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Abstract

Background: The cross-sectional associations of cardiac autonomic neuropathy (CAN) with pulse wave analysis
(PWA) measures (both arterial stiffness and myocardial perfusion) have not been explored in type 1 diabetes,
despite recognition of an association of CAN with coronary artery disease.
Methods: Both CAN and PWA measures were obtained from 144 participants of the Pittsburgh Epidemiology of
Diabetes Complications Study of childhood-onset type 1 diabetes at the 18-year follow-up examination. CAN
was measured as variability in the R-R interval during deep breathing, and PWA was performed using
SphgymoCor Px (AtCor Medical, Sydney, Australia). Other clinical and demographic factors were also assessed.
Univariate and multivariable analyses for associations with CAN were performed for arterial stiffness measures
(augmentation index [AIx] and augmentation pressure [AP]) and a myocardial perfusion measure (sub-
endocardial viability ratio [SEVR]).
Results: Presence of CAN was univariately associated with all three PWA measures: AIx (odds ratio [OR] = 1.5,
P = 0.03), AP (OR = 2.1, P = 0.001), and SEVR (OR = 0.4, P <0.001). These relationships persisted after adjustment for
potential PWA confounders. Adjusting for age and diabetes-related factors (glycosylated hemoglobin, systolic blood
pressure, and overt nephropathy), CAN only remained significantly associated with SEVR (OR = 0.3, P = 0.005).
Conclusions: CAN is cross-sectionally associated with measures of both increased arterial stiffness and de-
creased myocardial perfusion in type 1 diabetes; however, only the association with decreased estimated
myocardial perfusion persisted in fully adjusted models. These results provide potential insight into the CAN
association with coronary artery disease.

Introduction

Cardiovascular disease causes 50% of the deaths
worldwide in individuals with diabetes,1 especially for

young adults with type 1 diabetes, among whom the risk of
coronary artery disease is increased by 10-fold.2 Most of this
excess risk can be attributed to atherosclerosis, which itself is
strongly linked to vascular aging and health.3,4 Several fac-
tors, including age and glycemic status, may influence vas-
cular health, but of particular interest in diabetes is autonomic
neuropathy (AN), a complication of diabetes shown to predict
both cardiovascular events and mortality.5 The autonomic
nervous system regulates heart rate and vascular tone, and
individuals with AN are likely to have increased arterial
stiffness and decreased myocardial perfusion, which can be
assessed using noninvasive pulse wave analysis (PWA). We
recently described a relationship between cardiac AN (CAN)

and both increased arterial stiffness and decreased estimated
myocardial perfusion measured 18 years later, although be-
cause we did not have PWA measures at baseline, the temporal
relationship between these and CAN is unclear.6 In this report,
we therefore further examine the cross-sectional association of
CAN with these PWA measures to determine (1) whether an
independent association exists beyond other potentially con-
founding or mediating variables like age, glycemic control, and
renal disease and (2) whether the strength of the association
varies according to the type of PWA measure.

Subjects and Methods

Study population

The sample for this analysis comes from the Pittsburgh
Epidemiology of Diabetes Complications (EDC) Study, com-
prising individuals diagnosed (or seen within 1 year of
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diagnosis) with childhood-onset (age <17 years) type 1 diabe-
tes at Children’s Hospital of Pittsburgh (Pittsburgh, PA) be-
tween 1950 and 1980 and placed on insulin therapy at
discharge.7,8 Baseline examination (n = 658) occurred in 1986–
1988, and the most recent examination (18-year follow-up,
n = 309) occurred between November 2004 and November
2006. The 309 participants at follow-up represents 70.4% of
those alive and locally residing. The non-participants at the 18-
year follow-up were significantly older, with longer duration of
diabetes and higher glycosylated hemoglobin (HbA1c) levels
and complication rates (P <0.001 for all). Of note is that of the
participants at baseline, 140 (21%) had died by the 18-year
follow-up, and 79 (12%) had moved out of the area. This ex-
amination included PWA, which began part way through the
examination period (after January 2006) and was performed on
144 participants. Comparisons between the PWA participants
and non-participants have been published elsewhere.6 No
differences existed with respect to age, duration of diabetes,
sex, HbA1c level, or complication rates. The only difference was
a slightly higher heart rate in PWA participants (76.0 vs. 73.1
beats/min, P = 0.04). This study was approved by the Uni-
versity of Pittsburgh Institutional Review Board.

Data collection

The PWA measures examined herein were augmentation
index (AIx), augmentation pressure (AP), and subendocardial
viability ratio (SEVR), which were derived via waveforms
measured at the radial artery using a SphygmoCor Px version
7.01 (AtCor Medical, Sydney, Australia), as previously de-
scribed.9 In brief, a high-fidelity micromanometer with a fre-
quency response of > 2 kHz (Millar Instruments, Houston,
TX) was gently pressed over the right radial artery until a
consistent waveform was produced. Measurement was
stopped after obtaining ‡ 20 sequential waveforms. Central
pressure values were estimated from radial measurements
using the software’s mathematical transfer function,9,10 the
accuracy and reliability of which have been validated.11 As
the left ventricle contracts, the pressure wave moves forward
in the major vessels until meeting sites of resistance, which
reflect the wave backward. Stiffer artery walls result in earlier
wave reflection.12 When the reflected wave returns during
systole rather than diastole, the systolic pressure is aug-
mented, and this AP is the portion of the central systolic
pressure contributed by the early reflected wave. AIx is ex-
pressed as a percentage of the pulse pressure (AIx = AP/pulse
pressure · 100) and reflects the level of augmentation mea-
sured. Heart rate is inversely associated with AIx and AP.13

SEVR, the ratio of the diastolic area under the curve of an
arterial pulse wave to the systolic area under the curve,14 is a
ratio of myocardial perfusion (because coronary artery per-
fusion takes place primarily during diastole) to myocardial
contraction, and it serves as a noninvasive, tonometric mea-
sure of myocardial perfusion relative to cardiac workload.
Finally, the SphygmoCor device provides a quality index (QI),
representing the reproducibility of the waveform. Only
measures with a QI ‡ 80 were included in this study.

CAN was defined in the EDC as a history of an abnormal
heart rate response to deep breathing (expiration–inspiration
ratio of <1.1). Symptomatic AN (SAN) was defined by both
an abnormal expiration–inspiration ratio ( <1.1) and at least
two positive responses to 21 questions asked during the EDC

physician examination (using the Diabetes Control and
Complications Trial clinical protocol) about symptoms of AN
(e.g., gastroparesis, incontinence, impotence).15 Other clinical
variables of interest included systolic and diastolic blood
pressure, heart rate, height, weight, and waist and hip cir-
cumferences, using standardized protocols previously de-
scribed.7 Body mass index and waist-to-hip ratio were then
calculated from these measurements. Self-reported medica-
tion use, alcohol consumption (drinks/week), current and
ever smoker status ( ‡ 100 cigarettes during lifetime), and
physical activity were also obtained.16 Some medications
have been shown to have an effect on PWA measurements
(angiotensin converting enzyme inhibitors, angiotensin II re-
ceptor blockers, calcium channel blockers, b-blockers, and
nitrates) and were grouped as ‘‘pulse wave-influencing
drugs’’ (PWIDs) for analysis.17

Blood samples drawn at the 18-year examination were used
to obtain lipid, HbA1c, and serum creatinine levels, as well as
complete blood counts, based on standardized protocols.
Urinary albumin levels from at least two validated timed
collections were measured by immunonephelometry and
used to calculate albumin excretion rates.18

Statistical analysis

Student’s t test (or Mann–Whitney U test for nonparametric
comparisons) and the v2 test were used as appropriate to
compare by CAN status. Pearson’s and Spearman’s correla-
tions were used for bivariate correlations for normal and non-
normally distributed variables, respectively. For regression
modeling, all continuous variables were converted to z-scores.
Stepwise logistic regression was performed for prevalent
CAN. Values of P <0.05 were considered statistically signifi-
cant. SPSS version 18.0 (SPSS, Chicago, IL) was used for all
analyses.

Results

Cross-sectional characteristics of the PWA population from
the Pittsburgh EDC Study are listed by CAN status in Table 1.
Overall, 54.2% (n = 78) of this cohort had prevalent CAN, with
a mean duration of type 1 diabetes of 36.4 years. CAN status
did not differ by sex (P = 0.25) or smoking history (P = 0.08),
but those with CAN were significantly older (P <0.001) and
had a longer duration of diabetes (P <0.001). All three PWA
measures significantly differed by CAN status as well: both
AIx and AP were higher and SEVR was lower in the group
with CAN.

Those with prevalent CAN were more likely to have other
co-morbidities (cardiovascular or renal disease) and were
more likely to be taking a medication with potential effects on
pulse wave measures, specifically, angiotensin converting
enzyme inhibitors/angiotensin II receptor blockers or calcium
channel blockers (Table 1). Systolic blood pressure, albumin
excretion rate, and serum creatinine were significantly higher
in individuals with CAN (P <0.001 for all); however, HbA1c,
diastolic blood pressure, cholesterol levels, and body mass
index did not vary by CAN status.

AIx, AP, and SEVR were all univariately associated with
prevalent CAN (Table 2). These associations with CAN be-
came stronger after adjusting for potential confounders (i.e.,
sex, heart rate, height [for AIx and AP only], and PWID use) in
multivariable logistic regression modeling (Table 2, Model 1).
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Standardized unit increases in AIx and AP were associated
with a twofold (odds ratio [OR] = 2.1; 95% confidence interval
[CI] 1.3–3.4) and a threefold (OR = 3.0; 95% CI 1.7–5.4) in-
creased chance of CAN, respectively, whereas a standardized
unit increase in SEVR was associated with a significantly
decreased (OR = 0.2; 95% CI 0.1–0.4) chance of CAN. On ad-
justing for other variables, it was noted that age eliminates
the significant associations between both AIx and AP and
prevalent CAN (Table 2, Model 2). However, although the
addition of age diminished the statistical significance of the
SEVR–CAN association, the relationship in the fully adjusted
model remained highly significant (P = 0.005). Likewise, when
individuals with SAN (n = 28) were excluded from analyses,
the SEVR–CAN relationship remained in the final model
(P = 0.006).

Because of the potential differential effect of the various
PWIDs, multivariable models were performed after excluding
each PWID use group, except for angiotensin converting en-
zyme inhibitor/angiotensin II receptor blocker use (as most
participants [56%] reported angiotensin converting enzyme
inhibitor/angiotensin II receptor blocker use). Participants
reporting such use were analyzed separately (data not
shown), and SEVR, but not AIx or AP, remained significant in
fully adjusted models, similar to the findings in Table 2,
Model 2. All of the exclusion models produced results similar
to those in Table 2 except for models that excluded nitrate use,
a finding we have previously seen in associations between
PWA variables and coronary artery disease.19 Higher AIx
(OR = 1.8; 95% CI 1.1–3.1; P = 0.03) and AP (OR = 2.3; 95% CI
1.2–4.6; P = 0.02) were each significantly related to CAN in

Table 1. Characteristics of the Pittsburgh Epidemiology of Diabetes Complications Pulse Wave Analysis

Cohort by Cardiac Autonomic Neuropathy Status

CAN status

Characteristic Overall No CAN CAN

% (n) 100.0 (144) 45.8 (66) 54.2 (78)
Demographic

Female sex 50.7 (73) 45.5 (30) 55.1 (43)
Age (years) 44.6 – 7.4 40.6 – 6.0 48.1 – 6.8***
Duration of diabetes (years) 36.4 – 6.8 34.2 – 5.8 38.3 – 7.0***
Ever smoker 39.6 (57) 31.8 (21) 46.2 (36)

Key variable
AIx (%) 23.0 – 11.0 20.8 – 10.7 24.9 – 10.9*
AP (mm Hg)a 8.0 (5.0–12.0) 6.0 (3.8–9.3) 9.5 (6.0–14.0)***
SEVR (%) 142.2 – 31.1 156.0 – 30.0 130.5 – 27.1***
Prevalent CAD 23.1 (33) 15.4 (10) 29.5 (23)*
Prevalent MA 60.1 (86) 43.9 (29) 74.0 (57)***
Prevalent ON 26.8 (38) 10.6 (7) 40.8 (31)***
Prevalent ESRD 9.0 (11) 0.0 (0) 16.2 (11)***

PWID use 62.5 (90) 47.0 (31) 75.6 (59)***
ACEI/ARB use 55.6 (80) 43.9 (29) 65.4 (51)**
ACEI use 44.4 (64) 36.4 (24) 51.3 (40)
ARB use 14.6 (21) 10.6 (7) 17.9 (14)
CCB use 12.5 (18) 1.5 (1) 21.8 (17)***
b-Blocker use 11.1 (16) 6.1 (4) 15.4 (12)
Nitrate use 3.5 (5) 1.5 (1) 5.1 (4)

Clinical variable
HbA1c (%) 7.4 – 1.4 7.5 – 1.3 7.4 – 1.5
Systolic BP (mm Hg) 116 – 16 110 – 15 120 – 17***
Diastolic BP (mm Hg) 67 – 9 67 – 8 66 – 10
Hypertension ( > 140/90 mm Hg) 35.7 (51) 23.1 (15) 46.2 (36)**
Heart rate (beats/min) 76 – 12 75 – 13 77 – 11
Non–HDL-c (mg/dL) 114 – 33 115 – 33 113 – 33
HDL-c (mg/dL) 59 – 17 57 – 16 61 – 17
Body mass index (kg/m2) 27.1 – 4.5 27.0 – 4.5 27.2 – 4.5
Waist-to-hip ratio 0.9 – 0.1 0.9 – 0.1 0.9 – 0.1
AER (lg/min)a 6.4 (4.3–30.3) 5.3 (3.7–9.1) 12.1 (4.9–58.3)***
Serum creatinine (mg/dL)a 1.0 (0.9–1.1) 0.9 (0.8–1.1) 1.0 (0.9–1.2)***
eGFR-MDRD (mL/min/1.73 m2) 72 – 20 81 – 15 64 – 20***
WBC count ( · 10 - 9/L) 6.2 (5.1–7.4) 5.9 (4.9–7.1) 6.3 (5.2–8.2)

Data are mean ( – SD) value or percentage (n).
aData are median value (interquartile range).
*P <0.05, **P <0.01, ***P <0.001.
ACEI, angiotensin converting enzyme inhibitor; AER, albumin excretion rate; AIx, augmentation index; AP, augmentation pressure; ARB,

angiotensin II receptor blocker; BP, blood pressure; CAD, coronary artery disease; CAN, cardiac autonomic neuropathy; CCB, calcium
channel blocker; eGFR-MDRD, estimated glomerular filtration rate by modification of diet in renal disease; ESRD, end-stage renal disease;
HDL-c, high-density lipoprotein cholesterol; MA, microalbuminuria; ON, overt nephropathy; PWID, pulse wave-influencing drug; SEVR,
subendocardial viability ratio; WBC, white blood cell.
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fully adjusted models after exclusion of those taking nitrate
medication (n = 5). Consistent with the findings in Table 2,
after exclusion of individuals taking nitrate medications
(n = 5), lower SEVR remained significantly associated with
CAN (OR = 0.2; 95% CI 0.1–0.5; P <0.001).

Discussion

These analyses show that CAN is strongly associated
with both arterial stiffness (measured by both AIx and AP)
and reduced myocardial perfusion (measured by SEVR) in
childhood-onset type 1 diabetes using noninvasive applana-
tion tonometry. These associations remain after adjusting for
potential confounders; however, adjusting for age and other
risk factors of CAN (i.e., systolic blood pressure, HbA1c)
diminishes associations between CAN and all PWA mea-
sures. Both AIx and AP become nonsignificant, but SEVR (an
estimate of myocardial perfusion) remains strongly associ-
ated with CAN.

These concurrent results contrast with our previous report
that baseline CAN was more strongly predictive of both AIx
and AP measured 18 years later, but less predictive of SEVR
(P = 0.06) in multivariable models.6 This suggests that initially
CAN may relate to future arterial stiffness and thereby ar-
terio- and atherosclerosis risk, whereas in a contemporaneous
setting (18 years later), when arterial stiffness is more preva-
lent, CAN reflects the later stage of decreased myocardial
perfusion.

Decreased myocardial perfusion in response to a vasodi-
lator (dipyridamole) has also been associated with CAN in
type 1 diabetes.20 These authors suggested that the patho-
physiologic mechanism could be either impaired sympathetic-
mediated vasodilatation of the coronary vessels, an inability to
maintain mean blood pressure during concomitant systemic
vasodilatation, or both.

Age, when added in multivariable analyses, diminishes the
relationships between CAN and pulse wave measures (Model
2). Both AIx and AP became nonsignificant with age, but
SEVR remained significant. We have shown that increased
duration of diabetes (a proxy for age) is a major risk factor for
CAN in type 1 diabetes.5 Increased age is also associated with
higher arterial stiffness measures.21

More than half (54.2%) of this cohort had a history of CAN
(expiration–inspiration ratio of <1.1), but far fewer (19.4%)
had a history of SAN. Analyses replacing SAN with CAN did

not dramatically change results; however, because of a limited
event rate (n = 28 for SAN), fully adjusted models were not
significant for any associations between PWA measures and
SAN. Because no differences in multivariable analyses existed
when individuals with SAN were excluded, we hypothesize
that those with CAN are more likely to have decreased
myocardial perfusion irrespective of concomitant symptoms.

Use of PWA-influencing medications was quite common in
our cohort (62.5%), particularly in those with CAN (75.6%).
Approximately 90% of PWID use was angiotensin converting
enzyme inhibitor or angiotensin II receptor blocker, both of
which are very effective in reducing arterial stiffness indices.22

Use of other medication classes (e.g., calcium channel block-
ers, b-blockers, and nitrates) was more frequent among those
with CAN. Therefore, we examined the relationship between
PWA measures and CAN in the absence of each PWID drug.
Exclusion of calcium channel blockers and b-blockers had
little effect. However, significant changes to multivariable
models occurred by excluding participants on nitrates (only
four participants with CAN were taking nitrates). Exogenous
nitrate administration increases vasodilatation and arterial
compliance and decreases systolic blood pressure.23 In a
double-blind randomized crossover study in elderly hyper-
tensive participants, Stokes et al.24 found that administration
of isosorbide mononitrate decreased not only brachial systolic
and diastolic blood pressures, but also aortic systolic blood
pressure and AP. Another study by Stokes et al.25 confirmed
that isosorbide mononitrate alters PWA measures, decreasing
systolic blood pressure by 16 mm Hg, pulse pressure by
13 mm Hg, and AIx by 4% in older hypertensive patients.

The sample size for this analysis was relatively limited.
However, this is currently the largest type 1 diabetes study to
assess PWA measures that we have identified. Also, survival
bias exists in this population, as those who were either de-
ceased or unable to attend the 18-year follow-up examination
because of poor health may represent individuals with greater
complication risk and/or individuals most affected by de-
creased myocardial perfusion. Also, compared with individ-
uals without PWA measures at the 18-year exam, the PWA
study group had significantly lower waist-to-hip ratio and
albumin excretion rate measures, suggesting they represent a
healthier segment of our type 1 diabetes population (data not
shown). However, these limitations would more likely hinder
discovering significant associations between CAN and PWA
measures than demonstrate false relationships.

Table 2. Unadjusted and Adjusted Odds Ratios for Cardiac Autonomic Neuropathy by Pulse Wave Analysis

Measure Based on Multivariable Logistic Regression Models

Unadjusted Model 1a Model 2b

PWA measure OR 95% CI P - 2LL OR 95% CI P - 2LL OR 95% CI P - 2LL

Augmentation index 1.5 1.0–2.1 0.03 193.6 2.1 1.3–3.4 0.003 171.4 1.3 0.7–2.5 0.38 132.5
Augmentation pressure 2.1 1.4–3.4 0.001 184.3 3.0 1.7–5.4 <0.001 162.5 1.4 0.6–3.0 0.42 132.6
Subendocardial viability ratio 0.4 0.2–0.6 <0.001 172.4 0.2 0.1–0.4 <0.001 153.5 0.3 0.1–0.7 0.005 125.2

Odds ratios (ORs) are per standardized unit.
aModel 1: adjusted for potential confounders of sex, heart rate, height (for augmentation index and augmentation pressure only), and pulse

wave-influencing drug use (use of at least one: angiotensin converting enzyme inhibitor/angiotensin II receptor blocker, calcium channel
blocker, b-blocker, or nitrate).

bModel 2: adjusted for Model 1 variables and age, glycosylated hemoglobin, systolic blood pressure, and prevalent overt nephropathy.
CI, confidence interval; LL, log likelihood; PWA, pulse wave analysis.
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In conclusion, significant association between myocardial
perfusion (as measured by SEVR) and CAN exists in this type
1 diabetes population, which might partially explain the in-
creased risk of cardiovascular mortality in type 1 diabetes.
Early identification of CAN (and more intensive management
of cardiovascular risk) may reduce later cardiovascular mor-
bidity and mortality in type 1 diabetes and is worthy of fur-
ther evaluation.
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