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ABSTRACT

Objective: To investigate the effect of white matter hyperintensity (WMH)
severity on cognitive function according to presence of the apolipoprotein
E (APOE) €4 allele.

Method: From participants in a nationwide, multicenter, hospital-based
cohort study of dementia by the Clinical Research Center for Dementia of
South Korea (November 2005 to December 2011), data for 5,077 elderly
subjects (mean [SD] age =71.37 [8.40] years) who had available data for
APOE genotype and WMH severity were studied retrospectively. We used
the diagnostic criteria for mild cognitive impairment proposed by Petersen
et al; the diagnostic criteria for vascular dementia included in DSM-1V;

and, for probable Alzheimer’s disease, the criteria issued by the National
Institute of Neurological and Communicative Disorders and Stroke—
Alzheimer’s Disease and Related Disorders Association. WMH severity was
evaluated using modified criteria of Fazekas et al and Scheltens et al using
T2 axial or fluid-attenuated inversion recovery magnetic resonance images,
yielding 3 groups for WMH severity level. APOE genotype was determined
by analysis of venous blood, and all participants were classified into 2
groups depending on presence or absence of the APOF €4 allele. The
Seoul Neuropsychological Screening Battery-Dementia Version was used
for all subjects. Cognitive impairment, classified by 6 cognitive test scores,
was the primary outcome measure. Using multiple logistic regression, we
investigated which cognitive domains were associated with WMH severity
and the APOE €4 allele, and, using analysis of covariance, we examined the
interaction effects of these 2 factors on cognitive test scores.

Results: After multivariable adjustments, logistic regression analyses
showed that WMH severity was associated with higher odds of cognitive
impairment on frontal/executive function tests in both APOE €4 carriers
(odds ratio [OR] =2.49; 95% Cl, 1.65-3.76) and noncarriers (OR=2.36; 95%
Cl, 1.83-3.03). WMH severity was not significantly associated with memory
function in APOE €4 carriers: for verbal memory, €4 noncarriers had an OR
of 144 (95% Cl, 1.13-1.84), and €4 carriers had an OR of 1.36 (95% Cl, 0.87—
2.04); for visuospatial memory, €4 noncarriers had an OR of 1.86 (95% Cl,
1.45-2.37), and €4 carriers had an OR of 1.35 (95% Cl, 0.89-2.04). Moreover,
a significant interaction effect between APOE €4 and WMH severity was
confirmed on memory tests by analysis of covariance (verbal memory:
F=3.40, P=.033; visuospatial memory: F=849, P<.001).

Conclusions: Severe WMHs appear to be predominantly associated with
frontal/executive dysfunction, irrespective of APOE €4 allele presence. WMH
severity and APOE €4 had an interactive effect on memory function, with
WMH severity affecting memory impairment only in APOE €4 noncarriers.
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The volume of white matter hyperintensities
(WMHs) in brain magnetic resonance imag-
ing has been reported to be a predictor of cognitive
decline among the elderly in several prospective
studies.!> White matter changes related to cognitive
impairment seem to result from chronic microvas-
cular disease and hypoperfusion®; however, not every
person with vascular risk factors has WMH lesions.
This fact suggests that WMH burden might be related
to the interaction between vascular risk factors and
other factors, such as genetic variation.*-

A possible candidate for such a genetic factor is
the apolipoprotein E (APOE) &4 allele. The mecha-
nism by which the presence of the APOE &4 allele
exerts its effect on cognitive impairment remains
yet unclear; such means might be related to its effect
on amyloid-B deposition”® along with an increased
vulnerability to chronic hypoperfusion of the white
matter.”!? Thus, some studies have found an associa-
tion between APOE &4 and ischemic cerebrovascular
disease!! as well as Alzheimer’s disease.'?

However, despite various studies, the association
between the APOE e4 allele and WMHs remains
controversial.>!>!* The different patterns of cogni-
tive impairment associated with APOE ¢4 and WMH
severity were also reported in separate studies.!>!®
Moreover, relatively little is known about WMH
severity-related cognitive phenotypes between the
elderly who carry the APOE e4 allele versus those who
do not. If the APOE genotype interacts with severity
of WMHs, then it is possible that APOE &4 carriers
will show dissociated patterns of neuropsychological
presentation compared to noncarriers. In the present
study, we investigated the effect of WMH severity
on cognitive phenotype according to the presence of
APOE &4 allele.

METHOD

Subjects

This study, which began in November 2005, was
part of an ongoing, nationwide multicenter study
of dementia by the Clinical Research Center for
Dementia of South Korea (CREDOS), designed
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to assess the occurrence and risk factors of cognitive dis-
orders. The CREDOS study, registered on ClinicalTrials.
gov (identifier: NCT01198093), recruited patients from
university-affiliated hospitals who were diagnosed with
normal cognition, subjective memory impairment, mild
cognitive impairment, vascular cognitive impairment,
Alzheimer’s disease, or subcortical ischemic vascular demen-
tia. In the CREDOS study, we used the diagnostic criteria
for vascular dementia included in the Fourth Edition of
the Diagnostic and Statistical Manual of Mental Disorders
(DSM-1V)," the diagnostic criteria for probable Alzheimer’s
disease issued by the National Institute of Neurological and
Communicative Disorders and Stroke-Alzheimer’s Disease
and Related Disorders Association (NINCDS-ADRDA),!8
and the diagnostic criteria for mild cognitive impairment
proposed by Petersen et al.'”” A more detailed description of
CREDOS is available elsewhere.2’ Of CREDOS participants
from November 2005 to December 2011, we retrospec-
tively analyzed the data for 5,077 patients who had available
data for APOE genotype and WMH severity. None of the
subjects presented any of the following exclusion criteria:
(1) history of significant hearing or visual impairment ren-
dering participation in the interview difficult; (2) neurologic
disorders (eg, territorial infarction, intracranial hemorrhage,
brain tumor, and hydrocephalus); (3) psychiatric disorders
(eg, schizophrenia, mental retardation, severe depression, or
mania); (4) history of use of psychotropic medications or
psychoactive substances other than alcohol; (5) physical ill-
nesses or disorders that could interfere with the clinical study,
such as cardiac diseases, respiratory illnesses, uncontrolled
diabetes, uncontrolled hypertension, malignancy, hepatic
diseases, and renal diseases; or (6) white matter changes
other than ischemia, or other clinical causes of dementia
except Alzheimer’s disease or subcortical ischemic vascu-
lar dementia. This study was approved by the institutional
review boards of the participating centers, and informed
consent was obtained from all subjects.

Clinical Evaluations

The clinical evaluation form was filled out by infor-
mants after they received appropriate instructions. The
clinical evaluation form included questionnaires related to
(1) basic demographic characteristics; (2) history of cognitive
decline according to the caregiver; (3) the Korean version
of the Mini-Mental State Examination?'; (4) the Clinical
Dementia Rating®%; (5) the 15-item Geriatric Depression
Scale?; and (6) past medical history, including cerebrovas-
cular risk factors, such as hypertension, diabetes mellitus,
hyperlipidemia, and cardiac diseases (coronary heart dis-
ease, arrhythmia, heart failure, and valvular heart disease).
Cerebrovascular risk factors were rated positive if the patient
had been previously diagnosed with an associated disease or
if the patient was currently under medical treatment for the
disease. A standardized neuropsychological battery, the Seoul
Neuropsychological Screening Battery-Dementia Version
(SNSB-D)* was used to assess all participants. The SNSB-D
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= (linicians should consider the volume of white
matter hyperintensities (WMHs), which seem to be
predominantly associated with frontal/executive
dysfunction irrespective of the presence of the
apolipoprotein E (APOE) €4 allele, in the elderly.

® On the other hand, APOE €4 carriers perform worse
on memory tests, and it is only APOE €4 noncarriers
that show some relationship between WMH severity
and memory performance among the elderly.

= (Current evidence supports the disassociation of APOE
and WMHs relative to cognitive performance, a finding
that may be helpful for clinicians in predicting the
characteristics of cognitive impairment as affected

by the APOE €4 allele or WMHs.

includes tests of language, verbal/nonverbal memory, atten-
tion, and frontal/executive function domains. These domains
were assessed using the following tests**: the Korean short
version of the Boston Naming Test (K-BNT) for language,
the Digit Span Test-backward for attention function, the Rey
Complex Figure Test-delayed recall (RCFT-delayed recall)
for visuospatial memory, the Seoul Verbal Learning Test-
delayed recall (SVLT-delayed recall) for verbal memory, and
the Stroop Test-color reading and Controlled Oral Word
Association Test (COWAT) for frontal/executive function.
We used age-specific, gender-specific, and education-specific
norms for each test based on SNSB-D reference standards.
Cognitive test scores below the 16th percentile of the norm
were classified as cognitive impairment.**

Visual Rating of White Matter Hyperintensities
Magnetic resonance imaging was conducted in accor-
dance with the protocol for magnetic resonance imaging
acquisition developed for the CREDOS study. Magnetic
resonance imaging scans included transaxial T2-weighted,
T1-weighted, gradient-echo, fluid-attenuated inversion
recovery, and coronal T1-weighted images. The severity
of WMHs was evaluated according to the modified criteria
of Fazekas et al*> and Scheltens et al*® using the T2 axial or
fluid-attenuated inversion recovery images. White matter
hyperintensities were separately examined in periventricular
white matter and deep white matter. Additionally, periven-
tricular white matter and deep white matter ratings were
combined to provide a final measurement of the severity of
ischemia. Deep white matter lesions were divided into D1
(deep white matter < 10 mm), D2 (deep white matter from
10 mm to <25 mm), and D3 (deep white matter >25 mm)
groups on the basis of the greatest diameter of the lesions.
Periventricular white matter lesions were divided into P1
(cap and band <5 mm), P2 (cap and band from 5 mm to < 10
mm), and P3 (cap and band > 10 mm) groups on the basis
of the size of the cap and band, which were perpendicular
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Table 1. Characteristics of Subjects Grouped According to White Matter Hyperintensity Severity

(N=5,077)
White Matter Hyperintensity Severity

Variable Mild (n=3,194)  Moderate (n=1,263)  Severe (n=620) x*or F* P
Age, mean=SD, y 69.33+£8.65 74.69+6.77 75.06 £+ 8.40 280.27 <.001
Gender, female, n (%) 2,232 (69.9) 858 (67.9) 428 (69.0) 1.64 441
Education, mean+SD, y 8.31+5.39 6.98+5.35 6.98+5.41 36.34 <.001
Illness duration, mean +SD, mo 34.48+31.68 34.20+32.08 40.43 +34.94 9.11 <.001
Physical illness, n (%)

Hypertension 1,314 (41.1) 714 (56.5) 425 (68.5) 201.65  <.001

Diabetes 536 (16.8) 260 (20.6) 113 (18.2) 8.96 011

Hyperlipidemia 416 (13.0) 153 (12.1) 80 (12.9) 0.68 711

Cardiac disease 270 (8.5) 143 (11.3) 55 (8.9) 9.00 011
CDR score, n (%) 22548  <.001

0 155 (4.9) 25(2.0) 11 (1.8)

0.5 2,319 (72.6) 813 (64.4) 317 (51.1)

1 556 (17.4) 328 (26.0) 192 (31.0)

2 146 (4.6) 81 (6.4) 79 (12.7)

3 18 (0.6) 16 (1.3) 21(3.4)
APOE allele type, n (%) 42.89  <.001

€2/e2 11 (0.3) 5(0.4) 1(0.2)

€2/¢3 231(7.2) 136 (10.8) 62 (10.0)

€3/e3 1,782 (55.8) 699 (55.3) 384 (61.9)

£2/¢e4 42 (1.3) 20 (1.6) 11 (1.8)

e3/ed 938 (29.4) 337 (26.7) 150 (24.2)

ed/ed 190 (5.9) 66 (5.2) 12 (1.9)
K-MMSE score, mean + SD 23.01+£5.54 21.33+£5.74 20.35+6.17 79.71 <.001
GDS-15 score, mean = SD 5.86+4.25 6.42+4.48 6.54+4.61 11.40 <.001

ax? for categorical variables; F for continuous variables.

Abbreviations: APOE=apolipoprotein E, CDR = Clinical Dementia Rating, GDS-15=15-item Geriatric Depression
Scale, K-MMSE =Korean Mini-Mental State Examination.

to and horizontal to the ventricle, respectively. These results
were combined to provide a total measurement of mild
(D1P1, D1P2), moderate (neither mild nor severe; D1P3,
D2P1,D2P2,D2P3,D3P1,D3P2), or severe (D3P3), yielding
3 groups for WMH severity level. The interrater reliability
for the periventricular white matter and deep white matter
hyperintensities was good (intraclass correlation coefficient
0f 0.73-0.91).

APOE Genotyping

Genomic DNA was extracted from venous blood. Blood
samples from each individual were collected in EDTA
tubes, and the APOE genotype was determined using the
polymerase chain reaction.?” All participants were classified
into 2 groups, depending on the presence or absence of the
APOE ¢4 allele.

Statistical Analysis

The general characteristics of the participants were exam-
ined on the basis of WMH severity and presence of APOE
¢4 allele using x? tests, Mantel-Haenszel x” test, independent
t test, and analysis of variance as appropriate. To identify
which cognitive domains were specifically associated with
WMH severity and APOE &4, we conducted multivariate
logistic regression analyses with adjustment for various
potential confounders. Then, an analysis of covariance was
conducted to confirm the interaction effects of the presence
of the APOE &4 allele and WMH severity on cognitive test
scores. Following the analysis of covariance, we performed
a post hoc test to compare the differences in cognitive test
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scores between APOE e4 carriers and noncarriers for each
level of WMH severity. To minimize the potential confound-
ing effects, the following covariates were entered into the
adjusted model, consistent with previous literature!!?%2:
age, gender, education, illness duration, cerebrovascular
risk factors (hypertension, diabetes, hyperlipidemia, cardiac
disease), and depression score. A P value of <.05 was con-
sidered statistically significant. In post hoc tests, type I error
was adjusted using the Bonferroni method (.05/3=.0167).
We used SPSS software, version 18.0 (SPSS Inc, Chicago,
Illinois), for all analyses.

RESULTS

Characteristics

Of the 5,077 subjects, 1,559 were men (30.7%) and 3,518
were women (69.3%). The subjects’ mean (SD) age was
71.37 (8.40) years. Mean (SD) educational level was 7.82
(5.42) years. Subjects were classified by WMH severity level
as mild (n=3,194; 62.9%), moderate (n=1,263; 24.9%), or
severe (n=620; 12.2%). Table 1 lists the characteristics of
the participants in each WMH severity group. The APOE
€4 carriers numbered 1,766 (e4/e4 allele pair =268 [15.2%];
€3/e4 =1,425 [80.7%]); €2/¢4 =73 [4.1%]), and noncarriers
totaled 3,311 (£3/¢3 =2,865 [86.5%]; €2/e3 =429 [13.0%];
€2/€2 =17 [0.5%]). The general characteristics of the subjects
are described in Table 2 according to the presence of the
APOE &4 allele. In the group with severe WMHs, a greater
number of APOE &4 noncarriers were observed (Mantel-
Haenszel test: x>=18.67, P<.001).
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Table 2. Characteristics of Subjects Grouped According to Presence of the APOE €4 Allele

(N=5,077)
APOE €4 Noncarriers APOE &4 Carriers

Variable (n=3,311) (n=1,766) X2 or 2 P
Age, mean*SD, y 71.44+8.62 71.23+7.97 0.85 .397
Gender, female, n (%) 2,322 (70.1) 1,196 (67.7) 3.13 .079
Education, mean +SD, y 7.66+£5.42 8.12+5.40 -2.88 .004
Illness duration, mean +SD, mo 34.60+33.54 36.10+29.73 -1.55 120
Physical illness, n (%)

Hypertension 1,647 (49.7) 806 (45.6) 7.77 .008

Diabetes 632 (19.1) 277 (15.7) 9.07 003

Hyperlipidemia 409 (12.4) 240 (13.6) 1.58 217

Cardiac disease 334 (10.1) 134 (7.6) 8.60 .003
CDR score, n (%) 33,79  <.001

0 147 (4.4) 44 (2.5)

0.5 2,301 (69.5) 1,148 (65.0)

1 644 (19.5) 432 (24.5)

2 190 (5.7) 116 (6.6)

3 29 (0.9) 26 (1.5)
APOE allele type, n (%) NA NA

€2/e2 17 (0.5) 0

€2/e3 429 (13.0) 0

€3/e3 2,865 (86.5) 0

€2/e4 73 (4.1)

€3/ed 1,425 (80.7)

ed/e4 268 (15.2)
White matter hyperintensity severity, n (%) 18.67  <.001

Mild 2,024 (61.1) 1,170 (66.3)

Moderate 840 (25.4) 423 (24.0)

Severe 447 (13.5) 173 (9.8)
K-MMSE score, mean + SD 22.76+5.68 21.34+£5.79 8.44 <.001
GDS-15 score, mean + SD 6.18+4.34 5.89+4.39 2.27 .023

ax? for categorical variables; ¢ for continuous variables.

Abbreviations: APOE = apolipoprotein E, CDR = Clinical Dementia Rating, GDS-15 = 15-item Geriatric
Depression Scale, K-MMSE = Korean Mini-Mental State Examination, NA = not applicable.

Identification of Cognitive Domains
Associated With White Matter Hyperintensity
Severity and the APOE €4 Allele

We examined the association between WMH sever-
ity and cognitive impairment according to the presence of
the APOE ¢4 allele by multiple logistic regression analyses.
Analysis showed that patients with severe WMHs performed
significantly worse than those with mild WMHs in language,
attention, and, particularly, frontal/executive functions, as
measured by the K-BNT, the Digit Span Test-backward,
the Stroop Test, and the COWAT, respectively, regardless
of APOE &4 allele presence (Table 3). We found that, after
adjusting for various potential confounders, only APOE &4
noncarriers showed a significant association between WMH
severity and memory impairment, as measured by the SVLT-
delayed recall and RCFT-delayed recall tests (see Table 3).

We also conducted multiple logistic regression analyses
to evaluate the association between APOE €4 and cognitive
impairment. After adjustment for age, gender, education,
illness duration, cerebrovascular risk factors (hyperten-
sion, diabetes, hyperlipidemia, and cardiac disease), and
depression score, the APOE &4 allele was found to be more
associated with both verbal and visuospatial memory
impairment compared to other cognitive domains (SVLT-
delayed recall: odds ratio [OR] =2.47 [95% CI, 2.15-2.83];
RCFT-delayed recall: OR=2.30 [95% CI, 2.01-2.63]; K-BNT:
OR=1.29 [95% CI, 1.14-1.46]; Digit Span Test-backward:
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OR=1.17 [95% CI, 1.03-1.33]; Stroop Test: OR=1.30 [95%
CI, 1.15-1.47]; COWAT: OR=1.42 [95% CI, 1.25-1.61]).
The results were also confirmed in the fully adjusted model
including WMH severity (SVLT-delayed recall: OR=2.50
[95% CI, 2.18-2.88]; RCFT-delayed recall: OR=2.35 [95%
CL, 2.06-2.69]; K-BNT: OR=1.31 [95% CI, 1.15-1.49]; Digit
Span Test-backward: OR=1.20 [95% CI, 1.06-1.36]; Stroop
Test: OR=1.35 [95% CI, 1.19-1.53]; COWAT: OR=1.48
[95% CI, 1.30-1.68]) (see Supplementary eTable 1, available
at PSYCHIATRIST.COM). The overall results were unchanged
even before and after accounting for the confounding effects
of hypertension in these analyses.

Interactive Effects of APOE €4 and White Matter
Hyperintensity Severity on Cognitive Function

Using the analysis of covariance, we tested the interaction
effects of APOE ¢4 and WMH severity on cognitive test
scores after adjusting for confounding variables. As shown
in Table 4, interactive effects were observed on the SVLT-
delayed recall and RCFT-delayed recall tests (SVLT-delayed
recall: F=3.40, P=.033, R*=0.23; RCFT-delayed recall:
F=8.49, P<.001, R?=0.25). In post hoc tests, APOE &4 car-
rier and noncarrier groups showed a significant difference in
estimated least-squares means for SVLT-delayed recall and
RCFT-delayed recall test scores for the severe WMH level
compared to the mild WMH level (SVLT-delayed recall: mild
[t=13.0, P<.001], moderate [t=7.5, P<.001], severe [t=2.5,
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Table 3. Effect of White Matter Hyperintensity (WMH) Severity on Cognitive Impairment According to
Presence of the APOE €4 Allele (N=5,077)?

APOE ¢4 Noncarriers APOE ¢4 Carriers
WMH (n=3,311) (n=1,766)
Function Test Severity OR (95% CI) P OR (95% CI) P
Language K-BNT Mild Reference Reference
Moderate 1.27 (1.06-1.52) 011 0.97 (0.76-1.25) .840
Severe 1.66 (1.31-2.10)  <.001  1.24 (0.86-1.80) 251
Verbal memory SVLT-delayed recall Mild Reference Reference
Moderate 1.13 (0.94-1.36) 193 1.15(0.86-1.55) .350
Severe 1.44 (1.13-1.84) 003 1.36(0.87-2.04) 183
Visuospatial memory RCFT-delayed recall Mild Reference Reference
Moderate 1.15 (0.96-1.37) 141 1.16 (0.88-1.53) 301
Severe 1.86 (1.45-2.37) <.001  1.35(0.89-2.04) .163
Attention Digit Span Test-backward ~ Mild Reference Reference
Moderate 1.22 (1.01-1.46) .040  1.25(0.97-1.60) .085
Severe 1.92 (1.52-2.42) <.001  2.04 (1.43-2.90) <.001
Frontal/executive function  Stroop Test-color reading ~ Mild Reference Reference
Moderate 1.54 (1.28-1.85) <.001  1.82(1.40-2.37) <.001
Severe 2.36(1.83-3.03) <.001 2.49(1.65-3.76) <.001
COWAT Mild Reference Reference
Moderate 1.44 (1.20-1.72) <.001  1.24 (0.96-1.60) 107
Severe 2.65(2.06-3.41) <.001 2.46(1.60-3.78) <.001

2Adjusted by age, gender, education, illness duration, cerebrovascular risk factors (hypertension, diabetes, hyperlipidemia,

cardiac disease), and depression score.

Abbreviations: APOE = apolipoprotein E, COWAT = Controlled Oral Word Association Test, K-BNT = Korean Boston Naming
Test, RCFT = Rey Complex Figure Test, SVLT = Seoul Verbal Learning Test.

Table 4. Cognitive Test Scores According to APOE €4 Allele Presence and
White Matter Hyperintensity Severity (N=5,077)

Mild (n=3,194),

Moderate (n=1,263), Severe (n=620),

Variable Mean +SD (n?) Mean +SD (n?) Mean +SD (n?)
K-BNT score
APOE 4 noncarrier 38.02+12.33 (861) 33.06+11.79 (457) 31.66+12.22 (271)
APOE €4 carrier 36.56+11.83 (584) 31.68 +£11.66 (240) 30.55+12.24 (103)

SVLT-delayed recall score®
APOE &4 noncarrier

APOE ¢4 carrier 2.26+2.99 (812)
RCFT-delayed recall score®

APOE ¢4 noncarrier 8.94+7.45 (958)

APOE ¢4 carrier 5.75+6.67 (806)

Digit Span Test-backward score
APOE &4 noncarrier

APOE ¢4 carrier 3.06+1.24 (384)
Stroop Test-color reading score

APOE €4 noncarrier 64.46 +30.47 (965)

APOE ¢4 carrier 59.43 +30.89 (630)
COWAT score

APOE &4 noncarrier 11.97 £4.94 (949)

APOE ¢4 carrier 11.16 +4.74 (663)

3.54+3.16 (1,000)

3.13+1.40 (589)

2.55+2.75 (493)
1.34+£2.08 (315)

2.18+£2.61 (279)
1.43+£2.24 (130)

6.47 +6.38 (467)
3.86+5.12 (301)

5.16+5.69 (292)
3.88+4.63 (124)

2.80+1.31 (309)
2.64+1.27 (162)

2.49+1.27 (200)
2.28+1.31 (85)

51.84+28.00 (515)
46.34+29.00 (287)

42.80+27.74 (311)
39.47 +27.47 (124)

10.08 +4.48 (494)
9.51+4.48 (270)

8.58+4.16 (317)
7.80+3.71 (129)

*Number of subjects with an abnormal cognitive test.

5P <.05; analysis of covariance showing interactive effects of the APOE ¢4 allele and white matter
hyperintensity severity on cognitive function, after adjusting for age, gender, education, illness duration,
cerebrovascular risk factors (hypertension, diabetes, hyperlipidemia, cardiac disease), and depression score.

Abbreviations: APOE =apolipoprotein E, COWAT = Controlled Oral Word Association Test, K-BNT = Korean
Boston Naming Test, RCFT =Rey Complex Figure Test, SVLT = Seoul Verbal Learning Test.

P=.042]; RCFT-delayed recall: mild [t=14.5, P<.001], mod-
erate [t=6.9, P<.001], severe [t=1.5, P=.397]) (Figure 1).

DISCUSSION

The purpose of this study was to investigate the effect of
WMH severity on cognitive function according to APOE
genotype. In this hospital-based population with cognitive
impairment, patients with large WMH volume performed
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significantly worse in cognitive domains generally associ-
ated with frontal lobe systems regardless of APOE &4 allele
presence. White matter hyperintensity severity was associ-
ated with naming and memory functions only in APOE &4
noncarriers, but to a lesser extent in comparison to general
frontal lobe function.

Consistent with previous studies,'®*? our results showed
a strong relationship between high-level WMH volume
and poorer frontal/executive functions, which might result

16,30
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Figure 1. Estimated Least-Squares Means of the (A) SVLT-Delayed Recall Test and
(B) RCFT-Delayed Recall Test for Each Level of White Matter Hyperintensity Severity

According to Presence of the APOE €4 Allele
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Learning Test.

from significantly reduced frontal lobe metabolism, syn-
aptic dysfunction, altered sensory information process,
and neurotransmitter depletion, as suggested by previous
associations with executive function.’"3 Our results also
revealed that the effects of increased WMH volumes on
poorer executive performance were robust in both APOE
€4 carriers and noncarriers. For memory and naming func-
tions, WMH severity was found to be associated with these
functions only in APOE &4 noncarriers. Even when the
suppressor effects of cerebrovascular risk factors such as
hypertension, well-correlated with WMHs,> were consid-
ered together, the overall results were unaffected. On the
other hand, even after we adjusted the analysis for various
confounding variables, including WMH severity level, the
APOE ¢4 carriers in this study were impaired to a greater
extent than noncarriers on delayed recall measures, a finding
usually considered to be dependent on the medial tempo-
ral lobe memory system. Several studies have reported that
APOE ¢4 carriers display poorer memory function,**7 as
well as smaller hippocampal or other medial temporal lobe
volumes,*®*2 than noncarriers. In agreement with previous
studies,'*!>20 our results additionally found that the effects
of APOE &4 allele presence on memory function might be
independent of WMH burden.

These results might suggest the possibility of distinct
processes between the predominant effect of WMHs on
frontal/executive function and the predominant effect of
the APOE e4 allele on memory function. Despite various
studies,>*1 the association between the APOE ¢4 allele
and WMHs remains controversial. Some prospective
population-based studies®® reported that patients with
APOE €4 and concomitant vascular diseases had more
severe WMHs and atrophy. It could be hypothesized that
the APOE &4 allele promoted vascular deposition of the
amyloid-p peptide,**** and cerebral amyloid angiopathy
related to cerebral blood flow reduction might result in
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elevated WMH burden.!®*-%7 In fact, we observed that
APOE €4 carriers showed lower mean scores on frontal/
executive function tests than did noncarriers. However, our
logistic regression analyses showed that the effects of severe
WMHs on frontal/executive performance were strong even
in APOE &4 noncarriers. Moreover, the interaction effects
of WMH severity and APOE &4 on memory tests, and the
lesser effect of WMH severity on memory impairment in
APOE &4 carriers, would rather support the notion that cog-
nitive failures related to APOE ¢4 and WMHs might arise
from a distinct main disease process. Indeed, there are a
few reports!*?? that found no relation between the APOE
¢4 allele and WMHs in dementia studies. Recent studies***8
also found an acceleration of memory decline; yet, similar
acceleration of decline on any frontal/executive measure
despite fibrillar amyloid deposits in the frontal regions of
APOE ¢4 carriers was not found.***® It was suggested that
modulation of activity in attention-control systems might
be associated with elevated WMHs but not with amyloid
burden.’® On the other hand, amyloid burden, not white
matter abnormalities, might be related to impaired default
network activity related to memory function.*’

There are several limitations to this study. First, the
cross-sectional nature of the study did not allow us to find a
change in the interactive effects between APOE and WMHs
with disease progression. Second, the subjects in our study
with severe WMHs might be a heterogeneous group, includ-
ing individuals with subcortical ischemic vascular dementia
and Alzheimer’s disease with small vessel pathologies. How-
ever, it is possible that the cognitive phenotype reflected the
severity of regional brain pathology rather than the type of
pathology.®® Third, we used our own 3-level WMH scale;
however, the criteria for severe WMHs were similar to the
brain imaging criteria for subcortical vascular dementia,
Binswanger type, used by Erkinjuntti et al.>! We also could
not separately evaluate the periventricular white matter and
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deep white matter hyperintensities that are assumed to be
due to different mechanisms.>>? Fourth, there were restricted
ranges in some cognitive test scores and ages, which could
influence the findings (K-BNT score: 0-60; SVLT-delayed
recall score: 0-12; RCFT-delayed recall score: 0-35; Digit
Span Test-backward score: 0-8; Stroop Test-color reading
score: 0-112; COWAT score: 0-30; age: 40-90 years). To
minimize this effect, we used age-specific, gender-specific,
and education-specific norms for each test based on refer-
ence standards to classify cognitively impaired individuals
in multivariate logistic regression analyses. Another point is
that, because of a very small number of cognitively normal
individuals in this study, the study did not address whether
WMHs affected cognition independently from dementia.
However, the Clinical Dementia Rating score showed an
upward trend as WMH severity increased (Mantel-Haenszel
X2 test: P<.001) (see Table 1). Finally, we could not evaluate
the effect of the APOE &2 allele,® known to be associated
with severe white matter disease, because of the relatively
small frequency of this allele in our subjects.

In conclusion, severe WMHs appear to be predominantly
associated with frontal/executive dysfunction, irrespective
of the presence of the APOE &4 allele. In addition, and more
interestingly, WMH severity and APOE €4 had an interactive
effect on memory function, with WMH severity affecting
memory impairment only in APOE &4 noncarriers. These
results support the potential value of further research exam-
ining the association between APOE genotype, WMHs, and
cognitive impairment in the elderly.

Author affiliations: Department of Psychiatry (Drs Son and Hong),
Department of Preventive Medicine and Public Health (Dr Y. Lee and
Mr Baek), and Institute on Aging (Drs Y. Lee and Hong and Mr Baek),
Ajou University School of Medicine, Suwon; Memory Impairment
Center, Ajou University Hospital, Suwon (Drs Son and Hong);
Department of Psychiatry, Cha University College of Medicine, Chaum
Hospital, Seoul (Dr K. S. Lee); Department of Neurology, Inha University
College of Medicine, Incheon (Dr Choi); Department of Neurology,
Samsung Medical Center, Sungkyunkwan University School of Medicine,
Seoul (Drs Na and Seo); and Department of Psychiatry, Yonsei University
College of Medicine, Seoul (Dr Oh), Republic of Korea.

Potential conflicts of interest: All authors have no competing interests

to disclose.

Funding/support: Supported by grant A102065 from the Korea
Healthcare Technology Research and Development Project, Ministry

of Health and Welfare, Republic of Korea.

Previous presentation: Preliminary data presented as a poster at the
Alzheimer’s Association International Conference 2012; July 14-19, 2012;
Vancouver, British Columbia, Canada.

Acknowledgments: We thank Ki Young Lim, MD, PhD; Young Ki Chung,
MD, PhD; Jai Sung Noh, MD (all affiliated with the Department of
Psychiatry and Behavioral Sciences, Ajou University School of Medicine,
Suwon, Republic of Korea); and Eosu Kim, MD (affiliated with the
Department of Psychiatry, Yonsei University College of Medicine,

Seoul, Republic of Korea), for their advice and suggestions regarding

the analysis and interpretation of the study data. These acknowledged
individuals have no potential conflicts of interest to disclose relative

to this study.

Additional information: The Clinical Research Center for Dementia

of South Korea (CREDOS) database is owned by the Korean Ministry

of Health and Welfare, Seoul, Republic of Korea. For information on
accessing the database, contact Seong Hye Choi (seonghye@inha.ac.kr)
or Seong Yoon Kim (seongyoonkim@gmail.com).

Supplementary material: Supplementary eTable 1 is available at
PSYCHIATRIST.COM.

1561

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

PSYCHIATRIST.COM

White Matter Hyperintensities, APOE, and Cognitive Impairment

REFERENCES

. Verdelho A, Madureira S, Moleiro C, et al; on behalf of the LADIS Study.

White matter changes and diabetes predict cognitive decline in the
elderly: the LADIS study. Neurology. 2010;75(2):160-167.

. Carmichael O, Schwarz C, Drucker D, et al; Alzheimer’s Disease

Neuroimaging Initiative. Longitudinal changes in white matter disease
and cognition in the first year of the Alzheimer disease neuroimaging
initiative. Arch Neurol. 2010;67(11):1370-1378.

. Englund E. Neuropathology of white matter changes in Alzheimer’s

disease and vascular dementia. Dement Geriatr Cogn Disord. 1998;
9(suppl 1):6-12.

. Carmelli D, DeCarli C, Swan GE, et al. Evidence for genetic variance in

white matter hyperintensity volume in normal elderly male twins. Stroke.
1998;29(6):1177-1181.

. de Leeuw FE, Richard F, de Groot JC, et al. Interaction between

hypertension, APOE, and cerebral white matter lesions. Stroke.
2004;35(5):1057-1060.

. DeCarli C, Reed T, Miller BL, et al. Impact of apolipoprotein E ¢4 and

vascular disease on brain morphology in men from the NHLBI twin
study. Stroke. 1999;30(8):1548-1553.

. Holtzman DM, Bales KR, Tenkova T, et al. Apolipoprotein E isoform-

dependent amyloid deposition and neuritic degeneration in a mouse
model of Alzheimer’s disease. Proc Natl Acad Sci U S A. 2000;97(6):
2892-2897.

. Mahley RW. Apolipoprotein E: cholesterol transport protein with

expanding role in cell biology. Science. 1988;240(4852):622-630.

. Szolnoki Z. Pathomechanism of leukoaraiosis: a molecular bridge

between the genetic, biochemical, and clinical processes (a mitochondrial
hypothesis). Neuromolecular Med. 2007;9(1):21-33.

Godin O, Tzourio C, Maillard P, et al. Apolipoprotein E genotype is
related to progression of white matter lesion load. Stroke. 2009;40(10):
3186-3190.

McCarron MO, Delong D, Alberts MJ. APOE genotype as a risk factor for
ischemic cerebrovascular disease: a meta-analysis. Neurology. 1999;53(6):
1308-1311.

Polvikoski T, Sulkava R, Haltia M, et al. Apolipoprotein E, dementia,

and cortical deposition of B-amyloid protein. N Engl ] Med. 1995;333(19):
1242-1247.

Barber R, Gholkar A, Scheltens P, et al. Apolipoprotein E ¢4 allele,
temporal lobe atrophy, and white matter lesions in late-life dementias.
Arch Neurol. 1999;56(8):961-965.

Hirono N, Yasuda M, Tanimukai S, et al. Effect of the apolipoprotein E &4
allele on white matter hyperintensities in dementia. Stroke. 2000;31(6):
1263-1268.

Wolk DA, Dickerson BC; Alzheimer’s Disease Neuroimaging Initiative.
Apolipoprotein E (APOE) genotype has dissociable effects on memory
and attentional-executive network function in Alzheimer’s disease.

Proc Natl Acad Sci U S A. 2010;107(22):10256-10261.

Au R, Massaro JM, Wolf PA, et al. Association of white matter
hyperintensity volume with decreased cognitive functioning: the
Framingham Heart Study. Arch Neurol. 2006;63(2):246-250.

American Psychiatric Association. Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition. Washington, DC: American Psychiatric
Association; 1994.

McKhann G, Drachman D, Folstein M, et al. Clinical diagnosis of
Alzheimer’s disease: report of the NINCDS-ADRDA Work Group under
the auspices of Department of Health and Human Services Task Force

on Alzheimer’s Disease. Neurology. 1984;34(7):939-944.

Petersen RC, Smith GE, Waring SC, et al. Mild cognitive impairment:
clinical characterization and outcome. Arch Neurol. 1999;56(3):303-308.
Hong YJ, Yoon B, Shim YS, et al. APOE &4 allele status in Korean
dementia patients with severe white matter hyperintensities. ] Alzheimers
Dis. 2011;24(3):519-524.

Kang Y, Na DL, Hanhn S. A validity study on the Korean Mini-Mental
State Examination (K-MMSE) in dementia patients. ] Korean Neurol
Assoc. 1997;15:300-307.

Morris JC. The Clinical Dementia Rating (CDR): current version and
scoring rules. Neurology. 1993;43(11):2412-2414.

Sheikh JI, Yesavage JA. Geriatric Depression Scale (GDS): recent evidence
and development of a shorter version. In: Brink TL, ed. Clinical
Gerontology: A Guide to Assessment and Intervention. New York, NY:
Haworth Press; 1986:165-173.

Kang Y, Na DL. Seoul Neuropsychological Screening Battery (SNSB). Seoul,
Republic of Korea: Human Brain Research and Consulting Co; 2003.

J Clin Psychiatry 73:12, December 2012



White Matter Hyperintensities, APOE, and Cognitive Impairment

25. Fazekas F, Chawluk JB, Alavi A, et al. MR signal abnormalities at 1.5 T
in Alzheimer’s dementia and normal aging. AJR Am ] Roentgenol. 1987;
149(2):351-356.

26. Scheltens P, Barkhof F, Leys D, et al. A semiquantative rating scale for
the assessment of signal hyperintensities on magnetic resonance imaging.
J Neurol Sci. 1993;114(1):7-12.

27. Wenham PR, Price WH, Blandell G. Apolipoprotein E genotyping
by one-stage PCR. Lancet. 1991;337(8750):1158-1159.

28. Lesser IM, Boone KB, Mehringer CM, et al. Cognition and white matter
hyperintensities in older depressed patients. Am ] Psychiatry.
1996;153(10):1280-1287.

29. Knopman DS. Dementia and cerebrovascular disease. Mayo Clin Proc.
2006;81(2):223-230.

30. Hedden T, Van Dijk KR, Shire EH, et al. Failure to modulate attentional
control in advanced aging linked to white matter pathology. Cereb Cortex.
2012;22(5):1038-1051.

31. DeCarli C, Murphy DG, Tranh M, et al. The effect of white matter
hyperintensity volume on brain structure, cognitive performance, and
cerebral metabolism of glucose in 51 healthy adults. Neurology. 1995;
45(11):2077-2084.

32. Erixon-Lindroth N, Farde L, Wahlin TB, et al. The role of the striatal
dopamine transporter in cognitive aging. Psychiatry Res. 2005;138(1):
1-12.

33. Murray ME, Senjem ML, Petersen RC, et al. Functional impact of white
matter hyperintensities in cognitively normal elderly subjects. Arch
Neurol. 2010;67(11):1379-1385.

34. Marra C, Bizzarro A, Daniele A, et al. Apolipoprotein E &4 allele
differently affects the patterns of neuropsychological presentation in
early- and late-onset Alzheimer’s disease patients. Dement Geriatr Cogn
Disord. 2004;18(2):125-131.

35. van der Vlies AE, Pijnenburg YA, Koene T, et al. Cognitive impairment in
Alzheimer’s disease is modified by APOE genotype. Dement Geriatr Cogn
Disord. 2007;24(2):98-103.

36. Lehtovirta M, Soininen H, Helisalmi S, et al. Clinical and
neuropsychological characteristics in familial and sporadic Alzheimer’s
disease: relation to apolipoprotein E polymorphism. Neurology. 1996;
46(2):413-419.

37. Smith GE, Bohac DL, Waring SC, et al. Apolipoprotein E genotype
influences cognitive ‘phenotype’ in patients with Alzheimer’s disease
but not in healthy control subjects. Neurology. 1998;50(2):355-362.

38. Hashimoto M, Yasuda M, Tanimukai S, et al. Apolipoprotein E e4 and
the pattern of regional brain atrophy in Alzheimer’s disease. Neurology.
2001;57(8):1461-1466.

39. Geroldi C, Pihlajamiki M, Laakso MP, et al. APOE-¢4 is associated with
less frontal and more medial temporal lobe atrophy in AD. Neurology.
1999;53(8):1825-1832.

40. Agosta E Vossel KA, Miller BL, et al. Apolipoprotein E &4 is associated

Focus oN ALZHEIMER’S DISEASE AND RELATED DISORDERS E

41.

—_

42.

43.

44.

45.

46.

47.

48.

49.

51

—

52.

53.

with disease-specific effects on brain atrophy in Alzheimer’s disease and
frontotemporal dementia. Proc Natl Acad Sci U S A.
2009;106(6):2018-2022.

Lehtovirta M, Laakso MP, Soininen H, et al. Volumes of hippocampus,
amygdala and frontal lobe in Alzheimer patients with different
apolipoprotein E genotypes. Neuroscience. 1995;67(1):65-72.

Juottonen K, Lehtovirta M, Helisalmi S, et al. Major decrease in the
volume of the entorhinal cortex in patients with Alzheimer’s disease
carrying the apolipoprotein E &4 allele. ] Neurol Neurosurg Psychiatry.
1998;65(3):322-327.

Caselli RJ, Walker D, Sue L, et al. Amyloid load in nondemented

brains correlates with APOE e4. Neurosci Lett. 2010;473(3):168-171.
Reiman EM, Chen K, Liu X, et al. Fibrillar amyloid-p burden in
cognitively normal people at 3 levels of genetic risk for Alzheimer’s
disease. Proc Natl Acad Sci U S A. 2009;106(16):6820-6825.

Johnson KA, Gregas M, Becker JA, et al. Imaging of amyloid burden
and distribution in cerebral amyloid angiopathy. Ann Neurol. 2007;62(3):
229-234.

Dierksen GA, Skehan ME, Khan MA, et al. Spatial relation between
microbleeds and amyloid deposits in amyloid angiopathy. Ann Neurol.
2010;68(4):545-548.

Gurol ME, Irizarry MC, Smith EE, et al. Plasma -amyloid and white
matter lesions in AD, MCI, and cerebral amyloid angiopathy. Neurology.
2006;66(1):23-29.

Caselli RJ, Dueck AC, Locke DE, et al. Longitudinal modeling of frontal
cognition in APOE €4 homozygotes, heterozygotes, and noncarriers.
Neurology. 2011;76(16):1383-1388.

Sperling RA, Laviolette PS, O’Keefe K, et al. Amyloid deposition is
associated with impaired default network function in older persons
without dementia. Neuron. 2009;63(2):178-188.

. Weintraub S, Mesulam M. With or without FUS, it is the anatomy that

dictates the dementia phenotype. Brain. 2009;132(11):2906-2908.
Erkinjuntti T, Inzitari D, Pantoni L, et al. Research criteria for subcortical
vascular dementia in clinical trials. ] Neural Transm Suppl.
2000;59:23-30.

Fazekas F, Kleinert R, Offenbacher H, et al. Pathologic correlates of
incidental MRI white matter signal hyperintensities. Neurology. 1993;
43(9):1683-1689.

Lemmens R, Gorner A, Schrooten M, et al. Association of apolipoprotein
E €2 with white matter disease but not with microbleeds. Stroke. 2007;
38(4):1185-1188.

Editor’s Note: We encourage authors to submit papers for
consideration as a part of our Focus on Alzheimer’s Disease and
Related Disorders section. Please contact Eric M. Reiman, MD, at
ereiman@psychiatrist.com.

See supplementary material for this article at PSYCHIATRIST.COM.

J Clin Psychiatry 73:12, December 2012 PSYCHIATRIST.COM 1562



THE JOURNAL OF

W] CLINICAL PSYCHIATRY

Supplementary Material

Article Title: Association Between White Matter Hyperintensity Severity and Cognitive Impairment
According to the Presence of the Apolipoprotein E (APOE) €4 Allele in the Elderly:
Retrospective Analysis of Data From the CREDOS Study

Author(s): Sang Joon Son, MD; Kang Soo Lee, MD, PhD; Yunhwan Lee, MD, DrPH;
Jong Hwan Baek, MS; Seong Hye Choi, MD, PhD; Duk L. Na, MD, PhD;
Sang Won Seo, MD, PhD; Byoung Hoon Oh, MD, PhD; and Chang Hyung Hong, MD, PhD

DOI Number: 10.4088/JCP.12m07702

List of Supplementary Material for the article

1. eTablel Effect of the APOE €4 Allele on Cognitive Impairment

Disclaimer

This Supplementary Material has been provided by the author(s) as an enhancement to the published article. It
has been approved by peer review; however, it has undergone neither editing nor formatting by in-house editorial
staff. The material is presented in the manner supplied by the author.

© Copyright 2012 Physicians Postgraduate Press, Inc.



Supplementary eTable 1. Effect of the APOE €4 Allele on Cognitive Impairment

Model 12 Model 2P
Function Test
OR (95% CI) 0 OR (95% CI) 0
Language K-BNT 1.29(1.14-1.46) <.001 1.31(1.15-1.49) <.001
SVLT-
Verbal memory 2.47(2.15-2.83) <.001 2.50(2.18-2.88) <.001
delayed recall
i i RCFT-
Visuospatial 2.30(2.01-2.63) <.001 2.35(2.06-2.69) <.001
memory delayed recall
. Digit _
Attention 'gIt span 1.17(1.03-1.33) 016 1.20(1.06-1.36) 005
backward
Stroop test-
roop e 130(1.15-147) <001 135(1.19-1.53) <001
Frontal/ executive color reading
Function
COWAT 142(1.25-1.61) <.001 1.48(1.30-1.68) <.001

@ Model 1: Adjusted by age, gender, education, illness duration, cerebrovascular risk factors (hypertension, diabetes,
hyperlipidemia, cardiac disease), and depression score; ® Model 2: Model 1+ Adjusted by white matter hyperintensities
severity.

Abbreviation: K-BNT=Korean Boston Naming Test, SVLT=Seoul Verbal Learning Test, RCFT=Rey-Complex Figure Test,
COWAT=Controlled Oral Word Association Test, OR=0dd Ratio; CI=Confidence Interval.



