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Abstract
Insulin resistance (IR) is associated with poor cerebrovascular health and increased risk for dementia. Little is known
about the unique effect of IR on both micro- and macrovascular flow particularly in midlife when interventions against
dementia may be most effective. We examined the effect of IR as indexed by the Homeostatic Model Assessment of
Insulin Resistance (HOMA-IR) on cerebral blood flow in macro- and microvessels utilizing magnetic resonance imaging
(MRI) among cognitively asymptomatic middle-aged individuals. We hypothesized that higher HOMA-IR would be
associated with reduced flow in macrovessels and lower cortical perfusion. One hundred and twenty cognitively asymptomatic middle-aged adults (57  5 yrs) underwent fasting blood draw, phase contrast-vastly undersampled isotropic
projection reconstruction (PC VIPR) MRI, and arterial spin labeling (ASL) perfusion. Higher HOMA-IR was associated
with lower arterial blood flow, particularly within the internal carotid arteries (ICAs), and lower cerebral perfusion in
several brain regions including frontal and temporal lobe regions. Higher blood flow in bilateral ICAs predicted greater
cortical perfusion in individuals with lower HOMA-IR, a relationship not observed among those with higher HOMA-IR.
Findings provide novel evidence for an uncoupling of macrovascular blood flow and microvascular perfusion among
individuals with higher IR in midlife.
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Introduction
Vascular health plays an integral role in trajectories of
brain aging.1–3 Decreased cerebral blood ﬂow (CBF) is
commonly observed in normal aging4,5 and deﬁcits in
CBF are worsened by vascular risk factors.6,7
Furthermore, lower CBF is also associated with lower
cognitive function.6,8 Vascular dementia (VaD) is characterized by inadequate CBF, and patients with dementia due to Alzheimer disease (AD)9–11 often present
with cerebrovascular disease as well as neuropathological changes associated with AD (i.e. amyloid deposition and neuroﬁbrillary tangle aggregation). While
reduced CBF is known to be involved in age-related
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dementias, it is particularly remarkable in AD and
VaD.12 Recently, human brain imaging studies suggest
that altered cortical CBF may precede development of
dementia due to AD, with lower CBF observed in individuals who harbor invariable AD risk factors.9 Indeed,
vascular dysfunction has long been considered a concomitant or contributing facet of dementia, including
but not limited to AD.11,13,14
Cerebrovascular health, and therefore CBF, is moderated by several modiﬁable risk factors including central obesity, high blood pressure, and insulin resistance
(IR), oﬀering possible therapeutic targets to prevent the
onset of pathological brain changes. IR, in particular, is
associated with cerebrovascular disease, cognitive
decline, and development of neuropathological features
of AD.15–18 Metabolic syndrome—a cluster of cardiovascular risk factors characterized by IR—is also linked
to cognitive decline and dementia, and has previously
been associated with decreased cortical perfusion.6,19,20
While prior studies have examined the relationship
between IR and CBF, the impact on macrovascular
blood ﬂow and the microvessels they supply is still
incompletely known, and relationships between blood
ﬂow and IR among those who have not yet converted
to disease state (i.e. diabetes mellitus (DM)) are currently unknown. This is important, given that IR as
indexed by HOMA-IR may be reversible prior to the
onset of DM. Furthermore, the individual impact of IR
versus comorbidities (including central obesity, dyslipidemia, and hypertension) has been diﬃcult to deﬁne,
particularly in midlife irrespective of DM, due in part
to studies that vary in methods for measuring CBF, age
of participants, and the presence of confounding factors such as existing neurologic dysfunction.
The current study examined the relationship between
IR as indexed by the Homeostatic Model Assessment of
Insulin Resistance (HOMA-IR) and cerebrovascular
health as measured in both macro- and microvessels
among middle-aged participants enriched for AD risk
factors, including apolipoprotein E (APOE) e4 genotype and parental family history of dementia due to
AD. Macrovascular blood ﬂow was assessed using
phase contrast-vastly undersampled isotropic projection reconstruction (PC VIPR) imaging. PC VIPR is
a novel 4D ﬂow magnetic resonance imaging (MRI)
technique that enables both volumetric angiographic
and quantitative assessment of mean blood ﬂow in
macrovessels in a single acquisition.10,13,21,22 In turn,
arterial spin labeling (ASL) perfusion MRI was used
to assess cortical perfusion. We examined relationships
between HOMA-IR, arterial blood ﬂow, and their
interaction on cortical perfusion. We postulated that
higher HOMA-IR would be associated with lower
arterial blood ﬂow and that HOMA-IR and arterial
blood ﬂow would interact to predict lower cerebral
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perfusion in cortical brain regions known to be susceptible to early pathological changes in AD. Secondary
analyses assessed the extent to which HOMA-IR was
associated with lower arterial blood ﬂow when present
among a cluster of cardiovascular risk factors (i.e.
metabolic syndrome).

Materials and methods
All procedures were approved by the Health Sciences
Institutional Review Board of the University of
Wisconsin—Madison and conformed to the standards
set by the Declaration of Helsinki. All participants provided written informed consent prior to engaging in
study procedures.

Participants
Participants were 120 cognitively asymptomatic
middle-aged adults (mean age 57  5.01 years,
range ¼ 45–66 years, 76% women) from the
Wisconsin Alzheimer’s Disease Research Center,
Investigating Memory in People At risk, Causes and
Treatments (IMPACT) cohort (Table 1). Inclusion criteria required that participants had undergone fasting
blood draw and MRI, including 4D ﬂow MRI measurements from the basilar (BA) and bilateral internal
carotid arteries (ICAs) and pseudo-continuous ASL
(pcASL) perfusion MRI. pcASL scans were reviewed
by a radiologist to rule out presence of signiﬁcant ﬂowlimiting stenosis. All participants were required to have
normal cognitive function, as determined by comprehensive evaluation including the Uniform Data Set
(UDS) neuropsychological test battery and consensus
review (see Table 1), no current diagnosis of major psychiatric illness, and no history of neurological disease
or head trauma. The IMPACT cohort is enriched for
AD risk based on parental history of dementia due to
AD deﬁned as one or both biological parents meeting
criteria for clinical diagnosis.23,24. Parental family history was determined by a validated interview reviewed
by a multidisciplinary diagnostic consensus panel25 or
postmortem neuropathological diagnosis of AD.
Participants who reported at least one biological
parent with a diagnosis of dementia due to AD were
considered positive for parental family history of
dementia due to AD. APOE e4 genotyping was conducted to determine carriage of the e4 allele (see
‘‘APOE e4 genotyping’’ section), a genetic risk factor
known to confer risk for dementia due to AD.
Participants who harbored at least one copy of the e4
allele were deﬁned as APOE e4 positive. Percent of participants with parental family history of dementia due
to AD and percent of participants with APOE e4 carriage are reported in Table 1.
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Table 1. Participant demographics, glucoregulatory, genetic, and cognitive data.
Demographic, glucoregulatory, genetic and cognitive data

Sex
Age (yrs)
Education (yrs)
Waist circumference (cm)
Mean arterial pressure (mm Hg)
Triglycerides (mg/dL)
HDL (mg/dL)
HOMA-IR (FG  FINSL) /405
Diabetes status
Normoglycemic (FG < 100 mg/dL)
Diabetes diagnosis
APOE e4 genotype
APOE e4 (hetero- or homozygous)
Parental family history AD
Cognitive function
MMSE
Immediate memory RAVLT
Delayed memory RAVLT

Whole sample

Control group

MetSyn group

91 women, 29 men
57  5
16.5  2.3
91  17 (women),
99  12 (men)
91  9
102  54
70  20 (women),
50  14 (men)
2.85  3.6

70 women, 20 men
56.4  5.1
16.4  2.4
87  15 (women),
95  10 (men)
90  8.8
90  35.7
73  19 (women),
53  13 (men)
2  1.3

21 women, 9 men
58.7  4.5
16.9  2.1
105  16 (women),
108  13 (men)
93  9.6
139  77.3
59  19 (women),
45  14 (men)
5.4  6.1

109
11

87
3

22
8

51 (43%)
94 (78%)

37 (31%)
72 (60%)

14 (12%)
22 (18%)

29.44  0.73
6.18  1.64
10.33  2.66

29.5  0.75
6.20  1.63
10.51  2.56

29.4  0.67
6.10  1.73
10  2.93

HDL: high-density lipoprotein; HOMA-IR: Homeostatic Model Assessment of Insulin Resistance; FG: fasting glucose; FINSL: fasting insulin; MMSE: MiniMental State Examination; RAVLT: Rey Auditory Verbal Learning Test.

Design and procedure
Cardiovascular risk factors. To assess IR, venipuncture was
performed in the morning after a minimum 12 h fast.
Blood samples were collected in 9 mL polypropylene
tubes and left standing for 30 min to allow for clotting.
Samples were centrifuged at 4 C at 3000 r/min for
10 min. Cell-free plasma/serum was aliquoted into
1.5 mL micro centrifuge tubes and frozen at 80 C
until analyzed at the University of Wisconsin Hospital
and Clinics Laboratory (Madison, WI). To assess fasting
glucose and insulin, plasma was assayed using a hexokinase glucose method (Siemens Dimension Vista) and
serum was assayed using a chemiluminescent immunoassay on an ADVIA Centaur XP Immunoassay System
(Siemens Corporation, Washington, DC). IR was calculated from fasting insulin and fasting glucose using the
HOMA-IR method calculated as HOMA-IR ¼ (fasting
glucose (mg/dL)  fasting insulin (uIU/mL)) / 405. A log
transformation (log base 10) was performed on HOMAIR scores to correct for a skewed distribution. Fasting
blood was also analyzed using lipid panels to assess highdensity lipoprotein (HDL) using accelerator selective
detergent and triglycerides (TGs) were assessed using

glycerol phosphate oxidase. Systolic and diastolic
blood pressures were measured using an automated brachial sphygmomanometer. Mean arterial pressure
(MAP) was estimated using systolic pressure (SP) and
diastolic pressure (DP) at resting heart rate calculated as
MAP ﬃ DP þ 1/3 (SP  DP).
APOE e4 genotyping. APOE e4 genotyping was performed using the fasting blood sample collected at
baseline visit, using standard polymerase chain reaction
(PCR) and deoxyribonucleic acid (DNA) sequencing
techniques. DNA extracted from whole blood was genotyped with the use of homogenous Florescent
Resonance Energy Transfer technology coupled to
competitive allele speciﬁc PCR (LGC Genomics;
Beverly, MA). The National Cell Repository for
Alzheimer’s Disease (NCRAD) also performed genotyping. There was 100% concordance for APOE genotyping between these analyses.
Classification of metabolic syndrome. A secondary analysis
was conducted to examine the association between IR
and arterial blood ﬂow in individuals with a clustering
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of cardiovascular risk factors known as metabolic syndrome. For these analyses, individuals were dichotomized as healthy control or metabolic syndrome group
(i.e. metabolic syndrome (MetSyn)) using published criteria for clinical diagnosis of metabolic syndrome.26
Classiﬁcation required that an individual meet at least
three of ﬁve criteria: (1) central obesity deﬁned by US
criteria as waist circumference >40 in (102 cm) for men
and >35 in (88 cm) for women; (2) elevated TG level:
150 mg/dL (1.7 mmol/L) or drug treatment for elevated TGs; (3) reduced HDL cholesterol (HDL-C):
<40 mg/dL (1.03 mmol/L) in males and <50 mg/dL
(1.29 mmol/L) in women or drug treatment for reduced
HDL-C; (4) systolic blood pressure (BP): 130 mm Hg
or diastolic BP  85 mm Hg or antihypertensive drug
treatment, and/or; (5) elevated fasting plasma glucose
(FPG): 100 mg/dL (5.6 mmol/L) or drug treatment
for elevated glucose. Approximately 25% of the
sample met metabolic syndrome diagnosis criteria.
Magnetic resonance imaging. Participants underwent
scanning on a General Electric 3.0 Tesla Discovery
MR750 MRI system with an 8-channel receive-only
head coil (Excite HD Brain Coil, GE Healthcare).
The body coil was used for radiofrequency (RF) excitation including spin labeling. To reduce interparticipant variability, participants abstained from food,
caﬀeine, tobacco, and medication with vasomodulatory
properties for a minimum of 4 h prior to scanning. T1weighted imaging was acquired in the axial plane with a
3D fast spoiled gradient-echo sequence using the following parameters: inversion time (TI) ¼ 450 ms; repetition time (TR) ¼ 8.2 ms; echo time (TE) ¼ 3.2 ms; ﬂip
angle ¼ 12 ; acquisition matrix ¼ 256  256 mm, ﬁeld of
view (FOV) ¼ 256 mm; slice thickness ¼ 1.0 mm. T1weighted images were used for pcASL processing and
to calculate gray matter volume (GMV) to be used as a
covariate in statistical analyses.
To assess cerebral perfusion, resting CBF assessments were made using a background-suppressed
pcASL sequence,27 featuring a 3D fast spin-echo
spiral sequence that utilizes a stack of variable-density
4 ms readout and eight interleaves. Scan parameters
were TR ¼ 4.9 ms; TE ¼ 10.5 ms; FOV ¼ 240 mm; slice
thickness ¼ 4 mm no gap; matrix size ¼ 128  128;
number of excitations (NEX) ¼ 3; and labeling RF
amplitude ¼ 0.24 mG. Post-labeling delay was
2025 ms. A ﬂuid-suppressed proton density (PD) scan
was acquired with the same imaging sequence/image
slab location as the pcASL but without RF labeling
preparation for cerebral perfusion ﬂow quantitation
and image registration.
To assess arterial blood ﬂow PC MRI data with
three-directional velocity encoding were acquired with
a 3D radially undersampled sequence (PC VIPR),21
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with the following imaging parameters: velocity encoding (venc) ¼ 80 cm/s, imaging volume ¼ 22  22  10
cm3, acquired isotropic spatial resolution ¼ (0.7 mm)3,
TR/TE ¼ 7.4/2.7 ms, ﬂip angle  ¼ 10 , bandwidth ¼
83.3 kHz, 14,000 projection angles, scan time  7 min.
The data were retrospective cardiac gated and reconstructed into 20 cardiac phases using temporal
interpolation.28
MRI processing. The T1-weighted volume was segmented
into tissue classes using the updated segmentation routine in SPM12 (http://www.ﬁl.ion.ucl.ac.uk/spm/software/spm12/), which produces gray, white, and
cerebrospinal ﬂuid (CSF) probability maps. The segmentation procedure also produces a deformation
ﬁeld mapping the T1 image to Montreal Neurological
Institute (MNI) standard space. GMV was derived for
each participant from their gray matter probability
map by summing all non-zero voxels which were then
entered as a covariate in all analyses to control for
interparticipant variability in GMV which was shown
to correlate with arterial blood ﬂow in the current
sample (data not shown).
pcASL processing. The CBF images were processed using
SPM12. Each participant’s PD image was co-localized
to their T1-weighted image and the derived transformation matrix was applied to the CBF map. The coregistered CBF image was then spatially normalized to the
MNI template with resampling to a 2  2  2 mm voxel
size via the deformation ﬁeld produced during the tissue
segmentation. The normalized CBF maps were
smoothed using an 8 mm full-width at half-maximum
Gaussian kernel. Global nuisance eﬀects were controlled for by including a global covariate in the general
linear model (ANCOVA) as a nuisance eﬀect. This
approach is less conservative than proportional scaling
as it does not restrict the model to a simple proportional regression thus allowing diﬀerent relationships
between local and global measurements to exist across
participants.
Flow analysis. Four dimensional ﬂow MRI data were
used to generate PC angiograms to allow for segmentation of the arterial tree, performed in Matlab (The
Mathworks, Natick, MA).29 Interactive ﬂow visualization and selection of planes for quantitative analyses
were conducted using EnSight (CEI, Apex, NC) software. Flow analysis planes of measurements were
manually placed orthogonal to vessel orientation10
allowing for assessment of blood ﬂow at a single segment at a single time point along a vessel. Blood ﬂow
(mL/min) was measured from and assessed in the following vessels: bilateral distal cervical ICA (inferior
ICA), bilateral distal petrous ICA (superior ICA),
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and the BA, approximately 4–5 mm from the vertebrobasilar junction. Mean ﬂow in inferior and superior
segments of the ICA were calculated as an average
(i.e. ICA ﬂow ¼ (inferior ICA ﬂow þ superior ICA
ﬂow)/2) for right and left sides separately. Arterial
blood ﬂow was calculated as the sum of bilateral
ICAs and BA ﬂow (i.e. right ICA ﬂow þ left ICA
ﬂow þ BA ﬂow).

Statistical analyses
To examine the eﬀects of IR on arterial blood ﬂow, as
measured by HOMA-IR and PC VIPR, linear regression analyses were conducted in SPSS (IBM SPSS
Statistics for Mac, Version 21.0. Armonk, NY:
IBM Corp) with HOMA-IR deﬁned as the predictor
variable and arterial blood ﬂow as the dependent
variable. In all analyses, HOMA-IR was treated as a
continuous variable. To allow us to examine unique
eﬀects of HOMA-IR on arterial blood ﬂow, comorbid
vascular risk factors including waist circumference,
MAP, TG, HDL, and total cholesterol were included
as covariates in all statistical models. Age and sex were
included as covariates to account for interparticipant
variance in arterial blood ﬂow as a function of age
and sex. APOE e4 carriage and family history of
dementia due to AD were added as covariates to control for invariable risk factors shown to be associated
with lower CBF and cerebrovascular dysfunction.30,31
Within the study sample, higher GMV correlated with
higher arterial blood ﬂow (data not shown) and was
thus added as a covariate in all analyses. Results for
linear regression conducted in SPSS were considered
signiﬁcant at an alpha of p < 0.05.
Whole-brain multiple linear regression analyses were
conducted in SPM12. To test the hypothesis that higher
HOMA-IR is associated with lower cortical perfusion,
a voxel-wise analysis was conducted to examine the
relationship between HOMA-IR and perfusion as measured with pcASL. Subsequently, we tested for a moderating eﬀect of IR on the relationship between arterial
blood ﬂow (measured with PC VIPR) and cortical perfusion (measured with pcASL) using a voxel-wise multiple regression implemented in SPM12. Covariates
deﬁned in SPM included age, sex, GMV, and comorbid
vascular risk factors, speciﬁcally waist circumference,
MAP, TG, HDL, and total cholesterol. APOE e4 carriage and parental family history of dementia due to
AD were also added as covariates in this model.
Analyses were restricted to gray matter (GM) using
an explicit mask made by thresholding the
International Consortium for Brain Mapping Tissue
Probabilistic Atlases GM map at 0.20. Voxel-wise analyses were considered signiﬁcant at an alpha of
p < 0.001, uncorrected. A cluster threshold of > 50
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voxels was applied to the results to increase anatomic
plausibility.

Results
HOMA-IR and arterial blood flow
Linear multiple regression analysis conducted to examine the relationship between HOMA-IR and arterial
blood ﬂow revealed a signiﬁcant relationship between
HOMA-IR where higher HOMA-IR was associated
with lower arterial blood ﬂow (F[1,107] ¼ 6.15,
p ¼ 0.015). In contrast to HOMA-IR, comorbid vascular risk factors including waist circumference, MAP,
TG, HDL, and total cholesterol were not signiﬁcantly
associated with arterial blood ﬂow. Likewise, APOE e4
status and family history of dementia due to AD were
not signiﬁcant predictors of arterial blood ﬂow.
A follow-up analysis was conducted to determine
whether the signiﬁcant association observed between
HOMA-IR and arterial blood ﬂow was present uniformly or among speciﬁc vessels. To do this, a multiple
regression analysis was conducted with HOMA-IR as
the predictor variable and blood ﬂow through the right
ICA, left ICA and the BA deﬁned as three dependent
measures. Results revealed a signiﬁcant relationship
between HOMA-IR and blood ﬂow in the right ICA
(F[1,108] ¼ 6.14, p ¼ 0.015) and left ICA (F[1,108] ¼ 9.76,
p ¼ 0.002) such that higher HOMA-IR was associated
with lower ICA blood ﬂow (Figure 1a and b). By contrast, HOMA-IR was not signiﬁcantly associated with
blood ﬂow through the BA (F[1,108] ¼ 0.317, p ¼ 0.575
(NS)).

HOMA-IR, arterial blood flow, and cerebral perfusion
Whole-brain voxel-wise analyses were conducted in
SPM12 to test the hypothesis that greater HOMA-IR
is associated with lower cortical perfusion, as indexed
by pcASL. This analysis revealed a main eﬀect of
HOMA-IR on perfusion in several regions of the
brain, speciﬁcally the left middle frontal gyrus, the
right anterior cingulate, the right precentral gyrus,
the right medial frontal gyrus, and the right temporal
lobe (Table 2, Figure 2a–d). Investigation of the relationship between HOMA-IR and pcASL revealed that
higher HOMA-IR was associated with lower cerebral
perfusion in regions of signiﬁcance (e.g. temporal lobe
cluster (F[1,108] ¼ 11.30, p ¼ 0.001), see Figure 2e).
A second whole-brain voxel-wise analysis was conducted to examine whether the concomitant presence of
higher HOMA-IR and lower bilateral ICA blood ﬂow
has a detrimental eﬀect on regional cerebral perfusion.
This analysis revealed a signiﬁcant interaction between
HOMA-IR and bilateral ICA blood ﬂow on cortical
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Figure 1. Relationship between Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) (log 10) and arterial blood flow
(mL/min) through the right (a) and left (b) internal carotid arteries, as assessed by phase contrast-vastly undersampled isotropic
projection reconstruction (PC VIPR).
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Table 2. Regions that showed a significant main effect of HOMA-IR and an interaction of HOMA-IR and arterial blood flow on pcASL
using voxel-wise analyses.
Laterality
Main effect HOMA-IR (Figure 2a–d)
Middle frontal gyrus
L
Anterior cingulate
R
Precentral gyrus
R
Medial frontal gyrus
R
Temporal lobe
R
ICA mean flow  HOMA-IR (Figure 3a)
Superior frontal gyrus
R

k

x

y

z

t

p value

98
65
99
220
64

30
14
30
12
44

36
48
14
42
4

26
0
56
14
32

4.04
3.80
3.73
3.72
3.46

0.0001
0.0001
0.0001
0.0001
0.0001

92

14

60

30

3.71

0.0001

Voxel-wise clusters significant at p ¼ 0.001 (uncorrected) with a cluster extent threshold of > 50. X, Y, and Z coordinates are presented in mm in
Montreal Neurological Institute (MNI) space and statistics represent the peak voxel within each cluster. ICA: internal carotid arteries; R: right; L: left; k:
number of contiguous voxels in cluster.

Figure 2. Regions that showed a significant main effect of Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) on
pseudo-continuous arterial spin labeling (pcASL) perfusion. Higher HOMA-IR was associated with lower cerebral perfusion in the, (a)
right medial frontal gyrus and anterior cingulate, (b) left middle frontal gyrus, (c) right precentral gyrus, and the (d) right temporal lobe.
This relationship is illustrated by the plot of HOMA-IR (log 10) and pcASL values extracted from the right temporal lobe gyrus (e).
Clusters are significant at p ¼ 0.001 (uncorrected) with a voxel extent threshold of > 50.
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Figure 3. Significant interaction of Homeostatic Model
Assessment of Insulin Resistance (HOMA-IR) and mean blood
flow through bilateral internal carotid arteries (ICAs) on pseudocontinuous arterial spin labeling (pcASL) perfusion. A significant
cluster was observed in the right superior frontal gyrus (a) where
higher mean blood flow was associated with greater perfusion in
individuals with lower but not higher HOMA-IR (b). Clusters are
significant at p ¼ 0.001 (uncorrected) with a voxel extent
threshold of > 50. HOMA-IR is presented here as a median split
for graphing purposes only.

perfusion in the right superior frontal gyrus (Table 2,
Figure 3a). Further investigation of this region revealed
a signiﬁcant association between HOMA-IR and bilateral ICA blood ﬂow (F[1,106] ¼ 13.70, p ¼ 0.0001) such
that higher bilateral ICA blood ﬂow was associated
with higher perfusion in the right superior frontal
gyrus among individuals with lower but not higher
HOMA-IR (Figure 3b). Voxel-wise results did not survive family-wise error (FWE) or false discovery rate
(FDR) corrections.

Control versus MetSyn group
Thirty participants met criteria for the MetSyn group,
while 90 individuals did not meet criteria and were
deemed control (see Table 1 for descriptive statistics).
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To examine whether individuals who met criteria for clinical diagnosis of metabolic syndrome were signiﬁcantly
diﬀerent on health measures from those deemed as controls, an analysis of covariance was conducted between
Control and MetSyn groups. Sex, education, APOE e4
status, and history of dementia due to AD were treated as
covariates. Analyses revealed that compared to controls,
the MetSyn group was older (F[1,114] ¼ 5.29, p ¼ 0.023).
As expected, the MetSyn group also showed signiﬁcantly
greater waist circumference (F[1,114] ¼ 37.31, p ¼ 0.0001),
signiﬁcantly higher TGs (F[1,114] ¼ 22.63, p ¼ 0.0001), and
signiﬁcantly lower HDL (F[1,114] ¼ 9.23, p ¼ 0.003).
Furthermore, the MetSyn group had signiﬁcantly
higher fasting glucose (F[1,114] ¼ 19.03, p ¼ 0.0001) and
fasting insulin levels (F[1,114] ¼ 32.07, p ¼ 0.0001) compared to controls which yielded in greater HOMA-IR
(F[1,114] ¼ 26.16, p ¼ 0.0001). Total cholesterol, MAP,
and arterial blood ﬂow did not signiﬁcantly diﬀer between
groups (see Table 3).
Diﬀerences in arterial blood ﬂow between control
and MetSyn, as well as diﬀerences in the relationships
between HOMA-IR and arterial blood ﬂow, were
examined in SPSS. The statistical model tested main
eﬀects of HOMA-IR and MetSyn, as well as an interaction between HOMA-IR  MetSyn, on arterial blood
ﬂow. Covariates included age, sex, waist circumference,
MAP, TG, HDL, total cholesterol, and GMV. Arterial
blood ﬂow was not signiﬁcantly diﬀerent between
MetSyn and control groups and there was no signiﬁcant HOMA-IR  MetSyn group interaction. While the
interaction was not signiﬁcant, follow-up analyses conducted within each group showed that HOMA-IR was
associated with arterial blood ﬂow within the MetSyn
group, with higher HOMA-IR predicting lower arterial
blood ﬂow (F[1,30] ¼ 6.09, p ¼ 0.023). This association
between HOMA-IR and arterial blood ﬂow was not
observed within the control group (Figure 4a and b).

Discussion
DM and metabolic syndrome are associated with a host
of vascular impairments across the lifespan; however,
the relationship between IR and cerebrovascular health
prior to the onset of DM with respect to macrovascular
blood ﬂow and microvessel cerebral perfusion is incompletely known. Thus, we sought to determine the relationship between IR, arterial blood ﬂow, and cerebral
perfusion in a cognitively asymptomatic middle-aged
sample. Secondarily, we investigated associations
between HOMA-IR and macro- and microvascular
blood ﬂow in the context of a cluster of metabolic disease risk factors to determine the relationship between
IR and cerebrovascular health in middle-aged individuals who met clinical diagnosis criteria for metabolic
syndrome. Findings indicated that higher HOMA-IR
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Table 3. Control and MetSyn Groups—comparison across criteria for clinical diagnosis of metabolic syndrome, arterial blood flow,
and gray matter volume.
Measure

Control group
M (SD)

MetSyn group
M (SD)

Statistic

p value

Age (yrs)
Waist circumference (cm)
MAP (mm Hg)
Triglycerides
HDL
Total cholesterol
Fasting glucose (mg/dL)
Fasting insulin (uIU/mL)
HOMA-IR
Arterial BF (mL/min)
Gray matter volume (mL)

56
89
90
91
68
203
90
9
2
718
685

59
106
93
139
55
188
116
17
5.4
698
707

F(1,114) ¼ 5.3
F(1,114) ¼ 37.31
F(1,114) ¼ 2.95
F(1,114) ¼ 22.63
F(1,114) ¼ 9.23
F(1,114) ¼ 3.11
F(1,114) ¼ 19.03
F(1,114) ¼ 32.07
F(1,114) ¼ 6.16
F(1,114) ¼ 0.906
F(1,114) ¼ 1.82

0.023*
0.0001**
0.089
0.0001**
0.003*
0.080
0.0001**
0.0001**
0.0001**
0.343
0.179

(5)
(14)
(9)
(36)
(20)
(34)
(10)
(6)
(1.3)
(117.9)
(61.8)

(5)
(15)
(10)
(77)
(19)
(39)
(54)
(9)
(6)
(150.8)
(62.9)

MetSyn: metabolic syndrome; MAP: mean arterial pressure; HDL: high-density lipoprotein; HOMA-IR: Homeostatic Model Assessment of Insulin
Resistance; BF: blood flow; M: Mean; SD: standard deviation. *Significant at p < 0.05. **Significant at p < 0.001.

was associated with lower arterial blood ﬂow, speciﬁcally in bilateral ICAs. Furthermore, ﬁndings revealed
that higher HOMA-IR was associated with lower cortical perfusion in middle and medial frontal gyri, anterior cingulate, precentral gyrus, and the temporal lobe.
In the context of dementia, both frontal and temporal
regions are known to be vulnerable to AD pathology.
While the mechanism under study is primarily vascular,
it is possible that these regions are particularly vulnerable to neural injury due to accompanying pathological
processes. While this is pure speculation, prior studies
provide support for this notion showing that vascular
risk and biomarkers associated with AD pathology (i.e.
Ab) interact to reduce cortical thickness in brain
regions vulnerable to AD.32 Of note, our results suggest
that IR may have a deleterious eﬀect on CBF compared
to other vascular risk factors and that this process may
occur as early as midlife prior to the development of
metabolic disease or cognitive impairment. Follow-up
studies are needed to determine if the current ﬁndings
generalize to a broader sample. Furthermore, interactions between IR and other pathological processes
that may occur concomitantly with vascular disease in
midlife should be considered.
Additionally, higher blood ﬂow in bilateral ICAs
was associated with higher cortical perfusion in the
right superior frontal gyrus only among individuals
who had lower HOMA-IR. Taken together, the ﬁndings suggest that IR may have an eﬀect on both macrovessels and microvessels, and perhaps more
intriguingly, suggest that IR may contribute to an
uncoupling of arterial blood ﬂow from regional cortical
microperfusion. This uncoupling provides novel evidence that a mismatch of blood ﬂow supply and
demand may occur in discrete brain regions among

individuals with elevated IR. Further research is
needed to examine the relationship between IR and
macro- and microvascular blood ﬂow while considering
other risk factors for cerebrovascular disease.
Vulnerability to dementia as a result of vascular disease may occur through a variety of mechanisms
including atherosclerosis,14 vessel stiﬀening and
increased pulsatility,10 as well as endothelial dysfunction. Reduced cerebral perfusion which is associated
with decreased cerebral oxygen supply results in an
unfavorable metabolic environment that increases
reactive oxygen species (ROS) production and is associated with increased amyloid accumulation, all factors
linked with neurodegeneration and conferred risk for
cognitive changes, including dementia due to AD.33–36
While the underlying mechanisms for IR-related
decreased cerebral perfusion are unknown, studies conducted in obese rats provide evidence that excessive
generation of ROS and uncoupling of the enzyme
nitric oxide synthase attenuates bioavailability of
nitric oxide (NO) and vasodilation in response to insulin levels.37 A decrease in NO bioavailability in obesity
and IR has also been attributed to decreased activity of
the phosphatidylinositol 3-kinase (PI3K) pathway38
and increases in caveolin-1,39 thereby potentially
increasing risk for vascular disease through disruption
of mechanisms involved in normal arterial function.
The present data forms the basis for future mechanistic
studies in humans aimed at identifying mechanisms of
vascular dysfunction in IR that mediates cerebral perfusion. Furthermore, examination of the relationship
among IR, arterial blood ﬂow, and cerebral perfusion
with respect to cerebrovascular risk factors such as
macrovascular events, arterial stiﬀness, and microvascular disease is critically important for developing
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Figure 4. Relationship between Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) and arterial blood flow (phase
contrast-vastly undersampled isotropic projection reconstruction (PC VIPR)) in control (a) and metabolic syndrome (MetSyn) (b)
groups.
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our current understanding of the role of IR in vascular
disease and brain health.
While 4D ﬂow MRI is a recent technological development, investigators from our group have shown that
ﬂow deﬁcits are observed among individuals with attenuated cognitive function,10 including patients with
mild cognitive impairment (MCI) and AD.
Conversely, all participants enrolled in the current
study were cognitively asymptomatic, suggesting that
alterations to macrovascular blood ﬂow and cortical
perfusion may precede overt decrements in cognitive
function. Thus, a major strength of the current study
design is the ability to identify cerebrovascular dysfunction in the absence of cognitive impairment. Taken
together, the data justify the importance for longitudinal studies to examine the eﬀect of IR mediated
CBF changes on cognitive trajectories.
While our group and others have previously found
that metabolic syndrome is associated with lower cortical perfusion6,40,41 less is known about macrovascular
blood ﬂow diﬀerences. While the current study did not
ﬁnd diﬀerences in arterial blood ﬂow between MetSyn
and control groups, we observed that higher HOMAIR was associated with lower macrovascular blood ﬂow
in the MetSyn group, a relationship not observed
among healthy adults. It is important to note, however,
that neither the group comparison nor the interaction
was statistically signiﬁcant and this ﬁnding should be
interpreted with caution. Furthermore, the MetSyn
comparison was limited by an uneven distribution of
individuals across MetSyn and control groups, as well
as limitations in identifying participants completely free
of all vascular risk factors. Even among the control
group, many participants harbored at least one or
two vascular risk factors, a common ﬁnding among
participants in this age range. Further research is
needed to better understand the eﬀects of metabolic
syndrome on brain health in midlife.
A few additional limitations deserve note. Our
sample comprised participants with a variety of vascular risk factors. While signiﬁcant results centered on IR
while controlling for other vascular risk factors, it is
well known that vascular risk factors often occur in
concert. Thus, we cannot rule out that given a larger
group or a more even distribution across groups
MetSyn and control groups that metabolic syndrome
would have had an eﬀect on arterial blood ﬂow.
Research has shown that lower blood ﬂow velocities
are commonly observed in patients with type 2 diabetes, particularly among those with comorbid cardiovascular risk factors.42 While it is known that DM is
associated with reduced blood ﬂow, the relationship
between blood ﬂow velocities in individuals with
higher IR who have not yet converted to a clinical disease state (i.e. DM) is currently unknown. Investigation
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and identiﬁcation of risk factors prior to disease onset
is critical as risk factors at this stage are likely modiﬁable making them primary targets for intervention.
Furthermore, it is not well known if higher IR in
the presence of other cardiovascular risk factors
impairs cerebrovascular blood ﬂow with respect to
macro- and/or microvessels in cognitively asymptomatic individuals in midlife. The current study sought
to investigate the relationship between cardiovascular
risk factors, particularly high IR prior to onset of clinical diagnosis of DM, and cerebrovascular health in
middle-aged individuals. While it is expected that DM
patients in the sample will show decreased CBF overall,
DM patients constituted less than 10% of the overall
study sample. Eight of the 11 DM patients did, however, meet criteria for metabolic syndrome, thus CBF
diﬀerences reported between healthy controls and
MetSyn groups should be interpreted with caution. It
is also important to note that many participants in this
study harbored invariable risk factors for AD, including parental family history of dementia due to AD and/
or carriage of one or two APOE e4 alleles. While we did
not ﬁnd an eﬀect of APOE e4 on arterial blood ﬂow or
cerebral perfusion, we cannot exclude the possibility
that the ﬁndings may not generalize to a non-enriched
population. Furthermore, our sample was largely
composed of women, thus ﬁndings may have limited
generalizability and warrant further investigation in a
broader sample.
Overall, our ﬁndings suggest that among metabolic
and cardiovascular risk factors, IR is a potential predictor of lower arterial blood ﬂow and lower cerebral
perfusion in cognitively asymptomatic middle-aged
adults. Speciﬁcally, as HOMA-IR increased, decreased
macrovascular blood ﬂow, as well as regional microvascular perfusion, were observed. Furthermore, we
observed a signiﬁcant interaction between IR and
macrovascular blood ﬂow on cortical perfusion, providing evidence for an uncoupling of macro- and microvascular ﬂow among individuals with higher IR. As the
prevalence of metabolic and cardiovascular disease
continues to dramatically rise in the US, and given
IR-induced hypoperfusion occurs as early as midlife
and likely younger,43,44 it is of critical importance to
examine and identify modiﬁable risk factors for early
interventions in an eﬀort to promote healthy brain
aging and potentially thwart early pathological changes
associated with IR.
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