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Abstract

A recent meta-analysis documented a significant statistical association between mild traumatic
brain injury (mTBI) and attention deficit hyperactivity disorder (ADHD) (Adeyemo et al., 2014),
but the direction of this effect was unclear. In this study, we hypothesized that ADHD would be an
antecedent risk factor for mTBI. Participants were student athletes ages 12-25 who had sustained
amTBI and Controls of similar age and sex selected from studies of youth with and without
ADHD. Subjects were assessed for symptoms of ADHD, concussion severity, and cognitive
function. mTBI subjects had a significantly higher rate of ADHD than Controls, and in all cases
the age of onset of ADHD was before mTBI onset. mTBI+ADHD subjects also had more severe
concussion symptoms (fatigue and poor concentration) than mTBI-ADHD subjects. These results
support ADHD as an antecedent risk factor for mTBI in student athletes and that its presence
complicates the course of mTBI.
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Introduction

Traumatic brain injury (TBI) represents a diverse group of brain injuries that vary in cause,
severity, and clinical outcomes affecting individuals from all socio-demographic strata
including athletes and military personnel (Corps et al., 2015). Among TBIs, mild TBI
(mTBI) is the most frequent type in the United States, representing 70-90% of traumatic
brain injury complications (Langlois et al., 2006; Ruff, 2011). The Centers for Disease
Control and Prevention estimates 1.5 million new cases of mTBI each year and described it
in a 2003 report to the U.S. Congress as a silent epidemic (National Center for Injury
Prevention and Control, 2003; Ruff, 2011).

In recent years, sport-related concussions in general and mTBI in particular have become an
increasing public and legislative concern (Giza et al., 2013; Harmon et al., 2013). The
increased focus on the morbidity of TBI in injured athletes has catalyzed public interest on
the subject (Guskiewicz et al., 2005; Guskiewicz et al., 2007; Omalu et al., 2006; Omalu et
al., 2005; Ruff, 2011). Given its increasing prevalence and potential for pervasive,
deleterious sequelae (Corps et al., 2015), efforts to identify factors that put individuals at
greater risk to develop an mTBI or complicate its course are of high clinical, scientific, and
public health significance.

One such potential risk factor for mTBI is Attention-deficit/hyperactivity disorder (ADHD),
a neurodevelopmental, childhood onset and persistent disorder associated with impulsivity
and risk taking behavior. ADHD has a well-documented risk for accidents and injuries
(Barkley et al., 1993; Barkley et al., 2010; Biederman et al., 2005; Lambert, 1995) that could
include head injuries such as concussions and TBI.

To investigate the association between mTBI and ADHD, we recently conducted a
systematic review and meta-analysis of studies that examined this relationship (Adeyemo et
al., 2014). PubMed was searched for original studies that specifically evaluated the
relationship between ADHD and mTBI. Our search identified five studies that fit our a
priori inclusion and exclusion criteria comprising 3023 mTBI patients and 9,716 controls.
Although the meta-analysis found a significant association between ADHD and mTBI, the
majority of the available studies did specify the direction of effect between these disorders.
This state of affairs calls for additional efforts aimed at further clarifications of the
relationship and the directionality of effect between mTBI and ADHD.

An improved understanding of the nature of the association between ADHD and mTBI has
important clinical, scientific and public health relevance. If ADHD is found to be an
antecedent risk factor for mTBI, that would have important implications for identifying
individuals at greater risk to develop mTBI or factors that could complicate its course. Such
insights could lead to the development of early intervention strategies aimed at mitigating
the development of mTBI in individuals at risk. If ADHD is found to complicate the course
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of mTBI, clarifying the relationship between mTBI and ADHD would promote a more
optimal paradigm of care for patients with mTBI. Considering the high prevalence of both
ADHD and mTBI, a further understanding of the nature of their association could have
important public health relevance and inform future research and clinical decisions for
patients with mTBI.

The main aim of the present study was to re-examine the association between ADHD and
mTBI, attending to the shortcomings of the literature. To this end we assessed ADHD and
mTBI in a sample of student athletes and compared them with an historical sample of
subjects with and without ADHD matched for age and sex. Our research questions and
associated hypotheses were as follows: 1) is ADHD an antecedent risk factor for mTBI? If
this is the case, we would expect that pre-existing ADHD would be over-represented among
athletes with mTBI relative to age and sex matched athletes without it. 2) Does ADHD
complicate the course of mTBI? If this is the case, we would expect that individuals with
ADHD would have a more compromised course of mTBI than other individuals sustaining a
similar injury. 3) Does ADHD develop after mTBI (acquired or secondary ADHD)? If this is
the case, we would expect that mTBIs would increase the risk for acquired ADHD relative
to athletes without a history of concussions.

Methods

Participants

Mild TBI (mTBI) participants were male and female student athletes 12-25 years of age
who had sustained a mTBI in the last 10 years (n = 29). A mTBI was defined as a
traumatically induced physiological disruption of brain function as manifested by at least
one of the following: any period of loss of consciousness; any loss of memory for events
immediately before or after the accident; or any alteration in mental state at the time of the
accident; and focal neurological deficits that may or may not be transient, but where the
severity of the injury did not exceed loss of consciousness of approximately 30 minutes or
less, or post-traumatic amnesia greater than 24 hours (Kay et al., 1993).

In order to limit confounding symptomatology, we excluded subjects with post-concussive
neurological sequelae such as seizures or severe and frequent headaches within the past
month. We also excluded subjects with a prior psychiatric disorder requiring hospitalization,
a diagnosis of autism, psychosis, or bipolar disorder, or a lifetime diagnosis of epilepsy.
Also excluded were subjects that underwent neurosurgery, suffered from any current serious
chronic medical disease or major neurological disease, or had a history of significant alcohol
or drug abuse. The study was approved by the Massachusetts General Hospital institutional
review board and all subjects signed a written consent form. For minors, consent was signed
by the parent or guardian and assent was obtained from the participating youth.

Eligible and consenting mTBI subjects completed a two-hour assessment battery to collect
information regarding their medical and psychiatric history, including details about their
head injury and ADHD symptoms. Participants <18 years of age were accompanied by a
parent/guardian. When possible, parents of participants 18-24 years of age were contacted
for an indirect report.
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As comparisons, we used previously collected data from youth with and without ADHD of
both sexes and their first-degree relatives ascertained from psychiatric and pediatric settings
(Biederman et al., 1996; Biederman et al., 1999; Biederman et al., 2006a; Biederman et al.,
2006b). Because ADHD was exclusionary for participating controls in our studies, we used
as non-TBI comparisons the siblings of non-ADHD control probands that had no such
exclusionary criteria. From this pool of available subjects, we selected an ADHD and
Control group of similar age and sex to the mTBI cases on a 2:1 ratio. In this manner, two
matches were randomly selected for each study subject. Complete methodological details for
this sample have been previously reported (Biederman et al., 1996; Biederman et al., 1999;
Biederman et al., 2006a; Biederman et al., 2006b). All protocols have been approved by the
Massachusetts General Hospital Institutional Review Board and subjects signed a written
consent for participation. For minors, consent was obtained from a parent or guardian and
children signed a simplified, age-appropriate assent form.

Procedures for the assessment of ADHD were similar between the studies. They consisted of
completing the ADHD module from the Kiddie Schedule for Affective Disorders and
Schizophrenia Epidemiological version (K-SADS-E) (Orvaschel, 1994; Orvaschel et al.,
1987) with the participants and independent interviews with the parent or guardian for
minors. Whenever possible, indirect interviews were obtained from older subjects as well.
When both direct and indirect interviews were obtained, data were combined by considering
a diagnostic criterion positive if it was endorsed in either interview, consistent with our
methods in previous studies (Biederman et al., 1999). We considered a full diagnosis of
ADHD present if DSM diagnostic criteria were met (DSM-IV (American Psychiatric
Association, 2000) for TBI subjects; DSM-I11-R (American Psychiatric Association, 1987)
for ADHD comparisons from previous studies); both diagnostic formulations are highly
correlated (Lahey et al., 1994). Two mTBI subjects with ages of onset of 8 and 11 years,
respectively, were given full ADHD diagnoses despite their late age of onset because their
ages of onset were in grade school years and these ages are consistent with the DSM-V
(American Psychiatric Association, 2013) age criteria of 12 years. The structured interview
also provided information as to the age of onset of ADHD symptoms and associated severity
Highly trained interviewers supervised by expert board certified child and adolescent
psychiatrists administered the structured interviews. All interviews were audiotaped for
quality control purposes.

Subjects also completed the Behavior Rating Inventory of Executive Function (BRIEF) self
and parent report (participants ages <18 years) (Gioia et al., 2000) and the BRIEF-Adult self
and informant report (for participants =18 years) (Roth et al., 2005). These are well-
standardized instruments with excellent psychometric properties that assess behaviors
associated with executive function deficits. The BRIEF and BRIEF-A include several
subscales: Inhibition, Shifting, Emotional Control, Self-Monitoring, Initiation, Working
Memory, Planning/Organizing, Task Monitoring, and Organization of Materials.

Full Scale 1Q was estimated in the previous ADHD studies using a brief cognitive screen
consisting of the Block Design and VVocabulary subtests of the WISC-R (Wechsler, 1974). In
the mTBI study, estimates of 1Q were based on the VVocabulary and Matrices subtests of the
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Wechsler Abbreviated Scale of Intelligence (Wechsler, 2011). Both measures are highly

correlated.

TBI Specific Assessment Measures

British Columbia Post-Concussion Symptom Inventory—Questions from this
scale were adapted for the purpose of this study to assess post-concussive symptoms and
their duration. Specific questions included mechanism of impact, details of the injury, and
duration and severity of post-concussive symptoms. Severity of each symptom was rated
from 0 (Did not have this symptom at all) to 5 (Very severe problem). Subjects were asked
to report the details of up to three concussions, and the highest average severity was used for
each symptom (Iverson et al., 2006).

Immediate Post-concussion Assessment and Cognitive Testing (IMPACT) was used to
assess post-concussive cognitive function. This is a 20-minute computerized
neuropsychological battery (Lovell et al., 2000). The test is comprised of six modules that
measure attention, memory, reaction time, and processing speed. Each module contributes to
the calculation of four composite scores: Verbal Memory, Visual Memory, Reaction Time,
and Processing Speed. Subjects participating remotely did not complete this assessment.

Statistical Analysis

Results

For continuous variables, a Welch two-sample t-test was used to compare groups. For binary
outcomes, a chi-squared test was carried out unless any cell counts were five or below, in
which case Fisher’s Exact Test was used. A significance level of 0.05 was used throughout
the analysis. Analysis was carried out using the R statistical programming language (R Core
Team, 2014).

Twenty-nine mTBI subjects were recruited for the study and compared with 80 comparators
from our studies of youth with and without ADHD and their first-degree relatives. Subjects
with mTBI were stratified by the presence or absence of ADHD and comparisons were
made between mTBI subjects with ADHD (mTBI+ADHD; N=11), mTBI subjects without
ADHD (mTBI-ADHD; N=18), ADHD comparators (ADHD; N=22) and control
comparators (Controls; N=58). With the exception of ethnicity, there were no significant
differences between mTBI subjects and Controls in age, family intactness, social class, or
sex distribution characteristics (table 1). The mTBI subjects had a somewhat lower
representation of Caucasian subjects (83% for mTBI vs 96% for Controls, p =0.09).

As shown in Figure 1, mTBI subjects had a significantly higher rate of ADHD than Controls
without mTBI (31% vs 9%; p<0.012) (Figure 1 Panel A). The age of onset of ADHD was
significantly earlier than the age of onset of mTBI (6 vs 16, p < 0.001) (Figure 1 Panel B)
and in all cases, the age of onset of ADHD preceded the age of onset of mTBI. Only one
mTBI subject had subsyndromal ADHD following mTBI.
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Clinical Correlates of ADHD in mTBI+ADHD and ADHD Subjects

As shown in Table 2, mTBI+ADHD subjects had similar ADHD characteristics to the
ADHD comparison group.

Clinical Correlates of mTBI in mTBI+ADHD and mTBI-ADHD

The mTBI+ADHD group had a greater percentage of subjects with >1 head injury than the
mTBI-ADHD group (57.1 vs 30.8, p=0.4). Examination of individual items on the BC-PSI
scale showed that out of the scale’s 16 items, Fatigue (3.4 vs 1.9, p=0.029) and Poor
Concentration (4.0 vs 1.9, p=0.008) were significantly more severe in mTBI+ADHD
compared with mTBI-ADHD subjects. Although not reaching statistical significance, Extra
Sensitivity to Noise and Mental Fogginess were substantially more severe in mTBI+ADHD
subjects (Figure 2).

As shown in Table 3, mTBI+ADHD subjects had greater overall mean severity scores on the
16 items of the British Columbia Post-Concussion Symptom Inventory (BC-PSI) than
mTBI-ADHD subjects (2.4 vs 1.8, p=0.1), had a larger percentage of subjects with >50% of
the individual items scored (71.4 vs 30.8, p=0.2), and had a larger percentage of subjects
with = 5 items scored as severe (severity score =3) (100 vs 38.5, p=0.015). Only the latter
comparison reached statistical significance. There were no meaningful differences in the
ages of onset of mTBI between mTBI subjects with and without ADHD (16 vs 15, NS).

Although 3 of the 4 IMPACT items (Verbal Memory Composite, Visual Motor Speed
Composite, and Reaction Time Composite) were substantially worse in mTBI+ADHD
subjects than mTBI-ADHD subjects, these differences failed to attain statistical significance
(Table 4). In contrast, compared with mTBI-ADHD participants, those with mTBI+ADHD
were significantly more impaired on individual BRIEF subscale scores for Inhibit (51.8 vs
42.5, p=0.015), Working Memory (57.5 vs 46.1, p=0.001), and Planning/Organization (55.9
vs 44.3, p=0.009). We found the same pattern of results for the BRIEF composite scores:
Metacognition Index (57.3 vs 45.7, p=0.006), Behavioral Regulation Index (48.8 vs 42.4,
p=0.044) and Global Executive Composite (53.7 vs 43.7, p=0.006) (Figure 3).

Discussion

Our results showed a significant overrepresentation of ADHD among student athletes who
sustained a mTBI, confirming previous findings from a recent meta-analysis that provided
strong evidence for such an association (Adeyemo et al., 2014). Our results showing a
significantly earlier age of onset of ADHD compared to the age of the mTBI in patients with
both disorders extend the findings from the meta-analysis by suggesting that ADHD may be
an antecedent risk factor for mTBI. Notably, the presence of ADHD heralded a more
protracted course of mTBI in student athletes in terms of severity of symptoms. These
results support the study hypothesis that ADHD is an antecedent risk factor for mTBI in
student athletes and that its presence complicates the course of mTBI.

While our meta-analysis provided strong evidence for an overall statistical association
between ADHD and mTBI that could not be explained by publication biases or the effects of
one single study, they were frustrated by the fact that most available studies did not specify
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which came first. Thus, by obtaining detailed chronological information regarding ages of
onset of ADHD and mTBI, our current study could better address the directionality of
effects.

Although our current results suggest that ADHD is an antecedent risk factor for mTBI, these
findings are inconsistent with those of the sub-analyses of two previous studies that
examined ADHD as a predictor of mTBI. One of the two studies had a very small sample
(N=24 mTBI cases & N=24 controls) and used orthopedic controls as comparators (Max et
al., 2004). Given that ADHD youth are at increased risk for injuries, orthopedic controls
might be not be a good comparison group. In support of this idea, the prevalence of ADHD
in these controls was 17%, much higher than the population rate of ADHD (Faraone et al.,
2003). The second study suggesting that ADHD is not a risk factor for mTBI was large and
used healthy controls (Fann et al., 2004), but its method of determining ADHD diagnoses
prior to mTBI may have been insensitive because the rate of ADHD in their control group
was only 0.7%, a much lower rate than that expected in the general population.

Also inconsistent with findings from the meta-analysis is the failure to support the
hypothesis that ADHD is a complication of mTBI. In the current study, only one mTBI
subject had an age of onset of ADHD symptoms after mTBI. This negative finding stands in
contrast with those of the two previous studies included in the meta-analysis that yielded
positive relative risks implicating mTBI as a risk factor for ADHD. One of these studies is
the small Max et al. study using orthopedic controls (Max et al., 2004) and the second study
(Keenan et al., 2008) used burn injury subjects as controls, a group that can also be expected
to include accident-prone individuals.

The use of orthopedic and burns controls is of note, because whereas ADHD would be
expected to cause accidents leading to orthopedic injuries, such accidents would not be
expected to lead to ADHD. On the other hand, our results suggesting that ADHD is an
antecedent risk factor for mTBI are consistent with an extensive literature linking ADHD
with a wide range of accidents and injuries (Bonfield et al., 2013; Lam, 2002; Pastor et al.,
2006; Swensen et al., 2004). More work is clearly needed to further examine the direction of
effect between ADHD and mTBI. Future studies should also examine whether mTBI hastens
the onset of ADHD in a genetically vulnerable individual and whether mTBI alters the
course of ADHD beyond the acute recovery period.

While data from the meta-analysis was inconclusive as to whether individuals with ADHD
have a different injury recovery trajectory, results from our study suggest that mTBI subjects
with ADHD displayed a greater incidence and severity of mTBI symptoms when compared
with mTBI subjects without ADHD. These findings correlate with current evidence that
young adults and adolescents with ADHD who were admitted to a hospital following mTBI
had worse functional outcomes than those who did not have ADHD (Bonfield et al., 2013).
They are also consistent with findings reported by (Gerring et al.) that lesions in the
thalamus and basal ganglia were greater in TBI subjects with ADHD symptoms.

Considering the large clinical and public health relevance of mTBI and given its high and
increasing prevalence and significant consequences, further clarification of the relationship
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between mTBI and ADHD could have large implications The finding that ADHD increases
the risk for TBI implies that its identification and treatment could mitigate the development
of mTBI. Such knowledge may play an important role in providing a prognostic marker for
severity and duration of mTBI course. Though cognitive dysfunction from traumatic brain
injuries is frequently managed with stimulant medications, the American Medical Society
for Sports Medicine’s position on Concussion finds no established role for stimulant
medications in the treatment of cognitive deficits after a concussion (Harmon et al., 2013).
ADHD, in contrast, is a treatable disorder that responds well to stimulant medications. Thus,
if patients with traumatic brain injury meet diagnostic criteria for ADHD, interventions for
ADHD could be considered.

The current study had a number of strengths. All mTBI’s in this study were a result of
sports-related accidents, allowing us to more accurately attribute the injuries to risk-taking
behaviors than to chance. The inclusion of an ADHD comparison group allowed for the
evaluation of ADHD-associated risk factor in mTBI subjects. However, our findings should
also be considered in light of methodological limitations. The relatively small sample size
limited our statistical power to fully assess the relationship between mTBI and ADHD.
Thus, our results should be considered preliminary until replicated in larger studies. Also,
the comparators taken from our previous studies were not specifically assessed for mTBI.
Future studies should compare mTBI participants to Controls that are specifically assessed
for mTBI.

In addition, the comparators taken from previous studies did not complete the BRIEF or
IMPACT, so we were unable to compare cognitive function of subjects with mTBI to that of
subjects without mTBI. Although the mTBI sample had a larger representation of minorities
than the comparator sample, the outcomes evaluated were not moderated by ethnicity.
Finally, the sample was referred and largely Caucasian limiting its generalizability to
community samples and other ethnic groups.

Conclusion

Despite these considerations, results from this study suggest that ADHD increases the risk of
subsequent mTBI and compromises its course. They also suggest that this risk could be
mediated by ADHD’s known risk for increasing accidents (Antshel et al., 2009; Biederman
et al., 2006¢). Further investigation of the relationship between mTBI and ADHD, and the
direction of effect, is warranted.
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Figure 1A. ADHD Rate in mTBI vs. Controls Figure 1B. Mean Onset Ages for mTBI+ADHD Subjects
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Figure 1.
Figure 1A compares the percent of ADHD symptoms endorsed on the KSADS ADHD

module by subjects with mTBI compared to Controls without mTBI.
Figure 1B compares the mean age of the first concussion to that of the mean onset of ADHD
symptoms in subjects with mTBI+ADHD.
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British Columbia Post-Concussion Symptom Inventory in mTBI+ADHD and mTBI-ADHD
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Figure 2 shows the mean severity of each symptom on the BC-PSI in subjects with mTBI
with ADHD compared to mTBI subjects without ADHD. Severity of each symptom was
rated from O (Did not have this symptom at all) to 5 (Very severe problem).
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BRIEF in mTBI+ADHD and mTBI
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Figure 3.
Figure 3 compares the average scaled score for each BRIEF subscale score and each BRIEF

composite score in subjects with mTBI and ADHD compared to mTBI subjects without
ADHD. Higher scores suggest a higher level of executive dysfunction in the specific
domain. The dashed line separates the subscale scores from the composite scores.

J Nerv Ment Dis. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Biederman et al.

Table 1
External Controls

Control (N=58) TBI(N=29) Statistic p

Mean £ SD Mean £+ SD
Age 17 (£ 2.7) 17.1 (£ 2.9) t=-02 p=08
SES 1.7(£0.8) 1.5(+£0.5) t=09 p=04
Full 1Q 110.2 (= 13) 112.4 (£124) t=-0.7 p=05

N (%) N (%)
% Male 30 (51.7%) 15 (51.7%) ¥?,=00 p=1
% Intact 49 (84.5%) 22 (75.9%) x2,=05 p=05
% Caucasian 51 (96.2%) 24 (82.8%) Fisher p=0.09

TDue to missing data, the numbers of subjects available for analysis ranged from 21-29 (TBI) and 46-58 (Controls)
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Table 2

Clinical Correlates of ADHD in mTBI+ADHD and ADHD Subjects

mTBI+ADHD (N=11) ADHD (N =22) Statistic p
Mean + SD Mean + SD
Total ADHD Symptoms 12.6 (£ 2.9) 12.7 (£ 4.3) t=-0.0 p=1
Total Hyperactivity/Impulsive ADHD Symptoms 6.9 (x2.3) 73(x2) t=-05 p=0.7
Total Inattentive ADHD Symptoms 57 (x1.4) 5.4 (£3) t=04 p=0.7
ADHD Onset 5.9 (x2.9) 116 (+5.7) t=-3.7 p<.001
N (%) N (%)
ADHD Impairment - % at least moderate 7 (70%)T 20 (95.2%) Fisher ~ p=0.09
ADHD Impairment - % Severe 4 (40%)T 6 (28.6%) Fisher ~ p=0.7

+

ADHD impairment data is missing for 1 mTBI subject
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Table 3
British Columbia Post-Concussive Symptom Inventory in mTBI+ADHD and mTBI-ADHD

mTBI+ADHD (N=11) mTBI-ADHD (N =18) Statistic p
Average 2.4 (x0.8) 1.8(x0.9) t=15 p=01
Number of symptoms above 0 6.4 (£ 5.6) 4.8 (£4.8) t=0.8 p=05
More than 4 severe (sev > 2) 7 (100%) 5 (38.5%) Fisher p =0.015**
More than half registered (sev > 0) 5 (71.4%) 4 (30.8%) Fisher p=0.2

TDue to missing data, the numbers of subjects available for analysis ranged from 7-11 (TBI+ADHD), and 12-18 (TBI-ADHD)
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Table 4
IMPACT in mTBI+ADHD and mTBI-ADHD

TBI+ADHD (N=7) TBI-ADHD (N=13) Statistic ~ p

Mean + SD Mean + SD
Visual Memory Composite (%ile) 72.3 (£ 30.4) 72.1 (£ 26.3) t=0.0 p=1
Visual Motor Speed Composite (%ile) 62.9 (£ 27) 54.3 (£ 30.2) t=06 p=05
Reaction Time Composite (%ile) 60.4 (+ 30.6) 44.8 (£ 33) t=11 p=03
Impulse Control Composite 7.4 (x4)5) 6 (+2.9) t=08 p=05
Total Symptom Score 7 (x5.5) 9.6 (£13.7) t=-06 p=06
Cognitive Efficiency Index 0.4 (+0.1) 0.4 (x0.2) t=11 p=03
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