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There are currently no noninvasive imaging methods available for astrogliosis mapping in the brain despite its essential role in the response to many

disease states. In an ex vivo human brain study we used di�usion-relaxation MRI to derive a signature of astrogliosis and disentangle it from normative

brain at the individual level using machine learning. We developed a within-subject anomaly detection procedure that generates MRI-based astrogliosis

maps ex vivo, which were signi�cantly and strongly correlated with co-registered histology. Our �ndings demonstrated spatial sensitivity and speci�city in

detecting reactive astrocytes, and could signi�cantly impact the studying of injury, disease, and aging.

Introduction
Astrogliosis plays an essential role in the response to many disease states, such as infarcts, neurodegenerative conditions, traumatic brain injury, and

infection. Despite that, the successful development of MRI methods to image astrogliosis has been elusive, mainly because of insensitivity, but also due

to the experimental di�culty of disentangling astrogliosis from co-morbid pathologies. The latter is especially true in MRI and DTI studies involving

traumatic brain injury animal models that result in axonal injury, demyelination, neurodegeneration, edema, or neuroin�ammatory processes that are

concurrent with astrogliosis.  Multidimensional MRI is an increasingly employed imaging modality that maximizes the amount of encoded chemical and

microstructural information by probing relaxation (T  and T ) and di�usion mechanisms simultaneously.  Here, we harness the sensitivity of this

imagining modality to derive a signature of astrogliosis and disentangle it from normative human brain at the individual level using machine learning.

Methods
We investigated �xed ex vivo cerebral cortical tissue specimens derived from seven subjects who sustained blast induced injuries, which resulted in scar-

border forming astrogliosis without being accompanied by other types of neuropathologic abnormality, and from seven control brain donors.

Multidimensional MR data spanned by T  and T  (i.e., T -T ), by T  and mean di�usivity (i.e., T -MD), and by T  and mean di�usivity (i.e., T -MD), with 56,

302, and 302 images, respectively, were acquired at 200x200x300µm  resolution on an 7T Bruker MRI scanner according to a previously published

sampling scheme.  Multidimensional MRI data were denoised  and processed as previously described.  Following acquisition of MRI data, tissue

specimens were sectioned serially into sections and stained for glial �brillary acidic protein (GFAP) to evaluate presence of astrogliosis, for amyloid

precursor protein (APP) for the detection of axonal injury, for abnormally phosphorylated tau (AT8) protein, and myelin basic protein (MBP) to evaluate

possible myelin loss. Two sections per antibody were stained at 300µm apart from each other, in accordance with the MRI slice thickness. MRI-histology

co-registration was performed using previously published methods.

Results
Scar-border forming astrogliosis pathology is demonstrated in immunostained sections for GFAP from four representative cases in Fig. 1. The astrogliosis

pathology in our cohort was notably present at the gray-white matter junction in WM, without associated accumulation of phosphorylated Tau in

involved cortical regions and did not coexist with axonal injury or with demyelination that would be indicated by APP and MBP immunohistochemistry,

respectively.

Multidimensional MRI data reveal that a distinct signature exists for scar-border forming astrogliosis, which cannot be seen using one-dimensional MRI

measurements. Summarized data of the T -MD contrast from representative control and injured subjects are shown in Figs. 2 A and B, respectively. In

addition, the marginal distributions of subvoxel MD values (top row) and subvoxel T  values (right column) are shown to illustrate the information

content of any 1D approach. The GFAP histological image of each case is also shown on the upper-left corner of each panel, for reference. A clear

separation of gray (blue frame) and white matter (green frame) can be seen in both control and injury states. However, we identi�ed a distinct diagonal

T -MD spectral region (pink frame, Fig. 2D) in which intensities are concentrated at the gray-white matter junction, primarily on the WM side; these

intensities follow closely the GFAP histological pattern (see inset image in Fig. 2B), while this newly found spectral information is absent in the control

subject (Fig. 2C). Furthermore, the diagonal pattern in T -MD points directly at a joint dependency with respect to T  and MD, making it clear that this

unique injury-related information cannot be seen by looking at T  or MD separately. Averaged normal-appearing WM, GM, and astrogliosis T -MD spectra

across the entire study are shown in Fig. 3E left to right, respectively.

We developed a machine learning strategy to detect anomaly in individuals and consequently map astrogliosis (Fig. 3), which was used separately on

each subject and with each of the T -MD, T -MD, and T -T  datasets. Figure 4 shows these multidimensional MRI maps, along with conventional MRI and

DTI maps, and histological GFAP density images of six representative control and injured cases. Further, we performed radiological–pathological

correlation analyses with histological GFAP density and all the investigated MRI parameters (Fig. 5).

Discussion
This is the �rst report of an MRI framework to directly map astrogliosis in individual brains ex vivo. In this study we showed that astrogliosis induces

microstructural and compositional changes that result in a distinct multidimensional MRI spectral signature. Further, we developed a novel approach to

utilize this information and obtain MRI maps of astroglial neuropathology in individual human brains. We found that the multidimensional MRI

astrogliosis biomarker maps are signi�cantly and strongly correlated with co-registered histological images of increased GFAP expression. We showed

that our approach has the spatial sensitivity to detect altered tissue states at the individual level by establishing the distinction of interface astrogliosis

spectral signature from normal gray-white matter interface, and by comparing normal-appearing and histologically con�rmed regions within the same
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brain. This work emphasizes the importance and the potential of combining relaxation and di�usion MRI with arti�cial intelligence for studying human

brain astroglial reactivity noninvasively.
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GFAP immunoreactivity in specimens without impact or blast exposure TBI, with impact TBI but
without blast exposure, without impact TBI but with blast exposure, and with both impact and blast
exposure TBI cases, at different magnification levels (x2, x20, and x80, from top to bottom). From left to
right: minimal GFAP immunoreactivity; limited GFAP immunoreactivity with mild reactive astrocytes; dense
scar-border forming astrogliosis at the grey–white matter junction; dense scar-border forming astrogliosis at
the grey–white matter junction.

Changes in the T -MD multidimensional MR signature induced by confirmed astrogliosis. Maps of 2D
spectra of subvoxel T -MD values reconstructed on a 16x16 grid of a representative (A) control and (B)
injured subjects, along with their respective GFAP image. (C)-(D) Clear separation of white (yellow frame)
and gray (teal frame) matter, with distinct spectral components at the gray-white matter interface (purple
frame). (E) T -MD spectra averaged across all subjects in WM, GM, and GFAP-positive ROIs, and a
superposition of the average spectra from the three ROIs.
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(A)-(C) Histological image processing. (D) GFAP density is thresholded, inverted, and used as an image domain
mask for normative voxels on (E) multidimensional MRI data. Monte Carlo cross-validation procedure is used
to create 1000 multiple random splits of 66% and 34% of these voxels into training and validation sets,
resulting in a 1000 (F) normative spectral signatures, binarized to obtain (G) spectral masks, inverted and used
on the full multidimensional data to obtain (H) versions of abnormal signal component maps, averaged to
yield a final (I) neuropathology MRI biomarker map.

Multidimensional and voxel-averaged MRI maps. (A)-(C) are subjects without severe astrogliosis, while
(D)-(F) had substantial GFAP over-expression. Different MRI contrasts, including all the conventional
relaxation and DTI parameters, and the proposed multidimensional astrogliosis maps are shown, along with
co-registered histological GFAP images and density maps. Multidimensional neuropathology maps overlaid
onto proton density images show substantial injury along the gray-white matter interface, while conventional
MRI maps do not show visible abnormalities.

https://submissions.mirasmart.com/ISMRM2023/ViewSubmissionFile.aspx?sbmID=56&fileID=3&sei=XjJ2KoQZt
https://submissions.mirasmart.com/ISMRM2023/ViewSubmissionFile.aspx?sbmID=56&fileID=4&sei=XjJ2KoQZt


11/9/22, 9:11 AM https://submissions.mirasmart.com/ISMRM2023/ViewSubmissionPublic.aspx?sei=XjJ2KoQZt

https://submissions.mirasmart.com/ISMRM2023/ViewSubmissionPublic.aspx?sei=XjJ2KoQZt 5/5

Radiological-pathological correlations between MRI metrics and GFAP density. GFAP density (% area)
from 556 tissue regions from 14 subjects (color-coded, see legend) and the corresponding MR parameter
correlations. Individual data points represent the mean value from each postmortem tissue sample. Scatterplots
of the mean % area GFAP and (A) T -MD, (B) T -MD, and (C) T -T  injury MRI biomarkers show strong
positive and significant correlation with GFAP density. The conventional MRI metrics in (D)-(H) did not
result in strong and significant correlations with % area GFAP.
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