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ARTICLE INFO ABSTRACT

Keywords: The link between non-demented type 2 diabetes mellitus (T2DM) and different types of cognitive impairment is
Type 2 diabetes mellitus controversial. By controlling for co-morbidities such as cerebral macrovascular and microvascular changes,
Cerebral blood flow cerebral atrophy, amyloid burden, hypertension or hyperlipidemia, the current study investigated the cerebral
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blood flow of T2DM individuals as compared to cognitively impaired subjects recruited from a memory clinic.

15 healthy control (71.8 + 6.1 years), 18 T2DM (62.5 =+ 3.7 years), as well as 8 Subjective Cognitive
Decline (69.5 =+ 7.5 years), 12 Vascular Dementia (79.3 + 4.2 years) and 17 Alzheimer’s Disease
(75.1 *= 8.2 years) underwent multi-parametric MRI brain scanning. Subjects with T2DM and from the memory
clinic also had 18-F Flutametamol PET-CT scanning to look for any amyloid burden. Pseudocontinuous Arterial
Spin Labeling (PCASL), MR Angiography Head, 3D FLAIR and 3D T1-weighted sequences were used to quantify
cerebral blood flow, cerebrovascular changes, white matter hyperintensities and brain atrophy respectively.
Vascular risk factors were retrieved from the medical records. The 37 subjects from memory clinic were clas-
sified into subjective cognitive decline (SCD), vascular dementia (VD) and Alzheimer’s disease (AD) subgroups
by a multi-disciplinary panel consisting of a neuroradiologist, and 2 geriatricians.

Absolute cortical CBF in our cohort of T2DM, SCD, VD and AD was significantly decreased (p < 0.01) as
compared to healthy controls (HC) in both whole brain and eight paired brain regions, after age, normalized grey
matter volume and gender adjustment and Bonferroni correction.

Subgroup analysis between T2DM, SCD, VD, and AD revealed that CBF of T2DM was not significantly dif-
ferent from AD, VD or SCD. By controlling for co-morbidities, impaired cortical CBF in T2DM was not related to
microangiopathy or amyloid deposition, but to the interaction of triple risk factors (such as diabetes mellitus,
hypertension, and hyperlipidemia).

There was statistically significant negative correlation (p < 0.05) between adjusted CBF and HbAlc in all
brain regions of T2DM and HC (with partial correlation ranging from —0.30 to —0.46).

Taken together, altered cerebral blood flow in T2DM might be related to disruption of cerebrovascular au-
toregulation related to vascular risk factors, and such oligemia occurred before clinical manifestation due to
altered glycemic control.

1. Introduction complications (Sims-Robinson et al., 2010). Type 2 diabetes mellitus
(T2DM) is the most common form of this disease, associated with hy-

Diabetes is a complex metabolic disorder characterized by hy- perinsulinemia and insulin resistance. It is considered as a risk factor of
perglycaemia and associated macrovascular and microvascular dementia (Crane et al., 2013; Huang et al., 2014; Peila et al., 2002), but
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the underlying mechanisms contributing to the pathogenesis remain
controversial (Biessels et al., 2006; Daulatzai, 2017; de la Monte, 2014;
Exalto et al., 2012; Moran et al., 2019; Sims-Robinson et al., 2010). The
roles of comorbid conditions such as hypertension, hypercholester-
olemia, atherosclerotic vascular disease, and other risk factors such as
demographic variables (age, gender, ethnicity, education), medication
and genetic predisposition (such as APOE ¢4 allele) (Exalto et al., 2012)
have complicated the issue and not been clearly worked out (Roberts
et al., 2014).

Prior '8F-fluorodeoxyglucose positron emission tomography (*SF-
FDG PET) demonstrated diabetics with elevated haemoglobin Alc
(HbAlc) levels (Roberts et al., 2014), and non-diabetics with higher
serum glucose levels (Burns et al., 2013), were associated with glucose
hypometabolism in Alzheimer’s disease signature regions in the brain.
Studies also found insulin resistance and Alzheimer-like reductions in
regional cerebral glucose metabolism for cognitively normal adults with
pre-diabetes or early type 2 diabetes (Baker et al., 2011), and in late
middle-aged adults at risk for Alzheimer disease (Willette et al., 2015).
These FDG-PET studies suggested that insulin resistance, and hy-
perglycemia (including elevated HbAlc and fasting glucose) might
mediate an adverse effect on cerebral glucose metabolism.

Since cerebral perfusion has a close coupling to cerebral metabo-
lism, it is often been used as a surrogate marker of metabolism (Paulson
et al., 2010). However, a study (van Golen et al., 2013) exploring the
contribution of blood flow reduction to glucose metabolic reduction in
Type 1 DM found that vascular mechanism explained only partially the
relationship between T1DM and glucose metabolism, indicating other
factors such as hyperglycemia might play a role.

Diabetes and its associated vascular risk factors constituting meta-
bolic syndrome could also lead to cerebral hypoperfusion (Biessels
et al., 2006). Among the studies that utilize non-ionizing Arterial Spin
Labeling Magnetic Resonance Imaging (ASL-MRI) to assess cerebral
perfusion in diabetes, they reported contradictory results (similar to or
reduced) in the regional cerebral hypoperfusion in diabetic as com-
pared to the non-diabetic counterparts (Dai et al., 2017). Different re-
gional patterns were found, such as the resting-state default mode
network, visual and cerebellum networks (Dai et al., 2017; Xia et al.,
2015); the hippocampus, inferior temporal, inferior parietal, and
frontal cortices (Bangen et al., 2018). In these studies (Bangen et al.,
2018; Dai et al., 2017; Xia et al., 2015) cerebral hypoperfusion was
found to correlate with cognitive decline. In studies that assessed cer-
ebral atrophy in the same setting (Bangen et al., 2018; Xia et al., 2015)
showed neither grey matter or brain tissue atrophy exist in T2DM as
compared to the non-demented controls, suggesting cortical CBF hy-
poperfusion precede structural alterations.

Altered cerebral haemodynamics is also found in T2DM, and is at-
tributed to underlying causes such as inflammation (Chung et al.,
2015), periventricular white matter hyperintensities (Brundel et al.,
2012; Novak et al., 2006; Shen et al., 2017), blood pressure (Kim et al.,
2011; Tchistiakova et al., 2014), and reduced sensitivity to carbon di-
oxide (Rusinek et al., 2015). Impaired cerebral autoregulation is im-
plicated as a common neurovascular pathway in diabetes and diabetes-
related AD (Shekhar et al., 2017).

Comparable accuracy of ASL-MRI and '®F-FDG PET in distin-
guishing Alzheimer’s disease (AD) from cognitively normal individuals
had been demonstrated (Chen et al., 2011; Musiek et al., 2012;
Verclytte et al., 2016). ASL-MRI has gained widespread clinical ac-
ceptance in the recent decade (Alsop et al., 2015) and ASL studies on
dementia have been increasing. These studies showed strong correla-
tion between cerebral perfusion and cognitive function in AD
(Binnewijzend et al., 2013; Mak et al., 2012), reduced cerebral blood
flow (CBF) in ischemic vascular dementia (Schuff et al., 2009), in
frontotemporal dementia (Du et al., 2006; Hu et al., 2010), as well as
different patterns of cerebral hypoperfusion in mild cognitive impair-
ment (MCI) subtypes (Chao et al., 2009).

Taken together, different patterns of cerebral perfusion exist in
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individuals with different types of dementia and in different phases of
cognitive impairment. A direct comparison of CBF in non-demented
T2DM with cognitively impaired subjects might shed light on the me-
chanistic similarities or differences between these diseases. In this
study, we hypothesized that different degrees or patterns of impairment
of cerebral blood flow exist in T2DM, subjective cognitive decline
(SCD), vascular dementia (VD) and AD, as distinct (albeit overlapping)
mechanisms might mediate their pathogenesis. Besides cerebral meta-
bolism, cerebral macrovascular and microvascular changes, cerebral
atrophy, amyloid burden, hypertension or hyperlipidemia might influ-
ence cerebral perfusion in T2DM, SCD or dementia subjects. Hence, we
attempted to control for the above factors in order to disentangle the
effects of such co-morbidities. Cognitively normal healthy elderly sub-
jects were also recruited as controls in present study. In addition, we
explored the relationship of chronic hyperglycemia (glycated he-
moglobin HbAlc) and CBF in our cohort of non-demented T2DM and
healthy controls, as a possible link of diabetes and dementia (Biessels
et al., 2006; Sims-Robinson et al., 2010).

2. Materials and methods
2.1. Participants

Cognitively impaired/dementia subjects were referred by the ger-
iatricians of the memory clinic of a university hospital to participate in
a prospective combined PET amyloid/MRI study during the period from
June 2017 to June 2019. The clinical diagnoses of the cohort included:
subjective cognitive decline (Jessen et al., 2014), Alzheimer’s disease
(McKhann et al., 2011), and vascular dementia (Roman et al., 1993). 20
subjects with known T2DM based on the American Diabetes Association
(ADA) diagnostic criteria were recruited from the university specialist
clinic to participate in the study.

Fifteen healthy elderlies were recruited from community centers.
The subjects were excluded for prediabetes and diabetes (based on
HbA1c level), previous cerebrovascular events, and claustrophobia. For
all subjects, the exclusion criteria also included history of stroke; head
injury; seizures; migraine; cancer within 5 years; active infection; end-
stage renal or other organ failure; nonambulatory, psychiatric diseases;
regular alcohol drinkers; and drug abusers.

Written informed consent was obtained from all subjects. The study
logistics complied with the Declaration of Helsinki and ethical approval
of the research protocol had been obtained from the Institutional
Review Board of the University of Hong Kong and the Hospital
Authority Hong Kong West Cluster.

2.2. Clinical and neuropsychological assessment

Each subject, including healthy controls, underwent the local ver-
sion of Montreal Cognitive Assessment (HK-MoCA) by a trained re-
search assistant (Wong et al., 2009).

Any history of vascular risk factors (such as diabetes status and
duration, hypertension and hyperlipidemia) in all subjects (including
healthy controls) was obtained either from the medical records of the
hospital clinical management system database or interviews conducted
by a research nurse.

Glycemic control (HbAlc) from the immediate blood test prior to
MRI scan of all T2DM, and healthy controls were obtained.

2.3. MRI acquisition

MR images were acquired by a 3T clinical scanner (Philips
Healthcare, Achieva) using a 32-channel head coil at the university
imaging center. The following sequences were performed:

Three-dimensional (3D) T1-weighted MPRAGE using repetition
time (TR) = 6.8 ms, echo time (TE) = 3.2 ms, thickness = 1.2 mm, flip
angle = 8°, field of view (FOV) = 256 x 240 X 204 (mm),
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matrix = 256 X 240; 3D FLAIR using TR = 6.8 ms, TE = 3.2 ms,
thickness = 1.2 mm, field of view (FOV) = 250 X 250 X 184 (mm),
matrix = 208 X 207; 2D Pseudo-continuous ASL (PCASL) with back-
ground suppression using single shot EPI to cover the whole brain with
parameters: TR = 4500 ms, TE = shortest, flip angle 90°,
FOV = 240 x 240 x 119 (mm), matrix = 80 X 77, slices thick-
ness = 7 mm, labeling duration = 1650 ms, post-labeling delay
(PLD) = 2000 ms. Forty pairs of control and labeled images at seven-
teen contiguous level of the brain were acquired, leading to 4.5 min
acquisition time. In addition, MR angiography (MRA) of head, resting
state functional MRI, susceptibility- and diffusion-weighted images
were also acquired. Each subject was scanned for 45 min in total.

2.4. PET-CT acquisition

All subjects underwent 18-F Flutametamol PET-CT scan. The dose of
185 MBq 18-F Flutametamol was injected 90 min before image acqui-
sition. Standardized uptake value ratios (SUVR) in 16 cortical regions
were calculated with reference to the pons by automated software de-
veloped by the manufacturer (General Electric, Cortex ID). Composite
Z-score of each subject either above or below the threshold (uptake
ratio- 0.62) (Thurfjell et al., 2014) were used as a cut-off to determine
the positivity and negativity of the amyloid scans.

2.5. ASL processing

Quality of ASL data of each subject was reviewed by a neuror-
adiologist (HKFM). Quantification was performed using ASL-MRI Cloud
(Li et al., 2019). Assumptions such as tissue (1165 ms) and blood
(1650 ms) T1 times, brain/blood partition coffecicient (0.9 ml/g) and
labeling efficiency (0.85) were applied in CBF quantification. Images in
DICOM format of each patient were converted to Analyze format. ASL
images, including MO and ASL data, as well as MPRAGE images were
uploaded for processing. ASL images were transformed, coregistered to
the individual T1 space then normalized into an age-matched template
in MNI space. For the purpose of this study, absolute CBF of cerebral
cortex and eight bilateral brain regions, i.e. precuneus/posterior cin-
gulate, mesial temporal, lateral temporal, parietal, prefrontal, sensor-
imotor, anterior cingulate, and occipital regions, were used.

2.6. Brain volume calculation

Voxel-based morphometry (VBM) analysis on T1l-weighted 3D
anatomical images of each individual using Computational Anatomy
Toolbox (CAT12.5-rcl) in SPM12 for segmentation into volumes of
cerebrospinal fluid (CSF), grey matter (GM) and white matter (WM).
Grey matter volume presented in the rest of this article was the nor-
malized GM volume i.e. GM volume divided by intracranial volume
(summation of volumes of CSF, GM and WM).

2.7. White matter lesion quantification

Axial FLAIR images of each subject were used to quantify periven-
tricular and subcortical white matter lesions using four-point Fazekas
scale (Fazekas et al., 1987). All scoring was performed by a trained
scientist (ACMC), which was subsequently confirmed by an experienced
neuroradiologist (HKFM).

2.8. Intracranial vascular stenosis grading

MRA head of cerebral (anterior, middle and posterior) and verteb-
robasilar arteries were graded according to: mild to moderate (< 50%)
or moderate to severe (> 50%). Significant intracranial atherosclerosis
or macrovascular complication was defined as more than 50% stenosis
(Adams et al., 1993).
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2.9. Dementia/cognitively impaired subtype classification

The final diagnosis of each subject was made by a multi-disciplinary
panel, consisting of a neuroradiologist (HKFM) and two geriatricians
(YFS, PKCC) based on the following findings i.e. clinical (baseline and
follow-up), neuropsychological (HK-MoCA), amyloid PET-CT, struc-
tural MRI, MRA and PCASL-MR perfusion.

In summary, the panel made the diagnosis of SCD according to
Jessen et al. (2014). For dementia patients, definitive diagnosis of AD
was made based on clinical criteria by McKhann et al. (2011) plus a
positive amyloid scan, whereas definitive diagnosis of VD was made
based on clinical criteria by Romén (1993), a negative amyloid scan, as
well as any microvascular MRI or macrovascular MRA abnormalities.
MR perfusion patterns by PCASL served to provide supplementary in-
formation on a case-by-case basis.

2.10. Statistical analysis

Non-parametric Kruskal-Wallis 1-way ANOVA with pairwise com-
parison was used to compare HC, T2DM, SCD, VD and AD on age, HK-
MoCA and Fazeka’s score. Chi-square tests of categorical variables (sex,
cardiovascular risk factors such as hypertension and hyperlipidemia,
MRA head vascular stenoses) between all groups were also performed.
Analysis of covariance (ANCOVA) model plus post hoc t-test with
Bonferroni’s correction were used to determine GM volume differences
among the groups adjusting for age. Multiple analysis of covariance
(MANCOVA) plus post hoc t-test with Bonferroni’s correction were used
to compare CBF in whole brain and eight bilateral brain regions ad-
justing for age, gender and GM volume between the subject groups.
Partial correlation evaluated the relationships between HbA1lc and CBF
(controlled for age, gender and grey matter volume) in all brain regions
of all T2DM and healthy controls.

3. Results

20 T2DM were recruited, however, one subject refused MRI scan
and another had artefactual ASL scan. 47 subjects were recruited from
the memory clinic. 6 of them were contraindicated to MRI (claus-
trophobia or non-cooperative), and 4 had artefactual ASL. The final
cohort consisted of 70 subjects, including 15 cognitively normal healthy
controls (HC), 18 T2DM, 8 Subjective Cognitive Decline (SCD), 12
Vascular Dementia (VD), and 17 Alzheimer Disease (AD).

Table 1 showed demographic, neuropsychological and vascular risk
status of the cohort. T2DM were significantly (p < 0.01) younger
(62.5 *= 3.7 years) than the healthy controls and demented subjects,
but not so as compared to SCD (69.5 + 7.5 years old). There was a
significant (p < 0.05) gender difference between the groups. Our HC
(26.6 = 2.1), T2DM (27.6 = 1.0) and SCD (28.5 =+ 1.4) subjects had
similar normal cognitive performance on HK-MoCA examination. Their
scores were significantly (p < 0.01) higher than VD (17.0 = 4.7) and
AD (14.7 = 6.7) subjects.

A higher proportion of T2DM and vascular dementia subjects pre-
sented with 2 or 3 vascular risk factors than the other groups. 50% of
T2DM had diabetes with hypertension and hyperlipidemia (triple risk
factors) and 38.9% of them have diabetes and either hypertension or
hyperlipidemia (two risk factors) (Table 1). Similarly, 41.7% and 25%
of VD had 2 or 3 vascular risk factors respectively. In contrast, only
17.6% AD and 26.7% HC had two vascular risk factors, but none in
SCD. Among, the vascular risk factors, only DM and HL showed sig-
nificant difference among the groups but not hypertension.

MRA head (Table 2) showed the prevalence of significant (moderate
to severe) intracranial vascular abnormalities i.e. 0%, 12.5%, 5.6%,
5.9%, and 16.7% in HC, SCD, T2DM, AD and VD respectively. More-
over, intracranial atherosclerosis in T2DM was seen only in those with
triple risk factors (Supplementary Table 1).

Table 2 showed PET-CT and MRI findings of the cohort, including
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Table 1
Demographic characteristics and neuropsychological characteristics of the cohort.
HC T2DM SCD VD AD
(n = 15) (n = 18) (n =38) (n =12) (n =17)
Age in year 71.8 + 6.1* 62.5 + 3.7%% 69.5 + 7.5 79.3 * 4.2° 75.1 + 8.2¢
Gender (M/F)’ 3/12 15/3 2/6 8/4 5/12
HK-MoCA score” 26.6 = 2.1% 27.6 = 1.0°" 285 + 1.4 1 17.0 = 4780 147 + 6.7
No. of vascular risk factor
- T2DM 0 18 0 3 0
— hypertension 7 9 2 9 7
- hyperlipidemia’ 4 16 2 10 6
Two vascular risk factors* 4 7 0 5 3
Three vascular risk factors* 0 9 0 3 0

Kruskal-Wallis test with pairwise comparison 2**4¢&"p < 0.01.
" Chi-square test with p < 0.05.
" Chi-square test with p > 0.05.
# Two SCD, one VD and five AD have missing HK-MoCA score.

* Two vascular risk factors = DM + HT or DM + HL or HT + HL; three vascular risk factors = DM + HT + HL.

amyloid deposition, normalized grey matter volume, and microvascular
burden/white matter hyperintensities (WMH). 18-F Flutametamol PET-
CT revealed there was only 1 subject in T2DM with amyloid deposition,
while the amyloid positivity was found in all AD and none in SCD and
VD subjects. There were significant age-adjusted cortical atrophy in AD
and VD as compared to SCD and HC, but no significant atrophy com-
paring to T2DM. There was no significant difference in age-adjusted
normalized grey matter volumes between HC, T2DM and SCD.

T2DM scored the lowest in Fazekas scale in periventricular WMH
while SCD scored the lowest in subcortical WMH, indicating they had
minimal microvascular burden. VD had the highest Fazekas scores in
both periventricular and subcortical regions.

3.1. CBF among all groups

Absolute CBF values of eight bilateral brain regions were compared
among all groups with age, grey matter volume, and gender adjusted
(Supplementary Table 2). MANCOVA test found HC has significantly
(p < 0.01) higher absolute global CBF (82.0 = 30.3 ml/100 g/min)
than SCD (41.7 = 12.1 ml/100 g/min), T2DM (37.2 *= 9.8 ml/100 g/
min), VD (46.4 =+ 17.3 ml/100 g/min), and AD (39.7 = 8.9 ml/
100 g/min).

However, MANCOVA analysis of absolute CBF did not reveal any
significant perfusion difference among all subject (T2DM and cogni-
tively impaired) groups.

Table 3
Adjusted mean absolute CBF of eight bilateral brain regions of T2DM, SCD and
demented subjects.

T2DM SCD VD AD
(n = 18) n =28 (n =12) n =17)

CBF in ml/100 g/min in the left cortex

Cerebral cortex 39.9 = 9.8 453 * 121 41.0 = 17.0 363 = 9.3
- Prefrontal 348 + 7.4 40.0 * 12.1 343 * 157 31.0 = 8.4
- Rostral ACC 457 = 11.8 539 = 17.2 37.6 + 156 38.0 * 121
- PPC 425 = 9.5 454 = 13.0 394 *= 21.3 321 * 87
- Parietal 388 + 9.1 433 * 11.1 40.0 = 16.1 346 = 10.1
- Temp lateral  38.9 + 8.7 448 * 124 411 = 163 357 + 9.6
- Occipital 39.1 = 10.2 454 = 11.1 442 = 20.7 37.6 = 115
- Sensorimotor  38.6 * 9.3 46.0 * 13.6 431 * 179 386 = 10.1
— Temp mesial 30.9 = 7.7 39.2 + 89 30.7 = 11.1 27.5 * 9.1
CBF in ml/100 g/min in the right cortex

Cerebral cortex 39.7 = 10.1 44.0 = 121 41.7 * 17.7 364 = 8.7
- Prefrontal 325 + 7.6 36.4 = 11.0 327 = 145 288 = 7.6
- Rostral ACC 432 * 11.8 50.3 = 17.2 385 = 143 36.8 = 10.7
- PPC 41.8 + 9.7 45.6 + 12.8 422 * 23.2 342 * 87
- Parietal 39.8 + 9.3 43.0 £ 11.9 41.2 + 176 355 = 9.1
— Temp lateral  38.0 + 8.7 43.1 + 123 41.2 = 183 36.0 = 85
- Occipital 40.2 * 11.6 452 * 124 452 *= 21.6 38.0 = 11.2
— Sensorimotor  38.7 * 9.6 439 + 125 428 = 19.0 428 = 9.2
- Temp mesial 28.7 * 8.9 30.4 = 8.0 285 = 101 243 = 7.6

ACC anterior cingulate; PPC precuneus posterior cingulate; Temp temporal.
MANCOVA with age, normalized grey matter volume and gender adjustment
and Bonferroni correction.

Table 2
MRI and PET-CT findings of the cohort.
HC T2DM SCD VD AD
(n = 15) (n = 18) (n=28) (n =12) (n =17)
18-F Flutametamol PET-CT
Amyloid positive NP 1 0 0 17
MRI
Normalized GM volume 0.40 + 0.04%Y 0.38 = 0.03 0.40 + 0.03" 0.36 = 0.02% 0.35 + 0.03*
Fazakes Scale (periventricular/subcortical WM) 0.67 /1.33 0.449¢/1.288 0.75%/1.25" 2.084%/2 258" 1.41%/1.47
No abnormality in cerebral vessels* 15 9 7 4 6
Anterior/middle/posterior cerebral arteries 0 1 1 1 1
— moderate to severe stenosis (> 50%)
Vertebrobasilar arteries 0 0 0 1 0

— moderate to severe stenosis (> 50%)

ANCOVA with age ajustment and Bonferroni correction ®®9p < 0.01.
Kruskal-Wallis test with pairwise comparison Tp < 0.05; %8p < 0.01.

PET-CT positron emission tomography computed tomography; GM grey matter; WM white matter; NP did not perform.

* Chi-square test with p < 0.05.



A.C.M. Chau, et al.

NeuroImage: Clinical 27 (2020) 102302

(@ eo
50 / \
< d
=0 T — | S
-
o
o \
E / p—"1 N
— 30 \
w
[2a]
(&)
[
=
S 2
o
a
Kol
<<
10
0
Prefrontal _L RostralACC_L PrCu_PCC_L Parietal_L Temporallateral_L Occipital_L Sensorimotor_L TemporalMesial_L

==DM (n=18) ==SCD (n=8)

VD (n=12) «==AD (n=17)

(b) 60
50
~ T —
&0 — ——
E _” N
o > \
=)
o
g
52
o)
1)
O
<<
10

Prefrontal_R RostralACC_R PrCu_PCC_R

==DM (n=18) ==SCD (n=8)

Parietal_R

TemporallLateral_R Occipital_R Sensorimotor_R TemporalMesial_R

VD (n=12) ==AD (n=17)

Fig. 1. Adjusted mean absolute CBF distribution in eight left (a) and right (b) cortical regions of the cohort. MANCOVA with age, normalized grey matter volume and
gender adjustment and Bonferroni correction. ACC anterior cingulate; PPC precuneus posterior cingulate.

3.2. Subgroup analyses of CBF

Absolute CBF values of eight bilateral brain regions among four
groups (excluding HC) adjusted with age, grey matter volume, and
gender (MANCOVA) were seen (Table 3, Fig. 1). SCD demonstrated the
highest CBF in all the regions while AD subjects had the lowest. No
significant difference was found among all subgroups.

3.3. Comparison of T2DM and VD

The major differences were: only 25% of VD had diabetes, slightly
higher prevalence of hypertension (75% versus 50%) and macro-
vascular complications (16.7% versus 5.6%), and significantly higher
age (p < 0.01) and WMH (both periventricular and subcortical)
(p < 0.01) in VD.

No significant difference was seen in cerebral atrophy, similar pre-
valence in amyloid burden (5.6% versus 0%), and hyperlipidemia
(88.9% versus 83.3%), in T2DM versus VD. In subgroup analysis, T2DM
had higher adjusted absolute CBF than VD in left precuneus posterior
cingulate, bilateral rostral anterior cingulate, and left prefrontal re-
gions, but no significant difference (Fig. 1, Table 3).

3.4. Comparison of T2DM and AD

The major differences between the 2 groups were: no diabetes in
AD, significantly higher age (p < 0.01), periventricular WMH
(p < 0.01), and higher amyloid burden (100% versus 5.6%) in AD; but
higher prevalence of hyperlipidemia in DM versus AD (88.9% versus
35.3%). No significant difference in cerebral atrophy, subcortical WMH,
and similar prevalence of macrovascular complication or hypertension
in T2DM versus AD, being 5.6% versus 5.9%, and 50% versus 41.2%
respectively.

T2DM had higher absolute CBF (adjusted) than AD in all regions
(except right sensori-motor) but no significant differences (Fig. 1,
Table 3).

3.5. Comparison of T2DM and SCD

Higher prevalence of triple risk factors (DM, HT, HL) occurred in
T2DM versus SCD i.e. 100%, 50%, and 88.9% versus 0%, 25%, 25%,
but lower in macrovascular complication i.e. 5.5% versus 12.5%. There
was no significant difference in microvascular WMH, amyloid burden
and grey matter volume. In subgroup analysis, T2DM had lower ad-
justed CBF across all regions, but no significant difference.
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Fig. 2. Significant one-way partial correlation (controlling for age, normalized GMV and gender) of HbAlc and absolute CBF of 33 subjects in eight cortical regions
(a-h). The left side is presented in red and the right side is presented in blue. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

3.6. Correlation of CBF and HbAlc

Significant negative correlation ranging from —0.30 to —0.46
(p = 0.05) between absolute CBF (controlled for age, gender and grey
matter volume) and HbA1c of the cohort (comprising of 15 HC, and 18
T2DM) was found in all cortical brain regions (Fig. 2).

4. Discussion

Based on a head-to-head comparison of the clinical features and co-
morbidities of T2DM, healthy controls, preclinical cognitive impair-
ment (SCD), vascular dementia and AD, we found that:

1. T2DM versus HC: CBF reduction in T2DM was likely related to
higher incidence of cerebrovascular risk factors

In current study, our T2DM subjects showed similar grey matter
volume and minimal WMH as in HC. Our results corroborated with
previous studies (Bangen et al., 2018; Xia et al., 2015) that CBF al-
terations in different brain regions precede significant structural
changes among adults with T2DM. Although prior studies suggested the
role of microangiopathy on cerebral CBF and vaso-reactivity in T2DM
(Brundel et al., 2012; Chung et al., 2015; Last et al., 2007; Novak et al.,
2006; Shen et al., 2017), it was interesting to note in current study that
lower CBF in T2DM was not related to WMH (microangiopathy).

The CBF of T2DM was lower than HC in all brain regions. A much
higher incidence of risk factors (such as DM, and HL) (Table 1) and
possibly macrovascular complication (5.6% T2DM versus 0% HC) in
T2DM (Table 2) might explain the differences. An interaction of these
cerebrovascular factors could lead to an adverse effect on autoregula-
tion of cerebral blood flow (Shekhar et al., 2017). Tchisakova et al.

demonstrated that subjects with both T2DM and hypertension had
impaired cerebrovascular reactivity and cortical thinning compared to
age-matched hypertensive controls (Tchistiakova et al., 2014). Another
study (Birdsill et al., 2013) showed the presence of more metabolic
syndrome factors being associated with increasingly lower CBF. Kim
et al. found that different degrees of impairment of cerebrovascular
reactivity in uncomplicated diabetes on tight blood pressure control,
and diabetic patients with microvascular complications (Kim et al.,
2011). Hence our findings may reflect a relatively uncomplicated T2DM
cohort, evidenced by lack of microangiopathic changes in contra-
distinction to prior studies (Chung et al., 2015; Last et al., 2007).

2. T2DM versus SCD: both conditions reflected CBF impairment in the
preclinical stages

In both whole group and subgroup analysis, no significant differ-
ence in CBF was found between the 2 cohorts. As SCD cohort size was
small, due caution in interpretation was required. Among the 8 SCD,
only 4 had no related clinical history, while 2 had depression, 1 with
family history of dementia, and 1 with alcoholic abuse. There was
significant association between SCD and depression (Zlatar et al., 2018)
and higher risk of developing MCI/dementia when depression and SCD
co-occurred (Liew, 2019). CBF impairment was found in major de-
pression in a prior study (Wang et al., 2014).

Also, the findings of current studies on CBF in SCD studies were
controversial. A recent study demonstrated that CBF was lower in MCI
(mild cognitive impairment) and AD compared to SCD subjects
(Leijenaar et al., 2017), while another study showed that SCD group
showed higher CBF relative to MCI and cognitively normal older adults
(West et al., 2016). The presence of premorbid psychiatric conditions in
SCD patients recruited in different studies needs to be ascertained prior
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Fig. 2. (continued)

to any comparison.

3. T2DM versus AD: CBF reduction in T2DM was not due to amyloid
deposition, but impaired to a level with no significant difference
from AD.

In view of low prevalence of amyloid burden in T2DM, our finding
concurred with a previous study that functional decline in T2DM not
being related to amyloid accumulation (Roberts et al., 2014).

There was no statistically significant difference between the two
entities in whole and subgroup analysis, although T2DM showed less
reduction in CBF (corrected for age, gender and cerebral atrophy)
compared to AD . In view of T2DM with mean HK-MoCA score of 27.6
and normal cognition, while moderate to severe AD with mean HK-
MoCA score of 14.7, such a finding indicated severe preclinical oligemia
in T2DM even before cognitive impairment.

Similar prevalence of macrovascular complication or hypertension
in T2DM and AD indicated that they were not key factors leading to the
differences in CBF between the 2 entities. In T2DM, the cerebral per-
fusion decline was likely related to the triple risk factors (hypergly-
caemia, hypertension and hyperlipidaemia) as previously discussed,
while in AD due to amyloid-related pathology. It was interesting to note
that significantly higher periventricular WMH was seen in AD as com-
pared to T2DM, which might reflect a co-existing element of cere-
brovascular disintegrity in AD (Mak et al., 2012).

4. T2DM versus VD: Impaired CBF in VD was related to microangio-
pathy, but not in T2DM

T2DM had higher adjusted CBF than VD in left precuneus/ posterior
cingulate, bilateral rostral anterior cingulate and left prefrontal regions,
though no significant difference. As there were only slightly higher

prevalence of hypertension and macrovascular complications in VD
versus T2DM (being 75% versus 50% and 16.7% versus 5.6% respec-
tively), these co-morbidities might not contribute to their different CBF
patterns.

Nevertheless, there was significantly (p < 0.01) increased WMH
(both periventricular and subcortical) in VD as compared to T2DM.
Previous study (Schuff et al., 2009) revealed that increased subcortical
WMH in subcortical ischemic vascular disease were associated with
reduced CBF in the cortex, irrespective of brain atrophy. Hence, unlike
VD, impaired CBF in T2DM was unrelated to microangiopathy.

5. Relationship of glycemic control and absolute CBF (adjusted) in
T2DM and healthy controls

Among 15 HC, and 18 T2DM, significant negative correlation be-
tween adjusted CBF and HbAlc in all cortical regions (Fig. 2) might
reflect a risk of preclinical oligemia due to altered glycemic control,
leading to potential neuronal injury (Zlokovic, 2011).

Previous studies by '®F-FDG PET demonstrated glucose hypometa-
bolism in Alzheimer’s disease signature regions in diabetic patients with
elevated haemoglobin Alc (HbAlc) levels (Roberts et al., 2014), non-
diabetics with higher serum glucose levels (Burns et al., 2013); pre-
diabetic cognitively normal adults or early type 2 diabetes (Baker et al.,
2011), and in late middle-aged adults at risk for Alzheimer disease
(Willette et al., 2015) with insulin resistance. Increased plasma glucose
and insulin levels could cause the AD-like pattern in both ®F-FDG and
150-H20 PET images even in normal subjects without insulin resistance
(Ishibashi et al., 2015). Roberts et al. (2014) found in their cognitively
normal subjects, there was a loss of significance after adjustment for
glucose level. The unresolved issue was whether the adverse effect of
hyperglycaemia on cerebral hypometabolism being a generalized dia-
betic effect or a specific AD meta-ROI effect. Our findings showed
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impaired CBF in both AD-signature and non-AD signature regions in
T2DM. Hence, our study lends support to the former explanation.

The mechanism of the susceptibility of AD-signature brain tissues to
insulin resistance/hyperglycemia warrants further investigation as this
might constitute the link between T2DM and AD, which has been
coined as Type 3 DM (de la Monte, 2014). In current study, our cohort
of cognitively unimpaired T2DM without white matter microangio-
pathy or amyloid deposition showed surprisingly low CBF. The level of
cerebral perfusion decline was similar to cognitively impaired sub-
groups of AD and VD, and to SCD subgroup having a high percentage of
depressive illness, alcohol abuse and family history of dementia. We
hypothesised that an interaction of cerebrovascular risk factors could
lead to an adverse effect on autoregulation of cerebral blood flow. Prior
studies have shown that the risk of autoregulation was increased with
co-existence of hypertension and diabetes (Shekhar et al., 2017). Ac-
cording to the 2-hit hypothesis by Zlokovic: 1. Vascular mediated in-
juries such as arteriosclerosis due to glycosylation in DM was associated
with loss of stretch reflux, resulting in blood-brain-barrier (BBB)
leakage and constituted the first hit (non-amyloidogenic pathway); 2.
BBB leakage resulted in microinfarction, microbleeds, toxic accumula-
tion and impaired clearance of amyloid protein, resulted in second hit.
The increase in (-amyloid amplified neuronal dysfunction, and such
self-propagating cascade may acccelerate the development of neuro-
degeneration and eventually dementia (Zlokovic, 2011). Hence, our
relatively uncomplicated T2DM cohort could be in the ‘hit-one’ phase,
and a longitudinal study might exemplify the related changes during
disease progression.

There are some limitations of the current study. First, the sample
sizes of participants in different diagnostic categories were relatively
small (especially SCD) and our study should be considered a pilot one.
Second, multiple regressions of all the comorbidities on CBF were not
feasible because of limited sample sizes and possible collinearity issues.
Hence, the effects of vascular risk factors on regional CBF impairment
was only a postulation suggested by trend. Third, the healthy controls
did not undergo any PET scanning since Flutametamol PET scan in-
volved radiopharmaceutical injection. Fourth, more detailed data on
cardiovascular risk factors (e.g. blood pressure and lipid profile) should
be obtained for correlative analyses. Our current results were more
descriptive in nature and exploratory. Finally, detailed neuropsycho-
logical evaluation was not performed in current study, which prevented
any correlative study of impaired performance in neuropsychological
domains with regional CBF in different subject groups.

5. Conclusions

In summary, cortical CBF in our cohort of T2DM, SCD, VD and AD
was significantly decreased compared to HC but not to each other.
Although SCD had higher CBF than T2DM, VD and AD, their differences
were not significant in whole or subgroup analysis. Based on the oc-
currence of risk factors, impaired cortical CBF in T2DM was not related
to microangiopathy or amyloid deposition, but to the interaction of
triple risk factors (DM, HT, HL). Altered glycemic control was found to
have significant correlation with impaired CBF in all cortical brain re-
gions in non-demented T2DM and healthy controls. We hypothesised
that altered cerebral blood flow in T2DM might be related to disruption
of cerebrovascular autoregulation, and such oligemia occurred before
clinical manifestation due to altered glycemic control.
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