
Manuscript Information

Journal name: Neurobiology of aging
NIHMS ID: NIHMS911526
Manuscript 
Title:

The Resting Perfusion Pattern Associates with Functional Decline in Type 2 
Diabetes

Submitter:  Author support, Elsevier (ElsevierNIHsupport@elsevier.com)

Manuscript Files

Type Fig/Table 
# 

Filename Size Uploaded

manuscript  NBA_10024.pdf 2041725 2017-10-06 23:47:03 

citation  911526_cit.cit 127 2017-10-06 23:46:59 

This PDF receipt will only be used as the basis for generating PubMed Central (PMC) 
documents. PMC documents will be made available for review after conversion. Any corrections 
that need to be made will be done at that time. No materials will be released to PMC without the 
approval of an author. Only the PMC documents will appear on PubMed Central -- this PDF 
Receipt will not appear on PubMed Central.



�������� ��	
�����

The Resting Perfusion Pattern Associates with Functional Decline in Type 2
Diabetes

Weiying Dai, Wenna Duan, Freddy J. Alfaro, Anna Gavrieli, Fotini
Kourtelidis, Vera Novak

PII: S0197-4580(17)30297-X
DOI: doi:10.1016/j.neurobiolaging.2017.09.004
Reference: NBA 10024

Published in: Neurobiology of Aging

Received date: 22 March 2017
Revised date: 5 September 2017
Accepted date: 6 September 2017

Cite this article as: Dai W, Duan W, Alfaro FJ, Gavrieli A, Kourtelidis F, Novak V,
The Resting Perfusion Pattern Associates with Functional Decline in Type 2 Diabetes,
Neurobiology of Aging, doi:10.1016/j.neurobiolaging.2017.09.004

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final citable form. Please note that during the production
process errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

c© 2017 Published by Elsevier Inc.

http://dx.doi.org/10.1016/j.neurobiolaging.2017.09.004
http://dx.doi.org/10.1016/j.neurobiolaging.2017.09.004


The Resting Perfusion Pattern Associates with Functional Decline in Type 2 Diabetes  

 

Weiying Dai1, Wenna Duan1, Freddy J Alfaro2, Anna Gavrieli 2, Fotini Kourtelidis 3, Vera 

Novak2.  

 

Affiliation 

1Dept. of Computer Science, State University of New York at Binghamton, Binghamton, NY, 

13902 

2Dept. of Neurology, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston 

MA 02215 

3Dept. of Radiology, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston 

MA 02215 

 

Correspondence to:  

Weiying Dai 

N-14, Engineering Building 

Department of Computer Science, Binghamton University 

Binghamton, NY, 13902 USA 

Phone: (607) 777-4859 

Email: wdai@binghamton.edu 

 

 

  



Abstract  

We investigated the relationships between cerebral blood flow (CBF), cognitive and mobility 

decline in type 2 diabetes mellitus (T2DM) over a two-year period. Seventy-three participants 

(41 T2DM and 32 controls) were evaluated using volumetric CBF with arterial spin labeling 

(ASL) perfusion magnetic resonance imaging (pMRI) at baseline and at the two-year follow-up. 

Regions with significant CBF differences between T2DM participants and controls at baseline 

were detected using voxel-wise analysis. Correlation analysis was performed to investigate the 

association between regional CBF and cognitive or mobility performance over the two-year span. 

Compared to controls, participants with T2DM had decreased CBF in the resting state default 

mode, visual, and cerebellum networks. Greater decrease in longitudinal CBF values at these 

regions over a two-year span was associated with worse gait, memory and executive functions, 

and higher baseline insulin resistance and worse baseline cognitive performance.  In T2DM, 

impairment of resting regional perfusion is closely related to worse cognitive and mobility 

performance. Insulin resistance may further contribute to regional perfusion deficit in T2DM.   

 

Key words: type 2 diabetes mellitus, cognitive impairment, cerebral blood flow, arterial spin 

labeling MRI, voxel-based analyses, insulin resistance 

Abbreviations: Perfusion Pattern in Type 2 Diabetes 

 

 

  



1. Introduction 

Type 2 diabetes mellitus (T2DM) is associated with altered cerebral vasoreactivity (Novak et al. 

2011; Chung et al. 2015; Last et al. 2007), cerebral atrophy (Franke et al. 2013; Novak et al. 

2011; van Elderen et al. 2010), cognitive impairment (Chung et al. 2015; Wong, Scholey, and 

Howe 2014) and functional decline (Chung et al. 2015). T2DM-related endothelial dysfunction 

secondary to a chronic state of hyperglycemia, inflammation and insulin resistance (Kim et al. 

2006; Starr et al. 2003; Brownlee 2005), has been associated with alterations in the blood brain 

barrier (Mogi and Horiuchi 2011; Starr et al. 2003), neuronal damage (Umegaki 2014), and 

arterial stiffness (Zhou, Zhang, and Lu 2014), thus negatively affecting cerebral metabolism and 

cerebral blood flow (CBF)(Roberts et al. 2014).   

Arterial spin labeling (ASL) is a functional MRI technique capable of quantifying 

regional CBF, among the several neuroimaging techniques. ASL is a noninvasive technique that 

magnetically labels the water in the blood vessels (Detre et al. 1992; Williams et al. 1992). ASL 

has been recently used to evaluate CBF in T2DM patients, however the reports are contradictory. 

Some studies found that resting CBF is similar between T2DM patients and controls (Tiehuis et 

al. 2008; Rusinek et al. 2015; Novak et al. 2011), while others reported reduced CBF in patients 

with T2DM (Xia et al. 2015; Novak et al. 2006; Last et al. 2007; Nagamachi et al. 1994). The 

cross-sectional design of these studies however, did not allow to investigate the association 

between T2DM and changes in brain perfusion or structure and cognitive or mobility functions 

over time. Pseudo-continuous ASL (PCASL), with great labeling efficiency (Dai et al. 2008; Wu 

et al. 2007) and recommended for clinical applications (Alsop et al. 2014), was adopted for the 

measurement of whole-brain CBF maps. Moreover, PCASL has been shown to have excellent 

test-retest reliability for both young and elderly subjects (Xu et al. 2010), and hence can serve as 



a useful technique even for longitudinal studies.   

In the current study, we used ASL CBF imaging to determine the effect of T2DM on 

CBF at baseline and the relationship between CBF and functional outcomes (cognition and gait) 

baseline and after the two-year follow-up. We hypothesized that 1) T2DM is associated with 

altered resting perfusion patterns, and 2) impaired CBF is associated with alterations in cognitive 

function and gait.  

 

2. Methods 

The current work is an analysis from our prospective study on cerebro-microvascular disease in 

elderly with T2DM. The study was conducted at the Syncope and Falls in the Elderly Laboratory 

(SAFE), Clinical Research Center (CRC) and MRI Center of Beth Israel Deaconess Medical 

Center (BIDMC) between August 2009 and July 2013. Participants were recruited from the 

greater Boston area using community advertisement. They were assigned to either the T2DM 

group or the non-diabetic control group. 

2.1. Participants 

A hundred and thirty-one participants, 50-85 years old, were enrolled in this two-year study. All 

participants signed written informed consent approved by the Committee on Clinical 

Investigations of BIDMC. Of 131 participants, seventy-three participants, 41 T2DM and 32 non-

diabetic controls were eligible and included in baseline analysis, according to the inclusion 

criteria of the study. Of those, forty-two participants, 19 T2DM and 23 non-diabetic controls, 

who completed the two-year follow-up were included in the follow-up analyses.  

Inclusion criteria for the T2DM group were: men and postmenopausal women of 50-85 

years of age, diagnosed with T2DM and treated with oral agents and/or insulin for more than 



5 years, with hypertension (blood pressure (BP) ≥140/90 mm Hg and/or treated for hypertension) 

or without hypertension (BP <140/90 mm Hg and no medical history of hypertension). Inclusion 

criteria for the control group were: men and postmenopausal women with normal fasting blood 

glucose and glycated hemoglobin A1c (HbA1c) matched with the diabetes group by age ±5 years, 

gender, and presence of hypertension. Exclusion criteria for both groups were: Type I diabetes 

mellitus, any unstable or acute medical condition, myocardial infarction or major surgery within 

6 months, history of a major stroke,  carotid stenosis >50% by medical history, Doppler 

ultrasound or by MR angiography, hemodynamically significant vascular disease, arrhythmias, 

liver or renal failure or transplant, severe hypertension (systolic BP >200 and/or diastolic 

BP >110 mm Hg or subjects taking 3 or more antihypertensive medications), seizure disorders, 

malignant tumors, current recreational drug or alcohol abuse, active smoking, morbid obesity 

(BMI >40), dementia (by history) or Mini-Mental State Examination (MMSE) score (≤24). MRI 

exclusion criteria included: incompatible metal implants, pacemakers, and claustrophobia.  

Reasons for exclusion from baseline analyses included: withdrew consent (n=11), lost to 

follow-up (n=10), smoking (n=1), arrhythmias (n=4), cancer (n=2), MMSE score ≤24 (n=3), 

stroke/TIA (n=2), heart failure (n=1), MRI-exclusion criteria (n=1), renal failure (n=1), T2DM 

<5 years (n=3), poor glycemic and/or hypertension control (n=7), undetermined neurologic 

disorder (n=2), adverse event (n=1), and incomplete datasets (n=9).  Reasons for exclusion after 

two-year follow-up period included: withdrew consent (n=5), lost to follow-up (n=25), and new 

diagnosis of dementia (n=1).  

2.2. Experimental Protocol 

Screening visit included: medical history review, completion of autonomic function 

questionnaires, physical and neurological evaluation, ECG and fasting laboratory measurements.  



After enrollment, participants came for an inpatient two-day baseline visit at the BIDMC CRC. 

On Day 1, participants had vital signs and anthropometric measurements taken, including height 

and weight, and a cognitive assessment battery testing. On Day 2, a fasting blood draw was 

obtained, a cognitive assessment battery testing and walking test were completed, and MRI scans 

were performed. The same protocol was completed at the two-year follow-up visit.      

2.3. Cognitive Assessment 

The cognitive assessment battery that was used is a standard battery of cognitive tests that 

evaluate specific domains of cognition and daily living activities. It consists of measures of 

learning and memory (Hopkins Verbal Learning Test-Revised (HVLT-R) (Shapiro et al. 1999) 

and Mini-Mental State Examination (MMSE) (Folstein, Folstein, and McHugh 1975)), measures 

of executive function (Verbal fluency (VF) (Benton and Hamsher 1989), Trail Making (TM) 

(Pugh et al. 2003), Clock Drawing (CD) (Grande et al. 2005)), and measures of attention (Digit 

Span (DS) (Wechsler 1987)). HVLT-R includes a Total Recall (HVLT: Total Recall, total 

number of list items learned across trials), Delayed Recall (HVLT: Delayed Recall, total number 

of list items recalled after the delay), Retention (HVLT: Retention, percentage of items from 

HVLT: Total Recall that are subsequently recalled on HVLT: Delayed Recall), and Recognition 

Discrimination index (HVLT: RDI, number of list items correctly identified among non-list 

items). MMSE assesses cognitive impairment. VF assesses phonemic and semantic fluency tasks. 

The phonemic fluency task requires the participant to generate as many words as possible 

beginning with a given letter (e.g., “S”) for one minute. The semantic fluency task requires the 

participant to generate items of a given semantic category (e.g., animals) for one minute. 

Dependent variables for the fluency measures include the number of items generated for all three 

phonemic trials (e.g., F, A, S; VF FAS Total) and the number of items generated for the semantic 



task (e.g., animals; VF: animals). A composite executive score was calculated from all three 

measures of executive functions (VF, TM, and CD). DS assesses immediate memory/attention.  

2.4. Gait Assessment 

Participants completed two 6-min walking tests on a 75 m course of an 80 m x 4 m indoor 

hallway. For the first test participants were instructed to walk for 6 min at their usual and 

comfortable pace (normal walk), while for the second dual-task test (DT) they were asked to 

perform the same while counting backwards. The time taken to complete each 75 m length and 

the total distance walked were recorded. No assistive devices were used for ambulation. The 

rate of perceived exertion (RPE) before and after each walking test was self-rated on a 10-point 

scale. Gait speed was calculated by dividing distance (m) by time (s).      

2.5. Blood samples analysis 

Serum/plasma glucose, insulin panels and hematocrit were measured at Lab Corp (Laboratory 

Corporation of America Holdings, Burlington, NC).  The homeostatic model assessment of 

insulin resistance (HOMA-IR) was calculated as the product of fasting glucose (md/dl) times 

insulin levels (mU/L) divided by 405 (Matthews et al. 1985). 

2.6. MRI Acquisition 

All participants (73 participants at baseline and 42 participants at the two-year follow-up) were 

scanned at the same 3-Tesla, GE HDxt scanner using a receive-only 8-channel head array coil 

and a body transmit coil. ASL images were obtained using the pseudo-continuous arterial spin 

labeling (PCASL) (Dai et al. 2008) with a 1.5 sec labeling and 1.5 sec post-labeling delay. 

Additional reference images for M0 values were obtained for absolute perfusion quantification. 

All ASL and reference images were acquired with a 3D stack of spirals RARE imaging sequence 

(TR = 5 s, FOV = 24 cm × 24 cm, slice thickness = 4mm, matrix size: 128×128×40, 



bandwidth = 62.5 kHz). T1 anatomical images were acquired with a 3 dimensional 

magnetization prepared rapid acquisition gradient echo (MP-RAGE) sequence (TR = 7.9 msec, 

TE = 3.2 msec, flip angle = 158, bandwidth = 32 kHz, coronal acquisition plane field of view = 

24 × 19cm, in-plane resolution = 0.94mm, slices = 1.4mm, preparation time with repeated 

saturation at the beginning of the preparation period = 1100 msec, and adiabatic inversion pulse 

before imaging = 500 msec). An MRI scanner upgrade was performed between the baseline and 

two-year follow-up scans, and the global signals may be altered between the scans. Therefore, 

we chose to present the relative CBF for the longitudinal analysis to reduce the effects of global 

signal change between two years. 

2.7. Image Processing 

Quantitative CBF images were calculated for each participant as previously described (Alsop and 

Detre 1996; Buxton et al. 1998; Wang et al. 2002). CBF maps were normalized to the a priori 

gray matter (GM) template using the SPM8 software package (http://www.fil.ion.ucl.ac.uk/spm/). 

T1 anatomical images served as intermediate images for CBF image normalization as they allow 

better alignment with the template. They were segmented by the "new segment" algorithm 

(Ashburner and Friston 2005; Klein et al. 2009), which output gray GM images as well as other 

images in the original image space. Subtraction images (between label and control) from PCASL 

acquisition were co-registered to the GM images from the segmentation and then the GM images 

were normalized to the GM template. The combined warping parameters from the co-registration 

and normalization were used to warp the quantitative CBF maps from each subject to the 

template space. Quantitative CBF maps were smoothed using a Gaussian kernel with full-width 

at half maximum (FWHM) of 8 mm. Global CBF was calculated as the average of the CBF 

values on the whole brain mask. 



To control for the effects of potential differences in tissue volume between the two 

groups that could account for differences of CBF, the GM probability map for each participant 

were generated using T1 anatomical images from the segmentation of SPM8. The binary map of 

GM probability map (assign 1/0 to the voxels with GM probability greater/lower than 0.2) was 

transformed to the standard GM template using SPM spatial normalization with volume-

preserving transformation. Total volume of GM was calculated and used as a covariate of CBF 

analysis for GM volume correction. 

2.8. Statistical Analysis 

Demographic and neuropsychological data were analyzed with MATLAB, version R2015a. All 

tests were 2-tailed and significance was set for p < 0.05. Normality was assessed with Shapiro-

Wilk test. Differences in demographic and neuropsychological characteristics at baseline and 

two-year follow-up between the T2DM patients and the controls were compared using either 

two-sample t-tests or Mann-Whitney nonparametric U-tests for continuous variables and �� test 

for categorical variables.  

2.8.1. Global CBF and CBF maps at baseline and two-year follow-up 

Global CBF between the two groups was initially compared at baseline using two-sample t-test. 

Given that hematocrit and gender are important predictors of CBF (Liu et al. 2012; Henriksen et 

al. 2014; Henriksen et al. 2013), and hematocrit is significantly different between the two 

genders (p ≤ 0.001,in the current study), Pearson correlation was performed between each 

variable (hematocrit or gender) and CBF in order to determine which one is the most sensitive 

predictor of CBF. Hematocrit (r = -0.39, p ≤ 0.001) but not gender (r = 0.18, p = 0.14) was 

negatively correlated with CBF, thus hematocrit was used as a confounder in the subsequent 

analysis. Multiple linear regression analysis was performed with CBF as the dependent variable, 



group (T2DM/Control) as the independent variable and age, hematocrit and hypertension 

(presence/no presence) as confounding variables.  

In order to examine CBF differences between the two groups across the whole brain 

volume, CBF map was modeled as a multiple linear regression on a voxel-by-voxel basis using 

SPM8.  Age, hematocrit and hypertension were included as covariates. The voxel-level 

significance threshold was set for p < 0.005 while the cluster-level threshold was set for p < 0.05 

in order to minimize any false positive findings because of the multiple comparisons.  

Due to the potentially increased family-wise error (FWE) rates from the SPM cluster-

level analysis (Woo, Krishnan, and Wager 2014; Eklund, Nichols, and Knutsson 2016), we 

verified the statistical results using Statistical nonParametric Mapping 

(SnPM, http://www.sph.umich.edu/ni-stat/SnPM/). The non-parametric approach was shown to 

be robust with the nominated false positive rate of 5% (Eklund, Nichols, and Knutsson 2016). In 

the SnPM analysis, CBF map was modeled as a multiple linear regression on a voxel-by-voxel 

basis. Age, hematocrit and hypertension were included as covariates same as those in the SPM 

analysis. One-thousand random permutations were performed on the disease state (either T2DM 

or control). For each permutation, a voxel-level p-value threshold of 0.005 (same as SPM 

analysis) was chosen to define clusters first and then the largest supra-threshold cluster size was 

calculated. Largest cluster sizes from all 1000 permutations were used to calculate the empirical 

distribution in order to correct for multiple comparisons among voxels. The cutoff cluster size 

with FWE of 5% was derived. The T2DM affected regions were used for further region-based 

analysis. Based on the T2DM affected regions at baseline, post-hoc brain network-based analysis 

was also performed to identify the involvement of brain networks in T2DM. CBF value at each 

identified brain network was calculated as the mean CBF over the corresponding brain network 



mask. The brain network masks were generated from our recent ASL resting state network study 

(Dai et al. 2016).    

Global CBF values and CBF maps between the T2DM group and the control group were 

compared at the two-year follow-up using the same approach as described at baseline. Regional 

and network CBF values at the regions and networks affected by T2DM (derived from baseline) 

were calculated at the follow-up, and compared using two-sample t-tests and multiple linear 

regression with the same confounding variables as in the global CBF comparisons at baseline.   

2.8.2. Post-hoc correlation analysis of regional and network CBF at baseline 

In order to investigate the relationship between CBF in the brain regions and networks affected 

by T2DM and cognitive and mobility performance, post-hoc correlation analysis was performed. 

The partial correlation coefficients between the regional CBF values and cognitive or mobility 

performance scores were examined with age, hematocrit and hypertension being used as 

covariates. Since the difference in GM volume between T2DM and control groups could 

potentially account for the CBF differences between the two groups, GM volume was further 

included in the partial correlation analysis as an additional covariate.    

2.8.3. Longitudinal change of global CBF and CBF maps over a two-year period 

Longitudinal change of global CBF was compared between the T2DM and control groups using 

a multiple linear regression with the same confounding variables as in the global CBF 

comparison at baseline. Longitudinal change of CBF maps was also compared between the two 

groups using the same SPM8 voxel-by-voxel analysis as in the comparison of CBF maps at 

baseline. For the longitudinal change of CBF maps, we used the relative CBF maps (calculated 

as the ratio of CBF maps to the associated global CBF value) at baseline and two-year follow-up 

to reduce the effect of of potentially altered global CBF over a two-year period. Longitudinal 



regional and network CBF change at the T2DM affected regions and networks (derived from the 

baseline study) was also compared using the same tests as in the baseline regional CBF 

comparison. The relative regional CBF values (regional CBF values divided by the 

corresponding global CBF values) were also used in the calculation of longitudinal regional CBF 

change. 

2.8.4. Correlation of longitudinal CBF change with longitudinal variable change/baseline 

variable 

The longitudinal correlation analysis was performed only for the T2DM affected regions and 

networks. In order to investigate whether the longitudinal CBF change is related to the 

longitudinal change of cognitive and mobility performance, post-hoc correlation analysis was 

performed. Partial correlation coefficients were calculated between CBF change and the baseline 

variables (including cognitive, mobility and disease severity variables) in order to investigate 

which baseline variables can predict the longitudinal CBF change. Age, hematocrit, hypertension, 

GM volume and education years were used as covariates. Education was included as an 

additional covariate because it was significantly different between the T2DM and control groups 

at two-year follow-up (p=0.012).    

3. Results 

Table 1 summarizes participants’ demographic and clinical characteristics, gait results and 

cognitive scores at baseline and at the two-year follow up. At baseline, no differences between 

age, gender, education, and hematocrit values were found between the two groups. T2DM group 

had higher prevalence of hypertension (p≤0.001), body mass index (BMI) (p=0.007), fasting 

glucose (p≤0.001), HbA1c (p≤0.001), insulin level (p=0.003) and HOMA-IR (p≤0.001) 

compared to controls. Furthermore, participants with T2DM had worse performance on learning, 



memory, executive, attention and mobility functions, including HVLT: Total Recall, HVLT: 

Delayed Recall, HVLT: RDI, VF: FAS total, VF: Animal, CD, DS, Composite Executive Score, 

Gait Speed (Normal), and Gait Speed (DT) (p < 0.05), as compared to controls. Similar values 

between groups were found for MMSE, HVLT: Retention, Trail Making, RPE before Gait 

(Normal), RPE after Gait (Normal), RPE before Gait (DT), and RPE after Gait (DT).  

At the two-year follow-up, the significant differences between the T2DM and control 

groups remained similar in demographics, clinical characteristics, gait results and cognitive 

scores. The markedly reduced number of participants rendered Gait Speed (DT) and Composite 

Executive Score results insignificant, while the years of education became significant.  

 

3.1. Global CBF at baseline 

At baseline, the T2DM group had lower global CBF (29.83±9.78 ml/100 g.min) as compared to 

controls (36.91±11.77 ml/100g.min), after adjusting for age, hematocrit and hypertension 

diagnosis (yes/no) (p=0.027). Greater global CBF was associated with the presence of 

hypertension (r = 0.26, p = 0.028) and lower hematocrit levels (r = -0.43, p = 0.0001), but only 

marginally associated with younger age (r = -0.21, p = 0.086). The difference between the two 

groups was not observed on the unadjusted two-sample t-test comparison.  

3.2. CBF maps at baseline 

Compared to controls, T2DM patients had significantly lower CBF using SPM analysis after 

adjusting for age, hematocrit and hypertension in two clusters: one large posterior cluster 

primarily in the occipital, cerebellum, posterior cingulate, precuneus, thalamus, parietotemporal, 

basal ganglia regions, and one anterior cluster in the ventromedial, ventrolateral and orbitofrontal 

regions (Fig. 1a and Fig. 1b).  Cluster statistics of the two clusters are shown in Table 2 with 



anatomical regions containing more than 1% of each cluster size or more than 30% of the entire 

anatomical regions listed. The cutoff cluster size with FWE of 5% from SnPM was 834 voxels. 

The posterior and anterior cluster sizes (shown in Table 2) exceeded the cutoff cluster size 

threshold, supporting the CBF deficits of T2DM at the posterior and anterior clusters derived 

from SPM analysis. The posterior cluster was in the posterior regions of DMN, medial visual, 

and cerebellum networks (Fig. 1c), and the anterior cluster was located close to but not exactly in 

the prefrontal region of the default mode network (DMN) (Fig. 1d). CBF maps were significantly 

correlated with age, hematocrit and hypertension (Fig. 2). Older participants showed 

significantly decreased CBF in the prefrontal regions (Fig. 2a). Higher hematocrit was correlated 

with significantly decreased CBF in extensive areas covering almost all cerebrum, including all 

frontal, parietal, occipital, temporal regions (Fig. 2b). Hypertensive participants showed 

significantly increased CBF in the posterior cingulate, anterior cingulate, and prefrontal regions 

(Fig. 2c).  

3.3. Post-hoc correlation analysis of regional and network CBF at baseline  

Post-hoc correlation analysis for all participants showed significant correlation between CBF and 

plasma insulin, HOMA-IR, gait speed, and VF performance after correcting for age, hematocrit, 

and hypertension. At the posterior cluster, an increase of CBF was associated with lower insulin 

levels (r = -0.35, p = 0.0026) and HOMA-IR (r = -0.35, p = 0.0036), higher Gait Speed (DT) (r = 

0.40, p = 0.0013), and higher VF: Animal score (r = 0.43, p = 0.0002). At the anterior cluster, an 

increase of CBF was associated with lower insulin levels (r = -0.28, p = .019), lower HOMA-IR 

(r = -0.30, p = 0.011), higher Gait Speed (DT) (r = 0.26, p = 0.040), and higher VF: Animal score 

(r = 0.44, p = 0.0002). No significant associations were observed for the other variables 



reflecting T2DM severity (fasting glucose and HbA1c), cognitive performance (MMSE, HVLT-

R, VF: FAS total, and DS), and gait measures.  

The post-hoc correlation analysis for the whole cohort was further corrected for GM 

volume. With the additional correction, the posterior cluster remained negatively associated with 

insulin levels (r = -0.32, p = 0.0077) and HOMA-IR (r = -0.30, p = 0.012), and positively 

associated with Gait Speed (DT) (r = 0.38, p = 0.0025) (Fig. 3a), and VF: Animal score (r = 0.39, 

p = 0.0009) (Fig. 3b).The anterior cluster was negatively correlated with insulin levels (r = -0.24, 

p = 0.049) and HOMA-IR (r = -0.26, p = 0.034), and positively with Gait Speed (DT) (r = 0.27, p 

= 0.037) (Fig. 3c) and VF: Animal score (r = 0.40, p = 0.0007) (Fig. 3d).  

  In the final regression model (corrected for age, hematocrit, hypertension, and GM 

volume), CBF was negatively associated at both the posterior and anterior clusters with insulin 

levels (r = -0.42, p = 0.010 and r = -0.36, p = 0.027, respectively) and/or HOMA-IR (r = -0.35, p 

= 0.038 and r = -0.33, p = 0.046, respectively) in patients with T2DM. In the control group, CBF 

was not significantly associated with any of the above mentioned variables either at the posterior 

or the anterior cluster. The regional association of baseline CBF with diabetes disease variable, 

cognitive performance, and mobility performance are summarized in Table 3. 

Insulin levels were outside normal range for four participants and these values drove the 

significant associations observed between baseline CBF and insulin levels, and baseline CBF and 

HOMA-IR (data not shown). After excluding these participants from the analysis, no significant 

association was observed between baseline CBF and insulin levels, and baseline CBF and 

HOMA-IR. More subjects are needed to confirm any association between baseline CBF and 

insulin/HOMA-IR.  



After adjusting for age, hematocrit, hypertension and GM volume, T2DM patients had 

significantly lower network CBF in DMN (p = 0.016), medial visual network (p = 0.0063), and 

cerebellum network (p = 0.016) when compared to controls. For all participants, network CBF 

values at DMN, visual and cerebellum networks were associated with insulin levels (r = -0.31, p 

= 0.0098; r = -0.31, p = 0.0094; and r = -0.30, p = 0.012 respectively), HOMA-IR (r = -0.29, p = 

0.019; r = -0.30, p = 0.013; and r = -0.29, p = 0.018 respectively), Gait Speed (DT) (r = 0.32, p = 

0.012; r = 0.37, p = 0.0029; and r = 0.32, p = 0.011 respectively) and VF: Animal score (r = 0.33, 

p = 0.0054; r = 0.36, p = 0.0027; and r = 0.32, p = 0.0072 respectively). In T2DM participants, 

network CBF values were negatively associated at DMN, visual and cerebellum networks with 

insulin levels (r = -0.43, p = 0.0079; r = -0.40, p = 0.015; and r = -0.40, p = 0.014 respectively) 

and HOMA-IR (r = -0.36, p = 0.033; r = -0.35, p = 0.038; and r = -0.35, p = 0.038 respectively). 

In the control group, network CBF values were not significantly associated with insulin levels 

and HOMA-IR at either brain network. However, similar to region-based analysis, due to insulin 

levels outside normal range for four participants, more subjects are needed to confirm any 

association between baseline network CBF and insulin/HOMA-IR. 

3.4. CBF at two-year follow-up and longitudinal CBF change after two years 

At the two-year follow-up, we did not observe the significant CBF differences between T2DM 

patients and controls (p > 0.05) at the global level, voxel-by-voxel level and regional level (for 

both posterior and anterior regions), after adjusting for age, hematocrit and hypertension. 

Longitudinal CBF change from baseline to two-year follow-up was also not significant at the 

global, voxel-by-voxel and/or regional level between the two groups, after adjusting for age, 

hematocrit and hypertension.  

 



3.5. Correlation of longitudinal CBF change with cognitive and gait changes  

For all participants, CBF change at the two-year follow-up was correlated with the longitudinal 

change in HVLT: Total Recall at the posterior cluster (r = 0.42, p = 0.0095) (Fig. 4a), at the 

anterior cluster (r = 0.36, p = 0.029) (Fig. 4b), and at the DMN (r = 0.35, p = 0.038) (Fig. 4c); 

One subject experienced very large longitudinal CBF decrease at the posterior cluster, anterior 

cluster and DMN (Figure 4). After removing the subject, the longitudinal CBF change remained 

significantly associated with the longitudinal change in HVLT: Total Recall at the posterior 

cluster, anterior cluster and DMN (r = 0.42, p = 0.011; r = 0.36, p = 0.032; and r = 0.35, p = 

0.038). CBF change at the two-year follow-up was not correlated with either cognitive and gait 

changes at the visual and cerebellum networks.  

In T2DM participants, no significant association was found between CBF change and the 

change in HVLT: Total Recall either at either cluster or brain network.  The regional association 

of longitudinal CBF change with longitudinal change of diabetes disease variable, cognitive 

performance, and mobility performance are summarized (Table 3). 

3.6. Correlation of longitudinal CBF change with baseline HOMA_IR, Cognition 

For all participants, the longitudinal CBF decrease at the posterior cluster was significantly 

associated with greater baseline HOMA-IR values (r = -0.36, p = 0.031). Similarly, the 

longitudinal CBF decrease at the anterior cluster and DMN was significantly associated with 

larger baseline HOMA-IR values (r = -0.45, p = 0.0063 and r = -0.40, p = 0.016) and smaller 

baseline HVLT: Retention (r = 0.38, p = 0.022 and r = 0.34, p = 0.039) (Fig. 5). One subject 

experienced very large longitudinal CBF decrease at the anterior cluster and DMN (Figure 5). 

After removing the subject, the longitudinal CBF decrease remained significantly associated with 

smaller baseline HVLT: Retention at the anterior cluster and DMN (r = 0.38, p = 0.026 and r = 



0.34, p = 0.045). The association of longitudinal CBF change with HOMA-IR was mainly 

influenced by the values of three participants that were very high (range: 12-16, while the values 

from all other subject are in the range of 0-5) (data not shown). After excluding the three subjects 

from the analysis, the association was not significant any more. The relatively lack of subjects 

with HOMA-IR in the intermediate range (e.g. 5-12) may have contributed to a masked potential 

association between HOMA-IR and longitudinal CBF change.   

For T2DM participants, the longitudinal CBF change at the anterior cluster and DMN 

was correlated with the baseline HVLT: Retention (r = 0.62, p = 0.024 and r = 0.60, p = 0.024 

respectively), while for the control participants, it was not (r = -0.05, p = 0.81 and r = -0.035, p = 

0.89 respectively). CBF change at the posterior cluster, visual network and cerebellum network 

was not correlated with any baseline variables in either group. The regional association of the 

longitudinal CBF change with baseline diabetes disease variable, cognitive performance, and 

mobility performance are also summarized in Table 3. 

 

4. Discussion 

The results of our study has shown that T2DM is associated with impairment of resting CBF in 

posterior and anterior regions and increased HOMA-IR, as compared to controls matched for age, 

hypertension and hematocrit. The pattern of resting CBF impairment is associated with 

functional (mobility and executive) performance. T2DM patients exhibit significantly reduced 

CBF in the medial visual, cerebellum, and DMN, which include one posterior cluster in the 

occipital, cerebellum, posterior cingulate, precuneus, thalamus, parietotemporal, basal ganglia 

regions, and one anterior cluster in the prefrontal region of the DMN.  Reduced CBF was 

strongly correlated with higher hematocrit globally. These findings are independent of the 



presence of hypertension and age. In addition, reduced CBF was also associated with baseline 

memory performance and insulin resistance, and with compromised gait, lower memory and 

executive function scores at the two-year follow-up.  

The association of T2DM with CBF has been investigated in several studies, using a 

variety of techniques, including positron emission tomography (PET), single-photon emission 

computed tomography (SPECT), and ASL. The results did not reach an agreement yet. Some 

studies have reported decreased CBF in T2DM (Xia et al. 2015; Novak et al. 2006; Last et al. 

2007; Nagamachi et al. 1994), while others did not observe CBF alteration in T2DM (Tiehuis et 

al. 2008; Rusinek et al. 2015; Novak et al. 2011). Most of the studies reporting no CBF alteration 

in T2DM typically used large regions of interest (ROI) and/or did not adequately account for the 

potential risk factors. The ROI were chosen as the entire brain, whole GM, or several large 

cortical regions. Regarding the risk factors, some studies did not account for any hypertension 

effect, although hypertension has been reported more frequent in T2DM than in non-diabetic 

populations (Colosia, Palencia, and Khan 2013). The higher frequency of hypertension in T2DM 

has been observed in the current study. Some studies did not have similar gender distributions 

between T2DM and non-diabetic control groups, but female subjects had higher CBF than male 

subjects (Pirson, Vander Borght, and Van Laere 2006; Gur and Gur 1990), which may obscure 

the CBF difference between the groups. Some studies also did not account for brain volume 

difference, which has been shown to largely explain reduced CBF (Sabri et al. 2000).  

We observed decreased CBF in T2DM, mainly in visual, cerebellum and DMN regions 

after correcting for age, hematocrit (or gender), hypertension, and GM volume. This is consistent 

with our previous findings that T2DM reduces CBF velocity and regional cerebral vasoreactivity 

of CO2 challenges in the parietal and occipital regions (Novak et al. 2006). Our findings are 



consistent with a recent T2DM ASL-CBF study (Xia et al. 2015). They reported that the main 

effects of T2DM were primarily in visual and DMN regions. We found an additional cerebellum 

region affected by T2DM. Presumably, the additional regions observed may emerge from the 

more sensitive ASL MRI sequence for our CBF measurements. The PCASL sequence that was 

used in our study has been recommended as the most effective noninvasive CBF measurement in 

clinical practice (Alsop et al. 2014). More importantly, we have shown that HOMA-IR is a 

potential predictor of CBF decline at the two-year follow-up period.  

We observed that age, hematocrit, and hypertension alter CBF in different regions. This 

indicates that correction for these factors is crucial, especially when comparing CBF in different 

brain regions. Older age and higher hematocrit were associated with decreased CBF in the 

current study while hypertension was associated with regionally increased CBF. In fact, the 

inverse relationship between hematocrit and global CBF has been noted in earlier studies using 

microsphere techniques (Hudak et al. 1986; Thomas et al. 1977; Massik et al. 1987) and Xe-133 

CT methods (Kusunoki et al. 1981).  We have shown the inverse correlation between hematocrit 

and almost entire brain cerebrum, which is in line with the earlier results. The underlying reasons 

for the relationship are not clear from our study alone. The possible explanations could include 

two perspectives: (1) low hematocrit leads to reduced oxygen supply, and thus results in 

increased blood flow because of brain autoregulation; (2) low hematocrit leads to reduced 

viscosity, and further increases blood flow velocity. We have observed significantly higher CBF 

in female participants compared to male participants (results not shown), which could be resulted 

from the lower hematocrit in women than men. We have found that hypertension is associated 

with increased CBF both globally and locally. Noticing that most hypertensive participants in our 

study were under antihypertensive treatment, the findings are in agreement with the literature. 



Reduction of BP in older populations has been associated with increased CBF and blood flow 

velocity (Lipsitz et al. 2005). 

In the T2DM group, impaired CBF at the baseline was associated with higher insulin 

level and HOMA-IR, but not with worse performance in mobility and executive function. 

Interestingly, greater CBF was correlated with faster walking and better executive function (VF: 

animal scores) in the entire study cohort. These results may be due to the range of variables 

and/or the small sample size of mobility and executive function in each group. We found 

correlation between CBF and mobility function, and between CBF and executive function, once 

we included the entire population in the analyses (with broader range and/or the larger sample 

size. However, whether significant association was found with T2DM group specifically, it’s 

important to point out that reduced CBF may exacerbate the deficits in executive function and 

the mobility function in older adults.    

The T2DM-specific pattern of reduced CBF (in posterior and anterior regions) is very 

similar to the pattern observed in patients with MCI and Alzheimer’s disease (AD) (Li et al. 

2016; Mevel et al. 2011). Moreover, in the current study the T2DM-specific pattern of reduction 

in CBF was associated with insulin resistance, mobility function, and executive function. The 

association was independent of age, hematocrit (or gender), hypertension, and brain volume. 

Note that the severity of AD is mostly assessed based on status of cognitive and executive 

function (especially categorical VF test such as name of animals). Our participants received 

careful neuropsychological assessment and were not cognitively impaired according to the 

current criteria for MCI. These results could indicate that insulin resistance may be a marker of 

AD that is associated with reduced CBF, and cognitive and executive impairment before the 

onset of MCI. These findings suggest that the amelioration of insulin resistance in people in high 



risk of developing T2DM (e.g. impaired glucose metabolism), could be a way to prevent them 

from developing cognitive or mobility impairment.  

The longitudinal design of the study allows us to estimate the relationships among the 

studied variables, and shed light on the potential causal effect of insulin resistance on T2DM 

progression and severity. We observed that the longitudinal CBF change was associated with 

baseline HOMA-IR in the entire cohort, but not in the T2DM and control groups separately. This 

might be attributed to a reduced power to detect such associations in the separate groups, due to 

the reduced sample size at the two-year follow-up. These results indicate that insulin resistance 

in T2DM is related to longitudinal CBF change. Our findings suggest that the longitudinal 

change in CBF might represent modulation of brain function by insulin resistance.  

No difference in CBF at the two-year follow-up was observed between the T2DM 

patients and controls, possibly due to the increased variance in T2DM group secondary to the 

reduced sample size. However, we observed that the longitudinal CBF decrease was associated 

with the decline in memory (HVLT: total recall) function. This demonstrates that CBF decrease 

can be indicative of cognitive decline as T2DM progresses. We have identified that the baseline 

HOMA-IR can predict longitudinal decrease of CBF. Taken together, these results suggest that 

controlling insulin resistance may potentially prevent further cognitive decline in T2DM and that 

insulin resistance may be a common pathway between T2DM, AD and other dementias.  

Our study shed light on the adverse effects of insulin resistance to the longitudinal CBF 

change in T2DM. The reduced sample size in the two-year follow-up, and the reduced power 

associated with this might have affected our ability to detect existing associations between 

T2DM, CBF and cognitive/mobility performance or the changes between these variables at the 

follow-up period; therefore, the overall impact of diabetes on CBF and cognitive/mobility 



performance may be even greater. Interestingly, we also provide evidence that T2DM is 

associated with a pattern of reduced CBF in the DMN, visual, and cerebellum networks, and that 

the pattern of resting CBF impairment is closely related to the decline of memory, executive, and 

mobility functions. However, resting CBF was not found associating with either fasting blood 

glucose or HbA1c. The pathways by which insulin resistance may affect brain perfusion and 

cognition is independent of glycemic control and require further investigation. A study with 

larger sample size and longer follow-up is warranted to confirm the association of HOMA-IR 

and longitudinal CBF decrease in T2DM.  
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Table 1. Demographic, clinical ratings, postural control and cognitive scores at baseline and 

follow-up. 

 Baseline Two-year follow-up 
 T2DM (n=41) Controls (n=32) P-value T2DM (n=19) Controls (n=23) P-value 

Age (years) 65.51± 8.30 67.28±10.08 NS 66.94	± 8.18 67.09 ± 9.29 NS 

Gender (females, 
N, %) 

22 (54%) 16 (50%) NS 12 (52%) 12 (63%) NS 

Education 
(years)  

15.35 ± 3.78 16.05 ± 2.98 NS 14.03 ±	2.93 16.35	±	2.81 0.012 

Hematocrit (%) 38.83 ± 3.70 39.54 ± 3.89 NS 38.58	±	3.21 38.71	±	3.56 NS 
Hypertension 

(N, %)  
32 (78%) 7 (22%) ≤ 0.001 15 (79%) 5 (22%) ≤ 0.001 

Diabetes 
Duration (years) 

9.93 ±	7.91 _ _ 9.63	±	6.91 _ _ 

BMI (kg/m2) 29.12 ±	6.77 25.17 ± 6.68 0.007 29.46	±	5.43 24.05	±	3.08 ≤ 0.001 
Insulin (uIU/ml) 13.61	±	13.30 6.26 ± 3.77 0.003 15.19	±	17.55 6.06 ±	4.30 0.020 
Fasting Glucose 

(mg/dl) 
119.70±36.78 89.94	±	10.22 ≤ 0.001 112.69	±	31.81 91.59	±	8.92 0.005 

HOMA-IR* 3.87 ± 3.42 1.40 ± 0.83 ≤ 0.001 4.35 ± 4.67 1.33 ± 0.92 ≤ 0.001 
HbA1c (%) 7.34 ± 1.25 5.72 ± 0.30 ≤ 0.001 7.82	±	1.79 5.64	±	0.33 ≤ 0.001 
Gait Speed 

(Normal) (m/s) 
1.03	±	0.15 1.16	±	0.13 ≤ 0.001 1.04	±	0.14 1.18	±	0.13 0.004 

Gait Speed (DT) 
(m/s) 

0.92	±	0.19 1.01±0.19 0.049 0.97	±	0.19 1.02	±	0.21 NS 

Gait (Normal) 
RPE Start 

0.89	±	1.56 0.28	±	0.63 NS 0.58	±	1.02 0.22	±	0.42 NS 

Gait (Normal) 
RPE End 

2.53	±	2.02 1.81	±	1.35 NS 2.21±	1.55 1.64	±	1.22 NS 

Gait (DT) RPE  
Start 

1.54	±	1.88 0.55	±	0.74 NS 1.06	±	1.26 0.43	±	0.68 NS 

Gait (DT) RPE 
End 

2.68	±	2.00 2.33	±	1.52 NS 2.84	±	2.14 2.36	±	1.56 NS 

MMSE 28.59 ± 1.52 28.94 ± 1.56 NS 28.76	±	1.35 28.83	±	1.70 NS 
HVLT: Total 

Recall 
12.61	± 13.04 30.40	± 5.12 ≤ 0.001 24.26	±	6.07 27.96	±	5.50 0.045 

HVLT: Delayed 
Recall 

43.03 ± 12.98 52.16 ± 10.86 0.002 42.47±15.42 53.48	±	11.70 0.012 

HVLT: 
Retention 

81.87 ± 16.79 87.20 ± 16.66 NS 79.34	±	17.95 84.63	±	15.90 NS 

HVLT: RDI 44.17 ± 12.28 50.79 ± 8.38 0.023 42.79 ±	13.29 50.52	±	10.69 0.043 
VF: FAS Total 35.80	± 10.79 45.38	± 12.25 ≤ 0.001 38.32 ±	13.47 49.57	±	12.79 0.009 

VF: Animal  4.39	± 1.38 9.72	± 3.14 ≤ 0.001 8.37	± 3.30 11.48	±	 3.22 0.004 
Trail Making 47.92 ± 11.37 50.60 ± 9.29 NS 50.89 ± 12.38  49.13 ± 8.44 NS 



Clock Drawing 6.71 ± 1.29 7.31 ± 0.82 0.027 6.68 ± 1.11  7.43 ± 0.73  0.016 
Digit Span 50.05	± 10.37 57.54	± 12.10 0.008 47.83 ±	10.67 57.70	± 8.90 0.004 
Composite 

Executive score 
47.13	 ± 8.09 51.87	± 7.54 0.007 50.39 ±	8.51 51.33 ± 7.37 NS 

Type 2 Diabetes Mellitus (T2DM); Body Mass Index (BMI); Homeostatic Model Assessment of Insulin Resistance 
(HOMA-IR); Hemoglobin A1C (HbA1c); Dual Task (DT); Mini-Mental State Examination (MMSE); Hopkins 
Verbal Learning Test (HVLT) (Shapiro et al. 1999) ; Recognition Discrimination index (RDI). 
* HOMA:IR was derived to index Insulin resistance by the homeostasis model (Matthews et al. 1985). 
  



Table 2. Clusters with significant CBF decrease in T2DM relative to age-matched controls 
 N Voxels Peak-t Peak-t MNI 

coordinates 
Anatomical Locations % 

Cluster 
% 
Region 

Posterior 
cluster 

32240 4.63 -2, -8, 24  Cerebellum 
Cerebelum_Crus1_R 
Cerebelum_Crus1_L 
Cerebelum_Crus2_R 
Cerebelum_Crus2_L 
Cerebelum_4_5_R 
Cerebelum_6_R 
Cerebelum_6_L 
Cerebelum_7b_R 
Cerebelum_7b_L 
Cerebelum_8_R 
Cerebelum_9_R 
Vermis_4_5 
Vermis_6 
Vermis_7 
Vermis_8 
Vermis_9 
Vermis_10 

Basal Ganglia 
Caudate_R 
Caudate_L 
Thalamus_R 
Thalamus_L 

Occipital Lobe 
Calcarine_R (Visual) 
Calcarine_L (Visual) 
Cuneus_R 
Cuneus_L 
Fusiform_L 
Lingual_R 
Lingual_L 
Occipital_Sup_L 

Limbic System 
Cingulum_Post_R 
Cingulum_Post_L 

Parietal Lobe 
    Precuneus_R 
    Precuneus_L 

 
4.61 
2.05 
4.63 
2.68 
0.92 
3.68 
1.20 
1.17 
0.72 
4.18 
1.72 
1.16 
0.41 
0.31 
0.59 
0.43 
0.11 
 
1.40 
0.97 
1.44 
1.32 
 
2.40 
6.18 
0.93 
3.91 
1.28 
4.22 
3.61 
2.33 
 
0.85 
1.37 
 
1.59 
3.08 

 
56.16 
25.39 
70.48 
45.62 
34.26 
66.07 
22.90 
70.60 
39.83 
58.41 
68.92 
56.39 
35.58 
52.06 
77.78 
80.46 
31.25 
 
45.47 
32.43 
43.80 
38.82 
 
41.64 
88.22 
31.00 
82.63 
17.84 
59.09 
55.56 
54.90 
 
82.09 
95.46 
 
15.71 
28.17 

Anterior 
cluster 

1068 3.78 -44, 60, -10 Frontal Lobe 
    Frontal_Sup_L 
    Frontal_Inf_Orb_L 
    Frontal_Mid_L 
    Frontal_Mid_Orb_L 

 
17.51 
1.40 
4.49 
12.55 

 
5.20 
0.89 
0.99 
15.09 



    Frontal_Sup_Orb_L 2.25 2.49 
%Cluster indicates the percentage of each cluster that falls within the defined region, %Region 
indicates the percentage of each defined region that falls within the cluster. The listed anatomical 
regions are either “%Cluster” > 1% or “%Region” > 30%. 
 
  



Table 3. Regional association of baseline Cerebral Blood Flow (CBF) and longitudinal CBF 

change with diabetes related variables, cognitive and mobility measures  

 Posterior regions Anterior Regions 

 

Baseline CBF 

Baseline Insulin*  
(r = -0.32, p = 0.0077) 

Baseline Insulin*  
(r = -0.24, p = 0.049) 

Baseline HOMA:IR*  
(r = -0.30, p = 0.012) 

Baseline HOMA-IR*  
(r = -0.26, p = 0.034) 

Baseline Gait Speed (DT)  
(r = 0.38, p = 0.0025) 

Baseline Gait Speed (DT)  
(r = 0.27, p = 0.037) 

Baseline VF: Animal  
(r = 0.39, p = 0.0009) 

Baseline VF: Animal  
(r = 0.40, p = 0.0007) 

Longitudinal  
CBF Change 

Change of HVLT: Total Recall  
(r = 0.42, p = 0.0095) 

Change of HVLT: Total Recall  
(r = 0.36, p = 0.029) 

 
Longitudinal  
CBF Change 

Baseline HOMA:IR  
(r = -0.36, p = 0.031) 

Baseline HOMA-IR  
(r = -0.45, p = 0.0063) 

 Baseline HVLT: Retention*  
(r = 0.38, p = 0.022) 

Correlation coefficient and p value for each regional association in the entire study cohort is shown in brackets.   
*represents significant association in T2DM group 
  



Figure Captions 

Fig. 1. Compared to controls, T2DM patients exhibited significantly reduced Cerebral Blood 
Flow (CBF) in (a) a posterior cluster, including occipital, cerebellum, posterior cingulate, 
precuneus, cuneus, thalamus, basal ganglia regions, and (b) an anterior cluster (pointed by light 
blue arrows), including the ventromedial, ventrolateral and orbitofrontal regions. Cerebrospinal 
fluid (CSF) was masked out from the clusters for better visibility. The posterior cluster exhibited 
(c) large overlap with the visual network (in blue color), cerebellum network (in cyan color), and 
the posterior part of the default mode network (in green color), while the anterior cluster was 
close to (but not exactly in) the anterior part of the default mode network (in green color). The 
overlaps between the clusters (posterior cluster in (a) and anterior cluster in (b)) and the brain 
networks can be seen through the colored brain networks.       
 
Fig. 2. The regions where Cerebral Blood Flow (CBF) is significantly associated with (a) age, (b) 
hematocrit, and (c) hypertension is overlaid on the anatomical brain. CSF was masked out from 
the regions for better visibility. CBF is reduced significantly in the prefrontal regions as people 
age. Subjects with higher hematocrit showed significantly decreased CBF in very extensive areas 
covering almost all cerebrum, including all frontal, parietal, occipital and temporal regions. 
Hypertensive subjects showed significantly increased CBF in the posterior cingulate, anterior 
cingulate, and prefrontal regions. 
 
Fig. 3. Association of baseline absolute Cerebral Blood Flow (CBF) with (a) Gait Speed Dual-
Task (DT) and (b) Verbal Fluency (VF): Animal score at the posterior cluster, and (c) Gait Speed 
(DT) and (d) VF: Animal score at the anterior cluster after correcting for age, hematocrit, 
hypertension, and gray matter volume. 
 
Fig. 4. Greater longitudinal decline in Cerebral Blood Flow (CBF) at the two-year follow-up is 
associated with less Total Recall in HVLT (a) at the posterior cluster, (b) at the anterior cluster, 
and (c) at the default mode network (DMN).  
 
Fig. 5. Greater longitudinal decline in Cerebral Blood Flow (CBF) after two-year follow-up (a) 
at the anterior cluster and (b) at the default mode network (DMN) is associated with reduced 
baseline Hopkins Verbal Learning Test (HVLT): retention. 
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• T2DM had decreased CBF in the default mode, visual, and cerebellum networks. 
• CBF decline is closely related to worse cognitive and mobility performance. 

• CBF change over two years was associated with baseline disease severity. 
• Insulin resistance may contribute to CBF deficits in T2DM. 
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