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Introduction: Several ECG markers are postulated to represent underlying atrial remodelling and have been asso-
ciated with ischemic stroke. P-wave terminal force in lead V,; (PTFV;) is one such marker. We examined the fac-
tors that contribute to the reliability of PTFV, and its association with ischemic stroke.

Material and methods: Four hundred and thirty-five patients that presented with an ischemic stroke or transient
ischemic attack (TIA) were identified through a prospectively maintained multi-site institutional stroke data-
base. Control group consisted of age matched patients without prior history of an ischemic stroke or TIA. All pa-
tients underwent a 12-lead ECG and 24-hour Holter monitoring during the study period to exclude atrial
fibrillation.

Results: Morphology consistent with PTFV; occurred commonly in both the stroke/TIA and control groups. There
was no significant difference in the median PTFV; value between the stroke 3.96 mV ms [Interquartile range
(IQR) 2.78-5.58] and control 4.23 mV ms [IQR 2.91-5.57] groups. Measurements of PTFV; demonstrated excel-
lent intra-observer reliability on assessment of the same P-wave (Intra class correlation (ICC) 0.91, p < 0.001)
with narrow limits of agreement 2.21 to —2.95 mV ms. A change in the P wave assessed led to a significant re-
duction in reliability (ICC 0.79, p < 0.001). Inter-observer, inter P-wave assessment demonstrated further reduc-
tion in reliability (ICC 0.68, p < 0.002) with wide limits of agreement 6.17 to —5.78 mV ms, indicating significant
under and overestimation of PTFV;.

Conclusion: The utility of PTFV; as a clinical marker for ischemic stroke is limited by the reduction in reliability
associated with inter-observer and inter P-wave measurements.

© 2018 Elsevier Inc. All rights reserved.

Introduction

Ischemic strokes result in significant morbidity, loss of function and
death. The incidence of ischemic strokes is projected to rise in view of
the ageing population [1]. Atrial fibrillation (AF) is widely believed to
be the cause for a significant proportion of ischemic strokes [2]. The
presence of an atrial myopathy has been postulated in patients with is-
chemic stroke independent of atrial fibrillation. Electrophysiological
and biochemical abnormalities, including elevated fibrotic and inflam-
matory markers, are preferentially associated with cardioembolic stroke
subtype alluding to an underlying myopathic process [3-6].

Several ECG markers thought to represent underlying atrial remod-
elling have been associated with ischemic stroke and AF [7-9]. They are
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postulated to be more reliable at identifying patients at risk of stroke
than the detection of subclinical AF [10-12]. P-wave terminal force in
V; (PTFV;) is one such marker derived from a standard 12 lead ECG.
PTFV; has been associated with both elevated left atrial volume and
pressure and may represent atrial adverse remodelling [13,14]. How-
ever, there is clinical equipoise regarding the utility of this marker in
predicting ischemic stroke [13,14].

The inconsistencies in data could be indicative of poor reliability of
the measure, as PTFV; is inherently difficult to measure [15]. Further-
more, previous studies have not provided sufficiently detailed method-
ology to allow for reproducible measurement of PTFVy, particularly in
the presence of subtle baseline and beat to beat P-wave variability
that could impact on the accuracy of measurements.

We performed a study to assess the reliability of PTFV; as a clinical
measure and its association with cerebrovascular events. We assessed
the reliability of inter-observer and inter P-wave PTFV; measurements
using a standardised technique in an attempt to reduce variability of
measurements.
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Material and methods
Study design

A case-control study was conducted among patients that presented
to three metropolitan hospitals with an ischemic cerebrovascular
event, stroke or transient ischemic attack (TIA), between May 2011
and December 2015.

Patients within the stroke and TIA group were identified through a
prospectively maintained stroke unit database. Inclusion criteria were:
1) age > 18 years; 2) adjudicated to have had an ischemic stroke or
TIA by a stroke physician; 3) underwent 24-hour Holter monitoring fol-
lowing their index stroke or TIA; and 4) had a 12 lead ECG available for
analysis. Exclusion criteria were: 1) haemorrhagic stroke; 2) history of
atrial fibrillation or atrial flutter; 3) AF diagnosed on post stroke Holter
monitoring or during follow up; 4) underlying severe cardiomyopathy;
5) previous coronary artery bypass grafting or 6) severe chronic ob-
structive airways disease.

Eligible patients were compared to a group of age-matched
controls, without prior history of stroke, TIA or AF, and underwent
Holter monitoring to exclude subclinical AF. The stroke/TIA and control
groups were matched in a 2:1 ratio with the same exclusion criteria
applied to both groups.

The research protocol was approved by the institutional Human
Research Ethics Committee.

Clinical assessment and outcome measures

All patients adjudicated as having a stroke or TIA underwent investi-
gation and treatment as per the national stroke guidelines recommen-
dation for standard of care [16]. This included physical examination,
blood measurements, 12 lead ECG, pulse oximetry, cerebrovascular im-
aging and vascular assessment.

Baseline demographic and clinical data were collected from elec-
tronic health records along with vascular risk factors to allow for calcu-
lation of a CHA,DS,VASc score, medication use, and details of repeat
presentations with recurrent stroke or TIA.

All patients underwent Holter monitoring with 24 h of continuous
rhythm capture utilising the SEER Light Holter Monitor (GE Healthcare,
Milwaukee, USA). Data were analyzed offline upon completion of the
monitoring period by cardiac technicians and subsequently reviewed
by a cardiac electrophysiologist. Rhythm analysis was conducted using
MARS Ambulatory ECG Analysis System (GE Healthcare, Milwaukee,
USA). The ECGs were obtained on a MAC 5500 HD resting ECG system
(GE Healthcare, Milwaukee, USA).

PTFV,= Amplitude x Duration
(mV) (ms)

P wave measurements

A 12 lead ECG was recorded at 10 mm/mV with a paper speed of
25 mmy/s after standard lead placement. The ECGs were analyzed in a
digital format and all measurements obtained at a minimum five
times digital zoom. The digital callipers were calibrated against the ref-
erence pulse, with measurements obtained in millimetres and con-
verted to a unit of mV ms.

PTFV; was defined as the amplitude of the downward deflection of
the terminal portion of the P-wave in lead V1 multiplied by its duration
[17,18]. The baseline was defined by a straight line that extends from
the middle of the TP segment immediately prior to the P-wave of inter-
est, to the following TP segment. The amplitude was measured from the
nadir of the P-wave till the point of intersection with the baseline
(Fig. 1).

As described in previous studies, PTFV; was only measured if the P-
wave morphology in lead V; had a negative or biphasic component [15].
An elevated PTFV; was defined as a value >4 mV ms as described in pre-
vious studies [17,19-22].

PTFV; was measured by a single observer blinded to the patient
group. A subset of 30 ECGs were analyzed by the same observer on a dif-
ferent P-wave and by second observer on the same P-wave to assess
inter P-wave and inter-observer variability.

Interatrial conduction block was identified based on a P-wave dura-
tion 2120 ms. P wave morphology as previously defined with a biphasic
morphology in leads II, Ill, and aVF or biphasic morphology in leads III
and aVF in association with a notched P in lead II [12].

Statistics

Demographic data, disease status and outcome measures are pre-
sented as proportions and summarised by descriptive statistics. Data
were tested for normality and parametric or non-parametric tests ap-
plied as appropriate, with mean 4 standard deviation for parametric
data and median with interquartile ranges for non-parametric data. Dif-
ferences between groups with a parametric distribution were tested by
an unpaired t-test for continuous variables and Chi-square test for cate-
gorical variables. Non-parametric data were analyzed using the Mann
Whitney U test and Kruskal-Wallis test. Correlation trends were ana-
lyzed using Spearman's rho for non-parametric data or Cochran-
Armitage test for ordinal data. A p-value < 0.05 was deemed statistically
significant. PTFV; values that lay outside 99.9 percentile were
categorised as clinical implausible outliers and excluded from analysis.
Markers associated with stroke and an elevated PTFV; were identified
by univariate and multivariate logistical regression.
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Fig. 1. (A) PTFV; was calculated by identifying the baseline represented by the straight line across the TP segments. The amplitude was measured from the nadir of the P-wave till the point
of intersection with the baseline. (B) Variations in P-wave morphology and baseline wander can affect measurements and calculation of PTFV;.
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Intra and inter-observer reliability was assessed using Bland-Altman
plots and Intraclass correlation with two-way random effects model. All
statistical analyzes were performed with SPSS Statistics 24.0 (IBM, Chi-
cago, IL, USA).

Results

In total, 3235 patients presented with a stroke or TIA during the
study inclusion period; 431 were excluded for intracranial haemorrhage
identified on computed tomography. Only patients that underwent
Holter monitoring and a 12 lead ECG at the study site were included.
In the final analysis, 435 patients with a stroke or TIA were compared
against 226 age-matched patients that underwent Holter monitoring
and ECG recording during the same time period (Fig. 2). The control
group was composed of patients that underwent Holter monitoring
for investigation of chest pain, syncope, pre-syncope and palpitations.

Baseline characteristics stratified according to study groups are
shown in Table 1. In both groups, the mean age was 70 years and the
majority of patients were male. Patients with a stroke or TIA were signif-
icantly more likely to have comorbidities of diabetes mellitus,
dyslipidaemia, and peripheral vascular disease. Seventy-six (17.5%) pa-
tients with a stroke or TIA had a prior ischemic cerebrovascular event.
Despite a higher prevalence of hypertension and dyslipidaemia within
the stroke or TIA cohort there were no difference in the use of statins
or antihypertensive therapy.

The prevalence of interatrial conduction block was not significantly
different between the stroke and control group (3.9% vs 2.7%, p 0.40).
There was no difference in the occurrence of a negative or biphasic P-
wave in lead V1 between the stroke/TIA and control group (90.7% vs
89.2%, p 0.54). Four patients from the stroke and 2 from the control

Control

Table 1
Characteristics of study participants.
Control Stroke/TIA p value
n =226 n =435
n (%) n (%)
Age,y (SD) 70.7 (11.5) 70.0 (12.4) 047
Sex, female 79 (35.0) 187 (43.0) <0.05
Vascular risk factors
Hypertension 121 (53.5) 276 (63.4) 0.14
Dyslipidaemia 79 (35.0) 197 (45.3) <0.05
Diabetes mellitus 36 (15.9) 109 (25.1) <0.01
Any smoking 40 (17.7) 113 (26.0) 0.17
Previous stroke/TIA 0 76 (17.5) -
Myocardial infarction 40 (17.7) 79 (18.2) 0.83
Peripheral vascular disease 5(2.2) 25 (5.7) <0.05 (f)
Heart failure 9 (4.0) 24 (5.5) 0.39
CHA,DS,VASc score (median) 3.0 5.0 <0.01

SD indicates standard deviation; f, Fishers exact test; TIA, transient ischemic attack.
Bold highlights statistically significant values.

group, had a calculated PTFV, value above the 99.9 percentile and
were excluded from analysis involving PTFV;. There were no significant
differences in the median PTFV; values between the control 4.23 mV ms
(IQR 2.91-5.57) and stroke/TIA 3.96 mV ms (2.78-5.58) groups. Simi-
larly, there were no significant differences in the median PTFV, values
between the 240 patients with cryptogenic stroke subtype and control
group, 4.01 mV ms (IQR 2.86-5.69) and 4.23 mV ms (IQR 2.91-5.57)
respectively.

An elevated PTFV, was defined by the presence of a P-wave mor-
phology consistent with PTFV; and a PTFV, value above 4.0 mV ms as
described previously. The prevalence of an elevated PTFV; in the

Stroke/TIA

n=3,235

Controls
n=226

— Prior coronary bypass grafting (n = 6)

Holter Monitoring
n =458

New diagnosis of AF
> g

No AF
n=435

Exclusions

Intracranial Hemorrhage (n = 431)
Prior AF (n =94)

Severe Cardiomyopathy (n = 20)

Severe airways disease (n =13)

No ECG (n = 26)

Holter Monitoring not performed at
study site (n =2187)

n=23

Fig. 2. Patient selection: inclusions and exclusions.
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Table 2
Baseline characteristics and PTFV;.

Normal PTFV;  Elevated PTFV; p value
n =291 n =296
n (%) n (%)
Age, y (SD) 69.8 (11.4) 71.1 (12.3) 0.11
Sex, female 117 (40.2) 123 (41.6) 0.74
Stroke/TIA 196 (67.4) 188 (63.5) 0.33
Vascular risk factors
Hypertension 171 (58.8) 182 (61.5) 0.50
Dyslipidaemia 128 (44.0) 115 (38.9) 0.21
Diabetes mellitus 98 (24.7) 35(20.3) 0.19
Smoking 70 (24.1) 68 (23.0) 0.76
Peripheral vascular disease 12 (4.1) 12 (4.1) 0.97
History of heart failure 11 (3.8) 18 (6.1) 0.20
CHA,DS,VASc score-median (IQR) 4(2-6) 4(2-6) 0.45

SD indicates standard deviation; TIA, transient ischemic attack.

stroke/TIA and control group was, 49.0% and 53.2% (p 0.33), respec-
tively. Conventional vascular risk factors were not associated with an el-
evated PTFV, on univariate analysis (Table 2).

PTFV; had excellent reliability for intra-observer, intra P-wave mea-
surements (ICC 0.91, p < 0.001) with narrow 95% limits of agreement
(LoA), —2.95 to 2.21 mV ms, on Bland-Altman analysis. There was a se-
quential reduction in reliability for inter-observer, intra P-wave mea-
surements (ICC 0.85, p < 0.001) and intra-observer, inter P-wave
measurements (ICC 0.79, p < 0.001). Inter-observer, inter P-wave mea-
surements were the least reproducible with only moderate reliability
(ICC0.68, p <0.01) and the widest 95% LoA, —5.78 to 6.17 mV ms, on
Bland-Altman analysis (Fig. 3).

A

PTFV,: Intra-observer

Discussion

In this cohort of patients, an increased PTFV; was not associated with
ischemic stroke and this remained consistent for the cryptogenic stroke
subtype. Further analysis exploring predictors for an elevated PTFV; de-
fined as a value >4.0 mV ms failed to demonstrate an association with
stroke or traditional vascular risk factors. Most importantly, while
PTFV; could be measured reliably by the same assessor using the
same P-wave utilising this rigorous methodology, reliability reduced
significantly with both inter P-wave and inter-observer measurements.

Research into the pathophysiological basis of PTFV, dates back to the
1970s when an association between an elevated PTFV; and left atrial
pressure during cardiac catheterisation was demonstrated. Investiga-
tors have subsequently reported excellent specificity for an elevated
PTFV; in predicting left atrial enlargement on echocardiography, con-
versely others have shown that increased left atrial abnormalities corre-
lated with electrocardiographic markers only in the context of a
cardiomyopathy [14,21,23,24].

More recently, several studies have explored the relationship be-
tween PTFV; and clinical outcomes such as atrial fibrillation, silent vas-
cular brain injuries and ischemic stroke [25]. Similar to the
pathophysiological studies, the data remains inconsistent. A sub-
analysis of the Northern Manhattan Study and the Multi-Ethnic Study
of Atherosclerosis study, that longitudinally followed patients for subse-
quent cerebrovascular or cardiovascular events demonstrated a signifi-
cantly higher mean PTFV; value in the stroke group compared with the
control group [18,26]. However, Social Insurance Institution's Coronary
Heart Disease Study did not demonstrate a significant association be-
tween elevated PTFV; and ischemic stroke [27].

A Same P wave
Bias: -0.370 mVms
95% LoA ......

o

Difference (mVms)
o
L
E

b

° d

2

g

54

Mean PTFV,; (mVms)

B PTFV,: Inter-observer

20 Different P wave
Bias: 0.560 mVms
A 95% LoA - --~-

A Same P wave
Bias:-0.367 mVms
o  95%LOA ++::--

Difference (mVms)
o
L
%
: Den
>
©
—x
b

.54 A

Mean PTFV,; (mVms)

Different P wave
Bias: 0.193 mVms
A 95% LOA - - - -

Fig. 3. Bland-Altman analysis with 95% limits of agreement (LoA) and bias for PTFV; measurements. The small bias highlights the lack of systematic under or over estimation of PTFV;.
(A) Demonstrates intra-observer, intra P-wave assessment with narrow LoA, a marked widening of LoA is observed with intra-observer, inter P-wave assessment. (B) Demonstrates
inter-observer assessment of P waves, with the widest LoA noted with inter-observer, inter P-wave measurements.
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The present study did not demonstrate a significant association be-
tween stroke and PTFV;. Furthermore, conventional vascular risk factors
were not significantly associated with an elevated PTFV;. It is feasible,
that the lack of a significant difference in PTFV; between the stroke
and control group could be a result of selection bias, due to an elevated
baseline PTFV, in patients that presented for Holter monitoring who
subsequently formed the control group. AF has been associated with
an elevated PTFV; and despite excluding manifest AF and subclinical
AF detected on Holter monitoring, the patients who present for Holter
monitoring is likely to have a higher prevalence of occult undiagnosed
AF than a community-based patient cohort. However, data from two
large longitudinal cohort studies observed discordant results for PTFV,
as a predictor for AF, as a significant association with PTFV; was only
noted in the ARIC study [19].

The conflicting pathophysiological and clinical data raise questions
about the clinical reliability and validity of this marker. PTFV; is an in-
herently difficult marker to calculate as it relies on the accurate mea-
surement of low amplitude deflections on an ECG, which is
subsequently multiplied, resulting in the potential magnification of
measurement errors. Previous studies have provided inter-observer re-
liability that ranged from poor to good, however a robust assessment of
factors that affect its reliability has not been outlined [15,18,27]. Our
study using a rigorous methodology exposes potential flaws in measur-
ing PTFV,. Even when using a standardised methodology, the specific p-
wave measured can markedly affect the result, as can measurements by
different observers.

The robust nature of our standardised methodology for PTFV; mea-
surements was demonstrated by the excellent reliability, ICC of 0.91
with narrow limits of agreement, of intra-observer, intra P-wave
PTFV; measurements. While a change in either the observer or the P
wave measured led to a reduction in reliability, the impact of inter-P
wave measurements was more pronounced. However, the largest sig-
nificant reduction in reliability occurred with a change in both the ob-
server and the P-wave measured, with an ICC of 0.68 and a very wide
95% limit of agreement. The wide limits of agreement in particular sug-
gests both significant over and underestimation of PTFV;.

Poor reproducibility of P-wave dispersion and PTFV; was demon-
strated by Snyder et al. with reduction in reliability noted during a single
visit and with a further reduction in reliability demonstrated between
visits [15]. However, to date, the present study is the first to have ana-
lyzed the individual factors that contribute to this reduction in reliability
of PTFV;. Our findings raise concerns over the real-world utility of this
measure, whereby different assessors will evaluate different P-waves
to derive the PTFV; value.

Automated computerised algorithms for calculating PTFV, could re-
duce inter-observer variability and have been shown to correlate well
with manual measurements [28]. However, automated algorithms will
not overcome differences in measurements that arise from inter P-
wave variability. It is likely that the moderate reliability observed in
this study will reduce further in a real-world setting when analysing
ECGs obtained at differing time points.

The limitations of the present study include: 1) the utilisation of
manual measurements to calculate PTFVy, but we improved reliability
by adopting a rigorous methodology and by routinely using digital
zoom to improve measurement accuracy; 2) a proportion of patients
undertook Holter monitoring externally and therefore did not meet in-
clusion criteria, we cannot exclude a significant difference in PTFV,
within this group of patients; 3) we did not analyze the utility of multi-
ple P-wave measurements to derive an average PTFV, value, this may
reduce the impact of P-wave dispersion on PTFV. 4) A higher threshold
for characterizing PTFV; may have demonstrated a significant difference
between the two groups.

In conclusion, there was no association between PTFV, and ischemic
stroke in this cohort of patients. Despite using a rigorous methodology
for measurements, we demonstrated only moderate reliability for
inter-observer, inter P-wave measurements of PTFV,. Further

refinement of the methodology is required to improve the clinical utility
of PTFV; as a marker of atrial myopathy and ischemic stroke.
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