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Abstract
Central obesity may contribute to the development of hypertension in youths with 
diabetes. The SEARCH for Diabetes in Youth Study followed 1518 youths with type 
1 diabetes (T1D) and 177 with type 2 diabetes (T2D) diagnosed when <20 years of 
age for incident hypertension. Incident hypertension was defined as blood pressure 
≥95th percentile (or ≥130/80 mm Hg) or reporting antihypertensive therapy among 
those without hypertension at baseline. Poisson regression models were stratified by 
diabetes type and included demographic and clinical factors, clinical site, and waist-
to-height ratio (WHtR). Youths with T2D were more likely to develop hypertension 
than those with T1D (35.6% vs 14.8%, P < .0001). For each 0.01 unit of annual in-
crease in WHtR, adjusted relative risk for hypertension was 1.53 (95% CI 1.36-1.73) 
and 1.20 (95% CI 1.00-1.43) for youths with T1D and T2D, respectively. Effective 
strategies targeted toward reducing central obesity may reduce hypertension among 
youths with diabetes.
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Diseases. Sites: Kaiser Permanente 
Southern California (U18DP006133, 
U48/CCU919219, U01 DP000246, and 
U18DP002714), University of Colorado 
Denver (U18DP006139, U48/CCU819241-
3, U01 DP000247, and U18DP000247-
06A1), Cincinnati's Children's Hospital 
Medical Center (U18DP006134, U48/
CCU519239, U01 DP000248, and 
1U18DP002709), University of North 
Carolina at Chapel Hill (U18DP006138, 
U48/CCU419249, U01 DP000254, and 
U18DP002708), Seattle Children's Hospital 
(U18DP006136, U58/CCU019235-4, U01 
DP000244, and U18DP002710-01), Wake 
Forest University School of Medicine 
(U18DP006131, U48/CCU919219, U01 
DP000250, and 200-2010-35171).

1  | INTRODUC TION

Between 2002 and 2012, the incidence of US youth-onset (<20 years 
of age) type 1 increased by 1.4% annually (from 19.5 cases/100 000 
youths per year to 21.7 cases/100 000 youths per year); the inci-
dence of youth-onset type 2 diabetes increased by 4.8% during the 
same time (from 9.0 cases/100 000 youths per year in 2002-2003 to 
12.5 cases/100 000 youths per year in 2011-2012).1 A similar trend 
has been observed worldwide.2-4 The increase in type 1 and type 2 
diabetes incidence affects in both sexes, and almost all racial/ethnic 
groups.5 Adolescents and young adults with youth-onset diabetes 
may experience complications such as kidney disease, retinopathy, 
and peripheral neuropathy after <10 years diabetes duration sug-
gesting that early- versus late-onset diabetes is particularly aggres-
sive.6 Cardiovascular disease and mortality are higher in patients 
with young-onset type 2 than in type 1 diabetes, which is primar-
ily driven by accompanying factors such as obesity and high blood 
pressure.7-9 Comorbidities such as hypertension in youths and young 
adults with diabetes increase the risk for cardiovascular disease and 
diabetes-related complications in adulthood.6 The clustering of un-
favorable cardiometabolic risk factors at a very early age contributes 
to a poor long-term prognosis particularly in youth-onset type 2 di-
abetes. However, our knowledge on the complications and progres-
sion of type 1 and type 2 diabetes in youths is still limited.

The SEARCH for Diabetes in Youth study (SEARCH) previously 
reported that the prevalence of high blood pressure is higher in 
youths and young adults with type 1 or type 2 diabetes compared to 
those without diabetes.10,11 This may be explained in part by a higher 
body mass index (BMI) of youths and young adults with type 1 or 
type 2 diabetes compared to those without diabetes.12 Compared 
to BMI, central obesity has been previously examined as a bet-
ter predictor for hypertension in ethnically diverse populations of 
adults,13,14 but this relationship is controversial in youth.15 In youths 
with diabetes, central obesity is associated with greater arterial stiff-
ness, independent of diabetes type.11 Adjusting for central obesity 
but not BMI attenuated the difference in risk for arterial stiffness and 
hypertension for youths and young adults with type 1 versus type 2 

diabetes to non-significance—indicating that central obesity may be 
a better indicator for diabetes-related complications.6 Considering 
the implications for future risk of cardiovascular disease, a better un-
derstanding of how changes in central obesity and other risk factors 
are associated with risk for hypertension among youths and young 
adults with diabetes is necessary to reduce the future burden of the 
sequelae of diabetes diagnosed in childhood.

To expand on previous analyses on the prevalence of hypertension 
using cross-sectional data in youths with type 1 or type 2 diabetes,10 
the objectives of the present study were to quantify the risk associ-
ated with increasing central obesity on the incidence of hypertension 
among youths and young adults with type 1 or type 2 diabetes.

2  | PATIENTS AND METHODS

2.1 | Study design and subjects

SEARCH is a prospective, multicenter study which identifies and follows 
youths diagnosed with diabetes prior to age 20 years from diverse racial 
and ethnic backgrounds. The SEARCH study design and methods have 
been previously described in detail.6 Youths and young adults included 
in this analysis were diagnosed with diabetes in calendar years 2002-
2006 or 2008, completed a brief survey and participated in a baseline 
research visit after diagnosis (mean of 9.2 months [SD, 6.4], Figure 1A). 
Participants were later invited for a SEARCH outcome visit between 
2011 and 2015 at which time diabetes-related complications and 
comorbidities were assessed. The study was approved by institutional 
review board(s) with jurisdiction. For each visit, participants ≥18 years 
of age and the parent/guardian of participants <18 years of age pro-
vided consent and participants <18 years of age provided assent.

For the current analysis, we included participants diagnosed with 
type 1 diabetes or type 2 diabetes. There were 4,095 participants 
with a baseline visit. We excluded participants with other or unknown 
diabetes type, hypertension or unknown hypertension status at base-
line, and those with missing data for variables of interest (Figure 1B). 
After exclusions, 1,695 participants were included in the analysis.
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2.2 | Study procedures and variable definitions

Trained research staff conducted the in-person baseline and out-
come visits. Before each visit, participants were instructed to fast 
overnight for at least 8 hours and abstain from medications (includ-
ing short-acting insulin) on the morning of the visit. Participants (or 
parents, for participants <18 years of age) self-reported their date of 
birth, sex, race, ethnicity, annual household income, type of health 
insurance, and highest level of parental education on their initial sur-
vey. Date of diabetes diagnosis was obtained from medical records 
and was used to calculate age at diagnosis and diabetes duration at 
each visit.16

To define diabetes type, baseline blood samples were analyzed 
for glutamic acid decarboxylase-65, insulinoma-associated-2, and 
zinc-T8 autoantibodies.17 Insulin sensitivity was estimated using a 
validated equation that includes waist circumference, glycated he-
moglobin (HbA1c), and triglyceride concentrations measured at the 
visit.17 Type 1 diabetes was defined as at least one positive antibody 

result (regardless of insulin sensitivity), or no positive antibody re-
sults and an insulin sensitivity score of at least 8.15.17 Type 2 diabe-
tes was defined as being negative for the three antibodies tested and 
insulin resistance (score <8.15).17

Participant height and weight were measured in light indoor 
clothing without shoes and used to calculate BMI, and BMI z-scores 
adjusted for age and sex.18 Youths were categorized as under/
normal weight (BMI-for-age <85th percentile or a BMI <25), over-
weight (BMI-for-age ≥85th to <95th percentile or a BMI ≥ 25 to 
<30 kg/m2), and obesity class 1 (BMI-for age ≥95th to <97th per-
centile or a BMI ≥ 30 to <35 kg/m2), and obesity class 2 or higher 
(BMI-for age ≥97th percentile or a BMI ≥ 35 kg/m2). Waist circum-
ference was measured twice using the natural waist defined as 
midway between the lowest rib margin and the right iliac crest at 
the mid-axillary line. A third measurement was made if the second 
measure differed from the first by >1.0 cm. We then calculated the 
ratio of waist-to-height (WHtR) to quantify central obesity.19-21 If 
the rib margin could not be identified, the measurement was made 

F I G U R E  1   SEARCH for Diabetes in 
Youth Study design showing the years 
of baseline and outcome visits (1A) and 
flowchart (1B) of participants with youth-
onset type 1 and type 2 diabetes

(A)

(B)
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at the point of natural bend (after asking the participant to lean to 
the side without swaying backward or forward).21

Blood pressure at baseline was measured using a standard mer-
cury sphygmomanometer with one of five cuff sizes chosen based 
on the circumference of the participant's arm according to guide-
lines.22 Follow-up blood pressure was measured using a Welch 
Allyn Tycos 767-series mobile aneroid manometer (Welch Allyn, 
Inc). Mean blood pressure was calculated based on the average of 
three readings, each taken 1 minute apart, after the participant had 
5 minutes of seated rest. Using the American 2017 Academy of 
Pediatrics Clinical Practice Guidelines, prehypertension was defined 
for youths <13 years as a blood pressure between the 90th percen-
tile to <95th percentile for age, sex, and height or 120/80 mm Hg to 
<95th percentile (whichever was lower); for youths ≥13 years and 
adults, it was defined as a blood pressure of 120-129/<80 mm Hg.22 

Hypertension was defined for youths <13 years as a blood pressure 
≥95th percentile for age, sex, and height or ≥130/80 mm Hg (which-
ever was lower); for youths ≥13 years and adults, it was defined as 
≥130/80 mm Hg. Participants with self-reported antihypertensive 
therapy were defined as having hypertension, regardless of age.22,23

2.3 | Statistical analysis

Descriptive data were presented as mean ± standard deviation (SD) 
for continuous and count (%) for categorical variables. Delta WHtR 
was defined as annualized change in WHtR measures from the base-
line visit to the outcome visit (change in WHtR over time in years 
between baseline and outcome visit). The association between 
WHtR at baseline, WHtR change during follow-up, and incident 

TA B L E  1   Demographic and clinical characteristics at baseline and outcome visits of 1,695 participants with youth-onset type 1 and type 
2 diabetes and without baseline hypertension in the SEARCH for Diabetes in Youth Cohort Study

Characteristica 
Type 1
(N = 1518)

Type 2
(N = 177) P valueb 

Demographics

Male sex, N (%) 753 (49.6) 51 (28.8) <.001

Age at diagnosis (y) 10.0 (3.8) 13.9 (2.7) <.001

Non-Hispanic white race, N (%) 1184 (78.0) 51 (28.8) <.001

Parental education: some college or more, N (%) 1242 (81.8) 90 (50.8) <.001

Baseline visit measures

Duration of diabetes (mo) at visit 9.1 (6.3) 10.7 (7.2) .0033

Weight class, N (%)   <.001

Under/normal weight 1036 (68.4) 14 (8.0)  

Overweight 290 (19.1) 21 (11.9)  

Obesity class 1 78 (5.1) 22 (12.5)  

Obesity class ≥2 111 (7.3) 119 (67.6)  

HbA1c(%), mean (SD) 7.6 (1.4) 7.5 (2.3) .466

HbA1c in mmol/mol, mean (SD) 59.6 (15.8) 58.1 (25.6) .466

Prehypertensive, N (%) 122 (8.0) 41 (23.2) <.001

Waist-height ratio 0.45 (0.05) 0.60 (0.09) <.001

BMI z-score 0.5 (1.0) 2.0 (0.6) <.001

Outcome Visit Measures    

Interval (y) from baseline visit to follow-up visit 7.1 (1.9) 6.8 (2.0) .164

Waist-height ratio 0.47 (0.06) 0.61 (0.10) <.001

Annual change in waist-height ratioc  0.0017 (0.0079) 0.0015 (0.0094) .846

BMI (kg/m2) 24.1 (5.0) 34.3 (8.2) <.001

Annual change in BMIc  0.65 (0.51) 0.18 (0.88) <.001

HbA1c (%) 9.1 (1.8) 9.2 (3.0) .592

HbA1c,(mmol/mol) 76.0 (20.1) 77.4 (33.1) .592

Annual change in HbA1c (%)c  0.23 (0.32) 0.28 (0.51) .210

Annual change in HbA1c (mmol/mol)c  2.49 (3.53) 3.03 (5.54) .210

aData are shown as count (%), or mean (SD). 
bP-value evaluating differences in characteristics across DM types: t tests (continuous) or chi-square tests (categorical). 
cAnnualized change from the baseline visit to follow-up visit. 
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hypertension was evaluated. Because WHtR is often not measured 
as part of clinical care, we also evaluated the association between 
BMI z-score at baseline, delta BMI during follow-up, and incident 
hypertension in a similar manner.

The relative risk of WHtR, BMI, and incident hypertension was 
estimated using modified Poisson regression models with robust 
standard errors for confidence intervals (CI). Analyses included un-
adjusted and adjusted models including sex, race/ethnicity, age at 
diagnosis, duration of diabetes at baseline, parental education, and 
clinical site. Considering differences between youths with type 1 
and type 2 diabetes with regard to sample size, demographics, and 
mechanism of diabetes (insulin deficiency versus insulin resistance), 
as well as observing statistically significant or trending to significant 
diabetes by WHtR interactions, the analyses were a priori stratified 
by diabetes type. The selection of adjustment variables was in-
formed by development of a directed acyclic graph.24 All analyses 
were conducted using SAS version 9.4 (SAS Institute).

3  | RESULTS

The analytic sample was comprised of 1695 youths without hyper-
tension at their baseline visit: n = 1,518 with type 1 diabetes and 
n = 177 with type 2 diabetes and was similar to those excluded 
from the analyses (see Table S1). Participants with type 1 diabetes 
excluded due to hypertension at baseline were less likely to be non-
Hispanic white, were more likely to be obese, and had a higher base-
line BMI z-score and WHtR than those excluded for other reasons 
such as incomplete information (P < .05 for each). Participants with 
type 2 diabetes excluded due to prevalent hypertension at baseline 
had a higher baseline BMI z-score and WHtR than those excluded for 
other reasons (P < .05 for each).

Participants with type 2 diabetes were more likely to have class II 
obesity (67.6% vs 7.3%) and to have prehypertension (23.2% vs 8.0%) 
at their baseline visit compared to participants with type 1 diabetes 
(Table 1). Participants with type 1 diabetes and type 2 diabetes had 
a comparable baseline HbA1c and annual change in HbA1c during 
follow-up. Participants with type 2 diabetes had a higher baseline 
WHtR than youths with type 1 diabetes.

The average follow-up was 7.1 ± 1.9 years for participants with type 
1 and 6.8 ± 2.0 years for participants with type 2 diabetes (P = .164). 
During follow-up, 225 participants with type 1 and 63 with type 2 dia-
betes developed hypertension. Participants with type 2 diabetes were 
more likely to develop hypertension during follow-up than those with 
type 1 diabetes (35.6% vs 14.8%, P < .0001, Figure 2). Participants 
with prehypertension at baseline were more likely to develop hyper-
tension when compared to those without prehypertension at baseline 
(P < .001 and P = .044 for type 1 or type 2 diabetes, respectively).

For each 0.1 unit increase in WHtR at baseline, the unadjusted 
relative risk (95% CI) of progression to hypertension was 1.31 (1.08, 
1.61) and 1.19 (0.97, 1.45) in participants with type 1 or type 2 diabe-
tes, respectively (Figure 3A). After adjusting for sex, race/ethnicity, 
age at diagnosis, parental education, diabetes duration, and clinical 
site, the magnitude of association increased marginally to 1.36 (1.13, 
1.63) and 1.22 (1.00, 1.49) for participants with type 1 or type 2 
diabetes, respectively.

For each 0.01 unit increase in change in WHtR per year of fol-
low-up, the relative risk (95% CI) of progression to hypertension was 
1.48 (1.31, 1.67) and 1.14 (0.93, 1.40) in participants with type 1 
or type 2 diabetes, respectively (Figure 3B). After adjusting for sex, 
race/ethnicity, age at diagnosis, parental education, diabetes dura-
tion, clinical site, and baseline WHtR, the relative risk was 1.53 (1.36, 
1.73) and 1.20 (1.00, 1.43) for participants with type 1 or type 2 
diabetes, respectively.

F I G U R E  2   Progression to hypertension 
by baseline blood pressure status of 1695 
participants with youth-onset type 1 
and type 2 diabetes in the SEARCH for 
Diabetes in Youth Cohort Study
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The association between BMI z-score at baseline, BMI change 
during follow-up, and the risk of progression to hypertension was 
similar but slightly less pronounced with lower magnitude of associ-
ation and wider confidence intervals than the association observed 
with WHtR (Figure S1).

4  | DISCUSSION

In this cohort of youths and young adults with diabetes, we found 
a mild-to-moderate association between baseline WHtR as well 
as change in WHtR, and incident hypertension. This relationship 
was observed in both participants with type 1 and with type 2 
diabetes. This relationship was less pronounced in participants 
with type 2 diabetes, in part due to the much smaller sample size 
among this group.

Several mechanisms link obesity and high blood pressure, in-
cluding upregulation of pro-inflammatory adipokines due to ad-
ipose tissue dysfunction, increased sympathetic nervous system, 
abnormal kidney function associated with increased tubular so-
dium reabsorption, and increasing arterial stiffness.25-31 It has also 
been hypothesized that obesity-related changes in the composition 
and function of gut microbiota might be associated with hyperten-
sion.32 Central obesity, rather than BMI, has been shown to be a 

better predictor for hypertension and cardiovascular disease mor-
tality in adults.13,14 Visceral fat accumulation has been proposed 
as “dysfunctional adipose tissue,” resulting in an altered metabolic 
profile which may not be present in individuals with obesity and 
subcutaneous but low visceral fat deposition.25,33 Results from the 
present study indicate that WHtR as a marker of central obesity 
may be an important factor for hypertension in youths and young 
adults with diabetes.

The SEARCH study has previously shown that the number of 
cardiovascular risk factors did not change significantly in partic-
ipants with type 1 diabetes, but increased over time in partici-
pants with type 2 diabetes, a diabetic phenotype with a higher 
prevalence of obesity at diagnosis.34 Early complications of di-
abetes co-occurred in adolescents and young adults with diabe-
tes, and included arterial stiffness and hypertension.35 Youths 
and young adults with type 2 diabetes had a higher age-adjusted 
prevalence of macrovascular outcomes such as arterial stiffness 
and hypertension than youths and young adults with type 1 di-
abetes.6 Moreover, adjusting for WHtR attenuated the differ-
ence in risk for arterial stiffness and hypertension for youths and 
young adults with type 1 versus type 2 diabetes to non-signifi-
cance, indicating that central obesity explains, statistically, the 
higher burden of macrovascular outcomes in youths with type 
2 versus those with type 1 diabetes.6 While type 1 diabetes is 

F I G U R E  3   Relative risk of progression 
to hypertension for each 0.1 unit increase 
in waist-to-height ratio at baseline (3A) 
and for 0.01 unit increase in change 
per year (3B) by diabetes type in 1695 
participants in the SEARCH for Diabetes 
in Youth Cohort Study
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characterized by insulin deficiency mostly due to autoimmune 
destruction of the pancreatic beta cells and type 2 diabetes by 
insulin resistance which may lead to beta-cell failure,36 it can be 
speculated that central obesity which is associated with insulin 
resistance, adds to the burden of disease in both type 1 and type 
2 diabetes. Central obesity has been linked with metabolic out-
comes, particularly through their impact on β-cell function and 
insulin sensitivity. However, growing evidence suggests that they 
might also interact with the immune system to amplify the auto-
immune response in type 1 diabetes.37

The magnitude of the association between BMI and hyper-
tension prevalence in pediatric populations has been estimated 
with odds ratios ranging from 3.5 to 4.4 for children with obe-
sity compared to normal weight children.38-42 Three cross-sec-
tional studies suggested that children with severe obesity are 2-6 
times more likely to have hypertension than those with moderate 
obesity.42,43 However, these studies did not investigate central 
obesity or the effect among youths with diabetes. In the pres-
ent study, youths with type 2 diabetes had a higher WHtR and 
BMI at baseline than youths with type 1 diabetes while the latter 
showed a more rapid increase in both markers of obesity than 
the former. Results from our study suggest that the prevention 
of central obesity may play an important role in the prevention of 
hypertension in adolescents and young adults with type 1 or type 
2 diabetes. This may prevent obesity-related metabolic changes 
involved in the development of hypertension.25-31 However, pre-
vious analyses also showed that microvascular complications of 
diabetic kidney disease, retinopathy, and peripheral neuropathy 
were higher among youths and young adults with type 2 diabetes 
compared to those with type 1 even after adjustment for cen-
tral obesity, glycemic control, and other factors over time.6 This 
indicates that obesity alone is not responsible for these compli-
cations and potential pathways of disease progression need to be 
explored.

In absence of data to calculate WHtR, BMI, a marker of obe-
sity, may be used as predictor of hypertension in youths and young 
adults with diabetes. Previous studies in children have shown that 
BMI correlated reasonably well with body fat44 and is comparable 
with WHtR in performance as predictor of metabolic syndrome45 
and hypertension15 in children. However, in youths with diabetes, 
central obesity may be a better indicator of risk for diabetes-related 
complications than BMI.6,11 In the present analysis, associations be-
tween BMI and progression to hypertension were slightly weaker 
with wider confidence intervals than associations between WHtR 
and progression to hypertension.

The SEARCH for Diabetes in Youth Study includes a large, 
racially, and ethnically diverse cohort.6 The longitudinal mea-
surements of blood pressure, body weight, height, and waist cir-
cumference are another strength of the present study. However, 
the use of blood pressure measured at study visits is a proxy for 
hypertension because it was not possible to confirm the presence 
of hypertension at other clinical visits as recommended by cur-
rent guidelines.22 Finally, the number of participants in the sample 

with type 2 diabetes was relatively small, resulting in less precise 
relative risk estimates.

In conclusion, we found that increasing central obesity was a 
major risk factor for incident hypertension in youths and young 
adults with diabetes. The development and implementation 
of effective strategies to reduce the risk of central obesity and 
the prevention of weight gain may lead to a reduction in the risk 
for incident hypertension among youths and young adults with 
diabetes.
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