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Abstract

Background: Hyperglycemia is believed to be a risk factor for cognitive decline, but the longitudinal relationship
between hyperglycemia and cognitive decline in the Japanese population is unclear. The present study aimed to
clarify the association between blood glucose levels and information processing ability in middle-aged and older
adults.

Methods: The subjects were 866 men and 815 women aged 40-79 years not taking medication for diabetes who
participated in the first study wave (1997-2000) and then participated at least once in the subsequent six study
waves (2000-2012) of the National Institute for Longevity Sciences—Longitudinal Study of Aging, Japan.
Hemoglobin Alc (HbA1c) levels were categorized into four groups (< 5.6, 5.6 to <6.0, 6.0 to <6.5, = 6.5%),
and a mixed-effects model was used to evaluate the effects of the HbATc level (four groups) on repeated
measures of information processing speed. The models also included baseline age, body mass index, ethanol
intake, smoking status, educational level, family income, and history of stroke, hypertension, heart disease, and
dyslipidemia as covariates.

Results: Mean (standard deviation) HbATc and follow-up time in participants were 5.2 (0.5) % and 10.0 (3.6)
years, respectively. A linear mixed model showed that the main effect of the four HbATc groups on information
processing ability was not significant in either men or women, but the interaction of HbA1c and time with information
processing speed in the higher HbA1c level groups (2 6.5% group in men, 6.0 to < 6.5% and = 6.5% groups in women)
was significant compared to the lower HbATc level (< 5.6%) group (P < 0.05). When the slope of information processing
speed by HbATc level at baseline was examined, the slope of information processing speed in the higher HbA1c level
(2 6.5%) group was higher than in the lower HbA1c level (< 5.6%) group, both in men (- 0.31/year) and in
women (—0.30/year), as well as in women with an HbA1c level of 6.0 to <6.5% (- 0.40/year).

Conclusions: Higher baseline HbATc was associated with greater subsequent decline in information processing
ability in Japanese community dwellers, even with the pre-clinical HbATc level (6.0 to < 6.5%) in women. The results
suggest that good glycemic control or prevention of hyperglycemia may contribute to maintaining information
processing ability.
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Background

Diabetes is believed to be a risk factor for cognitive de-
cline and dementia [1, 2]. The relationship between dia-
betes and cognitive function is thought to be a process
mediated by factors such as arteriosclerosis, microvascu-
lar disease, glucotoxicity, and impaired insulin action [3].

Hemoglobin Alc (HbAlc) is generally well known and
widely used as a marker reflecting the blood glucose level
over the previous 1-2 months in health checkups. A per-
sistent condition of high blood glucose levels might in-
crease the risk of cognitive decline through the mediation
of factors such as arteriosclerosis or glucotoxicity [3], and
a cross-sectional study has reported a negative relation-
ship between high HbA1c levels and cognitive function in
diabetic patients [4]. However, the results of longitudinal
studies do not agree with this relationship [2, 5].

In the Atherosclerosis Risk in Communities (ARIC)
study, a 6-year follow-up study of diabetic and non-diabetic
patients, diabetic patients had lower scores on the digit
symbol substitution test (DSST), a test of information pro-
cessing speed, but no significant relationship between
HbAlc and cognitive function was found in non-diabetic
patients [2]. A recent study conducted in the USA reported
that a higher HbAlc was associated with poor executive
function in persons with cognitive impairment, but not
with performance in other cognitive domains [6]. Another
English longitudinal study of aging (ELSA) reported a sig-
nificant linear association between HbAlc and the increase
in the rate of decline of global cognitive z scores [7]. A
Finnish nationwide population-based study with 11-year
follow-up reported that higher baseline HOMA-IR and
fasting insulin levels predicted poorer verbal fluency per-
formance and verbal fluency, but not word-list learning or
word-list delayed recall scores [8].

In the Hisayama cohort study of Japanese community-
dwelling people, a significant relationship was found be-
tween abnormal glucose tolerance evaluated by a 75-g
oral glucose tolerance test and onset of dementia [9]. In
the same cohort study, a significant relationship was
found between the glycated albumin/HbAlc ratio and
onset of Alzheimer’s disease, but HbAlc showed no sig-
nificant relationship with onset of Alzheimer’s disease
[10]. In the KOCOA Project, a 3-year follow-up study of
Japanese oldest old (aged 80years and older) persons,
metabolic syndrome and four components including
hyperglycemia were not associated with the decline in
global and executive cognitive functions. However, high
HbAlc (>5.4%) was associated with a decline in mem-
ory function [11]. The relationship between HbAlc and
cognitive function has not yet been sufficiently clarified
in Japanese middle-aged and older persons. Clarifying
the effects of the hyperglycemic condition on cognitive
function is of great importance from the perspective of
prevention of dementia in Japan.
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The aim of the present study was to clarify the associ-
ation between the HbAlc level and the changes in infor-
mation processing ability in Japanese community-
dwelling, middle-aged to older adults by means of a
10-year follow-up study.

Methods

Participants

Data for this survey were collected as part of the Na-
tional Institute for Longevity Sciences—Longitudinal
Study of Aging (NILS-LSA), a community-based study.
In this project, the normal aging process has been
assessed using detailed questionnaires and medical
checkups, anthropometric measurements, physical fit-
ness tests, and nutritional examinations over time. De-
tails of the NILS-LSA have been reported elsewhere
[12]. The initial survey of the NILS-LSA involved 2267
men and women aged between 40 and 79 years, includ-
ing approximately 280 men and 280 women for each
decade of age. Participants included were sex- and dec-
ade of age-stratified, randomly sampled individuals living
in Obu-shi and Higashiura-cho, Aichi Prefecture, Japan.
These subjects had been followed-up every 2 years from
the first study wave (November 1997—-April 2000) to the
second study wave (April 2000—May 2002), third study
wave (May 2002—May 2004), fourth study wave (June
2004—July 2006), fifth study wave (July 2006—July 2008),
sixth study wave (July 2008-July 2010), and seventh
study wave (July 2010-July 2012). When participants
could not be followed up (e.g., moved to another area,
dropped out for personal reasons, or died), new age dec-
ade- and sex-matched participants were randomly re-
cruited from the second to seventh study waves. All
study waves included approximately 1200 men and 1100
women. For this study, participants who had participated
in both the first study wave (n = 2267; age range, 40-79
years) and at least one study wave from the second to
seventh study waves (1 =1919) were selected, since vari-
ables could be followed up at least once after the first
study wave. Individuals who were on medication for dia-
betes mellitus at baseline (n=95), and who had any
missing data at baseline required for the statistical ana-
lysis, including fasting HbAlc levels (1 = 1), information
processing speed (n=15), and potential confounders at
baseline (n =137), including weight, height, alcohol in-
take, household annual income, education, and history
of stroke, dyslipidemia, hypertension, and heart disease,
were excluded. Thus, the data of a total of 1681 Japanese
individuals (866 men, 815 women) aged between 40 and
79 years in the first study wave of the NILS-LSA were
available for analysis (Additional file 1: Figure S1). To
simplify the analysis, age at first participation was used
in all analyses.
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The NILS-LSA followed the principles of the Declar-
ation of Helsinki and the Ethical Guidelines for Epi-
demiological Research in Japan. The study was approved
by the Ethics Committee of the National Center for Ge-
riatrics and Gerontology (No. 899-3). Written, informed
consent was obtained from all participants.

Blood sampling and HbA1c analysis

On enrollment in the survey, venous blood was collected
in tubes containing ethylenediaminetetraacetic acid
(EDTA, disodium salt, 50 mM) after fasting for at least
12 h. HbAlc levels were measured by latex aggregation
immunoassay (SRL, Tokyo, Japan). The values for
HbAlc were estimated as National Glycohemoglobin
Standardization Program equivalent values calculated
using the following formula: HbAlc (%) = 1.02 x HbAlc
(Japan Diabetes Society) (%) + 0.25% [13].

Information processing speed

The Wechsler Adult Intelligence Scale (WAIS) is one of
the most used tools for assessing intelligence [14]. In all
study waves, information processing speed was assessed
using the DSST in JWAIS-R-SF [15]. The trained testers
(clinical psychologists or psychology graduate students)
administered the test to each participant one on one.
Participants were asked to write down the symbol that
corresponded to a given number (as many as they could
in 90 s, possible range 0-93). This subtest measured pro-
cessing speed and visual-motor coordination [16].

Other measurements

Weight and height were measured in the fasting state
(around 9-10am) to the nearest 0.1 kg and 0.1 cm, re-
spectively, with participants wearing light clothing and
no shoes. Body mass index (BMI) was calculated as the
body weight in kilograms divided by the square of the
height in meters.

Education (< 11 or > 12 years of school), household an-
nual income (< ¥5,500,000 (almost 50,000 US$) or >
¥5,500,000), current smoking status (yes/no), and history
of illness were collected using self-reported question-
naires. Concerning illnesses, information about past and
current diabetes, stroke, dyslipidemia, hypertension, and
heart disease was collected in four categories: 1, none; 2,
on medication (on medication); 3, previously medicated;
and 4, not treated. These illnesses except for diabetes
were then re-categorized into two categories (yes or no;
yes included 2, on medication; 3, previously medicated;
and 4, not treated and no included 1, none).

Alcohol intake was assessed using a 3-day dietary rec-
ord and calculated according to the Standard Tables of
Foods Composition in Japan 2010 [17, 18]. These mea-
surements were assessed in the first study wave.
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Follow-up time (years) was calculated by the length of
time that had elapsed since the day each participant en-
tered the first study wave.

Statistical analyses

All statistical analyses were conducted using SAS version
9.3 software (SAS Institute, Cary, NC) and performed
separately by sex. The mixed-effects model (Proc Mixed)
was used to evaluate the effects of the HbAlc level on
repeated measures of information processing speed. This
method is a generalized form of linear regression ana-
lysis that allows for repeated measures of each partici-
pant while accounting for the considerable variation
across participants in overall average information pro-
cessing speed. In addition, general linear mixed
models can handle missing data, so all variable data
during follow-up could be used. The HbAlc level was
categorized into four groups (< 5.6, 5.6 to <6.0, 6.0 to
<6.5, 26.5%) by reference to the Evidence-based
Practice Guideline for the Treatment for Diabetes in
Japan 2016 [19, 20].

Analytical models included the fixed effects of baseline
HbAlc level, follow-up time from baseline, and the
interaction of HbAlc level and time, which showed the
mean-level intercept and slope of information processing
speed. Models also included baseline age, BMI (kg/m?),
ethanol intake (ml/day), current smoking status (yes or
no), educational level (<9 or >9years), family income
(< 5,500,000 or =5,500,000 yen/year), and history of
stroke, hypertension, heart disease, and dyslipidemia (yes
or no) as covariates.

In sub-analyses, multivariable-adjusted information
processing speed (analysis of covariance) according to
baseline HbAlc level was estimated in each study wave,
adjusted for age, body mass index, ethanol intake, smok-
ing status, educational level, family income, and history
of stroke, hypertension, heart disease, and dyslipidemia.

All reported P values are two-sided. Values of P < 0.05
were considered significant.

Results

Mean (standard deviation (SD), range) HbAlc, follow-up
time, and number of study wave visits of participants
were 5.2 (0.5, 3.6-9.4) %, 10.0 (3.6, 1.9-13.7) years, and
5.7 (1.8, 2-7), respectively.

The baseline characteristics of the participants accord-
ing to the HbAlc levels are shown in Table 1. In both
men and women, higher HbAlc was associated with
higher age and lower information processing speed.

Effects of variables in the mixed-effects model on in-
formation processing speed are shown in Table 2. In
both men and women, the HbAlc level in each category
was not significant. However, the interaction of HbAlc
and time with information processing speed in the
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Table 1 Baseline characteristics of the participants according to HbA1c level

Men (n = 866) Women (n=815)

HbA1c level p° HbATc level p?

< 5.6% 56t0<60% 60to<65% =65% < 5.6% 56t0<60% 60to<65% =65%

n=>549 n=214 n=67 n=36 n=>571 n=175 n=44 n=25
Age (years), mean (SD) 572 (106) 59.8 (104) 60.3 (10.1) 61495 <01 556(10.1) 599 (9.7) 659 (7.7) 619 (104) <.01
Body mass index (kg/m?), 229 2.6) 232 (2.7) 23.1(3.1) 23832 20 224(28) 236(33) 237 (34) 274 (44) <01
mean (SD)
HbATc (%), mean (SD) 53(02) 58 (0.1) 6.2 (0.1) 73(0.8) <01 53(02) 58 (0.1) 6.2 (0.1) 73(09) <01
Information processing 545 (149) 50.1 (13.7) 496 (12.8) 472 (132) <01 56.7(155) 51.7 (14.8) 436 (12.6) 482 (12.2) < .01
speed, mean (SD)
Ethanol intake (ml/day), 156 (176) 175(212) 21.5(21.6) 225(232) .02  32(66) 20 (4.1) 40 (55) 1.5 (2.6) 04
mean (SD)
Current smoker, n (%) 172 (31.3) 103 (48.1) 26 (38.1) 16 (444) <01 42(74) 12 (6.9) 5(114) 0 (0.0) 40
Education, <12 years, 362 (65.8) 157 (734) 51 (76.1) 26 (72.2) 03 408 (71.5) 134 (76.6) 41 (93.2) 23(920) < .01
n (%)
Family income, < 5,500,000 184 (33.5) 86 (40.2) 24 (35.8) 16 (444) 24 221 (387) 87(49.7) 27 (614) 10 (400) < .01
yen/year, n (%)
Stroke, n (%) 17 (3.1) 10 (4.7) 0(0.0) 1(2.8) 26 4(0.7) 0(0.0) 0(0.0) 0(0.0) .70
Hypertension, n (%) 115 (21.0) 60 (28.0) 11 (16.4) 9 (25.0) 11 110 (193) 48 (274) 14 (31.8) 8 (32.0) 02
Heart disease, n (%) 62 (11.3) 27 (12.6) 11 (164) 5(13.8) 64 46 (8.1) 13 (74) 8(18.2) 2 (8.0) 14
Dyslipidemia, n (%) 65(11.8)  37(17.3) 8(11.9) 5(16.7) 22 85(149) 40 (229) 15 (34.1) 10 (400) < .01

HbATc hemoglobin Alc, SD standard deviation

2Chi-squared test or Fisher’s exact test (n < 5) for categorical variables and one-way analysis for variance for continuous variables

higher HbA1c level groups (= 6.5% group in men; 6.0 to
<6.5% and >6.5% groups in women) was significant
compared to the lower HbAlc level group (<5.6%
group) (P<0.05). When the slope of information pro-
cessing speed according to HbAlc level at baseline was
examined, the slope of information processing speed in
the higher HbA1c level group (= 6.5% group) was higher
than in the lower HbAlc level groups (< 5.6% group),

both in men (- 0.31/year) and in women (- 0.30/year),
as well as in women with an HbAlc level of 6.0 to <
6.5% (- 0.39/year) (Fig. 1).

In the sub-analyses (Additional file 1: Figure S2),
multivariable-adjusted information processing speed ac-
cording to baseline HbAlc level was examined in each
study wave. There were no linear dose-response relation-
ships between baseline HbAlc level and information

Table 2 Effects of variables in the mixed-effects model® on information processing speed

Men (n = 866) Women (n=2815)
B (95%Cl) SE P B (95%Cl) SE P
HbATc level
<95%Cl)5.6% Ref Ref
5.6 to <6.0% -090 (—243,063) 0.78 25 041 (- 1.22,2.04) 0.83 87
6.0 to <6.5% -1.15 (—3.58,1.28) 1.24 35 0.69 (—2.18, 3.66) 151 95
26.5% -235 (=5.58,087) 1.64 15 -0.39 (—4.32,353) 2.00 60
Time® —-005 (- 0.10, 0.005) 0.03 07 0.03 (-0.02,0.08) 0.03 18
HbATc level xtime®
<5.6% Ref Ref
5.6 to < 6.0% —-005 (- 0.15, 0.06) 0.05 45 -007 (-=0.17,0.04) 0.06 24
6.0 to < 6.5% -01 (—0.28, 0.06) 0.09 22 -0.39 (- 060, —0.19) 0.10 <.01
26.5% -031 (=055, -0.08) 0.12 <01 -030 (=057, -0.04) 0.14 .02

HbATc hemoglobin A1lc, CI confidence interval, SE standard error

®Adjusted for age, body mass index, ethanol intake, smoking status, educational level, family income, and history of stroke, hypertension, heart disease,

and dyslipidemia
BTime (year) from baseline
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Information
rocessing speed
4 A Men (n=866) Women (n=815)
54
Difference in
52 slope p <.05
= RIS
-~ ‘e
\\ e
~ HbA1c level
48 ~ . .
Dllfferenc%;n <5.6%
slope p <.
26 P s 5.6-<6.0%
- 60-<6.5%
44 — —— > (5,
Baseline 10 years later Baseline 10 years later
Fig. 1 Model-predicted 10-year change in information processing speed according to baseline HbA1c level. Adjusted for age, body mass index,
ethanol intake, smoking status, educational level, family income, and history of stroke, hypertension, heart disease, and dyslipidemia

processing speed in both sexes from baseline to third
study waves. Significant linear associations (P < 0.05 and
P for trend <0.05) were seen in the fourth and sixth
study waves in men and in the seventh study wave in
both men and women.

Discussion

These longitudinal data are the first to show that higher
baseline HbAlc was associated with greater subsequent
decline in information processing ability in Japanese
community dwellers, even with the pre-clinical HbAlc
level (6.0 to < 6.5%) in women.

Numerous cross-sectional studies reported that hyper-
glycemia or diabetes is related to cognitive impairment
[2, 3], and the results are consistent. However, the re-
sults of longitudinal studies are not consistent [2, 5, 7,
8]. In the ARIC study with 6-year follow-up, there was a
reduction in the DSST score (information processing
speed) in diabetic patients, which was similar to the
present study, while no significant relationship was
found in the non-diabetic group from which
self-reported diabetic patients were excluded [2]. The
ARIC study divided non-diabetic patients into three
groups (HbAlc <5.7, 5.7 to < 6.5, 2 6.5%) on the basis of
the 2010 guidelines of the American Diabetes Associ-
ation to investigate the relationship with changes in the
DSST over the 6-year follow-up (at two time points), but
there was no significant relationship. They discussed the
reasons as including that the subjects were mainly
middle-aged (mean age 56years) and the short
follow-up. In addition, the recent long-term ARIC study
(over 21 years) indicated that in subjects with diagnosed
diabetes or HbAlc > 6.5%, glucose peaks in addition to
average glycemia may be important for prevention of de-
mentia [20]. On the other hand, the Action to Control

Cardiovascular Risk in Diabetes-Memory in Diabetes
study found a dose-response relationship, with an in-
crease in HbAlc associated with a 1.75-point drop in
the DSST score in middle-aged to older subjects (mean
age 63 years) with type 2 diabetes or other cardiovascular
risk factors. However, this was a cross-sectional study.
Furthermore, Bruce et al. carried out a 7-year follow-up
of diabetic patients aged 70 years or over, and they re-
ported that, while the number of years of diabetes dur-
ation and arteriosclerosis were risk factors for dementia,
HbAlc, insulin, or hypertension were not independent
risk factors [21].

On the other hand, Umegaki et al. reported a 6-year
pooled analysis of type 2 diabetic patients in which re-
duction in cognitive function was significantly associated
with low high-density lipoprotein values and high dia-
stolic blood pressure values. While HbAlc showed no
significant differences, they discussed the possibility that
HbAlc might affect cognitive function [22]. In the
present study, subjects on medication for diabetes at
baseline were excluded. However, several subjects not on
medication for diabetes had been diagnosed and were
not on treatment for diabetes (men, 7 =20 (2.3% in n =
866); women, n=6 (0.7% in n =815), data not shown).
Although misclassification of the category of diabetes is
unavoidable in this study, based on the slope of the in-
formation processing speed in the higher HbAlc level
group (26.5% group) in both sexes and in the
pre-clinical HbA1c level group (6.0 to < 6.5%) in women
compared to the lower HbAlc level (<5.6% group), the
present study shows that long-term hyperglycemia in
both sexes, even in the absence of diabetes in women, is
related to future cognitive impairment.

The cascade linking hyperglycemia or diabetes to a re-
duction in cognitive function probably involves aging
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and genetic factors, as well as factors such as arterio-
sclerosis, microvascular disease, insufficient insulin ac-
tion, oxidative stress, and glucotoxicity [3, 23]. In the
present study, although the finding was not significant,
men with lower HbAlc levels did not appear to have a
lower prevalence of a history of stroke (3.1%, 4.7%, 0%,
and 2.8% in the HbAlc <5.6, 5.6 to <6.0, 6.0 to <6.5,
and >6.5% groups, respectively, P=0.26, Table 1),
though the participants were not asked about the sub-
types of stroke. The precise reason is unknown, but the
study subjects were required to come to our center to
have the study explained to them and to visit the exam-
ination center later; those with a history of more severe
disease, such as stroke, were more likely to have been
excluded (selection bias), even though the study subjects
were randomly sampled individuals living in the local
area. The present study was not able to examine these
mechanisms in any detail, but it is likely that hypergly-
cemia impacts on reduction in cognitive function
through the mediation of these in vivo reactions.

The main strengths of the present study were as fol-
lows. First, trends in information processing speed were
assessed longitudinally (mean follow-up 10 years). Sec-
ond, trends in these variables were analyzed by HbAlc
level at baseline. In a prior study, we showed that infor-
mation processing ability decreases gradually with age
[16]. This is the first study to show that hyperglycemia
has a negative impact on the gradual reduction in cogni-
tive function among Japanese persons, even in the
pre-clinical stage in women. In addition, the subjects
were a random sample of general older adults from the
community, stratified by age and sex. The present results
may thus be more applicable to non-institutionalized,
community-dwelling, middle-aged and older persons.

The present study had several limitations. First, hyper-
glycemia was assessed only by the initial level of HbAlc.
HbAlc is a stable blood marker with relatively small
daily variations, but the fact that HbAlc levels during
the follow-up period were not considered is a limitation.
The second is that the current/past histories and on
medication/not on medication were defined by a
self-reported questionnaire, which might have led to
misclassification or underestimation of the prevalence of
illness. In previous studies, community-dwelling older
persons without any medical treatment were indifferent
to health [24]; in fact, the subjects included participants
with HbAlc up to nearly 10%, and although subjects
were not on medication, subjects with an unquestionable
possibility of having diabetes were included in the study.
However, analysis of subjects excluding individuals with
HbAlc >8% was conducted as a sub-study, and there
was no major difference in the results. Third, there was
no adjustment for confounding factors such as physical
activity or dietary intake in the analyses. Not only these
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factors but also muscle mass or muscle strength has
been found to be associated with diabetes mellitus [25],
and these factors might have affected the results through
motor or nutritional dysfunction. Fourth, it was thought
that a generalized form of linear regression analysis, but
not non-linear analyses (for example, a model including
quadratic terms), would be better to assess longitudinal
changes in these factors.

Another limitation that should be considered is based
on age differences according to baseline HbAlc level
There was a clear sex difference in that only women, not
men, with a pre-clinical HbAlc level (6.0 to < 6.5%)
showed decreased information processing speed over 10
years. However, the mean age of women with an HbAlc
level of 6.0 to < 6.5% was higher than that of women in
other categories (Table 1). One of the reasons why a sig-
nificant association was seen only in women may have
been the age difference at baseline. However, age and
multivariable-adjusted information processing speed ac-
cording to baseline HbAlc level were not significant in
both sexes from baseline to the third study wave. There-
fore, baseline age could not be a strong contributor to
the causal association. In addition, significant linear as-
sociations were seen in the sixth study wave (almost 10
years after baseline) in men and the seventh study wave
(almost 12 years after baseline) in both men and women.
This might mean that persistent long-term high blood
glucose levels increase the risk of cognitive decline.

Conclusions

The present longitudinal study showed that a higher
baseline HbAlc was associated with a greater subse-
quent decline in information processing ability among
community dwellers, even with the pre-clinical HbAlc
level (6.0 to <6.5%) in women. The results suggest that
good glycemic control or prevention of hyperglycemia
may contribute to maintaining information processing
ability in middle-aged and aged Japanese community
dwellers. Further studies are needed to clarify the causal
association between HbAlc and cognitive decline, espe-
cially in the Japanese population.

Additional file

Additional file 1: Figure S1. Subjects included in this study. Figure S2.
Multivariable-adjusted® information processing speed (analysis of covariance)
according to baseline HbA1c level for each study wave. “Adjusted for age,
body mass index, ethanol intake, smoking status, educational level, family
income, and history of stroke, hypertension, heart disease, and dyslipidemia.
(DOCX 136 kb)
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