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Introduction: Cognitive impairment after concussion has been widely reported, but

there is no reliable imaging biomarker that predicts the severity of cognitive decline

post-concussion. This study tests the hypothesis that patients with a history of

concussion and persistent cognitive impairment have fractional anisotropy (FA) andmean

diffusivity (MD) values from diffusion tensor imaging (DTI) that are specifically associated

with poor performance on the Montreal Cognitive Assessment (MoCA).

Methods: Fifty-three subjects (19 females) with concussions and persistent cognitive

symptoms had MR imaging and the MoCA. Imaging was analyzed by atlas-based,

whole-brain DTI segmentation and FLAIR lesion segmentation. Then, we conducted a

random forest-based recursive feature elimination (RFE) with 10-fold cross-validation on

the entire dataset, and with partial correlation adjustment for age and lesion load.

Results: RFE showed that 11 DTI variables were found to be important predictors of

MoCA scores. Partial correlation analyses, corrected for age and lesion load, showed

significant correlations between MoCA scores and right fronto-temporal regions: inferior

temporal gyrus MD (r = −0.62, p = 0.00001), middle temporal gyrus MD (r = −0.54, p

= 0.0001), angular gyrus MD (r = −0.48, p = 0.0008), and inferior frontal gyrus FA (r =

0.44, p = 0.002).

Discussion: This is the first study to demonstrate a correlation between MoCA

scores and DTI variables in patients with a history of concussion and persistent

cognitive impairment. This kind of research will significantly increase our understanding

of why certain persons have persistent cognitive changes after concussion which,

in turn, may allow us to predict persistent impairment after concussion and suggest

new interventions.
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INTRODUCTION

Concussion, which is interchangeably used with “mild traumatic brain injury” (mTBI), is defined
as a clinical syndrome of biomechanically induced alteration of brain function, which may involve
loss of consciousness (1). As a sequela of concussion, people can develop cognitive impairment,
behavioral abnormalities, and mood disorders. The number of TBI-related Emergency Department
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visits in 2014 was reported as 2.87 million, with 56,800 deaths in
the United States (2, 3). Despite its prevalence and severity, no
diagnostic or prognostic biomarkers unique to concussion have
been validated, which has greatly hindered our ability to test early
interventions (4).

Previous studies have revealed that diffuse axonal injury
(DAI) is a critical pathologic finding in concussion that cannot
be detected by CT or conventional MRI (5–8). Diffusion
tensor imaging (DTI) has been widely used in the study of
concussion because it can reliably detect the microstructural
white matter changes found in DAI. The two most commonly
used DTI parameters are fractional anisotropy (FA) and mean
diffusivity (MD) (9, 10). FA quantifies the directionality of water
diffusion, which ranges from 0 (isotropic) to 1 (anisotropic).
MD measures the total diffusion rate in all directions within a
voxel. White matter damage, as seen in DAI, results in fewer
microstructural elements that limit diffusion, thereby decreasing
the FA and increasing the MD. In addition, the Montreal
Cognitive Assessment (MoCA) has proven to be a promising
tool due to its ability to screen for occult memory impairment
in patients with post-concussive syndrome and mTBI with
high sensitivity.

The purpose of this study was to test the hypothesis that
patients with cognitive impairment post-concussion have DTI-
derived neuroimaging biomarkers that are specifically associated
with poorer MoCA scores.

METHODS

Fifty-three subjects (19 females) with a history of concussion
were evaluated at UTHealth Neurosciences Neurocognitive
Disorders Center in Houston, Texas. The concussion was
secondary to various etiologies, including sports-related, car
accidents, and falls, that lead to varying degrees of persistent
cognitive impairment and neuropsychologic symptoms
were included in this study (Tables 1, 2 for demographics,
characteristics, and symptoms). The subjects had a MoCA and
MR imaging, including T1w, fluid-attenuated inversion recovery
(FLAIR), and diffusion-weighted imaging (DWI) sequences.

Image Acquisitions and Analyses
Whole-brain MRI data were acquired on a Philips 3.0 T Intera
scanner using a SENSE receive head coil. Both T1-weighted
and FLAIR sequences had a spatial resolution of 1mm ×

1mm × 1mm, and field-of-view was 256 × 256mm. Diffusion-
weighted image (DWI) data were acquired axially using a
single-shot multi-slice 2-D spin-echo diffusion sensitized and
fat-suppressed echo-planar imaging (EPI) sequence, with the
balanced Icosa21 tensor encoding scheme (11). The b-factor was
1,000 s mm−2, TR/TE 7,100/65ms, FOV 256 × 256mm, and
slice thickness/gap/#slices = 3 mm/0 mm/44. The EPI phase
encoding used a SENSE k-space undersampling factor of two,
with an effective k-space matrix of 128 × 128, and an image
matrix after zero-filling of 256 × 256. The constructed image
spatial resolution for the DWI data was= 1× 1× 3 mm.

We performed whole-brain atlas-based DTI segmentation
through MRICloud software (168 regions) and obtained FA and

TABLE 1 | Demographic characteristics and description of subjects with

post-concussive symptoms.

Characteristics (n = 53) Frequency (%)

Age, Median [IQR*] 55 [36–68]

Sex

Female 19 (35%)

Male 34 (64%)

Number of Trauma

Single 20 (38%)

Multiple 33 (62%)

Mechanism of Traumaa

Sports-related 27 (51%)

Falls 9 (17%)

Motor vehicle accident 14 (26%)

Hit head against surface 7 (13%)

Physical abuse 1 (2%)

Suicidal attempt 1 (2%)

Loss of Consciousness 25 (47%)

MoCA Score, Median [IQR*] 26 [20–27]

Cognitive Risk Factors other than TBI

Family history of dementia 15 (28%)

Cardiovascularb 27 (51%)

Depression/anxiety 23 (43%)

*IQR: inter-quartile range.
aSome patients had multiple machanisms of trauma and multiple cognitive risk factors.
bCardiovascular risk factors include tobacco use, BMI> 30, hypertension, hyperlipidemia,

and diabetes mellitus.

TABLE 2 | Description of symptoms.

Complaints* (n = 53) Frequency (%)

Behavioral

Sleep difficulties 20 (38%)

Personality changes 24 (45%)

Cognitive

Memory impairment 53 (100%)

Inattention 13 (24%)

Word finding difficulty 14 (26%)

Somatic

Headache 17 (32%)

Vertigo 5 (9%)

Emotional

Depression 3 (6%)

Anxiety 7 (13%)

*Some patients had multiple complaints.

MD values (https://braingps.mricloud.org/) (12). We performed
lesion segmentation on FLAIR sequences through volBrain
software (https://www.volbrain.upv.es/) (13). Lesion load was
then converted to the percentage of total intracranial volume
(ICV) [formula = lesion volume (ml)/intracranial volume (ICV)
× 100]. Both DTI and lesion segmentations were inspected on a
case-by-case basis for anatomical accuracy.
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Statistical Analyses
Histogram plots were utilized to identify distribution patterns.
Descriptive statistics were used to compute the means and
standard deviations (SD) or the medians and the range between
first and third quantiles if not normally distributed. We then
conducted a random forest-based recursive feature elimination
(RFE) with 10-fold cross-validation in the entire dataset for
all the regions FA and MD values to compute the importance
for each predictor and remove redundant predictors of MoCA
scores. The central premise using a feature selection technique
is that data contains some features that are either redundant or
irrelevant; thus, they can be removed without incurring much
loss of information (14). In practice, the backward elimination
regression model method that calculates the importance of
each independent variable and removes the ones with the least
importance based on root mean square error (RMSE) metric. As
it is not a machine-learning algorithm, training or test dataset
was not used. After the removal of the redundant independent
variables, the partial correlation adjusted for age and lesion
load was performed to identify the correlations between MoCA
scores and remaining DTI scores. We corrected our analysis for
white lesion load as leukoaraiosis is independently associated
with cognitive decline (15). After obtaining p-values, the false
discovery rate (FDR) analysis of 5% was also conducted for
multiple comparison analyses and only corrected p-values were
reported. R statistical package was used for the statistical analyses.

RESULTS

Study Design and Participants
Fifty-three subjects who suffered from a concussion and had
persistent symptoms were included in this study (34 males and
19 females). Twenty-seven patients had a history of concussion
related to sports, with the majority being football players. Other
mechanisms of concussion included: motor vehicle accident (14),
falls (9), hitting the head against a surface (7), suicide attempts
(1), and physical abuse (1). Thirty-three patients reported
multiple concussions, and 25 reported a loss of consciousness
from their trauma. The last concussion before they presented
to the clinic varied from 1 month to 45 years. Most patients
experienced symptoms months or years before they consulted.
A summary of the patient’s demographics and description can be
found in Table 1, and a more detail information can be found in
Supplementary Material.

Forty-eight patients were experiencing memory problems
as their main reason for consult, and it was associated with
symptoms such as headache, changes in their sleep, personality
and or behavioral changes, difficulty finding words, new onset
of mood disorder, and vertigo. Five other patients reported
headache (2), inattention (2), and vertigo (1) as their chief
complaints, with memory problems as an associated symptom.
Table 2 shows patient’s self-reported symptoms. Forty-two
patients had other cognitive risk factors, such as obesity,
hypertension, hyperlipidemia, hypertriglyceridemia, diabetes,
cardiovascular disease, depression, anxiety, family history of
dementia or tobacco use (Table 1).

Age, MoCA scores, and lesion load were not normally
distributed, whereas DTI values were normally distributed per

histogram plots. Median age was 55 (1st quantile = 36- 3rd
quantile= 68), medianMoCAwas 26 (20–27), andmedian lesion
load was 0.06 (0.02–0.25).

RFE showed that 12 DTI variables were found to be important
predictors of MoCA scores and were included in the correlation
analyses; the right inferior temporal gyrus (ITG)MD (0.90± 0.13
× 10-3 mm∗mm/s), the right middle temporal gyrus (MTG) MD
(0.91± 0.11× 10-3) and FA (0.20± 0.01), the right angular gyrus
(AG) MD (1.05 ± 0.17 × 10-3 mm∗mm/s), the right inferior
frontal gyrus (IFG) FA (0.22 ± 0.02), the right entorhinal cortex
MD (0.90± 0.13× 10-3), the left fornix FA (0.39± 0.09), the left
nucleus accumbens MD (1.13 ± 0.22 × 10-3), right splenium of
the corpus callosum FA (0.61 ± 0.04), and bilateral tapetum of
corpus callosum FAs (right = 0.45 ±0.08, left = 0.52 ± 0.09).
For these values, the partial correlation analyses corrected for
age and lesion showed a significant correlation between MoCA
scores and right fronto-temporal regions; right ITG MD (r =

−0.62, p = 0.00001), right MTG MD (r = −0.54, p = 0.0001),
right AG MD (r = −0.48, p = 0.0008), right IFG FA (r =

0.44, p = 0.002) whereas the remaining values did not show
significant correlations with MoCA after FDR corrections (p >

0.05). Significant correlations were highlighted in Figure 1.

DISCUSSION

To our knowledge, this is the first study to investigate
the correlation between MoCA scores and DTI variables
using atlas-based methods in patients with a history of
concussion and persistent cognitive impairment. The MoCA is
a quick, convenient, and sensitive screening tool for cognitive
impairment. Its administration consists of 12 individual tasks
grouped into seven cognitive domains: (1) visuospatial/executive;
(2) naming; (3) attention; (4) language; (5) abstraction; (6)
memory and (7) orientation.Memory, attention, and visuospatial
functions are themost frequently affected domains in TBI (3).We
analyzed 53 patients’ data from medical records in an outpatient
setting. The average time between the evaluation of the patients
and the last concussion was approximately 2.8 years. Hence, our
analysis reflects the relationship between chronic brain changes
after TBI and the subject’s performance on the MOCA.

Concussion or mTBI is a clinical diagnosis due to the absence
of validated diagnostic biomarkers (4). Predicting cognitive
outcomes is vital for early rehabilitation, medical management,
and experimental therapies designed to improve long-term
prognosis. There is a dearth of standardized techniques for the
detection and prediction of cognitive outcomes after mTBI.

It is important to note that several studies have applied
other methods to have a better understanding of the anatomical
changes post TBI and how these alterations can affect cognitive
performance (16). It has been well established that a reduction
of total brain volume and cerebral atrophy are common
sequelae of TBI (17–20). Prior publications have assessed these
subtle volumetric changes to predict a clinical outcome post
TBI. Most of the morphometric measures that have been
published are based on the segmentation techniques available in
FreeSurfer (http://surfer.nmr.mgh.harvard.edu/). Warner et al.
assessed the relationship between the cognitive outcomes in 24
patients post traumatic axonal injury (TAI) with white matter
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FIGURE 1 | Scatter plots illustrating significant partial correlations (adjusted for age and lesion load) between Montreal cognitive assessment (MoCA) and right (R) (A)

Inferior temporal (ITG), (B) Middle temporal (MTG), (C) Angular (AG), and (D) Inferior frontal gyri (IFG).

integrity and regional brain volumes (21). Their work concluded
that regional brain volumes were correlated with deficits in
neuropsychological outcomes and that volumes of some gray
matter structures were more strongly associated with damage
to related white matter tracts in the chronic phase than in
the acute phase. Numerous other studies have identified that
certain brain regions such as the thalamus and hippocampus are
selectively vulnerable to atrophy after trauma and have significant
value when predicting functional outcome (21, 22). Therefore,
brain volume and cortical track integrity are useful tools when
assessing cognitive prognosis in post TBI patients. In this study,
we focused on microstructural changes and its correlation with
MOCA scores.

Numerous studies have investigated the role of DTI in mTBI.
In 2002, Arfanakis et al. (6) described five patients with mTBI
who underwent DTI in the first 24 h of presentation to the
Emergency Department and identified regions of diffuse axonal
injury that appear normal with conventional neuroimaging.
However, DTI in the acute phase can show changes due to
vasogenic edema that can be reversible and therefore does not
reflect the chronic brain changes related to cognitive impairment.
In the last decade, over a 100 publications have demonstrated
the value of DTI at detecting microstructural disruption in
concussion (23). However, this study represents an advance
over previous studies because it investigated patients who are
in the chronic phase post-concussion, which eliminates possible
misleading findings in the acute and subacute phases. Also, our
DTI analysis reflects white as well as gray matter changes, as
opposed to most previous studies that have analyzed only white

matter changes. Finally, an important advance here is that the
MoCA was performed around the same time as the brain DTI
so that the correlations between them are more reliable.

Our findings demonstrated a negative correlation between
MoCA scores and MD values in the right inferior temporal
gyri, middle temporal gyri, and angular gyri. We found a
positive correlation between MoCA scores and FA values in
the right inferior frontal gyri. Therefore, areas exhibiting loss
of integrity reflected by abnormal FA and MD values, which
significantly correlated with MOCA scores, were mostly in the
right frontotemporal area. Notably, this result also indicates that
the changes in MOCA scores after concussion are not due to
impaired language because the right hemisphere typically does
not affect language function, outside of left handers.

The temporal lobe of the brain has several brain structures
that are critical for cognitive functions. It subdivides into the
superior, middle, and inferior temporal gyrus (STG, MTG, ITG).
Between these subdivisions and between different parcellations of
the frontal, parietal and occipital lobes, there are functional white
matter connections (structural connectivity) that are essential for
memory and visuospatial performance (24). The ITG contains
the temporal area 2 anterior (TE2a) and the temporal area 2
posterior (TE2p) that appear to function in vision. The MTG
contains the perirhinal cortex, which contributes to declarative
memories and semantic knowledge (25). Declarative memories
are those that can be consciously thought of and verbalized. Some
studies speculate that the medial temporal lobe is crucial for
semantic memory—the ability to recall general facts about the
world (26). On the other hand, the role of the right inferior frontal
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gyrus (IFG) has been strongly associated with switching attention
from one object to another by inhibiting the previously attended
locus (27–29). As above, memory, attention, and visuospatial
functions are the most frequently affected domains in TBI (3),
and here we identified a clear correlation between those areas
of the brain that exhibited significant DTI findings and the most
commonly affected cognitive domains in TBI.

Our results suggest that lower MoCA scores are associated
with higher MD in the right temporal regions and decreased FA
in the right frontal region. Our study supports previous findings
that have established an association between post-concussion
syndrome and increasedMD and decreased FA in DTI. However,
these findings have been inconsistent when trying to identify the
areas of the brain that are affected, and our results differ from
some previous studies. For example, there have been suggestions
of increased MD in the corpus callosum (30–32); the left
uncinate fasciculus (33); the inferior fronto-occipital fasciculus,
the inferior longitudinal fasciculus, the superior longitudinal
fasciculus, the corticospinal tract and the left anterior thalamic
radiation (31).

Decreased FA in different brain areas has also been
inconsistent. Studies have suggested decreased FA in the whole
brain (34); the corpus callosum (32, 33, 35, 36); the right
anterior corona radiata, internal capsule (anterior limb), fornix,
and medial superior frontal gyrus (35); the pontine tegmentum
(37); and the left uncinate fasciculus and bilateral superior
thalamic radiations (33). These discrepant results could be
attributed to variations in the time interval between injury and
imaging and differences in study design and analytic techniques.
Consequently, no standard DTI biomarker is identified for PCS
diagnosis and prediction (38).

Our findings extend previous ones and present strong
evidence for right frontotemporal changes underlying persistent
cognitive symptoms after concussion because (1) there is
a clinico-pathologic correlation between our cognitive and
imaging data, (2) the affected regions identified in DTI match
the symptoms reported by the patients and (3) the cognitive
weakness domains on testing correspond to the function of
the affected brain areas exhibiting DTI changes. We would
suggest, then, that increased MD and decreased FA in the right
frontotemporal regions may predict low MoCA scores in people
who have suffered frommTBI. These results may be helpful when
assessing patients complaining of cognitive impairment who have
a history of concussion.

There are some limitations to this study. For example,
diffusion tensor metrics are sensitive, but non-specific markers
for microstructural changes of the brain parenchyma, which
can be altered in many brain pathologies including infection,
inflammation or trauma. Our study included a heterogeneous
population, and subjects had other cognitive risk factors such as
hypertension, hyperlipidemia and diabetes. These comorbidities
are also known to cause white matter changes (39). Therefore,
we cannot rule out a contribution by those risks factors to
white matter damage and poor MoCA performance. Although
we have not controlled our analysis for all the risk factors
for cognitive impairment, we qualitatively presented them in a

detailed manner in Table 1. On the other hand, many patients
were young, and lacked these risk factors, and still had the
changes we noted on DTI imaging. Other limitations of our
study include small sample size, differences in the interval from
injury to imaging, and lack of a control group. The small sample
size meant that our study lacked the power to perform in-
depth analyses for MOCA subscores and their DTI correlates;
hence, we only investigated global cognitive impairment and it’s
DTI correlates. A larger, future study would allow for important
subscore analyses.

Going forward, it will be important to determine which
components of concussion are potentially reversible, and
which may be irreversible. Moreover, additional, large-scale,
longitudinal studies and translational research are needed to
further explore DTI as a reliable prognostic indicator. Functional
imaging, such as PET scans, SPECT scans, and evoked potentials,
have shown inconsistent results across studies, while a limited
number of studies have found promise in the application of
MR spectroscopy in detecting diffuse axonal injury and post-
concussion syndrome (40, 41). Further research into potential
biochemical markers, such as neurofilaments, neuron specific
enolase, S100B, and ferritin (39), which are correlated with
imaging and cognitive assessment results, would also broaden
our insight into diagnostic, prognostic, and therapeutic options
for mTBI.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Committee for the Protection of Human
Subjects. Written informed consent from the participants’ legal
guardian/next of kin was not required to participate in this
study in accordance with the national legislation and the
institutional requirements.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

ACKNOWLEDGMENTS

The content of this manuscript has been presented in part at the
ANA 2020 Conference (42).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2021.639179/full#supplementary-material

Frontiers in Neurology | www.frontiersin.org 5 May 2021 | Volume 12 | Article 639179

https://www.frontiersin.org/articles/10.3389/fneur.2021.639179/full#supplementary-material
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Gonzalez et al. DTI Correlates of Concussion-Related Cognitive Impairment

REFERENCES

1. Giza CC, Kutcher JS, Ashwal S, Barth J, Getchius TS, Gioia GA, et al.

Summary of evidence-based guideline update: evaluation and management

of concussion in sports: report of the Guideline Development Subcommittee

of the American Academy of Neurology. Neurology. (2013) 80:2250–

7. doi: 10.1212/WNL.0b013e31828d57dd

2. Peterson AB, Xu L, Daugherty J, BreidingMJ. Surveillance Report of Traumatic

Brain Injury-Related Emergency Department Visits, Hospitalizations, and

deaths, United States. Centers for Disease Control and Prevention (2014).

Available online at: https://stacks.cdc.gov/view/cdc/78062

3. Panwar N, Purohit D, Sinha VD, Joshi M. Evaluation of extent and pattern

of neurocognitive functions in mild and moderate traumatic brain injury

patients by using Montreal Cognitive Assessment (MoCA) score as a

screening tool: an observational study from India. Asian J Psychiatry. (2019)

41:60–5. doi: 10.1016/j.ajp.2018.08.007

4. Asken BM, DeKosky ST, Clugston JR, Jaffee MS, Bauer RM. Diffusion tensor

imaging (DTI) findings in adult civilian, military, and sport-related mild

traumatic brain injury (mTBI): a systematic critical review. Brain Imaging

Behav. (2018) 12:585–612. doi: 10.1007/s11682-017-9708-9

5. Smith DH, Meaney DF, Shull WH. Diffuse axonal injury

in head trauma. J Head Trauma Rehabil. (2003) 18:307–

16. doi: 10.1097/00001199-200307000-00003

6. Arfanakis K, Haughton VM, Carew JD, Rogers BP, Dempsey RJ, Meyerand

ME. Diffusion tensor MR imaging in diffuse axonal injury. Am J Neuroradiol.

(2002) 23:794–802. Available online at: http://www.ajnr.org/content/23/5/794.

short

7. Huisman TA, Schwamm LH, Schaefer PW, Koroshetz WJ, Shetty-Alva N,

Ozsunar Y, et al. Diffusion tensor imaging as potential biomarker of white

matter injury in diffuse axonal injury. Am J Neuroradiol. (2004) 25:370–6.

Available online at: http://www.ajnr.org/content/25/3/370.short

8. KrausMF, Susmaras T, Caughlin BP,Walker CJ, Sweeney JA, Little DM.White

matter integrity and cognition in chronic traumatic brain injury: a diffusion

tensor imaging study. Brain. (2007) 130:2508–19. doi: 10.1093/brain/awm216

9. Assaf Y, Pasternak O. Diffusion tensor imaging (DTI)-based white matter

mapping in brain research: a review. J Mol Neurosci. (2008) 34:51–

61. doi: 10.1007/s12031-007-0029-0

10. Le Bihan D, Mangin JF, Poupon C, Clark CA, Pappata S, Molko N, et al.

Diffusion tensor imaging: concepts and applications. J Magn Reson Imaging.

(2001) 13:534–46. doi: 10.1002/jmri.1076

11. Hasan KM, Halphen C, Sankar A, Eluvathingal TJ, Kramer L, Stuebing KK,

et al. Diffusion tensor imaging-based tissue segmentation: validation and

application to the developing child and adolescent brain. Neuroimage. (2007)

34:1497–505. doi: 10.1016/j.neuroimage.2006.10.029

12. Mori S, Wu D, Ceritoglu C, Li Y, Kolasny A, Vaillant MA, et al. MRICloud:

delivering high-throughput MRI neuroinformatics as cloud-based software as

a service. Comput Sci Eng. (2016) 18:21–35. doi: 10.1109/MCSE.2016.93

13. Manjón JV, Coupé P. volBrain: an online MRI brain volumetry system. Front

Neuroinformatics. (2016) 10:30. doi: 10.3389/fninf.2016.00030

14. Wikipedia contributors. Feature Selection. Wikipedia, The Free

Encyclopedia. (2021). Available online at: https://en.wikipedia.org/w/index.

php?title=Special:CiteThisPage&page=Feature_selection&id=1020695065&

wpFormIdentifier=titleform

15. Schmidt R, Petrovic K, Ropele S, Enzinger C, Fazekas F.

Progression of leukoaraiosis and cognition. Stroke. (2007)

38:2619–25. doi: 10.1161/STROKEAHA.107.489112

16. Ledig C, Kamnitsas K, Koikkalainen J, Posti JP, Takala RS, Katila A, et al.

Regional brain morphometry in patients with traumatic brain injury based

on acute-and chronic-phase magnetic resonance imaging. PLoS ONE. (2017)

12:e0188152. doi: 10.1371/journal.pone.0188152

17. Ding K, De La Plata CM, Wang JY, Mumphrey M, Moore C, Harper

C, et al. Cerebral atrophy after traumatic white matter injury: correlation

with acute neuroimaging and outcome. J Neurotrauma. (2008) 25:1433–

40. doi: 10.1089/neu.2008.0683

18. Bigler ED. Quantitative magnetic resonance imaging in

traumatic brain injury. J Head Trauma Rehabil. (2001) 16:117–

34. doi: 10.1097/00001199-200104000-00003

19. Bendlin BB, Ries ML, Lazar M, Alexander AL, Dempsey RJ, Rowley HA,

et al. Longitudinal changes in patients with traumatic brain injury assessed

with diffusion-tensor and volumetric imaging. Neuroimage. (2008) 42:503–

14. doi: 10.1016/j.neuroimage.2008.04.254

20. Blatter DD, Bigler ED, Gale SD, Johnson SC, Anderson CV, Burnett BM,

et al. MR-based brain and cerebrospinal fluid measurement after traumatic

brain injury: correlation with neuropsychological outcome. Am J Neuroradiol.

(1997) 18:1–10.

21. Warner MA, De La Plata CM, Spence J, Wang JY, Harper C, Moore C,

et al. Assessing spatial relationships between axonal integrity, regional brain

volumes, and neuropsychological outcomes after traumatic axonal injury. J

Neurotrauma. (2010) 27:2121–30. doi: 10.1089/neu.2010.1429

22. Ramlackhansingh AF, Brooks DJ, Greenwood RJ, Bose SK, Turkheimer FE,

Kinnunen KM, et al. Inflammation after trauma: microglial activation and

traumatic brain injury. Ann Neurol. (2011) 70:374–83. doi: 10.1002/ana.22455

23. Hulkower MB, Poliak DB, Rosenbaum SB, Zimmerman ME, Lipton ML. A

decade of DTI in traumatic brain injury: 10 years and 100 articles later. Am J

Neuroradiol. (2013) 34:2064–74. doi: 10.3174/ajnr.A3395

24. Patel A, Biso GMNR, Fowler JB.Neuroanatomy, Temporal Lobe. In: StatPearls.

Treasure Island, FL: StatPearls Publishing (2020).

25. Baker CM, Burks JD, Briggs RG, Milton CK, Conner AK, Glenn CA, et al.

A connectomic atlas of the human cerebrum—chapter 6: the temporal lobe.

Oper Neurosurg. (2018) 15:S245–94. doi: 10.1093/ons/opy260

26. Knierim JJ. The hippocampus. Curr Biol. (2015) 25:R1116–

21. doi: 10.1016/j.cub.2015.10.049

27. Dove A, Pollmann S, Schubert T, Wiggins CJ, Von Cramon DY. Prefrontal

cortex activation in task switching: an event-related fMRI study. Cogn Brain

Res. (2000) 9:103–9. doi: 10.1016/S0926-6410(99)00029-4

28. Cools R, Clark L, Owen AM, Robbins TW. Defining the neural

mechanisms of probabilistic reversal learning using event-

related functional magnetic resonance imaging. J Neurosci. (2002)

22:4563–7. doi: 10.1523/JNEUROSCI.22-11-04563.2002

29. Hampshire A, Owen AM. Fractionating attentional control using event-

related fMRI. Cereb Cortex. (2006) 16:1679–89. doi: 10.1093/cercor/bhj116

30. Bartnik-Olson BL, Holshouser B, Wang H, Grube M, Tong K, Wong

V, et al. Impaired neurovascular unit function contributes to persistent

symptoms after concussion: a pilot study. J Neurotrauma. (2014) 31:1497–

506. doi: 10.1089/neu.2013.3213

31. Messé A, Caplain S, Paradot G, Garrigue D, Mineo JF, Soto Ares G, et al.

Diffusion tensor imaging and white matter lesions at the subacute stage

in mild traumatic brain injury with persistent neurobehavioral impairment.

Hum Brain Mapp. (2011) 32:999–1011. doi: 10.1002/hbm.21092

32. Polak P, Leddy JJ, Dwyer MG, Willer B, Zivadinov R. Diffusion tensor

imaging alterations in patients with postconcussion syndrome undergoing

exercise treatment: a pilot longitudinal study. J Head Trauma Rehabil. (2015)

30:E32–42. doi: 10.1097/HTR.0000000000000037

33. D’souza MM, Trivedi R, Singh K, Grover H, Choudhury A, Kaur P,

et al. Traumatic brain injury and the post-concussion syndrome: a

diffusion tensor tractography study. Indian J Radiol Imaging. (2015)

25:404. doi: 10.4103/0971-3026.169445

34. Bouix S, Pasternak O, Rathi Y, Pelavin PE, Zafonte R, Shenton ME.

Increased gray matter diffusion anisotropy in patients with persistent post-

concussive symptoms following mild traumatic brain injury. PLoS ONE.

(2013) 8:e66205. doi: 10.1371/journal.pone.0066205

35. Dean PJ, Sato JR, Vieira G, McNamara A, Sterr A. Long-term

structural changes after mTBI and their relation to post-concussion

symptoms. Brain Inj. (2015) 29:1211–8. doi: 10.3109/02699052.2015.10

35334

36. Levin HS, Wilde E, Troyanskaya M, Petersen NJ, Scheibel R, Newsome

M, et al. Diffusion tensor imaging of mild to moderate blast-related

traumatic brain injury and its sequelae. J Neurotrauma. (2010) 27:683–

94. doi: 10.1089/neu.2009.1073

37. Delano-Wood L, Bangen KJ, Sorg S, Clark AL, Schiehser DM, Luc N,

et al. Brainstem white matter integrity is related to loss of consciousness

and postconcussive symptomatology in veterans with chronic mild to

moderate traumatic brain injury. Brain Imaging Behav. (2015) 9:500–

12. doi: 10.1007/s11682-015-9432-2

Frontiers in Neurology | www.frontiersin.org 6 May 2021 | Volume 12 | Article 639179

https://doi.org/10.1212/WNL.0b013e31828d57dd
https://stacks.cdc.gov/view/cdc/78062
https://doi.org/10.1016/j.ajp.2018.08.007
https://doi.org/10.1007/s11682-017-9708-9
https://doi.org/10.1097/00001199-200307000-00003
http://www.ajnr.org/content/23/5/794.short
http://www.ajnr.org/content/23/5/794.short
http://www.ajnr.org/content/25/3/370.short
https://doi.org/10.1093/brain/awm216
https://doi.org/10.1007/s12031-007-0029-0
https://doi.org/10.1002/jmri.1076
https://doi.org/10.1016/j.neuroimage.2006.10.029
https://doi.org/10.1109/MCSE.2016.93
https://doi.org/10.3389/fninf.2016.00030
https://en.wikipedia.org/w/index.php?title=Special:CiteThisPage&page=Feature_selection&id=1020695065&wpFormIdentifier=titleform
https://en.wikipedia.org/w/index.php?title=Special:CiteThisPage&page=Feature_selection&id=1020695065&wpFormIdentifier=titleform
https://en.wikipedia.org/w/index.php?title=Special:CiteThisPage&page=Feature_selection&id=1020695065&wpFormIdentifier=titleform
https://doi.org/10.1161/STROKEAHA.107.489112
https://doi.org/10.1371/journal.pone.0188152
https://doi.org/10.1089/neu.2008.0683
https://doi.org/10.1097/00001199-200104000-00003
https://doi.org/10.1016/j.neuroimage.2008.04.254
https://doi.org/10.1089/neu.2010.1429
https://doi.org/10.1002/ana.22455
https://doi.org/10.3174/ajnr.A3395
https://doi.org/10.1093/ons/opy260
https://doi.org/10.1016/j.cub.2015.10.049
https://doi.org/10.1016/S0926-6410(99)00029-4
https://doi.org/10.1523/JNEUROSCI.22-11-04563.2002
https://doi.org/10.1093/cercor/bhj116
https://doi.org/10.1089/neu.2013.3213
https://doi.org/10.1002/hbm.21092
https://doi.org/10.1097/HTR.0000000000000037
https://doi.org/10.4103/0971-3026.169445
https://doi.org/10.1371/journal.pone.0066205
https://doi.org/10.3109/02699052.2015.1035334
https://doi.org/10.1089/neu.2009.1073
https://doi.org/10.1007/s11682-015-9432-2
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Gonzalez et al. DTI Correlates of Concussion-Related Cognitive Impairment

38. Shenton ME, Hamoda HM, Schneiderman JS, Bouix S, Pasternak O, Rathi Y,

et al. A review of magnetic resonance imaging and diffusion tensor imaging

findings in mild traumatic brain injury. Brain Imaging Behav. (2012) 6:137–

92. doi: 10.1007/s11682-012-9156-5

39. Maillard P, Carmichael OT, Reed B, Mungas D, DeCarli C. Cooccurrence of

vascular risk factors and late-life white-matter integrity changes. Neurobiol

Aging. (2015) 36:1670–7. doi: 10.1016/j.neurobiolaging.2015.01.007

40. Khong E, Odenwald N, Hashim E, Cusimano MD. Diffusion

tensor imaging findings in post-concussion syndrome

patients after mild traumatic brain injury: a systematic

review. Front Neurol. (2016) 7:156. doi: 10.3389/fneur.2016.

00156

41. Marino S, Ciurleo R, Bramanti P, Federico A, De Stefano N. 1H-MR

spectroscopy in traumatic brain injury. Neurocrit Care. (2011) 14:127–

33. doi: 10.1007/s12028-010-9406-6

42. Cornejo AC, KimM, Keser Z, Ibrahim L, Singh SK, AhmadMJ, et al. Diffusion

tensor imaging correlates of concussion related cognitive impairment. Front

Neurol. (2020) 88:S262–3. doi: 10.3389/fneur.2021.639179

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Gonzalez, Kim, Keser, Ibrahim, Singh, Ahmad, Hasan, Kamali,

Hasan and Schulz. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org 7 May 2021 | Volume 12 | Article 639179

https://doi.org/10.1007/s11682-012-9156-5
https://doi.org/10.1016/j.neurobiolaging.2015.01.007
https://doi.org/10.3389/fneur.2016.00156
https://doi.org/10.1007/s12028-010-9406-6
https://doi.org/10.3389/fneur.2021.639179
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Diffusion Tensor Imaging Correlates of Concussion Related Cognitive Impairment
	Introduction
	Methods
	Image Acquisitions and Analyses
	Statistical Analyses

	Results
	Study Design and Participants

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


