
Prognostic significance of beat-to-beat variability of spatial
heterogeneity of repolarization analyzed from a 5-minute resting
electrocardiogram in coronary artery disease
Janne T. Rahola, MD, Severi M. Mattila, BM, Antti M. Kiviniemi, PhD, Olavi H. Ukkola, MD,
Mikko P. Tulppo, PhD, M. Juhani Junttila, MD, Heikki V. Huikuri, MD, Tuomas V. Kentt€a, PhD,
Juha S. Perki€om€aki, MD

See commentary on page 1100
ABSTRACT

BACKGROUND Data on the prognostic significance of temporal variability of spatial heterogeneity of electrocardiographic
repolarization in coronary artery disease (CAD) are limited.

OBJECTIVE The purpose of this study was to evaluate the prognostic value of temporal variability of T-wave morphology
analyzed from a 5-minute resting electrocardiogram in CAD.

METHODS The standard deviation (SD) of T-wave morphology dispersion (TMD-SD) and the SD of total cosine R-to-T were
analyzed on a beat-to-beat basis from a 5-minute period of the standard resting 12-lead electrocardiogram obtained before
the clinical stress test in 1702 patients with angiographically verified CAD and well-preserved left ventricular function.

RESULTS During an average of 8.7 6 2.2 years of follow-up, 60 patients experienced sudden cardiac death/arrest (SCD/SCA)
(3.5%), 69 patients nonsudden cardiac death (NSCD) (4.1%), and 161 patients noncardiac death (9.5%). TMD-SDwas significantly
higher inpatientswhoexperiencedSCD/SCA than inotherpatients (1.7262.00vs1.1261.75;P5 .01) andhigher inpatientswho
succumbed toNSCD than in other patients (1.576 1.74 vs 1.126 1.76; P5 .04), but it did not differ significantly between patients
who experienced noncardiac death and thosewithout such an event (1.166 1.42 vs 1.146 1.79; P5 .86). In theCoxmultivariable
hazards model, TMD-SD retained its significant association with the risk of SCD/SCA (hazard ratio 1.119; 95% confidence interval
1.015–1.233; P5 .024) but not with the risk of NSCD (hazard ratio 1.089; 95% confidence interval 0.983–1.206; P5 .103).

CONCLUSION TMD-SD is independently associated with the long-term risk of SCD/SCA in patients with CAD.

KEYWORDS Electrocardiography; T-wave; T-wave morphology; Repolarization; Sudden cardiac death
(Heart Rhythm 2024;21:1093–1099) © 2024 Heart Rhythm Society. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction

Sudden cardiac death (SCD) is a significant cause ofmortality in
the Western world accounting for up to 10%–20% of all
deaths.1,2 Even in the modern treatment era, coronary artery
disease is responsible for up to 70%–80% of all SCDs in the
Western world.3,4 The implantable cardioverter-defibrillator
has proved to be an effective intervention in high-risk individ-
uals in both primary and secondary prevention of SCD.5 There
is a clear need todevelopbetter discriminating risk stratification
models for SCD to guide the efficient use of implantable cardi-
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overter-defibrillator therapy. The search for electrocardio-
graphic risk indicators of SCD has gained attention in the past
couple of decades. Vectorcardiography-based applications
have gained attention, as they use the morphological informa-
tion of T wave.6 Promising results have been obtained in
studies considering both temporal and spatial variability in
heterogeneity of electrocardiographic repolarization, which
suggests that anoptimal risk indicator should consider the com-
plete temporospatial phenomena, instead of focusing on just 1
property of heterogeneity of electrocardiographic
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repolarization.7–9 The potential for electrocardiogram (ECG)–
based risk predictors of SCD to translate into clinical use is
thus well-grounded. We have previously introduced a novel
risk indicator for SCD, the standard deviation of T-wave
morphology dispersion (TMD-SD), whichwas found to bean in-
dependent risk predictor of SCD when derived from ambula-
tory Holter recordings of patients with coronary artery
disease.10 In the present study, we analyzed resting ECGs
and obtained TMD-SD among several other previously intro-
duced risk indicators that represent both temporal and spatial
phenomena in the repolarization phase of the myocardium
and investigated their association with SCD and other modes
of death.

Methods

Study population

The ARTEMIS (Innovation to Reduce Cardiovascular Com-
plications of Diabetes at the Intersection; can be found at
clinicaltrials.gov with the identifier NCT01426685) is an
observational prospective cohort study that enrolled pa-
tients with angiographically verified coronary artery disease,
with a proportion also having type 2 diabetes. Patients were
recruited from 2007 through 2012 from the consecutive se-
ries of patients undergoing coronary angiography at the Di-
vision of Cardiology in Oulu University Hospital. The details
of the study protocol and exclusion criteria have previously
been described elsewhere.11 A total of 1702 patients were
in sinus rhythm and had good quality digital 5-minute
resting 12-lead ECGs before a clinical stress test and
were included in the present analysis. All recruited patients
provided informed consent, and the Northern Ostrobothnia
Hospital District Ethical Committee approved the study pro-
tocol. The study follows recommendations of the Declara-
tion of Helsinki.

End points of the present study

The primary end point of the present analysis was SCD or
resuscitation from sudden cardiac arrest (SCA), whichever
Abbreviations

ECG: electrocardiogram

IDI: integrated discrimination
index

LVEF: left ventricular ejection
fraction

NCD: noncardiac death

NSCD: nonsudden cardiac
death

SCA: sudden cardiac arrest

SCD: sudden cardiac death

SD: standard deviation

TCRT: total cosine R-to-T

TMD: T-wave morphology
dispersion
occurred first. Secondary end
points were nonsudden car-
diac death (NSCD) and noncar-
diac death (NCD). SCD was
defined as cardiac death within
1 hour of the onset of symp-
toms. Unwitnessed SCDs were
defined as cases where a pa-
tient was last seen alive and
well 24 hours before discovery.
As per Finnish law, medico-
legal autopsy is required in un-
certain causes of death, and
therefore autopsy records
were available in most cases.
NSCDwas defined as a cardiac
death that did not meet the
criteria of SCD/SCA. Patients
who experienced death from noncardiac causes were
included in the NCD group. The determination of end points
used a combination of emergency medical service reports,
physician reports, death certificates, data from autopsies,
and inquiries to the next of kin. The cause and mode of death
were determined by 2 investigators independently, and
possible conflicts about the mode of death was resolved by
the investigators H.V.H. and M.J.J.
Echocardiography

Echocardiography was performed using the General Vivid 7
ultrasound machine (General Electric Healthcare, Little
Chalfont, UK). Transthoracic examinations were carried out
in accordance with the general guidelines of the American
Society of Echocardiography. The examination included
2-dimensional, M-mode, Doppler echocardiography. Left
ventricular ejection fraction (LVEF) was derived using the
2-dimensional method. Left ventricular mass index was ob-
tained using the body surface area equation.
Electrocardiography

Standard digital 12-lead ECGs were obtained for each patient
during a 5-minute resting period before the clinical stress test
by using CardioSoft version 6.5 (GE Healthcare, Fairfield, CT).
Data obtained from the ECGswere analyzed using specifically
tailored software made by T.V.K. and written in the MATLAB
language (MathWorks Inc., Natick, MA). Before analysis, the
ECG recordings were filtered for high-frequency noise in
excess of 150 Hz, wall power-line interference at 50 Hz, and
baseline wander falling below 0.67 Hz. The 0.67 Hz cutoff fre-
quency was selected because it corresponds to the ventricular
rate of 40 beats/min, which was below theminimum heart rate
in the population, but high enough frequency to filter out ar-
tifacts from baseline wander.

Parameters of T-wave morphology were used to represent
the spatial heterogeneity of electrocardiographic repolariza-
tion. Analysis was performed beat-to-beat during the
5-minute period. The details of the methodology are
described previously.10

TMD measures the variation in T-wave morphology across
different ECG leads, with homogeneous T-wave morphology
leading to small values and heterogeneous T-wave
morphology increasing the value.12 TMD is obtained by calcu-
lating reconstruction vectors for the independent ECG leads;
TMD represents the average angle between all possible recon-
struction vector pairs of leads I–II and V2–V6 in 3 dimensions,
and its values are in degrees.13 Total cosine R-to-T (TCRT) esti-
mates the spatial deviation between myocardial repolarization
and depolarization wavefronts.14 Both TMD and TCRT were
derived from the same decomposition as described in the orig-
inal article by Acar et al.13 To assess the temporal variability of
different T-wave parameters, we calculated SD during the
5-minute period of analysis for uncorrected QT interval, TMD,
and TCRT. Through this, the parameters QT-SD, TMD-SD,
and TCRT-SD were obtained. These parameters represent
both temporal and spatial variability of repolarization.
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Statistical analysis

Statistical analyses were performed using version 28 of the
IBM SPSS software (IBM Corporation, Armonk, NY). The
independent samples t test was used to test for statistically
significant differences between continuous variables, and
the c2 test was used likewise for categorical variables. The
receiver operating characteristic curve was used to determine
the optimal cutoff point for TMD-SD. The Kaplan-Meier sur-
vival curves were constructed for TMD-SD to disclose the cu-
mulative proportional probabilities of survival for each
different mode of death. The statistical significance of
Kaplan-Meier analyses was assessed using the log-rank test.
The clinically relevant risk factors that remained significant in
the univariable analysis were included in the Cox regression
analysis. The risk factors that retained their statistical signifi-
cance after multivariable adjustments formed the basic
clinical risk model for each type of death. The electrocardio-
graphic parameters showing a significant association with a
certain mode of death in the univariable analyses were tested
one at a time in the final step of the corresponding Cox pro-
portional hazards model as continuous variables. The C-index
and integrated discrimination index (IDI) were calculated to
assess the discrimination accuracy and net reclassification in-
dex to assess the reclassification accuracy of risk markers.
A P value under .05 was considered significant in statistical an-
alyses.
Results

Patients were followed up for 8.7 6 2.2 years on average.
During that period, 60 patients experienced SCD/SCA
(3.5%), 69 patients NSCD (4.1%), and 161 patients NCD
(9.5%). Table 1 lists the clinical characteristics that differed
significantly between patients who experienced SCD/SCA
or succumbed to NSCD or NCD and those without a corre-
sponding event.

Heart rate or heart rate variability measured as the stan-
dard deviation of the interbeat intervals of normal sinus beats
did not differ significantly when each patient group who expe-
rienced differentmodes of death was comparedwith a patient
group without such an event (Table 2). The average QT inter-
val corrected with Bazett’s formula was statistically signifi-
cantly longer, average TCRT smaller, and average TMD
higher in patients with SCD/SCA and those with NSCD than
in patients without such an event. QT-SD and TCRT-SD did
not differ significantly when each patient group who experi-
enced different modes of death was compared with a patient
group without such an event. The values of TMD-SD were
significantly higher in patients who experienced SCD/SCA
and those who experienced NSCD than in patients without
such an event (Table 2). The Kaplan-Meier curves show
SCD-free, NSCD-free, and NCD-free survival for patients
who had TMD-SD values �1.48 or <1.48 (Figure 1) as well
as for patients with and without type 2 diabetes separately
(Online Supplemental Figures 1 and 2).

When the clinical factors that differed significantly be-
tween patients who experienced SCD/SCA and those without
such an event (Table 1) were tested in the Cox regression
multivariable hazards model, type 2 diabetes, Canadian Car-
diovascular Society class�2, left bundle branch block, and tri-
glycerides retained their statistical significance in the model
(Table 3).When the clinical factors that were significantly asso-
ciated with the risk of NSCD in univariable comparisons
(Table 1) were analyzed in the Cox multivariable hazards
model, age, Canadian Cardiovascular Society class �2, lack
of antithrombotic medication, triglycerides, and creatinine re-
mained in themodel as significant risk factors (Table 3). Of the
significant risk factors for NCD in univariable comparisons
(Table 1), age, use of diuretic medication, and creatinine re-
tained their significance in the Cox multivariable model
(Table 3). After adjustments for the risk factors for the corre-
sponding death classes in the Cox multivariable model,
average QT interval corrected with Bazett’s formula did not
retain its significant association with the risk of SCD/SCA or
NSCD, and average TCRT retained the association only with
the risk of NSCD. TMD-SD was significantly associated only
with the risk of SCD/SCA but not with the risk of NSCD or
NCD (Table 3). By contrast, the average TMD retained its sig-
nificant association with both SCD/SCA and NSCD after the
adjustments (Table 3). When dichotomized average TMD
and dichotomized TMD-SD were added to the SCD clinical
risk model, the C-index increased from 0.70 to 0.73 and IDI
(0.0091 [95% confidence interval 0.0018–0.0163]; P 5 .014)
and net reclassification index (0.3183 [0.0611–0.5754]; P 5

.015) improved significantly.

Discussion

In our present analysis of patients with coronary artery dis-
ease, we found that temporal variability of T-wave
morphology, an estimator of temporospatial heterogeneity
of repolarization, was independently associated with the risk
of SCD. The results held after relevant adjustments with other
clinical risk factors, with TMD-SD being the only parameter
that retained its association in the multivariable risk model
specifically for SCD.

The focus of this analysis was to study both temporal and
spatial heterogeneity of repolarization. Until now, studies as-
sessing beat-to-beat variations in T-wave morphology have
been less numerous than those investigating solely the spatial
plane of repolarization. Beat-to-beat spatiotemporal vari-
ability in the T-wave vector has been associated with an
increased risk of SCD in a large community-based cohort of
>14,000 participants without impaired left ventricular func-
tion.7 Periodic repolarization dynamics, an electrocardio-
graphic marker of sympathetic activity, has been shown to
predict SCD and NSCD in postinfarction patients with
reduced LVEF.15 A case-control study of 200 subjects with
SCD with coronary artery disease found out that increased
short-term variability of repolarization heterogeneity, repre-
sented by the SD of T-wave heterogeneity, was associated
with SCD risk.16 QT-SD and TCRT-SD were not associated
with any mode of death in our present analysis. TMD-SD re-
mained a sole specific marker of SCD risk after multivariable
adjustments, which is in line with previous studies and our



Table 1 Clinical characteristics of the study patients at baseline

Characteristic

Alive SCD/SCA NSCD NCD

(n 5 1412) (n 5 60) (n 5 69) (n 5 161)

Age (y) 65.6 6 8.2 68.9 6 7.8* 73.9 6 6.9‡ 72.1 6 7.4‡

Male gender 970 (68.7) 46 (76.7) 48 (69.6) 123 (76.4)
BMI (kg/m2) 28.1 6 4.3 28.8 6 4.8 29.3 6 5.4 27.8 6 4.6
BP, systolic (mm Hg) 146.7 6 24.0 149.6 6 23.0 148.7 6 25.2 148.6 6 27.7
BP, diastolic (mm Hg) 80.6 6 11.3 81.7 6 11.0 79.5 6 11.6 80.4 6 13.9
DM2 539 (38.2) 38 (63.3)‡ 42 (60.9)‡ 79 (49.1)*
Smoker 117 (8.3) 8 (13.3) 5 (7.2) 12 (7.5)
Alcohol 5.9 6 6.0 8.7 6 11.1 7.8 6 8.2 5.8 6 6.5
CCS class � 2 539 (38.2) 39 (65.0)‡ 52 (75.4)‡ 78 (48.4)
LBBB 37 (2.6) 8 (13.3)‡ 4 (5.9) 3 (1.9)
RBBB 55 (3.9) 2 (3.3) 5 (7.4) 14 (8.7)†

Claudication 75 (5.4) 9 (15.0)* 14 (20.6)‡ 19 (11.9)*
b-Blocker 1234 (87.5) 55 (91.7) 65 (94.2) 143 (88.8)
ACEI 569 (40.4) 25 (41.7) 30 (43.5) 59 (36.6)
AT2 inhibitor 382 (27.1) 22 (36.7) 22 (31.9) 50 (31.1)
Lipid l.m. 1309 (92.8) 53 (88.3) 60 (87.0) 143 (88.8)
Anti-t.m. 1381 (97.9) 60 (100) 65 (94.2)* 160 (99.4)
Diuretics 399 (28.3) 26 (43.3) 39 (56.5)‡ 80 (49.7)‡

Ca blocker 321 (22.7) 17 (28.3) 23 (33.3)* 38 (23.6)
Nitrates 487 (34.5) 32 (53.3)† 42 (60.9)‡ 68 (42.2)
Anti-a.m. 11 (0.8) 0 (0) 2 (2.9) 1 (0.6)
Asthma/COPD med. 110 (7.8) 7 (11.7) 7 (10.1) 18 (11.2)
GHbA1c (%) 6.2 6 0.9 6.7 6 1.5† 6.9 6 1.4‡ 6.6 6 1.1†

hsCRP (mg/L) 1.9 6 4.4 3.9 6 7.1 3.5 6 5.1* 2.5 6 4.8
fS-Chol (mmol/L) 4.0 6 0.9 4.3 6 1.0* 4.1 6 0.9 3.9 6 0.8
fS-HDL-Chol (mmol/L) 1.3 6 0.3 1.2 6 0.3 1.2 6 0.3 1.3 6 0.3
fS-LDL-Chol (mmol/L) 2.3 6 0.8 2.5 6 0.9† 2.4 6 0.8 2.2 6 0.7
fS-Trigly (mmol/L) 1.4 6 0.8 1.8 6 1.4* 1.7 6 0.9* 1.3 6 0.6†

Crea (mmol/L) 77.7 6 17.1 82.2 6 23.0 104.0 6 48.0‡ 87.2 6 27.5‡

U-alb/crea (mg/mmol) 1.7 6 4.8 2.9 6 6.0 9.4 6 32.1 2.7 6 6.6
LVEF (%) 64.8 6 8.3 59.7 6 12.8† 61.1 6 12.8* 65.3 6 9.4
LVMI (g/m2) 105.7 6 26.1 120.4 6 31.5† 121.6 6 34.4‡ 108.9 6 25.2
LVEDD (mm) 50.3 6 5.7 52.2 6 9.2 52.4 6 8.3* 48.9 6 6.3†

LVESD (mm) 31.9 6 5.8 36.0 6 9.7† 35.7 6 9.6† 31.4 6 6.8

Values are presented as mean 6 SD or as n (%).
ACEI5 angiotensin-converting enzyme inhibitor; alcohol5 alcohol consumption in restaurant portions per week; anti-a.m.5 antiarrhythmic medication; anti-t.m.5
antithromboticmedication; asthma/COPDmed-5medication for asthma or chronic obstructive pulmonary disease; AT25 angiotensin II receptor; BMI5 bodymass
index; BP 5 blood pressure; CCS class 5 Canadian Cardiovascular Society class of angina pectoris; Crea 5 creatinine; DM2 5 type 2 diabetes mellitus; fS-Chol 5
fasting serum total cholesterol; fS-HDL-Chol 5 fasting serum high-density lipoprotein cholesterol; fS-LDL-Chol 5 fasting serum low-density lipoprotein cholesterol;
fS-Trigly5 fasting serum triglyceride; GHbA1c5 glycated hemoglobin A1c; hsCRP5 high-sensitivity C-reactive protein; LBBB5 left bundle branch block; lipid l.m.5
lipid-lowering medication; LVEDD5 left ventricular end-diastolic diameter; LVEF5 left ventricular ejection fraction; LVESD5 left ventricular end-systolic diameter;
LVMI5 left ventricular mass index; NCD5 noncardiac death; NSCD5 nonsudden cardiac death; nitrates5 long-acting nitrates; RBBB5 right bundle branch block;
SCA 5 sudden cardiac arrest; SCD 5 sudden cardiac death; U-alb/crea 5 urine albumin-creatinine ratio.
*P < .05 ,
†P < .01,
‡P < .001 when comparing the characteristics of patients with a certain mode of death with those of patients without such an event.
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previous results from the analysis of a 10-minute period of
ambulatory Holter recordings, further underlining the notion
that an optimal risk indicator for SCD should take into account
temporospatial phenomena as a whole.10

Our results suggest that beat-to-beat variability of T-wave
morphology provides prognostic information about SCD risk
and could help better discriminate those patients who are at
the highest risk, if combined with other risk markers in the
current risk models. Type 2 diabetes and left bundle branch
block contributed to the risk of SCD. However, TMD-SD
retained its statistical power in predicting SCD even after
relevant adjustments with other clinical risk factors, such as
type 2 diabetes and left bundle branch block. Furthermore,
when TMD-SD and TMD were added to the SCD clinical
risk model, which included type 2 diabetes and left bundle
branch block, the C-index, IDI, and net reclassification index
improved markedly. More accurate risk models could help
optimize therapy, such as implantable cardioverter-defibril-
lator therapy, especially for the vast majority of patients
with coronary artery disease who have no history of myocar-
dial infarction or reduced LVEF.17

Traditional theoretical models of SCD in coronary artery
disease have underlined the importance of acute plaque
rupture in starting the electrophysiological cascade, which
eventually leads to ventricular tachyarrhythmia and SCD.
However, this notion has recently been challenged by an



Table 2 Baseline electrocardiographic parameters

Parameter

Alive SCD/SCA NSCD NCD

(n 5 1412) (n 5 60) (n 5 69) (n 5 161)

HRa (beats/min) 61.8 6 9.5 64.4 6 11.9 62 6 10 63 6 11
SDNN (ms) 73.2 6 57.7 81.4 6 64.8 90.2 6 67.0 84.1 6 69.1
Avg QTc (ms) 464.6 6 28.0 476.0 6 25.5† 478.1 6 38.1† 470.3 6 32.2
QT-SD (ms) 1.64 6 1.31 1.69 6 1.32 1.52 6 1.26 1.67 6 1.57
Avg TCRT 0.3930 6 0.6408 0.2193 6 0.6191* 0.0484 6 0.6682‡ 0.3535 6 0.6471
TCRT-SD 0.0396 6 0.0886 0.0524 6 0.0873 0.0383 6 0.0572 0.0428 6 0.0847
Avg TMD (deg) 15.4 6 17.4 26.6 6 23.4† 28.5 6 24.0‡ 19.2 6 19.6
TMD-SD (deg) 1.09 6 1.78 1.72 6 2.00* 1.57 6 1.74* 1.16 6 1.42

Values are presented as mean 6 SD.
See the Methods section for details.
Avg QTc5 average QT interval corrected with Bazett’s formula; Avg TCRT5 average total cosine R to T (total cosine R to T is determined by calculating the cosine of
the angle between themain vectors of QRS and T-wave loops); Avg TMD5 average T-wavemorphology dispersion (T-wavemorphology dispersion is determined by
calculating the average angle between all possible reconstruction vector pairs of limb leads I–II and chest leads V2–V6 in 3-dimensional space and it is expressed in
degrees); HRa5 average heart rate during the 5-min period of the resting electrocardiogram before an exercise test; NCD5 noncardiac death; NSCD5 nonsudden
cardiac death; QT-SD 5 standard deviation of uncorrected QT interval during the 5-min period of analysis; SCA 5 sudden cardiac arrest; SCD 5 sudden cardiac
death; SDNN 5 standard deviation of all normal-to-normal RR intervals during the 5-min period of analysis; TCRT-SD 5 standard deviation of the total cosine R
to T analyzed from the 5-min period of the resting 12-lead electrocardiogram before an exercise test; TMD-SD 5 standard deviation of the T-wave morphology
dispersion analyzed from the 5-min period of the resting 12-lead electrocardiogram before an exercise test.
*P < .05
†P < .01
‡P < .001 when comparing the characteristics of patients with a certain mode of death with those of patients without such an event.
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analysis of 600 autopsy-verified SCD victims whose death was
attributable to coronary artery disease, in which less than half
of the SCD victims had evidence of acute plaque complica-
tion, but almost all the victims had myocardial fibrosis inde-
pendent of specific plaque histology.18 This study
broadened the spectrum of ischemic causes of SCD and sug-
gested that an interplay between preexisting myocardial
fibrosis and acute ischemia is probably more relevant in the
development of SCD than plaque complications alone.
Concurrently, it has been observed that parameters of P-
wave and T-wave heterogeneity are associated with myocar-
dial fibrosis, an observation that suggests that heterogeneity
of atrial depolarization and ventricular repolarization could
A B

Figure 1
Kaplan-Meier curves showing (A) sudden cardia death (SCD)–free survival, (B) nonsu
survival for patients with the standard deviation of T-wavemorphology dispersion (TM
operating characteristic curve.
be indicators of the arrhythmic substrate arising from myocar-
dial fibrosis.19

The strengths of our study include a long follow-up time and
angiographical verificationof thecoronaryartery status.Howev-
er, there were limitations as well. The number of SCD victims
was relatively small. We did not validate our cutoff point for
TMD-SD in a separate population; in contrast, we used only
continuous values of TMD-SD in the Cox regression analysis.
Our study also excluded patients with New York Heart Associa-
tion class IV and planned or existing implantable cardioverter-
defibrillator, a subpopulation that would likely have had an
increased heterogeneity of repolarization. The number of pa-
tients fulfilling these exclusion criteria was small, however.
C

dden cardiac death (NSCD)–free survival, and (C) noncardiac death (NCD)–free
D-SD) values�1.48 or <1.48. The cutoff point was determined from the receiver



Table 3 Univariable and multivariable predictors of SCD, NSCD, and NCD

Variable

SCD NSCD NCD

HR 95 % CI HR 95 % CI HR 95 % CI

Age
uv 1.040 1.007–1.074* 1.154 1.112–1.198‡ 1.109 1.084–1.134‡

mv 1.031 0.995–1.067 1.122 1.078–1.169‡ 1.096 1.071–1.121‡

DM II
uv 2.481 1.466–4.199‡ 2.143 1.316–3.492† 1.389 1.020–1.893*
mv 1.950 1.134–3.353* 1.322 0.707–2.472 1.226 0.841–1.787

CCS class � 2
uv 2.911 1.711–4.952‡ 4.830 2.787–8.370‡

mv 2.545 1.491–4.347‡ 2.840 1.594–5.060‡

LBBB
uv 5.414 2.572–11.399‡

mv 5.013 2.376–10.578‡

RBBB
uv 1.702 0.922–3.139
mv 1.728 0.991–3.015

Claudication
uv 2.493 1.227–5.064* 3.765 2.089–6.786‡ 1.889 1.170–3.049†

mv 1.209 0.562–2.603 1.570 0.796–3.099 1.430 0.870–2.353
Anti-t.m.

uv 0.392 0.143–1.078
mv 0.285 0.102–0.793*

Diuretics
uv 3.043 1.882–4.921‡ 2.260 1.659–3.078‡

mv 1.126 0.647–1.957 1.700 1.235–2.340†

Ca blocker
uv 1.684 1.019–2.783*
mv 1.011 0.579–1.764

Nitrates
uv 2.008 1.209–3.335† 2.686 1.652–4.365‡

mv 1.639 0.945–2.843 1.251 0.725–2.159
GHbA1c

uv 1.334 1.106–1.610† 1.459 1.247–1.707‡ 1.204 1.057–1.372†

mv 1.020 0.782–1.330 1.169 0.922–1.482 1.118 0.950–1.317
hsCRP

uv 1.032 1.008–1.056†

mv 1.031 0.997–1.067
fS-Chol

uv 1.450 1.143–1.838†

mv 1.001 0.517–1.939
fS-LDL-Chol

uv 1.470 1.128–1.915†

mv 1.524 0.751–3.091
fS-Trigly

uv 1.511 1.234–1.849‡ 1.423 1.146–1.768† 0.752 0.581–0.972*
mv 1.424 1.128–1.798† 1.526 1.157–2.012† 0.760 0.571–1.012

Crea
uv 1.021 1.017–1.025‡ 1.014 1.009–1.018‡

mv 1.016 1.011–1.021‡ 1.006 1.001–1.012*
LVEF

uv 0.947 0.926–0.968‡ 0.956 0.935–0.978‡

mv 0.984 0.955–1.014 0.992 0.962–1.022
LVMI

uv 1.016 1.009–1.024‡ 1.018 1.011–1.025‡

mv 1.004 0.994–1.014 1.002 0.991–1.012
LVEDD

uv 1.061 1.023–1.102† 0.963 0.937–0.989†

mv 1.029 0.961–1.101 0.979 0.954–1.006
LVESD

uv 1.080 1.047–1.114‡ 1.077 1.045–1.110‡

mv 1.042 0.994–1.093 1.040 0.980–1.104
Avg QTc
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Table 3 Continued

Variable

SCD NSCD NCD

HR 95 % CI HR 95 % CI HR 95 % CI

uv 1.012 1.004–1.020† 1.014 1.006–1.021‡

mv 1.002 0.993–1.011 1.005 0.998–1.012
Avg TCRT
uv 0.670 0.466–0.964* 0.470 0.338–0.654‡

mv 0.910 0.605–1.371 0.614 0.439–0.857†

Avg TMD
uv 1.023 1.013–1.034‡ 1.026 1.016–1.035‡

mv 1.014 1.002–1.025* 1.020 1.011–1.030‡

TMD-SD
uv 1.129 1.036–1.231† 1.105 1.008–1.210*
mv 1.119 1.015–1.233* 1.089 0.983–1.206

CI 5 confidence interval; HR 5 hazard ratio; mv 5 multivariable; uv 5 univariable; other abbreviations as in Tables 1 and 2.
*P < .05
†P < .01
‡P < .001 when comparing the characteristics of patients with a certain mode of death with those of patients without such an event. The Cox regression analysis (uv
andmv) was performed only for the clinical factors that differed significantly between the group comparisons of the corresponding death class (Table 1). These clinical
factors were partly different for each death class; therefore, there are empty spaces in this table. Those clinical factors that remained significant in the multivariable
Cox regression analysis formed the clinical risk model for the corresponding death class. The repolarization variability parameters were tested one at a time in these
death class–specific risk models, and uv andmv HRs were shown only when the parameter differed significantly in the group comparisons of the corresponding death
class (Table 2).
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Conclusion

TMD-SD, representing temporal variability of spatial hetero-
geneity of repolarization, analyzed from a 5-minute 12-lead
ECG, was an independent and specific predictor of SCD in pa-
tients with angiographically verified coronary artery disease
and well-preserved left ventricular function. Future studies
are needed to confirm these findings in separate patient pop-
ulations.
Appendix

Supplementary Data
Supplementary data associated with this article can be found
in the online version at https://doi.org/10.1016/j.hrthm.2024.
02.052.

Funding Sources: The study was supported by a grant from
the Sigrid Jusélius Foundation, Helsinki, Finland; the Finnish
Foundation for Cardiovascular Research, Helsinki, Finland;
the Academy of Finland, Helsinki, Finland; the Aarne Koskelo
Foundation, Helsinki, Finland; the Aarne and Aili Turunen
Foundation, Tuusula, Finland; and the Ida Montin Founda-
tion, Espoo, Finland.

Disclosures: The authors have no conflicts of interest to
disclose.

Address reprint requests and correspondence: Dr Juha S.
Perki€om€aki, Division of Cardiology, Medical Research Center
Oulu, University of Oulu, P.O. Box 5000, Kajaanintie 50, Oulu
FIN-90014, Finland. E-mail address: juha.perkiomaki@oulu.fi

References
1. de Vreede-Swagemakers JJM, Gorgels APM, Dubois-ArbouwWI, et al. Out-of-hos-

pital cardiac arrest in the 1990s: a population-based study in the Maastricht area on
incidence, characteristics and survival. J Am Coll Cardiol 1997;30:1500–1505.

2. Lynge TH, Risgaard B, Banner J, et al. Nationwide burden of sudden cardiac
death: a study of 54,028 deaths in Denmark. Heart Rhythm 2021;18:
1657–1665.
3. Fox CS, Evans JC, Larson MG, Kannel WB, Levy D. Temporal trends in coronary
heart disease mortality and sudden cardiac death from 1950 to 1999: the
Framingham Heart Study. Circulation 2004;110:522–527.

4. Hayashi M, Shimizu W, Albert CM. The spectrum of epidemiology underlying
sudden cardiac death. Circ Res 2015;116:1887–1906.

5. Corrado D, Zorzi A, Vanoli E, Gronda E. Current challenges in sudden cardiac
death prevention. Heart Fail Rev 2020;25:99–106.

6. Verrier RL, Huikuri H. Tracking interlead heterogeneity of R- and T-wave
morphology to disclose latent risk for sudden cardiac death. Heart Rhythm
2017;14:1466–1475.

7. Waks JW, Soliman EZ, Henrikson CA, et al. Beat-to-beat spatiotemporal vari-
ability in the T vector is associated with sudden cardiac death in participants
without left ventricular hypertrophy: the Atherosclerosis Risk in Communities
(ARIC) study. J Am Heart Assoc 2015;4:e001357.

8. Ramírez J, Kiviniemi A, van Duijvenboden S, et al. ECG T-wave morphologic var-
iations predict ventricular arrhythmic risk in low-and moderate-risk populations. J
Am Heart Assoc 2022;11:e025897.

9. Kentt€a TV, Nearing BD, Porthan K, et al. Prediction of sudden cardiac death with
automated high-throughput analysis of heterogeneity in standard resting 12-lead
electrocardiograms. Heart Rhythm 2016;13:713–720.

10. Rahola JT, Kiviniemi AM, Ukkola OH, et al. Temporal variability of T-wave
morphology and risk of sudden cardiac death in patients with coronary artery dis-
ease. Ann Noninvasive Electrocardiol 2021;26:e12830.

11. JunttilaMJ, Kiviniemi AM, Lepoj€arvi ES, et al. Type 2 diabetes and coronary artery
disease: preserved ejection fraction and sudden cardiac death. Heart Rhythm
2018;15:1450–1456.

12. Porthan K, Viitasalo M, Toivonen L, et al. Predictive value of electrocardiographic
T-wave morphology parameters and T-wave peak to T-wave end interval for sud-
den cardiac death in the general population. Circ Arrhythm Electrophysiol 2013;
6:690–696.

13. Acar B, Yi G, Hnatkova K,MalikM. Spatial, temporal andwavefront direction char-
acteristics of 12-lead T-wave morphology. Med Biol Eng Comput 1999;
37:574–584.

14. Zabel M, Acar B, Klingenheben T, Franz MR, Hohnloser SH, Malik M. Analysis of
12-lead T-wave morphology for risk stratification after myocardial infarction. Cir-
culation 2000;102:1252–1257.

15. Rizas KD, McNitt S, HammW, et al. Prediction of sudden and non-sudden cardiac
death in post-infarction patients with reduced left ventricular ejection fraction by
periodic repolarization dynamics: MADIT-II substudy. Eur Heart J 2017;
38:2110–2118.

16. Hekkanen JJ, Kentt€a TV, Haukilahti MAE, et al. Increased beat-to-beat variability
of T-wave heterogeneity measured from standard 12-lead electrocardiogram is
associated with sudden cardiac death: a case–control study. Front Physiol
2020;11:1045.

17. Isbister J, Semsarian C. Sudden cardiac death: an update. Intern Med J 2019;
49:826–833.

18. Holmstr€om L, Juntunen S, V€ah€atalo J, et al. Plaque histology and myocardial dis-
ease in sudden coronary death: the Fingesture study. Eur Heart J 2022;
43:4923–4930.

19. Hekkanen JJ, Kentt€a TV, Holmstr€om L, et al. Association of electrocardiographic
spatial heterogeneity of repolarization and spatial heterogeneity of atrial depolar-
ization with left ventricular fibrosis. Europace 2023;25:820–827.

https://doi.org/10.1016/j.hrthm.2024.02.052
https://doi.org/10.1016/j.hrthm.2024.02.052
mailto:juha.perkiomaki@oulu.fi
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref1
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref1
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref1
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref2
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref2
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref2
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref3
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref3
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref3
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref4
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref4
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref5
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref5
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref6
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref6
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref6
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref7
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref7
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref7
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref7
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref8
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref8
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref8
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref9
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref9
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref9
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref9
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref10
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref10
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref10
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref11
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref11
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref11
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref11
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref12
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref12
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref12
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref12
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref13
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref13
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref13
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref14
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref14
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref14
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref15
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref15
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref15
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref15
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref16
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref16
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref16
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref16
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref16
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref17
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref17
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref18
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref18
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref18
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref18
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref18
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref18
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref19
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref19
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref19
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref19
http://refhub.elsevier.com/S1547-5271(24)00224-8/sref19

	Prognostic significance of beat-to-beat variability of spatial heterogeneity of repolarization analyzed from a 5-minute res ...
	Introduction
	Methods
	Study population
	End points of the present study
	Echocardiography
	Electrocardiography
	Statistical analysis

	Results
	Discussion
	Conclusion
	Appendix. Supplementary Data
	Funding Sources
	Disclosures
	References


