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Background: Electrocardiographic features are well-known for heart failure with reduced
gjection fraction (HFrEF), but not for left ventricular diastolic dysfunction (LVDD) and heart
failure with preserved ejection fraction (HFpEF). As ECG features could help to identify
high-risk individuals in primary care, we systematically reviewed the literature for ECG
features diagnosing women and men suspected of LVDD and HFpEF.

Methods and Results: Among the 7,127 records identified, only 10 studies reported
diagnostic measures, of which 9 studied LVDD. For LVDD, the most promising
features were T-end-P/(PQ*age), which is the electrocardiographic equivalent of the
passive-to-active filing (AUC: 0.91-0.96), and repolarization times (QTc interval >
350ms, AUC: 0.85). For HFpEF, the Cornell product > 1,800 mm*ms showed poor
sensitivity of 40% (AUC: 0.62). No studies presented results stratified by sex.

Conclusion: Electrocardiographic features are not widely evaluated in diagnostic
studies for LVDD and HFpEF. Only for LVDD, two ECG features related to the diastolic
interval, and repolarization measures showed diagnostic potential. To improve diagnosis
and care for women and men suspected of heart failure, reporting of sex-specific data
on ECG features is encouraged.

Keywords: sex-differences, diagnosis, HFpEF-heart failure with preserved ejection fraction, LVDD-left ventricular
diastolic dysfunction, primary care, electrocardiography (ECG)

INTRODUCTION

The prevalence of heart failure with preserved ejection fraction is increasing relative to heart
failure with reduced ejection fraction (HFrEF) (1), and affects women more than men in a 2:1
ratio (2). Left ventricular diastolic dysfunction (LVDD) is considered the pre-stage of heart failure
with preserved ejection fraction (HFpEF). LVDD is marked by elevated filling pressures, abnormal
relaxation, and decreased compliance of the left ventricle (LV), often accompanied by increased
atrial volumes and left ventricular mass (3, 4). The lack of reliable diagnostic tools for the detection
of HFpEF likely contributes to the underdiagnosis in primary care (5). Thus, direct referral for
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echocardiography follows when heart failure is suspected (6).
Currently, echocardiography is not implemented in primary
care, while ECG is. For HFrEF, certain ECG features are
clearly linked, i.e., prolonged PR interval (7), low voltages (8),
QRS prolongation (9), and QT prolongation, dispersion, and
variability (10). Also, several ECG features were shown to be
too help to identify HFrEF in primary care populations (11, 12).
Similarly, ECG features could help in selecting patients needing
echocardiography for HFpEE, but ECG features associated with
HFpEF are less established. Recently, a meta-analysis reported
a higher incidence of right bundle branch block (RBBB) or
atrial fibrillation (AF) in HFpEF compared to HFrEF (13). This
suggests that ECG changes associated with HFrEF cannot be
directly extrapolated to HFpEF. However, in this meta-analysis,
ECG features for LVDD were not studied and there was no
comparison made with healthy individuals, or between women
and men. Therefore, we performed a systematic review to identify
ECG features in patients with LVDD or HFpEF. As the prevalence
of HFpEF differs between men and women (2) and several
ECG features are marked by sex-specific cut-offs (14), we also
documented sex-specific reporting of diagnostic performance for
LVDD and HFpEF.

METHODS

Data Sources and Searches

We searched PubMed and EMBASE for articles on April 18,
2019 and updated our search up to October 26, 2021. Our
search terms included electrocardiogram, diagnosis, heart failure,
diastolic dysfunction, and variants of these terms and comprised
only human studies. The full search string can be found in
Supplementary Method I. After the removal of duplicates, all
records were screened by title and abstract by two of three
independent researchers (A.v.O., EK,, and G.V.). A further
selection was made after reading full-texts and application of
the in- and exclusion criteria. Disagreements were resolved by
discussion. Among the studies retrieved for full-text assessment,
reference lists were screened, and a citation search was performed
for additional relevant studies by two researchers (A.v.O
and E.K.).

Study Selection

Eligible studies were cross-sectional in patients suspected of
LVDD or heart failure (domain), questioning whether ECG
features (determinant) were diagnostic for LVDD or HFpEF
(outcome). A 12-lead resting surface ECG should be part of
the assessment. Participants should not have a history of the
disease of interest, and the healthy controls were the non-
diseased individuals as defined by the authors of the original
articles. We excluded animal studies, in vitro studies, reviews,
conference papers/abstracts, case studies, and editorials. For
studies that were not full-text available, we contacted the
corresponding author. If we did not receive a response, the
study was excluded. Studies that were written in a language
other than English, Dutch, or German were also excluded.
Detailed information on well-defined ECG features had to
be reported (e.g., exact values, cut-off values, or absence or

presence of pre-defined criteria). Studies only reporting whether
an ECG was normal or abnormal, without specifications, were
not considered eligible. Diagnosis of LVDD or HFpEF had to
be established according to existing guidelines (3, 4, 6, 15, 16).
Studies on LVDD were only included if the diagnosis was
based on multiple echocardiographic parameters to prevent
misclassification (3, 16). The search and selection processes
are visualized in the PRISMA flow diagram presented in
Figure 1.

Data Extraction

Study characteristics are reported in Supplementary Table I,
including the name of the first author, year of publication,
country, age and number of participants, percentage of women
participating, study in- and exclusion criteria, mean left
ventricular ejection fraction [LVEF (%)], ECG features studied,
prevalence and definition of LVDD/HFpEE, and association
measure between ECG feature and the diagnosis of LVDD or
HFpEF. Additionally, we recorded if sex-stratified outcomes
were given and whether sex was included in a multivariable
model (if applicable). Data-extraction was performed by a single
researcher (A.v.0.) and checked by another researcher (E.K.).
We used the PRISMA reporting guidelines (17) and registered
the protocol of this systematic review in PROSPERO (https://
www.crd.york.ac.uk/prospero/) with the registration number:
CRD42020212907.

Critical Appraisal

For all studies selected, a critical appraisal was performed
independently by two researchers (A.v.O, E.K.) in accordance
with the QUADAS-2 criteria (18). Four domains i.e., patient
selection, index test, reference test, and flow and timing were
scored (Table 1). Additionally, the level of evidence in terms of
the association measure provided for diagnosis of LVDD/HFpEF
was rated. Studies presenting sensitivity/specificity/negative
predictive value (NPV)/positive predictive value (PPV) and
area under the curve (AUC) values were classified as the
highest level of evidence. Odds ratio (OR), relative risk
(RR), or correlation coeflicient were classified as intermediate
levels of evidence. Studies reporting numbers/percentages and
between-group differences were judged as low level of evidence.
As ECG parameters and association measures were highly
heterogeneous, we only assessed publication bias when >5
studies reported the same ECG parameter and association
measure. Based on the reported outcomes of the high level
of evidence studies we judged ECG features as promising
or not.

RESULTS

In total, 7,127 articles were screened, and 22 met the predefined
in- and exclusion criteria (Figure 1, Supplementary Table I). All
22 studies were published between 2003 and 2021. In total, 25
ECG parameters were investigated. Moreover, 16 parameters
were studied only once. LVDD was the outcome in 18 studies
and HFpEF in 4 studies. All 25 parameters were grouped by
phase in the cardiac cycle: the atrial activation, ventricular
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FIGURE 1 | PRISMA flow diagram summarizing the search and selection process applying pre-defined in- and exclusion criteria.

depolarization, ventricular repolarization, and the full diastole
(Figure 2, Supplementary Table II). All parameters from the 10
diagnostic studies are discussed in the text and summarized in
Table 2.

Critical Appraisal

The overall quality of the studies was acceptable, all studies met
the applicability criteria, and six studies had an overall low risk of
bias on all domains (Table 1). We did not exclude studies because
of a high risk of bias. The major reason for the high risk of bias in
the study selection domain was a case-control design. Secondly,
many studies applied extensive exclusion criteria that led to the
exclusion of difficult to diagnose patients affecting the diagnostic
accuracy of ECG features and reducing the generalizability of the
findings. Information on blinded interpretation of the index test
and reference was often lacking resulting in an unclear risk of bias
in these domains. The interval between performing the ECG and
the echocardiogram (assessed in the flow and timing domain) was
often not reported, but no stringent concerns were raised in this
period was longer than 6 weeks. The majority of studies had a low
or intermediate level of evidence. A total of nine studies reported
appropriate association measures for the diagnosis of LVDD or
HFpEF and were thus classified as a high level of evidence.

Atrial Contraction Related Features
Electrocardiographic (ECG) features derived from atrial
contraction up to the ventricular depolarization were described
in 11 articles (20-25, 29-33).

PTFV1 and Morris Index

In 417 individuals considered at risk for heart failure (e.g.,
history of hypertension, diabetes, obesity, or having received
potential cardiotoxic chemotherapy) enrolled through local
media advertising, the P-wave terminal force in lead V1 (PTFV1)
< —4,000 WV*ms showed a PPV of 67% and a sensitivity of
36% for LVDD (prevalence LVDD = 65%) (21). In another
study with individuals undergoing echocardiography as part of
routine cardiac care (20), the sensitivity, specificity, PPV, and
NPV of a PTFV1 >0.04 mm®™s were 27, 100, 100, and 38%,
respectively, for a diagnosis of LVDD [present in 62 of 117
participants (53%)]. In 8 among the 117 participants (6.8%), the
Morris index was present resulting in a sensitivity, specificity,
and PPV and NPV for LVDD of 13, 100, 100, and 34%,
respectively (20).

P-Wave Area, Dispersion, and Duration

In 140 individuals in whom coronary artery disease (CAD) was
ruled out with a negative exercise test or coronary angiography
(CAG), P-wave dispersion (>0.045s) showed a sensitivity
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TABLE 1 | Critical appraisal, evaluation of the level of evidence, and applicability for the selected studies in accordance with the QUADAS-2 criteria.

Year of publication 1st author Country/Population

Critical appraisal

Patient selection Index test (ECG) Reference test (Diagnosis) Flow and timing

Level of evidence

Applicability

Domain Determinant Outcome

2010
2003
2012
2005
2021
2012
2015
2016
2014
2008
2013
2018
2012
2016
2006
2012
2019
2014
2019
2013
2011
2017

Boles
Dogan
Eicher
Gunduz
Hayiroglu
Hsu
Kadi
Khan
Krepp
Miwa
Namdar
Nikolaidou
Ofman
Onoune
Palmieri
Sauer
Sumita
Taha
Tan

Tsai
Wilcox
Yang

Ireland
Turkey
France
Turkey
Turkey
Taiwan
Turkey
Pakistan
USA
Japan
Switzerland
UK

USA
Japan
Europe/USA
USA
Japan
Egypt
Singapore
Taiwan
USA
Australia

Unclear

Unclear

Unclear

Unclear
Unclear
Unclear

Unclear

Unclear

Unclear

Unclear

Unclear
Unclear
Unclear

Unclear Unclear

Unclear Unclear

_ e

Unclear

Unclear

Unclear

Unclear

Green boxes represent either a low risk of bias, a high level of evidence, and no concerns with respect to applicability. Grey boxes represent an unclear risk of bias. Yellow boxes represent an intermediate level of evidence. Red boxes

represent either a high risk of bias or a low level of evidence.
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FIGURE 2 | ECG features studied for HFpEF and LVDD, grouped by phase in the cardiac cycle.

U wave inversion
T end- P interval
T end- Q interval

and specificity of 98 and 64% for LVDD (prevalence LVDD
= 60%) (23). In another study in 270 patients undergoing
echocardiography for clinical indications (e.g., abnormal physical
examination, hypertension, or suspicion of CAD or heart
failure), P-wave duration, P-wave area, and dispersion were
measured (22). Measurements were corrected for heart rate
using Bazett’s formula, and for all features, significantly higher
values were found in individuals with LVDD compared to those
without LVDD (prevalence LVDD = 33%). For the corrected
P-wave area, the AUC for diagnosing LVDD was 0.6 (22).
The AUC for both corrected P-wave duration, and P-wave
dispersion was 0.62. In a similar population (prevalence LVDD
= 53%), P-wave duration > 110ms was more sensitive for
LVDD (sensitivity 86%, specificity 86%), and a P-wave duration
> 120ms was more specific for LVDD (sensitivity 34% and
specificity 100%) (20).

P-Wave Amplitude

The amplitude of P-wave was measured in one study with LVDD
as an outcome in 204 individuals without CAD or other major
cardiac pathologies visiting the outpatient cardiology clinic (19).
Ata cut-off value > 0.102 mV, this parameter showed a sensitivity
of 67% and specificity of 60% with an AUC of 0.69 in this
population with a prevalence of LVDD of 42%.

PQ Interval

One study reported the diagnostic performance of a PQ interval
of > 150ms for LVDD, in individuals with diastolic function
classification based on echocardiography (24). AUC, sensitivity,
specificity, PPV and NPV were 0.65, 78, 46, 58, and 68%. In
this study, LVDD was present in 81 of the 164 participants
(prevalence = 49%).

Ventricular Depolarization

In total, 9 studies reported ECG parameters representing
ventricular depolarization and their relationship to LVDD (21,
24,25,28,29, 33-36). Of note, many studies (19, 20, 23, 25, 28, 35,
37) used a QRS duration of above 120 or 130 ms, or the presence
of complete bundle branch block (BBB), as exclusion criteria.

Left Ventricular Hypertrophy

The Cornell product with a cut-off value > 1,595 mm*ms based
on the 3rd quartile Cornell product was used to determine
LVDD (prevalence = 57%) in a group of 185 individuals,
undergoing both echocardiography and coronary computed
tomography angiography (CCTA) for clinical indications (25).
For the detection of LVDD, the sensitivity and specificity were
36 and 90% and PPV and NPV were 83 and 52%, respectively.
Another study used 3rd quartile sex-specific cut-oft values of the
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TABLE 2 | Summary of diagnostic association measures of ECG features for LVDD and HFpEF when compared to non-diseased individuals.

LVDD/HFpEFPhase

ECG feature

Definition

Study

Cut-off value

Findings

Atrial activation

LvDD

Ventricular
depolarization

Ventricular
repolarization

Full diastolic
period

P wave amplitude in
\al

PTFV1

Morris Index

P wave area

P wave duration

P wave dispersion

PQ- and PR interval

LVH

Peak of P wave to the iso-electric line of TP interval in
lead V1

P-wave terminal force in lead V1 is the multiplication of
the amplitude by duration of the terminal part of the
P-wave in lead V1.

Present when P wave negative phase’ width and
amplitude are both > 1 mm.

P wave area is the multiplication of the P wave amplitude
(mV) by 0.5 P wave duration (ms) in lead |I.

Duration of P wave.

Difference between longest and shortest P wave
recorded from multiple ECG leads.

Beginning of P wave until onset of Q or R wave.

Most common criteria for left ventricular hypertrophy
include: (1) Cornell voltage criteria: S in V3 + R in avL

> 28 mm (men), Sin V3 + Rin avL > 20 mm (women).
(2) Cornell product: (amplitude S in V3+R in aVL)*QRS
duration. (3) Sokolow Lyon criteria: S wave in V1 and
tallest R wave in V5 or V6 are >35mm, or R wave in avVL
>11mm.

Sum of S wave amplitude in V1 and R wave amplitude in V5

R wave amplitude in
avL

QT interval

QTc interval

ST segment deviation
T peak—T end
T end—P interval

R wave amplitude in aVL

Interval between Q wave onset and end of T wave.

As QT interval decreases when heart rate increases, QT
interval is often corrected for heart rate (QTc) by Bazett's
formula.

ST segment deviation from J point of at least 20 mV.
Interval between peak and end of T wave.
End of T wave to P wave onset.

Hayiroglu et al. (19)

Sumita et al. (20)

Yang et al. (21)

Sumita et al. (20)

Tsai et al. (22)

Tsai et al. (22)

Sumita et al. (20)
Sumita et al. (20)
Taha et al. (23)

Tsai et al. (22)
Namdar et al. (24)

Krepp et al. (25)

Hayiroglu et al. (19)

Hayiroglu et al. (19)

Taha et al. (23)

Taha et al. (23)

Khan et al. (26)

Wilcox et al. (27)
Yang et al. (21)
Taha et al. (23)
Namdar et al. (24)

>0.102mV

PTFV1 >0.04 mm*s

PTFV1 <-4,000 pV*ms

corrected P wave area > 60
ms*mV

corrected P wave duration >
85ms

P wave duration > 110 ms
P wave duration > 120 ms

P wave dispersion > 45ms

P wave dispersion > 65ms
PQ > 150 ms

Cornell product > 1,595 mm*ms

> 1.85mV

>0.517mV

QT > 330ms

QTc > 395ms

QTc > 435ms

QTc > 435ms

T peak—T end > 95ms
Tend—P <311ms

AUC = 0.69, sensitivity = 67%, specificity
= 60%

Sens = 27%, spec = 100%, PPV =
100%, NPV = 38%

Sens = 36%, PPV = 67%

Sens = 13%, spec = 100%, PPV =
100%, NPV = 34%
AUC = 0.60, sens = 58%, spec = 56%

AUC = 0.62, sens = 65%, spec = 46%

Sens = 86%, spec = 86%
Sens = 34%, spec = 100%
Sens = 98%, spec = 64%

AUC = 0.62, sens = 62%, spec = 57%

AUC = 0.65, sens = 78%, spec = 46%,
PPV = 58%, NPV = 68%

Sens = 36%, spec = 90%, PPV = 83%,
NPV = 52%

AUC = 0.68, sensitivity and specificity =
65%

AUC = 0.68, sensitivity = 62%, specificity
=61%,

Sens = 69%, spec = 64%

Sens = 81%, spec = 79%

AUC = 0.82, sens = 71%, spec = 81%,
PPV = 65%, NPV = 85%

Sens = 73%, spec = 74%
Sens = 28%, PPV = 67%
Sens = 76%, spec = 29%

AUC = 0.82, sens = 79%, spec = 72%,
PPV = 74%, NPV = 78%

(Continued)
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AUC, area under the receiver operating characteristics curve; BBB, bundle branch block; HFpEF, heart failure with preserved ejection fraction; LVDD, left ventricular diastolic dysfunction; NPV, negative predictive value; PPV, positive

predictive value; PTFV/1, P-wave terminal force in lead /1, LVH, left ventricular hypertrophy; sens, sensitivity; spec, specificity.

Cornell product (1,442 mm*ms for men and 1,515 mm™*ms for
women) and found a PPV and sensitivity of 77 and 29% for
LVDD (prevalence LVDD = 65%) (21).

In the only study reporting diagnostic association measures
for HFpEE, a Cornell product > 1,800 mm*ms showed a
sensitivity, specificity, and AUC of 40, 80, and 0.62 for the
detection of HFpEF (prevalence HFPEF = 52%) when compared
to controls with hypertension (28).

Another group used the sum of the amplitude in S wave in V1
and R wave in V5 (derived from the Sokolow-Lyon criteria) as
a diagnostic measure for LVDD in individuals without CAD or
other major cardiac pathologies (19). This ECG feature showed a
sensitivity of 62%, specificity of 61%, and AUC of 0.68 at a cut-
off value of > 1.85mV. The same authors also studied R wave
amplitude in lead aVL. For this feature, lower sensitivity and
specificity of 60%, and AUC of 0.65 were found at a cut-off of
>0.517 mV.

Ventricular Repolarization

Features of ventricular repolarization, defined as the period
between the end of the QRS complex and the end of the T-wave,
were reported by 12 studies (21, 23-27, 33, 37-39).

QTc and QT Interval

In 140 individuals without signs of CAD (based on stress ECG
or CAG), QT and QTc intervals were significantly longer in
individuals with LVDD compared to individuals without LVDD
(prevalence LVDD = 60%) (23). A QTc interval > 395 ms could
diagnose LVDD with a sensitivity and specificity of 81 and 79%,
whereas a QT interval > 330 ms showed lower sensitivity and
specificity of 69 and 64%, respectively. Wilcox et al. measured
QTc interval, QT interval, and J point- T interval corrected
for heart rate (JTc) is firstly a derivation group referred for
the suspicion of heart failure, and secondly, a validation group
referred for stress echocardiography (prevalence LVDD = 64% in
the derivation group) (27). For the detection of grade II or higher
LVDD in the derivation group, a QTc interval > 435ms had a
sensitivity and specificity of 73 and 74%. A QTc interval >435 ms
in the validation cohort was associated with lower € velocities,
but diagnostic association measures for LVDD categories were
not reported. For both the derivation and validation groups QT
intervals were higher in individuals with LVDD, but diagnostic
association measures were not reported. A significant interaction
between JTc interval and QRS duration was observed, however,
there was no significant association between JTc and a reduced
septal € velocity in individuals with prolonged QRS duration.
One other study, with LVDD as the outcome (prevalence LVDD
= 60%), used the same cut-off value for QTc duration and found
sensitivity, specificity, NPV, PPV, and AUC value of 71, 81, 85,
65%, and 0.82, respectively, in 300 individuals with the suspicion
of heart failure (26).

ST-Segment Deviation

In a group of patients at risk for heart failure, ST-segment
deviation in lead V5 and V6 was present in 29% compared to
25% of the participants with and without LVDD (prevalence
LVDD = 65%). PPV and sensitivity for LVDD were 67 and 28%,
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respectively (21). Individuals with known CAD were excluded in
this study, but the presence of CAD in the study population was
not stated.

T-Peak-T-End Interval

In 140 individuals where CAD was ruled out, there was
no significant difference for T-peak-T-end interval comparing
individuals with and without LVDD. Sensitivity and specificity
were 76% and 29%, respectively (23).

Diastolic Period and Indexes
The diastolic period, defined as the end of the T-wave until the
onset of the QRS complex, comprised two studies (24, 40).

Indexes Related to Diastolic Period:
T-End-P/(PQ*age) and T-End-Q/(PQ*age)

A study in 164 individuals with echocardiography data available
on LVDD classification (24) found that T-end-P-interval and
T-end-Q-interval were significantly shorter in individuals with
LVDD compared to without LVDD. Two diagnostic indexes
consisting of several ECG features and age were tested in
the derivation group of this study, the first index being T-
end-P/(PQ*age), the second being T-end-Q/(PQ*age). The first
index showed an AUC value of 0.96 and sensitivity, specificity,
PPV, NPV, and accuracy of above 0.9 for LVDD at a cut-
off value of 0.0333. As a reference, the value of this index
was 0.06 £ 0.026 for individuals < 60 years without LVDD,
compared to 0.0269 =+ 0.005 for individuals in this age
category with grade II LVDD (p < 0.005). For individuals,
> 60 years old without LVDD a value of 0.042 £ 0.011 was
found, compared to 0.021 % 0.01 in grade IT LVDD. Similarly,
the AUC for the second index was high at 0.95 with high
sensitivity, specificity, PPV, NPV, and accuracy for LVDD at a
cut-off value of 0.0489. The index T-end-P/(PQ*age) was also
validated reporting an AUC value of 0.91 and high values for
sensitivity, specificity, PPV, NPV, and accuracy (82, 93, 93, 82, and
88%, respectively).

Electrocardiographic Diastolic Index (EDI)

In a study of 204 patients without CAD, or other major
cardiac pathologies the validity of an ECG index involving P-
wave amplitude in lead V1, components of the Sokolow-Lyon
criteria, and Cornell product was tested. The index being aVL
R wave amplitude * (V1S amplitude + V5 R amplitude)/P
wave amplitude in V1) showed the highest diagnostic value for
LVDD when the index was > 8.53 mV with an AUC of 0.78, the
sensitivity of 70%, and specificity of 70%.

ECG Cut-Off Values and Outcomes in

Women and Men

None of the studies reported diagnostic properties of ECG
features separately for women or men. However, Yang et al.
used sex-specific cut-off values for the Cornell product (21).
Although sex-specific outcomes were not reported, many
intermediate levels evidence studies performing multivariate
regression analysis used biological sex as a covariate (21, 22, 27,
28, 37, 38).

DISCUSSION

Electrocardiographic (ECG) features of LVDD and HFpEF were
not frequently studied, and we identified 8 studies that showed
diagnostic performance of ECG features in LVDD. Only one
study reported the diagnostic value of ECG features in HFpEF.
No studies reported data for women and men separately despite
known differences between men and women in prevalence of
HFpEE and in normal electrocardiographic times.

Discussion of the Different Identified

Features

The index [T-end-P/(PQ*age)], which electrocardiographically
reflects the ratio of the early filling phase to the atrial contraction
phase of the diastole, showed a reduced ratio with worsening
diastolic function. This index, described by Namdar et al. (24)
showed the best diagnostic properties (AUC:0.96 and 0.91 in the
derivation and validation group) of all ECG features studied. It
showed that it was able to identify LVDD in situations, where
echocardiography is not directly available. This index has not yet
been validated further.

As the early filling phase (T-end-P) shortens when QT and
PQ intervals are prolonged and heart rate increases, it is not
surprising that many studies reported the association of higher
PQ and QTc intervals with LVDD (13, 20, 22-27, 30, 32). PQ
time, as well as P-wave dispersion and duration, have been
established as markers of cardiac degeneration and as risk factors
for atrial fibrillation and all-cause mortality (41). Biphasic P-
waves are typically associated with dilated atria in heart failure
and a negative force in lead V1 is mandatory for abnormal
PTFV1 and the Morris index. The association of increased atrial
conduction times with LVDD and HFpEF underlines the idea
that LVDD and HFpEF are outcomes of accelerated cardiac
aging (42).

The QTc interval is longer in women compared to men (14,
43), and therefore has sex-specific cut-off values (44). The QTc
interval can be influenced by many factors, e.g., genetic disorders,
medication usage, electrolyte disorders, obesity, diabetes, and
a prolonged QRS duration (44). Although QTc prolongation
observed in LVDD is not explained by prolonged QRS duration
as shown by Wilcox et al. (27), left ventricular myocardial
systolic and diastolic dyssynchrony has been observed in HFpEF
patients with narrow QRS complexes when compared to healthy
controls (45). Hypothetically, this dyssynchrony could be driven
by altered intracellular calcium handling in cardiomyocytes,
a condition that also can result in QTc prolongation (46).
Alternative explanations for QTc prolongation in LVDD could be
an autonomic imbalance (42, 47), or influences of comorbidities
and medication usage, although some of the studies in this
review excluded individuals using QTc prolongation medication
(23, 30).

Although an increased left ventricular mass index is part
of the structural domain within the HFA-PEFF algorithm
(4) for HFpEF diagnosis, the poor diagnostic performance of
electrocardiographic signs of LVH was described, for both LVDD
and HFpEF. Hayiroglu et al. (19) tested an index predominantly
involving amplitude signals for LVH, and P wave amplitude, as a
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measure for LVDD based on the hypothesis that these signals are
predictive for LVDD given the high prevalence of LVH and AF in
this population. Criteria related to slower ventricular conduction
were deliberately left out of the equation because the authors
reasoned these are predictive of CAD and HFrEF. However,
this index had poorer diagnostic performance compared to the
[T-end-P/(PQ*age)] index.

Heterogeneity in Determinants and

Association Measures

There is large heterogeneity in the (cut-offs of) ECG features
that were reported in the different studies, which resulted in a
small number of studies that investigated the same ECG feature.
Also, some studies corrected ECG features for heart rate, while
others did not. As deconditioning and autonomic imbalance in
heart failure generally leads to higher resting heart rates (48),
the usefulness of heart rate correction in HFpEF diagnosis is
controversial and worth investigating.

We only selected studies that diagnosed LVDD or HFpEF in
line with current or prior guidelines, but as the diagnostic criteria
considered the gold standard changed frequently over the years,
this resulted in the heterogeneity of assessment of LVDD and
HEFpEF (3, 4, 6, 15, 16).

Many studies did not report the diagnostic properties of
the parameters studied, leading to a low level of evidence.
However, when diagnostic properties were provided,
there was also heterogeneity in the diagnostic properties
described. For example, only reporting PPV and sensitivity
(21), leaves question marks about the discriminative value
of the ECG features studied. Altogether, this resulted
in limited comparability of the included studies. Thus,
it was not possible to pool studies in a meta-analysis,
nor to assess publication bias. Nevertheless, some of the
low levels of evidence studies showed neutral results
comparing individuals with LVDD and HFpEF to controls
(Supplementary Table I).

Strengths and Limitations

Strengths: We addressed the value of ECG features in diagnosing
LVDD and HFpEF in a systematic manner. In addition, we
reported if and how sex is accounted for in the analyses, which
is important to identify knowledge gaps that currently still exist
in the field of cardiology.

Limitations: We included only studies with a 12-lead resting
surface ECG. Hence, we excluded studies that took features from
exercise ECGs such as heart rate variability and ST-segment
hump sign (23, 47, 49, 50). We recognize that those may
be relevant for the diagnosis of LVDD and HFpEF, but
interpretation and implementation in primary care would be
a limitation.

Recommendations and Directions for
Future Research

Both features that showed high diagnostic performance for
LVDD, the index reflecting the ratio of passive and active
filling and ventricular repolarization times, were not studied

in HFpEF. We recommend validation of these features for
HFpEF in individuals suspected of heart failure, taking into
account specific conditions such as premature ventricular beats
or drug regiments. In addition, we recommend that future
studies based on implementation reports on the inter-observer
performance of ECG features be studied and assess whether
measuring ECG features needs training. ECG features for LVDD
and HFpEF diagnosis could be very useful in primary care, but
the interpretation by healthcare workers with limited experience
in reading ECGs could decrease applicability. Although more
complex, many efforts are undertaken to produce reliable
(screening) methods using deep learning algorithms for LVDD
and HFpEF diagnosis (51-54). The largest potential of these
models is adding features distilled from raw ECG data that would
otherwise not be accessible, thus providing new information.
Finally, we recommend disclosing how ECG features for LVDD
and HFpEF perform in men and women separately to increase
application in clinical practice.

CONCLUSION

Electrocardiographic (ECG) features are not widely evaluated in
diagnostic studies for LVDD and HFpEF. Only for LVDD, two
ECG features related to the diastolic interval, and repolarization
measures showed diagnostic potential. To improve diagnosis and
care for women and men suspected of heart failure, reporting of
sex-specific data on ECG features is encouraged.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

The literature search, data collection, and analysis were
performed by GV, EK, and A-MV. The first draft of the
manuscript was written by A-MV and EK. All authors
commented on previous versions of the manuscript, contributed
to the study conception and design, and read and approved the
submitted version.

FUNDING

This research was funded by European Research Council
consolidator grant 866478 (UCARE), Dutch Cardiovascular
Alliance grant 2020B004 (IMPRESS), Leducq Network of
Excellence 16CVD02 (RHYTHM), and Dutch Cardiovascular
Alliance grant 2020B008 (RECONNEXT).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2021.772803/full#supplementary-material

Frontiers in Cardiovascular Medicine | www.frontiersin.org

December 2021 | Volume 8 | Article 772803


https://www.frontiersin.org/articles/10.3389/fcvm.2021.772803/full#supplementary-material
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Van Ommen et al.

ECG Features for LVDD and HFpEF

REFERENCES

10.

11.

12.

13.

14.

15.

16.

. Ponikowski

. Steinberg BA, Zhao X, Heidenreich PA, Peterson ED, Bhatt DL, Cannon CP,

et al. Trends in patients hospitalized with heart failure and preserved left
ventricular ejection fraction: prevalence, therapies, and outcomes. Circulation.
(2012) 126:65-75. doi: 10.1161/CIRCULATIONAHA.111.080770

. Redfield MM, Jacobsen SJ, Burnett JC, Mahoney DW, Bailey KR, Rodeheffer

RJ. Burden of systolic and diastolic ventricular dysfunction in the community.
JAMA. (2003) 289:194. doi: 10.1001/jama.289.2.194

. Nagueh SE Smiseth OA, Appleton CP, Byrd BE, Dokainish H, Edvardsen

T, et al. Recommendations for the evaluation of left ventricular diastolic
function by echocardiography: an update from the american society of
echocardiography and the European Association of Cardiovascular Imaging.
J Am Soc Echocardiogr. (2016) 29:277-314. doi: 10.1016/j.ech0.2016.01.011

. Pieske B, Tschope C, De Boer RA, Fraser AG, Anker SD, Donal E, et al. How

to diagnose heart failure with preserved ejection fraction: The HFA-PEFF
diagnostic algorithm: a consensus recommendation from the Heart Failure
Association (HFA) of the European Society of Cardiology (ESC). Eur Heart J.
(2019) 40:3297-317. doi: 10.1093/eurheartj/ehz641

. Van Riet EES, Hoes AW, Limburg A, Landman MAJ, Van Der Hoeven

H, Rutten FH. Prevalence of unrecognized heart failure in older persons
with shortness of breath on exertion. Eur | Heart Fail. (2014) 16:772—
7. doi: 10.1002/¢jhf.110

P, Voors AA, Anker SD, Bueno H, Cleland JGE
Coats AJS, et al. 2016 ESC guidelines for the diagnosis and
treatment of acute and chronic heart failure. Eur Heart ]. (2016)
37:2129-200m. doi: 10.1093/eurheartj/ehw128

. Magnani JW, Wang N, Nelson KP, Connelly S, Deo R, Rodondi N, et al.

The electrocardiographic PR interval and adverse outcomes in older adults:
the health, aging and body composition study. Circ Arrhythm Electrophysiol.
(2013) 6:84-90. doi: 10.1161/CIRCEP.112.975342

. Kataoka H, Madias JE. Changes in the amplitude of electrocardiogram QRS

complexes during follow-up of heart failure patients. J Electrocardiol. (2011)
44:394.e1-394.¢9. doi: 10.1016/j.jelectrocard.2010.12.160

. Dhingra R, Pencina MJ, Wang TJ, Nam BH, Benjamin EJ, Levy D,

et al. Electrocardiographic QRS duration and the risk of congestive
heart failure: the framingham heart study. Hypertension. (2006) 47:861-
7. doi: 10.1161/01.HYP.0000217141.20163.23

Coronel R, Wilders R, Verkerk AO, Wiegerinck RE Benoist D,
Bernus O. Electrophysiological changes in heart failure and their
implications for arrhythmogenesis. Biochim Biophys Acta. (2013)
1832:2432-41. doi: 10.1016/j.bbadis.2013.04.002

Houghton AR, Sparrow NJ, Toms E, Cowley AJ. Should general
practitioners use the electrocardiogram to select patients with
suspected heart failure for echocardiography? Int ] Cardiol. (1997)
62:31-6. doi: 10.1016/S0167-5273(97)00181-2

Daamen MAM]J, Brunner-la Rocca HP, Tan FES, Hamers JPH, Schols JMGA.
Clinical diagnosis of heart failure in nursing home residents based on history,
physical exam, BNP and ECG: is it reliable? Eur Geriatr Med. (2017) 8:59-
65. doi: 10.1016/j.eurger.2016.10.003

Nikolaidou T, Samuel NA, Marincowitz C, Fox DJ, Cleland JGE Clark
AL. Electrocardiographic characteristics in patients with heart failure
and normal ejection fraction: a systematic review and meta-analysis.
Ann Noninvasive Electrocardiol. (2020) 25:e12710. doi: 10.1111/anec.
12710

Linde C, Bongiorni MG, Birgersdotter-Green U, Curtis AB, Deisenhofer
I, Furokawa T, et al. Sex differences in cardiac arrhythmia: a consensus
document of the european heart rhythm association, endorsed by the heart
rhythm society and Asia pacific heart rhythm society. Europace. (2018)
20:1565-a0. doi: 10.1093/europace/euy067

Paulus WJ, Tschope C, Sanderson JE, Rusconi C, Flachskampf FA,
Rademakers FE, et al. How to diagnose diastolic heart failure: a consensus
statement on the diagnosis of heart failure with normal left ventricular
ejection fraction by the Heart Failure and Echocardiography Associations
of the European Society of Cardiology. Eur Heart ]. (2007) 28:2539-
50. doi: 10.1093/eurheartj/ehm037

Nagueh SE Appleton CP, Gillebert TC, Marino PN, Oh JK, Smiseth OA,
et al. Recommendations for the evaluation of left ventricular diastolic

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

. Liberati

function by echocardiography. ] Am Soc Echocardiogr. (2009) 22:107-
33. doi: 10.1016/j.ech0.2008.11.023

A, Altman DG, Tetzlaff ], Mulrow C, Gotzsche PC,
Toannidis JPA, et al. The PRISMA statement for reporting systematic

reviews and meta-analyses of studies that evaluate health care
interventions:  explanation and elaboration. PLoS Med. (2009)
6:¢1000100. doi: 10.1371/journal.pmed.1000100

. Whiting PE Rutjes AW, Westwood ME, Mallett S, Deeks J],
Reitsma JB, et al. QUADAS-2: a revised tool for the quality

assessment of diagnostic accuracy studies. Ann Intern Med. (2011)
155:529-36. doi: 10.7326/0003-4819-155-8-201110180-00009

Hayiroglu ML, Cinar T, Cigek V, Asal S, Kili¢ S, Keser N, et al. A simple formula
to predict echocardiographic diastolic dysfunction—electrocardiographic
diastolic index. Herz. (2021) 46:159-65. doi: 10.1007/s00059-020-04972-6

Sumita Y, Nakatani S, Murakami I, Taniguchi M. Significance
of left atrial overload by electrocardiogram in the assessment
of left ventricular diastolic dysfunction. ] Echocardiogr. (2019)

18:105-12. doi: 10.1007/s12574-019-00458-5

Yang H, Marwick TH, Wang Y, Nolan M, Negishi K, Khan F, et al. Association
between electrocardiographic and echocardiographic markers of stage B
heart failure and cardiovascular outcome. ESC Hear Fail. (2017) 4:417-
31. doi: 10.1002/ehf2.12151

Tsai WC, Lee KT, Wu MT, Chu CS, Lin TH, Hsu PC,
Significant correlation of p-wave parameters with left atrial volume
index and left ventricular diastolic function. Am ] Med Sci. (2013)
346:45-51. doi: 10.1097/MAJ.0b013e318265d8f7

Taha T, Sayed K, Saad M, Samir M. How accurate can electrocardiogram
predict left ventricular diastolic dysfunction? Egypt Hear J. (2016) 68:117-
23. doi: 10.1016/j.€hj.2015.01.002

Namdar M, Biaggi P, Stahli B, Biitler B, Casado-Arroyo R, Ricciardi D, et al.
A novel electrocardiographic index for the diagnosis of diastolic dysfunction.
PLoS One. (2013) 8:¢79152. doi: 10.1371/journal.pone.0079152

Krepp JM, Lin E Min JK, Devereux RB, Okin PM. Relationship
of electrocardiographic left ventricular hypertrophy to the presence of
diastolic dysfunction. Ann Noninvasive Electrocardiol. (2014) 19:552-
60. doi: 10.1111/anec.12166

Khan HS, Iftikhar I, Khan Q. Validity of electrocardiographic QT interval
in predicting left ventricular diastolic dysfunction in patients with suspected
heart failure. J Coll Physicians Surg Pakistan. (2016) 26:353-6.

et al

Wilcox JE, Rosenberg J, Vallakati A, Gheorghiade M, Shah
SJ.  Usefulness of electrocardiographic QT interval to predict
left  ventricular  diastolic  dysfunction. Am ] Cardiol. (2011)

108:1760-6. doi: 10.1016/j.amjcard.2011.07.050

Tan ESJ, Chan SP, Xu CE Yap J, Richards AM, Ling LH, et al. Cornell product
is an ECG marker of heart failure with preserved ejection fraction. Heart Asia.
(2019) 11:1-6. doi: 10.1136/heartasia-2018-011108

Boles U, Almuntaser I, Brown A, Murphy RRT, Mahmud A, Feely J.
Ventricular activation time as a marker for diastolic dysfunction in early
hypertension. Am ] Hypertens. (2010) 23:781-5. doi: 10.1038/ajh.2010.58
Dogan A, Ozaydin M, Nazli C, Altinbas A, Gedikli O, Kinay O, et al.
Does impaired left ventricular relaxation affect P wave dispersion in
patients with hypertension? Ann Noninvasive Electrocardiol. (2003) 8:189-
93. doi: 10.1046/j.1542-474X.2003.08304.x

Eicher JC, Laurent G, Mathé A, Barthez O, Bertaux G, Philip JL,
et al. Atrial dyssynchrony syndrome: an overlooked phenomenon and a
potential cause of “diastolic” heart failure. Eur | Heart Fail. (2012) 14:248-
58. doi: 10.1093/eurjhf/hfr169

Gunduz H, Binak E, Arinc H, Akdemir R, Ozhan H, Tamer A, et al. The
relationship between P wave dispersion and diastolic dysfunction. Texas Hear
Inst J. (2005) 32:163-7.

Nikolaidou T, Pellicori P, Zhang ], Kazmi S, Goode KM, Cleland ]G,
et al. Prevalence, predictors, and prognostic implications of PR interval
prolongation in patients with heart failure. Clin Res Cardiol. (2018) 107:108-
19. doi: 10.1007/500392-017-1162-6

Hsu PC, Tsai WC, Lin TH, Su HM, Voon WC, Lai W Ter, et al. Association
of arterial stiffness and electrocardiography-determined left ventricular
hypertrophy with left ventricular diastolic dysfunction. PLoS One. (2012)
7:¢49100. doi: 10.1371/journal.pone.0049100

Frontiers in Cardiovascular Medicine | www.frontiersin.org

December 2021 | Volume 8 | Article 772803


https://doi.org/10.1161/CIRCULATIONAHA.111.080770
https://doi.org/10.1001/jama.289.2.194
https://doi.org/10.1016/j.echo.2016.01.011
https://doi.org/10.1093/eurheartj/ehz641
https://doi.org/10.1002/ejhf.110
https://doi.org/10.1093/eurheartj/ehw128
https://doi.org/10.1161/CIRCEP.112.975342
https://doi.org/10.1016/j.jelectrocard.2010.12.160
https://doi.org/10.1161/01.HYP.0000217141.20163.23
https://doi.org/10.1016/j.bbadis.2013.04.002
https://doi.org/10.1016/S0167-5273(97)00181-2
https://doi.org/10.1016/j.eurger.2016.10.003
https://doi.org/10.1111/anec.12710
https://doi.org/10.1093/europace/euy067
https://doi.org/10.1093/eurheartj/ehm037
https://doi.org/10.1016/j.echo.2008.11.023
https://doi.org/10.1371/journal.pmed.1000100
https://doi.org/10.7326/0003-4819-155-8-201110180-00009
https://doi.org/10.1007/s00059-020-04972-6
https://doi.org/10.1007/s12574-019-00458-5
https://doi.org/10.1002/ehf2.12151
https://doi.org/10.1097/MAJ.0b013e318265d8f7
https://doi.org/10.1016/j.ehj.2015.01.002
https://doi.org/10.1371/journal.pone.0079152
https://doi.org/10.1111/anec.12166
https://doi.org/10.1016/j.amjcard.2011.07.050
https://doi.org/10.1136/heartasia-2018-011108
https://doi.org/10.1038/ajh.2010.58
https://doi.org/10.1046/j.1542-474X.2003.08304.x
https://doi.org/10.1093/eurjhf/hfr169
https://doi.org/10.1007/s00392-017-1162-6
https://doi.org/10.1371/journal.pone.0049100
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Van Ommen et al.

ECG Features for LVDD and HFpEF

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Kadi H, Demir AK, Ceyhan K, Damar IH, Karaman K, Zorlu C. Association
of fragmented QRS complexes on ECG with left ventricular diastolic
function in hypertensive patients. Turk Kardiyol Dern Ars. (2015) 43:149-
56. doi: 10.5543/tkda.2015.04495

Onoue Y, Izumiya Y, Hanatani S, Kimura Y, Araki S, Sakamoto
K, et al. Fragmented QRS complex is a diagnostic tool in patients
with left ventricular diastolic ~dysfunction. Heart Vessels. (2016)
31:563-7. doi: 10.1007/s00380-015-0651-7

Ofman P, Cook JR, Navaravong L, Levine RA, Peralta A, Gaziano JM, et al. T-
wave inversion and diastolic dysfunction in patients with electrocardiographic
left ventricular hypertrophy. ] Electrocardiol [Internet]. (2012) 45:764-
9. doi: 10.1016/j.jelectrocard.2012.06.001

Palmieri V, Okin PM, Bella JN, Wachtell K, Oikarinen L, Gerdts E, et al.
Electrocardiographic strain pattern and left ventricular diastolic function in
hypertensive patients with left ventricular hypertrophy: the LIFE study. J
Hypertens. (2006) 24:2079-84. doi: 10.1097/01.hjh.0000244958.85232.06
Sauer A, Wilcox JE, Andrei AC, Passman R, Goldberger JJ, Shah §]. Diastolic
electromechanical coupling: association of the ecg t-peak to t-end interval
with echocardiographic markers of diastolic dysfunction. Circ Arrhythmia
Electrophysiol. (2012) 5:537-43. doi: 10.1161/CIRCEP.111.969717

Miwa K. Appearance of electrocardiographic initial U-wave inversion
dependent on pressure-induced early diastolic impairment in patients with
hypertension. Clin Cardiol. (2009) 32:593-6. doi: 10.1002/clc.20487

Kwok CS, Rashid M, Beynon R, Barker D, Patwala A, Morley-Davies A, et al.
Prolonged PR interval, first-degree heart block and adverse cardiovascular
outcomes: a systematic review and meta-analysis. Heart. (2016) 102:672—
80. doi: 10.1136/heartjnl-2015-308956

Borlaug BA. The pathophysiology of heart failure with preserved ejection
fraction. Nat Rev Cardiol. (2014) 11:507-15. doi: 10.1038/nrcardio.2014.83
Burke JH, Ehlert FA, Kruse JT, Parker MA, Goldberger JJ, Kadish
AH. Gender-specific the QT the
effect of autonomic tone and menstrual cycle in healthy adults.
Am ] Cardiol. (1997) 79:178-81. doi: 10.1016/S0002-9149(96)
00707-2

Rautaharju PM, Surawicz B, Gettes LS. AHA/ACCF/HRS recommendations
for the standardization and interpretation of the electrocardiogram:
Part IV: the ST segment, t and u waves, and the QT interval:
aa from the American Heart
Electrocardiography ~ and  Arrhythmias  C.  Circulation.
119:241-50. doi: 10.1161/CIRCULATIONAHA.108.191096

Phan TT, Abozguia K, Shivu GN, Ahmed I, Patel K, Leyva F, et al. Myocardial
contractile inefficiency and dyssynchrony in heart failure with preserved
ejection fraction and narrow QRS complex. ] Am Soc Echocardiogr. (2010)
23:201-6. doi: 10.1016/j.ech0.2009.11.004

Vyas H, O’Leary PW, Earing MG, Cetta F, Ackerman M]. Mechanical
dysfunction in extreme QT prolongation. ] Am Soc Echocardiogr. (2008)
21:511.e15-511.e17. doi: 10.1016/j.ech0.2007.08.001

Phan TT, Shivu GN, Abozguia K, Davies C, Nassimizadeh M, Jimenez D,
et al. Impaired heart rate recovery and chronotropic incompetence in patients

differences in interval and

Association
(2009)

scientific ~ statement

48.

49.

50.

51.

52.

53.

54.

with heart failure with preserved ejection fraction. Circ Hear Fail. (2010)
3:29-34. doi: 10.1161/CIRCHEARTFAILURE.109.877720

Davey PP, Barlow C, Hart G. Prolongation of the QT interval in heart
failure occurs at low but not at high heart rates. Clin Sci. (2000) 98:603-
10. doi: 10.1042/cs0980603

Michaelides AP, Raftopoulos LG, Aggeli C, Liakos C, Antoniades
C, Fourlas C, et al. Correlation of ST-segment “hump sign” during
exercise testing with impaired diastolic function of the left ventricle.
J  Electrocardiol. (2010) 43:167-72. doi: 10.1016/j.jelectrocard.2009.
09.001

Blackman AO, Neto JS, Lima ML, Rodrigues TMA, Gomes OM. Assessment
and clinical relevance of the dynamic parameters of ventricular repolarization
in patients with grade i left ventricular diastolic dysfunction. Can J Physiol
Pharmacol. (2019) 97:577-80. doi: 10.1139/cjpp-2018-0507

Kagiyama N, Piccirilli M, Yanamala N, Shrestha S, Farjo PD, Casaclang-
Verzosa G, et al. Machine learning assessment of left ventricular diastolic
function based on electrocardiographic features. ] Am Coll Cardiol. (2020)
76:930-41. doi: 10.1016/j.jacc.2020.06.061

Kwon JM, Kim KH, Jeon KH, Kim HM, Kim M], Lim SM,
et al. Development and validation of deep-learning algorithm for
electrocardiography-based heart failure identification. Korean Circ J.
(2019) 49:629-39. doi: 10.4070/kcj.2018.0446

Potter EL, Rodrigues CHM, Ascher DB, Abhayaratna WP, Sengupta PP,
Marwick TH. Machine learning of ECG waveforms to improve selection
for testing for asymptomatic left ventricular dysfunction. JACC Cardiovasc
Imaging. (2021) 14:1904-15. doi: 10.1016/j.jcmg.2021.04.020

Unterhuber M, Rommel K-P, Kresoja K-P, Lurz ], Kornej J, Hindricks
G, et al. Deep learning detects heart failure with preserved ejection
fraction using a baseline electrocardiogram. Eur Hear ] Digit Heal.
(2021). doi: 10.1093/ehjdh/ztab081. [Epub ahead of print].

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Van Ommen, Kessler, Valstar, Onland-Moret, Cramer, Rutten,
Coronel and Den Ruijter. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

11

December 2021 | Volume 8 | Article 772803


https://doi.org/10.5543/tkda.2015.04495
https://doi.org/10.1007/s00380-015-0651-7
https://doi.org/10.1016/j.jelectrocard.2012.06.001
https://doi.org/10.1097/01.hjh.0000244958.85232.06
https://doi.org/10.1161/CIRCEP.111.969717
https://doi.org/10.1002/clc.20487
https://doi.org/10.1136/heartjnl-2015-308956
https://doi.org/10.1038/nrcardio.2014.83
https://doi.org/10.1016/S0002-9149(96)00707-2
https://doi.org/10.1161/CIRCULATIONAHA.108.191096
https://doi.org/10.1016/j.echo.2009.11.004
https://doi.org/10.1016/j.echo.2007.08.001
https://doi.org/10.1161/CIRCHEARTFAILURE.109.877720
https://doi.org/10.1042/cs0980603
https://doi.org/10.1016/j.jelectrocard.2009.09.001
https://doi.org/10.1139/cjpp-2018-0507
https://doi.org/10.1016/j.jacc.2020.06.061
https://doi.org/10.4070/kcj.2018.0446
https://doi.org/10.1016/j.jcmg.2021.04.020
https://doi.org/10.1093/ehjdh/ztab081
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Electrocardiographic Features of Left Ventricular Diastolic Dysfunction and Heart Failure With Preserved Ejection Fraction: A Systematic Review
	Introduction
	Methods
	Data Sources and Searches
	Study Selection
	Data Extraction
	Critical Appraisal

	Results
	Critical Appraisal
	Atrial Contraction Related Features
	PTFV1 and Morris Index
	P-Wave Area, Dispersion, and Duration
	P-Wave Amplitude
	PQ Interval

	Ventricular Depolarization
	Left Ventricular Hypertrophy

	Ventricular Repolarization
	QTc and QT Interval
	ST-Segment Deviation
	T-Peak-T-End Interval

	Diastolic Period and Indexes
	Indexes Related to Diastolic Period: T-End-P/(PQage) and T-End-Q/(PQage)
	Electrocardiographic Diastolic Index (EDI)

	ECG Cut-Off Values and Outcomes in Women and Men

	Discussion
	Discussion of the Different Identified Features
	Heterogeneity in Determinants and Association Measures
	Strengths and Limitations
	Recommendations and Directions for Future Research

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


