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Association of White Matter Hyperintensity
Measurements on Brain MR Imaging with
Cognitive Status, Medial Temporal Atrophy,
and Cardiovascular Risk Factors

BACKGROUND AND PURPOSE: \White matter hyperintensities (WMHs) are frequently characterized as
markers of cerebrovascular disease, whereas medial temporal atrophy (MTA) is a recognized marker
of Alzheimer disease (AD). Our purpose was to test the reliability of a visual rating system (VRS) in
evaluating WMHs and MTA and in distinguishing healthy from cognitively impaired subjects.

MATERIALS AND METHODS: Subjects (n = 192) enrolled in the Florida Alzheimer’'s Disease Research
Center were diagnosed with no cognitive impairment, nonamnestic mild cognitive impairment (na-
MCI), amnestic MCI (a-MCI), or probable AD. The severity of WMHs was assessed on T2-weighted
fluid-attenuated inversion recovery axial MR images, and the severity of MTA was evaluated on
1.5-mm-thick coronal MR images by using a computer-based visual rating system. Cardiovascular risk
factor scores were calculated as the sum of 10 independent cardiovascular risk factors.

RESULTS: WWMH and MTA scores were greater in subjects with probable AD, relative to those with no
cognitive impairment and na-MCI. MTA scores differentiated subjects with a-MCI from those with no
cognitive impairment and na-MCI. The total WMH score was significantly related to MTA (r= 0.39; P<
.001) but not to cardiovascular risk factor scores (r = 0.07; P = not significant). The overall correct
classification rate of probable AD versus no cognitive impairment by using MTA scores was 81.8%,
improving to 86.5% when combined with WMH scores.

CONCLUSIONS: Both MTA and WMH scores distinguished subjects with no cognitive impairment and
probable AD. Combining MTA and WMH scores improved the correct classification rate, whereas
WMH scores were significantly related to MTA scores, but not to cardiovascular risk factor scores. This
finding suggests that among subjects with a-MCl and probable AD, WMHs on MR images are primarily

he presence of white matter hyperintensities (WMHs), ob-

served as bright foci on T2-weighted MR images,' occurs
commonly among elderly cognitively healthy subjects and in
those with mild cognitive impairment (MCI) and a variety of
dementias, including Alzheimer disease (AD).> The etiology
of these WMHs has most frequently been ascribed to normal
aging and cerebrovascular disease, even among subjects with
dementia diagnosed with probable Alzheimer disease.*”
There is growing evidence, however, that neurodegeneration
or associated processes, such as gliosis, microglial infiltration,
inflammation, and amyloid angiopathy, may also result in
WMHs.* "
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associated with neurodegenerative disease.

The pathologic process characteristic of AD begins in the
medial temporal structures, and the attenuation of this pa-
thology has a proportional effect on the degree of atrophy in
these structures (especially the hippocampus and entorhinal
cortex)."* Medial temporal atrophy (MTA) can be identified
accurately from MR images and correlates with the severity of
AD-related neuropathologic changes at autopsy.'® The sever-
ity of MTA can serve as a substitute for the severity of AD and
other degenerative pathology in the medial temporal lobe.'"®

We have developed a computer-assisted visual rating sys-
tem (VRS) that uses drop-down reference images to illus-
trate the anatomy and demonstrate different levels of atrophy
of medial temporal structures.'”*° This system has high inter-
rater and intrarater reliability and distinguishes subjects with
no cognitive impairment from those with amnestic MCI
(a-MCI) and probable AD purely on the basis of measure-
ments of MTA.'**® We have now adjusted the VRS so that
procedures analogous to those used for MTA measurements
can be used to rate WMHs in the periventricular and centrum
semiovale regions of the brain.

In this study, we tested inter- and intrarater reliability of
the VRS in evaluating WMHs in the periventricular and cen-
trum semiovale regions. We also examined the ability of
VRS-WMH ratings to distinguish subjects diagnosed with no
cognitive impairment, nonamnestic mild cognitive impair-
ment (na-MCI), a-MCI, and probable AD, among 192 sub-
jects enrolled in the Florida Alzheimer’s Disease Research
Center. Recent studies have linked cerebrovascular risk factors
such as diabetes,?! coronary heart disease,?? and stroke?® with



a-MCI, which is a known precursor of AD.** We assessed the
associations between WMHs, MTA, and cardiovascular risk
factor so as to obtain clues about the possible etiology of
WMHs.* We also assessed whether WMHs were additive with
MTA ratings in correctly classifying diagnostic groups, such as
healthy patients and those with a-MCI and probable AD. The
purpose of this study was to test the reliability of the VRS in
evaluating WMHs and to test the ability of combined MTA
and WMHs assessed by the VRS in distinguishing healthy and
cognitively impaired subjects.

Materials and Methods

Subject Recruitment. Subjects (N = 192) were recruited during a
period of 3 years into the Florida Alzheimer’s Disease Research Center
Clinical Core in Miami and Tampa, Fla, through advertisements,
health fairs, community memory screening programs, and memory
disorder clinics. The Mount Sinai Medical Center and the University
of South Florida Institutional Review Boards approved this study, and
all subjects or a legal representative gave informed consent.

Subject Evaluation. All subjects in this study received the follow-
ing evaluations: 1) full clinical history; 2) neurologic assessment; and
3) the Mini-Mental State Examination (MMSE)?® (an MMSE score of
=18 was required for eligibility®); a neuropsychological test battery,*
which included the Clinical Dementia Rating scale *” according to
National Alzheimer’s Coordinating Center (NACC) protocol (http://
www.alz.washington.edu/); the Three Trial Fuld Object-Memory
Evaluation®®; the Hopkins Verbal Learning Test*’; and the Stroop
Color and Word Test.*

Diagnostic Classification. The Florida Alzheimer’s Disease Re-
search Center consensus diagnosis followed the NACC protocols. The
probable AD diagnosis was made according to National Institute of
Neurological and Communicative Disorders and Stroke and the Alz-
heimer’s Disease and Related Disorders Association (NINCDS-
ADRDA) criteria for Alzheimer disease.’’ The a-MCI diagnosis was
made according to the criteria of Petersen et al.”> The diagnosis of no
cognitive impairment required that informants report “no significant
decline in cognition” and that no cognitive test scores were more than
1.5 SD below age- and education-corrected means. The na-MCI di-
agnosis required that no memory test score be more than 1.5 SD
below education-corrected normative values but that 1 or more non-
memory test score be greater than 1.5 SD below normative values.

MR Imaging Procedures

Siemens Symphony 1.5T. Brain MR imaging scans were obtained
on a Symphony 1.5T scanner (Siemens, Erlangen, Germany) by using
a proprietary 3D magnetization-prepared rapid acquisition of gradi-
ent echo (3D MPRAGE) protocol. Images were obtained from the
vertex of the skull to the foramen magnum and from the occipital
poles to the temporal poles. Specifications for 3D MPRAGE were the
following: 120 contiguous coronal sections with a 1.5-mm gap in
thickness; section interval, 0.75 mm; TR, 2190 ms; TE, 4.38 ms; T1,
1100 ms; FA, 15°% NEX, 1; matrix, 256 X 256; FOV, 260 mm; band-
width, 130 Hz/pixel; acquisition time, 9 minutes; phase-encoding
direction, right to left. MTA was evaluated by atrophy rating of the
hippocampus, entorhinal cortex, and the perirhinal cortex on a coro-
nal section intersecting the mamillary bodies.

For WMH assessment, images were obtained by using a fluid-
attenuated inversion recovery (FLAIR) turbo spin-echo protocol.
Images were obtained from the vertex of the skull to the foramen
magnum. Specifications for FLAIR sequences were the following: 20

contiguous axial sections of 5.5-mm thickness; section interval,
1.9 mm; TR, 9000 ms; TE, 109 ms; TI, 2500 ms; flip of preparation
pulse, 150° echo-train length, 19; NEX, 1; matrix, 144 X 256; FOV,
230 mm; phase FOV, 75%; distance factor, 35%; bandwidth, 130 Hz/
pixel; acquisition time, 2—3 minutes; phase-encoding direction, right
to left.

GE 3T Signa HDX. Brain MR images were obtained on a 3T Signa
HDX (GE Healthcare, Milwaukee, Wis) by using a proprietary 3D
fast-spoiled gradient (FSPGR) magnetization-prepared protocol.
Images were obtained from the vertex of the skull to the foramen
magnum and from the occipital poles to the temporal poles. Specifi-
cations for 3D FSPGR were the following: 140 contiguous coronal
sections of 1.2-mm thickness; contiguous images with no section in-
terval; TR, 7.8 ms; TE, 3.0 ms; inversion recovery preparation time,
450 ms; flip angle, 12° NEX, 1; matrix, 256 X 256; FOV, 240 mm;
bandwidth, 31.25 Hz/pixel; acquisition time, 6—7 minutes; phase-
encoding direction, right to left.

For WMH assessment, images were obtained by using an axial
T2-weighted FLAIR fast spin-echo protocol. Images were obtained
from the vertex of the skull to the foramen magnum. Specifications
for FLAIR sequences were the following: 20 contiguous axial sections
of 5.0-mm thickness; section interval, 1.0 mm; TR, 9500 ms; TE,
120 ms; TI, 2250 ms; flip to projection pulse, 90° NEX, 1; matrix,
352 X 224; FOV, 240 mm; phase FOV, 75%; bandwidth, 130 Hz/pixel;
acquisition time, 3 minutes; phase-encoding direction, right to left.

VRS in Assessing MTA. We developed the VRS to promote stan-
dardization, increase reliability, and prevent reliability drift among
raters for a semiquantitative visual rating of various radiologic fea-
tures of interest on brain MR images.'® VRS uses a 0—4 scale to rate
atrophy of the medial temporal lobe structures, including the hip-
pocampus, entorhinal cortex, and perirhinal cortex as follows: 0 = no
atrophy, 1 = minimal atrophy, 2 = mild atrophy, 3 = moderate
atrophy, 4 = severe atrophy. The VRS program includes drop-down
menus linked to reference images that visualize the anatomy of the
brain structures and provide examples of different levels of atrophy or
abnormality of radiologic features based on a scale of 0—4. After the
rater determines ratings by comparing MR images to VRS reference
images, the program provides a data base in which VRS ratings are
catalogued and stored. VRS also provides a training module that con-
tains a series of normal and abnormal findings on scans, which can be
rated and compared with the reference ratings. This feature provides
feedback to the rater and improves the accuracy and reliability of VRS
data.’” We have previously reported that MTA ratings distinguish
subjects with probable AD from those with a-MCI and those with

a-MCI from those with no cognitive impairment.'**°

VRS Assessment of WMHs

VRS was used to evaluate WMHs on FLAIR sequences in 4 periven-
tricular WMH regions (frontal, parietal, occipital, and temporal), and
the centrum semiovale WMH region, by using a 0—4 severity scale
(Figs 1 and 2). Criteria for periventricular WMH ratings were based
on extension of WMHs from the lateral ventricle to the cerebral cor-
tex as follows: 0 = no detectable WMH, 1 = thin rim (pencil edge) of
hyperintensity adjacent to the ventricle, 2 = extension of WMHs to
one third of the distance to the cerebral cortex, 3 = extension of
WMHs to two thirds of the distance to the cerebral cortex, 4 = exten-
sion of WMHs to the cerebral cortex. Criteria for centrum semiovale
WMHs were based on the anteroposterior extent of WMHs in the
centrum semiovale as follows: 0 = no centrum semiovale WMHs, 1 =
atleast 1 centrum semiovale WMH =1 cm in greatest dimension, 2 =
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at least 1 centrum semiovale WMH >1 c¢m in dimension, 3 = multi-

ple coalescing centrum semiovale WMHs occupying less than two
thirds of the anteroposterior extent of WMHs in the centrum semi-
ovale, 4 = multiple coalescing centrum semiovale WMHs occupying
more than two thirds of the anteroposterior extent of WMHs in the
centrum semiovale.

Justification for the use of severity ratings to judge WMHs, rather
than using terminology such as “punctuate” or “confluent,” is that
this a simple and direct measure of the extent of abnormal hyperin-
tensity and, therefore, very likely pathologic white matter on the brain
MR imaging. There is no evidence that terms such as “punctuate” or
“confluent” have specific biologic significance or are superior to se-
verity measures. In fact, automated procedures have been developed
to measure the area or volume of white matter that reaches a specific
threshold of hyperintensity on MR imaging. These measures, which
are more quantitative than our measures but are essentially severity

measures, have been shown to be related to cognitive status.>>*

Cardiovascular Risk Factor Assessment

The cardiovascular risk factor score was calculated as a sum of 10
independent risk factors selected from the NACC/Uniform Data Set
assessment protocol (Form A5: “Subject Health History”; www.alz.
washington.edu/MOVIES/UDSdemoforms.pdf). These factors were
rated as “present” or “absent” and included the following: 1) “Heart
attack/cardiac arrest,” 2) “Atrial fibrillation,” 3) “Angioplasty/endar-
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Fig 1. WMHs in prodromal regions. A—D, Examples of
WMHs in the bilateral periventricular frontal regions on
FLAIR axial brain MR images that would be visually rated at
a level of 0 (4), 1(B), 2 (C), and 3 (D).

terectomy/coronary artery bypass surgery,” 4) “Congestive Heart fail-
ure,” 5) “Stroke/TIA” (transient ischemic attack), 6) “Hypertension,”
7) “Hypercholesterolemia,” 8) “Diabetes,” 9) “Smoked within last 30
days,” and 10) “Smoked more than 100 cigarettes in his/her life.”

Statistical Methods

Statistical Analyses. To test interrater reliability of the VRS in
evaluating WMHs, 2 raters evaluated axial FLAIR brain MR images of
30 subjects diagnosed with no cognitive impairment (n = 10), MCI
(n=10), or AD (n = 10). WMHs were assessed in the periventricular
frontal, parietal, occipital, and temporal regions and in the centrum
semiovale region. VRS raters were blinded to the identity and diag-
nosis of the subjects. To test intrarater reliability of the VRS, a single
rater re-evaluated axial FLAIR brain MR images in 21 of the original
30 subjects after an interval of approximately 3 weeks. Group com-
parisons of atrophy and WMH scores were analyzed by using a series
of 1-way analyses of variance (ANOVA). The Scheffe post hoc proce-
dure was used to examine differences between means. Logistic regres-
sion was used to determine the correct classification of specific subject
groups on the basis of WMH scores.

Results

Weighted k exhibited a high degree of correspondence with
respect to interrater and intrarater reliability for bilateral fron-
tal, parietal, occipital, and centrum semiovale brain regions



Fig 2. WMHs in occipital and centrum semiovale regions. A, WMHs in the occipital bilateral regions would be visually rated at a level of 4. B and C, WMHs in the centrum semiovale
regions would be rated at a level of 2 (B, right), 1 (B, left), and 3 (C, right and left).

and a moderate degree of correspondence for temporal re-
gions (Table 1). For all brain regions, intrarater reliabilities
were achieved in the good-to-excellent range. There were
group differences (Table 2) with regard to age, F[(3,171) =
4.17; P < .008]; years of education, F[(3,167) = 547; P <
.002]; and average MMSE score, F[(3,171) = 49.15; P <.001].
Scheffe post hoc procedure tests indicated that subjects with no
cognitive impairment were younger than patients with a-MCI
and dementia. Subjects classified as having no cognitive impair-
ment were also more highly educated than subjects in the na-MCI
group. Subjects with no cognitive impairment had the highest
mean MMSE scores, followed by a-MCI and na-MCI groups.
The lowest average MMSE scores were obtained by the probable
AD group. There were no group differences with regard to sex
distribution [X* (df = 3) = 4.89; P> .18].

Although there were differences in age between the
groups, we chose not to covary by age in the ANOVA mod-
els. Because age is a risk factor for both AD and a-MCI,
whereas AD and MCI are associated with increased MTA,
covarying for age can obscure a true effect of the disease
state on outcome measures. Miller and Chapman®® con-
cluded that ANOVA was not designed to correct for system-
atic differences in natural unrandomized groups and can
lead to spurious findings. Subjects with probable AD had
higher average WMH scores in all brain regions relative to
subjects with no cognitive impairment (Table 3). In addi-

Table 1. Inter-rater and intrarater reliability of WMH ratings

Interrater Intrarater
Brain Structure k Values k Values
Frontal (right) 72 77
Frontal (left) 73 .66
Parietal (right) 73 70
Parietal (left) 70 .80
Temporal (right) 57 70
Temporal (left) 57 73
Occipital (right) 75 .69
Occipital (left) 82 77
Centrum semiovale (right) VAl 77
Centrum semiovale (left) 73 74

Note:—\WMH indicate white matter hyperintensity.

tion, subjects with probable AD had higher WMH scores in
all regions, relative to subjects with na-MCI, except in the
right frontal and right occipital lobes. Although subjects
with probable AD had higher mean WMH scores than sub-
jects with a-MCI in the left centrum semiovale, they did not
differ with respect to WMH scores in other brain regions.

Average MTA scores differentiated subjects with no cogni-
tive impairment and those with na-MCI from those with a-
MCI (Table 4). Furthermore, those subjects with probable AD
had higher average MTA scores in comparison with subjects in
other diagnostic groups. Subjects with probable AD were dif-
ferentiated from those with na-MCI and MCI on the basis of
total WMH scores but did not differ from subjects with a-
MCI. Average cardiovascular risk factor scores did not differ
across the diagnostic groups. MTA ratings generated by the
VRS did correlate with total WMH (r = 0.39; P < .001) ratings
because WMHs in all regions were significantly associated
with MTA scores (Table 5). There were no significant associ-
ations between total WMH scores and total cardiovascular risk
factor scores (r = 0.07, P = ns). Although a weak association
was noted between cardiovascular risk factor scores and
periventricular WMH ratings in the left occipital region (r =
0.15; P < .05), it is very likely that this represented a spurious
finding associated with multiple comparisons.

With logistic regression, correct classification rates for
no cognitive impairment versus a-MCI were 62% for cen-
trum semiovale WMHs, 60% for periventricular WMHs,
and 62% for total WMHs, respectively. When classification
accuracy of no cognitive impairment versus AD subjects
was computed, ratings for centrum semiovale WMH,
periventricular WMH, and total WMH yielded correct clas-
sification of 70%, 70%, and 69% of subjects, respectively.

Stepwise logistic regression was used to determine the ex-
tent that cardiovascular risk factors, MTA, centrum semiovale
WMHs, and age discriminated between subjects with probable
AD versus no cognitive impairment and those with a-MCI
versus no cognitive impairment. Results indicated that the
overall MTA score distinguished subjects with probable AD
from those with no cognitive impairment with a 75.9%
sensitivity and 86.5% specificity, with an overall correct
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Table 2. Demographics: samples of subjects with NCI, na-MCI, a-MCI, and probable AD*

NCI na-MClI a-MCl Probable AD
Sample size n=40 n =53 n =65 n=34
Age (SD) 71.0°(5.6) 74.22°(6.1) 75.3°(6.6) 76.6°(6.5)
Years of education (SD) 14.6°(3.9) 11.7%(3.4) 13.8%(3.0) 13.120(3.7)
% Female 67.5% 40.7% 46.7% 53.3%
MMSE (SD) 29.3°(.9) 27.0°(2.4) 26.8°(2.3) 22.77(2.8)

Note:—NCl indicates no cognitive impairment; na-MCI, nonamnestic mild cognitive impairment; a-MCI, amnestic mild cognitive impairment; AD, Alzheimer disease; MMSE, Mini-Mental

State Examination.

*Means with different alphabetic superscripts (a,b,c) are significantly different at P < .05 by the Scheffe post hoc procedure.

Table 3: WMH scores for each diagnostic group study*

_ NG __na-MCl__ __aMC Probable AD
(n = 40) MCI (n = 53) MCI (n = 65) (N = 34) F Values
Frontal (right) (SD) [95% Cl] .90%(0.8) .837(0.8) 1.22%(.9) 1.44°(1.1) 421%
[.64-1.16] [.62-1.04] [.98-1.45] [1.06-1.83]
Frontal (left) (SD) [95% CI] .73%(0.6) 81°°(.8) 1.14%(1.0) 1.26°(1.1) 3.541
[.52-93] [.59-1.03] [.89-1.39] [.90-1.63]
Parietal (right) (SD) [95% CI] 45%(0.6) 79%°(1.0) 1.022°(1.1) 1.38°(1.2) 5.90t
[.26-.64] [.53-1.06] [.75-1.28] [.96-1.80]
Parietal (left) (SD) [95% CI] 43%(0.6) 77%°(.9) 1.06™(1.1) 1.35°(1.3) 6.308
[.25-.60] [.52-1.03] [.78-1.34] [.92-1.78]
Occipital (right) (SD) [95% Cl] .25%(0.6) 47%(0.8) 97°(1.2) 1.125(1.4) 6.358
[.05-.45] [.24-70] [.66-1.28] [.64-1.59]
Occipital (left) .38%(0.7) 457 (0.8) 1.02%°(1.3) 1.12°(1.3) 5.578
(SD) [95% Cl] [.15-.60] [.23-.68] [.70-1.33] [.65-1.59]
Centrum semiovale 572(0.7) 922(1.0) 1.15%(1.1) 1.68°(1.3) 7.348
(right) (SD) [95% Cl] [.36-.79] [.66-.1.19] [.87-1.44] [1.23-2.12]
Centrum semiovale 552(0.7) .832(.9) 1.122(1.1) 1.74°(1.2) 9.658
(left) (SD) [95% Cl] [.32-78] [.58-1.08] [.85-1.39] [1.30-2.17]
Note:—95% Cl refers to the 95th confidence interval for the mean.
II\P/I(?n%gNith different alphabetic superscripts (a, b, c) are significantly different at P < .05 by the Scheffe post hoc procedure.
tP< 0.
§ P < .001.
Table 4: MTA, total WMH score, and CVRF score for each diagnostic group*
NCI na-MClI a-MClI Probable AD F Values
MTA score .54%(0.5) .50%(0.5) 1.18°(1.0) 1.98°(1.1) 28.46%
[.37-71] [.35-.64] [.93-1.44] [1.59-2.35]
CVRF score 2.16(1.5) 285(1.7) 2.75(1.4) 244(1.7) 1.68
[1.67-2.65] [2.3-3.33] [2.40-3.10] [1.83-3.05]
Total WMH score 4.25%(3.7) 5.89% (5.6) 8.69 (7.6) 11.09°(8.7) 8.21t
[3.07-5.43] [4.34-7.42] [6.81-10.57] [8.06-14.11]

Note:—MTA indicates medial temporal atrophy; CVRF, cardiovascular risk factor.

*Means with different alphabetic superscripts (a,b,c) are significantly different at P < .05 by the Scheffe post hoc procedure.

tP= 01
1P < .001.

Table 5: Correlation between WMH scores and MTA ratings

MTA (1)
Frontal (right) 0.36 (P < .001)
Frontal (left) 0.29 (P < .001)
Parietal (right) 0.36 (P < .001)
Parietal (left) 0.35(P < .001)
Occipital (right) 0.34 (P < .001)
Occipital (left) 0.23 (P < .001)
Centrum semiovale (right) 0.30 (P < .001)
Centrum semiovale (left) 0.34 (P < .001)

classification rate of 81.8%. Addition of centrum semiovale
WMHs averaged over the left and right cerebral hemi-
spheres resulted in a significant increase in a correct classi-
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fication rate to 84.8%, with an 82.8% sensitivity and 86.5%
specificity. If the total WMH score was substituted for cen-
trum semiovale WMHs, a combination of MTA and WMH
scores yielded an 86.2% sensitivity and 86.5% specificity,
with an overall correct classification rate of 86.4%. Age and
cardiovascular risk factor score did not enter into the logis-
tic regression model. For subjects with no cognitive impair-
ment versus those with a-MCI, MTA first entered into the
model with an overall classification rate of 65.7%, with a
76.3% sensitivity and 50.0% specificity. The only other
variable that entered into the regression model was total
WMHs, which resulted in a significant increase in the clas-
sification rate to 71.7%, with a 76.3% sensitivity and 65.0%
specificity.



Discussion

In clinical neurologic and radiologic practice, “WMHs on MR
images” and “ischemic microvascular lesions” are frequently
considered to be overlapping terms.>*** As a consequence,
many clinicians diagnose vascular dementia® or exclude a di-
agnosis of AD on the basis of evidence of widespread WMHs
on MR images. However, among elderly individuals with cog-
nitive impairment and dementia, neuropathologic studies
provide a much different etiologic perspective for WMHs,
demonstrating the heterogeneity of these lesions.'”'* Among
patients with AD, the most representative neuropathologic
correlates of WMHs on MR imaging are microglial activation,
gliosis, rarefaction of white matter, wallerian degeneration,
nonamyloid sclerosis, and reduced attenuation of blood ves-
sels.'!? The results of the current study also suggest that de-
generative disease or conditions associated with degenerative
disease are the principal etiologic factors related to WMHs,
rather than vascular disease.

In our study, both periventricular WMHs and centrum
semiovale WMHs were consistently associated with MTA
scores, which, in turn, were strongly correlated with the sever-
ity of cognitive impairment. MTA scores are a substitute for
the severity of pathology in medial temporal regions'*!” and
can be used to assist in the diagnosis of AD, even in a prede-
mentia stage.”” MR imaging—based measurements of hip-
pocampal volume loss are highly correlated with the rate of
progression of MCI to AD.***” In our study, WMH and MTA
scores did not distinguish subjects with no cognitive impair-
ment and those with na-MCI but did distinguish subjects with
probable AD, who had higher WMH and MTA scores, from
those with no cognitive impairment and those with na-MCI.
Similarly, subjects with a-MCI had higher centrum semiovale
WMHs and MTA scores than those with no cognitive impair-
ment, but subjects with probable AD and a-MCI were indis-
tinguishable by MTA and WMH scores.

Although the severity of WMHs was independently related
to MTA scores, WMH scores had no correlation to cardiovas-
cular risk factor scores, other than very weak correlations to
single periventricular WMH and centrum semiovale WMH
regions. Studies that have examined the relationship of
WMHs on brain MR imaging to MR imaging diffusion char-
acteristics among patients diagnosed with AD show that an
increase in the apparent diffusion coefficient in water appears
to be the underlying cause of the signal-intensity hyperinten-
sity in these subjects.”® The underlying neuropathologic cor-
relate that is specific to WMHs among patients with a patho-
logic diagnosis of AD is microglial activation. Changes in
myelin and axonal attenuation seen in areas involved with
WMHSs may be related to this inflammatory process.'

The association of WMHs to cardiovascular risk factors in
unselected generally cognitively healthy elderly individuals
without dementia is well known. However, among individuals
with dementia, the vast majority of whom have underlying AD
and WMHs, it would seem that there is very little evidence to
support a vascular etiology as a cause for the greater severity of
WMHs on MR imaging in these individuals. The notion that
WMHs are usually related to microvascular disease may not
apply to patients with MCI and dementia but may apply to
individuals with vascular dementia or with no cognitive im-
pairment at the time of death.'"'**” Similarly, it would seem

that in the absence of any clinical evidence of cerebrovascular
disease, clinical logic should argue that in patients who are
diagnosed with AD, the presence of WMHs would suggest a
white matter pathology caused by the underlying disease that
we know is present, rather than by a disease that we speculate
might be present. The relatively limited pathologic studies that
have been performed to investigate the etiology of WMHs in
patients with AD suggest that inflammation with microglial
activation may be the underlying etiology of these WMHs,
rather than cerebrovascular disease. Similar to the findings of
authors from other studies, we did not find a particular loca-
tion of the WMHs to be specifically associated with degener-
ative or vascular markers.***°

In this cross-sectional study, we found that the severity of
periventricular WMHs, centrum semiovale WMHs, and MTA
generally increased with the severity of cognitive impairment,
from no cognitive impairment to probable AD. However, we
were unable to show any independent relationship of the se-
verity of WMHs to cognitive function in this study. Other
cross-sectional studies have also not found an independent
association of WMHs to cognitive function.*”** Nevertheless,
several longitudinal studies do show that the severity of
WDMHs at baseline is associated with the rate of progression of
cognitive impairment,*>** and at least 1 study has demonstrated
that this association is independent of the effects of MTA.** How-
ever, it is not possible to conclude from these results, as has been
done previously,* that the faster rate of progression associated
with WMHs is related to the synergistic combination of vascular
disease, represented by the WMHs, and degenerative disease. In
fact, the propensity of subjects who progress faster to have more
WMHs may merely indicate that these subjects have more severe
and complicated disease, with multiple factors associated with
degeneration.'"?

Conclusions

Elderly patients presenting with MCI and dementia, regardless
of whether they are diagnosed with probable or prodromal
AD, often have evidence of cerebrovascular disease, in addi-
tion to the pathologic features of AD on neuropathologic ex-
amination.*>*’ It is possible that WMHs on MR images of
patients with a primary neuropathologic diagnosis of AD
represent the presence of vascular lesions, which may not by
themselves contribute to the severity of cognitive and func-
tional impairment. However, in our study, we found that
WMH scores increased progressively from no cognitive im-
pairment to a-MCI to probable AD. We also found that MTA
scores, but not WMH scores, were independently and strongly
related to the severity of cognitive impairment. Most interest-
ing, mean WMH scores in na-MCI and no cognitive im-
pairment were not different, even though it would have been
expected that if WMHs were associated with vascular pathol-
ogy, then subjects with na-MCI, who tend to have more vas-
cular disease than those with a-MCI,*"*>?° would have higher
WMH scores than those with a-MCI. In fact, we found that
the opposite was the case, suggesting that WMHs in subjects
who are cognitively impaired are more strongly associated
with neurodegenerative disease than with vascular disease.
The strengths of the current study are the large number of
subjects evaluated and the detailed neuropsychological, clini-
cal, and MR imaging studies of both WMHs and MTA in the
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same subjects. Furthermore, the inclusion of subjects with
both a-MCI and na-MCI provided the opportunity to evaluate
WMH and MTA scores in the earliest stages of dementia, pre-
sumably caused by both AD (a-MCI) and non-AD (na-MCI)
pathology. Limitations of this study include the lack of lon-
gitudinal data, which would have added another dimension to
interpretation of the results, and lack of clinicopathologic
correlations between WMHs and pathologic findings. Never-
theless, the current study does provide important support for
the hypothesis that WMHs are most likely related to degener-
ative rather than vascular pathology among subjects diag-
nosed with na-MCI, a-MCI, and probable AD.
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