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Abstract

Sodium-glucose cotransporter 2 inhibitors (SGLT2i), have shown benefits in patient with
heart failure (HF), however, adherence remains a significant issue: with only 60% of patients
continuing usage beyond a year. This study aims to identify patients at risk of discontinuing
SGLT2i and promote its judicious use to reduce hospitalizations and improve cardiovascular
outcomes. Using the Korean National Health Insurance Service database, patients diag-
nosed with HF and diabetes mellitus (n = 1,665,565) between 2013 and 2018 were identi-
fied. Among them, 55,694 participants prescribed SGLT2i were enrolled. The primary
endpoint included 1) all-cause mortality and 2) SGLT2i-related hospitalization, encompass-
ing incidents such as ketoacidosis, acute kidney injury, urinary tract infections, fall-related
fractures, and other unplanned hospitalizations. During the follow-up period (median: 2.3
years; range: 1.2-3.6 years), 8,463 participants reached the primary endpoint (25.5 for all-
cause death and 39.4 for SGLT2i-related hospitalizations per 1,000 person-years). Indepen-
dent risk factors for the primary endpoint in multivariate Cox regression and propensity-
score matching analyses included age of > 70 years, body mass index (BMI) <18.5 kg/m?,
body weight <60 kg, anemia, chronic kidney disease, and the use of diuretics. Age (hazard
ratio [HR] 1.45, 95% confidence interval [CI]: 1.36—1.54), BMI (HR 1.78, 95% CI: 1.29—
2.45), body weight (HR 1.17, 95% CI: 1.09-1.26) and the use of furosemide (HR 1.45, 95%
Cl: 1.22—-1.74) (all p<0.001) were consistent independent risk factors in the propensity
score-matched cohort. Having three or more risk factors was associated with an adjusted
HR that was 3.04 times higher than cases with no risk factor (95% CI: 2.83-3.28, p<0.001).
Old age, low weight or BMI, and the use of diuretics are risk factors that hinder the continu-
ous use of SGLT2i in diabetic patients with HF. Close monitoring for side effects is essential
when prescribing SGLT2i, particularly for those with multiple risk factors.
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Introduction

Sodium-glucose cotransporter 2 inhibitors (SGLT21i), originally developed as antidiabetic
drugs, have gained widespread usage owing to their proven ability to ameliorate disease condi-
tions, delay disease progression, and confer positive prognostic effects in patients with heart
failure (HF) and chronic kidney disease [1-4]. The recent rise in life expectancy has led to a
corresponding increase in the prevalence of HF with preserved ejection fraction (HFpEF).
Notably, studies have shown that SGLT2i can reduce cardiovascular composite events in
HFpEF, suggesting an anticipated increase in their prescription [5, 6]. Moreover, similar
results have been observed in patients without diabetes, suggesting that the beneficial cardio-
vascular outcomes of SGLT2i may be attributed to mechanisms beyond their glucose-lowering
effects. Ongoing studies are actively investigating these mechanisms [1, 5-7].

Furthermore, studies assessing the effects or safety of SGLT2i have not revealed a signifi-
cantly increased risk of adverse effects when compared to placebos [5, 6, 8-12]. However, in
clinical practice, challenges arise as numerous patients discontinue SGLT2i use due to side
effects, while others find it arduous to adhere to the prescribed regimen. In a recent study
involving 120,000 participants, only 60% continued to take SGLT2i consistently for longer
than a year [13]. Current guidelines strongly recommend the use of SGLT2i in diabetic
patients with HF [14, 15].

However, given that the baseline characteristics of participants enrolled in the foundational
clinical trials may differ from those of patients in real-world clinical settings who are candi-
dates for SGLT2i treatment, it is expected that adherence rates may be lower, as indicated by
the aforementioned meta-analysis results [13]. Therefore, we aimed to identify which patients
have a higher propensity to discontinue SGLT2i or for whom SGLT?2i should be prescribed
judiciously. With this approach, we aim to prevent rising medical costs due to hospitalizations
resulting from drug-related side effects and promote a reduction in cardiovascular events
through appropriate HF treatment.

Methods
Data source and study population

We conducted a nationwide cohort study in the Republic of Korea, utilizing the claims data-
base of the National Health Insurance Service (NHIS). The NHIS, a compulsory health insur-
ance scheme, has been under the Korean government’s supervision since 1989, providing
medical services to an impressive 97% of the population [16]. This database, meticulously
maintained by the NHIS, contains detailed information for each registered individual, encom-
passing demographic profiles, health-related behaviors, medical diagnoses, prescribed medica-
tions, surgical or procedural history, and records of healthcare usage such as hospital
admissions [16]. The reliability of this database as a robust data source has been validated
through its extensive use in published research papers [17, 18]. From the NHIS database, we
identified patients diagnosed with both HF and diabetes mellitus between January 1, 2013 and
December 31, 2018, totaling 1,665,565 patients. After excluding 1,113 patients below 20 years
of age, 1,579,303 patients who were not prescribed SGLT2i, and 469 patients with a follow-up
period of < 30 days, a total of 55,694 participants were enrolled in this study (Fig 1). This
research adhered to the principles outlined in the 2013 Declaration of Helsinki. Our hospital’s
Institutional Review Board granted approval for the study, and given its retrospective design,
the requirement for informed consent was waived. The data were accessed for research pur-
poses from May 23, 2023, to October 31, 2023. The information we accessed was de-identified
data with personal details of the participants removed.
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1,665,565 patients with HF and DM
from 2013 to 2018 in the NHIS database

1,113 patients below 20 years of age

,| 1,579,303 patients who did not prescribed SGLT2i
469 patients had follow-up period less than 30 days
30,512 Patients who did not have health exam data

v

55,694 finally enrolled participants

l

Primary endpoint (+) Primary endpoint (-)
N = 8,463

N =47,231

Fig 1. Study flow. HF, heart failure; DM, diabetes mellitus.
https://doi.org/10.1371/journal.pone.0314305.g001

Covariates

This study incorporated methods outlined in previously published studies [19, 20]. Data on
age and sex were extracted using resident identification numbers. Income level was catego-
rized into quartiles. Comorbidities, including hypertension, dyslipidemia, revascularization-
requiring ischemic heart disease, atrial fibrillation, ischemic/bleeding stroke, and chronic kid-
ney disease, were operationally defined, as described in S1 Table in S1 File. The Charlson
Comorbidity Index was calculated following previously described methods [21, 22]. Prescribed
medications, such as renin-angiotensin-aldosterone system blockers, which include angioten-
sin receptor-neprilysin inhibitors, beta-blockers, calcium channel blockers, statins, spironolac-
tone, and antiplatelet agents, were identified from prescription records in the database.
Anemia was defined as hemoglobin levels < 12.0 g/dL in women and < 13.0 g/dL in men, in
accordance with the World Health Organization guidelines [23]. Estimated glomerular filtra-
tion rate (eGFR) was determined using the formula provided by the Chronic Kidney Disease
Epidemiology Collaboration [24].

Study outcome

The primary endpoint comprised 1) death from any cause and 2) SGLT2i-related admissions.
The latter encompassed incidents of diabetic ketoacidosis (DKA), acute kidney injury (AKI),
urinary tract infections (including acute pyelonephritis), falls or fall-related fractures, and
other unplanned hospitalizations due to unidentified causes. The category of unplanned hospi-
talizations serves as an operational definition to identify patients who discontinue SGLT2i due
to adverse events or intolerance and includes cases where patients experience serious adverse
events requiring hospitalization and discontinue SGLT?2i therapy for more than three months
both after discharge and during ongoing outpatient care. Cases in which patients with no
recent hospitalization where patients reported discomfort and discontinued SGLT21i in the
outpatient clinic were not included under this definition. To assess the risk of adverse effects
and mortality associated with SGLT2i usage in patients with HF, we determined the index date
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based on the earlier of two conditions: 1) For patients who were taking SGLT21i prior to their
initial diagnosis of HF, the index date was set as the date of their first HF diagnosis; 2) For
those who began taking SGLT?2i after their initial diagnosis of HF, the index date was the com-
mencement date of SGLT2i usage. For patients who experienced both SGLT2i-induced admis-
sions and all-cause death events, the first event, i.e. SGLT2i-induced admission, was included
in the primary endpoint analysis.

For the sensitivity analysis, we examined the analysis in patients enrolled in the rare intrac-
table disease program for heart failure (code V127) with ICD-10 disease codes 142.0 to 142.2,
using the same analysis format as applied to the total population. These patients were catego-
rized into three subgroups: (1) patients with left ventricular ejection fraction < 45% and pul-
monary congestion evident on chest radiographs (142.0), (2) patients diagnosed with dilated
cardiomyopathy (I42.0), and (3) patients diagnosed with hypertrophic cardiomyopathy (142.1,
142.2). As part of the NHIS’s enhanced assistance initiative, these patients received extended
privileges and support. The diagnoses were validated by the attending physician and the
Health Insurance Review and Assessment Service (HIRA), ensuring high accuracy [25].

Statistical analysis

Descriptive statistics were presented as means + standard deviations for continuous measures,
and numbers (proportions) for categorical measures. The independent Student’s -test was uti-
lized for continuous variables, while the chi-squared test or Fisher’s exact test was employed
for categorical measures, as appropriate, to compare between groups. The incidence rates of
primary endpoint were calculated by dividing the number of detected cases by the follow-up
duration and were presented as a value per 1,000 person-years. Kaplan-Meier curves were
used to present the cumulative incidence of the primary and secondary endpoints, with a log-
rank test for statistical analysis. Multivariable Cox proportional-hazards analysis was used to
identify the independent risk factors for the primary endpoint, which were expressed as HRs
and corresponding 95% confidence intervals (CIs). For propensity score-matching analysis,
we balance the differences in covariates related to SGLT2i usage, except for one variable that
independently influenced SGLT2i cessation. We employed nearest-neighbor matching with a
caliper size 0.1 standard deviation of logit of the propensity scores. All statistical analyses were
conducted using SAS version 9.3 (SAS Institute) and R software (version 3.6.3; R Foundation
for Statistical Computing, Vienna, Austria). A two-sided p-value of < 0.05 was considered sta-
tistically significant.

Results
Baseline characteristics of the study participants

A total of 55,694 participants were included in this study, with an average age of 63.2 + 10.8
years, and 43.0% were female. The participants’ baseline clinical characteristics are presented
in Table 1. Generally, participants who reached the primary endpoint were older (67.6 + 10.7
vs. 62.4 + 10.6, p < 0.001) and had lower incomes. Moreover, they were more likely to have
hypertension, ischemic heart disease, atrial fibrillation, a history of cerebrovascular incidents,
a higher Charlson Comorbidity Index (2.31 + 1.98 vs. 1.95 + 1.89, p < 0.001), higher serum
fasting glucose levels, and a higher usage of angiotensin receptor-neprilysin inhibitors, spiro-
nolactone, and loop diuretics. However, participants who reached the primary endpoint were
less likely to have obesity and lower body weight, estimated glomerular filtration rate, and
hemoglobin (Table 1).
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Table 1. Baseline characteristics of SGLT2i-treated diabetic patients with heart failure, stratified by the primary endpoint occurrence.

Primary endpoint (+) Primary endpoint (-) p-value
(N = 8,463) (N =47,231)
Age, years 67.6 +10.7 62.4 +10.6 < 0.001
Age > 70-year-old 5312 (62.8) 20461 (43.3) < 0.001
Female sex 3696 (43.7) 20320 (43.0) 0.271
Income, low 20% 2367 (28.0) 11481 (24.3) < 0.001
Body mass index, kg/m* 26.0+4.3 27.0+4.2 < 0.001
<185 3538 (41.8) 15077 (31.9) < 0.001
18.5-24.9 4766 (56.3) 31905 (67.6)
>25.0 159 (1.9) 249 (0.5)
Body weight, kg 67.3+13.4 716 + 14.1 < 0.001
< 60 2422 (28.6) 9040 (19.1) < 0.001
Underlying disease, n (%)
Hypertension 6754 (79.8) 36612 (77.5) < 0.001
Dyslipidemia 8018 (94.7) 45364 (96.0) < 0.001
Ischemic heart disease 5279 (62.4) 25718 (54.5) < 0.001
Atrial fibrillation 1435 (17.0) 5755 (12.2) < 0.001
Previous stroke 1291 (15.3) 4198 (8.9) < 0.001
Chronic kidney disease 3955 (46.7) 16180 (34.3) < 0.001
Medication, n (%)
RAS blocker 6077 (71.8) 34458 (73.0) 0.030
Beta-blocker 4605 (54.4) 25831 (54.7) 0.645
ARNI 199 (2.4) 915 (1.9) 0.014
Spironolactone 1623 (19.2) 5363 (11.4) < 0.001
Loop diuretics 2804 (32.6) 8579 (18.3) <0.001
Statin 2756 (32.6) 8689 (18.4) < 0.001
Laboratory findings, n (%)
Hemoglobin, g/dL 13.5+1.9 142+1.7 < 0.001
< 13 (male) or < 12 (female) 2197 (26.0) 5874 (12.4) < 0.001
Fasting glucose, mg/dL 149.1 £ 62.2 144.4 +49.2 < 0.001
> 126 4971 (58.7) 28142 (59.6) 0.148
Creatinine, mg/dL 1.04 +1.18 0.94+0.73 <0.001
Estimated GFR, mL/min/1.73m? 75.9 +26.8 83.0 + 26.0 < 0.001
Charlson comorbidity index 72%29 58+24 < 0.001

RAS, renin-angiotensin system; ARNI, angiotensin receptor-neprilysin inhibitor; GFR, glomerular filtration rate

https://doi.org/10.1371/journal.pone.0314305.t001

Study endpoints in the original cohort

The median follow-up duration was 2.3 (IQR: 1.2-3.6) years. During the follow-up period, the
primary endpoint was reached in 8,436 (15.2%) patients or 65 patient-years. All-cause death
occurred in 3,327 (6.0%) patients, and SGLT2i-induced admissions were observed in 5,143
(9.2%) patients. Admissions due to DKA accounted for 27 (0.05%) cases, AKI for 425 (0.8%),
and falls and fractures for 302 (0.5%). Moreover, 4,125 patients (7.4%) discontinued SGLT2i
after admission for unknown reasons (Table 2). To determine the risk factors for the primary
endpoint, a multivariable Cox analysis model was employed (Table 3). Age > 70 years
(adjusted HR: 1.66, 95% CI: 1.59-1.75, p < 0.001), BMI < 18.5 kg/m? (adjusted HR: 1.82, 95%
CI: 1.54-2.13, p < 0.001) body weight < 60 kg (adjusted HR: 1.25, 95% CI: 1.18-1.31,
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Table 2. Clinical outcome in the original cohort of diabetic patients with heart failure.

Events (%) Incidence rate
(per 1,000)
Primary endpoint 8463 (15.2) 25.36
All-cause death 3327 (6.0) 22.83
SGLT2i-induced admission 5143 (9.2) 34.15
Ketoacidosis 27 (0.05) 5.78
Acute kidney injury 425 (0.8) 5.52
Urinary tract infection, including pyelonephritis 286 (0.5) 6.67
Slipdown and/or fracture 302 (0.5) 21.33
Other unplanned admission 4125 (7.4) 18.69

https://doi.org/10.1371/journal.pone.0314305.t002

Table 3. Cox regression analysis of original and propensity score-matched cohorts of SGLT2i-treated diabetic patients with HF.

Variables Univariable Cox Multivariable Cox* Propensity score-matched
cohort*

HR (95% CI) P HR (95% CI) P HR (95% CI) | p-value

Age > 70 years Primary endpoint 2.19(2.10-2.29) | <0.001 | 1.66(1.59-1.75) | < 0.001 | 1.45 (1.36-1.54) | < 0.001

All-cause death 3.94 (3.65-4.27) | < 0.001 | 2.764 (2.54-3.01) | < 0.001 | 2.74 (2.32-3.23) | < 0.001

SGLT2i-induced admission | 1.57 (1.48-1.66) | < 0.001 | 1.25(1.18-1.33) | < 0.001 | 1.27 (1.19-1.36) | < 0.001

BMI < 18.5 kg/m2 Primary endpoint 3.01 (2.57-3.52) | < 0.001 | 1.82(1.54-2.13) | < 0.001 | 1.78 (1.29-2.45) | < 0.001

All-cause death 4.97 (4.05-6.08) | < 0.001 | 2.24 (1.81-2.77) | < 0.001 | 3.14 (1.72-5.74) | < 0.001

SGLT2i-induced admission | 1.88 (1.46-2.41) | < 0.001 | 1.41 (1.10-1.82) 0.008 | 1.30 (0.89-1.90) 0.179

Body weight < 60kg Primary endpoint 1.54 (1.47-1.61) | <0.001 | 1.25(1.18-1.31) | < 0.001 | 1.17 (1.09-1.26) | < 0.001

All-cause death 1.90 (1.77-2.04) | < 0.001 | 1.55(1.43-1.68) | < 0.001 | 1.73 (1.46-2.04) | < 0.001

SGLT2i-induced admission | 1.33 (1.25-1.41) | < 0.001 | 1.08 (1.01-1.16) 0.022 | 1.07 (0.99-1.16) 0.086

Fasting glucose > 126mg/dL Primary endpoint 0.93 (0.90-0.98) 0.002 | 1.04 (1.00-1.09) 0.084 | 1.00 (0.94-1.05) 0.865

All-cause death 0.98 (0.91-1.05) 0.541 | 1.15(1.07-1.23) | < 0.001 | 1.07 (0.94-1.21) 0.314

SGLT2i-induced admission | 0.91 (0.86-0.96) | < 0.001 | 0.98 (0.93-1.04) 0.473 | 0.98 (0.92-1.04) 0.489

Hemoglobin < 13 (male) or < 12 (female) g/dL | Primary endpoint 2.09 (1.99-2.19) | < 0.001 | 1.41(1.34-1.48) | < 0.001 | 1.32(1.22-1.43) | < 0.001

2.81(2.61-3.02) | < 0.001 | 1.616 (1.50-1.75) | < 0.001 | 1.78 (1.49-2.11) | < 0.001

All-cause death 1.67 (1.56-1.79) | < 0.001 | 1.25(1.16-1.34) | < 0.001 | 1.21(1.10-1.32) | < 0.001

SGLT2i-induced admission | 1.69 (1.62-1.77) | < 0.001 | 1.21(1.15-1.27) | < 0.001 | 1.17 (1.09-1.25) | < 0.001

Estimated GFR < 60mL/min/1.73m> Primary endpoint 2.35(2.19-2.51) | < 0.001 | 1.28(1.19-1.39) | < 0.001 | 1.29 (1.12-1.49) | < 0.001

All-cause death 1.37 (1.29-1.443) | <0.001 | 1.17(1.10-1.25) | < 0.001 | 1.14 (1.06-1.22) | < 0.001

SGLT2i-induced admission | 1.98 (1.90-2.08) | < 0.001 | 1.38 (1.30-1.46) | < 0.001 | 1.36 (1.25-1.47) | < 0.001

Use of loop diuretics Primary endpoint 2.53(2.36-2.71) | <0.001 | 1.57(1.45-1.71) | < 0.001 | 1.45(1.22-1.74) | < 0.001

All-cause death 1.68 (1.59-1.79) | < 0.001 | 1.26 (1.17-1.35) | < 0.001 | 1.33(1.21-1.46) | < 0.001

SGLT2i-induced admission | 1.81 (1.72-1.91) | < 0.001 | 1.20(1.12-1.28) | < 0.001 | 1.20 (1.10-1.31) | < 0.001

Use of spironolactone Primary endpoint 2.12(1.95-2.30) | < 0.001 | 1.19(1.08-1.32) | < 0.001 | 1.24 (1.03-1.50) 0.027

All-cause death 1.63 (1.52-1.75) | < 0.001 | 1.22(1.12-1.33) | < 0.001 | 1.20 (1.09-1.32) | < 0.001

SGLT2i-induced admission | 2.19 (2.10-2.29) | < 0.001 | 1.66 (1.59-1.75) | < 0.001 | 1.45(1.36-1.54) | < 0.001

* Multivariate Cox and propensity score-matching model were adjusted for age, sex, income, BMI, Charlson Comorbidity Index, hypertension, dyslipidemia, ischemic

heart disease, atrial fibrillation, stroke, use of renin-angiotensin system blockade, beta-blockers, calcium channel blocker, antiplatelet agent, angiotensin receptor-

neprilysin inhibitor, MRA, statins, loop diuretics, level of hemoglobin, serum glucose, creatinine, estimated GFR. In each statistical test, independent variables were

excluded from the adjustment. HR, hazard ratio

https://doi.org/10.1371/journal.pone.0314305.t003
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— Age270
— Age <70

~—— Loop diuretics, yes
~— Loop diuretics, no

60 Log-rank test P<0.001

~—— Weight < 60
— Weight > 60

. 60 Log-rank test P<0.001 . 60 Log-rank test P<0.001

40

0 0 0

Cumulative incidence, %
IS
&
Cumulative incidence, %
s
&
Cumulative incidence, %

0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
Follow-up time, years Follow-up time, years Follow-up time, years
No. at risk No. at risk No. at risk
Age270 20021 23742 17559 10813 5550 2173 367 Loop diuretics, yes 44249 33853 24435 14791 7464 2975 563 Weight < 60 44232 33638 24110 14600 72711 2809 515
Age <70 25773 18446 12724 7498 3637 1448 312 Loop diuretics, no 11445 8335 5848 3520 1723 646 116 Weight 2 60 11462 8550 6173 3mM 1916 812 164

Fig 2. Kaplan-Meier curve of the cumulative incidence of the primary endpoint according to (A) age of 70 or older, (B) use of loop diuretics, (C)
low body weight below 60 kg.

https://doi.org/10.1371/journal.pone.0314305.9002

p < 0.001), anemia (adjusted HR: 1.41, 95% CI: 1.34-1.48), eGFR < 60mL/min/1.73m>
(adjusted HR: 1.21, 95% CI: 1.15-1.27, p < 0.001), use of loop diuretics (adjusted HR: 1.38,
95% CI: 1.30-1.46, p < 0.001) and spironolactone (adjusted HR: 1.20, 95% CI: 1.12-1.28,

p < 0.001) were identified as independent predictors of the primary endpoint. The fasting glu-
cose level did not exhibit statistical significance as an independent predictor for adverse reac-
tions leading to SGLT2i discontinuation. According to the Kaplan-Meier survival curves,
participants aged > 70, those with body weight < 60 kg, and users of loop diuretics had a
higher incidence of the primary endpoint than those without these characteristics (all log-rank
p < 0.001) (Fig 2).

The risk of the composite primary endpoint, based on the number of significant risk fac-
tors previously mentioned, is shown in Table 4. Having three or more risk factors was associ-
ated with an adjusted HR that was 3.04 times higher compared to cases with only one risk
factor (95% CI: 2.83-3.28, p < 0.001). Furthermore, as the number of significant risk factors

Table 4. Cox regression analysis in the original cohort estimating primary outcomes according to risk factor numbers.

The number of risk factors Outcomes Unadjusted Adjusted*
HR (95% CI) | pvalue HR(95%CI) |  p-value
0 Primary endpoint Reference Reference
(n = 14926) All-cause death
SGLT2i-induced admission
1 Primary endpoint 1.52 (1.41-1.63) < 0.001 1.38 (1.29-1.49) < 0.001
(n = 16825) All-cause death 2.25 (1.94-2.62) < 0.001 2.03 (1.75-2.37) <0.001
SGLT2i-induced admission 1.33 (1.22-1.44) < 0.001 1.21 (1.11-1.32) < 0.001
2 Primary endpoint 2.32 (2.16-2.49) < 0.001 1.925 (1.79-2.07) < 0.001
(n=13615) All-cause death 4.877 (4.23-5.62) <0.001 3.951 (3.42-4.56) < 0.001
SGLT2i-induced admission 1.676 (1.543-1.82) < 0.001 1.41 (1.29-1.53) < 0.001
>3 Primary endpoint 4.151 (3.88-4.44) < 0.001 3.04 (2.83-3.28) < 0.001
(n=13615) All-cause death 10.72 (9.36-12.29) < 0.001 7.54 (6.53-8.71) < 0.001
SGLT2i-induced admission 2.52 (2.32-2.73) < 0.001 1.87 (1.71-2.05) < 0.001

* Multivariate Cox model were adjusted for age, sex, income, BMI, Charlson Comorbidity Index, hypertension, dyslipidemia, ischemic heart disease, atrial fibrillation,
stroke, use of renin-angiotensin system blockade, beta-blockers, calcium channel blocker, antiplatelet agent, angiotensin receptor-neprilysin inhibitor, spironolactone,
statins, loop diuretics, level of hemoglobin, serum glucose, creatinine, estimated GFR.

https://doi.org/10.1371/journal.pone.0314305.t004
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Fig 3. Kaplan-Meier curve of the cumulative incidence of the primary endpoint according to the number of risk factors.

https://doi.org/10.1371/journal.pone.0314305.9003

increased, there was a tendency for more primary endpoints to occur (log-rank p < 0.001)
(Fig 3).

Clinical outcomes in the propensity score-matched cohort

The group with primary endpoint occurrence exhibited significant differences in baseline
characteristics compared to those without events. Therefore, separate cohorts were established
for each variable that emerged as a significant factor in multivariable Cox analysis using pro-
pensity score-matching analysis. For all other factors, excluding the specific variable, covariates
with a mean standardized difference of > 0.1 were adjusted (S1 Fig in S1 File). In the propen-
sity score-matching cohort, as in the original cohort, old age, lower BMI or body weight,
decreased eGFR, anemia, use of loop diuretics and spironolactone emerged as independent
predictors for the occurrence of primary composite events (Table 3).

Sensitivity analysis of patients with cardiomyopathy or reduced ejection
fraction

To determine whether the above results were consistently observed in specific HF patient
groups, we conducted the same analysis in patients with congestive, dilated, and hypertrophic
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cardiomyopathy. Among the variables that were significant predictors of the primary endpoint
in the entire population, old age (adjusted HR: 2.03, 95% CI: 1.55-2.65, p < 0.001), lower BMI
(adjusted HR: 2.17, 95% CI: 1.03-4.55, p < 0.001), lower body weight (adjusted HR: 1.39, 95%
CI: 1.04-1.86, p < 0.001), and use of loop diuretics (adjusted HR: 1.57, 95% CI: 1.16-2.13,

p < 0.001) consistently emerged as independent risk factors in the sensitivity analysis using
multivariable Cox analysis. Conversely, anemia (adjusted HR: 1.14, 95% CI: 0.85-1.52,

p =0.395), renal insufficiency (adjusted HR: 1.26, 95% CI: 0.97-1.63, p = 0.085), and use of
spironolactone (adjusted HR: 0.89, 95% CI:0.69-1.16, p = 0.398) were not statistically
significant.

Discussion

We investigated the risk factors associated with discontinuation of SGLT2i due to adverse
effects in patients with HF and diabetes. The adverse effects were defined as all-cause mortality
or SGLT2i-induced admissions. We identified several risk factors for discontinuation due to
SGLT2i-associated side effects, including age over 70 years, the use of diuretics (especially loop
diuretics), low body weight or BMI, renal function impairment, and anemia. Age, use of
diuretics, and body weight were also identified as consistent risk factors in the PS-matched
cohort and in the subgroup with cardiomyopathy-related HF. To our knowledge, this study
has the largest participant number in a real-world investigation of adverse effects related to
SGLT?2i and offers the advantage of conducting a sensitivity analysis in specific HF subgroups,
including those with reduced ejection fraction. The identification of these risk factors and
efforts to enhance patient adherence can contribute to the sustained prescription of beneficial
SGLT2i, potentially improving outcomes in HF patients with diabetes.

In numerous studies highlighting the cardiovascular benefits of SGLT?2i, the mean follow-
up duration ranged from 2.4 to 4.2 years, with over 70% of participants continuing treatment
for more than 2 years [3, 26, 27]. However, a meta-analysis encompassing 22 studies involving
123,000 participants revealed that less than 50% of the patients continued their treatment for a
duration of 2 years in real-world clinical settings [13]. Such low adherence could compromise
the efficacy of SGLT2i and hinder the realization of the beneficial effects of SGLT2i demon-
strated in randomized controlled trial settings. Low adherence may be attributed to the occur-
rence of adverse effects such as genital infections, volume depletion, the onset of AKI, and the
development of euglycemic DKA (EDKA) [28-30]. To prevent SGLT2i discontinuation,
patients at higher risk should be informed at the time of prescription on minimizing adverse
effects and how to address them. For instance, education on maintaining perineal hygiene is
essential to prevent genital infections [31]. Moreover, to prevent side effects related to volume
depletion, patients should be educated to maintain appropriate fluid and electrolyte intake.
Patients should be advised to monitor their blood sugar levels or schedule an early outpatient
visit if they experience symptoms such as polydipsia, nausea or vomiting, and abdominal pain,
as these may indicate DKA. Our findings highlight the critical need for proactive education on
the side effects of SGLT2i for diabetic patients with HF who possess multiple risk factors. Phy-
sicians should also closely monitor these high-risk patients for any adverse events.

Assessing the potential risk increase of DKA among SGLT2i users based on data from ran-
domized control trials (RCTs) is challenging. In a 20-year retrospective cohort study from
Denmark, the baseline incidence of DKA in type 2 diabetes patients was 1.34 per 1,000 person-
years, with a decreasing annual incidence rate [32]. Most RCTs lacked the sample size needed
to identify instances of DKA. Of the 16 RCTs mentioning DKA, only seven, involving 11,004
patients, documented at least one case [33]. EDKA is a form of diabetic ketoacidosis first rec-
ognized in the early 1970s [34]. With the increasing use of SGLT2 inhibitors, the incidence of
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EDKA has been rising [35]. This condition elevates glucagon levels through unclear mecha-
nisms, which promotes ketone production [36]. SGLT2 inhibitors also induce negative fluid
and sodium balance, exacerbating hypovolemic states and increasing cortisol, epinephrine,
and glucagon levels, thereby increasing insulin resistance, ketogenesis, and lipolysis [35]. Clini-
cally, EDKA resembles DKA with symptoms like nausea, vomiting, fatigue, and abdominal
pain, but lacks significant hyperglycemia. This absence of marked hyperglycemia can mislead
clinicians, delaying diagnosis and treatment and potentially worsening patient outcomes.
Given the cardioprotective and renoprotective effects of SGLT2 inhibitors, their prescriptions
have surged; however, the awareness and accurate diagnosis of EDKA remain insufficient. Our
data indicate a high rate of unexplained hospitalizations and subsequent discontinuations of
SGLT?2i, suggesting possible inclusion of undiagnosed EDKA cases. These findings highlight
the importance of vigilant monitoring of EDKA in high-risk patients to reduce discontinua-
tion rates and improve cardiovascular outcomes.

In a recent randomized study, the use of empagliflozin in patients with HF taking furose-
mide resulted in increased urine volume and fluid clearance, and significant weight loss [37].
Notably, although the participants in this study had an average BMI and weight of 34 kg/m*
and 94kg, respectively, 22%-50% of those in the treatment arm of empagliflozin required a
furosemide dose reduction [37]. In another similar study using dapagliflozin, the use of
SGLT?2i led to situations requiring discontinuation or dose reduction of furosemide (53.6% vs.
10.7%) [38]. In situations where the furosemide dose was not reduced, the dapagliflozin group
experienced a higher incidence of major decline in renal function, defined as a decrease in kid-
ney function by > 20% or a drop in eGFR to < 45% (28.6% vs. 0.0%). Our study, consistent
with a recent small-scale study, found that high doses of loop diuretics increased the likelihood
of discontinuing SGLT?2i after discharge [28].

According to a recent study, upon discharge after hospitalization due to heart failure,
almost all patients were prescribed more than five medications, and more than half were pre-
scribed over ten medications [39]. Although the compliance of diabetic patients with SGLT2i
in real clinical practice is not high [13, 28], polypharmacy itself may be contribute to the dis-
continuation of SGLT2i. Therefore, it is necessary to develop strategies to reduce the negative
impact of polypharmacy in patients with HF.

This study has several limitations. First, in Korea, SGLT2i can be claimed for insurance
reimbursement as for diabetes treatment but not for HE. Consequently, we could not investi-
gate the risk factors SGLT2i discontinuation in patients with HF without diabetes. Neverthe-
less, considering the low proportion of DKA in the primary endpoints and consistent efficacy
of SGLT2i in both non-diabetic and diabetic patients in previous studies [3, 5, 6, 10], we
hypothesize that our findings might be applicable to non-diabetic patients with HF. However,
further studies are needed to confirm this hypothesis, as the mechanism of action of SGLT2
inhibitors may differ between diabetic and non-diabetic patients. Second, we only included
patients who used dapagliflozin and empagliflozin, potentially introducing selection bias.
These drugs were selected as they are widely used for HF. Third, our study lacked data on labo-
ratory parameters such as HbAlc and the history of using other diabetes-related medications.
As mentioned earlier, this limitation arises because our study primarily focuses on diabetic
patients with HF and not solely on diabetes. Additionally, we lacked laboratory findings such
as NT-proBNP that are challenging to extract from health screening data and echocardio-
graphic parameters such as diastolic dysfunction. This is an inherent limitation of claim data
analysis. Fourth, we did not perform external validation with other databases. However, given
that this is a nationwide big-data study and similar results have been observed in smaller previ-
ous study [28], the robustness of our findings remains credible. Lastly, this study was
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performed in a Korean population, and further research is required to determine if similar
results emerge in other ethnic groups.

Conclusion

We identified several risk factors that deter the continuous use of SGLT2i in diabetic patients
with HF. These risk factors include old age, low weight or low BMI, anemia, renal insuffi-
ciency, and the use of diuretics. For patients with multiple risk factors, close monitoring of
side effects should a priority when prescribing SGLT2i.
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