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Aims To evaluate the relationship between spatial heterogeneity of electrocardiographic repolarization and spatial heterogeneity
of atrial depolarization with arrhythmic substrate represented by left ventricular fibrosis.

Methods We assessed the associations of T- and P-wave morphology parameters analysed from the standard 12-lead electrocardio-
and results grams with left ventricular fibrosis in 378 victims of unexpected sudden cardiac death (SCD) who underwent medico-legal
autopsy. Based on autopsy findings, the SCD victims were categorized into four different groups according to different
stages of severity of left ventricular fibrosis (substantial fibrosis, moderate patchy fibrosis, scattered mild fibrosis, no fibrosis).
T-wave and P-wave area dispersion (TVWAd: 0.0841 + 0.496, 0.170 + 0.492, 0.302 + 404, 0.296 + 0.476, P = 0.008; PWAd:
0.574 +0.384,0.561 +0.367,0.654 + 0.281, 0.717 + 0.257, P=0.011, respectively; low values abnormal), non-dipolar com-
ponents of T-wave and P-wave morphology (T_NonDipolarABS: 0.0496 +0.0377, 0.0571 +0.0487, 0.0432 +0.0476,
0.0380 +0.0377, P=0.027; P_NonDipolarABS: 0.0132 +0.0164, 0.0130+0.0135, 0.0092 +0.0117, 0.0069 + 0.00472,
P=0.005, respectively, high values abnormal), T-wave morphology dispersion (TMD: 45.9 +28.3, 40.5+25.8, 355+
24.9, 33.0+24.6, P=0.030, respectively, high values abnormal), and P-wave heterogeneity (PWH: 20.0 +9.44, 19.7 +
8.87, 17.9+9.78, 154+4.60, P=0.019, respectively, high values abnormal) differed significantly between the groups
with different stages of left ventricular fibrosis. After adjustment with heart weight, T_NonDipolarABS [standardized
B (sp)=0.131, P=0.014], PWAd (sp=-0.161, P=0.003), P_NonDipolarABS (sp=0.174, P=0.001), and PWH
(sp=10.128, P=0.015) retained independent association, and TWAd (sp=-0.091, P=0.074) and TMD (sp=0.097,
P=0.063) tended to retain their association with the degree of myocardial fibrosis.

Conclusion Our findings suggest that abnormal values of T- and P-wave morphology are associated with arrhythmic substrate repre-
sented by ventricular fibrosis partly explaining the mechanism behind their prognostic significance.
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What’s new

® The present observations suggest that T-wave morphology, repre-
senting spatial heterogeneity of ventricular repolarization, and
P-wave morphology, representing spatial heterogeneity of atrial de-
polarization, are associated with ventricular fibrosis, a potential sub-
strate for life-threatening ventricular tachyarrhythmias.

® These findings may partly explain the mechanism behind the associ-
ation of these parameters with the risk of sudden cardiac death.

Introduction

Sudden cardiac death (SCD) is the most common mode of death in
western societies. Approximately 70-80% of these deaths are due to
coronary artery disease (CAD). During the current treatment era, a
vast majority of patients with CAD have well-preserved left ventricular
function and numerically most of SCDs occur in these patients. Acute
plaque complications may be a less frequent cause of SCD in CAD pa-
tients than previously thought suggesting the importance of arrhythmo-
genic milieu in myocardium as a cause for SCD in CAD patients,
particularly during triggering factors, such as ischaemia.’ Substantial
previous evidence has linked myocardial fibrosis with the risk of life-
threatening ventricular tachyarrhythmias in CAD and dilated cardiomy-
opathy.>~* Spatial heterogeneity of electrocardiographic repolarization,
represented by T-wave morphology, has been shown to yield prognos-
ticinformation, e.g. in patients with CAD, and to also be associated with
the risk of SCD.® P-wave abnormalities have been found to predict SCD
in general population® and patients with CAD.” However, the mechan-
isms behind the association of spatial heterogeneity of electrocardio-
graphic repolarization and atrial depolarization with the risk of SCD
are not fully established. Therefore, we evaluated the association of
T-wave morphology and P-wave morphology with the arrhythmic sub-
strate represented by myocardial fibrosis determined in the autopsy of
378 victims of unexpected SCD.

Methods
Study population

The present study population was drawn from the Fingesture database,
which consists of consecutive series of 5869 victims of unexpected
SCD.® The database was systemically collected in Northern Finland be-
tween the years 1998 and 2017. All of the subjects with SCD underwent
a medico-legal autopsy, which was carried out at the Department of
Forensic Medicine, University of Oulu, Oulu, Finland, and the National
Institute for Health and Welfare, Oulu, Finland. According to Finnish law,
a medico-legal autopsy is obligatory if the death occurs without pre-existing
known disease or the death is unexpected (Act on the Inquest Into the
Cause of Death, 459/1973, 7th paragraph: Finnish law). The used definition
for SCD was that the death occurred within 6 h of the onset of the symp-
toms or if unwitnessed within 24 h when the victim was last seen alive and
healthy.” An experienced forensic pathologist performed the autopsies
using contemporary guidelines. The other causes of sudden death than car-
diac, such as pulmonary embolism, cerebral haemorrhage, etc., were ex-
cluded in autopsy. An evidence of acute coronary complication, defined
as an acute intracoronary thrombus, plaque rupture or erosion, intraplaque
haemorrhage, or critical stenosis (>75%) in major coronary artery or
chronic atherosclerotic lesion with healed scar or fibrosis were used as cri-
teria to classify SCD as ischaemic. Meticulous investigations of myocardium,
coronary arteries, and valves were performed, and histological samples
were taken from multiple sections of the heart in autopsy. Myocardial fibro-
sis was classified into four stages of severity: substantial fibrosis, moderate
patchy fibrosis, scattered mild fibrosis, and no fibrosis (Figure 7). A very ex-
perienced specialist in forensic medicine performed the autopsies and the
classification of myocardial fibrosis using standardized protocol. The deter-
mination of the degree of fibrosis was based on a comprehensive evaluation

of myocardial fibrosis in macroscopic myocardial dissection and histological
tissue samples from several myocardial sites. The median time between the
last available electrocardiogram (ECG) prior to the event of SCD was
2 years (interquartile range, 0.28, 4.9 years). The autopsy reports, available
medical and police reports, and systematic questionnaires for the family
members were used to gather information on the SCD victims. A total
of 378 SCD victims with good quality digitized 12-lead ECGs in sinus
rhythm available from which both spatial heterogeneity of T-morphology
and spatial heterogeneity of P-wave morphology could reliably be analysed
were included in the present study. Premortem ECGs were recorded ap-
proximately on average 2 years prior to the SCD. The study was approved
by the Ethics Committee of Northern Ostrobothnia Hospital District and
complies with the Declaration of Helsinki.

Electrocardiography

In the present study, we analysed the standard 12-lead resting ECGs of 378
victims of unexpected SCD. The antemortem ECGs of the study SCD vic-
tims were previously recorded and available in their health records. The
resting 12-lead ECGs with a paper speed of 50 mm/s were analysed in digital
mode. All the study subjects were in sinus rhythm and the analysis was made
from five consecutive beats. No premature contractions were included in
the measured segment.

Analysis of T-wave morphology and

P-morphology parameters

Both T-wave morphology and P-wave morphology parameters were ana-
lysed automatically from the 12-lead ECGs by using custom-made software.
The starting and ending points of the analysed parameters were visually
double-checked. T-wave and P-wave area dispersion (TWAd, PWAJ, re-
spectively) were obtained from leads |, Il, V4-Vé. The T-wave area and
P-wave area under baseline were considered negative. The average
T-wave area and the average P-wave area were divided by the maximum
absolute T-wave area and by the maximum absolute P-wave area, respect-
ively, within leads |, Il, V4-Vé. T-wave area dispersion and PWAd may get
values between 1 and —1, and the lower the value the larger the heterogen-
eity between the leads. T-wave area dispersion and PWAd describe the dis-
persion of the T-wave area and P-wave area, respectively, between the
leads |, I, V4-V6, i.e. spatial heterogeneity of electrocardiographic repolar-
ization and spatial heterogeneity of electrocardiographic atrial depolariza-
tion (see Supplementary material online, Figure $1)."® Non-dipolar
components of T-wave and P-wave morphology (T_NonDipolarABS and
P_NonDipolarABS, respectively) describe the absolute value of the five
(from fourth to eighth) singular value components (non-dipolar compo-
nents) of the T-wave loop and the P-wave loop, respectively.!" Higher va-
lues indicate increased spatial heterogeneity of electrocardiographic
repolarization and spatial heterogeneity of electrocardiographic atrial de-
polarization. In T-wave and P-wave morphology dispersion (TMD and
PMD, respectively), the average angle between all reconstruction vector
pairs in the T-wave loop and the P-wave loop, respectively, is calculated.'
Higher values indicate increased heterogeneity of T-wave morphology and
P-wave morphology, respectively (see Supplementary material online,
Figure S2). T-wave and P-wave heterogeneity (TWH and PWH, respective-
ly) were determined by measuring the splay of waveforms around the first
moment, i.e. around the average waveform of T-wave and P-wave calcu-
lated from different leads using second central moment analysis."> Higher
values indicate increased spatial heterogeneity of T-wave morphology and
P-wave morphology, respectively.

Statistical analysis

The statistical significance of the differences in continuous variables be-
tween the four groups with different stages of myocardial fibrosis was ana-
lysed using the one-way analysis of variance. If a parameter differed
significantly between the four groups, the statistical significances of the dif-
ferences between the individual groups were assessed by the least signifi-
cant difference (LSD) post hoc test. The y* test was used to analyse the
statistical significance of differences between categorical variables. A regres-
sion analysis model was used to evaluate the influence of heart weight on
the association of T-morphology and P-morphology parameters with myo-
cardial fibrosis.
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Figure 1 Example histological myocardial samples representing four stages of fibrosis. No fibrosis (A), scattered mild fibrosis (B), moderate patchy
fibrosis (C), and substantial fibrosis (D). *Fibrotic patches; +larger, uniform fibrosis. Haematoxylin-eosin stain.

Table 1 Characteristics of SCD victims in the present study

Variable MF MF
Substantial (n =47)

Age, years 66.7+11.7 64.9+11.6
Male gender (%) 85.1 81.0

IHD (%) 787 64.3

Heart weight®, g 534 +£157 490 +122
RR_std, ms 18+24 21+ 38

Moderate patchy (n=126)

MF MF P-value
Scattered mild (n=155) No (n=50)

658+10.8 643+130 0.68
710 64.0 0.023
632 70.0 0.22
435+£118 435+ 106 <0.001
18+29 18+27 0.86

The values are mean + SD or percentages.

IHD, ischaemic heart disease based on autopsy findings; MF, myocardial fibrosis; RR_std, the RR interval standard deviation measured from the 12-lead ECG; SCD, sudden cardiac death;

SD, standard deviation.

?In the Bonferroni post hoc test: P < 0.001 between substantial vs. scattered mild stage of fibrosis and between substantial vs. no fibrosis; and P < 0.01 and <0.05 between moderate patchy

vs. scattered mild and between moderate patchy vs. no fibrosis, respectively.

Results

The present study population consisted of 378 victims of unexpected
SCD. Based on the available data, a total of 96 (25%) of SCD victims
of the present analysis had a history of diabetes mellitus, 27 (7%) had
a history of acute myocardial infarction, and 26 (7%) had a history of
angina pectoris. The mean age of the SCD victims was 654+ 11.4
years. The age did not differ significantly between the four groups of
SCD victims with different stages of myocardial fibrosis (Table 7).
There were more males in the groups with increasing stages of fibrosis.
Based on the autopsy findings, the cause of SCD in 66.5% of the cases
was ischaemic heart disease and, in the rest of the cases, the cause was
non-ischaemic comprising cardiomyopathies. The proportion of ischae-
mic heart disease did not differ significantly between the groups with
different stages of myocardial fibrosis (Table 7). Heart weight was

significantly different between the groups classified according to the se-
verity of myocardial fibrosis. The groups with substantial fibrosis and
with moderate patchy myocardial fibrosis had significantly larger heart
weight compared with the groups with scattered mild or no myocardial
fibrosis (Table 1).

Association of T-wave morphology and
P-wave morphology parameters with

myocardial fibrosis

T-wave area dispersion and PWAd differed significantly between the
SCD victim groups with different stages of myocardial fibrosis (P=
0.008 and P=0.011, respectively). Those with substantial myocardial fi-
brosis had lower values of TWAd and PWAd indicating an association
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of increased spatial heterogeneity of myocardial repolarization and
increased spatial heterogeneity of atrial depolarization, respectively,
with  myocardial fibrosis (Figure 2). T_NonDipolarABS and
P_NonDipolarABS, larger values representing increased spatial

heterogeneity of ventricular repolarization and atrial depolarization, re-
spectively, differed significantly between the groups classified based on
the severity of myocardial fibrosis (P=0.027 and P = 0.005, respective-
ly) (Figure 3). There was a significant difference in TMD and PWH
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Figure 2 TWAd and PWAd (low values abnormal) differed significantly between the SCD victim groups with different stages of myocardial fibrosis
(P=0.008 and P=0.011, respectively). (Post hoc LSD P-values are shown in figures.) The values are mean + SD. Abbreviations: none, no fibrosis; patchy,
moderate patchy fibrosis; PWAd, P-wave area dispersion; SCD, sudden cardiac death; scattered mild, scattered mild fibrosis; SD, standard deviation;

TWAJ, T-wave area dispersion; worst, substantial fibrosis.
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Figure 3 Non-dipolar components of T-wave and P-wave morphology (T_NonDipolarABS, P_NonDipolarABS), larger values representing in-
creased spatial heterogeneity of ventricular repolarization and atrial depolarization, respectively, differed significantly between the groups classified
based on the severity of myocardial fibrosis (P=0.027 and P=0.005, respectively). (Post hoc LSD P-values are shown in figures.) The values are

mean + SD. Abbreviations: none, no fibrosis; patchy, moderate patchy fibrosis; scattered mild, scattered mild fibrosis; SD, standard deviation; worst,
substantial fibrosis.

between the groups with different stages of myocardial fibrosis repolarization and increased spatial inhomogeneity of atrial depolariza-
(P=0.030 and P=0.019, respectively) (Figure 4). Larger values of tion, respectively. The values of TWH and PMD (high values abnormal)
TMD and PWH indicate increased spatial inhomogeneity of ventricular did not differ significantly between the SCD victim groups with different
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Figure 4 TMD (degrees) and PWH (high values abnormal) differed significantly between the SCD victim groups with different stages of myocardial
fibrosis (P=0.030 and P = 0.019, respectively). (Post hoc LSD P-values are shown in figures.) The values are mean = SD. Abbreviations: none, no fibrosis;
patchy, moderate patchy fibrosis; PWH, P-wave heterogeneity; scattered mild, scattered mild fibrosis; SD, standard deviation; TMD, T-wave morph-

ology dispersion; worst, substantial fibrosis.

stages of severity of myocardial fibrosis (worst, patchy, scattered mild,
and none) (85.2+58.4, 87.2+68.8, 89.6 +-81.3, 75.1+46.0, P=0.66;
and 425+156, 442+17.0, 442+168, 394x+146, P=028,
respectively).

Heart weight had a direct association with the degree of myocardial
fibrosis (£#=0.262, P<0.001). After adjustment with heart weight,
T_NonDipolarABS [standardized £ (sp)=0.131, P=0.014], PWAd
(sp=-0.161, P=0.003), P_NonDipolarABS (sp=0.174, P=0.001),

and PWH (sB=0.128, P=0.015) remained independently associated
with the degree of myocardial fibrosis, and TWAd (sp=-0.091, P=
0.074) and TMD (sp=0.097, P=0.063) tended to retain their associ-
ation with the degree of myocardial fibrosis. Several studied T-wave
morphology and P-wave morphology parameters had significant corre-
lations with each other (see Supplementary material online, Table S7).
The RR interval (RR) standard deviation (std) (RR_std) measured
from the 12-lead ECG did not differ significantly between the groups
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with different degrees of myocardial fibrosis (Table 1) or did not have
any significant logical association with the T-wave morphology or
P-wave morphology parameters (see Supplementary material online,
Table ST).

The statistical power of the subanalysis of the association of the
T-wave morphology and P-wave morphology parameters with myocar-
dial fibrosis in SCD victims with ischaemic (n =251) and non-ischaemic
(n=127) cause is limited, because of the relatively small number of
SCD victims in these subgroups. Nevertheless, the T-wave morphology
and P-wave morphology parameters retained a similar association with
ventricular fibrosis in these subgroups as in the whole group of SCD
victims (see Supplementary material online, Figures S3-56).

Discussion

In the present study of SCD victims, we found that T-wave morph-
ology, an indicator of spatial heterogeneity of ventricular repolarization,
and P-wave morphology, an indicator of spatial heterogeneity of atrial
depolarization, were associated with myocardial fibrosis. Ventricular fi-
brosis generates an arrhythmic substrate and predisposes to life-
threatening ventricular tachyarrhythmias.zJ‘ These observations partly
explain the mechanism behind the prognostic significance of T-wave
morphology and P-wave morphology.

Increased spatial heterogeneity of T-wave morphology has been
shown to yield prognostic information and to predict SCD in general
population'® and in patients with CAD.> Conventional and sophisti-
cated measurements of P-wave abnormalities have been found to
predict SCD in general population®' and in patients with CAD.” In
the present study, all the P-wave morphology parameters (PWAd,
P_NonDipolarABS and PWH) that had a univariate association with
myocardial fibrosis retained the independent association after adjust-
ment with heart weight. Of T-wave morphology parameters, only
T_NonDipolarABS remained significantly associated with ventricular fi-
brosis after adjustments. Theoretically, it may be speculated that the
spatial heterogeneity of electrocardiographic atrial depolarization
may have a somewhat closer independent association with myocardial
fibrosis than the spatial heterogeneity of electrocardiographic ventricu-
lar repolarization. The association of P-wave morphology with myocar-
dial fibrosis is well in line with recent findings that the variability of
P-wave non-dipolar component, particularly when combined with a
marker of autonomic cardiac regulation, was relatively accurately, inde-
pendently, and specifically associated with the risk of SCD in patients
with CAD." In the present study, several studied T-wave morphology
and P-wave morphology parameters were interrelated. The RR_std did
not interrelate with the groups with different degrees of myocardial fi-
brosis or did not have any significant logical interrelation with the
T-wave morphology or P-wave morphology parameters supporting
the concept that cardiac autonomic regulation and descriptors of ven-
tricular fibrosis, representing arrhythmic substrate, may yield independ-
ent prognostic information. Recent data also suggest that acute plaque
complications are a less common cause of SCD in CAD patients than
previously believed,” an observation that further underlines the import-
ance of arrhythmic substrate with triggering factors, such as ischaemia
and disturbed cardiac autonomic regulation, as a potential cause of SCD
without acute coronary syndrome. In the present study, the autopsy-
based cause of SCD was ischaemic heart disease with or without plaque
complication in the majority of cases. A previous study has shown that
some conventional QRS-complex-based parameters and T-inversions
were also associated with myocardial fibrosis."® Our present findings
extend these observations to sophisticated measurements of spatial
heterogeneity of electrocardiographic ventricular repolarization and
spatial heterogeneity of electrocardiographic atrial depolarization.

In a study using cardiac magnetic resonance imaging with late gado-
linium enhancement, P-terminal force and P-wave duration were

shown to be associated with left ventricular fibrosis.'” Our present
findings extend these observations by providing direct evidence that
newer P-wave parameters describing spatial heterogeneity of atrial de-
polarization and myocardial fibrosis are linked. Some other indirect evi-
dence also supports this concept. We have previously observed that
the measurements of P-wave spatial heterogeneity have a significant
correlation with soluble ST2 and brain natriuretic peptide that are bio-
markers that have an association with cardiac fibrosis.”

Inischaemic heart disease, myocardial fibrosis often occurs in the set-
ting of an ischaemic scar, whereas in various types of cardiomyopathies,
ventricular fibrosis is usually more diffuse.'® Both in ischaemic heart dis-
ease and cardiomyopathies, myocardial fibrosis increases the vulner-
ability to life-threatening ventricular tachyarrhythmias.>™ In the
present analysis, although the subgroups were relatively small, a similar
association was found between T-wave morphology and P-wave
morphology and myocardial fibrosis, an observation that suggests
that electrocardiographic spatial heterogeneity of repolarization and
spatial heterogeneity of atrial depolarization may serve as indicators
of arrhythmic substrate represented by ventricular fibrosis, both in is-
chaemic heart disease and in cardiomyopathies.

There were some limitations in our study. The ECGs suitable for the
analysis of the T-wave morphology and P-wave morphology para-
meters were available only in a minority of the SCD victims and the
ECGs were recorded on average 2 years prior to SCD. Myocardial fi-
brosis was classified into four main categories, but a more detailed sub-
classification was not available. However, a very experienced specialist
in forensic medicine performed the autopsies and the classification of
myocardial fibrosis was based on a thorough evaluation as described
in the Methods section.

Conclusions

Our present findings suggest that the novel T-wave morphology and
P-wave morphology parameters, representing spatial heterogeneity
of ventricular repolarization and spatial heterogeneity of atrial depolar-
ization, respectively, are associated with myocardial fibrosis. This may
partly explain the mechanism behind their prognostic significance and
their relation to the risk of SCD.

Supplementary material

Supplementary material is available at Europace online.
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