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ARTICLE INFO ABSTRACT

Keywords: Background: Heart rate (HR) abnormalities are common in critically ill patients, but the signifi-
Critical care ) cance of HR fluctuation in sepsis remains unclear. We aimed to assess the association of HR
Heart rate fluctuation fluctuation with intensive care unit (ICU) mortality, hospital mortality, and 28-day mortality in
SMegrstlZth patients with sepsis and identify the cutoff value of HR fluctuation associated with the lowest risk

of death.

Methods: We conducted a retrospective cohort study using the medical information mart for the
intensive care IV database. HR fluctuation, defined as the difference between maximum and
minimum HR within the first 24 h of ICU admission, was analyzed for its association with out-
comes using restricted cubic spline and multivariable Cox regression models.

Results: Among 24,419 eligible patients with sepsis, HR fluctuation showed a J-shaped association
with ICU mortality, hospital mortality, and 28-day mortality. The high HR fluctuation group (>
35 bpm) had a significantly increased risk of ICU mortality ([hazard ratio, 95% confidence in-
terval] 1.12,1.02-1.22, P = 0.013), hospital mortality (1.10,1.02-1.19, P = 0.013), and 28-day
mortality (1.11,1.03-1.20, P = 0.007) compared to the control group (HR fluctuation 25-34
bpm). The low HR fluctuation group (< 25 bpm) showed no significant difference in the risk of
mortality compared to the control group.

Conclusions: Our large-sample study suggests that early high HR fluctuation is indicative of poor
prognosis in critically ill patients with sepsis. Early HR fluctuation may serve as a readily
available “high-risk alert system” influencing therapeutic decision-making.

Large-sample data

1. Introduction

Sepsis, characterized by life-threatening organ dysfunction caused by the host’s immune response to infection [1,2], represents a
significant global health challenge. A preliminary extrapolation estimated that 31.5 million sepsis cases and 19.4 million severe sepsis
cases occur annually worldwide, with a potential death toll of 5.3 million [3]. In the United States, sepsis affects over 1.7 million
patients annually, contributing to more than 50% of hospital mortality and accounting for approximately 5.2% ($20 billion) of total
hospital costs [4,5]. Thus, early recognition, severity classification, and risk stratification are vital for improving patient outcomes.

Heart rate (HR) is a fundamental vital sign regulated by the autonomic nervous system, reflecting the body’s metabolic demands [6,
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7]. In the intensive care unit (ICU), patients with sepsis may experience dysregulated heart rate circadian rhythm due to several factors:
(1) sepsis-related circulatory dysfunction; (2) sepsis treatments, including vasopressors, sedatives, mechanical ventilation, and other
organ support therapies; (3) ICU environment, exposing patients to varying levels of light and sound.

HR variability is commonly used to assess circadian rhythm dysregulation in heart rate. Growing evidence suggests that reduced or
abnormal HR variability might increase the risk of mortality among patients with sepsis [8-10]. Recently, the concept of HR fluc-
tuation has emerged as a simpler and more direct indicator, defined as the difference between maximum and minimum HR within 24 h.
To date, limited studies have explored the association between different HR fluctuation levels and disease prognosis. Some studies have
shown that HR fluctuation is associated with short- and long-term mortality risk in patients with chronic heart failure, myocardial
infarction, and critically ill patients in the ICU [11-13]. Nevertheless, it remains unclear what the magnitude of HR fluctuation means
to patients with sepsis. Therefore, our study aimed to investigate the association of different HR fluctuation levels with ICU mortality,
hospital mortality, and 28-day mortality. Additionally, we aimed to identify the cutoff value of HR fluctuation associated with the
lowest risk of death in critically ill patients with sepsis.

2. Materials and methods
2.1. Study design and participants

This retrospective cohort study utilized the medical information mart for intensive care IV (MIMIC-1V, version 1.0). The MIMIC-IV
database comprises 76,540 ICU stays from a tertiary hospital (2008-2019), encompassing various clinical variables such as de-
mographics, comorbidities, physical measurements, laboratory results, imaging, diagnoses, medication/interventions, and survival
data [14]. Inclusion criteria involved patients aged 18 years or older diagnosed with sepsis according to the sepsis 3.0 definition [15,
16]. Only patients with available HR records and key variables measured within the first 24 h of ICU admission were considered. In
cases of multiple ICU stay records, only the initial record was selected. Patients with ICU stays shorter than 24 h were excluded. We
obtained authorization to access the MIMIC IV database (Date of Agreement: April 12, 2021). The individual information of the pa-
tients included in this database was anonymous, and ethical review and informed consent were waived.

2.2. Data extraction

The MIMIC-IV (v1.0) database, developed and managed by the MIT Computational Physiology Laboratory, is accessible on
PhysioNet—an online platform for sharing biomedical signal recordings and open-source software for analysis [14]. Data extraction
for this study was conducted by author Yang, who completed the Collaborative Institutional Training Initiative (CITI) course and
obtained certification (number: 42,061,840) for the “Conflicts of Interest” and “Data or Specimens Only Research” exams. PostgreSQL
software (v13.0) and Navicate Premium software (v 15.0) were used for data extraction by running Structured Query Language (SQL).
The codes used for calculating demographic characteristics, laboratory indicators, comorbidities, and severity scores were obtained
from the GitHub repository (https://github.com/MIT-LCP/mimic-code).

The following clinical variables were extracted for analysis: baseline variables measured within 24 h of ICU admission, including
demographics (age, sex, weight, race), vital signs (heart rate, respiratory rate, systolic blood pressure, diastolic blood pressure, mean
arterial pressure [MAP], temperature, saturation of pulse oxygen [SpO2]), disease severity (Sequential Organ Failure score [SOFA],
Charlson comorbidity index [CCI]), care unit type, comorbidities (hypertension, myocardial infarction, heart failure, chronic pul-
monary disease, cerebrovascular disease, liver disease, renal disease, diabetes, cancer), source of infection, laboratory findings (white
blood cell count, hemoglobin, platelets, serum creatinine, blood urea nitrogen, serum glucose, prothrombin time, serum potassium,
serum sodium, serum chlorine), and clinical treatments (vasopressor[including norepinephrine, epinephrine, dopamine, and dobut-
amine], mechanical ventilation, renal replacement therapy [RRT]). Outcome variables included ICU mortality, hospital mortality, 28-
day mortality, ICU length of stay (ICU LOS), and hospital length of stay (hospital LOS).

2.3. Exposure, follow-up, and outcomes

HR fluctuation was determined by subtracting the minimum HR from the maximum HR within the initial 24 h of ICU admission
[17]. The HR fluctuation was categorized into three groups, with a reference range (control group) defined as 25-34 bpm. The low HR
fluctuation group was defined as < 25 bpm, while the high HR fluctuation group was defined as > 35 bpm [18].

The primary outcome was ICU mortality, and secondary outcomes included hospital mortality, 28-day mortality, ICU length of stay,
and hospital length of stay.

The follow-up period started at ICU admission, with different endpoints based on the outcome measures. The ICU mortality
endpoint was patient death or ICU discharge, whichever came first. The hospital mortality endpoint was patient death or hospital
discharge, whichever came first. For 28-day mortality, the endpoint was patient death or admission within 28 days after ICU admission
(day 0), whichever came first.

2.4. Statistical analysis

Normally distributed continuous variables were reported as mean + standard deviation (SD), while abnormally distributed
continuous variables were presented as medians and interquartile ranges (IQRs). Group comparisons for continuous variables were
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conducted using an F test or Kruskal-Wallis test based on variable distribution. Classification variables were expressed as numbers and
percentages, and group differences were assessed using chi-square or Fisher’s exact test, as appropriate.

We assessed the nonlinear association of HR fluctuation as a continuous exposure with a given outcome. First, potential con-
founders were selected based on biological plausibility, risk factors identified in the literature or >10% change in relative risk in our
study (Supplementary Table S1), and multivariable analysis was utilized to control for confounding variables. Second, restricted cubic
splines were applied to investigate the association between HR fluctuation and the outcome. The spline models included full covariate
adjustment, and the number of knots was determined using 3-5 knots and selecting the optimal model based on the minimized Akaike
information criterion [19]. Furthermore, to determine the cutoff value of HR fluctuation, a two-line piecewise linear model with a
single “change point” was estimated by testing all possible values and selecting the value with the highest likelihood.

We further examined the association of HR fluctuation as a categorical variable with a given outcome. The risks of mortality were
compared by log-rank test in the low and high HR fluctuation against the control group in Kaplan-Meier survival analysis and
multivariable Cox models were used to determine hazard ratios (HRs) and 95% confidential intervals (95%CIs). Furthermore, out-
comes of ICU LOS and hospital LOS were categorized by the median, followed by conducting multivariable logistic regression models
to obtain odds ratios (ORs) and 95%CIs.

Predefined subgroup analyses were conducted to assess the effect of HR fluctuation on mortality based on the direction of HR
fluctuation (“Decrease” [highest heart rate precedes lowest heart rate] vs “Increase” [highest heart rate follows lowest heart rate]);
congestive heart failure (Yes vs No); myocardial infarct (Yes vs No), hypertension (Yes vs No). Two sensitivity analyses were performed
to test the robustness of the study: excluding patients with outlier heart rate values (< 40 bpm or > 180 bpm) and utilizing propensity
score matching (PSM) to control for confounding factors. Before conducting PSM, patients were categorized into two groups based on
HR fluctuation: HR fluctuation < 35 bpm and HR fluctuation > 35 bpm. Propensity scores were estimated using a multivariable logistic
regression model. One-to-one nearest neighbor matching with a caliper width of 0.25 was performed. Hazard ratios (95%Cls) were
obtained from conditional Cox models in the matched cohort.

In addition, logistic regressions were performed to analyze the impact of baseline risk factors on the cutoff value of HR fluctuation.
Clinically relevant variables or those showing an univariable association (p < 0.10) were included in the multivariable logistic
regression model. The results were presented as ORs with corresponding 95%ClIs.

Statistical significance was defined as a two-sided p value < 0.05. All analyses were conducted using R software (v 4.0.4) and
STATA (v 16.0).

MIMIC-IV database (v1.0)
76,540 ICU stay records

35,010 ICU stay records enrolled:
e Age = 18 years
e Diagnosed by sepsis 3.0

e AN
/7,871 ICU stay records excluded: \
Repetitive ICU admission records for each patient |
e —— —— — — — — — — — — — - /
27,139 ICU stay records
m—————————

N\
2,720 ICU stay records excluded: |

{
Length of ICU stay < 24 hours |

\ v

24,419 ICU stay records

| !

Control group Low HR fluctuation group High HR fluctuation group
25-34 bpm <25 bpm = 35 bpm
n=7,195 n=7,257 n=9,967

Fig. 1. Flowchart of the study. MMIC-IV, Medical Information Mart for Intensive Care IV; ICU, intensive care unit; HR, heart rate; bpm, beats
per minute.
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Table 1
Baseline characteristics among different heart rate (HR) fluctuation groups.
Variables Control group: Low HR fluctuation group: < 25 High HR fluctuation group: > 35 Overall (n = p
25-34 bpm (n = bpm (n = 7,257) bpm (n = 9,967) 24,419)
7,195)
Demographics
Age, year, median (IQR) 68.0 [57.0, 79.0] 69.0 [58.0, 79.0] 68.0 [56.0, 79.0] 68.0 [57.0, <0.001
79.0]
Male, no. (%) 4,200 (58.4) 4,234 (58.3) 5,711 (57.3) 14,145 (57.9) 0.257
Weight, kg, median (IQR) 79.4[67.2,95.3]  81.0 [68.1, 96.1] 78.5 [66.0, 93.2] 79.4 [67.0, <0.001
94.9]
Ethnicity, no. (%) <0.001
White 4,918 (68.4) 4,986 (68.7) 6,559 (65.8) 16,463 (67.4)
Black 577 (8.0) 688 (9.5) 827 (8.3) 2,092 (8.6)
Others 1,700 (23.6) 1,583 (21.8) 2,581 (25.9) 5,864 (24.0)
Severity of disease
SOFA, median (IQR) 3.0 [2.0, 4.0] 3.0 [2.0, 5.0] 3.0 [2.0, 4.0] 3.0 [2.0, 4.0] <0.001
Charlson comorbidity index, 2.0 [1.0, 4.0] 3.0 [1.0, 5.0] 2.0 [1.0, 4.0] 3.0 [1.0, 4.0] <0.001
median (IQR)
Admission ICU unit <0.001
CVICU/CCU, no. (%) 2,348 (32.6) 2,543 (35.0) 2,528 (25.4) 7,419 (30.4)
MICU/SICU, no. (%) 3,748 (52.1) 3,896 (53.7) 5,663 (56.8) 13,307 (54.5)
Others, no. (%) 1,099 (15.3) 818 (11.3) 1,776 (17.8) 3,693 (15.1)
Comorbidities
Congestive heart failure, no. (%) 2,019 (28.1) 2,517 (34.7) 2,953 (29.6) 7,489 (30.7) <0.001
Myocardial infarct, no. (%) 1,286 (17.9) 1,400 (19.3) 1,714 (17.2) 4,400 (18.0) 0.002
Hypertension, no. (%) 3,157 (43.9) 2,959 (40.8) 4,143 (41.6) 10,259 (42.0) <0.001
Chronic pulmonary disease, no. 1,905 (26.5) 1,988 (27.4) 2,574 (25.8) 6,467 (26.5) 0.070
(%)
Diabetes, no. (%) 2,181 (30.3) 2,517 (34.7) 2,793 (28.0) 7,491 (30.7) <0.001
Renal disease, no. (%) 1,490 (20.7) 1,996 (27.5) 2,005 (20.1) 5,491 (22.5) <0.001
Liver disease, no. (%) 1,007 (14.0) 1,273 (17.5) 1,365 (13.7) 3,645 (14.9) <0.001
Cerebrovascular disease, no. (%) 1,105 (15.4) 998 (13.8) 1,518 (15.2) 3,621 (14.8) 0.009
Cancer, no. (%) 1,089 (15.1) 1,072 (14.8) 1,686 (16.9) 3,847 (15.8) <0.001
Source of infection
Skin/soft tissue/bone/joint, no. 394 (5.5) 428 (5.9) 574 (5.8) 1,396 (5.7) 0.536
(%)
Central nervous system, no. (%) 80 (1.1) 75 (1.0) 122 (1.2) 277 (1.1) 0.495
Pulmonary, no. (%) 1,335 (18.6) 1,273 (17.5) 2,218 (22.3) 4,826 (19.8) <0.001
Gastrointestinal, no. (%) 383 (5.3) 432 (6.0) 580 (5.8) 1,395 (5.7) 0.222
Genitourinary, no. (%) 1,298 (18.0) 1,283 (17.7) 1,937 (19.4) 4,518 (18.5) 0.007
Vital signs
Lowest heart rate, bpm, median 71.0 [61.0, 82.0] 72.0 [64.0, 83.0] 69.0 [59.0, 80.0] 70.0 [61.0, <0.001
(IQR) 81.0]
Highest heart rate, bpm, median 100.0 [91.0, 91.0 [82.0, 102.0] 118.0 [105.0, 132.0] 104.0 [91.0, <0.001
(IQR) 112.0] 119.0]
Mean heart rate, bpm, median 84.4 [75.6, 95.8] 81.3 [72.2,92.1] 89.7 [79.2, 101.4] 85.5 [75.8, <0.001
(IQR) 97.5]
Direction of HR fluctuation® <0.001
Decrease 3,644 (50.6) 3,753 (51.7) 5,575 (55.9) 12,972 (53.1)
Increase 3,530 (49.1) 3,482 (48.0) 4,392 (44.1) 11,404 (46.7)
Same 0 (0.0) 22 (0.3) 0 (0.0) 22 (0.1)
Unknown 21 (0.3) 0 (0.0) 0 (0.0) 21 (0.1)
Systolic pressure, mmHg, median 113.6 [105.4, 112.5 [104.4, 123.3] 113.0 [104.6, 123.9] 113.0 [104.8, <0.001
(IQR) 123.9] 123.7]
Diastolic pressure, mmHg, 60.2 [54.5, 66.7] 58.8 [52.9, 65.5] 61.4 [55.5, 68.4] 60.3 [54.4, <0.001
median (IQR) 67.0]
Mean arterial pressure, mmHg, 75.4[70.0, 81.7] 74.0 [68.7, 80.7] 76.0 [70.5, 82.9] 75.2 [69.8, <0.001
median (IQR) 81.9]
Respiratory rate, bpm, median 18.7 [16.6, 21.6] 18.7 [16.5, 21.5] 19.6 [17.1, 22.6] 19.0 [16.8, <0.001
(IQR) 22.0]
Temperature, °C, median (IQR) 36.9 [36.6,37.2]  36.8 [36.6, 37.1] 36.9 [36.6, 37.3] 36.9 [36.6, <0.001
37.2]
SpO,, %, median (IQR) 97.4 [96.0, 98.6] 97.2 [95.8, 98.5] 97.3 [95.8, 98.6] 97.3 [95.9, <0.001
98.6]
Laboratory findings
Hemoglobin, g/dL, median (IQR) 10.9 [9.3, 12.7] 10.7 [9.1, 12.4] 11.0 [9.4, 12.8] 10.9 [9.3, <0.001
12.7]
Platelet count, x 10°/L, median 200.0 [143.0, 195.0 [135.0, 265.0] 202.0 [146.0, 279.0] 200.0 [142.0, <0.001
(IQR) 267.0] 271.0]

(continued on next page)
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Variables Control group: Low HR fluctuation group: < 25 High HR fluctuation group: > 35 Overall (n = p
25-34 bpm (n = bpm (n = 7,257) bpm (n = 9,967) 24,419)
7,195)
WBC count, x 10°/L, median 11.1 [7.8, 15.4] 11.1 [7.6, 15.2] 11.2 [8.0, 16.0] 11.1 [7.8, <0.001
(IQR) 15.6]
Urea, mg/dL, median (IQR) 21.0 [15.0, 33.0] 23.0 [16.0, 39.0] 21.0 [14.0, 33.0] 21.0 [15.0, <0.001
35.0]
Creatinine, mg/dL, median (IQR) 1.0 [0.8, 1.5] 1.1 [0.8, 1.9] 1.0 [0.8, 1.5] 1.1 [0.8, 1.6] <0.001
Blood glucose, mg/dL, median 130.5 [114.8, 130.1 [113.3, 156.4] 133.4 [114.5, 163.0] 131.4 [114.1, <0.001
(IQR) 155.6] 159.3]
Prothrombin time, s, median 14.0[12.4,15.91 14.0 [12.6, 16.8] 14.0 [12.4, 16.2] 14.0 [12.5, <0.001
(IQR) 16.3]
Calcium, mmol/L, median (IQR) 8.5[8.1,8.9] 8.5[8.1, 8.9] 8.5 [8.1,9.0] 8.5 [8.1, 8.9] <0.001
Chloride, mmol/L, median (IQR) 107.0 [103.0, 106.0 [102.0, 110.0] 107.0 [103.0, 110.0] 107.0 [102.0, <0.001
111.0] 110.0]
Sodium, mmol/L, median (IQR) 140.0 [137.0, 140.0 [137.0, 142.0] 140.0 [138.0, 143.0] 140.0 [137.0, <0.001
143.0] 143.0]
Potassium, mmol/L, median 4.5 [4.1, 4.9] 4.5 [4.1, 5.0] 4.5 [4.1, 5.0] 4.5 [4.1, 5.0] 0.048
(IQR)
Treatment
Vasopressor’, no. (%) 2,320 (32.2) 2,491 (34.3) 4,000 (40.1) 8,811 (36.1) <0.001
Mechanical ventilation, no. (%) 3,993 (55.5) 3,681 (50.7) 6,208 (62.3) 13,882 (56.8) <0.001
RRT, no. (%) 187 (2.6) 291 (4.0) 361 (3.6) 839 (3.4) <0.001
Outcome
ICU mortality, no. (%) 752 (10.5) 779 (10.7) 1,462 (14.7) 2,993 (12.3) <0.001
Hospital mortality, no. (%) 1,068 (14.8) 1,129 (15.6) 1,935 (19.4) 4,132 (16.9) <0.001
28-day mortality, no. (%) 1,006 (14.0) 1,072 (14.8) 1,836 (18.4) 3,914 (16.0) <0.001
ICU LOS, days, median (IQR) 3.0 [2.0, 6.0] 3.0 [2.0, 6.0] 3.0 [2.0, 7.0] 3.0 [2.0, 6.0] <0.001
Hospital LOS, days, median (IQR) 8.0 [5.0, 15.0] 9.0 [5.0, 15.0] 9.0 [6.0, 17.0] 9.0 [5.0, 16.0] <0.001

IQR, interquartile range; SOFA, sequential organ failure assessment; ICU, intensive care unit; CVICU, Cardiac vascular intensive care unit; CCU,
Coronary care unit; MICU, Medical intensive care unit; SICU, surgical intensive care unit; SpO2, Saturation of Pulse Oxygen; WBC, white blood cell;
RRT, Renal Replacement Therapy; LOS, length of stay; bpm, beats per minute.

@ Direction of HR fluctuation was categorized as “Same” (highest and lowest heart rates occur simultaneously), “Decrease” (highest heart rate
precedes lowest heart rate), “Increase” (highest heart rate follows lowest heart rate), or “Unknown”.

b Vasopressor including norepinephrine, epinephrine, dopamine, and dobutamine.

3. Results

The study participants were shown in Fig. 1. A total of 76,540 ICU stay records from the MIMIC-IV database (v 1.0) were assessed,
and 24,419 ICU stay records were included in the analysis. Participants were categorized into the control group (n = 7,195), low HR
fluctuation group (n = 7,257), and high HR fluctuation group (n = 9,967) based on different HR fluctuation levels. The baseline
demographics, severity of disease, admission ICU unit, comorbidities, source of infection, signs and symptoms, laboratory findings, and
related treatment information for each group were demonstrated in Table 1.

In the study, among the 24,419 patients, ICU mortality was 12.3% (2,993 patients), hospital mortality was 16.9% (4,132 patients),
and 28-day mortality was 16.0% (3,914 patients). The median length of stay in the ICU was three days (IQR, two to six days), and the
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Fig. 2. Spline function plot of the association between HR fluctuation and outcomes in the total study participants: A) ICU mortality, B) hospital
mortality, and C) 28-day mortality. Vertical dashed lines indicated the reference condition. All analyses were adjusted for age, sex, race, weight,
Charlson comorbidity index, SOFA score, admission ICU unit, pulmonary infection, genitourinary infection, respiratory rate, mean arterial pressure,
Sp02, temperature, WBC count, Platelet count, hemoglobin, creatinine, urea, blood glucose, prothrombin time, sodium, chloride, calcium, potas-
sium, vasopressor, mechanical ventilation, and RRT. HR, heart rate; CI, confidence interval; ICU, intensive care unit; SOFA, sequential organ failure
assessment; SpO2, Saturation of Pulse Oxygen; WBC, white blood cell; bpm, beats per minute; RRT, Renal Replacement Therapy.
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median length of stay in the hospital was nine days (IQR, five to 16 days) for all participants (Table 1).

Supplementary Fig. S1 showed a J-shaped association of HR fluctuation with ICU mortality, hospital mortality, and 28-day mor-
tality. Using a flexible model with a restricted cubic spline and two-line piecewise linear components, the change point of HR fluc-
tuation was determined to be 36.42 bpm (standard error, 0.17). Based on this, the cutoff value for HR fluctuation was defined as 35
bpm (Fig. 2).

In Supplementary Fig. S2, the survival curves demonstrated a significant association between the high HR fluctuation group and the
highest risk of ICU mortality, hospital mortality, and 28-day mortality, followed by the low HR fluctuation group and control group
(log-rank P < 0.0001). Multivariable Cox models showed that, compared to the control group, the high HR fluctuation group had an
increased risk of ICU mortality ([adjusted hazard ratio, 95% confidence interval], 1.12, 1.02-1.22, P = 0.013), hospital mortality
(1.10, 1.02-1.19, P = 0.013), and 28-day mortality (1.11, 1.03-1.20, P = 0.007). The low HR fluctuation group had no significant
difference in mortality risk compared to the control group (Fig. 3). Subgroup analyses did not identify any subgroup effects (Sup-
plementary Figs. S3-5). Both sensitivity analyses confirmed the robustness of the results (Supplementary Figs. S6-9).

Supplementary Fig. S10 seemed to illustrate a U-shaped association of HR fluctuation with ICU LOS, and hospital LOS. Multi-
variable logistic regression models indicated that both the high and low HR fluctuation groups, compared to the control group, had an
increased risk of ICU LOS ([adjusted odds ratio [95% confidence interval]: 1.16 [1.09-1.25], P < 0.001; 1.11 [1.03-1.19], P = 0.008)
and hospital LOS (1.12 [1.05-1.19], P = 0.001; 1.08 [1.01-1.16], P = 0.030) (Supplementary Fig. S11).

Among patients with sepsis, the multivariable analysis identified several factors independently associated with a higher risk of HR
fluctuation > 35 bpm. These factors included age > 65 years ([adjusted odds ratio, 95% confidence interval], 1.10, 1.03-1.17, P =
0.003), male (1.06,1.00-1.13, P = 0.040), admission to the MICU/SICU (1.33, 1.24-1.43) or other ICU units (1.47, 1.34-1.62, P <
0.001), comorbidity with cancer (1.12, 1.05-1.20, P = 0.001), genitourinary infection (1.12,1.05-1.20, P = 0.001), and various
physiological variables, such as the mean arterial pressure, respiratory rate, temperature, SpO2, hemoglobin, blood glucose, calcium,
and sodium (all P < 0.05). Vassopressor (1.37,1.28-1.46, P < 0.001), mechanical ventilation (1.36, 1.28-1.44, P < 0.001), and RRT
(1.27,1.09-1.48, P = 0.002) were also associated with a higher risk of HR fluctuation > 35 bpm (Supplementary Table S2).

4. Discussion

Our study revealed a J-shaped association between early HR fluctuation (measured as the difference between maximum and
minimum HR within the first 24 h of ICU admission) and ICU mortality, hospital mortality, and 28-day mortality in patients with
sepsis. Notably, the risk of these outcomes increased significantly when HR fluctuation was greater than or equal to 35 bpm. Addi-
tionally, we also identified risk factors independently associated with HR fluctuation greater than or equal to 35 bpm, including social

Outcome No. of outcome Hazard ratio p
(incidence rate) (95% confidence interval)

ICU mortality

Control group: 25-34 bpm 752 (20.31) Reference L]

Low HR fluctuation group: < 25 bpm 779 (21.43) 0.97 (0.87-1.07) - | 0.528

High HR fluctuation group: >= 35 bpm 1,462 (24.86) 1.12 (1.02-1.22) - 0.013

Hospital mortality

Control group: 25-34 bpm 1,068 (13.67) Reference L]
Low HR fluctuation group: < 25 bpm 1,129 (14.44) 0.97 (0.89-1.06) - 0.507
High HR fluctuation group: >= 35 bpm 1,935 (16.55) 1.10 (1.02-1.19) - 0.013

28-day mortality

Control group: 25-34 bpm 1,006 (5.55) Reference L]
Low HR fluctuation group: < 25 bpm 1,072 (5.90) 0.98 (0.90-1.07) - 0.700
High HR fluctuation group: >= 35 bpm 1,836 (7.60) 1.11 (1.03-1.20) - 0.007

I ) 1 ) ) 1
08 09 1 11 12 13
Estimates of relative risk

Fig. 3. The adjusted hazard ratios of different HR fluctuation groups and outcomes in the total study participants. Incidence rate: number of cases
per 1000 person-years. All analyses were adjusted for age, sex, race, weight, Charlson comorbidity index, SOFA score, admission ICU unit, pul-
monary infection, genitourinary infection, respiratory rate, mean arterial pressure, SpO2, temperature, WBC count, Platelet count, hemoglobin,
creatinine, urea, blood glucose, prothrombin time, sodium, chloride, calcium, potassium, vasopressor, mechanical ventilation, and RRT. HR, heart
rate; ICU, intensive care unit; SOFA, sequential organ failure assessment; SpO2, Saturation of Pulse Oxygen; WBC, white blood cell; bpm, beats per
minute; RRT, Renal Replacement Therapy.
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demographics, comorbidities, disease severity, and treatment variables.

Based on a large sample from the MIMIC-IV database, we initially evaluated the significance of early HR fluctuation in patients with
sepsis, building upon existing evidence from observational studies highlighting HR fluctuation as a prognostic factor in various
conditions [11-13,20]. To enhance internal validity, we employed multivariable regression and propensity score matching to control
for confounders. Our findings, supported by both nonlinear and categorical analyses, provide robust evidence for the association
between early HR fluctuation and mortality risk in patients with sepsis.

For critically ill patients in the ICU, a previous report indicated a U-shaped relationship between HR fluctuation and mortality risk.
However, our study revealed a different pattern in patients with sepsis. We observed a J-shaped association between early HR fluc-
tuation and ICU mortality, hospital mortality, and 28-day mortality. Notably, the risk of these outcomes significantly increased when
HR fluctuation was greater than or equal to 35 bpm, in contrast to the control group (HR fluctuation 25-34 bpm). Interestingly, a prior
study also found a J-shaped curve for the association between HR fluctuation and mortality in patients with myocardial infarction,
supporting our findings to some extent [12]. These results suggest that the association between HR fluctuation and mortality risk may
vary depending on the patient population and underlying disease.

Our findings underscore the importance of early assessment of HR fluctuation in predicting sepsis prognosis. Determining risk
factors independently associated with high HR fluctuation can help identify high-risk patients. Thus, early HR fluctuation may serve as
a readily available “high-risk alert system” and influence therapeutic decision-making. Clinicians should prioritize monitoring and
timely intervention for individuals in the high HR fluctuation group.

Although the underlying mechanisms for the observed association remain unclear, it is believed that an elevated HR fluctuation
could be a potential indicator of the severity of the infection and the body’s response to it, enhanced by subsequent immune dysre-
gulation, microcirculatory derangements, and end-organ dysfunction. High sympathetic stress is implicated in patients with sepsis,
leading to myocardial depression and reduced ejection fraction in nearly half of the patients [21]. Additionally, patients with sepsis
suffer changes in coronary circulation, circulating volume, and vessel tone, all of which can affect cardiac function and heart rate [22].
Elevated HR fluctuation may reflect the degree of these changes, and thus, the severity of the infection and associated adverse out-
comes. Furthermore, elevated HR fluctuation may be an indicator of autonomic dysfunction, which is common in sepsis and associated
with a poor prognosis [13].

4.1. Limitations

Several limitations exist in our study. First, although the MIMIC-IV database provides a large sample size, the data were collected
from a single center, introducing potential selection bias and limiting the generalizability of our findings. Second, HR fluctuation is
influenced not only by the patient’s condition but also by underlying diseases, medications/interventions, and environmental factors.
Therefore, the presence of residual or unmeasured confounding factors cannot be ruled out. We mitigated this by adjusting for
numerous variables in the multivariable regression model and utilizing propensity score matching. Consistency between the main
analysis and sensitivity analysis strengthens the robustness of the association between early HR fluctuation and mortality risk in
patients with sepsis. Third, as a retrospective cohort study, causality cannot be established.
5. Conclusions

In summary, early high HR fluctuation was independently associated with increased risk of ICU mortality, hospital mortality, and
28-day mortality in patients with sepsis. Timely monitoring and intervention in response to changes in HR fluctuation are crucial for
improving outcomes.
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