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Abstract

A majority of traumatic brain injuries (TBI) in motor vehicle crashes and sporting environments 

are mild and caused by high-rate acceleration of the head. For injuries caused by rotational 

acceleration, both magnitude and duration of the acceleration pulse were shown to influence injury 

outcomes. This study incorporated a unique rodent model of rotational acceleration-induced mild 

TBI (mTBI) to quantify independent effects of magnitude and duration on behavioral and 

neuroimaging outcomes. Ninety-two Sprague– Dawley rats were exposed to head rotational 

acceleration at peak magnitudes of 214 or 350 krad/s2 and acceleration pulse durations of 1.6 or 

3.4 ms in a full factorial design. Rats underwent a series of behavioral tests including the 

Composite Neuroscore (CN), Elevated Plus Maze (EPM), and Morris Water Maze (MWM). Ex 

vivo diffusion tensor imaging (DTI) of the fixed brains was conducted to assess the effects of 

rotational injury on brain microstructure as revealed by the parameter fractional anisotropy (FA). 

While the injury did not cause significant locomotor or cognitive deficits measured with the CN 

and MWM, respectively, a main effect of duration was consistently observed for the EPM. 

Increased duration caused significantly greater activity and exploratory behaviors measured as 

open arm time and number of arm changes. DTI demonstrated significant effects of both 

magnitude and duration, with the FA of the amygdala related to both the magnitude and duration. 

Increased duration also caused FA changes at the interface of gray and white matter. Collectively, 

the findings demonstrate that the consequences of rotational acceleration mTBI were more closely 

associated with duration of the rotational acceleration impulse, which is often neglected as an 

independent factor, and highlight the need for animal models of TBI with strong biomechanical 

foundations to associate behavioral outcomes with brain microstructure.
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INTRODUCTION

Traumatic brain injury (TBI) results from a variety of mechanisms including impact, inertia, 

penetration, and blast overpressure. In civilian sporting and motor vehicle crash 

environments, injuries commonly result from head impact leading to high rate head 

acceleration. In general, head impacts with a vector directed away from the center of gravity 

will lead to rotational accelerations. Diffuse injuries occur within the tissues of the brain as 

shear strains develop due to inertia, centrifugal force, and coriolis forces during head 

rotational acceleration. This results in pathologies distributed more diffusely than for other 

mechanisms such as skull deflection due to impact or penetration resulting in focal injury. 

The pattern of diffuse injury is dependent upon a number of factors including anatomy/ 

geometry63 and plane of rotational acceleration.33 The importance of head acceleration in 

the mechanism of concussive brain injury has been understood for decades.20 It was 

generally acknowledged that acceleration characteristics modulate outcomes, with higher 

accelerations resulting in more severe injuries.35 Whereas the historical focus of brain injury 

tolerance research was on linear acceleration, with the Head Injury Criterion (HIC)96 

correlating the risk of injury with the magnitude of linear acceleration over a specific time 

duration, other research has demonstrated a higher risk of injury during rotational 

acceleration.34,46

Experimental and computational research has attempted to outline the role of rotational 

acceleration in the mechanism of TBI. A recent computational modeling study revealed 

that90%of the total strain within the tissues of the brain during head acceleration due to 

blunt impact results from the rotational component, with only 10% attributed to the 

translational component.101 Additionally, different characteristics of the rotational 

acceleration vs. time pulse were correlated to injury risk or severity. The peak magnitude of 

head rotational acceleration was identified as a determinant of injury or injury severity. 

Specifically, multiple studies identified a correlation between increasing magnitude of 

rotational acceleration and increasing injury severity.2,45,62,80 In 2003, Gennarelli et al., 

reported a theoretical relationship between increasing rotational acceleration magnitude and 

injury severity from mild concussion through severe diffuse axonal injury.32 

Acknowledging the confounding influence of acceleration duration, other studies correlated 

injury tolerance with rotational velocity, computed as the integral of the acceleration vs. 

time pulse.62,94 Those studies identified lower injury tolerance at higher velocities. 

However, given its inherent limitations in the prediction of injury, i.e., high velocities 

resulting from very low acceleration with long duration, the focus of injury tolerance 

research may be better applied to the investigation of magnitude and duration as separate 

characteristics. To that end, Ommaya and colleagues identified a complex relationship 

between rotational acceleration magnitude and duration.79 However, that relationship was 

applicable to more severe injuries and neurobehavioral assessments were not performed. 

Because of the contemporary importance of neurocognitive outcomes in the determination 

of brain injury severity,53,68,74,86 there is particular need for studies relating injury tolerance 

to neurobehavioral changes associated with mild TBI. The current study employed a rodent 

model for TBI that is capable of inducing brain injury in rats through pure coronal plane 

rotational acceleration of the head. The model is capable of controlling rotational 
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acceleration and duration independently to assess the role of those factors on injury 

tolerance. Well-characterized behavioral assessments were used to quantify motor, 

cognitive, and emotional outcomes and diffusion tensor imaging (DTI) was used to evaluate 

brain microstructural changes.

METHODS

Animals

Adult female Sprague–Dawley rats (weight: 289 ± 21 g) were used. Rats were housed 

individually in standard cages, maintained on a 12-h light/dark cycle, and provided free 

access to food and water throughout the experimental period. All injury and behavioral 

testing was conducted with approval from the Institutional Animal Care and Use Committee 

at our Institution.

Injury Procedure

Rats were exposed to high rate head rotational acceleration using the MCW Rotational 

Injury Device (Fig. 1a).26 The model consisted of a rat helmet with laterally extended 

moment arm and an impactor rod. The impactor rod was accelerated by gravity down a drop 

tower to impact the moment arm and generate sufficient force to rotate the helmet. A 

rotational bearing was used to constrain helmet motion to pure coronal plane rotation, 

without linear displacement. Helmet rotation was centered about an axis in the mid-sagittal 

plane located in the lower half of the brain (Fig. 1b). Characteristics of the rotational 

acceleration vs. time pulse were modulated by the mass of the impactor, initial drop height, 

and characteristics of the elastomer interface material between the impactor and the moment 

arm.24 An accelerometer attached to the distal end of the moment arm measured tangential 

linear acceleration, which was converted to rotational acceleration vs. time of the helmet. 

Our previous studies and extensive tests ensured that magnitude and duration of the 

rotational acceleration vs. time pulse were independently modulated and could be accurately 

measured for each injury.24–27

On the day of the injury procedure, rats were individually transported to the laboratory and 

anesthetized using 4.0% Isoflurane. When rats were no longer responsive to the toe pinch 

reflex, they were given a single dose of Carprofen (5.0 mg/kg), placed within the device, and 

exposed to a single head rotational acceleration of a predetermined magnitude and duration. 

Following exposure to head rotational acceleration, rats were removed from the device and 

placed on a warming blanket until reappearance of the righting reflex, returned to their 

cages, and supervised for at least 15 min.

EXPERIMENTAL GROUPS

A full 2 × 2 factorial design was used to assess the independent effects of rotational 

acceleration magnitude and duration, with targeted magnitudes of 200 and 350 krad/s2 and 

durations of 1.6 and 3.5 ms. Each of the four injury groups consisted of fourteen to eighteen 

rats (Table 1). Magnitude and duration were calculated for each animal based on the 

acquired rotational acceleration profile using custom Matlab routines (MathWorks, Natick, 

MA). A group of sham animals (n = 28) was subjected to the entire experimental protocol, 
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including anesthesia and placement in the helmet, without exposure to head rotational 

acceleration.

Composite Neuroscore Testing

The Composite Neuroscore Motor Assessment Task was used to grade post-traumatic gross 

neurological dysfunction. The task assessed six neurologically related reflexes with a score 

between 0 (severely impaired) and 2 (normal). The composite score from all tests was used 

to grade overall neuro-motor function. The six tasks included: (1) left and (2) right forelimb 

flexion during suspension by the tail; (3) left and (4) right hind limb flexion with forelimbs 

remaining on a flat surface as hind limbs are lifted up and down by the tail; and (5) ability to 

resist lateral pulsion to the left and (6) right. Composite Neuroscore was quantified on post-

injury day 4. These metrics were scored by an observer blinded to the injury status of the rat 

using videos obtained during the test. Lower Composite Neuroscores were associated with 

higher levels of neuromotor dysfunction.

Morris Water Maze (MWM) Testing

The MWM Visuo-Spatial Learning Paradigm was used to grade post-traumatic anterograde 

amnesia and spatial learning following TBI in rats.15,90 The paradigm consisted of three 

days of testing on post-injury days 1, 2, and 3. Each day of testing included one set of four 

trials for a total of 12 trials across three days. The four trials per set consisted of initially 

placing the rats at the four cardinal locations within the 183-cm diameter maze (N, E, S, W), 

facing the outer wall. During each trial, rats were allowed to swim in the 25-cm deep water 

until finding and mounting a 10-cm diameter hidden platform submerged 1 cm below the 

water surface, or until 60 s had passed. Trials were considered to be ‘unsuccessful’ if the rat 

was unable to find the hidden platform in less than 60 s. In the event of an unsuccessful trial, 

rats were guided to the platform by the technician and allowed to remain on the platform for 

30 s. Rats that successfully found the platform in less than 60 s were also allowed to remain 

on the platform for 30 s. The platform was located between the cardinal axes (e.g., SE) 

halfway between the center and outer wall. Location remained constant for the four trials of 

a set, but was changed to a randomized location from set-to-set. Water temperature remained 

within one degree of 24 °C for all trials and the maze was located in a room with numerous 

visual cues external to the maze and oriented identically for each session. Visual cues were 

also placed inside the maze. A computerized tracking system and software (Ethovision V8.0, 

Noldus Information Technology, Wageningen, The Netherlands) recorded several metrics 

during each MWM trial. Latency to find the hidden platform (s) and distance traveled (cm) 

were measured for each trial and compared between injury groups and between successive 

trials/sets. The number of unsuccessful trials for the second, third, and fourth trials of each 

set was counted for each rat over the entire three set assessment. The cumulative number of 

unsuccessful trials from only the second, third, and fourth trials were used, for a total of nine 

trials across the three sets. The first trial for each set was not included in the analysis of 

unsuccessful trials because the hidden platform was moved to a new location for each set 

and the ability to find the platform on the first trial of each set did not involve spatial 

learning. Cognitive deficits were associated with greater latency and swim distance, and a 

greater number of unsuccessful trials.
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Elevated Plus Maze (EPM) Testing

The EPM assessment was used to quantify activity and emotional-type behaviors following 

TBI in rats. Rats underwent the EPM assessment on day 2 post-injury. The maze consisted 

of four perpendicular 10 × 90-cm arms suspended 50 cm above the floor. A 10 × 10-cm 

central platform connected the arms. One pair of opposing arms was enclosed by 40-cm-

high walls, while the other two arms and the center platform were uncovered. Rats were 

initially placed on the central platform facing one of the two open arms. The animals were 

allowed to explore the maze for 5 min and tracked using a digital video camera mounted 

above the maze. Metrics quantified during the test include: total distance traveled, total 

number of arm changes, the number of entries into and time spent in open areas (center 

platform and uncovered arms), the number of entries into and time spent in the closed arms, 

and the number of rearing events and head dips. These metrics were automatically 

quantified using Ethovision computer tracking system. Behaviors associated with post-

injury activity included total number of arm changes and total distance traveled. Behaviors 

associated with changes in emotionality included the percentage of time spent in open arms 

and number of rearing events.

Statistical Analysis for Behavioral Testing

The four injury groups were paired to independently assess effects of rotational acceleration 

magnitude and duration on behavioral outcomes. Therefore, the assessment of increasing 

rotational acceleration magnitude included three factor levels: sham, low magnitude (M1D1 

and M1D2), and high magnitude (M2D1 and M2D2). Likewise, the assessment of increasing 

rotational acceleration duration on behavioral outcomes included three factor levels: sham, 

short duration (M1D1 and M2D1), and long duration (M1D2 and M2D2). Unconsciousness 

Time A two factor ANOVA was used to test for significant effects of magnitude or duration. 

If significant main effects were observed, Bonferroni post hoc analysis was used to test for 

significant factor-level differences. Morris Water Maze A two-factor mixed effects ANOVA 

was used to test for significant differences in latency to find the hidden platform and total 

distance traveled, with trial number as a repeated factor and magnitude or duration as group 

factors. Group differences in the total number of unsuccessful trials were assessed using two 

factor ANOVA. Elevated Plus Maze A two factor ANOVA was used to test for significant 

effects of magnitude or duration in total EPM metrics (across the 5-min duration). If 

significant main effects were observed, Bonferroni post hoc analyses were used to determine 

significant differences between factor levels. Additionally, if significant main effects were 

observed for a specific EPM metric, separate single-factor ANOVA analyses were used to 

assess group effects on a minute-by-minute basis. Those data are presented in the EPM 

figures. All results are expressed as mean ± standard error (SE) unless otherwise noted. A p 

value of <0.05 was considered statistically significant for all tests.

Magnetic Resonance Imaging

At 4 days post-injury, following the completion of behavioral studies, animals were 

euthanized with an overdose of sodium pentobarbital and perfused with phosphate buffered 

saline (PBS) followed by 4% para-formaldehyde in PBS through the left cardiac ventricle. 

Brains were immediately excised from the skull and placed in fixative for 24 h and 
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transferred to PBS for long term storage at 4 °C. A 9.4T Bruker Biospec (Bruker 

Corporation, Billerica, MA) was employed for MRI procedures using a custom 20-mm 

diameter loop-gap coil. Brains were submerged in room-temperature susceptibility-matching 

fluid (Fomblin) during imaging. A multiple-echo spin-echo sequence was used to acquire 

diffusion-weighted images (TR = 2000 ms, TE = 21 ms, echo separation = 6 ms, number of 

echoes = 3). Twenty axial slices were obtained with a slice thickness of 0.5 mm and an in-

plane resolution of 0.2 mm2. Diffusion weighting was realized with a pair of Stejskal-Tanner 

trapezoidal gradients with durations (δ) of 6 ms and a separation (Δ) of 10 ms performed 

along the 12 icosahedral directions42 at a b-value of 1200 s/mm2, along with two non-

diffusion weighted images (b = 0).

MRI Data Analysis

The multiple-echo images were first averaged to increase the signal-to-noise ratio, and the 

diffusion weighted images were smoothed with a non-local means method for improved DTI 

analysis.98 The diffusion tensor was calculated using a linear least-squares procedure 

implemented in fMRI Software Library (FSL).49 A tensor-based spatial registration 

procedure was employed using an iterative process to perform rigid, affine, and 

diffeomorphic warping using the DTI-TK102 software package, using the average of all 

brains as the initial template and a final resolution of 0.2 mm3. Maps of fractional anisotropy 

(FA), mean diffusivity (MD), axial diffusivity (AD), radial diffusivity (RD), and mode of 

the tensor (MO) were derived on a voxel-by-voxel basis and were smoothed using a 0.2 

mm3 Gaussian filter to reduce the potential effects of misregistration in the subsequent 

voxelwise statistical analysis. A two-factor ANOVA was used to identify main effects of 

magnitude and duration on a voxel-by-voxel basis, using only the injured animals. An F-test 

was performed to test for main effects for each of the DTI parameters. In the voxel that 

reached statistical significance, subsequent post hoc t-tests were performed to examine the 

direction of the relationship between the DTI parameters and either magnitude or duration. 

A second analysis used a multiple linear regression to test for significant linear relationships 

between each of the DTI metrics and either magnitude or duration, while controlling for the 

other parameter. The regression analysis included 12 sham animals for a total of 54 animals. 

Finally, a conjunction analysis was performed to identify the brain regions that exhibited 

both a main effect and a significant linear relationship for either magnitude or duration. All 

statistical procedures used permutation-based inference testing implemented in the software 

package FSL.43 For all tests, voxels with p<0.05 (corrected for multiple comparisons) and 

clusters of greater than 200 contiguous voxels were considered statistically significant.

RESULTS

Injury Biomechanics

All rats survived the experimental protocol without skull fracture. The rotational injury 

device had highly accurate and reproducible injury biomechanics as measured from the 

rotational acceleration profiles. Magnitudes of 214 ± 25 and 350 ± 34 krad/s2 (mean ± SD) 

were obtained for the low (M1) and high (M2) magnitude conditions, respectively, reflecting 

less than a 7% deviation from the targeted values (Fig. 2). Durations of 1.6 ± 0.4 and 3.4 ± 

0.4 ms (mean ± SD) were obtained for the short (D1) and long (D2) duration conditions, 
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respectively, reflecting less than 1% deviation from the targeted values. Moreover, the 

within-group coefficient of variation for magnitude and duration were 10.5 and 16.5%, 

respectively, reflecting good reproducibility. There were no significant differences in 

magnitude or duration between any of the groups within the same level.

Unconscious Time

Acute injury severity was assessed as the time duration until return of the righting reflex 

following the removal of anesthesia (which occurred immediately prior to the rotational 

acceleration injury). Unconscious time had a significant main effect of head rotational 

acceleration magnitude (p<0.0001) but not duration (p = 0.1087). Post-hoc analysis 

demonstrated that unconscious time in the high magnitude groups (M2) was significantly 

longer than the low magnitude groups (M1) and shams (Fig. 3), but the low magnitude 

groups were not significantly different from the sham group. No signs of injury such as pain 

or discomfort were observed throughout the experimental period.

Motor Assessment (CN)

The Composite Neuroscore test for motor dysfunction did not reveal a significant effect of 

magnitude (p = 0.06) or duration (p = 0.17). Composite Neuroscores for the five groups 

were as follows (mean ± SD): shams 8.9 ± 1.7; M1D1 8.6 ± 1.2; M1D2 8.4 ± 1.7; M2D1 9.9 

± 1.3; M2D2 8.9 ± 1.2.

Spatial Learning (MWM)

Spatial learning was assessed using the Morris Water Maze Visuo-Spatial Learning 

Paradigm. All groups of rats exposed to the MWM demonstrated the ability to acquire 

spatial memory as evidenced by a significant decrease (p<0.05) in the latency and distance 

travelled with successive trials of each set (Fig. 4). However, there were no significant main 

effects for magnitude (p = 0.2322) or duration (p = 0.8816) in latency to find the hidden 

platform. Likewise, there were no significant main effects for magnitude (p = 0.2819) or 

duration (p = 0.7941) in swim distance to find the hidden platform. Additionally, the total 

number of unsuccessful trials did not have a significant effect of magnitude (p = 0.9581) or 

duration (p = 0.9598) (Fig. 5). The mean number of unsuccessful trials across the entire 

sample for the nine included trials was 2.9 ± 0.2 (mean ± standard error).

Activity and Emotionality (EPM)

Activity and emotionality were assessed using the Elevated Plus Maze. Both magnitude and 

duration had significant effects on EPM behaviors. Specifically, significant main effects of 

duration were evident for a majority of analyzed EPM metrics including total number of arm 

changes (p = 0.0103), open area entries (p = 0.0098), open area time (p = 0.0097), closed 

arm entries (p = 0.0275), and closed arm time (p = 0.0091). In general, post hoc tests 

demonstrated rats exposed to rotational acceleration with longer durations (D2) had 

abnormal behaviors compared to both the short duration (D1) and sham animals. 

Specifically, the D2 animals had significantly increased number of arm changes (p<0.05) 

(Fig. 6) and open entries (p<0.05) (Fig. 7) compared to the D1 and sham animals. The D2 

animals also had significantly greater open area time (p<0.05) than the D1 animals (Fig. 8) 
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and significantly greater closed arm entries (p<0.05) than sham animals (Fig. 9). The D2 

animals also had significantly reduced closed arm time (p<0.05) than the D1 animals (Fig. 

10). Additionally, the D1 animals were not significantly different (p = 1.000) from the sham 

group for any of the measures.

Rats exposed to higher magnitude rotational accelerations demonstrated significantly 

increased EPM activity including a greater total number of arm changes (p = 0.0103), open 

arm entries (p = 0.0267), and closed arm entries (p = 0.0026). Specifically, the high 

magnitude group had a greater total number of arm changes and closed arm entries 

compared to the low magnitude group and shams. Both low magnitude and high magnitude 

groups had greater open arm entries than shams. Neither total open area duration or closed 

arm duration were significantly dependent on magnitude of rotational acceleration. None of 

the other investigated metrics, including total number of rearings and head dips, were 

significantly different between groups based on either rotational acceleration magnitude or 

duration.

DIFFUSION TENSOR IMAGING

The effects of rotational injury on the brain microstructure were examined using ex vivo DTI 

to independently identify effects of magnitude or duration on brain microstructure on a 

voxel-by-voxel basis. A two-way ANOVA of injured animals revealed several regions with 

a significant main effect of acceleration magnitude. Specifically, greater rotational 

acceleration magnitude was associated with a reduction in FA in the right internal capsule 

and corticospinal tract (Fig. 11). Regions of increased FA were evident in the right 

amygdala, thalamus, and a portion of the medial cerebral cortex. Greater rotational 

acceleration magnitude was also associated with a diffuse reduction of MD in the right 

cortex, white matter, and ventral basal ganglia. In contrast, an increase in the duration of the 

rotational acceleration was associated with a diffuse reduction in FA throughout much of the 

brain, but principally located at the interface of the gray and white matter. Increasing 

rotational acceleration duration did not cause a significant change in MD. A multiple linear 

regression was subsequently performed to identify brain regions that exhibited a significant 

relationship between DTI parameters and either magnitude or duration of rotational 

acceleration, while controlling for the other parameter (Fig. 12). With the inclusion of sham 

animals, the results were similar to the group-wise analysis, with FA of the amygdala having 

a significant positive relationship with magnitude, and a large portion of the brain having a 

significant negative relationship between FA and duration of the rotational acceleration. 

Only small, sparely located clusters of voxels had a significant association between MD and 

either magnitude or duration.

Finally, a conjunction analysis was performed to identify the regions of the brain that were 

independently significant in both the group-wise and regression analysis (Fig. 13). The right 

amygdala was the primary region that exhibited a large cluster with significance in both 

analyses. The corresponding region of interest analysis (ROI) showed a clear association 

between FA and the magnitude of rotational acceleration (partial regression R2 = 0.33). 

Although the voxelwise analysis did not exhibit a significant association between duration 

and FA in the amygdala, the ROI analysis did show a strong association with duration that 
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was slightly weaker than magnitude (partial regression R2 = 0.31) and of the opposite 

direction. The voxelwise conjunction analysis revealed a strong association between FA and 

duration of the acceleration impulse as evidenced by the large region of brain tissue having 

significance in both the group-wise and regression analysis. The region was primarily 

located at the interface between white and gray matter near the ventral external capsule. 

Using the FA map to identify white matter (an FA greater than 0.3), 82% of the significant 

voxels were located within the gray matter. Overall, duration had a more pronounced effect 

on FA than magnitude, with 6.68 and 0.610% of the total brain voxels significant in the 

conjunction analysis, respectively.

To provide further insight into the relationship between DTI and rotational acceleration 

injury, maps of AD and RD were similarly examined using the conjunction analysis. The 

amygdala and a small portion of the medial cortex had a significant association with AD and 

magnitude, and sparse regions of the ventral brain had an association between AD and 

duration. The diffusion tensors in the amygdala and ventral cortex were composed of linear 

tensors having a mode (MO) of 0.32 and 0.25, respectively. Neither MD nor RD had any 

voxels reaching significance in the conjunction analysis.

DISCUSSION

The rotational injury model has previously been reported to be a preclinical model of brain 

injury that more closely approximates the vast majority of human TBI events, which are 

characterized as mild.14 Importantly, the rotational acceleration model produces injuries 

though diffuse mechanisms related to brain shear, which again replicates the majority of 

mild human injury events involving no skull fracture or blunt trauma.63 The model was 

shown to be reproducible and accurate,26 with measurable biomechanical data available for 

the understanding of injury mechanisms and development of preliminary tolerance 

information.28 Injury biomechanics reported in this study were accurate and reproducible 

with respect to both magnitude and duration of the rotational acceleration impulse. To place 

the findings in the context of human mild TBI and concussion, injury biomechanics of the 

model need to be related to human exposures, wherein scaling from the rat to the human is 

often based on brain mass, although other proposed relationships account for brain mass, 

material properties and mechanical tolerance of injured tissues.48 This association was first 

outlined by Holbourn, and referenced by Ommaya et al.79 and Ommaya and Hirsch,76 

which states that the ratio of head rotational acceleration between species is equivalent to the 

inverse ratio of brain mass to the two-thirds power. Accordingly, head rotational 

accelerations used in the current study reflect human-equivalent accelerations of 2729 and 

4464 rad/s2, which are associated with mild and classical concussion, respectively, 

according to a clinical concussion scale correlating head rotational acceleration with injury 

outcomes in humans,32 or associated with less than 10% risk of injury in a more recent 

study.89 Mild and classical concussion rank as the lowest severity classifications on a six-

point scale from mild concussion through severe diffuse axonal injury (DAI). The level of 

injury commonly results in either very short periods of unconsciousness or no loss of 

consciousness. However, building on the findings of Gennarelli et al.,32 severity of 

outcomes were based not only on the magnitude of rotational acceleration, but also the 

duration. Thus, the current study utilized a factorial design to differentiate effects of 
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magnitude and duration of the rotational acceleration impulse. The measurable 

biomechanical data facilitates the interpretation of the behavioral findings in the context of 

human injuries, and also allows per-subject evaluation of the relationship between 

behavioral outcomes, brain microstructure, and injury biomechanics.

Incorporation of advanced measurement and analysis techniques during sporting events 

encourages the correlation of the present findings with human exposures. Scaled higher 

magnitude accelerations from the present study were within one standard deviation of the 

mean for concussion-producing head impacts during National Football League (NFL) 

games.82 Scaled acceleration durations from the current study (14–30 ms) were consistent 

with another study from the same group (approximately 20 ms).97 However, present head 

accelerations were associated with a low risk (<10%) of concussion according to data 

derived from college football players using the HITS system,89 but higher than 7 of 13 

players that sustained concussion according to another study using the same system.39 

Although clinical classification of concussion varied between the studies, each incorporated 

symptoms that were somewhat more severe than outcomes from the current study. For 

example, Pellman et al. incorporated cognitive dysfunction, loss of consciousness, and 

vertigo whereas Rowson et al. included vomiting and balance disturbances. Additionally, 

scaled rotational accelerations from this study were higher than the mean level for non-

concussed high school football players.8 The present study produced significant emotional 

changes in the absence of cognitive deficit for lower magnitude accelerations, which 

highlights the complex clinical scenario associated with concussion and the difficulty in 

determination of biomechanically based injury thresholds and return-to-play guidelines. 

Nonetheless, this study has provided valuable data highlighting significant changes in 

activity and emotionality, in the absence of cognitive deficits, and for relatively low 

magnitude exposures. Given the significant clinical implications associated with changes in 

emotionality following concussion,37 continued investigations along this line and with 

similar rotational-based preclinical models are warranted.

It should be noted that human concussive events most often involve head impact resulting in 

complex head kinematics involving multi-axial linear and rotational accelerations. As such, 

the present experimental injury model is a necessary simplification of that mechanism, 

focusing only on pure coronal plane rotational acceleration in the absence of linear 

acceleration. Nonetheless, the present model remains more biofidelic than other rodent 

models for TBI that incorporate cortical impact or transient intracranial pressure gradients 

and allows for in vivo study of rotational biomechanics and tolerance. The focus on 

rotational acceleration builds on prior experiments incorporating primates33 and computer 

modeling investigations that demonstrated brain tissue strains primarily attributable (>90%) 

to the rotational component and not the translational component during more ‘‘realistic’’ 

head accelerations.101 Given this knowledge, the present model was intentionally limited to 

coronal plane rotational accelerations to limit the number of experimental variables. As 

such, the model provides a great deal of control over the rotational acceleration vs. time 

pulse, which has enabled this study. However, the authors acknowledge possibly important 

contributions of coupled linear accelerations and more complex multi-axial rotational 
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accelerations. Investigation of these factors remains a focus of continued experimental and 

computational efforts of this and other laboratories.

In the acute phase, animals exposed to higher magnitude rotational accelerations (M2) took 

longer to recover from anesthesia than animals exposed to lower magnitude rotational 

accelerations (M1) and shams. However, changing acceleration duration did not have a 

similar effect. This finding mirrors the human environment, wherein increasing acceleration 

magnitude is biomechanically associated with greater acute injury severities,32,82,89 

clinically assessed using a number of grading protocols including the Glasgow Coma Score 

(GCS). Indeed, the GCS is focused on determining the depth of unconsciousness and longer 

duration unconsciousness is clinically correlated with more severe injury.92 Neither injury 

magnitude nor duration produced deficits in locomotor function as assessed by the 

Composite Neuroscore. Although human studies have demonstrated balance impairments 

following mild injury or concussion, it is likely that the rat is less susceptible to gross motor 

impairment. For example, even removal of large portions of the motor cortex in the rat 

produces only deficits in skilled motor movements.73 The current study did not explicitly 

test highly skilled motor behaviors.

Further dissociation between magnitude and duration was evident in the behavioral testing 

paradigm-conducted during the first week post-injury. Many human studies have 

demonstrated strong changes in cognitive performance following concussion or mild 

TBI,16,22,61 although the current study did not reveal deficits in spatial learning following 

injury as assessed by the Morris Water Maze. Interestingly, a similar rotational acceleration 

model reported increased MWM escape latencies following exposure to lower magnitude 

head accelerations with similar acceleration durations.31,100 As discussed previously, scaled 

biomechanics from the present study were in the range of mild concussion. Therefore, injury 

severity might have been sufficiently low to avoid producing significant cognitive deficits. 

Continued research using the model and focusing on higher magnitude/longer duration 

accelerations will explore this area. Alternatively, the injury distribution may be another 

important factor in the lack of spatial learning impairments in the present study. Specifically, 

the dorsal hippocampus was shown to have a more significant role in spatial learning than 

the ventral hippocampus.71,72 Rodent TBI models such as the controlled cortical impact 

(CCI) and lateral fluid perfusion (LFP) that cause considerable damage to the hippocampus 

(more often the dorsal hippocampus), often reveal pronounced deficits in spatial memory 

and learning. However, our DTI results did not reveal substantial microstructural 

abnormalities in the hippocampus, which is consistent with the lack of behavioral effects.

The primary behavioral deficits observed in this study were abnormal behaviors in the 

Elevated Plus Maze, which were strongly associated with duration of rotational acceleration. 

Specifically, increasing rotational acceleration duration affected EPM measures of activity 

(i.e., arm changes) and emotionality (i.e., open arm duration), whereas increasing magnitude 

affected only activity-related metrics. The EPM behaviors reflected increasing activity and 

exploratory behavior for injuries with longer durations (D2). This is seemingly in contrast to 

the majority of TBI studies that report decreased activity in the EPM1,4,5,30,51,56,57 

compared to uninjured animals. In these studies, which most often employ the CCI or LFP 

models, decreased activity is commonly attributed to elevated anxiety.13 However, different 
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outcomes in our model may be reflective of different injury mechanisms or severities. 

Previous studies employing the impact acceleration81 or rotational acceleration87 (sagittal 

vs. coronal in the current study) injury models reported increased activity in the EPM, 

similar to this study. Likewise, post-injury time may also play a role in the observed 

behaviors, since fluid percussion models demonstrate acute increases in open arm time3,91 

that resolved91 or reversed3 at chronic time points. Increased exploratory behaviors in the 

current study may reflect increased impulsivity or disinhibition6,59,69 or decreased 

anxiety. 23,47 The behaviors may also be consistent with depression-related changes,81,83,84 

which could be significant given the importance of post-injury depression as a co-morbidity 

to TBI in the human condition. 37,41,54,85

The DTI findings, coupled with reproducible and measureable biomechanics, provide 

further insight into the relationship between biomechanics and brain injury. Rotational 

acceleration of the brain is largely believed to result in shearing forces in the brain tissues. 

The magnitude of shearing is dependent on, among other factors, characteristics of the 

insult, mass/inertia/ geometry of the brain, and material properties of the tissues. Indeed, 

finite element models of rotational brain injury in the rat29,58 predict greater strains and 

stress/strain time-based metrics with increasing rotational acceleration and duration. In our 

model, with the axis of rotation located directly ventral to the base of the brain, we 

consistently observed DTI abnormalities in right ventral brain regions. This pattern of injury 

is largely consistent with a finite element model of rotational acceleration of the rat brain,29 

in which the ventral brain regions exhibited high strains. The unilateral nature of the changes 

is likely related to the direction of the rotation (counter-clockwise), but remains to be 

demonstrated. We also observed considerable microstructural changes at the interface 

between the gray and white matter.40 In patients with TBI, injury is often observed in this 

region, and although the reasons for its vulnerability are not entirely known, the 

microstructural anatomy and orientation of neuronal fibers9,10 may be critical to understand 

the effects of shearing forces and the resulting injury.

Interestingly, the change in FA with greater injury severity had opposing effects for 

magnitude and duration. A decrease in FA is often associated with injury and damage, 

particularly in white matter fibers. However, increased FA is often observed following TBI. 

It may be related to the temporal effects of injury60 and neuronal swelling.99 However, 

changes in FA are somewhat ambiguous with respect to the underlying pathology,52 since 

axonal injury, myelin integrity, and gliosis11 can change FA in complicated ways. It should 

also be noted that while significant DTI changes were observed in this study, the strength of 

the relationship (slope of the regression), at this time precludes individual-subject analysis or 

prediction, which will be important for clinical translation. Moreover, advanced diffusion 

measures of tissue microstructure50 may also improve pathologic specificity and patient-

specific diagnosis. While DTI of fixed tissues allows improvements in image quality and 

resolution, and anisotropy is preserved through perfusion fixation,93 longitudinal in vivo 

studies will allow better translation to findings in human studies. The ability to acquire 

biomechanical data in large populations of athletes 12,88 coupled with follow-up MRI has 

yielded considerable insight into the relationship between injury biomechanics and 

microstructural brain injury for both concussive65 and subconcussive-level impacts.17 The 
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rotational injury model reported here is likely to have an important role in establishing a 

causal link between the biomechanics and brain injury in an experimental setting.

The DTI results also shed light on the link between structural brain injury and behavioral 

outcomes. As evidenced by the multiple regression ROI analysis, the FA of the right 

amygdala demonstrated a clear association with both magnitude and duration (Fig. 12), 

although the effect was slightly greater for magnitude in the conjunction analysis (Fig. 13). 

The prominence of the DTI changes in the amygdala is particularly intriguing given its role 

in anxiety, which is consistent with the behaviors observed in the EPM. Lesions to the 

central amygdala increase EPM open arm time in experimental models of stress and 

anxiety.70,95 Furthermore, even extensive amygdala lesions have been found to be without 

effect on the MWM or on open field locomotor activity.19 The fact that only the EPM 

revealed an injury-related difference is likely related to the complex interplay between 

injury biomechanics and functional brain anatomy, with DTI suggesting a link between the 

two. On the other hand, an interconnected network of brain regions is involved in 

controlling anxiety, and the more widespread changes in the brain associated with duration 

may also contribute to the observed behaviors. Given that the amygdala may be prone to the 

effects of subconcussive head trauma64 and is intimately involved in posttraumatic stress 

disorder (PTSD)55 and chronic traumatic encephalopathy (CTE), the current findings are 

likely to have important translational relevance to these and other disorders related to mild 

TBI.

Investigation of the opposing effects of rotational acceleration magnitude and duration is not 

unique to the current study. The most comprehensive series of studies to focus on rotational 

acceleration as the mechanism of concussion was conducted by Ommaya and collaborators 

in the 1960s using a primate injury model.77 Those studies recognized that peak rotational 

acceleration of the head significantly correlated with the production of concussion and also 

underlined the importance that rotational accelerations occur over a specific duration 

window. This eventually led to the formation of concussive injury tolerance curves that 

included head rotational acceleration and duration. 75,76,79 However, the diagnosis of 

concussion in those studies was likely of higher severity than injuries produced in the 

current study and included the loss of response to a piece of apple, loss of response to ear 

pinching, apnea greater than 3 s followed by irregular slow respirations, and bradycardia.78 

Some of those symptoms (e.g., apnea and bradycardia) are more commonly associated with 

severe head injury for contemporary diagnoses. Macroscopic pathological outcomes from 

those specimens included skull fractures, massive epidural and subdural hematomas, 

subarachnoid hemorrhage, intraventricular hemorrhage, and multiple brain contusions.75 

Other studies investigating head injury tolerance due to rotational acceleration have also 

focused on higher severities including diffuse axonal injury.44,62

Head injury tolerance to rotational acceleration deserves a second look, however, due to 

increasing concerns about chronic cognitive and emotional deficiencies resulting from mild 

TBI (i.e., concussion). This is particularly relevant in the setting of contact and collision 

sports, wherein participants may be exposed to hundreds of exposures over the course of a 

season.89 Another recent study indicated that a majority of concussions (>90%) resulting 

from participation in college football were graded as relatively minor according to multiple 
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clinical assessments.66 Recent reports have indicated that chronic cognitive deficiencies may 

occur in the absence of frank neurologic dysfunction. 7 These reports are particularly 

concerning given the long-term implications of repeated exposures to concussive injuries, 

including increased risk of neuropsychiatric disorders, cognitive dysfunction, and 

neurodegenerative disease.36–38 From an injury biomechanics standpoint, these human 

studies have clearly outlined a gap in the understanding of cumulative head exposure on 

brain injury tolerance and severity. Studies highlighting neurocognitive decline in athletes 

following repetitive head impact exposure imply some level of cumulative brain injury that 

may acutely decrease injury tolerance and/or contribute to chronic cognitive and emotional 

changes. These issues are being explored from a clinical standpoint.7,36,67 However, 

preclinical studies incorporating biofidelic experimental models are required to outline 

biomechanical mechanisms and consequences of cumulative exposures.

The present study provides a valid experimental model and forms the basis for continued 

examination of rotational acceleration-based injury tolerance for mild TBI and 

subconcussive exposure. Furthermore, these findings have major translational relevance to 

our understanding of mechanisms underlying mild TBI in humans, particularly at-risk 

populations of athletes participating in contact or collision sports67 and military personnel 

exposed to rotational dynamics from combat blast incidents or other combat related 

incidents.21 These results have demonstrated a complex relationship between the magnitude 

and duration of insults contributing to acute cognitive and emotional impairments. Further 

investigation will continue to define the independent roles of these biomechanical factors 

and the influence of repetitive insults. The current model is one of a limited number of 

experimental models capable of this type of investigation due to the realistic biomechanics 

and the ability to examine the acute response (<1 h) of animals subjected to single or 

multiple exposures. 18,100 Translation of biomechanical metrics from the rodent to the 

human is another clear benefit of this experimental model. Scaling biomechanical tolerance 

from the rodent to the human, given consistent cognitive and behavioral outcomes, can help 

to provide more effective safety enhancement for motor vehicle occupants, athletes, and 

military personnel and further elucidate the relationship between injury biomechanics, 

pathophysiology, and behavioral outcomes.
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FIGURE 1. 
(a) MCW rotational injury device that was used to produce mild TBI in rats through coronal 

plane rotational acceleration of the head. The three images demonstrate helmet positioning 

just prior to impact from the rod (left), and during impact causing the helmet to rotate 40° 

(middle) and 80° (right). Total rotation of the helmet was limited to 90°. Motion was 

constrained to pure coronal plane rotation, without linear displacement, using a fixed 

bearing located anterior to the helmet. (b) The axis of helmet rotation was located in the 

mid-sagittal plane in the lower half of the brain.
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FIGURE 2. 
Mean and standard deviation values for the four experimental groups focused on two levels 

of rotational acceleration magnitude (M1 and M2) and two levels of rotational acceleration 

duration (D1 and D2). Biomechanics for each group were distinct and demonstrated 

reasonable repeatability, with coefficient of variation of 10.5 and 16.5% for magnitude and 

duration, respectively.
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FIGURE 3. 
Duration of unconsciousness following exposure to head rotational acceleration was 

significantly dependent (p<0.0001) upon acceleration magnitude but not duration, wherein 

rats exposed to high magnitude accelerations remained unconscious for a significantly 

longer time than shams or rats exposed to low magnitude accelerations.
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FIGURE 4. 
Rats were subjected to the Morris Water Maze Visuo-Spatial Learning Paradigm on the first, 

second, and third days post injury. One set per day consisted of four trials with the platform 

located in the same location, but moved between days. No statistically significant 

differences in latency as an effect of increasing magnitude or duration were evident.
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FIGURE 5. 
Total number of unsuccessful trials across all three sets of the Morris Water Maze 

assessment. Unsuccessful trials that occurred in the first trial of each set were not included 

because the platform was moved to a new location for each set. The number of unsuccessful 

trials was not different between shams and any combination of injured groups, indicating a 

lack of any significant spatial learning deficits.
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FIGURE 6. 
Rats were exposed to the Elevated Plus Maze for 5 min on the second day post injury. Total 

number of arm changes between closed arms, the center platform, and open arms were 

counted and used as an assessment of post-injury activity. Results for magnitude/duration 

are presented as high magnitude/long duration (red), low magnitude/short duration (green), 

and shams (blue). The number of arm changes was significantly dependent upon duration 

(p<0.05) but not magnitude of rotational acceleration. Independent minute-by-minute 

analyses revealed significantly increased activity (p<0.05) in the long duration group during 

the third and fifth minutes of the assessment.
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FIGURE 7. 
Rats were exposed to the Elevated Plus Maze for 5 min on the second day post injury. Total 

number of open area entries (center platform and open arms) were counted and used as an 

assessment of post-injury activity and inhibition. Results for magnitude/duration are 

presented as high magnitude/long duration (red), low magnitude/short duration (green), and 

shams (blue). The number of open area entries was significantly dependent upon duration 

(p<0.05) but not magnitude of rotational acceleration. Independent minute-by-minute 

analyses revealed significantly increased entries (p<0.05) in the long duration group during 

the third and fifth minutes of the assessment.
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FIGURE 8. 
Rats were exposed to the Elevated Plus Maze for 5 min on the second day post injury. Total 

amount of time spent in the open areas (center platform and open arms) was used as an 

assessment of post-injury inhibition. Results for magnitude/ duration are presented as high 

magnitude/long duration (red), low magnitude/short duration (green), and shams (blue). The 

total amount of time spent in open areas was significantly dependent upon duration (p<0.05) 

but not magnitude of rotational acceleration. Independent minute-by-minute analyses 

revealed significantly increased open area time (p <0.05) in the long duration group during 

the third and fifth minutes of the assessment.

Stemper et al. Page 27

Ann Biomed Eng. Author manuscript; available in PMC 2015 November 20.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



FIGURE 9. 
Rats were exposed to the Elevated Plus Maze for 5 min on the second day post injury. Total 

number of closed arm entries were counted and used as an assessment of post-injury activity 

and inhibition. Results for magnitude/duration are presented as high magnitude/long 

duration (red), low magnitude/short duration (green), and shams (blue). The number of 

closed arm entries was significantly dependent upon duration (p <0.05) and magnitude (p 

<0.05) of rotational acceleration. Independent minute-by-minute analyses revealed 

significantly increased entries (p <0.05) in the long duration group during the third and fifth 

minutes of the assessment.
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FIGURE 10. 
Rats were exposed to the Elevated Plus Maze for 5 min on the second day post injury. Total 

amount of time spent in the closed arms was used as an assessment of post-injury inhibition. 

Results for magnitude/duration are presented as high magnitude/long duration (red), low 

magnitude/short duration (green), and shams (blue). The total amount of time spent in the 

closed arms was significantly dependent upon duration (p<0.05) but not magnitude of 

rotational acceleration. Independent minute-by-minute analyses revealed significantly 

decreased closed arm time (p <0.05) in the long duration group during the third and fifth 

minutes of the assessment.
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FIGURE 11. 
DTI group-wise factorial analysis. Voxels with a significant main effect of either magnitude 

or duration solely within the animals exposed to injury. Regions of decreased FA in the high 

magnitude group were evident in portions of the corticospinal tracts and internal capsule, 

whereas FA was increased in the high magnitude group in the amygdala. MD was increased 

in the high magnitude group predominantly in portions of the right ventral cortex and white 

matter. Regions of decreased FA were evident in the high duration groups, predominantly 

located bilaterally at the interface of gray and white matter in ventral regions. MD did not 

exhibit any effects of duration. Only voxels with a significant main effect (p <0.05 and 

cluster size >200 voxels) for either magnitude or duration in an F-test are shown, with the 

colors reflecting the p-value and sign of the post hoc T-statistic.
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FIGURE 12. 
DTI regression analysis. Voxels with a significant linear regression with the magnitude or 

duration measured from each injury are shown for FA and MD. Increasing magnitude was 

associated with increased FA in the right amygdala and ventral white matter, whereas 

decreased FA was evident in the right dorsolateral cortex. Increasing duration was 

significantly associated with a much larger portion of the brain, localized bilaterally in the 

ventral cortex and white matter and large portions of the basal ganglia. Only few small 

regions were significant in the regression analysis between MD and either magnitude or 

duration. The colored regions depict the p value of the T-statistic for either magnitude or 

duration, while controlling for the other parameter, with a p value threshold of 0.05 (two-

tailed) and cluster size threshold of 200 voxels.
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FIGURE 13. 
DTI conjunction analysis. Regions having both a significant main effect and a significant 

correlation with either magnitude or duration are shown. The amygdala is the most 

pronounced region exhibiting a strong effect of magnitude. The average FA from the 

significant voxels was derived from each animal, and the partial regression plots are shown 

in (a). For duration, the ventral portion of the gray/white matter interface was highly 

significant, and the mean FA from this region is shown in the partial regression plots in (b). 

The conjunction analysis revealed most of the FA changes were associated with changes in 

AD. Other DTI parameters (MD & RD) did not have any significant voxels in the 

conjunction analysis.
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