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BACKGROUND The use of an artificial intelligence electrocardiography (AI-ECG) algorithm has demonstrated its reli-

ability in predicting the risk of atrial fibrillation (AF) within the general population.

OBJECTIVES This study aimed to determine the effectiveness of the AI-ECG score in identifying patients with chronic

lymphocytic leukemia (CLL) who are at high risk of developing AF.

METHODS We estimated the probability of AF based on AI-ECG among patients with CLL extracted from the Mayo Clinic

CLL database. Additionally, we computed the Mayo Clinic CLL AF risk score and determined its ability to predict AF.

RESULTS Among 754 newly diagnosed patients with CLL, 71.4% were male (median age ¼ 69 years). The median

baseline AI-ECG score was 0.02 (range ¼ 0-0.93), with a value $0.1 indicating high risk. Over a median follow-up of 5.8

years, the estimated 10-year cumulative risk of AF was 26.1%. Patients with an AI-ECG score of $0.1 had a significantly

higher risk of AF (HR: 3.9; 95% CI: 2.6-5.7; P < 0.001). This heightened risk remained significant (HR: 2.5; 95% CI: 1.6-

3.9; P < 0.001) even after adjusting for the Mayo CLL AF risk score, heart failure, chronic kidney disease, and CLL

therapy. In a second cohort of CLL patients treated with a Bruton tyrosine kinase inhibitor (n ¼ 220), a pretreatment AI-

ECG score $0.1 showed a nonsignificant increase in the risk of AF (HR: 1.7; 95% CI: 0.8-3.6; P ¼ 0.19).

CONCLUSIONS An AI-ECG algorithm, in conjunction with the Mayo CLL AF risk score, can predict the risk of AF in

patients with newly diagnosed CLL. Additional studies are needed to determine the role of AI-ECG in predicting AF risk in

CLL patients treated with a Bruton tyrosine kinase inhibitor. (J Am Coll Cardiol CardioOnc 2024;6:251–263)
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ABBR EV I A T I ON S

AND ACRONYMS

AF = atrial fibrillation

AI = artificial intelligence

ACI-ECG = artificial

intelligence echocardiography

BTKi = Bruton tyrosine kinase

inhibitor

CLL = chronic lymphocytic

leukemia

ECG = electrocardiography
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C hronic lymphocytic leukemia (CLL)
is 1 of the most common types of
adult leukemia in the Western

world, with an estimated 18,740 new diagno-
ses reported in the United States in 2023.1

CLL is a disease associated with advancing
age, typically diagnosed around 72 years of
age, and exhibits a 2:1 incidence ratio in
males compared with females.1 Concur-
rently, atrial fibrillation (AF) demonstrates a
high prevalence both within the general pop-
ulation and specifically among individuals
with CLL, carrying a high risk of heart failure, stroke,
recurrent hospitalization, and heightened overall
morbidity and mortality.2 The prevalence of AF is
substantial, estimated at 2.3% in individuals older
than 40 years and 5.9% in those older than 65 years
in the general population.3

In a previous investigation, we demonstrated that
within a large cohort of patients with CLL (n ¼ 2,444,
median age ¼ 65 years) seen within 12 months of
diagnosis at Mayo Clinic in Rochester, Minnesota, the
prevalence of AF was approximately 6%.4 Among
patients who did not have AF at the time of CLL
diagnosis, the risk of incident AF over time was
approximately 1% per year. Through a comprehensive
multivariable analysis, several variables emerged as
significant contributors to an increased risk of inci-
dent AF, including age, male sex, hypertension, and
valvular heart disease. Using a weighted risk model,
we constructed a predictive model, the Mayo Clinic
CLL AF score, for developing incident AF, stratifying
patients into 4 groups with 10-year rates of incident
AF ranging from 4% to 33% and achieving a C-statistic
of 0.699.4 Additionally, other risk factors such as
prior AF, heart failure, or left atrial enlargement have
also been identified as being associated with an
increased incidence of AF in patients with CLL.4-7

The clinical relevance of the risk of developing AF
in patients with CLL is demonstrated by the estab-
lished association between treatment with Bruton
tyrosine kinase inhibitors (BTKis) and an increased
risk of future AF.8-14 Given the significant morbidity
associated with AF, the development of a simple and
readily available clinical tool for risk stratification in
patients with CLL would be useful, particularly in
determining candidacy for BTKi-based therapy and
predicting the risk of future arrhythmias.

Recently, artificial intelligence (AI) has been
applied to 12-lead electrocardiography (ECG) to pre-
dict predisposition (risk) even in the presence of
normal sinus rhythm.15 The artificial intelligence
electrocardiography (AI-ECG) software generates a
probability output for future AF documentation,
ranging from 0 to 1 (0%-100%). A high score or
probability can be used to serve as an alert to the
clinician, indicating that the patient is at risk for
concurrent or future AF. This could trigger additional
screening or extended monitoring for AF. Early AF
diagnosis holds the potential to prevent systemic
embolism and stroke through timely anticoagulation
and, particularly in the CLL population, aids in
selecting CLL therapies with lower arrhythmogenic
potential.

The AI algorithm, developed through an analysis
using a convolutional neural network of over 600,000
electrocardiograms, has learned to recognize nuances
in ECG tracing, often imperceptible to the human eye,
for effective AF prediction. Subsequent application of
the AI algorithm in prospective cohorts demonstrated
its ability to predict AF. Specifically, in a recent
population-based study involving 1,936 patients, an
AI-ECG score exceeding 0.5 at baseline was associated
with AF development in 21.5% of patients at 2 years
and 52.2% at 10 years.16 The discriminatory ability of
the AI model, calculated in the same study, was 0.69.
Building on these promising results, the current study
aimed to investigate the predictive capability of AI-
ECG in stratifying the risk of AF in patients with CLL.

METHODS

PATIENT COHORTS AND BASELINE AI-ECG AF

SCORE. The Mayo Clinic CLL database, comprising
patients with CLL seen at Mayo Clinic in Rochester,
Minnesota, who allow for the use of their clinical re-
cords for research purposes,17-19 served as the primary
source. Within this database, we identified previously
untreated patients who did not have a history of AF
between January 1, 1995, and June 8, 2020. A second
cohort included CLL patients treated with BTKi
therapy, with baseline defined as the date of
BTKi initiation.

Patient characteristics, including age, sex, history
of hypertension, and valvular heart disease, along
with CLL-specific markers such as absolute lympho-
cyte count, Rai stage, immunoglobulin heavy chain
gene variable region (IGHV) mutation status, cytoge-
netic abnormalities detected by fluorescence in situ
hybridization, and CLL international prognostic index
risk score, were obtained from the Mayo Clinic CLL
database. The Mayo Clinic CLL AF score, ranging from
0 to 7 points, was calculated using the following
criteria: 2 points for ages 65 to 74 years or 3 points for
ages 75 years or older, 1 point for male, 2 points for
valvular heart disease, and 1 point for hypertension.4

Patients with incident AF were identified through
chart review using International Classification of



TABLE 1 Characteristics of the Study Population

Previously Untreated
CLL Patients (n ¼ 754)

Patients Treated
With BTKia (n ¼ 220)

Median age at baseline, y 69 (25-95) 69 (35-89)

Male 538 (71.4) 156 (70.9)

Median absolute lymphocyte count, �109/L 10.8 (0.4-958.4) 47.1 (0.5-436.4)

Rai stage

0 344 (45.7) 27 (12.3)

I-II 329 (43.8) 79 (35.9)

III-IV 79 (10.5) 114 (51.8)

Missing 2 0

IGHV mutation status

Mutated 213 (49.7) 44 (23.4)

Unmutated 216 (50.3) 144 (76.6)

Missing 325 32

FISH

del 13q 198 (38.7) 55 (27.5)

Negative or trisomy 12 230 (45.0) 67 (33.5)

del11q or del17p 83 (16.2) 78 (39.0)

Missing 243 20

CLL-IPI risk group

Low risk, 0-1 115 (30.2) 1 (0.7)

Intermediate risk, 2-3 117 (30.7) 17 (11.2)

High risk, 4-6 130 (34.1) 108 (71.1)

Very high risk, 7-10 19 (5.0) 26 (17.1)

Missing 373 68

Hypertension 345 (45.8) 108 (49.1)

Valvular heart disease 59 (7.8) 41 (18.6)

Median days from AI-ECG to
CLL diagnosis or start of ibrutinib

7 (0-3,649) 366 (0-3,514)

AI-ECG baseline score $0.1 175 (23.2) 42 (19.1)

Mayo Clinic CLL AF scoreb

0-1 185 (24.5) 57 (25.9)

2-3 264 (35.0) 60 (27.3)

4 201 (26.7) 53 (24.1)

5-7 104 (13.8) 50 (22.7)

Values are n, median (range), or n (%). a187 patients with ibrutinib monotherapy, 22 patients with ibrutinib/
Rituxan, and 11 patients with ibrutinib/obinutuzumab. bThe Mayo Clinic CLL AF score, ranging from 0 to 7 points,
was calculated using the following criteria: 2 points for ages 65 to 74 years or 3 points for ages 75 years or older,
1 point for male, 2 points for valvular heart disease, and 1 point for hypertension.

AF ¼ atrial fibrillation; AI-ECG ¼ artificial intelligence echocardiography; BTKi ¼ Bruton tyrosine kinase
inhibitor; CLL ¼ chronic lymphocytic leukemia; CLL-IPI ¼ chronic lymphocytic leukemia international prognostic
index; IGHV ¼ immunoglobulin heavy chain gene variable region.
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Diseases-9th Revision and -10th Revision codes, and
the diagnosis was confirmed by 12-lead ECG. This
approach is similar to our prior publications,4,18 and
the identification occurred during the patients’ lon-
gitudinal care at our institution, without the imple-
mentation of special surveillance strategies for AF
detection. In addition, covariates such as body mass
index, history of sleep apnea, coronary artery disease,
heart failure, chronic kidney disease, and diabetes
mellitus were abstracted from the electronic health
record for each patient.

DEVELOPMENT OF THE AI-ECG ALGORITHM. The
probability of AF was determined through a con-
volutional neural network trained on a substantial
ECG database. Detailed information on the derivation
and validation of the AI algorithm has been previ-
ously reported.15 In brief, the network was developed
using the Keras Framework with a Tensorflow back-
end (Google) and Python. The analysis of the 12-lead
ECG focused on the inclusion of 8 independent
leads (leads I, II, and V1-6). The network dissected
ECG information from these leads into a matrix
featuring spatial and temporal axes. Convolutional
layers were sequentially applied to the temporal axis,
which contains time and morphologic features,
enabling the detection of features of AF in sinus
rhythm that may be undetectable to the human eye.

Although the specific features recognized by the
artificial platform are not reported, various abnor-
malities of the P-wave such as the PR interval, P axis,
R-wave amplitude, and fractionation have been
implicated in increasing the likelihood of AF20 and
may have contributed to the learning process. The AI-
ECG algorithmwas applied to all patients in this study,
with the baseline AI-ECG probability of AF calculated
based on the nearest ECG collected within 10 years
before CLL diagnosis (CLL cohort) or 10 years before
the initiation of ibrutinib therapy (BTKi cohort).

STATISTICAL ANALYSIS. Descriptive statistics are
used to present baseline demographic characteristics
using median and range or 25th and 75th percentiles
(Q1-Q3) as appropriate. Patients were dichotomized
based on their AI-ECG AF score at baseline; they were
categorized as having a positive ECG (AI-ECG AF
score $0.1) or a negative ECG (AI-ECG AF score <0.1).
The selection of 0.1 as the threshold of ECG positivity
was determined based on previous observations
indicating the optimal balance between sensitivity
and specificity.15 After this dichotomization, cumu-
lative incidence curves were constructed, accounting
for death as a competing risk using Gray’s method, to
demonstrate the incidence of AF over time based on
positive vs negative baseline AI-ECG.
Univariable and multivariable Cox proportional
hazards models using subdistribution hazards (death
not censored) were fitted to calculate the HR and 95%
CI for the risk of AF based on baseline AI-ECG posi-
tivity. Similar analyses were performed after strati-
fying patients based on the Mayo Clinic CLL AF score.
Discrimination was assessed using the C-statistic
(area under the curve), with a C-statistic >0.7
considered relevant at the individual patient level.
Variables that showed significance in the univariable
models but were not included as part of the Mayo CLL
AF score were included in the multivariable models.
Linearity and nonproportional hazards assumptions
for Cox models were tested and verified using the R



FIGURE 1 Risk of AF in Untreated CLL Patients

(A) The risk of atrial fibrillation (AF) in previously untreated chronic lymphocytic leukemia (CLL) patients based on baseline artificial intel-

ligence echocardiography positivity. (B) The risk of AF in previously untreated CLL patients based on the Mayo CLL AF risk score. AFIB ¼ atrial

fibrillation; ECG ¼ electrocardiography; SLL ¼ small lymphocytic lymphoma.
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TABLE 2 Cox Regression Analysis in Untreated CLL

Previously Untreated CLL (n ¼ 754)
Parameter

Univariable Multivariable

HR (95% CI) P Value HR (95% CI) P Value

Age at diagnosis per 10-y increase 1.7 (1.4-2.1) <0.001 — —

Male 1.7 (1.04-2.8) 0.034 — —

Hypertension before CLL diagnosis 1.1 (0.8-1.6) 0.598 — —

Valvular heart disease prior to
CLL diagnosis

2.4 (1.4-4.0) 0.001 — —

Mayo CLL AF risk groupa

AF risk score 0-1 Reference Reference

AF risk score 2-3 1.8 (0.98-3.3) 0.059 1.4 (0.8-2.4) 0.269

AF risk score 4 3.0 (1.7-5.5) <0.001 2.0 (1.2-3.6) 0.013

AF risk score 5-7 4.4 (2.3-8.5) <0.001 2.1 (1.1-4.1) 0.030

Positive AI-ECG, threshold $0.1 3.9 (2.6-5.7) <0.001 2.5 (1.6-3.9) <0.001

Sleep apnea 1.8 (0.99-3.2) 0.054 — —

Coronary artery disease 1.2 (0.8-1.9) 0.430 — —

Heart failure 4.5 (2.6-7.8) <0.001 2.0 (1.02-3.7) 0.043

Chronic kidney disease 2.3 (1.1-5.0) 0.035 1.4 (0.6-3.5) 0.469

Diabetes mellitus 1.4 (0.9-2.2) 0.183 — —

BMI, n ¼ 628 1.0 (0.97-1.04) 0.839 — —

CLL treatment, time-dependent variable 1.0 (0.7-1.6) 0.891 — —

CLL treatment with BTKi,
time-dependent variable

4.3 (2.5-7.4) <0.001 4.6 (2.6-8.2) <0.001

Because age, sex, hypertension, and history of valvular heart disease are already incorporated into the calculation
of the Mayo CLL AF score, these variables are not separately included in the multivariable analyses. aThe Mayo
Clinic CLL AF score, ranging from 0 to 7 points, was calculated using the following criteria: 2 points for ages 65 to
74 years or 3 points for ages 75 years or older, 1 point for male, 2 points for valvular heart disease, and 1 point for
hypertension.

BMI ¼ body mass index; other abbreviations as in Table 1.
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functions coxph and cox.zph (R Foundation for Sta-
tistical Computing). Sensitivity analyses were also
performed by restricting results to patients with a
baseline ECG available within 1, 3, or 5 years of CLL
diagnosis or BTKi therapy initiation.

A P value #0.05 was considered statistically sig-
nificant. Statistical analyses were performed with SAS
version 9.4 (SAS Institute) and R 4.2.2 (R Foundation
for Statistical Computing). The Mayo Clinic Institu-
tional Review Board approved this study.

RESULTS

PATIENT COHORT. Table 1 presents baseline charac-
teristics for 754 newly diagnosed CLL patients. The
median time between the baseline ECG and CLL diag-
nosis was 7 days (range ¼ 0-3,649 days). The median
follow-up duration was 5.8 years (range ¼ 0.01-24.7
years). Among the cohort, 106 CLL patients developed
incident AF. The overall estimated 2-, 5-, and 10-year
risk of AF in the entire cohort was 10.0% (95% CI:
7.6%-13.1%), 16.6% (95% CI: 13.4%-20.7%), and 26.1%
(95% CI: 21.7%-31.4%), respectively.

AI-ECG AND MAYO CLINIC CLL RISK SCORE FOR AF.

The median baseline AI-ECG score was 0.02 (Q1-Q3:
0.00-0.09; range ¼ 0-0.93). Among 754 CLL patients,
579 (76.8%) had a baseline AI-ECG score <0.1
(median ¼ 0.01, range ¼ 0.00-0.09), and 175 (23.2%)
had a baseline ECG score $0.1 (median ¼ 0.24,
range ¼ 0.10-0.94). Among patients with an AI-ECG
score $0.1, the estimated 2-, 5-, and 10-year risk of
AF was 23.0% (95% CI: 16.7%-31.7%), 34.2% (95% CI:
26.2%-44.5%), and 43.8% (95% CI: 34.8%-55.2%),
respectively. In contrast, among patients with an AI-
ECG score <0.1, the estimated 2-, 5-, and 10-year
risk of AF was 5.4% (95% CI: 3.5%-8.4%), 10.4%
(95% CI: 7.5%-14.6%), and 19.8% (95% CI: 15.1%-
25.9%), respectively (Figure 1A).

A positive baseline AI-ECG significantly increased
the incidence of AF during follow-up (HR: 3.9; 95%
CI: 2.6-5.7; P < 0.001, Table 2), and the C-statistic for
predicting AF risk with AI-ECG was 0.66 (95% CI:
0.61-0.71). Stratified by the Mayo Clinic AF risk
score, the 10-year estimated risk of AF was 15.0%
(95% CI: 8.9%-25.2%), 19.5% (95% CI: 13.5%-28.1%),
36.7% (95% CI: 27.3%-49.3%), and 44.9% (95% CI:
30.9%-65.2%) in patients with Mayo Clinic AF risk
scores of 0 to 1, 2 to 3, 4, and 5þ, respectively
(Figure 1B), and the C-statistic for the Mayo CLL AF
risk score was 0.62 (95% CI: 0.57-0.67).

In multivariable analysis, the 2 highest risk cat-
egories of the Mayo CLL AF clinical risk score (AF
risk score 4 vs score 0-1; HR: 2.0; 95% CI: 1.2-3.6;
P ¼ 0.013; AF risk score 5þ vs score 0-1; HR: 2.1;
95% CI: 1.1-4.1; P ¼ 0.030) and the start of BTKi
therapy (as a time-dependent variable; HR: 4.6, 95%
CI: 2.6-8.2; P < 0.001) remained independent risk
factors for AF along with the AI-ECG score (HR: 2.5;
95% CI: 1.6-3.9; P < 0.001) (Table 2). The combina-
tion of AI-ECG and the Mayo Clinic AF risk score
improved the C-statistic for AF risk prediction to
0.71 (95% CI: 0.66-0.76).

We next stratified the AF rates in subgroups of
patients with positive and negative baseline AI-ECG
based on the Mayo Clinic AF risk score. Among the
175 patients with a baseline AI-ECG score $0.1
(Figure 2A), the 10-year risk estimates were 45.8%
(95% CI: 16.2%-100.0%), 44.0% (95% CI: 27.1%-
71.6%), 43.1% (95% CI: 29.8%-62.2%), and 44.2% (95%
CI: 27.6%-71.0%) for AF risk scores of 0 to 1, 2 to 3, 4,
and 5þ, respectively. Among the 579 patients with a
baseline AI-ECG score <0.1 (Figure 2B), the 10-year
estimates were 12.9% (95% CI: 7.1%-23.4%), 13.8%
(95% CI: 8.3%-22.9%), 32.7% (95% CI: 20.5%-52.2%),
and 50.4% (95% CI: 24.5%-100.0%) for AF risk scores
of 0 to 1, 2 to 3, 4, and 5þ, respectively.

Overall, the results remained consistent when
considering only newly diagnosed CLL patients who



FIGURE 2 Risk of AF in Untreated CLL Patients Based on AI-ECG Score

(A) The risk of AF in previously untreated CLL patients with a baseline artificial intelligence echocardiography (AI-ECG score) $0.1 (n ¼ 175)

based on the Mayo CLL AF risk score. (B) The risk of AF in previously untreated CLL patients with a baseline AI-ECG score <0.1 (n ¼ 579)

based on the Mayo CLL AF risk score. Abbreviations as in Figure 1.
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had a baseline ECG available within 5 years (n ¼ 658),
within 3 years (n ¼ 597), or within 1 year (n ¼ 519) of
CLL diagnosis; however, detailed data for these sub-
sets are not presented.
CLL PATIENTS UNDERGOING BTKi THERAPY. We
identified a cohort of 220 CLL patients who received
BTKi therapy and had a baseline ECG available within
10 years of treatment start (Table 1) (64 patients



FIGURE 3 Risk of AF in CLL Patients Treated With BTKi

(A) The risk of AF in CLL patients treated with Bruton tyrosine kinase inhibitor (BTKi) based on baseline AI-ECG positivity. (B) The risk of AF in

patients treated with BTKi based on the Mayo CLL AF risk score. Abbreviations as in Figure 1.
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TABLE 3 Cox Regression Analysis in CLL Patients Treated With BTKi

CLL Patients Treated With BTKi (n ¼ 220)
Parameter

Univariable

HR (95% CI) P Value

Age at diagnosis per 10-y increase 1.8 (1.2-2.7) 0.004

Male sex 1.5 (0.7-3.5) 0.321

Hypertension before CLL diagnosis 3.3 (1.5-7.2) 0.004

Valvular heart disease before CLL diagnosis 3.4 (1.7-6.7) <0.001

Mayo CLL AF risk groupa

AF risk score 0-1 Reference

AF risk score 2-3 4.4 (0.5-36.8) 0.168

AF risk score 4 8.2 (1.0-64.7) 0.046

AF risk score 5-7 18.8 (2.5-141.0) 0.004

Positive AI-ECG, threshold $0.1 1.7 (0.8-3.6) 0.191

Sleep apnea 1.6 (0.8-3.4) 0.213

Coronary artery disease 0.9 (0.5-1.8) 0.784

Heart failure 1.8 (0.6-5.2) 0.264

Chronic kidney disease 1.3 (0.6-2.9) 0.509

Diabetes mellitus 1.0 (0.5-2.1) 0.901

BMI, n ¼ 196 1.0 (0.97-1.1) 0.296

aThe Mayo Clinic CLL AF score, ranging from 0 to 7 points, was calculated using the following
criteria: 2 points for ages 65 to 74 years or 3 points for ages 75 years or older, 1 point for male, 2
points for valvular heart disease, and 1 point for hypertension.

Abbreviations as in Tables 1 and 2.
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overlapped with the larger newly diagnosed CLL
cohort). The median time from pretreatment ECG to
the start of BTKi therapy was 366 days (range ¼ 0-
3,514 days), and the median baseline AI-ECG score
was 0.02 (Q1-Q3: 0.01-0.07, range ¼ 0-0.84).

Overall, the 2-year and 5-year risk estimates of
incident AF were 17.6% (95% CI: 21.1%-25.7%) and
31.8% (95% CI: 23.5%-42.9%), respectively. A pre-
treatment AI-ECG score $0.1 had a 1.7-fold increased
incidence of AF during follow-up (95% CI: 0.8-3.6; P ¼
0.19), and the C-statistic for predicting AF risk with
AI-ECG alone was 0.55 (95% CI: 0.47-0.64). The esti-
mated 2-year and 5-year risks of AF were 29.5% (95%
CI: 15.8%-55.2%) and 35.5% (95% CI: 19.8%-63.4%),
respectively, among patients with an AI-ECG
score $0.1 compared with 14.5% (95% CI: 9.0%-
23.3%) and 30.6% (95% CI: 21.5%-43.7%), respec-
tively, among those with an AI-ECG score <0.1
(Figure 3A).

Stratified by the Mayo Clinic AF risk score, patients
with scores of 0 to 1, 2 to 3, 4, and 5þ had estimated 5-
year AF risks of 4.0% (95% CI: 0.6%-28.4%), 25.3%
(95% CI: 12.1%-53.1%), 31.2% (95% CI: 17.5%-55.7%),
and 52.6% (95% CI: 36.7%-75.4%), respectively
(Figure 3B).

In univariable analyses, there was no significant
association between baseline AI-ECG and an
increased risk of AF. However, the 2 highest Mayo
Clinic AF risk score categories were found to be
associated with an increased risk of AF compared
with the lowest risk group (Table 3). The results
remained consistent when analyzing patients with
available 12-lead ECG within 3 years (n ¼ 161) or 5
years (n ¼ 195) before the start of BTKi therapy;
detailed results are not presented.

However, restricting the analysis to include only
those patients with a 12-lead ECG obtained within
12 months of BTKi initiation (n ¼ 110) revealed that
the AI-ECG score was statistically significant in uni-
variable analysis (HR: 2.8; 95% CI:1.2-6.9; P ¼ 0.021).
In multivariable analysis, after adjusting for age, hy-
pertension, and valvular heart disease, this risk was
attenuated, and the AI-ECG score was no longer
significantly associated with a higher risk (HR: 2.2;
95% CI: 0.9-5.4; P ¼ 0.084). The C-statistics for the
Mayo CLL AF risk score alone and the combined
scores of AI-ECG and Mayo CLL AF in predicting AF in
CLL patients treated with BTKi were 0.73 (95% CI:
0.64-0.81) and 0.73 (95% CI: 0.64-0.82), respectively.

The Mayo Clinic AF risk score effectively stratified
AF risk in both patient subgroups—those with a pos-
itive and those with a negative AI-ECG readout.
Among the 42 patients with a baseline AI-ECG
score $0.1 (Figure 4A), the 2-year risk estimates of
AF were 0% (95% CI: 0.0%-0.0%), 0% (95% CI: 0.0%-
0.0%), 30.0% (95% CI: 7.1%-100.0%), and 43.3% (95%
CI: 22.0%-85.5%) for AF risk scores of 0 to 1, 2 to 3, 4,
and 5þ, respectively. However, these results are not
reliable given the small sample size (ie, 9 events
among 42 patients).

Among the 178 patients with a baseline AI-ECG
score <0.1, the 5-year risks of AF were 4.8% (95%
CI: 0.7%-33.8%), 25.7% (95% CI: 12.4%-53.5%), 32.4%
(95% CI: 16.8%-62.4%), and 53.3% (95% CI: 32.4%-
87.4%) for AF risk scores of 0 to 1, 2 to 3, 4, and 5þ,
respectively (Figure 4B). The AI-ECG score was not
significant (HR: 2.2; 95% CI: 0.2-24.1; P ¼ 0.526) after
adjusting for the Mayo CLL AF score to predict the
risk of AF.

DISCUSSION

The estimated risk of AF incidence is approximately
1% per year in patients with newly diagnosed CLL.4

Various factors such as older age, male sex, valvular
heart disease, and hypertension have all been inde-
pendently demonstrated to be associated with an
increased risk of AF, and these factors have been in-
tegrated into the Mayo Clinic CLL AF risk score.4 In
addition to patient-related risk factors, BTKi therapy
such as ibrutinib has been known to increase the risk
of AF in patients with CLL.8-14 Although patients with
BTKi-associated AF may continue therapy with dose
interruption or dose reduction, the incidence of AF in



FIGURE 4 Atrial Fibrillation Risk in CLL by Mayo CLL AF Score

(A) The risk of atrial fibrillation in previously untreated CLL patients according to the Mayo CLL AF risk score with baseline AI-ECG score of

$0.1 (n ¼ 42). (B) The risk of atrial fibrillation in CLL patients treated with BTKi according to the Mayo CLL AF risk score who have a baseline

AI-ECG score of <0.1 (n ¼ 178). BTKi ¼ Bruton tyrosine kinase inhibitor; AF ¼ atrial fibrillation; AI-ECG ¼ artificial intelligence – electro-

cardiogram; CLL ¼ chronic lymphocytic leukemia.
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CENTRAL ILLUSTRATION Atrial Fibrillation Risk in Chronic Lymphocytic Leukemia Patients Based on the Mayo
Chronic Lymphocytic Leukemia Atrial Fibrillation Score

Christopoulos G, et al. J Am Coll Cardiol CardioOnc. 2024;6(2):251–263.

The figure (left) shows the risk of atrial fibrillation (AF) in previously untreated chronic lymphocytic leukemia (CLL) patients with a baseline artificial intelligence

electrocardiography (AI-ECG) score $0.1 (n ¼ 42) based on the Mayo CLL AF risk score. The Figure (right) shows the risk of AF in CLL patients treated with Bruton

tyrosine kinase inhibitor (BTKi) with a baseline AI-ECG score <0.1 (n ¼ 178) based on the Mayo CLL AF risk score. The table represents the multivariable associations

between clinical factors and AF risk in 754 patients with newly diagnosed CLL.
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these patients negatively affects CLL outcomes and
increases mortality.18 As a result, clinical AF risk
stratification of patients is important to choosing
BTKi-based vs alternative therapy. As shown here and
in our previous work,18 the Mayo Clinic AF risk score
is able to stratify AF risk in newly diagnosed patients
with CLL and in those undergoing BTKi therapy.

AI-ECG has emerged as a new tool for predicting AF
risk in the general population. In our original study,15

the optimal cutoff for AF risk was a probability value
of 0.1, effectively balancing sensitivity and speci-
ficity. In clinical practice, adjusting the AI-ECG
threshold allows for tailored use—a lower threshold
for high sensitivity, such as determining the tolerance
of cardiotoxic therapy from an arrhythmia stand-
point, and a higher threshold for high specificity,
indicating prohibitive risk and suggesting alternative
treatments.

It is important to note that, based on the deriva-
tion study by Attia et al,15 an AI-ECG output of 0.1
reflects a 10% AF probability within 30 days of
obtaining the ECG, potentially underestimating AF
incidence over the course of years. However, our AI-
ECG algorithm, based on the pretherapy (baseline)
12-lead ECG, effectively discriminated patients at
high and low risk of AF over several years. In fact, in
the overall CLL patient cohort, a positive AI-ECG
readout independently predicted future AF risk,
even after adjusting for the Mayo Clinic CLL AF
score. Thus, although the original AI-ECG algorithm
was derived in a noncancer population, its applica-
tion to patients with CLL proves beneficial in
discriminating patients at high and low risk of AF.
Factors other than the AI-ECG score that were inde-
pendently associated with an increased risk of AF
included the Mayo CLL AF score (comprising age,
history of hypertension, and valvular heart disease)
and heart failure. Furthermore, receipt of BTKi,
acting as a time-dependent variable, independently
increased the risk of AF.

In contrast to the general CLL cohort, a baseline AI-
ECG score $0.1 did not demonstrate predictive ability
for developing AF in patients with CLL starting on
BTKi. Several factors may contribute to the limited
predictive ability of AI-ECG in this subgroup,
including an insufficient sample size and limited
follow-up duration, because the number of patients at
risk significantly decreased after 2 years of follow-up.
Furthermore, the median time of ECG acquisition to
treatment initiation was considerably longer in the
BTKi cohort compared with the newly diagnosed CLL
cohort (median ¼ 366 vs 7 days). Indeed, when we
focused on the BTKi-treated patients who had a
12-lead ECG obtained within 12 months of BTKi
initiation, the AI-ECG score had a numerically higher
risk of AF, although this was not significant in
multivariable analysis. Experimental studies have
shown that ibrutinib increases the risk of AF
through an off-target effect on c-src (Proto-onco-
gene tyrosine-protein kinase Src), potentially intro-
ducing an element of AF risk not accounted for in
the AI algorithm training.

Finally, we recognize that AF is highly heteroge-
nous, and it is conceivable that “provoked” AF, such
as postoperative AF21 or the AF induced by BTKi in this
study, may not be accurately predicted using an AI
model initially trained on the general population. To
gain a more accurate understanding of the predictive
power of this technology in such scenarios, additional
studies are needed. These studies should specifically
train the AI-ECG model using a large cohort of
BTKi-treated patients with extended follow-up.

STUDY LIMITATIONS. Limitations to consider include
the retrospective and single-center nature of this
study, which may limit the generalizability of the
findings to other settings. In addition, the inclusion of
patients with CLL with baseline ECG obtained up to 10
years before diagnosis or the start of BTKi therapy
raises questions about whether closer baseline ECG
could provide additional predictive value, and further
studies are warranted in this regard. Although
limiting the analyses to baseline ECG within 1 to 5
years did not change the overall results, the clinical
ascertainment of the 12-lead ECG during routine care
may introduce bias by including individuals at higher
risk of cardiovascular outcomes, including AF.
Finally, all BTKi-treated patients in this study
received ibrutinib, the first-in-class BTKi. Whether
similar results extend to other covalent BTKis, such
as zanubrutinib and acalabrutinib, or noncovalent
BTKis, such as pirtobrutinib and nemtabrutinib, re-
mains to be determined.

CONCLUSIONS

AI-ECG demonstrated its predictive value for future
AF in untreated newly diagnosed patients with CLL,
providing complementary information to the Mayo
CLL AF risk score (Central illustration). However, its
predictive ability was not observed in newly diag-
nosed patients with CLL receiving BTKi therapy.
Prospective studies are needed to determine the
algorithm’s efficacy in risk stratifying AF for pa-
tients undergoing various BTKi therapies, allowing
for optimization of the algorithm. Such advance-
ments could help guide management decisions for
patients with CLL who are at a higher risk of AF
than the general population.



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:

The application of artificial intelligence to standard

12-lead electrocardiograms identified patients with

chronic lymphocytic leukemia at increased risk of

future atrial fibrillation independent of other known

risk factors.

TRANSLATIONAL OUTLOOK: The identification of

patients with an increased risk of future atrial fibril-

lation may provide valuable clinical information,

especially in guiding therapy selection for patients

with chronic lymphocytic leukemia. However, to

strengthen our conclusions, external validation of

these findings from independent data sets is required.
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