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A novel vital sign pattern predicts
sepsis-related myocardial injury mortality

Wanjun Liu,1,3 Jinjin Dai,1,3 Pengyue Zhang,1,3 Menglin Ni,1 Yafei Zhang,1 Haoshu Fang,2,*

and Zhenhua Zhang1,4,*
SUMMARY

Non-invasive, real-timemonitorable indicators for early assessment of sepsis-associatedmyocardial injury
(SMI) are still lacking. We aimed to develop non-invasive, real-time indicators for early assessment of SMI
using bedside heart rate (HR) and diastolic arterial pressure (DAP) monitors. In this multi-center cohort
study, piece-wise exponential additive mixed models were used to estimate the exposure window and
time fraction of the hazardous exposure proportion, and secondarily to analyze the exposure character-
ization on this basis to identify high-risk exposure pattern. In total, 20,043 patients were finally included;
we found that SMI patients had the highest survival rate when HR was <90 bpm or DAP was between 50
and 70 mmHg. Further investigation revealed that the SMI high-risk exposure pattern was the H1D-1 (HR
R 90 bpm and DAP% 50 mmHg, exposure proportion > 0.3 and 0.2, respectively, and exposure window
on admission day 1). H1D-1 exposure pattern using glucocorticoids significantly increased the risk of mor-
tality in H1D-1. Validation against various methodologies and data sources demonstrated acceptable con-
sistency.

INTRODUCTION

The initial resuscitation strategy for sepsis is invaluable, but the additional cardiac loads of resuscitation have historically received inadequate

attention.1 The early identification of sepsis-associated myocardial injury (SMI) poses a considerable challenge,2 yet its unmitigated progres-

sion can significantly compromise tissue perfusion, thereby exerting a pronounced impact on prognosis and elevating mortality rates.3 While

troponins and brain natriuretic peptide stand as sensitive markers for diagnosing myocardial infarction, their invasiveness and protracted

analysis duration limit their expediency as blood markers.4 Regrettably, non-invasive and dynamically oriented indices for the early assess-

ment of SMI remain elusive, thereby potentially constraining the effectiveness of therapeutic interventions within this patient cohort. Conse-

quently, we are currently undertaking an exploratory investigation to delineate a monitoring indicator characterized by dynamic scalability,

with the overarching goal of enhancing patient survivability in the context of SMI.

In the intensive care unit (ICU), emphasis is placed on continuous real-time monitoring at the bedside, with a specific focus on heart rate

(HR) and diastolic arterial pressure (DAP) as fundamental physiological parameters. HR is commonly utilized as a rudimentary proxy for assess-

ing myocardial perfusion,5 while DAP serves as an essential metric for gauging peripheral vascular resistance.6 In clinical practice, rapid HR

compensation can improve peripheral perfusion but increase pulsation and shorten cardiac diastolic period, causing increased myocardial

oxygen consumption and decreased coronary blood supply.2 Simultaneously, fluctuations in arterial pressure prompt cardiac compensation

through adjustments in sympathetic nerve activity. Concurrently, variations in the cardiac cycle exert a direct impact on the level of diastolic

blood pressure.7 During the initial phase of shock, a decrease in systolic arterial pressure typically signifies insufficient cardiac output or an

inadequate early blood volume. However, alterations in DAP are often modest during this period.8 Persistently, the distributive shock seen in

septic patients generally results from abnormal peripheral blood flow distribution and the failure of peripheral vasoconstriction.9 Neverthe-

less, an overly aggressive approach to fluid resuscitation may worsen myocardial injury and intensify the strain on the cardiac pump. Under

such circumstances, alterations in DAP emerge as superior markers for achieving a balance between peripheral perfusion and cardiac work-

load. Consequently, HR and diastolic blood pressure stand as invaluable indicators, offering critical insights into the management and prog-

nosis of patients with SMI.

In summary, HR and DAP, as accessible yet dynamic indices within critical care, hold significant potential to impact mortality in in-

dividuals contending with SMI. Aligned with the rapid evolution of precision medicine and data science, our primary objective is to

investigate an effective and responsive real-time measurement mechanism. This involves harnessing bedside HR and DAP monitors
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Figure 1. Diagram of the research process
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to intricately refine the therapeutic approach for SMI patients, gleaned from insights derived from multicenter real-world data in crit-

ically ill settings.

RESULTS
Characteristics of the cohort

We included 20,043 participants: 3,721 (18.6%) fromMedical InformationMart for IntensiveCare (MIMIC)-IV, 1,153 (5.8%) fromMIMIC-III, 8,691

(43.4%) from eICU Collaborative Research Database (eICU-CRD), 1,918 (9.5%) from University of Amsterdam Medical Center database (Am-

sterdam UMCdb), 4,249 (21.2%) from Salzburg Intensive Care database (SICdb), and 311 (1.5%) from the informative surgical patient dataset

for innovative research environment (INSPIRE). Comparing the missing proportions of time-dependent and static indicators in the aforemen-

tioned databases, the MIMIC-IV information was the most complete (Figures 1 and S1), so we chose these data as the modeling dataset and

internal validation cohort and the remaining five databases as the external validation cohort.

Within the MIMIC-IV database, a total of 3,721 patients with SMI were included in this study. The median age of the patients was 73 years

(IQR: 61–83), and 56.5% were male. In the study cohort, 35% of patients had pulmonary infection, 20.9% had urinary infection, and 6.7% had

intestinal infection. Additionally, 48.5% of the patients received vasoactive drugs, and 44.2% underwent invasive mechanical ventilation. The

median duration of ICU stay was 3.4 days (IQR: 1.8–7.1), with an ICUmortality rate of 23.9% and an overall mortality rate at 7 days of 20% (refer

to Table 1).

The validation cohorts, comprising participants from US and European ICUs, along with a collaborative research dataset from Korea

named INSPIRE, demonstrated comparability without any discernible age or gender imbalances (Tables S2–S6).
2 iScience 27, 110787, September 20, 2024



Table 1. Baseline data of the MIMIC-IV database during the first day of ICU admission

Variables Overall Survival within 28 days Death within 28 days p value

N 3,721 2,457 1,264

Age (years old) 73 (61, 83) 70.9 (59.6, 81.8) 76.0 (63.2, 85.3) <0.001

Male (%) 2,104 (56.5) 1,410 (57.4) 694 (54.9) 0.158

BMI (kg/m2) 27.1 (23.3, 32.1) 27.3 (23.4, 32.3) 26.7 (22.8, 31.8) 0.004

Chronic pulmonary disease (%) 1,084 (29.1) 719 (29.3) 365 (28.9) 0.835

Diabetes (%) 1,358 (36.5) 963 (39.2) 395 (31.2) <0.001

Renal disease (%) 1,209 (32.5) 845 (34.4) 364 (28.8) 0.001

Cerebrovascular disease (%) 645 (17.3) 385 (15.7) 260 (20.6) <0.001

Hypertension (%) 1,606 (43.2) 1,055 (42.9) 551 (43.6) 0.729

Charlson Comorbidity Score 6 (4, 8) 6 (4, 8) 6 (5, 9) <0.001

SOFA 7.0 (4, 10) 6 (4, 9) 9.0 (6, 12) <0.001

SAPS II 45 (36, 55) 41 (34, 50) 53 (42, 64) <0.001

Pulmonary infection (%) 1,302 (35.0) 852 (34.7) 450 (35.6) 0.600

Intestinal infection (%) 249 (6.7) 171 (7.0) 78 (6.2) 0.399

Urinary infection (%) 779 (20.9) 555 (22.6) 224 (17.7) 0.001

pH 7.3 (7.2, 7.4) 7.3 (7.2, 7.4) 7.3 (7.2, 7.4) <0.001

PaO2 (mmHg) 56 (38, 86) 60 (39, 89) 49 (36, 79) <001

PaCO2 (mmHg) 46 (39, 55) 45 (39, 54) 46 (39, 58) 0.001

Lactate (mmol/L) 2.3 (1.5, 4.3) 2.0 (1.4, 3.5) 3.2 (1.8, 6.3) <0.001

WBC (3109/L) 14.4 (10.0, 20.6) 13.7 (9.6, 19.6) 15.8 (10.9, 22.3) <0.001

Hemoglobin (g/dL) 9.7 (8.3, 11.3) 9.8 (8.4, 11.3) 9.5 (8.0, 11.3) 0.031

Platelet (3109/L) 165 (107, 233) 172 (114, 234) 154 (90, 228) <0.001

Serum creatinine (mg/dL) 1.7 (1.1, 2.9) 1.6 (1.1, 2.9) 1.8 (1.1, 2.9) 0.053

INR 1.4 (1.2, 1.8) 1.3 (1.2, 1.7) 1.5 (1.2, 2.3) <0.001

Heart rate (bpm) 88 (76, 100) 87 (75, 98) 89 (77, 103) <0.001

Respiratory rate (/min) 20 (18, 24) 20 (17, 23) 22 (18, 25) <0.001

SAP (mmHg) 113 (105, 125) 115 (106, 127) 110 (102, 120) <0.001

DAP (mmHg) 60 (53, 67) 60 (54, 67) 59 (52, 66) <0.001

Body temperature (�C) 36.8 (36.5, 37.2) 36.8 (36.6, 37.2) 36.8 (36.5, 37.1) 0.001

SpO2 (%) 97 (95, 98) 97 (96, 98) 97 (95, 99) <0.001

Urine output (mL/kg/h) 0.6 (0.3, 1.0) 0.7 (0.3, 1.1) 0.4 (0.1, 0.8) <0.001

RRT (%) 259 (7.0) 166 (6.8) 93 (7.4) 0.539

Vasopressor (%) 1,803 (48.5) 1,018 (41.4) 785 (62.1) <0.001

Mechanical ventilation (%) 1,646 (44.2) 976 (39.7) 670 (53.0) <0.001

LOS (days) 3.4 (1.8, 7.1) 3.3 (1.9, 7.4) 3.5 (1.7, 6.9) 0.052

7-day mortality (%) 745 (20.0) 0 (0.0) 745 (58.9) <0.001

ICU mortality (%) 891 (23.9) 15 (0.6) 876 (69.3) <0.001

BMI, bodymass index; SOFA, Sequential Organ Failure Score; SAPS II, SimplifiedAcute Physiology Score II; PaO2, arterial oxygen partial pressure; PaCO2, arterial

carbon dioxide partial pressure;WBC, white blood cell count; INR, international standardized ratio; SAP, systolic arterial pressure; DAP, diastolic arterial pressure;

SpO2, percutaneous arterial oxygen saturation; RRT, renal replacement therapy; LOS, length of ICU stay; ICU, intensive care unit.
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Modeling and determining exposure patterns

Using the piece-wise exponential additive mixed model (PAMM), we identified the relationship between HR and 28-day mortality rate, which

has been consistently increasing, but found a U-shaped relationship between time-dependent DAP and 28-daymortality (Figures 2A and 3A),

which was most significant on admission day 1, compared with days 3, 7, and 21 (Figures 2B and 3B).

The findings indicated an elevated mortality risk in patients with SMI when their HR R 90 bpm or DAP % 50 or >70 mmHg. Conversely,

HR < 90 bpmor DAP of 50–70mmHg further reduced the risk of mortality. Although the strength of the correlation betweenHR/DAP intensity
iScience 27, 110787, September 20, 2024 3



Figure 2. Relationship between daily HR and high HR exposure proportion and 28-daymortality over time using piece-wise exponential additive mixed

models

(A) Adjusted relationship between HR over time and 28-day mortality.

(B) Adjusted relationship between HR over time and 28-day mortality stratified by exposure window.

(C) Effect of HR on 28-day mortality over time stratified by level of HR.

(D) Time-dependent effect of high HR exposure proportion on 28-day mortality. Bpm, beat per minute; HR, heart rate.
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asmeasured byHR or DAP and 28-daymortality showed a decreasing trend over time, HR/DAP anomalous exposure in the early stages of ICU

admission, especially on day 1, significantly influenced 28-day mortality (Figures 2C and 3C). The hazard ratio for 28-day mortality exhibited a

notable elevation when the time-dependent impact of the abnormal exposure proportion was 0.3 for HR and 0.2 for DAP, as illustrated in

Figures 2D and 3D. The exhaustive representation of all adjustment variables influencing the impact of time-dependent HR and DAP on

28-day mortality, pertinent to the construction of PAMM models, is delineated in Tables S7–S10.

The association between the distribution of HR and DAP and prognosis among patients with SMI can be succinctly summarized as follows:

high HR exposure, especially early, increases 28-day mortality (Figure S2A). Early ICU admission with low or high DAP predicts higher 28-day

mortality risk (Figure S2B). Based on the aforementioned observations, the exposures were grouped and patterns modeled. H0 represents no

significant heart rate (HR) exposure, while H1 indicates high HR exposure, defined as an HR of 90 bpm or higher, with over 30% exposure

occurring on day 1. Diastolic arterial pressure (DAP) is divided into three categories: D0, no high or low exposure; D1, high exposure (DAP

> 70 mmHg, >20% exposure on day 1); and D-1, low exposure (DAP % 50 mmHg, >20% exposure on day 1).. The two phenotypes charac-

terized by heightened exposure to HR and the three phenotypes characterized by exposure to DAP were systematically paired, resulting

in the delineation of six distinct patterns: H1D1, H1D0, H1D-1, H0D1, H0D-1, alongside the baseline pattern devoid of abnormal exposure desig-

nated as H0D0, serving as the reference (Ref).

Within the interactivity analysis, the preeminent determinant of hazard ratio in theH1D1 patternwas the elevatedDAP exposure proportion

(Figure S3A). Conversely, in the H1D-1 pattern, an interactive effect was discerned between elevated HR and diminished DAP exposure (Fig-

ure S3B). Mediation analyses conducted through lactate levels revealed that both elevated HR (Figure S4A), elevated DAP (Figure S4B), and

diminished DAP (Figure S4C) independently contributed to mortality via direct effects. This implies a synergistic influence of heightened HR

exposure and reducedDAP exposure, potentially leading to increasedmortalities through the direct dysfunction ofmacrovascular circulation.
Analysis of exposure patterns

Comparing each exposure pattern to the reference for baseline characteristics, key distinctions emerge: H1D0 exhibits increased vasopressor

use, faster respiratory rates, and higher pulmonary infection rates (Figure S5A). H0D1 is associated with higher occurrences of cerebrovascular

and hypertension diseases at a younger age (Figure S5B). H0D-1 is characterized by an older demographic, more females, and a higher prev-

alence of renal disease and diabetes (Figure S5C). H1D1 displays faster respiratory rates, higher body temperature, and increased intestinal

infection rates (Figure S5D). H1D-1, with the most severe baseline characteristics, shows higher Sequential Organ Failure Assessment (SOFA)

and Simplified Acute Physiology Score II (SAPS II) scores, increased vasopressor use, faster respiratory rates, higher body temperature, and

more intestinal infections and chronic pulmonary disease (Figure S5E).
4 iScience 27, 110787, September 20, 2024



Figure 3. Relationship between daily DAP and hazardous DAP exposure proportion and 28-day mortality over time using piece-wise exponential

additive mixed models

(A) Adjusted relationship between DAP over time and 28-day mortality.

(B) Adjusted relationship between DAP over time and 28-day mortality stratified by exposure window.

(C) Effect of DAP on 28-day mortality over time stratified by level of DAP.

(D) Time-dependent effect of high and low DAP exposure proportion on 28-day mortality. DAP, diastolic arterial pressure.

ll
OPEN ACCESS

iScience
Article
There are also differences in organ function injuries for each pattern. Organ injury is assessed using the six sub-items of the SOFA score.

Patients with sepsis often have a combination of multiple organ dysfunction, primarily circulatory, respiratory, and renal (Figure S6A), while

H1D-1 has the most critical organ impairment of all exposure patterns (Figure S6B). High HR exposure alone was often associated with car-

diovascular and respiratory injury, and low DAP exposure alone is also often combined with cardiac injury (Figure S6A). Considering baseline

characteristics, organ damage, and the synergistic impact of highHR and lowDAP onmortality among patients exhibiting theH1D-1 exposure

pattern, we advocate for focusing our attention on this specific exposure characterization within the population.

Of the six exposure patterns, H1D-1 consistently demonstrated significantly higher mortalities across all time points (p < 0.001, Figure 4).

Subgroup analysis for H1D-1 exposed patients indicated a 7-daymortality hazard ratio of 2.19 (95% confidence interval [CI] 1.69–2.86), surpass-

ing the 28-day mortality hazard ratio of 1.75 (95% CI 1.44–2.13). Elevated 28-day mortality risks were observed among individuals under 65

years old, females, and those with respiratory or intestinal infections in conjunction with chronic lung disease, diabetesmellitus, renal disease,

and hypertension (Figure S7). For external validation, H1D-1 consistently exhibited the highest 28-day mortality rate across five datasets, sup-

porting its significance (p < 0.001, Figures S8 and S9).

Characteristics and validation of clinical outcomes

In the MIMIC-IV database, notable disparities in mortality rates across various exposure patterns (Figure 4) and divergences in baseline in-

formation (Figure S5) were observed, signifying that not all exposure patterns yielded unfavorable outcomes. Specifically, the H1D-1 pattern

emerged as a consistent and robust indicator of heightened risk for predicting 28-day mortality. Rigorous validation across five datasets from

diverse global locations consistently underscored significantly elevated mortality rates associated with H1D-1 in comparison to alternative

exposure patterns. Post-application of methodological refinements such as propensity score matching and inverse probability weighting

to align baseline data, the findings portrayed sustained stability. This underscores the extensive applicability of this particular representation

across a broad spectrum of geographic regions and demographic compositions (Figures 4 and S8–S13). Additionally, the receiver operating

characteristic curves revealed that our H1D-1 exposure pattern more accurately predicts 28-day mortality in patients with sepsis, with consis-

tent results across various regional populations (Figure S14). However, the distribution of troponin levels was not stable across phenotypic

patient groups (Figures S15–S20). This finding indicates that early myocardial injury marked by elevated troponin does not necessarily corre-

late with increased mortality.

The relationship between drug administration and clinical outcomes

Given that the characterization of H1D-1 primarily involves HR and diastolic blood pressure, we deliberately chose three medications with po-

tential impacts on these parameters to assess the therapeutic response of this characterization to cardiac drugs. The selected drugs include
iScience 27, 110787, September 20, 2024 5



Figure 4. Kaplan-Meier curves for the six exposure patterns in the MIMIC-IV set
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negative inotropic drugs, glucocorticoids, and ascorbic acid. As illustrated in Figure S21, no significant difference in mortality was observed

with or without negative inotropes and necrotic acidwithin the Ref group.Nevertheless, analyses from theMIMIC IV, AmsterdamUMCdb, and

SICdb databases indicated a noteworthy increase in mortality risk associated with the use of glucocorticoids (p < 0.05). Varied outcomes have

been noted regarding the effectiveness of negative inotropes in reducing mortality among patients with the H1D-1 pattern. Notably, no sig-

nificant difference was identified in the impact of ascorbic acid on mortality risk, regardless of supplementation. In contrast, the use of glu-

cocorticoidsmarkedly escalated the risk of mortality, and this observation remained consistent across the remaining four databases (p < 0.05)

(Figure S22).Moreover, we estimated the hazard ratios for 28-daymortality in patients with SMI who exhibited theH1D-1 exposure patternwith

various pharmacologic interventions. The results showed instability both with and without administration of negative inotropic drugs and as-

corbic acid. Of great interest, the results from the other four databases consistently underscored the association between glucocorticoid use

and a significantly increased risk of mortality (Figure 5).
DISCUSSION

In our exploratory and retrospective quantitative analysis, we observed a potential association between early irregularities in HR and DAP and

heightened 28-day mortality among patients with SMI. Further investigation highlighted the H1D-1 pattern as a high-risk exposure profile

within the SMI cohort. A subsequent secondary analysis outlined the clinical characteristics of patients exhibiting the H1D-1 exposure pattern,

indicating initial indications that glucocorticoids use in these individuals might not support patient recovery. Moreover, to reinforce the reli-

ability of this conclusion, we conducted additional validation using data sourced from diverse regions.

Considerable evidence suggested that high HR can be considered a strong predictor of cardiovascular morbidity and mortality in various

clinical settings.10 In the early stages of sepsis, activation of the sympathetic nervous system resulted in a compensatory increase in HR and

peripheral vasoconstriction to preserve cardiac output; however, the compensatory neuroendocrine response became overwhelming as the

disease progressed. Prolonged sympathetic hyperactivity may also reverse adrenergic G-protein coupling from a stimulatory to an inhibitory

response, causing severe myocardial depression and reduced sensitivity to vasopressin observed in certain septic patients.11 Increased nitric

oxide (NO) production mediates peripheral vascular dysfunction and reduced arterial compliance, which, in combination with the vasopar-

alytic state typical of septic shock, also lead to an increased HR.12 A Morelli et al. found that using the beta blocker esmolol may improve

systemic perfusion in septic shock by reducing HR and arterial elastance.13 Hypotension in sepsis arises from a complex interaction between

vasodilation, modified blood-flow distribution, relative and absolute hypovolemia, and myocardial dysfunction. The accumulation of NO led

to sustained smooth muscle diastole, and vasodilation played a key role in the development of hypotension and inadequate tissue perfusion

in septic shock.11 A study showed DAP to be superior to SAP in predicting prognosis of cardiogenic shock, with performance similar to SOFA

score14; DAP on the first day of admission was independently associated with 24-day mortality.14 Although the definition of septic shock did

not include DAP,15 research had demonstrated that low DAP usually reflects severe vasodilatation and was associated with increased mor-

tality.16 Further research had confirmed that the bias of DAPmeasurements was significantly lower than that of SAP andwas less susceptible to
6 iScience 27, 110787, September 20, 2024



Figure 5. The hazard ratio for 28-day mortality in patients with the H1D-1 phenotype estimated using the Cox proportional risk model under the

influence of negative inotropes, glucocorticoids, and ascorbic acid
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pulse wave reflection, measurementmethod, and other related factors.17 A large community-based cohort demonstrated that DAPwas also a

primary determinant of coronary perfusion pressure,18 critical for maintaining adequate post-resuscitation myocardial perfusion. The combi-

nation of DAP and HR can reflect the degree of circulatory dysfunction during vasodilation due to the robust relationship between blood

pressure and blood flow.14 As vascular tone progressively decreased, gradually higher HR did not compensate for the decrease in DAP,

and the relative risk of death increased proportionally. In septic shock patients with tachycardia, elevated diastolic shock index (DSI)

(DAP/HR) values were linked to an increasedmortality risk.14 Research was ongoing to identify adjuvant therapies that were safe and effective

to preserve organ function and reduce mortality in sepsis patients. The heart is a key organ that is susceptible to sepsis. However, despite

significant advances in treating sepsis, these approaches have failed to fully address myocardial injury. There were no specific treatment rec-

ommendations for SMI. The pathogenesis of sepsis involves a variety of complex processes. Oxidative stress is a major mechanism of SMI.

Vitamin C (VC), also known as ascorbic acid, is a potent antioxidant, reducing oxidative stress and inflammation, improving vasopressor syn-

thesis, enhancing immune cell function and endovascular function, reducing myocardial apoptotic damage and inflammatory storms,

increasing autophagy, and ultimately protecting the myocardium. VC benefits the heart in sepsis patients, reducing myocardial damage

and inflammation,19 but some studies have shown the opposite.20 Marik concluded that VC levels are significantly lower in most sepsis pa-

tients21 and VC supplementation can help to reduce myocardial damage in sepsis patients. Furthermore, animal experiments have demon-

strated that VC-deficient mice are more susceptible to sepsis-inducedmulti-organ dysfunction, and a high-dose of vitamin C demonstrated a

protective effect against SMI in rats, as evidenced by a significant reduction in serummarkers of myocardial damage.22 We did not observe a

reduction in mortality with VC supplementation, which may be related to the fact that the dose and duration of VC administration were not

included in the study, and prospective studies on the dose-response relationship are imperative. In SMI, the myocardium is in a state of hi-

bernation, accompanied by a reduction in cardiac output. Consequently, patients with myocardial depression require the administration of

positive inotropic drugs to achieve adequate tissue perfusion and improve hemodynamics. However, prolonged administration, particularly

at doses that are not clinically necessary, may exacerbate myocardial injury. Nevertheless, the use of negative inotropic drugs in patients with

SMI is a matter of contention. Beta blockers are beneficial in the treatment of numerous cardiovascular diseases. Landiolol23 and esmolol24

have been shown to reduce the risk of myocardial ischemia in septic patients without the systemic consequences of inadequate perfusion.
iScience 27, 110787, September 20, 2024 7
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Schmittinger demonstrated that the combination of milrinone with the beta blocker metoprolol resulted in a low HR, higher output per beat,

and thus better preserved cardiac function.25 Beta blockers may benefit SMI, but there are few relevant studies. Our study could not confirm

that negative inotropic drugs improve the prognosis of SMI, and further studies may be needed to investigate the effect of the net balance

between positive and negative inotropic drugs on clinical outcomes. The inflammatory cytokines tumor necrosis factor alpha and interleukin-6

play a pivotal role in the pathogenesis of septic myocardial injury. Glucocorticoids are regarded as potent regulators of the inflammatory

response, with the capacity to inhibit cardiomyocyte apoptosis, enhance cardiac contractile performance, and modulate cardiac injury

following reperfusion. Consequently, exogenous steroid hormones have been demonstrated to exert cytoprotective effects on cardiomyo-

cytes. Nevertheless, during ischemic stress, blood levels of catecholamines are significantly elevated, and the proarrhythmic and catabolic

effects of glucocorticoids on the heart may exhibit adverse effects on the circulatory system. It should be noted that glucocorticoids have

the potential to exert a negative effect on the severity of schizophrenia, with elevated levels of glucocorticoids in H1D-1 pattern being asso-

ciated with adverse outcomes.

Prognosis and fluid resuscitation were usually assessed clinically based on macroscopic hemodynamic characteristics. In early shock, the

circulation compensates by activating the sympathetic nervous system and redistributes blood. Reflecting this compensatory mechanism, the

shock index (HR/SAP),26 modified shock index (HR/mean arterial pressure [MAP]), and diastolic shock index (HR/DAP)14 had been used to

predict the prognosis of various diseases. However, this was based on data collected at a single point in time, and the complex hemodynamic

characteristics of most critically ill septic patients evaluatedwith the aforementionedmeasurements were likely to influence the assessment. It

was known that delayed correction of hypotension was associated with a poor prognosis. The Surviving Sepsis Campaign guidelines recom-

mend maintaining MAPR 65 mmHg.1 However, our study addresses a clinical need as there was a lack of research providing precise blood

pressure thresholds for patients with SMI experiencing acute cardiac and vascular dysfunction and analyses of HR and DAP as time-depen-

dent variables in PAMM to explore their impact over time. Our study provided precise definitions, including cutoff values for abnormal HR and

DAP, as well as the proportion of exposure time. As a tool for early identification of high-risk patients and prognostic assessment, we

confirmed the H1D-1 exposure pattern, which was simple and easy to implement. No further invasive measurements were required, and

this technique allowed assessment of dynamic hemodynamics. Upon exposure to H1D-1, it can serve as a clinical practice standard for the

incorporation of vasopressors in non-fluid reactive patients, enabling prompt restoration of tissue perfusion and preventing injury caused

by fluid overload.16 We employed the authoritative MIMIC-IV database for modeling, which has undergone validation in five other databases

coveringmulti-center efforts in Asia, Europe, and the Americas, and we confirmed this exposure pattern was stable and reliable. Rapid recog-

nition of high-risk patterns combined resuscitation strategies can directly benefit most healthcare organizations. In addition, to validate its

clinical effectiveness, we conducted a secondary analysis to estimate the benefits and costs of exposuremodel-guided medical interventions

in SMI patients. The results showed that patients in the H1D-1 exposure pattern had a significantly increased risk of death with glucocorticoids.

Although we cannot answer the question of whether ascorbic acid and negative inotropes can be a benefit to septic patients, we support

glucocorticoids did not benefit SMI patients, especially H1D-1.

Conclusions

In conclusion, our study has identified a distinctive clinical feature grounded in early HR anddiastolic bloodpressure amongpatients with SMI,

with DAP % 50 mmHg (duration proportion > 0.3) and HR R 90 bpm (duration proportion > 0.2). In populations exhibiting this exposure

pattern, preliminary evidence suggests that the use of glucocorticoids is detrimental to prognosis, and further prospective research is war-

ranted to deepen our understanding and validate these findings.

Limitations of the study

Our study was designed as a retrospective observational study. Although we included a considerable number of variables to correct for bias,

there may still be confounders and potential biases that were not controlled for. Particularly for drug validation, the total number of cases was

poor. It was not possible to analyze subgroup comparisons of treatment window, drug dose, duration, and drug type. The number of cases in

some databases did not meet the sample size requirements for model derivation, so validation was not performed in all databases. Secondly,

although we had data from Europe, America, and Asia, the amount of data in the Korean database was small. Last but not the least, future

prospective validation was necessary to confirm the robustness of the exposure pattern and its potential to predict other septic organ

damage.
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Zhenhua Zhang (zzh1974cn@163.com).

Materials availability
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Data and code availability

� The data required to replicate these findings are available from the lead contact upon reasonable request.
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� Code: the code used for the analyses is available from the lead author.
� To further facilitate communication among interested readers, we have created corresponding modules on GitHub and uploaded our code and data to

promote scientific openness and collaboration. You can access these resources at https://github.com/jaser1314/Sepsismyocardialinjury/tree/main.
� The datasets generated or analyzed during this study are available in their entirety upon request.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

theMedical InformationMart for Intensive Care

IV database (MIMIC-IV, version 2.2)

https://physionet.org/content/mimic4-

carevue/1.4/

N/A

theMedical InformationMart for Intensive Care

III database (MIMIC-III, version 1.4)

https://phyonet.org/content/mimiciv/2.2/ N/A

the eICU Collaborative Research Database

(eICU-CRD)

https://physionet.org/about/database/ N/A

the University of Amsterdam Medical Center

database (Amsterdam UMCdb, version 1.0.2)

https://amsterdammedicaldatascience.nl/ N/A

the Salzburg Intensive Care database (SICdb,

version 1.0.6)

https://physionet.org/about/database/ N/A

the INSPIRE dataset (version 1.0) https://physionet.org/about/database/ N/A

Software and algorithms

R software version 4.2.2 R Foundation for Statistical Computing,

Vienna, Austria

N/A
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

In the course of our retrospective and exploratory study concerning patients with sepsis-associated myocardial injury, we undertook a

comprehensive approach by leveraging data derived from multiple centers. This strategic choice was made to bolster the generalizability

of our study’s outcomes. It is noteworthy that these datasets have undergone rigorous ethical review by local hospitals in advance, andmetic-

ulous de-identification procedures have been implemented to safeguard patient privacy. As a result, we are granted access to ethical content

from the official websites of these data centers, ensuring adherence to the highest ethical standards in our research endeavors.
METHOD DETAILS

Data sources

Our multi-center dataset was diligently curated from six prominent publicly available critical care databases, namely the Medical Information

Mart for Intensive Care IV database (MIMIC-IV, version 2.2),27 the Medical Information Mart for Intensive Care III database (MIMIC-III, version

1.4),28 the eICU Collaborative Research Database (eICU-CRD),29 the University of AmsterdamMedical Center database (AmsterdamUMCdb,

version 1.0.2),30 the Salzburg Intensive Care database (SICdb, version 1.0.6),31 and the INSPIRE dataset (version 1.0).32
Study population

The study involved patients who were diagnosed with sepsis and myocardial injury during their ICU admission. Sepsis was defined based on

the Third International Consensus Criteria for Sepsis,15 which include suspicion of infection and a Sequential Organ Failure Assessment

(SOFA) score of 2 or higher. The updated sepsis criteria lack definitiveness for suspected infections. In light of this, the administration of an-

tibiotics or the collection of blood culture specimens was deemed indicative of a suspected infection within the study. Myocardial injury was

defined in accordance with the European Heart Association’s criteria, specifically referencing the 99th percentile of troponin levels above the

upper referential boundary. This stringent definition ensured a precise identification of myocardial injury cases within the patient cohort.4

Following the defined criteria, patients with cardiac surgery, coronary surgery, structural heart disease, chronic kidney disease [identified

by International Classification of Diseases (ICD) codes], minors, and repeat admissions were excluded. This exclusion strategy aimed to

enhance the consistency and homogeneity of baseline data in the study cohort.
Variables and outcomes

To comprehensively assess the impact on outcomes, we implemented an analytical framework encompassing demographics, laboratory in-

dicators, organ scores, vital signs, and therapeutic indicators. Extraction strategies varied for clinically characterized variables. Demographic

data (age, gender, body mass index) were derived from the first recorded values at admission. Binary extraction, utilizing ICD codes, was em-

ployed for comorbidity, infection site, and therapeutic indicators. Clinical scores (e.g., Sequential Organ Failure Score-SOFA, Simplified

Acute Physiology Score-SAPS) were calculated as maximum values on the first day of ICU admission. Laboratory indicators were derived
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from the worst values based on clinical experience. Vital signs were dynamically quantified using a time-weighted average (calculated as the

area under the time curve divided by the time) for each day.

Our primary outcome measure was 28-day mortality, represented as binary data. Secondary outcomes, including 7-day mortality and

length of ICU stay (LOS), provided supplementary insights. Table S1 offers a comprehensive summary of all variables to be analyzed, each

meticulously described for thorough characterization.
QUANTIFICATION AND STATISTICAL ANALYSIS

In the current study, chi-square tests served as the analytical tool for comparing binary variables, and their presentation involved enumerative

counts and respective percentages. The evaluation of numerical variables entailed the application of the Mann-Whitney U-test, with descrip-

tors comprising the median and interquartile range. To ascertain the robustness of our datasets, a meticulous assessment was conducted,

revealing theMIMIC-IV dataset as themost comprehensive and suitable for modeling, derivation, and characterization analyses. This discern-

ment is visually conveyed in Figure S1.

In addressing missing values on the initial ICU admission day, we used Multiple Interpolation based on Fully Conditional Specification to

replace missing values if they were less than 50%, and excluded those that were more than 50% missing. Subsequently, we proceeded with

modeling and statistical analyses. To elucidate the dynamic impact of heart rate and diastolic blood pressure on the temporal trajectory of

mortality, we employed time-varying relative effects within recursive event-based Piece-wise exponential Additive Mixed Model (PAMM).33

This approach facilitated the estimation of dose, time window, and time fraction pertaining to hazardous exposure. Covariates underwent

rigorous backward screening to ascertain their significance, followed by secondary analyses focused on exposure characterization based

on these outcomes. In an effort to ensure a more equitable comparison of clinical outcomes, we derived two distinct cohorts comprising

exposed and unexposed patients via propensity score matching (PSM) and inverse probability weighting (IPW).34 This approach aimed to

establish a balanced baseline at admission, a methodology consistently applied for baseline correction in validation sets. Furthermore, we

maintained uniformity by employing the same data extraction approach across verified datasets. Given the inherent limitations stemming

from data integrity and sample size constraints within specific databases, we selectively validated the research findings.

All statistical analyses were executed utilizing R (version 4.2.2), an open-source statistical programming language. The criterion for statis-

tical significance was established as p values less than 0.05, aligning with conventional thresholds in scientific research.
ADDITIONAL RESOURCES

This study did not create or add to a new website, nor was it part of a clinical trial.
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