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Featured Application: This scoping review provides an overall assessment of the application of
normalization on electrocardiogram-derived cardiac risk indices, aiming to clarify the rationale
behind its application and the consistency and comparability of these normalized indices in
the literature.

Abstract: Changes in cardiac function and morphology are reflected in variations in the electrocar-
diogram (ECG) and, in turn, in the cardiac risk indices derived from it. These variations have led to
the introduction of normalization as a step to compensate for possible biasing factors responsible for
inter- and intra-subject differences, which can affect the accuracy of ECG-derived risk indices in as-
sessing cardiac risk. The aim of this work is to perform a scoping review to provide a comprehensive
collection of open-access published research that examines normalized ECG-derived parameters used
as markers of cardiac anomalies or instabilities. The literature search was conducted from February
to July 2024 in the major global electronic bibliographic repositories. Overall, 39 studies were selected.
Results suggest extensive use of normalization on heart rate variability-related indices (49% of in-
cluded studies), QT-related indices (18% of included studies), and T-wave alternans (5% of included
studies), underscoring their recognized importance and suggesting that normalization may enhance
their role as clinically useful risk markers. However, the primary objective of the included studies
was not to evaluate the effect of normalization itself; thus, further research is needed to definitively
assess the impact and advantages of normalization across various ECG-derived parameters.

Keywords: normalization; cardiac risk; electrocardiography; HRV; QT; TWA

1. Introduction

Cardiovascular risk assessment plays a crucial role in preventive cardiology, as it helps
identify individuals at high risk for adverse cardiovascular events, such as myocardial
infarction, stroke, or malignant ventricular arrhythmias, which can lead to sudden cardiac
death [1]. Besides considering common risk factors, the cardiovascular risk assessment
typically involves the evaluation of cardiac risk indices [2]. Cardiac risk indices are mea-
sures or parameters able to identify subjects at higher risk for adverse cardiovascular
events. Most cardiac risk indices are derived from analysis of the electrocardiogram (ECG),
which is particularly notable for its non-invasiveness, cost-effectiveness, and widespread
accessibility [3,4]. Moreover, they are mainly based on cardiac repolarization, and the
QT interval measure is an archetypal example [3,5]. However, the limitations of QT in
predicting arrhythmogenicity have led to intense research to develop other non-invasive
risk indices, such as QT dispersion, heart rate variability (HRV), T-wave peak-T-wave end
interval, and microvolt T-wave alternans (TWA) [6,7]. Specifically, the review published by
Gimeno-Blanes et al. discussed in detail the role of HRV, heart rate turbulence (HRT), and
TWA on sudden cardiac death risk stratification [3].
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Age, sex, life habits, body composition and weight, environmental conditions, and
ethnic origins are all factors that can affect cardiac characteristics, leading to differences
among individuals. Aging is associated with many cardiac changes, such as aortic stiffening
and ventricular hypertrophy, that are known to contribute to age-related increases in
cardiovascular risk [8]. Cardiac function and morphology are known to differ between
male and female populations, as well as among different ethnic groups. As an example, it
has been shown that T-wave height differs with both ethnic origin and sex [8-10]. Moreover,
life habits, including diet, physical activity, smoking, and stress management, are also
known to affect heart function. To illustrate, an unhealthy diet can lead to electrolyte
imbalances that can affect the electrical activity of the heart [11]. There is evidence that
environmental conditions, such as high altitude, can also lead to cardiovascular changes,
including ventricular hypertrophy and T-wave inversion [12,13]. Last but not least, studies
have demonstrated that changes in body composition and weight, measured in terms of
bioelectrical impedance, body fat percentage, and/or body mass index, can have an impact
on cardiac electrical activity [14,15] as well. All these changes in cardiac function and
morphology are inevitably reflected in variations in the ECG and, in turn, in the risk indices
derived from it. Indeed, there is a large variety in the morphology, amplitude, and polarity
of ECG waves among different individuals, as well as in serial ECGs taken at different
times from the same individual [8-15].

The variability and non-reproducibility of ECG waves have led to the introduction of
normalization as a step to compensate for inter- and intra-subject differences. Specifically, it
can be considered as a preprocessing step, usually applied to the ECG signal directly, or as
a corrective step, usually applied to ECG-derived measures (and thus on ECG-derived risk
indices). As a preprocessing step, the normalization is intended to adjust and scale data
before analysis, as well as to avoid redundancy by removing unnecessary information. It is
typically used to bring all the variables to the same scale; thus, it usually includes amplitude
scaling, which consists of adjusting the signal amplitudes so that they fall within a specific
range (which is usually [—-1, 1]). Moreover, normalization is an essential preprocessing step
for machine learning applications, as highlighted by the systematic review conducted by
Musa et al. in July 2022 [16]. Indeed, especially when features in the dataset have varying
scales and ranges, the normalization ensures that different features contribute equally
to model training. As a corrective step, the normalization ensures that the parameter is
independent from any confounding factor that can influence the ECG pattern (such as risk
factors) and that is standardized, allowing for consistent comparisons across various studies
and populations. Without the proper adjustments provided by normalization, variations
due to confounding factors can lead to misinterpretation of results. This approach to
normalization is essential for maintaining the integrity and comparability of ECG data
analysis.

While there has been significant work on ECG normalization as a preprocessing step,
there is a lack of in-depth understanding of why normalization is applied to ECG-derived
measures and how it affects their marker role, i.e., their accuracy in assessing the cardiac
risk. In order to fill this gap, a scoping review was conducted. The aim of this review is to
systematically map the research on this topic and provide a comprehensive collection of
open-access published research that examines normalized ECG-derived parameters used as
markers of cardiac anomalies or instabilities, where normalization is applied as a corrective
step to compensate for potential biasing factors. More specifically, the objectives of this
review are to provide answers to the following questions:

e  Which ECG-derived features used as cardiac risk indices have been normalized in the
literature?
How was normalization performed?
Why was normalization performed?
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2. Materials and Methods

An extensive search was conducted to identify relevant scientific articles related to the
normalization of ECG-derived risk indices. The methodology used followed the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines, updated
to 2020 [17], and the PRISMA extension for scoping reviews (PRISMA-ScR), updated to
2018 [18], the checklist of which is reported in Table A1l of Appendix A. This systematic
search involved querying global bibliographic repositories to retrieve all open-access
scientific studies relevant to the topic.

2.1. Literature Search Strategy

The literature search was conducted from February to July 2024 in three major global
electronic bibliographic repositories: PubMed, Scopus, and Web of Science (WoS). To align
with the topic and objectives of this review, the search query was designed so that it could
identify relevant scientific articles focusing on three primary areas: (1) electrocardiogram;
(2) normalization; and (3) risk indices serving as markers of cardiac anomalies or instabili-
ties. The inclusion search terms or term roots (referred to as ‘keywords” hereafter) based on
these areas were as follows:

1. ECG, EKG, electrocardiogra®;

2. normaliz*;

3.  alternans, risk, threat*, arrhythmi*, instability, abnorma*, anomal®, irregular*, vul-
nerab*, susceptib®.

Specifically, the keywords ‘ECG’, ‘EKG’, and ‘electrocardiogra*” were chosen to ensure
the inclusion of all documents focusing on the ECG as the primary signal of interest.
The keyword ‘normaliz*” was chosen to capture all studies processing the ECG signal
through any form of normalization. Lastly, the search query included the keywords
‘alternans’, ‘risk’, ‘threat*’, ‘arrhythmi*’, ‘instability’, ‘abnorma*’, ‘anomal®’, ‘irregular*’,
‘vulnerab*’, and ‘susceptib*’ to encompass documents related to conditions of cardiac risk.
All keywords within each search area were combined using the Boolean operator OR.
Subsequently, the three resulting keyword combinations were further combined using the
Boolean operator AND to formulate the final search query for each bibliographic repository.
The search was limited to title and abstract fields concurrently. Automatic filters for
language and publication access modality were applied, specifically restricting the search
to English language and open-access documents. Moreover, documents were manually
filtered according to the type; specifically, reviews, book chapters, and corrections of
previous articles were excluded. No filters were imposed on the publication year. The same
search query was entered into the advanced search tools of all considered bibliographic
repositories, with syntax adjustments made to meet the specific requirements of each
database. The specific query forms are detailed in Appendix B.

2.2. Selection of Documents

The outcomes of the literature search resulting from the application of the query were
imported into the Zotero reference management system to identify and remove duplicate
entries. Subsequently, documents were manually screened, and those lacking an accessible
abstract or full text were excluded from further consideration. Manual screening of the
remaining documents was conducted according to the following criteria:

A.  Documents where the term ‘normalization’ is defined as the transformation process
of a parameter consisting in dividing it by an intra-subject or inter-subject consistent
factor.

B.  Documents where normalization is applied specifically to ECG-derived parameters.

C.  Documents where normalization is used to enhance the effectiveness or reliability of

the parameter.
Documents where the application modality of normalization is uniquely described.
Documents where the application of normalization is adequately justified.

O
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The established inclusion criteria have to be met concurrently by the included docu-
ments. As an implicit consequence, our exclusion criteria were:

1. Documents in which the term ‘normalization’ is defined as the restoration of the
physiological condition;

2. Documents in which normalization is included in the standard definition of a param-
eter, not applied after the parameter extraction, or applied to parameters extracted
from signals other than the ECG;

3. Documents in which normalization was intended as a default preprocessing step for
a machine learning application;

4. Documents in which there was no adequate explanation of why and/or how normal-
ization was applied.

A multi-tiered screening process was performed. Indeed, initially, documents were
screened based on their titles and abstracts. If neither provided sufficient information for a
proper screening evaluation, a full-text analysis was conducted. Any documents that met
at least one of the exclusion criteria were progressively discarded. After verifying that they
met all inclusion criteria, the remaining documents were screened according to whether
they belonged to human medicine or veterinary medicine, and those related to veterinary
medicine (i.e., animal studies) were further excluded. The last remaining documents were
included in the review for further evaluation steps. To guarantee consistency with the es-
tablished inclusion/exclusion criteria, the manual screening of documents by title, abstract,
and full text where necessary, was carried out by two authors. In case of disagreements on
the selection of studies, the evaluation of the documents was carried out by also including
the other authors until a consensus was reached.

2.3. Data Charting

The authors jointly developed a data charting template to determine what information
to gather from each document in order to answer the questions underlying the aim of this
review. The two authors in charge of selecting the documents independently gathered
the related information according to the established data charting template; then, they
compared and discussed the results, iteratively updating the data charting template if
necessary. Again, if disagreements arose, data charting was resolved through discussion
and consensus with the other authors. Initially, all included documents were arranged
chronologically by publication year, and their distribution over time was considered. Then,
the full text of each document was examined in order to collect and report the main
characteristics of the populations studied in the documents: specifically, the population
was characterized in terms of size, age, sex, and health status. Among these characteristics,
continuous features were expressed according to the reporting modality of the reference
document and categorical features were reported as absolute number or percentage. If
the information was not available or not pertinent, ‘UA’ (i.e., ‘unavailable’) or ‘NA’ (i.e.,
‘not applicable’) were indicated, respectively. Regarding health status, in case of diseased
populations, documents were grouped according to the affecting pathology, and the group
sizes were calculated and expressed as a percentage of all included documents. Besides the
population’s characteristics, the targets of the studies were collected and analyzed. Lastly,
the normalized ECG-derived parameters were described in terms of the original feature
normalized in the study, the domain of normalization, the modality of normalization (how),
and the reason of normalization (why).

A clear definition of each item included in the final version of the data charting
template is provided in Table A2 of Appendix C.

3. Results

The systematic literature search of the three bibliographic repositories produced
1458 documents. In detail, 443 documents resulted from the search on PubMed, 559 re-
sulted from the search on Scopus, and 456 resulted from the search on WoS. Of these,
762 documents were automatically recognized as duplicates, so the remaining 696 were left
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for the next selection stage. After manually screening the documents according to docu-
ment type, 668 remained. Of these, 4 documents did not have full text available. From the
manual evaluation of title, abstract and full text, 621 documents were excluded according to
the chosen exclusion criteria. Specifically, in 418 documents, the normalization was defined
as the restoration of the physiological condition; in 93 documents, the normalization was
included in the standard definition of a parameter/not applied after parameter extrac-
tion/applied to parameters not extracted from the ECG; in 33 documents, normalization
was intended as a default preprocessing step for a machine learning application; and in
77 documents, there was no explanation of why and/or how normalization was applied.
So, 43 documents met all the established inclusion criteria. Among them, 4 documents
were animal studies and so were further excluded. Lastly, 39 documents were included in
this review [19-57]. Using a flowchart, Figure 1 shows the entire process of the literature
search, from the application of the query on each bibliographic repository to the manual
screening leading to the selected documents.

5 Documents identified from bibliographic databases:
§ PubMed (n=443)
o Scopus (n=559)
2 Web of Science (n=456)
9]
5 | | Limits: English language, Open Access
o
—>| Duplicates (n=762)
v
| Documents included (n=696) l
Reviews (n=23)
——— | Book chapters (n=3)
v Corrections (n=2)
l Documents included (n=668) |
—" Full text not available (n=4)
.S A4
g I Documents included (n=664) |
©
(7]
> Exclusion based on:
2 exclusion criterion 1 (n=418)
@ | exclusion criterion 2 (n=93)
exclusion criterion 3 (n=33)
exclusion criterion 4 (n=77)
A4
Documents included (n=43)
=| Animal studies (n=4)
v
| Documents included (n=39) |
—/

Figure 1. Process of literature search and study selection.

The majority of the selected documents were original research articles [18-51,53-56],
while only one document was a conference proceeding [52].

Overall, the included documents were published between 1986 and 2024, with more
than half published in the last 10 years. The distribution of the document publication years
is detailed in Figure 2.
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Figure 2. Distribution of document publication years.

The general characteristics of the populations studied by the included documents are
reported in Table 1. Specifically, the table details population size, sex (expressed as number
of males and number of females), age (expressed as fetus, newborn, infant, child, adolescent,
young adult, or adult), and clinical information, which includes health status (expressed
as healthy or diseased) and details about the pathology, when present. Information about
population sex was not available for 5 documents, while details about the pathology were
not applicable when the studied populations were healthy.

Table 1. Characteristics of the populations studied in the included documents.

Clinical Information

Ref Pop. Size Age Sex

Health Status Details
[19] 21 Adult 17M; 4 F D Cardiomyopathy
[20] 43 Adult 27 M; 16 F 23 D;20 H Ulcerative colitis; NA
[21] 60 Young adult 60M;0F H NA
[22] 180 Adult 67 M; 113 F D Chronic insomnia
[23] 41 Adult 41M;0F H NA
[24] 39 Adult 19M; 20 F D Diabetes
[25] 62 Adult 24 M; 38 F D Dialysis
[26] 71 Adult 48 M; 23 F D Dialysis
[27] 30 Adult 21M;9F H NA
[28] 28 Adult 10M; 18 F 14D;14 H Sleepwalking; NA
[29] 114 Adult 31M;83F D Psychiatric disorder
[30] 114 Adult 90M;24F D Cardiomyopathy
[31] 56 Adult UA 36 D; 20 H Myocardial infarction; NA
[32] 504 Adult 375M; 129 F D Coronary artery disease
[33] 155 Adult 125M; 30 F 108 D; 47 H Myocardial infarction
[34] 170 Adult 146 M; 24 F D Heart failure
[35] 31 Young adult UA H NA
[36] 52 Adult 22M;30F D Cardiomyopathy
[37] 87 Infant 51 M; 36 F 58 D; 29 H Congenital heart disease; NA
[38] 22 Fetal UA D Preterm delivery
[39] 51 Adult 51M;0F D Coronary artery disease
[40] 12 Fetal UA D Preterm delivery
[41] 73 Adult 42M;31F 47 D; 26 H Sleep disorder; NA
[42] 96 Adult 23M; 73 F D COVID-19
[43] 817 Adult 670 M; 147 F D Myocardial infarction
[44] 17 Young adult 7M; 10 F 6D;11H Panic disorder; NA
[45] 680 Infant to young adult 382 M; 298 F H NA
[46] 14 Newborn UA D Preterm delivery
[47] 41 Adult 15M; 26 F D Cardiomyopathy
[48] 47 Adult 25M; 22 F D Heart rhythm disorder
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Table 1. Cont.

Clinical Information

Ref Pop. Size Age Sex

Health Status Details
[49] 44 Adult 44 M;0F H NA
[50] 396 Adult 283 M; 113 F D Ventricular systolic disfunction
[51] 523 Adult 264 M; 259 F H NA
[52] 47 Adult 25M; 22 F D Heart rhythm disorder
[53] 53 Adult 31 M;22F D Chronic stroke
[54] 134 Adult 49M;85F D Heart rhythm disorder
[55] 50 Adult 20M;30F D Temporal lobe epilepsy
[56] 123 Adult 123M;0F 90D; 33 H Cardiomyopathy; NA
[57] 5 Adult 2M;3F D Focal epilepsy

Ref: reference; Pop. Size: population size; M: male; F: female; D: diseased; H: healthy; UA: unavailable; NA: not

applicable.

Figure 3 further explores the health status of the studied populations. Specifically,
panel A shows a pie chart representing whether the population was healthy or diseased,
while panel B shows a pie chart representing the different pathologies affecting the diseased
populations. Of the included documents, 7 studies enrolled healthy populations, while

15 studies considered patients with cardiac pathologies.

Healthy
18%

Diseased
82%

B Renal diseases
6%

Congenital heart
diseases/Preterms
13%

Cardiac
pathologies
47%

Sleep/Mental disorders
16%

Gastrointestinal diseases
3%

Epilepsy COVID-19
6% Diabetes 3%
3%

Figure 3. Pie chart describing the health status of the populations studied in the included documents:

(A) reports the percentage of studies involving healthy and diseased populations; (B) reports the

percentage of studies involving diseased populations affected by various pathologies.
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Table 2 outlines the targets of the studies described in the included documents, while
Table 3 reports an overview of which ECG-derived parameters used as cardiac risk indices
were normalized in the included documents, of how normalization was performed, and of
the reason why normalization was applied. Among the included documents, 21 documents
analyzed the ECG spectrum, with 19 (49% of all included documents) presenting normal-
ized HRV indices derived from the frequency analysis of the tachogram. The remaining
18 documents analyzed the ECG in the time domain. Of these, 7 documents presented
normalized measures for the analysis of QT interval variability, while 2 documents applied
normalization to TWA measures.

Table 2. Targets of the studies conducted in the included documents.

Ref Target of the Study

[19] Evaluate the influence of diurnal changes on cardiac repolarization

[20] Evaluate if exaggerated sympathetic activity characterizes active ulcerative colitis

[21] Evaluate the effect of gutkha chewing on cardiac autonomic modulation

[22] Evaluate cardiovascular autonomic function in insomnia patients

[23] Evaluate the effect of age and physical activity on cardiac autonomic control

[24] Evaluate the role of autonomic nervous system in a blunted fall in nocturnal blood pressure
[25] Evaluate the role of autonomic nervous system in the pathogenesis of blood pressure abnormalities
[26] Evaluate the association between T-wave morphology and cardiac autonomic modulation
[27] Evaluate the effect of a 24 h medical on-call duty on physiological functions

[28] Evaluate the cardiac autonomic modulation during slow-wave sleep in sleepwalkers
[29] Evaluate objective psychiatric indicators in geriatric patients with emotional distress
[30] Propose an index for cardiac risk stratification

[31] Evaluate the U-wave morphology and its relation to the T wave

[32] Propose a method to enhance and improve acquisition, analysis, and display of ECG
[33] Propose a new index (f99) to characterize repolarization

[34] Evaluate the predictive power of f99 index for the occurrence of ventricular arrhythmias
[35] Evaluate the beneficial effect of moderate and intensive physical exercise

[36] Evaluate the role of autonomic nervous system in hypertrophic cardiomyopathy

[37] Evaluate early changes in autonomic nervous system tone in newborns with complex congenital heart disease
[38] Evaluate the effect of betamethasone on autonomic modulation of fetal heart rate

[39] Evaluate the role of autonomic regulatory mechanisms in transient myocardial ischemia
[40] Evaluate the effect of betamethasone on autonomic modulation of fetal heart rate

[41] Evaluate autonomic dysfunctions in patients with idiopathic sleep behavior disorders
[42] Evaluate autonomic residual effects of COVID-19 infection

[43] Evaluate the relation between repolarization lability and ventricular arrhythmias

[44] Evaluate the effect of sympathetic stimulation on the autonomic control of the heart
[45] Evaluate the relationship between indices of cardiac repolarization

[46] Evaluate if patent ductus arteriosus status can be assessed from standard neonatal intensive care monitoring
[47] Evaluate R-wave sensing for implantable cardiac monitor

[48] Propose an automatic heartbeat classification system

[49] Evaluate if head-down (—6°) bed rest increases TWA

[50] Evaluate the role of QT parameters as predictors of sudden cardiac death
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Table 2. Cont.

Ref Target of the Study
[51] Evaluate the influence of RR variability and signal quality on indices of ventricular repolarization
[52] Propose an arrhythmic segment detection method
[53] Evaluate cardiorespiratory responses during walk and graded exercise tests
p y T85p g g
[54] Propose the anteroposterior V4 / Vg ratio for localization of ventricular outflow tract arrhythmias
p P y
[55] Evaluate changes of cardio-autonomic function in temporal lobe epileps
g p piiepsy
[56] Evaluate the prognostic value of the total cosine R-to-T in arrhythmia risk assessment
[57] Evaluate the short-term effect of transcutaneous auricular vagus nerve stimulation on TWA
Ref: reference.
Table 3. Overview of how and why the included documents apply normalization.
‘ Normalization
Re Dom Feature
HOW WHY
To overcome bias engendered by the
[19] T QT interval W%T(QT) longer measured QT intervals of
paced complexes
e  Low-frequency (LF) HRV To minimize the effect of changes in
[20-29] F component oo - 100 total power on LF and HF,
e  High-frequency (HF) HRV % . 100 emphasizing the cardiac modulation
component of the autonomic nervous system
_ To quantify the interdependence of the
[30] T QT interval number (ECG with unstable Q) instability in QT dynamics and the
number (ECG with PA)
occurrence of PA
U int 1 (Uwi) To assess the effectiveness of
. -wave integral (Uwi Uwi Twi ST
[51] T o  T-wave integral (Twi) mean‘E%Wi) ' mean“leWi) paramet.ers m dlsc.nmma.t ng
myocardial infarction patients
VS at ST interval . .
Voot TP irtereal To account for the electrical variance
VS at TP interval
[32] T Voltage spread (VS) \\;g g,i gg iﬂtiﬁiﬁ% among patients
e  Repolarization signal (RPS .
33,34] F pofver gnal ( ) RPS power spectrum To account for the signal energy
- e  RPSenergy RPS energy amplitude
e  Low-frequency (LF) HRV F To minimize the effect of changes in
[35-4] F component (CF+HF) total power on LF and HE,
- o  High-frequency (HF) HRV LFH};IF emphasizing the cardiac modulation
component (LF+HE) of the autonomic nervous system
. 2
[43-45] T QT variability index variance (QT)/mean (QT) To compensate for the effect of HRV
variance (HR)/mean (HR)
e  Blood pressure fall time (BPFt)
[46] T e  BPrise time (BPRt) % iﬁt % To compensate for the effect of HR
e  Pulse transit time (PTT)
) . Ramp To consider correlation between Ramp
[47] T R-wave amp litude (Ramp) electrode space difference and electrode distance
e  Pre-RRinterval (PrRR)
(48] T e  Post-RR interval (PoRR) mI;rTR(II%R) miﬂiﬁﬁm To see if normalized features can
e  1-min RR interval (ImRR) ImRR __20mRR improve the accuracy of classification
e 20-min RR interval (20mRR) mean(RR) mean(RR)
To take into account possible changes
TWA p g
[49] T TWA WA

of T-wave morphology
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Table 3. Cont.

Normalization
Ref Dom Feature
HOW WHY
e, . : To make QT interval variations
50 T T variability index variance(QT) /mean(QT)* .
[50] Q y variance(RR) / mean(RR)? independent from HRV
. To compensate for RR-interval
__Qr p
[51] T QT interval proceding RR duration
[52] T Entro entropy To account for the effect of the
Py power system’s energy
(53] T HR HR at walk test To evaluate if cardiac responses
HR at graded exercise exceed HR recommended thresholds
To see if the normalized index
PVCV,/Vg
[54] T ECG leads sinus V4/Vs improves diagnostic accuracy
Low-frequency (LF) HRV
[55] F component Tpljil\:,LF - 100 To compensate for the effect of
High-frequency (HF) HRV TPEI{:/LF - 100 aging-related processes
component
To compensate for the fact that the
: i TCRT p
[56] T Total cosine R-to-T (TCRT) mean(HR) parameter is HR-dependent
Baseline TWA (bTWA
[57] T ngﬁlﬁzion TV\(}TA (sTV)V A) V4 ( ﬁmﬁ) To assess the effect of stimulation on
Post-stimulation TWA (psTWA) Z < %S&,TVVVV: ) TWA

Ref: reference; Dom: domain; T: time; F: frequency; TP: total power; VLF: very low frequency; PA: premature
activation; TA: T-wave amplitude computed as the mean value of the first principal component in the ST-T
complex; PVC: premature ventricular complexes.

4. Discussion

This review systematically explored the open-access scientific literature about the
normalization of ECG-derived parameters used as risk indices, with the aim of assessing
the methodologies and the reasons behind its application in this context.

The literature search strategy was designed to cover a wide range of relevant open-
access research, ensuring an initial overview on the topic addressed and providing results
that can be considered representative of the free literature. Overall, 39 documents were
included. The choice of considering only the open-access literature was prompted by
the intent to ensure that all the reviewed literature is freely accessible, so that this study
can be fully reproduced by any researcher in the global scientific community; instead,
the exclusion of non-English documents was justified by the fact that the most widely
used language in science is English. According to the document type, book chapters were
excluded in order to focus only on research published in scientific journals, while reviews
were excluded in order to provide a comprehensive analysis of primary research findings
rather than secondary interpretations. The exclusion criteria were determined according
to the purpose of our review, thus with the intent of leaving out studies that were not in
line with the objective of understanding the use and impact of normalization on ECG data.
No limits were imposed on the publication year since the trend in the use of normalization
was one of the pieces of information we wanted to provide.

The chronological arrangement of document publication years that we performed
(Figure 2) allowed to evaluate trends and shifts in research focus, as well as to understand
the development of the field over the years. By analyzing the temporal distribution, we
could identify a clear upward trend in research activity over time. From 1980 to 2000,
the publication rate was relatively low, reflecting limited focus on this topic. From 2000
onward, the number of studies gradually increased, with a sharp rise after 2012. This
period likely marks a significant intensification of research, probably due to advances
in technology and growing attention to the topic, combined with researchers’ increasing
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interest in open-access publishing. Moreover, the upward trend continues in the most
recent years, suggesting an ongoing research activity.

With regard to the general characteristics of the populations studied in the included
documents, almost 80% of the studies considered adult populations. The median size
of the studied populations was 53 subjects, with few studies (30%) involving more than
100 subjects, and very few (13%) involving more than 200 subjects. Excluding studies that
did not specify the population sex, the studied populations were predominantly male.
Moreover, most studies enrolled diseased subjects and, as expected, since the data analyzed
were ECG data, the patients affected by cardiac pathologies were the most commonly
studied. However, the pie chart (Figure 3) helps highlight that ECG-derived measures are
computed to evaluate also populations not directly affected by cardiac pathologies, rather
by epilepsy, diabetes, mental health issues, or even healthy populations.

The targets of the studies conducted in the included documents reported in Table 2
were provided to contextualize each study, and pointed out that, even if normalization was
included in their methodologies (due to this review’s design), none of the studies had the
primary purpose of assessing its effect. Indeed, most studies aimed at evaluating changes
in HRV that reflect cardiac autonomic modulation, changes in QT interval variability that
reflect ventricular repolarization lability, or the effects of some factors (such as drugs, age,
physical activity, external stimulations) on them.

Among the included documents, 54% analyzed the ECG in the frequency domain,
with almost all presenting normalized HRV indices, while the remaining 46% analyzed the
ECG in the time domain, with half of them presenting normalized QT interval variability
measures or normalized TWA measures. These results suggest that there is a significant
trend towards the established use of normalization in the computation of HRV indices,
likely indicating its recognized importance and effectiveness in this field. Moreover, it
can be noticed that, among the ECG-derived features that have been normalized by the
open-access literature, there were some features that referred to ventricular activity, such as
QT-related indices, TWA, and total cosine R-to-T, while no features that referred specifically
to atrial activity emerged from this search strategy, possibly suggesting that normalization
has been poorly applied to P-wave indices, even if widely studied [58-61].

From the included documents, normalization was performed by dividing the orig-
inal parameter to be normalized by itself computed in a different way, or by a different
parameter. In the first case, in the time domain the original parameter can be divided by its
mean/maximum during the acquisition protocol [19,31,48], or by its value in a condition
of the acquisition protocol assumed as baseline [32,53,54,57]. In the frequency domain,
normalization was performed by dividing a specific band of the spectrum by the entire
spectrum [20-29,33-42,55]; indeed, for example, the high/low-frequency HRV spectral
component was normalized by the entire tachogram spectrum. In the second case, the
original parameter was divided by another parameter to compensate for its possible biasing
effect, actually making a new index [43-47,49-52,56]. This normalization was applied on
the basis of a possible interdependence between the two parameters. If the interdependence
is known, the normalization is intended to prevent the influence of the biasing parameter
from affecting the interpretation of the original parameter’s role; if the interdependence is
only assumed, the normalization is intended to investigate mutual influences. In addition,
one study characterized the original parameter as number of occurrences and divided
it by the number of occurrences of an anomalous cardiac condition, investigating their
interdependence [30].

The potential limitation of the application of normalization lies in the fact that it is
based on an assumption. The assumption is the existence of an interdependence between
the parameter to be normalized, which in our case is the ECG-derived risk index, and
the normalizing parameter. This interdependence makes the latter a biasing factor that
normalization is intended to neutralize for proper reading and interpretation of the risk
index. As an implicit consequence, if this assumption no longer holds, the normalization
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loses significance and may even jeopardize the parameter’s role as a marker instead of
strengthening it.

Studies presenting normalized QT interval measures mainly aimed at making QT
interval variability independent from HRYV, given their known influence [62]. In this context,
it is proper to make a comment regarding the QT correction. Indeed, no studies presented
the corrected QT (through the formula of Bazett, Fridericia, Framingham, etc.) as a form of
normalization. This highlights that such a procedure is well established enough nowadays
so as not to be considered a normalization.

Only two of the included documents applied normalization to TWA [49,57], for differ-
ent purposes. Specifically, in the study conducted by Martin-Yebra et al. [49], TWA was
normalized with the aim of compensating for possible changes in T-wave morphology,
while in the study conducted by Pukropski et al. [57], TWA was detected one hour before
(baseline), one hour during, and one hour after transcutaneous auricular vagus nerve
stimulation, and normalization by dividing for the baseline TWA was applied to enhance
the effect of stimulation. These results suggest that TWA normalization has been addressed
by different research groups, but further investigation is needed to better define its benefit
and modality.

Besides the obtained outcomes, another contribution of this review is the data charting
template proposed and detailed in Appendix C. Indeed, it can represent a valid model
to follow in future literature research on analogous topics. Moreover, this data charting
template, which includes specific information not only on the normalized ECG parameters,
but also on the modality and reason of normalization explicitly provided by the authors,
allowed us to include only studies in which the normalization process was sufficiently
clear and reproducible to be translated into formula, if not already provided by the article.
As a result, we could make more specific considerations and evaluations of the different
normalization forms, both in time and frequency domains. These allowed to better assess
the consistency and comparability of these normalized indices in the literature.

Study Limitations

Although consideration of only the open-access literature is part of the core design
of this study, we recognize that it could be interpreted as a limitation, as some scientific
works may be overlooked. However, open-access publication is a growing trend, and in the
case of our topic it may accurately reflect what emerged from the closed-access literature
as well. Indeed, this scoping review achieved the goal of determining the coverage of
the body of literature regarding the normalization of ECG-derived cardiac risk indices
while also providing an overview of the main focuses and describing how the research was
conducted. This approach represents a faithful picture of the literature that any researcher
can access, not claiming a thorough analysis of the available evidence. Rather, it assesses
its potential target and extent, opening the way to possible future systematic reviews,
which are typically considered secondary studies with respect to scoping reviews. Indeed,
as such, this scoping review is intended to serve as a precursor to systematic reviews
on the normalization of specific ECG-derived indices, possibly including the open- and
closed-access literature. Furthermore, our methodological approach, including a detailed
data charting template, compensates for a limitation of this study, that is, the lack of quality
assessment through a formal quality appraisal, although not expected in a scoping review.
Lastly, although requiring a clear explanation of the rationale behind the normalization, no
studies aimed at evaluating the effect of the procedure.

5. Conclusions

This review highlights the extensive use of normalization on ECG-derived risk indices.
This applies especially for HRV-related and QT-related indices, suggesting that normaliza-
tion may enhance their role as clinically useful markers of cardiac anomalies. On the other
hand, the normalization of ECG-derived parameters that have been less studied, such as
those related to the atria, should be investigated.
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In conclusion, if evaluated after normalization, the risk index could be isolated from
potential interfering factors, boosting its clinical evidence. Moreover, since none of the
included studies aimed to evaluate the effect of normalization itself, this review points out
the need for future research to fully assess the impact and advantages of normalization
across various ECG-derived parameters.
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Appendix A

Table A1l. PRISMA-ScR checklist.

SECTION ITEM PRISMA-ScR CHECKLIST ITEM PAGE(S)
TITLE

Title 1 Identify the report as a scoping review. 1
ABSTRACT

Structured summary

Provide a structured summary that includes (as applicable):
background, objectives, eligibility criteria, sources of evidence,
charting methods, results, and conclusions that relate to the
review questions and objectives.

INTRODUCTION
Describe the rationale for the review in the context of what is
Rationale 3 already known. Explain why the review questions/objectives 2
lend themselves to a scoping review approach.
Provide an explicit statement of the questions and objectives
being addressed with reference to their key elements (e.g.,
Objectives 4 population or participants, concepts, and context) or other 2
relevant key elements used to conceptualize the review
questions and/or objectives.
MATERIALS and METHODS

Protocol and registration

Indicate whether a review protocol exists; state if and where it
5 can be accessed (e.g., a Web address); and if available, provide = NA
registration information, including the registration number.

Eligibility criteria

Specify characteristics of the sources of evidence used as
6 eligibility criteria (e.g., years considered, language, and 3
publication status), and provide a rationale.

Describe all information sources in the search (e.g., databases
with dates of coverage and contact with authors to identify

Information sources 7 additional sources), as well as the date the most recent search 3
was executed.
Present the full electronic search strategy for at least 1 database,

Search 8 . . . . 15-16
including any limits used, such that it could be repeated.

Selection of sources of 9 State the process for selecting sources of evidence (i.e., 34

evidence

screening and eligibility) included in the scoping review.

Data charting process

Describe the methods of charting data from the included
sources of evidence (e.g., calibrated forms or forms that have

10 been tested by the team before their use, and whether data 4
charting was done independently or in duplicate) and any
processes for obtaining and confirming data from investigators.
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Table Al. Cont.

SECTION ITEM PRISMA-ScR CHECKLIST ITEM PAGE(S)
MATERIALS and METHODS
Data items 1 List and deflr.1e all Varlgbles'ff)r Whlch data were sought and 16-17
any assumptions and simplifications made.
... . If done, provide a rationale for conducting a critical appraisal of
Critical appraisal of . . .
. 1. included sources of evidence; describe the methods used and
individual sources of 12 . . . . NA
. how this information was used in any data synthesis (if
evidence .
appropriate).
Synthesis of results 13 Describe the methods of handling and summarizing the data 4

that were charted.

RESULTS

Selection of sources of
evidence

Give numbers of sources of evidence screened, assessed for
14 eligibility, and included in the review, with reasons for 4-5
exclusions at each stage, ideally using a flow diagram.

Characteristics of sources

For each source of evidence, present characteristics for which

of evidence 15 data were charted and provide the citations. 6-11
Critical appraisal within If done, present data on critical appraisal of included sources of
. 16 : . NA
sources of evidence evidence (see item 12).
Results of individual For each included source of evidence, present the relevant data
. 17 that were charted that relate to the review questions and 7-11
sources of evidence e
objectives.
Synthesis of results 18 Summe?nze and / or present the ?hartmg results as they relate to 9-11
the review questions and objectives.
DISCUSSION
Summarize the main results (including an overview of concepts,
Summary of evidence 19 theme?s, and type§ of evidence aval'lable), link to the review 11-13
questions and objectives, and consider the relevance to key
groups.
Limitations 20 Discuss the limitations of the scoping review process. 13
CONCLUSIONS
Provide a general interpretation of the results with respect to
Conclusions 21 the review questions and objectives, as well as potential 13-14
implications and /or next steps.
Describe sources of funding for the included sources of
Funding 22 evidence, as well as sources of funding for the scoping review. 14

Describe the role of the funders of the scoping review.

NA: not applicable. The grey background color highlights the different sections of this review.

Appendix B.
Appendix B.1. Search Query Used on Scopus

(TITLE-ABS(ECG) OR TITLE-ABS(EKG) OR TITLE-ABS(electrocardiogra*)) AND TITLE-
ABS(normaliz*) AND (TITLE-ABS(alternans) OR TITLE-ABS(risk) OR TITLE-ABS(threat*)
OR TITLE-ABS(arrhythmi*) OR TITLE-ABS(instability) OR TITLE-ABS(abnorma*) OR
TITLE-ABS(anomal*) OR TITLE-ABS(irregular*) OR TITLE-ABS(vulnerab*) OR TITLE-
ABS(susceptib*)) AND (LIMIT-TO (LANGUAGE, “English”)) AND (LIMIT-TO (OA, “all”))

Appendix B.2. Search Query Used on PubMed

((ECG[Title/ Abstract] OR EKG[Title/ Abstract] OR electrocardiogra*[Title/ Abstract])
AND (normaliz*[Title/ Abstract])) AND (alternans|Title/ Abstract] OR risk[Title/ Abstract]
OR threat*[Title/ Abstract] OR arrhythmi*[Title/ Abstract] OR instability[Title / Abstract]
OR abnorma*[Title/ Abstract] OR anomal*[Title/ Abstract] OR irregular*[Title / Abstract]
OR vulnerab*[Title/ Abstract] OR susceptib*[Title/ Abstract]) AND ((ffrft[Filter]) AND
(english[Filter]))
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Appendix B.3. Search Query Used on WoS

((TI=(ECG) OR TI=(EKG) OR TI=(electrocardiogra*) OR AB=(ECG) OR AB=(EKG) OR
AB=(electrocardiogra*)) AND (TI=(normaliz*) OR AB=(normaliz*)) AND (TI=(alternans) OR
TI=(risk) OR TI=(threat*) OR TI=(arrhythmi*) OR TI=(instability) OR TI=(abnorma*) OR
TI=(anomal*) OR TI=(irregular*) OR TI=(vulnerab*) OR TI=(susceptib*) OR AB=(alternans)
OR AB=(risk) OR AB=(threat*) OR AB=(arrhythmi*) OR AB=(instability) OR AB=(abnorma*)
OR AB=(anomal*) OR AB=(irregular*) OR AB=(vulnerab*) OR AB=(susceptib*))) AND
(LA==("ENGLISH"”) AND OA==(“OPEN ACCESS"))

Appendix C.

Table A2. Data charting template: items and their definition.

Item

Definition

Publication year

Year in which the document was officially published in an international scientific journal
or conference

Population size

Total number of individuals within the population being studied

Total number of males and total number of females (biological sexes) within the population

Sex being studied
Age range to which the population being studied belongs, considering the following:
Fetus: Unborn, measured in gestational weeks
Newborn: 0 to 28 days old
Age Infant: 29 days to 1 year old

Child: 2 to 11 years old
Adolescent: 12 to 18 years old
Young Adult: 19 to 26 years old
Adult: Over 26 years old

Clinical Information:
Health status and Details

Definition of the health status of individuals within the population being studied, considering the
following:

o  Healthy
Diseased

Cardiac pathologies
Cerebrovascular diseases
Congenital heart diseases/preterm
COVID-19

Diabetes

Epilepsy

Gastrointestinal diseases

Renal diseases

Sleep /mental disorders

Description of the rationale and intent of the study being described in the document (as it is reported

Target of the study in the document or uniquely derived from it)
Feature Definition of the ECG-derived parameter being analyzed
Domain Domain in which the feature was computed (time or frequency)

Normalization modality
(how)

Description of how normalization was applied to the feature, expressed through a mathematical
formula (as it is reported in the document or uniquely derived from it)

Normalization reason
(why)

Description of why normalization was applied to the feature (as it is reported in the document or
uniquely derived from it)
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