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To investigate the association between blood pressure variability (BPV) and mortality (in-hospital 
and 30-day) among heart failure (HF) patients, and to examine these associations across patient 
subgroups. This multicenter retrospective cohort study analyzed 25,591 heart failure patients from 
two intensive care databases (eICU Collaborative Research Database [eICU-CRD] and the Medical 
Information Mart for Intensive Care IV [MIMIC-IV]). BPV was assessed using coefficient of variation 
of systolic (SBPV), diastolic (DBPV), and mean (MBPV) blood pressure measurements. Multivariable 
logistic regression and Cox proportional hazards models evaluated mortality associations, adjusting 
for clinical parameters. The observed mortality rates were 14.7% (in-hospital) and 17.3% (30-day). 
Higher BPV demonstrated significant associations with increased mortality risk, with SBPV showing 
the strongest relationship. For in-hospital mortality, each standard deviation increase in SBPV, DBPV, 
and MBPV corresponded to adjusted odds ratios of 1.56 (95% CI 1.51–1.62), 1.21 (95% CI 1.16–1.25), 
and 1.42 (95% CI 1.37–1.48), respectively. For 30-day mortality, adjusted hazard ratios were 1.37 (95% 
CI 1.33–1.41) for SBPV, 1.15 (95% CI 1.12–1.19) for DBPV, and 1.30 (95% CI 1.27–1.34) for MBPV. These 
associations remained robust across all patient subgroups. Increased blood pressure variability during 
hospitalization independently predicts higher in-hospital (14.7%) and 30-day mortality (17.3%) in HF 
patients, with SBPV showing the strongest association (OR: 1.56, 95% CI 1.51–1.62). BPV may serve as 
a valuable prognostic marker for risk stratification in hospitalized heart failure patients.
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Heart failure (HF) represents a significant global health burden, affecting approximately 64.3 million people 
worldwide and accounting for substantial mortality and healthcare expenditure. Despite advances in treatment 
strategies, hospital mortality rates for HF patients remain high, ranging from 4 to 11%, with 30-day mortality 
rates reaching up to 15%1. Recent studies have highlighted the importance of hemodynamic parameters beyond 
traditional risk factors in predicting outcomes for HF patients. Blood pressure variability (BPV), defined as 
fluctuations in blood pressure measurements over time, has emerged as a potential prognostic marker in various 
cardiovascular conditions2–4.

The significance of BPV in cardiovascular outcomes has been increasingly recognized in recent years. 
Visit-to-visit BPV has been associated with increased risks of all-cause mortality, coronary heart disease, left 
ventricular diastolic dysfunction, and stroke in various populations5–10. However, most existing studies have 
focused on long-term BPV in outpatient settings or specific patient populations such as those with hypertension 
or coronary artery disease. Short-term BPV, particularly during hospital stays, remains understudied in HF 
patients. Furthermore, the relationship between BPV and early mortality outcomes (in-hospital and 30-day) in 
this high-risk population has not been well characterized11,12.

The pathophysiology of HF, incltivation, autonomic dysfunction, and altered baroreceptor sensitivity, may 
render these patients particularly vulnerable to the adverse effects of BPV. While previous studies have shown 
conflicting resultsthe prognostic value of BPV in different clinical settings, there is a notable gap in understanding 
how BPV influences early mortality outcomes in HF patients, particularly in the hospital setting. Furthermore, 
there is limited evidence on how BPV interacts with specific subgroups, such as elderly patients or women, in 
predicting mortality.

Given these gaps, the primary aims of this comprehensive multirt study were to: (1) evaluate the associations 
between in-hospital BPV and both in-hospital and 30-day mortality among patients with HF; (2) assess the 
heterogeneity of these associations across diverse patient subgroups; and (3) develop and externally validate a 
novel risk stratification model incorporating BPV parameters. These objectives are designed to fill the gap in our 
understanding of the role of BPV in predicting mortality in HF patients, particularly in the early phase of their 
hospitalization.

Methods
Study population
We conducted a retrospective cohort study using data from two large critical care databases: the Medical 
Information Mart for Intensive Care IV (MIMIC-IV) and eICU Collaborative Research Database (eICU-CRD). 
We selected these databases because of their comprehensive and diverse patient populations, which augment 
the generalizability of our findings to heart failure patients in intensive care settings across various regions. 
The MIMIC-IV database contains comprehensive clinical data from patients admitted to intensive care units 
at Beth Israel Deaconess Medical Center between 2008 and 201913. The eICU-CRD contains data from over 
200 hospitals throughout the United States from 2014 to 201514. Access to these de-identified databases was 
granted to researchers who successfully completed the Collaborative Institutional Training Initiative (CITI) 
Program (certification numbers: 60071489 [Zhang] and 52219361 [Tang]). Given the de-identified nature of the 
data, informed consent and ethical approval requirements were waived. Data extraction was performed using 
Structured Query Language (SQL) with PostgreSQL (version 13.0) and Navicat software (version 16.0). For 
patients with multiple measurements of clinical parameters during hospitalization, only the initial values were 
included in the analysis. To ensure data accuracy and reliability, all variable extractions underwent independent 
verification by two researchers. This retrospective study was conducted in accordance with the Strengthening 
the Reporting of Observational Studies in Epidemiology (STROBE) guidelines. The studies involving human 
participants were reviewed and approved by MIMIC-IV and eICU-CRD databases were approved by the 
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institutional review boards of the Massachusetts Institute of Technology and Beth Israel Deaconess Medical 
Center. Written informed consent for participation was not required for this study in accordance with the 
national legislation and the institutional requirements. Informed consent was obtained from all subjects and/or 
their legal guardian(s). Due to the retrospective nature of the study, institutional review board waived the need 
of obtaining informed consent’ in the manuscript.

Data were extracted using a SQL server for patients fitting the study’s inclusion criteria: adults diagnosed with 
HF according to ICD-9 or ICD-10 codes (Supplementary Table 1). The initial dataset comprised a total of 31,855 
heart failure patients, with 15,208 patients from the eICU-CRD database and 16,647 patients from the MIMIC-
IV ICU database. The exclusion criteria applied were patients aged under 18 years, those with ICU stays of less 
than 24 h, and individuals with fewer than three blood pressure measurements. From the eICU-CRD database, 2 
patients were excluded due to age, 3,006 due to ICU stay duration, and 356 due to insufficient BP measurements, 
resulting in 11,844 eligible patients. Similarly, from the MIMIC-IV ICU database, 2,803 patients were excluded 
due to ICU stay duration and 97 due to insufficient BP measurements, leaving 13,747 eligible patients. In total, 
25,591 patients were included in the final analysis after combining the eligible patients from both databases. This 
selection process ensured that the analysis focused on a specific group of individuals relevant to the research 
objectives (Fig. 1). Missing data were handled using multiple imputations, and one randomly selected imputed 
dataset was used for analysis, with detailed missing data patterns provided in Supplementary Table 2.

Assessment of blood pressure variability
Blood pressure measurements were extracted from each database using structured query language. For each 
patient, we calculated 24-h BPV from the first ICU admission using the standard deviation (SD) of all recorded 
values. The coefficient of variation (CV) was calculated as SD divided by mean blood pressure5. These two metrics 
were chosen due to their clinical relevance and ability to measure both absolute and relative variability across 
patients with differing baseline pressures. We assessed systolic blood pressure variability (SBPV), diastolic blood 
pressure variability (DBPV), and blood pressure variability (MBPV) using invasive arterial line measurements 
recorded during the first 24  h of ICU admission. These accurate and real-time measurements allowed us to 
evaluate BPV’s impact on patient outcomes.

Additionally, a detailed breakdown of the frequency of blood pressure measurements is presented in 
Supplementary Table 3, which includes the first values, mean values, SD, variability, and frequency across the 
eICU-CRD and MIMIC-IV databases.

Covariates
We collected comprehensive baseline characteristics including: (1) demographic data: age, sex, and ethnicity 
(White or Other); (2) vital signs: body mass index (BMI), heart rate, SBP, DBP, and MAP; (3) comorbidities: 
hypertension, diabetes, myocardial infarction, atrial fibrillation, stroke, chronic obstructive pulmonary disease 
(COPD), renal failure, and cancer; (4) laboratory tests within the first 24  h of ICU admission: hemoglobin, 
white blood cell count (WBC), platelet count, creatinine, blood urea nitrogen (BUN), potassium, sodium, and 
chloride; (5) treatments: angiotensin converting enzyme inhibitor/angiotensin receptor blockers (ACEI/ARB), 
beta-blockers, calcium channel blockers (CCB), diuretics, vasoactive agents, hemodialysis, and mechanical 
ventilation.

Fig. 1.  Flowchart of patient selection. eICU-CRD, eICU Collaborative Research Database; ICU, intensive care 
unit; MIMIC-IV, medical information mart for intensive care IV; BP, blood pressure.
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Outcomes
The primary outcomes were in-hospital mortality and 30-day all-cause mortality. In-hospital mortality was 
defined as death occurring during the index hospitalization. Thirty-day mortality was defined as death occurring 
within 30 days after ICU admission. Both outcomes were assessed separately in the eICU-CRD and MIMIC-IV 
cohorts. The mortality data were extracted directly from the databases, which maintain comprehensive patient 
outcome records13,14. For patients with multiple ICU admissions, only the outcomes from the first admission 
were considered to avoid potential confounding from repeated measurements.

Statistical analysis
All continuous and categorical variables at baseline were presented as means (SD) and percentages. A Chi-square 
test or independent sample t-test was used to examine the baseline differences between included and excluded 
participants. Descriptive statistics summarized the baseline characteristics of participants. BPV measures (SBPV, 
DBPV, and MBPV) were standardized using z-score transformation to facilitate comparison and interpretation.

We constructed four sequential models to analyze the association between blood pressure variability and 
mortality. Model 1 was unadjusted. Model 2 adjusted for demographic characteristics (age, gender, ethnicity). 
Model 3 adjusted for Model 2 covariates plus vital signs (BMI, heart rate) and comorbidities (hypertension, 
diabetes, myocardial infarction, atrial fibrillation, stroke, COPD, renal failure, cancer). Model 4 was fully adjusted 
by adding laboratory parameters (hemoglobin, WBC, platelet, creatinine, BUN, potassium, sodium, chloride) 
and treatments (ACEI/ARB, beta-blockers, CCB, diuretics, vasoactive agents, hemodialysis, mechanical 
ventilation) to Model 3.

Logistic regression was used to examine the association between BPV and in-hospital mortality, while Cox 
proportional hazards regression was employed to analyze the relationship with 30-day mortality. These regression 
methods were selected as they account for potential confounders and allow for precise estimation of associations 
between BPV and mortality. In the Cox regression analysis, patients who were lost to follow-up were censored at 
their last known status. To visualize survival differences, we constructed Kaplan–Meier survival curves stratified 
by quartiles of BPV measures, with the log-rank test used to assess statistical differences between these curves.

Stratified analyses were performed to evaluate potential effect modifications by key characteristics, including 
database source (eICU-CRD vs MIMIC-IV), age (≤ 65 vs > 65 years), gender (female vs male), race (White vs 
Other), BMI (< 25 vs ≥ 25 kg/m2), comorbidities (hypertension, myocardial infarction, stroke, renal failure), and 
treatments (ACEI/ARB, CCB, vasoactive agents, hemodialysis). Within each stratum, we calculated odds ratios 
(ORs) with 95% confidence intervals (CIs) using the fully adjusted Model 4. Interaction tests were performed to 
assess the presence of effect modification, with a P-value < 0.05 indicating significant interaction. Results were 
presented using forest plots to visualize consistency of associations across strata.

To assess the robustness of our findings, we conducted sensitivity analyses by excluding patients with missing 
data. The primary analysis utilized all available data, while sensitivity analysis was restricted to patients with 
complete data for all variables. We repeated the primary analyses, including fully adjusted models (Model 4) and 
stratified analyses, in this complete-case cohort.

All analyses were performed using R Statistical Software (Version 4.2.2, http://www.R-project.org, The R 
Foundation) and Free Statistics analysis platform (Version 2.0, Beijing, China, ​h​t​t​p​:​/​/​w​w​w​.​c​l​i​n​i​c​a​l​s​c​i​e​n​t​i​s​t​s​.​c​n​/​f​
r​e​e​s​t​a​t​i​s​t​i​c​s​​​​​)​. Statistical significance was set at p < 0.05 for all tests.

Results
Baseline demographic and clinical characteristics
The study included 25,591 heart failure patients, with significant differences between the eICU-CRD (11,844) and 
MIMIC-IV (13,747) cohorts (Table 1). The MIMIC-IV cohort was older (median age 74 vs. 72 years, P < 0.001) 
and had a higher percentage of males (56.2% vs. 52.9%, P < 0.001). Racial composition varied, with more White 
patients in the eICU-CRD cohort (74.3% vs. 68.4%, P < 0.001). The MIMIC-IV cohort exhibited higher rates 
of hypertension (85.7% vs. 63.9%, P < 0.001), diabetes (41.2% vs. 20.2%, P < 0.001), and other comorbidities. 
Vital signs and lab results also differed, with the MIMIC-IV group showing lower blood pressure variability and 
worse renal function markers. Treatment differences were marked, with more frequent use of ACEI/ARB, beta-
blockers, and mechanical ventilation in the MIMIC-IV cohort. Mortality rates were higher in the MIMIC-IV 
group for both in-hospital (16.4% vs. 12.8%, P < 0.001) and 30-day mortality (21.6% vs. 12.3%, P < 0.001).

Association between BP variability and in-hospital, 30-day mortality
In the fully adjusted logistic and Cox regression models (Model 4) (Table 2), SBPV, DPBV, and MBPV were all 
significantly associated with increased in-hospital and 30-day mortality. In Model 4, the odds ratio (OR) for in-
hospital mortality was 1.56 (95% CI 1.51–1.62) for SBPV, 1.21 (95% CI 1.16–1.25) for DBPV, and 1.42 (95% CI 
1.37–1.48) for MBPV. The hazard ratio (HR) for 30-day mortality in Model 4 was 1.37 (95% CI 1.33–1.41) for 
SBPV, 1.15 (95% CI 1.12–1.19) for DBPV, and 1.3 (95% CI 1.27–1.34) for MBPV. In all BPV quartiles, higher 
BPV was associated with increased mortality risk compared to the reference quartile.

For SBPV, DBPV, and MBPV (Fig. 2), survival analysis reveals that patients in higher quartiles (Q3 and Q4) 
experience a more rapid decline in survival probability compared to those in lower quartiles (Q1 and Q2), with 
significant differences observed (P < 0.001). The survival probability consistently decreases more quickly in the 
higher BPV quartiles across all BPV measures, with Q4 showing the lowest survival probability by the end of the 
30-day follow-up period.
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Stratified analysis
Across all subgroups, no significant differences were observed between groups, indicating consistent associations 
between BPV and mortality risk. The HR and OR for each subgroup remained statistically significant 
(Supplementary Figs. 1–6).

Variables Total (n = 25 591) eICU (n = 11 844) MIMIC-IV (n = 13 747) P value

Demographics

 Age, (year) 73.0 (63.0, 82.0) 72.0 (62.0, 81.0) 74.0 (65.0, 83.0)  < 0.001

 Gender male, n (%) 13,986 (54.7) 6265 (52.9) 7721 (56.2)  < 0.001

 Ethnicity, n (%)  < 0.001

  White 18,204 (71.1) 8806 (74.3) 9398 (68.4)

  Other 7387 (28.9) 3038 (25.7) 4349 (31.6)

Vital signs

 BMI, (kg/m2) 28.2 (24.0, 33.2) 28.4 (24.2, 33.5) 27.9 (24.0, 32.8)  < 0.001

 Heart rate, (min−1) 86.0 (74.0, 101.0) 86.0 (74.0, 102.0) 85.0 (74.0, 100.0) 0.057

 SBP, (mmHg) 119.0 (103.0, 138.0) 120.0 (102.0, 140.0) 119.0 (103.0, 137.0) 0.064

 SBPV 0.1 (0.1, 0.2) 0.1 (0.1, 0.2) 0.1 (0.1, 0.1)  < 0.001

 DBP, (mmHg) 65.0 (54.0, 78.0) 66.0 (55.0, 79.0) 64.0 (54.0, 77.0)  < 0.001

 DBPV 0.2 (0.1, 0.2) 0.2 (0.1, 0.2) 0.2 (0.1, 0.2) 0.102

 MBP, (mmHg) 81.0 (69.0, 94.0) 81.0 (69.0, 96.0) 80.0 (69.0, 93.0)  < 0.001

 MBPV 0.1 (0.1, 0.2) 0.2 (0.1, 0.2) 0.1 (0.1, 0.2)  < 0.001

Co-morbidities, n (%)

 Hypertension 19,353 (75.6) 7572 (63.9) 11,781 (85.7)  < 0.001

 Diabetes 8050 (31.5) 2389 (20.2) 5661 (41.2)  < 0.001

 Myocardial infarction 6662 (26.0) 2044 (17.3) 4618 (33.6)  < 0.001

 Atrial fibrillation 10,865 (42.5) 2984 (25.2) 7881 (57.3)  < 0.001

 Stroke 2101 (8.2) 17 (0.1) 2084 (15.2)  < 0.001

 COPD 8224 (32.1) 3245 (27.4) 4979 (36.2)  < 0.001

 Renal failure 6662 (26.0) 1268 (10.7) 5394 (39.2)  < 0.001

 Cancer 1897 (7.4) 424 (3.6) 1473 (10.7)  < 0.001

Laboratory tests

 Hemoglobin, (g/dl) 10.2 (8.6, 11.9) 10.3 (8.7, 12.1) 10.1 (8.6, 11.8) 0.002

 WBC, (K/μL) 10.4 (7.6, 14.5) 10.0 (7.4, 13.8) 10.8 (7.8, 15.0)  < 0.001

 Platelet, (K/μL) 191.0 (142.0, 253.0) 192.0 (144.0, 250.0) 191.0 (140.0, 255.0) 0.534

 Creatinine, (mg/dl) 1.3 (0.9, 2.1) 1.4 (1.0, 2.2) 1.2 (0.9, 1.9)  < 0.001

 BUN, (mg/dl) 28.0 (18.0, 45.0) 30.0 (20.0, 47.0) 26.0 (17.0, 44.0)  < 0.001

 Potassium, (mmol/L) 4.2 (3.8, 4.6) 4.1 (3.7, 4.6) 4.2 (3.8, 4.7)  < 0.001

 Sodium, (mmol/L) 138.0 (135.0, 141.0) 138.0 (135.0, 141.0) 139.0 (136.0, 141.0)  < 0.001

 Chloride, (mmol/L) 102.0 (98.0, 106.0) 102.0 (98.0, 106.0) 103.0 (98.0, 107.0)  < 0.001

Treatments, n (%)

 ACEI/ARB 4189 (16.4) 1435 (12.1) 2754 (20)  < 0.001

 Beta-blockers 12,171 (47.6) 2690 (22.7) 9481 (69)  < 0.001

 CCB 4612 (18.0) 881 (7.4) 3731 (27.1)  < 0.001

 Diuretics 15,423 (60.3) 5144 (43.4) 10,279 (74.8)  < 0.001

 Vasoactive agents 10,822 (42.3) 2143 (18.1) 8679 (63.1)  < 0.001

 Hemodialysis 2234 (8.7) 626 (5.3) 1608 (11.7)  < 0.001

 Mechanical ventilation 16,418 (64.2) 4101 (34.6) 12,317 (89.6)  < 0.001

Mortality, n (%)

 In-hospital 3767 (14.7) 1511 (12.8) 2256 (16.4)  < 0.001

 30-day 4427 (17.3) 1452 (12.3) 2975 (21.6)  < 0.001

Table 1.  Baseline characteristics of participants by database. ICU, intensive care unit; MIMIC-IV, medical 
information mart for intensive care IV; BMI, body mass index; SBP, systolic blood pressure; SBPV, systolic 
blood pressure variability; DBP, biastolic blood pressure; DBPV, biastolic blood pressure variability; MBP, 
mean blood pressure; MBPV, mean blood pressure variability; ICU, intensive care unit; SOFA, sequential organ 
failure assessment; COPD, chronic obstructive pulmonary disease; WBC, white blood cell; BUN, blood urea 
nitrogen; ACEI/ARB, angiotensin converting enzyme inhibitors/angiotension receptor blockers; CCB, calcium 
channel blocker.
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Sensitivity analysis
The sensitivity analysis (Table 3) illustrates the associations between BPV and in-hospital and 30-day mortality 
using logistic and Cox regression models after excluding missing data. The results consistently demonstrate that 
higher SBPV, DBPV, and MBPV are significantly associated with increased risks of both in-hospital and 30-day 
mortality across all models. The fully adjusted Model 4 shows that these associations remain robust, with higher 
BPV quartiles indicating progressively greater mortality risks compared to the lowest quartile.

Discussion
In this large multicenter cohort study of 25,591 heart failure patients from two critical care databases, we found 
that increased BPV was independently associated with higher risks of both in-hospital and 30-day mortality. 
After full adjustment for potential confounders, each standard deviation increase in SBPV, DPBV, and MBPV 
was associated with 56% (OR 1.56, 95% CI 1.51–1.62), 21% (OR 1.21, 95% CI 1.16–1.25), and 42% (OR 1.42, 
95% CI 1.37–1.48) higher odds of in-hospital mortality, respectively. Similar associations were observed for 30-
day mortality, with hazard ratios of 1.37 (95% CI 1.33–1.41) for SBPV, 1.15 (95% CI 1.12–1.19) for DBPV, and 

Fig. 2.  Kaplan–Meier survival curves for 30-day mortality, stratified by BPV quartiles: (A) SBPV quartiles; (B) 
DBPV quartiles; (C) MBPV quartiles. BPV, blood pressure variability; SBPV, systolic blood pressure variability; 
DBPV, diastolic blood pressure variability; MBPV, mean blood pressure variability.

 

BPV

In-hospital mortality, OR (95% CI) 30-day mortality, HR (95% CI)

Model 1 Model 2 Model 3 Model 4 Model 1 Model 2 Model 3 Model 4

SBPV* 1.61 (1.55–1.66) 1.61 (1.56–1.67) 1.64 (1.58–1.69) 1.56 (1.51–1.62) 1.41 (1.37–1.44) 1.41 (1.37–1.44) 1.43 (1.39–1.47) 1.37 (1.33–1.41)

SBPV quartiles

 Q1 (Reference) (Reference) (Reference) (Reference) (Reference) (Reference) (Reference) (Reference)

 Q2 1.37 (1.22–1.54) 1.33 (1.19–1.5) 1.32 (1.17–1.49) 1.25 (1.1–1.41) 1.18 (1.07–1.3) 1.14 (1.03–1.25) 1.13 (1.02–1.24) 1.05 (0.96–1.16)

 Q3 2.03 (1.81–2.26) 1.98 (1.77–2.21) 1.95 (1.74–2.18) 1.77 (1.57–2) 1.52 (1.38–1.66) 1.45 (1.33–1.59) 1.43 (1.3–1.56) 1.3 (1.19–1.43)

 Q4 3.4 (3.06–3.78) 3.36 (3.02–3.74) 3.45 (3.1–3.85) 2.96 (2.64–3.31) 2.27 (2.08–2.47) 2.2 (2.01–2.39) 2.24 (2.06–2.44) 1.91 (1.75–2.09)

 DBPV* 1.28 (1.24–1.33) 1.24 (1.2–1.28) 1.25 (1.21–1.3) 1.21 (1.16–1.25) 1.25 (1.21–1.28) 1.17 (1.14–1.21) 1.18 (1.15–1.22) 1.15 (1.12–1.19)

DBPV quartiles

 Q1 (Reference) (Reference) (Reference) (Reference) (Reference) (Reference) (Reference) (Reference)

 Q2 1.34 (1.21–1.49) 1.29 (1.16–1.43) 1.26 (1.13–1.41) 1.22 (1.09–1.37) 1.28 (1.17–1.4) 1.2 (1.09–1.31) 1.17 (1.07–1.28) 1.13 (1.03–1.24)

 Q3 1.55 (1.39–1.72) 1.45 (1.3–1.61) 1.42 (1.28–1.58) 1.33 (1.18–1.48) 1.43 (1.31–1.57) 1.29 (1.18–1.41) 1.26 (1.15–1.38) 1.17 (1.07–1.29)

 Q4 2.01 (1.81–2.22) 1.79 (1.62–1.99) 1.81 (1.62–2.01) 1.65 (1.48–1.85) 1.84 (1.69–2.01) 1.54 (1.41–1.68) 1.53 (1.4–1.68) 1.43 (1.31–1.57)

 MBPV* 1.45 (1.41–1.5) 1.44 (1.39–1.49) 1.47 (1.42–1.52) 1.42 (1.37–1.48) 1.33 (1.3–1.36) 1.31 (1.27–1.34) 1.34 (1.3–1.37) 1.30 (1.27–1.34)

MBPV quartiles

 Q1 (Reference) (Reference) (Reference) (Reference) (Reference) (Reference) (Reference) (Reference)

 Q2 1.44 (1.29–1.61) 1.40 (1.25–1.56) 1.39 (1.24–1.55) 1.37 (1.21–1.54) 1.32 (1.21–1.45) 1.27 (1.16–1.39) 1.26 (1.15–1.38) 1.24 (1.13–1.36)

 Q3 1.68 (1.51–1.88) 1.62 (1.45–1.81) 1.62 (1.45–1.81) 1.52 (1.36–1.71) 1.43 (1.31–1.57) 1.33 (1.22–1.46) 1.33 (1.21–1.46) 1.26 (1.15–1.38)

 Q4 2.59 (2.34–2.88) 2.49 (2.24–2.77) 2.58 (2.31–2.86) 2.42 (2.16–2.71) 2.06 (1.89–2.24) 1.89 (1.73–2.06) 1.96 (1.8–2.14) 1.86 (1.7–2.03)

Table 2.  Associations between BPV and in-hospital, 30-day mortality in the Logistic and Cox regression 
model. BPV, blood pressure variability; SBPV, systolic blood pressure variability; DBPV, diastolic blood 
pressure variability; MBPV, mean blood pressure variability; OR, odds ratio; CI, confidence interval; HR, 
hazard ratio. *SBPV, DBPV, and MBPV as continuous variables are standardized (z-transformed). Model 1 
adjusted for none; Model 2 adjusted for covariates included in demographics; Model 3 adjusted for Model 
2 plus covariates included in vital signs and comorbidities; Model 4 adjusted for Model 3 plus covariates 
included in laboratory tests and treatments.
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1.30 (95% CI 1.27–1.34) for MBPV. These associations remained consistent across various subgroups including 
age, gender, ethnicity, and comorbidities. Sensitivity analyses excluding patients with missing data confirmed the 
robustness of these findings.

Our findings extend existing literature on BPV in cardiovascular diseases, focusing on HF patients in the ICU. 
Muntner et al. (2015) found visit-to-visit SBPV was associated with all-cause mortality in the general population, 
with HR of 1.1 to 1.4, lower than the stronger associations observed in our study. These differences may be 
due to the unique pathophysiology of HF, where autonomic dysfunction and altered baroreceptor sensitivity 
amplify BPV’s adverse effects. Additionally, our study aligns with Stevens et al. (2021), who demonstrated BPV’s 
prognostic value in hypertensive patients. However, our findings differ by focusing on critically ill HF patients, 
where the acute nature of BPV—exacerbated by medical interventions and clinical instability—may increase its 
prognostic significance. This underscores BPV’s potential as a predictive marker in more vulnerable populations.

The biological mechanisms underlying the association between BPV and mortality in heart failure patients are 
likely multifaceted. Previous research has revealed that increased BPV may reflect impaired autonomic function 
and baroreceptor sensitivity. Stevens et al. demonstrated that blood pressure fluctuations trigger inflammatory 
responses and oxidative stress, potentially contributing to organ dysfunction in critical illness. Additionally, 
increased BPV is associated with microcirculatory dysfunction and tissue hypoperfusion. These mechanisms 
may be particularly relevant in heart failure patients, where compromised cardiovascular reserve amplifies the 
adverse effects of BP fluctuations.

The pathophysiological impact of BPV in HF appears to be distinct from other cardiovascular conditions. 
HF patients exhibit unique patterns of autonomic dysfunction that may make them particularly susceptible to 
the adverse effects of BP fluctuations15. Parati et al. demonstrated through hemodynamic monitoring that BPV 
in HF patients is closely linked to variations in cardiac output and systemic vascular resistance16. Furthermore, 
increased BPV is associated with higher levels of neurohormonal activation and inflammatory markers in HF 
patients compared to other cardiovascular conditions17,18.

The clinical implications of our findings are substantial. Meta-analyses suggest that incorporating BPV 
assessment into risk stratification models could improve prognostic accuracy in cardiovascular patients19. Recent 
studies have shown that continuous BP monitoring and variability assessment might help identify patients at 
risk of acute decompensation earlier than traditional monitoring approaches20. This is particularly relevant in 
the critical care setting, where early identification of high-risk patients could enable more timely interventions. 
Additionally, emerging evidence suggests that BPV-guided therapy might represent a novel therapeutic target 
in HF management21,22.

The differential associations we observed across BP parameters have important implications for monitoring 
strategies. The stronger association of systolic BPV with outcomes aligns with previous studies demonstrating 
SBPV to be a more sensitive marker of cardiovascular dysfunction23,24. The ADVANCE trial showed that SBPV 

BPV

In-hospital mortality, OR (95% CI) 30-day mortality, HR (95% CI)

Model 1 Model 2 Model 3 Model 4 Model 1 Model 2 Model 3 Model 4

SBPV* 1.59 (1.53–1.65) 1.59 (1.53–1.65) 1.62 (1.56–1.68) 1.54 (1.48–1.61) 1.41 (1.37–1.45) 1.4 (1.36–1.45) 1.42 (1.38–1.47) 1.37 (1.33–1.41)

SBPV quartiles

 Q1 (Reference) (Reference) (Reference) (Reference) (Reference) (Reference) (Reference) (Reference)

 Q2 1.53 (1.34–1.75) 1.49 (1.3–1.7) 1.47 (1.28–1.68) 1.37 (1.19–1.57) 1.28 (1.15–1.42) 1.23 (1.1–1.37) 1.21 (1.09–1.35) 1.11 (1–1.24)

 Q3 2.17 (1.91–2.46) 2.11 (1.86–2.4) 2.06 (1.82–2.35) 1.87 (1.64–2.14) 1.64 (1.48–1.82) 1.58 (1.42–1.75) 1.53 (1.38–1.7) 1.39 (1.25–1.55)

 Q4 3.51 (3.12–3.96) 3.46 (3.06–3.91) 3.53 (3.12–3.99) 3.00 (2.63–3.42) 2.39 (2.16–2.63) 2.32 (2.1–2.56) 2.33 (2.11–2.57) 1.99 (1.8–2.2)

 DBPV* 1.26 (1.21–1.31) 1.22 (1.17–1.27) 1.23 (1.19–1.28) 1.19 (1.14–1.24) 1.23 (1.19–1.27) 1.17 (1.14–1.21) 1.18 (1.14–1.22) 1.15 (1.11–1.19)

DBPV quartiles

 Q1 (Reference) (Reference) (Reference) (Reference) (Reference) (Reference) (Reference) (Reference)

 Q2 1.35 (1.2–1.52) 1.29 (1.15–1.46) 1.27 (1.12–1.43) 1.21 (1.07–1.38) 1.27 (1.14–1.4) 1.17 (1.14–1.21) 1.16 (1.05–1.29) 1.11 (1–1.23)

 Q3 1.51 (1.34–1.7) 1.42 (1.27–1.6) 1.4 (1.24–1.58) 1.3 (1.15–1.48) 1.38 (1.25–1.53) 1.2 (1.08–1.32) 1.23 (1.11–1.37) 1.15 (1.04–1.28)

 Q4 1.89 (1.69–2.12) 1.71 (1.52–1.92) 1.73 (1.53–1.95) 1.57 (1.38–1.78) 1.75 (1.59–1.93) 1.26 (1.14–1.4) 1.5 (1.35–1.66) 1.4 (1.26–1.54)

 MBPV* 1.43 (1.38–1.48) 1.42 (1.36–1.47) 1.45 (1.4–1.51) 1.41 (1.35–1.47) 1.32 (1.28–1.36) 1.3 (1.26–1.34) 1.33 (1.29–1.37) 1.30 (1.26–1.35)

MBPV quartiles

 Q1 (Reference) (Reference) (Reference) (Reference) (Reference) (Reference) (Reference) (Reference)

 Q2 1.45 (1.28–1.64) 1.41 (1.25–1.6) 1.4 (1.23–1.58) 1.38 (1.21–1.58) 1.32 (1.19–1.46) 1.27 (1.15–1.41) 1.26 (1.14–1.4) 1.25 (1.13–1.39)

 Q3 1.61 (1.43–1.82) 1.56 (1.38–1.76) 1.55 (1.37–1.76) 1.48 (1.3–1.68) 1.39 (1.25–1.54) 1.31 (1.18–1.45) 1.3 (1.17–1.44) 1.26 (1.13–1.39)

 Q4 2.48 (2.21–2.78) 2.39 (2.12–2.68) 2.49 (2.21–2.8) 2.34 (2.06–2.65) 2 (1.82–2.21) 1.87 (1.69–2.06) 1.95 (1.77–2.15) 1.86 (1.68–2.05)

Table 3.  Associations between BPV and in-hospital, 30-day mortality after excluding missing data. BPV, 
blood pressure variability; SBPV, systolic blood pressure variability; DBPV, diastolic blood pressure variability; 
MBPV, mean blood pressure variability; OR, odds ratio; CI, confidence interval; HR, hazard ratio; Ref, 
reference. * SBPV, DBPV, and MBPV as continuous variables are standardized (z-transformed). Model 1 
adjusted for none; Model 2 adjusted for covariates included in demographics; Model 3 adjusted for Model 
2 plus covariates included in vital signs and comorbidities; Model 4 adjusted for Model 3 plus covariates 
included in laboratory tests and treatments. Plus covariates included in laboratory tests and treatments.
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was independently associated with cardiovascular events and mortality in high-risk patients25. Similarly, the 
ALLHAT study found that visit-to-visit variability in SBPV was a stronger predictor of outcomes than diastolic 
variability26.

Our findings regarding the timing of BPV assessment are particularly noteworthy. The strong associations 
observed during the first 24  h of ICU admission suggest that early BPV assessment may be crucial for risk 
stratification. This aligns with previous studies showing that early hemodynamic patterns predict outcomes in 
critical illness27,28. The persistence of these associations after adjustment for MBP and other risk factors supports 
the independent prognostic value of BPV.

The impact of comorbidities on the relationship between BPV and outcomes deserves special consideration. 
Our stratified analyses revealed consistent associations across different patient subgroups, supporting the 
robustness of BPV as a prognostic marker. This finding extends previous work showing that BPV predicts 
outcomes in various cardiovascular conditions2,29. The stronger associations observed in certain subgroups may 
reflect underlying pathophysiological differences or varying degrees of cardiovascular reserve.

Advantages and limitations
The present investigation offers several methodological innovations that advance the understanding of BPV 
in critical care settings. First, the concurrent analysis of two large-scale critical care databases (MIMIC-IV 
and eICU-CRD) yielded both a demographically diverse patient population and enhanced external validity 
for our findings. Second, the study extended beyond conventional single-parameter approaches through 
comprehensive assessment of variability across multiple BP components (systolic, diastolic, and mean arterial 
pressure), facilitating a more nuanced understanding of hemodynamic instability. Third, the implementation 
of standardized BPV measures through z-score transformation addressed a methodological gap in the current 
literature regarding the comparability of BP parameters21. Additionally, the dual-model analytical approach, 
incorporating both logistic regression and Cox proportional hazards models, enabled comprehensive temporal 
assessment of BPV’s relationship with patient outcomes.

Several limitations should be acknowledged. First, despite comprehensive adjustment for confounders, the 
retrospective nature of our study prevents causal inference30. Second, electronic health record data may contain 
systematic biases affecting BP measurements31. Third, we could not assess the impact of newer heart failure 
therapies on BPV due to the study period. Fourth, our study population was limited to ICU patients, potentially 
affecting generalizability to less severe cases. Fifth, we lacked detailed data on medication timing and adherence, 
which could influence BPV32.

Conclusions
In this large multicenter cohort study, we demonstrated that elevated BPV exhibited a robust independent 
association with increased risks of both in-hospital and 30-day mortality among patients with heart failure. 
Furthermore, SBPV demonstrated superior prognostic value compared with other BP parameters. The integration 
of BPV assessment into routine monitoring protocols could potentially enhance risk stratification and facilitate 
the optimization of management strategies for HF patients in the intensive care setting. Further investigation is 
warranted to establish standardized BPV measurement protocols and evaluate targeted interventions for BPV 
reduction in HF patients, with the ultimate goal of improving clinical outcomes in this vulnerable population.

Data availability
The data were available on the MIMIC-IV website at https://mimic.physionet.org/, ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​3​0​2​6​/​C​2​
H​M​2​Q​​​​ and eICU-CRD at. The data in thisarticle can be reasonably applied to the corresponding author.
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