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ABSTRACT
Aims/Introduction: We aimed to examine the association between diabetes-related
parameters and hippocampal and parahippocampal gyrus atrophy (HPGA) in patients with
type 2 diabetes mellitus to elucidate the risk factors for HPGA, which is often accompa-
nied by Alzheimer’s disease.
Materials and methods: A total of 137 patients aged ≥50 years with type 2 diabetes
mellitus (mean age 67.8 – 9.8 years) underwent brain magnetic resonance imaging scans
and comprehensive health examinations. We measured the volume of interest – a portion
of the inner temporal lobe that includes the hippocampus, amygdala and entorhinal cor-
tex (frontal part of the parahippocampal gyrus) – using the voxel-based specific regional
analysis system for Alzheimer’s disease in each patient. The diabetes-related parameters
included glycated hemoglobin, fasting plasma glucose, C-peptide (CPR) index (serum
CPR / fasting plasma glucose 9 100) and duration of diabetes.
Results: The mean glycated hemoglobin was 9.3 – 2.2%, the median CPR index was
1.29 (interquartile range 0.85–1.74) and the median duration of diabetes was 10 years (in-
terquartile range 3–20 years). The severity score of volume of interest atrophy was >1.0 in
36 patients. Using multivariate logistic regression analysis, we found that age (odds ratio
1.09, 95% confidence interval 1.02–1.15) and CPR index (odds ratio 0.451, 95% confidence
interval 0.216–0.940) were significantly associated with HPGA.
Conclusions: Lower insulin secretion was significantly associated with HPGA in patients
with type 2 diabetes mellitus. The results of this study support the hypothesis that insulin-
signaling abnormalities are involved in the pathophysiology of Alzheimer’s disease.

INTRODUCTION
The increase in the number of patients with dementia is a seri-
ous social and medical problem in Japan. In 2017, the
Hisayama Study reported that the age-standardized prevalence
of all-cause dementia and Alzheimer’s disease (AD) has
increased with time, whereas no secular change was observed
in vascular dementia (VaD), and that the age- and sex-adjusted
incidence of all-cause dementia and AD, but not vascular
dementia, also showed a time-dependent increase1. Therefore, it
is necessary to identify the risk factors for AD to prevent a

general increase in the number of patients with dementia.
Recently, several studies have reported that diabetes was associ-
ated with an increased risk of dementia. A worldwide meta-
analysis showed that diabetes patients had a 1.6-fold AD and
2.2-fold vascular dementia risk as compared with patients with-
out diabetes2.
There were several reports on the relationship between dia-

betes and brain atrophy. A meta-analysis showed that in
patients with type 2 diabetes mellitus, the total volume of the
hippocampus, basal ganglia, orbital frontal cortex and frontal
lobe was reduced in addition to a reduction in the total brain
volume3. Furthermore, in 2016, the Hisayama Study reported
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atrophy of the whole brain and hippocampus in diabetes
patients4.
However, the mechanisms that cause brain atrophy in

patients with diabetes have not yet been clarified. Therefore, in
the present study, we aimed to examine the risk factors for hip-
pocampal and parahippocampal gyrus atrophy (HPGA), which
is often accompanied by AD, using the voxel-based specific
regional analysis system for AD (VSRAD) on each of our
elderly patients with type 2 diabetes mellitus.

MATERIALS AND METHODS
Participants, standard protocol approvals, registrations and
patient consent
From November 2016 to November 2018, we carried out a
cross-sectional study. During this period, a total of 137 partici-
pants aged ≥50 years with type 2 diabetes mellitus underwent
brain magnetic resonance imaging (MRI) scans and compre-
hensive health examinations while they were being treated for
diabetes at Yokohama City Minato Red Cross Hospital, Yoko-
hama, Japan. The treatments of participants were as follows: no
glucose-lowering medication (n = 22), sulfonylurea or glinide
(n = 34), metformin (n = 35), sodium–glucose cotransporter 2
inhibitor (n = 10), dipeptidyl peptidase-4 inhibitor (n = 73),
alpha-glucosidase inhibitor (n = 18), pioglitazone (n = 8), glu-
cagon-like peptide-1 receptor agonists (n = 5) and insulin
(n = 49). Many patients took multiple medications. We
excluded individuals with obvious neurological disorders that
had been diagnosed before the initiation of this study.
The medical ethics committee at Yokohama City Minato

Red Cross Hospital approved the study (date of approval: 8
November 2016; approval no. 2016-62), and we obtained writ-
ten informed consent from all participants.

MRI analysis, diagnosis of type 2 diabetes and measurements
of other risk factors
We used an MRI device with magnetic field strength of
1.5 Tesla (Achieva 1.5T A-series; Philips, Amsterdam, The
Netherlands). We evaluated the atrophy of the volume of inter-
est (VOI) – a portion of the inner temporal lobe that includes
the hippocampus, amygdala and entorhinal cortex (frontal part
of the parahippocampal gyrus) – using a free software program,
VSRAD (VSRAD Advance, Eisai, Japan). VSRAD maintains a
database of 80 healthy Japanese male and female volunteers
aged 54–86 years (mean age 70.2 – 7.3 years). Its validity has
been previously reported5,6. After MRI, the VSRAD software
automatically extracted the gray matter and standardized each
participant’s brain size and shape based on statistical parametric
mapping 8 (SPM8) and Diffeomorphic Anatomical Registration
Through Exponentiated Lie (DARTEL) algebra. We determined
the severity of brain atrophy using the Z-score; that is, ([normal
control average of voxel-level - patient’s voxel-level] / [normal
control standard deviation]) in each voxel. We calculated the
severity score of VOI atrophy using the following equation: (to-
tal amount of positive Z-scores in VOI) / (number of voxels of

positive Z-scores in VOI). The severity score of VOI atrophy
was interpreted as follows: ≤1: VOI atrophy was rare and >1:
VOI atrophy ranged from mild to severe7. Therefore, we set
the threshold of the severity score of VOI atrophy as 1. The
extent of gray matter (GM) atrophy indicates the percentage of
areas with a Z score >2 in GM. The extent of VOI atrophy
refers to the percentage of areas with a Z score >2 in the VOI.
The ratio of VOI/GM atrophy is the ratio of the percentage of
the VOI atrophic area to the percentage of the GM atrophic
area.
We also evaluated brain lesions on MRI using the following

definitions: cerebral infarctions were defined by the presence of
areas with high signal intensity on T2-weighted images, and
low signal intensity on T1-weighted images in the subcortical
gray and white matter, respectively; white matter lesions were
defined as discrete areas with high signal intensity on fluid-at-
tenuated inversion recovery images in periventricular white
matter and deep subcortical white matter; cerebral microbleeds
were defined by the presence of areas with low signal intensity
on T2-weighted images in the basal ganglia, corona radiata,
thalamus, brain stem and cerebellum.
The participants were diagnosed with type 2 diabetes mellitus

before they visited our hospital for diabetes treatment. For the
purpose of our research, we considered that individuals who
had a self-reported doctor’s diagnosis of type 2 diabetes melli-
tus and those who used oral antidiabetic medication or insulin
had type 2 diabetes mellitus. In addition, we checked whether
the laboratory data of these type 2 diabetes mellitus patients
met the diagnostic criteria of the Japan Diabetes Society8. We
differentiated type 2 diabetes mellitus from other types of dia-
betes based on the patients’ titer of anti-glutamic acid decar-
boxylase antibody, insulin secretion ability and clinical course
of the disease.
We asked the participants about the duration of their disease

and the presence of diabetic retinopathy. We carried out a
comprehensive health examination comprising: body mass
index (kg/m2), ankle-brachial index (Vasera VS-1500;
FUKUDA DENSHI, Tokyo, Japan), cardio-ankle vascular index
(CAVI; Vasera VS-1500; FUKUDA DENSHI), carotid intima-
media thickness (Aplio i800, Aplio 500, Aplio 400, Canon, HI
VISION Ascendus; HITACHI, Tokyo, Japan), nerve conduction
velocity (Neuropack, MEB-2200, MBE-2312; NIHON KOH-
DEN, Tokyo, Japan) and coefficient of variation of R-R interval
(CVRR, ECG-1450, ECG-1560, ECG2450; NIHON KOHDEN).
Ankle-brachial index, CAVI and carotid intima-media thickness
indicated diabetic macroangiopathy, whereas nerve conduction
velocity and CVRR indicated diabetic neuropathy. After the
patients fasted overnight, we measured the glycated hemoglobin
(HbA1c), fasting plasma glucose and serum C-peptide
immunoreactivity (CPR). We also measured albumin and C-
peptide levels from the patients’ 24-h urine sample. We
assessed insulin secretion from urine C-peptide and CPR index
(serum CPR / fasting plasma glucose 9 100). The CPR index
is useful in clinical decision-making and in determining

ª 2021 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd J Diabetes Investig Vol. 12 No. 10 October 2021 1909

O R I G I N A L A R T I C L E

http://wileyonlinelibrary.com/journal/jdi Lower insulin secretion and hippocampus



whether insulin is required to treat type 2 diabetes mellitus
patients9. We evaluated the participants’ cognitive function
using the Hasegawa Dementia Scale-Revised (HDS-R) score,
which comprises nine simple questions with a maximum score
of 3010.

Statistical analysis
We carried out all the statistical analyses using EZR on the R
commander, version 1.35 (Saitama Medical Center, Jichi Medi-
cal University, Saitama, Japan). We calculated the mean or
median of the diabetes-related factors among two groups, sever-
ity score of VOI atrophy ≤1 or severity score of VOI atrophy
>1, and compared them using the Student’s t-test, Mann–Whit-
ney U-test or Fisher’s exact test, as appropriate. We used a
multivariate logistic regression analysis to determine the rela-
tionship between the diabetes-related parameters and the sever-
ity score of VOI atrophy. We expressed our calculations as
odds ratios (ORs) and 95% confidence intervals (CIs), and con-
sidered P-values of <0.05 as statistically significant.

RESULTS
The demographic and clinical characteristics of the participants
(n = 137) are shown in Table 1. The mean – standard devia-
tion age at which they underwent brain MRI was
67.8 – 9.8 years, 67.9% of them (n = 93) were men, and the
median duration of diabetes was 10 years (interquartile range
3–20 years). The mean HbA1c was 9.3 – 2.2%. The median
HDS-R score was 28 (interquartile range 26–29), and the med-
ian CPR index was 1.29 (interquartile range 0.85–1.74). In
26.3% of the participants (n = 36), the severity score of VOI
atrophy was >1.0.
As shown in Table 2, we compared the mean or median val-

ues of diabetes-related parameters among groups with severity
scores of VOI atrophy ≤1 or >1. The participants with a sever-
ity score of VOI atrophy >1 were older and showed signifi-
cantly lower levels of body mass index, CPR index and urine

C-peptide. They also showed significantly higher levels of
CAVI. The severity score of VOI atrophy was negatively corre-
lated with the HDS-R score (R = -0.261, P < 0.02). As shown
in Table 3, we estimated the effect of each diabetes-related fac-
tor on the presence of VOI atrophy in multivariate logistic
regression analysis. We analyzed the age, body mass index,
CPR index and CAVI – all of which showed significant differ-
ences in univariate analysis – and the duration of diabetes,
which was predicted as a risk factor in previous studies4,11. Age
(OR 1.09, 95% CI 1.02–1.15) and CPR index (OR 0.451, 95%
CI 0.216–0.940) were correlated with the severity score of VOI
atrophy. When we used different thresholds of the severity
score of VOI atrophy, such as the median, tertile and quartile
values, all of these showed the same result with the threshold
set at 1; that is, the CPR index and age were independent risk
factors of VOI atrophy. Multiple logistic regression analysis was
carried out after adding HbA1c; however, the results were the
same before the addition of HbA1c; that is, only the age and
CPR index were correlated with the severity score of VOI
atrophy.

Table 1 | Demographics and clinical characteristics of the patients

Total (n) 137
Male sex, n (%) 93 (67.9)
Age (years) 67.8 – 9.8
BMI (kg/m2) 25.4 – 4.1
HbA1c (%) 9.3 – 2.2
FPG (mg/dL) 151 (124–182)
CPR index 1.29 (0.85–1.74)
Duration of diabetes (years) 10 (3–20)
HDS-R score 28 (26–29)
Severity score of VOI atrophy >1, n (%) 36 (26.3)

Data are shown as the mean – standard deviation or median
(interquartile range) or n (%). BMI, body mass index; CPR, serum
C-peptide immunoreactivity; FPG, fasting plasma glucose; HbA1c,
glycated hemoglobin; HDS-R, Hasegawa Dementia Scale-Revised; VOI,
volume of interest.

Table 2 | Differences in diabetes-related parameters among groups
with severity score of volume of interest atrophy ≤1 or >1

Severity score of
VOI atrophy ≤1

Severity score
of VOI atrophy >1

P-value

(n = 101) (n = 36)

Age (years) 66.0 – 9.2 72.8 – 9.9 <0.01*
Male sex, n (%) 70 (69.3) 23 (63.8) 0.541
BMI (kg/m2) 26.0 – 4.2 23.7 – 3.6 <0.01*
Duration of
diabetes (years)

10 (3–20) 12 (7–20) 0.156

HbA1c (%) 8.7 (7.8–10.5) 9.2 (8.2–11.2) 0.250
FPG (mg/dL) 151 (124–179) 159 (124–206) 0.596
CPR index 1.37 (0.95–1.83) 0.96 (0.52–1.36) <0.01*
Urine C-peptide
(µg/day)

59.4 (32.2–91.2) 34.2 (22.2–60.5) <0.01*

ABI 1.12 (1.05–1.16) 1.07 (0.94–1.17) 0.152
CAVI 9.1 – 1.1 9.5 – 1.2 0.034*
IMT (mm) 0.85 (0.75–1.00) 0.80 (0.70–1.00) 0.699
NCV decline, n (%) 78 (79.6) 28 (80.0) 1.000
CVRR (%) 2.10 (1.59–2.89) 1.62 (1.29–2.94) 0.140
Presence of diabetic
retinopathy, n (%)

30 (36.6) 8 (26.7) 0.374

Urine albumin
(mg/day)

9.2 (4.1–40.7) 15.5 (4.2–64.0) 0.617

CCr (mL/min) 87.3 – 31.7 77.2 – 34.0 0.126
HDS-R score 28 (26–30) 26 (22–29) <0.01*

Data are shown as mean – standard deviation, median (interquartile
range) or n (%). *Statistical significance (P < 0.05). ABI, ankle brachial
index; BMI, body mass index; CAVI, cardio-ankle vascular index; CCr, cre-
atinine clearance; CPR, serum C-peptide immunoreactivity; CVRR, coeffi-
cient of variation of R-R interval; FPG, fasting plasma glucose; HbA1c,
glycated hemoglobin; HDS-R, Hasegawa Dementia Scale-Revised; IMT,
carotid intima media thickness; NCV, nerve conduction velocity.
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Furthermore, we investigated the relationship between dia-
betes-related parameters and the extent of GM atrophy, extent
of VOI atrophy and ratio of VOI/GM atrophy, and only age
was correlated with the extent of GM atrophy, extent of VOI
atrophy and ratio of VOI/GM atrophy. The associations
between several brain lesions detected on the MRI carried out
in the present study and various other factors were examined.
Patients with cerebral infarctions (n = 45), all of which were
asymptomatic microinfarctions, had a significantly greater
extent of GM atrophy and lower HDS-R, but showed no corre-
lation with the severity score of VOI atrophy, extent of VOI
atrophy, ratio of VOI/GM atrophy and diabetes-related param-
eters compared with those who had no pathological lesions
(control group; n = 37). Patients with white matter lesions
(n = 71) or cerebral microbleeds (n = 26) had no significant
difference in the HDS-R, atrophy of VOI or GM, ratio of VOI/
GM atrophy, or in diabetes-related parameters compared with
the control group.
The use of insulin, glucagon-like peptide-1 receptor agonist

or any oral antidiabetic agents were not associated with the
atrophy of VOI or GM or ratio of VOI/GM atrophy. Only the
use of sulfonylureas or glinides was negatively associated with
the HDS-R score (P < 0.05).

DISCUSSION
In the present study, we showed that older age and lower insu-
lin secretion were risk factors for HPGA, which is characteristic
of AD. A few previous studies examined the relationship
between hippocampal atrophy and diabetes-related factors in
Japanese patients with type 2 diabetes mellitus4,12,13, but none
of them examined the relationship between atrophy and insulin
secretion.
The association between AD and insulin-signaling disorders

has been shown in previous research. Amyloid b (Ab) and
neurofibrillary tangles are known to form in the brains of

patients with AD14, and Ab overproduction has been reported
in the brains of mice that were administered streptozotocin15,16.
Excessive phosphorylation of tau proteins promotes their poly-
merization to form neurofibrillary tangles17,18. A deficiency in
insulin signaling promotes tau phosphorylation mediated by
the glycogen synthase kinase 3b, which is one of the tau phos-
phorylases19,20. Several studies have reported that tau phospho-
rylation was significantly promoted not only in type 2 diabetes
mellitus models showing insulin resistance, but also in models
of type 1 diabetes21-24. These data show that a lower insulin
concentration leads to impaired insulin signaling in the brain,
thereby resulting in Ab overproduction and hyperphosphoryla-
tion of the tau protein.
Some previous reports showed that insulin resistance or

hyperinsulinemia was associated with cognitive decline; how-
ever, others did not25,26. One of the possible mechanisms of
this association is that, during hyperinsulinemia, the insulin
permeability of the blood–brain barrier is reduced due to
downregulation of the insulin receptors in the vascular
endothelium, thereby reducing the insulin concentration in the
cerebrospinal fluid27. A previous report showed that the ratio
of the concentration of insulin in cerebrospinal fluid to serum
insulin was reduced in non-diabetic AD patients with higher
plasma insulin levels28.
In contrast, the present study showed that patients with

lower insulin secretion abilities tended to have VOI atrophy. A
low concentration of serum insulin leads to a low concentration
of insulin in the cerebrospinal fluid, which gives rise to insulin
signal disorders and results in Ab overproduction, excessive
amount of hyperphosphorylated tau protein, and atrophy of
hippocampal and parahippocampal regions. Although these
findings disagree with the aforementioned report, other studies
provided evidence that supports the present results. Indeed, a
prospective study of a community-based cohort of Japanese-
American elderly men showed that both low and high levels of
insulin were associated with an increased risk of developing
dementia29. In addition, in the population-based Uppsala Lon-
gitudinal Study of Adult Men, impaired acute insulin response
during the intravenous glucose tolerance test in middle-aged
participants was associated with an increased risk of AD up to
35 years later30. Furthermore, intranasal insulin administration
improved cognitive performance in patients with type 2 dia-
betes mellitus31. Finally, in an experimental study, insulin infu-
sion into the brain lateral ventricles of streptozotocin-diabetic
rats for 12 weeks prevented brain atrophy32. Therefore, insulin
deficiency could be one of the important mechanisms for cog-
nitive decline in diabetes mellitus through hyperglycemia, high
glucose variability or the defects in insulin signaling in the
brain.
The Hisayama study showed that hippocampal volume and

total brain volume were significantly lower in participants with
diabetes than in those without diabetes, and this atrophy was
associated with a longer duration of diabetes4. The present
study, VOI atrophy was not associated with the duration of

Table 3 | Effects of each diabetes-related factor on the presence of
volume of interest atrophy in multivariate logistic regression analysis

Odds
ratios

95% confidence
intervals

P-value

Age (years) 1.09 1.02–1.15 <0.01*
BMI (kg/m2) 0.953 0.841–1.080 0.444
Duration of
diabetes (years)

0.984 0.947–1.020 0.411

CPR index 0.451 0.216–0.940 0.034*
CAVI 1.04 0.652–1.640 0.884

Multivariate logistic regression analysis was carried out with age, body
mass index (BMI), serum C-peptide immunoreactivity (CPR) index and
cardio-ankle vascular index (CAVI; all of which showed significant differ-
ences in univariate analysis) and the duration of diabetes, which was
predicted to be a risk factor based on previous studies. *Statistical sig-
nificance (P < 0.05).
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diabetes; however, the recorded duration might have been inac-
curate, as the information was based on self-reported data and
was not obtained from a review of the medical records.
Hanyu et al.11,33 suggested that there was a dementia sub-

group among diabetes patients, characterized by high HbA1c,
long duration of diabetes mellitus and high frequency of insulin
therapy – they called it ‘diabetes-related dementia.’ MRI find-
ings in ‘diabetes-related dementia’ patients showed no evidence
of vascular lesions, less-severe medial temporal lobe atrophy,
but diffuse cortical atrophy. We examined associations between
the HDS-R score and HbA1c, duration of disease and insulin
use. These were features of diabetes-related dementia, but these
were not correlated with the HDS-R score. As almost all of our
participants had not manifested overt dementia, we might not
have been able to sow the characteristics of diabetes-related
dementia in the present study.
Many reports claim that diabetes promotes AD pathology34,

whereas others suggest that it promotes brain atrophy and
brain damage without increasing AD pathology35. However,
AD is still considered to be the most common cause of demen-
tia. This is because >40% of type 2 diabetes mellitus patients
show intermediate or severe AD pathology at the time of brain
autopsy34.
We examined the associations of glucose-lowering medicines

with brain atrophy or cognitive function, and patients who
were treated with sulfonylureas or glinides had a significantly
lower HDS-R. The possible reason for this association might be
that these medicines can cause severe hypoglycemia.
There were some limitations in this study that need to be

mentioned. A history of severe hypoglycemia and education
could affect brain atrophy and cognitive function; however, we
could not assess the influence of these factors, as this informa-
tion could not be obtained from the patients. The effect of glu-
cose-lowering medicines on cognitive function might have been
difficult to determine accurately, because many patients were
on multidrug regimens at various periods. The ability of the
VSRAD might have been influenced by the whole-brain vol-
ume; for example, if there was atrophy of the whole brain, the
value of severity score of VOI atrophy would indicate false neg-
atives. In the present study, there were just two patients with
whole-brain atrophy, but their severity scores of VOI atrophy
were >1; therefore, this potential influence did not affect the
present results.
Further studies are required in the future to verify the pre-

sent results, and determine whether there is a direct link
between lower insulin secretion and HPGA in diabetes patients.
We successfully concluded that lower levels of insulin secre-

tion in patients with type 2 diabetes mellitus were significantly
associated with the occurrence of HPGA. The results of the
present study, which are supplemented by MRI findings, sup-
port the hypothesis that insulin-signaling abnormalities are
involved in the pathophysiology of AD. For preventing AD in
type 2 diabetes mellitus patients, early treatment intervention
will be important to maintain insulin secretion ability.
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