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Abstract

Background—In heart failure (HF), digoxin at low serum digoxin concentrations (SDC) reduces
all-cause mortality and HF hospitalizations. However, the effects of digoxin on other cause-specific
outcomes have not been studied in a propensity matched cohort.

Methods—The Digitalis Investigation Group trial, conducted during 1991-1993, enrolled 7788
ambulatory chronic HF patients. This analysis focuses on 4843 patients: 982 receiving digoxin with
low (0.5-0.9 ng/ml) SDC at one month, and 3861 receiving placebo and alive at one month.
Propensity scores for low SDC, calculated using a non-parsimonious multivariable logistic regression
model, were used to match 982 low-SDC patients with 982 placebo patients. Matched Cox regression
analyses were used to determine the effect of digoxin at low SDC on outcomes.
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Results—All-cause mortality occurred in 315 placebo (rate, 1071/10000 person-years) and 288
low-SDC digoxin (rate, 871/10000 person-years) patients, respectively, during 2940 and 3305 years
of follow up (hazard ratio {HR}, 0.81, 95% confidence interval {CI}, 0.68-0.98; p=0.028).
Cardiovascular hospitalizations occurred in 493 placebo (2359/10,000 person-year) and 471 low-
SDC digoxin (1963/10,000 person-year) patients, respectively during 2090 and 2399 years of follow
up (HR, 0.82, 95% ClI, 0.70-0.95; p=0.010). Low-SDC digoxin to placebo HR (95%Cl) for HF
mortality and HF hospitalizations were respectively, 0.65 (0.45-0.92; P=0.015) and 0.63 (0.52-0.77;
P<0.0001). Low-dose digoxin (<=0.125 mg/day) was the strongest independent predictor of low
SDC (adjusted odd ratio, 2.07, 95% CI 1.54-2.80).

Conclusions—Digoxin at low SDC significantly reduced mortality and hospitalizations in
ambulatory chronic systolic and diastolic HF patients.
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Introduction

Digoxin is the oldest and one of the least expensive heart failure drugs. It is approved by the
United States Food and Drug Administration for use in heart failure. 1, 2 pigoxin reduces
hospitalizations due to worsening heart failure without increasing mortality. =S Itis
recommended by major national heart failure guidelines. 6-9 vet, the use of digoxin is in
decline, in part due to its lack of mortality benefit. 10-12 Therapeutic and toxic effects of
digoxin are related to its dose and serum digoxin concentrations (SDC). 4,13, 14 However,
reports suggesting no survival benefit of digoxin or harmful effects of digoxin in women did
not account for SDC. 3+ 13 Digoxin at low SDC appears to reduce mortality in both men and
women with heart failure. 4 14 However, results of these post-hoc analyses were based on
traditional multivariable risk adjustments. 16, 17

A recent comprehensive post-hoc analysis of the DIG trial demonstrated that compared with
heart failure patients receiving placebo, those receiving digoxin at low (0.5-0.9 ng/ml) SDC
had significant reduction in all-cause mortality and all-cause hospitalizations. 4A propensity
score analysis confirmed the effect of digoxin at low SDC on mortality and heart failure
hospitalization. 4 However, the effects of digoxin at low SDC on other cause-specific outcomes
have not been studied in a propensity-matched cohort. As in randomization, propensity score
matching allows elimination of baseline covariate imbalance without access to outcomes data.
17-20 1y addition, propensity score technique allows objective estimation of bias reduction.
20,21 The purpose of this analysis is to examine the effect of digoxin at low SDC on various
cause-specific outcomes in a propensity score-matched cohort of heart failure patients.

Materials and Methods

Study Design

Retrospective propensity matched analysis of the DIG trial, which was conducted in the U.S.
(186 centers) and Canada (116 centers) in the early 1990’s. The design and the results of the
DIG trial has been described previously. 3,

Patients

Of the 7788 heart failure patients with normal sinus rhythm in the DIG trial, 6,800 had left
ventricular ejection fraction (LVEF) <45% and 988 had LVEF >45%. Most patients were
receiving angiotensin-converting enzyme (ACE) inhibitors and diuretics. Data on beta-
blockers were not collected. The current analysis was restricted to 982 patients who were
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receiving digoxin and had low (0.5-0.9 ng/ml) SDC at one month after randomization, and
3,861 patients receiving placebo, who were alive at one month. SDC 0.5-0.9 ng/ml has been
shown to be therapeutic in prior studies. 4,14 Specimens for SDC were analyzed in a central
laboratory. 3

Primary outcomes were mortality and hospitalizations due to all causes, cardiovascular causes,
and worsening heart failure. Data on vital status were 99% complete. 4 Secondary outcomes
included other cause-specific deaths and hospitalizations.

Bias Reduction by Propensity Score Matching

We compared baseline characteristics between treatment groups using Pearson chi-square and
Wilcoxon rank-sum tests. Patients with low SDC were younger and less likely to have severe
heart failure or to have chronic renal dysfunction (estimated glomerular filtration rate < 60 ml/
min/1.73 square meter). 23 To achieve balance in baseline covariates, we matched all 982 low
SDC patients to 982 unique patients in the placebo group, who had very similar propensities
for low SDC (Figure 1). 24 We calculated propensity scores for low SDC, that is the conditional
probability of developing low SDC, for all 4,843 patients using a non-parsimonious
multivariable logistic regression model incorporating all measured baseline characteristics. 4,
20 To avoid inflated significance in baseline covariate imbalance in the pre-match cohort, we
identified a random subset of 982 patients from the placebo group.

Assessment of Bias Reduction: Absolute Standardized Differences

Covariate imbalance before and after propensity score matching was estimated using absolute
standardized differences between the two treatment groups. 4,20, 21, 25, 26 A standardized
difference of less than 10% is taken to indicate a well-balanced covariate. 20 21, 26 The
standardized difference in propensity score between placebo and low SDC patients before and
after matching were respectively 48% and 0.0%, indicating substantially improved covariate
balance after matching. Placebo-low SDC absolute standardized differences for age, serum
creatinine, and diuretic use were respectively 10%, 32%, and 12% before matching and 1%,
0%, and 2% after matching.

Statistical analysis

Results

We used Kaplan-Meier analysis and matched Cox proportional hazards analyses to determine
association between digoxin at low SDC and various outcomes. Proportional hazards
assumptions were checked using log-minus-log scale survival plots for patients in the two
treatment groups. To determine whether the effect of digoxin was homogeneous, we estimated
the effects of low SDC (versus placebo) on all-cause mortality in various subgroups of patients.
Finally, we identified predictors of low SDC among patients receiving digoxin using logistic
regression analysis. 4

We conducted formal sensitivity analyses to describe the weight of our evidence by quantifying
the degree of hidden bias that would need to be present to invalidate our main conclusions. All
statistical tests were evaluated using two-tailed 95% confidence levels, and data analyses were
performed using SPSS for Windows version 14. 27

Patient Characteristics

Patients had a mean age of 63 years, 21% were women, 13% non-white, and 11% had LVEF
>45%. Among the 982 low SDC patients, 17%, 73% and 11% respectively were receiving
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digoxin <0.125 mg, 0.25 mg and >0.25 mg per day, with a median dose of 0.25 mg/day. After
matching, compared to placebo patients, those with low SDC were balanced in terms of all
measured covariates (Table 1).

Digoxin and Mortality

During 42 months of median follow-up, 31% patients died from all causes, including 24% from
cardiovascular causes, and 10% from worsening heart failure. Kaplan-Meier plots for death
due to all causes are displayed in Figure 2.

Mortality due to all causes occurred in 315 patients receiving placebo during 2,940 years
(1,071/10,000 person-year) and 288 patients receiving digoxin at low SDC during 3,305 years
(871/10,000 person-year) of follow up (hazard ratio, 0.81, 95% confidence interval, 0.68-0.98;
p=0.028; Table 2). This is consistent with our prior report of reduced all-cause mortality
associated with low SDC (HR, 0.81; 95% ClI, 0.67-0.97), using a somewhat different cohort
of patients in the placebo group. 4

When extrapolated to the US population, this represented a potential annual savings of about
100,000 lives if all of the estimated 5 million heart failure patients had similar characteristics
to the DIG participants and were receiving digoxin at low SDC. Incidence rates and risks for
cause-specific deaths in placebo and low SDC patients before and after matching are displayed
in Table 2.

Our sensitivity analysis suggests that for an unmeasured binary covariate (unrelated to
covariates in our propensity model) to explain away our results, that unmeasured covariate
would need to increase the odds of developing low SDC by at least 48% and would also need
to be a near-perfect predictor of all-cause mortality, at the p<0.05, suggesting that these results
are at least somewhat resistant to hidden bias. An appropriate matched-samples comparison of
hazard rates gave a Z-statistic of 2.20 (two-tailed P=0.028) for the comparison of low SDC to
placebo.

Digoxin and Hospitalization

Overall 64% patients were hospitalized for all causes including 49% from cardiovascular
causes and 26% from worsening heart failure. Kaplan-Meier plots for hospitalizations due
cardiovascular causes, and heart failure are displayed in Figure 2.

Compared with 639 all-cause hospitalizations in placebo patients during 1,795 years
(3,560/10,000 person-year), there were 625 all-cause hospitalizations in low SDC patients
during 2,032 years (3,076/10,000 person-year) of follow up (HR, 0.92, 95% CIl, 0.81-1.06;
p=0.262; Table 3). Extrapolated to the US population, this would represent a potential annual
reduction in total hospitalizations by over 240,000. The association between low SDC and all-
cause hospitalization became significant (HR 0.83, 95% CI, 0.75-0.93; p=0.001) in a cohort
with 1:3 matching (916 digoxin patients matched to 2,738 placebo patients; absolute
standardized difference in propensity score=0.6%).

Cardiovascular hospitalizations occurred in 493 placebo patients during 2,090 years
(2,359/10,000 person-year) and 471 low SDC patients during 2,399 years (1,963/10,000
person-year) of follow up (HR, 0.82, 95% CI, 0.70-0.95; p=0.010; Table 3). Extrapolated to
the US population, this would potentially prevent about 200,000 cardiovascular
hospitalizations annually.

Hospitalizations due to worsening heart failure occurs in 287 placebo patients during 2,479
years (1,158/10,000 person-year) and 229 low SDC patients during 2,934 years (781/10,000
person-year) of follow up (HR, 0.63, 95% CI, 0.52-0.77; p<0.0001; Table 3. Extrapolated to
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the US population, this represented a potential reduction of about 190,000 heart failure
hospitalizations in one year.

Incidence rates and risks for other cause-specific hospitalizations in patients receiving placebo
and digoxin at low SDC in the propensity score-matched cohort are also displayed in Table 3.

Subgroup Analysis

Reduction in mortality associated with use of digoxin at low SDC was noted in various
subgroups of patients, including both sexes (p for interaction=0.840) and regardless of LVEF
(p for interaction=0.373; Figure 3). The effects of digoxin among nonwhites (versus whites; p
for interaction =0.046) and those receiving diuretics (versus not receiving; p for
interaction=0.027; Figure 3) were significantly different.

Predictors of Low SDC

Daily dose of digoxin was not a significant predictor of SDC in bivariate analysis. However,
when adjusted for other predictors of SDC, low (<0.125 mg/day) dose of digoxin was a
significant predictor of low SDC (adjusted odds ratio, 2.07, 95% CI, 1.54-2.80; p<0.0001).
Other independent predictors of SDC included age, chronic kidney disease, diuretic use, and
pulmonary congestion, all of which lowered the odds of achieving a low SDC (Figure 4).

Discussion

The findings of the current analysis demonstrate that therapy with digoxin at low SDC (0.5-
0.9 ng/ml) is associated with reduction in broader natural history endpoints such as all-cause
mortality and cardiovascular hospitalizations in chronic heart failure. We also noted that low
doses (<0.125 mg/day) of digoxin are likely to achieve low SDC. Despite recent advances in
therapy, heart failure is associated with high mortality and hospitalizations. Our data suggest
that if used in low doses to achieve low SDC, digoxin can play a significant role in heart failure
care.

Potential Mechanism of Action

Beneficial effects of digoxin at low SDC are primarily due to its effect on neurohormonal
system. 6,28 By inhibiting the sodium-potassium adenosine tri-phosphate pump in renal
tubules and vagal afferent fibers, digoxin suppresses both the renin- angiotensin-
aldosterone?9-31 and the sympathetic nervous systems. 32,33 Thisalso explains the beneficial
role of digoxin in diastolic heart failure. 5 |t is believed that the inhibitorgl effect of digoxin on
neurchormones in heart failure is optimum at low doses and low SDC. ¢ 28 Low SDC also
reduce the risk of digoxin toxicity and the morbidity and mortality associated with it. 34

Digoxin associated reduction in death due to non-cardiovascular causes may be due to
misclassification of causes of death, which might also explain non-significance of its effects
on cardiovascular mortality. Increased risk of coronary revascularizations among low SDC
patients may be due to their longer survival. However, low SDC was not associated with
myocardial infraction or unstable angina (Table 3). The less pronounced and non-significant
benefit of low SDC in patients receiving (versus not receiving) diuretics may be associated
with diuretic-associated subsequent increase in SDC (Figure 3).34 Our finding of no effect of
digoxin in non-white patients lacks biological basis and could be due to chance. 4

Clinical Implications

Our findings support a more expanded role of digoxin in heart failure. Digoxin should be used
in those who continue to remain symptomatic despite optimum therapy with ACE inhibitors
or angiotensin receptor blocker and beta-blockers, or who cannot tolerate or afford these drugs.
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This is particularly important as about half of all heart failure patients do not receive therapy
with ACE inhibitors or beta-blockers. 2 10 Because most heart failure patients are elderly and
many suffer from renal dysfunction, a starting dose of 0.125 mg/day of digoxin would be
reasonable for most patients. If symptoms persist, dose may be increased in young, male
patients with normal kidney function. About half of the patients in our analysis were <65 years
and 73% of were receiving 0.25 mg/day of digoxin, yet achieved low SDC. In patients who
are elderly, female, have chronic renal dysfunction, pulmonary congestion, or are receiving
diuretics, any dose increase should be guided by SDC. Heart failure patlents with multiple risk
factors for high SDC should receive 0.125 mg of digoxin every other day We estimated that
use of digoxin at low SDC in all 5 million heart failure patients in the US would prevent over
190,000 heart failure hospitalizations (Table 3). This will likely offset any cost associated with
testing of SDC in select heart failure patients.

with Prior Studies

The effect of ngoxin in reducing hospitalization due to worsening heart failure is now well
recognlzed Recent evidence suggests that digoxin-associated reduction in heart failure
hospitalizations at low SDC (adjusted HR, 0.62; p<0.0001) is not further improved at high
SDC (adjusted HR, 0.68; p<0. 0001) Therefore, the long-term benefit of digoxin seems to
be maximized if a low SDC can be achieved. We observed that low daily doses are strong
predictors of low SDC. The findings from the current analysis based on propensity score
analysis provide more robust evidence that digoxin at low SDC reduces major natural history
endpoints in heart failure. DIG participants were in general a decade younger than heart failure
patients seen in clinical practice and the vast majority had NYHA class I-11 symptoms.
Therefore, the effects of digoxin at low SDC will probably be more pronounced in real-life
heart fai%uSre patients who are older and have more advanced heart failure and comorbidity
burden.

Strengths and Limitations

Conclusions

One of the strengths of our analysis is our use of propensity score matching. We assembled a
cohort in which placebo and low SDC patients were balanced in all measured covariates. More
importantly, our study cohort was assembled prior to occurrence of outcomes and without
access to the outcomes data as would be used in a randomized trial. 17 Furthermore, propensity
score technique allows objective estimation of pre-match imbalances and post-match balances
in baseline covariates. When randomization is unethical or impractical, propen5|ty score
methods provide reliable, high-quality evidence using hon-randomized designs. 19 A review
of the 2005 ACC/AHA heart failure guidelines suggest of the 11 Class | recommendations for
Stage C heart failure, 1 was based on level C evidence and 4 were based on level B evidence.
Our data provide the strongest evidence to date of the benefit of low-dose digoxin at low SDC.

The key limitation of the propensity score analysis is that it cannot account for unmeasured
confounders. Sensitivity analyses can determine the effect of such a potential confounder,
however, it cannot determine if such a bias did in fact exist. 20 36 Our sensitivity analysis
suggest that the results of our study were fairly insensitive to potential hidden covariates.
Heart failure patients in the DIG trial were not receiving beta-blockers or aldosterone
antagonists. However, data from the spironolactone and carvedilol trials in heart failure
demonstrate that digoxin is effective when co-administered with these drugs. 37, 38 Results
of our study are based on male and relatively younger patients with mild to moderate heart
failure and normal sinus rhythm.

In conclusion, the results of our analysis based on a propensity-matched cohort of heart failure
patients suggest that digoxin in low doses and at low SDC reduced major natural history
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endpoints including overall mortality and cardiovascular hospitalizations. Digoxin should be
used in low doses to achieve low SDC in heart failure patients who are symptomatic despite

therapy with ACE inhibitors or angiotensin receptor blockers, and beta-blockers, or who cannot
tolerate or afford these drugs.
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Figure 1.
Distribution of propensity score for the low serum digoxin concentrations, for patients
receiving digoxin and placebo, before (a) and after (b) matching
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Figure 2.
Kaplan-Meier plots for (a) mortality due to all-causes, and hospitalizations due to (b)
cardiovascular causes, and (c) worsening heart failure
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Figure 3.
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Effects of digoxin at low serum digoxin concentrations (0.5-0.9 ng/ml) on all-cause mortality
in subgroups of propensity score matched heart failure patients (ACE=angiotensin-converting
enzyme; Cl= confidence interval; HR=hazard ratio; = NYHA=New York Heart Association)
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OR (95% CI)

Predictors of low (0.5-0.9 ng/ml) serum digoxin concentrations (SDC). An odds ratio >1
indicates increased odds of developing low SDC. For example, when adjusted for other
predictors of SDC, presence of chronic renal dysfunction was associated with significant 59%
lower odds of developing low SDC. Similarly, independent of other covariates, use of digoxin
at <0.125 mg/day was associated with significant 107% higher odds of developing low SDC
(*Adjusted for other covariates shown in the Figure, namely age, sex, race, chronic renal
dysfunction, diuretic use, pulmonary congestion, and digoxin at <0.125 mg/day).
Chronic renal dysfunction was defined as estimated glomerular filtration rate <60 ml/m/1.73
sg. m. by Modification of Diet in Renal Disease methods; OR=0dds ratio, Cl=confidence

interval
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