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Abstract

Background—Digoxin has been shown to reduce heart failure (HF) hospitalizations with no
overall effect on mortality in HF patients. We used cluster analysis to delineate the clinical
characteristics of HF patients in whom digoxin therapy was associated with improved or worsened
clinical outcomes.

Methods—The Digitalis Investigation Group (DIG) database was partitioned into 20 clusters.
Multivariate Cox regression analyses was used, to identify clusters in which digoxin was
associated with either an increase (MortalityqigHR>1), decrease (MortalitygigHR<1), or no
association with all cause mortality (MortalitygigHR-NS); and separately, with an increase
(HFA4igHR>1), decrease (HFAgigHR<1), or no association (HFAgjgHR-NS) with HF admissions
(HFA).

Results—We identified 938 patients in the MortalitygijgHR>1 group, 6,818 patients in the
MortalityqigHR-NS group, and none in MortalitygigHR<1 group. The MortalitygjgHR>1 group had
a higher prevalence of females, diabetes mellitus, hypertension, higher age, systolic blood pressure
(SBP), heart rate and ejection fraction (EF), compared to the MortalitygigHR-NS group.

Similarly, 6,325 patients clustered in the HFAgjgHR<1 group, 1,431 patients in the HFAgjgHR-NS
group, and none in the HFAgjgHR>1 group. The HFAyigHR-NS group had a higher prevalence of
females and hypertension, higher SBP, body mass index and EF; and lower prevalence of
peripheral edema and third heart sound, compared with the HFAgjgHR<1 group.

Conclusion—Thus, the baseline characteristics of patients who did not have reduction in HF
hospitalization or who had increased mortality were very similar and included females with
hypertension, higher EF and higher SBP. Thus, use of digoxin in patients with this profile may
need to be avoided.
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Introduction

The Digitalis Investigation Group (DIG) Trial (1) was a landmark randomized, double-blind,
placebo controlled multi-center trial on the effectiveness of digoxin in patients with
congestive heart failure (HF). The DIG trial showed that although digoxin did not reduce
overall mortality, it reduced admissions due to HF. Subsequent post-hoc analyses of the DIG
trial data by other investigators raised some concerns that digoxin treatment was non-
beneficial or harmful in certain subgroups of patients, in particular females and elderly with
high serum digoxin levels (2-4). Currently, American College of Cardiology/American
Heart Association HF guidelines (5,6) recommend consideration of adding digoxin in
patients with persistent symptoms of HF during therapy with diuretics, angiotensin
converting enzyme (ACE) inhibitors, and beta-blockers (Class Il indication). At the present
time, it is not clear whether digoxin treatment should be avoided in females, elderly, or in
patients with preserved ejection fraction (EF) or any other subgroup of patients (7). The
guidelines acknowledge the suggested concern regarding safety and efficacy of digoxin in
certain subgroups, but do not provide clear recommendations against digoxin use in any
subgroups.

We hypothesized that the response to digoxin among HF patients is heterogeneous and will
differ according to severity of HF, i.e. patients with advanced HF will benefit from digoxin
therapy, whereas patients with mild HF will not benefit from digoxin therapy. Furthermore,
use of digoxin in patients with mild HF may lead to increased morbidity and mortality due
to added burden of side effects. Realizing that advanced HF is characterized by multiple
features including high NYHA class, low systolic blood pressure (SBP), low EF, increased
prevalence of comorbidities etc. we also hypothesized that cluster analysis will allow us
identify specific subgroups of patients, with compounding risk features more
comprehensively than the formerly identified simple single step subgroup analyses, that may
have harm or benefit with digoxin therapy. To characterize subpopulations of HF patients in
which digoxin therapy is associated with improved or worsened clinical outcomes, we
analyzed the DIG data by using cluster analysis, a method by which large heterogeneous
data are divided into homogeneous groups. Using this method, the effect of intervention can
be analyzed separately in each such group. Cluster analysis allows for the creation of
respondent groupings characterized by their similar responses to the intervention. (8) As the
number of subjects in a study increases, the assumptions surrounding smooth approximation
of association (hazards) by a single universal predictive model begin to break down. Patient
sub-populations derived from cluster analysis represent natural groupings, such as clustering
of preserved EF with hypertension, older age and female gender. These patients are more
homogeneous than class labeled sequential subgroups, which may not capture the cluster
with the presence of all the relevant harmful or beneficial characteristics.

Therefore, in this study we employed cluster analysis followed by cluster-specific survival
analysis to identify homogenous groups of patients for which digoxin may be beneficial or
harmful.
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The rationale, design and results of the DIG trial have been previously reported (1,9). A total
of 7,788 ambulatory adults with chronic HF, in sinus rhythm were randomized to receive
either digoxin or placebo. These patients were recruited from 302 clinical centers in the
United States and Canada from 1991 to 1993. Most patients were receiving diuretics (82%)
and ACE inhibitors (94%) and the mean duration of follow up was 37 months.

Patients, Baseline Variables and Outcomes

Thirty-two patients out of total 7,788 patients were removed from the analysis because of
missing data for 1 or more variables. Variables with significant univariate association with
outcomes of all cause mortality were included in the analysis, and were: age, gender, race,
diabetes mellitus (DM), hypertension, ischemic cause of HF, NYHA class, limitation of
activity, SBP, heart rate, body mass index, third heart sound, edema in extremities,
congestion on chest x-ray, EF, cardiothoracic ratio, creatinine, and medication use including
ACE inhibitors, potassium-sparing diuretics and other classes of diuretics. On the other
hand, 4 variables were excluded from further analyses due to high multicollinearity, namely:
dyspnea on exertion (r=0.421 with NYHA class, p<0.001), dyspnea at rest (r=0.336 with
NYHA class, p<0.001), pulmonary rales (r=0.442 with congestion on X-ray, p<0.001), and
jugular venous distension (r=0.310 with congestion on X-ray, p<0.001). The primary time-
to-event outcomes used for this investigation were days to all cause mortality (henceforth
referred to as mortality) and days to admission due to HF (henceforth referred to as HF
admission).

Statistical Analysis

Cluster analysis of patients was performed using K-means cluster analysis and self-
organizing maps (SOM) as described by Kohonen (8). All of the variables (features)
described above were used in K means and SOM analysis except for digoxin treatment and
time (days) to an event. Because of scaling requirements of SOM analysis, input variable
values were transformed using mean-zero standardization or normalization into the range
[0,1]. Altogether, this resulted in 3 clustering methods.

An initial K-means cluster analysis was performed to identify the optimal number of K
clusters. Ten-fold cross-validation was used to identify the value of K for which the average
sample-to-centroid distance was the lowest. Results indicated that the lowest average
sample-to-centroid distance occurred at K=21 clusters, so it was decided to round down to
K=20. Patients were partitioned into 20 clusters using K-means (K=20) and SOM based on a
20-node (4x5) map. During SOM runs, patient cluster assignments were based on the best
matching node. Using K=20 clusters, there were more than 350 subjects in each cluster
including treated and untreated patients.

Multivariate Cox regression analysis was performed separately on each cluster to obtain a
hazard ratio of digoxin treatment for mortality and HF admission. Backward stepping was
used with variable removal set at p=0.05. Variables used for Cox regression analysis were
digoxin and the 20 variables described above. Time to admission was based on days and the
outcome events defining failure were mortality and HF hospitalization.

For mortality, there were no clusters for which there was a significant protective effect
(hazard ratio<1). On the other hand, there were clusters for which digoxin was associated
with a significant increase in mortality (hazard ratio>1), specifically, 1 cluster each from
analysis with K-means and SOM using standardized features and 2 from analysis with SOM
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using normalized features. Patients belonging to any of these clusters were merged together
to form a MortalitygijgHR>1 group, with the remainder merged into MortalitygigHR-NS

group.

There were no clusters with a significant increase in HF hospitalization with digoxin (hazard
ratio>1). However, there were clusters with a significant reduction in HF hospitalizations
(hazard ratio<1) with digoxin, specifically, 9 each from analysis with K-means and SOM
using standardized features, and 10 from analysis with SOM using normalized features.
Patients belonging to any of these clusters were merged together to form a HFAgjgHR<1
group, with the remainder merged into a HFA4jgHR-NS group.

Univariate tests of independence were performed on the 20 baseline characteristics to
identify significantly different factors between treated and untreated patients within the 2
mortality groups (MortalitygigHR>1 and MortalitygigHR-NS) and the 2 HFA groups
(HFAgigHR<1 and HFAyigHR-NS) (Table 1). Chi-square contingency table analysis was
used for categorical variables and the non-parametric Mann-Whitney test was used for
continuous data. A significance level of p<0.05 was considered significant, while p<0.001
was considered highly significant. Kaplan-Meier analysis of digoxin treatment was
performed within the mortality and HFA groups to demonstrate the risks of digoxin
treatment. Baseline characteristics were compared between MortalitygigHR>1 vs.
MortalitygigHR-NS and HFAgigHR<1 vs. HFAigHR-NS to identify characteristics
associated with these outcomes. Effect sizes were considered large if the odds ratio was <0.5
or >2.0 for binary categorical variables and |Z|>10 for continuous variables. Variables with
large size effect (odds ratio <0.5 or >2 or |Z|>10) and a highly significant difference
(p<0.001) between comparison groups were included in the results and discussion. This was
done to restrict our discussion to the most relevant characteristics with large effect. To
validate the contributory role of cluster analysis, we also carried out stepwise Cox
proportional multivariate analyses with expanding subgroups. Statistical analyses were
performed using SPSS Version 17 (Chicago, IL).

Of the 7,756 patients studied, we identified 938 patients in MortalitygjgHR>1 group and
6,818 patients in MortalitygigHR-NS group. Among the 20 baseline variables compared
between treatment and placebo in MortalitygigHR-NS group and MortalitygigHR>1 group,
only body mass index, the presence of a third heart sound, and use of potassium-sparing
diuretic were significantly different in MortalitygigHR-NS group (Table 1A). Kaplan-Meier
analysis of digoxin treatment within MortalityqigHR-NS group revealed no significant
reduction in mortality (days to death = 1,380 for patients on digoxin vs. 1,356 for patients on
placebo logrank y2=2, p=0.1) (Figure 1A). Kaplan-Meier analysis of digoxin treatment
within MortalitygigHR>1group showed a significant increase in mortality with the use of
digoxin (mean days to death = 1,292 for patients on digoxin vs. 1,414 for patients on
placebo, logrank y2=12, p=0.001) (Figure 1A). After confirming that MortalityqigHR-NS
and MortalitygigHR>1 groups were 2 clinically distinct groups in relation to the response to
digoxin (Figure 1A) and intrinsically homogenous (Table 1A), we compared the baseline
variables between these 2 groups. MortalityqigHR>1 group had a greater proportion of
females, higher prevalence of DM and hypertension; older age; higher SBP, heart rate and
EF when compared with MortalitygigHR-NS group, (Table 2A).

To validate the contributory role of cluster analysis in defining the natural clusters in which

digoxin was not beneficial, we also carried out stepwise Cox proportional multivariate
analyses with expanding subgroups. The hazard ratio for the effect of digoxin on mortality
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in the subgroup of females was 1.2 (p<0.05), females with EF=40 was 1.5 (p<0.05), females
with EF>40 and SBP at baseline > 140 mm Hg was 1.7 (p<0.05), females with EF>40 and
history of hypertension was 1.8 (p<0.01). Further, by Cox proportional multivariate
analyses, the hazard ratio for the effect of digoxin on mortality in the subgroup of patients
with hypertension is 1.3, and for EF>40 is 1.1.

HF admission

Among the 7,756 patients studied, we identified 6,325 patients in HFAyjgHR<1 group and
1,431 patients in HFAgigHR-NS group. Baseline variables were compared between
treatment and placebo in HFAgigHR<1 group and HFAgigHR-NS group separately, and only
body mass index and the presence of third heart sound, in HFAgjgHR<1 group and
hypertension in HFAgigHR-NS group were different (Table 1B). Kaplan-Meier analysis of
digoxin treatment among subjects within HFAgjgHR<1 group showed a significant reduction
in admissions due to HF (days to HF admission = 1,393 for patients on digoxin vs. 1,234 for
patients on placebo, logrank x2=75, p<0.001) (Figure 1B). In contrast, Kaplan-Meier
analysis of digoxin treatment among subjects within HFA4;gHR-NS group did not show a
reduction in HF admission with the use of digoxin (days to HF admission = 1,443 for
patients on digoxin vs. 1,464 for patients on placebo, logrank ¥2=0.5, p=0.5) (Figure 1B).
HFA4igHR-NS group had a greater proportion of females, higher prevalence of
hypertension, higher SBP and EF, and lower proportion of peripheral edema and third heart
sound (Table 2B) when compared with HFAgjgHR<1 group.

Discussion

In this study, we demonstrated that digoxin treatment was associated with an increased
mortality in clusters of patients with higher SBP, heart rate, age and EF, and higher
prevalence of hypertension, DM and females. Similarly, there was no reduction in HF
hospitalizations with the use of digoxin in clusters of patients with higher SBP and EF and
higher prevalence of hypertension and females. We did not identify any clusters of patients
in which HF hospitalizations were increased or mortality was reduced.

Hypertension, DM, obesity and female gender are commonly associated with the clinical
phenotype of “HF with preserved EF” or diastolic HF. The profile of patients in clusters
associated with no benefit in HF hospitalizations or increased mortality with digoxin therapy
in our study resembles this typical “phenotype” of a patient with diastolic HF (EF=40% vs.
30% in patients with increased mortality with digoxin and patients with no association of
mortality with digoxin use, respectively). Our study supports findings of former studies that
digoxin treatment is not associated with a benefit in clinical outcomes in patients with HF
with preserved EF (EF>45%). In the ancillary DIG trial (3), HF patients with preserved EF
did not have a significant reduction in admissions due to HF, all cause mortality and
combined outcome of HF hospitalization or HF mortality with the use of digoxin.
Interestingly, in a post hoc analysis of DIG trial data by propensity matching, Meyer et al.
(10) reported that digoxin was equally effective in reducing the combined end point of HF
hospitalizations, or HF mortality in patients with diastolic HF similar to patients with
systolic HF. These findings contradict our findings, the results of the main DIG trial (1) and
the ancillary DIG trial (3); in which, digoxin did not reduce all-cause mortality, cause-
specific mortality or the combined end-point of heart failure hospitalization and heart failure
mortality in HF patients with preserved EF. It should be noted that the study by Meyer et al.
(10) did not report independent all-cause mortality, but rather the combined end point of HF
hospitalizations and HF mortality. This difference in the clinical outcomes may partially
explain the discrepancy between the study by Meyer et al., and our and former DIG trial
findings (1,3). Second, Meyer et al. reported that the reduction in HF admissions was
significant only in the first 2 years and not beyond. The investigators attributed this to loss
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of benefit due to potential cross over or higher cumulative digoxin serum concentrations in
later years. (10) The follow up duration in our study, the main DIG (1) and the ancillary DIG
trial was beyond two years, with an average of 37 months (range 28-58 months), and the
analyses were not limited to the first two years as was reported in the study by Meyer et al.
(10), which again may explain the discrepancy in the findings. Our study expands upon the
existing body of literature by demonstrating, for the first time, that digoxin treatment is not
only associated with a lack of benefit, but actually with increased mortality in clusters of
patients with higher EF.

The reason for our findings may be unmasking of the escalating risk for patients who have
all the characteristics that tend to cluster with each other, i.e. preserved EF, hypertension and
DM. According to the current AHA/ACCF guidelines (6), use of digitalis to minimize
symptoms of HF may be considered in HF patients with preserved EF. Our findings,
however, raise a concern about this recommendation in clusters of patients with preserved
EF, especially when accompanied with other clustering characteristics of hypertension, older
age and female gender. On the other hand, our study still shows that most of the patients,
who do not have these characteristics, may still benefit from the use of digoxin by reduction
in admissions due to HF.

Similarly, to our knowledge this is the first study demonstrating increased mortality with
digoxin in clusters of patients with higher SBP and/or higher prevalence of hypertension.
The original DIG trial (1) and the subsequent reports of the Ancillary DIG trial (3) did not
report survival or HF hospitalization outcomes for subgroups of patients with hypertension.
The current HF guidelines do not specify high blood pressure as a contraindication to use of
digoxin (6), but in clinical practice, digoxin is prescribed less frequently in patients with
hypertension (11). Our results support the clinical practice pattern that treatment with
digoxin is not beneficial in clusters of patients with higher SBP or history of hypertension.

In our study, clusters with older age were associated with a significantly increased mortality
with digoxin treatment. Interestingly, our results also showed that older age was associated
with reduced admissions due to HF with digoxin treatment. So far, the only other large scale
available data regarding older age and HF admissions with digoxin is an analysis by Rich et
al. (12), where no significant association was found between age and the effect of digoxin
on admissions due to HF. However, in this analysis, baseline characteristics of the patients
were not matched within the subgroups (13). In a sub-group analysis by Ahmed et al (14), in
patients who were more than 65 years of age, there was a significant reduction in admissions
due to HF and significant reduction in all cause mortality at low serum digoxin
concentration, but a non-significant increase in mortality at high serum digoxin
concentrations. However, in that study, patients who died within 1 month and patients who
did not have digoxin levels were excluded (N=2240). In our study, despite an association
with increased mortality, clusters with older patients had a reduction in HF admissions with
digoxin therapy. These and former studies suggest a bidirectional opposite effect on
mortality and HF hospitalization in elderly with digoxin treatment; digoxin treatment may
improve symptoms of HF, but may worsen survival in elderly. We did not see a bidirectional
effect in outcomes in other clusters; the clusters of patients with hypertension, females and
higher left ventricular EF in whom digoxin was associated with increased mortality, also had
no reduction in HF hospitalizations.

Our results indicate that in clusters with females, digoxin treatment was associated with
higher mortality and no reduction in HF hospitalizations. These are consistent with findings
of former studies. In a previous post hoc analyses of main DIG trial data of patients with
systolic HF (2), digoxin therapy was associated with an increased all cause mortality; and a
smaller digoxin-associated reduction in admissions due to HF in comparison with men. Our
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findings strengthen the concept that women do not benefit from digoxin therapy and may be
at increased risk for death with such therapy (6).

Finally, although there was no benefit in survival, in our study, digoxin treatment was
associated with a reduction in HF hospitalization in “sicker” patients with systolic
dysfunction and evidence of congestion. Specifically, in clusters with a higher prevalence of
peripheral edema and third heart sound; and lower SBP, and EF, digoxin treatment was
associated with significant reduction in HF admissions and was not associated with
increased mortality. These findings support the results of the original DIG trial, in which the
benefit of digoxin (combined end-points of HF admissions and all cause mortality) appeared
to be greater among patients with severe HF disease state, suggested by lower EF (<25%),
enlarged heart and advanced NYHA functional class (111/1V) (1). Majority of benefit in this
combined end point in the DIG trial was driven from reduction in HF hospitalizations. Thus,
our results are in accordance with the results of the main trial and have taken it one step
further by identifying low SBP, signs of congestion as a marker for a higher benefit from
digoxin in patients with systolic dysfunction.

We believe this new analysis on the only existing large scale randomized clinical trial with
digoxin sheds some light into the true and broader phenotype of the HF patients who may or
may not benefit from digoxin therapy than what has been described before. We were able to
validate the contributory role of cluster analysis by using stepwise Cox proportional
multivariate analyses, and demonstrated the escalating risk with expanding subgroups
identified by cluster analysis. Further, even though by Cox regression multivariate analyses,
independent hazard ratios for the effect of digoxin on mortality in the subgroup of patients
with hypertension or for patients with EF>40 were not significant; by cluster analysis,
patients with hypertension or EF> 40 were significantly associated with increased mortality.
Thus cluster analysis seems to unmask the presence of risk with digoxin in such groups of
patients that tend to cluster together. Second, all permutations to create hew subgroups
containing all possible variations of risk are too numerous and may not be feasible. Third,
post-hoc analysis of certain combined subgroups without pre-identified criteria would add
bias.

Limitations

This investigation was a post hoc analysis of the DIG trial. Our analyses were limited by
covariates collected by trial design, and residual unmeasured confounding factors may exist.
Similarly, data on serum digoxin levels was available in less than 20% of patients (n=1485)
and thus limits our ability to elaborate on potential harmful effects with higher serum
digoxin levels and/or the safety margin of digoxin levels in the elderly population. Our
findings can only suggest an association, rather than a causality of no benefit or harm with
digoxin treatment in certain subgroups of patients. Further studies may be needed to confirm
our findings, especially for particular subsets of patients identified to have no benefit and
potential harm with digoxin therapy.

Conclusion

We identified clusters of patients, within the DIG population, who had increased mortality
with digoxin treatment. These patients were more likely to be females; with a higher
prevalence of hypertension; and higher left ventricular EF and higher SBP. We also
identified clusters of patients who had a significant reduction in admissions due to HF but no
effect on mortality with digoxin treatment. These patients had lower EF and SBP, higher
prevalence of males, third heart sound and peripheral edema. This study strengthens the
recommendations against the use of digoxin in the typical HF with preserved EF phenotype,
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i.e. female patients, with hypertension; but the continued use of digoxin in advanced or
sicker HF patients with depressed EF, lower SBP, and signs of congestion or
decompensation. Recognition of these characteristics is important for appropriate selection
of patients for digoxin therapy and can help improve care in patients with HF.
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Figure 1. Survival analysis using Kaplan Meier curves comparing digoxin use with placebo

A. All cause mortality in the digoxin and placebo treatment groups. Left panel represents the
Kaplan Meier 1-survival curves for all cause mortality among clusters of patients with no
significant association of digoxin with mortality (MortalitygijgHR-NS). Right panel
represents the Kaplan Meier 1-survival curves for all cause mortality among clusters of
patients with a significant increase in mortality with the use of digoxin (MortalitygjgHR>1).
B. Incidence of hospitalization due to worsening HF (HF Admission) in the digoxin and
placebo groups. Left panel represents the Kaplan Meier 1-survival curves for hospitalization
due to worsening HF among clusters of patients with a significant reduction in HF
hospitalization with the use of digoxin (HFAyjgHR<1). Right panel represents the Kaplan
Meier 1-survival curves for hospitalization due to worsening HF among clusters of patients
with no significant association of digoxin with HF hospitalization (HFAgjgHR-NS).
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