Original Article

Memory Dysfunction in Type 2 Diabetes Mellitus Correlates
with Reduced Hippocampal CA1 and Subiculum Volumes
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Background: Little attention has been paid to the role of subcortical deep gray matter (SDGM) structures in type 2 diabetes
mellitus (T2DM)-induced cognitive impairment, especially hippocampal subfields. Our aims were to assess the in vivo volumes of SDGM
structures and hippocampal subfields using magnetic resonance imaging (MRI) and to test their associations with cognitive performance
in T2DM.

Methods: A total of 80 T2DM patients and 80 neurologically unimpaired healthy controls matched by age, sex and education level was
enrolled in this study. We assessed the volumes of the SDGM structures and seven hippocampal subfields on MRI using a novel technique
that enabled automated volumetry. We used Mini-Mental State Examination and Montreal Cognitive Assessment (MoCA) scores as
measures of cognitive performance. The association of glycosylated hemoglobin (HbA1c) with SDGM structures and neuropsychological
tests and correlations between hippocampal subfields and neuropsychological tests were assessed by partial correlation analysis in T2DM.
Results: Bilaterally, the hippocampal volumes were smaller in T2DM patients, mainly in the CA1 and subiculum subfields. Partial
correlation analysis showed that the MoCA scores, particularly those regarding delayed memory, were significantly positively correlated
with reduced hippocampal CA 1 and subiculum volumes in T2DM patients. Additionally, higher HbA1c levels were significantly associated
with poor memory performance and hippocampal atrophy among T2DM patients.

Conclusions: These data indicate that the hippocampus might be the main affected region among the SDGM structures in T2DM. These
structural changes in the hippocampal CA1 and subiculum areas might be at the core of underlying neurobiological mechanisms of
hippocampal dysfunction, suggesting that degeneration in these regions could be responsible for memory impairments in T2DM patients.
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INTRODUCTION Previous studies®*-1? have investigated the role of subcortical
deep gray matter (SDGM) volume in T2DM-induced
cognitive impairment, but conflicting results have been
reported. Some studies’®* found abnormalities in the
subcortical structures of T2DM patients associated with
impaired cognitive domains related to the speed of mental
processes and memory. We recently reported GM volume
reductions in the hippocampus and amygdala of patients with
T2DM with mild cognitive impairment.l'” Nevertheless,
to date, the majority of morphometric studies of T2DM
have been conducted using voxel-based morphometry
analysis methods or manual segmentation methods, and a
relatively small sample sizes have led to conflicting results
about subcortical pathology. For example, some research

groups found no structural changes in the hippocampus

Quick Response Code: in T2DM patients.['""1? In contrast to the problem of tissue

The prevalence of type 2 diabetes mellitus (T2DM)
continues to rise in adults worldwide.l' T2DM is
related to decrements in cognition, particularly learning
and memory deficits.>¥ Previous magnetic resonance
imaging (MRI) studies™” have found brain abnormalities,
such as cortical and subcortical atrophy and white-matter
hyperintensities (WMH) in T2DM patients. These
pronounced structural changes have also been associated
with the development of dementia.l® However, the
pathophysiological mechanism of T2DM-induced cognitive
impairment is still largely unknown.
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segmentation (GM, WM and cerebrospinal fluid [CSF]) on
brain MRI for which acceptable solutions have been found,
the issue of subcortical structure segmentation has yet to
be satisfactorily addressed. Thus, using accurate and robust
segmentation methods that are fully automated, quantitative
evaluations of SDGM abnormalities in T2DM patients could
provide new insights into the pathogenesis of cognitive
dysfunction in this disorder.

Here, we applied a novel image analysis technique
(FreeSurfer),['3! which is a voxel-based, automated
software for brain reconstruction, to investigate the extent
of SDGM structures directly. Moreover, this technique
reveals the anatomical features of the hippocampal
formation at an unprecedented level of detail, providing
the basis for hippocampal subfield measurement. In
previous neuroimaging investigations, Freesurfer was
used successfully to study SDGM and hippocampal
subfield structures in conditions such as Alzheimer’s
disease (AD).['415]

The aim of this study was to investigate the characteristics
of SDGM structural changes and regional changes in the
hippocampal subregions of T2DM patients compared to
control subjects. We also examined whether volumetric
changes in hippocampal subfields in T2DM were related to
cognitive impairment.

MeTtHoDS

Participants

This study protocol was approved by the Ethics Committee of
Southwest Hospital in Chongqing, China. Written informed
consent and complete medical records were obtained from
each participant prior to the study. The patients volunteered
to participate in this study and were able to express their
psychological states.

Two age-, gender- and education-matched groups of
participants were studied, including 80 patients diagnosed
with T2DM and 80 healthy controls (HCs) subjects. All of
the participants were right handed. Patients with T2DM were
diagnosed using the criteria recommended by the American
Diabetes Association in 2010.01%1 All of the patients were
recruited from southwest hospital and were being treated
with oral hypoglycemic agents, insulin secretagogue
agents and metformin at various dosages. In addition, these
patients used other nonpharmacologic strategies, including
diet control and physical exercise. A group of HC with no
history or symptoms of diabetes or psychiatric or neurologic
disease was recruited.

The exclusion criteria for all of the participants included central
nervous system diseases, including stroke, drug or alcohol
dependence; a history of head trauma, major depression
(excluded by the Hamilton depression rating scale) or other
neurological or psychiatric illnesses (excluded by clinical
assessment and case history); contraindications to MRI;
and indications of dementia (defined as a Mini-Mental

State Exam [MMSE] score of <24). Subjects with major
medical illnesses (e.g. cancer, anemia, diabetic ketoacidosis
and thyroid dysfunction) and severe visual or hearing loss
were also excluded from the current study. Vascular risk
factors (hyperlipidemia, hypertension, WMH) were also
recorded for inclusion in the analysis.

Neuropsychological tests

In this study, global cognitive function was evaluated using
the MMSE and Montreal Cognitive Assessment (MoCA).
The MMSE is the most widely used test for cognitive function
and has been used to assess possible dementia.!'”? The MoCA,
Beijing version, was applied to assess the cognitive condition
of each participant (including visuospatial, executive,
attention, language, delayed recall and orientation domains).
Results were scored from 0 to 30, with higher scores
indicating better cognition.

Magnetic resonance imaging data acquisition

All of the imaging data were obtained in the Department of
Radiology at Southwest Hospital using a Siemens 3Tesla
TIM Trio MRI system (Erlangen, Germany) equipped with
the standard Siemens eight-channel head coil. In addition
to conventional diagnostic sequences, a high-resolution
sagittal structural T1-weighted anatomical sequence was
acquired using a three-dimensional magnetization-prepared
rapid-acquisition gradient echo (repetition time = 1900 ms,
echo time = 2.52 ms, flip angle = 9°, slice thickness = 1 mm,
field of view = 256 mm x 256 mm, matrix = 256 x 256,
voxel size =1 mm x 1 mm x 1 mm, 176 slices).

Data analysis

Volumetric analysis

For each subject, volume estimation for seven bilateral
subcortical structures, including the nucleus accumbens,
amygdala, caudate, hippocampus, pallidum, putamen and
thalamus, was performed using the Freesurfer image analysis
suite (version 5.3.0, Charlestown, MA, USA; http://surfer.
nmr.mgh.harvard.edu). Automatic subcortical segmentation
of a brain volume is based upon the existence of an atlas
containing probabilistic information on the location of
structures. The technical details of these procedures are
described in the previous publication.!'® Finally, two expert
radiologists verified the accuracy of each participant’s
native-space SDGM segments, and no errors were identified.

To reduce the effects of inter-individual variability in head
size, total intracranial volume (TIV, including separate
estimates of volumes of GM, WM, CSF) was estimated
using tissue segmentation in FreeSurfer.!'®

To focus more on the topic of volumetric changes in SDGM
structures in T2DM, the confounding effects of WMH were
removed as much as possible. For this purpose, WMH
volume measurements for all of the participants are derived
automatically using the Freesurfer image analysis suite.
Total WMH volume was expressed as a percentage of the
intracranial volume (WMHr), as in other studies, to account
for differences in subject head size.!"”)
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Hippocampal subfield segmentation

Automated segmentation of the hippocampus into its
respective subfields was performed using Bayesian inference
and a statistical model of the medial temporal lobe in
Freesurfer. The left and right hippocampi were segmented
into seven subfields: CA1, CA2-3, CA4-dentate gyrus (DG),
subiculum, presubiculum, fimbria, and hippocampal fissure.
The exact algorithm and the technical details of these
procedures were described in a previous publication."

Statistical analysis

All of the statistical analyses were performed using
the PASW Statistical Software Package, version 18.0
(PASW for Windows, Chicago, IL, USA). The distribution of
continuous variables was tested for normality using PASW.
The differences in demographic and clinical characteristics
between patients and controls were analyzed using
independent sample #-tests, and Chi-square test was used
for sex differences. The partial correlation test was chosen
to examine the relationship between hippocampal subfield
volume and MoCA score, and age, sex, education level and
TIV were imported as covariates. Furthermore, the partial
correlation test was also chosen to examine the association
of glycosylated hemoglobin (HbA 1¢) with SDGM structures
and MoCA score. A P <0.05 was considered as statistically
significant.

Significant differences in the size of the SDGM between
the groups were estimated by MANCOVA, with each
participant’s age, sex, education level and TIV as
covariates. The MANCOVA model was defined by
one between-subject factor and 14 dependent variables
(each bilateral of the SDGM). To compare GM, WM and

TIV, age, sex and education level were treated as covariates.
Post-hoc univariate tests with Bonferroni’s correction were
performed to follow the significant main effects yielded by
MANCOVA (P < 0.05).

Because there were no differences between the left and right
sides of each hippocampal subfield in repeated-measures
ANOVA, they were combined into a single bilateral
region. To compare subfield volumes between controls
and T2DM patients, they were entered as dependent
variables into a MANCOVA analysis with the group as a
factor (age, sex, education level and TIV as covariates).
For multiple comparison analysis, Bonferroni’s
correction was used to perform post-hoc comparisons
(P <0.05 was considered statistically significant).

ResuLts

Demographics, clinical characteristics and
neuropsychological data

Table 1 shows the demographic, clinical and neuropsychological
test characteristics of the participants included in this study.
The patient and control groups did not differ in terms of age,
sex or education level. No significant differences were found
in total cholesterol level, blood pressure, MMSE score or
body mass index between the T2DM group and the control
group (both P> 0.05). In terms of cognitive assessment, the
T2DM patients had significantly lower MoCA scores than the
control subjects, suggesting that their general cognition was
impaired (P < 0.001). Partial correlation analysis found that
the HbAlc was negatively correlated with the total MoCA
score (r=-0.24, P=0.032), mainly in terms of delayed recall
(r=-0.309, P=0.006) in the T2DM patients.

Table 1: Demographic, clinical and cognitive characteristics of the study patients and control subjects

Characteristics n=380 tF/? P
Control T2DM

Sex (male/female) 29/51 35/45 x=0.938 0.333
Age (years) 57.83 (10.31) 57.49 (9.04) =0.220 0.826
Education (years) 10.08 (4.22) 9.63 (3.94) =0.687 0.493
Duration of diabetes (years) NA 7.00 (6.67) - -

Age at diagnosis (years) NA 50.49 (8.39) - -

HbAlc (%) 5.59(0.37) 7.59 (1.49) t=-11.938 0.000*
Total cholesterol (mmol/L) 5.2 (1.1) 54(1.2) =-1.226 0.222
SBP (mmHg) 127 (13) 129 (14) =-0.785 0.433
DBP (mmHg) 82 (10) 83 (12) t=—-0.555 0.580
BMI (kg/m?) 24.10 (2.70) 24.40 (2.99) t=—-0.667 0.506
MMSE 28.14 (1.66) 27.89 (1.70) =0.942 0.348
MoCA 26.56 (2.49) 21.71 (4.42) =8.545 0.000*
TIV (cm?) 1011.08 (98.05) 1009.49 (104.09) F=0.616 0.434
GM volumes (cm?) 506.02 (46.92) 499.56 (47.56) F=2.877 0.092
WM volumes (cm?) 505.06 (55.10) 509.93 (59.28) F=0.002 0.969
WMHr (%) 0.17 (0.12) 0.19 (0.14) =-0.925 0.357
Left hippocampal volumes (mm?) 3599.69 (414.47) 3485.38 (391.75) F=4.543 0.035*
Right hippocampal volumes (mm?) 3748.90 (435.63) 3627.81 (298.21) F=6.081 0.015*

Data are reported as mean (SD); *P<0.05. SD: Standard deviation; HbAlc: Glycosylated hemoglobin (%); BP: Blood pressure; BMI: Body mass
index; MMSE: Mini mental state exam; MoCA: Montral cognitive assessment; TIV: Total intracranial volume; GM: Gray matter; WM: White matter;
NA: Not applicable; WMHTr: Total white matter hyperintensity volume; expressed as a percentage of the intracranial volume; T2DM: Type 2 diabetes

mellitus; SBP: Systolic blood pressure; DBP: Diastolic blood pressure.
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Total gray matter, white matter, white-matter
hyperintensities volume and total intracranial volume
No significant differences were observed in GM
(F=2.877; P=0.092), WM (F = 0.002; P=0.969) volume,
and WMHTr (¢ = —0.925; P = 0.357) or TIV (F = 0.616;
P = 0.434) between the patients and control subjects
[Table 1].

Subcortical deep gray matter volume

The normalized volume for the SDGM in cubic millimeters
is summarized in Table 2. The total volumes of the
left (F=4.543; P=0.035) and right (¥ = 6.081; P=0.015)
hippocampi of the T2DM group were significantly smaller
than those of the control group [Table 2]. However, there
were no significant volume differences for the nucleus
accumbens, amygdala, caudate, pallidum, putamen or
thalamus subfields between the T2DM group and control

group.

Partial correlation analysis found that the HbAlc was
negatively correlated with the hippocampal volume
(r = =-0.267, P = 0.02). However, there were no
significant association between the HbAlc and nucleus
accumbens (» =—0.191, P =0.099), amygdala (r = —0.099,
P = 0.397), caudate (r = —0.099, P = 0.394), pallidum
(r=-0.099, P=0.396), putamen (r = 0.122, P = 0.295) or
thalamus (= 0.109, P = 0.35) volumes.

Hippocampal subfield volume

In the hippocampal subfield [Table 3], the CA1 (F = 8.126;
P = 0.005) and subiculum (F = 5.686; P = 0.018)
volumes were significantly smaller in the T2DM group
compared with the control group. However, there were no
significant volume differences between the T2DM group
and control group in the CA2-3 (F = 0.061; P = 0.805),
CA4-DG (F=0.079; P=0.779), presubiculum (F = 0.042;
P =0.838), fimbria (F = 0.027; P = 0.870) or hippocampal
fissure (£ =0.210; P = 0.647) subfields.

Partial correlation analysis revealed that the total volumes of
the CA1 and subiculum subfields were positively correlated
with the total MoCA score (r=0.516, P<0.001, [Figure 1a];
r =0.307, P = 0.007, [Figure 1b]), mainly in terms of
delayed recall (r=0.430, P <0.001, [Figure 1c]; »=0.385,
P =0.001; [Figure 1d]) in the T2DM patients.

Discussion

The present study examined the volumetric changes in
SDGM structures and hippocampal subfields in T2DM
patients. Compared to the HC group, we found reduced
bilateral hippocampal volume in T2DM patients, mainly in
the CA1 and subiculum subfields. Additionally, the MoCA
scores, particularly those regarding delayed memory,
were significantly positively correlated with the CA1 and
subiculum subfields in T2DM patients. Notably, HbAlc
levels were significantly negatively correlated with poor
memory performance and hippocampal atrophy in T2DM
patients.

Table 2: Mean subcortical nuclei volume in cubic
centimeters per diagnosis: MANCOVA analysis applied
to estimate group differences?

Mean volume (SD) (mm3) F P

T2DM
468.98 (108.93) 0.966 0.327

Anatomy

Control
481.35 (99.28)

Left accumbens

Left amygdala 1201.45 (221.40) 1195.25 (248.98) 0.115 0.734
Left caudate 3299.41 (405.74) 3221.89 (331.72) 2.695 0.103
Left hippocampus  3599.69 (414.47) 3485.38 (391.75) 4.543 0.035*

Left pallidus
Left putamen
Left thalamus

Right accumbens

1769.64 (271.21) 1757.94 (267.26) 0307 0.580
4646.98 (580.57) 4598.01 (533.45) 0.916 0.340
7447.18 (671.29) 7395.41 (687.46) 0.901 0.344
372.55(90.75)  359.15(88.26) 0.877 0.350
R amygdala 1235.04 (233.65) 1232.38 (226.30) 0.138 0.710
Right caudate 3400.14 (380.74) 3337.94 (332.23) 1.703 0.194
Right hippocampus 3748.90 (435.63) 3627.81 (298.21) 6.081 0.015*

Right pallidus 1749.59 (254.14) 1745.94 (278.70) 0.079 0.779
Right putamen 4653.88 (547.37) 4645.21 (555.39) 0.062 0.803
Right thalamus 7235.13 (655.64) 7158.99 (680.18) 1.900 0.170

2Adjusted for age, sex, education years and TIV, *Threshold for statistical
significance was set at P<0.05. SD: Standard deviation; T2DM: Type 2
diabetes mellitus; TIV: Total intracranial volume.

Table 3: Results from the MANCOVA analysis and effect
sizes of differences between groups in hippocampal
structures®

Anatomical n=80 F P
region (M) control T2DM

CAl 689.55 (64.36)  663.00 (74.15)  8.126 0.005*
CA2-3 1997.12 (228.88)  1997.47 (254.04) 0.061 0.805
CA4-DG 1136.50 (129.17)  1136.25 (135.85) 0.079 0.779
Subiculum 1339.97 (123.02) 1302.62 (139.82) 5.686 0.018%
Presubiculum  946.31 (102.23)  949.51 (120.80) 0.042 0.838
Fimbria 142.78 (35.08)  141.64 (34.73)  0.027 0.870
Hippocampal 97.18 (26.63) 99.61 (25.05)  0.210 0.647
fissure

®Adjusted for age, sex, education years and TIV, *Indicates threshold
for statistical significance was set at P<0.05. DG: Dentate gyrus;
T2DM: Type 2 diabetes mellitus; TIV: Total intracranial volume.

The hippocampus has been shown to be specifically affected
as a result of T2DM,?? both structurally and functionally.
In agreement with these previous studies,'*] the current
study found that compared to the HC group, significant
bilateral hippocampal atrophy occurs in T2DM patients.
In addition, damaged hippocampal structures are known
to impair hippocampus-mediated learning and aspects of
memory function, such as recognition memory.?*! Our study
also demonstrated that T2DM patients presented significantly
reduced MoCA scores compared to matched controls, and higher
HbA Ic levels were significantly associated with poor memory
performance and hippocampal atrophy among T2DM patients.
Therefore, hippocampal damage and memory impairments are
potentially serious complications in T2DM patients.

Notably, in the present study, other SDGM structures were
relatively preserved in T2DM (the nucleus accumbens,
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Figure 1: The correlation of the bilateral CA1 volume (a) and the bilateral subiculum volume (b) with the total Montreal Cognitive Assessment
(MoCA) score in T2DM patients. The correlation of the bilateral CA1 volume (c) and the bilateral subiculum volume (d) with the delayed recall
score in T2DM patients. The error bar represents the 95% confidence interval.

amygdala, caudate, hippocampus, pallidum, putamen, and
thalamus). In addition, no significant association between
the HbA 1c and these SDGM structures was found in T2DM
patients. These results were likely observed because insulin
resistance may be leading to neuronal loss in the hippocampus
due to the high concentration of insulin receptors in that
region.” Thus, degenerative pathology affects hippocampus
structures to a greater degree in T2DM than other SDGM
areas, which suggests that the hippocampus may serve as
the initial mediator of the association between T2DM and
cognitive decline.

A previous study in streptozotocin-induced diabetic rats
demonstrated widespread damage to the CA1l region of
the hippocampus,?¥ indicated that despite T2DM possibly
having an overall effect on hippocampal volume, there also
appeared to be region-specific effects. However, it remains
unclear which hippocampus subregions are involved in
cognitive dysfunction in T2DM in vivo. In most studies
on T2DM, the hippocampus has been assessed as a single
structure, without evaluating its various subregions, such
as the CA1, CA2-3, CA4-DG and subiculum. Thus,

hippocampal subfield analysis could provide a more
sensitive marker for T2DM than whole-hippocampal
volumetry.

To the best of our knowledge, this was the first study to
propose automated segmentation of the hippocampus in
T2DM. Among the hippocampal subfields examined, we
observed that degeneration within the CA1 and subiculum
regions appeared to be more significant in T2DM
compared with other components of the hippocampus. The
hippocampus is mainly organized as a unidirectional circuit
starting at the DG, and this circuit is completed as the CA1
sends projections to the subiculum, which is the major
output region of the hippocampus.”?”! Therefore, our findings
revealed selective involvement of specific hippocampal
subregions in T2DM, mainly in the output regions within
the hippocampal circuit.

Interestingly, pathologic findings in patients with AD
have suggested that severe degeneration of the perforant
path, which provides input from layer III of the entorhinal
cortex to the CA1 and the subiculum, is a characteristic
feature of AD.[?*?! Accumulating studies have shown
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that T2DM and associated cognitive impairment are
each associated with common pathophysiology of the
central nervous system,[32 whilst each is associated
with increased mortality, an effect which is cumulative
when both features coexist.?3 Compared with the results
of the current study, the pattern of neurocognitive and
hippocampal volumetric deficits in T2DM populations
show considerable similarity to those reported in
populations of individuals with AD.

In the correlation analysis, structural abnormalities in the
CALl and subiculum subfields were found to be related to
impaired cognitive performance on the MoCA and delayed
recall scores in the T2DM group. A functional distinction
has previously been reported between subfields, with CA1
pyramidal neurons of the hippocampus serving as an area
crucial to the formation and encoding of memories,?*3
whereas the CA2-3 and DG regions are engaged by learning
or the creation of new memories, and the subiculum is
engaged specifically in the recall of these memories.[3637
Our findings emphasized the role of the CA1 and subiculum
regions within the hippocampal circuit in learning and
memory deficits in these patients.

This study had several limitations. First, the T2DM
subjects received various medications that may have
produced confounding effects on neurocognitive. Further
studies should include medication-naive subjects to
exclude this possible bias. Second, our study design was
cross-sectional, and longitudinal neuroimaging studies
of T2DM patients with dementia should be conducted in
the future to determine dynamic effects on hippocampal
subfields. Third, there are no diagnostic criteria for
diabetes-related cognitive dysfunction, and this lack of
objective and specific neurocognitive assessment limited
our interpretation of the results. Should such criteria
become available, they would help to identify patients
who are at risk for the development of dementia and would
allow researchers to explore their brain patterns. Finally,
patients may complain about their poor memory to their
health care providers, and although subjective memory
complaints were not a reliable indicator of cognitive
impairment in our study, these complaints may be a
warning sign that patients’ ability to cope creatively with
diabetes problems is reduced.

In conclusion, among the SDGM structures, hippocampal
might be the main affected region in T2DM. These structural
changes in the hippocampal subiculum and CA 1 regions may
serve as the main underlying neurobiological mechanisms
of hippocampal dysfunction and may, therefore, be highly
relevant to memory impairment in T2DM. Furthermore,
these characteristics of hippocampal subfields atrophy in
T2DM might be very similar to those in AD.
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