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Abstract

Digoxin is commonly prescribed for heart failure and atrial fibrillation, but there is limited data
on its safety in patients with chronic kidney disease (CKD). We conducted a population-
based cohort study using the pre-end stage renal disease (ESRD) care program registry and
the National Health Insurance Research Database in Taiwan. Of advanced CKD patient
cohort (N = 31,933), we identified the digoxin user group (N = 400) matched with age and sex
non-user group (N = 2,220). Multivariable Cox proportional hazards and sub-distribution haz-
ards models were used to evaluate the association between digoxin use and the risk of
death, cardiovascular events (acute coronary syndrome, ischemic stroke, or hemorrhagic
stroke) and renal outcomes (ESRD, rapid decline in estimated glomerular filtration rate—
eGFR, or acute kidney injury). Results showed that all-cause mortality was higher in the
digoxin user group than in the non-user group, after adjusting for covariates (adjusted hazard
ratio, aHR 1.63; 95% CI 1.23-2.17). The risk for acute coronary syndrome (sub-distribution
hazard ratio, sHR 1.18; 95% CI 0.75-1.86), ischemic stroke (sHR 1.42; 95% CI 0.85-2.37),
and rapid eGFR decline (sHR 1.00 95% CI 0.78-1.27) was not significantly different between
two groups. In conclusion, our study demonstrated that digoxin use was associated with
increased mortality, but not cardiovascular events or renal function decline in advanced CKD
patients. This finding warns the safety of prescribing digoxin in this population. Future pro-
spective studies are needed to overcome the limitations of cohort study design.

Introduction

Digoxin, a cardiac glycoside, decreases heart rate and increases myocardial contractility by
inhibiting cellular sodium-potassium adenosine triphosphatase (N+/K+-ATPase). Digoxin has
been prescribed to treat heart failure (HF) or atrial fibrillation (AF).
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In high-risk subgroups of patients with HF, such as those with New York Heart Association
(NYHA) class ITI-1V, left ventricular ejection fraction (LVEF) <25% and cardiothoracic ratio
>55%, digoxin was associated with a lower risk of all-cause mortality or hospitalization [1, 2].
Current guidelines recommend digoxin be considered for symptomatic HF patients to reduce
hospitalization risk, despite receiving standard therapy, including beta-blockers, angiotensin-
converting enzyme inhibitors, angiotensin-receptor blockers, or mineralocorticoid receptor
antagonists [3].

By contrast, in patients with AF, treatment with digoxin could be associated with increased
mortality [4, 5]. However, in a recent meta-analysis of randomized control trials, the clinical
effects of digoxin on all-cause mortality, serious adverse events, quality of life, heart failure,
and stroke in patients with AF remains unclear [6]. Current guidelines recommend digoxin as
a rate control agent in patients with AF, particularly in those with concomitant HF [7, 8].

Patients with chronic kidney disease (CKD) have multiple comorbidities, including HF and
AF [9, 10], making CKD patients possible candidates for using digoxin. However, digoxin is
predominantly excreted by the kidneys, so impaired renal function can significantly influence
its pharmacokinetics [11]. In addition, digoxin has a narrow therapeutic-toxicity range [12],
possesses multiple drug-drug interactions [13], and the manifestation of its toxicity, nausea
and vomiting, could mimic the uremic symptoms of late CKD. Notably, it was reported that
CKD did not directly affect all-cause and cardiovascular mortality in patients with AF taking
digoxin [14]. However, there is still a concern in prescribing digoxin for CKD patients because
of its safety. Currently, limited data is addressing its safety in CKD patients from the popula-
tion-based approach. This study aimed to investigate the effect of digoxin on all-cause mortal-
ity, cardiovascular events, and renal outcomes in a nationwide CKD cohort in Taiwan.

Materials and methods

A brief overview of Taiwan pre-end-stage renal disease (ESRD) pay-for-
performance program

National Health Insurance (NHI) is a mandatory, universal, and single-payer insurance system
in Taiwan, covering over 99% of the population. The Pre- ESRD care program, implemented
by NHI in 2006, is a pay-for-performance healthcare model designed to prevent or delay dialy-
sis, avoid uremic complications, and reduce health care costs through patient-centered case
management by a multidisciplinary team. Eligibility criteria were individuals with CKD stages
3b-5 (eGFR<45 mL/min/1.73 m?), or those with proteinuria (urine protein to creatinine ratio,
UPCR >1000 mg/g). Participating patients were required to attend a hospital at least quarterly
for clinical and laboratory evaluation by a nephrologist, CKD education provided by a renal
nurse, and a diet consultation by a dietitian. Participating health care providers received addi-
tional payment for patient enrollment and each follow-up visit, and they were also rewarded if
they achieved predetermined targets, such as a reduced estimated glomerular filtration rate
(eGFR) progression (<6 ml/min/ 1.73m?), complete remission of proteinuria (UPCR <200
mg/g), and vascular access before dialysis.

Study population and cohort

We conducted a retrospective cohort study using the Pre-ESRD care program registry linked
with the National Health Insurance Research Database (NHIRD), containing detailed informa-
tion on inpatient and outpatient services. To protect patients’ privacy, NHIRD had made all data
fully anonymized by replacing all personal identification with surrogate numbers before
researchers accessed them and further analyzed them. We included patients diagnosed with
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CKD, based on the International Classification of Diseases, Ninth Revision, Clinical Modifica-
tion (ICD-9-CM) codes 585 and 581.9, on at least two outpatient visits or one hospitalization
between January 1, 2007 and December 31, 2011. Individuals younger than 18 years of age, with
early-stage CKD (stages 1-3a), with eGFR recorded <3 times, or without baseline laboratory
data were excluded. Individuals who died within three months of enrollment, underwent dialysis
within three months of being enrolled, or received a renal transplant were also excluded. The
index date was the date the patients were enrolled in the pre-ESRD program. CKD patients
receiving digoxin treatment were defined as digoxin users, then each user was matched with five
untreated control patients selected from the same registry, according to age and sex. Patients
were followed until death, ESRD, or until 2012, whichever occurred first. This study was
approved by the Institutional Review Board (IRB) of Kaohsiung Medical University Hospital
(KMUHIRB-EXEMPT(I)-20180035), and the requirement for informed consent was waived.

Measurement of outcomes

Outcomes were the occurrence of all-cause mortality, major cardiovascular events (composite
endpoints of acute coronary syndrome [ACS], ischemic stroke and hemorrhagic stroke), and
renal outcomes (ESRD, rapid eGFR decline and acute kidney injury—AKI) during the study
period. Death was ascertained based on the evidence of patient withdrawal from the NHI
claim database. ACS, ischemic stroke, and hemorrhagic stroke were defined as hospitalization
for these vascular events, which were validated in previous studies [15, 16]. For example, ICD-
9-CM codes 433 (occlusion of cerebral arteries) and 434 (stenosis of precerebral arteries) were
used to extract from NHIRD study subjects with ischemic stroke and were admitted for the
specific diagnosis.

Patients with a subsequent diagnosis of ESRD were identified from the Registry for Cata-
strophic Illness Patient Database. The accuracy of ESRD diagnosis was ascertained because all
ESRD patients in Taiwan were reviewed and issued a catastrophic illness registration card
from the NHI Administration for waiving the co-payments for long-term dialysis. Moreover,
the rapid eGFR decline was defined as a one-year eGFR slope >5 mL/min per 1.73 m* after
the index date. AKI events were identified according to ICD-9-CM codes 584 [17].

Comorbidities and exposure to confounding medications

The following comorbidities were identified as potential confounders: diabetes mellitus (DM),
hypertension, hyperlipidemia, coronary artery disease, cerebrovascular disease, AF, HF, gout,
and malignancy (S1 Table). The definition of DM, hypertension, and hyperlipidemia required
both the specific ICD-9-CM codes and the use of disease-defining medications for a minimum
of 90 days. Comorbidities were scored based on a comorbidity index developed for Chinese
ESRD patients [18].

We also retrieved details regarding medication usage during the study, including antiplate-
let agents/warfarin, antihypertensive drugs (angiotensin-converting enzyme inhibitors, angio-
tensin receptor blockers, beta-blockers, diuretics, and calcium channel blockers), statins, oral
antidiabetic agents, insulin, and nonsteroidal anti-inflammatory drugs (both traditional agents
and cyclooxygenase-2 selective inhibitors; S2 Table). Medication use was defined as drugs with
an accumulated duration of more than 28 days during the study period.

Characteristics of clinical data

The abbreviated Modification of Diet in Renal Disease equation was used to calculate the
eGFR [19]. Baseline eGFR was calculated from the last recorded serum creatinine level before
the index date. The change of eGFR between one year of follow-up and baseline was then
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calculated for each subject. Clinical data included body weight, blood pressure, hematocrit,
serum albumin, and UPCR. The stage of CKD was defined according to baseline eGFR.

Statistical analysis

Baseline descriptive data were described as mean + standard deviation for continuous vari-
ables, and frequency and percentage were displayed for categorical variables. The incidence
rate ratios (IRRs) and 95% confidence intervals (95% Cls) of outcomes (all-cause mortality,
cardiovascular events, and renal outcomes) for digoxin users versus non-users were examined
by using the Poisson regression model [20]. Regarding the all-cause mortality outcome, we
employed Cox proportional hazards model. Furthermore, we applied the Fine and Gray sub-
distribution hazards model to clarify the competing risk of death and the effects of digoxin on
the cardiovascular and renal outcomes [21]. We applied the multivariable models to adjust the
confounders for urbanization, socioeconomic status, comorbid disorders, clinical characteris-
tics, and each medication class.

Intention-to-treat (ITT) and as-treated (AT) analyses were conducted. For ITT analysis,
digoxin users and non-users were followed until the end of the study according to their origi-
nal treatment allocations regardless of adherence by patients, subsequent withdrawal, or any
change in treatment status over time. For AT analysis, the person-time was censored on the
day of digoxin discontinuation. Patients were allowed to have a grace period of up to 30 days
between prescription dates when calculating continuous therapy. Both approaches are associ-
ated with different biases and might complement each other [22]. All analyses were performed
using SAS statistical software (version 9.2; SAS Institute Inc., www.sas.com). All statistical tests
were two-sided. P < 0.05 was considered statistically significant.

Sensitivity analysis

To assess the robustness of our results, we conducted sensitivity analyses using: (1) a logistic
regression model that included age, sex, urbanization, socioeconomic status, comorbidities,
clinical characteristics, and concurrent medications as covariates to compute the propensity
score, and by performing ITT analysis based on patients matched by propensity score; (2) pro-
pensity score-matched Cox regression models and performing AT analysis; (3) re-defined
digoxin users as cumulative use >28 days and analyzing the original age- and sex-matched
cohort with multivariable-adjusted models; (4) re-defined digoxin users as cumulative use
>56 days; and (5) re-defined digoxin users as cumulative use >84 days.

Results
Baseline characteristics

As shown in Fig 1, a total of 31,993 patients had advanced CKD diagnosed between 1 January
2007 and 31 December 2011. We identified 440 CKD patients treated with digoxin and 2,200
non-users, by age- and sex-matching process. Table 1 shows the baseline characteristics of the
study population. Patients who received digoxin were more likely to have DM, coronary artery
disease, cerebrovascular disease, AF, chronic HF, and gout; however, they were less likely to have
hypertension. Higher comorbidities scores were found for digoxin users than for non-users. Base-
line clinical data demonstrated that digoxin users had higher eGFR and hematocrit, but lower sys-
tolic and diastolic blood pressure. A higher proportion of patients in the digoxin user group
received concomitant medical treatment, including antiplatelet agents/warfarin, beta-blockers,
diuretics, oral antidiabetic agents, and insulin, compared to those who did not use digoxin. The
mean follow-up times for digoxin users and non-users were 24.8 and 26.4 months, respectively.
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Patients with advanced chronic kidney disease (CKD) receiving pre-end stage
renal disease care program between January 1, 2007 and December 31, 2011
(n=47,302)

Patients excluded

Age < 18 years (n=31)

CKD stage 1 - 3a (n=2,408)

Death within 3 months after enrolled (n = 430)
Dialysis within 3 months after enrolled (n=1,116)

Renal transplantation (n =251)
No baseline laboratory data (n = 6,959)
Follow eGFR < 3 times (n = 4,184)

e

Patients with advanced CKD cohort (n =31,993)

J{ 1:5 age and sex matched l

Patients with advanced CKD Patients with advanced CKD
receiving Digoxin (n = 440) not receiving Digoxin (n = 2,200)

Follow up until death, end-stage
renal disease or until 2012

Outcome as all-cause mortality, cardiovascular events, and renal outcomes

Fig 1. Study flowchart.
https://doi.org/10.1371/journal.pone.0245620.g001

All-cause mortality, cardiovascular events, and renal outcomes

From ITT analysis, digoxin-treated CKD patients had a higher risk of all-cause mortality (IRR
2.25,95% CI 1.81-2.80), ACS (IRR 1.86, 95% CI 1.30-2.67), ischemic stroke (IRR 1.91, 95% CI
1.28-2.86), and AKI (IRR 1.70, 95% CI 1.34-2.16), compared with non-digoxin-treated CKD
patients (Table 2).

After adjusting for urbanization, socioeconomic status, comorbid disorders, clinical charac-
teristics, medications, and competing risks of mortality, digoxin use was independently
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Table 1. Baseline characteristics among patients with chronic kidney disease receiving digoxin or not.

Characteristics With Digoxin (n = 440) Without Digoxin (n = 2,200) P value
Age, yr, mean * SD 73.9+9.9 739+9.9 >0.999
Age group, yr, n (%) >0.999
18-39 2(0.5%) 10 (0.5%)
40-59 47 (10.7%) 235 (10.7%)
60-79 249 (56.6%) 1245 (56.6%)
>80 142 (32.3%) 710 (32.3%)
Men, n (%) 288 (65.5%) 1440 (65.5%) >0.999
Urbanization level, n (%) 0.525
City area 308 (70.0%) 1576 (71.6%)
Rural area 132 (30.0%) 624 (28.4%)
Socioeconomic status®, n (%) 0.743
Low economics 174 (39.5%) 834 (37.9%)
Moderate economics 109 (24.8%) 579 (26.3%)
High economics 157 (35.7%) 787 (35.8%)
CKD stage, n (%) 0.126
3b 152 (34.5%) 685 (31.1%)
4 186 (42.3%) 907 (41.2%)
5 102 (23.2%) 608 (27.6%)
Comorbidities®, n (%)
Diabetes mellitus 254 (57.7%) 1067 (48.5%) <0.001
Hypertension 332 (75.5%) 1784 (81.1%) 0.008
Hyperlipidemia 150 (34.1%) 671 (30.5%) 0.153
Coronary artery disease 203 (46.1%) 534 (24.3%) <0.001
Cerebrovascular disease 72 (16.4%) 244 (11.1%) 0.002
Atrial fibrillation 130 (29.5%) 46 (2.1%) <0.001
Heart failure 227 (51.6%) 237 (10.8%) <0.001
Gout 138 (31.4%) 572 (26.0%) 0.024
Malignancy 35 (8.0%) 214 (9.7%) 0.284
Comorbidities score®, median (IQR) 7.0 (5.0, 10.0) 4.0 (2.0,7.0) <0.001
Clinical characteristics
Body weight, kg 62.8+12.4 639+11.8 0.072
eGFR, ml/min per 1.73 m* 24.8 £10.3 233+10.8 0.008
SBP, mmHg 129.5+19.5 1352 £18.1 <0.001
DBP, mmHg 72.0+13.1 74.0 £ 11.6 0.002
Hematocrit, % 34.0+6.0 332+5.6 0.011
Serum albumin, g/dl 39+0.5 4.0+0.5 0.090
UPCR, mg/g 598.5 (209.5, 2428) 775.0 (233.0, 1848) 0.884
Medications used, n (%)
Antiplatelets/Warfarin 330 (75.0%) 974 (44.3%) <0.001
ACEI/ARB 337 (76.6%) 1636 (74.4%) 0.357
B-blocker 248 (56.4%) 1114 (50.6%) 0.032
CCB 285 (64.8%) 1663 (75.6%) <0.001
Diuretics 329 (74.8%) 1130 (51.4%) <0.001
Statin 183 (41.6%) 936 (42.5%) 0.751
Oral antidiabetic agents 216 (49.1%) 885 (40.2%) <0.001
Insulin 116 (26.4%) 386 (17.5%) <0.001
NSAIDs 135 (30.7%) 683 (31.0%) 0.925
(Continued)
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Table 1. (Continued)

Characteristics With Digoxin (n = 440) Without Digoxin (n = 2,200) P value

Duration of follow-up, mo, mean + SD 24.8 +14.0 26.4 +14.8 0.031

Footnote: eGFR, Estimated GFR; SBP, systolic blood pressure; DBP, diastolic blood pressure; UPCR, urine protein to creatinine ratio; ACEI, angiotensin-converting
enzyme inhibitors; ARB, angiotensin receptor blockers; CCB, calcium channel blockers; NSAIDs, nonsteroidal anti-inflammatory drugs

*Socioeconomic status: low economics = Dependent; moderate economics = NT$ <20000; high economics = NT$ >20000

*Comorbidity defined as once inpatient or twice outpatient records one year before index date

“Comorbidities score was defined as Taiwan index for hemodialysis (Reference: Clin ] Am Soc Nephrol 9: 513-519, 2014)

https://doi.org/10.1371/journal.pone.0245620.t001

associated with higher mortality (adjusted hazard ratio, aHR 1.63; 95% CI 1.23-2.17). How-
ever, digoxin users were not associated with higher major cardiovascular events compared to
digoxin non-users (sHR 1.33, 95% CI 0.95-1.86; Table 2, model 3). The risk of single cardio-
vascular event was not significantly different between two groups after adjusting for covariates,
including ACS (sHR 1.18, 95% CI 0.75-1.86), ischemic stroke (sHR 1.42, 95% CI 0.85-2.37),
and hemorrhagic stroke (sHR 1.30, 95% CI 0.44-3.87). No difference in risk was found in
renal outcomes, including ESRD (sHR 1.18, 95% CI 0.75-1.86), rapid eGFR decline (sHR 1.18,
95% CI 0.75-1.86), and AKI (aHR 1.20, 95% CI 0.87-1.64).

AT analysis revealed similar results, with significantly higher all-cause mortality in the
digoxin user group compared to the non-user group (aHR 2.06, 95% CI 1.47-2.88) after

Table 2. Association between digoxin used or not and all-cause mortality, major cardiovascular events, and renal function decline in patients with chronic kidney
disease using intention-to-treat analysis.

Variable Overall events Adjusted Hazard Ratio (95% CI)
With Digoxin use | Without Digoxin used |IRR (95% CI) Model 1* Model 2° Model 3¢

All-cause mortality§ 113 268 2.25(1.81-2.80)*** | 1.73 (1.32-2.27)*** | 1.86 (1.41-2.45)*** | 1.63 (1.23-2.17)***
Major cardiovascular events® 73 212 1.88 (1.44-2.46)*** | 1.59 (1.13-2.22)** 1.70 (1.20-2.40)** 1.33 (0.95-1.86)

Acute coronary syndrome’ 40 116 1.86 (1.30-2.67)*** | 1.33 (0.85-2.09) 1.41 (0.89-2.24) 1.18 (0.75-1.86)

Ischemic stroke® 32 90 1.91 (1.28-2.86)"* 1.74 (1.04-2.91)* 1.79 (1.07-3.00)* 1.42 (0.85-2.37)

Hemorrhagic stroke’ 5 23 1.16 (0.44-3.06) 1.20 (0.44-3.26) 1.35(0.48-3.77) 1.30 (0.44-3.87)
End-stage renal disease’ 55 370 0.79 (0.60-1.05) 0.65 (0.47-0.91)* 0.78 (0.55-1.12) 0.80 (0.55-1.14)
Rapid eGFR decline®” 117 518 1.14 (0.93-1.39) 1.08 (0.85-1.37) 1.10 (0.86-1.39) 1.00 (0.78-1.27)
Acute kidney injury’ 88 284 1.70 (1.34-2.16)*** | 1.27 (0.93-1.72) 1.39 (1.02-1.90)* 1.20 (0.87-1.64)

Footnote: IRR, incidence rate ratio; eGFR, estimated GFR

S All-cause mortality was assessed using a Cox proportional hazard model.

ICardiovascular and renal outcomes were assessed using a Fine & Gray subdistribution hazard model for competing risk of mortality.

*Rapid eGFR decline defined as one year eGFR slope > 5 mL/min per 1.73 m*

*Model 1: Adjusted for urbanization, socioeconomic status, comorbidities (diabetes mellitus, hypertension, hyperlipidemia, coronary artery disease, cerebrovascular

disease, heart failure, gout, and malignancy).

*Model 2: Adjusted for urbanization, socioeconomic status, comorbid disorders, clinical characteristics (eGFR, systolic blood pressure, diastolic blood pressure,

hematocrit, serum albumin, urine protein creatinine ratio).

“Model 3: Adjusted for urbanization, socioeconomic status, comorbid disorders, clinical characteristics, medications (antiplatelets, warfarin, angiotensin-converting

enzyme inhibitor/angiotensin receptor blockers, calcium channel blocker, beta blocker, calcium channel blocker, diuretics, statin, oral antidiabetic agents, insulin, and

nonsteroidal anti-inflammatory drugs).

* P <0.05;
** P <0.01;
*** P < 0.001

https://doi.org/10.1371/journal.pone.0245620.t002
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adjusting for covariates (Table 3). There was no difference in cardiovascular events or renal
outcomes on AT analysis.

Sensitivity analysis

The above results demonstrated that digoxin users were consistently associated with a higher
all-cause mortality rate than digoxin non-users. Using the Cox proportional hazards model,
the aHRs were 1.58 (95% CI 1.09-2.28) in the propensity score matching model with ITT anal-
ysis, 2.09 (95% CI 1.31-3.32) in the propensity score matching model with AT analysis, 1.68
(95% CI 1.24-2.28) with re-defined digoxin users as cumulative use >28 days, 2.53 (95% CI
1.62-3.94) with re-defined digoxin users as camulative use >56 days, and 2.95 (95% CI 1.62—
5.39) with re-defined digoxin users as cumulative use >84 days (Table 4). Similarly, cardiovas-
cular events or renal outcomes were not significantly different between these two groups.

Discussion

In the observational study of advanced CKD patients (stages 3b to 5) using ITT and AT analy-
sis, digoxin use was associated with increased mortality after adjusting for patient characteris-
tics, comorbidities, and co-administered medications. This result remained consistent in the
propensity score match and when different definitions for digoxin users were used. There was
no significant difference in major cardiovascular events and renal outcomes between digoxin
users and non-users.

Table 3. Association between digoxin used or not and all-cause mortality, major cardiovascular events, and renal function decline in patients with chronic kidney

disease using as treat analysis.

Variable

All-cause mortality®

Major cardiovascular events®
Acute coronary syndrome®
Ischemic stroke®
Hemorrhagic stroke®

End-stage renal disease’

Rapid eGFR decline®”

Acute kidney injury’

Overall events Adjusted Hazard Ratio (95% CI)
With Digoxin use | Without Digoxin used |IRR (95% CI) Model 1* Model 2° Model 3¢
60 268 2.63 (1.99-3.48)"** | 2.43 (1.76-3.36)*** | 2.28 (1.64-3.16)** | 2.06 (1.47-2.88)***
65 184 4.35(3.28-5.77)*** | 1.80 (1.15-2.83)* 1.82 (1.14-2.91)* 1.49 (0.93-2.39)
34 96 4.33(2.93-6.40)"** | 1.80 (1.01-3.22)* 1.82 (1.00-3.29)* 1.62 (0.89-2.94)
29 79 4.32 (2.83-6.62)"** | 1.59 (0.76-3.32) 1.51 (0.72-3.20) 1.23 (0.56-2.67)
5 22 2.68 (1.01-7.07)* 1.55 (0.38-6.27) 1.68 (0.40-7.06) 1.57 (0.32-7.66)
24 370 0.76 (0.50-1.15) 0.67 (0.42-1.07) 0.66 (0.40-1.09) 0.67 (0.40-1.12)
67 518 137 (1.06-1.76)* | 1.30 (0.98-1.72) 1.26 (0.95-1.67) 1.15 (0.87-1.54)
72 216 421 (3.22-5.49)*** | 1.51 (0.98-2.34) 1.49 (0.96-2.32) 1.30 (0.83-2.03)

Footnote: IRR, incidence rate ratio; eGFR, estimated GFR

S All-cause mortality was assessed using a Cox proportional hazard model.

ICardiovascular and renal outcomes were assessed using a Fine & Gray subdistribution hazard model for competing risk of mortality.

*Rapid eGFR decline defined as one year eGFR slope > 5 mL/min per 1.73 m*

*Model 1: Adjusted for urbanization, socioeconomic status, comorbidities (diabetes mellitus, hypertension, hyperlipidemia, coronary artery disease, cerebrovascular

disease, heart failure, gout, and malignancy).

*Model 2: Adjusted for urbanization, socioeconomic status, comorbid disorders, clinical characteristics (eGFR, systolic blood pressure, diastolic blood pressure,

hematocrit, serum albumin, urine protein creatinine ratio).

“Model 3: Adjusted for urbanization, socioeconomic status, comorbid disorders, clinical characteristics, medications (antiplatelets, warfarin, angiotensin-converting

enzyme inhibitor/angiotensin receptor blockers, calcium channel blocker, beta blocker, calcium channel blocker, diuretics, statin, oral antidiabetic agents, insulin, and

nonsteroidal anti-inflammatory drugs).

* P <0.05;
**P<0.01;
*** P <0.001

https://doi.org/10.1371/journal.pone.0245620.t003
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Table 4. Sensitivity analyses showing the outcomes among patients with chronic kidney disease receiving digoxin or not.

Adjusted Hazard Ratio (95% CI)*

Approach 1° Approach 2° Approach 3¢ Approach 4° Approach 5

All-cause mortality®

Major cardiovascular events®
Acute coronary syndrome®
Ischemic stroke®
Hemorrhagic stroke®

End-stage renal disease’

Rapid eGFR decline®”

Acute kidney injury?

1.58 (1.09-2.28
1.73 (1.13-2.67
1.52 (0.85-2.73
1.51 (0.77-2.95
Un-estimated

0.85 (0.54-1.32)
1.19 (0.88-1.62)
1.23 (0.82-1.85)

RS N2 N2 N

2.09 (1.31-3.32)**
1.82 (0.95-3.47)
1.38 (0.61-3.15)
3.02 (0.80-11.4)
Un-estimated
0.49 (0.24-0.99)*
0.95 (0.66-1.37)
1.14 (0.62-2.10)

1.68 (1.24-2.28)***

1.33 (0.93-1.91)
1.19 (0.73-1.94)
1.48 (0.86-2.54)
1.55 (0.48-5.04)
0.80 (0.54-1.19)
0.97 (0.75-1.26)
1.17 (0.83-1.67)

2.53 (1.62-3.94)"**

2.15 (1.31-3.54)*
2.03 (0.98-4.19)
2.05 (0.95-4.42)
1.37 (0.19-9.83)
0.75 (0.38-1.48)
0.91 (0.61-1.35)
1.40 (0.77-2.55)

2.95 (1.62-5.39)***

(

1.85 (0.85-4.03)
1.62 (0.48-5.43)
1.88 (0.55-6.38)
2.29 (0.20-26.9)
1.13 (0.47-2.68)
0.77 (0.44-1.34)
1.41 (0.55-3.60)

S All-cause mortality was assessed using a Cox proportional hazard model.

ICardiovascular and renal outcomes were assessed using a Fine & Gray subdistribution hazard model for competing risk of mortality.

*Rapid eGFR decline defined as one year eGFR slope > 5 mL/min per 1.73 m*

*Adjusted for urbanization, socioeconomic status, comorbidities (diabetes mellitus, hypertension, hyperlipidemia, coronary artery disease, cerebrovascular disease, heart
failure, gout, and malignancy), clinical characteristics (eGFR, systolic blood pressure, diastolic blood pressure, hematocrit, serum albumin, urine protein creatinine
ratio), medications (antiplatelets, warfarin, angiotensin-converting enzyme inhibitor/angiotensin receptor blockers, calcium channel blocker, beta blocker, calcium
channel blocker, diuretics, statin, oral antidiabetic agents, insulin, and nonsteroidal anti-inflammatory drugs).

®Approach 1: propensity score-matched approach as intention-to-treatment analysis

“Approach 2: propensity score-matched approach as treated analysis

4Approach 3: Digoxin users defined as cumulative used > 28 days

“Approach 4: Digoxin users defined as cumulative used > 56 days

fApproach 5 Digoxin users defined as cumulative used > 84 days

* P <0.05;

** P <0.01;

*** P < 0.001

https://doi.org/10.1371/journal.pone.0245620.1004

Digoxin and mortality

Few prospective studies are investigating the effect of digoxin on mortality in CKD patients. In
a retrospective study from the U.S. Department of Veterans Affairs healthcare system (TREA-
T-AF study—The Retrospective Evaluation and Assessment of Therapies in AF), digoxin use
was associated with increased risk of death in patients with AF across all stages of CKD, except
for dialysis patients [23]. Digoxin use was associated with a 28% increased risk of death in
another hemodialysis cohort from North America [24]. In addition to being consistent with
these two studies, our results had two noteworthy features. Firstly, all patients from our study
were of Chinese ethnicity, which was different from previous reports that mainly comprised
Caucasian and African American participants. Thus, the association of digoxin and mortality
in CKD patients might be independent of race. Secondly, the proportion of HF in digoxin
users was much higher in our study compared with the TREAT-AF study (51.6% versus
21.3%). Thus, our study suggested that the association of digoxin and mortality might apply to
CKD patients with AF and extend to CKD patients with HF.

Digoxin and stroke

Digoxin has been reported to be associated with increased platelet and endothelial cell activa-
tion, which may predispose patients to thrombosis [25]. In two population-based cohort stud-
ies, digoxin was associated with an increased risk of ischemic stroke in patients with AF [26,
27]. Patients with low glomerular filtration rate (<60ml/min) has been shown to be associated
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with an increased risk of stroke in a meta-analysis [28]. Based on the above studies, it was
anticipated that CKD patients using digoxin would have an increased risk of ischemic stroke.
However, our study showed that digoxin did not affect the risk of ischemic stroke. The discrep-
ancy might be explained by the use of antiplatelet agents or warfarin, which might offset the
possible thrombogenic effect of digoxin. In our study, the proportion of antiplatelet agent or
warfarin use was higher among digoxin users (75%), compared with non-users (44.3%). As
shown in Table 2, the aHR for ischemic stroke was significant in models 1 and 2, but not in
model 3, after medication use was taken into consideration. In the above-mentioned study
conducted by Chang et al. [26], only 23.9% of digoxin users had co-administration of warfarin,
much lower compared with our study. In addition, a post-hoc analysis conducted by Gjesdal
et al., with all patients receiving anticoagulation treatment, revealed no increase in thrombo-
embolic events with digoxin use [29].

Digoxin and renal function change

The toxicity of digoxin was manifested in several ways, mainly cardiac, neurological, and gas-
trointestinal, while direct renal toxicity has rarely been reported [30]. Consistently, in the cur-
rent study, there was no significant difference in adverse renal outcomes for digoxin users and
non-users; however, in post-hoc analysis conducted by Testani et al., digoxin was associated
with renal function improvement in patients with HF, as compared with those taking a placebo
[31].

There are several plausible explanations for the discordance. Patients from the current
study were older and had worse baseline renal function, with a mean age of 73.9 + 9.9 years
and a mean eGFR of 24.8 + 10.3ml/min per 1.73m?, compared with patients in the study con-
ducted by Testani et al. (63.4 + 10.5 years and 70 + 21.7ml/min per 1.73m” respectively) [31].
Old age and CKD have been associated with a lower probability of renal recovery from AKI
[32, 33]. Aged kidneys have altered hemodynamics and physiological behavior in response to
renal insults, which impair their ability to withstand and recover from injury [34]. In addition,
the proportion of patients with HF in our study was 51.6% and 10.8% for digoxin users and
non-users, respectively, while all patients in the report of Testani et al. [31] had HF. HF could
cause renal dysfunction through hemodynamic changes and neurohormonal effects, termed
cardiorenal syndrome [35]. Although the causes of renal dysfunction in both studies were
unknown, patients with HF were more likely to have cardiorenal syndrome, which might be
reversible once cardiac contractility was improved through digoxin treatment.

Limitations

Several limitations need to be considered in our cohort study design. Firstly, the Pre-ESRD
program database collected the data mainly related to renal care only. Some data were not
available in this cohort database. For instance, serum digoxin concentrations (SDC) were not
measured. Previous studies reported that high SDC (>1.2 ng/mL) might be associated with
increased mortality when compared with low SDC (0.5-0.8 ng/mL) [36, 37]. Moreover, serum
potassium levels were also unavailable in this cohort database. Hyperkalemia might decrease
the effectiveness of digoxin, whereas hypokalemia could potentiate its toxicity.

Secondly, digoxin users might be frailer due to concomitant HF or AF compared to digoxin
non-users. The presence of HF was defined based on ICD-9-CM coding; however, the severity
of HF was unavailable due to the lack of NYHA classification and ejection fraction. Thus, full
matching according to HF status in both groups was not likely, which may lead to biases.

Thirdly, the final limitation that should be considered is the very small portion of patients
who received digoxin. These patients are, therefore, not fully representative of the whole
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cohort. Our study aimed to enroll more digoxin users by defining digoxin users as any single
digoxin exposure within three months before the index date, but only 440 digoxin users were
enrolled in total. It might be explained by the stringent indication or safety concern on pre-
scribing digoxin for CKD patients.

Despite these limitations, we try to reduce the influence of confounding factors on the out-
comes by multivariable adjustment and propensity score matching and using different statisti-
cal analysis approaches. However, the inherent weaknesses of the population-based cohort
study design may limit the generalizability of our findings, and we should interpret the results
with caution.

In conclusion, our study demonstrated that digoxin use was associated with increased mor-
tality in advanced CKD patients. Thus, digoxin should be prescribed with caution in this popu-
lation. It warrants future prospective and randomized studies to determine the safety of
digoxin in the advanced CKD patients.

Supporting information

S1 Table. ICD-9-CM codes used to identify clinical conditions.
(DOCX)

S2 Table. Drugs prescriptions during observation period among patients with chronic kid-
ney disease.
(DOCX)

S1 Checklist. STROBE statement—checklist of items that should be included in reports of
cohort studies.
(DOCX)

Acknowledgments

This study was based on data from the National Health Insurance Research Database
(NHIRD) of Taiwan provided by the Bureau of National Health Insurance, Department of
Health, and managed by the National Health Research Institutes. The interpretation and con-
clusions contained herein do not represent the views of the Bureau of National Health Insur-
ance, Department of Health, or National Health Research Institutes.

Author Contributions

Conceptualization: Shan-Min Hsu, Ping-Hsun Wu, Ming-Yen Lin, Jer-Chia Tsai.
Data curation: Teng-Hui Huang.

Formal analysis: Teng-Hui Huang.

Funding acquisition: Lii-Jia Yang, Jer-Chia Tsai.

Investigation: Teng-Hui Huang.

Methodology: Ping-Hsun Wu, Ming-Yen Lin, Jer-Chia Tsai.

Supervision: Jer-Chia Tsai.

Writing - original draft: Lii-Jia Yang, Shan-Min Hsu, Ping-Hsun Wu.

Writing - review & editing: Lii-Jia Yang, Shan-Min Hsu, Ping-Hsun Wu, Ming-Yen Lin,
Teng-Hui Huang, Yi-Ting Lin, Hung-Tien Kuo, Yi-Wen Chiu, Shang-Jyh Hwang, Jer-Chia
Tsai, Hung-Chun Chen.

PLOS ONE | https://doi.org/10.1371/journal.pone.0245620 January 15, 2021 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245620.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245620.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245620.s003
https://doi.org/10.1371/journal.pone.0245620

PLOS ONE

Digoxin and mortality

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

The effect of digoxin on mortality and morbidity in patients with heart failure. N Engl J Med. 1997; 336
(8):525-33. https://doi.org/10.1056/NEJM199702203360801 PMID: 9036306

Gheorghiade M, Patel K, Filippatos G, Anker SD, van Veldhuisen DJ, Cleland JG, et al. Effect of oral
digoxin in high-risk heart failure patients: a pre-specified subgroup analysis of the DIG trial. Eur J Heart
Fail. 2013; 15(5):551-9. https://doi.org/10.1093/eurjhf/hft010 PMID: 23355060

Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, et al. 2016 ESC Guidelines for
the diagnosis and treatment of acute and chronic heart failure: The Task Force for the diagnosis and
treatment of acute and chronic heart failure of the European Society of Cardiology (ESC)Developed
with the special contribution of the Heart Failure Association (HFA) of the ESC. Eur Heart J. 2016; 37
(27):2129-200. https://doi.org/10.1093/eurheartj/ehw128 PMID: 27206819

Ouyang AJ, Lv YN, Zhong HL, Wen JH, Wei XH, Peng HW, et al. Meta-analysis of digoxin use and risk
of mortality in patients with atrial fibrillation. Am J Cardiol. 2015; 115(7):901-6. https://doi.org/10.1016/
j.amjcard.2015.01.013 PMID: 25660972

Qureshi W, O’'Neal WT, Soliman EZ, Al-Mallah MH. Systematic review and meta-analysis of mortality
and digoxin use in atrial fibrillation. Cardiol J. 2016; 23(3):333-43. https://doi.org/10.5603/CJ.a2016.
0016 PMID: 27064796

Sethi NJ, Nielsen EE, Safi S, Feinberg J, Gluud C, Jakobsen JC. Digoxin for atrial fibrillation and atrial
flutter: A systematic review with meta-analysis and trial sequential analysis of randomised clinical trials.
PLoS One. 2018; 13(3):e0193924. https://doi.org/10.1371/journal.pone.0193924 PMID: 29518134

January CT, Wann LS, Alpert JS, Calkins H, Cigarroa JE, Cleveland JC Jr., et al. 2014 AHA/ACC/HRS
guideline for the management of patients with atrial fibrillation: a report of the American College of Car-
diology/American Heart Association Task Force on Practice Guidelines and the Heart Rhythm Society.
J Am Coll Cardiol. 2014; 64(21):e1-76. https://doi.org/10.1016/j.jacc.2014.03.022 PMID: 24685669

Kirchhof P, Benussi S, Kotecha D, Ahlsson A, Atar D, Casadei B, et al. 2016 ESC Guidelines for the
management of atrial fibrillation developed in collaboration with EACTS. Eur Heart J. 2016; 37
(38):2893-962. https://doi.org/10.1093/eurheartj/ehw210 PMID: 27567408

Alonso A, Lopez FL, Matsushita K, Loehr LR, Agarwal SK, Chen LY, et al. Chronic kidney disease is asso-
ciated with the incidence of atrial fibrillation: the Atherosclerosis Risk in Communities (ARIC) study. Circula-
tion. 2011; 123(25):2946-53. https://doi.org/10.1161/CIRCULATIONAHA.111.020982 PMID: 21646496

Bansal N, Katz R, Robinson-Cohen C, Odden MC, Dalrymple L, Shlipak MG, et al. Absolute Rates of

Heart Failure, Coronary Heart Disease, and Stroke in Chronic Kidney Disease: An Analysis of 3 Com-
munity-Based Cohort Studies. JAMA Cardiol. 2017; 2(3):314-8. https://doi.org/10.1001/jamacardio.

2016.4652 PMID: 28002548

lisalo E. Clinical pharmacokinetics of digoxin. Clin Pharmacokinet. 1977; 2(1):1-16. https://doi.org/10.
2165/00003088-197702010-00001 PMID: 322907

Goldberger ZD, Goldberger AL. Therapeutic ranges of serum digoxin concentrations in patients with
heart failure. Am J Cardiol. 2012; 109(12):1818-21. https://doi.org/10.1016/j.amjcard.2012.02.028
PMID: 22502901

Marcus FI. Pharmacokinetic interactions between digoxin and other drugs. J Am Coll Cardiol. 1985; 5(5
Suppl A):82a—90a. https://doi.org/10.1016/s0735-1097(85)80466-6 PMID: 2985676

Sessa M, Mascolo A, Andersen MP, Rosano G, Rossi F, Capuano A, et al. Effect of Chronic Kidney Dis-
eases on Mortality among Digoxin Users Treated for Non-Valvular Atrial Fibrillation: A Nationwide Reg-
ister-Based Retrospective Cohort Study. PLoS One. 2016; 11(7):e0160337. https://doi.org/10.1371/
journal.pone.0160337 PMID: 27467520

Cheng CL, Lee CH, Chen PS, Li YH, Lin SJ, Yang YH. Validation of acute myocardial infarction cases
in the national health insurance research database in taiwan. J Epidemiol. 2014; 24(6):500-7. https://
doi.org/10.2188/jea.je20140076 PMID: 25174915

Cheng CL, Kao YH, Lin SJ, Lee CH, Lai ML. Validation of the National Health Insurance Research Data-
base with ischemic stroke cases in Taiwan. Pharmacoepidemiol Drug Saf. 2011; 20(3):236—42. https://
doi.org/10.1002/pds.2087 PMID: 21351304

Waikar SS, Wald R, Chertow GM, Curhan GC, Winkelmayer WC, Liangos O, et al. Validity of Interna-
tional Classification of Diseases, Ninth Revision, Clinical Modification Codes for Acute Renal Failure. J
Am Soc Nephrol. 2006; 17(6):1688-94. https://doi.org/10.1681/ASN.2006010073 PMID: 16641149

Chen JY, Tsai SH, Chuang PH, Chang CH, Chuang CL, Chen HL, et al. A comorbidity index for mortal-
ity prediction in Chinese patients with ESRD receiving hemodialysis. Clin J Am Soc Nephrol. 2014; 9
(3):513-9. https://doi.org/10.2215/CJN.03100313 PMID: 24311712

Levey AS, Bosch JP, Lewis JB, Greene T, Rogers N, Roth D. A more accurate method to estimate glo-
merular filtration rate from serum creatinine: a new prediction equation. Modification of Diet in Renal

PLOS ONE | https://doi.org/10.1371/journal.pone.0245620 January 15, 2021 12/13


https://doi.org/10.1056/NEJM199702203360801
http://www.ncbi.nlm.nih.gov/pubmed/9036306
https://doi.org/10.1093/eurjhf/hft010
http://www.ncbi.nlm.nih.gov/pubmed/23355060
https://doi.org/10.1093/eurheartj/ehw128
http://www.ncbi.nlm.nih.gov/pubmed/27206819
https://doi.org/10.1016/j.amjcard.2015.01.013
https://doi.org/10.1016/j.amjcard.2015.01.013
http://www.ncbi.nlm.nih.gov/pubmed/25660972
https://doi.org/10.5603/CJ.a2016.0016
https://doi.org/10.5603/CJ.a2016.0016
http://www.ncbi.nlm.nih.gov/pubmed/27064796
https://doi.org/10.1371/journal.pone.0193924
http://www.ncbi.nlm.nih.gov/pubmed/29518134
https://doi.org/10.1016/j.jacc.2014.03.022
http://www.ncbi.nlm.nih.gov/pubmed/24685669
https://doi.org/10.1093/eurheartj/ehw210
http://www.ncbi.nlm.nih.gov/pubmed/27567408
https://doi.org/10.1161/CIRCULATIONAHA.111.020982
http://www.ncbi.nlm.nih.gov/pubmed/21646496
https://doi.org/10.1001/jamacardio.2016.4652
https://doi.org/10.1001/jamacardio.2016.4652
http://www.ncbi.nlm.nih.gov/pubmed/28002548
https://doi.org/10.2165/00003088-197702010-00001
https://doi.org/10.2165/00003088-197702010-00001
http://www.ncbi.nlm.nih.gov/pubmed/322907
https://doi.org/10.1016/j.amjcard.2012.02.028
http://www.ncbi.nlm.nih.gov/pubmed/22502901
https://doi.org/10.1016/s0735-1097(85)80466-6
http://www.ncbi.nlm.nih.gov/pubmed/2985676
https://doi.org/10.1371/journal.pone.0160337
https://doi.org/10.1371/journal.pone.0160337
http://www.ncbi.nlm.nih.gov/pubmed/27467520
https://doi.org/10.2188/jea.je20140076
https://doi.org/10.2188/jea.je20140076
http://www.ncbi.nlm.nih.gov/pubmed/25174915
https://doi.org/10.1002/pds.2087
https://doi.org/10.1002/pds.2087
http://www.ncbi.nlm.nih.gov/pubmed/21351304
https://doi.org/10.1681/ASN.2006010073
http://www.ncbi.nlm.nih.gov/pubmed/16641149
https://doi.org/10.2215/CJN.03100313
http://www.ncbi.nlm.nih.gov/pubmed/24311712
https://doi.org/10.1371/journal.pone.0245620

PLOS ONE

Digoxin and mortality

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Disease Study Group. Ann Intern Med. 1999; 130(6):461-70. https://doi.org/10.7326/0003-4819-130-
6-199903160-00002 PMID: 10075613

Frome EL, Checkoway H. Epidemiologic programs for computers and calculators. Use of Poisson
regression models in estimating incidence rates and ratios. Am J Epidemiol. 1985; 121(2):309-23.
https://doi.org/10.1093/oxfordjournals.aje.a114001 PMID: 3839345

Fine J GR. A proportional hazards model for the subdistribution of a competing risk. J Am Stat Assoc.
1999; 94(446):496-509.

Danaei G, Rodriguez LA, Cantero OF, Logan R, Hernan MA. Observational data for comparative effec-
tiveness research: an emulation of randomised trials of statins and primary prevention of coronary heart
disease. Stat Methods Med Res. 2013; 22(1):70-96. https://doi.org/10.1177/0962280211403603
PMID: 22016461

Turakhia MP, Santangeli P, Winkelmayer WC, Xu X, Ullal AJ, Than CT, et al. Increased mortality asso-
ciated with digoxin in contemporary patients with atrial fibrillation: findings from the TREAT-AF study. J
Am Coll Cardiol. 2014; 64(7):660-8. https://doi.org/10.1016/j.jacc.2014.03.060 PMID: 25125296

Chan KE, Lazarus JM, Hakim RM. Digoxin associates with mortality in ESRD. J Am Soc Nephrol. 2010;
21(9):1550-9. https://doi.org/10.1681/ASN.2009101047 PMID: 20576808

Chirinos JA, Castrellon A, Zambrano JP, Jimenez JJ, Jy W, Horstman LL, et al. Digoxin use is associ-
ated with increased platelet and endothelial cell activation in patients with nonvalvular atrial fibrillation.
Heart Rhythm. 2005; 2(5):525-9. https://doi.org/10.1016/j.hrthm.2005.01.016 PMID: 15840479

Chang SS, Chang KC, Wang YC, Muo CH, Pai PY, Chang CB, et al. Digoxin use is associated with
increased risk of stroke in patients with non-valvular atrial fibrillation—a nationwide population-based
cohort study. Int J Cardiol. 2013; 169(2):e26—7. https://doi.org/10.1016/j.iicard.2013.08.103 PMID:
24063919

Chao TF, Liu CJ, Chen SJ, Wang KL, Lin YJ, Chang SL, et al. Does digoxin increase the risk of ischemic
stroke and mortality in atrial fibrillation? A nationwide population-based cohort study. Can J Cardiol.
2014; 30(10):1190-5. https://doi.org/10.1016/j.cjca.2014.05.009 PMID: 25262860

Lee M, Saver JL, Chang KH, Liao HW, Chang SC, Ovbiagele B. Low glomerular filtration rate and risk
of stroke: meta-analysis. Bmj. 2010; 341:c4249. https://doi.org/10.1136/bmj.c4249 PMID: 20884696

Gijesdal K, Feyzi J, Olsson SB. Digitalis: a dangerous drug in atrial fibrillation? An analysis of the SPOR-
TIF Il and V data. Heart. 2008; 94(2):191-6. https://doi.org/10.1136/hrt.2006.108399 PMID: 17483128

Ehle M, Patel C, Giugliano RP. Digoxin: clinical highlights: a review of digoxin and its use in contempo-
rary medicine. Crit Pathw Cardiol. 2011; 10(2):93-8. https://doi.org/10.1097/HPC.0b013e318221e7dd
PMID: 21988950

Testani JM, Brisco MA, Tang WH, Kimmel SE, Tiku-Owens A, Forfia PR, et al. Potential effects of
digoxin on long-term renal and clinical outcomes in chronic heart failure. J Card Fail. 2013; 19(5):295—
302. https://doi.org/10.1016/j.cardfail.2013.03.002 PMID: 23663810

Pannu N, James M, Hemmelgarn BR, Dong J, Tonelli M, Klarenbach S. Modification of outcomes after
acute kidney injury by the presence of CKD. Am J Kidney Dis. 2011; 58(2):206—13. https://doi.org/10.
1053/j.ajkd.2011.01.028 PMID: 21496979

Macedo E, Zanetta DM, Abdulkader RC. Long-term follow-up of patients after acute kidney injury: pat-
terns of renal functional recovery. PLoS One. 2012; 7(5):e36388. https://doi.org/10.1371/journal.pone.
0036388 PMID: 22574153

O’Sullivan ED, Hughes J, Ferenbach DA. Renal Aging: Causes and Consequences. J Am Soc Nephrol.
2017; 28(2):407-20. https://doi.org/10.1681/ASN.2015121308 PMID: 28143966

Ronco C, Haapio M, House AA, Anavekar N, Bellomo R. Cardiorenal syndrome. J Am Coll Cardiol.
2008; 52(19):1527-39. hitps://doi.org/10.1016/j.jacc.2008.07.051 PMID: 19007588

Lopes RD, Rordorf R, De Ferrari GM, Leonardi S, Thomas L, Wojdyla DM, et al. Digoxin and Mortality in
Patients With Atrial Fibrillation. J Am Coll Cardiol. 2018; 71(10):1063-74. https://doi.org/10.1016/j.jacc.
2017.12.060 PMID: 29519345

Rathore SS, Curtis JP, Wang Y, Bristow MR, Krumholz HM. Association of serum digoxin concentration
and outcomes in patients with heart failure. JAMA 2003; 289(7):871-8. https://doi.org/10.1001/jama.
289.7.871 PMID: 12588271

PLOS ONE | https://doi.org/10.1371/journal.pone.0245620 January 15, 2021 13/13


https://doi.org/10.7326/0003-4819-130-6-199903160-00002
https://doi.org/10.7326/0003-4819-130-6-199903160-00002
http://www.ncbi.nlm.nih.gov/pubmed/10075613
https://doi.org/10.1093/oxfordjournals.aje.a114001
http://www.ncbi.nlm.nih.gov/pubmed/3839345
https://doi.org/10.1177/0962280211403603
http://www.ncbi.nlm.nih.gov/pubmed/22016461
https://doi.org/10.1016/j.jacc.2014.03.060
http://www.ncbi.nlm.nih.gov/pubmed/25125296
https://doi.org/10.1681/ASN.2009101047
http://www.ncbi.nlm.nih.gov/pubmed/20576808
https://doi.org/10.1016/j.hrthm.2005.01.016
http://www.ncbi.nlm.nih.gov/pubmed/15840479
https://doi.org/10.1016/j.ijcard.2013.08.103
http://www.ncbi.nlm.nih.gov/pubmed/24063919
https://doi.org/10.1016/j.cjca.2014.05.009
http://www.ncbi.nlm.nih.gov/pubmed/25262860
https://doi.org/10.1136/bmj.c4249
http://www.ncbi.nlm.nih.gov/pubmed/20884696
https://doi.org/10.1136/hrt.2006.108399
http://www.ncbi.nlm.nih.gov/pubmed/17483128
https://doi.org/10.1097/HPC.0b013e318221e7dd
http://www.ncbi.nlm.nih.gov/pubmed/21988950
https://doi.org/10.1016/j.cardfail.2013.03.002
http://www.ncbi.nlm.nih.gov/pubmed/23663810
https://doi.org/10.1053/j.ajkd.2011.01.028
https://doi.org/10.1053/j.ajkd.2011.01.028
http://www.ncbi.nlm.nih.gov/pubmed/21496979
https://doi.org/10.1371/journal.pone.0036388
https://doi.org/10.1371/journal.pone.0036388
http://www.ncbi.nlm.nih.gov/pubmed/22574153
https://doi.org/10.1681/ASN.2015121308
http://www.ncbi.nlm.nih.gov/pubmed/28143966
https://doi.org/10.1016/j.jacc.2008.07.051
http://www.ncbi.nlm.nih.gov/pubmed/19007588
https://doi.org/10.1016/j.jacc.2017.12.060
https://doi.org/10.1016/j.jacc.2017.12.060
http://www.ncbi.nlm.nih.gov/pubmed/29519345
https://doi.org/10.1001/jama.289.7.871
https://doi.org/10.1001/jama.289.7.871
http://www.ncbi.nlm.nih.gov/pubmed/12588271
https://doi.org/10.1371/journal.pone.0245620

