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Background-—Abnormal resting arterial stiffness is present in middle-aged and elderly persons with abnormalities of fasting
glucose (diabetes or impaired fasting glucose) and is associated with exercise intolerance. We sought to determine whether these
same persons exhibited stress-related abnormalities of arterial stiffness.

Methods and Results-—We analyzed dobutamine magnetic resonance stress imaging results from 373 consecutively recruited
persons aged 55 to 85 years with normal fasting glucose, impaired fasting glucose, or diabetes who were at risk for but without
symptomatic heart failure. Personnel blinded to participant identifiers measured arterial stiffness (brachial pulse pressure/left
ventricular stroke volume indexed to body surface area, the aortic elastance index [brachial end-systolic pressure/left ventricular
stroke volume indexed to body surface area], and thoracic aortic distensibility) at 80% of the maximum predicted heart rate
response for age. Participants averaged 69�8 years of age; 79% were white, 92% were hypertensive, and 66% were women. After
accounting for hypertension, sex, coronary artery disease, smoking, medications, hypercholesterolemia, and visceral fat, we
observed an effect of glycemic status for stress measures of arterial stiffness in those with diabetes and impaired fasting glucose
relative to those with normal fasting glucose (P=0.002, P=0.02, and P=0.003, respectively).

Conclusion-—Middle- and older-aged individuals with diabetes or impaired fasting glucose have higher stress measures of arterial
stiffness than those with normal fasting glucose. These data emphasize the need for future studies with larger sample sizes to
determine whether stress-related elevations in arterial stiffness are related to exercise intolerance and future episodes of heart
failure experienced by those with abnormalities of fasting glucose.

Clinical Trial Registration-—URL: http://clinicaltrials.gov/. Unique identifier: NCT00542503. ( J Am Heart Assoc. 2015;4:
e000991 doi: 10.1161/JAHA.114.000991)
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A lthough symptomatic congestive heart failure (HF)
occurs more frequently in people who are diabetic and

contributes to their mortality and morbidity,1–4 factors and
mechanisms that precipitate the onset of HF in these persons

are incompletely understood. Those with diabetes often
exhibit abnormal resting stiffness of their proximal thoracic
aorta.5 This condition is associated with advanced age and
systemic hypertension (HTN), increases left ventricular (LV)
afterload,6 diminishes coronary artery perfusion,7,8 stimulates
LV hypertrophy,9–11 and impairs LV diastolic filling,11,12 all of
which can impair LV performance.13

Although resting measures of aortic stiffness are increased
in middle-aged and older persons with abnormalities of fasting
glucose, it is uncertain whether the same persons may
experience abnormalities of stress-related measures of aortic
stiffness. This question is important to address for 2 reasons.
First, in those with abnormalities of fasting glucose, the aorta
exhibits enhanced distensibility and reduced stiffness during
stress in order to propagate blood to working skeletal muscle.
Second, the mechanisms of and contributors to exercise
intolerance and the onset of symptomatic HF in those with
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abnormalities of fasting glucose are not completely under-
stood.13–17

We sought to measure stress-induced metrics of thoracic
aortic stiffening in middle-aged and older persons with
abnormalities of fasting glucose at high risk for but yet to
experience a first episode of symptomatic HF. Our goal
was to compare these metrics with those of other similarly
aged persons with normal fasting glucose (NFG) who were
also at risk for a first episode of symptomatic HF.13 To
accomplish this objective, we performed dobutamine stress
cardiovascular magnetic resonance (CMR) and measured
changes in thoracic aortic stiffness in middle-aged and
older persons with diabetes mellitus (DM), impaired fast-
ing glucose (IFG), and NFG at high risk for developing
incident HF.

Methods

Study Design
The study was approved by the institutional review board of
Wake Forest Health Sciences, and each participant provided
witnessed, written informed consent. The study was
registered with ClinicalTrials.gov (identifier NCT00542503)
and was performed in accordance with National Institutes
of Health grants R01HL076438 and P30AG021332. The
purpose of this joint initiative was to use advanced CMR
imaging techniques to identify rest and stress-induced
cardiac and vascular abnormalities in middle-aged and older
persons that may forecast the development of HF. To
achieve this purpose, those at risk for but yet to develop
symptomatic HF were interviewed, and baseline historical,
physical examination, laboratory, and demographic data
were obtained. This was followed by the administration and
analysis of a dobutamine stress CMR pharmacological
stress test designed to assess cardiac and vascular
function.

Study Population
The study included participants from rural counties of
central and western North Carolina who (1) exhibited risk
factors for but had yet to develop symptomatic HF; (2) had
no contraindication to intravenous dobutamine administra-
tion; (3) had no contraindication for dobutamine stress
CMR, such as CMR-incompatible biometallic implants or
claustrophobia; and (4) had a resting LV ejection fraction
>45%. Study participants were recruited through newspaper
and television advertisements and mailings to randomly
selected persons aged >55 years within Forsyth, Davie, and
Davidson counties of North Carolina. Identification of those
at risk for HF was substantiated through interview and

review of medical records to verify the presence (according
to established diagnostic criteria) of coronary artery disease
(CAD),14 diabetes,15 or HTN16 of >5-year duration. Absence
of symptomatic HF was confirmed by thorough review of
participants’ medical records. Participants then underwent a
dobutamine stress CMR examination in which each partic-
ipant achieved 80% of the maximum predicted heart rate
(HR) response for age without evidence of an inducible LV
wall motion abnormality indicative of ischemia.

Study participants were characterized into 1 of 3 fasting
glucose groups according to criteria established by the
American Diabetes Association15: (1) NFG, defined as those
without a history of diabetes and a fasting serum glucose level
<100 mg/dL; (2) IFG, defined as those without a history of
diabetes and a fasting serum glucose level between 100 and
125 mg/dL; or (3) DM, defined as those with a previous
clinical diagnosis of DM substantiated by a fasting glucose
level >125 mg/dL or receipt of insulin or hypoglycemic drugs
regardless of fasting glucose level.

Dobutamine/Atropine Stress Cardiac Magnetic
Resonance Protocol
The dobutamine stress CMR protocol was accomplished
according to previously published techniques.17,18 Dobuta-
mine CMR images were acquired on a 1.5-T (Siemens
Avanto) whole-body imaging system with a phased-array
cardiothoracic surface coil applied around the chest.
Dobutamine was infused incrementally from low dose
(7.5 lg/kg per minute) to peak dose (20 to 40 lg/kg
per minute), with atropine administered (up to 1.5 mg) to
achieve 80% of the maximum predicted HR response for
age. Cine imaging of the LV short- and long-axis views (2-,
3-, and 4-chamber) were accomplished at rest, at low- and
peak-dose dobutamine, and then after 10 minutes of
recovery. Brachial systolic and diastolic blood pressures
were monitored and measured using a CMR-compatible
sphygmomanometer, and HR was monitored and recorded
with a CMR-compatible monitor throughout each stage of
stress.

CMR Measurements of LV Volumes
According to previously published techniques,19 LV volumes
were measured from the short-axis series of cine white
blood imaging sequences. In each slice, the epicardial and
endocardial contours at end-systole and end-diastole at rest
and at peak stress were drawn, and the LV myocardial
volumes and mass were determined using a modified
Simpson’s rule method.20 Image acquisition parameters
included a 45-ms repetition time, a 1-ms echo time, a 78°
flip angle, a 4009324-mm field of view, a 1929109 matrix,
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an 8-mm-thick slice with a 2-mm gap, and an acceleration
factor of 2.

Measures of Arterial Stiffness
One primary and 2 secondary measures of arterial stiffness
were used in this study. The primary measure of arterial
stiffness was the aortic stiffness index (mm Hg/mL per m2),
which was calculated as the ratio of the brachial artery pulse
pressure (PP; measured by the CMR-compatible sphygmoma-
nometer) relative to the LV stroke volume indexed to body
surface area (SVi).21–23 The PP/SVi has been shown to
correlate with other measures of arterial stiffness (r=0.98,
P<0.001).24

The secondary measures of arterial stiffness included the
aortic elastance index (EaI) and proximal thoracic aortic
distensibility (AoD). The EaI was measured as the ratio of end-
systolic pressure to LV stroke volume index (mm Hg/mL per
m2), in which end-systolic pressure was estimated by
multiplying the brachial arterial systolic blood pressure by
0.85. Previously, this metric to assess end-systolic pressure
has been shown to correlate well with that obtained invasively
(r=0.98, P<0.0001).25 Redfield et al studied EaI in correlation
with the development of diastolic dysfunction and adjusted
the EaI for changes in HR and peripheral vascular resistance.
Similarly, we studied changes in HR and systemic vascular
resistance to assess whether changes in EaI reflected that of
arterial stiffness. The HR was recorded, and the systemic
vascular resistance index was estimated from the measured
cardiac output and the mean arterial pressure calculated from
the measured systolic and diastolic blood pressures.26

Chandler et al extensively validated the use of EaI in
assessing sex- and age-related differences in arterial stiffness
with rest and stress by measuring the ventricular volumes
using noninvasive nuclear isotope imaging.27

Although PP/SVi represents a measure of the pulsatile
load of the entire vascular system, EaI represents a net
measure of the resistive and pulsatile load.28 EaI is related
directly to the HR and peripheral vascular resistance and
inversely related to aortic compliance.28 In addition to the
measures of aortic stiffness, we measured the HR and
calculated the systemic vascular resistance index to assess
the influence of these parameters on the EaI. The HR was
recorded, and the systemic vascular resistance index was
estimated from the measured cardiac output and the mean
arterial pressure calculated from the measured systolic and
diastolic blood pressures.26

According to previously published techniques,5,29 proximal
thoracic AoD (10�3 mm Hg�1) was measured in the ascend-
ing thoracic aorta 4 cm distal to the aortic annulus.5 Proximal
thoracic AoD was defined as the ratio of the cardiac cycle-
dependent (systole–diastole) changes in the area of the

ascending aorta divided by the PP corrected for the resting
end-diastolic vessel area. Imaging parameters included a
phase contrast gradient-echo sequence with a 34-cm field of
view, a 10-ms repetition time, a 1-ms echo time, a 20° flip
angle, an 8 mm-thick slice, a 2569224 matrix, a 32-kHz
bandwidth, and velocity encoding of 150 cm/s.

Body Composition
According to previously published techniques, assessments
of body composition were determined from dark blood T1-
weighted single-inversion recovery images of the abdo-
men.30 Visceral and subcutaneous fat were determined
from the planimetered areas of high signal intensity on a
T1-weighted image in an axial slice at the level of the L4 to
L5 vertebra.30

Statistical Analysis
Descriptive statistics were initially examined among the 3
groups (NFG, IFG, and DM). Next, comparisons were obtained
of rest and stress measures of PP/SVi, EaI, and AoD between
those with NFG and IFG and those with NFG and DM using an
ANCOVA approach with PROC GLM in SAS version 9 (SAS
Institute). Because the mean values of stiffness differed
among the 3 fasting glucose groups, we sought to ensure that
these differences were not related to differences in age within
these cohorts. To address this potential issue, we used
ANOVA to assess the effect of glycemic status after
accounting for age. Two post hoc, pair-wise comparisons
were made between the IFG and DM groups versus the NFG
group. Two pair-wise comparisons were proposed a priori,
NFG versus IFG and DM. To control the overall false-positive
rate, these pair-wise comparisons were made only if the
overall glycemic main effect was significant. We repeated the
analysis after accounting for HTN, smoking, hypercholester-
olemia, sex, CAD, visceral fat, and cardiovascular medication
use that included angiotensin-converting enzyme inhibitors, b-
blockers, diuretics, and vasodilators. We included visceral fat
in our adjustment because abnormalities of fasting glucose
often occur in the setting of obesity as the result of increases
in abdominal or visceral fat.

We initially performed an analysis of effect of glycemic
status, effect of stress, and glycemic status–stress interaction
in the overall population. A large study involving 3499 persons
in the Multi-Ethnic Study of Atherosclerosis (MESA) cohort
demonstrated an age threshold beyond which abnormalities
of fasting glucose had no influence on resting arterial
stiffness. The age threshold identified in this study was
65 years. Consequently, we performed effect of glycemic
status, effect of stress, and glycemic status–stress interaction
only in the group aged 55 to 64 years.
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For all analyses, a P value <0.05 was considered signif-
icant. Results were expressed as mean�SE of the estimate
unless stated otherwise.

Results
There were 373 consecutively enrolled persons who met the
entry criteria, and their demographic, cardiac, and hemody-
namic measures are shown in Table 1. Those with DM were
more frequently men and exhibited higher body mass index
(P=0.0008), more visceral fat (P<0.0001), higher incidence of
hypercholesterolemia (P<0.05) and smoking (P<0.05), and
lower incidence of HTN relative to those with NFG (P=0.007).
Statin use was significantly higher among those with DM
compared with those with NFG (P=0.01).

Resting measures of arterial stiffness after accounting for
sex, HTN, CAD, hypercholesterolemia, smoking, visceral fat,
and cardiovascular medication use are shown in Table 2.
There were no statistically significant differences in resting
measures of arterial stiffness (PP/SVi, EaI, and AoD) among
the 3 groups.

Similar to resting measures of arterial stiffness, stress
measures were also adjusted for sex, HTN, CAD, hypercho-
lesterolemia, smoking, visceral fat, and cardiovascular med-
ication use. After intravenous dobutamine, overall differences
in stress PP/SVi and EaI were noted between those with NFG
and IFG (P=0.002 and P=0.009, respectively) (Figures 1 and
2), with a trend toward significance for AoD, (P=0.34)
(Figure 3). Similarly, there were differences between those
with NFG and DM for stress PP/SVi and stress AoD (P=0.001
and P=0.004, respectively) (Figure 1), and a trend toward
significance was noted for EaI (P=0.15) (Figure 1).

To examine more fundamental components of the EaI, we
measured both HR and systemic vascular resistance index.
The NFG, IFG, and DM groups all had similar increases in HR
(65�3 versus 67�2 versus 64�2 beats per minute, respec-
tively; P=0.59) and decreases in systemic vascular resistance
index (�1.89�0.14 versus �1.73�0.10 versus
1.71�0.08 dynes/s per cm�5, respectively; P=0.36). This
suggests that the differences in EaI among the 3 groups were
most likely the result of differences in arterial stiffness.

In addition to the pair-wise comparisons already noted, we
measured the effect of glycemic status on stress arterial
stiffness in the overall population, regardless of age. An effect
of glycemic status was noted for stress PP/SVi, EaI, and the
AoD (P=0.002, P=0.02, and P=0.003, respectively), as shown
in Table 3. However, the effect of stress was statistically
significant only for EaI (P=0.001), with a trend toward
significance for AoD (P=0.2) and no statistical significance
for PP/SVi. No evidence of glycemic status–stress interaction
was found (P=0.56, P=0.69, and P=0.10, respectively) for PP/
SVi, EaI, and AoD in the overall population.

As noted, we performed effect of glycemic status, effect of
stress, and glycemic status–stress interaction subsequently in
the group aged 55 to 64 years. Table 3 shows a trend toward
significance for the effect of glycemic status (P=0.09, P=0.05,
and P=0.39 for PP/SVi, EaI, and AoD, respectively), effect of
stress (P=0.08, P=0.06, and P=0.12, respectively) and a
glycemic status–stress interaction (P=0.39, P=0.09, and
P=0.07,respectively) in the group aged 55 to 64 years.
Although we cannot state with statistical confidence that
there is differential response of arterial stiffness to dobuta-
mine in those with IFG or DM relative to those with NFG in
those aged <65 years, these results should generate other
hypotheses and could help explain the exercise intolerance of
those with DM and IFG.

Discussion
This study has 2 important findings. First, those with diabetes
and IFG at high risk for a first episode of symptomatic HF
exhibit higher stress measures of arterial stiffness compared
with those with NFG, even after accounting for other
cardiovascular comorbidities such as HTN or preexisting
CAD (Figure 1). Second, in addition to total cardiovascular
stiffness, the distensibility of the proximal ascending aorta
with dobutamine is impaired in those with IFG or DM relative
to those with NFG. The latter conclusion extends prior
observations showing impaired ascending AoD at rest in those
with DM or IFG in a MESA cohort.24 Our results showing
possible glycemic status–stress interactions in those aged
<65 years can elicit other hypotheses and necessitate
validation in a cohort adequately powered to test those
hypotheses. The results of this study provide new information
regarding the impact of both IFG and DM on stress-related
measures of aortic stiffening in persons at risk for but yet to
experience symptomatic HF.

The administration of intravenous dobutamine in younger
persons has been shown previously to reduce aortic imped-
ance and improve aortic compliance.31 Binkley et al demon-
strated a downward shift in the input impedance spectrum
consistent with an increase in aortic compliance after
administration of intravenous dobutamine.31 Commensurate
with the results from Binkley et al, we observed a glycemic
status–stress interaction with a trend toward significance only
in the group aged 55 to 64 years.

Among 3499 persons aged 45 to 80 years without known
CAD from the MESA cohort, those with abnormal fasting
glucose (IFG and DM) exhibited increased resting measures of
arterial stiffness, carotid arterial wall thickness, and LV
hypertrophy relative to their counterparts with NFG.24 In the
current study, we examined stress-related measures of aortic
stiffness in participants at risk for a first episode of
symptomatic HF. Importantly, we discovered that those with
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Table 1. Demographic Characteristics, Hemodynamics, and CMR Volumetric Assessments

NFG (n=81) IFG (n=128) DM (n=164)

Demographics

Age, y 70�8 70�8 68�7

Men 29 (36) 60 (47) 86 (52)*

Race/ethnicity

White 64 (79) 107 (84) 124 (76)

Black 14 (17) 18 (14) 35 (21)

Hispanic 3 (4) 1 (0.8) 2 (1.2)

Asian 0 (0) 2 (1.6) 3 (1.8)

Body mass index, m/kg2 28.5�6.6 29.5�4.8 31.5�6.5*

Height, cm 172�39 169�10 169�11

Weight, kg 81�20 84�17 89�18*

Subcutaneous fat, m2 210�118 206�96 229�124

Visceral fat, m2 150�75 195�95† 213�102*

Hypertension 77 (95) 123 (96) 142 (87)*

Coronary artery disease 26 (32) 38 (30) 41 (25)

Hypercholesterolemia 54 (67) 93 (73) 131 (80)*

Smoking 31 (38) 54 (42) 86 (53)*

Medications

Angiotensin-converting enzyme inhibitor 33 (41) 53 (41) 85 (52)

Angiotensin receptor blocker 6 (7) 8 (6) 7 (4)

Statin 46 (57) 75 (59) 119 (73)*

b-Blocker 35 (43) 58 (45) 60 (37)

Calcium channel antagonist 16 (20) 38 (30) 42 (26)

CMR measures

LVEDV, mL 122 (48) 117 (30) 121 (30)

LVESV, mL 44 (17) 42 (17) 45 (17)

SV, mL 74 (17) 75 (18) 76 (20)

LVEF 64 (7) 64 (8) 63 (8)

LV mass, g 123 (32) 129 (33) 134 (36)*

LVEDVI, mL/m2 63 (20) 60 (14) 60 (13)

LVESVI, mL/m2 23 (8) 22 (9) 23 (8)

SVI, mL/m2 39 (8) 38 (8) 38 (9)

LVMI, g/m2 64 (13) 66 (13) 67 (15)

Rest cardiac index, L/min per m2 2.4 (0.5) 2.4 (0.5) 2.5 (0.6)

Stress cardiac index, L/min per m2 4.6 (1.1) 4.5 (1.2) 4.7 (1.2)

Hemodynamics

Resting heart rate, beats/min 63 (10) 64 (10.0) 66 (12)*

Resting SBP, mm Hg 139 (15) 140 (17) 139 (16)

Resting DBP, mm Hg 79 (12) 78 (12) 77 (12)

Resting pulse pressure, mm Hg 60 (13) 62 (15) 62 (17)

Stress heart rate, beats/min 123 (15) 124 (16) 126 (13)

MPHR 82 (9) 82 (10) 83 (8)

Continued
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IFG or DM have higher stress measures of arterial stiffness
than those with NFG; this included both total cardiovascular
stiffness and the ascending aortic stiffness. These results

remained unchanged after accounting for other risk factors
for HF. To further delineate the role of glycemic status in
modifying the stress response of arterial stiffness, we

Table 1. Continued

NFG (n=81) IFG (n=128) DM (n=164)

Stress SBP, mm Hg 119 (22) 128 (25)† 133 (24)*

Stress DBP, mm Hg 65 (15) 70 (20) 71 (18)*

Stress pulse pressure, mm Hg 54 (19) 58 (18) 62 (18)*

Stress/resting pulse pressure 0.9 (0.4) 0.98 (0.4) 1.1 (0.6)*

Values expressed as mean�SD or number (percentage). CMR indicates cardiovascular magnetic resonance; DBP, diastolic blood pressure; DM, diabetes mellitus; IFG, impaired
fasting glucose; LV, left ventricular; LVEDV, left ventricular end-diastolic volume; LVEDVI, left ventricular end-diastolic volume index; LVEF, left ventricular ejection fraction; LVESV,
left ventricular end-systolic volume; LVESVI, left ventricular end-systolic volume index; LVMI, left ventricular mass index; MPHR, maximum predicted heart rate; NFG, normal fasting
glucose; SBP, systolic blood pressure; SV, stroke volume; SVI, stroke volume index.
*P<0.05 for NFG vs DM.
†P<0.05 for NFG vs IFG.

Table 2. Resting Measures of Aortic Stiffness After Accounting for Sex, Hypertension, Coronary Artery Disease, Dyslipidemia,
Smoking, Visceral Fat, and Cardiovascular Medication Use

NFG IFG DM
P Value,
Glycemic Effect P Value, (NFG vs IFG) P Value, (NFG vs DM)

Rest PP/SVI, mm Hg/mL per m2 1.55 (0.06) 1.68 (0.05) 1.71 (0.04) 0.10 0.06 0.05

Rest EaI, mm Hg/mL per m2 3.28 (0.09) 3.48 (0.08) 3.50 (0.07) 0.41 0.28 0.19

Rest AoD1, 10�3 mm Hg�1 1.34 (0.11) 1.45 (0.09) 1.38 (0.08) 0.49 0.33 0.96

Values are expressed as mean (SE). AoD indicates aortic distensibility; DM, diabetes mellitus; EaI, aortic elastance index; IFG, impaired fasting glucose;
NFG, normal fasting glucose; PP/SVI, pulse pressure/stroke volume index.

Figure 1. Adjusted arterial stiffness as assessed
by pulse pressure/stroke volume index (PP/SVi) in
the overall population. There is a difference in
stress PP/SVi between those with NFG and IFG in
addition to the differences between NFG and DM.
DM indicates diabetes mellitus; IFG, impaired
fasting glucose; NFG, normal fasting glucose.

Figure 2. Adjusted arterial stiffness as assessed
by aortic elastance index (EaI) in the overall
population. Similar to pulse pressure/stroke volume
index, with stress, those with NFG have lower EaI
compared with those with IFG or DM, with a trend
toward significance between those with NFG and
DM. DM indicates diabetes mellitus; IFG, impaired
fasting glucose; NFG, normal fasting glucose.
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assessed the glycemic status–stress interaction only in the
group aged 55 to 64 years. The rationale for this approach
was the finding of a threshold age of 65 years for the effect of
fasting glucose on resting arterial stiffness in a large MESA
cohort., These results raised the possibility that middle-aged
and older persons with IFG or DM at risk for a first episode
of symptomatic HF may in fact experience a differential
response compared with those with NFG when exposed to an
external stress. This paradoxical increase could inadvertently
raise LV end-diastolic pressure, inhibit left atrial ejection, and
raise pulmonary capillary wedge pressure leading to pulmo-
nary edema.32 Our results demonstrate the need to validate
this possibility in a cohort that is adequately powered to

detect a differential response of arterial stiffness in persons
with differing glycemic status.

One of several etiologiesmay be responsible for the increase
in stress-related aortic stiffness in the setting of abnormal
fasting glucose. Glycation of the extracellular matrix, including
both collagen33,34 and elastin,35 is noted with aging and is
accelerated in hyperglycemic states. This glycation results in
decreased flexibility and elasticity, increased fragmentation,
and increased resistance to proteolysis.36 In addition, athero-
sclerosis, inflammation, and decreased endothelial function37

also decrease vascular function in the setting of hyperglycemia.
Using magnetic resonance, we were able to examine several

of the components of rest- and stress-related measures of
cardiovascular stiffness to gain insight into potential mecha-
nisms by which abnormal glucose states could influence stress-
related changes in arterial stiffening. Our measures of arterial
elastance reflect net measures of the pulsatile and resistive
load on the left ventricle. Regardless of whether participants
were aged <65 or ≥65 years, dobutamine-related changes in
HR and peripheral vascular resistance were relatively similar
across the 3 groups. This suggests that the abnormalities in EaI
observed in this study were related to differences in pulsatile
load as opposed to the resistive load of the vascular system.

Stress measures of AoD in the ascending thoracic aorta
were higher in those with DM relative to those with NFG. This
suggests that the mechanism by which abnormalities of fasting
glucose (IFG or DM) increase aortic stiffening are related to
adverse effects on the pulsatile load of the left ventricle that
involve the ascending thoracic aorta. Interestingly, the proximal
thoracic aorta has been the site in which the aorta stiffened at
rest in persons with DM or IFG enrolled in MESA.24

Because abnormalities of fasting glucose often occur in the
setting of obesity related to increases in abdominal or visceral
fat, we examined whether the relationship between dobuta-
mine-induced change in aortic stiffness and fasting glucose
was mediated by the presence of visceral fat. Previous studies

Figure 3. Adjusted aortic distensibility (AoD) of
the ascending aorta at stress in the overall group.
There are differences in stress AoD between those
with NFG and those with DM, with a trend toward
significance between those with NFG and IFG. DM
indicates diabetes mellitus; IFG, impaired fasting
glucose; NFG, normal fasting glucose.

Table 3. Effect of Glycemic Status on Stress Arterial Stiffness

Stress Measures Glycemic Effect Stress Effect Glycemic–Stress Interaction

Overall group

PP/SVi 0.002 0.89 0.56

EaI 0.02 0.001 0.69

AoD 0.003 0.20 0.10

Group aged 55 to 64 years

PP/SVi 0.09 0.08 0.39

EaI 0.05 0.06 0.09

AoD 0.39 0.12 0.07

AoD indicates aortic distensibility; EaI, aortic elastance index; PP/SVI, pulse pressure/stroke volume index.
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have shown an independent relationship between increases in
thoracic aortic wall thickness and visceral fat presumed
secondary to the release of adipokines and increases in both
systemic inflammation and insulin resistance.30,36,38 Accord-
ing to previously published techniques, we measured visceral
fat within the abdomen30 and found that for those aged 55 to
85 years, abnormalities of fasting glucose remained associ-
ated with paradoxical increases in arterial stiffening after
pharmacological stress, even after adjusting for the presence
of visceral fat. These findings suggest that the relationship
between abnormalities of fasting glucose and abnormal
stress-related increased in aortic stiffening occurs regardless
of visceral fat content.

Our study exhibits some limitations. First, the majority of
our subjects were white. Insufficient numbers of partici-
pants were present to examine the effects of impaired
abnormalities of fasting glucose on stress-related measures
of arterial stiffening after accounting for those of differing
ethnicity and race. Second, we were unable to unequivo-
cally demonstrate a glycemic status–stress interaction and
a glycemic status–stress–age interaction due to the limited
sample size of our cohort. Consequently, we cautiously
approach our findings as hypothesis generating, and they
will need confirmation in a cohort with a larger sample size.
Third, we used brachial assessments of PP in our calcu-
lations. Although brachial PP can serve as a surrogate for
central aortic pressure and has been extensively published
in community studies and large cohort studies,26 it is likely
that greater accuracy could be achieved with invasive
measures of central aortic pressure. Fourth, our cross-
sectional sampling and study design do not allow us to
prove causality. Importantly, studies such as this provide
important information about associations from which further
studies of causation can be planned.

In conclusion, pharmacological stress-related measures of
aortic stiffness are elevated in middle-aged and older persons
with DM or IFG. Because abnormal increases in stress
measures of aortic stiffness impair coronary artery perfusion
and stimulate of LV hypertrophy, these results highlight the
need for further investigation into whether abnormal fasting
glucose–related changes in stress-induced arterial stiffness
may precipitate symptomatic HF or serve as a therapeutic
target and for risk factor modification to mitigate acute HF
exacerbations in older persons with diabetes or prediabetic
states.
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