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Abstract

Real-time quantification of head impacts using wearable sensors is an appealing approach to
assess concussion risk. Traditionally, sensors were evaluated for accurately measuring peak
resultant (R1-38) skull accelerations and velocities. With growing interest in utilizing model-
estimated tissue responses for injury prediction, it is important to evaluate sensor accuracy in
estimating tissue response as well. Here, we quantify how sensor kinematic measurement errors
can propagate into tissue response errors. Using previous instrumented mouthguard validation
datasets, we found that skull kinematic measurement errors in both magnitude and direction lead
to errors in tissue response magnitude and distribution. For molar design instrumented
mouthguards susceptible to mandible disturbances, 150%-400% error in skull kinematic
measurements resulted in 100% error in regional peak tissue response. With an improved incisor
design mitigating mandible disturbances, errors in skull kinematics were reduced to <50%, and
several tissue response errors were reduced to <10%. Applying 30° rotations to reference
kinematic signals to emulate sensor transformation errors yielded below 10% error in regional
peak tissue response; however, up to 20% error was observed in peak tissue response for
individual finite elements. These findings demonstrate that kinematic resultant (R1-38) errors
result in regional peak tissue response errors, while kinematic directionality errors result in tissue
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response distribution errors. This highlights the need to account for both kinematic magnitude and
direction errors, and accurately determine transformations between sensors and the skull.
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Brain Tissue Response; Finite Element; Wearable Head Impact Sensors; Mild Traumatic Brain
Injury

1 Introduction

The Center for Disease Control estimates 1.6 to 3.8 million sports-related concussions to
occur annually in the United States alone (Langlois et al, 2006). A large fraction of
concussions are unreported (Kroshus et al, 2014a; Elliott et al, 2015), in part, because the
associated signs and symptoms are subjectively evaluated and are difficult to detect (Kroshus
et al, 2014b). Thus, there is a pressing need for more objective and quantitative concussion
diagnostics. (R1-4)

Concussions are an injury to the brain usually resulting from trauma to the head (Mittenberg
and Strauman, 2000). However, it is currently technologically infeasible to observe the brain
directly for injury in real time for immediate removal from play to prevent further injury
(R1-5). Instead, some biomechanics (R1-6) researchers have relied on wearable head impact
sensor technologies that measure skull kinematics following impact to develop injury risk
metrics and, in the future, identify concussions when they occur (Rowson et al, 2011;
Camarillo et al, 2013; Campbell et al, 2016; Wu et al, 2016b).

The three most basic wearable sensor form factors in use today are sensors mounted on
headgear (Rowson et al, 2011; Campbell et al, 2016; Wu et al, 2016b), on skin (Wu et al,
2016b), or in instrumented mouthguards (R1-7) (Camarillo et al, 2013). Most available
sensors are designed to measure skull kinematics using a combination of linear
accelerometers and/or angular gyroscopes (R1-8), and most have undergone validation
testing (R1-9) on anthropomorphic test dummies (ATDs) (Jadischke et al, 2013; Bartsch et
al, 2014; Campbell et al, 2016; Siegmund et al, 2016), with a few being evaluated further in
cadavers (Kuo et al, 2016) and in human subjects (Wu et al, 2016b).

These wearable sensors, particularly the Head Impact Telemetry System (HITS), have
allowed researchers to collect skull kinematic measurements from tens of thousands of
impacts and hundreds of concussions over the last decade (Brolinson et al, 2006; Broglio et
al, 2011; Beckwith et al, 2012). From these measurements, several researchers have
developed skull kinematics-based injury metrics to assess the potential risk of concussion
(R1-10) (Takhounts et al, 2010; Rowson et al, 2012).

However, the relation between skull kinematics and the resulting tissue responses that lead
to injury in the brain is not intuitive. This is because the brain is a deformable body with an
intricate geometry and nonlinear material properties, as well as complex brain-skull
boundary conditions (Nicolle et al, 2005; Hrapko et al, 2008; Prevost et al, 2011; Forte et al,
2017; Budday et al, 2017). As a result, many skull kinematics-based injury metrics are
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limited in their ability to predict tissue-level injuries. A recent study identified a high
correlation between brain strains and skull kinematics-based injury metrics based on angular
velocity components, but correlations with many traditional injury risk metrics derived from
linear accelerations were relatively low (Gabler et al, 2016). This supports previous research
suggesting that angular measures are responsible for tissue deformations that are thought to
result in injury (Kleiven, 2006, 2007). (R1-11)

Because of the limitations of skull kinematics-based injury metrics, researchers have begun
exploring how the brain responds to measured skull kinematics using finite element (FE)
simulations (Kleiven and Hardy, 2002; Takhounts et al, 2008; Ji et al, 2015). These studies
have allowed researchers to predict how the brain deforms, and is possibly damaged, by
mechanical insults to the head (Giordano and Kleiven, 2014; Ji et al, 2014b). This has
prompted the development of injury metrics based on tissue response, which, unlike their
skull kinematic counterparts, provide insight into how brain injury occurs at the tissue level
(Wright and Ramesh, 2012; Giordano and Kleiven, 2014; Ji et al, 2014b).

Because injury metrics based on tissue response are becoming commonplace, are wearable
head impact sensors, typically evaluated for skull kinematics measurement accuracy, capable
of estimating tissue responses accurately as well? (R1-12) While most sensors are evaluated
on their ability to measure peak skull kinematics resultants (R1-38), this may be (R1-13)
insufficient for estimating their ability to predict tissue responses due to the complexity of
tissue responses.

In this study, we evaluate how skull kinematic measurement errors in American football,
resulting from external disturbances on sensors, or errors in sensor transformations to the
head center of gravity, propagate as errors in tissue responses. We also suggest new skull
kinematic error metrics that may be better at predicting tissue response errors. Sensor
developers and biomechanics researchers evaluating sensor accuracy can use these new skull
kinematic error metrics to make inferences on the expected error in predicting tissue
response. This reduces the reliance on computationally demanding FE simulations and
allows for rapid evaluation of sensors for predicting tissue response. (R1-16)

2 Methods

In this study (R1-17), we used impact data collected from laboratory experiments with two
instrumented mouthguards in an anthropomorphic test dummy (ATD) to generate three
datasets for analysis. All computations were performed using Matlab (Mathworks, Waltham
MA). (R1-33)

2.1 Skull Kinematic Errors from External Disturbances

We used previously published experimental results on two mouthguard systems with varying
susceptibility to mandible disturbances to explore how skull kinematic measurement errors
resulting from external disturbances on sensors manifest as tissue response errors (Kuo et al,
2016). The accuracy of one instrumented mouthguard (molar design) was shown to be
susceptible to mandible disturbances, wherein an unconstrained mandible would interact
with the sensors, placed near the molars, during impact. After subsequent redesign, a second

Biomech Model Mechanobiol. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kuo et al. Page 4

instrumented mouthguard (incisor design) was shown to mitigate disturbances from the
mandible by placing sensors at the incisors and removing material from the bite plane,
effectively isolating them from mandible effects (Figure 1). Impact data were collected using
the molar design and incisor design mouthguards to obtain datasets with substantial and
minimal skull kinematic errors respectively.

Both instrumented mouthguard designs were formed to the dentition of a custom 50t
percentile anthropomorphic test dummy (ATD) (Kuo et al, 2016). Both included a tri-axial
linear accelerometer sampling at 1000Hz with a CFC180, fourth-order 300Hz Butter-worth
low-pass filter (SAE, 1995). Additionally, both included a tri-axial gyroscope, with the
molar design using a sampling rate of 1000Hz and a fourth-order 184Hz Butterworth low-
pass filter (manufacturer specified (Kuo et al, 2016))(R1-18), and the incisor design using a
sampling rate of 8000Hz and a CFC180, fourth-order 300Hz Butterworth low-pass filter.
The gyroscope bandwidth was increased in the incisor design following a study that showed
current gyroscope bandwidths were insufficient to fully capture impact dynamics in
American football (Wu et al, 2016a). We used a five-point stencil (R1-19) to differentiate
angular velocity signals to obtain angular acceleration. All kinematics were then transformed
to the ATD center of gravity and aligned with anatomical anterior-posterior (A/P) axis, left-
right (L/R) axis, and superior-inferior (S/1) axis (R1-23) (Kuo et al, 2016).

The ATD was equipped with a tri-axial linear accelerometer and a tri-axial gyroscope at the
center of gravity (measured with the mandible (Camarillo et al, 2013)) (R1-20) and aligned
with anatomical axes. Linear accelerometer signals were collected at 100kHz with a
CFC1000, fourth-order 1650Hz Butterworth low-pass filter. Angular gyroscope signals were
collected at 100kHz with a CFC180, fourth-order 300Hz Butterworth low-pass filter. As
with the mouthguards, we differentiated the angular velocity signals using a fourth-order
stencil to obtain angular acceleration. The mandible was left unconstrained to exercise the
worst-case scenario for the instrumented mouthguards (Kuo et al, 2016).

To collect impact data, we equipped the mouthguard onto the ATD, which was fitted into a
medium size Riddell Speed helmet and dropped from several heights and orientations. We
selected three drop heights: 10cm, 60cm, and 100cm, which resulted in impacts ranging
from 15g — 150g, and six impact locations: vertex, frontal, frontal oblique right (oblique),
parietal, occipital, and facemask (Figure 2), to reproduce impact scenarios commonly seen
in American football (Crisco et al, 2010). We performed three trials for each combination of
mouthguard drop height, and impact location, resulting in 54 total drop trials per
mouthguard design. Data from all systems were collected using a 10g linear acceleration
trigger with 10ms pre-trigger and 90ms post-trigger.

2.2 Skull Kinematic Errors due to Coordinate System Transformation

Wearable sensors cannot be physically placed at the head center of gravity. Thus,
transforming sensor kinematics to the head center of gravity is necessary, and relies on a
rigid body assumption (Camarillo et al, 2013; Siegmund et al, 2014; Campbell et al, 2016;
Wau et al, 2016b). The transformation defines (R1-21) the relative orientation of the sensor
axes with respect to the anatomical axes, and the projection vector from the sensor to the
head center of gravity. Error in each estimate will result in skull kinematic errors, even if the
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sensor has perfect accuracy at its location. Because only the relative orientation affects both
linear and angular skull kinematics, and tissue responses are known to be more sensitive to
angular kinematics (Gabler et al, 2016), we focused on how sensor skull kinematic errors
resulting from imperfect orientations might manifest as tissue response errors.

To emulate skull kinematic errors resulting from imperfect orientations, we rotated the
coordinate system for the ATD reference skull kinematics obtained during drop impacts for
the incisor design. For each of the six impact locations, we took a 100cm impact trial as a
representative most severe case. We then applied a coordinate rotation about one of the
anatomical axes (A/P, L/R, S/l (R1-23)) at six angles: —30°, —20°, —10°, 10°, 20°, 30°. This
resulted in 108 rotated trials.

2.3 Skull Kinematic Error Metrics

We computed 18 skull kinematic error metrics, which included both commonly reported and
newly developed metrics. The most commonly reported skull kinematic error metrics for
sensor accuracy evaluation are computed from linear acceleration, angular velocity, and
angular acceleration resultants (R1-38). We included three metrics representing absolute
value of the relative difference (R1-28) in peak resultant (R1-38) skull kinematics (Equation
1) between reference measures (reference angular velocity, angular acceleration, or linear

acceleration resultant (R1-38) || Feﬂ) and mouthguard or rotated trial measures (mouthguard
or rotated trial angular velocity, angular acceleration, or linear acceleration resultant (R1-38)

|\’”79>H)' We also included three metrics representing normalized root mean squared error of
resultant (R1-38) skull kinematics (Equation 2) (Camarillo et al, 2013; Bartsch et al, 2014;
Siegmund et al, 2014; Kuo et al, 2016), with 77 representing the number of samples in an
impact (downsampled to the lowest sampled signal) (R1-25).

Because previous literature has suggested tissue responses are directionally dependent
(Kleiven, 2006; Zhao et al, 2016), we introduced new skull kinematic error metrics based on
tri-axial linear acceleration, angular velocity, and angular acceleration components aligned
with anatomical axes. These included nine metrics representing absolute value of the relative
difference (R1-28) in peak absolute value of component skull kinematics (Equation 3)
between reference measures (reference angular velocity, angular acceleration, or linear

. — .
acceleration components || ref (4)||), and mouthguard or rotated trial measures (mouthguard or
rotated trial angular velocity, angular acceleration, or linear acceleration components

¢ () |)- In addition, we included three new metrics representing the instantaneous axis
error (Equation 4). The instantaneous axis error describes the angle between the angular
velocity, angular acceleration, or linear acceleration vector in the reference, and the angular
velocity, angular acceleration, or linear acceleration vector in the mouthguard or rotated
trial. The kinematics vector of the reference and mouthguard or rotated trial were taken at
the time when the resultant kinematics were at their respective maximums. (R1-26) In all

equations, ?ﬂ” refers to the reference measure, and 75,4 refers to the mouthguard or rotated
trial measure. For skull kinematic components, we normalized by the peak resultant (R1-38)
value because in some cases, the components are near 0.
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2.4 Tissue Response Error Metrics

For tissue response analysis, we used the Worcester Head Injury Model (WHIM; Figure 3 (Ji
et al, 2015; Zhao et al, 2016, 2017a) to simulate impact skull kinematics from the reference,
instrumented mouthguards, and rotated trials. Principal strain, principal strain rate, and fiber
strains were obtained from each simulation. To determine fiber strains, strain tensors were
projected onto 64,272 white matter voxels using fiber orientation information obtained from
diffusion tensor imaging (DTI) (Ji et al, 2015) (R1-27). WHIM was validated against relative
brain-skull displacement and pressure data in cadaveric impacts as well as in vivo brain
strains from tagged brain MRI data. It has been recently used to assess tissue responses of
injury-level impacts (Ji et al, 2014b), to simulate American National Football League (NFL)
impacts to predict injury (Zhao et al, 2017a), and to evaluate the performance of a pre-
computation technique for real-time response estimates (Zhao et al, 2017b). WHIM contains
115,228 elements partitioned into several major brain regions. We focused our analysis on
the cerebrum, corpus callosum, and brain stem as these regions have been previously
implicated in injury studies (Giordano and Kleiven, 2014; Patton et al, 2015; Zhao et al,
2017a).

We first computed five tissue response error metrics to characterize differences in tissue
response magnitude in the three brain regions of interest (cerebrum, corpus callosum, and
brain stem; 5x3=15). Tissue response error metrics included the absolute value of the
relative difference (R1-28) in peak principal strain, peak principal strain rate, cumulative
strain damage measure 10% (CSDM 10%), and 50% population principal strain and strain
rate (pop50) between reference and mouthguard or rotated trials. CSDM 10% describes the
number of elements that exceed 10% over an entire simulation (Takhounts et al, 2003). The
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pop50 measure describes the principal strain or strain rate that was exceeded by 50% of
elements (Sullivan et al, 2015). The peak strain or strain rate value was computed for each
element over an entire impact, and pop50 represented the peak strain or strain rate value
exceeded by 50% of elements. (R1-29)

Next, we introduced two tissue response error metrics to assess the differences in response
distribution in the three brain regions of interest (2x3=6). They included the absolute value
of the relative differences (R1-28) in average element-wise peak principal strain and peak
principal strain rate between reference and instrumented mouthguard or rotated trials. We
computed peak strain and strain rate absolute value of the relative differences (R1-28) for
single finite elements between reference and mouthguard or rotated trial, and average them
over elements in each brain region to calculate (R1-30) these error metrics.

Finally, we defined two tissue response error metrics computed from fiber strains for the
whole brain. For the first, we computed the absolute value of the relative difference (R1-28)
in peak fiber strain between the reference and mouthguard or rotated trial. For the second,
we found the absolute value of the relative difference (R1-28) of peak fiber strain for
individual white matter voxels between reference and mouthguard or rotated trial, and
computed the average voxel-wise error over the whole brain. In total, 23 tissue response
error metrics were evaluated.

2.5 Correlation and Multivariate Analysis

Skull kinematic error metrics and tissue response error metrics were computed from all data
collected using the reference ATD kinematics, and the instrumented mouthguards or rotated
trials. To assess how errors in sensor skull kinematics measurements propagate into
predicted tissue responses, we performed a correlation analysis between individual skull
kinematic error metrics and individual tissue response error metrics, and further, a
multivariate regression to fit the 23 tissue response error metrics against the 18 skull
kinematic error metrics. For the multivariate regression, we performed the minimization
presented in Equation 5. We minimized the sum over all impacts of the error between the
observed tissue response error metric ervss,e for a single impact and the linear combination

of skull kinematic error metrics W}fm « 7 for a single impact to obtain a set of linear
coefficients . We performed this regression 23 times, once for each tissue response error
metric, to obtain independent linear coefficients & relating the skull kinematic error metrics
to each tissue response error metric. (R1-31) For the multivariate regression, we also
standardized the skull kinematics based error metrics and tissue response error metrics over
all impacts by subtracting out an error metric’s mean and normalizing by an error metric’s
standard deviation. (R1-32) The resulting standardized (R1-32) coefficients 2 described the
relative importance of each skull kinematic error metric in predicting tissue response error
metrics. The coefficients were constrained to be positive to be physically meaningful.

. T
min Z |erT tissue— €7y, * |

impacts (5)

Biomech Model Mechanobiol. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kuo et al.

3 Results

Page 8

Validation datasets from both a molar design and an incisor design mouthguard were
evaluated. In addition, ATD reference signals from the incisor design trials were rotated to
emulate errors in sensor transformation to the head center of gravity. For the molar design
mouthguard, we recorded 53 of 54 trials, with one 10cm facemask impact being missed. For
the incisor design, we recorded all 54 impacts. For the rotated trials, we assessed 108 trials.

3.1 Effect of Skull Kinematic Errors on Brain Tissue Response Errors

Results from the correlation analysis show that several skull kinematic error metrics
correlated well with most tissue response error metrics (Figure 4). Particularly, the error in
peak absolute angular velocity about A/P (R1-23) had the highest correlation with most
tissue response error metrics (R2 > 0.7), with the exception of the errors in CSDM 10%,
regardless of the brain region (/2 < 0.5).

Results from the multivariate analysis described the relative importance of the skull
kinematic error metrics in contribution to tissue response error metrics (Figure 5). Again, the
error in peak absolute angular velocity about A/P (R1-23) had the largest coefficient relating
it to all but one tissue response error metric (regional CSDM 10% error in the corpus
callosum) (R1-32). For the regional CSDM 10% error in the corpus callosum, the
multivariate analysis yielded a poor fit (R2 = 0.0) (R2-5), suggesting that it was not well
estimated (R1-35) by any linear combination of our skull kinematic error metrics.

Error in the peak angular acceleration about the A/P axis also contributed to the prediction
of several tissue response error metrics. (R1-32, R1-44). None of the error metrics computed
from resultant (R1-38) skull kinematics contributed to the prediction of tissue response error
metrics. In addition, linear acceleration error metrics had the least contribution overall.

3.2 Example Cases

Next, we show examples where the average element-wise peak principal strain error with
respect to reference was within the top 10% from each of our datasets (molar design, incisor
design, and rotated trials). In each case, we show a regression of the peak principal strain in
each finite element between the reference and mouthguards or rotated trials. We repeat this
for the peak principal strain rate in each finite element, and for the peak fiber strain in each
white matter voxel. Since the tissue response error metrics are computed from these tissue
responses, the regressions represent the expected tissue response errors.

In addition, we show the components and resultant (R1-38) of linear acceleration, angular
velocity, and angular acceleration from the reference and mouthguards or rotated trials.
Because skull kinematics error metrics are derived from the skull kinematics resultant
(R1-38) and components, these traces represent the expected skull kinematic error metrics
for the selected case.

Figure 6 presents data from the third trial of the 100cm oblique drop for the incisor design.
In general, the incisor design had good accuracy, as demonstrated by the close match
between the predicted strains with the reference responses. The incisor design peak resultant
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(R1-38) kinematics were within 10% of the reference angular velocity, and within 20% of
the reference linear and angular acceleration.

Figure 7 presents data from the second trial of the 1200cm frontal drop for the molar design.
The molar design substantially over-predicted tissue responses compared with the reference.
This design had large high frequency oscillations in angular velocity, which amplified over-
predictions in angular acceleration after differentiation. In turn, this affected linear
acceleration measurements following projection to the head center of gravity.

Figure 8 presents data from a rotated trial representing a 30° rotation of the skull kinematics
coordinate system about L/R (R1-23) for the third oblique 100cm drop (with identical
reference as that used for the incisor design case in Figure 6). While little change was
observed in general tissue response magnitude (fitted slope close to 1.0), element-wise strain
and strain rate distributions had high variance (/2 from linear regression of 0.31, 0.65 and
0.52 for peak principal strain, peak principal strain rate, and fiber strain, respectively).

In all three cases, there were larger errors in both regional and element-wise peak principal
strain rate than in regional and element-wise peak principal strain.

3.3 Error Trends

In the multi-regression analysis, we determined that the error in peak absolute angular
velocity about A/P (R1-23) had the most contribution of tissue response errors, with
additional contribution from error in peak absolute angular accelration about A/P (R1-44).
Thus, we aggregated errors in peak absolute angular velocity about A/P (R1-23), errors in
peak absolute angular acceleration about A/P (R1-44), and errors in tissue responses over the
entire brain for all data collected in Figure 9. The molar design shows over 150% error in
peak absolute angular velocity about A/P (R1-23) and over 400% error in peak absolute
angular acceleration about A/P (R1-44), which corresponded with tissue response errors
ranging from 30%-100%. Overall, the skull kinematic errors were larger than the tissue
response errors, indicating that tissue responses, while correlated with the skull kinematic
errors, do not have a one-to-one relation with them.

The incisor design shows an overall error of less than 50% in both skull kinematics and
tissue responses. Again, tissue response errors were less than the skull kinematic errors, with
some tissue responses having less than 10% error. Finally, for the rotated trials, both the
skull kinematic and tissue response errors increased with the increase in the rotational angle
applied to the reference skull kinematics, as expected. However, we also observed that the
average element- or voxel-wise errors were greater than the peak response errors. This
indicated significant change in tissue response distribution occurred even with the absence of
change in magnitude.

4 Discussion

Translating skull kinematic errors into tissue response errors may provide better insight into
the uncertainty in estimating brain model response using noisy wearable sensor data
(R1-41). In this work, we presented an analysis of how sensor measured skull kinematic
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errors, resulting from external disturbances or coordinate system transformations, can
propagate into tissue response errors. We evaluated the effect of kinematic errors resulting
from external disturbances by assessing the ability of two mouthguards, a previously
published mouthguard that is susceptible to mandible disturbances (molar design), and an
improved version designed to mitigate these disturbances (incisor design), to predict
reference tissue responses. We also evaluated the effect of kinematic errors resulting from
imperfect transformations by rotating the coordinate system of ATD reference kinematics
and observing how tissue responses altered.

As expected, both sources of skull kinematic error could propagate into tissue response
errors. Our correlation analysis identified that error in peak absolute angular velocity about
AJP (R1-23) had the strongest correlation with most tissue response error metrics. The
multivariate regression analysis also found this same kinematic error metric had the largest
contribution in predicting most tissue response error metrics. This observation agreed well
with previous studies that suggest tissue responses are sensitive to rotations (Hernandez et
al, 2015; Patton et al, 2015; Zhao et al, 2016) about A/P (R1-23), potentially as a result of
the presence of the falx, a stiff membrane that runs down the great longitudinal fissure
(Smith and Meaney, 2000).

However, while the multivariate analysis showed few other contributors to the prediction of
tissue response error metrics, the correlation analysis showed several additional skull
kinematic error metrics correlating well with most tissue response error metrics. Further
analysis showed that the skull kinematic error metrics based on angular acceleration, and the
error in peak absolute linear acceleration along the L/R axis (R1-23), were well correlated
(A% > 0.6) with error in peak absolute angular velocity about A/P (R1-23). This high
correlation among kinematic error metrics between themselves could be responsible for their
correlation with tissue response error metrics. In particular, it is known that linear
acceleration does not play a large role in brain strain development (Takhounts et al, 2010;
Gabler et al, 2016; Ji et al, 2014b). In addition, this correlation among kinematic error
metrics suggests possible multi-collinearity in the multivariate regression. This multi-
collinearity suggests that one of the other highly correlated skull kinematic error metrics
(angular acceleration error metrics in particular) could also have higher contribution in the
multivariate regression. But this would need to be investigated with additional data in which
skull kinematic error metrics are not as well correlated. (R1-43).

Errors in CSDM 10% did not correlate well with most skull kinematic error metrics (Figure
4), and had poor fits (/2 < 0.5) in the multivariate regression as well (Figure 5). This was
likely because of the relatively low impact magnitude for most ATD drop tests in this study
that, in turn, resulted in relatively low brain strain magnitudes. Since CSDM relies on a pre-
determined strain threshold (10%), many low severity impacts resulted in zero or near-zero
CSDM values.

Error in average voxel-wise white matter fiber strains, characterizing the error in response
distribution, also had a poor multivariate regression fit (R2 < 0.5, Figure 5). In contrast, the
element-wise maximum principal strain error, which also characterizes error in response
distribution, had a relatively good multivariate regression fit (/2 > 0.6, Figure 5). This
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discrepancy highlights the added uncertainty to the former due to the inherently strong
directional dependency of white matter fiber strains on skull kinematic inputs.

From our examples in each of the three datasets (molar design, incisor design, and rotated
trials), we observed how tissue responses were affected by skull kinematic errors. With the
molar design, large overestimates in all skull kinematics led to overestimates in tissue
responses. With the incisor design, however, we saw up to 25% error in skull kinematic
resultants (R1-38) but relatively small error in element-wise tissue responses (<10%). These
observations imply that tissue response estimates can tolerate some error in skull kinematics,
and the error in skull kinematics represent an upper bound for expected error in tissue
response. This was further supported by the lack of substantial global over- or under-
estimation of average (R1-45) tissue responses in the rotated trials dataset, as skull kinematic
resultants (R1-38) remained unchanged following rotation. Taken together, these findings
suggest that a poor estimate of skull kinematic resultant (R1-38) may result in a poor
estimate of the tissue response severity.

For the rotated trials, while there was no clear trend of global over- or under-estimation,
large errors in tissue response were observed in individual elements. This was because of the
change in angular rotation directionality that led to large errors in tissue response
distribution. With more research implicating tissue deformations in specific brain regions as
being responsible for injury (Hernandez et al, 2015; Zhao et al, 2017a), it is important that
sensors are able to properly predict tissue response distribution and locate possible tissue
damage. Following a 30° rotation of ground truth ATD data representing an error in
transforming sensor measurements from the local sensor frame to the anatomically aligned
skull frame, we found individual finite elements had an average of 20% error in strain and
strain rate (maximum 26% for strain and 22% for strain rate) (R1-46). This finding then
suggests that a poor estimate of kinematic directionality may result in a poor estimate of
tissue response distribution.

4.1 Limitations

There are a few important limitations to note. First, we used an ATD as our testing platform.
No ATD can precisely recreate human head dynamics; however, previous literature
published with this ATD has shown that is capable of producing mandible disturbances,
which we believe are a primary source of external errors for instrumented mouthguards (Kuo
et al, 2016). (R1-47) Future validation studies using cadavers (Kuo et al, 2016; Hardy et al,
2007) or other surrogate models (Forte et al, 2016) may be more representative of in vivo
conditions. (R2-2)

Second, we limited our study to American football because it is currently the most heavily
studied sport in concussion biomechanics (Brolinson et al, 2006; Crisco et al, 2010;
Beckwith et al, 2012; Rowson et al, 2012; Ji et al, 2014b; Zhao et al, 2017a). Our drop test
protocol was designed to produce impacts that spanned the range of those observed in
American football and have been used in previous literature (Kuo et al, 2016). (R2-4) We
acknowledge that there may be slight variations between impacts for a single condition in
the drop test, but these variabilities do not affect the relative difference between
measurements of the ATD reference sensors and the instrumented mouthguard sensors in a
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single impact. (R2-3) Other contact sports such as soccer and hockey also observe high
concussion rates; however, it is known that other sports (particularly, unhelmeted sports),
have different impact frequency-domain characteristics that may not be adequately captured
by our current wearable devices for a tissue-response evaluation (Wu et al, 2016a). Despite
this, the trends that errors in kinematic magnitude result in errors in tissue response
magnitude, and errors in kinematic directionality result in changes in tissue response
distribution, are generalizable to any measurable impact scenario. (R1-14)

Third, we used the instrumented mouthguard as our sensor system for evaluation. The
instrumented mouthguard form factor has been evaluated by several research groups
(Bartsch et al, 2014; Siegmund et al, 2016; Kuo et al, 2016), though each has investigated
different implementation of the instrumented mouthguard form factor. (R1-48) We expect
that similar trends will appear for other wearable sensor systems in which larger kinematic
measurement errors will result in larger tissue response errors (Jadischke et al, 2013;
Campbell et al, 2016; Wu et al, 2016b), as this trend does not depend on the how the
disturbance originated, simply that the disturbance results in an error in kinematic
magnitudes. (R1-15) In addition, the rotated dataset was generated solely from ATD
reference data, and represents how changes in tissue response distribution manifest as a
result of improper rotation of sensor kinematics data to the anatomical-aligned axes. (R1-49)

Similarly, the WHIM was chosen to evaluate tissue response because it has been used
extensively to investigate concussive biomechanics (Ji et al, 2014a; Zhao et al, 2016, 2017a).
Other finite element models (Kleiven, 2006; Takhounts et al, 2008) may yield differnce
results in response magnitude (Ji et al, 2014a); however, as the response trends appear to
remain across models, we anticipate similar findings to follow using other models as well.

In conclusion, we have demonstrated the importance of accurate evaluation of sensor
measured skull kinematics in terms of model-estimated tissue responses. Based on our
results, we recommend future wearable sensor validations to assess the accuracy in both
component magnitude and direction. Similarly, tissue response metrics should be evaluated
for both magnitude and distribution of tissue responses, as both could occur as a result of
errors in the input skull kinematics. A greater emphasis should also be placed on obtaining
an accurate transform from the sensor to the head center of gravity, as the errors can lead to
mismatch in tissue response distribution.
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Fig. 1. Comparison of I nstrumented M outhguard Designs
(A) The molar design mouthguard is susceptible to mandible disturbances, whereas (B) the

incisor design isolates the sensors from the mandible by placing them at the incisors and
removing material from the bite plane to prevent direct mandible interaction near the
Sensors.
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Fig. 2. Impact L ocations Observed in American Football
Impacts were conducted using a free drop setup over a range of impact locations and

heights. Impact locations (A) vertex, (B) frontal, (C) oblique, (D) parietal, (E) occipital, and
(F) facemask were chosen to represent impacts commonly observed in American football.
Briefly, the headform was hoisted to a specified height and orientation using a net, and
released to impact an aluminum plate (Kuo et al, 2016). (R1-22).
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Fig. 3. WHIM Used to Predict Tissue Response
The Worcester Head Injury Model (WHIM) consists of 115,228 elements and has been

previously validated against cadaveric and in vivo impact tests. WHIM can also generate
fiber strains by projecting strain tensors onto 64,272 white matter voxels.
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Fig. 4. Correlations between skull kinematics error metrics and tissue response error metrics
Here, we show correlations between skull kinemtic error metrics and tissue response error

metrics collected over all molar design mouthguard, incisor design mouthguard, and rotated
trials. (R1-36) Error in peak absolute angular velocity about A/P (R1-23) correlates best
with most tissue response error metrics. Error metrics based on angular acceleration and
error in peak linear acceleration along the L/R axis also have /2 > 0.5 correlation with the
majority of tissue response error metrics. (R1-23) CSDM 10% error in all brain regressions
do not correlate well with any skull kinematics error metrics.
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Fig. 5. Multivariate regression shows angular velocity component best predictstissue response
error metrics

Standardized (R1-32) coeffcients from the multivariate regression analysis represent the
contribution of a skull kinematic error metric to the prediction of the tissue response error
metric. Here, we observe that error in absolute peak angular velocity about A/P (R1-23) has
the largest contribution to most tissue response error metrics. For the corpus callosum
CSDM10% error metric, where error in absolute peak angular velocity about A/P (R1-23) is
not the largest contributor, the multivariate fit is poor with /2 = 0.0.
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Incisor Design Example Errors
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Fig. 6. Accurate Skull Kinematicsfrom Incisor Design result in Accurate Brain Tissue Response
A representative case for the incisor design shows near one-to-one prediction of (A) peak

principal strain, (B) peak principal strain rate, and (C) fiber strain. (D), (E), (F) Reference
skull kinematics are predicted well by incisor design measurements.
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Molar Design Example Errors
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Fig. 7. Skull Kinematic Overestimation in Molar Design Resultsin Overestimation in Brain

Tissue Responses

A representative case for the molar design shows substantial overestimation of (A) peak
principal strain, (B) peak principal strain rate, and (C) fiber strain. In addition, the element
or WM voxel that achieved peak values differed between the molar design and the reference.
Large oscillations and overestimates in (D), (E), (F) molar design skull kinematics are

responsible for tissue response overestimates.
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Rotated Kinematics Example Errors
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Fig. 8. Rotated Skull Kinematics Result in Distribution Errorsin Brain Tissue Response
A representative case for the rotated trials shows little error trends of (A) peak principal

strain, (B) peak principal strain rate, and (C) fiber strain. However, there were large tissue

response errors in individual elements or WM voxels. (D), (E), (F) Rotated skull kinematics
have the same resultants (R1-38) as reference, but errors in kinematic components result in a
change of strain distribution within the brain.
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Fig. 9. Aggregated Errorsfrom Instrumented Mouthguard Designs and Rotated Trials
(A) Average relative errors for the molar design showing large errors in peak angular

velocity about A/P (R1-23), and large errors in peak angular acceleration about A/P (R1-44).

We observe that the skull kinematic errors are larger than the tissue response errors. (B)

Average relative errors for the incisor design showing small skull kinematic and tissue
30°) are combined. (R1-40) Unlike both mouthguard trials, the average element-wise errors

rotation angle increases. Negative and positive rotations of the same angle (10°, 20°, and
and average voxel

response errors. (C) Average relative errors for the rotated trials show errors increasing as

wise errors are larger than peak errors, indicating that individual elements

and WM voxels have significant errors. Error bars represent the standard error over trials in

each dataset (R1-39)
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