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Abstract

We investigated the relationships between cerdddoad flow (CBF), cognitive and mobility
decline in type 2 diabetes mellitus (T2DM) ovena{year period. Seventy-three participants
(41 T2DM and 32 controls) were evaluated using n@dtric CBF with arterial spin labeling
(ASL) perfusion magnetic resonance imaging (pMRbBaseline and at the two-year follow-up.
Regions with significant CBF differences betwee®WRparticipants and controls at baseline
were detected using voxel-wise analysis. Correfatioalysis was performed to investigate the
association between regional CBF and cognitive abilty performance over the two-year span.
Compared to controls, participants with T2DM hadrdased CBF in the resting state default
mode, visual, and cerebellum networks. Greateredeserin longitudinal CBF values at these
regions over a two-year span was associated witengait, memory and executive functions,
and higher baseline insulin resistance and worselin@ cognitive performance. In T2DM,
impairment of resting regional perfusion is closediated to worse cognitive and mobility

performance. Insulin resistance may further contalio regional perfusion deficit in T2DM.

Key words: type 2 diabetes mellitus, cognitive impairmenteteal blood flow, arterial spin
labeling MR, voxel-based analyses, insulin resista
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1. Introduction

Type 2 diabetes mellitus (T2DM) is associated witered cerebral vasoreactivity (Novak et al.
2011; Chung et al. 2015; Last et al. 2007), cetediraphy (Franke et al. 2013; Novak et al.
2011; van Elderen et al. 2010), cognitive impairtr(@hung et al. 2015; Wong, Scholey, and
Howe 2014) and functional decline (Chung et al.5)0I2DM-related endothelial dysfunction
secondary to a chronic state of hyperglycemiaamfhation and insulin resistance (Kim et al.
2006; Starr et al. 2003; Brownlee 2005), has beepn@ated with alterations in the blood brain
barrier (Mogi and Horiuchi 2011; Starr et al. 2008uronal damage (Umegaki 2014), and
arterial stiffness (Zhou, Zhang, and Lu 2014), thegatively affecting cerebral metabolism and
cerebral blood flow (CBF)(Roberts et al. 2014).

Arterial spin labeling (ASL) is a functional MRIdknique capable of quantifying
regional CBF, among the several neuroimaging tegles. ASL is a noninvasive technique that
magnetically labels the water in the blood ves@i@étre et al. 1992; Williams et al. 1992). ASL
has been recently used to evaluate CBF in T2DMeptdj however the reports are contradictory.
Some studies found that resting CBF is similar leetwT2DM patients and controls (Tiehuis et
al. 2008; Rusinek et al. 2015; Novak et al. 20thjije others reported reduced CBF in patients
with T2DM (Xia et al. 2015; Novak et al. 2006; Lastal. 2007; Nagamachi et al. 1994). The
cross-sectional design of these studies howewmnati allow to investigate the association
between T2DM and changes in brain perfusion ocira and cognitive or mobility functions
over time. Pseudo-continuous ASL (PCASL), with gtebeling efficiency (Dai et al. 2008; Wu
et al. 2007) and recommended for clinical applarati(Alsop et al. 2014), was adopted for the
measurement of whole-brain CBF maps. Moreover, AC#& been shown to have excellent

test-retest reliability for both young and eldeslybjects (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 tteduine the effect of T2DM on
CBF at baseline and the relationship between CRBHuamctional outcomes (cognition and gait)
baseline and after the two-year follow-up. We hipstized that 1) T2DM is associated with
altered resting perfusion patterns, and 2) impaGB# is associated with alterations in cognitive

function and gait.

2. Methods
The current work is an analysis from our prospectitudy on cerebro-microvascular disease in
elderly with T2DM. The study was conducted at tjac®pe and Falls in the Elderly Laboratory
(SAFE), Clinical Research Center (CRC) and MRI €enf Beth Israel Deaconess Medical
Center (BIDMC) between August 2009 and July 20E3ti€lpants were recruited from the
greater Boston area using community advertisenféry were assigned to either the T2DM
group or the non-diabetic control group.
2.1. Participants
A hundred and thirty-one participants, 50-85 yexdds were enrolled in this two-year study. All
participants signed written informed consent appdoby the Committee on Clinical
Investigations of BIDMC. Of 131 participants, setyethree participants, 41 T2DM and 32 non-
diabetic controls were eligible and included inddaee analysis, according to the inclusion
criteria of the study. Of those, forty-two partiaigs, 19 T2DM and 23 non-diabetic controls,
who completed the two-year follow-up were includgiethe follow-up analyses.

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

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



5 years, with hypertension (blood pressure (BR)0/90 mm Hg and/or treated for hypertension)
or without hypertension (BP <140/90 mm Hg and ndaliced history of hypertension). Inclusion
criteria for the control group were: men and postopausal women with normal fasting blood
glucose and glycated hemoglobin Alc (HbAlc) matohid the diabetes group by age 15 years,
gender, and presence of hypertension. Exclusit¢erierifor both groups were: Type | diabetes
mellitus, any unstable or acute medical conditragipcardial infarction or major surgery within
6 months, history of a major stroke, carotid st150% by medical history, Doppler
ultrasound or by MR angiography, hemodynamicaliygicant vascular disease, arrhythmias,
liver or renal failure or transplant, severe hypesion (systolic BP >200 and/or diastolic
BP >110 mm Hg or subjects taking 3 or more antingmsive medications), seizure disorders,
malignant tumors, current recreational drug or lad¢@buse, active smoking, morbid obesity
(BMI >40), dementia (by history) or Mini-Mental $sExamination (MMSE) scorec24). MRI
exclusion criteria included: incompatible metal lamgs, pacemakers, and claustrophobia.
Reasons for exclusion from baseline analyses iedudithdrew consent (n=11), lost to
follow-up (n=10), smoking (n=1), arrhythmias (n=dancer (n=2), MMSE score4 (n=3),
stroke/TIA (n=2), heart failure (n=1), MRI-exclusi@riteria (n=1), renal failure (n=1), T2DM
<5 years (n=3), poor glycemic and/or hypertensimmtrol (n=7), undetermined neurologic
disorder (n=2), adverse event (n=1), and incomplatasets (n=9). Reasons for exclusion after
two-year follow-up period included: withdrew consém=5), lost to follow-up (n=25), and new
diagnosis of dementia (n=1).
2.2. Experimental Protocol
Screening visit included: medical history reviewmpletion of autonomic function

guestionnaires, physical and neurological evalnat®CG and fasting laboratory measurements.



After enrollment, participants came for an inpatievo-day baseline visit at the BIDMC CRC.
On Day 1, participants had vital signs and anthnogtoic measurements taken, including height
and weight, and a cognitive assessment batteipge€dn Day 2, a fasting blood draw was
obtained, a cognitive assessment battery testidgvatking test were completed, and MRI scans
were performed. The same protocol was completétedivo-year follow-up visit.

2.3. Cognitive Assessment

The cognitive assessment battery that was usesdtendard battery of cognitive tests that
evaluate specific domains of cognition and dailnig activities. It consists of measures of
learning and memory (Hopkins Verbal Learning TestiBed (HVLT-R) (Shapiro et al. 1999)
and Mini-Mental State Examination (MMSE) (Folstekulstein, and McHugh 1975)), measures
of executive function (Verbal fluency (VF) (Bentand Hamsher 1989), Trail Making (TM)
(Pugh et al. 2003), Clock Drawing (CD) (Grandelef@05)), and measures of attention (Digit
Span (DS) (Wechsler 1987)). HVLT-R includes a T&atall (HVLT: Total Recall, total

number of list items learned across trials), Detbigecall (HVLT: Delayed Recall, total number
of list items recalled after the delay), Retent{bivVLT: Retention, percentage of items from
HVLT: Total Recall that are subsequently recalled/LT: Delayed Recall), and Recognition
Discrimination index (HVLT: RDI, number of list ites correctly identified among non-list
items). MMSE assesses cognitive impairment. VFssgesephonemic and semantic fluency tasks.
The phonemic fluency task requires the participamfenerate as many words as possible
beginning with a given letter (e.g., “S”) for onénute. The semantic fluency task requires the
participant to generate items of a given semaiatiegory (e.g., animals) for one minute.
Dependent variables for the fluency measures imcttid number of items generated for all three

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



task (e.g., animals; VF: animals). A composite exige score was calculated from all three
measures of executive functions (VF, TM, and CO9.&3sesses immediate memory/attention.
2.4. Gait Assessment

Participants completed two 6-min walking tests atban course of an 80 m x 4 m indoor
hallway. For the first test participants were insted to walk for 6 min at their usual and
comfortable pace (normal walk), while for the setdoal-task test (DT) they were asked to
perform the same while counting backwards. The teken to complete each 75 m length and
the total distance walked were recorded. No assistevices were used for ambulation. The
rate of perceived exertion (RPE) before and attehavalking test was self-rated on a 10-point
scale. Gait speed was calculated by dividing deggm) by time (s).

2.5. Blood samples analysis

Serum/plasma glucose, insulin panels and hematweerg measured at Lab Corp (Laboratory
Corporation of America Holdings, Burlington, NCyhe homeostatic model assessment of
insulin resistance (HOMA-IR) was calculated asgheduct of fasting glucose (md/dl) times
insulin levels (mU/L) divided by 405 (Matthews &t E985).

2.6. MRI Acquisition

All participants (73 participants at baseline a2dpdrticipants at the two-year follow-up) were
scanned at the same 3-Tesla, GE HDxt scanner asieceive-only 8-channel head array coil
and a body transmit coil. ASL images were obtaugidg the pseudo-continuous arterial spin
labeling (PCASL) (Dai et al. 2008) with a 1.5 sabdling and 1.5 sec post-labeling delay.
Additional reference images fordWalues were obtained for absolute perfusion qgtieation.

All ASL and reference images were acquired witlasBack of spirals RARE imaging sequence

(TR=5s, FOV = 24 cm 24 cm, slice thickness = 4mm, matrix size: 1233x40,



bandwidth = 62.5 kHz). T1 anatomical images weguaed with a 3 dimensional
magnetization prepared rapid acquisition gradiehb MP-RAGE) sequence (TR = 7.9 msec,
TE = 3.2 msec, flip angle = 158, bandwidth = 32 kétronal acquisition plane field of view =
24 x 19cm, in-plane resolution = 0.94mm, slices = 1.4mpraparation time with repeated
saturation at the beginning of the preparationqeesi 1100 msec, and adiabatic inversion pulse
before imaging = 500 msec). An MRI scanner upgrade performed between the baseline and
two-year follow-up scans, and the global signaly bmaltered between the scans. Therefore,
we chose to present the relative CBF for the lamtyital analysis to reduce the effects of global
signal change between two years.

2.7. Image Processing

Quantitative CBF images were calculated for eactigygant as previously described (Alsop and
Detre 1996; Buxton et al. 1998; Wang et al. 20GBF maps were normalized to tagriori

gray matter (GM) template using the SPM8 softwarekpge (http://www.fil.ion.ucl.ac.uk/spm/).
T1 anatomical images served as intermediate imag€3BF image normalization as they allow
better alignment with the template. They were sedateby the "new segment” algorithm
(Ashburner and Friston 2005; Klein et al. 2009)jchloutput gray GM images as well as other
images in the original image space. Subtractiorgesgbetween label and control) from PCASL
acquisition were co-registered to the GM imagemftbe segmentation and then the GM images
were normalized to the GM template. The combinetpimg parameters from the co-registration
and normalization were used to warp the quantga@iBF maps from each subject to the
template space. Quantitative CBF maps were smoaitsied a Gaussian kernel with full-width
at half maximum (FWHM) of 8 mm. Global CBF was cdéted as the average of the CBF

values on the whole brain mask.



To control for the effects of potential differenéegissue volume between the two
groups that could account for differences of CBIE, &M probability map for each participant
were generated using T1 anatomical images fronseélgenentation of SPM8. The binary map of
GM probability map (assign 1/0 to the voxels witN@robability greater/lower than 0.2) was
transformed to the standard GM template using Spafial normalization with volume-
preserving transformation. Total volume of GM wafcalated and used as a covariate of CBF
analysis for GM volume correction.

2.8. Statistical Analysis

Demographic and neuropsychological data were aedlyath MATLAB, versionR2015a. All
tests were 2-tailed and significance was set #10p05. Normality was assessed with Shapiro-
Wilk test. Differences in demographic and neuropsyagical characteristics at baseline and
two-year follow-up between the T2DM patients anel ¢bntrols were compared using either
two-sample t-tests or Mann-Whitney nonparametri@sts for continuous variables aptitest
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 pamed at baseline using two-sample t-test.
Given that hematocrit and gender are importantipted of CBF (Liu et al. 2012; Henriksen et
al. 2014; Henriksen et al. 2013), and hematocstgsificantly different between the two
genders (< 0.001,in the current study), Pearson correlatias performed between each
variable (hematocrit or gender) and CBF in ordegtdtermine which one is the most sensitive
predictor of CBF. Hematocrit € -0.39, p< 0.001) but not gender € 0.18, p = 0.14) was
negatively correlated with CBF, thus hematocrit wasd as a confounder in the subsequent

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



group (T2DM/Control) as the independent variablé age, hematocrit and hypertension
(presence/no presence) as confounding variables.

In order to examine CBF differences between thedgmaips across the whole brain
volume, CBF map was modeled as a multiple linegrassion on a voxel-by-voxel basis using
SPM8. Age, hematocrit and hypertension were iregfuals covariates. The voxel-level
significance threshold was set for p < 0.005 wthike cluster-level threshold was set for p < 0.05
in order to minimize any false positive findingshase of the multiple comparisons.

Due to the potentially increased family-wise elfeWwE) rates from the SPM cluster-
level analysis (Woo, Krishnan, and Wager 2014; B#&|WNichols, and Knutsson 2016), we
verified the statistical results using StatisticahParametric Mapping
(SnPM, http://www.sph.umich.edu/ni-stat/SnPM/). Tiom-parametric approach was shown to
be robust with the nominated false positive rat8%f(Eklund, Nichols, and Knutsson 2016). In
the SnPM analysis, CBF map was modeled as a nauliitar regression on a voxel-by-voxel
basis. Age, hematocrit and hypertension were iredwak covariates same as those in the SPM
analysis. One-thousand random permutations weferperd on the disease state (either T2DM
or control). For each permutation, a voxel-levelghde threshold of 0.005 (same as SPM
analysis) was chosen to define clusters first aed the largest supra-threshold cluster size was
calculated. Largest cluster sizes from all 1000mqeations were used to calculate the empirical
distribution in order to correct for multiple comsns among voxels. The cutoff cluster size
with FWE of 5% was derived. The T2DM affected regiavere used for further region-based
analysis. Based on the T2DM affected regions atlvees post-hoc brain network-based analysis
was also performed to identify the involvement wib networks in T2DM. CBF value at each

identified brain network was calculated as the meB#F over the corresponding brain network



mask. The brain network masks were generated framezent ASL resting state network study
(Dai et al. 2016).

Global CBF values and CBF maps between the T2DMpend the control group were
compared at the two-year follow-up using the sapp@ach as described at baseline. Regional
and network CBF values at the regions and netwalfested by T2DM (derived from baseline)
were calculated at the follow-up, and comparedgisio-sample t-tests and multiple linear

regression with the same confounding variables &se global CBF comparisons at baseline.

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

In order to investigate the relationship betweerF@Bthe brain regions and networks affected
by T2DM and cognitive and mobility performance, fpbsc correlation analysis was performed.
The patrtial correlation coefficients between thgigral CBF values and cognitive or mobility
performance scores were examined with age, henitaanck hypertension being used as
covariates. Since the difference in GM volume betw&2DM and control groups could
potentially account for the CBF differences betwtdentwo groups, GM volume was further
included in the partial correlation analysis asdditional covariate.

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

Longitudinal change of global CBF was compared betwthe T2DM and control groups using
a multiple linear regression with the same confangdariables as in the global CBF
comparison at baseline. Longitudinal change of @&ips was also compared between the two
groups using the same SPM8 voxel-by-voxel anabsis the comparison of CBF maps at
baseline. For the longitudinal change of CBF magsused the relative CBF maps (calculated
as the ratio of CBF maps to the associated gloB&l ¢alue) at baseline and two-year follow-up

to reduce the effect of of potentially altered glb@BF over a two-year period. Longitudinal



regional and network CBF change at the T2DM affecegions and networks (derived from the
baseline study) was also compared using the sastgeae in the baseline regional CBF
comparison. The relative regional CBF values (regicCBF values divided by the
corresponding global CBF values) were also usedercalculation of longitudinal regional CBF
change.

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

The longitudinal correlation analysis was perforroaty for the T2DM affected regions and
networks. In order to investigate whether the ltudjnal CBF change is related to the
longitudinal change of cognitive and mobility perfance, post-hoc correlation analysis was
performed. Partial correlation coefficients werkeakated between CBF change and the baseline
variables (including cognitive, mobility and diseaverity variables) in order to investigate
which baseline variables can predict the longitad@BF change. Age, hematocrit, hypertension,
GM volume and education years were used as cogarigtlucation was included as an
additional covariate because it was significaniffedent between the T2DM and control groups
at two-year follow-up (p=0.012).

3. Results

Table 1 summarizes participants’ demographic aimitel characteristics, gait results and
cognitive scores at baseline and at the two-ydbnwaip. At baseline, no differences between
age, gender, education, and hematocrit values foarel between the two groups. T2DM group
had higher prevalence of hypertensiod((®01), body mass index (BMI) (p=0.007), fasting
glucose (g0.001), HbAlc (g0.001), insulin level (p=0.003) and HOMA-IR<{.001)

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



memory, executive, attention and mobility functiomeluding HVLT: Total Recall, HVLT:
Delayed Recall, HVLT: RDI, VF: FAS total, VF: Anirha&D, DS, Composite Executive Score,
Gait Speed (Normal), and Gait Speed (DT) (p < Q.85compared to controls. Similar values
between groups were found for MMSE, HVLT: Retentidrail Making, RPE before Gait
(Normal), RPE after Gait (Normal), RPE before GBIT), and RPE after Gait (DT).

At the two-year follow-up, the significant differegs between the T2DM and control
groups remained similar in demographics, clini¢eracteristics, gait results and cognitive
scores. The markedly reduced number of participamdered Gait Speed (DT) and Composite

Executive Score results insignificant, while thangeof education became significant.

3.1. Global CBF at baseline

At baseline, the T2DM group had lower global CBB.83+9.78 ml/100 g.min) as compared to
controls (36.9%11.77 ml/100g.min), after adjusting for age, heroat@nd hypertension
diagnosis (yes/no) (p=0.027). Greater global CBE associated with the presence of
hypertension (r = 0.26, p = 0.028) and lower hegrdtéevels (r = -0.43, p = 0.0001), but only
marginally associated with younger age (r = -O2%,0.086). The difference between the two
groups was not observed on the unadjusted two-saitpst comparison.

3.2. CBF maps at baseline

Compared to controls, T2DM patients had signifibalower CBF using SPM analysis after
adjusting for age, hematocrit and hypertensionvim ¢tlusters: one large posterior cluster
primarily in the occipital, cerebellum, posteriangulate, precuneus, thalamus, parietotemporal,
basal ganglia regions, and one anterior clustdraérventromedial, ventrolateral and orbitofrontal

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



anatomical regions containing more than 1% of e&as$ter size or more than 30% of the entire
anatomical regions listed. The cutoff cluster szt FWE of 5% from SnPM was 834 voxels.
The posterior and anterior cluster sizes (showrFainle 2) exceeded the cutoff cluster size
threshold, supporting the CBF deficits of T2DMIa posterior and anterior clusters derived
from SPM analysis. The posterior cluster was ingbsterior regions of DMN, medial visual,
and cerebellum networks (Fig. 1c), and the ant@tisster was located close to but not exactly in
the prefrontal region of the default mode netw®K) (Fig. 1d). CBF maps were significantly
correlated with age, hematocrit and hypertensiag . Older participants showed

significantly decreased CBF in the prefrontal regigFig. 2a). Higher hematocrit was correlated
with significantly decreased CBF in extensive am@agering almost all cerebrum, including all
frontal, parietal, occipital, temporal regions (F2dp). Hypertensive participants showed
significantly increased CBF in the posterior ciragal 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 participastiswed significant correlation between CBF and
plasma insulin, HOMA-IR, gait speed, and VF perfanoe after correcting for age, hematocrit,
and hypertension. At the posterior cluster, andase of CBF was associated with lower insulin
levels (r = -0.35, p = 0.0026) and HOMA-IR (r =3B, p = 0.0036), higher Gait Speed (DT) (r =
0.40, p = 0.0013), and higher VF: Animal score (.43, p = 0.0002). At the anterior cluster, an
increase of CBF was associated with lower ins@uels (r = -0.28, p = .019), lower HOMA-IR
(r=-0.30, p =0.011), higher Gait Speed (DT) .26, p = 0.040), and higher VF: Animal score

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



reflecting T2DM severity (fasting glucose and HbMJaognitive performance (MMSE, HVLT-
R, VF: FAS total, and DS), and gait measures.

The post-hoc correlation analysis for the wholearbtvas further corrected for GM
volume. With the additional correction, the posiedluster remained negatively associated with
insulin levels (r =-0.32, p = 0.0077) and HOMA+R= -0.30, p = 0.012), and positively
associated with Gait Speed (DT) (r = 0.38, p = B9){Fig. 3a), and VF: Animal score (r = 0.39,
p = 0.0009) (Fig. 3b).The anterior cluster was tigghy correlated with insulin levels (r = -0.24,
p = 0.049) and HOMA-IR (r = -0.26, p = 0.034), grasitively with Gait Speed (DT) (r = 0.27, p
= 0.037) (Fig. 3c) and VF: Animal score (r = 0.4G; 0.0007) (Fig. 3d).

In the final regression model (corrected for dgamatocrit, hypertension, and GM
volume), CBF was negatively associated at bottptsterior and anterior clusters with insulin
levels (r =-0.42, p = 0.010 and r = -0.36, p =20,0respectively) and/or HOMA-IR (r =-0.35, p
=0.038 and r =-0.33, p = 0.046, respectivelyatients with T2DM. In the control group, CBF
was not significantly associated with any of thexabmentioned variables either at the posterior
or the anterior cluster. The regional associatiopaseline CBF with diabetes disease variable,
cognitive performance, and mobility performancesaarmmarized in Table 3.

Insulin levels were outside normal range for foartigipants and these values drove the
significant associations observed between bas€lBte and insulin levels, and baseline CBF and
HOMA-IR (data not shown). After excluding thesetmapants from the analysis, no significant
association was observed between baseline CBFantin levels, and baseline CBF and
HOMA-IR. More subjects are needed to confirm argoaggtion between baseline CBF and

insulin/HOMA-IR.



After adjusting for age, hematocrit, hypertensiod &M volume, T2DM patients had
significantly lower network CBF in DMN (p = 0.016)edial visual network (p = 0.0063), and
cerebellum network (p = 0.016) when compared tdrots1 For all participants, network CBF
values at DMN, visual and cerebellum networks vemsociated with insulin levels (r = -0.31, p
=0.0098; r =-0.31, p = 0.0094; and r = -0.30, @.&12 respectively), HOMA-IR (r =-0.29, p =
0.019; r =-0.30, p = 0.013; and r = -0.29, p =18.0espectively), Gait Speed (DT) (r=0.32,p =
0.012; r=0.37, p = 0.0029; and r = 0.32, p = 0.fEspectively) and VF: Animal score (r = 0.33,
p = 0.0054; r =0.36, p=0.0027; and r = 0.32,(BO72 respectively). In T2DM participants,
network CBF values were negatively associated aNDWsual and cerebellum networks with
insulin levels (r = -0.43, p = 0.0079; r = -0.4079.015; and r = -0.40, p = 0.014 respectively)
and HOMA-IR (r =-0.36, p = 0.033; r = -0.35, p 988; and r = -0.35, p = 0.038 respectively).
In the control group, network CBF values were nghisicantly associated with insulin levels
and HOMA-IR at either brain network. However, s@nito region-based analysis, due to insulin
levels outside normal range for four participantsye subjects are needed to confirm any
association between baseline network CBF and m$iOMA-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 tlign#ficant CBF differences between T2DM
patients and controls (p > 0.05) at the globalllexexel-by-voxel level and regional level (for
both posterior and anterior regions), after adpgstor age, hematocrit and hypertension.
Longitudinal CBF change from baseline to two-yedlofv-up was also not significant at the
global, voxel-by-voxel and/or regional level betweke 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-yedovo-up was correlated with the longitudinal
change in HVLT: Total Recall at the posterior cbugr = 0.42, p = 0.0095) (Fig. 4a), at the
anterior cluster (r = 0.36, p = 0.029) (Fig. 4b)dat the DMN (r = 0.35, p = 0.038) (Fig. 4c);
One subject experienced very large longitudinal CBErease at the posterior cluster, anterior
cluster and DMN (Figure 4). After removing the sdij the longitudinal CBF change remained
significantly associated with the longitudinal cgann HVLT: Total Recall at the posterior
cluster, anterior cluster and DMN (r = 0.42, p 81.; r = 0.36, p = 0.032; and r = 0.35, p =
0.038). CBF change at the two-year follow-up waisaoorelated with either cognitive and gait
changes at the visual and cerebellum networks.

In T2DM participants, no significant associationsfaund between CBF change and the
change in HVLT: Total Recall either at either cirsbr brain network. The regional association
of longitudinal CBF change with longitudinal chargfediabetes disease variable, cognitive
performance, and mobility performance are summdriZable 3).

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

For all participants, the longitudinal CBF decreas#he posterior cluster was significantly
associated with greater baseline HOMA-IR values0.36, p = 0.031). Similarly, the
longitudinal CBF decrease at the anterior clustek RMN was significantly associated with
larger baseline HOMA-IR values (r = -0.45, p = @B@nd r = -0.40, p = 0.016) and smaller
baseline HVLT: Retention (r = 0.38, p = 0.022 ard(.34, p = 0.039) (Fig. 5). One subject
experienced very large longitudinal CBF decreasheatinterior cluster and DMN (Figure 5).
After removing the subject, the longitudinal CBFEdsase remained significantly associated with

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



0.34, p = 0.045). The association of longitudinBFZhange with HOMA-IR was mainly
influenced by the values of three participants thate very high (range: 12-16, while the values
from all other subject are in the range of 0-5)Ydd#ot shown). After excluding the three subjects
from the analysis, the association was not sigaifi@any more. The relatively lack of subjects
with HOMA-IR in the intermediate range (e.g. 5-123y have contributed to a masked potential
association between HOMA-IR and longitudinal CBRmge.

For T2DM participants, the longitudinal CBF charage¢he anterior cluster and DMN
was correlated with the baseline HVLT: Retentior (.62, p = 0.024 and r = 0.60, p = 0.024
respectively), while for the control participanitsyas not (r = -0.05, p = 0.81 and r =-0.035, p =
0.89 respectively). CBF change at the posteriastehy visual network and cerebellum network
was not correlated with any baseline variablestimree group. The regional association of the
longitudinal CBF change with baseline diabetesatieevariable, cognitive performance, and

mobility performance are also summarized in Table 3

4. Discussion

The results of our study has shown that T2DM iseissed with impairment of resting CBF in
posterior and anterior regions and increased HORMAak compared to controls matched for age,
hypertension and hematocrit. The pattern of restiB§ impairment is associated with

functional (mobility and executive) performance DN patients exhibit significantly reduced

CBF in the medial visual, cerebellum, and DMN, whicclude one posterior cluster in the
occipital, cerebellum, posterior cingulate, preaxsehalamus, parietotemporal, basal ganglia
regions, and one anterior cluster in the prefromgilon of the DMN. Reduced CBF was

strongly correlated with higher hematocrit globallyese findings are independent of the



presence of hypertension and age. In addition,cetl CBF was also associated with baseline
memory performance and insulin resistance, and eathpromised gait, lower memory and
executive function scores at the two-year follow-up

The association of T2DM with CBF has been investigan several studies, using a
variety of techniques, including positron emissiomography (PET), single-photon emission
computed tomography (SPECT), and ASL. The resudtsiot reach an agreement yet. Some
studies have reported decreased CBF in T2DM (X&. &2015; Novak et al. 2006; Last et al.
2007; Nagamachi et al. 1994), while others didafisterve CBF alteration in T2DM (Tiehuis et
al. 2008; Rusinek et al. 2015; Novak et al. 20MQ9st of the studies reporting no CBF alteration
in T2DM typically used large regions of interestQRR and/or did not adequately account for the
potential risk factors. The ROI were chosen astitee brain, whole GM, or several large
cortical regions. Regarding the risk factors, satoelies did not account for any hypertension
effect, although hypertension has been reportee fnequent in T2DM than in non-diabetic
populations (Colosia, Palencia, and Khan 2013).Aigker frequency of hypertension in T2DM
has been observed in the current study. Some stddlenot have similar gender distributions
between T2DM and non-diabetic control groups, kutdle subjects had higher CBF than male
subjects (Pirson, Vander Borght, and Van Laere 2626 and Gur 1990), which may obscure
the CBF difference between the groups. Some stadbesdid not account for brain volume
difference, which has been shown to largely expladuced CBF (Sabri et al. 2000).

We observed decreased CBF in T2DM, mainly in viscalebellum and DMN regions
after correcting for age, hematocrit (or gendeypdrtension, and GM volume. This is consistent
with our previous findings that T2DM reduces CBHRoedy and regional cerebral vasoreactivity

of CO, challenges in the parietal and occipital regidwsvak et al. 2006). Our findings are



consistent with a recent T2DM ASL-CBF study (Xiaaet2015). They reported that the main
effects of T2DM were primarily in visual and DMNgiens. We found an additional cerebellum
region affected by T2DM. Presumably, the additioegions observed may emerge from the
more sensitive ASL MRI sequence for our CBF measerdgs. The PCASL sequence that was
used in our study has been recommended as theeff@dive noninvasive CBF measurement in
clinical practice (Alsop et al. 2014). More importly, we have shown that HOMA-IR is a
potential predictor of CBF decline at the two-y&sdlow-up period.

We observed that age, hematocrit, and hyperterasdienCBF in different regions. This
indicates that correction for these factors is i@lyespecially when comparing CBF in different
brain regions. Older age and higher hematocrit \aeseciated with decreased CBF in the
current study while hypertension was associateld mgionally increased CBF. In fact, the
inverse relationship between hematocrit and gl has been noted in earlier studies using
microsphere techniques (Hudak et al. 1986; Thornak &977; Massik et al. 1987) and Xe-133
CT methods (Kusunoki et al. 1981). We have shdwenriverse correlation between hematocrit
and almost entire brain cerebrum, which is in With the earlier results. The underlying reasons
for the relationship are not clear from our stutbna. The possible explanations could include
two perspectives: (1) low hematocrit leads to reduaxygen supply, and thus results in
increased blood flow because of brain autoreguia{®) low hematocrit leads to reduced
viscosity, and further increases blood flow velpcitve have observed significantly higher CBF
in female participants compared to male participdrgsults not shown), which could be resulted
from the lower hematocrit in women than men. Weehfaund that hypertension is associated
with increased CBF both globally and locally. Notgthat most hypertensive participants in our

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



Reduction of BP in older populations has been aatamtwith increased CBF and blood flow
velocity (Lipsitz et al. 2005).

In the T2DM group, impaired CBF at the baseline associated with higher insulin
level and HOMA-IR, but not with worse performanoemobility and executive function.
Interestingly, greater CBF was correlated withdastalking and better executive function (VF:
animal scores) in the entire study cohort. Theselt® may be due to the range of variables
and/or the small sample size of mobility and exieeuunction in each group. We found
correlation between CBF and mobility function, dedween CBF and executive function, once
we included the entire population in the analys@th(broader range and/or the larger sample
size. However, whether significant association feasd with T2DM group specifically, it's
important to point out that reduced CBF may exaaterithe deficits in executive function and
the mobility function in older adults.

The T2DM-specific pattern of reduced CBF (in pasteand anterior regions) is very
similar to the pattern observed in patients withIM@d Alzheimer’s disease (AD) (Li et al.
2016; Mevel et al. 2011). Moreover, in the curretidy the T2DM-specific pattern of reduction
in CBF was associated with insulin resistance, fitglbunction, and executive function. The
association was independent of age, hematocrggoder), hypertension, and brain volume.
Note that the severity of AD is mostly assesse@thas status of cognitive and executive
function (especially categorical VF test such as@af animals). Our participants received
careful neuropsychological assessment and wereagpiitively impaired according to the
current criteria for MCI. These results could iratesthat insulin resistance may be a marker of
AD that is associated with reduced CBF, and cogmigind executive impairment before the

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



risk of developing T2DM (e.g. impaired glucose nbeldegsm), could be a way to prevent them
from developing cognitive or mobility impairment.

The longitudinal design of the study allows usdtreate the relationships among the
studied variables, and shed light on the poten#iakal effect of insulin resistance on T2DM
progression and severity. We observed that thatlagigal CBF change was associated with
baseline HOMA-IR in the entire cohort, but notle {fT2DM and control groups separately. This
might be attributed to a reduced power to detech sissociations in the separate groups, due to
the reduced sample size at the two-year followdlnese results indicate that insulin resistance
in T2DM is related to longitudinal CBF change. Gindings suggest that the longitudinal
change in CBF might represent modulation of bramcfion by insulin resistance.

No difference in CBF at the two-year follow-up wasserved between the T2DM
patients and controls, possibly due to the incrt@seiance in T2DM group secondary to the
reduced sample size. However, we observed thabtigitudinal CBF decrease was associated
with the decline in memory (HVLT: total recall) faton. This demonstrates that CBF decrease
can be indicative of cognitive decline as T2DM pessges. We have identified that the baseline
HOMA-IR can predict longitudinal decrease of CBRk&n together, these results suggest that
controlling insulin resistance may potentially pgatfurther cognitive decline in T2DM and that
insulin resistance may be a common pathway betWw&&M, AD and other dementias.

Our study shed light on the adverse effects oflingasistance to the longitudinal CBF
change in T2DM. The reduced sample size in theyean-follow-up, and the reduced power
associated with this might have affected our gbibtdetect existing associations between
T2DM, CBF and cognitive/mobility performance or tiganges between these variables at the

follow-up period; therefore, the overall impactdifbetes on CBF and cognitive/mobility



performance may be even greater. Interestinglyala@ provide evidence that T2DM is
associated with a pattern of reduced CBF in the DM8sual, and cerebellum networks, and that
the pattern of resting CBF impairment is closebgted to the decline of memory, executive, and
mobility functions. However, resting CBF was notifial associating with either fasting blood
glucose or HbAlc. The pathways by which insulinstasmce may affect brain perfusion and
cognition is independent of glycemic control angquiee further investigation. A study with
larger sample size and longer follow-up is warrdriteconfirm the association of HOMA-IR

and longitudinal CBF decrease in T2DM.
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Table 1. Demographic, clinical ratings, postural controtl @ognitive scores at baseline and

follow-up.
Baseline Two-year follow-up
T2DM (n=41) | Controls (n=32 P-value T2DM (n=19) r@wls (n=23)| P-value
Age (years) | 65.51+ 8.30 67.2810.08 NS 66.94+ 8.18 67.09t 9.29 NS
Gender (females, 22 (54%) 16 (50%) NS 12 (52%) 12 (63%) NS
N, %)
Education 15.35+ 3.78 16.05+ 2.98 NS 14.03+2.93 | 16.35+2.81 0.012
(years)
Hematocrit (%) | 38.83+ 3.70 39.54+ 3.89 NS 38.58+ 3.21 38.71+ 3.56 NS
Hypertension 32 (78%) 7 (22%) <0.001 15 (79%) 5 (22%) <0.001
(N, %)
Diabetes 9.93+7.91 _ _ 9.63+6.91 _ _
Duration (years)

BMI (kg/m°) | 29.12+ 6.77 25.1H 6.68 0.007 29.46+ 5.43 24.05+ 3.08 | <0.001
Insulin (ulU/ml) | 13.61+ 13.30 6.26+ 3.77 0.003 15.194 17.55 6.06+ 4.30 0.020
Fasting Glucose 119.70£36.78 | 89.94+ 10.22 <0.001 | 112.69+31.81| 91.59 8.92 0.005

(mg/dl)
HOMA-IR* 3.87+ 3.42 1.40+ 0.83 <0.001 4.35+ 4.67 1.33+ 0.92 <0.001
HbAlc (%) 7.34+ 1.25 5.72+ 0.30 <0.001 7.82+1.79 5.64+ 0.33 <0.001
Gait Speed 1.03+0.15 1.16+0.13 <0.001 1.04+0.14 1.18+0.13 0.004
(Normal) (m/s)
Gait Speed (DT) 0.92+0.19 1.0%0.19 0.049 0.97+0.19 1.02+ 0.21 NS
(m/s)
Gait (Normal) 0.89+ 1.56 0.28+ 0.63 NS 0.58+ 1.02 0.22+ 0.42 NS
RPE Start
Gait (Normal) 2.53+2.02 1.81+1.35 NS 2.21+ 1.55 1.64+ 1.22 NS
RPE End
Gait (DT) RPE 1.54+1.88 0.55+0.74 NS 1.06+ 1.26 0.43+ 0.68 NS
Start
Gait (DT) RPE 2.68+ 2.00 2.33+ 1.52 NS 2.84+2.14 2.36+ 1.56 NS
End
MMSE 28.59+ 1.52 28.94 1.56 NS 28.76+ 1.35 28.83+ 1.70 NS
HVLT: Total 12.61+ 13.04 30.4Gt 5.12 | <0.001 | 24.26+6.07 27.96t+ 5.50 0.045
Recall
HVLT: Delayed | 43.03+ 12.98 | 52.16t 10.86 0.002 42.4115.42 53.48+11.70 | 0.012
Recall
HVLT: 81.87+ 16.79 | 87.20t 16.66 NS 79.34+17.95 | 84.63t 15.90 NS
Retention
HVLT: RDI 44.174+ 12.28 50.7% 8.38 0.023 42,794 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 | 49.5# 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 47.924+ 11.37 50.60t 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 | 57.54f 12.10 0.008 47.83+ 10.67 57.7GE 8.90 0.004
Composite 47.13 £+ 8.09 51.8A 7.54 0.007 50.39+ 8.51 51.33t 7.37 NS

Executive score

Type 2 Diabetes Mellitus (T2DM); Body Mass IndexMB; Homeostatic Model Assessment of Insulin Resise
(HOMA-IR); Hemoglobin A1C (HbALlc); Dual Task (DTMini-Mental State Examination (MMSE); Hopkins
Verbal Learning Test (HVLT) (Shapiro et al. 199%ecognition Discrimination index (RDI).

* HOMA:IR was derived to index Insulin resistancgethe homeostasis model (Matthews et al. 1985)



Table 2. Clusters with significant CBF decreas€2DM relative to age-matched controls

N Voxels | Peak-t| Peak-t MNI | Anatomical Locations % %
coordinates Cluster| Region
Posterior | 32240 4.63 -2,-8, 24 Cerebellum
cluster Cerebelum _Crusl R | 4.61 56.16
Cerebelum _Crusl L | 2.05 25.39
Cerebelum_Crus2 R | 4.63 70.48
Cerebelum _Crus2 L | 2.68 45.62
Cerebelum 4 5 R 0.92 34.26
Cerebelum 6 R 3.68 66.07
Cerebelum 6 L 1.20 22.90
Cerebelum_7b R 1.17 70.60
Cerebelum_7b L 0.72 39.83
Cerebelum 8 R 4.18 58.41
Cerebelum 9 R 1.72 68.92
Vermis_4 5 1.16 56.39
Vermis_6 0.41 35.58
Vermis_7 0.31 52.06
Vermis_8 0.59 77.78
Vermis_9 0.43 80.46
Vermis_10 0.11 31.25
Basal Ganglia
Caudate_R 1.40 45.47
Caudate L 0.97 32.43
Thalamus_R 1.44 43.80
Thalamus_L 1.32 38.82
Occipital Lobe
Calcarine_R (Visual) | 2.40 41.64
Calcarine_L (Visual) | 6.18 88.22
Cuneus_R 0.93 31.00
Cuneus_L 3.91 82.63
Fusiform_L 1.28 17.84
Lingual_R 4.22 59.09
Lingual_L 3.61 55.56
Occipital_Sup_L 2.33 54.90
Limbic System
Cingulum_Post_R 0.85 82.09
Cingulum_Post_L 1.37 95.46
Parietal Lobe
Precuneus_ R 1.59 15.71
Precuneus L 3.08 28.17
Anterior 1068 3.78 -44, 60, -10 | Frontal Lobe
cluster Frontal_Sup_L 17.51 |5.20
Frontal_Inf_Orb_L 1.40 0.89
Frontal_Mid_L 4.49 0.99
Frontal_ Mid Orb L 12.55 | 15.09




\ \ | \ | Frontal Sup_ Orb L [2.25 | 249 |
%Cluster indicates the percentage of each clusatifalls within the defined region, %Region
indicates the percentage of each defined regidrfaha within the cluster. The listed anatomical
regions are either “%Cluster” > 1% or “%Region” 698.




Table 3. Regional association of baseline Cerebral BloaivRICBF) and longitudinal CBF

change with diabetes related variables, cognithaeraobility measures

Posterior regions

Anterior Regions

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

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

Baseline CBF | Baseline HOMA:IR* Baseline HOMA-IR*
(r=-0.30, p=0.012) (r=-0.26, p = 0.034)
Baseline Gait Speed (DT) Baseline Gait Speed (DT)
(r=0.38, p = 0.0025) (r=0.27, p =0.037)
Baseline VF: Animal Baseline VF: Animal
(r=0.39, p = 0.0009) (r =0.40, p = 0.0007)
Longitudinal | Change of HVLT: Total Recall Change of HVLT: Total Recall
CBF Change | (r =0.42, p = 0.0095) (r=0.36, p = 0.029)
Baseline HOMA:IR Baseline HOMA-IR
Longitudinal | (r =-0.36, p = 0.031) (r =-0.45, p = 0.0063)
CBF Change Baseline HVLT: Retention*

(r=0.38, p =0.022)

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




Figure Captions

Fig. 1. Compared to controls, T2DM patients exhibited gigantly reduced Cerebral Blood
Flow (CBF) in (a) a posterior cluster, includingcgmtal, cerebellum, posterior cingulate,
precuneus, cuneus, thalamus, basal ganglia regiadqp) an anterior cluster (pointed by light
blue arrows), including the ventromedial, ventrefat and orbitofrontal regions. Cerebrospinal
fluid (CSF) was masked out from the clusters fdtdrsevisibility. The posterior cluster exhibited
(c) large overlap with the visual network (in bleor), cerebellum network (in cyan color), and
the posterior part of the default mode networkogfi@en color), while the anterior cluster was
close to (but not exactly in) the anterior parthed default mode network (in green color). The
overlaps between the clusters (posterior clusté)imnd anterior cluster in (b)) and the brain
networks can be seen through the colored brainaré&sw

Fig. 2. The regions where Cerebral Blood Flow (CBF) isidigantly associated with (a) age, (b)
hematocrit, and (c) hypertension is overlaid onahatomical brain. CSF was masked out from
the regions for better visibility. CBF is reducegrsficantly in the prefrontal regions as people
age. Subjects with higher hematocrit showed siganfily decreased CBF in very extensive areas
covering almost all cerebrum, including all frontaédrietal, occipital and temporal regions.
Hypertensive subjects showed significantly incrdaSBF in the posterior cingulate, anterior
cingulate, and prefrontal regions.

Fig. 3. Association of baseline absolute Cerebral BlomHICBF) with (a) Gait Speed Dual-
Task (DT) and (b) Verbal Fluency (VF): Animal scattethe posterior cluster, and (c) Gait Speed
(DT) and (d) VF: Animal score at the anterior crstfter correcting for age, hematocrit,
hypertension, and gray matter volume.

Fig. 4. Greater longitudinal decline in Cerebral BloodWI(CBF) at the two-year follow-up is
associated with less Total Recall in HVLT (a) a posterior cluster, (b) at the anterior cluster,
and (c) at the default mode network (DMN).

Fig. 5. Greater longitudinal decline in Cerebral BloodWI(CBF) after two-year follow-up (a)
at the anterior cluster and (b) at the default moetevork (DMN) is associated with reduced
baseline Hopkins Verbal Learning Test (HVLT): rdien.
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T2DM had decreased CBF in the default mode, visual, and cerebellum networks.
CBF declineis closealy related to worse cognitive and mobility performance.
CBF change over two years was associated with baseline disease severity.
Insulin resistance may contribute to CBF deficitsin T2DM.
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