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eMethods 

 
Donor Recruitment 

All study brain donors belonged to the Understanding Neurological Injury and Traumatic Encephalopathy 
(UNITE) or Framingham Heart Study (FHS) Brain Banks. Criteria for inclusion into both studies have been 
previously described1–4. For the UNITE Brain Bank, recruitment began in 2008 and donors must have had 
a history of RHI exposure, from contact sport participation, military service, and/or physical violence. The 
FHS was established in 1948, enrolling a representative group from Framingham, Massachusetts and 
subsequently their children (Gen 2) and grandchildren (Gen 3), as well as ethnically diverse cohorts 
(Omni 1&2) to better capture changing demographics of Framingham. The FHS Brain Bank is a voluntary 
subgroup, with enrollment starting in 19974. For both brain banks, prospective donors were excluded if 
there was a postmortem interval for donation greater than 72 hours, or if fragments and/or less than a 
hemisphere of tissue were received. In the current study, our target population was male athletes whose 
primary sport was ice hockey with the highest level of play spanning youth to professional play. We 
included donors through January 2023 from both brain banks whose primary contact sport exposure (see 
definition in next section) came from organized ice hockey play. We included donors from both studies to 
increase the sample size and improve representation across the spectrum of duration of ice hockey play 
(eFigure S1). 33 donors who played ice hockey were excluded because their primary contact sport was 
not ice-hockey. The next of kin or legally authorized representative of each brain donor provided written 
informed consent for donation around the time of death. The institutional review board at Boston 
University’s Medical Campus (BUMC) and the VA Bedford Healthcare System approved all relevant 
research activities. This report followed the Strengthening the Reporting of Observational Studies in 
Epidemiology (STROBE) guideline for cross-sectional studies. 

 
Contact Sport and TBI History 

Retrospective data collection from informants was similar for both brain banks. Informants were aware of 
and reported on (see Clinical Evaluation) clinical symptoms. For each contact sport exposure (hockey or 
otherwise), informants provided the ages the donor began and stopped playing, the levels the donor 
played (youth, high school, college, juniors/semi-professional, professional), the position(s) and total 
years the donor played at each level. Because donors stopped playing and died at different ages, the 
length of time between play and informant report differed by donor. For donors who played multiple 
sports, we used highest level of play to define primary sport exposure. If a donor played two or more 
sports at the same highest level, we used the sport they played longest to define primary sport exposure. 
Although only donors whose primary sport was hockey were included, playing additional contact sports 
beyond hockey was incorporated into the statistical analyses (below). 

We defined duration of ice hockey play as the total number of years of organized ice hockey play, and 
age of first exposure as the age the donor started playing ice hockey5–8. We excluded years of play in 
informal “men’s leagues,” which are difficult to quantify in terms of RHI exposure and usually do not allow 
checking. However, we included youth play, as checking may occur (albeit not in all leagues and we did 
not confirm donor-specific checking during youth play). Positions were organized into three categories: 
forwards (wingers and centers), defensemen, and goaltenders. For any donors who played multiple 
positions at their highest level of play, the position played most was noted as the primary position of play. 
For donors who played hockey at the professional level, position and years played were verified using a 
public database9. For former National Hockey League players, penalty minutes and fight history were 
collected using public databases9,10. In instances where data were publicly available online, online data 
took precedence over data collected from informants. Informants were asked whether each donor was 
referred to as an “enforcer” during their playing career. Informants were also asked if donors had any 
military service or combat exposure. Each donors’ traumatic brain injury (TBI) history was queried from 
informants, including assessing the total number of concussions experienced after being read a formal 
definition of concussion11–13. 

Clinical Evaluation 

For the UNITE brain bank, previously detailed methods for retrospective clinical data collection and 
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comprehensive review of all relevant medical records were followed for all participants3,14. A structured 
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clinical history was obtained from informants, including a timeline of cognitive, behavioral, mood and 
motor symptomatology. Instrumental activities of daily living were assessed using the Functional 
Assessment Questionnaire (FAQ)15, completed by informants. Clinicians with expertise in 
neurodegenerative disease reviewed all cases to reach consensus on a dementia diagnosis based on 
modified Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision (DSM-IV) 
criteria. Clinicians and clinical research assistants were blinded to the neuropathological examination and 
findings. 

For the FHS brain bank, clinical data were obtained prospectively as part of the FHS clinical assessment. 
Participants suspected of having cognitive impairment were brought to a consensus meeting, during 
which it was determined whether the participant met criteria for dementia based on DSM-IV criteria as 
previously described16. 

Pathological Evaluation 

Neuropathological evaluation for both brain banks followed similar, previously established protocols and 
was carried out by the same neuropathologists (A.C.M., T.D.S., B.H., V.A.). Neuropathological evaluation 
was performed blinded to and concurrent with clinical protocols. Tissue staining included Luxol fast blue, 
hematoxylin and eosin (H&E), Bielschowsky silver, ptau, α-synuclein, amyloid-β, and phosphorylated 
transactive response DNA binding protein 43 kDa (pTDP-43). Established criteria were used for 
diagnosing Alzheimer’s disease (AD), Lewy body disease (LBD), Frontotemporal lobar degeneration 
(FTLD-TDP43, FTLD-tau, including progressive supranuclear palsy, corticobasal degeneration, Pick’s, 
argyrophilic grain disease and tau pathology not otherwise specified) and motor neuron disease (MND). 
White matter rarefaction, arteriolosclerosis and atherosclerosis were assessed semi-quantitatively (0-3 
scale), and micro and macro-infarcts were dichotomized as either present or absent3,17–22. 

Neuropathological diagnosis of CTE was based on the NINDS-NIBIB criteria,23 wherein the unique 
pathognomonic lesion is defined as an irregular pattern of ptau aggregates in neurons and neuronal 
processes, with or without astrocytes, around small blood vessels and at the depths of the cortical sulci. 
The severity of CTE pathology was classified into four distinct stages using the McKee staging scheme 
that has been found to correspond to regional quantitative measures of ptau pathology14,23,24. In addition, 
neuropathologists assigned measures of semi-quantitative ptau burden across 11 regions implicated in 
CTE (dorsolateral middle frontal cortex, inferior orbital frontal cortex, superior temporal cortex, inferior 
parietal cortex, CA1 of hippocampus, CA2 of hippocampus, CA4 of hippocampus, entorhinal cortex, 
amygdala, substantia nigra, and locus coeruleus) on a 0-3 scale of severity. 

Imputation of missing semi-quantitative ptau burden and concussion count 

Missing semi-quantitative ptau values across the 11 brain regions and concussion count were imputed 
using multiple imputation by chained equations (MICE), creating 10 imputed datasets. Imputation models 
used ordinal logistic regression for ordered categorical variables and predictive mean matching for 
continuous variables. Imputation was informed by age at death, duration of ice hockey play, other contact 
sport play, position of hockey play (offense vs. other), age of first exposure to hockey play, non-missing 
concussion count and non-missing semi-quantitative ptau measures. Cumulative ptau burden was 
calculated by summing the semi-quantitative ptau measures (including both imputed and directly 
measured) across the 11 brain regions. Analyses below combined regression coefficients for each of the 
10 datasets using Rubin’s rule. eTable S1 details missingness of semi-quantitative ptau burden data 
across the 11 regions and concussion count. 

Statistical Analyses 

We tested the association of duration of ice hockey play with two main neuropathological outcomes 
pertaining to CTE: CTE diagnosis and cumulative ptau burden. We utilized binary logistic regression to 
estimate the association of CTE diagnosis and duration of play, and linear regression to estimate the 
association of cumulative ptau burden and duration of play. All primary models testing associations 
between CTE diagnosis and cumulative ptau burden included as covariates age at death, concussion 
count, dichotomized participation in other contact sport play, position of hockey play (offense vs. other), 
and age of first exposure to hockey play as they have been hypothesized to be associated with CTE 
previously1,2,8,14. 



© 2024 Abdolmohammadi B et al. JAMA Network Open. 

We evaluated the linearity assumption in several ways. For CTE diagnosis, (1) the Hosmer–Lemeshow 
χ2 test was used to assess goodness of fit and (2) we inspected for linearity a bar chart showing 2 + log- 
odds of CTE diagnosis in 3-year intervals of duration of play. For ptau burden, we inspected for linearity a 
locally estimated scatterplot smoothing (LOESS) regression curve with duration of hockey played on the 
x-axis and ptau burden on the y-axis. In preliminary analyses, we included all donors who played ice 
hockey, regardless of primary sport. However, in these models, linearity assumptions failed, likely from 
low-level players having extensive exposure to other contact sports, and we ultimately excluded donors 
whose primary sport was not hockey. 

In 5 separate sensitivity analyses, we repeated the above analyses: (1) Adding enforcer status as a 
covariate to investigate if it is associated with CTE pathology independent of duration of play, (2) limiting 
to donors from the UNITE Brain Bank only, (3) limiting to donors with fewer than 5 years of American 
football play, a level of duration suggested to be predictive of CTE diagnosis25, (4) adding an additional 
covariate for presence of a diagnosed tauopathy (AD, FTLD-tau) other than/in addition to CTE to help 
establish if other tauopathies may be contributing to the observed association, and (5) removing age at 
death as a covariate, as it is downstream from duration of play, and is not a confounder, but may be a 
potential mediator in the duration of play-CTE relationship. 

We plotted a receiver operating characteristic (ROC) curve to observe how well our model classified CTE 
diagnosis. We identified the thresholds of duration of hockey played that corresponded to negative and 
positive likelihood ratios [LRs] closest to 0.1 and 10, respectively, values that may produce sizable and 
often conclusive shifts from pre- to post-test probability. We also identified a threshold that maximizes the 
sensitivity and specificity of duration of hockey played together using 3 approaches: the Youden index, 
the distance to the top left corner, and the concordance probability. 

To quantify the conditions under which selection bias could invalidate our findings, we conducted 
simulation analyses using methods previously described2. We focused on the relationships of duration of 
hockey played and CTE with selection. We assumed the probability of selection, Pi(S), is a function of 
duration played, D, CTE diagnosis, C, and their cross product, DC, in a logistic regression model, and 
that K is the log odds of selection when D, C, and DC are not associated with selection: log Pi(S)/1-Pi(S) = 
βDD + βCC + βDCDC + K. We set K=−1.17, the log odds of selection into a brain bank from a community- 
based study26. For each individual, i, we calculated Pi(S) for a range of values of βD, βC, and βDC (0 to 2 in 
intervals of 0.1) and used 1/Pi(S) as a weight in inverse probability weighting (IPW) analyses evaluating 
the association of duration played with CTE diagnosis. We limited βD, βC, and βDC to non-negative values 
based on the assumption that greater duration played and the presence of CTE pathology may increase, 
but would not decrease probability of brain donation. For each set of values of βD, βC, and βDC, we 
estimated the effect of duration played on CTE diagnosis. We repeated this approach for cumulative ptau 
burden. 

We conducted additional analyses to provide objective evidence that players who were subjectively called 
enforcers were more aggressive and physical than their non-enforcer counterparts. Among NHL players 
(the only players with data on penalty minutes and fights), we tested the association between penalty 
minutes per game and fights per game and enforcer status, using a 2-sample t-test. 

We tested the association of cumulative ptau burden with dementia diagnosis and FAQ scores to verify 
that the neuropathological changes of CTE were clinically meaningful in ice hockey players. We used 
binary logistic and linear regression for models with dementia and FAQ scores as outcomes respectively. 
Models were adjusted for age at death, duration of ice hockey play, enforcer status and dichotomized 
participation in other contact sport play. 

All analyses were performed using SPSS Statistics version 28 and RStudio version 2023.06 .0+421. All 
data were collected and stored using REDCap version 13.8.1. 
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eTable S1. Missingness of semi-quantitative tau burden data across brain regions 
and concussion count 

 

Region Frequency (%) missing among brain 
donors before imputation (n=77) 

Dorsolateral Frontal (semi-quantitative) 4 (5%) 

Inferior Orbital Frontal (semi-quantitative) 12 (16%) 

Superior Temporal (semi-quantitative) 2 (3%) 

Inferior Parietal (semi-quantitative) 2 (3%) 

CA1 hippocampal subfield (semi-quantitative) 3 (4%) 

CA2 hippocampal subfield (semi-quantitative) 8 (10%) 

CA4 hippocampal subfield (semi-quantitative) 12 (16%) 

Entorhinal Cortex (semi-quantitative) 2 (3%) 

Amygdala (semi-quantitative) 4 (5%) 

Substantia Nigra (semi-quantitative) 2 (3%) 

Locus Coeruleus (semi-quantitative) 15 (20%) 

Concussion count (continuous) 10 (13%) 
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eTable S2. Sample demographic, RHI exposure, clinical and neuropathological 
characteristics, stratified by CTE diagnosis 

 

Characteristic 
No CTE 
No. (%) 
(n=35) 

CTE 
No. (%) 
(n=42) 

All participants 
No. (%) 
(n=77) 

Demographics 
Sex    
Male 35 (100) 42 (100) 77 (100) 

Race    
White 35 (100) 42 (100) 77 (100) 

Median age at death (IQR) 48 (29-68) 52.5 (38-74) 51 (33-73) 
Range 13-91 20-89 13-91 

Cause of death    
Neurodegenerative 8 (23) 11 (26) 19 (25) 
Cardiovascular disease 3 (9) 5 (12) 8 (10) 
Suicide 10 (29) 12 (29) 22 (29) 
Cancer 3 (9) 3 (7) 6 (8) 
Motor neuron disease 0 2 (5) 2 (3) 
Accidental overdose 3 (9) 4 (10) 7 (9) 
Othera 6 (17) 4 (10) 10 (13) 
Unknown 2 (6) 1 (2) 3 (4) 

Clinical Outcomes 
Dementia 11 (31) 17 (41) 28 (36) 
Mean FAQ score (SD) 6 (9.8) 11.5 (12) 9.3 (11.4) 
Repetitive Head Impact Exposure 
Median concussion count (IQR) (n=69) 10 (0-34) 28 (14-100) 20 (10-50) 
Median AFE to ice hockey (IQR) 7 (5-12) 6 (5-10) 7 (5-10) 
Mean duration of play in years (SD) 11.3 (4.9) 23.3 (8.5) 17.7 (9.2) 
Highest level of play    
Youth 2 (6) 1 (2) 3 (4) 
High school 17 (49) 1 (2) 18 (23) 
College 8 (23) 7 (17) 15 (20) 
Juniors/Semi-Professional 7 (20) 6 (14) 13 (17) 
Professional 1 (3) 27 (64) 28 (36) 

Primary position at highest level of play    
Forward 18 (51) 27 (64) 45 (58) 
Defenseman 9 (26) 14 (33) 23 (30) 
Goaltender 1 (3) 0 1 (1) 
Unknown 7 (20) 1 (2) 8 (10) 

Enforcers 4 (11) 18 (43) 22 (29) 
Military veterans 12 (34) 5 (12) 17 (22) 
Other contact sport play 12 (34) 16 (38) 28 (36) 
Neuropathology 
Mean brain weight, grams (SD) 1387.3 (146.6) 1394.9 (183.51) 1391.3 (167.1) 
CTE    
Stage I - 11 (26) 11 (14) 
Stage II - 11 (26) 11 (14) 
Stage III - 13 (31) 13 (17) 
Stage IV - 7 (17) 7 (9) 

Neurodegenerative diagnoses    
Alzheimer’s diseaseb 4 (11) 8 (19) 12 (16) 
Lewy body disease 4 (12) 10 (24) 14 (18) 
Motor neuron disease 0 2 (5) 2 (3) 
Frontotemporal lobar degeneration (FTLD-tau) 1 (3) 1 (2) 2 (3) 
FTLD-TDP43 0 1 (2) 1 (1) 
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No additional neurodegenerative pathologyc 26 (74) 28 (67) 54 (70) 



© 2024 Abdolmohammadi B et al. JAMA Network Open. 

Neuritic plaques, CERAD score (n=75) 
None (C0) 27 (77) 27 (68) 54 (72) 
Sparse (C1) 5 (14) 8 (20) 13 (18) 
Moderate (C2) 3 (9) 4 (10) 7 (9) 
Frequent (C3) 0 1 (3) 1 (1) 

Diffuse plaques, CERAD score (n=75) 
None 25 (71) 23 (58) 48 (64) 
Sparse 2 (6) 6 (15) 8 (11) 
Moderate 2 (6) 6 (15) 8 (11) 
Frequent 6 (17) 5 (13) 11 (15) 

Thal Phase (n=66) 
Phase 0 (A0) 

 
22 (84) 

 
23 (58) 

 
45 (68) 

Phase 1/2 (A1) 2 (8) 3 (8) 5 (8) 
Phase 3 (A2) 0 6 (15) 6 (9) 
Phase 4/5 (A3) 2 (8) 8 (20) 10 (15) 

Braak Stage (n=75) 
Stage 0 (B0) 

 
22 (63) 

 
14 (35) 

 
36 (48) 

Stage I/II (B1) 7 (20) 5 (13) 12 (16) 
Stage III/IV (B2) 2 (6) 11 (28) 13 (17) 
Stage V/VI (B3) 4 (12) 9 (23) 13 (17) 

White matter rarefaction, moderate-severe (n=74) 9 (26) 13 (33) 22 (30) 
Atherosclerosis, moderate-severe (n=75) 7 (20) 6 (15) 13 (17) 
Arteriolosclerosis, moderate-severe (n=75) 9 (26) 11 (28) 20 (27) 
TDP-43 inclusions (n=67) 0 12 (29) 12 (16) 
Hippocampal sclerosis (n=67) 0 4 (10) 4 (5) 
Mean semi-quantitative ratings of ptau    
severity, 0-3 scale    

Dorsolateral frontal cortex 0.39 (0.83) 1.87 (1.01) 1.19 (1.18) 
Inferior orbital frontal cortex 0.21 (0.72) 1.52 (1.01) 1.03 (1.11) 
Superior temporal cortex 0.53 (1.08) 1.48 (1.11) 1.04 (1.19) 
Inferior parietal cortex 0.41 (0.89) 1.25 (1.24) 0.86 (1.16) 
CA1 0.7 (1.19) 1.43 (1.22) 1.1 (1.25) 
CA2 0.34 (0.77) 1.1 (1.12) 0.78 (1.05) 
CA4 0.13 (0.45) 1.2 (1.14) 0.8 (1.07) 
Entorhinal 0.79 (1.1) 1.62 (1.15) 1.24 (1.19) 
Amygdala 0.71 (1.09) 1.55 (1.18) 1.15 (1.21) 
Substantia nigra 0.6 (1.52) 0.95 (1.01) 0.79 (1.28) 
Locus coeruleus 0.63 (0.82) 1.89 (0.97) 1.39 (1.1) 

 
aOther causes of death included infection (n=2), motor vehicle accidents (n=2), alcoholic cirrhosis, Covid-19, stroke, acute 
necrotizing pancreatitis, and other unspecified causes (n=2). 

bNIA-Reagan Intermediate or high 

cDonors without CTE had no neurodegenerative pathology, while donors with CTE had no neurodegenerative pathology in addition 
to CTE 

Abbreviations: AFE, age of first exposure; CERAD, Consortium to Establish a Registry for Alzheimer's Disease; CTE, chronic 
traumatic encephalopathy; FAQ, functional activities questionnaire; IQR, interquartile range; SD, standard deviation. 

Sample sizes for neuropathological outcomes ranged from 66 to 77, as certain measures were not assessed for all donors. 
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eTable S3. Sensitivity analyses assessing the relationship between duration 
played and CTE neuropathology 

 
A) Relationship between duration played and CTE neuropathology in participants from the UNITE Brain Bank 

Outcome Association magnitude (95% confidence 
interval) 

1) CTE diagnosis (n=42 with CTE, 26 without CTE) Odds ratio of having CTE 
Duration, per year 1.31 (1.11; 1.54); p=0.001 

 
2) Cumulative ptau burden Standardized unit increase in PTAU burden 

Duration, per year 0.035 (0.011; 0.058); p=0.005 
B) Relationship between duration played and CTE neuropathology in participants with <5 years of American 

football play 
Outcome Association magnitude (95% confidence 

interval) 
1) CTE diagnosis (n=35 with CTE, 32 without CTE) Odds ratio of having CTE 

Duration, per year 1.43 (1.18; 1.74); p<0.001 
2) Cumulative ptau burden Standardized unit increase in PTAU burden 

Duration, per year 0.035 (0.015; 0.056); p<0.001 
C) Relationship between duration played and CTE neuropathology, adjusting for presence of non-CTE 

tauopathies, including AD and FTLD-tau 
Outcome Association magnitude (95% confidence 

interval) 
1) CTE diagnosis 

Duration, per year 

2) Cumulative ptau burden 
Duration, per year 

Odds ratio of having CTE 
1.35 (1.16-1.56); p<0.001 

Standardized unit increase in cumulative ptau burden 
0.035 (0.016-0.053); p<0.001 

D) Relationship between duration played and CTE neuropathology, excluding age at death 
Outcome Association magnitude (95% confidence 

interval) 
3) CTE diagnosis 

Duration, per year 

4) Cumulative ptau burden 
Duration, per year 

Odds ratio of having CTE 
1.35 (1.17-1.57); p<0.001 

Standardized unit increase in cumulative ptau burden 
0.054 (0.03-0.077); p<0.001 

All models were adjusted for age at death, concussion count, dichotomized participation in other contact sport play, position of 
hockey play (offense vs. other), and age of first exposure to hockey play (except for panel D, in which the model did not adjust for 
age at death) 
Abbreviation: AD: Alzheimer’s disease, FTLD-tau: frontotemporal lobar degeneration-tau. 
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Donors with no history 
of ice hockey play 

N=238 

Ice hockey players 
N=117 

Donors with no history 
of ice hockey play 

N=1236 

FHS Brain Bank 
N=247 

UNITE Brain Bank 
N=1344 

Ice hockey players without CTE 
N=35 (26 UNITE, 9 FHS) 

Donors excluded due to primary 
sport not being hockey 

N=33 

Donors excluded due to 
insufficient tissue 

N=7 

Ice hockey players with CTE 
N=42 (all UNITE) 

eFigure S1. Selection Flowchart 
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eFigure S2. Receiver operating characteristic curve utilizing duration of ice 
hockey play to classify CTE diagnosis 
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