
Subconcussive brain vital signs changes predict
head-impact exposure in ice hockey players

Shaun D. Fickling,1,2,3 Aynsley M. Smith,4,5 Michael J. Stuart,5 David W. Dodick,6

Kyle Farrell,7 Sara C. Pender8 and Ryan C. N. D’Arcy1,2,3,9

The brain vital signs framework is a portable, objective, neurophysiological evaluation of brain function at point-of-care. We inves-

tigated brain vital signs at pre- and post-season for age 14 or under (Bantam) and age 16–20 (Junior-A) male ice hockey players to

(i) further investigate previously published brain vital sign results showing subconcussive cognitive deficits and (ii) validate these

findings through comparison with head-impact data obtained from instrumented accelerometers. With a longitudinal study design,

23 male ice hockey players in Bantam (n¼ 13; age 13.63 6 0.62) and Tier II Junior-A (n¼10; age 18.62 6 0.86) divisions were

assessed at pre- and post-season. None were diagnosed with a concussion during the season. Cognitive evoked potential measures

of Auditory sensation (N100), Basic attention (P300) and Cognitive processing (N400) were analysed as changes in peak ampli-

tudes and latencies (six standard scores total). A regression analysis examined the relationship between brain vital signs and the

number of head impacts received during the study season. Significant pre/post differences in brain vital signs were detected for

both groups. Bantam and Junior-A players also differed in number of head impacts (Bantam: 32.92 6 17.68; Junior-A:

195.00 6 61.08; P< 0.001). Importantly, the regression model demonstrated a significant linear relationship between changes in

brain vital signs and total head impacts received (R¼ 0.799, P¼ 0.007), with clear differences between the Bantam and Junior-A

groups. In the absence of a clinically diagnosed concussion, the brain vital sign changes appear to have demonstrated the

compounding effects of repetitive subconcussive impacts. The findings underscored the importance of an objective physiological

measure of brain function along the spectrum of concussive impacts.
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Introduction

Sport-related concussion and
subconcussion

Scientific evidence on concussion is emerging from studies

and discussions involving contact sports such as ice

hockey and the concept of cumulative subconcussive

impairment is gathering increasing attention.1,2 A subcon-

cussive impact is a mechanical force transmitted to the

brain below the threshold for a diagnosis of an acute

concussive injury. The effects of these low-magnitude

impacts may not even be noticeable to the player or to

observers on the sideline. However, it has been shown

that repetitive subconcussive impacts over time can result

in structural and functional brain impairment.3 The ex-

tent of impairment is highly correlated with the frequency

of exposure to these impacts.4,5

Head impacts in the sport of ice hockey typically result

from player-to-player or player-to-surface contact due to

body checking, collisions and fighting.1 Some of these

impacts are the consequence of foul play, but many of

these events also result from routine, legal gameplay. The

use of head-impact accelerometers provides a portable

approach to monitoring the frequency and magnitude

of contact that a player experiences during a game or

practice.6,7 Head impact acceleration data allow for the

evaluation of differences between graduated levels of

contact in young players, with anticipated differences

between age groups, skill level and experience.

Objective neurophysiological
measures

Objective neurophysiological measures of brain function

have demonstrated sensitivity to both concussive and

subconcussive impacts.8–10 We previously used the brain

vital signs framework to provide an objective, accessible,

rapid evaluation that is sensitive to changes in individual

brain function at the point-of-care.11–13 Brain vital signs

monitoring uses portable electroencephalography (EEG)

as a non-invasive, direct measure of cognitive evoked

potentials, also known as event-related potentials

(ERPs).14–16 ERPs are electrical signals produced by the

brain elicited in response to a stimulus. They are fre-

quently used to characterize various attributes of brain

function from low-level sensory to high level cognitive

processing. ERPs are extracted from raw EEG through

signal averaging, in which random EEG activity is aver-

aged to near zero and only non-random EEG signal fluc-

tuations related to specific processing of the stimuli

remains. Accordingly, it has been possible to experimen-

tally characterize specific ERP waveform peaks and fea-

tures as component markers of underlying cognitive brain

functions and to track functional changes through

changes in timing (latency) and response size (amplitude).

ERPs have been successfully implemented in concussion

research for decades to detect subtle neurophysiological

presentations of brain injury.17

Within the brain vital signs framework, well-established

ERP responses are obtained using a portable EEG

platform.12 This approach uses a compressed auditory

stimulus sequence, integrating oddball tone stimuli with

semantic word pairs to elicit three target ERP compo-

nents: (i) auditory sensation derived from the N100, (ii)

basic attention from the P300 and (iii) cognitive process-

ing from the N400 during semantic language association.

The N10018 and P30019 are derived from the brain’s

respective sensory- and attention-based responses to a

series of auditory tones in which there are unexpected

deviant tones. The N40020 is derived from the brain’s

response to semantic differences between congruent
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(‘bread-butter’) and incongruent (‘bread-window’) word

pairs. The rationale behind the selection of these three

ERP components in the rapid brain vital signs framework

is described in detail by Ghosh Hajra et al.12

Importantly, they represent among the most well-estab-

lished responses along the continuum of information

processing, from low to higher levels, that can be inte-

grated into a rapid and effective stimulus sequence

(6-min scan time).

The ERPs are identified and evaluated for amplitude

(synchronous processing) and latency (processing speed),

resulting in six total measures. These six measures are

subsequently linearly transformed to a standardized score

on a 0–100 scale, with larger peak amplitudes and

shorter peak latencies resulting in higher scores.12

Changes in brain vital sign scores are depicted within a

radar plot format, with the transformation process pre-

serving the essential ERP results but enabling practical,

simplified interpretation.

Using this framework, we previously demonstrated

enhanced sensitivity to subtle changes in brain function

in both concussion and subconcussion that were un-

detected by current clinical concussion protocols.10

Fickling et al. monitored brain vital signs in 16–20-year-

old male Junior-A hockey players during pre-season, in

the early-acute phase of concussion (<24 h), at return-to-

play, and post-season.10 The findings showed significant

early-acute concussive deficits in all brain vital signs

measures. Evidence of sustained, significant deficits in

basic attention was subsequently also observed in

the P300 amplitude despite players being cleared to re-

turn-to-play using internationally accepted diagnostic

protocols. Importantly, when examining whether deficits

accumulated over the season were detectable in players

who were not diagnosed with concussion, significant

cognitive processing delays were also observed in

the N400.

Objectives and hypothesis

Subconcussive impacts can be further characterized

through integrated head-impact data and comparisons

between age groups. Accordingly, we monitored brain

vital signs in competitive age 14 or under (Bantam) and

age 16–20 (Junior-A) ice hockey players before and after

a regular hockey season. The objective was to evaluate

neurophysiological changes over the season in these age

groups and to understand the related effects of cumula-

tive head impacts. The first hypothesis predicted that pre/

post-season differences in brain vital sign measures would

be present for both age groups, likely due to differences

in age, size, speed and playing intensity. The second hy-

pothesis predicted that Bantam players would sustain

fewer overall impacts than Junior-A players. The third

hypothesis predicted a linear relationship between changes

observed in brain vital signs metrics and the number of

impacts measured during the playing season across both

age groups.

Materials and methods

Participants

Institutional ethics boards at Mayo Clinic and Simon

Fraser University approved the study. Each participant

provided an informed, written consent or assent with par-

ent/guardian consent, according to the declaration of

Helsinki. Male players (N¼ 37) were studied in a longi-

tudinal design over a single season of Bantam and Tier II

Junior-A level ice hockey. Body checking is permitted in

leagues for both age groups. Sixteen male players in the

14 or under (Bantam) age group (n¼ 16) were studied

during the 2017–2018 season (mean age:

13.63 6 0.62 years, height 167.32 6 10.88 cm, weight

61.66 6 9.36 kg). Twenty-one male players in the 16–20

age group (Junior-A) players (n¼ 21) were studied during

the 2018–2019 season (mean age: 18.62 6 0.86 years,

height 184.69 6 5.90 cm, weight 85.04 6 5.85 kg). Players

self-reported between 0 and 4 prior concussions (Bantam:

mean 0.69 6 0.98, Junior-A: mean 1.38 6 1.46) in their

playing careers. All reported that they had recovered and

were presently asymptomatic at the time of enrolment.

Of the entire study group, eight players (one Bantam,

seven Junior-A) were diagnosed with a concussion during

the study season and excluded from this analysis. Six

additional players (two Bantam, four Junior-A) did not

complete post-season assessments due to transfers out of

the team or withdrawals from the study. All remaining

players (N¼ 23: 13 Bantam, 10 Junior-A) were not diag-

nosed with a concussion during the study season and

also completed both pre- and post-season testing. Bantam

players competed in 18.77 (6 1.69) home games.

Individual participation for Bantam players was only

recorded for home games, although the team played 47

total games that season. Junior-A players competed in

45.20 (6 20.21) total games (home 18.19 6 9.14; away:

21.43 6 8.23). All participants were required to be fluent

in English with normal hearing. Mayo Clinic physicians

and athletic trainers provided primary health care for the

study participants, including concussion diagnosis

and management in accordance with best current

clinical practice.

Data collection

Brain vital signs

Brain vital signs baseline testing was completed prior to

the start of the hockey season, during pre-season physical

training. The duration of the season was �5 months

for the Bantam players and 7 months for the Junior-A

players. Post-season assessments were completed within

1 week of the final game. Players were scanned using a

Brain vital signs detect subconcussive deficits BRAIN COMMUNICATIONS 2021: Page 3 of 10 | 3



portable 8-channel g. Nautilus EEG system (Gtec Medical

Engineering, Austria) at each testing session. Brain vital

sign testing incorporated a 5-min automated stimulus se-

quence consisting of auditory standard-deviant tones

interspersed with spoken prime-target word pairs that

were either semantically congruent (‘bread-butter’) or in-

congruent (‘bread-window’). Participants were asked to

listen attentively to the stimuli, but no active response

was required. To reduce motor and ocular artefacts, par-

ticipants were instructed to sit motionlessly, and maintain

visual fixation on a cross positioned at eye level 2 m

away. Distractions were mitigated by performing the

scans in a quiet, closed room. The same facility was used

for pre- and post-season testing.

One 5-min EEG recording was collected per participant

per time point. EEG data were recorded from three

midline scalp electrodes (Fz, Cz and Pz) embedded in an

elasticized g. Nautilus cap. A reference electrode was

clipped to the right earlobe and disposable Ag/AgCl

electrodes were used for electro-oculagram recording

from the supra-orbital ridge and outer canthus of the

left eye. g. GAMMAsys electrode gel was applied to each

location to ensure conductivity. Skin-electrode impedances

were maintained below the standard 30kX requirement at

each site.

Head impacts

Head impacts were recorded during games using the

Triax SIM-G (Triax Technologies Inc., Norwalk, CT,

USA) systems for Bantam players and the X-Patch

(Prevent Biometrics, Edina, MN, USA) for Junior-A

players. Given the different head impact systems, only the

number of head impacts per player were analysed to

allow for comparisons across groups.

Data processing

Brain vital signs

EEG data were processed in MATLAB (Mathworks,

USA). A fourth-order Butterworth filter (0.5–20 Hz) and

a custom notch filter (60 Hz) were applied to the raw

EEG data. Adaptive filtering21 corrected for ocular arte-

facts as recorded by the electro-oculagram electrodes.

ERPs were derived from these representative channels

through standard methods of segmentation (range: �100

ms pre-stimulus to 900 ms post-stimulus), baseline correc-

tion, and conditional averaging.16 A wavelet filter was

used to denoise the individual ERP epochs prior to final

averaging.22 To mitigate any selection bias, ERP peaks

were selected with an automated algorithm that chooses

the largest local maxima/minima within expected polar-

ities and temporal ranges for the N100 (minima: 80–200

ms), the P300 (maxima: 200–500 ms) and the N400

(minima: 300–700 ms). ERP peaks were then evaluated

for both latency (response time) and amplitude (synchron-

ous processing), for a total of six measures. Amplitudes

were measured as an adjusted baseline measure relative

to the adjacent peaks of opposite polarity. Latencies were

defined at the point of peak amplitude. ERP responses

were then transformed into standardized brain vital signs

scores (0–100), derived from baseline group mean values

63 standard deviations.10 This transformation preserves

potential differences in ERP ranges between age groups

and provides easily interpretable metrics for evaluating

multivariate change-over-time.

Head impacts

The total number of impacts received by each player was

calculated at the end of the season from the output of

the respective accelerometer systems. Other biomechanical

measures (impact location, magnitude of linear and rota-

tional accelerations, head injury criterion, etc.) could not

be included in this analysis due to potential differences

across systems.6

Statistical analysis

Statistical analyses were performed using SPSS (IBM, NY,

USA). To assess changes in brain vital signs from pre- to

post-season between the age groups, standardized ERP

scores were compared using a two-way mixed repeated-

measures ANOVA (measurements: six brain vital

signs scores; within-subject factors: time; between-subject

factors: age group; Greenhouse–Geisser corrected).

Differences in the number of head impacts between groups

were compared using a two-tailed Wilcoxon rank-sum test.

Finally, to assess the relationship between brain vital signs

score changes and total impacts, differential (post minus

pre) scores were used as the inputs to a ‘best subsets’

automatic linear regression model, which used the adjusted

R-squared metric to optimize the entry criteria.

Data availability

The data that support the findings of this study are

available on request from the corresponding author.

Results

Brain vital signs changes (H1)

Figure 1 shows pre/post radar plot differences for each

group, as well as a combined radar plot to display the

changes that are consistent across both age groups.

Figure 2 shows group-averaged ERP waveforms as

responses to deviant tone (N100, P300) and incongruent

word (N400) stimuli over time are provided for Bantam

and Junior-A groups. Representative waveform results

of an individual from each group are included in

Supplementary Fig. 1. The repeated-measures ANOVA

for within-subject effects showed no overall multivariate

effect of time (F(6,16) ¼ 1.816; P¼ 0.159) or interaction

between time and age group (F(6,16) ¼ 2.269,

P¼ 0.089). A significant overall main effect for time
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was shown for N100 amplitude (mean change:

�9.26 6 14.31; F(1,21) ¼ 10.601; P¼ 0.004). Near-

significant main effects for time were shown for N100

latency (mean change: 3.37 6 8.97; F(1,21) ¼ 4.157;

P¼ 0.054) and N400 amplitude (mean change:

�16.31 6 21.67; F(1,21) ¼ 4.105; P¼ 0.056). Post hoc

t-tests showed significant within-subject changes across

the season for both Bantam (N400 amplitude score de-

crease: P¼ 0.0229) and Junior-A (N100 amplitude score

decrease: P¼ 0.0082; N100 latency score increase:

P¼ 0.0139) groups between pre-season and post-season.

No significant univariate effects for the interaction be-

tween time and age group were found.

The ANOVA measures of between-subject effects

showed a significant multivariate effect for age group

(F(6,16) ¼ 3.997; P¼ 0.012). A significant univariate ef-

fect for age group was also found in the N400 amplitude

(F(1,21) ¼ 15.493; P¼ 0.001), with a trend for P300

latency (F(1,21) ¼ 4.112; P¼ 0.055). Post hoc t-tests

showed a significant difference between groups in the

pre-season N400 amplitude measure (Bantam:

64.67 6 12.41; Junior-A: 36.24 6 13.02; P< 0.0001),

while no difference was observed post-season.

Head impacts (H2)

Five of the 10 Junior-A players did not have reliable

head impact accelerometer data during the season (<25%

usage). These data were excluded from the subsequent

analyses. The five Junior-A players who did wear their

accelerometers (>80% usage) received significantly more

head impacts over the course of the study season than

the Bantam group (Bantam: 32.92 6 18.40, Junior-A:

195.00 6 68.29; P¼ 0.0002). The differences in number

of head impacts sustained during the study season

between the two groups are displayed in Fig. 3A.

Relationship between brain vital
signs and head impacts (H3)

Figure 3B shows the observed versus predicted number of

impacts across both groups. The automatic linear regres-

sion included N100 amplitude, P300 latency, N400 amp-

litude and N400 latency measures as the best subset of

predictors in a model that was able to predict number of

impacts received with R¼ 0.799 (R2 ¼ 0.639, adj. R2 ¼
0.528, P¼ 0.007). The details of the regression model are

described in Table 1.

Discussion

Main findings

Brain vital sign monitoring detected significant subconcus-

sive pre/post-season effects in both age 14 or under

(Bantam) and age 16–20 (Junior-A) ice hockey players.

Figure 1 Radar plots. Radar plots showing group brain vital signs

profile trends from pre-season to post-season, in both groups

(top), Junior-A only (middle) and Bantam only (bottom). The

combined plot is included to demonstrate the changes across both

age groups (N ¼ 37). **P < 0.01; *P < 0.05; †P < 0.056

Brain vital signs detect subconcussive deficits BRAIN COMMUNICATIONS 2021: Page 5 of 10 | 5



Pre/post-season changes were observed in auditory sensa-

tion (N100) and cognitive processing (N400), with differ-

ences detected between groups likely related to differences

in age, size and playing intensity (Hypothesis 1). These

changes can also be observed at the individual level

(Supplementary Fig. 1). As predicted, Bantam players had

significantly fewer impacts than Junior-A players

(Fig. 3A). Importantly, the neurophysiological changes

were significantly correlated with the number of head

impacts received over the course of the season. Aggregate

brain vital sign changes predicted a linear relationship, as

high as R¼ 0.799 (P< 0.001), between neurophysiologic-

al changes and number of impacts (Fig. 3B).

Subconcussion

The neurophysiological effects of subconcussive impacts

on the brain were not extensively studied prior to 2010.

However, recent research has focused on the role of these

impacts in both short- and long-term measures of brain

function. There is evidence to suggest that even a single

practice session involving head contact, such as heading a

ball in soccer, can result in impairment.23 Magnetic res-

onance imaging studies have demonstrated that players

exposed to repetitive head impacts over the course of a

season show significant abnormalities compared to con-

trols over the same time period and that these abnormal-

ities are related to the extent of exposure to head

impacts.4,5,24

EEG rapidly records individual neurophysiological ERP

responses and is well suited for assessments directly at

the side of a rink or field.10,25 Prior cognitive ERP re-

search in players with accumulated subconcussive

exposure have demonstrated P300 amplitude reductions

after a season of sport.26,27 Similarly, we previously

reported a significant N400 latency effect in the absence

Figure 2 ERP waveforms. Group-averaged ERP Waveforms showing Bantam (left column) and Junior-A (right column) groups and brain

vital sign responses to Deviant tones (top row) and Incongruent Words (bottom row). Waveform changes in the phonological mismatch

negativity (D), which precedes the N400.
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of a diagnosed concussion in another group of Junior-A

ice hockey players.10

With the age range expanded to combine and compare

Bantam and Junior-A, it was possible to evaluate whether

meaningful patterns of subconcussive changes emerge

(Fig. 2). While preliminary, the N400 differences prompt

continued exploration of cognitive processing changes in

contact sport players. Waveform morphology differences

suggested that subconcussive changes may also be associ-

ated with changes in earlier processing, such as percep-

tual and phonological processing, in addition to semantic

cognitive processing changes (Fig. 2). Specifically, future

investigations into possible pre/post changes in the well-

established components like the P200/P300 and phono-

logical mismatch negativity that immediately precede the

semantic N400 are warranted.28,29 The N100 differences

further support the concept of complex cognitive changes

resulting, in part, from earlier, lower-level deficits in sen-

sory attentional processing.30

While overall subconcussive patterns may emerge, dir-

ect comparisons between studies are challenging. It is un-

likely that there is one single presentation of

subconcussive impairment. Cumulative exposure to head

impacts is thought to result from general structural dis-

ruption of axonal white-matter tissue.31 The resulting

presentation will likely vary in terms of specific

Figure 3 Head-impact regression model. (A) Differences in number of head impacts received by Bantam (light grey) and Junior-A (dark

grey) players during the study season. (B) The output of the linear regression model that predicts the number of impacts received based on

the changes in brain vital signs over the course of the season. **P < 0.001.

Table 1 Regression model

Model summary

R R square Adj. R square F change df1 df2 Sig

0.799 0.639 0.528 5.750 4 13 0.007**

Model coefficients

Univariate Pearson correlation Sig Regression coefficient Sig

Constant term – – 0.002**

N100 amplitude �0.563 0.008** �3.991 0.004**

P300 latency �0.213 0.198 �1.200 0.167

N400 amplitude 0.156 0.268 1.851 0.025*

N400 latency �0.473 0.024* �0.750 0.285

*P< 0.05,

**P< 0.01. All coefficients that have a significant P value are emphasized in bold.
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neurophysiological presentation depending on where in

the brain these micro-injuries occur. It will therefore be

important to link functional measures of subconcussive

impairment to abnormalities in structural imaging, func-

tional/clinical outcomes and key biomechanical factors

such as head-impact exposure.

Head impacts

The use of accelerometers to measure head impact bio-

mechanics has shown to have variable reliability across

different sensor designs, given that accelerations relative

to a helmet or skin-patch do not necessarily directly

correlate to accelerations in the brain.6,32 Furthermore,

accelerometer error can also be attributed to sensor place-

ment, adhesion, skin movement, interactions with equip-

ment, etc.6 Video analysis can be used to confirm that an

impact was accurately recorded, although this is both

time-consuming and resource intensive. Promising re-

search is ongoing that combines multi-camera-angle video

recordings to create impact models to estimate the bio-

mechanics of injury.33,34

Due to this uncertainty, instrumented accelerometers

without video-analysis validation may not always fully

capture the specific biomechanics of individual impact

events. However, portable sensors can approximate

cumulative head-impact measures over a time period,

particularly at the group level. If the sensor variance is

equivalent for all players, then measures of central ten-

dency or cumulative measures from accelerometer data

are practical measures of head-impact exposure.

Recording individual playing time or number of games

played are helpful in terms of exposure to the risk of

concussion but do not which account for differences in

playing style, penalties, position, size, speed, etc.

Differences between age groups

ANOVA detailed a significant overall effect for age

group, specifically in the N400 amplitude component.

Post hoc t-tests revealed a significant difference between

groups in the pre-season N400 amplitude measure, where

Bantam players had larger N400 amplitudes, but this dif-

ference was no longer present at post-season. This finding

was attributed to a significant decrease in N400 ampli-

tude across the season in the Bantam group (Figs 1 and

2), which was not observed in the Junior-A group. These

baseline differences suggest a potential cumulative effect

of impacts over a longer duration, and the pre–post dif-

ferences between groups suggest differential effects on

cognitive processing due to cognitive and biomechanical

factors related to age.

There was also a significant N400 latency correlation

with number of impacts across both groups (Table 1).

This suggests that N400 changes, particularly latency

delays, may provide a potential indicator of severity for

subconcussive impacts. Given previous findings showing

N400 latency changes in Junior-A players,10 future stud-

ies should further examine whether N400 peak latency

measures can be used to provide both sensitivity and spe-

cificity for deficits along the subconcussive-to-concussive

continuum of injury. Additional work should investigate

which electrophysiological measures relate to functional

outcomes.

Caveats

Sport-related concussion research is often challenged in

terms of sample size and representation along with tech-

nical implementation limitations. The current findings are

based on a sample of male ice hockey players and there-

fore may not generalize to other populations. Future

studies will expand the scope to include both male and

female players from a range of sports (both contact and

non-contact), age groups and divisions as well as non-

athlete control populations for comparison. The repeated-

measures statistical model allows for each player to act

as their own control. However, incorporating additional

matched control groups for comparison would further

identify changes related to head impact biomechanics in

future studies. Also, players should be assessed more fre-

quently during the season to better characterize a profile

of subconcussive changes. Assessments before and after

individual games will be important to further integrate

measures of head impact exposure, and external valid-

ation can be accomplished by video analysis.

Furthermore, accelerometers were only worn during

games for this study, so it is unclear how contact at

practices influenced the results. Different types of acceler-

ometer systems were used between the groups due to per-

formance and compliance issues. While this may have

resulted in minor differences in measurement of head

impacts, the analysis was restricted to number of impacts

to avoid this methodological complication. Nonetheless,

compliance among players was challenging in terms of

consistent accelerometer measurements during games and

across the season. As such, the linear regression model

was used with both groups. With improved accelerometer

technology and compliance, the relationship(s) between

brain vital sign changes and head impact biomechanics as

a factor of age group can be better characterized.

Prior concussion history was evaluated but not included

in this analysis; future work should include number of

previous concussions as a covariate to determine if this

influences outcomes for subconcussive and/or concussive

impacts. A final caveat is the lack of correlation with

existing objective functional outcome measures such as

balance, cognitive, oculomotor, affective/mood, sleep, etc.

Provided that objective neurophysiological changes have

greater sensitivity, future work should focus on relating

brain vital signs changes to these objective clinical out-

come measures. This will help to determine the extent to

which the changes correlate with functional outcomes for

diagnosis and to predict recovery.
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Clinical relevance and
conclusions
As expressed by Nauman and Talavage,35 it is increasingly

important that the general understanding of concussion

shifts from a singular acute-injury model to a spectrum of

head-impact exposure and related outcomes. Objective

measures of brain function can more accurately assess

subtle changes along this spectrum. Brain vital signs were

sensitive to the effects of repetitive subconcussive impacts

in Bantam and Junior-A ice hockey players across a

season, specifically detecting significant changes both within

and between groups that were directly related to the num-

ber of impacts. Observed changes in the N400 represent

more complex mechanisms in cognitive speech processing

that should be explored further. The findings expand upon

previous work by linking brain vital signs changes over

time to the extent of exposure to head impacts.

Supplementary material
Supplementary material is available at Brain

Communications online.

Acknowledgements
We would like to thank the players for volunteering to par-

ticipate in the research. The authors would like to thank Dr

Hugh Smith, Logan Brueur, and Michelle Caputi for their

helpful guidance and assistance with this study.

Funding
Financial support was provided by Mathematics of

Information Technology and Complex Systems (MITACS),

Natural Sciences and Engineering Council Canada (NSERC),

and Canadian Institutes for Health Research (CIHR) for this

study. The research study was designed and carried out by

the Mayo Clinic Sports Medicine Ice Hockey Research team,

partially funded by USA Hockey and the Johannson-Gund

Endowment.

Competing interests
SF and RD are associated with HealthTech Connex, which

may qualify them to financially benefit from commercialization

of a NeuroCatchTM Platform for obtaining brain vital signs.

References
1. Smith A M, Farrell K J, Roberts W O, Moris M R, Stuart M J.

Eliminating Fighting and Head Hits from Hockey. Current Sports

Medicine Reports. 2019;1835–40.(1):10.1249/JSR.000000000000

0556
2. Smith AM, Alford PA, Aubry M, et al. Proceedings from the Ice

Hockey Summit III: action on concussion. Curr Sports Med Rep.

2019;18(1):23–34.

3. Mainwaring L, Ferdinand Pennock KM, Mylabathula S, Alavie

BZ. Subconcussive head impacts in sport: a systematic review of

the evidence. Int J Psychophysiol. 2018;132:39–54.
4. Hirad AA, Bazarian JJ, Merchant-Borna K, et al. A common neur-

al signature of brain injury in concussion and subconcussion. Sci

Adv. 2019;5(8):eaau3460.

5. Saghafi B, Murugesan G, Davenport E et al. Quantifying the

Association between White Matter Integrity Changes and

Subconcussive Head Impact Exposure from a Single Season of

Youth and High School Football using 3D Convolutional Neural

Networks. Proc SPIE Int Soc Opt Eng. 2018;10575:105750E.
6. Cummiskey B, Schiffmiller D, Talavage TM, et al. Reliability and

accuracy of helmet-mounted and head-mounted devices used to

measure head accelerations. Proc Inst Mech Eng Part P J Sports

Eng Technol. 2017;231(2):144–153.
7. Munce TA, Dorman JC, Thompson PA, Valentine VD, Bergeron

MF. Head impact exposure and neurologic function of youth foot-

ball players. Med Sci Sports Exerc. 2015;47(8):1567–1576.
8. Boshra R, Ruiter KI, DeMatteo C, Reilly JP, Connolly JF.

Neurophysiological correlates of concussion: deep learning for

clinical assessment. Sci Rep. 2019;9(1):17341.
9. Covassin T, McGowan AL, Bretzin AC, et al. Preliminary investi-

gation of a multimodal enhanced brain function index among high

school and collegiate concussed male and female athletes. Phys

Sportsmed. 2020;48(4):442–449.

10. Fickling SD, Smith AM, Pawlowski G, et al. Brain vital signs de-

tect concussion-related neurophysiological impairments in ice

hockey. Brain. 2019;142(2):255–262.
11. Ghosh Hajra S, Liu CC, Song X, Fickling SD, Cheung TPL,

D’Arcy RCN. Accessing knowledge of the ‘here and now’: a new

technique for capturing electromagnetic markers of orientation

processing. J Neural Eng. 2019;16(1):016008.
12. Ghosh Hajra S, Liu CC, Song X, et al. Developing brain vital

signs: initial framework for monitoring brain function changes

over time. Front Neurosci. 2016;10:

13. Pawlowski GM, Ghosh-Hajra S, Fickling SD, et al. Brain vital

signs: expanding from the auditory to visual modality. Front

Neurosci. 2019;12:1–9.
14. Gawryluk JR, D’Arcy RCN, Connolly JF, Weaver DF. Improving

the clinical assessment of consciousness with advances in electro-

physiological and neuroimaging techniques. BMC Neurol. 2010;

10(1):11.
15. Gawryluk JR, D’Arcy RC. Electroencephalography: basic concepts

and brain applications. In: Handbook of physics in medicine and

biology. CRC Press; 2010:24–1–24-13.

16. Luck SJ. An Introduction to the event-related potential technique.

MIT Press; 2014.

17. Pratap-Chand R, Sinniah M, Salem FA. Cognitive evoked potential

(P300): a metric for cerebral concussion. Acta Neurol Scand.

1988;78(3):185–189.
18. Davis PA. Effects of acoustic stimuli on the waking human brain. J

Neurophysiol. 1939;2(6):494–499.
19. Sutton S, Tueting P, Zubin J, John ER. Information delivery and the

sensory evoked potential. Science. 1967;155(3768):1436–1439.
20. Kutas M, Hillyard SA. Reading senseless sentences: brain poten-

tials reflect semantic incongruity. Science. 1980;207(4427):

203–205.

21. He P, Wilson G, Russell C. Removal of ocular artifacts from elec-

tro-encephalogram by adaptive filtering. Med Biol Eng Comput.

2004;42(3):407–412.
22. Quiroga RQ, Garcia H. Single-trial event-related potentials with

wavelet denoising. Clin Neurophysiol. 2003;114(2):376–390.

Brain vital signs detect subconcussive deficits BRAIN COMMUNICATIONS 2021: Page 9 of 10 | 9

https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab019#supplementary-data


23. Nowak MK, Bevilacqua ZW, Ejima K, et al. Neuro-ophthalmo-

logic response to repetitive subconcussive head impacts: a random-
ized clinical trial. JAMA Ophthalmol. 2020;138(4):350.

24. Veksler R, Vazana U, Serlin Y, et al. Slow blood-to-brain transport

underlies enduring barrier dysfunction in American football play-
ers. Brain. 2020;143:1826–1842.

25. Sculthorpe-Petley L, Liu C, Ghosh Hajra S, et al. A rapid event-
related potential (ERP) method for point-of-care evaluation of
brain function: development of the Halifax Consciousness

Scanner. J Neurosci Methods. 2015;245:64–72.
26. Moore RD, Lepine J, Ellemberg D. The independent influence of

concussive and sub-concussive impacts on soccer players’ neuro-

physiological and neuropsychological function. Int J
Psychophysiol. 2017;112:22–30.

27. Wilson M, Harkrider A, King K. Effect of repetitive, subconcussive
impacts on electrophysiological measures of attention. South Med
J. 2015;108(9):559–566.

28. Connolly JF, Phillips NA. Event-related potential components re-
flect phonological and semantic processing of the terminal word of

spoken sentences. J Cogn Neurosci. 1994;6(3):256–266.
29. D’Arcy RCN, Connolly JF, Service E, Hawco CS, Houlihan ME.

Separating phonological and semantic processing in auditory

sentence processing: a high-resolution event-related brain potential

study. Hum Brain Mapp. 2004;22(1):40–51.
30. D’Arcy RC, Connolly JF, Crocker SF. Latency shifts in the N2b

component track phonological deviations in spoken words. Clin

Neurophysiol. 2000;111(1):40–44.
31. Davenport EM, Whitlow CT, Urban JE, et al. Abnormal white

matter integrity related to head impact exposure in a season of
high school varsity football. J Neurotrauma. 2014;31(19):
1617–1624.

32. McIntosh AS, Willmott C, Patton DA, et al. An assessment
of the utility and functionality of wearable head impact sen-
sors in Australian Football. J Sci Med Sport. 2019;22(7):

784–789.
33. Post A, Hoshizaki TB, Karton C, et al. The biomechanics of con-

cussion for ice hockey head impact events. Comput Methods
Biomech Biomed Eng. 2019;22(6):631–643.

34. Tierney GJ, Joodaki H, Krosshaug T, Forman JL, Crandall JR,

Simms CK. Assessment of model-based image-matching for future
reconstruction of unhelmeted sport head impact kinematics. Sports

Biomech. 2018;17(1):33–47.
35. Nauman EA, Talavage TM. Subconcussive trauma. Handb Clin

Neurol. 2018;158:245–255.

10 | BRAIN COMMUNICATIONS 2021: Page 10 of 10 S. D. Fickling et al.


	tblfn1
	tblfn2



