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Aims—(1) To describe changes in arterial stiffness and heart rate variability (HRV) over a 5-year 

interval, (2) examine changes by sex and race–ethnicity, and (3) evaluate the risk factors associated 

with the longitudinal changes in arterial stiffness and HRV.

Methods—Participants with youth-onset type 2 diabetes enrolled in the observational follow-up 

phase of the Treatment Options for Type 2 Diabetes in Adolescents and Youth (TODAY) clinical 

trial had arterial stiffness [(pulse wave velocity, augmentation index, brachial distensibility] and 

six indices of HRV measured 5 years apart. Multivariable linear regression models assessed risk 

factors associated with changes in the outcomes over time.

Results—At initial vascular assessment, the 304 participants were a mean age of 21 years, 34% 

male, and had a mean diabetes duration of 8 years. In more than half the cohort pulse wave 

velocity, augmentation index and HRV increased over 5 years (p<0.01). Brachial distensibility did 

not change. There were no differences in the 5-year change by race/ethnicity except for a single 

HRV measure, where non-Hispanic Blacks had greater worsening of parasympathetic function 

compared to non-Hispanic Whites, p = 0.008. Blood pressure was related to greater worsening 

in augmentation index and pulse wave velocity. Higher hemoglobin A1c over time was related to 

worsening pulse wave velocity and HRV.

Conclusions—Arterial stiffness and HRV worsened over 5 years. Blood pressure and glycemic 

control may be potential targets to influence adverse changes in arterial stiffness and HRV in 

young adults with youth-onset type 2 diabetes.
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Introduction

Individuals with youth-onset type 2 diabetes appear to be at high risk to develop diabetes-

related cardiovascular complications based on cross-sectional data [1–5]. Compared to 

individuals with youth-onset type 1 diabetes or their obese peers, adolescents and young 

adults with youth-onset type 2 diabetes have greater arterial stiffness and more abnormalities 

in heart rate variability [1–5]. Arterial stiffness is an early marker of cardiovascular disease 

and in adults predicts greater cardiovascular morbidity and mortality [6, 7]. Abnormalities 

in heart rate variability represent cardiac autonomic dysfunction and are associated with 

arrhythmia, myocardial infarction, and sudden death independent of other cardiovascular 

risk factors [8–12]. Furthermore, alterations in heart rate variability have been associated 

with increased arterial stiffness in individuals with diabetes [13, 14].

Studies in adults with and without diabetes have described worsening of arterial stiffness, 

and heart rate variability as well as their associated risk factors [6, 15, 16]. However, there 

were limited data in adolescence and young adults. Recently, Ryder et al. [17] found arterial 

stiffness was accelerated in youth with type 2 diabetes, mean age 17 years, compared 

to obese and lean controls over a 5-year period. However, heart rate variability was not 

assessed in that study and the cohort was largely limited to non-Hispanic White and non-

Hispanic Black adolescents [17].
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Here, we examined changes in arterial stiffness and heart rate variability over time in 

participants enrolled in the observational follow-up phase of the Treatment Options for 

type 2 Diabetes in Adolescents and Youth (TODAY) clinical trial, a multi-ethnic study of 

adolescents with youth-onset type 2 diabetes [18, 19]. The objectives of this study were to: 

(1) describe changes in arterial stiffness and heart rate variability over a 5-year follow-up 

period in participants enrolled in the observational follow-up phase of the TODAY clinical 

trial; (2) examine sex and race–ethnicity differences in the change in arterial stiffness and 

heart rate variability over time; and (3) assess risk factors associated with changes in arterial 

stiffness and heart rate variability during the 5-year follow-up.

Materials and methods

TODAY participants and study design

Detailed descriptions of the TODAY clinical trial protocol (www.clinicaltrials.gov : 

NCT00081328) and the primary outcome results have been published [18–20]. In brief, 

the TODAY study (2004–2011) was a multicenter randomized clinical trial designed 

to assess metformin monotherapy, metformin plus rosiglitazone, or metformin plus an 

intensive lifestyle intervention on time to treatment failure defined as loss of glycemic 

control (hemoglobin A1c ≥ 8% [64 mmol/mol] for 6 months or inability to wean from 

temporary insulin after acute metabolic decompensation) in adolescents with youth-onset 

type 2 diabetes. Participants in TODAY were followed for an average of 3.9 years [range 

2–6 years]. At the end of the TODAY study, 572 of the original 699 TODAY participants 

enrolled in the TODAY observational follow-up study (TODAY2) designed to assess the 

long-term complications of diabetes.

The TODAY2 observational follow-up study was conducted between 2011 and 2020. During 

this time, participants were invited to 19 study visits (quarterly during 2011–2014 and 

annually during 2014–2020). Arterial stiffness and/or heart rate variability measurement 

were assessed at two of the 19 study visits, first at 7.1 ± 1.3 years in the TODAY study and 

then again after 5 years. The study was approved by institutional review boards at all 15 

centers, and all participants and guardians provided written informed assent and/or consent 

as appropriate for age and local guidelines.

Risk factor assessment

Race–ethnicity was self-reported using U.S. Census-based questions. The anthropometrics 

and laboratory data were obtained at or within 1 month of the arterial stiffness and heart 

rate variability assessments. Medical history including medication usage was obtained, and 

a study-wide protocol to measure blood pressure, weight, and height was used [18]. Mean 

arterial pressure was calculated as [(2*diastolic blood pressure) + systolic blood pressure]/3.

Participants self-reported cigarette smoking was categorized as either ‘yes’ (used within the 

past month) or ‘no’ (never used/not used within the past month). Hemoglobin A1c was 

measured at the TODAY Central Biochemistry Laboratory (Seattle, WA) during every visit 

using a dedicated high-performance liquid chromatography method (TOSOH Biosciences 
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Inc., South San Francisco, CA). Hemoglobin A1c and fasting labs were obtained according 

to standardized procedures and shipped to the Central Biochemistry Laboratory [18].

Outcome measures

Arterial stiffness outcomes included (1) carotid femoral pulse wave velocity (primary 

outcome), (2) carotid radial pulse wave velocity, (3) femoral foot pulse wave velocity, (4) 

augmentation index, and (5) brachial distensibility. Heart rate variability indices included 

three time domains (1) the SD of the R–R interval (termed NN interval, SDNN-primary and 

an overall measure of heart rate variability) from an electrocardiogram, (2) the root-mean-

square differences of successive NN intervals (RMSSD), and (3) the percent of adjacent NN 

intervals with a difference greater than 50msec (PNN50). Heart rate variability also includes 

three frequency domains: (1) normalized low-frequency power, (2) high-frequency power, 

and (3) their ratio low frequency/high frequency. Detailed descriptions of each method have 

been published [3, 5].

All three pulse wave velocity, augmentation index and heart rate variability measurements 

were obtained using the SphygmoCor CPV system (AtCor Medical, Lisle, IL). Brachial 

distensibility was measured using the DynaPulse 2000 (PulseMetric, San Diego, CA). All 

measurements were conducted fasting and after the participant rested for at least 10 minutes. 

All prescriptions and over-the-counter medications were held on the day of testing until both 

tests were complete. TODAY staff were certified for performance of all procedures by a 

central Vascular Reading Center located in Cincinnati, Ohio.

Statistical analyses

Descriptive statistics are presented as mean ± SD, median [25th–75th percentile] or percent. 

Paired t-tests for continuous variables and McNemar tests for categorical variables were 

used to evaluate differences in participant characteristics between the initial and follow-up 

visit. The overall 5-year change (slope) from the initial to the follow-up assessment for 

each outcome was estimated from linear regression models adjusted for age, sex, and 

race–ethnicity. Similar models were used to evaluate differences in the slopes (change) 

by subgroup (sex, race–ethnicity, and randomized treatment group), via the addition of an 

interaction term of time (initial or follow-up). All the arterial stiffness outcomes as well as 

two of the heart rate variability outcomes (high-frequency power and low-frequency power) 

were approximately normally distributed. Other heart rate variability outcomes (SDNN, 

RMSSD, PNN50, and low-frequency/high-frequency ratio) were skewed and required a log 

transformation prior to testing to approximate normality.

Separately, multivariable linear regression models were used to relate risk factors with 

changes in arterial stiffness and heart rate variability outcomes. For each outcome, the 

change (follow-up minus initial value) was included as the dependent variable with 

an adjustment in the model for the initial value of the assessment along with other 

fixed covariate(s) as specified below. Covariates included a mix of continuous, binary, 

or categorical measurements from the 5-year follow-up assessment (time-weighted mean 

hemoglobin A1c, age, sex, race–ethnicity, body mass index, low-density lipoprotein 

cholesterol, and mean arterial pressure only in the arterial stiffness models to account for 
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baseline distending pressure of the artery). Smoking was defined as having smoked at least 

one cigarette in the past month. Given that hemoglobin A1c was measured a median number 

of 7 times during the 5-year interval between each arterial stiffness/heart rate variability 

measurement, a time-weighted mean hemoglobin A1c (computed weighting each value by 

the time interval between assessments) was used to represent the glycemic exposure. Risk 

factors were selected given our prior cross-sectional associations with arterial stiffness and 

heart rate variability measurements in this cohort [3, 5]. Height was also included in the 

augmentation index model and heart rate (beats per minute) in the models of pulse wave 

velocity, and brachial distensibility. Heart rate was not included in the augmentation index 

model since heart rate was already adjusted to a standard 75 beats per minute. R-square and 

p-value of the multivariable models were evaluated to assess the robustness of the models. 

Statistical significance was defined as p<0.05. All analyses are considered exploratory; 

therefore no adjustments were made for multiple testing.

Results

Participants

The analyses reported here include data on 304 participants at all 15 clinical sites who 

had at least one arterial stiffness or heart rate variability measurement at an initial (after 

7.1 ± 1.3 years in the study) and a 5-year follow-up study visit (after 12.1 ± 1.3 years 

of study). Participants excluded in these analyses had either missing initial or follow-up 

arterial stiffness or heart rate variability data (n=117). Participants with missing data did 

not differ by age, sex, race–ethnicity, body mass index, blood pressure, or hemoglobin A1c 

from the 304 included in this analysis. However, there was a lower proportion of Hispanic 

participants in those excluded versus included (25.6% vs 42.1% p=0.01). Eleven participants 

with monogenic diabetes mutations were excluded.

Arterial stiffness overtime

Metabolic and cardiovascular risk factors at the initial and follow-up arterial stiffness and 

heart rate variability assessment are presented in Table 1. Mean arterial stiffness, measured 

by carotid femoral pulse wave velocity, carotid radial pulse wave velocity, femoral foot pulse 

wave velocity and augmentation index, increased between 14.2 and 57.8% over 5 years, 

p<0.01 (Fig. 1 and Additional file 1: Data S1). This reflects a mean annualized change in 

carotid femoral pulse wave velocity of 0.15m/s per year, carotid radial pulse wave velocity 

of 0.24m/s per year, femoral foot pulse wave velocity of 0.15m/s per year, and augmentation 

index of 1.10% per year. Although the change in mean brachial distensibility was not 

significant, brachial distensibility worsened in nearly 50% of the cohort.

Heart rate variability overtime

There was also worsening of overall heart rate variability (SDNN) and each of the heart rate 

variability indices, all p<0.0001 (Fig. 1 and Additional file 1: Data S1). The median change 

in heart rate variability was between 10.1 and 50.0% (p<0.0001). At the first assessment, 

73.0% of the cohort had a SDNN of < 70ms, a value associated with a 4-fold higher risk of 

death in adults [21]. At the second heart rate variability assessment, an SDNN < 70ms was 

seen in 83.5% of participants.
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Differences by race/ethnicity or prior diabetes treatment

The observed changes in arterial stiffness and heart rate variability did not differ by 

sex or race–ethnicity for any of the outcomes, except for RMSSD, where the change 

in non-Hispanic Blacks (− 15.3 ± 35.1 ms) was significantly greater than the change 

in non-Hispanic Whites (− 4.6 ± 39.9 ms, p=0.008). See Additional file 1: Data S2. 

Arterial stiffness and heart rate variability measurements did not differ over time by prior 

randomized treatment group (metformin alone, metformin with lifestyle, or metformin with 

rosiglitazone) or by loss of glycemic control (hemoglobin A1c ≥ 8% [64 mmol/mol]) during 

the study, data not shown.

Risk factors that influence change overtime

Associations of risk factors with changes in arterial stiffness during TODAY2 are shown in 

Table 2. HigherA time-weighted hemoglobin A1c and mean arterial pressure were positively 

associated with a change in carotid femoral pulse wave velocity over time; however, there 

was no significant interaction between hemoglobin A1c and mean arterial pressure. Higher 

mean arterial pressure and female sex were also positively associated with a change in 

augmentation index over time. No risk factors were identified to be associated with change 

in carotid radial or femoral foot pulse wave velocity. The only risk factor associated with 

heart rate variability was time-weighted mean hemoglobin A1c. The heart rate variability 

outcomes SDNN, RMSSD, and PNN50 decreased (indicating worsening) by an average 

of 3.8ms, 3.8ms, and 2.3%, respectively, for every 1% increase in time-weighted mean 

hemoglobin A1c during the 5-year follow-up (all p < 0.0001). None of the other risk factors, 

including age, race, sex, body mass index, smoking, or low-density lipoprotein cholesterol, 

were significantly associated with any of the heart rate variability indices.

Discussion

We have previously documented worse arterial stiffness and heart rate variability in this 

cohort of adolescents with youth-onset type 2 diabetes compared to obese controls using 

data from the initial arterial stiffness and heart rate variability assessment [3, 5]. Now we 

report novel data that show worsening of arterial stiffness and heart rate variability as this 

cohort progresses into young adulthood that appears to be influenced by blood pressure and 

glucose control over time.

The annual change in carotid femoral pulse wave velocity observed here was 0.15m/s. This 

is similar to adults in their mid-1950s with 15–20 years of diabetes duration which have 

been shown to have a comparable annual change of carotid femoral pulse wave velocity 

between 0.11 and 0.20 m/s [22, 23]. Only one other study has reported change in carotid 

femoral pulse wave velocity over time in adolescents with type 2 diabetes where the annual 

change in carotid femoral pulse wave velocity was 0.08m/s [17] which was higher than the 

annual change of 0.04m/s observed in lean controls. Collectively, these data document rapid 

worsening of arterial stiffness in individuals with youth-onset type 2 diabetes during young 

adulthood. Differences in study populations, follow-up times, and devices used to measure 

arterial stiffness prevent direct comparisons of the rate of change in adults versus youth.
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Overall heart rate variability (SDNN) declined and as did other heart rate variability indices 

indicating parasympathetic and sympathetic loss. These data suggest an increased risk for 

cardiac autonomic dysfunction in young adults with youth-onset type 2 diabetes. A meta-

analysis of 21 studies that included nearly 3500 adults post-myocardial infarction found a 

SDNN of < 70ms was associated with a fourfold higher risk of death compared to a SDNN 

> 70ms [21]. The high percent of SDNN < 70ms at both initial and follow-up evaluations 

suggests this young adult cohort is at high risk for future cardiovascular complications.

We did not find major differences in the change over time in arterial stiffness and heart 

rate variability by sex or race–ethnicity. In unadjusted models, RMSSD, a parasympathetic 

component of heart rate variability, was lower or worse in non-Hispanic Blacks versus 

non-Hispanic Whites but this racial difference did not persist after adjusting for other risk 

factors. When height was added to the linear regression models, female sex was found to 

be associated with greater change in augmentation index over time (change in augmentation 

index for females was + 6.4% vs + 3.6% in males). The greater change in augmentation 

index among females could reflect an increased taper of the distal aorta in females versus 

males or may simply reflect a greater change in arterial stiffness over time. Studies of young 

populations generally show lower augmentation index in females versus males [4] that 

reverses with aging [24, 25]. Our initial cross-sectional study found higher augmentation 

index in females compared to males [3]. This suggests this reversal is happening at a much 

younger age in those with youth-onset type diabetes.

Higher cumulative glycemic exposure, represented by the time-weighted mean hemoglobin 

A1c, was associated with worse arterial stiffness and heart rate variability and greater 

progression. These results are consistent with adult data reporting associations of higher 

hemoglobin A1c with greater vascular stiffness [26, 27] and reduced heart rate variability 

[11]. These results are also concordant with our cross-sectional work using initial data in this 

cohort [3, 5]. Similar to hemoglobin A1c, higher blood pressure as assessed by mean arterial 

pressure was also found to be associated with worse carotid femoral pulse wave velocity 

and augmentation index as seen in the prior cross-sectional analysis of this cohort [3, 5]. 

In concert, these results identify two potentially modifiable risk factors, blood pressure and 

glycemic control, that appear important for arterial stiffness and heart rate variability and 

their progression over time. Whether hemoglobin A1c and blood pressure lowering improve 

arterial stiffness and heart rate variability in a youth-onset type 2 diabetes population has yet 

to be determined.

The strengths of this study include a relatively large sample size, a multi-ethnic cohort of 

individuals with youth-onset type 2 diabetes, and a longitudinal design over 5 years in a 

high-risk cohort of young adults with type 2 diabetes onset in adolescence. The results are 

limited by loss of sample size due to missing initial or follow-up assessments, but is one 

of the largest adolescent cohorts reported on to date. Additionally, we could not include 

some risk factors that may be important, including levels of exercise and diet, as they 

were not assessed close enough in time to the arterial stiffness and heart rate variability 

measurements.
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Conclusions

In conclusion, arterial stiffness and heart rate variability continue to worsen over time and 

these changes are evident by late adolescence and into young adulthood in individuals with 

youth-onset diabetes. Treatment and interventions are needed to slow these processes to 

improve long-term outcomes in this high-risk population. Our results point to lowering of 

hemoglobin A1c and blood pressure that may improve long-term cardiovascular outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Arterial Stiffness (Panel A) and Heart Rate Variability (Panel B) Outcomes in the 

TODAY Participants (N=304) at the Initial (2013–2014) and 5-Year Follow-Up (2018–2019) 

Assessment*

Panel A: Mean ± SD at initial and 5-year follow-up assessment for the arterial stiffness 

measures. Panel B: median [25th −75th percentile] at initial and 5-year follow-up assessment 

for the heart rate variability measures. SDNN: SD of the NN intervals; RMSSD: root 

mean square differences of successive NN intervals; PNN50: percent of adjacent NN 

intervals with a difference greater than 50msec; n.u.normalized units. * P-value testing 

paired differences between the initial vs. the 5-year follow-up assessment, using at-test for 

continuous measures from adjusted models for age, sex, and race-ethnicity. Higher value is 

worse for all arterial stiffness measures except brachial distensibility, for low frequency, and 

for low frequency/high frequency ratio; Lower value is worse for all others.
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