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4. Rationale:  
 Cardiovascular autonomic neuropathy is a serious but often commonly overlooked 
complication of diabetes. Heart rate variability (HRV) is a measure of variation in time between 
heartbeats and is a marker of autonomic dysfunction. Individuals with diabetes tend to have 
lower HRV compared to their non-diabetic counterparts.1 Low HRV is associated with risk of 
cardiovascular disease, particularly among individuals with diabetes.2-4 Prior studies have 
suggested that hyperglycemia5-8 and hypoglycemia9-11 may contribute directly to low HRV, and 
possibly explaining some of the excess risk of cardiovascular disease in diabetes.11-13 
 Duration of diabetes, glucose excursions, and poor glycemic control may be associated with 
lower HRV. Poor glycemic control and frequent glucose excursions are often intertwined and are 
strongly related to duration of diabetes; however, little has been published specifically on how 
diabetes duration (and presumably greater organ damage from long-standing diabetes) relates to 
HRV,14 which may indicate autonomic dysfunction. It is also plausible that, in diabetes, the 
association of long-standing diabetes, glucose excursions, and poor glycemic control with 
cardiovascular outcomes is mediated by lower HRV. 
 



5. Main Hypothesis/Study Questions: 
Aim 1: To evaluate the associations of diabetes status, duration of diabetes, and biomarkers of 
glucose excursions (1,5-anhydroglucitol [1,5-AG]—a measure of glycosuria) and glycemic 
control with HRV. 
Hypothesis 1: We hypothesize that a longer duration of diabetes will be associated with lower 
HRV measures compared to those with shorter durations of diabetes and particularly compared 
to those without diabetes. In individuals with diabetes, we hypothesize that glucose excursions, 
and poor glycemic control will be cross-sectionally associated with low HRV measures.  
 
Aim 2: To quantify the degree to which the association of longer diabetes duration, glucose 
excursions, and poor glycemic control, with cardiovascular outcomes is mediated by low HRV. 
Hypothesis 2: We hypothesize that the association of longer diabetes duration, glucose 
excursions, and poor glycemic control with cardiovascular outcomes is partially mediated by low 
HRV. 
 
6. Design and analysis (study design, inclusion/exclusion, outcome and other variables of 
interest with specific reference to the time of their collection, summary of data analysis, 
and any anticipated methodologic limitations or challenges if present). 
 
Study Design 
Aim 1: Cross-sectional at visit 4. We chose this visit for two reasons: 1) HRV is available at visit 
1 and visit 4; and 2) diabetes duration is unknown at visit 1. 
  
Aim 2: Prospective after visit 4.  
 
Exclusions 
Aims 1 & 2: We will exclude participants who meet any one of the following criteria: 
1) missing or poor quality HRV data,  
2) missing information on diabetes or information needed to estimate diabetes duration at visit 4,  
3) blacks at the Maryland and Minnesota centers and those who report their race as neither black 
nor white. 
 
Aim 2: In addition to the above exclusions, we will further exclude those with prevalent CVD at 
baseline or missing follow-up information. 
 
Variables 
Diabetes duration (Exposures in Aims 1 & 2): Diabetes duration at visit 4 will be estimated 
based on self-report diagnosed diabetes or glucose-lowering medication use at visits 1-4 or 
reported during AFU calls. We will categorize our exposure as follows: no diabetes (referent), 
diabetes >0-<5 years, diabetes ≥5 years.  
 
Glucose excursions (Exposures in Aims 1 & 2) will be assessed using the biomarker serum 1,5-
anhydroglucitol, a marker of glycosuria, where low serum 1,5-AG indicates that the individual 
has had glucose excursions. We will categorize as 1,5-AG ≥6 μg/mL (referent) vs <6 μg/mL. 
 
Glucose control (Exposures in Aims 1 & 2) will be estimated using serum fructosamine. 
Fructosamine is another biomarker reflective of glucose control and is highly correlated with 



hemoglobin A1C (Pearson’s r~0.8 at ARIC visit 2).15 We will categorize estimated A1C as <7% 
vs ≥7%. 
 
HRV parameters (Outcomes in Aim 1 & Potential Mediators in Aim 2): We will examine the 
following HRV parameters.  
- Standard deviation of normal-to-normal R-R intervals (SDNN)  
- Root mean square of successive differences in normal-to-normal R-R intervals (RMSSD)  
- Low frequency (LF) power 
- High frequency (HF) power 
- LF/HF ratio 
 
Incident cardiovascular events (Outcomes in Aim 2):  
- Incident CVD (heart failure, coronary heart disease, ischemic stroke, atrial fibrillation, CVD 
mortality) will be reported as a composite and in supplemental analyses as individual endpoints 
 
Other variables of interest: age, sex, race-center, smoking status, drinking status, body mass 
index, systolic blood pressure, blood pressure-lowering medication use, total cholesterol, HDL 
cholesterol, lipid-lowering medication use, eGFR, 1,5-anhydroglucitol, fructosamine, medication 
use (beta-blockers, calcium-channel blockers, digoxin, antiarrhythmics) 
 
Analysis 
Aim 1: We will report baseline characteristics including mean (SD) for HRV measures according 
to the following categories for diabetes duration: no diabetes, diabetes >0-<5 years, diabetes ≥5 
years. We will log transform HRV measures, depending on the shape of the distribution, and 
categorize HRV measures (e.g., <25th vs ≥25th percentile). We will use ANOVA to test whether 
associations between categories of diabetes duration differ overall.  
 
In the subset with diabetes, we will describe the mean HRV measures according to duration of 
diabetes (<5 vs ≥5 years) categories of 1,5-AG and estimated A1C. We will use linear regression 
to compare age- and sex-adjusted means (95% CIs) for HRV according to diabetes duration, 1,5-
AG, and estimated A1C categories. We may explore whether these associations differ by age, 
sex, and prevalent CVD. 
 
Aim 2: Among individuals with diabetes, we will use Cox regression to analyze the association 
between diabetes duration, glucose excursions and control with incident cardiovascular events. 
We will use a counterfactual model to estimate indirect and direct effects and the percent of the 
association between diabetes duration, glucose excursions and control and incident 
cardiovascular events that is mediated by low HRV.16 
Model 1 = age, sex, race-center 
Model 2 = Model 1 + current smoking, systolic blood pressure, blood pressure-lowering 
medication use, total cholesterol, HDL cholesterol, lipid-lowering medication use, eGFR  
 
In a sensitivity analysis, we will exclude individuals using medications which affect HRV, 
including betablockers, calcium channel blockers, digoxin, and other antiarrythmics such as 
amiodarone, procainamide. 
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