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generalized q-sampling imaging analyses were performed 
in a blinded fashion. Following MRI acquisition, tissue sec-
tions were tested for phosphorylated tau immunoreactivity 
in gray matter sulcal depths. Axonal disruption in underly-
ing white matter was assessed using two-dimensional Fou-
rier transform analysis of myelin black gold staining. A 
robust image co-registration method was applied to accu-
rately quantify the relationship between diffusion MRI 
parameters and histopathology. We found that white mat-
ter underlying sulci with high levels of tau pathology had 
substantially impaired myelin black gold Fourier transform 
power coherence, indicating axonal microstructural disrup-
tion (r = −0.55, p = 0.0015). Using diffusion tensor MRI, 
we found that fractional anisotropy (FA) was modestly 
(r =  0.53) but significantly (p =  0.0012) correlated with 
axonal disruption, where lower FA was associated with 
greater axonal disruption in white matter directly adjacent 
to hyperphosphorylated tau positive sulci. In summary, our 
findings indicate that axonal disruption and tau pathology 
are closely associated, and high spatial resolution ex vivo 
diffusion MRI has the potential to detect microstructural 
alterations observed in CTE tissue. Future studies will be 
required to determine whether this approach can be applied 
to living people.
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Introduction

Chronic traumatic encephalopathy (CTE) is a progressive 
neurodegenerative disease which was originally termed 

Abstract  Chronic traumatic encephalopathy (CTE) is a 
progressive degenerative disorder associated with repetitive 
traumatic brain injury. One of the primary defining neuro-
pathological lesions in CTE, based on the first consensus 
conference, is the accumulation of hyperphosphorylated tau 
in gray matter sulcal depths. Post-mortem CTE studies have 
also reported myelin loss, axonal injury and white matter 
degeneration. Currently, the diagnosis of CTE is restricted 
to post-mortem neuropathological analysis. We hypoth-
esized that high spatial resolution advanced diffusion MRI 
might be useful for detecting white matter microstructural 
changes directly adjacent to gray matter tau pathology. 
To test this hypothesis, formalin-fixed post-mortem tissue 
blocks from the superior frontal cortex of ten individuals 
with an established diagnosis of CTE were obtained from 
the Veterans Affairs-Boston University-Concussion Legacy 
Foundation brain bank. Advanced diffusion MRI data was 
acquired using an 11.74 T MRI scanner at Washington 
University with 250 ×  250 ×  500 µm3 spatial resolution. 
Diffusion tensor imaging, diffusion kurtosis imaging and 
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‘dementia pugilistica’ in the 1920s [36]. The first NINDS/
NIBIB consensus meeting in 2015 defined pathological 
characteristics, including hyperphosphorylated tau (p-tau) 
protein in neurons and astrocytes in sulcal depths and 
perivascular regions as diagnostic criteria for CTE [31]. 
Furthermore, CTE has been preliminarily categorized by a 
hierarchical staging system from I to IV [13, 32, 34, 35, 
48], beginning with focal perivascular p-tau and accumula-
tion of p-tau in the sulcal depths of the frontal and temporal 
cortex in stage I. Through stages II–IV p-tau accumulation 
becomes more widespread throughout the medial tempo-
ral lobe structures, diencephalon and brainstem. The pro-
gressive p-tau pathology observed in CTE is coupled with 
white matter swellings and distorted axonal coherence, or 
organization in stage II, with progressive axonal degen-
eration through stages III and IV [33]. While the relation-
ship between these pathologies remains to be determined, 
McKee et al. hypothesized that the axonal degeneration in 
CTE plays a critical role in the progressive buildup of p-tau 
pathology [35]. It has been shown that axonal injury is 
caused by the shearing of axons due to acceleration/decel-
eration forces after an impact to the head [46], however, the 
specific mechanism of injury to progressive CTE pathology 
is not yet known.

To date, a diagnosis of CTE can only be made on post-
mortem examination. There have been initial efforts to 
develop in  vivo diagnostic methods. Blood biomarkers in 
concussed professional athletes are not specific for CTE; 
elevated concentrations in the blood may also reflect axonal 
injury and astrogliosis [39–41, 44]. Neuroimaging methods 
have been used to detect axonal injury in  vivo. CT scans 
have showed small hemorrhages and contusions associ-
ated with axonal injury in some cases [7], and conventional 
MRI has shown greater sensitivity to detect subtle hemor-
rhages and contusions which may not be apparent on CT 
[27], however, most concussive brain injury patients have 
negative MRI findings [7]. Diffusion tensor imaging (DTI) 
reflects the microscopic movement of water molecules 
within the brain, providing detailed information on neu-
ronal microstructural [3, 26]. DTI derived diffusion param-
eters, such as fractional anisotropy (FA), have been widely 
used to assess white matter microstructure [16, 17, 25], and 
has previously been used to detect traumatic brain injury 
in athletes [6, 10, 18, 49], and military personal follow-
ing blast-related brain injury [29]. Most recently, Ghajari 
et al. reported reduced FA in sulcal depths in a large group 
of TBI patients, potentially consistent with neuropathologi-
cal findings in CTE [12]. However, many concussive TBI 
patients do not have definitively abnormal DTI findings 
[19].

Although these studies are promising, most are lim-
ited by the necessary spatial resolution required to detect 
localized disruptions to white matter organization and 

degeneration observed in CTE, most notably to U-shaped 
fibers adjacent to sulcal depth gray matter. Furthermore, 
these studies have not examined the relationship between 
white matter pathology and adjacent gray matter p-tau 
accumulations. Consequently, there is a need to develop 
neuroimaging techniques which have the specificity and 
sensitivity to localize this hallmark pathology of CTE 
in vivo.

Advanced diffusion MRI permits the acquisition of high 
resolution data. One such technique is generalized Q-sam-
pling imaging (GQI) which measures diffusion using a 
large number of directions to distinguish multiple fiber ori-
entations within an MRI voxel [53, 54]. Additionally, diffu-
sion kurtosis imaging (DKI) uses several different strengths 
of diffusion weighting, or b values, to measure variable dif-
fusion patterns that are a result of tissue heterogeneity [20]. 
DTI FA, or metrics derived from these advanced sequences, 
could potentially prove useful in the diagnosis of CTE, 
however, the precise relationship between diffusion met-
rics and axonal microstructure is not yet clear. This requires 
radiological-pathological correlations, similar to those pre-
viously carried out using in vivo and ex vivo animal models 
of axonal injury [22, 28, 50]. Landmark based registration 
uses placed landmarks on both the histological image and 
the MR image, the histological data is then warped to fit 
to the MR data using linear (rigid body, affine) or nonlin-
ear (piecewise affine) transformations, and quantified on 
a voxel-wise basis [14, 15, 52]. For this study, we imple-
mented a robust method of MRI and histology image co-
registration developed by Gangolli et  al. [11] to acquire 
high resolution advanced diffusion MRI data of ex  vivo 
brain tissue from subjects with pathologically confirmed 
CTE. We hypothesized that (1) the degree of axonal disrup-
tion has a direct relationship with p-tau pathology, and (2) 
advanced diffusion MRI has both the specificity and sensi-
tivity to axonal disruption in ex  vivo clinically confirmed 
cases of CTE. We tested the hypotheses using histological 
sections stained for axonal disruptions and p-tau pathology, 
which was correlated with diffusion MRI metrics using a 
robust co-registration method to permit direct radiological-
pathological correlations.

Methods

Tissue samples

A total of 10 samples of superior frontal cortex, Brod-
mann Area 8/9, (Supplementary Fig. 1) from patients with 
a confirmed neuropathological diagnosis of CTE (made 
by authors ACM, TDS, and VEA) were evaluated for 
radiological-pathological correlations. Next of kin pro-
vided written consent for participation and brain donation. 
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Institutional review board approval for brain donation was 
obtained through the Boston University Medical Center 
and the Edith Nourse Rogers Memorial Veterans Hospi-
tal, Bedford, MA. Institutional review board approval for 
post-mortem clinical record review, interviews with family 
members, and neuropathological evaluation was obtained 
through Boston University School of Medicine. A detailed 
description of demographics is listed in Table  1, for the 
subjects from whom brain tissue samples were obtained. 
Comorbidities are reported as assessed by the diagnostic 
neuropathologists. All brain tissue samples were stored in 
periodate-lysine-paraformaldehyde (PLP) fixative.

Magnetic resonance image acquisition

Two weeks prior to scanning tissue, samples were rehy-
drated in 1 × phosphate buffered saline (1xPBS) solution 
plus 0.1% sodium azide at 4 °C. The volume ratio of tissue 
blocks and 1 × PBS was 1: 40, and 1 × PBS was changed 
every 3 days. Rehydration in 1 × PBS was used to reduce 
the effects of low T2 relaxation observed in formalin-
fixed ex vivo tissue (T2 = 40 ms) [9] compared to in vivo 
(T2 = 79.9 ms) [51].

The meningeal layers and embedded blood vessels were 
removed by hand from the superficial cortical surface to 
eliminate air bubble formation, which contributes to addi-
tional noise during MRI data acquisition. Ex  vivo tissue 
samples were then placed in an MRI safe cylinder con-
tainer containing fluorinert, a proton free fluid void of MRI 
signal.

Diffusion MRI data was collected using an 11.74 T 
Agilent MRI scanner. A 2D standard spin echo sequence 
was optimized to produce high spatial resolution data with 
250 µm × 250 µm × 500 µm voxel dimensions. The dif-
fusion gradient duration (σ) was 5  ms and the diffusion 

time (Δ) was 15 ms. Following, extensive optimization the 
ex vivo MRI acquisition parameters were set as described 
below. All datasets had sufficiently high SNR, and test-
retest reliability (Supplementary Figs. 2–4).

Diffusion tensor imaging (DTI) scheme

30 diffusion-weighted gradients [21], b value  =  4000  s/
mm2 and 4 non-diffusion-weighted images (b = 0 s/mm2), 
TR/TE = 1200/30 ms, with a total scan time of 1.5 h. DTI 
parameters, including fractional anisotropy were calculated 
with single tensor basis using Brain Suite, http://neuroim-
age.usc.edu/neuro/BrainSuite, using a weighted log-linear 
estimation [24].

Diffusion kurtosis imaging (DKI) scheme

30 diffusion-weighted gradients [21] across 5 imag-
ing shells with b values at 2000, 4000, 6000, 8000, and 
10,000  s/mm2, TR/TE =  2000/30  ms, total scan time of 
11 h. DKI parameters were estimated using diffusion kur-
tosis estimator (DKE) with constrained linear weighted 
tensor fitting http://academicdepartments.musc.edu/cbi//
dki. Background noise was removed by applying an image 
threshold on the non-diffusion attenuated, b0 image. The 
threshold value was optimized for each diffusion MR data 
set.

Generalized q‑sampling imaging (GQI) scheme

202 diffusion-weighted gradients (http://dsi-studio.lab-
solver.org) with a b value max of 8000  s/mm2 and 10 
b =  0  s/mm2, TR/TE =  1400/30  ms, total scan time of 
11  h. GQI parameters, including generalized fractional 
anisotropy (gFA), were calculated using DSI studio http://

Table 1   CTE tissue, CTE stage, age (decade at time of death), PMI and comorbidities

PMI postmortem interval range in hours, and comorbidities, VP vascular pathology, LkE leukoencephalopathy, AD* Alzheimer’s disease 
changes, LBD lewy body disease, Hip. Scl hippocampal sclerosis

Case CTE stage Age PMI (h) Comorbidities # of sulci % Area tau pathology per
gray matter ROI, mean (SD)

1 III 70–79 >24 VP, LkE, AD* 3 2.05 (6.5) 1.815 (4.9) 0.274 (0.4)

2 III 70–79 7–24 VP, LkE, LB 4 1.005 (4.1) 0.614 (4.8) 0.0717 (0.3) 0.051 (0.2)

3 III 40–49 >24 None 2 2.848 (8.7) 1.819 (4.6)

4 IV 70–79 >24 VP 3 3.571 (8.5) 2.56 (4.7) 0.113 (0.4)

5 III 80–89 NA Hip. Scl, LBD 2 5.593 (13.3) 4.095 (8.6)

6 III 60–69 7–24 None 3 6.814 (15.1) 0.839 (1.8) 0.354 (0.5)

7 IV 80–89 >24 LBD, VP 4 11.7 (18) 1.738 (3.7) 0.998 (2.2) 0.665 (1.1)

8 IV 60–69 <6 VP 4 6.193 (12.1) 4.454 (11.1) 4.286 (9) 3.287 (7.2)

9 IV 60–69 7–24 VP 2 1.069 (3.8) 0.551 (0.8)

10 IV 70–79 <6 LBD,VP 3 16.53 (17.2) 14.73 (15.5) 9.286 (11.6)

http://neuroimage.usc.edu/neuro/BrainSuite
http://neuroimage.usc.edu/neuro/BrainSuite
http://academicdepartments.musc.edu/cbi//dki
http://academicdepartments.musc.edu/cbi//dki
http://dsi-studio.labsolver.org
http://dsi-studio.labsolver.org
http://dsi-studio.labsolver.org/
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dsi-studio.labsolver.org/. Background noise was removed 
by applying an image threshold on the non-diffusion atten-
uated, b0 image. The threshold value was optimized for 

each ex  vivo diffusion MR data set. No spatial smooth-
ing was applied to GQI datasets. GQI parameters were 
calculated using a balanced scheme with a 0.7 diffusion 
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sampling length ratio, resolving three fiber orientations in 
a single voxel.

Following data acquisition Gibbs ringing artifact was 
successfully removed by applying Hamming filtering to all 
datasets.

Histopathology

Following MRI acquisition, tissue blocks were refixed 
in 10% neutral buffered formalin and refrigerated at 4  °C 
for 1  week. The tissue blocks were then equilibrated in 
30% sucrose for an additional week before they were seri-
ally sectioned at 50-µm thickness using a freezing sliding 
microtome. Sectioning was carried out with the visual aid 
of MRI image planning to ensure that histology sections 
were in the same plane as MRI data. For each MRI slice, 
two 50-µm histological slices were analyzed separated by 
250 µm.

Phosphorylated tau immunoreactivity

Sections were assessed for immunoreactivity with antibod-
ies specific for phosphorylated tau (AT8, Phospho-PHF-
tau pSer202  +  Thr205 mouse anti-human monoclonal 
antibody, ThermoFisher Scientific, dilution 1:1000). Free-
floating sections went through 3 × 5 min washes in 1 × tris 
buffered saline (TBS) followed by a 10-min incubation in 
3% hydrogen peroxide to block endogenous peroxidase. 
After washing in TBS, antigen retrieval was carried out 
using 5-min incubation in 70% formic acid at room temper-
ature. To prevent non-specific binding sections were incu-
bated for 30  min in normal goat serum (3% normal goat 
serum in 1 × TBS with 0.25% Triton X (TBS-X), followed 
by an overnight incubation in the primary AT8 antibody 

dilution 1:1000 in 3% normal goat serum in TBS-X. Fol-
lowing the overnight incubation, sections were washed 
in TBS for 3 ×  5 min and incubated in biotinylated goat 
anti-mouse secondary antibody (Vector Laboratories, Burl-
ingame, CA), dilution 1:1000 in TBS-X for 1 h. Detection 
of specific immunoreactivity was carried out using 1:400 
dilution of avidin–biotin horseradish peroxidase complex 
(VECTASTAIN Elite ABC HRP Kit, Lot # PK 6100, Vec-
tor Laboratories, Burlingame, CA) in TBS for 1 h. Sections 
were then washed in 1 × TBS again before visualization 
using 3,3′-diaminobenzidine DAB (Sigma-Aldrich USA). 
Mounted sections were dehydrated through a series of etha-
nols, cleared in xylene and cover-slipped with Cytoseal 
mounting media. A negative control excluding the primary 
antibody revealed no staining. A positive control using tis-
sue from an Alzheimer’s disease patient revealed extensive 
tangles, as expected.

Digital images of histology sections were acquired using 
the Hamamatsu NanoZoomer 2.0-HT System (Hamamatsu) 
using a 40× optical magnification, Fig. 1a. The raw histol-
ogy digital images were then converted from NDPI file 
format to tiff image format using ImageJ (NIH, Bethesda, 
MD) and the NDPI Tools plugin. The conversion factor 
to 10× magnification is 1 pixel = 1.09 microns isotropic, 
compared to 40× magnification where 1 pixel  =  0.23 
microns isotropic. The final image maintained optimum 
resolution to distinguish individual phosphorylated tau tan-
gles and threads.

Myelin Black Gold II: measurement of axon disruption

Initial immunohistochemistry experiments using amyloid 
precursor protein (anti-APP Cat #51-2700, Zymed, Cama-
rillo, CA) and neurofilament-L (Neurofilament-SMI-34 
Cat# 835501, Biolegend, San Diego, CA) antibodies failed 
to clearly identify axon disruptions even after intensive 
attempts at optimization and excellent results in posi-
tive controls from more severely injured patient samples. 
Therefore, myelin black gold II (Millipore, Lot# AG105), 
an aurohalophosphate complex stain tailored for use on for-
malin-fixed tissue was used to provide high contrast, high 
resolution stained images of axonal fibers. 50-µm free-
floating sections from all 10 ex  vivo CTE tissue samples 
were stained for myelinated fibers by incubating in myelin 
black gold II solution (Black Gold II powder, resuspended 
in 0.9% saline solution) pre-heated to 60 °C and monitored 
until they had reached the optimum amount of staining, 
approximately 8  min. Sections were washed with MilliQ 
water for 2 minutes and then incubated in 1% sodium thio-
sulfate pre-heated to 60 °C for 3 minutes to remove excess 
staining. After 3 washes in 1 × TBS, stained sections were 
mounted on positively charged glass slides in an orientation 
matching that of the corresponding MRI slices.

Fig. 1   Phosphorylated-tau, myelin black gold II, and high resolution 
ex  vivo diffusion tensor imaging in CTE tissue. a Low magnifica-
tion immunohistochemistry using AT8 p-tau antibody demonstrating 
high tau pathology in the depth of 1 sulcus and lower tau pathol-
ogy in another sulcus. b High magnification immunohistochemistry 
using AT8 indicating p-tau tangles and threads with the correspond-
ing thresholded image for p-tau quantification using ImageJ. c Myelin 
black gold II staining in an adjacent slice from the same CTE brain 
tissue sample. The overlayed grid demonstrates the individual regions 
of interest analyzed for power coherence measurements. The arrows 
indicate the tau negative and tau positive sulcal depths. d High mag-
nification myelin black gold II staining from white matter immedi-
ately adjacent to sulcal depths. Very poor fiber organization adjacent 
to a tau positive sulcus is illustrated in the top left panel. Highly 
coherent fiber organization adjacent to a tau negative sulcus is illus-
trated in the bottom left panel. The power coherence derived from 
two-dimensional Fourier transform analyses are illustrated at right. 
e Diffusion tensor imaging FA map from the corresponding region 
of the same CTE brain tissue sample. The yellow outlines indicate 
0.5 mm white matter regions of interest immediately adjacent to the 
sulcal depths. f Diffusion tensor imaging FA map to exemplify the 
high spatial resolution at the gray–white junction

◂
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The mounted sections were dehydrated in a series of 
graded ethanols, cleared in xylene and cover-slipped with 
cytoseal mounting media. Digital images were acquired 
with a Hamamatsu NanoZoomer 2.0 HT System (Hama-
matsu) using a 20× optical magnification, Fig. 1a. Myelin 
Black Gold II images were then downsampled to 5× mag-
nification (1 pixel =  1.84 microns isotropic) compared to 
the original 20× magnification (1 pixel = 0.54 microns).

Histology‑MRI co‑registration

Registration for each histology image to MRI space was 
carried out as follows;

1.	 Concurrent histology and MRI slice images were 
opened to permit the placement of corresponding land-
marks on both images. A minimum of 5 MRI slices per 
tissue block were analyzed (MRI slices with partial 
volume effects were not included in the analysis). Two 
histology slices for each stain (AT8 tau, myelin black 
gold II) were analyzed for each MRI slice. A minimum 
of 55 landmarks was placed on each pair of images at 
anatomical features present, particularly at the bound-
ary between gray and white matter, in both the histol-
ogy and MRI slice image.

2.	 A custom built Matlab script [11] was then used to 
apply a forward nonlinear least squares transforma-
tion to transform the histology image to the MRI slice 
image. An inverse transform was then applied to each 
voxel of the transformed histology image, resulting in 
an MRI-based histology grid where each ROI in the 
grid corresponds to one MRI voxel. A more detailed 
description and validation of the image co-registration 
method is explained in Gangolli et al. (under review)

3.	 Using the grid, the sulcal depth ROI was defined as a 
region extending 1 mm superficially from the deepest 
point of each sulci, and extending laterally on either 
side to the gray/white matter boundary. The resulting 
semi-circular ROIs specifically encompassed sulcal 
depth gray matter, Fig. 1a.

4.	 The MRI-based histology grid was then overlayed 
on histology images to assess the quality of the co-
registration. The grid was also used to guide manual 
drawing of ROI masks in white matter which extended 
0.5 mm from the gray/white matter boundary, to isolate 
the U-shaped fibers potentially susceptible to axonal 
injury, Fig. 1c, e. The gray/white boundary was deline-
ated by hand by an expert neuroanatomist (LH).

Quantification of tau pathology

The % area of p-tau in gray matter was quantified using an 
initial thresholding within ImageJ based on the intensity 

of DAB staining (which had slight variations based on tis-
sue sample). Size inclusion was set at 50–50,000 pixels to 
exclude smaller and larger non-specifically stained struc-
tures. The smaller nonspecific staining was typically punc-
tate DAB deposition with no discernible anatomically rel-
evant pattern. The larger nonspecific staining was typically 
found around the edges of the tissue sections. The size cri-
terion used to quantify the % area of p-tau was kept fixed in 
the analyses of all tissue sections to isolate the pathological 
target: phosphorylated tau neurofibrillary tangles, threads, 
and astrocytes Fig. 1a, b.

Validation of automated p‑tau quantification

Stereological analysis was performed using StereoInves-
tigator software version 8.2 (MBF Bioscience, Williston, 
VT). The optical fractionator method was used to count a 
randomized sample of positively stained p-tau neurofibril-
lary tangles, threads, and astrocytes in five tissue blocks. In 
each tissue block, four histological slices spaced 250  µm 
apart were quantified. ROIs were drawn at 4× magnifica-
tion, starting at the gray/white matter boundary and end-
ing at the deepest point of the sulcus, where two gyri con-
nected. Counting was performed at 10× magnification over 
sites randomly chosen by the StereoInvestigator software, 
using a 300 ×  300 μm counting frame with a dissector 
height of 15 μm and a guard zone of 5 μm. P-tau reactive 
sites were only counted if the cell bodies were in focus and 
within the counting frame.

The total volume of the sampled regions was calculated 
as previously outlined [28] by multiplying the counting 
frame area by the region thickness and then multiplying 
by the number of counting frames. Estimation of the num-
ber of p-tau immunoreactive sites per cubic millimeter was 
determined by dividing the total counts within each ROI by 
the ROI volume.

The % area of p-tau positive staining was also calculated 
using the ImageJ based quantification method described 
above. A correlation between the stereology count of p-tau 
sites per area volume and the automated % area of p-tau 
staining obtained using the ImageJ based workflow, was 
carried as a validation of the automated method applied, 
(r2 = 0.9507, p < 0.0001), (Supplementary Fig. 5).

Assessing axon disruption

To assess the degree of white matter axon disruption, fiber 
directionality was derived from the digital myelin black 
gold II images using a custom written ImageJ macro, [11], 
which applied a two dimensional discrete Fourier transfor-
mation within every ROI in the MRI-based grid to calcu-
late the axon directionality and power coherence (Fig. 1d). 
Power coherence was extracted by fitting two ellipses to 
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the power spectrum, where each ellipse represented a fiber 
population. The degree of coherency of each fiber popula-
tion was calculated as the ratio of the radial to preferential 
axes to obtain a measure between 0 and 1, where a higher 
coherency measure represents higher fiber integrity. White 
matter power coherence was then directly correlated to the 
degree of immunoreactive p-tau in the adjacent gray matter.

Power coherence extracted from white matter ROI’s was 
then directly correlated with diffusion MRI parameters to 
determine the relationship between each imaging parameter 
and the degree of white matter axon disruption.

Statistical analysis

Statistical analyses were carried out using GraphPad Prism 
7.02. To determine the relationship between phospho-
tau pathology in gray matter sulcal depths and adjacent 
white matter fiber integrity, a two-tailed Spearman rank-
based correlation was performed because the relationship 
between the variables was not linear. To determine the 
relationships between diffusion MRI parameters and white 
matter fiber coherence, Pearson product moment correla-
tion analyses were used. The residual plots were normally 
distributed (Shapiro–Wilk’s normality test p > 0.05 for all 
variables). These analyses were adjusted by dividing by the 
means across each of the 2–4 sulci in each of the 10 tissue 
blocks to account for potential systematic variability poten-
tially due to post-mortem events. p values for these corre-
lations have been reported without correction for multiple 
comparisons, but only considered statistically significant if 
p < 0.05/9.

Results

CTE phosphorylated p‑tau immunoreactivity

Neurofibrillary tangles and neurites positive for AT8 were 
found in all samples. The percent area of phospho-tau 
immunoreactivity was variable across samples and across 
sulci within samples. In 2 of the CTE stage IV tissue sam-
ples there was widespread distribution of p-tau pathology 
across all gray matter regions (CTE tissue samples 8 and 
10). In the other 8 samples, the p-tau staining was patchy, 
with some sulcal depths heavily stained and others less 
intensely stained (Table 1). Leukoencephalopathy and cer-
ebrovascular pathologies reported by the diagnostic neu-
ropathologists based on analysis of multiple brain regions 
were not apparent in the cortical and superficial white mat-
ter tissue samples analyzed for this study.

We performed immunohistochemical staining using 
amyloid precursor protein and compacted neurofilament, 
markers that are useful for early stage detection of trau-
matic axonal injury. Positive controls worked well, but no 
staining was detected in any of the CTE samples. This 
could indicate that axonal injury was either absent, or no 
longer marked by these indicators due to the long inter-
val between injuries and death. We next turned to mye-
lin black gold II  staining to assess fiber orientation. We 
observed disrupted white matter axons directly adjacent 
to p-tau accumulations in the depths of gray matter sulci. 
These disrupted axons showed no clear fiber orientation, 
whereas most of the fibers in the white matter underly-
ing p-tau negative sulci appeared to be parallel, Fig. 1d. 
Within each histological ROI corresponding to an MRI 
voxel, we analyzed the power coherence, i.e., the extent 
to which all of the myelinated fibers were running in the 
same direction or directions, quantified using two-dimen-
sional Fourier transform analysis in each ROI voxel. 
There was a modest, yet statistically significant relation-
ship between power coherence and quantified % area of 
p-tau, that is higher power coherence was associated with 
lower levels of p-tau in directly adjacent gray matter sulci 
(Spearman’s rho cc = −0.55, p = 0.002), Fig. 2a.

To determine whether diffusion MRI could potentially 
detect axon disruptions in CTE brains, we performed 
voxel-by-voxel radiological–pathological correlation 
analyses with histological power coherence and all dif-
fusion MRI parameters. Because of substantial brain-to-
brain variability, we adjusted each diffusion MRI param-
eter by the mean for that parameter across all analyzed 
voxels in that brain sample. We found that white matter 
power coherence and FA were significantly correlated 
(r = 0.53, p = 0.009 corrected) Fig. 2b, after correction 
for multiple comparisons. No other diffusion MRI param-
eter had a significant correlation with white matter power 
coherence, as shown in Table 2. This result indicated that 
as expected, lower FA in white matter is associated with 
increased axon disruption, as reflected by reduced power 
coherence.

Because reduced FA was associated with increased 
axon disruption, which was coupled with increased p-tau 
pathology, we next asked whether reduced FA in white 
matter could be used to predict p-tau pathology in adja-
cent gray matter. However, we found that there was no 
statistically significant relationship between FA in white 
matter and % area tau pathology in overlaying gray mat-
ter sulcal depth ROI’s, for unadjusted (R  =  −0.019, 
p  =  0.91) Fig.  3a, and adjusted analyses (R  =  −0.23, 
p = 0.22) Fig. 3b. Furthermore, there was no statistically 
significant relationship between the remaining diffusion 
MRI metrics from white matter ROI’s and % area of p-tau 
from overlaying gray matter sulcal depth ROI’s, Fig. 4.
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Discussion

In summary, we found reduced axon integrity in CTE 
which is related to the degree of p-tau pathology in 
directly adjacent gray matter. Furthermore, we found that 
FA, derived from high spatial resolution diffusion MRI 
data, is significantly correlated with histological evi-
dence of axon disruption. However, the remaining dif-
fusion MRI parameters derived from DTI, DKI and GQI 
datasets did not correlate with the percent area of p-tau 
pathology in the ex vivo CTE tissue examined.

To our knowledge, this is the first study to carry out 
a robust quantitative radiological-pathological correla-
tion in brain samples from subjects with neuropatho-
logically confirmed CTE. Technical advances relevant to 
our approach included the use of high spatial resolution 
ex  vivo diffusion MRI datasets with high SNR; a novel 
co-registration method; and fully quantitative pathologi-
cal analyses.

A major finding was that power coherence derived 
from myelin black gold II stain showed axon disruption 
in white matter directly adjacent to gray matter sulcal 
depths with substantial tau deposition. Axonal damage 
or tau positive axonal varicosities and neuropil threads 
have been previously reported as a characteristic feature 
of CTE in subcortical and deep white matter [33], but 
the spatial relationship between axon pathology and gray 
matter tau pathology has not been previously described. 
Increased loss of myelinated fibers and axons in white 
matter is associated with stage IV CTE [35, 47], which 
is consistent with the findings reported here where axon 
disruption is linked to the density of tau pathology in 
the sulcal depths. Furthermore, the results reported here 
are consistent with FA reductions in sulcal regions as 
opposed to gyral regions in a large group of TBI patients 
[12]. The same study used computational modelling to 
accurately predict patterns of brain tissue deformation 
in the sulcal depths, consistent with characteristic CTE 

pathology [12], though it is not clear whether any of the 
patients in the Ghajari et al. study actually had CTE.

Although we report a relationship between axonal dis-
ruption and tau pathology, the precise mechanisms underly-
ing this relationship has not yet been established; specifi-
cally, the order of causality cannot be determined based on 
the cross-sectional data presented here. It has been hypoth-
esized that phosphorylated tau at sites in the microtubule 
binding domain causes microtubule instability, resulting 
in interrupted axonal transport and degeneration of white 
matter tracts [30]. Thus, the white matter disruption could 
be secondary to tau pathology. On the other hand, diffuse 
axonal injury is a common pathological finding after trau-
matic brain injury, most commonly at the gray/white matter 
boundary [1, 2] due to shearing and stress on axonal fibers 
that cause cytoskeletal disruptions and axonal breakdown 
[45]. After axonal injury, tau accumulation due to impaired 
axonal transport or an aberrant response to traumatically 
disrupted microtubules could result in the histopathologi-
cally detected tau pathology in the cell bodies or dendrites. 
While the direct mechanism is not well understood, the tau 
pathology could be a consequence of axonal injury in some 
cases, as in the recent report by Shively et al. [42]. Finally, 
the tau pathology and axonal injury could both be due to 
the same third as-yet-uncharacterized mechanism. It will 
be of great interest in the future to determine whether there 
are cases of focal traumatic axonal injury at the gray/white 
matter boundary that do not result in tau pathology or CTE. 
Clearly, further investigation will be required to elucidate 
the pathophysiological processes underlying the relation-
ship between tau pathology and white matter disruption.

The relationship between FA and axon disruption, 
reported here, suggests that diffusion MRI has the potential 
to detect regions of white matter damage that is associated 
with gray matter phosphorylated tau pathology. FA was the 
only diffusion MRI parameter to show a statistically signifi-
cant relationship with axon disruption. This suggests that in 
white matter closely underlying cortical sulci, DTI is sensi-
tive to axon disruption in CTE. Still, it would be prema-
ture to conclude that DTI will be useful in living humans. 
The spatial resolution of the ex  vivo data acquired was 
much higher than that currently available for in vivo MRI 
sequences. Here, the spatial resolution was 250 × 250 µm 
with a slice thickness of 500 µm, whereas current in vivo 
DTI is typically performed with isotropic voxel sizes in the 
range of 1.25–2.5 mm3. The larger voxel sizes result in par-
tial volume effects, particularly in white matter regions on 
the border with gray matter. It has been shown previously 
that DTI tractography results in ex  vivo rhesus macaque 
is greatly dependent on the spatial resolution and diffu-
sion sampling scheme applied; the authors advocated for 
a balanced consideration between these two major acqui-
sition variables to optimize tractography accuracy [4]. Our 

Fig. 2   Power coherence in white matter ROI’s directly adjacent to 
sulcal depths and the corresponding diffusion MR parameter corre-
lations. a Scatterplot of the mean (with standard error bars) power 
coherence and % area of p-tau for each white matter ROI and adja-
cent gray matter ROI for all 10 ex  vivo CTE samples (Spearman’s 
rho cc = −0.55, p =  0.002). Individual data points represents the 
mean ROI value from each post-mortem tissue sample. b FA in white 
matter ROI’s had a positive correlation with power coherence, where 
high FA was associated with regions with higher power coherence 
(r = 0.53, p = 0.001 uncorrected, p = 0.009 corrected). FA was the 
only diffusion MRI parameter to have a significant correlation after 
correction for multiple comparisons. The diffusion MRI parameters 
were adjusted across all ten CTE tissue samples by dividing them by 
the mean of each parameter in each specific sample to correct for pos-
sible between-sample differences arising from post-mortem effects

◂
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results indicate that increasing spatial resolution is a neces-
sary requirement to detect focal microstructural alterations. 
However, our analyses was limited to white matter directly 
adjacent to gray matter sulcal depths and did not include 
regions of dense crossing fibers such as the centrum semio-
vale where FA cannot give an accurate estimate of white 
matter organization.

Limitations of this and all ex vivo human diffusion MRI 
data include the effects of post-mortem degeneration, fixa-
tion and resulting dehydration. The fixation process aug-
ments the changes in the microstructure, above that caused 
by cell death. A study examining the effects of brain tis-
sue decomposition on diffusion MRI parameters reported 
a steady and significant decrease in FA and ADC, which is 
most evident between days 0 and 1 postmortem interval, 
after which the effect of delayed fixation becomes less sig-
nificant [8]. The postmortem interval of the ex  vivo CTE 
samples used in this study ranged from 2 to 92 h, however, 
histopathology and myelin black gold II results indicate 
preservation of tau staining and axon fiber orientation in all 
samples regardless of postmortem interval. An additional 
step to overcome this limitation was to perform a corrected 

correlation analysis to moderate any variance derived from 
different postmortem interval times. However, additional 
studies using ex  vivo CTE tissue with more uniform and 
short postmortem intervals is essential to fully understand 
the relationship between tau pathology and diffusion MRI 
parameters. Furthermore, CTE is often associated with 
comorbidities, such as leukoencephalopathy and vascu-
lar pathology observed in 8 of the 10 CTE cases included 
in this study. White matter degeneration as a result of the 
reported comorbidities cannot be directly differentiated 
from the axonal disruption pertaining to CTE. However, 
an association between gray matter hyperphosphorylated 
tau pathology and axonal microstructural disruption was 
observed in 2 cases which had no reported comorbidities. 
In addition, we did not observe any areas of white mat-
ter pallor on myelin black gold II staining, indicating that 
there were no infarcts or areas of severe leukoencephalopa-
thy in the cortical samples included in this study. Although 
comorbidities are common in CTE postmortem cases, addi-
tional analysis on tissue with an exclusive diagnosis would 
be necessary to further differentiated the extent of white 
matter disruption specifically related to CTE.

Table 2   Correlation coefficient results of adjusted white matter power coherence and diffusion MRI parameters in white matter 0.5 mm ROI’s 
directly adjacent to gray matter sulcal depths

FA and power coherence were significantly correlated after Bonferroni correction for multiple comparisons, Fig. 2b. A parametric correlation 
was used after reviewing the normal probability plots of the residual plots for all correlation analysis (Shapiro–Wilk’s p > 0.05). This result indi-
cated that, as expected, lower FA in white matter is associated with increased axon disruption, as reflected by reduced power coherence

Adjusted values FA ADC Axial  
diffusivity

Radial  
diffusivity

GFA Isotropic 
index

Mean  
kurtosis

Axial  
kurtosis

Radial 
kurtosis

Power coherence 0.534 −0.313 −0.153 −0.374 0.367 −0.441 0.190 0.078 0.231

p (uncorrected) 0.001 0.046 0.210 0.020 0.020 0.007 0.300 0.680 0.220

p (corrected) 0.009 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05

% Area p-tau

Fr
ac

�o
na

l A
ni

so
tr

op
y

0 5 10 15 20 25

0.10

0.15

0.20

0.25

0.30

r = -0.019,p > 0.05

a b

% Area p-tau

Ad
ju

st
ed

 F
ra

c�
on

al
 A

ni
so

tr
op

y

0 5 10 15 20 25

0.8

1.2

1.6

r = -0.23,p > 0.05

Fig. 3   No correlation between FA in white matter and tau pathol-
ogy in adjacent gray matter sulcal depths. Unadjusted analyses 
(R  =  −0.019, p  =  0.91) (a), and adjusted analyses (R  =  −0.23, 
p =  0.22) (b), results of the Spearman rho’s correlation analysis of 
mean FA from white matter ROI’s and mean % area of p-tau for adja-

cent gray matter ROI’s. a shows the mean with standard error bars of 
raw FA values across all white matter ROI’s. For adjusted analyses, 
FA was normalized by the mean FA across ROIs in each tissue block 
to account for possible variation in post-mortem events
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This analysis was limited to radiological-pathological 
correlations in ex vivo tissue samples with stage III and 
stage IV CTE. Analysis of stage I and II tissue is nec-
essary to determine if this detection remains consistent 
with  the findings reported here. If so, this would make 
diffusion MRI in theory useful for early detection of CTE 
prior to major neurodegenerative changes, however, as 
noted above this would require significant improvements 
in the spatial resolution of current in vivo diffusion MRI 

studies. Future studies including non-CTE tauopathies 
and other control cases are also necessary to determine 
whether the relationship between axonal injury and tau 
pathology is unique to CTE. Additional limitations 
include the relatively restricted set of cases examined 
which were all retired professional contact sport athletes 
from a single center. The post-mortem intervals were 
variable and often not fully known. The sample loca-
tions were not fully standardized. The extent to which 

Fig. 4   No correlation between 
additional diffusion MRI 
parameters in white matter 
and tau pathology in adjacent 
gray matter sulcal depths. 
Spearman’s rho results show 
that there was no correlation 
between white matter diffusion 
MRI parameters and the % area 
of p-tau from adjacent gray 
matter 0 10 20 30
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two-dimensional sampling of fractional area using a sin-
gle immunohistochemical marker of tau pathology may 
have biased the results remains to be determined. Further 
work will be required involving assessments of other dis-
ease controls using the same methods. Thus, selection 
bias and generalizability cannot be determined at present.

While our results suggest a relationship between white 
matter diffusion MRI parameters and histopathology, 
additional analysis is necessary to determine if neuroin-
flammatory markers of CTE, such as changes in micro-
glia and astrocytes, result in cytoarchitectural changes 
that can be detected using imaging methods applied here. 
Shively et al. recently reported significant astroglial scar-
ring at the gray–white matter junction in ex vivo human 
brain tissue samples following blast exposure [43]. 
Increased positive immunolabeled microglial has also 
been reported in a repetitive mild traumatic brain injury 
mouse model [38], however, it is becoming more evident 
that microglia are highly dynamic [23] and inclusion of 
fractal analysis to assess microglia morphology, similar 
to that carried out by Namjoshi et al. [37] may provide a 
more accurate description of neuroinflammation in CTE, 
similar to that presented by Cherry et al. [5].

Conclusion and implications

Undoubtedly, a non-invasive method to detect CTE 
related pathology in vivo would be a major medical con-
tribution benefitting those who are at risk of developing 
CTE. Here we have shown that high spatial resolution 
advanced diffusion MRI data has the potential to play 
a role for in vivo CTE diagnosis, especially with regard 
to assessment of disrupted white matter microstructural 
integrity adjacent to sulci with tau pathology. However, to 
bring high spatial resolution diffusion MRI to a clinical 
useful setting would require substantial further improve-
ments in clinical diffusion MRI acquisition methods.
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