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Abstract

Background P-wave indices have been used to predict incident atrial fibrillation (AF), stroke, and mortality. However, such
indices derived from automated ECG measurements have not been explored for their predictive values in heart failure
(HF). We investigated whether automated P-wave indices can predict adverse outcomes in HF.

Methods This study included consecutive Chinese patients admitted to a single tertiary centre, presenting with HF but with-
out prior AF, and with at least one baseline ECG, between 1 January 2010 and 31 December 2016, with last follow-up of 31
December 2019.

Results A total of 2718 patients were included [median age: 77.4, interquartile range (IQR): (66.9-84.3) years; 47.9 males].
After a median follow-up of 4.8 years (IQR: 1.9-9.0 years), 1150 patients developed AF (8.8/year), 339 developed stroke (2.6/
year), 563 developed cardiovascular mortality (4.3/year), and 1972 had all-cause mortality (15.1/year). Compared with 101—
120 ms as a reference, maximum P-wave durations predicted new-onset AF at <90 ms [HR: 1.17(1.11, 1.50), P < 0.01],
131-140 ms [HR: 1.29(1.09, 1.54), P < 0.001], and >141 ms [HR: 1.52(1.32, 1.75), P < 0.001]. Similarly, they predicted cardio-
vascular mortality at <90 ms [HR: 1.50(1.08, 2.06), P < 0.001] or >141 ms [HR: 1.18(1.15, 1.45), P < 0.001], and all-cause mor-
tality at <90 ms [HR: 1.26(1.04, 1.51), P < 0.001], 131-140 ms [HR: 1.15(1.01, 1.32), P < 0.01], and >141 ms [HR: 1.31(1.18,
1.46), P < 0.001]. These remained significant after adjusting for significant demographics, past co-morbidities, P-wave disper-
sion, and maximum P-wave amplitude.

Conclusions Extreme values of maximum P-wave durations (<90 ms and >141 ms) were significant predictors of new-onset
AF, cardiovascular mortality, and all-cause mortality.
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Introduction tion times.™? Prolonged PWDs, generally defined as PWD

greater than 120 ms, reflecting inter-atrial block (IAB) have
P-wave duration (PWD) on the electrocardiogram (ECG) is a been independently associated with adverse outcomes such
non-invasive marker for intra-atrial and inter-atrial conduc- as atrial fibrillation (AF) and stroke events in different disease
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cohorts,>” including in the general population.® They have

also been shown to predict AF recurrence after pulmonary
vein isolation.® By contrast, abnormally short PWDs have also
been associated with adverse cardiac events. Short PWDs
may reflect shorter atrial repolarization times and refractory
periods, which would be expected to promote atrial
arrhythmogenesis. Indeed, shorter minimum PWDs tended
to be present in patients with paroxysmal lone AF, taking a
median value of 60.5 ms.*® The Copenhagen ECG study found
that PWDs less than 105 ms were an independent predictor
of incident AF.** Recently, it was found that short PWDs of
less than 110 ms represented a marker of higher rate of AF
recurrence after pulmonary vein isolation procedures.?

In heart failure (HF), there is pathophysiological remodel-
ling of both the atria and ventricles.**** Various P-wave indi-
ces have been studied in terms of their ability to predict var-
ious adverse events in these settings. Partial IAB and an
abnormal P-wave terminal force in V1 (PTFV1) was a predic-
tor of all-cause mortality in HF patients with left ventricular
ejection fraction less than 45.'> Advanced IAB was shown to
predict new-onset AF and ischaemic stroke in patients with
HF.'® However, to date, there has been no study that specif-
ically examined the use of P-wave indices derived from auto-
mated ECG measurements for risk prediction in HF.

Methods
Study design and population

This study was approved by the Joint Chinese University of
Hong Kong—New Territories East Cluster Clinical Research
Ethics Committee. This was a retrospective cohort study of
patients hospitalized for HF with ECG measurements re-
cruited between 1 January 2010 and 31 December 2016 from
a single tertiary centre in Hong Kong, China. Follow-up was
until 31 December 2019. The patients were identified from
the Clinical Data Analysis and Reporting System (CDARS), a
territory-wide database that centralizes patient information
from 43 local hospitals and their associated ambulatory and
outpatient facilities to establish comprehensive medical data,
including clinical characteristics, disease diagnosis, laboratory
results, and drug treatment details. The system has been pre-
viously used by both our team and other teams in Hong
Kong.'”~*° Hospitalization for HF was identified by inpatient
admissions with the principal diagnosis code of 428.X. Pa-
tients without 12-lead ECG measurements and those with
prior AF were excluded. Patients’ demographics, prior co-
morbidities, hospitalization characteristics before and after
initial ECG measurement date, medication prescriptions, lab-
oratory examinations of complete blood counts, biochemical
renal and liver function tests, and lipid and glucose tests were
extracted. The International Classification of Diseases, Ninth

Revision, Clinical Modification (ICD-9-CM) codes for comor-
bidities are detailed in Table S1. Automatically measured pa-
rameters from ECG related to the P-wave, Q-wave, R-wave, S-
wave, and T-wave were extracted. The baseline ECG obtained
on the first HF admission was selected.

Outcomes and statistical analysis

The primary outcome was new-onset AF, and secondary out-
comes include stroke, all-cause mortality, and cardiovascular
mortality, with follow-up until 31 December 2019 (Figure I1).
Mortality data were obtained from the Hong Kong Death
Registry, a population-based official government registry with
the registered death records of all Hong Kong citizens linked
to CDARS. Likewise, data pertaining to new-onset AF and
stroke outcomes were also obtained from CDARS. Cardiovas-
cular mortality was defined as mortality with the following
ICD-10 codes of 100-109, 111, 113, 120-I51. There was no adju-
dication of the outcomes as this relied on the ICD-9 coding or
a record in the death registry. However, the coding was per-
formed by the clinicians or administrative staff, who were
not involved in this study.

Descriptive statistics were used to summarize baseline
clinical characteristics of all patients with HF and based on
the occurrence of the primary outcome. Continuous variables
were presented as median [95% confidence interval (Cl) or in-
terquartile range (IQR)], and categorical variables were pre-
sented as count (%). The Mann—Whitney U test was used to
compare continuous variables. The %2 test with Yates’ correc-
tion was used for 2 x 2 contingency data. Univariable Cox
regression models were used to identify the significant risk
factors of the primary and secondary outcomes. Hazard ratios
(HRs) with corresponding 95% Cls and P-values were re-
ported. There was no imputation performed for missing data.
No blinding was performed for the predictor as the values
were obtained from the electronic health records automati-
cally. All statistical tests were two-tailed and considered sig-
nificant if P-value < 0.001. They were performed using
RStudio software (Version 1.1.456) and Python (Version 3.6).

Results
Basic characteristics

This study included 2718 HF patients without prior AF [median
age: 77.4, 1QR: (66.9-84.3) years; 47.9% males] with their main
baseline characteristics summarized in Table 1. The full list of
variables analysed is shown in Table S2. Over a median
follow-up of 4.8 (1.9-9.0) years, 1150 patients developed AF,
339 developed stroke, 563 developed cardiovascular mortality,
and 1972 had all-cause mortality (Figures 2 and 3). As seen
from Table 1, the incidence of AF was significantly higher
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Figure 1 Procedures of data processing.

2930 patients hospitalized for HF between
January 12010 and December 31 2016,
with follow-up until December 31% 2019

Excluded

1) 62 patients without 12-leads
ECG measurements

2) 150 patients with prior AF

Study cohort (N=2718):

1972 patients (72.6%) with all-cause mortality;

563 patients (20.7%) with cardiovascular mortality;
1150 patients (42.3%) developed new onset AF;
339 patients (12.47%) developed stroke.

among patients who were older at baseline and female. More-
over, subjects who developed AF were also more likely to even-
tually suffer from stroke (17.5% vs. 8.8%, P < 0.001) and car-
diovascular mortality (24.3% vs. 18.0%; P = 0.0014) but not
from all-mortality (76.5% vs. 69.6%; P = 0.121) compared with
those who remained in sinus rhythm throughout follow-up.

Significant differences were also found in relation to P-wave
indices. Specifically, subjects who experienced new-onset AF
also tended to have significantly larger maximum P-wave dura-
tions (PWDs) across all leads (120 ms, IQR: 108-140 vs.
119 ms, IQR: 108-136, P = 0.01), and greater P-wave disper-
sion, as measured by maximum-minimum difference (96 ms,
IQR: 76.0-121.0 vs. 84 ms, IQR: 69.0-108.0; P < 0.0001), stan-
dard deviation (30, IQR: 23.66—-39.02 vs. 26.75, IQR: 21.89—
34.09; P < 0.0001), and coefficient of variation (0.4, IQR:
0.3-0.6 vs. 0.33, IQR: 0.27-0.42; P < 0.0001). By contrast, they
had lower maximum P-wave amplitude (0.02, IQR: —0.0-0.05
vs. 0.05, IQR: 0.03-0.06; P < 0.0001) and lower maximum
P-wave area (1.3, IQR: 0.9-19 vs. 1.6, IQR: 1.2-2.2;
P < 0.0001) relative to their normal counterparts.

PWD is the easiest parameter to obtain for the study of
prognostic outcomes as it is usually part of the normal
reporting of all ECGs in the clinical setting. As such, our sub-
sequent analyses then summarized the cohort baseline char-
acteristics based on maximum PWDs into <90 ms, 91—
100 ms, 101-120 ms, 121-130 ms, 131-140 ms, and
>140 ms (Table 2). The full list of variables analysed stratified
by PWDs is shown in Table S3.

Univariable and multivariable Cox regression for
predicting adverse outcomes

Univariable Cox regression was conducted to identify signifi-
cant risk factors for the different outcomes (Table 3). For
new-onset AF, these were baseline age [HR: 1.04(1.04-

1.05); P < 0.0001], Charlson score [HR: 1.18(1.15, 1.21);
P < 0.0001], renal disease [HR: 1.26(1.04, 1.54); P = 0.02],
systemic embolism [HR: 2.87(1.19, 6.91); P = 0.02], hyperten-
sion [HR: 1.22(1.08, 1.37); P = 0.0012], dementia and
Alzheimer [HR: 2.76(1.24, 6.16); P = 0.0133], COPD [HR:
1.31(1.11, 1.56); P = 0.0017], peripheral vascular disease
[HR: 1.65(1.13, 2.42); P = 0.01], prior stroke/TIA [HR: 1.69
(1.45, 1.98); P < 0.0001], and gastrointestinal bleeding [HR:
1.56(1.33, 1.85); P < 0.0001].

Patients were then stratified based on their maximum
PWDs into <90 ms, 91-100 ms, 101-120 ms, 121-130 ms,
131-140 ms, and > 141 ms. Compared with 101-120 ms as a
reference, maximum PWDs <90 ms, 131-140 ms, and
>141 ms were significant predictors of new-onset AF [HR:
1.17(1.11, 1.50), P < 0.01, HR: 1.29(1.09, 1.54), P < 0.001
and HR: 1.52(1.32, 1.75), P < 0.001 respectively; model 1].
On multivariable analysis adjusting for significant demo-
graphics alone (model 2), with past co-morbidities (model 3)
or with past co-morbidities, max—min P-wave duration, maxi-
mum P-wave amplitude (model 4), and maximum PWDs re-
mained significant predictors (Table 3). By contrast, maximum
PWDs did not significantly predict stroke, except for 121-
130 ms after multivariable adjustment (models 2, 3, and 4).
Nevertheless, maximum PWDs predicted cardiovascular mor-
tality at <90 ms [HR: 1.50(1.08, 2.06), P < 0.001] or >141 ms
[HR: 1.18(1.15, 1.45), P < 0.001 for model 1] and after multi-
variable adjustment in models 2, 3, and 4. Finally, maximum
PWDs predicted all-cause mortality at <90 ms [HR: 1.26(1.04,
1.51), P < 0.001], 131-140 ms [HR: 1.15(1.01, 1.32),
P < 0.01], and >141 ms [HR: 1.31(1.18, 1.46), P < 0.001].

Discussion

The main findings of this study are that shorter (<90 ms)
and longer maximum PWDs (>141 ms) were significantly
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Table 3 Univariable and multivariable adjusted risk of new-onset AF, stroke, cardiovascular mortality, and all-cause mortality based on
max P-wave duration

New-onset AF Stroke Cardiovascular mortality All-cause mortality
Model Characteristics HR [CI] HR [CI] HR [CI] HR [Cl]
Model 1 <90 ms 1.17[1.11, 1.50]** 1.11[0.69, 1.78] 1.50[1.08, 2.06]*** 1.26[1.04, 1.51]***
91-100 ms 0.89[0.74, 1.08] 1.14[0.83, 1.58] 0.91[0.69, 1.20] 0.83[0.71, 0.96]
101-120 ms 1.00 [reference] 1.00 [reference] 1.00 [reference] 1.00 [reference]
121-130 ms 0.98[0.83, 1.17] 1.29[0.97, 1.73] 1.06[0.83, 1.34] 1.01[0.89, 1.15]
131-140 ms 1.29[1.09, 1.54]*** 1.03[0.74, 1.44] 0.92[0.70, 1.21] 1.15[1.01, 1.32]**
>141 ms 1.52[1.32, 1.75]*** 1.03[0.78, 1.37] 1.18[1.15, 1.45]*** 1.31[1.18, 1.46]***
Model 2 <90 ms 1.34[1.05, 1.72]*** 1.18[0.73, 1.90] 1.62[1.17, 2.24]** 1.41[1.17, 1.69]***
91-100 ms 0.98[0.81, 1.19] 1.24[0.89, 1.71] 1.00[0.76, 1.31] 0.97[0.84, 1.13]
101-120 ms 1.00 [reference] 1.00 [reference] 1.00 [reference] 1.00 [reference]
121-130 ms 1.04[0.88, 1.24] 1.34[1.00, 1.78]* 1.10[0.86, 1.40] 1.09[0.95, 1.24]
131-140 ms 1.10[0.93, 1.31] 0.93[0.67, 1.30] 0.81[0.61, 1.07] 0.95[0.83, 1.09]
>141 ms 1.38[1.20, 1.59]*** 0.96[0.73, 1.28] 1.08[0.88, 1.33] 1.15[1.03, 1.28]**
Model 3 <90 ms 1.32[1.03, 1.70]*** 1.17[0.73, 1.88] 1.61[1.16, 2.22]*** 1.40[1.16, 1.69]***
91-100 ms 0.99[0.82, 1.19] 1.25[0.90, 1.73] 1.00[0.76, 1.32] 0.99[0.85, 1.15]
101-120 ms 1.00 [reference] 1.00 [referencel] 1.00 [reference] 1.00 [referencel]
121-130 ms 1.04[0.87, 1.23] 1.33[1.00, 1.78]* 1.10[0.87, 1.40] 1.08[0.94, 1.23]
131-140 ms 1.10[0.92, 1.31]*** 0.93[0.66, 1.30] 0.81[0.61, 1.06] 0.94[0.82, 1.08]
>141 ms 1.37[1.19, 1.58]*** 0.97[0.73, 1.28] 1.09[0.88, 1.34] 1.16[1.04, 1.29]**
Model 4 <90 ms 1.78[1.38, 2.31]*** 1.28[0.78, 2.09] 1.92[1.37, 2.69]*** 1.68[1.38, 2.04]***
91-100 ms 1.31[1.07, 1.60]** 1.37[0.97, 1.92] 1.14[0.85, 1.51] 1.11[0.95, 1.30]
101-120 ms 1.00 [reference] 1.00 [reference] 1.00 [reference] 1.00 [reference]
121-130 ms 1.11[0.93, 1.31] 1.35[1.01, 1.81]* 1.13[0.88, 1.43] 1.09[0.95, 1.24]
131-140 ms 0.99[0.83, 1.18] 0.89[0.64, 1.26] 0.77[0.58, 1.01] 0.90[0.79, 1.03]
>141 ms 1.71[1.58, 1.86]*** 0.74[0.51, 1.08] 1.76[1.57, 2.01]*** 1.88[1.76, 2.02]**

Model 1: no adjustment. Model 2: adjusting for demographics. Model 3: adjusting for demographics and past co-morbidities. Model 4:
adjusting for demographics, past comorbidities, max-min P-wave duration, maximum P-wave amplitude. Adjustments were made for var-

iables reaching P < 0.05 on univariable Cox regression.
P= 0.05.
P<0.01.

*kk

P <0.001.

associated with increased risks of new-onset AF, cardiovascu-
lar mortality, and all-cause mortality.

HF represents a global epidemic, imposing a significant
burden on healthcare and economies worldwide. Several clin-
ical parameters have been identified to aid the risk stratifica-
tion of HF in attempts to improve patients’ prognosis,?® 22
with a particular focus on ECG variables. As it pertains to
the ECG, different P-wave indices have been associated with
outcomes such as AF, stroke, and mortality.>>2” Moreover,
PR interval, which reflects intra-atrial, inter-atrial, and atrio-
ventricular conduction times, has been validated as an inde-
pendent predictor of poor outcomes.’®*%° Subsequently,
PWDs have been shown to be major contributor to the PR
interval.3® Both shortening and prolongation in PWDs have
been associated with adverse outcomes. Thus, short PWDs
predicted higher AF recurrence rate after pulmonary vein
isolation.? By contrast, prolonged PWDs >120 ms predicted
new-onset AF and all-cause mortality, whereas abnormal
P-wave terminal force in V1 predicted stroke.* A study of
HF patients receiving cardiac resynchronization therapy de-
vices found that abnormal P-wave terminal force in V1 and
PWD > 120 ms significantly predicted new-onset AF and
all-cause mortality.>> Moreover, prolongations in amplified
PWDs were predictive of new-onset AF in patients with HF
with preserved ejection fraction.>® Similar findings have been

observed in the context of HF with reduced ejection
fraction.>* These findings are in keeping with prolonged total
atrial conduction time, which reflects atrial remodelling, with
poorer cardiac prognosis in HF.3®

Recent studies have explored the use of automated ECG
indices for risk prediction in different cardiovascular
diseases.>**” The Copenhagen ECG study found that PWDs
less than 105 ms were an independent predictor of inci-
dent AF in the general population.'* A study from Japan
found that prolonged PWDs derived from automatically
assessed P-waves were significant predictors of adverse car-
diovascular events independently of left atrial enlargement
in patients with at least one cardiovascular risk factor.>®
The findings of our study suggest that PWDs at both ex-
tremes are predictive of poor outcomes, likely secondary
to adverse atrial remodelling. Shortened PWDs reflect
faster atrial repolarization that is associated with reduced
refractoriness, whereas prolonged PWDs reflect conduction
slowing and other conduction abnormalities, both repre-
senting re-entrant substrates for arrhythmogenesis.!>394°
The significance of these extremes in PWD, as illustrated
in our study, has likewise been showcased in current litera-
ture, in that there appears to be a U-wave correlation
between PWD and HF risk with both low and high PWD
values demonstrating significance.** Although much of the
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existing data has focused on the detrimental influence of a
prolonged PWD, further studies are still needed to evaluate
the reasons as to why, beyond those suggested above, a
shortened PWD is likewise associated with adverse cardio-
vascular prognosis.

It should be noted that the changes observed in ECG pa-
rameters secondary to left atrial dilation and remodelling in
HF can likewise be applied to various other conditions,
such as renal diseases. Variations in numerous variables, in-
cluding but not limited to P-wave duration, P-wave disper-
sion, Tp-e interval, and Tp-e/QTc ratio, have all been shown
in the setting of chronic kidney disease.**** As such, albeit
beyond the scope of the present study, it may be worth for
future investigations to apply automated ECG measure-
ments to assess the risk of developing AF and other ar-
rhythmias in these conditions to further enhance risk strat-
ification in the clinical setting.

Limitations

There are limitations of this study that should be acknowl-
edged. Firstly, it is based on a single centre cohort in Chinese
patients, and therefore, our findings need to be validated in
other ethnicities for greater generalizability. Secondly, this
study was based on coded data from the central administra-
tive database supplemented by automatically measured ECG
variables. However, comprehensive medical records were not
studied, and therefore, uncoded data, which include echocar-
diographic findings, were not included. Future studies should
manually extract data from these domains to test whether
their incorporation would improve risk prediction, as per-
formed previously recently by us in a smaller HF cohort.*® Fi-
nally, ejection fraction data were not available for this cohort
of patients, and as such, the variations in ejection fraction
likely present among these patients could not be adjusted
for in outcome analyses. It is widely known that a worsening
ejection fraction itself is an independent predictor of a
poorer prognosis in HF patients and in turn possibly contrib-
uted some degree of influence to the reported relationship
between PWD and AF.
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