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White matter hyperintensity
microstructure in amyloid dysmetabolism
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Abstract

Accumulating evidence suggests associations between cerebrovascular disease (CVD) and Alzheimer’s disease (AD).

White matter hyperintensities of presumed vascular origin (WMHs) are increased in subjects with mild cognitive

impairment (MCI) and AD, but the exact pathomechanistic link is unknown. The current study investigated effects of

amyloid dysmetabolism on the microstructure of WMHs in subjects with MCI or subjective cognitive decline (N¼ 51),

dichotomized according to pathological or normal levels of amyloid-b peptide (Ab42) in cerebrospinal fluid (CSF). Thirty-

one subjects with low CSF Ab42 (Abþ) and 20 subjects with normal CSF Ab42 (Ab�) were assessed with magnetic

resonance diffusion tensor imaging (DTI), and fractional anisotropy (FA), radial diffusivity (DR), axial diffusivity (DA), and

mean diffusivity (MD) were determined. There were no significant differences in WMH volume or distribution between

the groups, and neither age nor WMH volume had significant impact on the DTI indices. Nevertheless, there were

significantly higher DA, DR, and MD in WMHs in Abþ relative to Ab�; however, no differences in FA were found. The

present results suggest that amyloid accumulation is associated with impaired structural integrity (e.g. relating to more

extensive demyelination and loss of axons) in WMHs putatively adding to effects of ischemia.
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Introduction

Epidemiologic studies show that vascular disease and
Alzheimer’s disease (AD) share common risk factors,1,2

and accumulating evidence suggests that cerebrovascu-
lar disease (CVD) is involved in the pathomechanism of
Alzheimer’s disease.3 White matter hyperintensities of
presumed vascular origin (WMHs),4 visualized on T2-
weighted magnetic resonance imaging (MRI), are con-
sidered markers of small-vessel CVD and are associated
with AD: studies have shown that WMH load is asso-
ciated with and increased in mild cognitive impairment
(MCI) and AD.5,6

Dysmetabolism of amyloid-b peptide (Ab) is a key
factor in the pathogenesis of AD and decreased Ab
levels in the cerebrospinal fluid (CSF) become apparent
years before clinical symptoms.7 However, the under-
lying mechanism of the relationship between CVD and
AD has not been fully elucidated. Cerebrovascular dys-
function could result from perivascular Ab deposition.
Cerebral amyloid angiopathy (CAA), defined as

deposition of Ab in the walls of leptomeningeal and
cortical arteries, co-exists with WMHs in AD patients.8

Further, the link between CVD and AD could be partly
explained by vascular damage restricting brain Ab
clearance,9 or by ischemia affecting Ab production10

or impeding energy-dependent intra-axonal transport
eliciting further Ab accumulation and local tissue
damage.11,12
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To date, no disease-modifying treatment is available
for AD. Early intervention strategies will rely on bio-
markers to reliably diagnose early stage AD and moni-
tor disease progression, and imaging biomarkers are
becoming increasingly important. Diffusion tensor ima-
ging (DTI) measures tissue diffusion properties and is a
helpful tool to evaluate the microstructural integrity of
white matter (WM) and may reveal WM changes in
preclinical AD. We have previously shown that DTI
is a better predictor of cognitive decline than CSF bio-
markers in subjects with SCD and MCI.13 Four
common DTI indices are derived, likely reflecting dif-
ferent microstructural properties, fractional anisotropy
(FA), mean diffusivity (MD), radial diffusivity (DR),
and axial diffusivity (DA). Although the neurobio-
logical interpretation of the DTI indices is complex,
increased DR is thought to reflect changes to axonal
diameter, axonal density and myelination, while DA
has been associated with the axonal integrity.14 FA is
perhaps the most commonly used DTI index and quan-
tifies the directionality of diffusion,15 while MD is the
total diffusivity.

DTI changes in cerebral white matter have been stu-
died previously and impaired white matter integrity, as
measured by DTI, have been reported in AD patients.16

We have previously shown alterations in DTI indices in
patients with pathological CSF total Tau protein (T-
tau),17 and degenerative changes in WM tracts already
at the SCD stage with more extensive changes at the
MCI stage.18 Diffusivity measures (DA, DR, and MD)
probably are more sensitive measures in early cognitive

impairment and AD, while FA is the least sensitive.19,20

Further, WMHs have been associated with decreased
FA,21 and amyloid-positive subjects have presented
with increased DA.22 However, to our knowledge, no
studies have evaluated the effects of amyloid metabol-
ism on WMHs diffusion properties.

Hypothesizing that amyloid metabolism may inter-
act with vascular factors, the objective of this study was
to determine whether subjects with low CSF Ab42 com-
pared to subjects with normal CSF Ab42 have more
pronounced microstructural differences within WMHs
as measured by DTI parameters. As a secondary
objective, we investigated whether pathological amyl-
oid metabolism is associated with diffusion properties
in normal-appearing white matter (NAWM) and in cin-
gulum (typically shown to be affected in MCI and early
AD23,24), as a comparator to effects within WMHs.

Materials and methods

Subjects

Subjects referred to a university-hospital based neuro-
logical outpatient clinic between 2005 and 2013 were
routinely evaluated for study inclusion (Figure 1).
Written informed consent was obtained from all par-
ticipants prior to enrollment. Inclusion criteria were age
40–79 years, subjective cognitive complaints with symp-
toms lasting �6 months, and absence of dementia.
Subjects included in the study were classified as MCI
(mild cognitive impairment) or SCD (subjective

Figure 1. Inclusions and exclusions in the cohort.

CSF: cerebrospinal fluid; DTI: diffusion tensor imaging; Ab: amyloid-b peptide, Ab.
aSubjects of >73 or <44 years of age were excluded to ensure that the groups were similar in age.
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cognitive decline) corresponding to Global
Deterioration Scale (GDS) 2 or 3,25–27 respectively, as
determined from clinical interview and the following
screening tests: Mini-Mental State Examination
(MMSE),28 the Neurobehavioral Cognitive Status
Examination (Cognistat),29 and I-Flex (word fluency,
interference, and numeral-letter items).27,30 SCD was
defined as GDS 2, based on scores above published
cut-off on all of the above-listed screening tests (�28
for MMSE, <2 for I-Flex, above mild impairment on
all the items of Cognistat). MCI was defined as GDS 3,
based on scores below cut-off on one or more of the
screening tests.27 Subjects classified as GDS 3/MCI will
fulfill general criteria for MCI, as revised by Petersen
et al.31 Further, all participants were clinically diag-
nosed at a consensus conference of physicians and
neurologists at a university hospital. Participants with
GDS >3 and Clinical Dementia Rating >0.532 were
considered demented and therefore excluded from the
study. Further, subjects with history of learning disabil-
ities, significantly impaired activities of daily living,
established psychiatric comorbidity, anoxic brain
damage, drug abuse, or solvent exposure were
excluded. All participants were submitted to a standar-
dized clinical assessment including neurological exam-
inations, MRI, as well as spinal puncture.

For the current study, 51 subjects were selected
based on CSF Ab42 <710 ng/L or >850 ng/L and
WMH volume >350mm3, of whom 29 female subjects
and 22 male subjects. All 51 subjects met the above
listed inclusion criteria. They were dichotomized
according to the level of CSF Ab42. CSF Ab42 was con-
sidered as low (Abþ) if Ab42 <710 ng/L and normal
(Ab�) if Ab42 >850 ng/L (used as a control group).
CSF Ab42 between 710 ng/L and 850 ng/L was con-
sidered intermediate, and these subjects were therefore
excluded. Subjects with WMH volume <350mm3 were
excluded as we considered WMH volume of 350mm3 to
be the minimum volume for reasonable DTI analyses in
WMHs. Thirty-one subjects were included as Abþ, and
20 subjects as Ab�. As age is considered a contributor
to WMHs, between-group age difference was limited by
excluding subjects >73 and <44 years of age.

The study was evaluated (based on the Norwegian
Health and Research Act and the Helsinki Declaration
of 1964, revised 2013) and approved by the Regional
Committee for Medical and Health Research Ethics,
South East Norway.

MRI/DTI acquisition

Magnetic resonance imaging was performed using a
Siemens Espree 1.5T scanner. One 3DMP-RAGE (mag-
netization-prepared rapid gradient echo) T1-weighted
sequence was obtained (TR/TE/inversion time/flip

angle¼ 2400/3.65/1000/8�, matrix¼ 240� 192, 160
sagittal slices, thickness¼ 1.2mm, in-plane resolution
of 1mm� 1.2mm. The protocol also included 2D
axial fluid-attenuated inversion recovery (FLAIR)
images with the following parameters: TR/TE/
TI¼ 13420/121/2500, 36 slices, spaced at 3.0 and
3.9mm thick.

The pulse sequence for DTI was as follows: b¼ 750,
12 directions repeated 5 times, five b0-values per slice,
TR¼ 6100ms, TE¼ 117ms, number of slices¼ 30, slice
thickness¼ 3mm (gap¼ 1.9mm), in-plane reso-
lution¼ 1.2� 1.2mm2, bandwidth¼ 840Hz/pixel.

Image processing

DTI analyses and calculations were performed using
The Oxford Centre for Functional MRI of the Brain
(FMRIB) Software Library (FSL) version 5.0.33,34

Initially, FMRIB’s Linear Image Registration Tool35

was used for affine registrations of each DTI volume
to the low-b (b¼ 0) image. Motion between scans and
residual eddy currents were corrected for, before cre-
ation of FA and eigenvalue maps. FA is a normalized
standard deviation of the eigenvalues.36,37 DA was
defined as the principal eigenvalue (L1), DR was
defined as the mean of eigenvalues 2 and 3, and MD
as the mean of all three eigenvalues. Tract-Based
Spatial Statistics (TBSS) (part of FSL) was used for
voxelwise statistical analysis of the DTI variables
(FA, DR, MD and DA) in cingulum as determined
by the Johns Hopkins University (JHU) white-matter
tractography atlas,38 that is implemented in FSL.
FMRIB’s Diffusion Toolbox was used to create FA
images by fitting a tensor model to the raw diffusion
data, and FSL’s Brain Extraction Tool was used for
subsequent brain extraction. All subjects’ FA data
were then aligned into a common space using the non-
linear registration tool FMRIB’s Nonlinear Image
Registration Tool, which uses a B-spline representation
of the registration warp field.39 Next, the mean FA
image was created and thinned to create a mean FA
skeleton that represents the centers of all tracts
common to the group. Each subject’s aligned FA data
were then projected onto this skeleton and the resulting
data fed into voxelwise cross-subject statistics. DR,
MD and DA data were then extracted from each sub-
ject according to the skeletonized FA map in cingulum
as determined by the JHU white-matter tractography
atlas. Further, the DTI and structural images were cor-
egistered to high-resolution three-dimensional T1
weighted MRI scans for WMH segmentation and
measurements.

WMH load was estimated by recently developed in-
house object-based supervised machine learning algo-
rithm for automated segmentation and quantification
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of white matter hyperintensities based on FLAIR image
intensity and masks of tissue types.40 This provides an
automated quantitative assessment of WMH load
(Figure 2). All segmentations were manually inspected
for accuracy. The reconstruction and segmentation of
NAWMwere performed with FreeSurfer image analysis
suite version 5.3.0 (http://surfer.nmr.mgh.harvard.edu/)
by subtracting WMH from the total white matter. DTI
measurements were extracted using FSL. Further, using
FreeSurfer definition of lobes, spatial distribution of
WMHs per lobe was determined.

Cerebrospinal fluid analysis

As part of the routine clinical assessment, all partici-
pants underwent lumbar puncture consecutively after
inclusion. It was performed in L3/L4 or L4/L5 inter-
space and CSF samples were examined for levels of
Ab42, total microtubule associated protein Tau (t-tau)
and Tau phosphorylated at threonine 181 (p-tau) with
commercially available enzyme-linked immunosorbent
assay kits (Innogenetics, Belgium, presently Fujirebio
Europe).

Statistical analyses

Differences in demographic features between the two
groups of participants, as well as volume of white
matter lesions, were assessed using �2 tests for categor-
ical data and independent-samples T-test or Mann–
Whitney U-test for continuous data. The WMH
volume was skewed and therefore log transformed
prior to this analysis.

Fractional anisotropy (FA), mean diffusivity (MD),
radial diffusivity (DR), and axial diffusivity (DA) were
measured fromWMHs of subjects with low and normal
CSF Ab42. The DTI indices were adjusted for age and
WMH volume by a linear regression model to ensure
that the results would not be biased by these factors.
We did not adjust for sex as linear regression analyses
revealed no significant effect of sex and also to avoid
overadjustment. Furthermore, the diagnoses (SCD/
MCI) were not corrected for, as there was no significant
difference in the diagnoses between the two groups.
Although WMH volume was skewed, the resulting resi-
duals were normally distributed as assessed by the
Kolmogorov–Smirnov test and visual inspection of
histograms, and thus fulfill the assumptions of linear
regression. Therefore, the resulting residuals were
used for further analyses. To test our hypothesis, an
independent-samples T-test was conducted for each
DTI index of the two groups. With the significance
level set at p< 0.05, differences in DTI indices between
the two groups of low and normal CSF Ab42 were
assessed.

Further, linear regression analyses were carried out
to evaluate the effect of age WMH volume on the DTI
indices. DTI indices were used as dependent variables
and WMH volume and age as independent variables in
the regression model. As stated above, although the
WMH volume was skewed, the resulting residuals
were normally distributed and therefore used for fur-
ther analyses.

For the analyses of WMHs spatial distribution, we
averaged measurements from the right and left hemi-
spheres to reduce the number of comparisons, and the
resulting measurements were normally distributed as
assessed by Kolmogorov–Smirnov test and visual
inspection of histograms. We compared the WMH
load of the two groups in each lobe (frontal, parietal,
temporal, occipital) and cingulate by conducting
an independent-samples T-test for each lobe. For
these comparisons, significance was determined by a
p-value <0.05.

Cingulum DTI indices were calculated by averaging
measurements from the left and right hemisphere cingu-
late gyrus and cingulum hippocampal part, as deter-
mined by the JHU white-matter tractography atlas.
The resulting variables, and also the DTI indices in
NAWM, were adjusted for age and WMH volume (the
ensuing variables were normally distributed as assessed
by Kolmogorov–Smirnov test and visual inspection of
histograms). Conducting independent-samples T-tests,

Figure 2. WMH segmentation. An example of the in-house

WMH automated quantitative assessment of WMH load in one

of the low CSF Ab subjects.
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we compared DTI indices of the two groups of low and
normal CSF Ab42. For these comparisons, significance
was determined by a p-value< 0.05.

Statistical analyses were performed with SPSS ver-
sion 22 (SPSS Inc., Chicago, IL, USA).

Results

Demographic and clinical data are listed in Table 1.
There were no significant differences in sex or age
between the groups with low and normal CSF Ab42.
Further, there was no significant difference in WMH
volume between the two groups. By design, CSF Ab42
was significantly lower (p< 0.001) in the group of low
CSF Ab42 compared to the group with normal CSF
Ab42. In addition, there were no significant group dif-
ferences in diagnoses (SCD/MCI). When comparing
the included subjects (n¼ 51) and the excluded subjects
(n¼ 60), no significant differences were encountered in
terms of demographic or clinical data, except for CSF
Ab42, which, by design, was significantly higher in the
excluded group (data not shown).

Data were used to compare DTI indices in WMHs in
Ab� subjects (Table 2). Using age and WMH volume
as covariates, Abþ subjects exhibited a significantly
increased radial diffusivity, DR (p¼ 0.026), mean diffu-
sivity, MD (p¼ 0.011), and axial diffusivity, DA
(p¼ 0.005) relative to Ab� subjects. Fractional anisot-
ropy (FA) was not significantly different between the
two groups (p¼ 0,269). The same tendency was noted
in additional analyses without adjustment for WMH

volume and age. Linear regression did not reveal sig-
nificant influence on DTI indices as a function of
WMH volume or age (Table 3), although a trend
could be noted when considering the effects on DR
and DA.

Furthermore, the spatial distribution of WMHs was
compared in Ab� subjects. We found no significant
difference in the distribution in neither of the lobes
when comparing the two groups: frontal (p¼ 0.638),
temporal (p¼ 0.298), parietal (p¼ 0.140), occipital
(p¼ 0.771), and cingulate (p¼ 0.403). Therefore we
did not include this factor as a covariate.

As a secondary objective, we evaluated DTI index
differences in the cingulum and NAWM (Table 2).
With age and WMH volume as covariates, Ab� sub-
jects were compared. There were no significant differ-
ences in cingulum in FA (p¼ 0.256), DR (p¼ 0.095),
DA (p¼ 0.106), or MD (p¼ 0.074). Further, no signifi-
cant differences in DTI indices were found in NAWM
when comparing the two groups, FA (p¼ 0.226), DR
(p¼ 0.110), DA (p¼ 0.119), and MD (p¼ 0.090). When
not adjusted for WMH volume and age, a trend was
noted in the DTI indices in cingulum, but indices of
NAWM analyses remained nonsignificant.

Discussion

Here, we find that (1) Ab dysmetabolism is associated
with increased microstructural damage in WMHs
(Abþ>Ab� subjects), and (2) this effect seems limited
to WMHs, i.e. there are no significant differences when

Table 1. Demographic and clinical data.

Total study

cohort (n¼ 51)

Ab (þ )

(n¼ 31)

Ab (�)

(n¼ 20)

p-value

(Abþ vs Ab�)

Age, years 62.25 (7.18) 63.77 (6.87) 59.85 (7.29) 0.058a

Women/men, n 29/22 19/12 10/10 0.427b

MMSE 27.92 (1.43) 27.77 (1.38) 28.15 (1.50) 0.342c

Cognistat, n above/below (%)e 18 (35.3)/33 (64.7) 10 (32.3)/21 (67.7) 8 (40.0)/12 (60.0) 0.740b

I-flex itemsf 0.74 (1.09) 0.57 (0.90) 1.06 (1.35) 0.292c

SCD/MCI diagnoses, n (%) 8 (15.7)/43 (84.3) 4 (12.9)/27 (87.1) 4 (20.0)/16 (80.0) 0.445b

CSF Ab42 (ng/L) 722.14 (284.73) 519.13 (131.43) 1036.80 (120.82) <0.001a,*

WMH volume (mm3) 4610.89 (6491.35) 5427.35 (7227.44) 3345.38 (5063.31) 0.083a,d

Values are given in mean (standard deviation) unless otherwise indicated.
aCalculated using independent-samples T-test.
bCalculated using Pearson Chi-square test.
cCalculated using Mann–Whitney U-test.
dp-Value for log transformed WMH volume.
en (%) subjects above/below cut-off on any of the Cognistat items (orientation, attention, language, construction, memory, calculation, reasoning).
fWord fluency, interference, and numeral-letter items.

*Significant difference between the two groups.

CSF: cerebrospinal fluid; Ab: amyloid-b peptide; WMH: white matter hyperintensity; MMSE: mini mental state examination; MCI: mild cognitive

impairment; SCD: subjective cognitive decline.
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evaluating the effects of amyloid metabolism on DTI
indices in other areas of the brain, including NAWM
and the cingulum.

These findings suggest that Ab dysmetabolism
affects diffusion properties in WMHs and that there is
an association between amyloid metabolism and
impaired structural connectivity in WMHs. To the
best of our knowledge, this is the first study to investi-
gate the association between amyloid and diffusion
properties in WMHs.

During the last years, DTI has become increasingly
important when investigating structural integrity in
cerebral white matter in AD. Previous studies have
investigated DTI changes in association with b-amyloid
in white matter tracts. A recent study compared cogni-
tively normal subjects with low and normal CSF Ab42

and found increased DA without changes in the
remaining indices, possibly indicating axonal damage
with preservation of white matter integrity in presymp-
tomatic phases of AD.22 However, these findings were
in different regions of interest (ROIs) and not within
WMHs. Further, it has previously been suggested that
DA is one of the first DTI changes observed in AD.41

In agreement with this, in our study we demonstrate
more profound differences in DA than the remaining
indices in WMHs when comparing Ab� subjects,
potentially indicating stronger effects of amyloid
metabolism on DA in WMHs.

Age is a strong contributor to WMHs. To ensure our
results were not biased by confounding factors, includ-
ing age and WMH volume, these were used as covari-
ates. Although statistically nonsignificant, there were

Table 2. DTI indices in WMHs, cingulum, and NAWM.

Low CSF Ab42 (n¼ 31) Normal CSF Ab42 (n¼ 20) p-Valuea

FA in WMHs 0.28 (0.04) 0.28 (0.03) 0.269

MD in WMHs (mm2/s) 134.00� 10�5 (12.46) 123.63� 10�5 (12.31) 0.011*

DR in WMHs (mm2/s) 115.45� 10�5 (11.60) 106.69� 10�5 (11.66) 0.026*

DA in WMHs (mm2/s) 171.12� 10�5 (15.46) 157.50� 10�5 (14.60) 0.005*

FA, cingulum 0.54 (0.04) 0.57 (0.06) 0.256

DR, cingulum (mm2/s) 51.81� 10�5 (5.76) 47.09� 10�5 (7.18) 0.095

MD, cingulum (mm2/s) 75.17� 10�5 (5.97) 70.57� 10�5 (6.43) 0.074

DA, cingulum (mm2/s) 121.89� 10�5 (7.67) 117.53� 10�5 (7.02) 0.106

FA, NAWM 0.36 (0.033) 0.38 (0.027) 0.226

DR, NAWM (mm2/s) 72.22� 10�5 (6.40) 68.20� 10�5 (3.22) 0.110

MD, NAWM (mm2/s) 88.83� 10�5 (5.41) 85.29� 10�5 (2.83) 0.090

DA, NAWM (mm2/s) 122.04� 10�5 (4.00) 119.47� 10�5 (2.68) 0.119

Values are given in mean (standard deviation).
ap-Values when corrected for age and WMH volume.

*Significant difference between the two groups.

CSF: cerebrospinal fluid; WMHs: white matter hyperintensities; FA: fractional anisotropy; DR: radial diffusivity; MD: mean diffusivity; DA: axial diffu-

sivity; NAWM: normal-appearing white matter.

Table 3. Influence of WMH volume and age on DTI indices in WMHs.

Dependent variables

Independent

variables

FA MD DR DA

Beta p R2 Beta p R2 Beta p R2 Beta p R2

Low CSF Ab42

WMH volume �0.40 0.04 0.21 0.31 0.11 0.12 0.36 0.06 0.16 0.23 0.26 0.06

Age �0.12 0.50 0.07 0.71 0.08 0.67 0.06 0.79

Normal CSF Ab42

WMH volume �0.24 0.31 0.18 0.41 0.07 0.23 0.39 0.10 0.18 0.43 0.05 0.29

Age �0.31 0.19 �0.33 0.14 �0.27 0.25 �0.42 0.06

Associations between age and WMH volume and DTI indices were determined by means of linear regression. R2 refers to adjusted R square.

CSF: cerebrospinal fluid; WMH: white matter hyperintensity; MD: mean diffusivity; DR: radial diffusivity; DA: axial diffusivity; FA: fractional anisotropy.
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slight differences in WMH volume between the two
groups. However, linear regression did not reveal any
significant influence on diffusion properties in WMHs
as a function of WMH volume or age, although a trend
could be noted when evaluating the effects on DR and
DA and therefore these factors were corrected for. This
indicates that WMH volume and age cannot explain
the total effect, supporting the link between b-amyloid
metabolism and WMHs diffusion properties.

Although evidence suggests associations between
CVD and AD, the exact pathomechanistic interaction
is unclear. Presence of both CVD and AD pathology is
shown to have additive effects in terms of cognitive
symptoms in AD,42 and we recently demonstrated cor-
relations between WMH load and neuropsychological
tests of episodic memory, which typically are impaired
in early AD.43 WMHs are often considered markers of
small vessel CVD and thought to originate from ische-
mia due to hypoperfusion.44 In this case, WMHs may
function to lower the threshold for symptomatic pres-
entation in AD or to contribute to the clinical mani-
festations. However, associations between WMHs and
AD in patients without medical history of vascular dis-
ease45 and a putative link between vascular risk factors
and AD1,2 suggest that other factors may be important
in the development of WMHs, e.g. CAA. These find-
ings support our hypothesis of b-amyloid as a putative
contributor to WMHs. A recent review concludes with
ischemic brain injury as a common finding in CAA,46

and it is possible to construe that WMHs may in per-
tinent cases reflect vascular b-amyloid deposition. This
is supported by the predilection of WMHs in AD5 and
CAA47 for posterior brain regions, and an increase in
WMH volume over time in patients diagnosed with
possible or probable CAA,48 e.g. by enhanced cytotox-
icity caused by perivascular and endothelial Ab-accu-
mulation. Further, Zhu et al.49 demonstrated a
dominant posterior distribution of WMHs in CAA
when compared to hypertension-related small vessel
CVD. Hence, a potential bias in the current study
could be difference in the spatial distribution of
WMHs between the two groups, as this could influence
the observed group differences in WMHs DTI meas-
ures. However, no significant difference in the spatial
distribution was found, and therefore this was not cor-
rected for in the current study.

b-amyloid itself may affect the vascular bed. In pre-
vious studies, Ab is shown to induce vasoconstriction of
the cerebral microcirculation, potentially through effects
of Ab on vascular smooth muscle.50 Further, transgenic
mice, whose cortices were exposed to Ab, have presented
with reduced resting cerebral blood flow (CBF) and
impaired effect of endothelium-dependent vasodilators
on CBF,51 i.e. cerebral autoregulatory dysfunction. The
vascular effect of b-amyloid may also include impaired

clearance of Ab, as it has been shown impaired clearance
in AD patients compared to controls, despite similar Ab
production rates.52 These data may further support our
findings.

The Ab(þ) and (�) groups consist of cases with or
without amyloid plaques, respectively, and the
between-group differences likely reflect WMHs state
differences with and without co-existing plaques, even
though plaque origin in both groups are related to
CVD risk factors.53 Microscopically, Ab accumulates
around perivascular cells and affects the neurovascular
unit (vascular and perivascular cells, glia, and neurons).
Microvascular changes in AD and vascular cognitive
impairment (VCI) include hyaline degradation,
thickening of capillary basement membrane and reduc-
tion in numbers of capillaries, thereby also affecting the
function of the blood–brain barrier.3 These alterations
add to the pool of evidence linking AD and CVD and,
with the present results taken into consideration, Ab
dysmetabolism could be the initiating event.

Our additional objective was to study the effects of
amyloid on diffusion properties in other areas of the
brain. We focused on a ROI likely to be affected in
AD and NAWM. Cingulum is connected to the tem-
poral lobe and hippocampus54 and has shown to be
affected in MCI and early AD.23,24 Therefore, the cin-
gulum is considered to play an important role in
memory function. In previous DTI studies, cingulum
has presented with lower FA in MCI, with more pro-
nounced changes in AD.55 In the current study, no
effects in other areas, including cingulum and
NAWM, may indicate that our observed effects of
amyloid on diffusion properties in WMHs might be
specific for WMHs rather than white matter in general.
However, this finding is surprising seen in light of
changes observed in other studies, e.g. previously
demonstrated DTI changes in SCD and MCI,18 and
as one would expect to detect changes even in
NAWM. One possible explanation for this may be
the small sample size, and consequently reduced statis-
tical power, in our study, although when not adjusting
for WMH volume and age, the DTI indices of cingulum
were significantly different between the two groups.

Further, we did not adjust for vascular risk factors
(e.g. hypertension) as previous studies have shown a
link between WMHs and AD independent of these fac-
tors and to avoid overadjustment. However, it is pos-
sible that these variables may contribute to our
findings. In addition, although the diagnosis may influ-
ence DTI indices, and both SCD and MCI are rather
heterogeneous conditions (SCD more so than MCI),
the subjects of the current study were selected based
on biomarkers (CSF Ab42) rather than clinical diagno-
sis, which we believe is a strength of our study. We have
previously examined white matter DTI differences in
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SCD and MCI as compared to each other and controls.
Although, greater differences were found between a
larger MCI group and controls than between a smaller
SCD group and controls, we found no statistically sig-
nificant differences between the SCD and the MCI
groups.18 Furthermore, in the current study, there
was no significant difference between the two groups
in terms of diagnosis. As such, the diagnosis (SCD/
MCI) was not corrected for. In addition, we did not
adjust for multiple comparisons, as the main analysis of
the current study was diffusion measures in WMHs, and
the DTI indices are highly correlated. Although multiple
comparisons may increase the chances of type I error,
the risk of type I error is reduced as the remaining ana-
lyses were complementary and the results in the current
study were consistent. Therefore, we did not correct for
multiple comparisons. Taken these limitations into
account, our findings need to be replicated in other
cohorts. Although the findings suggest a link between
b-amyloid metabolism and WMHs, the more detailed
pathomechanism of this link also further needs to be
examined.

In conclusion, our study reveals impaired structural
integrity in WMHs in subjects with low CSF Ab42. This
could be suggestive of more pronounced demyelination
and reduced axonal integrity in response to amyloid
dysmetabolism, and the pathomechanism of WMHs in
AD may be heterogeneous, i.e. a combination of both
small vessel disease, and myelin and axonal damage due
to the pathological process occurring in AD.
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