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Abstract

Background Type 2 diabetes mellitus (T2DM) is associated with decreased heart rate variability (HRV) with an
unclear intermediate mechanism. This study aimed to conduct mediation analysis to explore the impact of various
adipose tissues on the relationship between T2DM and HRV.

Methods A total of 380 participants were enrolled for analysis, including 249 patients with T2DM and 131 non-
diabetic controls. The thicknesses of four adipose tissues (subcutaneous, extraperitoneal, intraperitoneal, and
epicardial) were measured by abdominal ultrasound or echocardiography respectively. HRV was assessed by 24-hour
Holter for monitoring both frequency domain indices (LF, HF, and LF/HF) and time domain indices (SDNN, SDANN,
SDNN index, rMSSD and pNN50). Mediation analysis was used toexamine whether adipose tissues mediated the
relationship between T2DM and each index of HRV. Then, a latent variable - HRV burden - was constructed by
structural equation model with selected HRV indices to comprehensively assess the whole HRV.

Results Compared to non-diabetic controls, patients with T2DM exhibited a significant reduction in indices of

HRV, and a remarkable increase in the thicknesses of extraperitoneal, intraperitoneal, and epicardial adipose tissues.
Mediation analysis found significant indirect effects of T2DM on six indices of HRV, including HF, SDNN, SDANN,

SDNN index, rMSSD, and pNN50, which was mediated by epicardial adipose tissue rather than other adipose tissues,
with the mediation proportions of 64.21%, 16.38%, 68.33%, 24.34%, 24.10% and 30.51%, respectively. Additionally,
epicardial adipose tissue partially mediated the relationship between T2DM and reduced HRV burden (24.26%), which
composed by SDNN, SDNN index, rMSSD, and pNN50.
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Conclusion Epicardial adipose tissue partially mediated the relationship between T2DM and reduced HRV, which
reinforces the value of targeting heart-specific visceral fat to prevent cardiac autonomic neuropathy in diabetes.

Keywords Adipose tissue, Heart rate variability, Mediation analysis, Structural equation modeling, Type 2 diabetes
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Introduction

Type 2 diabetes mellitus (T2DM) continues to be a major
public health problem and remains one of leading causes
of heart attacks worldwide. Cardiovascular autonomic
neuropathy (CAN), with its hallmark reduced heart rate
variability (HRV), is an often overlooked and severe com-
plication of diabetes. Studies have shown that at least 20%
of diabetic patients diagnosed with CAN, 65% of whom
at growing risk of disease progression with increas-
ing age and duration of diabetes [1]. Indices of HRV are
composed of different frequency and time domain com-
ponents attributed to parasympathetic and sympathetic
activity, which can predict the risk of cardiovascular
morbidity and mortality [2, 3]. Although the association
between CAN and T2DM is well defined, the underly-
ing mechanisms are less understood, resulting in limited
methods for prevention and intervention.

Patients with T2DM often experience metabolic dis-
orders, leading to fat deposition [4—6]. As accumulating
evidences suggesting that adipose tissue accumulation
may also be a potential risk factor in neuropathy, inde-
pendent of hyperglycemia [7-9], a better understanding
of the role of fat deposition in mediating the relationship
between diabetes and CAN is crucial. Both visceral and
subcutaneous adipose tissues are recognized as emerging
cardio-metabolic risk factors that correlate with major
adverse cardiovascular events [10]. However, the asso-
ciation between adipose tissues at different locations
and cardiac autonomic dysfunction remains unknown,
particularly in patients with diabetes. As current studies
have shown that tissue-specific rather than systemic met-
abolic changes are the main factors driving the occur-
rence and development of diabetic complications [11],
a pivotal unanswered question is whether the adverse
effect of T2DM on cardiac autonomic nervous system
can be mitigated by targeting modifiable adipose tissues.

To address these concerns, we undertook a cross-sec-
tional study to identify the association among patients
with T2DM, adipose tissues, and HRV. Our analysis
attempted to answer three following inter-related issues:
(1) Is T2DM associated with reduced HRV and accumu-
lation of adipose tissues? (2) Are adipose tissues at dif-
ferent locations associated with reduced HRV? (3)Do
adipose tissues at different locations mediate the rela-
tionship between T2DM and reduced HRV?

Methods

Study population

This was a single-center cross-sectional study conducted
at the Third Affiliated Hospital of Sun Yat-sen University
from December 2020 to December 2021. Consecutive
hospitalized patients in the Department of Endocrinol-
ogy or Cardiovascular Medicine who underwent abdomi-
nal color doppler ultrasound, echocardiography and
12-lead Holter system were enrolled. Participants
younger than 18 years old (n=14); those with overt
central nervous system disease and secondary periph-
eral nerve damage (n=53); Individuals who began tak-
ing medications affecting autonomic nerve activity and
heart rate over the past week (n=58); Individuals who
have severe hepatic and renal dysfunction (7=36); endo-
crine diseases such as hyperthyroidism, hypothyroid-
ism and electrolyte disturbance (n=34); individuals with
overt heart failure with a New York Heart Association
(NYHA) functional classification of III and IV, left ven-
tricular ejection fraction (LVEF) less than 50%, history of
primary cardiomyopathy, severe valvulopathy, myocar-
ditis and chronic atrial fibrillation (7=289); those with
uncontrolled hypertension (systolic blood pressure>150
mmHg, diastolic blood pressure>95mmHg) with sta-
ble antihypertensive drugs for at least 4 weeks (n=78);
patients with cancer (n=31); individuals with drug abuse
(n=19); those with inadequate information (#=66); and
pregnant women (n=7) were excluded. Finally, a total
of 380 participants was enrolled for analysis, including
249 type 2 diabetic patients diagnosed according to the
1999 criteria of the World Health Organization [12], and
131 non-diabetic patients as the control group. Ethics
approval was obtained from the Third Affiliated Hospital
of Sun Yat-sen University network ethics committee, in
accordance with the ethical guidelines of the 1975 Dec-
laration of Helsinki [13]. Informed consent was obtained
from all participants. Power analyses based on our sam-
ple size were carried out using the Monte Carlo Methods
[14].

Measurement of adipose tissues

Mediators were adipose tissues at four locations, includ-
ing subcutaneous adipose tissue (SAT), extraperitoneal
adipose tissue (EPAT), intraperitoneal adipose tissue
(IPAT) and epicardial adipose tissue (EAT), which uti-
lized for analysis to explore the effects of various adi-
pose tissues on HRV. The thicknesses of these adipose
tissues were measured using abdominal color Doppler
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ultrasound or echocardiography. To assess SAT, the
abdominal wall fat thickness was measured 1 cm above
the umbilicus in a longitudinal section along the line
between the xiphoid process and umbilicus. EPAT was
evaluated by measuring the distance between the left
extrahepatic peritoneum and the abdominal white line
under the xiphoid process. The thickness of IPAT was
determined by measuring the distance between the pos-
terior wall of the abdominal aorta and the peritoneum,
also 1 cm above the umbilicus, in a cross-cut section
between the xiphoid process and umbilicus. To measure
the thickness of EAT, two-dimensional transthoracic
echocardiography was performed on each subject to cap-
ture images in standard parasternal and minor axis views.
Perpendicular to the aortic annulus for the parasternal
long-axis view, perpendicular to the interventricular sep-
tum at the mid-chordal and the tip of the papillary mus-
cle level for the parasternal short-axis view was used to
assess the maximum thickness of EAT at the end-systole.
The thickness of EAT was defined based on the average
of three cardiac cycles for each echocardiographic view.

Measurement of heart rate variability

The primary outcome of our study was HRV measured
using a 12-lead Holter system (Marquette, USA) over
a 24-hour period. Participants were instructed to fol-
low their normal daily activities, avoiding caffeine, alco-
hol, cigarette and heavy activity during the recording
time. Both frequency-domain and time-domain indices
were adopted to assess HRV. Frequency-domain indices
included the low frequency (LF) band power, high fre-
quency (HF) band power and ratio of LF and HF (LF/
HF). LF and LE/HF reflect sympathetic activity whereas
the HF and time-domain HRV indices reflect parasympa-
thetic activity and the whole autonomic function. Time-
domain HRV measures included standard deviation (SD)
of all normal to normal intervals (SDNN, ms), SD devia-
tion of the average sequential 5-minute normal to normal
interval means (SDANN, ms), the mean value of the SD
of all the normal to normal intervals in every 5-minute
interval within 24 h (SDNN index), the root mean square
of successive differences (rMSSD, ms) and the number of
pairs of adjacent normal to normal intervals differing by
>50 ms in the entire recording divided by the total num-
ber of NN intervals (pNN50, %).

Measurements of covariates

Factors known to be associated with diabetes, adipose
metabolic and HRV were included in the analyses as
covariates, including age, gender, body mass index (BMI),
systolic blood pressure (SBP), triglyceride (TG), total
cholesterol (TC), lifestyle (smoking and alcohol con-
sumption), self-reported comorbidity (hypertension, cor-
onary artery disease), duration of diabetes and medical

Page 3 of 12

history. Other laboratories examination including high-
density lipoprotein cholesterol (HDL-C), low-density
lipoprotein cholesterol (LDL-C), fasting plasma glucose
(FPG), hemoglobin, uric acid (UA), estimated glomerular
filtration rate (eGFR) and glycated hemoglobin (HbA1lc)
were analyzed for both T2DM and non-diabetic group
by Hitachi 7180 chemical analyzer. Triglyceride-glucose
(TyG) index was calculated as (fasting TG X fasting
plasma glucose/2).

Statistical analysis

Descriptive statistics were presented as mean+SD for
continuous variables or as numbers and percentages for
categorical variables to compare baseline characteris-
tics between participants with T2DM and those without
diabetes.

First, the baseline data, HRV indices and thickness of
adipose tissues were compared between T2DM and non-
diabetes groups. Categorical variables were compared
using x2 test, while continuous data were assessed using
the parametric t test or non-parametric Mann—Whitney
U test.

Next, Spearman rank correlation tests were used to
examine the relationships between the thickness of vari-
ous adipose tissue and parameters of HRV. Univariate
linear regression was performed to assess the unadjusted
relationships between various adipose tissue and HRV.
Two multivariate linear regression models were per-
formed to adjust for confounding factors. Model 1 was
adjusted for age and gender. Model 2 was additionally
adjusted for HbA1lc, FPG, BMI, TG, TC, smoke, alcohol,
hypoglycemic therapy (OAD, Insulin, OAD+insulin),
medications (ACEI/ARB, statin, antiplatelet), hyperten-
sion, CAD, and diabetic peripheral neuropathy, as well as
the duration of diabetes mellitus.

Then, adipose tissues which simultaneously associated
with both T2DM and the HRV indices in linear regres-
sion model 2 were included in mediation analysis. The
shortlisted adipose tissues in mediation analyses rec-
ognized as mediators, with T2DM as the independent
variable and HRV indices as the dependent variable.
Age, gender, HbAlc, FPG, BMI, TG, TC, smoke, alcohol,
hypoglycemic therapy (OAD, Insulin, OAD+insulin),
medications (ACEI/ARB, statin, antiplatelet), hyperten-
sion, CAD, duration of diabetes mellitus were treated
as covariates in each model. Figure 1 was employed to
enhance the visualization of our statistical approach. A
parameter regression approach was used to estimate the
total effect, the indirect effect and direct effect of T2DM
on HRV. The direct effect is the effect of T2DM (expo-
sure) on HRV (outcome) after adjusting for adipose tis-
sue (mediator). The proportion of mediation represents
the fraction of the association of T2DM explained by
its association with changes in adipose tissue thickness.
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Fig. 1 Mediating pathway of the association of type 2 diabetes mellitus
(T2DM) with heart rate variability (HRV)

A significant disparity in these models would imply that
adipose tissue introduces supplementary variability in
HRYV beyond the impact of T2DM alone. To quantify the
magnitude of mediation, the study estimated the propor-
tion of the association mediated by adipose tissue (indi-
rect effect/[direct effect+indirect effect] if the indirect
effect is significant.

In addition, we constructed a latent variable, HRV bur-
den, to further evaluate overall HRV. Latent variables are
variables that cannot be observed directly and need to be
measured indirectly by a set of observed variables. Con-
firmatory factor analysis (also known as a measurement
model), which enables exploration of whether a hypothe-
sized latent factor model fits the collected data, was used
to evaluate the reliability and validity of latent structure
mode (which hence for HRV burden in our research)
[15]. Structural validity is mainly used to test the fitness
of the overall model, assessing the agreement between
the model parameters derived from our data and the
parameter values of the theoretical model. Reliability
represents the internal stability and aggregation of the
model, with high reliability means that the measurement
variables under the same potential variable are highly
correlated. The latent variable was then incorporated into
another series of multiple regressions, modeled within
structural equation modeling framework adjusted for
covariates to estimate the mediation effect of T2DM on
HRYV burden via adipose tissues.

Planned additional sensitivity analysis were performed
to examine the robustness of study results. First, gender-
stratified mediation was estimated. Second, to account
for protopathic bias, the analyses excluded all partici-
pants diagnosed with T2DM in the 12 months prior to
adipose tissues measurement. Third, to mitigate the
influence of cardiovascular disease on adipose tissues,
individuals diagnosed with coronary artery disease and
hypertension were also excluded.

The significance of mediation effect was assessed by
computation of bootstrap confidence intervals (Cls).
Bootstrapping entailed multiple rounds of sampling from
the dataset to gauge the indirect effect in each resam-
pled dataset. Through 5000 iterations of this procedure,
an empirical approximation of the sampling distribu-
tion for the quantified indirect effect of the independent
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A total of 1065 consecutive hospitalized patients
who underwent abdominal color doppler
ultrasound, echocardiography and 12-lead Holter
system from December 2020 to December 2021

Excluded patients :

+ younger than 18 years old (n=14);

+ overt central nervous system disease and secondary
peripheral nerve damage (n=53);

* drugs affecting autonomic nerve activity and heart
rate taken for the past week (n=58);

+ severe hepatic and renal dysfunction (n=36);

» endocrine disorder (n=34);

+ overt heart failure, history of primary
cardiomyopathy disease, severe valvulopathy,
myocarditis and chronic atrial fibrillation (n=289);

+ uncontrolled hypertension (n=78);

* cancer (n=31);

+ drug abuse (n=19);

+ 1nadequate information (n=66);

+ pregnant (n=7)

‘ 380 participants were included for analysis ‘

‘ 249 T2DM ‘ ‘

131 non-diabetic
participants

participants

Fig. 2 Flow chart of the study

variable on the dependent variable, mediated by each
potential mediator, was established and then utilized to
generate Cls for the indirect effect. All reported P’s pre-
sented are standardized regression coefficients and were
thus directly comparable. All P values were 2-tailed, and
values less than 0.05 were considered statistically signifi-
cant. Analyses were performed using SPSS version 24.0
software for Windows (SPPS Inc, Chicago, IL, USA)
and Lavaan packages in R software (version 4.3.0). This
mediation analysis was reported in accordance with the
Guidelines for Reporting Mediation Analyses in Ran-
domized Trials and Observational Studies (AGReMA)
statement [16].

Results

Characteristics of study populations

A flow diagram of the study population is provided in
Fig. 2. Of 380 participants eligible for analysis, 249 were
diagnosed with T2DM, with a mean age of 62.82+13.91
year. A total of 173 patients with T2DM were treated with
hypoglycemic therapy: 22.5% with oral antidiabetic drug
only, 16.2% with insulin only and 61.3% with a combining
of oral antidiabetic drug and insulin. As for diabetic com-
plications, diabetic nephropathy was present in 23.4% of
diabetic patients, diabetic retinopathy in 9.6% and dia-
betic peripheral neuropathy in 21.7%. Table 1 showed the
baseline sociodemographic and clinical characteristics of
subjects grouped according to diabetes status. Compared
to non-diabetes group, patients with T2DM had a higher
reporting in a history of hypertension (59.8% vs. 45%,
P=0.006) and coronary artery disease (40.6% vs. 17.7%,
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Table 1 Baseline characteristics of participants

Characteristics NDM DM P
value
N 131 249
Age, year, mean+SD 57.18+13.31 62.82+1391 <0.001
Male, %, 65 (49.6%) 130 (52.2%) 0.631
BMI, kg/m2, mean +SD 2459+254 24.17+3.76 0.227
Hypertension, n (%) 59 (45%) 149 (59.8%) 0.006
CAD, n (%) 3(17.7%) 101 (40.6%) <0.001
Smoker, n (%) 4 (26.4%) 5(22.2%) 0.365
Alcohol, n (%) 10 (7.6%) (1 3.3%) 0.098
Any albuminuria, n (%) 8 (13.7%) 1(12.4%) 0.721
Heart rate, bpm, median 1 (66, 76.5) (64 79) 0.799
(IQR)
SBP. mmHg, mean+SD 13186+20.83 13253+£20.15 0.761
DBP, mmHg, mean+SD 7892+11.18 79.96+13.03 0.440
HDL-C, mmol/l, mean+SD  1.09+0.18 0.98+0.29 <0.001
LDL-C cholesterol, mmol/l,  2.50+0.75 264+103 0.136
mean+SD
TC, mmol/l, mean+SD 3.894+1.11 4354127 <0.001
TG, mmol/l, median (IQR) 1.39(0.96,1.68) 1.32(099,187) 0316
TyG index, mean+SD 8.57+047 8.89+0.70 <0.001
FPG, mean+SD 533+£1.06 6.98+3.26 <0.001
HbATc, %, mean+SD 5.22+0.58 7.66+2.28 <0.001
eGFR, mL/min/1.73 m?, 82.1 (66.60, 89.35 (68.25, 0.273
median (IQR) 100.15) 101.71)
UA, umol/I, median (IQR) 363 (302.5, 361 (301.5, 0.574
423.5) 445 8)
diabetic nephropathy, n (%) 0 (0%) 58 (23.4%) <0.001
diabetic retinopathy, n (%) 0 (0%) 24 (9.6%) <0.001
diabetic peripheral neu- 0 (0%) 54 (21.7%) <0.001
ropathy, n (%)
OAD, n (%) 0 (0%) 39 (15.7%) <0.001
Insulin only, n (%) 0 (0%) 28 (11.3%) <0.001
OAD +insulin, n (%) 0 (0%) 106 (42.9%) <0.001
ACEI/ARB, n (%) 32 (24.4%) 86 (34.7%) 0.040
B-blocker, n (%) 38 (29%) 74 (30%) 0.847
Statin, n (%) 89 (67.9%) 159 (63.9%) 0427
antiplatelet, n (%) 39 (29.8%) 109 (43.8%) 0.008

NDM, non-diabetes mellitus; DM, diabetes mellitus; BMI, body mass index;
CAD, coronary artery disease; SBP, systolic blood pressure; DBP, diastolic
blood pressure; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-
density lipoprotein cholesterol; TC, total cholesterol; TG, triglyceride; TyG
index, triglyceride-glucose index; FPG, fasting plasma glucose; HbA1c,
glycosylated hemoglobin; eGFR, estimated glomerular filtration rate; UA,
uric acid; OAD, oral antidiabetic drug; ACEIl, angiotensin-converting enzyme
inhibitors; ARB, angiotension receptor blocker; EAT, epicardial adipose tissue;
SAT, subcutaneous adipose tissue; IPAT, intraperitoneal adipose tissue; EPAT,
extraperitoneal adipose tissue; LF, low frequency; HF, high frequency; LF/HF,
the ratio of low frequency/high frequency; SDNN, SD of all normal to normal
intervals; SDANN, SD deviation of sequential 5-minute normal to normal
interval; SDNN index, the mean value of the SD of all the normal normal to
normal intervals in every 5-minute interval within 24&nbsp;h; rMSSD, the root
mean square of successive differences; pNN50, the number of pairs of adjacent
normal to normal intervals differing by >50 ms in the entire recording divided
by the total number of normal to normal intervals; SD, standard deviation; IQR,
interquartile range
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P<0.001). Higher level of TC (4.35+1.27 vs. 3.89+1.11,
P<0.001), TyG (8.89%£0.7 vs. 8.57+0.47, P<0.001),
FPG (6.98£3.26 vs. 5.33+1.06, P<0.001) and HbAlc
(7.66%+2.28 vs. 5.22+0.58, P<0.001) were observed in
T2DM group. Additionally, a higher proportion of dia-
betic patients received treatment with ACEI/ARB, anti-
platelet and beta-blockers in diabetic patients when
compared to non-diabetic patients (all P<0.01). Lipid-
lowering therapy was also more common among partici-
pants in both groups.

The changes of HRV and adipose tissues in type 2 diabetic
patients

The changes in HRV indices between patients with or
without diabetes were showed in Fig. 3a. Both frequency
domain (LF and HF) and time domain (SDNN, SDANN,
SDNN index, rMSSD and pNN50) indices were signifi-
cantly lower in type 2 diabetic patients than those in non-
diabetic controls (all P<0.01). Nevertheless, the ratio of
LE/HF was higher in T2DM compared to that in non-dia-
betic patients (P=0.024). These findings suggested that
patients with T2DM suffer varying degrees of impair-
ment in both their cardiac sympathetic and parasympa-
thetic function.

The thicknesses of adipose tissues in various regions
were compared between patients with or without dia-
betes (Fig. 3b). The thickness of EPAT (14.8+2.6 vs.
12.743.2 mm), IPAT (72.6+£13.4 vs. 65.9+12.1 mm) and
EAT (8.612.5 vs. 7.4%+2.1 mm) were significantly greater
in T2DM than in non-diabetic subjects (all P<0.001),
while no significant difference was observed in the thick-
nesses of SAT (19.2+4.5 vs. 18.9+5.9 mm, P=0.575)
between two groups.

Associations between adipose tissues and HRV indices
Correlations of various adipose tissues with HRV indi-
ces were further analyzed in Fig. 4. The thickness of EAT
was significantly correlated with most HRV indicators
(all P<0.001) except for LF/HF. Univariate linear regres-
sion analysis demonstrated that changes of EAT were
significantly related to all HRV indices (Table 2). When
adjusting for age and gender (model 1), these associations
remained negative, and they became even stronger after
additional adjustments (model 2). IPAT were correlated
with HF (P=0.020) and SDNN (P=0.012), while no sta-
tistical differences were observed between SAT or EPAT
and HRV indices after full adjustment.

Mediation analysis between adipose tissues and individual
HRV index

Based on the results of linear regression above, adipose tis-
sues and HRV indices with significant associations were
included in further mediating analysis as mediator and
dependent variables, respectively. Finally, ten mediation
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Fig. 3 (a) HRV indices in patients with T2DM. T2DM, type 2 diabetes mellitus; HRV, heart rate variability; NDM, non-diabetes mellitus; DM, diabetes mel-
litus; LF, low frequency; HF, high frequency; LF/HF, the ratio of low frequency/high frequency; SDNN, SD of all normal to normal intervals; SDANN, SD
deviation of sequential 5--minute normal to normal interval; SDNN index, the mean value of the SD of all the normal normal to normal intervals in every
5-minute interval within 24 h; rMSSD, the root mean square of successive differences; pNN50, the number of pairs of adjacent normal to normal intervals
differing by > 50 ms in the entire recording divided by the total number of normal to normal intervals. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. NDM group.
(b) The thicknesses of various adipose tissues in patients with DM. NDM, non-diabetes mellitus; DM, diabetes mellitus; SAT, subcutaneous adipose tissue;
EPAT, extraperitoneal adipose tissue; IPAT, intraperitoneal adipose tissue; EAT, epicardial adipose tissue. ***P<0.001 vs. NDM group
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Fig. 4 Correlation of different adipose tissues with HRV indices. HRV, heart rate variability; SAT, subcutaneous adipose tissue; EPAT, extraperitoneal adi-
pose tissue; IPAT, intraperitoneal adipose tissue; EAT, epicardial adipose tissue; LF, low frequency; HF, high frequency; LF/HF, the ratio of low frequency/
high frequency; SDNN, SD of all normal to normal intervals; SDANN, SD deviation of sequential 5-minute normal to normal interval; SDNN index, the mean
value of the SD of all the normal normal to normal intervals in every 5-minute interval within 24 h; rMSSD, the root mean square of successive differences;
pNN50, the number of pairs of adjacent normal to normal intervals differing by >50 ms in the entire recording divided by the total number of normal to
normal intervals. *P < 0.05, **P<0.01 and ***P<0.001

models were estimated: eight HRV indices (outcomes) con-  (95% CI [-0.303, -0.062]), SDANN (95% CI [-0.354, -0.083]),
ditional on T2DM (independent variable), EAT (mediator), =~ SDNN index (95% CI [-0.338, -0.066]), rMSSD (95% CI
and covariates; and two HRV indices (HF and SDNN) con-  [-0.317, -0.059]) and pNN50 (95% CI [-0.288, -0.033]). How-
ditional on T2DM, IPAT, and covariates. A brief summaryof  ever, LF performed an inconsistent mediation effect in our
the mediation effect via EAT or IPAT is provided in Table 3.  analysis (direct effect 95% CI [-0.376, 0.443]; indirect effect
Mediation effects of EAT were identified in the relationship ~ 95% CI [-0.341, -0.05)). Furthermore, statistical power anal-
between T2DM and HF (95% CI [-0.325, -0.058]), SDNN yses for all six HRV indices showed that our sample size is
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Table 3 Mediation analysis between T2DM and HRYV via adipose tissue
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Mediation variable Dependent variable B (Bootstrap 95% Cl)
Crude Adjusted® Mediation proportion
EAT LF
Total effect -0.227 (-0425,-0.017) -0.131(-0.551,0.272)
Direct effect -0.108 (-0.314,0.116) 0.046 (-0.376, 0.443) -
Indirect effect -0.118 (-0.214, -0.050) -0.177 (-0.341,-0.05) -
HF
Total effect -0411 (-0.605,-0.229) -0.271 (-3.055, 6.553)
Direct effect -0.303 (-0.512,-0.104) -0.097 (-0.477,0.304) -
Indirect effect -0.108 (-0.187,-0.051) -0.174 (-0.325,-0.058) 64.21%
LF/HF
Total effect 0.262 (0.020, 0.479) 0.132(-0.311,0.578)
Direct effect 0.211 (-0.034, 0.404) 0.040 (-0.393, 0.460) -
Indirect effect 0.051 (-0.001,0.131) 0.092 (-0.016,0.219) -
SDNN
Total effect -0.973 (-1.171,-0.776) -1.038 (-1.361,-0.677)
Direct effect -0.863 (-1.068, -0.647) -0.868 (-1.192,-0.526) -
Indirect effect -0.110 (-0.196, -0.046) -0.170 (-0.303,-0.062) 16.38%
SDANN
Total effect -0.294 (-0.490, -0.094) -0.300 (-0.670, 0.100)
Direct effect -0.155 (-0.371,0.076) -0.095 (-0.479, 0.305) -
Indirect effect -0.140 (-0.231,-0.068) -0.205 (-0.354, -0.083) 68.33%
SDNN index
Total effect -0.527 (-0.768,-0.305) -0.760 (-1.115,-0.409)
Direct effect -0421 (-0.654, -0.190) -0.575 (-0.943, -0.208) -
Indirect effect -0.105 (-0.180, -0.044) -0.185 (-0.338,-0.066) 24.34%
rMSSD
Total effect -0.550 (-0.765, -0.340) -0.751 (-1.144,-0.353)
Direct effect -0454 (-0.675,-0.241) -0.571(-0.950,-0.173) -
Indirect effect -0.096 (-0.164,-0.037) -0.181 (-0.317,-0.059) 24.10%
pNN50
Total effect -0.454 (-0.665,-0.243) -0.508 (-0.899, -0.090)
Direct effect -0.370(-0.598, -0.146) -0.353 (-0.744, 0.076) -
Indirect effect -0.084 (-0.146,-0.028) -0.155 (-0.288,-0.033) 30.51%
IPAT HF
Total effect -0.462 (-0.662, -0.284) -0.273 (-0.657,0.153)

Direct effect
Indirect effect
SDNN

Total effect
Direct effect
Indirect effect

-0.412 (-0.642,-0.200)
-0.050 (-0.127,0.025)

-1.088 (-1.272,-0.906)
-1.057 (-1.265,-0.870)
-0.031 (-0.084, 0.026)

-0.155 (-0.533, 0.305)
-0.118 (-0.287,0.020)

-1.090 (-1.388,-0.758)
-1.048 (-1.370,-0.691)
-0.042 (-0.148,0.056)

?Adjusted for age, gender, HbAlc, FPG, BMI, TG, TC, smoke, alcohol, hypoglycemic therapy (OAD, Insulin, OAD+insulin), medications (ACEI/ARB, statin, antiplatelet),
hypertension, CAD, duration of diabetes mellitus. T2DM, type 2 diabetes mellitus; HRV, heart rate variability; EAT, epicardial adipose tissue; HbAlc, glycosylated
hemoglobin; FPG, fasting plasma glucose; BMI, body mass index; TG, triglyceride; TC, total cholesterol; OHA, oral antidiabetic drug; ACEl, angiotensin-converting
enzyme inhibitors; ARB, angiotension receptor blocker; CAD, coronary artery disease. LF, low frequency; HF, high frequency; LF/HF, the ratio of low frequency/high
frequency; SDNN, SD of all normal to normal intervals; SDANN, SD deviation of sequential 5-minute normal to normal interval; SDNN index, the mean value of the
SD of all the normal normal to normal intervals in every 5-minute interval within 24 h; rMSSD, the root mean square of successive differences; pNN50, the number
of pairs of adjacent normal to normal intervals differing by >50 ms in the entire recording divided by the total number of normal to normal intervals. Cl, confidence
interval
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adequate to validate our conclusions (almost all estimated
power>0.8) (Supplemental Table 1).

Mediation analysis between EAT and comprehensive HRV
burden

To systemic evaluate the overall HRV, HRV indices were
used to construct a latent variable called HRV burden.
When comparing the effectiveness of using all HRV indi-
cators versus using SDNN, SDNN index, rMSSD, and
PNNS50 to construct the latent variable, it was found that
the latter combination provided better construct validity,
as confirmatory factor analysis confirmed good structural
validity and reliability of the HRV burden variable, with
fit indices exceeding than 0.9 and standardized factor
loadings greater than 0.5 (Supplemental Table 2, Supple-
mental Tables 3 and Supplemental Fig. 1). The adjusted
structural equation modeling-based multiple media-
tion analysis between T2DM and HRV burden is shown
in Fig. 5. The correlation coefficient turned weaker after
adding EAT as mediator (total effect: 95% CI [-0.817,
-0.266]; direct effect: 95% CI [-0.688, -0.139]), suggest-
ing that the association between T2DM and HRV burden
may be partially mediated by the thickness of EAT (indi-
rect effect: 95% CI [-0.244, -0.05]; mediation proportion:
24.26%).

Sensitivity analysis between T2DM and HRV burden
mediated by EAT

Analysis presented in Supplemental Table 4 revealed that
females (95% CI [-0.306, -0.023]), rather than male (95%
CI [-0.271, 0.008]), showed a significant mediation effect
on the association of T2DM with HRV burden. Estima-
tion models that adjusted for protopathic bias (95% CI
[-0.214, -0.018]) and those that excluded people with
CAD (95% CI [-0.329, -0.058]) and hypertension (95% CI
[-0.445, -0.048]) validated the study findings.

Epicardial adipose

/ tissue \

0.882"" -0.150"

/ Indirectly effect: -0.132™ \

Directly effect: -0.412"™
Total effect: -0.544™

Heart rate
“ variability burden

Type 2 diabetes
mellitus

Fig. 5 Mediation analysis between T2DM and HRV burden via EAT. Ad-
justed for age, gender, HbATc, FPG, BMI, TG, TC, smoke, alcohol, hypogly-
cemic therapy (OAD, Insulin, OAD +insulin), medications (ACEI/ARB, statin,
antiplatelet), hypertension, CAD, duration of diabetes mellitus. T2DM, type
2 diabetes mellitus; HRY, heart rate variability; EAT, epicardial adipose tis-
sue; HbA1c, glycosylated hemoglobin; FPG, fasting plasma glucose; BMI,
body mass index; TG, triglyceride; TC, total cholesterol; OHA, oral antidia-
betic drug; ACEIl, angiotensin-converting enzyme inhibitors; ARB, angio-
tension receptor blocker; CAD, coronary artery disease. *P < 0.05, **P<0.01
and ***P<0.001
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Discussion

To the best of our knowledge, this study is the first to
investigate the relationship between varied adipose tis-
sue and HRV in individuals with diabetes. Consistent
with previous studies [7], we proved that type 2 diabetic
patients exhibited an overall decrease in HRV. Addi-
tionally, the present study revealed that EAT partially
mediated the relationship between T2DM and HRY,
suggesting that patients with T2DM may experience
impaired regulation of the cardiac autonomic nervous
system due to the accumulation of EAT.

CAN is a frequently overlooked yet serious complica-
tion of T2DM [17]. Clinical symptoms associated with
CAN generally occur late stage of the disease and may
include resting tachycardias, myocardial infarction and
even cardiac mortality [10]. Evaluation of HRV with
a variety of parameters included is deem to be an ideal
tool to quantify the impairment or improvement of the
cardiovascular autonomic nervous system [18, 19]. Due
to the unique prognostic value of each HRV parameter,
specific HRV indices are often selected based on the spe-
cific experimental design of previous studies. Of note, we
introduced a latent variable, HRV burden, to comprehen-
sively assess the cardiovascular autonomic function and
avoid selection bias. We believe that the results based on
the latent variable model can better reveal the relation-
ship between T2DM and HRV.

Our results focus on the role of adipose tissue in the
underlying mechanism of diabetic cardiac autonomic
dysfunction. Subcutaneous adipose tissue (SAT) and vis-
ceral adipose tissue (VAT) play distinct roles in predict-
ing the risk of cardiovascular complications in diabetes
[20, 21]. SAT is associated with a lower risk of metabolic
abnormalities due to its higher insulin sensitivity and
leptin abundance [22]. Besides, SAT has a lower distribu-
tion of nerves compared to other types of adipose tissue
[23]. In contrast, VAT showed higher metabolic activity,
increased insulin resistance and more steroid hormone
receptors compared to SAT [24, 25], thereby posing a
greater cardiac risk. This may explain the absence of cor-
relation between SAT thickness and HRV in our study.

Our study interestingly found that EAT partially medi-
ated the relationship between T2DM and cardiac auto-
nomic dysfunction. EAT is a unique fat depot located
between the myocardium and the visceral epicardium,
containing ganglia, nerves, inflammatory cells, blood ves-
sels, and immune cells and adipocytes. In health, EAT
was thought to be brown adipose tissue, thus protecting
the heart against cold, and energy storage by supplying
free fatty acids to the myocardium [26]. However, EAT
shifts toward a pathophysiologic, pro-inflammatory state
from its physiological role under conditions like obesity
and diabetes, altering its adipokine secretion and pro-
moting cardiovascular disease [27]. The mechanisms
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by which enlarged EAT partially mediates cardiac auto-
nomic dysfunction in diabetes are yet to be elucidated.
There are several potential explanations. First, insu-
lin resistance, a hallmark of T2DM, is associated with
inflammation in adipose tissue, leading to a reduction
in the number of insulin receptor proteins localized on
the cellular membranes of adipose tissue, which dimin-
ishes kinase activity and impairs glucose uptake [28]. As
GWAS studies indicated that adipose tissue differentia-
tion could in turn affects insulin sensitivity [29], it is pos-
sible that the transformation of epicardial brown to white
adipose tissue under the disordered glucose metabolism
[30] further exacerbates insulin resistance. This transfor-
mation may activate the sympathetic nervous system by
norepinephrine, resulting in impairment of beta-adren-
ergic function and nerve endings [31]. Furthermore,
inflammation is recognized as a potential contributor to
the progression of autonomic dysfunction [32]. As EAT
may cause atrial and ventricular fibrosis by secreting
pro-inflammatory adipocytokines [33, 34], the decreased
release of adiponectin along with increased secretion of
inflammatory factors may disturb autonomic regulation
of the brain [35], adding to sympathetic activity and car-
diovascular stress. Finally, the unbalanced distribution of
parasympathetic and sympathetic ganglia in the epicar-
dium may explain the varied correlations between EAT
and different HRV indices. Due to the fact that vagus
nerves is responsible for 75% of parasympathetic activity
and act as the one most frequently damaged by hypergly-
cemia [36], the initial and primary manifestation of CAN
is dysfunction of the parasympathetic nervous system
[36]. Our results align with the notion that the damage
to the cardiac parasympathetic system tends to be more
pronounce in diabetes.

Inflammatory responses contribute to CAN in the course
of diabetes [37, 38]. Metformin [39], pioglitazone [40],
minocycline [41] and ACEI [42, 43] have been shown to
improve cardiac autonomic disorders by inhibiting inflam-
mation, which has not been demonstrated in the diabetic
population. Therefore, it is important to further evalu-
ate the effects of lipid-lowering treatment and antidiabetic
agents on EAT to attenuate the adverse progression of car-
diovascular autonomic function. Moreover, studies have
indicated that females tend to show a higher burden of risk
factors than males [44]. Besides, female patients were likely
to have lower medication adherence and a lower percentage
of meeting recommended physical activity goals [44]. These
differences seem to explain the different results in the sex-
stratified mediation analysis. All in all, further mechanism
research is essential for understanding the underlying rela-
tionship between EAT and cardiac autonomic dysfunction
in patients with T2DM.

The present study has several limitations. First, we
did not carry out cardiovascular autonomic reflex test,

Page 10 of 12

which is considered as a gold standard for assessing car-
diac autonomic neuropathy. Second, considering that
HRYV might be affected by physical activity, sleep habits
as well as emotion, obtaining duplicate measurements
of HRV indices or more in-depth information gathering
could enhance the reliability of the results. Third, fur-
ther analysis of the use of lipid-lowering drugs and anti-
diabetic drugs can better clarify the relationship between
diabetes and cardiac autonomic nervous system dysfunc-
tion. Last but not least, the observational study can only
demonstrate the association and not the causality of the
thickness of EAT and HRV indices. Thus, prospective
and longitudinal studies are warranted to provide further
validation of our findings.

Conclusion

In summary, EAT was identified as a mediator of reduced
HRYV occurring in T2DM in the present study. This find-
ing reinforces the value of developing effective inter-
ventions to prevent CAN in diabetic patients through
targeting heart-specific visceral adipose tissue.

Abbreviations

CAN Cardiovascular autonomic neuropathy

EAT Epicardial adipose tissue

EPAT Extraperitoneal adipose tissue

HRV Heart rate variability

HF High frequency

IPAT Intraperitoneal adipose tissue

LF Low frequency

pNN50 Pairs of adjacent normal to normal intervals differing by > 50

ms in the entire recording divided by the total number of
normal to normal interval

rMSSD The root mean square of successive difference

SAT Subcutaneous adipose tissue

SDANN SD deviation of sequential 5-minute normal to normal interval
means

SDNN SD of all normal to normal interval

SDNNindex  The mean value of the SD of all the normal to normal intervals
in every 5-minute interval within 24 h

T2DM Type 2 diabetes mellitus
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