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Head Impact Density:
A Model To Explain the Elusive Concussion Threshold
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Abstract

Concussion is a heterogeneous injury occurring throughout a range of impact magnitudes. Consequently, research fo-
cusing on a single or set of variables at the time of injury to understand concussive biomechanics has been thwarted by low
injury prediction sensitivity. The current study examined the role of Impact Density in estimating concussive injury risk.
Head impact data were collected across seven high school football seasons with the Head Impact Telemetry System (HIT
System). Over the study period, 29 concussions were included for data analysis. The linear acceleration of the concussive
impact was matched to a Control athlete, along with impacts in the 24 h before. Linear and rotational acceleration for the
19 impacts leading into the final event and the cumulative accelerations over time were evaluated. Analyses indicated no
difference in impact counts within the final 24 h, or impact magnitudes for linear and rotational acceleration among the
final 20 impacts (p>0.05). A novel metric, Impact Density, was calculated from the final 20 impacts by summing the
acceleration magnitude divided by time from the previous impact. Analyses indicated the Concussed athletes incurred a
significantly higher linear (concussed: 255.4g/sec (standard error of the mean [SEM]=40.1), controls:145.4g/sec (SEM =
23.8), p=0.016), and rotational (Concussed:10311.3 rad/s/s/s (SEM=1883.7), Controls: 6083.8 rad/s/s/s (SEM=1115.9),
p=0.029) Impact Density than the Control athletes. Similar to other investigations, there was no difference in individual linear
or rotational impact magnitude in the 20 impacts before and including the injury. The measure of Impact Density, however,
revealed differences between the Concussed and Control athletes. These data suggest that the biomechanical threshold for
concussion fluctuates downwardly with a greater impact magnitude and number with a return to pre-impact levels with
time, suggesting physiological vulnerability to repeated head impacts. The current results highlight that time between
impacts, not just impact magnitude, influences risk for concussion.
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Introduction

DESPITE GROWING ATTENTION and research on sport concus-
sion, the initial identification of the injury remains one of the
most challenging aspects of injury assessment and management.
Early work suggested that more than 50% of high school athletes'
and 80% of collegiate athletes’ may not report their injury to a
medical professional for a variety of reasons. The number of unre-
ported concussions has decreased in the previous decade, and high
school athletes now report 70% of their injuries,” while collegiate
athletes report 53%.* Despite the improved injury disclosure, those
not reporting their injuries may be playing in a state of increased
vulnerability. For example, animal models indicate impacts closer in
time result in longer recovery periods and more severe alterations in
brain physiology.” In humans, subsequent concussions are most
likely to occur within two weeks for the first injury® and result in
prolonged recovery times relative to the first injury.’

A variety of head impact sensors have been developed and de-
ployed clinically to not only better identify concussed athletes and
expedite removal from play, but also to reduce injury risk through
technique modification. To date, helmet based systems (i.e., Head
Impact Telemetry System—HIT System) have been the most
broadly used in the literature for clinical and research purposes.®
The HIT System has defined the mean number of head impacts
among high school® and collegiate'® football athletes, and several
attempts have been made to identify a single variable or set of
variables that would permit real time concussion diagnostics using
biomechanical measures.''™'* Despite multiple attempts to define
diagnostic criteria using biomechanical properties, the concussion
threshold remains elusive.'*

While often excoriated, the first attempt in the modern era to
define the concussion threshold was completed using Hybrid III
mannequin reconstruction of 25 National Football League level
impacts that resulted in concussion.'” The authors indicated that

'Neurotrauma Research Laboratory, University of Michigan Injury Center, Ann Arbor, Michigan.
*Department of Neurosurgery, Medical College of Wisconsin, Milwaukee, Wisconsin.
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impacts resulting in a linear head acceleration of 70 to 75 was
sufficient to result in concussion, although the mean linear accel-
eration of their data was 98g. The mean acceleration of 98¢ com-
pares well to 13 high school level concussion recorded using the
HIT System whereby the mean linear acceleration was 105g.'" In
that same data however, four of the 13 concussions fell below the
98¢ mark, and the overall sensitivity was 3.5%, minimizing the
clinical utility of that value. Greenwald and associates'” later de-
veloped a weighted principal component score including linear
acceleration, rotational acceleration, head injury criterian, and
impact location. Application of this algorithm to a high school
dataset, however, yielded only 6% sensitivity.!' Last, a Classifi-
cation and Regression Tree analysis incorporating linear and ro-
tational acceleration values and impact location associated were
applied to high school level concussions; sensitivity improved, but
was still below the level of clinical utility."!

The inability to define a concussion threshold is likely multi-
factorial. First, intrinsic factors such as hydration and energy status,
cerebral blood flow, cerebral spinal fluid volume, and others'® are
sufficiently variable both between and within athletes to blur the
threshold line. In addition, statistical analyses most commonly im-
plement measures of central tendency when defining the injury
threshold, even though an impact exceeding a theoretical threshold
by 1lg results in the concussion being classified and analyzed the
same as an impact exceeding by 20g."” In addition, others have
noted that head impacts among concussed athletes on the day of
injury are greater in both magnitude and frequency relative to those
without concussion.'® Indeed, in an investigation of 95 concussed
athletes, those sustaining a concussion sustained nearly triple the
number of impacts and the highest magnitude impact was 20g
greater than on non-concussive days.'® This finding suggests that the
final ““smoking gun’’ impact may only explain partly the clinical
presentation of concussion and that the threshold for injury may be
influenced by previous impacts and their temporal distribution. As
such, the purpose of this exploratory investigation is to further
evaluate the relationship between head impact exposure preceding a
concussive event.

Methods

As part of an ongoing investigation on head impact biome-
chanics in high school football athletes, 185 participants (16.3 [0.8]
years; 180.8 [8.1) cm; 85.0 (18.3] kg; 0.3 [0.7] previous concus-
sions reported) were recruited from three high schools between
2007 and 2014 (School 1, n=94, 2007-2011; School 2, n=50,
2011-2013; School 3, n=41, 2013-2014). At the time of enroll-
ment, all participants were fitted with a new or newly refurbished
Riddell Revolution or Revolution Speed helmet that was equipped
with a HIT System encoder. Participants were equipped with head
impact measurement technology during normal participation in
football practices (n=373) and games (n=94), without interven-
tion from the study team. All participants and their parent/guardian
provided written informed assent/consent at the time of enrollment
in a manner that was consistent with the host institution’s office of
Human Subjects.

HIT system

Described elsewhere in detail,'®° the HIT System (Simbex LLC,
Lebanon, NH) implements six-axis accelerometers to estimate head
center of mass acceleration after impact. Accelerations are contin-
ually monitored at 1 kHz until any unfiltered/unprocessed data from
a single accelerometer meets or exceeds 14.4g. At this point, the
8 msec before the threshold and 32 msec after the threshold point are
stored locally or transmitted to the sideline computer.
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For each impact, algorithms filtered impact profiles known to be
associated with aberrant impacts (e.g., dropped or thrown helmet),
and an investigator present at all sessions marked additional errant
impacts not captured by the software. Valid impacts were pro-
cessed, and the three-dimensional vector sum for linear accelera-
tion and the estimated two-dimensional rotational acceleration
were calculated. Data were then filtered to exclude linear acceler-
ations <10g, which are thought to be associated with common
athletic maneuvers.'>?! Data collected from 2013 on included a
rotational acceleration estimate correction,?? which was applied to
all previous data before analyses. A review of the measurement
properties of the HIT System was completed by Patton.?

Concussion diagnosis

Throughout the study period, a certified athletic trainer was
present at all games and practices. In the event a participant sus-
tained a blow to the head that resulted in signs and symptoms
consistent with concussion, a full sideline evaluation was com-
pleted. If the athletic trainer deemed the injury to be a concussion,
the athlete was removed from further play and referred to the su-
pervising physician for injury diagnosis. The impact resulting in the
concussion was marked for later analysis. In cases where the athlete
did not immediately display concussive signs and symptoms (i.e.,
delayed reporting), the athletic trainer referred the athlete to the
physician and worked with the athlete and coaching staff to identify
the impact most likely associated with concussion.

Data analysis

Before analysis, head impact data were cleaned by eliminating
any outliers, defined by impacts above 200g (n=10,683) and re-
moval of one athlete who fell outside of three standard deviations
from the group mean for time between impacts.

To evaluate the relationship between impact magnitude and time
relative to concussion, 31 concussive impacts identified during the
study period were extracted. Control athletes were identified by
matching to the following characteristics from the concussed ath-
lete: number of impacts before the final impact (i.e., concussive
impact), final impact linear acceleration, final impact rotational
acceleration, final impact location, athlete position, athlete team (see
Table 1). Among the matched pairs, one participant served as both a
concussed and control and four participants functioned as controls in
two instances. This matching approach is supported by Wacholder
and coworkers.?* Chi-square analysis for position (linemen vs. skill)
indicated equivalent dispersion between Concussed and Control
groups (3% [1]1=2.51, p=0.113). The concussive and matched non-
concussive impacts are referenced as the ‘““final impact” or impact
*“0” in Figures. To evaluate for head impact exposure over time, the
19 impacts before the final impact and those occurring within the
24 h before were also extracted for analyses.

Measures of central tendency (i.e., mean and SEM) for partici-
pant demographics were calculated first for the Concussed and
Control athletes, and differences between the two groups were
evaluated using paired t-tests. Paired t-tests were used to compare
between group effects as impacts were matched to each other. The
initial evaluation of impact magnitude (i.e., linear and rotational
acceleration) of the final impact and the preceding 19 impacts (20
impacts total) were multi-variable analyses of variance between the
Concussed and Control groups. To account for time, impact mag-
nitudes in the 24 h before the final impact were inspected visually
on both a continuous timeline and at 15 min intervals. Impact
counts between groups for the final 3 h were evaluated using paired
samples t-tests, revealing a greater number of impacts among the
Concussed athletes (see below). Linear and rotational acceleration
Impact Density for the final impact and the 19 preceding impacts
were then calculated, and group differences were estimated using
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TABLE 1. DESCRIPTIVE DATA FOR LINEAR AND ROTATIONAL ACCELERATION OF FINAL IMPACT
AND NUMBER OF IMPACTS BEFORE OCCURRING IN THE SAME SEASON

Concussed Controls
Same Final impact: Same Final impact:
season Final impact: rotational season Final impact: rotational
impacts linear acceleration Impacts linear acceleration

Pair before acceleration (g) (rad/s/s) before acceleration (g) (rad/s/s)

1 195 122 4859.7 207 125.5 4943.6

2 326 102.6 3819.4 352 102.6 6517.6

3 479 130.6 5468.4 562 131 8202.4

4 284 111.3 6510.2 325 110.8 6750.6

5 593 107.6 4538.9 658 107.6 2425.8

6 366 116.2 4543.3 382 114.3 6097.3

7 346 97.6 5835.7 397 97.8 6123.6

8 324 72.1 4580.9 348 72.1 3148

9 82 114.4 2269.7 97 114.1 2931.6
10 194 74 4940.6 195 74 1379.6
11 223 99.1 5471.3 262 99.4 5857.4
12 158 100.9 5450.7 181 100.7 2859
13 165 85.3 3332 173 85.2 4533.1
14 72 52.7 31914 78 52.7 1446.6
15 273 146 4056.7 297 142.1 929.5
16 471 48 2928.4 484 48 2523.2
17 177 66.5 3185 196 66.3 3868.9
18 388 52.9 3323.7 395 52.7 3054.6
19 127 102.7 6486.9 155 102.8 820.4
20 50 58.1 3512.8 51 58.1 1886.7
21 250 70.3 2198.6 264 70.3 3816.11
22 37 69.9 3284.5 50 69.9 4325.8
23 330 71.7 3347 377 71.3 3713.9
24 275 70.7 2416.1 306 70.8 3970.1
25 93 87.7 4495.3 144 88.3 2738.3
26 37 81.9 3885.5 39 81.9 51754
27 153 106.3 5376.9 157 106.3 6349.3
28 37 108.1 3355.7 98 107.8 2512.3
29 494 75.2 2120.3 509 74.7 792.8
30 87 80.2 4939.5 93 79.6 4174.2
31 498 72.9 707.4 506 73.1 2139.9

paired samples t-test. All data were analyzed using SPSS v.24
statistical software, and significance was noted when p <0.05.

Results

A total of 154,213 head impacts were captured over the duration
of the investigation with 143,530 included in the analysis after the
data cleaning process outlined above. At the time of enrollment, the
31 Concussed athletes were 16.2 (SEM=0.2) years, 179.7 (SEM =
1.0) cm, 82.8 (SEM =12.9) kg, and reported 0.9 (SEM =0.2) pre-
vious concussions. The 31 Control athletes were 16.2 (SEM=0.1)
years, 180.2 (SEM =1.6) cm, 92.4 (SEM =3.8) kg, and reported 0.4
(SEM=0.2) previous concussions. Among the Concussed and
Control athletes, 53% were from the same team and 33% from the
same player group.” Paired t-test analyses indicated no significant
demographic differences for age, height, and previous concussions
(p>0.05), but the Control group was significantly heavier than the
Concussed (t=-2.26, p=0.03) with a mean difference of 10kg.

Table 1 presents each of the 31 matched concussive and non-
concussive final impacts. Athletes with a diagnosed concussion
sustained 21.9 (SEM =2.7) impacts in the 24 h before injury with a
final impact magnitude of 24.81 (SEM =2.4)g and 995.60 (SEM =
103.99) rad/s/s. Non-concussed Control athletes sustained 19.7

(SEM =2.8) impacts in the 24 h before injury with a final impact
magnitude of 29.25 (SEM=3.40)g and 1241.45 (SEM=143.90)
rad/s/s. There was no significant difference in the number of impacts
sustained by the Concussed and Control athletes in the 24 h before
the final impact (t=0.58, p>0.05). Multivariable analysis of vari-
ance indicated no significant differences between groups for linear
(F=0.146, p>0.05) or rotational acceleration (F=1.066, p>0.05)
magnitude for the final impact or the 19 preceding impacts (Fig. 1).

Because no differences in impact magnitudes were noted for the
final impact or 19 preceding impacts, all impacts occurring in the
24 h before were plotted over time (Fig. 2). Visual inspection sug-
gested a higher number of impacts among the Concussed athletes in
the 3 h before injury (i.e., the final impact labeled as Time 0).

Given the lack of significant difference in the 24 h hit count
relative to the impact distribution shown in Figure 2, hit counts in
15 min bins for the 24 h before the concussive impact were graphed
for each group (Fig. 3). Analysis of hit counts between the Con-
cussed and Control groups in the final 180 min indicated the Con-
cussed athletes sustained significantly more head impacts than the
Controls (Concussed: 20.5 (SEM =2.8), Control: 12.8 (SEM =2.0),
t=2.25, p=0.03).

Noting the significantly higher number of impacts among the
Concussed athletes in the 3 h before the final impact, we hypothesized
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FIG. 1. Mean and standard error for linear (top) and rotational (bottom) acceleration for the final impact (“‘0’*) and the 19 previous
impacts. There are no differences in magnitude between the Concussed and Control groups for any given impact.
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FIG. 2. Differences in Impact Density between concussed (top) and matched controls (bottom) over the 24 h before the final impact.
Magnitude (i.e., linear acceleration) is displayed on the vertical axis and time on the horizontal axis with the final impact indicated at time “0”.

that differences between groups would be visible when impact
magnitude was adjusted for time before the previous impact. A new
variable called Impact Density was created by summing the magni-
tude of a given impact divided by the time from the previous hit for
each of the 20 impacts (see Equation below).

Acceleration;

20
Impact Density = - - -
P 4 l-;l Time from previous impact;

Impact Density was calculated for both linear and rotational
acceleration and plotted in Figure 4. Paired sampled t-tests were
conducted to compare differences Impact Density for linear and
rotational acceleration between groups. Results showed that Con-
cussed subjects showed significantly higher linear (Concussed:
255.4g/sec  (SEM=40.1), Controls:145.4g/sec (SEM=23.8),
p=0.016), and rotational (Concussed: 10311.3 rad/s/s/s (SEM =
1883.7), Controls: 6083.8 rad/s/s/s (SEM=1115.9), p=0.029) ac-
celeration Impact Density values over time relative to Controls.
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Discussion

Our current interpretation of concussion risk assumes the injury
is associated with a singular impact, independent of any previous
impacts.”® As such, previous attempts to identify a concussive in-
jury threshold using impact biomechanics have focused largely on a
single or set of variables related to a smoking gun impact.'"'>!
Each of these attempts has moved our understanding of concussion
biomechanics closer to defining the threshold, but has fallen short
of developing an algorithm suitable for clinical utility.'* While it
might seem naive to assume impacts to a biological system (i.e.,
cerebral tissue) are independent of each other, previous evidence
suggests no cumulative mechanism for increasing concussive in-
jury risk.'® Thus, this single impact estimate failed to meet clinical
utility because 26 of the 30 concussive impacts in this dataset fell
below the 25% injury probability and the remaining three fell below
the 50% injury risk level.'®

Failure to accurately define a single or set of variables associated
with a concussive impact may have been associated, in part, with
the exclusion of head impacts leading into the final injurious
blow—meaning that repeated head impacts before the concussive
impact may somehow alter the magnitude threshold at which the
concussion occurs. Eckner and associates'® were the first to ex-
amine this by evaluating HIT System data from 19 athletes sus-
taining 20 concussions. Noting an equal number of impacts leading
into the concussive and non-concussive impacts, the authors con-
cluded that the cumulative impact burden (i.e., sum of impact
magnitudes leading up to the concussive event) was no different
than the impact burden for three non-concussive impacts of similar
or larger magnitude within the same athlete within 30 min, same
day, and one week of the final blow. The data presented here

(Fig. 1) support this finding. In a similar investigation, Beckwith
and colleagues'® evaluated 105 concussions that were reported
immediately (n=45) or went undiagnosed on the day of injury.
Head kinematics and impact counts are from the 95 high school and
collegiate football athletes documented using the HIT System.

While head impact magnitudes were greater on the day of di-
agnosed concussions, the authors also reported a greater number of
impacts on those same days. This finding is similar to the data
reported here (Fig. 2), demonstrating a higher Impact Density on
the day of injury relative to the Control athletes and suggests that
time between impacts also warrants consideration.

Indeed, these findings lead us to hypothesize that cumulative
impact magnitude divided by time plays an important role in es-
tablishing the final injury threshold. Figure 1 and Table 1 offer
support to this theory by demonstrating that impact counts and
linear and rotational acceleration magnitudes do not differ be-
tween concussed and control athletes, yet the cumulative linear
and rotational accelerations divided by time from the injury
(Fig. 4) show significantly higher magnitudes by time among the
Concussed athletes. Because impact magnitude was equal between
the groups, the time between impacts for the Concussed cohort
must be smaller than the non-concussed cohort. This indicates that
the Concussed group sustains impacts at a higher frequency than
non-concussed players.

The higher frequency of impacts is exemplified by the scatter plot
analysis (Fig. 2) showing a much broader distribution of impacts
over time among the Control athletes relative to the Concussed,
despite the athletes being matched for an equal number of impacts.
Quantification of this theory and application to larger datasets and
over a greater window of time (i.e., inclusion of more impacts) is
needed.



IMPACT DENSITY 2681

300

® Control

® Concussed
250
200
15
0

-19 -18 -17 -16 -15 -14 -

(=]

(=]
(=]

Cumulative Linear Acceleration Impact Density

LA
(=1

Cumulative Hit Number

14000
® Control
m Concussed
12000
fnd
2 10000
g
=9
£
g
2 8000
5
g
<
=
£ 6000
g
&
z
E 4000
=
=
=
o
) I| ‘l |‘ ||

-19 -18 -17 -16 -15 -14 -13 -12 -l -0 -9
Cumulative Hit Number

FIG. 4. Cumulative linear (top) and rotational (bottom) acceleration Impact Density displayed for the final impact and the 19
preceding impacts. Impact Density for the final impact (i.e., impact 0) represents the sum of all previous impacts for linear or rotational
acceleration sum divided by the time from the previous impact. Impact Density was higher among the Concussed athletes for both linear
and rotational acceleration.



2682

The biological underpinnings for this theory cannot be eluci-
dated with the methodology employed here. Animal models of
concussive impacts,>?> however, suggest that each head impact not
resulting in the clinical presentation of concussion results in a
small, unregulated efflux of ions from the neuron. Because the
cerebral tissue will always seek to maintain homeostasis, the ion
pumps and other pathways will then activate to restore a normal
balance over time. If there is adequate time before the next impact,
homeostasis is restored, and the next ion efflux starts at the baseline
level. If, however, there is not adequate time to restore homeostasis,
the additional ion excursion may lower the impact magnitude at
which a concussion may occur. Stated differently, each impact may
alter the concussion threshold in a downward manner with time
between impacts pushing the threshold back toward the baseline
level (i.e., recovery).

We hypothesize that the degree to which the threshold decreases
after impact is dependent on the impact magnitude, while the ra-
pidity to which threshold returns to a pre-impact level is dependent
on time. Therefore, a greater Impact Density—that is, a higher
number of impacts with a shorter recovery period—places the
athlete farther from baseline homeostasis

While this theory may explain some of the biomechanical
properties of concussion, the neurobiopsychosocial aspects of the
injury cannot be ignored.*® For example, recent work demonstrates
that athletes with high somatization scores have protracted re-
coveries,”’ leading one to speculate that these same persons may
also be more likely to report injuries. In addition, intrinsic factors
such as female sex,”® young age,”® mood disorders,’>>' learning
disorders,?” migraine history,* fatigue,>* and previous concussion
history® all likely play a role in concussion risk. In addition to these
elements, some have also proposed that cerebral characteristics such
as blood flow and cerebrospinal fluid viscosity, along with sleep
deprivation, illness, and genetic profile may also influence risk,"'®
albeit the relationship is less clear than the other factors.

As with any investigation, this study is not without limitations.
Perhaps most notable is that this investigation was limited to male
athletes who play high school football and the Concussed and
Control groups were not matched perfectly. The biological influ-
ence of team, position, mass, or older and younger athletes, fe-
males, and those in other sports remains unknown at this time.
Similar analyses of collegiate and youth level football athletes that
also broaden the analysis window (i.e., inclusion of more impacts
before injury) should and could be completed using existing HIT
System datasets. Impact biomechanics captured with the HIT
System among female athletes is limited to ice hockey,>® al-
though dermis affixed sensors have recently been implemented in
collegiate®” and interscholastic soccer athletes.*®

It should also be noted that the HIT System precision has been
placed into question, with independent investigations indicating a
wide range of measurement properties.>* Indeed, one investigation
reported a mean absolute percentage error of 32+43% for linear
acceleration and 35 +36% for rotational acceleration.** We do not
contend with these findings, but the HIT System is currently the
most robust in measuring head kinematics in football athletes. In
addition, we would expect any system’s error to be equally dis-
tributed between the Concussed and Control athletes evaluated in
this investigation, indicating an unlikely revision of findings as head
impact monitoring systems improve in the coming years.

Last, despite the best efforts of investigators and athletic orga-
nizations, it is highly likely that a number of concussions went
unreported over the duration of investigation. This concern may
have resulted in the exclusion of some concussive impacts from the
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analysis, but all of those that were included were physician con-
firmed injuries.

Conclusions

Concussion researchers investigating head impact biomechanics
have spent the previous decade pursuing a single or array of vari-
ables to identify concussed athletes in real time. The majority of
these efforts have focused on the kinematic profile of an individual
smoking gun impact, failing to account for time and biological
underpinnings of injury. Findings from this investigation support
the notion that magnitude of the injurious blow and those preceding
it, along with time influence the threshold for concussion. To that
end, greater head Impact Density (i.e., higher number and magni-
tude of impacts over time) appears to increase concussion risk by
failing to allow for the cerebral tissue to return to pre-impact status
between blows. As such, when two athletes sustain a similarly large
impact (e.g., 100g), the one with greater head Impact Density is
more likely to have a diagnosis of concussion.

To reduce the risk of concussion, some have called for athletes to
have a “hit count” similar to a pitch count in baseball.*° In light of
the current results, a simple hit count may not be sufficient to limit
concussion risk. Instead, an Impact Density measure may be more
appropriate to attenuate head impact exposure by allowing athletes
to recover sufficiently after sustaining an impact.

Finally, while the proposed density theory may help explain why
some athletes become concussed and others do not after an
equivalent blow, it is not a diagnostic algorithm. Until such time as
a diagnostic measure is developed and validated, well-trained
medical professionals with adept clinical skills are the gold stan-
dard in injury identification and management and should be present
at all athletic sessions to monitor athlete health and safety.
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