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Abstract
Objective
White matter (WM) projections were assessed from Alzheimer disease (AD) gray matter
regions associated with β-amyloid (Aβ), tau, or neurodegeneration to ascertain relationship
between WM structural integrity with Aβ and/or tau deposition.

Methods
Participants underwent diffusion tensor imaging (DTI), PET Aβ ([18F]AV-45 [florbetapir]),
and PET tau ([18F]AV-1451 [flortaucipir]) imaging. ProbabilisticWM summary and individual
tracts were created from either a composite or individual gray matter seed regions derived from
Aβ, tau, and neurodegeneration. Linear regressions were performed for Aβ, age, tau and WM
hyperintensities (WMH) to predict mean diffusivity (MD) or fractional anisotropy (FA) from
the corresponding WM summaries or tracts.

Results
Our cohort was composed of 59 cognitively normal participants and 10 cognitively impaired
individuals. Aβ was not associated with DTI metrics in WM summary or individual tracts. Age
and WMH strongly predicted MD and FA in several WM regions, with tau a significant pre-
dictor of MD only in the anterior temporal WM.

Conclusion
Tau, not Aβ, was associated with changes in anterior temporal WM integrity. WMH, a proxy for
vascular damage, was strongly associated with axonal damage, but tau independently con-
tributed to the model, suggesting an additional degenerative mechanism within tracts projec-
ting from regions vulnerable to AD pathology. WM decline was associated with early tau
accumulation, and further decline may reflect tau propagation in more advanced stages of AD.
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Alzheimer disease (AD) pathology involves the propagation
and accumulation of 2 proteinaceous deposits, β-amyloid
(Aβ) plaques and neurofibrillary tangles composed of
hyperphosphorylated tau. The posited temporal etiology
occurs decades before clinical presentation and involves ac-
cumulation of Aβ, followed by increased tau pathology and
then neurodegeneration.1 The pattern of neurodegeneration
is spatially distinct and correlates more with tau compared to
Aβ. Although a relationship has been observed between tau
and atrophy, little is known as to whether tau decreases white
matter (WM) integrity.2 WM damage seen with AD has been
attributed largely to vascular changes, but AD pathology
exacerbates axonal damage.3 Loss of WM integrity can result
from hyperphosphorylation of tau. This hyper-
phosphorylation leads to a loss of binding to microtubules,
causing reduced structural integrity within the axon.4

Prior studies have used amyloid PET,5 tau PET,6 and neu-
rodegeneration (structural MRI)2 to define distinct compi-
lations of gray matter regions that delineate AD stage. Each
biomarker contributes to the pathophysiology of AD, and
a set of distinct regions can be used to define a particular
measure (Aβ, tau, or neurodegeneration). It remains unclear
how the presence of Aβ or tau can affectWMprojections from
AD-signature regions that are spatially distinct from vascular
damage. This study focuses on whether Aβ or tau accumu-
lation contributes to degeneration of WM projections from
AD-signature regions determined by Aβ, tau, or
neurodegeneration.

Methods
Standard protocol approvals, registrations,
and patient consents
Participants were recruited by the Charles and Joanne Knight
Alzheimer’s Disease Research Center at the Washington
University in St. Louis School of Medicine (WUSM). In-
formed consent was obtained from all participants and ap-
proved by the WUSM Human Research Protection Office.

Demographics
All participants (n = 70) (46–90 years old) underwent amy-
loid PET, tau PET, and MRI to derive fractional anisotropy
(FA) and mean diffusivity (MD) maps (table 1). Those with
symptomatic AD were differentiated from cognitively normal
controls with a score of ≥0.5 on the CDR.7 Biomarker (Aβ)
positivity for this cohort was based on previous mean Aβ
cortical binding potential (>1.22) derived from a separate
group.5,8 Our cohort was composed of 59 cognitively normal

controls (13 amyloid positive) and 10 cognitively impaired
individuals (all amyloid positive). All of the cognitively im-
paired were biomarker positive. No individuals had a CDR
score >0 and were not amyloid positive. Vascular risk was
scored by summating key demographic variables that associ-
ate with vascular risk, including diabetes mellitus, smoking,
hyperlipidemia, hypertension, hypercholesterol, atrial fibril-
lation, angioplasty, congestive heart failure, angina, myocar-
dial infarct, and heart valve (table 1).

MRI acquisition
MRI scans were acquired with a 3T Siemens Biograph mMR
scanner (Siemens Medical Solutions, Erlangen, Germany)
with a standard 12-channel head coil. A high-resolution
structural scan was acquired with a 3-dimensional sagittal T1-
weighted magnetization-prepared rapid gradient echo (echo
time 16 milliseconds, repetition time 2,400 milliseconds, in-
version time 1,000 milliseconds, flip angle 8°, 256 × 256 ac-
quisition matrix, 1 × 1 × 1 mm voxels) using the Alzheimer’s
Disease Neuroimaging Initiative protocol. One diffusion-
weighted scan was also obtained (2.5 × 2.5 × 2.5, repetition
time 11,000milliseconds, echo time 87milliseconds, flip angle
90°, 64 directions, b value 1,000 s/mm2) for each participant.

Aβ PET images were simultaneously acquired on the same
Biograph mMR scanner (Erlangen, Germany) after a single
IV bolus injection of ≈10 mCi of florbetapir ([18F]AV-45).
Data from the 50- and 70-minute postinjection window were
analyzed.8 In a separate session, tau PET imaging was ac-
quired on a Biograph40 PET/CT scanner after IV adminis-
tration of 9 to 13 mCi of flortaucipir ([18F]AV-1451).9 Data
from the 80- to 100-minute postinjection window were
analyzed.

Positron emission tomography
Both Aβ and tau tracers were analyzed with a previously
described region-of-interest (ROI) pipeline developed at
WUSM.6,10,11 Regional standardized uptake value ratios
were obtained with the cerebellar gray matter as a reference
region,14 and partial volume correction was performed with
a regional spread function technique.11,12 Standardized
uptake value ratio values were calculated from the seg-
mented T1-weighted images processed with FreeSurfer 5.3
(surfer.nmr.mgh.harvard.edu/) to define cortical and sub-
cortical ROIs.

Gray matter ROI preprocessing
Nine cognitively healthy participants (age 22–35 years) from
the Human Connectome Project were selected after rigorous
screening of the imaging data (humanconnectome.org/

Glossary
AD = Alzheimer disease; CDR = Clinical Dementia Rating; DTI = diffusion tensor imaging; FA = fractional anisotropy; FSL =
FMRIB Software Library; MD = mean diffusivity; ROI = region of interest; WM = white matter; WMH = white matter
hyperintensities; WUSM = Washington University in St. Louis School of Medicine.
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documentation/). The WU-Minn Consortium supplies cor-
tical, subcortical, and tissue segmentations for each participant
using FreeSurfer version 5.2.0. Aβ seeds included the pre-
frontal, gyrus rectus, lateral temporal, and precuneus. Tau
seeds included the lateral occipital, inferior temporal, ento-
rhinal, and amygdala. Neurodegenerative seeds included the
medial temporal, lateral temporal, inferior temporal, pre-
cuneus, inferior parietal, and superior parietal regions. In-
terface voxels were created by expanding the edges of each
cortical/subcortical ROI and multiplied by the corresponding
participants WM segmentation mask. From the gray/white
segmentations, we identified the corresponding interface
voxels for each region that were used as seeds for probabilistic
tractography.

WM track preprocessing
Bilateral AD-signature seed regions were evaluated based on
a priori topographic knowledge of amyloid PET,5 tau PET,6

and neurodegenerative atrophy2 that differentiated symp-
tomatic AD (CDR score >0) from cognitive normal partic-
ipants (CDR score 0). Summary PET values were calculated
for regions designated as Aβ (A-summary), tau (T-summary),
or neurodegeneration (N-summary). WM projections ema-
nating from the interface voxels of each ROI were created by
FMRIB Software Library’s (FSL’s) probabilistic pipeline on
the same 9Human Connectome Project participant described
in the previous section.13 Diffusion data was already pre-
processed by the WU-Minn Consortium.14 This pipeline
consisted of correction for EPI distortions, eddy-current–
induced distortions, participant motion, and gradient non-
linearities with TOPUP and EDDY from FSL.15,16

BedpostX from FSL was used to quantify diffusion parameters
on the preprocessed data.13 This tool uses Markov chain
Monte Carlo sampling to calculate the dominant and sec-
ondary fiber distributions for each voxel. Each gray matter
ROI, in native space, was treated as a seed region for proba-
bilistic tractography.13 A single exclusionmask was used in the
sagittal plane for the EH projections in the T-regions anterior
to the body of the hippocampus. The exclusion of these fibers
was necessary to diminish the degree of overlap with

projections from the amygdala due to their close proximity.
On completion, the threshold of each probabilistic mask was
10% of the maximal intensity to reduce sporadic projections.
While no optimal threshold has yet been established, this
relatively low threshold has previously been deemed
appropriate.16

All individual probabilistic masks were warped into the
Montreal Neurological Institute space with a combination of
linear and nonlinear alignments. All probabilistic masks per-
taining to a particular track were combined across participant
and then limited to voxels present in a majority of participants.
One methodologic complication with diffusion tensor imag-
ing (DTI) tractography is that WM voxels may contain in-
formation for multiple tracks. To ensure that no voxel was
overrepresented, a data-driven algorithm was incorporated.17

In short, this approach assigns overlapping voxels by com-
paring track occupancy adjusted for the relative size of both
tracts. Implementing this technique forgoes any arbitrary as-
signment but can yield slightly different projections,
depending on the degree of overlap between each of the
subset ROIs. After all voxels have been uniquely assigned to 1
track, any voxel that is not contiguous with the main cluster is
removed. These tracks served as ROIs with a summary of all
WM tracts that project from the A-summary, T-summary, and
N-summary regions or individual tracts from each seed region
(figure 1).

Calculation of diffusion metrics for the cohort
Preprocessing included correction for motion and eddy-
current distortions followed by skull stripping18 with FSL
5.0.9.15 Rigorous motion inspection was applied after eddy-
current correction. Participants who moved >3.5 mm were
removed. Tensor calculation for FA, MD, axial diffusivity, and
radial diffusivity were obtained using FMRIB software library
(FSL). Each diffusion metric was smoothed with a 2-mm
smoothing kernel and registered to the FMRIB58 FA with
a combination of linear and nonlinear alignments.

Unlike gray matter segmentation, WM tracts can travel
through the same regions; therefore, voxels can contain in-
formation for multiple tracts. To ensure that “overlapped”
voxels were not overrepresented in the analyses, a data-driven
approach was used to assign them to specific tracts.17 Because
of this methodologic complication, the same seed region can
generate different WM tracts, depending on the degree and
spatial overlap between Aβ, tau, and neurodegenerative
regions.

WM hyperintensities
Delineation of WM hyperintensities (WMH) maps was
generated with the open-source lesion segmentation tool
for SPM (applied-statistics.de/lst.html). Segmented maps
were registered to each participant’s b0 image with FLIRT
from FSL with a 6-parameter model. The maps are then
aligned with the same warp matrix created from the FA
images to register the lesion maps into common space with

Table 1 Demographic table

No. 69

Age, mean (SD), y 69.7 (9.05)

M/F, n 29/40

Education, y 15.97 (1.82)

Race (white/black/Asian), n 63/5/1

CDR score > 0 10

Amyloid positive 23

Vascular risk factors, mean (SD), n 1.94 (1.16)

Abbreviation: CDR = Clinical Dementia Rating.
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nearest-neighbor interpolation. This allowed us to isolate
the lesion voxels that overlapped with our WM tract masks,
providing a more localized value of WMH burden. Each
voxel that was delineated as lesion, within the tract of in-
terest, was summed to give a total value that was in-
corporated into the corresponding regression model. We
believed this approach was more suitable for our analyses
because we were focused on specific WM projections that
were created for this study.

Statistics
Linear regression models were performed for WM integrity in
each summary tract and included age, amyloid, tau, andWMH
as potential predictors. If tau was a significant variable in the
summary model, secondary regression models were per-
formed on tracts from each of the regions that made up the
summary region. The p values were adjusted for multiple
comparisons with false discovery rate.

Data availability
All data are available through the Knight Alzheimer’s Dis-
ease Research Center (alzheimer.wustl.edu/Research/
ResourceRequest.htm).

Results
Demographic information on the entire cohort is found in
table 1. One individual who had tau deposition higher than 3
SDs was removed as an outlier and only strengthened the
results described below. For projections from the A- and
N-summary tracts, only age and WMH predicted WM in-
tegrity (all p < 0.001). For projections fromT-summary tracts,
age, WMH, and tau predicted MD. No interactions between
any of the variables were significant, and amyloid failed to
predict MD or FA in any summary tract. Secondary analyses
of regressions for individual T-regions revealed that age and
WMH predicted MD for each of the 4 regions. Tau signifi-
cantly predicted projections from the entorhinal and amyg-
dala (table 2).

Discussion
We focused on 4 variables that relate toWM integrity and AD
pathology. No interaction was observed between any of the
variables, but rather, independent main effects of age, WMH,
and tau best predicted WM integrity in temporal regions.

Figure WM projections created with fMRI of the brain software library (FSL) probabilistic tractography

Left, Aggregate white matter (WM) summary of all projections from β-amyloid (A), tau (T), or neurodegenerative (N) regions. Right, Color-coded tracts
generated from each set of Alzheimer disease–signature seed regions (A-, T-, N-regions). AY = amygdala; EH = entorhinal; GR = gyrus rectus; IP = inferior
parietal; IT = inferior temporal; LO = lateral occipital; LT = lateral temporal; MT = medial temporal; PC = precuneus; PF = prefrontal; SP = superior parietal.
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These results suggest that tau, independently from vascular
changes (as assessed by WMH) and Aβ, is a predictor of WM
integrity within anterior temporal regions. The main pre-
dictors of WM integrity were age and WMH, which are
known factors that are associated with myelin breakdown and
axonal degeneration. However, the presence of phosphory-
lated tau is a hallmark of AD, and prior neuroimaging findings
showed that tau first accumulates in anterior temporal
regions, bolstering the spatial relationship we observed with
DTI metrics.19 We focused on 4 variables that relate to WM
integrity and AD pathology. Tau contributed to the model
independently of WMH, suggesting that AD pathology can
exacerbate axonal damage in addition to vascular changes.

Associations between WM integrity and Aβ have not been
consistently found across the literature.9 In unadjusted anal-
yses, Aβ may serve as a proxy measure for other pathologies
(e.g., tau), which are intrinsically associated with it. Aβ pa-
thology was associated with WM integrity when tau and
WMH were not included in the regression model (data not
shown). However, after tau PET was included in the model,
Aβ PET was not associated with any DTI metric. These
results suggest that tau is more strongly associated with
concurrent neurodegeneration compared to Aβ. The hyper-
phosphorylation of tau leads to a loss of binding to micro-
tubules, causing loss of structural integrity within the axon.4 In
our data, MD correlated most with tau, implying that this DTI
metric is sensitive to early, tau-mediated neurodegeneration.

AD pathology is not uniformly distributed throughout the
brain but instead consists of distinct spatial patterns defined
by Aβ accumulation, tau accumulation, and structural atro-
phy.1 Because of these different spatial profiles, seed regions
defined by each biomarker have been previously used to
characterize AD progression.2,5,6 Decline in structural

integrity with regard to tau accumulation was strongest in the
T-regions, which are more localized to temporal WM
changes. Tau propagation is believed to spread via cell-to-cell
signaling, causing a neurodegenerative cascade that involves
loss of integrity in axonal projections. Tau accumulation is
thought to initially occur in the temporal lobe and then
propagates to neocortical regions. WM changes may reflect
tau propagation out of the temporal lobe to other areas. Fu-
ture longitudinal studies are needed to ascertain whether DTI
metrics could become a clinically relevant biomarker to
monitor tau propagation.

The data provided here were driven by the hypothesis that
regions susceptible to AD pathology would show WM dam-
age associated with AD biomarkers. The current investigation
has limitations. Compared to other studies, our sample size is
small. However, as a result of the recent development of tau
PET methods, our sample size is one of the largest currently
available. Elevated diffusion is associated with cortical atro-
phy, which is tightly coupled with tau accumulation. However,
it is beyond the scope of this project to dissociate WM dys-
function independently of gray matter atrophy.

We show that tau accumulation in anterior temporal regions
associates with loss of WM integrity. Age and regional WMH
most strongly predicted diffuse WM integrity changes, sug-
gesting that global measurements of structural dysfunction are
affected most by non-AD pathology. However, temporal
regions are vulnerable to early tau accumulation that is in-
dependent of both amyloid and vascular damage. Future
studies that include larger populations of individuals with
symptomatic AD who are followed up longitudinally are
needed. DTI metrics may provide an important biomarker for
predicting and monitoring tau progression in symptom-
atic AD.

Table 2 Results of the linear regression for predicting WM integrity

FA MD

Age Aβ Tau WMH Age Aβ Tau WMH

Summary results

A-summary 0.003 0.58 0.86 <0.001 <0.001 0.56 0.94 <0.001

T-summary 0.02 0.74 0.44 <0.001 <0.001 0.58 0.02 <0.001

N-summary 0.01 0.21 0.86 <0.001 <0.001 0.23 0.3 <0.001

T-region summary

Amygdala 0.002 0.74 0.44 <0.001 <0.001 0.45 0.047 <0.001

Entorhinal 0.07 0.15 0.02 <0.001 0.027 0.55 0.035 <0.001

Inferior temporal 0.13 0.75 0.91 <0.001 <0.001 0.29 0.98 <0.001

Lateral occipital 0.16 0.46 0.57 <0.001 <0.001 0.19 0.08 <0.001

Abbreviations: A = Aβ; Aβ = β-amyloid; FA = fractional anisotropy; MD = mean diffusivity; N = neurodegenerative; T, tau; WM = white matter; WMH = white
matter hyperintensities.
Each cell contains the corrected p value for each predictive variable.
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