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Abstract

Background—Cardiac resynchronization therapy (CRT) improves heart failure outcomes but has
significant non-response rates, highlighting limitations in ECG selection criteria: QRS duration
(QRSd) =150 ms and subjective labeling of left bundle branch block (LBBB). We explored
unsupervised machine learning of ECG waveforms to identify CRT subgroups that may
differentiate outcomes beyond QRSd and LBBB.

Methods—We retrospectively analyzed 946 CRT patients with conduction delay. Principal
components analysis (PCA) dimensionality reduction obtained a two-dimensional representation
of pre-CRT 12-lead QRS waveforms. K-means clustering of the two-dimensional PCA
representation of 12-lead QRS waveforms identified two patient subgroups (QRS PCA groups).
Vectorcardiographic QRS area was also calculated. We examined two primary outcomes: (1)
composite endpoint of death, left ventricular assist device, or heart transplant, and (2) degree of
echocardiographic left ventricular ejection fraction (LVEF) change after CRT.
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Results—Compared to QRS PCA Group 2 (/7=425), Group 1 (7=521) had lower risk for reaching
the composite endpoint (HR 0.44, 95% CI, 0.38-0.53, p<0.001) and experienced greater mean
LVEF improvement (11.1+11.7% vs. 4.8+9.7%, p<0.001), even among LBBB patients with QRSd
=150 ms (HR 0.42, 95% Cl, 0.30-0.57, p<0.001; mean LVEF change 12.5+11.8% vs. 7.3+8.1%,
p=0.001). QRS area also stratified outcomes but had significant differences from QRS PCA
groups. A stratification scheme combining QRS area and QRS PCA group identified LBBB
patients with similar outcomes to non-LBBB patients (HR 1.32, 95% ClI: 0.93-1.62; difference in
mean LVEF change: 0.8%, 95% ClI: —2.1%-3.7%). The stratification scheme also identified
LBBB patients with QRSd <150 ms with comparable outcomes to LBBB patients with QRSd
=150 ms (HR: 0.93, 95% ClI: 0.67-1.29; difference in mean LVEF change: —0.2%, 95% CI: -2.7%
-3.0%).

Conclusions—Unsupervised machine learning of ECG waveforms identified CRT subgroups
with relevance beyond LBBB and QRSd. This method may assist in objective classification of
bundle branch block morphology in CRT.
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Introduction

Cardiac resynchronization therapy (CRT) improves outcomes in heart failure patients with
ventricular dyssynchrony=3-, but 30-50% of patients have apparent lack of response to
treatment®. Prolonged QRS duration (QRSd) and left bundle branch block (LBBB) on 12-
lead electrocardiogram (ECG) are key guideline criteria for patient selection® but have
limitations. QRSd is insensitive for left ventricular (LV) activation delay in non-LBBBS and
is affected by LV dimension in LBBB”. LBBB is one of the strongest CRT selection criteria
and predictors of CRT response8, but has been plagued by unstandardized definitions,
subjective assessment?, and variable clinical judgement1,

Several ECG metrics have purported improved CRT response prediction, including strict
LBBB criteria®, QRS frequency content1, intrinsicoid deflection onset!?, LV activation
timel3, sum of absolute QRS-T integrall4, and QRS areal®16. However, ECGs may be more
comprehensively evaluated with machine learning to improve CRT ECG criterial’,

Dimensionality reduction is a machine learning approach to create low-dimensional
representations from the original high-dimensional data, and unsupervised clustering can
identify relevant groups from natural data variations'8-1°. Cikes er a/. used such techniques
to integrate clinical parameters with echocardiographic LV traces to identify heart failure
phenogroups that may assist CRT patient selection20. We present an approach to extend
these concepts toward conduction delay manifestations on ECG waveforms.

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Feeny et al.

Methods

Page 3

Principal components analysis (PCA) is a linear dimensionality reduction method, and -
means clustering is a method of partitioning data based on cluster means. We hypothesized
that 1) 12-lead QRS waveform analysis using PCA and 4-means clustering could identify
CRT patient subgroups with differential primary outcomes of survival and reverse
remodeling defined by echocardiographic LV ejection fraction (LVEF) change, and 2) these
subgroups would discriminate outcomes within subgroups defined by subjective LBBB and
QRSd. In this study, patients with echocardiographic and survival outcomes were used to
derive QRS PCA groups from the PCA representation of 12-lead QRS patterns. Primary
outcomes of the QRS PCA groups were assessed among subgroups defined by LBBB,
QRSd, and QRS area and evaluated in internal validation cohorts. We then determined
outcomes associated with combinations of QRS morphology and objectively defined QRS
area and QRS PCA groups.

This study was approved by the Institutional Review Board of the Cleveland Clinic. Because
of the sensitive nature of the data collected for this study, requests to access the dataset from
qualified researchers trained in human subject confidentiality protocols may be sent to the
corresponding author.

Study population

This was a retrospective cohort study of patients at the Cleveland Clinic (Figure 1) receiving
CRT implants from 2003-2012 with long-term outcomes collected, as well as a separate
CRT-HF registry at the Cleveland Clinic who received CRT implantation between 2017-
2018. The CRT-HF registry was established to study a novel, multidisciplinary approach
toward post-CRT care via a 6-month post-implant visit with imaging, heart failure, ECG,
and device assessment?1. Compared to the remainder of the study population, CRT-HF
patients were more contemporary and did not have long-term survival outcomes recorded.
CRT-HF patients did not have differing inclusion criteria, and did not receive differential
post-CRT care prior to the 6-month visit when echocardiographic response was recorded.
We included patients whose pre-implant ECG demonstrated native conduction delay
adjudicated as previously described® (LBBB, right bundle branch block (RBBB), or non-
specific intraventricular conduction delay (IVCD)), and excluded patients with narrow
(QRSd <120 ms) or paced QRS. LBBB was defined as QRSd =120 ms, monophasic QS or
rS complex in V1, and monophasic R-wave in V68,

The study population consisted of Primary, Survival Validation, and Echo Validation Cohorts
(Figure 1). The Primary Cohort included patients from 2003-2012 with pre- and post-
implant echocardiographic LVEF measurements and survival data. The Survival Validation
Cohort consisted of patients from 2003-2012 that had survival but not LVEF data. The Echo
Validation Cohort consisted of CRT-HF patients, who had LVEF but not survival data.

ECG analysis

The most recent digital 10-second 12-lead ECGs prior to CRT implant were exported from
the Muse System (General Electric Healthcare, Little Chalford, UK). The median QRS
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complex from each lead for each patient was obtained using custom softwarel4.22 in
MATLAB 2018b (MathWorks, Natick, MA) (Supplemental Methods). QRS area was
calculated from the reconstructed vectorcardiogram using the Kors method as previously
described?3.

Unsupervised machine learning to identify QRS PCA groups

Outcomes

Unsupervised machine learning using dimensionality reduction and clustering is depicted in
Figure 2. A feature vector was constructed for each patient, composed of the median QRS
waveform from each lead and QRSd. In the Primary Cohort, PCA was performed on the
feature vectors across all patients to obtain a low-dimensional representation of each
patient’s QRS waveforms. Two groups were identified using A~-means clustering on the low-
dimensional QRS PCA representation. Technical details are provided in the Supplemental
Methods.

Primary outcomes for this study were (1) a composite endpoint of death, heart transplant, or
placement of left ventricular assist device (LVAD) and (2) degree of LVEF change following
CRT implant. Secondary outcomes included changes in LV end-diastolic diameter (LVEDD)
and end-systolic diameter (LVESD), mitral regurgitation (MR)), and New York Heart
Association (NYHA) functional class. Survival was determined from the US Social Security
Death Index and electronic medical records review. The pre-implant echocardiogram was the
last prior to implantation. In the Primary Cohort, the post-implant echocardiogram was
closest to 1-year follow-up®. In the Echo Validation Cohort, the post-implant
echocardiogram was performed at 6-month follow-up. Patients with a post-implant
echocardiogram within 60 days after implant were excluded from echocardiographic
comparisons.

To assess relevance of groups identified from the QRS PCA representation, we compared
primary outcomes in the entire cohort and in subgroups defined by LBBB, QRSd, and QRS
area. QRS area was selected for comparison because it enhanced CRT response prediction
from QRSd, LBBB, and strict LBBB1523.24_ QRS area groups were defined by a cutoff of
<95 pVslb,

Evaluation of the QRS PCA representation

The PCA representation was interpreted via mapping vectors w (Supplemental Methods
Equation 1), revealing how the QRS PCA representation was determined in a given
dimension. Stability of the QRS PCA representation was evaluated (Supplemental Methods).
Outcomes of the two groups identified by clustering of the QRS PCA representation were
compared in the entire Primary Cohort and within subgroups defined by LBBB and QRSd
>150 ms. QRS area groups were also compared. The effect of 12-lead analysis versus
reduced-lead analysis was examined (Supplemental Methods). Outcome discrimination from
PCA compared to nonlinear dimensionality reduction methods was quantified, as well as the
effect of ECG input with and without QRSd and QRS area prior to PCA and clustering
(Supplemental Methods).
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Because the QRS PCA representation was empirically derived, generalizability to data
outside of the Primary Cohort was assessed. Patients in validation cohorts were assigned
QRS PCA group using the same mapping vectors and clusters derived from the Primary
Cohort (Supplemental Methods). Cluster stability was assessed by independently repeating
the PCA and clustering process in the validation cohorts (Supplemental Methods). Survival
free from the composite endpoint and LVEF change were assessed on the Survival
Validation and Echo Validation Cohorts, respectively. Multivariable models containing age
and baseline characteristics that are known predictors of CRT outcomes and significantly
different between the QRS PCA groups were constructed. The effect of combining QRSd,
LBBB, QRS PCA representations, QRS area, and common clinical variables?® in supervised
learning models was evaluated (Supplemental Methods). Finally, interaction between LV
lead location and QRS PCA groups was assessed (Supplemental Methods).

Stratifying QRS morphology by QRS PCA group and QRS area

Both QRS PCA group and QRS area offered greater stratification of outcomes in LBBB than
QRSd. We then assessed how CRT outcomes differed when QRS morphology was stratified
by combinations of QRS area and QRS PCA groups, rather than by QRSd. Four subgroups
were defined by QRS morphology and QRSd to represent current guidelines: (1) LBBB and
QRSd =150 ms (2) LBBB and QRSd <150 ms (3) non-LBBB and QRSd =150 ms, and (4)
non-LBBB and QRSd <150 ms. Primary outcomes were assessed in each group, using non-
LBBB and QRSd <150 ms as reference for comparisons.

Next, four subgroups were defined by using QRS area and QRS PCA representation to
stratify QRS morphology: (1) LBBB, and either QRS area >95 pVs or QRS PCA Group 1
(2) LBBB, QRS area <95 pVs, and QRS PCA Group 2 (3) non-LBBB, and either QRS area
>95 puVs or QRS PCA Group 1, and (4) non-LBBB, QRS area <95 pVs, and QRS PCA
Group 2. Primary outcomes were examined in subgroups, using non-LBBB, QRS area <95
uVs, and QRS PCA Group 2 as reference for comparisons.

Statistical analysis

Group differences were assessed in categorical variables with the chi-squared test, in
normally distributed continuous variables with the two-sample #test, and in non-normally
distributed continuous variables with the Wilcoxon rank-sum test. Multivariable linear
regression was used to assess LVEF change. Kaplan-Meier curves were used to visualize
survival. Cox proportional hazards models were used to compare event-free survival
between groups for the composite endpoint. Unless stated otherwise, all Cox models
reported were univariable. A multivariable Cox model was used when comparing outcomes
of the QRS PCA groups on the entire study cohort, and included age as well as baseline
clinical characteristics that are known predictors of CRT outcomes and significantly
different between the QRS PCA groups (sex, ischemic cardiomyopathy, QRSd, LBBB,
history of atrial fibrillation, creatinine, presence of end-stage renal disease on hemodialysis).
Proportional hazard assumptions were verified by testing for independence between scaled
Schoenfield residuals and time for each covariate. Age at time of implant violated this
assumption, with increasing residuals over time. Since the objective was not to precisely
model the effect of age over time, but rather to evaluate for a confounding impact on the
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significance of the QRS PCA groups, age was modeled as a time-independent covariate.
Two-sided p<0.05 was considered significant. Survival curves were generated in MATLAB
and statistics were calculated with R 3.5.1 (R Foundation, Vienna, Austria) using packages
“survival” and “tableone.”

946 patients were analyzed in the study (Table 1). 539 patients comprised the Primary
Cohort, 301 patients comprised the Survival Validation Cohort, and 106 patients comprised
the Echo Validation Cohort (Figure 1). Median time from baseline ECG to CRT implant was
15.7 [interquartile range: 4-42.5] days.

Evaluation of QRS PCA representation

Figure 2 shows A-means clustering of the QRS PCA representation, retaining two PCA
dimensions (Supplemental Figure 1). Clustering was driven by dimension 1, termed the QRS
PCA score, which was obtained via the mapping vector (Figure 2). Higher PCA scores had
greater voltage amplitudes and patterns consistent with LBBB. The QRS PCA score had
stable configuration (Supplemental Figure 2).

K-means clustering identified two groups from the QRS PCA representation. In the Primary
Cohort, QRS PCA Group 1 had a higher QRS PCA score and had better event-free survival
and greater LVEF improvement than Group 2 (HR 0.44, 95% CI [0.35-0.55], p<0.001; mean
LVEF change 11.4+12.1% vs. 4.6+10.0%, p<0.001). Similar outcome stratification occurred
in the validation cohorts. In the Survival Validation Cohort, Group 1 had better survival than
Group 2 (HR 0.49 [0.37-0.65], p<0.001). In the Echo Validation Cohort, Group 1 had better
LVEF response than Group 2 (mean LVEF change 9.8+10.0% vs. 5.5£7.9%, p=0.025).
Patient characteristics and full subgroup comparisons in each of the cohorts are provided in
Supplemental Tables 1-6. Lead subset analysis compared to 12-lead analysis did not
improve primary outcome stratification (Supplemental Table 7). Clusters were robust to
different methods of validation (Supplemental Table 8).

Overall, QRS PCA Group 1 contained 521 patients (456 LBBB, 0 RBBB, 65 IVCD). QRS
PCA Group 2 contained 425 patients (142 LBBB, 119 RBBB, 164 1\VCD). Group 1 had
more LBBB, longer QRSd, higher proportion of females and non-ischemic cardiomyopathy,
lower proportion of atrial fibrillation, and better renal function (Table 1). Full subgroup
comparisons of primary outcomes are provided in Table 2. Full subgroup comparisons of
CRT response (LVEF change =5%) and super-response (LVEF change =20%) rates are
provided in Supplemental Table 9. QRS PCA Group 1 had better event-free survival and
greater LVEF improvement than Group 2 (HR 0.44, 95% CI [0.38-0.53], p<0.001; mean
LVEF change 11.1+11.7% vs. 4.8+9.7%, p<0.001; Figure 3), and had higher CRT response
(69% vs 50%, p<0.001) and super-response rates (26% vs 9%, p<0.001). Among LBBB and
QRSd =150 ms patients, QRS PCA Group 1 still had reduced risk for the composite
endpoint and greater overall LVEF response (HR 0.42, 95% CI [0.33-0.55], p<0.001; mean
LVEF change 12.5+11.8% vs. 7.3+8.1%, p=0.002; Figure 3), but exhibited similar CRT
response rates (74% vs. 66%, p=0.23) with higher super-response rates (29% vs. 8%,
p<0.001). QRS PCA Groups did not stratify outcomes within non-LBBB patients (HR 0.79,
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95% CI [0.57-1.12], p=0.18; mean LVEF change 2.0+8.4% vs. 3.84+10.1%, p=0.32). Group
1 had greater reduction in secondary outcomes: LVEDD, LVESD, MR grade, and NYHA
status (Supplemental Table 10).

Nonlinear dimensionality reduction discriminated outcomes similarly to PCA (Supplemental
Table 11). Using =3 or k=4 clusters identified groups showed that higher PCA scores
conferred better outcomes (Supplemental Figure 3). Including or excluding QRSd and QRS
area with the 12-lead QRS waveforms during the PCA and clustering process resulted in
similar cluster identification and outcome discrimination (Supplemental Table 12).

Multivariable models for primary outcomes included age, male sex, ischemic
cardiomyopathy, QRSd, LBBB, history of atrial fibrillation, creatinine, presence of end-
stage renal disease on hemodialysis, and QRS PCA group (Supplemental Table 13). In
multivariable Cox regression for the composite endpoint, age, male sex, ischemic
cardiomyopathy, atrial fibrillation, high creatinine, hemodialysis, QRSd <150 ms, and QRS
PCA group 2 were significantly associated with mortality. QRS PCA group was not an
independent predictor in multivariable linear regression for LVEF change, while male sex,
ischemic cardiomyopathy, non-LBBB, and QRSd <150 ms were. QRS area was significantly
correlated with the QRS PCA score (r=0.75, p<0.001), and QRS area groups exhibited
comparable outcome differentiation compared to QRS PCA groups (Table 2). However,
QRS PCA groups had significantly different outcomes within QRS area groups, and vice
versa.

A supervised classifier incorporating QRSd, QRS morphology, QRS area, and QRS PCA
representation had higher prediction performance metrics than any ECG characteristics
alone, but did not improve echocardiographic CRT response prediction from the QRS PCA
representation alone (Supplemental Table 14). Adding QRS PCA representation and QRS
area a supervised machine learning classifier trained by 9 common clinical variables? to
predict echocardiographic CRT response did not improve LVEF response prediction, but
slightly improved discriminating long-term survival (Supplemental Table 14).

572 patients had LV lead location recorded, distributed along the long axis with 159 (28%)
apical, 347 (61%) midventricular, and 66 (12%) basal, and distributed along the short axis
with 22 (4%) anterior, 167 (29%), and 383 (67%) posterior. Apical LV lead location was
associated with an increased risk for the composite endpoint (HR 1.31, 95% CI [1.01-1.69],
p=0.039), but no other lead locations had differing long-term outcomes or LVEF change.
Within QRS PCA Group 1, midventricular LV lead location was associated with greater
LVEF improvement than non-midventricular leads (13.1% vs. 9.8%, p=0.042), but would
not remain significant after correcting for multiple comparisons. No other interactions with
QRS PCA groups were observed (Supplemental Figure 4).

Stratifying QRS morphology by QRS PCA group and QRS area

In subgroups defined by QRS morphology and QRSd, patients with non-LBBB and
QRSd<150 ms had the worst survival (5-year survival rate 0.48, Figure 4A) and lowest
LVEF change (2.5+9.5%). Non-LBBB patients with QRSd=150 ms, LBBB patients with
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QRSd <150 ms, then LBBB patients with QRSd =150 ms had incrementally better outcomes
(Figure 4A).

When stratifying conduction morphology by QRS PCA group and QRS area, patients with
non-LBBB, QRS area <95 pVs, and QRS PCA Group 2 had a 5-year event-free survival rate
of 0.48 (Figure 4B) and a mean LVEF change of 3.6+10.2%. Non-LBBB patients with QRS
area >95 uVs or QRS PCA Group 1 had slightly improved survival but not better LVEF
improvement, and LBBB patients with QRS area >95 pVs or QRS PCA Group 1 had
substantially improved survival and LVEF improvement (Figure 4B). LBBB patients with
QRS area <95 puVs and QRS PCA Group 2 had similar outcomes compared to patients with
non-LBBB (HR 1.32, 95% CI [0.93-1.62]; mean LVEF change 4.34+7.9% vs. 3.5+£9.8%,
95% CI for difference: [-2.1% to 3.7%]).

There were 18.5% more LBBB patients with QRS area >95 uVs or QRS PCA Group 1
(m7=513) than LBBB patients with QRSd =150 ms (/7=433), representing an expansion from
Class | ECG criteria. Only 36 (8%) of LBBB patients with QRSd =150 ms had QRS area
<95 pVs and QRS PCA Group 2 assignment. 116 (70%) LBBB patients with QRSd <150
ms had QRS area >95 pVs or QRS PCA Group 1 assignment. Despite lacking a Class | CRT
indication, these patients had comparable survival (HR: 0.93, 95% CI: [0.67-1.29]) and
LVEF improvement (mean 11.3+11.1% vs. 11.5+£11.4%, 95% CI for difference: [-2.7% to
3.0%]) to LBBB patients with QRSd =150 ms. Reclassification results are provided in
Supplemental Table 15. Figure 5 compares selection of LBBB patients using QRSd versus
QRS area and QRS PCA groups.

Discussion

We sought to use machine learning of QRS waveforms to enhance CRT patient selection
beyond traditional ECG markers. Using principal components analysis (PCA) to represent
12-lead QRS patterns in two dimensions and &-means clustering, we identified two groups
with higher and lower long-term survival and echocardiographic improvement, even among
patients with Class | ECG criteria (LBBB, QRSd =150 ms) who would be expected to have
better outcomes. Stratifying LBBB by QRS area and QRS PCA representation identified
LBBB patients with QRSd <150 ms who had similar outcomes to LBBB patients with QRSd
>150 ms, and also identified LBBB patients with outcomes similar to non-LBBB patients.
Such methods may yield more objective mechanisms of patient selection than subjective
LBBB labeling.

Machine learning is being increasingly explored to interrogate complex ECG patterns. Deep
learning of ECGs has classified arrhythmia?® and screened for LV dysfunction2’ and
hyperkalemia?8. Unsupervised machine learning of ECG morphology identified phenotypes
of hypertrophic cardiomyopathy2°. In CRT, machine learning has been used to predict CRT
response from common clinical variables?®30 and identify CRT responders from complex
echocardiogram traces and clinical data20.

To our knowledge, this study was the first machine learning analysis of ECG waveforms to
identify meaningful CRT patient subgroups. The approach was different from traditional
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ECG analysis because we compositely evaluated 12-lead waveforms instead of using
computed metrics on a per-lead basis. The approach was distinct from many machine
learning approaches because it avoided a “black box” model; the PCA dimensionality
reduction transformation can be directly replicated on external data (unlike many other non-
linear dimensionality reduction algorithms) and is interpretable via the mapping vector. The
validation experiment in this study served as a proof-of-concept in how one might apply the
PCA transformation identified in this study to external digitized ECG data. Similar
methodology could be used for ECG or other digital waveform analysis in other
cardiovascular investigations.

It is important to note that other clinical variables that are known predictors of reduced CRT
response were represented with higher proportion in QRS PCA group 2 (non-LBBB,
narrower QRSd, male gender, ischemic disease, history of AF). However, in multivariable
adjustment and basic supervised machine learning experiments, adding QRS PCA groups to
clinical variables did enhance mortality prediction, but did not enhance prediction of LVEF
response (Supplemental Tables 13-14). Therefore, it is unclear if the advantage of the ECG
tool developed in this study goes beyond solely using the ECG to capture other biological
predictors of CRT response.

Though the PCA mapping vector does not provide the precise physiological underpinnings
of the different QRS PCA groups, it affirmed the importance of LBBB, and also suggested
why some LBBB patients received a low QRS PCA score (Figure 2): lower voltage
amplitudes, and negative deflection in leads I1, aVF, V5, and V6. Low amplitude may be
associated with ischemic disease and reduced myocardial viabilityl5-16:31, Concordantly,
QRS PCA Group 2 had a higher proportion of ischemic cardiomyopathy. Interestingly, the
QRS PCA score was well-correlated with vectorcardiographic QRS area, another predictive
ECG biomarker for CRT outcomes!®16.23 and the QRS PCA mapping vector was similar to
the Kors transform from 12-lead ECG to the vectorcardiographic Z-axis32 (Supplemental
Figure 5). This suggests that the Z-axis of QRS area reflects the primary component of
variance in QRS patterns of conduction delay, affirming the importance of the Z-axis in
LBBB and CRT11:33.34 Despite similarities between QRS area and the QRS PCA
representation, there also existed significant differences, possibly due to the X- and Y-
components of QRS area.

QRS PCA group and QRS area effectively stratified LBBB, more so than QRSd. While this
study lacks a non-CRT control group to assess CRT benefit, the study may be useful in
objectively affirming which LBBB patients (with or without a wide QRS) are likely to have
better long-term survival and echocardiographic improvement following CRT (Figure 5).
Stratifying LBBB by QRS PCA and QRS area groups identified LBBB patients with QRSd
<150 ms who had similar outcomes to LBBB patients with QRSd =150 ms. Conversely,
LBBB patients that were stratified as unfavorable by QRS PCA group and QRS area had
similar survival and LVEF outcomes to non-LBBB patients. This work may facilitate future
studies seeking to refine CRT guidelines or identify heart failure patients who may better
benefit from alternative emerging device-based therapies3>-37.
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Limitations

This study was single-center and retrospective, and validation cohorts were internal,
significantly biasing the generalizability of the results. Analysis did not assess CRT
outcomes compared to a non-CRT control group. We did not study right ventricular-paced or
narrow QRS patients. QRS area nor QRS PCA group significantly stratified LVEF change in
subgroups of the Echo Validation Cohort. There are several potential explanations. Sample
size was limited (60 LBBB patients with QRSd =150 ms) and echo follow-up time was
shorter than in the Primary Cohort (6.6 versus 9.1 months). The Echo Validation Cohort was
more contemporary, which may reflect changing procedural techniques.

The QRS PCA representation was empirically derived, and thus dependent on the patient
population. However, the QRS PCA representation was robust (Supplemental Figure 2),
agreed with the QRS area Z-axis, and was evaluated independently on multiple cohorts. The
QRS PCA representation is objective, interpretable, and can be calculated on new data.
Practical use would require digitized ECGs, but could be implemented and reported with
routine preliminary ECG interpretations available today.

Conclusions

12-lead ECG analysis using PCA and A-means clustering of QRS waveforms identified CRT
groups with differential outcomes, even among LBBB patients with QRSd =150 ms. QRS
area was validated as an ECG biomarker for CRT response. Stratification of LBBB by QRS
area and QRS PCA representation identified patients without Class | ECG indications who
had equally favorable outcomes, and LBBB patients who had poorer outcomes similar to
non-LBBB patients. This stratification of LBBB may represent an objective mechanism for
CRT patient selection without requiring subjective strict LBBB definition. Our study
presents compelling data for 12-lead ECG waveform dimensionality reduction and
unsupervised clustering to identify and interpret meaningful patient subgroups.
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What is Known

. Left bundle branch block (LBBB) and QRS duration are the primary ECG
characteristics used for CRT patient selection

. LBBB is the strongest ECG predictor for positive CRT response, but has
unstandardized definitions and requires subjective assessment

What the Study Adds

. Unsupervised ML of baseline QRS waveforms was used to identify 2 groups
of CRT patients with differential outcomes, even among patients with LBBB
and QRS duration >150 ms

. For CRT patient selection, this methodology was useful in objective
identification of which subjectively labeled LBBB patients were strong CRT
candidates, and which had outcomes more similar to non-LBBB patients
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Figure 1:

Study population and design. CRT=cardiac resynchronization therapy. CRT-HF=CRT heart
failure clinic. QRSd=QRS duration. LVEF=left ventricular ejection fraction. PCA=principal
components analysis.
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Figure 2:

(A) Overview of the unsupervised machine learning. Feature vectors containing 12-lead
QRS patterns were extracted from 539 cardiac resynchronization therapy (CRT) patients in
the Primary Cohort, and were used as input to a pipeline using principal components
analysis (PCA) dimensionality reduction followed by Ameans clustering to identify two
groups. (B) From top: (1) Mapping vector w; determined the QRS PCA score via the dot
product of wq and the standardized QRS feature vector (Supplemental Methods Equation 1).
(2) Feature vector* with a low QRS PCA score and right bundle branch block. (3) Feature
vector* with a high QRS PCA score, driven by a left bundle branch block (LBBB) pattern
with marked positive deflections in leads I, I, aVL, V5, and V6. (4) Feature vector* with
low QRS PCA score despite LBBB. Lower voltage amplitudes drive the low QRS PCA
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score. *Before standardization.
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CRT Survival: All Patients

1CRT Survival: LBBB Patients With QRSd>150
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Figure 3:

Survival after cardiac resynchronization therapy (CRT) in groups identified by principal
components analysis (PCA) of 12-lead QRS waveforms followed by k-means clustering.
Kaplan-Meier curves depicting event-free survival from death, left ventricular assist device,
or heart transplant after CRT implant with univariable hazard ratios (HR).
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Cox Proportional Hazards (Reference: Group 4) Cox Proportional Hazards (Reference: Group 4)
Hazard Ratio (95% Cl) p Hazard Ratio (95% Cl) p
Group 1 0.45 (0.36 — 0.56) <0.001 Group 1 0.40(0.33 - 0.49) <0.001
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Figure 4:

Survival after cardiac resynchronization therapy (CRT) stratified by ECG characteristics.
Kaplan-Meier curves depict event-free survival from death, left ventricular assist device, or
heart transplant after CRT implant, with univariable hazard ratios (HR). A. Stratification by
conduction morphology and QRS duration (QRSd). B. Stratification by conduction
morphology, QRS area (QRSa), and QRS principal components analysis Group 1 (QRS
PCA G1) versus Group 2 (QRS PCA G2). LBBB=left bundle branch block. LVEF=left
ventricular ejection fraction. QRSd units in ms. QRSa units in pVs.
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Current CRT guidelines stratify LBBB patients by QRSd

Survival free from death, LVAD, or heart transplant
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QRS PCA groups and QRS area may objectively identify which LBBB patients will have
similar long-term outcomes to non-LBBB patients

« Only 8% of patients with LBBB, QRSd =150 were identified who may have worse outcomes

« 70% of patients with LBBB, QRSd <150 were identified as favorable and had good outcomes
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Comparison of left bundle branch block (LBBB) cardiac resynchronization therapy (CRT)
patient selection using QRS duration (QRSd) versus QRS principal components analysis
(PCA) and QRS area. LVAD-=left ventricular assist device. EF=ejection fraction. High vs.
low QRS area was defined by a cutoff of 95 pVs.
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Table 1.

Page 20

Entire cohort | QRS PCA Group 1 | QRS PCA Group 2
(n=946) (n=521) (n=425) p

Demographics and medical history
Age (years) 66.5+11.8 65.81+11.9 67.4+11.6 0.035
Male sex 628 (66.7%) 301 (58.1%) 327 (77.1%) <0.001
Body mass index (kg/m?) 28.9+6.4 28.916.5 28.8+6.4 0.69
Ischemic cardiomyopathy 470 (56.0%) 202 (44.5%) 268 (69.4%) <0.001
NYHA functional class 0.27

I 11 (1.2%) 8 (1.5%) 3(0.8%)

I 87 (10.4%) 54 (11.9%) 33 (8.5%)

n 701 (83.5%) 378 (83.3%) 323 (83.7%)

v 41 (4.9%) 14 (3.1%) 27 (7.0%)
History of atrial fibrillation 401 (47.7%) 192 (42.3%) 209 (54.1%) 0.001
Hypertension 532 (63.3%) 298 (65.6%) 234 (60.6%) 0.15
Tobacco use 494 (59.7%) 263 (58.7%) 231 (60.8%) 0.59
Hyperlipidemia 502 (59.8%) 259 (57.0%) 243 (63.0%) 0.095
Chronic obstructive pulmonary disease 116 (13.8%) 64 (14.1%) 52 (13.5%) 0.87
Cerebrovascular accident or transient ischemic attack 91 (10.8%) 44 (9.7%) 47 (12.2%) 0.30
History of malignancy 100 (11.9%) 54 (11.9%) 46 (11.9%) >0.99
End-stage renal disease on hemodialysis 23 (2.7%) 7 (1.5%) 16 (4.1%) 0.036
Diabetes mellitus 322 (38.3%) 175 (38.5%) 147 (38.1%) 0.95
Echocardiography
LVEF (%) 23.5+8.8 23.5+8.6 23.6+9.2 0.80
LVEDD (cm) 6.1+1.0 6.0+1.1 6.1+0.9 0.43
LVESD (cm) 5.1+1.3 5.2+1.5 5.1+1.0 0.70
Mitral regurgitation grade (1-9) 3.0[1.0,5.0] 3.0[1.0,5.0] 4.0[2.0,5.0] 0.22
Electrocardiography
QRS duration (ms) 156.0+20.4 159.8+20.4 151.5+19.4 <0.001
Left bundle branch block 598 (63.2%) 456 (87.5%) 142 (33.4%) <0.001
Right bundle branch block 119 (12.8%) 0 (0%) 119 (28.2%) <0.001
Non-specific intraventricular conduction delay 229 (23.6%) 65 (11.3%) 164 (38.6%) <0.001
Laboratory
Serum creatinine (mg/dL) 1.1[0.9,1.5] 1.0[0.9,1.3] 1.2[0.9,1.7] <0.001
White blood cell count (10° cells/L) 7.6x2.5 7.5+2.4 7.6+2.6 0.57
Hemoglobin (g/dL) 12.5+2.0 12.7+1.9 12.3+21 0.007
Pharmacotherapy
Beta-blocker 708 (86.7%) 397 (90.0%) 311 (82.7%) 0.003
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Entire cohort | QRS PCA Group 1 | QRS PCA Group 2
(n=946) (n=521) (n=425) p

Angiotensin converting enzyme inhibitor or angiotensin-receptor

blocker 644 (78.8%) 361 (81.9%) 283 (75.3%) 0.027
Diuretic 625 (76.5%) 334 (75.7%) 291 (77.4%) 0.64
Nitrate 201 (24.6%) 90 (20.4%) 111 (29.6%) 0.003
Hydralazine 94 (11.5%) 45 (10.2%) 49 (13.1%) 0.24
Aldosterone antagonist 282 (34.6%) 151 (34.2%) 131 (34.9%) 0.89
Statin 470 (57.6%) 235 (53.3%) 235 (62.7%) 0.009
Warfarin 236 (28.9%) 104 (23.6%) 132 (35.2%) <0.001
Clopidogrel 116 (14.2%) 59 (13.4%) 57 (15.2%) 0.52
Digoxin 266 (32.6%) 137 (31.1%) 129 (34.4%) 0.35
Antiarrhythmic 130 (15.9%) 51 (11.6%) 79 (21.1%) <0.001
Aspirin 536 (65.6%) 287 (65.1%) 249 (66.2%) 0.80

Normally distributed variables reported as mean+SD. Non-normally distributed variables reported as median [25th,75th percentile]. Categorical
variables reported as 77 (%). PCA=principal components analysis. NYHA=New York Heart Association. LVEF=left ventricular ejection fraction.
LVEDD-=left ventricular end-diastolic diameter. LVESD=left ventricular end-systolic diameter.
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Primary outcomes in subgroups of the study population: (1) Cox proportional hazards model for death, heart
transplantation, or LVAD, and (2) LVEF change

Composite endpoint univariable hazard ratio

Mean LVEF change (%0)

[95% CI] p (mean+SD) p
Entire cohort (n=946)
QRS PCA Group 2 (n=425) vs.
QRS PCA Group 1 (7-521) 0.45 [0.38-0.53] <0.001 4.8+9.7vs. 11.1£11.7 <0.001
Non-LBBB (7=348) vs.
LBBB (n7-598) 0.52 [0.44-0.62] <0.001 3.549.8 vs. 10.8+11.3 <0.001
QRS area <95 (7=404) vs.
QRS area >95 (11=542) 0.46 [0.39-0.55] <0.001 | 4.7#10.0vs.11.0+11.6 | <0.001
LBBB (n=598)
QRS PCA Group 2 (n=142) vs.
QRS PCA Group 1 (n=456) 0.41[0.32-0.53] <0.001 6.5+8.9 vs. 12.1+11.6 <0.001
QRSd <150 (/7=165) vs.
QRSd =150 (7=433) 0.78 [0.6-1.01] 0.058 9.0£11.0 vs. 11.5+11.4 <0.001
QRS area <95 (/7=133) vs.
QRS area >95 (7=465) 0.42 [0.33-0.55] <0.001 6.6+9.7 vs. 12.0+11.5 <0.001
LBBB and QRSd =150 (n=433)
QRS PCA Group 2 (7=87) vs.
QRS PCA Group 1 (7=346) 0.42 [0.30-0.57] <0.001 7.3#8.1vs. 12.5+11.8 0.001
QRS area <95 (17=56) vs.
QRS area >95 (7=377) 0.41[0.28-0.59] <0.001 8.0+9.6 vs. 12.0+11.6 0.039
Non-LBBB (n=348)
QRS PCA Group 2 (7=283) vs.
QRS PCA Group 1 (n7-65) 0.79 [0.57-1.12] 0.18 3.8+10.1 vs. 2.0+8.4 0.32
QRSd <150 (/7=197) vs.
QRSd 2150 (n=151) 0.86 [0.67-1.11] 0.25 2.5+9.5vs. 5.0+10.1 0.079
QRS area <95 (7=271) vs.
QRS area >95 (17=77) 0.80 [0.59-1.09] 0.16 3.6+£10.0 vs. 3.249.4 0.83
QRSd <150 (n=362)
QRS PCA Group 2 (n7=201) vs.
QRS PCA Group 1 (n-161) 0.48 [0.36-0.63] <0.001 3.4+9.9 vs. 8.5+11.1 <0.001
Non-LBBB (7=197) vs.
LBBB (n=165) 0.58 [0.44-0.76] <0.001 2.5+9.5 vs. 9.0£11.0 <0.001
QRS area <95 (/7=246) vs.
QRS area >95 (7=116) 0.50 [0.36-0.68] <0.001 3.9+9.7 vs. 9.1£11.7 <0.001
QRS PCA Group 1 (n=521)
Non-LBBB (7=65) vs.
LBBB (n=456) 0.49 [0.35-0.69] <0.001 2.0+8.4 vs. 12.1+11.6 <0.001
QRS area <95 (n=79) vs.
QRS area >95 (n=442) 0.64 [0.45-0.91] 0.013 8.1+10.4 vs. 11.7£11.9 0.042
QRS PCA Group 2 (n=425)
Non-LBBB (7=283) vs.
LBBB (n=142) 0.94 [0.74-1.2] 0.63 3.8+10.1 vs. 6.5+8.9 0.036
QRS area <95 (17=325) vs.
QRS area >95 (7=100) 0.65 [0.48-0.86] 0.003 3.849.7 vs. 7.949.4 0.003
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Composite endpoint univariable hazard ratio

Mean LVEF change (%0)

[95% CI] p (mean+SD) p
QRS area >95 (n=542)
Non-LBBB (n=77) vs.
LBBB (n7=465) 0.48 [0.35-0.66] <0.001 3.249.4 vs. 12.0£11.5 <0.001
QRS PCA Group 2 (7=53) vs.
QRS PCA Group 1 (7-262) 0.58 [0.43-0.78] <0.001 7.9+9.4 vs. 11.7+£11.9 0.018
QRS area <95 (n=404)
Non-LBBB (n7=271) vs.
LBBB (n=133) 0.93 [0.72-1.20] 0.55 3.6+10.0 vs. 6.6+9.7 0.021
QRS PCA Group 2 (n=325) vs.
QRS PCA Group 1 (n=79) 0.59 [0.42-0.83] 0.002 3.849.7 vs. 8.1+10.4 0.005

QRSd units in ms. QRS area units in pVs. LVAD=left ventricular assist device. LVEF=left ventricular ejection fraction. Cl=confidence interval.

SD=standard deviation. LBBB=left bundle branch block. PCA=principal components analysis.
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