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An electrocardiography 
score predicts heart failure 
hospitalization or death 
beyond that of cardiovascular 
magnetic resonance imaging
Maren Maanja1, Todd T. Schlegel1,2, Fredrika Fröjdh1, Louise Niklasson1, Björn Wieslander1, 
Ljuba Bacharova3,4, Erik B. Schelbert5 & Martin Ugander1,6*

The electrocardiogram (ECG) and cardiovascular magnetic resonance imaging (CMR) provide powerful 
prognostic information. The aim was to determine their relative prognostic value. Patients (n = 783) 
undergoing CMR and 12-lead ECG with a QRS duration < 120 ms were included. Prognosis scores 
for one-year event-free survival from hospitalization for heart failure or death were derived using 
continuous ECG or CMR measures, and multivariable logistic regression, and compared. Patients 
(median [interquartile range] age 55 [43–64] years, 44% female) had 155 events during 5.7 [4.4–6.6] 
years. The ECG prognosis score included (1) frontal plane QRS-T angle, and (2) heart rate corrected 
QT duration (QTc) (log-rank 55). The CMR prognosis score included (1) global longitudinal strain, and 
(2) extracellular volume fraction (log-rank 85). The combination of positive scores for both ECG and 
CMR yielded the highest prognostic value (log-rank 105). Multivariable analysis showed an association 
with outcomes for both the ECG prognosis score (log-rank 8.4, hazard ratio [95% confidence interval] 
1.29 [1.09–1.54]) and the CMR prognosis score (log-rank 47, hazard ratio 1.90 [1.58–2.28]). An ECG 
prognosis score predicted outcomes independently of CMR. Combining the results of ECG and CMR 
using both prognosis scores improved the overall prognostic performance.

Abbreviations
A-ECG  Advanced electrocardiography
CMR  Cardiovascular magnetic resonance
ECV  Extracellular volume fraction
GLS  Global longitudinal strain
LGE  Late gadolinium enhancement
LV  Left ventricle

Prognostic information can be gleaned from both the electrocardiogram (ECG)1 and cardiovascular magnetic 
resonance imaging (CMR) measures of left ventricular (LV)  mass2, cardiac  function3, and myocardial tissue 
 characterization4. However, the ECG and CMR provide potentially complementary information, and how these 
measures perform in relation to each other has not been studied head-to-head.

The ECG reflects the electrical activity of the heart, and the information present in the ECG may complement 
measures of cardiac structure and function. To study the prognostic performance, prognosis scores can be created 
from parameters that best predict outcome. We aimed to create separate prognosis scores for the ECG and CMR, 
respectively, and compare them with regards to ability to predict the combined end-point of hospitalization for 
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heart failure or death. Furthermore, rather than generating scores based on attributing points to criteria fulfilling 
set thresholds (point-based scores), we sought to harness the statistical strength of continuous variables to create 
continuous scores ranging from 0 to 100% likelihood of an event. We also sought to compare our results to a 
recently published point-based ECG risk  score5. The hypothesis of the study was that an ECG score could provide 
incremental prognostic information beyond CMR measures with known powerful prognostic performance.

Methods
Study patients. In this cross-sectional study, patients were identified from a prospectively acquired database 
of 1828 enrolled patients referred for a clinical CMR scan at University of Pittsburgh Medical Center (Pittsburgh, 
PA, USA) between 2008 and 2017, and followed until April 2018. The study was approved by the University of 
Pittsburgh Medical Center Institutional Review Board, and all participants provided written informed consent. 
All methods were carried out in accordance with relevant guidelines and regulations. Inclusion criteria were 
completion of a gadolinium-based contrast agent-enhanced CMR, and a digital ECG with sinus rhythm and a 
QRS duration < 120 ms acquired within 30 days of CMR.

Exclusion criteria were ECG confounders including complete right and left bundle branch blocks (RBBB, 
LBBB), atrial fibrillation or flutter, paced rhythm or other severe arrhythmia such as premature atrial or 
ventricular ectopy in bigeminy or trigeminy. A QRS duration < 120 ms was used to exclude RBBB and LBBB 
as these electrical conduction patterns cannot be compared to conduction in the absence of bundle branch 
block. Furthermore, complete bundle branch blocks are known to adversely affect  prognosis6. ECG variables 
were otherwise not excluded based on their distribution. Further exclusion criteria included CMR findings 
of amyloidosis, hypertrophic cardiomyopathy, Takotsubo cardiomyopathy, congenital heart disease, siderosis, 
Fabry’s disease and poor CMR image quality. Hospitalization for first heart failure event after CMR was identified 
by medical record review using pre-defined criteria evaluated by a board-certified cardiologist, and mortality 
status was ascertained by medical record review and Social Security Death Index queries as previously  described9.

Subgroups. From the database, 783 patients had an ECG within 30 days of CMR with a sinus rhythm and 
QRS  duration < 120  ms and were included to create the ECG score. Among these, 730 patients had readily 
available CMR data including global longitudinal strain (GLS) and extracellular volume fraction (ECV), and 
were used to create the CMR score, and for prognosis calculations. For the ECG and CMR prognosis scores, 
respectively, patients were grouped as either having experienced an event of hospitalization for heart failure or 
death within one year of CMR, or no event.

CMR acquisition and analysis. CMR imaging methodology and typical acquisition parameters have 
previously been  described10. In brief, CMR images were acquired using a 1.5 Tesla scanner, and LV mass, 
volumes, and ejection fraction were measured from short-axis stacks of end-systolic and end-diastolic cine 
images. ECV was calculated in basal and mid-ventricular myocardial short-axis slices in areas without focal late 
gadolinium enhancement (LGE), as described  previously11. GLS analysis was performed using semi-automated 
tissue feature tracking software in end-diastole. For an extended description of CMR methodology, see the 
supplemental material.

The following CMR parameters were imputed into the CMR prognosis score analysis: GLS, LVEF, ECV, left 
ventricular end-diastolic volume indexed to body surface area (LVEDVI), left ventricular mass indexed to body 
surface area (LVMI), infarct size by LGE, and non-ischemic scar size by LGE.

ECG acquisition and analysis. Resting 12-lead ECG data for each subject was collected from the local 
ECG storage system (MUSE® Cardiology Information System, Version 8.0 SP2, GE Healthcare, IL, USA) and 
exported into anonymized xml files with coded identification. The xml files were analyzed digitally using 
previously described semi-automated software developed in-house8,12. The following ECG measures were 
included into the ECG prognosis score analysis: conventional ECG parameters including scalar durations, 
axes, and amplitudes; vectorcardiographic measures derived using Kors’  transform13 including spatial 
durations, axes, and amplitudes; and QRS-wave and T-wave complexity measures quantified using singular 
value  decomposition8. The combination of the aforementioned ECG methods is referred to as Advanced-ECG 
(A-ECG). The conventional ECG risk score by Aro et al.5 (Aro ECG risk score), was also investigated, and defined 
as fulfillment of at least four of the following: heart rate > 75 bpm, QRS duration > 110 ms, QTc time > 450 ms 
in men and > 460 ms in women, Tpeak–Tend duration > 89 ms, frontal plane QRS-T angle > 90°, delayed QRS 
transition zone, electrocardiographic left ventricular hypertrophy (LVH), or a delayed intrinsicoid deflection.

Statistical analysis. Statistical analysis was performed in R (R Foundation for Statistical Computing, 
version 3.4.3, Vienna, Austria). Prognosis scores for one-year event-free survival were derived using multivariable 
stepwise forward logistic regression for variable selection. The event time of one year was chosen for investigation 
as it is at a time point when both a statistically and clinically meaningful number of events would have been 
observed. The area under the receiver operating curve (AUC) was bootstrapped 2000 times to obtain the 95% 
confidence intervals (CI). In order to avoid overfitting the score, one incremental parameter was considered 
appropriate for every ten  events14. The ECG or CMR parameters, respectively, that yielded the highest AUC 
were chosen for the respective prognosis scores. The Youden  index15 or, when not applicable, the point closest 
the top left in the AUC 16, was used to determine the score cut-off that optimizes sensitivity and specificity for 
a given score. DeLong’s test was used to compare the AUC of ECG prognosis score to the Aro ECG risk score. 
The prognosis scores ranged from 0 to 100% and showed the likelihood of having an event as mathematically 
calculated from the logistic regression by:
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The constants in the logistic regression equations for both the ECG and CMR scores were adjusted so that 
the optimal cut-offs for event risk were defined as a score ≥ 50% when all measures within the given score were 
handled as continuous rather than categorical. The prognosis scores were compared to each other with regards to 
survival free from hospitalization for heart failure or death using univariable and multivariable Cox regression, 
and Kaplan–Meier analysis. The chi-square (χ2) value was calculated to compare the effect of the estimates. 
Hazard ratios were reported with an increment of one standard deviation (SD) of the respective measures. 
Linear correlations were evaluated using Pearson’s correlation coefficient and expressed as its square  (R2). 
Multivariable linear regression was performed without adjustments to investigate how CMR measures related 
to the ECG prognosis score. As antiarrhythmic medication can affect the ECG, and in particular prolong the QT, 
the ECG prognosis score was further tested in a sub-cohort of patients without antiarrhythmic medication. The 
Kolmogorov–Smirnov test was used to test if data were normally distributed, and differences between subgroups’ 
baseline data were tested using the Mann–Whitney U test or chi-square test, as appropriate. Data were described 
using median and interquartile range, or percentage, respectively. Furthermore, prediction models using logistic 
regression with a Ridge, Lasso, or Elastic Net penalty, respectively, as well as Cox regression with a Lasso penalty 
were also evaluated. A p-value < 0.05 was considered statistically significant.

Results
Baseline characteristics of the study population are presented in Table 1. A total of 783 patients with a CMR 
scan and an ECG with a QRS duration < 120 ms and without rhythm confounders were included in the study. 
All 783 patients were used to create the ECG score, and 730 patients were used to create the CMR score and for 
the survival analyses. The study patients experienced 155 events during 5.7 [4.4–6.6] years follow-up: 113 deaths 
(14.4%), 68 (8.7%) hospitalizations for heart failure, and 26 (3.3%) with both. In comparison to patients with 
no event, patients with an event were older, and had more CMR comorbidities and cardiovascular medications.

ECG prognosis score. The final ECG prognosis score for 1-year event included 1) the frontal plane QRS-T 
angle (degrees), and 2) the heart rate corrected (Bazett) QT duration (ms), and was calculated as:

The ECG prognosis score had an AUC (95% CI) of 0.78 (0.71–0.84), see Fig. 1, a sensitivity of 78% (67–89%) 
and a specificity of 71% (62–80%). The Frontal QRS-T angle and QTc were negligibly correlated  (R2 = 0.06, 
p < 0.001). In multivariable linear regression analysis, the ECG prognosis score related to GLS, ECV, LVMI and 
infarct size (global  R2 = 0.28, p < 0.001). An additional ECG score was also created with four ECG parameters, 
which was the maximum number that did not violate the rule of 10 events per variable. However, the more 
complex four-parameter ECG score did not add a clinically meaningful magnitude of incremental prognostic 
power, as shown in the supplemental material.

The prediction models using Cox regression, or logistic regression with a Ridge, Lasso, or Elastic Net penalty, 
respectively, did either not outperform multivariable stepwise forward logistic regression, or did not provide any 
clinically meaningful magnitude of improved diagnostic performance (results not shown).

CMR prognosis score. The final CMR prognosis score for 1-year event included 1) GLS (%), and 2) ECV 
(%), and was calculated as: 

The CMR prognosis score had an AUC of 0.77 (0.69–0.84), see Fig. 1, a sensitivity of 79% (50–95%) and a 
specificity of 65% (46–92%). GLS and ECV were negligibly correlated  (R2 = 0.05, p < 0.001).

Aro ECG risk score. Fifty-two patients (7%) out of the total study population, and 19 patients (12%) with 
an event had four or more abnormal parameters in the Aro ECG risk score. The Aro ECG risk score yielded an 
AUC of 0.65 (0.57–0.72), see Fig. 1, a sensitivity of 12% and a specificity of 93%. Univariable Cox showed an 
association with outcomes (χ2 14, HR 1.33 [1.14–1.55], p < 0.001). In the current study, the Aro ECG risk score 
had a lower AUC than the ECG prognosis score, p < 0.001.

ECG and CMR prognosis scores and outcomes. Table 2 summarizes the results for the Cox regression 
based on the 730 patients with readily available CMR data. Univariable Cox analysis showed that the CMR 
prognosis score had a higher univariable association with outcomes (χ2 93, HR 2.17 [1.85–2.54], p < 0.001) 
than the ECG prognosis score (χ2 58, HR 1.79 [1.54–2.08], p < 0.001). Multivariable Cox regression showed an 
association with outcomes for both the CMR prognosis score (χ2 47, p < 0.001) and the ECG prognosis score (χ2 
8.4, p = 0.004), respectively. Kaplan Meier analysis showed that the combination of ≥ 50% for both the ECG (log-
rank 55, p < 0.001) and the CMR prognosis score (log-rank 85, p < 0.001) yielded the highest prognostic value 
(log-rank 105, p < 0.001). For the event of hospitalization for heart failure only, or death only, respectively, the 
ECG prognosis score had a log-rank of 43, and log-rank of 31, respectively, p < 0.001 for both.

prognosis score =
1

1+ e−(ECG or CMR score)
∗ 100

ECG prognosis score =
1

1+ e−(Frontal QRS−T angle∗0.011+QTc∗0.017−8.1)
∗ 100

CMR prognosis score =
1

1+ e−(GLS∗0.14+ECV∗0.14−2.0)
∗ 100
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Characteristic All Eventa No event p value

Number, n (%) 783 45 (6) 738 (94) –

Age, years 55 (43–64) 60 (53–66) 54 (42–64) 0.005

Female sex, % 342 (44) 24 (47) 321 (43) 0.74

CMR characteristics

ECV, % 27.6 (25.3–30.3) 30.3 (28.3–33.6) 27.5 (25.1–30.1)  < 0.001

Native myocardial T1 999 (966–1038) 1031 (1002–1070) 998 (966–1035)  < 0.001

EDV, mL 160.7 (130.8–205.5) 190.6 (154.0–254.0) 159.7 (129.7–204.0) 0.007

EDVI, mL/m2 78.3 (66.1–97.3) 94.0 (75.5–125.6) 77.8 (65.6–95.3)  < 0.001

GLS, % − 16.2 (− 18.8 to − 12.3) − 10.2 (− 15.9 to  − 6.9) − 16.3 (− 19.0  to − 12.7)  < 0.001

LVEF, % 58.5 (47.0–65.0) 47.0 (23.0–63.0) 59.0 (48.0–65.0)  < 0.001

LVM, g 113.0 (88.1–145.6) 127.7 (87.3–151.9) 112.0 (88.2–144.2) 0.24

LVMI, g/m2 55.3 (44.9–67.1) 62.5 (46.8–73.7) 54.5 (44.9–67.0) 0.07

BMI, kg/m2 28.6 (24.4–33.9) 29.0 (24.0–35.9) 28.6 (24.4–33.8) 0.80

BSA,  m2 2.0 (1.8–2.2) 2.0 (1.8–2.2) 2.0 (1.8–2.2) 0.35

Infarct, n 165 (21) 19 (42) 146 (20)  < 0.001

Infarct  sizeb, % 14.7 (5.9–22.6) 22.1 (12.9–25.0) 14.0 (5.9–21.3) 0.11

Non-ischemic scar, n 137 (17) 10 (22) 127 (17) 0.39

Non-ischemic scar  sizeb, % 2.9 (1.5–5.7) 2.6 (1.9–5.1) 2.9 (1.3–5.7) 0.72

ECG characteristics

QTc, ms 437 (419–459) 462 (442–474) 436 (418–457)  < 0.001

Frontal QRS-T angle, degrees 30 (14–61) 77 (33–123) 29 (13–56)  < 0.001

Comorbidity, n (%)

Hypertension 398 (51) 33 (73) 365 (50) 0.002

Diabetes mellitus 171 (22) 24 (53) 147 (20)  < 0.001

Dyslipidemia 303 (39) 24 (53) 279 (38) 0.04

CAD (obstructive) 139 (18) 16 (35) 123 (17) 0.001

CABG 59 (8) 10 (22) 49 (7)  < 0.001

Previous percutaneous coronary 
intervention 94 (12) 7 (16) 87 (12) 0.45

Heart failure 194 (25) 28 (62) 166 (22)  < 0.001

Smoking status, n (%)

Current smoker 129 (17) 12 (27) 117 (16) 0.06

Ex-smoker 246 (31) 16 (36) 230 (30) 0.54

General indication for CMR examination, n (%)

Known or suspected cardiomyopathy 147 (19) 11 (24) 136 (18) 0.32

Possible coronary disease/vasodilator 
stress testing 340 (43) 23 (51) 317 (43) 0.28

Evaluation for arrhythmia substrate 243 (31) 7 (16) 236 (32) 0.02

Sarcoidosis 5 (0.6) 0 (0) 5 (0.7) 0.58

Valve disease assessment 48 (6) 3 (7) 45 (6) 0.88

Pericardial disease assessment 34 (4) 2 (4) 32 (4) 0.97

Possible mass or thrombus 29 (4) 3 (7) 26 (4) 0.28

Thoracic aorta assessment 19 (2) 1 (2) 18 (2) 0.93

Medication, n (%)

ACEi or ARB 315 (40) 20 (44) 295 (40) 0.55

Antiarrhythmic 49 (6) 6 (13) 43 (6) 0.04

Aspirin or other antiplatelet 397 (51) 31 (69) 366 (50) 0.01

Beta-blockers 387 (49) 34 (76) 353 (48)  < 0.001

Loop diuretics 164 (21) 24 (53) 140 (19)  < 0.001

Insulin 121 (16) 18 (44) 140 (14)  < 0.001

Oral hypoglycemic 54 (7) 6 (13) 48 (7) 0.08

Statin 315 (40) 23 (51) 292 (40) 0.13
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Figure 2 shows survival according to the ECG and CMR prognosis scores, respectively, and for patients with 
one normal but one increased score, or with both scores increased, using score probability greater than 50% as 
the cut-off. Figure 3 shows survival for the Aro ECG risk score (log-rank 15, p = 0.005), and the ECG (log-rank 
64, p < 0.001) and CMR (log-rank 103, p < 0.001) prognosis scores, respectively, using score cut-offs at 25%, 50% 
and 75%.

Antiarrhythmic medication and outcomes. A total of 49 patients had antiarrhythmic medication, 
mainly amiodarone and sotalol. When evaluating the ECG score in a sub-cohort without patients on 
antiarrhythmic medication (n = 734), the ECG score performance was effectively unchanged with an AUC of 
0.80 (0.74–0.86). Antiarrhythmic medication correlated with outcomes in univariable Cox regression, HR 1.80 

Table 1.  Baseline characteristics for the study population. Significant values are in bold. Continuous data are 
given as median [interquartile range], or number (%) and analyzed with Mann-Whitey U test or Chi-square, 
respectively. ACEi indicates angiotensin-converting enzyme inhibitors; ARB, angiotensin II receptor blocker; 
BMI, body mass index; BSA, body surface area; CAD, coronary artery disease; CABG, coronary artery bypass 
graft surgery; CMR, cardiovascular magnetic resonance; ECV, extracellular volume fraction; EDV, end-
diastolic volume; EDVI, end-diastolic volume index; GLS, global longitudinal strain; LVEF, left ventricular 
ejection fraction; LVM, left ventricular mass; LVMI, left ventricular mass index. a Hospitalization for heart 
failure or death within 1 years of the CMR scan. b In patients with infarct or non-ischemic scar.

Figure 1.  Receiver operating characteristics curve for the ECG and CMR prognosis scores, respectively, and the 
Aro ECG risk score. The area under the curve (AUC) for the ECG prognosis score was greater than for the Aro 
ECG risk score, p < 0.001.

Table 2.  Univariable and multivariable Cox regression for the ECG and CMR prognosis scores, as well as their 
respective components. The HR increment was 1 SD of the respective measure.

Variable Increment for HR

Univariable Cox regression Multivariable Cox regression

χ2 HR (95% CI) p-value χ2 HR (95% CI) p-value

ECG prognosis score 0.18 58 1.79 (1.54–2.08)  < 0.001 8.4 1.29 (1.09–1.54) 0.004

Frontal QRS-T angle 44 38 1.48 (1.30–1.69)  < 0.001 – – –

QTc 32 36 1.60 (1.37–1.88)  < 0.001 – – –

CMR prognosis score 0.20 93 2.17 (1.85–2.54)  < 0.001 47 1.90 (1.58–2.28)  < 0.001

GLS 4.7 73 1.93 (1.66–2.24)  < 0.001 – – –

ECV 3.9 46 1.66 (1.43–1.99)  < 0.001 – – –
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(1.02–3.20), p = 0.04, but not in multivariable Cox regression analysis together with the ECG prognosis score, 
HR 0.50 (0.29–1.7), p = 0.09.

Discussion
The major finding of this study was that, in patients with a QRS duration < 120 ms, a new ECG prognosis score 
provided prognostic information beyond CMR measures with known powerful prognostic utility. Importantly, 
the combination of the ECG prognosis score and the CMR prognosis score provided the best risk stratification, 
and should preferentially be used in concert.

ECG measures and outcomes. The frontal plane QRS-T angle is the angle between the QRS axis and 
the T axis in the frontal plane. In a healthy heart, the angle between the QRS and T axis is small, whereas it 
increases as a result of myocardial  pathology17, reflecting an abnormal dispersion between the depolarization 
and repolarization of the left  ventricle18. Increased QRS-T angles are typically found in LVH, myocardial 
pacing, bundle branch blocks, and ischemia, and are a predictor of adverse events in patients with non-ischemic 
 cardiomyopathy19. The QT duration spans the beginning of the depolarization until the end of the repolarization. 
A prolonged heart rate corrected QT time,  QTc20, is associated with an increased risk of ventricular fibrillation 
and sudden  death21.

The ECG holds more proven prognostic information than is usually considered, e.g. in the vectorcardiographic 
spatial QRS-T  angle22,23, and more complex measures of the QRS-wave and T-wave24. However, the two-
parameter ECG prognosis score from the current study did not include any such measure. It may be that such 
measures are associated with events over durations of time markedly shorter or longer than one year, since they 
are known to be associated with other specific cardiac diagnoses such as LVH, coronary artery disease, and LV 
systolic  dysfunction8.

The Aro ECG risk score was constructed to predict sudden cardiac death, which may be why it had limited 
power in predicting the outcomes evaluated in the current study. Nevertheless, in the study by Aro, et al., 16% of 
all cases compared to 12% of the cases in the current study had four or more abnormal parameters. Furthermore, 
3% of Aro et al.’s controls compared to 7% of the patients without events in the current study had a risk score 
of four or more abnormal  parameters5. The control participants in Aro et al.’s study were individuals with no 
history of ventricular arrhythmias or cardiac arrest, whereas patients with no events in the current study where 
referred for a clinical CMR and are thus more likely to have cardiovascular disease. Besides, they may have had 
events prior to the cardiac scan (not investigated).

CMR measures and outcomes. Cardiovascular disease can lead to an increase in the myocardial 
extracellular space, consisting mainly of diffuse myocardial fibrosis, leading to systolic and diastolic dysfunction, 
and an increased risk of arrhythmia and  mortality25. The prognostic utility of GLS has been shown to be superior 
to that of  LVEF26,27. GLS can detect changes in myocardial contractility that may precede an abnormal  LVEF28. 
This might help explain why LVEF did not have a multivariable association with the CMR prognosis score in 
the presence of GLS, even though there was a difference in LVEF between patients with versus without a one-

Figure 2.  Kaplan Meier curves showing survival for (A) the ECG prognosis score, (B) cardiovascular magnetic 
resonance (CMR) prognosis score, and (C) patients with normal ECG and CMR scores, patients with either an 
increased ECG or an increased CMR score, and patients with both an increased ECG and CMR score.

Figure 3.  Kaplan Meier curves showing survival for (A) the Aro ECG risk score, (B) ECG prognosis score, and 
(C) cardiovascular magnetic resonance (CMR) prognosis score.
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year event. Previous studies have reported LVMI as an outcome  predictor2. However, no difference in LVMI was 
found in our study between patients with versus without one-year events. Regarding ECV, myocardial diseases 
such as amyloidosis, hypertrophic cardiomyopathy, and Takotsubo cardiomyopathy were excluded due to their 
distinct impact on this  measure29. However, other pathologies such as sarcoidosis and myocarditis were not 
excluded because they commonly result in focal myocardial inflammation or scarring analogous to ischemic 
scar or scars of other non-ischemic origins while having no impact on remote  ECV29.

Prognosis scores. Clinical cardiovascular risk scores are often based on multivariable algorithms of 
parameters readily available in clinics, such as age, blood pressure, and presence of  diabetes30. We used stepwise 
logistic regression to construct scores that estimate risk probabilities based on incorporation of continuous 
rather than dichotomous variables.

The benefits of doing this include reduced training and utilization times, and facilitation of data 
 understanding31. Developing a score based on Cox regression using a continuous outcome variable did not 
improve the performance of the score, and thus the logistic regression score was used in the interest of having 
a parsimonious score. Both measures incorporated into our ECG score are also components of the Aro ECG 
risk score. However, in spite of the greater complexity of the Aro ECG risk score, with incorporation of multiple 
additional dichotomous measures, its AUC was 0.65 in this study, compared to 0.78 for the simpler ECG 
prognosis score.

ECG vs imaging for prognosis. The ECG has previously been compared to other imaging modalities with 
regards to prognosis, and found to have an incremental or independent prognostic power in, for instance, the 
setting of myocardial infarction with non-obstructed coronary  arteries32, and  LVH33. As the ECG and imaging 
provide different and complementary information, it is beneficial to assess both when possible.

Study limitations. This study had several limitations. The retrospective design introduces the risk 
of selection bias, even though the data were acquired prospectively. This was a single-center study that may 
not reflect the general population. Moreover, patients with notable ECG pathologies such as bundle branch 
blocks, and atrial fibrillation were also excluded given the already-known adverse prognoses associated with 
such  conditions6,7, plus our desire to better preserve score generalizability in future groups of patients wherein 
the prevalence of such more severe ECG conditions might randomly differ. Thus, our scores are not currently 
applicable to such patients. On the other hand, patients with incomplete bundle branch block have an increased 
risk of progressing towards (complete) bundle brunch  blocks34, but were not excluded. Right ventricular CMR 
data were readily available in only 184 patients and thus not investigated. Furthermore, the risk scores were 
derived and validated in the same cohort, as opposed to separate training and validation sub-cohorts which 
could impact the statistical robustness, and results can vary if sub-cohort are split  differently35. To account 
for this, the results were confirmed using the resampling technique bootstrapping to obtain the variance in 
confidence intervals. Such an approach has been shown to be both robust and preferable in situations where 
the sample size may be  limited35. Nevertheless, all parameters incorporated into the scores have had proven 
prognostic utility in previous studies.

We also investigated the composite outcome of hospitalization for heart failure and all-cause mortality, which 
may not necessarily be due to cardiac pathology. However, all hospitalization events were adjudicated according 
to strict criteria.

Clinical perspectives. The ECG and the parameters in the newly proposed ECG prognosis score might be 
readily numerically presented by most ECG vendors, making the ECG prognosis score a clinically accessible 
tool. Patients with a high score may benefit from more intensive risk management and surveillance, and future 
prospective studies are justified to evaluate such an approach. The ECG is less expensive and more available 
than CMR. However, the ECG and CMR convey independent and complementary prognostic information and 
should preferentially be combined when possible.

Conclusions
A new ECG prognosis score predicted outcomes independently of, and beyond, comprehensive CMR measures 
with known prognostic power. Combining the results of ECG and CMR using both prognosis scores improved 
overall prognostic utility.

Data availability
The datasets used and/or analyzed in current study are available from the corresponding author on reasonable 
request.
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