
1Manley GT, et al. Br J Sports Med 2017;0:1–10. doi:10.1136/bjsports-2017-097791

A systematic review of potential long-term effects of 
sport-related concussion
Geoff T Manley,1 Andrew J Gardner,2 Kathryn J Schneider,3 Kevin M Guskiewicz,4 
Julian Bailes,5 Robert C Cantu,6 Rudolph J Castellani,7 Michael Turner,8 
Barry D Jordan,9 Christopher Randolph,10 Jiří Dvořák,11 K. Alix Hayden,12 
Charles H Tator,13 Paul McCrory,14 Grant L Iverson15 

Original article

To cite: Manley GT, 
Gardner AJ, Schneider KJ, 
et al. Br J Sports Med 
Published Online First: 
[please include Day Month 
Year]. doi:10.1136/
bjsports-2017-097791

 ► Additional material is 
published online only. To view 
please visit the journal online 
(http:// dx. doi. org/ 10. 1136/ 
bjsports- 2017- 097791)

For numbered affiliations see 
end of article.

Correspondence to
Dr Geoff T Manley, Department 
of Neurological Surgery, 
University of California San 
Francisco, San Francisco, 
California, USA; 1001 Potrero 
Avenue, Building 1, Room 101, 
San Francisco, CA 94110;  
 manleyg@ ucsf. edu

Accepted 14 March 2017

ABSTRACT
Objective Systematic review of possible long-term 
effects of sports-related concussion in retired athletes.
Data sources Ten electronic databases.
Study selection Original research; incidence, risk 
factors or causation related to long-term mental health 
or neurological problems; individuals who have suffered 
a concussion; retired athletes as the subjects and 
possible long-term sequelae defined as >10 years after 
the injury.
Data extraction Study population, exposure/outcome 
measures, clinical data, neurological examination 
findings, cognitive assessment, neuroimaging findings 
and neuropathology results. Risk of bias and level of 
evidence were evaluated by two authors.
Results Following review of 3819 studies, 47 met 
inclusion criteria. Some former athletes have depression 
and cognitive deficits later in life, and there is an 
association between these deficits and multiple prior 
concussions. Former athletes are not at increased 
risk for death by suicide (two studies). Former high 
school American football players do not appear to 
be at increased risk for later life neurodegenerative 
diseases (two studies). Some retired professional 
American football players may be at increased risk for 
diminishment in cognitive functioning or mild cognitive 
impairment (several studies), and neurodegenerative 
diseases (one study). Neuroimaging studies show modest 
evidence of macrostructural, microstructural, functional 
and neurochemical changes in some athletes.
Conclusion Multiple concussions appear to be a 
risk factor for cognitive impairment and mental health 
problems in some individuals. More research is needed 
to better understand the prevalence of chronic traumatic 
encephalopathy and other neurological conditions and 
diseases, and the extent to which they are related to 
concussions and/or repetitive neurotrauma sustained in 
sports.

INTRODUCTION
There is tremendous interest in understanding the 
possible long-term effects of concussions sustained 
during a career in sports. It has been believed for 
decades that repetitive neurotrauma sustained in 
boxing is associated with chronic brain damage in 
some former athletes. In case descriptions dating 
back to the 1920s, some long-career boxers have 
been described as having a neurological syndrome 
referred to as ‘punch drunk syndrome’,1 traumatic 
encephalopathy2 dementia pugilistica,3 chronic 

traumatic encephalopathy (CTE)4 and chronic 
progressive traumatic encephalopathy.5 In recent 
years, a number of studies have been conducted 
with former NFL players. There is emerging 
evidence that some retired NFL players have mild 
cognitive impairment,6 7 neuroimaging abnor-
malities8 9 and differences in brain metabolism10 
disproportionate to their age. Autopsy cases of 
former professional football players have revealed 
diverse forms of neuropathology, including immu-
noreactivity for hyperphosphorylated tau (p-tau) 
in a specific pattern (eg, irregularly distributed 
in depths of cortical sulci) in which p-tau is not 
expected to be present through normal ageing 
or in association with frontotemporal dementia 
or Alzheimer’s disease.11 This article represents 
a systematic review of the existing literature on 
possible long-term effects of sport-related concus-
sions, including risk for Alzheimer’s disease and 
CTE.

METHODS
A systematic review was performed to address 
the question of long-term effects of sport-related 
concussion for the 5th International Consensus 
Conference on Concussion in Sport: ‘What is 
the current state of the scientific evidence about 
the prevalence, risk factors, and causation of 
possible long-term sequelae like CTE and other 
neurodegenerative diseases, with respect to sports 
concussion?’ Additional questions addressed 
included (i) what are the definition, clinical 
features and underlying pathophysiology (if 
any) of ‘subconcussive blows’ (ie, subconcussive 
impacts) and (ii) what have we learnt from the 
retired athlete population?’

Search terms and databases
Keywords were selected by agreement of all 
authors and then submitted to a librarian with 
expertise in systematic reviews who developed 
a draft MEDLINE search strategy. This was 
reviewed by a second expert health sciences 
librarian using the CADTH Peer Review Check-
list for Search Strategies according to the PRESS 
2015 Guideline Statement. The draft search 
strategy was revised based on suggestions from 
the PRESS review, and then tested to be sure 
known key studies were retrieved. The MEDLINE 
search (see online supplementary table 1) was 
adapted and translated for all other databases. 
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The following 10 databases were searched: MEDLINE (Epub 
Ahead of Print, In-Process & Other Non-Indexed Citations, 
Ovid MEDLINE(R) Daily and Ovid MEDLINE(R)), CINAHL 
Plus with Fulltext, EMBASE, PsycInfo, Cochrane Database of 
Systematic Reviews, Cochrane Central Register of Controlled 
Trials, Scopus, Web of Science, PsycARTICLES and SPORT-
Discus. The search was limited to English-language and 
peer-reviewed publications, but had no date restriction. The 
search was conducted 10–11 September 2016.

Study selection criteria and data extraction
Studies were included if they (i) were original research; (ii) 
evaluated the incidence/prevalence, risk factors or causation 
related to neurodegenerative disease; (iii) included individuals 
who have suffered a sport-related concussion; (iv) evaluated 
athletes and/or retired athletes as the study subjects and (v) 
evaluated possible long-term sequelae defined as >10 years 
after sports-related injury. Studies were excluded from this 
review if they were published in a language other than English, 
animal studies, review articles, case reports, book chapters, 
conference abstracts, editorials/commentaries/expert opinion, 
theses or dissertations.

Citations were independently screened by pairs of authors. 
A third reviewer adjudicated disagreements between authors. 
Following the initial abstract and title screening process, full-
text articles were retrieved and data were extracted using a 
standardised method. Results were extracted by one author and 

reviewed by a second author to ensure accuracy and complete-
ness.

Assessment of risk of bias and level of evidence
For each article that met inclusion criteria, risk of bias and 
strength of evidence were independently rated by two authors 
using the Downs and Black checklist.12 The level of evidence was 
assessed using the Oxford 2011 Level of Evidence13 criteria and 
rated by two authors.

RESULTS
The database search identified 7145 articles (figure 1, 
note correction: in figure 1, the PRISMA diagram,  Records 
excluded n = 3,756 PRISMA). After duplicates were removed, 
3819 records were screened and a total of 47 were included in 
this review. Those articles are listed in table 1. Online supple-
mentary table 2 presents a summary of the key findings from 
these studies. Online supplementary table 3 presents a review 
of the methodological quality and risk for bias of the 47 studies. 
The average methodological quality rating using the Downs and 
Black criteria for these 47 publications was 8.1.

Subconcussive head impacts
Interest has been expressed in the concept of ‘subconcussive 
blows’ (ie, subconcussive head impacts) as an indicator of repeti-
tive neurotrauma. Subconcussive impacts are typically defined as 
involving the transfer of mechanical energy to the brain at enough 

Figure 1 PRISMA flow diagram.
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force to injure axonal or neuronal integrity, but not be expressed 
in clinical symptoms.14 15 These impacts have been proposed as 
a separate variable from concussion history by some researchers. 
We reviewed five subconcussive impact studies that (i) defined 
the concept or (ii) quantified the criteria (ie, years of exposure, 
estimated number of impacts). These studies are discussed, in 
part, in the sections below. They either discussed the concept 
of subconcussive impacts or added the estimated number of 
subconcussive impacts to the athletes’ concussion history.16 The 
majority of subjects were American football athletes or soccer 
players. Most studies identified significant group-level differ-
ences between ‘high exposure’ and ‘low/no exposure’ athletes,10 

17 18 although there were some studies that did not support the 
notion that repetitive subconcussive impacts have a measurable, 
detrimental effect.19 20 Some studies have drawn inferences about 
subconcussive impacts based solely on a person’s participation 
in certain contact or collision sports. For example, Meehan 
and colleagues20 surveyed >3702 college alumni between the 
ages of 40 and 70, 2121 of whom had no reported history of 
concussion. In those with no reported concussions (a proxy for 
studying subconcussive impacts), there were no differences in 
anxiety, depression, emotional dyscontrol, sleep disturbance or 
perceived cognitive functioning in those who participated in 
collision sports versus those who did not. There was greater use 
of alcohol in former collision sport athletes.

Neuroimaging
We reviewed 14 neuroimaging articles relating to the possible 
long-term sequelae of sports-related concussion. These included 
structural imaging, diffusion tensor imaging (DTI), magnetic 
resonance spectroscopy (MRS) and positron emission tomog-
raphy (PET). The majority of subjects were American football 
athletes and soccer players. Most studies identified significant 

group-level differences in these imaging modalities; however, 
lack of standardisation in imaging acquisition and analysis limits 
the generalisability of the findings. The average methodological 
quality rating using the Downs and Black criteria for these publi-
cations was 7.4, and the average level of evidence was 4.0.

Structural imaging
A structural 3 T MRI study of 72 former American professional 
football players with cognitive and mental health symptoms 
revealed a higher rate of cavum septum pellucidum (CSP), greater 
length and greater ratio of CSP to septum length compared with 
14 former non-contact athlete controls.21 The greater length 
of the CSP was also associated with decreased performance on 
a memory test and a test of word pronunciation. Gardner and 
colleagues measured CSP (1.5 and 3 T MRI) in 17 retired Amer-
ican professional football players presenting to a memory clinic 
with cognitive and mental health symptoms.22 Compared with 
matched controls from the memory clinic with no history of 
traumatic brain injury (TBI), CSP was more common in retired 
football players (94% vs 18%) and the length was also signifi-
cantly greater.

Goswami and colleagues reported that football athletes with 
a history of concussion (n=19) had significant cortical thinning 
of the anterior temporal lobe and orbitofrontal cortex compared 
with controls (n=17).23 Koerte and colleagues identified 
decreased cortical thickness in former professional soccer players 
(n=15).10 (NOTE: Koerte citation 10 should be Koerte citation 
18)Group-level analyses of cortical thickness revealed greater 
cortical thinning with increasing age in right inferolateral-pari-
etal, temporal and occipital cortex, and this was associated with 
lower cognitive performance. Strain and colleagues found that 
older retired athletes with at least one remote history of concus-
sion with loss of consciousness had significantly smaller bilateral 
hippocampal volumes and decreased memory performance.24

Diffusion tensor imaging
In a study of 37 amateur soccer players, a lifetime concussion 
history was not associated with changes in fractional anisot-
ropy (FA) or cognitive performance.25 However, high-frequency 
soccer heading (>885 per year) was associated with lower 
memory scores and lower FA in three regions of interest in 
the temporo-occipital white matter. In a study of 10 boxers (8 
retired, 2 active), there were no group differences in FA between 
the boxers and non-contact sport controls, although DTI 
metrics were associated with declarative memory and reaction 
time.26 Using whole-brain tract-based spatial statistics analysis, 
18 retired professional football players were compared with 
17 healthy controls.27 They found no differences in FA but did 
find increased axial diffusivity in the right hemisphere of retired 
players in the superior longitudinal fasciculus, corticospinal tract 
and anterior thalamic radiations, suggesting possible axonal 
degeneration in these tracts.

Magnetic resonance spectroscopy
Koerte and colleagues studied 11 former professional soccer 
players without a history of concussion compared with 14 
age-matched controls.10 In the soccer players, a significant 
increase was observed in both choline, a membrane marker, and 
myo-inositol (ml), a marker of glial activation. There were no 
significant differences in neurocognitive testing between groups. 
Increased levels of choline and glutamate/glutamine were also 
found in five former professional male athletes with history of 

Table 1 Studies identified through the search process

Clinical studies
Imaging and combined 
imaging/clinical studies

Kelly et al74 Hampshire et al32

Lolekha et al38 Small et al28

Lehman et al41 Koerte et al10

Murelius et al34 Lin et al17

Kerr et al29 Gardner et al22

Didehbani et al35 Multani et al27

Seichepine et al75 Wilde et al26

Randolph et al7 Strain et al24

Vann Jones et al19 Koerte, Huf et al21

Kerr et al30 Koerte et al18

Kerr et al31 Ford et al33

Stamm et al36 Hart et al8

Hume et al37 Goswami et al23

Meehan et al20 Casson et al62

Montenigro et al16 Pathology studies 

Baron et al42 Corsellis et al76

Lehman et al43 Roberts et al56

Critchley 5 McKee et al49

Maudsley and Ferguson77 Omalu et al50

Savica et al44 Hazrati et al51

Roberts et al57 McKee et al11

Guskiewicz et al6 Bieniek et al52

Guskiewicz et al39 Ling et al53

Hinton et al70 Koga et al55
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multiple concussions and multiple symptoms compared with 
control athletes with no history of brain trauma.17

Positron emission tomography
A PET study explored the use of 2-(1-{6-[(2-[F-18]fluoro-
ethyl) (methyl)amino]−2 naphthyl} ethylidene) malononitrile 
(FDDNP) for measuring both tau and amyloid in living brains.28 
Five former professional American football players with mood 
and cognitive problems were compared with five age, educa-
tion and body mass-matched controls. FDDNP binding signals 
were higher in players versus controls in subcortical regions and 
amygdala. The authors noted that the study was limited by the 
small sample size and lack of pathological confirmation.

Cognitive functioning and mental health
We reviewed 24 articles relating to possible long-term cogni-
tive and mental health problems associated with concussion. 
The average methodological quality rating using the Downs and 
Black criteria for these publications was 9.7, and the average level 
of evidence was 3.8. Some of these studies are cross-sectional 
surveys.7 20 29–31 Some in-person clinical assessment studies have 
been conducted with8 10 17 18 21–24 26–28 32 33 and without7 19 34–37 
neuroimaging. There are also studies that begin with a survey 
and then have a follow-up in-person assessment.38 A number of 
cross-sectional studies have identified decrements on objective 
neuropsychological testing7 8 24 37 and subjectively experienced 
cognitive difficulties on self-report measures6 20 in former 
athletes. Some studies report a frequency–response relationship, 
with greater cognitive impairments in those with greater levels 
of exposure to head impacts or concussions.16 36 However, other 
studies have not found a frequency–response relationship when 
examining cognitive function.8 31 33 Guskiewicz and colleagures 
surveyed 2552 retired NFL players and found that 1.3% (n=33) 
reported a physician diagnosis of Alzheimer’s disease. Of the 758 
who were aged ≥50, 2.9% (n=22) reported a physician diagnosis 
of mild cognitive impairment. Of the 641 former players who 
had a spouse or close relative complete a questionnaire, 12.0% 
(n=77) were identified as having significant memory prob-
lems. Former players with 3+ concussions during their playing 
career had a fivefold greater risk of mild cognitive impairment 
(MCI) diagnosis after age 50 compared with those with no prior 
concussions.6 Randolph and colleagues surveyed 513 retired 
NFL players aged ≥50 for whom their wives completed a ques-
tionnaire regarding memory. In this sample, 35.1% had a score 
on a scale completed by their spouses (AD8) that was suggestive 
of possible cognitive impairment.7 This is much higher than the 
12.0% rate reported in the previous study,6 for unclear reasons. 
The rate of clinical diagnoses of MCI (vs survey screening) is 
unknown.

Regarding mental health, depression has been most frequently 
studied. Five studies report a frequency–response relationship 
between concussions or head impact exposure and depres-
sion symptom reporting.16 30 35 39 40 Didehbani and colleagues 
studied cognitively intact former NFL athletes and found 
greater depression symptoms compared with age and intel-
ligence quotient (IQ)-matched subjects.35 In a sample of 797 
former collegiate athletes (all sports), approximately 39% 
of whom reported one or more prior concussions, their rates 
of self-reported mental health and cognitive problems were 
as follows: depression=10.4%, anxiety=16.2%, alcohol 
dependence=5.8%, substance use=2.9% and cognitive prob-
lems=3.8%.30 This sample also completed the Patient Health 
Questionnaire-9 (PHQ-9) to screen for depression. The rate of 

screening positively for depression (ie, PHQ-9≥10) stratified by 
concussion history was as follows: 0=2.8%, 1=5.6%, 2=10.4% 
and 3+=8.9%.31 The rate of self-reported depression in retired 
NFL players (n=1044), stratified by concussion history, was as 
follows: 0=3.0%, 1–2=8.2%, 3–4=13.7%, 5–9=19.3% and 
10+=26.8%.29

The link between soccer heading, cognitive functioning and 
psychological health is unclear. No association between cognitive 
function and length of career or position played was found in 
older (mean age=67 years) retired professional soccer players.19 
Similarly, former professional soccer players who still play 
recreationally were found to have largely similar performance 
on a variety of cognitive assessments compared with matched 
non-contact sport athlete controls.18 In this study, however, the 
soccer players had a greater decrease in cortical thickness with 
age—and cortical thickness in parietal and occipital areas of 
the brain were negatively correlated with lifetime estimates of 
heading.

Five long-term effects cohort studies using medical record 
linkage or death certificates41–45 have been published, one after 
the cut-off date for this systematic review.45 The results of these 
studies are summarised in online supplementary table 1. Three 
studies of causes of death in former NFL players have been 
published.41–43 Two of these studies examined the death certif-
icates of those who died between 1960 and 2007 (334 deaths 
from a cohort of 3439 former players). All cause and specific 
mortality rates (eg, cancer, cardiovascular disease, pulmo-
nary disease and other health problems) were lower in former 
players than in men from the general population.42 43 Baron 
and colleagues reported that the rates of psychiatric illness and 
suicide were significantly lower in the former athletes than in 
men from the general population.42 They also reported that 
diseases of the nervous system and sense organs were somewhat 
higher than men in the general population, but the difference 
was not statistically significant. Of the 334 former players who 
had died, 12 (3.6%) had one of these latter diseases listed on his 
death certificate when it would have been expected, from popu-
lation estimates, that the number should be 9.7 people (ie, 2.9%). 
There was no autopsy confirmation of the diseases listed on the 
death certificate and no analysis of genetic susceptibility (eg, 
apolipoprotein E). In a reanalysis of the same data set, Lehman 
and colleagues43 reported that the rates of Alzheimer’s disease 
and amyotrophic lateral sclerosis (ALS) were higher in former 
NFL football players compared with men in the general popu-
lation. Of the 334 death certificates reviewed, the number of 
times neurodegenerative diseases were listed as an underlying or 
contributing cause of death was as follows: Alzheimer’s disease/
dementia=7 (2.1%), Parkinson’s disease=3 (0.9%) and ALS=7 
(2.1%). In two medical record linkage studies of former high 
school football players,44 45 the rates of dementia, mild cognitive 
impairment and parkinsonism did not differ in comparison to 
control subjects (see table 2).

Neuropathology
Autopsy studies have revealed multiple forms of neuropathology, 
both macroscopic and microscopic, in former contact and colli-
sion sport athletes. Macroscopic findings include (i) frontal and 
temporal atrophy, thinning of the hypothalamic floor, shrinkage 
of the mammillary bodies, pallor of the substantia nigra, hippo-
campal sclerosis and reduction in brain mass; (ii) enlarged 
ventricles and (iii) CSP with or without septal fenestrations.46–48 
Microscopic features include (i) localised neuronal and glial 
accumulations of p-tau with varying microscopic morphologies, 
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involving perivascular areas of the cerebral cortex and sulcal 
depths, and with a preference for neurons within superficial 
cortical laminae; (ii) multifocal axonal varicosities involving 
deep cortex and subcortical white matter; (iii) variable and often 
absent Aβ deposits and (iv) TDP-43-positive inclusions and neur-
ites.46–48

We reviewed nine neuropathology studies that included five 
or more subjects. These reports focused on the pathology asso-
ciated with CTE. The average methodological quality rating 
using the Downs and Black criteria for these publications was 
5.2, and the average level of evidence was 4.2. In 2010, McKee 
et al described the neuropathology of 12 former athletes (7 foot-
ball players, 3 boxers and 1 hockey player) whose brains and 
spinal cords had been donated to the Center for the Study of 
Traumatic Encephalopathy at Boston University School of Medi-
cine.49 Subjects ranged in age from 42 to 85 years (average age 
65) and all had a history of cognitive and behavioural changes 
associated with CTE. Three of the athletes also had signs and 
symptoms of motor neuron disease (MND). P-tau immunore-
activity in neurons and astroglia in the depth of sulci was noted 

in all subjects. Seven of the nine cases without MND also had 
TDP-43 immunoreactive inclusions.

In 2011, Omalu et al reported autopsy findings in 17 
athletes (14 professional, 3 high school).50 Selected brain 
samples or whole-brain specimens were examined by routine 
histopathology, special stains and immunohistochemistry. 
CTE pathology was based on the presence of topographically 
distributed neurofibrillary tangles and neuritic threads, with or 
without amyloid plaques, and the absence of features indicative 
of another tauopathy. The authors found CTE changes in 10 
of the 14 professional athletes and 1 of 3 high school athletes 
(71% overall). The authors noted four histological phenotypes, 
based on relative abundance of p-tau in cerebral cortex, subcor-
tical structures and brainstem, and presence or absence of diffuse 
β-amyloid plaques.

In 2013, McKee et al described the neuropathology in 85 
subjects with a history of mild TBI, 64 of which were former 
athletes.11 The brains of 18 cognitively intact controls with no 
history of repetitive mild TBI were also examined. The diag-
nosis of CTE was based on p-tau immunoreactivity around small 

Table 2 Cohort studies of former American football players using medical record linkage or death certificates

Psychiatric
illness Suicide

Alzheimer’s
disease or 
dementia

Mild
cognitive
impairment

Parkinson’s
disease/
parkinsonism ALS

Any
neurodegenerative
disease

First author/
ref Sample

Sample
size

Years
played % (n) % (n) % (n) % (n) % (n) % (n) % (n)

Janssen 45 Former 
American 
varsity high 
school football

296 1956–1970 NR NR 0.7 (2) 1.7 (5) 1.0 (3) 0 (0) 3 (10)

Former high 
school athlete 
controls*

190 1956–1970 NR NR 0.5 (1) 2.1 (4) 1.6 (3) 0 (0) 4 (8)

Savica 44 High school 
football

438 1946–1956 NR NR 3.0 (13) NR 2.3 (10) 0.5 (2) 5.7 (25)

Non-athlete 
controls†

140 – NR NR 1.4 (2) NR 3.6 (5) 0.7 (1) 5.7 (8)

Baron 42 Deceased 
former NFL 
players

334 1959–1988 1.2 (4) 2.7 (9) NR NR NR NR 3.6 (12)‡

Men in 
general 
population

– – 3.5 (11.7) 6.5 (21.8) NR NR NR NR 2.9 (9.7)

Lehman 43 Deceased 
former NFL 
players

334 1959–1988 NR NR 2.1 (7) NR 0.9 (3) 2.1 (7) 5.1 (17)

Men in 
general 
population

– – NR NR NR NR NR NR NR

Lehman 41 Deceased 
former NFL 
players

537 1959–1988 NR 2.2 (12) NR NR NR NR NR

Men in 
general 
population

– – NR 4.8 (25.6) NR NR NR NR NR

The two studies of high school football players are medical record linkage studies and illustrate the rates of diagnoses present in those records. The three studies of former NFL 
players are based on reviewing death certificates and address underlying or contributing causes of death. There were 3439 former NFL players, of whom 334 died between 1960 
and 200742 43, and 537 died between 1960 and 2013.41 The differing methodologies do not allow a direct comparison between high school and former NFL athletes. *Controls 
were non-football-playing male varsity athletes, such as swimmers, wrestlers and basketball players.
†Controls were non-football-playing male students in the glee club, band or choir.
‡Defined by Baron et al as any disease of nervous system and sense organs. From Baron et al 42: mental, psychoneurotic and personality disorders=4 (expected=11.7; 
standardised mortality ratio (SMR)=0.34, 95% CI 0.09 to 0.87). Intentional self-harm=9 (expected=21.8, SMR=0.41, 95% CI 0.19 to 0.78). Diseases of the nervous system 
and sense organs=12 (expected=9.7; SMR=1.24, 95% CI 0.64 to 2.16). For Lehman et al 43 , the number of times neurodegenerative diseases were listed as an underlying or 
contributing cause of death is reported. From Lehman et al 41 : suicide=12 (expected=25.6, SMR=0.47, 95% CI 0.24 to 0.82).
ALS, amyotrophic lateral sclerosis; n, frequency; NR, not report.
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blood vessels at the depths of cortical sulci, clusters of p-tau-pos-
itive subpial and periventricular astrocytes, and neurofibrillary 
tangles in the superficial layers of the cerebral cortex—this 
pathology was identified in 80% of the cases and none of the 
control subjects. Other abnormalities included TDP-43 immu-
noreactivity (85% of cases) and comorbid neurodegenerative 
disease including MND (12%), Parkinson’s or Lewy body disease 
(16%), Alzheimer’s disease (11%) and frontotemporal lobar 
degeneration (6%). A neuropathological staging system for CTE 
(stages I–IV) was also proposed.

In 2013, Hazrati described a series of six retired profes-
sional Canadian football players whose ages ranged from 61 
to 87 years.51 The subjects had a history of multiple concus-
sions and medically or family member documented cognitive, 
behavioural and/or motor symptoms. Three of the six subjects 
had neuropathological findings consistent with CTE. The 
other three subjects were diagnosed with Alzheimer’s disease, 
Parkinson’s disease and MND. In addition, the CTE cases 
showed comorbid pathology of Alzheimer’s disease, vascular 
disease and cancer.

Bieniek and colleagues studied a range of neurodegenerative 
disease cases along with a small number of normal controls.52 
Review of available medical records from 1721 men identified 
66 cases with a history of contacts sports. The authors found that 
21 of the 66 cases (32%) had cortical p-tau staining consistent 
with CTE. None of the 162 control brains, and none of the 33 
cases with a history of a single TBI, had CTE pathology. This 
study was conducted using a neurodegenerative disease brain 
bank, so there were comorbid neurodegenerative conditions 
(Alzheimer’s disease, Lewy body disease, frontotemporal lobar 
degeneration) in 20 of the 21 cases with CTE.

Ling and colleagues53 conducted a large-scale postmortem 
study of CTE in the UK using the McKee et al11 criteria. They 
screened 268 cases and found histological evidence of CTE in 
32 (11.9%), including cases of women with this pathology. The 
mean age at death was 81 years. The majority of the positive 
cases met neuropathological criteria for other neurodegenerative 
diseases and had prior exposure to at least one TBI.

Until 2015, there was no consensus regarding the neuropatho-
logical criteria for the diagnosis of CTE. The National Institutes 
of Neurological Disease and Stroke and National Institute of 
Biomedical Imaging and Bioengineering (NINDS/NIBIB) funded 
a panel of neuropathologists to establish criteria. The consensus 
panel defined the pathognomonic lesion of CTE as an accu-
mulation of p-tau in neurons and astroglia distributed around 
small blood vessels at the depths of cortical sulci and in an irreg-
ular pattern.54 In addition to p-tau-related supportive criteria, 
TDP-43 immunoreactive inclusions and macroscopic features 
(ventricular enlargement and CSP) were identified as supportive 
of CTE.

Koga et al55 examined 139 cases of multiple system atrophy 
(MSA) using NINDS/NIBIB CTE criteria. CTE pathology was 
found in 8 (6%) of the 139 MSA cases, all of which were male, 
and 4 with a history of contact sports. The authors also noted 
that 7.2% were identified as having ageing-related tau astrogli-
opathy (ARTAG), a pathology that should be differentiated from 
CTE pathology. The authors speculated that falls secondary to 
the movement disorder may cause CTE pathology.

Neurological and mental health features of CTE
Prior to 2005, slurred and dysarthric speech, gait problems, 
parkinsonism and cognitive impairment (including dementia) 
were considered common clinical features of CTE.56–58 Although 

historical case descriptions sometimes included histories of 
mental health problems and severe substance abuse, these were 
not considered core features of the condition. The largest 
study examining the clinical features of chronic brain damage 
in living subjects was published as a monograph by Roberts in 
1969.57 From a list of 16 781 retired boxers, Roberts selected an 
age-stratified random sample of 250; he was able to locate and 
clinically examine 224 of these men.57 He concluded that 17% 
had the syndrome (11% had a mild form of the syndrome and 
6% had severe problems). For boxers over the age of 50 who 
had ≥150 fights, 50% had the syndrome compared with 7% 
with <50 fights. In recent years, the clinical features of CTE 
have been greatly expanded to include many psychosocial prob-
lems, depression, anxiety, anger and other health problems.11 46 

48 50 More research is needed to determine the extent to which 
those problems are associated with the neuropathology of CTE. 
Proposed criteria for diagnosing CTE have been published by 
Jordan,59 Victoroff60 and Montenigro and colleagues.61 At 
present, however, there are no agreed upon or validated clinical 
criteria for CTE, thus there is no accepted method for diag-
nosing CTE in a living person.

DISCUSSION
This systematic review identified 47 studies relating to possible 
long-term problems with brain health associated with sport-re-
lated concussion (see table 1 and online supplementary tables 
2 and 3). The methods used included clinical assessments, 
cross-sectional surveys, neuroimaging and autopsies. Several 
cohort studies using medical record linkages or death certificates 
have also been published.41–45 The majority of studies included 
were a lower level of evidence (mainly level 4 or 5 with only 9 
studies having level 3 evidence). All but one study included in 
this review had risk of bias scores

< 13, highlighting the potential of threats to the internal and 
external validity of these studies.

Subconcussive impacts
A small number of studies examined the possible long-term 
effects of subconcussive head impacts. There are significant 
methodological challenges associated with the study of subcon-
cussive impacts.15 The challenge researchers face at this time 
is that (i) there is no established definition of a subconcussive 
impact or a subconcussive injury, (ii) a impact may or may not 
cause an injury, and it is difficult to determine if an injury has 
occurred, and (iii) the biomechanical features and thresholds 
for quantifying a impact and identifying an injury have not 
been agreed upon. Therefore, the hypothesis that subconcus-
sive impacts cause long-term neurological injury requires more 
research before conclusions can be drawn.

Neuroimaging
Imaging studies have been conducted mostly with former Amer-
ican professional football players,8 21–24 27 28 32 33 but also with 
former soccer players10 18 21 and boxers.26 Imaging studies of 
retired professional football players reveal structural changes in 
the brain such as cortical thinning18 23 and CSP,21 22 62 functional 
changes in brain metabolism,32 as measured by functional MRI, 
microstructural differences in white matter,8 9 as measured by 
DTI, and accumulations of tau on PET imaging28 in some former 
athletes. The literature to date has significant methodological 
limitations that lower the overall level of evidence and temper 
confidence in conclusions that can be drawn. The imaging liter-
ature includes studies that likely are not representative of the 

group.bmj.com on May 20, 2017 - Published by http://bjsm.bmj.com/Downloaded from 

http://bjsm.bmj.com/
http://group.bmj.com


7Manley GT, et al. Br J Sports Med 2017;0:1–10. doi:10.1136/bjsports-2017-097791

Original article

broader population of former athletes. In reviewing the meth-
odology and results of some imaging studies, it is sometimes 
unclear the extent to which positive findings were based on 
a priori hypotheses, exploratory post hoc analyses or both. A 
significant methodological weaknesses in the literature is lack 
of replication. Although positive findings have been reported in 
studies within an imaging modality, such as DTI or MRS, the 
specific findings within those studies differ.

Clinical studies
In total, 18 of the 24 studies relating to possible cognitive and 
mental health problems associated with exposure to collision 
sports and concussions have been published in the past five 
years, reflecting the interest in this topic and rapid growth 
of the knowledge base. These cross-sectional clinical studies 
and survey studies reveal that some of the former athletes 
have cognitive deficits or decrements6 7 36 37 and psycholog-
ical health problems.16 29 35 Survey studies have revealed that 
a substantial minority of former NFL players have mental 
health problems,63–65 and current depression is more likely 
in those with a history of concussions.29 It is also important 
to appreciate that chronic pain and opioid use is relatively 
common in former NFL players,66 and those with depression 
and chronic pain also have greater life stress and financial 
difficulties.64 There are at least three unanswered questions 
relating to these studies. First, the contribution of repetitive 
subconcussive head impacts to these clinical features is poorly 
characterised and understood. Second, a frequency–response 
relationship between concussions, head impact exposures and 
the severity of future clinical symptoms is unknown. Finally, 
modifying factors for the development of clinical symptoms 
and problems in association with repetitive neurotrauma are 
largely unknown.

Neuropathology
Nine neuropathology studies were included in this review, 
seven of which were published between 2010 and 2016. 
Autopsy studies have revealed diverse forms of macroscopic 
and microscopic neuropathology in former athletes.11 48 50 51 
Prior to 2015, there were no agreed upon neuropatholog-
ical criteria for identifying CTE. The new consensus criteria 
provide a preliminary standardised approach to describe the 
neuropathology of CTE.54 The new consensus criteria differ 
from the criteria for CTE used in past studies, particularly 
by excluding tau pathology that is associated with ageing: 
primary age-related tauopathy67 and ARTAG.68 Importantly, 
tau pathology and the accumulation of other altered proteins 
such as Aβ, α-synuclein and TDP-43-positive immunoreac-
tivity occurs with human ageing and several neurodegenerative 
diseases, and can also be found in people who are cognitively 
normal69; thus, it would be incorrect to assume that all such 
pathology is unique to, or caused by, CTE. To date, a cause 
and effect relationship between CTE and concussions or 
exposure to contact sports has not been established. More 
research on CTE is needed to better understand the incidence 
and prevalence of CTE pathology, the extent to which the 
neuropathological findings cause specific clinical symptoms, 
the extent to which the neuropathology is progressive, the 
clinical diagnostic criteria and other risk or protective factors. 
Well-designed case–control and cohort studies can begin to 
answer these important questions. Longitudinal studies are 
needed.

Limitations
A major limitation in the clinical assessment, survey, neuroim-
aging, cohort and autopsies studies published to date is that 
most do not consider relevant third variables when examining 
the association between prior concussions and long-term brain 
health problems. When evaluating the association between 
an ‘exposure’ (ie, concussion or repetitive head impacts) and 
‘outcome’ (eg, long-term brain health problems), the possible 
roles of a relevant third variable are (i) effect modifier (eg, host 
susceptibility factors), (ii) intermediary and (iii) confounder. 
There are many candidate third variables that might be associ-
ated with the long-term cognitive and mental health of former 
athletes, from the psychiatric and neuroscience literature, 
including genetics, childhood adversity, personality factors, 
resilience, family history of mental health and neurological 
problems, steroid use, drug and alcohol use, opiate misuse, 
chronic pain, depression, anxiety, life stress, marital and family 
problems, diet and nutrition, exercise, obesity, diabetes, heart 
disease, other general medical problems, small vessel isch-
aemic disease and a diverse range of neurological conditions 
and diseases. In a survey study of former Division I collegiate 
athletes, for example, socioeconomic (ie, income) and nutri-
tional factors (ie, greater fat and cholesterol and overall lower 
diet quality) were associated with perceived cognitive difficul-
ties in older adults.70

Our systematic review has several methodological limita-
tions. First, studies with negative findings are less likely to be 
published, and we only reviewed published studies, so there is 
a potential for publication bias in our conclusions. Second, we 
only included English-language articles, so there is potential 
for language bias influencing our conclusions. Third, we could 
not pool data across studies and meta-analyse risk associations 
or effect-modifying factors. Finally, the literature has major 
methodological limitations overall, and organising the review 
specifically as a best evidence synthesis might have resulted 
in more tempered conclusions about associations between 
multiple concussions and specific long-term outcomes.

CONCLUSION
In conclusion, there is evidence that some former athletes in 
contact, collision and combat sports suffer from depression39 
and cognitive deficits6 7 later in life, and there is an association 
between these deficits and a history of multiple concussions.6 
Former athletes are not at increased risk for death by suicide.41 

71–73 Former high school American football players do not 
appear to be at increased risk for later life neurodegenerative 
diseases according to two studies.44 45 Retired professional 
American football players may be at increased risk for mild 
cognitive impairment.6 7 An increased risk for neurodegenera-
tive diseases in retired American football players is suggested 
in one study examining death certificates,43 but more research 
is needed. Neuroimaging studies show modest evidence of 
macrostructural,21 22 24 microstructural,27 functional23 32 33 and 
neurochemical10 17 changes in some athletes. It is important to 
appreciate, however, that survey studies of former collegiate20 30 

31 and professional29 athletes indicate that the majority of people 
rate their functioning as normal and consistent with the general 
population.

There is much more to learn about the potential cause 
and effect relationships of repetitive head impact exposure, 
concussions and long-term brain health. The potential for 
developing CTE must be a consideration; this condition 
appears to represent a distinct tauopathy with an unknown 
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prevalence in former athletic populations. More research 
on the long-term sequelae is needed to better understand 
the incidence and prevalence of CTE and other neurolog-
ical conditions among former athletes. The causes of mental 
health and cognitive problems in former athletes, like the 
general population, are broad and diverse including genetics, 
life stress, general medical problems (eg, hypertension, 
diabetes and heart disease), chronic bodily pain, substance 
abuse, neurological conditions and disease (eg, cerebrovas-
cular disease) and neurodegenerative diseases (eg, Alzheimer’s 
disease, Parkinson’s disease and ALS). The extent to which 
repetitive neurotrauma causes static or progressive changes in 
brain microstructure and physiology, and contributes to later 
life mental health and cognitive problems, is poorly under-
stood and requires further study.

What is already known?

 ► It has been believed for decades that repetitive neurotrauma 
sustained in boxing is associated with chronic brain damage 
in some former athletes.

 ► Chronic traumatic encephalopathy (CTE), also referred to 
as dementia pugilistica, was described mostly through case 
studies between 1928 and 2010—with the exception of one 
large clinical study of boxers published in 1969.

 ► Prior to 2015, there were no agreed upon neuropathological 
criteria for the postmortem diagnosis of CTE. At present, 
there are no agreed upon clinical criteria for diagnosing CTE.

 ► Over the past decade, surveys of retired American NFL 
players have revealed that a substantial minority report 
depression and cognitive decline.

What are the findings?

 ► There is emerging evidence that some retired athletes have 
mild cognitive impairment, neuroimaging abnormalities and 
differences in brain metabolism disproportionate to their 
age.

 ► Survey studies reveal that a minority of former collegiate 
and professional collision sport athletes have depression 
and/or cognitive decline; the majority of former athletes 
report their functioning to be similar to people in the general 
population.

 ► Autopsy cases of former athletes have revealed diverse 
forms of neuropathology, including immunoreactivity for 
hyperphosphorylated tau in a specific pattern (eg, irregularly 
distributed in depths of cortical sulci) in which hyperphos-
phorylated tau is not expected to be present through normal 
ageing or in association with frontotemporal dementia 
or Alzheimer’s disease—and there are now preliminary 
consensus criteria for defining the neuropathology of CTE.

 ► More research is needed to better understand the incidence 
and prevalence of CTE pathology, whether neuropatholog-
ical findings cause specific clinical symptoms, the extent 
to which the neuropathology is progressive, the clinical 
diagnostic criteria and other risk or protective factors.

Author affiliations
1Department of Neurological Surgery, Brain and Spinal Injury Center, University of 
California San Francisco, San Francisco, USA
2Centre for Stroke and Brain Injury, School of Medicine and Public Health, University 
of Newcastle; Hunter New England Local Health District Sports Concussion Program, 
John Hunter Hospital, Newcastle, Australia

3Sport Injury Prevention Research Centre, Faculty of Kinesiology; Alberta Children's 
Hospital Research Institute for Child & Maternal Health, Cumming School of 
Medicine; Hotchkiss Brain Institute, University of Calgary, Calgary, Canada
4Department of Exercise and Sport Science, Matthew Gfeller Sport-Related TBI 
Research Center, University of North Carolina, Chapel Hill, USA
5Department of Neurosurgery, NorthShore University Health System, Co-Director, 
NorthShore Neurological Institute; University of Chicago Pritzker School of Medicine, 
Evanston, USA
6Department of Neurosurgery, Emerson Hospital, Concord, MA, and Center for the 
Study of Traumatic Encephalopathy, Boston University Medical Center, Boston, USA
7Center for Neuropathology, Western Michigan University, and Homer Stryker MD 
School of Medicine, Kalamazoo, USA
8The International Concussion and Head Injury Research Foundation, Marylebone, UK
9Burke Rehabilitation Hospital, White Plains, USA
10Loyola University Medical Center, Maywood, USA
11Department of Nerology, University of Zurich, Schulthess Clinic, Swiss Concussion 
Center, Zurich, Switzerland
12Libraries and Cultural Resources, University of Calgary, Calgary, Canada
13Canadian Concussion Centre, Toronto Western Hospital, University of Toronto, 
Krembil Neuroscience Centre, Toronto, Canada
14The Florey Institute of Neuroscience and Mental Health, Melbourne Brain Centre - 
Austin Campus, Heidelberg, Australia
15Department of Physical Medicine and Rehabilitation, Harvard Medical School; 
Spaulding Rehabilitation Hospital; MassGeneral Hospital for Children Sports 
Concussion Program; & Home Base, a Red Sox Foundation and Massachusetts 
General Hospital Program, Boston, USA

Competing interests GTM has been reimbursed by the government,professional 
scientific bodies and commercial organisations for discussing orpresenting research 
relating to mild TBI at meetings, scientific conferencesand symposiums. He serves 
as an Unaffiliated Neurotrauma Consultant for theNational Football League. 
He has received funding from General ElectricCompany, acting through its GE 
Healthymagination unit. He is also a subcontractPI on The NCAA-DOD Grand 
Alliance-Concussion Assessment, Research and Education(CARE Consortium). AG 
has a clinical practice in neuropsychology involvingindividuals who have sustained 
sport-related concussion (including current andformer athletes). He has operated as 
a contracted concussion consultant to theAustralian Rugby Union(ARU) from July 
2016. He has received travel funding fromthe Australian Football League (AFL) to 
present at the Concussion in FootballConference in 2013. Previous grant funding 
includes the NSW Sporting InjuriesCommittee, the Brain Foundation (Australia), and 
the Hunter Medical ResearchInstitute (HMRI), supported by Jennie Thomas. He is 
currently funded throughthe HMRI, supported by Anne Greaves, and the University of 
Newcastle’s PriorityResearch Centre for Stroke and Brain Injury. KS is a physiotherapy 
consultantat Evidence Sport and Spinal Therapy in Calgary, Alberta, Canada. 
She hasreceived research grant support through the University of Calgary from 
theAlberta Children’s Hospital Research Institute, Hotchkiss Brain Institute andthe 
Canada Foundation for Innovation (including matching funds through theProvince 
of Alberta). She is a faculty member at the Sport Injury PreventionResearch Centre, 
which is one of the International Research Centres forPrevention of Injury and 
Protection of Athlete Health supported by theInternational Olympic Committee 
(IOC). KMG serves on the NCAA ConcussionProtocol Subcommittee as the Atlantic 
Coast Conference representative. He isalso a member of the USA Soccer Concussion 
Committee. JB supervises a TBIresearch laboratory which has received grant 
funding from pharmaceutical andindustry sponsors and the National Institutes of 
Health. He has receivedconsulting fees from industry and royalties from intracranial 
surgeryinstrumentation and has been a consultant for AIBA, NCAA, as well as 
providingexpert witness testimony for legal cases and the NCAA, and received 
speaker’shonoraria. He is the chairman of the Medical Advisory Board of Pop 
WarnerFootball, which is a non-compensated position. RCC serves as aconsultant/
advisor to the National Football League Head, Neck and SpineCommittee and 
National Operating Committee on Standards for Athletic Equipment.He is Medical 
Director of Concussion Legacy Foundation and receives royaltiesfrom Houghton 
Mifflin. RC has a clinical and consulting practice in forensicneuropathology, including 
postmortem neuropathological interpretation ofindividuals who have sustained 
various types of traumatic brain injury. Hereceives salary support from the Lieber 
Institute for Brain Development, andsubcontracts with the NIH Neurobiobank 
at the University of Maryland forneuropathology interpretation. MT has been 
reimbursed for his travel andaccommodation expenses by conference and seminar 
organisers internationallywhen invited to speak on concussion and concussion-
related topics. In situationswhere the organisers have been unable to provide 
financial support, theInternational Concussion and Head Injury Research Foundation 
(ICHIRF) hasreimbursed the cost of his travel and accommodation for attendance 
at theseevents. He is Medical Director of ICHIRF which receives research funding 
fromGodolphin Racing, the Injured Jockeys Fund, the NFL and private sponsors. 
Hedoes not receive any salary from ICHIRF, apart from the expenses mentionedabove. 
BDJ acts as an Unaffiliated Neurotrauma Consultant for theNational Football League, 
serves on the NFL Players Association Health andSafety Committee and is a Medical 
Advisory Physician for NFL Player Benefits. CRhas been reimbursed by professional 

group.bmj.com on May 20, 2017 - Published by http://bjsm.bmj.com/Downloaded from 

http://bjsm.bmj.com/
http://group.bmj.com


9Manley GT, et al. Br J Sports Med 2017;0:1–10. doi:10.1136/bjsports-2017-097791

Original article

scientific organisations and commercialentities for presenting research findings 
on sport-related concussion and mildtraumatic brain injury. He has had a clinical 
and consulting practice inneuropsychology including forensic neuropsychology, 
closed to new cases in July2016. He has received no salary support, or any other 
type of support, for hisresearch on sport-related concussion or brain injury in 
general. GI has beenreimbursed by the government, professional scientific bodies 
and commercialorganisations for discussing or presenting research relating to 
mild TBI andsport-related concussion at meetings, scientific conferences and 
symposiums. Hehas a clinical and consulting practice in forensic neuropsychology 
involvingindividuals who have sustained mild TBIs (including professional athletes). 
Hehas been a principal investigator and co-investigator on federal and industrygrants 
on topics relating to mild traumatic brain injury, neuropsychologicalassessment 
and depression. He has received consulting fees from pharmaceuticalcompanies. 
He receives royalties for books and one neuropsychological test. Hehas received 
research funding from several test publishing companies, includingImPACT 
Applications, CNS Vital Signs and Psychological Assessment Resources (PAR).He 
acknowledges unrestricted philanthropic support from the Mooney-ReedCharitable 
Foundation and ImPACT Applications. He previously served as acontractor in the area 
of TBI research through General Dynamics for the Defenseand Veterans Brain Injury 
Center within the US Department of Defense. Hereceives salary support for chairing 
the Brain and Behavior committee for theHarvard Integrated Program to Protect and 
Improve the Health of NFLPA Members. 

Provenance and peer review Not commissioned; externally peer reviewed.

Open Access This is an Open Access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work 
is properly cited and the use is non-commercial. See: http:// creativecommons. org/ 
licenses/ by- nc/ 4. 0/

© Article author(s) (or their employer(s) unless otherwise stated in the text of the 
article) 2017. All rights reserved. No commercial use is permitted unless otherwise 
expressly granted.

REFERENCES
 1 Martland HS. Punch drunk. J Am Med Assoc 1928;91:1103–7.
 2 Parker HL. Traumatic encephalopathy (`punch drunk') of professional pugilists. J 

Neurol Psychopathol 1934;15:20–8.
 3 Millspaugh JA. Dementia pugilistica. U.S. Naval Medicine Bulletin 1937;35:297–303.
 4 Critchley M. Punch-drunk syndromes: the chronic traumatic encephalopathy of 

boxers. Hommage a clovis vincent (ed). Paris: Maloine, 1949.
 5 Critchley M. Medical aspects of boxing, particularly from a neurological standpoint. 

Br Med J 1957;1:357–62.
 6 Guskiewicz KM, Marshall SW, Bailes J, et al. Association between recurrent 

concussion and late-life cognitive impairment in retired professional football players. 
Neurosurgery 2005;57:719–26.

 7 Randolph C, Karantzoulis S, Guskiewicz K. Prevalence and characterization of mild 
cognitive impairment in retired national football league players. J Int Neuropsychol 
Soc 2013;19:873–80.

 8 Hart J, Kraut MA, Womack KB, et al. Neuroimaging of cognitive dysfunction and 
depression in aging retired national football league players: a cross-sectional study. 
JAMA Neurol 2013;70:326–35.

 9 Strain J, Didehbani N, Cullum CM, et al. Depressive symptoms and white 
matter dysfunction in retired NFL players with concussion history. Neurology 
2013;81:25–32.

 10 Koerte IK, Lin AP, Muehlmann M, et al. Altered neurochemistry in former professional 
soccer players without a history of concussion. J Neurotrauma 2015;32:1287–93.

 11 McKee AC, Stern RA, Nowinski CJ, et al. The spectrum of disease in chronic traumatic 
encephalopathy. Brain 2013;136:43–64.

 12 Downs SH, Black N. The feasibility of creating a checklist for the assessment of the 
methodological quality both of randomised and non-randomised studies of health 
care interventions. J Epidemiol Community Health 1998;52:377–84.

 13 Howick J, Chalmers I, Glasziou P, et al. The Oxford 2011 levels of evidence: oxford 
centre for Evidence-Based medicine, pps. OCEBM Levels of Evidence Working 
Group*.2011.

 14 Bailes JE, Petraglia AL, Omalu BI, et al. Role of subconcussion in repetitive mild 
traumatic brain injury. J Neurosurg 2013;119:1235–45.

 15 Belanger HG, Vanderploeg RD, McAllister T. Subconcussive blows to the head: 
a formative review of short-term clinical outcomes. J Head Trauma Rehabil 
2016;31:159–66.

 16 Montenigro PH, Alosco ML, Martin BM, et al. Cumulative head impact exposure 
predicts later-life depression, apathy, executive dysfunction, and cognitive 
impairment in former high school and college football players. J Neurotrauma 
2017;34:328–40.

 17 Lin AP, Ramadan S, Stern RA, et al. Changes in the neurochemistry of Athletes with 
repetitive brain trauma: preliminary results using localized correlated spectroscopy. 
Alzheimers Res Ther 2015;7:13.

 18 Koerte IK, Mayinger M, Muehlmann M, et al. Cortical thinning in former professional 
soccer players. Brain Imaging Behav 2016;10:792–8.

 19 Vann Jones SA, Breakey RW, Evans PJ. Heading in football, long-term cognitive 
decline and dementia: evidence from screening retired professional footballers. Br J 
Sports Med 2014;48:159–61.

 20 Meehan WP, Taylor AM, Berkner P, et al. Division III collision sports are not associated 
with neurobehavioral quality of life. J Neurotrauma 2016;33:254–9.

 21 Koerte IK, Hufschmidt J, Muehlmann M, et al. Cavum septi pellucidi 
in symptomatic former professional football players. J Neurotrauma 
2016;33:346–53.

 22 Gardner RC, Hess CP, Brus-Ramer M, et al. Cavum septum pellucidum in retired 
American pro-football players. J Neurotrauma 2016;33:157–61.

 23 Goswami R, Dufort P, Tartaglia MC, et al. Frontotemporal correlates of impulsivity 
and machine learning in retired professional Athletes with a history of multiple 
concussions. Brain Struct Funct 2016;221:1911–25.

 24 Strain JF, Womack KB, Didehbani N, et al. Imaging correlates of memory and 
concussion history in retired national football league athletes. JAMA Neurol 
2015;72:773–80.

 25 Lipton ML, Kim N, Zimmerman ME, et al. Soccer heading is associated with white 
matter microstructural and cognitive abnormalities. Radiology 2013;268:850–7.

 26 Wilde EA, Hunter JV, Li X, et al. Chronic effects of boxing: diffusion tensor imaging 
and cognitive findings. J Neurotrauma 2016;33:672–80.

 27 Multani N, Goswami R, Khodadadi M, et al. The association between white-matter 
tract abnormalities, and neuropsychiatric and cognitive symptoms in retired 
professional football players with multiple concussions. J Neurol 2016;263:1332–41.

 28 Small GW, Kepe V, Siddarth P, et al. PET scanning of brain tau in retired 
national football league players: preliminary findings. Am J Geriatr Psychiatry 
2013;21:138–44.

 29 Kerr ZY, Marshall SW, Harding HP, et al. Nine-year risk of depression diagnosis 
increases with increasing self-reported concussions in retired professional football 
players. Am J Sports Med 2012;40:2206–12.

 30 Kerr ZY, DeFreese JD, Marshall SW. Current physical and mental health of former 
collegiate athletes. Orthop J Sports Med 2014;2:2325967114544107.

 31 Kerr ZY, Evenson KR, Rosamond WD, et al. Association between concussion and 
mental health in former collegiate Athletes. Inj Epidemiol 2014;1:28.

 32 Hampshire A, MacDonald A, Owen AM. Hypoconnectivity and hyperfrontality in 
retired american football players. Sci Rep 2013;3:2972.

 33 Ford JH, Giovanello KS, Guskiewicz KM. Episodic memory in former professional 
football players with a history of concussion: an event-related functional 
neuroimaging study. J Neurotrauma 2013;30:1683–701.

 34 Murelius O, Haglund Y. Does Swedish amateur boxing lead to chronic brain damage? 
4. A retrospective neuropsychological study. Acta Neurol Scand 1991;83:9–13.

 35 Didehbani N, Munro Cullum C, Mansinghani S, et al. Depressive symptoms and 
concussions in aging Retired NFL players. Arch Clin Neuropsychol 2013;28:418–24.

 36 Stamm JM, Bourlas AP, Baugh CM, et al. Age of first exposure to football and later-
life cognitive impairment in former NFL players. Neurology 2015;84:1114–20.

 37 Hume PA, Theadom A, Lewis GN, et al. A comparison of cognitive function in former 
rugby union players compared with former non-contact-sport players and the impact 
of concussion history. Sports Med 2016.

 38 Lolekha P, Phanthumchinda K, Bhidayasiri R. Prevalence and risk factors 
of Parkinson's disease in retired Thai traditional boxers. Mov Disord 
2010;25:1895–901.

 39 Guskiewicz KM, Marshall SW, Bailes J, et al. Recurrent concussion and risk 
of depression in retired professional football players. Med Sci Sports Exerc 
2007;39:903–9.

 40 Kerr ZY, Marshall SW, Guskiewicz KM. Reliability of concussion history in former 
professional football players. Med Sci Sports Exerc 2012;44:377–82.

 41 Lehman EJ, Hein MJ, Gersic CM. Suicide mortality among retired national football 
league players who played 5 or more seasons. Am J Sports Med 2016;44:2486–91.

 42 Baron SL, Hein MJ, Lehman E, et al. Body mass index, playing position, race, and 
the cardiovascular mortality of retired professional football players. Am J Cardiol 
2012;109:889–96.

 43 Lehman EJ, Hein MJ, Baron SL, et al. Neurodegenerative causes of death among 
retired national football league players. Neurology 2012;79:1970–4.

 44 Savica R, Parisi JE, Wold LE, et al. High school football and risk of 
neurodegeneration: a community-based study. Mayo Clin Proc 2012;87:335–40.

 45 Janssen PH, Mandrekar J, Mielke MM, et al. High school football and Late-Life risk of 
neurodegenerative syndromes, 1956-1970. Mayo Clin Proc 2017;92:66–71.

 46 Baugh CM, Stamm JM, Riley DO, et al. Chronic traumatic encephalopathy: 
neurodegeneration following repetitive concussive and subconcussive brain trauma. 
Brain Imaging Behav 2012;6:244–54.

 47 Gavett BE, Cantu RC, Shenton M, et al. Clinical appraisal of chronic traumatic 
encephalopathy: current perspectives and future directions. Curr Opin Neurol 
2011;24:525–31.

 48 McKee AC, Cantu RC, Nowinski CJ, et al. Chronic traumatic encephalopathy in 
athletes: progressive tauopathy after repetitive head injury. J Neuropathol Exp 
Neurol 2009;68:709–35.

group.bmj.com on May 20, 2017 - Published by http://bjsm.bmj.com/Downloaded from 

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.1001/jama.1928.02700150029009
http://dx.doi.org/10.1136/jnnp.s1-15.57.20
http://dx.doi.org/10.1136/jnnp.s1-15.57.20
http://dx.doi.org/10.1136/bmj.1.5015.357
http://dx.doi.org/10.1093/neurosurgery/57.4.719
http://dx.doi.org/10.1017/S1355617713000805
http://dx.doi.org/10.1017/S1355617713000805
http://dx.doi.org/10.1001/2013.jamaneurol.340
http://dx.doi.org/10.1212/WNL.0b013e318299ccf8
http://dx.doi.org/10.1089/neu.2014.3715
http://dx.doi.org/10.1093/brain/aws307
http://dx.doi.org/10.1136/jech.52.6.377
http://dx.doi.org/10.3171/2013.7.JNS121822
http://dx.doi.org/10.1097/HTR.0000000000000138
http://dx.doi.org/10.1089/neu.2016.4413
http://dx.doi.org/10.1186/s13195-015-0094-5
http://dx.doi.org/10.1007/s11682-015-9442-0
http://dx.doi.org/10.1136/bjsports-2013-092758
http://dx.doi.org/10.1136/bjsports-2013-092758
http://dx.doi.org/10.1089/neu.2015.3930
http://dx.doi.org/10.1089/neu.2015.3880
http://dx.doi.org/10.1089/neu.2014.3805
http://dx.doi.org/10.1007/s00429-015-1012-0
http://dx.doi.org/10.1001/jamaneurol.2015.0206
http://dx.doi.org/10.1148/radiol.13130545
http://dx.doi.org/10.1089/neu.2015.4035
http://dx.doi.org/10.1007/s00415-016-8141-0
http://dx.doi.org/10.1016/j.jagp.2012.11.019
http://dx.doi.org/10.1177/0363546512456193
http://dx.doi.org/10.1177/2325967114544107
http://dx.doi.org/10.1186/s40621-014-0028-x
http://dx.doi.org/10.1038/srep02972
http://dx.doi.org/10.1089/neu.2012.2535
http://dx.doi.org/10.1111/j.1600-0404.1991.tb03952.x
http://dx.doi.org/10.1093/arclin/act028
http://dx.doi.org/10.1212/WNL.0000000000001358
http://dx.doi.org/10.1007/s40279-016-0608-8
http://dx.doi.org/10.1002/mds.23210
http://dx.doi.org/10.1249/mss.0b013e3180383da5
http://dx.doi.org/10.1249/MSS.0b013e31823240f2
http://dx.doi.org/10.1177/0363546516645093
http://dx.doi.org/10.1016/j.amjcard.2011.10.050
http://dx.doi.org/10.1212/WNL.0b013e31826daf50
http://dx.doi.org/10.1016/j.mayocp.2011.12.016
http://dx.doi.org/10.1016/j.mayocp.2016.09.004
http://dx.doi.org/10.1007/s11682-012-9164-5
http://dx.doi.org/10.1097/WCO.0b013e32834cd477
http://dx.doi.org/10.1097/NEN.0b013e3181a9d503
http://dx.doi.org/10.1097/NEN.0b013e3181a9d503
http://bjsm.bmj.com/
http://group.bmj.com


10 Manley GT, et al. Br J Sports Med 2017;0:1–10. doi:10.1136/bjsports-2017-097791

Original article

 49 McKee AC, Gavett BE, Stern RA, et al. TDP-43 proteinopathy and motor neuron 
disease in chronic traumatic encephalopathy. J Neuropathol Exp Neurol 
2010;69:918–29.

 50 Omalu B, Bailes J, Hamilton RL, et al. Emerging histomorphologic phenotypes 
of chronic traumatic encephalopathy in american Athletes. Neurosurgery 
2011;69:173–83. discussion 183.

 51 Hazrati LN, Tartaglia MC, Diamandis P, et al. Absence of chronic traumatic 
encephalopathy in retired football players with multiple concussions and 
neurological symptomatology. Front Hum Neurosci 2013;7:222.

 52 Bieniek KF, Ross OA, Cormier KA, et al. Chronic traumatic encephalopathy 
pathology in a neurodegenerative disorders brain bank. Acta Neuropathol 
2015;130:877–89.

 53 Ling H, Holton JL, Shaw K, et al. Histological evidence of chronic traumatic 
encephalopathy in a large series of neurodegenerative diseases. Acta Neuropathol 
2015;130:891–3.

 54 McKee AC, Cairns NJ, Dickson DW, et al. The first NINDS/NIBIB consensus meeting 
to define neuropathological criteria for the diagnosis of chronic traumatic 
encephalopathy. Acta Neuropathol 2016;131:75–86.

 55 Koga S, Dickson DW, Bieniek KF. Chronic traumatic encephalopathy pathology in 
multiple system atrophy. J Neuropathol Exp Neurol 2016;75:963–70.

 56 Roberts GW, Allsop D, Bruton C. The occult aftermath of boxing. J Neurol Neurosurg 
Psychiatry 1990;53:373–8.

 57 Roberts A. Brain damage in boxers: a study of prevalence of traumatic 
encephalopathy among ex-professional boxers. London: Pitman Medical Scientific 
Publishing Co, 1969.

 58 Johnson J. Organic psychosyndromes due to boxing. Br J Psychiatry 
1969;115:45–53.

 59 Jordan BD. The clinical spectrum of sport-related traumatic brain injury. Nat Rev 
Neurol 2013;9:222–30.

 60 Victoroff J. Traumatic encephalopathy: review and provisional research diagnostic 
criteria. NeuroRehabilitation 2013;32:211–24.

 61 Montenigro PH, Baugh CM, Daneshvar DH, et al. Clinical subtypes of chronic 
traumatic encephalopathy: literature review and proposed research diagnostic 
criteria for traumatic encephalopathy syndrome. Alzheimers Res Ther 2014;6:68.

 62 Casson IR, Viano DC, Haacke EM, et al. Is there chronic brain damage in retired NFL 
players? neuroradiology, neuropsychology, and neurology examinations of 45 retired 
players. Sports Health 2014;6:384–95.

 63 Weir DR, Jackson JS, Sonnega A. National football league player care foundation: 
study of retired NFL players. Ann Arbor, MI: University of Michigan, Institute for 
Social Research, 2009.

 64 Schwenk TL, Gorenflo DW, Dopp RR, et al. Depression and pain in retired 
professional football players. Med Sci Sports Exerc 2007;39:599–605.

 65 González HM, Tarraf W, Whitfield KE, et al. The epidemiology of Major depression 
and ethnicity in the United States. J Psychiatr Res 2010;44:1043–51.

 66 Cottler LB, Ben Abdallah A, Cummings SM, et al. Injury, pain, and prescription opioid 
use among former National Football League (NFL) players. Drug Alcohol Depend 
2011;116:188–94.

 67 Crary JF, Trojanowski JQ, Schneider JA, et al. Primary age-related tauopathy 
(PART): a common pathology associated with human aging. Acta Neuropathol 
2014;128:755–66.

 68 Kovacs GG, Ferrer I, Grinberg LT, et al. Aging-related tau astrogliopathy (ARTAG): 
harmonized evaluation strategy. Acta Neuropathol 2016;131:87–102.

 69 Elobeid A, Libard S, Leino M, et al. Altered proteins in the aging brain. J Neuropathol 
Exp Neurol 2016;75:316–25.

 70 Hinton PS, Johnstone B, Blaine E, et al. Effects of current exercise and diet on late-
life cognitive health of former college football players. Phys Sportsmed  
2011;39:11–22.

 71 Iverson GL. Suicide and chronic traumatic encephalopathy. J Neuropsychiatry Clin 
Neurosci 2016;28:9–16.

 72 Iverson GL. Chronic traumatic encephalopathy and risk of suicide in former athletes. 
Br J Sports Med 2014;48:162–4.

 73 Wortzel HS, Brenner LA, Arciniegas DB. Traumatic brain injury and chronic 
traumatic encephalopathy: a forensic neuropsychiatric perspective. Behav Sci Law 
2013;31:721–38.

 74 Kelly DF, Chaloner C, Evans D, et al. Prevalence of pituitary hormone dysfunction, 
metabolic syndrome, and impaired quality of life in retired professional football 
players: a prospective study. J Neurotrauma 2014;31:1161–71.

 75 Seichepine DR, Stamm JM, Daneshvar DH, et al. Profile of self-reported problems 
with executive functioning in college and professional football players. J 
Neurotrauma 2013;30:1299–304.

 76 Corsellis JA, Bruton CJ, Freeman-Browne D. The aftermath of boxing. Psychol Med 
1973;3:270–303.

 77 Mawdsley C, Ferguson FR. Neurological disease in boxers. Lancet  
1963;2:795–801.

group.bmj.com on May 20, 2017 - Published by http://bjsm.bmj.com/Downloaded from 

http://dx.doi.org/10.1097/NEN.0b013e3181ee7d85
http://dx.doi.org/10.1227/NEU.0b013e318212bc7b
http://dx.doi.org/10.3389/fnhum.2013.00222
http://dx.doi.org/10.1007/s00401-015-1502-4
http://dx.doi.org/10.1007/s00401-015-1496-y
http://dx.doi.org/10.1007/s00401-015-1515-z
http://dx.doi.org/10.1093/jnen/nlw073
http://dx.doi.org/10.1136/jnnp.53.5.373
http://dx.doi.org/10.1136/jnnp.53.5.373
http://dx.doi.org/10.1192/bjp.115.518.45
http://dx.doi.org/10.1038/nrneurol.2013.33
http://dx.doi.org/10.1038/nrneurol.2013.33
http://dx.doi.org/10.3233/NRE-130839
http://dx.doi.org/10.1186/s13195-014-0068-z
http://dx.doi.org/10.1177/1941738114540270
http://dx.doi.org/10.1249/mss.0b013e31802fa679
http://dx.doi.org/10.1016/j.jpsychires.2010.03.017
http://dx.doi.org/10.1016/j.drugalcdep.2010.12.003
http://dx.doi.org/10.1007/s00401-014-1349-0
http://dx.doi.org/10.1007/s00401-015-1509-x
http://dx.doi.org/10.1093/jnen/nlw002
http://dx.doi.org/10.1093/jnen/nlw002
http://dx.doi.org/10.3810/psm.2011.09.1916
http://dx.doi.org/10.1176/appi.neuropsych.15070172
http://dx.doi.org/10.1176/appi.neuropsych.15070172
http://dx.doi.org/10.1136/bjsports-2013-092935
http://dx.doi.org/10.1002/bsl.2079
http://dx.doi.org/10.1089/neu.2013.3212
http://dx.doi.org/10.1089/neu.2012.2690
http://dx.doi.org/10.1089/neu.2012.2690
http://dx.doi.org/10.1017/S0033291700049588
http://dx.doi.org/10.1016/S0140-6736(63)90498-7
http://bjsm.bmj.com/
http://group.bmj.com


effects of sport-related concussion
A systematic review of potential long-term

Hayden, Charles H Tator, Paul McCrory and Grant L Iverson
Turner, Barry D Jordan, Christopher Randolph, Jirí Dvorák, K. Alix 

MichaelGuskiewicz, Julian Bailes, Robert C Cantu, Rudolph J Castellani, 
Geoff T Manley, Andrew J Gardner, Kathryn J Schneider, Kevin M

 published online April 28, 2017Br J Sports Med 

 http://bjsm.bmj.com/content/early/2017/04/28/bjsports-2017-097791
Updated information and services can be found at: 

These include:

References

 #BIBL
http://bjsm.bmj.com/content/early/2017/04/28/bjsports-2017-097791
This article cites 72 articles, 8 of which you can access for free at: 

Open Access

 http://creativecommons.org/licenses/by-nc/4.0/non-commercial. See: 
provided the original work is properly cited and the use is
non-commercially, and license their derivative works on different terms, 
permits others to distribute, remix, adapt, build upon this work
Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
This is an Open Access article distributed in accordance with the Creative

service
Email alerting

box at the top right corner of the online article. 
Receive free email alerts when new articles cite this article. Sign up in the

Notes

http://group.bmj.com/group/rights-licensing/permissions
To request permissions go to:

http://journals.bmj.com/cgi/reprintform
To order reprints go to:

http://group.bmj.com/subscribe/
To subscribe to BMJ go to:

group.bmj.com on May 20, 2017 - Published by http://bjsm.bmj.com/Downloaded from 

http://bjsm.bmj.com/content/early/2017/04/28/bjsports-2017-097791
http://bjsm.bmj.com/content/early/2017/04/28/bjsports-2017-097791#BIBL
http://bjsm.bmj.com/content/early/2017/04/28/bjsports-2017-097791#BIBL
http://creativecommons.org/licenses/by-nc/4.0/
http://group.bmj.com/group/rights-licensing/permissions
http://journals.bmj.com/cgi/reprintform
http://group.bmj.com/subscribe/
http://bjsm.bmj.com/
http://group.bmj.com

