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Aims We aimed to externally validate the SEMMELWEIS-CRT score for predicting 1-year all-cause mortality in the European
Cardiac Resynchronization Therapy (CRT) Survey | dataset—a large multi-centre cohort of patients undergoing CRT
implantation.

Methods The SEMMELWEIS-CRT score is a machine learning-based tool trained for predicting all-cause mortality in patients under-

and results going CRT implantation. This tool demonstrated impressive performance during internal validation but has not yet been

validated externally. To this end, we applied it to the data of 1367 patients from the European CRT Survey | dataset.
The SEMMELWEIS-CRT predicted 1-year mortality with an area under the receiver operating characteristic curve
(AUC) of 0.729 (0.682-0.776), which concurred with the performance measured during internal validation [AUC: 0.768
(0.674-0.861), P =0.466]. Moreover, the SEMMELWEIS-CRT score outperformed multiple conventional statistics-based
risk scores, and we demonstrated that a higher predicted probability is not only associated with a higher risk of death
[odds ratio (OR): 1.081 (1.061-1.101), P <0.001] but also with an increased risk of hospitalizations for any cause
[OR: 1.013 (1.002-1.025), P = 0.020] or for heart failure [OR: 1.033 (1.015-1.052), P < 0.001], a less than 5% improvement
in left ventricular ejection fraction [OR: 1.033 (1.021-1.047), P < 0.001], and lack of improvement in New York Heart
Association functional class compared with baseline [OR: 1.018 (1.006—1.029), P = 0.003].

Conclusion In the European CRT Survey | dataset, the SEMMELWEIS-CRT score predicted 1-year all-cause mortality with good discrim-
inatory power, which confirms the generalizability and demonstrates the potential clinical utility of this machine learning-
based risk stratification tool.
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Structured Graphical Abstract
Key Question

Can the machine learning (ML)-based SEMMELWVEIS-CRT score, developed in a large single-centre cohort of cardiac resynchronization therapy (CRT)
candidates, efficiently predict 1-year all-cause mortality in the European CRT Survey | dataset?

Key Finding

In the European CRT Survey | dataset, the SEMMELWEIS-CRT score predicted 1-year all-cause mortality with good discriminatory power, which was non-
inferior to what was observed during internal validation, and it also outperformed multiple conventional statistics-based risk scores.

Take Home Message

Besides proving the generalizability of the SEMMELWEIS-CRT score, this external validation study also underscored the potential clinical utility of ML in the

risk stratification of patients undergoing CRT implantation.

SEMMELWEIS-CRT score ' External validation cohort ’
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Introduction

Since the first large clinical trial [MUSTIC (Multisite Stimulation in
Cardiomyopathies)] showed that cardiac resynchronization therapy
(CRT) improves symptoms and quality of life in heart failure patients
with reduced ejection fraction and electrical dyssynchrony,! CRT
has become an integral component of heart failure management.”
Various aspects of CRT have evolved over the past decades,>* leading
to a notable improvement in the prognosis of patients following CRT
implantation.® Nevertheless, significant variation in clinical outcomes
can still be observed among patients undergoing CRT implantation,

OR [95% CI]
All-cause death -+ 1.08 [1.06 - 1.10]
All-cause hospitalization - 1.01 [1.00 - 1.02]
* HF hospitalization o 1.03 [1.02 - 1.05]
<5% increase in LVEF - 1.03 [1.02 — 1.05]
1,245 (91%) No improvement in NYHA - 1.02 [1.01 - 1.03]
. —r—
alive 100 110

and more than one-third of them do not experience clinical benefit des-
pite fulfilling the guideline-defined criteria for implantation.® These in-
consistencies have prompted the development of machine learning
(ML) models for predicting echocardiographic response and other out-
comes in this patient population using data from landmark trials or
retrospective observational single- or multi-centre datasets.”~">

In a recent paper, we presented the SEMMELWEIS-CRT score, an
ML-based risk stratification tool developed using a large retrospective single-
centre dataset to predict all-cause mortality in patients undergoing CRT im-
plantation.” Although it showed impressive performance during internal val-
idation, the SEMMELWVEIS-CRT score has not yet been validated in patients
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European CRT Survey |
n=2,438

Swedish ICD and Pacemaker Registry
German DEVICE Registry

n=416
Data collected using eCRF
n=2,022

Patients with no follow-up data
n=265

n=390

( Patients with extensive missing values

A

External validation cohort
n=1,367

Figure 1 Patient selection flowchart. CRT, cardiac resynchroniza-
tion therapy; eCRF, electronic case report form; ICD, implantable
cardioverter-defibrillator.

from other centres. Nevertheless, external validation is pivotal to assessing
the reproducibility and generalizability of ML-based prognostic models;
hence, it is imperative before clinical adoption.™

Accordingly, we aimed to validate the SEMMELWEIS-CRT score for
predicting 1-year all-cause mortality in the European CRT Survey |
dataset’™—a large multi-centre cohort of patients undergoing CRT
implantation.

Methods
The European CRT Survey |

The European CRT Survey | was a joint initiative of the Heart Failure
Association and the European Heart Rhythm Association of the
European Society of Cardiology that evaluated the European implantation
practice of CRT between 1 November 2008 and 30 June 2009." The
rationale, design, and results of the Survey have been published previ-
ously."*'® Briefly, the Survey enrolled 2438 patients who underwent
successful CRT implantation from 141 centres in 13 European countries
and collected baseline demographic, clinical, electrocardiographic, echocar-
diographic, laboratory, and procedure-related data." 9—15 months after
CRT implantation, follow-up data, including information regarding out-
comes (e.g. death or hospitalizations), were also acquired from 2111
(87%) patients.'®

Although data were collected using electronic case report forms (eCRFs)
for the majority of patients, two device registries (i.e. the Swedish
Implantable Cardioverter-Defibrillator and Pacemaker Registry and the
German DEVICE Registry), including CRT patients and capturing most of
the information contained in the eCRF, were also merged into the
European CRT Survey | dataset. Nevertheless, we were only granted access
to the data collected using eCRFs but not the data from the other two regis-
tries (Figure 1).

The SEMMELWEIS-CRT score

The SEMMELWEIS-CRT score is an ML-based risk stratification tool designed
to predict 1-, 2-, 3-, 4-, and 5-year all-cause mortality in patients undergoing
CRT implantation.” It is a random forest classifier that takes 33 numeric fea-
tures as input (see Supplementary material online, Table S7) and returns
probability values denoting the risk of all-cause death 1-5 years after implant-
ation. It was trained using the data of 1510 patients who underwent success-
ful CRT implantation at the Heart and Vascular Centre of Semmelweis

Table 1 Clinical characteristics of the entire European
CRT Survey | cohort and the subset of patients used for
the external validation of the SEMMELWEIS-CRT score

External
The entire European validation
CRT Survey | cohort™ cohort
n=2438 n=1367
Age, years 70 (62-76) 71 (63-77)
Male 73% 77%
Height, cm Not reported 170 (165-177)
Weight, kg Not reported 78 (69-90)
BMI, kg/m? 26 (24-29) 26 (24-30)
SBP, mmHg Not reported 120 (110-135)
NYHA functional class

| 2% 2%

I 20% 20%

Il 70% 69%

\% 8% 9%
Ischemic HF aetiology 51% 55%
LVEF, % 27 +8 27+7
CRT-D 73% 75%
Previously implanted 26% 26%

PPM or ICD
Hypertension Not reported 24%
Diabetes 30% 30%
Atrial fibrillation 23% 25%
QRS duration, ms 157 +32 156 + 32
LBBB 68% 73%

Haemoglobin, g/dL

Serum sodium, mmol/L

13.0 (11.7-1423)
139 (137-141)

131 (11.8-143)
139 (137-141)

106 (85-136)
56 (42-74)
2113 (876-4455)

Creatinine, umol/L
GFR, mL/min/1.73m?
NT-proBNP, pg/mL

103 (81-133)
Not reported
1740 (655-3542)

ACE-| 67% 65%
ARB 24% 25%
Beta-blockers 84% 84%
Diuretics 88% 87%
MRA 46% 47%
Statin 56% 56%
Antiarrhythmic 24% 27%
medication

Continuous variables are presented as mean = standard deviation or median (interquartile
range), as appropriate. Categorical variables are reported as percentages to remain
consistent with the reporting format of the paper describing the European CRT Survey
| dataset."

ACE-|, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI,
body mass index; CRT, cardiac resynchronization therapy; CRT-D, cardiac
resynchronization therapy defibrillator; GFR, glomerular filtration rate; HF, heart failure;
ICD, implantable cardioverter-defibrillator; LBBB, left bundle branch block; LVEF, left
ventricular ejection fraction; MRA, mineralocorticoid receptor antagonist; NT-proBNP,
N-terminal pro-brain natriuretic peptide; NYHA, New York Heart Association; PPM,
permanent pacemaker; SBP, systolic blood pressure.

University between 1 September 2000 and 31 December 2017 and was
validated internally on an independent cohort of 158 patients. With areas un-
der the receiver operating characteristic curves (AUCs) over 0.750,
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Table 2 Clinical characteristics of the training and the internal and external validation cohorts

Training cohort

Internal validation cohort

n=158

External validation cohort

n=1367

n=1510
Age, years 67 (60-74)
Male 1141 (76)
Height, cm 172 (165-176)
Weight, kg 80 (70-91)
BMI, kg/m? 27 (24-31)
SBP, mmHg 121 (110-134)
NYHA functional class

| 7(1)

I 393 (33)

Il 523 (44)

\% 274 (23)
Ischemic HF aetiology 767 (51)
LVEF, % 28 (23-33)
CRT-D 688 (46)
Hypertension 1055 (70)
Diabetes 560 (37)
Atrial fibrillation 584 (39)
QRS duration, ms 160 (141-180)
LBBB 1054 (70)

Haemoglobin, g/dL
Serum sodium, mmol/L
Creatinine, pmol/L
GFR, mL/min/1.73m?
NT-proBNP, pg/mL

13.6 (12.3-14.8)
138 (136-141)
103 (84-133)

59 (43-74)

1950 (841-4468)

68 (61-74)
127 (80)
172 (167-176)
80 (72-92)
27 (24-30)
118 (110-134)

101
27 (17)
115 (73)

15 (9)
95 (60)

28 (24-33)

32 (20)
97 (61)
64 (41)

48 (30)
160 (150-180)
128 (81)
14.0 (13.0-15.0)
138 (136-140)
110 (80-136)
62 (46-85)
2608 (1377-5087)

71 (63-77)%*
1058 (77)
170 (165-177)
78 (69-90)***
26 (24-30)*
120 (110-135)

21 )
280 (20)
937 (69)
129 (9)
714 (55)*
25 (20-30)***
1026 (75)%**
319 (24)x*
404 (30)***
337 (25)*

160 (134—180)***
997 (73)**
13.1 (11.8-14.3)%**
139 (137-141)%*x
106 (85-136)
56 (42-74)%*
2113 (876-4455)

ACE-I/ARB 1197 (91)
Beta-blockers 1165 (88)
Diuretics 1144 (76)
MRA 845 (64)
Statin 772 (59)
Antiarrhythmic medication 394 (30)
1-year all-cause mortality 230 (15)

146 (95) 1187 (87)***
143 (91) 1144 (84y**x
129 (82) 1187 (87)*
110 (70) 636 (47)%**
97 (61) 761 (56)
47 (30) 363 (27)
39 (25) 122 (9)

Continuous variables are presented as mean + standard deviation or median (interquartile range), whereas categorical variables are reported as frequencies (percentages). The
characteristics of the external validation cohort were compared with those of the training and internal validation cohorts using unpaired Student’s t-test or Mann—Whitney U test
for continuous variables and Chi-squared or Fisher’s exact test for categorical variables, as appropriate.

Abbreviations as in Table 1.
*P < 0.05 vs. the training cohort.
##P < 0.05 vs. the internal validation cohort.

the SEMMELWVEIS-CRT score outperformed several conventional statistics-
based risk scores, including the Seattle Heart Failure I"Iodel,17 the
VALID-CRT,"® the EAARN," the ScREEN,?® and the CRT-SCORE.*" The
SEMMELWVEIS-CRT  score is  publicly available at  https/
semmelweiscrtscore.com.

Data pre-processing and external validation

As the European CRT Survey | reported outcomes approximately 1 year
after implantation, the primary objective of the current analysis was to
externally validate the SEMMELWEIS-CRT score for predicting 1-year
all-cause mortality. Although the follow-up might have occurred anytime
in the 9- to 15-month window following CRT implantation, it was con-
sidered a 1-year follow-up, and the survival status reported on the
follow-up form was used as the label (i.e. ground truth) in our analysis.
Patients with no follow-up data were excluded from the present
study (Figure 7). Given that 8 of the 33 input features of the

SEMMELWEIS-CRT score (namely lymphocyte percentage, total choles-
terol, uric acid, urea, other loop diuretics, thiazide diuretics, digitalis, and
allopurinol) were not collected in the European CRT Survey | or could
not be deduced from the collected ones (see Supplementary material
online, Table ST), we had to limit our analysis to patients who did not
have an excessive amount of missing value in the rest of the features.
Thus, patients with missing values in any of the most important input fea-
tures [i.e. age, sex, height, weight, New York Heart Association (NYHA)
functional class, left ventricular ejection fraction (LVEF), left bundle
branch block, serum sodium, and haemoglobin concentration] or missing
values in more than 5 features besides those 8 features that were not col-
lected in the survey were also excluded (Figure 7). The proportion of
missing values in the remaining subset of patients is presented in
Supplementary material online, Table S2.

After applying the above-mentioned exclusion criteria, we uploaded the fi-
nal external validation set to the online platform of the SEMMELVWVEIS-CRT
score (https://semmelweiscrtscore.com) and used the batch prediction
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Figure 2 Discriminatory power of the SEMMELWEIS-CRT score in
the internal validation cohort and the European CRT Survey | dataset.
Receiver operating characteristic curves are plotted with 95% confi-
dence bands. Areas under the receiver operating characteristic curve
are presented with 95% confidence intervals. AUC, area under the re-
ceiver operating characteristic curve.

mode to evaluate the entire set at once. Importantly, we did not make any
modifications to the original version of the SEMMELWEIS-CRT score; we
just applied it to the external validation set as it is.” Mean imputation and
Z-score transformation were performed automatically on the platform
using the same imputer and transformer that were previously applied to
the training and the internal validation set. The performance (i.e. AUC) of
the SEMMELWEIS-CRT score was compared with the discriminatory
power of multiple conventional statistics-based risk scores, namely the
VALID-CRT,"® the EAARN,” the ScREEN,”® and the CRT-SCORE.”" In add-
ition, we assessed the associations between the SEMMELWEIS-CRT-predicted
probabilities and other outcomes, including hospitalizations for any cause or
heart failure and improvement in LVEF and NYHA functional class compared
with baseline.

To identify the input features contributing the most to the
SEMMELWEIS-CRT score’s performance in predicting 1-year all-cause mor-
tality in the analysed cohort, we computed permutation feature importances.
This technique measures the importance of each input feature by calculating
the decrease in the model’s performance (AUC in our case) after randomly
shuffling the feature’s values (while keeping the other features the same as
before). A feature is considered important if shuffling its values (i.e. breaking
the relationship between the feature and the true outcome) results in a sub-
stantial decrease in the model’s performance. In the current study, we per-
formed permutation 20 times for each feature, and correlated features (a
Pearson’s correlation coefficient of >0.5 or <—0.5) were permutated jointly.
The final order of importance was determined based on the median decrease
in AUC.

Statistical analysis

Continuous variables are expressed as mean standard + deviation or me-
dian (interquartile range), whereas categorical variables are reported as fre-
quencies (percentages), unless indicated otherwise. The performance of the
SEMMELWEIS-CRT and other risk scores was quantified using AUCs,

which were then compared using DelLong tests. Brier score was also cal-
culated to measure the accuracy of probabilistic predictions of the
SEMMELWEIS-CRT. Risk ratios (RRs) were calculated using unconditional
maximum likelihood estimation, and the corresponding 95% confidence in-
tervals (Cls) were determined by normal approximation. The associations
between the SEMMELWEIS-CRT-predicted probabilities and outcomes
were assessed using univariable logistic regression. Odds ratios (ORs)
with 95% Cls are calculated for a 0.01 increase in the predicted probability.
A P-value of <0.05 was considered statistically significant. Statistical analysis
was performed in R (version 4.1.2, R Foundation for Statistical Computing,
Vienna, Austria).

Ethical approval
The current study was conducted in accordance with the principles of the
Declaration of Helsinki, and its protocol was approved by Semmelweis

University’s Regional and Institutional Committee of Science and Research
Ethics (approval no. 161-0/2019).

Results

Of the 2438 patients in the CRT Survey | dataset, we were granted ac-
cess to the data of 2022 (83%) patients. We excluded 265 patients with
no follow-up data and 390 with extensive missing values. Accordingly,
the final cohort used for external validation comprised 1367 patients
(Figure 1). The baseline clinical characteristics of the entire European
CRT Survey | cohort and its subset analysed in the current study
(i.e. the external validation cohort) are presented in Table 1. In the exter-
nal validation cohort, patients were older, exhibited a lower prevalence
of hypertension and diabetes, and had lower LVEF and haemoglobin con-
centration values and slightly higher serum sodium compared with both
the training and internal validation cohorts (Table 2). Moreover, a higher
proportion of patients received a CRT defibrillator (CRT-D) device, but
a lower proportion used angiotensin-converting enzyme inhibitors or
angiotensin receptor blockers, beta-blockers, and mineralocorticoid re-
ceptor antagonists in this cohort than in the other two (Table 2).

During the 1-year follow-up period, 122 (9%) patients died, whereas
363 (27%) were hospitalized for any cause and 111 (8%) for heart fail-
ure in the external validation cohort. Among those with available LVEF
at baseline and follow-up (n = 941), a positive response to CRT, defined
as an absolute increase of 5% or more in LVEF compared with baseline,
was reported in 529 (56%) patients. Of the 1116 patients for whom
NYHA functional class was reported both at baseline and follow-up,
improvement in functional class was observed in 754 (65%).

In the European CRT Survey | dataset, the SEMMELWEIS-CRT pre-
dicted 1-year mortality with an AUC of 0.729 (95% Cl: 0.682-0.776)
(Brier score: 0.150) (Figure 2), which did not differ significantly from
the AUC measured during internal validation [AUC: 0.768 (95%
Cl: 0.674-0.861), P=0.466].” Moreover, the SEMMELWEIS-CRT
exhibited similarly good performance in CRT-D and CRT pacemaker
(CRT-P) patients [AUC in CRT-D vs. CRT-P patients: 0.737 (95% Cl:
0.682-0.792) vs. 0.705 (95% Cl: 0.612-0.798), P=0.558]. In addition, as
shown in Figure 3A, it outperformed the VALID-CRT [AUC: 0.658 (95%
Cl: 0.607-0.709), P=0.022], the EAARN [AUC: 0.665 (95% CI: 0.619—
0.711), P=0.016], the SCREEN [AUC: 0.645 (95% Cl: 0.600-0.691), P =
0.003], but not the CRT-SCORE [AUC: 0.715 (0.668-0.762), P = 0.541],
which was in line with our observations in the internal validation cohort.”

By dividing the training cohort of the SEMMELWEIS-CRT score into
terciles based on the predicted probabilities of 1-, 2-, 3-, 4-, and 5-year
mortality, we have previously determined probability thresholds, allow-
ing the stratification of CRT candidates into low-risk, moderate-risk,
and high-risk groups. From these thresholds, we used those (0.283
and 0.451) determined based on the probability of 1-year mortality
to stratify patients of the European CRT Survey | into low-risk
(<0.283), moderate-risk (>0.283 and <0.451), and high-risk groups
(>0.451). Patients stratified into the moderate-risk [n =706 (52%)]
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AUC [95% CI]

A SEMMELWEIS-CRT —— 0.729 [0.682 — 0.776]
VALID-CRT —— 0.658 [0.607 — 0.709] :I* *
EAARN —— 0.665 [0.619 — 0.711] i
ScREEN —— 0.645 [0.600 — 0.691]
CRT-SCORE —— 0.715[0.668 — 0.762]

0f4 0i5 Oi6 0i7 Oi8
OR [95% ClI]

B All-cause death —— 1.081 [1.061 — 1.101], p<0.001
All-cause hospitalization —— 1.013 [1.002 — 1.024], p=0.020
HF hospitalization —— 1.033 [1.015 - 1.052], p<0.001
<5% increase in LVEF - = 1.033 [1.021 — 1.047], p<0.001
No improvement in NYHA e 1.018 [1.006 — 1.029], p=0.003

0.;35 1.|00 1.|05 1.|10

Figure 3 Performance of the SEMMELWEIS-CRT score vs. other conventional statistics-based risk scores (A) and the associations between the
SEMMELWEIS-CRT-predicted probability and unfavourable outcomes (B). *P < 0.05 vs. SEMMELWVEIS-CRT, Delong test. Odds ratios with 95% con-
fidence intervals are calculated for a 0.01 increase in the predicted probability. AUC, area under the receiver operating characteristic curve; Cl,
confidence interval; HF, heart failure; NYHA, New York Heart Association; LVEF, left ventricular ejection fraction; OR, odds ratio.

and high-risk groups [n=281 (21%)] exhibited an approximately
2.3-fold [RR: 2.332 (95% Cl: 1.261-4.315), P = 0.005] and 6.5-fold high-
er risk of all-cause death [RR: 6.536 (95% CI: 3.579-11.935), P < 0.001]
during the first year following CRT implantation than those in the low-
risk group [n = 380 (28%)]. Patients classified into the high-risk group
had a 2.8-fold higher risk of all-cause death than those in the
moderate-risk group [RR: 2.802 (95% Cl: 1.979-3.968), P < 0.001].

Although the accumulation of patients who died in the first year fol-
lowing CRT implantation could be observed among those in whom the
SEMMELWVEIS-CRT predicted a higher probability of death (see
Supplementary material online, Figure S1A), the calibration was subopti-
mal in the European CRT Survey | dataset (see Supplementary material
online, Figure S1B).

In univariable logistic regression models, a higher SEMMELWVEIS-
CRT-predicted probability was significantly associated with an increased
risk of all-cause death [OR: 1.081 (95% Cl: 1.061-1.101), P < 0.001] and
hospitalization for any cause [OR: 1.013 (95% Cl: 1.002-1.025),
P =0.020] or heart failure [OR: 1.033 (95% CI: 1.015-1.052),
P < 0.001] (Figure 3B). Moreover, a greater predicted probability value
was also associated with a less than 5% absolute improvement in LVEF
[OR: 1.033 (95% Cl: 1.021-1.047), P < 0.001] and no improvement or
worsening in the NYHA functional class compared with baseline [OR:
1.018 (95% Cl: 1.006—1.029), P =0.003] (Figure 3B).

In the subset of the European CRT Survey | dataset analysed in the cur-
rent study, the 10 most important features, listed in descending order of
importance, were creatinine, haemoglobin concentration, serum sodium,
glomerular filtration rate, LVEF, age, QRS morphology, N-terminal pro-
brain natriuretic peptide, sex, and systolic blood pressure (Figure 4;
Supplementary material online, Table S3).

Discussion

In the European CRT Survey | dataset, the SEMMELWEIS-CRT score
predicted the 1-year all-cause mortality of patients undergoing CRT
implantation with good performance. Importantly, its discriminatory
power (i.e. AUC) in this external dataset was non-inferior to what we
previously observed during internal validation, and the SEMMELWVEIS-
CRT score outperformed multiple conventional statistics-based risk
scores in this cohort as well. In addition, we showed that a higher pre-
dicted probability was not only associated with a higher risk of all-
cause death but also with other unfavourable outcomes, such as
the increased risk of all-cause or heart failure hospitalizations and
the lack of improvement in LVEF and NYHA functional class.

Machine learning-based prognostic models—such as the SEMMELWVEIS-
CRT score—have been postulated to enhance the care of CRT patients in
several ways, e.g. through optimizing patient selection and resource alloca-
tion, aiding shared decision-making, streamlining and prioritizing the referral
of high-risk patients for advanced therapies, and ultimately translating into
better patient outcomes.”*?* Therefore, developing novel and potentially
better ML models might be tempting, even though most will remain re-
search prototypes and never mature into products ready for clinical adop-
tion.>**> External validation is pivotal to combat this research waste and
help bridge the gap between the development and clinical implementation
of ML models." Successful external validation is also essential before pro-
spective randomized comparative impact studies can be conducted to in-
vestigate whether applying the proposed ML models improves patient
outcomes. Considering the results of the present analysis, assessing clinical
effectivity by an impact study would be one of the next logical steps for the
SEMMELWVEIS-CRT score.
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Figure 4 Contribution of each input feature to the performance of the SEMMELWEIS-CRT score in predicting 1-year mortality in the European CRT
Survey | dataset. To identify the input features contributing the most to the SEMMELWEIS-CRT score’s performance in the analysed subset of the
European CRT Survey | dataset, we computed permutation feature importance. This technique measures the importance of each input feature by
calculating the decrease in the model’s performance (i.e. area under the receiver operating characteristic curve) after randomly shuffling the feature’s
values (while keeping the other features the same as before). A feature is considered important if shuffling its values results in a substantial decrease in
the model’s performance. In the current study, we performed permutation 20 times for each feature. The final order of importance was determined
based on the median decrease in area under the receiver operating characteristic curve (marked by a vertical line in each box). ACE-I, angiotensin-
converting enzyme inhibitor; ARB, angiotensin receptor blocker; AUC, area under the receiver operating characteristic curve; CRT-D, cardiac resyn-
chronization therapy defibrillator; CRT-P, cardiac resynchronization therapy pacemaker; GFR, glomerular filtration rate; HF, heart failure; LVEF, left
ventricular ejection fraction; MRA, mineralocorticoid receptor antagonist; NT-proBNP, N-terminal pro-brain natriuretic peptide; NYHA,

New York Heart Association; SBP, systolic blood pressure.

According to a recently published systematic review, the AUCs
of most ML models predicting echocardiographic response or other
clinical outcomes in CRT candidates fall between 0.70 and 0.80.2°
The fact that both the internal and external validation AUCs of
the SEMMELWEIS-CRT score for predicting 1-year all-cause mortal-
ity is within this range underscores its robustness. Nevertheless, dir-
ect comparisons with the AUCs of other ML models targeting the
risk stratification of CRT candidates should be performed and inter-
preted with caution, as there are notable differences between mod-
els in terms of the prediction target, and the vast majority of the
other models have undergone internal validation only, which may
substantially overestimate their true performance.26 Importantly,
this rarity of external validation also increases the uniqueness and va-
lue of our current study.

Although the SEMMELWEIS-CRT score was not specifically de-
signed to aid clinicians in choosing between the implantation of a
CRT-D or a CRT-P, its predictions might still provide valuable informa-
tion to support this clinical decision. Given that life expectancy is one of

the factors that should be considered during device selection,” the pre-
dicted probability of 1-year all-cause mortality—an indicator of life ex-
pectancy—can be useful in pinpointing CRT candidates in whom a
CRT-D might be preferred over a CRT-P. Moreover, since the type
of device is included among the input features of the SEMMELWVEIS-
CRT score, it is also possible to model whether implanting a CRT-D
instead of a CRT-P in a given CRT candidate would result in a lower
predicted probability of death by changing only the type of device while
leaving all other input features unchanged. However, it is important to
note that the SEMMELWEIS-CRT score was developed using data from
CRT candidates in whom a CRT-D or a CRT-P was implanted based on
the physicians’ clinical judgment and guideline recommendations, not in
a randomized fashion. Therefore, the extent of bias resulting from the
non-randomized nature of the training data, as well as the impact of
this bias on our model’s capabilities in aiding device selection, must
be evaluated in patients randomized to receive either a CRT-D or a
CRT-P. Nevertheless, to eliminate this bias entirely, we would need
to train a new ML model specifically for device selection using data
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from prospective trials in which patients were randomized to a CRT-D
or a CRT-P.

Besides the shortcomings of the European CRT Survey | discussed in
previous publications,™'® additional limitations related to our analysis
should also be acknowledged. First, many of the input features of the
SEMMELWEIS-CRT score were not collected in the European CRT
Survey |, and even the collected features contained missing values.
However, the fact that this missingness did not result in diminished per-
formance compared with internal validation confirmed the robustness
of the SEMMELWEIS-CRT score. Nevertheless, simplifying the model
by reducing the number of input features would be desirable, which
we will consider while developing the next version of our tool.
Second, although a higher predicted probability was associated with
an increased risk of death and other adverse outcomes, we observed
suboptimal calibration in the European CRT Survey | dataset, which
might be attributable to the 8 missing features. Third, although the
SEMMELWEIS-CRT score was designed to predict 1- to 5-year all-
cause mortality, the European CRT Survey | dataset was suitable to val-
idate its performance only for predicting 1-year mortality. Thus, future
studies should be conducted to validate the model in patients with long-
er follow-ups. Last, since the European CRT Survey |, which was con-
ducted more than a decade ago, considerable advancements have
occurred in the pharmacological management and device therapy of
heart failure, leading to improved outcomes.” Therefore, we will en-
deavour to validate the SEMMELWEIS-CRT score using more recent
retrospectively collected datasets and through prospective studies
as well.

Conclusions

In conclusion, the SEMMELWEIS-CRT score can predict 1-year all-
cause mortality in patients undergoing CRT implantation with good dis-
criminatory power. Besides proving the generalizability of our tool, the
presented findings also underscore the potential clinical utility of ML in
the risk stratification of these patients.
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Supplementary material is available at European Heart Journal — Digital
Health.
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