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Abstract
Background Mild traumatic brain injury (mTBI) can result in lasting brain damage that is often too subtle to detect 
by qualitative visual inspection on conventional MR imaging. Although a number of FDA-cleared MR neuroimaging 
tools have demonstrated changes associated with mTBI, they are still under-utilized in clinical practice.
Methods We investigated a group of 65 individuals with predominantly mTBI (60 mTBI, 48 due to motor-vehicle 
collision, mean age 47 ± 13 years, 27 men and 38 women) with MR neuroimaging performed in a median of 37 
months post-injury. We evaluated abnormalities in brain volumetry including analysis of left-right asymmetry by 
quantitative volumetric analysis, cerebral perfusion by pseudo-continuous arterial spin labeling (PCASL), white matter 
microstructure by di!usion tensor imaging (DTI), and neurometabolites via magnetic resonance spectroscopy (MRS).
Results All participants demonstrated atrophy in at least one lobar structure or increased lateral ventricular volume. 
The globus pallidi and cerebellar grey matter were most likely to demonstrate atrophy and asymmetry. Perfusion 
imaging revealed signi"cant reductions of cerebral blood #ow in both occipital and right frontoparietal regions. 
Di!usion abnormalities were relatively less common though a subset analysis of participants with higher resolution 
DTI demonstrated additional abnormalities. All participants showed abnormal levels on at least one brain metabolite, 
most commonly in choline and N-acetylaspartate.
Conclusion We demonstrate the presence of coup-contrecoup perfusion injury patterns, widespread atrophy, 
regional brain volume asymmetry, and metabolic aberrations as sensitive markers of chronic mTBI sequelae. Our 
"ndings expand the historic focus on quantitative imaging of mTBI with DTI by highlighting the complementary 
importance of volumetry, arterial spin labeling perfusion and magnetic resonance spectroscopy neurometabolite 
analyses in the evaluation of chronic mTBI.
Keywords Traumatic brain Injury, Di!usion Tensor Imaging, Pseudocontinuous arterial spin labeling, Magnetic 
resonance spectroscopy
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Introduction
Over 2.5  million U.S. citizens visit emergency depart-
ments for traumatic brain injury annually, among which 
over 220,000 are hospitalized [1–3]. Many suffering from 
TBI do not seek or receive medical care, leading to under-
estimation of the true prevalence of TBI [1]. #e majority 
(70–90%), of these individuals represent mild TBI (mTBI) 
and up to 40% progress to develop persistent cognitive, 
psychosocial, and behavioral symptoms often referred to 
as post-concussion syndrome (PCS) [4–6]. PCS has high 
morbidity with reduced quality-of-life, depression and 
anxiety and high suicide rates [7–9]. Additionally, TBI is 
an independent risk factor for dementia with one study 
of over 350,000 participants showing a greater than two-
fold increased risk even with no loss of consciousness 
[10].

Non-contrast head computed tomography (CT) is the 
standard of care for identifying life-threatening inju-
ries from acute TBI such as hemorrhage, contusion 
and mass-effect [11]. CT can thus differentiate between 
moderate to severe and mild forms of TBI [12, 13]. Addi-
tion of non-contrast magnetic resonance imaging (MRI) 
improves upon the detection sensitivity for contusions, 
brainstem injuries and axonal injuries specially in moder-
ate to severe TBI [14]. However, only 5–49% of patients 
with mTBI and negative CT scan have abnormal findings 
on conventional MRI sequences such T1- T2 and diffu-
sion weighted imaging [15–18]. Absence of reliable visual 
findings on conventional MRI add to the challenge of 
objectively identifying brain damage in acute mTBI [19].

An array of FDA-cleared neuroimaging processing 
tools can offer crucial diagnostic insights into mTBI, 
beyond conventional qualitative imaging reads, by 
quantitatively assessing regional brain volumes, cere-
bral perfusion, white matter (WM) structure, and neu-
rometabolites [20–24]. Post-traumatic cortical atrophy 
is thought to originate from widespread WM injury and 
subsequent cortical Wallerian degeneration, progress-
ing over time and space [25]. Meta-analytic evaluation 
of volumetric studies have shown the thalami, temporal 
and frontal lobes, and cortical WM as signature atrophy 
regions of chronic mTBI [26]. Disruption in WM is evi-
denced by changes in diffusion tensor parameters namely 
changes in fractional anisotropy (FA) [23]. Perfusion 
imaging abnormalities in TBI build on the understand-
ing that acute trauma can disrupt cerebral perfusion 
autoregulation and the integrity of the blood-brain bar-
rier hence leading to chronic hypoperfusion [27, 28]. 
Magnetic resonance spectroscopy (MRS) is a well-known 
technique to assess changes in neuronal metabolites 
with emerging application in TBI. Growing availability 
of FDA-cleared software to interpret these quantitative 
MR neuroimaging techniques enables the application of 
these tools in high-throughput clinical settings [29]. With 

close to 40  million MRI examinations performed in the 
United States annually, mostly neuroradiological studies 
[30], there is a significant opportunity to leverage these 
processing tools to gain key insights that directly impact 
clinical decision-making.

We investigated the frequency of abnormal quantita-
tive findings of brain regional volumes, cerebral perfu-
sion with ASL, WM microstructure with diffusion tensor 
imaging (DTI) and brain metabolites with MRS using 
predominantly FDA-cleared image processing tools in 
a cohort primarily composed of individuals with mTBI. 
We tested the hypothesis that these quantitative neuro-
imaging findings would be more sensitive in reflecting 
TBI than conventional qualitative radiology reads. Sec-
ondarily, we compared these quantitative measurements 
across motor vehicle collision (MVC) versus non-MVC 
participants, as MVC is the most common mechanism of 
mTBI [31, 32] and constituted the majority of our sample. 
Results of this research would be pivotal for establishing 
the spectrum of expected quantitative imaging abnor-
malities using increasingly available FDA-cleared tools 
when evaluating a patient with mTBI.

Methods
Participants
We obtained cross-sectional data in 65 individuals with a 
history of TBI who were referred to Neurevolution Medi-
cine, a private medical clinic focusing on brain injury 
medical care and forensics, between February 2018 and 
May 2023. #is was done through consecutive conve-
nience sampling under IRB exemption#Pro00071328. Eli-
gibility criteria were: (1) have a history of external force 
to head confirmed through review of medical records 
available at or around the time of the traumatic event 
and (2) brain MRI at any time post injury that included at 
least a 3D T1-weighted scan. Participants were excluded 
if they had a history of severe, pre-existing neurological 
disorder or a documented history of severe mental illness 
including major depressive disorder, schizophrenia, post-
traumatic stress disorder, or bipolar disorder. Mechanism 
of injury including MVC and non-MVC accidents and 
severity of TBI based on standard classifications were uti-
lized [20–22, 33]. MR neuroimaging was acquired more 
than 6 months following injury in the chronic post-injury 
phase in all participants (median(Q1-Q3): 37(27–45) 
months). #e clinical reads were provided by a board-
certified neuroradiologist with approximately 10 years 
of experience. For the purposes of this study, a positive 
clinical read indicative of TBI was defined as any radio-
logical finding where trauma was attributed to the find-
ings in the impression section of the report, either as the 
primary consideration or within the provided differential 
diagnoses.
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MR image acquisition
MR imaging of all participants was performed on a 3 
Tesla GE Signa HDx scanner. T1-weighted scans were 
all acquired through fast spoiled gradient echo (FSPGR) 
using a 32-channel head coil (software version DV26, GE 
HealthCare, Chicago, IL). Additional T1-weighted image 
acquisition parameters included: slice thickness = 1  mm, 
TR = 6.94 ms, TE = 3.03 ms, flip angle = 8°, FOV = 256 × 256 
mm2, and voxel size = 1 × 1 × 1 mm3.

Diffusion tensor imaging (DTI) scan that was acquired 
through echo-planar imaging and using the following 
parameters: 24 directions, voxel size = 1.5 × 1.5 × 3 mm3, 
slice thickness = 1.5 mm, TR = 8000 ms, TE = 83.3 ms, and 
with b-value = 1000  s/mm2. Among these, twenty-one 
individuals had an additional DTI acquisition with the 
following parameters: 30 directions, isotropic 2 × 2 × 2 
mm3 voxel size, 2  mm slice thickness, and TR = 16,716 
ms, TE = 78.7 ms. #is additional DTI acquisition allowed 
for additional quantitative assessment of these partici-
pants through the Advanced Neuro Diagnostic Imaging 
(ANDI) tool [34].

Perfusion imaging was performed via a 3D background-
suppressed pseudo-continuous arterial spin labeling 
(pCASL), herein and after abbreviated as ASL, with the 
following parameters: single-shot gradient-echo EPI, 
FOV = 128 × 128, slice thickness = 4  mm, labeling dura-
tion = 1450 ms, post labeling delay = 2025 ms, TR = 4844 
ms, TE = 10.5 ms, number of controls/labels = 40 pairs, 
labeling pulse flip angle = 90°, and perfusion calibration 
images (M0) for basic tissue magnetization to determine 
absolute cerebral blood flow [35].

Finally, to obtain proton magnetic resonance spectros-
copy (1H-MRS) imaging, a single-voxel point-resolved 
spin echo (PRESS) sequence with TR = 2000 ms and 
TE = 30 ms (5000  Hz bandwidth with 4096 points, 
64–128 averages) was applied to a 2 × 2 × 2  cm voxel in 
the posterior white matter as the region of interest, using 
the grey matter on the T1-coronal images as a guide. 
#e PRESS acquisition parameters were as follows: total 
number of acquisitions = 96, averages per acquisition = 8, 
total number of spectra = 6, shimming method = manual 
shimming of water and shimming threshold = less than 
14 Hz [36, 37].

Importantly, the DTI and MRS had not been per-
formed for all participants, yielding to smaller sample 
sizes for these two modalities respectively (n = 57 and 
n = 42 for DTI and MRS: respectively).

Quantitative image post processing
Volumetric processing
All participants’ 3D T1-weighted images were inputted 
into volumetric analyses using the FDA-cleared Neuro-
Reader online platform (BrainReader ApS, Version 2.7). 
#e NeuroReader (NR) and asymmetry indices (AI) 

were extracted for 26 distinct cortical and subcortical 
structures [38]. #e NR-index is calculated by dividing 
z-scores for normalized regional volumes over the square 
root of the size of NeuroReader normative database for 
participant age and sex group: hence improving upon 
conventional z-scores by accounting for variabilities in 
group-specific sample size in the normative cohort. #is 
normative database comprised of 231 participants (48.5% 
women) aged between 60 and 90 years and was derived 
from the Alzheimer’s Disease Neuroimaging Initiative 
grand opportunities (ADNI-GO) study [39]. #e AI is 
defined as the ratio of left-right volume difference divided 
over the total volume of any given region, where an AI of 
above zero indicates left > right asymmetry [22]. #e NR-
index for AI was calculated similarly to the NR-index for 
normalized regional volumes. #e NR-indices were noted 
abnormal if below or equal to -2 in lobar and subcortical 
gray matter (GM) structures or if above or equal to + 2 in 
the lateral ventricles, based on prior published work on 
the application of Neuroreader in TBI [22]. Segmentation 
maps were meticulously reviewed by a board certified 
neuroradiologist experienced in quantitative neuroimag-
ing analysis (CAR) to identify any significant errors that 
could lead to inaccurate measurements of the NR or AI 
indices.

Cerebral perfusion analyses
Quantitative Perfusion analyses was performed in all 
participants using the ASL-MRICloud to extract rela-
tive cerebral blood flow (rCBF) [40]. #e ASL-MRICloud 
is an online tool that generates rCBF for 287 regions 
that are compared to their age and sex-matched indi-
viduals from a healthy normative database to generate 
z-score maps, as described in prior work [41]. #e nor-
mative database used by the ASL-MRICloud comprised 
of 309 healthy volunteers ranging from 20 to 89 years 
old (48.7% women) who were evenly distributed across 
5-year age brackets [42]. Only z-score maps, and not 
regional z-scores, were provided as part of the standard 
ASL-MRICloud output, which prevented us from per-
forming quantitative comparisons based on regional 
rCBF Z-scores. ASL-MRICloud also conducts automated 
image quality indices of processed CBF maps on a scale 
of 1–4 (1 = Excellent, 4 = Poor). All maps received a score 
of 1 from ASL-MRICloud and were confirmed on sepa-
rate visual inspection by a neuroradiologist experienced 
in both ASL and quantitative neuroimaging (CAR).

Di!usion tensor imaging
DTI sequences were available through the proprietary 
Swedish-Radia pipeline for 57 participants yielding FA 
maps from diffusion-weighted images. A subgroup of 21 
participants who had additional DTI sequences compat-
ible with the FDA-approved Advanced Neuro Diagnostic 
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Imaging (ANDI) tool (Imeka Solutions Inc., Quebec, 
Canada) [34, 43–45] were additionally analyzed through 
this pipeline. #e ANDI requires DTI data acquired to 
certain protocol specifications as detailed above, limiting 
the number of participants in this subsample.

In the Swedish-Radia pipeline, a software package 
(Nordic ICE Diffusion/DTI Module, Nordic Imaging 
Laboratory, Bergen, Norway) was used to generate DTI 
FA maps and z-scores compared to Swedish-Radia nor-
mative data for 8 hand drawn ROIs located in the fron-
tal and parietal WM, periventricular WM, the genu and 
splenium of corpus callosum, and internal capsules [46]. 
In order to calculate the z-scores, each participant is 
compared to their respective 10-year age bracket from 
the Swedish-Radia normative dataset (example; the 
z-score for a 45-year-old participant was calculated by 
taking the difference between their DTI parameter and 
the average DTI parameter for the normative dataset par-
ticipants aged 40–49 years, and then dividing this differ-
ence by the standard deviation of that parameter within 
the same age group). #e mentioned normative dataset 
was composed of 80 healthy volunteers who were imaged 
using the same acquisition parameters and scanner (age 
range 1 to 79 years old, about 10 control participants 
for each decade). Abnormal FA z-scores were defined 
as either below a cut-off of at, or less then − 2 or greater 
than or equal to + 2 based on standard thresholds used 
by Swedish and as detailed in prior peer-reviewed litera-
ture [47, 48]. Experienced MR technicians, SCL and EI 
reviewed the ROIs and related FA and z-score calcula-
tions for quality assurance.

In ANDI, a whole-brain reconstruction WM algorithm 
leverages reinforcement learning to generate a tracto-
gram using the fiber orientation density function (fODF). 
#is process begins by preprocessing the diffusion-
weighted images to correct for motion, eddy currents, 
and susceptibility artifacts, as well as performing N4 bias 
correction. Next, the DWIs are resampled into the T1 
image space, and the T1 image is registered to the DWI 
image to generate seeding/anatomic masks. A stream-
line probabilistic-based tractography method is then 
used to generate tracts from the previously computed 
axial diffusivity (AD), fractional anisotropy (FA), mean 
diffusivity (MD), and radial diffusivity (RD) maps for 33 
principal WM bundles. Lastly, the mean DTI-derived 
measures and their respective confidence interval mea-
surements were generated for each tract bundle and com-
pared to the ANDI representative normative reference to 
generate tract-specific z-scores [49, 50]. #e normative 
dataset is comprised of a balanced cohort of 1266 healthy 
individuals (51.3% females), ranging in age from 20 to 80 
years, stratified evenly across 10-year age brackets [49]. 
Similar to Swedish-Radia ROI approach, participants 
were matched to their corresponding 10-year age bracket 

to calculate the z-scores. DTI values below 5th or above 
95th confidence intervals for FA, AD, MD and RD were 
considered abnormal, as noted in the ANDI manual.

Proton magnetic resonance spectroscopy
MRS studies had been obtained on 42 participants and 
processed using the web-based FDA cleared BrainSpec 
software to measure concentrations of different neuro-
metabolites (https://www.brainspec.co) [51]. Neurome-
tabolites included N-acetylaspartate (NAA), a marker of 
neuronal density and viability, choline (Cho), a marker of 
membrane turnover and cellular proliferation, glutamate 
(Glx), a marker of excitotoxicity, lactate (Lac), a marker 
of anaerobic cellular metabolism, and myoinositol (mI), a 
marker of glial cell proliferation such as in neuroinflam-
mation [52, 53]. Creatine (Cr) which is found in meta-
bolically active tissues was used as an internal reference 
standard for other metabolites as the output measure 
(e.g., NAA/creatine) [52]. #e region of interest was set 
to the left posterior white matter as it is a region that has 
been shown to be sensitive to brain injury [21]. A mini-
mum signal-to-noise ratio (SNR) of 10 was considered 
as satisfactory quality of the MRS and the spectra of all 
patients passed this threshold with a mean SNR of 21 
(range 11–31). A maximum linewidth of 0.1 ppm was 
considered as satisfactory quality, for which the spectra 
of all patients passed (mean linewidth: 0.03 ppm, range: 
0.024–0.067 ppm). In addition, the reliability of each 
metabolite measurement was assessed by the Cramer-
Rao lower bound (CRLB) as a function of the metabo-
lite concentration but was not used for data filtering 
[54]. #e mean (range) CRLB of NAA, Cr, Cho, and Glx 
were 2.8% (2–4), 2,9% (2–4), 4.8% (3–7), and 7.9% (4–14) 
respectively. Output measures below or above the refer-
ence range were considered abnormal as specified by the 
BrainSpec software.

Statistical analyses
Analyses were all done using the R software version 4.0.5 
(https://www.r-project.org/). We used the shapiro.test 
function from the statistical package to investigate the 
normality assumption for the residuals of variables. #e 
chisq.test with or without the Fisher’s exact function were 
used to compare the frequency of abnormal NR-indices, 
neurometabolite abnormalities, sex, and severity of TBI, 
between the MVC and non-MVC groups. #e average 
NR-indices, AD, FA, MD, RD, age, or time to MR imag-
ing, were compared using the Mann-Whitney U test. 
Given the low frequency and sample size of DTI abnor-
malities using either the Swedish-Radia or ANDI datas-
ets, between group comparisons were not performed for 
DTI abnormalities. Multiple comparisons correction was 
done using the Benjamini-Hochberg false-discovery rate 
(FDR) [55].
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Results
Table 1 summarizes the demographic and clinical infor-
mation of the entire study population. Participants with 
MVC did not differ in their age, sex, severity of TBI or the 
time interval between injury to MR imaging when com-
pared with those with non-MVC mechanism of injury. In 
75.4% of participants there were no finding in the clinical 
read that was positively attributed to TBI, consistent with 
the fact that the majority of participants (92.3%) were 
clinically diagnosed with mTBI. Figure  1 demonstrates 
examples of abnormal perfusion, diffusion and neurome-
tabolite findings.

Volumetric analyses
All participants had abnormal NR-index in at least one 
lobar (frontal, parietal, occipital or temporal) white or 
gray matter volume or lateral ventricular volumes. #ere 
were no statistically significant differences in the regional 
NR-indices between MVC and non-MVC patients 
(p-value of all tests > 0.05 after FDR correction). Atro-
phy in the cerebellar GM, temporal lobe, pallidi, ventral 
diencephalon, and lateral ventricular enlargement were 
the most common NR-index abnormalities (Table  2). 
#ose with MVC mechanism demonstrated lower NR-
indices for left-right asymmetry in the frontal lobe GM 
(p-value:0.031) and temporal lobe WM (p-value:0.017), 
indicating more pronounced right > left asymmetry in the 
frontal lobe GM and in the temporal lobe WM in MVC 
compared to the non-MVC group (Table 3).

Perfusion imaging
Figure 2 demonstrates average rCBF z-score maps across 
the entire population, and in the MVC and non-MVC 
groups separately. Individual z-score maps were thresh-
olded to only reflect voxels with z-score below or equal 
to -2 in adherence with prior peer-reviewed studies on 

the application of z-score maps to perfusion neuroimag-
ing evaluations [56, 57]. In the ASL scans of this cohort, 
100% of those scans had abnormal z-score maps. Perfu-
sion abnormalities in the right frontal and left occipital 
cortices as seen in Fig. 2, most pronounced in the entire 
sample (part A) and the MVC group (Part B), are com-
patible with a coup-contrecoup injury mechanism. Part 
C reflects non-MVC mechanism as the frontal and pos-
terior cortical hypoperfusion are comparatively bilateral 
and symmetric compared to the MVC pattern in Part B. 
When compared between the MVC versus non-MVC 
group there was no statistically significant difference in 
rCBF in any of the 287 investigated cortical and subcor-
tical regions after accounting for multiple comparisons 
(p-value of all regions < 0.05).

Di!usion tensor imaging
Using ROIs from Swedish-Radia, only a small percentage 
of patients exhibited abnormally low FA z-scores. #ese 
included 6% (n = 4) and 7.7% (n = 5) of participants, all 
demonstrating FA z-scores at or below − 2, in the right 
and left internal capsules, respectively. Only one par-
ticipant had low FA z-score at or below − 2 in the genu 
and splenium of the corpus callosum or in the posterior 
lobar WM each. #ere were no statistically significant 
differences in the FA z-scores between individuals who 
sustained MVC compared with the non-MVC group 
(p-value of all tests > 0.05 after FDR correction). In terms 
of elevated FA, 40.7% of participants (22/54) had FA 
z-scores at or above + 2 in at least one ROI. Of these the 
left (11/22) and right parietal WM (10/22), followed by 
the left (3/22) and right (6/22) frontal WM and the left 
(5/22) and right (2/22) internal capsules were most likely 
to have FA z-scores at or above + 2.

Standardized AD, FA, MD, and RD values obtained 
from ANDI were considered out of range if < = 5th and 

Table 1 Clinical features of study participants with MVC versus non-MVC mechanism of injury
Total
(n = 65)

MVC
(n = 48)

Non-MVC
(n = 17)

P-value*

Age, years (mean±sd) 47±14 45±13 50±14 0.1
Sex, men/women, n(%) 27(41.5%)/38(58.5%) 18(37.5)/30(62.5) 9(53)/8(47) 0.2
Severity of TBI, n(%) mild: 60(92.3)

moderate: 4(6.2)
severe: 1(1.5)

mild: 43(89.6)
moderate: 4(8.4)
severe: 1(2)

mild: 17(100) 0.057

Mechanism of injury,
n(%)

- Rear-end (15(31.2))
Frontal crash (8(16.7))
T-bone (4(8.4))
Rolled-over (3(6.2))
NS (18(37.5))

Blunt object injury (9(53))
Fall (6(35.2))
Blast (1(5.9))
NS (1(5.9))

-

Time to advanced MRI, months (median(Q1-Q3)) 37(27–45) 38(23–48) 30(27–39) 0.2
Positive visual read for TBI,
n(%)

16(24.6%) 12(25%) 4(23.5%) 0.2

Abbreviations: TBI: traumatic brain injury; MVC: motor vehicle collision; non-MVC: mechanism other than motor vehicle collision; NS: Not speci!ed; Time to MRI: 
time-lapse between injury and advanced MRI acquisition that was used for current analyses, Q1 and Q3: quartiles 1 and 3

*P-value of the students T-test or Mann-Whitney U test for variables with and without normal distribution

Davis Batson

Davis Batson

Davis Batson
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> = 95th percentile, across 33 investigated WM tracts. 
Most WM tracts with abnormality demonstrated ele-
vated (above 95 percentile) DTI metrics, more commonly 
FA and AD (Supplementary Table 1). Among abnormal 
tracts both arcuate fasciculi, cingulate gyri, frontal aslant 
occipital tracts, fornices, and mid genu of the corpus cal-
losum were most likely to demonstrate abnormally ele-
vated AD and FA.

Neurometabolite analyses
In total, 38 out of 42 participants with MRS (90.4%) data 
had abnormal levels of at least one of the investigated 
metabolites; NAA/Cr, Cho/Cr, Glx/Cr, lac/Cr, mI/Cr, 
of which 28/38 had more than one metabolite above or 
below the normal reference range (Table 4). Table 4 sum-
marizes the frequency of abnormal metabolite findings 
from MRS in the study participants.

Fig. 1 Examples of participants with abnormal cortical perfusion, white matter di!usion and neurometabolites. A: reduced absolute cerebral blood #ow 
in a coup-countercoup pattern (red arrow heads) in a 40-year-old man with blunt object injury to the right face. Images acquired 30 months post-injury, 
B: Abnormal z-scores (<-2) in regional blood #ow maps of the same participant demonstrating a similar pattern, C: fractional anisotropy maps in a 23-year-
old man with moderate to severe TBI following MVC. Regions of interest (red delineations) point to areas with low z-score in the left parietal (-2.2) and 
right frontal (-2.6) WM, calculated separately based on age and sex-matched reference ranges. Images acquired 23 months post-injury, D: MR spectra of 
a 67-year-old female with mild TBI following rear-ended MVC demonstrating the observed spectrum from the patient in grey and age and sex-matched 
reference spectra in yellow. Reference voxel shown as white box in the top right axial image. This participants NAA/Cr, Cho/Cr and mI/Cr were above, 
and Glx/Cr was below the reference range. Images were acquired 47 months post-injury. Abbreviations: TBI: traumatic brain injury; MVC: motor-vehicle 
collision; WM: white matter
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Discussion
#e use of quantitative approaches to objectively identify 
abnormalities on neuroimaging dates back to Minoshima 
et al.’s seminal paper from 1995 demonstrating the use of 
Z-score maps with 3D-SSP to demonstrate abnormally 
low z-scores in single patient comparisons to norma-
tive data [58, 59]. #is method of voxel based statistical 
calculations on individual neuroimaging data compared 
to normative datasets has subsequently informed devel-
opment of the FDA cleared programs used in this work 
including Neuroreader, ANDI, and BrainSpec. Official 
guidelines from the American College of Radiology on 
the application of advanced neuroimaging in TBI are 
almost a decade old and do not reflect the comparatively 
recent innovations of these FDA cleared programs [60]. 
While the ASL program used in this work, ASL-MRI-
Cloud, is not FDA cleared it also uses a similar approach 
as 3D-SSP and encourages the development of ASL anal-
ysis tools that hold promise for broader clinical applica-
tions [61–63]. Although the methods employed in this 
paper are based on validated approaches that have been 
established for several decades, their adoption in clinical 

practice remains limited. For example, a commonly used 
FDA-cleared volumetric tool in 2017 was estimated to 
have generated 175,000 reports across 200 institutions 
[64]. Even if all of these reports were generated within 
a single year, they would account for only 0.4% of the 
total 40 million MRI scans performed annually [30], the 
majority of which are neuroradiology based. #us, addi-
tional work remains to be done to integrate quantitative 
neuroimaging into clinical practice, for techniques other 
than DTI, which is the most commonly applied method 
for quantifying TBI abnormalities [65]. Our work sug-
gests that such application is feasible given the increased 
availability of FDA-cleared quantitative neuroimaging 
tools and their enhanced ability to identify subtle abnor-
malities in TBI.

We found a notably high prevalence of abnormal find-
ings using quantitative neuroimaging techniques in a 
mTBI predominant group. All of our participants showed 
atrophy and diminished perfusion in at least one lobar 
structure and in approximately two thirds of the par-
ticipants there was significant left-right asymmetry in 
at least one lobe. Among less investigated techniques, 

Table 2 Brain regions with abnormal NR-Index separated by mechanism of TBI
MVC Non-MVC Total P-value**
Right* Left* Right Left Right Left Right Left

Hippocampus 20(41.6) 17(35.4) 8(47.1) 9(52.9) 28(43) 26(40) 0.9 0.6
Amygdala 29(60.4) 15(31.2) 7(41.2) 5(29.4) 36(55.3) 20(30.7) 0.6 0.6
Putamen 4(8.3) 4(8.3) 3(17.6) 3(17.6) 7(10.7) 7(10.7) 0.2 0.2
Thalamus 11(22.9) 8(16.6) 5(29.4) 4(23.5) 16(24.6) 12(18.4) 0.3 0.7
Ventral Diencephalon 18(37.5) 22(45.8) 10(58.8) 12(70.6) 28(43) 34(52.3) 0.9 0.7
Pallidum 34(70.8) 33(68.7) 14(82.4) 14(82.4) 48(73.8) 47(72.3) 0.9 0.9
Caudate 0(0) 0(0) 1(5.9) 0(0) 1(1.5) 0(0) 0.9 0.9
Cerebellum 14(29.1) 17(35.4) 10(58.8) 8(47.1) 24(36.9) 25(38.4) 0.6 0.9
Cerebellar GM 42(87.5) 43(89.5) 16(94.1) 16(94.1) 58(89.2) 59(90.7) 0.9 0.5
Cerebellar WM 0(0) 1(2) 0(0) 0(0) 0(0) 1(1.5) 0.9 0.9
Cerebrum 20(41.6) 20(41.6) 9(52.9) 7(41.2) 29(44.6) 27(41.5) 0.8 0.9
Cerebral GM 12(25) 12(25) 7(41.2) 4(23.5) 19(29.2) 16(24.6) 0.9 0.9
Cerebral WM 17(35.4) 20(41.6) 5(29.4) 6(35.3) 22(33.8) 26(40) 0.9 0.9
Frontal Lobe 14(29.1) 17(35.4) 8(47.1) 7(41.2) 22(33.8) 24(36.9) 0.9 0.6
Frontal Lobe GM 9(18.7) 8(16.6) 6(35.3) 3(17.6) 15(23) 11(16.9) 0.6 0.1
Frontal Lobe WM 16(33.3) 24(50) 4(23.5) 6(35.3) 20(30.7) 30(46.1) 0.9 0.8
Occipital Lobe 14(29.1) 15(31.2) 8(47.1) 5(29.4) 22(33.8) 20(30.7) 0.6 0.055
Occipital Lobe GM 25(52) 19(39.5) 9(52.9) 9(52.9) 34(52.3) 28(43) 0.2 0.2
Occipital Lobe WM 8(16.6) 8(16.6) 3(17.6) 3(17.6) 11(16.9) 11(16.9) 0.9 0.2
Parietal Lobe 9(18.7) 13(27) 6(35.3) 7(41.2) 15(23) 20(30.7) 0.9 0.4
Parietal Lobe GM 7(14.5) 12(25) 7(41.2) 8(47.1) 14(21.5) 20(30.7) 0.3 0.1
Parietal Lobe WM 10(20.8) 9(18.7) 6(35.3) 5(29.4) 16(24.6) 14(21.5) 0.8 0.7
Temporal Lobe 32(66.6) 27(56.2) 12(70.6) 8(47.1) 44(67.6) 35(53.8) 0.9 0.8
Temporal Lobe GM 20(41.6) 13(27) 11(64.7) 6(35.3) 31(47.6) 19(29.2) 0.8 0.6
Temporal Lobe WM 27(56.2) 29(60.4) 7(41.2) 6(35.3) 34(52.3) 35(53.8) 0.7 0.3
Lateral Ventricle 33(68.7) 32(66.6) 10(58.8) 8(47.1) 43(66.1) 40(61.5) 0.4 0.2
* All frequencies are demonstrated as number (n) and percentage (%) within group

** Mann-Whitney U p-value

Abbreviations: NR-index: Neuroreader Index; MVC: motor-vehicle collision; GM: gray matter; WM: white matter; TBI: traumatic brain injury
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abnormal levels of at least one neurometabolites was seen 
in more than 90% of participants, whereas alterations in 
DTI metrics were relatively uncommon, ranging between 
< 1–17% when evaluated as either WM ROI or discrete 
WM tracts. When contrasted against positive visual 
reads, which were seen in only 24.6% of the participants, 

these results underscore the potential utility of quantita-
tive imaging techniques in the diagnosis of chronic mTBI 
sequelae. #e relative lack of visual findings aligns with 
previous data indicating that visual reads of conventional 
CT head scans are positive only in 15% of TBI cases and 
34% for common clinical MRI scan sequences, such as 
2D T1, T2, FLAIR, and susceptibility-sensitive or gradi-
ent echo sequences [66].

Brain atrophy in TBI is noted as early as 2–3 weeks 
post-injury [67]. While these atrophy patterns are well-
described in moderate to severe forms of TBI, the com-
parative subtlety of these changes in mTBI mandates the 
use of quantitative volumetric processing combined with 
appropriate timing of the imaging for optimized sensi-
tivity [68–70]. Also, while the predominant literature 
focuses on between group statistical testing, qualitative 
inference based upon quantitative volumetric outputs, 
such as NR and asymmetry indices could yield to more 
clinically-relevant conclusions. Using the NeuroReader 
platform, we demonstrate the ubiquity of such findings 
in a cohort predominated by chronic mTBI. #ese find-
ings build upon prior data showing volume loss on Neu-
roReader in chronic TBI [22]. While NeuroReader has 
also demonstrated atrophy from other causes, such as 
Alzheimer’s disease [38], it is unlikely to be a confound-
ing source of atrophy in our study due to the average 
midlife age of our cohort and the absence of characteris-
tic bilaterally symmetric temporal and parietal lobe atro-
phy. Volumetric asymmetry is a feature of TBI due most 
likely to variations in TBI related forces and a compen-
satory neuroinflammatory response [71, 72]. Asymme-
try of subcortical GM structures such as globus pallidi, 
amygdalae and hippocampi and the temporal and frontal 
cortex are reported in the literature [71, 73]. Similarly, 
we observed asymmetry in the volume of globus pallidi 
in approximately two-thirds, and in the volume of amyg-
dalae, putamina, thalami, and caudate nuclei in approxi-
mately half of our participants.

Cerebral hypoperfusion after TBI is attributed to 
disruption of the neurovascular unit, impairment of 

Table 3 Frequency of participants with abnormal NR-Index for 
AI separated by mechanism of TBI

MVC, 
n(%)*

Non-
MVC, 
n(%)*

Total, 
n(%)*

P-
val-
ue**

Hippocampus 15(31.2) 4(23.5) 19(29.2) 0.06
Amygdala 24(50) 10(58.8) 34(52.3) 0.9
Putamen 23(47.9) 8(47.1) 31(47.6) 0.7
Thalamus 19(39.5) 11(64.7) 30(46.1) 0.5
Ventral Diencephalon 26(54.1) 7(41.2) 33(50.7) 0.7
Pallidum 32(66.6) 12(70.6) 44(67.6) 0.4
Caudate 22(45.8) 12(70.6) 34(52.3) 0.4
Cerebellar GM 6(12.5) 3(17.6) 9(13.8) 0.5
Cerebellar WM 7(14.5) 3(17.6) 10(15.3) 0.9
Cerebellum 25(52) 11(64.7) 36(55.3) 0.6
Cerebral GM 11(22.9) 7(41.2) 18(27.6) 0.5
Cerebral WM 10(20.8) 5(29.4) 17(26.1) 0.5
Cerebrum 20(41.6) 6(35.3) 26(40) 0.5
Frontal Lobe 24(50) 7(41.2) 31(47.6) 0.3
Frontal Lobe GM 14(29.1) 10(58.8) 24(36.9) 0.034
Frontal Lobe WM 24(50) 9(52.9) 33(50.7) 0.4
Lateral Ventricle 24(50) 6(35.3) 30(46.1) 0.7
Occipital Lobe 25(52) 7(41.2) 32(49.2) 0.9
Occipital Lobe GM 20(41.6) 7(41.2) 27(41.5) 0.7
Occipital Lobe WM 18(37.5) 9(52.9) 27(41.5) 0.3
Parietal Lobe 18(37.5) 7(41.2) 25(38.4) 0.4
Parietal Lobe GM 8(16.6) 6(35.3) 14(21.5) 0.1
Parietal Lobe WM 9(18.7) 3(17.6) 10(15.3) 0.7
Temporal Lobe 19(39.5) 11(64.7) 30(46.1) 0.8
Temporal Lobe GM 16(33.3) 5(29.4) 21(32.3) 0.9
Temporal Lobe WM 8(16.6) 8(47.1) 16(24.6) 0.017
* Frequencies are demonstrated as number (n) and percentage (%) within group

**T-test or Mann-Whitney U test P-value where appropriate

Abbreviations: NR-index: Neuroreader Index; AI: asymmetry index; MVC: motor-
vehicle collision; GM: gray matter; WM: white matter; TBI: traumatic brain injury

Table 4 Frequency of abnormal brain metabolites in the studies population separated by mechanism of TBI
MVC (n = 33) Non-MVC (n = 9) Total (n = 42) P-value**
Normal, 
n(%)*

Decreased, 
/n(%)*

Increased, 
n(%)*

Normal, 
n(%)*

Decreased, 
n(%)*

Increased, 
n(%)*

Normal, 
n(%)*

Decreased, 
n(%)*

Increased, 
n(%)*

NAA/Cr 20(60.6) 3(9.1) 10(30.3) 7(77.8) 0(0.0) 2(22.2) 27(64.3) 3(7.1) 12(28.6) 0.6
Cho/Cr 14(42.2) 18(54.5) 1(3.1) 4(44.4) 5(55.6) 0(0) 18(42.9) 23(54.8) 1(2.4) 0.8
Glx/Cr 14(42.4) 2(6.1) 17(51.5) 2(22.2) 0(0) 7(77.8) 16(38.1) 2(4.8) 24(57.1) 0.2
Lac/Cr 32(97) 0(0) 1(3) 9(100) 0(0) 0(0) 41(97.6) 0(0) 1(2.4) 0.8
mI/Cr 21(63.6) 0(0) 12(36.4) 5(55.6) 0(0) 4(44.4) 26(61.9) 0(0) 16(38.1) 0.6
* Frequencies are demonstrated as number (n) and percentage (%) within group

**T-test or Mann-Whitney U test P-value where appropriate

Abbreviations: MVC: motor-vehicle collision; NAA: N-Acetylaspartate; Cho: Choline; Glx: Glutamate/Glutamine; Lac: Lactate; TBI: traumatic brain injury; mI: 
myoinositiol
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cerebral autoregulation and blood brain barrier, as well 
as neuroinflammation that may also contribute to these 
findings [20, 33, 74]. Preclinical research shows a reduc-
tion in CBF in the non-injured hemisphere in the acute 
post-mTBI phase [28, 75, 76]. One study in patients with 
MVC-related mTBI demonstrated reduced CBF in both 
frontal and left occipital lobes [77], similar to our find-
ings which might indicate a coup-contrecoup mechanism 
for perfusion abnormalities. #ese findings are distinct 
from the FDG-PET concordant precuneus and posterior 
cingulate hypoperfusion reported for Alzheimer disease 
[78]. Further research is required to elucidate the pat-
terns of perfusion abnormalities in chronic mTBI.

Changes in DTI metrics are widely investigated in the 
acute post-mTBI phase and associated with long-term 
deficits in different cognitive domains [79, 80]. Reduced 
FA, increased AD, and MD of the corpus callosum, 
corona radiata, internal capsule, and the corticospinal 
tracts, cingulum, frontooccipital and longitudinal fas-
ciculi are commonly reported in mTBI and have been 
shown in both ROI- and tractography-based methods 
[81–85]. Using an ROI-based method and cut-off values 
based on standardized DTI metrics, we found a relatively 
low frequency of abnormal FA which might reflect lower 
sensitivity of this approach to detect WM damage post 
mTBI. With tract-based statistics and within the subsam-
ple of participants processed through the ANDI pipeline 
we demonstrated elevated FA, and to a lesser extent ele-
vated AD and MD, in several of the previously reported 

WM tracts and in up to two-thirds of this limited sample. 
Elevated FA, that was noted in both the Swedish-Radia 
and ANDI DTI FA results, has also been reported in TBI 
and may represent microstructural correlates of scarring 
and gliosis [86–89].

MRS can detect molecular changes directly resulting 
from the underlying tissue injury in TBI. Such abnor-
malities include reduced NAA indicative of neuroaxonal 
injury, increased Cho in the setting of membrane deg-
radation, excitotoxicity indicated by a rise in Glx peak, 
increased mI with glial cell activation, or emergence of 
lactate peak indicative of ischemia [21, 90, 91]. NAA/
Cr was decreased in more than half of the participants 
as reported previously [21, 90, 92]. In MRS, the frontal 
lobe is often chosen as the ROI for studies measuring 
N-acetylaspartate (NAA) concentration which exhibits a 
more pronounced decrease in NAA concentration com-
pared to the parietooccipital regions, including the pos-
terior white matter which was the ROI in our study [21]. 
Reductions in NAA are greatest in the acute post-injury 
setting and tend to normalize later, whereas our cohort 
was chronic TBI [21]. Related to our choline data, meta-
analytic results have shown that choline increase is noted 
in moderate-to-severe TBI and in ROI with both GM and 
WM [21, 85, 93].

Our study is limited by retrospective cross-sectional 
study design. As a result, data on longitudinal progression 
of imaging findings related to TBI severity are lacking in 
our sample. Importantly, the age range of the normative 

Fig. 2 Average rCBF z-score maps in individuals with a history TBI. A: Average maps across entire sample re#ecting a coup-contrecoup mechanism with 
asymmetric frontal hypoperfusion and contralateral posterior cortical low CBF; B: across individuals who sustained MVC suggesting a coup-contrecoup 
mechanism given the asymmetric frontal lobe decreased CBF with contralateral additional posterior cortical hypoperfusion; and C: across individuals with 
non-MVC mechanism of injury. All maps were thresholded to only re#ect areas with z-score < -2 prior to averaging. For visualization purposes the scale is 
set to demonstrate z-scores between − 1 and − 2. Abbreviations: rCBF: relative regional blood #ow; TBI: traumatic brain injury; MVC: motor-vehicle collision
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dataset used by the NeuroReader platform did not match 
that of our population, potentially leading to potential 
underestimation of volume loss in our cohort. Future 
work can address this limitation using longitudinal scans 
comparing atrophy rates in TBI to those expected in the 
general population [94]. However, processing with the 
ASL-MRICloud, Swedish-Radia and ANDI was done 
through matching patients to their respective age brack-
ets in the normative datasets potentially allowing for a 
higher level of accuracy. While scanner and protocol 
acquisition differences between individual participants 
and normative data may pose obstacles to interpretation, 
these challenges are mitigated by use of complementary 
quantitative imaging sequences. #us, if an individual 
with TBI shows abnormal quantitative neuroimaging 
results across all the metrics considered – i.e. (i) structure 
(brain volumes), (ii) perfusion (ASL), (iii) brain connec-
tions (DTI), and (iv) brain metabolites (MRS)- such con-
fluence makes it highly unlikely that all of these results 
are simultaneously artifactual. Future work can leverage 
artificial intelligence tools that, while not currently FDA 
cleared, can identify new biomarkers relevant to TBI, 
such as accelerated brain age and elevated Alzheimer dis-
ease risk [95–98].

Conclusion
We demonstrated a pattern of coup-contrecoup injury 
in the cortical CBF in a majority mTBI participants with 
mostly MVC related injury. Our findings highlight the 
importance of utilizing complimentary quantitative MR 
imaging techniques such as structural volumetric analy-
sis, ASL and MRS in the imaging of chronic TBI. #is 
work also expands the focus and potential clinical appli-
cations of quantitative neuroimaging in TBI in addition 
to historically emphasized approaches with DTI.
Abbreviations
TBI  Traumatic Brain Injury
DTI  Di!usion tensor imaging
pCASL  pseudo-continuous arterial spin labeling
MRS  Magnetic resonance spectroscopy
WM  White matter
mTBI  mild traumatic brain injury
MVC  Motor vehicle collision
non-MVC  non-motor vehicle collision
NAA  N-acetylaspartate
Cho  choline
Glx  Glutamate
Lac  Lactate
mI  myoinositol
Cr  Creatine
ANDI  Advanced Neuro Diagnostic Imaging
FA  Fractional anisotropy
RD  Radial di!usivity
AD  Axial di!usivity
MD  mean di!usivity
ROI  Region of interest
rCBF  Cerebral blood #ow

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12883-024-03745-6.

Supplementary Material 1

Author contributions
Data collection: RDB, CAR, SCL, EI. Statistical analysis: FR, AZ, APL, HL, CAR. 
Interpretation of the results: FR, AZ, SR, EDB, JHG, HL, APL, CAR. Drafting of 
manuscript: FR, RDB, HL, CAR. Critical review of the manuscript and approval 
or "nal version to be published: FR, RDB, AZ, SR, EDB, SCL, EI, JHG, HL, APL, CAR.

Funding
Cyrus Raji receives grant support from the NIA RF1AG072637, R01AG072637 
(P.I. Cyrus A. Raji, MD, PhD), NIA R01AG070883 (P.I. Amy Kind, MD, PhD), and 
R01AG079241 (P.I. Jessica Alber, PhD). Hanzhang Lu receives grant support 
through NS106711 and P41 EB031771.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
As the study data were gathered under IRB exemption number Pro00071328, 
consent for participant or publication were not required.

Consent for publication
As the study data were gathered under IRB exemption number Pro00071328, 
consent for participant or publication were not required.

Competing interests
Dr. Raji is a consultant for Brainreader ApS, Voxelwise LLC, Neurevolution LLC, 
and the Paci"c Neuroscience Institute Foundation.

Author details
1Department of Radiology, Washington University School of Medicine, 
Saint Louis, MO, USA
2Endocrine & Brain Injury Research Alliance, Neurevolution Medicine, 
PLLC, NUNM Helfgott Research Institute, Portland, Oregon, USA
3BrainSpec, Inc, Boston, MA, USA
4Department of Neurology, Department of Psychiatry, University of Utah, 
Salt Lake City, UT, USA
5Swedish Radia, Seattle, WA, USA
6Departments of Physical Medicine & Rehabilitation, Neurology, Cognitive 
Neurology and Alzheimer’s Center, Department of Psychiatry, Feinberg 
School of Medicine, Department of Psychology, Weinberg College of Arts 
and Sciences, Northwestern University, Chicago, IL, USA
7Department of Radiology, Johns Hopkins University School of Medicine, 
Baltimore, MD, USA
8Center for Clinical Spectroscopy, Department of Radiology, Brigham and 
Women’s Hospital, Harvard Medical School, Boston, MA, USA
9Department of Neurology, Washington University School of Medicine, 
Saint Louis, MO, USA

Received: 21 February 2024 / Accepted: 26 June 2024

References
1. Alexis B, Peterson KE, Thomas. Hong Zhou. Surveillance Report of Traumatic 

Brain Injury-related deaths by Age Group, Sex, and mechanism of Injury—
United States, 2018 and 2019. Centers for Disease Control and Prevention, 
U.S. Department of Health and Human Services; 2022.

2. Ferrazzano P, Yeske B, Mumford J, Kirk G, Bigler ED, Bowen K, et al. Brain 
magnetic resonance imaging volumetric measures of functional out-
come after severe traumatic brain Injury in adolescents. J Neurotrauma. 
2021;38:1799–808.



Page 11 of 13Rahmani et al. BMC Neurology          (2024) 24:235 

3. Matney C, Bowman K, Berwick D, editors. Traumatic Brain Injury: a Roadmap 
for accelerating Progress. Washington (DC): National Academies Press (US). 
The scope and Burden of Traumatic Brain Injury. National Academies of 
Sciences, Engineering, and Medicine; Health and Medicine Division; Board 
on Health Care Services. Board on Health Sciences Policy; Committee on 
Accelerating Progress in Traumatic Brain Injury Research and Care; 2022.

4. Powell JM, Ferraro JV, Dikmen SS, Temkin NR, Bell KR. Accuracy of mild trau-
matic brain Injury diagnosis. Arch Phys Med Rehabil. 2008;89:1550–5.

5. Rosenbaum SB, Lipton ML. Embracing chaos: the scope and importance 
of clinical and pathological heterogeneity in mTBI. Brain Imaging Behav. 
2012;6:255–82.

6. Wu X, Kirov II, Gonen O, Ge Y, Grossman RI, Lui YW. MR imaging appli-
cations in mild traumatic brain Injury: an imaging update. Radiology. 
2016;279:693–707.

7. Alice Theadom V, Parag T, Dowell K, McPherson N, Starkey S, Barker-Collo, et 
al. Persistent problems 1 year after mild traumatic brain injury: a longitudinal 
population study in New Zealand. Br J Gen Pract. 2016;66:e16.

8. Armando Miciano. Persistent Post-Concussion Symptoms, Burden M-M. 
Quality of Life, Global Physical Health, and Work Performance after Mild Head 
Injury: Two-Year Rehabilitative Outcome (P01.183). Neurology. 2012;78 1 
Supplement:P01.183.

9. Fralick M, Thiruchelvam D, Tien HC, Redelmeier DA. Risk of suicide after a 
concussion. CMAJ. 2016;188:497.

10. Barnes DE, Byers AL, Gardner RC, Seal KH, Boscardin WJ, Ya!e K. Association 
of mild traumatic brain Injury with and without loss of consciousness with 
dementia in US Military veterans. JAMA Neurol. 2018;75:1055–61.

11. Schweitzer AD, Niogi SN, Whitlow CT, Tsiouris AJ. Traumatic Brain Injury: 
imaging patterns and complications. Radiographics. 2019;39:1571–95.

12. Ibañez J, Arikan F, Pedraza S, Sánchez E, Poca MA, Rodriguez D, et al. Reliability 
of clinical guidelines in the detection of patients at risk following mild head 
injury: results of a prospective study. J Neurosurg. 2004;100:825–34.

13. Stippler M, Liu J, Motiei-Langroudi R, Voronovich Z, Yonas H, Davis RB. Com-
plicated mild traumatic brain Injury and the need for imaging surveillance. 
World Neurosurg. 2017;105:265–9.

14. Shih RY, Burns J, Ajam AA, Broder JS, Chakraborty S, Kendi AT, et al. ACR 
appropriateness Criteria® Head Trauma: 2021 update. J Am Coll Radiol. 
2021;18:S13–36.

15. Chiara Ricciardi M, Bokkers RPH, Butman JA, Hammoud DA, Pham DL, Warach 
S, et al. Trauma-speci"c brain abnormalities in suspected mild traumatic brain 
Injury patients identi"ed in the "rst 48 hours after Injury: a blinded magnetic 
resonance imaging comparative study including suspected Acute Minor 
Stroke patients. J Neurotrauma. 2017;34:23–30.

16. de Haan S, de Groot JC, Jacobs B, van der Naalt J. The association between 
microhaemorrhages and post - traumatic functional outcome in the chronic 
phase after mild traumatic brain injury. Neuroradiology. 2017;59:963–9.

17. Einarsen CE, Moen KG, Håberg AK, Eikenes L, Kvistad KA, Xu J, et al. Patients 
with mild traumatic brain Injury recruited from both hospital and primary 
care settings: a controlled longitudinal magnetic resonance imaging study. J 
Neurotrauma. 2019;36:3172–82.

18. Lunkova E, Guberman GI, Ptito A, Saluja RS. Noninvasive magnetic resonance 
imaging techniques in mild traumatic brain injury research and diagnosis. 
Hum Brain Mapp. 2021;42:5477–94.

19. Douglas DB, Ro T, To!oli T, Krawchuk B, Muldermans J, Gullo J et al. Neuroim-
aging of traumatic brain Injury. Med Sci. 2019;7.

20. Bigler ED. Neuroin#ammation and the dynamic lesion in traumatic brain 
injury. Brain. 2013;136:9–11.

21. Joyce JM, La PL, Walker R, Harris AD. Magnetic Resonance Spectroscopy 
of Traumatic Brain Injury and Subconcussive hits: a systematic review and 
Meta–analysis. J Neurotrauma. 2022;39:1455–76.

22. Meysami S, Raji CA, Merrill DA, Porter VR, Mendez MF. MRI volumetric quan-
ti"cation in persons with a history of traumatic Brain Injury and Cognitive 
Impairment. J Alzheimer’s Disease. 2019;72:293–300.

23. Wallace EJ, Mathias JL, Ward L. Di!usion tensor imaging changes following 
mild, moderate and severe adult traumatic brain injury: a meta-analysis. Brain 
Imaging Behav. 2018;12:1607–21.

24. Wang Y, Bartels HM, Nelson LD. A systematic review of ASL Perfusion MRI in 
mild TBI. Neuropsychol Rev. 2023;33:160–91.

25. Warner MA, Youn TS, Davis T, Chandra A, de la Marquez C, Moore C, et al. 
Regionally selective Atrophy after Traumatic Axonal Injury. Arch Neurol. 
2010;67:1336–44.

26. Mavroudis I, Chatzikonstantinou S, Ciobica A, Balmus I-M, Iordache A, Kazis 
D et al. A systematic review and Meta-analysis of the Grey Matter Volumetric 
Changes in mild traumatic brain injuries. Appl Sci. 2022;12.

27. Churchill NW, Graham SJ, Schweizer TA. Perfusion imaging of traumatic brain 
Injury. Neuroimaging Clin N Am. 2023;33:315–24.

28. Meyer S, Hummel R, Neulen A, Hirnet T, Thal SC. In#uence of traumatic brain 
injury on ipsilateral and contralateral cortical perfusion in mice. Neurosci Lett. 
2023;795:137047.

29. Pemberton HG, Zaki LAM, Goodkin O, Das RK, Steketee RME, Barkhof F, et 
al. Technical and clinical validation of commercial automated volumetric 
MRI tools for dementia diagnosis—a systematic review. Neuroradiology. 
2021;63:1773–89.

30. Statista, Website. (auntminnie.com); 2018. https://www.statista.com/statis-
tics/820927/mri-scans-number-in-us-by-facility-type/. Accessed 23 June 
2024.

31. Yoganandan N, Pintar FA, Zhang J, Baisden JL. Physical properties of the 
human head: Mass, center of gravity and moment of inertia. J Biomech. 
2009;42:1177–92.

32. Lillie E, Urban J, Lynch S, Whitlow C, Stitzel J. Evaluation of the extent and 
distribution of di!use axonal injury from real world motor vehicle crashes. 
Biomed Sci Instrum. 2013;49:297–304.

33. Andre JB. Arterial spin labeling magnetic resonance perfusion for traumatic 
Brain Injury: Technical challenges and potentials. Top Magn Reson Imaging. 
2015;24.

34. Imeka LLC. https://www.prnewswire.com/news-releases/imeka-receives-fda-
510k-clearance-for-andi-medical-device-301888570.html. 2023.

35. Dai W, Garcia D, de Bazelaire C, Alsop DC. Continuous #ow-driven inversion 
for arterial spin labeling using pulsed radio frequency and gradient "elds. 
Magn Reson Med. 2008;60:1488–97.

36. Alosco ML, Tripodis Y, Rowland B, Chua AS, Liao H, Martin B, et al. A magnetic 
resonance spectroscopy investigation in symptomatic former NFL players. 
Brain Imaging Behav. 2020;14:1419–29.

37. Lin A, Andronesi O, Bogner W, Choi I-Y, Coello E, Cudalbu C, et al. Mini-
mum reporting standards for in vivo magnetic resonance spectroscopy 
(MRSinMRS): experts’ consensus recommendations. NMR Biomed. 
2021;34:e4484.

38. Ahdidan J, Raji CA, DeYoe EA, Mathis J, Noe KØ, Rimestad J, et al. Quantitative 
Neuroimaging Software for Clinical Assessment of hippocampal volumes on 
MR Imaging. J Alzheimers Dis. 2016;49:723–32.

39. Jack CR Jr, Bernstein MA, Borowski BJ, Gunter JL, Fox NC, Thompson PM et al. 
Update on the Magnetic Resonance Imaging core of the Alzheimer’s Disease 
Neuroimaging Initiative. Alzheimer’s & Dementia. 2010;6:212–20.

40. Li Y, Liu P, Li Y, Fan H, Su P, Peng S-L, et al. ASL-MRICloud: an online tool for the 
processing of ASL MRI data. NMR Biomed. 2019;32:e4051.

41. Lu H, Xu F, Rodrigue KM, Kennedy KM, Cheng Y, Flicker B, et al. Alterations in 
cerebral metabolic rate and blood supply across the adult lifespan. Cereb 
Cortex. 2011;21:1426–34.

42. De Vis JB, Peng S-L, Chen X, Li Y, Liu P, Sur S, et al. Arterial-spin-labeling (ASL) 
perfusion MRI predicts cognitive function in elderly individuals: a 4-year 
longitudinal study. J Magn Reson Imaging. 2018;48:449–58.

43. Guberman GI, Houde J-C, Ptito A, Gagnon I, Descoteaux M. Structural abnor-
malities in thalamo-prefrontal tracks revealed by high angular resolution 
di!usion imaging predict working memory scores in concussed children. 
Brain Struct Function. 2020;225:441–59.

44. Guberman GI, Stojanovski S, Nishat E, Ptito A, Bzdok D, Wheeler AL, et al. 
Multi-tract multi-symptom relationships in pediatric concussion. eLife. 
2022;11:e70450.

45. Marcotte K, Sanchez E, Arbour C, Brambati SM, Bedetti C, Martineau S, et 
al. Long-term discourse outcomes and their relationship to white matter 
damage in moderate to severe adulthood traumatic brain injury. Brain Lang. 
2020;204:104769.

46. Frøkjær JB, Andersen LW, Brock C, Simrén M, Ljungberg M, Søfteland E, et al. 
Altered brain microstructure assessed by Di!usion Tensor Imaging in patients 
with diabetes and gastrointestinal symptoms. Diabetes Care. 2013;36:662–8.

47. Mayer AR, Dodd AB, Ling JM, Wertz CJ, Sha! NA, Bedrick EJ, et al. An evalua-
tion of Z-transform algorithms for identifying subject-speci"c abnormalities 
in neuroimaging data. Brain Imaging Behav. 2018;12:437–48.

48. Stillo D, Danielli E, Ho RA, DeMatteo C, Hall GB, Bock NA et al. Localization and 
identi"cation of Brain Microstructural abnormalities in Paediatric Concussion. 
Front Hum Neurosci. 2021;15.



Page 12 of 13Rahmani et al. BMC Neurology          (2024) 24:235 

49. Theaud G, Houde J-C, Boré A, Rheault F, Morency F, Descoteaux M. Tracto-
Flow: a robust, e&cient and reproducible di!usion MRI pipeline leveraging 
Next#ow & Singularity. NeuroImage. 2020;218:116889.

50. Théberge A, Desrosiers C, Descoteaux M, Jodoin P-M. Track-to-Learn: a 
general framework for tractography with deep reinforcement learning. Med 
Image Anal. 2021;72:102093.

51. BrainSpec, Boston MA. 2023. https://practicalneurology.com/news/brain-
spec-ai-software-receives-fda-clearance-to-assist-in-diagnosis-of-neurologic-
disorders-using-mr-spectroscopy.

52. Bartnik-Olson BL, Alger JR, Babikian T, Harris AD, Holshouser B, Kirov II, et al. 
The clinical utility of proton magnetic resonance spectroscopy in traumatic 
brain injury: recommendations from the ENIGMA MRS working group. Brain 
Imaging Behav. 2021;15:504–25.

53. Harris AD, Amiri H, Bento M, Cohen R, Ching CRK, Cudalbu C, et al. Harmoni-
zation of multi-scanner in vivo magnetic resonance spectroscopy: ENIGMA 
consortium task group considerations. Front Neurol. 2022;13:1045678.

54. Kreis R. The trouble with quality "ltering based on relative C ramér-R ao lower 
bounds. Magn Reson Med. 2016;75:15–8.

55. Benjamini Y, Hochberg Y. Controlling the false Discovery rate: a practical and 
powerful Approach to multiple testing. J Roy Stat Soc: Ser B (Methodol). 
1995;57:289–300.

56. Waragai M, Yamada T, Matsuda H. Evaluation of brain perfusion SPECT using 
an easy Z-score imaging system (eZIS) as an adjunct to early-diagnosis of 
neurodegenerative diseases. J Neurol Sci. 2007;260:57–64.

57. Matsuda H, Mizumura S, Nagao T, Ota T, Iizuka T, Nemoto K, et al. Automated 
discrimination between very early Alzheimer disease and controls using an 
easy Z-Score imaging system for multicenter brain perfusion single-photon 
emission tomography. Am J Neuroradiol. 2007;28:731.

58. Minoshima S, Frey KA, Koeppe RA, Foster NL, Kuhl DE. A Diagnostic Approach 
in Alzheimer’s Disease using three-dimensional stereotactic surface projec-
tions of Fluorine-18-FDG PET. J Nucl Med. 1995;36:1238.

59. Herscovitch PA, Pioneering Paper. That provided a Tool for Accurate, 
Observer-Independent analysis of 18F-FDG brain scans in neurodegenerative 
dementias (perspective on a Diagnostic Approach in Alzheimer’s Disease 
using. J Nucl Med. 2020;36:1238–48. Supplement 2:140S. Three-Dimensional 
Stereotactic Surface Projections of Fluorine-18-FDG PET  J Nucl Med. 1995.

60. Wintermark M, Sanelli PC, Anzai Y, Tsiouris AJ, Whitlow CT. Imaging evidence 
and recommendations for traumatic Brain Injury: Advanced Neuro- and 
neurovascular imaging techniques. Am J Neuroradiol. 2015;36:E1.

61. Hura Imaging Inc. http://www.huraimaging.com/#products. Accessed 23 Jun 
2024.

62. Quanti"ed Imaging Ltd. https://quanti"ed-imaging.com/. Accessed 23 Jun 
2024.

63. Andre JB, Oztek MA, Anzai Y, Wilson GJ, Mossa-Basha M, Hippe DS, et al. Evalu-
ation of 3-dimensional stereotactic surface projection rendering of arterial 
spin labeling data in a clinical cohort. J Neuroimaging. 2023;33:933–40.

64. CORTECHS Labs. Clinical training neuroQuant. 2017. https://the-imaging-
centers.com/wp-content/uploads/2019/05/MD-Training_NQ.pdf. Accessed 
23 Jun 2024.

65. 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.

66. Buttram SDW, Garcia-Filion P, Miller J, Youss" M, Danielle Brown S, Dalton HJ, 
et al. Computed tomography vs magnetic resonance imaging for identifying 
Acute lesions in Pediatric Traumatic Brain Injury. Hosp Pediatr. 2015;5:79–84.

67. Marcoux J, McArthur DA, Miller C, Glenn TC, Villablanca P, Martin NA et al. 
Persistent metabolic crisis as measured by elevated cerebral microdialysis 
lactate-pyruvate ratio predicts chronic frontal lobe brain atrophy after trau-
matic brain injury*. Crit Care Med. 2008;36.

68. Richter S, Winzeck S, Kornaropoulos EN, Das T, Vande Vyvere T, Verheyden J, 
et al. Neuroanatomical Substrates and symptoms Associated with magnetic 
resonance imaging of patients with mild traumatic brain Injury. JAMA Netw 
Open. 2021;4:e210994–210994.

69. Ross DE, Ochs AL, Seabaugh JM, Shrader CR. Man Versus Machine: compari-
son of radiologists’ interpretations and NeuroQuant® Volumetric analyses of 
brain MRIs in patients with traumatic brain Injury. JNP. 2013;25:32–9.

70. Ross DE, Ochs AL, DeSmit ME, Seabaugh JM, Havranek MD. Man Versus 
Machine Part 2: comparison of radiologists’ interpretations and NeuroQuant 
measures of Brain asymmetry and progressive atrophy in patients with 
traumatic brain Injury. JNP. 2015;27:147–52.

71. Ross DE, Seabaugh JD, Seabaugh JM, Alvarez C, Ellis LP, Powell C, et al. Jour-
ney to the other side of the brain: asymmetry in patients with chronic mild or 
moderate traumatic brain injury. Concussion. 2023;8:CNC101.

72. Vakhtin AA, Zhang Y, Wintermark M, Massaband P, Robinson MT, Ashford JW, 
et al. White Matter Asymmetry: a re#ection of Pathology in Traumatic Brain 
Injury. J Neurotrauma. 2020;37:373–81.

73. Ross DE, Seabaugh JD, Seabaugh JM, Alvarez C, Ellis LP, Powell C, et al. 
Patients with chronic mild or moderate traumatic brain injury have abnormal 
brain enlargement. Brain Injury. 2020;34:11–9.

74. Toth P, Szarka N, Farkas E, Ezer E, Czeiter E, Amrein K, et al. Traumatic brain 
injury-induced autoregulatory dysfunction and spreading depression-related 
neurovascular uncoupling: pathomechanisms, perspectives, and therapeutic 
implications. Am J Physiol Heart Circ Physiol. 2016;311:H1118–31.

75. Hu L, Yang S, Jin B, Wang C. Advanced Neuroimaging Role in Traumatic Brain 
Injury: a narrative review. Front NeuroSci. 2022;16.

76. Obenaus A, Ng M, Orantes AM, Kinney-Lang E, Rashid F, Hamer M, et al. 
Traumatic brain injury results in acute rare"cation of the vascular network. Sci 
Rep. 2017;7:239.

77. Lin C, Tseng Y-C, Hsu H-L, Chen C-J, Chen D, Yan F-X, et al. Arterial spin label-
ing perfusion study in the patients with subacute mild traumatic brain Injury. 
PLoS ONE. 2016;11:e0149109.

78. Nabizadeh F, Balabandian M, Rostami MR, Mehrabi S, Sedighi M. Regional 
cerebral blood #ow and brain atrophy in mild cognitive impairment and 
Alzheimer’s disease. Neurol Lett. 2023;2:16–24.

79. Gonzalez AC, Kim M, Keser Z, Ibrahim L, Singh SK, Ahmad MJ et al. Di!usion 
Tensor Imaging correlates of Concussion related cognitive impairment. Front 
Neurol. 2021;12.

80. Oehr L, Anderson J. Di!usion-Tensor Imaging "ndings and cognitive function 
following hospitalized mixed-mechanism mild traumatic brain Injury: a sys-
tematic review and Meta-analysis. Arch Phys Med Rehabil. 2017;98:2308–19.

81. Levin HS, Wilde E, Troyanskaya M, Petersen NJ, Scheibel R, Newsome M, et al. 
Di!usion Tensor Imaging of mild to Moderate Blast-Related Traumatic Brain 
Injury and its sequelae. J Neurotrauma. 2010;27:683–94.

82. Niogi SN, Mukherjee P. Di!usion Tensor imaging of mild traumatic brain 
Injury. J Head Trauma Rehabil. 2010;25.

83. Yuta Aoki R, Inokuchi M, Gunshin N, Yahagi H, Suwa. Di!usion tensor imaging 
studies of mild traumatic brain injury: a meta-analysis. J Neurol Neurosurg 
Psychiatry. 2012;83:870.

84. Kraus MF, Susmaras T, Caughlin BP, Walker CJ, Sweeney JA, Little DM. White 
matter integrity and cognition in chronic traumatic brain injury: a di!usion 
tensor imaging study. Brain. 2007;130:2508–19.

85. Dean PJA, Otaduy MCG, Harris LM, McNamara A, Seiss E, Sterr A. Monitoring 
long-term e!ects of mild traumatic brain injury with magnetic resonance 
spectroscopy: a pilot study. NeuroReport. 2013;24.

86. Harris NG, Verley DR, Gutman BA, Sutton RL. Bi-directional changes in frac-
tional anisotropy after experiment TBI: disorganization and reorganization? 
NeuroImage. 2016;133:129–43.

87. Mayer AR, Ling J, Mannell MV, Gasparovic C, Phillips JP, Doezema D, et al. A 
prospective di!usion tensor imaging study in mild traumatic brain injury. 
Neurology. 2010;74:643–50.

88. Bazarian JJ, Zhong J, Blyth B, Zhu T, Kavcic V, Peterson D. Di!usion Tensor 
Imaging detects clinically important axonal damage after mild traumatic 
brain Injury: a pilot study. J Neurotrauma. 2007;24:1447–59.

89. Main KL, Soman S, Pestilli F, Furst A, Noda A, Hernandez B, et al. DTI measures 
identify mild and moderate TBI cases among patients with complex health 
problems: a receiver operating characteristic analysis of U.S. veterans. Neuro-
Image: Clin. 2017;16:1–16.

90. Brown GG, Clark C, Liu TT. Measurement of cerebral perfusion with arterial 
spin labeling: part 2. Applications. J Int Neuropsychological Society: JINS. 
2007;13:526–38.

91. Croall I, Smith FE, Blamire AM. Magnetic resonance spectroscopy for trau-
matic brain Injury. Top Magn Reson Imaging. 2015;24.

92. Eisele A, Hill-Strathy M, Michels L, Rauen K. Magnetic resonance spectroscopy 
following mild traumatic brain Injury: a systematic review and Meta-analysis 
on the potential to detect posttraumatic neurodegeneration. Neurodegen-
erative Dis. 2020;20:2–11.

93. George EO, Roys S, Sours C, Rosenberg J, Zhuo J, Shanmuganathan K, 
et al. Longitudinal and prognostic evaluation of mild traumatic brain 
Injury: a 1H-Magnetic resonance spectroscopy study. J Neurotrauma. 
2014;31:1018–28.



Page 13 of 13Rahmani et al. BMC Neurology          (2024) 24:235 

94. Hedman AM, van Haren NEM, Schnack HG, Kahn RS, Hulsho! Pol HE. Human 
brain changes across the life span: a review of 56 longitudinal magnetic 
resonance imaging studies. Hum Brain Mapp. 2012;33:1987–2002.

95. Nguyen H-D, Clément M, Mansencal B, Coupé P. Towards better interpretable 
and generalizable AD detection using collective arti"cial intelligence. Com-
put Med Imaging Graph. 2023;104:102171.

96. Nguyen H-D, Clément M, Mansencal B, Coupé P. Brain structure ages—A new 
biomarker for multi-disease classi"cation. Hum Brain Mapp. 2024;45:e26558.

97. Coupé P, Manjón JV, Mansencal B, Tourdias T, Catheline G, Planche V. 
Hippocampal-amygdalo-ventricular atrophy score: Alzheimer disease detec-
tion using normative and pathological lifespan models. Hum Brain Mapp. 
2022;43:3270–82.

98. Gu D, Ou S, Liu G. Traumatic brain Injury and Risk of Dementia and Alzheim-
er’s Disease: a systematic review and Meta-analysis. Neuroepidemiology. 
2021;56:4–16.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional a&liations.


