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Abstract

During normal participation in football, players are exposed to repetitive subconcussive head impacts, or impacts that do

not result in signs and symptoms of concussion. To better understand the effects of repetitive subconcussive impacts, the

biomechanics of on-field head impacts and resulting brain deformation need to be well characterized. The current study

evaluates local brain response to typical youth football head impacts using the atlas-based brain model (ABM), an

anatomically accurate brain finite element (FE) model. Head impact kinematic data were collected from three local youth

football teams using the Head Impact Telemetry (HIT) System. The azimuth and elevation angles were used to identify

impacts near six locations of interest, and low, moderate, and high acceleration magnitudes (5th, 50th, and 95th per-

centiles, respectively) were calculated from the grouped impacts for FE simulation. Strain response in the brain was

evaluated by examining the range and peak maximum principal strain (MPS) values in each element. A total of 40,538

impacts from 119 individual athletes were analyzed. Impacts to the facemask resulted in 0.18 MPS for the high magnitude

impact category. This was 1.5 times greater than the oblique impact location, which resulted in the lowest strain value of

0.12 for high magnitude impacts. Overall, higher strains resulted from a 95th percentile lateral impact (41.0g, 2556 rad/sec2)

with two predominant axes of rotation than from a 95th percentile frontal impact (67.6g, 2641 rad/sec2) with a single

predominant axis of rotation. These findings highlight the importance of accounting for directional dependence and

relative contribution of axes of rotation when evaluating head impact response.
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Introduction

Approximately 3,500,000 athletes participate in orga-

nized football at the youth level in the United States. It is

estimated that 1,100,000–1,900,000 sports-related concussions

occur each year in the youth population, with the majority occur-

ring during football.1,2 Although football has a high rate of con-

cussion, exposure to repetitive subconcussive head impacts, which

occur as part of normal participation in the sport, and associated

changes in the brain related to neurodegenerative diseases is of

increasing concern.3–7 Although head impact exposure in football

has been extensively studied, the tissue-level response of the brain

to subconcussive head impacts is not well understood.8–12 Bio-

mechanical factors of head impact, such as impact severity, loca-

tion, and direction, and their relationship to tissue-level strain

response can be characterized using finite element (FE) models to

better understand the effects of repetitive subconcussive impacts.

To characterize brain response to head impact exposure, FE studies

quantify the strain response of the brain to conditions representative

of typical football impacts. In 2014, Ji and coworkers used the

Dartmouth Head Injury Model (DHIM) and the Simulated Injury

Monitor (SIMon) to investigate brain-strain-related responses in a

range of loading conditions representative of football impacts ex-

perienced at the youth, high school, and collegiate levels.13 Brain

deformation was measured using deformation metrics proposed to

have a correlation to brain injury, such as maximum principal strain

(MPS) and von Mises stress.14,15 This study also investigated the

relative contributions of linear and angular acceleration to the strain

response, and found that isolated linear acceleration generates

negligible strain. Smith and coworkers (2015) used the University

College Dublin Brain Trauma Model (UCDBTM) to evaluate strain

response and establish MPS thresholds for indirect (0.15), direct

(0.14), and combined loading (0.24) scenarios.16 Darling and co-

workers (2016) used the head model from the Global Human Body
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Models Consortium (GHBMC) full body model to evaluate the

strain response to two typical loading conditions experienced in

football: frontal and crown impacts.17 The maximum strains oc-

curred in the brainstem for both conditions and had MPS values of

0.088 and 0.045 for the frontal and crown impacts, respectively.

Additionally, multiple studies have examined strain response in

various injurious scenarios.14,15,18,19 The objective of these studies

was to evaluate possible brain injury predictors and establish strain

threshold levels corresponding to concussion. Threshold injury

analysis also examined strain levels and thresholds in brain vol-

umes of interest, specifically the corpus callosum. Proposed strain

thresholds corresponding to 50% chance of mild traumatic brain

injury (mTBI) include 0.19 using the Wayne State University Brain

Injury Model (WSUBIM), 0.26 using the Kungliga Tekniska

Högskolan (KTH) model, and 0.28 using the Dartmouth Subject-

Specific Head Model (SSM).18

Directional dependence in brain response has been reported

throughout the literature by researchers using animal models as

well as FE models.20 Gennarelli and coworkers (1982) subjected

groups of monkeys to rotation about the X, Y, or Z axis and ob-

served that coronal head motions produced the most serious neu-

rological disturbances. Additionally, coronal plane rotation was

the only motion that commonly produced axonal damage in the

brainstem.21 Using the WSUBIM, Zhang and coworkers (2001)

compared the brain responses between frontal and lateral impacts

and observed decreased brain tolerance to lateral impact.20 Kleiven

(2006) used the KTH model to study the influence of impact di-

rection on MPS, which was chosen as a predictor of central nervous

system (CNS) injuries based on its association with diffuse axonal

injury (DAI).22,23 It was found that the largest strains occur for

lateral and axial rotational impulses and that substantially smaller

strains occur for translational impulses. Load curve shape and

loading direction were investigated by Post and coworkers (2012)

using the UCDBTM by evaluating MPS and von Mises stress.24

The study found that the regions of highest stress and strain varied

with impact direction, and that the shape of the load curve influ-

enced the peak value, time to peak, and location of maximum stress

and strain. Weaver and coworkers (2012) examined the influence of

impact direction using the SIMon model.25 The findings demon-

strated differences in strain response with directions of rotation,

even when input magnitude was controlled. As the magnitude was

held constant, there were substantial variations in the location and

volume of the higher strain elements with changes in the direction

of rotation. Additionally, large variations in injury risk were ob-

served for Abbreviated Injury Scale (AIS) 1 injuries, suggesting

that direction of rotation may be particularly important for pre-

diction of less severe brain injuries.

There is currently no consensus on a universal kinematic-based

injury metric predicting concussion or corresponding injury tol-

erance threshold. One possible reason is that impact kinematics

are not directly correlated to the brain deformation response that

is thought to contribute to injury. Finite element models (FEMs)

allow estimation of tissue-level brain response, which has shown

promise in correlating regional brain response to local brain injury

and tissue changes, which suggests this may be the way forward

to identify a superior metric for brain injury discrimination.18

Anatomic specificity is crucial when evaluating brain deformation

in detail. The strength of a metric derived using an FEM with high

anatomic accuracy will be an improvement over metrics derived

using more simplified models. The objective of the current study

is to evaluate local and regional brain response to typical youth

football head impacts using an anatomically accurate brain FEM.

This study employed real impacts collected over the course of

four youth football seasons to characterize the response of the

brain at six impact locations using scaled experimental acceler-

ation curves. Representative low, moderate, and high acceleration

magnitudes at each impact location were created experimentally

and simulated with the atlas-based brain model (ABM). Brain

response was evaluated by analyzing the range of MPS and by

calculating various strain-related metrics by impact location and

direction.

Methods

In the current study, a high-resolution, anatomically accurate
brain FEM, the ABM, was used to simulate various head impact

FIG. 1. Axial (A), sagittal (B), and coronal (C) cross sections; an isometric view showing the falx, tentorium, and ventricles (D); and
an isometric view of the outer surface of the brain (E) showing sulci and gyri of the atlas-based brain model (ABM).

1562 MILLER ET AL.



scenarios at six locations of interest at three magnitudes per loca-
tion.26 The ABM (Fig. 1) has been validated against brain dis-
placement measurements in five cadaver impact experiments
originally conducted by Hardy and coworkers (2001).27,28

Impact locations

Six impact locations, adapted from Rowson and coworkers
(2011) and Beckwith and coworkers (2012), were investigated in
the current study (Fig. 2).29,30 Experimental impact tests were
conducted on a helmeted Hybrid III (HIII) 50th percentile anthro-
pomorphic test device (ATD) using a pneumatic linear impactor at
each of the six impact sites. The kinematic data describing motion
of the linear and angular motion of the headform from each test
were used to define the boundary conditions of the ABM impact
simulations.

Data collection

As part of an ongoing study, real-time head impact data were
collected during all practices and games for three youth football
teams over the course of four seasons. Data collection, previously
reported by Kelley and coworkers (2017), was conducted with the
Head Impact Telemetry (HIT) System.11 For each impact, the
impact location using two angles: azimuth (h) and elevation (a) was
computed. The azimuth angle is measured from the back of the
head (h = 0 degrees) about the z-axis to the front of the head (h = 180
degrees), and the elevation angle as measured from the nose (a = 0
degrees) to the top of the head (a = 90 degrees) (Fig. 3).

The youth head impact data were analyzed by impact location
according to the azimuth and elevation angles for each impact. If
the azimuth and elevation angles for a given impact were within 15
degrees of the azimuth and elevation angles of one of the six impact
locations of interest, that impact was extracted and included in the
distribution of impacts at the corresponding impact site.31 From the
distribution of extracted impacts at each site, 5th, 50th, and 95th
percentile linear and rotational acceleration values were calculated.

FE simulations

The boundary conditions for each impact were derived from linear
impact tests performed with a helmeted HIII ATD head phantom and
neck at the six impact locations of interest (Fig. 2).29,30 For each
impact location, the linear and rotational acceleration curves output
by the HIII ATD were scaled to the corresponding magnitudes to
represent the 5th, 50th, and 95th percentile impacts. This resulted
in three simulations per impact location, heretofore referred to as
‘‘low,’’ ‘‘moderate,’’ and ‘‘high’’ magnitude. The acceleration
curves were integrated to obtain velocity curves, which were used as
boundary conditions to drive the ABM simulations.

An example of the workflow for simulating the 5th percentile
impact at location D is shown in Figure 4.

Evaluating brain response

MPS was used to quantify the strain response in the brain using
two different response metrics: 95th percentile MPS and cumula-
tive strain damage measure (CSDM).32 The 95th percentile MPS
was calculated at each time point by analyzing the distribution of
MPS values in all brain elements and calculating the 95th percen-
tile. This resulted in a curve with a value corresponding to each time
point in the simulation. The peak of this curve was taken as the 95th
percentile MPS metric. The 95th percentile MPS value was used
instead of the maximum MPS value, because the 95th percentile is
less sensitive to the extremely large strain values sometimes en-
countered by a small minority of elements/brain volume in these
simulations. It therefore better represents the overall deformation
patterns of the brain.33 From Figure 5, which shows the distribution
of MPS values for the 1,600,000 brain elements at a single time
point, we see how much the maximum value and 95th percentile
value can differ from each other.

CSDM was calculated using the relationship between MPS for
every element and the percentage of brain volume exceeding a
given MPS value. This curve was generated by ranking the MPS
for each brain element from high to low, and evaluating this
versus the percentage of total brain volume (Fig. 6). Specific
CSDM values, such as CSDM (0.05), CSDM (0.10), and CSDM
(0.15), were calculated from this curve as shown in Figure 6. An
additional metric was calculated as the area under the CSDM
curve (Fig. 6), called CSDM area.

Finally, the relationships between strain metrics and various
kinematic values and brain injury risk measures were investigated.
The kinematic values examined were linear acceleration, rotational
acceleration, and rotational velocity. The brain injury metrics ex-
amined were the concussion correlate (CC) and the head injury
criterion (HIC). The CC was derived from a risk curve for con-
cussion as developed by Rowson and coworkers (2013) that ac-
counted for both linear acceleration and rotational acceleration.34,35

CC is calculated using the following function:

CC¼ b0þ b1aþ b2aþ b3aa (1)

where, a is peak linear acceleration (in g), and a is peak rotational

acceleration (in rad/sec2); the coefficients were from Rowson and

coworkers (2013) was: b0 = -10.2, b1 = 4.33e-02, b2 = 8.73e-4, and

b3 = -9.20e-7.34 HIC was calculated according to:

FIG. 2. Impact locations.29,30

FIG. 3. Azimuth (A) and elevation (B) angles.
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HIC¼max
1

t2� t1

R t2
t1

a tð Þdt

" #2:5

t2� t1ð Þ (2)

where t1 and t2 are any two arbitrary times during the resultant

linear acceleration of the head CG and the limit on the HIC time

interval (t2 – t1) was 15 ms.36

Statistical analysis

Finally, generalized linear models were used to evaluate the
effect of impact characteristics (kinematic values and impact lo-
cation) on computed strain metrics using SAS software version 9.4
(SAS Institute Inc., Cary, NC).

FIG. 5. Single time point maximum principal strain (MPS) dis-
tribution for high magnitude simulation at location A.

FIG. 4. Example of work flow for simulating the low magnitude impact at location D.

FIG. 6. Maximum principal strain (MPS) versus percent volume
of brain exceeding given MPS threshold, or cumulative strain
damage measure (CSDM) curve. Specific CSDM values are cal-
culated from this curve as shown for CSDM (0.05), CSDM (0.10),
and CSDM (0.15).
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Results

A total of 40,538 impacts from 119 individual athletes (ages

9–13) were recorded; 6,706 of these were determined to be within

15 degrees of one of the six locations considered in the current

study.11 Table 1 displays the linear and rotational accelerations for

the low, moderate, and high magnitude impacts by impact location.

The 95th percentile MPS curves over time are displayed in-

Figure 7 for each of the six impact locations at the three simulated

magnitudes. The 95th percentile MPS values were calculated

from the peaks of these curves (Fig. 7D). The 95th percentile MPS

values corresponding to the low magnitude impacts ranged from

0.031 to 0.045. Similarly, the 95th percentile MPS ranges for the

moderate and high magnitude impacts were 0.050–0.075 and

0.116–0.180. On average, the 95th percentile MPS value in the

moderate impact was 64.8% larger than the corresponding value

for the low impact, and the 95th percentile MPS value for the high

magnitude impact was 128.8% larger than the corresponding

moderate value.Figure 8 shows the strain contours at the time of

maximum MPS for the high (95th percentile) magnitude impacts

at each location.

At all six impact locations and for each of the magnitudes,

CSDM values were computed from the relationship between MPS

and the percent volume of brain exceeding the corresponding MPS

value (Fig. 9). CSDM values indicating the volume of brain ex-

ceeding MPS thresholds of 0.05, 0.10, and 0.15 were calculated and

are referred to as CSDM (0.05), CSDM (0.10), and CSDM (0.15),

respectively (Table 2).

To further investigate the relationship among impact location,

kinematics, and brain response, the relationships between kine-

matic measures and various tissue-level strain metrics were in-

vestigated (Fig. 10). The kinematic metrics considered are linear

acceleration, rotational acceleration, rotational velocity, HIC, and

CC, and the strain metrics are max MPS, 95th percentile MPS,

CSDM area, CSDM (0.05), CSDM (0.10), and CSDM (0.15).

Statistical analysis indicated that rotational velocity ( p = 0.007) and

impact location ( p = 0.005) both had a significant effect on 95th

percentile MPS, with location (g2 = 0.101) explaining slightly more

of the variance than rotational velocity (g2 = 0.033). Linear and

rotational acceleration both did not have a significant effect on MPS

( p = 0.370 and p = 0.086, respectively).

Discussion

In this study, youth football head impacts representing the 5th,

50th, and 95th percentile impacts at six impact locations were re-

constructed in the laboratory and simulated using a high resolution

FEM. A total of 18 impacts were simulated with the ABM (three

magnitudes at six locations). The acceleration magnitudes were

calculated using a data set of real-time head impacts measured from

three youth football teams over the course of four seasons. Accel-

eration curves corresponding to each impact location were obtained

from experimental linear impact testing and scaled to the corre-

sponding 5th, 50th, and 95th percentile acceleration values. Brain

response was evaluated by impact location using MPS based

metrics.

The number of impacts corresponding to a single impact location

ranged from 158 (location D) to 4084 (location A) (Table 1). The

range in frequency indicates that some locations considered in the

current study (A, B, F) occur at a higher frequency than others (C,

D, E). The locations with the highest impact frequency were located

on the front/top of the helmet (A and B). This finding agrees with

reported results for this age range.10–12 Other studies that use the

HIT System use four classifications for impact location: front, side,

rear, and top.10–12 In this classification, the top region is defined as

elevation angles >65 degrees. For all elevation angles <65 degrees,

the head is divided into four equally spaced bins centered on the

midsagittal and coronal planes.37 Impacts to the right and left side

Table 1. Linear Acceleration, Rotational Acceleration, and Rotational Velocity Magnitudes

for Simulated Impacts by Location

Linear acceleration (g) Rotational acceleration (rad/sec2) Rotational velocity (rad/sec)

L M H L M H L M H

A Front 17.1 31.2 67.6 657 1269 2641 4.5 8.7 18.1
B Facemask 10.7 17.3 43.5 611 1009 2432 4.9 8.1 19.6
C Front boss 10.3 14.8 32.1 530 765 1672 3.5 5.1 11.1
D Side 11.0 18.4 41.0 671 1116 2556 5.3 8.8 20.1
E Oblique 10.6 17.0 36.5 650 1050 2188 4.7 7.7 15.9
F Rear 11.0 18.1 51.7 668 1078 3072 4.3 6.9 19.6

L, low; M, moderate; H, high.

FIG. 7. Ninety-fifth percentile maximum principal strain (MPS) values over time at each impact location for low (A), moderate (B),
and high (C) magnitude impacts, and the maximum values from these curves (D).
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are grouped together as side impacts. All of the impact locations

considered in the current study do not fall into a single classification

as defined by the HIT System. For example, the elevation angles for

location A range from 42 degrees to 72 degrees, which means that

some impacts associated with location A would be classified as

‘‘top’’ and some as ‘‘front.’’ Although the four HIT System clas-

sifications do not correspond directly to the impact locations con-

sidered in the current study, some comparisons can still be made. In

the current study, the largest linear acceleration impacts occurred at

location A for all three impact magnitudes. The largest rotational

acceleration impacts occurred at location F for the low and high

magnitude simulations, and at location A for the moderate condi-

tion. The location experiencing the highest linear acceleration is

consistently reported as ‘‘top,’’ whereas the largest rotational ac-

celerations occur at the front in some youth impact studies and on

the side in others.11,12,38

Figure 7 shows that both the peak 95th percentile MPS and the

timing of the peak value vary by impact location. Location B, a

facemask impact, consistently results in the largest 95th percentile

MPS value, whereas the minimum value occurs at location F (rear)

in the low and moderate simulations and at location C (front boss)

in the high magnitude simulation. The peak 95th percentile MPS

values range from 0.031 to 0.045 for the low magnitude impacts,

from 0.050 to 0.075 for intermediate magnitude impacts, and from

FIG. 8. Maximum principal strain (MPS) contours within the brain at the time of maximum MPS for the high magnitude impacts.

FIG. 9. Maximum principal strain (MPS) versus percent volume of brain exceeding given MPS value for low (A), moderate (B), and
high (C) magnitude impacts.
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0.116 to 0.180 for the high magnitude impacts. Similarly, the MPS

contours shown in Figure 8 indicate that the location of maximum

MPS varies by impact location. The location resulting in the largest

volume of high strain is location B (facemask), which agrees with

the results in Table 2. For impacts with primarily anterior-posterior

motion (A, B, and F), the maximum strains occur in the fronto-

parietal region of the brain. For locations D and E, which are side

impacts with lateral components, the peak strains occur closer to

the ventricles, inferior to the location of peak strain for impacts at

locations A, B, and F.

Previous studies have reported MPS values similar to those

found in the current study. Darling and coworkers (2016) reported

maximum principal strains ranging from 0.023 to 0.088 for two

typical football head impacts, which is similar to the results found

in the current study at the low and moderate impacts.17 One of the

concussion impact cases evaluated by McAllister and coworkers

(2011) had similar peak impact kinematics to the high magnitude

impact at location D (side). The corresponding maximum principal

strain reported by McAllister and coworkers was 0.144, which

agrees with the value of 0.143 found in the current study for a

similar impact.18 Similarly, the high magnitude impact at location

C (front boss) had kinematics similar to one of the conditions

studied by Zanetti and coworkers (2013), who reported a peak MPS

value of 0.084.19 This is comparable to the strain response (peak

MPS value of 0.1161) observed in the current study for the location

C impact.

Table 2. Cumulative Strain Damage Measure (CSDM) Values

CSDM (0.05) CSDM (0.10) CSDM (0.15)

L M H L M H L M H

A 0.158 19.333 91.239 0.000 0.111 23.375 0.000 0.002 2.273
B 2.604 40.715 97.161 0.002 0.366 59.965 0.000 0.004 17.136
C 0.556 16.896 86.458 0.003 0.052 23.170 0.000 0.002 0.617
D 1.038 31.182 93.755 0.011 0.323 43.061 0.000 0.026 4.845
E 0.519 33.882 92.536 0.002 0.114 34.699 0.000 0.004 1.477
F 0.066 7.267 93.789 0.000 0.004 41.142 0.000 0.000 4.945

CSDM values correspond to % volume of brain >0.05, 0.10, or 0.15 maximum principal strain (MPS).
L, low; M, moderate; H, high.

FIG. 10. Scatter matrix showing relationships between kinematic and tissue-level strain metrics. The five kinematic metrics con-
sidered are linear acceleration, rotational acceleration, rotational velocity, head injury criterion (HIC), and concussion correlate (CC);
the six strain metrics are max maximum principal strain (MPS), 95th percentile MPS, cumulative strain damage measure (CSDM) area,
CSDM (0.05), CSDM (0.10), and CSDM (0.15).
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Figure 9 shows that location B (facemask) results in the largest

CSDM values. CSDM values using strain thresholds of 0.05, 0.10,

and 0.15 MPS were determined from the curves shown in Figure 9

(Table 2). A limitation of threshold-based CSDM is that it tends to

censor information about impacts below the chosen threshold,

which may or may not be important in subconcussive impacts. This

was the case for CSDM in the current study, as demonstrated by

0.05 being the only strain threshold to yield values greater than zero

for low magnitude impacts. Therefore, this threshold (0.05) was

used to further analyze the relationship to impact characteristics.

Although CSDM (0.05) is not typically associated with brain in-

jury, it is still a valuable tool for comparing response and severity of

impacts and for looking at subconcussive brain deformations.

The relationship between brain response and impact character-

istics, as well as overall trends by impact location, can be further

examined using the strain and CSDM metrics reported in Figure 7

and Table 2, respectively (Fig. 10) At a given impact location,

increasing acceleration or velocity magnitude corresponds to a

higher strain metric, but relative magnitudes are not consistent

among different impact locations. For example, lower kinematic

values at the facemask are associated with higher CSDM (0.05)

values relative to frontal and rear impacts.

This study highlights the importance of accounting for di-

rectional dependence when evaluating head impact response.-

Figure 11 shows selected impact characteristics – rotational

velocity, 95th percentile MPS, CSDM area, and CSDM (0.05) – for

all impact locations at the moderate impact magnitude. The impact

characteristics shown in Figure 11 are all plotted in order of de-

creasing rotational velocity. If these impacts were evaluated

without considering impact direction, it would likely be concluded

that impact D, a lateral impact, was the most severe, because the

impact at that location has the highest peak rotational velocity

magnitude. Looking at the brain deformation metrics, which ac-

count for variation in primary axis of rotation among impacts at

different locations, we see that the response at location B, at the

facemask, resulted in the highest strains.

Limitations of the current study include errors associated with

experimental data collection methods as well as estimation of

boundary conditions (impact direction and magnitude). There is

error associated with calculating impact characteristics using the

HIT System. Beckwith and coworkers tested the HIT System with

the head of a 50th percentile HIII ATD, and found that the HIT

System overestimated peak linear acceleration by 0.9% and un-

derestimated peak rotational acceleration by 6.1%.30 The estima-

tion of the boundary conditions is another limitation of this study,

as the linear and angular acceleration curve shapes were presumed

from experimental impact results. The authors have determined,

however, that resulting strain uncertainty caused by uncertainty of

the impact direction and magnitude of loading is low. Linear and

rotational acceleration values associated with the 5th, 50th, and

95th percentile impacts remain relatively consistent when varying

impact locations by –5 degrees, –10 degrees, –15 degrees, and –20

degrees. For the low magnitude impacts, there is a maximum dif-

ference in linear/rotational acceleration of 0.88g/71.3 rad/sec2. Si-

milarly, there is very little variation for the medium impacts, with

maximum difference in linear/rotational acceleration of 1.80g/

86.4 rad/sec2. This variation is much smaller than the difference

between low and medium magnitudes, which has an average dif-

ference in linear and rotational acceleration of 6.2g and

361.5 rad/sec2, respectively. For the high magnitude impacts there

is slightly more variation, with a maximum difference in line-

ar/rotational acceleration of 9.35g/558.2 rad/sec2. Even though

there is more variation associated with the high magnitude impacts,

the variation is still much smaller than the difference between

medium and high magnitudes, which has an average difference in

linear and rotational acceleration of 24.0g and 1396.5 rad/sec2,

respectively. Although we would expect strain results to vary with

the different acceleration magnitudes associated with varying im-

pact locations (– 5 degrees, –10 degrees, –15 degrees, and –20

degrees), the variation in strains would be much smaller than those

associated with changes among the low, medium, and high mag-

nitude cases. For example, the change in strain associated with

varying the linear acceleration magnitude by 3.8g is 0.0001 and that

associated with varying the rotational acceleration magnitude by

266.2 rad/sec2 is 0.0002. We can therefore conclude that impact

location plays a greater role in the strain variability than impact

magnitude at the same percentile impact.

A challenge in brain injury prediction is that there is no con-

sensus on a kinematic-based injury metric or a corresponding

concussion tolerance threshold. This may be because impact ki-

nematics are not directly correlated to the response that causes

injury. Another possibility is that the current kinematic-based

metrics do not account for region-specific mechanical responses

and deformations. FEMs allow estimation of tissue-level brain

response, which has shown promise in correlating regional brain

response to local brain injury and tissue changes, suggesting that

FIG. 11. Selected impact characteristics for the high magnitude impact, sorted by decreasing rotational velocity.
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this may be the way forward to identify more useful brain injury

metrics.39 The current study evaluates local and regional brain

response to typical youth football head impacts using the ABM,

an anatomically accurate brain FEM. This study demonstrates that

MPS varies by impact location and highlights the importance of

accounting for directional dependence when evaluating head

impact response. Accounting for impact direction by evaluating

strain response, the location that resulted in the largest strains was

location B, a frontal impact through the facemask. The locations

that resulted in the lowest strains were location C, a side impact,

and F, a rear impact. Higher strains resulted from a 40g lateral

impact with two predominant axes of rotation than from a 70g

frontal impact with one predominant axis of rotation. This finding

highlights the importance of accounting for directional depen-

dence and relative contribution of axes of rotation when evalu-

ating head impact response. Quantifying the relationship among

impact location, impact magnitude, and brain deformation will

aid researchers, clinicians, and equipment manufacturers in brain

injury prevention.
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