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Abstract

Aims The early identification and appropriate management may provide clinically meaningful and substained benefits in pa-
tients with acute heart failure (AHF). This study aimed to develop an integrative nomogram with myocardial perfusion imaging
(MPI) for predicting the risk of all-cause mortality in AHF patients.

Methods and results Prospective study of 147 patients with AHF who received gated MPI (59.0 [47.5, 68.0] years; 78.2%
males) were enrolled and followed for the primary endpoint of all-cause mortality. We analysed the demographic information,
laboratory tests, electrocardiogram, and transthoracic echocardiogram by the least absolute shrinkage and selection operator
(LASSO) regression for selection of key features. A multivariate stepwise Cox analysis was performed to identify independent
risk factors and construct a nomogram. The predictive values of the constructed model were compared by Kaplan—-Meier
curve, area under the curves (AUCs), calibration plots, continuous net reclassification improvement, integrated discrimination
improvement, and decision curve analysis. The 1, 3, and 5 year cumulative rates of death were 10%, 22%, and 29%,
respectively. Diastolic blood pressure [hazard ratio (HR) 0.96, 95% confidence interval (Cl) 0.93-0.99; P = 0.017], valvular heart
disease (HR 3.05, 95% Cl 1.36-6.83; P = 0.007), cardiac resynchronization therapy (HR 0.37, 95% Cl 0.17-0.82; P = 0.014),
N-terminal pro-B-type natriuretic peptide (per 100 pg/mL; HR 1.02, 95% Cl 1.01-1.03; P < 0.001), and rest scar burden (HR
1.03, 95% Cl 1.01-1.06; P = 0.008) were independent risk factors for patients with AHF. The cross-validated AUCs (95% Cl)
of nomogram constructed by diastolic blood pressure, valvular heart disease, cardiac resynchronization therapy, N-terminal
pro-B-type natriuretic peptide, and rest scar burden were 0.88 (0.73-1.00), 0.83 (0.70-0.97), and 0.79 (0.62-0.95) at 1, 3,
and 5 years, respectively. Continuous net reclassification improvement and integrated discrimination improvement were also
observed, and the decision curve analysis identified the greater net benefit of the nomogram across a wide range of threshold
probabilities (0-100% at 1 and 3 years; 0—-61% and 62—100% at 5 years) compared with dismissing the included factors or using
either factor alone.

Conclusions A predictive nomogram for the risk of all-cause mortality in patients with AHF was developed and validated in
this study. The nomogram incorporated the rest scar burden by MPI is highly predictive, and may help to better stratify clinical
risk and guide treatment decisions in patients with AHF.
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Introduction hospital admission in elderly patients aged >65 years. De-

spite major advances in AHF treatment, mortality rates re-
Acute heart failure (AHF), a clinical syndrome characterized lated to the disease at 1 and 12 months are 10% and 22—
by rapid new-onset or exacerbation of signs and symptoms  27%, respectively, posing a substantial economic and social
of heart failure (HF), remains the leading cause of unplanned  burden.*® Therefore, early identification and appropriate
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management of AHF supported by evidence-based medicine
are considered necessary.

Clinical practice guidelines recommend the use of clinical
prediction models in patients with AHF, which allows clini-
cians to utilize a more individualized treatment strategy.®’
Several prediction models have been developed to explore
patient characteristics associated with the prognosis of
AHF.®° However, a variety of inclusion criteria and measures
are used to predict the odds of all-cause mortality in patients
with AHF, leading to significant heterogeneity between differ-
ent models and limiting their translation into clinical use.***?
Moreover, considering the low-to-moderate discrimination
(defined as C-statistics of <0.8) and relatively poor calibra-
tion (as measured by the nomogram) in the majority of stud-
ies, the clinical benefits of prediction models in AHF are con-
troversial and requires further investigation.*>**

Electrocardiogram (ECG)-gated single-photon emission
computed tomography (SPECT) myocardial perfusion imaging
(MPI) provides comprehensive information regarding left
ventricular (LV) mechanical dyssynchrony and LV viability. It
has been shown that LV mechanical dyssynchrony signifi-
cantly increases the risk of all-cause mortality.*>*® Our previ-
ous study further reveals that the combination of phase his-
togram bandwidth >77.76° and QRS duration >120 ms
may improve risk prediction of patients with AHF.” In addi-
tion, clinically meaningful improvements in cardiac
resynchronization therapy (CRT) response, LV ejection frac-
tion (LVEF), and the incidence of major adverse cardiovascu-
lar events are seen in patients with lower myocardial scar
burden.'®2° However, no studies have been conducted to es-
tablish a clinical prediction model using ECG-gated SPECT MPI
to date.

This study aims to combine demographic information, lab-
oratory tests, ECG, transthoracic echocardiogram (TTE), and
ECG-gated resting SPECT MPI to develop and validate a sim-
ple and visualized nomogram, thus predicting the risk of
all-cause mortality in patients with AHF at 1, 3, and 5 years.

Methods
Study population

This study was performed following the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)
reporting guideline for reporting cohort studies checklist
(Table S1).2* We prospectively investigated 147 patients with
AHF who received %*™Tc-sestamibi ECG-gated resting SPECT
MPI at the First Affiliated Hospital of Nanjing Medical Univer-
sity between 1 May 2012 and 31 December 2016 and met at
least one of the inclusion criteria: (i) pulmonary congestion
on chest X-ray and/or rale on physical examination; (ii) clini-
cal manifestations of cardiac dysfunction (i.e. exertional dys-

pnoea, paroxysmal nocturnal dyspnoea, orthopnoea, and
lower extremity oedema); and (iii) structural heart disease
(i.e. hypertensive heart disease, ischaemic cardiomyopathy,
myocardial infarction, dilated cardiomyopathy, and hypertro-
phic cardiomyopathy). Below were the exclusion criteria: (i)
patients aged <20 years or >80 years; (ii) patients receiving
previous pacemaker or implantable cardioverter defibrillator;
and (iii) patients with concurrent malignancy or other major
iliness. The study has been approved by the Institutional Re-
view Board of the First Affiliated Hospital of Nanjing Medical
University, and written informed consent was obtained from
all patients (Appendix S1). The study protocol was available
at the Chinese Clinical Trial Registry (URL: http://www.
chictr.org.cn; Public title: The registry study of acute heart
failure in China: the diagnostic standard, risk stratification,
and clinical outcome of acute heart failure; Registration num-
ber: ChiCTR-ONC-12001944).

Demographic information

Demographic information (age and sex), health behaviours
(smoking status and alcohol consumption), clinical manifesta-
tions [New York Heart Association (NYHA) functional class,
heart rate, systolic blood pressure (SBP), diastolic blood pres-
sure (DBP), and mean arterial pressure (MAP)], pre-existing
conditions [hypertension, diabetes mellitus, ischaemic heart
disease, atrial fibrillation (AF), valvular heart disease (VHD),
and dilated cardiomyopathy], device therapy (CRT), and med-
ications (angiotensin-converting enzyme inhibitor or angio-
tensin receptor blocker, beta-blocker, diuretic, antisterone,
and aspirin) were collected from medical records. Following
the European Society of Cardiology treatment guideline for
AHF, evidence based guideline-directed medical therapy
was initiated or up-titrated by cardiologists in AHF patients
during the period of hospitalization.?>** To ensure medica-
tion adherence, inpatient medications were all administered
by nurses, and discharged patients were required to see their
doctors and adjust prescription medications monthly. After a
5 min rest in a sitting position, blood pressure was measured
by a cardiologist with a mercury sphygmomanometer accord-
ing to the recommendations from the American Heart
Association.?* Three groups of SBP and DBP were obtained
and averaged for each patient. MAP was calculated as DBP
plus one-third of pulse pressure.

Laboratory tests, electrocardiogram, and
transthoracic echocardiogram

Data concerning laboratory tests [NT-proBNP, haemoglobin,
red blood cell distribution width, sodium, potassium, calcium,
alanine aminotransferase, aspartate transaminase, albumin,
creatinine, blood urea nitrogen, uric acid, estimated glomeru-
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lar filtration rate (eGFR), and D-dimer], 12-lead resting ECG
[QRS duration, QTc interval, PR interval, left bundle branch
block (LBBB), and right bundle branch block (RBBB)], and
TTE (LVEF, left ventricular end-diastolic diameter, left ventric-
ular end-systolic diameter, and pulmonary artery systolic
pressure) were acquired from examination reports. Blood
samples were analysed by a central laboratory of the First Af-
filiated Hospital of Nanjing Medical University. The eGFR was
calculated according to the Chronic Kidney Disease Epidemi-
ology Collaboration equation.?® The 12-lead resting ECG was
recorded after hospital admission with Fukuda Denshi
FX-8322 (Fukuda Denshi, Tokyo, Japan), with QRS duration,
QTc interval, and PR interval automatically measured. TTE
was performed with Vivid E9 ultrasound system (GE Health-
Care, Wauwatosa, USA), with LVEF measured by modified bi-
plane Simpson’s method.

Myocardial %°™Tc-sestamibi scintigraphy

Detailed procedure of %°™Tc-sestamibi ECG-gated resting
SPECT MPI has been described previously.”-?® All patients
were required to lie down for more than 4 hours prior to
SPECT MPI to ensure completing the scans successfully. Eligi-
ble patients received SPECT MPI thereafter. SPECT MPI acqui-
sition was performed by a dual-head detector gamma camera
(Philips Medical Systems, Milpitas, USA). SPECT planar images
were gathered in a semicircular orbiter (25 s per step) by a
64 x 64 matrix and 8 frames per cardiac cycle. The 20% en-
ergy window was centred around 140 keV gamma peak for
scatter correction. SPECT images were reconstructed using
ordered subset expectation maximization with 3 iterations,
10 subsets, and a 0.4 Butterworth filter. After the reorienta-
tion of transaxial slices by an experienced technologist, the
short-axis images were entered into Emory Cardiac Toolbox
(ECToolbox, Atlanta, USA) for standardized quantification of
LV dyssynchrony (as measured by phase histogram band-
width and phase standard deviation) and LV viability (as mea-
sured by rest scar burden) based on the 1-harmonic Fourier
approximation. Myocardial segments with a tracer uptake
less than half of the maximum uptake were regarded as myo-
cardial scar.

Primary outcome and follow-up

The primary outcome of this study was death from any cause.
Follow-up time was defined as the interval from the first dis-
charge to the date of death, the last contact date, or the end
of the study period (31 December 2020), whichever occurred
first. Patient outcomes and the date of death were
ascertained by phone contact with their family numbers,
the review of medical records, and government death re-

cords if necessary. Follow-up was conducted every 6 months
after discharge for each patient.

Statistical analysis

We performed statistical analyses following the recommen-
dations from the American Heart Association Scientific
Publication Committee.?” To maintain statistical power and
decrease selection bias due to missing data, we performed
multiple imputation based on five replications (Table 52).2%%°
Continuous variables were presented as mean with standard
deviation (normal distribution) or median with interquartile
range (skewed distribution), and categorical variables were
presented as frequency with percentage. Shapiro—Wilk test
was performed to check for normal distribution. Baseline
characteristics were compared between survivors and
non-survivors using unpaired t-test (normally distributed
continuous variables), Mann—-Whitney U test (skewed
distributed continuous variables), or Pearson’s )(2 test
(categorical variables).

In order to ensure the model simplicity and decrease the
likelihood of overfitting, the least absolute shrinkage and se-
lection operator (LASSO) regression was performed for the
selection of key features related to all-cause mortality in pa-
tients with AHF.2° An optimal value of the tuning parameter
A was calculated by 10-fold cross-validation; the model sim-
plicity increased with the value of A. Notably, the potential
predictors should be selected in combination with clinical sig-
nificance, sample size, and statistical power.3® We used uni-
variate Cox regression analysis to identify key candidate pre-
dictors of all-cause mortality and incorporated significant
variables with a P level of <0.05 level into multivariate anal-
ysis. The variables with a P level of <0.05 in stepwise Cox
analysis were retained for the development and validation
of the nomogram to predict the risk of all-cause mortality
in patients with AHF at 1, 3, and 5 years.

Mortality risk score was calculated by the ‘linear.predic-
tors’ component of the ‘coxph’ object (equivalent to the no-
mogram) using the ‘predict.coxph’ function of the ‘survival’
package in R software version 4.1.1 (R Foundation for Statis-
tical Computing, Vienna, Austria), with the ‘type’ parameter
set as ‘risk’.3! We compared the differences in cumulative
mortality across quartiles of risk scores using Kaplan—
Meier analysis with log-rank test; between-group compari-
sons were adjusted by the Benjamini—Hochberg method. Dis-
crimination of the model was quantified using the area under
the curves (AUCs) before and after 100 iterations of
three-fold cross-validation, respectively.3? Distribution of
cross-validated AUCs were illustrated with raincloud plots.
By calculating continuous net reclassification improvement
(cNRI) and integrated discrimination improvement (IDI), we
assessed the improvement from baseline model in the dis-
criminating ability when additionally considering key
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indicators of SPECT MPI.>® Calibration of the model was ex-
amined by comparing the actual frequencies with the
nomogram-predicted 1, 3, and 5 year all-cause mortality rates
based on a bootstrapped resample with 1000 iterations.3? In
an ideal calibration plot, the predictions fall on the 45° diag-
onal line. Decision curve analysis (DCA) was used to evaluate
the clinical applicability of the model by quantifying net ben-
efits at different threshold probabilities.3* Finally, we devel-
oped an easy-to-use nomogram website based on the pro-
posed model. All analyses were performed by R software
version 4.1.1. A two-sided P of <0.05 was considered statisti-
cally significant.

Results
Patient characteristics

A total of 147 patients with AHF were enrolled after a median
follow-up of 49 months (interquartile range, 31-72 months).
Table 1 provides a summary of baseline characteristics strat-
ified by survival status. In the overall cohort, the median age
was 59 years and most patients (78%) were men. About
two-thirds of patients were of NYHA functional class Ill, 56%
were diagnosed with DCM, and 19% were diagnosed with
ischaemic heart disease. Comparisons between survivors
and non-survivors did not reach statistical significance, except
for DBP, MAP, VHD, CRT, NT-proBNP, uric acid, D-dimer,
RBBB, and rest scar burden. Notably, rest scar burden was sig-
nificantly higher (P = 0.009) in survivors than in non-survivors
(27.6 vs. 19.1%). The 1, 3, and 5 year cumulative rates of
death were 10%, 22%, and 29%, respectively.

The LASSO and Cox regression for model
development

As shown in Figure 1, 51 features were screened by the
LASSO algorithm with an optimal value of the tuning param-
eter .. When In(A) was set at —2.366 (A = 0.094), the residual
sum of squares was under the 1-SE criteria and 6 potential
predictors were identified, including DBP, VHD, CRT, NT-
proBNP, RBBB, and rest scar burden (Table S3). After univar-
iate Cox regression analysis, all six variables remained
survival-related and were further included in multivariate
analysis (Table 2). Multivariable Cox regression analysis re-
vealed that DBP [hazard ratio (HR) 0.96, 95% confidence in-
terval (Cl) 0.93-0.99; P = 0.017], VHD (HR 3.05, 95% ClI
1.36-6.83; P = 0.007), CRT (HR 0.37, 95% ClI 0.17-0.82;
P = 0.014), NT-proBNP (per 100 pg/mL; HR 1.02, 95% CI
1.01-1.03; P < 0.001), and rest scar burden (HR 1.03, 95%
Cl 1.01-1.06; P = 0.008) were independent prognostic factors
for all-cause mortality in patients with AHF.

Construction of the nomogram model

Fifty-one variables decreased to 5 variables after the LASSO
and Cox regression analyses, including DBP, VHD, CRT, NT-
proBNP, and rest scar burden. Given their clinical significance
and statistical power, we included the 5 factors in a nomo-
gram model to predict 1, 3, and 5 year all-cause mortality
rates in patients with AHF (Figure 2). Higher total score (cal-
culated as the sum of the scores of all variables) indicated a
worse clinical outcome and a higher risk of all-cause mortal-
ity. To help understand the usage of the nomogram, an exam-
ple was given. Specifically, an individual with AHF, together
with DBP = 84 mmHg, VHD = No, CRT = No, NT-
proBNP = 1775 pg/mL, and rest scar burden = 53%, had a to-
tal score of 133. The estimated probabilities of 1, 3, and 5 year
death were 12%, 31%, and 44%, respectively; corresponding
probabilities of survival at 1, 3, and 5 years were 88%, 69%,
and 56%, respectively.

Validation of the nomogram model

To evaluate the discrimination of the model, the overall
survival (OS) rates were displayed as Kaplan—Meier curves
stratified by quartiles of risk scores (Ql: <0.27; Q2:
0.27-0.59; Q3: 0.60-1.87; Q4: >1.88) calculated from the
nomogram (Figure 3). Patients with the highest quartile of
risk score had the worst outcome (5 year OS rates of
51%) compared with those in the lower quartiles (5 year
OS rates of 97%, 81% and 57%, respectively; log-rank
P < 0.001). Furthermore, multiple comparisons adjusted
by the Benjamini-Hochberg method indicated that a higher
risk score corresponded to a higher risk of all-cause mortal-
ity (Q2 vs. Q1, P = 0.046; Q3 vs. Ql, P < 0.001; Q4 vs. Q1,
P < 0.001; Q3 vs. Q2, P = 0.015; Q4 vs. Q2, P < 0.001). No
significant difference was observed between Q3 and Q4
(P =0.197).

Time-dependent discrimination analysis was also per-
formed to assess the prognostic performance of the nomo-
gram model. The AUCs (95% Cl) based on the entire cohort
were 0.89 (0.81-0.98), 0.85 (0.78-0.92), and 0.81 (0.72—-0.90)
for 1, 3, and 5 year all-cause mortality, respectively (Figure
4A). After 100 iterations of three-fold cross-validation, the
model showed a stable predictive capability for all-cause mor-
tality, with mean AUC values (95% Cl) of 0.88 (0.73-1.00), 0.83
(0.70-0.97), and 0.79 (0.62—0.95) at 1, 3, and 5 years, respec-
tively. Distribution of cross-validated AUCs is shown in Figure
4B. Moreover, the inclusion of rest scar burden improved cNRI
and IDI to a greater extent than baseline model (comprising
DBP, VHD, CRT, and NT-proBNP; Table 3); this result was gen-
erally seen regardless of the follow-up time. Additionally, cali-
bration plots showed satisfactory coherence between the esti-
mated and actual probabilities of all-cause death at 1, 3, and
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Table 1 Baseline characteristics of the included patients with acute heart failure

All Nonevent Event

Characteristics (n = 147) (n =107) (n = 40) P value
Age, year 59.0 [47.5, 68.0] 58.0 [48.0, 67.0] 61.5[44.8, 69.2] 0.447
Male, % 115 (78.2) 85 (79.4) 30 (75.0) 0.562
Smoking status, % 71 (48.3) 53 (49.5) 18 (45.0) 0.625
Alcohol consumption, % 56 (38.1) 42 (39.3) 14 (35.0) 0.637
NYHA functional class, % 0.514

Il 23 (15.6) 19 (17.8) 4 (10.0)

I} 96 (65.3) 68 (63.6) 28 (70.0)

\Y, 28 (19.0) 20 (18.7) 8 (20.0)
Heart rate, b.p.m. 80.0 [70.0, 90.0] 80.0 [70.0, 90.0] 81.0[72.0, 90.5] 0.913
SBP, mmHg 120.0[106.0, 131.0] 122.0[107.0, 135.0] 112.5[104.8, 124.0] 0.056
DBP, mmHg 76.0 [70.0, 88.0] 77.0[70.0, 88.0] 72.0 [65.8, 80.2] 0.044
MAP, mmHg 91.3 [83.0, 101.2] 92.3 [85.0, 101.7] 87.7 [80.0, 95.9] 0.028
Hypertension, % 68 (46.3) 54 (50.5) 14 (35.0) 0.094
DM, % 27 (18.4) 19 (17.8) 8 (20.0) 0.755
IHD, % 28 (19.0) 21 (19.6) 7 (17.5) 0.770
AF, % 17 (11.6) 14 (13.1) 3(7.5) 0.514
VHD, % 20 (13.6) 10 (9.3) 10 (25.0) 0.014
DCM, % 83 (56.5) 61 (57.0) 22 (55.0) 0.827
CRT, % 56 (38.1) 48 (44.9) 8 (20.0) 0.006
Anticoagulant, % 45 (30.6) 32 (29.9) 13 (32.5) 0.761
ACEI/ARB, % 125 (85.0) 94 (87.9) 31 (77.5) 0.117
Beta-blocker, % 120 (81.6) 89 (83.2) 31 (77.5) 0.429
Diuretic, % 58 (39.5) 41 (38.3) 17 (42.5) 0.644
Antisterone, % 140 (95.2) 101 (94.4) 39 (97.5) 0.725
Aspirin, % 68 (46.3) 50 (46.7) 18 (45.0) 0.852
NT-proBNP, pg/mL 2146.0 [1236.5, 4455.3] 1777.0 [1086.0, 3003.0] 3116.0 [2143.8, 7275.5] <0.001
Haemoglobin, g/L 136.0 [123.5, 149.0] 136.0 [124.5, 149.0] 138.0 [121.0, 149.5] 0.967
RDW, % 14.2 [13.2, 15.2] 14.1 [13.2, 15.1] 14.3 [13.3, 15.8] 0.254
Sodium, mmol/L 139.3 [136.6, 141.7] 139.6 [136.6, 141.9] 138.4 [136.6, 140.9] 0.115
Potassium, mmol/L 4.0 [3.6, 4.3] 3.9 (3.6, 4.3] 4.0 [3.6, 4.4] 0.296
Calcium, mmol/L 2.3[2.2,2.4] 2.3[2.2,2.4] 2.3[2.2,2.3] 0.736
ALT, /L 31.3[18.6, 58.0] 30.5[18.4, 55.6] 33.9[20.2, 65.4] 0.418
AST, w/L 28.3 [20.6, 48.2] 28.3[20.4, 42.3] 30.2 [21.5, 61.0] 0.327
Albumin, g/L 38.3 [35.2, 41.8] 38.2 [34.5, 41.9] 38.3[35.8, 41.8] 0.829
Creatinine, pumol/L 83.8 [72.0, 109.7] 82.4[70.7, 109.2] 89.3[79.0, 111.1] 0.104
BUN, mmol/L 7.2 [5.9, 8.9] 7.11[5.8, 8.7] 7.7 [6.2,9.2] 0.253
Uric acid, pmol/L 484.0 [400.6, 587.9] 479.0 [393.5, 548.6] 538.6 [443.3, 651.2] 0.015
eGFRy.;, mL/min/1.73 m? 66.0 (23.5) 68.0 (23.9) 60.7 (21.6) 0.095
D-dimer, ng/mL 0.7 [0.3, 1.7] 0.6 [0.2, 1.5] 0.9 [0.5, 2.2] 0.018
QRS duration, ms 126.0 [104.0, 154.9] 125.0 [102.0, 159.5] 130.0 [115.5, 148.0] 0.470
QTc interval, ms 473.0 [448.0, 501.0] 479.0 [448.0, 507.0] 465.0 [448.0, 480.0] 0.059
PR interval, ms 177.0 [159.5, 197.0] 177.0 [158.0, 194.0] 175.5[163.5, 200.2] 0.641
LBBB, % 74 (50.3) 56 (52.3) 18 (45.0) 0.429
RBBB, % 15 (10.2) 6 (5.6) 9 (22.5) 0.007
LVEF, % 30.5[25.8, 37.3] 30.5[26.1, 37.3] 30.7 [24.8, 37.5] 0.828
LVDd, mm 68.7 (10.9) 68.0 (10.8) 70.5 (11.1) 0.219
LVDs, mm 57.9 (11.9) 57.3(11.9) 59.5(11.8) 0.316
PASP, mmHg 40.0 [30.0, 50.0] 40.0 [30.0, 48.0] 45.5 [28.0, 55.0] 0.180
Rest scar burden, % 22.0[13.6, 31.6] 19.1[12.9, 28.3] 27.6 [15.7, 42.9] 0.009
Rest weak brightening, % 20.3[7.8, 32.6] 19.5[7.5, 30.3] 22.7 [9.9, 39.5] 0.135
Rest contraction PBW, ° 130.0 [72.0, 243.5] 130.0 [66.0, 242.5] 125.0 [92.8, 285.5] 0.318
Rest contraction PSD, ° 33.6 [20.0, 55.0] 33.9[17.1, 53.9] 33.1[23.3, 60.8] 0.372
Rest relaxation PBW, ° 182.0 [111.5, 286.5] 187.0 [100.5, 285.0] 176.5 [126.0, 297.0] 0.440
Rest relaxation PSD, ° 53.1[32.1, 71.3] 50.6 [31.2, 69.9] 53.5[40.9, 73.4] 0.271

Data are presented as mean (SD), median [interquartile range], or n (%).
Abbreviations: ACEl, angiotensin-converting enzyme inhibitor; AF, atrial fibrillation; ALT, alanine aminotransferase; ARB, angiotensin re-
ceptor blocker; AST, aspartate transaminase; BUN, blood urea nitrogen; CRT, cardiac resynchronization therapy; DBP, diastolic blood pres-
sure; DCM, dilated cardiomyopathy; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; IHD, ischaemic heart disease; LBBB,
left bundle branch block; LvVDd, left ventricular end-diastolic diameter; LVDs, left ventricular end-systolic diameter; LVEF, left ventricular
ejection fraction; MAP, mean arterial pressure; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association;
PASP, pulmonary artery systolic pressure; PBW, phase histogram bandwidth; PSD, phase standard deviation; RBBB, right bundle branch
block; RDW, red blood cell distribution width; SBP, systolic blood pressure; VHD, valvular heart disease.

ESC Heart Failure 2023; 10: 2248-2261
DOI: 10.1002/ehf2.14371



Construction of a web-based dynamic nomogram for predicting the prognosis in acute heart failure 2253

Figure 1 Selection of key features related to survival by the least absolute shrinkage and selection operator (LASSO) regression. (A) The LASSO regres-
sion coefficient trendlines of the 51 candidate features. (B) Determination of the tuning parameter A by 10-fold cross-validation. Two vertical lines
were drawn, representing a more concise model within one standard error. The tuning parameter A = 0.094 was selected under the 1-SE criteria with
6 non-zero coefficients included. ACEIl, angiotensin-converting enzyme inhibitor; AF, atrial fibrillation; ALT, alanine aminotransferase; ARB, angiotensin
receptor blocker; AST, aspartate transaminase; BUN, blood urea nitrogen; CRT, cardiac resynchronization therapy; DBP, diastolic blood pressure; DCM,
dilated cardiomyopathy; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; IHD, ischaemic heart disease; LBBB, left bundle branch
block; LVDd, left ventricular end-diastolic diameter; LVDs, left ventricular end-systolic diameter; LVEF, left ventricular ejection fraction; MAP, mean
arterial pressure; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; PASP, pulmonary artery systolic pressure;
PBW, phase histogram bandwidth; PSD, phase standard deviation; RBBB, right bundle branch block; RDW, red blood cell distribution width; SBP, sys-

tolic blood pressure; VHD, valvular heart disease.
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5 years (Figure 5). These results demonstrated the accuracy of Discussion

the nomogram for predicting the prognosis of AHF over the
longer term.

Clinical applicability of the nomogram model

The DCA plots of the nomogram model are displayed in Fig-
ure 6. Clinical benefits were seen across a wide range of
threshold probabilities (0-100% at 1 and 3 years; 0-61%
and 62-100% at 5 years). This result indicated superior net
benefit of the nomogram in OS prediction compared with
dismissing the included factors or using either factor alone.

Construction of the web-based dynamic
nomogram

To make the use of the nomogram simpler and easier for cli-
nicians, we further created a decision support tool [DVCNS
(D: DBP; V: VHD; C: CRT; N: NT-proBNP; S: rest scar burden)
heart prognostic nomogram; https://decision-support-tool.
shinyapps.io/dvcns/] using the proposed statistical model.
The estimated probabilities of survival could be easily ob-
tained from the website after inputting the five independent
prognostic factors and follow-up time (months).

Although recent research on AHF has focused on clinical man-
ifestations, laboratory tests, instrumental examinations, and
medical history, there was no study conducted to establish
a clinical prediction model using ECG-gated SPECT
MP1.893538 This study revealed that DBP, VHD, CRT, NT-
proBNP, and rest scar burden as measured by SPECT MPI
were independent predictors of all-cause mortality in pa-
tients with AHF. A web-based dynamic nomogram was thus
developed, which might improve the estimation of the prog-
nosis of AHF, thereby allowing for a more individualized treat-
ment strategy.

The strength of this study is that it considers a wide spec-
trum of prognostic factors previously shown to exert effects
on the prognosis of patients with AHF. Factors reported to
be associated with patient outcomes markedly differ be-
tween different studies. To date, there is a relative lack of
consensus on which factors are key for the determination
of patients with AHF. Some studies reported that demo-
graphic information (age), clinical manifestations (NYHA func-
tional class, SBP, DBP, and MAP), pre-existing conditions (di-
abetes mellitus and AF), medications (vasopressors),
laboratory tests (NT-proBNP, haemoglobin, sodium, albumin,
creatinine, blood urea nitrogen, and eGFR), and 12-lead rest-
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Table 2 Univariate and multivariate Cox regression analyses of significant predictors of all-cause mortality in patients with acute heart
failure

Univariate analysis Multivariate analysis
Characteristics HR (95% Cl) P value HR (95% ClI) P value
DBP 0.97 (0.94-0.99) 0.014 0.96 (0.93-0.99) 0.017
VHD 2.57 (1.26-5.27) 0.010 3.05 (1.36-6.83) 0.007
CRT 0.34 (0.16-0.74) 0.006 0.37 (0.17-0.82) 0.014
NT-proBNP (per 100 pg/mL) 1.02 (1.01-1.03) <0.001 1.02 (1.01-1.03) <0.001
RBBB 4.23 (2.00-8.97) <0.001 1.91 (0.78-4.69) 0.159
Rest scar burden 1.04 (1.02-1.06) <0.001 1.03 (1.01-1.06) 0.008

Key variables screened by the least absolute shrinkage and selection operator (LASSO) regression were included in univariate analysis; sig-
nificant variables with a P value of <0.05 were further included in multivariate analysis.

Abbreviations: CRT, cardiac resynchronization therapy; DBP, diastolic blood pressure; NT-proBNP, N-terminal pro-B-type natriuretic pep-
tide; RBBB, right bundle branch block; VHD, valvular heart disease.

Figure 2 The DVCNS [D: DBP; V: VHD; C: CRT; N: NT-proBNP; S: rest scar burden] heart prognostic nomogram for predicting the risks of 1, 3, and 5 year
all-cause mortality in patients with acute heart failure. The level or category of each variable corresponded to a score on the points scale. After sum-
ming the scores of all variables and locating the total score on the total points scale, a line was drawn straight down to 1, 3, and 5 year survival scales
and the estimated probabilities of death were obtained. *P < 0.05; “p < 0.01; p < 0.001. CRT, cardiac resynchronization therapy; DBP, diastolic
blood pressure; NT-proBNP, N-terminal pro-B-type natriuretic peptide; VHD, valvular heart disease.
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Figure 3 Kaplan—Meier curves of overall survival (OS) stratified by quartiles of risk scores (Q1: <0.27; Q2: 0.27-0.59; Q3: 0.60-1.87; Q4: >1.88) in
patients with acute heart failure. Multiple comparisons between groups were adjusted by the Benjamini-Hochberg method.
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ing ECG (RBBB) were significantly associated with 05.%937-40
However, in the other studies, there was no apparent associ-
ation of demographic information (age), clinical manifesta-
tions (SBP and DBP), pre-existing conditions (AF), medica-
tions, and laboratory tests (NT-proBNP, haemoglobin,
sodium, and creatinine) with long-term survival.**™*3® To our
knowledge, this study is the first risk stratification model to
consider including VHD, CRT, and indicators of SPECT MPI
(i.e. rest scar burden) to predict the prognosis of AHF.
Results of DBP in patients with AHF and in the real-world
setting were generally consistent with those seen in several
studies.***> Elevated SBP has been shown to prolong survival
time in patients with AHF*®; however, we found that DBP was
more relevant to the risk of all-cause mortality than SBP, sug-
gesting that we should consider DBP in addition to SBP in fur-
ther studies regarding the prognosis or clinical prediction

models in patients with AHF. While the exact mechanism by
which higher DBP improves survival outcomes is yet to be es-
tablished, it is presumed that the haemodynamic ability to el-
evate blood pressure (BP) and tolerate an increased afterload
represents preserved cardiac function, and thus may corre-
late with the extent and severity of HF.*” Moreover, routine
management of AHF usually includes preload- and
afterload-reducing drugs with appreciable BP-lowering
effects.®® It is straightforward to treat patients with AHF in-
duced by high BP using them, and a more favourable progno-
sis in AHF with higher DBP may be partly explained by this
fact. Further investigation is warranted to determine the role
of DBP as a biomarker for the prediction of disease progres-
sion in AHF.

VHD and HF are major adverse cardiovascular events with
an increasingly widespread prevalence in the Western world.
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Figure 4 Prognostic performance of the nomogram model to predict the risk of all-cause mortality in patients with acute heart failure. (A) The mean
time-dependent area under the curves before and after 100 iterations of three-fold cross-validation. (B) Distribution of time-dependent area under the
curves after 100 iterations of three-fold cross-validation at 1, 3, and 5 years.
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Table 3 Incremental prognostic value of considering rest scar burden in patients with acute heart failure at 1, 3, and 5 years

Model IDI (95% ClI) P value NRI (95% Cl) P value
1 year follow-up

Baseline model® Reference Reference

Baseline model + Rest scar burden 0.11 (0.03-0.22) <0.001 0.45 (0.10-0.69) 0.010
3 year follow-up

Baseline model® Reference Reference

Baseline model + Rest scar burden 0.08 (0.01-0.17) 0.012 0.28 (0.02-0.50) 0.032
5 year follow-up

Baseline model® Reference Reference

Baseline model + Rest scar burden 0.06 (0.01-0.14) 0.006 0.33 (0.02-0.50) 0.026

Abbreviations: cNRI, continuous net reclassification improvement; CRT, cardiac resynchronization therapy; DBP, diastolic blood pressure;
IDI, integrated discrimination improvement; NT-proBNP, N-terminal pro-B-type natriuretic peptide; VHD, valvular heart disease.

°Estimates were adjusted for DBP, VHD, CRT, and NT-proBNP.

These two diseases are commonly co-present, which may in-
terfere with the estimation of the severity of valve stenosis or
regurgitation and influence therapeutic decision making.*
Lancellotti et al.>° reported that primary VHD resulting in
HF or secondary VHD resulting from myocardial remodelling
and dysfunction in HF was likely to increase cardiac load,
complicate HF, and worsen both clinical manifestations and
prognosis. Indeed, severe valve lesion can cause progressive
LV dysfunction and chronic HF with an annual mortality rate

of 5% in symptomatic patients who received no
intervention.’>*2 Medical care can help to alleviate symp-
toms but cannot reverse disease progression.52 Furthermore,
a number of symptomatic patients do not receive valve sur-
gery due to the high risk from older age or multiple comor-
bidities, and a deficiency of clinical data supporting valve sur-
gery for secondary VHD with LV dysfunction.>*° Hence, VHD
usually carries a poor prognosis in patients with HF. However,
the clinical relevance of the two diseases remains unclear. A

ESC Heart Failure 2023; 10: 2248-2261
DOI: 10.1002/ehf2.14371



Construction of a web-based dynamic nomogram for predicting the prognosis in acute heart failure

2257

Figure 5 The 49-sample bootstrapped calibration plots of the nomogram model to predict the risk of all-cause mortality in patients with acute heart
failure at (A) 1, (B) 3, and (C) 5 years. Blue line represents the ideal fit; circle represents nomogram-predicted probability of death; cross represents the
bootstrap-corrected estimate; and error bar represents the corresponding 95% confidence interval.
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Figure 6 Decision curves of the nomogram model to predict the risks of (A) 1, (B) 3, and (C) 5 year all-cause mortality in patients with acute heart
failure. Dark red line represents net benefit of the nomogram model; light red line represents net benefit of the hypothesis that all patients were alive;
blue line represents net benefit of the hypothesis that all patients were dead; the remaining line represents the respective net benefit of each variable
included in the nomogram model. Clinical applicability of the model increases with increasing net benefit. CRT, cardiac resynchronization therapy; DBP,
diastolic blood pressure; NT-proBNP, N-terminal pro-B-type natriuretic peptide; VHD, valvular heart disease.
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retrospective study demonstrated that the risk of all-cause
mortality was increased by up to 7.56-fold in patients with
concomitant HF and VHD.® Similar results were seen in our
cohort (HR 3.05, 95% CI 1.36-6.83) after adjusting for DBP,
CRT, NT-proBNP, and rest scar burden. These results indi-
cated that the risk of all-cause mortality was increased when
HF patients had VHD. Nevertheless, caution is advised be-
cause of the relatively limited sample size.

The third independent prognostic factor for OS in this
study was CRT, a first-line treatment option for HF patients
with systolic dysfunction, QRS duration of >130 ms, and
NYHA functional class Il or IV symptoms.! Among patients
with standard indication, CRT is likely to decrease morbidity
and mortality, and may also result in improved cardiac func-
tion and quality of life.>”™>° In this study, the median age
was 59 (48-68) years, most patients (79%) were male, 45%
had QRS duration of >130 ms, and 50% had LBBP. The ob-
served results may be primarily generalized to patients with

AHF who meet CRT indication. Given that LBBB usually
co-exists with wider QRS duration, considerable debate has
existed on whether QRS duration or morphology is the main
predictor of beneficial CRT response. Experience from ran-
domized clinical trials confirmed the role of QRS duration of
>130 ms in predicting CRT response and reducing potential
damage.>®®%®! |t has been shown that HF patients with LBBB
are more likely to benefit from CRT, but there is less certainty
in those without LBBB.®2 Furthermore, evidence from several
meta-analyses indicated that after adjusting for QRS dura-
tion, its morphology had no clinically meaningful impact on
morbidity and mortality in patients receiving CRT.*®®3 Robust
head-to-head trials would be beneficial.

Plasma concentrations of NT-proBNP are dependent on LV
filling pressure and wall size, and are not significantly affected
by the use of angiotensin receptor-neprilysin inhibitors, re-
combinant brain natriuretic peptide (BNP), or other drugs.
Plasma levels of NT-proBNP are generally consistent with
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those of BNP in patients with AHF, which exert cardioprotec-
tive effects via urinary excretion, sodium excretion, and
antihypertension.®*%> This study indicated that reduced
NT-proBNP level was associated with OS improvements and
comparable to that seen in other studies®*%% however,
most of these studies analysed NT-proBNP as a categorical
variable without considering the dynamic and non-linear in-
teraction between NT-proBNP and other clinical indicators.
In a meta-analysis of 12 638 HF patients with reduced ejec-
tion fraction, the association of NT-proBNP with long-term
prognosis was independent of the specific thresholds used.®®
In this study, we analysed NT-proBNP as a continuous variable
and patient outcome was predicted more accurately when
compared with using a threshold alone. Identifying patients
with high NT-proBNP levels is an important consideration in
AHF management.

Myocardial remodelling represents the inflammatory path-
ways that mediate the development from cardiac dysfunction
to decompensated HF. The remodelling response varies
across individuals when the time of myocardial ischaemia or
the damaged area is extensive, from adequate wound healing
to adverse remodelling leading to HF.®” Patients with myocar-
dial scar who are receiving CRT have fewer improvements in
LV function and appear less likely to experience favourable
remodelling.?® Adelstein et al.>° demonstrated a significant
negative association between myocardial scar burden and
CRT response regardless of baseline dyssynchrony. In a multi-
variable analysis of 178 patients with HF who received stan-
dard drug therapy, after adjusting for left anterior descending
artery, total scar score was found to be a significant predictor
of LVEF change.'® Moreover, a retrospective study demon-
strated that myocardial scar was independently associated
with an increased risk of a composite of all-cause death, heart
transplantation, acute coronary syndrome, hospitalization for
HF, and late revascularization.'® This study also showed that
rest scar burden was an independent predictor of the prog-
nosis of AHF with an HR (95% Cl) of 1.03 (1.01-1.06). Each in-
crease in rest scar burden by 1% significantly increased the
risk of all-cause mortality by 3%; thus, rest scar burden was
included in the clinical prediction model. These findings indi-
cated the clinical impact of rest scar burden on the long-term
prognosis of patients with AHF and its clinical utility for strat-
ifying them into different prognostic groups. Further studies
determining our findings would be of interest.

In total, we identified five independent predictors (includ-
ing DBP, VHD, CRT, NT-proBNP, and rest scar burden) of all-
cause mortality in patients with AHF and developed a clinical
prediction model for early identification and appropriate
management of AHF, particularly in high-risk individuals.
Cross-validation and bootstrap validation confirmed the
favourable discrimination and calibration of the nomogram
model, together with a high net benefit. The web-based
DVCNS heart prognostic nomogram provided clinicians with
a simple and visualized tool for clinical use.

Limitations

This study has several limitations. First, we enrolled only 147
patients with AHF who received ECG-gated rest SPECT MPI in
a single institution, and therefore, these findings might have
limited generalizability and differ in individual countries or
race/ethnicity. The relatively high model performance might
be partly attributed to it. Second, most patients (83%) had
a LVEF of <40%, suggesting that the nomogram might be
more applicable to HF patients with low ejection fraction.
Third, although numerous confounding covariates were ad-
justed for in this study, a proportion of clinically relevant indi-
cators were still missing, such as body mass index and soluble
growth stimulation expressed gene 2 protein. Fourth, we fo-
cused solely on baseline clinical characteristics without con-
sidering alterations in levels of prognostic indicators during
the follow-up period, which might provide additional infor-
mation for the prognosis of patients with AHF. Finally, al-
though the nomogram has been internally validated by
cross-validation and bootstrap validation, further research is
required for external validation.

Conclusions

In conclusion, this study found that DBP, VHD, CRT, NT-
proBNP, and rest scar burden as measured by SPECT MPI
were independent prognostic factors for the risk of
all-cause mortality in AHF patients. Based on these predic-
tors, we developed a nomogram to estimate the probabilities
of all-cause death at 1, 3, and 5 years. The use of the proposal
nomogram in the form of an online calculator can stratify pa-
tients into different prognostic groups, thus helping to guide
treatment decisions.

Acknowledgements
The authors sincerely acknowledged Weihua Zhou, PhD, Col-

lege of Computing, Michigan Technological University, for his
valuable advice on statistical analysis.

Conflict of interest

The authors declared no conflicts of interest.

Funding

This research was supported by General Program of National
Natural Science Foundation of China (81970339 to XL,

ESC Heart Failure 2023; 10: 2248-2261
DOI: 10.1002/ehf2.14371



Construction of a web-based dynamic nomogram for predicting the prognosis in acute heart failure

2259

82270394 to HZ, and 82200425 to RG), the National High
Technology Research and Development Program of China
(2017YFC1700505 to XL), Project from Gusu School
(GSRCKY20210204 to HZ), and Gusu Health Personnel Train-
ing Project (GSWS2021042 to HZ). Dr. XL and HZ are Associate
Fellows at the Collaborative Innovation Center for Cardiovas-
cular Disease Translational Medicine.

ies

Table S1. Strengthening the Reporting of Observational Stud-
in Epidemiology (STROBE)
reporting cohort studies checklist.
Table S2. Proportion of missing data for potential predictors
in the cohort before multiple imputation (n = 147).

Table S3. The least absolute shrinkage and selection operator
(LASSO) coefficient profiles of the 51 features.

reporting guideline for

Appendix S1. Approved file of the Institutional Review Board
of the First Affiliated Hospital of Nanjing Medical University.

Supporting information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

References

1. McDonagh TA, Metra M, Adamo M, NR, Pemberton C, Ibrahim I, Gegenhuber

Gardner RS, Baumbach A, B6Shm M, Burri
H, Butler J, Celutkiené J, Chioncel O,
Cleland JGF, Coats AJS, Crespo-Leiro
MG, Farmakis D, Gilard M, Heymans S,
Hoes AW, Jaarsma T, Jankowska EA,
Lainscak M, Lam CSP, Lyon AR,
McMurray JJV, Mebazaa A, Mindham R,
Muneretto C, Francesco Piepoli M, Price
S, Rosano GMC, Ruschitzka F, Skibelund
AK. 2021 ESC Guidelines for the diagno-
sis and treatment of acute and chronic
heart failure: Developed by the Task
Force for the diagnosis and treatment of
acute and chronic heart failure of the Eu-
ropean Society of Cardiology (ESC).
With the special contribution of the
Heart Failure Association (HFA) of the

A, Mueller T, Neumaier M, Behnes M,
Akin I, Bombelli M, Grassi G, Nazerian
P, Albano G, Bahrmann P, Newby DE,
Japp AG, Tsanas A, Shah ASV, Richards
AM, McMurray JJV, Mueller C, Januzzi
JL, Mills NL. Development and validation
of a decision support tool for the diagno-
sis of acute heart failure: systematic re-
view, meta-analysis, and modelling
study. BMJ (Clinical research ed). 2022;
377: e068424.

. Rahimi K, Bennett D, Conrad N, Wil-

liams TM, Basu J, Dwight J, Woodward
M, Patel A, McMurray J, MacMahon S.
Risk prediction in patients with heart
failure: a systematic review and analysis.
JACC Heart Fail. 2014; 2: 440-446.

ESC. Eur J Heart Fail. 2022; 24: 4-131. 8. Yin T, Shi S, Zhu X, Cheang I, Lu X, Gao
. Arrigo M, Jessup M, Mullens W, Reza N, R, Zhang H, Yao W, Zhou Y, Li X. A sur-
Shah AM, Sliwa K, Mebazaa A. Acute vival prediction for acute heart failure
heart failure. Nat Rev Dis Primers. patients via web-based dynamic nomo-
2020; 6: 16. gram with internal validation: a pro-
. Sinnenberg L, Givertz MM. Acute heart spective cohort study. J Inflamm Res.
failure. Trends Cardiovasc Med. 2020; 2022; 15: 1953-1967.
30: 104-112. 9. Wang L, Zhao YT. Development and val-
. Loehr LR, Rosamond WD, Chang PP, Fol- idation of a prediction model for irre-
som AR, Chambless LE. Heart failure in- versible worsened cardiac function in
cidence and survival (from the athero- patients with acute decompensated
sclerosis risk in communities study). heart failure. Front Cardiovasc Med.
Am J Cardiol. 2008; 101: 1016-1022. 2021; 8: 785587.
. Krumholz HM, Merrill AR, Schone EM, 10. Sahle BW, Owen AJ, Chin KL, Reid CM.

Schreiner GC, Chen J, Bradley EH,
Wang Y, Wang Y, Lin Z, Straube BM,
Rapp MT, Normand SL, Drye EE. Pat-
terns of hospital performance in acute
myocardial infarction and heart failure
30-day mortality and readmission. Circ
Cardiovasc Qual Outcomes. 2009; 2:
407-413.

. Lee KK, Doudesis D, Anwar M, Astengo F,
Chenevier-Gobeaux C, Claessens YE,
Waussler D, Kozhuharov N, Strebel I, Sabti
Z, deFilippi C, Seliger S, Moe G,
Fernando C, Bayes-Genis A, van
Kimmenade RRJ, Pinto Y, Gaggin HK,
Wiemer JC, Mockel M, Rutten JHW, van
den Meiracker AH, Gargani L, Pugliese

11.

12.

Risk prediction models for incident
heart failure: a systematic review of
methodology and model performance.
J Card Fail. 2017; 23: 680-687.

Yang M, Tao L, An H, Liu G, Tu Q, Zhang
H, Qin L, Xiao Z, Wang Y, Fan J, Feng D,
Liang Y, Ren J. A novel nomogram to
predict all-cause readmission or death
risk in Chinese elderly patients with
heart failure. ESC Heart Fail. 2020; 7:
1015-1024.

Gao S, Yin G, Xia Q, Wu G, Zhu J, Lu N,
Yan J, Tan X. Development and valida-
tion of a nomogram to predict the
180-day readmission risk for chronic
heart failure: a multicenter prospective

13.

14.

15.

16.

17.

18.

study. Front Cardiovasc Med. 2021; 8:
731730.

Nagai T, Sundaram V, Shoaib A,
Shiraishi Y, Kohsaka S, Rothnie KJ, Piper
S, McDonagh TA, Hardman SMC, Goda
A, Mizuno A, Sawano M, Rigby AS,
Quint JK, Yoshikawa T, Clark AL, Anzai
T, Cleland JGF. Validation of U.S. mor-
tality prediction models for hospitalized
heart failure in the United Kingdom
and Japan. Eur J Heart Fail. 2018; 20:
1179-1190.

Wessler BS, Ruthazer R, Udelson JE,
Gheorghiade M, Zannad F, Maggioni A,
Konstam MA, Kent DM. Regional valida-
tion and recalibration of clinical predic-
tive models for patients with acute heart
failure. J Am Heart Assoc. 2017; 6:
e006121.

Doi T, Nakata T, Noto T, Mita T, Yuda S,
Hashimoto A. Improved
risk-stratification in heart failure pa-
tients with mid-range to severe abnor-
malities of QRS duration and systolic
function using mechanical dyssynchrony
assessed by myocardial perfusion-gated
SPECT. J Nucl Cardiol. 2021; 29:
1611-1625.

Hatta T, Yoda S, Hayase M, Monno K,
Hori Y, Fujito H, Suzuki Y, Matsumoto
N, Okumura Y. Prognostic value of left
ventricular dyssynchrony assessed with
nuclear cardiology in patients with
known or suspected stable coronary ar-
tery disease with preserved left ventric-
ular ejection fraction. Int Heart J. 2020;
61: 685-694.

ZhouY, He Z, Liao S, Liu Y, Zhang L, Zhu
X, Cheang I, Zhang H, Yao W, Li X, Zhou
W. Prognostic value of integrative analy-
sis of electrical and mechanical
dyssynchrony in patients with acute
heart failure. J Nucl Cardiol. 2021; 28:
140-149.

Benz DC, Kaufmann PA, von Felten E,
Benetos G, Rampidis G, Messerli M,
Giannopoulos AA, Fuchs TA, Gréni C,
Gebhard C, Pazhenkottil AP, Flammer

ESC Heart Failure 2023; 10: 2248-2261
DOI: 10.1002/ehf2.14371



2260

R. Gao et al.

19.

20.

21.

22.

23.

24.

25.

AJ, Kaufmann PA, Buechel RR. Prognos-
tic value of quantitative metrics from
positron emission tomography in ische-
mic heart failure. J Am Coll Cardiol
Img. 2021; 14: 454-464.

Aboul Enein F, Allaaboun S, Khayyat S,
Andijani M, Alkhuzai MM, Aljunied AA,
Al Adhreai M, Sr. Association between
myocardial scar burden and left ventric-
ular ejection fraction in ischemic cardio-
myopathy. Cureus. 2020; 12: e12110.
Adelstein EC, Tanaka H, Soman P, Miske
G, Haberman SC, Saba SF, Gorcsan J
3rd. Impact of scar burden by
single-photon emission computed to-
mography myocardial perfusion imaging
on patient outcomes following cardiac
resynchronization therapy. Eur Heart J.
2011; 32: 93-103.

von Elm E, Altman DG, Egger M, Pocock
SJ, Ggtzsche PC, Vandenbroucke JP. The
strengthening the reporting of observa-
tional  studies in  epidemiology
(STROBE) statement: guidelines for
reporting observational studies. Lancet.
2007; 370: 1453-1457.

Ponikowski P, Voors AA, Anker SD,
Bueno H, Cleland JG, Coats AJ, Falk V,
Gonzalez-Juanatey JR, Harjola VP,
Jankowska EA, Jessup M, Linde C,
Nihoyannopoulos P, Parissis JT, Pieske
B, Riley JP, Rosano GM, Ruilope LM,
Ruschitzka F, Rutten FH, van der Meer
P. 2016 ESC Guidelines for the diagnosis
and treatment of acute and chronic
heart failure: The Task Force for the di-
agnosis and treatment of acute and
chronic heart failure of the European
Society of Cardiology (ESC). Developed
with the special contribution of the
Heart Failure Association (HFA) of the
ESC. Eur J Heart Fail. 2016; 18:
891-975.

McMurray JJ, Adamopoulos S, Anker
SD, Auricchio A, Bohm M, Dickstein K,
Falk V, Filippatos G, Fonseca C, Gomez-
Sanchez MA, Jaarsma T, Kgber L, Lip
GY, Maggioni AP, Parkhomenko A,
Pieske BM, Popescu BA, Rgnnevik PK,
Rutten FH, Schwitter J, Seferovic P,
Stepinska J, Trindade PT, Voors AA,
Zannad F, Zeiher A. ESC Guidelines for
the diagnosis and treatment of acute
and chronic heart failure 2012: The Task
Force for the Diagnosis and Treatment
of Acute and Chronic Heart Failure
2012 of the European Society of Cardiol-
ogy. Developed in collaboration with the
Heart Failure Association (HFA) of the
ESC. Eur Heart J. 2012; 33: 1787-1847.
Perloff D, Grim C, Flack J, Frohlich ED,
Hill M, McDonald M, Morgenstern BZ.
Human blood pressure determination
by sphygmomanometry. Circulation.
1993; 88: 2460-2470.

Levey AS, Stevens LA, Schmid CH,
Zhang YL, Castro AF 3rd, Feldman HI,
Kusek JW, Eggers P, Van Lente F, Greene
T, Coresh J. A new equation to estimate
glomerular filtration rate. Ann Intern
Med. 2009; 150: 604-612.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Zhou W, Tao N, Hou X, Wang Y, Folks
RD, Cooke DC, Moncayo VM, Garcia
EV, Zou J. Development and validation
of an automatic method to detect the
latest contracting viable left ventricular
segments to assist guide CRT therapy
from gated SPECT myocardial perfusion
imaging. J Nucl Cardiol. 2018; 25:
1948-1957.

Althouse AD, Below JE, Claggett BL, Cox
NJ, de Lemos JA, Deo RC, Duval S,
Hachamovitch R, Kaul S, Keith SW,
Secemsky E, Teixeira-Pinto A, Roger VL.
Recommendations for statistical
reporting in cardiovascular medicine: a
special report from the American Heart
Association. Circulation. 2021; 144:
e70—e91.

Jakobsen JC, Gluud C, Wetterslev J,
Winkel P. When and how should multi-
ple imputation be used for handling
missing data in randomised clinical tri-
als - a practical guide with flowcharts.
BMC Med Res Methodol. 2017; 17: 162.
Sterne JA, White IR, Carlin JB, Spratt M,
Royston P, Kenward MG, Wood AM, Car-
penter JR. Multiple imputation for miss-
ing data in epidemiological and clinical
research: potential and pitfalls. BMJ
(Clinical research ed). 2009; 338: b2393.
Zhou ZR, Wang WW, Li Y, Jin KR, Wang
XY, Wang ZW, Chen YS, Wang SJ, Hu J,
Zhang HN, Huang P, Zhao GZ, Chen XX,
Li B, Zhang TS. In-depth mining of clin-
ical data: the construction of clinical
prediction model with R. Ann Transl
Med. 2019; 7: 796.

Therneau TM, Lumley T, Elizabeth A,
Cynthia C https://cran.r-project.org/
web/packages/survival/survival.pdf.
Accessed January 22, 2023.

Alba AC, Agoritsas T, Walsh M, Hanna S,
Iorio A, Devereaux PJ, McGinn T, Guyatt
G. Discrimination and calibration of clin-
ical prediction models: Users’ guides to
the medical literature. JAMA. 2017,
318: 1377-1384.

Pencina MJ, D’Agostino RB Sr, Demler
OV. Novel metrics for evaluating im-
provement in discrimination: net reclas-
sification and integrated discrimination
improvement for normal variables and
nested models. Stat Med. 2012; 31:
101-113.

Van Calster B, Wynants L, Verbeek JFM,
Verbakel JY, Christodoulou E, Vickers
AJ, Roobol MJ, Steyerberg EW.
Reporting and interpreting decision
curve analysis: a guide for investigators.
Eur Urol. 2018; 74: 796-804.

Park J, Hwang IC, Yoon YE, Park JB,
Park JH, Cho GY. Predicting long-term
mortality in patients with acute heart
failure by using machine learning. J
Card Fail. 2022; 28: 1078-1087.
Roubille C, Eduin B, Breuker C,
Zerkowski L, Letertre S, Mercuzot C,
Bigot J, Du Cailar G, Roubille F, Fesler
P. Predictive risk factors for death in el-
derly patients after hospitalization for
acute heart failure in an internal medi-

37.

38.

39.

40.

41.

42.

43.

44,

45.

cine unit. Intern Emerg Med. 2022; 17:
1661-1668.

Gao L, Bian Y, Cao S, Sang W, Zhang Q,
Yuan Q, Xu F, Chen Y. Development
and validation of a simple-to-use nomo-
gram for predicting in-hospital mortality
in patients with acute heart failure un-
dergoing continuous renal replacement
therapy. Front Med. 2021; 8: 678252.
Morici N, Viola G, Antolini L, Alicandro
G, Dal Martello M, Sacco A, Bottiroli
M, Pappalardo F, Villanova L, De Ponti
L, La Vecchia C, Frigerio M, Oliva F,
Fried J, Colombo P, Garan AR.
Predicting survival in patients with
acute decompensated heart failure com-
plicated by cardiogenic shock. Int J
Cardiol Heart Vasc. 2021; 34: 100809.
Chen YJ, Sung SH, Cheng HM, Huang
WM, Wu CL, Huang CJ, Hsu PF, Yeh
JS, Guo CY, Yu WC, Chen CH. Perfor-
mance of AHEAD score in an Asian co-
hort of acute heart failure with either
preserved or reduced left ventricular
systolic function. J Am Heart Assoc.
2017; 6: e004297.

Coles AH, Tisminetzky M, Yarzebski J,
Lessard D, Gore JM, Darling CE, Gold-
berg RJ. Magnitude of and prognostic
factors associated with 1-year mortality
after hospital discharge for acute de-
compensated heart failure based on
ejection fraction findings. J Am Heart
Assoc. 2015; 4: e002303.

Huang X, Yang S, Chen X, Zhao Q, Pan J,
Lai S, Ouyang F, Deng L, Du Y, Chen J,
Hu Q, Guo B, Liu J. Development and
validation of a clinical predictive model
for 1-year prognosis in coronary heart
disease patients combine with acute
heart failure. Front Cardiovasc Med.
2022; 9: 976844.

Wei X, Min Y, Yu J, Wang Q, Wang H, Li
S, Su L. The value of admission serolog-
ical indicators for predicting 28-day
mortality in intensive care patients with
acute heart failure: construction and
validation of a nomogram. Front
Cardiovasc Med. 2021; 8: 741351.
Collins SP, Jenkins CA, Harrell FE Jr, Liu
D, Miller KF, Lindsell CJ, Naftilan AJ,
McPherson JA, Maron DJ, Sawyer DB,
Weintraub NL, Fermann GJ, Roll SK,
Sperling M, Storrow AB. Identification
of emergency department patients with
acute heart failure at low risk for 30-day
adverse events: the STRATIFY decision
tool. JACC Heart Fail. 2015; 3: 737-747.
Li Y, Sun XL, Qiu H, Qin J, Li CS, Yu XZ,
Wang GX, Fu Y, Zheng YA, Zhao B, Yu
DM, Wang SJ, Wang GG. Long-term out-
comes and independent predictors of
mortality in patients presenting to emer-
gency departments with acute heart fail-
ure in Beijing: a multicenter cohort
study with a 5-year follow-up. Chin
Med J (Engl). 2021; 134: 1803-1811.
Wu X, Chen M, Wang K, Gao R, Li X.
Gender differences in prognostic
markers of all-cause death in patients
with acute heart failure: a prospective

ESC Heart Failure 2023; 10: 2248-2261
DOI: 10.1002/ehf2.14371


https://cran.r-project.org/web/packages/survival/survival.pdf
https://cran.r-project.org/web/packages/survival/survival.pdf

Construction of a web-based dynamic nomogram for predicting the prognosis in acute heart failure

2261

46.

47.

48.

49.

50.

51.

52.

53.

18-month follow-up study. J Cardiovasc
Transl Res. 2020; 13: 97-109.

Grand J, Miger K, Sajadieh A, Kgber L,
Torp-Pedersen C, Ertl G, Lopez-Sendén
J, Pietro Maggioni A, Teerlink JR, Sato
N, Gimpelewicz C, Metra M, Holbro T,
Nielsen OW. Systolic blood pressure
and outcome in patients admitted with
acute heart failure: an analysis of indi-
vidual patient data from 4 randomized
clinical trials. J Am Heart Assoc. 2021;
10: e022288.

Gheorghiade M, Zannad F, Sopko G,
Klein L, Pifia IL, Konstam MA, Massie
BM, Roland E, Targum S, Collins SP,
Filippatos G, Tavazzi L. Acute heart fail-
ure syndromes: current state and frame-
work for future research. Circulation.
2005; 112: 3958-3968.

Gheorghiade M, Abraham WT, Albert
NM, Greenberg BH, O’Connor CM, She
L, Stough WG, Yancy CW, Young JB,
Fonarow GC. Systolic blood pressure at
admission, clinical characteristics, and
outcomes in patients hospitalized with
acute heart failure. JAMA. 2006; 296:
2217-2226.

Podlesnikar T, Delgado V, Bax JJ.
Imaging of valvular heart disease in
heart failure. Card Fail Rev. 2018; 4:
78-86.

Lancellotti P, Dulgheru R, Marchetta S,
Oury C, Garbi M. Valve disease in heart
failure: secondary but not irrelevant.
Heart Fail Clin. 2019; 15: 219-227.
Carabello BA. Mitral valve repair in the
treatment of mitral regurgitation. Curr
Treat Options Cardiovasc Med. 2009; 11:
419-425.

Carabello BA. The current therapy for
mitral regurgitation. J Am Coll Cardiol.
2008; 52: 319-326.

Vahanian A, Alfieri O, Andreotti F,
Antunes MJ, Bardén-Esquivias G,
Baumgartner H, Borger MA, Carrel TP,
De Bonis M, Evangelista A, Falk V, lung
B, Lancellotti P, Pierard L, Price S,
Schafers HJ, Schuler G, Stepinska J,
Swedberg K, Takkenberg J, Von Oppell
UO, Windecker S, Zamorano JL,
Zembala M. Guidelines on the manage-
ment of valvular heart disease (version
2012). Eur Heart J. 2012; 33:
2451-2496.

54.

55.

56.

57.

58.

59.

60.

61.

Bach DS, Awais M, Gurm HS,
Kohnstamm S. Failure of guideline ad-
herence for intervention in patients with
severe mitral regurgitation. J Am Coll
Cardiol. 2009; 54: 860-865.

Mirabel M, Iung B, Baron G, Messika-
Zeitoun D, Détaint D, Vanoverschelde
JL, Butchart EG, Ravaud P, Vahanian A.
What are the characteristics of patients
with severe, symptomatic, mitral regur-
gitation who are denied surgery? Eur
Heart J. 2007; 28: 1358-1365.

Su K, Li M, Wang L, Tian S, Su J, Gu J,
Chen S. Clinical characteristics, predic-
tors, and outcomes of heart failure with
improved ejection fraction. Int J Cardiol.
2022; 357: 72-80.

Sohaib SM, Finegold JA, Nijer SS,
Hossain R, Linde C, Levy WC, Sutton R,
Kanagaratnam P, Francis DP, Whinnett
ZI. Opportunity to increase life span in
narrow QRS cardiac resynchronization
therapy recipients by deactivating ven-
tricular pacing: evidence from random-
ized controlled trials. JACC Heart Fail.
2015; 3: 327-336.

Cleland JG, Abraham WT, Linde C, Gold
MR, Young JB, Claude Daubert J,
Sherfesee L, Wells GA, Tang AS. An indi-
vidual patient meta-analysis of five ran-
domized trials assessing the effects of
cardiac resynchronization therapy on
morbidity and mortality in patients with
symptomatic heart failure. Eur Heart J.
2013; 34: 3547-3556.

Cleland JG, Freemantle N, Erdmann E,
Gras D, Kappenberger L, Tavazzi L,
Daubert JC. Long-term mortality with
cardiac resynchronization therapy in
the Cardiac Resynchronization-Heart
Failure (CARE-HF) trial. Eur J Heart
Fail. 2012; 14: 628-634.

Ruschitzka F, Abraham WT, Singh JP,
Bax JJ, Borer JS, Brugada J, Dickstein
K, Ford I, Gorcsan J 3rd, Gras D, Krum
H, Sogaard P, Holzmeister J. Cardiac-
resynchronization therapy in heart fail-
ure with a narrow QRS complex. N Engl
J Med. 2013; 369: 1395-1405.

Moss AJ, Hall WJ, Cannom DS, Klein H,
Brown MW, Daubert JP, Estes NA 3rd,
Foster E, Greenberg H, Higgins SL,
Pfeffer MA, Solomon SD, Wilber D, Za-
reba W. Cardiac-resynchronization ther-

62.

63.

64.

65.

66.

67.

68.

apy for the prevention of heart-failure
events. N Engl J Med. 2009; 361:
1329-1338.

Cunnington C, Kwok CS,
Satchithananda DK, Patwala A, Khan
MA, Zaidi A, Ahmed FZ, Mamas MA.
Cardiac resynchronisation therapy is
not associated with a reduction in mor-
tality or heart failure hospitalisation in
patients with non-left bundle branch
block QRS morphology: meta-analysis
of randomised controlled trials. Heart
(British Cardiac Society). 2015; 101:
1456-1462.

Woods B, Hawkins N, Mealing S, Sutton
A, Abraham WT, Beshai JF, Klein H,
Sculpher M, Plummer CJ, Cowie MR. In-
dividual  patient data  network
meta-analysis of mortality effects of im-
plantable cardiac devices. Heart (British
Cardiac Society). 2015; 101: 1800-1806.
Booth RA, Hill SA, Don-Wauchope A,
Santaguida PL, Oremus M, McKelvie R,
Balion C, Brown JA, Ali U, Bustamam A,
Sohel N, Raina P. Performance of BNP
and NT-proBNP for diagnosis of heart
failure in primary care patients: a sys-
tematic review. Heart Fail Rev. 2014; 19:
439-451.

Januzzi JL, van Kimmenade R,
Lainchbury J, Bayes-Genis A, Ordonez-
Llanos J, Santalo-Bel M, Pinto YM,
Richards M. NT-proBNP testing for diag-
nosis and short-term prognosis in acute
destabilized heart failure: an interna-
tional pooled analysis of 1256 patients:
the international collaborative of
NT-proBNP study. Eur Heart J. 2006;
27: 330-337.

Hendricks S, Dykun I, Balcer B, Totzeck
M, Rassaf T, Mahabadi AA. Higher
BNP/NT-pro BNP levels stratify progno-
sis equally well in patients with and
without heart failure: a meta-analysis.
ESC Heart Fail. 2022; 9: 3198-3209.
Mouton AJ, Rivera OJ, Lindsey ML. Myo-
cardial infarction remodeling that pro-
gresses to heart failure: a signaling mis-
understanding. Am J Physiol Heart Circ
Physiol. 2018; 315: H71-h79.

Cleland JG, Mareev Y, Linde C. Reflec-
tions on EchoCRT: sound guidance on
QRS duration and morphology for
CRT? Eur Heart J. 2015; 36: 1948-1951.

ESC Heart Failure 2023; 10: 2248-2261
DOI: 10.1002/ehf2.14371



