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Patients with heart failure (HF) with recovered ejection fraction (HFrecEF) are a recently
identified cohort that are phenotypically and biologically different from HFrEF and HFpEF
patients. Whether there are unique phenotypes among HFrecEF patients is not known.

Methods
We studied all patients at a large medical center, who had an improvement in LVEF from �
35% to � 50% (LVrecEF) between January 1, 2005 and December 31, 2013. We identified
a set of 11 clinical variables and then performed unsupervised clustering analyses to identify
unique clinical phenotypes among patients with LVrecEF, followed by a Kaplan-Meier analysis to identify differences in survival and the proportion of LVrecEF patients who maintained
an LVEF � 50% during the study period.

Results
We identified 889 patients with LVrecEF who clustered into 7 unique phenotypes ranging in
size from 37 to 420 patients. Kaplan-Meier analysis demonstrated significant differences in
mortality across clusters (logrank p<0.0001), with survival ranging from 14% to 87% at 1000
days, as well as significant differences in the proportion of LVrecEF patients who maintained
an LVEF � 50%.

Conclusion
There is significant clinical heterogeneity among patients with LVrecEF. Clinical outcomes
are distinct across phenotype clusters as defined by clinical cardiac characteristics and comorbidities. Clustering algorithms may identify patients who are at high risk for recurrent HF,
and thus be useful for guiding treatment strategies for patients with LVrecEF.
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Clinical phenotypes in patients with recovered LVEF

Introduction
Heart failure (HF) with a recovered left ventricular ejection fraction (HFrecEF) refers to a
recently identified sub-group of HF patients with a reduced ejection fraction (HFrEF) whose
left ventricular (LV) ejection fraction (LVEF) improves in response to implementation of
guideline directed medical therapy (GDMT) or device therapy [1]. Importantly, the subgroup
of HFrecEF patients are clinically distinct from patients with HF with a preserved ejection fraction (HFpEF), who also have an LVEF > 50% along with the presence of HF signs and symptoms [2, 3].
Although recovery of LV function is associated with improved clinical outcomes in HFrecEF patients when compared to HFrEF, there is a growing body of evidence suggesting that
even among patients who experience a complete normalization of LV structure and function
after implementation of GDMT, a significant proportion will develop recurrent LV dysfunction accompanied by recurrent HF events [3, 4]. The biological explanation for why some
patients have improved LVEF remain free from HF events indefinitely (“myocardial recovery”) and others who have a similar improvement in LVEF stabilize initially, but continue to
experience recurrent HF events (“myocardial remission”) is not known, and represents a significant knowledge gap [5].
Machine learning algorithms offer novel ways to explore relationships which might not be
readily apparent. In contrast to supervised learning algorithms which can be used to learn
about relationships of input variables to a fixed set of outcomes, unsupervised learning algorithms attempt to identify naturally occurring patterns or groupings within the data set
without information regarding any particular outcome [6]. Given the complexity and heterogeneity of HFrecEF patients, we sought to use unsupervised machine learning to identify
unique subsets (clusters) of patients with recovered LVEF (LVrecEF), with the goal of identifying low- and high-risk subsets of LVrecEF patients, analogous to the approach that was taken
to identify clinical phenotypes in patients with HFpEF [7]. Here we show that there is a previously unrecognized heterogeneity of clinical phenotypes for patients with LVrecEF, and that
the clinical outcomes of these different phenotypes differ depending on patient characteristics
and co-morbidities.

Methods
We conducted a retrospective cohort study of all patients at Barnes-Jewish Hospital who had a
depressed LVEF (� 35%) on a 2-D echocardiogram, with recovery of LVEF � 50% on a subsequent 2-D echocardiogram that was obtained for routine clinical reasons [1]. Since the LVEF
data was used from the clinical echocardiogram reports with errors as high as 10%, we chose
the threshold of 35% rather than 40% as is typically used to ensure our study population had
truly reduced LVEF [8]. We obtained 2-D echocardiographic data between January 1, 2005
and December 31, 2013 and collected mortality data from the Social Security Death Index,
which was available through December 31, 2014. Echocardiographic data was obtained from
the clinical echocardiogram report. We pre-specified that our cohort would exclude those with
recovery of LVEF following cardiac transplantation or following placement of a left ventricular
assist device (LVAD). Demographic data were obtained from Barnes-Jewish Hospital and
Washington University electronic medical records. We obtained data on the QRS duration
from the computerized measurements of ECGs performed within 6 months of the “recovery”
2-D echocardiogram, and we defined minority as any race other than “white” or “Caucasian”.
Co-morbidities were assessed by ICD-9 and ICD-10 codes for inpatient and outpatient visits
using the Elixhauser co-morbidity index [9] (details shown in Table 1).
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Table 1. ICD and CPT codes used to define co-morbidities.
Co-morbidity

ICD/CPT Codes

Ischemic heart disease

410.70, 410.90, 412.00, 414.01, 414.02, 414.05, 414.80, 414.90, I25.2, I25.5
I25.810, V45.81, Z95.1

Atrial Fibrillation

427.31, I48.0, I48.1, I48.2, I48.91

Diabetes

250.00–250.33, 250.40–250.73, 250.90–250.93

Cardiac Resynchronization
Therapy

V53.32

https://doi.org/10.1371/journal.pone.0248317.t001

We obtained medication data from the outpatient electronic medical record. Active medications were defined as being prescribed or renewed within the 6 month period prior or after
the time that LVEF recovery was documented. This study was approved by the Washington
University Institutional Review Board waived the need for informed consent.

Clinical phenotyping of LVrecEF patients
We prospectively identified a set of 11 clinical variables that were previously shown to predict
clinical outcomes in patients with HFrEF or HFrecEF: age, weight, LVEF, history of atrial
fibrillation, history of diabetes, ischemic heart disease, cardiac resynchronization therapy
(CRT), moderate to severe mitral regurgitation, QRS �120ms, and time to LVEF recovery [1,
5, 10–17]. We used an unsupervised clustering algorithm termed partition around the medoids
(PAM), to partition patients into different clinical clusters based on the differences in the prespecified set of 11 clinical variables.
The PAM algorithm partitions a set of variables into two or more clusters by finding a set of
representative objects called medoids, such that data points within a cluster are similar and
data points in different clusters are dissimilar. The medoid of a cluster is defined as that data
point for which the average dissimilarity to all other data points in the cluster is minimal, i.e.,
the most centrally-located point in the cluster. Partitioning of clusters was performed using
the “pam” function from the “cluster” package in R (v3.6.1, 2019). Gower distance was used as
the distance metric, as our clinical data consisted of mixed data types. We determined the optimal number of clusters using the silhouette width method. All clustering was performed in a
blinded manner with respect to patient outcomes, which were determined after defining the
clusters.

Statistical methods
The primary outcome was all-cause mortality among different clusters of patients with LVEF
recovery, determined by Kaplan-Meier analysis using a log-rank test. The secondary outcome
was the proportion of patients within a cluster who maintained an LVEF � 50% during follow-up, determined by Kaplan-Meier analysis using a log-rank test. We defined “baseline” as
being the date of the echocardiogram with the first recorded LVEF � 50%. When the overall
difference among the clusters was significant, the differences between individual clusters by
pair-wise comparisons were assessed using a Bonferroni multiple-comparison adjustment. We
analyzed differences in the use of evidence-based medication use among the different clusters
by Chi-squared test or Fisher’s exact test, as appropriate, and the effect of loss of recovery on
survival as a time-dependent covariate in a Cox proportional hazard model. Statistical analyses
for creation of phenotypic groups were performed using the statistical programming language
R (v3.6.1).
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Results
Study population
We identified 1,056 consecutive patients who had an increase in their LVEF from �35%
to � 50% during the specified study period. As shown in the consort diagram (Fig 1), we
excluded 116 patients who had heart transplantation and 42 patients who had an LVAD
implanted. After creation of the clusters, when comparing outcomes, 9 patients were excluded
because of conflicting data regarding last known follow-up or death. The final patient cohort
consisted of 889 patients with LVrecEF, of which ~ 13% (119 of 889 patients) had ischemic
heart disease.

Cluster formation
The silhouette analysis suggested that the optimal number of clusters was 7 (S1 Fig). For simplicity, we arbitrarily numbered the clusters based on probability of survival, with cluster 1
having the greatest mortality and cluster 7 having the lowest mortality (Fig 1). The demographic features of each of the clusters are shown in Table 2. Sizes of clusters ranged from
n = 37 to n = 420 and were distinguished by the type and frequency of co-morbidities within
each cluster. All of the patients in Cluster 1 had a QRS duration � 120ms, of whom only 3 of
37 had CRT. Cluster 2 comprised patients who all had a diagnosis of diabetes mellitus. Cluster
3 comprised patients without any of the pre-specified co-morbidities or CRT. Cluster 4 comprised patients who had CRT. Meanwhile, Cluster 5 comprised patients who had a diagnosis
of atrial fibrillation, Cluster 6 comprised patients who had both atrial fibrillation and CRT,
and Cluster 7 comprised of patients who had diagnoses associated with ischemic heart disease.

Fig 1. Consort diagram of patients included in the final analysis. LVEF = left ventricular ejection fraction.
LVAD = left ventricular assist device.
https://doi.org/10.1371/journal.pone.0248317.g001
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Table 2. Characteristics of patients by cluster at time of LVEF recovery.
Cluster

All

1

2

3

4

5

6

7

Number of patients

889

37

87

420

88

123

64

70

Age (median [IQR])

61 [51, 71]

69 [59, 84]

56 [49, 67]

60 [48, 70]

57 [49, 68]

67 [57, 78]

65 [56, 78]

63 [56, 73]

BMI (median [IQR])

24 [20, 28]

21.2 [18.1,
26.0]

24.0 [20.6,
33.1]

23.6 [19.8,
27.6]

24.4 [20.6,
28.6]

24.2 [21.5,
29.0]

24.4 [21.1,
27.3]

24.6 [21.7,
28.8]

Female (%)

415 (46.7)

17 (45.9)

37 (42.5)

227 (54.2)

46 (52.3)

43 (35.0)

23 (35.9)

22 (31.4)

Minority (%)

319 (35.9)

11 (29.7)

48 (55.2)

157 (37.4)

32 (36.4)

30 (24.4)

18 (28.1)

23 (32.9)

Hypertension

707 (79.5)

31 (83.8%)

74 (85.1%)

294 (70.0%)

74 (84.1%)

107 (87.0%)

68 (97.1%)

59 (92.2%)

Systolic blood pressure (median
[IQR])

122 [106,
139]

117 [93, 128]

Atrial fibrillation (%)

206 (23.2)

5 (13.5)

7 (8.0)

0 (0.0)

0 (0.0)

123 (100.0)

64 (100.0)

Diabetes (%)

131 (14.7)

3 (8.1)

87 (100.0)

0 (0.0)

15 (17.0)

7 (5.7)

11 (17.2)

8 (11.4)

Heart rate (median [IQR])

79 [69, 90]

80 [69, 93]

82 [71, 93]

80 [71, 92]

77 [65, 90]

77 [66, 87]

76 [60,83]

74 [68,82]

Hemoglobin, mg/dL (median
[IQR])

11.0 [9.5,
12.7]

10.8 [9.1,
12.0]

9.8 [8.6, 11.8]

10.6 [9.5,
12.3]

12.0 [9.9,
13.1]

12.0 [9.9,
13.6]

11.5 [10.1,
13.1]

12.2 [11.1,
13.5]

Sodium mmol/L (median [IQR])

139 [137,
142]

Creatinine (median [IQR])

1.10 [0.81,
1.63]

1.27 [0.81,
2.04]

1.42 [0.92,
2.80]

1.01 [0.75,
1.50]

1.10 [0.86,
1.36]

1.19 [0.94,
1.51]

1.17 [0.90,
1.66]

1.12 [0.90,
1.42]

Estimated GFR (median [IQR])

66 [39, 91]

51 [31, 87]

51 [20, 85]

70 [42, 95]

72 [47, 90]

62 [41, 81]

63 [40, 79]

66 [49, 83]

Ischemic heart disease (%)

119 (13.4)

0 (0.0)

7 (8.0)

0 (0.0)

12 (13.6)

9 (7.3)

21 (32.8)

70 (100.0)

Cardiac resynchronization therapy
(%)

172 (19.3)

3 (8.1)

5 (5.7)

0 (0.0)

88 (100.0)

0 (0.0)

64 (100.0)

12 (17.1)

Time to recovery, days (median
[IQR])

507 [112,
1115]

237 [52, 655]

484 [131, 980]

241 [35, 773]

938 [465,
1644]

714 [241,
1385]

1095 [759,
1759]

804 [327,
1399]

Pre-recovery LVEF (median
[IQR])

28 [20, 33]

29 [22, 33]

30 [21, 34]

28 [22, 33]

23 [17, 29]

28 [23, 33]

26 [20, 30]

30 [22, 33]

Recovered LVEF (median [IQR])

59 [54, 63]

63 [54, 63]

62.50 [55, 63]

59 [55, 63]

50 [50, 63]

58 [55, 63]

55 [52, 63]

59 [53, 63]

Change in LVEF (median [IQR])

128 [107, 145] 121 [105, 139] 124 [104, 137] 122 [110, 139] 122 [116, 130] 121 [108, 140]
7 (10.0)

139 [136, 142] 139 [137, 141] 140 [137, 142] 140 [137, 142] 139 [137, 142] 139 [137, 142] 140 [138, 142]

29 [22, 37]

28 [21, 38]

30 [25, 37]

30 [23, 38]

29 [20, 36]

28 [22, 35]

29 [21, 34]

28 [20, 37]

Mod-Severe MR (%)

49 (5.5)

4 (10.8)

3 (3.4)

19 (4.5)

5 (5.7)

6 (4.9)

6 (9.4)

6 (8.6)

QRS�120ms (%)

49 (5.5)

37 (100.0)

3 (3.4)

0 (0.0)

2 (2.3)

2 (1.6)

4 (6.2)

1 (1.4)

ACEi/ARB (%)

320 (55.9)

4 (22.2)

26 (49.1)

126 (58.3)

47 (65.3)

55 (55.6)

29 (50.9)

33 (57.9)

Beta-blocker (%)

390 (68.2)

11 (61.1)

36 (67.9)

144 (66.7)

52 (72.2)

63 (63.6)

39 (68.4)

45 (78.9)

MRA (%)

137 (24.0)

2 (11.1)

10 (18.9)

50 (23.1)

28 (38.9)

18 (18.2)

18 (31.6)

11 (19.3)

Loop diuretic (%)

238 (41.6)

10 (55.6)

25 (47.2)

85 (39.4)

37 (51.4)

48 (48.5)

22 (38.6)

11 (19.3)

IQR = interquartile range; BMI = body mass index; GFR = glomerular filtration rate; LVEF = left ventricle ejection fraction; MR = mitral regurgitation;
ACEi = angiotensin converting enzyme inhibitor; ARB = angiotensin II receptor blocker; MRA = mineralocorticoid receptor antagonist.
https://doi.org/10.1371/journal.pone.0248317.t002

Kaplan-Meier survival analysis of the different clusters showed marked differences in survival at 1000 days. Log-rank analysis showed that the overall differences in mortality among
LVrecEF Clusters 1–7 was statistically significant (P <0.0001); however, the only cluster with a
statistically different mortality in post-hoc analysis adjusted for multiple comparisons was
Cluster 1 (p<0.001).

Use of guideline directed medical therapy
Given that guideline directed medical therapy (GDMT) is associated with clinical stability in
HFrecEF patients [1], we examined medication use within each cluster. Medication data were
available for 579 of 889 patients (65%). Table 3 displays the proportion of patients in each cluster for whom medication data were available, whereas Fig 2 shows the proportion of patients
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Table 3. Summary of medication data and mortality within patient clusters.
Cluster

Number of patients with medication data (% total
patients in cluster)

Number of deaths in patients with
medication data
(% deaths in cluster)

Cluster
1

18 (47)

17 (94)

Cluster
2

53 (61)

18 (34)

Cluster
3

218 (52)

57 (26)

Cluster
4

73 (82)

15 (21)

Cluster
5

102 (81)

23 (23)

Cluster
6

57 (81)

11 (19)

Cluster
7

58 (89)

9 (16)

https://doi.org/10.1371/journal.pone.0248317.t003

in each cluster who were receiving ACEi/ARB, beta-blockers, MRAs, and loop diuretics. As
shown in Fig 2, there were significant differences in medication use among clusters 1–7 including use of loop diuretics (p = 0.004), MRA (p = 0.024), and ACEi/ARB (p = 0.042); there were,
however, no significant differences (p = 0.521) in the use of beta-blockers across clusters.
We examined patient mortality among clusters 1–7 for the patients whose medication data
were available (Table 3). This sensitivity analysis showed that mortality was highest in Cluster
1 (94%) and lowest in Cluster 7 (16%), which is similar to the rank ordering for the entire
patient cohort by Kaplan-Meier analysis. While there was a statistically significant difference
in mortality among the clusters (Chi-squared test, p = 0.005); the only cluster that had a distinct mortality profile after adjusting from multiple comparisons was Cluster 1 (p = 0.0005).
Given the small numbers of patients on different medical therapies in each of the different
LVrecEF clusters, it was not possible to perform an adjusted regression model to determine
whether differences in medication use contributed to differences in mortality among clusters
1–7. For example, there was only 1 survivor in cluster 1, who was not receiving any GDMT
for HF.

Maintenance of LVEF � 50%
Prior studies have shown that deterioration of LVEF is associated with worse clinical outcomes
in HFrecEF patients [3, 4]. Given the observed differences in morality among the different
clusters, we determined the number of patients within each cluster who maintained an
LVEF � 50% throughout. Follow-up 2-D echocardiograms were available in 488 of the 889
patients who recovered their LVEF. Patients with a follow up echocardiogram were more likely
to have atrial fibrillation, diabetes, ischemic heart disease, CRT, a longer time to recovery, and
a lower baseline LVEF (S1 Table). Fig 3 shows two important findings with respect to the proportion of patients within each cluster who maintained LVEF � 50% during follow up. First,
there was a significant (p < 0.0001) overall decrease in the proportion of patients who maintained an LVEF � 50% over time. The proportion of LVrecEF patients with an LVEF � 50%
decreased during the first year of follow-up and continued to decrease over the ensuing 1–2
years, regardless of the LVrecEF phenotype. The second important finding is that Cluster 1
had the greatest proportion of patients with a decrease in LVEF to � 50% and was significantly
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Fig 2. Medication use across cluster. Medication data was available in 579 of 889 patients (65%). Cluster 1 had
significantly less use of ACEi/ARB and MRA. There was no significant difference in beta-blocker use among the
patient Clusters.
https://doi.org/10.1371/journal.pone.0248317.g002

different (p<0.01), from all of the other clusters. There were no significant differences in the
proportion of patients who maintained an LVEF � 50% in clusters 2–7.
In a Cox proportional hazard model, loss of a preserved LVEF was associated with
increased mortality (HR, 95% CI: 4.87, 3.44–6.89, p-value < 0.0001). It is notable that with the

Fig 3. Probability of maintaining LVEF � 50% during follow up. Follow up echo was available in 488/889 patients.
Patients in Cluster 1 were the most likely to not have a sustained LVEF � 50% during follow up. Clusters 2–7 had
similarly high likelihoods of having LVEF � 50% during follow up.
https://doi.org/10.1371/journal.pone.0248317.g003
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Fig 4. Kaplan-Meier analysis of mortality across clusters. There are significant differences in mortality across
phenotype clusters with cluster 1 having the highest mortality, Log-rank p<0.0001. Time to death was measured from
the time of LVEF recovery.
https://doi.org/10.1371/journal.pone.0248317.g004

exception of Cluster 1, where the mortality curves (Fig 4) and the curves depicting the proportion of patients with an LVEF � 50% (Fig 3) were similar, the curves depicting the proportion
of patients in each cluster who maintained and LVEF � 50% were not necessarily concordant
with changes in mortality determined by Kaplan-Meier analysis.

Discussion
We used an unsupervised clustering algorithm to identify unique clinical phenotypes among
patients with LVrecEF using a set of limited clinical parameters that are readily available
within electronic medical records. The major new findings of this study are (1) there is significant clinical heterogeneity among LVrecEF patients and (2) LVrecEF patients span a range of
risk with respect to clinical outcomes depending on patient characteristics and co-morbidities.
Viewed together, these findings reveal a previously unrecognized heterogeneity of clinical phenotypes and outcomes for LVrecEF patients, which may have important clinical ramifications
for how these patients are managed clinically.

Natural history of recovery of LV ejection fraction in HFrEF patients
A growing body of evidence suggests that even among HFrecEF patients who experience a
complete normalization of LVEF, a significant proportion will develop recurrent LV dysfunction accompanied by recurrent HF events [1, 5]. Prior reviews on this topic have emphasized
that the great majority of clinical examples of spontaneous recovery of LVEF that occur following transient myocardial injury (e.g., energetic defects or myocardial toxins) are associated
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with sustained clinical stability, even when the LVEF is severely depressed. In contrast recovery
of LVEF is less durable following long-standing and/or permanent injury (e.g., myocardial
infarction, genetic abnormalities) [18, 19], suggesting that the extent of myocardial end-organ
damage is one plausible explanation for the recurrence of HF in HFrecEF patients [5]. Indeed,
we have shown previously that HFrecEF patients who have normalization of LVEF > 50%, but
who have a reduced LV global longitudinal strain < 16%, were more likely to experience recurrence of LV dysfunction [20]. Our prior observations with respect to the role of LV global longitudinal strain are consistent with the observations in the present study that save for Cluster
1, wherein the deterioration of LVEF was associated with worsening clinical outcomes (Figs 3
and 4), there was no consistent relationship between clinical outcomes and preservation of an
LVEF > 50%. This suggests that assessment of LVEF alone may be insensitive for detecting
subsequent events in HFrecEF patients, and that advanced imaging modalities and biomarkers
may have additive value for detecting future clinical deterioration.
At the time of this writing, there are limited studies that have evaluated the outcomes of
HFrecEF patients. Basuray and colleagues showed that HFrecEF patients had persistent biomarker evidence of inflammation, neurohormonal activation, and myocardial injury, as well
as a different clinical course than patients with HFrEF and HFpEF [3]. In their study, HFrecEF
patients were the least likely to die, undergo LVAD implantation, or undergo heart transplantation; however, the mortality rate at 8 years in HFrecEF patients was still quite high at 20%.
Moreover, HFrecEF patients had a risk of HF hospitalizations that was similar to that of
HFpEF patients (HR 1.3 (95% confidence interval, 0.90–2.0; P = 0.15)). Similar findings were
reported by Lupon et al, who observed that patients with HFrecEF had significantly lower allcause, cardiovascular, heart failure related and sudden death relative to HFrEF patients [21].
In another outcomes study from the Heart Muscle Disease Registry of Trieste, Merlo and
colleagues reported that 63 out of 408 (15%) of dilated cardiomyopathy patients recovered
their LVEF > 50% and normalized their LV end-diastolic dimension on GDMT. Importantly,
approximately 30% of this subgroup experienced a subsequent decline in LVEF, and 19%
required heart transplant or died after 15 years of follow up [4]. Lupon et al. showed that in
long term measurements of LVEF HFrEF patients were characterized by an inverted “U”
shape, with a marked rise in LVEF during the first year of GDMT implementation, followed
by a slow decline in LVEF over the ensuing decade. The authors reported that this pattern was
more pronounced in non-ischemic HF and in women, consistent with prior observations that
suggest female gender, non-ischemic etiology, younger age, absence of left bundle branch
block (LBBB) and a shorter duration of HF are associated with reverse LV remodeling and
recovery of LVEF [1]. Our data show a trend towards increased survival with increased time to
LVEF recovery, which is counter-intuitive to the prevailing concept that more rapid recovery
of LVEF is beneficial. Shorter duration of heart failure is associated with increased likelihood
of LVEF recovery, but the association with improved outcomes among HFrecEF has not been
shown [22]. Moreover, a post-hoc analysis of the STICH trial demonstrated delayed LVEF
recovery (2 years) was associated with improved survival but early normalization (30 days)
was not [23].
Patients with HFrecEF have traditionally been considered as a homogenous group. Perhaps
not surprisingly, we found mortality in the LVrecEF clusters was associated with concomitant
comorbidities that have been associated with worse outcomes in HFpEF patients [24, 25]. For
example, patients in clusters 1–2 had the highest creatinine levels, suggesting that underlying
chronic kidney disease may have contributed to worsening clinical outcomes. Cluster 1 had
the highest mortality, and was comprised of patients with a QRS duration >120ms, the majority of whom did not receive CRT. This cluster had the lowest use of ACEi/ARB and the highest
use of loop diuretics, both of which have been associated with poor clinical outcomes [26].
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However, we believe that the differences in medication use do not completely account for the
high mortality observed in this cluster, insofar as all of the patients who died in Cluster 1 were
receiving an ACEi/ARB, and the one patient who survived was not taking an ACEi/ARB.
Because the patients for this study were drawn from an administrative data base, we do not
know whether the wide QRS was secondary to a RBBB or LBBB, nor do we know the reason
why these patients did not receive a CRT. While QRS prolongation secondary to an intraventricular conduction delay that causes mechanical LV dyssynchrony is widely accepted as a
mechanism for worsening HF and sudden cardiac death, it is worth noting that the magnitude
of benefit obtained from CRT is not uniform across all patterns of QRS prolongation, and
CRT does not correlate with hemodynamic and clinical improvement in ~ 30% of patients.
Although speculative, the prolonged QRS in patients in Cluster 1 may have identified patients
with slow(er) conduction velocity secondary to underlying myopathic disease (e.g. fibrosis,
redistribution of connexins, inherited or acquired abnormalities of ion channel abnormalities).
Other notable differences in mortality amongst the clusters deserve to be highlighted. Patients
in Cluster 7, identified by a high prevalence of ischemic heart disease, had an intermediate risk
of mortality. Although the overall prevalence of ischemic heart disease in our cohort was low
(~13%), it is consistent with the observation that the majority of patients with ischemic heart
disease do not increase their LVEF > 50% on GDMT [27], and hence would not have been
included based on the way that this study was designed.

Limitations
Several limitations to our study warrant discussion. First, this is a retrospective analysis of an
administrative data set. Given that patients who present with HFrEF do not always have 2-D
echocardiographic follow-up studies that are scheduled at regular intervals, our cohort may
not encompass all HFrEF patients who have recovery of their LVEF. Furthermore, the administrative data set does not allow us to determine the total number of HFrEF patients that were
screened for recovery of LVEF. Medication data were obtained from the outpatient medical
record at Washington University School of Medicine; not all patients captured in this study
had follow-up in the affiliated clinics, which limits our ability to adjust the mortality analysis
for medication use.
Additionally, we used ICD codes to define co-morbidities which may introduce some
error. However, we used a validated method for grouping ICD codes into clinically relevant
co-morbidities using the Elixhauser co-morbidity index [9]. We were also unable to include
markers of LV size/dimensions given the missingness of data within the 2-D echo data base.
Furthermore we did not have accurate follow up information regarding mitral regurgitation. It
should be recognized that the clusters found by our unsupervised clustering machine learning
method depend on the distribution of our data. Accordingly, the number of clusters and their
defining characteristics may have some variance from data set to data set. Our sample size for
some clusters is small (e.g. Cluster 1 has 37 patients) which limits precision of the results.
Therefore, the results and generalizability of the present study will need to be verified in different patient cohorts, perhaps utilizing a multi-center collaboration to increase sample size.

Conclusions
In the present study, we used an unsupervised clustering algorithm to identify previously
unrecognized clinical phenotypes among patients with LVrecEF. Here we show for the first
time that there is significant heterogeneity of clinical phenotypes among LVrecEF patients,
and that clustering identifies high and low risk cohorts of LVrecEF patients, which may have
important clinical ramifications for developing long term strategies for managing these
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patients. The optimal clinical management of LVrecEF patients remains challenging because
of the dearth of robust prospective data to guide clinical decision making. Relevant to this discussion is the open-label randomized pilot trial, which compared phased withdrawal of
GDMT vs continued therapy with GDMT. The TRED-HF trial showed that within 6 months,
44% of the first withdrawal group and 36% of the second group experienced a recurrence of
HF, which was defined as a fall in LVEF > 10% to < 50%, an increase in left ventricular end
diastolic volume (LVEDV) of > 10% and to higher than the normal range, a doubling of the
NTproBNP to > 400 ng/L, or clinical evidence of heart failure [28]. Accordingly, the results of
the present study may have direct clinical implications for the management of HF patients
with a recovered LVEF, insofar as we were able to use machine learning to identified high risk
populations (e.g., Cluster 1) for whom closer surveillance and continued GDMT may be more
beneficial, as well as lower risk populations (Clusters 6–7) in whom select withdrawal of
GDMT may be possible. These interesting possibilities could be tested in a randomized manner for both high- and low-risk patient populations. Although the results of the present study
need to be confirmed in a separate data set, they do suggest it may be possible in the foreseeable future to utilize clustering algorithms to identify LVrecEF patients who are at high risk for
recurrent HF events. This can in turn lead to closer clinical follow-up of these patients, as well
as facilitate simple, pragmatic clinical trials to determine the optimal GDMT regimen for
HFrecEF patients.
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