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Electrocardiogram and heart rate variability assessment in patients
with common autoimmune diseases: a methodological review

Yaygin otoimmiin hastaligi olan hastalarda elektrokardiyogram ve kalp hizi
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Summary- The aim of this article was to summarize cur-
rent knowledge about the potential clinical utility of electro-
cardiogram (ECG) and heart rate variability (HRV) measures
in patients with 4 common autoimmune diseases (ADs):
rheumatoid arthritis (RA), systemic lupus erythematosus
(SLE), Behcet’s disease (BD), and systemic sclerosis (SSc).
A search was conducted of the PubMed, Embase, and Sco-
pus databases using terms and a controlled vocabulary as-
sociated with these ADs, ECG, and HRV. The available, full-
text articles published in English were considered. In all, 20
publications that examined the direct effect of these diseases
on the heart were selected according to a systematic review
protocol. Time-frequency domain analysis revealed that HRV
parameters were lower in patients with the selected ADs in
comparison with control groups. An increased QT dispersion
and heart rate corrected QT, which are well-known as risk
factors for sudden cardiac death, were observed in the pa-
tient group. In some studies, a correlation was seen between
the duration of the disease and its activity, while others did
not report such an association. Heart rate turbulence param-
eters were also examined. Turbulence onset was increased
in SLE and SSc patients, while the turbulence slope was de-
creased in SLE patients. There was no significant change in
these parameters in BD patients. Patients with ADs demon-
strate abnormal HRV and ECG parameters, which indicates
an autonomic cardiac functional impairment. Measurement
of these parameters can be a useful clinical tool in the di-
agnosis and prediction of some disorders in patients with
ADs. Both of these signals can provide helpful information
for physicians to trace the efficacy of prescribed medicines.

he human immune system consists of complex
and essential components designed to circulate
throughout the body to defend against and eliminate

Ozet— Bu makalenin amaci, dért yaygin otoimmiin hasta-
g1 olan hastalarda elektrokardiyogram (EKG) ve kalp hizi
degiskenligi (HRV) Olcumlerinin potansiyel klinik faydasi
hakkinda guncel bilgileri 6zetlemektir: Dahil edilen hasta-
liklar icerisinde romatoid artrit (RA), sistemik lupus erite-
matozus (SLE), Behget hastalgi (BH) ve sistemik skleroz
(SSc) yer almaktadir. Otoimmdin hastaliklar, EKG, HRV ile
iligkili terimler kontrollt bir kelime haznesi kullanilarak Pub-
Med, Embase ve Scopus veritabanlarinda arama yapildi.
ingilizce olarak yayinlanan tam metin ve makaleler dikkate
alindi. Hastaliklarin kalp tGzerindeki dogrudan etkisini ince-
leyen 20 yayinin hepsi sistematik bir inceleme protokolline
gore secildi. Zaman frekansi alan analizi, segili otoimmun
hastaligi olan hastalarda HRV parametrelerinin kontrol
gruplarina gore daha disuk oldugunu ortaya koydu. Hasta
grubunda, ani kardiyak 6lum icin risk faktorleri olarak bili-
nen QT dispersiyonu ve kalp hizina gére dizeltiimis QT
(QTe) artisi gézlendi. Bazi ¢alismalarda, hastaligin siresi
ile aktivitesi arasinda bir korelasyon gordllrken, digerleri
icin boyle bir iliski rapor edilmedi. Kalp hizi tirbulans para-
metreleri de incelendi. SLE ve SSc hastalarinda tirbilans
baslangici yiksekken, SLE hastalarinda tarbdlans egimi
azdi. BH hastalarinda bu parametrelerde anlamli bir de-
gisiklik yoktu. Otoimmun hastaligi bulunanlar, otonomik
kalp fonksiyon bozuklugunu gdésteren anormal HRV ve
EKG parametreleri gosterir. Bu parametrelerin élgimd,
otoimmiin hastaligi olgularinda, bazi bozukluklarin tani ve
tahmininde faydali bir klinik arag¢ olabilir. Bu sinyallerin her
ikisi de doktorlara regeteli ilaglarin etkinligini izlemeleri icin
yardimci bilgiler saglayabilir.

harmful organisms and materials. Autoimmune dis-
eases (ADs) occur when the body’s immune system
goes awry and mistakenly attacks organs, tissues, and
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joints. So far, more than 100 ADs have been iden-
tified. Some of these diseases, such as rheumatoid
arthritis (RA), type 1 diabetes mellitus, multiple scle-
rosis, systemic lupus erythematosus (SLE), ulcerative
colitis, Crohn’s disease, and systemic sclerosis (SSc)
are commonly known, but many others are less often
seen and more challenging to diagnose.!'”! The causes
of ADs are mostly unknown. However, an interaction
between genetic and environmental factors is evident
in the occurrence of these diseases.*!

There is significant behavioral variation among
ADs. In general terms, ADs can be divided into 2
broad types: organ-specific and systemic. In organ-
specific disorders, the autoimmune process primarily
targets a single organ. Some of the disorders that fall
into this category include Hashimoto’s thyroiditis,
type 1 diabetes, and pernicious anemia. In systemic
diseases, the autoimmune activity is widely spread
throughout the body. Examples include Behcet’s dis-
ease (BD), SLE, RA, and dermatomyositis.”" The
classification of ADs and common diseases in each
class are illustrated in Figure 1.

Cardiovascular disease (CVD) and ADs are among
the most common causes of morbidity and mortality in
developed countries.® Research has shown that the
severity and probability of developing many CVDs,
including atherosclerosis, myocardial infarction, my-
ocarditis, cardiomyopathy, heart failure, and sudden
cardiac death (SCD), was greater in patients with ADs.
®.101 There is substantial evidence that ADs play an es-
sential role in the pathogenesis of inflammatory heart

Autoimmune diseases

Organ-specific Systemic autoimmune

autoimmune diseases diseases

+ Type-1 diabetes mellitus + Rheumatoid arthritis

» Graves’ disease « Systemic lupus

+ Hashimoto’s thyroiditis erythematosus

+ Autoimmune pernicious + Systemic scelorosis
anemia « Behcet’s disease

+ Autoimmune Addison’s + Sjogeren’s syndrome
disease + Polymyalgia rheumatica

+ Autoimmune hepatitis

Figure 1. Classification of autoimmune diseases and com-
mon diseases of each class.
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of the eye."”! Leading causes of death in patients with
ADs include an imbalance in the SANS, the PANS
becoming overwhelmed or lost, and the increased risk
of CVD.l'e!"

Rheumatological disorders can directly affect the
myocardium, heart valves, pericardium, conduction,
and vascular systems. While cardiovascular manifes-
tations may be mild and clinical in patients with an
AD, the same fact can significantly increase mortality.
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Therefore, early diagnosis and treatment are impor-
tant.'®!

Cardiac function and the progression or improve-
ment of heart-related diseases are assessed using
various methods of imaging and signal processing.
A glimpse at the research on signal processing shows
that behavioral and functional analysis of the heart
is primarily based on electrocardiogram (ECG) and
heart rate variability (HRV) signals. Each of these
may be used individually, depending on the nature
of the disease and the subject matter; however, the
combined results can also be helpful. Examination
of ECG morphology can reveal whether an increase
in HRV values is due to a problem like atrial fibril-
lation."”! ECG has the potential to detect cardiovas-
cular involvement due to an AD, including rhythm
disturbances and underlying repolarization abnor-
malities 202

Perhaps the simplest and most basic method of
evaluating ECG and HRYV is to extract their properties
in the time domain. In a continuous ECG, each QRS
complex is detected, and the normal-to-normal (NN)
interval, which is a result of sinus node depolarization,
is measured. Additional features based on the distance
between other QRS complex waves, their amplitudes,
and statistical characteristics can be used to obtain ad-
ditional information from the ECG signal./*!

The analysis of HRV is another non-invasive
method to assess the function of the ANS used in var-
ious clinical conditions, such as stress recognition,
heart attack, epileptic seizure classification and pre-
diction, mortality prediction, etc.?**! HRV reflects
the balance between the SANS and PANS .B!521 HRV
may be analyzed based on short-term (~5 minutes),
ultra-short-term (<5 minutes), or long-term 24-hour
recordings. Therefore, different tools, such as statisti-
cal analysis, time-domain analysis, frequency-domain
analysis, nonlinear processes, and geometric charac-
teristics, are used in various applications.*-3¢

Time-domain parameters extracted from HRV data
quantify the variation in the period between succes-
sive heartbeats. Frequency-domain parameters esti-
mate the distribution of absolute or relative power of
4 frequency bands: ultra-low-frequency (ULF), which
is less than 0.003Hz; very-low-frequency (VLF),
which is limited to 0.0033-0.04 Hz; low-frequency
(LF), which comprises the band of 0.04-0.15Hz;

and high-frequency (HF), which is the range of 0.15-
0.40 Hz. Each of these frequency bands represents the
performance of 1 or more activities controlled by the
SANS, PANS, or both.['*!

To extract non-linear properties, one of the most
commonly used methods in the analysis of HRV is the
Poincaré plot. It is a geometric technique used to rep-
resent the dynamics of HRV. Each RR interval is plot-
ted as a function of the previous RR interval, which
makes it possible to evaluate the pattern of points
qualitatively through the computation of SD indexes.
37 Usually, an ellipse can be fit to the scatterplot, and
SD1 describes the variablility perpendicular to the
line-of-identity, while SD2 represents the SD of the
Poincaré plot points along the line-of-identity.l*®! SD1
represents short-term HRV and long-term changes in
the HRV are denoted by SD2.

Another indicator used to evaluate HRV is heart
rate turbulence (HRT). HRT consists of 2 parameters:
turbulence onset (TO), which reflects the immedi-
ate PANS-mediated response of the heart rate to the
loss of cardiac output associated with a premature
ventricular contraction (PVC), and turbulence slope
(TS), which captures the slope of the return to base-
line heart rate after a PVC, and is believed to reflect
the baroreflex function."” This review is a summary
of current knowledge about the scientific findings and
methodological approaches to the diagnosis of ADs
based on ECG and HRV measures.

METHODS

Study selection

Considering the broad behavioral patterns of ADs, 4
were chosen for this review from among the systemic
diseases that have a greater history of affecting the
heart and the ANS. Studies were selected that investi-
gated ECG and HRV results in patients with the ADs
of RA, SLE, BD, and SSc. Case series and letters to
the editor were not included. A total of 497 records
(including duplicates) were identified in the first step
of the search. Several studies have investigated the
effects of medicines, antibodies, and changes to life-
style (smoking, exercise, etc.) on the ECG and HRV
of AD patients. However, many of these articles were
cross-sectional or longitudinal studies, which are not
suited to the purpose of this article. Therefore, they
were omitted. In all, 20 articles were summarized for
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Papers were identified
in PubMed, Scopus and
Embase databases (n=497).

Screening was performed
to remove duplicates,
conferences, articles not
written in English, cross-
sectional and longitudinal
studies, short articles, letters
to the editor, and case
studies (n=88).

20 articles were selected
for review.

Articles that considered
other influential factors, such
as medicine, exercise, or
antibodies, were discarded
(n=20).

Figure 2. Flowchart of the method used to select articles for this review.

this review. Selected articles examined the direct ef-
fect of the AD on the heart.

Details of the information sources, search strategy,
and methodology are shown in Figure 2. The length
of the ECG recording and the number of leads used
varied among the studies. While it is preferable to
compare records using similar conditions, due to the
limited number of articles for each of the ADs dis-
cussed, all of the cases were included.

The studies were organized under the following
headings: study (first author and year of publication),
group (characteristics of the patients and controls, if
applicable), method (ECG, HRV, and HRT parameters
assessed) and results (comparison of extracted fea-
tures in patients and controls, relationships between
HRYV and other studied factors).

Data items and collection

Definitions for all ECG, HRV, and HRT measure-
ments included in the review are shown in Table 1.

OVERVIEW OF SELECTED STUDIES

This section provides a brief explanation of each AD
selected and a discussion of related articles examin-
ing changes in ECG, HRV, and HRT. A summary of
the findings of the studies considered is presented in
Table 2.

Rheumatoid arthritis

RA is a systemic AD known for inflammation and
pain in the joints, but it can also affect other parts
of the human body, including the eyes, heart, lungs,
and brain. A large number of people around the world
face a type of rheumatic disease like RA.P¥ RA is a
chronic, long-term illness that differs from 1 patient

to another and has no specific pattern. The incidence
varies and can be very unpredictable. The disease usu-
ally begins slowly, without any significant symptoms.
It may take a few weeks or months before an immune
rebound passes through the body without the individ-
ual being aware of it.

Patients with RA often have atherosclerosis, which
leads to an increased risk of death. However, the
mechanism of the complications of the disease on the
heart, disorders, and arrhythmias of the heart is still
not fully understood, and the processes that cause ath-
erosclerosis in this case are mainly unknown. What
is certain is that progression of the disease and its in-
flammatory nature lead to the formation of vascular
plaques of atherosclerosis. "

Goldeli et al.**! examined dispersion of ventricular
repolarization values, which are utilized to assess the
risk for ventricular arrhythmias in patients with RA.
A total of 42 patients with RA and 42 healthy, age-
matched control subjects were studied. ECG variables
of QT, QTc, and QTd were calculated from 12-lead
ECG recordings. The results showed that increases in
QTd indicated regional inhomogeneity of ventricular
repolarization in patients with RA.

Alkaabi et al.¥ measured the extent of subclini-
cal atherosclerosis in patients with RA compared with
controls to evaluate potential vascular risk factors.
Forty RA patients were compared with an age- and
sex-matched control group of the same size. The QTd
was evaluated along with some other physiological
traditional risk factors, such as high blood pressure,
blood sugar, lipids, and steroid use. An increased QTd
in RA patients indicated a greater risk of subclinical
vascular disease.
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Table 1. Electrocardiogram, heart rate variablility, and heart rate turbulence measurements and the physiological

meaning

Variable

Definition and characteristics

Physiological meaning

Electrocardiogram
QT interval

QTc

QTd

QTe-d

JT

JTe

JTd

JTe-d

Heart rate variability

SDNN (ms)
SDNNI (ms)

SDANN (ms)

SDSD (SD) (ms)

RMSSD (ms) (MSSD)

pNN50 (%)

HRYV triangular index

TP (ms)?

ULF (ms)?

VLF (ms)?

The time interval from the start of the Q wave
to the end of the T wave

Corrected QT interval

Estimates the QT at a standardized heart rate
of 60 bpm

QT dispersion

Difference between the most extended
(QTmax) and the shortest (QTmin) QT intervals
Corrected QT dispersion

QTc-d=Max QTc-Min QTc

The interval from the J point (i.e., the end of
QRS) to the end of the T wave

Corrected JT interval

JTc=QTc-QRS duration

JT dispersion

JTd=Max JT-Min JT

Corrected JT dispersion

JTc-d=Max JTe-Min JTc

The SD of all NN intervals

SDNN index

The mean of the 5-minute SD of NN intervals
calculated over 24 hours

The SD of the average NN intervals, measured
for 5-minute segments during a 24-hour
recording

The SD of differences between adjacent

NN intervals

The root mean square of differences of
successive NN intervals

Percentage of pairs of adjacent NN intervals
differing by more than 50 milliseconds

Total NN intervals number/height of the
histogram of all NN intervals

Total power

Usually log-transformed for parametric
statistical analysis

Ultra-low-frequency power

Usually log-transformed for parametric
statistical analysis

Very-low-frequency power

Usually log-transformed for parametric
statistical analysis

Shows the duration of ventricular
depolarization and subsequent repolarization
Prolongation of QTc is known as a risk factor
for SCD

Reflects regional differences in ventricular
repolarization. Increased QTd is known as a
risk factor for SCD

Reflects inhomogeneity of repolarization and
is a measurable index of ventricular
arrhythmia risk

Reflects the transmural dispersion of
repolarization

Reflects the duration of ventricular
repolarization

Prolonged JTd is a risk factor for arrhythmic
cardiac death

Prolonged JTc-d is a risk factor for arrhythmic
cardiac death

An estimate of overall HRV
Measures variability due to cycles shorter than

5 minutes

Primarily reflects total circadian rhythms and
physical activity

Reflects PANS activity
Reflects PANS activity
Reflects PANS activity
An estimate of overall HRV without requiring

detailed beat-by-beat scanning
The variance of all NN intervals

Reflects circadian and ultradian rhythms

Reflects PANS activity and the effect of the
renin-angiotensin system on heart rate. VLF
power band represents HRV between 0.003
and 0.04 Hz
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Table 1. Electrocardiogram, heart rate variablility, and heart rate turbulence measurements and the physiological

meaning (continuation)

Variable Definition and characteristics Physiological meaning
LF (ms)? Low-frequency power Often reflects the combination of SANS and
Usually log-transformed for parametric PANS activity, including baroreflex functioning.
statistical analysis LF power band represents HRV between 0.04
and 0.15 Hz
HF (ms)? High-frequency power Reflects PNS activity. Reflects respiratory
Usually log-transformed for parametric sinus arrhythmia-derived heart rate changes.
statistical analysis HF power band represents HRV between 0.15
and 0.4 Hz. HF band is different in infants and
children due to higher respiratory rates
LF/HF ratio Low-frequency power/high-frequency power Often reported as reflecting the SANS/PANS
ratio or sympathovagal balance
LF (nU) Normalized low-frequency power Reflects SANS activity, but the interpretation
of this index is controversial
HF (nU) Normalized high-frequency power Reflects PANS activity
SD1 Standard deviations of the Poincaré plot Reflects an estimate of short-term HRV
SD2 Standard deviations of the Poincaré plot Reflects an estimate of long-term HRV

Heart rate turbulence

TO (%)

TS (ms/beat)

Calculated from average of at least 5 PVCs;
may be assumed to be healthy if <5 PVCs
observed in 24-hour Holter monitoring

Turbulence onset

Percentage change in the 2 normal NN intervals
after a PVC when compared to the 2
immediately preceding NN intervals; normal if O
Turbulence slope

The threshold for an abnormal value of TS,
associated with increased risk of cardiovascular
events, is population dependent

(usually <2.5 ms/beat among cardiac patients).

Based on heart rate responses to PVCs,
which represent a sort of stress test for the
cardiovascular system, as PVCs are associated
with a fall in cardiac output for that beat
Reflects the ability of the PNS to increase
heart rate in immediate response to the loss of
cardiac output with the PVC (sinus rhythm
acceleration after PVC)

Based on the slope of the recovery of heart
rate to baseline and is believed to reflect
slower-acting SNS (sinus rhythm deceleration
after PVC)

NN: Normal-to-normal; nU: Normalized units; PANS: Parasympathetic nervous system; PVC: Premature ventricular contraction; SANS: Sympathetic auto-

nomic nervous system; SCD: Sudden cardiac death.

Pirildar et al.*! assessed the affect of secondary
Sjogren’s syndrome (SjS) on QTd and QTc in patients
with RA. The study included 58 patients with RA di-
vided into 2 groups according to the presence of sec-
ondary SjS and 29 healthy subjects as the controls.
All of the patients demonstrated significantly longer
QTd and QTc values, and those of RA patients with
secondary SjS were substantially longer than those
without SjS.

Evrengiil et al.*! examined the difference in HRV
of patients with RA in comparison with the healthy
population. They performed a short-term, time-fre-
quency analysis of HRV in 42 patients with RA and
44 healthy, matched controls. Although the patients

displayed a higher pNN50 and RMSSD than healthy
individuals, the differences were not statistically sig-
nificant. In the frequency-domain analysis, reduced
HF and higher LF values were seen in the RA patients.
Moreover, the LF/HF ratio, which represents sympa-
thovagal modulation, was significantly increased in
the patient group. Briefly, it could be concluded that
an increase in sympathetic control of the heart rate is
demonstrated in patients with RA.

Anichkov et al.*” investigated HRV parameters
in patients with RA and assessed their relationship to
disease characteristics. Twenty-three female patients
with RA and without CVD and 23 age- and gender-
matched healthy controls were evaluated. The param-
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Table 2. Electrocardiogram, heart rate variability, and heart rate turbulence findings in patients with autoimmune
diseases in the studies reviewed

Study (type)

Group

The method, and ECG,
HRV, and HRT
parameters assessed

Results of measurements

Rheumatoid arthritis
Goldeli et al.l*

Alkaabi et al.#4

Pirildar et al.*3

Evrengl et al.l*!

Anichkov et al.®#"

Anichkov et al.®el

Rensburg et al.[*!

Behcet’s disease
Kirimli et al.l

Aytemir et al.5¢!

Akci et al.5

Systemic lupus
erythematosus
Lagana et al.[s¥

n=42 RA (32 F; age: 44+4.8
years)
n=42 healthy (age-matched)

n=40 RA

n=42 healthy (age-matched)
n=58 RA (divided into 2
groups according to presence
of secondary SjS)

n=29 healthy (age-matched)
n=42 RA

n=44 healthy (age-matched)

n=23 RA (all F; age: 48+7
years)
n=23 healthy (age-matched)

n=90 RA (all F)
n=30 healthy (age-matched)

n=45 RA (all F)
n=39 healthy (age-matched)

n=28 BD (12 F; age: 37+13
years)

n=25 healthy (age-matched)
n=71BD

n=26 healthy (age-matched)

n=40 BD (20 F; age 40+9
years)

n=20 healthy

(all M; age 3918 years)

n=20 SLE (all F)
n=20 healthy (age-matched)

12-lead ECG and 24-h
ambulatory ECG recordings:
QT, QTc, JT, and JTc (QTd,
QTc-d, JTd, and JTc-d)
ECG: QTd

ECG: QTd and QTc

HRV parameters:
pNN50, RMSSD, LF, HF,
LF/HF ratio

24-h Holter ECG recordings
HRV parameters:

Mean NN, SDNN, RMSSD,
SDANN, SD1, SD2,
SD1/SD2 ratio

5-min and 24-h ECG
recordings

HRYV parameters:

SDNN, RMSSD, pNN50
LF, HF, LF/HF ratio, SD1,
SD2, SD1/SD2 ratio

HRV parameters:
SDNN, pNN50
LF, HF, SD1, SD2

SAECG: QTd
HRYV parameters

HRYV (supine and standing
positions): LF, LF (nU), HF,
HF(nU), and LF/HF

24-h Holter ECG
HRT parameters: TO and TS

24-h ambulatory ECG
recordings:

HRYV parameters: SDNN,
pNN50, LF, HF

1QTd compared with healthy group

1QTd compared with healthy subjects

1QTd and QTc vs healthy group
1QTd and QTc in RA patients with secondary
SjS vs those without SjS

1pPNN50 and RMSSD vs healthy subjects
VHF, 1LF, and 1LF/HFin RA patients

There was an increase in sympathetic control
of the heart rate in patients with RA.

| SD2 compared with healthy group

SD1 significantly correlated only with disease
duration. In RA patients, reduced HRV was
independently associated with high disease
activity and smoking.

| HRV compared with healthy subjects (p<0.05)
In 5-min ECG analysis: SDNN, RMSSD,
pNN50), LF, HF, SD1, and SD2 negatively
correlated with erythrocyte sedimentation rate
(p<0.05). All HRV parameters except pNN50
had a strong negative correlation with disease
activity score. LF and HF levels depended on
age. In 24-h ECG analysis: SDNN, RMSSD,
pNN50 showed a negative correlation with
disease activity score and erythrocyte
sedimentation rate.

In the supine position, RMSSD, pNN50, SD1,
and HF were significantly lower in the RA
group. SD2 and LF were significantly lower in
RA patients compared with controls.

1QTd compared with healthy subjects

HRV measures do not suggest a definite
autonomic abnormality in BD.

In supine position: 1LF, LF (nU) and |HF,
HF(Nu) compared with healthy controls
(p<0.05). 1LF/HF in both positions compared
with healthy.

There were no significant differences in HRT
values between BD patients and the control
subjects.

VHRV parameters except 1pNN50 compared
with healthy group
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Table 2. Electrocardiogram, heart rate variability, and heart rate turbulence findings in patients with autoimmune

diseases in the studies reviewed (continuation)

Study (type) Group The method, and ECG, Results of measurements
HRV, and HRT
parameters assessed
Huang et al.[®®! n=20 SLE 15-min ECG in supine left | Indices of the time domain of HRV

Milovanovic et al.®®

Aydemir et al.®”

Yorgun et al.[®!

Poliwczak et al.l?

Systemic sclerosis
Ferri et al.[’%!

Othman et al."®

Bienias et al.'””]

Bienias et al.®

n=20 healthy (all F; age-
matched)

n=52 SLE (46 F)

n=36 RA (32 F)

n=41 healthy (17 F)

n=38 SLE

n=26 RA

n=40 healthy (age-matched)
n=36 SLE (25 F;

age 34.2+10.2 years)

SLE duration (8.4+4.0 years)
n=32 healthy (23 F;

age 35+10.3 years)

n=26 SLE (all F;

age 34.2+10.2 years)
SLE duration: 11.52+7.42
years

n=30 healthy (all F;

age: 35+10.3 years)

n=30 SSc (26 F;

age: 45.2+9 years)

n=30 healthy (age-matched)
n=30 SSc

n=15 healthy (age-matched)

n=46 SSc (40 F;
age: 54.6+14.7 years)
n=30 healthy (age-matched)

n=76 SSc (age: 51.9+13.1)
n=70 SLE (age: 46.5+12.7)
n=45 healthy (age-matched)

lateral, and right lateral
positions

HRV parameters: LF, LF (nU),
HF, HF(nU), and LF/HF ratio

24-h Holter ECG: QTc and
HRYV parameters: Poincare
plot analysis

6-channel ECG

HRV parameters: LF, HF,
and LF/HF ratio

24-h Holter ECG: QTd, HRV
parameters: SDNN, SDANN,
RMSSD, pNN50, LF, HF,
LF/HF ratio

HRT parameters: TO and TS

24-h ambulatory ECG
recordings
HRT parameters: TO and TS

24-h Holter ECG
HRV parameters

24-h Holter ECG
HRV parameters

24-h Holter ECG,
HRV parameters
HRT parameters: TO and TS

24-h Holter ECG,
HRV parameters
HRT parameters: TO and TS

| LF, and HF (nU) compared with healthy group
In the right lateral position: 1HF, HF (nU), and
| LF/HF ratio compared with supine position
The lower the HF (nU) in the supine position,
the greater the increase in HF (nU) when the
position was changed from supine to the right
lateral.

1QTc in SLE

JHRV in RA and SLE compared with healthy
group. The reduction was greater in RA patients.
No relationship between autonomic
neuropathy and disease duration and
disease activity

| SDNN, SDANN, RMSSD, PNN50, HF, and
TLF and LF/HF ratio compared with healthy
group

HRT onset and HRT slope significantly less
negative in SLE

1QTd in SLE

1TO in SLE

No differences in TS

| SDANN, RMSSD, and pNN50 compared
with healthy group

The results were similar for the whole day.

A positive correlation was seen between
disease duration, SDNN, and SDANN.

There was a negative correlation between
LF/HF and RMSSD, pNN50, and HF values.

THeart rate and | circadian and spectral
parameters of HRV in SSc patients
compared with controls

Significant impairment of all HRV parameters
in the SSc patients

No correlation was seen between arrhythmia
and HRV parameters and disease duration
and type.

tMedian TO and |median TS in SSc patients
compared with controls

42% of SSc patients had abnormal HRT
There was a negative correlation between
disease duration and HRT values.

| HRV parameters in SSc patients compared
with controls.

Significant correlations between HRT and
HRV parameters.

Prolonged QTc intervals in SLE patients
Significant correlations between QTc length
and HRV indices.

SSc and SLE subjects had impaired
sympathetic cardiac autonomic modulation.

BD: Behcet's disease; ECG: Electrocardiogram; F: Female; HF: High-frequency; HRT: Heart rate turbulence; HRV: Heart rate variation; JTc: Corrected JT interval; JTc-d:
Corrected JTd; JTd: JT dispersion; LF: Low-frequency; NN: Normal-to-normal; nU: Normalized units; PNN50: Percentage of pairs of adjacent NN intervals differing by
more than 50 ms; QTc: Corrected QT interval; QTd: QT dispersion; RA: Rheumatoid arthritis; SAECG: Signal averaged electrocardiography; SjS: Sjogren’s syndrome;
SLE: Systemic lupus erythematosus; SSc: Systemic sclerosis; TO: Turbulence onset; TS: Turbulence slope.
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eters used for the time-domain analysis were SDNN,
SDANN, and RMSSD. The Poincaré plot param-
eters of SD1, SD2, and the ratio of SD1/SD2 were
also measured to determine the short- and long-term
changes in HRV. The HRV parameters, with the ex-
ception of SD2, were significantly lower in the RA
patients compared with the control group.

Anichkov et al.*® continued their research of HRV
in RA patients with a study of 5-minute and 24-hour
ECG recordings of 90 female patients with RA and
30 healthy subjects as the control group. The time-
domain indices of SDNN, RMSSD, pNN50, and fre-
quency-domain parameters of LF, HF, LF/HF ratio,
and nonlinear indices such as SD1, SD2, SD21 ex-
tracted from 5-minute ECG recordings and the time-
domain indices from 24-hour ECG recordings of both
groups were compared. RA patients had a lower HRV
in comparison with the control subjects. The LF and
HF values depended on age. The authors reported that
reduced HRV was associated with inflammation ac-
tivity in RA patients.

Rensburg et al.*! compared the autonomic car-
diac control of women with RA with that of a healthy
control group based on a time-frequency analysis and
Poincaré plot analysis of HRV. The basal heart rate was
significantly higher in the RA patients and significant
differences were observed between RA patients and
controls in the supine position (p<0.01). The RMSSD,
pNNS50, SD1, and HF indicators of parasympathetic
activity were significantly lower in the RA group. The
indicators of sympathetic change of SD2 and LF were
also considerably lower in the RA patients compared
with the controls.

Behcet’s disease

BD was named after the Turkish dermatologist Hulusi
Behcet, who first described the disease in 1937. BD
is a chronic inflammatory disease that can affect any
organ system. BD is characterized by oral aphthous
ulcers, mucosal lesions of the skin, joint and vessel
involvement, uveitis, and epididymitis. The disease is
more prevalent in areas along the ancient Silk Road
extending from the Far East to the Middle East and the
Mediterranean. BD is commonly seen in Turkey, Iran,
China, North Korea, and Japan. Cardiac involvement
is variable and seen in 7% to 46% of patients. It may
lead to myocardial infarction, pericarditis, aneurysm,
or congestive heart failure.>°->"

Kirimli et al.’¥ studied 33 patients with BD and
25 age- and sex-matched control subjects. Their goal
was to evaluate myocardial involvement in patients
with BD by measuring signal-averaged electrocar-
diography (SAECG), QTd, and HRV parameters.
They focused on the PQRST complex and RR inter-
vals. Their results revealed that patients with BD had
significantly increased QTd and a high incidence of
positive late potentials and more complex ventricular
arrhythmias. The HRV measures did not suggest an
apparent autonomic abnormality in BD.

Aksoyek et al.>! evaluated ANS function in pa-
tients with BD. They used the time-frequency method
and power spectral analysis to assess HRV. A total of
71 patients with BD and 26 healthy volunteers were
studied. HRV was measured in the supine and stand-
ing position. In the supine position, BD patients had
increased LF and LF normalized units (nU) but lower
HF and HF (nU) values than the healthy group. In the
standing position, BD patients had higher LF and LF
(nU) values, but lower HF and HF (nU) values. The
LE/HF ratio, which estimates the ratio between the
SANS and PANS, was significantly higher in the BD
patients in both the supine and standing positions. The
authors concluded that patients with BD might have
an asymptomatic ANS dysfunction.

Akci et al.'® investigated the cardiac autonomic
activity of 40 BD patients, and 20 gender- and age-
matched healthy volunteers. The analysis was based
on the HRT parameters of TO and TS, which are be-
lieved to be predictors of cardiac autonomic activity
and mortality. All of the subjects underwent a 24-hour
Holter ECG. No significant differences were seen in
TO and TS values between the patients with BD and
the control subjects.

Systemic lupus erythematosus

SLE is a systemic AD that can involve several organs,
but in particular affects the skin, joints, blood, kid-
neys, and central nervous system. The disease appears
to be more common in African-Americans, Spaniards,
Asians, and Native Americans.%'%% Pericarditis is the
most common cardiac disorder in patients with SLE,
but lesions of the valves, myocardium and coronary
vessels may also occur.[%!

Lagana et al.'® assessed the HRV of 20 patients
with SLE and 20 age- and sex-matched healthy sub-
jects using 24-hour ambulatory ECG monitoring. The
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ECG and HRV measures of SDNN, LF, and HF power
were significantly decreased in SLE patients when
compared with healthy subjects. As a potential means
of better evaluation of abnormal HRV in SLE patients,
technetium sestamibi (Tc-99m MIBI) single-photon
emission computed tomography (SPECT) imaging
taken at rest and after dipyridamole infusion was an-
alyzed. Abnormal Tc-99m MIBI SPECT results were
observed in 15 of the 20 SLE patients. The authors
hypothesized that Tc-99m MIBI SPECT could reveal
microvascular disease or metabolic alterations in SLE
patients with abnormal HRYV, even if the patients do
not show any symptoms of heart disease.

Huang et al.® assessed the ECG results of SLE
patients according to the position used during ex-
amination. The study group consisted of 35 female
SLE patients and 33 healthy, age-matched, female
subjects. After a 5-minute rest, 15-minute ECG trac-
ings were obtained in the supine, left lateral, and right
lateral positions. The measured parameters were the
SDNN, VLF power, LF power, HF power, LF/HF ra-
tio, LF (nU), HF (nU), and VLF (nU). HRV param-
eters [VLF, LF, HF, VLF (nU) and LF (nU)] did not
show any correlation with disease activity. The re-
sults demonstrated that patients with SLE had lower
HF (nU) power and higher VLF (nU) in the supine
position when compared with the controls. Also, HF
power and HF (nU) power were more significant in
SLE patients, while the LF/HF ratio was lower in the
right lateral position than in the supine position.

Milovanovi¢ et al.® presented a time-frequency,
non-linear analysis of HRV in 2 ADs, with 52 patients
with SLE, 38 patients with RA, and 41 age-matched
healthy subjects. The HRV was assessed using the
2 protocols of standard 12-lead ECG recordings (10
minutes, probably in supine position) and 24-hour
ambulatory ECGs. Short-term analyses indicated that
SDNN, pNN50, and RMSSD ECG parameters were
lower in SLE and RA patients. Moreover, spectral
parameters of VLF, LF, and HF were significantly
different in patients with SLE or RA compared with
controls. The LF values were higher in SLE patients
compared with both the healthy subjects and RA pa-
tients. Non-linear analysis of the 10-minute HRV us-
ing Poincaré plot parameters showed that HRV values
were dominant in SLE and RA patients compared
with the controls. Long-term HRV analysis found that
SDANN, RMSSD, LF, and the geometric parameter

of the triangular index were different between SLE
and RA patients and controls. In general, HRV values
tended to be lower in the SLE patients when compared
with the healthy control group. Similar results were re-
ported for RA patients. RMSSD tended to be higher in
RA patients than in the control group or SLE group.

Aydemir et al.*”! evaluated the HRV of 38 SLE
patients, 36 RA patients, and 40 sex-matched healthy
subjects based on 6-channel ECG recordings. The
spectral analysis of HRV and related parameters of LF,
HF, and the LF/HF ratio were measured. They evalu-
ated the effect of body position on HRV using a tilt
table test and the supine resting position. In the supine
position, SLE and RA patients demonstrated lower
LF values compared with the controls. HF power in
the supine position did not differ significantly in ei-
ther patient group when compared with the control
group. The results obtained for the tilt position were
similar to that of the supine position. In both patient
groups, the HF value was lower in the tilt position
compared with the control group. However, there was
a significant decrease in LF power after the tilt posi-
tion in SLE patients, while a substantial increase was
reported in the LF of the controls. RA patient results
did not show any significant difference in LF in the tilt
position. There was a significant change in HF power
after the tilt test in both SLE and RA patients, while
no change was seen in the healthy subjects. In healthy
subjects, the increase in LF/HF ratio with tilting was
significant, while this parameter in SLE and RA pa-
tients demonstrated a smaller increase.

Yorgun et al.'®® investigated 36 patients with SLE
and 32 individuals matched for age, sex, and body
mass index using 24-hour ambulatory ECG record-
ings. Time-frequency analysis of HRV measures was
performed. Several measures of HRV were decreased
among patients compared with controls, including
SDNN, SDANN, RMSSD, pNN50, and HF. The re-
sult showed that the LF value and the LF/HF ratio
were significantly higher in SLE patients when com-
pared with the controls. The results showed a positive
correlation between the LF/HF ratio and disease dura-
tion (p=0.06) and activity (p=0.07). The authors also
evaluated HRT parameters. A positive correlation of
TO and disease activity (p=0.054) was seen, but not
between TS and disease activity (p=0.176).

Poliwczak et al.'®! compared 26 SLE patients
with 30 healthy age- and sex-matched subjects using
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24-hour ambulatory ECG monitoring. The HRV and
HRT analysis included 3 separate periods: a) entire
day, b) daytime activity (between 8:00 am and 12:00
pm), and c) nighttime rest (between 12:00 and 4:00
am). In the 24-hour analysis, HRV parameters, with
the exception of LF and the LF/HF ratio, were signif-
icantly lower in the SLE patients. Daytime and night-
time activities were similar for the entire period. The
results revealed that although HRV parameters had a
circadian pattern for both groups, circadian changes
in the pNNS50 and LF were not significant for the SLE
patients.

Systemic sclerosis

SSc or systemic scleroderma is an AD of the con-
nective tissue. The word “scleroderma” means “hard
skin” in Greek, and this condition is characterized by
tissue fibrosis in the skin and other organs. Thicken-
ing of the skin occurs due to the accumulation of col-
lagen and damage to the small arteries. Fibrosis may
also affect organs other than the skin."””

Cardiac involvement is one of the common com-
plications of SSc, although it is often difficult to di-
agnose. If diagnosed promptly, these complications
can often be controlled and even treated.” SSc can
cause a variety of cardiac disorders, including coro-
nary heart disease (associated with cardiac ischemia),
myocardial fibrosis, left ventricular systolic dysfunc-
tion, left ventricular diastolic dysfunction, pericardial
disorders, and conduction disorders. Such a variation
in cardiac involvement leads to a high mortality risk
in SSc patients.”>7 Therefore, recognizing cardiac
effects is very important in the treatment of SSc pa-
tients.

Ferri et al.'! investigated the autonomic nervous
control of the heart in patients with SSc. The HRV
of 30 SSc patients (4 males; mean age: 45.2+9 years)
and 30 healthy, age-matched subjects was analyzed
using time-domain and spectrum analysis of 24-hour
ECG ambulatory recordings. The results revealed a
significantly higher heart rate and lower circadian and
spectral parameters of HRV in SSc patients compared
with controls.

Othman et al."® evaluated cardiac autonomic con-
trol and cardiac function in 30 SSc patients and 15
healthy, age- and sex-matched controls. The HRV of
the patients was analyzed using 24-hour Holter mon-
itoring results in time and frequency domains. The

results revealed highly significant impairment in all
HRYV parameters of the SSc patients. No correlation
was reported between arrhythmia and HRV parame-
ters, SSc duration, or type.

Bienias et al.””! focused on HRT evaluation of
SSc patients to assess the cardiac autonomic nervous
function. A total of 45 patients (40 women; mean
age: 54.6x£14.7 years) and 30 age- and sex-matched
healthy controls underwent 24-hour Holter monitor-
ing for HRT assessment and time- and frequency-do-
main HRV analysis. The reported results showed that
the median TO was higher in SSc patients, and that
the median TS was lower. In all, 42% of SSc patients
had abnormal HRT findings. Moreover, disease dura-
tion had a negative correlation with HRT values. All
of the HRV parameters were significantly lower in the
SSc patients compared with the controls. There were
significant correlations between the HRT and HRV
parameters and the presence of SSc.

Bienias et al.”® also examined 86 adult SSc pa-
tients, 76 patients with SLE, and 45 healthy controls
using 24-hour Holter monitoring and time-domain
analysis of HRV and HRT. There was a frequent in-
cidence of various supraventricular and ventricular
arrhythmias among the SSc patients. The SLE pa-
tients also demonstrated prolonged QTc intervals and
significant correlations between QTc length and HRV
indices. Both the SSc and SLE patients had impaired
sympathetic cardiac autonomic modulation, while in-
dices associated with PANS activity in SLE were not
diminished.

DISCUSSION

Research about the effects of ADs on the heart can be
divided into 2 broad categories: Studies that directly
assessed the ECG as a benchmark, and other research
that focused on HRV parameters. The results of most
of the reviewed studies based on ECG analysis indi-
cated that ADs are associated with increased QTd and
QTc,#3#65767 which is well-known as a risk factor of
SCD."-81 It has been shown that the QTc interval is
one of the main manifestations of cardiac autonomic
neuropathy.

It is difficult to calculate the QT distance in normal
conditions, as there may be confusion due to noise or
other interference, given the small size of the wave.
An error in the calculation of the QT interval can lead
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to an incorrect interpretation of the results. If the pa-
tient has a CVD, this parameter may be even harder
to calculate. However, when adequately determined,
it can be an indicator of cardiac toxicity from many
different medications, underlying cardiac conduction
disease, or development of torsades de pointes, which
is a potentially fatal cardiac dysrhythmia.’82#

More articles evaluated HRV than ECG findings.
One reason for analysis of HRV is that it uses the RR
intervals as the basis for the formation of time-series
analysis and observation of the HRV signal. It is much
easier to distinguish the R wave from the ECG signal
than QT intervals, and the probability of mistakes and
misinterpretations will be minimized.

In recent years, several parameters have been ex-
tracted from HRV analysis that describe the function of
the ANS. In the reviewed studies, time-frequency do-
main analysis and non-linear analysis, such as Poincaré
plots, were used to evaluate cardiac function. Regard-
less of the type of disease (AR, SLE, BD, SSc), all of
the articles noted that HRV parameters were decreased
in patients compared with a control group, due to sym-
pathetic predominance or hyperactivity, or parasympa-
thetic under-activity. Furthermore, studies confirmed
that reduced HRV values and a depressed triangular
index can lead to dangerous arrhythmias and SCD.6483
Therefore, the results obtained from patients with ADs
reinforce the hypothesis that a significant reduction in
the HRV of AD patients increases the risk of SCD.

HRYV frequency-domain parameters of LF, HF, LF
(nU), HF (nU), ULF, VLF, and LF/HF ratio have been
analyzed several times with relation to other diseases,
such as cardiac arrhythmias, stroke, and epilepsy.[34-8
The HF band indicates vagal activity, the LF/HF ra-
tio indicates sympathetic activity, and the VLF band
has a strong association with CVD prognosis in the
study of ADs. Regardless of the concepts reflected by
each of the frequency-domain parameters, significant
changes in these parameters were reported related to
position, which indicates the sensitivity of HRV to po-
sition and the potential for differentiation in various
positions in AD patients. Two papers that examined
HRYV using frequency-domain analysis reported dif-
ferences in the measured parameters in the supine and
standing positions.!*864

Another factor discussed in some articles was the
relationship between HRV and the duration of the

disease, and 3 articles found no correlation between
these 2 factors. Thus, although HRV can correctly
characterize ANS dysfunction in ADs, it cannot nec-
essarily illustrate the general activity of ADs on the
body.[47,66,76]

In addition to the use of HRV parameters to ex-
plain non-specific ANS dysfunction-related symp-
toms, HRT parameters were also measured in some
studies to complete the evaluation of the ANS. The
question of which criteria can better describe ANS
disorders is not yet well documented. Studies that
have examined ANS function in different conditions
have used HRV and HRT individually,”® and some-
times, these criteria have been used in a complemen-
tary fashion.[®®77T HRT is less often used and therefore,
comparison to HRV-based analyses is limited. HRT
evaluation requires measurement of sinus rhythm and
ventricular premature beats. Therefore, it cannot be
calculated in patients with measurement of fewer than
5 baseline ventricular prognosis.

Three studies presented results based on HRT pa-
rameters.®"781 Comparison of the ANS function of
SLE and SSc patients with control groups revealed
that the TO was increased in AD patients. The results
suggested an increase of sinus acceleration following
the ventricular premature complex. Also, TS, which
is the rate of sinus deceleration, followed the sinus
acceleration decrease in SSc patients. However, there
were no significant differences in TS and TO in BD
patients compared with the healthy control group.

Several limitations were observed in the selected
studies. The primary limitation was the small num-
ber of subjects examined (the most extensive research
included 90 patients, the smallest study included 20).
The writing teams of many of these papers are not
known in terms of their expertise and the extent of
their proficiency with HRV interpretation. The ex-
tracted ECG and HRYV features can be compared with
other research in signal processing. The only nonlin-
ear features extracted were the Poincaré plot parame-
ters, 7! while today, several ECG and HRV analyses
can display the dynamics of these signals in greater
detail.

Geometric features calculated based on the loca-
tion of the points in the HRV time series relative to
each other, energy, entropy, chaotic features, Lya-
punov exponent, Hurst exponent, etc., which are com-
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monly used in HRV analysis, were not utilized in any
of these investigations.?33358% Perhaps some of the
limitations mentioned in this review, such as the lack
of meaningful relationships between some factors, are
due to the weakness of the features that were studied.
Characteristics that show the complexity and dynam-
ics within HRV may be the answer to the ambiguities
of these articles.

In most of these studies, although the control
groups were age- and gender-matched with the pa-
tient group, the gender balance was weak.[6+6975.77]
Research has repeatedly proven that gender has an
impact on changes to the HRV signal %!l and this
imbalance may affect the quality of comparisons and
outcomes. Also, in most of the reviewed articles, ad-
ditional information regarding lifestyle factors that
can affect the heart, such as prescribed drugs: other
underlying conditions such as heart failure, diabetes,
or untreated depression; and the duration of the dis-
ease was not known, which can play a key role in in-
terpreting the results.

Conclusion

Patients with ADs demonstrated significant differ-
ences in ECG and HRV analysis, which indicates
the presence of abnormalities of the cardiac ANS.
Although in some cases, the HRV parameters showed
a correlation with disease duration and activity, it can-
not be stated that the severity of the disease can be
definitively determined by HRV analysis. Nonethe-
less, it is useful, and due to the proven potential of
HRV as a valuable clinical tool to monitor various
dysfunction and progression of diseases in other re-
search, it seems that all the capabilities of this signal
have not yet sufficiently been used to diagnose and
even predict some disorders in the context of ADs.
Additional studies in the future should examine the
ambiguities and target a more accurate analysis of the
dynamics present in HRV.
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