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ABSTRACT
Aims/Introduction: To evaluate the differences in cardiac autonomic function, cardiac
structure and diastolic function between individuals with diabetic foot (DF) and those
with diabetes but without DF.
Materials and Methods: A total of 413 individuals with DF and 437 without DF who
underwent a 24-h electrocardiogram Holter and a Doppler echocardiogram were
included. The heart rate variability parameters to evaluate cardiac autonomic function, and
the indices for the assessment of cardiac structure and left ventricular (LV) diastolic
function, including left atrium, LV posterior wall thickness, interventricular septum and E/e0

ratio, were measured or calculated. Propensity score matching was used for the sensitivity
analysis to minimize potential imbalance.
Results: In both the crude and propensity score matching analyses, significant
differences were observed in heart rate variability between individuals with and without
DF, as evidenced by lower standard deviation of the normal sinus interval, lower
low-frequency power/high-frequency power ratio, lower standard deviation of the 5-min
average RR intervals, lower low-frequency power, lower percentage of normal adjacent RR
interval difference >50 ms, lower root mean square of successive RR interval differences
and lower high-frequency power (all P < 0.05). In multivariate analysis, DF showed an
independent negative correlation with the aforementioned indices of heart rate variability
(all P < 0.05). Individuals with DF showed higher left atrium, LV posterior wall thickness,
interventricular septum and a higher E/e0 ratio than those without DF in the crude
analysis (all P < 0.05), whereas these indices were no longer associated with DF in the
multivariate analysis and the propensity score matching analyses.
Conclusions: Cardiac autonomic modulation was more severely impaired in individuals
with DF than in their counterparts without DF. There has been insufficient evidence to
demonstrate the independent association of DF and LV diastolic dysfunction.

INTRODUCTION
Diabetic foot (DF) is a common and serious complication of dia-
betes mellitus, which is a growing public health concern that
imposes a severe socioeconomic burden with high morbidity
and mortality1. Compared with those with diabetes mellitus, but

without DF, patients with DF had a higher mortality rate, which
can be mainly attributed to the excess cardiovascular disease
risk2–5. The risk of cardiovascular disease death in individuals
with DF is 2.22–3.27-fold higher than that in those with diabetes
mellitus only5,6. In individuals with DF, the elevated mortality
rates from cardiovascular complications can be attributed not
only to a higher prevalence of coronary atherosclerotic heartReceived 7 October 2023; revised 10 May 2024; accepted 24 May 2024
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disease and ischemic cerebrovascular disease, but also to the
presence of cardiomyopathy and cardiac autonomic neuropathy
(CAN), both of which significantly increase the risk of
cardiac-related mortality7,8.
DF can be divided into two main entities: neuropathic foot

and ischemic foot (including neuroischemic foot). Unquestion-
ably, patients with ischemic foot have a higher risk of cardio-
vascular death due to ischemic cardio-cerebrovascular diseases.
For neuropathic foot with palpable pulses, however, it has not
yet been clarified whether neuropathic DF patients and their
counterparts without DF have different changes in cardiac elec-
trophysiology, cardiac structure, and function independent of
atherosclerotic disease and myocardial ischemia.
CAN, a prominent complication arising from diabetic auto-

nomic neuropathy, arises due to impaired autonomic nerve
fibers that supply the heart and blood vessels. Analysis of heart
rate variability (HRV) serves as a dependable method for evalu-
ating cardiac autonomic function, effectively capturing the
dynamic interplay between the sympathetic and parasympa-
thetic systems regulating cardiovascular activity9. Reduced HRV
has been observed in individuals with type 2 diabetes
mellitus10,11. Furthermore, some studies have reported individ-
uals with DF had a higher prevalence of CAN12,13. Neverthe-
less, these studies were insufficient to control for confounding
factors, such as the higher prevalence of myocardial ischemia in
ischemic foot due to small sample sizes.
Additionally, previous studies have shown that individuals

with diabetes remain at significantly higher risk of heart failure
than controls without diabetes, even in the absence of hyperten-
sion (HBP) and coronary artery disease (CAD)14, suggesting a
direct detrimental effect of hyperglycemia on cardiac structure
and function beyond the adverse effect of coronary atherosclero-
sis. Early cardiac damage in individuals with diabetes always
manifests as diastolic dysfunction15,16. However, few studies have
analyzed the cardiac diastolic function in individuals with DF
compared with those with diabetes without DF complications.
Thus, we used HRV analysis and cardiac echocardiography

to evaluate the differences in cardiac electrophysiology, structure
and diastolic function between patients with type 2 diabetes
mellitus with and without DF.

MATERIALS AND METHODS
Study population
We retrospectively reviewed the medical records of 2,446 indi-
viduals with type 2 diabetes mellitus (768 with DF and 1,678
without DF) who visited the Diabetic Foot Care Center of West
China Hospital, Sichuan University (Chengdu, China) between
January 2016 and January 2022, excluding 1,354 individuals
with incomplete records or left ventricular (LV) ejection frac-
tion (LVEF) <50%. Diabetes mellitus was diagnosed based on
the diagnostic criteria proposed by the World Health Organiza-
tion in 199917. DF disease was defined as foot infection, ulcer
or tissue destruction in patients with a current or previous
diagnosis of diabetes, usually accompanied by lower-extremity

neuropathy and/or peripheral arterial disease (PAD)18. All
patients with type 1 or special types of diabetes, other endo-
crine and metabolic diseases, severe organic heart diseases,
severe renal and hepatic insufficiency, hematological diseases,
autoimmune and/or rheumatic diseases, neoplasms, neurologi-
cal or respiratory disorders, and inflammatory or infectious dis-
eases were excluded from the study. Individuals were also
excluded if they had a fever, arrhythmia, a history of myocar-
dial infarction, were pregnant or lactating, or were taking medi-
cation that might influence cardiac autonomic function (e.g.,
metoprolol, amiodarone, propranolol, bisoprolol). According to
these criteria, 850 individuals with type 2 diabetes mellitus (413
with DF and 437 without DF) were included in the study (Fig-
ure 1). The study was reviewed and approved by the Institu-
tional Ethics Committee of the West China Hospital, and was
registered in the Clinical Trial Registry (registration number:
ChiCTR1900025899). All patients provided written informed
consent.

Assessment of sympathovagal balance
Holter electrocardiogram monitoring with a 24-h recording was
carried out using a GE Marquette MARS PC ambulatory elec-
trocardiogram Holter system (GE Healthcare, Chicago, IL,
USA). Before collection, participants were familiar with the
device, the staff and the procedures. To obtain reliable HRV
data, participants were asked to abstain from alcohol and stim-
ulant intake, such as caffeine, nicotine and chocolate, and to
refrain from vigorous physical activity for 24 h before and dur-
ing the 24 h of the recording period. The device was placed in
the precordial region at the same hour (8:00–9:00 a.m.), with
the patients undertaking normal daily activities during hospital-
ization. During monitoring, patients were informed about keep-
ing dry skin, having a good night’s sleep and staying away
from electromagnetic fields.
A Holter Analysis Workstation (GE Medical Systems Informa-

tion Technologies, Inc., El Paso, TX, USA) was used to calculate
the HRV indices. HRV analyses were carried out by a trained
professional to obtain reproducible data. The following
time-domain indices of HRV were computed: the standard devi-
ation of the normal sinus interval (SDNN), the standard devia-
tion of the 5-min average RR intervals (SDANN), the root mean
square of successive RR interval differences (rMSSD) and the
percentage of normal adjacent RR interval difference >50 ms
(PNN50). Frequency domain indices include the low-frequency
power (LF), the high-frequency power (HF) and the LF/HF ratio.
SDNN is a marker of total tension of sympathetic and vagal

nerves, and reflects both sympathetic and parasympathetic
modulation of heart rate. In the present study, SDNN <100 ms
was defined as CAN19. It is also a strong predictor of an
impaired cardiac autonomic system, malignant arrhythmia and
sudden death20. The LF/HF ratio, an index of the interaction
between sympathetic and vagal activity, is also regarded as a
valuable assessment of sympathovagal balance19. PNN50,
rMSSD and HF are associated mainly with parasympathetic
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modulation, whereas SDANN and LH are considered quantita-
tive markers for sympathetic modulation19, 21.

Echocardiographic examination
Echocardiography is the most commonly used noninvasive
means of evaluating cardiac structure and function. For accu-
rate results, all participants requested an echocardiogram after
stabilization from clinical treatment. All echocardiographic
examinations were carried out from 9:00 to 12:00 a.m. of the
day and using the Philips EPIQ 7C and IE33 platforms
(Amsterdam, the Netherlands). Echocardiographic parameters
were measured and calculated by an experienced operator.
With the participants in the supine left-sided position, stan-

dard parasternal long- and short-axis, and apical two- and
four-chamber views were obtained to measure the left atrium
(LA), LV posterior wall thickness (LVPW), interventricular sep-
tum (IVS) and LV internal diameter at end-diastole (LVIDd).
LV mass (LVM) was calculated using the Devereux formula:
LVM (g) = 0.8 9 1.04 9 [(LVIDd + IVS + LVPW)3 -

LVIDd3] + 0.6 and indexed per square meter of body surface
area (LVMI)22. The peak early diastolic mitral inflow velocity
(E ) was recorded from pulse-wave Doppler, and the average
mitral annulus early diastolic velocity (e0) was calculated from
pulsed wave tissue Doppler, then the average E/e0 ratio was
derived. The tricuspid regurgitation velocity maximum was
obtained in the apical four-chamber view with continuous-wave
Doppler. We defined LV diastolic dysfunction as an average E/
e0 ratio >14 according to the recommendation from the Ameri-
can Society of Echocardiography and the European Association
of Cardiovascular Imaging23.

Assessment of diabetes mellitus-related clinical features
The diagnosis of diabetic peripheral neuropathy was based on
neuropathy symptoms, signs and neurophysiologic test
abnormalities24. HBP was diagnosed based on the Guidelines in
201825. CAD could be diagnosed when patients had a history
of angina excluding other diseases, previous myocardial infarc-
tion, current acute myocardial infarction or coronary artery

Figure 1 | Flow chart of the study. COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; LVEF, left ventricular
ejection fraction; T2DM, type 2 diabetes mellitus.
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stenosis >50%. Ischemic cerebrovascular disease refers to the
degeneration, necrosis or transient loss of function of local
brain tissue due to stenosis or occlusion of cerebral arteries26.
PAD was defined by the presence of ankle brachial index <0.9,
confirmed imaging examination or history of revascularization
therapy27,28. Biochemical indices (e.g., glycated hemoglobin,
liver and renal function, glucose and lipids) were also measured
at baseline.

Statistical analysis
Statistical analysis was carried out using SAS 9.4 software (SAS
Institute Inc., Cary, NC, USA). Continuous variables are
expressed as the mean – standard deviation or medians with
interquartile ranges, and were compared using Student’s t-test
or Wilcoxon’s rank-sum test. Categorical variables were
described as frequencies and percentages, and differences were
compared using the v2-test and Fisher’s exact test when appro-
priate. Multiple linear regression models were used to analyze
the independent correlation between DF and indices of HRV,

cardiac structure and function after adjustment for covariates.
Additionally, we used multivariable logistic regression models
to compute adjusted odds ratios (ORs) and associated 95%
confidence intervals (CIs) relating DF to CAN and LV diastolic
dysfunction.
Additionally, a propensity score (PS) was developed as a sen-

sitivity analysis to minimize the potential imbalance of con-
founding factors between groups. Based on the use of PS
matching (PSM), patients with DF were matched 1:1 with con-
trols without DF using the nearest neighbor caliper width of
0.05. This matching procedure was carried out using the
MatchIt package for R (RStudio, PBC, Boston, MA, USA). Cor-
respondingly, univariate and multivariate regression analyses
were also carried out after PSM. All statistical analyses were
two-sided with a significance level of 0.05.

RESULTS
Table 1 shows the baseline demographic and clinical character-
istics of all participants before and after PSM. Individuals with

Table 1 | Baseline demographic and clinical characteristics of all participants before and after propensity score matching

Variables Before PSM After PSM
DF group Non-DF group P DF group Non-DF group P

No. patients (n) 413 437 187 187
Sex, men (%) 271 (65.6) 253 (57.9) 0.021 120 (64.2) 123 (65.8) 0.745
Age (years) 64.5 – 12.1 58.9 – 13.8 <0.001 61.9 – 12.4 61.6 – 12.6 0.814
Diabetes duration (years) 11 (6, 17) 10 (4, 16) 0.019 12 (7, 18) 11 (6, 17) 0.259
Alcohol consumption (%)
Never 254 (61.5) 295 (67.5) 0.190 119 (63.6) 118 (63.1) 0.811
Occasional 65 (15.7) 59 (13.5) 24 (12.8) 28 (15.0)
Frequent 94 (22.8) 83 (19.0) 44 (23.5) 41 (21.9)

Current smoking (%) 182 (44.1) 154 (35.2) 0.009 79 (42.2) 80 (42.8) 0.917
BMI (kg/m2) 23.5 – 3.4 24.6 – 4.7 <0.001 24.0 – 3.7 24.1 – 3.7 0.861
Family history of DM (%) 148 (35.8) 168 (38.4) 0.430 78 (41.7) 76 (40.6) 0.834
SBP (mmHg) 141.3 – 22.8 136.0 – 20.3 0.001 141.3 – 22.8 137.0 – 21.3 0.366
DBP (mmHg) 80.5 – 12.6 83.3 – 11.9 0.001 82.3 – 13.1 81.8 – 11.2 0.681
MBP (mmHg) 100.8 – 13.7 100.8 – 12.8 0.940 101.2 – 14.1 100.2 – 12.7 0.458
HbA1c (%) 7.8 (6.8, 9.5) 8.8 (7.3, 10.9) <0.001 8.4 (7.1, 9.9) 8.1 (6.8, 9.8) 0.862
FPG (mmol/L) 8.5 (6.4, 11.6) 8.4 (6.3, 11.8) 0.850 8.8 (6.6, 12.4) 8.2 (6.1, 11.4) 0.097
TC (mmol/L) 3.88 – 1.10 4.34 – 1.18 <0.001 4.0 (3.2, 4.8) 3.9 (3.3, 4.8) 0.912
TG (mmol/L) 1.30 (0.99, 1.83) 1.53 (1.05, 2.36) 0.001 1.4 (1.1, 2.1) 1.4 (0.9, 2.2) 0.709
HDL-C (mmol/L) 1.06 – 0.34 1.13 – 0.40 0.011 1.06 (0.85, 1.35) 1.04 (0.86, 1.28) 0.773
LDL-C (mmol/L) 2.16 – 0.89 2.49 – 0.97 <0.001 2.21 (1.50, 2.86) 2.08 (1.61, 2.85) 0.838
eGFR (mL/min/1.73 m2) 79.4 – 23.8 87.5 – 24.1 <0.001 87.3 (63.8, 101.3) 89.5 (67.6, 100.6) 0.697
DPN (%) 398 (96.4) 249 (57.0) <0.001 174 (93.0) 171 (91.4) 0.562
PAD (%) 205 (49.6) 33 (7.6) <0.001 35 (18.7) 30 (16.0) 0.495
HBP (%) 260 (63.0) 256 (58.6) 0.190 113 (60.4) 111 (59.4) 0.833
CAD (%) 81 (19.6) 57 (13.0) 0.009 25 (13.4) 26 (13.9) 0.880
CVD (%) 32 (7.8) 24 (5.5) 0.190 10 (5.3) 10 (5.3) >0.999

Data are mean (standard deviation), median (interquartile range) or n (percentage). BMI, body mass index; CAD, coronary artery disease; CVD, cere-
brovascular disease; DBP, diastolic blood pressure; DF, diabetic foot; DM, diabetes mellitus; DPN, diabetic peripheral neuropathy; eGFR, estimated glo-
merular filtration rate; FPG, fasting plasma glucose; HbA1c, glycated hemoglobin; HBP, hypertension; HDL-C, high-density lipoprotein cholesterol;
LDL-C, low-density lipoprotein cholesterol; MBP, mean blood pressure; PAD, peripheral arterial disease; PSM, propensity score matching; SBP, systolic
blood pressure; TC, total cholesterol; TG, triglycerides.
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DF were older, had a longer diabetes duration, and had a
higher prevalence of drinking and smoking. Furthermore, indi-
viduals with DF tended to have a faster heart rate and higher
SBP. Additionally, individuals with DF had a greater prevalence
of diabetic peripheral neuropathy, PAD, HBP, CAD and cere-
brovascular disease than those without DF. Figure 2a shows the
distribution of PS in individuals with and without DF before
PSM. The smaller the overlap between the PS curves of the
two groups, the greater the risk of confounding is suggested.
After PSM, the PS curves of the groups with and without DF
were highly overlapping, which indicated well-balanced baseline
covariates between the two groups (Figure 2b). Several unbal-
anced variables with the absolute standardized difference ≥0.1,
including SBP and diabetic duration (Figure 2c), were further
adjusted in the multivariate analysis.
Within the time and frequency domain, measures of HRV,

SDNN and LF/HF reflect the total cardiac autonomic tone, and
serve to assess the overall damage and recovery of the cardiac
autonomic nerve. Compared with individuals without DF,
SDNN and LF/HF in the DF group were significantly lower,
and the differences were statistically significant (all P < 0.05).

Indicators assessing cardiac vagal tone (PNN50, rMSSD, HF)
and cardiac sympathetic tone (SDANN, LF) were significantly
lower in the DF group than in the non-DF group (all P < 0.05;
Table 2). For all enrolled participants, the multivariate linear
regression analysis showed that DF was independently
negatively associated with all the abovementioned HRV mea-
sures: SDNN (b -0.311; 95% CI -0.377, 0.246; P < 0.001), LF/
HF (b -0.131; 95% CI -0.164, 0.098; P < 0.001), SDANN
(b -20.854; 95% CI -25.646, 16.061; P < 0.001), LF (b -0.472;
95% CI -0.563, 0.382; P < 0.001), PNN50 (b -0.265; 95%
CI -0.434, 0.095; P = 0.002), rMSSD (b -3.596; 95% CI -
5.306, 1.885; P < 0.001) and HF (b -0.266; 95% CI -0.342,
0.190; P < 0.001). After eliminating or reducing potential con-
founding biases via PSM, these independently negative associa-
tions between DF and HRV indices remained in both
univariable and multivariable linear regression analyses
(Table 3). CAN, defined by SDNN <100 ms, was more preva-
lent in the DF group than in the group without DF (350/413
[84.7] vs 239/437 [54.7], P < 0.001; Figure 3a). Furthermore,
DF was independently associated with higher odds of CAN
(OR 3.62; 95% CI 2.40–5.45; P < 0.001) after adjustment for

Figure 2 | Propensity scores (PS) distributional overlap and absolute standardized differences (ASD) in participants with diabetic foot (DF) and
without diabetic foot (non-DF). (a, b) Present PS distributions between individuals with or without DF in the crude sample and the sample after
propensity score matching (PSM). For intervals along the x-axis, the area under the probability density curve represents the probability of those PSs,
and smoothing was through the kernel density estimate. Greater overlap of PS curves of the two groups indicates a lesser risk of confounding. (c)
ASD in individuals stratified by DF. The dashed line indicates >0.1 imbalance between the variable’s value, which is a commonly used metric of
significant imbalance. BMI, body mass index; CAD, coronary artery disease; CVD, cerebrovascular disease; DBP, diastolic blood pressure; DM, diabetes
mellitus; DPN, diabetic peripheral neuropathy; eGFR, estimated glomerular filtration rate; HbA1c, glycated hemoglobin; HDL-C, high-density
lipoprotein cholesterol; LDL-, low-density lipoprotein cholesterol; PAD, peripheral arterial disease; SBP, systolic blood pressure; TC, total cholesterol;
TG, triglycerides.
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possible confounders. Further PSM analysis also showed an
independent association of DF and CAN (OR 3.19; 95%
CI 1.99–5.12; P < 0.001; Table 4).
Indicators of cardiac structure and function obtained from

echocardiography are shown in Table 2. Before PSM, compared
with those without DF, individuals with DF were characterized
by a larger LA, thicker LVPW, thicker IVS, higher LVMI and
higher tricuspid regurgitation velocity maximum (all P < 0.05),
which indirectly suggests the possible abnormality of LV dia-
stolic dysfunction (Table 2). Thus, we used the average E/e0

ratio as a direct assessment index of LV diastolic function. Indi-
viduals with DF had higher E/e0 than those without DF (12.9
vs 12.0, P < 0.001; Table 2). Furthermore, compared with those
without DF, individuals with DF had more LV diastolic dys-
function, which was defined by an average E/e0 ratio >14 (136/
413 [33.2] vs 109/437 [25.0], P = 0.009; Figure 3b). Before
PSM, the multiple linear regression analysis showed that DF
tended to be independently associated with E/e’ (b 0.051; 95%
CI -0.002, -0.104; P = 0.058) after adjusting for potential
confounding factors (Table 3). After PSM, however, the average
E/e0 ratio and the proportion of LV diastolic dysfunction were
similar between individuals with DF and without DF (Table 2).
Furthermore, in the PSM analysis, the association of DF and
average E/e0 ratio became nonsignificant (b 0.026; 95% CI -
0.037, 0.089; P = 0.419; Table 3). Additionally, DF did not
increase the likelihood of having LV diastolic dysfunction in
both multivariate logistic regression analysis (OR 1.413; 95% CI

0.936, 2.133; P = 0.100) and PSM analysis (OR 1.107; 95% CI
0.701, 1.748; P = 0.663; Table 4).

DISCUSSION
The current study showed that the HRV indices of individuals
with DF were significantly lower than those of individuals with-
out DF. Furthermore, an independently negative association
was observed between DF and the aforementioned HRV indi-
ces after adjustment for potential confounding factors, such as
demographic and lifestyle factors, diabetic duration, chronic
comorbidities or complications, and other relevant biomarkers.
Even after carrying out PSM and further eliminating probable
confounding biases, the results remained unchanged.
HRV analysis is a useful means to identify diabetic cardiac

autonomic neuropathy (DCAN)29, and a decreased HRV sug-
gests an impairment in cardiac autonomic regulation, thereby
contributing to an increased risk of cardiovascular diseases,
such as arrhythmia and sudden cardiac death20,30,31. Individuals
with DF had a significantly lower SDNN and LF/HF ratio,
which suggested more severe overall regulatory dysfunction of
the cardiac autonomic nervous system in individuals with
DF32–34. Usually, cardiac autonomic dysfunction is characterized
by diminished activity of vagal nerves and/or increased activity
of sympathetic nerves35. The present study showed significantly
lower rMSSD, PNN50 and HF in individuals with DF. After
adjusting for potential confounding factors, DF was indepen-
dently negatively associated with rMSSD, PNN50 and HF,

Table 2 | Indices of heart rate variability, cardiac structure and diastolic function in participants with and without diabetic foot

Variables Before PSM After PSM
DF group Non-DF group P DF group Non-DF group P

No. patients (n) 413 437 187 187
HR (bpm) 80.6 – 11.0 76.4 – 10.6 <0.001 80.6 – 11.0 75.3 – 11.0 <0.001
SDNN (ms) 64 (48, 86) 95 (76, 118) <0.001 66.0 (51.0, 88.0) 94.0 (74.0, 118.0) <0.001
SDANN (ms) 63.0 – 27.5 88.4 – 29.7 <0.001 60.0 (46.0, 80.0) 83.0 (65.0, 107.0) <0.001
PNN50 (%) 0.4 (0.0, 2.7) 1.9 (0.4, 5.8) <0.001 0.5 (0.0, 3.1) 1.5 (0.2, 5.5) 0.005
rMSSD (ms) 16.5 – 10.4 21.1 – 10.0 <0.001 14.0 (10.0, 21.0) 19.0 (13.0, 26.0) <0.001
HF (ms2) 4.6 (3.2, 7.1) 7.3 (5.4, 10.3) <0.001 4.9 (3.3, 7.8) 7.0 (5.1, 9.7) <0.001
LF (ms2) 4.9 (3.0, 9.0) 10.9 (7.5, 15.2) <0.001 5.2 (2.9, 9.2) 10.2 (7.1, 14.0) <0.001
LF/HF 1.1 (0.8, 1.5) 1.4 (1.2, 1.8) <0.001 1.1 (0.8, 1.5) 1.4 (1.1, 1.7) <0.001
LA (mm) 34.34 – 5.28 33.41 – 4.07 0.004 34.26 – 4.34 33.75 – 4.06 0.238
LVPW (mm) 9.62 – 1.28 9.41 – 1.65 0.040 9.57 – 1.11 10.85 – 1.92 0.876
IVS (mm) 11.06 – 1.76 10.63 – 1.84 0.001 10.98 – 1.69 10.63 – 1.84 0.484
LVMI (g/m2) 108.9 (93.2, 126.0) 101.6 (86.7, 118.3) <0.001 108.9 (95.1, 126.0) 105.0 (90.1, 123.4) 0.714
E (m/s) 0.7 (0.6, 0.9) 0.7 (0.6, 0.8) 0.008 0.7 (0.6, 0.9) 0.7 (0.6, 0.8) 0.663
e0 (cm/s) 5.80 – 1.95 6.23 – 2.01 0.002 6.0 (5.0, 7.0) 6.0 (5.0, 7.0) 0.371
E/e0 12.9 (10.0, 16.0) 12.0 (10.0, 14.5) <0.001 12.0 (10.0, 15.0) 12.0 (10.0, 15.0) 0.256
TRVmax (m/s) 2.4 (2.2, 2.7) 2.3 (2.1, 2.5) 0.003 2.3 (2.2, 2.6) 2.4 (2.2, 2.6) 0.817

Data are mean (standard deviation), median (interquartile range) or n (percentage). DF, diabetic foot; E, the peak early diastolic mitral inflow velocity;
e0 , the mitral annulus early diastolic velocity; HF, high-frequency power; HR, heart rate; IVS, interventricular septum; LA, left atrium; LF/HF, rate of
low-frequency power between high-frequency power; LF, low-frequency power; LVMI, left ventricular mass index; LVPW, left ventricular posterior
wall; PNN50, the percentage of normal adjacent RR interval difference >50 ms; PSM, propensity score matching; rMSSD, the root mean square of
successive RR interval differences; SDANN, the standard deviation of the 5-min average RR intervals; SDNN, the standard deviation of normal sinus
interval; TRVmax, tricuspid regurgitation velocity maximum.
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suggesting more severe impairment and diminishment of vagal
tone in individuals with DF. In addition, in the present study,
we observed individuals with DF had significantly lower
SDANN and LF, which indicated that cardiac sympathetic
function was more severely impaired in individuals with DF
than those without DF. Considering the marked impact of con-
founding factors, such as age, diabetic duration, HBP and
CAD, on cardiac autonomic modulation, PSM presented a
more robust result. Thus, the present study showed that both
vagal and sympathetic nerves were more severely damaged in
patients with DF than in those without DF. However, the
results from the current study did not interpret the sequential

order of or susceptibility to vagal and sympathetic damage in
individuals with DF compared with those without DF, which
will be investigated in our future study.
The reasons for the significant differences in cardiac auto-

nomic dysfunction might be considered from the pathogenesis
of DCAN. Reduced nerve blood flow caused by endothelial
damage and/or vasoconstriction, and direct neuronal damage
through cell necrosis, hypoxia and apoptosis lead to the devel-
opment of DCAN36,37. For instance, hyperglycemic activation
of the polyol pathway induces both direct neuronal damage
and reduced neuronal blood flow. Hyperglycemia-induced
increased oxidative stress and the production of oxygen free

Figure 3 | The prevalence of (a) cardiovascular autonomic neuropathy and (b) left ventricular diastolic dysfunction in participants with and without
diabetic foot. DF, diabetic foot; E, the peak early diastolic mitral inflow velocity; e0 , the mitral annulus early diastolic velocity; SDNN, the standard
deviation of normal sinus interval.

Table 4 | The odds ratios and 95% confidence intervals of cardiovascular autonomic neuropathy and left ventricular diastolic dysfunction among
participants with type 2 diabetes mellitus, according to diabetic foot status

CAN† LV diastolic dysfunction‡

OR, 95% CI P-value OR, 95% CI P-value

Crude analysis models
Univariate analysis 4.602 (3.316, 6.387) <0.001 1.489 (1.104, 2.007) 0.009
Multivariate analysis§ 3.618 (2.402, 5.451) <0.001 1.413 (0.936, 2.133) 0.100

Propensity-score analyses models
With PSM (univariate) 3.220 (2.009, 5.161) <0.001 1.170 (0.747, 1.831) 0.493
With PSM (multivariate)¶ 3.189 (1.987, 5.117) <0.001 1.107 (0.701, 1.748) 0.663

BMI, body mass index; CAD, coronary artery disease; CAN, cardiovascular autonomic neuropathy; CI, confidence interval; CVD, cerebrovascular dis-
ease; DM, diabetes mellitus; DPN, diabetic peripheral neuropathy; E, the peak early diastolic mitral inflow velocity; e0 , the mitral annulus early diastolic
velocity; eGFR, estimated glomerular filtration rate; HbA1c, glycated hemoglobin; HBP, hypertension; LV, left ventricular; MBP, mean blood pressure;
PAD, peripheral arterial disease; PSM, propensity score matching; SBP, systolic blood pressure; SDNN, the standard deviation of normal sinus interval;
TC, total cholesterol; TG, triglycerides. †CAN was identified by SDNN <100 ms. ‡LV diastolic dysfunction was identified by average E/e0 ratio >14.
§Adjustment for imbalance variables, including age, sex, diabetic duration, BMI, MBP, smoking history, drinking history, family history of DM, HBP,
PAD, CAD, CVD, DPN, eGFR, TC, TG and HbA1c. ¶Adjustment for imbalance variables after PSM, including SBP and diabetic duration.
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radicals damage vascular endothelial cells and neurons, also
contributing to the development of DF. The formation of
advanced glycation end-products and activation of protein kina-
se C reduce the neuronal blood supply by thickening the base-
ment membrane of the neurotrophic vessels. Altered fatty acid
metabolism induced by hyperinsulinism promotes vasoconstric-
tion and excessive production of inflammatory mediators, such
as interleukin-6, interleukin-8 and tumor necrosis factor-a,
which have shown significant correlation with decreased HRV.
Previous studies have shown that patients with DF presented
significantly elevated levels of lipid peroxides, 8-hydroxy-20-
deoxyguanosine, skin autofluorescence, advanced glycation
end-products and a higher degree of endothelial function
impairment13,38,39. Thus, in terms of pathogenesis, multiple
more severe pathological processes occur in patients with dia-
betic neuropathic foot disease than in patients with diabetes,
but without DF. However, considering the similar diabetes
duration and disease background, further studies are warranted
to investigate whether intrinsic disease susceptibility or extrinsic
differences in glycemic control, or a combination of multiple
risk factors are responsible for the divergence in adverse out-
comes of DCAN.
Additionally, we found that the parameters of cardiac struc-

ture related to LV diastolic dysfunction, such as LA, LVPW,
IVS and LVMI, were larger or thicker in individuals with DF
than in those without DF through the crude analysis of all
enrolled participants. Furthermore, individuals with DF had
more LV diastolic dysfunction than those without DF. When
achieving the basic balance of potential confounding factors
through PSM between the two groups, however, the aforemen-
tioned differences in related indices or abnormal proportions of
LV diastolic function were no longer significant. Previous stud-
ies have established that diabetes mellitus is a major contributor
to the development of LV diastolic dysfunction and heart fail-
ure in patients with preserved LVEF, even in the absence of
CAD and HBP40,41. This could be explained by the fact that
participants with DF were older and had a longer diabetes
duration, were more likely to be smokers, and had higher pro-
portions of HBP, CAD, PAD and/or diabetic peripheral neu-
ropathy, which are well-known risk factors for LV diastolic
dysfunction. After eliminating or reducing potential confound-
ing biases through PSM, individuals with DF had similar car-
diac structure and diastolic function. Thus, the reason that
individuals with DF seem to have a higher proportion of LV
diastolic dysfunction might be mainly attributed to more con-
comitant diseases, resulting in an elevated risk of LV diastolic
dysfunction instead of possible disease susceptibility.
Some potential limitations of the study warrant discussion.

First, the causality of the observed association in the present
study could not be established because of the cross-sectional
nature of the study. Second, as most of the enrolled participants
did not have an indication for coronary angiography or com-
puted tomography angiography, relevant data on the severity of
coronary stenosis were not available, which might affect cardiac

autonomic function, cardiac structure and diastolic function.
Third, although the current study showed more severe CAN in
people with DF than in those without DF, the extent to which
an impairment of cardiac autonomic function significantly
increases cardiovascular mortality is unclear. Thus, we are car-
rying out a prospective cohort study to determine the answer.
In conclusion, we found that cardiac autonomic modulation

was more severely impaired in people with DF than in their
counterparts without DF, reflected by more severe autonomic
imbalance and significantly lower parasympathetic activity. DF
is independently associated with a higher risk of having CAN.
There has been insufficient evidence to show the independent
association of DF and LV diastolic dysfunction.
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