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Abstract

Head impact exposure (HIE) is often summarized by the total exposure measured during the season and does not indicate
how the exposure was accumulated, or how it varied during the season. Therefore, the objective of this study was to
compare HIE during pre-season, the first and second halves of the regular season, and playoffs in a sample of youth
football players (n=119, aged 9-13 years). Athletes were divided into one of four exposure groups based on quartiles
computed from the distribution of risk-weighted cumulative exposure (RWEcp). Mean impacts per session and mean 95th
percentile linear and rotational acceleration in practices and games were compared across the four exposure groups and
time frames using mixed effects models. Within games, the mean 95th percentile accelerations for the entire sample
ranged from 47.2g and 2331.3 rad/sec? during pre-season to 52.1g and 2533.4 rad/sec® during the second half of regular
season. Mean impacts per practice increased from pre-season to the second half of regular season and declined into
playoffs among all exposure groups; however, the variation between time frames was not greater than two impacts per
practice. Time of season had a significant relationship with mean 95th percentile linear and rotational acceleration in
games (both, p=0.01) but not with practice accelerations or impacts per session. The in-practice mean levels of 95th
percentile linear and rotational acceleration remained fairly constant across the four time frames, but in games these
changed over time depending on exposure group (interactions, p <0.05). The results of this study improve our under-
standing of in-season variations in HIE in youth football and may inform important opportunities for future interventions.
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Introduction

S PORT-RELATED HEAD IMPACTS are of increasing concern as early
evidence has demonstrated a relationship between head impact
exposure (HIE) experienced in contact sports, such as football, and
changes in pre- to post-season imaging and cognitive measures.'™
The nature and extent of this relationship is not well understood;
however, with approximately 3.5 million youth athletes playing
football, there is a critical need to understand HIE in the sport at this
young age. There is a growing body of literature informing our
understanding of HIE in youth football. Variations in population-
level HIE have been observed at the youth level, with the average
number of head impacts a youth football player receives in a single
season ranging from 107 (7-8 year olds)® to 364 (1113 years old).”

The range in reported exposure per athlete also varies widely
within a single team or level of play. Some youth athletes sustain
impacts in numbers and magnitudes approaching athletes playing

in high school.” For example, in a recent study by Kelley and
colleagues,’ athletes in the 95th percentile of total number of im-
pacts among three age- and weight-based levels of play ranged
from 568 impacts per season in the youngest and smallest team, to
763 impacts per season in the oldest and heaviest team. For com-
parison, the average number of head impacts an athlete receives in a
single season at the high school level is approximately 500.%° Some
youth football players have been reported to have 95th percentile
linear acceleration values exceeding 60g,'®'" compared with the
95th percentile value of 57.6g reported for a varsity high school
football team.® The exposure variation in a single team is not well
understood but may be due to several factors, including player
position, playing style, coaching techniques, playing experience/
knowledge of tackling and blocking techniques, and volume and
intensity of the athlete’s training regimen.

Previous studies have demonstrated that HIE measured during a
single season is influenced by team-based activities such as the type
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of drills conducted as a team.'®'? Additionally, mechanics of
tackling may play a role in HIE. For example, it has been docu-
mented that “‘struck’ players on average experience higher mag-
nitude impacts than “striking” players'>'* and contact resulting
from greater closing distance results in higher magnitude head
impacts.'®'>'® However, it is unknown how these factors relate to
time of season or how they play a role in cumulative impact ex-
posure of an athlete.

Regardless of the level of play, the football season typically
includes a pre-season training period, followed by a series of reg-
ular season practices and games that often lead to post-season or
playoff practices and games. Prior studies have evaluated in-season
variations in football injuries but have primarily focused on col-
legiate football populations. Several studies evaluating the inci-
dence rate of injury between in-season time frames have reported
an increase in overall injury risk during pre-season when compared
with regular and post-season.'”2° Houck and associates reported
the highest practice-related rate of concussion occurred during pre-
season training camp for National Collegiate Athletic Association
(NCAA) DI Football Players.”! Additionally, Steiner and co-
workers reported twice as many practice-related injuries during
pre-season compared with in-season.

Periodic temporal variations may occur with HIEs. Cumulative
exposure is often measured with a single number that amounts to
the total exposure measured over the course of the season. Such a
measure does not give an indication of how exposure was accumu-
lated, nor how it varies during the season. There is increasing evi-
dence demonstrating a potential link between HIE and brain imaging
and neurocognitive changes after a single season'™** as well as
cognitive impairment and neuropathological evidence of chronic
traumatic encephalopathy (CTE) observed after several years of
contact sport.>*? It is critically important to gain a better under-
standing of how HIE varies over the course of the season and how in-
season variations differ among athletes with varied levels of total
season exposure. Therefore, the objective of this study is to assess
how HIE varies during pre-season, the first and second halves of
regular season, and playoffs among low- and high-exposure athletes
in a sample of youth football players.

Methods

Head impact data previously reported by Kelley and colleagues
were used in this study approved by the Wake Forest School of
Medicine Institutional Review Board (IRB).” Athletes participating
in at least 1 of 4 consecutive years (2012-15) of youth tackle
football within a single league were evaluated in this study. All
athletes provided written consent and parental consent to partici-
pate in this study. All players were fitted with youth Riddell Speed
football helmets containing Head Impact Telemetry System (HITS)
MX Encoders in the space between padding in the helmet. The MX
Encoder includes accelerometers, a digital encoder, and instru-
mentation to transmit signals via a wireless antenna to a base unit.
Trained research assistants monitored the HIT System at all prac-
tices and games. All measured head impacts exceeding 10g, a
commonly used threshold among the HIE literature,”'>*” were
recorded. Information from all accelerometers was collected at
1kHz for a period of 40msec; 8 msec before the trigger and
32 msec after the trigger. Data were screened to remove impacts
that did not occur while the helmet was worn (i.e., dropped helmets)
using recorded video data. Data processing algorithms and the data
collection methodology used in this study were previously pub-
lished.”’

Cumulative HIE was quantified in terms of combined magnitude
and frequency using the risk-weighted cumulative exposure
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(RWEcp) metric.® RWE encompasses magnitude and frequency in
an augmented way versus other biomechanical HIE metrics (e.g.,
number of impacts, percentiles of acceleration) by non-linearly
weighting each impact by the estimated concussion risk.® To
compute RWEcp, the risk of concussion for each impact for each
player was calculated using the combined probability risk function
previously described by Rowson and Duma.?® The logistic re-
gression equation with appropriate coefficients was used to com-
pute probability (i.e., risk) of concussion from peak resultant linear
and rotational acceleration for each impact. Risks associated with
each head impact for each player were summed to compute the
RWEqgp for the season. Athletes were then divided into one of four
exposure groups based on quartiles computed from the distribution
of RWEcp. The exposure groups are termed RQ1 to RQ4 for the
first to fourth quartiles, respectively.

HIE was compared between pre-season, regular season, and
playoffs. Pre-season was defined as the time from the first day of
practice up to and including all scrimmage games. The regular
season was divided into first and second halves. The first half of the
regular season was defined as the first practice after the final pre-
season scrimmage up to the mid-point in the regular season. The
second half of the regular season was defined as the first practice
after the mid-point in the regular season up to the last session of the
regular season. Playoffs were defined as the first practice after the
final regular season session up to the final playoff game.

Mean impacts per session were computed for each athlete and
session type (practice or game) within each time frame (i.e., pre-
season). The 95th percentile linear and rotational acceleration
values were calculated from the distribution of each athlete’s linear
and rotational acceleration profiles within each time frame as well.
Mean impacts per session (i.e., practice or game), 95th percentile
linear acceleration, and 95th percentile rotational acceleration were
compared across each exposure group and time frame using mixed
effects models while evaluating the interaction between exposure
group and time frame. Mixed effects models were also used
to compare athlete characteristics, including age, weight, height,
playing experience, and length of season, between exposure
groups. Each model was computed while controlling for intra-
individual correlations in players across seasons and level of
play.” The distribution of impacts per session within each quartile
grouping were right-skewed; log-transformations were used to
improve symmetry prior to computing the means.

Statistical analysis

Statistical analysis was performed using SAS version 9.4 (SAS
Institute, Inc., Cary, NC).

Results

In a single youth football organization, over 4 years, 40,538 im-
pacts were recorded from 119 athletes participating at three levels
of play. Of those impacts, 5080 were collected during pre-season,
12,897 during the first half of the regular season, 17,127 during the
second half of the regular season, and 5434 during playoffs. Athletes
were grouped into one of four exposure groups based on quartiles
computed from the distribution of RWEcp. For this sample, the 25th,
50th, and 75th percentile RWEcp values were 0.111, 0.2675, and
0.5487, respectively. A summary of the athlete characteristics within
each exposure group is provided in Table 1. The distribution of
athletes among the exposure groups within each level of play (Level
A: age=10.8+0.7 years, weight=97.5+11.81b; Level B: age=11.9
+0.5 years, weight=106.1+13.81b; Level C: age=13.0£0.5 years,
weight=126.5118.61b) is provided in Figure 1.

The sample median (and 95th percentile) linear acceleration
during the four time frames (pre-season, first half of regular season,
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TABLE 1. CHARACTERISTICS OF THE YOUTH FOOTBALL PLAYERS WITHIN EACH EXPOSURE GROUP

Exposure Playing Length of season
group N Age Weight Height experience (days)

RQ1 30 11.55(11.22-11.89)  101.65 (95.55-107.74) 59.32 (57.51-61.14)  2.09 (0.73-3.45) 72.13 (67.03-77.23)
RQ2 30 11.56 (11.19-11.93) 108.02 (101.00-115.05)  62.17 (60.41-63.92)  3.14 (1.86-4.42)  79.90 (75.94-83.86)
RQ3 30 11.88 (11.53-12.23)  106.59 (100.06-113.13)  60.56 (59.22-61.92) 4.04 (3.11-4.97)  80.47 (75.61-85.33)
RQ4 29 1232 (11.95-12.69) 115.48 (106.65-124.32)  62.25 (60.43-64.07) 4.94 (3.72-6.17)  85.79 (83.26-88.33)
P-value* 0.04 0.13 0.20 0.12 0.009

Overall 119  11.83 (11.65-12.01) 107.62 (104.14-111.10)  61.16 (60.33-61.99)  3.76 (3.17-4.34)  79.52 (77.30-81.74)

*P-value based on analysis of variance (ANOVA).

second half of regular season, and playoffs) were 20.8g (53.6g),
20.4g (52.01g),20.9g (51.6 g), and 21.3g (54.9g), respectively. The
sample median (and 95th percentile) peak rotational acceleration
during the four time frames were 960.6 rad/sec? (2430.2 rad/sec?),
966.4 rad/sec? (2394.4 rad/sec?), 976.7 rad/sec? (2421.2 rad/sec?),
and 1003.7 rad/sec? (2528.3 rad/sec?), respectively.

95th percentile acceleration

The mean 95th percentile linear and rotational accelerations mea-
sured during practices and games within each time frame and expo-
sure group are shown in Figure 2. In both practices and games, the
mean 95th percentile linear and rotational acceleration increased with
ascending exposure group (i.e., from RQ1 to RQ4; all p<0.0001).
Overall, time of season did not have an effect on the mean 95th
percentile linear and rotational accelerations in practices (linear:
p=0.90 and rotational: p=0.31), but did have a significant effect in
games (linear: p=0.01 and rotational: p=0.01). During practices, in-
creases in mean 95th percentile values among the exposure groups
were similar across the time frames of the season (linear: p=0.66 and
rotational: p=0.30; Fig. 2A,C), demonstrating no interaction effect
between exposure group and time of season in practices. During
games, however, the mean 95th percentile accelerations among the
exposure groups tended to vary over the season (linear: p=0.05 and
rotational: p=0.04; Fig. 2B,D), indicating an interaction effect be-
tween exposure group and time of season in games.

Looking specifically at trends within each exposure group, the
lowest-exposure athletes (RQ1) experienced a 3.6% lower mean
95th percentile linear acceleration from pre-season to playoff
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FIG. 1. Distribution of athletes participating at each level of play

among the four exposure groups.

practices (43.7g to 42.1g, respectively). RQ2, the second-lowest-
exposure group, experienced a 5.9% increase in mean 95th per-
centile linear acceleration during practices as the season progressed
from pre-season to playoffs, from 47.1g during pre-season to 49.9g
during playoffs (Fig. 2A). For games, a 23.5% and 33.8% increase in
95th percentile linear acceleration was measured from pre-season
through regular season for the lowest-exposure groups (RQ1: 34.0g
to 42.0g and RQ2: 38.5¢ to 52.7g), followed by a decrease to 33.0g
and 48.3g, respectively, during playoffs (Fig. 2B). Similar trends
were observed for mean 95th percentile rotational acceleration, with
the exception of an increased mean 95th percentile rotational ac-
celeration for RQ2 during playoffs (Fig. 2C,D).

Players in the higher-exposure quartiles (RQ3 and RQ4) had
higher accelerations during the pre-season, with lower 95th per-
centile accelerations during the latter half of the season (Fig. 2B,D).
A 13.2% and 3.2% decline in mean 95th percentile linear accel-
eration (RQ3: 59.2¢ to 51.4¢g and RQ4: 59.4¢ to 57.5g) was ob-
served from pre-season practices through the second half of regular
season practices. However, RQ4 players experienced slightly
higher mean 95th percentile linear acceleration (3g) during playoff
practices compared with regular season (Fig. 2A). For games, the
highest mean 95th percentile linear acceleration for RQ3 and RQ4
was observed during the first half of the regular season, followed by
a decline into playoffs (Fig. 2B). A similar trend was observed for
mean 95th percentile rotational acceleration for RQ4 for games
(Fig. 2D). However, the mean 95th percentile rotational accelera-
tion remained relatively constant for RQ3 after pre-season.

Impacts per session

For the entire sample, the mean (95% confidence interval [CI])
number of impacts per practice per player during the four time
frames (pre-season, first half of regular season, second half of
regular season, and playoffs; Fig. 3) were 7.85 (6.82-9.03), 8.93
(8.08-9.78), 10.07 (9.21-11.13), and 8.41 (7.32-9.78), respec-
tively. The mean (95% CI) impacts per game per player among the
time frames were 7.92 (6.55-9.49), 8.58 (7.24-10.07), 8.76 (7.46—
10.18), and 9.78 (7.85-12.18), respectively. Time of season did not
have an effect on mean impacts per practice, nor mean impacts per
game (p=0.53 and p=0.94, respectively; Fig. 3). Among quartile
groups, the number of impacts per practice and game were similar
across time frames (practice: p=0.70, and game: p=0.37), indi-
cating no interaction effect between exposure group and time of
season for impacts per session. However, a trending increase in the
number of impacts per game was observed from pre-season through
playoffs for the highest exposure athletes (RQ4).
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FIG. 2. Mean 95th percentile linear (A,B) and rotational (C,D) acceleration measured during practices (A,C) and games (B,D) within
the four time frames by quartile. Vertical bars represent the standard error. Time of season had a significant effect on linear (p=0.01) and
rotational (p=0.01) acceleration in games. Time of season and exposure group had a significant interaction effect on linear (p=0.05) and

rotational (p=0.04) acceleration in games.

Discussion

The objective of this study was to compare HIE measured during
pre-season, the first and second halves of regular season, and playoffs
among high- and low-exposure youth football players. The highest
95th percentile values (54.9g and 2528.3 rad/sec®) among the sample
were observed during playoffs. Mean impacts per practice were rel-
atively constant throughout the season; however, different trends
were observed within each exposure group and session type.

Number of Impacts
per Practice

Playoffs

RegSeason 1 Reg Season 2

BRQI 2RQ2 @RQ3 CRQ4 BAI

Age and length of season were the only two variables that were
significantly different among exposure groups. Mean age, tackle
football experience, and season length was greater with each in-
creasing exposure group; however, mean height and weight were
not. Higher-exposure athletes often participated on teams that
played in more weeks of playoff games, allowing more opportu-
nities for HIE. In fact, there was a 2-week mean difference in season
length between the highest- and lowest-exposure athletes. Season
length is often ignored when evaluating HIE but is potentially

>
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FIG. 3. Number of impacts per practice (A) and number of impacts per game (B) measured during pre-season, regular season, and
playoffs for the four exposure quartiles. Vertical bars represent the standard error. No significant main effects or interaction effects were

observed.
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important when considering the differences in HIE among different
teams or levels of play.

Time of season did not have a significant effect on mean 95th
percentile linear and rotational acceleration for practices, but did
have an effect for games. Similarly, evaluating interaction between
time of season and exposure group, 95th percentile values were
similar across time frames of the season within exposure groups for
practices but varied significantly for games. Within each exposure
group, in practices, the 95th percentile linear and rotational ac-
celeration did not tend to vary much throughout the season, with
less than 1g and 200 rad/sec? difference between many time frames.
The mean 95th percentile linear acceleration measured in games
among lower exposure athletes (RQ1 and RQ2) increased from pre-
season through the second half of regular season, but decreased into
playoffs. Similar trends were observed among rotational acceler-
ation for RQ1-RQ3. The mean 95th percentile linear acceleration
measured in games among higher-exposure athletes (RQ3 and
RQ4) increased from pre-season to the first half of regular season,
decreased from the first half of regular season to the second
half, and decreased again from the second half of regular season to
playoffs for RQ3 but remained relatively constant for RQ4 (<1g
difference).

In-season increases in mean 95th percentile linear and rotational
acceleration may be related to gains in competency and motiva-
tion**~2 through the football season, resulting in more involvement
in games and subsequent exposure to higher-magnitude hits.” Ad-
ditionally, pressure is often put on athletes to perform at a higher
intensity during games.*® Skill development and progression of
contact are potentially important factors when evaluating differ-
ences in HIE among youth athletes and further research into the
relationship with HIE is needed. In-season variations in head im-
pact magnitudes may also be due to several factors, including team-
based training regimens,'®?’ individual on-field behaviors,>* and
game impact characteristics.'> Identifying athletes early in the
season who may be at risk for higher exposure or who may be
exhibiting risky on-field behavior would provide an opportunity for
individual or team-level interventions aimed at reducing exposure.

Time of season did not have a significant effect on the mean
impacts per session (practices/games) and no significant interactions
were observed between time of season and exposure group. Mean
impacts per practice increased from pre-season to the second half of
the regular season and declined into playoffs among all exposure
groups. However, the variation in impacts per practice between time
frames was not greater than 2 impacts per practice, except for RQ3
with 3.1 impacts per practice less during playoffs versus the second
half of the regular season.

Teams of athletes participating in this study had approximately
two contact practices and one semi-contact practice for 2 h each per
week with varied practice drills determined by the coach. The
length of practice during pre-season was generally 30 to 60 min
longer than practices conducted during regular season or playoffs.
This variation in total time seemed to have little effect on in-season
variations in impacts per practice. The highest-exposure group
(RQ4) received approximately 2 times the number of impacts per
practice compared with the lowest-exposure group (RQ1) during
the season. This finding supports that HIE in practice drills is not
equal among athletes and there may be extrinsic factors leading
some athletes to engage in more contact during practice drills, such
as aggressivity or intensity of play. Schmidt and colleagues did not
find level of aggressivity to be related to the number of impacts per
practice in youth hockey*; however, measures such as this need

279

investigation in youth football to further understand factors asso-
ciated with HIE variability at the youth level of play.

Impacts per game varied, although not significantly, among time
frames and exposure groups. Differences in impacts per game be-
tween adjacent time frames were minimal, ranging from 0.17 to 3.1
impacts per game. Fewer impacts per game were measured during
pre-season for RQ2, RQ3, and RQ4 compared with the first half of
the regular season. Games during this time frame are pre-season
scrimmages, which are often shorter and less structured than in-
season games. Athletes also may play less aggressively to lower
injury risk prior to the regular season. The highest-exposure ath-
letes (RQ4) were the only group with an increasing number of
impacts per game as the season progressed. The highest-exposure
group (RQ4) received 3 to 4 times the mean number of impacts per
game compared with the lowest-exposure group (RQ1) during each
time frame. In youth football, athletes often play multiple positions
on both offense and defense. High-exposure athletes may be ex-
posed to more playing time and/or may be exposed to positions that
are associated with more game HIE.*>~8

The results of this study provide important insights regarding the
in-season variations in HIE in youth football; however, there are
limitations that should be considered. First, although data were
collected over several years from multiple levels of play, this is a
small snapshot of the larger U.S. youth football population. The
athletes participated in teams under the guidelines of American
Youth Football (AYF) and no specific safe tackling training (i.e.,
Heads Up Football, Hawk Tackling) was employed. The in-season
frequencies and magnitudes may be lower in leagues that have
adopted safe tackling programs such as Heads Up Football com-
pared with those presented in the present study.>* Rule changes,
such as limiting time spent on contact drills in practice, may result
in reduced in-season impact frequencies; however, further research
is needed to understand how limiting time spent on contact affects
impact magnitudes.*® The HIT System used in this study has some
measurement error for linear (0.9%) and rotational (6.1%) accel-
eration, with research suggesting that the HIT System may over-
estimate peak acceleration values.*'"** Acceleration measurement
errors are within the range of acceptable error for other measure-
ment devices and methods but should be taken into consideration
when interpreting the results of this study. Additionally, the HIT
System is the most widely used commercial head impact sensor.*
The concussion risk curve used to group the athletes into exposure
groups is derived from the collegiate population and may not di-
rectly translate to concussion risk in the youth population; however,
RWE is a metric that non-linearly weighs the magnitude of each
head impact and encompasses both the number and magnitude of
impacts an athlete received on aggregate. Lastly, in-season varia-
tions in weather (e.g., extreme heat, rain, lightning) were not ac-
counted for in this study but may affect practice length and/or
intensity, and subsequently the magnitude and frequency of hits.

The results of this study demonstrate variations in head impact
frequency and magnitude measured throughout the season within a
sample of youth football players. Time of season had a significant
effect on mean 95th percentile linear and rotational acceleration in
games but not on practice accelerations or impacts/session. Sig-
nificant interaction effects between exposure group and time of
season in games on mean 95th percentile accelerations were ob-
served. The mean number of impacts per practice and game did not
vary significantly with time of season but the higher exposure
athletes experienced an increasing number of impacts per game as
the season progressed. The results of this study improve our
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understanding of in-season variations in HIE in youth football and
may inform important opportunities for future interventions.
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