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Purpose: Combined the number, volume, and location of cerebral microbleeds (CMBs),
this study aimed to explore the different features of CMBs and their correlation with
cognitive ability in patients with type 2 diabetes mellitus (T2DM).

Methods: This study recruited 95 patients with T2DM and 80 healthy control (HC)
individuals. AccuBrain®, an automated tool, was used to obtain the number and volume
of CMBs. The scores on global cognition and five cognitive domains were derived from
a battery of cognitive tests. The logistic regression and multivariate linear regression
were conducted to determine the relationship between the CMBs (number, volume, and
location) and cognitive ability in patients with T2DM.

Results: After adjusting for several variables, the total volume of CMBs (OR = 0.332,
95%Cl: 0.133-0.825, and p = 0.018) was independent risk factor for cognitive
impairment, whereas the total number of CMBs was not (OR = 0933, 95%CI:
0.794-1.097, and p = 0.400). Furthermore, the volume of CMBs in lobar regions was
independently associated with working memory (8 = —0.239, 95%Cl: —0.565 to —0.035,
and p = 0.027). However, no significant correlation between the number of CMBs (both
lobar and deep/infratentorium) and any cognitive domains was observed.

Conclusions: Lobar CMBs was related with cognitive impairment in patients with T2DM
and might be a potential early warning signal. Compared with the counting analysis, the
quantitative method offered a more sensitive and objective measurement for studying
imaging features of CMBs.

Keywords: cerebral microbleeds (CMBs), quantitative method, type 2 diabetes mellitus, cognitive impairment, MRI

INTRODUCTION

People with diabetes are 1.5-2.0 times more likely than those without diabetes to have cognitive
impairment (1). In patients (aged 65-74 years) with T2DM, the prevalence of cognitive impairment
is 13% and in patients aged 75 years or older is 24% (2). Diabetes guidelines also recommend
screening for cognitive impairment in people with diabetes over 65 years of age and early
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intervention (3, 4). This high prevalence and the associated
morbidity highlight the importance of studying the
pathophysiological =~ mechanisms  underlying  cognitive
impairment in T2DM. Till now, the etiology is incompletely
known, but vascular disease is likely to play an important role
(5). As a known risk factor, T2DM affected both large and
small vessels. Microvascular complications of T2DM appear
in the retina, peripheral nervous system, the kidney, and also
the brain (6). Some studies suggested that cerebral small vessel
disease (CSVD) may serve as a key factor in the development of
T2DM-related cognitive impairment.

Cerebral microbleeds, a neuroimaging maker of CSVD,
are defined as small, low signal, circular lesions on sensitivity
weighted imaging (SWI) and T2*weighted gradient echo
(T2*GRE) sequences, cannot be observed on computed
tomography (CT). CMBs result from focal leakages of small
vessels (generally they are 2-5 mm in diameter, but up to 10 mm)
(6). Of note, the distribution of CMBs is related to the likely
underlying pathophysiological mechanisms. Generally, CMBs
in the deep/infratentorium (basal ganglia, thalamus, corpus
callosum, brain stem, and cerebellum) are typically associated
with hypertension, whereas the CMBs in the lobar (frontal,
parietal, temporal, and occipital) may suggest cerebral amyloid
angiopathy (CAA) (7).

Several studies used manual counting method to assess the
burden of CMBs in patients with T2DM, the results showed
neither the presence nor the number of CMBs were associated
with cognitive ability (8-10). Visual rating scales offer a relatively
easy and quick method to measure CMBs, but its limitation is also
obvious (e.g., time-consuming and low accuracy). Alternatively,
some automatic detection methods have been developed to better
identify and count CMBs. However, as the size of different lesions
may vary several times (Figure 1), so either the manual counting
method or automatic detection method was easily hampered by
the floor and ceiling effects (11, 12). In contrast, the advantages of
quantitative image analysis have been widely reported in a large
number of studies. Until now, multiple methods are available
to quantify CMBs, and these methods vary from fully manual
to fully automatic. For example, a study multiplied area of each
lesion by the slice thickness to get the volume of CMBs (13). Some
traditional tools, like FSL (https://www.fmrib.ox.ac.uk/fsl), and
FreeSurfer (https://surfer.nmr.mgh.harvard.edu/) were widely
used to obtain the volume of CMBs (14, 15). Morrison et al. (16)
developed an automatic tool that could detect CMBs for volume
quantification. But those methods still are time-consuming or
low accuracy. Currently, some automatic quantification tools
were used to calculate the burden of CSVD image marker, whose
robustness and efficiency have been greatly improved with the
aid of deep learning techniques. For example, AccuBrain® could

Abbreviations: BMI, body mass index; CAA, cerebral amyloid angiopathy;
CMBs, cerebral microbleeds; CSVD, cerebral small vessel disease; CT, computed
tomography; FLAIR, fluid attenuated inversion recovery; FPG, fasting plasma
glucose; HbAlc, glycosylated hemoglobin; HC, healthy control; HDL, high-
density lipoprotein; LDL, low-density lipoprotein; MMSE, Mini-Mental State
Examination; MoCA, Montreal Cognitive Assessment; MRI, magnetic resonance
imaging; SWI, sensitivity weighted imaging; T2*GRE, T2*weighted gradient echo;
T2DM, type 2 diabetes mellitus; WMH, white matter hyperintensity.

support automatic quantification of brain atrophy, white matter
hyperintensity (WMH), and CMBs (17-19).

For the first time, we utilized neuropsychological tests and the
magnetic resonance imaging (MRI) technology to investigate the
cognitive function and the number, volume, and location features
of CMBs in T2DM subjects. The main aim of our study was to
test the hypothesis that impaired cognitive function in T2DM
subjects may be partially due to CMBs. We further tested whether
this hypothesized effect could be explained with the different
features of CMBs.

METHODS AND MATERIALS

Participants

A total of 175 right-handed subjects were recruited from January
2017 to June 2019 at the Neurology Department of the Affiliated
Drum Tower Hospital of Nanjing University Medical School.
This study was carried out in accordance with the latest version
of the Declaration of Helsinki and approved by the Drum
Tower Hospital Research Ethics Committee. Written informed
consent was provided from each subject. Participants were
divided into two groups: the T2DM group (n = 95) and
the HC group (n = 80). T2DM diagnosis was based on the
latest American Diabetes Association criteria (20). Referencing
previous literature, subjects with Mini-Mental State Examination
(MMSE)/Montreal Cognitive Assessment (MoCA) scores lower
than education-adjusted norms were defined as the cognitive
impairment (Table 1) (21). The HC group had no cognitive
impairments and no history of T2DM. The exclusion criteria
for all subjects were as follows: (1) age < 45 years, (2) diabetes
other than T2DM (e.g., prediabetes and T1DM), (3) the acute
metabolic complications such as diabetic ketoacidosis, (4) the
major macrovascular and microvascular complications such as
stroke, cardiovascular disease, renal insufficiency, and diabetic
neuropathy, (5) history of other neurological diseases that may
affect cognition (e.g., Alzheimer’s disease, epilepsy, and so on),
and (6) contraindications for MRI and/or inability to undergo
cognitive tests or failed to complete the assessment.

Neuropsychological Evaluation

Neuropsychological tests were evaluated by an experienced
psychiatrist on the same day that patients underwent MRI scans.
As used in previous studies, the Chinese version of MMSE
and the Beijing version of MoCA were used to evaluate global
cognition (21, 22). Additionally, the five cognitive domains and
each raw test were (1) working memory: the auditory verbal
learning test-long time delay recall (AVLT-LTDR) test and the
visual reproduction-delay recall (VR-DR) test, (2) visual-spatial
ability: the VR-copy (VRC) test and the clock drawing test (CDT),
(3) executive function: the trail making test (TMT)B-A and the
Stroop color and word test (SCWT)C-B, (4) language ability: the
category verbal fluency test (CVFT) and the Boston naming test
(BNT), and (5) processing speed: the TMTA and the SCWTB.
Each raw test score was standardized into z-scores and averaged
to obtain one composite z-score, which represents the overall
performance per cognitive domain. It is noteworthy that the
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FIGURE 1 | CMBs lesions with different size in SWI image.

TABLE 1 | The cutoffs of cognitive impairment for all participants.

Borderlines of
cognitive impairment

Cognitive test Education (years)

(scores)

MMSE 0 <19
1-6 <22

>6 <26

MoCA 0 <13
1-6 <19

7-12 <24

>12 <25

MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment.

results from the SCWT and TMT, which represent time, were
inversely transformed to maintain consistency.

MRI Data Acquisition

All MRI scans were acquired using 3.0-T scanner (Philips,
the Netherlands) equipped with a 32-channel head coil. The

examination protocol included a 3-dimensional T1-weighted
sequence (3D-T1) [repetition time (TR) = 9.8 ms, echo time
(TE) = 4.6 ms, flip angle (FA) = 8°, number of slices = 192,
acquisition matrix = 256 x 256, thickness = 1.0mm,
and FOV = 250 x 250 mm?], a 3-dimensional fluid-
attenuated inversion recovery (FLAIR) sequence [TR = 4,500 ms,
TE = 333 ms, number of slices = 200, voxel size = 0.95 x 0.95
x 0.95 mm?>, and acquisition matrix = 270 x 260], and a SWI
sequence (TR = 31ms, TE = 7.2ms, FA = 17°, number of
slices = 162, acquisition matrix = 480 x 480, and FOV = 230
x 230 mm?).

Image Analysis

Cerebral Microbleeds

AccuBrain® includes a program to detect CMBs. It has
been validated in independent dataset (sensitivity is 0.89 and
precision is 0.47), which is at the same level of the state-
of-the-art automated CMB detection methods. CMBs were
detected through a fully connected network (FCN) trained
using deep learning technique on SWI images, the FCN was
trained using 274 SWI images and their manual CMBs labels.
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Given a testing SWI MRI, the network outputted a probability
map showing CMB positions. Based on the probability map,
a CMB segmentation image could be produced based on the
optimal threshold chosen in the training process. On the basis of
segmentation results, multiplied the size of voxels by the number,
and then we got the volume of the CMBs. Due to the variation
of the intensities and shape of CMBs on SWI images, designing
effective and robust features can be quite challenging. This can
be overcome by using convolutional neural network-based deep
learning techniques, and it is more effective on false-positive
reduction compare to convention algorithm such as Frangi filter
and radial transform. Due to the large dataset and expensive
manual annotation efforts, we took automated CMB detection
method to keep objectivity.

White Matter Hyperintensity

The LST toolbox (https://www.statistical-modelling.de/Ist.html)
based on SPMI12 (http://www.filion.ucl.ac.uk/spm/software/
spm12/) software was used to calculate the volume of WMH.
First, the 3D-T1 images were segmented into the three main
tissue classes (gray matter, white matter, and cerebrospinal fluid).
Second, above information is combined with the coregistered T2
FLAIR intensities to calculate lesion belief maps. Third, an initial
binary lesion map is obtained by thresholding these maps with
a pre-chosen threshold (k = 0.30) and then grown along voxels
that appear hyperintense on the T2 FLAIR image. Finally, a lesion
probability map is obtained. It worth noting that the k-value
was determined by the visual inspection of the results by three
experienced raters.

Clinical Variables

Age, sex, education, height and weight, and body mass index
(BMI) [(weight in kg)/(height in m)?], and T2DM duration were
obtained from questionnaires and medical records. Hypertension
was defined as a systolic arterial blood pressure (SBP) >140
mmHg, diastolic arterial blood pressure (DBP) >90 mmHg, or
a history of arterial hypertension or indicated by a record of
anti-hypertensive therapy. Smokers were defined as those who
smoked at least once (one or more cigarettes at a time) in the
preceding year, and drinkers were defined as those who drank
alcohol on more than 2 days (one or more glasses at a time) a
week. Levels of glycosylated hemoglobin (HbA1c), fasting plasma
glucose (FPG), total cholesterol (TC), triglyceride (TG), low-
density lipoprotein (LDL), and high-density lipoprotein (HDL)
were measured in a standard laboratory.

Statistical Analysis

Data are represented as mean £ SD or n (%). A logio-
transformation was applied to the volume of CMBs and WMH
to improve the normal distribution. Independent samples ¢-
test, Mann-Whitney U-test, and x? test was conducted to
estimate group differences. Covariates that were significant in
univariate analysis were entered into logistic regression analysis
and multiple linear regression in T2DM group (n = 95). Both
age and education are known to be associated with cognitive
function, and they were also included in the regression analyses
as covariates. The level of significance was set at p < 0.05.

In addition, we applied correction for multiple comparison
(Bonferroni correction, p < 0.05/5) in multiple linear regression.
When the Bonferroni correction was too stringent, and not
to miss some exploratory interesting results, the statistical
threshold for significance was set as p < 0.05 (without Bonferroni
correction). When we observed a significant association between
CMBs (number or volume) and cognitive function in multiple
linear regression in the T2DM group, we would further explore
the same associations in the HC group (n = 80). All statistical
analyses were carried out using SPSS version 22 (IBM Corp.,
Armonk, NY, USA).

RESULT

Clinical Data

There were 95 participants in the T2DM group and 80 in the
HC group. Group characteristics and comparisons are listed in
Table 2. T2DM participants reported a disease duration of 9.06
+ 13.00 years (mean & SD). T2DM participants had higher
BMI and HbAlc values, larger volume of CMBs (total, lobar,
and deep/infratentorium) and WMH, and lower levels of TC,
HDL, and LDL. In addition, T2DM participants performed
worse than the HC group participants in several cognitive
tests or domains (MMSE, MoCA, and working memory). No
significant differences were observed in age, gender, education,
TG, hypertension, smoking, drinking, the number of CMBs,
executive function, processing speed, language function, and
visual-spatial ability between the two groups.

The Logistic Regression in T2DM Group

Because of the linear correlation between the number and
volume of CMBs, multivariate logistic regression was conducted
separately to explore the independent risk factors of cognitive
impairment in the T2DM group (n = 95). After adjusting
for age, education, BMI, HbAlc, TC, HDL, LDL, and volume
of WMH, the total volume of CMBs (OR = 0.332, 95% CI:
0.133-0.825, and p = 0.018) was independent risk factors for
cognitive impairment, whereas the total number of CMBs was
not (OR = 0.933, 95% CI: 0.794-1.097, and p = 0.400) (Table 3).

The Multivariate Linear Regression in the
T2DM and HC Groups

Multivariate linear regression was conducted separately to
explore the correlation between CMBs in different regions and
specific cognitive domains in the T2DM group (n = 95).
After adjusting for age, education, BMI, HbAlc, TC, HDL,
LDL, and volume of WMH, no significant correlation between
the number of CMBs (lobar regions or deep/infratentorium)
and any cognitive domains was observed (Table 4). However,
the volume of CMBs in lobar regions was independently
associated with working memory (B = —0.239, 95%CI: —0.565
to —0.035, p = 0.027) (Table5). In addition, there was no
significant correlation between volume of CMBs (lobar regions
or deep/infratentorium) and any cognitive domains in the HC
groups (Table 6).
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TABLE 2 | Clinical data for all subjects.

T2DM (n =95) HC (n =80) T/x?/Z p-value
Age (years) 63.85+9.02 62.63+9.42 0870 0.386
Gender (male, %) 45 (47.37) 39 (48.75) 0.03 0.855
Education (years) 1043 +4.26 11.71 £450 —1.932 0.055
BMI (kg/m?) 2350+ 253 2216+2.20 3.730 <0.001*
T2DM duration (years) 9.06 + 13.00 - - -
HbA1c (%) 6.77 £1.34 519+055 9.814 <0.001*
TC (mmol/L) 4.09+1.06 458+1.29 -—-2.609 0.010*
TG (mmol/L) 1.40 £ 0.84 144 +0.77 -0316 0.752
HDL (mmol/L) 1.22 £0.40 1.37 £ 047 -2.131 0.035"
LDL (mmol/L) 232+082 268+102 -2438 0.016*
Hypertension (n, %) 63 (66.31) 47 (58.75) 1.065 0.302
Smoking (n, %) 21 (22.34) 15 (18.75) 0.340  0.560
Drinking (n, %) 18 (19.57) 16 (20.00) 0.005  0.943
Volume of WMH (cm?) 7.81+1320 4.53+837 -—-2727 0.006*
Volume of WMH? 0.53+0.57 0.26+0.61 2950 0.004*
Total number of CMBs (n) 3.52+1271 071 +116 1.972 0.051
lobar regions (n) 2.46 £+ 8.53 059 +1.04 1952 0.053
Deep/infratentorium (n) 1.06 + 4.36 0.13+0.37 1919 0.057
Total volume of CMBs (mm®)  40.37 4+ 247.7 3.24+7.73 —5.199 <0.001*
lobar regions (mm®) 26.48 £ 166.1 2.12 £2.46 —-4.587 <0.001*
Deep/infratentorium (mm?®) 14.66 +£82.84 2.06+7.42 -3.651 <0.001*
Total volume of CMBs* 0.72+0.70 0.23+0.40 5373 <0.001*
lobar regions” 0.55 + 0.64 0.17 +£0.32 4.847 <0.001*
Deep/infratentorium® 0.30 £ 0.58 0.06 £0.26 3.400 <0.001*
MMSE 27.76 £2.40 2870+ 1.33 -3.126 0.002*
MoCA 23.37 £3.97 26.09+2.09 -5509 <0.001*
Z-Executive function 0.84+11.30 0.77+£9.82 0.043 0.966
Z-Processing speed —1.83+£20.98 1.87 £29.07 -0.975 0.331
Z-Working memory —0.18+£0.80 0.213+0.64 -3.537 0.001*
Z-Language function —-0.08+0.75 0.11+£059 -—-1.866 0.064
Z-Visual-spatial ability -0.08+08 0.13+062 -1.832 0.069

T2DM, type 2 diabetes mellitus; HC, type 2 diabetes mellitus; BMI, body mass index;
HbATc, Levels of glycosylated hemoglobin; TC, total cholesterol; TG, triglyceride;
HDL, high-density lipoprotein; LDL, low-density lipoprotein;, WMH, white matter
hyperintensities; CMBs, cerebral microbleeds. *indicates log4o-transformation, *indicates
a statistical difference between T2DM group and HC group, p < 0.05.

TABLE 3 | Correlations between CMBs and cognitive impairment in the T2DM

group.

OR 95% CI p
Total number of CMBs 0.933 0.794 to 1.097 0.400
Total volume of CMBs* 0.332 0.133 t0 0.825 0.018*

OR, odd ratio; Cl, confidence interval: CMBs, cerebral microbleeds. *indicates logyo-
transformation, *indicates p < 0.05. Values are adjusted for age, education, BMI, HbATc,
TC, HDL, LDL, and volume of WMH.

DISCUSSION

To our knowledge, this was the first study to do quantitative
analysis about the imaging features of CMBs in patients with
T2DM. Our study found that compared with the number of

CMBs, the volume of CMBs was the independent risk factors
for cognitive impairment in patients with T2DM. Furthermore,
the volume of CMBs in lobar regions was negatively correlated
with working memory. Remarkably, there was no significant
correlation between the number of different location and
cognitive ability in patients with T2DM.

Our study suggested that the total number of CMBs does
not correlate with cognitive impairment in patients with
T2DM. Similarly, a cross-sectional study included 350 T2DM
participants and 363 participants without T2DM suggested
that CMBs do not seem to be associated with cognition (9).
Another research that employed high fields (7-T) in patients
with T2DM further confirmed that neither the presence nor
the number of CMBs were associated with cognitive ability
(8). A research included 4,206 participants of the Reykjavik
study reported that CMBs did not mediate the association of
diabetes with cognitive ability (10). However, the quantitative
analysis showed an opposite conclusion. Our study suggested
that the total volume of CMBs was the independent risk factors
for cognitive impairment in patients with T2DM. Similar to
our results, the Leukoaraiosis And DISability (LADIS) study
included 618 elderly reported the volume of WMH was more
sensitive than visual rating scores with respect to memory
symptoms, and the number of lesions was not sensitive to explore
associations with clinical variables (11). Those results suggest
that associations between CMBs and cognition may depend on
the method applied for measuring the burden of CMBs. Visual
rating scales relied heavily on the human eye to detect and
count CMB lesions, which carried several problems. First, it
was time-consuming and decreased the intra- and inter-rater
reliability. Second, scores from different visual rating scales were
not comparable. Third, in progressing disease, the merge of
different lesions caused a decrease in the total number of lesions
(11). In addition, either manual visual rating scales or automatic
detection method displays the ceiling effects, which made it
difficult to draw firm conclusion between CMBs and clinical
variables. Obviously, counting analysis (visual rating scales or
automatic detection) remains inferior to quantitative methods.
For example, many studies on WMH-confirmed volumetric
measurements were more reliable and objective compared with
the visual rating scale, especially in longitudinal studies (23, 24).
Detailed evaluation for volume of CMBs by these new methods
may provide vital information on the etiology, progression, and
prognosis of diseases.

Our study suggested that the volume of CMBs was the
independent risk factors for cognitive impairment. However,
little is known about how CMBs effected the cognitive ability
of patients with T2DM. There might have several explanations:
(1) CMB lesions could directly damage the surrounding brain
tissue, disrupt the functional connections of cortical and
subcortical tracts, lead to the damage of neural networks,
which are important to maintain normal cognition, and whether
the hemosiderin deposition is sufficient to result in tract
degeneration still need further study (7, 25); (2) CMBs could
induce functional disturbances in nearby neurons (26); and
(3) CMBs ruined the blood-brain barrier, and greater volume
of CMBs meant more widely microvascular damage, gliosis,
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TABLE 4 | Multiple linear regression analysis in the T2DM group (number of CMBs).

Cognitive variable Lobar regions

Deep/infratentorium

B (95% Cl) P-value B (95% ClI) P-value
Z-Executive function ~0.052 (~0.367 to 0.229) 0.647 —0.045 (~0.704 to 0.472) 0.696
Z-Processing speed 0.020 (—0.487 to 0.586) 0.855 0.033 (—0.903 to 1.216) 0.769
Z-Working memory ~0.154 (~0.034 to 0.005) 0.143 ~0.132 (~0.063 to 0.014) 0.216
Z-Language function 0.091 (—0.008 to 0.024) 0.327 0.062 (—0.021 to 0.042) 0.504
Z-Visual-spatial ability 0.071 (0.015 to 0.029) 0.512 0.038 (~0.036 to 0.051) 0.726

Cl, Confidence interval; the statistical threshold for significance was set as p < 0.05. Values are adjusted for age, education, BMI, HbA1c, TC, HDL, LDL, and volume of WMH.

TABLE 5 | Multiple linear regression analysis in T2DM group (volume of CMBs).

Cognitive variable Lobar regions

Deep/infratentorium

B (95% CI) p-value B (95% CI) p-value
Z-Executive function —0.223 (—7.983 to 0.087) 0.055 —0.106 (—6.984 to 2.844) 0.405
Z-Processing speed 0.036 (—6.221 to 8.631) 0.749 0.051 (=7.029 to 10.715) 0.681
Z-Working memory —0.239 (—0.565 to —0.035) 0.027* —0.064 (—0.414 t0 0.237) 0.590
Z-Language function 0.103 (—0.100 to 0.343) 0.279 0.047 (—0.205 to0 0.327) 0.651
Z-Visual-spatial ability —0.051 (-0.372 to0 0.232) 0.645 —0.007 (-0.373 t0 0.351) 0.952
Cl, Confidence interval; *indicates p < 0.05. Values are adjusted for age, education, BMI, HbATc, TC, HDL, LDL, and volume of WMH.
TABLE 6 | Multiple linear regression analysis in the HC group (volume of CMBSs).
Cognitive variable Lobar regions Deep/infratentorium

B (95% CI) p-value B (95% CI) p-value
Z-Executive function 0.188 (—2.191 to 14.676) 0.144 —0.092 (—13.618 t0 6.732) 0.501
Z-Processing speed —0.011 (—24.60 to 22.40) 0.926 —0.838 (—50.45 to 1.338) 0.063
Z-Working memory —0.081 (—0.605 to 0.298) 0.499 0.106 (—0.308 to 0.763) 0.399
Z-Language function 0.101 (—0.298 to 0.678) 0.439 —0.011 (—0.608 to 0.560) 0.935
Z-Visual-spatial ability 0.031 (—0.441 to 0.566) 0.806 —0.041 (—0.689 to 0.508) 0.764

Cl, Confidence interval; the statistical threshold for significance was set as p < 0.05.

Values are adjusted for age, education, BMI, HbATc, TC, HDL, LDL, and volume of WMH.

hypoperfusion, and so on (27). Our study further observed
that the volume of CMBs in lobar regions was negatively
correlated with working memory, whereas the volume of
CMBs in deep/infratentorium does not correlated with any
cognitive domains. Similarly, the I-Lan Longitudinal Aging
Study (ILAS) suggested that strictly lobar CMBs correlated
with global cognition and visuospatial executive functions,
whereas deep/infratentorial CMBs were not associated with
any cognitive domains (28). Another study from Rotterdam
indicated that lobar CMBs were associated with a dysfunction
in memory, executive function, and processing speed (29).
The exact pathophysiological mechanism, which underlie the
relationship between lobar CMBs and cognitive domains, is
not clear. Lobar CMBs have been considered to be the brain
disorders caused by CAA. In this scenario, vascular amyloid-
p (AP) damaged the neurovascular unit, then resulted in
hypoperfusion, impaired vascular autoregulation or reactivity,

and even microinfarction (30, 31). Lobar CMBs might be the “tip
of iceberg” of widespread CAA-related dysfunction in cortical
small vessels. Of note, lobar CMBs might serve as an intriguing
link between cerebrovascular and neurodegenerative pathology
(32). In addition, the correlation of lobar CMBs with working
memory is partial because that lobar CMBs had a predilection
for the temporal lobes (29). In contrast, deep/infratentorial CMBs
were mainly distributed in the basal ganglia and internal capsule,
affecting motor function. In addition, we did not observe a
significant correlation between volume of CMBs (lobar regions
or deep/infratentorium) and any cognitive domains in the
HC group. Participants in the HC group usually have normal
performance in global cognition or several cognitive domains, so
it is difficult to observe a significant correlation between CMBs
and cognition in the HC group.

Major strengths of our study include the advanced tool and
MRI sequence for the detection and quantitative analysis of
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CMB lesions. Most studies detected CMBs by GRE sequence;
however, the sensitivity of SWI sequence for CMBs was
almost four times higher (33). AccuBrain® is a cloud-
based computing tool, which only requires MRI scans as
input with no other tunable parameters. Compared with
other quantification tools/methods, AccuBrain® showed higher
accuracy and efliciency, it could efficiently quantify the volumes
of various brain structure in about 20min. Notably, there
are some limitations to this study. First, the nature of this
study is a single-center data and a small sample set, so
we cannot obtain firm causal relationship, multicenter and
expanding datasets are needed in the future. Second, the cross-
sectional design of the present research limits the ability to
catch the more real dynamic process of CMB changes, and
longitudinal studies on cognitive changes of patients with
T2DM are necessary. Third, the present sample of patients
with T2DM and normal participants was recruited based on
clinical criteria, we lacked pathological biomarkers to define the
etiologic subtypes of CMBs strictly that might be helpful to offer
a comprehensive insight into the pathologic role of CMBs in
T2DM. Fourth, the association between volume of lobar CMBs
and working memory in the T2DM group was not significant
after correction for multiple comparison (Bonferroni correction,
p < 0.05/5). However, in order to not miss some exploratory
interesting results, we used more liberal uncorrected statistical
thresholds (p < 0.05, without Bonferroni correction). More
participants are needed in the future to draw more accurate and
convincing conclusions.

CONCLUSION

In summary, our study indicated that the CMBs are associated
with cognitive decline in patients with T2DM. Specifically, the
volume of CMBs in lobar regions is independently related with
working memory, which might be a potential signal for early
identification and intervention. Quantitative analysis should be
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