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The objective of this study is to examine whether metabolic syndrome (MetS), the clustering of 3 or
more cardiovascular risk factors, disrupts the resting-state functional connectivity (FC) of the large-scale
cortical brain networks. Resting-state functional magnetic resonance imaging data were collected from
seventy-eight middle-aged and older adults living with and without MetS (27 MetS; 51 non-MetS). FC
maps were derived from the time series of intrinsic activity in the large-scale brain networks by correlat-
ing the spatially averaged time series with all brain voxels using a whole-brain seed-based FC approach.
Participants with MetS showed hyperconnectivity across the core brain regions with evidence of loss of
modularity when compared with non-MetS individuals. Furthermore, patterns of higher between-network
MetS-related effects were observed across most of the seed regions in both right and left hemispheres.
These findings indicate that MetS is associated with altered intrinsic communication across core neural
networks and disrupted between-network connections across the brain due to the co-occurring vascular

risk factors in MetsS.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Cardiovascular risk factors (RFs), such as hypertension, obesity
and higher level of cholesterol, rarely occur in isolation. These RFs
often appear in clusters, and the clustering of 3 or more vascular
RFs is defined as the metabolic syndrome (MetS) (Grundy, 2005).
The overall prevalence of MetS has been alarmingly increasing ev-
ery year in the middle aged and older adults among the US pop-
ulation as well as nations abroad (Aguilar et al., 2015; Arai et al.,
2010; Beltran-Sinchez et al., 2013; Grundy, 2008; Shin et al., 2018),
making it an emerging global health concern. Further, MetS can
lead to accelerated brain aging and increased risk for neurodegen-
erative diseases, including Alzheimer’s disease (AD) (Misiak et al.,
2012; Raffaitin et al, 2009) and vascular dementia (Panza et al.,
2011; Solfrizzi et al., 2011). While the relationships between iso-
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lated RFs and neural integrity have been previously examined
(Beltran-Sanchez et al., 2013; Kim and Feldman, 2015; Misiak et al.,
2012; Raffaitin et al., 2009; Van den Berg et al., 2007; Yaffe et al.,
2004; Yaffe et al, 2009), very little is known about how the
shared contribution of RFs in MetS disrupts functional organization
and temporal dependency across core brain networks. Moreover,
changes in functional brain measures due to MetS may arise be-
fore even any measurable structural alterations and cognitive im-
pairment, and therefore, it is critical to examine the MetS-specific
effects on brain functions and functional networks. Previously,
resting-state functional connectivity (FC) has been used to iden-
tify altered communication among brain networks in a range of
neurological conditions with vascular origins (Diciotti et al., 2017;
Schaefer et al.,, 2014; Sun et al,, 2011), including Alzheimer's dis-
ease (Greicius et al., 2004; Sorg et al., 2009), and mild cognitive
impairment (Bai et al., 2009). Thus, resting-state FC can offer valu-
able measures to understand altered neural integrity in the pres-
ence of MetS.
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MetS and its component RFs have been previously associated
with both brain structure (Alfaro et al., 2018; Alfaro et al., 2016;
Sala et al., 2014; Schwarz et al., 2018; Yates et al., 2012) and func-
tion (Haight et al., 2015; Kenna et al,, 2013). However, only few
studies have explored the FC measures with regard to MetS or its
RFs (Musen et al., 2012; Park et al., 2018; Rashid et al., 2019). Fur-
ther, associations between specific components of MetS and cog-
nition have been previously well established. For example, the do-
mains of executive function and attention, particularly responsible
for higher order cognitive processing, have been associated with
higher blood pressure (BP) (Bucur and Madden, 2010; Gorelick and
Nyenhuis, 2012), high cholesterol (Leritz et al., 2016; Wendell et al.,
2014; Xia et al, 2015b), and diabetes (Vincent and Hall, 2015).
These previous findings provide evidence of altered structural and
functional neural integrity due to vascular RFs and MetS and sup-
port the necessity to further investigate whole-brain FC patterns
that might be targeted by MetS. Moreover, since MetS has been re-
ported to disrupt aspects of cognition, including executive function,
memory, and attention (Wooten et al., 2019), a whole-brain ap-
proach allows us to examine FC networks that may underlie more
specific cognitive domains.

In the current study, using a seed-based approach we exam-
ined the FC among the core functional networks. We hypothe-
size that the shared underlying pathophysiological mechanisms of
the co-occurring RFs in MetS interrupting neural metabolic health
(i.e., cerebrovascular functioning) also disrupt neural integrity in
the brain. Further, we hypothesize that individuals with MetS will
demonstrate disrupted resting state whole-brain FC, particularly in
the between-network FC among higher-order networks associated
with attentional and executive control domains, compared to indi-
viduals without co-occurring RFs.

2. Methods
2.1. Standard protocol approvals and patient consents

The study was approved and monitored by the Institutional Re-
view Board of the Veterans Administration Boston Healthcare Sys-
tem (VA), Jamaica Plain, MA, USA. All participants provided signed
informed consent prior to study procedures.

2.2. Participants

Seventy-eight adults agreeing to undergo structural and func-
tional MRI participated in this study. Twenty-seven were identified
with MetS (i.e,, 3 or more RFs (Expert Panel on Detection, 2001;
Grundy et al., 2005)) (MetS, age (mean £ SD): 65.70 & 7.87, 3 fe-
males) and the remaining 51 comprised the non-MetS group (less
than 3 RFs; age (mean + SD): 59.63 + 8.60, 19 females).

Table 1 displays group-wise demographics and characteristics of
the participants. Individuals were enrolled from direct clinic re-
cruitment in VA Boston clinics to target those at high risk for
MetS, as well as through advertisement in the greater Boston, Mas-
sachusetts (USA) metropolitan area. Inclusion criteria required par-
ticipants to be English speakers and between the ages of 30-90.
Participants were excluded for the following reasons: a history of
head trauma of moderate to severe severity (e.g., loss of conscious-
ness greater than 30 minutes, diagnosis of any form of demen-
tia, past or current history of severe psychiatric illness, history of
major surgery (e.g., brain or cardiac), significant neurologic illness,
history or current diagnosis of drug abuse or dependence. Exclu-
sion criteria also included any contraindication to magnetic reso-
nance imaging (MRI), such as a pacemaker or other metal implant.

2.3. Risk factor measurement

To assess the RFs, the following measures were collected:

Fasting blood (12 hr) was drawn and processed for analysis
of serum RF levels, including triglycerides, HDL-C and fasting
plasma glucose.

Systolic and diastolic BP were recorded in a seated position af-
ter 5 minutes of rest with the arm at rest, at the level of the
heart, using a standard sphygmomanometer. A second mea-
surement was obtained 5 minutes later and the average of 2
values was recorded.

¢ Waist circumference measurement was taken while standing,
to the nearest centimeter, with measuring tape placed around
the abdomen at the level of the umbilicus.

Medications taken to treat hypertension, diabetes, or abnormal
cholesterol were reported by participants and recorded by an
examiner.

2.4. Metabolic syndrome

MetS criteria were determined from the RF measures.
Participants with MetS were defined as meeting thresholds
(Grundy, 2005) for 3 or more of the following component RFs:
(1) elevated waist circumference >102/88 cm (male/female); (2)
elevated triglycerides >150 mg/dL or drug treatment for dyslipi-
demia; (3) reduced HDL-C <40/50 mg/dL (male/female) or drug
treatment for dyslipidemia; (4) elevated systolic BP >130 mmHg
or diastolic BP =85 mmHg or drug treatment for hypertension, and
(5) elevated fasting plasma glucose >100 mg/dL or drug treatment
for elevated glucose or diabetes.

2.5. Imaging data acquisition

For 70 participants, neuroimaging data were acquired on a 3-
Tesla Siemens (Erlangen, German Prisma Fit 60 cm bore (RF coil
ID) using a transmission body coil and a 32-channel reception head
coil.

The first 8 participants were scanned prior to the scanner up-
grade, on a 3-Tesla Siemens (Erlangen, Germany) TIM Trio scanner,
using a transmission body coil and a 32-channel reception head
coil. Two MPRAGE (Magnetization Prepared Rapid Gradient Echo)
T1-weighted structural scans (repetition time (TR)/echo time (TE):
2530/3.35 ms, flip angle = 7¢, inversion time = 1200 ms, field of
view=256 x 256 mm, acquisition matrix 256 x 256, 176 contigu-
ous sagittal slices, voxel size = 1 x 1 x 1 mm) were acquired
for surface reconstruction, FC seed placement, and inter-participant
registration. Resting state functional data were acquired in a single
run (gradient echo echo-planar imaging, TR/TE: 4000/31 ms, flip
angle: 90°, field of view =128 x 128 mm, voxel size 2 x 2 x 2.5
mm, 55 axial slices, 90 volumes, 6:12 min per run). Prior to scan-
ning, participants were instructed to keep their eyes open and stay
awake.

2.6. fMRI data preprocessing

A model of each subject’s cortical surface was reconstructed
from the T1 -weighted MRI volume using FreeSurfer, as de-
scribed previously (Dale et al., 1999; Lindemer et al., 2013). Func-
tional neuroimaging data were processed using a combination
of FreeSurfer (Fischl et al., 1999), AFNI (Cox, 1996), and FSL
(Jenkinson et al., 2012) based on the FSFAST processing stream
(http://freesurfer.net/fswiki/FsFast). Resting state functional mag-
netic resonance imaging (fMRI) data were preprocessed using a
standard stream (i.e.,, motion correction using 6 parameters, time
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Table 1
Group-wise demographic data and risk factors

Non-MetS (N = 51)  MetS (N = 27) Significance tests
Age (years) 59.63 + 8.60 65.70 + 7.87 Student’s t(76) = -3.06, p = 0.003~
Sex (female/male) 19/32 3/24 Fisher’s exact test: p = 0.018*
Waist circumference (cm) 89.72 + 13.90 105.26 + 15.92 Student's t(76) = -4.47, p = 2.72e-05**
Triglycerides (mg/dL) 91.21 + 47.48 105.70 + 4396  Welch's t(56.77) = -1.34, p = 0.183
HDL-C (mg/dL) 61.92 + 17.04 51.04 + 14.84 Student’s t(76) = 2.80, p = 0.006"
Systolic BP (mm Hg) 12237 + 17.59 131.52 + 1471  Student's {(76) = -2.31, p = 0.024*
Diastolic BP (mm Hg) 7294 + 11.15 76.19 + 8.34 Student’s t(76) = -1.33, p = 0.189
Fasting blood glucose (mg/dL) 91.90 + 14.66 104.59 + 14.42  Welch's t(53.86) = -3.68, p = 0.0005**

Cardiovascular/Diabetes Medication

Blood Pressure (N (%)) 7 (13.73 %)
Glucose(N (%)) 1 (1.96%)
Triglycerides (N (%)) 1 (1.96%)
Risk Factor Criteria

Met Waist Circumference (N (%)) 12 (23.53%)
Met Triglycerides (N (%)) 3 (5.88%)
Met HDL-C (N (%)) 4 (7.84%)
Met BP (N (%)) 18 (35.29%)
Met Glucose (N (%)) 5 (9.80%)

18 (66.67%) Fisher's exact test: p value = 4.876e-06**
5 (18.52%) Fisher's exact test: p value = 0.017*

16 (59.26%) Fisher's exact test: p value = 1.074e-08*~
19 (70.37%) Fisher's exact test: p value = 8.577e-05"~
21 (77.78%) Fisher's exact test: p value = 7.928e-11**
8 (29.63%) Fisher's exact test: p value = 0.019*

26 (96.29%) Fisher’s exact test: p value = 5.59e-08**
22 (81.48%) Fisher's exact test: p value = 2.895e-10""

Continuous variables are presented as mean + standard deviation. Group-wise number of participants on cardiovascular medica-
tions is presented. Also, group-wise number of participants meeting each of the risk factors’ criterion is reported.
Key: cm, centimeter; mg/dL, milligrams per deciliter; HDL-C, high-density lipoprotein cholesterol; mm Hg, millimeters of mercury.

* p <005
* p < 0,001

shifting, concatenation of scans, motion regressed from time se-
ries, regression of the global mean and the average time course
from the white matter and ventricles, band pass filtering between
0.01 and 0.1 Hz). Time points and participants with excessive mo-
tion were excluded (0.5 mm/TR; 20 TRs/participant; Figure S9). Ad-
ditional validations for motion artifact are provided in Figure S8.
Data were sampled to and smoothed on the surface, and each brain
was warped to a surface-based template (fsaverage) (Fischl et al.,
1999).

The 7-network surface-based functional parcellation published
by Yeo et al. (Thomas Yeo et al,, 2011) were used to extract in-
dividual cluster time series associated with default-mode network
(DMN), dorsal attention network (DAN), executive control network
(ECN), visual network (VIS), sensorimotor network (SM), ventral at-
tention network (VAN) and limbic network (LIMBIC). The spatially
averaged time series of each of these 7 regions served as seeds for
whole-brain voxel-wise correlation (FC) maps in each individual.
Group level analyses are described below.

2.7. Statistical analyses

Group differences in age, waist circumference, triglycerides,
HDL-C, systolic and diastolic BP, and fasting blood glucose were ex-
amined either with independent two-sample Student’s t tests (for
normally distributed data as assessed with a Shapiro-Wilk test),
the Wilcoxon rank-sum test with continuity correction (for non-
normally distributed data), or the Welch’s t test (when there was a
significant group difference in variance as assessed with an F-test).
To examine group differences on categorical variables such as gen-
der, Fisher's exact test was employed. Statistical analyses were two
tailed with an alpha level set at p < 0.05 and carried out in R (Ver-
sion 3.2.2). Table 1 presents the group difference in demographic
data.

Group differences and associations (see Table 2) were com-
puted at each vertex over the cortex using multiple linear re-
gression using FreeSurfer’'s mri_glmfit function, and custom scripts
in MATLAB (Mathworks; Natick, MA). The nuisance regressors of
age, sex and scanner were included in all models unless otherwise
noted. Family-wise corrections for multiple comparisons were sim-

ulated with pre-computed Monte-Carlo simulations of 10,000 iter-
ations using FreeSurfer's mri_glmfit-sim function, with vertex- and
cluster-wise thresholds of p < 0.05. Fig. 1, Figure S2 and Figure S3
highlight the group differences in FC. Effects of age (Figure S4 and
Figure S5), sex (Figure S7), scanner (Figure S10) and white matter
hypointensities (Figure S6) on FC were evaluated.

2.8. Within- and between- network FC effects

In addition to group differences in network connectivity maps,
within- and between-seed FC measures were estimated as shown
in Fig. 2. For a particular difference map, the following steps were
followed to estimate within- and between-network FC:

« Within-network effects were computed as the total count of
vertices belonging to the same network seed region. For ex-
ample, from the group difference in FC when using the DMN
seed, the vertices that belong to the DMN region were consid-
ered as within-DMN FC effects.

« Between-network effects were computed as the count of ver-

tices belonging to regions outside of the network seed. For ex-

ample, from the group difference in FC when using the DMN
seed, the vertices that belong to all other regions but the DMN
were considered as between-DMN FC effects.

Finally, the percentage of within- and between-seed FC effects

were computed relative to the total count of vertices within

the seed (network) region.

Figure S1 provides more details on the estimation of within-
and between-network FC effects.

2.9. Data availability statement

The data that support the findings of this study are available
on request from Dr. Elizabeth C. Leritz. The data are not publicly
available due to privacy or ethical restrictions (funding agency: Na-
tional Institute of Neurological Disorders and Stroke, grant num-
ber: NS086882, PI: Elizabeth C. Leritz, study title: Neuroimaging
and neuropsychological biomarkers of vascular RFs).
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Table 2
Summary information on clusters that survived multiple comparison correction in general linear model (GLM) analysis
Network Hemisphere Significant cluster Number of vertices Cluster size (mm?) Maximum t-value MNI (x, y, z)
Default-mode LH DMN 11002 5310.40 -3.66 -45.6, 21.6, 7.9
Network (DMN) RH SM 9032 3844.70 -3.69 57.8, -3.3, -8.3
RH ECN 8164 4346.61 -3.16 41.8, 24.8, 20.9
Dorsal Attention LH VIS 11480 33763 -4.74 -19.9, -71.4, 18.2
Network (DAN) RH DMN 4013 2049.82 3.84 52.4, 8.6, -17.8
RH VIS 12100 778491 -3.83 20.7, -71.8, 20.2
Executive Control RH VAN 8390 3807.12 -5.13 48.9, -2.7, 9.0
Network (ECN) RH SM 15098 6275.46 -4.11 6.1, -3.4, 40.6
Visual Network LH DAN 8065 4763.88 -3.25 -51.3, -41.6, -25
(VIS) RH LIMBIC 3287 1956.04 -3.59 453, -11.5, -37.4
Sensori-motor LH DAN 12943 5711.36 -4.84 -25.6, -57.8, 45.9
Network LH DAN 7699 449411 -4.49 -21.0, 4.4, 494
(SM) RH DAN 3839 1692.50 -3.53 26.7, -59.8, 46.6
Ventral Attention LH DMN 4711 2807.71 -4.27 -9.2,59.7, 7.3
Network (VAN) LH VIS 6715 3193.33 -2.99 -20.4, -61.6, 13.6
RH DMN 6181 3467.27 -4.02 8.2, 31.1, 11.7
Limbic Network RH LIMBIC 2335 1749.70 3.45 26.2, 58.2, -10.5
(LIMBIC)
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Fig. 1. Group difference in functional connectivity (FC). One-sample group mean (OSGM) results from FC analyses for non-metabolic syndrome (Non-MetS, N = 51; risk
factors ranging from 0-2) and patients with metabolic syndrome (MetS, N = 27; 3 or more risk factors), and their group differences in brain network FC after corrected for
multiple comparisons (p < 0.05). Uncorrected maps of the group differences in network FC are provided in supplemental Figure S2. Composite maps of group difference are
presented in supplemental Figure S3 summarizing the group difference across all 7 functional networks, and are color-coded based on the underlying seed regions. Results
are corrected for age and sex. DMN: default-mode network; DAN: dorsal attention network; ECN: executive control network; VIS: visual network; SM: sensorimotor network;
VAN: ventral attention network; LIMBIC: limbic network. The color bar indicating “red to yellow: non-MetS > MetS"; and “blue to cyan: MetS > non-MetS".

3. Results
3.1. Demographics and risk factors

The MetS group was significantly older (p = 0.003) and had
a larger proportion of males (p = 0.018) relative the HC group
(Table 1).

Further, significant group difference in waist circumference
(p = 2.72e-05), HDL-C (p = 0.006), systolic (p = 0.024) BP, and
fasting blood glucose (p = 0.0005) were observed. No significant
group differences were observed in triglycerides (p = 0.183) and
diastolic BP (p = 0.189).

3.2. Group difference in functional connectivity

For each seed and for each hemisphere, Fig. 1 presents the cor-
rected (multiple comparisons test at p < 0.05) FC results from the
GLM analysis showing the (1) one-sample group mean measures
of FC in non-MetS and MetS groups, and (2) the group differences
in FC of the seed to the rest of the brain regions, after regressing
out scanner-, age- and sex-effects. The composite regions of in-
terest (ROI) maps (Figure S3) provide an overview of how much
significant group-related effects were found across each hemi-
sphere (i.e., effects are color-coded based on the underlying seed
regions).



B. Rashid, V.N. Poole, EC. Fortenbaugh et al./Neurobiology of Aging 104 (2021) 1-9

Left Hemisphere

Within
[ |Between

(5] S (4]
o o o
T T

N
o
T

Effects (%)

-y
o
T

| within
~ |Between

o
.

LIMBIC

Fig. 2. Within- and between-network effects of mets. Bar plots showing MetS-related significant within- and between-network associations (%) in functional connectivity
(FC) across brain networks. Each dot is colored based on the associated seed region for a specific network (e.g., red dot = default mode network), and represents the
association between MetS and the disrupted FC between a particular seed region and that network. DMN, default-mode network; DAN, dorsal attention network; ECN,
executive control network; VIS, visual network; SM, sensorimotor network; VAN, ventral attention network; LIMBIC, limbic network. Supplementary Figure S1 provides the

details on estimation the within- and between-network association measures.

Table 2 provides the number of vertices, cluster size (in mm?2)
maximum t-value and MNI coordinates for each of the significant
clusters showing network-level group effect in right and left hemi-
spheres.

3.2.1 Default. mode network (DMN)

Relative to the non-MetS group, the MetS group demonstrated
significantly greater within-DMN FC, and FC between DMN and
ECN, VAN and SM regions in the left hemisphere. In the right
hemisphere, the MetS group showed significantly greater within-
DMN FC, and FC between DMN and ECN, DAN, VAN, LIMBIC and
SM regions.

3.2.2. Dorsal attention network (DAN)

The MetS group demonstrated significantly greater within-DAN
FC in both hemispheres. In the left hemisphere, compared to the
non-MetS group, the FC measures between DAN and ECN, DMN
and VAN regions were greater for the MetS group, whereas in the
right hemisphere, the FC measures between DAN and ECN, DMN,
VAN, LIMBIC and SM regions were greater for the MetS group.

3.2.3. Executive control network (ECN)
No within-ECN group difference in FC was observed in the left
hemisphere, whereas in the right hemisphere, the MetS group ex-

hibited significantly greater within-ECN FC compared to the non-
MetS group. No group difference in FC was found between ECN
and any other regions in the left hemisphere. In the right hemi-
sphere, relative to the non-MetS group, the MetS group showed
significantly greater FC between ECN and DMN, VAN and SM re-
gions.

3.2.4. Visual network (VIS)

The MetS group exhibited greater within-VIS FC in the left
hemisphere, while no group difference in within-VIS FC was high-
lighted in the right hemisphere. For between-network, compared
to the non-MetS group, significantly greater FC measures between
VIS and ECN, DMN, DAN, VAN and LIMBIC regions were captured
in the left hemisphere, and significantly greater FC measures be-
tween VIS and ECN, DAN, VAN and LIMBIC regions were observed
in the right hemisphere in the MetS group.

3.2.5. Sensorimotor network (SM)

In the left hemisphere, relative to non-MetS, the MetS group
exhibited significantly greater within-SM FC, and FC between SM
and ECN, DMN, DAN, VIS and VAN regions. In the right hemisphere,
no group difference was found for within-SM FC measures, and rel-
ative to non-MetS, the MetS group exhibited significantly greater
FC between SM and ECN and DAN regions.
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3.2.6. Ventral attention network (VAN)

In both hemispheres, within-VAN FC measures were signifi-
cantly greater in the MetS group. The FC measures between VAN
and ECN, DMN, DAN and VIS regions were significantly greater in
the left hemisphere, and the FC between VAN and ECN was sig-
nificantly greater in the right hemisphere within the MetS group
compared to the non-MetS group.

3.2.7. Limbic network (LIMBIC)

No significant clusters exhibiting group differences were identi-
fied in the left hemisphere. For the right hemisphere, the within-
LIMBIC FC was greater in the non-MetS group, and the FC mea-
sures between LIMBIC and ECN and DMN regions were greater in
the non-MetS group.

3.3. Within- and between-network effects

Fig. 2 illustrates the within- and between-network effects for
each hemisphere. Except for few seed regions, most between-
network effects were observed across both hemispheres. In the left
hemisphere, the ECN, DMN, DAN and VIS seed regions showed
higher between-seed effects, ranging from 8.7-10.8%, with only
DMN exhibiting relatively greater within-DMN effects (5.6%) com-
pared to other brain networks. Interestingly, in the right hemi-
sphere, the ECN seed showed greater within-ECN effect (27.9%),
and the DMN seed showed similar within-DMN (7%) and between-
DMN (8.5%) effects. The LIMBIC seed also showed similar within-
LIMBIC (6.4%) and between-LIMBIC (6.8%) effects in the right hemi-
sphere, Other seed regions showed consistent patterns of relatively
higher between-seed effects in the right hemisphere.

4. Discussion

The current study investigates the associations between MetS
and resting-state whole-brain FC measures across core networks.
The main findings reveal that: (1) patients with MetS exhibit
hyperconnectivity across several brain networks, including those
supporting higher-order cognitive functions (i.e, DMN, ECN, DAN
and VAN), when compared with non-MetS individuals; and (2)
MetS more prominently affected inter-network communication
(i.e., between-networks) than intra-network communication. These
findings suggest that the clustering of vascular RFs in individu-
als with MetS is associated with the disrupted specialization (and
functional independence) of core brain networks underlying atten-
tion and executive control.

Our findings of altered hyperconnectivity in individuals with
MetS are consistent with previous studies demonstrating altered
FC in the context of 1 or more of these component RFs. For ex-
ample, in a recent study focusing on patients with diabetes, Cui
et al. reported reduced DMN connectivity, which was also associ-
ated with worse performance on tasks of memory and executive
functioning (Cui et al., 2015). Further, in a multimodal structural-
functional connectivity study, Park et al. found disrupted fron-
toparietal network FC based on degree centrality values from indi-
viduals with abdominal obesity (Park et al., 2018). In patients with
MetS, Rashid et al. identified disrupted FC among the DMN and
several brain regions (e.g., superior frontal, superior parietal and
postcentral regions) (Rashid et al., 2019). Another study (Xia et al,,
2015a) determined associations between Type 2 diabetes mellitus
and reduced attentional state across the domains of DAN and VAN.
Further, Cui et al. identified association between occipital hypocon-
nectivity and impaired visual memory and executive function per-
formance in patients with diabetes (Cui et al., 2016). Using graph-
theoretical analysis, Baek et al. found altered network topological

structures in obesity in both whole-brain network and regional lev-
els (Baek et al., 2017). However, except Rashid et al. (2019), these
studies did not specifically investigate MetS, and therefore did not
determine the aggregate RFs associations. Here, we demonstrate
that multiple co-occurring vascular RFs may be associated with
disrupted core brain networks, particularly in DMN, ECN and dor-
sal/ventral attentional regions. This is critical, as it demonstrates
that it is likely the comorbidity of RFs in MetS that associates with
these disrupted FC patterns, beyond the individual RF association.
Given the fact that most RFs do not occur in isolation, our results
provide important evidence of the underlying whole-brain func-
tional network disruption that we believe is specific to MetS.

Our findings reinforce the prior evidence at the whole-brain
connectivity level, by demonstrating that the higher-order brain
networks that are vital to everyday functional ability, includ-
ing DMN, DAN and ECN, have altered interactions among them-
selves due to the co-occurring RFs in MetS. Previously, the do-
mains of executive function and attention, particularly responsi-
ble for higher order cognitive processing (e.g., reasoning, planning
and cognitive flexibility), has been associated with isolated vascu-
lar RFs (Bucur and Madden, 2010; Gorelick and Nyenhuis, 2012;
Leritz et al., 2016; Vincent and Hall, 2015; Wendell et al., 2014;
Xia et al., 2015b). Our results show that the FC measures across
the DMN, DAN, VIS and SM networks are disrupted more glob-
ally in the MetS group (i.e., the patterns of FC alteration for these
networks are associated with the majority of other core brain net-
works), whereas the FC measures across the ECN, VAN and LIM-
BIC networks exhibit more localized alteration patterns in the MetS
group (i.e., the patterns of FC alteration for these networks are as-
sociated with specific core brain networks). These observed find-
ings of altered FC across the cognitive networks further support
prior studies of vascular RFs and cognition. For example, a recent
paper from our lab reported a significant effect of vascular RFs
on sustained attention whereby better performance was associated
with fewer REs (Wooten et al.,, 2019). Moreover, our findings indi-
cate that comorbid RFs in MetS might associate with disruption in
between-network FC patterns more than the within-network con-
nectivity, which might be due to MetS-associated alterations in un-
derlying brain structure. Indeed, this novel finding is supported by
a recent study that reported a significant decrease in between-
network fibers in participants with cardiovascular RFs, and sug-
gested that this loss of between-network fibers might reduce their
overall network efficiency by disrupting the underlying topological
organization (Marebwa et al., 2018).

One interesting observation is that the increases in between-
network connectivity (i.e., hyperconnectivity) relative to non-MetS
reflect a decrease in decoupling (i.e., anti-correlation) across func-
tionally distinct neural networks. This suggests that MetS intro-
duces failures of distinction, perhaps by coherence via altered cere-
bral hemodynamics or by damage to specific brain regions. For ex-
ample, when examining DMN connectivity in this larger subset,
we observed notable spatial patterns across both hemispheres. The
DMN, which is typically decoupled (i.e., anti-correlated) with other
networks during extrinsic goal-directed tasks, was no longer de-
coupled with regions at an intersection of networks spanning the
insula, superior temporal, and inferior frontal lobes. Interestingly,
this cluster of regions is also supplied by superior and inferior
branches of the middle cerebral artery (Birdsill et al., 2013). Per our
hypothesis, it is likely that if these regions endure poor perfusion,
they may be at a collective risk for increased rate of atrophy, white
matter structural damage, and poor function (Liu et al., 2018).

Brain laterality has been previously identified as an important
disease characteristic across several brain disorders as well as with
normative aging. For instance, prior findings have reported signifi-
cant left lateralized cortical thinning in the medial temporal region
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in patients with AD (Singh et al., 2006). Further, DMN resting-state
FC was found to be more left lateralized in patients progressing to
AD (Banks et al., 2018). Another study highlighted lateralization of
both hypo- and hyper-connectivity in patients with carotid steno-
sis (Huang et al., 2018). Further, abnormal lateralization in FC has
been reported in autism spectrum disorder, a neurodevelopmental
disorder, where significantly reduced left lateralization in regions
associated with language regions and DMN regions was observed
(Nielsen et al., 2014). Other prior findings include aberrant lateral-
ization in froontotemporal dementia (Guo et al., 2016), and effects
of aging in brain lateralization (Reuter-Lorenz et al., 2000). Our
current findings also show patterns of lateralization in altered FC
in the MetS group, for example, more left lateralized FC in the ECN
and VAN networks, and right lateralized FC in the LIMBIC network.
These findings show great potential for more specific MetS-related
associations with altered FC measures, although additional quan-
titative estimation of lateralization is required before using these
findings as robust biomarkers for MetS.

Evidence for region-specific damage in the posterior cerebral
artery also exists. For example, MetS related damage to the poste-
rior cingulate cortex, the DMN hub, would account for the altered
inter-network communication with the DAN and VAN observed
in Fig. 1. Other patterns were apparent in ECN, SM, and DAN
group connectivity maps, where MetS related anti-correlations
were weakened in network-adjacent regions. Overall, these find-
ings point to non-specific, but widespread, patterns of decoupling
across higher-order networks in MetS.

Our study provides evidence of functional significance of the
comorbid RFs in MetS with regard to core brain networks asso-
ciated with critical brain functions, such as executive function and
attention, and can be valuable from a clinical standpoint. Condi-
tions such as diabetes, high BP and even MetS are vastly under-
represented in the literature, despite having high prevalence in the
aging population, suggesting that there is a lack of clinical confir-
mation for these diseases. Our findings can provide additional sup-
port to clinical interpretation, although more robust and rigorous
FC biomarker identification is warranted.

4.1. Limitations

Several experimental and methodological limitations must be
considered while interpreting the results of this study.

4.1.1. Sample size

First, relative to the non-MetS group, the number of partici-
pants in MetS group is considerably lower, with overall only few
female participants. Inclusion of more MetS participants would in-
crease the robustness and the power of the analyses.

4.1.2. Impact of white matter lesions on brain connectivity

While our analyses (Figure S6) revealed no significant associa-
tions between white matter lesions (i.e., white matter hypointen-
sities) and significant FC clusters (i.e., ROIs), it is expected that
there would be some impact of white matter lesions on the over-
all seed regions’ connectivity, which might explain the laterality
effects across our findings.

4.1.3. Impact of motion artifacts on brain connectivity

In this study, we have included the motion-related nuisance
variables as regressors during pre-processing. Additionally, in our
original analysis, we censored out any TR with greater than 0.5
mm framewise displacement (FD) and removed any participant
with censoring of more than 20 TRs (resulted in the removal of 2
MetS participants from our original analyses). However, note that,
even with these strict motion removal approaches, it is unlikely to

complete remove the motion-related confounds from the MRI data.
Therefore, future studies should consider additional validation (for
example: Figure S8) to eliminate the possibility of the outcomes to
be driven by motion artifacts.

4.14. Estimation of distance measures to quantify longer-range
connections

In this study, we have utilized the entire network’s time series
as a “seed”. While this provides a broader understanding of net-
work connectivity, it eliminates any within-network diversity that
may reveal additional information about disease mechanisms. Fur-
ther, our “whole network” approach highlights areas of a network
that exhibit group differences with the 'mean functional activity’
of an entire network, which may significantly skew which areas
of the brain gets highlighted. For example, regions that belong to
the somato-sensory networks typically exhibit more segregated FC
(Chan et al., 2014) or belong to areas less likely to be connec-
tor hubs (Bertolero et al., 2015), tend to exhibit lower between-
network connectivity; and in cases where sensory-motor areas are
connected with another network, it is more likely that they are
connected to specific areas of another network. To address this
possibility, future work should consider separating a specific func-
tional network into separate but meaningful nodes to explore more
precise effects on both within-network and between-network con-
nectivity of higher-order cognitive networks.

4.1.5. Acquisition of multiple runs and longer scan duration

The current study utilized a single run of 6:12 minutes of rest-
ing state data. This might limit the ability to use individual-level
resting state data and perform ‘test-retest’ type analysis. Future
studies should consider collecting multiple runs and longer scan
duration. Also, there was a scanner upgrade during the sample col-
lection, although no significant difference between scanners were
observed in mean FC.

4.1.6. Reconciliation of current findings with the existing literature

The current findings show increased within-network connectiv-
ity in the MetS group, although studies have previously reported
decreased FC in the DMN in patients with vascular RFs (e.g., [1]
(Cui et al, 2015), type 2 diabetes; [2] (Beyer et al., 2017), body
mass index or BMI ([3] (Musen et al., 2012), type 2 diabetes).Note
that, differences in experimental design and methodology can po-
tentially introduce difference in effect directions. For instance, se-
lection of the seed regions/ROIs (e.g., based on the atlas space ver-
sus data driven approach, such as independent component analysis
or ICA) could introduce variability across the findings. Further, re-
sults identified from patients with individual RFs (e.g., diabetes, BP
etc.) may vary from results obtained from patients with multiple
co-occurring RFs or “metabolic load”.

4.1.7. Interpretation of current findings

The current study examined correlational analyses, and there-
fore inference of causation must be avoided while interpreting
the findings. Moreover, for the seed-based approach, each network
provides its own overall network strength (in contrary to the con-
ventional within-network nodal strength; see section 4.1.4) and
then the relationships among these networks are evaluated. There-
fore, some specific within-network attributes (e.g., ‘within-network
homogeneity’, ‘within-network variability’, or ‘within-network con-
nectivity’) might not be fully understood. Future studies should in-
vestigate nodal-level seeds within a specific network in order to
identify these within-network attributes more comprehensively.
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5. Summary and conclusion

In summary, MetS is associated with disrupted FC within and
between core brain networks, including the DMN, ECN and atten-
tion (i.e., DAN and VAN) networks. Moreover, the effects of MetS
are more prominent across the between-network FC measures. Fu-
ture directions will explore how these findings relate to neuropsy-
chological performance.
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