
Association of Elevated Arterial Stiffness With Cardiac Target
Organ Damage and Cardiac Autonomic Neuropathy in Young
Adults With Diabetes: The SEARCH for Diabetes in Youth Study

Elaine M. Urbina, Scott Isom, Dana Dabelea, Ralph D’Agostino Jr., Stephen R. Daniels, Lawrence M. Dolan,
Giuseppina Imperatore, Eva Lustigova, Santica Marcovina, Amy Mottl, Catherine Pihoker, and Amy S. Shah

Diabetes Care 2023;46(4):786–793 | https://doi.org/10.2337/dc22-1703

ARTICLE HIGHLIGHTS

• Arterial stiffness is associated with cardiac structure and function.
• The relationships between arterial stiffness and cardiac target organ damage are similar in type 1 and type 2

diabetes.
• Cardiac autonomic neuropathy–induced arterial stiffness is not associated with cardiac abnormalities.
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OBJECTIVE

Adults with diabetes are at risk for cardiovascular (CV) events, possibly due to in-
creased arterial stiffness (AS) and cardiac autonomic neuropathy (CAN). We
sought to determine whether 1) AS is associated with cardiac target organ dam-
age in young adults with youth-onset diabetes, 2) whether CAN is associated
with AS, as one possible etiology for increased AS in this cohort, and 3) whether
these relationships differ by type of diabetes.

RESEARCH DESIGN AND METHODS

Participants from the SEARCH for Diabetes in Youth Study (type 1 diabetes [T1D],
n = 222; type 2 diabetes [T2D], n = 177; mean age 23 years) had clinical, echocar-
diographic, AS, and CAN assessed. Linear regression was performed to determine
whether AS was associated with cardiac changes and CAN and whether relation-
ships differed by diabetes type.

RESULTS

AS was significantly associated with cardiac structure (left ventricular mass index,
P < 0.0001), systolic function (ejection fraction, P = 0.03) and diastolic function
(transmitral peak early [E]/atrial [A] wave velocities ratio, P = 0.008; early [e0]/
atrial [a0] waves, P = 0.02) after adjustments for CV risk factors. The association
between AS and CAN was not significant when other important covariates were
added. These relationships were mostly similar in both T1D and T2D.

CONCLUSIONS

AS is associated with cardiac changes in young adults with diabetes. CAN-induced
AS does not appear to be an etiology for cardiac abnormalities in this cohort.

Individuals with type 1 diabetes (T1D) and type 2 diabetes (T2D) have a higher risk of
cardiovascular (CV) events compared with unaffected individuals (1). Cardiac auto-
nomic neuropathy (CAN) is also known to develop at a higher frequency in adults with
diabetes (2), and since the autonomic nervous system regulates vascular tone (smooth
muscle contraction) (3), CAN may be one explanation for the observed increase in
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arterial stiffness (AS) seen in adults with di-
abetes (4). The increased stiffness, in turn,
is associated with measures of cardiac tar-
get organ damage (TOD) in adults (5), and
cardiac damage, such as increased left ven-
tricular (LV)mass (LVM) and systolic and di-
astolic dysfunction, is associated with hard
CV events (myocardial infarction, stroke,
heart failure) later in life (6). Whether in-
creased AS is associated with the presence
of CAN and whether AS is associated with
TOD in adolescents and young adults with
youth-onset diabetes is not well described.
Our aims were to 1) determine whether
AS is associated with cardiac TOD after ad-
justment for other CV risk factors, 2) ex-
plore whether the presence of CAN is
associated with AS and may be one etiol-
ogy for increased AS in this cohort, and 3)
determine whether these relationships dif-
fer by diabetes type.

RESEARCH DESIGN AND METHODS

Description of Study Participants
Individuals in this analysis were part of
the SEARCH for Diabetes in Youth Study
(SEARCH) whowere enrolled in 2002–2006
or 2008 and had AS, CAN, and echocardio-
graphic parameters examined in 2015–2019.
Diabetes type was defined based on meas-
ures at the baseline visit (etiologic diabetes
type), with participants who were insulin
sensitive or antibody positive characterized
as having T1D (n = 194) and those who
were insulin resistant and islet cell antibody
negative as having T2D (n = 158). For the 47
participants where islet cell antibodies or
insulin sensitivity measures were not avail-
able, diabetes type was based on their pro-
vider diagnosis (28 with T1D, 19 with T2D).
Prior work in SEARCH has shown good
agreement between etiologic diabetes type
and provider-diagnosed diabetes type (7). All
participants or parent/guardians provided
written informed consent and assent, as ap-
propriate by age. The institutional review
boards at each site approved this study.

Data Collection
Detailed descriptions of the cohort and
methods have been published previously
(8). SEARCH has used consistent proto-
cols to measure anthropometric, demo-
graphic, metabolic, and AS variables over
time (8,9). Blood was collected after a
minimum fast of 8 h, and all samples (lip-
ids, glycosylated hemoglobin A1c [HbA1c]
and C-reactive protein at follow-up) were
analyzed at the Northwest LipidMetabolism

and Diabetes Research Laboratories at
the University of Washington, Seattle,
Washington.

Pulse wave velocity (PWV), a measure
of central AS, was measured using the
SphygmoCor-Vx device (AtCor Medical,
Sydney, NSW, Australia; PWV femoral)
(8). Three PWV recordings were obtained
per participant at each site and averaged.
Repeat measures showed a coefficient of
variation of <7%. The augmentation in-
dex (AIx) is a measure of wave reflections
related to AS. The average of three AIx
measurements was used in the analysis
(8). Reproducibility studies in our labora-
tory demonstrated intraclass correlation
coefficients between 0.7 and 0.9. For
both PWV and AIx, a higher value indi-
cates greater stiffness.

Heart rate (HR) variability (HRV), a re-
flection of sympathetic and parasympa-
thetic influence on the heart (8), was
measured by the SphygmoCor with a 10-
min electrocardiogram strip. After filter-
ing out ectopic beats, the device derives
the normal R-R intervals (N-N intervals)
of the electrocardiogram and estimates
time-domain parameters including 1) the
SD of the N-N intervals (SDNN), 2) the
root mean square differences of succes-
sive N-N intervals (RMSSD), and 3) the
percent of adjacent N-N intervals with a
difference >50 ms (PNN50). In addition
to describing changes in HR (N-N inter-
val) as a function of time (time domain
measures such as PNN50), HR fluctua-
tions over time can also be described as
the sum of the oscillatory components
defined by their frequency and ampli-
tude (10). Fast Fourier analyses is used
to identify high-frequency (HF) and low-
frequency (LF) oscillations in the HR over
time providing 1) normalized HF power,
2) normalized LF power, and 3) the LF-
to-HF ratio. HF and LF power have tradi-
tionally been thought to represent para-
sympathetic and sympathetic components
of HRV, but recent literature suggests that
LF and HF may be influenced by respira-
tory sinus arrhythmia, position, move-
ment, and other vagal components (8).
Time and frequency domain measures
are correlated. SDNN is a measure of
overall HRV and correlates with total
power. RMSSD and PNN50 represent the
parasympathetic component of the HRV
and are correlated with HF (11). Thus,
parasympathetic loss is quantified by
the reduction in PNN50, RMSSD, and HF
power. These relationships have been

previously demonstrated in animal and
human studies (10).

Echocardiography
M-mode of the LV was performed in the
long- and short-axis views to calculate LVM.
Traditional and tissue Doppler imaging of
mitral inflow was obtained for evaluation
of diastolic function. Echocardiograms were
read by a single technician blinded to diabe-
tes type at the central Echocardiography
Reading Center (Cincinnati Children’s Hospi-
tal Medical Center) on Digiview (Digisonics,
Houston,TX) for LVstructure and LVdiastolic
function. Global longitudinal LVstrain, stroke
volume, and ejection fraction (EF) were ob-
tained from the apical four-chamber view
on the TOMTEC system (Unterschleissheim,
Germany) using a speckle tracking tech-
nique. Coefficients of variation for LV struc-
ture and diastolic function measures
were #5.7%, with intraclass correlation
coefficients$0.89 (9).

LVM was calculated by the standard
formula (12) and then indexed (LVMI)
to height in meters raised to 2.7 to min-
imize the effects of age, sex, and race
(13). Measures of diastolic function in-
cluded the ratio of the transmitral peak
early (E) and atrial (A) wave velocities,
with lower E/A indicating mild and ele-
vated E/A indicating severe, restrictive
physiology. The velocity of relaxation of
the heart at the level of the mitral valve
annulus at both the septum and free
wall (early [e0] and atrial [a0] waves)
was obtained to calculate E/e0 (higher
indicates diastolic dysfunction) and e0/a0

ratio (lower indicates diastolic dysfunc-
tion). These noninvasive measures of dia-
stolic function correlate well with invasive
measures of diastolic function (time con-
stant of relaxation [tau]) and LV end-
diastolic pressure (9).

Statistics
Summary statistics for characteristics of
participants were computed using means
and SDs, median and interquartile range,
or count and percentages. Tests compar-
ing diabetes types (T1D vs. T2D) were
done using t tests, Kruskal-Wallis tests, or
x2 tests, depending on the distribution,
with P < 0.05 indicating a significant dif-
ference between groups. The presence of
increased AS was defined as a carotid-
femoral PWV at the 90th percentile or
greater for a healthy control subject from
a SEARCH Cardiovascular Disease Study
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(8). These control subjects (n = 171) did
not have diabetes, were a mean age of
19.3 ± 3.3 years, 52% female, and 77%
non-Hispanic White, with a mean BMI
24.8 ± 6.2 kg/m2. CAN was defined
as abnormalities in three or more HRV
measures using age- and sex-specific cut
points (SDNN, RMSSD, HF, LF, HF-to-LF
ratio). Data from the same control partic-
ipants were used to calculate frequency
domains (3).

Multivariable linear regression models
were performed to determine whether
increased AS was associated with cardiac
structure and function. The initial model
included a measure of AS, age at diabe-
tes diagnosis, race, ethnicity, sex, and
study site. Additional models included
mean arterial pressure (MAP) to adjust
for baseline distending pressure, diabetes
type, BMI z score, duration of diabetes,
HbA1c, LDL-cholesterol (C), triglyceride
(TG)–to–HDL-C ratio, and hsCRP from
the CV imaging visit. HR was added to
the models for PWV and height for the
models for AIx. A sensitivity analysis was
done adding smoking and medication
use (blood pressure [BP], lipid, oral dia-
betes agent, and/or insulin). Neither pa-
rameter altered the models, so these
items were not included in the final
models. Measures of diet, physical activ-
ity, and sedentary behavior were omitted
due to incomplete data for the majority
of participants. Models were repeated,
stratified by diabetes type, as an explor-
atory analysis.

Additional models were constructed
to explore whether CAN was associated
with AS. The prevalence of CAN was
low (12.5%), and PNN50 had the high-
est correlation with AS measures. Owing
to the short recording time (10 min),
calculation of frequency domain meas-
ures was less robust, likely accounting
for lower correlations with the outcomes.
Therefore, PNN50 was included as the
key independent variable with the same
covariates as for the models relating AS
to cardiac measures. The interaction of
AS and PNN50 measures and diabetes
type were checked during the modeling
process. PNN50 had an interaction for
several outcomes, so the analysis of
PNN50 was stratified by diabetes type.
Finally, we examined the relationship
between CAN and cardiac structure and
function.

Data and Resource Availability
All data and materials are available upon
reasonable request.

RESULTS

The study population (Table 1) was 22.8 ±
5.1 years, with a duration of diabetes of
10.8 ± 3.2 years on average (62.7% fe-
male, 13.5% Hispanic, 33.1% non-Hispanic
Black, 45.4% non-Hispanic White; 8.0%
other). Overall, the cohort had obesity,
with a BMI 30.6 ± 8.9 kg/m2, and 44%
(n = 177 of 399) had T2D. In general, those
with T2D had a more adverse CV risk fac-
tor profile than those with T1D. We also
examined the characteristics of the cohort
by the presence of elevated AS and by
the presence of CAN (Supplementary
Tables 1 and 2).

Overall, CV parameters (Table 1) were
in the clinically normal range for LVMI
(13), systolic function (global longitudinal
strain, EF) (14) and diastolic function (E/A,
E/e0, e0/a0) (15–17). When stratified by di-
abetes type, those with T2D had greater
AS (PWV) and more adverse time domain
HRV measures (lower SDNN, PNN50,
RMSSD all P # 0.0001) but did not dif-
fer by frequency domain measures (Ta-
ble 1). The prevalence of increased AS
(75.7% vs. 23.4%) and CAN (16.9% vs.
9.0%, both P # 0.02) was higher in T2D
versus T1D. Participants with T2D had
higher LVMI (37.4 vs. 28.9 g/m2.7),
lower systolic function (strain �18.6 vs.
�20.7%; EF 53.5 vs. 57.5%), and lower
diastolic function (lower E/A: 1.6 vs.
1.9, higher E/e0: 7.5 vs. 6.2, and lower
e0/a0 1.6 vs. 1.9) than those with T1D
(all P # 0.0001) (Table 1 and Fig. 1).

We evaluated the relationship between
AS and cardiac structure and function ad-
justed for age, race, ethnicity, sex, and
study site for the overall cohort.We found
that PWV was associated with global lon-
gitudinal strain (P = 0.0004) and E/e0 (P <
0.0001). PWV remained significantly asso-
ciated with LVMI (b = 1.95, P < 0.0001),
systolic function (EF, b = �0.77, P = 0.03)
and diastolic function (E/A ratio, b =
�0.052, P = 0.008; e0/a0 b = �0.048, P =
0.02) after adjustment for these demo-
graphics, BP, HR, diabetes type, diabetes
duration, BMI z score, HbA1c, lipids, and
inflammation (Supplementary Table 2, all
models P # 0.0001). Although PWV was
significantly associated with global longitu-
dinal strain and E/e0 initially (data not
shown), PWV became nonsignificant with

the addition of HR and MAP, suggesting
these parameters may have a more pro-
nounced effect on these parameters com-
pared with AS in this population. In the
full models, diabetes type only had a sig-
nificant association with E/e0.

In stratified models by diabetes type
(Table 2), PWV was associated with
LVMI for participants with T1D and T2D
with similar b estimates (T1D b = 1.41,
T2D b = 1.67, both P # 0.005). PWV
was not significant in the models for EF
or strain for either diabetes type, likely
due to smaller sample size. PWV was
significant for E/A for T2D and e0/a0 for
T1D (Table 3). There were differences
by diabetes type in the other covariates
that remained significant in the models,
but the patterns were not consistent
across cardiac measures. Therefore, with
the smaller sample size in the stratified
models, it is difficult to discern which CV
risk factors are driving any diabetes-type
related differences.

AIx was associated with diastolic function
(E/e0 b = 0.019, P = 0.04; e0/a0 b =�0.007,
P = 0.003) in the fully adjusted model for
the overall cohort (Supplementary Table 4).
AIx was no longer associated with LVMI or
EF when MAP and height were added, and
no association was seen with strain. AIx re-
mained significant for E/A until laboratory
values were added. This suggests that wave
reflections (AIx) may affect diastolic function
, while central AS (PWV) may affect cardiac
structure and systolic and diastolic function.
Looking at E/A by diabetes type the effect
of AIx is significant for T2D (b = �0.007,
P = 0.03), but not for T1D (b = 0.003, P =
0.5). The effect of AIx on e0/a0 is similar for
both T1D (b = �0.007, P = 0.06) and T2D
(b =�0.007, P = 0.05).

In models investigating whether altered
autonomic tone may affect AS and wave
reflections in the overall cohort we exam-
ined the relationship between PNN50 and
AS. An interaction term for PNN50 * dia-
betes type was significant for both PWV
and AIx models (data not shown). In mod-
els stratified by diabetes type and ad-
justed for the presence of other risk
factors (Table 4), PNN50 was significantly
associated with PWV for both T1D (b =
�0.01, P = 0.01) and T2D (b = �0.01, P =
0.04). PNN50 was only associated with
AIx for participants with T2D (b = �0.11,
P = 0.03), suggesting that autonomic im-
balance only has an effect on wave reflec-
tions in participants with T2D. Finally, we
examined whether the presence of CAN
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Table 1—Description of the study population

Parameter

Overall Diabetes type

All (n = 399) T1D (n = 222) T2D (n = 177) P value

Age (years) 22.8 (5.1) 21.3 (5.3) 24.6 (4.2) <0.0001

Duration of diabetes (years) 10.8 (3.2) 11.2 (2.9) 10.3 (3.5) 0.0037

Female sex, n (%) 250 (62.7) 122 (55.0) 128 (72.3) 0.0004

Race/ethnicity, n (%) <0.0001

Hispanic 54 (13.5) 28 (12.6) 26 (14.7)
Non-Hispanic Black 132 (33.1) 36 (16.2) 96 (54.2)
Non-Hispanic White 181 (45.4) 136 (61.3) 45 (25.4)
Other 32 (8.0) 22 (9.9) 10 (5.6)

Diabetes type, n (%T2D) 222 (44.3) — —

BMI (kg/m2) 30.6 (8.9) 25.5 (5.2) 37.0 (8.4) <0.0001

BMI z score 1.3 (1.0) 0.7 (0.9) 1.9 (0.6) <0.0001

Waist-to-height ratio 0.5 (0.5; 0.6) 0.5 (0.4; 0.5) 0.6 (0.6; 0.7) <0.0001

Systolic BP (mmHg) 115.4 (15.3) 110.0 (11.9) 122.1 (16.5) <0.0001

Systolic BP z score �0.1 (1.2) �0.6 (1.0) 0.4 (1.2) <0.0001

Diastolic BP (mmHg) 75.1 (11.5) 71.7 (10.5) 79.3 (11.4) <0.0001

Diastolic BP z score 0.8 (1.0) 0.5 (1.0) 1.2 (0.9) <0.0001

MAP (mmHg) 88.5 (12.0) 84.5 (10.2) 93.6 (12.3) <0.0001

LDL-C (mg/dL) 106.5 (36.8) 101.6 (32.2) 112.5 (41.0) 0.0034

TG–to–HDL-C ratio 2.0 (1.2; 3.6) 1.4 (1.0; 2.2) 3.4 (2.1; 5.0) <0.0001

C-reactive protein (mg/dL) 0.3 (0.1; 0.8) 0.1 (0.0; 0.4) 0.6 (0.2; 1.2) <0.0001

HbA1c (%) 9.2 (2.5) 8.9 (1.9) 9.6 (3.0) 0.0116

Insulin use, n (%) 311 (78.5) 212 (95.9) 99 (56.6) <0.0001

Diabetes medications, n (%)† 351 (90.2) 218 (98.6) 133 (79.2) <0.0001

Hypertension medications, n (%) 59 (15.8) 26 (12.0) 33 (21.0) 0.0819

Lipid medications, n (%) 29 (7.8) 11 (5.1) 18 (11.5) 0.0233

PWV (m/s) 6.9 (1.8) 6.0 (1.2) 8.0(1.7) <0.0001

SDNN 51.5 (34.9; 73.2) 55.9 (40.3; 84.6) 44.9 (27.8; 59.8) <0.0001

PNN50 17.5 (2.7; 43.1) 27.4 (6.9; 46.2) 10.3 (0.8; 31.9) <0.0001

RMSSD 42.0 (24.1; 68.2) 48.9 (30.7; 74.2) 34.5 (17.2; 57.5) <0.0001

LF power 47.6 (19.0) 46.8 (17.9) 48.6 (20.2) 0.364

HF power 52.4 (19.0) 53.2 (17.9) 51.4 (20.2) 0.364

LF-to-HF ratio 0.9 (0.5; 1.6) 0.9 (0.5; 1.5) 0.9 (0.6; 1.8) 0.4769

LVMI (g/m2.7) 32.5 (9.3) 28.9 (6.7) 37.4 (10.0) <0.0001

Peak longitudinal strain (%) �19.8 (4.0) �20.7 (4.1) �18.6 (3.5) <0.0001

Peak longitudinal strain rate (/ms) �1.0 (0.2) �1.0 (0.2) �0.9 (0.2) <0.0001

EF (%) 55.8 (7.8) 57.5 (7.6) 53.5 (7.5) <0.0001

E/A ratio 1.8 (0.5) 1.9 (0.5) 1.6 (0.5) <0.0001

E/e0 ratio 6.8 (2.0) 6.2 (1.4) 7.5 (2.3) <0.0001

e0/a0 ratio 1.8 (0.6) 1.9 (0.6) 1.6 (0.5) <0.0001

Presence of CAN, n (%) 50 (12.5) 20 (9.0) 30 (16.9) 0.0173

Presence of elevated AS, n (%) 186 (46.6) 52 (23.4) 134 (75.7) <0.0001

Data are presented as mean (SD), as median (interquartile range), or as n (%), as indicated. †Includes medications classified as second- or
third-generation sulfonylureas, amylin analog, biguanide, and dipeptidyl peptidase 4 inhibitors.
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and AS or whether CAN was related to
cardiac outcomes. In models with demo-
graphics, MAP, and HR, there was no sig-
nificant association of the presence of
CAN with either AS or cardiac outcomes.
This is likely due to limited power as only
12.5% of the sample met the CAN
definition.

CONCLUSIONS

In this study examining the relationship
between increased AS and cardiac TOD,
we found that central AS (PWV) re-
mained a significant determinant of car-
diac structure (LVMI) and systolic (EF)
and diastolic function (E/A, e0/a0), even
after adjustment for demographics and
CV risk factors, including a term for dia-
betes type. The significance of PWV

persisted in models stratified by diabetes
type for LVMI (both T1D and T2D), e0/a0

ratio (T1D only), and E/A (T2D only) but,
due to smaller sample size, lost significance
for the other parameters. In contrast, wave
reflections (AIx) only remained associated
with diastolic function (E/e0, e0/a0) after ad-
justments, suggesting that distinct arterial
parameters have different effects on car-
diac TOD. Finally, we also showed the rela-
tionship between increased central stiffness
and cardiac structure and function was sim-
ilar by diabetes type.

In adults, the relationship between al-
tered arterial parameters and cardiac struc-
ture and function is well documented, but
few patients with T2D were studied (18).
The Framingham Heart Study found a sig-
nificant relationship between PWV and

LVMI (N = 6,203) in their population co-
hort, with increased odds for LV hyper-
trophy with higher PWV (odds ratio
1.27; 95% CI 1.16–1.39) that was attenu-
ated but persisted after adjustment for
clinic BP (19). In a Flemish cohort (N =
1,233), higher PWV was associated with
higher E/e0 ratio, a robust measure of di-
astolic dysfunction (20). There was no as-
sociation between central stiffness and
LV systolic radial strain, but longitudinal
strain, the more commonly measured
parameter obtained in this study, was not
analyzed (20). One smaller study (N = 142)
evaluated adults with T1D (n = 70) and
T2D (n = 72) and found that PWV was in-
dependently associated with E/A, E/e0,
and the grade of LV diastolic dysfunction
(21). These studies did not, however, eval-
uate for differences by diabetes type. AIx
is also correlated with LVMI in individuals
treated for hypertension (N = 512) after
correction for BP (22) and with diastolic
function in a community-based sample
(N = 983) (23). However, more advanced
arterial testing has demonstrated that
the forward and backward waves sepa-
rated from the composite AIx may pro-
vide stronger correlations with LVMI (N =
4,145, Multi-Ethnic Study of Atheroscle-
rosis [MESA] study) (24).

Fewer studies are available relating AS
to cardiac TOD in youth. In African Ameri-
can adolescents (N = 120, age 13–18
years), AIx did not correlate with LVMI, but
in an adjusted model, for every 10%
change in AIx there was a 0.01-mm change

Figure 1—Cardiac structure and function stratified by diabetes type. T1D differs from T2D, all
P = 0.0001.

Table 2—Multivariable models relating PWV to LVMI and systolic function stratified by diabetes type

Parameter

LVMI EF LV systolic strain

T1D T2D T1D T2D T1D T2D

Intercept 27.13 (5.35) 66.53 (6.82) 64.23 (7.88) �29.06 (3.7) �28.35 (3.54)

PWV (m/s) 1.41 (0.46) 1.67 (0.58)

Age at diabetes diagnosis (years) 0.34 (0.13) 0.31 (0.11)

Female (REF = male) �2.11 (0.96) 3.10 (1.22) 3.57 (1.41) �1.41 (0.63)

Non-Hispanic White (REF = other race) �1.29 (1.00) 3.22 (1.46)

HR (bpm) �0.10 (0.04) �0.13 (0.06)

BMI z score 2.77 (0.53) 4.97 (1.35)

Diabetes duration (years) 0.41 (0.2)

TG–to–HDL-C ratio† �0.68 (0.34)

R2 0.33 0.34 0.21 0.22 0.20 0.27

Model P value <0.0001 <0.0001 <0.0001 0.0016 0.0001 <0.0001

Data are b (SE) estimates, and only significant values (P # 0.05) are shown. All models were adjusted for all parameters listed, study site,
and ethnicity, MAP, LDL-C, ln(C-reactive protein), and HbA1c, which were not significant in all models. R2, coefficient of determination.
†TG–to–HDL-C values were winsorized due to outlying values.
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in LV relative wall thickness (P = 0.05), a
measure of LV geometry (25). One cohort
that included one-third healthy weight,
one-thirdwith obesity, and one-third youth
with both obesity and T2D (total N = 670,
age 10–24 years) found an independent

relationship between vascular compro-
mise (increased carotid intima-media
thickness, higher PWV and AIx) and car-
diac TOD, including increased LVMI and
systolic and diastolic function (26–28). In
the Treatment Options for Type 2 Diabetes

in Adolescents and Youth (TODAY) Study
(N = 388, all T2D) (29), a composite AS
measure was constructed from PWV, AIx,
and brachial artery distensibility z scores
at baseline and compared with echocar-
diograms obtained 2 years later. The

Table 3—Multivariable models relating PWV to diastolic function stratified by diabetes type

Parameter

E/A E/e0 e0/a0

T1D T2D T1D T2D T1D T2D

Intercept 4.18 (0.44) 3.96 (0.38) 3.18 (1.26) 4.84 (0.42) 4.63 (0.43)

PWV (m/s) �0.07 (0.02)

Age at diabetes diagnosis (years) �0.03 (0.01) �0.03 (0.01) �0.05 (0.01)

Female (REF = male) 0.52 (0.23) �0.17 (0.07)

Hispanic (REF = non-Hispanic/unknown) 0.28 (0.12) �0.27 (0.12)

MAP (mmHg) 0.05 (0.02)

HR (bpm) �0.01 (0.00) �0.01 (0.00) �0.02 (0.00) �0.01 (0.00)

BMI z score 0.35 (0.12)

Diabetes duration (years) �0.03 (0.01) �0.03 (0.01) �0.05 (0.01)

HbA1c (%) �0.14 (0.07)

ln(hsCRP) 0.33 (0.15)

R2 0.34 0.46 0.24 0.23 0.45 0.47

Model P value <0.0001 <0.0001 <0.0001 0.0004 <0.0001 <0.0001

Data are b (SE) estimates, and only significant values (P # 0.05) are shown. All models were adjusted for all parameters listed, study site,
and race, LDL-C, and TG–to–HDL-C ratio, which were not significant in all models. R2, coefficient of determination.

Table 4—Multivariable models relating cardiac autonomic function to AS stratified by diabetes type

Parameter

PWV AIx

T1D T2D T1D T2D

b (SE) P value b (SE) P value b (SE) P value b (SE) P value

Intercept 2.79 (0.91) 0.002 �3.67 (1.34) 0.01 �28.96 (11.77) 0.01 �38.89 (11.96) 0.002

PNN50 �0.01 (0) 0.01 �0.01 (0.01) 0.04 0.03 (0.04) 0.54 �0.11 (0.05) 0.03

Age at diagnosis (years) 0.10 (0.01) <0.0001 0.13 (0.04) 0.002 0.26 (0.20) 0.18 0.48 (0.37) 0.20

Female (REF = male) 0.15 (0.14) 0.28 0.73 (0.23) 0.002 8.55 (1.80) <0.0001 10.83 (2.07) <0.0001

Hispanic (REF = non-Hispanic/unknown) �0.16 (0.23) 0.47 0.32 (0.37) 0.39 �2.25 (2.94) 0.45 1.94 (3.48) 0.58

Non-Hispanic White (REF = other race) �0.09 (0.16) 0.57 �0.19 (0.26) 0.47 �4.38 (2.07) 0.04 �3.17 (2.40) 0.19

MAP 0.01 (0.01) 0.10 0.07 (0.01) <0.0001 0.22 (0.09) 0.02 0.38 (0.08) <0.0001

BMI z score 0.16 (0.08) 0.04 0.54 (0.18) 0.004 �1.37 (1.01) 0.18 �5.33 (1.57) 0.001

Diabetes duration 0.08 (0.02) 0.001 0.12 (0.03) <0.0001 0.50 (0.31) 0.10 1.33 (0.26) <0.0001

HbA1c 0.04 (0.04) 0.30 0.05 (0.04) 0.23 �0.40 (0.49) 0.42 �0.02 (0.35) 0.96

LDL-C 0.003 (0) 0.53 0.01 (0) 0.02 0.05 (0.03) 0.13 0.04 (0.02) 0.07

TG–to–HDL-C ratio† 0.16 (0.05) 0.002 0.05 (0.05) 0.23 0.32 (0.66) 0.63 �0.43 (0.40) 0.28

ln(C-reactive protein) 0.07 (0.06) 0.18 �0.04 (0.09) 0.69 0.58 (0.71) 0.42 0.02 (0.81) 0.98

R2 0.51 0.53 0.27 0.50

Model P value <0.0001 <0.0001 <0.0001 <0.0001

R2, coefficient of determination. †TG/HDL values were winsorized due to outlying values.
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composite measure did remain signifi-
cantly associated with LVM index and dia-
stolic function but did not relate to systolic
function (29). No studies including both
cardiac structure and function have been
conducted in young adults with T1D, and
no comparative studies between partici-
pants with youth-onset T1D and T2D have
previously been performed.

Few studies have examined the rela-
tionship between AS and autonomic tone
in youth. In SEARCH, lower SDNN was as-
sociated with higher PWV and AIx in par-
ticipants with T1D (8) and T2D, but the
relationship was attenuated after adjust-
ment for CV risk factors (30). In the
TODAY Study, CAN was present in 8% of
the cohort, and those participants had
greater PWV (31). Our work adds to the
literature by evaluating the relationship
between central AS (PWV), wave reflec-
tions (AIx), and HRV or CAN stratified by
diabetes type.While we found a relation-
ship between PWV and individual meas-
ures of HRV, PNN50 was associated with
PWV for both T1D and T2D, and PNN50
was associated with AIx for participants
with T2D only, we did not find an associa-
tion between CAN and PWV. We postu-
lated this may be due to power (low
percentage of CAN in the overall cohort)
and therefore cannot conclude that CAN-
induced AS is associated with cardiac
abnormalities.

Limitations and Strengths
We collected HRV data over only a 10-min
period. Although this method is consid-
ered acceptable practice by the Task Force
of the European Society of Cardiology and
the North American Society of Pacing and
Electrophysiology, the short measurement
period may under detect HRV abnormali-
ties and/or CAN (11). For this reason, we
also did not analyze the SD of the 5-min
average N-N intervals index, which meas-
ures HR changes due to cycles >5 min. In
addition, our study is cross-sectional, so
we cannot determine whether altered au-
tonomic tone led to the increased AS or
the stiffness led to cardiac TOD. We also
were unable to assess the impact of diet,
exercise, and smoking due to missing data,
but our previous work showed a weak re-
lationship of these CV risk factors to AS,
HRV, and cardiac damage (3,9).

Primary strengths are the large num-
ber of young people with T1D and with
T2D, an inclusion of central stiffness,

wave reflections, and autonomic tone,
and assessing the relationship to both
cardiac structure and function and by
diabetes type. These findings may not
be generalizable to a population with-
out diabetes.

Conclusion
AS is associated with cardiac structure
and function in a similar fashion in both
T1D and T2D. Although we did see an
association between HRV and AS, due
to a low prevalence of CAN, we cannot
prove that CAN-induced AS is an etiol-
ogy for cardiac abnormalities. However,
since the presence of AS, CAN, and car-
diac TOD as observed in this study pre-
dict CV events in adults (32), strategies
for prevention are logical steps to pre-
vent future CV disease.
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