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Abstract

Objective: To study the utility of artificial intelligence (AI)eenabled electrocardiograms (ECGs) in
patients with Graves disease (GD) in identifying patients at high risk of atrial fibrillation (AF) and
heart failure with reduced ejection fraction (HFrEF), and to study whether AI-ECG can reflect
hormonal changes and the resulting menstrual changes in GD.
Patients and Methods: Patients diagnosed with GD between January 1, 2009, and December 31, 2019,
were included. We considered AF diagnosed at 30 days or fewer before or any time after GD and de
novo HFrEF not explained by ischemia, valve disorder, or other cardiomyopathy at/after GD diagnosis.
Electrocardiograms at/after index condition were excluded. A subset analysis included females
younger than 45 years of age to study the association between ECG-derived female probability and
menstrual changes (shorter, lighter, or newly irregular cycles).
Results: Among 430 patients (mean age, 50�17 years; 337 (78.4%) female), independent risk factors
for AF included ECG probability of AF (hazard ratio [HR], 1.5; 95% CI, 1.2 to 1.6 per 10%; P<.001),
older age (HR, 1.05; 95% CI, 1.03 to 1.07 per year; P<.001), and overt hyperthyroidism (HR, 3.9; 95%
CI, 1.2 to 12.7; P¼.03). The C-statistic was 0.85 for the combined model. Among 495 patients (mean
age, 52�17 years; 374 (75.6%) female), independent risk factors for HFrEF were ECG probability of
low ejection fraction (HR, 1.4; 95% CI, 1.1 to 1.6 per 10%; P¼.001) and presence of AF (HR, 8.3; 95%
CI, 2.2 to 30.9; P¼.002), and a C-statistic of 0.89 for the combined model. Lastly, of 72 females
younger than 45 years, 30 had menstrual changes at time of GD and had a significantly lower AI
ECGederived female probability [median 77.3; (IQR 57.9 to 94.4)% vs. median 97.7 (IQR 92.4 to
99.5)%, P<.001].
Conclusion: AI-enabled ECG identifies patients at risk for GD-related AF and HFrEF and was asso-
ciated with menstrual changes in women with GD.
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T he effects of hyperthyroidism on the
cardiovascular system are widely
recognized.1 In particular, its associ-

ation with atrial fibrillation (AF) is well-
established and occurs in approximately
10% of patients.2,3 Another known but less
common consequence is heart failure with
reduced ejection fraction (HFrEF) occurring
in approximately 2% of patients.4,5 Both con-
ditions result in significant morbidity and
mortality.2,5 Previous studies have shown
that persistence of hyperthyroidism is
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associated with worse cardiovascular out-
comes.6 Therefore, it is pertinent to identify
patients at increased risk of developing AF
and HFrEF who may benefit from closer sur-
veillance and more prompt restoration of
euthyroidism. In a large population under-
going clinically indicated electrocardiograms
(ECGs), artificial intelligence (AI)eenabled
ECGs using a convolutional neural network
can identify the signature of silent AF in
ECGs obtained while patients are in sinus
rhythm as well as that of low ejection
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ARTIFICIAL INTELLIGENCE IN GRAVES’ DISEASE
fraction (EF) for each ECG performed with
areas under curve (AUCs) of 0.87 and 0.93,
respectively.7,8 Whether the existing AI plat-
forms can identify patients at highest risk of
AF and HFrEF secondary to hyperthyroid-
ism is unknown.

Hyperthyroidism is also known to cause
menstrual changes and has been linked to
infertility in women.9 This can be due to
the increased production of androstenedione
and testosterone induced by the excess thy-
roid hormone.9,10 However, screening for
sex hormone levels in all women diagnosed
with hyperthyroidism to identify patients
more likely to have infertility is not
cost-effective and not clinically indicated.
Artificial intelligenceeaugmented ECG can
identify the signature of female with an
AUC of 0.97.11 In this model, AI-ECG gives
a probability number between 0 (0%) and 1
(100%) of being female.11 A lower number
implies high probability of being male and
a higher number implies high probability
of being a female.11 Whether this inexpen-
sive tool is reflective of hormonal levels
and the resulting changes in menstrual cycle
and fertility associated with hyperthyroidism
remains to be investigated.

In this study, we aimed to (1) determine
the ability of the AI-enabled ECG platform to
identify patients who are highly susceptible
to develop Graves disease (GD)erelated AF
and HFrEF, and (2) to assess the relation
of GD and the associated menstrual changes
with AI-ECGederived female probability.
PATIENTS AND METHODS

Study Population
The study was approved by the Institutional
Review Board. Only patients who had previ-
ously agreed to include their data in a retro-
spective chart review research study were
included. Consecutive patients diagnosed
with GD between January 1, 2009, and
December 30, 2019, who had ECG data as
detailed below were included. In the analyses
involving menstrual changes, women who
were pregnant or on hormonal contraceptives
were excluded. Incidence of AF and HFrEF as
well as baseline demographic data,
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comorbidities, laboratory data, ECGs, echo-
cardiography data, and data on pregnancy
status, hormonal contraceptives, and men-
strual changes were extracted from the elec-
tronic medical records (EMRs).

Artificial Intelligence-Enabled ECGs
Artificial intelligenceeenabled ECG data
were extracted using the previously trained
AI-platforms.7,8,11 Probabilities of AF and
low EF expressed as percentages were ob-
tained from ECGs performed within 2
months before and up to 2 years after GD
diagnosis; when multiple ECGs were pre-
sent, the earliest was considered. Electrocar-
diograms performed at or after the diagnosis
of AF or HFrEF, respectively, were excluded.
In the case of AF, only ECGs in sinus
rhythm were included. Moreover, ECGs
that were used in the training of the initial
algorithms were excluded.7,8,11

To compare the female probability
derived from the AI-enabled ECGs (expressed
as a percentage), three intervals relative to
GD diagnosis were identified: (1) before
GD, defined as more than 2 months before
the formal diagnosis of GD; (2) during GD,
defined as within 2 months before the diag-
nosis of GD and before attaining euthyroid-
ism; and (3) after GD, defined as after
attaining euthyroidism. Females younger
than 45 years of age were identified to study
the association between AI-enabled ECG fe-
male probability with menstrual changes.
Electrocardiograms used for this particular
analysis were obtained during GD.

Definitions
Graves disease was diagnosed based on
biochemical thyrotoxicosis with diffuse thy-
roid uptake on I123 scan and/or positive
thyroid-stimulating hormone receptor anti-
bodies. When clinical concern for silent
thyroiditis was present, the diagnosis was
confirmed by thyroid ultrasound with
Doppler flow. Restoration of euthyroidism
was considered upon normalization of
thyroid-stimulating hormone levels. Overt
hyperthyroidism was defined as free T4 level
greater than 1.7 ng/dL. Menstrual changes
were defined as shorter-duration, lighter-
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TABLE 1. Baseline Characteristics of Patients With Graves Disease With and Without Atrial Fibrillationa,b

All GD patients
N¼430

GD patients
with AF n¼43

GD patients
without AF n¼387 P

Age at GD, years 51 (36-64) 66 (58-75) 50 (35-62) <.001

Male 93 (21.6) 14 (32.6) 79 (20.4) .07

BMI (SD), kg/m2 27.7 (24.1-33.3) 29.8 (25.7-34.0) 27.4 (24.0-33.1) .48

Hypertension 176 (40.9) 32 (74.4) 144 (37.2) <.001

Diabetes mellitus 54 (12.6) 9 (20.9) 45 (11.6) .08

Hyperlipidemia 153 (35.6) 26 (60.5) 127 (32.8) <.001

History of CAD 24 (5.6) 9 (20.9) 15 (3.9) <.001

History of stroke/TIA 13 (3.0) 3 (7.0) 10 (2.6) .11

COPD 29 (6.7) 5 (11.6) 24 (6.2) .18

Chronic kidney disease 31 (7.2) 8 (18.6) 23 (5.9) .002

Anemia 66 (15.3) 10 (23.2) 56 (14.5) .13

Ever smoker 199 (46.3) 18 (41.9) 181 (46.8) .54

Free T4 at GD, ng/dL 2.9 (1.9-4.3) 2.8 (2.0-4.0) 2.9 (1.9-4.4) .91

Total T3 at GD, pg/mL 238 (183-356) 218 (180-651) 240 (183-348) .44

TRAb at GD, IU/L 7.51 (3.97-19.00) 5.19 (3.55-32.00) 7.74 (4.02-18.00) .39

Overt hyperthyroidism 323 (83.0) 39 (92.8) 284 (81.8) .07

Probability of AF, % 1.5 (0.5-4.3) 8.3 (2.0-31.0) 1.3 (0.4-3.4) <.001

Probability of female, % 81.7 (27.5-98.0) 65.3 (14.4-89.2) 83.5 (30.8-98.3) .11
aAF, atrial fibrillation; BMI, body mass index; CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; GD, Graves
disease; TIA, transient ischemic attack; TRAb, thyrotropin receptor antibodies.
bValues are presented as median (IQR) or number (percentage).
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flow, or newly irregular menstrual cycles at
or after the diagnosis of GD.

Atrial fibrillation diagnosis was identified
by International Classification of Diseases
codes in the EMR in patients with GD and
validated through ECG data. Graves
diseaseerelated AF was defined as AF diag-
nosed up to 30 days before or any time after
the diagnosis of GD. We excluded AF in the
setting of surgery (single episode of AF in
the postoperative period), valve disease
(greater than or equal to moderate aortic ste-
nosis, mitral stenosis, or primarymitral regur-
gitation), cardiomyopathy, or other structural
heart disease. We did not differentiate be-
tween atrial fibrillation and atrial flutter.

Heart failure (HF) diagnosis was identi-
fied by International Classification of Dis-
eases codes in the EMR and confirmed
using the modified Framingham criteria.12

Graves diseaseerelated HFrEF was defined
as patients who presented with a new
episode of congestive HF associated with
left ventricular EF of less than 50% that
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was not explained by ischemia, valve disor-
der, or other cardiomyopathy at or after
GD diagnosis.

Study Endpoints
The primary endpoints of the study were the
development of GD-related AF and HFrEF.
A secondary endpoint was menstrual
changes related to GD.

Statistical Analysis
Continuous variables are expressed as median
and interquartile range (IQR). Categorical
variables are expressed as frequency and per-
centage. Differences between groups were
tested using the Pearson c2 test or two-
sample Student t test, as appropriate. Analysis
for risk factors associated with the develop-
ment of GD-related AF and HFrEF was per-
formed using the proportional hazards
method. For multivariate analysis, all vari-
ables with a P less than .15 at univariate anal-
ysis were entered into the model, and a
backward stepwise selection method was
2;97(4):730-737 n https://doi.org/10.1016/j.mayocp.2021.08.029
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TABLE 2. Risk Factors Associated With Graves Disease-Related AFa

Univariate analysis for AF Hazard ratio 95% CI P

Age at GD, years 1.07 per year 1.04-1.09 <.001

Male 1.91 1.01-3.62 .047

BMI, kg/m2 1.01 per unit 0.97-1.04 .73

Hypertension 4.41 2.22-8.75 <.001

Diabetes mellitus 1.80 0.86-3.75 .12

Hyperlipidemia 2.75 1.49-5.08 .001

History of CAD 5.04 2.41-10.51 <.001

History of stroke/TIA 2.82 0.87-9.14 .08

COPD 2.00 0.79-5.08 .15

Chronic kidney disease 2.94 1.36-6.33 .006

Anemia 1.62 0.80-3.28 .18

Ever smoker 0.82 0.45-1.51 .53

Free T4 at GD, ng/dL 1.03 per unit 0.90-1.16 .64

Total T3 at GD, pg/mL 1.02 per 10 units 0.99-1.06 .16

TRAb at GD, IU/L 1.02 per unit 0.99-1.05 .17

Overt hyperthyroidism 2.62 0.81-8.49 .11

Probability of AF, % 1.04 per 1% 1.03-1.05 <.001

Probability of female, % 0.99 per 1% 0.99-1.00 .08
aAF, atrial fibrillation; BMI, body mass index; CAD, coronary artery disease; COPD, chronic
obstructive pulmonary disease; GD, Graves disease; TIA, transient ischemic attack; TRAb,
thyrotropin receptor antibodies.

ARTIFICIAL INTELLIGENCE IN GRAVES’ DISEASE
used to generate the final model. The number
of variables was constrained according to the
number of events to avoid overfitting. The
concordance statistic (C-statistic) was used
to estimate the AUC in timed analyses. Com-
parison between non-nested models (models
including AI-enhanced ECG versus other
models) was evaluated through concordance
comparison; first, the variance of the differ-
ence between C-statistics was calculated.
The test statistic (normal z-score) was then
computed and the two-sided P value calcu-
lated. The matched-pairs t test was used to
compare probability of being a female ob-
tained from AI-enabled ECG; patients acted
as their own controls. A subset analysis was
performed on females younger than 45 years
of age at GD diagnosis to study the associa-
tion between female probability during GD
and menstrual changes. Statistical analysis
was performed using the JMP Pro software
version 14.1.0 (SAS Institute Inc, Cary, NC)
and BlueSky Statistics software v. 7.10 (Blue-
Sky Statistics LLC, Chicago, IL). Statistical
significance was accepted for P less than .05.
RESULTS

Risk of GD-Related AF
A total of 430patientsmet the inclusioncriteria
for risk factor analysis of GD-related AF. Base-
line characteristics, comorbidities, and thyroid
hormone levels are shown in Table 1. Graves
diseaseerelated AF was diagnosed in 43
(10.0%) patients with a median duration of
11 (IQR, 0 to 863) days after GD diagnosis.
Electrocardiograms used were obtained 27
(IQR, 4 to 690) days before the diagnosis ofAF.

Univariate risk factors are shown in
Table 2. The C-statistic for AI-ECGederived
probability of AF was 0.79 (95% CI, 0.72 to
0.86). At multivariate analysis, risk factors
for AF were AI-ECGederived probability of
AF (hazard ratio [HR], 1.5; 95% CI, 1.2 to
1.6 per 10%; P<.001), older age (HR, 1.05;
95% CI, 1.03 to 1.07 per year; P<.001),
and overt hyperthyroidism (HR, 3.9; 95%
CI, 1.2 to 12.7; P¼.03). The model had a
C-statistic of 0.85 (95% CI, 0.80-0.90). On
the other hand, when analyzing conven-
tional risk factors alone, older age (HR,
Mayo Clin Proc. n April 2022;97(4):730-737 n https://doi.org/10.10
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1.07; 95% CI, 1.05 to 1.09; P<.001), male
sex (HR, 2.1; 95% CI, 1.1 to 4.1; P¼.02),
and overt hyperthyroidism (HR 4.2; 95%
CI, 1.3 to 13.8; P¼0.02) were independent
risk factors with a C-statistic of 0.79 (95%
CI, 0.73 to 0.85). The model performed
significantly lower than the one with the
AI-enabled ECG data (P¼.001).

Upon dividing AI-enabled ECG-derived
AF probability into four quartiles based on
the duration between ECG and AF diagnosis
(<4 days, 4 to 27 days, 27 to 690 days, and
>690 days), AF probability increased with
closer duration between ECG and AF diag-
nosis. Median AI-derived AF probability was
24.4 (IQR, 4.8 to 50.9), 19.0 (IQR, 3.0 to
37.8), 7.6 (IQR, 1.7 to 43.2), and 3.6 (IQR,
0.6 to 10.4) for the four quartiles, respectively
(Supplemental Table 1, available online at
http://www.mayoclinicproceedings.org).
Risk of GD-Related HFrEF
A total of 495 patients met the inclusion
criteria for risk factor analysis of GD-
related HFrEF. Baseline characteristics,
16/j.mayocp.2021.08.029 733
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TABLE 3. Baseline Characteristics of Patients With Graves Disease With and Without HFrEFa,b

All GD patients
N¼495

GD patients
with HFrEF n¼ 12

GD patients
without HFrEF

n¼483 P

Age at GD, years 53 (38-66) 60 (45-71) 53 (37-66) .26

Male 121 (24.4) 3 (25.0) 118 (24.4) .96

BMI, kg/m2 28.3 (24.3-33.8) 34.3 (26.2-37.0) 28.2 (24.2-33.6) .26

Hypertension 212 (42.8) 7 (58.3) 205 (42.4) .27

Diabetes mellitus 62 (12.5) 1 (8.3) 61 (12.6) .66

Hyperlipidemia 179 (36.1) 3 (25.0) 176 (36.4) .42

History of CAD 29 (5.9) 1 (8.3) 28 (6.0) .71

History of stroke/TIA 15 (3.0) 1 (8.3) 14 (2.9) .28

COPD 33 (6.7) 1 (8.3) 32 (6.6) .81

Chronic kidney disease 34 (6.9) 3 (25.0) 31 (6.4) .01

Anemia 71 (14.3) 4 (33.3) 67 (13.9) .06

Ever smoker 230 (46.5) 3 (25.0) 227 (47.0) .13

Free T4 at GD, ng/dL 2.9 (1.9-4.4) 4.1 (2.1-9.3) 2.9 (1.9-4.3) .16

TRAb at GD, IU/L 7.86 (4.05-18.00) 33.00 (4.56-40.00) 7.56 (4.02-17.17) .06

Overt hyperthyroidism 372 (83.4) 11 (91.6) 361 (83.2) .44

Presence of AF (previous or new) 117 (23.6) 9 (75.0) 108 (22.4) <.001

Probability of low EF, % 1.04 (0.5-2.8) 4.6 (2.6-48.7) 1.02 (0.5-2.6) <.001

Probability of female, % 76.6 (20.8-97.2) 61.2 (19.1-87.8) 77.5 (20.8-97.4) .45
aAF, atrial fibrillation; BMI, body mass index; CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; GD, Graves
disease; TIA, transient ischemic attack; TRAb, thyrotropin receptor antibodies.
bValues are presented as median (IQR) or number (percentage).
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comorbidities, and thyroid hormone levels
are shown in Table 3. Heart failure with
reduced EF was diagnosed in 12 (2.4%) pa-
tients with a median duration of 69 (IQR,
0 to 919) days after GD diagnosis. Median
EF was 39% (IQR 34% to 47%). Electrocar-
diograms used were obtained 69 (IQR, 5 to
856) days before HFrEF diagnosis.

Univariate risk factors are shown in
Table 4. The C-statistic for AI-ECGederived
probability of low EF was 0.85 (95% CI,
0.79 to 0.91). Risk factors at multivariate
analysis had an AI-ECG probability of low
EF (HR, 1.4; 95% CI, 1.1 to 1.6 per 10%;
P¼.001) and presence of AF (HR, 8.3; 95%
CI, 2.2 to 30.9; P¼.002). The model had a
C-statistic of 0.89 (95% CI, 0.84 to 0.94).
When analyzing conventional risk factors
alone, thyrotropin receptor antibody
(TRAb) (HR, 1.07; 95% CI, 1.02 to 1.13;
P¼.004) was the only risk factor in the final
model with a C-statistic of 0.66 (95% CI,
Mayo Clin Proc. n April 202
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0.37 to 0.95), which performed lower than
the model using AI-ECGederived data,
although it did not achieve statistical
significance (P¼.14).

Artificial Intelligence ECG-Derived Female
Probability
A total of 215 patients (mean age at GD of
59�16 years, 154 [71.6%] female) with
ECGs both before and during GD were iden-
tified. Artificial intelligence ECG-derived fe-
male probability decreased with GD
diagnosis in women (mean 84.8% vs
76.8%, P<.001). On the other hand, 199 pa-
tients (mean age at GD of 58�16 years, 137
[68.8%] female) with GD had ECGs during
and after GD. Artificial intelligence ECG-
derived female probability increased after
attaining euthyroidism in women (mean
75.8% during GD vs 82.8% after GD,
P¼.005). Neither similar nor opposite
changes were noted in men (Figure).
2;97(4):730-737 n https://doi.org/10.1016/j.mayocp.2021.08.029
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TABLE 4. Risk Factors Associated With Graves Disease-Related HFrEFa

Univariate analysis for HFrEF Hazard ratio 95% CI P

Age at GD, years 1.02 per year 0.99-1.06 .23

Male 1.07 0.29-3.95 .92

BMI, kg/m2 1.04 per unit 0.99-1.09 .08

Hypertension 1.87 0.59-5.89 .29

Diabetes mellitus 0.61 0.08-4.74 .64

Hyperlipidemia 0.56 0.15-2.08 .39

History of CAD 1.47 0.19-11.42 .71

History of stroke/TIA 3.23 0.42-25.15 .26

COPD 1.36 0.18-10.57 .77

Chronic kidney disease 4.30 1.61-15.91 .03

Anemia 2.88 0.87-9.59 .08

Ever smoker 0.38 0.10-1.42 .15

Free T4, ng/dL 1.23 per unit 1.02-1.46 .02

TRAb, IU/L 1.07 per unit 1.02-1.13 .004

Overt hyperthyroidism 2.10 0.27-16.30 .48

Presence of AF (previous or new) 10.02 2.71-37.02 .001

Probability of low EF, % 1.04 per 1% 1.02-1.05 <.001

Probability of female, % 0.99 0.98-1.01 .46
aAF, atrial fibrillation; BMI, body mass index; CAD, coronary artery disease; COPD, chronic
obstructive pulmonary disease; GD, Graves disease; TIA, transient ischemic attack; TRAb,
thyrotropin receptor antibodies.

ARTIFICIAL INTELLIGENCE IN GRAVES’ DISEASE
To analyze the association of AI-
ECGederived female probability with men-
strual changes, 72 females younger than 45
years of age with ECGs during GD were
identified. Of these, 30 (41.7%) developed
menstrual changes at time of GD
diagnosis and had a significantly lower
AI-ECGederived female probability from
ECGs obtained during GD when compared
with females with no menstrual changes
(median 77.3% (IQR 57.9% to 94.4%)
versus median 97.7% (IQR 92.4% to
99.5%), P<.001).

DISCUSSION
To the best of our knowledge, this is the first
study to investigate the application of ECG
data derived from machine learning plat-
forms in identifying patients at highest risk
of AF and HFrEF secondary to GD. Our ma-
jor finding was that AI-ECGederived proba-
bilities of AF and low EF were strongly
associated with developing GD-related AF
and HFrEF, respectively, at follow-up.
Furthermore, we found that the AI-enabled
ECG signature of female sex in women was
altered by GD and was associated with men-
strual changes.

Graves DiseaseeRelated AF and HFrEF
Excess thyroid hormone levels have direct
toxic effects on the heart altering energy pro-
duction, intracellular metabolism, and con-
tractile function with subsequent myocardial
damage.1,13 This can manifest as left ventric-
ular hypertrophy, diastolic dysfunction, car-
diac chamber enlargement, HF, and
arrhythmias d most commonly AF.1,13 Con-
ventional risk factors associated with higher
occurrence of AF in our study were similar
to those reported previously and included
older age, male sex, hypertension, hyperlipid-
emia, and history of coronary artery disease,
chronic kidney disease, and overt hyperthy-
roidism.3,14 Similarly, conventional risk fac-
tors for HFrEF associated with GD included
chronic kidney disease, higher free T4 levels,
higher TRAb levels, and the presence of AF,
consistent with previous reports.4 The AI-
enabled ECG platforms were able to identify
patients at risk of AF and HFrEF with
Mayo Clin Proc. n April 2022;97(4):730-737 n https://doi.org/10.10
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C-statistics of 0.79 and 0.85, respectively.
Furthermore, incorporation of data from the
AI-enabled ECG platforms significantly
enhanced the ability of the clinical models
to identify patients at risk of GD-related AF
with a C-statistic of 0.85. As for HFrEF, AI-
enabled ECG did improve the C-statistic
from 0.66 to 0.89; however, this did not reach
statistical significance, likely due to the un-
derpowered nature of the analysis. One
possible explanation is that the structural
changes caused by the excess thyroid hor-
mone can cause ECG patterns not recognized
by the human eye that machine learning can
detect even before clinical AF or HF results.
These AI-enabled ECGs have been proven
effective in identifying patients from the gen-
eral population who might have silent AF
during sinus rhythm ECGs as well as in iden-
tifying patients with, or at increased risk of,
left ventricular systolic dysfunction.7,8 The
low-EF model was further validated prospec-
tively and in special populations of patients
presenting to the emergency department,
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FIGURE. Changes in artificial intelligence (AI) electrocardiogram (ECG)e
derived female probability with the diagnosis of Graves disease (GD) and
upon restoration of euthyroidism. Artificial intelligence ECG-derived female
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after restoration of euthyroidism. Similar or opposite changes are not
observed in men, presumably due to low power of the analysis. The
matched pairs t test was used for analysis and so only patients having ECGs
in both time intervals were included in each of the two analyses; hence,
probability at GD differed slightly for the two analyses.
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admitted to the cardiac intensive care unit,
and those with coronavirus disease 2019
infection.15-18 Given the negative impact of
GD-related AF and HFrEF on outcomes,2,5

it is important to identify patients at increased
risk and follow them closely. Moreover, it
may be pertinent to treat hyperthyroidism
in these patients more promptly given that
longer duration of thyrotoxicosis increases
risk of cardiovascular morbidity.6 Our study
further showed that upon dividing duration
between ECG and AF diagnosis into four
quartiles, the closer ECGs to AF diagnosis
had higher AF probability. Therefore, one
might argue that serial ECGs could be helpful
in patients with GD; however, the frequency
of monitoring is yet to be determined in
future studies.
AI-Enabled ECG Female Probability in GD
Hyperthyroidism increases the production
rate of androstenedione and testosterone,
which also leads to increased estrone and
estradiol levels through peripheral conver-
sion.10 Our findings showed a decreased
probability of female derived from
Mayo Clin Proc. n April 202
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AI-enabled ECG in women upon the diag-
nosis of GD that increased again with the
restoration of euthyroidism. Previous studies
reported possible effects of sex on the ECG
that are possibly caused by hormonal differ-
ences.19,20 Furthermore, AI-augmented ECG
has been proven effective in identifying the
signature of female sex with an AUC reaching
0.97.11 However, both the current and the
previous studies did not assess for hormonal
levels given their retrospective nature. There-
fore, it remains a hypothesis that changes in
the AI-ECGederived female probability are
reflective of changes in the hormonal milieu
induced by the excess thyroid hormones. At
the same time, our finding that women who
had menstrual changes as part of their
presentation with GD were identified by
AI-ECG as having significantly lower ECG-
derived female probability may further sup-
port the hypothesis. Analysis of changes in
AI-ECGederived female probability with the
diagnosis of GD in men was likely underpow-
ered and larger studies incorporating hor-
monal levels are needed to confirm these
findings and to assess the association between
AI-ECGederived female probability and the
actual hormonal levels.

Study Limitations
Our study is best understood in the setting of
its limitations. First, given the retrospective
nature of the study, patients included were
a subset of GD patients who had ECGs
around the diagnosis of GD likely in the
setting of another clinical indication, which
could limit the generalizability of the study
to GD patients who did not have ECGs. Sec-
ond, given the rarity of the disease, our study
included only a small number of GD-related
HFrEF cases, which could have affected the
power of the analysis. Finally, we did not
have data on hormonal levels that we could
correlate with changes in AI-ECGederived
female probability upon the diagnosis and
resolution of hyperthyroidism. However, the
derived female probability was associated
with the clinical manifestation of menstrual
changes that could potentially be reflective
of hormonal levels. Future, larger-scale, pro-
spective studies are needed to confirm the
2;97(4):730-737 n https://doi.org/10.1016/j.mayocp.2021.08.029
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association of AI-ECGederived female proba-
bility with sexual hormones levels.
CONCLUSION
Artificial intelligenceeenabled ECG platforms
performed well in identifying patients at high-
est riskofGD-relatedAFandHFrEF.Thesepa-
tients may benefit from closer follow-up and
more prompt treatment of hyperthyroidism.
Moreover, the AI-ECGederived female proba-
bility was reflective of menstrual changes in
GD. Future studies to confirm its role in
screening for infertility in women with GD
are needed.
SUPPLEMENTAL ONLINE MATERIAL
Supplemental material can be found online at
http://www.mayoclinicproceedings.org. Sup-
plemental material attached to journal articles
has not been edited, and the authors take re-
sponsibility for the accuracy of all data.
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