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ABSTRACT

Objective To investigate associations between concussion
and the risk of follow-up diagnoses of attention-deficit
hyperactivity disorder (ADHD), mood and anxiety disorders
(MADs), dementia and Parkinson’s disease.

Design A retrospective population-based cohort study.
Setting Administrative health data for the Province of
Manitoba between 1990-1991 and 2014-2015.
Participants A total of 47 483 individuals were diagnosed
with a concussion using International Classification of
Diseases (ICD) codes (ICD-9-CM: 850; ICD-10-CA: S06.0).
All concussed subjects were matched with healthy
controls at a 3:1 ratio based on age, sex and geographical
location. Associations between concussion and conditions
of interest diagnosed later in life were assessed using a
stratified Cox proportional hazards regression model, with
adjustments for socioeconomic status and pre-existing
medical conditions.

Results 28 021 men (mean age +SD, 25+18 years)

and 19 462 women (30+21 years) were included in the
concussion group, while 81 871 men (25+18 years)

and 57 159 women (30+21 years) were included in the
matched control group. Concussion was associated with
adjusted hazard ratios of 1.39 (95% Cl 1.32 to 1.46,
p<0.001) for ADHD, 1.72 (95% Cl 1.69 to 1.76; p<0.001)
for MADs, 1.72 (95% Cl 1.61 to 1.84; p<0.001) for
dementia and 1.57 (95% Cl 1.41 to 1.75; p<0.001) for
Parkinson’s disease.

Conclusion Concussion was associated with an increased
risk of diagnosis for all four conditions of interest later in
life.

INTRODUCTION

Concussions are a potentially debilitating
injury and have shown a steady increase
in incidence over recent years—namely,
in adolescents." Concussion-related patho-
physiological impairments are believed to
include dysregulation of the autonomic
nervous system,” cerebral blood flow® * and
cerebral metabolism,5 and are thought to
be the impetus for development of symp-
toms following concussion.’ Despite clinical
recovery from concussion typically occurring

.2 Heather J Prior,® Robert B Tate,* John Wade,®

Question

» Our research sought to investigate the relationships
between concussion-specific injuries and psycho-
logical and neurological disorders using 25 years
of population-based administrative health data,
in a large sample of more than 47 000 cases of
concussion.

Findings

» Concussion was associated with an increased risk
of diagnosis of attention-deficit hyperactivity dis-
order, mood and anxiety disorders, dementia and
Parkinson’s disease later in life.

Meaning

» Our findings suggest that concussion may be a risk
factor for the development of comorbid conditions in
the years following initial injury in the cohort exam-
ined in this study.

within the first week of injury,7 long-term
pathological disturbances may persist beyond
this point’; the prolonged implications of
which remain unknown. Previous research
has identified associations between head inju-
ries and an increased risk of attention-deficit
hyperactivity disorder (ADHD),® depres-
sion,g_11 amxiety,12 Alzheimer’s disease/
dementia'® and Parkinson’s disease (PD),"
however many of these studies are limited by
a number of factors; most notably a reliance
on self-reported medical history”"" and the
inclusion of all forms of traumatic brain inju-
ries.”** Other common limitations include
a failure to account for either pre-existing
health conditions,g'11 the time between inci-
dent concussion and subsequent diagnosis of
conditions of interest,g_11 or the occurrence of
repeat mild traumatic brain injuries/concus-
sions.""™* Given the diagnosis of concussion
can be difficult and is often missed or not
reported, a more robust understanding of
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concussion and associated risks has the potential to aid
primary care and family medicine physicians in under-
standing and managing the long-term needs of their
patients.

Therefore, the primary objective of our study was to
elucidate the associations between concussion and subse-
quent diagnoses of ADHD, mood and anxiety disorders
(MADs), dementia and PD. Secondary research objec-
tives focused on investigating the effects of sex, multiple
concussions, diagnosis of other conditions of interest in

time to follow-up and time under study on the associa-
tions between concussion and the conditions of interest.

METHODS

Study design and setting

We conducted a retrospective population-based cohort
study using province-wide medical health data that was
collected on a fiscal basis (1 April to 31 March) from 1990-
1991 to 2014-2015 (inclusive). The study was conducted

Table 1 Demographic data of control and concussion groups by sex
Control Concussion
Demographic data Men Women Men Women
Age, mean (SD), years 25 (18) 30 (21) 25 (18) 30 (21)
SEFI-2, mean (SD) -0.04 (1.02) -0.05 (1.00) -0.05 (1.02) -0.04 (1.00)
CCl, mean (SD) 0.2 (0.6) 0.2 (0.6) 0.2 (0.6) 0.3 (0.7)
Number of individuals included by fiscal year, n (%) Men (81 871) Women (57 159) Men (28 021) Women (19 462)
1990-1991 3111 (3.8) 2076 (3.6) 1043 (3.7) 697 (3.6)
1991-1992 3297 (4.0) 2100 (3.7) 1108 (4.0) 704 (3.6)
1992-1993 2952 (3.6) 1824 (3.2) 997 (3.6) 615 (3.2)
1993-1994 2869 (3.5) 1855 (3.2) 972 (3.5) 626 (3.2)
1994-1995 2837 (3.5) 1917 (3.4) 966 (3.4) 648 (3.3)
1995-1996 2867 (3.5) 1815 (3.2) 976 (3.5) 618 (3.2)
1996-1997 2599 (3.2) 1613 (2.8) 889 (3.2) 548 (2.8)
1997-1998 2556 (3.1) 1595 (2.8) 872 (3.1) 541 (2.8)
1998-1999 2909 (3.6) 1757 (3.1) 997 (3.6) 601 (3.1)
1999-2000 3151 (3.8) 1877 (3.3) 1082 (3.9) 642 (3.3)
2000-2001 3628 (4.4) 2098 (3.7) 1253 (4.5) 717 (3.7)
2001-2002 3161 (3.9) 1994 (3.5) 1089 (3.9) 685 (3.5)
2002-2003 3464 (4.2) 2035 (3.6) 1190 (4.2) 695 (3.6)
2003-2004 3288 (4.0) 2153 (3.8) 1140 (4.1) 733 (3.8)
2004-2005 3405 (4.2) 2073 (3.6) 1174 (4.2) 712 (3.7)
2005-2006 3253 (4.0) 2247 (3.9) 1121 (4.0) 768 (3.9)
2006-2007 3167 (3.9) 2265 (4.0) 1089 (3.9) 777 (4.0)
2007-2008 3060 (3.7) 2222 (3.9) 1058 (3.8) 762 (3.9)
2008-2009 2801 (3.4) 2306 (4.0) 969 (3.5) 785 (4.0)
2009-2010 2806 (3.4) 2258 (4.0) 963 (3.4) 771 (4.0)
2010-2011 3382 (4.1) 2467 (4.3) 1159 (4.1) 840 (4.3)
2011-2012 4431 (5.4) 3115 (5.4) 1518 (5.4) 1060 (5.4)
2012-2013 4097 (5.0) 3291 (5.8) 1409 (5.0) 1123 (5.8)
2013-2014 4335 (5.3) 3852 (6.7) 1478 (5.3) 1316 (6.8)
2014-2015 4445 (5.4) 4354 (7.6) 1509 (5.4) 1478 (7.6)
Number of secondary condition diagnoses, n (%) Men Women Men Women
Attention-deficit hyperactivity disorders 3453 (4.2) 927 (1.6) 1674 (6.0) 594 (3.1)
Mood and anxiety disorders 13524 (16.5) 16 277 (28.5) 7823 (27.9) 8856 (45.5)
Dementia 1159 (1.4) 1592 (2.8) 779 (2.8) 943 (4.8)
Parkinson's disease 423 (0.5) 560 (1.0) 276 (1.0) 327 (1.7)

CCl, Charlson Comorbidity Index; SEFI-2, Socioeconomic Factor Index - version 2.
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Table 2 Hazard ratios for risk of attention-deficit hyperactivity disorder diagnosis

Age at diagnosis Mean+SD
Control 17.2+11.7
Concussion 17.8+11.9
Model 1a Model 1b
HR (95% CI) P value HR (95% CI) P value
1.40 (1.33 to 1.47) <0.001 1.39 (1.32 to 1.46) <0.001
Model 2a Model 2b
1.29 (1.14 to 1.45) <0.001 1.28 (1.14 to 1.45) <0.001
Model 3a Model 3b
1.39 (1.32 to 1.46) <.001* 1.38 (1.31 to 1.45) <.001*
1.20 (0.98 to 1.48) 0.08" 1.20 (0.97 to 1.47) 0.091
0.92 (0.51 to 1.67) 0.78% 0.94 (0.52 to 1.70) 0.83%
Model 4a Model 4b
1.28 (1.21 to 1.35) <0.001 1.27 (1.21 to 1.34) <0.001
Model 5a Model 5b
1.01 (1.00 to 1.02) 0.23 1.01 (1.00 to 1.02) 0.30

Model 1a, Cox proportional HR adjusted for age, sex and geographical location via stratified analysis. Model 1b, model 1a plus adjustment
for socioeconomic status and comorbidities. Model 2a, sex-interaction HR adjusted for age, sex and geographical location via stratified
analysis. Model 2b, model 2a plus adjustment for socioeconomic status and comorbidities. Model 3a, multiple concussion HR adjusted for
age, sex and geographical location via stratified analysis. Model 3b, model 3a plus adjustment for socioeconomic status and comorbidities,
Model 4a, control for occurrence of other outcomes of interest between index date and date of outcome of interest in question adjusted for
age, sex and geographical location via stratified analysis. Model 4b, model 4a plus adjustment for socioeconomic status and comorbidities.
Model 5a, time under study interaction HR adjusted for age, sex and geographical location via stratified analysis. Model 5b, model 5a plus

adjustment for socioeconomic status and comorbidities.

For both models 3a and 3b: *HR of 1 concussion vs 0 concussions; THR of 2 concussions vs 1 concussion; $HR of 3+ concussions vs 2

concussions.

within the Manitoba Centre for Health Policy (MCHP), a
research unit at the University of Manitoba in Winnipeg,
Manitoba, Canada, which houses data pertaining to resi-
dents of Manitoba (excluding federally funded individ-
uals) in various healthcare, education, social, justice and
registry databases.'® Date of incident concussion served as
an individual’s study start time, and a 3:1 matched control
group was used for comparison. Both control and concus-
sion groups comprised 59% men and had an average age
of 25+18 years for men and 30+21 years for women once
included in the study.

Data source

De-identified population-based administrative health
data were accessed from the following databases housed
within the Manitoba Population Research Data Repos-
itory at MCHP: Manitoba Health Insurance Registry,
Medical Services, Hospital Abstracts and Drug Program
Information Network. Nearly every Manitoba resident has
a unique personal health identification number (PHIN)
that can be used to create a longitudinal record of a
person’s medical history. The following individual-level
information was linked via scrambled PHIN and then
extracted:

» Individuals diagnosed with a concussion

» Subsequent diagnosis of ADHD, MADs, dementia

and/or PD

Subjects
Residents were included in the study if they received
an International Classification of Diseases, 9th revision,
clinical modification (ICD-9-CM) code 850'° or Interna-
tional Classification of Diseases, 10th Revision, Canada
(ICD-10-CA) code S06.0'7 from 1990-1991 to 2014-2015
(inclusive). A l-year washout period was used prior to
the start of the study (1989-1990) for individuals with an
incident concussion in 1990-1991, and successive concus-
sion diagnoses separated by <2 months were considered
a single event. Individuals in the concussion group were
excluded if they had a diagnosis of dementia or PD prior
to incident concussion during the study time period.
Cases of ADHD, MADs, dementia and PD were identi-
fied using either ICD-9-CM or ICD-10-CA codes, and/or
medication prescription data, as previously established by
MCHP (online supplementary methods appendix 1) Je-2t
A matched group of individuals was assembled for
comparisons using a 3:1 ratio to help minimise the
effects of bias and attrition®* and was based on age (birth
year), sex and geographical location (first three digits of
postal code). Controls were selected for each case from
all people in the registry who were alive on the date of
concussion of the matched case. This date, whether for
a case or control is referred to as the index date. Individ-
uals were eligible for this matched group if they were free
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Table 3 Hazard ratios for risk of mood and anxiety disorder diagnosis

Age of diagnosis Mean+SD
Control 36.5+19.1
Concussion 36.0+18.2
Model 1a Model 1b
HR (95% CI) P value HR (95% CI) P value
1.75 (1.71 to 1.78) <0.001 1.72 (1.69 to 1.76) <0.001
Model 2a Model 2b
1.07 (1.03 to 1.12) <0.001 1.07 (1.03 to 1.11) 0.001
Model 3a Model 3b
1.74 (1.71 to 1.78) <.001* 1.72 (1.69 to 1.75) <.001*
1.04 (0.96 to 1.13) 0.35t 1.04 (0.96 to 1.13) 0.31%
1.16 (0.95 to 1.42) 0.14% 1.17 (0.96 to 1.43) 0.12%
Model 4a Model 4b
1.73 (1.70 to 1.77) <0.001 1.71 (1.68 to 1.75) <0.001
Model 5a Model 5b
0.96 (0.95 to 0.96) <0.001 0.96 (0.95 to 0.96) <0.001

Model 1a, Cox proportional HR adjusted for age, sex and geographical location via stratified analysis. Model 1b, model 1a plus adjustment
for socioeconomic status and comorbidities. Model 2a, sex-interaction HR adjusted for age, sex and geographical location via stratified
analysis. Model 2b, model 2a plus adjustment for socioeconomic status and comorbidities. Model 3a, multiple concussion HR adjusted for
age, sex and geographical location via stratified analysis. Model 3b, model 3a plus adjustment for socioeconomic status and comorbidities,
Model 4a, control for occurrence of other outcomes of interest between index date and date of outcome of interest in question adjusted for
age, sex and geographical location via stratified analysis. Model 4b, model 4a plus adjustment for socioeconomic status and comorbidities.
Model 5a, time under study interaction HR adjusted for age, sex and geographical location via stratified analysis. Model 5b, model 5a plus

adjustment for socioeconomic status and comorbidities.

For both models 3a and 3b: *cHR of 1 concussion vs 0 concussions; THR of 2 concussions vs 1 concussion; $tHR of 3+ concussions vs 2

concussions.

of diagnosis of concussion during the study time period,
while also free of diagnosis of dementia and PD prior to
the index date.

Outcomes

The time from the index date to the date of subsequent
coding for ADHD, MADs, dementia and/or PD, or date of
the end of insurance coverage in the registry, was identi-
fied to calculate a time to follow-up (time under study) for
each outcome of interest. The primary statistic of interest
was the hazard ratio between those with a concussion and
their matched controls for all conditions of interest.

Statistical analyses

Cox proportional hazards regression models were

constructed to model the time to outcome of interest

from the index date. Subjects were censored if they died,
were lost to follow-up, moved out of province or reached
the study end date without receiving a diagnosis for any of
the conditions of interest.

Two potential confounding variables were controlled
for, including:

» Socioeconomic Factor Index, version 2 (SEFI2): a
measure of socioeconomic status that was defined
at index date, whereby a lower score is indicative of
more favourable socioeconomic conditions.”> Census
variables that make-up the SEFI2 scores include®:

- Unemployment rate at age >15

- Average household income at age >15

- Proportion of single parent households

- Proportion of population age >15 without high-
school graduation.

» Charlson Comorbidity Index (CCI): a score that cate-
gorises an individual’s pre-existing medical conditions
using ICD codes was defined at the index date, with a
score of zero representing an absence of comorbidi-
ties.* ¥

Five hazard ratio models were included in analyses for
each condition of interest. The first model was a crude

Cox proportional hazards regression analysis with a binary

indicator for concussion, calculated independently from

potential modifying variables (model 1). The second
model included a sex-interaction variable (men as refer-
ence group) to examine the effect of sex in those who
had a concussion, as sex-based analyses were limited to
subjects diagnosed with a concussion due to sex being
part of the matching process (model 2). The third model
included a time-varying covariate to assess the effect of
multiple concussions (model 3). The fourth model aimed
at controlling for the occurrence of the other conditions
of interest within the time to follow-up of the condition
in question by creating a time-varying covariate (model
4). The fifth model included time under study and
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Table 4 Hazard ratios for risk of dementia diagnosis

Age of diagnosis
Mean+SD
Control 73.8+£19.3
Concussion 71.0£19.6
Model 1a Model 1b
HR (95% ClI) P value HR (95% CI) P value
1.75 (1.63 to 1.87) <0.001 1.72 (1.61 to 1.84) <0.001
Model 2a Model 2b
0.95 (0.83 to 1.09) 0.49 0.93 (0.82 to 1.07) 0.33
Model 3a Model 3b
1.70 (1.59 to 1.82) <.001* 1.67 (1.56 to 1.79) <.001*
1.63 (1.26 to 2.11) <0.001t 1.62 (1.25 t0 2.10) <0.001t
1.19 (0.62 to 2.28) 0.60% 1.20 (0.63 to 2.30) 0.60%
Model 4a Model 4b
1.55 (1.45 to 1.67) <0.001 1.54 (1.43 to 1.65) <0.001
Model 5a Model 5b
0.97 (0.97 to 0.98) <0.001 0.97 (0.97 to 0.98) <0.001

HR, hazard ratio. 95% CI, 95% confidence interval. N/S, not significant. Model 1a, Cox proportional HR adjusted for age, sex and
geographical location via stratified analysis. Model 1b, model 1a plus adjustment for socioeconomic status and comorbidities. Model 2a, sex-
interaction HR adjusted for age, sex and geographical location via stratified analysis. Model 2b, model 2a plus adjustment for socioeconomic
status and comorbidities. Model 3a, multiple concussion HR adjusted for age, sex and geographical location via stratified analysis. Model

3b, model 3a plus adjustment for socioeconomic status and comorbidities, Model 4a, control for occurrence of other outcomes of interest
between index date and date of outcome of interest in question adjusted for age, sex and geographical location via stratified analysis. Model
4b, model 4a plus adjustment for socioeconomic status and comorbidities. Model 5a, time under study interaction HR adjusted for age, sex
and geographical location via stratified analysis. Model 5b, model 5a plus adjustment for socioeconomic status and comorbidities.

For both models 3a and 3b: *HR of 1 concussion vs 0 concussions; THR of 2 concussions vs 1 concussion; tHR of 3+ concussions vs 2

concussions.

concussion status as an interaction variable to assess the
proportionality assumption (model 5). All five models
used a stratified analysis based on a grouping variable
created by combining subjects’ age at the index date,
sex and first three digits of their area code, allowing for
comparisons between a greater number of subjects with
the same age, sex and postal code (model a). Further
subanalyses of all five models added control for SEFI2
and CCI in addition to model a (model b).

Finally, two sensitivity analyses were performed. The
first was to assess the effect of age at the time of inci-
dent concussion on risk of diagnosis for each condition
of interest, as various conditions are more prevalent in
different age groups.*® 77 The second was to assess the
association between concussion and risk of diagnosis of
conditions of interest for incident concussions occur-
ring before 1998, and during and after 1998. It remains
possible that a number of concussions could have been
either missed or misdiagnosed prior to the establish-
ment of rudimentary guidelines in 1998.** Additionally,
the severity of injury as it pertains to concussion could
have had a greater impact prior to these guidelines,
as there was a greater focus on loss of consciousness
and/or post-traumatic amnesia.”? As such, associations
between concussion and the conditions of interest may
be altered depending on the year of diagnosis of incident

concussion. Cox proportional hazard ratios were calcu-
lated using SAS software version 9.4 (SAS Institute Inc.,
USA). A significance level of p<0.05 was used for all statis-
tical tests.

RESULTS
Baseline characteristics and number of diagnoses are
shown in table 1.

A breakdown of matching, number of concussions,
number of diagnoses of conditions of interest by age at
incident concussion and other descriptive results can be
found in online supplementary results appendix 2.

Results for analyses controlling for SEFI2 and CCI will
be presented in this section. Full results can be found in
tables 2-5.

Concussion was associated with an increased risk of
diagnosis of ADHD (HR=1.39; 95% CI 1.32 to 1.46),
MADs (HR=1.72; 95% CI 1.69 to 1.76; p<0.001),
dementia (HR=1.72; 95% CI 1.61 to 1.84; p<0.001) and
PD (HR=1.57; 95% CI 1.41 to 1.75; p<0.001). Concussed
women had a higher risk of diagnosis of ADHD and
MADs by 28% (table 2) and 7% (table 3), respectively,
as compared with concussed men. No effect of sex was
noted for diagnosis of dementia or PD in concussed indi-
viduals. Multiple concussions had no additive effect on
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Table 5 Hazard ratios for risk of Parkinson's disease diagnosis

Age of diagnosis
Mean+SD
Control 62.0+17.5
Concussion 59.6+17.3
Model 1a Model 1b
HR (95% ClI) P value HR (95% CI) P value
1.61 (1.45 to 1.80) <0.001 1.57 (1.41 to 1.75) <0.001
Model 2a Model 2b
0.94 (0.76 to 1.16) 0.56 0.94 (0.76 to 1.16) 0.55
Model 3a Model 3b
1.58 (1.42 to 1.76) <.001* 1.54 (1.38 to 1.72) <.001*
1.11 (0.70 to 1.76) 0.671 1.11 (0.70 to 1.76) 0.671
2.91 (1.28 to 6.65) 0.01% 2.96 (1.29 t0 6.77) 0.01%
Model 4a Model 4b
1.31 (1.17 to1.46) <0.001 1.28 (1.15t0 1.44) <0.001
Model 5a Model 5b
0.98 (0.98 to 1.02) 0.81 0.98 (0.98 to 1.02) 0.88

Model 1a, Cox proportional HR adjusted for age, sex and geographical location via stratified analysis. Model 1b, model 1a plus adjustment
for socioeconomic status and comorbidities. Model 2a, sex-interaction HR adjusted for age, sex and geographical location via stratified
analysis. Model 2b, model 2a plus adjustment for socioeconomic status and comorbidities. Model 3a, multiple concussion HR adjusted for
age, sex and geographical location via stratified analysis. Model 3b, model 3a plus adjustment for socioeconomic status and comorbidities,
Model 4a, control for occurrence of other outcomes of interest between index date and date of outcome of interest in question adjusted for
age, sex and geographical location via stratified analysis. Model 4b, model 4a plus adjustment for socioeconomic status and comorbidities.
Model 5a, time under study interaction HR adjusted for age, sex and geographical location via stratified analysis. Model 5b, model 5a plus

adjustment for socioeconomic status and comorbidities.

For both models 3a and 3b: *HR of 1 concussion vs 0 concussions; THR of 2 concussions vs 1 concussion; tHR of 3+ concussions vs 2

concussions.

associations with risk of diagnosis of ADHD, whereas a
second concussion further increased the strength of asso-
ciation with risk of diagnosis of dementia above a single
concussion (HR for 2 vs 1 concussion: 1.62; 95% CI 1.25
to 2.10) (table 4). Exposure to more than 3 concussions
increased the strength of association with risk of diag-
nosis of MADs (HR for >3 vs 1 concussion: 1.22; 95% CI
1.01 to 1.47) and PD (HR for >3 vs 1 concussion: 3.27;
95% CI 1.63 to 6.59) beyond the risk induced by a single
concussion (online supplementary results appendix 2).
Controlling for diagnosis of any of the three remaining
conditions of interest between the index date and diag-
nosis of the condition in question lowered the concussion-
associated risk of diagnosis of ADHD by 9% (table 2),
MADs by 0.6% (table 3), dementia by 10% (table 4)
and PD by 18% (table 5) (these numbers were derived
from tables 2-5 by subtracting model 1b from model 4b
and dividing by model 1b). There was an effect of time
under study (time between index date and diagnosis of
the condition in question) on the association between
concussion and subsequent diagnosis of MADs (HR=0.96;
95% CI 0.95 to 0.96; table 3), and dementia (HR=0.97;
95% CI 0.97 to 0.98; table 4). Time under study did not
alter the association between concussion and risk of diag-
nosis of ADHD, or PD. Results from the first sensitivity
analysis revealed similar associations between concussion

and risk of diagnosis of MADs among all age groups,
whereas younger age groups appear to be at greater risk
of ADHD, and older age groups more at risk for dementia
and PD (online supplementary results appendix 2).
Results from the final sensitivity analysis showed an effect
of year of diagnosis of incident concussion on the associ-
ation between concussion and risk of diagnosis of MADs
and dementia, such that those with incident concussion
diagnosed during or after 1998 had a higher risk of diag-
nosis for either condition of interest compared with those
with incident concussion diagnosed before 1998 (online
supplementary results appendix 2).

DISCUSSION

The major findings from this retrospective population-
based cohort study are the associations between the occur-
rence of concussion and an increased risk of diagnosis of
ADHD, MADs, dementia and PD by factors of 1.4, 1.7, 1.7
and 1.6, respectively. Moreover, these findings were mini-
mally affected when controlling for socioeconomic status
(SEFI-2) and overall health status (CCI).

Comparisons are difficult to make with other studies,
given the limited number of studies using similar method-
ologies. Nevertheless, our results are similar to those from
studies with a focus on concussion-specific injuries that
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were identified from medical registries.” '* ¥ ** However,
our study includes individuals of all ages and not select
age groups.” ¥ * Our results, which suggest stronger
associations between concussion and risk of diagnosis of
ADHD and MADs for women than for men, are difficult
to compare with previous research given the paucity of
information in this area. The increased strength of asso-
ciation between multiple concussions and risk of diag-
nosis of MADs, dementia and PD as compared with a
single concussion are similarly difficult to compare with
previous research.

Earlier findings indicate that comorbidity exists
between the conditions of interest included in the
present study,” ™ owing, in part, to a commonality in
symptoms.” ™ Thus, our results indicating a decrease in
strength of association between concussion and risk of
diagnosis of the condition in question by up to 19% when
adjusting for the diagnosis of one of the other conditions
of interest in the time to follow-up are not unexpected.
While these findings support the idea of comorbidity
between conditions, concussion continued to be asso-
ciated with an increased risk of diagnosis for all four
conditions of interest, suggesting that concussion may
therefore be a risk factor for ADHD, MADs, dementia
and PD, regardless of the presence of comorbid condi-
tions. Unfortunately, the specific mechanisms resulting
in these changes in strength of association are unknown,
but it remains possible that dysregulation of pathways of
various biomarkers involved in the conditions of interest
in the present study—namely, cortisol, may also be
affected following a concussion.*' ™

Previous research has identified a decrease in strength
of association between mild traumatic brain injuries
and subsequent risk of diagnosis of either MADs' or
dementia'® as the time between diagnoses increases. We
report similar findings, although specific for concus-
sions and with a more gradual decrease in association
over time, likely attributable to the differences in injury
severity between studies.

The results from the first sensitivity analysis indicating
that concussion-associated risk of diagnosis of ADHD
was stronger for younger age groups and that older age-
groups had stronger associations between concussion
and risk of diagnosis of either dementia or PD are not
unexpected. Indeed, ADHD is more prevalent in younger
people,”” whereas dementia and PD typically affect older
individuals.*® Results from the second sensitivity analysis
revealed stronger associations between concussion and
risk of diagnosis of MADs and dementia for incident
concussions diagnosed during or after 1998 compared
with those diagnosed before 1998. These differences are
probably a byproduct of an increased number of diag-
noses in recent years— namely, in adolescents,' * which
itself may be partially attributed to improved awareness
and knowledge of concussions and their associated signs
and symptoms.** It is also possible that advancements in
clinical diagnostic parameters have contributed to these
findings.® **

Limitations

One of the limitations with the present study is that
ICD-9-CM codes from the Medical Services database are
restricted to the first three digits. It is therefore possible
that some individuals may have experienced injuries
more severe than a concussion. In order to mitigate
any effect this might have had on our results, medical
records indicating a concussion were limited to in-of-
fice visits, where the likelihood of a serious traumatic
event is minimal.

Another limitation is that medical data was restricted
to the years 1990-1991 to 2014-2015 (inclusive). We
were therefore limited in our ability to account for each
individual’s previous medical history. Thus, CCI was
included as a surrogate measure of health status and
included in our analyses as a confounding variable.

The authors acknowledge the potential genetic
and familial aspects of concussion®® and the various
outcomes discussed in the present study,” ! but the
assessment of such factors was beyond the scope of this
study.

The data in this study do not include post-mortem diag-
noses. Although it is possible that various conditions may
be diagnosed after death, it is believed that the number
of diagnoses made post mortem would not significantly
change our results.

Some of the data included in our study may pertain to
individuals who were not born in the Province of Mani-
toba but moved to Manitoba later in life, potentially
leading to an under-reporting of concussions and/or
conditions of interest. Follow-up analyses have shown
that the date of health insurance coverage was the same
as an individual’s date of birth for ~50% of individuals
in both the matched control and concussion groups,
mitigating any impact on our findings.

CONCLUSION

The findings from this study demonstrate an association
between the occurrence of concussion and an increased
risk of diagnosis of ADHD, MADs, dementia and PD
later in life. As our results are specific to the admin-
istrative health data used for the present study, future
studies exploring the relationships between concussion
and ADHD, MADs, dementia and PD in other popu-
lations are warranted. Moreover, future studies could
expand on our findings by including chart reviews to
confirm clinical diagnoses of concussion, adjusting
for familiality of conditions of interest, and long-term
prospective follow-up of individuals following incident
concussion.

Author affiliations

'Pan Am Clinic Foundation, Winnipeg, Manitoba, Canada

%Applied Health Sciences, Faculty of Graduate Studies, University of Manitoba,
Winnipeg, Manitoba, Canada

*Manitoba Centre for Health Policy, Rady Faculty of Health Sciences, University of
Manitoba, Winnipeg, Manitoba, Canada

Morissette MP, et al. Fam Med Com Health 2020;8:€000390. doi:10.1136/fmch-2020-000390 7



“Community Health Sciences, Rady Faculty of Health Sciences, University of
Manitoba, Winnipeg, Manitoba, Canada

SRady Faculty of Health Sciences, University of Manitoba, Winnipeg, Manitoba,
Canada

SFaculty of Kinesiology and Recreation Management, University of Manitoba,
Winnipeg, Manitoba, Canada

Acknowledgements We thank Drs Todd Duhamel, Jason Peeler, Nathan Nickel
and Dan Chateau for their assistance and critical appraisal of various aspects

of this project. The authors acknowledge the Manitoba Centre for Health Policy

for use of data contained in the Manitoba Population Research Data Repository
under project # 2016-014 (Health Information Privacy Committee project #
2015/2016-50). The results and conclusions are those of the authors and no official
endorsement by the Manitoba Centre for Health Policy, Manitoba Health, or other
data providers is intended or should be inferred. Data used in this study are from
the Manitoba Population Research Data Repository housed at the Manitoba Centre
for Health Policy, University of Manitoba and were derived from data provided by
Manitoba Health and Seniors and Active Living.

Contributors Concept and design: MPM, JRSL, HJP, JW. Acquisition, analysis or
interpretation of data: MPM, JRSL, HJP, RBT. Drafting of manuscript: MPM, JRSL,
HJP, RBT, JW. Critical revision of the manuscript for important intellectual content:
MPM, JRSL, HJP, RBT, JW. Statistical analysis: MPM, JRSL, HJP, RBT. Obtained
funding: JW, JRSL. Administrative, technical or material support: HJP, JRSL.
Supervision: JRSL, JW.

Funding This study was funded by the Pan Am Clinic Foundation. MPM was
supported by a Canadian Institutes of Health Research Frederick Banting and
Charles Best Canada Graduate Scholarship.

Competing interests None declared.
Patient consent for publication Not required.

Ethics approval Ethical approval was obtained from the University of Manitoba
Research Ethics Board (H2013:402), the Health Information Privacy Committee
(#2015/2016-50), the Winnipeg Regional Health Authority and the Manitoba Centre
for Health Policy (#2016-014).

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement All data relevant to the study are included in the
article or uploaded as supplementary information. De-identified population-based
administrative health data were accessed through the Manitoba Population
Research Data Repository. Access to this repository is managed by the Manitoba
Centre for Health Policy. More information can be found here: http://umanitoba.ca/
faculties/health_sciences/medicine/units/chs/departmental_units/mchp/resources/
access.html.

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, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Marc P Morissette http://orcid.org/0000-0002-5342-8938

REFERENCES

1 Zemek RL, Grool AM, Rodriguez Duque D, et al. Annual and seasonal
trends in ambulatory visits for pediatric concussion in Ontario
between 2003 and 2013. J Pediatr 2017;181:222-8.

2 Bishop SA, Dech RT, Guzik P, et al. Heart rate variability and
implication for sport concussion. Clin Physiol Funct Imaging
2018;38:733-42.

3 Clausen M, Pendergast DR, Willer B, et al. Cerebral blood
flow during treadmill exercise is a marker of physiological
postconcussion syndrome in female athletes. J Head Trauma Rehabil
2016;31:215-24.

4 Wang Y, Nelson LD, LaRoche AA, et al. Cerebral blood flow
alterations in acute sport-related concussion. J Neurotrauma
2016;33:1227-36.

5 Giza C, Greco T, Prins ML. Concussion: pathophysiology and clinical
translation. In: Handbook of clinical neurology. Elsevier, 2018: 51-61.

6

7

20

21

22

23

24

25

26

27

28

29

30

Giza CC, Hovda DA. The new neurometabolic cascade of
concussion. Neurosurgery 2014;75 Suppl 4:524-33.

Marshall SW, Guskiewicz KM, Shankar V, et al. Epidemiology of
sports-related concussion in seven us high school and collegiate
sports. Inj Epidemiol 2015;2:13.

Yang L-Y, Huang C-C, Chiu W-T, et al. Association of traumatic brain
injury in childhood and attention-deficit/hyperactivity disorder: a
population-based study. Pediatr Res 2016;80:356-62.

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.

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.

Chrisman SPD, Richardson LP. Prevalence of diagnosed depression
in adolescents with history of concussion. J Adolesc Health
2014;54:582-6.

Fann JR, Burington B, Leonetti A, et al. Psychiatric illness following
traumatic brain injury in an adult health maintenance organization
population. Arch Gen Psychiatry 2004;61:53-61.

Fann JR, Ribe AR, Pedersen HS, et al. Long-term risk of

dementia among people with traumatic brain injury in Denmark: a
population-based observational cohort study. Lancet Psychiatry
2018;5:424-31.

Gardner RC, Byers AL, Barnes DE, et al. Mild TBI and risk of
Parkinson disease: a chronic effects of neurotrauma consortium
study. Neurology 2018;90:e1771-9.

Smith M, Lix LM, Azimaee M, et al. Assessing the quality of
administrative data for research: a framework from the Manitoba
centre for health policy. J Am Med Inform Assoc 2018;25:224-9.
Centers for Disease Control and Prevention. International
classification of diseases, ninth revision, clinical modification (ICD-9-
CM). classification of diseases, functioning, and disability, 2013.
Canadian Institute for Health Information. International statistical
classification of diseases and related health problems, 10th revision,
Canada. 10th edn. Ottawa, Ont: Canadian Institute for Health
Information, 2012.

Manitoba Centre for Health Policy. Concept: attention-deficit
hyperactivity disorder (ADHD), 2016. Available: http://mchp-appserv.
cpe.umanitoba.ca/viewConcept.php?conceptlD=1316

Manitoba Centre for Health Policy. Concept: mood and anxiety
disorders - measuring prevalence, 2013. Available: http://mchp-
appserv.cpe.umanitoba.ca/viewConcept.php?conceptiD=1391
Manitoba Centre for Health Policy. Concept: dementia, 2013.
Available: http://mchp-appserv.cpe.umanitoba.ca/viewConcept.php?
conceptlD=1179

Guttman M, Slaughter PM, Theriault M-E, et al. Burden

of parkinsonism: a population-based study. Mov Disord.
2003;18:313-9.

Linden A, Samuels SJ. Using balance statistics to determine the
optimal number of controls in matching studies. J Eval Clin Pract
2013;19:n/a-75.

Manitoba Centre for Health Policy. Concept: Socioeconomic Factor
Index (SEFI) - Version 2 (SEFI-2). Available: http://mchp-appserv.cpe.
umanitoba.ca/viewConcept.php?conceptID=1387

Manitoba Centre for Health Policy. Concept: Charlson comorbidity
index. Available: http://mchp-appserv.cpe.umanitoba.ca/
viewConcept.php?conceptIiD=1098

Lix L, Smith M, Pitz M, et al. Cancer data linkage in Manitoba:
expanding the infrastructure for research. Winnipeg: Manitoba Centre
for Health Policy, University of Manitoba, 2016.

American Psychiatric Association. Neurocognitive Disorders.

In: Diagnostic and statistical manual of mental disorders: DSM-

5. 5th edn. Washington, DC: American Psychiatric Association,
2013: 591-643.

American Psychiatric Association. Neurodevelopmental Disorders.
In: Diagnostic and statistical manual of mental disorders: DSM-

5. 5th edn. Washington, DC: American Psychiatric Association,
2013: 31-86.

Practice parameter: the management of concussion in

sports (summary statement). Report of the Quality Standards
Subcommittee. Neurology 1997;48:581-5.

McCrory P, Meeuwisse W, Dvoiék J, et al. Consensus statement

on concussion in sport-the 5™ International Conference on
Concussion in Sport held in Berlin, October 2016. Br J Sports Med
2017;51:838-47.

Rugbjerg K, Ritz B, Korbo L, et al. Risk of Parkinson's disease after
hospital contact for head injury: population based case-control
study. BMJ 2008;337:a2494.

8 Morissette MP, et al. Fam Med Com Health 2020;8:€000390. doi:10.1136/fmch-2020-000390


http://umanitoba.ca/faculties/health_sciences/medicine/units/chs/departmental_units/mchp/resources/access.html
http://umanitoba.ca/faculties/health_sciences/medicine/units/chs/departmental_units/mchp/resources/access.html
http://umanitoba.ca/faculties/health_sciences/medicine/units/chs/departmental_units/mchp/resources/access.html
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-5342-8938
http://dx.doi.org/10.1016/j.jpeds.2016.10.067
http://dx.doi.org/10.1111/cpf.12487
http://dx.doi.org/10.1097/HTR.0000000000000145
http://dx.doi.org/10.1089/neu.2015.4072
http://dx.doi.org/10.1227/NEU.0000000000000505
http://dx.doi.org/10.1186/s40621-015-0045-4
http://dx.doi.org/10.1038/pr.2016.85
http://dx.doi.org/10.1249/mss.0b013e3180383da5
http://dx.doi.org/10.1249/mss.0b013e3180383da5
http://dx.doi.org/10.1177/0363546512456193
http://dx.doi.org/10.1016/j.jadohealth.2013.10.006
http://dx.doi.org/10.1001/archpsyc.61.1.53
http://dx.doi.org/10.1016/S2215-0366(18)30065-8
http://dx.doi.org/10.1212/WNL.0000000000005522
http://dx.doi.org/10.1093/jamia/ocx078
http://mchp-appserv.cpe.umanitoba.ca/viewConcept.php?conceptID=1316
http://mchp-appserv.cpe.umanitoba.ca/viewConcept.php?conceptID=1316
http://mchp-appserv.cpe.umanitoba.ca/viewConcept.php?conceptID=1391
http://mchp-appserv.cpe.umanitoba.ca/viewConcept.php?conceptID=1391
http://mchp-appserv.cpe.umanitoba.ca/viewConcept.php?conceptID=1179
http://mchp-appserv.cpe.umanitoba.ca/viewConcept.php?conceptID=1179
http://dx.doi.org/10.1002/mds.10333
http://dx.doi.org/10.1111/jep.12072
http://mchp-appserv.cpe.umanitoba.ca/viewConcept.php?conceptID=1387
http://mchp-appserv.cpe.umanitoba.ca/viewConcept.php?conceptID=1387
http://mchp-appserv.cpe.umanitoba.ca/viewConcept.php?conceptID=1098
http://mchp-appserv.cpe.umanitoba.ca/viewConcept.php?conceptID=1098
http://dx.doi.org/10.1212/wnl.48.3.581
http://dx.doi.org/10.1136/bjsports-2017-097699
http://dx.doi.org/10.1136/bmj.a2494

I

31

32

33

34

35

36

37

38

39

40

Kessler RC, Adler L, Barkley R, et al. The prevalence and correlates
of adult ADHD in the United States: results from the National
comorbidity survey replication. Am J Psychiatry 2006;163:716-23.
Riedel O, Klotsche J, Spottke A, et al. Frequency of dementia,
depression, and other neuropsychiatric symptoms in 1,449
outpatients with Parkinson's disease. J Neurol 2010;257:1073-82.
Chen Q, Hartman CA, Haavik J, et al. Common psychiatric and
metabolic comorbidity of adult attention-deficit/hyperactivity
disorder: a population-based cross-sectional study. PLoS One
2018;13:e0204516.

McAllister TW, Wall R. Neuropsychiatry of sport-related concussion.
In: Handbook of clinical neurology. Elsevier, 2018: 153-62. https://
linkinghub.elsevier.com/retrieve/pii/B9780444639547000161
Bennett S, Thomas AJ. Depression and dementia: cause,
conseguence or coincidence? Maturitas 2014;79:184-90.

Schrag A, Taddei RN. Depression and anxiety in Parkinson's disease.

Int Rev Neurobiol 2017;133:623-55.

American Psychiatric Association. Diagnostic and statistical manual
of mental disorders: DSM-5. 5th edn. Washington, DC: American
Psychiatric Association, 2013.

Zbozinek TD, Rose RD, Wolitzky-Taylor KB, et al. Diagnostic
overlap of generalized anxiety disorder and major depressive
disorder in a primary care sample. Depress Anxiety
2012;29:1065-71.

Slade T, Watson D. The structure of common DSM-IV and ICD-10
mental disorders in the Australian general population. Psychol Med
2006;36:1593-600.

Chartier M, Brownell M, MacWilliam L, et al. The Mental Health

of Manitoba’s Children. Winnipeg, Manitoba: Manitoba Centre for
Health Policy, 2016.

41

42

43

44

45

46

47

48

49

50

51

Open access

Soares NM, Pereira GM, Altmann V, et al. Cortisol levels, motor,
cognitive and behavioral symptoms in Parkinson's disease: a
systematic review. J Neural Transm

Ritchie EV, Emery C, Debert CT. Analysis of serum cortisol to
predict recovery in paediatric sport-related concussion. Brain Inj
2018;32:523-8.

Barca ML, Eldholm RS, Persson K, et al. Cortisol levels among older
people with and without depression and dementia. Int Psychogeriatr
2018:1-5.

Daugherty J, DePadilla L, Sarmiento K. Effectiveness of the US
centers for disease control and prevention heads up coaches'
online training as an educational intervention. Health Educ J
2019;78:784-97.

Hane FT, Robinson M, Lee BY, et al. Recent progress in Alzheimer's
disease research, part 3: diagnosis and treatment. J Alzheimers Dis
2017;57:645-65.

McDevitt J, Krynetskiy E. Genetic findings in sport-related
concussions: potential for individualized medicine? Concussion
2017;2:CNC26.

Faraone SV, Larsson H. Genetics of attention deficit hyperactivity
disorder. Mol Psychiatry 2019;24:562-75.

Lohoff FW. Overview of the genetics of major depressive disorder.
Curr Psychiatry Rep 2010;12:539-46.

Gatz M, Pedersen NL, Berg S, et al. Heritability for Alzheimer's
disease: the study of dementia in Swedish twins. J Gerontol A Biol
Sci Med Sci 1997;52A:M117-25.

Bergem AL, Engedal K, Kringlen E. The role of heredity in late-onset
Alzheimer disease and vascular dementia. A twin study. Arch Gen
Psychiatry 1997;54:264.

de Lau LML, Breteler MMB. Epidemiology of Parkinson's disease.
Lancet Neurol 2006;5:525-35.

Morissette MP, et al. Fam Med Com Health 2020;8:6000390. doi:10.1136/fmch-2020-000390


http://dx.doi.org/10.1176/ajp.2006.163.4.716
http://dx.doi.org/10.1007/s00415-010-5465-z
http://dx.doi.org/10.1371/journal.pone.0204516
https://linkinghub.elsevier.com/retrieve/pii/B9780444639547000161
https://linkinghub.elsevier.com/retrieve/pii/B9780444639547000161
http://dx.doi.org/10.1016/j.maturitas.2014.05.009
http://dx.doi.org/10.1016/bs.irn.2017.05.024
http://dx.doi.org/10.1002/da.22026
http://dx.doi.org/10.1017/S0033291706008452
http://dx.doi.org/10.1007/s00702-018-1947-4
http://dx.doi.org/10.1080/02699052.2018.1429662
http://dx.doi.org/10.1017/S1041610218001199
http://dx.doi.org/10.1177/0017896919846185
http://dx.doi.org/10.3233/JAD-160907
http://dx.doi.org/10.2217/cnc-2016-0020
http://dx.doi.org/10.1038/s41380-018-0070-0
http://dx.doi.org/10.1007/s11920-010-0150-6
http://dx.doi.org/10.1093/gerona/52A.2.M117
http://dx.doi.org/10.1093/gerona/52A.2.M117
http://dx.doi.org/10.1001/archpsyc.1997.01830150090013
http://dx.doi.org/10.1001/archpsyc.1997.01830150090013
http://dx.doi.org/10.1016/S1474-4422(06)70471-9

	Associations between concussion and risk of diagnosis of psychological and neurological disorders: a retrospective population-­based cohort study
	Abstract
	Introduction﻿﻿
	Methods
	Study design and setting
	Data source
	Subjects
	Outcomes
	Statistical analyses

	Results
	Discussion
	Limitations

	Conclusion
	References


