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RESEARCH DESIGN AND METHODSdLongitudinal study of 298 youth with type 1
diabetes (age 14.5 years; 46.3% female; duration 4.8 years), with two research visits conducted
5 years apart. CV factors included: waist circumference, blood pressure (BP), fasting lipids (HDL
cholesterol, LDL cholesterol [LDL-c], triglycerides), albumin/creatinine ratio, and HbA1c. MetS
was based on Adult Treatment Panel III criteria modiﬁed for youth. Pulse wave velocity (PWV) in
the carotid–femoral segment was measured by tonometry. Mixed models were used to assess the
rate of progression in PWV and the association between CV factors and PWV over time.
RESULTSdPWV increased signiﬁcantly over time (0.145 m/s/year; P , 0.0001). MetS (P =
0.0035), large waist (P , 0.0001), and elevated BP (P = 0.0003) at baseline were each associated
with worse PWV over time. These baseline factors, however, did not signiﬁcantly inﬂuence the
rate of progression. Increases in waist circumference (P , 0.0001), LDL-c levels (P = 0.0156), and
declining glucose control (HbA1c; P = 0.0419) were independently associated with higher PWV
over time.
CONCLUSIONSdPresence, clustering, and worsening of CV risk factors are associated with
increased arterial stiffness over time in youth with type 1 diabetes. Whether improvement in CV
risk factors early in life will slow the progression of arterial stiffness and reduce the burden of CV
disease in this population requires further study.
Diabetes Care 36:3938–3943, 2013

A

dults with childhood-onset type 1
diabetes are at increased risk of
premature cardiovascular disease
(CVD) morbidity and mortality (1,2). Increased arterial stiffness independently
predicts all-cause and CVD mortality
(3), and higher pulse pressure predicts
CVD mortality, incidence, and end-stage

renal disease development among adults
with type 1 diabetes (1,4,5). Several reports have shown that youth and adults
with type 1 diabetes have elevated arterial
stiffness, though the mechanisms are
largely unknown (6). The etiology of advanced atherosclerosis in type 1 diabetes
is likely multifactorial, involving metabolic,
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OBJECTIVEdTo evaluate if presence of cardiovascular (CV) risk factors and their clustering
as metabolic syndrome (MetS) is associated with increased arterial stiffness and accelerated progression over time among youth with type 1 diabetes.

behavioral, and diabetes-speciﬁc cardiovascular (CV) risk factors. Aging, high
blood pressure (BP), obesity, the metabolic
syndrome (MetS), and type 2 diabetes are
the main contributors of sustained increased arterial stiffness in adults (7,8).
However, the natural history, the agerelated progression, and the possible determinants of increased arterial stiffness in
youth with type 1 diabetes have not been
studied systematically.
Childhood obesity has been shown to
be related to CV risk factors in young
adulthood, and adult obesity is also a risk
factor for CVD (9). Central adiposity is
considered an even more accurate indicator of CVD risk in adults, and it was
shown to predict coronary artery disease
risk even among young people (10). Unfortunately, children with type 1 diabetes,
who previously were not overweight, are
no longer immune to obesity. Data from
the SEARCH for Diabetes in Youth Study
showed that 31.5% of non-Hispanic
white (NHW), 46.6% of African Americans, and 45% of Hispanic youth with
type 1 diabetes had a BMI $85th percentile (11). A sizeable proportion of such
youth have also been shown to have elevated BP (12), dyslipidemia (13), and elevated albumin/creatinine ratio (ACR)
(14). Moreover, a clustering of CV risk
factors (i.e., at least two, in addition to
hyperglycemia) were present in 14% of
SEARCH youth with type 1 diabetes
(12), clearly an excess compared with
the general population.
There are currently no data examining the impact of CV risk factors and their
clustering in youth with type 1 diabetes
on subsequent CVD morbidity and mortality, though childhood and young adult
MetS have been shown to predict arterial
stiffness in adults (15,16). Thus, the aims
of this report were: 1) to describe the progression of arterial stiffness, as measured
by pulse wave velocity (PWV), over time,
among youth with type 1 diabetes, and 2)
to explore the association of CV risk factors and their clustering as MetS with
PWV in this cohort.
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RESEARCH DESIGN AND
METHODS

Anthropometric and metabolic
measurements
SEARCH CVD participants had two outpatient research visits (baseline and
follow-up), each following the same
standard protocol. Visits were conducted
after an 8-h overnight fast, and medications, including short-acting insulin, were
withheld the morning of the visit until
after the blood draw was complete. Race/
ethnicity was self-reported, and the participants were categorized into NHW and
other racial/ethnic groups (including Hispanic, African American, and Asian/
Paciﬁc Islander racial/ethnic groups).
Participants completed standardized
questionnaires including medical history,
medication inventory, daily insulin dose,
family history of diabetes, and CVD. BMI
was calculated as weight (kilograms) divided by height in meters squared, and
age- and sex-speciﬁc BMI z-scores were
derived (18). Waist circumference was
measured to the nearest 0.1 cm with the
National Health and Nutrition Examination Survey protocol (14). Resting systolic
BP (SBP) and diastolic BP (DBP) were
measured three times while the subjects
were seated for at least 5 min, and the
average of the three measurements
was taken. Laboratory samples were obtained under conditions of metabolic stability, deﬁned as no episode of diabetic
ketoacidosis during the previous month.
care.diabetesjournals.org

Outcome measurement
PWV was measured in the carotid–
femoral segment (trunk) with the SphygmoCor-Vx device (AtCor Medical, Itasca,
IL) after 10 min of supine rest as previously described (23) and as recommended in the American Heart Association
guidelines (24). Distance from the proximal (carotid) to the femoral artery recording site was measured to the nearest
0.1 cm twice and averaged. A tonometer
was used to collect proximal and distal
arterial waveforms gated by the R-wave
on the simultaneously recorded electrocardiogram. The PWV was the difference in the carotid-to-femoral path
length divided by the difference in
R-wave-to-waveform foot times. Results
were the average of three measures
taken sequentially. Higher PWV (meters
per second) indicated increased central
stiffness. Repeated measures showed
excellent reproducibility with coefﬁcients of variability ,7% (23).
A Bland-Altman plot showing good
reproducibility is included in Supplementary Fig. 1.

Statistical analyses
We used repeated-measures general linear models (SAS Proc Mixed; SAS Institute, Cary, NC) using all data from the
initial and follow-up visits to explore CV
risk factors associated with PWV and
progression of PWV over time. These
models adjust for the correlation between
repeated observations in the same
individual and have the advantage of
handling a varying number of observations within individuals, thereby allowing
for inclusion of the maximum number of
data points (25). Further, this method allows for a random intercept and slope in
disease duration to account for withinindividual dependence. The outcome was
log-transformed time-varying PWV. The
base model explored whether time (duration of follow-up) was associated with
PWV, adjusted for baseline age, sex, and
race/ethnicity. This model provided us
with a rate of progression in PWV over
time. A second set of models explored
whether baseline CV risk factors (MetS,
large waist circumference, high BP, high
TG levels, low HDL-c, high LDL-c, elevated ACR, and abnormal HbA1c) were
associated with time-varying PWV, adjusted for age, sex, race/ethnicity, diabetes
duration, and other signiﬁcant baseline
covariates as appropriate. A third set of
models explored whether baseline CV
risk factors were associated with the slope
of change in PWV over time; statistically,
this analysis explores signiﬁcant interactions between determinants of interest
(baseline CV factors) and time (duration
of follow-up) on PWV, adjusted for covariates. Finally, the last set of models explored whether the change in CV risk
factors, now treated as continuous timevarying variables, was associated with
time-varying PWV, adjusted for covariates. Speciﬁcally, these models estimated
the percent change in PWV per change in
one interquartile range (IQR) of each CV
risk factor. All statistical analyses were
conducted using SAS software, version
9.3 (SAS Institute).
RESULTSdCharacteristics of the
SEARCH CVD longitudinal cohort are
presented in Table 1. Youth were age
14.5 years (SD 2.8) and had an average
disease duration of 4.8 (3.8) years at baseline, 46.3% were female, and 87.6% were
of NHW race/ethnicity. At baseline,
10.0% had high BP, 10.9% had a large
waist circumference, 11.6% had HDL-c
#40 mg/dL, 10.9% had a TG level
$110 mg/dL, and 7.0% had at least two
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Study design and participants
SEARCH CVD is an ancillary study to the
SEARCH for Diabetes in Youth, conducted
in Colorado and Ohio. SEARCH is a multicenter study that conducts populationbased ascertainment of nongestational
cases of physician-diagnosed diabetes in
youth age ,20 years at diagnosis (17).
This report includes a cohort of 298
youth with physician-diagnosed type 1
diabetes from Colorado and Ohio who
had data on PWV and CV risk factors
measured ;5 years apart, in 2004–2005
and 2009–2011, starting when youth
were on average age 14.5 (SD 2.8) years
and had a duration of diabetes of 4.8 (SD
3.8) years. Participants had data on demographic, anthropometric, and metabolic
factors, including HbA1c. The study was
reviewed and approved by the local institutional review boards that had jurisdiction over the local study population, and
all participants provided signed informed
consent or assent.

High-performance liquid chromatography (TOSOH Bioscience, Inc., San Francisco, CA) was used to measure HbA1c.
Measurements of triglycerides (TGs), HDL
cholesterol (HDL-c), and urinary creatinine were performed using Roche reagent
on a Roche Modular P autoanalyzer
(Roche Diagnostics, Indianapolis, IN). LDLcholesterol (LDL-c) was calculated by the
Friedewald equation for individuals with
TG concentration ,400 mg/dL and by
the Beta Quantiﬁcation procedure for
those with TGs of $400 mg/dL. Urinary
albumin was measured using Siemens reagent on a Siemens BNII nephelometer
(Siemens Healthcare Diagnostics Inc.,
Newark, DE). Albumin and creatinine
were measured in ﬁrst morning urine samples and used to compute ACR (14).
Threshold levels for CV risk factors
were determined based on the Adult
Treatment Panel III criteria (19) modiﬁed for children (20) and included SBP
or DBP $95th percentile for age, sex,
and height; waist circumference $90th
percentile for age and sex; HDL-c #40
mg/dL; and TG $110 mg/dL. The MetS
was considered to be present if at least
two of the above occurred, since all
youth had diabetes. Other CV risk factors were categorized as abnormal if
LDL-c was $130 mg/dL (19), ACR was
$30 mg/mg (21), and HbA1c was $7.5%
(22).

Arterial stiffness in type 1 diabetes
Table 1dCharacteristics of 298 youth with type 1 diabetes participating in the
longitudinal component of SEARCH CVD
Baseline
Variable

SD

Mean

SD

14.5
4.8
0.5
22.0
0.4
115.6
0.2
67.0
74.8
54.9
69.8
97.3
8.2 (66)

2.8
3.8
0.9
4.4
0.9
10.0
0.7
6.7
11.8
12.8
38.0
22.8
1.4

19.2
10.1
0.6
25.1
20.1
112
0.0
70.3
87.0
53.2
96.3
98.5
8.9 (74)

2.7
3.9
0.9
4.8
23.6
9.6
1.7
9.2
12.3
13.6
60.1
29.4
1.8

of the above CV risk factors (MetS). In
addition, 10.3% had LDL-c $130 mg/dL,
72.0% had an HbA 1 c $7.5% (58
mmol/mol), and 9.2% had ACR $30
mg/mL. Follow-up measures were obtained on average at age 19.2 years,
when the average duration of diabetes
was 10.1 (3.9) years.
Baseline CV risk factors and PWV
over time
Over an average follow-up period of ;5
years, there was a statistically signiﬁcant
increase of 0.7 m/s in PWV (from 5.2 to
5.9 m/s), representing an annual increase
of 2.8% or 0.145 m/s. Table 2 shows the
associations of various CV risk factors at
baseline with PWV over time, adjusted
for baseline age, sex, race/ethnicity, and

duration of diabetes. Signiﬁcant associations were seen for MetS (7.3% higher
PVW; P = 0.0035), large waist (8.7% higher
PWV; P , 0.0001), and high BP (7.1%
higher PWV; P = 0.0003). Inclusion of
baseline high BP in the model for large
waist did not materially attenuate the association (right side, Table 2), nor did inclusion of large waist at baseline attenuate the
association in the model for high BP. No
signiﬁcant associations were seen for high
TG, low HDL-c, high LDL-c, elevated ACR,
or suboptimal HbA1c at baseline.
Figure 1 shows the model-based progression in PWV over time by presence of
the MetS at baseline. The presence of
MetS at baseline was associated with a
7.3% higher PWV over this time period
(P = 0.0035); however, the presence of

Table 2dAssociation of CV risk factors at baseline and PWV over time
Time-varying PWV (% difference)
Risk factor
MetS (yes/no)
Large waist (yes/no)†
High BP (yes/no)‡
High TG (yes/no)
Low HDL-c (yes/no)
High LDL-c (yes/no)
High ACR (yes/no)
High HbA1c (yes/no)

Base
model*

95% CI

P value

Additional
adjustment

7.3
8.7
8.1
3.9
22.1
1.1
22.0
21

2.4–12.5
4.6–13.0
3.7–12.7
20.3 to 8.3
26.0 to 1.9
23.1 to 5.5
26.6 to 2.8
23.8 to 1.8

0.0035
,0.0001
0.0003
0.0693
0.2876
0.6118
0.3985
0.4600

NA
7.4
8.2
NA
NA
NA
NA
NA

95% CI

P value

3.3–11.8
3.7–12.8

0.0004
0.0003

High or low categories were: SBP or DBP $95th percentile for age, sex, and height; waist circumference
$90th percentile for age and sex; HDL-c #40 mg/dL; and TG $110 mg/dL. MetS was considered to be
present if at least two of the above occurred. Other CVD risk factors: LDL-c $130 mg/dL, ACR $30 mg/mL,
and HbA1c $7.5% ($58 mmol/mol). NA, not applicable. *Base model: longitudinal mixed model adjusted
for baseline age, sex, race/ethnicity, and duration of diabetes. †Additionally adjusted for baseline high BP.
‡Additionally adjusted for baseline large waist.
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Changes in CV risk factors and
PWV over time
We next explored whether changes in CV
risk factors (explored as continuous variables, with change standardized to the
IQR of each variable) inﬂuenced PWV
over time (Table 3). The models predicted
that increases in waist circumference,
TGs, LDL-c, and HbA1c levels were independently associated with signiﬁcantly
higher PWV over time, adjusted for age,
sex, race/ethnicity, duration of diabetes,
and baseline level of risk factor of interest.
Speciﬁcally, for an increase of one IQR
(from 25th to the 75th percentile) in the
CV risk factor of interest over time, we
found the following: 1) an increase in
waist circumference of 17 cm resulted
in a 5.4% higher PWV (P , 0.0001); 2)
an increase in TG levels of 48 mg/dL resulted in a 1.0% higher PWV (P =
0.0483); 3) an increase in LDL-c of 32
mg/dL resulted in a 2.3% higher PWV
(P = 0.0095); and 4) an increase in
HbA1c of 2% resulted in a 1.9% higher
PWV (P = 0.0174). When the model for
waist circumference was further adjusted
for baseline CV risk factors (Table 3, right
side), no attenuation of the association
was seen. Similarly, further adjustment
of the LDL-c model and the HbA1c model
for baseline CV risk factors made only
slight changes in the estimates of the associations, which remained signiﬁcant.
Adjustment for baseline CV risk factors
attenuated the TG association slightly, reducing the level of statistical signiﬁcance
to P = 0.0686, though with a very small
decrease in the main effect size. Thus, it
appears that changes in waist circumference, LDL-c, and HbA 1c are independently associated with change in PWV
over follow-up. No signiﬁcant associations with PWV were seen for changes
in SBP, DBP, or HDL-c over time. Of
note, only four participants (1.3%) were
on antihypertensive or dyslipidemia
medications at baseline, and this increased to 27 participants (9.1%) at
follow-up. However, medication use
was not associated with PWV (P = 0.661),
care.diabetesjournals.org
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Age (years)
Diabetes duration (years)
BMI z-score
BMI (kg/m2)
SBP z-score
SBP
DBP z-score
DBP
Waist (cm)
HDL-c (mg/dL)
TG (mg/dL)
LDL-c (mg/dL)
HbA1c [% (mmol/mol)]

Follow-up

Mean

MetS at baseline did not inﬂuence the
rate of progression in PWV (P = 0.855 for
interaction between MetS and time on
PWV). Similarly, large waist circumference
(P , 0.0001) and high BP (P = 0.0003) at
baseline were independently associated
with higher PWV over time; however,
they did not signiﬁcantly inﬂuence PWV
rate of change (interaction P = 0.391 for
large waist; P = 0.662 for high BP).

Dabelea and Associates

likely because of low usage in this
population.
CONCLUSIONSdWe report the ﬁrst
longitudinal study to evaluate risk factors
for presence and progression of arterial
stiffness over time in youth with type 1
diabetes. We estimated a signiﬁcant increase of 0.145 m/s/year in PWV in youth
with type 1 diabetes and short disease
duration, over a period of only 5 years.
Based on our data, if this rate of change is
stable over time, the estimated average
PWV by the time these youth enter their
third decade of life will be 11.3 m/s,
which was shown to be associated
with a threefold increased hazard for
major CV events (26). There are no

similar studies in youth to compare these
ﬁndings. In adults, the rate of change in
PWV was 0.081 m/s/year in nondiabetic
normotensive patients, although it was
higher in hypertensive adults (0.147 m/
s/year) (7). We also showed that the presence of central adiposity and elevated BP
at baseline, as well as clustering of at least
two CV risk factors, was associated with
signiﬁcantly worse PWV over time, although these baseline factors did not signiﬁcantly inﬂuence the rate of change in
PWV over this period of time. Changes in
CV risk factors, speciﬁcally increases in
central adiposity, LDL-c levels, and worsening glucose control, were independently associated with worse PWV over
time.

Table 3dChanges in CVD risk factors and PWV over time
Time-varying PWV (% difference)
Risk factor change
(per IQR*)

Base
model

Waist circumference†
SBP
DBP
TGs‡
HDL-c
LDL-cx
HbA1c|

5.4
0.7
0.6
1.0
0.7
2.3
1.9

95% CI

P value

3.2–7.6
,0.0001
21.0 to 2.4
0.4240
20.6 to 1.7
0.3364
0.0–2.0
0.0483
21.3 to 2.6
0.5076
0.6–4.2
0.0095
0.3–3.5
0.0174

Additional
adjustment
5.7
NA
NA
0.9
NA
2.2
1.6

95% CI

P value

3.5–7.9

,0.0001

20.1 to 1.9

0.0686

0.4–4.1
0.1–3.2

0.0156
0.0419

Base model: longitudinal mixed models adjusted for baseline age, sex, race/ethnicity, duration of diabetes,
and baseline level of risk factor of interest. NA, not applicable. *IQR for the 75th to the 25th percentiles of
change. For waist: 88.6 to 71.7 cm; TGs: 98 to 50 mg/dL; LDL-c: 111 to 79 mg/dL; and HbA1c: 9.4 to 7.5% (79
to 58 mmol/mol). †Additional adjustment for baseline TGs, LDL-c, and HbA1c. ‡Additional adjustment for
baseline waist, LDL-c, and HbA1c. xAdditional adjustment for baseline waist, TGs, and HbA1c. |Additional
adjustment for baseline waist, TGs, and LDL-c.
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Figure 1dPWV over time by presence of MetS at baseline. Solid black line, MetS present; dashed
gray line, MetS absent. P value for differences in intercept (level of PWV) = 0.0035; P value for
difference in slopes = 0.85. DM, diabetes mellitus.

There are a number of cross-sectional
studies of arterial stiffness in youth and
adults with type 1 diabetes (6), but few
prospective studies, and only in adults.
Prince et al. (27) examined risk markers
of arterial stiffness among adults with
youth-onset type 1 diabetes (aged in their
mid-40s at follow-up). They found that
prior presence of CV autonomic neuropathy, low HDL-c, higher HbA 1c , and
smoking history predicted worse measures of arterial stiffness 18 years later.
Thus, arterial stiffness in adults with longstanding type 1 diabetes is predicted by
some of the same variables we found, although not by central adiposity. Urbina
et al. (28) have also reported higher arterial stiffness in youth aged 10–24 years
with type 2 diabetes compared with lean
or obese nondiabetic youth after adjusting for differences in CV risk factors crosssectionally. With the exception of mean
arterial BP, none of the other MetS variables were related to carotid–femoral PWV
once obesity or diabetes was accounted
for. Glycemia was not studied directly;
however, those with type 2 diabetes had
higher levels of fasting glucose and HbA1c
than equally obese controls.
Three longitudinal studies have explored MetS and change in arterial stiffness in nondiabetic adults (8,29,30).
Safar et al. (8) in 1,080 adults (average
age of 51 years at baseline) found that
the presence of MetS was associated
with a worse annual rate of change in
PWV over 6.5 years, such that persons
with three or more CV risk factors (equivalent to MetS in individuals without diabetes) had an estimated rate of change of
0.148 m/s/year, similar to the rate we
found. Interestingly, among those without MetS, slight decreases in PWV were
seen. A higher rate of change with increasing numbers of MetS characteristics was
noted (8), whereas we did not ﬁnd a
higher rate of change in youth with type
1 diabetes and the MetS compared with
those without MetS. Of note, in this population, the baseline PWV levels of persons with the MetS were on average
12.2 m/s, compared with only 5.2 m/s
in our study. Tomiyama et al. (29) studied
2,080 healthy Japanese male employees
aged 42 years (range 29–76 years) with
3 years of follow-up. Among those with
MetS at the baseline examination, ankle–
brachial PWV was signiﬁcantly higher
and highest over time in the group with
persistent MetS compared with those
without MetS or to those with regression
of MetS. These ﬁndings suggest that in
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and LDL-c, as well as the number of
MetS components, were associated with
lower distensibility (increased stiffness)
(31). In a study of 100 obese children
aged 6–14 years, Iannuzzi et al. (32)
found that MetS was strongly associated
with carotid arterial stiffness compared
with obese youth without MetS. Thus,
among nondiabetic subjects across the
entire age range, MetS and increasing
numbers of MetS components have been
shown to be associated with increased arterial stiffness (6). Our ﬁndings extend
these observations to youth with type 1
diabetes at young ages and with short duration of diabetes.
Obesity, and especially central obesity, are major components of the MetS,
and numerous studies have found associations between adiposity measures and
arterial stiffness (6,33,34). We found
that a larger baseline waist circumference
and increases in waist circumference over
time were associated with higher PWV
levels in youth with type 1 diabetes, independent of other baseline CV risk factors. Since a much higher proportion of
youth with type 1 diabetes are now overweight or obese (11), this additional risk
factor for premature atherosclerosis must
be addressed as part of any approach to
CV risk reduction. We also found that increases in lipid levels, especially LDL-c,
and worsening glycemic control were independently associated with increased arterial stiffness in youth with type 1
diabetes. While improved glycemic control is a central focus of diabetes care in
youth, treatment of hypertension and
dyslipidemia have received less attention,
and few youth with type 1 diabetes received such medication.
Limitations and strengths
This study has some limitations. We only
had two time points for assessment of
arterial stiffness and risk factors, limiting
our ability to determine the trajectory of
changes and the full temporal sequence of
events. For some participants, the second
measurement was performed by a different technician; however, all technicians
were trained centrally using the same
standardized measurement protocol,
and all PVW measures were conducted
at the same locations in both centers.
Only one HbA1c value was available at
each point in time to assess glycemic control. However, we had a well-characterized
group of contemporary youth with type 1
diabetes early in the course of their diabetes, allowing us to determine that
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arterial stiffness is elevated at a young
age and stage of disease before other
micro- and macrovascular complications
have occurred. It is also the ﬁrst prospective study of arterial stiffness and its’ determinants in such youth. Nevertheless, the
combination of a relative small sample
size, early in the evolution of the disease
and followed over a relatively limited period of time may have reduced our ability
to detect signiﬁcant differences in the rate
of progression of PWV according to baseline CV risk factors. Our further planned
follow-up of this cohort will be able to
address this aspect more conclusively.
In conclusion, we found that presence, clustering, and worsening of CV risk
factors are associated with increased arterial stiffness over time in youth with type
1 diabetes. Whether improvement in CV
risk factors early in life will slow the
progression of arterial stiffness and reduce the burden of CV disease in this
population requires further study.
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