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ABSTRACT
Aims/Introduction: To investigate the association between cardiovascular autonomic
neuropathy (CAN) assessed by the coefficient of variation of the R-R interval and the reduc-
tion in the estimated glomerular filtration rate (eGFR) in patients with type 2 diabetes.
Materials and methods: This retrospective observational cohort study enrolled type 2
diabetes patients who had their coefficient of variation of the R-R interval measured on
an electrocardiogram from January 2005 to December 2018. CAN was defined using the
reference coefficient of variation of the R-R interval value based on age and sex. The pri-
mary outcome was set as a 40% eGFR decline from baseline. Regression analyses using
the Cox proportional hazards model were carried out to evaluate the association.
Results: Of the 831 patients, 118 (14.2%) were diagnosed with CAN. In the analysis of
the primary outcome, the median follow-up period was 5.3 years, and 25 (21.2%) patients
with CAN and 78 (10.9%) patients without CAN developed a 40% eGFR decline. In the
univariate regression analysis, CAN was significantly associated with a 40% eGFR decline
(hazard ratio 2.42, 95% confidence interval 1.54–3.80). In the multivariate analysis, CAN
remained almost significant after adjusting for the prognostic risk factors for CAN and the
decline in the renal function, and an interaction with proteinuria was found. In analyses
for the interaction effect between CAN and proteinuria, the presence of CAN synergisti-
cally increased the risk of an eGFR decline in patients with macroproteinuria.
Conclusions: CAN strongly increased the risk of a 40% eGFR decline from baseline,
especially in type 2 diabetes patients with macroproteinuria.

INTRODUCTION
Diabetes is a major cause of end-stage renal disease1. The natu-
ral history of renal dysfunction in diabetes patients has been
classified into several stages: hyperfiltration, microproteinuria
(microalbuminuria), macroproteinuria, reduction in the esti-
mated glomerular filtration rate (eGFR) and, finally, end-stage
renal disease2. However, recent studies have shown that some
diabetes patients develop eGFR loss at the normoproteinuria

and microproteinuria stages3,4. In addition, an impaired renal
function is associated with cardiovascular disease morbidity and
mortality5,6. Therefore, identifying patients at high risk for a
reduction in their eGFR is clinically important to improve their
prognosis. At present, several risk factors associated with a
decline in the renal function have been proposed, and protein-
uria is generally known to be a strong risk factor for a reduc-
tion in the eGFR in patients with diabetes7.
Cardiovascular autonomic neuropathy (CAN) is a common

and potentially underdiagnosed complication in patients with
diabetes. Its prevalence reportedly ranges from 37% to 73%Received 6 May 2021; revised 16 June 2021; accepted 4 July 2021
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among type 2 diabetes patients8,9. The clinical signs of CAN are
related to systemic circulation disorders, such as asymptomatic
abnormality of heart rate, resting tachycardia (90–130 b.p.m.)
and orthostatic hypotension. Furthermore, CAN was also
reported to be associated with cardiovascular disease morbidity
and mortality10,11. Hence, the development of CAN is therefore
suggested to be related to other diabetic vascular complications.
Cardiac autonomic nerve activity strongly depends on an

individual’s age and sex12,13, so the evaluation of the autonomic
nerve activity needs to take into account these details. The car-
diac autonomic nerve function can be assessed based on the
heart rate variability, such as the results of the cardiovascular
autonomic reflex test, a time domain analysis, and a power
spectrum analysis14,15. The coefficient of the variation of the R-
R interval (CVR-R) is one of the most convenient, non-
invasive tests of heart rate variability, and is widely used to
assess cardiac autonomic nerve function in patients with dia-
betes. Several studies have shown the association between CAN
and a decline in renal function16,17. However, most previous
studies have used methods other than CVR-R to diagnose
CAN, and the staging of renal function was limited.
Given the aforementioned, the present study investigated the

association between CAN assessed by CVR-R and eGFR
decline, as well as the interaction between CAN and the stages
of renal function in patients with type 2 diabetes.

MATERIALS AND METHODS
Study design and participants
The present study was a retrospective single-center observa-
tional cohort study in type 2 diabetes outpatients in the Insti-
tute for Medical Science, Asahi Life Foundation, Tokyo, Japan.
This study was approved by the Committee of Ethics at this
institution (approval number: 08702-1).
A total of 3,400 diabetes outpatients who received treatments

from January 2005 to December 2015 were enrolled in the pre-
sent study. The inclusion criteria were as follows: (i) type 2 dia-
betes; (ii) CVR-R measured from January 2005 to December
2018; (iii) serum creatinine level measured within -84 to
28 days of the CVR-R measurement; (iv) serum creatinine level
measured more than twice during follow up; and (v) follow-up
period >28 days. The exclusion criteria were as follows: (i)
missing data; (ii) uncalculated CVR-R because of arrythmia
during measurement; (iii) a diagnosis of autonomic nervous
system diseases other than diabetic neuropathy; (iv) a diagnosis
of kidney disease (immunoglobulin A nephropathy, chronic
glomerulonephritis, renal tuberculosis, renal infarction and
antineutrophil cytoplasmic antibodies-associated glomeru-
lonephritis); and (v) outcome occurring within 28 days.

Clinical and laboratory data
The following data were collected at the first visit18: sex, age
(years), diabetes duration (years), body mass index (BMI; kg/m2),
glycated hemoglobin (HbA1c; %), standard deviation (SD) of the
R-R interval (ms), mean of the R-R interval (ms), CVR-R (%),

heart rate (b.p.m.), serum creatinine (mg/dL), eGFR (mL/min/
1.73 m2), urine albumin-to-creatinine ratio (ACR; mg/gCr), dip-
stick urine test, systolic blood pressure (SBP; mmHg), diastolic
blood pressure (mmHg), total cholesterol (mg/dL), triglyceride
(mg/dL), low-density lipoprotein cholesterol (mg/dL), high-
density lipoprotein cholesterol (mg/dL), uric acid (UA; mg/dL),
prevalence of neuropathic symptoms (numbness or neuralgia),
prevalence of decreased distal sensation (vibration perception
threshold by 128-Hz tuning fork ≤10 s), prevalence of decreased
or absent Achilles tendon reflex, prevalence of diabetic peripheral
sensory neuropathy (DPSN), smoking status, prevalence of
hypertension, prevalence of dyslipidemia, use of angiotensin-
converting enzyme inhibitors (ACEIs) or angiotensin II receptor
blockers (ARBs) and use of statins.
The BMI was calculated by dividing the weight (kg) by the

square of height (m). The SD of the R-R interval, mean of the
R-R interval and heart rate were derived from 100 continuous
resting heart rates recorded by an oscillometry-based device
(BP-203RPE III; Omron Colin, Co., Ltd., Tokyo, Japan). During
the measurement, patients were required to rest for 10–15 min
in the supine position. The CVR-R was calculated using the fol-
lowing equation: CVR-R = SD of the R-R interval / mean of
the R-R interval 9 100. The eGFR was calculated using the fol-
lowing equation advocated by the Japanese Society of Nephrol-
ogy: eGFR = 194 9 serum creatinine-1.094 9 age-0.287 (female
90.739)19. Proteinuria was assessed using the dipstick urine test
and/or ACR as albuminuria, and values were divided into three
groups: (i) normoproteinuria for a dipstick urine test (-) and
ACR <30 mg/gCr; (ii) microproteinuria for a dipstick urine test
(–) or ACR 30 to <300 mg/gCr; and (iii) macroproteinuria for
a dipstick urine test ≥(1+) or ACR ≥300 mg/gCr20. DPSN was
defined as two or more of the following symptoms or signs:
neuropathic symptoms (numbness or neuralgia), decreased dis-
tal sensation (vibration perception threshold by 128-Hz tuning
fork ≤10 s) or decreased or absent Achilles tendon reflex21.
Patients with neuropathies other than diabetic neuropathy were
excluded from the DPSN evaluation. Hypertension was defined
as an SBP ≥140 mmHg and/or diastolic blood pressure
≥90 mmHg and/or the use of antihypertensive medications.
Dyslipidemia was defined as triglyceride ≥150 mg/dL and/or
low-density lipoprotein cholesterol ≥140 mg/dL and/or high-
density lipoprotein cholesterol <40 mg/dL and/or the use of
antihyperlipidemic medications. All eGFR data were followed
during the visit.

CAN assessment
CAN was defined using the reference values of CVR-R based on
age and sex advocated by Agelink et al.22 The reference values of
CVR-R were as follows: men: 3.05 (aged 20–24 years), 2.80 (aged
25–29 years), 2.58 (aged 30–34 years), 2.37 (aged 35–39 years),
2.18 (aged 40–44 years), 2.00 (aged 45–49 years), 1.88 (aged
50–54 years), 1.69 (aged 55–59 years), 1.55 (aged 60–64 years)
and 1.43 (aged >65 years); women: 2.57 (aged 20–24 years),
2.38 (aged 25–29 years), 2.20 (aged 30–34 years), 2.04 (aged 35–
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39 years), 1.88 (aged 40–44 years), 1.74 (aged 45–49 years), 1.61
(aged 50–54 years), 1.49 (aged 55–59 years), 1.38 (aged 60–
64 years) and 1.28 (aged >65 years). If the aforementioned CAN
criteria were met, the patients were referred to as CAN (+); other-
wise, they were referred to as CAN (-).

Outcomes
The primary outcome was defined as the first 40% eGFR
decline from baseline. Recently, a 40% eGFR decline was used
as the outcome to the assess renal function in an observational
study23. In addition, two secondary outcomes: a 30% eGFR
decline from baseline and obtaining an eGFR <60 mL/min/
1.73 m2, were identified based on sensitivity analyses to con-
firm the robustness of the results for the primary outcome.

Statistical analysis
Regarding the baseline values, continuous variables showing a
normal or highly skewed distribution are represented as the
mean – SD or median with interquartile range (IQR), respec-
tively. Categorical variables are represented as the number with
the percentage (%). To test the baseline difference between
patients with CAN (-) and CAN (+), unpaired Student’s t-tests
was carried out for continuous variables. For highly skewed
continuous variables, Wilcoxon’s rank sum test was carried out.
For categorical variables, v2-tests or Fisher’s exact test were car-
ried out. In the subgroup analysis, Dunnett’s test and Steel’s test
were carried out to evaluate the baseline differences between
the reference group of CAN (-) normoproteinuria and other
multiple groups. We used the Kaplan–Meier method to assess
the effect of CAN on the reduction in the eGFR, and carried
out a log-rank test to compare the survival rate among groups.
Furthermore, univariate and multivariate regression analyses

using the Cox proportional hazards model were carried out as
previously described24 to assess whether or not CAN was asso-
ciated with a decline in the renal function. In the univariate
analysis, we evaluated the association between the eGFR decline
and the following factors: CAN, DPSN, proteinuria, diabetes
duration, BMI, HbA1c, SBP, triglyceride, UA, smoking status
and use of ACEIs/ARBs. In the multivariate analysis, model 1
was used to evaluate the confounding effect between CAN and
DPSN. We then evaluated whether or not CAN was indepen-
dently associated with the eGFR decline in model 2 after
adjusting for the following prognostic risk factors for CAN25,26

and the decline in the renal function24,27–29: proteinuria, dia-
betes duration, BMI, HbA1c, SBP, triglyceride, UA, smoking
status and use of ACEIs/ARBs.
In addition, we also carried out univariate and multivariate

regression analyses using the Cox proportional hazards model
to investigate the interaction effect between CAN and protein-
uria. These results were represented as the hazard ratio (HR)
with 95% confidence intervals (CIs).
A P-value <0.05 was considered statistically significant. Anal-

yses were carried out using the JMP� Pro 14 software program
(SAS Institute Inc., Cary, NC, USA).

RESULTS
Baseline characteristics
Among 3,400 patients in our database, 859 were eligible
according to the inclusion criteria. Among those patients, 28
patients were excluded, and 831 patients were ultimately
included in the analysis for the primary outcome (Figure 1).
For the secondary analyses, 828 patients with a 30% eGFR
decline from baseline and 722 with an eGFR <60 mL/min/
1.73 m2 were included.
Table 1 shows the clinical and laboratory characteristics of

831 patients (608 men: 73.2%, 223 women: 26.8%). The mean
age was 55.9 – 11.6 years. The median diabetes duration was
3 years (IQR 0–9 years). The mean BMI, HbA1c and eGFR
were 25.8 – 4.9 kg/m2, 8.6 – 2.0% and 80.3 – 20.9 mL/min/
1.73 m2, respectively. Of the 831 patients, 713 (85.8%) and 118
(14.2%) were diagnosed as CAN (-) and CAN (+). Compared
with CAN (-) patients, CAN (+) patients had a higher propor-
tion of women (P = 0.01), longer diabetes duration (P = 0.02),
higher serum creatinine level (P = 0.046), higher prevalence of
proteinuria (P = 0.0007), higher SBP (P = 0.0003), higher dias-
tolic blood pressure (P = 0.03), higher triglyceride (P = 0.049),
higher UA (P = 0.02), higher prevalence of decreased or absent
Achilles tendon reflex (P = 0.0002), higher prevalence of smok-
ing status (P = 0.02), higher prevalence of hypertension
(P = 0.003) and higher prevalence of dyslipidemia (P = 0.048).

Kaplan–Meier analyses comparing CAN (-) and CAN (+)
patients with a 40% eGFR decline
Figure 2a shows the results of a Kaplan–Meier analysis for a
40% eGFR decline in patients stratified by the presence of CAN.
The median follow-up period was 5.3 years (range 0–13 years).
A total of 103 (12.4%) of the 831 patients showed a 40% eGFR
decline during follow up. A total of 78 (10.9%) CAN (-)
patients and 25 (21.2%) CAN (+) patients developed a 40%
eGFR decline. CAN (+) patients were more likely to show a
reduced eGFR than CAN (-) patients (log-rank test,
P < 0.0001).

Kaplan–Meier analyses in patients stratified by CAN and
proteinuria
Figure 2b shows the results of a Kaplan–Meier analysis for a 40%
eGFR decline in patients divided into six groups: (i) CAN (-)
normoproteinuria (n = 539); (ii) CAN (+) normoproteinuria
(n = 73); (iii) CAN (-) microproteinuria (n = 106); (iv) CAN
(+) microproteinuria (n = 17); (v) CAN (-) macroproteinuria
(n = 68); and (vi) CAN (+) macroproteinuria (n = 27). A 40%
eGFR decline from baseline developed in 43 (8.0%) CAN (-) and
four (5.5%) CAN (+) patients with normoproteinuria, 16 (15.1%)
CAN (-) and five (29.4%) CAN (+) patients with microprotein-
uria, and 19 (27.9%) CAN (-) and 16 (59.3%) CAN (+) patients
with macroproteinuria (log-rank test, P < 0.0001).
The results of a Kaplan–Meier analysis for sensitivity analyses

(30% eGFR decline from baseline and eGFR <60 mL/min/
1.73 m2) are shown in Figures S1 and S2. In the analysis for

104 J Diabetes Investig Vol. 13 No. 1 January 2022 ª 2021 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

O R I G I N A L A R T I C L E

Muramatsu et al. http://wileyonlinelibrary.com/journal/jdi



the 30% decline in eGFR from baseline, 208 (25.2%) of 827
patients developed the outcome. A 30% eGFR decline from
baseline developed in 106 (19.7%) CAN (-) and 15 (20.5%)
CAN (+) patients with normoproteinuria, 34 (32.1%) CAN (-)
and eight (47.1%) CAN (+) patients with microproteinuria, and
30 (44.1%) CAN (-) and 15 (60.0%) CAN (+) patients with
macroproteinuria (log-rank test, P < 0.0001). In the analysis for
an eGFR <60 mL/min/1.73 m2, 226 (31.3%) of 721 patients
developed the outcome. An eGFR <60 mL/min/1.73 m2 devel-
oped in 150 (30.5%) CAN (-) and 17 (26.6%) CAN (+)
patients with normoproteinuria, 31 (34.1%) CAN (-) and six
(37.5%) CAN (+) patients with microproteinuria, and 13
(28.9%) CAN (-) and nine (64.3%) CAN (+) patients with
macroproteinuria (log-rank test, P < 0.0001).

Kaplan–Meier analyses in patients stratified by CAN and DPSN
In Figure S3, the result of Kaplan–Meier analysis for the 40%
decline in eGFR from baseline in patients stratified by CAN
and DPSN is shown. A total of 331 patients were unmeasured
neuropathic findings for diagnosis of DPSN at baseline. The
number of respective groups was as follows: unidentified

(n = 331); CAN (-) DPSN (-) (n = 295); CAN (-) DPSN (+)
(n = 134); CAN (+) DPSN (-) (n = 37); and CAN (+) DPSN
(+) (n = 24). A 40% eGFR decline from baseline developed in
35 (10.6%) unidentified patients, 26 (8.8%) DPSN (-) patients
and 27 (20.1%) DPSN (+) patients with CAN (-), and eight
(21.6%) DPSN (-) patients and five (20.8%) DPSN (+) patients
with CAN (+). The diagnosis of either CAN or DSPN wors-
ened the renal prognosis (log-rank test, P = 0.04).

Regression analyses using a Cox proportional hazards model
Table 2 shows the results of univariate and multivariate regres-
sion analyses using a Cox proportional hazards model. In the
univariate analysis, a 40% eGFR decline from baseline was sig-
nificantly associated with CAN (HR 2.42, 95% CI 1.54–3.80),
DPSN (HR 1.67, 95% CI 1.03–2.72), microproteinuria (HR
2.76, 95% CI 1.65–4.62), macroproteinuria (HR 9.77, 95% CI
6.26–15.3), diabetes duration (HR 1.03, 95% CI 1.01–1.05), SBP
(HR 1.03, 95% CI 1.02–1.04), triglyceride (HR 1.003, 95% CI
1.002–1.004) and UA (HR 1.30, 95% CI 1.15–1.47).
In the multivariate analyses, we assessed the confounding

effect between CAN and DPSN in model 1 and whether or not

Diabetic patients who received first follow-up care
from January 2005 to December 2015 

n = 3400

Patients included analysis for primary outcome
- 40% eGFR decline n = 831

Patients included analysis for secondary outcomes
- 30% eGFR decline n = 828
- eGFR < 60 mL/min/1.73m2 n = 722

Patients eligible for inclusion criteria
n = 859

Not eligible for inclusion criteria
n = 130Diabetic patients other than type 2 diabetes mellitus

Not measured CVR-R from January 2005 to December 2018 n = 2286
Not measured serum creatinine within -84 ~  28 days of CVR-R measurement n = 14
Not measured serum creatinine more than twice during follow-up n = 49

n = 62Follow-up duration less than 28 days

Excluded
n = 13Missing data
n = 1Arrythmia during measurement  of CVR-R

Diagnosis of autonomic nervous system diseases other than diabetic neuropathy n = 3
n = 9Diagnosis of renal diseases  other than diabetic nephropathy

Outcomes occurred within 28 days
n = 240% eGFR decline-

•
•
•
•
•

•
•
•
•
•

n = 530% eGFR decline-
- eGFR < 60 mL/min/1.73m2 n = 111

Figure 1 | Inclusion and exclusion criteria in this study. In the analysis for the primary outcome (40% estimated glomerular filtration rate [eGFR]
decline from baseline), 831 patients were included. In the analysis for the secondary outcomes (30% eGFR decline from baseline and eGFR
<60 mL/min/1.73 m2), 828 and 722 patients were included, respectively. CVR-R: coefficient of variation of the R-R interval.
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Table 1 | Baseline characteristics of 831 patients with type 2 diabetes

Total CAN (-) CAN (+) P-value
n = 831 n = 713 n = 118

Women, n (%) 223 (26.8) 202 (28.3) 21 (17.8) 0.01
Age (years) 55.9 – 11.6 55.9 – 11.6 56.4 – 11.4 0.65
Diabetes duration (years) 3 (0, 9) 3 (0, 9) 4 (0, 11) 0.02
Body mass index (kg/m2) 25.8 – 4.9 25.7 – 4.9 26.0 – 4.6 0.64
HbA1c (%) 8.6 – 2.0 8.6 – 2.0 8.6 – 1.8 0.93
Unknown, n (%) 4 (0.5) 3 (0.4) 1 (0.8)
Standard deviation of R-R interval (ms) 26.4 – 13.5 29.0 – 12.8 10.8 – 3.7 <0.0001
Mean of R-R interval (ms) 880.2 – 135.9 889.3 – 132.6 825.3 – 143.0 <0.0001
CVR-R (%) 3.0 – 1.4 3.2 – 1.3 1.3 – 0.39 <0.0001
Heart rate (b.p.m.) 61.4 – 12.8 61.1 – 12.0 63.4 – 16.8 0.07
Serum creatinine (mg/dL) 0.80 – 0.43 0.79 – 0.42 0.88 – 0.46 0.046
eGFR (mL/min/1.73 m2) 80.3 – 20.9 80.8 – 20.4 77.4 – 24.0 0.11
Urine albumin-to-creatinine-ratio (mg/gCr) 9.8 (5.4–24.8) 9.7 (5.1–23.6) 12.4 (5.8–42.7) 0.052
Unknown, n (%) 167 (20.1) 132 (18.5) 35 (29.7)
Dipstick urine test
(-)/(–)/(1+, 2+, 3+), n 706/32/92 620/26/67 86/6/25 0.0007
(-)/(–)/(1+, 2+, 3+), % 85.1/3.9/11.0 87.0/3.6/9.4 73.5/5.1/21.4

Unknown, n (%) 1 (0.1) – 1 (0.8)
Systolic blood pressure (mmHg) 130.9 – 17.6 130.0 – 17.0 136.3 – 20.1 0.0003
Unknown, n (%) 11 (1.3) 9 (1.3) 2 (1.7)
Diastolic blood pressure (mmHg) 77.5 – 11.4 77.2 – 11.2 79.7 – 12.8 0.03
Unknown, n (%) 11 (1.3) 9 (1.3) 2 (1.7)
Total cholesterol (mg/dL) 196.8 – 37.6 196.2 – 36.7 200.5 – 42.6 0.25
Triglyceride (mg/dL) 127 (89, 181) 126 (88, 178) 147 (95, 191) 0.049
Unknown, n (%) 1 (0.1) 1 (0.1) –
LDL cholesterol (mg/dL) 114.9 – 32.4 114.7 – 32.2 116.0 – 33.4 0.71
Unknown, n (%) 92 (11.1) 82 (11.5) 10 (8.5)
HDL cholesterol (mg/dL) 50.3 – 14.1 50.5 – 13.9 48.5 – 14.8 0.14
Unknown, n (%) 2 (0.2) 1 (0.1) 1 (0.8)
Uric acid (mg/dL) 5.6 – 1.4 5.6 – 1.4 5.9 – 1.5 0.02
Unknown, n (%) 2 (0.2) 2 (0.3) –
Neuropathic symptoms, n (%) 134 (23.1) 117 (23.3) 17 (21.8) 0.77
Unknown, n (%) 240 (29.2) 200 (28.4) 40 (33.9)
Decreased distal sensation, n (%) 248 (40.4) 211 (39.7) 37 (45.1) 0.35
Unknown, n (%) 207 (25.2) 171 (24.3) 36 (30.5)
Decreased or absent ATR, n (%) 309 (48.4) 253 (45.5) 56 (67.5) 0.0002
Unknown, n (%) 182 (22.2) 147 (20.9) 35 (29.7)
DPSN, n (%) 158 (32.2) 134 (31.2) 24 (39.3) 0.21
Unknown, n (%) 331 (40.3) 274 (39.0) 57 (48.3)
Smoking status, n (%) 477 (57.4) 398 (55.8) 79 (66.9) 0.02
Hypertension, n (%) 318 (38.3) 258 (36.2) 60 (50.8) 0.003
Dyslipidemia, n (%) 488 (58.7) 409 (57.4) 79 (66.9) 0.048
Use rate of ACEIs/ARBs, n (%) 109 (13.1) 88 (12.3) 21 (17.8) 0.12
Use rate of statin, n (%) 56 (6.7) 47 (6.6) 9 (7.6) 0.68

The values were represented as the mean – standard deviation, median with interquartile range or number with percentage (%).
To test the significance between cardiovascular autonomic neuropathy (CAN) (-) and CAN (+) patients, we used the unpaired
Student’s t-tests for continuous variables, Wilcoxon’s rank sum test for highly skewed continuous variables and the v2-test or Fisher’s
exact test for categorical variables. Statistical significance was defined as a P-value <0.05. ACEIs, angiotensin-converting enzyme inhibitors;
ARBs, angiotensin II receptor blockers; ATR, Achilles tendon reflex; CVR-R, coefficient of variation of the R-R interval; DPSN, diabetic peripheral
sensory neuropathy; eGFR, estimated glomerular filtration rate; HbA1c, glycated hemoglobin; HDL, high-density lipoprotein; LDL, low-density
lipoprotein.
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CAN was independently associated with a 40% eGFR decline
in model 2. In model 1, CAN was independently associated
with a 40% eGFR decline, even if DPSN was incorporated into

the model simultaneously (HR 1.91, 95% CI 1.04–3.51). In con-
trast, CAN was not independently associated with a 40% eGFR
decline in model 2 (HR 1.54, 95% CI 0.94–2.51).
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Figure 2 | A Kaplan–Meier analysis for a 40% estimated glomerular filtration rate (eGFR) decline from baseline. (a) Kaplan–Meier curves
showed the survival after a 40% eGFR decline among the 831 type 2 diabetes cardiovascular autonomic neuropathy (CAN) (-) and CAN (+)
patients. The median follow-up period was 5.3 years. Among the total 831 patients, 103 (12.4%) developed a 40% eGFR decline from baseline.
Among CAN (-) and CAN (+) patients, 78 (10.9%) and 25 (21.2%) developed a 40% eGFR decline, respectively (log-rank test: P < 0.0001). (b)
Kaplan–Meier curves carried out the survival after a 40% eGFR decline in 830 type 2 diabetes patients stratified by CAN and proteinuria.
Patients were divided into six groups: (i) CAN (-) normoproteinuria (n = 539); (ii) CAN (+) normoproteinuria (n = 73); (iii) CAN (-)
microproteinuria (n = 106); (iv) CAN (+) microproteinuria (n = 17); (v) CAN (-) macroproteinuria (n = 68); and (vi) CAN (+) macroproteinuria
(n = 27). Proteinuria was defined as follows: normoproteinuria: dipstick urine test (-) and urine albumin-to-creatinine ratio <30 mg/gCr;
microproteinuria: dipstick urine test (–) or urine albumin-to-creatinine ratio 30 to <300 mg/gCr; macroproteinuria: dipstick urine test ≥(1+) or
urine albumin-to-creatinine ratio ≥300 mg/gCr. Log-rank test: P < 0.0001.

Table 2 | Results of univariate and multivariate regression analyses using the Cox proportional hazards model for a 40% estimated glomerular
filtration rate decline

Univariate Multivariate (model 1) Multivariate (model 2)

Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value

CAN 2.42 (1.54–3.80) 0.0001 1.91 (1.04–3.51) 0.04 1.54 (0.94–2.51) 0.09
DPSN 1.67 (1.03–2.72) 0.04 1.66 (1.02–2.70) 0.04
Proteinuria
Normoproteinuria 1.00 (Reference) – 1.00 (Reference) –
Microproteinuria 2.76 (1.65–4.62) 0.0001 2.62 (1.54–4.48) 0.0004
Macroproteinuria 9.77 (6.26–15.3) <0.0001 6.82 (4.08–11.4) <0.0001

Diabetes duration (years) 1.03 (1.01–1.05) 0.04 1.02 (0.99–1.05) 0.14
Body mass index (kg/m2) 1.02 (0.98–1.06) 0.26 0.94 (0.90–0.99) 0.02
HbA1c (%) 1.05 (0.96–1.14) 0.24 1.04 (0.94–1.15) 0.45
Systolic blood pressure (mmHg) 1.03 (1.02–1.04) <0.0001 1.02 (1.01–1.03) 0.02
Triglyceride (mg/dL) 1.003 (1.002–1.004) <0.0001 1.002 (1.001–1.003) <0.0001
Uric acid (mg/dL) 1.30 (1.15–1.47) <0.0001 1.21 (1.04–1.40) 0.01
Smoking status 0.99 (0.67–1.46) 0.97 0.89 (0.58–1.36) 0.58
Use of ACEIs/ARBs 1.44 (0.86–2.43) 0.17 1.03 (0.58–1.82) 0.92

The results of univariate and multivariate regression analyses using the Cox proportional hazards model were represented as hazard ratios with
95% confidence intervals. ACEIs, angiotensin-converting enzyme inhibitors; ARBs, angiotensin II receptor blockers; CAN, cardiovascular autonomic
neuropathy; CI, confidence interval; DPSN, diabetic peripheral sensory neuropathy; HbA1c, glycated hemoglobin.
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Evaluation of the interaction effect between CAN and
proteinuria on a 40% eGFR decline
Table 3 shows the unadjusted and adjusted HRs for a 40%
eGFR decline derived from the regression analysis using a Cox
proportional hazards model to investigate the interaction effect
between CAN and proteinuria. In the unadjusted analysis, an
interaction effect for a 40% eGFR decline was found in patients
with microproteinuria and macroproteinuria: CAN (-) micro-
proteinuria (HR 2.51, 95% CI 1.41–4.45); CAN (+) micropro-
teinuria (HR 3.73, 95% CI 1.48–9.43); CAN (-)
macroproteinuria (HR 6.36, 95% CI 3.69–11.0); CAN (+)
macroproteinuria (HR 26.4, 95% CI 14.5–47.9). In the adjusted
analysis, after adjusting for the prognostic risk factors for CAN
and/or a decline in the renal function (diabetes duration, BMI,
HbA1c, SBP, triglyceride, UA, smoking status and use of ACEIs
or ARBs), the interaction effect remained statistically significant
in macroproteinuria: CAN (-) macroproteinuria (HR 5.24,
95% CI 2.93–9.37); CAN (+) macroproteinuria (HR 14.8, 95%
CI 7.03–31.2). As a result, the presence of CAN likely multiplies
the risk for a decline in the eGFR as the severity of proteinuria
increases. In contrast, the risk of an eGFR decline was not sig-
nificantly different between CAN (-) and CAN (+) in patients
with normoproteinuria (HR 0.75, 95% CI 0.27–2.10).

DISCUSSION
In the present study, we showed the interaction effect between
CAN and proteinuria on the eGFR decline in patients with
type 2 diabetes. CAN synergistically influenced the reduction in
the eGFR in patients with macroproteinuria. In contrast, the
HR for a 40% eGFR decline was not significantly different
between patients with and without CAN among those with
normoproteinuria.
Previous studies have shown that CAN was associated with

the development of chronic kidney disease (CKD) and a reduc-
tion in the eGFR among patients with type 2 diabetes16,17.
However, these studies include patients with limited disease
stages, and did not refer to the interaction effect between CAN

and proteinuria on the decline in the renal function. Specifi-
cally, these previous studies defined the primary outcome as
development of CKD (eGFR < 60 mL/min/1.73 m2 or albu-
minuria). In the present study, the primary outcome was
defined as 40% eGFR decline to assess patients with the exten-
sive ranges of renal function at baseline.
Furthermore, these previous studies defined CAN using the

Ewing method as follows: excitation/inhibition ratio, 30:15 ratio
and Valsalva ratio15–17. In Japan, the CVR-R is routinely used
to assess the cardiac autonomic nerve activity in patients with
diabetes30, in addition to a 12-lead electrocardiogram simultane-
ously obtained without physical or economic burden on the
patients. CVR-R is more convenient and easier to carry out for
the evaluation of the cardiovascular autonomic activity than
the Ewing method. However, definite diagnostic criteria of the
CVR-R have not yet been established. Thus, various diagnosis
methods and criteria have been used in studies focused on
CAN. In addition, the cardiovascular autonomic nerve function
is known to differ by age and sex12,13,31. Therefore, we used ref-
erence values of CVR-R based on age and sex22.
As with the Ewing method (excitation/inhibition ratio, 30:15

ratio and Valsalva ratio), the CVR-R reflects the parasympa-
thetic nerve activity30,32. Regarding autonomic nerve dysfunc-
tion, it is generally known that diabetic neuropathy initially
affects the longer nerve fibers, such as the parasympathetic
nerve33. The sympathetic nerve function relatively increases as
the parasympathetic nerve function decreases34. Overactivity of
sympathetic nerves results in changes in the renal hemodynam-
ics, such as the absence of nocturnal blood pressure dipping35.
The absence of nocturnal blood pressure dipping places strain
on the kidney and causes a kidney injury-induced decline in
the renal function36. In the present study, although DSPN were
not fully evaluated in all patients at baseline, CAN without
DSPN evaluated at baseline, as well as with DSPN, showed
deterioration of renal function. The early diagnosis and preven-
tion of CAN might thus be associated with reducing the kidney
burden in patients with diabetes.

Table 3 | Results of unadjusted and adjusted regression analyses using the Cox proportional hazards model to investigate the interaction effect
between cardiovascular autonomic neuropathy and proteinuria

Normoproteinuria Microproteinuria Macroproteinuria

Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value

Unadjusted
CAN (-) 1.00 (Reference) – 2.51 (1.41–4.45) 0.002 6.36 (3.69–11.0) <0.0001
CAN (+) 0.81 (0.29-2.26) 0.69 3.73 (1.48–9.43) 0.005 26.4 (14.5–47.9) <0.0001

Adjusted
CAN (-) 1.00 (Reference) – 2.53 (1.40–4.58) 0.002 5.24 (2.93–9.37) <0.0001
CAN (+) 0.75 (0.27–2.10) 0.58 3.27 (1.27–8.45) 0.01 14.8 (7.03–31.2) <0.0001

The results were adjusted for the following factors: diabetes duration, body mass index, glycated hemoglobin, systolic blood pressure, triglyceride,
uric acid, smoking status and use of angiotensin-converting enzyme inhibitors or angiotensin II receptor blockers. Values were represented as haz-
ard ratios with 95% confidence intervals (CI). CAN, cardiovascular autonomic neuropathy.
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In contrast, CKD itself might contribute to development of
CAN. The patients with impaired renal function have lower auto-
nomic nerve activity37. Furthermore, renal transplantation has
recovered autonomic nerve function in patients with end-stage
renal disease38. For these reasons, autonomic dysfunction and
deterioration of renal function could adversely affect each other
and worsen renal function. Although several mechanisms are
proposed, the exact mechanisms contributing to deterioration of
autonomic nerve function are not clarified in patients with
CKD39.
CAN is one of the most common diabetic complications in

the early stage of diabetes. Nevertheless, ways to prevent and
manage CAN are limited, typically involving blood glucose con-
trol, management of risk factors related to CAN progression
and the use of aldose reductase inhibitors40–42. Previous studies
have shown that intensive blood glucose control and the man-
agement of risk factors for CAN delayed the development and
progression of the decline in the cardiac autonomic func-
tion40,41. However, the positive effects of aldose reductase inhi-
bitors for autonomic neuropathy appear to be limited to
patients with good glycemic control and no or mild microan-
giopathies42. Thus, there are few effective pharmacological inter-
ventions at the various stage of neuropathy available at present.
Further basic and clinical studies are required to identify more
effective pharmacological treatments. To prevent the develop-
ment and progression of CAN, blood glucose control and the
management of risk factors for CAN are important for patients
with diabetes. In addition, physicians should routinely measure
CVR-R in daily clinical practice to detect patients with early-
stage neuropathy.
Several limitations associated with the present study war-

rant mention. First, the present study was a single-center
observational study, and the number of patients, particularly
those with microproteinuria and macroproteinuria, was not
large; this might have resulted in selection bias. In addition,
selection bias might also exist because not all of the patients
had their CVR-R measured. However, why the CVR-R was
not measured was not clarified. Most measurements of CVR-
R do not seem to be arbitrary, because the measurements
were routinely carried out at the first visit in addition to a
12-lead electrocardiogram for patient with diabetes, if the
electrocardiogram device also measured the CVR-R. Second,
the diagnostic criteria of CAN in the present study have pre-
viously been used based on data obtained from 309 healthy
subjects22. To accurately detect the presence of cardiac auto-
nomic dysfunction in patients with diabetes, large-scale
research targeted diabetes patients with a wide age range will
be required. Finally, we defined proteinuria using the dipstick
urine test and ACR. The dipstick urine test is a semiquantita-
tive method of detecting proteinuria, whereas the ACR is a
quantitative method of detecting albuminuria. The ACR was
able to detect patients with microproteinuria who could not
be detected by the dipstick urine test. However, due to health
insurance issues in Japan, the ACR is generally not measured

in clinical practice in patients with macroproteinuria and not
frequently measured in patients with normoproteinuria.
Despite the aforementioned limitations, the present results

shed light on the importance of diagnosing CAN to detect the
high risk for eGFR decline of patients with type 2 diabetes.
Future studies about CAN might clarify the way to prevent dia-
betic renal dysfunction.
The presence of CAN assessed by the CVR-R and protein-

uria synergistically increased the risk of eGFR decline in
patients with type 2 diabetes.
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Additional supporting information may be found online in the Supporting Information section at the end of the article.

Figure S1| Results of a Kaplan–Meier analysis for a 30% estimated glomerular filtration rate decline from the baseline.

Figure S2| Results of a Kaplan–Meier analysis for an estimated glomerular filtration rate <60 mL/min/1.73 m2.

Figure S3| Results of a Kaplan–Meier analysis for a 40% estimated glomerular filtration rate decline from the baseline, stratified by
cardiovascular autonomic neuropathy and diabetic peripheral sensory neuropathy.
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