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Abstract

Purpose:

Traumatic brain injury (TBI) affects 69 million people annually and is most frequently caused by rapid
rotational acceleration of the head. Modeling rotational acceleration injuries in pigs can employ
biomechanical parameters scaled from humans, allowing researchers to answer basic and translational
questions about the influence of injury kinematics on outcomes. However, precisely describing head
kinematics during rotational acceleration injuries is imperative to understand the relationships between
biomechanical parameters, pathology, and neurological outcomes.

Methods:

Using an established model of rapid rotational acceleration, we examined kinematic transfer efficiency by
assessing how closely the motion of the subject’s head matched the motion of the rotational device. Pigs
were submitted to head rotation in the sagittal plane at either a moderate or a high target velocity.
Kinematics were recorded with transducers and high frame rate videography, which was quantified manually
and with the deep learning neural network, DeepLabCut. The rotational device was programmed to generate
peak angular velocities ranging from 85.8-108.1 rad/s.

Results:

The kinematic coupling of the peak angular velocities between the head and transducer-mounted injury
device was 95.30 + 3.41% during moderate velocity TBls and 93.09 + 8.08% during high velocity TBI. Angular
velocity exhibited strong matching between the head and injury device while angular acceleration exhibited
fair-to-strong matching, depending on the kinematic term. These angular velocity and acceleration levels
exceeded clinical injury thresholds from the literature based on appropriate mass scaling.

Conclusions:

The high degree of kinematic matching between injury device and head in both moderate and high velocity
TBIs suggests a high kinematic transfer efficiency within the target range of angular velocities. This
validation study provide critical insights into the fidelity of large animal rotational acceleration injury by
enhancing our understanding of force transmission and head kinematics, leading to more accurate scaling
and representation of human TBI events.

Introduction

Traumatic brain injury (TBI) is a discrete biomechanical event that damages brain tissue, potentially causing
neurological consequences, long term disability, and death [1]. Head biomechanics during the TBI are
directly linked to the extent and distribution of pathology within the brain [2-5]. The most common form of
clinical brain injury is a closed-head diffuse TBI, caused by rapid rotational acceleration [6, 7]. A pig model of
closed-head rotational acceleration TBI has been used in the field of neurotrauma to mimic the
biomechanics, pathology, and physiology of the most common form of TBI in humans [2, 4, 8—15]. Given the
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mass and neuroanatomical features, this large animal model of TBI more closely replicates the mechanics
of common clinical brain injuries relative to other injury models [3, 4, 16]. The closed-head rotational
acceleration model can generate varying injury severities depending on the peak angular velocity of the
rotational device [10, 17]. However, since kinematics, or descriptors of rotational motion, are typically
collected from the rotational device, not the subject, it remains unclear what proportion of the loading is
transmitted to the subject during this rotational injury. Indeed, recent research by Mayer et al. [18, 19] and
Patton et al. [20] has shown that the movement kinematics of the rotational device overestimates the head’s
movement kinematics in the coronal plane. However, this has yet to be investigated for rotational injuries in
the sagittal plane. Thus, the goal of this study is to utilize high frame rate videography to quantify the
coupling between the rotational device’'s movement and the subject’s head movement, which we refer to as
kinematic fidelity, across a range of injury velocities in the sagittal plane.

Methods

All procedures were approved by the University of Pennsylvania’s Institutional Animal Care and Use
Committee (IACUC) and adhered to the guidelines set forth in the Public Health Service Policy on Humane
Care and Use of Laboratory Animals (PHS Policy, 2015).

Animal enrollment

For this study, a total of 5 female Yucatan pigs (6 months old) were enrolled. Yucatan pigs were procured
from Sinclair Bio Resources (Auxvasse, MO) and were quarantined for 3 days upon arrival to the vivarium
with access to standard food and water ad libitum. Subjects were randomly assigned to one of two levels of
angular velocity injury in the sagittal plane: target range 85-90 rad/s (n = 2) or target range 105-110 rad/s
(n =3). No sham animals were used as this study aimed to measure kinematic fidelity during an injury
experience.

Closed-head diffuse brain injury

Once cleared from quarantine, animals were fasted 12 hours prior to the procedure. Anesthesia was
induced via intramuscular administration of midazolam (0.4-0.6 mg/kg) and ketamine (20—30 mg/kg).
Animals were intubated and anesthesia was maintained via 2—5% isoflurane in 1.5-2.5 L/min oxygen.
Anesthetic level, blood oxygen saturation, temperature, heart rate, and respiratory rate were monitored
throughout the process and kept within normal limits through titration of anesthetic [21]. Brain injury was
delivered using a pneumatic device that places the head to rapid angular acceleration (HYGE Inc., Kittanning,
PA). Briefly, compressed nitrogen drives a vertical piston, which in turn is connected to custom-assembled
linkages that convert the linear motion of the thrust column to the angular motion experienced by the head.
For a more complete description of the HYGE device and its operation, see Cullen et al. (2016). Once the
animal reached a surgical plane of anesthesia, the head was mounted onto a padded bite plate connected
to the HYGE device and the snout was securely fastened to the bite plate with snout cables. For injury in the
sagittal plane, the head was rapidly rotated 45° upwards starting from approximately 30° below the
horizontal, which produces impulsive movement that can be scaled to humans (Fig. 1A) [5, 10]. While this
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method generates both rotational and linear acceleration, rotational acceleration is generally considered the
primary biomechanical mechanism generating injurious forces and tissue deformation in the brain [10, 22,
23]. Upon completion of the injury, animals were recovered and returned to the home cage. Extended release
buprenorphine was provided for analgesia.

Kinematic Recordings

Injury kinematics were recorded using two independent methods: high frame rate videography and
magneto-hydrodynamic sensors (Fig. 1B). High-speed videography was taken by a Phantom v4.2 Vision
Research camera with AF Micro-Nikkor 60mm f/2.8D Lens. Independent optical evaluations of this lens
report negligible geometric distortion (0.03%) [24]. The camera was positioned perpendicular to the
rotational device to ensure that the motion exists primarily in the camera plane. The high-speed camera
recorded data at a sample rate set to 500 fps with 0.94 ms of exposure time. The frames were recorded to
the camera’s circular memory buffer (RAM) for the duration of the trigger signal, yielding a pre-set number of
958 frames. The camera was manually triggered, so the breakdown of pre- and post-trigger varies across
trials. However, within all of these manually triggered videos, the entire duration of the rotational movement
was captured. The Phantom Control Unit computer received the data from the camera to process the
frames into TIFF files, which was later processed into a mp4 video. No files were compressed, altered, or
distorted to influence the recorded motion in the video (Fig. 2). Care was taken to ensure the rotational
device and the apical point of the pig’s head were visible throughout the range of rotational movements.

Separately, the transducer kinematics were recorded from two magneto-hydrodynamic sensors (Applied
Technology Associates, Albuguerque, NM). Two transducers were bolted to the HYGE rotational device and
connected via cables to a recording computer, as the historical data acquisition method which has been
previously described [4, 7, 8, 10, 13, 15, 25, 26]. The voltage data from the transducers were recorded in real
time and converted to angular velocity using the software LabVIEW at a sampling rate of 10 kHz (Fig. 1C).
The two sensors were calibrated to 22.9 mV/rad/s and 22.1 mV/rad/s, respectively, to allow instantaneous
recordings to be visualized in angular velocity (rad/s) immediately after the capturing. The average of two
sensors was used to denote transducer velocity.

To mitigate signal noise, a fourth-order low-pass Butterworth filter with a cutoff frequency of 300 Hz was
applied to the angular velocity data using Butterworth function in MATLAB R2024b (MathWorks — Natick,
MA; Supp. Figure 1). Angular acceleration was calculated from the slope of the angular velocity curve. The
cutoff frequency was informed by the Channel Frequency Class (CFC) 180 filter presented in the SAE J211
standards [27-30]. This type of filter has been used for head impact data in sports and pigs [20, 28, 29].
Similar thresholds have been used in sports [31, 32]. To confirm the desired signal was within the chosen
cutoff frequency, the transducer data were converted into the frequency domain by calculating the fast
Fourier transform (FFT), and a subsequent power spectral density analysis was performed. This analysis
showed prominent peaks below the 300 Hz cutoff frequency, indicating that the desired signal’s power was
localized within the passband and would be preserved in the low-pass filter.
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Manual image analysis

The open-source software Fiji (version 2.14.0/1.54f) was used for manual image analysis. Five easily
identifiable anatomical landmarks were selected based on visibility throughout the frames of injury. Three
points on the animal’s head were placed on the snout, forehead, and corner of eye (Fig. 2E-F). These
anatomical locations were visible in most video frames and minimal skin movement relative to the skull was
qualitatively determined. Two points on the HYGE arm were placed on the screw head and top transducer’s
cable (Fig. 2E-F). Visual accuracy was observed frame by frame to evaluate validity of point selection and
adjustments were made if necessary. Points were subjectively assessed for edge definition throughout the
high-speed injury frames in consideration of brightness, contrast, and presence of blur [33, 34]. Points with
visual occlusions were excluded from analyses. Since the high velocity motion lasts for less than 20 ms,
despite the obscurities, only individual landmarks, not the frames, were flagged for exclusion. All the video
frames depicting rotational movement were analyzed. X and Y coordinates of the five landmarks from each
frame within the injury video were identiflied manually and exported. To account for noise in the recordings
and occasional obscuring of anatomical landmarks in the videos, data from the three head landmarks were
averaged, and data from the two rotational device landmarks were averaged.

Automated image analysis and head tracking

In this study DeepLabCut (DLC; version 2.3.9) was used for our movement-tracking framework. DLC is an
open-source deep-learning based toolbox that allows markerless pose estimation, assembly, and tracking
via a neural network [35, 36]. The model of head movement was trained based on ResNet-50 by labeling 20
random frames selected from 958 total frames to sample a variety of movement dynamics from the video.
While frames per second, frame size, number of frames, and laboratory conditions (including lighting)
remained constant throughout the videos, visibility of selected points of interest and pig skin pigmentation
varied. Since the videos resulted in inconsistent visibility conditions, a separate model was created for each
video. This generates models with higher in-sample accuracy but not necessarily models that should be
generalized or applied to separate injury videos. To generate each model, the five anatomical landmarks
used in the manual analysis were identified in all the selected training frames (Fig. 2C-D). The model was
trained for 100,000 iterations with 95% training dataset and 5% test dataset of the 20 labeled frames. After
training, DLC's network evaluation indicated that the network reported test and train errors in pixels for each
video model (Supp. Table 1). Importantly, these data represent the within-video tracking performance rather
than generalizations across other animal videos. Each pixel equates to approximately 0.62mm under our
experimental conditions based on measurement of the rotational device’s height. The models created in this
study reached an average root mean squared error (RMSE) of 1.79 pixels — approximately 1.11mm - across
the training datasets and 2.80 pixels — approximately 1.74mm — across the test datasets, which indicates
excellent training.

The plotted data of predicted points from DLC were obtained in csv format for further analysis of the
change in position and angle over time. The predictions were overlaid onto the original video for further
visual validation for accuracy. DLC provided a likelihood value of how confident the software is in its
prediction of each point. Points that had less than 85% likelihood in its tracking were excluded. In one video
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where one anatomical head landmark was obscured for approximately half of the injury recording frame, the
entire anatomical landmark’s curve was excluded. To account for noise in the recordings and occasional
obscuring of anatomical landmarks in the videos, data from the three head landmarks were averaged, and
data from the two rotational device landmarks were averaged.

Calculating rotational motion from manual and automated
image analysis

Once coordinates for manual and automated data points were extracted for every anatomical landmark
across all injury videos, centers of rotation were calculated. Center of rotation (CoR) was utilized in
calculation of the angular velocities to minimize the propagation of error from one point to other points in
neighboring frames. Three CoRs were calculated, using two anatomical points on the device (CORyeyice),
three anatomical points on the head (CoR;,¢,4), Or all five points anatomical points (COR o mpined)- TO
determine the coordinates of the CoR for DLC predictions, the Euclidean distance was calculated between
the CoR and the anatomical landmarks on the average of the first thirty and the average of the last thirty
frames, where no movement occurs, as shown in Eq. (1). To determine the coordinates of the CoR for
manual selections, the Euclidean distance was calculated between the CoR and the anatomical landmarks
on the first and last frames, where no movement occurs.

’T‘% - \/(wCoR - 23%)2 + (yCoR - y%)z

The CoR coordinates were adjusted to minimize the sum of differences in the Euclidean distance between
the start and end frames for the appropriate landmarks using Microsoft Excel Solver Add-in (Version 16.72),
as shown in Eq. (2).

argmin Z > (rh—1h)

mCoRayCoR

2

Comparisons between CoRuyice @aNd COR ympined @Nd between CoRy,o,q @nd CORompineqd Were completed
(Supp. Table 2). Thereafter, CORyq,ice Was utilized for all injury device calculations and CoR;,.,4 Was utilized
for all head calculations. Once the CoR was set with coordinates x¢or and Y, g, the distances between
each anatomical landmark with first and last frames and the CoR were calculated as in Eq. (1) and the
average of those Euclidean distances resulted in a unique fixed radius, r?, for each anatomical landmark.
This process was repeated for all injury videos.

The Euclidean distance of each anatomical point between frame n and frame n + 7 was calculated in Eq. (3).

dfl = \/(fﬂnﬂ - an)2 + (yn—i-l - yn)2
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3

The angle traveled between two sequential frames was calculated from the vertex angle at the center of
rotation using the following relation derived in Eq. (4).

0.5 % d’

AQ =2xsin!
,’-.’L

4

where d; was the Euclidean distance traveled between consecutive frames, x,, and y,, were coordinates
of an anatomical landmark in frame n, .1 and y,,,; were coordinates of the same anatomical landmark

in the following frame n+1, A «9f1 was the angular displacement between consecutive frames, in radians,
and r* was the calculated radius.

Each frame in the injury videos had a duration of 2 ms so angular velocity was obtained from dividing angle
traveled by the change in time ( dt = 0.002s) using Eq. (5).

AbY
dt

Wiy =

5

Where w was the angular velocity in rad/s. Angular velocity was calculated for all anatomical landmarks
across all injury videos. Angular acceleration was calculated as the derivative of the angular velocity curve

using Eq. (6).
Awh
dt

ag, =

Kinematic Analyses

The time points corresponding to peak velocities were identified and used to temporally align the data.
Subsequently, all five angular velocity curves were superimposed with the peak velocity standardized as
time zero (Table 1). The start time for the total injury duration was obtained from each acceleration curve
using zero-crossing for The end time for the total injury duration was obtained from each acceleration curve
using zero-crossing for The acceleration times were determined using the negative-to-positive zero-crossing
and the positive-to-negative zero-crossing from the acceleration curve. The deceleration times were
determined using the positive-to-negative zero-crossing to the negative-to-positive zero-crossing from the
acceleration curve. All data were statistically assessed with the one-way ANOVAs in GraphPad Prism
version 10.4.1 (532). Hedge's g effects sizes were calculated for comparisons and reported when g > 1.
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Importantly, simplification of velocity curves to just their maximum value oversimplifies the data collected
over time. Moreover, our small sample size may increase the likelihood of type Il errors during statistical
tests or the failure to detect significant difference when they do exist. To address this, we calculated mean
absolute error (MAE) and CORrelation and Analysis (CORA) to measure the average difference between two
velocity curves across all injury frame timepoints. MAE quantifies how well the overall shape of two curves
match across all injury timepoints with larger MAE values indicating a larger difference between velocity
curves. Three MAE comparisons were made: (1) DLC curve of the rotational device compared to transducer
curve of the rotational device, (2) DLC curve of the head compared to DLC curve of the rotational device, and
(3) DLC curve of the head compared to transducer curve of the rotational device (Table 2).

CORA, an objective evaluation method commonly used in biomechanical studies, was used to quantify how
well two curves match based on corridor, phase, magnitude, and shape [37-39] as shown in (7). The
corridor method S, measures the deviation of the comparison curve from the inner and outer bounds of
the reference curve as guided by ISO/TS 18571 guidelines [40]. The phase, magnitude, and slope scores
were calculated using the methods of Enhanced Error Assessment of Time Histories (EEARTH) [41]. The
phase method Sps measures maximal cross-correlation between two curves after time-shifting the
comparison curve onto the reference curve. The magnitude/size method S; measures the magnitude error
between the peaks of the two curves. The progression/shape method S, measures the average slope trend
between two curves over time.

SC’ORA = Weorr (Scorr) + wps (Sps) + ws (Ss) + Wp (Sp)
7

Three CORA comparisons were made: (1) DLC curve of the rotational device compared to transducer curve
of the rotational device, (2) DLC curve of the head compared to DLC curve of the rotational device, and (3)
DLC curve of the head compared to transducer curve of the rotational device (Table 3).

Finally, percent matching was calculated based on peak velocity values (Fig. 3). The absolute difference in
peak velocities divided by the reference peak velocity was completed for all animals. The reference peak
velocity was the transducer-derived peak for all comparisons, except for the comparison between DLC: head
and DLC:device. In this case, DLC: device was the reference velocity.

Translating porcine rotational kinematics to human concussion metrics

Peak angular velocity and minimum angular acceleration measured by the transducer were converted to
human-equivalent kinematic values using conventional mass-scaling approaches [42, 43].

. 1/3
Mpig >

W human = W pig <
Mpuman
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Where w ,;, was the peak angular velocity of the injury the pig experienced from the transducer in radians
per second, w puman Was the peak angular velocity in radians per second that a human would need to
experience to receive the same level of injury, and m;, and Mpyman Were brain masses of pig and human
brains, respectively as shown in (8).

9

Where « ,;, was the minimum angular acceleration of the injury the pig experienced from the transducer in
radians per second (because the deceleration phase is more extreme in our model), & pyman Was the peak
angular acceleration in radians per second that a human would need to experience to receive the same level
of injury, and ;4 and Mpymaen Were brain masses of pig and human, respectively as shown in (9).

The female porcine rotational kinematics from each animal were scaled to female human kinematics based
on the mean female adult brain mass of 1198 g and each corresponding pig brain mass, ranging from 77—
88 g [44]. Given the greater representation of male athletes in studies reporting movement and injury
kinematics [45, 46], the female porcine rotational kinematics were also scaled to male human kinematics
using the average male adult brain mass of 1336 g and each corresponding pig brain mass for all five
subjects [44].

Results

Kinematic recordings across injury conditions and
methodologies

The current study investigated the kinematic fidelity, defined as coupling efficiency between an animal’s
head and the rotational device, using traditional transducer recordings and high frame rate videography. The
peak angular velocity of the rotational device recorded from the transducers was 86.87 + 1.44 rad/s for
moderate velocity injuries (target velocity range 85-90 rad/s; n =2) and 106.75 + 1.26 rad/s for high velocity
injuries (target velocity range 105-110 rad/s; n = 3) (Table 1). The peak angular velocity of the rotational
device recorded from automated DLC tracking was 80.62 + 4.24 rad/s for moderate velocity injuries and
99.58 + 7.35 rad/s for high velocity injuries (Table 1). The peak angular velocity of the animal’s head
recorded from automated DLC tracking was 88.91 + 4.30 rad/s for moderate velocity injuries and 110.72
12.65 rad/s for high velocity injuries (Table 1).

The head and rotational device move about the same center
of rotation in videography data

Velocity was calculated as a change in distance over change in time (Eqg. 3). We determined the center of
rotation (CoR), calculated the respective radius for each anatomical point, and tracked change in angular
position across video frames. To demonstrate that the head moves with the device, we calculated the center
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of rotation for the device alone (CoReyice), for the head alone (CoRy,.,q), OF for both objects together
(CoRompbined)- Then, we compared the velocity curves using either the CoRayice OF the COR o mpineq fOr the
two rotational device points. Likewise, we compared the velocity curves using either the CoRy,.,4 OF the
COR¢ombined for the three head points. To assess curve similarities, we completed CORA, a method to assess
curve matching, and found that for moderate velocity injuries, the velocity curves exhibited excellent
matching for the injury device of 0.98 or higher and for the head of 0.97 at each anatomical point (Supp.
Table 2). Likewise, we found that for high velocity injuries, the velocity curves exhibited excellent matching
for the injury device of 0.98 or higher and for the head 0.99 or higher at each anatomical point. These data
indicate that the head and rotational device are strongly coupled during the injury, both rotating around the
same CoR. Despite the fact that head and rotational device rotated around the same CoR, we proceeded all
subsequent analysis with head-specific and device-specific CoR, CORy,o,q @and CORyeyice respectively, in order
to minimize propagration of error generated by this assumption.

Comparison of videography-acquired and transducer-
recorded device kinematics

High frame rate videography of the rotational device was compared to transducer recordings of the
rotational device to further understand the reliability of reporting kinematics across methodologies (Fig. 2C-
D). High frame rate videography was quantified with two different methods — manual tracking of movement
and automated DLC tracking of movement — to ensure that automated DLC tracking functioned properly
(Fig. 2C-F; Supp. Figure 2). Visual inspection of the manual and automated tracking appeared consistent.
Furthermore, the shape of the manual and DLC angular velocity curves matched each other (Supp. Figure 2).
We calculated MAE and CORA, comparing the manual tracking of the device to the transducer recording
(Supp. Table 3). In parallel, we calculated MAE and CORA, comparing the DLC tracking of the device to the
transducer recording (Table 2; Table 3).

Both tracking methods demonstrated comparable performance across conditions. In moderate velocities,
manual and DLC tracking achieved MAEs of 5.97 rad/s and 7.19 rad/s, and CORA scores of 0.94 and 0.91,
respectively. Similarly, for high velocities, manual tracking produced an MAE of 15.49 rad/s and a CORA of
0.78, compared to 12.76 rad/s and 0.84 for DLC tracking (Table 2; Supp. Table 3). These data suggested that
automated tracking of video data was feasible with DLC and generated a similar level of accuracy as

manual tracking throughout injury frames.

To further determine the validity of automated tracking of movement with DLC, we compared DLC-extracted
automated data to transducer data. The rotational device’s angular velocity curves demonstrated strong
correlations whether recordings were generated from transducer or DLC data (Fig. 4A; Fig. 5A; Supp.

Figure 3). Likewise, angular acceleration of the rotational device generated similar curves across methods,
although slightly less coupled than velocity curves (Fig. 4B; Fig. 5B).

The two methods showed strong kinematic fidelity with no significant difference in peak angular velocity
(moderate velocity: g=-1.13; Fig. 4C; Fig. 5C). We did detect a significant difference in maximum angular
acceleration in high velocity injuries (p = 0.026; g=-7.33; Fig. 4D) but not moderate velocity injuries (g = 0.62;
Fig. 5D). Like the angular velocity trends, the minimum angular acceleration, total injury duration,
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acceleration time, and deceleration time between the two methods showed no signficiant differences in
moderate or high velocity injuries (high velocity: g = 1.17 for total injury duration, g = 2.19 for acceleration
time; moderate velocity: g = 1.01 for total injury duration, g = 1.46 for acceleration time; Fig. 4E-H; Fig. 5E-H).
Given that our data set may be prone to generating type Il statistical errors, we also assessed holistic
waveform validation using MAE—a metric of average error across the whole curve—as well as CORA-a
method to assess curve matching. Quantifying the coupling of rotational device velocity curves between the
transducer and DLC data yielded MAEs of 7.19 + 3.31 rad/s for moderate velocity injuries and 12.76 + 3.23
rad/s for high velocity injuries (Table 2).

CORA scores of the rotational device’s movement via the transducer and DLC were 0.91 for the moderate
velocity injuries and 0.84 for the high velocity injuries, indicating good to excellent curve agreement

(Table 3). The difference of the peak angular velocities between the automated DLC tracking of the
rotational device and transducer recording of the rotational device was 7.14 + 6.43% for moderate velocity
injuries and 6.71 + 7.10% for high velocity injuries (Fig. 3; Supp. Figure 4). MAE and CORA were also
completed on acceleration curves of the transducer and DLC data (Supp. Table 4; Supp. Table 5). In general,
acceleration curves had a relatively higher MAE and a lower CORA score compared to velocity data.

Taken together, the strong overall alignment of the curve profiles, low MAE scores, and high CORA scores
suggest that the rotational device's peak angular velocity was captured with consistent kinematic fidelity
across videography and transducer recordings. Thus, throughout both moderate and high velocity injuries,
these data suggest that automated DLC video tracking of the rotational device reliably mirrored transducer
tracking of the rotational device.

Comparison of head movement and device movement during
injury

A primary goal of this study was to understand the kinematic relationship between head and rotational
device during a closed-head rotational acceleration TBI in pigs. Given that high frame rate videography can
capture injury dynamics and can be reliably analyzed with automated methodologies (DLC), we next
considered the kinematic coupling efficiency between the head and rotational device during an injury. To
assess these relationships, we utilized DLC-analyzed videography data of the head compared to DLC-
analyzed videography data of the rotational device. The angular velocity curve of the rotational device
closely matched the angular velocity curve of the head (Fig. 4A; Fig. 5A; Supp. Figure 3). While there were
some variations, angular acceleration of the head typically followed the trend of the rotational device

(Fig. 4B; Fig. 5B). Peak angular velocity was not significantly different during high velocity TBI (g=-0.86;

Fig. 4C) but was significantly lower for the injury device during moderate velocity TBI (p = 0.021; g=1.11;
Fig. 5C). Other key kinematics terms including maximum angular acceleration, minimum angular
acceleration, total injury duration, acceleration time, and deceleration time between the rotational device and
head were not significantly different during moderate or high velocity injuries (high velocity: g =2.42 for
maximum acceleration, g = 1.04 for minimum acceleration; moderate velocity: g = 3.31 for deceleration time;
Fig. 4D-H; Fig. 5D-H).
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Again, overall curve differences were assessed with MAE and CORA. The coupling between the head and the
rotational device resulted in MAEs of 6.26 + 0.96 rad/s for moderate velocity injuries and 12.42 + 1.83 rad/s
for high velocity injuries (Table 2). The difference of the peak angular velocities between the automated DLC
trackings of the head and the rotational device was 10.30 + 0. 47% for moderate velocity injuries and 11.27
+ 10.63% for high velocity injuries (Fig. 3; Supp. Figure 4). Furthermore, CORA scores between the curves
were 0.90 for moderate velocity injuries and 0.83 for high velocity injuries (Table 3), suggesting good to
excellent curve matching. MAE and CORA scores of the acceleration curves had a relatively higher MAE and
a lower CORA score compared to velocity data (Supp. Table 4; Supp. Table 5).

Peak percent error, MAE, and CORA values of velocity data exhibited a similar magnitude to previous
comparisons between the transducer and automated DLC recording of the rotational device. Together, these
data suggest that automated DLC tracking of the head movement mirrored the rotational device movement
across these rotational parameters and exhibited variability in-line with these methodologies.

Evaluating transducer accuracy of head kinematics during
rotational TBI

DLC-tracking of videography data demonstrated a high degree of kinematic coupling between the rotational
device and subject’'s head. However, videography tracking may be infeasible or offer an insufficient data
sampling rate in future studies. Historically, our team and others have utilized transducers mounted to the
rotational device in order to infer injury speeds of the subject’s head [7, 10, 13-15, 17, 26, 47]. Thus, we
sought to determine if data from transducers mounted to the rotational device alone, could approximate
head movement kinematics during a TBI. Comparing transducer data of the rotational device to DLC data of
the head, we found the angular velocity of the head and rotational device were closely matched over time
(Fig. 4A; Fig. 5A; Supp. Figure 3). However, angular acceleration of the head demonstrated some curve
separation from the rotational device—especially during the acceleration phase (Fig. 4B; Fig. 5B). In line with
these observations, there was no significant difference in peak angular velocity between the transucer and
the head for either moderate or high velocity injuries (high velocity: g=-1.09; Fig. 4C; Fig. 5C). However, there
was notable, but not significant changes in maximum acceleration during a high velocity injury (g = 1.99;
Fig. 4D) and significant changes in maximum acceleration during moderate velocity injury (p = 0.021; g =
1.96; Fig. 5D). Minimum acceleration, total injury duration, acceleration time, and deceleration time showed
no significant differences between the head and transducer recording during high velocity injuries (high
velocity: g = 2.05 for total injury duration, g = 1.54 for acceleration time; Fig. 4E-H). While minimum
acceleration was not significantly different, total injury duration (p = 0.026; g = 4.26; Fig. 5F), acceleration
time (p = 0.032; g = 14.29; Fig. 5G), and deceleration time (p = 0.024; g = 3.31; Fig. 5H) were increased for the
head during moderate velocity injuries.

The MAE between the head and transducer velocity curves was 10.12 + 4.33 rad/s for moderate velocity
injuries and 20.67 + 4.71 rad/s for high velocity injuries (Table 2). CORA scores between the head and
rotational device were 0.86 for the moderate velocity injuries and 0.74 for the high velocity injuries,
indicating fair to good curve agreement (Table 3). Peak angular velocity measured from automated DLC
head tracking was within 4.70 + 3.41% of transducer-recorded values for moderate velocity injuries and
within 6.91 + 8.08% for high velocity injuries (Fig. 3; Supp. Figure 4). MAE and CORA scores of the
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acceleration curves had a relatively higher MAE and a lower CORA score compared to velocity data (Supp.
Table 4; Supp. Table 5). Overall, peak percent error, MAE, and CORA scores indicated slightly poorer
matching relative to previous comparisons. However, scores still indicated a good degree of matching.
Given that peak angular velocity and minimum angular acceleration metrics were largely conserved,
changes in the MAE and CORA matching were likely influenced by mismatch during the positive acceleration
phase.

Together, the overall alignment of the curve profiles, peak percent error, moderate MAE scores, and high
CORA scores demonstrate a high degree of kinematic fidelity between the rotational device-mounted
transducer and the head kinematics during sagittal rotations at these injury speeds, especially for peak
angular velocity.

Scaled animal rotational kinematics fit within existing human
concussion data

To contextualize the injury severity that animals experienced, rotational parameters of the rotational device
were scaled to approximate the kinematics that would have been experienced by a larger, human brain.
Scaling injury kinematics to human equivalents enables interpretation of injury severity by allowing
comparisons to established injury thresholds and typical biomechanical profiles observed in clinical
populations. Researchers have utilized mass scaling equations to correlate brain injury loads between
humans and animals [8, 42, 43]. For each animal, peak angular velocity and minimum angular acceleration
were calculated with respect to adult male and adult female average brain masses (Table 4). Minimum
angular acceleration was utilized because it exhibited stronger kinematic matching between the head and
transducer and because minimum acceleration typically exhibits a larger magnitude in this model. Scaled
peak angular velocity and minimum angular acceleration were plotted in comparison to human concussion
studies (Fig. 6). Only studies with rotational kinematics (angular velocity/acceleration) and concussion
diagnosis were included. Previous studies established thresholds that predicts a certain level of brain injury
in humans. Severity of damage to the brain after TBI is ranked on the Abbreviated Injury Scale (AIS), ranging
from 1 being minor to 6 being maximal [48]. Ommaya used primate inertial injury models to suggest a
human clinical threshold of 1,700 rad/s? for AIS 3 and of 3900 rad/s? for AIS 5 injuries when rotational
velocity is greater than 30 rad/s in the sagittal plane [43]. Rowson et al. utilized human head impact data to
estimate a threshold of 6,383 rad/s2 associated with 28.3 rad/s for 50% risk of concussion [49]. While the
subjects did not meet the threshold proposed by Rowson et al., two subjects that experienced moderate
velocity injuries fit within lower clinical impact and three subjects that experienced high velocity injuries fit
within more severe clinical impact category (Fig. 6A).

Most human studies are observational in nature, meaning they do not control the injury mechanism and
severity, resulting in wide variability across studies and cohorts. Thus, most studies report the average
rotational kinematic metrics from the concussion-diagnosed adults [50, 51]. Takhounts et al. reported
average of 6,572 rad/s? associated with 28 rad/s in 12 male college football players, and Rowson et al.
reported average of 4,986 rad/s? associated with 22.1 rad/s in 33 male football athletes whose impacts
were primarily in the sagittal plane [49, 52]. However, Beckwith et al. reported an average of 3,977 rad/s? in
105 athletes, and Stemper et al. reported an average of 3,379 rad/s? from 50 concussions [53, 53, 54]. Three
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higher velocity injuries were above the reported averages from Stemper et al. and Beckwith et al., but the two
moderate velocity injuries experienced lower peak angular acceleration compared to the reported averages
(Fig. 6B).

We also wanted to draw a comparison of female animals to women. However, only one study fit our
inclusion criteria. Wilcox et al. reported that four subjects were diagnosed with concussion from an
identifiable single impact and the average peak angular acceleration was 4,030 + 1,435 rad/s? [55]. Three
high velocity injuries exceeded the average peak angular acceleration. Animal #2 was within one standard
deviation of this threshold, but Animal #1 was not (Fig. 6C). Together, these data suggested that injurious
kinematics generated during the high velocity procedure, exceed scaled injury thresholds. However, injury
kinematics employed at the moderate velocity procedure exceeded some injury thresholds but did not
surpass male or female concussion averages.

Table 1
Peak angular velocities (rad/s) of the head and rotational device by measurement method
Animal Injury Transducer- Video-recorded: Video-recorded:
Condition recorded
Manual Automated (DLC)
Injury device Head Injury Head Injury
device device
1 Moderate 85.84 90.14 82.32 91.95 83.62
2 Velocity 87.89 83.16 83.64 85.87 77.62
Average poderate (SD) 86.87 (1.44) 86.65 82.98 88.91 80.62
(4.93) (0.93) (4.30) (4.24)
3 High 105.54 98.93 91.37 105.58 104.90
4 Velocity 106.66 106.64 110.78 101.44 91.19
5 108.05 118.92 95.27 125.12 102.64
Average g, (SD) 106.75 (1.26) 108.16 99.14 110.72 99.58
(10.09) (10.27) (12.65) (7.35)
Average 1o, (SD) 98.80 (10.95) 99.56 92.68 101.99 91.99
(13.99) (11.46) (15.07) (11.80)
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Table 2

Mean Absolute Error (MAE; rad/s) of angular velocity curves between listed

conditions.

Animal Injury Condition DLC: devicevs. DLC:headvs. DLC: head
Transducer DLC: device vs. Transducer

1 Moderate 9.53 6.94 13.18

2 Velocity 4.85 5.58 7.06

Average poderate (SD) 7.19 (3.31) 6.26 (0.96) 10.12 (4.33)

3 High 9.25 13.17 15.34

4 Velocity 15.61 10.33 22.44

5 13.41 13.76 24.24

Average g, (SD) 12.76 (3.23) 12.42 (1.83) 20.67 (4.71)

Average 1. (SD) 10.53 (4.15) 9.96 (3.65) 16.45 (7.01)

Table 3

CORrelation and Analysis (CORA) scores of angular velocity curves from the three
comparisons: DLC recording of rotational device and transducer recording of the
rotational device, DLC recordings of head and rotational device, and DLC recording
of head and transducer recording of the rotational device.

Animal Injury Condition
1 Moderate

2 Velocity
Average pogerate (SD)

3 High

4 Velocity

5

Average g, (SD)

Average toy, (SD)

DLC: device vs.
Transducer
0.89

0.93

0.91 (0.03)

0.91
0.76
0.86
0.84 (0.08)

0.87 (0.07)

DLC: head vs.

DLC: device
0.89
0.92
0.90 (0.02)

0.84
0.86
0.78
0.83 (0.04)

0.86 (0.05)

DLC: head

vs. Transducer
0.78

0.93

0.86 (0.11)

0.83
0.73
0.66
0.74 (0.09)

0.79 (0.10)
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Table 4
Predicted human male and female injury kinematics, scaled from pig data using brain mass ratios

Animal Injury Female Male
Condition
Max. Min. Max. Min.
Angular Angular Angular Angular
Velocity Acceleration Velocity Acceleration
(rad/s) (rad/s?) (rad/s) (rad/s?)
1 Moderate 34.6 -2538.3 334 -2360.4
Velocity
2 36.2 -2782.1 34.9 -2587.1
Average poderate 35.4 -2660.2 34.2 -2473.7
(SD) (1.1) (172.4) (1.1) (160.3)
3 High Velocity 44.2 -4615.1 42.6 -4291.6
4 44.2 -4379.7 42.7 -4072.7
5 43.3 -4301.5 41.7 -4000.0
Average yigp, 43.9 -4432.1 42.3 -4121.4
(SD) (0.5) (163.2) (0.5) (151.8)
Average ... 40.5 -3723.4 39.1 -3462.3
(SD) (4.7) (981.2) (4.5) (912.4)
Discussion

Accurate recording and reporting of injury kinematics are critical to understanding the relationships
between injury biomechanics and outcomes [56]. Here, this study aims to determine the recording accuracy
of injury kinematics in an established large animal model of closed-head diffuse TBI. Utilizing hydro-
magnetic transducers and high frame rate videography, we were able to compare rotational device
kinematics to head kinematics. We report that the head has a very high kinematic coupling, i.e. 93 t0 95%
matching of peak angular velocity on average, to the rotational device when subjects are injured in the
sagittal plane within these rotational velocities. The angular velocity curves across all subjects showed
strong correlations between the head and rotational device motion across measurement methodologies.
Kinematic fidelity such as peak angular velocity, minimum angular acceleration, and velocity curve trajectory,
was conserved across lower and higher angular velocities. These findings generate confidence in historical
reports utilizing similar methods to report injury kinematics across pathology, physiology, and behavior [8,
13,14,17,25,47,57-69].

While angular velocity trends exhibited a high degree of kinematic fidelity, angular acceleration curves
exhibited a slightly lower degree of kinematic coupling. While rapid change in velocity contributes to extent
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of tissue damage and subject’s experience, we find that acceleration values derived from velocity curves
amplify noise in the velocity curves. Indeed, calculating acceleration from a limited number of velocity
datapoints, as is the case for the video-acquired data, can magnify errors in the data. Although there is less
degree of kinematic coupling in angular acceleration, particularly maximum acceleration, the velocity curves
and minimum acceleration closely match across injury severities and timepoints. Future studies where time-
synched head- and rotational device-mounted accelerometers on complete cohorts will be required to
delineate the true acceleration effects of the head.

Previous studies imparting high velocity injuries to pigs in the coronal plane have suggested that kinematic
measurements from the rotational device may significantly overestimate the true extent of head movement
during rotational acceleration [18-20]. For example, Mayer et al. found 51% fidelity of peak angular velocity
in the coronal plane between the rotational device and the animal subject’s head [19]. This drastic difference
in kinematic fidelity between our study and Mayer et al. could be attributed to factors such as plane of
rotation, body positioning, craniofacial load distribution, maxillofacial integrity, and higher peak angular
velocities. Indeed, rotation in the coronal plane requires significantly higher peak angular velocity and
acceleration to generate tissue strain and pathology relative to sagittal injuries. When applying a range of
peak angular velocities to subjects during coronal rotation, the degree of coupling efficiency was inversely
proportional to the peak angular velocity [20]. However, even at a similar target peak angular velocity of 110
rad/s, the coupling efficiency in the current study was much higher during rotations in the sagittal plane
relative to the previous study of the coronal plane [20]. Given the data available, it remains unknown if
methodological or anatomical differences account for differences in coupling efficiency across rotational
planes. The maxillofacial structure may transmit forces more effectively when upward loads are applied
symmetrically across the maxilla, as in sagittal rotations, compared to asymmetrical loading on one side of
the maxilla, as in coronal rotations. Symmetrical load distribution could enhance kinetic fidelity and coupling
between the head and the rotational device during sagittal loading. Importantly, fractures to the craniofacial
or snout bones could drastically affect energy transfer efficiency from the rotational device to the animal'’s
head as fractured bones will not completely transmit forces from the rotational device to the head and will
instead rely on cartilaginous and soft tissues to transfer forces to the calvaria. Here, we report data from a
cohort of animals that had no detectable fractures post-injury, as confirmed at the point of brain extraction.

Findings from this study indicated that transducer data has been and can continue to be a valid
approximation of head movement especially for maximum velocity and minimum acceleration during rapid
rotational injuries in the sagittal plane. The rotational device-mounted transducers have a substantially
higher resolution as they record the electrical voltage changes at 10 kHz. In contrast, videography data
collection using our current equipment is much slower, collecting video frames at 500 Hz. The capabilities
allow the transducer to measure with higher temporal resolution, capturing rapid changes in motion more
precisely than video-based tracking methods. Furthermore, mathematical derivation of already fewer data
points from videography data could oversimplify rotational movement, propagating error even from a minor
deviation in a single coordinate from its intended position. Thus, videography tracking may be infeasible
and/or offer an insufficient data sampling rate in future studies. Nevertheless, the close alignment in
velocity profiles over time regardless of methodology supports the utility of video tracking and transducer
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recording for general motion analysis, especially for experiments that are not conducive to sensor
mounting.

In previous studies, a binomial smoothing function was used to reduce noise in the transducer signal [10,
13, 14, 63]. While this method reduced some noise, it was unable to adequately isolate the signal. In the
current study, we updated the filtering methodology to a more robust and standard technique by
implementing a high-attenuation filter. Specifically, a fourth order low pass Butterworth filter with a cutoff
frequency of 300 Hz was applied for transducer data post-processing. This filter method is comparable to
the CFC filters, specifically the CFC 180 filter, recommended by SAE J211 standards’, which details filtering
standards used in vehicle manufacturer crash testing [28, 70]. As the rotational motion induced in this study
modeled a whiplash-like injury commonly seen in motor vehicle crashes, the use of data filtering
comparable to SAE J211 standards allows for more direct comparison with automotive crash test data. In
addition, previous literature detailed that the Butterworth filter equivalent of the CFC 180 filter with a cutoff
frequency of 300 Hz was optimal for filtering noise from angular velocity measurements taken outside of
the head’s center of gravity as done in this study [28].

We utilized MAE to quantify the average deviation of velocity and acceleration curves across the entire
injury. Comparing peak kinematic terms across conditions allowed us to determine potential differences in
the peak of the curve. In contrast, MAE allowed us to quantify the extent of matching across two curves
throughout the injury recording. In general, MAE was relatively low in reference to the dataset, indicating a
good degree of matching between methodologies and between the head and rotational device. However, for
most comparisons, the difference in peak angular velocity between curves was smaller than the reported
MAE between curves. This suggest that differences that result in a slightly higher MAE values come from
the beginning and/or end of the velocity curves, not the middle, peak values. This is important since the
peak angular velocity is a critical kinematic term used to describe and contextualize injury severity. Also, we
utilized CORA to quantify how well two curves matched each other. Since the curves were aligned by their
peaks due to the lack of time synchronized curves, the phase shift score S, of 1 is artificial. Peak-based
magnitude score was used to calculate S in accordance with the historical usage of peak angular velocity
as a metric of injury severity. While default weights of S, and S; were preserved to stay aligned with the
standard practice, this must be taken account in evaluation of CORA scores [38]. This study reports CORA
scores ranging from 0.66-0.93, which represents fair to good matching of transducer recording of the
device movement and the automated recording of the head movement [39, 71, 72].

To interpret the severity of this preclinical model within the context of human head injury biomechanics, we
applied a scaling relationship to the preclinical kinematic data. While multiple scaling methods exist, the
conventional mass scaling approach was chosen due to its basis in physical properties and the availability
of known pig brain masses for each trial [49, 73]. Researchers report different concussion averages and
propose varying injury thresholds in human literature due to variability in mechanism and injury severity.
Although many injury criteria involve linear kinematics, rotational kinematics are considered to be the
dominant descriptors of injury in our model so only human literature that included rotational kinematics
were considered. Furthermore, there is limited human literature with both concussion diagnosis and
rotational kinematics data. Scaled male data were compared with kinematic thresholds developed by
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Ommaya and Rowson et al., and average concussive values reported by Takhounts et al., Rowson et al.,
Beckwith et al., and Stemper et al. [43, 49, 53, 54, 74]. Kinematic data was recorded by instrumented helmets
in these studies; however, there are limitations in accuracy of helmet-based sensors [75-78]. While direct
comparisons of preclinical injury kinematics should not be extrapolated to specific human outcomes, all
preclinical trials fell into a range that was associated with human deficits. Although the scaled data did not
meet 50% AIS2* injury risk threshold proposed by Rowson et al., the human subjects involved experienced
direct impact either to the head or body, whereas animals in this study experienced purely inertial rotational
injury of the head [49]. Scaled female data were compared with an average concussive angular acceleration
value reported by Wilcox due to lack of threshold data [55]. Upon comparison, the scaled female data were
representative of concussive injuries as determined by the surpassing of the literature concussive average.
Only one subject’s kinematic parameters were beyond the average proposed by Wilcox et al. by more than
one standard deviation. Together, these trends indicate that these injury levels were generally associated
with the levels humans experience, although human injury kinematics and conditions vary widely.

As mentioned above, injury parameters are primary factors in the extent of anatomical pathology. Previous
reports have detailed the neuropathological outcomes seen in pigs introduced to sagittal plane TBI at these
velocities. At these injury levels, our group and others have reported damaged white matter, permeabilized
neuronal membranes, reactive immune cells, leaky blood brain barrier, altered hippocampal physiology, and
perturbed systemic physiology [10, 14, 17, 47, 63, 79]. Subjects that experienced moderate rotational
velocities in the sagittal plane, such as those used herein, exhibited no macroscopic changes, but high
velocities occasionally generated subdural and periventricular microhemorrhages with blood-brain barrier
disruption at subacute times post-injury [14, 62, 66].

While this study provides valuable insights into the kinematic fidelity of the HYGE rotational device used in a
pig TBI model, there are several limitations that should be considered when interpreting the results. First, the
camera'’s frame rate of 500 fps was significantly lower than the transducer data acquisition rate and fell
short of the recommended minimum of 1000 fps for velocity tracking. This lower frame rate limited the
amount of videography data collected during each injury but allowed for the capture of frames with
sufficient image clarity [80]. Second, the resolution of the video introduced occasional challenges in tracking
anatomical landmarks through high-speed injury frames with points in rare instances obscured by motion
blur and visual occlusions. Third, since the peaks in the velocity curves were manually aligned due to the
frame rate and duration differences, loading delay between machine and head could not be quantified.
Although peak angular velocity has been the major component in assessing injury severity, studies show
that temporal duration also plays a role in injury severity [20]. Acceleration and deceleration times were
calculated to approximate temporal data from our videography data. However, higher frame rate
videography that reduces motion blur and improves resolution would be recommended for future studies to
acquire videography data that allows time-synchronization to transducer data. Fourth, anatomical
landmarks on the skin were utilized, which can be challenging to identify and can move relative to the skull.
Landmarks with visibly minimal skin-to-skull movement were selected to preserve pathology and most
accurately represent skull movement. However, further validation of the relationship between scalp, skull,
and brain movement is necessary. Some work has been done in humans, but it is unclear how this
translates in pigs [81]. Fifth, injury conditions tested within this project were constrained to sagittal rotations
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ranging from 85.8 to 108.1 rad/s. Given the pathology ranging from no macroscopic changes to
microhemorrhages, the selected velocity range provides a variety in pathology that seem to demonstrate a
wide range of injury severities without causing immediate death. Additional studies are required to
determine if these trends are conserved in different rotational planes and injury speeds. Sixth, the sample
size was relatively small. Given the small sample size, the statistical tests must be interpreted with caution
as it may generate type Il errors where statistical differences are not detected. To account for this, we
incorporated CORA and MAE metrics to bolster evaluation of overall curve trajectories. Increasing the
sample size to include more replicates across and within injury conditions could help determine the
reproducibility and limitations of measurement metrics. Seventh, only female pigs were included in this
study. Differences between male and female head anatomy likely have negligible effects on the maximum
rotational velocity experienced; however, this should be determined empirically in the sagittal plane [20, 26].
Finally, a mass scaling method was used for the purpose of contextualizing pig data onto human literature.
More advanced scaling methods exist for future studies intending to establish a correlation between pig and
human kinematics data [67, 73, 82].

Overall, these findings indicate that transducer data mounted to the rotational device provides a reliable
approximation of head kinematics during moderate and high-speed sagittal rotations. This work confirms
this kinematic recording strategy, supporting both prior reports and future studies that employ this
methodology in these contexts. Collectively, these results support the use of rotational device-mounted
transducers as a close approximation of the rotational motion of the head movement in the sagittal plane
within these injury parameters. Precise reporting of injury kinematics in preclinical models remains essential
for contextualizing, interpreting, and investigating the consequences of clinical TBI.

Conclusion

This study used high frame rate videography to assess how closely the motion of a rotational acceleration
rotational device corresponds to sagittal head movement in a pig model. On average, kinematic coupling of
the peak angular velocity between the head and the rotational device was 95.30% for moderate velocity
injuries and 93.09% for high velocity injuries, demonstrating strong fidelity across the tested range of
rotational velocities. This suggests that the recording from the rotational device approximates head motion
in the sagittal plane, improving the reliability of the pig model for studying traumatic brain injury and
enhancing the understanding of injury biomechanics.
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Figure 1. Closed head rotation injury is generated by rapidly rotating the head the sagittal direction (A). A
schematic of data collection methodologies (B). An example angular velocity and acceleration curve where
the blue curve shows the averaged angular velocity from two transducers in rad/s over the course of the
injury and the magenta curve shows the averaged angular acceleration from two transducers in rad/s? over
the course of the injury (C).
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Figure 2. Example of videography data and head position in the start frame (A, C, E) and end frame (B, D, F).
Example of automated DLC identification of three head anatomic landmarks (cyan) and two machine
anatomical landmarks (red) in start frame (C) and end frame (D). Example of manual identification of head
and machine anatomical landmarks in start frame (E) and end frame (F).
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Figure 4. Example angular velocity and acceleration curves of the rotational device collected from
transducer recordings and DLC recordings (A-B). Comparisons of peak angular velocity (C), maximum
angular acceleration (D), minimum angular acceleration (E), total injury duration (F), acceleration time (G),
and deceleration time (H) between transducer recording and DLC recording of the rotational device and
head in high velocity injuries. Waveforms have been peak-aligned for comparison. Data represent mean +

standard deviation.

>

150

100+

-0.01 0.00 0.01

Time relative to

Angular Velocity (radis)
a
L

B

B 30000

3

£ 20000

£

2 10000

g

T

g €001 0 01

S -10000+

5

< -20000-

o

E -30000- Time relative to
Figure 5

— Transducer. device
— DLC: device
DLC: head

0.02
peak (s)

0.03

peak (s)

C  Peak Angular Velocity

150

100

Angular Velocity (rad/s)

&

AL

F  otalinjury Duration

0.035
0,030 +
— 0.025-]
i 0.020]
2 0.015
F 0010+
0005+

2
.p“ﬁc;‘f% _a?‘bb
&

(4

ns

|* nsl
'_l

-

D Maximum Angular Acceleration E Minimum Angular Acceleration

A 50000
3 =
= 30000
E wose| ¥ M
@ I 1
g 20000 - P |
5 10000
&
o
<& @
* ojd#
fdﬁ{ o 35"
&
G Acceleration Time
na
0.020 ﬁ
* ns

0015

0.0104

Time [s)

0.0054

0.000-

(12

R

L

&

L]
&
o
¥ o

B 50000
=
£ 40000 ns
5 [ —
gmm" ns ns
§ -z0000- L _'
4 -
5 = I I
=
=]
2 o-
be;s-"‘ *&'&ﬁ
- - L
Oé- d" ,dvc'
-‘t.*-'ﬁh
H Deceleration Time
s
0.0204 |—|
® N5
0.015+ r |
s W
2
£ 0.0104
[
0.005—
0000~
P
L iy
¥ o &
&bo"é R

Figure 5. Example angular velocity and acceleration curves of the rotational device collected from
transducer recordings and DLC recordings (A-B). Comparisons of peak angular velocity (C), maximum
angular acceleration (D), minimum angular acceleration (E), total injury duration (F), acceleration time (G),
and deceleration time (H) between transducer recording and DLC recording of the rotational device and
head in moderate velocity injuries. Waveforms have been peak-aligned for comparison. Data represent

mean + standard deviation.

Page 32/33



A Male Injury Thresholds B male concussion Averages C Female Concussion Average

' = =

in k') in

T - T 8000 b= -

E 8000 = g : | K 8000

e [ Rowson, 2011 H 1 . —Takhounts, 2011 c

;g 6000 (50% risk concussion) = 6000 | % 6000

s 5 e Rowson, 2011 H

4000 - _ll—ommayal 1985 (AlS 5) 8 4000-f- .ok .- Beckwith, 2013a/b 8 .d.nl]l]—-------------------'!-Wilcmt. 2015

E 2 s Stamiper, 2019 g

¥ 2000- .t £ 20004 ot g, **

2 L Ommaya, 1985(AIS3) 3 3, 20004

< 2 g

‘E 0 T T T T 1 5 0 T T T 1 " 0 T T T 1

a 20 25 30 35 40 45 & 20 25 30 35 40 45 £ 20 25 30 35 40 45
Peak Angular Velocity (radis) Peak Angular Velocity (radis) Peak Angular Velocity (rad/s)

Figure 6

Figure 6. Scaled angular kinematics data of five animal subjects (denoted as blue dots) compared to male
injury thresholds (A), male concussion averages (B), and female concussion average (C). Lines represent
distinct thresholds denoted by each listed study or author. Only studies with concussion diagnosis and
angular kinematics were included.
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