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Abstract

Background

Cardiac autonomic neuropathy in type 2 dibetes mellitus (T2DM) patients is frequent and
associated with high cardiovascular mortality. Heart rate variability (HRV) is the gold stan-
dard to measure cardiac autonomic neuropathy. We aimed to conduct a systematic review
and meta—analysis to evaluate the impact of T2DM on HRV parameters.

Methods

The PubMed, Cochrane Library, Embase and Science Direct databases were searched on
15t October 2017 using the keywords “diabetes” AND (“heart rate variability” OR “HRV”).
Included articles had to report HRV parameters in T2DM patients and healthy controls mea-
sured during 24 hours with a Holter—electrocardiogram. Measurements of HRV retieved
were: RR—intervals (or Normal to Normal intervals—NN), standard deviation of RR intervals
(SDNN), percetange of adjacent NN intervals differing by more than 50 milliseconds
(PNN50), square root of the mean squared difference of successive RR intervals (RMSSD),
total power, Low Frequency (LF), High Frequency (HF) and LF/HF ratio, as per Task Force
recommendations.

Results

We included twenty-five case-control studies with 2,932 patients: 1,356 with T2DM and
1,576 healthy controls. T2DM patients had significantly (P<0.01) lower RR—intervals (effect
size =—0.61; 95%CI —1.21 to —0.01), lower SDNN (-0.65; —0.83 to —0.47), lower RMSSD
(—0.92; —1.37 10 —0.47), lower pNN50 (-0.46; —0.84 to —0.09), lower total power (—1.52;
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—2.131t0-0.91), lower LF (—1.08; —1.46 to —0.69]), and lower HF (-0.79; —1.09 to —0.50).
LF/HF did not differ between groups. Levels of blood glucose and HbA1c were associated
with several HRV parameters, as well as Time from diagnosis of T2DM

Conclusions

T2DM was associated with an overall decrease in the HRV of T2DM patients. Both sympa-
thetic and parasympathetic activity were decreased, which can be explained by the dele-
terious effects of altered glucose metabolism on HRV, leading to cardiac autonomic
neuropathy.

Introduction

Type 2 diabetes mellitus (T2DM) is a public health concern [1]. T2DM is increasingly frequent
in the world in association with the increase of sedentary behaviours, unhealthy diet, obesity
and metabolic syndrome [2-6]. The number of people with T2DM is predicted to double
within the next three decades [1]. Besides macrovascular [7-10] and microvascular complica-
tions [11-13], the leading cause of death in T2DM is cardiovascular mortality [9]. Cardiovas-
cular mortality has been related to the cardiac autonomic neuropathy frequently associated
with T2DM [1,5,14].

Screening for cardiac autonomic neuropathy has been recommended at the diagnosis of
T2DM, particularly in patients with a history of poor glycaemic control, macro/micro vascular
complications, and increased cardiovascular risk [15]. Despite standard cardiovascular reflex
tests still belong to the gold standard for the assessment of cardiovascular autonomic neuropa-
thy [16], one of the easiest and most reliable ways to assess cardiac autonomic neuropathy is
through the measurement of heart rate variability (HRV). HRV is the variation between two
consecutive beats: the higher the variation, the higher the parasympathetic activity. A high
HRYV reflects the fact that an individual can constantly adapt to micro-environmental changes
[17]. Therefore, low HRV is a marker of cardiovascular risk [18]. Conveniently, the measure-
ment of HRV is non-intrusive and pain-free [19]. Although the evaluation of HRV in T2DM
has been assessed in several studies, conflicting results have been reported [20-22]. Moreover,
there is no consensus on the decreased levels of HRV parameters in T2DM. Furthermore,
despite HRV being linked with the severity of T2DM [23], no studies have comprehensively
assessed the role of the most common variables, such as age [24], gender [25], blood glucose
control [26], or medications treating for T2DM, on HRV parameters [27,28].

Therefore, we aimed to conduct a systematic review and meta-analysis on the impact of
T2DM on HRV parameters. A secondary aim was to identify the most frequently reported
explanatory variables.

Methods
Literature search

We reviewed all studies measuring HRV in T2DM patients and healthy controls. Animal stud-
ies were excluded. Between October 30™ 2015 and October 1% 2017, the main articles data-
bases (PubMed, Cochrane Library, Science Direct and Embase) were searched with the
following keywords: “diabetes” AND (“heart rate variability” OR “HRV”). All articles compati-
ble with our inclusions criteria were included, independently of article language and years of
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Keywords used for search strategy:
(“diabetes”) AND (“heart rate variability” OR “HRV”)

\ 4 \ 4 \ 4 \ 4
PubMed Cochrane Science Direct Embase
n=1131 n =209 n = 2431 n =156

. —

Potentially eligible articles
n = 3927

- Duplicates removed, n = 879
- Studies without a case/control design, n = 426

- Not type 2 diabetes participants, n = 987

- Studies not reporting heart rate variability data,
n=1219

- Heart rate variability not measured during 24
hours, n = 391

Included studies
n=25

Fig 1. Search strategy.
https://doi.org/10.1371/journal.pone.0195166.9001

publication. To be included, case-control studies had to describe our main primary outcome,
which was the measurement of HRV parameters in T2DM patients and healthy controls. We
limited included studies to those reporting 24-hour measurements of HRV with Holter—elec-
trocardiogram, following Task Force recommendations [29]. We imposed no limitation on
the regional origin or the nature of the control group. Studies needed to be primary research.
In addition, reference lists of all publications meeting the inclusion criteria were manually
searched to identify any further studies that were not found with the electronic search. Ances-
try searches were also completed on previous reviews to locate other potentially eligible pri-
mary studies. The search strategy is presented in Fig 1 and in S1 Appendix. One author
(Thomas Benichou) conducted the literature searches, collated the articles, and extracted the
data. Two authors (Thomas Benichou and Frédéric Dutheil) reviewed the abstracts indepen-
dently and checked if article could be included in our metanalaysis according to inclusion cri-
tera. When consensus on suitability was not reached, a third author (Bruno Pereira) reviewed
the debated articles. Then, all authors reviewed the eligible articles.
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Quality of the assessment

Despite not designed for quantifying the integrity of studies [30], the “STrengthening the
Reporting of OBservational studies in Epidemiology” (STROBE) was used for checking the
reporting quality of cohorts studies [31]. The STROBE Statement is a checklist of 22 items
related to the title, abstract, introduction, methods, results and discussion sections of articles.
Cohort, case control, and cross-sectional studies shared 18 items. Four items are specific to
each of the three study designs. Six of the 22 items are splitted into several sub-items. We
attributed one point per item or sub-item fulfilling the criteria. We calculated a percentage on
a maximal score achievable of 32. The Consolidated Standards of Reporting Trials (CON-
SORT) for checking the reporting quality of randomized trials [32]. Similarly, the 25 items
(with 11 of them splitted into several sub-items) from the CONSORT criteria could achieve a
maximum score of 37, then converted into percentage.

HRYV parameters

We included HRV parameters derived from a 24-hour Holter electrocardiogram following
task force recommendations [29]. In the time domain, we analysed RR intervals, standard
deviations of RR intervals (SDNN), the square root of the mean squared difference of succes-
sive RR intervals (RMSSD), and the percentage of adjacent NN intervals differing by more
than 50 milliseconds (pNN50). The RMSSD and pNN50 are associated with high-frequency
power (HF) and hence parasympathetic activity, whereas SDNN is correlated with low—fre-
quency power (LF) [33]. In the spectral domain, we analysed LF (0.04-0.15 Hz), an index of
both sympathetic and parasympathetic activity, and HF (0.15-0.4 Hz), representing the most
efferent vagal (parasympathetic) activity to the sinus node. Very low frequency (VLF; 0.003-
0.04 Hz) partially reflects thermoregulatory mechanisms, fluctuation in activity of the renin—
angiotensin system, and the function of peripheral chemoreceptors. The LE/HF ratio, i.e. the
sympathovagal balance, was also calculated.

Statistical considerations

We conducted meta—analyses on the HRV parameters in T2DM patients and healthy controls.
P values less than 0.05 were considered statistically significant. For the statistical analysis, we
used both Comprehensive Meta-analysis software (version 2, Biostat Corporation) [34-37]
and Stata software (version 13, StataCorp, College Station, US) [34-36,38,39]. Main character-
istics were synthetized for each study population and reported as the mean + SD (standard-
deviation) for continuous variables and the number (%) for categorical variables.

We evaluated heterogeneity in the study results by examining forest plots, confidence inter-
vals (CI) and I” statistic. Formal tests for homogeneity based on the I” statistic are the most
common metric for measuring the magnitude of between-study heterogeneity and are easily
interpretable. I? values range from 0 to 100%, and are considered low for <25%, modest for
25-50%, and high for >50%. We assume heterogeneity for a p-value of the I” test <0.05.

For example, a significant heterogeneity could be linked to the characteristics of the studies,
such as those of the participants (age, sex, etc.), the time from T2DM diagnosis, the glycaemia
or the HbAc levels. We conducted random effects meta-analyses (DerSimonian and Laird
approach) when data could be pooled [40]. To describe our results, we calculated the effect size
(ES, standardised mean differences—SMD) [41] of each HRV parameter for each dependent
variable. An ES is a unitless measure of the levels of the HRV data. The ES is centered at zero if
the HRV data in T2DM patients are not different from those in healthy controls. A positive ES
denoted higher levels of the tested HRV parameter in T2DM patients compared with heathy
controls. An ES of 0.8 reflects a large effect, 0.5 a moderate effect, and 0.2 a small effect. We
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searched for potential publication bias using funnel plots of these meta—analyses. We verified
the strength of our results by conducting further meta—analyses after exclusion of studies that
were not evenly distributed around the base of the funnel.

When possible (sufficient sample size), meta-regressions were proposed to study the rela-
tionship between each HRV parameter (RR intervals, RMSSD, pNN50, SDNN, total power,
LF, HF, LF/HF) and clinically relevant parameters such as gender, age, fasting blood glucose,
and glycated haemoglobin (HbA1c). Results were expressed as regression coefficients and 95%
CL

Results

An initial search produced a possible 3927 articles (Fig 1). Removal of duplicates and use of
the selection criteria reduced the number of articles reporting the evaluation of HRV on
24-hour recording in T2DM to 25 articles [42-66]. All included articles were written in
English except one study which was written in Hungarian [55].

Quality of articles

The assessment of the quality of the twenty-five studies that were included was performed
using the STROBE and CONSORT criteria. Results varied from 50% [59] to 71% [56] for the
observational studies (STROBE), with a mean score of 59%. Results varied from 52% [59] to
67% [57] for the randomized trials (CONSORT), with a mean score of 59.5%. Overall, the
studies performed best in the methods section and worst in the discussion section.

Objectives of included articles

All included articles aimed to compare HRV between T2DM patients and controls without
T2DM [42-66]. Both the T2DM patients and the controls had cardiovascular diseases in five
studies [42,48,51,56,60] and renal disease in three studies [43,46,52]. Five studies assessed

the influence of high blood pressure on HRV in T2DM compared with healthy controls
[49,50,54,55,58]. Other studies compared HRV between T2DM patients and controls based on
blood catecholamine levels [44], circadian autonomic rhythm in insulinoresistant subjects
[45], in cases of bowel preparation [63], metabolic syndrome [47], circadian rhythm in relation
to blood adiponectin [62], or dimethylarginine levels [61], hypoglycaemic episodes [59], in
acromegalic patients [53], and inhalation of ultrafine particles [57].

Inclusions and exclusions criteria

For T2DM patients: Inclusion criteria were: aged over 18 [43,48], and under 65 [51], 73 [53], or
75 years old [46,52], treated with oral antidiabetic agents [47], with normal [42,44,45] or high
blood pressure [49,61]. The main exclusion criteria were: pregnancy [43,62], neurological dis-
ease [43]. Body Mass Index (BMI) over 25 kg/m2 [42,44,45], or 35 kg/m2 [58,62], chronic heart
[42,44,45,50-52,57,58,60-63], liver [56,60,63], or renal [42,42,45,56,58,60-63] failure, insulin
treatment [47,51], uncontrolled T2DM [47], thyroid disorder [50,52], or treatment that can
influence HRV parameters [44-46,52,54,57-60].

For controls: All studies included controls without T2DM [42-66]. In each individual study,
exclusion criteria were the same as for T2DM, i.e. pregnancy [43,62], neurological disease [43],
BMI over 25 kg/m2 [42,44,45] or 35 kg/m2 [58,62], chronic heart [42,44,45,50-52,57,58,60—
63], liver [56,60,63], or renal [42,42,45,56,58,60-63] failure, thyroid disorder [50,52], or treat-
ment that can influence HRV parameters [44-46,52,54,57-60]. Controls had high blood
pressure in five studies [49,56,58,60,62], and were on dialysis in three studies [43,46,52].
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Healthy controls were paired with T2DM patients based on age [41,43,44,46,47,49,50,52,
53,58,59,62], gender [42,44,45,47,51,59,60,63], body weight [50,59], BMI [44], and blood pres-
sure [60].

Population

Sample size. Population sizes ranged from 12 [59], to 457 [56]. We included 2,932
patients in total: 1,356 with T2DM and 1,576 healthy controls.

Gender. The proportion of men varied from 35% [45] to 100% [50] in T2DM patients,
with a mean of 52.2%, and from 28% [54] to 100% [60] in the control group, with a mean of
54.5%. One study did not specify the proportion of men with T2DM [53], while 3 studies did
not specify it for the controls [53,57,59].

Age. The mean age of T2DM patients was 58.1+6.5 years, ranging from 45.9 [57] to 67.9
[52], and 55.947.6 years in the controls, ranging from 28.5 [57] to 65.7 [52]. Age was not
reported for T2DM patients in two studies [50,53], and for the controls in three studies
[50,53,59].

T2DM duration: the mean time from T2DM diagnosis was 7.8+4.4 years ranging from 3.0
[47,54] to 11.2 [51] years. T2DM duration was not reported in five studies [45,48,50,52,53].

Metabolic control. The mean HbAIcin T2DM patients was 7.6+0.8%, ranging from 6.5
[59] to 9.3% [58,62], and 5.2+0.5% in the controls, ranging from 4.1 [42] to 5.8% [58,62]. Eight
studies did not report HbAlc in the T2DM patients [43,45,46,48,50,53,61,64] and nine studies
did not specify for the controls [43,45-48,50,53,61,64]. Blood glucose levels were reported in 14
studies [42,44,46,47,51,52,55,58,60-63,65,66] with a mean blood glucose level of 147+16 mg/
dL in T2DM patients, ranging from 117 [47] to 168 [58,62], and 9046 in controls, ranging
from 75 [46] to 95 [55]. Blood insulin levels were reported in one study [44]. No studies
reported HOMA-IR. No studies reported neuropathy scores.

Body weight. Weight was reported in three studies [43,46,49], and waist circumference in
two studies [47,52]. The mean BMI in T2DM patients was 27.2+3.5 kg/m’, ranging from 22.3
[44] to 33.7 [58,62], and 24.8+2.1 in controls, ranging from 21.8 [61] to 29.7 [54]. BMI was not
reported in 11 studies in T2DM patients [42,43,46,48,50-53,55,57,64], and in 12 studies in
controls [42,43,46,48,50-53,55,57,59,64].

Blood pressure. Mean systolic blood pressure in T2DM patients was 138.6£11.0 mmHg,
ranging from 121.2 [44] to 156.0 [49], and 137.7+11.6 mmHg in controls, ranging from 120.2
[45] to 153.0 [49]. Mean diastolic blood pressure in T2DM patients was 80.8+4.3 mmHg,
ranging from 69.9 [50] to 90.1 [49] and 82.2+5.4 mmHg in controls, ranging from 71.9 [50] to
92.9 [58,62]. Six studies did not report blood pressure in either T2DM patients or controls
[42,48,52,53,57,64].

Blood lipid levels. Total cholesterol was reported in nine studies [42,47,51,54,55,61,62,65,
66]. HDL and LDL cholesterol in six studies [47,55,60-62,65] and triglycerides in 12 studies
[42,47,51,55,56,58-62,65,66].

Other characteristics. Smoking was reported in six studies [44,54-57,60], and alcohol in
one study [44]. Marital status was never reported. Insufficient data precluded further analyses
of those parameters.

Study designs

All studies described a prospective cohort design, except one study which was a randomly con-
trolled prospective study [57].
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HRYV measurements and analysis

All included studies measured HRV over 24 consecutive hours using a Holter-electrocardio-
gram. HRV measurement recording was ambulatory with normal daily activity in most of the
studies [42-45,47-51,53,54,56-58,60,62,64-66], ambulatory in non-dialysed patients and dur-
ing hospitalization for dialysed patients in two studies [46,52], and exclusively during hospital-
ization in one study [59]. Three studies did not report the conditions of the measurements
[55,61,63].

Nearly all studies had a distinct Holter monitoring system: Del Mar Reynolds Medical [61],
CardioSmart Institutional CS 550 software [58], Holter cardio Light digital [62], Zymed
Medical Instruments [48], Mortara Instruments [53,57], TM 2421 & 2425 systems [56], Holter
AD35 TOP [46], Marquette Electronics [43], Meditech Cardiotens [54,55], Fukuda System
[44], Spiderview Holter [52], Cardioscan DMS300-4 Model [63], Holter Digital Recorder
AsPEKT [42,51], ArguSys Holter Monitor [47], CardioDay GETEMED [59]. Schiller Microvit
MT-101 [65,66], and A&D System [49]. Four studies did not report the monitoring system
[45,50,60,64], Fifteen studies explicitly mentioned that they followed task force recommanda-
tions [42,44,45,47,48,51-56,58,59,61,62]. Premature atrial and ventricular beats were automati-
cally discarded and visually checked.

Meta-analyses of HRV values in T2DM

We noted strong evidence that T2DM patients had significantly lower RR intervals (effect

size = -0.61; 95%CI -1.21 to —-0.01, P = 0.01; I* = 91.6%) (Fig 2) [45,46,48,52,54,57], lower
SDNN (effect size = -0.65; 95%CI -0.83 to —0.47; P < 0.001; I” = 65.1%) (Fig 3) [42,45,47 48,
50-53,55,57,58,60-66], lower RMSSD (effect size = —0.92; 95%CI -1.37 to -0.47); P < 0.001;

I = 94.0%) (Fig 4) [45,47,48,50,52,53,56-58,60-66], lower pNN50 (effect size = —0.46; 95%CI -
0.84 to -0.09; P = 0.001; I> = 85.5%) (Fig 5) [42,48,50-53,58,60,62,65,66], lower total power
(effect size = ~1.52; 95%CI -2.13 to —0.91; P < 0.001; I> = 93.5%) (Fig 6) [45-48,50,52,54,65,
66], lower LF (effect size = -1.08; 95%CI -1.46 to -0.69; p < 0.001; > = 91.3%) (Fig 7)
[42,45,47-54,57,63,65,66], and lower HF (effect size = —-0.79; 95%CI -1.09 to -0.50; P < 0.001;
I = 85.6%) (Fig 8) [42,44,45,47-54,57,63,65,66]. LE/HF did not differ between groups (effect
size = 0.02; 95%CI —-0.38 to 0.43; P = 0.914; I* = 90.1%) (Fig 9) [42,44,46-48,50-54,57,65,66].
Heterogeneity was significant (P < 0.001) for all meta—analyses. Funnel plots of meta—analyses
analysing for potential publication bias are presented in the supplementary file. Meta—analyses
were reperformed after the exclusion of studies that were not evenly distributed around the
base of the funnel and showed similar results.

Type 2 diabetes mellitus Healthy controls
n Age, years  Sex HbA1c, % BMI, kg/m* n Age, years  Sex HbA1c, % BMI, kg/m* Effect size (95% Cl) |Weight

(meaniSD) (% male) (mean+SD) (meaniSD) (meanzSD) (% male) (mean+SD) (mean+SD) (%)
Burger 2001, T2DM with congestive heart failure / healthy 69 61.8+116 | 623% - - 85 57.7+154  659% - - 111 (0.77,1.45) | 109
Giordano 2001, T2DM with normal renal function / healthy 10} 61.04127 | 40.0% - - 10  60.046.3  50.0% - - -0.60 (-1.50,0.30) | 9.1
Giordano 2001, T2DM on dialysis / non T2DM on dialysis 9.0 63.0£9.0 : 444% - - 11 59.0410.0  45.5% - - EEE— -1.46  (-2.46,-0.46) | 86
Istenes 2014, T2DM without high blood pressure / healthy 40 52881 @ 57.5% @ 83#23 278546 |25 522+91 28.0% 54106  25.0%4.3 - -0.76 (-1.28,-0.24) | 10.9
Istenes 2014, T2DM with high blood pressure / healthy 62 55266 i 548% i 85+24 31.5¢56 |74 530£123 405% 54308  20.7#4.9 —_— 052 (-0.86,-0.18) | 10.4
Mylonopoulou 2010, T2DM without dialysis / healthy without dialysis 25 67.7t65 44.0%  7.8+1.3 - 25 653181 44.0%  5.8+0.3 T -0.08 (-0.64,0.47) | 103
Mylonopoulou 2010, T2DM on dialysis / non T2DM on dialysis 25 67.917.4 48.0% 7.3:1.2 - 25 657£123 56.0% 5.6:0.3 - T -0.71  (-1.28,-0.13) | 10.3
Perciaccante 2006, T2DM / healthy 20 524:47 | 350% - 27.3:28 |20 53.0:80  75.0% - 25.045.1 - 132 (-2.01,-064) | 9.9
Perciaccante 2006, T2DM / insulin resistance but normal glucose regulation 200 52447 35.0%. = 27.3+2.8 20 49.1:6.6 60.0% = 27.3+4.9 . -2.07 (-2.85, -1.30) 95
Vora 2014, T2DM after exposure to ultrafine carbone particles / healthy 17 459+95 | 529% ' 7.640.3 - 23 285475 - - - -0.05 (-0.68,0.58) | 10.1
Overall (I-squared = 91.6%, p<0.001) < -0.61 (-1.21,-0.01)| 100

Fig 2. Meta-analysis of RR intervals of type 2 diabetes mellitus patients compared with controls. -: non reported data (missing SD were also non
reported). 95% CI: 95% confident intervals; BMI: Body Mass Index; RR: RR intervals; T2DM: Type 2 Diabetes Mellitus; SD: Standard Deviation.

https://doi.org/10.1371/journal.pone.0195166.g002
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Type 2 diabetes mellitus Healthy controls
Study n Age,years Sex  HbAlc,% BMikgm* n Ageyears Sex  HbAlc,% BMI, kg/m* Effect size (95% CI) | Weight

(meanSD) (% male) (mean+SD) (meantSD) (meantSD) (% male) (meantSD) (mean:SD) (%)
Akyel 2012, T2DM treated by oral antidiabetic drug / healthy 67. 546:7.8 | 43.3% - 258:68 |42 528162 | 548% - 21.8:6.5 -;—O— 039 (-0.78,-0.01) 5.04
Akyel 2012, T2DM treated by insulin / healthy 33: 516:88 i 455% - 252429 |42 528462 i 548% - 218465 — 094: (142-046) | 445
Boer-Martins 2012, T2DM with resistant ion / healthy. 10 54.9+8.7 40.0% 9.312.1 33.734.0 15 54.7+10 40.0% 5.840.3 26.63.7 _‘—{— -1.02 (-1.87,-0.17) 26
Boer-Martins 2011, T2DM with high blood pressure / healthy 100 549:87 | 40.0% | 93+21 ' 337+40 |15  547:10 ' 400% : 5803  266:37 —_— 131)(-2.20,-043) 248
Burger 2001, T2DM with congestive heart failure / healthy 69 618116 : 623% = 5 85 57.7:154 : 659% - - = 018} (:0.50,0.14) 549
Comunello 2014, T2DM / non T2DM 10 - - - - 37 - - - -0.29 (-0.99, 0.41) 3.24
Liand all 2015 63: 56.617.2 47.6% = = 29 51.939.1 48.3% _'_: -1.18 (-1.63, -0.69) 4.52
Molon 2007, T2DM with normal T wave alternans / healthy 44} 640+50 | 750% © 71%08 33: 640180 : 78.8% A 2039 (-0.84,0,07) 462
Molon 2007, T2DM with abnormal T wave alternans / healthy, 150..66.0£40 : 800% i 81209 25610470 ; 100.0% - — 023, (1.79,1.25) 147
Mylonopoulou 2010, T2DM without dialysis / healthy without dialysis 25 67.746.5 44.0% 78413 - 25 65.3:8.1 44.0% 5.840.3 _._i -1.00 (-1.59, -0.41) 3.72

—_—

on dialysis /non T2DM on dialysis 25 67.9:74 _ 48.0% _ 7312 - 25 657123 0% 5603 124} (1.84,-063) | 382

2 |
% : 55105 - |— 054} (:090,-018) | 541

! essential / healthy 21} 682+118 | 438% : 68:11 - 53 654189 : 5067 !
Nagy 2014, T2DM with essential 1 healthy 21; 68.2+11.8 43.8% 6.8+1.1 = 130; 64.2+14.1 40.8% 57104 = _‘I'._ -0.16 (-0.49, 0.17) 524
Ozturk 2009, T2DM after bowel preparation / healthy after bowel i 45° 528+83 | 37.8% : 7417 | 314160 |48 514181 @ 43.8% - 26,6152 - 044 (-0.85,-0.02) 49
Perciaccante 2006, T2DM / healthy 200 524247 : 350% - 273128 |20 530:80  750% - 250451 i 291 (381,-201) [ 243
Perciaccante 2006, T2DM / insulin resistance but normal glucose regulation 20 524147 35.0% - 27.3+2.8 20 49.116.6 60.0% - 27.3t4.9 _’_’f -1.24 (-1.92, -0.56) 3.35
Poanta 2011, T2DM with normal diastolic blood pressure / healthy 20 580:90 : 40.0% : 67+24 - 45 59.0:80 : 556% : 4312 =T (-0.78,0.28) 417
Poanta 2011, T2DM with impaired diastolic blood pressure / healthy 38 620:7.0 | 632% : 73126 - 45 59.0:8.0 © 556% 43412 = (096,-008) | 472
Porojan 2010, T2DM / healthy 34 58.316.7 52.9% 72116 7 31 54.65.7 51.6% 41121 ol V‘—*_ -0.22 (-0.71, 0.26) 4.42
Rasic-Milutinovic 2010, T2DM / non T2DM without metabolic syndrome 17, 554146 41.2% 7.2 - 27.8+2.9 15 54.4+8.3 40.0% 4.9% - 26.6+1.8 T -0.11 (-0.81, 0.59) 3.27
Rasic-Milutinovic 2010, T2DM / non T2DM with metabolic syndrome 175 55446  41.2% :  T2%- 278129 |15 544346 : 400% :  61%- 286108 —— 052: .18). |3 322
Tadic and all 2017 59 54.047.7 52.50% 75115 29.3+3.1 45 49.0:8.7 53% 5.0£0.7 24.3+27 + -0.64 (-1.04, -0.24)) 4.99
Vora 2014, T2DM after exposure to ultrafine carbone particles / healthy 17 459:95 | 529% | 7.6:03 - 23 285:75 - - - —— 084 (1.50,-019) [ 347
Vukomanovic 2016 50 550:7.0 | 5200% i 7315  201:33 |40 50990 ' 5500%  52:04 : 241428 —— 058 (1.01,-016) | 482
Wang 2006, T2DM with /non T2DM with i 33 = 100.0% = = 36 = 100.0% - - - -0.65 (-1.13, -0.16) 4.44
Overall (I-squared = 65.1%, p<0.001) < -0.65 (-0.83,-0.47)| 100

Fig 3. Meta-analysis of SDNN of type 2 diabetes mellitus patients compared with controls. -: non reported data (missing SD were also non
reported). 95% CI: 95% confident intervals; BMI: Body Mass Index; SDNN: Standard Deviation of RR intervals; T2DM: Type 2 Diabetes Mellitus; SD:
Standard Deviation.

https://doi.org/10.1371/journal.pone.0195166.9003

Meta-regressions

Age and male gender were associated with both a decrease in LF (coefficient = -0.7; 95%CI -1
to -0.4, P < 0.001; and coefficient = -0.3; 95%CI -0.4 to 0.1, P = 0.006, respectively) and a
decrease in HF (coefficient = -0.6; 95%CI -0.9 to -0.3, P < 0.001; and coefficient = —0.3; 95%
CI -0.4 to -0.1, P = 0.006). Similarly, both blood glucose levels and total cholesterol were associ-
ated with both an increase in LF (coefficient = 112;95%CI 31-193, P = 0.015; coefficient = 1133;
95%CI 408-1858, P = 0.01; respectively) and in HF (coefficient = 34; 95%CI 6-63, P = 0.024;
coefficient = 490; 95%CI 100-879, P = 0.023). Blood glucose levels were also significantly asso-
ciated with an increase in RMSSD (coefficient = 4.2; 95%CI 1.7-6.6, P = 0.003) and with an
increase in SDNN (coefficient = 24; 95%CI 17-30, P < 0.001). Higher levels of HbAIc were

Type 2 diabetes mellitus Healthy controls
Study n Age years Sex HbAlc,% BMI kg/m* n Age years Sex HbAlc,% BMI, kg/m? Effect size (35% Cl) | Weight

(mean+SD) (% male) (meantSD) (meantSD) (mean+SD) (% male) (mean+SD) (mean+SD) (%)
54.6+7.8 43.3% = 25.8:6.8 42 528:6.2 54.8% = 21.8:6.5 _.\h -1.08  (-1.49, -0.67) 5.08
51.6+8.8 45.5% - 25.2+2.9 42 52.8:6.2 54.8% - 21.8+6.5 e 1 -1.78  (-2.32, -1.24) 4.93
Boer-Martins 2012, T2DM with resistant ion / healthy. 54.9:8.7  40.0% 9.3+2.1 33.7+4 15 54.7+10 40.0% 5.810.3 26.6+3.7 — -1.51  (-2.42, -0.60) 4.37
Boer-Martins 2011, T2DM with high blood pressure / healthy 54.9+8.7  40.0% 9.3+2.1 33.744 15  54.7+10 40.0% 5.8+0.3 26.6+3.7 _‘r—- -0.55 (-1.36, 0.27) 4.53
Burger 2001, T2DM with congestive heart failure / healthy 69 61.8:11.6  62.3% = = 85 57.7#15.4  65.9% = = ! - -0.11  (-0.42, 0.21) 517
Comunello 2014, T2DM acromegalic / acromegalic non T2DM 10 - - - - 37 - - - - 1_‘ -0.03 (-0.73, 0.67) 471
Eguchi 2 2DM / healthy 200 66.1:8.9 47.0%  7.4:1.1  24.1:38 [257 67.5:8  31.1% - 23.8:3.1 1+ 032 (051,-014) | 526
Liand all 2015 63 56.6:7.2 47.6% - - 29  51.9:9.1 48.3% - - 1 ™ 035 (-0.1, 0.8) 5.05
Molon 2007, T2DM with normal T wave alternans / healthy. 44 64.0:5.0  75.0% 7.120.8 29.0£3.0 33 64.0:94 78.8% > 27.0£3.0 H ™~ 056  (0.10, 1.02) 5.03
Molon 2007, T2DM with abnormal T wave alternans / healthy. 15  66.0£4.0 80.0% 8.120.9 28.0£2.0 2 61.0¢7.0 100.0% - 28.0£3.0 _“'__ -0.81 (-2.31,0.70) 3.35
Mylonopoulou 2010, T2DM without dialysis / healthy without dialysis 25  67.7¢6.5  44.0%  7.8+13 - 25 65381 440%  5.8+03 - | == 044  (-1.00, 0.12) 491
Mylonopoulou 2010, T2DM on dialysis / non T2DM on dialysis 25 67.9+7.4  48.0% 7.381.2 - 25 65.7+12.3 56.0% 5.6£0.3 - 1 0.03  (-0.52, 0.59) 4.9
Ozturk 2009, T2DM after bowel preparation / healthy after bowel preparation 45 52883  37.8% 714217 31.4:6.0 48  51.4:8.1 43.8% - 26.6:5.2 Ing -0.42 (-0.83, -0.06) 5.08
Perciaccante 2006, T2DM / healthy 20 524147 35.0% - 27.3:2.8 20 53.0:8.0 75.0% - 25.0£5.1 = 030 (-0.92, 0.32) 4.82
Perciaccante 2006, T2DM / insulin resistance but normal glucose regulation 20 52447 35.0% - 27.3+2.8 20 49.146.6 60.0% - 27.3:4.9 4"‘— -0.57 (-1.21, 0.06) 4.81
Rasic-Milutinovic 2010, T2DM / non T2DM without metabolic syndrome 17 554146 41.2% 7.2% - 27.8+2.9 15 54.4:8.3 40.0% 4.9% - 26.6+1.8 1—’_ -0.13  (-0.82, 0.57) 472
Rasic-Milutinovic 2010, T2DM / non T2DM with metabolic syndrome. 17 55446 41.2% 7.2%- 27.8+2.9 15  54.4:46 40.0% 6.1% - 28.6:0.8 + -1.00 (-1.74, -0.26) 465
Tadic and all 2017 59 54.0¢7.7  52.50% 7.5¢1.5 29.3+3.1 45  49.0+87 53% 5.0£0.7 24.3+27 —+— 1 -6.00 (-6.91, -5.09) 437
Vora 2014, T2DM after exposure to ultrafine carbone particles / healthy 17 459%95  52.9% 7.60.3 - 23 28.5:7.5 - - - —%0— -0.70 (-1.34, -0.05) 4.79
Vukomanovic 2016 50 550£7.0 52.00% 7.3t15 29.1+3.3 40 50.9+9.0 55.00% 5.2:0.4 24.1£2.8 — ! -4.95 (-5.79, -4.11) 4.48

Wang 2006, T2DM with hypertension / non T2DM with hypertension 33 - 100.0% - - 36 = 100.0% - - | -062 (-1.10, -0.13) 5
Overall (I-squared = 94.0%, p<0.001) <> -0.92 (-1.37,-0.47)| 100

Fig 4. Meta-analysis of RMSSD of type 2 diabetes mellitus patients compared with controls. -: non reported data (missing SD were also non
reported). 95% CI: 95% confident intervals; BMI: Body Mass Index; RMSSD: square root of mean squared differences of successive RR intervals; T2DM:
Type 2 Diabetes Mellitus; SD: Standard Deviation.

https://doi.org/10.1371/journal.pone.0195166.9004
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Type 2 diabetes mellitus Healthy controls
Study n Age,years Sex HbA1c,% BMl,kgim* n Age,years Sex  HbA1c,% BMI, kg/m? Effect size (95% CI) | Weight
(mean+SD) (% male) (mean+SD) (meantSD) meantSD) (% male) (mean+SD) (meanSD) (%)
Boer-Martins 2012, T2DM with resistant hypertension / healthy. 10 54.9:8.7 40.0% 9.3+2.1 33.7+4 15 54.7+10 40.0% 5.8+0.3 26.6£3.7 —‘—}—— -0.68  (-1.50, 0.15) 6.2
Boer-Martins 2011, T2DM with high blood pressure / healthy 10 54987 40.0% 9.3:2.1 33.7+4 15 54.7£10 40.0% 5.8+0.3 26.6+3.7 —:- -0.70  (-1.53, 0.12) 6.19
Burger 2001, T2DM with congestive heart failure / healthy 69 618116  62.3% o o 85 57.7%154  65.9% = o —_— ;‘ -0.95 (-1.28, -0.61) 8.24
Comunello 2014, T2DM acromegalic / c non T2DM L - - - - 37 - - - - |———— 033 (037,103 6.75
Molon 2007, T2DM with normal T wave alternans / healthy 44 64.0:50  750%  7.10.8 20£3 33 64.0:80  78.8% - 2743 ! |—— 053 (0.07,099) 7.79
2 DM with abnormal T wave alternans / healthy 15  66.0+4.0 80.0% 8.120.9 282 2 61.0:7.0  100.0% - 2843 —;o—— -0.39  (-1.88, 1.09) 3.73
Mylonopoulou 2010, T2DM without dialysis / healthy without dialysis 25 67.7+6.5 44.0% 7.8£1.3 - 25 65.3+8.1 44.0% 5.8+0.3 - : ~+——— -047 (-1.03, 0.10) 7.38
Mylonopoulou 2010, T2DM on dialysis / non T2DM on dialysis 25 67.9:7.4 48.0% 7.3:1.2 - 25 6574123 56.0% 5.620.3 - —é—- 0.39  (-0.17, 0.95) 7.37
Poanta 2011, T2DM with normal diastolic blood pressure / healthy 20 58.0£9.0 40.0% 6.7+2.4 - 45  59.0x8.0 55.6% 4.3%1.2 - —f—~— -0.15  (-0.68, 0.38) 7.52
Poanta 2011, T2DM with impaired diastolic blood pressure / healthy 38  62.0:7.0 63.2% 7.312.6 - 45  59.0£8.0 55.6% .341.2 - ﬁ?— .40 (-0.84, 0.03) 7.88
Porojan 2010, T2DM / healthy 34  58.3:6.7 52.9% 7.2¢1.6 = 31 54,6157 51.6% 4121 = - -0.15  (-0.63, 0.34) 7.68
Tadic and all 2017 59  54.0:7.7  52.50% 7.5¢1.5 45  49.0:87 53% 5.0¢0.7 243%27 —— i -1.75  (-2.20, -1.29) 78
Vukomanovic 2016 50 55.0£7.0  52.00% 7.3:1.5 40 50.99.0  55.00% 5.2:0.4 24.1£2.8 —_— 3 -1.43  (-1.90, -0.97) 7.76
Wang 2006, T2DM with hypertension / non T2DM with hypertension 33 - 100.0% - - 36 - 100.0% - - —f— -0.55 (-1.03, -0.07) 7.7
Overall (I-squared = 85.5%, p<0.001) <> -0.46 (-0.84, -0.09)| 100
—_—

Fig 5. Meta-analysis of pNN50 of type 2 diabetes mellitus patients compared with controls. -: non reported data (missing SD were also non
reported). 95% CI: 95% confident intervals; BMI: Body Mass Index; pNN50: percentage of RR intervals with more than 50 ms variation; T2DM: Type 2

Diabetes Mellitus; SD: Standard Deviation.
https://doi.org/10.1371/journal.pone.0195166.9g005

Effect size (95% Cl)

Type 2 diabetes mellitus Healthy controls

Study n Age years Sex HbAlc,% BMI, kg/m* n Age,years Sex HbA1c,% BMI, kg/m*

(mean+SD) (% male) (mean+SD) (meanSD] (meantSD) (% male) (mean+SD) (mean+SD)
Burger 2001, T2DM with congestive heart failure / healthy 69 618:116 623% - - 85 57.74154  65.9% - T o
Giordano 2001, T2DM with normal renal function / healthy 10 61.0:127  40.0% - - 10 60.0:6.3  50.0% - - - 007
Giordano 2001, T2DM on dialysis / non T2DM on dialysis 9 630:90 44.4% - - 11 59.0:100  455% - - 7 -0.89
Istenes 2014, T2DM without high blood pressure / healthy 40 528:81 57.5%  8.3:23  27.8+46 |25 522:91 28.0%  5.4:06  250:4.3 —~ 0.001
Istenes 2014, T2DM with high blood pressure / healthy 62 552166 54.8% 8.5+2.4 31.545.6 74 53.0£12.3 40.5% 5.410.8 29.7+4.9 T -2.05
Mylonopoulou 2010, T2DM without dialysis / healthy without dialysis 25 67.7+65 44.0%  7.8+13 - 25 65381 440% 5803 - Ingi -0.57
Mylonopoulou 2010, T2DM on dialysis / non T2DM on dialysis 25 67.9:7.4  48.0%  7.3:1.2 - 25 657+123 56.0%  56:0.3 - — -0.48
Perciaccante 2006, T2DM / healthy 20 524:47  350% - 27.3:28 |20 530480  750% - 25.045.1 —_— 6.44
Perciaccante 2006, T2DM / insulin resistance but normal glucose regulation 20 52.4:4.7  35.0% - 27.3:28 |20 49.1:66  60.0% - 27.3549 ———— 842
Rasic-Milutinovic 2010, T2DM / non T2DM without metabolic syndrome 17 554146  412%  7.2+- 278:29 |15 544383  400%  4.9:- 26618 — 254
Rasic-Milutinovic 2010, T2DM / non T2DM with metabolic syndrome: 17 554$46  412%  7.2¢-  27.8:29 |15 544:46  400%  6.1t-  286:08 = -0.80
Tadic and all 2017 59 54.0£7.7 52.50% 7.5¢1.5 29.3+3.1 45  49.0:87 53% 5.0£0.7 24327 ng -1.32
Vukomanovic 2016 50 550:7.0 5200% 7.3:15 201433 [40 509:90 5500% 52:04  24.1%28 - -1.57
Wang 2006, T2DM with hypertension / non T2DM with hypertension - 100% - - 36 - 100.0% - - -1 -0.52
Overall (I-squared = 93.5%, p<0.001) -1.52

T

(-0.43, 0.20)
(-0.94, 0.81)
(1,82, 0.04)
(-0.50, 0.50)
(-2.47, -1.63)
(-1.14, -0.01)
(-1.04, 0.08)
(-8.01, -4.86)
(-10.4, -6.43)
(-3.48, -1.59)
(-1.53, -0.08)
(-1.75, -0.89)
(-2.05, -1.10)
(-1.00, -0.04)

(-2.13,-0.91)| 100

Fig 6. Meta-analysis of total power of type 2 diabetes mellitus patients compared with controls. -: non reported data (missing SD were also non
reported). 95% CI: 95% confident intervals; BMI: Body Mass Index; TP: Total Power; T2DM: Type 2 Diabetes Mellitus; SD: Standard Deviation.

https://doi.org/10.1371/journal.pone.0195166.9006

Type 2 diabetes mellitus Healthy controls
Study n Age years Sex HbA1c,% BMIkg/m* n Age years Sex HbA1c,% BMI, kg/m? Effect size (35% CI) | Weight
(meantSD) (% male) (mean+SD) (meaniSD) mean+SD) (% male) (meanSD) (meanSD] : (%)

Burger 2001, T2DM with congestive heart failure / healthy 69 618:116 623% - - 85 57.7:154 6590% - - | 028 (-060,0.04) 5
Comunello 2014, T2DM acromegalic / non T2DM acromegalic 10 - - - - 37 - - - - _’_: -1.99 (-2.80, -1.18) 421
Istenes 2014, T2DM without high blood pressure / healthy. 40 52881  57.5%  8.3%23  27.8+46 |25 522+¢91 28.0% 5406 2514.3 -~ .73 (:2231,-1.15) | 473
Istenes 2014, T2DM with high blood pressure / healthy 62 552166 54.8%  8.5t24 315456 |74 533123  40.5% 54308  29.7+49 - 329 (-3.81,-277) | 463
Mylonopoulou 2010, T2DM without dialysis / healthy without dialysis 25 67.74¢6.5 44.0% 7.811.3 = 25 65.3:8.1 44.0% 5.8£0.3 = r’_ -0.78  (-1.36, -0.21) 4.66
Mylonopoulou 2010, T2DM on dialysis / non T2DM on dialysis 25 67.9:7.4  48.0%  7.3%1.2 - 25 657123 56.0%  5.6£0.3 - M| 052 (-1.09, 0.04) 464
Ozturk 2009, T2DM after bowel preparation / healthy after bowel preparation 45 52.8£8.3 37.8% 74317 31.416.0 48 51.4:8.1 43.8% = 26.615.2 r" -0.68  (-1.09, -0.26) 4.88
Perciaccante 2006, T2DM / healthy 20 52.4#4.7 35.0% - 27.3:2.8 20 53.0¢8.0 75.0% - 25.05.1 —_— : -470 (-5.93, -3.48) 3.39
Perciaccante 2006, T2DM / insulin resistance but normal glucose regulation 20 524247 35.0% - 27.3+28 20 49.1166 60.0% - 273149 T+ | -6.65 (-8.27, -5.03) 27
Poanta 2011, T2DM with normal diastolic blood pressure / healthy 20  58.0£9.0 40.0% 6.72.4 - 45  59.0£8.0 55.6% 4.3+1.2 - : 021 (-0.74,032) 4.72
Poanta 2011, T2DM with impaired diastolic blood pressure / healthy 38 62.0+7.0 63.2% 7.3+2.6 - 45 59.0+8.0 55.6% 4.3+1.2 - :"‘ -0.43  (-0.87, 0.01) 4.86
Porojan 2010, T2DM / healthy 34 583167 529%  7.2¢1.6 - 31 546457  51.6%  4.1%21 - 1= 026 (-0.75,0.23) 478
Rasic-Milutinovic 2010, T2DM / non T2DM without metabolic syndrome 17 554146 41.2% 7.2% - 27.8+2.9 15 54.4:8.3 40.0% 4.9t 26.6+1.8 - -1.19  (-1.95, -0.43) 4.31
Rasic-Milutinovic 2010, T2DM / non T2DM with metabolic syndrome 17 554346  412%  7.2%- 27.8829 |15 544346  40.0% 28.6£0.8 T 076 (-148,-004) | 438
Tadic and all 2017 59 540:7.7 5250%  7.5¢1.5  29.3:t31 |45 49.0:87  53% 5.0£0.7 24.3+2.7 M| 066 (-1.06,-026) | 491
Vora 2014, T2DM after exposure to ultrafine carbone particles / healthy 17 459495 52.9% 7.6+0.3 - 23  28.5+7.5 - - - ‘I"— -0.68 (-1.33, -0.04) 452
Vukomanovic 2016 50 550£7.0 5200%  7.3¢1.5 201433 |40 50.9+0.0 5500%  52:04 2413238 4| 092 (-1.36,-049) | 485
Wang 2006, T2DM with high blood pressure / healthy 33 - 100.0% - - 36 - 100.0% - - 1= 035 (-0.83,0.13) 48
YYasuda 2005, T2DM with normoalbuminuria without doxazosin / healthy 24 62.0£9.0 58.3% 7.2:1.8 23.9:3.3 34 60.0£8.0 52.9% 5.24¢0.3 23633 |7 -0.22  (-0.75, 0.30) 4.73
Yasuda 2005, T2DM with normoalbuminuria after doxazosin / healthy 24 620:90 583%  7.2¢41.8  23.9+33 |34 60.0s¢8.0 529%  52:03 23633 | =t 000 (-052 0.52) 473
Yasuda 2005, T2DM with macroalbuminuria without doxazosin / healthy. 33 61.0:9.0 57.6%  7.9¢#21  229+32 (34 60.0:80 529%  52:03 236333 = 053 (-1.01,-004) | 478
‘Yasuda 2005, T2DM with macroalbuminuria after doxazosin / healthy 61.049.0 57.6% 7.9+2.1 22.9+3.2 34  60.0:8.0 52.9% 5.240.3 23.643.3 - .048 (-0.96, 0.01) 478

Overall (I-squared = 91.3%, p<0.001) <& | -1.08(-1.46,-0.69)] 100
Fig 7. Meta-analysis of the LF of type 2 diabetes mellitus patients compared with controls. -: non reported data (missing SD were also non
reported). 95% CI: 95% confident intervals; BMI: Body Mass Index; LF: Low Frequency; T2DM: Type 2 Diabetes Mellitus; SD: Standard Deviation.
https://doi.org/10.1371/journal.pone.0195166.g007
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Type 2 diabetes mellitus Healthy controls
Study n Age,years Sex HbA1c,% BMI, kg/m* n Age,years Sex HbA1lc, % BMI, kg/m* Effect size (95% CI) | Weight

(meantSD) (% male) (mean+SD) (meanSD) (meantSD) (% male) (mean+SD) (meantSD) (%)

Burger 2001, T2DM with congestive heart failure / healthy 69 61.8+11.6 62.3% - - 85 57.7+154  65.9% - - T (-0.37, 0.26) 5.04
Comunello 2014, T2DM acromegalic / non T2DM acromegalic 10 - - - - 37 - - - - :_‘_ -0.09 (-0.79, 0.61) 4.11
Istenes 2014, T2DM without high blood pressure / healthy 40 52.8:8.1 57.5% 8.3+2.3 27.8t46 25 52.2:91 28.0% 54106 25.0¢43 e : -0.35  (-0.9, 0.16) 49
Istenes 2014, T2DM with high blood pressure / healthy 62 55.216.6 54.8% 8.5:2.4 31.5¢5.6 74 53123 40.5% 5.410.8 29.7+4.9 e"' -1.61  (-2.00, -1.23) 463
Kondo 2002, T2DM / healthy 10 57.6:8.9  50.0% 9.3+2.5 223313 8  53.9:15 62.5% 5.0£0.3 22406 _’_: -2.04 (-3.21, -0.87) 2.89
Mylonopoulou 2010, T2DM without dialysis / healthy without dialysis 25 67.7:6.5 44.0% 7.8£1.3 - 25 65.3:8.1 44.0% 5.8+0.3 - : T 032 (-0.88, 0.24) 45
Mylonopoulou 2010, T2DM on dialysis / non T2DM on dialysis 25 67.9:7.4  48.0% 7.3¢1.2 = 25 657+123 56.0% 5.6£0.3 = J,"" 0.10  (-0.45, 0.66) 4.49
Ozturk 2009, T2DM after bowel preparation / healthy after bowel preparation 45 52.8+8.3 37.8% 7.1$1.7 31.446.0 48  51.4%8.1 43.8% - 26.645.2 ',‘" -0.51 (-0.92, -0.10) 4.84
Perciaccante 2006, T2DM / healthy 20 52447 35.0% = 27.3t28 20 53.0:8.0 75.0% = 250:51 T+ : -5.92 (-7.39, -4.45) 228
Perciaccante 2006, T2DM / insulin resistance but normal glucose regulation 20 52.4+4.7 35.0% - 27.3+2.8 20 49.1+6.6 60.0% - 27.3+4.9 —_— : -2.64 (-3.49, -1.78) 367
Poanta 2011, T2DM with normal diastolic blood pressure / healthy 20 58.0:9.0 40.0% 6.7+2.4 = 45 59.0£8.0 55.6% 4.3£1.2 = :_‘_ -0.15  (-0.68, 0.38) 457
Poanta 2011, T2DM with impaired diastolic blood pressure / healthy 38 62.0£7.0 632% 73126 - 45 59.0£8.0 55.6% 4.3t1.2 - T" -0.46 (-0.90, -0.02) 4.79
Porojan 2010, T2DM / healthy 34 58.3t6.7 52.9% 72¢16 - 31 54657 51.6% 4.1£21 - r" -0.27  (-0.75, 0.22) 4.66
Rasic-Milutinovic 2010, T2DM / non T2DM without metabolic syndrome 17 554+46  41.2% 7.2% - 27.8+2.9 15 54.4+83  40.0% 4.9t - 26.6:1.8 —_— : -2.34 (-3.25,-1.43) 3.52
Rasic-Milutinovic 2010, T2DM / non T2DM with metabolic syndrome 17 55.4:46 41.2% 2% = 27.8+29 15 54.4:46 40.0% 6.1 - 28.6+0.8 —‘I’_ -0.66 (-1.36, 0.05) 4.06
Tadic and all 2017 59 54.0:7.7 52.50% 7.5%1.5 29.3+3.1 45  49.0+8.7 53% 5.0+0.7 243127 '\I‘_ -0.66 (-1.06, -0.26) 4.88
Vora 2014, T2DM after exposure to ultrafine carbone particles / healthy 17  45.9+95 52.9% 7.60.3 - 23 285%7.5 - - - ‘:‘“ -0.56  (-1.20, 0.08) 4.27
Vukomanovic 2016 50 55.0:7.0 52.00% 7315 29.1+33 40 50.9+9.0 55.00% 5.2:04 24.1+28 - -0.92 (-1.36, -0.49) 4.79
Wang 2006, T2DM with high blood pressure / healthy 33 = 100.0% = o 36 = 100.0% = - —r -1.04  (-1.54, -0.54) 463
‘Yasuda 2005, T2DM with normoalbuminuria without doxazosin / healthy 24  62.0:9.0 58.3% 72418 23.9+33 34 60.0+8.0 52.9% 5.2:0.3 23.63.3 'i"' -0.35 (-0.88, 0.18) 4.57
YYasuda 2005, T2DM with normoalbuminuria after doxazosin / healthy 24 62.0:9.0 58.3% 72418 23.9133 34  60.0:8.0 52.9% 5.2:0.3 23.6133 :*" -0.33  (-0.86, 0.20) 4.57
YYasuda 2005, T2DM with macroalbuminuria without doxazosin / healthy 33  61.0¢9.0 57.6% 7.9¢2.1 22.9+32 34 60.0+8.0 52.9% 5.2+0.3 23.6+3.3 :_" -0.37 (-0.85,0.12) 4.68
YYasuda 2005, T2DM with macroalbuminuria after doxazosin / healthy 33 61.0:9.0 57.6% 7.9£21 22932 34 60.0:8.0 52.9% 5.210.3 23.63.3 ‘{"‘ -0.40 (-0.88, 0.09) 468
Overall (I-squared = 85.6%, p<0.001) o -0.79(-1.09, -0.50)| 100

—

Fig 8. Meta-analysis of the HF of type 2 diabetes mellitus patients compared with controls. -: non reported data (missing SD were also non
reported). 95% CI: 95% confident intervals; BMI: Body Mass Index; HF: High Frequency; T2DM: Type 2 Diabetes Mellitus; SD: Standard Deviation.

https://doi.org/10.1371/journal.pone.0195166.9008

associated with shorter RR intervals (coefficient = -383; 95%CI -756 to -8.8, P = 0.046). HDL
cholesterol levels were associated with both an increase in SDNN (coefficient = 1251; 95%CI
292-2210, P = 0.017) and RMSSD (coefficient = 246; 95%CI 186-307, P < 0.001). Body mass
index was associated with both an increase in LF (coefficient = 0.8; 95%CI 0.3-1.3, P = 0.003)
and in HF (coefficient = 0.7; 95%CI 0.3-1.1, P = 0.005). An increase in systolic blood pressure
was linked with shorter RR intervals (coefficient = -380; 95%CI -703 to —-53, P = 0.032) and a
decrease in HF (coefficient = -3.1; 95%CI -6.2 to -0.02, P = 0.049). Time from diagnosis of
T2DM was linked with a higher level of SDNN (coefficient = 10; 95%CI 2.1-18, P = 0.018) and
a lower level of total power (coefficient = -1214; 95%CI -2129 to -299, P = 0.021) (Fig 10).

Discussion

The main findings were that T2DM patients exhibited a strong decrease in HRV. Both sympa-
thetic and parasympathetic activity were decreased compared with non-T2DM patients,
which can be explained by the deleterious metabolic effects of blood glucose levels on HRV.

Type 2 diabetes mellitus Healthy controls
Study n Age,years Sex HbAlc,% BMl,kg/m* n Age,years Sex HbA1lc,% BMI, kg/m* Effect size (95% Cl) | Weight

(meantSD) (% male) (mean+SD) (meanSD) (meantSD) (% male) (mean+SD) (mean+SD) (%)

Burger 2001, T2DM with congestive heart failure / healthy 69 61.8:116 62.3% = = 85 57.7+154  65.9% = = — -0.45  (-0.78, -0.13) 6.18
Comunello 2014, T2DM acromegalic / non T2DM acromegalic 10 - - - - 37 - - - - —_— -1.88  (-2.68, -1.08) 514
Giordano 2001, T2DM with normal renal function / healthy 10 61£127 40.0% - - 10 60.0+6.3 50.0% - - |——— 1.03 (0.09, 1.97) 478
Giordano 2001, T2DM on dialysis / non T2DM on dialysis 9  63.0:9.0 44.4% - - 11 59.0£10.0 455% - - -+ 062 (-0.28, 1.53) 4.87
Istenes 2014, T2DM without high blood pressure / healthy 40 52.8%8.1 57.5% 8.3+2.3 27.814.6 25 522191 28.0% 5.410.6 25.034.3 —— 0.14  (-0.36, 0.64) 6.16
Istenes 2014, T2DM with high blood pressure / healthy 62 552166 54.8% 8.5¢2.4 31.5¢5.6 74 53:12.3 40.5% 5.410.8 29.7+4.9 —— 0.28  (-0.06, 0.61) 5.85
Kondo 2002, T2DM / healthy. 10 57.6+8.9 50.0% 9.3:2.5 22.3:+1.3 8 53.9£15 62.5% 5.0£0.3 224106 —_— -1.27  (-2.30, -0.24) 454
Mylonopoulou 2010, T2DM without dialysis / healthy without dialysis 25 67.746.5 44.0% 7.8£1.3 - 25 65.3:8.1 44.0% 5.84£0.3 - —_— -0.14  (-0.70, 0.42) 5.67
Mylonopoulou 2010, T2DM on dialysis / non T2DM on dialysis. 25 67.9t7.4  48.0% 7.311.2 = 25 65.7+123  56.0% 5.6£0.3 = —r -0.89  (-1.48, -0.31) 5.74
Poanta 2011, T2DM with normal diastolic blood pressure / healthy 20 58.0£9.0 40.0% 6.7¢2.4 - 45  59.0:8.0 55.6% 4.3+1.2 - —_—— -1.23  (-1.80, -0.66) 57
Poanta 2011, T2DM with impaired diastolic blood pressure / healthy 38 62.0£7.0 63.2% 7.312.6 = 45  59.018.0 55.6% 4.311.2 = — -0.59  (-1.08, -0.15) 5.97
Porojan 2010, T2DM / healthy 34 58.3:6.7 52.9% 72416 - 31 54657 51.6% 4.1£21 - —r -0.10  (-0.58, 0.39) 5.88
Rasic-Milutinovic 2010, T2DM / non T2DM without metabolic syndrome 17  55.4+46 41.2% 7.2t - 27.8£2.9 15  54.4183 40.0% 4.9% - 26.611.8 —— 0.72 (0.01, 1.44) 5.35
Rasic-Milutinovic 2010, T2DM / non T2DM with metabolic syndrome 17 554446 41.2% 7.2% - 27.8£2.9 15 54.4+46 40.0% 6.1% - 28.610.8 T 044  (-0.26, 1.14) 5.38
Tadic and all 2017 59 54.0£7.7 5250% @ 7.5%1.5 29.3t3.1 45  49.018.7 53% 5.0£0.7 24.3:27 - -022  (-0.61, 0.17) 6.07
Vora 2014, T2DM after exposure to ultrafine carbone particles / healthy 17 459195 52.9% 7.6+0.3 - 23  28.5¢7.5 - - - - 0.23  (-0.40, 0.86) 5.57
Vukomanovic 2016 50 55.0£7.0 52.00% 7.3:1.5 29.1£3.3 40 50.9+9.0  55.00% 5.2:0.4 241128 T 019  (-0.22, 0.61) 6.02
Wang 2006, T2DM with hypertension / non T2DM with hypertension 33 - 100% - - 36 - 100% - —— 384 (3.04, 4.65) 5.13
Overall (I-squared = 90.1%, p=0.914) 0.02 (-0.38,0.43)| 100

T

Fig 9. Meta-analysis of LF/HF of type 2 diabetes mellitus patients compared with controls. -: non reported data (missing SD were also non
reported). 95% CI: 95% confident intervals; BMI: Body Mass Index; LF/HF: Low Frequency/High Frequency ratio; T2DM: Type 2 Diabetes Mellitus;
SD: Standard Deviation.

https://doi.org/10.1371/journal.pone.0195166.g009
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Number of I-

N : "
Variables crinloe ety ceeed Coefficient (95% CI)  p-value
RR
Age, years 12 98.2% «J>- 9 (-24,42) 0.550
Sex, male as reference 12 99.5% [ -17  (-40,5.4) 0.121
HbA1c, % 7 94.0% P -383 (-756,-8.8) 0.046
Body mass index, kg.m-2 6 98.3% L — e -157  (-430, 116) 0.186
Systolic blood pressure, cmHg 6 98.0% B —— -380 (-703,-53) 0.032
Diastolic blood pressure, cmHg 6 98.2% — E— -1534 (-3881, 813) 0.144
SDNN
Age, years 25 89.5% 17  (-15,4.9) 0.279
Sex, male as reference 25 88.5% 01 (12,15) 0.836
Time from diagnosis, years 15 82.6% 10 (2.1,18) 0.018
Blood glucose levels, 10 mg/di 18 61.8% 24 (17, 30) <0.001
Systolic blood pressure, cmHg 16 86.9% 64  (-20,32) 0.603
Diastolic blood pressure, cmHg 16 89.1% 55 (-52,63) 0.840
HbA1c, % 19 89.3% 10 (-18,39) 0.453
Body mass index, kg.m-2 15 90.2% 26 (-8.8,14) 0.634
Total cholesterol, g/l 12 90.3% 25 (-150, 201) 0.759
LDL cholesterol, g/l 10 90.2% -11 (-465, 443) 0.101
HDL cholesterol, g/l 10 83.7% 1251 (292, 2210) 0.017
Triglycerides, g/l 17 91.4% 14 (59, 88) 0.688
pNN50
Age, years 14 0.0% 02 (-0.2,0.5) 0.316
Sex, Male as reference 14 0.0% 0.0 (-0.1,0.1) 0.462
Time from diagnosis, years 9 0.0% 03 (-09,14) 0.587
Blood glucose levels, 10 mg/di 11 0.0% -1.0  (29,1) 0.313
Systolic blood pressure, cmHg 9 0.0% 1.0 (3,1) 0.263
Diastolic blood pressure, cmHg 9 0.0% 23 (6.2,16) 0.203
Total cholesterol, g/l 6 0.0% 15 (-13,43) 0.201
Triglycerides, g/L 11 0.0% 24 (-84,3.7) 0.401
RMSSD
Age, years 21 95.2% -0.1 (-13,1.1) 0.820
Sex, Male as reference 21 93.9% 0.1 (-0.3,04) 0.787
Time from diagnosis, years 12 87.3% 30 (1,7) 0.121
Blood glucose levels, 10 mg/di 13 60.0% 42 (1.7,6.6) 0.003
HbA1c, % 15 63.9% 28 (-5.1,11) 0.451
Body mass index, kg.m-2 16 93.2% 09 (-15,32) 0.428
Systolic blood pressure, cmHg 13 96.4% 03 (-6.7,7.3) 0.934
Diastolic blood pressure, cmHg 13 94.1% 21 (-19,15) 0.783
LDL cholesterol, g/L 8 79.0% -6.9 (-172,159) 0.922
HDL cholesterol, g/L 8 24.2% 246 (186, 307) <0.001
Triglycerides, g/L 13 95.5% 27  (-16,21) 0.751
Total Power
Age, years 15 78.6% 0.1 (-06,038) 0.762
Sex, Male as reference 15 78.5% 0.0 (-0.1,0.1) 0.843
Time from diagnosis, years 8 66.0% -1214  (-2129, -299) 0.021
HbA1c, % 10 69.1% 45  (-13,22) 0.563
Body mass index, kg.m-2 10 79.3% 1.1 (-1.6,3.9) 0.364
Systolic blood pressure, cmHg 9 84.4% 83 (-17,83) 0.456
Diastolic blood pressure, cmHg 9 84.3% 52 (-10,20) 0.431
Triglycerides, g/L 6 64.2% 21 (-15,19) 0.748
LF
Age, years 22 80.5% -0.7  (-1.0,-04) <0.001
Sex, Male as reference 22 67.8% -03 (-04,-0.1) 0.006
Time from diagnosis, years 17 86.7% -06 (-1.5,0.3) 0.173
Blood glucose levels, 10 mg/dl 8 0.0% 112 (31,193) 0.015
HbA1c, % 19 85.6% 21 (-11,6.5) 0.613
Body mass index, kg.m-2 15 86.8% 08 (0.3,1.3) 0.003
Systolic blood pressure, cmHg 16 91.4% -34 (6.9,0.2) 0.062
Diastolic blood pressure, cmHg 16 92.4% -11 (-35,14) 0.362
Total cholesterol, g/L 7 21.8% 1133 (408, 1858) 0.010
HF
Age, years 23 70.8% -0.6  (-0.9,-0.3) <0.001
Sex, Male as reference 23 67.8% -0.3  (-04,-0.1) 0.006
Time from diagnosis, years 18 79.8% -05 (-1.2,0.2) 0.150
Blood glucose levels, 10 mg/dl 9 0.0% 34 (6,63) 0.024
HbA1c, % 20 78.1% -0.8 (-7.5,5.8) 0.792
Body mass index, kg.m-2 16 81.8% 07 (03,1.1) 0.005
Systolic blood pressure, cmHg 17 87.0% -3.1  (-6.2,-0.02) 0.049
Diastolic blood pressure, cmHg 17 89.0% 1.0 (3.1,12) 0.347
Total cholesterol, g/L 7 20.1% 490 (100, 879) 0.023
Triglycerides, g/L 9 19.4% 13 (-74,10.1) 0.730
LF /HF
Age, years 16 0.0% -0.03 (-0.1,0.1) 0.965
Sex, Male as reference 16 0.0% 0.01 (-0.02,0.03) 0.367
Time from diagnosis, years 11 0.0% -0.05 (-0.2,0.1) 0.395
Blood glucose levels, 10 mg/di 12 0.0% 0.10 (-0.2,04) 0.472
HbA1c, % 13 0.0% 0.60 (-0.1,1.3) 0.095
Body mass index, kg.m-2 7 0.0% 0.09 (-0.3,04) 0.562
Systolic blood pressure, cmHg 10 0.0% 0.10 (-0.7,0.9) 0.707
Diastolic blood pressure, cmHg 10 0.0% 0.20 (-0.2,0.6) 0.324
Total cholesterol, g/L 9 0.0% 0.70 (-2.1,3.6) 0.561
Triglycerides, g/l 7 0.0% 010 (-3.2,35) 0.923

-500 0 500

Fig 10. Meta-regression of factors influencing heart rate variability in type 2 diabetes mellitus. 95% CI: 95%
confident intervals; RR: RR intervals; SDNN: Standard Deviation of RR intervals; pNN50: percentage of RR intervals
with more than 50 ms variation; RMSSD: square root of mean squared differences of successive RR intervals; TP: Total
Power; LF: Low Frequency; HF: High Frequency; LF/HF: Low Frequency/High Frequency ratio.

https://doi.org/10.1371/journal.pone.0195166.g010
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Dyslipdaemia and high blood pressure are linked with a decreased HRV in T2DM. Finally, age
and the male gender were associated with both a decrease in sympathetic and parasympathetic
activity.

An alteration of both sympathetic and parasympathetic activity

Adaptation to stress is characterized by an increase in sympathetic activity and a decrease in
parasympathetic activity, inducing a state of alertness [17]. Interestingly, common diseases
such as rheumatoid arthritis [67], depression [68], schizophrenia [69], multiple sclerosis [70],
active ulcerative colitis [71], obesity and metabolic syndrome [72,73], myocardial infarctions
[74], high blood pressure [75], smoking [76], and cancer [77], are associated with a decrease in
parasympathetic activity and an activation of sympathetic activity. However, we demonstrated
that T2DM patients had a decrease in both parasympathetic and sympathetic activity. An
explanation could be that T2DM is a metabolic disease responsible for a cardiac autonomic
neuropathy that affects both sympathetic and parasympathetic fibers. With the exception of
the LF/HF ratio, which did not differ in our meta-analysis due to comparable changes in the
LF and HF components, T2DM has a negative influence on almost all HRV parameters,
reflecting the fact that diabetes leads to a cardiac autonomic dysfunction.

Deleterious effects of altered glucose metabolism

The significant relationship between altered glucose metabolism and HRV may explain the
deleterious general metabolic effects on both parasympathetic and sympathetic activity.
Interestingly, blood glucose levels were associated with both an increase in LF (sympathetic)
and HF (parasympathetic), as well as SDNN (sympathetic) and RMSSD (parasympathetic),
which may appear contradictory. In healthy individuals, parasympathetic activity is triggered
by an increase in blood glucose levels through insulin responses [78]. Unfortunately, insulin
levels were not reported in most studies included in our meta-analysis, which precluded fur-
ther analysis. Another explanation of this relation that could appear contradictory is that
blood glucose levels are not a good marker to evaluate diabetes control compared with
HbA1lc: blood glucose levels reflect an instantaneous level whereas HbAlc reflect diabetes
control over the previous months. In almost all included studies, patients had blood sampling
during hospitalisation, after a steady state and in a controlled environment for diet with a
close monitoring of capillary blood glucose, which may explain our contradictory results.
Another convincing point is that the relationships between HbA1lc and HRV is logic. We
demonstrated that higher levels of HbA1c were associated with shorter RR intervals, which
were associated with an increased risk of ventricular arrhythmias [79]. There was also a ten-
dency for higher LF/HF ratio (i.e. decreased HRV) with higher levels of HbAlc. Furthermore,
time from diagnosis of T2DM was linked with a higher level of SDNN. Despite we demon-
strated a decreased SDNN in T2DM patients, the metaregression is not contradictory but
may simply highlights the fact that cardiac parasympathetic activity in T2DM is affected
before sympathetic activity [80]. Time from diagnosis of T2DM was also linked with a lower
level of total power, but not with LF and HF. Thus we can hypothesize that very low frequen-
cies (VLF) could be decreased in T2DM. No studies included in our meta—analysis reported
VLEF. Although less commonly used, VLF are recognised as the most powerful independent
predictors of mortality in patients with heart failure or in patients with chronic haemodialysis
[81]. Despite few studies assessing VLF in diabetes, interesting relationships were reported
between VLF and sleep apnea in diabetics [82]. The potential significance of VLF in diabetes
should be studied further.
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Other variables linked with HRV in T2DM

Similarly, total cholesterol was associated with both an increase in LF and HF, and HDL was
associated with an increase in SDNN and RMSSD. To our knowledge, there is no data on
hypercholesterolemia and HRV in the literature. Interestingly, some studies showed that a
decrease in LDL by statin therapy could improve HRV parameters [83,84]. We demonstrated
that an increase in systolic blood pressure was linked with shorter RR intervals and a decrease
in HF. Despite no study previously assessing this relationship in diabetes, conflicting results
were reported in the general population, with either high blood pressure associated with an
increase in all spectral parameters [85], or a decrease in HRV [86]. It has also been suggested
that the decrease in autonomic nervous function precedes the development of clinical hyper-
tension [87]. Moreover, we found a significant relationship between BMI and HRV. Such rela-
tionships have been either found [88,89] or not [90,91] in the literature. However, the severity
of obesity-related diseases is not directly linked to the accumulation of total body fat but rather
to its distribution, and particularly to visceral localization [92]. HRV parameters have been
previously correlated with sagittal abdominal diameter, anterior forearm skinfold thickness
[93] and waist-hip ratio [90]. HRV parameters can also be improved after weight loss [94].
Finally, in line with the literature, we demonstrated a decrease in both LF and HF with age
[95] and the male gender [96]. However, age and gender have a minor role on HRV parame-
ters compared with the variables linked to T2DM.

Limitations

All meta—analyses have limitations [97]. Meta—analyses inherit the limitations of the individual
studies of which they are composed and are subjected to a bias of selection of included studies.
However, the use of broader keywords in the search strategy limits the number of missing
studies. Despite our rigorous criteria for including studies in our meta—analysis, their quality
varied. Indeed, most of the studies included were cross-sectional, with different measurement
conditions for HRV parameters associated with a high inter and intra-individual variability.
We demonstrated that all parameters measuring HRV were significantly decreased in T2DM
compared with controls. Though there were similarities between the participants’ inclusion
criteria, they were not identical. Moreover, the health status of controls was not detailed in all
studies, which could have influenced HRV parameters. This may have also minimized the
differences in HRV between T2DM patients and controls. In addition, some studies were
monocentric, limiting the generalizability of our results. However, included studies were
homogeneous according to funnel plots, and the populations investigated in the meta—analysis
appeared to be equally distributed around the world. Similarly, the final number of patients
included in the metaanalysis was not very high and may precluded generalizability, however
the mean age could be considered as quite representative. Despite missing data, our meta—
regressions demonstrated significant and interesting relationships, particularly between HRV
parameters and variables linked with T2DM. Variables retrieved from declarative data in each
study included are also a putative bias.

Conclusion

We reported strong evidence for an overall decrease in HRV in T2DM patients. Both sympa-
thetic and parasympathetic activity were decreased, which can be explained by the deleterious
effects of altered glucose metabolism on HRV. The benefits of an HRV evaluation in assessing
and monitoring the severity of T2DM should be further studied, given its potential as a non-
invasive, reliable and pain-free measurement.
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