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Abstract

Objective: The BRAIN Study was established to assess the associations between self-

reported concussions and cognitive function among retired rugby players.

Methods: Former elite-level male rugby union players (50+ years) in England were

recruited. Exposure to rugby-related concussion was collected using the BRAIN-Q

tool. The primary outcome measure was the Preclinical Alzheimer Cognitive Compos-

ite (PACC). Linear regressionswere conducted for the association between concussion

and PACC score, adjusting for confounders.

Results: A total of 146 participants were recruited. The mean (standard deviation)

length of playing career was 15.8 (5.4) years. A total of 79.5% reported rugby-related
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concussion(s). No association was found between concussion and PACC (β –0.03 [95%
confidence interval (CI): –1.31, 0.26]). However, participants aged 80+ years reporting

3+ concussions had worse cognitive function than those without concussion (β –1.04
[95%CI: –1.62, –0.47]).

Conclusions:Overall therewas no association between concussion and cognitive func-

tion; however, a significant interactionwith age revealed an association in older partic-

ipants.
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1 INTRODUCTION

Since chronic traumatic encephalopathy (CTE) was first described as a

nosological entity,1,2 scientific attention has focused on the long-term

sequelae of sports-related mild traumatic brain injury, or concussion.3

Neuropathological changes suggestive of CTE have been reported in

boxers,4 American football players,5 ice hockey players,6 football (soc-

cer) players,7,8 and rugby players.8,9 However, these reports aremostly

based on case series, with limited sample sizes. The findings among

American footballers showed also that length of career was associated

with more severe neuropathology,10–12 suggesting a possible role of

subconcussive head impacts. Reviews of current epidemiological evi-

dence suggest an increased risk of lower cognitive function in pre-

viously concussed athletes, but the findings are inconsistent.13 Con-

versely, the health benefits of physical activity and participation in

sports, including a protective effect against cognitive decline, are well

established.14 What is currently unclear is to what extent the sports

benefits outweigh any potentially harmful effects of concussion, and

whether such hazards are sport-specific.

In rugby union players, little evidence is currently available on the

long-term cognitive consequences of concussion. One study found an

association between concussion and lower cognitive function, but the

effect size was small and there were multiple comparisons.15 Con-

versely, the same association was not found in another study, possi-

bly due to lack of power to detect small effects.16 A third study found

no association, although mild cognitive disorders were found to be

more common in the rugby players compared to other non-contact

athletes.17

The aim of the Brain Health and Healthy Ageing in Retired Rugby

Union Players (BRAIN) Study was therefore to assess the long-term

association between concussions and cognitive function among retired

elite rugby players.

2 METHODS

The design of the BRAIN Study has been described in detail

previously.18 Briefly, this is a cross-sectional study recruiting former

elite male rugby union players aged 50+ years from two sources: for-

mer Oxford/Cambridge University players previously recruited in a

study conducted in the Centre for Sport, Exercise and Osteoarthritis

Research Versus Arthritis at the University of Oxford, who had con-

sented to be re-contacted;19 and all individuals listed on the England

Rugby Internationals Club (ERIC) database—an organization of cur-

rent and former England international players. We estimated that by

recruiting150 formerplayers, considering that the standarddeviations

(SDs) of the psychometric tests are in the range of 8% to 15% of the

absolute value, the study would have more than 95% power to detect

a 10% difference, and 80% power to detect a 7% difference in psycho-

metric test scores between exposed (to concussion) and non-exposed

participants.18

Those invited were given the choice to be assessed in a clinic (Lon-

don, Manchester, or Bristol), or at home. The assessment included

questions on rugby playing career, occupation, lifestyle factors, cog-

nitive ability, and self-reported history of concussion.18 Participants

who could not attend an assessment completed a postal questionnaire;

those cognitively impaired were included in the study and assessed in

person with the assistance of a close family member. All participants

signed an informed consent. The study was approved by the Ethical

Committee of the London School of Hygiene and Tropical Medicine

(EC/11634) and further approved by the other participating institu-

tions’ ethical committees. Ameetingwas heldwith the representatives

of participants to discuss how to increase response rates and how to

communicate results to participants and the general public.

2.1 Exposure assessment

Information on concussionswas collected at the end of the assessment

to avoid observer bias, using the BRAIN-Q tool.20 This tool was devel-

oped to overcome some of the limitations of existing tools, which are

not designed specifically for sports-related concussions, and do not

always provide a clear-cut definition of concussion (which is particu-

larly relevant for people who have been exposed to concussion in a

context of changing definitions, such as the sports arena). In addition,

the BRAIN-Q was designed to maximize recall in different stages of

the playing career. Participants were asked to report the number of

concussions they suffered after being given the following definition of

concussion:3,18
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“An alteration in brain function, caused by an external

force. Symptoms include: a decreased level/loss of con-

sciousness; memory loss (before or after the injury);

weakness/temporary paralysis; loss of balance; change

in vision (e.g., blurriness, double vision); co-ordination

difficulties; numbness; decreased sense of smell; dif-

ficulty understanding what others are saying; diffi-

culty communicating with others; confusion, disorien-

tation, or slowed thinking. Loss of consciousness is not

required for a concussion to be diagnosed.”

They were then invited to complete a “life timeline” with the most

significant milestones of their youth and professional career, and to

review their recalled concussions in each of the periods, confirming

the information given. For each concussion, additional details were col-

lected, for example, hospitalization.20 Twovariableswere thenderived:

the total number of rugby-related concussions, categorized into “no

concussion,” “low concussion (1 or 2),” and “high concussion (3+)”; and

the rugby-related concussion density defined as the total number of

concussions divided by the time interval in years (participants with 2+

concussions only). Given the accumulation of new evidence since the

analysis plan for the BRAIN Study was finalized, length of rugby career

was added to the analysis as an independent exposure, in addition to

number of concussions.

2.2 Assessment of cognitive function

The primary outcome measure was an adapted version of the

Alzheimer’s Disease Cooperative Study–Preclinical Alzheimer Cogni-

tive Composite (ADCS-PACC).21 The PACC includes: (1) The Total

Recall score from the Free and Cued Selective Reminding Test (FCSRT;

0–48 words);22 (2) The Delayed Recall score on the Logical Memory-II

subtest from theWechsler Memory Scale (0–25 story units);21 (3) The

Digit Symbol Substitution Test score from the Wechsler Adult Intel-

ligence Scale–Revised (0–93 symbols);21 (4) The Mini-Mental State

Examination (MMSE; 0–30 points).21 The FCSRT was replaced with

the total score of the 12-item Face–Name Associative Memory Exam

(FNAME-12), 0 to96points,23 which is similar in termsof testing imme-

diate and delayed recall,24 as it showed evidence of convergent validity

with the established paired associative memory task, FCSRT (Pearson

r 0.32, P< 0.05).23 All tests were administered and scored according to

the standard procedures. The test scores of the four components of the

PACCwere standardized to create z-scoresbasedon theoverall BRAIN

Study sample and averaged. At least three tests had to be completed to

create a PACC score, one of them being theMMSE.21

2.3 Covariates and potential confounders

Potential confounding variables and their categorization were pre-

specified in the analysis plan. Age in years was recorded at the time of

the assessment. Highest educational qualification was classified into:

A-level or below; university degree; post-graduate degree. Occupa-

tional history was categorized according to the International Stan-

RESEARCH INCONTEXT

1. Systematic review: Reviewing the literature, three types

of comparisons were identified: internal comparisons

(comparing cognitive function among sportspeople

exposed to different levels of concussion within the

same sport), between-sports comparisons (comparison

among different categories of sportspeople), and external

comparisons (comparison between sportspeople and the

general population). The results on rugby players overall

suggest a possible association between concussion and

long-termmemory impairment.

2. Interpretation: The present findings, based on an internal

comparison involving former elite rugby players, suggest

that neither self-reported concussionnor lengthof career

are associated with lower cognitive function among for-

mer rugby union players, overall. However, among older

adults (aged 75+ years) having suffered three or more

concussions (compared to thosewithno reported concus-

sions) was associated to worse cognitive function. In the

same age group, length of careerwas also associatedwith

worse logical memory.

3. Future directions: These findings have implications for

the clinical management of older ex-rugby players, and

possibly ex-players of other contact sports who may be

at increased risk of impaired cognitive function and var-

ious sequelae. They also further support the need for

avoidance, or minimization, of concussion in rugby and

other contact sports. More research on the association

between contact sports and cognitive function among

older adults is required, including the underlying mech-

anisms, and whether chronic traumatic encephalopathy

plays a role.

dard Classification ofOccupations (ISCO)-8825, using the job heldwith

the longest duration, into “legislators, managers and senior officials,”

“professionals,” and “other” (including both skilled and unskilled man-

ual labor). Tobacco smoking and alcohol drinking were classified as

current/former/never. Diagnoses of hypertension and diabetes were

recorded. Height and fully dressed body weight were recorded dur-

ing the assessment for calculating the body mass index (BMI). Length

of rugby career and predominant position played were recorded and

classified as back (back 3, midfield, scrum half) or forward (back row,

second row, front row). Early-life intelligence was assessed using the

National Adult Reading Test (NART), 0 to 50 points.25

2.4 Statistical analysis

The potential for selection bias was explored in the sample recruited

through the University of Oxford by comparing the basic information
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of those who agreed and those who declined to take part in the

study.

Scores of cognitive tests were coded as zero if the participant did

not undertake them because he was cognitively unable to do so. Miss-

ing values for cognitive tests (except the MMSE), exposure variables,

and covariates were imputed using multiple imputation by chained

equations (MICE), that is, fully conditional specification,26 creating 10

imputed datasets.27 Individual imputationmodels used logistic regres-

sion for binary variables, ordinal logistic regression for ordered cate-

gorical variables, and multinomial regression for unordered categor-

ical variables. For continuous variables with missing values, predic-

tive mean matching was used, with five nearest neighbors, to address

potential issues with non-normality.27

Linear regression models were conducted for the PACC score, with

the cumulative number of concussions (ordinal categorical) as the

main exposure variable; concussion density, and length of career were

also analyzed as independent exposure variables. The analyses were

adjusted for prespecified potential confounders: age (continuous), edu-

cation, occupation, smoking, alcohol, BMI (continuous),medical history,

rugby position, NART, and study assessor. An interaction between con-

cussion history and age in 10-year age bands was sought. The analyses

were repeated modeling age using restricted cubic splines, and results

were displayed graphically.

To compare the cognitive function of the study participants with

a convenience sample of cognitively normal individuals, a predicted

score was estimated for each participant for the main cognitive tests

and compared to those obtained by each BRAIN participant, and dis-

played graphically. These predicted values were generated using the

National Alzheimer’s Coordinating Center Uniform Data Set (UDS)

normative calculator, which is based on data from 3268 clinically cog-

nitively normal older subjects,28 by inputting age, years of education,

and sex of each BRAIN participant (all weremale) into themodel.

The following equations were used:28

PredictedMMSE = 28.41 + (−0.48 ∗ Sex) + (0.14 ∗ Education)

+ (−0.02 ∗ Age)

Predicted LMDR = 9.13 + (−1.39 ∗ Sex) + (0.41 ∗ Education)

+ (−0.026 ∗ Age)

Predicted DigitSubstitution = 71.23 + (−3.15 ∗ Sex)

+ (1.12 ∗ Education) + (−0.56 ∗ Age)

The predicted scores of the FNAME test were taken from a model

derived from a study of 216 cognitively normal Greek individuals.

These predicted scoreswere derived from inputting age of eachBRAIN

participant; however, this model was limited to only those between the

ages of 60 and 85with at least 6 years of education,29 thus not entirely

comparable with the BRAIN sample. The following equation was used

to calculate predicted FNAME scores:29

Predicted FNAME = 70.30 + (−0.23 ∗ Age)

The predicted scoreswere then compared to the scores obtained by

each BRAIN participant, and displayed using box andwhisker plots.

Sensitivity analyses were carried out after excluding participants

withMICE imputed values, excluding cognitively impaired participants

(MMSE<25/30), and excluding adjustment for the study assessor from

themultivariable model.

3 RESULTS

Of the 205 invitations sent by theUniversity ofOxford, 190were valid,

fromwhich 113 participants were recruited (response rate: 59.5%). Of

the 104 invitations sent to the ERIC participants (103 valid), 33 partici-

pants were recruited (response rate: 32.0%). The overall response rate

was 49.8% (Figure S1 in supporting information). An analysis of non-

respondents comparing the 77 participants invited by theUniversity of

Oxford but not recruited in the BRAIN Study with the 113 recruited

from the same source showed no systematic differences between the

two groups except that 62% of those recruited reported a concussion

in the original study versus 51% of those not recruited (P= 0.04; Table

S1 in supporting information). The difference in response ratemight be

because participants recruited through the University of Oxford were

alreadyengaged in rugby-related research, and therewasupdated con-

tact information available.

The main analyses were based on 143 participants, excluding those

assessed remotely. MICE imputations were performed on the missing

data (N=7). Thedemographic andplaying characteristics of the sample

are shown in Table 1. The median age (p25–p75) of the sample was 70

years (61–77). The sample was highly educated. The mean (SD) length

of playing careerwas 15.8 (5.4) years; the position played by the partic-

ipants was grouped into backs (55%) and forwards (45%).

A total of 116 (80%) respondents reported at least one rugby-

related concussion. Among the concussed, the number of rugby-

related concussions varied between1 and25,with amedian (p25–p75)

of 2 (1–4). The number of rugby-related concussions was not associ-

ated with position played (P = 0.75; Figure S2 in supporting informa-

tion), or with length of career (Figure 1). Considering total concussion,

only 27 participants (18%) reported none.

The findings for the individual tests of the PACC are reported in

Table 2. PACCscores by age groups are shown inFigure2.Age (Pearson

r= 0.58, P< 0.001) andNART score (Pearson r= 0.34, P< 0.001) were

found to be positively correlated with PACC. Predicted test scores

were displayed in Table S2 in supporting information, and shown in Fig-

ure S3 in supporting information: former rugby players scored lower

than predicted for logical memory but better than predicted for imme-

diate and delayed recall. Interestingly, this advantage seems to be lost

with age, as in both cases those in the older age group scored lower

than the predicted scores.

An interaction between the effects of concussion history and age

was evident (P = 0.003); therefore, the analyses were also repeated

by age group (Table 3). Overall, there was no association between con-

cussion and cognitive function measured by the PACC (β-coefficient
for high vs. no concussion –0.03 [95% confidence interval (CI): –0.31,



GALLO ET AL. 5

TABLE 1 Characteristics of study participants by rugby-related concussion category

No concussiona
Low concussiona

(1–2)

High concussiona

(3+) All

N= 30 N= 52 N= 64 N= 146

Number of concussions, median (p25, p75) 0 2 (1, 2) 4 (3, 6) 2 (1, 4)

Concussion density, median (p25, p75)b 0 0.40 (0.29, 1) 0.46 (0.33, 1) 0.45 (0.31,1)

Age (years), median (p25, p75) 76 (65, 82) 71 (61.5, 76.5) 67.5 (60, 74) 70 (61, 77)

Education, N (%)c

A-level or below 7 (23.3) 16 (30.7) 15 (23.4) 38 (26)

University degree 14 (46.7) 21 (40.4) 27 (42.2) 62 (42.5)

Post-graduate degree 9 (30) 15 (28.8) 22 (34.4) 46 (31.5)

Occupation, N (%)

Legislators, senior officials, managers 16 (53.3) 19 (36.5) 25 (39) 60 (41.1)

Professionals 8 (26.7) 17(32.7) 23(35.9) 48 (32.9)

Other 6 (20) 16 (30.8) 16 (25) 38 (26)

Smoking, N (%)d

Never smoker 25 (83.3) 39 (75) 42 (65.6) 106 (72.6)

Former smoker 5 (16.7) 13 (25) 20 (31.3) 38 (26)

Current smoker 0 0 2 (100) 2 (1.4)

Alcohol, N (%)d

Never drinker 3 (10) 6 (11.5) 15 (23.4) 24 (16.4)

Former drinker 0 0 1 (1.6) 1 (0.7)

Current drinker 27 (90) 46 (88.5) 48 (75) 121 (82.9)

BMI (kg/m2), mean (SD)e 27.9 (4.5) 27.9 (4.2) 29.5 (4.02) 28.6 (4.2)

Hypertension, N (%)

Yes 9 (30) 17 (32.7) 20 (31.3) 46 (31.5)

No 21(70) 35 (67.3) 44 (68.8) 100 (68.5)

Diabetes, N (%)

Yes 1 (3.3) 3 (5.8) 2 (3.1) 6 (4.1)

No 29 (96.7) 49 (94.2) 62 (96.9) 140 (95.9)

Position played, N (%)f

Backs 15 (51.7) 31 (60.8) 31 (50.8) 77 (54.6)

Back 3g 4 (13.8) 15 (24.2) 30 (37.5) 30 (37.5)

Midfieldh 10 (34.4) 14 (22.6) 39 (48.8) 39 (48.8)

Scrum half 1 (3.4) 3 (4.8) 11(13.8) 11(13.8)

Forward 14 (48.3) 20 (39.2) 30 (49.2) 64 (45.4)

Back rowi 3 (10.3) 13 (21) 24 (37.5) 24 (37.5)

2nd row 5 (17.2) 9 (14.5) 19 (29.7) 19 (29.7)

Front rowj 6 (20.7) 8 (12.9) 21 (32.8) 21 (32.8)

Length of career (years), mean (SD)k 15.2 (6.2) 16.02 (6.0) 15.9 (4.6) 15.8 (5.4)

MMSE score below 25, N (%)l 0 1 (1.9) 4 (6.3) 5 (3.5)

NART score, median (p25, p75)l 41.5 (39.5, 45) 42 (37.5, 45) 42 (38, 45) 42 (38, 45)

(Continues)
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TABLE 1 (Continued)

No concussiona
Low concussiona

(1–2)

High concussiona

(3+) All

N= 30 N= 52 N= 64 N= 146

Study center, N (%)

London 11 (36.7) 24 (46.2) 31 (48.4) 66 (45.2)

Manchester 3 (10) 0 4 (6.3) 7 (4.8)

Bristol 0 2 (3.8) 5 (7.8) 7 (4.8)

Home 14 (46.7) 26 (50) 23 (35.9) 63 (43.2)

Remote 2 (6.7) 0 1 (1.6) 3 (2.1)

aRugby-related;
bestimated as total concussions divided by time in years between first and last on a total of 92 participants with 2 or more concussions occurring at least 1

year apart;
conemissing value;
dsmoking and alcohol categorized into ever/never in themultivariablemodel;
ethreemissing values;
ffive missing values;
gback 3 includewings and full back positions;
hmidfield include center and fly half positions;
iback rows include number 8 and flanker positions;
jfront row include props and hookers;
k18missing values
lthreemissing values (remote participants).

Abbreviations: BMI, body mass index; MMSE, Mini-Mental State Examination; NART, National Adult Reading Test; PACC, Preclinical Alzheimer Cognitive

Composite; SD, standard deviation.

F IGURE 1 Categories of concussions by length of career in the BRAIN Study (N= 143)

0.26]). However, the β-coefficients for the high concussion category

compared to no concussion decreased with increasing age. In the 80+

age group, having had three ormore concussionswas associatedwith a

decreased cognitive function of about one SD below the mean PACC

score (β –1.04 [95% CI: –1.62, –0.47]). β-coefficients were plotted

against age using restricted cubic splines (Figure 3): the association

of high concussion and PACC over age showed a steep decline start-

ing from about age 75 years. Length of career was not associated
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TABLE 2 Median (p25, p75) scores for the individual cognitive function tests, by concussion and age categories

N

PACC score, median

(p25, p75)

MMSE,median

(p25, p75)

FNAME score,

median (p25, p75)

Logical-Memory

Delayed Recall,

median (p25, p75)

Digit-Symbol

Substitution,median

(p25, p75)

All ages

No concussion 27 0.04 (–0.32, 0.34) 29 (28, 30) 66 (45, 74)* 9 (6, 13)* 41 (37, 49)

Low concussion 52 –0.04 (–0.62, 0.43) 29 (28,30) 53.5 (34.5, 78) 9 (5.5, 11.5) 46 (40, 53.5)

High concussion 63 0.31 (0.004, 0.70) 29 (28, 30) 74 (56, 82) 10 (8, 13) 52.5 (40, 62)*

Age 50–59 (N= 28)

No concussion 5 0.47 (0.20, 0.64) 30 (30, 30) 72 (69, 74) 10 (9, 13) 61 (48, 63)

Low concussion 8 0.68 (–0.10, 0.93) 30 (30, 30) 73 (49.5, 87) 11.5 (8, 15) 52.5 (44, 61)

High concussion 15 0.74 (0.46, 0.91) 30 (39, 30) 79 (74, 89) 11 (8, 14) 63 (54, 67)

Age 60–69 (N= 43)

No concussion 5 0.18 (0.07, 0.78) 29 (29, 29) 79 (52, 82) 8 (6, 14) 49 (49, 65)

Low concussion 13 0.33 (–0.05, 0.55) 30 (28, 30) 68 (49,79) 9 (6, 11) 51 (45, 55)

High concussion 25 0.40 (–0.13, 0.65) 30 (29, 30) 75 (64, 82) 11 (9, 13) 55.5 (47, 62)

Age 70–79 (N= 47)

No concussion 8 –0.04 (–0.32, 0.20) 29 (28, 29) 67 (45, 75) 12 (9, 13) 42 (38, 46)

Low concussion 22 –0.08 (–0.60, 0.21) 29 (28, 30) 51.5 (41, 69) 8.5 (5, 11) 45.5 (42, 49)

High concussion 17 0.01 (–0.31, 0.27) 29 (28, 30) 58 (41, 79) 10 (8, 11) 42 (37, 53)

Age 80–89 (N= 25)

No concussion 10 –0.44 (–0.88, –0.10) 28.5 (28, 29) 50 (34, 65) 8.5 (4, 10) 35 (29, 40)

Low concussion 9 –0.75 (–1.15, –0.27) 29 (28, 30) 33 (13, 34) 8 (3, 10) 28 (28, 38)

High concussion 6 –2.33 (–2.94, –0.51) 23 (20, 28) 5.5 (0, 27) 1 (0, 7) 32 (14, 36)

*Onemissing value.

Abbreviations: FNAME, Face–NameAssociativeMemory Exam;MMSE,Mini-Mental State Examination; PACC, Preclinical Alzheimer Cognitive Composite.

F IGURE 2 Preclinical Alzheimer Cognitive Composite (PACC) score distribution by age group in the BRAIN Study (N= 143)
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TABLE 3 Linear regression coefficient for the associations between rugby-related concussions and length of playing career and PACC scores,
adjusted for potential confounders

N

Age-adjusted coefficient

(95%CI)a
Fully adjusted coefficient

(95%CI)a˒b

No concussion 27 Reference Reference

Low concussion (1-2) 52 –0.18 (–0.48, 0.12) –0.09 (–0.37, 0.19)

High concussion (3+) 63 –0.08 (–0.38, 0.22) –0.03 (–0.31, 0.26)

Total concussions –0.01 (–0.04, 0.03) –0.0002 (–0.03, 0.03)

Concussion densityc 0.01 (–0.17, 0.19) –0.03 (–0.22, 0.16)

Length of career, yearsd –0.01 (–0.03, 0.01) 0.001 (–0.02, 0.02)

Age 50–59 (N= 28)

No concussion 5 Reference Reference

Low concussion (1-2) 8 0.03 (–0.64, 0.70) 0.19 (–0.44, 0.81)

High concussion (3+) 15 0.20 (–0.41, 0.81) 0.47 (–0.11, 1.04)

Total concussions –0.01 (–0.10, 0.09) 0.04 (–0.06, 0.13)

Concussion density 0.06 (–0.59, 0.72) –0.08 (–0.75, 0.60)

Length of career, years –0.01 (–0.08, 0.07) 0.04 (–0.03, 0.11)

Age 60–69 (N= 43)

No concussion 5 Reference Reference

Low concussion (1-2) 13 –0.12 (–0.74, 0.50) –0.37 (–0.94, 0.21)

High concussion (3+) 25 0.22 (–0.36, 0.79) –0.004 (–0.54, 0.53)

Total concussions 0.01 (–0.04, 0.05) 0.003 (–0.035, 0.04)

Concussion density 0.03 (–0.19, 0.25) –0.01 (–0.22, 0.21)

Length of career, years –0.02 (–0.05, 0.01) 0.0 (–0.03, 0.03)

Age 70–79 (N= 47)

No concussion 8 Reference Reference

Low concussion (1-2) 22 –0.26 (–0.76, 0.23) 0.01 (–0.46, 0.47)

High concussion (3+) 17 –0.07 (–0.58, 0.44) –0.11 (–0.58, 0.36)

Total concussions 0.002 (–0.05, 0.06) 0.002 (–0.05, 0.05)

Concussion density –0.20 (–0.58, 0.18) –0.30 (–0.71, 0.10)

Length of career, years 0.01 (–0.04, 0.03) –0.001 (–0.03, 0.03)

Age 80–89 (N= 25)

No concussion 10 Reference Reference

Low concussion (1-2) 9 –0.23 (–0.77, 0.31) –0.15 -(-0.66, 0.35)

High concussion (3+) 6 –1.42 (–2.02, –0.81) –1.04 (–1.62, –0.47)

Total Concussions –0.32 (–0.47, –0.18) –0.24 (–0.38, –0.09)

Concussion Density –0.02 (–0.48, 0.44) 0.002 (–0.45, 0.46)

Length of career, years –0.04 (–0.10, 0.01) –0.04 (–0.09, 0.01)

Test for interaction with age groups

Concussion groups (shown above) P= 0.003

Total concussions P= 0.011

Concussion density P= 0.590

Length of career, years P= 0.220

aincluding imputed values, excluding remote participants, N= 143;
badjusted for: age, highest educational qualification, smoking status, alcohol use, rugby position, NART test, BMI, occupation, medical history (high blood

pressure, diabetes), and assessor;
cN= 92,
dN= 126.

Abbreviations: BMI, bodymass index; CI, confidence interval; NART, National Adult Reading Test; PACC, Preclinical Alzheimer Cognitive Composite.
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F IGURE 3 Restricted cubic spline analysis on the difference of mean Preclinical Alzheimer Cognitive Composite (PACC) score between
moderate concussions and high concussions across age, with 95% confidence intervals

with measures of cognitive function, although an interaction with age

was detected, and a borderline significant negative association was

observed for participants aged 80+ years.

The analyses were repeated using the individual test results (Table

S3 in supporting information). Among participants aged 80+ years,

having had threeormore concussionswas associatedwith aworse per-

formance on theMMSE and the FNAME test compared to participants

of the same age who were not exposed to concussion. This associa-

tionwas strongest for theMMSE (β –2.18 [95%CI: –3.03, –1.34]). Con-

versely, in the same age group, length of rugby career was associated

with worse delay recall at the logical memory (β –0.08 [95% CI: –0.16,

–0.003]).

The findings for total concussion did not change substantially (Table

S4 in supporting information); conversely, concussion density was

found to be not associated with PACC in any of the analyses. Neither

age at first concussion, nor at first rugby-related concussion, was asso-

ciated with PACC scores (results not shown).

The sensitivity analysis conducted after removing imputed values

(Table S5 in supporting information) and after removing study asses-

sor from the model (results not shown) yielded virtually unchanged

results. Conversely, removing the five cognitively impaired cases

(MMSE<25/30) yielded overall attenuated coefficients, and therewas

then no interactionwith age (P= 0.43), resulting in a lack of association

between concussion and PACC scores even among older participants

(β 0.01 [95%CI: –0.69, 0.71]; Table S6 in supporting information).

4 DISCUSSION

The findings of the BRAIN Study, conducted among former elite rugby

players, suggest that having suffered rugby-related concussions during

their playing career, or the length of the rugby career, are not asso-

ciated with an overall worse long-term cognitive function. However,

the relationship changed with age: among older former players (80+

years), having suffered more than three concussions is associated with

a decrease in cognitive function of about 1 SD below the mean PACC

score compared to former players of the same age who have suffered

no concussion. The spline analysis suggested that this increased risk

starts from about age 75 years. These findings are consistent with the

comparisonwith non-impaired subjects: the study participants showed

better mean scores than predicted in the younger age groups, and

worse at older age. However, this effect in the older ages appeared

to be driven by a small number of older participants in the high con-

cussion group who were considered cognitively impaired according to

their MMSE scores. In the same age group, a longer rugby career was

associated with a worse delayed recall; however, its overall effect on

PACC score was relatively weak. Further studies are therefore needed

to confirm these findings among older individuals.

The main limitation of this study is the cross-sectional design, and

potential susceptibility to recall bias. This was minimized by using the

BRAIN-Q tool to assess history of concussion.20 Unfortunately, fur-

ther external validation using clinical records or video recording was
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not possible. Recall bias, however, should not affect the analysis of

length of rugby career. Selection bias may have arisen from a subop-

timal response rate, and also because participants with more concus-

sions appear to have beenmore likely to participate. However, this will

not necessarily bias the main study analyses as they involve internal

comparisons. Conversely, assuming that our samplemay be also biased

toward participants with better cognitive function, this may lead to an

overestimation of any association between concussion and cognitive

function, but any such bias is likely to be small, and unlikely to account

entirely for the association found.

The cross-sectional cognitive assessment has known limitations due

to increased potential for residual and unmeasured confounding by

social engagement and pre-morbid intelligence.30,31 We accounted

for pre-morbid intelligence in the analyses. Nevertheless, a follow-up

study with estimate of cognitive decline over time would be particu-

larly informative in exploring these findings further. This may be par-

ticularly relevant for this highly educated population showing higher

than predicted cognitive function at younger ages, reversing at older

ages. Moreover, it is not possible to exclude that the PACC—despite its

demonstrated ability to capture early changes in cognitive function32—

was not sensitive enough to detect subtle cognitive changes in highly

educated subjects engaged in mostly executive jobs. In addition, the

PACC does not measure executive function, which was found to be

compromised among concussed rugby and other sports players com-

pared to non-concussed ones in one study,15 but not in another.16 It is

also not possible to exclude from the present data that the association

betweenconcussionandcognitive function ismodifiedby somegenetic

trait, for example, apolipoproteinE (APOE) genotype. Finally, nodata on

depression were collected.

A recent systematic review of the association between concussion

and cognitive function in professional/elite sportspersons concluded

that the current evidence suggests the presence of a negative associ-

ation among rugby players, although it is not clear whether this is clini-

cally relevant.13 The evidence is derived from three studies: in one con-

ducted in Scotland,16 among 52 retired rugby players, with mean (SD;

min, max) age of 53.5 (13.0; 26, 79), years, no association between con-

cussion and cognitive function was found. However, the prevalence of

cognitive decline was 17% among former players and 3% among pop-

ulation controls (P = 0.087).16 A study in France on former players

with a mean (p25, p75) age of 52 (49–56) years,17 found no associa-

tion between concussion and cognitive function; however, the preva-

lence of mild cognitive disorder was 57% among former rugby players

and 40% among other athletes (P = 0.005). A New Zealand study15 of

former rugby players with mean (SD) age of 41.3 (7.5) found that indi-

viduals recalling one or more concussions had worse scores on cogni-

tive flexibility, executive function, and complex attention than players

without concussion.Moreover, the elite-rugby group performedworse

on several cognitive tests than the non-contact sports group.15 No pre-

vious study has reported the findings by age group, and no study has

previously reported an association among the eldest age group (75+

years).

No previous study conducted on rugby players has assessed the

association between length of career and cognitive function.13,15–17

Length of career may be a proxy measure for cumulative repeti-

tive subconcussive head injury caused by the participation in contact

sports, as suggested by the finding of higher level of serum biomarkers

associated with oxidative stress and vascular damage among contact

sportsmen.33 Consistently, evidence from other sports strongly sug-

gests an association of length of career with neuropathological find-

ings compatiblewithCTE (including p-taupathology, inflammation, and

white matter rarefaction33), in American footballers,10–12 or with the

onset of clinical dementia, in soccer players.34 Intriguingly, this last

study also observed an increased risk of mortality from neurodegener-

ative diseases after the age of 80 years compared to population-based

controls (after an initial decreased risk of mortality at younger ages).34

Although these two studies are not directly comparable if the findings

are both correct, then any effects of sports-related concussion and/or

subconcussive repeated head injury onmortality fromneurodegenera-

tive disease is unlikely to be mediated through mechanisms that result

in impaired cognitive function at earlier ages.

These findings are also consistent with a life-course approach

to dementia:35 our sample included highly educated and profes-

sionally engaged people; thus, it is plausible that their cognitive

reserve30 would compensate for cognitive function impairment until a

higher-than-normal threshold is reached. Moreover, the higher-than-

average social status and the overall healthy habits may confer an

additional protective/delaying effect on the onset of the cognitive

impairment,35,36 which may manifest itself at a later-than-expected

age. This may explain why these data are not directly consistent with

findings from other sports, or from less selected populations.13

Some caution is needed before generalizing these results to

other populations and time periods. A large part of the present

sample included participants with a degree from Universities of

Oxford/Cambridge, whereas rugby players may have different demo-

graphic profiles in other countries. Moreover, the game has changed

considerably in the last 30 years37 becoming faster with more contact

events with a greater propensity to cause concussion, ball-in-play time

has increased, and therehavebeen increases in theweight of all players

and the height of backs.38,39 Over time, the identification andmanage-

ment of concussion will have also significantly improved.

5 CONCLUSIONS

This study found no overall evidence of an association between rugby-

related concussion and cognitive function, but there was an increased

risk in older adults aged75+ yearswho reported threeormore concus-

sions (compared to none).
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