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Abstract

Repeated head impact exposure and concussions are common in American football. Identifying 

the factors associated with high magnitude impacts aids in informing sport policy changes, 

improvements to protective equipment, and better understanding of the brain’s response to 

mechanical loading. Recently, the Stanford Instrumented Mouthguard (MiG2.0) has seen several 

improvements in its accuracy in measuring head kinematics and its ability to correctly differentiate 

between true head impact events and false positives. Using this device, the present study sought 

to identify factors (e.g., player position, helmet model, direction of head acceleration, etc.) that 

are associated with head impact kinematics and brain strain in high school American football 

athletes. 116 athletes were monitored over a total of 888 athlete exposures. 602 total impacts 

were captured and verified by the MiG2.0’s validated impact detection algorithm. Peak values of 

linear acceleration, angular velocity, and angular acceleration were obtained from the mouthguard 

kinematics. The kinematics were also entered into a previously developed finite element model of 

the human brain to compute the 95th percentile maximum principal strain. Overall, impacts were 

(mean ± SD) 34.0 ± 24.3 g for peak linear acceleration, 22.2 ± 15.4 rad/s for peak angular velocity, 

2979.4 ± 3030.4 rad/s2 for peak angular acceleration, and 0.262 ± 0.241 for 95th percentile 

maximum principal strain. Statistical analyses revealed that impacts resulting in Forward head 

accelerations had higher magnitudes of peak kinematics and brain strain than Lateral or Rearward 
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impacts and that athletes in skill positions sustained impacts of greater magnitude than athletes in 

line positions. 95th percentile maximum principal strain was significantly lower in the observed 

cohort of high school football athletes than previous reports of collegiate football athletes. No 

differences in impact magnitude were observed in athletes with or without previous concussion 

history, in athletes wearing different helmet models, or in junior varsity or varsity athletes. This 

study presents novel information on head acceleration events and their resulting brain strain in 

high school American football from our advanced, validated method of measuring head kinematics 

via instrumented mouthguard technology.
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Introduction

Over one million male high school athletes participate in American football in the United 

States, contributing to its success as the country’s most popular contact sport. However, high 

school football has experienced a decline in participation numbers in recent years, likely 

due to growing concerns over athlete brain health.41 Concussion42 and repeated head impact 

exposure8 are both frequent in American football; these forms of trauma may increase the 

risk of neurodegeneration over time2 and are often associated with long-lasting neurological 

consequences.45 Identifying risk factors for dangerous head impacts in American football 

is important to inform potential rule changes,10 training regimens,15,55 or innovations in 

protective equipment3 that could reduce the likelihood of brain injury and the cumulative 

burden of repeated impact exposure.

Linear and angular head kinematics resulting from sport-related impacts have been 

associated with the risk of ensuing brain injury51 and are regularly used to describe the 

relative severity of impacts. The magnitudes of head accelerations, even in the absence 

of diagnosed concussion, have been associated with elevated levels of blood biomarkers 

of brain injury,35,63 changes in oculomotor function,34,64 structural and functional brain 

changes observed via a variety of imaging techniques,5,19,20,49 and obvious performance 

decrement6 in high school football players. Further, head kinematics are often used to 

directly derive kinematic-based injury criteria59 or serve as input to finite element (FE) 

models24 and machine learning models28,60 to estimate the strain-based response endured by 

the brain tissue.

Researchers frequently employ head impact sensors to measure head kinematics resulting 

from the impacts that contact sport athletes sustain on the field. Several kinds of head 

impact sensors have been used in American football, including helmet-mounted sensors,18 

headband-mounted sensors,56 skin patch sensors,55 and instrumented mouthguards.6,22 

These devices can suffer from recording a high number of false positive events (i.e., those 

not associated with any contact involving significant head movement).47 Therefore, various 

filtering algorithms that aim to determine which recorded events are true or false positives 

have been developed for many head impact sensors.22,27,57 Further, several studies have 
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found a significant amount of error in the kinematic measurements reported by many of 

these devices.33,36 Instrumented mouthguards, however, have recently been shown to be 

accurate and reliable devices for measuring head kinematics,36,40 as they are worn firmly 

against the upper dentition of athletes. The upper dentition is rigidly affixed to the skull and 

closer to the head’s center of gravity than locations on the outside of the skull, where other 

types of devices are worn.

Many factors, such as skill level,53 helmet model,52 impact location,18 and player position,18 

have been found to influence the magnitude of head impact kinematics in previous studies 

of American football, but more research is necessary to resolve the sport’s persisting 

issues with athlete brain safety. Accurate measurement of head kinematics can aid in more 

precisely describing the relative severity of impacts among various athlete populations and 

in estimating the tissue-level response of the brain to an impact. Recently, the Stanford 

Instrumented Mouthguard (MiG2.0) and its impact detection algorithm (MiGNet) have 

improved in accurately recording head kinematics and identifying true positive impacts.22,40 

Therefore, this study aimed to use the MiG2.0 with MiGNet to characterize head kinematics 

and brain strain experienced in high school American football athletes, as well as identify 

sport-specific factors that influence the magnitude of football impacts.

Methods

Participants

All activities were approved by the Institutional Review Board at Stanford University prior 

to any participant enrollment in the study. High school football players (age = 16.0 ± 1.2 

years) from four high schools were recruited for study participation during the 2018 and 

2019 Fall competitive seasons (n = 116). At the beginning of each season, age, weight, 

height, concussion history, skill level (i.e., varsity or junior varsity (JV)), helmet model, and 

player positions were recorded for each athlete. Body mass index (BMI) was also calculated 

for each athlete according to the CDC definition and weight and height values at baseline 

assessment.

In high school football, athletes often change player positions throughout the season and can 

play multiple positions during a single game (e.g., both offensive and defensive positions). 

Therefore, similar to previous work,53 player positions were grouped into two categories: 

line positions and skill positions. Athletes were put into the line position group if they 

reported playing offensive or defensive line positions (e.g., center, defensive end, defensive 

tackle, tight end, offensive tackle, offensive guard); skill positions were classified as all other 

positions.

Head Impact Data Collection

Study participants wore MiG2.0 mouthguards during their respective team’s practices and 

games (Figure 1). Dental impressions were taken for each athlete prior to the beginning 

of data collection so the MiG2.0 devices could be customized to each individual player’s 

upper dentition. Each MiG2.0 mouthguard contained a triaxial accelerometer that acquired 

linear acceleration data at 1000 Hz and a triaxial gyroscope that acquired angular velocity 
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data at 8000 Hz. The mouthguards were programmed such that they would be triggered 

to record a 200 ms time window (50 ms pre-trigger, 150 ms post-trigger) of linear 

and angular kinematics whenever any of the X, Y, or Z directions of linear acceleration 

exceeded a threshold of 10 g. The custom MiG2.0 mouthguard with these same settings was 

previously validated to provide accurate kinematic measurements that could reliably be used 

to calculate brain injury criteria.39 Data was collected by the MiG2.0 mouthguards from a 

total of 888 athlete-exposures during the monitored time period. An athlete-exposure (AE) 

was defined as an athlete entering a game or practice session wearing their instrumented 

mouthguard.

Kinematics Data Processing

All recorded events were processed by the MiGNet program, a validated, deep learning 

algorithm that distinguishes true head impacts from false positive events caused by 

mouthguard handling, application, or other movements that are unrelated to impacts.22 

Recorded mouthguard events in the present study were not verified on video. The kinematics 

of true impact events (as classified by MiGNet) were further examined for additional 

scrutiny. The purpose of the following exclusion criteria was not to further distinguish 

true impacts from potential false positives, but rather to ensure that quality mouthguard 

measurements were used in our analyses. Events were considered erroneous if they met one 

of the following criteria: 1) Obvious high-frequency components (i.e., above 400 Hz); 2) 

Linear acceleration at the accelerometer above 200 g; 3) Magnitude of angular velocity in 

each direction higher than 70 rad/s, which is the measuring range of the gyroscope. Events 

with angular acceleration peaks smaller than 500 rad/s2 were also eliminated considering the 

likelihood that their signals were largely influenced by noise and not reliable for estimating 

brain strain.

The linear acceleration and angular velocity of remaining impact events were filtered by 

a fourth-order Butterworth filter at 160 Hz. A five-point stencil derivative was performed 

on the angular velocity to calculate angular acceleration, which was also filtered by a 

fourth-order Butterworth filter at 160 Hz. The linear acceleration was transformed from the 

accelerometer location to the estimated center of gravity (CoG) of the head. The initial 200 

ms time window was then truncated to 190 ms (45 ms pre-trigger, 145 ms post-trigger) 

to avoid noise at the beginning and end of the kinematics recordings, a change that was 

previously confirmed to not significantly influence brain strain calculations.39 Peak linear 

acceleration (PLA), peak angular velocity (PAV) and peak angular acceleration (PAA) were 

recorded for each of the events that remained after these data processing steps.

The direction of head movement resulting from impacts was then estimated using the 

direction of head CoG linear acceleration at the time of its peak. The linear acceleration 

data 1 ms and 2 ms before the peak time, at the peak time, and 1 ms and 2ms after 

the peak time (i.e., a total of 5 ms centered around the time of peak linear acceleration) 

were averaged at each of the X, Y, and Z directions. The resulting direction was classified 

according to the orientation system defined in Society of Automotive Engineers document 

J211. Briefly, the geometry of the head was divided into four equal sections of 90° azimuth 

about its circumference. These sections were centered at the front, left, right, and back 
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of the head. Impacts with resulting head accelerations pointing from the back to the front 

of the head were classified as Forward impacts, and from the front to back of the head 

as Rearward impacts. Impact accelerations pointing from left to right and right to left 

were grouped together as Lateral impacts. Any impact with a peak acceleration direction 

vector pointing down through the head at an elevation of 65° or greater was classified 

as a Downward impact. This categorization of head acceleration direction was similar to 

the estimated impact location in previous work utilizing the Head Impact Telemetry (HIT) 

System.17 However, the present method to identify head acceleration directions, rather than 

head impact locations, was used in part because body impacts, which do not have a head 

impact location, can induce head accelerations. Additionally, head impact sensors have 

shown considerable difficulty in accurately predicting head impact location.13

Brain Strain Simulation

The Kungliga Tekniska högskolan (KTH) finite element (FE) head model,37 which has been 

validated by cadaver experiments,31,61 was used to evaluate maximum principal strain of the 

brain for each impact. In these simulations, the skull was assumed to be rigid and move 

according to the measured angular velocity and linear acceleration. The simulations were 

performed using LS-DYNA with a double precision solver. The peak value of the 95th 

percentile maximum principal strain (MPS95) was extracted from the simulation results to 

represent the severity of brain tissue deformation.

Statistical Analysis

In total, four primary endpoints were evaluated in this study: PLA, PAV, PAA, and MPS95. 

The Generalized Estimating Equations (GEE) with Huber-White sandwich estimates were 

used to assess the association between primary endpoints and a set of covariates, including 

the acceleration direction (Rearward, Lateral, Forward), helmet model (Riddell Speedflex, 

VICIS Zero1), player position (line, skill), skill level (JV, varsity), BMI, school, and 

concussion history. For the primary analysis, all observed data was used to fit GEE models, 

using the unstructured correlation within participants. For sensitivity analysis, subgroup 

analyses were performed within each helmet model category, player position category, and 

acceleration direction category. Downward impacts were not included as there were too few 

(n = 8), and only the Riddell Speedflex and VICIS Zero1 helmets were worn by enough 

athletes for these analyses. Finally, both GEE (with each study participant treated as a 

cluster) and Welch’s t-test were used to compare MPS95 values to a previously published 

dataset of 118 collegiate football impacts39 that were also recorded by the MiG2.0 and 

simulated with the KTH FE head model, to test whether the distribution of MPS95 in high 

school football impacts significantly differed from that of the collegiate football impacts. 

All GEE models were fitted using the gee() function in R version 3.6.3. All p-values were 

calculated using the two-sided test unless otherwise noted.

Results

In total, the instrumented mouthguards recorded 66,969 accelerative events. Of these, 713 

were verified as head impacts by the MiGNet program. After data processing, 602 impacts 

remained and were included in statistical analyses. Of the 116 athletes participating in 
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the study, 84 sustained an impact during the monitored time period. The distribution of 

these 602 impact events by skill level, acceleration direction, helmet model, and position is 

displayed in Table 1. Overall, impacts sustained by the present cohort were (mean ± SD) 

34.0 ± 24.3 g for PLA, 22.2 ± 15.4 rad/s for PAV, 2979.4 ± 3030.4 rad/s2 for PAA, and 0.262 

± 0.241 for MPS95. These results are displayed in Figure 2.

Relative to Rearward and Lateral impacts, Forward impacts had the highest magnitude 

by all measures (PLA: p<0.05, PAV: p<0.001, PAA: p<0.001, MPS95: p<0.01). Lateral 

impacts also had significantly higher magnitudes than Rearward impacts by all measures 

(PLA: p<0.05, PAV: p<0.001, PAA: p<0.001, MPS95: p<0.001). Athletes in skill positions 

sustained impacts of significantly higher magnitude than athletes in line positions (PLA: 

p<0.001, PAV: p=0.06, PAA: p<0.01, MPS95: p=0.015) (Figure 3). Examples of kinematics 

and FE simulations for median impacts in each category of combined player position and 

head acceleration direction can be found in Figure 4 and Figure 5, respectively. BMI 

was significantly higher in athletes playing line positions relative to athletes playing skill 

positions (p<.001). MPS95 values in the present data were significantly lower than those in 

a dataset of previously collected collegiate football head impacts that were measured by the 

MiG2.0 and simulated via the KTH FE head model (p<0.001) (Figure 6).

No significant differences in PLA, PAV, PAA, or MPS95 were found between impacts 

sustained by athletes wearing the VICIS helmet and the Riddell helmet overall or within 

any specific direction of head acceleration. Further, no significant differences were found 

between athletes with and without previous history of concussion, nor between JV and 

varsity athletes.

Concussion

One athlete sustained a diagnosed concussion while wearing an instrumented mouthguard. 

Three impacts were detected by the MiG2.0 on the day of the concussion, and the athlete 

sustained 15 total impacts during the five days leading up to the concussion (including the 

day of diagnosed injury). Peak head kinematics of these 15 impacts ranged from 6.6 g to 

85.9 g PLA, 1.7 rad/s to 44.5 rad/s PAV, and 522.9 rad/s2 to 8160.8 rad/s2 PAA, with median 

values of 14.2 g PLA, 10.5 rad/s PAV, and 1073.7 rad/s2 PAA. MPS95 and head acceleration 

direction for all 15 impacts are detailed in Figure 7. This athlete played a line position at the 

varsity skill level, wore a Riddell Speedflex helmet, and sustained one diagnosed concussion 

prior to study participation.

Discussion

Head impact kinematics have been measured extensively in American football by a variety 

of head impact sensors known to have variable levels of accuracy.33,36 Continued research 

in this sport, with more accurate measurement technology, is needed to improve our 

understanding of sport-related brain injury risks and better inform methods of improving 

athlete brain safety. The present study provides novel information on the range of 

head kinematics, as measured by the MiG2.0, and brain strain experienced by high 

school American football players from four different high schools. Further, we detail the 

relationship of various sport-specific factors to head impact kinematics and brain strain.
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Skill position players in the present cohort sustained impacts of higher peak head kinematics 

and MPS95 than line position players. Higher peak head kinematics have been observed 

in skill position impacts previously, both at the collegiate and high school levels in studies 

using the HIT System.11,18,53 Line and skill positions are differentiated by distinct roles and 

game play scenarios in American football. Line position players tend to be physically larger 

than skill position players, and such was observed in our cohort via our assessment of athlete 

BMI. Their playing style relies on power and strength, as line position players play close 

to the line of scrimmage where their impacts are characterized by close-proximity, square 

contact with opposing linemen. Skill position players, by contrast, tend to be physically 

smaller, with a playing style that stresses speed, agility, and ball handling ability. Skill 

position players do not necessarily directly oppose another specific player at the beginning 

of plays and typically have ample field space to adjust their trajectory and accelerate, thus 

leading to impacts of higher velocity.58 Epidemiological studies are in agreement with these 

findings related to impact magnitude, in that skill position players typically sustain more 

frequent diagnosed concussions than line position players.21,48 These differences in impact 

magnitude may be meaningful beyond the risk of concussion, as higher strains in the brain 

location predominantly associated with pathology of chronic traumatic encephalopathy have 

been found in skill position impact simulations relative to those of offensive and defensive 

linemen.62 Due to differences in game play characteristics and injury risks between player 

positions, the design and implementation of position-specific helmets are of recent interest 

as a method of improving brain safety in American football.38

Instrumented mouthguards are a useful tool for measuring on-field helmet performance, as 

some helmet-mounted sensors are limited to specific helmet models or designs. Athletes 

in our cohort wore a variety of helmets, but the VICIS Zero1 and Riddell Speedflex 

were by far the most commonly worn and the other helmet models were not worn by a 

large enough sample to perform any statistical comparisons. We observed no significant 

differences in on-field helmet performance between the Zero1 and Speedflex helmets. These 

findings are in contrast to the results of the NFL Helmet Test Protocol in 2018, the first 

year of our data collection, which ranked the Riddell Speedflex in a lower performance 

group than the VICIS Zero1.26,65 However, the present results are aligned with both the 

2021 NFL helmet test results4,66 and the Virginia Tech STAR helmet ranking system.50,67 

Each of these systems rank these two helmets in the same highest performance group 

(Top-Performing group, 5-STAR). While these findings may seem to suggest that the current 

NFL and STAR helmet rankings are applicable to high school football, more on-field helmet 

research with more helmet models at the high school level are needed to assess if this 

is true. The NFL helmet tests were designed based on NFL concussions4 and have been 

found to accurately align with concussion incidence in the NFL.3 The Virginia Tech STAR 

test was based on a large dataset of collegiate football impacts, including concussions, 

measured via the HIT System.50 Impact velocities at the high school level differ from 

these two higher levels of play, and it remains unclear if an additional helmet testing 

protocol specific to high school football may be necessary to accurately predict on-field 

high school football helmet performance. Regardless, several previous studies have reported 

on the association of specific helmet models with lower incidence of concussion,3,16,52 
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which supports future endeavors to design new technologies for impact mitigation1,14 and 

investigate their performance both on the field and in the laboratory.

Several previous reports of on-field head impacts in American football have reported mixed 

findings when seeking to determine the relationship between head impact location and 

head kinematics.9,18,25 In this study, we focused on the direction of head accelerations 

resulting from impact, rather than head impact location, for several reasons. First, our 

impacts could not be video reviewed and various algorithms used by head impact sensors 

to predict head impact location have proven to be highly inaccurate, even in controlled 

laboratory experiments.13 Second, body impacts are capable of causing head accelerations 

in contact sports12,54 and these impacts would not have a head location to report. We 

observed that impacts yielding Forward head accelerations were less frequent but greater in 

magnitude than Rearward or Lateral impacts. Forward impacts likely included impacts that 

were primarily to the back of the helmet (which would yield a forward motion of the head), 

which others have also found to be infrequent relative to other head locations but higher in 

magnitude.17,18,25 Athletes are often unsuspecting and blind to these impacts, leaving them 

unprepared to fully brace for incoming contact. Contact between the back of the helmet and 

the ground is also frequent in cases of diagnosed injury among various player positions.38 

Therefore, our findings on impact directionality suggest that American football helmets 

could be improved by design changes that yield better attenuation of impacts causing head 

accelerations in the forward direction. Overall, we expect that the direction of peak head 

accelerations likely coincided with head impact locations such that Rearward, Lateral, and 

Forward impacts included a high amount of impacts to the front, side, and rear of athlete 

helmets, respectively, but it should be noted that we observed a very small number of 

Downward impacts. Though some previous reports have also found that impacts to the top 

of the helmet are less common than other locations,9,18 we believe the limited ability of the 

neck to compress under loading and the obliqueness of top impacts likely caused impacts to 

the top of the helmet to have peak head accelerations pointing in a mixture of the Rearward, 

Lateral, and Forward directions.

Brain strain, which has been found to be associated with neuropathology30,46 and diagnosed 

concussion,32,43 was calculated by the KTH FE head model in this study. The deformation 

of brain tissue varies along different directions, and the maximum principal strain describes 

the largest deformation of brain tissue among all directions. For each impact event, the 95th 

percentile of maximum principal strain, rather than the peak maximum principal strain, was 

calculated in order to avoid extremely high strain values caused by numerical errors. Based 

on laboratory reconstructions of head impacts in the NFL, a previous study using the KTH 

FE head model found maximum principal strain thresholds for 50% risk of concussive injury 

to be 0.26 in the gray matter and 0.21 at the corpus callosum.37 Several impact events from 

the present cohort were found to yield brain deformation above this threshold, but only one 

athlete in our cohort sustained a diagnosed concussion during the monitored time period. 

Interestingly, the final six impacts sustained by this athlete, including all three on the day 

of diagnosed concussion, were Forward impacts. High magnitude impacts to the back of 

the helmet have been associated with on-field obvious performance decrements (i.e., visual 

signs of potential concussive injury after impact) in high school and collegiate football.6 

The final impact sustained by this athlete had an MPS95 value of 0.147 (69th percentile 
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of all impacts), but the single impact sustained on the day prior to injury had an MPS95 

value of 0.427 (95th percentile of all impacts), which is above the proposed thresholds 

for 50% risk of injury. Previous work has found that athletes typically sustain impacts of 

greater magnitude on days of diagnosed concussion than on days without.7 While our data 

only represent one case of concussion, it is possible that concussion diagnosis was delayed 

from the suprathreshold event on the day prior to diagnosis or that its mechanical loading 

contributed to injury diagnosis the next day.

Although we found no differences between JV and varsity high school football athletes, 

MPS95 was significantly lower in our cohort of high school athletes than in collegiate 

football players. While this may seem to indicate a greater risk for concussive injury in 

collegiate athletes than high school athletes, trends opposite to that have previously been 

reported.23,29 It is possible that, despite the use of the same instrumented mouthguard 

device in both datasets, this comparison may have been influenced by differences in impact 

verification methods; the collegiate dataset we compared to was solely comprised of video 

verified impacts, while our high school dataset relied on the use of a previously validated 

impact detection algorithm that was developed from a dataset of video verified impacts. 

However, it should be noted that brain injury mechanisms may vary in developing brains. 

Therefore, the brain strain threshold proposed from NFL injuries may not be appropriate 

for predicting brain injury in high school athletes, and potential thresholds for injury may 

vary between youth, high school, collegiate, and professional athletes. Furthermore, the 

mechanical properties and the geometry of the developing brain were reported to be different 

from adults,44 so it will be necessary to develop age-specific FE head models for analysis of 

adolescent sport-related head impacts.

The present study was not without limitations. This study did not aim to identify factors 

that influence the frequency of impacts sustained by American football athletes, therefore 

no conclusions should be drawn from our reported distribution of impact events by skill 

level, position, or helmet model. Our data collection and processing methods sought to only 

include events that we could confidently assume were true impacts in the absence of video 

review. This was largely possible due to our use of MiGNet, a validated neural network 

classifier of head impact events made specifically for use in American football with the 

MiG2.0.22 MiGNet has been shown to have very high accuracy in differentiating true and 

false positive events, but its sensitivity performance suggests that it may have incorrectly 

excluded several true impacts. Therefore, our use of MiGNet and extra data processing 

methods likely resulted in an underestimate in head impact frequency. Video review of 

all recorded events has been previously recommended for identifying impact exposure,47 

and would also allow for qualitative descriptions of each impact (e.g., mechanism, helmet 

location, position, play-style, etc). Further, while the KTH FE head model has been used 

extensively in previous literature and has been validated by cadaver experiments, various FE 

head models exist and have been found to provide varying results.24 This limits our ability to 

accurately compare our findings to others that did not use the KTH FE head model for their 

calculation of MPS95.

Overall, we find that instrumented mouthguards are useful in identifying which sport-

specific factors may or may not be associated with increased severity of head impacts 
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in contact sports. In American football, skill position players are at the greatest risk of 

sustaining high magnitude impacts. Interventions or helmet design improvements that reduce 

the incidence or severity of impacts yielding forward head accelerations may be beneficial 

in reducing cumulative mechanical loading of the brain resulting from high school football 

participation. More research may be necessary to determine the on-field efficacy of helmets 

at the high school level relative to collegiate and professional game play.
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Figure 1. 
MiG2.0 instrumented mouthguard device (top) and mouthguard electronics (bottom). 

Arrows show placement of electronics embedded in the mouthguard.
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Figure 2. 
Frequency distributions of high school American football impacts by peak head kinematics 

and 95th percentile maximum principal strain (MPS).
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Figure 3. 
Within-position comparisons of peak head kinematics and 95th percentile maximum 

principal strain (MPS) between impacts of varying acceleration direction. Error bars 

represent standard error of the mean.
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Figure 4. 
Examples of head kinematics and 95% maximum principal strain (MPS) curves for impacts 

closest to 50th percentile for each category.
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Figure 5. 
Brain simulations showing 95% maximum principal strain via KTH finite element model. 

Example images shown are of the median impacts in each combined category of player 

position (Skill, Line) and head acceleration direction (Rearward, Lateral, Forward).
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Figure 6. 
Tukey box plots comparing 95th percentile maximum principal strain between 602 impacts 

sustained by high school football athletes and 118 impacts sustained by collegiate football 

athletes. ***p < 0.001.
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Figure 7. 
95th percentile maximum principal strain (MPS95) for 15 impacts, in chronological order, 

leading up to a case of diagnosed concussion. Each point represents an individual impact 

event. Dotted lines separate consecutive days of American football participation. Impact 

directions are identified by letter: R = Rearward, L = Lateral, F = Forward. Distance 

between points on x-axis does not represent time between impacts.
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Table 1.

Distribution of impact events verified by MiGNet.

JV
(181)

Varsity
(421)

Overall
(602)

Acceleration Direction

   Forward 42 54 96

   Rearward 74 182 256

   Lateral 61 181 242

   Downward 4 4 8

Helmet Model

   VICIS Zero1 63 100 163

   Riddell Speedflex 68 305 373

   Other 50 16 66

Position

   Skill 69 168 237

   Line 97 252 349

   Missing 15 1 16

A variety of helmet models were worn, but the VICIS Zero1 and Riddell Speedflex were most predominantly worn; all other helmet models were 
grouped into the “Other” category. Impacts sustained by athletes that did not report their player position are reflected in the “Missing” category.
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