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Abstract
Traumatic brain injuries (TBIs) are common with an estimated 27.1 million cases per 
year. Approximately 80% of TBIs are categorized as mild TBI (mTBI) based on initial 
symptom presentation. While in most individuals, symptoms resolve within days to 
weeks, in some, symptoms become chronic. Advanced neuroimaging has the poten-
tial to characterize brain morphometric, microstructural, biochemical, and metabolic 
abnormalities following mTBI. However, translational studies are needed for the in-
terpretation of neuroimaging findings in humans with respect to the underlying 
pathophysiological processes, and, ultimately, for developing novel and more targeted 
treatment options. In this review, we introduce the most commonly used animal mod-
els for the study of mTBI. We then summarize the neuroimaging findings in humans 
and animals after mTBI and, wherever applicable, the translational aspects of studies 
available today. Finally, we highlight the importance of translational approaches and 
outline future perspectives in the field of translational neuroimaging in mTBI.
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1  | INTRODUC TION

Traumatic brain injuries (TBIs) are common, with an estimated 
27.1 million cases per year (“Global, regional, and national burden of 
traumatic brain injury and spinal cord injury, 1990– 2016: A system-
atic analysis for the Global Burden of Disease Study 2016,” 2019). 
Approximately 80% of TBIs are categorized as mild TBI (mTBI) based 
on initial symptom presentation (Cassidy et al., 2004; Shaw, 2002). 
Mild TBI is a clinical diagnosis characterized by transient neurological, 
cognitive, and behavioral symptoms following an insult to the head 
(Mild Traumatic Brain Injury Committee of the American Congress of 
Rehabilitation Medicine, 1993). While in most individuals, symptoms 
resolve within days to weeks, in 10% to 30% of cases symptoms may 
become chronic (Alexander, 1995; Bazarian et al., 1999; Bigler, 2008; 
Sigurdardottir et al., 2009; Vanderploeg et al., 2007). Persistent 
symptoms are heterogeneous, but predominantly include fatigue, 
post- traumatic headache (PTH), anxiety, depression, and irritability 
(Mild Traumatic Brain Injury Committee of the American Congress 
of Rehabilitation Medicine, 1993). Importantly, to date, predictors of 
trajectory of recovery from mTBI are sparse. Furthermore, current 
treatment strategies are symptom driven and fail to prevent adverse 
outcome. A better understanding of the pathophysiology of mTBI, 
as well as identification of objective biomarkers, is thus needed to 
develop more targeted treatment.

Current clinical practice guidelines do not recommend routine 
neuroimaging following mTBI (Jagoda et al., 2009; Lumba- Brown 
et al., 2012). Yet, computed tomography and conventional mag-
netic resonance imaging (MRI) are frequently used in the acute 
clinical setting to rule out severe complications of head injury, such 
as skull fracture, intracranial hemorrhage, or brain edema (Koerte 
et al., 2016). However, the brain typically appears normal using con-
ventional imaging techniques since they lack the required sensitivity 
to detect more subtle changes such as diffuse axonal injury (DAI), 
which is a signature injury of mTBI (Shenton et al., 2012). In contrast, 
advanced neuroimaging techniques provide the necessary sensitiv-
ity to non- invasively characterize even subtle brain abnormalities 
following mTBI in vivo. Characteristics commonly assessed using ad-
vanced neuroimaging include, but are not limited to brain morphom-
etry, microstructure, biochemistry, and metabolism (for reviews 
see Koerte et al., 2016; Shenton et al., 2012; Smith et al., 2019). 

However, neuroimaging usually captures information of all struc-
tures present in a given voxel. Thus, neuroimaging measures are 
non- specific because they reflect a summation of different cellular 
structures and cannot sharply differentiate between co- occurring 
processes. Therefore, histopathological information is needed for 
their interpretation.

While usually not available in humans, animal models allow 
for neuroimaging as well as histopathological evaluation follow-
ing mTBI. Moreover, while the circumstances leading to mTBI and 
the injury mechanisms are heterogeneous in humans, they can be 
more precisely modeled in animal models of mTBI (for review see 
Shultz et al., 2017). Therefore, animal models of mTBI are not only a 
valuable tool to understand further the pathophysiology of mTBI in 
general but they also provide support for the interpretation of neu-
roimaging findings in humans (for review see Bruce et al., 2015). The 
latter such approach is referred to as translational research, which 
is at the intersection of basic neuroscience and clinical application, 
bridging the gap from “bench to bedside.” More specifically, transla-
tional neuroimaging approaches in mTBI aim to improve patient care 
by (a) using animal models to imitate human mTBI, and (b) using his-
topathological assessment and neuroimaging in animals to improve 
the interpretation of neuroimaging findings in human mTBI.

In this review, we briefly summarize the most commonly used 
animal models and neuroimaging techniques in experimental studies 
of mTBI. We then summarize the neuroimaging findings in humans 
and animals after mTBI and, wherever applicable, the translational 
aspects of study findings. Finally, we highlight the importance of 
translational approaches and outline future perspectives in the field 
of translational neuroimaging in mTBI.

2  | ANIMAL MODEL S OF MILD TBI

The most common experimental models to induce TBI in animals 
include weight drop (Creeley et al., 2004), fluid percussion injury 
(FPI) (Hylin et al., 2013; Webster et al., 2015), controlled cortical 
impact (CCI) (Donovan et al., 2014), and closed head injury (CHI) 
models (Namjoshi et al., 2014; Rodriguez- Grande et al., 2018; Shultz 
et al., 2017; Wortman et al., 2018; for reviews on animal models of 
TBI and mTBI see e.g., Xiong et al., 2013). In these animal models, the 

Significance

While advanced neuroimaging makes possible the detection and characterization of brain mor-
phometric, microstructural, biochemical, and metabolic alterations following mild traumatic 
brain injuries (mTBIs) in humans, these measures are often non- specific, and consequently, the 
underlying biological processes remain to be elucidated. Translational approaches apply neu-
roimaging and histopathology in animal models of mTBI. They thus inform the interpretation of 
neuroimaging findings in human mTBI. Here, we summarize findings from translational neuro-
imaging studies in mTBI and highlight the importance of future translational approaches.
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injury severity can be adapted to deliver milder forms of TBI (Xiong 
et al., 2013). The variety of models available makes it possible to imi-
tate different injury mechanisms, for example, more localized or gen-
eralized damage, or induced focal brain contusion or DAI (Johnson 
et al., 2015). For an overview of animal models of mTBI see Figure 1.

2.1 | Weight drop models

In weight drop models, the injury is delivered via a free falling, guided 
weight onto the head of the animal (with or without a craniotomy) 
(Morales et al., 2005). Injury severity can be altered by adjusting the 

F I G U R E  1   Animal models of mild traumatic brain injury (mTBI). (a) Weight drop model. (b) Fluid percussion injury (FPI) model. (c) 
Controlled cortical impact (CCI) model. (d) Closed head injury (CHI) model
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mass of the weight and the drop height. In a commonly used weight 
drop model by Marmarou et al., a metal disk is placed over the skull 
to prevent bone fracture. This makes possible mimicking DAI, which 
is a signature injury of mTBI and often observed following falls or 
other accidents in humans (Marmarou et al., 1994).

In other models, such as the weight drop model by Feeney et al., 
a free weight is released directly onto the exposed dura, resulting in 
cortical contusion (Feeney et al., 1981; Xiong et al., 2013). Still another 
model allows for unrestricted movement of the head in the antero- 
posterior plane after weight drop, resulting in inertial injury (i.e., head is 
not fixed) with rotational acceleration. This may closely model human 
mTBI that presents with DAI, even in the absence of skull fractures, 
hemorrhage, or edema (Kane et al., 2012; Khuman et al., 2011).

2.2 | Fluid percussion injury models

In FPI models, the insult is inflicted by a pendulum generating a 
fluid pressure pulse to the intact dura through a craniotomy. The 
percussion results in brief displacement and deformation of brain 
tissue, and the injury severity depends on the strength of the pres-
sure pulse (McIntosh et al., 1989; Xiong et al., 2013). However, in-
consistencies in the delivery of damage are often reported (Bruce 
et al., 2015; Cernak, 2005; Xiong et al., 2013). FPI models replicate 
clinical TBI without skull fracture (Thompson et al., 2005), which al-
lows for a more realistic model of human mTBI that often also occurs 
without skull fracture. Additionally, FPI models can replicate intrac-
ranial hemorrhage, brain swelling, and progressive gray matter (GM) 
damage— all possible sequelae of mTBI, albeit less common than in 
more severe cases of TBI (Borg et al., 2004; Graham et al., 2000; 
Koerte et al., 2016).

2.3 | Controlled cortical impact models

The CCI model uses an air or electromagnetically driven piston 
to penetrate the brain with a defined depth and velocity (Dixon 
et al., 1991). The advantage of this injury model is the ease at which 
mechanical factors, such as time, velocity, and depth of impact, can 
be controlled. This makes the CCI model more reproducible than 
the FPI model for biomechanical studies of TBI (Cernak, 2005; Mao 
et al., 2006; Wang & Ma, 2010). Unlike FPI, however, the damage 
resulting from CCI is focal in nature and mainly models contusions 
(i.e., non- mild TBI) (Bruce et al., 2015; Osier & Dixon, 2016). When 
used in combination with a silicon cap and a closed skull prepara-
tion, devices to induce CCI may also be used to induce mTBI (Gao & 
Chen, 2011; Hoogenboom et al., 2019).

2.4 | Closed head injury models

The CHI model uses a pneumatic or electromagnetic impact sys-
tem to generate a head impact, similar to the CCI model (Yang 

et al., 2016). But unlike the CCI model, there is no craniotomy and, in 
some cases, no surgical scalp incision at all. Additionally, the animal 
head may not be fixed in a stereotactic frame. To mimic sport- related 
mTBI, the experimenter may add a blunt silicon cap to the piston or 
attach a protective gear to the animal's head and produce repeated 
head impacts (Petraglia et al., 2014).

A specific type of CHI model is the Closed- Head Impact Model 
of Engineered Rotational Acceleration (CHIMERA) model that 
permits rotational movement of the head after impact (Namjoshi 
et al., 2014). It mimics many functional and pathological characteris-
tics of human mTBI and may be suitable to model, for example, head 
injury from road traffic accidents as well as repeated mTBI (Namjoshi 
et al., 2014).

3  | IMAGING OF MILD TBI IN HUMANS 
AND RODENTS

Advanced neuroimaging allows for the in vivo and non- invasive as-
sessment of alterations of the brain due to mTBI. It can therefore be 
used for both clinical applications and for mTBI research in humans 
and animals. In the following, we provide a summary of the most 
important neuroimaging findings in humans and animals following 
mTBI and, wherever applicable, provide a summary of the transla-
tional aspects of study findings. For an overview of neuroimaging 
techniques in humans see Figure 2. For an overview of neuroimaging 
techniques in animals see Figure 3.

3.1 | T1/T2- weighted magnetic resonance imaging

T1/T2- weighted structural MRI allows for the assessment of mor-
phometric characteristics of the brain such as brain total and re-
gional volume, and cortical thickness (Hutton et al., 2008; Mechelli 
et al., 2005). Software such as Statistical Parametric Mapping or 
FreeSurfer (Dale et al., 1999; Fischl et al., 1999; Friston, 2007) make 
possible the automated segmentation of the brain's GM, white mat-
ter (WM), and cerebrospinal fluid (CSF) space. Brain atlases can be 
used to segment the subcortical GM structures and cerebral cortex 
for the whole brain or specific regions.

Numerous studies in humans have reported brain structural 
alterations following mTBI (for reviews see Koerte et al., 2016; 
Shenton et al., 2012). Importantly, structural alterations are asso-
ciated with symptom severity, impaired cognitive performance and 
behavior, as well as trajectory of recovery following mTBI. More 
specifically, studies have shown decreased GM and WM volumes 
following mTBI. Reduced hippocampal volume following mTBI has 
been associated with later- life memory deficits and reduced cortical 
activity during memory performance as detected via functional MRI 
(fMRI) (Monti et al., 2013). Another study reported global brain atro-
phy as well as changes in regional GM and WM in various locations 
1 year following mTBI (Zhou et al., 2013). The lower the WM vol-
umes in subregions of the cingulate gyrus, the worse were memory 
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and attention and the higher were clinical scores of anxiety and 
persistent symptoms. Furthermore, mTBI patients with PTH were 
shown to have decreased GM volume compared to mTBI patients 
without PTH (Burrowes et al., 2019). Cortical thickness has also been 
reported to be increased in the acute and subacute phase following 
mTBI, while it decreased in the long- term (Govindarajan et al., 2016; 
Santhanam et al., 2019; Wang et al., 2015). Increased cortical thick-
ness in the acute phase following mTBI has been associated with 
prolonged recovery (i.e., number of days on which patients could not 
perform their usual activities) (Wang et al., 2015). Of note, a prelimi-
nary study provides initial evidence of sex- related differences in the 
acute phase following mTBI. That is, female patients have increased 
cortical thickness in the left caudal anterior cingulate gyrus (ACG), 
compared to men (Shao et al., 2018).

T1/T2- weighted MRI has proven to be sufficiently sensitive for 
detecting brain structural alterations associated with symptoms, 
both in the acute phase as well as during recovery following mTBI 
in humans. However, the pathophysiology and cellular processes 

underlying these alterations remain to be elucidated. This informa-
tion is necessary for a better understanding of the brain's structural 
alterations following mTBI. Therefore, studies linking neuroimaging 
findings to cellular processes in mTBI are of great value in transla-
tional research. This becomes possible through animal studies of 
mTBI that are combining neuroimaging and microscopy/histology.

Animal studies investigating brain structure following mTBI using 
neuroimaging are, nonetheless, still sparse. However, the existing 
studies confirm findings from human studies regarding decreased 
cortical thickness (Goddeyne et al., 2015; Wright et al., 2017) and 
brain regional volumes (Qin et al., 2018). Of note, animal studies also 
report symptoms comparable to those found in humans following 
mTBI. For example, awake CHI in mice induced acute neurological 
deficits (Meconi et al., 2018). A study on repeated mTBI found de-
creased volumes of the cortex and the hippocampus and increased 
volume of the lateral ventricles. The same study also found pro-
longed recovery time and worse balance (Qin et al., 2018). These 
studies indicate that animal models of mTBI are suitable to mimic 

F I G U R E  2   Neuroimaging techniques applied to human brains. (a) T1- weighted magnetic resonance imaging (MRI); on the right, 
morphometric measures superimposed on T1- weighted image using FreeSurfer software; red line = pial surface, yellow line = white 
matter (WM)– gray matter (GM) boundary, colored shapes = segmentation of subcortical structures. (b) Diffusion tensor imaging (DTI); 
reconstruction of WM fibers crossing the corpus callosum. (c) Magnetic resonance spectroscopy (MRS); spectrum from single voxel 
spectroscopy with superimposed T1- weighted image showing voxel location in periventricular WM (red box); spectral peaks: Cho, choline; 
Cr, creatine; Glx, glutamate and glutamine; mI, myo- inositol; NAA, N- acetyl aspartate. (d) Positron emission tomography (PET); image 
obtained using 18F- AV- 45 (Florbetapir) tracer that allows for detecting amyloid plaque accumulation
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human mTBI, which also suggests that neuroimaging findings may be 
comparable between humans and animals.

Importantly, a few animal studies of mTBI combined neuroim-
aging and histology. In a rodent model of repeated mTBI, juvenile 
rats were subjected to repeated weight drop impacts (Goddeyne 
et al., 2015). T2- weighted MRI performed 14 days after re-
peated mTBI revealed cortical atrophy. Specifically, cortical thick-
ness directly below the impact zone was reduced by up to 46%. 
Immunostaining with the neuron- specific marker NeuN revealed 

an overall loss of neurons within the motor cortex but no change in 
neuronal density. This likely explains the finding of reduced corti-
cal thickness. Another study investigated the morphology of spared 
neurons in the mouse cortex 3 days after mTBI using a device to 
induce CCI (Gao & Chen, 2011). Although mTBI did not cause gross 
neuroanatomic changes in the brain, NeuN revealed neuron death 
in the injury epicenter. Furthermore, mTBI led to extensive dendrite 
degeneration and synapse reduction as shown by Golgi staining. 
This suggests that neuronal death is less common in the acute phase 

F I G U R E  3   Neuroimaging techniques applied to mouse brains after Closed Head Injury with Long- term Disorders (CHILD), grade 2 (G2) 
(Rodriguez- Grande et al., 2018). (a) T2- weighted imaging, and (b) susceptibility- weighted imaging (SWI) 24 hr after CHILD G2. White asterisk 
indicates the site of impact. No major differences between injured and sham mice were visually observable on the T2- weighted images. 
However, in a subpopulation of mice, SWI showed micro- hemorrhages as indicated by the black arrows. (c) Diffusion tensor imaging (DTI) of 
sham and injured mice illustrates white matter (WM) damage 1 month after CHILD G2 in the corpus callosum (CC). White dashed rectangles 
in top panel correspond to the regions shown in higher magnification in the bottom panels. White arrows point to the medial CC where DTI 
parameters were quantified. Scale bar indicates 1.5 mm. (d) One month post- injury, injured mice showed significantly decreased fractional 
anisotropy (FA) and axial diffusivity (AD) compared to sham mice



     |  7WIEGAND Et Al.

following a single mTBI, while impairment of synaptic connections 
may already be present. This, in turn, could explain symptoms such 
as impaired cognitive function following mTBI.

With regard to sex differences, a study using a rat model of 
repeated mTBI found atrophy of the prefrontal cortex (PFC) to be 
greater in female rats, compared to male rats with mTBI and com-
pared to controls (Wright et al., 2017). Furthermore, sex- dependent 
changes in brain expression of glial fibrillary acidic protein (GFAP), 
a marker for activation or injury of astroglia, myelin basic protein, 
a marker of myelin damage, and tau, a marker of axonal damage 
were reported. This suggests that inter- individual differences in 
brain structural alterations may be caused by differences in cellular 
processes in response to mTBI. Future studies need to investigate 
whether this is associated with the initial evidence of sex differences 
in brain structural alterations following mTBI in humans (for review 
on sex differences in sport- related mTBI see Koerte et al., 2020). 
Biomarkers of cellular structures, such as glia or myelin, in combina-
tion with neuroimaging measures may further our understanding of 
inter- individual differences in the recovery from mTBI.

In summary, brain structural alterations in humans have been 
confirmed by animal studies. Furthermore, findings from animal 
studies suggest that the underlying pathomechanism of structural 
alterations includes loss of neurons and loss of synapses. Future 
research is needed to determine whether and how different injury 
mechanisms lead to specific brain structural alterations, and how 
these alterations are related to the clinical presentation. Moreover, 
animal studies on long- term outcome following mTBI are needed. 
Finally, further research is needed to understand the underlying 
pathomechanisms of sex- related differences in recovery and out-
come following mTBI.

3.2 | Diffusion magnetic resonance imaging

Diffusion tensor imaging (DTI) studies make it possible to assess the 
brain's microstructure. DTI quantifies the magnitude (diffusivity) 
and the direction (anisotropy) of water molecule diffusion (Assaf & 
Pasternak, 2008; Basser & Jones, 2002; Basser & Pierpaoli, 1996; 
Symms et al., 2004). Measures are often reported for either global 
WM and GM, or for brain regions as defined by regions of interest 
or specific WM tracts (i.e., tractography). DTI provides scalar meas-
ures, such as fractional anisotropy (FA), mean diffusivity (MD), axial 
diffusivity (AD), and radial diffusivity (RD). FA describes the direc-
tionality of diffusion. In locations where water can diffuse freely in 
all directions, such as CSF space, FA values are close to 0. This is 
called isotropic diffusion. In locations where water diffuses along a 
single main axis, such as in densely packed WM fiber tracts, FA val-
ues are close to 1. This is called anisotropic diffusion. MD describes 
the magnitude of the average diffusion along all three spatial axes. It 
represents the amount of diffusion in a given volume. AD describes 
the magnitude of diffusion along the main axis and has been inter-
preted as a measure of axonal integrity (Heckel et al., 2015). RD de-
scribes the magnitude of diffusion perpendicular to the main axis 

(i.e., along the two radial/tangent axes). RD has been interpreted as 
a measure of the integrity of the myelin sheath (Heckel et al., 2015). 
Importantly, novel diffusion MRI techniques such as diffusion kur-
tosis imaging (DKI) and neurite orientation dispersion and density 
imaging (NODDI) are increasingly being used in neuroimaging stud-
ies. While DTI considers diffusion to be normally distributed, DKI 
is an extension to DTI that quantifies non- Gaussian distribution of 
water diffusion (Jensen & Helpern, 2010). It thus provides metrics 
such as mean kurtosis (MK), axial kurtosis (AK), and radial kurtosis 
(RK). NODDI can be used to estimate the microstructural complex-
ity of dendrites and axons by providing a neurite density index (NDI) 
and an orientation dispersion index (ODI) (Churchill et al., 2017; 
Fukutomi et al., 2018). Moreover, novel analysis approaches such 
as fixel- based analysis (FBA) and two- tensor tractography are being 
applied to better characterize brain regions that are rich in crossing 
fibers (e.g., corona radiata) (Malcolm et al., 2010; Raffelt et al., 2017).

Many human studies observed and quantified alterations in dif-
fusion properties following mTBI and reported associations with 
symptoms, neuropsychological functioning, and trajectory of recov-
ery (for review see Shenton et al., 2012). One study reported reduced 
FA and increased MD in several WM tracts in patients 1 month after 
mTBI compared to controls. This study found that the higher MD in 
the uncinate fasciculus, the lower the performance in working mem-
ory. Similarly, the higher MD in the internal capsule, the lower the 
individual's processing speed. In the same study, higher FA in the 
uncinate fasciculus was associated with better performance in the 
Mini Mental State Examination (Xiong et al., 2014). Another study 
reported higher RD in the corpus callosum (CC) (Dailey et al., 2018). 
Increased RD was associated with higher levels of aggression in pa-
tients with mTBI 6 or 12 months post- injury compared to controls. 
While WM alterations were observed in various regions and tracts 
of the brain, alterations of the CC have most often been reported. 
In fact, a meta- analysis of 13 mTBI studies with humans showed 
that the posterior part of the CC seems to be particularly vulnera-
ble to mTBI (Aoki et al., 2012). McAllister et al. (2012) ascribed the 
susceptibility of the CC to mTBI to its vulnerability for stretch and 
strain after head impacts. Using computational models, it was later 
demonstrated that the CC is indeed among the brain regions most 
susceptible to strain (Ghajari et al., 2017). Finally, DTI provides ini-
tial evidence on sex differences. Male mTBI patients were shown 
to have significantly decreased FA values in the left and right unci-
nate fasciculus compared to female patients and controls (Fakhran 
et al., 2014).

Taken together, these studies suggest increased diffusivity and 
less directed or organized diffusion in the WM following mTBI. 
However, the interpretation of diffusion measures remains challeng-
ing as they represent many different structures and types of cells 
within a given voxel. A decrease in FA, for example, may occur due 
to injury of myelin and/or axons (Shenton et al., 2012). Yet, it may 
also indicate regenerative, neurodegenerative, and/or neuroinflam-
matory processes.

Animal studies also report diffusion abnormalities following 
mTBI, albeit earlier post- injury than in human studies. Some studies 
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used diffusion MRI in combination with histology to compare dif-
ferent animal models of mTBI. For example, one study compared al-
terations after mTBI due to FPI and due to a CCI device over 7 days 
(Obenaus et al., 2007). While the CCI device led to a slow increase 
in apparent diffusion coefficient (ADC) and T2 signal with only mod-
erate glial changes in the hippocampus, the FPI model resulted in 
reduction of ADC and gliosis. This suggests that different animal 
models of mTBI may lead to different pathologies and, thus, that 
results cannot be compared without caution. Moreover, results sug-
gest that CCI may produce less severe injury than FPI. Another study 
compared results of mTBI due to CHI of two severity grades in mice 
using T2- weighted MRI, DTI, and immunohistochemistry (Rodriguez- 
Grande et al., 2018). Thirty days post- injury, FA and AD were signifi-
cantly lower in the CC in the group of more severe mTBI compared to 
the less severe mTBI and the control group. Furthermore, both mTBI 
groups showed increased GFAP levels at 1 day, and signs of anxiety 
at 30 days post- injury. In the more severe mTBI group, increase in T2 
signal was indicative of WM edema, and immunoglobulin G extrav-
asation of blood– brain barrier damage. The less severe mTBI group, 
on the other side, showed decreased T2 signal and increased levels 
of astrocytic water channel aquaporin- 4 at 1 day post- injury. This 
suggests differences in pathology in mTBI of animal models with 
similar injury mechanism but different severities. More specifically, 
even the mildest forms of TBI may lead to neuroinflammation and 
anxiety symptoms, more severe cases of mTBI may lead to blood– 
brain barrier damage and edema, and there may be a dose– response 
relationship in FA and AD in the CC following mTBI.

One study using a device to induce CCI in rats reported WM al-
terations to be most pronounced 1 week post- injury followed by a 
return to baseline after 2 weeks (Hoogenboom et al., 2019). More 
specifically, in the genu of the CC, FA was increased, and RD and 
MD were decreased. Interestingly, conventional anatomical MRI as 
well as hematoxylin and eosin staining appeared normal, highlight-
ing the sensitivity of DTI to detect subtle structural abnormalities. 
Several studies reported abnormalities in diffusion imaging and as-
sociations with signs of neuroinflammation and gliosis. For exam-
ple, one study found lower FA in the ipsilateral infralimbic area, and 
lower MD in the ipsilateral dentate gyrus 30 days after mTBI due 
to CHI. Increased GFAP levels were observed up to 30 days post- 
injury in the ipsilateral somatosensory cortex, the initial site of the 
impact (Clément et al., 2020). The morphology of GFAP positive 
cells was significantly altered in several regions up to 7 days post- 
injury. In the dentate gyrus, the lower FA, the longer were glia cell 
processes. Another study examined rats up to 7 days after mTBI in-
duced by a CCI device using DTI, DKI, and immunohistochemistry 
(Zhuo et al., 2012). DTI showed changes in MD and FA in several 
brain regions already 2 hr post- injury. These changes returned to 
baseline at 7 days post- injury. Increased MK was observed at 7 days 
post- injury while no other changes in diffusion parameters were ob-
served. Increased MK was associated with astrogliosis as shown by 
immunohistochemistry. These findings suggest that DKI is sensitive 
to microstructural changes associated with astrogliosis that could 
be missed by conventional DTI measures. Another study on weight 

drop- induced mTBI found significantly lower MD in the hippocam-
pus, and lower RD and radial extra- axonal diffusivity in the cingulum 
1 week post- injury (Braeckman et al., 2019). In the hippocampus, the 
higher FA at 1 day post- injury and the higher RD, AK, RK, and MK 
at 3 months, the higher were GFAP levels at 3 months indicating 
astrogliosis. In addition, the higher MD, RD, AK, and MK at 3 months 
post- injury, the lower were neurofilament levels at 3 months indi-
cating axonal injury. Another study reported a significant decrease 
in MD and RD in the cortex 3 and 5 days after weight drop mTBI as 
compared to baseline (Singh, Trivedi, Devi, et al., 2016). Rats with 
mTBI showed significantly higher levels of the inflammatory cyto-
kines tumor necrosis factor α at 4 hr and interleukin- 10 1 day post- 
injury compared to controls. The number of GFAP positive cells in 
the cortex was significantly increased 3 and 5 days post- injury com-
pared to controls. In the cortex, the lower MD, AD, and RD the more 
GFAP positive cells were observed. Together, these studies highlight 
the sensitivity of DTI and DKI to detect WM damage after mTBI. 
Moreover, they indicate that WM damage after mTBI is associated 
with neuroinflammation as shown by glial activation and increased 
cytokine levels as well as axonal injury.

While difficult to study in humans, animal models provide the 
opportunity to repeat injury in set time frames. This may help to 
better understand repeated injury in humans (e.g., in intimate 
partner violence where mTBI often occurs repeatedly). While the 
above- mentioned studies on single mTBI suggest that most WM 
abnormalities occur within days following mTBI, a repeated mTBI 
model in mice reported abnormalities up to 42 days post- injury (Yu 
et al., 2017). More specifically, cortical regions under the impact site 
(M1– M2, ACG) showed reduced AD at 3, 6, and 42 days post- injury. 
In the CC, only FA showed a significant decrease 42 days post- injury. 
Pathological evaluation revealed microglial activation in both the 
CC and cortex at 42 days post- injury. Furthermore, the more pro-
nounced cortical microglial activation, the lower was cortical AD. 
Another study combined DTI with myelin and Nissl staining 3 and 
28 days after mild FPI in rats (San Martín Molina et al., 2020). In the 
acute phase post- injury, FA, MD, and AD were decreased in both 
WM and GM areas at the primary lesion site. In the subacute phase, 
decreases in FA and/or AD remained only in the CC, external capsule, 
and internal capsule. Histology revealed axonal damage and gliosis 
throughout the brain in both WM and GM. Furthermore, one study 
found increased RD in the CC 60 days following repeated mTBI via a 
CCI device in rats (Donovan et al., 2014). Transmission electron mi-
croscopy showed increased axon calibers and myelin sheath abnor-
malities. Another study found a reduction of AD and MD in the CC 
and external capsule of mice 7 days after mTBI (Bennett et al., 2012). 
In addition, the higher relative anisotropy at 7 days, the higher was 
the degree of silver staining indicating protein aggregation. Another 
study used DTI and susceptibility- weighted imaging in mice 1 day 
and 1 week after repeated mild CHI (Robinson et al., 2017). Lower 
AD in several WM regions, and focal cortical micro- hemorrhages 
were found 1 week post- injury. These abnormalities were associated 
with a significant increase in microglia. Furthermore, microgliosis 
was accompanied by alterations in tumor necrosis factor α receptor 
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messenger ribonucleic acid levels in the hippocampus and cortex. 
This suggests diffusion abnormalities in association with neuroin-
flammation also in the context of repeated mTBI.

With regard to sex differences, while the above- mentioned 
study using a rat model of repeated mTBI found atrophy of the PFC 
to be greater in female rats, male rats exhibited reduced AD and cur-
vature in the CC (Wright et al., 2017). Another study subjected ado-
lescent mice to repeated mTBI using a lateral impact model (Eyolfson 
et al., 2020). T2- weighted MRI and DTI were performed in males, 
and motor assessment, behavioral testing, and histopathological 
analysis in males and females. Five mTBIs caused significant motor 
deficits, and larger volumes of the cortex, hippocampus, and CC. DTI 
revealed significantly lower FA and higher ADC, AD, and RD in sev-
eral brain regions. Males performed worse in motor assessments, 
whereas both sexes showed dysfunction in learning and memory. 
Pathological evaluation showed a global reduction of microglia in 
male but not female mice. There was a significant increase in macro-
phages within 1 hr post- injury in male mice whereas macrophage in-
filtration peaked at 6 hr in females. Both males and females showed 
significant increases in T- cell invasion at 1 and 3 days post- injury, 
with males showing even more infiltration. These studies link volu-
metric and microstructural alterations to neuroinflammation in male 
mice following repeated mTBI. In addition, they suggest sex- specific 
differences in neuroinflammatory response.

In summary, DTI is highly sensitive to brain microstructural al-
terations following mTBI. However, the interpretation of diffusion 
measures remains challenging. Animal models using both, diffusion 
imaging and histological evaluation point to diffusion abnormalities 
due to neuroinflammation and glial activation, reduced axonal diam-
eter, and myelin sheath abnormalities.

3.3 | Magnetic resonance spectroscopy

Magnetic resonance spectroscopy (MRS) studies make possible the 
assessment of brain metabolism by obtaining signals of metabolites 
either in the whole brain or specific voxels of interest (Lin, Liao, 
et al., 2012; Soares & Law, 2009). The most commonly measured 
metabolites in the study of mTBI include lactate (Lac, a measure of 
hypoxia), N- acetyl- aspartate (NAA, a measure of neuronal viabil-
ity), glutamate (Glu) and glutamine (Gln) and both together (Glx, a 
measure of excitatory neurotransmission), creatine (Cr, a marker of 
cerebral energetics), choline (Cho, a measure of axonal injury and 
inflammation), and myo- inositol (mI, a measure of glia cell activation 
and inflammation) (Lin, Liao, et al., 2012). Cr is typically collected 
as an internal reference for the measurement of other metabolite 
signal peaks, with metabolites often being reported as ratios with 
Cr as the denominator (Lin, Liao, et al., 2012). Chemical exchange 
saturation transfer (CEST) imaging is another MR technique that can 
measure various metabolites such as Glu (Mao et al., 2019), glucose 
(Tu et al., 2018), amides (Zhang et al., 2017), or protons/pH (Ellingson 
et al., 2019) by magnetically labeling exchangeable protons on the 
metabolites and transferring them to the water protons. This has the 

advantage of providing high resolution and whole brain metabolite 
measures. It could thus potentially serve as a complementary tech-
nique to MRS or positron emission tomography (PET).

Human MRS studies have found abnormalities in metabolite 
concentrations following mTBI and associations with neuropsycho-
logical abnormalities (for review see Lin, Tran, et al., 2012). Several 
studies reported reduced NAA as well as reduced NAA/Cr and 
NAA/Cho ratios between 10 hr and 3 days following mTBI (Johnson 
et al., 2012; Sivák et al., 2014; Veeramuthu et al., 2018), suggest-
ing an early decrease in axonal viability. One study found reduced 
NAA in the left frontal lobe and NAA/Cr in the right frontal lobe 
to be associated with worse performance in several cognitive tests 
(Sivák et al., 2014). Importantly, a second mTBI prolonged the time of 
NAA return to baseline by 15 days (Vagnozzi et al., 2008). Another 
study assessed metabolite concentrations in a supraventricular 
tissue slab in patients up to 1 month after mTBI (Yeo et al., 2011). 
WM concentrations of Cr and phosphocreatine (PCr) as well as Glx 
were elevated in the mTBI group compared to controls, while GM 
concentrations of Glx were reduced. Partial normalization of these 
metabolites and NAA occurred within days post- injury. Another 
study found higher levels of Cr in the supraventricular WM and 
CC to be predictive of executive function and emotional distress 
(Gasparovic et al., 2009). Furthermore, changes in neurotransmitter 
levels of Glu and gamma- aminobutyric acid (GABA) were reported 
following mTBI. In the PFC, Glu concentrations were lower in the 
mTBI group compared to controls at 72 hr post- injury, and GABA 
concentrations were lower in the mTBI group at 72 hr and 2 weeks 
(Yasen et al., 2018). A study using GluCEST in patients with acute 
mild to moderate TBI reported significantly increased Glu in acute 
TBI and a strong correlation with cognitive outcome as assessed 
by the Montreal Cognitive Assessment 1 month post- injury (Mao 
et al., 2019). Notably, GluCEST performed better than MRS in pre-
dicting cognitive outcome after TBI. Another study used CEST to 
study cerebral acidosis in patients with mild to severe TBI (Ellingson 
et al., 2019). In areas of T2 hyperintensity or edema, CEST showed 
significant acidosis (i.e., increase in proton signal). The degree of ac-
idosis was strongly correlated with the severity of TBI at the time of 
MRI and outcome at 6 months post- injury.

MRS has shown to be sensitive to changes in brain biochemistry 
already hours following mTBI. It has thus been referred to as “vir-
tual biopsy” (Lin, Tran, et al., 2012). In fact, it has been argued that 
MRS should be used more often in studies on mTBI (Bartnik- Olson 
et al., 2020). However, animal studies including histopathological 
assessments are needed to allow for better interpretation of MRS 
findings in mTBI based on the underlying cellular processes.

Studies on MRS in animals confirm findings from human stud-
ies regarding alterations in several metabolite concentrations 
hours to a few days after mTBI (Signoretti et al., 2010; Singh, 
Trivedi, Haridas, et al., 2016). One study examined rabbits 1, 6, and 
24 hr after they sustained different severities of TBI via weight 
drop (Xiao et al., 2017). In the mTBI cohort, the NAA/Cr ratio in 
the ipsilateral cortex was reduced by 13% at 1 hr, and by 25% at 
24 hr post- injury. Furthermore, the Cho/Cr ratio in the ipsilateral 
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cortex was reduced by 11% at 1 hr, and by 25% at 6 hr, and in-
creased slightly at 24 hr post- injury. Pathological evaluation in one 
rabbit revealed mild cerebral contusion, accompanied by a small 
amount of subarachnoid hemorrhage. Furthermore, light micro-
scopic evaluation showed neuronal swelling and brain edema. 
According to the authors, reduced NAA may have been caused 
by temporary neurological dysfunction, and reduced Cho by cell 
membrane damage. They conclude that reduced NAA is consistent 
with the microscopic findings. Using a weight drop model of mTBI 
in rats, one study reported transient alterations of Cr, PCr, NAA, 
adenosine triphosphate (ATP), adenosine diphosphate (ADP), and 
phosphatidylcholine (PC) post- injury (Signoretti et al., 2010). More 
specifically, a reversible decrease in all metabolites but PC was ob-
served, with minimal values 24 to 48 hr post- injury. Additionally, 
an increase in the NAA/Cr ratio and a decrease in the NAA/PC 
ratio were observed. Similarly, another study found significant de-
creases in PCr, NAA, and total Cho that is thought to reflect defi-
cits in mitochondrial bioenergetics (Lyons et al., 2018). Isolation of 
synaptic mitochondria demonstrated that deficits in mitochondrial 
respiration were primarily neuronal. Another MRS study has exam-
ined mTBI in younger rats, thus providing a proxy for the effects 
of mTBI on children and adolescents. It used 18 day old male rats 
and a CCI device of mTBI (Fidan et al., 2018). Their results showed 
reduced NAA and increased mI reflecting neuronal damage and 
glial response 7 days after injury. Further repeated impacts ex-
acerbated the NAA changes. DTI detected decreased anisotropy 
and increased diffusivity in several WM regions. In addition, there 
was an accumulation of amyloid precursor protein in the external 
capsule after single and repeated mTBI. Together, these findings 
point toward damage of neurons and inflammation following mTBI.

Another study using a weight drop model of mTBI in rats re-
ported reduced taurine/total Cr levels in the cortex 5 days post- 
injury (Singh, Trivedi, Haridas, et al., 2016). Additionally, injured rats 
showed mTBI- induced anxiety- like behavior with normal cognition. 
The authors conclude that this mTBI model may closely mimic human 
mTBI with anxiety- like behavior and normal cognition. Reduced cor-
tical taurine levels may provide a putative neurometabolic basis of 
anxiety- like behavior following mTBI. Another MRS study evaluated 
the association between GABA and Glu levels in the PFC, amygdala, 
and hippocampus and fear conditioning after mild CCI (Schneider 
et al., 2016). Mice with mTBI displayed enhanced acquisition and de-
layed extinction of fear conditioning. Eight days post- injury, before 
fear conditioning, GABA was increased in the PFC. In animals re-
ceiving fear conditioning and mTBI, Glu trended toward an increase 
and the GABA/Glu ratio decreased in the ventral hippocampus at 
25 days post- injury, whereas GABA and GABA/Glu decreased in the 
dorsal hippocampus. Finally, it should be noted that various experi-
mental animal studies have highlighted neurotransmitter alterations, 
including glutamatergic, adrenergic, and cholinergic systems follow-
ing mTBI (for review see Giza & Hovda, 2001). This is likely directly 
related to brain functional alterations post- injury.

While there are no animal studies on CEST specifically in mTBI, 
in a weight drop model of TBI in rats, glucose CEST showed reduced 

glucose uptake in the cortex and CC at 2 weeks post- injury that was 
confirmed by glucose autoradiography (Tu et al., 2018).

In summary, MRS has yielded comparable results in human and 
animal mTBI studies. However, more studies combining MRS and 
histopathological evaluations in animal mTBI are needed for better 
interpretation of biochemical alterations following mTBI. Also, more 
animal studies using CEST are needed to assess its value for transla-
tional research purposes in mTBI.

3.4 | Positron emission tomography

PET relies on the use of radioactive tracers such as fluorodeoxyglu-
cose (FDG) or Florbetapir that are detected via gamma cameras. The 
tracers deposit in regions with, for example, increased metabolism 
or tau protein aggregation and are therefore valuable for the assess-
ment of brain function, degeneration, and tauopathies.

In humans, FDG- PET revealed impaired cerebral glucose metab-
olism primarily in the chronic phase following mTBI. In a study with 
chronic mTBI in boxers, reduced glucose metabolism was detected 
in the frontal lobe, the posterior cingulate gyrus, and the cerebel-
lum using FDG- PET (Provenzano et al., 2010). While the head im-
pact exposure is not specified, boxers are likely to be exposed to 
repetitive head impacts and suffer from multiple mTBI. Another 
study found alterations in glucose metabolism in several regions of 
the frontal and temporal lobes, and the CC up to 5 years post- injury 
(Gross et al., 1996). Impaired glucose metabolism was associated 
with the overall number of clinical complaints and impairment in 
memory, executive functioning, language, and perception. PET has 
also been used to examine amyloid- β (Aβ) accumulation following 
mTBI. Increased levels of Aβ have been detected as early as 2 hr 
post- injury in autopsy studies of patients who died through their TBI 
(Ikonomovic et al., 2004). Six years after mTBI, increases in Aβ accu-
mulation and allele frequency of apolipoprotein E4 were detected 
in patients with cognitive impairment, compared to healthy controls 
(Yang et al., 2015).

In human mTBI, PET studies have provided initial valuable evi-
dence on impaired glucose metabolism as well as Aβ accumulation 
in the chronic phase following mTBI. These findings may to some 
extent explain brain functional alterations in the long term and pro-
vide a possible link to accelerated cognitive decline following mTBI 
(Graham & Sharp, 2019). However, the exact mechanisms remain 
unclear. Importantly, PET is typically not part of clinical or research 
neuroimaging protocols following mTBI. Also due to the use of radi-
ation through radioactive tracers, PET studies in humans are rare. 
Moreover, PET lacks spatial resolution and allows no conclusions on 
the exact locations of abnormalities or, even less so, the underlying 
cellular processes.

Similar as in humans, studies on PET in animal mTBI are sparse. 
Using FDG- PET, one animal study on weight drop- induced mTBI 
found alterations in glucose metabolism over a 3- month period post- 
injury (Vallez Garcia et al., 2016). Increased uptake was detected in 
the medulla, decreased uptake in the globus pallidus, striatum, and 
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thalamus. In addition, using PK11195- PET, the authors detected neu-
roinflammation in various brain regions, including the globus pallidus 
and striatum up to 12 days post- injury. The overlap in brain regions 
suggests a link between reduced glucose uptake and neuroinflamma-
tion. Another study used FDG- PET prior to injury and up to 16 days 
after mild FPI in combination with histology (Selwyn et al., 2013). 
Glucose uptake was significantly reduced in both hemispheres 3 hr 
to 5 days post- injury compared to controls. Areas of reduced glu-
cose uptake were associated with regions of glial activation and ax-
onal damage. However, no significant neuronal loss or gross tissue 
damage was observed. In another study on FDG- PET, rats were sub-
jected to repeated mTBI with a latency of 1, 5, or 15 days between 
injuries (Selwyn et al., 2016). Repeated mTBI with latencies of 1 and 
5 days showed significant alterations in glucose uptake, as well as 
increased levels of GFAP and the microglia marker ionized calcium- 
binding adaptor molecule 1. Alterations were lower in single mTBI or 
repeated mTBI with a latency of 15 days. These findings suggest that 
vulnerability after a second impact may be highest a few days after 
the first injury. Another study examined mice 12 and 24 weeks after 
they had been subjected to a CCI device or FPI model of mTBI, using 
Aβ- PET and immunohistochemistry (Zyśk et al., 2019). The injured 
mice showed a late upregulation of reactive gliosis, which concurred 
with a more pronounced Aβ pathology compared to healthy mice. 
In addition, injured mice demonstrated significantly worse perfor-
mance on the Morris water maze test. This suggests that the delayed 
gliosis may be a link between mTBI and cognitive decline/dementia 
in the long term. However, further studies, both experimental and in 
humans, are required to explain how chronic neurodegeneration is 
linked to mTBI.

In summary, while PET has mainly been applied to investigate 
changes in humans following mTBI several years post- injury, in ani-
mal studies, PET was used up to 6 months post- injury. Despite this 
lack of comparability between species, animal PET may be a valuable 
tool for translational research in mTBI. Moreover, the use of radia-
tion in PET limits its research application in humans. However, this 
limitation does not apply to animal studies. More animal studies with 
PET and histopathological evaluation are needed to better explain 
neuroimaging findings in humans.

4  | DISCUSSION

4.1 | Translational neuroimaging in mild TBI

In humans, mTBI is a heterogeneous condition. Both acute symp-
toms and trajectory of recovery vary greatly between patients, for 
example, across the age range and between females and males. 
Moreover, differences in injury mechanism include mTBI due to falls, 
traffic accidents, assault, or sport- related accidents. In addition, the 
force and localization of impact as well as comorbidities vary consid-
erably in human mTBI. In animal models, however, parameters like 
injury mechanism, force, and localization of impact can be precisely 
defined, thereby minimizing confounds. Furthermore, in animals, 

pre- injury neuroimaging is feasible, thus providing valuable insight in 
brain alterations over time.

Advanced neuroimaging techniques have the potential for cap-
turing morphometric, microstructural, neurochemical, and meta-
bolic changes that occur acutely and during recovery following mTBI. 
Histology allows for characterizing abnormalities on a microscopic 
level following mTBI. It thus has the potential for detecting the cel-
lular processes underlying neuroimaging abnormalities, such as neu-
ronal death, reduced connectivity, and gliosis. In humans, except for 
post- mortem studies, assessment of the brain is only possible in vivo 
and non- invasively. In animal models of mTBI, however, the com-
bination of neuroimaging as well as histopathological evaluations 
post- injury is feasible. In translational neuroimaging of mTBI, animal 
studies therefore combine neuroimaging and histopathological eval-
uations to help interpret neuroimaging findings in human mTBI.

In T1/T2- weighted MRI, animal studies have confirmed brain 
structural alterations observed in humans, suggesting that animal 
models of mTBI may be comparable to human mTBI. Histology has 
provided insight that the underlying pathomechanisms of structural 
alterations may include loss of neurons and loss of synapses. In DTI, 
animal studies have confirmed DTI to be sensitive enough to detect 
subtle microstructural abnormalities following mTBI. Histology has 
provided insight that the underlying pathomechanisms of diffusion 
alterations may include glial activation, reduced axonal diameter, and 
myelin sheath abnormalities. In MRS, animal studies have also yielded 
comparable results as human studies in mTBI, such as reduced NAA, 
increased Cr or PCr, and neurotransmitter abnormalities. However, 
the underlying cellular processes remain to be elucidated as trans-
lational studies combining MRS and histology are sparse. Finally, in 
PET, animal studies have confirmed metabolic abnormalities in the 
long- term following mTBI. However, studies combining PET and his-
tology are also sparse.

4.2 | Limitations

The “translation” between animal and human mTBI relies on the 
quality of animal models used to induce mTBI (Bruce et al., 2015) 
and their comparability with mTBI in humans. Differences in anat-
omy and physiology of rodent and human brains impede the com-
parison of neuroimaging data from humans and rodents. Notable 
differences include brain geometry, craniospinal angle, gyral com-
plexity, and WM to GM ratio (Laurer & McIntosh, 1999; Morales 
et al., 2005; Xiong et al., 2013). In humans, the Glasgow Coma Scale 
(GCS) serves as primary mean for the assessment of trauma sever-
ity. The GCS has very limited prognostic value particularly with re-
gard to the milder spectrum of brain injury (Daneshvar et al., 2011; 
Daneshvar, Riley, et al., 2011; Koerte et al., 2012). Furthermore, 
there is a lack of consensus concerning a scoring system for injury 
severity in animal models of TBI (Bruce et al., 2015). In fact, stud-
ies using animal models of TBI often do not specify injury severity. 
Moreover, behavioral characteristics are challenging to compare be-
tween species. This is also the case for conditions associated with 
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mTBI in humans, such as psychiatric symptoms or long- term seque-
lae like neurodegenerative disease (e.g., chronic traumatic encepha-
lopathy) (Borghans & Homberg, 2015; McAteer et al., 2017; Tucker 
et al., 2017). Finally, while neuroimaging in rodents has also provided 
insight into differences in acute, subacute, and chronic sequelae of 
mTBI, comparing time scales between species may be challenging as 
well. Nevertheless, animal studies and translational neuroimaging in 
mTBI furthers our understanding of the pathophysiology of mTBI. 
This may pave the way for identifying objective biomarkers for the 
purpose of developing more targeted treatment options.

4.3 | Future perspectives

In general, translational neuroimaging studies are needed to further 
our understanding of the pathophysiology of mTBI. There are per-
haps three specific areas of research to be particularly considered: 
(a) the application of multimodal imaging, (b) the study of sex differ-
ences, and (c) the use of artificial intelligence (AI) in the analyses of 
data.

Multimodal neuroimaging is defined as the combination of neu-
roimaging data from different modalities, such as structural imaging 
(e.g., T1/T2- weighted MRI, DTI), biochemistry (e.g., MRS), and me-
tabolism (e.g., PET) (Tulay et al., 2019). It may therefore provide ad-
ditional information in the study of mTBI. For example, in one fMRI 
study, mTBI patients with persistent symptoms showed increased 
activation in the ACG, as well as lower activation in the default mode 
network, the temporal cortex, and the PFC (Dean et al., 2015). The 
same study showed that fMRI changes were stronger, the lower FA 
in the CC and anterior WM, and the lower the Cr concentrations in 
the in PFC. This indicates a link between structural, neurochemical, 
and functional neuroimaging alterations following mTBI. Two studies 
used multimodal neuroimaging to evaluate the temporal evolution 
of abnormalities in structural and functional imaging, as well as be-
havior. In one study on mice up to 14 days after mild CHI, behav-
ioral deficits were seen until 7 days post- injury while DTI, NODDI, 
and fMRI showed abnormalities also at 14 days post- injury (To & 
Nasrallah, 2021). Similarly, another study on rats up to 30 days after 
mild FPI detected cognitive impairment at 3 days while structural 
imaging showed abnormalities up to 30 days post- injury (Wright 
et al., 2016). Blood proteomics showed significantly higher levels of 
ceruloplasmin indicating neuroinflammation and metabolic abnor-
malities, and neurofilament heavy chain indicating axonal injury at 
1 day post- injury. Moreover, injured rats had significantly lower lev-
els of vascular endothelial growth factor, a stimulator of angiogene-
sis and neurogenesis at 7 and 30 days, and, surprisingly, lower levels 
of tau, a marker of axonal injury, at 7 days post- injury. Future studies 
should validate multimodal imaging approaches in human mTBI using 
animal models. More specifically, it needs to be elucidated, to what 
extent multimodal neuroimaging can explain the pathophysiology of 
mTBI, and what sequences are most useful.

The literature on sex differences is still sparse. In most animal 
models of mTBI, sex differences are not regarded. In fact, male 

animals are often chosen by default. However, there is evidence for 
sex differences in symptoms and outcome of mTBI in both animals 
and humans concerning working memory, behavior, and brain struc-
tural integrity (Hsu et al., 2015; Wright et al., 2017; for review on sex 
differences in sport- related mTBI see Koerte et al., 2020  ). There is 
also evidence that mTBI outcomes in females may be linked to the 
hormonal profile at time of injury (i.e., follicular vs. luteal phase of 
the menstrual cycle) (Wunderle et al., 2014). Future studies should 
ideally include a measurement of hormonal profiles, with the aim of 
directly associating hormone levels at time of injury with clinical out-
come. While the menstrual cycle in rodents takes around 4 to 5 days 
(Byers et al., 2012) and may allow no comparison to humans, the 
menstrual cycle in pigs has been shown to take up to 24 days (Soede 
et al., 2011). Pig models of mTBI may therefore be more suitable for 
the study on sex differences in mTBI.

Furthermore, AI allows for the integration of vast amounts of data 
such as patients’ demographic information, medical history, neuro-
psychological assessment scores, and neuroimaging measures. More 
specifically, pattern recognition techniques make possible detecting 
abnormalities in the data, and predictive modeling makes possible 
predicting further disease sequelae and outcome. The application 
of AI to neuroimaging data has thus been referred to as “transla-
tional neuroimaging 2.0” (Woo et al., 2017). To date, AI has mainly 
been applied to more severe forms of human TBI (Hale et al., 2018). 
However, in one study in retired athletes, a classification model de-
tected former sport- related mTBI with up to 93% sensitivity and 
87% specificity by combining diffusion measures with MRS, volu-
metric measures, behavioral data, and genetic markers (Tremblay 
et al., 2017). Integrating vast amounts of patient data holds promise 
to predict disease sequelae and identify those at high risk for per-
sisting symptoms following mTBI. However, the more subtle the data 
abnormalities in mTBI patients, the more advanced AI models and 
the more data may be required to achieve high performance.

5  | CONCLUSION

Advanced neuroimaging has the potential for capturing brain mor-
phometric, microstructural, biochemical, and metabolic abnormali-
ties following mTBI. However, translational studies are needed for 
the interpretation of human neuroimaging findings with respect 
to the underlying pathophysiological processes. To date, the main 
neuroimaging findings in human mTBI are alterations in volumetry 
and cortical thickness, WM microstructure, neurochemical concen-
trations, and brain metabolism. Animal studies confirmed many of 
these findings. Furthermore, they suggest that structural alterations 
may be due to loss of neurons and loss of synapses, and that diffu-
sion and metabolic abnormalities may be due to neuroinflammation 
and axonal injury. Future studies should (a) address the gap of miss-
ing studies combining neuroimaging and histopathological evalua-
tion in mTBI, (b) integrate neuroimaging measures in multimodal 
approaches, (c) focus on sex differences, and (d) apply modern AI 
algorithms. This will pave the way toward a better understanding of 
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the pathophysiology of mTBI and individual disease sequelae as well 
as targeted treatment options.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest related to the present 
work.

AUTHOR CONTRIBUTIONS
Conceptualization, T.L.T.W., N.S., and I.K.K.; Investigation, T.L.T.W. 
and N.S.; Writing –  Original Draft, T.L.T.W., N.S., and I.K.K.; Writing 
–  Review & Editing, T.L.T.W., N.S., E.M.B., K.E.U., K.R.S., N.P., 
M.E.S., A.P.L., and I.K.K.; Visualization, T.L.T.W., E.M.B., and K.E.U.; 
Supervision, I.K.K.

PEER RE VIE W
The peer review history for this article is available at https://publo 
ns.com/publo n/10.1002/jnr.24840.

ORCID
Nico Sollmann  https://orcid.org/0000-0002-8120-2223 
Elena M. Bonke  https://orcid.org/0000-0002-8547-7283 
Nikolaus Plesnila  https://orcid.org/0000-0001-8832-228X 
Inga K. Koerte  https://orcid.org/0000-0003-1281-9286 

R E FE R E N C E S
Alexander, M. P. (1995). Mild traumatic brain injury: Pathophysiology, 

natural history, and clinical management. Neurology, 45(7), 1253– 
1260. https://doi.org/10.1212/WNL.45.7.1253

Aoki, Y., Inokuchi, R., Gunshin, M., Yahagi, N., & Suwa, H. (2012). 
Diffusion tensor imaging studies of mild traumatic brain injury: A 
meta- analysis. Journal of Neurology, Neurosurgery and Psychiatry, 
83(9), 870– 876. https://doi.org/10.1136/jnnp- 2012- 302742

Assaf, Y., & Pasternak, O. (2008). Diffusion tensor imaging (DTI)- 
based white matter mapping in brain research: A review. Journal of 
Molecular Neuroscience, 34(1), 51– 61. https://doi.org/10.1007/s1203 
1- 007- 0029- 0

Bartnik- Olson, B. L., Alger, J. R., Babikian, T., Harris, A. D., Holshouser, 
B., Kirov, I. I., Maudsley, A. A., Thompson, P. M., Dennis, E. L., 
Tate, D. F., Wilde, E. A., & Lin, A. (2020). The clinical utility of pro-
ton magnetic resonance spectroscopy in traumatic brain injury: 
Recommendations from the ENIGMA MRS working group. Brain 
Imaging and Behavior. https://doi.org/10.1007/s1168 2- 020- 00330 
- 6

Basser, P. J., & Jones, D. K. (2002). Diffusion- tensor MRI: Theory, ex-
perimental design and data analysis— A technical review. NMR in 
Biomedicine, 15(7– 8), 456– 467. https://doi.org/10.1002/nbm.783

Basser, P. J., & Pierpaoli, C. (1996). Microstructural and physiological 
features of tissues elucidated by quantitative- diffusion- tensor MRI. 
Journal of Magnetic Resonance, Series B, 111(3), 209– 219. https://doi.
org/10.1006/jmrb.1996.0086

Bazarian, J. J., Wong, T., Harris, M., Leahey, N., Mookerjee, S., & 
Dombovy, M. (1999). Epidemiology and predictors of post- 
concussive syndrome after minor head injury in an emer-
gency population. Brain Injury, 13(3), 173– 189. https://doi.
org/10.1080/02699 05991 21692

Bennett, R. E., Mac Donald, C. L., & Brody, D. L. (2012). Diffusion tensor 
imaging detects axonal injury in a mouse model of repetitive closed- 
skull traumatic brain injury. Neuroscience Letters, 513(2), 160– 165. 
https://doi.org/10.1016/j.neulet.2012.02.024

Bigler, E. D. (2008). Neuropsychology and clinical neuroscience of 
persistent post- concussive syndrome. Journal of the International 
Neuropsychological Society, 14(1), 1– 22. https://doi.org/10.1017/
s1355 61770 808017x

Borg, J., Holm, L., Peloso, P. M., Cassidy, J. D., Carroll, L. J., von Holst, H., 
Paniak, C., Yates, D., & WHO Collaborating Centre Task Force on Mild 
Traumatic Brain Injury. (2004). Non- surgical intervention and cost for 
mild traumatic brain injury: Results of the WHO Collaborating Centre 
Task Force on Mild Traumatic Brain Injury. Journal of Rehabilitation 
Medicine, 36, 76– 83. https://doi.org/10.1080/16501 96041 0023840

Borghans, B., & Homberg, J. R. (2015). Animal models for posttraumatic 
stress disorder: An overview of what is used in research. World 
Journal of Psychiatry, 5(4), 387– 396. https://doi.org/10.5498/wjp.
v5.i4.387

Braeckman, K., Descamps, B., Pieters, L., Vral, A., Caeyenberghs, K., & 
Vanhove, C. (2019). Dynamic changes in hippocampal diffusion and 
kurtosis metrics following experimental mTBI correlate with glial re-
activity. Neuroimage Clinical, 21, 101669. https://doi.org/10.1016/j.
nicl.2019.101669

Bruce, E. D., Konda, S., Dean, D. D., Wang, E. W., Huang, J. H., & Little, 
D. M. (2015). Neuroimaging and traumatic brain injury: State of the 
field and voids in translational knowledge. Molecular and Cellular 
Neurosciences, 66(Pt B), 103– 113. https://doi.org/10.1016/j.
mcn.2015.03.017

Burrowes, S. A. B., Rhodes, C. S., Meeker, T. J., Greenspan, J. D., 
Gullapalli, R. P., & Seminowicz, D. A. (2019). Decreased grey matter 
volume in mTBI patients with post- traumatic headache compared to 
headache- free mTBI patients and healthy controls: A longitudinal 
MRI study. Brain Imaging and Behavior, 14(5), 1651– 1659. https://doi.
org/10.1007/s1168 2- 019- 00095 - 7

Byers, S. L., Wiles, M. V., Dunn, S. L., & Taft, R. A. (2012). Mouse estrous 
cycle identification tool and images. PLoS ONE, 7(4), e35538. https://
doi.org/10.1371/journ al.pone.0035538

Cassidy, J. D., Carroll, L. J., Peloso, P. M., Borg, J., von Holst, H., Holm, 
L., Kraus, J., Coronado, V., & WHO Collaborating Centre Task 
Force on Mild Traumatic Brain Injury. (2004). Incidence, risk fac-
tors and prevention of mild traumatic brain injury: Results of the 
WHO Collaborating Centre Task Force on Mild Traumatic Brain 
Injury. Journal of Rehabilitation Medicine, 36, 28– 60. https://doi.
org/10.1080/16501 96041 0023732

Cernak, I. (2005). Animal models of head trauma. NeuroRx, 2(3), 410– 
422. https://doi.org/10.1602/neuro rx.2.3.410

Churchill, N. W., Caverzasi, E., Graham, S. J., Hutchison, M. G., & 
Schweizer, T. A. (2017). White matter microstructure in athletes with 
a history of concussion: Comparing diffusion tensor imaging (DTI) 
and neurite orientation dispersion and density imaging (NODDI). 
Human Brain Mapping, 38(8), 4201– 4211. https://doi.org/10.1002/
hbm.23658

Clément, T., Lee, J. B., Ichkova, A., Rodriguez- Grande, B., Fournier, M.- L., 
Aussudre, J., Ogier, M., Haddad, E., Canini, F., Koehl, M., Abrous, D. 
N., Obenaus, A., & Badaut, J. (2020). Juvenile mild traumatic brain 
injury elicits distinct spatiotemporal astrocyte responses. Glia, 68(3), 
528– 542. https://doi.org/10.1002/glia.23736

Creeley, C. E., Wozniak, D. F., Bayly, P. V., Olney, J. W., & Lewis, L. M. 
(2004). Multiple episodes of mild traumatic brain injury result in im-
paired cognitive performance in mice. Academic Emergency Medicine, 
11(8), 809– 819. https://doi.org/10.1197/j.aem.2004.03.006

Dailey, N. S., Smith, R., Bajaj, S., Alkozei, A., Gottschlich, M. K., Raikes, A. 
C., Satterfield, B. C., & Killgore, W. D. S. (2018). Elevated aggression 
and reduced white matter integrity in Mild traumatic brain injury: A 
DTI study. Frontiers in Behavioural Neurosciences, 12, 118. https://doi.
org/10.3389/fnbeh.2018.00118

Dale, A. M., Fischl, B., & Sereno, M. I. (1999). Cortical surface- based anal-
ysis. I. Segmentation and surface reconstruction. Neuroimage, 9(2), 
179– 194. https://doi.org/10.1006/nimg.1998.0395

https://publons.com/publon/10.1002/jnr.24840
https://publons.com/publon/10.1002/jnr.24840
https://orcid.org/0000-0002-8120-2223
https://orcid.org/0000-0002-8120-2223
https://orcid.org/0000-0002-8547-7283
https://orcid.org/0000-0002-8547-7283
https://orcid.org/0000-0001-8832-228X
https://orcid.org/0000-0001-8832-228X
https://orcid.org/0000-0003-1281-9286
https://orcid.org/0000-0003-1281-9286
https://doi.org/10.1212/WNL.45.7.1253
https://doi.org/10.1136/jnnp-2012-302742
https://doi.org/10.1007/s12031-007-0029-0
https://doi.org/10.1007/s12031-007-0029-0
https://doi.org/10.1007/s11682-020-00330-6
https://doi.org/10.1007/s11682-020-00330-6
https://doi.org/10.1002/nbm.783
https://doi.org/10.1006/jmrb.1996.0086
https://doi.org/10.1006/jmrb.1996.0086
https://doi.org/10.1080/026990599121692
https://doi.org/10.1080/026990599121692
https://doi.org/10.1016/j.neulet.2012.02.024
https://doi.org/10.1017/s135561770808017x
https://doi.org/10.1017/s135561770808017x
https://doi.org/10.1080/16501960410023840
https://doi.org/10.5498/wjp.v5.i4.387
https://doi.org/10.5498/wjp.v5.i4.387
https://doi.org/10.1016/j.nicl.2019.101669
https://doi.org/10.1016/j.nicl.2019.101669
https://doi.org/10.1016/j.mcn.2015.03.017
https://doi.org/10.1016/j.mcn.2015.03.017
https://doi.org/10.1007/s11682-019-00095-7
https://doi.org/10.1007/s11682-019-00095-7
https://doi.org/10.1371/journal.pone.0035538
https://doi.org/10.1371/journal.pone.0035538
https://doi.org/10.1080/16501960410023732
https://doi.org/10.1080/16501960410023732
https://doi.org/10.1602/neurorx.2.3.410
https://doi.org/10.1002/hbm.23658
https://doi.org/10.1002/hbm.23658
https://doi.org/10.1002/glia.23736
https://doi.org/10.1197/j.aem.2004.03.006
https://doi.org/10.3389/fnbeh.2018.00118
https://doi.org/10.3389/fnbeh.2018.00118
https://doi.org/10.1006/nimg.1998.0395


14  |     WIEGAND Et Al.

Daneshvar, D. H., Nowinski, C. J., McKee, A. C., & Cantu, R. C. (2011). The 
epidemiology of sport- related concussion. Clinics in Sports Medicine, 
30(1), 1– 17. https://doi.org/10.1016/j.csm.2010.08.006

Daneshvar, D. H., Riley, D. O., Nowinski, C. J., McKee, A. C., Stern, R. 
A., & Cantu, R. C. (2011). Long- term consequences: Effects on nor-
mal development profile after concussion. Physical Medicine and 
Rehabilitation Clinics of North America, 22(4), 683– 700. https://doi.
org/10.1016/j.pmr.2011.08.009

Dean, P. J., Sato, J. R., Vieira, G., McNamara, A., & Sterr, A. (2015). 
Multimodal imaging of mild traumatic brain injury and persistent 
postconcussion syndrome. Brain and Behavior, 5(1), 45– 61. https://
doi.org/10.1002/brb3.292

Dixon, C. E., Clifton, G. L., Lighthall, J. W., Yaghmai, A. A., & Hayes, R. L. 
(1991). A controlled cortical impact model of traumatic brain injury in 
the rat. Journal of Neuroscience Methods, 39(3), 253– 262. https://doi.
org/10.1016/0165- 0270(91)90104 - 8

Donovan, V., Kim, C., Anugerah, A. K., Coats, J. S., Oyoyo, U., Pardo, A. C., 
& Obenaus, A. (2014). Repeated mild traumatic brain injury results in 
long- term white- matter disruption. Journal of Cerebral Blood Flow and 
Metabolism, 34(4), 715– 723. https://doi.org/10.1038/jcbfm.2014.6

Ellingson, B. M., Yao, J., Raymond, C., Chakhoyan, A., Khatibi, K., Salamon, 
N., Villablanca, J. P., Wanner, I., Real, C. R., Laiwalla, A., McArthur, D. 
L., Monti, M. M., Hovda, D. A., & Vespa, P. M. (2019). pH- weighted 
molecular MRI in human traumatic brain injury (TBI) using amine pro-
ton chemical exchange saturation transfer echoplanar imaging (CEST 
EPI). Neuroimage Clinical, 22, 101736. https://doi.org/10.1016/j.
nicl.2019.101736

Eyolfson, E., Carr, T., Khan, A., Wright, D. K., Mychasiuk, R., & Lohman, A. 
W. (2020). Repetitive mild traumatic brain injuries in mice during ad-
olescence cause sexually dimorphic behavioral deficits and neuroin-
flammatory dynamics. Journal of Neurotrauma, 37(24), 2718– 2732. 
https://doi.org/10.1089/neu.2020.7195

Fakhran, S., Yaeger, K., Collins, M., & Alhilali, L. (2014). Sex differences 
in white matter abnormalities after mild traumatic brain injury: 
Localization and correlation with outcome. Radiology, 272(3), 815– 
823. https://doi.org/10.1148/radiol.14132512

Feeney, D. M., Boyeson, M. G., Linn, R. T., Murray, H. M., & Dail, W. G. 
(1981). Responses to cortical injury: I. Methodology and local effects 
of contusions in the rat. Brain Research, 211(1), 67– 77.

Fidan, E., Foley, L. M., New, L. A., Alexander, H., Kochanek, P. M., 
Hitchens, T. K., & Bayır, H. (2018). Metabolic and Structural Imaging 
at 7 Tesla after repetitive mild traumatic brain injury in immature rats. 
ASN Neuro, 10, 1759091418770543. https://doi.org/10.1177/17590 
91418 770543

Fischl, B., Sereno, M. I., & Dale, A. M. (1999). Cortical surface- based anal-
ysis. II: Inflation, flattening, and a surface- based coordinate system. 
Neuroimage, 9(2), 195– 207. https://doi.org/10.1006/nimg.1998.0396

Friston, K. J. (2007). Statistical parametric mapping: The analysis of func-
tional brain images. Elsevier/Academic Press.

Fukutomi, H., Glasser, M. F., Zhang, H., Autio, J. A., Coalson, T. S., Okada, 
T., Togashi, K., Van Essen, D. C., & Hayashi, T. (2018). Neurite imag-
ing reveals microstructural variations in human cerebral cortical gray 
matter. Neuroimage, 182, 488– 499. https://doi.org/10.1016/j.neuro 
image.2018.02.017

Gao, X., & Chen, J. (2011). Mild traumatic brain injury results in ex-
tensive neuronal degeneration in the cerebral cortex. Journal of 
Neuropathology and Experimental Neurology, 70(3), 183– 191. https://
doi.org/10.1097/NEN.0b013 e3182 0c6878

Gasparovic, C., Yeo, R., Mannell, M., Ling, J., Elgie, R., Phillips, J., Doezema, 
D., & Mayer, A. R. (2009). Neurometabolite concentrations in gray 
and white matter in mild traumatic brain injury: An 1H- magnetic res-
onance spectroscopy study. Journal of Neurotrauma, 26(10), 1635– 
1643. https://doi.org/10.1089/neu.2009.0896

GBD 2016 Traumatic Brain Injury and Spinal Cord Injury Collaborators. 
(2019). Global, regional, and national burden of traumatic brain 

injury and spinal cord injury, 1990– 2016: A systematic analysis for 
the Global Burden of Disease Study. Lancet Neurology, 18(1), 56– 87. 
https://doi.org/10.1016/s1474 - 4422(18)30415 - 0

Ghajari, M., Hellyer, P. J., & Sharp, D. J. (2017). Computational modelling 
of traumatic brain injury predicts the location of chronic traumatic 
encephalopathy pathology. Brain, 140(2), 333– 343. https://doi.
org/10.1093/brain/ aww317

Giza, C. C., & Hovda, D. A. (2001). The neurometabolic cascade of con-
cussion. Journal of Athletic Training, 36(3), 228– 235.

Goddeyne, C., Nichols, J., Wu, C., & Anderson, T. (2015). Repetitive mild 
traumatic brain injury induces ventriculomegaly and cortical thin-
ning in juvenile rats. Journal of Neurophysiology, 113(9), 3268– 3280. 
https://doi.org/10.1152/jn.00970.2014

Govindarajan, K. A., Narayana, P. A., Hasan, K. M., Wilde, E. A., Levin, 
H. S., Hunter, J. V., Miller, E. R., Patel, V. K. S., Robertson, C. S., & 
McCarthy, J. J. (2016). Cortical thickness in mild traumatic brain 
injury. Journal of Neurotrauma, 33(20), 1809– 1817. https://doi.
org/10.1089/neu.2015.4253

Graham, D. I., McIntosh, T. K., Maxwell, W. L., & Nicoll, J. A. (2000). 
Recent advances in neurotrauma. Journal of Neuropathology and 
Experimental Neurology, 59(8), 641– 651. https://doi.org/10.1093/
jnen/59.8.641

Graham, N. S., & Sharp, D. J. (2019). Understanding neurodegeneration 
after traumatic brain injury: From mechanisms to clinical trials in 
dementia. Journal of Neurology, Neurosurgery and Psychiatry, 90(11), 
1221– 1233. https://doi.org/10.1136/jnnp- 2017- 317557

Gross, H., Kling, A., Henry, G., Herndon, C., & Lavretsky, H. (1996). Local 
cerebral glucose metabolism in patients with long- term behavioral 
and cognitive deficits following mild traumatic brain injury. Journal of 
Neuropsychiatry and Clinical Neurosciences, 8(3), 324– 334.

Hale, A. T., Stonko, D. P., Brown, A., Lim, J., Voce, D. J., Gannon, S. R., 
Le, T. M., & Shannon, C. N. (2018). Machine- learning analysis out-
performs conventional statistical models and CT classification sys-
tems in predicting 6- month outcomes in pediatric patients sustain-
ing traumatic brain injury. Neurosurgical Focus, 45(5), E2. https://doi.
org/10.3171/2018.8.Focus 17773

Heckel, A., Weiler, M., Xia, A., Ruetters, M., Pham, M., Bendszus, M., 
Heiland, S., & Baeumer, P. (2015). Peripheral nerve diffusion tensor 
imaging: Assessment of axon and myelin sheath integrity. PLoS ONE, 
10(6), e0130833. https://doi.org/10.1371/journ al.pone.0130833

Hoogenboom, W. S., Rubin, T. G., Ye, K., Cui, M.- H., Branch, K. C., Liu, 
J., Branch, C. A., & Lipton, M. L. (2019). Diffusion tensor imaging of 
the evolving response to mild traumatic brain injury in rats. Journal 
of Experimental Neuroscience, 13, 1179069519858627. https://doi.
org/10.1177/11790 69519 858627

Hsu, H.- L., Chen, D.- T., Tseng, Y.- C., Kuo, Y.- S., Huang, Y.- L., Chiu, W.- 
T., Yan, F.- X., Wang, W.- S., & Chen, C.- J. (2015). Sex differences in 
working memory after mild traumatic brain injury: A functional MR 
imaging study. Radiology, 276(3), 828– 835. https://doi.org/10.1148/
radiol.20151 42549

Hutton, C., De Vita, E., Ashburner, J., Deichmann, R., & Turner, R. 
(2008). Voxel- based cortical thickness measurements in MRI. 
Neuroimage, 40(4), 1701– 1710. https://doi.org/10.1016/j.neuro 
image.2008.01.027

Hylin, M. J., Orsi, S. A., Zhao, J., Bockhorst, K., Perez, A., Moore, A. N., 
& Dash, P. K. (2013). Behavioral and histopathological alterations 
resulting from mild fluid percussion injury. Journal of Neurotrauma, 
30(9), 702– 715. https://doi.org/10.1089/neu.2012.2630

Ikonomovic, M. D., Uryu, K., Abrahamson, E. E., Ciallella, J. R., Trojanowski, 
J. Q., Lee, V.- Y., Clark, R. S., Marion, D. W., Wisniewski, S. R., & DeKosky, 
S. T. (2004). Alzheimer's pathology in human temporal cortex surgically 
excised after severe brain injury. Experimental Neurology, 190(1), 192– 
203. https://doi.org/10.1016/j.expne urol.2004.06.011

Jagoda, A. S., Bazarian, J. J., Bruns, J. J., Cantrill, S. V., Gean, A. D., 
Howard, P. K., Ghajar, J., Riggio, S., Wright, D. W., Wears, R. L., 

https://doi.org/10.1016/j.csm.2010.08.006
https://doi.org/10.1016/j.pmr.2011.08.009
https://doi.org/10.1016/j.pmr.2011.08.009
https://doi.org/10.1002/brb3.292
https://doi.org/10.1002/brb3.292
https://doi.org/10.1016/0165-0270(91)90104-8
https://doi.org/10.1016/0165-0270(91)90104-8
https://doi.org/10.1038/jcbfm.2014.6
https://doi.org/10.1016/j.nicl.2019.101736
https://doi.org/10.1016/j.nicl.2019.101736
https://doi.org/10.1089/neu.2020.7195
https://doi.org/10.1148/radiol.14132512
https://doi.org/10.1177/1759091418770543
https://doi.org/10.1177/1759091418770543
https://doi.org/10.1006/nimg.1998.0396
https://doi.org/10.1016/j.neuroimage.2018.02.017
https://doi.org/10.1016/j.neuroimage.2018.02.017
https://doi.org/10.1097/NEN.0b013e31820c6878
https://doi.org/10.1097/NEN.0b013e31820c6878
https://doi.org/10.1089/neu.2009.0896
https://doi.org/10.1016/s1474-4422(18)30415-0
https://doi.org/10.1093/brain/aww317
https://doi.org/10.1093/brain/aww317
https://doi.org/10.1152/jn.00970.2014
https://doi.org/10.1089/neu.2015.4253
https://doi.org/10.1089/neu.2015.4253
https://doi.org/10.1093/jnen/59.8.641
https://doi.org/10.1093/jnen/59.8.641
https://doi.org/10.1136/jnnp-2017-317557
https://doi.org/10.3171/2018.8.Focus17773
https://doi.org/10.3171/2018.8.Focus17773
https://doi.org/10.1371/journal.pone.0130833
https://doi.org/10.1177/1179069519858627
https://doi.org/10.1177/1179069519858627
https://doi.org/10.1148/radiol.2015142549
https://doi.org/10.1148/radiol.2015142549
https://doi.org/10.1016/j.neuroimage.2008.01.027
https://doi.org/10.1016/j.neuroimage.2008.01.027
https://doi.org/10.1089/neu.2012.2630
https://doi.org/10.1016/j.expneurol.2004.06.011


     |  15WIEGAND Et Al.

Bakshy, A., Burgess, P., Wald, M. M., & Whitson, R. R. (2009). Clinical 
policy: Neuroimaging and decisionmaking in adult mild traumatic 
brain injury in the acute setting. Journal of Emergency Nursing, 35(2), 
e5– e40. https://doi.org/10.1016/j.jen.2008.12.010

Jensen, J. H., & Helpern, J. A. (2010). MRI quantification of non- Gaussian 
water diffusion by kurtosis analysis. NMR in Biomedicine, 23(7), 698– 
710. https://doi.org/10.1002/nbm.1518

Johnson, B., Zhang, K., Gay, M., Neuberger, T., Horovitz, S., Hallett, M., 
Sebastianelli, W., & Slobounov, S. (2012). Metabolic alterations in 
corpus callosum may compromise brain functional connectivity in 
MTBI patients: An 1H- MRS study. Neuroscience Letters, 509(1), 5– 8. 
https://doi.org/10.1016/j.neulet.2011.11.013

Johnson, V. E., Meaney, D. F., Cullen, D. K., & Smith, D. H. (2015). Animal 
models of traumatic brain injury. Handbook of Clinical Neurology, 127, 
115– 128. https://doi.org/10.1016/b978- 0- 444- 52892 - 6.00008 - 8

Kane, M. J., Angoa- Pérez, M., Briggs, D. I., Viano, D. C., Kreipke, C. W., 
& Kuhn, D. M. (2012). A mouse model of human repetitive mild trau-
matic brain injury. Journal of Neuroscience Methods, 203(1), 41– 49. 
https://doi.org/10.1016/j.jneum eth.2011.09.003

Khuman, J., Meehan, W. P., Zhu, X., Qiu, J., Hoffmann, U., Zhang, J., 
Giovannone, E., Lo, E. H., & Whalen, M. J. (2011). Tumor necrosis 
factor alpha and Fas receptor contribute to cognitive deficits in-
dependent of cell death after concussive traumatic brain injury in 
mice. Journal of Cerebral Blood Flow and Metabolism, 31(2), 778– 789. 
https://doi.org/10.1038/jcbfm.2010.172

Koerte, I. K., Ertl- Wagner, B., Reiser, M., Zafonte, R., & Shenton, M. E. 
(2012). White matter integrity in the brains of professional soccer 
players without a symptomatic concussion. JAMA, 308(18), 1859– 
1861. https://doi.org/10.1001/jama.2012.13735

Koerte, I. K., Hufschmidt, J., Muehlmann, M., Lin, A. P., & Shenton, M. 
E. (2016). Advanced neuroimaging of mild traumatic brain injury. In 
D. Laskowitz & G. Grant (Eds.), Frontiers in neuroscience: Translational 
research in traumatic brain injury (pp. 277– 297). CRC Press/Taylor and 
Francis Group (c) 2016 by Taylor & Francis Group, LLC.

Koerte, I. K., Schultz, V., Sydnor, V. J., Howell, D. R., Guenette, J. P., 
Dennis, E., Kochsiek, J., Kaufmann, D., Sollmann, N., Mondello, S., 
Shenton, M. E., & Lin, A. P. (2020). Sex- related differences in the ef-
fects of sports- related concussion: A review. Journal of Neuroimaging, 
30(4), 387– 409. https://doi.org/10.1111/jon.12726

Laurer, H. L., & McIntosh, T. K. (1999). Experimental models of brain 
trauma. Current Opinion in Neurology, 12(6), 715– 721. https://doi.
org/10.1097/00019 052- 19991 2000- 00010

Lin, A. P., Liao, H. J., Merugumala, S. K., Prabhu, S. P., Meehan, W. P., 3rd, 
& Ross, B. D. (2012). Metabolic imaging of mild traumatic brain injury. 
Brain Imaging and Behavior, 6(2), 208– 223. https://doi.org/10.1007/
s1168 2- 012- 9181- 4

Lin, A. P., Tran, T., Bluml, S., Merugumala, S., Liao, H. J., & Ross, B. D. 
(2012). Guidelines for acquiring and reporting clinical neuros-
pectroscopy. Seminars in Neurology, 32(4), 432– 453. https://doi.
org/10.1055/s- 0032- 1331814

Lumba- Brown, A., Yeates, K. O., Sarmiento, K., Breiding, M. J., Haegerich, 
T. M., Gioia, G. A., Turner, M., Benzel, E. C., Suskauer, S. J., Giza, C. 
C., Joseph, M., Broomand, C., Weissman, B., Gordon, W., Wright, D. 
W., Moser, R. S., McAvoy, K., Ewing- Cobbs, L., Duhaime, A.- C., … 
Timmons, S. D. (2018). Centers for disease control and prevention 
guideline on the diagnosis and management of mild traumatic brain 
injury among children. JAMA Pediatrics, 172(11), e182853. https://
doi.org/10.1001/jamap ediat rics.2018.2853

Lyons, D. N., Vekaria, H., Macheda, T., Bakshi, V., Powell, D. K., Gold, B. T., 
Lin, A.- L., Sullivan, P. G., & Bachstetter, A. D. (2018). A mild traumatic 
brain injury in mice produces lasting deficits in brain metabolism. 
Journal of Neurotrauma, 35(20), 2435– 2447. https://doi.org/10.1089/
neu.2018.5663

Malcolm, J. G., Shenton, M. E., & Rathi, Y. (2010). Filtered multitensor 
tractography. IEEE Transactions on Medical Imaging, 29(9), 1664– 
1675. https://doi.org/10.1109/tmi.2010.2048121

Mao, H., Zhang, L., Yang, K. H., & King, A. I. (2006). Application of a finite 
element model of the brain to study traumatic brain injury mecha-
nisms in the rat. Stapp Car Crash Journal, 50, 583– 600.

Mao, Y., Zhuang, Z., Chen, Y., Zhang, X., Shen, Y., Lin, G., & Wu, R. 
(2019). Imaging of glutamate in acute traumatic brain injury using 
chemical exchange saturation transfer. Quantitative Imaging in 
Medicine and Surgery, 9(10), 1652– 1663. https://doi.org/10.21037/ 
qims.2019.09.08

Marmarou, A., Foda, M. A., van den Brink, W., Campbell, J., Kita, H., & 
Demetriadou, K. (1994). A new model of diffuse brain injury in rats. 
Part I: Pathophysiology and biomechanics. Journal of Neurosurgery, 
80(2), 291– 300. https://doi.org/10.3171/jns.1994.80.2.0291

McAllister, T. W., Ford, J. C., Ji, S., Beckwith, J. G., Flashman, L. A., 
Paulsen, K., & Greenwald, R. M. (2012). Maximum principal strain 
and strain rate associated with concussion diagnosis correlates 
with changes in corpus callosum white matter indices. Annals of 
Biomedical Engineering, 40(1), 127– 140. https://doi.org/10.1007/
s1043 9- 011- 0402- 6

McAteer, K. M., Turner, R. J., & Corrigan, F. (2017). Animal models of 
chronic traumatic encephalopathy. Concussion, 2(2), Cnc32. https://
doi.org/10.2217/cnc- 2016- 0031

McIntosh, T. K., Vink, R., Noble, L., Yamakami, I., Fernyak, S., Soares, H., & 
Faden, A. L. (1989). Traumatic brain injury in the rat: Characterization 
of a lateral fluid- percussion model. Neuroscience, 28(1), 233– 244. 
https://doi.org/10.1016/0306- 4522(89)90247 - 9

Mechelli, A., Price, C. J., Friston, K. J., & Ashburner, J. (2005). Voxel- based 
morphometry of the human brain: Methods and applications. Current 
Medical Imaging, 1(2), 105– 113. https://doi.org/10.2174/15734 
05054 038726

Meconi, A., Wortman, R. C., Wright, D. K., Neale, K. J., Clarkson, M., 
Shultz, S. R., & Christie, B. R. (2018). Repeated mild traumatic brain 
injury can cause acute neurologic impairment without overt struc-
tural damage in juvenile rats. PLoS ONE, 13(5), e0197187. https://doi.
org/10.1371/journ al.pone.0197187

Mild Traumatic Brain Injury Committee of the American Congress of 
Rehabilitation Medicine. (1993). Definition of mild traumatic brain 
injury. Journal of Head Trauma Rehabilitation, 8(3), 86– 87.

Monti, J. M., Voss, M. W., Pence, A., McAuley, E., Kramer, A. F., & Cohen, 
N. J. (2013). History of mild traumatic brain injury is associated with 
deficits in relational memory, reduced hippocampal volume, and 
less neural activity later in life. Frontiers in Aging Neuroscience, 5, 41. 
https://doi.org/10.3389/fnagi.2013.00041

Morales, D. M., Marklund, N., Lebold, D., Thompson, H. J., Pitkanen, A., 
Maxwell, W. L., Longhi, L., Laurer, H., Maegele, M., Neugebauer, E., 
Graham, D. I., Stocchetti, N., & McIntosh, T. K. (2005). Experimental 
models of traumatic brain injury: Do we really need to build a 
better mousetrap? Neuroscience, 136(4), 971– 989. https://doi.
org/10.1016/j.neuro scien ce.2005.08.030

Namjoshi, D. R., Cheng, W., McInnes, K. A., Martens, K. M., Carr, M., 
Wilkinson, A., Fan, J., Robert, J., Hayat, A., Cripton, P. A., & Wellington, 
C. L. (2014). Merging pathology with biomechanics using CHIMERA 
(Closed- Head Impact Model of Engineered Rotational Acceleration): 
A novel, surgery- free model of traumatic brain injury. Molecular 
Neurodegeneration, 9, 55. https://doi.org/10.1186/1750- 1326- 9- 55

Obenaus, A., Robbins, M., Blanco, G., Galloway, N. R., Snissarenko, E., 
Gillard, E., Lee, S., & Currás- Collazo, M. (2007). Multi- modal mag-
netic resonance imaging alterations in two rat models of mild neu-
rotrauma. Journal of Neurotrauma, 24(7), 1147– 1160. https://doi.
org/10.1089/neu.2006.0211

Osier, N. D., & Dixon, C. E. (2016). The controlled cortical impact 
model: Applications, considerations for researchers, and future di-
rections. Frontiers in Neurology, 7, 134. https://doi.org/10.3389/
fneur.2016.00134

Petraglia, A. L., Plog, B. A., Dayawansa, S., Dashnaw, M. L., Czerniecka, 
K., Walker, C. T., Chen, M., Hyrien, O., Iliff, J. J., Deane, R., Huang, 
J. H., & Nedergaard, M. (2014). The pathophysiology underlying 

https://doi.org/10.1016/j.jen.2008.12.010
https://doi.org/10.1002/nbm.1518
https://doi.org/10.1016/j.neulet.2011.11.013
https://doi.org/10.1016/b978-0-444-52892-6.00008-8
https://doi.org/10.1016/j.jneumeth.2011.09.003
https://doi.org/10.1038/jcbfm.2010.172
https://doi.org/10.1001/jama.2012.13735
https://doi.org/10.1111/jon.12726
https://doi.org/10.1097/00019052-199912000-00010
https://doi.org/10.1097/00019052-199912000-00010
https://doi.org/10.1007/s11682-012-9181-4
https://doi.org/10.1007/s11682-012-9181-4
https://doi.org/10.1055/s-0032-1331814
https://doi.org/10.1055/s-0032-1331814
https://doi.org/10.1001/jamapediatrics.2018.2853
https://doi.org/10.1001/jamapediatrics.2018.2853
https://doi.org/10.1089/neu.2018.5663
https://doi.org/10.1089/neu.2018.5663
https://doi.org/10.1109/tmi.2010.2048121
https://doi.org/10.21037/qims.2019.09.08
https://doi.org/10.21037/qims.2019.09.08
https://doi.org/10.3171/jns.1994.80.2.0291
https://doi.org/10.1007/s10439-011-0402-6
https://doi.org/10.1007/s10439-011-0402-6
https://doi.org/10.2217/cnc-2016-0031
https://doi.org/10.2217/cnc-2016-0031
https://doi.org/10.1016/0306-4522(89)90247-9
https://doi.org/10.2174/1573405054038726
https://doi.org/10.2174/1573405054038726
https://doi.org/10.1371/journal.pone.0197187
https://doi.org/10.1371/journal.pone.0197187
https://doi.org/10.3389/fnagi.2013.00041
https://doi.org/10.1016/j.neuroscience.2005.08.030
https://doi.org/10.1016/j.neuroscience.2005.08.030
https://doi.org/10.1186/1750-1326-9-55
https://doi.org/10.1089/neu.2006.0211
https://doi.org/10.1089/neu.2006.0211
https://doi.org/10.3389/fneur.2016.00134
https://doi.org/10.3389/fneur.2016.00134


16  |     WIEGAND Et Al.

repetitive mild traumatic brain injury in a novel mouse model of 
chronic traumatic encephalopathy. Surgical Neurology International, 
5, 184. https://doi.org/10.4103/2152- 7806.147566

Provenzano, F. A., Jordan, B., Tikofsky, R. S., Saxena, C., Van Heertum, 
R. L., & Ichise, M. (2010). F- 18 FDG PET imaging of chronic trau-
matic brain injury in boxers: A statistical parametric analysis. Nuclear 
Medicine Communications, 31(11), 952– 957. https://doi.org/10.1097/
MNM.0b013 e3283 3e37c4

Qin, Y., Li, G. L., Xu, X. H., Sun, Z. Y., Gu, J. W., & Gao, F. B. (2018). Brain 
structure alterations and cognitive impairment following repeti-
tive mild head impact: An in vivo MRI and behavioral study in rat. 
Behavioral Brain Research, 340, 41– 48. https://doi.org/10.1016/j.
bbr.2016.08.008

Raffelt, D. A., Tournier, J. D., Smith, R. E., Vaughan, D. N., Jackson, G., 
Ridgway, G. R., & Connelly, A. (2017). Investigating white matter 
fibre density and morphology using fixel- based analysis. Neuroimage, 
144(Pt A), 58– 73. https://doi.org/10.1016/j.neuro image.2016.09.029

Robinson, S., Berglass, J. B., Denson, J. L., Berkner, J., Anstine, C. V., 
Winer, J. L., Maxwell, J. R., Qiu, J., Yang, Y., Sillerud, L. O., Meehan, W. 
P., Mannix, R., & Jantzie, L. L. (2017). Microstructural and microglial 
changes after repetitive mild traumatic brain injury in mice. Journal of 
Neuroscience Research, 95(4), 1025– 1035. https://doi.org/10.1002/
jnr.23848

Rodriguez- Grande, B., Obenaus, A., Ichkova, A., Aussudre, J., Bessy, T., 
Barse, E., Hiba, B., Catheline, G., Barrière, G., & Badaut, J. (2018). 
Gliovascular changes precede white matter damage and long- term 
disorders in juvenile mild closed head injury. Glia, 66(8), 1663– 1677. 
https://doi.org/10.1002/glia.23336

San Martín Molina, I., Salo, R. A., Abdollahzadeh, A., Tohka, J., 
Gröhn, O., & Sierra, A. (2020). In vivo diffusion tensor imaging in 
acute and subacute phases of mild traumatic brain injury in rats. 
eNeuro, 7(3), ENEURO.0476- 0419.2020. https://doi.org/10.1523/
eneuro.0476- 19.2020

Santhanam, P., Wilson, S. H., Oakes, T. R., & Weaver, L. K. (2019). 
Accelerated age- related cortical thinning in mild traumatic brain 
injury. Brain and Behavior, 9(1), e01161. https://doi.org/10.1002/
brb3.1161

Schneider, B. L., Ghoddoussi, F., Charlton, J. L., Kohler, R. J., Galloway, 
M. P., Perrine, S. A., & Conti, A. C. (2016). Increased cortical gamma- 
aminobutyric acid precedes incomplete extinction of conditioned 
fear and increased hippocampal excitatory tone in a mouse model 
of mild traumatic brain injury. Journal of Neurotrauma, 33(17), 1614– 
1624. https://doi.org/10.1089/neu.2015.4190

Selwyn, R. G., Cooney, S. J., Khayrullina, G., Hockenbury, N., Wilson, 
C. M., Jaiswal, S., Bermudez, S., Armstrong, R. C., & Byrnes, K. R. 
(2016). Outcome after repetitive mild traumatic brain injury is tem-
porally related to glucose uptake profile at time of second injury. 
Journal of Neurotrauma, 33(16), 1479– 1491. https://doi.org/10.1089/
neu.2015.4129

Selwyn, R., Hockenbury, N., Jaiswal, S., Mathur, S., Armstrong, R. C., 
& Byrnes, K. R. (2013). Mild traumatic brain injury results in de-
pressed cerebral glucose uptake: An (18)FDG PET study. Journal 
of Neurotrauma, 30(23), 1943– 1953. https://doi.org/10.1089/
neu.2013.2928

Shao, M., Cao, J., Bai, L., Huang, W., Wang, S., Sun, C., Gan, S., Ye, L., Yin, 
B. O., Zhang, D., Gu, C., Hu, L., Bai, G., & Yan, Z. (2018). Preliminary 
evidence of sex differences in cortical thickness following acute 
mild traumatic brain injury. Frontiers in Neurology, 9, 878. https://doi.
org/10.3389/fneur.2018.00878

Shaw, N. A. (2002). The neurophysiology of concussion. Progress in 
Neurobiology, 67(4), 281– 344. https://doi.org/10.1016/S0301 
- 0082(02)00018 - 7

Shenton, M. E., Hamoda, H. M., Schneiderman, J. S., Bouix, S., Pasternak, 
O., Rathi, Y., Vu, M.- A., Purohit, M. P., Helmer, K., Koerte, I., Lin, A. P., 
Westin, C.- F., Kikinis, R., Kubicki, M., Stern, R. A., & Zafonte, R. (2012). 

A review of magnetic resonance imaging and diffusion tensor imag-
ing findings in mild traumatic brain injury. Brain Imaging and Behavior, 
6(2), 137– 192. https://doi.org/10.1007/s1168 2- 012- 9156- 5

Shultz, S. R., McDonald, S. J., Vonder Haar, C., Meconi, A., Vink, R., van 
Donkelaar, P., Taneja, C., Iverson, G. L., & Christie, B. R. (2017). The 
potential for animal models to provide insight into mild traumatic 
brain injury: Translational challenges and strategies. Neuroscience and 
Biobehavioral Reviews, 76(Pt B), 396– 414. https://doi.org/10.1016/j.
neubi orev.2016.09.014

Signoretti, S., Di Pietro, V., Vagnozzi, R., Lazzarino, G., Amorini, A. M., 
Belli, A., D’Urso, S., & Tavazzi, B. (2010). Transient alterations of 
creatine, creatine phosphate, N- acetylaspartate and high- energy 
phosphates after mild traumatic brain injury in the rat. Molecular and 
Cellular Biochemistry, 333(1– 2), 269– 277. https://doi.org/10.1007/
s1101 0- 009- 0228- 9

Sigurdardottir, S., Andelic, N., Roe, C., Jerstad, T., & Schanke, A. K. (2009). 
Post- concussion symptoms after traumatic brain injury at 3 and 12 
months post- injury: A prospective study. Brain Injury, 23(6), 489– 497. 
https://doi.org/10.1080/02699 05090 2926309

Singh, K., Trivedi, R., Devi, M. M., Tripathi, R. P., & Khushu, S. (2016). 
Longitudinal changes in the DTI measures, anti- GFAP expression 
and levels of serum inflammatory cytokines following mild traumatic 
brain injury. Experimental Neurology, 275(Pt 3), 427– 435. https://doi.
org/10.1016/j.expne urol.2015.07.016

Singh, K., Trivedi, R., Haridas, S., Manda, K., & Khushu, S. (2016). Study 
of neurometabolic and behavioral alterations in rodent model of 
mild traumatic brain injury: A pilot study. NMR in Biomedicine, 29(12), 
1748– 1758. https://doi.org/10.1002/nbm.3627

Sivák, Š., Bittšanský, M., Grossmann, J., Nosál', V., Kantorová, E., Siváková, 
J., Demková, A., Hnilicová, P., Dobrota, D., & Kurča, E. (2014). Clinical 
correlations of proton magnetic resonance spectroscopy findings in 
acute phase after mild traumatic brain injury. Brain Injury, 28(3), 341– 
346. https://doi.org/10.3109/02699 052.2013.865270

Smith, L. G. F., Milliron, E., Ho, M. L., Hu, H. H., Rusin, J., Leonard, J., 
& Sribnick, E. A. (2019). Advanced neuroimaging in traumatic brain 
injury: An overview. Neurosurgical Focus, 47(6), E17. https://doi.
org/10.3171/2019.9.Focus 19652

Soares, D. P., & Law, M. (2009). Magnetic resonance spectroscopy of 
the brain: Review of metabolites and clinical applications. Clinical 
Radiology, 64(1), 12– 21. https://doi.org/10.1016/j.crad.2008.07.002

Soede, N. M., Langendijk, P., & Kemp, B. (2011). Reproductive cycles in 
pigs. Animal Reproduction Science, 124(3– 4), 251– 258. https://doi.
org/10.1016/j.anire prosci.2011.02.025

Symms, M., Jager, H. R., Schmierer, K., & Yousry, T. A. (2004). A re-
view of structural magnetic resonance neuroimaging. Journal of 
Neurology, Neurosurgery and Psychiatry, 75(9), 1235– 1244. https://
doi.org/10.1136/jnnp.2003.032714

Thompson, H. J., Lifshitz, J., Marklund, N., Grady, M. S., Graham, D. I., 
Hovda, D. A., & McIntosh, T. K. (2005). Lateral fluid percussion brain 
injury: A 15- year review and evaluation. Journal of Neurotrauma, 
22(1), 42– 75. https://doi.org/10.1089/neu.2005.22.42

To, X. V., & Nasrallah, F. A. (2021). A roadmap of brain recovery in a 
mouse model of concussion: Insights from neuroimaging. Acta 
Neuropathologica Communications, 9(1), 2. https://doi.org/10.1186/
s4047 8- 020- 01098 - y

Tremblay, S., Iturria- Medina, Y., Mateos- Pérez, J. M., Evans, A. C., & De 
Beaumont, L. (2017). Defining a multimodal signature of remote 
sports concussions. European Journal of Neuroscience, 46(4), 1956– 
1967. https://doi.org/10.1111/ejn.13583

Tu, T. W., Ibrahim, W. G., Jikaria, N., Munasinghe, J. P., Witko, J. A., 
Hammoud, D. A., & Frank, J. A. (2018). On the detection of cere-
bral metabolic depression in experimental traumatic brain injury 
using Chemical Exchange Saturation Transfer (CEST)- weighted MRI. 
Scientific Reports, 8(1), 669. https://doi.org/10.1038/s4159 8- 017- 
19094 - z

https://doi.org/10.4103/2152-7806.147566
https://doi.org/10.1097/MNM.0b013e32833e37c4
https://doi.org/10.1097/MNM.0b013e32833e37c4
https://doi.org/10.1016/j.bbr.2016.08.008
https://doi.org/10.1016/j.bbr.2016.08.008
https://doi.org/10.1016/j.neuroimage.2016.09.029
https://doi.org/10.1002/jnr.23848
https://doi.org/10.1002/jnr.23848
https://doi.org/10.1002/glia.23336
https://doi.org/10.1523/eneuro.0476-19.2020
https://doi.org/10.1523/eneuro.0476-19.2020
https://doi.org/10.1002/brb3.1161
https://doi.org/10.1002/brb3.1161
https://doi.org/10.1089/neu.2015.4190
https://doi.org/10.1089/neu.2015.4129
https://doi.org/10.1089/neu.2015.4129
https://doi.org/10.1089/neu.2013.2928
https://doi.org/10.1089/neu.2013.2928
https://doi.org/10.3389/fneur.2018.00878
https://doi.org/10.3389/fneur.2018.00878
https://doi.org/10.1016/S0301-0082(02)00018-7
https://doi.org/10.1016/S0301-0082(02)00018-7
https://doi.org/10.1007/s11682-012-9156-5
https://doi.org/10.1016/j.neubiorev.2016.09.014
https://doi.org/10.1016/j.neubiorev.2016.09.014
https://doi.org/10.1007/s11010-009-0228-9
https://doi.org/10.1007/s11010-009-0228-9
https://doi.org/10.1080/02699050902926309
https://doi.org/10.1016/j.expneurol.2015.07.016
https://doi.org/10.1016/j.expneurol.2015.07.016
https://doi.org/10.1002/nbm.3627
https://doi.org/10.3109/02699052.2013.865270
https://doi.org/10.3171/2019.9.Focus19652
https://doi.org/10.3171/2019.9.Focus19652
https://doi.org/10.1016/j.crad.2008.07.002
https://doi.org/10.1016/j.anireprosci.2011.02.025
https://doi.org/10.1016/j.anireprosci.2011.02.025
https://doi.org/10.1136/jnnp.2003.032714
https://doi.org/10.1136/jnnp.2003.032714
https://doi.org/10.1089/neu.2005.22.42
https://doi.org/10.1186/s40478-020-01098-y
https://doi.org/10.1186/s40478-020-01098-y
https://doi.org/10.1111/ejn.13583
https://doi.org/10.1038/s41598-017-19094-z
https://doi.org/10.1038/s41598-017-19094-z


     |  17WIEGAND Et Al.

Tucker, L. B., Burke, J. F., Fu, A. H., & McCabe, J. T. (2017). Neuropsychiatric 
symptom modeling in male and female C57BL/6J mice after exper-
imental traumatic brain injury. Journal of Neurotrauma, 34(4), 890– 
905. https://doi.org/10.1089/neu.2016.4508

Tulay, E. E., Metin, B., Tarhan, N., & Arıkan, M. K. (2019). Multimodal 
neuroimaging: Basic concepts and classification of neuropsychiat-
ric diseases. Clinical EEG and Neuroscience, 50(1), 20– 33. https://doi.
org/10.1177/15500 59418 782093

Vagnozzi, R., Signoretti, S., Tavazzi, B., Floris, R., Ludovici, A., Marziali, 
S., Tarascio, G., Amorini, A. M., Di Pietro, V., Delfini, R., & Lazzarino, 
G. (2008). Temporal window of metabolic brain vulnerability to con-
cussion: A pilot 1H- magnetic resonance spectroscopic study in con-
cussed athletes– part III. Neurosurgery, 62(6), 1286– 1296. https://doi.
org/10.1227/01.neu.00003 33300.34189.74

Vallez Garcia, D., Otte, A., Dierckx, R. A., & Doorduin, J. (2016). Three 
month follow- up of rat mild traumatic brain injury: A combined 
[(18)F]FDG and [(11)C]PK11195 positron emission study. Journal 
of Neurotrauma, 33(20), 1855– 1865. https://doi.org/10.1089/
neu.2015.4230

Vanderploeg, R. D., Curtiss, G., Luis, C. A., & Salazar, A. M. (2007). Long- 
term morbidities following self- reported mild traumatic brain injury. 
Journal of Clinical and Experimental Neuropsychology, 29(6), 585– 598. 
https://doi.org/10.1080/13803 39060 0826587

Veeramuthu, V., Seow, P., Narayanan, V., Wong, J. H. D., Tan, L. K., 
Hernowo, A. T., & Ramli, N. (2018). Neurometabolites alteration 
in the acute phase of mild traumatic brain injury (mTBI): An in 
vivo proton magnetic resonance spectroscopy (1H- MRS) study. 
Academic Radiology, 25(9), 1167– 1177. https://doi.org/10.1016/j.
acra.2018.01.005

Wang, H. C., & Ma, Y. B. (2010). Experimental models of traumatic axo-
nal injury. Journal of Clinical Neuroscience, 17(2), 157– 162. https://doi.
org/10.1016/j.jocn.2009.07.099

Wang, X., Xie, H., Cotton, A. S., Tamburrino, M. B., Brickman, K. R., 
Lewis, T. J., McLean, S. A., & Liberzon, I. (2015). Early cortical thick-
ness change after mild traumatic brain injury following motor ve-
hicle collision. Journal of Neurotrauma, 32(7), 455– 463. https://doi.
org/10.1089/neu.2014.3492

Webster, K. M., Wright, D. K., Sun, M., Semple, B. D., Ozturk, E., Stein, 
D. G., O’Brien, T. J., & Shultz, S. R. (2015). Progesterone treatment 
reduces neuroinflammation, oxidative stress and brain damage and 
improves long- term outcomes in a rat model of repeated mild trau-
matic brain injury. Journal of Neuroinflammation, 12, 238. https://doi.
org/10.1186/s1297 4- 015- 0457- 7

Woo, C. W., Chang, L. J., Lindquist, M. A., & Wager, T. D. (2017). 
Building better biomarkers: Brain models in translational neu-
roimaging. Nature Neuroscience, 20(3), 365– 377. https://doi.
org/10.1038/nn.4478

Wortman, R. C., Meconi, A., Neale, K. J., Brady, R. D., McDonald, S. J., 
Christie, B. R., & Shultz, S. R. (2018). Diffusion MRI abnormalities 
in adolescent rats given repeated mild traumatic brain injury. Annals 
of Clinical and Translational Neurology, 5(12), 1588– 1598. https://doi.
org/10.1002/acn3.667

Wright, D. K., O'Brien, T. J., Shultz, S. R., & Mychasiuk, R. (2017). Sex 
matters: Repetitive mild traumatic brain injury in adolescent rats. 
Annals of Clinical and Translational Neurology, 4(9), 640– 654. https://
doi.org/10.1002/acn3.441

Wright, D. K., Trezise, J., Kamnaksh, A., Bekdash, R., Johnston, L. A., 
Ordidge, R., Semple, B. D., Gardner, A. J., Stanwell, P., O’Brien, T. J., 
Agoston, D. V., & Shultz, S. R. (2016). Behavioral, blood, and magnetic 
resonance imaging biomarkers of experimental mild traumatic brain 
injury. Scientific Reports, 6, 28713. https://doi.org/10.1038/srep2 8713

Wunderle, K., Hoeger, K. M., Wasserman, E., & Bazarian, J. J. (2014). 
Menstrual phase as predictor of outcome after mild traumatic brain 
injury in women. Journal of Head Trauma Rehabilitation, 29(5), E1– E8. 
https://doi.org/10.1097/HTR.00000 00000 000006

Xiao, Y., Fu, Y., Zhou, Y., Xia, J., Wang, L., & Hu, C. (2017). Proton magnetic 
resonance spectroscopy (1H- MRS) study of early traumatic brain in-
jury in rabbits. Medical Science Monitor, 23, 2365– 2372. https://doi.
org/10.12659/ msm.904788

Xiong, K., Zhu, Y., Zhang, Y., Yin, Z., Zhang, J., Qiu, M., & Zhang, W. 
(2014). White matter integrity and cognition in mild traumatic brain 
injury following motor vehicle accident. Brain Research, 1591, 86– 92. 
https://doi.org/10.1016/j.brain res.2014.10.030

Xiong, Y., Mahmood, A., & Chopp, M. (2013). Animal models of traumatic 
brain injury. Nature Reviews Neuroscience, 14(2), 128– 142. https://doi.
org/10.1038/nrn3407

Yang, S.- T., Hsiao, I.- T., Hsieh, C.- J., Chiang, Y.- H., Yen, T.- C., Chiu, W.- 
T., Lin, K.- J., & Hu, C.- J. (2015). Accumulation of amyloid in cogni-
tive impairment after mild traumatic brain injury. Journal of the 
Neurological Sciences, 349(1– 2), 99– 104. https://doi.org/10.1016/j.
jns.2014.12.032

Yang, Z., Lin, F., Weissman, A. S., Jaalouk, E., Xue, Q. S., & Wang, K. K. 
(2016). A repetitive concussive head injury model in mice. Journal of 
Visualized Experiments, 116, e54530. https://doi.org/10.3791/54530

Yasen, A. L., Smith, J., & Christie, A. D. (2018). Glutamate and GABA 
concentrations following mild traumatic brain injury: A pilot 
study. Journal of Neurophysiology, 120(3), 1318– 1322. https://doi.
org/10.1152/jn.00896.2017

Yeo, R. A., Gasparovic, C., Merideth, F., Ruhl, D., Doezema, D., & Mayer, 
A. R. (2011). A longitudinal proton magnetic resonance spectroscopy 
study of mild traumatic brain injury. Journal of Neurotrauma, 28(1), 
1– 11. https://doi.org/10.1089/neu.2010.1578

Yu, F., Shukla, D. K., Armstrong, R. C., Marion, C. M., Radomski, K. L., 
Selwyn, R. G., & Dardzinski, B. J. (2017). Repetitive model of mild 
traumatic brain injury produces cortical abnormalities detectable by 
magnetic resonance diffusion imaging, histopathology, and behavior. 
Journal of Neurotrauma, 34(7), 1364– 1381. https://doi.org/10.1089/
neu.2016.4569

Zhang, H., Wang, W., Jiang, S., Zhang, Y. I., Heo, H.- Y., Wang, X., Peng, Y., 
Wang, J., & Zhou, J. (2017). Amide proton transfer- weighted MRI de-
tection of traumatic brain injury in rats. Journal of Cerebral Blood Flow 
and Metabolism, 37(10), 3422– 3432. https://doi.org/10.1177/02716 
78x17 690165

Zhou, Y., Kierans, A., Kenul, D., Ge, Y., Rath, J., Reaume, J., Grossman, 
R. I., & Lui, Y. W. (2013). Mild traumatic brain injury: Longitudinal 
regional brain volume changes. Radiology, 267(3), 880– 890. https://
doi.org/10.1148/radiol.13122542

Zhuo, J., Xu, S., Proctor, J. L., Mullins, R. J., Simon, J. Z., Fiskum, G., & 
Gullapalli, R. P. (2012). Diffusion kurtosis as an in vivo imaging marker 
for reactive astrogliosis in traumatic brain injury. Neuroimage, 59(1), 
467– 477. https://doi.org/10.1016/j.neuro image.2011.07.050

Zyśk, M., Clausen, F., Aguilar, X., Sehlin, D., Syvänen, S., & Erlandsson, A. 
(2019). Long- term effects of traumatic brain injury in a mouse model 
of Alzheimer's disease. Journal of Alzheimer's Disease, 72(1), 161– 180. 
https://doi.org/10.3233/jad- 190572

SUPPORTING INFORMATION
Additional Supporting Information may be found online in the 
Supporting Information section.
Transparent Peer Review Report

How to cite this article: Wiegand TLT, Sollmann N, Bonke 
EM, et al. Translational neuroimaging in mild traumatic brain 
injury. J Neurosci Res. 2021;00:1– 17. https://doi.org/10.1002/
jnr.24840

https://doi.org/10.1089/neu.2016.4508
https://doi.org/10.1177/1550059418782093
https://doi.org/10.1177/1550059418782093
https://doi.org/10.1227/01.neu.0000333300.34189.74
https://doi.org/10.1227/01.neu.0000333300.34189.74
https://doi.org/10.1089/neu.2015.4230
https://doi.org/10.1089/neu.2015.4230
https://doi.org/10.1080/13803390600826587
https://doi.org/10.1016/j.acra.2018.01.005
https://doi.org/10.1016/j.acra.2018.01.005
https://doi.org/10.1016/j.jocn.2009.07.099
https://doi.org/10.1016/j.jocn.2009.07.099
https://doi.org/10.1089/neu.2014.3492
https://doi.org/10.1089/neu.2014.3492
https://doi.org/10.1186/s12974-015-0457-7
https://doi.org/10.1186/s12974-015-0457-7
https://doi.org/10.1038/nn.4478
https://doi.org/10.1038/nn.4478
https://doi.org/10.1002/acn3.667
https://doi.org/10.1002/acn3.667
https://doi.org/10.1002/acn3.441
https://doi.org/10.1002/acn3.441
https://doi.org/10.1038/srep28713
https://doi.org/10.1097/HTR.0000000000000006
https://doi.org/10.12659/msm.904788
https://doi.org/10.12659/msm.904788
https://doi.org/10.1016/j.brainres.2014.10.030
https://doi.org/10.1038/nrn3407
https://doi.org/10.1038/nrn3407
https://doi.org/10.1016/j.jns.2014.12.032
https://doi.org/10.1016/j.jns.2014.12.032
https://doi.org/10.3791/54530
https://doi.org/10.1152/jn.00896.2017
https://doi.org/10.1152/jn.00896.2017
https://doi.org/10.1089/neu.2010.1578
https://doi.org/10.1089/neu.2016.4569
https://doi.org/10.1089/neu.2016.4569
https://doi.org/10.1177/0271678x17690165
https://doi.org/10.1177/0271678x17690165
https://doi.org/10.1148/radiol.13122542
https://doi.org/10.1148/radiol.13122542
https://doi.org/10.1016/j.neuroimage.2011.07.050
https://doi.org/10.3233/jad-190572
https://doi.org/10.1002/jnr.24840
https://doi.org/10.1002/jnr.24840

