(n=19) "
Reports excluded (n=11)
¢ Non-Outcome of interest (n = 3)
e  Study design (No RCT) (n = 8)
) v
S
= Studies included in review.
3| [w=o

Fig. 1 Flow diagram of study selection. WOS, Web of science; RCT, Randomized controlled trial

Discussion

This systematic review and meta-analysis found no
significant differences in upper body strength, lower
strength, or overall muscular strength between PBDs and
omnivorous diets. Given the growing interest in PBDs
due to their potential for improving human and planetary
health, our results show that these dietary patterns are
compatible in the sports field, as they do not lead to infe-
rior improvements in strength measures.

These findings are in line with those of previous sys-
tematic reviews and meta-analysis of RCTs and cross-
sectional studies, which found no significant differences
in strength performance following a PBDs [15, 16].

Maintaining an adequate energy intake is essential for
sustaining optimal physical performance. PBDs tend
to have lower energy density and promote satiety, mak-
ing them ideal for weight loss goals and the prevention
of chronic diseases [35, 36]. In contrast, previous stud-
ies have hypothesized that PBDs may be suboptimal for
strength-sport athletes with high energy requirements
[37]. In several of the included studies, to prevent any
potential impact of weight fluctuations on strength
parameters, participants were either permitted to self-
select their energy intake or received personalised dietary
plans [27-29, 32]. In this manner, energy intake did not
show significant differences between the plant-based
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Reference (year) Muscular strength g 95% Cl Weight
Haub et al. (2002) —|—'— 0.19 [-0.63; 1.02] 12.4%
Burke et al. (2003) — . 0.16 [-0.70; 1.02] 11.8%
Wells et al. (2003) — e 0.05 [-0.77;0.87] 12.5%
Haub et al. (2005) : 0.26 [-0.56; 1.09] 12.4%
Soon Lee et al. (2017) . ———— 143 [0.63;2.22] 13.1%
Roberts et al. (2022) : -0.28 [-1.09; 0.53] 12.8%
Durkalec et al. (2022) —'— -0.14 [-0.98; 0.70] 12.2%
Monteyne et al. (2023) —_— -0.03 [-0.84;0.78] 12.8%

Random effects model

0.21 [-0.16; 0.58] 100.0%

12=39.7%, p = 0.114 ' ' !
-2 -1 0
Favors omnivorous diets

1 2
Favors plant-based diets

Fig. 2 Random effects model meta-analysis for changes in muscular strength comparing plant-based diet interventions and omnivorous diets. g,

Hedges'g; Cl, confidence interval; 12, inconsistency index

and omnivorous diets. Similarly, the impact of PBDs on
strength parameters has been evaluated under condi-
tions of ad libitum intake, which is a more accurate rep-
resentation of a real-life scenario [26, 31]. Indeed, one of
the included studies showed promising results derived
from a vegetarian diet ad libitum, as greater fat loss was
observed, with an improvement in strength outcomes
being also found. In this article with outlier results, the
increase in muscular strength observed in the PBD
intervention was higher than that reported in the other
studies included. The participants followed a health
promotion program that included lifestyle modifica-
tions beyond the PBDs, such as a training programme,
massage, and healthy cooking practices, which were not
applied to the control group [31]. Therefore, given the
characteristics of the study design, it is challenging to
isolate the specific effect attributed to the plant-based
intervention that could explain this outlier value. On the
other hand, when specific reccommendations were given
to replace animal-derived foods with whole-food plant-
based or plant-based meat alternatives, no differences in
energy intake were observed between a vegan diet and an
omnivorous diet [26].. Moreover, it highlights the impor-
tance of recognising animal food alternatives to make
plant food choices compliant with energy needs, as prior-
itising energy-dense foods such as nuts, seeds or oils will
facilitate meeting energy requirements.

Traditionally, it has been suggested that plant protein
represents an inferior quality compared to animal pro-
tein due to its lower content of essential amino acids
and reduced bioavailability, which could limit the ana-
bolic potential of these amino acids [38]. However, the

commonly used protein quality assessments that assign
lower scores to plant proteins compared to animal pro-
teins have been contested [39]. This would imply the need
to increase the intake of plant protein sources as a mech-
anism to compensate for these limitations [40]. Previous
studies suggest that a vegan diet is equally effective as a
protein-matched omnivorous diet in supporting muscle
strength and mass accrual, indicating that protein source
does not influence resistance training adaptations in
untrained young men with adequate protein intake [41].
It has been reported that switching from an omnivorous
to a vegan diet without specific macronutrient prescrip-
tions, despite leading to a lower dietary protein intake,
does not appear to cause changes in upper and lower
body strength performance [42, 43].The studies included
in the meta-analysis showed a similar dietary protein
intake [27-29, 32, 33] or lower [26, 30] among partici-
pants on PBDs (Table S4). Nevertheless, no significant
changes were detected in strength outcomes. This could
be attributed to the fact that in these studies, with pre-
scribed dietary intake or ad libitum consumption, partic-
ipants met or exceeded the dietary protein requirements
of 0, 8 g/kg/day necessary to optimize its effect on mus-
cle strength [44-46]. Additionally, when several sources
of plant-based protein are consumed throughout the day
without the need to combine them in a single meal, this
can stimulate muscle protein synthesis and strength out-
comes, similar to omnivorous diets [41, 47].

Limitations
The results should be interpreted with caution for several
reasons. Firstly, the included RCTs had small sample sizes
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and short-term follow-ups, which limits our capacity to
comprehend the long-term impact of PBDs on muscu-
lar strength. Secondly, the studies were predominantly
conducted on sedentary participants or recreational
athletes, limiting the generalizability of the findings to
other populations, such as elite athletes. Thirdly, half of
the RCTs demonstrated concerns regarding bias or a high
risk of bias, which could potentially impact the reliabil-
ity and validity of the results. Fourthly, it was not possi-
ble to prove whether the findings were consistent across
different subgroups, such as sex, race/ethnicity or general
population/athletes.

Research Gaps and Future Directions

The analysed evidence remains insufficient for any defini-
tive conclusions. Further long-term studies are required
to evaluate the potential impact of PBDs on nutrient
intake, body composition, and physical performance.
Similarly, given the sex-based disparities in muscular
strength, it is imperative to evaluate the impact of these
dietary patterns on strength performance, considering
the specific physiological characteristics of each sex [48].
Furthermore, it is important to investigate the influence
of these dietary regimens on elite athletes, who have
elevated energy demands, as this could potentially repre-
sent a challenge in such instances for plant-based inter-
ventions. Finally, it is also necessary to conduct further
research utilising ad libitum PBDs to delve deeper into
the understanding of the effects of these dietary patterns
on a regular daily basis for the general population.

Conclusion

Despite the ongoing debate regarding whether restrict-
ing animal products may diminish exercise capacity, the
results of our meta-analysis provide compelling evidence
that PBDs, including vegan diets, do not adversely affect
muscular strength. However, given the limited literature
available comparing the physical performance of indi-
viduals following omnivorous diets with those adhering
to PBDs, these findings should be interpreted with cau-
tion. Further research is required to assess the long-term
impact of these dietary patterns on strength outcomes.
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