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Introduction
Mild traumatic brain injury (mTBI), also known as concussion, is 
a serious public health issue with an estimated 40 million cases 
worldwide every year.1 Although most people who suffer from a 
concussion make a full recovery within a few weeks, a substantial 
minority of patients experience chronic dysfunction and disability2 
such as headaches, dizziness, behavioral abnormalities, memory 
dysfunction, and motor control impairment.3 The underlying 
mechanisms contributing to these detrimental effects remain 
poorly understood and require further research. Although various 
definitions of mTBI exist based on clinical features,2 concussion 
is typically characterized by closed-skull (ie, non-penetrating) 
injury4 and the absence of visible findings on routine clinical 

computed tomography (CT) and magnetic resonance imaging 
(MRI), such as skull fracture, hemorrhage, edema, and ischemia.

Diffusion tensor imaging (DTI) has emerged as an MRI 
method able to detect microstructural damage not visible on 
standard anatomical images5 by characterizing the directional 
coherence of water diffusion in vivo.6 Because diffusion in 
healthy white matter is highly anisotropic (directional), loss of 
diffusion anisotropy generally reflects ultrastructural changes 
in the brain caused by axonal injury, demyelination, and other 
pathologic processes. Fractional anisotropy (FA) and mean dif-
fusivity (MD) are the most commonly reported DTI-derived 
metrics believed to reflect overall white matter health, matura-
tion, and organization.6,7 Axial diffusivity (AD) and radial 
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diffusivity (RD) are components of FA and MD, which may 
better inform on underlying injury mechanisms.8

The study of human mTBI is complicated by the hetero-
geneity of underlying pathology due to differences in the  
characteristics of each injury.2,9 In addition, pathologic evalua-
tion of tissue injury is not possible in human mTBI. On the 
other hand, behavioral measures in rodents may not reflect the 
domains of function experienced by humans. Nonetheless, ani-
mal models of mTBI can address some of these limitations 
because they enable reproducible trauma and the systematic 
variation of experimental parameters. Moreover, the detection of 
similar imaging findings in rodents and humans can serve as a 
translational bridge to link human injury to pathologic 
mechanisms.

Various animal models have been developed to reproduce 
the biomechanical, neurological, and pathological aspects 
observed in human concussion. The methods to produce 
head injury are generally based on weight drop, fluid percus-
sion, or piston-controlled impact. Detailed descriptions of 
these methods, as well as their strengths and limitations, 
have been published elsewhere.10–12 Briefly, clinically rele-
vant models of experimental concussion should use mini-
mally invasive head impact methods (ie, closed head impact), 
induce mild injury, and exhibit symptoms in the absence of 
gross neuropathology.13

However, the best characterized and mostly used TBI mod-
els to date have employed models of relatively severe TBI in 
that they induce gross brain pathology or significant axonal 
death using penetrating head impact methods (eg, controlled 
cortical impact or lateral fluid percussion).14 Only few DTI 
studies have proven to reliably detect TBI and approximate 
time of injury15 in various rodent models of axonal injury fol-
lowing single or repetitive head impact.15–21 Moreover, few 
studies have assessed the evolution of axonal injury over time 
following mTBI in rodents. It has been suggested that longitu-
dinal studies are needed to determine how changes in DTI 
indices are related to recovery in response to concussive 
injury.19,22 Such imaging findings can facilitate understanding 
of injury mechanisms following concussion.

In this report, we present DTI findings of multiple assess-
ments in the first 2 weeks after injury in a rodent model of very 
mild TBI in which no apparent pathology is visible with con-
ventional MRI or standard histopathology, but significant DTI 
changes are detected in several white matter areas.

Materials and Methods
This study followed the National Research Council’s “Guide 
for the care and use of laboratory animals”23 and was approved 
by The Institutional Animal Care and Use Committee 
(IACUC) of Albert Einstein College of Medicine. The experi-
mental design of this study is summarized in Figure 1.

Animals

Six- to eight-week-old male Sprague Dawley rats (180 g) were 
purchased from Charles River Laboratories and housed in 
standard cages with food and water ad libitum under 12-hour 
light/dark cycles. A total of 45 animals were used for the study 
and randomly divided into 2 groups: mTBI injury (n = 35) or 
sham injury (n = 10).

Head impact procedure

Rats were anesthetized with isoflurane in room air (3% induc-
tion, 1.5%-2% maintenance) and placed in a stereotaxic frame 
with ear bars for rigid head fixation (David Kopf Inst., Tujunga, 
CA; Figure 2). The scalp was retracted from the left side of the 
skull and mild TBI was induced by a single lateral impact 
(5 mm lateral to midline, 3 mm rostral to bregma; impact 
velocity = 5 m/s, impact depth = 2 mm, dwell = 100 ms) to the 
exposed skull using an electromagnetic impactor (Leica 
Microsystems Inc, Buffalo Grove, IL) modified with a neo-
prene rubber tip (5 mm diameter, 4 mm thick). Sham-injured 
rats received the same treatment, including scalp incision and 
firing of the impactor, but an actual skull impact was not deliv-
ered. We discarded 2 animals from the original group due to 

Figure 1.  Schematic time line of the experimental design. Animals 

underwent pre-injury baseline MRI at least 3 days before mTBI induction 

followed by MRI acutely (ie, <4 hours) and 2, 7, and 14 days post-injury. 

Immediately after the final imaging time point (14 days), animals were 

sacrificed for histological analysis. MRI indicates magnetic resonance 

imaging; mTBI, mild traumatic brain injury.

Figure 2.  Impact device. A modified cortical contusion device (Leica 

Microsystems Inc, Buffalo Grove, IL) was used to produce a very mild, 

closed-skull traumatic brain injury. Note the rubber impactor tip.
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skull fracture (n = 1) and intracerebral hemorrhage (n = 1). All 
animals were visually monitored following trauma for signs of 
abnormal wakefulness, gate, and feeding.

MRI acquisition

Magnetic resonance imaging was conducted at least 3 days prior 
to injury to acquire baseline values (mTBI, n = 19; sham, n = 9), 
and subsequently at 4 follow-up time points after injury or 
sham injury: <4 hours (mTBI, n = 24; sham, n = 7), 48 hours 
(mTBI, n = 20; sham, n = 6), 1 week (mTBI, n = 4; sham, n = 6), 
and 2 weeks post-injury (mTBI, n = 9; sham, n = 5). Rats 
were anesthetized with isoflurane maintained at 1.5% through-
out the duration of imaging while circulating warm air pre-
served a constant body temperature (38 C). Animals were 
placed in an MRI holder (M2M, Cleveland, OH) with ear-
bar restraints, and a 12-mm receive-only surface coil (Doty 
Scientific, Columbia, SC) was placed on the head. All images 
were acquired with a 9.4 T scanner (Agilent Technologies, 
Wilmington, DE) and a 90-mm birdcage-style transmit coil 
(M2M). Slices were placed consistently during acquisition with 
respect to the structures studied. Also, we used a custom head 
holder and great care in animal positioning to ensure consistent 
plane of section and slice position for each animal. Diffusion 
tensor imaging was achieved using a spin-echo (SE) approach 

with fast-SE readout (echo factor 4) and 21 “electro-repulsive” 
diffusion directions including 1 with b = 0 s/cm2 and 20 with 
b = 800 s/cm2, resolution = 128 × 128, 12-2 mm interleaved slices 
in an axial plane with 30 cm field of view, resulting in images of 
2.34 × 2.34 × 2 mm voxel size. High-resolution anatomical 
T1W and T2W images, acquired to insure the absence of gross 
abnormalities—that is, skull fractures, hemorrhaging, and 
edema—were reviewed after each session. The duration of each 
scan session was approximately 90 minutes. Diffusion tensor 
images were eddy current corrected and processed using the 
FMRIB Diffusion Toolbox24 to estimate the diffusion tensor 
and to compute FA, MD, RD, and AD at each voxel.

Tracing methods

One rater (W.S.H.), blind to group membership and MRI 
timing, manually traced the corpus callosum (genu and sple-
nium) and bilateral external capsule on the b = 0 image of all 
DTI acquisitions (n = 109) using Medical Image Processing 
and Visualization software (MIPAV; version 8.0.2)25 (Figure 
3). These regions of interest (ROIs) were selected for their 
clinical relevance as they represent the most commonly 
reported locations of abnormal FA by ROI analyses in human 
DTI studies of TBI,26 and they have the greatest volume of 
white matter and thus minimize partial volume effects.

Figure 3.  Manual tracing methods and ROI. Four ROIs were defined for each DTI acquisition: genu corpus callosum (GCC), splenium corpus callosum 

(SCC), ipsilateral external capsule (Ipsi EC), and contralateral external capsule (Contra EC), which were manually traced on 3 coronal slices of the b = 0 

image. Following manual tracing, DTI parameters (FA, RD, MD, and AD) were extracted as the average across each ROI. AD indicates axial diffusivity, 

DTI, diffusion tensor imaging; FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity; ROI, region of interest.
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The tracing method was adapted from a previously pub-
lished study.17 Briefly, a total of 4 ROIs per acquisition were 
carefully defined by anatomical boundaries on 3 different coro-
nal slices (Figure 3): ROI 1—genu corpus callosum (GCC)—was 
traced on 2 contiguous slices starting with the anterior-most 
boundary being the first slice where the corpus callosum crosses 
at midline. The lateral boundaries of the genu were defined at 
the apex of the white matter near the cingulum; ROI 2—sple-
nium corpus callosum (SCC)—was traced on the last slice where 
the corpus callosum crosses at midline. The lateral boundaries 
of the splenium were defined at the apex of the white matter 
near the cingulum; ROI 3—ipsilateral external capsule (IEC)—
was traced in the left hemisphere on the same 2 slices as GCC 
starting at the lateral boundary of the GCC continuing to the 
apex of the most lateral white matter; ROI 4—contralateral 
external capsule (CEC)—was traced similar to ROI 3, but in the 
right hemisphere. Following manual tracing, DTI parameter 
values (FA, RD, MD, and AD) within each ROI were extracted 
as the mean across the entire ROI. Intra-rater and inter-rater 
reliability of our manual tracing method was assessed.

Histological analyses

Our primary goal for histological analyses was to assess the 
severity of our injury paradigm, which was aimed at inducing 
mild injury in the absence of gross pathology. Gross abnor-
malities were determined by screening for skull fractures, hem-
orrhaging, and edema through the visual inspection of 
anatomical MR images, by visual inspection of the skull and 
brain after euthanasia and review of hematoxylin and eosin 
(H&E)-stained sections. At day 14, immediately following the 
final MRI, the brains were harvested for histological analyses. 
Animals were perfused with 4% paraformaldehyde in saline 
using a transcardiac approach. The brains were kept within the 
cranium and immersed in the perfusion medium for 48 hours 
before removal. Tissue sections were embedded in paraffin 
blocks and sections were stained with H&E for the evaluation 
of gross morphological injury in cortical gray matter regions, 
including areas underneath the impact site.

Statistical methods

Stata was used for data analysis (StataCorp. 2013. Stata: 
Release 13. Statistical Software; StataCorp LP, College Station, 
TX), and GraphPad Prism was used for creating graphs (ver-
sion 7.03 for Windows; GraphPad Software, La Jolla, CA; 
www.graphpad.com).

To assess the intra-rater and inter-rater reliability of our 
manual tracing method, we re-traced a random subset of 10 
cases and calculated the intra-correlation coefficients (ICCs) 
for each ROI.

In primary analysis, a total of 109 serial MRI acquisitions 
were analyzed to examine the evolution of 4 DTI metrics (FA, 
RD, MD, and AD) in 4 different ROIs (GCC, SCC, IEC, and 

CEC) following concussive or sham injury. Longitudinal 
trends (baseline, <4 hours post-injury, 48 hours post injury, 
1 week post-injury, and 2 weeks post-injury) in DTI metrics 
for each group (sham, mTBI) were analyzed by linear mixed-
effects (LME) models to account for repeated measures, miss-
ing longitudinal data points, and covariates. Under LME, a 
likelihood ratio test (LRT) on group × time interaction was 
performed to assess the statistical significance for the differ-
ence of longitudinal trends between the sham and mTBI 
groups. More specifically, the LRT assessed the goodness of fit 
between 2 LME models: model 1—main effects (group + time) 
and model 2—main effects plus interaction 
(group + time + group × time). A total of 16 LRTs were per-
formed to assess the interaction for each DTI metric and ROI 
combination. To address the noise floor of DTI measurements 
and to reduce the probability of Type I error associated with 
multiple (16) LRT comparisons, we applied Bonferroni correc-
tion and set the level of statistical significance at P < .003 
(α = 0.05/16). Any interaction effects deemed significant were 
further described using descriptive statistics.

Results
Manual tracing and reliability analysis

Our manual tracing method yielded evenly sized ROIs across 
groups (GCC: mTBI = 76 ± 12 voxels vs sham = 74 ± 13 voxels, 
t = 0.59, df = 107, P = .56; SCC: mTBI = 50 ± 9 voxels vs 
sham = 52 ± 10 voxels, t = 1.2, df = 107, P = .22; IEC: 
mTBI = 27 ± 4 voxels vs sham = 28 ± 4 voxels, t = 1.5, df = 107, 
P = .15; CEC: mTBI = 27 ± 4 voxels vs sham = 27 ± 4 voxels, 
t = 0.71, df = 107, P = .48).

Furthermore, excellent intra-rater (W.S.H. vs W.S.H.) and 
inter-rater (W.S.H. vs J.L.) agreement was observed for all 
ROIs (ICC = 0.85-0.99, all P-values < .001), which confirms 
that our manual tracing method can be reliably used for rat 
DTI data such as those collected in our study.

DTI of the evolving response to mTBI

Longitudinal DTI metrics and LME results are presented in 
Table 1 and Figures 4 to 7. The LRT revealed significant inter-
action effects for FA of the GCC (χ2 = 19.92, df = 4, P = .0005), 
RD of the GCC (χ2 = 18.64, df = 4, P = .0009), and MD of the 
GCC (χ2 = 17.18, df = 4, P = .002). All other LRTs did not reach 
statistical significance after Bonferroni correction. There were 
no statistically significant differences at baseline in DTI meas-
urements between sham and mTBI animals.

FA of the GCC following mTBI.  Overall, the evolution of FA in 
the GCC following concussive or sham injury differed by 
group (χ2 = 19.92, df = 4, P = .0005; Figure 4E). In contrast to 
the sham group, mTBI animals initially showed a mild decrease 
in FA (–5.7%) from baseline to immediately after injury (base-
line FA = 0.678, 95% confidence interval [CI] = 0.647-0.710 vs 
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<4-hour FA = 0.640, 95% CI = 0.609-0.671). Then, FA 
rebounded and mildly increased (+4.2%) 48 hours post-injury 
(48-hour FA = 0.666, 95% CI = 0.626-0.707). However, the 
most dramatic change in FA was observed at 1 week post-
injury—that is, FA was increased by +17.8% vs baseline, 
+24.9% vs <4 hours, +19.8% vs 48 hours, and +20.8% vs 
sham at 1 week. Finally, FA returned to baseline values 2 weeks 

after concussive injury (2-week FA = 0.659, 95% 
CI = 0.622-0.696).

RD of the GCC following mTBI.  Overall, the evolution of RD in 
the GCC following concussive or sham injury differed by group 
(χ2 = 18.64, df = 4, P = .0009; Figure 5E). Whereas the RD values 
initially decreased in sham animals, they increased by +16.3% in 

Figure 4.  Scatterplots (A-D) and trend lines (E-H) for the evolution of fractional anisotropy (FA) following concussive or sham injury in various ROIs. Each 

dot in the scatterplots represents a single animal. Trend lines are depicted as mean with 95% confidence interval. mTBI indicates mild traumatic brain 

injury; ROI, region of interest.
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mTBI animals (baseline RD = 0.274, 95% CI = 0.242-0.306 vs 
<4-hour RD = 0.318, 95% CI = 0.286-0.351). At 48 hours post-
injury (48-hour RD = 0.295, 95% CI = 0.255-0.334), RD started 
to rebound (–7.4% vs <4 hours) and continued to maximum 
decreased RD values at 1 week post-injury (1-week RD = 0.167, 
95% CI = 0.102-0.232). Specifically, at 1 week post-injury, 
the RD values were decreased by −39.0% vs baseline, –47.5% vs 

4 hours, –43.3% vs 48 hours, and −41.1% vs sham animals at 
1 week. Finally, RD returned to baseline values 2 weeks after 
concussive injury (2-week RD = 0.299, 95% CI = 0.234-0.364).

MD of the GCC following mTBI.  Overall, the evolution of MD 
in the GCC following concussive or sham injury differed by 
group (χ2 = 17.18, df = 4, P = .002; Figure 6E). In contrast to the 

Figure 5.  Scatterplots (A-D) and trend lines (E-H) for the evolution of radial diffusivity (RD) following concussive or sham injury in various ROIs. Each dot 

in the scatterplots represents a single animal. Trend lines are depicted as mean with 95% confidence interval. mTBI indicates mild traumatic brain injury; 

ROI, region of interest.
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sham group, mTBI animals showed a mild increase (+9.1%) in 
MD at <4 hours post-injury vs baseline (baseline MD = 0.512, 
95% CI = 0.478-0.545 vs <4-hour MD = 0.558, 95% 
CI = 0.527-0.589). At 48 hours post-injury (48-hour 
MD = 0.531, 95% CI = 0.496-0.567), MD started to rebound 

(–4.8% vs <4 hours) and continued to maximum decreased 
MD values at 1 week post-injury (1-week MD = 0.429, 95% 
CI = 0.341-0.517). Specifically, at 1 week post-injury, the MD 
values were decreased by −39.0% vs baseline, –47.5% vs 4 hours, 
–43.3% vs 48 hours, and −41.1% vs sham animals at 1 week. 

Figure 6.  Scatterplots (A-D) and trend lines (E-H) for the evolution of mean diffusivity (MD) following concussive or sham injury in various ROIs. Each dot 

in the scatterplots represents a single animal. Trend lines are depicted as mean with 95% confidence interval. mTBI indicates mild traumatic brain injury; 

ROI, region of interest.
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Finally, MD returned to baseline values 2 weeks after concus-
sive injury (2-week MD = 0.659, 95% CI = 0.622-0.696).

Pathological examination

Rats sacrificed at 2 weeks post-injury did not reveal any gross 
abnormalities as indicated by the visual inspection of 

anatomical MR images, by visual inspection of the skull and 
brain after euthanasia (ie, no skull fractures, hemorrhaging, and 
edema) and review of H&E-stained brain sections.

Discussion
In this study, we used a rodent model of mTBI to investigate 
longitudinal indices of axonal injury. A single, very mild, 

Figure 7.  Scatterplots (A-D) and trend lines (E-H) for the evolution of axial diffusivity (AD) following concussive or sham injury in various ROIs. Each dot 

in the scatterplots represents a single animal. Trend lines are depicted as mean with 95% confidence interval. mTBI indicates mild traumatic brain injury; 

ROI, region of interest.
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closed-skull head impact resulted in detectable changes by 
DTI in rats in the absence of gross abnormalities as indicated 
by visual screening of anatomical MRI and by review of H&E-
stained brain sections. Diffusion tensor imaging changes 
within the white matter were not immediately apparent, but 
developed at 1 week post-injury and returned to baseline values 
by 2 weeks post-injury. These findings underscore the evolving 
nature of brain injury after concussion.

Fractional anisotropy, which assesses the coherence of water 
diffusion, has been used to assess overall white matter integrity 
in both animal and human studies of traumatic brain injury 
(TBI).16,18,19,26 In our model, the evolution of FA in the GCC 
following concussive or sham injury differed by group and 
yielded a noticeable FA increase at 1 week post-injury. Increased 
FA in the early injury phase following mTBI has also been 
reported by other animal studies. For example, Kikinis and col-
leagues27 investigated ex vivo DTI 1 week after single mTBI 
was induced by impact to the left parietal bone in adult male 
Sprague Dawley rats. They found increased FA compared with 
shams mainly in contrecoup regions, including the pyramidal 
tract, cerebral peduncle, superior cerebellar peduncle, corpus 
callosum, anterior commissure, the fimbria of the hippocam-
pus, fornix, medial forebrain, and optic chiasm. Furthermore, 
Herrera and colleagues19 used a single concussive impact model 
without skull fracture to assess pathophysiological changes at 
72 hours post-injury in adult male Sprague Dawley rats and 
found significantly increased FA in the internal capsule com-
pared with pre-injury baseline. Qin and colleagues16 found 
increased FA at 1 week post-injury in rats that returned to pre-
injury values after 2 to 3 weeks, although this finding was lim-
ited to gray matter regions (ie, cortex and hippocampus) and 
only after repetitive, not single mTBI. Conversely, reduced FA 
has also been reported. For example, Haber and colleagues28 
performed ex vivo MRI in mice 1 week following 2 head 
impacts (spaced 24 hours apart) using the Closed Head Injury 
Model of Engineered Rotational Acceleration (CHIMERA). 
They reported reduced FA compared with sham in various 
brain regions, including the hippocampus. Interestingly, their 
findings were also correlated with histological markers of 
axonal damage and gliosis. Many differences in experimental 
conditions and design may explain the divergence of findings 
from those we report. These include differences such as the 
adopted injury model (direct head impact vs CHIMERA), 
injury paradigm (single vs repeated impacts), species used (rats 
vs mice), MRI acquisition (in vivo vs ex vivo), sample size, 
scanner gradient performance, partial volume effects, and 
methods for data post-processing. In fact, a current major chal-
lenge in rodent TBI studies is the experimental variability and 
reproducibility of findings among different labs.29,30 Notably, 
TBI manifestations are highly heterogeneous among humans 
suggesting that concussion is not a uniform disease. For this 
reason, various animal models may be needed to encompass the 
spectrum of TBI.

The review and meta-analysis by Eierud and colleagues31 
support the hypothesis that elevated anisotropy is an acute 
phenomenon and depressed anisotropy is the result of chronic 
injury. However, in another review,26 low FA was reported in 
most TBI articles examined regardless of the time of injury and 
across various injury severities. Although we did not assess 
chronic FA changes as our animals were only studied for 
2 weeks, our 1-week increased FA findings are in line with 
human concussion studies reporting increased FA in acute 
brain injury.22,32-36 For example, Mayer and colleagues32 found 
that patients with semi-acute mTBI (12 days post-injury) had 
greater FA due to lower RD in the corpus callosum and several 
left hemisphere tracts compared with healthy controls. 
Moreover, longitudinal data (3-5 months post-injury) provided 
evidence of partial normalization of DTI values in mTBI 
patients. In another study, Yallampalli and colleagues33 found 
that, compared with controls, mTBI patients who suffered 
concussion 1 to 6 days prior to DTI acquisition had elevated 
fornix FA.

Results from FA alone, however, are insufficient to confirm 
specific pathologic mechanisms. Evaluation of additional DTI 
parameters may permit meaningful inferences regarding path-
omechanisms. In the context of subacute mild TBI, high FA in 
combination with low RD is hypothesized to reflect inflamma-
tion or axonal cytotoxic edema.16,22,32,34,37 For example, Wilde 
and colleagues22 performed DTI 1 to 6 days post-injury in ado-
lescents with mTBI and found higher FA in combination with 
lower RD and AD values for the whole corpus callosum com-
pared with controls. These DTI values were also correlated 
with the severity of post-concussive symptoms in the mTBI 
group, but not in the control group. Similarly, Bazarian and 
colleagues34 reported elevated FA and decreased trace in the 
anterior limb of the internal capsule and in the posterior por-
tion of the corpus callosum assessed at 72 hours post-injury in 
mTBI patients vs healthy controls. These findings were deemed 
suggestive of axonal swelling, an early step in the process of 
axonal injury.

In line with these reports, we detected a coincident increase 
of FA post-injury with a decline of RD and MD in the corpus 
callosum at 1 week, but no significant change in AD. 
Neuropathology following concussion is believed to be the 
result of rapid deformation of the brain tissue.38 Rapid accel-
eration and deceleration of the brain results in stretching of 
axons, which are thought to alter the function of gated ion 
channels causing an influx of water into cells, which is associ-
ated with a decrease in extracellular water, a process known as 
cytotoxic edema.32,39 The pattern of change in DTI parameters 
in our model may correspond to localized inflammatory 
responses or cytotoxic edema as a mechanism of injury although 
additional histopathological characterization is required to bet-
ter understand the neurobiological correlates of our DTI meas-
ures. Given that the signal detected by DTI arises from the 
extracellular space, directionally restricted diffusion (high FA, 
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low RD, and low MD) is consistent with compression of the 
extracellular space possibly due to axonal swelling. The absence 
of changes in AD suggests the absence of axonal loss. Resolution 
of diffusion changes by 2 weeks post-injury is further support-
ive of the evolution and subsequent resolution of edema with-
out axonal loss. It should be noted, however, that great care 
must be used when interpreting DTI changes as DTI is not 
specific to a particular pathological mechanism. It is unclear, 
for example, whether changes in FA are the result of abnor-
malities of myelin, axolemma, inflammation, or other factors.5 
Therefore, our findings should be considered preliminary and 
require further histopathologic characterization.

Furthermore, the time course of our findings is consistent 
with a similar model of closed-skull mild TBI in mice.17 
Bennett and colleagues did not observe acute DTI changes 
(24 hours) within white the matter (ie, corpus callosum and 
external capsule), but a significant reduction of MD was 
observed only after 7 days post-injury compared with sham-
injured animals and to acute-phase DTI. However, Bennett 
and colleagues also observed significantly reduced AD at 7 days 
(in the absence of amyloid precursor protein (APP) pathology), 
which was attributed to axonal degeneration and diverges from 
our findings (of unchanged AD over time). It is plausible that 
the divergence of AD effects from our study arises from more 
severe injury (2 impacts 24 hours apart at 3.3 mm impact depth 
used by Bennett and colleagues vs 1 impact at 2 mm impact 
depth used in our model).

Of note, some of the DTI changes we observed in sham 
animals may be attributed to the neuromodulatory effects of 
(repeated) general anesthesia.40,41 This idea is supported by the 
fact that most of the DTI changes in sham animals were 
observed between baseline and 48 hours post-sham injury, 
which was the most anesthesia-intense timeframe in our study 
(3 episodes of general anesthesia in 5 days). Our study was not 
designed to specifically disentangle anesthetic effects, which is 
an important area for future study.

Our findings must be considered in the context of several 
limitations. First, our sample size for the 1-week follow-up was 
relatively small (ie, n = 4 for mTBI vs n = 6 for sham) and, there-
fore, related findings should be considered preliminary. 
However, the scatterplots in Figures 4 to 7 confirm a highly 
homogeneous distribution of measurements—that is, outliers 
do not drive the findings and the “1-week effect” was not evi-
dent in sham-injured animals.

Second, H&E staining alone is inadequate to evaluate 
mTBI pathology. Additional histopathologic assessment—
including evaluation of myelin, inflammation, and axonal 
injury—is needed for a more complete characterization of the 
injury response and a better understanding of how DTI met-
rics are correlated with cellular responses. Unfortunately, these 
measures were beyond the scope of our current MRI study and 
represent an important study limitation. Despite the lack of 
additional histopathologic evaluation, we believe that our study 
is of broad interest and motivates future study including more 

detailed histopathology as there are few or no imaging markers 
to predict the mTBI outcome.

Third, our follow-up was limited to 2 weeks. Although most 
DTI changes returned to baseline values after 2 weeks, we cannot 
exclude the possibility of ongoing microstructural white matter 
changes beyond 2 weeks. In a recent ferret model of mTBI, FA 
reductions in the white matter regions not proximate to the site 
of impact were most pronounced at later time points (ie, 
4-16 weeks).21

Fourth, even though we selected the largest white matter 
areas and consistently traced ROIs, partial volume effects may 
have influenced our DTI results and decreased the statistical 
power of our DTI analysis. Despite the partial volume limita-
tion, we were able to detect significant DTI changes, which is 
a motivator to pursue further higher resolution imaging that 
may thus reveal more. To minimize partial volume effects, 
future studies should consider a high image resolution with 
isotropic voxels.42

Finally, our study was limited to a single mild head impact 
and cannot address the role of multiple and repetitive impacts 
that reflect important TBI contexts such as sports- and mili-
tary-related concussions and the potential cumulative effects of 
repetitive head impacts.

In conclusion, we employed a longitudinal design to study 
the response of the brain at multiple time points over a 2-week 
period following concussive injury in an animal model of 
mTBI. In our study, microstructural white matter changes 
evolved differently between groups following concussive or 
sham injury with noticeable DTI changes at 1 week post-injury. 
Whereas additional histopathologic characterization is 
required to better understand the neurobiological correlates of 
DTI measures, our findings highlight the evolving nature of 
the brain’s response to injury following concussion.
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