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Abstract

Background Given the widespread use of caffeine among athletes, this meta-analysis quantifies the incidence of acute side
effects associated with caffeine supplementation. Despite its well-established performance benefits, evidence on caffeine’s
side effects remains fragmented, as these outcomes are often reported only as secondary findings.

Objective To address this gap, we systematically reviewed and meta-analyzed evidence from randomized controlled trials
on acute caffeine-related side effects in athletes.

Methods Following PRISMA guidelines, we searched five databases (MEDLINE, Scopus, Web of Science, Embase, Google
Scholar) up to July 2025. Eligible studies were randomized controlled trials in athletes aged > 15 years examining acute
caffeine ingestion versus placebo with reported side effects. Risk of bias was assessed using PEDro and Cochrane criteria.
Data on frequency and magnitude of side effects were pooled using random-effects meta-analyses, with subgroup and
dose-response analyses.

Results A total of 48 studies (940 athletes; 63% male, 37% female) were included in the systematic review, of which 38
were eligible for meta-analysis. The mean caffeine dose was 4.9 +2.4 mg/kg (range 1.3—12 mg/kg), commonly ingested
as capsules or beverages. Compared with placebo, athletes who ingested caffeine self-reported significantly higher odds
of headache (Log OR=0.74, p <0.001), abdominal discomfort (Log OR=1.12, p <0.001), increased feelings of vigor/
activeness (classified in this review as a side effect for methodological consistency, although it may also reflect an ergogenic
benefit; Log OR =1.14, p <0.001), tachycardia (Log OR =1.47, p <0.001; > fourfold higher odds compared with placebo),
insomnia (Log OR =1.20, p <0.001), increased urine output (Log OR =1.04, p <0.001), anxiety (Log OR=1.29, p <0.001),
and nervousness (Log OR=0.82, p <0.001). Meta-regression of dose—response effects showed a significant association
between caffeine dose and tachycardia (slope=0.31, p <0.001), headache (slope =0.23, p <0.001), abdominal discomfort
(slope=0.29, p <0.001), vigor/activeness (slope=0.18, p <0.001), increased urine output (slope=0.28, p <0.001), and
anxiety (slope =0.37, p<0.001).

Conclusions Caffeine intake in athletes increases the likelihood of side effects in a dose-dependent manner, with tachycardia,
insomnia, abdominal discomfort, and anxiety being the most consistent. Evidence suggests that, compared with high doses
(> 6 mg/kg), low to moderate doses (<6 mg/kg) of caffeine may reduce the risk of side effects.

1 Introduction

Caffeine is among the most widely consumed psychoactive
substances worldwide and has long been recognized as a
potent ergogenic aid in both recreational and elite sports
[1]. Caffeine, a naturally occurring methylxanthine, exerts
its primary physiological effects by antagonizing adenosine
receptors [2], leading to increased central nervous system
stimulation, enhanced neurotransmitter release, and reduced
perception of fatigue [3]. Caffeine ingestion has been
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consistently associated with enhanced endurance capacity
[4], increased time-to-exhaustion [5], and improved perfor-
mance in both aerobic and anaerobic activities [6]. These
physical benefits, together with its effects on alertness, vigi-
lance, reaction time, and concentration [7], extend caffeine’s
ergogenic impact across a broad spectrum of sports, from
those requiring high physical output to those relying heavily
on technical skills and rapid decision-making. Meta-analyses
[8-12] and consensus statements [13, 14] from international
sport science organizations have confirmed caffeine as one
of the few supplements with strong evidence supporting its
efficacy for enhancing athletic performance across a wide


http://orcid.org/0000-0003-1433-2906
http://crossmark.crossref.org/dialog/?doi=10.1007/s40279-026-02441-4&domain=pdf

R.Negaresh et al.

Key Summary Points

Caffeine is widely used for its established ergogenic
effects (per the broader performance literature), but it is
also commonly associated with acute, self-reported side
effects such as tachycardia, insomnia, and anxiety.

This meta-analysis of 38 RCTs quantified acute, self-
reported caffeine-related side effects in athletes and
found dose-dependent increases in tachycardia, insom-
nia, abdominal discomfort, anxiety, and vigor/activeness.

Side-effect reporting varied by caffeine dose, timing of
assessment, and form of ingestion; capsule administra-
tion was associated with higher odds of side effects
compared with noncapsule forms (combined).

Compared with higher doses, lower doses (< 3 mg/

kg) generally showed smaller increases in reported side
effects, whereas doses > 6 mg/kg showed the greatest
risk; however, side effects can still occur at low-to-mod-
erate doses.

Many side effects were still reported on the day after
caffeine ingestion, including tachycardia, vigor/active-
ness, headache, nervousness, abdominal discomfort, and
increased urine output (with similar patterns observed
for several symptoms across test day versus next day
assessments).

range of exercise modalities. Beyond endurance, caffeine
benefits high-intensity and strength-based activities, where
acute intake can augment muscle contractility, power out-
put, and repeated sprint performance [15—17]. These effects
likely arise from improved motor unit recruitment [18] and
excitation—contraction coupling [19]. Additional reported
advantages include enhanced glycogen resynthesis [20,
21], increased fat oxidation [22], and reduced rating of per-
ceived exertion [23]. Accordingly, organizations such as the
International Olympic Committee [14, 24] and the Ameri-
can College of Sports Medicine [25] recognize caffeine as
a legitimate ergogenic aid when consumed at appropriate
doses.

Despite its ergogenic benefits, individual responses to
caffeine can vary widely. Factors such as sex [26], training
status [27], particularly genetics [28, 29], and habitual intake
[30], are often cited as moderators of caffeine’s effects.
While genetic polymorphisms (e.g., CYP1A2, ADORA2A)
and habitual consumption are known to influence caffeine
metabolism and individual sensitivity, thereby affecting the
likelihood of side effects [31, 32], their consistent and direct
impact on the magnitude of ergogenic effects remains an

area of ongoing investigation with mixed findings in the lit-
erature [28, 30]. This variability leaves some athletes more
prone to side effects such as increased heart rate [33], ele-
vated blood pressure [34], abdominal discomfort [35], trem-
ors [36], anxiety [37], insomnia [38], and impaired coordi-
nation, which may compromise performance or recovery.
In some cases, excessive caffeine intake may contribute to
dehydration [39], altered thermoregulation [40], or dimin-
ished sleep quality [41], all of which could counteract its
performance-enhancing potential. However, it is important
to note that caffeine’s effects at rest may not directly translate
to exercise, where, for example, caffeine has been shown
to reduce heart rate and rating of perceived exertion (RPE)
during exercise at a clamped intensity [42, 43].

Modern patterns of caffeine intake further complicate
safety concerns [44]. Athletes increasingly obtain caffeine
from multiple sources, such as energy drinks [45], prework-
out formulas [46], and dietary intake [46], with caffeine
anhydrous capsules being the predominant form in research
settings. Additionally, more novel methods of caffeine deliv-
ery, such as caffeinated gum, mouth rinse, and nasal sprays
[47], are becoming increasingly popular and may contribute
to cumulative exposure that exceeds recommended doses.
While the benefits of caffeine in sports performance are
well-documented, less attention has been paid to the poten-
tial side effects in athletic populations. However, a growing
body of literature has begun to address this issue [48, 49].
These recent systematic reviews have provided valuable
insights into the prevalence and patterns of caffeine-related
side effects in athletes, though they have not comprehen-
sively examined dose—response relationships or variations
by ingestion form and sport type.

Most studies to date have relied on small samples,
restricted dose ranges, and limited outcome measures [48,
50], leaving uncertainty about the prevalence and severity
of side effects. As a result, there remains a significant gap
in understanding the full spectrum of caffeine’s side effects
in athletes, especially across varying doses, sport types, and
forms of ingestion. Side effects are often reported only nar-
ratively or as secondary outcomes, with little systematic syn-
thesis or dose-response evaluation, leaving the magnitude
and pattern of caffeine-related side effects across different
doses, exercise contexts, and reporting windows poorly
defined.

Recent reviews, such as those by de Souza et al. (2022)
[48] and Silva et al. (2025) [49], provide valuable insights by
pooling data and offering broader analyses of caffeine’s side
effects in athletes. However, these studies remain limited,
particularly in examining dose—response relationships and
variations across caffeine forms and sport types. To address
these gaps, we conducted a systematic review and meta-
analysis of randomized controlled trials. Our study consoli-
dates evidence across diverse sports and supplementation
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protocols, with the aim of providing a more comprehen-
sive understanding of caffeine-related side effects. We spe-
cifically focus on a wider range of outcomes, incorporate
dose—response analysis, and explore moderating factors
such as ingestion form (capsules versus beverages) and sport
type. We hypothesized that acute caffeine ingestion would
increase the risk of side effects, particularly tachycardia,
insomnia, anxiety, and abdominal discomfort, and that these
effects would occur in a dose-dependent manner.

2 Methods
2.1 Literature Search Strategy

The systematic literature search and writing process fol-
lowed the PRISMA (Preferred Reporting Items for System-
atic Reviews and Meta-Analyses) guidelines [51] and was
registered in PROSPERO (CRD420251026697). The litera-
ture search was conducted across five databases: MEDLINE,
Scopus, Web of Science, Google Scholar, and Embase. We
used a mix of Medical Subject Headings (MeSH) and free-
text words for key concepts as search terms to investigate
side effects and side effects associated with the acute inges-
tion of caffeine in athletes. The search syntax used to iden-
tify eligible studies was as follows: concept 1 (“caffeine”
OR “energy drink” OR “1,3,7-trimethylxanthine” OR “cof-
fee”) AND concept 2 (“side effect” OR “adverse event” OR
“headache” OR “tachycardia” OR “insomnia” OR “abdom-
inal discomfort”) AND concept 3 (“athletes” OR “team
sport” OR “combat sport” OR “athletics” OR “cyclist” OR
“Sport”). In the first step, searches were conducted in title,
abstract, and keywords; since side effects of caffeine were
not considered a primary outcome in most sport studies,
their mention in the title, abstract, and keywords was lim-
ited. Consequently, in the second step, the search included
the full-text of the studies for concept 2 (Supplementary
Table 1). The electronic search was performed in July and
August 2025 across all selected databases, with no restric-
tions on publication year, ensuring that all available studies
up to the date of the search were considered for inclusion. In
addition to database searches, the reference lists of relevant
reviews and meta-analyses were screened to identify further
eligible studies, as recommended by PRISMA guidelines.
Studies that had the following characteristics were extracted
on the basis of the abstract and their full text was reviewed:
a) caffeine was consumed acutely and b) the participants
were athletes. All literature searches and screening of eli-
gible studies were performed by two independent reviewers
(M.M. and M.Y.). If disagreement arose at any step, it was
resolved through discussion (M.M., M.Y., and R.N.).

2.2 Study Selection

PICOS criteria were used to warrant the eligibility of stud-
ies in the current systematic review and meta-analysis as
follows [52]:

Participants. Studies were eligible if they involved ath-
letes, defined as individuals engaged in organized or struc-
tured sports training and competitions, irrespective of sport
type (e.g., team or individual disciplines). Participants were
required to be at least 15 years old, have a minimum of 1
year of continuous sports experience, and could represent
any skill level (amateur, semi-professional, or professional).

Intervention. Studies involving acute caffeine ingestion,
defined as a single administration within a 24—h period,
with clear details on dosage, were included. Studies adminis-
tering multiple doses of caffeine on the same day (e.g., split
dosing, repeated boluses) were excluded, as this would pre-
clude clear attribution of side effects to a specific ingestion
time and confound dose-response analyses. Only studies in
which caffeine was administered in isolation, or in a form
where its effects could be clearly isolated, were included.
For example, trials using coffee or energy drinks were eligi-
ble if the comparator was a matched decaffeinated version
or an energy drink identical in composition but without caf-
feine. Studies that combined caffeine with other supplements
were included only if both the caffeine and placebo groups
received the same additional ingredients, thereby allowing
the specific effect of caffeine to be evaluated. Chronic inges-
tion was defined as protocols involving caffeine adminis-
tration for more than 1 day; such studies, as well as those
investigating only placebo effects of caffeine, were excluded.
There was no upper or lower limit on the caffeine doses
administered in the included studies. Trials were eligible
regardless of whether they investigated low (<3 mg/kg),
moderate (3.1-6 mg/kg), or high doses (> 6 mg/kg), as the
objective was to capture the full spectrum of potential side
effects across different intake levels.

Comparator. Studies were eligible if they compared the
side effects of caffeine intake with a placebo. Trials without
a placebo control comparator, or in which participants were
aware of the supplement they received (i.e., not blinded to
allocation), were excluded.

Outcome. The primary outcome was the occurrence
of side effects (e.g., abdominal discomfort, dizziness,
headache) in athletes, comparing caffeine with placebo
conditions.

Study design. Studies with a single or double-blinded and
randomized crossover design in which there was an experi-
mental condition that included the ingestion of caffeine
which was compared with an identical experimental situa-
tion without caffeine. Studies were included only if they had
data available for the calculation of the odds ratio associated
with caffeine on any side effect. Nonoriginal studies (i.e.,
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review) were excluded. Additionally, if full text access was
not available, not peer-reviewed, the study was excluded. If
a study statistically examined the difference in the incidence
of caffeine-related side effects between the caffeine or pla-
cebo conditions, but did not state the number or percentage
of side effect events in the text, the corresponding author was
contacted via email to provide the desired data; otherwise,
the study was included in the systematic review but excluded
from the meta-analysis.

Side effects: For the purpose of this review, side effects
associated with caffeine were defined as any unintended or
adverse physiological or psychological responses occur-
ring after caffeine ingestion and reported in the included
studies. These encompassed symptoms such as abdominal
discomfort (e.g., abdominal pain, nausea), cardiovascular
effects (e.g., tachycardia, palpitations), neurological or psy-
chological manifestations (e.g., headache, dizziness, anxiety,
insomnia), and any other side effects explicitly documented
by the authors.

2.3 Outcome measures and data extraction

After identifying eligible studies, the information extracted
included study source, design, sample size, gender, age,
sport, level of sport, sports activity experience, methodo-
logical quality (by PEDro scale), habitual caffeine intake
by the participants (only in those that reported), caffeine
administration (i.e., dose, form and timing), prevalence of
side effects. All study information was extracted indepen-
dently by the two reviewers (M.M. and M.Y.) and in the
case of disagreement, discussion was used to resolve the
disagreement (M.M., M.Y., and R.N.). Side effects studied
included the following: (a) headache, (b) abdominal discom-
fort/gastrointestinal problems, (c) muscle soreness/pain, (d)
activeness/vigor, (e) tachycardia and heart palpitations, (f)
insomnia, (g) increased urine output, (h) anxiety, (i) nerv-
ousness, (j) fatigue, (k) irritability, and (1) dizziness. All of
these outcomes were assessed using self-report methods in
the included studies. For this meta-analysis, any report of a
side effect was included, provided it was systematically col-
lected from all participants in both the caffeine and placebo
conditions, regardless of the specific self-report tool used.
To enable meta-analytic synthesis despite this heterogeneity,
we extracted binary outcome data (presence vs. absence of
each side effect) from each study. In cases where continuous
data were reported (e.g., from visual analog scales), we con-
tacted authors to obtain binary classifications. The timing of
outcome assessment was consistently reported either on the
“test day” (i.e., after the exercise protocol) or on the “next
day” (i.e., the following morning or within 24 h postinges-
tion). This temporal categorization was subsequently used to
conduct the subgroup analysis presented in Fig. 3.

2.4 Quality Assessment and Risk of Bias

The 11-item Physiotherapy Evidence Database (PEDro)
scale was used to screen methodological quality of the eli-
gible studies [53]. This scale includes 11 criteria and each
criterion was rated with “0” (indicating that the criterion
has not been met) or “1” (indicating that the criterion has
been met), while criteria 1 (eligible criteria) is not consid-
ered in the final calculation of methodological score. There-
fore, methodological quality of studies rated between 1 and
10, while score <4 reflects low, 5 or 6 reflect fair, and>7
reflect high quality [54]. Two authors independently rated
methodological quality of included studies. The risks of bias
were assessed on the basis of the guidelines and criteria
outlined in the Cochrane Handbook for Systematic Reviews
of Interventions [55]. Random sequence generation (selec-
tion bias), allocation concealment (selection bias), blinding
(performance bias and detection bias) and selective reporting
(reporting bias) were considered as major sources of bias
[56]. The risk for each major source of bias was defined
as either “low risk,” “unclear risk”, or “high risk” for each
included study. Two authors independently rated methodo-
logical quality of included studies (M.M. and M..Y.).

2.5 Data Analysis

The current meta-analyses were conducted to compare the
side effect rate of caffeine intake versus placebo, using
prevalence of side effects, and the number of participants
for each outcome in eligible studies. A Log OR greater
than 0 indicates that side effects were more likely to occur
in the caffeine condition compared with placebo, whereas
a Log OR less than 0 indicates a lower likelihood under
caffeine. A Log OR of 0 reflects no difference between
conditions. When zero events were reported in either
group, a continuity correction was applied by adding 0.5
to each cell of the table to enable calculation of the study-
specific log OR [57, 58]. Therefore, for each side effect, a
Log OR was calculated once including (expressed in Sup-
plementary Figs. 1-12) and once excluding those studies
reporting zero (expressed in results section). A subgroup
analysis was conducted to investigate the association of
(a) time from ingestion to the onset of side-effect assess-
ment, (b) caffeine dose (low dose <3 mg/kg, moderate
dose 3.1-6 mg/kg, and high dose > 6 mg/kg), (c) form
of administration, (d) abstinence (on the test day, 24 h
and 48 h before test), and (e) sport (including strength-
based, team sport, track & field and other sport) on side
effect prevalence. In cases where two time points were
investigated for caffeine side effect (e.g., test day [during
exercise day] and next day), each experiment was treated
as an independent data set for the meta-analysis. In the
main meta-analysis and subgroup analyses, side effects
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reported in two or fewer studies were excluded. When a
trial investigated multiple caffeine doses, each dose was
treated as an independent dataset in the meta-analysis. For
the dose-response meta-regression and subgroup analy-
ses based on caffeine dose, we standardized all caffeine
intakes to mg/kg of body mass. In studies where caffeine
was administered as an absolute dose without individual
body-mass adjustment, we converted the dose by dividing
the absolute amount by the mean body mass of the par-
ticipants reported in the study. This converted value was
used as an approximation of the relative dose for that study
cohort in all relevant analyses.

To verify the degree of similarity in the observed mean
differences and the degree of heterogeneity, the Q and I?
statistic was calculated, respectively. In this regard, an I?
value <50%, 50-75%, and > 75% reflected low, moderate,
and high levels of heterogeneity, respectively. Additionally,
by plotting the standard error against the Log OR, funnel
plots were constructed. Sensitivity analyses were performed
for all the variables included in the meta-analysis to examine
the robustness in the magnitude and direction of the side
effects of caffeine by repeating the meta-analysis with the
removal of studies with unexpected results [59]. In cases
where asymmetry was observed (visually from funnel plots),
the Trim and Fill method was applied. This method esti-
mates the number of potentially missing studies due to pub-
lication bias, imputes their effect sizes on the opposite side
of the funnel plot, and recalculates the pooled effect size.
All meta-analyses were conducted through Comprehensive
Meta-analysis software, version 4 (Biostat Inc., Englewood,
NJ, USA).

The overall certainty of evidence for each side effect was
evaluated using the grading of recommendations, assess-
ment, development and evaluation (GRADE) approach.
The absolute risk (AR) for both caffeine and placebo condi-
tions was calculated by dividing the number of athletes who
reported a side effect by the total number of participants.
The absolute risk difference (ARD) was obtained by sub-
tracting the AR of placebo from that of caffeine, while the
number needed to harm (NNH) was calculated by dividing
1 by the ARD.

3 Results
3.1 Search Results

The database search yielded 12,571 records. After removing
duplicates and applying the predefined eligibility criteria, 48
studies met the inclusion criteria and were retained for the
systematic review [50, 60—106]. Of these, 38 provided suf-
ficient data and were included in the meta-analysis (Fig. 1).

3.2 Included Studies and Participants

The characteristics of the 48 eligible studies included in sys-
tematic review are shown in Table 1. The pooled number of
participants across the included studies was 940, with 592
males (63%) and 348 females (37%). Of the included stud-
ies, 24 recruited only male athletes, 14 recruited only female
athletes, and 10 enrolled participants of both genders. The
age range of athletes was 15-35 years. The mean caffeine
dose used in the included studies was 4.86 +2.39 mg/kg,
with a range of 1.3—12 mg/kg. The highest doses of caffeine
consumed in the reviewed studies were low (31 studies),
moderate (21 studies), and high (9 studies) doses, respec-
tively (some studies used multiple doses). Since the most
common form of caffeine intake was reported to be capsules
(33 studies), beverages (11 studies), and chewing gum (3
studies) (one study did not report caffeine form), the time
interval between caffeine intake and exercise activity or
testing was often considered to be 60 min. According to
the included studies that reported habitual caffeine intake,
48% of the studies reported that their participants had, on
average, low habitual caffeine intake (< 100 mg/day), 35%
reported moderate-to-high intake (> 100 mg/day), and in
17% the habitual intake was not specified. It should be noted
that these figures are based on study-level mean values and
may not fully capture within-study variability in individual
consumption patterns (Table 1).

3.3 Meta-Analysis Results

Based on the meta-analysis of overall data (Fig. 2),
a significant increase in the incidence of headache
(Log OR=0.735, 95% CI=0.451-1.019, p <0.001,
I?=41.9%), abdominal discomfort (Log OR=1.118,
95% CI=0.739-1.496, p <0.001, 1>=44.9%), vigor/
activeness (Log OR=1.138, 95% CI=0.827-1.450,
p<0.001, > = 58.41%), tachycardia (Log OR =1.474,
95% CI=1.120-1.828, p<0.001, I*=48.1%), insom-
nia (Log OR=1.201, 95% CI=0.866-1.536, p <0.001,
F= 36.57%), increased urine output (Log OR =1.043, 95%
CI=0.640-1.445, p <0.001, I>=71.9%), anxiety (Log
OR =1.289, 95% CI=0.817-1.761, p<0.001, I>=88.8%),
and nervousness (Log OR=0.815, 95% CI=0.422-1.209,
p<0.001, >=0.0%) was observed with caffeine over the
placebo (Fig. 2). Additionally, overall data revealed that
muscle soreness (Log OR=0.155, 95% CI= —0.66 to
0.376, p=0.17, I>’=17.31%), fatigue (Log OR = —0.312,
95% Cl= —1.574 to 0.951, p=0.628, I’=0.0%), irrita-
bility (Log OR= —-0.351, 95% CI= —1.482 to 0.780,
p=0.543, = 73.9%), and dizziness (Log OR=0.451,95%
Cl=-2.774 t0 3.675, p=0.784, 12=35.5%) had no sig-
nificant increase in incidence with caffeine compared with
placebo (Fig. 2). Similar results were obtained when zero
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Fig. 1 Study selection PRISMA flow diagram

reports of side effect were corrected for in the studies except
for nervousness, where the effect size was not significant
(Log OR=0.220, 95% CI= —0.292 to 0.732, p=0.399,
I’=0.0%) (Supplementary Figs. 1-12). NNH values are
reported in Table 2. Lower NNH indicates that fewer ath-
letes need to ingest caffeine for one additional case of vigor/
activeness, tachycardia, insomnia, increased urine output,
abdominal discomfort, anxiety, headache, and nervousness,
respectively.

3.4 Timing of Side Effect Assessment

On the test day, caffeine intake was associated with a sig-
nificantly higher incidence of several side effects com-
pared with placebo, including headache (Log OR =0.624,
95% C1=0.276-0.972, p <0.001, I*=41.9%), abdominal
discomfort (Log OR=1.161, 95% CI=0.546-1.771,
p<0.001, P= 63.0%), vigor/activeness (Log OR =1.269,
95% CI=0.827-1.711, p <0.001, I>=58.9%), tachycar-
dia (Log OR=1.273, 95% CI=0.774-1.771, p <0.001,
= 58.8%), increased urine output (Log OR =0.671, 95%
CI=0.065-1.276, p=0.030, P=82.1 %), and anxiety (Log
OR =1.649, 95% CI=0.920-2.379, p <0.001, > =67.9%).
On the following day, caffeine ingestion was also associ-
ated with a significantly higher incidence of multiple side
effects compared with placebo, including headache (Log

Identification of studies via databases and registers [ Identification of studies via other methods ]
—
5 Records removed before
= : e screening: Records identified from:
E ?]e:c?rgsf)f;nhﬂed » Duplicate records removed (n Websites (n = 5)
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3 Records removed for other Other (n=7)
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)
— L
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——>
(n=4,613) (n =3,445)
Reports sought for retrieval > Reports not retrieved Reports sought for retrieval > Reports not retrieved
2 (n=1,168) (n=703) (n=23) (n=18)
c
3
8 I '
b Reports excluded:
_ Non-athlete (n = 133)
REBZ%SSHSSGSSM for eligibility > Chronic caffeine consumption Reports assessed for eligibility »| Reports excluded:
= ) (n=12) (=5 Non-athlete (n. =2)
Place_bo_effect (n=5) No peer review (n = 2)
No blinding/no placebo (n =4) Lack of access to full text (n =
Failure to determine the 1)
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No reporting of side effects (n
S— =62)
Lo . . Observational study (n = 3)
E rS;\l/ng;S included in systematic Conference study (n = 18)
Oth =127
2 (n = 48) er (n=127)
= Studies included in meta-
___J analysis (n = 38)

OR =0.600, 95% C1=0.346-0.853, p <0.001, *=41.9%),
abdominal discomfort (Log OR=1.091, 95% CI=0.604—
1.578, p<0.001, 1’=24.0%), vigor/activeness (Log
OR=1.016, 95% CI=0.600-1.432, p <0.001, > =53.1%),
tachycardia (Log OR=1.682, 95% CI=1.176-2.187,
p<0.001, ’= 32.7%), insomnia (Log OR=1.201, 95%
CI=0.866-1.536, p <0.001, 2= 36.57%), increased
urine output (Log OR=1.239, 95% CI1=0.772-1.706,
p<0.001, I’= 27.3%), anxiety (Log OR=1.031, 95%
CI=0.415-1.648, p <0.001, I’= 39.1%) and nervous-
ness (Log OR=0.893, 95% CI1=0.412-1.373, p<0.001,
P=14.8%) (Fig. 3). Similar results were obtained when
zero reports of side effect were corrected for in the studies
(Supplementary Fig. 13). As shown in Table 2, a smaller
number of athletes consuming caffeine are needed for
the occurrence of vigor/activeness on the test day and
increased urine output on the next day.

3.5 Dose-Response

Meta-regression of dose—response effect in overall data
showed a significant association between caffeine dose and
headache (slope =0.23, 95% CI=0.159-0.301, p <0.001),
abdominal discomfort (slope =0.29, 95% CI=0.192-0.386,
p <0.001), vigor/activeness (slope=0.18, 95%
CI=0.113-0.246, p <0.001), muscle soreness (slope=0.15,
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2 95% CI1=0.039-0.249, p=0.006), tachycardia (slope=0.31,
E > = 95% CI1=0.219-0.392, p<0.001), insomnia (slope=0.14,
E En ?%n 95% C1=0.024-0.251, p=0.017), increased urine output
|z éﬂ s (slope=0.28, 95% CI=0.202-0.351, p <0.001), and anxiety
-;E § : 3 ig v v (slope=0.37, 95% CI=0.267-0.470, p <0.001) side effects
T Va2 2z oz z (Fig. 2). This indicates that as the caffeine dose increased,
s the possibility of the aforementioned side effects incidence
§ g < increased. On the other hand, nervousness (slope =0.09,
25| % . E 95% CI=—0.088 to 0.279, p=0.311) and irritability
rEl72 = =2 # = (slope= —0.28, 95% Cl= —1.123 to 0.569, p=0.521)
g . revealed nonsignificant association with caffeine dose.
2E| g 2 g 3
S IR 3.6 Subgroup Analysis
£
% The results of the subgroup meta-analysis are summa-
'é % é % 4 rized in Table 3 and illustrated in the Supplementary
S | S ¢ & a Figs. 14-19. When examining the effects by dose cate-
= gory, low-dose caffeine (<3 mg/kg) was associated with a
; nonsignificant increased odds of several side effects com-
.%z pared with placebo, including headache (Log OR=0.141,
g g 95% Cl= —0.173-0.456, p=0.378, 1>=20.7%), anxiety
g o @ e e . g (Log OR=0.349, 95% CI= —0.209 to 0.907, p=0.220,
o =y I’=0.0%), and increased urine output (Log OR =0.405,
E =S 95% CI= —0.094 to 0.904, p=0.112, I*’=68.6%). In
é g a E] addition, high dose of caffeine (> 6 mg/kg) intake except
g g i c a6 o a _ é for muscle soreness (Log OR=0.777, 95% CI= —0.168
as|E oz = F F S B to 1.772, p=0.107, I’=0.0%), and irritability (Log
g E. OR= -10.254, 95% CI= —1.490 to 0.982, p=0.687,
8 § £ 1> =76.4%) was associated with an increase in the preva-
§ g i} = lence of other side effects.
§ 5 - % %l g R Compared with other caffeine forms (beverages, gum,
&8|l% X 2 g = d% é E and unreported), the capsule form was associated with
< & % an increased odds of some side effects such as abdomi-
2 2 £ _8 S nal discomfort (Log OR =1.245, 95% CI=0.851-1.639,
E § g .§ Ci p<0.001, ’=43.0%). It should be noted that beverages
3 R g & s & ] constituted the majority (11 of 14 studies; 78%) of the
£ |2 4 ¢ ® =z S B oo noncapsule studies. Additionally, the subgroup analysis
“ = ol 0o = 3 z 5 results clearly indicate that when athletes were instructed
E Z; é to abstain from caffeine on the test day or within 12 h
% + ® o o g 85 prior, the highest incidence of caffeine-related side effects
% 3 E E E o g g was reported (p <0.05) (Table 3).
< | & & g & ;] _5 g By examining the odds of side effects in male and
g ED g‘ female, it was found that while three side effects—anxi-
’ g3 ety (Log OR=1.556, 95% CI=0.992-2.141, p<0.001,
E Z % ’= 0.0%), increased urine output (Log OR=1.263,
z; PR % &; § 95% CI1=0.739-1.787, p<0.001, ?=0.0%), and muscle
E | Bk S22 FEZ soreness(Log OR=0.371, 95% C1=0.083-1.685, p=0.011,
Sy A A Slakalnks 2 :EZ g I’=0.0%) were significant in males following caffeine
é g i T . . S &':8 % intake, whereas no such results were observed in females
g - :: £ & 5 F £ (p>0.05). The odds of other side effects were similar in
= g |3 5 = I£%E S5 8 both sexes (Table 3).
% z g, :é g é :E 3 :E 3 g ‘; g Finally, when comparing across sport categories, studies
e |2 2 -8 2°s2° % 3 /A on track and field athletes reported fewer side effects after
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Dose-Response Side Effect Prevalence Overall Meta-analysis
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Fig.2 Overall meta-analysis results for acute caffeine-related side
effects. Forest plots show log odds ratios (Log OR) comparing caf-
feine versus placebo for each outcome, with pooled random-effects
estimates. Dose-response meta-regression results are presented where
applicable. * Although this effect has been reported as a side effect

caffeine intake compared with placebo than did studies on
athletes from team sports, strength-based sports, or other
individual sports. This less odds of side effects included
headache (Log OR=0.286, 95% CI= —0.472 to 1.044,
p=0.462, > = 44.1%), tachycardia (Log OR= —0.796,
95% Cl= —1.896 to 0.304, p=0.156, I*=42.5%), abdomi-
nal discomfort (Log OR=0.605, 95% CI= —0.617 to
1.827, p=0.332, 12=0.0%), increased urine output (Log
OR=0.112,95% CI= —0.656 to 0.879, p=0.776, ’=0.0%)
(Table 3).

Insomnia
Ciam Joassrase omr |

in the reviewed studies, it appears to be a benefit rather than a per-
formance-reducing or ergolytic indicator; therefore, classifying it as a
side effect is conceptually ambiguous. Caffeine dose: low <3 mg/kg,
moderate 3.1-6 mg/kg, high>6 mg/kg

3.7 Quality Assessment and Risk of Bias

The average methodological quality of the evaluated studies
was 8.79+0.46 (median: 9, range 7-9), indicating a high
methodological quality (Supplementary Table 2). Among
the items used to assess methodological quality, item “inten-
tion-to-treat analysis” was overlooked in most of the studies.
Furthermore, the risk of bias assessment indicated an overall
acceptable status of the studies (Supplementary Table 3),
while the “blinding of outcome assessments” showed the
highest risk of bias (Fig. 4). Funnel plot inspections sug-
gested potential publication bias across some meta-analyses
represent in Supplementary Figs. 20-31. Using the Trim and
Fill method, the adjusted log ORs decreased in most cases,
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Table 2 Absolute risk, absolute

risk difference, number needed Side effects Time point AR ,geine (%) ARplaCCbO (%) ARD (%) NNH OR
to harm, and odds ratio foreach  vijgor/activeness Test day 33.08 11.47 21.61 4.462 3.57
side effect Nextday 1722 54 11.82 8.46 276
Overall 23.23 7.73 15.5 6.45 3.12
Anxiety Test day 16.93 2.97 13.96 7.16 5.24
Next day 10.35 2.86 7.49 13.35 2.78
Overall 13.06 291 10.15 9.85 3.63
Headache Test day 12.93 7.44 5.49 18.21 1.87
Next day 15.78 5.54 10.24 9.77 1.82
Overall 14.66 6.29 8.37 11.94 2.08
Dizziness Test day NA NA NA NA NA
Next day NA NA NA NA NA
Overall 6.63 4.38 1.95 51.28 1.36
Nervousness Test day 4.23 1.54 2.69 37.17 1.95
Next day 7.31 2.12 5.19 19.26 2.55
Overall 6.24 1.92 4.32 23.15 2.26
Irritability Test day NA NA NA NA NA
Next day 6.82 9.44 -2.62 —38.17 0.9
Overall 5.12 8.08 -2.96 —33.78 0.7
Tachycardia Test day 24.35 7.75 16.6 6.02 3.56
Next day 16.61 2.78 13.83 7.23 5.29
Overall 19.63 4.72 14.91 6.71 437
Abdominal discomfort ~ Test day 17.43 4.17 13.26 7.54 3.08
Next day 12.81 3.71 9.1 10.99 2.87
Overall 14.62 3.89 10.64 9.40 3.06
Increased urine output ~ Test day 19.86 12.52 7.34 13.62 2.15
Next day 20.81 6.53 14.28 7 3.39
Overall 20.42 8.98 11.44 8.74 2.84
Muscle soreness Test day 9.27 7.06 3.21 45.25 1.23
Next day 12.42 11.35 1.07 93.46 1.12
Overall 11.35 9.76 1.59 62.89 1.17
Fatigue Test day NA NA NA NA NA
Next day 1.02 1.85 —-0.83 -120.48  0.73
Overall 0.82 1.48 —-0.66 —-151.51  0.73
Insomnia * Test day NA NA NA NA NA
Next day 19.53 5.48 13.78 7.21 3.24
Overall 19.53 5.48 13.78 7.21 3.24

NA not available, AR absolute risk, ARD absolute risk difference, NNH number needed to harm, OR odds

ratio

“Because insomnia can only be assessed on the next day, the overall and the next day result are the same

Higher ARD means a greater risk of side effects; Higher NNH values indicate a smaller risk difference
between groups, meaning more individuals need to be exposed to observe one additional harmful event

indicating that the effect sizes reported in the studies were
generally slightly to modestly overestimated. According to
the GRADE assessment, the certainty of evidence for the
association between caffeine intake and vigor/activeness,
headache, nervousness, tachycardia, abdominal discomfort,
muscle soreness, and insomnia was rated as high, and for
other side effects was rated moderate owing to inconsistency
and imprecision (Supplementary Table 4).

4 Discussion

Given the widespread use of caffeine among athletes and the
need for practitioners and support staff to balance ergogenic
benefits against potential health risks, this meta-analysis pro-
vides a comprehensive evaluation of the acute side effects
associated with caffeine supplementation. Synthesizing data
from 48 studies included in the systematic review (38 of
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Test Day
LogOR  95%CI p-value

Test Day Dose-Response Nest Day Next Day Dose-Response

. The odds of side effect are > four time as high in caffeine (OR > 4)

The odds of side effect are two to four time as high in caffeine (1.5 < OR < 4)
Vigor/Activeness

- The odds of side effect are not significant

Anxiety

Headache

Dizziness

Nervousness

Irritability

Abdominal
discomfort

Increased Urine
Output
0.671

Muscle soreness

Fatigue

Insomnia

Fig.3 Subgroup meta-analysis by timing of side-effect assessment
(test day versus next day). Forest plots show log odds ratios (Log OR)
comparing caffeine versus placebo for each outcome, with pooled
random-effects estimates. * Although this effect has been reported as

which provided data for meta-analysis) involving 940 par-
ticipants, our findings confirm that caffeine use is linked to
an increased likelihood of several side effects. Most par-
ticipants were young, trained athletes from team, strength,
or track and field sports, with average doses around 5 mg/
kg, typically ingested as capsules or beverages about 1 h
before exercise (Table 1). Importantly, side effects were
rarely the primary outcome in the included studies, reflecting
the performance-focused nature of most caffeine research.
While side effects were reported as secondary outcomes in
the remaining studies, the methods of assessment were often
passive (e.g., open-ended questions) rather than active sur-
veillance using standardized instruments. Additionally, it is
equally important to note that no study reported side effects

0.276-0.972

=
%
g
=
=

Tachycardia
— 0.774-1.771
0.546-1.771 m

Increasing caffeine dosage LogOR  95%CI p-value

-0.600-1 432

Increasing caffeine dosage

0.415-1.648

0.600 | 0.346-853

f

1
iz 0.893 | 0.412-1.373

§

f

0.604-1.578

f

1239 | 0.772-1.706 iE

=
1201 | 0.866-1.536 L

a side effect in the reviewed studies, it appears to be a benefit rather
than a performance-reducing or ergolytic indicator; therefore, clas-
sifying it as a side effect is conceptually ambiguous. Caffeine dose:
low <3 mg/kg, moderate 3.1-6 mg/kg, high > 6 mg/kg

requiring withdrawal, clinical intervention, or hospitaliza-
tion, suggesting that the side effects observed were mild-
to-moderate in severity and self-limiting. Thus, side-effect
severity appears to be low in athletic populations consuming
typical acute doses.

Importantly, side effects were rarely the primary outcome
in the included studies (only 10.4% of studies) and were also
rarely mentioned in some other studies [107] highlighting
a systematic underreporting [48] of safety-related informa-
tion in the literature. This tendency to classify side effects as
secondary outcomes creates an important gap in knowledge,
likely contributing to the underestimation of their true inci-
dence and severity.
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Our findings demonstrate that caffeine significantly
increases the risk of tachycardia, insomnia, anxiety, and
abdominal discomfort, which represent the most robust
outcomes. The highest likelihood of reported side effects
following caffeine intake in athletes was related to tachy-
cardia, with more than a fourfold increase compared with
placebo (Fig. 2). Other side effects, such as abdominal dis-
comfort, vigor/activeness, anxiety, and insomnia, had 3—-4
times higher odds with caffeine. Importantly, it was found
that for every six athletes who consumed caffeine, one more
reported increased vigor/activeness compared with placebo,
while for every seven athletes who consumed caffeine, one
more reported tachycardia or insomnia (Table 2).

When the day of side effect monitoring was examined,
it was revealed that on the test day, the odds of reported
side effects, particularly anxiety, tachycardia, and vigor/
activeness, were higher than those of other side effects (5.2,
3.6, and 3.6 times higher, respectively). Similar findings
were reported on the next day; however, the ranking of the
most frequently reported side effects changed to tachycar-
dia> anxiety > vigor/activeness (5.37, 3.45, and 3.32 times
higher than placebo, respectively; Fig. 3). Interestingly, for
every 5 and 6 athletes who consumed caffeine, one more
reported increased vigor/activeness and tachycardia, respec-
tively (Table 2). Abdominal discomfort was also consistently
higher, particularly when caffeine was ingested in capsule
form. In contrast, fatigue, irritability, dizziness, or muscle
soreness did not show significant associations. Temporal
analyses revealed that the majority of side effects persisted
into the following day, including tachycardia, anxiety, vigor/
activeness, headache, nervousness, abdominal discomfort,
and increased urine output (Fig. 3), while insomnia, by
its nature, was assessed only on the following day. These
findings indicate that the physiological and psychological
effects of acute caffeine ingestion can extend well beyond
the immediate postexercise period and may impact recovery
and next day well-being. A clear dose-response relation-
ship emerged, with higher caffeine intakes linked to greater
risks of tachycardia, insomnia, anxiety, and abdominal

Fig.4 Overall risk of bias
for eligible studies. Data are
presented as percentages of
risk assessment across seven
predefined domains

Blinding of outcome assessment (detection bias)
Incomplete outcome data (attrition bias)

Selective reporting (reporting bias)

Random sequence generation (selection bias)
Allocation concealment (selection bias)

3linding of participants and personnel (Performance bias)

discomfort. It is important to note, however, that the inclu-
sion of vigor/activeness as a side effect may be conceptually
ambiguous. Although previous studies have reported it as
a side effect of caffeine intake, the increase in energy and
alertness it represents could also be interpreted as a desir-
able and ergogenic outcome, particularly in athletic con-
texts requiring high physical output, endurance, or explosive
power. However, this interpretation is highly sport-depend-
ent. For instance, in disciplines requiring fine motor con-
trol, steady hands, and precision under conditions of low
arousal (e.g., archery, shooting) increased vigor/activeness
may actually be detrimental to performance by inducing
unwanted muscle tension, tremor, or impaired concentration.
Therefore, researchers and practitioners should carefully
consider whether increased vigor truly constitutes a side
effect in the functional sense or rather a target effect of caf-
feine supplementation, to avoid overestimating the negative
impact of caffeine use. It is also important to contextualize
these findings within the athletic setting. While the system-
atic reporting of all side effects is essential for athlete safety
and informed decision-making, the presence of side effects
does not automatically preclude the use of caffeine. Nota-
bly, across the studies included in this meta-analysis, none
of the reported side effects, including tachycardia, anxiety,
or abdominal discomfort, appeared to be exercise-limiting.
Athletes were consistently able to complete the exercise pro-
tocols and, in most cases, still achieved significant perfor-
mance improvements despite experiencing these symptoms.
This suggests that mild-to-moderate, transient side effects
may be an acceptable trade-off for the ergogenic benefits of
caffeine, provided they do not compromise athlete safety or
the ability to train and compete effectively. The decision to
use caffeine should therefore involve a risk—benefit assess-
ment at the individual level, weighing the likelihood and
severity of side effects against the expected performance
enhancement.

Mechanistically, the side effects of caffeine stem from its
multifaceted actions on cellular and neurotransmitter sys-
tems. Caffeine antagonizes adenosine receptors (Al, A2A,

Other bias

I
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A2B, A3), which normally exert inhibitory control over neu-
ronal firing [108, 109]. Blocking these receptors increases
dopamine and norepinephrine release, enhancing arousal
and vigor but also provoking anxiety and insomnia through
sympathetic overactivation [109]. In parallel, phosphodies-
terase inhibition increases intracellular cyclic AMP, which
augments cardiac contractility and heart rate, contributing
to tachycardia and elevated urine output [108, 109]. Gastro-
intestinal symptoms likely result from increased gastric acid
secretion, stimulation of gastric motility, and local irritation,
particularly with capsules that dissolve rapidly and expose
mucosa to higher concentrations [108, 110]. Together, these
mechanisms explain the dose-dependent nature of side
effects and support practical recommendations for <6 mg/
kg caffeine intake, preferably in the morning to reduce risks
of sleep disruption [13].

Subgroup analysis indicated fewer reported side effects
in track and field athletes than in team or strength sports,
although this difference should be interpreted cautiously
given possible underpowering. One explanation could be
sport-specific demands: shorter, high-intensity efforts in
track and field may not amplify sympathetic drive to the
same extent as the sustained intermittent activity of team
sports or the prolonged neuromuscular loading of strength
disciplines [9, 13, 24, 111]. The mode of ingestion also
emerged as relevant.

The finding that capsules were associated with higher
odds of abdominal discomfort compared with other forms
(primarily beverages) warrants a nuanced interpretation, as
several interrelated factors may contribute to this difference.
From a pharmacokinetic perspective, capsules typically
dissolve rapidly in the stomach, delivering a concentrated
caffeine bolus that may cause local mucosal irritation and
stimulate gastric acid secretion via bitter taste receptors,
whereas caffeinated beverages (as the majority noncapsule
form in reviewed studies) are diluted, potentially attenuat-
ing local gastrointestinal exposure [112-114]. Psychological
factors also likely play a role, as beverages are familiar caf-
feine vehicles (e.g., energy drinks) and may carry positive
expectancy effects that influence both perceived benefits
and side effect reporting, while capsules lack these psycho-
logical cues. Additionally, although placebo beverages were
matched for no-caffeine ingredients, bioactive compounds
such as sugars, taurine, or antioxidants could theoretically
modulate caffeine’s effects [7], though their contribution to
gastrointestinal symptoms remains unclear. Future research
should systematically compare capsules and beverages using
identical caffeine doses while assessing absorption kinetics
and participant expectations to disentangle these complex
mechanisms. Although the primary aim of this review was
not to evaluate ergogenic effects, this observation aligns with
existing evidence suggesting that beverage-based caffeine
ingestion may also confer superior performance benefits

[10, 115, 116]. Our findings suggest that noncapsule forms
(majority caffeinated beverages) may offer a more favorable
risk—benefit profile than capsules for many athletes, com-
bining lower side effect burden with potentially enhanced
ergogenic responses. This integrated perspective reinforces
the importance of considering not only the dose of caffeine,
but also its formulation and the context of ingestion, when
developing individualized supplementation strategies. How-
ever, it is important to consider an alternative explanation;
some of the symptoms reported (e.g., headache) may reflect
caffeine withdrawal effects rather than acute side effects of
the ingested dose. In habitual caffeine users, abrupt absti-
nence can itself induce headache, and mood disturbances
[117], which could be misattributed to the subsequent caf-
feine administration. Conversely, the higher reporting of
tachycardia and anxiety in these studies more likely repre-
sents true acute side effects, as these are not typical with-
drawal symptoms. Future studies should include nonabsti-
nent control conditions or systematically assess withdrawal
symptoms to disentangle these phenomena.

Limitations must also be acknowledged. Heterogeneity
across sports, doses, forms of caffeine (capsules versus bever-
ages), and habitual intake levels may affect the generalizability
of findings. The lower representation of female athletes in the
included studies (~37% of participants across the systematic
review; ~36% in the meta-analysis) reflects a well-documented
limitation of the broader sports nutrition literature. Given known
sex differences in caffeine metabolism and response, this lack
of balanced representation limits our ability to draw sex-specific
conclusions. Furthermore, among the studies that did include
female participants, it was rarely reported whether the phase of
the menstrual cycle was controlled or documented. We therefore
emphasize that future research should prioritize inclusive, sex-
balanced study designs that account for menstrual cycle phase
that can adequately power subgroup analyses and inform per-
sonalized recommendations for both male and female athletes.
Reliance on self-reported outcomes introduces the potential for
recall and reporting bias. In addition, the reliance on self-report
measures for assessing side effects across all included studies,
without consistent objective confirmation (e.g., using ECG to
verify tachycardia), may introduce reporting bias. While this
approach reflects the reality of how side effects are typically
monitored in sports nutrition research, it limits our ability to
verify the clinical severity or physiological basis of the reported
symptoms.

Only a minority of studies assessed side effects as a pri-
mary outcome, raising the likelihood of systematic underre-
porting. Future research should address these limitations by:
(1) conducting gender-stratified trials to clarify sex-based
differences; (2) incorporating objective monitoring (e.g.,
actigraphy for sleep, ECG for cardiovascular outcomes);
(3) evaluating genetic and chronotype moderators; and
(4) examining longitudinal effects of repeated caffeine use



Caffeine Use in Sport: A Systematic Review and Meta-analysis of Acute Side Effects

on recovery and health outcomes. Such studies will help
refine individualized recommendations and establish clearer
safety thresholds. The included studies rarely reported for-
mal assessments of blinding effectiveness. Therefore, it
is possible that some participants correctly guessed their
allocation, which may have introduced expectation bias
and exaggerated the reporting of side effects in the caf-
feine conditions. In fact, caffeine remains one of the most
widely used and effective ergogenic supplements in sport.
However, its side effects, especially tachycardia, insomnia,
anxiety, and abdominal discomfort, occur frequently, follow
a dose-dependent pattern, and vary with individual suscep-
tibility, timing, and mode of ingestion. Optimal use requires
a balanced strategy that safeguards athlete health while
preserving ergogenic benefits. Importantly, the design of
most included studies required pretrial caffeine abstinence,
which may have induced withdrawal symptoms in habitual
users. This confounds the interpretation of some side effects
(particularly headache), as they could represent either with-
drawal or acute caffeine effects. Future research should con-
sider designs that minimize or control for withdrawal.

It should be noted that while we included studies using
caffeinated energy drinks only when the placebo was identi-
cal in composition except for caffeine, the presence of other
bioactive ingredients in these energy drinks may have inter-
acted with caffeine to either potentiate or attenuate its effects
on both performance and side effects. Therefore, in these
studies, the observed effects cannot be attributed solely to
caffeine with complete certainty. This limitation should be
considered when interpreting findings related to beverage-
based caffeine administration. Moreover, the classification of
habitual caffeine intake was based on study-level mean val-
ues, as individual participant data were not available. This
approach may obscure within-study variability, particularly
in studies with wide ranges or large standard deviations.
Therefore, our estimates should be interpreted with cau-
tion. Finally, it is important to acknowledge that our primary
analysis was restricted to blinded, placebo-controlled trials
to ensure internal validity. While nonblinded or nonplacebo
studies were excluded from the meta-analysis, they offer
valuable ecological insights. Future research should specifi-
cally design trials to disentangle the physiological effects of
caffeine from the psychological effects of expectancy on side
effects reporting in athletic populations.

5 Implications and Future Directions

The findings of this review have direct relevance for athletes
and support staff who use caffeine as a performance aid.
Regarding dosing strategies, our data indicate that while
higher doses (> 6 mg/kg) are associated with the greatest risk
of side effects, moderate doses (3—6 mg/kg) are not risk-free.

Even doses <6 mg/kg were associated with increased risks
of tachycardia, insomnia, anxiety, and abdominal discom-
fort. Formulation and timing are also important considera-
tions: drinks were better tolerated than capsules, which were
more frequently linked to gastrointestinal upset, and morn-
ing intake was associated with fewer sleep disturbances than
late-day intake. While our meta-analysis did not directly
assess individual variability, the broader literature suggests
that factors such as habitual caffeine intake, genetic back-
ground (e.g., CYP1A2 and ADORA2A polymorphisms),
and individual sensitivity to anxiety or sleep disruption may
further modify side effect profiles [49, 118]. Future research
should directly investigate these moderators to enable truly
personalized supplementation strategies. Ongoing monitor-
ing of both performance and side effects is therefore essen-
tial, allowing coaches and sports nutritionists to tailor sup-
plementation to individual needs.

Additionally, while our inclusion criteria required
engagement in structured sports training, some studies
described participants as resistance-trained without speci-
fying competitive status. We adopted an inclusive approach,
considering systematic, goal-oriented training as sufficient
for inclusion, but acknowledge that this may limit the gen-
eralizability of our findings exclusively to competitive ath-
letes. Future research should clearly distinguish between
competitive athletes and noncompetitive trained individuals
to enable more precise subgroup analyses. Finally, further
comparisons across formulations and sport types, as well as
longitudinal studies examining repeated use, recovery, and
long-term health outcomes, are needed to extend beyond the
current focus on acute effects. Adopting these standardized
approaches will not only improve the robustness and clinical
relevance of side effect data but also support the develop-
ment of personalized, evidence-based guidelines that bal-
ance performance enhancement with athlete safety. Future
research must prioritize the assessment of side effect using
standardized and validated instruments to enhance data qual-
ity and cross-study comparability. Importantly, greater inclu-
sion of female athletes is essential to clarify sex-specific
responses, as most current evidence is derived from male
participants. Adopting these standardized approaches will
not only improve the robustness and clinical relevance of
side effect data but also support the development of person-
alized, evidence-based guidelines that balance performance
enhancement with athlete safety.

6 Clinical Implications

The results of this meta-analysis highlight the importance
of systematic monitoring and individualized management
of caffeine use in athletic settings. Practitioners and sport
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scientists should implement screening protocols that con-
sider habitual caffeine intake, sensitivity to anxiety or sleep
disturbance, and cardiovascular status before recommending
supplementation. Regular side effect monitoring, particu-
larly for tachycardia, anxiety, abdominal discomfort, and
insomnia should be integrated into athlete health and perfor-
mance assessments. When side effects occur, temporary dose
reduction, switching to a beverage form, or adjusting intake
timing may mitigate symptoms without eliminating ergo-
genic benefits. Establishing sport-specific dosing guidance,
typically not exceeding 6 mg/kg and often closer to~3 mg/
kg, depending on individual tolerance and the competitive
context, may help balance performance enhancement with
health protection. Incorporating these practices into routine
precompetition screening and return-to-play evaluations will
promote both safety and sustained performance outcomes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40279-026-02441-4.
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