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Background: This study aimed to investigate the association between the presence and severity of cardiovascular autonomic neu-
ropathy (CAN) and development of long-term glucose fluctuation in subjects with type 2 diabetes mellitus.
Methods: In this retrospective cohort study, subjects with type 2 diabetes mellitus who received cardiovascular autonomic reflex 
tests (CARTs) at baseline and at least 4-year of follow-up with ≥6 measures of glycosylated hemoglobin (HbA1c) were included. 
The severity of CAN was categorized as normal, early, or severe CAN according to the CARTs score. HbA1c variability was mea-
sured as the standard deviation (SD), coefficient of variation, and adjusted SD of serial HbA1c measurements.
Results: A total of 681 subjects were analyzed (294 normal, 318 early, and 69 severe CAN). The HbA1c variability index values 
showed a positive relationship with the severity of CAN. Multivariable logistic regression analysis showed that CAN was signifi-
cantly associated with the risk of developing higher HbA1c variability (SD) after adjusting for age, sex, body mass index, diabetes 
duration, mean HbA1c, heart rate, glomerular filtration rate, diabetic retinopathy, coronary artery disease, insulin use, and anti-
hypertensive medication (early CAN: odds ratio [OR], 1.65; 95% confidence interval [CI], 1.12 to 2.43) (severe CAN: OR, 2.86; 
95% CI, 1.47 to 5.56). This association was more prominent in subjects who had a longer duration of diabetes (>10 years) and 
lower mean HbA1c (<7%).
Conclusion: CAN is an independent risk factor for future higher HbA1c variability in subjects with type 2 diabetes mellitus. Tai-
lored therapy for stabilizing glucose fluctuation should be emphasized in subjects with CAN.
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INTRODUCTION

Cardiovascular autonomic neuropathy (CAN) is common but 
is one of the most overlooked complications of diabetes. The 
presence of CAN is associated with various clinical manifesta-
tions (e.g., resting tachycardia, orthostatic hypotension), co-

morbidities (e.g., silent myocardial ischemia, coronary artery 
disease [CAD], stroke), and overall mortality in patients with 
diabetes [1,2]. Therefore, the assessment of CAN is usually 
used for cardiovascular risk stratification in these subjects [3]. 
In addition to the cardiovascular manifestations, several stud-
ies have shown that CAN could be an independent risk factor 
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for severe hypoglycemia in patients with type 1 and 2 diabetes 
mellitus [4-6]. These studies suggested that CAN is a cause of 
inadequate counter-regulatory responses to hypoglycemia, 
which results in unexpectedly low blood glucose levels [5,7]. 
They indicate a harmful effect of CAN on the short-term glu-
cose fluctuation in patients with diabetes. However, the effect 
of CAN on long-term glucose fluctuation has yet to be ex-
plored.

Recently, various studies focused on variability of the glyco-
sylated hemoglobin (HbA1c) as an index for long-term glu-
cose fluctuation [8]. Compared to “glucose variability,” which 
refers to the fluctuation of blood glucose levels during a short-
term period such as within-day or day-to-day, “HbA1c vari-
ability” refers to visit-to-visit HbA1c fluctuations, which reflect 
changes in glycemic control over longer periods of time [9,10]. 
Several studies have reported that HbA1c variability is an in-
dependent risk factor for the development of various diabetic 
complications including microvascular, macrovascular and all-
cause mortality in both type 1 and 2 diabetes mellitus [11-16]. 
These relationships were significant even after adjustment of 
mean HbA1c level, which is a well-known marker for glycemic 
control [17,18]. Therefore, HbA1c variability should also be 
considered an additional risk factor that needs to be managed 
to prevent diabetic complications.

In this study, we aimed to explore the relationship between 
the presence and severity of CAN and the development of 
long-term glucose fluctuations, which was assessed by the 
HbA1c variability indices in subjects with type 2 diabetes mel-
litus.

METHODS

Study design and subjects
We performed a retrospective cohort study using electronic 
medical records (EMRs). Eligible subjects were patients with 
type 2 diabetes mellitus who had undergone cardiovascular 
autonomic reflex tests (CARTs) in the outpatient clinic of Seoul 
St. Mary’s Hospital between October 2008 and September 
2011. Patients were included if they were between 20 and 75 
years of age. Patients with prediabetes, gestational diabetes, 
type 1 diabetes mellitus, latent autoimmune diabetes in adults, 
history of diabetic ketoacidosis, or a history of admission for 
poor glycemic status within the 6 months after the CARTs 
were performed were excluded. Subjects with an additional 
health condition that could influence their glycemic variability 

were also excluded, such as the presence of a malignancy ex-
cept for early stage papillary thyroid cancer; abnormal liver 
function (aspartate aminotransferase or alanine aminotrans-
ferase higher than three times the upper limit of normal) or 
liver cirrhosis; estimated glomerular filtration rate (eGFR) cal-
culated by the Modification of Diet in Renal Disease (MDRD) 
formula of under 45 mL/min/1.73 m2; arrhythmia; autoim-
mune disease; hematologic disease; and use of steroid therapy 
except for the stable maintenance of physiologic dose (equiva-
lent dose of prednisolone ≤7.5 mg/day). Patients with prolifer-
ative diabetic retinopathy and a history of myocardial infarc-
tion or stroke within 6 months could not undergo CARTs due 
to the Valsalva maneuver. To assess long-term glucose variabil-
ity, those patients with at least 4 years of follow-up after the 
CARTs and who had at least 6 HbA1c data points were selected 
among the eligible subjects for inclusion in this study. Finally, a 
total of 681 subjects were included in the analysis. This study 
was approved by the Institutional Review Board (IRB) of Seoul 
St. Mary’s Hospital (KC17RESI0131). The written informed 
consent from the participants was waived by the IRB as only 
de-identified data were accessed and analyzed.

Anthropometric data such as height, weight, waist circum-
ference (WC), hip circumference (HC), and blood pressure 
(BP) were measured by an experienced nurse while wearing 
light clothing without shoes. Body mass index (BMI) was cal-
culated using the participant’s height and weight (kg/m2). The 
waist-hip ratio (WHR) was calculated as WC divided by HC. 
BP was measured by the oscillometric method using an appro-
priate cuff. Diabetic retinopathy was evaluated using fundus 
photography or ophthalmologic outpatient clinic records. 
Other clinical data (age, sex, duration of diabetes, insulin ther-
apy, use of lipid-lowering agents and anti-hypertensive agents, 
smoking history, and laboratory data) were retrieved from the 
EMR. All of the HbA1c values after the date of the CARTs were 
collected. HbA1c was measured by high-performance liquid 
chromatography using DCCT-aligned methods (Tosoh-G8; 
Tosoh, Tokyo, Japan).

Assessment of cardiovascular autonomic neuropathy
The CARTs were performed at the diabetes complication test 
clinic by one skilled nurse examiner. The confounding factors 
that could influence the CARTs were avoided [3]. The patients 
were advised to fast for 8 hours before the CARTs and to avoid 
caffeine, tobacco, alcohol, insulin, β-blockers, antihistamines, 
and antidepressants for 12 hours before the CARTs. The pa-
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tients were also requested to avoid strenuous physical exercise 
within 24 hours before the CARTs.

CAN was assessed by five standard CARTs using the Ewing 
method [19]. The three tests were for parasympathetic func-
tion: heart rate responses to deep breathing (maximum–mini-
mum heart rate), postural change from lying to standing 
(30:15 ratio), and the Valsalva maneuver. These heart rate re-
sponses were assessed automatically by the continuous electro-
cardiogram recoding using the DICAN (Medicore Co. LTD., 
Seoul, Korea). The two tests for sympathetic function were BP 
responses to standing up and sustained handgrip. Based on the 
reference value and scoring system for the classification of 
CAN described by Bellavere et al. [20] and Boulton et al. [21], 
each test was scored as normal=0, borderline=1, or abnor-
mal=2 (Supplementary Table 1). Patients’ severity of CAN was 
assessed by the total CARTs score, which was the sum of scores 
for each of the five CARTs (minimum 0, maximum 10). The 
scores 0 and 1 were classified as normal autonomic function, 
scores from 2 to 4 as early CAN, and 5 and over as the severe 
CAN group. As a sensitivity analysis, we also analyzed the re-
sults only using parasympathetic function tests for the diagno-
sis and staging of CAN [3]. Using this criteria, CAN was de-
fined as the presence of at least one abnormal result in the 
parasympathetic tests. The CAN staging was defined as fol-
lows: (1) one abnormal parasympathetic test result defined as 
early CAN or (2) at least two abnormal parasympathetic func-
tion tests defined as definite CAN.

Assessment of HbA1c variability
HbA1c variability was measured as the standard deviation 
(SD) of serial HbA1c measurements (HbA1c-SD), the coeffi-
cient of variation of HbA1c (HbA1c-CV) to correct for the 
mean of the serial HbA1c measurements, and the adjusted SD 
of the serial HbA1c measurements (adj-HbA1c-SD) to adjust 
for the number of HbA1c assessments [9]. Indices of HbA1c 
variability were calculated as follows:

=mean of serially measured HbA1c,
=number of HbA1c measurements

Since there is no standard cutoff value for HbA1c variability 
indices, we categorized the subjects into two groups using the 

median value of each index: a low HbA1c variability group 
(HbA1c-SD <0.475%, HbA1c-CV <6.913%, adj-HbA1c-SD 
<0.463%) and a high HbA1c variability group (HbA1c-SD 
≥0.475%, HbA1c-CV ≥6.913%, adj-HbA1c-SD ≥0.463%).

Statistical analysis
Continuous variables are presented as the mean±SD, and cat-
egorical variables are presented as number (%). Differences 
between groups of continuous variables were evaluated with a 
t-test or the Mann-Whitney U test. Differences between three 
groups were evaluated with a one-way analysis of variance and 
post hoc analysis, and P for trend was evaluated with a Jonck-
heere-Terpstra test. Categorical variables were analyzed with a 
chi-square test or Fisher’s exact test. Multivariable logistic re-
gression analysis was performed to test the association be-
tween the CAN and HbA1c variability indices and to compute 
the odds ratio (OR) (95% confidence interval [CI]) after ad-
justing for potential confounders. Model 1 was adjusted for 
age, sex, and BMI. Model 2 was further adjusted for duration 
of diabetes and mean of serial HbA1c. Model 3 was further ad-
justed for heart rate, eGFR, pre-existing CAD (imaging evi-
dence with multi-detector coronary computed tomography or 
coronary angiography: ≥50% stenosis of at least one of the 
coronary artery, or history of myocardial infarction), presence 
of diabetic retinopathy, insulin treatment, and use of hyperten-
sion medication. The analyses were repeated entering HbA1c-
CV or adj-HbA1c-SD instead of HbA1c-SD as a measure of 
HbA1c variability. Subgroup analysis was performed after cat-
egorizing the subjects according to the mean serial HbA1c of 
7% and the duration of diabetes of 10 years. The statistical 
analysis was performed using SPSS version 21.0 (IBM Co., Ar-
monk, NY, USA). All P values were two-sided, and a P value 
<0.05 was considered significant.

RESULTS

Baseline characteristics of study subjects
The median (interquartile range [IQR]) follow-up period of 
the study subjects was 5.5 years (IQR, 4.9 to 6.0 years). Of the 
681 total subjects, 294 (43.2%) showed normal CARTs, 318 
(46.7%) early CAN, and 69 (10.1%) showed severe CAN at 
baseline. Table 1 shows the baseline characteristics of the sub-
jects according to CAN severity. As the severity of CAN in-
creased from normal to severe, the subjects were older, more 
likely to be female, to have a longer duration of diabetes, a 
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higher systolic BP, a lower eGFR, a higher high density lipo-
protein cholesterol level, a higher prevalence of diabetic reti-
nopathy, and they used insulin and antiplatelet agents more 
frequently. There were no differences in the follow-up period 

and the number of HbA1c measurements among the three 
groups. The mean of the serial HbA1c values was higher in 
proportion to the severity of the baseline CAN.

The comparison of baseline characteristics between lower 

Table 1. Baseline characteristics according to CAN severity

Characteristic Normal (n=294) Early CAN (n=318) Severe CAN (n=69) P for trend

Age, yr 56.4±9.3 57.7±9.6 61.4±7.7 <0.001

Male sex 188 (63.9) 181 (56.9) 37 (53.6) 0.043

Duration of diabetes, yr 8.5±7.1 10.0±8.2 12.1±8.0 0.001

Current smoker 50 (17.0) 58 (18.2) 14 (20.3) 0.509

BMI, kg/m2 24.8±3.0 25.0±3.2 24.6±3.5 0.876

WC, cm 86.6±7.8 86.2±8.9 86.5±9.9 0.587

WHR 0.93±0.06 0.92±0.06 0.92±0.07 0.152

Systolic BP, mm Hg 129.3±16.3 131.1±16.1 130.9±15.4 0.044

Diastolic BP, mm Hg 82.5±8.5 82.1±8.9 82.3±7.9 0.811

Heart rate, beats/min 71.5±12.0 70.8±12.5 72.3±13.2 0.661

Fasting glucose, mg/dL 131.8±30.9 134.1±38.3 133.7±46.1 0.923

Baseline HbA1c, % 6.97±0.93 7.05±1.11 7.37±1.35 0.085

Serum creatinine, mg/dL 0.85±0.19 0.84±0.19 0.88±0.20 0.473

eGFR (MDRD), mL/min/1.73 m2 88.5±17.7 87.5±19.2 79.3±20.9 0.002

Total cholesterol, mg/dL 164.2±33.4 163.9±32.2 165.1±33.4 0.870

Triglyceride, mg/dL 134.2±106.3 120.9±73.6 139.5±92.6 0.775

HDL-C, mg/dL 47.1±10.9 48.7±11.4 49.5±13.5 0.038

LDL-C, mg/dL 91.0±26.3 91.2±27.9 90.8±29.4 0.902

Diabetic retinopathy 65 (22.1) 90 (28.3) 29 (42.0) 0.001

Previous CAD 20 (6.8) 29 (9.1) 6 (8.7) 0.368

Previous CVA 12 (4.1) 18 (5.7) 4 (5.8) 0.383

Diabetes treatment 

   Life style modification only 22 (7.5) 18 (5.7) 2 (2.9) 0.134

   OHA only 234 (79.6) 243 (76.4) 51 (73.9) 0.228

   Insulin±OHA 38 (12.9) 57 (17.9) 16 (23.2) 0.019

Use of hypertension medication 163 (55.4) 179 (56.3) 39 (56.5) 0.824

Use of statin 182 (61.9) 189 (59.4) 45 (65.2) 0.957

Use of antiplatelet 156 (53.1) 201 (63.2) 44 (63.8) 0.014

During follow-up

   Follow-up period, yr 5.4 (5.0–5.9) 5.5 (4.9–6.0) 5.6 (4.7–6.2) 0.192

   No. of HbA1c measurements 18.0±4.8 18.0±4.9 18.6±4.9 0.706

   Mean of serial HbA1c, % 6.97±0.67 7.07±0.73 7.27±0.88 0.011

Values are presented as mean±standard deviation, number (%), or median (interquartile range).
CAN, cardiovascular autonomic neuropathy; BMI, body mass index; WC, waist circumference; WHR, waist-hip ratio; BP, blood pressure; 
HbA1c, glycosylated hemoglobin; eGFR, estimated glomerular filtration rate; MDRD, Modification of Diet in Renal Disease; HDL-C, high den-
sity lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; CAD, coronary artery disease; CVA, cerebrovascular accident; OHA, 
oral hypoglycemic agent.
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and higher HbA1c-SD groups is shown in Supplementary Ta-
ble 2. The subjects found to have higher HbA1c variability 
(SD) during the follow-up period were younger; had higher 
BMI, WC, WHR, systolic and diastolic BP; had faster heart 
rates; had higher fasting glucose values, baseline HbA1c, and 
triglyceride levels; had a higher prevalence of diabetic retinop-
athy, CAN and CAD; and more frequently used insulin at 
baseline compared with those subjects with lower HbA1c-SD. 
Although there was no difference in the follow-up period be-
tween the two groups, the higher HbA1c-SD group had more 
HbA1c measurements during the follow-up. In addition, sub-
jects with higher HbA1c-SD had higher mean values of serial 
HbA1c, HbA1c-CV, and adj-HbA1c-SD compared with those 
subjects with lower HbA1c-SD. These findings were similar 
when the subjects were categorized according to HbA1c-CV 
or adj-HbA1c-SD (data not shown).

CAN severity and future HbA1c variability
Fig. 1 shows three HbA1c variability indices during the follow-
up period according to baseline CAN severity. All the HbA1c 
variability indices showed positive correlations with the severi-
ty of baseline CAN (Fig. 1A); (1) HbA1c-SD: normal, 0.514%± 
0.287%; early CAN, 0.582%±0.350%; severe CAN, 0.687%± 

0.467%; P for trend=0.001; (2) HbA1c-CV: normal, 7.228%± 
3.642%; early CAN, 8.077%±4.533%; severe CAN, 9.053%± 
5.044%; P for trend=0.001; and (3) adj-HbA1c-SD: normal, 
0.499%±0.280%; early CAN, 0.565%±0.339%; severe CAN 
0.668%±0.456%; P for trend <0.001. Furthermore, the per-
centage of the higher HbA1c variability group increased ac-
cording to the baseline CAN severity in a dose-dependent 
manner (Fig. 1B).

Risk factors associated with higher HbA1c variability 
during follow-up
To identify risk factors associated with future HbA1c variabili-
ty, multivariable logistic regression analysis was performed. 
Compared to subjects in the normal group, the subjects with 
early and severe CAN were significantly associated with devel-
oping higher HbA1c variability (SD) during the follow-up pe-
riod (Table 2). The ORs (95% CI) of early CAN (OR, 1.65; 95% 
CI, 1.12 to 2.43) and severe CAN (OR, 2.86; 95% CI, 1.47 to 
5.56) were significantly increased, even after adjusting for mul-
tiple covariates. In addition to baseline CAN severity, younger 
age, higher BMI, shorter duration of diabetes, higher mean 
value of serial HbA1c, faster heart rate, and the presence of di-
abetic retinopathy and pre-existing CAD were significantly as-

Table 2. Risk factors associated with higher HbA1c-SD during follow-up 

Variable
OR (95% CI)

Model 1 Model 2 Model 3

Early CAN (vs. normal group) 1.65 (1.19–2.30)b 1.64 (1.13–2.39)a 1.65 (1.12–2.43)a

Severe CAN (vs. normal group) 3.41 (1.92–6.05)b 2.83 (1.49–5.36)b 2.86 (1.47–5.56)b

Age (per 1 yr increment) 0.96 (0.95–0.98)b 0.98 (0.95–1.00)a 0.96 (0.94–0.99)b

Sex (male vs. female) 1.16 (0.84–1.61) 0.99 (0.69–1.44) 1.06 (0.72–1.55)

BMI (per 1 kg/m2 increment) 1.09 (1.03–1.14)b 1.08 (1.02–1.14)a 1.07 (1.01–1.13)a

Duration of diabetes (per 1 yr increment) 0.98 (0.95–1.01) 0.96 (0.93–0.99)a

Mean of serial HbA1c (per 1% increment) 8.45 (5.55–12.87)b 8.32 (5.38–12.88)b

Heart rate (per 1 beats/min increment) 1.02 (1.00–1.03)a

eGFR (per 1 mL/min/1.73 m2 increment) 1.00 (0.99–1.01)

Diabetic retinopathy (yes vs. no) 2.05 (1.29–3.28)b

Coronary artery disease (yes vs. no) 2.00 (1.00–3.97)a

Diabetes treatment (insulin use vs. no) 0.99 (0.54–1.81)

Hypertension medication (yes vs. no) 1.37 (0.92–2.02)

Model 1: adjusted for age, sex, and BMI; Model 2: adjusted for model 1+diabetes duration and mean serial HbA1c; Model 3: adjusted for model 
2+heart rate, eGFR, diabetic retinopathy, coronary artery disease, diabetes treatment (insulin use), and use of hypertension medication.
HbA1c, glycosylated hemoglobin; SD, standard deviation; OR, odds ratio; CI, confidence interval; CAN, cardiovascular autonomic neuropathy; 
BMI, body mass index; eGFR, estimated glomerular filtration rate.
aP<0.05, bP<0.01.
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sociated with higher HbA1c variability. These results were 
largely consistent when HbA1c-CV or adj-HbA1c-SD were 
used instead of HbA1c-SD (Supplementary Table 3). However, 
in the analysis using HbA1c-CV, BMI, duration of diabetes, 
and early CAN lost statistical significance in models 2 and 3.

Sensitivity analysis
We also performed a sensitivity analysis using only three para-
sympathetic CARTs for the diagnosis and staging of CAN. 
When CAN was defined as the presence of at least one abnor-
mal result of the parasympathetic tests (Supplementary Table 
4), 378 subjects (55.5%) had CAN. The OR (95% CI) for devel-
oping higher HbA1c-SD was significantly increased, even after 
adjusting for multiple covariates (OR, 1.52; 95% CI, 1.05 to 
2.18). When the CAN was staged according to the numbers of 
abnormal parasympathetic tests (Supplementary Table 5), 303 

(44.5%) showed normal CARTs, 240 (35.2%) early CAN, and 
138 (20.3%) showed definite CAN at baseline. The subjects 
with definite CAN showed a significantly increased OR (95% 
CI) for developing a higher HbA1c-SD, even after adjusting for 
multiple covariates (OR, 1.76; 95% CI, 1.07 to 2.88). The results 
were similar when using adj-HbA1c-SD, although significance 
was lost with analysis using HbA1c-CV. The other risk factors 
that were significantly associated with higher HbA1c variabili-
ty were similar with the original analysis.

Subgroup analysis
Table 3 shows the subgroup analysis according to the mean 
value of serial HbA1c during the observation period (<7% vs. 
≥7%) and the duration of diabetes (≤10 years vs. >10 years) at 
baseline. In the analysis of subjects with mean HbA1c <7%, a 
stepwise increase in the OR (95% CI) for higher HbA1c-SD 

Fig. 1. Future glycosylated hemoglobin (HbA1c) variability indices according to baseline cardiovascular autonomic neuropathy 
(CAN) severity. (A) The value of each HbA1c variability index according to the severity of CAN at baseline. (B) The percentage of 
the higher HbA1c variability group according to the severity of CAN at baseline. Data are expressed as the mean±standard devia-
tion (SD). CV, coefficient of variation; Adj, adjusted. aP<0.05.
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was noted according to the severity of CAN (model 3: early 
CAN [OR, 1.72; 95% CI, 1.02 to 2.90]; severe CAN [OR, 3.34; 
95% CI, 1.41 to 7.91]). However, this association was insignifi-
cant in the subject of mean HbA1c ≥7%. In the analysis of 
subjects with diabetes duration >10 years, severe CAN showed 
a significant association with higher HbA1c-SD (OR, 4.75; 
95% CI, 1.71 to 13.20). In subjects with diabetes duration ≤10 
years, only early CAN was significantly associated with higher 
HbA1c-SD. These results were similar when using HbA1c-CV 
or adj-HbA1c-SD instead of HbA1c-SD (Supplementary Table 
6), except that the association between early CAN and higher 
HbA1c-CV was insignificant in the subgroups of mean HbA1c 
<7% and diabetes duration ≤10 years.

DISCUSSION

Glucose variability is a product of the complex interplay be-
tween various pathophysiological, behavioral, and treatment 

factors. In this study, we demonstrated that CAN is also an in-
dependent risk factor for developing higher HbA1c variability, 
which reflects glucose fluctuation over longer periods of time, 
in subjects with type 2 diabetes mellitus. This association was 
more prominent in subjects with lower mean HbA1c levels 
during the follow-up period and a longer duration of diabetes 
at baseline.

CAN is caused by damaged autonomic nerve fibers that in-
nervate the heart and blood vessels, resulting in the impair-
ment of autonomic control in the cardiovascular system [1,22]. 
The autonomic nervous system also innervates many other in-
ternal organs and plays an important role in maintaining the 
body’s internal environmental homeostasis including glucose 
control. For balancing blood glucose levels within the suitable 
range, the autonomic nervous system and endocrine system 
function intricately together during homeostasis [23]. Previous 
studies have shown that subjects with CAN have delayed sym-
pathetic and parasympathetic activation in response to the 

Table 3. The risk of developing higher HbA1c-SD in subgroups according to the mean HbA1c and diabetes duration

OR (95% CI)

Model 1 Model 2 Model 3

Mean of serial HbA1c 

   <7% (n=360)

      Normal 1 (reference) 1 (reference) 1 (reference)

      Early CAN 1.67 (1.02–2.71)a 1.73 (1.04–2.86)a 1.72 (1.02–2.90)a

      Severe CAN 3.28 (1.47–7.30)b 3.19 (1.41–7.26)b 3.34 (1.41–7.91)b

   ≥7% (n=321)

      Normal 1 (reference) 1 (reference) 1 (reference)

      Early CAN 1.70 (1.01–2.89)a 1.44 (0.81–2.58) 1.47 (0.81–2.68)

      Severe CAN 3.59 (1.47–9.24)b 2.17 (0.767–6.16) 2.12 (0.71–6.31)

Duration of diabetes

   ≤10 yr (n=434)

      Normal 1 (reference) 1 (reference) 1 (reference)

      Early CAN 1.73 (1.14–2.63)a 1.77 (1.09–2.87)a 1.74 (1.05–2.87)a

      Severe CAN 1.94 (0.87–4.35) 2.18 (0.88–5.41) 2.03 (0.79–5.23)

   >10 yr (n=247)

      Normal 1 (reference) 1 (reference) 1 (reference)

      Early CAN 1.44 (0.81–2.54) 1.44 (0.77–2.68) 1.52 (0.80–2.89)

      Severe CAN 5.23 (2.09–13.05)b 3.81 (1.43–10.13)b 4.75 (1.71–13.20)b

Model 1: adjusted for age, sex, and BMI; Model 2: adjusted for model 1+diabetes duration and mean serial HbA1c; Model 3: adjusted for model 
2+heart rate, eGFR, diabetic retinopathy, coronary artery disease, diabetes treatment (insulin use), and use of hypertension medication.
HbA1c, glycosylated hemoglobin; SD, standard deviation; OR, odds ratio; CI, confidence interval; CAN, cardiovascular autonomic neuropathy.
aP<0.05, bP<0.01.
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fluctuation of blood glucose levels [4,5,7], causing disruption 
of the glucose homeostasis and ultimately leading to higher 
glucose variability. Our study showed a stepwise increase in the 
risk of developing higher HbA1c variability according to the 
severity of CAN, suggesting a negative influence of CAN in a 
dose-dependent manner.

The association between CAN and glucose variability may 
also be partly attributable to the abnormal gastrointestinal (GI) 
motility of subjects with CAN. It is well-known that CAN is 
associated with other diabetic autonomic neuropathies, in-
cluding GI autonomic neuropathy [24,25]. Ohlsson et al. [26] 
showed that the subjects with proven esophagogastric dys-
motility by gastric emptying scintigraphy or esophageal ma-
nometry had delayed and decreased glucose uptake from the 
upper GI tract using 72 hours continuous glucose monitoring. 
Other studies also suggested the bidirectional relationship be-
tween glycemic disturbances and GI dysmotility, which could 
create a mismatch between insulin delivery and glucose ab-
sorption [27,28]. In addition, delayed gastric emptying can 
cause difficulty in maintaining glycemic control because of the 
unpredictable emptying of food from the stomach [29,30].

Although the effect was small, younger age, higher BMI, and 
shorter duration of diabetes were also associated with future 
higher HbA1c variability in our study. The Renal Insufficiency 
And Cardiovascular Events (RIACE) cohort, which consisted 
of 15,933 patients of 19 hospital-based diabetes clinics in Italy, 
showed similar results, including that higher HbA1c variability 
was associated with younger age, shorter duration of diabetes, 
higher HbA1c, and higher BMI in subjects with type 2 diabetes 
mellitus [13,31]. Of note, increasing mean HbA1c was associ-
ated with longer diabetes duration, whereas higher HbA1c 
variability was associated with shorter diabetes duration. In 
addition, the presence of diabetic retinopathy and CAD were 
also associated with higher HbA1c variability in our study. Di-
abetic retinopathy and CAD are representative of micro- and 
macrovascular complications of diabetes, respectively. The as-
sociation with these diabetic complications could partially be 
explained by vasculopathy as a common pathophysiology. As 
in the case with neuropathy, subjects with vasculopathy could 
be predisposed to a delayed response of hormone and glucose 
uptake by peripheral tissues, leading to higher glucose fluctua-
tions [32,33].

Among the clinical manifestations of CAN, orthostatic hy-
potension occurs usually late in diabetes and subsequent to ab-
normalities in the heart rate tests [3]. Moreover, orthostatic 

hypotension test could be more affected by a number of exter-
nal factors than heart rate tests [3]. In the sensitivity analysis, 
we excluded two sympathetic CARTs and used only three 
parasympathetic CARTs for the diagnosis and staging of CAN 
like prior other studies [3,6]. With this different definition of 
CAN, the main results were similar to our original analysis.

In this study, we also performed subgroup analyses accord-
ing to the diabetes duration of 10 years and mean HbA1c level 
of 7%. The β-cell dysfunction progresses and insulin secretory 
capacity worsens over time after diagnosis of diabetes [34]. The 
complementary interaction of the hormones and peptides in-
volved in glucose homeostasis is usually more disrupted as the 
diabetes progresses, and subjects are prone to showing a high 
swing in glucose levels from the external stimuli. Thus, the ef-
fect of CAN on glucose fluctuations could be more marked in 
the subjects with long-standing diabetes. The association be-
tween CAN and HbA1c variability was more prominent in the 
subjects with mean HbA1c under 7% during the observation 
period. This finding suggests that the presence of CAN could 
be a more significant barrier to reaching stable glycemic con-
trol in subjects with relatively well-controlled glycemia. In the 
RIACE study [13], all the HbA1c variability indices progres-
sively increased throughout mean HbA1c quartiles. Therefore, 
the high impact of mean HbA1c on HbA1c variability might 
mask the impact of CAN on HbA1c variability in the higher 
mean HbA1c subgroup (HbA1c ≥7%).

In addition to being an independent risk factor of various 
diabetic complications [8], HbA1c variability also showed a 
significant association with an increased risk of advanced CAN 
in subjects with type 2 diabetes mellitus [35]. Additionally, we 
demonstrated a significant effect of CAN on the development 
of higher HbA1c variability in the present study. Therefore, we 
could deduce that the presence of CAN and higher HbA1c 
variability have a bidirectional influence, therefore creating a 
vicious cycle.

There are several limitations in the present study. First, this 
was a retrospective study performed in a single center. There-
fore, the causal relationship could not be confirmed. Second, 
diet, exercise, compliance and alterations in diabetic medica-
tions that could affect the glucose variability could not be as-
sessed. Third, there were various numbers and intervals in 
HbA1c measurements for each subject during the observation 
period, although the general strategy was to measure every 3 to 
6 months. To minimize this limitation, we also used the SD of 
serially measured HbA1c levels adjusted by the number of 
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measurements (adj-HbA1c-SD) and HbA1c-CV to account 
for the different mean HbA1c levels. Fourth, we categorized 
the subjects into two groups using the median value of each 
HbA1c variability index since there is no standard cutoff value. 
As a result, the HbA1c-SD and adj-HbA1c-SD were similar to 
that of the RIACE study (median value: 0.40% and 0.46% re-
spectively) [13,31]. Further studies suggesting the gold stan-
dard cut-off values of each index are needed.

This study has a strength that included relatively large num-
bers of type 2 diabetes mellitus subjects with CAN evaluations 
and long-term follow-up. We only included subjects with at 
least 4 years of follow-up data, and the median follow-up peri-
od was approximately 5.5 years. To the best of our knowledge, 
this is the first study that investigated the association between 
the CAN and long-term visit-to-visit HbA1c variability in sub-
jects with type 2 diabetes mellitus. CARTs are non-invasive, 
easy to perform, and clinically relevant tests that enable high 
quality evaluation of the autonomic function with a high 
strength of evidence [36,37]. In addition to the cardiovascular 
risk stratification, detection of CAN could help lead to more 
tailored therapeutic strategies for patients with diabetes, such 
as selecting medications that are more favorable for reducing 
glucose variability.

In conclusion, CAN is associated with a future high HbA1c 
variability in subjects with type 2 diabetes mellitus. The pres-
ence and severity of CAN should be considered not only for 
cardiovascular risk stratification but also for optimal glycemic 
control.
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Supplementary Table 1. Reference values of the CARTs and scoring system used in this study 

Test Measurement
Score

0 (normal) 1 (borderline) 2 (abnormal)

HR response to deep breathing Maximum–minimum HR ≥15 11–14 ≤10

HR response to lying to standing 30:15 ratio ≥1.04 1.01–1.03 ≤1.00

HR response to Valsalva maneuver Valsalva ratio ≥1.21 1.11–1.20 ≤1.10

BP response to stand-up Fall in systolic BP ≤10 11–29 ≥30

BP response to sustained handgrip Rise in diastolic BP ≥16 11–15 ≤10

CART, cardiovascular autonomic reflex test; HR, heart rate; BP, blood pressure. 
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Supplementary Table 2. Baseline characteristics according to HbA1c-SD

 Characteristic Lower HbA1c-SD (n=341) Higher HbA1c-SD (n=340) P value
Age, yr 58.9±8.4 56.1±10.1 <0.001
Male sex 205 (60.1) 201 (59.1) 0.790
Duration of diabetes, yr 9.1±7.6 10.1±7.9 0.094
Current smoker 53 (15.5) 69 (20.3) 0.106
BMI, kg/m2 24.5±3.0 25.2±3.3 0.001
WC, cm 85.6±8.2 87.2±8.9 0.017
WHR 0.92±0.06 0.93±0.06 0.033
Systolic BP, mm Hg 128.6±15.1 132.1±16.9 0.004
Diastolic BP, mm Hg 81.5±8.4 82.8±9.1 0.031
Heart rate, beats/min 69.6±11.4 72.9±13.1 <0.001
Fasting glucose, mg/dL 125.4±23.4 140.7±44.2 <0.001
Baseline HbA1c, % 6.67±0.56 7.43±1.29 <0.001
Serum creatinine, mg/dL 0.85±0.18 0.85±0.20 0.895
eGFR (MDRD), mL/min/1.73 m2 86.8±18.2 87.4±19.6 0.658
Total cholesterol, mg/dL 162.6±28.0 165.7±36.9 0.208
Triglyceride, mg/dL 117.7±67.4 139.4±108.9 0.002
HDL-C, mg/dL 48.7±10.9 47.5±12.0 0.169
LDL-C, mg/dL 89.8±25.1 92.4±29.4 0.220
Diabetic retinopathy 71 (20.8) 113 (33.2) <0.001
CAN severity <0.001
   Normal CAN 170 (49.9) 124 (36.5)
   Early CAN 148 (43.4) 170 (50.0)
   Severe CAN 23 (6.7) 46 (13.5)
Previous CAD 20 (5.9) 35 (10.3) 0.034
Previous CVA 29 (5.6) 15 (4.4) 0.487
Diabetes treatment
   Life style modification only 34 (10.0) 8 (2.4) <0.001
   OHA only 275 (80.6) 253 (74.4) 0.051
   Insulin±OHA 32 (9.4) 79 (23.2) <0.001
Use of hypertension medication 182 (53.4) 199 (58.5) 0.175
Use of statin 208 (61.0) 208 (61.2) 0.962
Use of antiplatelet 205 (60.1) 196 (57.6) 0.512
During follow-up
   Follow-up period, yr 5.4 (5.0–5.9) 5.5 (4.9–6.0) 0.580
   No. of HbA1c measurements 16.9±4.5 19.3±4.9 <0.001
   Mean of serial HbA1c, % 6.72±0.46 7.39±0.79 <0.001
   HbA1c variability indices
      HbA1c-SD, % 0.328±0.091 0.799±0.340 <0.001
      HbA1c-CV, % 4.871±1.290 10.762±4.171 <0.001
      Adjusted-HbA1c-SD, % 0.318±0.089 0.776±0.330 <0.001

Values are presented as mean±standard deviation, number (%), or median (interquartile range).
HbA1c, glycosylated hemoglobin; SD, standard deviation; BMI, body mass index; WC, waist circumference; WHR, waist-hip ratio; BP, blood 
pressure; eGFR, estimated glomerular filtration rate; MDRD, Modification of Diet in Renal Disease; HDL-C, high density lipoprotein cholesterol; 
LDL-C, low density lipoprotein cholesterol; CAN, cardiovascular autonomic neuropathy; CAD, coronary artery disease; CVA, cerebrovascular 
accident; OHA, oral hypoglycemic agent; CV, coefficient of variation.
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Supplementary Table 3. Risk factors associated with higher HbA1c-CV and adjusted-HbA1c-SD during follow-up

Variable
OR (95% CI)

Model 1 Model 2 Model 3

Higher HbA1c-CV

   Early CAN (vs. normal group) 1.45 (1.04–2.00)a 1.37 (0.96–1.95) 1.37 (0.96–1.96)

   Severe CAN (vs. normal group) 2.66 (1.52–4.66)b 2.09 (1.15–3.82)b 2.10 (1.13–3.91)a

   Age (per 1 yr increment) 0.97 (0.95–0.98)b 0.98 (0.96–1.00)a 0.97 (0.95–0.99)b

   Sex (male vs. female) 1.16 (0.84–1.60) 1.02 (0.72–1.44) 1.08 (0.75–1.54)

   BMI (per 1 kg/m2 increment) 1.06 (1.01–1.12)a 1.05 (0.99–1.11) 1.04 (0.99–1.10)

   Duration of diabetes (per 1 yr increment) 0.98 (0.96–1.01) 0.98 (0.95–1.00)

   Mean of serial HbA1c (per 1% increment) 4.33 (3.06–6.22)b 4.21 (2.94–6.04)b

   Heart rate (per 1 beats/min increment) 1.02 (1.00–1.03)a

   eGFR (per 1 mL/min/1.73 m2 increment) 1.00 (0.99–1.01)

   Diabetic retinopathy (yes vs. no) 1.75 (1.13–2.70)a

   Coronary artery disease (yes vs. no) 2.24 (1.16–4.30)a

   Diabetes treatment (insulin use vs. no) 0.82 (0.47–1.44)

   Hypertension medication (yes vs. no) 1.20 (0.83–1.74)

Higher adjusted-HbA1c-SD

   Early CAN (vs. normal group) 1.62 (1.17–2.26)b 1.61 (1.10–2.35)a 1.61 (1.10–2.37)a 

   Severe CAN (vs. normal group) 3.13 (1.78–5.53)b 2.55 (1.35–4.84)b 2.56 (1.34–5.02)b

   Age (per 1 yr increment) 0.96 (0.95–0.98)b 0.98 (0.95–1.00)a 0.96 (0.94–0.99)b

   Sex (male/female) 1.19 (0.86–1.65) 1.03 (0.71–1.49) 1.10 (0.75–1.60)

   BMI (per 1 kg/m2 increment) 1.08 (1.02–1.14)b 1.07 (1.01–1.13)a 1.06 (1.00–1.13) 

   Duration of diabetes (per 1 yr increment) 0.98 (0.95–1.01) 0.96 (0.94–0.99)a

   Mean of serial HbA1c (per 1% increment) 8.69 (5.70–13.22)b 8.54 (5.51–13.24)b

   Heart rate (per 1 beats/min increment) 1.02 (1.00–1.03)a

   eGFR (per 1 mL/min/1.73 m2 increment) 1.00 (0.99–1.01)

   Diabetic retinopathy (yes vs. no) 1.93 (1.21–3.09)b

   Coronary artery disease (yes vs. no) 2.01 (1.01–4.00)a

   Diabetes treatment (insulin use vs. no) 0.99 (0.54–1.81)

   Hypertension medication (yes vs. no) 1.39 (0.94–2.06)

Model 1: adjusted for age, sex, and BMI; Model 2: adjusted for model 1+diabetes duration and mean serial HbA1c; Model 3: adjusted for model 
2+heart rate, eGFR, diabetic retinopathy, coronary artery disease, diabetes treatment (insulin use), and use of hypertension medication.
HbA1c, glycosylated hemoglobin; CV, coefficient of variation; SD, standard deviation; OR, odds ratio; CI, confidence interval; CAN, cardiovas-
cular autonomic neuropathy; BMI, body mass index; eGFR, estimated glomerular filtration rate.
aP<0.05, bP<0.01.
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Supplementary Table 4. Risk factors associated with higher HbA1c variability during follow-up (CAN was diagnosed using 
three parasympathetic CARTs)

Variable
OR (95% CI)

Model 1 Model 2 Model 3

Higher HbA1c-SD 
   CAN (vs. normal group) 1.42 (1.04–1.9)a 1.47 (1.03–2.10)a 1.52 (1.05–2.18)a

   Age (per 1 yr increment) 0.97 (0.95–0.98)b 0.98 (0.96–1.00) 0.97 (0.94–0.99)b

   Sex (male vs. female) 1.20 (0.87–1.65) 1.01 (0.70–1.45) 1.08 (0.74–1.57)
   BMI (per 1 kg/m2 increment) 1.08 (1.03–1.14)b 1.07 (1.01–1.14)a 1.07 (1.00–1.13)a

   Duration of diabetes (per 1 yr increment) 0.98 (0.95–1.01) 0.96 (0.93–0.99)a

   Mean of serial HbA1c (per 1% increment) 8.49 (5.60–12.86)b 8.35 (5.42–12.87)b

   Heart rate (per 1 beats/min increment) 1.02 (1.00–1.03)a

   eGFR (per 1 mL/min/1.73 m2 increment) 1.00 (0.99–1.01)
   Diabetic retinopathy (yes vs. no) 2.11 (1.33–3.35)b

   Coronary artery disease (yes vs. no) 2.00 (1.01–3.96)a

   Diabetes treatment (insulin use vs. no) 1.01 (0.55–1.84)
   Hypertension medication (yes vs. no) 1.34 (0.91–1.98)
Higher HbA1c-CV 
   CAN (vs. normal group) 1.27 (0.93–1.73) 1.25 (0.90–1.75) 1.28 (0.91–1.79)
   Age (per 1 yr increment) 0.97 (0.95–0.99)b 0.98 (0.96–1.00) 0.97 (0.95–0.99)a

   Sex (male vs. female) 1.19 (0.86–1.64) 1.03 (0.73–1.46) 1.09 (0.76–1.56)
   BMI (per 1 kg/m2 increment) 1.06 (1.01–1.12)a 1.05 (0.99–1.11) 1.04 (0.99–1.10)
   Duration of diabetes (per 1 yr increment) 0.99 (0.96–1.01) 0.98 (0.95–1.00)
   Mean of serial HbA1c (per 1% increment) 4.41 (3.12–6.22)b 4.28 (2.99–6.11)b

   Heart rate (per 1 beats/min increment) 1.02 (1.00–1.03)a

   eGFR (per 1 mL/min/1.73 m2 increment) 1.00 (0.99–1.01)
   Diabetic retinopathy (yes vs. no) 1.79 (1.16–2.75)b

   Coronary artery disease (yes vs. no) 2.24 (1.17–4.29)a

   Diabetes treatment (insulin use vs. no) 0.83 (0.48–1.45)
   Hypertension medication (yes vs. no) 1.18 (0.82–1.71)
Higher adjusted-HbA1c-SD
   CAN (vs. normal group) 1.38 (1.01–1.89)a 1.43 (1.00–2.04)a 1.47 (1.02–2.12)a

   Age (per 1 yr increment) 0.97 (0.95–0.98)b 0.98 (0.96–1.00) 0.97 (0.94–0.99)b

   Sex (male vs. female) 1.22 (0.89–1.69) 1.04 (0.72–1.50) 1.11 (0.76–1.63)
   BMI (per 1 kg/m2 increment) 1.08 (1.02–1.13)b 1.07 (1.01–1.13)a 1.06 (1.00–1.12) 
   Duration of diabetes (per 1 yr increment) 0.98 (0.96–1.01) 0.96 (0.94–0.99)a

   Mean of serial HbA1c (per 1% increment) 8.73 (5.74–13.26)b 8.57 (5.55–13.23)b

   Heart rate (per 1 beats/min increment) 1.02 (1.00–1.03)a

   eGFR (per 1 mL/min/1.73 m2 increment) 1.00 (0.99–1.01)
   Diabetic retinopathy (yes vs. no) 1.98 (1.25–3.15)b

   Coronary artery disease (yes vs. no) 2.02 (1.02–4.00)a

   Diabetes treatment (insulin use vs. no) 1.01 (0.55–1.84)
   Hypertension medication (yes vs. no) 1.37 (0.93–2.03)

CAN was defined as the presence of at least one abnormal results of parasympathetic tests. Model 1: adjusted for age, sex, and BMI; Model 2: adjusted 
for model 1+diabetes duration and mean serial HbA1c; Model 3: adjusted for model 2+heart rate, eGFR, diabetic retinopathy, coronary artery dis-
ease, diabetes treatment (insulin use), and use of hypertension medication.
HbA1c, glycosylated hemoglobin; CAN, cardiovascular autonomic neuropathy; CART, cardiovascular autonomic reflex test; OR, odds ratio; CI, 
confidence interval; SD, standard deviation; BMI, body mass index; eGFR, estimated glomerular filtration rate; CV, coefficient of variation.
aP<0.05, bP<0.01.
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Supplementary Table 5. Risk factors associated with higher HbA1c variability during follow-up (CAN was staged using three 
parasympathetic CARTs) 

Variable
OR (95% CI)

Model 1 Model 2 Model 3

Higher HbA1c-SD 
   Early CAN (vs. normal group) 1.32 (0.93–1.87) 1.37 (0.92–2.03) 1.40 (0.94–2.10)
   Definite CAN (vs. normal group) 1.61 (1.06–2.44)a 1.69 (1.05–2.73)a 1.76 (1.07–2.88)a

   Age (per 1 yr increment) 0.97 (0.95–0.98)b 0.98 (0.96–1.00) 0.97 (0.94–0.99)b

   Sex (male vs. female) 1.20 (0.87–1.65) 1.01 (0.70–1.46) 1.08 (0.74–1.57)
   BMI (per 1 kg/m2 increment) 1.08 (1.03–1.14)b 1.07 (1.01–1.14)a 1.06 (1.00–1.13)a

   Duration of diabetes (per 1 yr increment) 0.98 (0.95–1.01) 0.96 (0.93–0.99)a

   Mean of serial HbA1c (per 1% increment) 8.54 (5.63–12.96)b 8.41 (5.45–12.97)b

   Heart rate (per 1 beats/min increment) 1.02 (1.00–1.03)a

   eGFR (per 1 mL/min/1.73 m2 increment) 1.00 (0.99–1.01)
   Diabetic retinopathy (yes vs. no) 2.11 (1.33–3.35)b

   Coronary artery disease (yes vs. no) 1.99 (1.01–3.95)a

   Diabetes treatment (insulin use vs. no) 1.02 (0.56–1.87)
   Hypertension medication (yes vs. no) 1.35 (0.91–1.99)
Higher HbA1c-CV
   Early CAN (vs. normal group) 1.19 (0.84–1.68) 1.19 (0.82–1.72) 1.21 (0.83–1.77)
   Definite CAN (vs. normal group) 1.41 (0.93–2.14) 1.38 (0.88–2.17) 1.41 (0.88–2.23)
   Age (per 1 yr increment) 0.97 (0.95–0.99)b 0.98 (0.96–1.00) 0.97 (0.95–0.99)a

   Sex (male vs. female) 1.19 (0.86–1.64) 1.03 (0.73–1.46) 1.09 (0.76–1.56)
   BMI (per 1 kg/m2 increment) 1.06 (1.01–1.12)a 1.05 (0.99–1.10) 1.04 (0.98–1.10)
   Duration of diabetes (per 1 yr increment) 0.99 (0.96–1.01) 0.98 (0.95–1.00)
   Mean of serial HbA1c (per 1% increment) 4.42 (3.13–6.24)b 4.29 (3.00–6.13)b

   Heart rate (per 1 beats/min increment) 1.02 (1.00–1.03)a

   eGFR (per 1 mL/min/1.73 m2 increment) 1.00 (0.99–1.01)
   Diabetic retinopathy (yes vs. no) 1.79 (1.16–2.75)b

   Coronary artery disease (yes vs. no) 2.24 (1.17–4.28)a

   Diabetes treatment (insulin use vs. no) 0.84 (0.48 -1.47)
   Hypertension medication (yes vs. no) 1.19 (0.82 -1.71)
Higher adjusted-HbA1c-SD
   Early CAN (vs. normal group) 1.30 (0.92–1.84) 1.34 (0.90–2.00) 1.37 (0.92–2.06)
   Definite CAN (vs. normal group) 1.54 (1.02–2.34)a 1.61 (1.00–2.60) 1.67 (1.02–2.74)a

   Age (per 1 yr increment) 0.97 (0.95–0.98)b 0.98 (0.96–1.00)a 0.97 (0.94–0.99)b

   Sex (male vs. female) 1.22 (0.89–1.69) 1.04 (0.72–1.50) 1.11 (0.76–1.63)
   BMI (per 1 kg/m2 increment) 1.08 (1.02–1.13)b 1.07 (1.01–1.13)a 1.06 (1.00–1.13)
   Duration of diabetes (per 1 yr increment) 0.98 (0.96–1.01) 0.96 (0.94–0.99)a

   Mean of serial HbA1c (per 1% increment) 8.77 (5.77–13.35)b 8.61 (5.57–13.32)b

   Heart rate (per 1 beats/min increment) 1.02 (1.00–1.03)a

   eGFR (per 1 mL/min/1.73 m2 increment) 1.00 (0.99–1.01)
   Diabetic retinopathy (yes vs. no) 1.98 (1.25–3.15)b

   Coronary artery disease (yes vs. no) 2.01 (1.02–3.99)a

   Diabetes treatment (insulin use vs. no) 1.02 (0.56–1.87)
   Hypertension medication (yes vs. no) 1.38 (0.93–2.04)

The CAN staging was defined as follows (1) one abnormal parasympathetic test result defined as early CAN; or (2) at least two abnormal parasympa-
thetic function tests are defined as definite CAN. Model 1: adjusted for age, sex, and BMI; Model 2: adjusted for model 1+diabetes duration and mean 
serial HbA1c; Model 3: adjusted for model 2+heart rate, eGFR, diabetic retinopathy, coronary artery disease, diabetes treatment (insulin use), and use of 
hypertension medication. 
HbA1c, glycosylated hemoglobin; CAN, cardiovascular autonomic neuropathy; CART, cardiovascular autonomic reflex test; OR, odds ratio; CI, confi-
dence interval; SD, standard deviation; BMI, body mass index; eGFR, estimated glomerular filtration rate; CV, coefficient of variation.
aP<0.05, bP<0.01.
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Supplementary Table 6. The risk of developing higher HbA1c-CV or adjusted-HbA1c-SD in subgroups according to the mean 
HbA1c and diabetes duration

Variable
OR (95% CI)

Model 1 Model 2 Model 3

Higher HbA1c-CV
   Mean of serial HbA1c 
      <7% (n=360)
         Normal    1 (reference) 1 (reference) 1 (reference)
         Early CAN 1.39 (0.87–2.22) 1.40 (0.87–2.26) 1.36 (0.84–2.21)
         Severe CAN 2.43 (1.11–5.32)a 2.32 (1.05–5.15)a 2.50 (1.09–5.70)a

      ≥7% (n=321)
         Normal 1 (reference) 1 (reference) 1 (reference)
         Early CAN 1.47 (0.89–2.45) 1.27 (0.74–2.17) 1.31 (0.76–2.28)
         Severe CAN 2.70 (1.13–6.48)a 1.75 (0.69–4.44) 1.66 (0.63–4.37)
   Duration of diabetes
      ≤10 yr (n=434)
         Normal 1 (reference) 1 (reference) 1 (reference)
         Early CAN 1.53 (1.02–2.32)a 1.48 (0.94–2.33) 1.44 (0.90–2.30)
         Severe CAN 1.69 (0.76–3.76) 1.74 (0.73–4.13) 1.69 (0.70–4.13)
      >10 yr (n=247)
         Normal 1 (reference) 1 (reference) 1 (reference)
         Early CAN 1.25 (0.71–2.20) 1.21 (0.67–2.16) 1.27 (0.70–2.32)
         Severe CAN 3.48 (1.49–8.16)b 2.64 (1.09–6.38)a 3.07 (1.22–7.73)a

Higher adjusted-HbA1c-SD
   Mean of serial HbA1c 
      <7% (n=360)
         Normal 1 (reference) 1 (reference) 1 (reference)
         Early CAN 1.67 (1.02–2.71)a 1.73 (1.04–2.86)a 1.71 (1.02–2.88)a

         Severe CAN 2.88 (1.29–6.41)a 2.80 (1.23–6.36)a 2.90 (1.23–6.85)a

      ≥7% (n=321)
         Normal 1 (reference) 1 (reference) 1 (reference)
         Early CAN 1.64 (0.97–2.78) 1.37 (0.77–2.46) 1.41 (0.77–2.56)
         Severe CAN 3.49 (1.36–8.99)a 2.11 (0.74–5.98) 2.08 (0.70–6.19)
   Duration of diabetes
      ≤10 yr (n=434)
         Normal 1 (reference) 1 (reference) 1 (reference)
         Early CAN 1.73 (1.14–2.63)a 1.77 (1.09–2.87)a 1.74 (1.05–2.87)a

         Severe CAN 1.94 (0.87–4.35) 2.18 (0.88–5.41) 2.03 (0.79–5.23)
      >10 yr (n=247)
         Normal 1 (reference) 1 (reference) 1 (reference)
         Early CAN 1.37 (0.78–2.42) 1.35 (0.72–2.51) 1.43 (0.75–2.71)
         Severe CAN 4.21 (1.74–10.21)b 3.01 (1.16–7.84)a 3.84 (1.42–10.43)a

Model 1: adjusted for age, sex, and body mass index; Model 2: adjusted for model 1+diabetes duration and mean serial HbA1c; Model 3: adjusted for 
model 2+heart rate, estimated glomerular filtration rate, diabetic retinopathy, coronary artery disease, diabetes treatment (insulin use), and use of hyper-
tension medication.
HbA1c, glycosylated hemoglobin; CV, coefficient of variation; SD, standard deviation; OR, odds ratio; CI, confidence interval; CAN, cardiovascular au-
tonomic neuropathy.
aP<0.05, bP<0.01.


