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Abstract

Objective The aim of this systematic review (SR) was to gather all available epidemiological evidence on former participa-
tion in any type of sport, at a professional and varsity level, as a potential risk factor for neurodegenerative diseases (NDs)
and neurocognitive disorders (NCDs).

Design Systematic searches were performed on PubMed, the Cochrane databases, and the ISI Web of Knowledge databases.
Included studies were assessed using the NOS checklist.

Eligibility criteria for selecting studies All epidemiological studies reporting data on the possible association between a clini-
cal diagnosis of amyotrophic lateral sclerosis (ALS)/motor neuron disease (MND), dementia or mild cognitive impairment
(MCI), Parkinson’s disease (PD), chronic traumatic encephalopathy (CTE) at any stage and with any clinical pattern and the
former participation in any types of sport at a varsity and professional level were included.

Results Data from the 17 included studies showed a higher frequency of NDs and NCDs in former soccer and American foot-
ball players. Updating the previous SR confirmed a higher frequency of ALS/MND in former soccer players. Data reported a
significantly higher risk of dementia/AD in former soccer players, and of MCI in former American football players. Results
also showed a significantly higher risk of PD in former soccer and American football players, and a significantly higher risk
of CTE in former boxers and American football players.

Summary/conclusions This SR confirmed a higher risk of NDs and NCDs in former professional/varsity athletes. However,
the pathological mechanisms underlying this association remain unclear, and further high-quality studies should be performed
to clarify whether the association could be sport specific.

Keywords Systematic review - Neurodegenerative diseases - Risk factors - Athletes - Clinical epidemiology

Key points Background
- An increased frequency of any type of NDs or NCDs has been

identified in former soccer players and American football players. Previous epidemiological studies reported an association
- An increased risk of dementia and mild cognitive impairment,

Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral between professional 'sI.)ort Z'IHd neurodegenerative d.iseases
sclerosis, and chronic traumatic encephalopathy has been (NDs) and neurocognitive disorders (NCDs). These include
identified among former professional and varsity athletes. a range of conditions primarily affecting brain and central
- NDs could share common etiopathogenic process, and only in nervous system (CNS) functioning [1, 2]. NDs are multi-

a subsequent phase specific symptoms can occur, according to £ il still i | Qitati .. !
a subjective susceptibility and specific interactions between risk actorial, still incurable, and debilitating conditions result-

factors. This can be explained by the long latent period, along with ing in the progressive degeneration and/or death of nerve
the shared association between several risk factors and specific NDs. cells [1]. The pathophysiological mechanisms underlying
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these conditions can differ, causing deficits ranging from
memory loss and cognitive impairment to movement and
gait deficits and impairments in language and breathing
abilities [3]. Amyotrophic lateral sclerosis (ALS) repre-
sents the most common motor neuron disease (MND) and
described as a rare progressive neuromuscular disease, typ-
ically causes the degeneration of both the upper and lower
motor neurons but may also include cognitive and behavio-
ral symptoms [4-6]. Parkinson’s disease (PD) is primarily
characterized by a specific set of motor symptoms, includ-
ing tremor, rigidity, and bradykinesia, and by an impair-
ment of balance and postural reflexes. It can also cause
several non-motor symptoms, such as gastrointestinal and
urogenital disorders, and psychiatric symptoms, including
depression [7]. NCDs is a broad term for defining several
different chronic and progressive conditions affecting the
ability to think, remember and make decisions. Symptoms
may vary according to the type and severity of disease,
and include memory loss, attention and communication
deficits, and impairments in the ability to reason and solve
problems [8, 9]. According to the DSM-5 dementia and
mild NCD (MCI) are the main categories of NCDs. As
for dementia, some subtypes are included among NDs, as
they are caused by neurodegenerative mechanisms, while
some types of dementia and other NCDs can be due to
other causes, including secondary causes as intoxication
or trauma [2]. The most common cause of ND dementia
is Alzheimer's disease (AD), which is characterized by
memory loss and specific deficits in language, sensory,
motor and/or executive functions [8, 10]. Among the risk
factors for dementia, the most known are genetic factors
and aging. However, gender, educational level, and some
health conditions are also included among risk factors [11].

Some studies investigated previous participation in
some contact sports as a potential risk factor for neuro-
degenerative diseases (ND) and neurocognitive disorders
(NCD) [12-14] focusing on pathological changes in for-
mer players [15, 16] in particular, soccer [14, 17-21] and
American football players [12, 13]. Some small studies
and reports have suggested that sports involving repeated
traumatic brain injuries (TBI) may cause a long-term
risk of NDs [22]. When considering specific NDs or
NCDs, a relatively recent systematic review reported a
significantly higher frequency of ALS in former profes-
sional and varsity soccer, and American football players
[23]. The most frequently investigated potential sport-
related risk factors for ALS and for all other NDs and
NCDs, include multiple trauma and concussion [24,
25] along with oxidative stress [26] and exposure to
toxic substances/chemicals (e.g., pesticides) [27, 28] or
drugs/dietary supplements [28]. However, as for ALS, a
more recent hypothesis also suggested that former ath-
letes might share a phenotype causing simultaneously
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a higher athletic predisposition, with lower body mass
index (BMI) and cardiovascular risk and higher physi-
cal fitness, and a higher risk of ALS [28, 29]. Another
relatively recent systematic review, specifically focus-
ing on long-term consequences of repeated concussions,
reported that former participants in contact, collision,
and combat sports seem to be at an increased risk of
cognitive impairment and other mental health problems
[30]. The review reported a higher frequency of cognitive
decline and some NCDs and NDs in former professional
athletes, considering NDs/NCDs along with diseases of
the nervous system and sense organs, and other men-
tal health conditions, including suicide and cognitive
decline, hypothesizing multiple trauma and head injuries
as potential causes of such condition. Multiple concus-
sion and trauma and their potential role in the long-term
onset of NDs or NCDs have been widely investigated,
and are still a matter of debate, particularly in relation to
popular sports such as soccer and rugby [31]. However,
even though repeated head trauma has been linked to
irreversible cognitive deficits [32-34] the pathophysi-
ological mechanisms underlying this potential associa-
tion are still to be clarified.

Traditionally, multiple concussion and head trauma had
been known to cause the so-called ‘‘punch-drunk syn-
drome’’ firstly descripted in 1928 in retired boxers [35]
which was associated to a basic lesion due to traumatic
multiple hemorrhages, and replaced few years later by the
wording ‘‘Dementia pugilistica’’ term coined in 1937 and
which took into consideration in its definition the hypoth-
esis of a type of dementia induced by brain trauma [36]. In
the following decades, the scientific community focused the
attention on the possible association between this type of
sport and NDs, suggesting an etiological link between expo-
sure to repeated head trauma and concussion and dementia
and/or PD, even hypothesizing synergistic effects between
head trauma and apolipoprotein-epsilon four in patients
with Alzheimer's disease [37, 38]. In recent times, although
the debate is still open, a study investigated the association
between the former participation in contact and collision
sports such as American football, boxing, soccer, rugby, and
hockey, and a higher risk of chronic traumatic encephalopa-
thy (CTE), highlighting a strong dose—response relationship
between the duration of American football played and this
pathology [39].

Based on all these hypotheses, evidence seems to suggest
an association between former participation in professional
sports, and mainly in contact and collision sports, with a
higher risk of NDs or NCDs. Therefore, the aim of this sys-
tematic review (SR) was to gather all available epidemio-
logical evidence on former participation in any type of sport,
at a professional and varsity level, as a potential risk factor
for NDs or NCDs.
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Materials and methods

This SR was performed following the methodology
of the Cochrane handbook for SRs [40] and reported
based on the PRISMA statement for reporting SRs and
meta-analyses [41]. Systematic searches for all avail-
able literature up to February 1, 2022, were performed
on PubMed, the Cochrane Databases (that gives access
to: Cochrane Database of Systematic Reviews, Embase,
PubMed, CT.gov, ICTRP and CINAHL), and ISI Web
of Knowlegde (that gives access to: Science Citation
Index, Social Sciences Citation Index, Arts and Humani-
ties Citation Index, Emerging Sources Citation Index,
Conference Proceedings Citation Index—Science, Con-
ference Proceedings Citation Index-Social Sciences and
Humanities, Book Citation Index—Science, Book Citation
Index—Social Sciences and Humanities, Current Chemi-
cal Reactions, and Index Chemicus). The following terms
were used: ((neurodegenerative* OR neuro-degenerative*
OR “amyotrophic lateral sclerosis” OR ALS OR “motor
neuron disease” OR “motor neuron diseases” OR “motor-
neuron disease” OR “motor-neuron diseases” OR parkin-
son* OR parkinsonism* OR Alzheimer* OR dementia*
OR encephalopath* OR ((cognitive OR neurocognitive
OR neuro-cognitive) AND (impairment* OR degenerati*
OR disord*))) AND (((professional* OR competitive*
OR competition* OR elite* OR varsity* OR college*
OR “high school” OR “high-school”) AND (sport*
OR player*)) OR athlete* OR rider* OR fighter* OR
boxeur* OR boxer* OR runner* OR skier* OR rower*
OR “martial art” OR “martial arts” OR “martial artist”
OR “martial artists” OR “combat sport” OR “combat
sports” OR “players”)). Further relevant articles were
also identified by reviewing the references of considered
studies. No limitations were applied for date of publica-
tion nor study design; only studies published in English
were considered. Retrieved literature was screened by
two independent reviewers (GB, PP), and studies were
selected based on their pertinence and relevance to the
topic of the review. The full texts of selected studies were
assessed for inclusion by applying the following prede-
fined eligibility criteria. Potential disagreements were
resolved by discussion or, where needed, involvement of
a third reviewer (EL). All case—control and cohort studies
addressing the possible association between any types of
sport practiced as a varsity and/or a professional athlete
and the risk of NDs and/or NCDs, were included. Since
studies on this topic are performed using any type of
available data, including data from structured informa-
tion sources, ranging from death certificates to biological
tissue banks, we included all studies reporting a diagno-
sis of any of the considered condition based on any type

of criteria, including clinical criteria and neurobiological
criteria. Therefore, all studies reporting by any means
(e.g., death certificates, clinical records) a clinical,
neurobiological or neuropathological diagnosis of ALS
or motor neuron disease (MND), dementia of any type
or mild cognitive impairment (MCI), PD, CTE at any
state of disease and with any clinical pattern were also
included considering the wider diagnostic category. Case
reports, case series, non-systematic or narrative reviews,
letters, commentaries, and editorials were excluded. Only
epidemiological studies (i.e., cohort and case—control)
reporting data on the frequency of any of the considered
NDs and/or NCDs were included.

For studies analyzing the association between professional
and/or varsity sports and ALS, we updated a previously pub-
lished systematic review [23] therefore only studies published
from January 2016 to February 2022 were included.

Studies meeting the eligibility criteria were qualitatively
assessed using the Newcastle—Ottawa Scale (NOS) for qual-
ity assessment of non-randomized studies [42]. The NOS
scale is structured in 8 items assessing the adequacy of 3
major domains: selection of the study group, comparability
of the groups, and ascertainment of the exposure of inter-
est for case—control studies or of the outcome of interest
for cohort studies. A maximum of 9 stars can be assigned
to each assessed study, and specifically a maximum of 4
stars for the Selection domain, 2 stars for the Comparability
domain, and 3 stars for either the Outcome or the Expo-
sure domain. The potential presence of other biases and/
or methodological flaws was also considered in assessing
the included studies. Data were extracted using structured
tables. Specific information was gathered on the type of
sport considered by each study, along with how the enrolled
population of athletes was defined, and on the diagnostic
criteria and procedure used to define the identified cases.
Moreover, for cohort studies, specific information was also
extracted on the source of the reference population. Gathered
information also included study design, year of publication,
characteristics of the included population, definition of the
exposure(s), diagnostic criteria, length of the follow-up, and
results for each analysis.

Results

Structured search on bibliographic databases yielded 11,189
articles. Two further studies were identified by reviewing
the bibliographic references of included studies [43, 44].
After selection based on the pertinence and relevance to
the topic of the review, 11,191 records were excluded, leav-
ing 47 articles meeting the selection criteria. The full texts
of the selected articles were assessed for inclusion, and 30
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further articles were excluded as 3 were case reports [17,
19, 45], 1 review [46], 1 reported participation in sports
as a leisure activity [47] 2 reported data only on an overall
measure of physical activity [48, 49] 2 included only athletes
who had > 1 head/brain injury [50, 51] 8 did not report any
measure of risk of NDs and/or NCDs [20, 52-58] and 13
were already included in the 2016 review [59-71].

The flow diagram of the literature is reported in Fig. 1.

A total of 17 articles were included in the qualitative sum-
mary [43, 44, 72-86].

Overall, five cohort studies reported data on the fre-
quency of all NDs/NCDs included in this review in for-
mer professional or varsity athletes [74, 77, 79, 82, 84].
Considering each single pathology, 10 cohort studies [82,
84] and 1 case—control study [44] reported data on the fre-
quency of dementia/MCI in former athletes, 8 cohort stud-
ies [43, 73-75, 77, 79, 82, 84], and 1 case—control study
[44] reported data on the frequency of PD or Parkinson-
ism, 1 cohort study [80] reported data on CTE, and 7 new
cohort studies [77, 82-86] and 1 new case—control study
[81] reported data on the frequency of ALS or MND. The
summary of the main characteristics, quality assessment and
results from the included studies were reported according to
each considered outcome in Tables 1, 2, 3, 4, and 5.

Methodological quality

The overall methodological quality of included studies was
moderate. The highest score achieved was 7, while the low-
est score was 3. Five cohort studies achieved a score of 7
[43, 74, 75, 84, 86] while 4 studies, 3 cohort [79-81] and
1 case—control [44] were assigned 6 stars, 2 cohort studies
were assigned 5 stars [73, 77], 5 studies, 4 cohort [72, 76,
78, 83] and 1 case—control [81] were assigned 4 stars, and 1
cohort study [85] was assigned 3 stars.

Selection

Only two cohort studies reached 4 stars, which is the high-
est possible score, in this domain, while most studies were
scored 2 stars. All included cohort studies enrolled profes-
sional or varsity athletes from secure records (e.g., sports
leagues, yearbooks), thus the enrolled exposed cohort is
often adequately defined and representative, and data on
exposure are drawn from secure sources. However, the unex-
posed cohort is often enrolled from different sources from
the exposed cohort, and most of the studies did not or could
not (e.g., studies using census data) provide information on
the absence of the outcome at the beginning of the study.
As for the two case—control studies, cases were enrolled
through either registries or death certificates. Therefore,
samples were representative, but the definition of cases did
not have an independent validation. In both studies, controls
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were enrolled from the community, as they were either ran-
domly selected from general population or selected among
death certificates due to other non-degenerative causes.
However, both studies could not and did not ascertain the
absence of the outcome at the start of the study.

Comparability

Most studies reached 2 stars (n=_8), which is the highest
possible score, in this domain, while 6 studies were assigned
1 star, and 2 studies had no stars [73, 80]. Most studies
were either matched or had the analysis adjusted for age
[72, 7678, 83] and/or for other variables. In some stud-
ies, matched controls were selected from general popula-
tion, while in some other studies controls were either other
athletes [77-79] or students from the same schools [75].
In case—control studies, controls were either matched for
sex, age, and province of residence [81] or selected based
on the availability of enough information for adjusting all
analyses [44].

Exposure/outcome

Only 2 cohort studies reached 3 stars in this domain, which
is the highest possible score [80, 86] while 6 studies had 2
stars, 6 studies had 1 star, and 1 case—control study and 1
cohort study had no stars [81, 85].

Most of the cohort studies used structured information
from death certificates, clinical records, registries, or record-
linkage. Of the five remaining studies, 2 studies obtained
data on the outcome by clinicians [72, 78] 2 from question-
naires [73, 77] and 2 only from databases or search engines
(i.e., PubMed, Google) or books and magazines [83, 85].
Using secure sources such as hospital records and certifi-
cates or using an independent validation of the diagnosis to
confirm the outcome can minimize the potential for inaccu-
rate information. However, even if death certificates are an
extremely valuable source of data, their accuracy in report-
ing deaths due to NDs/NCDs can be inaccurate. In fact,
deaths due to the considered NDs/NCDs were shown to be
underreported as primary cause of death [87-94] and studies
on mortality are often of poor methodological quality [95].

Moreover, most of the included studies used, for all the
considered outcomes, widely heterogeneous diagnostic cri-
teria. Using a heterogeneous set of criteria prevent the direct
comparison of data, as different criteria can lead to different
prevalence and incidence rates [96-98].

Another issue was the length of the follow-up, as at least
part of the included sample in most studies using administra-
tive data had a follow-up length insufficient to observe the
considered outcome.

As for case—control studies, one [44] had a secure source
for ascertaining the exposure, while the other [81] used
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an unstructured questionnaire and did not use the same
method for cases and controls. Moreover, neither reported
the response rate for both cases and controls. Moreover, most
of the studies did not report the number of participants lost
to follow-up.

Qualitative analysis

Results from the included studies were reported according to
outcome. A summary of the characteristics and results from
each study are reported in Tables 1, 2, 3, 4, and 5.

All NDs/NCDs

Only 5 cohort studies reported data on the overall risk of
any type of NDs and/or NCDs in former professional/varsity
athletes. Specifically, 3 of the 5 cohort studies reported the
risk of NDs/NCDs in either former professional American
football players [74, 79] or former varsity American football
players [77] while the remaining 2 studies reported the risk
of NDs/NCDs in former professional soccer players [82,
84]. Both studies on professional American football players
enrolled former players from the National Football League
(NFL) and used death certificates to calculate their risk of
death due to NDs/NCDs as underlying (U) and/or contribut-
ing (C) cause of death. The studies reported an overall higher
standardized mortality ratio (SMR) due to NDs/NCDs in
former NFL players (SMR-U 2.83, 95%CI 1.36-5.21; SMR-
U&C 3.26, 95%CI 1.90-5.22) [74] with a specifically higher
risk of NDs/NCDs in former NFL players compared to base-
ball players (HR-U 2.07, 95%CI 1.01-4.23; HR-U&C 2.99,
95%CI 1.64-5.45) [79]. A significantly higher risk of death
due to NDs/NCDs was also observed in the 2 studies enroll-
ing former professional soccer players, with HRs ranging
from 3.53 to 4.10 (HR-U 4.10, 95%CI 2.88-5.83; HR-U&C
3.53, 95%CI 2.72-4.57; HR 3.66, 95%CI 2.88-4.65) [82,
84]. No risk measure was calculated for former varsity ath-
letes, but the study observed that 3% of the enrolled football
athletes reported a diagnosis of NDs/NCDs compared to
4% of the athletes enrolled in the basketball, swimming, or
wrestling teams [77].

ALS or MND

The previous review [23] on the risk of ALS and MND
in former professional and varsity athletes reported a sig-
nificantly higher frequency of ALS and MND in profes-
sional soccer and American football players, and a slightly
increased risk of ALS in varsity athletes. The update of
the SR allowed to identify 6 new cohort studies [77, 79,
82—85] and 1 new case—control study [81]. When consider-
ing professional athletes, 5 large cohort studies reported a
significantly higher risk of ALS and MND in former soccer

and American football players (MND: HR 3.52, p <0.001;
HR 4.33, p<0.001; ALS: SIR 1.91; ALS: SIR 2.11; ALS:
SIR 3.59) [82-86] compared to either general population
[79-82] or matched controls [78]. Two studies specifically
reported a significantly higher risk in subjects aged <45
(SIR: 4.66, 95% CI 2.66-7.57) years and in athletes playing
in the top league (SIR 5.69, 95%CI 2.73-10.47) [83] and
in athletes having longer careers (OR 1.2, 95% CI 1.1-1.3)
[86]. One study also reported a higher risk of death due
to ALS compared to general population (SMR 3.94) [86].
Another cohort study used death certificates and did not
report a higher risk of death due to ALS in former NFL
players compared to baseball players [79]. The last cohort
study enrolled varsity athletes from yearbooks and compared
the frequency of ALS (i.e., healthcare information system)
between football and non-football player, reporting no cases
of ALS during its follow-up period [77]. The only, relatively
small, case—control study enrolled cases from 2 registries
and matched controls from general population and did not
observe a significantly higher risk of ALS in athletes (i.e.,
any type of sport) compared to non-athletes [81].

Dementia and/or MCI

Ten cohort studies [43, 72, 74-79, 82, 84] and 1 case—con-
trol study [44] reported data on the risk of dementia in
former professional and/or varsity athletes. Seven cohort
studies [72, 74-76, 78, 79, 82, 83] reported information
on the frequency of dementias or MCI in former profes-
sional athletes. When considering former soccer players, 2
large cohort studies enrolled participants from museum and
league club archives and structured healthcare information
systems, reporting a higher frequency of dementia (HR
3.59, p<0.001; HR 3.87, p:<0.001) and AD (HR 5.07,
p:<0.001) in former soccer players compared to general
population [82, 84]. A small study enrolled former soccer
players from 4 soccer clubs and did not report an increased
risk NCDs as tested with a self-administered questionnaire
in former players, irrespective of role and length of career,
compared to general population [76]. As for American
football, 3 cohort studies reported a slightly higher risk
of AD in former NFL players [72, 74, 79]. The first two
studies enrolled former NFL player from retired players
associations and reported respectively a higher risk of
AD compared to general US population (prevalence ratio
1.37) [72], and of death due to AD compared to US male
mortality rates (SMR-U 1.80, SMR-U&C 3.86) [74], with
the second reporting a significantly higher risk in athletes
who played in speed positions (SMR 6.02) [74]. The third
cohort study used data from the National Institute of Safety
and Health (NIOSH) and reported a slightly, non-signifi-
cantly, higher risk of death due to dementia/AD (i.e., death
certificates) in former NFL players compared to baseball
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players (HR-U 1.28, HR-U&C 2.26) [79]. When consider-
ing varsity athletes, 2 cohort study enrolled former athletes
from yearbooks [75, 77]. The first reported no significant
differences in the frequency of dementia and MCI in for-
mer football players compared to non-football players [77],
while the second reported no significant increase in the
risk of dementia in former football players compared to
participants in non-sport-related clubs [75]. Two further
studies, 1 cohort, and 1 case—control study, investigated
the association between occupational exposure to profes-
sional sports and the risk of death due to NCDs using cen-
sus data and death certificates [43, 44]. The cohort study
reported a significantly higher risk of AD in subjects whose
occupation was coded as “writers, artists, entertainers, and
athletes” (PMR: 135 (95% CI 111-162) [43], while the
case—control study reported no significant increase on risk
of AD or pre-senile dementia in subjects whose occupation
was coded as “athlete or dancer” [44].

When considering MCI, a small cohort study enrolled
participants from alumni associations and reported a slightly,
non-significantly, higher risk of MCI (i.e., comprehensive
neurocognitive assessment) in former NFL and hokey play-
ers compared to former non-contact sport athletes [78]. A
small cohort study reported no increased risk of MCI based
on a self-administered test in former soccer players from
former player associations compared to general population
(i.e., data from a large population study on MCI) [76]. How-
ever, one study on former NFL players from retired NFL
players associations reported a correlation between MCI or
memory impairment (MI) (i.e., diagnosed, self-reported,
reported by informant) and self-reported recurrent concus-
sion (MCI p =0.02; self-reported MI p=0.001; spouse/
relative-reported MI p =0.04) [72].

Parkinson's disease (PD)

Eight cohort studies [43, 73-77, 79, 82, 84] and 1 case—con-
trol study [44] reported data on the risk of PD in professional
and varsity athletes. As for professional athletes, 2 cohort
studies used data from archives of museums or clubs and
hospital records, prescriptions, and death certificates, and
reported a significantly higher frequency of PD in former
soccer players (HR 2.09, p=0.009; HR 2.15, p=0.01) [82,
84]. Two further cohort studies used data from information
systems (e.g., NIOSH database), and reported a higher risk
of death due to PD (i.e., death certificates) in former Ameri-
can football players compared to general population (SMR-
U&C 4.31) [74] or to former baseball players (HR-U&C
3.45) [79], with no significant difference between athletes
playing in speed vs non-speed position [74]. One cohort
study in a relatively limited sample of former Thai boxers
enrolled from registers of former boxers (i.e., sports author-
ity, boxers’ clubs, and Thai boxing foundation) reported a

@ Springer

prevalence of PD and Parkinsonism, as assessed through a
validated scales and questionnaires, comparable to the preva-
lence observed in several Asian general populations [73].
Two further studies, 1 cohort and 1 case—control, investi-
gated the association between occupational exposure to pro-
fessional sports and the risk of death due to PD using census
data and death certificates [43, 44]. Of these, 1 reported
a higher risk of death due to PD in the category of sub-
jects whose occupation was categorized as “Writers, artists,
entertainers, and athletes” (PMR: 128) [43], while the other
reported no significantly increased risk of PD in subjects
whose previous occupation was classified as “athlete” [44].
When considering varsity athletes, 2 studies enrolled former
athletes from yearbooks and did not report a higher risk of
PD or Parkinsonism in former American football players
compared to either members of other non-sport-related clubs
[75] or to non-football athletes [77].

Chronic traumatic encephalopathy (CTE)

Only one study reported data on the risk of CTE in for-
mer competitive athletes. The study enrolled participants
from a brain tissue bank, ascertaining exposure to previous
competitive sport participation (e.g., varsity, professional)
through obituaries or school yearbooks. In this study, par-
ticipants were classified as CTE positive (CTE +) in case of
pathology fitting with all aspects of the consensus criteria
for CTE neuropathology, and as “features of CTE” in case of
multiple lesions suggestive of CTE pathology without being
consistent with all parts of the criteria verbatim. CTE + and
features of CTE were classified together as “combined CTE
patology”. CTE + was also evaluated separately as secondary
outcome. The study reported a significantly higher risk of
CTE in participants who played American football both at
during (CTE+OR =2.87, p=0.021) and after high school
(CTE pathology OR =13.23, p<0.001, CTE+OR =6.84,
p=0.0056), and in former boxers (CTE + OR =10.29,
p=0.009) [80].

Quantitative analysis

No meta-analyses were carried out due to the clinical, meth-
odological, and statistical heterogeneity of the included stud-
ies. The main reasons that prevented the cumulative analysis
of data were due to the study designs being different, and
their methodological quality not being homogeneous. As
for clinical heterogeneity, the definition and source of both
the reference population and the cases were widely vari-
able across studies. Moreover, the investigated cohorts of
athletes were mostly the same cohorts observed in different
time-periods, as in the case of the two large cohort studies
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on mortality due to NDs among Scottish professional soc-
cer players.

Discussion

Overall, the present systematic review reported a higher
frequency of NDs/NCDs in former professional athletes.
Specifically, published studies showed an increased fre-
quency of any type of NDs/NCDs in former soccer players
[82, 84] and American football players [74] even when
compared to other non-contact sport athletes [79]. When
considering specific NDs and NCDs, data from the update
of the previous SRs confirmed a higher frequency of ALS
or MND in former soccer players [82—85]. Gathered data
also reported a significantly higher risk of dementia and
AD in former soccer players [82, 84] and a higher risk of
MCI in former American football players, mainly associ-
ated to a higher risk of concussion [72]. Moreover, data
also showed a significantly higher risk of PD in former
soccer and American football players [74, 75, 79, 82, 84]
and a significantly higher risk of CTE in former boxers and
in former American football players [80].

Some studies reported either non-significant results or
no increase in risk in some categories of athletes. How-
ever, most of these studies were of low or relatively low
methodological quality and included very small or rela-
tively small samples defining cases based on self-reports
or non-standardized/validated tools. Moreover, some stud-
ies only compared different types of sports (i.e., contact
vs non-contact, football vs non-football). The only large
and high-quality study [44] reporting no difference in the
mortality rate for any of the considered NDs and NCDs
considered as exposed participants classified as “athlete/
dancer” based on the occupational census, which is a
wider definition that could lead to potentially underes-
timating results. Most of the included studies attempted
to take into consideration potential confounding factors
by either matching non exposed subjects or controls by
at least the main characteristics (e.g., gender, age, eth-
nicity), with some of them also stratifying for potential
interacting factors such as length of career and type of
sport or position/role played. However, the factors consid-
ered for adjustment where heterogeneous across some of
the included studies, and most studies only include male
professional players due to the availability of data. This
further affected the direct comparison of data. Previous
reviews suggested that the higher risk of NDs observed in
some specific categories of former athletes could be sport
specific. However, no studies on sports other than soccer,
American football and marginally boxing, were available.
Therefore, conclusion can only be based on available stud-
ies, as no data are currently available on different sports.

Further large studies should be performed on other sports,
mainly in other contact sports (e.g., boxing, martial arts)
and sports requiring running/speed roles (e.g., rugby,
hokey, etc.), should be carried out, as these types of sports
resulted to be associated with the highest risk of NDs and
NCDs.

As for ALS and MND, our results confirmed the higher
risk observed in formed soccer and American football player
reported in the previously published SR [23]. Included stud-
ies reported an increased risk of ALS in soccer and Ameri-
can football players also confirmed an earlier onset of ALS
in soccer players, and a higher frequency of ALS in play-
ers with a longer career, in specific positions or roles, and
playing in main leagues [82-84, 86]. Therefore, based on
results from the previous SR and the present update, soccer
and American football players seem to be at risk of a spe-
cific, more severe, type of ALS or MND, with earlier onset
(<45 years) and shorter survival.

Our data also showed an increased risk of dementia,
AD and MCI in former soccer and American football play-
ers. This increase in the frequency of these conditions was
linked, in some studies, to an increased exposure to brain
injuries and concussions, specifically in former American
football players. In this last category of athletes, a higher fre-
quency of CTE was also observed. As expected, the risk of
CTE resulted the highest in former boxers, who were among
the first categories of athletes in whom the formerly called
“punch drunk syndrome” and “dementia pugilistica” were
investigated [99, 100].

Moreover, a higher risk of PD and Parkinsonism was
observed in former soccer and American football players,
which was not linked to specific roles or positions. This
increased frequency of PD, as for dementia and cognitive
decline, was also generally linked to an increased exposure
to brain injury and trauma.

On this basis, our results seem to suggest that competi-
tive athletes, and specifically those participating in contact
sports, are exposed to a higher risk of trauma, concussion,
and subsequent brain injuries, thus leading to a higher risk
of developing cognitive outcomes or PD/Parkinsonism later
in life. However, professional athletes appear to also be at
a higher risk of what seems to be a specific form of ALS/
MND. Based on our data and data from our previous SR,
in fact, the type of ALS/MND observed in former soccer
players seem to have a much earlier, bulbar onset, and a
much shorter survival. This increased risk has been linked
to several possible genetic and environmental risk factors.
Several gene variants are associated with a susceptibility to
ALS/MND, and when considering environmental risk fac-
tors, the exposure to heavy metals, trace elements, solvents,
and other volatile organic compounds (e.g., pesticides and
radiation) or toxins (e.g., cyanobacteria), has been linked
to a higher risk of developing this condition. As for some
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life-style factors, the widespread use or abuse of branched-
chain amino acids in professional athletes has been hypoth-
esized to be potentially linked to a higher risk of ALS/
MND [28]. This led to the specific hypothesis that profes-
sional athletes might share a specific phenotype linked to
both a better predisposition to high-level sport and a risk
of developing ALS/MND. However, all these genetic, envi-
ronmental, and lifestyle risk factor are shared risk factors
for all the considered NDs and NCDs. The exposure to
some pesticides, including organophosphorus compounds
and carbamates, in fact, has been reported to be associated
not only to an increased risk of ALS, but also to a higher
risk of AD and PD [101]. Several other compounds, such
as solvents and neurotoxic agents, have also been proven to
be shared risk factors for ALS and other NDs and NCDs,
in particular PD [102]. Moreover, several polymorphisms
and gene variants have been reported to be associated to a
higher frequency of specific NDs, and some have also been
investigated as involved in the epigenetic mechanisms lead-
ing to the onset of the disease [103—106]. The exposure to
several lifestyle factors, including smoking, physical activity,
and dietary habits along with the use/abuse of some dietary
supplements, have also been proven to have a role in the
etiological mechanisms of some NDs and NCDs. The evi-
dent interlinking and interaction among these factors, and
their being shared risk factors for several NDs and NCDs
underline the need to start considering neurodegeneration
as a process starting with an early, subclinical, phase, which
might be common to all NDs. The neurodegenerative pro-
cess in NDs, in fact, has been proven to start several dec-
ades before the onset of symptoms [107]. This long latent
period, along with the shared association between several
risk factors and some specific NDs suggests that this early
process might be common to different NDs and only in a
subsequent phase cause specific symptoms according to a
subjective susceptibility and specific interactions between
risk factors [3, 108]. Thus, based on this hypothesis, research
should focus on investigating the interacting role of genetic,
environmental, and lifestyle risk factors in this early phase
of neurodegeneration to explore the possibility of defining
potential preventive strategies [106]. Moreover, former pro-
fessional athletes should be further investigated, as these
risk factors and their interactions, as well as the risk of some
specific NDs, appear to be significantly higher in this popu-
lation. Studies on this population should also aim at clarify-
ing whether the risk might be specific to some type of sports
or roles, and whether the clinical characteristics of the NDs
are typical of this population.

Our SR has some limitations. The main limitation is the
relatively small number of included studies. Studies on this
topic are relatively few and are limited to a very small num-
ber of sports, mainly soccer and American football. This
limits the generalizability of results and the reliability of
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results. The small number of published studies might be due
to the difficulty of investigating a relatively rare exposure as
having been a professional athlete, and the subsequent dif-
ficulty of enrolling large samples of professional athletes.
Moreover, when considering ALS, the difficulty of carry-
ing out large studies might also be due to the rarity of the
disease, which would require very large samples. Further-
more, NDs and NCDs are diseases whose typical onset is
later in life, thus longitudinal studies require covering very
long observation periods. Therefore, prospective studies are
almost unfeasible, and retrospective studies might be very
difficult to carry out in absence of effective and efficient
informative systems and databases. However, the use of
data from information systems, such as death certificates
and hospital records, largely underestimates the frequency of
NDs and NCDs, thus limiting the quality of studies, as does
the use, inevitable in these systems, of different diagnostic
criteria. A further limitation, due to the above-mentioned
difficulties, is that the considered cohorts of athletes should
be intended as mostly the same cohorts observed in different
time periods. This prevents the comparison and the cumu-
lative analysis of data, allowing only to observe a possible
trend in the risk of NDs and NCDs over time within the
same cohort. Further high-quality studies including athletes
participating in different sports would therefore be extremely
useful to assess whether the observed higher risk might be
sport-specific or shared with other types of sport, and to
further investigate possible characteristic or risk factors sug-
gesting specific pathophysiological mechanisms explaining
the observed increase in the risk of NDs and NCDs.
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