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Abstract

Heart failure is one of the most complex pathologies and most prevalent diseases, with around
64 million people affected globally (2% of the total adult population). In the initial phase of
heart failure, studies have shown that the autonomic nervous system is in a state ofimbalance,
with an increase in the influence of the sympathetic nervous system on the heart. Persistence
of long-term activation of the autonomic nervous system produces a decrease in the levels of
myocardial catecholamines and also promotes down-regulation of beta-1 receptors.

This article is a systematic review of papers from four well-known and important scientific
databases on the subject of power spectral analysis of ECG Holter monitoring in patients with
heart failure. The PRISMA technique was used to identify the most relevant articles on this
subject, and their results were presented based on importance of their use for the diagnosis of
heart failure, for risk stratification of sudden death or arrhythmias, for the evaluation of certain
treatments used, or for other possible pathophysiological mechanisms involved in the
evolution of the disease.

Keywords: heart failure, heart rate variability, spectral analysis, ECG Holter, autonomic
nervous system
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Abstract

Insuficienta cardiaca reprezinta una dintre cele mai complexe patologii si una dintre cele mai
prevalente boli, afectand aproximativ 64 de milioane de oameni la nivel global (2% din totalul
adultilor). In faza initiald a insuficientei cardiace, studiile au evidentiat c& sistemul nervos
autonom se afla intr-o stare de dezechilibru, cu un impact crescut al influentei sistemului
nervos simpatic asupra inimii. Persistenta unei activari pe termen lung a sistemului nervos
autonom conduce la scaderea nivelurilor de catecolamine miocardice si favorizeaza, de
asemenea, reducerea numarului receptorilor beta-1 disponibili.

Acest articol reprezinta un review sistematic al lucrarilor provenite din patru baze de date
stiintifice bine cunoscute si importante, avand ca tema analiza spectrala prin monitorizare
Holter ECG la pacientii cu insuficienta cardiaca. Tehnica PRISMA a fost utilizata pentru
identificarea celor mai relevante articole pe aceasta tema, iar rezultatele lor au fost prezentate
in functie de importanta utilizarii pentru diagnosticul insuficientei cardiace, pentru stratificarea
riscului de dezvoltare a mortii subite sau aritmii, pentru evaluarea anumitor tratamente
utilizate sau pentru analiza altor posibile mecanisme fiziopatologice implicate in evolutia bolii.
Cuvinte cheie: insuficienta cardiaca, variabilitatea ritmului cardiac, analiza spectrala, holter
ECG, sistem nervos autonom

Introduction

The autonomic nervous system predominantly
controls heart rate, with the parasympathetic
influence exhibiting a quicker response'.
Heart rate variability (HRV) is a method widely
used either in short electrocardiogram (ECG)
recordings or in Holter ECG monitoring to
assess the autonomic nervous system
influence on the heart, higher HRV being
associated with a better cardiovascular

system'”. Heart rate variability (HRV) is

computed through the utilisation of both time-
domain and frequency-domain parameters.
Analysing the spectrum of 24-hour ECG Holter
recordings provides a straightforward and non-
intrusive means of evaluating the impact of
the autonomic nervous system on the heart.
High frequency (HF) power is a representation
of the parasympathetic vagal function and low
frequency (LF) power is influenced by the
entire autonomic nervous system but appears
to reflect more of the sympathetic activity,
especially from its increase in heart failure in
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initial stages®. Physical activity and renin-
angiotensin-aldosterone system influence
very low frequency (VLF) power and LF/HF
ratio assesses the overall sympatho-vagal
tone, having normal values at rest between 1
and 2.

Low reactivity to stimuli of the sinus node
produced by sympathetic hyperactivation in
advanced stages of heart failure leads to a
decrease in LF power value®.

Objectives

The aim of this paper is to present a
systematic review of the existing research on
the spectral analysis in patients with
ischemic heart failure. PRISMA technique was
used to extract relevant papers based on
various search and screening criteria. The
selected 36 papers and their results were
then discussed based on various criteria (e.g.
medical procedures used, drugs prescribed,
type of the study) and their conclusions were
presentedina clear manner.

Materials and methods

In order to evaluate the current stage of the
research on this matter, we conducted a
thorough methodology based on the PRISMA
technique (the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses)®.
We have thus extracted scientific papers from
four important databases: ScienceDirect,
SpringerLink, PubMed and Nature; we
performed several screening steps based on
custom criteria, selected a number of
possibly eligible papers and included a final
number with the most relevant ones to be
analysedinourreview.

Our PRISMA analysis (Figure 1) included three
major steps: identification, screening, and
inclusion, with the screening process being
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the most detailed one and including various
sub-steps that will be further detailed.
In the identification step, we established a
relevant formula that would return the
corresponding papers to our research goal.
The key terms were automatically searched
in titles, abstracts, or keywords. Testing the
proposed formulas in the ScienceDirect
database, we observed that formula (1)
returned few results (10 results), as the ECG
abbreviation is not often used in titles,
abstracts, or keywords; formula (2) was, on
the contrary, too broad and returned many
papers that were outside our specific topic
(2843 results); and finally, formula (3) was
the preferred one, focusing on mostly
relevant papers for our review (1008). Table 1
shows the number of identified papers from
each one of the four databases, using the
previously chosen formula.
"Heart failure” AND ”"Autonomic Nervous
System” AND "Heart rate Variability” (1)
"Heart failure” AND "Autonomic Nervous
System” AND "Heart rate Variability” AND
"Power spectral analysis” (2)
"Heart failure" AND "Autonomic Nervous
System” AND ”"Heart rate Variability” AND
"Power spectral analysis” AND "ECG Holter” (3)
In the screening step, we eliminated a major
part of the scientific papers that were not the
basis of our review. For the first sub-steps, we
preferred to use the filtering and exclusion
criteria available on their platforms in orderto
automate the process. The number of records
excluded is thus available for each particular
database. We will further detail each sub-step
of the screening process, including the
justification for the exclusion of those specific
papers.

e Screening A: excluding books, chapters,
abstracts, conference proceedings,
posters, or encyclopedias. - as the focus is
on studying individual, innovative, and
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original research papers, we decided to
exclude records that were either too broad
(e.g. books) or had insufficient content
(e.g. posters). We have thus eliminated
2200 records from SpringerLink (693
books, 775 book chapters, 291 full
conference proceedings, 441 abstracts,
and posters), 203 from ScienceDirect (13
encyclopaedias, 80 book chapters, and
110 abstracts), and 71 books from Nature.
Screening B: excluding papers that
focus on a different field, not the medical
one - our research topic has great
potential in a lot of additional domains,
including computer science (e.g. machine
learning algorithms to improve prediction
of various disorders), engineering (e.g.
innovative wearable devices in the field),
physics, astronomy, mathematics, or
psychology (e.g. associate neurological
disorders, including anxiety or
depression). In this substep, we managed
to exclude 341 records from SpringerLink,
122 papers from ScienceDirect, and 3
from Nature.

Screening C: excluding papers before
1990 - the topic of spectral analysis in
patients with ischemic heart failure has
been studied for decades, yet useful
information can still be extracted from
papers written in the 1990s. We decided
to eliminate only the papers published
prior to 1990, excluding 25 records from

SpringerLink, 2 from ScienceDirect, and 8
from Nature.

Screening D: excluding papers written in
a language that is not spoken by the
authors of the current paper (e.qg.
German, ltalian) - 87 papers excluded
from SpringerLink.

Screening E: excluding papers that are
studying HRV on animals, fetuses, or
children - since our goal is to make an
analysis only on human adults, we
excluded 32 papers from SpringerLink, 59
from ScienceDirect, 15 from PubMed, and
51 from Nature.

After these initial screening operations,
performed individually on each one of the
databases, we decided to merge the
remaining scientific articles, obtaining a
total of 1578 records (SpringerLink - 639;
ScienceDirect-622; PubMed - 179; Nature
- 138). The following screening sub-steps
have been applied to the merged dataset
in order to assess the remaining papers
for eligibility and involve manual analysis
of the papers.

Screening F: After reading the titles, we
excluded an additional 1238 articles. We
have thus managed to manually exclude
papers based on the same criteria from
the Screening B - Screening E steps that
were missed by the automatic filtering
process. In addition, we eliminated papers
whose content was focused on the
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Records excluded: books, chapters,
abstracts, conference proceedings,
posters or encyclopaedias (n = 2474):
SpringerLink (n = 2200)
ScienceDirect (n = 203)

Nature (n = 71)

-
111

Records screened (A)
(n =4797)

=

Records excluded: focused on different
fields, not healthcare: (n = 466):
SpringerLink (n = 341)

ScienceDirect (n = 122)

Nature (n = 3)

Records screened* (B)
(n =2323)

<=

Records screened" (C, D, E)
(n = 1857)

Records excluded: before 1990, other
languages, animals/children:(n = 279):
SpringerLink (n = 144)

ScienceDirect (n = 61)

PubMed (n = 15)

Nature (n = 59)

—

Records excluded based on title
Records screened" (F) analysis (n = 1238)

(n =1578) Reason 1: criteria B-E
Reason 2: content not focused on
heart failure

t%J

Records assessed for eligibility**
(G, H) (n = 340) Records excluded based on abstract
or full-text analysis (n = 304)
Reason 1: short term ECG analysis
n =215

Reason 2: not enough data or no of
patients n = 89

<=

Studies included in review
(n = 36) )

Figure 1. PRISMA methodology for selecting relevant studies for the systematic review
*using automation tools **human / manual screening

SpringerLink | ScienceDirect | PubMed | Nature Total

3324 1008 194 271 4797

Table 1. Number of scientific papers identified in the four databases
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parasympathetic system and/or HRV in
other conditions without including heart
failure. There are a total of 340 possibly
eligible papers remaining.

e Screening G: We examined the abstracts
of the remaining papers and excluded 215
of them, in which spectral analysis was
performed just by short term ECG
recordings. There are 125 papers
remaining.

e Screening H: We performed a full text
analysis and excluded other papers that
had inconclusive data or very specific
groups of patients included (e.g. only
intensive care unit - ICU - patients with
major trauma).

Results and discussions

The remaining 36 papers were classified
based on the type of the study (Figure 2) and
we assessed their relevance by the number of
patientsincluded (Figure 3).

Early studies demonstrated the usefulness of
HRV parameters in assessing progression of
chronic heart failure (CHF) even in patients
who did not receive Angiotensin-converting-
enzyme inhibitor (ACE-inhibitor) treatment.
LF and TP (total power) components were
significantly lower in patients with a higher
NYHA (New York Heart Association) class, but
only LF was close to reaching significance in
correlation with left ventricular ejection

fraction (LVEF). (49) LVEF and risk of
arrhythmia are the major variables that
generate a prognosis for CHF patients and by
assessing autonomic dysfunction through
HRV analysis, we can have a tool for
classification for these patients®.

Guzzetti et al. performed a pioneer
prospective study on 50 patients (30 with
stable CHF and 20 control) followed for 2
years with multiple ECG Holter recordings to
assess non-linear and spectral analysis as
independent prognostic factors for CHF.
Results showed that both methods have
prognostic value independent of time-
domain parameters with LF power being the
best indicator of all those studied”. More
recently, the idea of evaluating the
association between HRV holter-derived
indices and the development of CHF was used
by Patel et al. who performed a large study on
1401 patients (260 of them with CHF) and the
results showed that an increase in very low
frequency (VLF) power is strongly linked to
CHF development and ventricular
arrhythmias®.

Galinier et. al. used time and frequency
domain measures of HRV as a prognostic tool
for all-cause and sudden death in chronic
heart failure patients, and their results
showed that spectral analysis can identify
individuals at risk of sudden death, especially
by assessing the daytime LF power (if the
valueis < 3.3In (ms2))®.
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Guzzetti et al. continued their research on
HRV usefulness in heart failure patients, with
one of the most relevant early studies using
ECG Holter recordings in 330 CHF patients to
evaluate HRV as a predictor for the cause of
death (pump failure vs. sudden death). The
results showed that a decrease in nocturnal
HRV and high values of VLF are predictors for
pump failure, while LF nocturnal reduction
suggested a higher risk for sudden death, all
being independent risk factors"”. These
findings are complementary to even earlier
ones such as the paper by Ponikowski et al.
that showed in their study on 50 subjects with
CHF that decreased HRV indices on 24-hour
ambulatory ECG monitoring are associated
with an increase in the risk of ventricular
tachycardia and death, making it a useful tool
for risk stratification in these patients. The
difference from later studies was that for all
HRV parameters, only HF power was an
independent predictor of ventricular
tachycardia, irrespective of LVEF and mean R-
Rinterval duration™”.

Further studies and literature reviews
evaluated the impact of using HRV analysis
indices such as spectral power to evaluate
specific etiologies of heart failure and
compare patients with different causes of
developing CHF. Such an example is the study
by Notarius et al. that evaluated short-term
recordings for HRV parameters showing a
decrease in total spectral power and LF power
with a decrease in effort tolerance and a
sympathetic hyperactivation in patients with
ischemic heart failure compared to dilated
cardiomyopathy patients, which suggests an
additional ischemic stimulus for hyperactivity
of the sympathetic system in this group™?.
Voss et al. compared linear and non-linear
HRV analysis indices between short-term and
24-hour ECG recordings and demonstrated
their usefulness in risk stratification of
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patients with ischemic heart failure. LF/HF
ratio which is a marker of sympathovagal
balance decreased in high-risk patients
compared to low-risk patients, irrespective of
the type of recording. LF power was
decreased significantly in high-risk patients
and HF power was increased, further
confirming the sympathetic-
parasympathetic imbalance in subjects with
a more severe prognosis™?.

Considering ischemic aetiology as being
more prevalent and representing a more
important factor for autonomic imbalance in
CHF patients, there were a significant number
of studies that followed patients who
developed this condition after a myocardial
infarction. Sztajel et al. conducted an early
systematic review on subjects who suffered a
myocardial infarction and secondary heart
failure and demonstrated an independent
association between HRV parameters that
represent a strong predictor of increased
cardiac and/or arrhythmic mortality. Also, this
review supported the idea that in the initial
phase of heart failure, the vagal tone is
decreased and there is sympathetic
activation, while in the late stages, the LF
power is very low, even undetectable, which
demonstrates a central regulation anomaly
and beta receptor failure"”. Others, such as
Chattipakorn et al. performed a systematic
review on HRV parameters in CHF and
myocardial infarction in order to discover the
role of HRV as a cardiovascular mortality
predictor and to outline patients in need of an
implantable cardioverter defibrillator (ICD) to
prevent sudden death. Results showed that a
low SDNN (time-domain HRV index) is a
predictor for mortality in CHF and decreased
LF power is a predictor of sudden death in
these patients®. More recent papers
emphasised the need of additional studies in
order to introduce HRV measurement as a
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tool for stratification of risk in acute
myocardial infarction (AMI) patients with
consequent heart failure™®.

From a pathophysiological point of view,
there was a study by Atherton et al. which
demonstrated that in heart failure patients, a
decrease in baroreflex control of vascular
resistance produces a change in the
interventricular interaction during diastole,
which leads to a worse filling of the left
ventricle (LV) and, subsequently, a worse
outcome in the evolution of the disease. Their
results showed that an intervention of acute
volume unloading created a decrease in right
ventricle (RV) volume and an increase in LV
end-diastolic volume, which correlated
negatively with SDNN, rMSSD, TP, LF power,
and HF power, thus suggesting that this
interventricular interaction in CHF patients is
accompanied by an activation of the
sympathetic nervous system, and by using a
method of unloading, we can induce an
improvement in the autonomic nervous
system action on the heart as well*”.

Other areas of interest represented the
association between inflammation and
activation of the autonomic nervous system
in CHF patients. Malave et al. performed a
study on 29 patients with chronic heart failure
and 10 control patients evaluating the link
between HRV parameters and tumoral
necrosis factor (TNF) plasma levels, showing
significant reverse correlation and

concluding that TNF levels represent an
independent predictor of HRV parameters
decrease in CHF patients"?.

Use of HRV indices and spectral power
analysis was not limited to diagnosis or risk
factors and was used in a systematic review
and meta-analysis to assess the response of
autonomic nervous system to exercise
training in patients with heart failure. The
paper demonstrates increases in some
parameters such as heart rate reserve (HRR),
HRV and muscle sympathetic nerve activity
(MSNA) after exercise training, which
suggests a decrease in sympathetic
activation and a better parasympathetic tone
after exercise™.

With the purpose of finding which intensity
level should be recommended, Besnier et al.
conducted a study on 31 patients with heart
failure with an ejection fraction (EF) < 45%
and randomised them for medium intensity
training or high intensity interval training and
demonstrated the superiority of the latter in
improving HRV parameters, increasing the
parasympathetic tone, and improving peak
oxygen uptake®.

Different papers tried to use HRV parameters,
including spectral power, to evaluate the
effect of different medications used in the
treatment of CHF. A very early study by
Brouwer et al. assessed neurohormonal
modulation by digoxin in mild to moderate
CHF with reduced EF, and results showed that
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Distribution of papers based
on the type of the study

Diagnostic tools

Drug interventions

Review

Figure 2. Chart representing the distribution of selected papers using the type of
the study as a criterion

Distribution of papers based
on the number of patients

N/A

- Less than 100

Between 100 and 200

More than 200

11%

Figure 3. Chart representing the distribution of selected papers using the number of
patients present in the study as a criterion
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digoxin prevented deterioration of HRV
parameters in early stages of CHF, with an
improvement in vagal tone in the context of
neuroendocrine activation?". Guedon-
Moreau et al.””, Pousset et al.””, Bozkut et.
al® and Tomiyama et al.”® performed other
early studies on different medications in CHF
like Ramipril®, Bisoprolol®”, Perindopril'
and Furosemide® and their effect on HRV in
patients with CHF.

Ramipril showed a decrease in ventricular
tachycardia (VT) episodes without altering
HRV“?. Bisoprolol increased time-domain
HRV parameters (rMSSD, pNN50, daytime
SDNN) and daytime HF power, demonstrating
an improvement in vagal tone (protective
effect)®®. Perindopril increased
parasympathetic modulation and decreased
the sympathetic tone, also improving LV
function in CHF patients post-MI?%,
Furosemide had a slight improvement in HRV
parameters compared to Azosemide in CHF
patients®”. Aronson et al. studied the effect of
beta-blockers on autonomic modulation in
decompensated heart failure and
demonstrated the improvement of

|(23) 24)

sympathetic nervous system regulation by
decreasing sympathetic hyperactivation in
this patient cohort. Also, the use of beta-
blockers showed an improvement in
arrhythmia prevention®®.

Kokmaz et al. conducted a study on 126

patients with congestive heart failure and

coronary artery disease to evaluate the
effects of spironolactone on HRV in this
group. Results demonstrated a partially
significant correlation between LF power and
EF (p <0.07) and showed a marked decrease
in LF power and total power in higher NYHA
class patients®”. Similarly, Yee et a and
Davies et al.”” also evaluated aldosterone
blockers and spironolactone in particular in
patients with CHF to assess the effects on
HRV. Both studies (the first a review and the
other a randomised control trial) showed that
spironolactone had favourable effects on the
autonomic nervous system, improving HRV
parameters and even partially reversing
autonomic disturbances in CHF, with a

I (28)

decrease in cardiac sudden death as
observed in the RALES and EPHESUS trials.
The review of Yee et al. also discovered an
interesting precaution, as the HRV
parameters were worse in diabetic patients
without CHF*?®,

More recent papers, such as Hamaad et. al.,
used short-term ECG recordings to
demonstrate an improvement in spectral
power parameters and sympathetic tone in
systolic CHF patients (EF < 45%) who were
randomised for 12 weeks to receive 40 mg of
Atorvastatin compared to the ones who
received placebo®.

The latest studies expanded the use of HRV
parameters in patients with coronary artery
disease (CAD), but without CHF. Spallone et
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al. performed a review on diabetic patients
with coronary artery disease following the
effects of SGLT2 inhibitor empagliflozin on the
autonomic nervous system with 66 patients
undergoing ECG Holter monitoring for
measuring HRV parameters, but the results
did not reach statistical significance®”.

Other studies, however, understate the
importance of HRV measurement in assessing
arrhythmic death risk. Burger et al. showed
that HRV parameters known to suggest a
possible adverse outcome in heart failure did
not differ significantly between diabetic and
non-diabetic patients and demonstrated a
decrease in activation of the sympathetic
nervous system in diabetic patients by
showing an important reduction in LF and
LF:HF ratio, which does not produce an
increase in the arrhythmic risk®”. Mortara et
al. performed a study of baroreflex sensitivity
(BRS) and HRV in CHF patients, both
parameters known to be reduced in this illness
and associated with its progression. Time and
frequency parameters were not significantly
different in surviving patients compared to
those who were deceased, showing just a frail
link between these indices and survival®®.
Myers et al. concluded in their study of 34 CHF
patients that HRV study and analysis of the
power spectrum are unreliable in the
presence of frequent ectopic beats, and
including them in the analysis will apparently
increase LF power®”.

Regarding the ECG Holter recording potential
errors, Wu et al. studied 3 groups of patients
(young, elderly, and heart failure patients)
with the intention of discriminating random
noise from autonomic spectral pictures
related to heart failure. By performing a
noise-titration on the ECG Holter
tachographs, the results showed age-related
decreases in LF and HF power, but with
similar HF chaos levels in healthy patients
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(young and old), while in the heart failure
group, heartbeats were non-chaotic with the
exception of some undetected ectopic
beats".

Conclusions

The results of this literature review
demonstrate the usefulness of HRV power
spectral indices as an assessment tool for
diagnosing heart failure and stratifying the
risk of developing arrhythmic events or
sudden death in these patients. The use of
HRV indices and spectral power analysis
extends beyond the diagnosis of CHF, with
exercise training showing positive effects on
increased heart rate reserve, HRV, and
parasympathetic tone. Additionally, high-
intensity interval training enhanced HRV
parameters and peak oxygen uptake for
heart failure patients with low ejection
fraction.

There are earlier studies that demonstrate
the effect of well-established medications in
CHF with reduced EF such as beta-blockers,
ACE inhibitors, diuretics and aldosterone
blockers on the autonomic nervous system
changes induced by heart failure, showing
improved values of power spectral indices
after treatment initiation. There are also
more recent studies that evaluate the impact
of atorvastatin or empagliflozin on power
spectral indices and consequently on the
autonomic nervous system influence on a
failing heart with results that show only
partial significance.

These pathophysiological mechanisms linked
to the autonomic nervous system that are
involved in the development of heart failure
and progression of this illness have been
studied intensely but focusing mainly on
heart failure with reduced ejection fraction.
Further studies can improve knowledge
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regarding patients with heart failure with
preserved ejection fraction or patients with
heart failure with mid-range ejection fraction.
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