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6 Risk prediction of 30-day unplanned
re-admission or mortality for HF
patients: external validation of the
OPERA model

This article has been submitted as “I. Sokoreli, A. Abdolahi, J. M. Riistama, S.C. Pauws, G. J. de
Vries, P. J. Amelung, R. Nicholson, C. Veremakis, and E. W. Steyerberg, “Risk prediction of 30-day
unplanned re-admission or mortality for HF patients: external validation of the OPERA model”, 2019.”
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Chapter 6. External validation of the OPERA model

ABSTRACT

Aims: Chronic disease patients are at high risk of adverse events such as unplanned
readmission or mortality. The aim of this study is to evaluate the generalizability of
the previously developed OPERA-heart failure (HF) model for outcome prediction in
another geography.

Methods and results: SAPHIRE is an observational prospective cohort study, consist-
ing of patients hospitalized for HF or chronic obstructive pulmonary disease (COPD)
in a tertiary care hospital in St. Louis, Missouri. Among 513 study participants diag-
nosed with HF, 72 (14%) had an unplanned all-cause readmission and 27 (5%) died
within 30 days after discharge from the hospital. The risk prediction model based on
the OPERA-HF study had an area under the receiver operating characteristic curve
(AUC) of 0.70. When applied on SAPHIRE, the model showed similar discrimina-
tion (AUC 0.70 [95% confidence interval 0.65 – 0.76]) and provided accurate risk es-
timations (predicted 17%, observed 18%). By refitting the model to the SAPHIRE HF
cohort, the performance was improved further (AUC 0.72 [95% CI 0.66 – 0.78]).

Conclusion: External validation demonstrated good calibration of the OPERA-HF
model. Discrimination of those at low risk versus those at high risk remains modest,
even upon refitting the model, implying a need for better predictors of poor outcome
within 30 days after discharge.

123



Chapter 6. External validation of the OPERA model

INTRODUCTION

Nearly half of the adults in the US have at least one chronic condition, contributing to
over 75% of hospital days, office visits, home health care and prescription drugs, and
thus more than 80% of the total healthcare costs [1]. Re-admissions account for more
than 30% of annual US healthcare expenditures [2]. This led to the Hospital Readmis-
sion Reduction Program, which was implemented by the Centers for Medicare and
Medicaid Services (CMS) in 2012. This program imposes financial penalties on hos-
pitals if their 30-day risk-adjusted readmission rates exceed national averages after
an index hospitalization for several key discharge diagnoses, including heart failure
(HF) [3]. Approximately 25% of the 1 million HF patients hospitalized annually in US
are readmitted within 30 days of discharge [4, 5]. The multiple re-admissions of HF
patients often reflect a substantial impairment in the patient’s quality of life and are
associated with increased mortality and high healthcare costs [6, 7].

Risk models have been developed that examine reasons of readmission and mortality
in HF patients. However, these often are only internally validated and not tested in dif-
ferent geographies or healthcare systems. Only a few models have been externally val-
idated, showing a poor performance [8]. Models predicting 30-day unplanned read-
mission tend to perform worse than models predicting mortality, all cause admissions
or outcomes in longer time spans [8, 9]. 30-day readmission models usually include
clinical factors and ignore psychosocial, healthcare utilization or patient frailty.

The OPERA-HF study included 1094 HF patients from the UK, where 213 (19%) expe-
rienced an unplanned readmission and 60 (5%) died within 30 days of discharge from
index admission. A 30-day unplanned readmission or mortality prediction model was
developed that included clinical factors (increasing daily pill counts at admission, be-
ing in sinus rhythm at admission, dyspnea at rest, NYHA class III or IV, increasing
urea and NT-proBNP at discharge, length of stay in the hospital and number of prior
emergency hospitalizations in 6 months) combined with physical frailty, not being
married, and not perceiving family support. The aim of this analysis is to validate the
generalizability of the OPERA-HF model in another geography and healthcare system.
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METHODS

Study design

The SAPHIRE-HF/COPD study is a prospective cohort study consisting of patients
aged 18 years and older who were admitted to Mercy Hospital in St. Louis, Mis-
souri for HF and/or COPD. The aim of the study is to identify contributing factors
to adverse outcomes for HF and COPD patients, to evaluate the additional value of
non-clinical factors and to analyze the validity of prediction models. All participants
had to provide written informed consent and meet all of the following inclusion crite-
ria: physically and mentally capable to cooperate based on clinical judgement of the
care manager nurse, understand and speak the English language and willing to fill
out the questionnaires during their hospitalization. Patients were excluded for any of
the following reasons: observation unit admission only, part of another research study
involving novel medications or devices, illicit drug use, or designated for transport to
hospice at discharge. The study started in October 2014 and was approved by Mercy
Health’s Institutional Review Board. For the purposes of this report we focus only on
the HF cohort of the study.

Data collection

Several variables known to be potential risk factors for adverse events in HF patients
were collected by research nurses using automated electronic medical record (EMR)
extractions and manual chart reviews. Information on depression and anxiety was
also collected from the EMRs with no additional assessment conducted. Additional
questionnaires were administered to the patients once during hospitalization about
general demographics, socioeconomic issues, prior hospitalizations, functional limita-
tions and ability to self-care.
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Physical frailty

For frailty, a two-fold assessment was applied. Patients were asked to respond to a
question about having trouble bathing or dressing and then they were asked to un-
dergo the timed ‘get up and go’ test [10]. The timed ‘get up and go’ requires patients
to stand up from a chair, walk a short distance (3 m) using any walking aids if needed,
turn around, return, and sit down again. A time of less than 10 seconds to complete
this task is considered normal for a healthy individual whereas a time of more than 20
seconds is considered abnormal. Patients who reported trouble with bathing or dress-
ing, or patients who were not able to complete the ‘get up and go’ test in less than 20
seconds were defined as frail.

Endpoints

The primary study end-point was unplanned readmission. Mortality within 30 days of
discharge from index admission was a secondary outcome. Outcomes were collected
through EMR reviews of hospital encounters and national death records. Readmis-
sions to healthcare systems other than Mercy Health may be missed using this method,
though patients generally stay within the system for any follow-up care.

OPERA Model

The OPERA-HF study was an observational prospective study consisting of patients
hospitalized for HF in Hull, UK. The OPERA model [11] is a logistic regression model
developed based on the OPERA-HF cohort for prediction of 30-day unplanned all-
cause readmissions or mortality. The predictors included in the model are a combi-
nation of clinical variables (increasing daily pill counts at admission, sinus rhythm at
admission, dyspnea at rest, NYHA class III or IV and increasing urea and NT-proBNP
at discharge), hospital utilization (length of stay in the hospital and number of prior
emergency hospitalizations in 6 months), not being married, not perceiving family
support and being physically frail. This combination demonstrated a discrimination
(area under the receiver operating characteristic curve, AUC) of 0.70 [95% CI 0.66 –
0.74].
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Statistical analysis

Data were analyzed from patients who participated in the study between October 2014
and January 2017. Baseline characteristics were compared between the HF cohort from
this study and the OPERA-HF study sample using the χ2 test for binary or categorical
variables, and the Kruskal-Wallis test for continuous variables.

Univariable logistic regression analysis was applied to relate patient characteristics
to unplanned readmission or mortality within 30 days after discharge. Odds ratios
(ORs) were calculated with 95% confidence intervals (CIs). The results were compared
with the univariable results from the OPERA-HF study. The OPERA model was then
applied to the HF patients in this study. Multiple Imputation (MI) was used to impute
missing data. MI technique requires three steps: imputation, analysis and pooling.
Each missing value was imputed five times following the predictive mean matching
method, thus producing five imputed data sets; each one of these five imputed data
sets was then analyzed and the results were pooled into one final analysis following
Rubin’s method [12, 13]. For predictors not collected at all in our study, we used the
mean values of the original data distribution when applying the model.

Discrimination and calibration were used to assess the external validity of the model
[14, 15]. Discrimination refers to the ability to distinguish patients who will be read-
mitted from those who will not, and was quantified by the AUC. An AUC of 0.5 in-
dicates no discriminative ability at all while an AUC of 1 indicates perfect discrimi-
nation [16, 17]. Calibration describes the agreement between observed and predicted
outcomes. Calibration was assessed visually with a calibration plot. Groups of pa-
tients were created based on their predicted risk (deciles), which was plotted against
the observed event rate for each decile. A majority of plotted risks being below the
x=y line indicates overfitting, while a perfect model would coincide with the x=y line.
Calibration-in-the-large was assessed by using the logit of the model predictions as
input to a logistic regression model, which allows for inspection of the intercept as
measure of structural overestimation of underestimation [14].

The model was further refitted to the SAPHIRE-HF patients and internally validated
by a bootstrapping procedure, by sampling with replacement for 200 iterations [16, 18].
Bootstrapping was performed within each imputed data set. We planned to combine
both cohorts and refit the model to derive a final model optimized for both sites.
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All analyses were conducted using R 3.3.3 statistical software (The R Foundation for
Statistical Computing, Vienna, Austria).
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RESULTS

Baseline characteristics of the study population

Of the 1571 patients approached, 644 consented and enrolled to the study (460 with
a diagnosis of HF, 131 with a diagnosis of COPD, 53 with both diagnoses at enroll-
ment as indicated by the hospital EMR, Figure 6.1). Thus, 513 patients had a primary
or secondary diagnosis of HF and were included for analysis (Table 6.1). Participants
had a median age of 73 years, 52% were women, 69% retired, 49% married, 34% had
Left Ventricular Ejection Fraction (LVEF) ≤ 40% at discharge and median NT-proBNP
was 3035 pg/mL at discharge. Their median length of stay in the hospital was 4.8
days and their Body Mass Index (BMI) was relatively high (median 31 kg/m2). De-
pression and anxiety was prevalent in 13% and 11% of the sample, respectively. In the
questionnaires, 13% reported trouble with bathing or dressing. Unplanned, all-cause
readmission occurred in 72 (14%) participants within 30 days from index discharge
while 27 (5%) died within the first 30 days after discharge.

Relative to OPERA-HF patients, SAPHIRE-HF patients were younger and more often
female (Table 6.1). OPERA-HF patients were more likely complex HF patients with
more comorbidities, significantly lower BMI, had longer hospital stays and higher
average NT-proBNP value at discharge in comparison to the SAPHIRE-HF cohort.
OPERA-HF patients also were less often in sinus rhythm and were more likely to ex-
perience a readmission.
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FIGURE 6.1: Consort diagram

1571 patients screened in total: 1191
HF, 317 COPD, 63 COPD and HF

668 ineligible: 222 mental capacity,
10 illicit drug use, 22 language bar-
rier, 24 discharge to hospice, 9 other

drug/device study, 381 refused study intro

903 eligible 156 refused participation, 90 missed

657 completed informed consent 13 terminated participation or du-
plicate enrollement or no follow-up

644 enrolled to SAPHIRE-HF/COPD:
460 HF, 131 COPD, 53 HF and COPD
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TABLE 6.1: Comparison of baseline patient characteristics and outcomes of SAPHIRE-
HF with OPERA-HF.

SAPHIRE-HF OPERA-HF

(N= 513) (N= 1094)

Characteristics N Summary* N Summary* p-value**

Demographics

Age (years), median [IQR] 513 73 [62 – 82] 1094 77 [68 – 83] <0.001

Women, n (%) 513 265 (52 %) 1094 433 (40 %) <0.001

Vital signs at hospital admission and other measurements

Systolic BP (mmHg), median
[IQR]

NA NA 1083 129 [115–146] NA

Diastolic BP (mmHg), median
[IQR]

NA NA 1083 75 [63 – 86] NA

Sinus Rhythm, n (%) 477 245 (51 %) 1088 446 (41 %) <0.001

Medication at admission

Total pill count, median [IQR] 512 7.5 [7.5 – 13] 969 9 [5 – 13] <0.05

History Comorbidities

Diabetes, n (%) 498 132 (27 %) 1094 380 (39 %) <0.01

COPD, n (%) 498 76 (15 %) 1094 188 (17 %) 0.42

Cancer, n (%) 498 38 (8%) 1094 122 (11 %) <0.05

HF symptoms and vital signs at discharge

Length of stay (days), median
[IQR]

513 4.8 [3.1 – 7.7] 1094 10.1 [6.0 – 17.0] <0.001

BMI (kg/m2), median [IQR] 512 31 [26 – 39] 587 27 [23 – 32] <0.001

NYHA: Class III/ IV, n (%) NA NA 907 164 (18 %) NA

LVEF ≤ 40 at discharge, n (%) 488 166 (34 %) 920 512 (56 %) <0.001

Lab values at discharge

NT-proBNP (pg/ml), median
[IQR]

480 3035[1411–7117] 905 4468[1895-9889] <0.001

Urea (mmol/l), median [IQR] 513 9 [7 – 14] 1087 9 [7 – 14] 0.22

Creatinine (micmol/l), median
[IQR]

513 111 [84 – 154] 1085 105 [83 – 140] <0.05

Bilirubin (mg/dl), median [IQR] 475 0.5 [0.4 - 0.9] 1085 0.9 [0.7 – 1.2] <0.001

Prior hospitalization

Continued on next page
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Table 6.1 – Continued from previous page

SAPHIRE-HF OPERA-HF

(N= 513) (N= 1094)

Characteristics N Summary* N Summary* p-value**

>2 prior EM in 6months, n (%) 513 18 (4 %) 1094 55 (5 %) 0.21

Social status/support

Living alone, n (%) NA NA 938 324 (35 %) NA

Married, n (%) 513 250 (49 %) 1094 531 (49 %) 0.98

Retired, n (%) 512 353 (69 %) 912 783 (86 %) <0.001

Mood and cognitive function

Depression, n (%)*** 513 67 (13 %) 391 56 (14 %) 0.72

Anxiety, n (%)*** 513 58 (11 %) 384 65 (17 %) <0.05

Cognitive impairment, n (%) NA NA 399 29 (7 %) NA

Frailty and mobility

Time for get up and go 207 17 [11 – 31] 295 9 [6 - 15] <0.001

test (sec), median [IQR]

Having trouble bathing 512 64 (13 %) 879 213 (24 %) <0.001

or dressing, n (%)

Outcomes

30-day unplanned 513 72 (14 %) 1094 213 (19 %) <0.05

re-admission, n (%)

30-day CV unplanned 513 19 (4 %) 1094 163 (15 %) <0.001

re-admission, n (%)

30-day HF unplanned 513 18 (4 %) 1094 109 (10 %) <0.001

re-admission, n (%)

30-day mortality, n (%) 513 27 (5 %) 1094 60 (5 %) 1

IQR, Interquartile range;N, available data; LVEF, left ventricular ejection fraction; NYHA, New York

Heart Association; EM, emergency.

(*) summaries are based on patients with available data;

(**) 0.1 level of significance;

(***) in SAPHIRE-HF depression and anxiety were extracted by EMRs, while in OPERA-HF

additional assessments were applied (by HADS questionnaires [19])
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SAPHIRE-HF prognostic effects

In the univariable analysis of the 513 SAPHIRE-HF patients (Table 6.2), older age,
longer length of stay in the hospital, higher urea and creatinine, history of one or more
prior emergency admission during the last 6 months, and the presence of frailty were
all associated with an increased risk of 30-day unplanned readmission or mortality.
The estimated univariable effects were similar between studies.

TABLE 6.2: Univariable analysis for 30-day unplanned re-admission or mortality
(SAPHIRE-HF, N = 513; OPERA-HF, N = 1094).

SAPHIRE-HF OPERA-HF
OR 95% CI OR 95% CI

Age, years (10-unit increase) 1.19 1.00 – 1.43 1.21 1.07 – 1.37
Women, yes 1.14 0.73 – 1.78 1.06 0.79 – 1.41
Sinus rhythm, yes 0.61 0.39 – 0.96 0.70 0.52 – 0.94
Total pill count at admission 1.03 0.99 – 1.07 1.05 1.02 – 1.07
Diabetes, yes 1.29 0.78 – 2.11 0.79 0.58 – 1.07
COPD, yes 0.82 0.41 – 1.53 1.27 0.88 – 1.81
Cancer, yes 0.82 0.30 – 1.86 1.14 0.73 – 1.75
Length of stay, 10-day increase 1.73 1.14 – 2.61 1.15 1.04 – 1.27
BMI at discharge, kg/m2 1.00 0.97 – 1.00 0.99 0.97 – 1.01
LVEF ≤40 at discharge, yes 0.93 0.57 – 1.49 1.01 0.73 – 1.38
NT-proBNP at discharge pg/ml (log) 1.24 1.05 – 1.48 1.22 1.08 – 1.37
Urea at discharge, mmol/l (log) 2.91 1.89 – 4.55 1.99 1.54 – 2.58
Creatinine at discharge, micmol/l (log) 1.92 1.23 – 2.99 1.93 1.37 – 2.72
Bilirubin at discharge, mg/dl (log) 1.32 0.92 – 1.88 1.12 0.83 – 1.56
Number of prior EM in 6months 1.32 1.05 – 1.64 1.36 1.19 – 1.56
Married, yes 0.86 0.55 – 1.35 0.69 0.52 – 0.92
Retired, yes 1.15 0.71 – 1.90 1.43 0.95 – 2.24
Depression, yes 1.63 0.87 – 2.93 1.65 1.13 – 2.39
Anxiety, yes 1.49 0.76 – 2.79 1.18 0.81 – 1.70
Physical frailty, yes 2.55 1.56 – 4.32 1.77 1.13 – 2.88
OR, Odds Ratio; CI, Confidence Interval; COPD, chronic obstructive pulmonary disease;
BMI, body mass index; LVEF, left ventricular ejection fraction; CV, cardiovascular;
EM, emergency.
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OPERA model validation

At external validation, the OPERA model showed a similar discrimination to the orig-
inal (AUC 0.70 [95% CI 0.65 – 0.76]) and good overall risk estimation (predicted 17%,
observed 18%, p = 0.44). The plotted risks being close to the x=y line confirm that the
probabilities of readmission were well estimated (Figure 6.2).

Multivariable analysis

Most effects of predictors were similar between cohorts. The effect of number of pre-
scribed pills at admission and social support were stronger in OPERA, while the effects
of higher urea and being frail were stronger in SAPHIRE (Table 6.3).

When refitting the model, we achieved a slightly higher performance of AUC 0.72
[95% CI 0.66 – 0.78] (corrected for optimism AUC 0.69).

When combining both cohorts, the effects of number of prescribed pills, urea, frailty
and prior events were strongest. The discriminatory performance remained similar
(AUC 0.71 [95% CI 0.68 – 0.74], with an optimism-corrected estimate of AUC=0.69)
(Table 6.3).
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FIGURE 6.2: Calibration plot for the external validation of the OPERA model on
SAPHIRE-HF data; the triangles indicate the observed frequencies by deciles of pre-
dicted probabilities with 95% confidence intervals (vertical lines); the distribution of
patients having vs not having an event is shown at the bottom of the graph
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TABLE 6.3: Multivariate analysis and discrimination of 30-day unplanned readmission
or mortality models.

OPERA Refitted model Combined model
(N = 1094) (N = 513) (N = 1607)

Variable OR (95 % CI) OR (95 % CI) OR (95 % CI)
Number of daily 1.03 (1.00 – 1.06) 1.01 (0.96 – 1.05) 1.02 (1.00 – 1.04)
pills at admission
Sinus rhythm 0.77 (0.57 – 1.06) 0.65 (0.40 – 1.06) 0.75 (0.58 – 0.97)
at admission
Urea, mmol/l (log) 1.61 (1.22 – 2.13) 2.45 (1.55 – 3.88) 1.74 (1.37 – 2.20)
at discharge
NT-proBNP pg/mL 1.07 (0.94 – 1.21) 1.02 (0.85 – 1.23) 1.07 (0.97 – 1.19)
(log) at discharge
NYHA class 1.40 (1.08 – 1.82) Not available 1.48 (1.19 – 1.85)
at discharge,
1-class increase
Dyspnea at rest 1.72 (0.98 – 3.04) Not available 1.37 (0.83 – 2.28)
at discharge
Length of stay, 1.07 (0.96 – 1.20) 1.37 (0.88 – 2.13) 1.07 (0.97 – 1.18)
10-days increase
Prior EM 1.26 (1.10 – 1.45) 1.22 (0.96 – 1.54) 1.24 (1.10 – 1.40)
hospitalizations
in 6months
Physical frailty 1.21 (0.73 – 2.00) 2.24 (1.31 – 3.84) 1.73 (1.20 – 2.49)
Married 0.72 (0.53 – 0.97) 1.05 (0.63 – 1.73) 0.79 (0.61 – 1.02)
Perceiving support 0.74 (0.53 – 1.02) 0.64 (0.36 – 1.14) 0.80 (0.62 – 1.04)
from family
Validation Original External Refitted Combined

validation
AUC 0.70 0.70 0.72 0.71
[95% CI] [0.66-0.74] [0.65 – 0.76] [0.66 – 0.78] [0.68 – 0.74]
(Bootstrap optimism (0.67) (0.69) (0.69)
corrected)
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DISCUSSION

In this study, we externally validated an existing predictive model for early readmis-
sion or mortality in HF patients. We found good performance with discrimination
similar to the original cohort and good calibration.

By comparing the two cohorts, we found that both studies had similar event rates and
similar mortality rates, while the early, unplanned readmission rates were different
between the US cohort (14%) and the UK cohort (19%). The difference in the readmis-
sion rate may partially be explained by the fact that in Hull all data were retrieved
from the single institution providing hospital care in the area, making readmission
elsewhere unlikely. On the other hand, in SAPHIRE there is a possibility of readmis-
sions occurring to institutions outside of the network and hence not being captured.
Other differences observed were that the US population was younger with less co-
morbidities. In spite of these differences and the differences in health care systems, we
observed similar effects in both studies in the univariable analysis. Increasing age, not
being in sinus rhythm, longer length of stay, increasing NT-proBNP, urea or creatinine,
more prior events or being frail were all related to an increase risk of poor outcome.

The OPERA model performed well when tested in this geography supporting trans-
portability of the model beyond one single site. By refitting the model in the external
validation cohort, we improved the performance slightly. As a model update, we com-
bined the cohorts and refitted the model on both such as to optimize the model for both
geographies. Further external validation of the combined model in other geographies
may assess the generalizability beyond the European and US settings considered so
far.

In this analysis we confirmed the hypothesis that a combination of clinical and non-
clinical variables provides better discrimination of the early outcomes compared to
the known, purely clinical, models from the literature [8]. In the refitted model we
achieved a significant improvement in the performance with a discrimination of AUC
of 0.72. Although this level of discrimination is modest, we achieved a higher AUC
than most HF models available in the literature [8, 20]. Predicting early readmissions
with high accuracy remains challenging because of the multidimensional root causes
of the events. Further research is needed to discover other predictors not yet studied
that may improve the discrimination.
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Frailty is an increasingly recognized factor affecting adverse outcomes in HF patients
[21, 22]. As suggested by our analysis, taking frailty into account can improve pre-
diction of outcomes following discharge from the hospital after an admission for HF.
Physical frailty should not be overlooked in discharge plans for HF patients. Interven-
tions to properly manage frail patients should be investigated that may improve the
outcomes. Studies of exercise training have suggested improvements in quality of life
but no clear reduction in hospitalization or mortality [23]. Studies of anabolic agents
have been of modest size and clinical benefit is as yet uncertain [24].

As an indication of ‘social frailty’, marital status and support from family, should also
not be overlooked. Our findings, suggest that a patient receiving support from their
family may be less likely to be re-admitted to hospital. Perceiving social support may
also be an important motivation for self-help for the patient [25]. Further research is
recommended for interventions targeted at patients with poor social support that may
improve their outcomes after discharge. One promising strategy is to send the patient
home with high touch points or services to help the patient manage him or herself and
stay out of the hospital.

An advantage of our model is that it is based on simple and easy to obtain variables
either directly from the EMRs or by simple additional assessments. The output of the
model is a risk score that is easily interpreted by clinicians. The simplicity of our model
makes it easy to use as part of routine care due to commonly available variables. It can
support the clinicians to optimize the post-discharge services provided to patients.
Further research on model implementation in clinical practice and validation in other
datasets is required.

Limitations. This study adds to the growing literature on predictors for HF early ad-
verse events, but some limitations should be mentioned. The definitions of the col-
lected data in SAPHIRE and methods of reporting were not identical to the OPERA-
HF data points. However, this may be expected when considering two very differ-
ent healthcare systems and geographies. Despite all these differences, discriminatory
performance and calibration were adequate, supporting the transportability of the
OPERA model. Missing data is a minor limitation in our study; we partially overcame
this issue by using multiple imputation. In addition, the validated questionnaires use
colloquial language that may not have been understood by patients from different
backgrounds.
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Conclusion. The OPERA model has good calibration in a different geography. Further
research on other potential predictors and evaluation of the OPERA model in clinical
practice is recommended.

139



Chapter 6. External validation of the OPERA model

REFERENCES

[1] G. Anderson, J. H. B. S. of Public Health, and R. W. J. Foundation, Chronic care: making the case for
ongoing care. Robert Wood Johnson Foundation, 2010.

[2] B. Padhukasahasram, C. K. Reddy, Y. Li, and D. E. Lanfear, “Joint impact of clinical and behavioral
variables on the risk of unplanned readmission and death after a heart failure hospitalization,”
PloS one, vol. 10, no. 6, p. e0129553, 2015.

[3] C. K. McIlvennan, Z. J. Eapen, and L. A. Allen, “Hospital readmissions reduction program,” Cir-
culation, vol. 131, pp. 1796–1803, may 2015.

[4] D. Mozaffarian, E. J. Benjamin, A. S. Go, D. K. Arnett, M. J. Blaha, M. Cushman, S. de Ferranti, J.-P.
Després, H. J. Fullerton, V. J. Howard, M. D. Huffman, S. E. Judd, B. M. Kissela, D. T. Lackland,
J. H. Lichtman, L. D. Lisabeth, S. Liu, R. H. Mackey, D. B. Matchar, D. K. McGuire, E. R. Mohler,
C. S. Moy, P. Muntner, M. E. Mussolino, K. Nasir, R. W. Neumar, G. Nichol, L. Palaniappan, D. K.
Pandey, M. J. Reeves, C. J. Rodriguez, P. D. Sorlie, J. Stein, A. Towfighi, T. N. Turan, S. S. Virani, J. Z.
Willey, D. Woo, R. W. Yeh, M. B. Turner, and American Heart Association Statistics Committee and
Stroke Statistics Subcommittee, “Heart disease and stroke statistics—2015 update,” Circulation,
vol. 131, pp. e29–e322, jan 2015.

[5] H. M. Krumholz, A. R. Merrill, E. M. Schone, G. C. Schreiner, J. Chen, E. H. Bradley, Y. Wang,
Y. Wang, Z. Lin, B. M. Straube, et al., “Patterns of hospital performance in acute myocardial infarc-
tion and heart failure 30-day mortality and readmission,” Circulation: Cardiovascular Quality and
Outcomes, pp. CIRCOUTCOMES–109, 2009.

[6] A. Michalsen, G. König, and W. Thimme, “Preventable causative factors leading to hospital ad-
mission with decompensated heart failure,” Heart (British Cardiac Society), vol. 80, pp. 437–41, nov
1998.

[7] J. M. Vinson, M. W. Rich, J. C. Sperry, A. S. Shah, and T. McNamara, “Early readmission of elderly
patients with congestive heart failure,” Journal of the American Geriatrics Society, vol. 38, pp. 1290–5,
dec 1990.

[8] D. Kansagara, H. Englander, A. Salanitro, D. Kagen, C. Theobald, M. Freeman, and S. Kripalani,
“Risk prediction models for hospital readmission: a systematic review,” JAMA, vol. 306, pp. 1688–
98, oct 2011.

[9] J. S. Ross, “Statistical models and patient predictors of readmission for heart failure: a systematic
review,” Archives of Internal Medicine, vol. 168, no. 13, p. 1371, 2008.

[10] B. Mathias, S., Nayak, U.S., Isaacs, “Balance in elderly patients: the ”get up and go” test,” Arch
Phys Med Rehabil, vol. 67, no. 6, pp. 387–389, 1986.

[11] I. Sokoreli, J. Cleland, S. Pauws, E. Steyerberg, J. de Vries, J. Riistama, K. Dobbs, J. Bulemfu, and
A. Clark, “Added value of frailty and social support in predicting risk of 30-day unplanned re-
admission or death for patients with heart failure: an analysis from opera-hf,” International Journal
of Cardiology, vol. 278, pp. 167 – 172, 2019.

[12] van Buuren S, Flexible imputation of missing data. CRC Press, 2012.

[13] D. B. Rubin, Multiple imputation for nonresponse in surveys. John Wiley & Sons, 1987.

[14] E. W. Steyerberg and Y. Vergouwe, “Towards better clinical prediction models: seven steps for
development and an ABCD for validation,” European Heart Journal, vol. 35, no. 29, pp. 1925–1931,
2014.

[15] K. G. Moons, D. G. Altman, J. B. Reitsma, J. P. Ioannidis, P. Macaskill, E. W. Steyerberg, A. J.
Vickers, D. F. Ransohoff, and G. S. Collins, “Transparent reporting of a multivariable prediction
model for individual prognosis or diagnosis (TRIPOD): explanation and elaboration,” Annals of
Internal Medicine, vol. 162, p. W1, jan 2015.

[16] E. W. Steyerberg, Clinical prediction models: a practical approach to development, validation, and updat-
ing. Springer, 2009.

140



REFERENCES

[17] E. W. Steyerberg, A. J. Vickers, N. R. Cook, T. Gerds, M. Gonen, N. Obuchowski, M. J. Pencina, and
M. W. Kattan, “Assessing the performance of prediction models,” Epidemiology, vol. 21, pp. 128–
138, jan 2010.

[18] F. E. Harrell, Regression modeling strategies, vol. 3. Springer, 2014.

[19] A. S. Zigmond and R. P. Snaith, “The hospital anxiety and depression scale,” Acta Psychiatrica
Scandinavica, vol. 67, no. 6, pp. 361–370, 1983.

[20] K. Rahimi, D. Bennett, N. Conrad, T. M. Williams, J. Basu, J. Dwight, M. Woodward, A. Patel, J. Mc-
Murray, and S. MacMahon, “Risk prediction in patients with heart failure: a systematic review and
analysis,” JACC: Heart Failure, vol. 2, no. 5, pp. 440–446, 2014.

[21] Y. Shao, A. F. Mohanty, A. Ahmed, C. R. Weir, B. E. Bray, R. U. Shah, D. Redd, and Q. Zeng-
Treitler, “Identification and use of frailty indicators from text to examine associations with clinical
outcomes among patients with heart failure,” in AMIA Annual Symposium Proceedings, vol. 2016,
p. 1110, American Medical Informatics Association, 2016.

[22] I. Sokoreli, S. C. Pauws, E. W. Steyerberg, G.-J. de Vries, J. M. Riistama, A. Tesanovic, S. Kazmi,
P. Pellicori, J. G. Cleland, and A. L. Clark, “Prognostic value of psychosocial factors for first and
recurrent hospitalizations and mortality in heart failure patients: insights from the opera-hf study,”
European journal of heart failure, vol. 20, no. 4, pp. 689–696, 2018.

[23] E. J. Davies, T. Moxham, K. Rees, S. Singh, A. J. S. Coats, S. Ebrahim, F. Lough, and R. S. Tay-
lor, “Exercise training for systolic heart failure: Cochrane systematic review and meta-analysis,”
European Journal of Heart Failure, vol. 12, pp. 706–715, 2010.

[24] M. Toma, F. A. McAlister, E. E. Coglianese, V. Vidi, S. Vasaiwala, J. A. Bakal, P. W. Armstrong,
and J. A. Ezekowitz, “Testosterone supplementation in heart failure: a meta-analysis,” Circulation:
Heart Failure, vol. 5, pp. 315–321, may 2012.

[25] M. Filipovic, R. V. Jeger, T. Girard, C. Probst, M. Pfisterer, L. Gürke, W. Studer, and M. D. See-
berger, “Predictors of long-term mortality and cardiac events in patients with known or suspected
coronary artery disease who survive major non-cardiac surgery,” Anaesthesia, vol. 60, pp. 5–11, jan
2005.

141





Part IV

Discussion and summary

143




