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Abstract
Objectives Diabetes frequently results in cognitive impairment, but it is less clear if brain health is adversely affected during 
the prediabetic stage. Our aim is to identify possible changes in brain volume as measured by magnetic resonance imaging 
(MRI) in a large elderly population stratified according to level of “dysglycemia.”
Methods This is a cross-sectional study of 2144 participants (median age 69 years, 60.9% female) who underwent 3-T brain 
MRI. Participants were divided into 4 dysglycemia groups based on HbA1c levels (%): normal glucose metabolism (NGM) 
(< 5.7%), prediabetes (5.7 to < 6.5%), undiagnosed diabetes (6.5% or higher), and known diabetes (defined by self-report).
Results Of the 2144 participants, 982 had NGM, 845 prediabetes, 61 undiagnosed diabetes, and 256 known diabetes. 
After adjustment for age, sex, education, body weight, cognitive status, smoking, drinking, and disease history, total gray 
matter volume was significantly lower among participants with prediabetes (0.41% lower, standardized β =  − 0.0021 [95% 
CI − 0.0039, − 0.00039], p = 0.016), undiagnosed diabetes (1.4% lower, standardized β =  − 0.0069 [95% CI − 0.012, − 0.002], 
p = 0.005), and known diabetes (1.1% lower, standardized β =  − 0.0055 [95% CI − 0.0081, − 0.0029], p < 0.001) compared to 
the NGM group. After adjustment, total white matter volume and hippocampal volume did not differ significantly between 
the NGM group and either the prediabetes group or the diabetes group.
Conclusion Sustained hyperglycemia may have deleterious effects on gray matter integrity even prior to the onset of clinical diabetes.
Key Points 
• Sustained hyperglycemia has deleterious effects on gray matter integrity even prior to the onset of clinical diabetes.
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Abbreviations
AD  Alzheimer’s disease
GMV  Gray matter volume
HV  Hippocampal volume
ICV  Intracranial volume
NGM  Normal glucose metabolism
WMV  White matter volume

Introduction

Cognitive impairment in aging and elderly populations is a 
growing concern around the world. There is thus an urgent 
need to identify risk factors and protective factors for the 
development of Alzheimer’s disease (AD). Especially, it is 
critical to reduce the incidence and severity of modifiable 
risk factors because there are no established treatments 
for delaying the associated cognitive impairments. Type 
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2 diabetes mellitus (T2D) can result in progressive neural 
damage and ensuing neurological impairments, includ-
ing cognitive deficits. Several studies have reported that 
T2D is associated with an increased risk of AD [1–4]. 
Furthermore, the previous meta-analysis also showed that 
prediabetes (prodromal state of T2D) was a significant 
predictor on risk of progression from amnestic mild cog-
nitive impairment to AD [5]. However, it is still uncer-
tain whether prediabetes can have measurable deleterious 
effects on brain. The impact of prediabetes on brain health 
is of great public health significance considering that half 
of adults aged 60 years and older may have this condition 
[6]. Therefore, there is great interest in identifying brain 
changes in prediabetes condition.

Imaging can help us to detect brain abnormalities and to 
identify etiological factors. Several studies of patients with 
T2D have also reported reduced brain volume and acceler-
ated rates of brain atrophy in sites prone to AD pathology, 
including the hippocampus and parahippocampus [7–9]. 
However, few studies have specifically examined changes 
in brain volume during prediabetes. Dong et al. found a 
significant difference in left hippocampal volume (HV) 
between a relatively small cohort of subjects with predia-
betes (n = 17) and matched subjects with normal glucose 
metabolism (NGM) [10]. Studies with larger populations 
have also reported global brain volume loss in T2D, but 
adjusted analyses revealed no significant differences between 
subjects with NGM and prediabetes [8, 9]. Thus, the under-
lying brain structural correlates in the prediabetes condition 
remain unclear, although the prediabetes showed a risk fac-
tor for cognitive decline [5].

Several glycemic measures are used in clinical practice 
to diagnose and gage the severity of dysglycemia. Among 
these, blood hemoglobin A1c (HbA1c) level provides a 
more stable measure of long-term hyperglycemia than 
blood glucose, thereby facilitating the detection of undi-
agnosed T2D or glucose intolerance [11]. In this study, we 
reviewed data from a population-based prospective study 
of cerebro- and cardiovascular diseases and dementia in 
a large population of older Japanese people (the Iki-Iki 
study) to assess associations between dysglycemia sever-
ity (including prediabetes) as measured by HbA1c and 
changes in brain volume.

Methods

This study was conducted following the ethical guidelines of 
the Declaration of Helsinki, and the use of data from the Iki-
Iki Health Promotion Project (Iki-Iki study) was approved 
by the Ethics Committee of Hirosaki University School 
of Medicine (authorization number 2019–064-1). Written 
informed consent was obtained from all participants.

Study population and study design

The Iki-Iki Health Promotion Project was established in 
2016 as a population-based prospective study of cerebro- 
and cardiovascular diseases and dementia in an older 
Japanese population from the Iwaki area of Hirosaki City, 
located in western Aomori Prefecture, Japan. In 2016 and 
2017, 2390 residents aged > 64 years participated in the 
screening survey. Of the 2390 residents, 2226 (93.1%) 
underwent brain MRI. We excluded 22 participants with 
image distortions (4 with metal artifacts, 7 with excessive 
motion artifacts, 11 for whom HV could not be measured 
accurately for other reasons), 32 participants without avail-
able MRI data (32 without T1-weighted images), and one 
participant without available blood HbA1c measurements. 
We also excluded 27 participants with diabetes mellitus 
receiving insulin therapy. Thus, 2144 participants (1305 
females and 839 males) were enrolled in the present study.

Blood samples were analyzed for HbA1c using the Roche 
modular 7600 automatic biochemistry analyzer, and partici-
pants were divided into the following four “dysglycemia” 
categories based on HbA1c levels as defined by American 
Diabetes Association guidelines [12]: (1) NGM (< 5.7%), 
(2) prediabetes (from 5.7 to < 6.5%), (3) undiagnosed dia-
betes (6.5% or higher), and (4) known diabetes (confirmed 
by self-reported use of disease-specific medications). The 
known diabetes group was further divided into two groups, 
with and without diabetic retinopathy. In this study, all par-
ticipants with diabetes were diagnosed as T2D.

Image processing for brain volume

All brain MRI data were obtained using the same proto-
col on a single 3-T MRI scanner (Signa EXCITE 3 T; GE 
Healthcare) with an 8-channel brain phased-array coil. 
Original T1-weighted images were acquired in the steady 
state using a three-dimensional (3D) fast-spoiled gradient 
recalled sequence with the following parameters: repetition 
time, 10 ms; echo time, 4.1 ms; inversion time, 700 ms; flip 
angle, 10; field of view, 26 cm; section thickness, 1.2 mm; 
and resolution, 1.0 × 1.0 × 1.2 mm. Analysis was conducted 
using the CAT12 toolbox (C. Gaser, Structural Brain Map-
ping Group, Jena University Hospital; http:// dbm. neuro. 
uni- jena. de/ cat/) implemented in Statistical Parametric 
Mapping 12 (SPM12) software (Wellcome Trust Center 
for Neuroimaging; http:// www. fil. ion. ucl. ac. uk/ spm/ softw 
are/ spm12/) [13, 14]. The 3D T1-weighted images in native 
space were spatially normalized; segmented into gray matter 
(GM), white matter (WM), and cerebrospinal fluid (CSF); 
and modulated using the diffeomorphic anatomical registra-
tion through exponential Lie algebra toolbox [13, 15]. To 
preserve the GM volumes within each voxel, we modulated 
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the images using the Jacobian determinants derived from the 
spatial normalization. The resulting modulated GM images 
were smoothed using an 8-mm full-width at half-maximum 
Gaussian kernel. We calculated total intracranial volume 
(ICV), total gray matter volume (GMV), and total white 
matter volume (WMV). The GMV and WMV included both 
supratentorial and infratentorial regions. Bilateral hippocam-
pal volume (HV) was then calculated the latter using the 
40-brain LPBA40 atlas [16]. We also calculated the GMV/
ICV ratio as an indicator of global GM atrophy, WMV/ICV 
ratio as an indicator of global WM atrophy, and HV/ICV 
ratio as an indicator of hippocampal atrophy.

Statistical analyses

All statistical analyses were performed using EZR (Saitama 
Medical Center, Jichi Medical University) [17]. Nominal 
variables are expressed as percentages and continuous vari-
ables as mean ± standard deviation, median (interquartile 
range), or range based on distribution. Multivariable linear 
regression was used to investigate the associations of dys-
glycemia status (NGM, prediabetes, undiagnosed diabetes, 
and known diabetes) with brain volume measures (GMV/
ICV ratio, WMV/ICV ratio, HV/ICV ratio). Regression 
coefficients within groups were determined using dummy 
variables for prediabetes, undiagnosed diabetes, and known 
diabetes, with NGM as the reference group. In the known 
diabetes group, by the multivariable linear regression, we 
investigated the associations of diabetic retinopathy with 
brain volume measures (GMV/ICV ratio, WMV/ICV ratio, 

and HV/ICV ratio). Analyses were adjusted for age, sex, 
education level (less than high school, high school or equiva-
lent, college or graduate, or professional school), body mass 
index (BMI), mini-mental state examination (MMSE) score, 
smoking status, alcohol consumption, and self-reported 
medical history (hypertension, hyperlipidemia, and depres-
sion). We classified smoking and alcohol drinking habits 
as currently habitual or not. For visualization purposes of 
the analysis, GMV/ICV ratio, WMV/ICV ratio, and HV/
ICV ratio for prediabetes, undiagnosed diabetes, and known 
diabetes groups were expressed as percent change relative 
to the NGM group median and plotted as median percent 
change with bootstrapped 95% confidence intervals for each 
group [18].

Results

The general characteristics of the study population stratified 
by dysglycemia severity (NGM, prediabetes, undiagnosed 
diabetes, and known diabetes) are summarized in Table 1. 
Of the 2144 participants, 982, 845, 61, and 256 had NGM, 
prediabetes, undiagnosed diabetes, and known diabetes, 
respectively. Of the 256 participants with known diabetes, 
we found 8 participants with and 248 without diabetic retin-
opathy. Median age was 69 years, and 60.9% were women.

After adjustment for potential confounders (age, sex, edu-
cation level, BMI, MMSE score, smoking status, alcohol fre-
quency, and medical history), the GMV/ICV ratio was sig-
nificantly lower among the prediabetes group (0.41% lower, 

Table 1  Clinical characteristics of participants according to dysglycemia categories

NGM normal glucose metabolism, IQR interquartile range, BMI body mass index, SD standard deviation, MMSE mini-mental state examination, 
ICV total intracranial volume, GMV total gray matter volume, WMV total white matter volume, HV hippocampal volume

Characteristic All (n = 2144) NGM (n = 982) Prediabetes
(n = 845)

Undiagnosed diabetes 
(n = 61)

Known diabetes 
(n = 256)

Age, median (IQR) 69 (67–73) 69 (66–73) 69 (67–73) 68 (66–72) 70 (67–73)
Sex: male/female 839/1305 397/585 275/570 25/36 142/114
Education: university/high 

school/junior high school
631/1119/394 288/515/179 252/439/154 16/36/9 75/129/52

BMI, mean (SD) 22.6 (3.1) 22.2 (2.8) 23.1 (3.1) 24.2 (3.4) 23.4 (3.3)
HbA1c, median (IQR) 5.7 (5.5–6.0) 5.4 (5.3–5.5) 5.8 (5.7–6.0) 6.7 (6.5–7.0) 6.5 (6.1–6.9)
MMSE score, median (IQR) 28 (26–30) 28 (26–29) 28 (26–30) 28 (26–30) 28 (26–30)
Alcohol, n (%) 1140 (53.2) 571 (58.1) 391 (46.2) 28 (45.9) 150 (58.6)
Smoking, n (%) 725 (33.8) 330 (33.6) 251 (29.7) 24 (39.3) 118 (45.2)
Depression, n (%) 34 (1.6) 13 (1.3) 11 (1.1) 1 (1.6) 9 (3.5)
Hypertension, n (%) 996 (46.5) 392 (40.0) 400 (47.3) 35 (57.3) 165 (64.5)
Hyperlipemia, n (%) 931 (43.4) 358 (36.5) 389 (46.0) 32 (52.4) 148 (57.8)
GMV/ICV ratio, mean (SD) 0.419 (0.024) 0.421 (0.023) 0.420 (0.023) 0.415 (0.023) 0.411 (0.024)
WMV/ICV ratio, mean (SD) 0.323 (0.019) 0.324 (0.019) 0.323 (0.019) 0.323 (0.019) 0.321 (0.021)
HV/ICV ratio, mean (SD) 0.0054 (0.00052) 0.0055 (0.00052) 0.0054 (0.00051) 0.0055 (0.00050) 0.0054 (0.00053)
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standardized β =  − 0.0021 [95% CI − 0.0039, − 0.00039], 
p = 0.016), undiagnosed diabetes group (1.4% lower, stand-
ardized β =  − 0.0069 [95% CI − 0.012, − 0.002], p = 0.005), 
or known diabetes group (1.1% lower, standardized 
β =  − 0.0055 [95% CI − 0.0081, − 0.0029], p < 0.001) com-
pared to the NGM group (Table 2 and Fig. 1). Furthermore, 
compared to prediabetes group, the GMV/ICV ratio was 
lower among the undiagnosed diabetes group (1.0% lower, 
standardized β =  − 0.0047 [95% CI − 0.0097, 0.00022], 
p = 0.06), or known diabetes group (0.7% lower, standard-
ized β =  − 0.0033 [95% CI − 0.006, − 0.0006], p = 0.017) 
after adjustment for the potential confounders. In contrast, 
total WM/ICV ratio and HV/ICV ratio did not differ signifi-
cantly between the prediabetes and NGM groups or between 
the total diabetes (undiagnosed and known) and NGM 
groups after the adjustment. However, HV/ICV ratio was 
lower in participants with diabetes (undiagnosed and known) 
than in those without diabetes (NGM and prediabetes).

After adjustment for potential confounders, the GMV/
ICV ratio was significantly lower among the known diabe-
tes group with diabetic retinopathy than without diabetic 
retinopathy (0.03% lower, standardized β =  − 0.017 [95% 
CI − 0.030, − 0.0032], p = 0.016), whereas total WM/ICV 
ratio and HV/ICV ratio did not differ significantly between 
the known diabetes groups with and without diabetic 
retinopathy.

Discussion

The aim of the present study was to identify possible 
changes in total and regional brain volume among elderly 
individuals with prediabetes by taking advantage of the large 
Iki-Iki Health Promotion Project cohort. Total GMV was 
significantly reduced in the prediabetes group compared to 
the elderly with NGM. Thus, the GMV atrophy frequently 
observed in older subjects with T2D [19–21] appears to 
begin during the preclinical period of relatively poor blood 
glucose control. Conversely, we found no significant differ-
ence in normalized bilateral HV/ICV ratio between the pre-
diabetes and NGM groups, suggesting that total GM atrophy 

precedes hippocampal atrophy during the early trajectory 
of T2D.

Only a few studies have specifically examined asso-
ciations between prediabetes as defined by HbA1c and/or 
FG and changes in brain volume. Reitz et al. reported that 
prediabetes based on HbA1c levels was associated with 
decreased GMV, WMV, and HV as measured by MRI at 
regular field strength (1.5 T); however, no significant differ-
ences remained between the NGM (n = 115) and prediabetes 
(n = 224) groups after adjustment for confounders [9]. In a 
large population-based study by Schneider et al., subjects 
with T2D and high HbA1c (≥ 7.0%) exhibited reduced total 
and regional brain volumes, but subjects with prediabetes 
(n = 514) according to the same HbA1c criterion used in 
the current study (from 5.7 to < 6.5%) showed no significant 
differences compared to nondiabetic subjects (n = 597) [8]. 
This discrepancy may be explained by our segmentation of 
images into GM and WM, as no difference in WM/ICV ratio 

Table 2  Associations of prediabetes, undiagnosed diabetes, and known diabetes with brain volume measures

ICV total intracranial volume, GMV total gray matter volume, WMV total white matter volume, HV hippocampal volume, CI confidence interval
Boldface type indicates p < 0.05

Prediabetes Undiagnosed diabetes Known diabetes

β (95% CI) p β (95% CI) p β (95% CI) p

GMV/ICV ratio  − 0.0021 (− 0.0039, − 0.00039) 0.016  − 0.0069 (− 0.012, − 0.0020) 0.005  − 0.0055 (− 0.0081, − 0.0029)  < 0.001
WMV/ICV ratio  − 0.00032 (− 0.0019, 0.0013) 0.69  − 0.0019 (− 0.0064, 0.0026) 0.40  − 0.0013 (− 0.0037, 0.0011) 0.29
HV/ICV ratio  − 0.000019 (− 0.000061, 0.00022) 0.37  − 0.00013 (− 0.00013, 0.0001) 0.79  − 0.000013 (− 0.000076, 0.000049) 0.67

Fig. 1  Associations between dysglycemia categories and gray matter 
volume, white matter volume, and hippocampal volume/intracranial 
volume ratio compared to normal glucose metabolism. Boxes rep-
resent the 95% confidence interval for the relative rate of change of 
gray matter volume/intracranial volume (GMV/ICV), white matter 
volume/intracranial volume (WMV/ICV), and hippocampal volume/
intracranial volume (HV/ICV) compared to normal glucose metabo-
lism (NGM). After adjustment, the GMV/ICV ratio is significantly 
lower in prediabetes and total diabetes (undiagnosed and known) than 
in NGM groups, although for the WMV/ICV and HV/ICV ratios, 
there are no significant differences between prediabetes and NGM 
groups or between total diabetes and NGM groups
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was found between the prediabetes and NGM groups in the 
current study population.

Multiple pathophysiological mechanisms may contrib-
ute to the progressive GM atrophy observed in elderly 
individuals with dysglycemia. Chronically elevated insulin 
(hyperinsulinemia) in the brain due to insulin resistance may 
stimulate amyloid β secretion and inhibit the extracellular 
degradation of amyloid β by competing for insulin-degrad-
ing enzymes [22], resulting in localized tissue degeneration. 
Furthermore, regional atrophy in the cortex and hippocam-
pus may be explained by the higher expression of insulin 
receptors in these structures (GM) [23]. We speculate that 
these processes begin during the preclinical phase (prediabe-
tes) due to chronic hyperinsulinemia. In addition, compared 
to the prediabetes group, the GMV/ICV ratio was 1.0% 
lower in the undiagnosed diabetes group (p = 0.06), and 
0.7% lower in the known diabetes group (p = 0.017), possi-
bly suggesting that a long exposure of dysglycemia worsens 
GM atrophy. Moreover, we found the GMV/ICV ratio was 
significantly lower in the known diabetes group with diabetic 
retinopathy than in the group without diabetic retinopathy 
(p = 0.016). The longer a patient has had diabetes, the higher 
the risk of developing diabetic retinopathy [24]. Therefore, 
the result also supports our speculation.

Although many previous studies have reported reduced 
HV in patients with T2D [7–9], we found no significant dif-
ferences in prediabetes compared to matched subjects with 
NGM, in accord with the Alzheimer’s Disease Neuroim-
aging Initiative (ADNI) [25]. Similarly, Schneider et al. 
reported that reduced HV was associated with severe T2D, 
but not with prediabetes or less severe T2D [8]. We also 
found that HV/ICV ratio was lower in participants with 
diabetes (undiagnosed and known) than in those without 
diabetes (NGM and prediabetes), suggesting that the effects 
of hyperglycemia on HV do not manifest until a later dis-
ease stage. Thus, HV may be preserved in the prediabetic 
state, providing a therapeutic window of opportunity for pre-
venting or delaying the onset and progression of cognitive 
decline. In the previous study, the hippocampus showed the 
highest level of insulin resistance [26], which suggests that 
possible reasons should be considered to explain why we 
found the reduced volume in GM, but not in the hippocam-
pus. One possible technical explanation is that pathological 
changes in the prediabetes condition may be too subtle to 
be detected with our MRI analysis. For pathophysiological 
mechanisms, T2D could also lead to vascular abnormality, 
including macrovascular and microvascular changes [22]. In 
prediabetes condition, the GM may be more vulnerable to 
vascular changes compared to the hippocampus.

Brain reserve is a “passive” cognitive capacity that is 
thought to depend on individual brain structure and circuit 
complexity [27], and patients with less brain reserve capac-
ity are thought to have a lower threshold for functional 

impairment, following the onset of brain pathology. Con-
versely, subjects with greater premorbid brain reserve are 
expected to express symptoms gradually and of lesser severity. 
Intracranial volume (ICV) is the most widely used proxy meas-
ure of brain reserve as it is easily derived from structural MRI 
[28]. However, a recent review article emphasized the need 
for measures more strongly predictive of current and future 
cognitive function, and the authors proposed whole-brain vol-
ume and bilateral HV as alternatives. Therefore, our finding of 
reduced GMV/ICV in prediabetes suggests that brain reserve 
may be compromised even in the earliest stages of the disor-
der, underscoring the importance of interventions for effective 
glucose control among nondiabetic elderly people.

Our study has several strengths. First, the community-
based design and large sample size reduced sampling bias 
and the effects of individual variability, and permitted 
detailed evaluation of confounding factors. Furthermore, 
all brain MRI data were obtained using the same protocol 
and MRI scanner, and previous investigations have sug-
gested that volume measurements across platforms (vendor, 
MRI sequence, and scanner upgrade) introduce difference 
bias [29, 30]. Second, dysglycemia diagnosis was based on 
HbA1c level, a more reliable marker of long-term hypergly-
cemia than fasting blood glucose and also allowing identi-
fication of undiagnosed diabetes and glucose intolerance. 
Third, Asian participants are significantly under-represented 
in MRI studies of diabetes-associated brain changes.

Several limitations should also be noted. First, as the 
present findings were derived from cross-sectional data, 
it is not possible to draw conclusions on the causal asso-
ciations between glycemic measures and brain atrophy. 
Therefore, future longitudinal studies are needed to 
address if hyperglycemia proceeds cognitive decline and 
if the severity of hyperglycemia is correlated with the 
magnitude of cognitive dysfunction. Second, we also used 
only one HbA1c measurement and, thus, have no estimate 
of measurement reproducibility or accuracy. In addition, 
we could not account for different glycemia trajectories. 
Therefore, measurement error could have resulted in 
underestimation of the associations between dysglycemia 
and changes in brain volume. Furthermore, for understand-
ing the pathophysiological mechanisms (hyperinsulinemia 
and higher expression of insulin receptors) for the GM 
atrophy, it is important to analyze the blood insulin/glu-
cose concentrations. However, in our many participants, 
the glucose and insulin levels were not measured under 
overnight fasting conditions. Therefore, further studies 
will be needed to clarify relationship between insulin/
glucose concentrations and brain volumes in prediabetes 
condition. Third, the diagnosis of “known diabetes” was 
based on self-report, and reliable data on duration of dia-
betes were not available. In addition, although the predia-
betes and undiagnosed diabetes groups were consistent 
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with treatment-naïve populations, the diabetes group was 
consisted of different grades of disease severity; short 
and long disease duration patients or compensated and 
decompensated patients. The high inhomogeneity with the 
diabetes group could affect the results for the compari-
son among the groups. Fourth, our sample was restricted 
to relatively well-educated ethnic Japanese, which limits 
the generalizability of our findings to other racial/ethnic 
groups, particularly in less developed countries. Finally, 
some relevant confounders may have been excluded from 
the multivariable linear regression analysis.

Our findings suggest that sustained dysglycemia, even 
before the clinical diagnosis of diabetes, may have deleteri-
ous effects on GM integrity in the elderly. Therefore, care-
ful monitoring and early intervention during the prediabetes 
stage may delay the onset or progression of cognitive decline.
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