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Abstract

Aim—To assess whether the APOE4 genotype affects the relationship of long-term glycemic

control with cognitive function in elderly with type 2 diabetes (T2D).

Methods—Participants were cognitively normal and pertained to a Diabetes Registry which

provided access to HbA1c levels and other T2D related factors since 1998. Glycemic control was

defined as the mean of all HbA1c measurements available (averaging 18 measurements) per

subject. Four cognitive domains (episodic memory, semantic categorization, attention/working

memory and executive function), based on factor analysis and an overall cognitive score (the sum

of the 4 cognitive domains) were the outcome measures.
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Results—The analysis included 808 subjects; 107 (11.9%) subjects had ≥1ApoE4 allele. In

ApoE4 carriers, higher mean HbA1c level was significantly associated with lower scores on all

cognitive measures except attention/working memory (p-values ranging from 0.047 to 0.003). In

ApoE4 noncarriers, higher mean HbA1c level was significantly associated with lower scores on

executive function, but not with other cognitive measures—despite the larger sample size.

Compared to non- carriers, there were significantly stronger associations in ApoE4 carriers for

overall cognition (p=0.02), semantic categorization (p=0.03) and episodic memory (p=0.02), and

the difference for executive function approached statistical significance (p=0.06).

Conclusion—In this cross-sectional study of cognitively normal T2D subjects, higher mean

HbA1c levels were generally associated with lower cognitive performance in ApoE4 carriers, but

not in non-carriers, suggesting that ApoE4 affects the relationship between long-term glycemic

control and cognition, so APOE4 carriers may be more vulnerable to the insults of poor glycemic

control.
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Introduction

Type 2 Diabetes (T2D) has been consistently associated with cognitive decline and

dementia(Luchsinger, 2010). Several mechanisms have been suggested to underlie this

association(Ravona-Springer and Schnaider-Beeri, 2011), but no specific mechanism has

been determined, hindering the development of dementia prevention strategies in T2D.

Degree of glycemic control is a key determinant of micro and macrovascular complications

of T2D. High Hemoglobin A1c (HbA1c) levels, the gold standard measure of poor glycemic

control, are associated with poorer cognitive function(Yaffe et al., 2012) and brain

volume(Launer et al., 2011), suggesting that good glycemic control may be beneficial in

preventing cognitive decline and dementia in T2D. Nevertheless, this strategy cannot be

universally implemented in all T2D subjects given the increased risk for morbidity and

mortality observed in some patients(Gerstein et al., 2008). Additionally, when tested in T2D

subjects in general, strict glycemic control has demonstrated only limited efficacy in

preventing cognitive decline(Launer et al., 2011). It is therefore important to identify and

characterize T2D subjects who are at particularly high risk for cognitive impairment, and

therefore may most benefit from strategies to prevent cognitive decline and dementia.

ApoE4, a risk factor for cognitive decline and dementia(Liu et al., 2013) in its own right, has

been shown to modify the relationship between T2D and cognitive performance, since the

differences between T2D and non-T2D (i.e. poorer cognitive performance) were stronger for

those who carried ≥1 APOE ε4 alleles, both cross-sectional(Dore et al., 2009) and

longitudinally(Haan et al., 1999). Neuropathologically, the presence of APOE ε4 allele

enhanced the differences between T2D and non-T2D subjects in the numbers of

hippocampal and cortical neuritic plaques and neurofibrillary tangles (pathological

hallmarks of AD)and in the load of cerebral amyloid angiopathy(Peila et al., 2002); these

were higher in T2D subjects who were also ApoE4 carriers compared to subjects who

carried only one or none of these risk factors.
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To the best of our knowledge, within T2D, the contribution of the APOE4 genotype to the

relationship of degree of glycemic control with cognitive function has not been studied. The

aim of the present study was to analyze, cross-sectionally, the modifying effect of presence

of an ApoE4 allele on the association between long-term glycemic control (expressed as

HbA1c levels) and cognitive performance in a cognitively normal cohort of elderly T2D

subjects.

Experimental procedures

The IDCD is collaboration among the Icahn School of Medicine at Mount Sinai, the Sheba

Medical Center, and the Maccabi Healthcare Services (MHS). The study was approved by

all three IRB committees.

Sample

This study consists of elderly (≥ 65 years old) T2D subjects, who are engaged in the IDCD,

a longitudinal investigation assessing the relationship of long-term T2D characteristics and

cognitive decline. The study is ongoing, but longitudinal follow up began recently, so the

present results are based on baseline data only. Design and detailed methods have been

published elsewhere(Ravona-Springer et al., 2013). Briefly, subjects were randomly selected

from the approximately 11,000 T2D individuals that are in the diabetes registry of the MHS,

the second largest HMO in Israel. The MHS diabetes registry collects detailed laboratory,

medication and diagnosis information since 1998 and is an integral part of the MHS

Electronic Patient Record (EPR) system. Entry criteria to the registry are any of the

following: 1) HbA1c >7.25%, 2) Glucose >200mg/dl on two exams more than three months

apart, 3) purchase of diabetic medication twice within three months supported by a

HbA1c>6.5% or Glucose>125 mg/dl within half a year, 4) diagnosis of Type 2 diabetes

(ICD9 code), supported by a HbA1c>6.5% or Glucose>125 mg/dl within half a year. These

criteria have been validated by twenty physicians in MHS against their own practice

records(Heymann et al., 2006).

Eligibility criteria for the study

Subjects were eligible for the IDCD study if they were listed in the MHS diabetes registry,

living in the central area of Israel, aged ≥65 years, cognitively normal at baseline, not

suffering from major medical or neuropsychiatric conditions that affect cognition, had

≥3HbA1c measurements in the diabetes registry, spoke Hebrew fluently and had contact

with an informant for the study.

Subject recruitment process

(Figure 1): The recruitment process has been described in detail elsewhere(Ravona-Springer

et al., 2013). Shortly, the MHS Diabetes Registry was thoroughly reviewed, potential

subjects were randomly selected, contacted by mail and then by phone and asked if they

were willing to participate. Consenting subjects were assessed in two phases optimally two

weeks apart. First they were visited by a study physician who obtained signed informed

consent; performed medical, neurological, geriatric and nutritional assessments; and drew

blood for inflammatory markers (Il-6, CRP), Haptoglobin, and APOE genotypes. In the
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second phase, the potential subjects were visited by a neuropsychologist who administered a

cognitive battery, and questionnaires to the potential subject and informant for cognitive and

functional impairment and for depression and behavioral disturbances characteristic of

dementia. All the data collected was discussed by a multidisciplinary consensus conference

team (which included a psychiatrist or a neurologist with expertise in dementia, and a

neuropsychologist) in order to define the subjects' cognitive status (as cognitively normal,

MCI, or dementia and their subtypes). For eligibility, subjects had to be cognitively normal

at baseline.

Cognitive assessment

Clinical Dementia Rating (CDR) scale—assesses, through an interview with the

subject and an informant, the existence and severity of cognitive and functional

impairments.(Fillenbaum et al., 1996).

Mini Mental State Exam (MMSE)—This questionnaire assesses orientation,

concentration, memory, and language(Folstein et al., 1975).

Outcome measures—were based on a comprehensive neuropsychological battery. All

neuropsychological test scores were transformed into standardized scores. Factor analysis

revealed four cognitive domains, which were then scored as totals of z scores of highly

loading variables (reversed as necessary so that high values indicated good cognition):

episodic memory (word list immediate and delayed recall, and recognition from the CERAD

neuropsychological battery); semantic categorization (letter and category fluency, and

similarities); attention/working memory (diamond cancellation test, digit span forward and

backward), and executive factor (trails making A and B, and the digit symbol test). An

overall cognitive score was the sum of the scores of all four domains(Ravona-Springer et al.,

2013).

HbA1c: HbA1c values were extracted from the Diabetes Registry. The mean of all HbA1c

measurements (averaging 18 assessments per subject since entry into the Diabetes Registry)

were used in the present analysis.

ApoE4 analysis: DNA was extracted from blood taken during the physicians' assessment.

APOE genotypes were determined at Polymorphic DNA Technologies

(polymorphicdna.com, Alameda, CA).

Covariates

The socio-demographic covariates were age at the time of cognitive assessment, years of

education, sex and number of follow up years in the registry (a surrogate for duration of

T2D). The cardiovascular covariates were BMI, creatinine, total cholesterol, triglycerides,

diastolic and systolic blood pressure, and anti-diabetes medications. These covariates were

chosen based on previous findings regarding risk factors for cognitive decline and dementia.

To reflect cardiovascular profile over years of T2D, we used the average of all the subject’s

measurements available in the MHS Diabetes Registry for the cardiovascular measures.

BMI was defined based on weight and height measured at the IDCD baseline (weight/
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height2). T2D medications were classified as no medications (never received anti-diabetic

medications), treated with insulin only, treated with hypoglycemic medications only, and

combination of insulin and hypoglycemic medications (not necessarily concomitantly)

Statistical Analyses

The present analysis assesses, cross-sectionally, the relationship of long-term glycemic

control (mean (mean HbA1c) of all HbA1c measurements available at the Diabetes

Registry) with cognitive function at the IDCD baseline visit stratified by Apo E4 status. For

descriptive purposes, differences between ApoE4 carriers and non-carriers on socio-

demographic and cardiovascular characteristics were evaluated by Student’s t-test and

Pearson’s chi square. Differences on the five cognitive measures were evaluated by analysis

of covariance, controlling for the socio-demographic and cardiovascular variables. Partial

correlations of mean HbA1c with the cognitive measures, in the total sample and each

ApoE4 status, also controlled for these covariates. Fisher’s z-transformation was used to

compare the partial correlations in ApoE4 carriers and non-carriers.

Recently, variability in glycemic control over time has emerged as a risk factor for T2D

complications(Sugawara et al., 2012). Thus, in secondary analysis, we took advantage of the

numerous measurements of HbA1c that the IDCD has for each subject and repeated the

analyses and examined the variability of HbA1c (calculated by the standard deviation of

HbA1c for each subject) with cognitive outcomes, stratified by APOE4 genotype.

Results

Eight hundred and eight subjects were included in the analysis. The socio-demographic and

cardiovascular characteristics of the sample are described in Table 1. The mean age of the

sample was 71.98, the majority were males (60%), mean number of years in the registry was

10.48, mean HbA1c level was 6.78%, consistent with good overall glycemic control and

mean score in MMSE is 28.00 consistent with a cognitively normal status. At least one

ApoE4 allele was present in 107 (11.9%) subjects (4 homozygotes). The majority of subjects

were treated by anti-diabetic medications; 77.1% with oral hypoglycemic medications only,

0.7%) with Insulin only and 8.7 with a combination of oral hypoglycemic medications and

Insulin. ApoE4 carriers did not differ significantly (p <0.05) from non-carriers on any of the

12 demographic and cardiovascular variables tested (Table 1). ApoE 4 carriers performed

better in the five cognitive domains, however, the difference in cognitive performance was

not statistically significant after controlling for socio-demographic and cardio-vascular

variables: overall cognitive score, p=0.17; semantic categorization, p=0.06; attention/

working memory, p=0.58; executive function, p=0.09; and episodic memory, p=0.69.

The relationship between mean HbA1c and cognition differed significantly between ApoE4

carriers and non-carriers. In ApoE4 carriers, higher mean HbA1c level was significantly

associated with lower scores on all cognitive measures except attention/working memory

(Table 2). In ApoE4 non-carriers, higher mean HbA1c level was significantly associated

with lower scores on executive function, but was not significantly associated with other

cognitive measures—despite the much larger sample size. The associations were

significantly larger in magnitude among ApoE4 carriers for overall cognition (p=0.02),
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semantic categorization (p=0.03) and episodic memory (p=0.02), and the difference for

executive function approached statistical significance (p=0.06), compared to non-carriers

(Table 2).

Discussion

In cognitively normal elderly T2D subjects, higher mean HbA1c levels—based on repeated

HbA1c measurements over years—are associated with lower cognition scores in ApoE4

carriers compared to non-carriers in all cognitive outcomes but attention/working memory.

These differences suggest that ApoE4 modifies the association between long-term glycemic

control and cognition, making carriers of this allele more vulnerable to the insults of worse

glycemic control.

To the best of our knowledge, this is the first study to report, within T2D subjects, the

contribution of the APOE4 genotype to the relationship of long-term glycemic control and

cognitive performance. Previous studies assessing the modifying effect of Apo E genotype

on the relationship of T2D, irrespective of degree of glycemic control, with cognition or

dementia, demonstrated that dementia-free subjects who had both T2D and ApoE4 allele,

were at substantially higher risk of cognitive decline (Haan et al., 1999) and dementia (Peila

et al., 2002) at follow up compared to non-diabetic ApoE4 non-carriers. Apo E4 allele

exacerbated the effect of midlife diabetes on rate of decline in several cognitive domains-

verbal memory, attention and visuospatial abilities(Bangen et al., 2013). The cognitive

domains affected were similar to those affected in the present study (except for visuospatial

abilities- not assessed in the present study). In non T2D subjects (Barnes et al., 2013; Caselli

et al., 2011; Praetorius et al., 2013), memory was the cognitive domain most impaired in

ApoE4 genotype carriers. This may suggest that in T2D subjects, ApoE4 has a different,

perhaps more extensive—for example increased amount of cerebral amyloid angiopathy in

addition to higher burden on neurofibrillary tangles and amyloid plaques (Peila et al., 2002)

—role in brain pathology, in addition to its effect on mid-temporal AD-related

neuropathology.

HbA1c levels have been shown to be associated with increased risk for worse cognitive

function and dementia(Yaffe et al., 2012). Improvement in glycemic control in elderly T2D

subjects has been shown to improve cognitive performance in some(Meneilly et al., 1993),

but not all previous studies(Hewer et al., 2003). These discrepancies may be partially

explained by differential effects of the APOE4 status on the relationships of glycemic

control and cognition suggesting heterogeneous vulnerability of T2D subjects to the effects

of worse glycemic control on cognition.

Hyperglycemia is associated with accelerated formation of advanced glycation end products

(AGEs), which decrease the solubility and increase resistance of several proteins present in

neurofibrillary tangles (NFTs) and senile plaques(Smith et al., 1994). ApoE4 allele was

associated with a greater burden of senile plaques, NFTs and amyloid angiopathy in the

brains of T2D subjects(Peila et al., 2002). ApoE4 may further exacerbate T2D

neuropathology due to reduced ability to repair neuronal damage and decrease antioxidant

activity(Liu et al., 2013).
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Surprisingly, ApoE4 was not significantly associated with worse cognitive

performance(Bangen et al., 2013). A possible explanation is that subjects were included in

the present study after several screening procedures that ensured they are cognitively normal

and thus, they may carry factors that protect their cognition, offsetting APOE4 deleterious

effects. Our finding, however, is consistent with findings from others that included only

cognitively intact subjects who were at increased risk for dementia by being

nonagenerians(Carrion-Baralt et al., 2009).

Previous studies have demonstrated that within cognitively normal subjects, cognitive

performance in the lower, albeit normal, range, is associated with increased risk for

dementia(Weinstein et al., 2013). Thus, although the contributions of the interrelationships

of HbA1c and Apo E status to dementia will become clearer only when the longitudinal

follow-up assessments of the IDCD become available, the present results provide

preliminary evidence for the role of Apo E and degree of long-term glycemic control in the

identification of T2D subjects who may be at particularly higher risk for dementia.

There are several limitations to the present report. First, it is based on cross-sectional data

and thus causality cannot be inferred. The possibility that an incipient dementia process is

underlying poor self-care leading to worsening HbA1c levels in APOE4 carriers, who are at

higher risk for dementia, cannot be ruled out. Brain imaging was not performed in this

study, thus limiting our ability to evaluate the contribution of cerebrovascular abnormalities

to the present findings. Women are slightly underrepresented in the study. Strengths of this

study include the large sample, validated T2D diagnosis for each subject, an average of 18

HbA1c measurements and other diabetes-related characteristics, strong validity for risk

factor levels and medical diagnosis, and a thorough cognitive evaluation.
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Figure 1. Study Flow Chart
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Table 1

demographic and cardiovascular characteristics of the sample by Apo E4 status.

ApoE4+*
Mean
(SD)

ApoE4−
*
Mean
(SD)

Total
sample

P*

n 107 701 808

Age 72.28
(4.72)

71.94
(4.68)

71.98
(4.69)

0.48

Sex (percent
females)

42 39 40 0.58

Years of
education

13.68
(3.49)

13.05
(3.43)

13.13
(3.44)

0.08

Years of
follow up in
the registry

10.26
(1.86)

10.51
(1.28)

10.48
(1.37)

0.08

BMI* 28.73
(4.53)

28.24
(4.37)

28.31
(4.38)

0.29

Creatinine 0.99 (0.19) 0.99
(0.25)

0.99
(0.25)

0.99

Diastolic
BP*

85.55
(15.35)

82.98
(15.34)

83.32
(15.35)

0.11

Systolic BP 166.01
(9.75)

165.79
(9.64)

165.82
(9.65)

0.83

Cholesterol 180.93
(27.48)

180.32
(24.40)

180.40
(24.81)

0.82

Triglycerides 159.24
(96.47)

156.29
(57.32)

156.68
(63.80)

0.66

Diabetes
medications

1.93 (0.06) 2.06
(0.70)

2.04
(0.68)

0.80

HbA1c (%) 6.75 (0.74) 6.79
(0.78)

6.79
(0.77)

0.58

*
BMI= Body mass index, BP= blood pressure, HbA1c=Hemoglobin A1c, p for difference between Apo E4+ and Apo E4 −
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Table 2

partial correlations between mean HbA1c and cognitive scores by Apo E4 status*

Apo E status ApoE4+
df=89,
n=107

Apo E4−
df=652,
n=701

Total
df=744,
n=808

Difference

Cognitive domain r (p) r (p) r (p) P**

Overall cognitive
score

−0.30 (0.003) −0.07 (0.07) −0.115 (0.002) 0.02

Semantic
categorization

−0.27 (0.01) −0.06 (0.15) −0.080 (0.029) 0.03

Attention/working
memory

−0.09 (0.41) −0.02 (0.53) −0.047 (0.20) 0.29

Executive
function

−0.28 (0.007) −0.11 (0.004) −0.15 (<0.0001) 0.06

Episodic memory −0.21 (0.047) 0.01 (0.75) −0.031 (0.399) 0.02

*
Controlling for: Sex, age, years of education, BMI, creatinine, triglycerides, cholesterol, diastolic blood pressure, systolic blood pressure, years of

follow up in the Diabetes Registry, anti-diabetes medication (none/ only oral hypoglycemic medications/ only Insulin/ combination of oral
hypoglycemic medications and insulin)

**
Significance of differences between correlations of Apo E4 carriers and non-carriers
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