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Abstract

Aims/hypothesis—The purpose of this study was to investigate whether the association of 

glycaemic control with cognitive function is modulated by the haptoglobin 1-1 (Hp 1-1) genotype 

in cognitively normal elderly with type 2 diabetes.

Methods—In this cross-sectional study, we examined 793 participants who were genotyped for 

Hp (80 Hp 1-1 carriers and 713 Hp 1-1 non-carriers) enrolled in the Israel Diabetes and Cognitive 

Decline (IDCD) study. Glycaemic control was operationally defined by HbA1c level. The outcome 

measures were performance in four cognitive domains (episodic memory, attention/working 

memory, language/semantic categorisation, executive function) and overall cognition, a composite 

of the domains. Effect sizes were obtained from hierarchical linear regression analyses for each 

outcome measure, controlling for demographics, type 2 diabetes-related characteristics, 

cardiovascular risk factors, and their interactions with Hp genotype.

Results—Interaction analyses showed significantly stronger associations of HbA1c with poorer 

cognitive function among Hp 1-1 carriers than non-carriers; attention/working memory (p < 0.001) 
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and overall cognition (p = 0.003). For these two cognitive domains, associations were significant 

for Hp 1-1 carriers despite the small sample size (p < 0.00001 and p = 0.001, respectively), but not 

for non-carriers.

Conclusions/interpretation—Our findings suggest that patients with type 2 diabetes and poor 

glycaemic control carrying the Hp 1-1 genotype may be at increased risk of cognitive impairment, 

particularly in the attention/working memory domain. The association of glycaemic control with 

this domain may indicate cerebrovascular mechanisms.
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Introduction

Elderly individuals with type 2 diabetes are at increased risk for cognitive compromise and 

dementia, including vascular dementia and Alzheimer's disease (AD) [1-5], with genetic 

factors and poor management of type 2 diabetes among possible underlying causes. With the 

elderly population being the fastest growing segment of the population [6] and the 

accelerating rates of both type 2 diabetes [7, 8] and dementia [9, 10], better understanding of 

known and novel mechanisms that may affect cognition in type 2 diabetes is imperative for 

enhancement of public health.

The haptoglobin (Hp) gene produces a haemoglobin-binding protein that prevents oxidative 

tissue damage [11]. A recent study found more downregulation and oxidation of Hp in 

plasma of patients with mild cognitive impairment and AD compared with age-matched 

controls [12], and cerebrospinal fluid (CSF) Hp concentration was one of two biomarkers 

that improved discrimination of AD vs non-AD dementias, when used in combination with 

tau levels in comparison with tau alone [13]. Two classes of alleles at the Hp locus (1 and 2) 

yield three Hp genotypes 1-1, 2-1 and 2-2 [14]. While the Hp 2-2 genotype has been 

associated with increased type 2 diabetes complications, primarily increased myocardial 

infarction and mortality risk [15], Hp 1-1 appears to be associated with cerebral small vessel 

disease (SVD; e.g., lacunar infarcts and white matter lesions), which in turn is associated 

with deficits in working memory and processing speed [16].

We recently published that elderly patients with type 2 diabetes carrying the Hp 1-1 

genotype have poorer cognitive function than both Hp 1-2 and Hp 2-2 carriers (who have 

similar cognitive function) [17]. We also noted that the collective association of seven 

cardiovascular risk factors with cognition was significantly stronger among Hp 1-1 carriers 

[17]. HbA1c, the gold standard indicator of glycaemic control and a consistent predictor of 

type 2 diabetes micro- and macrovascular complications and of ischaemic stroke [18], has 

been associated with cognitive dysfunction and decline among cognitively normal elderly 

with [5] and without type 2 diabetes [19]. Similarly, HbA1c has been associated with 

incident mild cognitive impairment (MCI) or dementia [20]. The possible involvement of 

the Hp genotype in the association of glycaemic control with cognition may have clinical 

implications for more effective treatment for type 2 diabetes since some studies have shown 

that cognition can be improved with successful glycaemic control [21, 22]. Thus, this study 
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investigated whether the association of glycaemic control with cognitive function is 

modulated by the Hp 1-1 genotype in cognitively normal patients with type 2 diabetes. In 

addition, for descriptive purposes, cognitive functions were stratified into quartiles.

Methods

Participants

This study builds on the Israel Diabetes and Cognitive Decline (IDCD) study, which 

investigates the effects of long-term type 2 diabetes-related characteristics on cognitive 

decline. The IDCD study design has been previously described in detail [17]. Briefly, the 

IDCD recruited community-dwelling elderly with type 2 diabetes (65+ years old) living in 

central Israel, from approximately 11,000 clients enrolled in the diabetes registry of the 

Maccabi Healthcare Services (MHS). MHS is the second largest health maintenance 

organisation (HMO), treating a representative cross-section of 2 million citizens. The MHS 

diabetes registry was established in 1998 to facilitate diabetes management and to improve 

treatment. Any of the following criteria are sufficient for enrolment into the registry: (1) 

HbA1c >7.25% (55.7 mmol/mol); (2) glucose > 11.10 mmol/l on two exams more than 3 

months apart; (3) purchase of diabetic medication twice within 3 months supported by an 

HbA1c >6.5% (47.5 mmol/mol) or glucose > 6.94 mmol/l within half a year; (4) diagnosis of 

type 2 diabetes (ICD-9 code [www.icd9data.com/2007/Volume1]) by a general practitioner, 

internist, endocrinologist, ophthalmologist or type 2 diabetes advisor, supported by an 

HbA1c >6.5% (47.5 mmol/mol) or glucose > 6.94 mmol/l within half a year. These criteria 

have been validated by 20 physicians in the MHS against their own practice records [23]. 

IDCD inclusion criteria were having type 2 diabetes; normal cognition at entry; being free of 

any neurological (e.g., Parkinson's disease, stroke), psychiatric (e.g., schizophrenia) or other 

diseases (e.g., alcohol or drug abuse) that might affect cognition; and having an informant. 

Participants were assessed by a physician experienced in assessment and diagnosis of 

dementia, and by a neuropsychologist, who administered the broad neuropsychological 

battery.

The electronic medical records of potential participants are screened by the MHS team for 

diagnosis of dementia and its subtypes, and for cholinesterase inhibitors. Then MHS 

personnel ask potential participants on the phone, whether a doctor has ever told them that 

they have a memory problem, or if they have ever been treated for a memory problem. 

Participants responding positively are excluded from the study. Potential participants who 

pass this screen are then assessed by a physician at the Sheba Medical Center for dementia, 

and are administered the Clinical Dementia Rating (CDR) scale [24].

The CDR scale assesses the severity of cognitive and functional impairment in six domains 

(memory, orientation, judgment and problem solving, community affairs, home and hobbies, 

and personal care) through an interview with the participant and an informant. A score of 0 

represents normal cognition (an inclusion criteria for the IDCD study), 0.5 represents 

questionable dementia and scores of 1 to 3 reflect increasing severity of dementia [24, 25].

All participants are discussed by a diagnostic consensus conference that includes 

neurologists, psychiatrists and neuropsychologists experienced with dementia, with at least 

Guerrero-Berroa et al. Page 3

Diabetologia. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.icd9data.com/2007/Volume1


two specialties present. It is important to note that the neuropsychological battery is not used 

in the process of screening for normal cognition since it is used to calculate the cognitive 

outcome measures. Those with a CDR > 0 (reflecting questionable dementia or increasing 

levels of dementia severity) are excluded from the study and referred back to their primary 

physician. The Mini-Mental State Examination (MMSE) [26], which summarises various 

areas of cognitive functions (orientation, concentration, memory, language and visual 

construction), is used to describe the general level of cognitive performance of the sample.

Analyses include prospective historical diabetes-related data from the MHS and the baseline 

cognitive data collected by the IDCD. Longitudinal IDCD assessments are ongoing.

The sample for this study consisted of 793 IDCD participants with normal cognitive 

function as described above. All participants had complete data on Hp genotyping, cognitive 

domains, demographic characteristics, type 2 diabetes-related characteristics and 

cardiovascular risk factors (for details, see below). Of the 793 participants, 80 were Hp 1-1 

carriers and 713 were Hp 1-1 non-carriers. The study was approved by the Icahn School of 

Medicine at Mount Sinai, Sheba Medical Center, and MHS IRB committees. All participants 

provided signed informed consent.

Cognitive function/outcomes

Cognitive function at entry was assessed using 12 neuropsychological tests, grouped into 

cognitive domains according to the factor with the highest loading: episodic memory: word 

list memory, word list recall and word list recognition from the Consortium to Establish a 

Registry for Alzheimer's Disease (CERAD) neuropsychological battery [27, 28]; attention/

working memory: shape cancellation and digit span (forward and backward) from the 

Wechsler Memory Scale-Revised (WMS-R) [29]; language/semantic categorisation: 

similarities [30], letter fluency [31] and animal fluency [32]; and executive function: trail 

making test (A and B) [33], CERAD-constructional praxis and digit symbol from the 

Wechsler Adult Intelligence Scale (WAIS)-Revised (WAIS-R) [30]. Raw scores were 

converted to z scores using participants’ means and SDs. A composite measure of global 

cognitive function (overall cognition) was created by averaging all the z scores. Scores for 

the four cognitive domains were calculated as averages of z scores.

Glycaemic Control/HbA1c

Glycaemic control was operationally defined as the average HbA1c level across all 

measurements available for a participant at the MHS diabetes registry in an effort to obtain a 

stable long-term average, as opposed to a less stable single observation. However, to verify 

the robustness of the results using this definition, we also performed secondary analyses 

using the first and last HbA1c measurement available in the MHS diabetes registry, 

representing the farthest and closest HbA1c measurements in relation to the IDCD baseline 

cognitive assessment. HbA1c was assessed using standard methods: ion exchange, high 

performance liquid chromatography. Participants were typically assessed under fasting 

conditions annually at the MHS.
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Covariates

Three sets of covariates were used for analyses: demographic characteristics (age, years of 

education and sex), type 2 diabetes-related characteristics (number of follow up years in the 

registry, a surrogate for duration of disease [34] and whether medication for type 2 diabetes 

was taken [no medication, hypoglycaemic medication, and insulin or insulin + 

hypoglycaemic medication]) and cardiovascular risk factors (BMI, creatinine, total 

cholesterol, triacylglycerols, and diastolic and systolic BP). The cardiovascular risk factors 

were calculated as the means of all assessments for each participant in the MHS diabetes 

registry. Number of follow up years in the registry—with an average of 10.5 years—was 

interpreted as a truncated surrogate for duration of type 2 diabetes. Type of medication taken 

in the diabetes registry was noted. Another covariate was evaluated in supplementary 

analyses—extent of depressive symptoms (associated with both type 2 diabetes and 

cognition), as measured by the 15-item Geriatric Depression Scale (GDS) [35]. With the 

exception of demographic characteristics and depressive symptoms, measured at baseline of 

the IDCD, all covariates were retrieved from the MHS diabetes registry. All these covariates 

are potential confounders that have been associated with cognitive function [17, 36], and 

thus may account for some of the variance in cognition.

Statistical analyses

Independent sample t test and Pearson's χ2 test were used to evaluate differences in 

demographic and clinical characteristics of the participants by Hp genotype (Table 1). 

Hierarchical linear regression analyses evaluated the association of HbA1c with each 

cognitive outcome, controlling for the three sets of covariates (demographic characteristics, 

type 2 diabetes-related characteristics and cardiovascular risk factors). The effect size was 

the partial correlation coefficient.

Hierarchical linear regression analyses were performed for each cognitive outcome to 

evaluate whether the association of glycaemic control with cognition was modified by Hp 

genotype. Since we have previously shown in the IDCD participants that Hp 1-1 carriers 

have lower cognitive function than both Hp 1-2 and Hp 2-2 carriers [17], and to minimise 

adjustment for multiple comparisons, Hp genotype was evaluated as a dichotomy (Hp 1-1 vs 

non-Hp1-1 carriers). HbA1c mean for a period averaging 10.5 years was the measure of 

glycaemic control. The primary analysis entered all three sets of covariates (demographic 

characteristics, type 2 diabetes-related characteristics and cardiovascular risk factors), Hp 

genotype, the interactions of Hp genotype with the three sets of covariates, HbA1c and 

interaction of Hp genotype with HbA1c. Each interaction was calculated as the product of 

the Hp genotype and the other variable. The effect size was the partial correlation 

coefficient. For a two-sided test at the 0.05 level of significance and an effect size of 0.106

—the smallest significant result in Table 2 (HbA1c mean × Hp genotype, footnote b)—the 

statistical power is 0.84.

For each subsection of Tables 2–4, results were considered significant if they met criteria by 

the Holm multiple comparisons procedure [37], an enhancement of the Bonferroni 

inequality, for each cognitive outcome.
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To clarify the Hp genotype differences reflected in the primary analyses, hierarchical linear 

regression analyses were performed for each cognitive domain and overall cognition, 

separately for each Hp genotype. The same covariates were used as in the primary analysis: 

demographic characteristics, type 2 diabetes-related characteristics, cardiovascular risk 

factors, and HbA1c. From these analyses, we obtained the partial correlation of HbA1c with 

cognition controlling for demographics, type 2 diabetes-related characteristics and 

cardiovascular risk factors. Fisher's z transformation was used to compare the partial 

correlations of Hp 1-1 carriers and non-carriers in order to describe the modulating effect of 

the Hp genotype. The results of these analyses are presented in Table 3.

To concretely describe the different contribution of Hp genotype to the relationship of 

HbA1c with cognitive function, the distribution of HbA1c mean was stratified into quartiles 

for each of the three genotypes. Figure 1 presents, for each Hp genotype, the estimated mean 

of each cognitive outcome by HbA1c quartiles. Estimated means were derived from analyses 

of covariance controlling for the three sets of covariates.

In light of recent studies suggesting that the variability in HbA1c is associated with some 

diabetes complications [38, 39] and the availability of HbA1c observations over an extended 

period, we performed secondary analyses, in which we compared the associations of 

variability of glycaemic control (using the SD of each participant's HbA1c values, HbA1c -

SD) with cognition across the Hp genotypes. In view of the strong correlation between mean 

and SD of HbA1c (r = 0.498, p < 0.0005), the HbA1c mean was used as an additional 

covariate.

Results

Table 1 presents the demographic and clinical characteristics of the sample by Hp genotype. 

For the entire sample (n = 793), mean age was 72.8 (SD = 4.6) and mean education was 13.2 

(SD = 3.4). There were more men (60.9%) than women. The MMSE mean score was 28.0 

(SD = 1.8), which is consistent with normal cognition. The Hp 1-1 carriers and non-carriers 

did not differ in any of the characteristics except for the MMSE (p = 0.02), with lower 

scores in Hp 1-1 carriers, which is consistent with our previous findings [17]. There were 

significant associations of HbA1c with cognition for executive function (p < 0.001) and 

overall cognition (p = 0.003), which is also consistent with previous findings from this 

sample [40].

As presented in Table 2, results from the hierarchical linear regression analyses controlling 

for demographic characteristics, type 2 diabetes-related characteristics, cardiovascular risk 

factors and their interactions with Hp genotype showed significant interactions of Hp 

genotype with HbA1c for attention/working memory (p < 0.001) and overall cognition (p = 

0.003). Since the Hp 1-1 carriers and non-carriers differed in MMSE mean scores (p = 0.02), 

the MMSE was included as an additional controlled variable in secondary analyses and 

results remained essentially unchanged.
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Similar results were found when the hierarchical linear regression analyses controlled only 

for the demographic characteristics and their interactions with Hp genotype (Table 2), with 

associations being generally only slightly attenuated.

Separate partial correlations for each genotype group show effect sizes of associations of 

HbA1c with cognition, after controlling for the three sets of covariates. As shown in Table 3, 

for Hp 1-1 carriers, higher HbA1c was significantly associated with poorer cognitive 

function in all cognitive domains and overall cognition. For non-carriers, higher HbA1c was 

only associated with poorer executive function. Comparisons of the partial correlations 

between the two Hp genotype groups showed that Hp 1-1 carriers had stronger associations 

of HbA1c with cognition in attention/working memory (p = < 0.00001) and overall cognition 

(p = 0.004; Table 3).

Figure 1 depicts the mean and SEM for each quartile of HbA1c for each of the three Hp 

genotypes (Hp 1-1, Hp 2-1 and Hp 2-2) for each cognitive outcome, controlling for 

demographic characteristics, type 2 diabetes-related characteristics and cardiovascular risk 

factors. SEMs for the Hp 1-1 genotype are over twice as big as the other genotypes because 

the sample size was smaller (Hp 1-1, n = 80; Hp 2-1, n = 329; Hp 2-2, n = 384). Generally, 

as HbA1c increased, cognitive function decreased. The strength of this association differed 

by genotype: Hp 1-1 consistently had stronger associations. Additionally controlling for 

extent of depressive symptoms and its interaction with Hp genotype did not substantially 

change the results of the primary analyses (Table 2), with the exception of attention/working 

memory, for which there was a stronger association (effect size = 0.139, p < 0.001 changed 

to effect size = 0.141, p < 0.0001). Results from the secondary analyses comparing the 

associations of HbA1c -SD with cognition by Hp genotype showed no significant interaction 

of HbA1c -SD with Hp genotype. Results controlling only for demographic characteristics 

were essentially identical to those controlling for the larger plethora of covariates.

As shown in Table 4, secondary analyses that used the first and last HbA1c measure showed 

significant interactions with Hp genotype for attention/working memory and overall 

cognition. However, the effect sizes and significance were reduced, reflecting the larger 

between-subject SD characterising a single observation—rather than an average—due to 

lower reliability.

IQ is a potential confounder for cognitive performance; we used similarities, one of the four 

subtests of the Wechsler Abbreviated Scale of Intelligence (WASI), as a proxy for IQ. We 

repeated the hierarchical linear regression analyses for the HbA1c mean × Hp genotype 

interaction, controlling for similarities. Results remained essentially unchanged (data not 

shown), including for attention/working memory (effect size = 0.126, p < 0.001).

Discussion

Hp genotype has been shown to be associated with cognitive function [17], and to our 

knowledge, the present study shows for the first time the differential effect of Hp genotype 

on the association of glycaemic control with cognition in type 2 diabetes patients. Our 

findings show that the Hp genotype modifies the association of glycaemic control with 
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cognition in the domains of attention/working memory and overall cognition, particularly 

after controlling for demographic characteristics, type 2 diabetes-related characteristics and 

cardiovascular risk factors. These results were generally less strongly significant when 

controlling only for demographic variables (age, education and sex), demonstrating the 

importance of accounting for confounders that may negatively affect cognitive function.

In this sample with type 2 diabetes, one potential biological mechanism that may link the 

associations among poor glycaemic control, impaired cognition and the Hp genotype is the 

development of cerebral SVD (e.g., lacunar infarcts and white matter lesions). Relationships 

between type 2 diabetes and cognitive decline/dementia [3, 5], and type 2 diabetes and 

cerebral SVD [41, 42] have been consistently found. Poor glycaemic control increases the 

risk of ischaemic stroke [18], associated with cerebral SVD. The latter can affect 

deleteriously cognitive function, in particular attention/working memory cognitive domains 

[16, 43, 44], which was affected deleteriously by higher levels of HbA1c in this study.

Hp 1-1 has deleterious effects on endothelial progenitor cells (EPCs), which in turn 

compromise endothelial repair thus affecting proper functioning of the endothelium. 

Endothelial dysfunction leads to a deficiency in the forming of new blood vessels and 

functioning of the blood brain barrier, and is one of the first steps in the progression of 

cerebral SVD [45, 46]. Hp 1 allele frequency was found to be significantly higher in patients 

with lacunar stroke than controls [47].

Hp has two polypeptide chains: β and α. While the β chains are identical in all Hp 

genotypes, Hp 1-1 expresses only α-1 chains; Hp 2-1, α-1 and α-2 chains; and Hp 2-2 only 

α-2 chains [14]. The presence of α-1 Hp chains has been identified in CSF of patients with 

AD and vascular dementia [48], suggesting that Hp 2-1 and Hp 1-1 may be at higher risk of 

impairment in memory and non-memory cognitive domains. This is consistent with the 

stronger associations we have found for the overall cognition and non-episodic memory 

domains in Hp 1-1 carriers.

Elevated concentrations of α-2 Hp have also been reported in AD [49] as well as more 

downregulation and more oxidation of the β Hp chain, which is identical in all Hp 

genotypes, in plasma of patients with MCI and AD compared with age-matched controls 

[12]. Thus, since studies examining the association of Hp genotype with cognition are 

scarce, more studies are warranted to clarify this association as well as the biological 

mechanisms underlying it.

This study had several limitations including the lack of a non-type 2 diabetes group. 

Inclusion of such a group would clarify whether the differential effect of Hp genotype on the 

relationship of glycaemic control with cognition is specifically pertinent to type 2 diabetes 

or can be generalised. As associations of the Hp genotype with cardiovascular disease have 

been consistently stronger in type 2 diabetes [50, 51], it would not be surprising if 

associations of Hp with cognition were also greater in the type 2 diabetes population. The 

use of follow up years in the registry as a surrogate for duration of type 2 diabetes was a 

truncated estimate for all those who already had diabetes when entering the registry, thus the 

reported values may reflect an under estimate [34]. Another limitation was the use of only 
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one subtest from the WASI, Similarities, as a proxy for IQ. However, one study found that 

individuals carrying the Hp 2-2 genotype had higher IQ than those with the other genotypes 

as shown by better performance on a single subtest of the WAIS, Block Design [52]. Also, 

we controlled for years of formal education, which is highly correlated with IQ [53]. Finally, 

neuroimaging data was not available and could have helped explore the contribution of brain 

abnormalities (e.g., cerebral SVD) to possible associations with glycaemic control and to the 

difference in associations in the Hp subgroups. To the extent that cerebrovascular disease 

(e.g., cerebral SVD) may be a biological mechanism linking the associations found in this 

study, excluding participants with stroke (an eligibility criterion of the IDCD study) could 

have diminished the magnitude of the associations.

Strengths of this study included the availability of information on prospective historical 

HbA1c permitting an average of 18 measurements—reflecting a relatively stable long-term 

average rather than a single observation. However, the cognitive outcomes were assessed 

only once, so the sequence is clear, but causality cannot be established. For example, poorer 

cognitive performance may affect compliance to medications, negatively affecting 

glycaemic control. The longitudinal component of the IDCD will shed light into the 

contributions of Hp genotype and glycaemic control to cognitive decline and dementia. This 

study included a large sample size, a well characterised diagnosis of type 2 diabetes, well 

defined and numerous measurements of type 2 diabetes characteristics, and a comprehensive 

neuropsychological battery. This battery permitted the evaluation of overall cognition and 

specific cognitive domains, which elucidated attention/working memory as a particularly 

relevant domain in the context of the relationships of Hp genotype and glycaemic control. It 

is important to note that tests assessing the executive function domain, which was unaffected 

by Hp genotype in the association of glycaemic control with cognition, measure more than 

one cognitive function or ability. For instance, Trail B measures executive function, mental 

flexibility and divided attention. Thus, future studies can be aimed at teasing out, in a more 

granular fashion, specific executive functions that may be affected by Hp genotype.

Our results may have clinical implications since effective regulation of glucose may 

decrease risk of cognitive impairment and dementia, particularly in type 2 diabetes. Thus, 

future clinical studies should investigate whether glucose lowering or insulin treatments 

focusing at improving cognition are more beneficial for Hp1-1 carriers than non-carriers. 

Identifying patients who are most likely to benefit from a treatment is critical for design of 

clinical trials leading to effectively targeted treatment.
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CDR Clinical Dementia Rating (scale)
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Hp Haptoglobin
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Fig. 1. 
(a–e) Mean (SEM) of cognitive domains and overall cognition by Hp genotype and HbA1c 

mean quartile. Black bar, 1st quartile HbA1c mean; white bar, 2nd quartile HbA1c mean; 

grey bar, 3rd quartile HbA1c mean; hatched bar, 4th quartile HbA1c mean. Note: controlling 

for demographic characteristics (age, years of education and sex), type 2 diabetes-related 

characteristics (number of follow up years in the registry, a surrogate for duration of disease 

and whether medication for type 2 diabetes was taken [no medication, hypoglycaemic 

medication, and insulin or insulin + hypoglycaemic medication]) and cardiovascular risk 

factors (BMI, creatinine, total cholesterol, triacylglycerols, and diastolic and systolic BP)
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Table 1

Demographic and clinical characteristics of the participants by Hp genotype

Hp 1-1 Non-Hp 1-1 p value

N 80 713 -

Age 73.7 ± 5.0 72.7 ± 4.5 0.07

Education 12.7 ± 3.7 13.2 ± 3.4 0.21

Male (%) 56.2 61.4 0.37

No. of follow up years in the registry 10.5 ± 1.7 10.5 ± 1.4 0.76

BMI (kg/m2) 28.3 ± 4.6 28.4 ± 4.4 0.88

Creatinine (μ mol/l) 88.4 ± 17.7 88.4 ± 26.5 0.19

Total cholesterol (mmol/l) 4.7 ± 0.6 4.7 ± 0.7 0.46

Triacylglycerols (mmol/l) 1.7 ± 1.5 1.8 ± 1.7 0.37

Diastolic BP (mmHg) 77.5 ± 5.3 76.7 ± 4.8 0.21

Systolic BP (mmHg) 135.9 ± 9.0 134.8 ± 9.5 0.31

HbA1c, % 6.8 (0.9) 6.8 (0.8) 0.77

HbA1c, mmol/mol 50.8 50.8

HbA1c variability 0.6 ± 0.4 0.6 ± 0.4 0.86

Type 2 diabetes medication (%) 0.46

    No medication 15.0 12.1

    Hypoglycaemic medication 72.5 78.5

    Insulin or insulin + hypoglycaemic medication
a 12.5 9.4

GDS 2.0 ± 2.0 2.2 ± 2.4 0.57

MMSE score
b 27.5 ± 2.0 28.1 ± 1.8

0.02
*

Data are presented as means ± SD, unless otherwise indicated

p value by Student's t test, or Pearson's χ2 for percentages

a
72 participants received hypoglycaemic medication and five received only insulin; therefore, they were combined

b
n = 712 for non-Hp 1-1

*
p<0.05.
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Table 4

Interactions of first and last HbA1c × Hp genotype on cognition

Cognitive domains First HbA1c × Hp genotype Last HbA1c × Hp genotype

Effect size p value Effect size p value

Episodic memory 0.061 0.091 0.056 0.121

Language/semantic categorisation 0.053 0.146 0.041 0.251

Attention/working memory 0.079 0.028 0.101
0.005

**

Executive function 0.043 0.232 0.016 0.668

Overall cognition 0.082 0.024 0.072 0.046

Controlling for covariates (age, sex, education, number of follow up years in the registry, type 2 diabetes medication, BMI, creatinine, total 
cholesterol, triacylglycerols, and diastolic and systolic BP), Hp genotype, interactions of covariates with Hp genotype and HbA1c

**
p<0.01 and significant by Holm multiple comparisons procedure
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