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OBJECTIVE

We assessed whether the apolipoprotein «4 (APOE4) genotype affects the rela-
tionship of variability in long-term glycemic control (measured by HbA1c SD of
multiple measurements) with white matter hyperintensities (WMHs) in elderly
patients with type 2 diabetes (T2D).

RESEARCH DESIGN AND METHODS

WMH volume was generated from structural T1 and fluid-attenuated inversion
recovery MRI in each subject. The analysis included 124 subjects; 27 (21.8%) had
one or more APOE4 alleles.

RESULTS

HbA1c variability was associated with significantly higher WMH in APOE4 carriers
(r 5 0.47, P 5 0.03), controlling for age, sex, mean HbA1c, number of follow-up
years, and a composite of cardiovascular risk factors, but not in noncarriers (r 5
20.04, P 5 0.71; P for interaction 5 0.050).

CONCLUSIONS

The results suggest that the APOE4 genotype affects the relationship of long-term
glycemic control with WMH load so that APOE4 carriers may be more vulnerable
to the insults of poor control.

Type 2 diabetes (T2D) has been associated with cognitive decline and dementia (1).
Neuroimaging studies have examined the neural correlates of cognitive impairment
in T2D, revealing white matter hyperintensities (WMHs), which are believed to
reflect ischemic injury, and cortical and subcortical atrophy, which may underlie
observed cognitive changes (2).
The mechanisms by which long-term deleterious T2D processes affect the brain

are unknown. Variability in HbA1c (percent of glycated hemoglobin) has been asso-
ciated with cognitive decline (3) and T2D complications (4) beyond the effects of
high mean HbA1c.
The apolipoprotein e4 (APOE4) allele is a major risk factor for cognitive decline

and dementia (5).We have recently reported that higher HbA1c levels are associated
with lower cognitive performance in APOE4 carriers but not in noncarriers, suggest-
ing higher vulnerability of APOE4 carriers to the effects of poor glycemic control on
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cognition (6). Furthermore, the association
of the APOE4 and WMH in elderly pa-
tients is controversial, with some stud-
ies reporting an association of the
APOE4 allele with increasing WMHs
and cerebral microbleeds (7) and others
failing to find such association (8).
Evidence indicating that the APOE ge-

notype modifies the relationship of
glycemic control withWMH in T2D could
provide insight into the mechanisms un-
derlying the association between APOE
and risk for cognitive decline and identify
specific groups at particularly high risk. In
this study, we investigated the interrela-
tionships of the APOE genotype with
long-term variability of glycemic control
and WMH. We hypothesized that poor
glycemic control is more strongly associ-
ated with WMHs in APOE4 carriers.

RESEARCH DESIGN AND METHODS

Participants were recruited from the Is-
rael Diabetes and Cognitive Decline
(IDCD) study, for which long-term infor-
mation on HbA1c exists. IDCD is a collab-
oration of the Icahn School of Medicine
at Mount Sinai (New York, NY), Sheba
Medical Center (Tel HaShomer, Israel),
and Maccabi Health Services (MHS)
(Tel Aviv, Israel). The IDCD study design
has been previously described in detail
(9). Briefly, community-dwelling Israeli
elderly individuals with T2D ($65 years
old) were recruited from the MHS dia-
betes registry (Supplementary Fig. 1).
Participants had complete APOE geno-
typing, demographic, and T2D-related
characteristic data. Criteria for enroll-
ment into the IDCD study were having
T2D; having normal cognition on entry;
being free of any neurological (e.g.,
Parkinson disease, stroke), psychiatric
(e.g., schizophrenia), or other diseases
(e.g., alcohol or drug abuse) that might
affect cognition; having an informant;
being fluent in Hebrew; and living in the
area of Tel Aviv. The study was approved
by Mount Sinai, Sheba, and MHS insti-
tutional review board committees. Par-
ticipants provided signed informed
consent.
For each participant, HbA1c variability

was defined as the SD from the average
level across 17.92 (9.22) HbA1cmeasure-
ments. DNA was extracted from blood
samples. APOE genotypes were deter-
mined at Polymorphic DNA Technologies
(Alameda, CA) and dichotomized as APOE4
carriers and noncarriers.

Randomly selected participants from
the IDCD cohort were invited to undergo
MRI. MRI scans were performed at the
Sheba diagnostic imaging department
on a 3-T scanner (Signa HDxt 16V02;
GE Medical Systems, Waukesha, WI).
High-resolution (1-mm3) images were
acquired by using a three-dimensional
fast spoiled gradient echo T1-weighted
sequence (repetition time 7.3 s, echo
time 2.7 s, flip angle 208, inversion
time 450 ms). Next, a T2-weighted fluid-
attenuated inversion recovery sequence
(repetition time 9,500 ms, echo time
123 ms, axial slice width and gap 3 and
0.4 mm, field of view 22 cm, 64 3 64
matrix, flip angle 908) was acquired.

WMH Segmentation
We used Statistical Parameter Mapping
version 8 software (www.fil.ion.ucl.ac
.uk/spm) and its VBM8 Lesion Segmen-
tation Toolbox (LST), following previ-
ously described methods (10). The LST
automated method for quantifying
white matter damage is reliable and
has been shown to have a high degree
of agreementwithmanual delineation of
WMH in fluid-attenuated inversion re-
covery images (10). The default LST set-
tings were used with the exception of
k (k), a value indicating the threshold for
the initial lesion mask. Visual inspection
of the probability maps across partici-
pants by using various k values, to
maximize sensitivity while reducing
false positive results, indicated that a
k 5 0.15 was the optimal value for our
sample images. This procedure gener-
ated one binary lesion image per partic-
ipant from which a total lesion volume
(in milliliters) map was calculated.

Statistical Analysis
The skewedness and kurtosis were 1.49
and 1.61 for HbA1c variability, respec-
tively, and 1.70 and 3.16 for WMH,
respectively, suggesting nonnormal dis-
tributions of the variables. Thus, we ap-
plied square-root transformation to
both variables, which improved skewed-
ness and kurtosis for HbA1c to 0.96 and
0.12 and to 0.70 and20.05 forWMH, so
the normalized variableswere used in all
analyses. We assessed the relationship
of long-term glycemic variability with
WMHs by using a general linear model
analysis controlling for age, sex, num-
ber of follow-up years in the registry (a
surrogate of duration of T2D), and

mean HbA1c level. We also controlled
for a cardiovascular risk component
derived from the first principal compo-
nent of factor analyses, which com-
prised systolic and diastolic blood
pressure, LDL and HDL cholesterol, and
creatinine. The interaction of APOE4
genotype with HbA1c was assessed. We
then repeated this analysis by using
partial correlations stratified by APOE
genotype (comparing APOE4 allele car-
riers and noncarriers), controlling for
the same factors. Fisher z transforma-
tion was used to compare these partial
correlations.

Differences between APOE genotyping
on sociodemographic or medical charac-
teristics were evaluated by Student t test
and Pearson x2 test. P5 0.05 (two-sided)
was used to determine statistical signif-
icance. For analysis, we used SPSS ver-
sion 19.0 software (IBM Corporation,
Chicago, IL).

RESULTS

Participants (n5 124; 27 APOE4 carriers
[21.8%] and 97 noncarriers [78.2%]) had
mean age of 71.50 (3.79) years. The
number of years in the MHS registry
was 8.61 (2.45), ranging from 3 to 18
years. Mean HbA1c level was 6.70
(0.85) and mean HbA1c SD level was
0.563 (0.476). The majority of partici-
pants were male (61.4%). APOE4 car-
riers did not differ significantly from
noncarriers on any demographic or
medical characteristics (age P 5 0.82,
sex P 5 0.99, HbA1c P 5 0.30, HbA1c SD
P 5 0.45, years in the registry P 5 0.62,
numberofHbA1cmeasurementsP50.41)
or onWMH volume (APOE4 carriers 11.06
[11.27], APOE4 noncarriers 12.95 [12.55],
P50.48).Mean levels of HbA1c correlated
with HbA1c SD (r5 0.57, P, 0.001).

In the overall sample, HbA1c variabil-
ity was not associated with WMHs (r 5
0.11, P 5 0.24). However, we found a
significant interaction of APOE4 geno-
type with HbA1c on WMH (F [1,112] 5
3.94, P 5 0.050), controlling for age,
sex, years in the registry, mean HbA1c,
and related cardiovascular factors. In
secondary analyses, the association
between HbA1c variability and WMH
volume differed significantly between
APOE4 carriers and noncarriers. In the
stratified analysis, APOE4 carrier WMH
volumewas significantly associatedwith
HbA1c variability (r5 0.47, P5 0.03). No
association was found in the APOE4
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noncarriers (r 5 20.04, P 5 0.71). Com-
parison of these correlations using Fisher
z transformation showed significant dif-
ferences between the APOE4 carriers
and noncarriers (P 5 0.01) (Fig. 1).

CONCLUSIONS

The findings indicate that in patients
with T2D, long-term glycemic control
variability is associated with higher
WMH load in APOE4 carriers but not in
APOE4 noncarriers, suggesting that
APOE4 carriers are potentially more sus-
ceptible to the deleterious effects of
poor glycemic control on the brain. Con-
sistent with these results, APOE4 car-
riers do not have more WMHs than
noncarriers among T2D patients with
dementia (8). Also in line with the cur-
rent findings, in elderly subjects with-
out dementia, the association of white
matter integrity with T2D (reflecting
higher HbA1c levels compared with
non-T2D) is exacerbated among APOE4
carriers (11).
Glycemic control variability was cal-

culated as the SD of numerousmeasures
of HbA1c per patient, thus comprising a
long-term glycemic control measure-
ment. Glycemic control variability has
been associated with T2D microvascular
complications, such as nephropathy and
microalbuminuria (4,12), independently
ofmeanHbA1c in T2D. Both hyperglycemia

(13) and hypoglycemia (14) have been as-
sociated with increased dementia risk.
Thus, HbA1c variabilitymaybetter capture
the contributions to brain disease of pe-
riods of dangerously high or low HbA1c
levels because if a risk factor includes
both very high and low levels, the average
of a mixture of extremes could mimic
optimality.

Previous studies examined the asso-
ciation of T2D and glycemic control
with WMH, showing inconsistent re-
sults. By using volumetric assessment
rather than visual rating scales, an in-
crease of WMH associated with T2D
was found (15). Additionally, WMHs
were associated with elevated levels
of HbA1c in elderly subjects without de-
mentia (16). Other studies did not find
such associations (17). This inconsis-
tency may be explained by the diversity
of WMH quantification methodology
(2) or, as implied from the current re-
sults, by interactions with disease fac-
tors such as HbA1c variability and APOE
genotype.

Study strengths are the random selec-
tionof participants from the IDCD study, a
cohort representative of elderly patients
with T2D in Israel; the highly valid diagno-
sis of T2D; and the availability of long-
term data on HbA1c and covariates. The
primary limitation of the study is that the
results, although robust and significant,

are based on a relatively modest sample
size of APOE4 carriers, thus requiring con-
firmation in future studies.

In summary, the results indicate
modification by APOE genotype of the
association between HbA1c variability
and WMH in patients with T2D. This
suggests that a common underlying
mechanism for glycemic variability
and the APOE genotype play a role in
WMH load, leading to differential brain
vulnerability of patients with T2D to
poor glycemic control.
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