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Abstract Introduction: Although increased mean diffusivity of the white matter has been repeatedly linked to
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Alzheimer’s disease pathology, the underlying mechanism is not known.
Methods: Here, we used ADNI-3 multishell diffusion magnetic resonance imaging data to separate
the diffusion signal of the parenchyma from less hindered fluid pools within the white matter such as
perivascular space fluid and fluid-filled cavities.
Results: We found that the source of the pathological increase of the mean diffusivity is the increased
nonparenchymal fluid, often found in lacunes and perivascular spaces. In this cohort, the cognitive
decline was significantly associated with the fluid increase and not with the microstructural changes
of thewhite matter parenchyma itself. Thewhite matter fluid increasewas dominantly observed in the
sagittal stratum and anterior thalamic radiation.
Discussion: These findings are positive steps toward understanding the pathophysiology of white
matter alteration and its role in the cognitive decline.
� 2019 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

White matter alteration is one of the hallmarks of Alz-
heimer’s disease (AD) pathophysiology [1]. An emerging
body of evidence suggests that white matter damage is
among the earliest AD pathological changes, preceding
cortical loss. Based on the two-hit vascular hypothesis [2],
cerebrovascular alteration contributes to inefficient drainage
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of amyloid and increases the accumulation of amyloid-b, re-
sulting in white matter damage [3]. A recent study showed
even in the absence of age-related cerebrovascular disease,
white matter alteration presented well before the onset of
symptoms [4]. It is also believed that tau independently [5]
contributes to white matter changes within AD defined re-
gions. These findings highlight the significance of a tech-
nique that could map white matter health.

Increased mean diffusivity (MD) of the diffusion tensor im-
aging (DTI) is considered the neuroimaging signature of white
matter degeneration in AD [6–19]. Increased MD was also
shown to be a sensitive biomarker of prodromal
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cerebrovascular health [20] or small vessel disease [21].DTI, as
an in vivo, noninvasive, and quantitative biomarker, is a valu-
able neuroimaging tool. However, the underlying mechanism
for the increased MD is not completely understood, mainly
because multiple tissue compartments with differing morphol-
ogies contribute to diffusion MRI signal, and DTI infers an
average sum of all. Hence, DTI cannot determine the source
of increasedMD,which limits its utility indiscovering the cause
of the white matter alteration in AD and its efficacy as a moni-
toring biomarker for future treatments.

Multishell diffusion imaging, however, allows to decom-
pose the diffusion signal into related tissue compartments
[22–45] (see [46,47] for reviews), and therefore offers
additional specificity to white matter composition. Here
we utilized multishell diffusion images of ADNI-3 advanced
neuroimaging data set to decipher the origin of the increased
white matter MD associated with the cognitive decline.
2. Methods

2.1. Participants

Data used in the preparation of this article were obtained
from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) database (http://adni.loni.usc.edu). Data from
ADNI-3 cohort [48] were used, in which multishell diffusion
MRI data are available. Data of 66 subjects with multishell
diffusion MRI were downloaded from the ADNI database
(http://adni.loni.usc.edu) [49]. To achieve a homogeneous
patient group of preclinical AD, 3 subjects classified as AD
were excluded. One cognitively normal (CN) subject was
also excluded because of the young age (54-year-old). Sub-
jects were divided into two groups of CN subjects (N 5 37,
24 females) and patients with amnestic MCI (N 5 24, 7 fe-
males). Average age of the CN (M 5 73.7, SD 5 7.9) and
the amnestic MCI group (M5 75.5, SD 5 6.8) was not sta-
tistically different (t(59) 5 0.93, P 5 .36). The MCI group
consists of patients with early cognitive decline based on
Clinical Dementia Rating (CDR), Mini-Mental State Exam-
ination and Montreal Cognitive Assessment:
(CDR(memory) 5 0.3660.27, CDR(global) 5 0.3460.24,
Mini-Mental State Examination 5 27.7562.63, Montreal
Cognitive Assessment 5 2463).

2.2. Data acquisition

All ADNI-3 images used in this study were acquired using
Siemens Prisma or PrismaFit 3T scanner (SiemensHealthcare,
Erlangen,Germany), on six different sites, using a standardized
diffusion MRI sequence [50]. Diffusion MRI data were ac-
quired using the following parameters: 2Dechoplanar axial im-
aging, with sliced thickness of 2 mm, in-plane resolution of
2 mm2 (matrix size of 1044 x 1044), flip angle of 90�,
TE 5 71 ms, TR 5 3.4 s, 126 diffusion-encoding images
with three b-values (6 directions for b-value 5 500 s/mm2,
48 directions for b-value 5 1000 s/mm2, 60 directions for b-
value5 2000 s/mm2),with 13non–diffusion-weighted images.
2.3. Investigating the source of the MD change

A tensor-based model (DTI) was first used to compare
MD measures between groups. Then a bitensor model was
used to extract three parameters that could contribute to
the observed MD change, namely diffusivity of the paren-
chyma, diffusivity of the nonparenchymal fluid (e.g., fluid
in lacunes and perivascular spaces), and relative volume of
the nonparenchymal fluid. Note that the value related to
the amount of fluid within the voxel is not the absolute vol-
ume fraction of the fluid, rather is the signal fraction of the
diffusion signal associated with the fluid (myelin and cell
membrane that are made of lipids and proteins do not
contribute to the magnitude of the MRI signal).

2.4. Data processing

Raw images were converted to nifti file format using
dcm2nii [51]. DiffusionMRI were corrected for eddy current
distortion and for involuntary movement, using FSLTOPUP
and EDDY tools [52,53]. DTI and a bitensor model were
fitted to diffusion data using Quantitative Imaging Toolkit
[54], as described in the study by Sepehrband et al [55].
The signal fraction that was fitted into a fast diffusing
compartment (nonparenchymal fluid) was extracted as white
matter fluid signal (WFS). Data were analyzed using Quan-
titative Imaging Toolkit to examine diffusion tensor param-
eters in deep white matter, as defined by the Johns Hopkins
University (JHU) white matter atlas [56]. The JHU regions
were segmented in each scan using an automated atlas-
based approach described in the study by Cabeen et al.
[57], in which deformable tensor-based registration using
DTI toolkit [58] was used to align the subject data to the Il-
linois Institute of Technology diffusion tensor template [59],
and subsequently to transform the JHU atlas regions to the
subject data and compute the average of each diffusion
tensor parameter with each JHU region. The native space
T1-weighted MRI images were used to measure estimated
total intracranial volume (eTIV) and hippocampal (HC) vol-
ume using the FreeSurfer software [60], as described in the
study by Sepehrband et al [61]. In addition, volume of re-
gions with white matter hyperintensities were measured us-
ing Lesion Mapper toolkit [62] and were compared between
groups, but no significant difference was observed (P 5 .7).
2.5. Statistical analysis

We used a generalized linear model to investigate the asso-
ciation between WFS and cognitive stage using an ordinary
least square fitting routine, implemented with the statsmodel-
s.OLS module in Python 3.5.3 (StatsModels version 0.8.0—
other Python packages that were used are Pandas version
0.20.3 and NumPy version 1.13.1). Median values of each re-
gion were used to remove the effect of imperfect boundary se-
lection in periventricular areas. Measures from bilateral
regions were averaged. Multiple regressions were fitted to
regional values, one region at a time. For every instance, sex,
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eTIV, HC volume, and age were included as covariates. The
Benjamini–Hochberg procedure with a false discovery rate
of 0.05 was used to correct for multiple comparisons. Statisti-
cal analysis was performed first on the MD values from DTI.
Then WFS, MD of white matter parenchyma, and MD of the
nonparenchymal fluid from bitensor model were analyzed.

3. Results

Increased global WFS was significantly associated with
cognitive decline (b 5 0.002, t(56) 5 4.3, P , .001);
controlled for age, sex, eTIV, and HC volume (Fig. 1). The
effect size was 1.61 times larger than the association be-
tween HC volume decrease and CDR (b 5 2261.75, t(55)
5 22.03, P 5 .047). Regional MD values, as derived by
DTI, were significantly different between studied groups
(MCI . CN) in multiple regions: thalamic radiation,
fronto-occipital and longitudinal fasciculi, sagittal stratum
and corticospinal, cingulum, fornix, and corpus callosum
tracts. However, when fluid and parenchymawere separated,
parenchymal MD was not different between groups. WFS of
these regions were significantly different across groups
(MCI . CN). No significant difference in the MD values
of the nonparenchymal fluid was observed.

The cognitively impaired group showed significantly
increased WFS compared with the CN group, in two of the
aforementioned white matter regions, even after DTI-
derived MD was included as covariate (Fig. 2): sagittal stra-
tum (b5 0.003, t(55)5 3.24, P, .01) and anterior thalamic
radiation (b5 0.034, t(55)5 3.19, P, .05). WFS increased
with age in both groups across all white matter regions. Note
that WFS difference of the sagittal stratum was higher in
earlier ages (i.e., white matter alteration of the MCI group
started in younger ages).

4. Discussion

We used multishell diffusion MRI to uncover the source
of highly reproduced white matter increased MD in cogni-
tive decline. We found that the white matter diffusion MRI
Fig. 1. Global white matter fluid signal (WFS) difference between cognitively no

difference between CN and MCI, controlled for age, sex, eTIV, and the hippoca

and age are demonstrated.
signal change is mainly related to increased amount of fluid
within the white matter, and not the white matter paren-
chyma itself. The increased fluid was dominantly observed
in the anterior thalamic radiation and sagittal stratum re-
gions. The amount of nonparenchymal white matter fluid
in these regions was significantly higher in the amnestic
MCI group than in CN group and was significantly associ-
ated with cognitive decline.

These findings are positive steps toward understanding
the pathophysiology of white matter alteration and its role
in the cognitive decline. Multishell diffusion MRI offers
additional specificity compared with DTI, which could
enable targeting, therapeutic planning, and disease moni-
toring. DTI-derived measures were often considered as mea-
sures of white matter integrity [6–19]; however, the
pathophysiology of the white matter integrity alteration is
hidden to DTI, and the changes are often interpreted as
demyelination and axonal loss. Our results suggest that
increased nonparenchymal fluid, such as increase of the
perivascular space fluid and fluid-filled cavities, dominates
the observed microscopic changes. Increased white matter
fluid may precede white matter parenchymal degeneration
as we did not observe any parenchymal microstructural
changes in the studied amnestic MCI group.

We used a bitensor model to separate WFS from paren-
chymal signal, which we recently used to study the contribu-
tion of the perivascular space fluid on DTI measures [55].
Given that in this study, the entire white matter regions
were explored, no assumption regarding the underlying
source of the WFS is made. Although these changes could
relate to perivascular space alteration [63,64], other
pathological sources such as changes in interstitial fluid
and lacunar infarct could also result in the accumulation of
nonparenchymal white matter fluid [65–67]. Alteration of
the vascular integrity could also affect the accumulation of
nonparenchymal fluid.

With the assumption of the presence of a free water
compartment with constant diffusion within the white mat-
ter, a recent diffusion study showed that the amount of the
rmal (CN) and mild cognitively impaired (MCI) groups. (A) Mean global

mpal (HC) volume. (B) The WFS changes as functions of cognitive state



Fig. 2. White matter regions with significant higher white matter fluid signal (WFS) in cognitively impaired subjects. A shows the increased WFS in sagittal

stratum. Sagittal stratum area is illustrated in B. Scatter plots C and D are related to the anterior thalamic area. Last column (E) shows theWFS of both groups as

a function of age. Posterior internal capsule included as an example with no statistical difference to appreciate the extent of change in the affected white matter

regions.
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free water compartment is a sensitive marker of preclinical
AD [68]. More recently, Dumont et al. showed that the
free water compartment differentiates MCI from AD [69].
Our results corroborate these findings. However, unlike
these studies, we did not use a fixed, free diffusing model
for nonparenchymal fluid because of physiological and path-
ological factors that could affect the diffusivity of this
compartment. Methodological details of dual-compartment
modeling of diffusion MRI is presented in the study by Se-
pehrband et al [55].

In this study, we observed increase in diffusivity of the
nonparenchymal fluid with age, but not between groups.
Accumulation of toxic substances in extracellular, intersti-
tial, cerebrospinal, and perivascular space fluids is expected
to affect the composition of the fluid [63,67]. Such a
compositional change could affect, most likely to a small
degree, the diffusivity of the fluid in these regions. We
speculate that a larger sample size and more advanced
statistical approaches are required to capture such a subtle
change.

Recently many studies claimed that the increased white
matter fluid in AD might be secondary to vascular changes
[2,70], such as pericyte degeneration [71] and blood-brain
barrier breakdown [72,73]; however, its temporal
association with other AD markers is unknown. In sagittal
stratum and anterior thalamic radiation, the WFS between-
group differences were smaller in the older subjects, sug-
gesting that the WFS may have reached or approached a
plateau. In addition, the large WFS difference of the sagittal
stratum in younger patients suggests that this region may be
vulnerable to early-stage changes. Such accelerated and
spatially differentiated white matter fluid increase demands
further investigations.
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the litera-
ture using conventional approaches such as searching
PubMed repository. While increased mean diffu-
sivity of the white matter has been repeatedly linked
to Alzheimer’s disease pathology, the underlying
mechanism is not known.

2. Interpretation: We found that the source of the path-
ological increase of the mean diffusivity is the
increased nonparenchymal fluid, often found in la-
cunes and perivascular spaces. The white matter fluid
increase was dominantly observed in the sagittal
striatum and anterior thalamic radiation.

3. Future directions: Such mechanistic understanding
of the pathological signal change could enable treat-
ment monitoring through noninvasive neuroimaging
techniques. Future focuses on the longitudinal alter-
ation of the white matter fluid could lead to better un-
derstanding of the early-stage changes of the AD
pathology.
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