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Abstract

Background: Stroke is often unexplained in younger adults, although it is often associated with
a patent foramen ovale (PFO). The reason for the association is not fully explained, and mecha-
nisms other than paradoxical embolism may be involved. Young stroke patients with PFO have
more atrial vulnerability than those without PFO. It is plausible that stretching of the interatrial
septum may disrupt the interatrial conduction pathways causing interatrial block (IAB). IAB is
associated with atrial fibrillation, dysfunctional left atria and stroke. Methods: Electrocardio-
gram (ECG) characteristics of prospectively recruited young patients (<55 years of age) with
unexplained stroke (TOAST and A-S-C-O) were compared with control data. All stroke cases un-
derwent bubble contrast transthoracic and transoesophageal echography. IAB was defined as
a P-wave duration of =110 ms. ECG data were converted to electronic format and analysed in a
blind manner. Results: Fifty-five patients and 23 datasets were analysed. Patients with unex-
plained stroke had longer P-wave duration (p = 0.013) and a greater prevalence of IAB (p = 0.02)
than healthy controls. Case status was an independent predictor of P-wave duration in a sig-
nificant multivariate model. There was a significant increase in the proportion of cases with a
PFO with IAB compared with cases without PFO and with controls (p = 0.005). Conclusions:
Young patients with unexplained stroke, particularly those with PFO, exhibit abnormal atrial
electrical characteristics suggesting atrial arrhythmia or atrial dysfunction as a possible mecha-
nism of stroke. Copyright © 2011 S. Karger AG, Basel
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Introduction

Stroke in younger adults is frequently unexplained [1]. A strong association with patent
foramen ovale (PFO) has been repeatedly observed and, while paradoxical embolus does oc-
cur, it alone may not account for the association [2]. It is possible that undiagnosed atrial ar-
rhythmia may be involved, which is suggested by the finding of excessive atrial vulnerabil-
ity in those with a PFO and stroke [3].

The P wave on the electrocardiogram (ECG) is prolonged in some patient groups (such
as those with stroke [4]). Prolonged P-wave duration, or interatrial block (IAB), occurs when
conduction from the right to the left atrium (LA) is disrupted, usually at a point close to the
atrial septum [5]. IAB is common [6] and is associated with atrial fibrillation (AF) [7] and
LA dysfunction [8].

We hypothesised a priori that those with cryptogenic stroke and a PFO may have altered
interatrial conduction due to the physical effect of the atrial septal abnormality (or related
shunt) on the interatrial conduction pathways. We investigated the prevalence of atrial con-
duction abnormalities among young patients with unexplained stroke, with and without a
PFO, compared with a cohort of healthy recordings.

Materials and Methods

Participants

Younger patients with cryptogenic stroke were prospectively recruited. Inclusion criteria were age
<55 years at the time of stroke and an index cerebral infarct for which no cause was found despite exten-
sive investigation. Investigation included at least: cerebral imaging (CT or MRI of the head); cervical vas-
cular imaging (carotid Doppler, or CT or MR angiography), and cardiac investigation (structural imaging
with transthoracic echocardiography and rhythm monitoring). All patients fulfilled the TOAST criteria
for unexplained stroke and in addition must not have had level 1 evidence in any phenotype of the
A-S-C-O criteria [9, 10]. Control data were obtained from a database of digital recordings for use by the
biomedical research community [11].

Measurement

All cases underwent a standardised interview for eligibility, demographic details and stroke sub-
typing. An ECG was performed at a sweep speed of 50 mm/s and an amplitude of 20 mm/mV. All images
were converted to electronic portable document format (Canoscan LiDE 200, Canon, UK; resolution
4,800 X 4,800 dpi). Electron callipers (Screen Calipers; Iconico, Inc. [12]) were used to measure distanc-
es. PDF files were coded using a patient identifier only and analysed in a blinded manner. PDF files were
analysed at 200% zoom, on a high-resolution screen (Dell P2210; resolution 1,680 X 1,050 at 60 Hz). Cal-
lipers were individually calibrated for each ECG. Similar electronic analysis has been favourably com-
pared with traditional manual measurement, with lower inter- and intra-observer error [13]. Only leads
with good quality P waves were analysed, and ECGs with at least 9 leads of good quality were used. The
P wave was measured from the onset of the P wave (which is defined as the junction between the iso-elec-
tric line and the beginning of the P deflection) and the offset (defined as the junction between the end of
the P deflection and the PR segment) [14]. P-wave duration was averaged over at least 3 consecutive cycles
with good quality tracing and over the interpretable leads.

All cases underwent further cardiac investigation for the presence or absence of a PFO with a bubble
contrast transthoracic echocardiography [15]. This was performed with a GE Vivid 7 machine. Intrave-
nous peripheral access was obtained in the left arm. Contrast was a mixture of 8 ml of heparinised saline,
1 ml own blood and 1 ml air. Two contrast injections were performed at rest, and up to 5 injections with
a combination of early and late provocation (Valsalva, cough and sniff).

Definitions
PFO was diagnosed if =5 microbubbles were visualised in the left-sided chambers within 3 cardiac
cycles of arrival of contrast in the right atrium or release of Valsalva. The degree of shunting was used as
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Table 1. Characteristics and parameters for the case and control groups

All controls  All cases Cases without Cases with Cases witha  Cases with a
PFO a PFO small PFO large PFO

Subjects, n 23 55 14 41 12 29
Age, years 369*12.6 425+11.2 46.7+10.4 41.1+x104 44.2+10.6 39.8*+11.4
Male sex, % 78.3 56.4 73.3 56.4 45.5 51.7
Mean P-wave duration, ms 98.4+10.6* 105.6*x11.9*% 103.3*+13.3 106.5%x11.4 1059%+14.1 106.7%10.3
Mean P-wave dispersion, ms ~ 22.3+7.9° 29.6+11.9" 324131 28.6£11.5 24.7%£10.2 30.2£11.8
TIAB, % 13.0* 40.0 21.4% 46.3% 50.0 44.8

Figures are means * SD for continuous variables and percentages for binary variables.
* Primary outcome analysis: p < 0.05. " p < 0.01; * p < 0.01 for trend.

amarker of PFO size and was classified quantitatively by the maximum number of left ventricular bubbles
per frame as small (<50 bubbles) or large (=50 bubbles). IAB was defined as a P-wave duration of =110
ms, in line with previous publications [7]. P-wave dispersion (a related parameter also associated with AF)
was calculated as the difference between the longest and the shortest P wave [16].

Statistical Analysis

Parametric statistics were used to compare parameters between the groups: unpaired t test for con-
tinuous and x? test for categorical variables. Multivariate analysis was used to control for differences in
baseline characteristics (as matching with controls was not possible). PFO status was not included in a
multivariate model with controls, as these data were unavailable.

The pre-specified primary outcome measures were the differences in the mean P-wave duration and
proportion with IAB between the stroke participants and controls. The secondary outcomes included the
differences in P-wave characteristics between stroke groups with and without PFO. Measurement error
was assessed by intra-class correlation coefficient (for continuous variables) and k statistic (for categorical
variables) [17].

For the primary outcome, with 56 cases and 18 controls, an unpaired t test would detect a difference
in the primary outcome measure of 10 ms, with an anticipated standard deviation of 13 ms, an « of 0.05
and an 80% power. In addition, a stroke group with 56 cases, 28 with and 28 without a PFO, would allow
detection of a 10-ms difference in P-wave duration, with a similar anticipated standard deviation, and
values of & and B.

Written consent was obtained from all stroke patients. Ethical approval was granted in advance of
the study by the research ethics committee (09/H0308/146).

Results

A total of 59 patients with stroke were recruited. Four were excluded because of poor
quality data. ECG data were analysed on 23 control subjects. The characteristics of the con-
trols, and of cases without PFO and with small and large PFO are displayed in table 1 and
the ASCO classification of all stroke participants in table 2.

For the primary outcome measures, P-wave duration was longer in cases than controls
(105.6 vs. 98.4 ms; t = -2.56, p = 0.013). IAB was more frequent in cases than in controls (40
vs. 13%; Pearson X2 = 5.411, p = 0.02). P-wave dispersion was also longer in cases than con-
trols (29.6 vs. 22.3 ms; t = -2.68, p = 0.009; table 1).

Of the 55 stroke cases, 41 (74.6%) had a PFO, of which 29 were large. Mean P-wave dura-
tion was not significantly longer in those with than without a PFO (106.5 vs. 103.3 ms; p =
0.39). The proportion of cases with IAB was greater in those with than without a PFO (46.3
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Table 2. A-S-C-O classification of all stroke participants

Case PFO Sex Age A-S-C-O Case PFO Sex Age A-S-C-O
No.  status years  classification No.  status years  classification
1 large  female 469  A0-S0-C2-O0 29 large  male 16.6  A0-S0-C3-0O0
2 large  male 403 A0-S0-C2-00 30 large  male 50.3  A0-S0-C2-O9
3 large  male 49.8  A0-S0-C3-00 31 small  female 337  A0-S0-C3-O0
4 small  male 40.0  A0-S0-C2-00 32 none  female 51.0  A3-S0-C0-O0
5 none  male 522 A3-S0-C0-0O0 33 small ~ female 547  A3-S0-C3-O0
6 large  male 33.1 A0-50-C2-00 34 large  female 0.0  A0-S0-C3-O3
7 large  male 55.5  A3-S0-C3-00 35 large  male 51.2  A0-S3-C3-09
8 none  female 267  A0-S3-C0-O9 36 small  male 453  A0-S9-C3-0O3
9 large  female 40.6  A0-S0-C3-O0 37 none  male 48.6  A3-S3-C3-00
10 none  male 49.7  A3-S3-C0-09 38 large  female 54.6  A0-S9-C2-O9
11 none  male 52.5  A0-59-C0-09 39 large  male 26.6  A0-S0-C3-0O0
12 large  female 35.5  A0-S0-C3-O0 40 small  male 56.0  A0-S0-C3-0O0
13 none  female 20.1  A0-S0-C0-O9 41 large  female 45.0  A0-S0-C3-O0
14 small  female 248  A0-S0-C3-O0 42 large  male 35.0  A0-S0-C2-00
15 large  female 38.6  A0-S0-C3-O0 43 large  female 24.0  A0-S0-C3-O0
16 large  male 48.3  A0-S9-C3-00 44 small  female 55.0  A0-S3-C3-O0
17 small  male 37.8  A0-S0-C3-09 45 large  female 21.0  A0-S0-C3-O9
18 none  male 463  A0-S0-C0-O0 46 large  male 50.0  A0-S0-C3-O0
19 none  male 54.5  A0-S2-C0-O0 47 small  male 48.0  A0-S0-C0-O0
20 none  male 449  A0-S0-C0-O9 48 large  female 49.0  A0-S0-C3-O0
21 small ~ female 312  A0-S0-C3-O1 49 large  female 30.0  A0-S0-C3-Ol
22 large  male 45.0  A0-S0-C3-0O0 50 none  male 56.0  A0-S0-C0-O0
23 large  female 437  A0-S0-C2-O09 51 large  male 49.0  A0-S0-C3-09
24 none  male 53.7  A3-82-C0-09 52 none  female 49.0  A3-S0-C0-O0
25 large  female 48.8  A0-S3-C2-09 53 small  female 48 A0-S0-C3-00
26 none  male 48.5  A0-S0-C0-00 54 large  female 22.0  A0-S0-C2-O0
27 large  male 443  A0-S0-C3-0O0 55 large  male 42.0  A0-S0-C2-0O0
28 small  male 55.3  A3-§1-C3-00

Table 3. Multiple regression model of the predictors of P-wave duration

B SE (B) B

Step 1

Constant 90.87 4.7

Age 0.31 0.11 0.31
Step 2

Constant 92.55 4.8

Age 0.2 0.11 0.2%

Female sex -6.41 2.67 -0.26"

Case status 7.59 2.85 0.29%

R? = 0.094 for step 1 and 0.2 for step 2 (p = 0.001). * p=0.08; " p =

0.019; * p = 0.01.
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Fig. 1. Proportion of subjects in each group with and without IAB. * p < 0.01 for trend.

vs. 21.4%; x> = 2.7, p = 0.1). IAB occurred in 13% of controls, 21.4% without PFO and 46.3%
with a PFO (x? test for trend = 7.93, p = 0.005; fig. 1).

In a significant linear regression model with age and sex (R? = 0.21, p = 0.001), case-
control status remained a significant predictor of P-wave duration (8 = 0.29, p = 0.01; table 3).
20% of cases (randomly selected) were re-analysed for measurement error. For P-wave dura-
tion, the intra-class correlation coefficient was 0.954. For IAB, the k statistic was 0.737.

Discussion

This is the first report of altered P-wave characteristics in younger cryptogenic stroke
patients and the first suggestion of an association with PFO. This is important both in un-
derstanding the possible causes of unexplained stroke and the role played by a PFO.

The duration of the P wave is the time taken for atrial depolarisation. Prolongation of
the P wave represents interatrial conduction delay or IAB. Conduction of an impulse from
the right to the LA occurs via discrete communications, the most prominent of which is the
Bachmann bundle, which courses along the superior aspect of the interatrial septum [18]. It
has been suggested that stretch or pressure build-up on the superior portion of the atrial sep-
tum could alter the function of the Bachmann bundle and therefore delay interatrial conduc-
tion [19].

There are two main consequences of IAB. Firstly, IAB is a substrate to sustain AF, and
the association between AF and IAB has been demonstrated [20]. Secondly, IAB results in
delayed contraction of the LA (as depolarisation is delayed), which can result in LA dysfunc-
tion, with reduced LA kinetic energy and smaller ‘atrial kick” contribution to ventricular
filling [8]. Such a delay in LA contraction has haemodynamic consequences including raised
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LA pressure and LA dilatation, which again is a substrate for AF. Interestingly, LA dysfunc-
tion has been demonstrated in patients with stroke and PFO (which improved after PFO
closure) [21].

There has been limited study on cardiac-electrophysiology in those with unexplained
stroke, although there is some suggestion that it may be altered in the presence of a PFO.
There were a number a papers which reviewed the ECG findings of those with and without
PFO, looking for crochetage (a notch on the R wave which had been identified in atrial septal
defects [22]). The first two small studies reported conflicting results [23, 24]. A further study
found no association with crochetage, but P-wave abnormalities appeared more frequent in
those with a PFO, and specifically biphasic P wave in lead III [25]. While there was no evi-
dence of IAB, the biphasic P waves in lead III are interesting, as they are similar to the pat-
tern expected in IAB and suggest that conduction to the LA may not have been via the Bach-
mann bundle.

The most relevant study on the possible impact a PFO may have on atrial conduction is
the report on electrophysiological parameters of 62 younger patients with unexplained stroke
[3]. Berthet et al. [3] reported a parameter ‘atrial vulnerability’ (a marker of the ability to
sustain AF) which was significantly more likely in those with an atrial septal abnormality
(OR = 4.1). The authors of the study concluded that atrial stretching induced by the atrial
septal abnormality could alter the electrophysiological substrate, thereby increasing atrial
vulnerability, and they suggest paroxysmal arrhythmia as a cause of stroke with PFO [3].

The strength of the current study is the prospective nature, the well-chosen and charac-
terised patient group, and the blinded analysis. The main limitation lies in the use of control
data from a database. However, these were collected and published with the intention of such
use as control data.

The finding of prolonged P-wave duration in a cohort of patients with unexplained
stroke raises the possibility that atrial arrhythmia is an unrecognised cause of stroke in this
group. The likely increased prevalence of IAB in those with a PFO is intriguing, from which
we can hypothesise an association between PFO and atrial arrhythmia, or LA dysfunction.
At the least, we suggest altered LA conduction associated with the presence of a PFO (in cryp-
togenic stroke). It is important to understand the pathophysiology of PFO-associated stroke,
especially given the uncertain benefits of PFO device closure [26].

Although we observed a large difference in the proportion of IAB in young stroke pa-
tients with a PFO when compared to those without a PFO, this difference did not reach sta-
tistical significance when those with and without PFO were directly compared. The study
was not powered to detect this difference (a secondary end point).

Conclusion

This study demonstrates altered atrial depolarisation, which is associated with AF, in
young patients with unexplained stroke, suggesting atrial arrhythmia as a possible cause of
cryptogenic stroke. In addition, there is a possible association between PFO and atrial ar-
rhythmia, suggesting that PFO is more than an inert communication or conduit between the
atria.

Acknowledgment

The study was funded by the Cambridge NTHR Comprehensive Biomedical Research
Centre.

41

KARGER



Cerebrovascular
€ §=’s€%s€sc DOI: 10.1159/000327346 ©2011 S. Karger AG, Basel

10

11

12

13

14

15

16

17

18

19

20

21

22

Cerebrovasc Dis Extra 2011;1:36-43

Published online: April 14, 2011 www.karger.com/cee

Cotter et al.: Interatrial Block and Cryptogenic Stroke
Disclosure Statement

The authors have no conflicts of interest.

References

Cotter PE, Belham M, Martin PJ: Stroke in younger patients: the heart of the matter. ] Neurol 2010;
257:1777-1787.

Amarenco P: Underlying pathology of stroke of unknown cause (cryptogenic stroke). Cerebrovasc
Dis 2009;27:97-103.

Berthet K, Lavergne T, Cohen A, Guize L, Bousser MG, Le Heuzey JY, Amarenco P: Significant as-
sociation of atrial vulnerability with atrial septal abnormalities in young patients with ischemic
stroke of unknown cause. Stroke 2000;31:398-403.

Ariyarajah V, Apiyasawat S, Najjar H, Mercado K, Puri P, Spodick DH: Frequency of interatrial block
in patients with sinus rhythm hospitalized for stroke and comparison to those without interatrial
block. Am J Cardiol 2007;99:49-52.

Kitkungvan D, Spodick DH: Interatrial block: is it time for more attention? J Electrocardiol 2009;42:
687-692.

Jairath UC, Spodick DH: Exceptional prevalence of interatrial block in a general hospital population.
Clin Cardiol 2001;24:548-550.

Ariyarajah V, Asad N, Tandar A, Spodick DH: Interatrial block: pandemic prevalence, significance,
and diagnosis. Chest 2005;128:970-975.

Goyal SB, Spodick DH: Electromechanical dysfunction of the left atrium associated with interatrial
block. Am Heart ] 2001;142:823-827.

Adams HP Jr, Bendixen BH, Kappelle L], Biller J, Love BB, Gordon DL, Marsh EE 3rd: Classification
of subtype of acute ischemic stroke. Definitions for use in a multicenter clinical trial. TOAST. Trial
of Org 10172 in Acute Stroke Treatment. Stroke 1993;24:35-41.

Amarenco P, Bogousslavsky J, Caplan LR, Donnan GA, Hennerici MG: New approach to stroke sub-
typing: the A-S-C-O (phenotypic) classification of stroke. Cerebrovasc Dis 2009;27:502-508.

The PTB Diagnostic ECG Database (www.physionet.org/physiobank/database/ptbdb).

Iconico Screen Calipers (http://www.iconico.com/caliper/).

Andrikopoulos GK, Dilaveris PE, Richter DJ, Gialafos EJ, Synetos AG, Gialafos JE: Increased vari-
ance of P wave duration on the electrocardiogram distinguishes patients with idiopathic paroxysmal
atrial fibrillation. Pacing Clin Electrophysiol 2000;23:1127-1132.

Ariyarajah V, Mercado K, Apiyasawat S, Puri P, Spodick DH: Correlation of left atrial size with P-
wave duration in interatrial block. Chest 2005;128:2615-2618.

Cotter PE, Martin PJ, Belham M: Towards understanding the atrial septum in cryptogenic stroke.
Int J Stroke 2011;IJS-12-10-1072, in Press.

Dilaveris PE, Gialafos EJ, Sideris SK, Theopistou AM, Andrikopoulos GK, Kyriakidis M, Gialafos JE,
Toutouzas PK: Simple electrocardiographic markers for the prediction of paroxysmal idiopathic atri-
al fibrillation. Am Heart ] 1998;135:733-738.

Kirkwood BR, Sterne JAS: Medical Statistics. Oxford, Blackwell, 2003.

Bachmann G: The inter-auricular time interval. Am J Physiol 1916;41:309-320.

Ariyarajah V, Spodick DH: The Bachmann bundle and interatrial conduction. Cardiol Rev 2006;14:
194-199.

Agarwal YK, Aronow WS, Levy JA, Spodick DH: Association of interatrial block with development
of atrial fibrillation. Am J Cardiol 2003;91:882.

Rigatelli G, Aggio S, Cardaioli P, Braggion G, Giordan M, Dell’avvocata F, Chinaglia M, Roncon L,
Chen JP: Left atrial dysfunction in patients with patent foramen ovale and atrial septal aneurysm: an
alternative concurrent mechanism for arterial embolism? JACC Cardiovasc Interv 2009;2:655-662.
Rodriquez-Alvarez A, Martinez de Rodriquez G, Goggans AM, Holsapple CK, Etier EL, Marietta JS,
Wilson SW, Kelly GB: The vectorcardiographic equivalent of the ‘crochetage’ of the QRS of the elec-
trocardiogram in atrial septal defect of the ostium secundum type. Preliminary report. Am Heart ]
1959;58:388-394.

42

KARGER



Cerebrovascular
Diseasesc DOI: 10.1159/000327346 © 2011 S. Karger AG, Basel

23

24

25

26

EX)

Cerebrovasc Dis Extra 2011;1:36-43

Published online: April 14,2011 www.karger.com/cee

Cotter et al.: Interatrial Block and Cryptogenic Stroke

Ay H, Buonanno FS, Abraham SA, Kistler JP, Koroshetz W]J: An electrocardiographic criterion for
diagnosis of patent foramen ovale associated with ischemic stroke. Stroke 1998;29:1393-1397.
Tembl J, Serena J, Segura T, Penarroja G, Davalos A, Ay H, Buonanno FS, Philip Kistler ], Koroshetz
W], Abraham SA: Electrocardiographic diagnosis of patent foramen ovale associated with ischemic
stroke. Stroke 1998;29:2665-2666.

Belvis R, Leta RG, Martinez-Domeno A, Planas F, Marti-Fabregas J, Carreras F, Cocho D, Pons-Llad6
G, Marti-Vilalta JL, Bayés de Luna A: Electrocardiographic findings in patients with cryptogenic
ischemic stroke and patent foramen ovale. ] Electrocardiol 2007;40:168-171.

Paciaroni M, Agnelli G, Bertolini A, Pezzini A, Padovani A, Caso V, Venti M, Alberti A, Palmiero
RA, Cerrato P, Silvestrelli G, Lanari A, Previdi P, Corea F, Balducci A, Ferri R, Falcinelli F, Filip-
pucci E, Chiocchi P, Grandi FC, Ferigo L, Musolino R, Bersano A, Ghione I, Sacco S, Carolei A, Bal-
di A, Ageno W; Investigators FFORI: Risk of recurrent cerebrovascular events in patients with cryp-
togenic stroke or transient ischemic attack and patent foramen ovale: the FORI (Foramen Ovale
Registro Italiano) study. Cerebrovasc Dis 2011;31:109-116.

43

KARGER



