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Abstract

Aim: The early initiation of guideline-directed medical therapy (GDMT) in patients with
acute heart failure (AHF) is significantly associated with clinical prognosis. However, the
optimal timing for initiating GDMT in AHF patients requiring Intensive Care Unit (ICU)
admission remains unclear. This study aims to investigate the association between the
timing of GDMT initiation and prognosis in ICU patients with acute heart failure.

Methods: This study identified ICU-admitted AHF patients from the Medical Information
Mart for Intensive Care IV (MIMIC-IV) database and determined GDMT initiation timing
based on clinical treatment context. Patients were categorized into three groups according
to the timing of GDMT initiation. Primary endpoints were 1-year all-cause mortality and the
composite endpoint of 1-year all-cause mortality and heart failure rehospitalization. Cox
proportional hazards regression and restricted cubic splines were utilized to elucidate the
association between GDMT initiation timing and long-term adverse outcomes in patients
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with acute heart failure.

Results: A total of 7,002 patients were included in this study, of whom 4,260 (60.7%) received GDMT within one
day after AHF onset. Compared to patients who initiated GDMT between one and four days, those who received
GDMT within one day and those who received GDMT after four days had a higher composite risk of one-year all-
cause mortality and heart failure rehospitalization. The restricted cubic spline analysis demonstrated a U-shaped
relationship between GDMT initiation timing and the primary outcome. The composite risk of one-year all-cause
mortality and heart failure rehospitalization decreased as GDMT initiation was delayed, reaching its lowest point
around two days, after which the risk began to rise and eventually stabilized.

Conclusion: In critically ill acute heart failure patients, a nonlinear U-curve relationship emerged between GDMT
initiation timing and all-cause mortality. The optimal therapeutic window diverges across patient subgroups defined
by clinical characteristics, notably warranting individualized timing strategies - particularly in geriatric populations.

INTRODUCTION

Acute heart failure (AHF) is a leading global cause of hospitalization, characterized by high post-discharge
mortality and readmission rates" ). Current American College of Cardiology (ACC) guidelines recommend
cautiously initiating the four-pillar therapy - comprising sodium-glucose cotransporter-2 inhibitors
(SGLT?2i), angiotensin receptor-neprilysin inhibitors (ARNI)/angiotensin-converting enzyme inhibitors
(ACEI), beta-blockers, and mineralocorticoid receptor antagonists (MRA) - as early as possible following
hemodynamic stabilization'”. While guideline-directed medical therapy (GDMT) has revolutionized the
chronic management of heart failure, the optimal timing for initiating GDMT during acute hospitalization
remains controversial®'?. Data from the EMPULSE (Impact of empagliflozin on decongestion in acute heart
failure) and PIONEER-HF (Angiotensin-neprilysin inhibition in acute decompensated heart failure) trials
highlight the feasibility of initiating SGLT2i or transitioning to ARNI during hospitalization in
hemodynamically stabilized patients with acute decompensated heart failure (ADHF), with evidence linking
these interventions to improved clinical outcomes. Retrospective studies further underscore that delayed
GDMT initiation or discontinuation during hospitalization is associated with higher mortality rates,
emphasizing the importance of timely therapy"”**.

Despite well-established benefits of GDMT, persistent underprescription and failure to reach therapeutic
doses are observed across both outpatient and hospitalized heart failure patients**. Furthermore, evidence
suggests that withdrawing beta-blockers during acute decompensation may increase short-term mortality
risk, underscoring the complexity of managing GDMT timing across the acute-to-chronic care continuum®..
Multiple retrospective cohort studies and registry analyses have proven that in-hospital GDMT interruption
or delayed initiation independently predicts higher risks of long-term all-cause mortality and heart failure
rehospitalization, while interruptions to the renin-angiotensin-aldosterone system (RAAS) inhibitors and
beta-blockers during admission are both linked to worsened post-discharge prognosis®>**. Current
international heart failure guidelines uniformly advocate early GDMT initiation and gradual dose titration
following hemodynamic stabilization****.. However, these conclusions are not fully applicable to critically ill
AHF patients admitted to the Intensive Care Unit (ICU).

Unlike ward patients, most ICU patients present with severe hemodynamic instability, hypotension, and
require vasopressors or inotropic support during the acute phase. These clinical features greatly increase the
risk of adverse events after early GDMT administration, making the optimal initiation timing far more
controversial in the ICU setting. In addition, ICU patients often have multiple concurrent complications
such as respiratory failure and acute kidney injury, which further complicate the selection of GDMT
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timing"™'. Existing evidence predominantly derives from hemodynamically stable cohorts, excluding high-
risk phenotypes (e.g., patients with severe renal impairment or elevated critical illness scores)!"®*"*°\. Strict
adherence to hemodynamic stability thresholds might inadvertently select for lower-risk populations,
thereby obscuring the potential hazards of early intervention in vulnerable subgroups. Therefore, this study
leverages the Medical Information Mart for Intensive Care IV (MIMIC-1V) database to focus on ICU-
admitted AHF patients, quantify GDMT initiation timings and explore their nonlinear association with
clinical outcomes. It aims to identify the optimal therapeutic window and generate actionable evidence for
individualized medication strategies in this high-risk population.

METHODS

Data source

This retrospective cohort study utilized data exclusively from the MIMIC-IV database, a publicly accessible
critical care electronic health record repository. Collaboratively developed by Massachusetts Institute of
Technology (Cambridge, MA) and Beth Israel Deaconess Medical Center (Boston, MA), this database
aggregates de-identified clinical records from over 40,000 ICU admissions between 2008 and 2019. It
encompasses comprehensive critical care parameters including demographics, physiological measurements,
laboratory results, medication administration, and diagnostic coding"®"!. The institutional review boards of
MIT and Beth Israel Deaconess Medical Center approved the original database creation under waiver of
informed consent due to deidentification standards. The study only conducts secondary retrospective
analysis on this publicly available, fully de-identified open database. According to the ethical regulations of
Renmin Hospital of Wuhan University, secondary analyses of publicly released de-identified clinical
databases that have obtained complete Institutional Review Board approval from the original custodian do
not require additional local ethical review or patient informed consent. Therefore, no separate local ethical
approval was required for this study.

Study trials

We extracted data from hospitalization records of all patients diagnosed with AHF and acute exacerbation of
chronic heart failure (CHF-AE). For patients with multiple ICU admissions, we primarily collected all
records from their first ICU admission. Our inclusion criteria were: (1) Adult patients aged 18 years or older;
(2) A confirmed diagnosis of AHF or CHF-AE during the hospitalization record. Our exclusion criteria were:
(1) No record of ICU admission; (2) Hospital stay time exceeding 90 days; (3) Complete absence of vital
signs data. AHF and CHF-AE were identified from International Classification of Diseases, 9th/10th
Revision (ICD-9/10). Detailed ICD codes are shown in Supplementary Table 1. Finally, a total of 7,002
patients were enrolled in this study. According to the ICD-9 and ICD-10 diagnostic codes, we further
classified all enrolled patients into two heart failure phenotypes for subsequent stratified statistical analyses.
Specifically, all patients with ICD-9/10 codes indicating isolated systolic heart failure, combined systolic-
diastolic heart failure, or right heart failure secondary to systolic dysfunction were categorized as Heart
Failure with reduced Ejection Fraction (HFrEF); patients with codes exclusively indicating isolated diastolic
heart failure without systolic impairment were categorized as Heart Failure with preserved Ejection Fraction
(HFpEF).

To obtain the exposure of interest “GDMT initiation time”, we developed the following search strategy. All
data were extracted using structured query language (SQL). According to the standards outlined in European
Society of Cardiology (ESA) and American Heart Association guidelines, GDMT medications include four
main categories: RAAS inhibitors/ARNI, beta-blockers, MRAs, and SGLT2 inhibitors”****). However, as
SGLT2 inhibitors were first included in guidelines in 2020, and the MIMIC-IV database consists of
hospitalized patients from 2008 to 2019, this study did not include SGLT2 inhibitors. Therefore, this study’s
analyzed GDMT regimen only comprises three drug classes (RAAS inhibitors/ARNI, beta-blockers, MRAs)
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Figure 1. Definition of the GDMT initiation time. (A) The patient did not receive GDMT treatment during hospitalization but started GDMT
after discharge, the GDMT initiation time is considered to be the length of the hospital stay; (B) The patient started GDMT treatment at
admission or before admission and continued GDMT throughout the entire hospital stay, the GDMT initiation time is considered as O; (C)
The patient initiated GDMT treatment during hospitalization and continued it after discharge, the GDMT initiation time is considered as
the interval between the initiation and the admission time; (D) The patient discontinued GDMT treatment during hospitalization and did
not resume it, the GDMT initiation time is considered as the interval between the discontinuation and the discharge time; (E) The patient
discontinued GDMT treatment during hospitalization and then resumed it during the same hospital stay, the GDMT initiation time is
considered as the interval between the resumption and discontinuation times. GDMT: Guideline-directed medical therapy.

and does not reflect the contemporary complete four-pillar heart failure guideline-directed medical therapy.
We conducted a keyword search for all drug names corresponding to the aforementioned three categories in
the database and excluded medications unlikely to be used for heart failure treatment. Detailed information
on the screened medications is presented in Supplementary Table 2. Using patients’ medication
administration records and admission times, we determined the GDMT initiation time. GDMT initiation
time was defined as the interval between the initiation of any GDMT medication and the onset of acute heart
failure. We defined the onset of AHF as the time of ICU admission. The core GDMT for heart failure
consisted entirely of oral medications. Intravenous drugs were applied as rescue therapy to relieve acute
symptoms during hospital stay, and were not included in the standardized oral GDMT regimen. Figure 1
illustrates the five possible scenarios present in the collected dataset.
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Figure 2. Research Flowchart. T was defined as the interval between the initiation of any GDMT medication and the onset of acute heart
failure. We extracted data from hospitalization records of all patients diagnosed with acute heart failure (AHF) and acute exacerbation of
chronic heart failure (CHF-AE). For patients with multiple Intensive Care Unit (ICU) admissions, we primarily collected all records from
their first ICU admission Our exclusion criteria were: (1) No record of ICU admission; (2) Hospital staytime exceeding 90 days; (3)
Complete absence of vital signs data. Finally, a total of 7,002 patients were enrolled in this study. T was divided into three groups: 0 < T <
1day, Tday < T <4 days, and T > 4 days. GDMT: Guideline-directed medical therapy.

Considering the delay in clinical medication use records, we considered GDMT initiation within 1 day as
uninterrupted GDMT medication use or very early initiation. According to guideline recommendations,
reversible acute decompensated heart failure should recover hemodynamic stability within 24 h; cardiorenal
syndrome or hypotension patients should correct hemodynamic instability within 72 h; and refractory heart
failure patients should be evaluated for long-term support strategies after 72 h”****., For most acute heart
failure patients, hemodynamic stability should be achieved within 72 h of ICU admission, and GDMT should
be initiated within 24 h after hemodynamic stability. Therefore, this study divided the time to initiation of
GDMT into three groups: 0 < T <1 day, 1 day < T < 4 days, and T > 4 days. Figure 2 shows the research
flowchart. For patients who never received GDMT during hospitalization, we imputed initiation time as the
length of stay, assuming therapy began immediately post-discharge. Although this approach is pragmatic
given data limitations, it may introduce misclassification bias.
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Data extraction

We collected demographic data, including age, sex, and race. Vital signs measured at ICU admission
included heart rate, blood pressure (BP), and oxygen saturation (SpO2). Recorded comorbidities included
hypertension, diabetes, chronic lung disease, and chronic kidney disease. Key laboratory parameters, such as
hemoglobin, glucose, serum creatinine, blood urea nitrogen (BUN), potassium, and sodium levels, were
carefully documented. Disease severity was assessed using the Glasgow Coma Scale (GCS), the Sequential
Organ Failure Assessment (SOFA) score”, and the Simplified Acute Physiology Score II (SAPSII)"* in the
first 24 h of ICU admission. Additionally, data on GDMT-related medication use and other relevant clinical
interventions were collected. The measured outcomes included 1-year and 90-day survival rates, mortality
rates, heart failure rehospitalization rates, as well as hospital and ICU lengths of stay. Notably, the missing
rates of N-terminal pro-B-type natriuretic peptide (NT-proBNP) and left ventricular ejection fraction
(LVEF) exceeded 20%, therefore, we incorporated heart failure subtype and hemodynamic stability status as
surrogate markers to account for cardiac function and hemodynamic characteristics. In this study, the
baseline hemodynamic status was comprehensively determined based on blood pressure, heart rate, and the
use of vasoactive medications within the first 24 h after ICU admission. Hemodynamic instability was
defined as meeting any of the following criteria: (1) 24 h average heart rate > 100 beats per minute (bpm) in
conjunction with an average systolic blood pressure (SBP) < 90 mmHg; (2) 24 h average heart rate > 100 bpm
accompanied by a decrease in systolic blood pressure > 40 mmHg; or (3) the administration of vasoactive
drugs during the initial 24 h period.

Outcomes

The primary outcomes were defined as the composite endpoint of 1-year all-cause mortality and heart failure
rehospitalization, as well as 1-year all-cause mortality alone. The secondary outcomes included 1-year heart
failure rehospitalization; the composite endpoint of 90-day all-cause mortality and heart failure
rehospitalization; 90-day all-cause mortality; 90-day heart failure rehospitalization; ICU length of stay; and
hospital length of stay. In the MIMIC-IV database, the date of death for each patient was recorded, and for
surviving patients, the maximum follow-up period was defined as one year after the last discharge record.

Statistical analysis

In our study, missing data for all variables were less than 10%. Per MIMIC-IV documentation, laboratory
missingness is not random and may correlate with clinical states. We therefore conducted delta-adjusted
sensitivity analyses and adjusted for missingness indicator variables in regression models. We performed all
sensitivity analyses using the “mice” package in R software"". For normally distributed data, continuous
variables are expressed as mean (SD), and for non-normally distributed data, they are expressed as median
(IQR). Categorical variables are expressed as numbers and percentages (%). Inter-group differences were
calculated using the Kruskal-Wallis test and Mann-Whitney U test for non-normally distributed continuous
variables, and Fisher’s exact test or chi-square test for categorical variables.

We used the Kaplan-Meier method to generate 1-year survival curves to illustrate survival outcomes based
on GDMT initiation timing. To assess the impact of GDMT initiation timing on mortality and heart failure
readmission rates, we employed a multivariate Cox regression model, adjusting for demographic
characteristics such as age, sex, and race, as well as comorbidities including hypertension, atrial fibrillation
(AF), anemia, and chronic kidney disease (CKD). Additionally, we adjusted for vital signs such as heart rate,
blood pressure, and hemodynamic parameters, as well as laboratory markers including hemoglobin, serum
creatinine, BUN, sodium, and potassium. The results were expressed as hazard ratio (HR) with 95%
confidence intervals (CI). The above survival analyses and conventional Cox regression were performed
using the “survival” package in R.
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Considering that mortality is a competing event for heart failure readmission, we employed a competing risk
model to adjust for the risk of death and estimate the effect of GDMT initiation timing on heart failure
readmission rates, which was implemented using the “cmprsk” package. To further explore the association
between GDMT initiation timing and primary outcomes, we used restricted cubic spline curves to analyze
the nonlinear relationship between GDMT initiation timing and primary outcomes via the “rms” package.
The restricted cubic splines included five knots at the 5th, 27.5th, 50th, 72.5th, and 95th percentiles to flexibly
model the relationship between GDMT initiation timing and mortality, with the median GDMT initiation
time as the reference point™'. Given the inability to track GDMT initiation timing outside the hospital, there
may be misclassification in calculating initiation timing for patients who did not receive GDMT during
hospitalization. To address this, a sensitivity analysis excluded these patients, and the primary outcomes were
reanalyzed using a mixed-effects Cox regression model via the “coxme” package to verify the consistency and
robustness of our results.

We then conducted subgroup analyses to identify differences in GDMT initiation timing among AHF
patients with different clinical characteristics. Subgroups were classified based on age, sex, comorbidities,
hemodynamic parameters, and severity scores. The Wald test was used to examine statistical significance.
Categorical variables, such as sex and comorbidities (e.g., hypertension, atrial fibrillation, stroke), were
divided into two groups, while continuous variables, including age, SAPS II, SOFA score, baseline SBP,
hemoglobin, and creatinine, were divided into quartiles. These subgroup analyses aimed to explore the
optimal GDMT initiation timing in specific populations and provide individualized treatment
recommendations. All analyses were performed using R software version 4.3.2, with statistical significance
set at P < 0.05.

RESULTS

Patient characteristics

We retrieved a total of 13,179 hospitalization cases of acute heart failure from the database. According to our
exclusion criteria, 7,002 patients were selected for the study. Baseline characteristics of the Patients are shown
in Table 1. Among them, 4,260 patients (60.7%) started GDMT treatment within 1 day after acute heart
failure, 1,499 patients (21.4%) started GDMT treatment within 1 to 4 days after acute heart failure, and 1,243
patients (17.9%) started GDMT treatment after 4 days after acute heart failure. Figure 2 shows the detailed
information of cohort selection. Table 1 describes the baseline and clinical characteristics of the cohort. The
median age of the 7,002 patients was 75 years (IQR: 65-84), which is consistent with the age distribution of
patients with acute heart failure!"’; among them, 3,776 (53.9%) were male, and 3,226 (46.1%) were female,
with no significant difference between groups (P = 0.062). 4,835 (69.1%) were white, 764 (11.8%) were black,
181 (2.3%) were Asian, and 210 (3.0%) were Hispanic, with significant differences in racial distribution
between groups (P = 0.002).

Effect of GDMT timing on mortality and rehospitalization in acute heart failure

In this study, we used Kaplan-Meier survival analysis to evaluate the long-term survival of patients in
different GDMT initiation time groups and plotted the survival curve [Figure 3]. The results showed that
patients with earlier GDMT initiation (1 < T < 4 or T < 1) had significantly better survival rates than those
with later GDMT initiation (T > 4), and the differences between the three survival curves were statistically
significant (Log-rank test, P < 0.0001). However, this unadjusted result does not account for confounders,
and subsequent Cox and Restricted Cubic Spline (RCS) analyses revealed a U-shaped relationship, with T < 1
day also associated with increased risk compared to the 1-4 day reference group. Within 360 days of follow-
up, the survival probability of patients with later GDMT initiation (T > 4) decreased more rapidly, suggesting
that delayed GDMT initiation was associated with a poorer prognosis, consistent with the results of the
STRONG-HEF (Safety, Tolerability, and Efficacy of Rapid Optimization, Helped by NT-proBNP Testing of
Heart Failure Therapies) study™.
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Table 1. Characteristics of patients

= <T< = < =
Characteristic :‘(’)e(;;y (N 2’520_)1 day (N ::‘Ia!; 41;;)4 days :::; 44:_';;1 ays (N Pvalue N
Age, median [IQR], years 75 (65-84) 75 (65-84) 75 (66-84) 73 (63-82) <0.001 ©
Gender
Female, n (%) 3,226 (46.1%) 2,006 (47.1%) 682(45.5%) 538 (43.4%) 0.062 0
Male, n (%) 3,776 (53.9%) 2,254 (52.9%) 817 (54.5%) 705 (56.6%) 0.062 0
Race
White, n (%) 4,835 (69.1%) 2,940 (69.1%) 1,072 (71.5%) 823 (66.2%) <0.001 O
Black, n (%) 764 (10.9%) 502 (11.8%) 134 (8.9%) 128 (10.4%) <0.001 O
Asian, n (%) 181(2.6%) 100 (2.3%) 46 (3.1%) 35(2.8%) <0.001 ©
Hispanic, n (%) 210 (3.0%) 127 (3.0%) 37 (2.5%) 46 (3.7%) <0.001 O
Other, n (%) 1,012 (14.4%) 591(13.8%) 210 (14.0%) 211 (16.9%) <0.001 O
Comorbidities
Hypertension, n (%) 2,145 (30.6%) 1,215 (28.5%) 481 (32.1%) 449 (36.2%) <0.001 O
AF, n (%) 1,720 (24.6%) 915 (21.5%) 392 (26.1%) 413 (33.1%) <0.001 ©
Anemia, n (%) 2,190 (31.3%) 1,129 (26.5%) 515 (34.3%) 546 (43.9%) <0.001 O
Cancer, n (%) 506 (7.3%) 275 (6.4%) 106 (7.1%) 125 (10.2%) <0.001 O
CKD, n (%) 2,933 (41.9%) 1,774 (41.7%) 599 (40.0%) 560 (44.8%) 0.034 0
COPD, n (%) 1,806 (25.8%) 1127 (26.5%) 388 (25.9%) 291(23.3%) 0.075 0
Cardiomyopathy, n (%) 990 (14.2%) 578 (13.6%) 217 (14.5%) 195 (15.7%) 0.147 0
Stroke, n (%) 311 (4.5%) 155 (3.7%) 76 (5.1%) 80 (6.6%) <0.001 O
Valve disorder, n (%) 581(8.3%) 309 (7.2%) 140 (9.3%) 132 (10.6%) <0.001 ©
HFrEF, n (%) 3,873 (55.3%) 2,304 (54.1%) 878 (60.6%) 691 (55.6%) <0.001 ©
HFpEF, n (%) 3,129 (44.7%) 1,956 (45.9%) 621(42.9%) 552 (44.4%) <0.001 ©
GCS, median (IQR) 14 (13-15) 14 (13-15) 14 (12-15) 14 (10-15) <0.001 14
SOFA, median (IQR) 5(3-8) 4(2-7) 6 (3-8) 7 (4-10) <0.001 ©
SAPSII, median (IQR) 38 (31-47) 37 (30-45) 40 (32-48) 42 (35-51) <0.001 ©

SBP, median (IQR), mmHg 113.0 (104.0-125.0) 115.0 (105.0-127.0) 111.0 (103.0-122.0) 109.0 (101.0-120.0) <0.001 33
Glucose, median (IQR),

e 135.6 (115-172.7) 1330 (114.0,171.0)  138.0(116.0,1720)  139.0(117.0,179.0)  <0.001 57
:/edna"g"’b‘”'me‘j‘a”('om' 10.4 (8.9-12.0) 10.6 (9.2-12.2) 10.2 (8.9-11.9) 9.8 (8.6-115) <0001 32
BUN, median (IQR), mg/dL  29.0 (19.5-45.5) 27.5 (19.0-44.0) 28.5 (19.5-46.0) 33.0 (215-515) <0.001 21
&ag';ij“[“'media”('QR)' 8.5(81-8.9) 8.6(82:9.0) 8.4(8.0-8.8) 8.4(7.9-8.8) <0001 289
Creatinine, median (IQR). 43 9.5 0 13(0.9-2.0) 13(0.9-2.0) 15 (1.0-2.5) <0.001 21

mg/dL

AF: Atrial fibrillation; CKD: chronic kidney disease; GCS: glasgow coma scale; SOFA: sequential organ failure assessment; SAPSII: simplified acute
physiology score Il; COPD: chronic obstructive pulmonary disease; SBP: systolic blood pressure; HFrEF: heart failure with reduced ejection fraction;
HFpEF: heart failure with preserved ejection fraction; BUN: blood urea nitrogen; IQR: interquartile range. P value: P value were calculated by Kruskal-
Wallis test and Mann-Whitney U test for non-normally distributed continuous variables and Fisher's exact test or y? test for categorical variables. N:
the number of missing data extracted from the database.

We further conducted multivariate Cox regression analyses to explore the independent association between
GDMT initiation timing and mortality after adjusting for potential confounders. In the multivariate Cox
proportional hazards regression analysis, we adjusted for factors that may affect mortality and heart failure
rehospitalization, including demographic characteristics (age, sex), comorbidities (hypertension, atrial
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Kaplan-Meier Survival Curves by GDMT Group
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Figure 3. Kaplan-Meier Survival Curves by GDMT Group. Patients were stratified into three groups according to the GDMT initiation time
(0<T<1day,1day < T<4days,and T > 4 days), and the corresponding one-year survival curves were depicted. GDMT: Guideline-
directed medical therapy.

fibrillation, chronic kidney disease, efc.), severity of illness scores (SOFA, SAPSII), hemodynamic parameters
at ICU admission (blood pressure, heart rate), and laboratory tests (hemoglobin, creatinine, urea nitrogen,
etc.). Multivariable Cox regression results are shown in Table 2.

The results showed that compared with patients who started GDMT treatment between 1 and 4 days,
patients who started GDMT treatment within 1 day (HR, 1.12; 95%CI, 1.04-1.21; P = 0.003) and after 4 days
(HR, 1.16; 95%CI, 1.06-1.27; P = 0.002) had a higher composite risk of 1-year all-cause mortality and heart
failure rehospitalization. For the primary outcome of 1-year all-cause mortality, the HR was 1.26 (95%CI,
1.14-1.39; P < 0.001) for patients who started GDMT treatment within 1 day and 1.31 (95%CI, 1.16-1.48; P <
0.001) for patients who started GDMT treatment after 4 days, compared with those who started GDMT
treatment between 1 to 4 days. To evaluate the difference in heart failure rehospitalization risk among the
three groups, we used a competing risk model, considering death as a competing event, and adjusted for
similar confounding factors as in the multivariate Cox analysis. Compared with patients who started GDMT
treatment between 1 to 4 days, patients who started GDMT treatment within 1 day (P = 0.36) and after 4 days
(P = 0.84) did not have a significantly increased risk of heart failure rehospitalization within 1 year. The rate
of heart failure rehospitalization may be influenced by multiple factors, such as medication titration and
post-discharge management, while the long-term benefits of timely GDMT initiation are more reflected in
the reduction of mortality. In the secondary outcomes, the risks of composite events of 90-day all-cause
mortality and heart failure rehospitalization and 90-day all-cause mortality were consistent with the results of
1-year outcomes in the primary analysis, and the risk of 90-day heart failure rehospitalization was also not
significantly different among the three groups. The later the start of GDMT treatment, the longer the ICU
stay and total hospital stay.

To verify the robustness of our findings, we performed two sets of sensitivity analyses. First, considering the
inability to track the timing of GDMT initiation outside the hospital, the calculation of initiation timing for
patients who did not receive GDMT during hospitalization may be inaccurate. We excluded patients who did
not receive GDMT during hospitalization and re-analyzed the primary outcomes using multivariate Cox
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Table 2. Multivariable Cox regression results

1day<T<4
0<T<1day y T>4day
days
Outcome
Unadjusted HR P-value Adjusted HR P-value Unadjusted HR P-value Adjusted HR P-value
(95%CI) (95%Cl) (95%Cl) (95%Cl)
Primary outcome
All-cause death or heart failure readmission by 1year 1.03 (0.96, 1.11) 0.38 112 (1.04,1.21) 0.003a  Reference 1.27 (1.16, 1.39) <0.001 1.16(1.06,1.27) 0.002
All-cause death by 1year 1.04 (0.95, 1.15) 0.39 1.26 (1.14,1.39) < 0.001 Reference 1.42 (1.26,1.60) <0.001 1.31(1.16,1.48) < 0.001
Secondary outcome
Heart failure readmission by 1year 1.03(0.94,1.13) 0.50 0.96 (0.87,1.05) 0.36 Reference 0.97 (0.86, 1.10) 0.66 1.01(0.89, 1.15) 0.84
All-cause death or heart failure readmission by day 90 1.03(0.95,1.12) 0.51 1.16 (1.06,1.27) < 0.001 Reference 1.34 (1.21,1.49) <0.001 1.21(1.09,1.35) < 0.001
All-cause death by day 90 1.05(0.93,1.19) 0.42 1.35(1.20,1.53) < 0.001 Reference 1.46 (1.26,1.68) <0.001 1.32(1.15,1.53) < 0.001
Heart failure readmission by day 90 1.03(0.92,1.16) 0.56 0.97 (0.87,1.09) 0.61 Reference 1.09 (0.95, 1.26) 0.21 1.13 (0.98,1.30) 0n
ICU stay time, median (IQR), days 216 [1.21-3.84] < 0.0018 3.14[1.76-5.44] 4.94[2.37-9.69] < 0.001
Hospital stay time, median (IQR), days 8 [5-12] <0.001 10[7-15] 18 [12-27] < 0.001
Sensitivity analyses
All-cause death or heart failure readmission by 1 year,
exclude patients not receive GDMT treatment during 1.02(0.94,1.1) 0.66 1.10 (1.01,1.19) 0.02 Reference 1.28 (1.16, 1.41) <0.001 118 (1.08,1.31) < 0.001
hospitalization
All-cause death by 1year, exclude patients not receive
GDMT treatment during hospitalization 0.98 (0.87,1.11) 0.78 1.24 (110, 1.41) < 0.001 Reference 1.50 (1.29,1.74) <0.001 1.38(1.19,1.61) < 0.001
All-cause death or heart failure readmission by 1year,
exclude patients with primary respiratory disorders 1.01(0.92,1.12) 0.81 1.09 (0.98,1.20) 0.1 Reference 133 (1.08,1.66) <0.001 1.19(0.95,1.48) 0.13
(including pneumonia, ARDS, and respiratory failure)
All-cause death by 1year, exclude patients with primary
respiratory disorders (including pneumonia, ARDS, and 1.06 (0.92,1.23) 0.44 1.25(1.08, 1.45) < 0.01 Reference 157 (1.17,2.12) <0.001 1.29(0.96,1.75) 0.67

respiratory failure)

HR: Hazard ratio; Cl: confidence interval; IQR: interquartile range; GDMT: guideline-directed medical therapy; ARDS: acute respiratory distress syndrome. P value a was calculated by the mixed-effects Cox model; P value B was
calculated by Kruskal-Wallis test and Mann-Whitney U test. The mixed-effects Cox model was used to analyze All-cause death or heart failure readmission by 1year or day 90 and All-cause death by 1year or day 90, adjusting
for demographics (age, gender), comorbidities (hypertension, atrial fibrillation, chronic kidney disease, etc.), severity scores (Glasgow Coma Scale, Simplified Acute Physiology Score II, Sequential Organ Failure Assessment),
vital signs (heart rate, systolic blood pressure, diastolic blood pressure, hemodynamic parameters), and laboratory tests (glucose, hemoglobin, blood urea nitrogen, creatinine, etc.). The competing risks model was applied to
analyze Heart failure readmission by 1year or day 90, with death considered as a competing event, adjusting for the same set of demographic, comorbidity, severity score, vital sign, and laboratory test variables. The mixed-
effects Cox model was same as above. Considering the inability to track the timing of GDMT initiation outside the hospital, the calculation of initiation timing for patients who did not receive GDMT during hospitalization may be
inaccurate. A sensitivity analysis was conducted by excluding these patients, and the primary outcome was reassessed using a mixed-effects Cox regression model. Additionally, we conducted a sensitivity analysis. Patients with
respiratory failure or ARDS were excluded to minimize confounding bias attributable to severe primary respiratory conditions
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Figure 4. RCS analysis of the primary outcome. The association between GDMT initiation time and the composite outcome of one-year all-
cause mortality and heart failure rehospitalization, as well as one-year all-cause mortality, was analyzed. The model was adjusted for
multiple variables, including age, sex, comorbidities, SOFA score, SAPSII score, and hemodynamic parameters. The reference point was
the median GDMT initiation time. T represents the GDMT initiation time, and the dashed line represents the horizontal line at the HR
value corresponding to the minimum point of the curve. The blue number indicates the T value at the minimum point of the curve. GDMT:
Guideline-directed medical therapy; SOFA: sequential organ failure assessment; SAPSII: simplified acute physiology score II; HR: hazard
ratio; RCS: restricted cubic spline.

regression. The U-curve association remained statistically significant, with the HR for 1-year mortality being
1.24 (95%CI, 1.10-1.41) in the T < 1 day group and 1.38 (95%CI, 1.19-1.61) in the T > 4 days group. Second,
we further excluded patients complicated with respiratory failure and acute respiratory distress syndrome
(ARDS) to eliminate confounding bias caused by severe primary pulmonary diseases. The overall trend of
the main results was similar, although some comparisons were no longer statistically significant after this
exclusion.

To further analyze the nonlinear association between the timing of GDMT therapy initiation and the
primary outcome, we constructed a restricted cubic spline model, adjusting for multiple variables including
age, sex, comorbidities, SOFA score, SAPSII score, and hemodynamics. In this model, the association
between the timing of GDMT therapy initiation and the primary outcome showed a U-shaped curve, as
shown in Figure 4 (P for overall = 0.005). As the time to GDMT therapy initiation increased, the risk of the
composite event of 1-year all-cause death and heart failure rehospitalization gradually decreased until
approximately 2 days, after which the risk began to gradually increase and eventually stabilized. The results
for 1-year all-cause death were consistent with those for the composite event of 1-year all-cause death and
heart failure rehospitalization. Considering that hemodynamic recovery in the real world generally occurs
within 24-48 h, we speculate that the inflection point of the U-shaped curve may be related to the gradual
stabilization of hemodynamics. In the early stages of acute heart failure, patients may experience hypotension
or hypoperfusion, and initiating GDMT therapy too early may exacerbate the condition or increase adverse
reactions (such as hypotension or worsening renal function). However, after the acute phase (more than
24 h), blood pressure and volume status gradually recover, hemodynamics tend to stabilize, and patient
tolerance to medication increases. Intervening at this time, when cardiac remodeling is initiated but not yet
consolidated, can maximize the improvement in prognosis. Meanwhile, delayed initiation of GDMT therapy
may reduce its efficacy and increase the risk of death due to accelerated cardiac remodeling caused by
overactivation of the RAAS and sympathetic systems.

Subgroup analysis

We further explored the relationship between GDMT initiation timing and 1-year all-cause mortality in
patients with different clinical characteristics to analyze potential reasons for the U-shaped survival curve.
Clinical characteristics included age, sex, comorbidities, critical illness scores (e.g., SAPS II, SOFA), and
hemodynamic status at baseline. Across all subgroups, patients initiating GDMT within 1 day or after 4 days
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exhibited higher mortality risks compared to those starting between 1 to 4 days, consistent with results from
the mixed-effects Cox regression model [Table 3]. Significant interactions were observed between GDMT
initiation timing and variables such as hypertension, chronic obstructive pulmonary disease (COPD), cancer,
stroke, SAPS II, SOFA scores, hemodynamic instability, and systolic blood pressure (P < 0.05).

In age-stratified analyses, younger patients had the lowest mortality risk when starting GDMT between 1 to 4
days, while older patients faced heightened risks with initiation within 1 day. This may reflect poorer GDMT
tolerability in older individuals, whereas younger patients require careful balancing of drug tolerance and
therapeutic urgency to avoid premature initiation before stabilization. Although sex showed no significant
interaction with GDMT timing (P = 0.47 and 0.17), men initiating GDMT within 1 day or after 4 days had
significantly elevated 1-year mortality compared to the 1-4 day window. This may relate to faster heart
failure progression in men (e.g., higher prevalence of ischemic etiology), aligning with ESC guidelines
emphasizing early revascularization combined with GDMT optimization in males. Patients without
comorbidities like hypertension or atrial fibrillation may lack compensatory blood pressure regulation (e.g.,
greater hypotension susceptibility in non-hypertensive individuals), leading to poorer drug tolerability and
contraindicating ultra-early GDMT initiation.

For high-risk patients with severe illness or poor baseline status [e.g., elevated SAPS II (38-107), SOFA scores
(8-21), hemodynamic instability, low baseline systolic blood pressure, mild-to-moderate anemia
(hemoglobin 8.9-12.0 g/dL), or renal dysfunction (creatinine 2.0-19.2 mg/dL)], priority should be given to
rapidly restoring hemodynamic stability and improving organ function. Subsequent tolerability assessments
(e.g., blood pressure, renal function) are critical before timely GDMT initiation, as both ultra-early and
delayed initiation correlated with higher mortality. Conversely, in hemodynamically stable patients, GDMT
initiation within 1 day aligns with guideline recommendations, whereas delayed initiation worsened
outcomes.

Subgroup analysis by HF phenotype revealed that HFrEF patients had higher mortality when GDMT was
initiated within 1 day (HR = 1.35, 95%CI 1.18-1.55, P < 0.01) or after 4 days (HR = 1.22, 95%CI 1.01-1.48, P =
0.04). For HFpEF patients, delayed initiation over 4 days increased mortality (HR = 1.32, 95%CI 1.06-1.65, P
=0.01), while ultra-early initiation within 1 day showed no significant impact. These disparities stem from
varied pathophysiology and drug tolerance. HFrEF patients suffer from severe systolic dysfunction and
overactive neurohormones, making them vulnerable to both premature and delayed GDMT. HFpEF is
mainly driven by diastolic dysfunction; such patients tolerate early GDMT well, yet delayed treatment still
worsens prognosis.

We hypothesized that a nonlinear association between GDMT initiation timing and 1-year mortality might
also exist across specific subgroups. Restricted cubic spline models were constructed for each subgroup,
adjusted for variables including age, sex, comorbidities, SOFA score, SAPS II score, and hemodynamic
status. Significant U-shaped relationships were identified in the following subgroups: age (18-75 years), male
sex, hemodynamic instability, SOFA score (8-21), and SAPS IT score (47-107), with nadirs consistently
observed between 1-4 days post-stabilization, aligning with the primary analysis [Figure 5]. These U-shaped
associations conflict with studies advocating “the earlier, the better” for GDMT initiation. For high-risk
patients (e.g., hemodynamically unstable, uncorrected hypotension, or severe renal dysfunction), premature
GDMT initiation may exacerbate clinical deterioration. Instead, prioritizing acute precipitant management
(e.g., volume overload, ischemia) or hemodynamic stabilization within the first 24 h, followed by incremental
GDMT initiation and close monitoring, may optimize outcomes.
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DISCUSSION

Currently, GDMT primarily focuses on long-term management of patients with chronic HFrEF, yet faces
challenges such as prolonged treatment duration, poor post-discharge adherence, and low target-dose
achievement rates*****. Accumulating evidence indicates that optimizing GDMT during hospitalization can
improve long-term outcomes in AHF. Multiple studies and clinical trials have confirmed that in-hospital
GDMT initiation is linked to lower post-discharge mortality and readmission rates, without excess severe
adverse events'”**”**. However, current guidelines lack standardized definitions for “early initiation”
timeframes and objective criteria for “hemodynamic stability”, driving significant heterogeneity in clinical
practice. For instance, the STRONG-HF trial operationalized “stable status” as SBP 2 95 mmHg with no
intravenous inotrope requirement for = 12 h, whereas the Acute Decompensated Heart Failure National
Registry analysis defined it as absence of inotrope use, SBP 2 90 mmHg, and mean arterial pressure (MAP) 2
65 mmHg™!. Crucially, most prior studies have focused on hemodynamically stable patients in general
wards, with limited evidence guiding GDMT timing in high-risk ICU populations"*’.

Through simulating the hospitalization process of AHF patients, we analyzed the timing of GDMT initiation
post-onset to identify the optimal treatment window. We stratified AHF patients by GDMT initiation timing
(=1 day, 1-4 days, > 4 days) and adopted 1-year all-cause mortality and HF rehospitalization as composite
endpoints. After confounder adjustment, the 1-4 days group exhibited the lowest risk of adverse events.
Competing risk analysis further revealed that the reduced composite endpoint risk was mainly driven by
improved survival, rather than decreased rehospitalization. Restricted cubic spline analyses identified a U-
shaped association between GDMT initiation time and mortality, with the lowest mortality risk occurring at
1-2 days after AHF onset; this trend persisted across sensitivity analyses. Overall, initiating GDMT within 1-4
days was associated with better 1-year survival, whereas ultra-early (< 1 day) or delayed (> 4 days) initiation
correlated with higher mortality.

Subgroup analyses showed this U-shaped relationship was more prominent in younger patients, males, and
those with hemodynamic instability or higher illness severity scores (SAPS II, SOFA). For low-risk patients,
blind ultra-early GDMT initiation is not advisable, and treatment should be started 1-2 days after clinical
improvement. For high-risk and critically ill patients, hemodynamic stabilization within 3 days of admission
is critical to enhance drug tolerance; GDMT should be commenced after 24 h of stable condition, as
initiation beyond 4 days is associated with poor prognosis. Of note, elderly patients are a high-risk subgroup:
ultra-early GDMT may bring more harm than benefit. Altered pharmacokinetics in older adults increases the
risks of hypotension and renal dysfunction under RAAS inhibitor therapy. Thus, hemodynamic optimization
within 48-72 h before GDMT initiation is recommended for elderly individuals.

The divergent associations between GDMT timing and mortality across HFrEF and HFpEF subgroups are
mainly attributed to differences in pathophysiology, drug response and clinical characteristics between the
two phenotypes. HFrEF patients are characterized by impaired left ventricular systolic function, excessive
activation of the RAAS and sympathetic nervous system, and higher sensitivity to GDMT. Initiating GDMT
too early in the acute unstable stage easily induces hypotension and impaired organ perfusion; prolonged
delay of treatment will lead to progressive cardiac remodeling and worse long-term prognosis. Therefore,
these patients present a typical U-shaped risk curve, with the 1-4 day window being the optimal time for
intervention. Unlike HFrEF, HFpEF is driven by left ventricular diastolic dysfunction, systemic inflammation
and multiple comorbidities rather than dominant neurohormonal overactivation. These patients have
relatively low sensitivity to ultra-early GDMT, so initiating treatment within 1 day does not significantly
increase mortality. However, delayed GDMT for more than 4 days fails to control persistent volume overload
and neurohormonal activation, ultimately leading to increased adverse events. Collectively, individualized
GDMT timing strategies should be formulated based on heart failure phenotype in critically ill AHF patients.
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Table 3. Subgroup analysis of primary outcome (all-cause death by 1year)

Subgroup 0 <T <1day HR (95%Cl) P value 1day < T<4 days T > 4 days HR (95%CI) P value
Age, years 0.10a 0.16a
18-65 1.62 (1.20, 2.19) <0.018 Reference 1.44 (1.03, 2.00) 0.03p
65-75 1.20 (0.97,1.50) 0.10 Reference 1.42 (1.11,1.82) <0.01
75-84 1.22(1.02,1.47) 0.03 Reference 118 (0.95, 1.47) 0.13
84-100 1.20 (1.00,1.42) 0.05 Reference 117 (0.93,1.47) 0.18
Gender 0.47 0.17
Male 1.29 (112, 1.48) <0.01 Reference 143 (1.22,1.68) <0.01
Female 1.24 (1.07,1.44) < 0.01 Reference 116 (0.97,1.40) 0.10
Hypertension <0.05 0.1

1.39(1.23,1.58) <0.01 Reference 1.40 (1.20,1.63) <0.01
NOYES

1.09 (0.92,1.30) 0.30 Reference 115 (0.94,1.40) 0.7
AF 0.27 0.65

1.33(117,1.50) <0.01 Reference 1.32(1.14,1.53) <0.01
NOYES

114 (0.95,1.38) 0.16 Reference 1.29 (1.05,1.59) 0.02
Anemia 0.41 0.25

1.33(1.17,1.50) <0.01 Reference 139 (1.19,1.62) <0.01
NOYES

1.20 (1.01,1.44) 0.04 Reference 119 (0.98,1.44) 0.08
Cancer 0.14 < 0.05

1.32(1.19,1.47) <0.01 Reference 1.36 (119, 1.55) <0.01
NOYES

0.93(0.69, 1.25) 0.64 Reference 0.85(0.60,1.19) 0.34
COPD 0.44 <0.05

1.31(1.16,1.48) <0.01 Reference 140 (1.21,1.61) <0.01
NOYES

116 (0.97,1.39) 0.10 Reference 1.04 (0.82,1.31) 0.77
Stroke <0.05 0.1

1.31(1.18, 1.46) <0.01 Reference 1.33 (1.17,1.51) <0.01
NOYES

0.82(0.54,1.24) 0.35 Reference 0.97(0.59,1.61) 0.91
SAPSII <0.05 0.53
6-31 1.08 (0.80, 1.46) 0.61 Reference 118 (0.79,1.76) 0.42
31-38 1.09 (0.87,1.36) 0.46 Reference 1.29(0.98,1.70) 0.07
38-47 1.21(1.01,1.46) 0.04 Reference 1.33 (1.06, 1.66) 0.01
47-107 1.50 (1.27,1.77) <0.01 Reference 1.22 (1.01,1.47) 0.04
SOFA <0.05 0.19
0-3 1.22 (0.97,1.53) 0.09 Reference 1.41(1.03,1.92) 0.03
3-5 114 (0.93,1.40) 0.21 Reference 1.48 (1.14,1.92) < 0.01
5-8 1.03(0.84,1.25) 0.79 Reference 1.32 (1.06, 1.65) 0.01
8-21 1.83(1.51,2.22) <0.01 Reference 117 (0.95,1.45) 0.15
Baseline hemodynamics <0.05 0.21
Stable 1.06 (0.93,1.22) 0.39 Reference 1.47 (1.24,1.75) <0.01
Unstable 1.59 (1.37,1.85) <0.01 Reference 1.20 (1.01,1.42) 0.04
Baseline SBP, mmHg < 0.05 0.43
40-104 1.69 (1.41,2.02) <0.01 Reference 1.40 (1.14,1.71) <0.01
104-113 1.22 (1.00, 1.48) 0.05 Reference 1.19 (0.94,1.50) 0.15
113-125 1.00 (0.81,1.24) 1.00 Reference 110 (0.84,1.44) 0.50
125-203 1.08(0.86,1.37) 0.50 Reference 1.46 (1.07,1.99) 0.02
Baseline hemoglobin, g/dL 0.65 0.90
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4.7-8.9 1.16 (0.97,1.40) 0.10 Reference 1.15(0.93,1.42) 0.20
8.9-10.4 1.31(1.08,1.59) 0.01 Reference 1.53(1.22,1.92) <0.01
10.4-12.0 1.35 (1.09, 1.68) 0.01 Reference 1.36 (1.04,1.77) 0.02
12.0-20.0 1.34 (1.05,1.71) 0.02 Reference 1.20(0.88,1.62) 0.25
Baseline creatinine, mg/dL 0.14 0.38
0.1-0.9 1.34 (1.06,1.70) 0.02 Reference 1.52(1.14,2.02) <0.01
0.9-13 119 (0.94, 1.51) 0.15 Reference 1.40 (1.05,1.88) 0.02
13-2.0 110 (0.97,1.33) 0.34 Reference 116 (0.92, 1.46) 0.21
2.0-19.2 144 (1.21,1.72) <0.01 Reference 1.23 (1.00, 1.51) 0.05
Classification of heart failure <0.05 0.12
HFrEF 1.35(1.18, 1.55) <0.01 Reference 1.22 (1.01,1.48) 0.04
HFpEF 114 (0.91,1.42) 0.25 Reference 1.32 (1.06, 1.65) 0.01

AF: Atrial fibrillation; CKD: chronic kidney disease; GCS: glasgow coma scale; SOFA: sequential organ failure assessment; SAPSII: simplified acute
physiology score II; COPD: chronic obstructive pulmonary disease; SBP: systolic blood pressure; DBP: diastolic blood pressure; HFrEF: heart failure
with reduced ejection fraction; HFpEF: heart failure with preserved ejection fraction. HR: The HR were obtained from a mixed-effects Cox model
adjusted for the same covariates as those in the primary outcome, which was the All-cause death by 1year. P value o was indicated the interaction
between the subgroup variable and the T group. P value B was calculated based on mixed-effects Cox proportional hazard model.
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Figure 5. Association with GDMT initiation time and mortality in different patient groups. The restricted cubic splines have five knots at
the 5th, 27.5th, 50th, 72.5th, and 95th percentiles to flexibly model the relationship between the timing of GDMT initiation and 1-year
mortality, with the reference point being the median GDMT initiation time. The confounding variables adjusted for are consistent with
those in the primary analysis. T represents the GDMT initiation time, and the dashed line represents the horizontal line at the HR value
corresponding to the minimum point of the curve. The blue number indicates the T value at the minimum point of the curve. GDMT:
Guideline-directed medical therapy; SOFA: sequential organ failure assessment; HR: hazard ratio; RCS: restricted cubic spline.

It is worth noting that we found no significant statistical difference between starting GDMT treatment within
1 day and starting it between 1 to 4 days before adjusting for confounding factors, while the difference
between the two groups was significant after adjusting for confounding factors. It is speculated that this may
be due to the fact that some medications in GDMT treatment are also effective for diseases such as
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hypertension and atrial fibrillation, for example, ACEI/Angiotensin II Receptor Blockers (ARB) class drugs
also have a blood pressure lowering effect, so patients with related comorbidities may have additional
benefits from early initiation of GDMT treatment. However, how to balance efficacy and safety may be a
direction for future research.

In ICU settings, clinicians are often reluctant to launch early GDMT due to concerns over hypotension and
worsening renal function. Previous studies excluded hemodynamically unstable patients, likely due to the
belief that GDMT is unsuitable for these patients**). Our real-world findings based on the MIMIC-IV
cohort help mitigate these clinical worries. It should be emphasized that this is a retrospective observational
study. Although our data demonstrated an association between timely GDMT and favorable survival
outcomes, causal relationships cannot be established, and the observed survival benefit should not be
interpreted as definitive. Individualized timing strategies, rather than uniform early initiation, are required
for AHF patients, especially the critically ill and elderly populations.

Limitations

This study has several notable limitations inherent to retrospective analyses using the MIMIC-IV database,
which should be fully acknowledged. First, GDMT initiation time calculation relies solely on in-hospital
medication records from MIMIC-IV; post-discharge drug administration cannot be tracked. A total of 1,575
patients received no in-hospital GDMT, for whom we pragmatically imputed GDMT initiation time
equivalent to hospital length of stay under the assumption of immediate post-discharge GDMT uptake. This
arbitrary imputation creates non-negligible misclassification bias, particularly within the T > 4 days subgroup
(879 imputed patients). Although we performed sensitivity analyses excluding all imputed cases to verify
result robustness, residual bias cannot be fully eliminated without long-term outpatient pharmacy data
linkage.

Second, LVEF and NT-proBNP data had a missing rate exceeding 20% in our cohort. We therefore classified
heart failure phenotypes using ICD-9 and ICD-10 codes instead of original LVEF values. Although we
conducted subgroup analyses stratified by systolic and diastolic heart failure, this indirect classification
cannot completely replace LVEF-based grouping, which may obscure subtle differences in the optimal
GDMT window across distinct heart failure subtypes. In addition, detailed real-time dosage and duration of
inotropes and vasopressors during GDMT initiation were unavailable. We used 24 h hemodynamic status
and critical illness scores (SOFA, SAPS II) for surrogate adjustment, which cannot fully eliminate residual
confounding.

Third, this study only focused on the timing of initial GDMT administration, without analyzing drug
dosages, dose up-titration strategies, or long-term medication adherence after discharge. These factors are
closely linked to clinical outcomes. Simplifying GDMT as a binary “initiated or not” indicator inevitably
oversimplifies real-world clinical management of acute heart failure in ICU patients.

Fourth, the MIMIC-IV dataset covers cases from 2008 to 2019. SGLT2i, a core component of current HF
GDMT, were not yet widely recommended or used during this period. Therefore, this study’s analyzed
GDMT regimen only comprises three drug classes (RAAS inhibitors/ARNI, beta-blockers, MRAs) and does
not reflect the contemporary complete four-pillar heart failure guideline-directed medical therapy. Findings
cannot be fully generalized to current clinical practice incorporating SGLT2i.

Fifth, as a retrospective observational study, this work is subject to selection bias and confounding by
indication. Patients who received GDMT within 1 day generally had more stable hemodynamics and milder
illness. The observed association between GDMT timing and survival does not equate to a causal
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relationship; early GDMT initiation may also serve as a marker of better baseline clinical status, rather than
the sole cause of improved prognosis.

Finally, we used the MIMIC-IV database, which, although it serves as the source of numerous high-quality
studies'***, only contains data from a single hospital. Differences in physician practice patterns and hospital
protocols may reduce the external validity of our results. Further large-sample, multicenter prospective
studies are required to validate our conclusions and establish causal inference.

Conclusion

In critically ill acute heart failure patients, a nonlinear U-curve relationship emerged between GDMT
initiation timing and all-cause mortality, with both premature and delayed initiation linked to elevated risk.
The optimal therapeutic window diverges across patient subgroups defined by clinical characteristics,
notably warranting individualized timing strategies - particularly in geriatric populations.
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