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Background: P-wave terminal force (PTF) > 4000 ms- 1V and deep terminal negativity (DTN) are ECG markers of
left atrial abnormality associated with both atrial fibrillation and stroke. When the precordial lead V1 is placed
higher than the correct position in the fourth intercostal space, it may cause increased PTF and DTN. Several stud-
ies have documented that electrode misplacement, especially high placement, is common. The influence of elec-
trode misplacement on these novel ECG markers has not previously been quantified.

Objective: The objective was to assess the influence of electrode misplacement on PTF and DTN.

Method: 12-Lead ECGs were recorded in 29 healthy volunteers from the Department of Cardiology at the Copen-
hagen University Hospital of Bispebjerg. The precordial electrode V1 was placed in the fourth, third and second
intercostal space, giving a total of 3 ECGs per subject. Continuous variables were compared using Dunnett's
post-hoc test and categorical variables were compared using Fischer's exact test.

Results: High placement of V1 electrodes resulted in a more than three-fold increase of PTF (IC4 = 2267 ms-LV,
IC2 = 7996 ms- LV, p-value < 0.001). There was a similar increase of DTN (IC4 = 0%, IC2 = 28%, p-value < 0.001).
P-wave area and amplitude of the negative deflection increased, and P-wave area and amplitude of the positive
deflection decreased. The P-wave shape changed from being predominantly positive or biphasic in IC4 to 90%

negative in IC2. The PR-duration and P-wave duration were not altered by electrode placement.
Conclusion: High electrode placement results in significant alteration of PTF and DTN in lead V1.

© 2019 Elsevier Inc. All rights reserved.

Introduction

P-wave terminal force (PTF) is slowly gaining momentum in identi-
fying patients at risk of developing atrial fibrillation (AF) [1] and stroke
[2]. PTF is specific to precordial lead V1 and is defined as the duration
multiplied by the amplitude of the negative part of a biphasic p-wave,
measured in pV-ms. Deep terminal negativity in V1 (DTN), defined as
the amplitude of the negative part of a biphasic P-wave in V1 above
100 pV or the height of 1 small ECG grid square, has been argued to be
a comparable measure to PTF and to be an easier and faster way to
gain the same information as is possible from PTF [3,4]. The term PTF
was first coined by Morris in 1964 [5]. When the P-wave is biphasic in
V1 the first positive deflection is a representation of the depolarization
of the right atrium and the second negative deflection is a representa-
tion of the depolarization of the left atrium [6]. When the left atrial
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mass or chamber size increases, there is an increase in the P-wave am-
plitudes and durations. As the left atrium is generally activated late in
the P-wave, an abnormality would theoretically lead to an increase in
the terminal portion. An increased terminal negative deflection is there-
fore suggested as a marker for left atrial abnormality. A PTF over 4000
WV-ms or a DTN above 100 pV are deemed to be pathological and are hy-
pothesized to be markers of left atrial abnormalities such as fibrosis and
dilatation [7], both of which are known risk factors for developing both
AF and stroke [8].

Several studies have found associations between PTF or DTN and
later development of both AF and stroke [1,2,4,9]. However, while ab-
normal PTF and DTN may be signs of left atrial abnormalities, they can
also be signs of high electrode placement [10-12]. It has been docu-
mented in several studies that misplacement, especially high place-
ment, of precordial electrodes is common in clinical settings [13,14].
Furthermore, studies have shown that especially leads V1 and V2 are
commonly subject to high placement [15]. When V1 and V2 are
misplaced, the remaining precordial electrodes will typically also be
misplaced. This may affect the morphology of the ECG and can lead to
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misinterpretation or diagnostic error because of morphological changes
[16], including false abnormal findings such as brugada pattern or other
findings that could indicate ischemia [17]. Increased negativity of the P-
wave in V1 and V2 is one such morphological change [18]. This is prob-
lematic if we are to use PTF or DTN as tools to identify patients at risk of
AF or stroke.

The influence of this common electrode misplacement on these
novel atrial ECG markers has not previously been quantified. Thus, we
designed a study testing intercostal placement of the precordial V1 elec-
trode, to assess the influence of electrode misplacement on PTF and
DTN.

Methods

Subjects were healthy volunteers, with no known health conditions
and no symptoms of cardiovascular disease, included from the Depart-
ment of Cardiology at Copenhagen University Hospital. Volunteers all
reported engaging in mild to moderate amounts of exercise and none
of the volunteers practiced sport at an elite level. All subjects underwent
12-lead ECG recording. The precordial electrodes V1 and V2 were placed
in the fourth intercostal space, which is the standard electrode place-
ment [6,16], and subsequently in the third and second intercostal
spaces, giving a total of 3 ECGs per subject. The remaining precordial
electrodes (V3-V6) were then placed, according to the V1 and V2, elec-
trodes one intercostal space down (see Fig. 1). Limb lead electrodes
were not moved. The study was approved by the local ethics committee
and all volunteers provided an informed consent.

Electrocardiogram recordings

ECGs were digitally taken using a hardware filter (0.15-150 Hz) and
stored in a MUSE Cardiology Information System (GE Healthcare, Wau-
watosa, Wisconsin, USA) and later processed using version 21 of the
Marquette 12SL algorithm with automatic calculation of fiducial points
and amplitude/area calculation. ECGs were then manually reviewed by
one investigator. ECGs of poor quality (e.g. missing leads or baseline
drift) or ECGs with rhythms other than sinus rhythm (e.g. atrial fibrilla-
tion) were excluded.

The following parameters were extracted from the MUSE system: P-
wave duration in V1, P-wave duration, P-wave amplitude and P-wave
area of the positive and negative portion in V1. PTF was calculated
based on the duration multiplied by the amplitude of the terminal por-
tion of the P-wave in V1.
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Fig. 1. Precordial electrode placement and misplacement.

Statistics

Statistics were conducted using R [19]. Continuous variables were
compared with an ANOVA using Dunnett's post-hoc tests. Categorical
variables were compared using Fischer's exact test. Age, weight and
height were tested for significant influence as covariates.

Results

The study included 31 subjects, of these 2 subjects were excluded
because of non-sinus rhythms, leaving 29 subjects for analysis. See
Table 1 for baseline characteristics. There was no influence of covariates
on ECG markers. When the V1 electrode was moved from IC4 to IC3 and
IC2, there was over a three-fold increase in the average PTF in this group
from electrode placement in IC4 to IC2. DTN increased similarly. The
percentage of subjects with a pathological PTF or DTN also increased
by more than a factor of three. The P-wave amplitude and area of the
positive deflection decreased, whereas the negative deflection (left
atrial component) increased. All mentioned changes were statistically
significant (Table 2). The P-wave duration and PR-duration were not al-
tered by electrode placement.

The P-wave also changed its shape from being predominantly posi-
tive or biphasic in IC4 to predominantly negative in IC2, as shown in
Table 2. Fig. 2 demonstrates these morphological changes in one subject.
Note also the increased negativity of the T-wave and the rSr’ pattern
that arises when the electrodes are highly placed.

Discussion

This study demonstrates that moving the V1 precordial electrode
from IC4 to IC3 and IC2 caused increased negativity of the p-wave. The
risk of misclassification of PTF and DTN because of electrode misplace-
ment is clear even in this small study. Clearly, it is problematic that mis-
placement of electrodes can cause misclassification, if PTF or DTN are to
be used in a clinical setting.

Although an increased terminal negative deflection is suggested as a
marker for left atrial abnormality, this study shows that when the elec-
trodes look at the heart from a more cranial angle the first positive de-
flection decreases and the terminal portion increases. It is not possible
to differentiate with certainty whether the cause of the increase of ter-
minal force and negativity is due to left atrial abnormality or due to
the angle at which the electrode is looking at the atria. Therefore, it
can be difficult to establish whether an abnormal PTF is pathological
or merely an artefact.

This study is in accordance with other studies that show that high
placement of V1 electrodes increases the negative component of the
P-wave in V1 [20]. This study is also consistent with other studies, sug-
gesting that a fully negative P-wave in V1 can be a sign of high electrode
placement [10,11]. The rSr’ pattern may also be a sign of high placement
[17], and is demonstrated in this study by Fig. 2.

The increased P-wave negativity that occurs with high electrode
placement makes P-wave indices measured in V1, particularly those in-
volving measures of amplitude, susceptible to miscalculation and mis-
classification. PTF or DTN are measures largely or completely based on
amplitude. Furthermore, studies have shown that erroneously placed
electrodes are, in fact, common practice in busy ERs and hospital

Table 1
Baseline characteristics, 29 healthy volunteers.
N 29
Male (%) 12 (41%)
Age (IQR) 32 years (27, 38)
BMI 23.8 (3.2)
Heart rate (SD) 66 (12)
Systolic blood pressure (SD) 120 (10)
Diastolic blood pressure (SD) 71 (8)
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Table 2
P-wave characteristics in V1 based on electrode placement.”
IC4 IC3 12 p-Value
N 29 29 29
PTF, ms-pV 1872 (0, 3696) 4730 (2304, 7830)" 9180 (4704, 11,232)* <0.001
PTF >4000 ms- iV 21% 59%" 83%" <0.001
P-wave amplitude, pV (positive deflection) 34 (24, 48) 0(0,14)" 0(0,0)" <0.001
P-wave amplitude, uV (negative deflection) —29(—48,0) —58 (—83, —34)" —87 (—102, —48)" <0.001
DIN 0% 15%" 32%" <0.001
P-wave area, ms-uV (positive deflection) 878 (508, 1405) 0(0,351)" 0(0,0)" <0.001
P-wave area, ms- [V (negative deflection) —3963 (—5290, —2791) —2421 (—3260, —2791)" —937 (—1854,0)" <0.001
P-wave shape Positive 9 (31%) 2(7%) 0 (0%) <0.001
Biphasic 17 (59%) 13 (45%) 3 (10%)
Negative 3 (10%) 14 (48%)" 26 (90%)*
P-wave duration, ms 92 + 26 98 + 25 102 + 12" 0.25
PR-duration, ms 158 + 24 158 + 24 157 +25™ 0.99

2 Values are mean =+ SD, n (% + SD), % or median (Q1, Q3).
* p-Value < 0.001 when compared with correct placement in IC4.
** p-Value > 0.05 when compared with correct placement in IC4.

departments, also by highly-trained medical professionals and even by
cardiologists [13-15]. This greatly undermines the value of PTF or DTN
as prognostic tools in a clinical setting. As electrode misplacement is
both a common and persistent problem, these are arguably not reliable
markers for left atrial abnormality.

On the contrary, although not investigated in this study, limb leads
seem to be less susceptible to placement error within the correct limb,
and placement error of the electrode within the correct limb does not
have as great an influence on the ECG morphology as precordial leads
[18]. This would make limb leads more reliable sources for ECG mea-
surements to be used in clinical diagnostics. Interatrial block is mea-
sured in the limb leads and is often associated with PTF in case of
advanced interatrial block [21]. Interatrial block has been shown to be
a marker for later development of AF [22]. A recent study has shown
P-wave axis to be associated with stroke and also to improve the predic-
tion of AF-related stroke when added to other CHA,DS,-VASc-score var-
iables [23]. P-wave axis is calculated based on the 6 limb leads and
interatrial block is calculated based on P-wave duration in limb leads
and number of biphasic P-waves in inferior leads (II, Il and aVF)
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Fig. 2. P-wave shape with different V1 placement in same subject.

[24,25], and therefore interatrial block and P-wave axis have the advan-
tage of not being susceptible to precordial placement error.

Studies have proven that misplacement not only occurs, but is fre-
quent, and this must be taken into consideration when evaluating
which tools are useful for clinicians. Furthermore, it is worth mention-
ing that others have shown poor repeatability for PTF measured at dif-
ferent visits [26] and poor reliability of PTF in ischemic stroke [27].
Other studies have demonstrated that comparing left atrial enlargement
assessed by echocardiography and computed tomography with pro-
posed surrogate ECG markers have not shown an association for PTF
as a surrogate marker [28-30].

Conclusion

High electrode placement results in significantly increased PTF, DTN
and overall negativity of the P-wave in lead V1.

This research did not receive any specific grant from funding agen-
cies in the public, commercial, or not-for-profit sectors. Authors have
no conflicts of interest to disclose.
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