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ABSTRACT

Chronic traumatic encephalopathy (CTE) is a neurodegenerative disorder associated with repetitive head impacts (RHI), which
is commonly observed in athletes participating in contact sports. This systematic review and meta-analysis aimed to provide a
clearer elucidation of the prevalence, risk factors, and potential outcomes of CTE in athletes. Through a comprehensive search
of PubMed, EMBASE, Web of Science, and Google Scholar (January 2015 to July 2024), we ultimately included eight eligible
studies with a low risk of bias involving 1000 former contact sports athletes diagnosed by neuropathological methods. Data were
analyzed in a random-effects meta-analysis. The results indicated that the pooled prevalence of CTE in contact sport athletes was
53.7% (95% CI: 37.6-69.5, I>=93.7%). Subgroup analyses revealed that rugby players exhibited the highest prevalence at 64.7%
(95% CI: 48.5-79.5, I* = 0%), followed by American football players at 53.0% (95% CI: 33.2-72.4, I*=92.9%). By participation level,
the prevalence was estimated at 44.1% (95% CI: 29.6-59.1, I> = 84.5%) in amateur athletes and 72.8% (95% CI: 50.9-90.5, I> = 91.6%)
in elite athletes. Notably, the suicide rate among individuals diagnosed with CTE was 39.0% (95% CI: 12.7-69.0, I>=94.4%), and
the pooled prevalence of CTE in non-suicidal athletes was 30.1% (95% CI: 6.9-60.4, I>=97.8%). These findings reveal the high
prevalence of CTE in contact sport athletes exposed to RHI, especially at elite-level competition, and emphasize suicide as a po-
tential outcome. Further studies should incorporate more female athletes to comprehensively assess the risk factors, outcomes,
and effective prevention strategies for CTE.

1 | Introduction participating in contact sports [4]. Given the millions of active

and former athletes in contact sports, CTE represents a major

Chronic traumatic encephalopathy (CTE) is a neurodegen-
erative disorder that typically occurs in individuals exposed
to repetitive head impacts (RHI) [1], particularly in high-risk
populations such as military veterans, victims of physical vi-
olence, and athletes involved in contact and collision sports
[2, 3]. Over 97% of CTE cases have been reported in indi-
viduals with known histories of RHI, most commonly from
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public health concern. Nevertheless, the diagnosis of CTE
remains elusive during an individual's lifetime and can only
be definitively confirmed post-mortem through neuropatho-
logical examination. McKee et al. [1] examined the immuno-
histochemical features of 68 autopsy-confirmed CTE cases,
including 50 American football players, and proposed neuro-
pathological diagnostic criteria for CTE. Further refinement
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of CTE's diagnostic criteria was provided by the National
Institute of Neurological Disorders and Stroke/National
Institute of Biomedical Imaging and Bioengineering (NINDS/
NIBIB) through two consensus conferences. They defined the
characteristic neuropathological lesion of CTE as the accumu-
lation of abnormal p-tau proteins in neurons and astrocytes,
which distribute around small blood vessels at the depths of
cortical sulci in an irregular manner [5, 6].

The clinical symptoms of CTE typically involve behavioral
changes (e.g., irritability or aggression), mood disturbances (e.g.,
depression or hopelessness), and cognitive impairments (e.g.,
deficits in episodic memory, executive function, or attention),
which emerge years or even decades after experiencing RHI
[7]. As the disease progresses, individuals may develop more
severe neurodegenerative symptoms such as dementia, gait and
speech abnormalities, and Parkinsonism [8, 9]. In order to pro-
vide a more comprehensive description of the clinical presenta-
tion, Montenigro et al. [10] proposed traumatic encephalopathy
syndrome (TES) along with its research diagnostic criteria.
The diagnostic framework includes five general criteria, three
core clinical features, and nine supporting features, which are
used to define subtypes of TES, including TES behavioral/mood
variant, TES cognitive variant, TES mixed variant, and TES
dementia.

In recent years, multiple academic neuropathology centers
and brain banks in Canada, Australia, the United Kingdom,
and the United States have reported confirmed cases of for-
mer athletes utilizing CTE neuropathology criteria, includ-
ing American football [11], rugby [12], ice hockey [13], and
European football players [14]. Although previous studies
provided critical epidemiological data, no consensus exists
regarding the prevalence of CTE. For instance, through an-
alyzing data from the Veterans Affairs-Boston University-
Concussion Legacy Foundation (VA-BU-CLF) Brain Bank,
Mez et al. [11] found that 235 out of 290 American football
players were diagnosed with CTE, yielding a prevalence
rate of 81%. Similarly, Daneshvar et al. [15] reported that
71% of former American football players (451 individuals)
from the Understanding Neurologic Injury and Traumatic
Encephalopathy and Framingham Heart Study Brain Banks
suffered from CTE. Such inconsistencies complicate the ac-
curate estimation of the true prevalence of CTE and limit the
generalization of study findings.

More recent studies indicate that various types of con-
tact sports and levels of competition (e.g., amateur and
professional-level participation) are associated with the risk
of CTE [11, 16]. Various prevalence rates of CTE have been
reported in American football and ice hockey players, ranging
from 15% [17] to 99% [16] in American football and 29% [17]
to 83% [1] in ice hockey. In addition, according to the VA-BU-
CLF Brain Bank, among 202 deceased former American foot-
ball players, CTE was neuropathologically diagnosed in 51 of
67 amateur-level athletes (76%), and 117 of 119 professional
league athletes were diagnosed with CTE, a prevalence of
98% [16]. The prevalence of CTE in professional athletes was
generally higher than that in amateur athletes, which may
be closely related to the long-term and high-intensity contact
training and competition of professional athletes. It has been

reported that there is a dose-response relationship between
the severity of CTE pathology and the duration of exposure
to contact sports [15, 18]. The longer an athlete participates
in contact sports, the greater the frequency and the higher
the risk of experiencing high-intensity head impacts leading
to CTE. Additional risk factors include genetic predisposition
(e.g., APOE €4) [19, 20], age of first exposure to contact sports
[21], and alcohol or drug abuse [22, 23].

Regarding the long-term outcomes for CTE patients, suicide has
been recognized as a potential correlate. In 2010, Omalu et al.
[24] identified that two out of three former National Football
League (NFL) players with CTE died by suicide and first pro-
posed suicide as a clinical feature of CTE. This result has
sparked considerable interest in the relationship between CTE
and suicide. Recent studies have further supported this asso-
ciation and documented cases of suicide among CTE patients
[15, 25]. However, no studies to date have directly investigated
the association between CTE and suicidal tendencies [26, 27].

The available studies on the prevalence, primary risk factors,
and potential outcomes of CTE are inconsistent and complex,
and there is a lack of systematic reviews and meta-analyses on
these topics. Accordingly, the present study aims to synthesize
existing research findings and provide more reliable estimates.
This will provide valuable insights for developing targeted in-
terventions, advancing management strategies, and establish-
ing evidence-based policies that will ultimately protect athletes'
brain health and improve long-term outcomes.

2 | Materials and Methods

The systematic review and meta-analysis were conducted in
accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines [28]. The re-
view protocol was registered with the PROSPERO international
prospective register of systematic reviews [29] and is accessible
online (Registration No. CRD42024576985). We were informed
in an automated message from PROSPERO that due to their
focus on systematic review registrations related to COVID-19,
this submission was automatically published and not checked
for eligibility. Patients and public partners were not involved in
the design, implementation, or interpretation of this systematic
review.

2.1 | Search Strategy

A comprehensive search spanning from January 2015 to July
2024 was conducted across electronic databases, including
PubMed, EMBASE, and Web of Science. The search process
used specific words around two areas: (1) “CTE” OR “Chronic
traumatic encephalopathy”, (2) “player” OR “athlete”. The
exact search strategy utilized in the present study is shown in
Table S1. A secondary search of the reference lists of included
articles and a Google Scholar search were also performed. This
was done using backward citation tracking (to manually search
the reference list of a journal article) and forward citation track-
ing (scanning a list of articles that had cited a given paper since
it was published). Citations were tracked using Google Scholar
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to make sure that studies were not missed inadvertently. When
additional studies that met the inclusion criteria were identified,
they were included in the final pool of studies.

2.2 | Selection Criteria

The inclusion criteria for retrieved studies were: (1) the study
reported the prevalence of CTE in contact sport athletes, includ-
ing but not limited to American football, boxing, hockey, rugby,
and wrestling; (2) the study design was a retrospective cohort or
cross-sectional study; (3) standardized neuropathological diag-
nostic methods were used to confirm the presence of CTE; (4)
the study provided adequate data to estimate the prevalence or
risk of CTE; (5) the study was published in English to ensure
access and interpretation of the information. The exclusion cri-
teria were as follows: (1) the study did not directly report case
numbers and sample size used to calculate prevalence; (2) case
reports and single case series; (3) the study reported data from
the same cohort as another study; for multiple published studies
using the same cohort, only the study with the most complete
reporting of information was retained for analysis; (4) the study
with patient number less than 10. The titles and abstracts of
possible publications for inclusion were screened independently
by authors D.F. and B.Q. using the selected inclusion/exclusion
criteria. After this initial screening, the full texts of the articles
meeting the inclusion criteria were retrieved and screened by
the same two authors. Disagreements were resolved via discus-
sion between the authors or via consultation with a third author
XY.Z)).

2.3 | Data Extraction

Data were extracted from the included studies by two investi-
gators (B.Q. and J.T.) using a pre-established standardized data
extraction form. The following data were extracted where avail-
able: study characteristics (i.e., main author, year of publication,
country, brain bank, study design and sample size), population
characteristics (i.e., type of sport, competitive level, and age at
death), CTE diagnostic criteria, the number of individuals with
CTE, or the prevalence of CTE. If the statistical data reported in
a study were incomplete or insufficient to determine the preva-
lence in the study sample, the study was excluded.

2.4 | Risk of Bias Quality Assessment

The risk of bias of the selected studies was assessed by using
the Joanna Briggs Institute (JBI) Critical Appraisal Checklist
for Studies Reporting Prevalence Data [30, 31]. The specific JBI
questions are presented in Table S2. The checklist contains nine
questions that are categorized into three domains: participants
(Questions 1, 2, 4, and 9), outcome measurement (Questions
6 and 7), and statistics (Questions 3, 5, and 8). Two reviewers
(D.F. and B.Q.) independently scored each included study and
cross-checked the information. In cases of disagreement, a
third author (Y.Z.) was consulted. Each of the questions in this
assessment tool was scored as “Yes,” “No,” “Unclear,” or “Not
Applicable”. The risk of bias was categorized as “high” if the per-
centage of “yes” scores reached up to 49%; “moderate” for “yes”

scores percentages between 50% and 69%; and “low” for “yes”
scores percentages above 70% [32].

2.5 | Statistical Analysis

Meta-analysis was performed using the DerSimonian and Laird
random-effects model to obtain the pooled prevalence of CTE
due to expected heterogeneity among studies. The pooled effect
size with a 95% confidence interval (CI) was generated and pre-
sented using a forest plot. Statistical heterogeneity was assessed
using the I? statistic and defined as follows: I? > 50%, substan-
tial heterogeneity; 20% < I> < 50%, moderate heterogeneity; and
I’<20%, low heterogeneity [33]. Subsequently, the sources of
heterogeneity were explored by subgroup analyses, including
sex, type of sport, and level of competition [34]. Besides, we
assessed the robustness of the CTE prevalence results using
sensitivity analysis (leave-one-out method), in which the over-
all pooled estimates were calculated after deleting one study in
each round [35]. Lastly, publication bias was assessed visually
using a funnel plot and Egger's test for asymmetry if the num-
ber of included studies was more than 10. All statistical analy-
ses were performed using Stata version 16.0 (StataCorp, College
Station, TX, USA).

3 | Results
3.1 | Study Selection

The flowchart of literature selection is presented in Figure 1
in accordance with the latest PRISMA guidelines. The initial
search yielded 1924 articles. After excluding 700 duplicates, we
reviewed 1224 titles and abstracts for eligibility and excluded
1216 articles that did not meet the eligibility criteria. Eventually,
there were a total of eight studies were used for the systematic
review and meta-analysis.

3.2 | Characteristics of Included Studies

This systematic review included eight articles published be-
tween 2015 and 2024, involving 1000 retired athletes from four
countries who participated in contact sports and experienced
RHI. All studies performed a neuropathologic diagnosis of CTE
according to the criteria proposed by McKee et al. [1] or the
consensus criteria developed by the NINDS/NIBIB [5, 6]. The
collected data included author, year of publication, brain bank
source, sample size, sex distribution, age at death, main type of
sport, and level of competition. Table 1 summarizes the main
characteristics and primary outcomes of the included studies.

3.3 | Quality of Included Studies
and Publication Bias

According to the JBI Critical Appraisal Checklist for Studies
Reporting Prevalence Data, the majority of the eight articles in-
cluded in this review demonstrated high methodological quality.
Specific grades (yes, no, unclear, or not applicable) were shown
in Table S2, and no studies were excluded from our meta-analysis
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Records identified through database searching (n=1919)
PubMed (n=608) Additional records identified:
= Embase (n=494) - Through other sources (n=5)
S Web of Science (n=817)
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Records identified Records excluded:
(n=1924) - Duplicate records (n=700)
v
Records excluded:
Records after duplicates removed . . o
> - Title and abstract not meeting criteria
(n=1224)
(n=1193)
=1
IE
=
g ‘,
2 Records excluded:
Full-text articles assessed for eligibility - Studies using same database (n=13)
(n=31) - Incomplete data (n=10)

Studies included in the meta-analysis
(n=8)

Included

FIGURE1 | PRISMA flow diagram of the literature search and study selection process.

due to methodological quality. Notably, insufficient sample size
and inappropriate sampling methods were the main risks of bias
of these studies. This study was unable to assess publication bias
because less than 10 studies were original articles [39].

3.4 | Prevalence of Chronic Traumatic
Encephalopathy in Athletes

The overall pooled prevalence of CTE among former contact
sport athletes was 53.7% (95% CI: 37.6-69.5), with substantial
heterogeneity (I>=93.7%, p<0.001). Prevalence estimates from
individual studies ranged from 26.9% to 91.7%, whereas the
weight of individual studies ranged from 9.9% to 14.2%. Figure 2
presents the forest plot derived from the meta-analysis.

3.4.1 | Types of Sports

The subgroup analysis of different types of sports demonstrated
thatrugby had the highest prevalence of CTE with 64.7% (95% CI:
48.5-79.5, I*=0%), followed by American football with a prev-
alence of 53.0% (95% CI: 33.2-72.4, I>=92.9%), and the lowest

prevalence was in hockey (42.0%) (95% CI: 26.2-58.5, [*=7.2%)
(Figure 3). Due to the limited number of studies available for
other sports (less than three), this study was unable to perform
meta-analyses for these categories, including Australian rules
football, European football, and wrestling.

3.4.2 | Sex of Athletes

This study included 14 female and 986 male participants for
subgroup analysis. The results revealed a significantly higher
prevalence of CTE in male athletes (55.0%, 95% CI: 39.1-70.4,
I’=93.3%) compared to female athletes (0.7%, 95% CI: 0.0-24.4,
I>=0) (Figure 4).

3.4.3 | Levels of Competition

According to the level of competition in contact sports, the study
included 531 amateur athletes and 455 elite athletes for analysis.
The prevalence of CTE in former amateur athletes (including
high school and collegiate level athletes) with a history of RHI
was 44.1% (95% CI: 29.6-59.1, I?=84.5%), while the prevalence
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Number of Proportion Weight
Study CTE Total with 95% C1 (%a)
Bieniek et al. (2015) 21 66 _. 0318 [ 0.211, 0436] 13.21
Schwab et al. (2021) 17 35 —— 0.486 [ 0.320, 0.652] 12.38
Suter et al. (2022) 12 21 —— 0.571[ 0353, 0.778] 11.38
Daneshvar et al. (2023) 451 631 . 0.715[ 0.679, 0.749] 14.18
McKee et al. (2023) 63 152 B 0.414[ 0337, 0.494] 13.81
Stewart et al. (2023) 21 31 —— 0.677 [ 0.501, 0.832] 12.17
Taskina et al. (2024) 14 52 — B 0.269 [ 0.156, 0.399] 12.94
Taghdiri et al. (2024) 11 12 —M 0917[0676, 0932] 992
Overall —=E= 0.537[ 0.376, 0.695]
Heterogeneity: £ =0.18,1' = 93.69%, H' = 15.85
Test of 6 = 6;: Q(7) = 110.96, p — 0.00
Testof 6 =0: z=9.16, p=0.00

020 040 060 080 100

Random-effects DerSimonian—Laird model

FIGURE 2 | Forest plot of meta-analysis for the pooled prevalence of CTE in former contact sport athletes. Blue square: Point estimate; Green

diamond: Combined point estimate and 95% CI.

among former elite athletes (encompassing professional and
semi-professional level athletes) was 72.8% (95% CI: 50.9-90.5,
I>=91.6%) (Figure 5).

3.5 | Suicide Rates in Athletes With Chronic
Traumatic Encephalopathy

The meta-analysis revealed a pooled suicide rate of 39.0% (95%
CI: 12.7-69.0, I?=94.4%) among contact sport athletes diag-
nosed with CTE. Four various studies reported suicide preva-
lence estimates ranging from 13.7% to 52.4% (Figure 6).

3.6 | Prevalence of Chronic Traumatic
Encephalopathy in Non-Suicidal Athletes

The study included 432 athletes with CTE who died from non-
suicidal causes for analysis. The meta-analysis revealed that the
pooled prevalence of CTE in non-suicidal athletes was 30.1%
(95% CI: 6.9-60.4, I>=97.8%). Four studies reported CTE preva-
lence estimates ranging from 13.5% to 61.6% (Figure 7).

3.7 | Sensitivity Analysis

The sensitivity analysis was performed to assess the effect of in-
dividual studies on the pooled estimates of CTE prevalence. The
results showed that when individual studies were ignored, the
pooled prevalence obtained was within the 95% CI of the overall
pooled prevalence. This substantiated that no single study bi-
ased the overall effect size (Figure S1).

4 | Discussion

To the author's best knowledge, this study is the first system-
atic review and meta-analysis to comprehensively evaluate the
prevalence and risk factors of CTE in contact sport athletes
with a history of RHI, as well as the prevalence of necropsies

with suicide and CTE-compatible pathology. The primary find-
ing of this study suggested that the overall prevalence of CTE
among contact sport athletes exposed to RHI was as high as
53.7%, highlighting a significant health risk for this popu-
lation. In comparison, previous studies have reported CTE
prevalence rates ranging from 26.9% to 91.7% in this high-risk
population [13, 15, 17, 18, 25, 36-38]. These discrepancies may
stem from selection bias, recall bias, and complexity of diag-
nostic criteria. Specifically, the present study involved samples
of CTE patients from four countries and seven brain banks,
including the Mayo Clinic Brain Bank, Canadian Concussion
Centre, Australian Sports Brain Bank, VA-BU-CLF and FHS
Brain Bank, Understanding Neurologic Injury and Traumatic
Encephalopathy Brain Bank, and the Glasgow TBI Archive.
Multiple studies have indicated that athletes with clinical symp-
toms of CTE are more likely to donate their brains for research
[40, 41]. This may contribute to a sample that is skewed toward
individuals with more severe brain injuries or more pronounced
symptoms while overlooking those who are asymptomatic or
have milder injuries. This sample selection bias could result in
an overestimation of CTE prevalence. Furthermore, the clinical
information about donated brains typically relies on retrospec-
tive interviews with close relatives, which are susceptible to re-
call bias (including the accuracy of historical event or symptom
information), thus affecting the accuracy of the data [41, 42].
Notably, some of the pathologic features listed in the diagnostic
criteria for CTE, particularly p-tau deposition, are also observed
in other neurodegenerative diseases, such as Alzheimer's disease
(AD), frontotemporal dementia, and Lewy body disease [5, 13].
Iverson et al. [43] suggested that some cases of CTE may be mis-
diagnosed as aging-related tau astrogliopathy (ARTAG), em-
phasizing the need for improved neuropathological diagnostic
criteria to better distinguish CTE from other neurodegenerative
diseases. Additionally, Schwab et al. [13] conducted a retrospec-
tive cohort study and found that 17 of 35 former American foot-
ball or ice hockey players showed pathologic evidence of CTE,
while 24 players exhibited other neuropathologies, including 15
cases of AD and five cases of ARTAG, with 13 cases coexisting
with CTE. Similarly, Suter et al. [25] revealed the presence of
other pathological features in 12 patients with CTE, including
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Number of Proportion Weight
Study CTE  Total with 05% CI (%)
American football
Bieniek et al. (2015) 16 43 R B 0372[0233, 0523] 945
Schwab et al. (2021) 11 24 —l— 0458 [0.262, 0.662] 8.8
Daneshvar et al. (2023) 451 631 . 0.715 [0.679, 0.749] 10.76
McKee et al. (2023) 48 22 —.— 0.522 [0.419, 0.623] 10.16
Taskina et al. (2024) 4 26 R 0.154 [0.036, 0.322]) 8.72
Taghdiri et al. (2024) 7 7 ——1.000[0.768, 1.000] 5.81
Heterogeneity: T =0.20,T =92.86%, H = 14.01 i 0.530 [0.332, 0.724]
Test of 6, =6, Q(5) = 70.05, p = 0.00
Testof @=0:2=723, p=0.00
Hockey
Schwab et al. (2021) 6 11 — R 0.545[0.242, 0.833] 6.93
McKee et al (2023) 6 16 —a— 0375 [0.151, 0.628] 7.79
Taskina et al. (2024) 4 14 —— 0.286 [0.074, 0.554] 749
Taghdiri et al. (2024) 3 4 —— 0.750 [0.207, 0.767] 443
Heterogeneity: T =0.01, 1 =7.15%, H = 1.08 = 0.420 [0.262, 0.585]
Test of 8, =6, Q(3) =323, p=036
Testof8=0:2z=7.18, p=0.00
Rugby
Suter et al. (2022) 5 9 R, 0556 [0.219, 0.870] 644
McKee et al (2023) 2 4 a 0.500 [0.030, 0.970] 443
Stewart et al. (2023) 21 3 . 0.677 [0.501, 0.832] 9.00
Heterogeneity: t = 0.00,1" =0.00%, H =1.00 e 0.647 [0.485, 0.793]
Test of 8, = 6,: Q(2) = 0.81, p=0.67
Testof 0=0:z=10.03, p=0.00
Overall < 0.522 [0.386, 0.657]
Heterogeneity: 1 =0.15,1 =85.67%,H =698
Test of 8, =6, Q(12) = 83.75, p = 0.00
Testof6=0:z=10.28,p=0.00
Test of group differences: Q.(2)=3.70, p=0.16

0.00 0.0 1.00

Random-effects DerSimonian-1 aird model

FIGURE 3 | Forest plot of meta-analysis on the prevalence of CTE in athletes of different types of contact sports. Blue square: Point estimate;

Green diamond: Combined point estimate and 95% CI.

three cases of AD and three cases of ARTAG. These findings
suggest that CTE may commonly co-occur with other neurode-
generative diseases, further increasing the complexity of patho-
logical diagnosis and potentially affecting the accuracy of CTE
prevalence estimates.

The prevalence of CTE varies among athletes involved in dif-
ferent types of contact sports. Specifically, rugby players ex-
hibit the highest prevalence (64.7%), followed by American
football players (53.0%) and ice hockey players (42.0%). This
variation may be attributed to multiple factors, including the
characteristics of each sport and the use of protective equip-
ment. The longer duration of rugby matches compared to
other contact sports (American football, ice hockey) is more
likely to increase the cumulative risk of head impacts in ath-
letes, including concussions and sub-concussive impacts. A
retrospective study by Van Pelt et al. [44] found that rugby had
the highest risk of concussion, followed by American football,

ice hockey, and wrestling. Hollis et al. [45] reported the time to
sustain a mild TBI among a cohort of community rugby union
athletes, and 7% of the cohort sustained a mild TBI within
10h of game time, increasing to 14% within 20h. Moreover,
differences in the use of protective equipment may influence
the risk of developing CTE. Rugby provides minimal head
protection, and its rules only permit players to wear scrum
caps made of soft, thin materials. In contrast, American foot-
ball regulations, such as the National Football League and the
National Collegiate Athletic Association, require players to
use hard football helmets during play. Similarly, in ice hockey,
organizations like the International Ice Hockey Federation
and the National Hockey League require athletes to wear hel-
mets and mouthguards. These devices are designed to reduce
the risk of head injuries by absorbing and dissipating the me-
chanical forces generated by external impacts [46]. Although
there is no direct research demonstrating that the aforemen-
tioned factors could influence the prevalence of CTE, given
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Number of Proportion Weight
Study CTE Total with 95% CI (%)
Female
Suter et al. (2022) 0 2 - 0.000 [ 0.000, 0.697] 3.96
McKee et al.(2023) 1 11 B 0.091[ 0.075, 0.350] 8.36
Stewart et al_ (2023) 0 1 -] 0.000 [ 0.002, 0.998] 2.73
Heterogeneity: T =0.00,T =0.00%, H =100 E— 0.007 [ 0.000, 0.244]
Testof 6, =0, Q(2)=0.03,p=098
Testof 8=0:2=0.30,p=077
Male
Bieniek et al (2015) 2 66 —— 0318 0.211, 0.436] 1122
Schwab et al. (2021) 17 35 —B— 0.486 [ 0.320, 0.652] 10.56
Suter et al. (2022) 12 19 R 0.632[ 0.400, 0.837] 9.57
Daneshvar et al. (2023) 451 631 [ ] 0.715[ 0.679, 0.749] 1199
McKee et al (2023) 62 141 - 0440[ 0359, 0.523] 1167
Stewart et al. (2023) 21 30 —B— 0.700 [ 0.522, 0.853] 10.35
Taskina et al. (2024) 14 52 N = 0.269[ 0.156, 0.399] 11.01
Taghdiri et al. (2024) 1 12 — 0917[ 0676, 0932] 857
Heterogeneity T =017, T =93 26%, H =14 84 e 0550 0.391, 0.704]
Test of 8 = 0,- Q(7) = 103.85, p = 0.00
Testof 8=0:2=9.45,p=000
Overall <= 0.473 [ 0.304, 0.645]
Heterogeneity: T =0.19, 1 =91.85%, H = 1227
Test of 8, = 8, Q(10) = 122.67, p=0.00
Testof6=0:z=741,p=000
Test of group differences: Q,(1) = 1037, p=0.00

o_loo o_lﬁo 1_|00

Random-effects DerSimonian—Laird model

FIGURE4 | Forest plot of meta-analysis for prevalence of CTE in contact athletes by sex. Blue square: Point estimate; Green diamond: Combined

point estimate and 95% CI.

their crucial role in reducing the risk of concussions and/or
sub-concussive head impacts, they may still have a potential
effect in reducing the occurrence of CTE.

Sex may be a contributing risk factor for CTE. Subgroup analy-
sis results showed that male athletes (55.0%) had a significantly
higher prevalence of CTE compared to female athletes (0.7%). It
is important to note that 98.6% of the participants in the current
study were male (n =986), while only 1.4% were female (n=14),
and this disproportionate sex distribution may limit the general-
ization of the findings to female athletes. Previous studies of CTE
have predominantly focused on the male population, with rela-
tively limited research involving female athletes [13, 15]. This
discrepancy may be attributed to the higher participation rates
of males in most contact sports. Although the participation of fe-
males in contact sports has increased over the past two decades
[47] and the reported head injury rate has risen significantly
[48, 49], the number of donated brains available for post-mortem
pathological examination of CTE remains limited, restrict-
ing accurate estimates of CTE prevalence in female athletes.
Existing evidence suggests that females are more susceptible to
sports-related concussions than males, even after controlling
for participation rates [50]. Furthermore, females experience
a greater number, severity, and/or duration of post-concussive
symptoms, such as headaches, irritability, aggressiveness, anx-
iousness, depression, or short-term memory impairment [51, 52].

Given these adverse factors, future research should emphasize
the study of female athletes to facilitate the elucidation of CTE
prevalence in female athletes, thereby informing more targeted
prevention and intervention strategies.

The different levels of competition can significantly affect the
prevalence of CTE in athletes [16]. The present study demon-
strated that elite athletes exhibited a higher prevalence of CTE
(72.8%) compared to amateur athletes (44.1%), indicating that
the prevalence of CTE increased with the level of competition.
The elevated prevalence of CTE among elite athletes may be
attributed to their prolonged exposure to high-frequency, high-
intensity mechanical head impacts during professional com-
petition. Comparative rugby injury studies have demonstrated
that professional athletes experience 22.2 concussions per 1000
player hours [53], which is 5.4 times the rate of concussions at
the amateur community level (4.1/1000 player hours) [54]. Sub-
concussive events may occur more frequently. Bailes et al. [55]
have utilized helmet accelerometer data to estimate that high
school American football players sustain approximately 600
sub-concussive impacts per season, collegiate athletes exceed
1000, and professional athletes have more than 1200 impacts.
This disparity in the frequency of impacts influences the risk of
developing CTE. LeClair et al. [11] found that college-level and
professional American football players had 2.4 and 2.5 times the
risk of being diagnosed with CTE compared to high school-level
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FIGURE 5

Test of 8; = 6,: Q(5)=32.24, p=0.00
Testof6=0:z=841,p=0.00

Elite

Bieniek et al (2015) 6 g
Schwab et al. (2021) 14 29
Suter et al. (2022) 8 11
Daneshvar et al. (2023) 262 311
McKee et al. (2023) 18 24
Stewart et al (2023) g g
Taskina et al. (2024) 14 52
Taghdir et al. (2024) 11 12

Heterogeneity: T =032, 1 =91 56%. H = 1185
Test of 8, = 8 Q(7) = 82.94, p = 0.00
Testof 6=0:z=28.12, p=0.00

Overall

Heterogeneity: T =023, ' =93 12%, H =14 53
Test of 8, = 8- Q(13) = 188.92, p=0.00

Testof 6=0:z=10.76, p=0.00

Test of group differences: Qy(1) =4.51, p=10.03

Number of Proportion Weight

Study CTE Total with 95% CI (%)
Amateur

Bieniek et al. (2015) 12 44 B 0273 [0.150, 0.415] 797
Schwab et al. (2021) 3 6 [ 0.500 [ 0.103, 0.897] 5.23
Suter et al. (2022) 4 10 —— 0.400[0.113, 0.724] 6.18
Daneshvar et al. (2023) 189 320 0.591[0.536, 0.644] 8.63
\McKee et al. (2023) 45 128 E B 0.352[0271,0437] 846
Stewart et al. (2023) 13 23 0.565 [ 0.357, 0.763] 7.38
Heterogeneity: © =0.09,I' = 84.49%, H =6.45 e 0.441[ 0.296, 0.591]

—— 0750 [0385 0992] 578
— 0.483 [ 0.301, 0.666] 7.62
—B—— 0727[0421, 0956] 634
B 0s842[0800 0881] 863
—l—  0.750[0555, 0.906] 7.43
— 000 [ 0.796, 1.000] 5.78
0269[0.156, 0399] 808
—@ 0917[0.676, 0.932] 6.49
—=al~  0.728 [ 0.509, 0.905]

+|+|

i 0.603 [ 0.457, 0.742]

0.00

0.50 1.00

Random-effects DerSimoman—Laird model

estimate; Green diamond: Combined point estimate and 95% CI.

Forest plot of a meta-analysis on the prevalence of CTE in contact sports athletes at different levels of competition. Blue square: Point

Number of Number of Proportion Weight
Study Suicides in CTE  CTE with 95% CI (%)
Suter et al. (2022) 6 12 ] 0.500 [ 0.216, 0.784] 22.41
Daneshvar et al. (2023) 62 451 ] 0.137[ 0.107, 0.171] 27.83
MecKee et al. (2023) 33 63 —— 0.524 [ 0.400, 0.647] 26.71
Taskina et al. (2024) 7 14 ———l——— 0.500[ 0.237. 0.763] 23.05
Overall ———TEE—— 0.390 [ 0.127, 0.690]

Heterogeneity: © = 0.32, ' = 94.39%, 1’ = 17.82
Test of B = 0;: Q(3) = 53.45, p=0.00
Test of 8 =0: z=3.85, p=0.00

0.00

T T T 1
0.20 0.40 0.60 0.80

Random-effects DerSimonian-Laird model

FIGURE 6 | Forest plot of a meta-analysis of suicide rates in athletes with CTE. Blue square: Point estimate; Green diamond: Combined point

estimate and 95% CI.

players, respectively. They estimated the cumulative incidence [15] developed the Positional Exposure Matrix model, which
of CTE among high school, college, and professional American confirmed that for approximately every additional 1000 head
football players in their target population as at least 5.1, 376, and impacts increased the odds of being diagnosed with CTE in-
10703 cases per 100000 deaths, respectively. To further quantify =~ creased by 21%, and among those already diagnosed with CTE,

the consequences of RHI exposure and CTE, Daneshvar et al.

the odds of being diagnosed with severe CTE increased by 13%.
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Heterogeneity: £ =037,T =97.79%, H = 4523
Test of 8, = 0;: Q(3) = 135.69, p = 0.00
Testof 0=0:z=3.33,p=0.00

Number of Proportion Weight
Study CTE  Total with 95% CI (%)
Suter et al, (2022) 6 21 —i— 0.286 [ 0.109, 0.500] 23.25
Daneshvar et al.(2023) 389 631 B 0616 0.578, 0.654] 26.09
McKee et al.(2023) 30 152 B 0.197 [ 0.138, 0.265] 25.74
Taskina et al. (2024) 7 52 —— 0.135[ 0.053, 0.243] 24.91
Overall e ().301 [ 0.069, 0.604]

0.00

T

0.20 0.40 0.60

T

Random-effects DerSimonian—Laird model

FIGURE 7 | Forest plot of meta-analysis for the pooled prevalence of CTE in non-suicidal athletes. Blue square: Point estimate; Green diamond:

Combined point estimate and 95% CI.

This study provided evidence of potential long-term outcomes
associated with CTE. The meta-analysis results revealed that
39% of CTE patients died by suicide, which indicates that CTE
may be a potential factor in increased suicide risk. Mez et al. [16]
previously reported that the most common cause of death for
American football players with mild CTE pathology was suicide
(27%), further emphasizing the profound impact of CTE on in-
dividual mental health and behavior. The relationship between
CTE and suicide risk is complex and multifactorial. In some
cases, co-occurring mental health conditions (e.g., depression,
anxiety) may independently contribute to suicide risk, even in
individuals diagnosed with CTE post-mortem. For instance,
Grashow et al. [56] conducted a cross-sectional study within the
Football Players Health Study at Harvard University and discov-
ered that suicidality was reported by 171 of 681 former profes-
sional American football players with perceived CTE (25.4%)
and 64 of 1299 without perceived CTE (5.0%). Importantly,
even after adjusting for established predictors of suicidality
(e.g., depression, anxiety), individuals with perceived CTE re-
mained twice as likely to report suicidality. Furthermore, the
association between CTE and suicide risk may involve indirect
pathways mediated by comorbid factors. Chronic pain is a com-
mon health issue among CTE patients [26] and is often caused
by brain injuries, joint, or other musculoskeletal injuries sus-
tained during an athlete's career [57]. The existing evidence has
demonstrated that patients suffering from chronic pain are more
susceptible to suicide and suicidality [58]. Chronic pain patients
frequently rely on opioid medications for relief, which may lead
to substance abuse [59]. Cottler et al. [60] surveyed 344 retired
NFL players regarding their opioid use throughout their careers
and found that over half (52%) of individuals used opioids during
their NFL career, with 71% reporting misuse. The excessive use
of opioids can depress the central nervous system, leading to
exacerbating emotional instability and worsening depressive
symptoms. This creates a vicious cycle between chronic pain
and mental health problems that further increases the risk of
suicidal thoughts and behaviors [61]. It is worth noting that not
all studies have found a high risk of suicide in athletes partici-
pating in contact sports, and the results of multiple studies have
even challenged the proposed link between CTE and suicide
[27, 62, 63]. To clarify this controversy, Pichler et al. [63] sug-
gested that future research should adopt longitudinal designs
or large multicenter cohort studies. These studies could help
explore the relationship between the development of CTE and

its potential clinical manifestations, particularly mental health
conditions that may contribute to suicide.

The mandatory autopsy procedures in suicide cases may in-
troduce selection bias into CTE research. Therefore, this study
conducted a secondary analysis of CTE prevalence exclusively
in non-suicide cases. The meta-analysis revealed that the preva-
lence of CTE among non-suicidal athletes was 30.1%, which was
lower than the overall prevalence including suicidal athletes
(53.7%). These findings suggested that CTE prevalence may be
overestimated in existing epidemiological studies. Nonetheless,
the risk of CTE in athletes who have suffered RHI remains a
major concern. Previous studies have demonstrated that athletes
exposed to RHI in various contact sports may experience vary-
ing degrees of neurocognitive impairment [64, 65]. To mitigate
CTE risks, evidence-based prevention strategies targeting head
injury reduction in contact sports are crucial. Contact training
is a common approach to preventing concussions and head im-
pacts in American football [66, 67]. The USA Football and NFLs
Heads Up Football program, which emphasizes coach certifica-
tion and standardized contact training protocols, has reduced
concussion incidence by 32% and head impact frequency by 38%
in high school American football athletes [68]. Some evidence
also supported that implementing a neuromuscular training
warm-up program during rugby matches reduced the incidence
of concussion [69, 70]. Additionally, policies and rules that limit
the number and duration of contact practices, the intensity of
contact in practice, and strategies to restrict the duration of col-
lisions in American football practices at all levels have also been
shown to reduce the rate of head impacts [70, 71].

4.1 | Limitations of the Study

This study has several limitations that should be considered.
Primarily, there was significant heterogeneity among the in-
cluded studies, which is a common challenge in epidemiological
meta-analyses but does not invalidate our findings [72, 73]. In
this study, we attempted to identify and account for sources of
heterogeneity through random-effects modeling and subgroup
analyses. However, some potential sources of heterogeneity may
remain unaddressed, and future studies are encouraged to ex-
plore these factors to enhance the understanding and interpreta-
tion of the findings. Secondly, this review was limited to articles
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published in English, omitting studies in other languages, as
well as reports. Additionally, the inclusion of studies with small
sample sizes could have affected the estimated pooled prev-
alence. Publication bias is also a concern, as studies reporting
positive associations between RHI and CTE are more likely to
be published.

5 | Conclusions

In conclusion, this systematic review and meta-analysis re-
vealed a high prevalence of CTE among former contact sports
athletes with a history of RHI, particularly in high-intensity
sports and elite-level competition. Furthermore, the identifica-
tion of suicide as a potential outcome of CTE underscores the
severe mental health implications associated with this disease.
Future research should further investigate the pathogenesis and
potential risk factors of CTE, providing a scientific basis for op-
timizing preventive strategies and improving long-term health
outcomes.

6 | Perspective

This study is the first meta-analysis to reveal the high preva-
lence of CTE in contact sport athletes, particularly in rugby and
American football players, as well as those participating in high-
intensity elite competitions. Future research should prioritize
more specific assessments of CTE pathology at autopsy, particu-
larly targeting younger individuals who are less likely to be con-
founded by age-related tau deposits. In addition, it is essential to
systematically investigate the prevalence of CTE among female
athletes, an area that remains significantly underexplored. The
development of early diagnostic tools for CTE also represents a
critical direction for future research, such as the use of positron
emission tomography. These findings provide valuable evidence
to guide the design of effective protective measures and treat-
ment strategies, which may ultimately contribute to improving
long-term neurological outcomes in athletes.
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