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Introduction: This clinical trial aimed to determine the influence of attention-
deficit/hyperactivity disorder (ADHD) on neuro-ophthalmologic function and 
brain-derived blood biomarkers following acute subconcussive head impacts.

Methods: The present trial consisted of age- and sex-matched samples with a 
ratio of 1:1 between two groups with a total sample size of 60 adults (age ± SD; 
20.0 ± 1.8 years). Soccer players diagnosed with and medicated daily for ADHD 
were assigned into an ADHD group (n  =  30). Soccer players without ADHD were 
assigned into a non-ADHD group (n  =  30). Participants performed 10 soccer 
headers with a soccer ball projected at a velocity of 25mph. King-Devick test 
(KDT), near point of convergence (NPC), and serum levels of NF-L, tau, GFAP, 
and UCH-L1 were assessed at baseline (pre-heading) and at 2 h and 24 h post-
heading.

Results: There were no statistically significant group-by-time interactions in 
outcome measures. However, at baseline, the ADHD group exhibited lower 
neuro-ophthalmologic functions compared to the non-ADHD group (NPC: 
p  = 0.019; KDT: p  = 0.018), and persisted at 2 h-post (NPC: p  = 0.007; KDT: p  = 0.014) 
and 24 h-post heading (NPC: p  = 0.001). NPC significantly worsened over time in 
both groups compared to baseline [ADHD: 2 h-post, 1.23 cm, 95%CI:(0.77, 1.69), 
p  <  0.001; 24 h-post, 1.68 cm, 95%CI:(1.22, 2.13), p  = 0.001; Non-ADHD: 2 h-post, 
0.96 cm, 95%CI:(0.50, 1.42), p  < 0.001; 24 h-post, 1.09 cm, 95%CI:(0.63, 1.55), 
p  <  0.001]. Conversely, improvements in KDT time compared to baseline occurred 
at 2 h-post in the non-ADHD group [−1.32 s, 95%CI:(−2.55, −0.09), p  = 0.04] and 
at 24 h-post in both groups [ADHD: −4.66 s, 95%CI:(−5.89, −3.43), p  <  0.001; Non-
ADHD: −3.46 s, 95%CI:(−4.69, −2.23), p  <  0.001)]. There were no group-by-time 
interactions for GFAP as both groups exhibited increased levels at 2 h-post [ADHD: 
7.75 pg./mL, 95%CI:(1.41, 14.10), p  = 0.019; Non-ADHD: 7.91 pg./mL, 95%CI:(1.71, 
14.14), p  = 0.015)] that returned to baseline at 24 h-post. NF-L levels increased at 
2 h-post heading in the ADHD group [0.45 pg./mL, 95%CI:(0.05, 0.86), p  = 0.032], 
but no significant NF-L changes were observed in the non-ADHD group over time.

Discussion: Ten soccer headers elevated GFAP levels and NPC impairment in both 
groups. However, persisting group difference in NPC, blunted KDT performance, 
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and increased NF-L levels in the ADHD group suggest that ADHD may reduce 
neuro-ophthalmologic function and heighten axonal response to soccer headers.

Clinical trial registration: ClinicalTrials.gov, identifier ID: (NCT04880304).
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Introduction

Research focusing on subconcussive head impacts has increased 
exponentially in the past two decades (1). The current consensus is 
that even mild head impacts, if sustained repetitively, can cause 
impairments in eye movement (2), elevations in neural-injury blood 
biomarkers (3, 4), and changes in neuronal network (5). With 
chronicity, these neurological alterations can be amplified and may 
predispose individuals to later onset of neurodegenerative conditions 
(1, 6). Several lines of research have begun suggesting a few 
demographic factors that may modulate neural resiliency to 
subconcussive head impacts (7). Specifically, attention-deficit/
hyperactivity disorder (ADHD) has been shown to reduce resiliency 
to trauma induced brain injury (8).

ADHD is the most common neurodevelopmental disorder (9), 
and as many as 14% of high school and 10% of college athletes are 
reported to be diagnosed with ADHD (10). The majority of these 
athletes participate in contact/collision-prone sports (e.g., American 
football, soccer, hockey) (11). Growing evidence indicates that athletes 
with ADHD have a 1.5- to 5-fold increased risk for concussion (10, 
12), which is accompanied by increases in repeated prevalence (13) 
and in symptom severity and time to recovery compared to athletes 
without ADHD (10). Furthermore, ADHD has recently been 
suggested to increase vulnerability to subconcussive head impacts, as 
exhibited by acute declines in cognitive performance and increases in 
blood biomarker levels associated with neuronal injury (ubiquitin-C-
terminal-hydrolase-L1; UCH-L1) and astrocyte activation (glial-
fibrillary-acidic-protein; GFAP) following 10 acute soccer headers (8). 
These preliminary findings suggest that ADHD-specific 
characteristics, such as delayed maturation of prefrontal cortex (14) 
and dopaminergic neural pathways (15) and reduced cortical 
thickness and brain volume (16), may influence outcomes of 
brain trauma.

Unlike subjective measures such as self-reported symptoms, 
neuro-ophthalmologic function has shown to be  one of the most 
sensitive functional metrics to reflect the severity of neural stress from 
subconcussive head impacts (17). Neuro-ophthalmologic function 
integrates signals from visual, oculomotor, and cognitive inputs. For 
example, near point of convergence (NPC) (2, 18) measures the closest 
point of focus before diplopia occurs, and the King-Devick test (KDT) 
(2) couples saccadic eye movements with multiple facets of brain 
functions, such as attention, language, and concentration (19). Our 
recent clinical trial found that 10 soccer headings significantly 
impaired neuro-ophthalmologic functions in soccer players without 
ADHD (2). The use of brain-derived blood biomarkers has also 
proven sensitive to objectively assess neural integrity following brain 
injury (4). In particular, tau, neurofilament light polypeptide (NF-L), 

glial-fibrillary-acidic protein (GFAP), and ubiquitin-C-terminal 
hydrolase-L1 (UCH-L1) have shown to gauge the effects of concussive 
(20) and subconcussive head impacts (3, 8). Increased plasma NF-L 
expression was observed in college-aged soccer players following 10 
soccer headers and was able to distinguish from the kicking-control 
group (3). Similar utility of blood biomarkers has been seen in soccer 
players diagnosed with ADHD (8). However, the findings of previous 
studies (8, 10) that identified ADHD as an antecedent risk factor for 
brain injury were limited by small sample size, limited diagnostic 
assessment for ADHD, and non-demographically matched controls.

Therefore, to address these limitations, we designed a clinical trial 
using our soccer heading model (21) and a multi-modal approach 
consisting of neuro-ophthalmologic function and the brain-derived 
blood biomarkers (NF-L, Tau, UCH-L1, GFAP) to examine the role of 
ADHD in repetitive subconcussive head impacts. Our primary 
hypothesis was that soccer players with ADHD would demonstrate a 
greater neurological distress to subconcussive head impacts, as 
reflected in decreased NPC and KDT performance and in a higher 
magnitude of increased serum levels of blood biomarkers at post-
heading time points compared to soccer players without ADHD.

Materials and methods

Participants

From March 2021 through March 2022, potential participants 
were simultaneously recruited from local universities and soccer 
clubs, and 87 potential participants were screened to be assigned into 
one of two groups: (1) individuals clinically diagnosed with and 
medicated for ADHD (ADHD group) and (2) age- and sex-matched 
individuals without ADHD diagnosis (non-ADHD group). For any 
non-ADHD participants whose age and sex demographics were not 
matched in the ADHD group, they continued to participate in the 
study but were not included in the analysis. As a result, a total of 69 
participants completed the study and 60 were included in the final 
analysis (ADHD group, n = 30; non-ADHD group, n = 30; Figure 1). 
Inclusion criteria across both groups consisted of being between the 
ages of 18 and 26 years and having at least 5 years of soccer heading 
experience. Participants in the ADHD group were also required to 
be taking their prescribed ADHD medication at least 5 days a week. 
The non-ADHD group had no prior or current history of taking 
ADHD medication. Exclusion criteria for both groups included a head 
or neck injury including concussion with symptoms remaining within 
3 months prior to the start of the study, and any current or prior 
history of learning disabilities (e.g., dyslexia, processing deficits) or 
major mental disorders (e.g., schizophrenia, bipolar disorder, autism 
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spectrum disorder) other than ADHD. Participants who reported a 
current or history of anxiety or depressive disorder were included in 
the study, as long as symptoms were not quantified as severe in their 
psychiatric assessment or by their provided psychological diagnostic 
reports (22) (see Diagnostic Assessment for ADHD and Psychiatric 
Factors section). This criterion was identified prior to the start of 
recruitment and was included in our initial assessment to preserve 
generalizability due to the increasing prevalence of anxiety and major 
depressive disorders diagnosed in college-aged individuals (23), 
athletes (24), and as a result of the COVID-19 Pandemic (25).

Trial design

Following recruitment, a self-reported health questionnaire was 
administrated to each participant to obtain demographic information, 
head impact history, and mental health conditions. Serum samples 
were collected, and participants performed NPC and KDT at three 
collection time points: [pre-heading baseline, 2 h-, and 24 h-post 
soccer heading]. Following baseline measurements, participants 
performed 10 controlled soccer headers (see Subconcussion Model 
section). Participants remained in the laboratory until the 2 h-post 
heading time point. Participants returned to the laboratory 
approximately 24 h after the soccer heading for the final time point. 
The post soccer heading timepoints have been used previously in 

similar study designs and have been shown to be a sufficient timeframe 
to identify the neuro-ophthalmologic and cellular responses to 
subconcussive head impacts (2, 8). From 3 days prior to the start of the 
study and continuing until the 24 h post-heading time point, 
participants were instructed to (1) take their prescribed ADHD 
medication (for the ADHD group), (2) refrain from consuming 
alcohol and recreational drugs, and (3) refrain from activities that 
involve head impacts. If participants failed to comply with the 
instructions, they were either rescheduled or withdrawn from the 
study. The study protocol was approved by the Indiana University 
Institutional Review Board and was registered under ClinicalTrials.
gov (NCT04880304). All participants provided written 
informed consent.

Diagnostic assessment for ADHD and 
psychiatric factors

To confirm ADHD diagnosis and to assess ADHD symptoms, a 
well-trained research coordinator, who was advised by two licensed 
psychologists with expertise in ADHD, conducted a semi-structured 
diagnostic interview using the Adult ADHD Investigator Symptom 
Rating Scale (AISRS) (26). Two additional trained testers assessed the 
agreement of AISRS total symptom scores. Absolute inter-rater 
reliability was excellent (intraclass correlation coefficient, 0.99 [95% 

FIGURE 1

Study flow chart.
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CI, 0.97 to 1.00]; p < 0.001). The coordinator and testers were blinded 
to status of the participants’ ADHD diagnosis. In compliance with the 
AISRS, participants in the ADHD group were required to report at 
least five symptoms from the symptom-checklist of the Diagnostic and 
Statistical Manual of Mental Disorders 5th Edition (DSM-5) in either 
the inattentive or the hyperactive/impulsive domain and were free of 
symptoms unrelated to ADHD (i.e., schizophrenia, substance 
withdrawal). Participants in the non-ADHD group were required to 
score below the AISRS threshold. Further validation for the ADHD 
group included documentation of their complete clinical ADHD 
diagnosis. Additional psychiatric assessments included the Beck 
Anxiety Inventory (BAI) (27), Patient Health Questionnaire (PHQ-9) 
(28), General Anxiety Disorder (GAD-7, 27) Alcohol Use Disorder 
Identification Test (AUDIT) (29), Cannabis Use Disorder 
Identification Test (CUDIT-R) (30), and Daily Stress Inventory 
(DSI) (31).

Subconcussion model

A soccer heading model was used to induce subconcussive head 
impacts (2, 8, 21). Several of our prior studies have validated this 
model to provide adequate force to induce subconcussive injury, as 
seen by elevated neural injury biomarkers and impairments in neuro-
ophthalmologic, oculomotor, and cognitive functions following 
repeated exposure to soccer headings (2, 3, 8). See Bevilacqua et al. for 
the video version (21). A triaxial accelerometer (GFroceTracker Inc., 
Ontario, CA) was used to measure head accelerations. A JUGS soccer 
machine (JUGS Sports, Tualatin, OR) was used to launch a size-5 
soccer ball at a traveling velocity of 25 mph (11.2 m/s), which is a 
similar speed to a long throw-in and on the slower-scale end of rising 
balls kicked by adult soccer players (32), to participants who stood 
approximately 40 ft. (12.2 m) away from the JUGS machine. 
Participants were instructed to use the standard method of hitting the 
ball with the center of their forehead to perform 10 headers within 
1-min intervals to a targeted individual who stood about 16 ft. (4.9 m) 
from participants.

Neuro-ophthalmologic assessment

Assessment consisted of previously established protocols of NPC 
and KDT (2). NPC was measured using the accommodative ruler 
(Gulden Ophthalmics, Elkins Park, PA) and was taken when 
participants verbally signaled diplopia had occurred or the researcher 
observed misalignment. Neuro-ophthalmologic functional integrity, 
using saccadic eye movement and cognitive processing speed, were 
examined with KDT on a tablet. Participants performed saccades 
while rapidly reading numbers aloud and their total time (seconds) 
and total errors were recorded.

Blood biomarker assessment

Six millimeters of venous blood were collected into vacutainer 
tubes (BD Biosciences, San Jose, CA) at pre (baseline), 2 h-, and 
24 h-post soccer heading for blood biomarker analysis. A selective 
sample were not valid for venipuncture methodology due to 

participant anxiety or phlebotomy difficulty (n = 5). In place of 
venipuncture, a non-invasive Tasso sampling kit (Tasso inc.) was 
placed on participants’ arms and used to collect a total of 400–600 uL 
of capillary blood per device. Clotted serum was centrifugated (1,500 
x g, 15 min, 4 C̊), aliquoted, and stored at-80 C̊ prior to running the 
assay. Serum levels of NF-L, Tau, UCH-L1, and GFAP were 
simultaneously ran over three assays using the Human Neurology 
4-Plex A assay (N4PA) on a SR-X with single molecule array (Simoa™, 
Quanterix) (33). Samples were loaded in duplicate according to 
Quanterix instructions. To eliminate the inter-assay effect on within-
subject data, all samples from each participant were ran on the same 
plate. Limit of detection (LOD) was 0.136 pg./ mL for NF-L, 0.276 pg./
mL for GFAP, 0.0298 pg./mL for Tau, and 4.03 pg./mL for UCH-L1.

Primary and secondary outcome measures

To address if ADHD is a modulating factor for subconcussive 
head impacts and account for differences between groups at baseline, 
the primary interest was to test the changes in KDT time and error, 
NPC distance, and in serum levels of NF-L, Tau, UCH-L1, and GFAP 
over time between the ADHD and non-ADHD groups (group-by-
time interaction). Our secondary interest was to test the changes in 
neuro-ophthalmologic function and serum levels over time compared 
to baseline values within the ADHD group.

Statistical analysis

The assessment of demographic differences between the ADHD 
and non-ADHD groups at baseline consisted of student’s two-tailed 
independent t-tests for continuous variables (age, BMI, number of 
previous concussion, years of soccer experience, years of soccer 
heading experience, age started soccer, hours of sleep, SCAT 
symptom scores, AUDIT scores, CUDIT scores) and Fisher’s exact 
tests for categorical variables (sex, race, ethnicity, diagnosis of 
additional mental disorder, history of COVID-19). Independent 
samples t-tests were also used to compare baseline values of the 
outcome variables between groups. A series of mixed-effects 
regression models was used to test our hypotheses. The primary 
(fixed-effect) factors were groups (ADHD and non-ADHD), time of 
measurement (pre-heading baseline, 2 h-, and 24 h-post heading), 
and the group-by-time interaction. Participants were treated as a 
random effect to account for individual differences at baseline. A 
sensitivity analysis was conducted to evaluate whether any 
demographic variables, regardless of group difference, were 
significantly associated with the outcome measures. Methods of 
outlier detection were calculated to examine unusual influence of 
individual data points on the fit of the model. Additional validation 
of Tasso measurements was used and data points that were identified 
as outliers were excluded from the group analysis. Following the 
removal of appropriate Tasso samples, six data points were identified 
as outliers (GFAP: n = 0, NF-L: n = 4, Tau: n = 1, UCH-L1: n = 1). 
Nine data points for UCH-L1 were below the LOD, and 5 samples 
were not valid for analysis due to phlebotomy or SR-X complications. 
The model was refit without these data being included. For each 
estimated outcome value (β coefficient), a 95% confident interval 
(CI) was calculated, and missing data was accounted for. The analysis 
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was summarized by providing a contrast estimate with its 95% CI 
and a value of p in the following format: (estimate [95% CI, low 
CI-CI high], value of p). The significance levels for all tests were set 
a priori to 0.05. Lastly, a post-hoc analysis of three independent 
t-tests (NPC, KDT time, KDT error) each with a Bonferroni adjusted 
alpha level of 0.016 was conducted to examine group differences in 
neuro-ophthalmologic function at each post-heading time point. All 
analyses were conducted using statistical software R version 3.5.2 (R 
Foundation for Statistical Computing) with packages “lmer” and 
“lmerTest.”

Results

Demographics

Eighty-seven individuals were assessed for eligibility, and 78 
individuals who met the inclusion criteria, and were free of exclusion 
criteria, proceeded to the study. Changes in schedules and COVID-19 
exposure/diagnosis attributed to eight voluntary withdrawals prior to 
the study data collection, and one individual was withdrawn due to 
failure to comply with study instructions. Nine participants who were 
free of ADHD diagnosis were unable to be age- and sex-matched to 
participants in the ADHD group and were excluded from the analysis. 
As a result, data from 60 participants were valid for analysis: ADHD, 
n = 30 and non-ADHD, n = 30 (Figure 1). Demographics and head 
impact kinematics are presented in Table 1. Significant differences in 
number of previous concussion and diagnosis of additional mental 
disorder were observed and were accounted for by the mixed-effects 
regression models.

Subconcussive effects on 
neuro-ophthalmologic function

Ten soccer headers significantly increased (worsened) NPC in 
both groups compared to their pre-heading baselines (ADHD: 
2 h-post, 1.23 cm [0.77, 1.69], p < 0.001; 24 h-post, 1.68 cm [1.22, 2.13], 
p < 0.001; Non-ADHD: 2 h-post 0.96 cm [0.50, 1.42], p < 0.001; 
24 h-post 1.09 cm [0.63, 1.55], p < 0.001; Figure 2A). The ADHD group 
displayed worse NPC at baseline compared to the non-ADHD group 
(p = 0.02), and the group difference persisted at 2 h (p = 0.007) and 
24 h-post heading (p = 0.001). However, there were no group-by-time 
interactions at 2 h- or 24 h-post heading.

Despite sustaining 10 soccer headings, both groups displayed 
improvements in KDT time at 24 h-post compared to their 
pre-heading baseline (ADHD: −4.66 s [−5.89, −3.43], p < 0.001. 
Non-ADHD: −3.46 s [−4.69, −2.23], p < 0.001; Figure  2B). The 
non-ADHD group also improved KDT time at 2 h-post compared 
to baseline (−1.32 s [−2.55, −0.09], p = 0.04), whereas the ADHD 
group showed no changes at 2 h-post compared to baseline (−0.94 s 
[−2.17, 0.29], p = 0.14). However, the group-by-time interaction was 
not statistically significant at either time point (Table 2). Slower 
KDT time was seen in the ADHD group compared to the 
non-ADHD group at baseline (p = 0.018), as well as at 2 h-post 
heading (p = 0.014); however, the group difference disappeared at 
24 h-post heading. No significant changes were observed in KDT 
error (Figure  2C). Within-group changes from baseline for 

neuro-ophthalmologic metrics are presented in Table 3. Between-
group results are presented in Table 4.

Subconcussive effects on neural-injury 
blood biomarkers

The ADHD group exhibited a significant increase in NF-L levels 
at 2 h-post heading compared to baseline (0.45 pg./mL [0.05, 0.86 pg./
mL], p = 0.032) but no change at 24 h-post heading (0.19 pg./mL 
[−0.20, 0.59 pg./mL], p = 0.340). Conversely, the non-ADHD group 
displayed no significant change across all time points (Figure 3A). 
Both groups displayed significant increases in GFAP levels at 2 h-post 
heading (ADHD: 7.75 pg./mL [1.41, 14.10 pg./mL], p = 0.019; 
Non-ADHD: 7.91 pg./mL [1.71, 14.14 pg./mL], p = 0.015), and GFAP 
levels in both groups were normalized to baseline levels at 24 h-post 
heading (ADHD: −2.45 pg./mL [8.67, 3.76 pg./mL], p = 0.446; 
Non-ADHD: 4.00 pg./mL [−2.16, 10.15 pg./mL], p = 0.210; Figure 3B). 
There was no significant change in UCH-L1 levels in both groups 
across at all time points (Figure 3C). A significant group-by-time 
interaction was observed in tau levels at 24 h-post heading, where the 
non-ADHD group exhibited higher levels of tau (0.24 pg./mL [0.02 to 
0.46], p = 0.038; Figure 3D). Conversely, there were no group-by-time 
interactions for NF-L, GFAP, or UCH-L1 levels (Table 2). Within-
group changes from baseline are presented in Table 5.

Discussion

The purpose of this clinical trial was to assess whether neuro-
ophthalmologic and cellular responses to acute subconcussive head 
impacts differ between individuals diagnosed with ADHD and those 
without ADHD. By strengthening the reliability of ADHD diagnosis 
and medication requirements, and minimizing the potential 
influences of sex, age, and recreational drug and alcohol use on 
neural-injury blood biomarkers, this trial exceeded the rigor of the 
previous reports and revealed that regardless of ADHD status, acute 
subconcussive head impacts equally impaired NPC for at least 24 h. 
However, ADHD participants exhibited reduced ability to improve 
KDT time at 2 h-post heading compared to their non-ADHD 
counterparts, who showed significant improvements at all post-
heading time points, suggesting that ADHD may have the potential to 
impair neuro-ophthalmologic response to subconcussion. We also 
provide evidence to suggest that as mild as 10 controlled soccer 
headers can acutely induce astrocytic activation regardless of ADHD 
status, as reflected by transient elevation in GFAP levels at 2 h-post 
heading, and that neuronal axons may respond differently to repetitive 
head impacts in individuals with ADHD, as reflected by increased 
NF-L levels in the ADHD group only and increased tau levels in the 
non-ADHD group only. Taken together, these findings suggest that 10 
soccer headers can trigger astrocyte activation and ocular-motor 
impairments in both groups. However, persisting group difference in 
NPC, blunted KDT performance, and increased serum NF-L levels in 
the ADHD group suggest that ADHD may reduce neuro-
ophthalmologic function and heighten axonal response to 
soccer headers.

Our finding on NPC agrees with previous reports showing that 
NPC is a sensitive clinical measure to monitor acute subconcussive 
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head impacts (2). Ten soccer headings significantly worsened NPC 
compared to baseline in the ADHD group by 17% at 2 h-post heading 
and by 23% at 24 h-post heading, whereas the non-ADHD group 

exhibited significant increases by 16% at 2 h-post heading and by over 
18% at 24 h-post heading. Despite these variations, there were no 
significant group-by-time interactions following subconcussive head 

TABLE 1 Demographics and head impact kinematics by group.

Variables ADHD Non-ADHD

n 30 30

Sex 13 M 17\u00B0F 13 M 17\u00B0F

Age, y 19.9 ± 1.88 20.1 ± 1.83

BMI, kg/m2 23.1 ± 5.20 24.3 ± 3.59

No. of previous concussion**

0, n (%) 14 (46.7) 25 (83.3)

1, n (%) 13 (43.3) 5 (16.7)

2, n (%) 3 (10) 0 (0)

Soccer Experience, y 11.1 ± 3.64 12.4 ± 3.02

Soccer Heading Experience, y 7.8 ± 2.46 9.1 ± 2.89

Race, n (%)

White 24 (80) 24 (80)

Black/African American 3 (10) 2 (6.7)

Asian 1 (3.3) 4 (13.3)

More than one race 2 (6.7) 0 (0)

Ethnicity, n (%)

Not Latino/Hispanic 28 (93.3) 28 (93.3)

Latino/Hispanic 2 (6.7) 2 (6.7)

ADHD Medication, days per week 6.4 ± 0.89 a

Psychiatric Assessment, total no. of symptoms

AISRS: Inattention 7.4 ± 1.45 0.3 ± 0.66

AISRS: Hyperactivity-Impulsivity 5.2 ± 2.33 0.3 ± 0.70

SCAT5, baseline 3.2 ± 3.06 2.2 ± 2.52

AUDIT 5.7 ± 4.27 6.1 ± 4.13

CUDIT 4.8 ± 6.95 2.5 ± 4.19

Additional Mental Disorder Diagnosis, n (%)*** 17 (56.7) 4 (13.3)

Prior COVID-19 Infection, n (%) 10 (33.3) 10 (33.3)

Head Impact Kinematics per Header

PLA, g 13.6 ± 1.98 13.9 ± 2.45

PRA, (°/s2) 859.6 ± 198.7 822.2 ± 248.2

Baseline Serum Blood Biomarker Levels, pg/mL

Glial Fibrillary acidic protein (GFAP) 66.1 ± 26.16 70.9 ± 32.68

Neurofilament light (NF-L) 5.3 ± 2.85 5.0 ± 2.37

Tau 0.85 ± 0.36 0.67 ± 0.40

Ubiquitin C-terminal hydrolase-L1 (UCH-L1) 13.2 ± 14.40 9.1 ± 5.00

Neuro-ophthalmologic Performance

Near Point of Convergence (NPC), cm* 7.0 ± 2.03 5.8 ± 1.89

King-Devick Test (KDT) time, s* 51.5 ± 9.59 46.0 ± 7.9

King-Devick Test (KDT) error, total# 0.4 ± 0.72 0.3 ± 0.65

All data is reported as group means of each demographic ± standard deviations, unless otherwise specified. BMI: body mass index. AISRS: Adult ADHD Investigator Symptom Rating Scale. 
SCAT5: Sport Concussion Assessment Tool-5. AUDIT: Alcohol Use Disorders Identification Test. CUDIT: Cannabis Use Disorders Identification Test. PLA: peak linear acceleration. PRA: 
peak rotational acceleration. aIndividuals were free from ADHD diagnosis and had no history of taking ADHD medication. Asterisk (*) refers to statistically significant differences between 
groups at baseline: *p < 0.05; **p < 0.01; ***p < 0.001. Significant differences between groups at baseline were seen in previous concussion (p = 0.002) and in additional mental disorder 
diagnosis (p < 0.001), and in baseline neuro-ophthalmologic performance metrics of NPC (p = 0.019) and KDT time (p = 0.018).
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impacts. ADHD has been linked to ocular abnormalities and 
impairment in NPC (34, 35). For example, Ababneh et al. (35) found 
that children diagnosed with ADHD performed significantly worse 
on NPC than their siblings without ADHD. It is important to note that 
the NPC changes observed are likely not clinically significant. 
However, it is statistically significant and similar decreases in NPC 

were observed in a previous study that identified mild oculomotor 
impairment in college-aged soccer players not diagnosed with ADHD 
following 10 soccer headers (2). Another novel aspect of our study is 
that improvements in KDT time at 2 h-post heading were observed in 
the non-ADHD group only. The accuracy of KDT relies on recruiting 
a greater number of brain pathways compared to other oculomotor 
tests (e.g., NPC) (2). This recruitment includes prefrontal and 
cingulate cortices, cerebellum, corpus callosum, basal ganglia, and the 
occipital lobe (36). Our observed result in KDT time is plausible, given 
that ADHD has been shown to influence these functions and 
anatomical regions (14). A similar response was seen in our previous 
study, in that the non-ADHD group demonstrated learning effects in 
visual working memory despite sustaining 10 soccer headings. 
Contrarily, 10 headings blunted the ADHD group’s ability to learn and 
improve visual working memory score (8). These data substantiate the 
findings that ADHD may decrease resiliency to subconcussion, 
beyond deficits observed in non-ADHD counterparts, particularly in 
broad aspects of cognitive functions, such as working memory, 
attention, and anticipation. Although this is the first study observing 
repeat test taking of KDT in ADHD, the potential learning effect on 
KDT is identified in non-ADHD athletes free from concussion with a 
reported improvement of 1.2 s following a bout of 10 soccer headings 
(2) and of approximately 2 to 4 s across a season (37, 38). As an earlier 
study by Hakvoort et al. (34) demonstrating the usefulness of fMRI to 
identify ADHD-specific neural activation pattern during an 
antisaccade task, future studies should incorporate fMRI to explore 
the neuro-mechanistic interaction between ADHD and 
subconcussion. It is also worth noting that ADHD medication was 
unable to improve neuro-ophthalmologic performance to a level 
comparable to their non-ADHD counterparts at baseline. 
Furthermore, our post-hoc analysis indicated that despite the 
combination of repeat test taking and medication, the ADHD group 
consistently exhibited impairments in NPC at all post-heading time 
points and in KDT time for at least 2 h. Medication treatment has been 

FIGURE 2

Subconcussive effects on (A) NPC, (B) KDT time, and (C) KDT error. 
There were no group-by-time interactions in neuro-ophthalmologic 
function following 10 soccer headers. Ten soccer headers blunted 
the neuro-ophthalmologic ability to learn and adapt to KDT time in 
the ADHD group at 2  h-post heading, whereas a significant 
improvement in time was seen in the non-ADHD group. 
Subconcussive head impacts significantly worsened NPC for up to 
24  h in both groups, whereas KDT time improved at 24  h and KDT 
error remained unchanged. The ADHD group performed significantly 
worse than the non-ADHD group at baseline in NPC (p  =  0.019) and 
in KDT time (p  =  0.018). A post-hoc analysis with an adjusted alpha 
level (α  =  0.016) revealed that the ADHD group consistently 
performed worse than the non-ADHD group in NPC at all post-
heading time points, and in KDT time at 2  h-post heading. Values 
graphed represent group means at each time points and the 
standard error of the mean (SEM).

TABLE 2 Group-by-time interaction in serum blood biomarker 
concentrations and neuro-ophthalmologic function.

Biomarker 2  h-post p 
value

24  h-post p 
value

GFAP 0.16 [−8.72 to 

9.05]

0.972 6.45 [−2.30 to 

15.19]

0.155

NF-L −0.31 [−0.87 

to 0.25]

0.288 −0.10 [−0.66 to 

0.44]

0.712

Tau −0.14 [−0.30 

to 0.02]

0.136 −0.08 [−0.23 to 

0.08]

0.038*

UCH-L1 −0.52 [−4.47 

to 3.43]

0.801 0.30 [−3.63 to 

4.19]

0.884

NPC, (cm) −0.28 [−0.93 

to 0.38]

0.413 −0.58 [−1.23 to 

0.07]

0.084

KDT time, (s) −0.38 [−2.11 

to 1.36]

0.675 0.07 [−0.53 to 

2.94]

0.180

KDT error, (#) −0.10 [−0.52 

to 0.32]

0.650 0.07 [−0.36 to 

0.49]

0.762

Between-group estimates (β) with their 95% confidence intervals (CI) for our primary 
interests of changes in biomarkers over time between the ADHD and non-ADHD groups. A 
group-by-time interaction in tau was observed at 24 h-post heading. The blood biomarkers 
are measured in units of pg/mL. Asterisk (*) refers to statistically significant group-by-time 
interaction between the ADHD and non-ADHD groups: *p < 0.05.
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shown to resolve neuro-ophthalmologic decrements in pediatric 
patients with ADHD (35); however, the neuro-ophthalmologic 
influence of medication on college-aged soccer players is limited to 
the present study.

Another novel finding our results provided is that, regardless of 
ADHD diagnosis, acute astrocyte activation occurs following 10 soccer 
headings to GFAP elevations, as reflected by similar increases in GFAP 
levels in the ADHD and non-ADHD group. This finding is different 
from our preliminary results, in which elevations in GFAP were specific 
to the ADHD group. Discrepancy in the two studies may be explained 
by a variety of factors and their influences on astrocyte integrity, cellular 
hypertrophy, and ultimately GFAP upregulation. First, the sample size 
of the current trial is approximately 2-fold higher than our previous 
study (8), and our non-ADHD control group is sex- and age-matched. 
Although data is limited, astrocyte activation has been suggested to 
be sex- and age-dependent, as GFAP elevations have been shown to 
increase with age (39) and correlate with levels of sex steroid hormones 
(39). Second, the method of neural-injury blood biomarker assessment 
varied between studies. This may play a role in the differential data, given 
that total GFAP concentrations have been shown to differ between 
serum and plasma samples from the same participants (40). However, 
both serum (20) and plasma (8) samples have been used successfully to 
identify increases in GFAP related to head injury, and to be similar in the 
ability to distinguish intracranial abnormalities (serum: AUC = 0.814 
and plasma: AUC = 0.778) (40). Another important methodical factor to 
consider is the use of a semi-automated SR-X device in the present trial, 
rather than a fully-automated Simoa HD-1 analyzer, as used in our 
previous study (8). Despite the potential risk of human error using SR-X, 
the two devices have shown a high correlation (R2 = 0.9412) (41). Third, 

the duration of taking ADHD medication was lengthened and included 
3 days prior to the start of the study, in addition to during the course of 
the study as implemented in our pilot study (8). Non-toxic doses of 
ADHD medication has been shown to activate glial cells without 
significantly increasing GFAP levels (42). This is important due to the 
fact that moderate activation of astrocytes has shown neuroprotective 
effects (43). Fourth, we instructed participants to refrain from substance 
use to control for acute recreational drug and alcohol usage. Postmortem 
examination has shown that cannabis may decrease astrocyte activation 
(44), and that acute withdrawal from alcohol use may increase GFAP 
levels in rodent models (45). Ultimately, we attempted to address the 
limitations of our previous work and other studies (3, 46) by 
strengthening the reliability of ADHD diagnosis and medication 
requirements, and minimizing the potential influences of sex, age, and 
recreational drug and alcohol use on neural-injury blood biomarkers. 
Our study isolated the influence of ADHD on neural integrity and 
indicated that 10 bouts of subconcussive head impacts can increase 
serum GFAP levels, regardless of ADHD diagnosis.

On the contrary, our data have demonstrated that ADHD may 
influence the axonal response to subconcussive head impacts. Blood 
NF-L levels in the ADHD group were shown to be  sensitive to 10 
controlled soccer headers, with serum levels increasing at 2 h-post 
heading. Elevations in blood NF-L concentration have been established 
as a reliable marker to assess axonal damage following subconcussive 
head impacts (4) and increases have been suggested to be associated with 
total number of concussion (47). However, previous studies, including 
ours (8), have failed to properly control for ADHD diagnosis. The 
rigorous inclusion and exclusion ADHD diagnostic criteria used in the 
present study allowed us to isolate and link our observed NF-L elevations 
to an ADHD diagnosis. Serum NF-L is a reputable blood biomarker due 
to its success in assessing brain injury severity and its correlation with 
neuroimaging outcomes (47). For example, elevations of serum NF-L 
were found to be correlated with decreases in total volume and integrity 
of white matter in adult hockey players (47), and with cognitive deficits 
and brain atrophy in patients with mutations associated with Alzheimer’s 
Disease (48). Meta-analyses of neuroimaging data in ADHD report that 
similar atypical microstructural patterns (16), and decreases in neural 
circuitry and cerebral volume (49) are able to distinguish patients with 
ADHD from healthy controls without an ADHD diagnosis. In a 
longitudinal study of 288 children, Sudre et al. (50) implemented two 
measurements of DTI and fMRI and discovered that worsening 
symptoms of ADHD were associated with decreases in intrinsic 
connectivity and integrity of white matter. The analysis from the present 
study design suggest that these ADHD-specific characteristics may 
heighten the cellular response to acute subconcussive head impacts, as 
seen by serum NF-L elevations observed in the ADHD group only.

TABLE 3 Within-group changes in neuro-ophthalmologic function from baseline.

Assessment Group 2  h-post p value 24  h-post p value

NPC (cm) ADHD 1.23 [0.77 to 1.69] <0.001*** 1.68 [1.22 to 2.13] <0.001***

Non-ADHD 0.96 [0.50 to 1.42] <0.001*** 1.09 [0.63 to 1.55] <0.001***

KDT time (s) ADHD −0.94 [−2.17 to 0.29] 0.139 −4.66 [−5.89 to-3.43] <0.001***

Non-ADHD −1.32 [−2.55 to-0.09] 0.039* −3.46 [−4.69 to-2.23] <0.001***

KDT error (#) ADHD 0.27 [−0.33 to 0.57] 0.088 −0.07 [−0.37 to 0.23] 0.668

Non-ADHD 0.00 [−0.13 to 0.47] 0.285 0.16 [−0.30 to 0.30] 1.000

Within-group estimates (β) with their 95% confidence intervals (CI) for each post-heading timepoint in reference to variables at pre-heading baseline. Asterisk (*) refers to statistically 
significant differences between post heading and baseline performance values: *p < 0.05; ***p < 0.001.

TABLE 4 Group differences in neuro-ophthalmologic function at post-
heading timepoints.

Assessment Timepoint ADHD Non-
ADHD

p 
value

NPC (cm) 2 h-post 8.3 ± 2.0 6.8 ± 2.1 0.007 *

24 h-post 8.7 ± 2.2 6.9 ± 1.9 0.001**

KDT time (s) 2 h-post 50.5 ± 9.4 44.6 ± 8.6 0.014*

24 h-post 46.8 ± 9.0 42.5 ± 8.0 0.055

KDT error (#) 2 h-post 0.67 ± 0.9 0.47 ± 0.6 0.318

24 h-post 0.33 ± 0.7 0.30 ± 0.5 0.831

Data are reported as group means ± standard deviations. A Bonferroni adjusted alpha level of 
0.016 was used for the three post-hoc independent groups t-tests. Asterisk (*) refers to 
statistically significant differences in post-heading values between the ADHD group and the 
non-ADHD group: *p < 0.016; **p < 0.003. Baseline differences in neuro-ophthalmologic 
performance can be found in Table 1.
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Despite also originating from the axon, serum tau levels opposed 
those of NF-L, as reflected by elevated tau levels in the non-ADHD group, 
and a significant group-by-time interaction, at 24 h-post heading. Tau is 
one of the most studied biomarkers in TBI research; however, majority of 
existing literature identifies acute exposure to subconcussive head impacts 
to be below the threshold for increased tau phosphorylation (4, 51). The 
tau elevations displayed in the present study propose that further 
investigation is warranted in order to identify other possible factors that 
contribute to serum tau levels. UCH-L1 is also predominately used for 
more severe forms of brain injury, with existing studies failing to detect 
UCH-L1 elevations following subconcussive head impact exposure (46). 
Neither of the groups in our study exhibited elevations in UCH-L1 across 
time points, suggesting that 10 controlled soccer headers is not sufficient 
to induce neuronal injury. Further research is required to disentangle the 

complexities in the results from our present study and our preliminary 
study (8).

Clinical implication

Our data supports the present literature that neural-injury blood 
biomarkers, KDT and NPC have the potential to aid in athlete monitoring. 
However, additional measurements, such as neuroimaging, should 
be  evaluated to determine clinical decisions. Despite the possible 
vulnerabilities associated with ADHD that our studies suggest, exercise 
and sport participation has shown to improve mental and physical health 
in individuals with ADHD (52). Collectively this should all be considered 
when monitoring safety in athletes with ADHD.

FIGURE 3

Subconcussive effects on (A) NF-L, (B) GFAP, (C) UCH-L1, and (D) Tau. Within-group changes in the ADHD group were observed in post-heading time 
points compared to baseline. A significant elevation in NF-L levels (p  =  0.032) was specific to the ADHD group. However, significant elevations in GFAP 
levels (ADHD: p  =  0.019, non-ADHD: p  =  0.015) were observed regardless of ADHD status. There were no significant differences in blood serum 
biomarker levels between groups at baseline. Values graphed represent group means at each time point and the standard error of the mean (SEM).

TABLE 5 Within-group changes in serum blood biomarker concentrations from baseline.

Blood Biomarker Group 2  h-post p value 24  h-post p value

GFAP ADHD 7.75 [1.41 to 14.10] 0.019* −2.45 [−8.67 to 3.76] 0.446

Non-ADHD 7.91 [1.71 to 14.14] 0.015* 4.00 [−2.16 to 10.15] 0.210

NF-L ADHD 0.45 [0.05 to 0.86] 0.032* 0.19 [−0.20 to 0.59] 0.340

Non-ADHD 0.14 [−0.24 to 0.53] 0.473 0.08 [−0.30 to 0.47] 0.657

Tau ADHD −0.14 [−0.30 to 0.02] 0.085 −0.08 [−0.23 to 0.08] 0.335

Non-ADHD 0.03 [−0.13 to 0.19] 0.709 0.16 [0.01 to 0.32] 0.048*

UCH-L1 ADHD 0.58 [−2.20 to 3.39] 0.687 −0.002 [−2.68 to 2.69] 0.999

Non-ADHD 0.07 [−2.77 to 3.11] 0.963 0.29 [−2.55 to 3.12] 0.841

Within-group estimates (β) with their 95% confidence intervals (CI) for each post-heading timepoint in reference to blood biomarkers at pre-heading baseline. The blood biomarkers are 
measured in units of pg/mL. Asterisk (*) refers to statistically significant differences between post heading and baseline values: *p < 0.05.
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Limitations

The present study has several limitations that should be considered. 
We are unable to account for additional factors that may influence our 
outcome variables. For example, participants were unmonitored in between 
time points of 2 h- and 24 h-post heading. Individual variabilities may also 
have an impact on the outcome variables, as NF-L has been suggested to 
be associated with concussion history in prior studies (47). However, our 
study design of repeated measures designed to compare the individual 
responses to baseline and our approach to treat participants as a random 
effect with mixed effects regression models should minimize any potential 
subject-level influences independent of ADHD status on the primary 
interests. The final models were determined with a balance of parsimony 
and best-fitting and potential covariates (e.g., number of previous 
concussion, mental health status) were included in the models to further 
minimize the potential influences. Despite the atypical performance of our 
soccer heading model of 10 consecutive soccer headers within 1-min 
intervals, our model allowed us to isolate ADHD and eliminate extraneous 
influences that are inherent in field studies. Future studies are encouraged 
to link the activation of astrocytes to suggested biological influencers and 
to address the study’s limited generalizability, including expanding data 
collection to larger-scale settings.

Conclusion

The present study provides evidence that ADHD may have 
increased vulnerability to cellular and neuro-ophthalmologic deficits 
at baseline and after repetitive subconcussive head impacts. Regardless 
of ADHD diagnosis, subconcussive head impacts increased serum 
GFAP levels and impaired NPC. Conversely, further observation of 
ADHD-specific reduced resiliency to subconcussive-induced neural 
injury was reflected in increased serum NF-L levels and in blunted 
improvements in KDT time compared to their non-ADHD 
counterparts. We  encourage future studies to use additional 
neurological measures to confirm these findings.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Indiana University 
Institutional Review Board. The studies were conducted in accordance 
with the local legislation and institutional requirements. The participants 
provided their written informed consent to participate in this study.

Author contributions

MN: conceptualization, collection and curation of the data, 
interpretation, formal analysis, writing – original draft, writing 
– review and editing. WK: conceptualization, interpretation, 
formal analysis, writing – review and editing. DR: collection and 
curation of the data, writing – review and editing. OO and LK: 
collection of the data, writing – review and editing. PQ: 
conceptualization, interpretation, formal analysis, writing – 
review and editing. TM: conceptualization, interpretation, formal 
analysis, writing – original draft, writing – review and editing, 
administration, supervision. SN: conceptualization, 
interpretation, writing – review and editing, funding acquisition, 
supervision. KK: conceptualization, interpretation, formal 
analysis, writing – original draft, writing – review and editing, 
funding acquisition, administration, supervision. All authors 
contributed to the article and approved the submitted version.

Funding

All aspects of this work were supported by the National Institute 
of Neurological Disorders and Stroke (to KK and SN: 1R21NS116548). 
MN is currently funded by an award from the National Institute of 
Mental Health (T32MH019836).

Acknowledgments

The authors would like to thank Hu Cheng for his guidance and 
discussions on the project design.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

The handling editor JW declared a shared affiliation with the 
author MN at the time of review.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
 1. Mez J, Daneshvar DH, Kiernan PT, Abdolmohammadi B, Alvarez VE, Huber BR, 

et al. Clinicopathological evaluation of chronic traumatic encephalopathy in players of 
American football. JAMA. (2017) 318:360–70. doi: 10.1001/jama.2017.8334

 2. Nowak MK, Bevilacqua ZW, Ejima K, Huibregtse ME, Chen Z, Mickleborough TD, 
et al. Neuro-ophthalmologic response to repetitive subconcussive head impacts: a 
randomized clinical trial. JAMA Ophthalmol. (2020) 138:350–7. doi: 10.1001/
jamaophthalmol.2019.6128

 3. Wirsching A, Chen Z, Bevilacqua ZW, Huibregtse ME, Kawata K. Association of 
Acute Increase in plasma Neurofilament light with repetitive subconcussive head 
impacts: a pilot randomized control trial. J Neurotrauma. (2019) 36:548–53. doi: 
10.1089/neu.2018.5836

 4. Huibregtse ME, Bazarian JJ, Shultz SR, Kawata K. The biological significance and 
clinical utility of emerging blood biomarkers for traumatic brain injury. Neurosci 
Biobehav Rev. (2021) 130:433–47. doi: 10.1016/j.neubiorev.2021.08.029

https://doi.org/10.3389/fpsyt.2023.1230463
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://doi.org/10.1001/jama.2017.8334
https://doi.org/10.1001/jamaophthalmol.2019.6128
https://doi.org/10.1001/jamaophthalmol.2019.6128
https://doi.org/10.1089/neu.2018.5836
https://doi.org/10.1016/j.neubiorev.2021.08.029


Nowak et al. 10.3389/fpsyt.2023.1230463

Frontiers in Psychiatry 11 frontiersin.org

 5. Johnson B, Neuberger T, Gay M, Hallett M, Slobounov S. Effects of subconcussive 
head trauma on the default mode network of the brain. J Neurotrauma. (2014) 
31:1907–13. doi: 10.1089/neu.2014.3415

 6. Montenigro PH, Alosco ML, Martin BM, Daneshvar DH, Mez J, Chaisson CE, et al. 
Cumulative head impact exposure predicts later-life depression, apathy, executive 
dysfunction, and cognitive impairment in former high school and college football 
players. J Neurotrauma. (2017) 34:328–40. doi: 10.1089/neu.2016.4413

 7. Iverson GL, Williams MW, Gardner AJ, Terry DP. Systematic review of preinjury 
mental health problems as a vulnerability factor for worse outcome after sport-related 
concussion. Orthop J Sports Med. (2020) 8:2325967120950682. doi: 
10.1177/2325967120950682

 8. Nowak MK, Ejima K, Quinn PD, Bazarian JJ, Mickleborough TD, Harezlak J, et al. 
ADHD may associate with reduced tolerance to acute subconcussive head impacts: a 
pilot case-control intervention study. J Atten Disord. (2022) 26:125–39. doi: 
10.1177/1087054720969977

 9. Kessler RC, Adler L, Barkley R, Biederman J, Conners CK, Demler O, 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. doi: 10.1176/
ajp.2006.163.4.716

 10. Poysophon P, Rao AL. Neurocognitive deficits associated with ADHD in athletes: 
a systematic review. Sports Health. (2018) 10:317–26. doi: 10.1177/1941738117751387

 11. Mental Health in the Athlete. Springer Nature Switzerland AG. Cham: Springer 
(2020). 298 p.

 12. Iaccarino MA, Fitzgerald M, Pulli A, Woodworth KY, Spencer TJ, Zafonte R, et al. 
Sport concussion and attention deficit hyperactivity disorder in student athletes: a 
cohort study. Neurol Clin Pract. (2018) 8:403–11. doi: 10.1212/CPJ.0000000000000525

 13. Nelson LD, Guskiewicz KM, Marshall SW, Hammeke T, Barr W, Randolph C, et al. 
Multiple self-reported concussions are more prevalent in athletes with ADHD and 
learning disability. Clin J Sport Med. (2016) 26:120–7. doi: 10.1097/
JSM.0000000000000207

 14. Shaw P, Eckstrand K, Sharp W, Blumenthal J, Lerch JP, Greenstein D, et al. 
Attention-deficit/hyperactivity disorder is characterized by a delay in cortical 
maturation. Proc Natl Acad Sci U S A. (2007) 104:19649–54. doi: 10.1073/
pnas.0707741104

 15. Tomasi D, Volkow ND. Functional connectivity of substantia nigra and ventral 
tegmental area: maturation during adolescence and effects of ADHD. Cereb Cortex. 
(2014) 24:935–44. doi: 10.1093/cercor/bhs382

 16. van Ewijk H, Heslenfeld DJ, Zwiers MP, Buitelaar JK, Oosterlaan J. Diffusion tensor 
imaging in attention deficit/hyperactivity disorder: a systematic review and meta-
analysis. Neurosci Biobehav Rev. (2012) 36:1093–106. doi: 10.1016/j.
neubiorev.2012.01.003

 17. Ventura RE, Balcer LJ, Galetta SL. The neuro-ophthalmology of head trauma. 
Lancet Neurol. (2014) 13:1006–16. doi: 10.1016/S1474-4422(14)70111-5

 18. Zonner SW, Ejima K, Fulgar CC, Charleston CN, Huibregtse ME, Bevilacqua ZW, 
et al. Oculomotor response to cumulative subconcussive head impacts in US high school 
football players: a pilot longitudinal study. JAMA Ophthalmol. (2019) 137:265–70. doi: 
10.1001/jamaophthalmol.2018.6193

 19. Rizzo JR, Hudson TE, Dai W, Desai N, Yousefi A, Palsana D, et al. Objectifying eye 
movements during rapid number naming: methodology for assessment of normative 
data for the king-Devick test. J Neurol Sci. (2016) 362:232–9. doi: 10.1016/j.
jns.2016.01.045

 20. Bazarian JJ, Biberthaler P, Welch RD, Lewis LM, Barzo P, Bogner-Flatz V, et al. 
Serum GFAP and UCH-L1 for prediction of absence of intracranial injuries on head CT 
(ALERT-TBI): a multicentre observational study. Lancet Neurol. (2018) 17:782–9. doi: 
10.1016/S1474-4422(18)30231-X

 21. Bevilacqua ZW, Huibregtse ME, Kawata K. In vivo protocol of controlled subconcussive 
head impacts for the validation of field study data. J Vis Exp. (2019) 146:e59381. doi: 
10.3791/59381-v

 22. National Institute of Mental Health. Depression. (2018). Available at: https://www.
nimh.nih.gov/health/topics/depression.

 23. National Institute of Mental Health. Ment Illness. (2022). Available at: https://www.
nimh.nih.gov/health/statistics/mental-illness.

 24. Beable S, Fulcher M, Lee AC, Hamilton B. SHARPSports mental health awareness 
research project: prevalence and risk factors of depressive symptoms and life stress in 
elite athletes. J Sci Med Sport/Sports Med Australia. (2017) 20:1047–52. doi: 10.1016/j.
jsams.2017.04.018

 25. Wang X, Hegde S, Son C, Keller B, Smith A, Sasangohar F. Investigating mental 
health of US College students during the COVID-19 pandemic: cross-sectional survey 
study. J Med Internet Res. (2020) 22:e22817. doi: 10.2196/22817

 26. Spencer TJ, Adler LA, Meihua Q, Saylor KE, Brown TE, Holdnack JA, et al. 
Validation of the adult ADHD investigator symptom rating scale (AISRS). J Atten 
Disord. (2010) 14:57–68. doi: 10.1177/1087054709347435

 27. Grant MM. Beck anxiety inventory In: S Goldstein and JA Naglieri, editors. 
Encyclopedia of child behavior and development. Boston, MA: Springer US (2011). 215–7.

 28. Spitzer RL, Kroenke K, Williams JB. Validation and utility of a self-report version 
of PRIME-MD: the PHQ primary care study. Primary care evaluation of mental 
disorders. Patient health questionnaire. JAMA. (1999) 282:1737–44. doi: 10.1001/
jama.282.18.1737

 29. Bush K, Kivlahan DR, McDonell MB, Fihn SD, Bradley KA. The AUDIT alcohol 
consumption questions (AUDIT-C): an effective brief screening test for problem 
drinking. Ambulatory care quality improvement project (ACQUIP). Alcohol use 
disorders identification test. Arch Intern Med. (1998) 158:1789–95. doi: 10.1001/
archinte.158.16.1789

 30. Adamson SJ, Kay-Lambkin FJ, Baker AL, Lewin TJ, Thornton L, Kelly BJ, et al. An 
improved brief measure of cannabis misuse: the Cannabis use disorders identification 
test-revised (CUDIT-R). Drug Alcohol Depend. (2010) 110:137–43. doi: 10.1016/j.
drugalcdep.2010.02.017

 31. Brantley PJ, Waggoner CD, Jones GN, Rappaport NB. A daily stress inventory: 
development, reliability, and validity. J Behav Med. (1987) 10:61–73. doi: 10.1007/
BF00845128

 32. Babbs CF. Biomechanics of heading a soccer ball: implications for player safety. 
ScientificWorldJournal. (2001) 1:281–322. doi: 10.1100/tsw.2001.56

 33. Quanterix Corporation. Human neurology 4-Plex ‘a’ Lexington. (2018). Available 
at: https://www.quanterix.com/products-technology/assays/neurology-4-plex-nf-lightr-
tau-gfap-uchl-1

 34. Hakvoort Schwerdtfeger RM, Alahyane N, Brien DC, Coe BC, Stroman PW, 
Munoz DP. Preparatory neural networks are impaired in adults with attention-deficit/
hyperactivity disorder during the antisaccade task. Neuroimage Clin. (2012) 2:63–78. 
doi: 10.1016/j.nicl.2012.10.006

 35. Ababneh LT, Bashtawi M, Ababneh BF, Mahmoud IH, Rashdan M, Zahran M. 
Ocular findings in children with attention deficit hyperactivity disorder: a case-
control study. Ann Med Surg (Lond). (2020) 57:303–6. doi: 10.1016/j.
amsu.2020.08.005

 36. Chai WJ, Abd Hamid AI, Abdullah JM. Working memory from the psychological 
and neurosciences perspectives: a review. Front Psychol. (2018) 9:401. doi: 10.3389/
fpsyg.2018.00401

 37. Galetta KM, Liu M, Leong DF, Ventura RE, Galetta SL, Balcer LJ. The king-Devick 
test of rapid number naming for concussion detection: meta-analysis and systematic 
review of the literature. Concussion. (2016) 1:CNC8. doi: 10.2217/cnc.15.8

 38. Breedlove KM, Ortega JD, Kaminski TW, Harmon KG, Schmidt JD, Kontos AP, 
et al. King-Devick test reliability in National Collegiate Athletic Association Athletes: a 
National Collegiate Athletic Association-Department of defense concussion assessment, 
research and education report. J Athl Train. (2019) 54:1241–6. doi: 
10.4085/1062-6050-219-18

 39. Perkins AE, Piazza MK, Vore AS, Deak MM, Varlinskaya EI, Deak T. Assessment 
of neuroinflammation in the aging hippocampus using large-molecule microdialysis: 
sex differences and role of purinergic receptors. Brain Behav Immun. (2021) 91:546–55. 
doi: 10.1016/j.bbi.2020.11.013

 40. Huebschmann NA, Luoto TM, Karr JE, Berghem K, Blennow K, Zetterberg H, 
et al. Comparing glial fibrillary acidic protein (GFAP) in serum and plasma following 
mild traumatic brain injury in older adults. Front Neurol. (2020) 11:1054. doi: 10.3389/
fneur.2020.01054

 41. Piraino F, Johnson JM, Shan D, Vonk A, Menendez M, Chen Y, et al. Comparison 
of two platforms quantitating fg/mL biomarkers using single molecule arrays and digital 
ELISA: The benchtop reader SR-X™, and the fully automated analyzer HD-1™. US: 
Quanterix Corporation (2018).

 42. Khalid A, Abbasi UA, Amber S, Sumera MFJ, Asif M. Methylphenidate and 
Rosmarinus officinalis improves cognition and regulates inflammation and synaptic gene 
expression in AlCl3-induced neurotoxicity mouse model. Mol Biol Rep. (2020) 
47:7861–70. doi: 10.1007/s11033-020-05864-y

 43. Pekny M, Nilsson M. Astrocyte activation and reactive gliosis. Glia. (2005) 
50:427–34. doi: 10.1002/glia.20207

 44. Esposito G, Scuderi C, Savani C, Steardo L Jr, De Filippis D, Cottone P, et al. 
Cannabidiol in vivo blunts beta-amyloid induced neuroinflammation by suppressing 
IL-1beta and iNOS expression. Br J Pharmacol. (2007) 151:1272–9. doi: 10.1038/sj.
bjp.0707337

 45. Miguel-Hidalgo JJ. Withdrawal from free-choice ethanol consumption results in 
increased packing density of glutamine synthetase-immunoreactive astrocytes in the 
prelimbic cortex of alcohol-preferring rats. Alcohol Alcohol. (2006) 41:379–85. doi: 
10.1093/alcalc/agl006

 46. Puvenna V, Brennan C, Shaw G, Yang C, Marchi N, Bazarian JJ, et al. Significance 
of ubiquitin carboxy-terminal hydrolase L1 elevations in athletes after sub-concussive 
head hits. PloS One. (2014) 9:e96296. doi: 10.1371/journal.pone.0096296

 47. Shahim P, Politis A, van der Merwe A, Moore B, Chou YY, Pham DL, et al. 
Neurofilament light as a biomarker in traumatic brain injury. Neurology. (2020) 
95:e610–22. doi: 10.1212/WNL.0000000000009983

 48. Weston PSJ, Poole T, Ryan NS, Nair A, Liang Y, Macpherson K, et al. Serum 
neurofilament light in familial Alzheimer disease: a marker of early neurodegeneration. 
Neurology. (2017) 89:2167–75. doi: 10.1212/WNL.0000000000004667

https://doi.org/10.3389/fpsyt.2023.1230463
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://doi.org/10.1089/neu.2014.3415
https://doi.org/10.1089/neu.2016.4413
https://doi.org/10.1177/2325967120950682
https://doi.org/10.1177/1087054720969977
https://doi.org/10.1176/ajp.2006.163.4.716
https://doi.org/10.1176/ajp.2006.163.4.716
https://doi.org/10.1177/1941738117751387
https://doi.org/10.1212/CPJ.0000000000000525
https://doi.org/10.1097/JSM.0000000000000207
https://doi.org/10.1097/JSM.0000000000000207
https://doi.org/10.1073/pnas.0707741104
https://doi.org/10.1073/pnas.0707741104
https://doi.org/10.1093/cercor/bhs382
https://doi.org/10.1016/j.neubiorev.2012.01.003
https://doi.org/10.1016/j.neubiorev.2012.01.003
https://doi.org/10.1016/S1474-4422(14)70111-5
https://doi.org/10.1001/jamaophthalmol.2018.6193
https://doi.org/10.1016/j.jns.2016.01.045
https://doi.org/10.1016/j.jns.2016.01.045
https://doi.org/10.1016/S1474-4422(18)30231-X
https://doi.org/10.3791/59381-v
https://www.nimh.nih.gov/health/topics/depression
https://www.nimh.nih.gov/health/topics/depression
https://www.nimh.nih.gov/health/statistics/mental-illness
https://www.nimh.nih.gov/health/statistics/mental-illness
https://doi.org/10.1016/j.jsams.2017.04.018
https://doi.org/10.1016/j.jsams.2017.04.018
https://doi.org/10.2196/22817
https://doi.org/10.1177/1087054709347435
https://doi.org/10.1001/jama.282.18.1737
https://doi.org/10.1001/jama.282.18.1737
https://doi.org/10.1001/archinte.158.16.1789
https://doi.org/10.1001/archinte.158.16.1789
https://doi.org/10.1016/j.drugalcdep.2010.02.017
https://doi.org/10.1016/j.drugalcdep.2010.02.017
https://doi.org/10.1007/BF00845128
https://doi.org/10.1007/BF00845128
https://doi.org/10.1100/tsw.2001.56
https://www.quanterix.com/products-technology/assays/neurology-4-plex-nf-lightr-tau-gfap-uchl-1
https://www.quanterix.com/products-technology/assays/neurology-4-plex-nf-lightr-tau-gfap-uchl-1
https://doi.org/10.1016/j.nicl.2012.10.006
https://doi.org/10.1016/j.amsu.2020.08.005
https://doi.org/10.1016/j.amsu.2020.08.005
https://doi.org/10.3389/fpsyg.2018.00401
https://doi.org/10.3389/fpsyg.2018.00401
https://doi.org/10.2217/cnc.15.8
https://doi.org/10.4085/1062-6050-219-18
https://doi.org/10.1016/j.bbi.2020.11.013
https://doi.org/10.3389/fneur.2020.01054
https://doi.org/10.3389/fneur.2020.01054
https://doi.org/10.1007/s11033-020-05864-y
https://doi.org/10.1002/glia.20207
https://doi.org/10.1038/sj.bjp.0707337
https://doi.org/10.1038/sj.bjp.0707337
https://doi.org/10.1093/alcalc/agl006
https://doi.org/10.1371/journal.pone.0096296
https://doi.org/10.1212/WNL.0000000000009983
https://doi.org/10.1212/WNL.0000000000004667


Nowak et al. 10.3389/fpsyt.2023.1230463

Frontiers in Psychiatry 12 frontiersin.org

 49. McCarthy H, Skokauskas N, Frodl T. Identifying a consistent pattern of neural 
function in attention deficit hyperactivity disorder: a meta-analysis. Psychol Med. (2014) 
44:869–80. doi: 10.1017/S0033291713001037

 50. Sudre G, Bouyssi-Kobar M, Norman L, Sharp W, Choudhury S, Shaw P. Estimating 
the heritability of developmental change in neural connectivity, and its association with 
changing symptoms of attention-deficit/hyperactivity disorder. Biol Psychiatry. (2020) 
89:443–50. doi: 10.1016/j.biopsych.2020.06.007

 51. Gangolli M, Benetatos J, Esparza TJ, Fountain EM, Seneviratne S, Brody DL. 
Repetitive concussive and subconcussive injury in a human tau mouse model results in 
chronic cognitive dysfunction and disruption of white matter tracts. But Not Tau 
Pathology J Neurotrauma. (2019) 36:735–55. doi: 10.1089/neu.2018.5700

 52. Neudecker C, Mewes N, Reimers AK, Woll A. Exercise interventions in children 
and adolescents with ADHD: a systematic review. J Atten Disord. (2019) 23:307–24. doi: 
10.1177/1087054715584053

https://doi.org/10.3389/fpsyt.2023.1230463
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://doi.org/10.1017/S0033291713001037
https://doi.org/10.1016/j.biopsych.2020.06.007
https://doi.org/10.1089/neu.2018.5700
https://doi.org/10.1177/1087054715584053

	Neuro-ophthalmologic and blood biomarker responses in ADHD following subconcussive head impacts: a case–control trial
	Introduction
	Materials and methods
	Participants
	Trial design
	Diagnostic assessment for ADHD and psychiatric factors
	Subconcussion model
	Neuro-ophthalmologic assessment
	Blood biomarker assessment
	Primary and secondary outcome measures
	Statistical analysis

	Results
	Demographics
	Subconcussive effects on neuro-ophthalmologic function
	Subconcussive effects on neural-injury blood biomarkers

	Discussion
	Clinical implication
	Limitations

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

