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Editorial on the Research Topic

Critical care cardiology for cardiovascular emergencies

In recent years, substantial evidence regarding cardiogenic shock and mechanical

circulatory support (MCS) has been accumulated in the field of Critical Care

Cardiology, contributing to the development of this emerging subspecialty (1). The

patient population in cardiac care units (CCUs) has become increasingly complex and

critically ill, raising concerns about whether these units can continue to manage high-

acuity patients in the absence of intensivists (2). The necessity of critical care

cardiologists has been acknowledged for over two decades. However, expert consensus

statements on cardiogenic shock have only recently been published by professional

societies in Europe, North America, and Japan (3–5). Given the heterogeneity of

cardiogenic shock, which encompasses a variety of underlying etiologies, establishing it

as a distinct academic field and generating robust evidence has remained a significant

challenge. This special issue presents 18 contributions in the realm of critical care

cardiology, including 9 original research articles, 3 reviews, 4 case reports, 1 brief

research report, and 1 perspective piece (URL: https://www.frontiersin.org/research-

topics/65741/critical-care-cardiology-for-cardiovascular-emergencies).

The growing use of LV-unloading devices has heightened the demand for noninvasive

methods to assess left ventricular (LV) workload. Sato et al. evaluated the utility of the

pressure-strain product (PSP), derived from echocardiographic strain and blood

pressure, for estimating pressure-volume (PV) loop-based LV stroke work (LVSW) in a

large animal model with a left ventricular assist device (LVAD). PSP demonstrated the

strongest correlation with PV loop-derived LVSW, outperforming other parameters

such as Echo-derived LV end-diastolic volume, Echo-LVSW, peak LV pressure, and

global circumferential strain. Furthermore, PSP significantly correlated with LV

myocardial oxygen consumption, pressure-volume area, coronary sinus oxygen

saturation, and coronary vascular resistance. Although further clinical studies are

warranted, PSP holds promise as a noninvasive biomarker for myocardial

metabolic monitoring.

Right heart failure (RHF) following LVAD implantation remains a major clinical

concern due to complex hemodynamic interactions that complicate its management.

Nonaka et al. provided a comprehensive review of the current understanding of RHF
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pathophysiology and evaluated existing predictive models for RHF

after LVAD placement. The authors’ discussion of current

knowledge gaps is particularly valuable for improving future

RHF management strategies. This review is expected to deepen

readers’ comprehension of RHF mechanisms.

With the increasing use of MCS, bedside explantation

techniques are gaining attention. Xu et al. investigated the

feasibility of a novel area-reduction post-closure technique for

bedside explantation of veno-arterial extracorporeal membrane

oxygenation (V-A ECMO). In their retrospective analysis of 18

patients, the procedure achieved a 100% technical success rate.

The authors detailed the method, which notably included the use

of an 8 Fr sheath to facilitate the deployment of the first Proglide

device—an innovative and immediately applicable technique for

clinical practice.

The 2025 ACC/AHA guidelines for acute coronary syndrome

give a Class III recommendation against the routine use of intra-

aortic balloon pump (IABP) in patients with myocardial

infarction complicated by cardiogenic shock. However, the role

of IABP remains controversial. Ota et al. presented an intriguing

case highlighting the potential importance of aortic compliance

in determining IABP efficacy. Their case involved an elderly

patient with severe aortic stenosis and pneumonia who developed

refractory cardiogenic shock and experienced a dramatic

hemodynamic improvement following IABP insertion.

The use of MCS devices such as V-A ECMO and transvalvular

micro-axial flow pumps (mAFP) significantly complicates brain

death determination and organ donation procedures. Raimann

and Willems addressed this challenging issue in patients

receiving combined V-A ECMO and tMAFP support.

This issue also includes several additional studies offering

valuable insights for clinicians engaged in critical care cardiology.

We hope that critical care cardiologists worldwide will take the

opportunity to explore these important contributions. As CCUs

in developed countries evolve into cardiac intensive care units

(CICUs), we are witnessing the dawn of the Critical Care

Cardiology era. We look forward to continued advancements in

the field, the generation of high-quality evidence, and, ultimately,

improved outcomes for critically ill cardiovascular patients.
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Association between lactate/
albumin ratio and 28-day
mortality in ICU critical patients
with coronary heart disease: a
retrospective analysis of the
MIMIC-IV database
Ying Liu1,2,3*
1Department of Radiology, The First Affiliated Hospital, Jiangxi Medical College, Nanchang University,
Nanchang, Jiangxi, China, 2Jiangxi Province Medical Imaging Research Institute, Nanchang, Jiangxi,
China, 3Clinical Research Center for Medical Imaging, Nanchang, Jiangxi, China
Background: The serum lactate/albumin ratio (LAR) is commonly employed for
monitoring and evaluating the prognosis of critically ill patients. Both elevated
lactate levels and decreased albumin levels may reflect the body’s stress
response and inflammatory reaction. Coronary heart disease (CHD), with
common complications including myocardial infarction, arrhythmia, heart
failure, is one of the leading causes of global death. Therefore, it is crucial to
explore biomarkers that can predict the prognosis and mortality of CHD patients.
Methods: This is a retrospective study in which the data is from the MIMIC-IV
database. Our study assessed the association between LAR value and mortality
within 28 days of admission in a total of 1,902 CHD patients from the Beth
Israel Deaconess Medical Center.
Results: The results demonstrated a significant increase in 28-day mortality
among individuals with higher LAR values. Multivariate analysis by Cox
proportional hazard model revealed an incremental rise in mortality across
each quartile with the increase of LAR value. Furthermore, restricted cubic
spline (RCS) Cox regression analysis further revealed that higher LAR values
were associated with increased 28-day mortality in the CHD patients. And
subgroup analysis confirmed that the LAR level could serve as an independent
predictor of 28-day mortality with CHD patients.
Conclusions: Our study demonstrated that the LAR value can be an important
risk predictor of 28-day mortality in patients with CHD, and a higher LAR
associate with increased mortality rate.

KEYWORDS

lactate/albumin ratio, biomarker, coronary heart disease, 28-day mortality, MIMIC-IV
database

1 Introduction

Coronary heart disease (CHD) is one of the most common cardiovascular diseases

worldwide, particularly in developed countries and some developing countries where its

incidence is relatively high. Additionally, CHD is one of the leading causes of global

death (1, 2). According to the World Health Organization, over 17 million people die

each year from cardiovascular diseases (including CHD) (3). Acute myocardial
01 frontiersin.org7
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infarction, arrhythmias, heart failure, and thrombosis resulting

from CHD are major cause of death (4). Therefore, given the

high incidence and mortality rates associated with CHD, it holds

immense significance to explore biomarkers capable of predicting

prognosis or mortality among hospitalized CHD patients.

Lactate is a product of cellular metabolism, particularly in

hypoxic conditions. Elevated lactate levels typically indicate tissue

hypoxia or hemodynamic disturbances, such as those seen in

sepsis, shock, or heart failure (5). Serum albumin is a protein

synthesized by the liver and is abundant in blood. It has

antioxidant and anti-inflammatory properties, and primarily

functions to maintain plasma colloid osmotic pressure, transport

various substances such as hormones, fatty acids, and drugs. Low

serum albumin levels (<3.5 g/dl) are often associated with poor

prognosis, which may suggest malnutrition, chronic disease,

acute inflammation or impaired liver function. Studies have

revealed that low albumin levels are correlated with higher

mortality rates, longer hospital stays, and increased complication

rates (6–8). Serum albumin level is considered an important

prognostic biomarker for ICU patients (9).

The serum lactate/albumin ratio (LAR) is a clinical indicator

used to evaluate status of the patients, particularly those of

critically ill patients. A higher ratio typically indicates a poorer

prognosis. During acute illness or post-trauma, elevated lactate

levels and decreased albumin levels may reflect the body’s stress

and inflammatory responses. The ratio combines information of

both lactate and albumin levels, providing a more comprehensive

evaluation of the patient’s status (10).

Our study evaluated the relationship between the LAR level

and 28-day mortality in CHD patients, and revealed that higher

LAR levels associate with higher mortality rates. Therefore, LAR

can serve as an independent predictor of higher 28-day mortality

in CHD patients.
2 Methods

2.1 Data source

This is a retrospective study, data from the MIMIC-IV database

(version 2.2). This database covers information on all patients

admitted to the Beth Israel Deaconess Medical Center (BIDMC)

during the years from 2008 to 2019, which includes

comprehensive information on patients’ hospital stay, laboratory

tests, medication treatments, vital signs, and so no. To protect

patient privacy, all personal information has been de-identified

and replaced with random codes. Therefore, obtaining patients’

informed consent or ethical approval was not necessary for this

study. The MIMIC-IV (v.2.2) database can be downloaded from

the online platform PhysioNet (https://physionet.org/content/

mimiciv/2.2/). In order to gain access to this database and extract

data, Ying Liu, the first author of this study, successfully

completed the Collaborative Institutional Training Initiative

(CITI) courses “Conflicts of Interest” and “Data or Specimens

Only Research” (ID: 42343630). Consequently, we obtained the

necessary qualifications for using the database and extract data.
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2.2 Data selection criteria and exclusion
criteria

From the MIMIC-IV database (v2.2), our analysis

retrospectively included ICU patients diagnosed with CHD (the

top 3 ranks) according to the International Classification of

Diseases (ICD)-9 codes (410.xx–414.xx) (410.xx: Acute

myocardial infarction; 411.xx: Other acute and subacute forms of

ischemic heart disease; 412.xx: Old myocardial infarction; 413.xx:

Angina pectoris; 414.xx: Other forms of chronic ischemic heart

disease) and the ICD-10 codes (I20.x-I22.x, and I25.x) (I20.x:

Angina pectoris; I21.x: Acute myocardial infarction; I22.x:

Subsequent myocardial infarction; I25.x: Chronic ischemic heart

disease). For patients with multiple ICU admissions, only data

from the first admission were considered in our analysis. Patients

meeting the following criteria will be excluded: (1) patients under

18 years old at the time of initial admission; (2) patients with

multiple admissions for CHD, only data from the first admission

will be retained; (3) patients with ICU stays of no more than

24 h; (4) patients with end-stage renal disease, liver cirrhosis, or

malignant tumors; (5) patients without recorded blood lactate

and serum albumin data within 24 h of admission (Figure 1).
2.3 Data extraction

We adopted Navicat Premium software (version 16.3.5) and

used Structure Query Language (SQL) with PostgreSQL tools

(v13.7.1) to extract the raw data of CHD patients within the first

day after ICU admission. The data included demographic

information (age, gender, race), vital signs (heart rate, SBP, DBP,

temperature, respiratory rate), laboratory indicators (PH, PaO2,

total CO2, total bilirubin, sodium, potassium, lactate, albumin,

PTT, ALT, AST, PT, platelet, RBC, WBC), treatments (CRRT,

ventilator), comorbidities (myocardial infarction, paraplegia,

diabetes, rheumatic disease, congestive heart failure), and specific

scores (SOFA score and GCS score).

For vital signs, laboratory tests, and specific scores that were

measured multiple times during the ICU stay, we use the first

measurement taken within the first 24 h of ICU admission.
2.4 Statistical analysis

Comparison of continuous variables was performed using the

t-test or Kruskal–Wallis test, with results presented as mean ±

standard deviation. Categorical variables were presented as

percentages. Kaplan–Meier survival analysis was used to assess

the incidence of 28-day mortality events between groups

according to different levels of LAR. The hazard ratio (HR) and

95% confidence interval (CI) between LAR and primary

endpoints were estimated using Cox proportional hazard models

and adjusted for multiple models. Model 1 with no adjustments;

Model 2 adjusted for gender, age, and race; and Model 3

adjusted for gender, age, race, pH, PaO2, total CO2, total
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FIGURE 1

Inclusion and exclusion of patients.

Liu 10.3389/fcvm.2024.1486697
bilirubin, potassium, PTT, PT, ALT, AST, RBC, WBC, heart rate,

SBP, temperature, respiratory rate, SOFA, GCS, Charlson

Comorbidity Index, myocardial infarction, paraplegia, rheumatic

disease, and CRRT. When LAR was considered as a quartile

variable, the lowest quartile was chosen as the reference group.

Restricted cubic spline (RCS) Cox regression analysis was further

used to determine if there was a potential non-linear relationship

between LAR incidence and 28-day mortality in CHD patients,

The optimal cut-off value of LAR was determined by the Youden

index. Receiver Operating Characteristic (ROC) analysis was used

to assess the predictive ability of Lactate, Albumin and LAR for

predicting the 28-day mortality. All statistical analyses were

performed using R software version 4.3.1. A two-tailed test

indicating P < 0.05 is considered statistically significant.
3 Results

3.1 Baseline patient characteristics

A total of 1,902 patients with coronary artery disease meeting

the inclusion criteria were included (1,156 females and 746

males), with an average age of 71.62 ± 13.26 years. The results
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showed statistically significant differences among the quartile

groups (Q1–Q4) in age, PH, PaO2, total CO2, SBP, total

bilirubin, potassium, lactate, albumin, PPT, PT, ALT, AST, WBC,

heart rate, DBP, temperature, respiratory rate, SOFA score, GCS

score, charlson comorbidity index, myocardial infarction,

diabetes, CRRT, and 28-day mortality rate. Compared with the

other three groups, Q4 group exhibited highest 28-day mortality

rate, total bilirubin, potassium, lactate, PPT, PT, ALT, AST,

WBC, heart rate, and respiratory rate. Q4 group also had higher

prevalence of myocardial infarction, diabetes, and increased

likelihood of receiving CRRT treatment compared with other

three groups. Conversely, PH, PaO2, total CO2, albumin, and

SBP levels were lowest in Q4 group. Please see details in

Supplementary Table S1.
3.2 Association between LAR and 28-day
mortality

The Kaplan-Meier survival curve revealed that individuals with

high LAR had substantially poor 28-day survival, and the 28-day

survival rates of Q1 patients is the highest compared to other

quartiles (P < 0.01). With the increase of the LAR value, the
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FIGURE 2

Kaplan-meier survival analysis curve for 28-day mortality.
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cumulative 28-day mortality rate of each quartile decreased

sequentially (see Figure 2). We further explored the association

between the LAR value and 28-day mortality using multivariate

Cox proportional hazards regression analyses. To minimize the

impact of confounding factors, we constructed three models. In

Model1, LAR was positively correlated with 28-day mortality

[hazard ratio (HR) = 1.48 (95% CI: 1.39–1.58)]. When LAR was

considered as a quartile variable (P for trend <0.001), the hazard

ratio for 28-day mortality in the highest quartile (Q4) of LAR

was 4.14 (95% CI: 3.05–5.63), which was significantly higher

than that of Q1 (P < 0.001). In Models 2 and 3, we adjusted for

different confounding factors (Model II adjusted for race, gender,

and age; Model 3 adjusted for gender, age, race, pH, paO2, total

CO2, total bilirubin, potassium, partial thromboplastin time,

prothrombin time, ALT, AST, WBC, heart rate, respiratory rate,

SOFA score, GCS score, Charlson comorbidity index, myocardial

infarction, paraplegia, rheumatic disease, and CRRT factors),

and this association between the LAR value and 28-day

mortality remained the same (see Supplementary Table S2).

Besides, results of single factor analysis on the difference

analysis of various factors (gender, age, race, pH, paO2, total

CO2, total bilirubin, potassium, partial thromboplastin time,

prothrombin time, ALT, AST, WBC, heart rate, respiratory

rate, SOFA score, GCS score, Charlson comorbidity index,

myocardial infarction, paraplegia, rheumatic disease, and

CRRT factors) between the death group and the non-death

group were shown in Supplementary Table S3.
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We further used restricted cubic splines to further evaluate

whether there is a nonlinear relationship between LAR and 28-

day mortality in CHD. We found that the relationship between

LAR and 28-day mortality in coronary heart disease was

approximately L type shaped (Figure 3). After adjusting for

confounding factors, when LAR was higher than 0.56, the 28-day

mortality in coronary heart disease increased with higher

LAR value.
3.3 ROC curve analysis and prediction of
mortality

ROC curves for LAR, albumin, and lactate were plotted to

predict the 28-day mortality of patients with CHD (Figure 4).

The results showed that the area under the curve (AUC) of LAR

was 0.68 (95% CI: 0.65–0.71), which was superior to that of

lactate 0.66 (95% CI: 0.64–0.69) and albumin 0.41 (95% CI:

0.38–0.44). The results showed that LAR was more effective in

predicting 28-day mortality of CHD patients than albumin or

lactate alone.
3.4 Subgroup analysis

Subgroup analysis was used to assess the association between

LAR and 28-day mortality of CHD patients (Table 1). When
frontiersin.org

https://doi.org/10.3389/fcvm.2024.1486697
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


FIGURE 3

Restricted cubic spline model for association between the LAR and hazard ratio.

FIGURE 4

ROC curves for 3 indicators, LAR, lactate and albumin, to predict mortality.
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TABLE 1 Subgroup analysis.

Variables HR (95% CI) P for interaction
Age 0.415

≥65 1.14 (1.01, 1.28)

<65 1.21 (0.95, 1.54)

Gender 0.346

Female 1.05 (0.91, 1.20)

Male 1.41 (1.17, 1.70)

Race 0.004

White 1.30 (1.12, 1.50)

Other 1.08 (0.92, 1.28)

Paralegia 0.25

Yes 1.14 (1.03, 1.27)

No 6.84 (1.32, 35.46)

Myocardial infarct 0.721

Yes 1.11 (0.90, 1.37)

No 1.17 (1.04, 1.33)

Rheumatic disease 0.07

Yes 2.16 (0.61, 7.67)

No 1.14 (1.03, 1.27)

CRRT 0.003

Yes 1.22 (0.95, 1.58)

No 1.21 (1.06, 1.37)

Liu 10.3389/fcvm.2024.1486697
stratified for age, gender, race, paraplegia, myocardial infarct,

rheumatic disease, CRRT. The results showed no significant

interaction between LAR and most subgroups (P for interaction

> 0.05). However, an interaction was observed between race and

CRRT subgroups (P for interaction < 0.05).
4 Discussion

Our study used the publicly accessible MIMIC-IV database

(v2.2) to assess the prognostic values of LAR level in patients

with CHD. This retrospective analysis demonstrated a

measurable association between elevated LAR levels and

increased 28-day mortality in CHD patients. KM survival

analysis indicated that patients with higher LAR levels had

increased risk of death within 28 days of admission compared to

those with lower LAR levels. The RCS curve revealed that when

the LAR value exceeded 0.56, the mortality rate increased with

rising LAR values. Subgroup analysis confirmed that the LAR

level could serve as an independent predictor of 28-day

mortality. Moreover, ROC curve analysis demonstrated that LAR

had superior predictive performance for 28-day mortality

compared to lactate or albumin alone.
4.1 The relationship between serum lactate,
albumin, LAR and cardiovascular diseases

Lactate is a product of anaerobic metabolism, and it occurs

when the body is under anoxic condition, leading to an increase

in glycolysis. Elevated lactate levels reflect tissue hypoxia,

metabolic disorders, and systemic inflammation, all of which are

closely related to cardiovascular diseases (11, 12). Albumin is a
Frontiers in Cardiovascular Medicine 0612
protein synthesized by the liver, which plays a crucial role in

maintaining blood osmotic pressure and transporting various

substances such as fatty acids, hormones, and drugs. Albumin

levels reflect nutritional status and liver function, and are also

associated with inflammatory responses. Multiple studies have

revealed that lactate and albumin can serve as prognostic and

mortality predictors for cardiovascular diseases. Studies have

found that elevated serum lactate levels and low albumin levels

in patients with acute coronary syndrome (ACS) are associated

with poorer outcomes, increased in-hospital and long-term

mortality rates (8, 13, 14), indicating that lactate and albumin

levels can serve as an effective predictor of prognosis in ACS

patients. The serum lactate levels are also important prognostic

indicators in heart failure patients. Heart failure patients with

elevated lactate levels have a significantly increased risk of death

both during hospitalization and after discharge (7, 15, 16).

Besides, patients with low albumin levels have higher mortality

rates during hospitalization and long-term follow-up (6, 17). In

cardiac surgery, such as coronary artery bypass grafting or valve

replacement, monitoring serum lactate levels help predict

postoperative complications and mortality risk (18, 19).

Persistent elevation of lactate levels and low albumin levels after

surgery usually indicates a higher incidence of complications and

poorer survival rates (19–22). The serum lactate and albumin

levels in patients with cardiogenic shock are closely related to the

severity of their condition and prognosis. Patients with high

lactate levels generally have poorer prognosis and higher

mortality rates (23, 24).

LAR reflect the metabolic load and nutritional status of

patients, thereby providing a more comprehensive prognostic

assessment. Numerous studies have demonstrated that LAR is

more advantageous in predicting prognostic indicators such as

mortality and complication rates in critical patients compared to

relying solely lactate or albumin levels. High LAR values are

often associated with poorer prognosis, making it a more

sensitive and specific prognostic indicator (14, 25, 26).

Additionally, LAR helps in better risk stratification, aiding

clinicians in identifying high-risk patients for timely and targeted

interventions. For patients with high LAR values, enhanced

monitoring and more aggressive treatment strategies may

be warranted.

LAR is an important indicator for predicting mortality in

critical patients (27). It has shown good effectiveness in

predicting prognosis and mortality in patients with

cardiovascular diseases such as heart failure, myocardial

infarction, and cardiac arrest. Studies have indicated that high

LAR levels are independent risk factors for high mortality rates

in patients with severe heart failure (28, 29). LAR can also

predict the risk of readmission within three months for heart

failure patients (30). Yang et al. (31) analyzed 2,816 hospitalized

patients diagnosed with myocardial infarction and found that the

LAR value was significantly higher in the death group compared

to the survival group, demonstrating a significant independent

predictive ability for increased all-cause mortality during

hospitalization. Another study showed that the LAR ratio is

significantly associated with 14-day, 28-day, and 90-day all-cause
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mortality in critical AMI patients, with higher LAR being

considered an independent risk factor for higher mortality in

AMI patients (31). Haschemi et al. (32) demonstrated that LAR

could predict 30-day survival after in-hospital cardiac arrest, with

better prognostic performance for predicting 30-day survival

compared to lactate or albumin alone. Additionally, LAR is

significantly associated with poor prognosis in HF and CKD

patients, and it may help identify HF and CKD patients with a

high risk of all-cause mortality (33). Our study systematically

revealed that the higher the LAR value, the higher the 28-day

mortality rate with CHD patients, which will provide guidance

for clinical treatment.
4.2 Mechanisms of increased LAR levels in
CHD patients

CHD is often accompanied by coronary artery stenosis or

obstruction, leading to decreased oxygen supply to myocardial

cells. In hypoxic conditions, myocardial cells cannot produce

enough energy through aerobic metabolism (oxidative

phosphorylation) and instead rely on anaerobic metabolism

(glycolysis) to generate energy. The end product of glycolysis is

lactate, lactate accumulates and is released into the blood under

ischemic conditions, leading to elevated blood lactate levels.

Additionally, the ability of myocardial cells to clear lactate may

also decrease, further contributing to the accumulation of lactate

in the blood. Coronary artery disease patients often have

endothelial dysfunction, which can reduce coronary blood flow

and further decrease myocardial oxygen supply. Endothelial

dysfunction may also affect lactate clearance and metabolism,

which leads to increased blood lactate levels. Moreover, coronary

artery disease patients often accompany with activation of the

sympathetic nervous system, which increases the metabolic

demand of the myocardium. When oxygen supply is insufficient,

myocardial cells rely more on anaerobic metabolism, thus

producing more lactate.

Liver is the main organ for synthesizing albumin. Patients with

coronary artery disease may have mild to moderate liver function

abnormalities, especially those with other chronic diseases (such

as liver cirrhosis, hepatitis) or those using certain medications

(such as statins). These factors can affect the liver’s protein

synthesis function, leading to reduced albumin synthesis.

Furthermore, patients with coronary artery disease may have

insufficient nutritional intake due to decreased appetite and

gastrointestinal dysfunction, which can reduce the synthesis of

plasma proteins (including albumin), leading to lower albumin

levels. Coronary artery disease can also cause heart failure, which

lead to hepatic congestion and renal insufficiency, thereby

impacting albumin metabolism and contributing to decreased

albumin levels.

Among our 1,902 CHD patients, primarily including those

with myocardial infarction, ischemic heart disease, and angina,

the possible mechanisms contributing to a higher LAR (lactate/

albumin ratio) are as follows: In myocardial infarction and

patients, insufficient blood supply to the heart prompts
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myocardial cells to undergo anaerobic metabolism, thus

increasing lactate production. Besides, heart disease patients often

accompany with renal dysfunction, which affects albumin

metabolism and leads to decreased levels. During angina

episodes, the temporary insufficiency of blood supply to the

myocardium leads to an increase in anaerobic metabolism and a

rise in lactate production. Prolonged ischemic conditions can

impair the metabolic function of myocardial cells, resulting in

lactate accumulation.
4.3 Study limitations

Despite significant progress in research on lactate as a

prognostic and mortality predictor for cardiovascular diseases,

there are still some limitations. Firstly, since the patients in

our study were all admitted to the ICU, there were no stable

CHD patients, which may result in our conclusions not being

applicable to CHD patients in the general ward. Secondly,

differences in lactate measurement methods and timing across

studies may limit the comparability of results. What is more,

more large-scale, multicenter prospective studies are needed to

validate the predictive value of the LAR in coronary heart

disease populations.
5 Conclusions

Our study demonstrated that the LAR value can be an

important risk predictor of 28-day mortality in patients with

CHD, and a higher LAR associate with increased mortality rate.
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In this review paper, we search the recent literature regarding the application of
the heart-brain interaction theories in the field of intensive care unit.
Simultaneously, we methodically summarize the clinical evidence supporting
its application in intensive care unit treatment, based on clinical randomized
trials and clinical case studies. We delve into how it’s applied in treating
severely ill patients and in researching animal models for cardio-cerebral
comorbidities, aiming to supply benchmarks for subsequent clinical trials and
studies on mechanisms.
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1 Introduction

According to the World Health Organization, cardio-cerebrovascular diseases, such as

stroke and myocardial infarction, have remained the primary reason for mortality and

disability worldwide for the last 15 years (1). Growing studies in the field of cardio-

cerebrovascular diseases have revealed a significant connection between cardiovascular

diseases and neurological conditions, leading to a new discipline known as

“Neurocardiology”. A research indicates that a 50%–100% surge in both stroke

survivors and patients over the past 25 years, with a notable rise in the disease burden

of patients (2, 3), potentially linked to cardiac issues caused by stroke. Stroke ranks as

the second most prevalent cause of mortality globally (4). A range of new-onset

cardiovascular complications, such as arrhythmias and takotsubo cardiomyopathy, may

occur subsequent to a stroke (5). The cardiac death rate is elevated (19.4% of all

deaths) during the initial 4 weeks after stroke (6). Concurrently, the management of

neurological disorders like acute ischemic stroke (AIS) faces significant hurdles due to

cardiac complications (7, 8). Meanwhile, heart failure (HF) represents a significant

health challenge globally and ranks as a primary reason for unfavorable outcomes and

death rates (9).

Historically, academic studies have concentrated on the distinct therapeutic

approaches of cardiology and neurology for cardio-cerebrovascular diseases

management. Consequently, a deficit exists in the systematic and uniform

interdisciplinary foundational and clinical studies across various disciplines concerning

cardio-cerebrovascular disorders. Furthermore, the engagement of intensive care

physicians is essential for patients in critical conditions (10). This review searches both

fundamental and clinical researches concerning the use of heart-brain interaction
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theories in critical care, aiming to encapsulate the latest clinical

research findings on its application in preventing and treating

severe cardio-cerebrovascular diseases, along with its effect

mechanisms, to guide future pertinent studies.
2 The theories of heart-brain
interaction

Numerous theories regarding heart-brain interaction have

emerged over the past hundred years, influenced by clinical

symptoms and the progression of pathological alterations

(Figure 1). This section will present the heart-brain interaction

concepts from two perspectives: fundamental scientific research

experiments and clinical case studies. In 1959, Selye (11)

developed an animal model of subarachnoid hemorrhage (SAH)

and used drugs like reserpine, which block catecholamine release,

to avert myocardial damage. This research indicated that cardiac

necrosis following SAH is attributable to catecholamine toxicity.

Furthermore, it demonstrated that catecholamines released

directly into the heart via the nervous system exhibit significantly

greater toxicity compared to those that arrive at the heart

through the bloodstream. Subsequently, Masuda et al. (12)
FIGURE 1

The historical evolution of the concept of heart-brain interaction. This revea
has been understood and discovered by scholars from different perspective
theories of heart-brain interaction can provide important insights for the pre
cTI, cardiac tropnin I; SAH, subarachnoid hemorrhage; MPFC, medial prefro
heart rate; TBI, traumatic brain injury.
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observed that in the acute phase of SAH (180 min after SAH),

heightened sympathetic nervous system (SNS) activity has been

associated with myocardial injury and contributes to the

development of cardiac dysfunction. Thackeray et al. (13)

employed serial noninvasive whole-body positron emission

tomography to concurrently interrogate the heart and the brain.

The positron emission tomography imaging agents utilized in

this study were specifically designed to target the 18-kDa

mitochondrial translocator protein, which is known to be

upregulated in activated microglia and in systemic monocytes.

Inflammatory responses are observed in both the brain and the

heart one week following an acute myocardial infarction (AMI).

A research in 2014 revealed that intense intracranial

hypertension, such as SAH, excessively stimulates the SNS

(Figure 2), leading to the development of serious cardiac

arrhythmia in patients (14). Following this, Silvani et al. (15)

found that the brain innervates the heart via the sympathetic and

parasympathetic pathways of the autonomic nervous system

(ANS), and neurological conditions may disrupt the central

autonomic regulation of the cardiovascular system, resulting in

grave outcomes like myocardial injury, arrhythmia, and

potentially abrupt mortality. During the year 2018, Doehner and

colleagues (16) clearly suggested that the heart and the brain
ls the evolution process of the theories of heart-brain interaction, which
s from ancient times to the present. Understanding the evolution of the
vention of critical cardio-cerebrovascular diseases in intensive care unit.
ntal cortex; ICP, intracranial pressure; MAP, mean arterial pressure; HR,
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TABLE 1 Heart related risk factors for stroke.

Factors Characteristic Ref.
HF (heart failure) There is an interaction between HF and stroke, and

stroke increases the incidence rate and mortality of
HF patients

(21)

Atrial fibrosis Atrial fibrosis is the main cardiac risk factor for stroke (22)

Hypertension Hypertension is a common risk factor for recurrent
stroke

(23)

Rheumatic heart
disease

Rheumatic heart disease is one of the main causes of
stroke in middle-and low-income countries

(24)

Valvular heart
disease

American residents with valvular heart disease have a
higher risk of experiencing stroke

(25)

FIGURE 2

The process of intracranial hypertension leading to heart damage.
Understanding this process can provide a basis for preventing
cardiovascular complications in patients with traumatic brain injury
in intensive care unit.
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interact in two directions. For instance, individuals diagnosed with

severe HF exhibit a diminished left ventricular ejection fraction

(LVEF), which correlates with an elevated annual stroke risk

estimated at 4%. In contrast, patients experiencing mild to

moderate HF have an approximate annual stroke risk of 1.5%. A

sympathetic-vagal imbalance due to stroke may lead to a

decrease in myocardial contractility and trigger the lysis of

myocardial cells. The aforementioned studies indicate that the

central nervous system (CNS)’ s control over heart function is

attainable via the outflow of cardiac motor sympathetic and

parasympathetic signals to both the cardiac conduction system

and the myocardium. Conversely, impairments in heart

performance may impact the health of the brain, including

neuroinflammation and the deterioration of cognitive functions.

Neuroinflammation is characterized as the immune response

elicited by the CNS in reaction to localized injury or systemic

infection. Microglia is the main agonist of neuroinflammation

and it is present in significant quantities within the brain (17).

In addition, following heart transplantation or cardiac

resynchronization therapy (CRT), there is an observed increase

in cerebral blood flow and an enhancement in cognitive function

among patients with severe HF. This observation suggests that

the cognitive impairments observed in individuals with severe

HF may be linked to the underlying mechanisms associated with

impaired cardiac systolic function, which leads to a reduction in

cardiac output. Such a decrease in output may result in

diminished cerebral blood flow and subsequent cerebral ischemia

due to insufficient cerebral perfusion (18–20).

To sum up, numerous academics have explored the heart-brain

interaction through diverse viewpoints, formulated several

innovative theories, and unearthed a plethora of fresh research

findings, laying a robust groundwork for averting secondary

brain injuries in patients with severe cardiovascular conditions
Frontiers in Cardiovascular Medicine 0318
(such as severe HF or cardiac dysfunction requiring mechanical

cardiac support leading to cognitive impairment) or secondary

cardiac issues in those with critical neurological conditions (such

as severe stroke causing myocardial injury, arrhythmia, and

potentially abrupt mortality) within intensive care unit (ICU).

In the subsequent chapters, we will respectively elaborate on

the application of the heart-brain interaction concepts within

the contexts of clinical practice and fundamental scientific

research experiments.
3 Heart-brain interactions: clinical
evidence

3.1 Heart to brain: heart failure on cognitive
function

Cardio-cerebrovascular diseases have consistently been a

primary reason for hospital admissions, illness and death globally

(1). The cardiovascular system plays a crucial role in circulating

blood throughout the body, brain included. HF can result in

neurological disorders like stroke, with Table 1 encapsulating the

risk factors linked to stoke, HF included. Furthermore, it’s

proposed that diminished cardiac output could primarily lead to

prolonged cerebral hypoperfusion and cognitive deterioration in

patients suffering from HF (26, 27).

Given that a malfunctioning heart can impair the standard

structure and functionality of the brain and prompt treatment of

the heart performance in severe HF patients can avert

neurological conditions like stroke (28). The Montreal Cognitive

Assessment serves as a diagnostic instrument for identifying

cognitive impairment. Bhat et al. (29) conducted a follow-up

study on patients with end-stage HF who had undergone

implantation of left ventricular assist devices for a duration of

eight months. The study revealed notable enhancements in the

patients’ The Montreal Cognitive Assessment total score,

visuospatial, executive, and delayed recall cognitive domains.

These findings indicated that improvements in cardiac function,

characterized by reductions in mitral and tricuspid regurgitation

and decreased serum levels of B-type natriuretic peptide, are

associated with positive effects on cognitive function in the brain.

Research conducted by Lee and colleagues also showed that

individuals with advanced HF exhibit atypical brain metabolism,

characterized by significantly reduced creatine levels in the
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parietal white matter compared to control subjects. Notably, these

cerebral metabolic abnormalities can be ameliorated following an

enhancement in LVEF subsequent to heart transplantation (30).

Bommel et al. (31) conducted a thorough investigation into how

cardiovascular system operations impact the nervous system.

Patients with HF were randomly divided into two groups.

Patients in the control group received medication and lifestyle

enhancements due to their unsuitability for CRT, in contrast to

the treatment group who underwent a 6-month CRT. The results

showed that enhanced systolic function in the left ventricle of the

treated group leads to a rise in cerebral blood circulation and

better cognitive abilities in the patients. A clinical trial was

conducted involving patients with life-threatening, terminal HF.

The researchers objectively assessed neurocognitive function by

utilizing cognitive P300 auditory evoked potentials. The results

demonstrated that after the successful implantation of a

ventricular assist device, there was a notable increase in the P300

evoked potential in patients suffering from severe HF, alongside

an enhancement in neurocognitive function (32). Additionally, a

separate investigation into patient suffering from severe HF

revealed that enhancements in LVEF achieved via CRT are

associated with improvements in cognitive impairment among

patients, specifically in the executive functioning, global

cognition, and visuospatial functioning (33).

To sum up, for severe HF patients, ameliorating heart

performance proactively averts neurological disorders. Facing

with complications like stroke or cognitive impairment,

concurrent treatments of the heart and the brain are crucial for

ameliorating the function of patients’ heart and brain.
TABLE 2 Central nervous system disorders and takotsubo
cardiomyopathy: a historical perspective.

Year Author Description Ref.
1991 Dote, K. et al. First report takotsubo cardiomyopathy (39)

1998 Brandspiegel, H. Takotsubo cardiomyopathy is mainly caused by
psychological factors

(40)

2005 Wittstein, I. S.
et al.

The main reason may be overstimulation of the
sympathetic nervous system

(41)

2007 Dorfman,
T. et al.

Takotsubo cardiomyopathy maybe is induced
by multiple sources of physical stress

(42)

2008 Yoshimura,
S. et al.

Takotsubo cardiomyopathy can be caused by
acute ischemic stroke

(43)

2014 Suzuki, H. et al. The role of brain cardiac axis in the
pathogenesis of takotsubo cardiomyopathy is
crucial

(44)

2015 Templin,
C. et al.

Takotsubo cardiomyopathy is induced by acute,
past, or chronic neurological or psychiatric
disorders

(36)

2016 Ghadri,
J. R. et al.

Neurological disorders may lead to
morphological changes in the heart

(45)

2020 Amin,
H. Z. et al.

High levels of catecholamines play a crucial role
in the pathogenesis and pathophysiology of
takotsubo cardiomyopathy

(46)

2022 Matta, A. et al. Sympathetic nerve stimulation and
catecholamine storm play a central role in the
development of takotsubo cardiomyopathy

(47)
3.2 Brain to heart

3.2.1 ANS dysfunction in takotsubo
cardiomyopathy

Disorders related to neurology, such as AIS, SAH represent a

primary contributing factor to the development of takotsubo

cardiomyopathy (34). A substantial body of evidence indicates

that takotsubo cardiomyopathy is associated with the heart-brain

axis (35–37). Researchers administered β- blockers to patients

with aneurysmal subarachnoid hemorrhage (aSAH) prior to their

admission and utilized echocardiography to assess any

impairment in ventricular systolic function. The findings

indicated that the intervention group exhibited a significantly

reduced incidence of takotsubo cardiomyopathy following aSAH

in comparison to the control group. This study primarily

examined the application of β- blockers in patients with aSAH

prior to hospital admission, focusing on preventive measures.

However, there exists a paucity of clinical research data on this

topic. The relationship between the risk of hypotension

associated with β- blocker use and the objectives of SAH

management post-aneurysm repair is inconsistent. Specifically,

the management protocols may permit or, in certain instances,

necessitate hypertension to mitigate the risk of cerebral

vasospasm, which can lead to infarction. Consequently, it

remains unclear whether the administration of β- blockers within
Frontiers in Cardiovascular Medicine 0419
3 days after admission to reduce cardiac output in aSAH patients

is harmful to the patients or beneficial in the pathogenesis of

takotsubo cardiomyopathy caused by aSAH. Furthermore, the

use of β- blockers is contraindicated in patients with acute and

severe HF who exhibit low LVEF, hypotension, and in those with

bradycardia (38).

Table 2 encapsulates the progress made in studying the link

between takotsubo cardiomyopathy and CNS disorders. Scholars

have discovered that enhancements in cardiac function, including

improvements in cardiac contraction, can lead to amelioration of

cognitive impairments. Conversely, the restoration of CNS

function, exemplified by the inhibition of excessive SNS

activation, has been shown to positively influence cardiac

function. This includes benefits such as improved myocardial

remodeling, a reduction in arrhythmias and the prevention of

sudden cardiac death. Research indicates that alterations in ECG

among patients with takotsubo cardiomyopathy frequently

manifest within 10 h following AIS events. Notably, the majority

of these ECG changes (including ST-segment elevation and

negative giant T waves) are not associated with cardiac symptoms,

which are typically absent upon admission. Additionally,

echocardiographic assessments reveal localized dysfunction in LV

motility, particularly in the apical region (43). The ANS, which

includes nucleus ambiguus, the nucleus tractus solitarius, the

dorsal motor nucleus of the vagus, and the rostral ventrolateral

medulla, receives regulatory information from the CNS and exerts

control over the heart, blood vessels, and adrenal glands via

pressure receptors. Consequently, this study posits that significant

ischemia in the brainstem may result in disorders of the ANS,

potentially contributing to the development of takotsubo

cardiomyopathy. Patients with takotsubo cardiomyopathy who

present with elevated intraventricular pressure gradients (PG)
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attributed to heightened SNS activation in a clinical trial were

divided into two distinct groups. Participants in the intervention

group received propranolol, a β-blocker more than 24 h following

the onset of the condition. Meanwhile, those in the control group

complied with clinical treatment guidelines, such as lifestyle

enhancements. Results suggested that the intervention group

experienced a reduction in the intraventricular PG alongside an

enhancement in LVEF. This suggests that β-blockers may confer

cardioprotective effects by counteracting the overactivation of the

SNS, diminishing the release of catecholamines and mitigating

their deleterious effects on cardiac function (48). Nevertheless,

several studies indicate that the intravenous administration of

propranolol requires meticulous monitoring due to numerous

contraindications associated with the use of β-blockers.

These contraindications include conditions such as asthma,

respiratory failure, diabetic coma, decompensated HF, vasospasm,

and bradyarrhythmia (49).

Currently, there is a lack of targeted intervention strategies for

the management of takotsubo cardiomyopathy in patients suffering

from severe cerebrovascular conditions, including aSAH, and AIS.

Consequently, it is prudent to conduct further investigations into

the incidence of takotsubo cardiomyopathy both prior to and

following hospital admission, as well as to determine the optimal
FIGURE 3

The relationship between stroke and cardiac dysfunction. Displayed the me
immune system, gut microbiome, and microRNA and microvesicle RNA. Cl
appropriate and effective treatment strategies for severely ill patients with c
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timing for interventions, appropriate dosages, and the impact of

such treatments on cardiac and neurological function in this

patient population, particularly with respect to the use of

β-blockers. Future clinical randomized controlled trials may

provide valuable insights that could enhance cardiac function—

addressing issues such as left ventricular outflow tract

obstruction, cardiogenic shock, and arrhythmias—by facilitating

the recovery of compromised CNS functions, which may include

addressing cerebral tissue ischemic infarction, secondary cerebral

vasospasm resulting from elevated intracranial pressure, acute

cerebral edema, and extensive neuronal death.

3.2.2 Systematic immunity
The pathological mechanisms of heart dysfunction caused by

acute cerebrovascular disorders remain unelucidated, potentially

linked to malfunctions in the ANS, intestinal microbiota,

inflammation, microvesicles and microRNAs (Figure 3).

Intervening in the aforementioned mechanisms can avert

cardiovascular complications in patients suffering from severe

cerebrovascular accidents. The benefits and drawbacks of

intervening in ANS dysfunction resulting from acute

cerebrovascular accidents (including aSAH and AIS) to prevent

or address cardiac dysfunction (such as reduced ventricular
chanisms of the activity of the autonomic sympathetic nervous system,
arifying the interaction between heart and brain will help develop more
ardio- cerebrovascular diseases.
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systolic function and LVEF) in patients have been thoroughly

examined in previous literature. Consequently, this discussion

will primarily concentrate on the local and systemic

inflammatory responses observed in both the brain and the

heart. Bilt and colleagues (50) discovered that patients with SAH

exhibit myocardial damage and neutrophils are present in this

region. Levels of Tumor Necrosis Factor-alpha (TNF-α) escalate

in correlation with the severity of cardiovascular diseases.

Research has demonstrated that anti-TNF-α therapy can enhance

cardiac function in patients with HF. This improvement is

attributed to the phenomenon whereby stress-activated cytokines

in cardiac tissue surpass the capacity of local cell receptors

involved in autocrine and paracrine signaling, subsequently

entering the systemic circulation as hematogenous cytokines.

These cytokines, being large molecules, typically face challenges

in crossing the blood-brain barrier. However, in instances where

the blood-brain barrier surrounding the periventricular organs is

compromised or absent, these cytokines can infiltrate the brain

via saturable or passive transport mechanisms. Once in the brain,

they may act as mediators of inflammation and stimulate the

SNS. Nevertheless, existing research has yet to elucidate the

precise mechanisms underlying the interplay between cardiac

injury and neuroinflammation. Consequently, additional

experimental studies and clinical trials are warranted to further

investigate and validate these interactions in the future.
4 The animal models for
cardio-cerebral co-morbidities

The preceding section has provided an overview of the utilization

of the heart-brain interaction concepts in the prevention and

management of critically ill patients suffering from cardio-

cerebrovascular diseases within clinical settings. This section will

concentrate on presenting certain heart-brain interaction concepts

that have been identified through animal studies but have not been

implemented in actual clinical practice. Chen and colleagues (51)

developed a test model for AIS using adult mice free from primary

heart conditions or pre-existing vascular lesions. The results

indicated that mice exhibit heart irregularities, including a decrease

in cardiac ejection fraction, enlargement of cardiomyocytes and

myocardial fibrosis. Subsequently, Bieber and colleagues (52)

observed a reduction in heart rate, an enhancement in ejection

fraction, and a notable decline in plasma brain natriuretic peptide

levels in AIS mice following the administration of β- blockers.

These findings indicate that β-blockade may mitigate the

progression of chronic cardiac dysfunction by decelerating cardiac

remodeling and suppressing sympathetic nerve activity linked to

chronic autonomic dysfunction. Another study revealed that in a

traumatic brain injury model, mice brain tissues produce

microvesicles, potentially linked to increased blood coagulation

(53). Research indicates that following injury to the left insular

cortex in murine models, there is a notable decrease in both left

ventricular systolic pressure and left ventricular end diastolic

pressure, accompanied by elevated levels of norepinephrine in both
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plasma and myocardial tissues. These findings imply that focal

ischemia in the left hemisphere of the brain may contribute to

cardiac dysfunction, with the extent of this dysfunction correlating

with the severity of damage to the insular cortex. Furthermore, the

excessive release of catecholamines may play a mediating role in

the observed cardiac dysfunction (54). Following a successful

induction of selective insular cortex AIS in rats over a period of 28

days, Balint et al. (55) conducted a histological analysis that

revealed a pronounced severity of endothelial dysfunction,

inflammation, and fibrosis in the left atrial tissue adjacent to the

pulmonary vein. This region is characterized by the highest

concentration of sympathetic nerve processes within the atrial

myocardium. This study posited that excessive activation of

endothelial cells within the brain may facilitate the swift infiltration

of neutrophils into myocardial tissue via the vascular endothelium,

highlighting the possible involvement of autonomic dysfunction in

the onset of cardiac injury. Nevertheless, additional research is

warranted to uncover novel targets aimed at preventing structural

alterations in the left atrium resulting from stroke, as well as

addressing potential post-stroke cardiovascular complications,

including arrhythmias and sudden cardiac death. Future

investigations should also concentrate on the temporal evolution of

left atrial heart disease triggered by ischemic strokes, alterations in

the ventricles and right atrium, and myocardial changes that occur

following infarcts of comparable size in other cerebral regions.

Francis et al. (56) observed an elevation in the synthesis of TNF-

α within the brain, heart, and plasma of rats following AMI. This

finding implies that AMI may trigger the production of pro-

inflammatory cytokines in the hypothalamus. Concurrently,

Meissner et al. (57) proposed that the administration of

pharmacological agents that inhibit pro-inflammatory TNF-α in

HF murine models markedly mitigated the reduction in dendritic

spine density and the associated memory deficits induced by HF.

Research has demonstrated that anti-TNF-α therapy can enhance

cardiac function in rats with HF. This improvement is attributed

to the phenomenon whereby stress-activated cytokines in cardiac

tissue surpass the capacity of local cell receptors involved in

autocrine and paracrine signaling, subsequently entering the

systemic circulation as hematogenous cytokines. These cytokines,

being large molecules, typically face challenges in crossing the

blood-brain barrier. However, in instances where the blood-brain

barrier surrounding the periventricular organs is compromised or

absent, these cytokines can infiltrate the brain via saturable or

passive transport mechanisms. Once in the brain, they may act as

mediators of inflammation and stimulate the SNS. Consequently,

anti-TNF-α therapy may enhance LVEF by mitigating the levels of

cytokines and oxidative stress within the brain, ultimately leading

to improved cardiac function in rats (58). Currently, numerous

innovative strategies have emerged for the prevention and

treatment of myocardial inflammation, particularly concerning

injury and repair mechanisms. Among these is the identification of

a novel specific myocardial cell within the damaged heart, as well

as the Ym-1hi Neu subpopulation of cardiac neutrophils, which

exhibit functional heterogeneity (59). Table 3 provides a summary

of various animal models along with their respective features.
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TABLE 3 Preparation of animal models for cardio-cerebrovascular
diseases.

Animal
model

Examples Characteristic

Traumatic brain
injury

Mouse model of fluid
percussion injury (60)

With the heads of mice
unconstrained, rapidly
injecting saline into the closed
skull cavity of the mice’s heads
under controlled pressure of
1.9 ± 0.1 atmospheres
Effective, reliable, easy to
operate, and clinically relevant

Extraluminal Permanent
distal middle cerebral artery
occlusion Model (51)

A midline incision is opened
between the orbit and the ear
Clear penumbra can be seen
around the infarcted core
Animals have a longer survival
time and small infarct area
(61–63)

Acute myocardial
infarction

The model of acute
myocardial infarction in rats
by ligation of coronary
artery (64)

Ligation of the left anterior
descending branch of the left
coronary artery in rats
Similar to the actual
pathogenesis of myocardial
infarction

Takotsubo
cardiomyopathy

Rat model of takotsubo
cardiomyopathy in vivo (65)

Injecting adrenaline into the
external jugular vein
Easy to operate
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5 Conclusion and perspective

Managing cardio-cerebrovascular diseases clinically stands as a

significant worldwide issue in public health (66). Approximately

1.6% of patients suffering from AIS experience cardiac

complications like AMI, leading to a significant rise in both the

hospital mortality rate and healthcare expenses for these patients

(67). Meanwhile, HF poses a major risk for the emergence of AIS.

Strategies like intensive heart rate management and antithrombotic

interventions markedly lower stroke occurrences in HF patients,

leading to a substantial decrease in hospital admissions and death

rates (68). The central autonomic network can link with the

intracardiac nervous system through the exogenous CNS, issuing

instructions to the cardiac conduction system that are subsequently

relayed to the myocardium (69). Yet, in states of sleep or emotional

stimulation, the central autonomic network stimulates the heart

through sympathetic and vagal nerves and is modulated by

responses from myocardial and cardiovascular stress receptors (70).

The effect mechanisms of averting cardio-cerebrovascular diseases

in severely ill patients, steered by the theories of heart-brain

interaction, is linked to enhancing heart performance, improving

ANS dysfunction and immune system regulation. Consequently, it

acts as a directive for the prevention and management of severely ill

patients suffering from takotsubo cardiomyopathy due to

cerebrovascular diseases, severe HF coupled with neurological

disorders. Concurrently, there are certain constraints associated with

the outcomes of this review: regarding clinical evidence, the

majority of literature fail to explicitly mention the individualized

care of acute cardio-cerebrovascular patients within ICU. This

includes considerations such as the adverse cardiac events associated

with aSAH and the potential application of β- blockers during the
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acute phase of takotsubo cardiomyopathy resulting from acute

cerebrovascular incidents. Further investigation is required into how

ICU, the department of cardiovascular medicine and neurology

department collaborate on cardio-cerebrovascular diseases.

Moreover, there’s a scarcity of clinical randomized controlled trials

in ICU focusing on heart-brain interaction theories to direct the

prevention and treatment of diverse cardio-cerebrovascular diseases,

and the overall quality is subpar, missing in comprehensive, multi-

center, large-sample randomized controlled trials. Regarding the

study of effect mechanisms, the research on how the theories of

heart-brain interaction guide the treatment of severely ill patients

with cardio-cerebrovascular diseases is limited and there is a single

research method.

In summary, prior research in ICU has laid a theoretical

groundwork for preventing and treating acute cardio-

cerebrovascular diseases, a frequent clinical crisis. A thorough

examination of the theoretical underpinnings of these diseases can

lead to innovative approaches in managing and preventing acute

cardio-cerebrovascular diseases in severely ill patients. In my

opinion, future research should prioritize the execution of

fundamental experiments and the accumulation of clinical evidence

to elucidate the interactions between the autonomic nervous system

and cardiac function, as well as the relationship between cardiac

injury and neuroinflammation. Furthermore, it is essential to

enhance collaboration among the ICU, the Department of

Cardiovascular Medicine and Neurology Department in the

management and prevention of acute cardio-cerebrovascular

diseases. The adoption of more advanced and precise technological

methodologies is also recommended to thoroughly investigate

potential novel mechanisms underlying the interaction between the

heart and the brain. This will establish a link between fundamental

principles and clinical practice, and lay the groundwork for the

uniform application of heart-brain interaction theories in both

preventing and treating severely ill patients.
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patients: a retrospective cohort
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Background: The cardiovascular-kidney-metabolic index (CKMI), a novel
functional indicator proposed in this study, aims to accurately reflect the
functional status of the heart, kidneys, and metabolism. However, its ability to
predict mortality risk in critically ill patients during their stay in the intensive
care unit (ICU) remains uncertain. Therefore, this study aims to validate the
correlation between the CKMI during hospitalization and all-cause mortality.
Methods: The study utilized the Medical Information Mart for Intensive Care IV
2.2 (MIMIC-IV) dataset for a retrospective analysis of cohorts. The cohorts
were divided into quartiles based on CKMI index levels. The primary endpoint
was all-cause mortality during ICU and hospital stay, while secondary
endpoints included the duration of ICU stay and overall hospitalization period.
We established Cox proportional hazards models and employed multivariable
Cox regression analysis and restricted cubic spline (RCS) regression analysis to
explore the relationship between CKMI index and all-cause mortality during
hospitalization in critically ill patients. Additionally, subgroup analyses were
conducted based on different subgroups.
Results: The study enrolled 1,576 patients (male 60.79%). In-patient and ICU
mortality was 11.55% and 6.73%. Multivariate COX regression analysis
demonstrated a significant negative correlation between CKMI index and the
risk of hospital death [HR, 0.26 (95% CI 0.07–0.93), P= 0.038] and ICU
mortality [HR, 0.13 (95% CI 0.03–0.67), P=0.014].RCS regression model
revealed that in-hospital mortality (P-value =0.015, P-Nonlinear =0.459) and
ICU mortality (P-value =0.029, P-Nonlinear =0.432) increased linearly with
increasing CKMI index. Subgroup analysis confirmed consistent effect size and
direction across different subgroups, ensuring stable results.
Conclusion: Our research findings suggest that a higher CKMI index is
associated with a significant reduction in both in-hospital and ICU mortality
among critically ill patients. Therefore, CKMI index emerges as a highly
valuable prognostic indicator for predicting the risk of in-hospital death in this
population. However, to strengthen the validity of these results, further
validation through larger-scale prospective studies is imperative.
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Introduction

The intricate interplay and significant impact of cardiovascular,

renal, and metabolic functions on patient outcomes make them

pivotal in critically ill individuals (1–3). Throughout the entire

duration of Intensive Care Unit (ICU) stay, a comprehensive

evaluation of various biomarkers and indices is regularly

conducted to ascertain prognosis and guide treatment decisions.

Conventional markers such as left ventricular ejection fraction

(LVEF), estimated glomerular filtration rate (eGFR), and

triglyceride-glucose index (TyG) have been linked to adverse

outcomes in critically ill patients (4–6).

LVEF is a critical indicator of cardiac function, reflecting the

proportion of blood expelled by the left ventricle with each

heartbeat. As an established marker of cardiovascular health, it has

demonstrated associations with mortality in various patient

populations (7). The eGFR is considered to be a more precise

indicator of renal function than the creatinine level alone. In

patients with chronic kidney disease, a decreased eGFR is linked to

adverse cardiovascular outcomes and increased mortality (8). The

TyG, which represents the degree of insulin resistance, has been

associated with elevated cardiovascular risk and increased

mortality in individuals diagnosed with metabolic syndrome (9, 10).

In our study, we aimed to integrate three key indicators,

namely LVEF, eGFR, and TyG, into a novel comprehensive index

known as the Cardiovascular- Kidney- Metabolic index (CKMI).

This comprehensive index is specifically designed for a thorough

evaluation of cardiovascular, kidney, and metabolic functions in

critically ill patients, as well as assessing the prognostic value of

CKMI in predicting overall mortality during ICU hospitalization.

To the best of our knowledge, this pioneering research represents

the first attempt to amalgamate these three indicators into a

unified index and evaluate its prognostic utility in critically ill

patients. The CKMI is not simply a simplistic scoring system for

physiological indicators, but rather an all-encompassing and

systematic assessment tool for evaluating physiological stress and

multi-organ function. It integrates crucial health indicators from

the cardiovascular, renal, and metabolic systems. This

interdisciplinary approach surpasses conventional scoring systems

like APACHE II and SOFA (11, 12), which typically focus solely

on acute physiological changes and organ failure while neglecting

to fully consider the significant impact of cardiac, renal, and

metabolic systems on patients’ overall physiological state. By

comprehensively considering multiple key physiological

parameters, the CKMI can accurately identify high-risk patients

and provide robust support for clinical decision-making. In

comparison to traditional scoring systems, the CKMI exhibits

substantial improvements in predictive accuracy and clinical

applicability, thereby offering a reliable scientific foundation for

patient treatment and prognosis management.

The primary objective of this retrospective cohort study is to

investigate the association between serum creatine kinase levels

during hospitalization and overall mortality in critically ill

patients. Data analysis was conducted using the Medical

Information Mart for Intensive Care IV 2.2 (MIMIC-IV)

database. By utilizing this innovative biomarker to identify high-
Frontiers in Cardiovascular Medicine 0226
risk patients, clinicians may be able to personalize treatment

strategies more effectively and enhance the prognosis of critically

ill individuals.
Methods

Data source

The present study is a retrospective observational investigation,

utilizing data obtained from the online international database

MIMC-IV (version 2.2) (https://mimic.mit.edu). MIMC-IV

represents a longitudinal single-center repository established by

the Computational Physiology Laboratory at Massachusetts

Institute of Technology(MIT), Beth Israel Deaconess Medical

Center at Harvard Medical School(BIDMC), and Philips Medical

(13). This comprehensive database encompasses information

pertaining to patients admitted to BIDMC between 2008 and

2019.This dataset has undergone examination and certification to

grant author (X.Q.) access (Record ID 62252237), and it is

responsible for data extraction. The project has received approval

from the Institutional Review Board of MIT and BIDMC. As

patient health information remains anonymous in the database,

individual consent is not required.
Population selection

The inclusion criteria for this study were as follows: (1) 18

years aged 80 years; (2) admission to the ICU; (3) availability of

CKMI index calculation for patients; (4) ICU stay exceeding

24 h. In total, 1,576 patients were enrolled in the study and

divided into four groups based on the CKMI index quartile.

Please refer to Figure 1 for a detailed explanation of the

research methodology.
Data extraction

The baseline patient characteristics were obtained utilizing

Structured Query Language (SQL) along with PostgreSQL (version

14.2). These attributes included patient demographic details

comprising of age, gender, body mass index (BMI) as well as

ethnicity. Additionally, vital signs like heart rate (HR), systolic

blood pressure (SBP), diastolic blood pressure (DBP), mean arterial

pressure (MAP), arterial oxygen saturation (SpO2), and body

temperature (T) were recorded. The severity upon admission was

evaluated based on the Sequential Organ Failure Assessment

(SOFA) score, Acute Physiological Score III (APS III), systemic

Inflammatory response syndrome (SIRS) score, Simplified Acute

Physiological Score II (SAPSII), Oxford Acute Disease Severity

Score (OASIS score), and Glasgow Coma Scale (GCS score).

Intravenous vasoactive agents, including dobutamine, dopamine,

and norepinephrine, are utilized. Laboratory test results encompass

red blood cell (RBC), white blood cell (WBC), platelet, hemoglobin

level, albumin concentration, serum creatinine (Scr) level as
frontiersin.org
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FIGURE 1

Flow chart of study participants.
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well as sodium, potassium and calcium ion concentrations.

Additionally included are fasting blood glucose (FBG) value;

glycated hemoglobin (HbA1c) level; anion gap; triglyceride (TG);

total cholesterol (TC); high-density lipoprotein cholesterol

(HDL-C); low-density lipoprotein cholesterol (LDL-C); alanine

aminotransferase (ALT), and aspartate aminotransferase (AST).

Cardiac ultrasonography findings represent the mean values of left

ventricular ejection fraction (LVEF) during intensive care unit

stay.Additionally, the following comorbidities were extracted from

the MIMIC-IV database: coronary heart disease (CHD), congestive

heart failure (CHF), myocardial infarction (MI), hypertension,

diabetes, hyperlipidemia, chronic kidney disease (CKD), acute

kidney injury (AKI), chronic obstructive pulmonary disease

(COPD), respiratory failure (RF), stroke, liver disease (LD),

pneumonia, sepsis and cancer.

The CKMI index is calculated using the following formula:

CKMI index = In [LVEF(%) × eGFR(ml/min/1.732)/2]/

TyG Index.

The TyG index was calculated by employing the following

formula, which takes into account levels of TG and FBG (14):

TyG Index = ln [TG (mg/dl) × FBG (mg/dl)/2]
Frontiers in Cardiovascular Medicine 0327
Notably, the CKD-EPl equation for estimating GFR, developed

in 2021 (in ml/min/1.73 m2), does not incorporate a race

coefficient (15): Female and SCr ≤0.7 mg/dl: 143 × (SCr/

0.7)−0.241 × 0.9938age in years Female and SCr >0.7 mg/dl: 143 ×

(SCr/0.7)−1.200 × 0.9938age in years Male and SCr ≤0.9 mg/dl: 142 ×

(SCr/0.9)−0.302 × 0.9938age in years Male and SCr >0.9 mg/dl: 142 ×

(SCr/0.9)−1.200 × 0.9938age in years
Primary outcomes and secondary
outcomes

The primary outcomes measure of this study was the occurrence

of all-cause mortality during hospitalization, encompassing both the

ICU and general ward settings. Secondary outcomes included the

duration of ICU stay and overall hospitalization period.
Statistical analysis

To provide a comprehensive and easily understandable

representation of data distribution, we conducted an extensive
frontiersin.org
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review of relevant literature and categorized CKMI into four groups

based on quartiles (16). Continuous variables were reported as

mean ± standard deviation (SD) or median quartile range (IQR),

while categorical variables were presented as total and frequency

(%). Pairwise comparison of continuous variables was conducted

using Student’s t-test, and multi-group comparison was performed

using one-way ANOVA. Chi-square test was applied for pairwise

comparison of categorical variables. After screening, more than

10% of variables with missing values are excluded from the

analysis. For variables with missing values less than 10%, we

employ multiple interpolation techniques to process and impute the

missing data using the most appropriate dataset. Additionally, for

variables exhibiting outliers, we apply a screening method based on

the 1st and 99th percentile cutoff points. The Kaplan-Meier (K-M)

curve and Cox proportional risk model were employed to assess

the association between the CKMI index and the risk of in-hospital

mortality. Only those variables exhibiting a significance level of

p < 0.05 among the CKMI quartile groups were included in the

multivariate model, considering baseline variables. Furthermore,

multicollinearity was assessed using the variance inflation factor

(VIF) to ensure independence of selected variables, with a proposed

VIF value of 5 adopted based on previous research experience (17).

Based on clinical expertise and relevant literature, we meticulously

selected covariates that are closely associated with the research

outcomes and further identified statistically significant covariates

through univariate Cox regression analysis. Subsequently, three Cox

proportional hazards models were constructed using the

aforementioned approach: Model A, which included no

adjustments; Model B, adjusted for age and BMI; and Model C,
FIGURE 2

Histogram of CKMI.
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which further incorporated comorbidities such as CHD, CHF,

hypertension, diabetes, stroke, sepsis, along with laboratory

parameters including WBC, RBC, hemoglobin, albumin, HbA1c,

and ALT in addition to the adjustments made in Model B. The

association between the CKMI index and in-hospital mortality

across various subgroups was examined through subgroup analysis.

Additionally, the dose-response relationship between the CKMI

index and mortality was investigated using restricted cubic splines

(RCSs). Finally, receiver operating characteristic (ROC) curve

analysis was performed to evaluate predictive ability alongside

sensitivity and specificity. In addition, the effectiveness and

robustness of the prediction model were evaluated through stepwise

regression analysis, cross-validation analysis, as well as assessment

of parameter correlation and interaction.
Results

A total of 1,576 patients were included in the study. The mean

age of enrolled patients was 60.00 ± 13.45 years, with a majority

being males (958; 60.79%). The mean CKMI index value for all

participants was determined to be 0.81 ± 0.12 (Figure 2). In-

hospital and ICU mortality rates were observed at rates of

11.55% and 6.73%, respectively.
Baseline characteristics

The baseline characteristics of the patients enrolled in this

study are presented in Table 1. Patients were stratified into
frontiersin.org
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TABLE 1 Baseline characteristics of the critically ill patients stratifed by the CKMI index quartiles.

Characteristic CKMI p-value

Q1 [0.29,0.74],
N= 394

Q2 [0.74,0.82],
N= 394

Q3 [0.82,0.89],
N = 394

Q4 [0.89,1.85],
N = 394

Demographic
Age, years, n (%) <0.001

<60 142 (36.0%) 171 (43.4%) 171 (43.4%) 204 (51.8%)

≥60 252 (64.0%) 223 (56.6%) 223 (56.6%) 190 (48.2%)

Gender, n (%) 0.712

Female 157 (39.8%) 145 (36.8%) 160 (40.6%) 156 (39.6%)

Male 237 (60.2%) 249 (63.2%) 234 (59.4%) 238 (60.4%)

Ethnicity, n (%) 0.393

White 230 (58.4%) 256 (65.0%) 236 (59.9%) 259 (65.7%)

Black 45 (11.4%) 30 (7.6%) 38 (9.6%) 28 (7.1%)

Asian 8 (2.0%) 7 (1.8%) 10 (2.5%) 13 (3.3%)

Hispanic/Latino 13 (3.3%) 15 (3.8%) 17 (4.3%) 12 (3.0%)

Other 98 (24.9%) 86 (21.8%) 93 (23.6%) 82 (20.8%)

Weight, kg, median [IQR] 91 (75, 107) 89 (74, 107) 81 (71, 95) 80 (67, 95) <0.001

Height, cm, median [IQR] 170 (163, 178) 173 (163, 178) 171 (163, 176) 172 (164, 177) 0.431

BMI, kg/cm2, n (%) <0.001

<28 134 (34.0%) 148 (37.6%) 196 (49.7%) 213 (54.1%)

≥28 260 (66.0%) 246 (62.4%) 198 (50.3%) 181 (45.9%)

Vital signs
HR, bpm, n (%) <0.001

<80 98 (24.9%) 111 (28.2%) 149 (37.8%) 183 (46.4%)

80–100 140 (35.5%) 157 (39.8%) 143 (36.3%) 134 (34.0%)

≥100 156 (39.6%) 126 (32.0%) 102 (25.9%) 77 (19.5%)

SBP, mmHg, median [IQR] 121 (104, 140) 125 (110, 144) 130 (109, 147) 130 (112, 149) <0.001

DBP, mmHg, median [IQR] 67 (55, 80) 72 (60, 86) 72 (62, 84) 73 (63, 84) <0.001

MBP, mmHg, median [IQR] 79 (68, 93) 85 (73, 98) 86 (75, 100) 87 (75, 99) <0.001

SpO2, %, median [IQR] 97.0 (94.0, 99.0) 97.0 (94.3, 100.0) 98.0 (95.0, 100.0) 98.0 (95.0, 100.0) 0.088

Severity scores
SOFA score, median [IQR] 7.0 (4.0, 11.0) 4.0 (2.0, 8.0) 3.0 (1.0, 6.0) 2.0 (1.0, 5.0) <0.001

APSIII score, median [IQR] 59 (44, 77) 43 (32, 59) 36 (27, 50) 33 (24, 45) <0.001

SIRS score, median [IQR] 3.00 (2.00, 4.00) 3.00 (2.00, 3.00) 3.00 (2.00, 3.00) 2.00 (2.00, 3.00) <0.001

SAPSII score, median [IQR] 43 (33, 54) 32 (25, 43) 29 (22, 38) 27 (20, 35) <0.001

OASIS score, median [IQR] 35 (29, 43) 31 (26, 37) 30 (24, 37) 28 (23, 34) <0.001

GCS score, median [IQR] 15.00 (14.00, 15.00) 15.00 (14.00, 15.00) 15.00 (14.00, 15.00) 15.00 (13.00, 15.00) 0.068

Comorbidities
CHD, n (%) 0.026

No 342 (86.8%) 350 (88.8%) 361 (91.6%) 365 (92.6%)

Yes 52 (13.2%) 44 (11.2%) 33 (8.4%) 29 (7.4%)

CHF, n (%) <0.001

No 215 (54.6%) 267 (67.8%) 285 (72.3%) 345 (87.6%)

Yes 179 (45.4%) 127 (32.2%) 109 (27.7%) 49 (12.4%)

MI, n (%) <0.001

No 314 (79.7%) 312 (79.2%) 329 (83.5%) 352 (89.3%)

Yes 80 (20.3%) 82 (20.8%) 65 (16.5%) 42 (10.7%)

Hypertension, n (%) <0.001

No 276 (70.1%) 207 (52.5%) 187 (47.5%) 211 (53.6%)

Yes 118 (29.9%) 187 (47.5%) 207 (52.5%) 183 (46.4%)

Diabetes, n (%) <0.001

No 203 (51.5%) 256 (65.0%) 302 (76.6%) 352 (89.3%)

Yes 191 (48.5%) 138 (35.0%) 92 (23.4%) 42 (10.7%)

Hyperlipemia, n (%) 0.601

No 256 (65.0%) 253 (64.2%) 259 (65.7%) 270 (68.5%)

Yes 138 (35.0%) 141 (35.8%) 135 (34.3%) 124 (31.5%)

CKD, n (%) <0.001

No 269 (68.3%) 341 (86.5%) 367 (93.1%) 384 (97.5%)

Yes 125 (31.7%) 53 (13.5%) 27 (6.9%) 10 (2.5%)

(Continued)
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TABLE 1 Continued

Characteristic CKMI p-value

Q1 [0.29,0.74],
N= 394

Q2 [0.74,0.82],
N= 394

Q3 [0.82,0.89],
N = 394

Q4 [0.89,1.85],
N = 394

AKI, n (%) <0.001

No 110 (27.9%) 206 (52.3%) 283 (71.8%) 339 (86.0%)

Yes 284 (72.1%) 188 (47.7%) 111 (28.2%) 55 (14.0%)

COPD, n (%) 0.235

No 363 (92.1%) 360 (91.4%) 373 (94.7%) 370 (93.9%)

Yes 31 (7.9%) 34 (8.6%) 21 (5.3%) 24 (6.1%)

RF, n (%) <0.001

No 166 (42.1%) 224 (56.9%) 249 (63.2%) 284 (72.1%)

Yes 228 (57.9%) 170 (43.1%) 145 (36.8%) 110 (27.9%)

Stroke, n (%) 0.016

No 355 (90.1%) 354 (89.8%) 346 (87.8%) 329 (83.5%)

Yes 39 (9.9%) 40 (10.2%) 48 (12.2%) 65 (16.5%)

HD, n (%) 0.990

No 355 (90.1%) 357 (90.6%) 357 (90.6%) 355 (90.1%)

Yes 39 (9.9%) 37 (9.4%) 37 (9.4%) 39 (9.9%)

Pneumonia, n (%) <0.001

No 225 (57.1%) 237 (60.2%) 255 (64.7%) 285 (72.3%)

Yes 169 (42.9%) 157 (39.8%) 139 (35.3%) 109 (27.7%)

Sepsis, n (%) <0.001

No 249 (63.2%) 315 (79.9%) 322 (81.7%) 345 (87.6%)

Yes 145 (36.8%) 79 (20.1%) 72 (18.3%) 49 (12.4%)

Cancer, n (%) 0.458

No 361 (91.6%) 348 (88.3%) 352 (89.3%) 356 (90.4%)

Yes 33 (8.4%) 46 (11.7%) 42 (10.7%) 38 (9.6%)

Laboratory tests
WBC, K/ul, median [IQR] 13 (9, 19) 12 (8, 16) 11 (8, 14) 10 (7, 13) <0.001

RBC, m/ul, median [IQR] 3.56 (3.05, 4.21) 3.90 (3.30, 4.44) 4.04 (3.43, 4.50) 4.03 (3.48, 4.50) <0.001

Platelet, K/ul, median [IQR] 198 (136, 261) 204 (154, 266) 209 (158, 265) 207 (159, 266) 0.067

Hemoglobin, g/dl, median [IQR] 10.50 (9.10, 12.70) 11.70 (9.80, 13.30) 12.00 (10.20, 13.60) 12.20 (10.50, 13.60) <0.001

Albumin, g/dl, median [IQR] 3.00 (2.60, 3.50) 3.20 (2.70, 3.61) 3.36 (2.82, 3.78) 3.50 (3.00, 3.87) <0.001

Sodium, mEq/L, median [IQR] 138.0 (134.3, 140.0) 138.0 (136.0, 141.0) 139.0 (136.0, 142.0) 139.0 (136.0, 141.0) <0.001

Potassium, mEq/L, median [IQR] 4.40 (3.90, 4.90) 4.10 (3.70, 4.50) 4.00 (3.70, 4.30) 3.90 (3.60, 4.20) <0.001

Calcium, mg/dl, median [IQR] 8.20 (7.60, 8.80) 8.30 (7.73, 8.90) 8.50 (7.90, 8.90) 8.50 (8.03, 9.00) <0.001

Glucose, mg/dl, median [IQR] 172 (121, 244) 144 (116, 193) 121 (103, 147) 106 (93, 126) <0.001

HbA1c,%,median [IQR] 6.50 (5.90, 7.63) 6.10 (5.79, 6.98) 5.86 (5.66, 6.20) 5.70 (5.50, 5.90) <0.001

Aniongap, mEq/L, median [IQR] 18.0 (15.0, 21.0) 15.0 (13.0, 17.0) 14.0 (12.0, 16.0) 14.0 (12.0, 15.8) <0.001

TG, mg/dl, median [IQR] 207 (131, 343) 162 (119, 230) 129 (100, 175) 84 (65, 109) <0.001

TC, mg/dl, median [IQR] 128 (110, 158) 140 (119, 174) 146 (121, 186) 143 (123, 175) <0.001

HDL-C, mg/dl, median [IQR] 31 (24, 38) 35 (29, 41) 37 (30, 44) 43 (35, 54) <0.001

LDL-C, mg/dl, median [IQR] 67 (55, 84) 72 (59, 102) 77 (60, 112) 77 (60, 103) <0.001

LT, IU/L, median [IQR] 43 (22, 102) 38 (21, 94) 34 (21, 72) 31 (18, 65) <0.001

AST, IU/L, median [IQR] 70 (32, 186) 57 (28, 159) 47 (27, 111) 41 (24, 92) <0.001

Creatinine, mg/dl, median [IQR] 2.00 (1.30, 3.60) 1.00 (0.80, 1.40) 0.90 (0.70, 1.10) 0.70 (0.60, 0.90) <0.001

eGFR, ml/min/1.732, n (%) <0.001

Stage5 <15 282 (71.6%) 82 (20.8%) 27 (6.9%) 9 (2.3%)

Stage4 15–30 94 (23.9%) 205 (52.0%) 209 (53.0%) 136 (34.5%)

Stage3 30–60 18 (4.6%) 105 (26.6%) 157 (39.8%) 243 (61.7%)

Stage2 60–90 0 (0.0%) 2 (0.5%) 1 (0.3%) 5 (1.3%)

Stage1 ≥90 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (0.3%)

LVEF, %, n (%) <0.001

<50 158 (40.1%) 103 (26.1%) 71 (18.0%) 36 (9.1%)

≥50 236 (59.9%) 291 (73.9%) 323 (82.0%) 358 (90.9%)

Treatment measures
Ventilation, n (%) <0.001

No 63 (16.0%) 69 (17.5%) 88 (22.3%) 117 (29.7%)

Yes 331 (84.0%) 325 (82.5%) 306 (77.7%) 277 (70.3%)

(Continued)
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TABLE 1 Continued

Characteristic CKMI p-value

Q1 [0.29,0.74],
N= 394

Q2 [0.74,0.82],
N= 394

Q3 [0.82,0.89],
N = 394

Q4 [0.89,1.85],
N = 394

CRRT, n (%) <0.001

No 294 (74.6%) 365 (92.6%) 379 (96.2%) 388 (98.5%)

Yes 100 (25.4%) 29 (7.4%) 15 (3.8%) 6 (1.5%)

Dobutamine, n (%) <0.001

No 355 (90.1%) 383 (97.2%) 387 (98.2%) 393 (99.7%)

Yes 39 (9.9%) 11 (2.8%) 7 (1.8%) 1 (0.3%)

Dopamine, n (%) <0.001

No 358 (90.9%) 373 (94.7%) 378 (95.9%) 382 (97.0%)

Yes 36 (9.1%) 21 (5.3%) 16 (4.1%) 12 (3.0%)

Norepinephrine, n (%) <0.001

No 200 (50.8%) 275 (69.8%) 290 (73.6%) 339 (86.0%)

Yes 194 (49.2%) 119 (30.2%) 104 (26.4%) 55 (14.0%)

Events
LOS Hospital, days, median [IQR] 17 (8, 28) 12 (6, 26) 10 (4, 21) 9 (5, 20) <0.001

LOS ICU, days, median [IQR] 7 (3, 13) 4 (2, 10) 3 (1, 9) 3 (2, 5) <0.001

Hospital mortality, n (%) <0.001

No 317 (80.5%) 348 (88.3%) 360 (91.4%) 369 (93.7%)

Yes 77 (19.5%) 46 (11.7%) 34 (8.6%) 25 (6.3%)

ICU mortality, n (%) <0.001

No 344 (87.3%) 366 (92.9%) 380 (96.4%) 380 (96.4%)

Yes 50 (12.7%) 28 (7.1%) 14 (3.6%) 14 (3.6%)

CKMI, cardiovascular-kidney-metabolic index; BMI, body mass index; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure; SOFA, sequential

organ failure assessment; APSIII, acute physiology score III; SIRS, systemic infammatory response syndrome; SAPSII, simplifed acute physiological score II; OASIS, oxford acute severity of
illness score; GCS, Glasgow coma scale; CHD, Coronary Heart Disease; CHF, congestive heart failure; MI, myocardial infarction; CKD, chronic renal failure; AKI, acute kidney injury; COPD,

chronic obstructive pulmonary disease; RF, respiratory failure; HD, hepatic disease; WBC, white blood cell; RBC, red blood cell; HbA1c, hemoglobin A1c; TG, triglyceride; TC, total cholesterol;

HDL, high density lipoprotein; LDL, low density lipoprotein; ALT, alanine aminotransferase; AST, aspartic transaminase; eGFR, estimated glomerular filtration rate; CRRT, continuous renal

replacement therapy; LOS, length of stay; ICU, Intensive Care Unit.
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quartiles based on their admission CKMI index(Q1: 0.29–0.74; Q2:

0.74–0.82; Q3: 0.82–0.89; Q4: 0.89–1.85), with mean CKMI levels

for each group being 0.65 ± 0.07, 0.78 ± 0.02, 0.85 ± 0.02, and

0.94 ± 0.06, respectively. Compared to the high-value group,

patients with a lower CKMI index generally exhibit advanced age

and higher BMI. In terms of vital signs upon admission, they

present with an elevated heart rate, decreased blood pressure,

and reduced SpO2 levels. The severity of disease at admission is

also heightened, accompanied by an increased incidence of

complications such as CHD, CHF, MI, diabetes, CKD, AKI, RF,

pneumonia, sepsis, etc. Furthermore, there are significant

elevations in WBC, serum potassium, Serum creatinine

concentration, and FBG level; HbA1c content and anion gap are

also notably increased. TC levels and ALT/AST enzyme activities

are all elevated. Mechanical ventilation demand and CRRT

treatment requirement escalate while rescue drug application

frequency rises accordingly. However, these patients demonstrate

a decreasing trend in the incidence of hypertension and stroke

accidents. Additionally noted trends include decreased RBC,

platelet, hemoglobin as well as albumin content reduction.

Simultaneously observed are lower serum sodium concentration

and serum calcium level along with diminished TC levels

including HDL-C and LDL-C, finally yet importantly worth

mentioning is the decrease in eGFR and LVEF. Moreover, with

an increase in the CKMI index, there is a gradual decrease
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observed in the duration of ICU stay (7 days vs. 4 days vs. 3

days vs. 3 days, P < 0.001), length of hospitalization (17 days vs.

12 days vs. 10 days vs. 9 days, P < 0.001), all-cause ICU mortality

(12.7% vs. 7.1% vs. 3.6% vs. 3.6%, P < 0.001) and in-hospital

mortality (19.5% vs. 11.7% vs. 8.6% vs. 6.3%, p < 0.001).
Primary outcomes

In this study, we constructed three Cox proportional hazards

models to investigate the association between the CKMI index

and in-hospital mortality as well as ICU mortality. The results

demonstrated significant negative correlations between the

continuous CKMI index and both in-hospital mortality [Model

A: HR, 0.25 [95% CI 0.08–0.77], P = 0.016; Model B: HR, 0.25

[95% CI 0.08–0.76], P = 0.015; Model C: HR, 0.26 [95% CI 0.07–

0.93], P = 0.038] and ICU mortality [Model A: HR, 0.14 [95% CI

0.03–0.59], P = 0.008; Model B: HR, 0.15 [95% CI 0.03–0.62],

P = 0.009; Model C: HR, 0.13 [95% CI 0.03–0.67], P = 0.014]

across all three models, unadjusted Model A, partially adjusted

Model B, and fully adjusted Model C. Notably, in model C

where adjustments were made for variables related to population

characteristics and confounding factors, each one-standard-

deviation increase in CKMI led to a remarkable 74% reduction

in in-hospital mortality and 87% reduction in ICU mortality.
frontiersin.org

https://doi.org/10.3389/fcvm.2024.1513212
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Qu et al. 10.3389/fcvm.2024.1513212
When considering the CKMI index as a categorical variable, there

was no significant association observed between the CKMI index

and hospitalization or ICU mortality in Group Q2 compared to

the lowest quartile (Group Q1) across all three Cox proportional

risk models. However, a significant correlation was found in

Groups Q3 and Q4, indicating that higher quartile arrays were

associated with lower risks when compared to lower quartile

arrays. In Model C, following comprehensive adjustment for

potential confounders, CKMI index Q3 and Q4 exhibited a

significantly decreased risk of hospital mortality compared to CIMI

index Q1 [Q1 vs. Q3: HR, 0.71 [95% CI 0.45–0.91], P = 0.023;

Q4: HR, 0.53 [95% CI 0.32–0.87], P = 0.012]. Furthermore, there

was an inverse correlation between the increase in CKMI index

value and the escalation of risk level. Cox proportional hazards

analysis was employed to investigate the association between CKMI

index and ICU mortality, yielding consistent findings [Q1 vs. Q3:

HR, 0.42 [95% CI 0.22–0.79], P = 0.007; Q4: HR, 0.44 [95% CI

0.23–0.85], P = 0.014] (refer to Table 2).

The incidence of major outcomes in each group, based on the

CKMI index quartile, was analyzed using Kaplan-Meier survival

analysis curve as depicted in Figure 3. Patients with a higher

CKMI index exhibited a decreased risk of hospitalization and

ICU mortality.

In the fully adjusted model C, a restricted cubic spline

regression model was employed to demonstrate a consistent

linear decline in both hospital mortality (P-value = 0.015,

P-Nonlinear = 0.459) and ICU mortality (P-value = 0.029,

P-Nonlinear = 0.432) as the CKMI index increased (Figure 4).
ROC analysis of the CKMI index and its
comparison with established severity scores

The clinical efficacy of the CKMI index was evaluated using

ROC analysis, revealing that the CKMI index exhibited a certain

predictive value (AUC for in-hospital death: 0.635; AUC for ICU

death: 0.658). The cutoff values for the CKMI index were

determined as 0.825 and 0.794 for hospital deaths and ICU

deaths respectively (Figure 5).
TABLE 2 Cox proportional hazard ratios (HR) for all-cause mortality.

Variables Q1 Q2

HR (95% CI) p-
value

HR (95% CI) p-
value

HR (95

Hospital mortality
Model A Ref. – 0.75 (0.52, 1.08) 0.127 0.71 (0.4

Model B Ref. – 0.74 (0.51, 1.06) 0.102 0.67 (0.4

Model C Ref. – 0.75 (0.51, 1.11) 0.150 0.71 (0.4

ICU mortality
Model A Ref. – 0.72 (0.45, 1.15) 0.166 0.46 (0.2

Model B Ref. – 0.71 (0.45, 1.13) 0.151 0.44 (0.2

Model C Ref. – 0.74 (0.45, 1.21) 0.234 0.42 (0.2

HRs, hazard ratios; CI, confidence interval; CKMI, cardiovascular-kidney-metabolic index; ICU, in

failure; WBC, white blood cell; RBC, red blood cell; HbA1c, hemoglobin A1c; ALT, alanine amin

adjusted by age, BMI, CHD, CHF, hypertension, diabetes, stroke, sepsis, WBC, RBC, hemoglobi
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In order to conduct a more rigorous evaluation of the

predictive performance of CKMI, we compared ROS analysis

with established severity scoring tools such as SOFA, APSIII, and

SIRS. In terms of predicting mortality in the ICU, CKMI

exhibited a lower AUC value compared to established severity

scores such as SOFA [0.759 (95% CI 0.716–0.802), P < 0.001],

APSIII [0.796 (95% CI 0.753–0.839), P < 0.001], and SAPSII

[0.775 (95% CI 0.732–0.818), P < 0001]. However, it

demonstrated a significantly higher AUC value than OASIS

[0.621 (95% CI 0.581–0.670), P = 0.043] and GCS 0.476 (95% CI

0.423–0.530, P < 0001)], while showing no statistical difference

with SIRS [0.654 (95% CI 0.607–0.702), p = 0.923] (refer to Table 3).

In the prediction of hospital mortality rate, CKMI exhibited a

lower AUC value compared to established severity scores such as

SOFA [0.728 (95% CI 0.692–0.764), P < 0.001], APSIII [0.766

(95% CI 0.732–0.801), P < 0.001], and SAPSII [0.774 (95% CI

0.742–0.805), P < 0001]. However, it demonstrated a significantly

higher AUC value than OASIS [0.605 (95% CI 0.545–0.659),

P = 0.039] and GCS [0.459 (0.418–0.500), P < 0001], with no

statistically significant difference observed when compared to

SIRS [0.624 (95% CI 0.585–0662), P = 0.698] (refer to Table 3).
Secondary outcomes

The results of multiple linear regression analysis revealed a

significant negative correlation between the CKMI index and the

length of stay in both ICU and general wards, even when not

adjusting for confounding factors (LOS Hospital: β = −24.05,
P < 0.001; LOS ICU: β = −14.51, P < 0.001) (refer to Table 4). This

association remained consistent among hospitalized patients, even

after partial (LOS Hospital: β = −25.99, P < 0.001; LOS ICU:

β = −14.69, P < 0.001) or complete adjustment for confounders

(LOS Hospital: β = −9.40, P = 0.031; LOS ICU: β = −7.83,
P < 0.001) (refer to Table 4). These findings suggest that higher

levels of CKMI may be indicative of longer hospital stays, thereby

highlighting its potential as an effective indicator for assessing

resource utilization in ICUs or hospitals, particularly in predicting

critically ill patients who require extended periods of hospitalization.
Q3 Q4 CKMI

% CI) p-
value

HR (95% CI) p-
value

HR (95% CI) p-
value

7, 0.95) 0.035 0.58 (0.37, 0.91) 0.017 0.25 (0.08,0.77) 0.016

5, 0.97) 0.042 0.54 (0.34, 0.85) 0.008 0.25 (0.08,0.76) 0.015

5, 0.91) 0.023 0.53 (0.32, 0.87) 0.012 0.26 (0.07,0.93) 0.038

5, 0.83) 0.010 0.52 (0.29, 0.93) 0.029 0.14 (0.03,0.59) 0.008

4, 0.81) 0.008 0.49 (0.27, 0.88) 0.018 0.15 (0.03,0.62) 0.009

2, 0.79) 0.007 0.44 (0.23, 0.85) 0.014 0.13 (0.03,0.67) 0.014

tensive care unit; BMI, body mass index; CHD, coronary heart disease; CHF, congestive heart

otransferase. Model A: unadjusted covariates. Model B: adjusted by age and BMI. Model C:

n, albumin, HbA1c, and ALT.
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FIGURE 3

The Kaplan-Meier survival analysis curves depict the cumulative probability of all-cause mortality in quartile groups within the hospital (a), and ICU (b).

FIGURE 4

RCS analysis was conducted to examine the association between CKMI and all-cause mortality in both hospital and ICU settings. (a) The RCS curve
illustrates the relationship between CKMI and all-cause hospital mortality. (b) The RCS curve demonstrates the correlation between CKMI and
ICU mortality.

Qu et al. 10.3389/fcvm.2024.1513212
Subgroup analysis

To further investigate potential disparities within the specific

population, we conducted Cox regression analysis on various

subgroups, encompassing crucial variables including age, gender,

ethnicity, BMI ≥28, hypertension, diabetes, CHD, and CHF. By

constructing subgroup forest plots, several noteworthy findings

were revealed:
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Upon further examination of the relationship between the

CKMI index and ICU mortality, we observed a significant

inverse association in specific subgroups including individuals

aged ≥60 years [HR, 0.06 (95% CI 0.02–0.18), P = 0.001], females

[HR, 0.04 (95% CI 0.01–0.62), P = 0.021], white ethnicity [HR,

0.35 (95% CI 0.21–0.82), P = 0.027], diabetic patients [HR, 0.05

(95% CI 0.02–0.27), P = 0.008], and those with CHD [HR, 0.11

(95% CI 0.02–0.63), P = 0.014]. In contrast, no such correlation
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FIGURE 5

The CKMI correlation ROC curve for predicting in-hospital (a) and ICU mortality (b).

TABLE 3 ROC analysis of the CKMI index and its comparison with established severity scores.

Predictor ICU mortality AUC
(95% CI)

The p-value compared
to CKMI

Hospital mortality AUC
(95% CI)

The p-value compared
to CKMI

CKMI 0.658 (0.602–0.714) – 0.635 (0.591–0.679) –

SOFA 0.759 (0.716–0.802) P < 0.001 0.728 (0.692–0.764) P < 0.001

APSIII 0.796 (0.753–0.839) P < 0.001 0.766 (0.732–0.801) P < 0.001

SIRS 0.654 (0.607–0.702) P = 0.923 0.624 (0.585–0.662) P = 0.698

SAPSII 0.775 (0.732–0.818) P < 0.001 0.774 (0.742–0.805) P < 0.001

OASIS 0.621 (0.581–0.670) P = 0.043 0.605 (0.545–0.659) P = 0.039

GCS 0.476 (0.423–0.530) P < 0.001 0.459 (0.418–0.500) P < 0.001

TABLE 4 The correlation between the CKMI index and length of hospital
stay (LOS).

Characteristic β 95% CI p-value

LOS Hospital
Model A −24.05 −32.01, −16.10 <0.001

Model B −25.99 −34.05, −17.93 <0.001

Model C −9.40 −17.95, −0.85 0.031

LOS ICU
Model A −14.51 −18.62, −10.40 <0.001

Model B −14.69 −18.83, −10.56 <0.001

Model C −7.83 −12.32, −3.34 <0.001

CI, confidence interval; CKMI, cardiovascular-kidney-metabolic index; ICU, intensive care

unit; BMI, body mass index; CHD, coronary heart disease; CHF, congestive heart failure;
WBC, white blood cell; RBC, red blood cell; HbA1c, hemoglobin A1c; ALT, alanine

aminotransferase. Model A: unadjusted covariates. Model B: adjusted by age and BMI.

Model C: adjusted by age, BMI, CHD, CHF, hypertension, diabetes, stroke, sepsis, WBC,

RBC, hemoglobin, albumin, HbA1c, and ALT.
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was detected when comparing diabetic vs. non-diabetic patients,

patients with BMI <28 vs. ≥28, hypertensive vs. non-

hypertensive patients, and those with CHF compared to those

without (Figure 6).

Among subgroups of individuals aged ≥60 years [HR, 0.04 (95%

CI 0.01–0.27), P = 0.001], females [HR, 0.12 (95% CI 0.01–0.92),

P = 0.042], white ethnicity [HR, 0.36 (95% CI 0.09–0.76), P = 0.043],

those with a BMI ≥28 [HR, 0.17 (95% CI 0.03–0.99), P = 0.048],

hypertensive patients [HR, 0.07 (95% CI 0.02–0.94), P = 0.045],

diabetic patients [HR, 0.05 (95% CI 0.01–0.16), P = 0.001], and

patients with CHF [HR, 0.14 (95% CI 0.03–0.70), P = 0.016], a

significant inverse correlation was observed between the CKMI

index and hospital mortality. However, it is important to note that

no association between the CKMI index and hospital mortality was

found when comparing patients with and without CHD (Figure 6).
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FIGURE 6

Subgroup analysis for the correlation between the CKMI index and the risk of ICU (a) and in-hospital (b) mortality in critically ill patients.
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Additionally, our study has revealed significant interactions

between the CKMI index and other variables. Specifically, in terms

of influencing hospital mortality, the CKMI index demonstrated

noteworthy interactions with age (P for interaction = 0.025) and

diabetes (P for interaction = 0.031). Similarly, when investigating

factors impacting ICU mortality, a substantial interaction between

the CKMI index and age (P for interaction = 0.004) was also

observed (Figure 6).

In summary, this study provides robust evidence for

comprehending the relationship between the CKMI index, diverse

patient characteristics, and their clinical outcomes through

meticulous subgroup analysis and exploration of interactions.
The assessment of model value

We utilized stepwise regression analysis and cross-validation

to assess the model, yielding a coefficient of determination

(R-squared) of 0.9157, indicating that the model can account for

91.57% of the variability in the data. This outcome holds great

significance, suggesting a robust fit and effective explanation of

CKMI variations by the model. The mean squared error

(MSE) was determined to be 0.0012, signifying minimal

deviation between predicted values and actual values, thereby

demonstrating high predictive accuracy. The stepwise regression

analysis identified eGFR, TyG, and LVEF as pivotal variables

within the model with statistically significant effects on CKMI

(p-value < 0.05). Further cross-validation analysis revealed that
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among all tested models, the combination of three variables—

LVEF + eGFR + TyG—achieved an exceptional R-squared score of

0.9038, indicating superior predictive performance compared to

single parameter prediction models (LVEF, eGFR, TyG) or

simple combination prediction models (LVEF + eGFR, LVEF +

Tyg, eGFR + TyG). Moreover, it was observed that eGFR and

TyG made substantial contributions towards predicting CKMI

while LVEF played a relatively smaller role.
Discussion

In this study, we introduced the CKMI as a novel functional

indicator and validated its predictive validity for in-hospital

and ICU all-cause mortality in critically ill patients using the

extensive clinical database MIMIC-IV. CKMI, encompassing

LVEF, eGFR, and metabolic index TyG, aims to comprehensively

reflect the status of heart, kidney, and metabolic functions.

The findings demonstrated a significant inverse correlation

between CKMI and both in-hospital and ICU mortality,

highlighting its potential as an important prognostic marker

for predicting the risk of in-hospital mortality among critically

ill patients.

As a crucial component of the CKMI index, LVEF serves as a

pivotal indicator for assessing cardiac systolic function. Its decline

typically heralds CHF or cardiac dysfunction, which are significant

contributors to heightened in-hospital mortality (18). Numerous

studies have demonstrated a strong association between reduced
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LVEF and the risk of cardiovascular events such as heart failure

and myocardial infarction (7, 19). In critically ill patients,

impaired cardiac function often results in inadequate circulating

blood volume, subsequently compromising organ perfusion

throughout the body and escalating the likelihood of death

(20–22). Consequently, evaluating cardiac function through LVEF

can indirectly reflect circulatory status and mortality risk among

critically ill patients. A higher CKMI index signifies that

individuals with superior cardiac function can endure greater

physiological stress levels, thereby reducing hospitalization-

related mortality.

As another crucial component of the CKMI index, eGFR is

considered the gold standard for evaluating renal filtration

function, and its decline often indicates renal function

impairment (23). The kidney not only plays a pivotal role in

waste excretion and fluid balance regulation but also actively

participates in various physiological activities, including hormone

secretion and blood pressure regulation (24–26). In critically ill

patients, AKI is a common complication closely associated with

mortality. AKI not only leads to the accumulation of metabolic

waste and toxins in the body but also gives rise to significant

issues such as electrolyte imbalances and acid-base disturbances,

further exacerbating the patient’s condition (27–29). Therefore,

utilizing the CKMI index to assess renal function through eGFR

can effectively predict the risk of death resulting from impaired

renal function in critically ill patients.

The TyG index is a novel metabolic indicator that integrates

levels of TG and FPG to assess insulin resistance and the risk of

metabolic syndrome (30). In critically ill patients, metabolic

dysfunction is a prevalent pathophysiological state closely

associated with mechanisms such as inflammatory response and

oxidative stress (31, 32). The TyG index serves as a valuable tool

for evaluating metabolic status, with recent studies demonstrating

its significant association with cardiovascular diseases (33),

strokes (34), kidney diseases (35), and other pathological

conditions (36–38). Moreover, emerging evidence suggests that

the TyG index holds promise in predicting overall mortality and

cardiovascular disease-specific mortality among the general

population and critically ill patients (14, 39–41). A high CKMI

index indicates a relatively favorable metabolic condition in

patients, thereby reducing the likelihood of complications arising

from metabolic abnormalities and consequently lowering in-

hospital mortality.

The CKMI index is a comprehensive physiological health

evaluation system that assesses cardiac function, renal function,

and metabolic status in a holistic manner. In critically ill

patients, these three aspects of functional status are intricately

interconnected and mutually influential, collectively determining

the prognosis of patients (4–6). CHF can result in circulatory

disorders, which subsequently impact renal perfusion and

metabolite clearance (42). Renal insufficiency may lead to toxin

accumulation in the body, thereby increasing the burden on the

heart and causing metabolic disturbances (43). Metabolic

abnormalities can accelerate the progression of cardiovascular

and renal diseases (44). Therefore, by simultaneously considering

the key systems of the heart, kidney, and metabolism, the CKMI
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index achieves a comprehensive assessment of overall bodily

function. In critically ill patients specifically, interdependencies

among these three systems often exist and jointly determine

patient outcomes. Consequently, utilizing the CKMI index

enables a more comprehensive reflection of a patient’s

physiological state while enhancing prediction accuracy.

Currently, the prediction of in-hospital mortality for critically

ill patients primarily relies on various models such as APACHE

II score, SAPS II score, and SOFA score (45–47). However, these

models predominantly rely on physiological parameters and

medical history information for prediction. For instance, the

APACHE II score focuses on assessing acute physiological status

and chronic health conditions (45), while SOFA specifically

evaluates sequential organ failure but often overlooks a

comprehensive assessment of cardiac, renal, and metabolic states

(47). CKMI offers a more comprehensive perspective by

integrating indicators of cardiac, renal, and metabolic health to

evaluate the physiological stress and multi-organ functional

status of ICU patients. It may possess unique advantages in

predicting ICU and in-hospital mortality rates. Metabolic

status is a crucial indicator that reflects the body’s energy

metabolism and substance metabolism, which is closely

associated with the development of various diseases. Previous

studies have demonstrated that metabolic abnormalities, such as

hyperglycemia and hypoalbuminemia, play a significant role in

predicting adverse outcomes among ICU and hospitalized

patients (48, 49). Therefore, incorporating metabolic status into

scoring models aids in accurately assessing overall patient health

and predicting unfavorable results. By comparing and analyzing

different approaches, CKMI stands out for its uniqueness and

innovation in integrating biological indicators like metabolic

status. Traditional models often overlook these essential

metabolic markers; however, they hold great significance when

considering overall patient health and forecasting adverse

outcomes. CKMI can more precisely reflect the comprehensive

metabolic status of patients by including these metabolic

indicators, thereby greatly contributing to clinical treatment

guidance and patient prognosis assessment. In comparison to

traditional scoring systems, CKMI provides a more

comprehensive framework that assists clinicians in early

identification of high-risk patients while developing personalized

treatment plans. Moreover, the multidimensional comprehensive

evaluation offered by CKMI may contribute to enhancing risk

stratification and management strategies within complex ICU

environments encompassing multiple variables.

Additionally, our study revealed a significant inverse

correlation between CKMI levels and LOS in both the ICU and

general wards, suggesting that patients with lower CKMI levels

may necessitate prolonged hospitalization. The significant

association between CKMI and LOS provides valuable insights

into the utilization of ICU or hospital resources. Initially,

patients exhibiting reduced levels of CKMI might require

extended hospitalization and continuous monitoring, which

could consequently increase the utilization of ICU or hospital

resources. Consequently, by monitoring CKMI levels, we can

promptly identify individuals who may require additional
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resources to ensure timely and effective treatment interventions.

Secondly, the correlation between CKMI and LOS also implies

that optimizing treatment strategies could potentially mitigate the

adverse impact of CKMI on LOS, thus reducing patients’ length

of stay in hospitals and minimizing resource utilization.

Finally, we observed overlapping Kaplan-Meier curves between

Q2 and Q3, as well as between Q3 and Q4. After a thorough

examination of the data and analysis process, we posit that the

overlap of the curves may be attributed to several key factors:

firstly, due to limited research resources in the database study,

there might not be an adequate sample size to fully demonstrate

significant differences in survival rates among different CKMI

quartiles (Q1-Q4), despite efforts made to include a sufficient

number of patients. The small sample size could result in less

distinct differences between survival curves leading to

overlapping phenomena. Secondly, heterogeneity exists within the

patient population studied in terms of age, gender, underlying

diseases, etc., which may cause variations in response to CKMI

index among different patients and partially mask its predictive

effect on survival rates for specific patient subgroups.

Furthermore, the duration of follow-up can also impact the

degree of separation between survival curves. If the follow-up

time is insufficiently long enough, it may fail to capture

significant differences in patient survival rates particularly at

early stages. It should be emphasized that despite this

phenomenon of overlap occurring; however,the CKMI index

still retains certain predictive value especially for specific

patient populations.

Moreover, in the subgroup analysis, a significant inverse

association between CKMI and mortality risk was observed

among female patients., while this correlation was not evident in

male patients. Although the specific mechanisms are not fully

understood, it is speculated that they may be attributed to several

factors. Firstly, fluctuations in levels of sex hormones such as

estrogen in women may exert profound effects on metabolic

processes (50). estrogen exhibits anti-inflammatory, antioxidant,

and cardiovascular protective effects which could potentially

influence the relationship between CKMI and mortality risk

among women (51). Secondly, females typically possess higher

metabolism rates and distinct patterns of fat distribution which

might contribute to more rapid elimination of metabolic waste

and toxins from the body thereby alleviating metabolic stress;

consequently impacting the association between CKMI and

mortality risk (52). Additionally,females exhibit different

biological characteristics and prognosis disparities compared to

males when it comes to certain severe illnesses; these differences

might result in a higher predictive value for CKMI among

women (53, 54). In summary, an elevated CKMI during early

stages reflects compensatory capacity of the body; whereas an

elevation during later stages primarily indicates degree of organ

failure. This variation could lead to gender-specific differences

regarding predictive value of CKMI.Additionally, In order to

investigate the disparities in metabolic capacity and predictive

ability across different racial groups, we conducted a subgroup

analysis based on the racial composition of the population. The

findings revealed that CKMI exhibited a significant prognostic
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capability for mortality risk among Caucasians, while its efficacy

was not observed in other ethnicities. Several potential factors

may account for this discrepancy: firstly, substantial genetic and

biological variations exist among diverse races, which could

influence the association between CKMI and mortality risk (55);

secondly, disparities in environmental factors and lifestyles might

also impact the predictive performance of CKMI (56);

additionally, critically ill patients from different racial

backgrounds may exhibit distinct disease characteristics and

patterns of complications, thereby affecting the applicability of

CKMI as a prognostic indicator (57). It is important to note that

due to relatively small sample sizes within other ethnic groups,

statistical power is limited. Consequently, it is possible that

statistically significant associations may go undetected even if

they do indeed exist.

The CKMI index holds significant clinical application value,

providing crucial prognostic information for patients in the early

stages of ICU admission. For individuals with a low CKMI

index, doctors can promptly implement intervention measures

such as adjusting treatment plans and enhancing monitoring to

mitigate the risk of mortality. Moreover, the CKMI index

effectively reflects patient-specific differences and serves as a

foundation for formulating personalized treatment strategies.

Additionally, it allows dynamic adjustments based on changes in

a patient’s condition, offering an ongoing evaluation framework

for physicians. Regular monitoring of the CKMI index enables

timely modifications to treatment plans, ensuring optimal

therapeutic outcomes for patients.
Limitations

Despite the positive findings obtained in this study, several

limitations should be acknowledged. Firstly, it is important to

note that this study employed a retrospective analysis approach,

which may introduce potential selection bias and information

bias. Secondly, the accuracy of indicators such as LVEF, eGFR,

and TyG upon which the calculation of CKMI index relies can

be influenced by various factors. Moreover, it is worth

mentioning that this study did not account for the impact of

underlying diseases and treatment interventions on both CKMI

index and in-hospital mortality.

Based on previous literature, we excluded patients aged ≥80
years due to potential physiological changes and differences in

drug metabolism that may impact the interpretation of CKMI in

elderly patients. Additionally, patients with ICU stays of less than

24 h were also excluded to mitigate the risk of missing data or

inaccurate measurement of CKMI associated with shorter ICU

stays. However, it is acknowledged that these exclusion criteria

may limit the generalizability of our findings. Future studies are

planned to investigate the performance of CKMI across different

age groups and in patients experiencing rapid deterioration or

early death within 24 h of ICU admission, aiming to enhance its

applicability in diverse ICU patient populations.

Furthermore,we acknowledge the significance of dissecting the

constituents of CKMI-related mortality rates to augment the
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efficacy of this study. This not only facilitates deeper insights but also

fosters a comprehensive comprehension of the correlation between

CKMI and mortality rates. Nevertheless, a major constraint of this

study lies in our inability to procure specific cause-of-death

information from the MIMIC database. This limitation curtails our

capacity to conduct meticulous analyses on mortality rates

associated with distinct components of CKMI (cardiovascular-

related deaths, renal failure-related deaths, metabolic disease-related

deaths). In prospective clinical studies, we intend to incorporate

more participants who can furnish detailed records regarding

causes of death so as to further investigate the relationship between

CKMI and various causes of death.

To further validate the predictive efficacy of the CKMI index,

future research should consider adopting a prospective design,

increasing sample size, and incorporating additional influencing

factors. Moreover, it is worth exploring the predictive value of

the CKMI index in various disease types and age groups of

patients, as well as investigating its potential synergistic effects

when combined with other prediction models. Furthermore,

studying the role of the CKMI index in informing treatment

decision-making for critically ill patients can optimize clinical

management plans.
Conclusion

In summary, this study utilized the MIMIC-IV database to

comprehensively investigate the efficacy of the CKMI index in

predicting overall mortality during hospitalization for critically ill

patients. The findings demonstrate a significant inverse

association between the CKMI index and all-cause mortality

within both hospitalization and ICU settings, suggesting its

potential as a robust tool for prognosticating in-hospital death

risk among critically ill patients. By integrating comprehensive

assessments of cardiac function, renal function, and metabolic

status, the CKMI index establishes a holistic physiological health

evaluation system that offers clinicians more precise predictive

evidence and personalized treatment guidance. However, further

prospective studies with larger sample sizes are warranted to

validate its predictive efficacy and clinical applicability.
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Extension of an ICU-based
noninvasive model to predict
latent shock in the emergency
department: an exploratory study
Mingzheng Wu† , Shaoping Li†, Haibo Yu†, Cheng Jiang*,
Shuai Dai, Shan Jiang and Yan Zhao*

Emergency Center, Hubei Clinical Research Center for Emergency and Resuscitaion, Zhongnan
Hospital of Wuhan University, Wuhan, Hubei, China
Background: Artificial intelligence (AI) has been widely adopted for the
prediction of latent shock occurrence in critically ill patients in intensive care
units (ICUs). However, the usefulness of an ICU-based model to predict latent
shock risk in an emergency department (ED) setting remains unclear. This
study aimed to develop an AI model to predict latent shock risk in patients
admitted to EDs.
Methods: Multiple regression analysis was used to compare the difference
between Medical Information Mart for Intensive Care (MIMIC)-IV-ICU and
MIMIC-IV-ED datasets. An adult noninvasive model was constructed based on
the MIMIC-IV-ICU v3.0 database and was externally validated in populations
admitted to an ED. Its efficiency was compared with efficiency of testing with
noninvasive systolic blood pressure (nSBP) and shock index.
Results: A total of 50,636 patients from the MIMIC-IV-ICU database was used to
develop the model, and a total of 2,142 patients from the Philips IntelliSpace
Critical Care and Anesthesia (ICCA)-ED and 425,087 patients from the MIMIC-
IV-ED were used for external validation. The modeling and validation data
revealed similar non-invasive feature distributions. Multiple regression analysis
of the MIMIC-IV-ICU and MIMIC-IV-ED datasets showed mostly similar
characteristics. The area under the receiver operating characteristic curve
(AUROC) of the noninvasive model 10 min before the intervention was 0.90
(95% CI: 0.84–0.96), and the diagnosis accordance rate (DAR) was above 80%.
More than 80% of latent shock patients were identified more than 70 min
earlier using the noninvasive model; thus, it performed better than evaluating
shock index and nSBP.
Conclusion: The adult noninvasive model can effectively predict latent shock
occurrence in EDs, which is better than using shock index and nSBP.

KEYWORDS

shock, emergency department, intensive care unit, artificial intelligence, model

1 Introduction

Latent shock is characterized by the presence of circulatory failure and is a

common occurrence in critical illness. Approximately 30% of intensive care unit

(ICU) patients suffer hemodynamic change, and the mortality rate is above 40% (1,

2). Most cases of latent shock can be reversed in the early stage of circulatory

failure, especially prior to ICU transfer. However, timely identification of latent

shock remains a great challenge.
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Unlike the ICU, the emergency department (ED) manages a

wide array of illnesses with unknown origins. Patients deemed to

be in critical condition are promptly cared for by continuous

monitoring of their circulatory function. The low nurse-to-

patients ratios make manual assessments in Eds difficult, thus

there is an excessive reliance on alarms for physiological

measurements to identify individuals at risk of circulatory

deterioration. These signals fail to incorporate comprehensive

patient information, possibly causing non-specific alarms that

contribute to alarm fatigue (3–5). Emergency physicians are

engaged in the subsequent diagnostic and therapeutic processes,

such as documenting medical records, conducting ultrasound

examinations, or carrying out other invasive operations.

Therefore, changes in monitoring data and laboratory results

may not sent, interpreted, or acted upon by physicians in a

timely manner (6, 7). A single measurement cannot fully

describe the entire patient state and may lead to

misunderstanding of the circulatory function. Integrated evidence

analysis potentially decreases the incidence of misdiagnosis and

adverse events, thereby improving patient safety and outcomes.

In a high-paced environment like an ED, quickly filtering the

important information from the vast amounts of data is

necessary but increasingly hard for emergency health workers.

Machine-learning (ML) models utilize algorithms to learn from

larger datasets and make predictions or decisions based on new

data. Multiple parameter systems were developed as a method to

identify patients at risk of delayed septic shock in EDs (8). The

newly proposed hemodynamic stability index (HSI) model has

outperformed against every single parameter for risk prediction

in both adults and pediatrics (9, 10). The model consisted of

more than thirty input features, including vital signs, laboratory

measurements, and ventilation settings. Most of the variables are

not routinely measured in EDs, and variables collected before

ICU admission and in the first 6 h after ICU transfer were also

excluded in these studies. More than 7,000 ICU transfers from

the ED in Zhongnan Hospital of Wuhan University were

retrospectively reviewed. It was found that the median interval

from ED admission to ICU transfer was 5 h, with cases of latent

shock mostly receiving fluid resuscitation within 6 h. How to

quickly predict latent shock in cases within the ED remains a

challenge.

The ICU-based noninvasive model for predicting latent shock

risk has not yet been generalized to the ED. Non-invasive features

that are easy to acquire in a short time should be considered. The

study aimed to develop an adult noninvasive model in order to

provide an earlier warning of latent shock risk, which is good for

pre-hospital triage to the ICU.
2 Materials and methods

2.1 Definition of latent shock

Latent shock was defined as patients who were administrated

with vasoactives and had a mean arterial pressure of below

65 mmHg (11). Fluid resuscitation was not included because
Frontiers in Cardiovascular Medicine 0242
most of the patients had a shorter ED stay once latent shock was

identified. ED physicians are also more likely to use vasoactives

than fluid resuscitation to improve the mean arterial pressure

(MAP) before the underlying reasons for the condition are

ascertained. Blood transfusion is time-consuming and rarely

applied in the ED. More evidence of latent shock definition

is described in the Supplementary Materials. Detailed

categories or quantification of these definitions are listed in

Supplementary Table S1.
2.2 Dataset selection

Medical Information Mart for Intensive Care (MIMIC) and

eICU are two public datasets that are frequently used for ML

research. Variables in the eICU dataset such as medicines or

fluid administration are not labeled with the specific time. This

makes it inconvenient for researchers to calculate the total

volume of fluid infusion throughout a specific duration.

Therefore, the Mimic-IV-ICU v3.0 dataset was used for model

establishment between 2008 and 2022. In addition, data for

external validation were extracted from two databases: the Philips

IntelliSpace Critical Care and Anesthesia (ICCA) systems from

the ED of Zhongnan Hospital of Wuhan University from

December 2022 to July 2023 and the MIMIC-IV-ED between

2008 and 2022. Patients of an age ≥18 years were retrospectively

included. Based on the unique patient number, in cases where

the same patient is admitted repeatedly, only the first admission

number was selected. Patients younger than 18 years of age,

those with missing age values, those with stays of less than

30 min, or those with latent shock occurring within 30 min were

excluded. All records in this study were strictly privacy-protected,

and the use of the database was approved by the Beth Israel

Deaconess Medical Center (BIDMC) Institutional Review

Committee, Massachusetts Institute of Technology (CITI

certificate number: 55436196) and Ethics Committee of

Zhongnan Hospital of Wuhan University (2024066K).
2.3 Data processing and feature selection

Patients who received clinical intervention were placed in the

unstable group. The start time of treatment was used as the time

of diagnosis. The most recent feature values prior to the

diagnosis of latent shock were extracted. For patients in the ED,

missing values were filled in with the most recent data values. If

clinical interventions were not received, patients were placed in

the stable group, and any value that could be the result of the

first measurement was extracted.

Features were screened based on missing values being less than

20%. The selected features were present in both databases, and the

unit conversion was based on the ICCA system data. All variables

were subjected to a rationality filter (Supplementary Table S2) to

check whether their values were within the physiological validity

range and to exclude outliers. By using random forests, the

importance of model features in predicting latent shock was
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calculated. Features were input into the XGBoost classifier to get

the SHAP value and force plot.
2.4 Algorithm selection

For the training set, 70% of the sample was randomly selected;

the remaining 30% was used as the test set. The parameters were

iteratively adjusted to achieve the best performance of the model.

Several commonly used algorithms include random forest,

logistic regression, adaptive boosting (AdaBoost), extreme

gradient boosting (XGBoost), and neural networks. The

parameters of these algorithms were iteratively tuned on the

training set using five-fold internal cross-validation. The AUROC

performance of these five algorithms was compared on the

training set and the test set respectively.
2.5 Model development and external
validation

A noninvasive model was constructed using features of greater

than 0.01 importance that met the criteria. In EDs, identifying

individuals at a high risk of latent shock without performing

time-consuming laboratory tests is critical. Hence, noninvasive

features were also included to build a noninvasive prediction

model. After training, validating, and testing through common

algorithms, the dataset was further divided through random

sampling without replacement at a ratio of 7:3. The algorithm

that worked best was selected to build the model and complete

the external validation. The predictive accuracy of the model was

interpreted based on the results of the calibration curve. If the

calibration curve was close to the diagonal line, it indicated that

the predicted probability of the model was consistent with the

actual probability, and the model had a good calibration degree.
2.6 Statistical analysis

Continuous variables were presented as mean (standard deviation,

SD) or median (interquartile range, IQR). Categorical variables were

summarized by number (proportion). The unpaired t-test or the

Mann–Whitney U test was used for continuous variables, and the

Chi-square test or the Fisher exact test was used for categorical

variables, as appropriate. In Python, functions were implemented to

compute 95% confidence intervals (CI) for various metrics, including

diagnosis accordance rate(DAR), area under the receiver operating

characteristic curve (AUROC), sensitivity, specificity, F1 score,

positive predictive value (PPV), and negative predictive value (NPV).

For the shock index and the systolic blood pressure, the AUC was

calculated using a binary logistic regression model. One-way analysis

of variance was used to compare the AUC values of three models.

Multiple regression analysis was used to compare the difference

between the MIMIC-IV-ICU and MIMIC-IV-ED data sets. All

statistical analyses were performed using the EmpowerStats statistical

package (http://www.empowerstats.com, X&Y Solutions, Inc., Boston,
Frontiers in Cardiovascular Medicine 0343
MA) and R version 3.6.0. A two-sided P < 0.05 was considered

statistically significant.
3 Results

3.1 Study population

A total of 94,458 patients were extracted from MIMIC-IV-ICU.

A total of 43,822 patients were excluded, for reasons including

repeated admission (23,686), ICU stay time <30 min or latent

shock occurring <30 min (10,352), missing values (9,729), or

abnormal values (55). Finally, 50,636 patients with latent shock

(21,175) and non-latent shock (29,461) were included for model

establishment. 425,087 patients were also extracted from the

MIMIC-IV-ED. Ultimately, a total of 48,410 patients including

latent shock (1,074) and non-latent shock group (47,336) were

included for external validation on zero minute. 3,039 patients

were also extracted from the ICCA system. Ultimately, a total of

2,142 patients including latent shock (78) and non-latent shock

group (1,964) were included for external validation every 10 min

(Figure 1). The modeling and validation data showed that the

non-invasive feature distribution of the unstable group and the

stable group were roughly similar (Table 1). The results of the

multiple regression analysis between the MIMIC-IV-ICU and

MIMIC-IV-ED datasets showed that most of the characteristics

were similar (Supplementary Table S3). With an alert every

10 min, the 2,042 patients’ vital signs were constantly changing.

Patient information and characteristics of externally validated

data on minute 0 are presented in Supplementary Table S4.
3.2 Feature selection

Blood gas analysis features missing more than 60% were not

collected. Finally, eight noninvasive features with relatively

complete information were collected (Table 1). Temperature was

not included in the external validation data due to this not being

present in ED data. By using a random forest, Figure 2 shows the

importance of the features (>0.01) of the model for predicting

latent shock, finding that the gender of the patient has very little

effect and blood pressure has the greatest influence on predicting

latent shock. The higher the ranking, the more important the

feature. The dot to the left of the digital baseline represents a

negative contribution to experiencing latent shock, while the dot

to the right represents a positive contribution. The farther away

from the baseline, the greater the effect. Red stripes represent

positive contributions and blue stripes represent negative

contributions. The wider the stripes, the greater the contribution.
3.3 XGBoost algorithm

On the test set, Figure 3 shows that XGBoost is the best algorithm

for constructing the prediction model of latent shock (AUC= 0.94).

On the external validation, XGBoost algorithm was used to validate
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FIGURE 1

Study Flowchart. The stability and generalization ability of the model were verified externally several times. First, the MIMIC-IV-ED dataset is used for
the first external validation, and then the ICCA-ED dataset is used for dynamic external validation every 10 minutes. MIMIC-IV-ICU, Medical
Information Mart for Intensive Care IV in Intensive Care Unit; MIMIC-IV-ED, Medical Information Mart for Intensive Care IV in Emergency
Department; ICCA-ED, IntelliSpace Critical Care and Anesthesia in Emergency Department; ICU, Intensive Care Unit; ED, Emergency Department.

TABLE 1 Feature comparison between MIMIC-IV-ICU and MIMIC-IV-ED.

Latent shock Non-latent shock P-values

MIMIC-IV-ICU
Patients, N (%) 29,461 (41.8%) 21,175 (58.2%)

Age, year, Median (Q1, Q3) 69.9 (57.3, 81.2) 63.3 (50.9, 75.0) <0.001

Gender (Male), N (%) 10,589 (50.0%) 17,165 (58.3%) <0.001

heart rate (HR, beats per minute), Median (Q1, Q3) 82.0 (70.0, 96.0) 85.0 (73.0, 100.0) <0.001

Respiration rate (RR, beats per minute), Median (Q1, Q3) 19.0 (15.0, 22.0) 18.0 (15.0, 22.0) <0.001

Transcutaneous Oxygen Saturation (SpO2,%), Median (Q1, Q3) 97.0 (95.0, 99.0) 98.0 (95.0, 100.0) <0.001

Non, invasive systolic blood pressure (nSBP, mmHg), Median (Q1, Q3) 98.0 89.0, 109.0) 130.0 (116.0, 46.0) <0.001

<90, N (%) 5,431 (25.6%) 485 (1.6%) <0.001

≥90, N (%) 15,744 (74.4%) 28,976 (98.4%)

Non, invasive diastolic blood pressure (nDBP, mmHg), Median (Q1, Q3) 49.0 (44.0, 54.0) 75.0 (65.0, 85.0) <0.001

<60, N (%) 18,369 (86.7%) 3,878 (13.2%) <0.001

≥60, N (%) 2,806 (13.3%) 25,583 (86.8%)

Non, invasive mean blood pressure (nMBP, mmHg), Median (Q1, Q3) 61.0 (57.0, 64.0) 89.0 (79.0, 100.0) <0.001

< 65, N (%) 17,788 (84.0%) 790 (2.7%) <0.001

≥65, N (%) 3,387 (16.0%) 28,671 (97.3%)

Shock index, Median (Q1, Q3) 0.8 (0.7, 1.0) 0.7 (0.5, 0.8) <0.001

MIMIC-IV-ED
Patients, N (%) 1,074 (2.2%) 47,336 (97.8%)

Age, year, Median (Q1, Q3) 69.0 (55.0, 80.0) 63.0 (47.0, 76.0) <0.001

Gender (Male), N (%) 479 (44.6%) 24,660 (52.1%) <0.001

Heart rate (HR, beats per minute), Median (Q1, Q3) 83.0 (68.0, 98.0) 82.0 (70.0, 96.0) 0.475

Respiration rate (RR, beats per minute), Median (Q1, Q3) 18.0 (16.0, 22.0) 18.0 (16.0, 19.0) <0.001

Transcutaneous Oxygen Saturation (SpO2,%), Median (Q1, Q3) 98.0 (96.0, 100.0) 98.0 (97.0, 100.0) <0.001

Non, invasive systolic blood pressure (nSBP, mmHg), Median (Q1, Q3) 91.0 (84.0, 98.0) 132.0 (117.0, 148.0) <0.001

<90, N (%) 457 (42.6%) 463 (1.0%) <0.001

≥90, N (%) 617 (57.4%) 46,873 (99.0%)

Non, invasive diastolic blood pressure (nDBP, mmHg), Median (Q1, Q3) 45.0 (41.0, 49.0) 75.0 (66.0, 85.0) <0.001

<60, N (%) 1,039 (96.7%) 6,350 (13.4%) <0.001

≥60, N (%) 35 (3.3%) 40,986 (86.6%)

Non, invasive mean blood pressure (nMBP, mmHg), Median (Q1, Q3) 61.0 (57.0, 63.0) 94.0 (84.0, 105.0) <0.001

<65, N (%) 955 (88.9%) 637 (1.3%) <0.001

≥65, N (%) 119 (11.1%) 46,699 (98.7%)

Shock index, Median (Q1, Q3) 0.9 (0.7, 1.1) 0.6 (0.5, 0.8) <0.001

MIMIC-IV-ICU v3.0 database is from to 2008 to 2022. MIMIC-IV-ED database is from 2008 to 2019. Q1: the first quartile; Q3: the third quartile; P-values was calculated using non, parametric
tests or Chi, square tests based on variable type.
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FIGURE 2

Feature importance (A), SHAP value (B) and force plot (C) of noninvasive model for predicting latent shock. We found that the gender of the patient has
very little effect and blood pressure has the greatest influence on noninvasive model. nSBP, noninvasive systolic blood pressure; nDBP, noninvasive
diastolic blood pressure; nMBP, noninvasive mean blood pressure; HR, heart rate; RR, respiratory rate; SpO2, saturation of peripheral oxygen; SHAP,
SHapley additive exPlanations.

FIGURE 3

Algorithm selection. (A) Five algorithms for constructing the prediction model of latent shock; (B) The noninvasive model has a good calibration
degree with XGBoost algorithm.

Wu et al. 10.3389/fcvm.2024.1508766
the performance of the noninvasive model. Figure 3 shows that the

noninvasive model has a good calibration degree with XGBoost

algorithm, which allows missing values in external validation.
3.4 Model performance over time

Different thresholds cause model effects to vary. The

results of model performance over time when the threshold
Frontiers in Cardiovascular Medicine 0545
is 0.2 or 0.4 are shown in Table 2. External validation

results of the two datasets show that AUROC of the non-

invasive model is as high as 0.99 at 0 min. AUROC of the

noninvasive model 10 min before the intervention was 0.90

(95% CI: 0.84–0.96), and the DAR was more than 80%. The

calibration plot also indicated that when the threshold was

set to 0.2, more than 80% of latent shock patients could be

identified more than 70 min earlier (Figure 4). A logistic

regression model was used to calculate the area under the
frontiersin.org
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TABLE 2 Performance of noninvasive model for predicting latent shock, mean (95% CI).

Minutes before
the intervention

Threshold DAR AUROC Recall Specificity NPV PPV F1-score

MIMIC-IV-EDa

0 0.4 0.97 (0.97–0.98) 0.99 (0.98–0.99) 0.96 (0.95–0.97) 0.97 (0.97–0.98) 1.00 (1.00–1.00) 0.46 (0.44–0.47) 0.62 (0.60–0.64)

ICCA-EDb

0 0.2 0.85 (0.79–0.92) 0.99 (0.97–1.00) 0.98 (0.96–1.00) 0.85 (0.79–0.91) 1.00 (0.99–1.00) 0.16 (0.12–0.20) 0.27 (0.22–0.33)

10 0.2 0.86 (0.78–0.93) 0.90 (0.84–0.96) 0.86 (0.79–0.93) 0.86 (0.78–0.93) 1.00 (0.98–1.00) 0.11 (0.08–0.15) 0.20 (0.15–0.25)

20 0.2 0.84 (0.78–0.91) 0.86 (0.80–0.92) 0.74 (0.66–0.82) 0.85 (0.78–0.91) 0.99 (0.97–1.00) 0.12 (0.09–0.15) 0.20 (0.16–0.25)

30 0.2 0.85 (0.78–0.91) 0.86 (0.79–0.92) 0.69 (0.61–0.76) 0.85 (0.79–0.92) 0.99 (0.97–1.00) 0.12 (0.09–0.15) 0.20 (0.16–0.25)

40 0.2 0.84 (0.77–0.91) 0.86 (0.79–0.93) 0.73 (0.64–0.81) 0.84 (0.77–0.91) 0.99 (0.97–1.00) 0.11 (0.08–0.14) 0.19 (0.14–0.23)

50 0.2 0.84 (0.76–0.92) 0.85 (0.78–0.93) 0.75 (0.66–0.84) 0.84 (0.77–0.92) 0.99 (0.97–1.00) 0.11 (0.08–0.14) 0.19 (0.14–0.24)

60 0.2 0.83 (0.75–0.92) 0.81 (0.72–0.90) 0.63 (0.56–0.76) 0.84 (0.75–0.92) 0.99 (0.97–1.00) 0.09 (0.06–0.12) 0.16 (0.11–0.21)

70 0.2 0.84 (0.74–0.93) 0.80 (0.70–0.90) 0.56 (0.44–0.67) 0.84 (0.75–0.94) 0.99 (0.96–1.00) 0.07 (0.04–0.10) 0.12 (0.08–0.17)

80 0.2 0.83 (0.73–0.93) 0.85 (0.76–0.94) 0.77 (0.66–0.88) 0.83 (0.73–0.93) 0.99 (0.97–1.00) 0.09 (0.06–0.13) 0.17 (0.11–0.22)

90 0.2 0.83 (0.72–0.94) 0.80 (0.68–0.92) 0.70 (0.57–0.83) 0.84 (0.73–0.95) 0.99 (0.97–1.00) 0.08 (0.04–0.11) 0.14 (0.09–0.20)

100 0.2 0.83 (0.71–0.95) 0.80 (0.67–0.93) 0.65 (0.50–0.79) 0.83 (0.71–0.95) 0.99 (0.96–1.00) 0.07 (0.04–0.10) 0.12 (0.07–0.18)

110 0.2 0.82 (0.67–0.97) 0.80 (0.65–0.95) 0.58 (0.41–0.75) 0.82 (0.68–0.97) 0.99 (0.96–1.00) 0.05 (0.02–0.08) 0.09 (0.04–0.14)

120 0.2 0.82 (0.62–1.00) 0.73 (0.52–0.95) 0.57(0.35–0.79) 0.82(0.63–1.00) 0.99(0.96–1.00) 0.03(0.01–0.05) 0.06(0.02–0.10)

aThe noninvasive model of potential shock was externally validated on 0 min with the data set derived from MIMIC-IV-ED.
bThe noninvasive model of potential shock was externally validated every 10 min with the data set derived from ICCA in ED.

FIGURE 4

The non-invasive models had a higher AUROC 120 minutes before intervention than the shock index and noninvasive systolic blood pressure (nSBP).
More than 80% of latent shock patients could be identified more than 70 minutes earlier.

Wu et al. 10.3389/fcvm.2024.1508766
AUROC curve for shock index and noninvasive systolic blood

pressure (nSBP). The non-invasive models had higher AUROC

than the shock index and nSBP models. There were

statistically significant differences in the AUC per 10 min of

external validation among the three models (P < 0.05).
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4 Discussion

Notably, the modeling and validation data revealed similar

non-invasive feature distributions. Multiple regression analysis

of MIMIC-IV-ICU and MIMIC-IV-ED datasets showed mostly
frontiersin.org
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similar characteristics. Blood pressure was identified as the most

influential feature in predicting latent shock. Furthermore, our

noninvasive model demonstrated AUROC and DAR of above

0.80 for predicting latent shock 70 min before intervention,

outperforming both the single shock index and nSBP models,

with statistically significant differences observed in the AUC

per 10 min of external validation. This study has important

clinical significance for pre-hospital care and for ED to triage

of ICU.

In the ED, not all patients are referred to the ICU. Doctors

classify the severity of patients’ conditions, especially those with

latent shock. The triage and acuity scale is called the Emergency

Severity Index (ESI) Five Level triage system (12). Level 1 and

level 2 patients are likely to be admitted to the ICU (13). This

study found that the noninvasive model was a model that could

be useful. The AUROC of our noninvasive model is similar to

models from Chiang Dung-Hung et al. (9) (AUROC= 0.81) and

Potes Cristhia et al. (10) (AUROC= 0.76). According to Table 1,

Supplementary Tables S3, S4, the differences in most features

between the MIMIC-IV-ICU and ED datasets are not significant.

Thus, it can be seen that it is theoretically feasible for us to use

the data of latent shock patients in the ICU to establish a

noninvasive predictive model and adjust the model parameters

based on the severity of the disease to provide an earlier warning

of latent shock patients in the ED.

Clinically, vital signs are important disease information. Our

study classifies vital signs as noninvasive and found that blood

pressure is the most influential feature in predicting latent

shock. Noninvasive features are also covered, such as age,

gender, saturation of peripheral oxygen (SpO2), and GCS.

Systolic blood pressure features are most important in models

predicting latent shock, which is consistent with the reported

importance of features (9, 10). Chang, H et al. (11) used six

noninvasive indicators (nSBP, nDBP, RR, pulse rate,

temperature, and SpO2) to establish an emergency department

latent shock warning model. At 3 h before latent shock, the

predictive AUROC values of RNN, MLP, RF, and LR methods

were 0.822, 0.841, 0.852, and 0.830, respectively. Our study

shows that more than 80% of latent shock patients could be

identified more than 70 min earlier. And the noninvasive model

is better than the shock index or nSBP. Therefore, an

ICU-based noninvasive model for identifying latent shock risk

in the ED is theoretically feasible.

Laboratory measurements and respiratory setting indicators

are mostly invasive. Combining the model with laboratory

measurements and respiratory setting indicators is conducive

to improving its sensitivity, specificity, and accuracy (2, 14).

But as the waiting time is long and cost high for invasive

features. sequential organ failure assessment(SOFA) score was

also confirmed as a predictor of mortality in ICU patients

(15). The SOFA score exhibited the highest accuracy in

predicting hospital mortality of septic latent shock at 0.880,

followed closely by the SOS score (0.878), modified early

warning score (MEWS) (0.858), quick sequential organ failure

assessment (qSOFA) score (0.847), and NEWS score (0.833)

(16). But the SOFA score contains invasive features. So, our
Frontiers in Cardiovascular Medicine 0747
ICU-based noninvasive model is a model that can be chosen

but needs further study.

This study demonstrates that the non-invasive model can

provide an early warning of latent shock risk in the emergency

department, 70 min ahead of the current time, which holds

significant value as a reference for early diagnosis and

treatment. When Philips’ ICCA system issues an alert for latent

shock risk during the rescue and observation process, medical

staff can immediately prioritize the patient’s condition and

initiate corresponding diagnostic and treatment protocols. This

facilitates rapid identification and management of latent shock

symptoms, thereby reducing the incidence of misdiagnosis and

missed diagnoses. Patients can receive treatment earlier,

alleviating their pain and discomfort. Consequently, this

approach enhances patient satisfaction and trust, fostering

improved doctor-patient relationships. Future research should

explore the integration of our model with other noninvasive

indicators to further enhance prediction accuracy, while also

considering the balance between invasiveness, cost, and

practicality in clinical settings. Ultimately, our study contributes

to the ongoing effort to optimize triage and management

strategies for latent shock patients in the ED.
5 Limitations

This study has limitations. First, while common clinical

indicators were used as features, other factors such as a

patient’s temperature and Glasgow score (GCS) may also

have provided useful features. Second, other important

features need to be added, and the noninvasive model needs

to be continually optimized. Third, when interpreting blood

pressure data within the model, it is essential to fully

consider the patient’s underlying conditions and reasons for

admission. For instance, blood pressure levels may differ

between elderly and younger patients, potentially impacting

the model’s predictive performance across different age

groups. Fourth, given the limited number of cases in the

current study, a substantial amount of external validation set

data is planned to be collected in the future. This will

enable us to conduct analyses on various patient subgroups,

allowing for separate modeling and external validation

tailored to each subgroup. Fifth, in the process of promoting

the model, the differences in ICU and ED data from

different sources may affect the stability and generalization

ability of the model, which requires multi-center external

validation. Sixth, the significant imbalance in sample size

between the stable and unstable groups within the external

validation set has led to prediction biases, risks of

overfitting, distorted evaluation metrics, and decreased

statistical significance. In our future prospective studies, the

sample size of the unstable group within the external

validation set will be increased to mitigate the issue of

sample imbalance. Therefore, these predictive models require

further optimization and prospective study. Seventh, there

was no analysis of the potential impact on model
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performance evaluation, clinical alert accuracy, and patient

treatment outcomes based on different underlying disease

subgroups of patients. In the later stage, we will establish

subgroup analysis for different underlying diseases, integrate

it into the ICCA system, and intelligently match early

warning models for different types of patients.
6 Conclusion

This study found that ICU-based noninvasive model can

effectively predict latent shock risk in ED, which is

better than using the simple shock index and nSBP.

Further prospective multicenter studies are needed to

generalize these models.
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Association between red blood
cell distribution width-to-
albumin ratio and prognosis in
post-cardiac arrest patients: data
from the MIMIC-IV database
Yinhe Cai1,2†, Yao Zhang1,2†, Ningzhi Zhou1,2, Yong Tang1,2,
Haixia Zheng1,2, Hong Liu1,2, Jiahua Liang3, Ruixiang Zeng4,
Shengqing Song5* and Yu Xia1,2*
1Department of Cardiology, The Third Affiliated Hospital of Guangzhou University of Chinese Medicine,
Guangzhou, China, 2Guangzhou University of Chinese Medicine, Guangzhou, China, 3The Department
of Cardiovascular Disease, Meizhou Hospital of Traditional Chinese Medicine, Meizhou, China,
4Department of Critical Care Medicine, Guangdong Provincial Hospital of Chinese Medicine,
Guangzhou, China, 5The Third Affiliated Hospital of Guangzhou University of Chinese Medicine,
Guangzhou, China
Background: Cardiac arrest (CA) triggers a systemic inflammatory response,
resulting in brain and cardiovascular dysfunction. The red blood cell
distribution width (RDW)-to-albumin ratio (RAR) has been widely explored in
various inflammation-related diseases. However, the predictive value of RAR
for the prognosis of CA remains unclear. We aimed to explore the correlation
between the RAR index and the 30- and 180-day mortality risks in post-
CA patients.
Methods: Clinical data were extracted from the MIMIC-IV database. The enrolled
patients were divided into three tertiles based on their RAR levels (<3.7, 3.7–4.5,
>4.5). Restricted cubic spline, Kaplan–Meier (K-M) survival curves, and Cox
proportional hazards regression model were used to explicate the relationship
between the RAR index and all-cause mortality risk. Subgroup analyses were
also conducted to increase stability and reliability. The receiver operator
characteristic (ROC) analysis was used to assess the predictive ability of the
RAR index, red blood cell distribution width, and serum albumin for 180-day
all-cause mortality.
Results: A total of 612 patients were eligible, including 390 men, with a mean
age of 64.1 years. A non-linear relationship was observed between the RAR
index and 180-day all-cause mortality, with a hazards ratio (HR) >1 when the
RAR level exceeded 4.54. The K-M survival curve preliminarily indicated that
patients in higher tertiles (T2 and T3) of the RAR index presented lower 30-
and 180-day survival rates. An elevated RAR index was significantly associated
with an increased 30-day [adjusted HR: 1.08, 95% confidence interval (CI):
1.01–1.15] and 180-day (adjusted HR: 1.09, 95% CI: 1.03–1.16) mortality risk.
According to the ROC curve analysis, the RAR index outperformed the RDW
and albumin in predicting all-cause 180-day mortality [0.6404 (0.5958–
0.6850) vs. 0.6226 (0.5774–0.6679) vs. 0.3841 (0.3390–0.4291)]. The
prognostic value of the RAR index for 180-day mortality was consistent across
subgroups, and a significant interaction was observed in patients who were
white, those with chronic pulmonary disease, or those without
cerebrovascular disease.
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Conclusion: The RAR index is an independent risk factor for 30- and 180-day all-
cause mortality in post-CA patients. The higher the RAR index, the higher the
mortality. An elevated RAR index may be positively associated with adverse
prognosis in post-CA patients, which can remind clinicians to quickly assess
these patients.
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Introduction

Cardiac arrest (CA) is one of the leading fatal diseases,

characterized by the sudden cessation of cardiac ejection due to

various causes (1). Only 25% of patients survive after

experiencing CA, and more than 300,000 inpatients suffer from

CA each year in the United States (2). Hence, early and accurate

prediction associated with death in CA patients is particularly

significant, contributing to stratifying high-risk patients swiftly

and helping clinicians take more appropriate treatments in

clinical practice.

Red blood cell distribution width (RDW) is a commonly used

indicator in routine clinical hematology. Existing evidence indicates

that RDW has been a novel and easily convenient marker of

systemic inflammation. It has been reported that higher RDW

levels are associated with worse prognoses in cardiovascular

diseases (3, 4), ischemic stroke (5), kidney disease (6), and

various infectious diseases (7). However, the RDW level is

known to be unstable, as it is susceptible to other factors such as

senescence, oxidative stress, malnutrition, or renal impairment

(8). Furthermore, serum albumin (ALB) is an indicator of

systemic nutritional status, and it can reduce the systemic

inflammatory response by inhibiting oxidative stress and

accelerating endothelial apoptosis (9, 10). Previous studies have

identified low levels of serum albumin as an independent risk

factor for increased cardiovascular mortality (11, 12). However,

serum albumin levels are also susceptible to other factors such as

chronic diseases, nutritional risk, malnutrition, and inflammation

(13). Several studies have suggested that the combined marker—

RDW-to-albumin ratio (RAR)—is a novel biomarker associated

with the prognosis of circulation system diseases, such as stroke

(9), acute myocardial infarction (14), and atrial fibrillation (15).

Compared to other inflammatory markers, the RAR index being

rapid, reproducible, and easy to acquire means it could be used

for routine screening in clinical practice through laboratory

testing. The RAR index serves as a composite marker that

combines both nutritional status (ALB) and inflammatory status

(RDW), and it reflects a better correlation with the inflammatory

response and identification of high-risk patients compared to

other single-identified markers. It has been reported that post-
io; RDW, red blood cell distrib
rgan Failure Assessment; SA
ransferase; ALP, alkaline pho
on; WBC, white blood cell; R
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CA patients with high levels of inflammatory response face

higher mortality rates and/or worse neurologic consequences

(16, 17). However, whether the RAR index can more accurately

assess the prognosis of post-CA patients has not yet been evaluated.

In this study, we aimed to explore the correlation between the

RAR index and 30- and 180-day mortality in post-CA patients

enrolled in the intensive care unit (ICU).
Materials and methods

Sources of data

All data were collected from the Medical Information Mart

for Intensive Care IV (MIMIC-IV; version 2.0) database, a

large and open critical care database approved by the Beth

Israel Deaconess Medical Center and the Massachusetts

Institute of Technology. This database contains records from

76,540 ICU patients admitted between 2008 and 2019. The

longest follow-up period for each patient in the database was

1 year after their last discharge, providing available data

support for clinical research. The personal information of all

included patients was de-identified to ensure privacy of

patients. Therefore, the informed consent of patients was

exempt for this study.
Sample size and power analysis

The sample size was predetermined due to the retrospective

design of the study (18). A post-hoc power analysis was

performed using PASS 24.0 software to assess the study’s

statistical power, which was calculated to exceed 90%.
Study population

Patients who met the following criteria were enrolled: (1)

patients diagnosed with CA based on the International

Classification of Diseases versions 9 and 10 (ICD-9 and 10)
ution width; CA: cardiac arrest; MIMIC, Medical Information Mart for Intensive
PSII, Simplified Acute Physiology Score II; BUN, blood urea nitrogen; INR,
sphatase; AST, aspartate aminotransferase; SBP, systolic blood pressure; DBP,
BC, red blood cell; SD, standard deviation; HR, hazards ratio; CI, confidence
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diagnosis codes (“4,275,” “I46,” “I,462,” “I,468,” and “I,469”); (2)

only the first ICU admission during the initial hospitalization

was considered; and (3) age 18 years and above. Exclusion

criteria were as follows: (1) patients without recorded RDW or

albumin levels; and (2) ICU length of stay <24 h.
Data extraction

Data were extracted from the MIMIC-IV database based on

three parts: (1) baseline characteristics, including sex, age,

ethnicity [white, or others (Asian, Black, unknown)], weight,

comorbidities (cardiovascular disease, congestive heart failure,

chronic lung disease, diabetes, peripheral vascular disease,

and cerebrovascular disease), the Sequential Organ Failure

Assessment (SOFA) score, the Simplified Acute Physiology Score

II (SAPSII), and norepinephrine use; (2) vital signs, including

systolic blood pressure (SBP), diastolic blood pressure (DBP),

heart rate, respiratory rate, and pulse oxygen saturation (SpO2);

and (3) laboratory biomarkers, including RDW, red blood cell

(RBC) count, white blood cell (WBC) count, platelet (PLT)

count, hemoglobin, albumin, creatinine, blood urea nitrogen

(BUN), glucose, international normalized ratio (INR), anion gap,

alanine aminotransferase (ALT), aspartate aminotransferase

(AST), alkaline phosphatase (ALP), total sodium, and potassium.

All data were extracted within the first 24 h after admission to

the ICU, excluding variables with ≥10% missing values. For

continuous variables with less than 5% missing data, we imputed

with the median of non-missing values. Variables with 5%–10%

missing data were filled with multiple imputations. Data were

obtained using Navicat Premium version 15.0.
Groups and outcomes

The exposure factor, RAR index, was calculated as RDW (%)

divided by albumin (g/dl) (19). Violin plots and histogram

density plots were prepared to visualize the fundamental

characteristics of the RAR index. A total of 612 patients were

enrolled in our study and divided into three groups based on the

tertiles of the RAR index (20): T1 (<3.7, n = 139), T2 (3.7–4.5,

n = 150), and T3 (>4.5, n = 323).

The endpoints of this study were 30- and 180-day all-

cause mortality.
Statistical analysis

Continuous data that conformed to normal distribution are

presented as the mean ± standard deviation (SD) and were

analyzed using one-way ANOVA; data with a skewed distribution

are presented as the median and quartile spacing [M (Q1, Q3)]

and were analyzed using the Kruskal–Wallis test. Categorical

variables are presented as n (%), with the analysis of the chi-

square test (or Fisher’s exact test).
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The cumulative probability of 30- and 180-day all-cause

mortality was visualized across the RAR index tertiles (T1, T2,

T3) using Kaplan‒Meier (K‒M) curves with the log-rank test.

Univariate and multivariate Cox proportional hazards regression

models were used to evaluate the prognostic values of the RAR

index for 30- and 180-day all-cause mortality, and hazards ratios

(HRs) and 95% confidence intervals (CIs) were presented. Model

1 was adjusted for age, sex, weight, and race. Model 2 was

adjusted for age, sex, weight, race, SOFA score, SAPSII score,

cardiovascular disease, chronic pulmonary disease, diabetes,

cerebrovascular disease, peripheral vascular disease, norepinephrine

use, creatinine, SBP, DBP, ALT, ALP, and AST. In addition,

subgroup analyses were also conducted based on different strata,

such as demographic characteristics (sex, age, and race),

comorbidities (cardiovascular disease, chronic pulmonary disease,

diabetes, cerebrovascular disease, and peripheral vascular disease),

and norepinephrine use.

Restricted cubic spline (RCS) analysis, based on the Cox model,

was utilized to elucidate the dose–response relationship between

the RAR index and 180-day all-cause mortality in post-CA

patients. Receiver operating characteristic (ROC) analysis was

performed to predict 180-day mortality in CA patients among

RDW, albumin, RAR index, SOFA score, and SAPSII score.

The above statistical analyses were performed using Stata

15.0 and SPSS 23.0 software. P-values <0.05 were considered

statistically significant.
Results

Clinical characteristics of patients

We included data of 612 eligible CA patients from the MIMIC-

IV database (see Figure 1). In general, 318 patients (51.96%) and

362 patients (59.15%) died of various causes within 30 and

180 days after admission. According to Table 1, the average age

of the included patients was 64.1 ± 17.6 years, of whom 390 were

men and 222 were women. The median overall RAR index was

4.61 (3.82–5.7), and its distribution is displayed in Figure 2.

Using the RAR T1 group as the reference, an increase in RAR

index was associated with a higher proportion of patients

admitted to ICU, an increased likelihood of women patients,

older age, lower body weight, reduced SBP and DBP, higher

levels of RDW, creatinine, and BUN, and lower levels of albumin

and platelets. The SOFA and SAPSII scores were worse, and the

prevalence of diabetes and peripheral vascular disease was higher.

The proportion of patients with cerebrovascular disease was lower.
Associations between the RAR index and
mortality risk in post-CA patients

When considering the RAR index as a continuous variable,

Cox regression analysis revealed that an elevated RAR index was

significantly associated with higher 30- and 180-day mortality in

both the unadjusted model (30-day: HR: 1.14; 95% CI: 1.08–1.21;
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FIGURE 1

Flowchart of patient screening.
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180-day: HR: 1.16; 95% CI: 1.10–1.22) and the fully adjusted model

(30-day: HR: 1.08; 95% CI: 1.01–1.15; 180-day: HR: 1.09; 95% CI:

1.03–1.16). When analyzing the RAR index as a categorized

variable, Cox proportional hazards analysis revealed that the

highest tertile (T3) of the RAR index was also significantly

correlated with increased 180-day mortality in both the

unadjusted model (HR: 2.07; 95% CI: 1.57–2.79) and the

adjusted model (Model 1: HR: 2.00; 95% CI: 1.48–2.72; Model 2:

HR: 1.74; 95% CI: 1.26–2.42) (Table 2). Similar results were also

observed between the highest tertile (T3) of the RAR index and

30-day all-cause mortality (unadjusted: HR: 1.90; 95% CI: 1.39–

2.60; Model 1: HR: 1.83; 95% CI: 1.33–2.52; Model 2: HR: 1.60;

95% CI: 1.13–2.25).

RCS analysis indicated a non-linear relationship between the

RAR index and 180-day mortality in patients with CA (Figure 3).

The risk of mortality increased with increasing RAR levels, and its

HR was always >1 when the RAR level exceeded 4.54. The

cumulative 30-day and 180-day mortality across RAR index
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groups is shown in Kaplan‒Meier analysis (30-day: T1: 50, 35.97%;

T2: 78, 52%; T3: 190, 58.82%; 180-day: T1: 55, 39.57%; T2: 90,

60%; T3: 217, 67.18%) (see Figure 4). The analysis revealed that

the cumulative incidence of 30- and 180-day death increased with

elevating quartiles of the RAR index (log-rank test, p < 0.001).
ROC curve analysis of the RAR index

ROC curve analyses were conducted for the RAR index, RDW,

albumin, SOFA score, SAPSII score, and SAPSII combined RAR to

predict 180-day mortality in patients with CA (Figure 5). It was

observed that the RAR index [0.640 (0.596–0.685)] outperformed

the RDW [0.623 (0.577–0.668)], albumin [0.384 (0.339–0.429)],

and SOFA score [0.601 (0.556–0.646)] in predicting all-cause

180-day mortality, both with p < 0.001. In addition, the RAR

index showed no significant superiority over the SAPSII score

[0.677 (0.634–0.720)] for CA patients. Further analysis of the
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TABLE 1 Comparisons of the baseline characteristics categorized by the RAR index.

Variables Total overall,
N = 612

RAR tertile 1
(N = 139)

RAR tertile 2
(N = 150)

RAR tertile 3
(n = 323)

P-value

RAR index 4.61 (3.82–5.7) 3.4 (3.16–3.55) 4.15 (3.93–4.32) 5.6 (4.98–6.61) <0.001

Age, years 64.1 ± 17.6 56.8 ± 17.6 65.3 ± 17.9 66.6 ± 16.6 <0.001

Sex, male, n (%) 390 (63.73) 106 (76.26) 93 (62.00) 191 (59.13) 0.002

Weight, kg 86.4 ± 23.5 92.2 ± 21.5 86.2 ± 22.2 84.5 ± 25.0 0.006

Race, n (%) 0.703
White 329 (53.8) 71 (51.08) 84 (56.00) 174 (53.87)

Other 283 (46.2) 68 (48.92) 66 (44.00) 149 (46.13)

SBP, mmHg 114.7 ± 15.8 117.7 ± 16.3 117.8 ± 16.0 112.0 ± 15.1 <0.001

DBP, mmHg 64.0 ± 11.2 68.7 ± 11.1 65.0 ± 11.6 61.5 ± 10.3 <0.001

Heart rate, beats/min 84.93 ± 19.13 79.1 ± 16.9 81.7 ± 19.4 88.9 ± 19.0 <0.001

Respiratory rate, times/min 21.3 ± 4.7 21.1 ± 4.5 21.2 ± 4.3 21.5 ± 5.0 0.608

SpO2, % 97.7 (96.0–99.1) 97.9 (96.3–99.3) 98.0 (96.1–99.4) 97.5 (95.8–98.9) 0.012

Comorbidities, n (%)
Cardiovascular disease 151 (24.67) 36 (25.9) 39 (26.0) 76 (23.53) 0.786

Chronic pulmonary
disease

165 (26.96) 30 (21.58) 45 (30.00) 90 (27.86) 0.237

Diabetes 190 (31.03) 23 (16.55) 48 (32.00) 119 (36.84) <0.001

Cerebrovascular disease 90 (14.71) 25 (17.99) 29 (19.33) 36 (11.15) 0.030

Peripheral vascular disease 87 (14.22) 11 (7.91) 18 (12.00) 58 (17.96) 0.012

Congestive heart failure 231 (37.75) 46 (33.09) 61 (40.67) 124 (38.39) 0.390

Norepinephrine use, n (%) 405 (66.18) 86 (61.87) 94 (62.67) 225 (69.66) 0.155

Scoring systems
SOFA 8.7 ± 4.1 7.3 ± 3.8 7.8 ± 3.7 9.5 ± 4.1 <0.001

SAPSII 49.1 ± 17.0 40.8 ± 17.0 46.8 ± 15.5 53.8 ± 16.1 <0.001

Laboratory tests
ALT, IU/L 72 (32–221) 98 (40–303) 76 (34–201) 61 (28–217) 0.038

AST, IU/L 118 (49–357) 118 (50–374) 118 (51–275) 118 (47–367) 0.910

ALP, IU/L 86 (62–124) 75 (61–97) 81 (62–113) 95 (61–134) <0.001

RDW, % 14.6 (13.6–16.0) 13.2 (12.6–13.8) 14.2 (13.5–15.0) 15.6 (14.5–17.3) <0.001

Albumin, g/dl 3.3 (2.7–3.7) 4.0 (3.8–4.2) 3.4 (3.2–3.7) 2.8 (2.4–3.1) <0.001

WBC, 109/L 13.4 (9.4–17.8) 13.7 (11.1–18.4) 12.9 (9.6–16.7) 13.3 (8.8–18.0) 0.181

RBC, 1012/L 3.8 (3.2–4.5) 4.5 (4.0–4.8) 4.0 (3.5–4.5) 3.4 (3.0–4.1) <0.001

Platelets, 109/L 188 (141–249) 203 (172–247) 182 (146–232) 181 (122–260) 0.010

Hemoglobin, g/dl 11.6 ± 2.4 13.6 ± 1.9 12.3 ± 1.9 10.4 ± 2.1 <0.001

Anion gap, mmol/L 16.7 (14.3–19.7) 16.3 (14–18.8) 16.5 (14.5–18.8) 17 (14.3–20.2) 0.223

Potassium, mg/dl 4.2 (3.9–4.7) 4.17 (3.9–4.7) 4.2 (3.9–4.5) 4.2 (3.8–4.8) 0.523

Sodium, mg/dl 139.0 (136.4–141.7) 139.6 (137.8–142.0) 138.4 (136.2–141.4) 138.8 (136.0–141.7) 0.031

Creatinine, mg/dl 1.4 (0.9–2.2) 1.1 (0.9–1.6) 1.3 (0.9–2.0) 1.7 (1.0–2.6) <0.001

BUN, mg/dl 25.2 (17.2–40.6) 20.0 (15.0–26.5) 24.3 (17.5–37.0) 30.3 (18.5–52.3) <0.001

Glucose, mg/dl 186.0 ± 83.0 184.2 ± 77.2 185.1 ± 76.4 187.3 ± 8.4 0.922

INR 1.3 (1.2–1.71) 1.16 (1.1–1.3) 1.2 (1.1–1.5) 1.5 (1.2–1.9) <0.001

30-day mortality, n (%) 318 (51.96) 50 (35.97) 78 (52) 190 (58.82) <0.001

180-day mortality, n (%) 362 (59.15) 55 (39.57) 90 (60.00) 217 (67.18) <0.001

RAR, ratio of RDW to albumin; SBP systolic blood pressure; DBP, diastolic blood pressure; SOFA, Sequential Organ Failure Assessment; SAPSII, Simplified Acute Physiology Score II; ALT,

alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; RDW, red blood cell distribution width; WBC, white blood cell; RBC, red blood cell; BUN, blood urea

nitrogen; INR, international normalized ratio.
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combined RAR index and SAPSII score for prognostic assessment

in CA patients showed a better predictive capability [0.698 (0.655–

0.740)] compared to the RAR index and SAPSII score alone.
Subgroup analyses

After adjusting for all covariates, we conducted subgroup

analyses based on demographics and several comorbidities. As
Frontiers in Cardiovascular Medicine 0554
shown in Table 3, the positive association between the RAR

index and 180-day mortality remained generally consistent

across subgroups. An interaction was found in the strata

of race (p for interaction = 0.025), chronic pulmonary

disease (p for interaction = 0.005), and cerebrovascular disease

(p for interaction = 0.010). Patients with higher RAR levels

were related to higher mortality among white patients,

those with chronic pulmonary disease, or those without

cerebrovascular disease.
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FIGURE 2

Violin plot (A) and histogram density plot (B) displaying the distribution of the RAR index.

TABLE 2 Cox proportional hazards analysis of 30- and 180-day all-cause mortality in post-CA patients.

Outcomes Groups Non-adjusted Model 1a Model 2b

HR (95% CI) P HR (95% CI) P HR (95% CI) P
30-day mortality Continuous 1.14 (1.08–1.21) 0.0001 1.15 (1.08–1.22) 0.0001 1.08 (1.01–1.15) 0.0016

T1 (<3.7; N = 135) 1 1 1

T2 (3.7–4.5; N = 155) 1.58 (1.10–2.25) 0.012 1.55 (1.08–2.22) 0.018 1.45 (1.00–2.09) 0.045

T3 (>4.5; N = 322) 1.90 (1.39–2.60) 0.0001 1.83 (1.33–2.52) 0.0001 1.60 (1.13–2.25) 0.008

180-day mortality Continuous 1.16 (1.10–1.22) 0.0001 1.16 (1.10–1.23) 0.0001 1.09 (1.03–1.16) 0.003

T1 (<3.7; N = 135) 1 1 1

T2 (3.7–4.5; N = 155) 1.71 (1.23–2.40) 0.002 1.69 (1.20–2.37) 0.003 1.59 (1.12–2.25) 0.009

T3 (>4.5; N = 322) 2.07 (1.54–2.79) 0.0001 2.00 (1.48–2.72) 0.0001 1.74 (1.26–2.42) 0.001

Models 1 and 2 were derived from Cox proportional hazards regression models.
aModel 1 covariates were adjusted for age, race, weight, and sex.
bModel 2 covariates were adjusted for age, race, weight, sex, SOFA score, SAPSII score, cardiovascular disease, chronic pulmonary disease, diabetes, cerebrovascular disease, peripheral vascular
disease, norepinephrine use, creatinine, SBP, DBP, ALT, ALP, and AST.
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Discussion

Recently, mortality in CA patients has been gradually found to

be associated with an anion gap, albumin-corrected anion gap (21),

INR (22), and the stress hyperglycemia ratio (23), which reflects

tissue hypoxia, abnormalities in the coagulation–fibrinolysis

system, and electrolyte disturbances. However, few studies have

explored the predictive power of inflammatory indicators in

determining mortality among CA patients. To our knowledge,

this study is the first to underscore that elevated RAR levels, a

novel inflammatory biomarker, are associated with higher 30-

and 180-day all-cause mortality in post-CA patients admitted to

the ICU, both as a continuous and nominal variable. First, we

used RCS analysis to investigate the potential correlation between

the RAR index and 180-day prognosis. There was a

corresponding increase in all-cause mortality with an increased

RAR index. When RAR was >4.54, the risk of all-cause death

was increased. The K‒M survival curve and Cox regression

analysis further indicated that the 30- and 180-day mortality

risks were noticeably higher in CA patients with an elevated

RAR index, which was still robust in the subgroup analyses.

Therefore, our findings could help clinicians initially predict the
Frontiers in Cardiovascular Medicine 0655
prognosis of CA patients within 180 days using an easily

accessible index.

Post-CA patients suffer from systemic ischemia/reperfusion

injury (24), which triggers the activation of systemic inflammation,

contributes to hemodynamic instability, and exacerbates injury to

the brain and myocardium (25). Previous studies have shown that

high levels of inflammatory response in CA patients are associated

with higher mortality and/or worse neurologic consequences

(16, 17). It is significant for clinicians to identify effective

biomarkers that can reflect systemic inflammation and predict the

mortality of patients after CA.

RDW measures the degree of heterogeneity in RBC volume, as

detected by a blood analysis, and a high RDW reflects severe

erythrocyte homeostasis deregulation caused by various metabolic

abnormalities, such as inflammation (26). Previous studies have

demonstrated that high RDW is associated with all-cause mortality

in patients with cardiovascular disease, diabetes, cancer, liver and

kidney failure, and other diseases (27). Similarly, albumin levels

are usually utilized to analyze the nutritional status of patients

(28) and have now been proposed as an inflammation biomarker

of prognosis in critically ill patients (29). It has been shown that

the synthesis rate of albumin is negatively associated with
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FIGURE 3

Restricted cubic spline regression analysis of the RAR index for 180-day mortality among post-CA patients.

FIGURE 4

Kaplan–Meier survival curve of the cumulative survival rate among three tertiles of the RAR index within 30-day (A) and 180-day (B) follow-ups.
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inflammatory activity (30), and low albumin levels in the early phase

play a pro-inflammatory role and are positively correlated with

hospitalization mortality of patients after CA (31).

Currently, the RAR index has emerged as a rapid, reproducible,

and easily accessible composite marker that combines both
Frontiers in Cardiovascular Medicine 0756
nutritional status (ALB) and inflammatory status (RDW), and it

may be a better tool to reflect the inflammatory response and

identify high-risk patients compared to other single-identified

markers (RDW and albumin). Xu et al. revealed that the RAR

index is a potential prognostic indicator for sepsis patients, and a
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FIGURE 5

ROC curves predicting 180-day mortality in CA patients.
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higher RAR index indicates worse clinical prognosis (19). Li and

Xu reported that a high RAR index is a potential marker of

increased mortality in AMI patients (14). However, no studies

have explored the relationship between the RAR index and CA

patients. Remarkably, this study indicated that after adjusting for

age, race, weight, sex, SOFA score, SAPSII score, cardiovascular

disease, chronic pulmonary disease, diabetes, cerebrovascular

disease, peripheral vascular disease, norepinephrine use,

creatinine, SBP, DBP, ALT, ALP, and AST, the RAR index was

positively correlated with increased 180-day mortality in patients

with CA. It is suggested that a higher RAR level is associated

with worse prognosis in post-CA patients.

In our study, the RAR index is an independent predictor of

180-day mortality in CA patients. It showed superior predictive

value compared to standalone markers, such as RDW, albumin,

or SOFA scores. This indicates that the RAR index may be an

available supplementary measure to clinical decision-making for

prognostic assessment in CA patients. For ICU patients,

particularly those with CA, routine monitoring of RAR may be

advisable to remind clinicians to quickly identify high-risk

patients. In addition, combining RAR with the SAPSII score may

improve predictive significance.

The mechanisms by which the RAR level influences 180-day

mortality in CA patients remain elusive but are hypothetically

related to chronic inflammation and nutritional deficiencies.
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Cardiac arrest-induced inflammation could lead to increased RDW

elevation and decreased albumin levels, which causes a significant

increase in RAR. However, our study was unable to assess the

indirect effect of inflammatory markers [such as C-reactive protein,

hypersensitive C-reactive protein, erythrocyte sedimentation rate

(ESR), and ferritin] on the association between the RAR level and

the likelihood of 180-day mortality through mediation analysis

because of the high number of missing values. Gaining insight into

these underlying mechanisms is propitious to ascertain potential

interventions that focus on regulating the inflammatory

environment and improving outcomes in patients with CA.

Our study indicated that the cutoff value of the RAR index

for predicting 180-day mortality is 4.54. The RAR index

combines both nutritional status (ALB) and inflammatory

status (RDW); the elevation in RAR often stems from higher

RDW and/or lower albumin levels. We hypothesized that

when the RAR index exceeds 4.54, post-CA patients may have

developed severe inflammation and/or poor nutritional status,

which is difficult to reverse. Several previous reports have also

shown a similar finding. A study conducted on patients with

coronary heart disease and diabetes mellitus demonstrated

that individuals with a RAR cutoff value >4.26 exhibited

significantly higher 1-year mortality compared to those with a

RAR cutoff value <4.26 [area under curve (AUC) 0.68] (32).

Similarly, another study focusing on patients with sepsis and
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TABLE 3 Subgroup analyses of the association between the RAR index and 180-day all-cause mortality.

Variables No. of patients RAR index P for interaction

T1 (3.7) T2 (3.7–4.5) T3(>4.5)

Sex 0.404
Male 390 1.0 1.51 (0.99–2.32) 2.04 (1.37–3.04)

Female 222 1.0 1.39 (0.73–2.67) 1.06 (0.58–1.95)

Age 0.116
<60 219 1.0 1.54 (0.90–2.62) 1.51 (0.92–2.45)

≥60 393 1.0 1.75 (1.06–2.88) 2.15 (1.33–3.46)

Race 0.025
White 329 1.0 1.75 (1.06–2.88) 2.15 (1.33–3.46)

Other 283 1.0 1.54 (0.90–2.62) 1.51 (0.92–22.45)

Cardiovascular disease 0.531
No 461 1.0 1.55 (1.04–2.30) 1.71 (1.18–2.48)

Yes 151 1.0 1.64 (0.76–3.53) 1.77 (0.84–3.75)

Diabetes 0.721
No 422 1.0 1.63 (1.10–2.43) 1.94 (1.34–2.81)

Yes 190 1.0 1.54 (0.66–3.56) 1.41 (0.65–3.07)

Chronic pulmonary disease 0.210
No 447 1.0 1.44 (0.98–2.13) 1.52 (1.06–2.18)

Yes 165 1.0 3.72 (1.48–9.32) 3.33 (1.30–8.53)

Cerebrovascular disease 0.005
No 522 1.0 1.42 (0.95–2.13) 1.90 (1.31–2.76)

Yes 90 1.0 3.63 (1.63–8.09) 1.31 (0.56–3.05)

Peripheral vascular disease 0.010
No 525 1.0 1.42 (0.98–2.05) 1.80 (1.28–2.53)

Yes 87 1.0 5.59 (1.68–18.62) 1.13 (0.33–3.83)

Norepinephrine use 0.781
No 207 1.0 1.48 (0.77–2.85) 1.24 (0.65–2.37)

Yes 405 1.0 1.61 (1.05–2.46) 1.84 (1.24–2.72)

HRs (95% CIs) were derived from Cox regression models. Covariates were adjusted as in model 2 (Table 2).
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atrial fibrillation revealed that the optimal cutoff value of RAR

for predicting in-hospital mortality was 4.882 (15).

Furthermore, subgroup analyses showed a significant

interaction among patients with chronic pulmonary disease. This

may be attributed to hypoxic conditions and inflammation

responses, as acute hypoxia and inflammatory responses could

promote an increase in serum erythropoietin and lead to greater

variability in red blood cells, which is reflected by elevated RDW

(33). However, enlarged red blood cells in the circulatory system

would lead to inferior capabilities of transport oxygen, which

likely exacerbates hypoxia (34).

Nevertheless, our study has some drawbacks. First, we used a

retrospective study design, and the selection bias and confounding

bias of the retrospective study itself cannot be ignored, although we

adjusted for potential confounding confounders and performed

subgroup analyses. Future prospective cohort studies are needed to

validate our outcomes. Second, we tested RAR only at the time of

ICU admission without dynamically supervising the RAR index,

which may change over time or in response to the condition of the

patients after CA. Third, due to the limitation of the database, some

variables, including cardiac function classification, echocardiography

results, care conditions out of hospital, and therapy (potential

confounders), were unavailable, which might impact our results.
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Finally, the potential mechanism between a higher RAR index and

elevated mortality in post-CA patients remains unclear, warranting

further research. In addition, since ischemia–reperfusion injury and

inflammatory responses play key roles in the pathophysiology of

cardiac arrest, it may be worth exploring the association between

other inflammatory or hypoxic indicators and mortality among

CA patients.
Conclusion

Our study identified the RAR index as an independent

prognostic marker for post-CA patients, and an increased

RAR index was associated with higher 180-day mortality in post-

CA patients. The RAR index is expected to be an available and

effective prognostic evaluation indicator in post-CA patients.
Data availability statement

Publicly available datasets were analyzed in this study. This

data can be found here: https://physionet.org/content/mimiciv/2.0/.
frontiersin.org

https://physionet.org/content/mimiciv/2.0/
https://doi.org/10.3389/fcvm.2024.1499324
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Cai et al. 10.3389/fcvm.2024.1499324
Ethics statement

Ethical approval was not required for the study involving

humans in accordance with the local legislation and institutional

requirements. Written informed consent to participate in this

study was not required from the participants or the participants’

legal guardians/next of kin in accordance with the national

legislation and the institutional requirements.
Author contributions

YC: Conceptualization, Data curation, Investigation,

Methodology, Visualization, Writing – original draft. YZ:

Conceptualization, Data curation, Methodology, Visualization,

Writing – original draft. NZ: Data curation, Formal Analysis,

Investigation, Validation, Writing – original draft. YT: Investigation,

Validation, Writing – review & editing. HZ: Methodology,

Resources, Software, Validation, Visualization, Writing – review &

editing. HL: Supervision, Validation, Writing – review & editing. JL:

Data curation, Methodology, Software, Validation, Writing – review

& editing. RZ: Conceptualization, Methodology, Resources,

Validation, Writing – review & editing. SS: Conceptualization,

Project administration, Supervision, Writing – review & editing. YX:

Conceptualization, Project administration, Writing – review & editing.
Frontiers in Cardiovascular Medicine 1059
Funding

The author(s) declare financial support was received for

the research, authorship, and/or publication of this article.

This study was financially supported by the Administration

of Traditional Chinese Medicine of Guangdong Province

(202304292145498460).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Tsao CW, Aday AW, Almarzooq ZI, Anderson C, Arora P, Avery CL, et al. Heart
disease and stroke statistics—2023 update: a report from the American Heart
Association. Circulation. (2023) 147:e93–621. doi: 10.1161/CIR.0000000000001123

2. Jacobs I, Nadkarni V, Bahr J, Berg RA, Billi JE, Bossaert L, et al. Cardiac arrest and
cardiopulmonary resuscitation outcome reports: update and simplification of the
Utstein templates for resuscitation registries: a statement for healthcare
professionals from a task force of the international liaison committee on
resuscitation (American Heart Association, European Resuscitation Council,
Australian Resuscitation Council, New Zealand Resuscitation Council, Heart and
Stroke Foundation of Canada, InterAmerican Heart Foundation, Resuscitation
Councils of Southern Africa). Circulation. (2004) 110:3385–97. doi: 10.1161/01.CIR.
0000147236.85306.15

3. Ji X, Ke W. Red blood cell distribution width and all-cause mortality in
congestive heart failure patients: a retrospective cohort study based on the
Mimic-III database. Front Cardiovasc Med. (2023) 10:1126718. doi: 10.3389/
fcvm.2023.1126718

4. Zhang B, Xu Y, Huang X, Sun T, Ma M, Chen Z, et al. Red blood cell
distribution width: a risk factor for prognosis in patients with ischemic
cardiomyopathy after percutaneous coronary intervention. J Clin Med. (2023)
12:1584. doi: 10.3390/jcm12041584

5. Xue J, Zhang D, Zhang XG, Zhu XQ, Xu XS, Yue Y. Red cell distribution width is
associated with stroke severity and unfavorable functional outcomes in ischemic
stroke. Front Neurol. (2022) 13:938515. doi: 10.3389/fneur.2022.938515

6. Hua R, Liu X, Yuan E. Red blood cell distribution width at admission predicts
outcome in critically ill patients with kidney failure: a retrospective cohort study
based on the MIMIC-IV database. Ren Fail. (2022) 44:1182–91. doi: 10.1080/
0886022X.2022.2098766

7. Wu H, Liao B, Cao T, Ji T, Huang J, Ma K. Diagnostic value of RDW for the
prediction of mortality in adult sepsis patients: a systematic review and meta-
analysis. Front Immunol. (2022) 13:997853. doi: 10.3389/fimmu.2022.997853

8. Lippi G, Turcato G, Cervellin G, Sanchis-Gomar F. Red blood cell distribution
width in heart failure: a narrative review. World J Cardiol. (2018) 10:6–14. doi: 10.
4330/wjc.v10.i2.6

9. Zhao N, Hu W, Wu Z, Wu X, Li W, Wang Y, et al. The red blood cell distribution
width-albumin ratio: a promising predictor of mortality in stroke patients. Int J Gen
Med. (2021) 14:3737–47. doi: 10.2147/IJGM.S322441
10. Wang X, Wang J, Wu S, Ni Q, Chen P. Association between the neutrophil
percentage-to-albumin ratio and outcomes in cardiac intensive care unit patients.
Int J Gen Med. (2021) 14:4933–43. doi: 10.2147/IJGM.S328882

11. Grimm G, Haslacher H, Kampitsch T, Endler G, Marsik C, Schickbauer T, et al.
Sex differences in the association between albumin and all-cause and vascular
mortality. Eur J Clin Invest. (2009) 39:860–5. doi: 10.1111/j.1365-2362.2009.02189.x

12. Xia M, Zhang C, Gu J, Chen J, Wang LC, Lu Y, et al. Impact of serum albumin
levels on long-term all-cause, cardiovascular, and cardiac mortality in patients with
first-onset acute myocardial infarction. Clin Chim Acta. (2018) 477:89–93. doi: 10.
1016/j.cca.2017.12.014

13. Eckart A, Struja T, Kutz A, Baumgartner A, Baumgartner T, Zurfluh S, et al.
Relationship of nutritional status, inflammation, and serum albumin levels during
acute illness: a prospective study. Am J Med. (2020) 133:713–22.e7. doi: 10.1016/j.
amjmed.2019.10.031

14. Li H, Xu Y. Association between red blood cell distribution width-to-albumin
ratio and prognosis of patients with acute myocardial infarction. BMC Cardiovasc
Disord. (2023) 23:66. doi: 10.1186/s12872-023-03094-1

15. Gu YL, Yang D, Huang ZB, Chen Y, Dai ZS. Relationship between red blood cell
distribution width-to-albumin ratio and outcome of septic patients with atrial
fibrillation: a retrospective cohort study. BMC Cardiovasc Disord. (2022) 22:538.
doi: 10.1186/s12872-022-02975-1

16. Peberdy MA, Andersen LW, Abbate A, Thacker LR, Gaieski D, Abella BS, et al.
Inflammatory markers following resuscitation from out-of-hospital cardiac arrest—a
prospective multicenter observational study. Resuscitation. (2016) 103:117–24.
doi: 10.1016/j.resuscitation.2016.01.006

17. Oda Y, Tsuruta R, Kasaoka S, Inoue T, Maekawa T. The cutoff values of
intrathecal interleukin 8 and 6 for predicting the neurological outcome in cardiac
arrest victims. Resuscitation. (2009) 80:189–93. doi: 10.1016/j.resuscitation.2008.10.001

18. Gauss T, Ageron FX, Devaud ML, Debaty G, Travers S, Garrigue D, et al.
Association of prehospital time to in-hospital trauma mortality in a physician-
staffed emergency medicine system. JAMA Surg. (2019) 154:1117–24. doi: 10.1001/
jamasurg.2019.3475

19. Xu W, Huo J, Chen G, Yang K, Huang Z, Peng L, et al. Association between red
blood cell distribution width to albumin ratio and prognosis of patients with sepsis: a
retrospective cohort study. Front Nutr. (2022) 9:1019502. doi: 10.3389/fnut.2022.
1019502
frontiersin.org

https://doi.org/10.1161/CIR.0000000000001123
https://doi.org/10.1161/01.CIR.0000147236.85306.15
https://doi.org/10.1161/01.CIR.0000147236.85306.15
https://doi.org/10.3389/fcvm.2023.1126718
https://doi.org/10.3389/fcvm.2023.1126718
https://doi.org/10.3390/jcm12041584
https://doi.org/10.3389/fneur.2022.938515
https://doi.org/10.1080/0886022X.2022.2098766
https://doi.org/10.1080/0886022X.2022.2098766
https://doi.org/10.3389/fimmu.2022.997853
https://doi.org/10.4330/wjc.v10.i2.6
https://doi.org/10.4330/wjc.v10.i2.6
https://doi.org/10.2147/IJGM.S322441
https://doi.org/10.2147/IJGM.S328882
https://doi.org/10.1111/j.1365-�2362.2009.02189.x
https://doi.org/10.1016/j.cca.2017.12.014
https://doi.org/10.1016/j.cca.2017.12.014
https://doi.org/10.1016/j.amjmed.2019.10.031
https://doi.org/10.1016/j.amjmed.2019.10.031
https://doi.org/10.1186/s12872-�023-�03094-�1
https://doi.org/10.1186/s12872-�022-�02975-�1
https://doi.org/10.1016/j.resuscitation.2016.01.006
https://doi.org/10.1016/j.resuscitation.2008.10.001
https://doi.org/10.1001/jamasurg.2019.3475
https://doi.org/10.1001/jamasurg.2019.3475
https://doi.org/10.3389/fnut.2022.1019502
https://doi.org/10.3389/fnut.2022.1019502
https://doi.org/10.3389/fcvm.2024.1499324
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Cai et al. 10.3389/fcvm.2024.1499324
20. Weng Y, Peng Y, Xu Y, Wang L, Wu B, Xiang H, et al. The ratio of red blood cell
distribution width to albumin is correlated with all-cause mortality of patients after
percutaneous coronary intervention—a retrospective cohort study. Front Cardiovasc
Med. (2022) 9:869816. doi: 10.3389/fcvm.2022.869816

21. Chen J, Dai C, Yang Y, Wang Y, Zeng R, Li B, et al. The association between
anion gap and in-hospital mortality of post-cardiac arrest patients: a retrospective
study. Sci Rep. (2022) 12:7405. doi: 10.1038/s41598-022-11081-3

22. Tang Y, Sun J, Yu Z, Liang B, Peng B, Ma J, et al. Association between
prothrombin time-international normalized ratio and prognosis of post-cardiac
arrest patients: a retrospective cohort study. Front Public Health. (2023) 11:1112623.
doi: 10.3389/fpubh.2023.1112623

23. Lian LY, Xue WH, Lu JJ, Zheng RJ. Impact of stress hyperglycemia ratio on
mortality in patients with cardiac arrest: insight from American MIMIC-IV database.
Front Endocrinol (Lausanne). (2024) 15:1383993. doi: 10.3389/fendo.2024.1383993

24. Nolan JP, Neumar RW, Adrie C, AibikiM, Berg RA, Böttiger BW, et al. Post-cardiac
arrest syndrome: epidemiology, pathophysiology, treatment, and prognostication.
A Scientific Statement from the International Liaison Committee on Resuscitation; the
American Heart Association Emergency Cardiovascular Care Committee; the Council
on Cardiovascular Surgery and Anesthesia; the Council on Cardiopulmonary,
Perioperative, and Critical Care; the Council on Clinical Cardiology; the Council on
Stroke. Resuscitation. (2008) 79:350–79. doi: 10.1016/j.resuscitation.2008.09.017

25. Bro-Jeppesen J, Johansson PI, Hassager C, Wanscher M, Ostrowski SR, Bjerre M,
et al. Endothelial activation/injury and associations with severity of post-cardiac arrest
syndrome and mortality after out-of-hospital cardiac arrest. Resuscitation. (2016)
107:71–9. doi: 10.1016/j.resuscitation.2016.08.006

26. Ananthaseshan S, Bojakowski K, SacharczukM, Poznanski P, Skiba DS, PrahlWL,
et al. Red blood cell distribution width is associated with increased interactions of blood
cells with vascular wall. Sci Rep. (2022) 12:13676. doi: 10.1038/s41598-022-17847-z
Frontiers in Cardiovascular Medicine 1160
27. Salvagno GL, Sanchis-Gomar F, Picanza A, Lippi G. Red blood cell distribution
width: a simple parameter with multiple clinical applications. Crit Rev Clin Lab Sci.
(2015) 52:86–105. doi: 10.3109/10408363.2014.992064

28. Alcorta MD, Alvarez PC, Cabetas RN, Martín MA, Valero M, Candela CG. The
importance of serum albumin determination method to classify patients based on
nutritional status. Clin Nutr ESPEN. (2018) 25:110–3. doi: 10.1016/j.clnesp.2018.03.
124

29. Lee JH, Kim J, Kim K, Jo YH, Rhee J, Kim TY, et al. Albumin and C-reactive
protein have prognostic significance in patients with community-acquired
pneumonia. J Crit Care. (2011) 26:287–94. doi: 10.1016/j.jcrc.2010.10.007

30. Arques S. Human serum albumin in cardiovascular diseases. Eur J Intern Med.
(2018) 52:8–12. doi: 10.1016/j.ejim.2018.04.014

31. Lee H, Lee J, Shin H, Lim TH, Jang BH, Cho Y, et al. Association between
early phase serum albumin levels and outcomes of post-cardiac arrest patients:
a systematic review and meta-analysis. J Pers Med. (2022) 12:1787. doi: 10.3390/
jpm12111787

32. Chen S, Guan S, Yan Z, Ouyang F, Li S, Liu L, et al. Prognostic value of red blood
cell distribution width-to-albumin ratio in ICU patients with coronary heart disease
and diabetes mellitus. Front Endocrinol (Lausanne). (2024) 15:1359345. doi: 10.
3389/fendo.2024.1359345

33. Yčas JW, Horrow JC, Horne BD. Persistent increase in red cell size distribution
width after acute diseases: a biomarker of hypoxemia? Clin Chim Acta. (2015)
448:107–17. doi: 10.1016/j.cca.2015.05.021

34. Friedman JS, Lopez MF, Fleming MD, Rivera A, Martin FM, Welsh ML, et al.
SOD2-deficiency anemia: protein oxidation and altered protein expression reveal
targets of damage, stress response, and antioxidant responsiveness. Blood. (2004)
104:2565–73. doi: 10.1182/blood-2003-11-3858
frontiersin.org

https://doi.org/10.3389/fcvm.2022.869816
https://doi.org/10.1038/s41598-�022-�11081-�3
https://doi.org/10.3389/fpubh.2023.1112623
https://doi.org/10.3389/fendo.2024.1383993
https://doi.org/10.1016/j.resuscitation.2008.09.017
https://doi.org/10.1016/j.resuscitation.2016.08.006
https://doi.org/10.1038/s41598-�022-�17847-�z
https://doi.org/10.3109/10408363.2014.992064
https://doi.org/10.1016/j.clnesp.2018.03.124
https://doi.org/10.1016/j.clnesp.2018.03.124
https://doi.org/10.1016/j.jcrc.2010.10.007
https://doi.org/10.1016/j.ejim.2018.04.014
https://doi.org/10.3390/jpm12111787
https://doi.org/10.3390/jpm12111787
https://doi.org/10.3389/fendo.2024.1359345
https://doi.org/10.3389/fendo.2024.1359345
https://doi.org/10.1016/j.cca.2015.05.021
https://doi.org/10.1182/blood-2003-�11-�3858
https://doi.org/10.3389/fcvm.2024.1499324
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


TYPE Review
PUBLISHED 08 January 2025| DOI 10.3389/fcvm.2024.1520596
EDITED BY

Keita Saku,

National Cerebral and Cardiovascular Center,

Japan

REVIEWED BY

Cheng Jiang,

Wuhan University, China

Masafumi Fukumitsu,

National Cerebral and Cardiovascular Center,

Japan

*CORRESPONDENCE

Pengfei Pan

ppfswh@126.com

Xiangyou Yu

yu2796@163.com

†These authors have contributed equally to

this work

RECEIVED 31 October 2024

ACCEPTED 16 December 2024

PUBLISHED 08 January 2025

CITATION

Du X, Xiong F, Hou Y, Yu X and Pan P (2025)

Levosimendan for sepsis-induced myocardial

dysfunction: friend or foe?

Front. Cardiovasc. Med. 11:1520596.

doi: 10.3389/fcvm.2024.1520596

COPYRIGHT

© 2025 Du, Xiong, Hou, Yu and Pan. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with
these terms.
Frontiers in Cardiovascular Medicine
Levosimendan for sepsis-induced
myocardial dysfunction: friend
or foe?
Xinxin Du1,2†, Fang Xiong3†, Yafei Hou4, Xiangyou Yu2* and
Pengfei Pan3*
1Cardiac Intensive Care Center, Zhongshan Hospital, Fudan University, Shanghai, China, 2Department of
Critical Care Medicine, The First Affiliated Hospital of Xinjiang Medical University, Urumqi, Xinjiang,
China, 3Department of Critical Care Medicine, Chongqing University Three Gorges Hospital, Wanzhou,
Chongqing, China, 4Shanghai Institute of Immunology, Shanghai Jiao Tong University School of
Medicine, Shanghai, China
Sepsis-induced myocardial dysfunction (SIMD) involves reversible myocardial
dysfunction. The use of inotropes can restore adequate cardiac output and
tissue perfusion, but conventional inotropes, such as dobutamine and
adrenaline, have limited efficacy in such situations. Levosimendan is a novel
inotrope that acts in a catecholamine-independent manner. However, study
results regarding the treatment of SIMD with levosimendan are inconsistent,
and the use of levosimendan is highly controversial. In this review, we
summarized the therapeutic mechanisms of levosimendan in SIMD and
considered recent research on how to improve the efficacy of levosimendan
in SIMD. We also analyzed the potential and limitations of levosimendan for
the treatment of SIMD to provide ideas for future clinical trials and the clinical
application of levosimendan in SIMD.

KEYWORDS

levosimendan, inotropes, sepsis, sepsis-induced myocardial cardiac dysfunction, organ
protection

1 Introduction

Sepsis is characterized by life-threatening organ dysfunction caused by a dysregulated

host response to infection (1). Despite the significant advances in the past few decades,

sepsis and septic shock remain the leading causes of death in intensive care units

(ICUs). In addition to the distributive shock caused by vascular hyporesponsiveness and

autonomic nervous dysfunction, sepsis can induce myocardial depression and

consequently reduce cardiac pumping and cardiac output (CO), which is manifested as

treatment-resistant hypotension that responds poorly to fluid resuscitation and

vasoactive agents. This acute reversible myocardial depression secondary to sepsis is

known as sepsis-induced cardiac dysfunction (SIMD) or sepsis-induced cardiomyopathy

(SICM). The use of inotropes can restore sufficient CO and peripheral blood oxygen

delivery in SIMD patients (2). Digitalis, catecholamines, and phosphodiesterase (PDE)

inhibitors increase myocardial contractility by increasing the levels of intracellular cyclic

adenosine monophosphate and Ca2+. However, elevated intracellular Ca2+ levels

increase myocardial oxygen consumption and predispose to arrhythmias.

Levosimendan is a distinctive inodilator that combines calcium sensitization, PDE

inhibition, and vasodilatory properties through the opening of adenosine triphosphate

(ATP)-dependent K+ channels (3). In 2000, it was first approved in Sweden for the

short-term treatment of acutely decompensated severe chronic heart failure when
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conventional therapy is not effective and in cases where inotropic

support is required (3). An increasing number of studies have

shown that levosimendan improves cardiac function without

affecting myocardial oxygen consumption and has protective

effects on other organs. Therefore, levosimendan is an ideal

treatment choice for sepsis complicated by myocardial

depression. However, the use or non-use of levosimendan during

sepsis and septic shock remains controversial. The current

Surviving Sepsis Campaign (SSC) guidelines do not recommend

levosimendan for the treatment of septic shock for several

reasons: it is expensive, ineffective, not easily available, and can

lead to hypotension and arrhythmias (4). Previous studies have

shown conflicting results regarding the use of levosimendan in

SIMD, and the timing and methods of its application also need

to be investigated further. Whether levosimendan can be used in

the treatment of SIMD is full of controversy, and many questions

need to be answered regarding levosimendan in the treatment

of SIMD.
2 SIMD: a significant global challenge

SIMD or SICM is a reversible myocardial dysfunction that occurs

as part of multiple organ failure caused by sepsis and septic shock (5).

There is no objective definition of SIMD. Although the definition of

SIMD is based on left ventricular systolic dysfunction, both ventricles

may be affected (6). Martin et al. (7) defined SIMD as an acute

cardiac dysfunction syndrome associated with sepsis that is

unrelated to myocardial ischemia, with one or more of the main

clinical features: (1) left ventricular dilation with normal or reduced

filling pressure; (2) reduced ventricular contractility; and (3) right

ventricular diastolic dysfunction or left ventricular (systolic or

diastolic) dysfunction with reduced volume responsiveness. For

patients with sepsis-related organ dysfunction, particularly those

with septic shock who require vasopressors, the possibility of SIMD

should be considered (8). Based on the clinical and

echocardiographic parameters, Geri et al. (9) classified septic shock

into five phenotypes: (1) well resuscitated; (2) left ventricular

systolic dysfunction; (3) hyperkinetic state; (4) right ventricular

failure; and (5) hypovolemic. Patients with different

echocardiographic manifestations may require different treatments

and have different clinical outcomes. Zhang et al. (10) found that

according to LVEF, patients with sepsis were divided into high

LVEF group (LVEF higher than or equal to 70%), normal LVEF

group (LVEF higher than or equal to 50% and less than 70%), and

low LVEF group (LVEF less than 50%), and patients with low

LVEF had the highest in-hospital mortality and 28-day mortality.

The epidemiology of SIMD remains elusive due to the lack of a

consensus on its definition. According to previous studies, the

prevalence of SIMD in sepsis and septic shock ranges from 18%

to 40%, while in some reports it can reach as high as 70% (11).

SIMD is increasingly recognized as a major and severe

complication of sepsis and septic shock, posing a significant

challenge globally. Patients with SIMD have a mortality rate of

70%–90%, which is 2–3-fold higher than that of non-cardiac

affected septic patients (12). In a meta-analysis involving 1,373
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patients with sepsis and septic shock, the incidence of right

ventricular dysfunction was 35%, and the occurrence of right

ventricular dysfunction was associated with higher short- and

long-term mortality (13). With appropriate treatment, myocardial

dysfunction may recover within 7–10 days (14).

Over the past 20 years, the mechanism of SIMD has been

extensively studied in various fields, including proteomics and

genomics (15). The pathophysiology of SIMD is complex, and its

exact mechanisms need further investigation. The pathological

mechanisms of SIMD include the release of bacterial endotoxins,

mitochondrial dysfunction, and increased levels of cytokines,

inflammatory mediators, nitric oxide (NO), and reactive oxygen

species (16). These mechanisms decrease the intrinsic contractility

of the heart in septic patients. In another review, Bi et al. (15)

found that mechanisms such as cell apoptosis, mitochondrial

damage, autophagy, excessive inflammatory response, oxidative

stress, and pyroptosis are involved in sepsis-induced myocardial

injury. Sepsis-induced myocardial cell death involves cell

apoptosis, necrosis, mitochondrial-mediated necrosis, pyroptosis,

iron necrosis, and autophagy (17). Recent studies have shown that

non-coding RNAs (including microRNA, long-chain non-coding

RNA, and cyclic RNA) play a crucial role in the development of

myocardial dysfunction after sepsis (12).

Echocardiography is the preferred method for the diagnosis of

myocardial dysfunction due to sepsis. SIMD is characterized by

reduced left ventricular contractility eventually associated with

left ventricular dilatation with or without right ventricle failure

(11). Systolic function [i.e., left ventricular ejection fraction

(LVEF)] is the first parameter affected in the diagnosis of SIMD.

An LVEF of ≤50% and the presence of left ventricle dilatation

are generally used as diagnostic criteria for SIMD (18). In

addition to impaired left ventricular systolic function, left

ventricular diastolic function and right ventricle are also involved

in SIMD patients. Some echocardiographic parameters, such as

LVEF, depend on the load conditions of the cardiovascular

system, particularly the afterload, making it difficult to determine

whether the observed cardiac dysfunction is due to myocardial

dysfunction or due to hemodynamic disturbances occurring

during septic shock (19). The global longitudinal strain measured

by speckle echocardiography is more sensitive and specific than

LVEF for the diagnosis of myocardial dysfunction. Cardiac

biomarkers are also used to evaluate cardiac involvement in

sepsis. Troponin I is a highly sensitive marker for myocardial

injury, which can be elevated without evidence of myocardial

ischemia (16). The other biomarkers include troponin T, brain

natriuretic peptides (B-type natriuretic peptide and N-terminal

pro-B-type natriuretic peptide), and others.

Despite extensive research on SIMD, there is a lack of

guidelines for its treatment that can improve the prognosis of

sepsis. The recommended treatment options include fluid

resuscitation, vasoactive drugs (including dobutamine), β-

blockers, levosimendan, and aortic balloon counter pulsation

(16). Inotropes have the same hypothetical benefits as

vasopressors for increasing CO, which can improve oxygen

delivery to peripheral tissues (20). When low CO manifestations

caused by myocardial dysfunction are identified, it is at the
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discretion of the physician to decide whether or not to use

inotropes. In septic shock, inotropes should not be used as first-

line therapy (21). Inotrope use is indicated only in patients with

signs of tissue hypoperfusion due to a low CO induced by

impaired cardiac function (22). Salvage, optimization,

stabilization, and de-escalation have been introduced to describe

the different phases of shock resuscitation, and inotropes

should mainly be used in the optimization stage. As for the

choice of inotropes, Backer et al. (22) recommended using a

limited dose of dobutamine, followed by substituting or adding

enoximone or milrinone, as appropriate, and then substituting

or adding in cases of severe impairment. Heart rate control may

be an option for certain patients (8). The key to successful

treatment of septic shock is the early identification of

hemodynamic changes. Bedside echocardiography can guide

fluid resuscitation and hemodynamic optimization. After initial

fluid resuscitation, the amount and speed of fluid replenishment

should be dynamically adjusted based on the volume

responsiveness. If hypotension persists, timely vasopressor

therapy should be initiated with vasopressor and/or inotropic

therapy adjusted according to the measures of CO and tissue

perfusion (19). In a retrospective study conducted by Lan et al.

(23), the use of echocardiography in patients with septic shock
FIGURE 1

Basic pharmacology and mechanism of levosimendan. From a pharmacodyn
First, as a calcium sensitizer, levosimendan can enhance myocardial co
levosimendan could open ATP- dependent K+ channels in the mitochon
cardioprotective effect. Finally, levosimendan could open ATP- dependen
vessels in other organs and improve organ perfusion such as kidneys, gut a
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improved outcomes at 28 days. A study by Fu et al. (24) in

2022 also reported similar findings. Finally, SIMD patients who

do not respond to medical management should be promptly

provided with mechanical circulatory support, including veno-

arterial extracorporeal membrane oxygenation (25).
3 Basic pharmacology and mechanism
of levosimendan

Levosimendan is a novel calcium sensitizer and ATP-dependent

K+ channel activator that is useful for the treatment of patients with

acute decompensated heart failure and those requiring inotropic

therapy. From a pharmacodynamic standpoint, levosimendan

possesses a triple mechanism of action: (1) calcium sensitization by

selective binding to Ca2+-saturated cardiac troponin C; (2) opening

of ATP-dependent K+ channels in the cardiomyocyte

mitochondria; and (3) opening of ATP-dependent K+ channels in

vascular smooth muscle cells (3). The pharmacological mechanism

of levosimendan is illustrated in Figure 1.

As a calcium sensitizer, levosimendan binds directly to

troponin C, stabilizing the Ca2+-bound conformation of

troponin, thus prolonging the actin-myosin interaction without
amic point of view, levosimendan has a threefold mechanism of action.
ntractility without increasing myocardial oxygen consumption. Then,
drial and cytoplasmic membranes of cardiomyocytes and thus has a
t potassium channels in vascular smooth muscle cells to dilate blood
nd so forth. (Created with BioRender.com).
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altering cross-bridge cycling (26). This potentiating effect

increases the interaction of actin and myosin at any given

intracellular Ca2+ concentration, without significantly increasing

the myocardial oxygen consumption. Levosimendan promotes

the cardiac contractile force without an increase in the

amplitude of intracellular Ca2+ transient (27). Furthermore, it

exerts inotropic effects in a Ca2+-dependent manner. The

gradual decline in intracellular Ca2+ concentration during

diastole decreases the calcium-sensitizing effect of the drug,

thereby preventing a postulated adverse influence on myocardial

relaxation (28). In addition, levosimendan selectively inhibits

PDE III, which has a positive lusitropic effect; this antagonizes

the negative lusitropic effect of calcium sensitization (29).

Overall, levosimendan enhances myocardial contractility

without increasing myocardial oxygen consumption and

improves diastolic function, which is theoretically superior to

other inotropes such as dobutamine. Dobutamine and

levosimendan exert their effects on the heart through distinct

mechanisms. Dobutamine, a β1-AR agonist, increases cAMP

production via adenylyl cyclase activation, leading to PKA-

mediated enhancement of calcium handling and contractility.

However, prolonged β1-AR activation also triggers harmful

downstream effects, including hypertrophy, apoptosis, and

arrhythmias, mediated by CaMKII and GRK2 pathways. The

pharmacological differences between levosimendan and

dobutamine are shown in Figure 2.
FIGURE 2

The pharmacological difference between levosimendan and dobutamine. Th
levosimendan. Dobutamine mainly activates β1-AR, leading to both beneficia
and enhanced calcium handling to improve contractility, and harmful effe
apoptosis, and arrhythmias. Levosimendan enhances the cAMP-PKA pathw
direct actions, while dashed lines indicate indirect or secondary effects. β
Adenosine Monophosphate; PDE, Phosphodiesterase; PDE3, Phosphodie
Exchange Protein Activated by cAMP; CaMKII, Calcium/Calmodulin-Depen
AMP, 5’-Adenosine Monophosphate (Created with BioRender.com).
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Levosimendan opens ATP-dependent K+ channels in the

mitochondrial and cytoplasmic membranes of cardiomyocytes and

thus has a cardioprotective effect in the presence of myocardial

ischemia. The heart is highly dependent on high ATP levels to

maintain its systolic and diastolic functions (30). Levosimendan

improves mitochondrial Ca2+ overload, preserves high-energy

phosphate, regulates the mitochondrial number, reduces infarct

size, and mitigates myocardial ischemia/reperfusion injury (31, 32).

Levosimendan and its long-acting active metabolite OR-1896

activate multiple vasodilatory mechanisms, which involve the

opening of ATP-sensitive K+ channels and other K+ channels as

well as highly selective inhibition of the PDE III enzyme.

Importantly, levosimendan does not inhibit PDE IV at low doses

(33). Levosimendan increases myocardial oxygen supply by

dilating coronary resistance vessels and improves tissue perfusion

and oxygen metabolism in other organs by causing arterial and

venous vasodilation. Notably, the plasma concentration at which

levosimendan exerts its vasodilatory effects is far higher than that

at which it exerts its inotropic effects.

In addition to its inotropic, cardioprotective, and vasodilatory

effects, levosimendan may have protective effects on kidneys, liver,

lungs, and gastrointestinal and central nervous systems through its

anti-inflammatory, antioxidant, anti-apoptotic, and other effects (28).

The abovementioned pharmacological properties of

levosimendan allow it to be widely used in critical illnesses in the

ICU. In addition to acute decompensated heart failure,
e figure illustrates the distinct mechanisms of action of dobutamine and
l effects (blue lines) through increased cAMP production, PKA activation,
cts (red lines) via CaMKII-mediated pathways promoting hypertrophy,
ay by inhibiting PDE3, amplifying beneficial effects. Solid lines represent
1-AR, Beta-1 Adrenergic Receptor; AC, Adenylyl Cyclase; cAMP, Cyclic
sterase 3; PDE4, Phosphodiesterase 4; PKA, Protein Kinase A; EPAC,
dent Protein Kinase II; GRK2, G Protein-Coupled Receptor Kinase 2; 5’-
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levosimendan is useful for chronic heart failure, perioperative

prophylaxis of cardiac surgery, ventilator evacuation, and

subarachnoid hemorrhage.
4 The rationale for levosimendan in the
treatment of SIMD

Septic shock involves a complex interaction between abnormal

vasodilation, relative or absolute hypovolemia, myocardial

dysfunction, and altered blood flow distribution to the tissues

(29). Early recognition and rapid reversal of tissue perfusion

deficits due to infection are critical in the treatment of septic

shock. Fluid administration, vasopressors, and inotropes aim to

restore impaired tissue perfusion during septic shock. SIMD is

mediated by multiple factors. However, regardless of the

mechanisms, myocardial dysfunction is the main reason for the

use of inotropes during septic shock. Dobutamine and other

inotropes have typically been used to increase CO and oxygen

transport, aiming to restore cell respiration and aerobic

metabolism (29). According to the 2016 SSC guidelines, the use

of inotropes, such as dobutamine (up to 20 μg/kg·min−1), should

be considered in patients with myocardial dysfunction

(manifested as low CO, increased filling pressures, and persistent

tissue hypoperfusion) after adequate fluid resuscitation and use

of vasopressors (34). The current SSC guidelines recommend the

use of norepinephrine and dobutamine or adrenaline alone for

patients with sufficient volume and blood pressure but

persistently insufficient tissue perfusion (4). However, the use of

dobutamine in SIMD remains controversial. Although

dobutamine leads to an increase in cardiac index, myocardial

oxygen demand also increases, thus increasing the risk of

myocardial ischemia and tachyarrhythmias (35). The new

inotrope levosimendan is a calcium sensitizer, which can improve

myocardial function without affecting calcium ion flow. Unlike

other inotropic agents, the positive inotropic effect of

levosimendan is independent of ATP production; therefore, it

can minimize oxygen demand, arrhythmias, and catecholamine

resistance (36). Although the current SSC guidelines do not

recommend the use of levosimendan, it has shown potential

advantages in the treatment of SIMD.

Levosimendan can increase myocardial contractility. The CO

level is normal or even high in septic patients after initial fluid

resuscitation, but myocardial contractility may be impaired in a

significant proportion of septic patients. During sepsis or under

lipopolysaccharide (LPS) exposure, the Ca2+ homeostasis of

myocardial cells is usually altered, leading to a decrease in

myocardial contractility. Reduced systolic force limits the ability of

the ventricle to reach a low end-systolic volume, resulting in a

decrease in stroke volume. Nevertheless, the decrease in the stroke

volume may be compensated by the increased end-diastolic volume

achieved through adequate fluid resuscitation and by the decreased

afterload due to arterial vasodilation (29). As a new calcium

sensitizer, levosimendan increases the sensitivity of cardiomyocytes

by altering the structure of troponin C, which can enhance

myocardial contractility without increasing the intracellular calcium
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load or intracellular ATP level (18). Previous studies have shown

that levosimendan increases myocardial contractility and CO, and

improves tissue perfusion in septic patients (37). The use of other

positive inotropic drugs is associated with side effects, including

increased myocardial oxygen consumption, while levosimendan

acts in a catecholamine-independent manner without increasing

the myocardial oxygen consumption and heart rate.

Levosimendan can improve ventricular diastolic function.

Diastolic dysfunction also occurs during sepsis and septic shock,

which affects ventricular filling (38). Unlike the ATP-dependent

inotropes milrinone and dobutamine, which can only improve

the systolic function, levosimendan does not cause ventricular

diastolic dysfunction due to Ca2+ overload and can improve

ventricular diastolic function by improving the diastolic velocity

ratio, shortening the diastolic phase, and improving the diastolic

filling. In the experimental model of sepsis, Barraud et al. (39)

found that levosimendan was superior to dobutamine and

milrinone in restoring the ventricular systolic and diastolic

functions of LPS-treated rabbits.

Levosimendan has several beneficial effects on hemodynamic

parameters. Cardiovascular failure due to sepsis also involves

peripheral vascular dysfunction. Abnormalities in the distribution

of vital blood flow to the tissues may persist after the

optimization of the CO. Levosimendan is a new positive

inotropic drug with vasodilatory effects. Most previous studies

have shown that levosimendan has beneficial effects on the

macro-hemodynamics and tissue perfusion indices. Compared

with dobutamine, levosimendan provides a favorable

hemodynamic response without increasing the cardiac oxygen

demand (40). Meng et al. (41) explored the effects of

levosimendan on myocardial injury and systemic hemodynamic

biomarkers in patients with septic shock. Compared with

dobutamine, levosimendan reduced the biomarkers of myocardial

injury, improved systemic hemodynamics in patients with septic

shock, and reduced the duration of mechanical ventilation and

ICU stay. The beneficial effect of levosimendan on microvascular

distribution is independent of its effect on CO. Levosimendan

can improve the sublingual microcirculation blood flow in

patients with septic shock (42).

Apart from its direct effect on cardiac function, levosimendan

also demonstrates multifaceted effects targeting specific

pathological physiological mechanisms associated with SIMD.

Levosimendan has anti-inflammatory and anti-apoptosis effects,

improves myocardial ischemia, increases the synthesis of NO,

protects vascular endothelial cells, and inhibits the expression of

the hypoxia-inducible factor-1a (18). Moreover, levosimendan

reduces the inflammatory response by downregulating nuclear

factor-κB-dependent transcription, inhibiting inducible NO

promoter activity, and reducing NO expression in vitro (43).

Sepsis can cause structural damage to myocardial mitochondria

and loss of mitochondrial function. In a mouse model of

myocardial injury caused by an intraperitoneal injection of LPS,

Shi et al. (44) found that levosimendan inhibited inflammation

and oxidative stress, and protected against LPS-induced cardiac

dysfunction through mitophagy and the PINK-1-Parkin

signaling pathway.
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5 Application and limitations of
levosimendan in septic shock and
SIMD

After more than 20 years, the clinical applications of
levosimendan in the field of emergency and critical care
medicine have expanded considerably and now include various
cardiac diseases (such as cardiogenic shock, Takotsubo
cardiomyopathy, advanced heart failure, right ventricular failure,
pulmonary hypertension, and cardiac surgery) and non-cardiac
diseases (such as amyotrophic lateral sclerosis) (32).

In the clinical research on the use of levosimendan for septic

shock and SIMD, early randomized controlled trials (RCTs) had

small sample sizes. In 2015, a meta-analysis was conducted by

Zandrillo et al. (45), which included 7 RCTs and 246 patients with

severe sepsis or septic shock. Compared with conventional

inotropes (mainly dobutamine), levosimendan significantly

reduced the mortality, increased the cardiac index, and reduced

the blood lactate level, but there was no difference in the mean

arterial pressure or norepinephrine dose between the two groups.

However, the data on the use of levosimendan in definite SIMD

remains limited. Gordon et al. (46) published the results of a

multicenter, randomized, double-blind, placebo-controlled clinical

trial (LeoPARDS study) in The New England Journal of Medicine

in 2016. The study had the largest sample size to date of any

studies conducted on this topic. In this study, 516 patients with

septic shock were randomly divided into the levosimendan and

placebo groups. The results showed that levosimendan did not

reduce the Sequential Organ Failure Assessment score and the

28-day mortality rate during hospitalization, but was associated

with high risks of supraventricular tachyarrhythmia and ventilator

weaning failure. Following that, Antcliffe et al. (47) conducted a

subgroup analysis of the LeoPARDS study according to the levels

of cardiac troponin I and NT pro-brain natriuretic peptide and

failed to observe any benefit of levosimendan or decrease in the

levels of inflammatory biomarkers in any subgroup. However,

these research findings do not definitively refute the effectiveness

of levosimendan in SIMD. As described in the LeoPARDS study,

the cases selected did not undergo cardiac ultrasound and the

proportion of patients with cardiac dysfunction was low, which

may explain the lack of positive results (48). Putzu et al. (49)

believe that the subjects included in the LeoPARDS study were

low-risk patients in the relatively late stages of septic shock, who

were not confirmed to have concomitant cardiac dysfunction, and

who developed hypotension and supraventricular tachycardia after

receiving high doses of levosimendan, up to 0.2 μg/(kg·min).

Cardiac ultrasound examination or hemodynamic monitoring was

not performed during the study, and no effective fluid

resuscitation was performed before the administration of

levosimendan. Overall, the LeoPARDS study tells us that septic

patients with reduced systemic vascular resistance but no clinical

signs of myocardial dysfunction do not benefit from levosimendan.

In a meta-analysis of 10 studies and 1,036 patients with sepsis

and septic shock, levosimendan was more effective in reducing

lactate levels (37). Compared with dobutamine, patients who

received levosimendan reported significantly higher cardiac
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index (37). In another meta-analysis, levosimendan could

reduce serum lactate levels more effectively and improve

cardiac function (50). However, statistical significance in

mortality was obscured after the LeoPARDS study was

included. Interestingly, patients who received levosimendan also

received significantly more fluid than their counterparts

probably due to the vasodilatory effect of levosimendan. To

sum up, these benefits have not been translated to the clinical

endpoints in the two studies above.

Based on the results of the LeoPARDS study, the latest SSC

guideline panel issued a weak recommendation against the use of

levosimendan because of its lack of clinical benefits (4). The other

reasons for not recommending its use include its safety profile,

cost, and limited availability (4). However, these reasons should

not negate the clinical application of this drug. The first concern

with the use of levosimendan is its clinical benefit. The current

SSC guidelines were directly influenced by the LeoPARDS study.

As mentioned above, there are many concerns regarding the

results of the LeoPARDS study, and the presence of clear evidence

of myocardial dysfunction is required for levosimendan use. The

second concern is drug safety. Levosimendan has a predictable

safety profile, with the most common adverse events being

hypotension, headache, and atrial arrhythmias (3). The 2021

European Society of Cardiology guidelines on chronic and acute

heart failure suggest that in patients treated with β-blockers,

levosimendan or a phosphodiesterase type 3 inhibitor may be

superior to dobutamine because they act through independent

mechanisms (51). Excessive peripheral vasodilatation and

hypotension may be major limitations of levosimendan, especially

when high doses are administered and/or bolus doses are initiated.

However, at therapeutic doses, levosimendan is less likely to cause

ventricular arrhythmias and can improve myocardial injury caused

by sepsis (18). Hypotension associated with vasodilation can be

prevented by adequate fluid resuscitation before levosimendan use,

avoidance of loading doses, and concomitant use of vasopressors

(2). The third issue is the cost of levosimendan. Levosimendan

has a prolonged duration of action, with the drug effect lasting for

over 7 days when the drug is administered intravenously for 24 h,

whereas the other inotropes have a short duration of action.

A prolonged duration (5–7 days) of intravenous administration of

dobutamine is not associated with a lesser cost than 24 h of

intravenous administration of levosimendan. The final issue is

drug accessibility. The limited availability of the drug is not a

valid reason for not recommending its use. With economic

development, levosimendan is increasingly available even in low-

income countries and regions.

A meta-analysis of 6 RCTs and 192 patients showed that,

compared with dobutamine, the administration of levosimendan

for 24 h significantly improved the cardiac index and left

ventricular beat index, as well as significantly decreased the blood

lactate level, in patients with SIMD, although there was no effect

on the mortality rate or LVEF (31). In our previous meta-analysis,

which included 10 RCTs and 543 patients with SIMD (defined as

LVEF≤ 50%), levosimendan increased the LVEF, decreased the

cardiac troponin I and blood lactate levels, and reduced the

mortality rate compared to dobutamine (52). In a recent
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prospective, single-blind, RCT, Sun et al. (53) enrolled 30 patients

with severe SIMD (LVEF≤ 35%) and compared the hemodynamic

and clinical outcomes of patients treated with fixed doses of

levosimendan (0.2 μg/kg·min−1) or dobutamine (5 μg/kg·min−1) for

24 h. The results showed that at 24 h, the cardiac index, LVEF,

stroke volume index, and fluid volume were higher, whereas the

norepinephrine dose was lower, in the levosimendan group than in

the dobutamine group. On the third day, the cardiac troponin

I level was lower in the levosimendan group than in the

dobutamine group. There were no significant differences in terms

of the 28-day mortality rate, length of ICU stay, and cost of ICU

stay between the two groups, although the ventilator time was

significantly shorter in the levosimendan group. A meta-analysis

published in 2023 indicates that levosimendan is safe and effective

in treating sepsis and septic cardiomyopathy (54). Recent evidence

suggests that levosimondan significantly improves CI and lactate

levels in patients with sepsis (55). However, due to the small

sample sizes, inconsistent diagnostic criteria as well as high

heterogeneity in the clinical studies included in the meta-analysis,

conclusions drawn from it should be approached with caution.

Most importantly, well-designed clinical trials are needed to

determine the value of levosimendan in septic shock and SIMD.

Main randomized controlled trials on the use of levosimendan in

SIMD are reported in Table 1. It is noteworthy that no adverse

events associated with levosimendan were reported in these RCTs.

Upon detailed examination of the original studies, the absence of

adverse events appears to reflect the actual trial outcomes rather

than an omission or lack of data collection. The lack of adverse

events in these RCTs may be attributed to factors such as stringent

patient selection criteria or well-controlled dosing regimens.

However, it is important to interpret this finding with caution. The

relatively small sample sizes and the specific characteristics of the

study populations may limit the generalizability of these results.
6 Conclusions and perspectives

As one of the most serious complications of sepsis, SIMD has

received extensive attention in recent years. Despite the SSC

guideline recommends against the use of levosimendan for sepsis

patients with cardiac dysfunction under certain conditions, it is

crucial to recognize that recommendations should not override a

clinician’s individualized decision-making for specific cases.

What’s more, the guidelines do not explicitly oppose the

administration of levosimendan in septic shock patients with

confirmed low cardiac output syndrome (LCOS) by

echocardiography, pulmonary artery catheter, or pulse index

continuous cardiac output (61). In addition, as Vincent points

out, a balance should be maintained between SSC guidelines and

individualized care (62). With the development of precision

medicine, identifying SIMD patients with certain treatable

characteristics and giving targeted treatment may help to find

patients who can benefit from levosimendan.

In conclusion, the present comprehensive review has

highlighted key findings and insights into levosimendan for

SIMD. The accumulated evidence underscores the significance of
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indications and timing of levosimendan administration. Moving

forward, several avenues for future research merit attention.

Exploring the pathogenesis of SIMD, establishing the gold

standard for the diagnosis, and identifying subgroups of patients

with different clinical manifestations of SIMD will contribute to

a deeper understanding of SIMD. Furthermore, it is essential to

integrate treatment and monitoring, and to equilibrate a delicate

balance between clinical guidelines and the unique needs of

individual patients. Embracing these future directions promises

to advance the field and provide valuable implications for the

application of levosimendan in SIMD.
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Aim: This study aimed to protect brain functions in patients who experienced in-
hospital cardiac arrest through the application of local cerebral hypothermia. By
utilizing a specialized thermal hypothermia device, this approach sought to
mitigate ischemic brain injury associated with post-cardiac arrest syndrome,
enhance survival rates, and improve neurological outcomes as measured by
standardized scales.
Methods: A prospective, single-center cohort study was conducted involving
patients aged ≥18 years who experienced in-hospital cardiac arrest and achieved
return of spontaneous circulation (ROSC). Patients were cooled using a
hypothermia helmet to achieve a target temperature of 32°C–34°C, maintained
for 36–72 h, followed by controlled rewarming and normothermia for 72 h.
Neurological recovery was assessed using the Cerebral Performance Category
(CPC) scale, where CPC 1–2 denotes good recovery and CPC 3–5 indicates poor
outcomes. Body temperature, hemodynamic parameters, biochemical changes,
and survival data were meticulously recorded and analyzed. Statistical analysis
included paired t-tests to compare pre- and post-treatment data.
Results: Of 116 cardiac arrest cases, 30 (25.86%) were in-hospital, and 16 (53.33%) of
these achieved ROSC. Among the patients, 62.5% underwent emergency coronary
angiography due to ST-elevation myocardial infarction (STEMI). The mean time to
hypothermia initiation was 32.9± 13.5 min, with hypothermia maintained for
58±6.4 h. Neurological outcomes were favorable, with 62.5% of patients
achieving CPC scores of 1 or 2, indicating functional recovery and independence.
In contrast, CPC scores of 3 or higher were observed in 37.5% of patients,
reflecting varying degrees of disability. Biochemical analysis revealed significant
decreases in sodium, potassium, calcium, and magnesium levels, alongside
increased urea and creatinine concentrations. Hemodynamic improvements
included elevated systolic blood pressure and heart rate, while left ventricular
ejection fraction remained stable. Overall survival was 75%, and the majority
(62.5%) of survivors were discharged without significant neurological deficits.
Conclusion: The findings suggest that early and targeted application of
craniocerebral thermal hypothermia has the potential to improve survival and
preserve neurological function in post-cardiac arrest syndrome. The high rates
of favorable outcomes, as reflected by CPC scores, underscore the
neuroprotective effects of localized hypothermia. Further large-scale,
multicenter trials are recommended to validate these promising results and
refine protocols for optimal clinical application.

KEYWORDS

cardiac arrest, hypothermia, neurological outcomes, post-resuscitation care, target
temperature management
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Introduction

According to the American Heart Association’s 2019 updated

statistics, approximately 565,000 cardiac arrest cases occur

worldwide. Of these cases, 356,000 are out-of-hospital, while

209,000 are in-hospital. According to United States data, the

survival rate is 12% for out-of-hospital cardiac arrest and 25% for

in-hospital cardiac arrest. The survival rate with good neurological

outcomes is 8% (1). Most of the poor outcomes and deaths of

cardiac arrest survivors are attributed towidespread brain damage (2).

Therapeutic hypothermia was first applied in Russia in 1803 by

covering the body with snow during the resuscitation of patients

who developed cardiac arrest. In the 1958s, hypothermia was

attempted by immersing the body in cold water during open heart,

brain, and spinal cord surgeries. To increase the rate of sequela-free

discharge of cardiac arrest survivors who can achieve rhythm with

cardiac massage and to reduce brain damage, more modern,

practical, fast, and easily applicable hypothermia devices are needed.

Organizations such as the International Liaison Committee on

Resuscitation (ILCOR), American Heart Association (AHA), and

European Resuscitation Council (ERC) state in their basic

recommendations that “Adult patients showing ventricular

fibrillation as the initial rhythm due to out-of-hospital sudden

cardiac arrest should be cooled between 32°C and 34°C for 12–

24 h” (3–5). Such a cooling method can also be beneficial in

malignant arrhythmias such as VT/VF that primarily affect

hemodynamics, post-CPR, and in-hospital sudden cardiac arrest

patients. Today, hypothermia is accepted by medical science as a

treatment method.

According to the guidelines published in 2022 by the European

Resuscitation Council (ERC) and the European Society of Intensive

Care Medicine (ESICM), adults who are unconscious after cardiac

arrest should be treated with fever management and avoidance of

fever. However, many questions about the optimal target

temperature, cooling methods, and optimal duration still await

answers (6).

In recent years, the use of therapeutic hypothermia in post-

cardiac arrest patients has been a focus of clinical research. This

study aims to contribute to the growing body of evidence

regarding the potential benefits of craniocerebral hypothermia

devices, which may offer a non-invasive and controlled method

of cooling the brain following a cardiac arrest.

The aim of this study was to assess the safety, feasibility, and

effectiveness of using craniocerebral thermal hypothermia as a

treatment for patients with post-cardiac arrest syndrome. By

utilizing a thermoelectric hypothermia helmet, the research sought

to determine the device’s ability to induce and maintain target

temperature cooling (32°C–34°C) and its potential impact on

improving neurological outcomes in this high-risk patient population.
Methods

This study was a prospective, single-center cohort study

conducted to assess the safety, feasibility, and potential impact of
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craniocerebral thermal hypothermia in patients with post-cardiac

arrest syndrome. The cohort consisted of adult patients (≥18
years) who experienced in-hospital cardiac arrest and achieved

return of spontaneous circulation (ROSC). The study spanned a

period of 12 months, from January to December 2023.
Study design

This study utilized a single-arm observational cohort design,

aimed at evaluating the effects of a thermoelectric hypothermia

device on targeted temperature management (TTM) and

neurological recovery in patients following in-hospital cardiac

arrest. Due to the absence of a control group, no comparative

analysis was conducted. Instead, the The primary focus of this

study was to evaluate the safety and feasibility of the intervention.
Inclusion criteria

• Adults (≥18 years) with in-hospital cardiac arrest of cardiac

origin (e.g., ventricular fibrillation, ventricular tachycardia,

asystole, or unknown causes).

• Patients who achieved ROSC and spontaneous circulation.

• Glasgow Coma Scale (GCS) ≤9 upon admission.

• Patients who were intubated and eligible for

therapeutic hypothermia.

Exclusion criteria

• Age <18 years.

• Consciousness (GCS >9) at the time of admission.

• Active cancer treatment or severe comorbidities (e.g., acute

stroke, advanced dementia, pregnancy).

• Body temperature <30°C at the time of arrival.

The primary objective of this study was to evaluate the

effectiveness of craniocerebral hypothermia in improving

neurological outcomes in post-cardiac arrest patients. Descriptive

analysis of neurological recovery was performed using the

Cerebral Performance Category (CPC) scale, assessed at multiple

time points during and after treatment.

Due to the single-arm design, a comparative analysis against

other interventions could not be performed. The study focused

on describing changes in neurological status, including CPC

scores correlated with different treatment phases: cooling,

rewarming, and post-recovery.

Additionally, clinical parameters such as survival rates, time to

normothermia, and biomarkers were tracked to further evaluate the

potential impact of hypothermia on patient outcomes.

For patients who developed cardiac arrest, advanced life

support protocols were promptly initiated, including intubation

and cardiac resuscitation. Body temperature was continuously

monitored using transnasal esophageal probes and axillary probes

after intubation. Initial body temperature, hypothermia onset,

duration, and time to normothermia were systematically recorded.
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FIGURE 1

Thermoelectric hypothermia helmet.

FIGURE 2

Example of thermohypothermia application in a patient.
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The Turkish-patented thermoelectric hypothermia helmet used

in this study was specifically designed for craniocerebral

hypothermia (CSH) (7) (Figures 1, 2). Informed consent was

obtained from all patients’ families before initiating treatment.

Safety and Complications: The safety of the thermoelectric

hypothermia device was closely monitored throughout the study,

with particular focus on potential therapeutic hypothermia

(TTM)-related complications.

Other potential complications associated with TTM, such as

hypotension, electrolyte imbalances, and skin injuries (e.g.,

pressure sores from prolonged cooling), were closely monitored.

Blood pressure, electrolyte levels, and skin integrity were

regularly assessed, and corrective interventions were implemented

when necessary. Arterial blood gases and fingertip blood glucose

were monitored hourly to assess metabolic and respiratory status,

ensuring the safe management of hypotension and

other complications.

As a therapeutic hypothermia protocol, patients were gradually

cooled at 0.5°C in 2 h to reach the target body temperature of 32°
Frontiers in Cardiovascular Medicine 0372
C–34°C in 2–4 h, and hypothermia was applied continuously for

36–72 h. Appropriate sedation was provided to patients during

hypothermia. For sedation, Propofol and Remifentanil (Propofol

1 mg/kg bolus followed by 0.3–4.0 mg/kg/h, Remifentanil

0.05–0.1 mg/kg/min) were used according to the patient’s weight.

After therapeutic hypothermia, patients were started to be

rewarmed at a rate of 0.25–0.50°C/h, and controlled

normothermia was maintained for 72 h, followed by

prognosis evaluation.

Glasgow Coma Scale and Cerebral Performance Category scale

were used to evaluate patients’ consciousness (8). Hourly arterial

blood gas and fingertip blood sugar monitoring were performed

during hypothermia. Patients’ hemodynamic changes, recurrent

arrhythmias, death, or discharge data were recorded. Hospital

stay duration was recorded from the time of admission until

discharge. The CPC score assessment was performed regularly

during the hospital stay and at discharge to evaluate the

neurological recovery process of the patients.

Fluid management strategies were employed to prevent

hypotension during cooling and to ensure adequate organ

perfusion. Adverse events, including complications arising from

cooling and rewarming, were systematically recorded, and the

safety profile of the device was assessed based on the incidence

and management of these complications.
Treatment timeline

1. Hypothermia Initiation (Time 0): Immediate initiation

following cardiac arrest

2. Cooling Phase (36–72 h): Continuous hypothermic treatment

3. End of Cooling (72nd hour): Completion of cooling phase

4. Rewarming Phase (72 h): Gradual rewarming with

maintained normothermia

Smart thermoelectric hypothermia helmet

The Thermohypotherm system, developed in Austria and

patented by the Turkish Patent Institute (Figures 1, 3), is the first

and only system of its kind, designed to induce both superficial

and deep craniocerebral hypothermia. The thermoelectric

micromodule, which is integrated into the helmet, facilitates

external cooling of the head, thereby allowing the target brain

temperature to be achieved by adjusting the applied DC current.

By increasing the current, the cooling effect is intensified, and

conversely, by reversing the direction of the current, the

micromodule can act as a heater, enabling a controlled transition

from hypothermia to normothermia once the desired cooling

is achieved.

This system is integrated with both esophageal temperature

and in-helmet temperature sensors, enabling continuous

monitoring and automatic adjustment of the patient’s body

temperature. Through the device’s digital interface, clinicians can

set the target body temperature, define the maximum

temperature drop allowed in the helmet, and control the
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TABLE 1 Basic clinical and demographic characteristics of patients at the
time of admission.

Parameter Patients

(n = 16)
Age 49.4 ± 7.3

Gender M, (n, %) 10 (62.5)

Obesity (n, %) 8 (50)

Hypertension (n, %) 8 (50)

Hyperlipidemia (n, %) 10 (62.5)

Diabetes (n, %) 4 (25)

Smoker (n, %) 10 (62.5)

Family history (n, %) 6 (37.5)

BMI (kg/m2) 23 5.2

ECG findings
- NSR (n, %)
- AF (n, %)

16 (100)
0 (−)

FIGURE 3

Thermohypothermia device. (a) Front view of the thermohypothermia device. (b) Top view of the thermohypothermia device.
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duration of the hypothermic phase. In this study, the maximum

temperature reduction achievable by the device was set at 20°C.

The thermoelectric hypothermia helmet employed in this study

was designed to achieve controlled cooling specifically targeting the

head region in patients with post-cardiac arrest syndrome. The in-

helmet temperature represents the temperature measured within

the space between the patient’s skin and the helmet, influenced

by the cooling effect of the integrated thermoelectric

micromodule. While this measurement reflects the cooling

efficiency of the helmet, it does not directly correlate with the

brain temperature. Instead, it serves as an indirect indicator of

the cooling effect on the brain. To standardize temperature

management and align with conventional practices, esophageal

temperature was utilized as the target body temperature in this

study. This approach is consistent with widely recognized

temperature management systems, such as Thermogard and

Arctic Sun, which rely on continuous core body temperature

monitoring as a standard for guiding therapeutic hypothermia.

These systems ensure precise control over the cooling process,

reducing variability and optimizing patient outcomes. Since

direct measurement of brain temperature was not conducted, the

expected brain temperature was inferred based on the combined

analysis of in-helmet temperature and esophageal temperature,

reflecting the potential impact of localized head cooling on

cerebral thermoregulation.
Cerebral performance category

It is a scale categorized between 1 and 5 points to evaluate

patients’ cerebral performance after CPR (8). Table 1 contains

explanations about CPC. A CPC score of 1 or 2 was considered

as survival with appropriate neurological function.

Table 1 Cerebral performance category (CPC).

CPC Description:
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1. Return to normal cerebral functions and normal life

2. Independent daily life with limitations in brain functions

3. Inability to maintain daily life independently with severe effects

on brain functions

4. Coma

5. Brain death
Statistical analysis

Statistical analysis was performed using SPSS (Statistical

Package for the Social Sciences) version 25.0. Continuous

variables were expressed as means ± standard deviations (SD) and

categorical variables as frequencies and percentages. Paired t-tests

or Wilcoxon signed-rank tests were used to compare pre- and

post-treatment biochemical markers and hemodynamic

parameters. Survival analysis was performed using Kaplan-Meier

curves to estimate overall survival and neurological recovery. A
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TABLE 3 Coronary angiography and clinical parameters.
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p-value < 0.05 was considered statistically significant for

all analyses.

Parameter Value (n, % or Mean ± SD)
Coronaryangiography –

Electively (n, %) 10 (100)

Urgent (n, %) −(0)
Diagnostic (n, %) 10 (100)

Interventional (n, %) 3 (30)

Inferior myocardial infarction 1 (10)

Right coronary artery (RCA) 6 (60)

Circumflex coronary artery (Cx)

Anterior myocardial infarction

Left anterior descending (LAD)
Ethical considerations

The study was approved by the institutional ethics committee

(approval number: 71306642-050.01.04/2020). Informed consent

was obtained from all patients or their legal representatives prior

to enrollment. This study adhered to ethical principles outlined

in the Declaration of Helsinki.
Systolic blood pressure (mmHg) 143.8 ± 86.5

Diastolic blood pressure (mmHg) 78.3 ± 9.2

Heart rate (beats/min): 78.2 ± 11.2

Procedure time (min) 36.2 ± 8.6

Unfractionated heparin dose (U) 9,000 ± 1,000
Results

During the 1-year study period, a total of 116 cardiac arrest

cases were admitted to our clinic. Of the admitted patients, 86

(74.14%) were out-of-hospital arrests, and 30 (25.86%) were in-

hospital arrests. Of the in-hospital arrests, 22 (73.33%) were

cardiac, and 8 (26.67%) were respiratory in origin. Of the in-

hospital cardiac arrests, 16 (72.73%) responded to CPR and sinus

rhythm was achieved, while 6 (27.27%) patients did not respond

to CPR and were lost.

Of the patients who achieved sinus rhythm, 10 (62.5%) had ST

elevation on ECG [4 patients with inferior myocardial infarction

(MI), 6 patients with anterior MI].These patients were taken for

emergency coronary angiography. 6 (37.5%) patients had no ST

elevation and did not undergo emergency coronary angiography.

A total of 16 cases, 10 (62.5%) of whom were male, were

included in this study. All of the cardiac arrests occurred in the

emergency department, and the cause of arrest was cardiac in all

[2 patients with asystole (12.5%), 10 patients with ventricular

tachycardia (62.5%), 4 patients with VF (25%)]. The basic

clinical and demographic characteristics of the patients,

characteristics and procedures related to cardiac arrest at

admission are shown in Table 2.

10 (87.5%) patients in the angiography laboratory underwent

interventional procedures. As a result of coronary angiography,

critical lesions were detected in the right coronary artery (RCA)

in 3 patients, in the circumflex coronary artery (Cx) in 1 patient,

and in the left anterior descending artery (LAD) in 6 patients.

TIMI III flow was achieved in all patients after the procedure.
TABLE 2 Characteristics and procedures related to cardiac arrest.

Parameter n/Time
Cause of the cardiac arrest (n) 16

Cardiac (n) 16

Asystole (n) 2 (12.5)

Ventricular tachycardia (n) 10 (62.5)

Ventricular fibrillation (n) 4 (25)

Respiratory insufficiency (n) –

Unknown –

Cardiopulmonary resuscitation time (min) 16.3 ± 8.7

Hypothermia onset time (min) 32.9 ± 13.5

Time to reach target temperature 32–34°C (min) 214 ± 28.4

Duration of hypothermia <36°C (hours) 58 ± 6.4
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Table 3 shows the demographic characteristics of patients during

the angiography laboratory.

The mean CPR duration of the patients was recorded as

16.3 ± 8.7 min. The time to start hypothermia was determined as

32.9 ± 13.5 min, the time to reach the targeted body temperature

was 214 ± 28.4 min, and the duration of hypothermia was

58 ± 6.4 h. Temperature changes during hypothermic therapy are

shown in Figure 4. Figure 4 illustrates the temperature dynamics

observed during hypothermic therapy in post-cardiac arrest

patients, with measurements recorded hourly and daily at

multiple sites, including the intensive care unit, helmet, axillary,

and esophageal regions. This comprehensive monitoring allowed

for a detailed evaluation of temperature changes throughout the

course of therapy.

A significant temperature decrease was observed in both axillary

and esophageal temperature follow-ups with the thermoelectric

hypothermia device. The hypothermia helmet was found to be

effective (p < 0.005). During hypothermia application, while a

statistically significant decrease was observed in sodium, potassium,

calcium, and magnesium levels in biochemical parameters, a

statistically significant increase was observed in urea and creatinine

values. Additionally, a statistically significant increase in systolic

blood pressure and heart rate was determined with hypothermia.

There was no statistically significant change in left ventricular

Ejection fraction. (Table 4).

Two patients lost their lives due to cardiogenic shock and re-

arrest in the first hour of hospitalization. Hypothermia was

terminated early in 6 patients due to GCS being above 9 in the

first 24 h of hypothermia, and they were extubated by providing

normothermia (GCS 15 and CPC 1). At the end of the 72nd

hour, hypothermia was terminated for the remaining patients

and status evaluation was made. Four patients demonstrated

spontaneous breathing and a Glasgow Coma Scale (GCS) score

above 9. Following clinical assessment and evaluation, extubation

was performed on these selected patients after blood gas analysis

and appropriate adjustment of ventilator settings. After

extubation, the patients were evaluated with a GCS of 15 and a

cerebral performance category (CPC) score of 4. Four patients
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FIGURE 4

Temperature dynamics during hypothermic therapy in post-cardiac arrest patients are shown in Figure 4. The graph depicts temperature changes at
various measurement sites (Intensive Care Unit, Helmet, Axillary, and Esophageal temperatures) over time, with measurements taken hourly and daily
during the course of the therapy.
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could not be extubated as their GCS was below 9. In further

follow-ups, 2 patients were lost due to pneumonia, and two

patients were discharged with GCS 9 after tracheostomy was

performed (Table 5).

As a result, with early hypothermia application, the survival rate

was 75%, while the rate of remaining without sequelae was 62.5%.

The average hospital stay for surviving patients was 13 ± 7 days.
Study population characteristics

The study included 16 patients, with 10 (62.5%) being male. All

cardiac arrests occurred in the emergency department with the

following rhythms:
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• Asystole: 2 patients (12.5%)

• Ventricular tachycardia: 10 patients (62.5%)

• Ventricular fibrillation: 4 patients (25%)

Coronary intervention outcomes

Among patients in the angiography laboratory:

• 10 patients (87.5%) underwent interventional procedures

• Critical lesions were identified in:
○ Right coronary artery (RCA): 3 patients
○ Circumflex coronary artery (Cx): 1 patient
○ Left anterior descending artery (LAD): 6 patients

• TIMI III flow was achieved in all patients post-procedure
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TABLE 4 Comparison of variables before and during hypothermia therapy.

Variable Pre-HT
(Mean ± SD)

During HT
(Mean ± SD)

p-value

Sodium (mM/L) 134 ± 4.65 135 ± 3.98 0.103

Potassium (mM/L) 4.23 ± 0.65 3.96 ± 0.47 0.064

Calcium (mg/L) 7.83 ± 0.65 7.48 ± 0.58 0.075

Magnesium (mg/L) 2.14 ± 0.16 2,08 ± 0.13 0.087

Hemoglobin (g/dl) 12.8 ± 1.97 12,6 ± 1.69 0.308

Hematocrit (%) 39.1 ± 6.23 38,9 ± 5.04 0.174

Plt (103/ul) 310 ± 83 312 ± 87 0.751

Urea (g/L) 23.3 ± 8.7 25.7 ± 10.8 0.068

Creatinin (mg/dl) 1.06 ± 0.29 1.14 ± 0.38 0.074

Hs-CRP(mg/L) 14.83 ± 15.39 13.72 ± 13.4 0.589

Systolic BP(mmHg) 106.1 ± 13.01 114.4 ± 13.75 0.001

Diastolic BP
(mmHg)

67.92 ± 10.19 70.88 ± 9.7 0.062

Mean arterial
pressure (MAP)

80.64 ± 11.56 85.38 ± 11.72 0.031

Axillary temperature
(C°)

36.2 ± 1.04 33.6 ± 1.06 0.001

Esophagus
temperature (C°)

36.6 ± 1.12 34.1 ± 1.08 0.003

Temperature inside
the helmet (C°)

20 ± 1.14 19 ± 1.17 0.084

Heart rate(beat/min) 116 ± 11 93 ± 10 0.034

EF% 58 ± 3.5 60 ± 2.1 0.291

“During HT” refers to the entire period of hypothermic therapy (HT), from the initiation of

cooling to the end of the cooling phase. The mean and standard deviation (SD) values

represent the data collected over this entire period.
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Effectiveness of hypothermia helmet

The effectiveness of the thermoelectric hypothermia helmet

was primarily evaluated based on its ability to achieve and

maintain the target temperature range of 32°C–34°C for the

prescribed duration of therapy. A statistically significant decrease

in body temperature was observed following the initiation of

hypothermia treatment. The device effectively reduced body

temperature, achieving the target range within an average of

214 ± 28.4 min, and maintained this temperature for 58 ± 6.4 h.

The p-value of <0.005 was derived from a paired t-test
TABLE 5 Clinical outcomes of hypothermia treatment in post-cardiac arrest

Patient
group

Initial clinical presentation (first
24 hours)

Clinical statu
hours of hy

Deceased patients 2 patients experienced cardiogenic shock
followed by re-arrest and death

Early termination
of hypothermia

6 patients demonstrated GCS >9 within the first
24 h, hypothermia was terminated early,
normothermia achieved (GCS 15, SPS 1)

Gradual
extubation group

4 patients exhibite
respiration and GC
of hypothermia

Non-extubation
group

4 patients had GC
failed to demonstr
respiration

GCS, Glasgow coma scale score; CPC, cerebral performance category scale.
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comparison of pre-treatment baseline temperatures and post-

treatment temperatures. This demonstrated that the helmet was

statistically effective in reducing the core body temperature

compared to baseline values.

Furthermore, the device demonstrated excellent control over

temperature fluctuations during both the cooling and rewarming

phases, with minimal variation from the target temperature. The

controlled temperature regulation was essential in minimizing the

risk of complications associated with uncontrolled hypothermia

or hyperthermia.
Lactate levels and cohort severity

Lactate levels, an important indicator of tissue hypoxia and

severity of metabolic acidosis, were elevated upon admission for

most patients, which is consistent with severe ischemia and

shock at the time of cardiac arrest. Although lactate levels were

not part of the routine study protocol, early lactate monitoring

was conducted in a subset of patients, showing levels greater

than 6 mmol/L in several cases. These elevated lactate levels

gradually decreased with clinical stabilization and initiation of

hypothermia treatment, reflecting improved tissue perfusion and

metabolic recovery.
Complications and device safety

No adverse events or device-related complications were

reported throughout the study period, highlighting the safety of

the thermoelectric hypothermia helmet in the clinical setting.

Importantly, no skin injuries or pressure sores were observed,

even after prolonged periods of hypothermia therapy.

Continuous monitoring of the patients’ body temperature

ensured that the cooling process was precisely controlled,

preventing the risk of overcooling or rebound hyperthermia.

Furthermore, the helmet’s low invasiveness was a key feature, as

it did not require invasive procedures beyond routine clinical

care, such as temperature monitoring via esophageal probes and

arterial blood gases.
patients.

s after 72
pothermia

Extubation process Final outcomes

Mortality occurred within the
first 24 h due to cardiogenic
shock

Early extubation performed
after reaching normothermia
(GCS 15, CPC 4)

Successful recovery from
hypothermia and extubation, no
further complications noted

d spontaneous
S >9 after 72 h

Gradual extubation performed
post-hypothermia (GCS 15,
CPC 4)

Successful extubation, with GCS
15, CPC 4; patients remained
stable post-extubation

S <9 after 72 h,
ate spontaneous

Extubation not performed due
to poor neurological status

2 patients died from pneumonia;
2 patients discharged with
tracheostomy and GCS 9
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The safety profile of the device is a significant advantage,

particularly in critically ill patients where the risk of

complications from invasive procedures is high. The absence of

complications associated with the device, combined with its

ability to effectively induce and maintain hypothermia, suggests

that the device could be a valuable tool in clinical practice for

post-cardiac arrest care.
Survival and neurological outcomes

• Survival rate: Overall, 75% of patients who achieved ROSC

survived to discharge.

• Neurological outcomes: Among survivors, 62.5% had favorable

neurological outcomes, with a Cerebral Performance Category

(CPC) score of 1 or 2, indicating full or near-full recovery.

These patients were able to return to independent daily living

with minimal to no functional impairments. In contrast,

37.5% of survivors had a CPC score of 3 or higher, indicating

moderate to severe neurological impairment. These patients

were unable to perform activities of daily living independently

and had ongoing cognitive or motor deficits.

Discussion

In this study, we sought to investigate the neuroprotective

effects of craniocerebral thermal hypothermia in patients who

developed post-cardiac arrest syndrome. Our results indicated

that early application of hypothermia led to a survival rate of

75%, with 62.5% of patients remaining without significant

sequelae. These findings suggest that craniocerebral hypothermia

may represent an effective strategy in mitigating brain damage

following cardiac arrest.

The neuroprotective effects of mild hypothermia, particularly

in alleviating global cerebral hypoxia and ischemic injury, have

been well-documented in the literature (9, 10). Studies have

consistently shown that therapeutic hypothermia improves

neurological outcomes in patients post-cardiac arrest. The

favorable survival and low sequelae rates observed in our cohort

further substantiate these findings. Hypothermia exerts a

protective effect by reducing cerebral oxygen consumption, which

is critical in mitigating the deleterious consequences of hypoxia.

A decrease of 1°C in body temperature results in approximately a

6% reduction in cerebral metabolic rate (11), thereby attenuating

the formation of excitotoxic amino acids and free radicals.

Moreover, hypothermia inhibits the release of intracellular

excitotoxins and diminishes the inflammatory cascade that

contributes to post-cardiac arrest syndrome (7, 12).

Although the systemic application of hypothermia has been

associated with a range of complications, including arrhythmias,

coagulopathies, and infections (13), our approach of local

cerebral hypothermia seeks to minimize these risks. The

craniocerebral thermal hypothermia device utilized in our study

is an original, patented technology in Turkey (14), offering a

more efficient and controlled cooling method compared to
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conventional systemic cooling techniques. In support of our

clinical findings, animal studies have demonstrated favorable

outcomes with similar hypothermia interventions. For instance, a

study conducted on rodents revealed a dramatic 80% reduction

in mortality following hypothermic treatment (15). While these

results align with the positive outcomes observed in our clinical

cohort, caution is warranted in extrapolating animal model data

to human physiology due to inherent differences between species.

Timing is a critical factor in the effectiveness of hypothermia in

post-cardiac arrest patients. The literature emphasizes that early

initiation of hypothermic therapy significantly improves

neurological outcomes (16, 17).

Our study is a single-arm, non-randomized investigation,

which is a key limitation when interpreting the results. The

absence of a control group means that we cannot definitively

attribute the observed outcomes solely to the device. However,

the findings, particularly the neurological outcomes measured by

the Cerebral Performance Category (CPC) scale, provide valuable

insight into the potential benefits of localized hypothermia.

Among survivors, 62.5% achieved CPC scores of 1 or 2,

indicating favorable neurological recovery with minimal cognitive

or motor impairment. These results suggest that localized cooling

may contribute to preserving brain function following cardiac

arrest, as supported by similar findings in other studies

investigating hypothermic therapies.

The craniocerebral thermal hypothermia device also

demonstrated an excellent safety profile. No adverse events

related to the device, such as skin injuries, pressure sores, or

hypothermic complications, were reported, supporting the non-

invasive nature of the device. This is consistent with findings

from other studies that have highlighted the low risk of

complications associated with localized cooling techniques

compared to more invasive cooling methods.

In our study, hypothermia was initiated on average within

32.9 ± 13.5 min after cardiac arrest, a factor we believe

contributed significantly to the favorable results observed. The

average duration of hypothermia in our cohort was 58 ± 6.4 h,

which aligns with the 24–72 h duration recommended in prior

studies (18, 19). However, further investigation is required to

determine the optimal duration of hypothermia for maximal

neuroprotection. Recent randomized controlled trials, such as the

TTM2 trial, have raised questions regarding the precise

temperature target for therapeutic hypothermia post-cardiac

arrest (20). For example, the TTM2 study could not show a clear

difference in whether target temperature management is more

effective at 33°C or 37°C (21). However, local cerebral

hypothermia applications like our study can add a new

dimension to these discussions. Local application can provide

deeper and more sustainable hypothermia in brain tissue while

reducing systemic side effects. The findings from this study

suggest that craniocerebral thermal hypothermia is a feasible and

safe method for achieving controlled hypothermia in patients

with post-cardiac arrest syndrome. However, it is important to

note that due to the single-arm design and absence of a control

group, this study was not designed to assess the definitive

efficacy of the device on survival rates or neurological recovery.
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Therefore, conclusions regarding the device’s effectiveness in

improving outcomes should be made cautiously.

The primary objective of this study was to evaluate the

safety, feasibility, and efficacy in achieving targeted

hypothermia using the thermoelectric hypothermia helmet.

The device successfully achieved and maintained the target

temperature range of 32°–34°C, which is critical for

neuroprotection in post-cardiac arrest syndrome. The precise

and controlled temperature regulation within the helmet and

systemically is a significant advantage, as it minimizes the risk

of complications associated with more invasive cooling

methods. In this cohort, patients were cooled effectively, with

an average time of 214 ± 28.4 min to reach the target

temperature, and cooling was maintained for 58 ± 6.4 h.

The favorable neurological outcomes, as measured by the

Cerebral Performance Category (CPC) scale, showed that 62.5%

of survivors achieved CPC scores of 1 or 2, indicating favorable

neurological recovery with minimal cognitive or motor

impairment. However, 37.5% of patients exhibited moderate to

severe neurological impairments (CPC scores of 3 or higher),

which is consistent with the known challenges of post-cardiac

arrest syndrome.

It is important to emphasize that the absence of a control group

limits our ability to directly attribute these positive neurological

outcomes to the device alone. The observed results may also be

influenced by the clinical interventions provided, the timing of

resuscitation, and other patient-specific factors such as

comorbidities and the severity of initial cardiac arrest.

The safety profile of the device is a key finding in this study. No

adverse events related to the device, such as skin injuries, pressure

sores, or hypothermic complications, were observed. This

highlights the low invasiveness of the device, as it does not

require invasive monitoring beyond standard clinical care

procedures. The absence of any significant complications suggests

that craniocerebral thermal hypothermia could be a promising

non-invasive treatment method for post-cardiac arrest care,

particularly in settings where other forms of therapeutic

hypothermia might pose higher risks or be less feasible.

Despite these promising findings, it is essential to

acknowledge the study’s limitations. The small sample size,

single-arm design, and lack of long-term follow-up restrict the

ability to generalize the results. Therefore, the conclusions

drawn from this study should be considered preliminary.

Further large-scale, multi-center randomized controlled trials

are needed to rigorously assess the device’s impact on

neurological recovery, long-term survival, and quality of life.

Additionally, studies evaluating optimal cooling duration,

cooling rate, and patient subgroups that may benefit most

from this approach are warranted.

In conclusion, this study demonstrates that craniocerebral

thermal hypothermia, using a thermoelectric hypothermia

helmet, is a safe and feasible intervention for inducing controlled

hypothermia in post-cardiac arrest syndrome. While the results

suggest the device’s potential for achieving the target temperature

safely, the impact on neurological outcomes, as indicated by CPC

scores, remains an important area for future investigation.
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Limits of the study

First, our number of patients is relatively small and there is no

control group. This limits the generalizability of our results. Also,

long-term follow-up results have not yet been obtained. Longer

follow-up is required for a full assessment of neurological recovery.

In the future, the craniocerebral thermal hypothermia device

should be further developed and its widespread use in

ambulances and intensive care units should be targeted. This

technology can be evaluated as a potential treatment method not

only after cardiac arrest but also for traumatic brain injury,

stroke, and other neurological emergencies.
Conclusion

The results of this study suggest that craniocerebral thermal

hypothermia is a potentially effective and safe intervention for

achieving targeted therapeutic hypothermia in patients with post-

cardiac arrest syndrome. While the study demonstrated favorable

survival rates and promising neurological outcomes, the single-

arm desig Primary focus was on n, lack of a control group, and

relatively small sample size limit the ability to draw definitive

conclusions regarding the device’s impact on clinical outcomes.

Therefore, caution is warranted when interpreting these findings

as conclusive evidence of the device’s efficacy in improving

neurological recovery or long-term survival.

The primary strength of this study lies in its demonstration of

the feasibility and safety of utilizing the thermoelectric

hypothermia device in a clinical setting. The device successfully

achieved the target temperature range (32°–34°C) in a controlled

and sustained manner, which is essential for mitigating ischemic

injury and reducing the effects of post-cardiac arrest syndrome.

However, the observed improvements in survival and

neurological recovery should be considered preliminary and

indicative of the device’s potential, rather than definitive evidence

of its clinical efficacy.

Given the inherent limitations of the study, including the

absence of a control group and the lack of long-term follow-up

data, future research should prioritize the design of large-scale,

multi-center randomized controlled trials (RCTs). These trials

would provide a more comprehensive understanding of the

device’s clinical efficacy, specifically assessing long-term

neurological recovery, survival rates, and any potential adverse

effects. Further investigations are also needed to determine the

optimal duration of hypothermia therapy and identify specific

patient subgroups that may benefit the most from this approach.

In this study, patients who survived cardiac arrest and achieved

favorable neurological outcomes were initially described as having

recovered without sequelae. However, this term can be ambiguous

and subject to interpretation. To provide greater clarity, we used

the Cerebral Performance Category (CPC) scale to more precisely

assess neurological outcomes. A CPC score of 1 or 2 indicates

favorable recovery, with CPC 1 representing full recovery or mild

impairments, and CPC 2 indicating moderate disability that does
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not hinder independent living. Therefore, rather than using the

imprecise expression “without sequelae,” we now refer to CPC

scores for a more specific and reliable evaluation of

neurological function.

In conclusion, while this study contributes to the growing body

of evidence supporting the use of localized craniocerebral

hypothermia, further rigorous research is necessary to fully assess

its role as a standard treatment for post-cardiac arrest syndrome.
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Feasibility of the area reduction
post-closure technique
for bedside weaning of
veno-arterial extracorporeal
membrane oxygenation
Chen Xu1†, Guo-xiong Xu1†, Yi-fei Cao2, Lei Chen1 and Yi-qi Jin1*
1Department of Vascular and Endovascular Surgery, The Affiliated Suzhou Hospital of Nanjing Medical
University, Suzhou, China, 2Department of Critical Care Medicine, The Affiliated Suzhou Hospital of
Nanjing Medical University, Suzhou, China
Objective: To evaluate the safety and efficacy of the area reduction post-closure
technique for bedside weaning of veno-arterial extracorporeal membrane
oxygenation (V-A ECMO).
Methods: A retrospective study was conducted from December 2022 to
November 2023, analyzing data from patients who underwent V-A ECMO
weaning at our center. The area reduction post-closure technique, utilizing
two ProGlide devices (Abbott Vascular, Santa Clara, CA), was adopted as a
standard practice. The technical success was defined as achieving complete
hemostasis without a bailout open repair. The complications associated with
access included hemorrhagic events, pseudoaneurysm formation, limb
ischemia, distal embolization, and wound infections.
Results: A total of 18 patients were included. The median age of the cohort was
72.0 years [interquartile range (IQR), 57.5–81.5 years], with a male-to-female
ratio of 2:1. The median size of arterial sheath utilized was 18.0 Fr (IQR, 17.0–
20.0 Fr). The median duration of the procedure was 10.0 min (IQR, 9.0–
13.0 min), and the median length of total hospital stay was 31.0 days (IQR,
25.5–39.0 days). Furthermore, the technique demonstrated a success rate of
100%. One patient (5.6%) experienced minor bleeding, which was successfully
managed through compression. No additional complications associated with
access were observed after the procedure.
Conclusions: The post-closure area reduction technique emerges as a viable
option for bedside weaning of V-A ECMO. Nonetheless, it is essential that this
technique be validated through larger comparative studies.
KEYWORDS

the area reduction post-closure technique, bedside weaning, veno-arterial
extracorporeal membrane oxygenation, ProGlide devices, access bleeding

Introduction

The global adoption of percutaneous mechanical circulatory support (MCS) devices

has experienced a consistent upward trend over the past decade (1). Veno-arterial

extracorporeal membrane oxygenation (V-A ECMO) is primarily utilized for patients

exhibiting unstable hemodynamics and significant gas exchange impairments, and it

can be rapidly implemented in emergency situations (2–4). However, the large arterial

cannula size has raised concerns regarding access-related complications after V-A
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ECMO decannulation (5, 6). Compared with the open repair, the

percutaneous removal technique utilizing Proglide devices

(Abbott Vascular, Santa Clara, California, USA) has

demonstrated improved patient comfort and a reduced procedure

duration (7).

The pre-closure technique has been widely reported for

weaning process of V-A ECMO (8, 9). However, this technique

can prolong the time needed for the insertion of V-A ECMO.

The presence of indwelling sutures may increase the risk of

wound infections and vascular injury, while also enhancing the

care requirement. Recent studies have investigated the feasibility

of post-closure techniques during V-A ECMO decannulation

(10–12). However, the existing data remains limited, and the

challenges related to effectively capturing vascular wall tissue

within the large arterial cannula hole are concerning. Therefore,

this study aimed to evaluate the safety and efficacy of the

area reduction post-closure technique for bedside weaning of

V-A ECMO.
Methods

Study population

This study involved all patients who underwent bedside

weaning of V-A ECMO at our center from December 2022 to
FIGURE 1

The study flowchart.
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November 2023. Patients treated with the area reduction post-

closure technique were included. Exclusion criteria included

severe vascular calcification, advanced vascular stenosis,

coagulation disorders, the need for an open repair approach due

to active bleeding or infected access sites, central V-A ECMO,

and mortality before decannulation (Figure 1). V-A ECMO was

utilized in cases where patients in shock did not demonstrate a

favorable response to vasopressor therapy, coupled with the acute

cardiopulmonary failure. The institutional committee approved

this study including any relevant details, and the informed

consent requirement was waived due to the retrospective and

anonymous nature of the analysis.
Technique details

The area reduction post-closure technique involves a double-

wire approach to deploy two Proglide devices gradually reducing

the area of the large arterial cannula hole during weaning

process of V-A ECMO at the patient’s bedside, therefore

achieving complete hemostasis (Figure 2). All procedures were

performed by the same team. Two operators were recommended

to finish the procedure at least: one performing the percutaneous

closure, another performing bedside ultrasound and controlling

bleeding. Notably, a large sheath with size up to 12–16 Fr was

prepared for standby insertion to control the bleeding in case of
frontiersin.org
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FIGURE 2

The area reduction post-closure technique. (a) The inability to capture a sufficient portion of the vascular wall tissue to allow adequate sealing. (b) The
large arterial cannula hole was shrunk to 8 Fr in diameter after suturing the first Proglide device.
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closure failure. During the procedure, it is essential to incorporate

volume management strategies alongside the evaluation of the

patient’s circulatory status and tissue perfusion. It is advisable to

meticulously regulate fluid intake, promptly manage any

instances of volume overload, sustain a relatively low volume

status, diminish both preload and post-load on the heart, reduce

venous pressure, improve organ perfusion, and utilize continuous

renal replacement therapy when indicated. The administration of

heparin was discontinued 30–60 min before decannulation, and a

brief monitoring period was required to confirm stable

hemodynamic conditions.

Figure 3 illustrates the details of the technique. After

disinfection, the arterial cannula was clamped with two forceps

(Maquet, Germany, 20 cm), and the V-A ECMO flow was halted
Frontiers in Cardiovascular Medicine 0383
as expected. A direct puncture was performed in the proximal

section of the arterial cannula with the Seldinger technique. The

first guidewire (0.035-inch, Terumo, Tokyo, Japan) was inserted,

and an 8 Fr sheath (Terumo, Somerset, NJ) was introduced. The

second guidewire was inserted through the 8 Fr sheath. While

one operator applied manual compression to the access, the 8 Fr

sheath and V-A ECMO arterial cannula were carefully removed,

ensuring the guidewire remained in position. The 8 Fr sheath

was reintroduced over the first guidewire. The first Proglide

device was deployed over the second guidewire at a 10 o’clock

angle, and the suturing was carried out to control bleeding.

Subsequently, the large arterial cannula hole was shrunk to 8 Fr

in diameter. After removing the sheath, the second Proglide

device was deployed over the first guidewire at a 2 o’clock angle
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FIGURE 3

Clinical details of the technique. (a) The arterial cannula was clamped with two forceps. (b) Two guidewires were advanced and an 8 Fr sheath was
introduced. (c) The first Proglide device was deployed to control bleeding. (d) The second Proglide device was deployed to control bleeding.
(e) Hemostasis was achieved. (f) Proper position of the device’s foot pedal was confirmed through ultrasound examination.
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to achieve further hemostasis. The first guidewire remained in place

until complete hemostasis was conformed. If significant bleeding

occurs, a third Proglide device will be deployed at a 12 o’clock

angle over the safety guidewire. If hemostasis is not achieved

after that, the procedure is considered unsuccessful, and a large

sheath should be inserted to control bleeding. Emergency open

repair should be arranged quickly in the operating room.

Notably, an ultrasound examination was utilized at the operator’s

discretion during the deployment of Proglide device to confirm

that the foot pedal are correctly positioned against the vessel wall

rather than the adjacent soft tissue (Figure 4).

Finally, the manual compression was performed for several

minutes. All access were examined right after the procedure and
Frontiers in Cardiovascular Medicine 0484
again 24 h later, utilizing ultrasound to detect any access-

related complications.
Definitions and follow-up

The primary outcome was the technical success, which was

defined as achieving complete hemostasis without the need for

an emergency open repair. The secondary outcome was the

access-related complications, including hemorrhagic events,

pseudoaneurysm formation, limb ischemia, distal embolization,

and wound infections. Minor bleeding encompassed skin

bruising and hematomas. Major bleeding was considered as a
frontiersin.org
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FIGURE 4

Ultrasound images of the technique. (a) Two guidewires were advanced in the arterial cannula. (b) An 8 Fr sheath was introduced over the first guide
wire, positioned parallel to the second guidewire. Pentacle: the 8 Fr sheath; triangle: the remaining vascular lumen. (c) The foot pedal of the Proglide
device was confirmed to be abutting the vessel wall. (d) The access site was examined right after the procedure with ultrasound to detect any
potential complications.
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significant drop in hemoglobin levels that required a blood

transfusion. Furthermore, the additional ues of Proglide device,

the duration of the procedure, the duration of V-A ECMO

support, the duration of intensive care unit (ICU) stay after

weaning, the length of total hospital stay, the need for V-A

ECMO reinsertion, and in-hospital mortality were recorded and

analyzed. The follow-up ultrasound was utilized before discharge

to evaluate any complications related to the access. Detailed

clinical data were obtained from the online clinical and standard

operative records.
Statistical analysis

The distributed data is presented as the interquartile range

(IQR). Categorical data is represented as counts and percentages.

Statistical analyses were conducted using SPSS software (version

19.0; SPSS Inc., Chicago, IL, USA).
Frontiers in Cardiovascular Medicine 0585
Results

Baseline characteristics

Two patients required open repair for V-A ECMO

decannulation due to infected access sites. Subsequently, 18

patients utilizing the area reduction post-closure technique were

included. Table 1 presents the baseline characteristics. The

median age of the cohort was 72.0 years (IQR, 57.5–81.5 years),

with a male-to-female ratio of 2:1. The median size of arterial

sheath utilized was 18.0 Fr (IQR, 17.0–20.0 Fr).
Clinical outcomes

Table 2 presents the clinical outcomes. The technical success

rate was 100%. Two patients (11.1%) accepted additional

Proglide deployment, with one device utilized for each patients.
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TABLE 1 Baseline characteristics (n = 18).

Age, years 72.0 (57.5, 81.5)

Sex, male 12 (66.7)

Body mass index, kg/m2 23.9 (20.9, 29.3)

Comorbidities
Hypertension 10 (55.6)

Diabetes mellitus 8 (44.4)

Coronary artery disease 8 (44.4)

Chronic kidney disease 4 (22.2)

Current smoking 5 (27.8)

Indication
Cardiogenic failure 15 (83.3)

Respiratory failure 2 (11.1)

Septic shock 1 (5.6)

Arterial cannula size, Fr
16 2 (11.1)

17 6 (33.3)

18 4 (22.2)

20 6 (33.3)

Median size of arterial sheathe, Fr 18.0 (17.0, 20.0)

Ipsilateral venous cannula 16 (88.9)

Cardiopulmonary resuscitation at insertion 10 (55.6)

Continuous renal replacement therapy 4 (22.2)

Anticoagulant treatment 18 (100.0)

Antiplatelet treatment
SAPT 3 (16.7)

DAPT 8 (44.4)

Previous open repair or vascular closure device use 8 (44.4)

INR, International normalized ratio; SAPT, single antiplatelet therapy; DAPT, dual
antiplatelet therapy.

Values are median with interquartile ranges (IQR) or number (%).

TABLE 2 Clinical outcomes (n = 18).

Technical success 100%

Additional use of Proglide device 2 (11.1)

Access-related complications
Minor bleeding 1 (5.6)

Major bleeding 0

Other 0

Duration of procedure, min 10.0 (9.0, 13.0)

Duration of V-A ECMO support, days 7.0 (6.0, 9.5)

Duration of ICU stay after weaning, days 15.0 (13.0, 19.5)

Length of hospital stay, days 31.0 (25.5, 39.0)

Need for ECMO reinsertion 0

In-hospital mortality 3 (16.7)

V-A ECMO, veno-arterial extracorporeal membrane oxygenation; ICU, intensive care unit.

Values are median with interquartile ranges (IQR) or number (%).
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One patient experienced (5.6%) minor bleeding that was

successfully managed with manual compression, and there were

no other access-related complications during the study period.

The total access-related complication rate was 5.6%. Furthermore,

the median duration of the procedure was 10.0 min (IQR, 9.0–

13.0 min). No instances of V-A ECMO reinsertion were

observed, and the in-hospital mortality rate was recorded at 16.7%.
Discussion

This single-center study evaluated the safety and efficacy of the

area reduction post-closure technique for bedside weaning of V-A

ECMO. The initial results indicated that the technical success rate

was 100%, and the total access-related complication rate was 5.6%.

Overall, this technique was a feasible and safe strategy and may be

considered as a viable option.

The Proglide-assisted pre-closure technique has gained

considerable attention and application for weaning process of

V-A ECMO (8, 9). However, this technique may not be

applicable to all cases of V-A ECMO, particularly in urgent

situations such as cardiac arrest or cardiogenic shock, where the

timely insertion is critical. Furthermore, the large arterial cannula

system is typically not removed immediately, which may elevate

the risk of wound infections and vascular injury, while also
Frontiers in Cardiovascular Medicine 0686
increase the care requirement. Recently, Hwang et al. (7) have

reported a standard post-closure technique utilizing two Proglide

devices. Their findings indicate that post-closure removal is not

inferior to surgical removal in terms of the procedural outcomes

and complications. A significant distinction between their

technique and the area reduction technique lies in the size of the

cannula utilized. The present study predominantly utilizes the

20 Fr cannulas. Theoretically, there is a concern of the capacity

to obtain an adequate segment of the vascular wall tissue directly

through a single Proglide in a large arterial cannula hole, which

may hinder effective sealing. Hayakawa et al. (10) have described

a post-closure technique that involves access to the contralateral

femoral artery. This technique requires inserting and inflating a

balloon while deploying two Proglide devices to achieve

hemostasis. However, the contralateral femoral access and

additional balloon insertion may increase the technical complexity.

This study presents the area reduction post-closure technique

for the bedside weaning of V-A ECMO. The area was

significantly reduced through the advancement of an 8 Fr sheath,

which facilitated the effective deployment of the first Proglide

device. Subsequently, the closure of the remaining 8 Fr hole can

be achieved through the second Proglide device. Notably, the

potential applicability of this technique to larger cannula sizes

would further evaluate its advantages in comparison to the

standard post-closure method. Furthermore, the access-related

complication rate was 5.6%, aligning with conventional pre-

closure studies that reported ranging from 4.8% to 28.6% (8, 9, 13).

In this study, an 8 Fr sheath was routinely utilized to reduce the

cross-sectional area of the large cannula. However, it is conceivable

that the application of an 8 Fr sheath may not completely preclude

the placement of a ProGlide device at the center. In cases where

larger cannula sizes are employed, such as a 24 Fr cannula, a

sheath size ranging from 10 to 12 Fr may be required. Further

studies is warranted to determine whether the cannula size for

ECMO affects the appropriate sheath size. Additionally, the lack

of fluoroscopy can be considered as a disadvantage that affects

the technical reliability. However, there are advantages to

weaning patients from V-A ECMO at the bedside. Firstly, it

reduces the risk of complications that can arise during the

transport of critically ill patients, which often involves moving a
frontiersin.org
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large amount of equipment and infusion lines, making the process

more complex. Secondly, it can be performed at any time without

the need for prior coordination with surgical team, allowing for a

more prompt procedure for the patient. Further studies are need

to evaluate the safety and efficacy of beside decannulation

compared to that performed in the operating room

under fluoroscopy.

This study is subject to several limitations, notably its relatively

small sample size and its single-center design. It is important to

highlight that the lack of a comparison group may affect the

reliability of the results. Furthermore, patients deemed suitable

for an open repair, such as those requiring infection

debridement, hemostasis, or embolectomy were excluded from

the study. This exclusion effectively restricts the study population

to patients with lower risk profiles, where the effectiveness of

percutaneous vascular closure devices (VCDs) is expected to be

greater. Overall, there is a need for larger prospective studies that

include an appropriate comparison group.
Conclusion

The area reduction post-closure technique was a feasible and

safe strategy for bedside weaning of V-A ECMO, and may be

considered as a viable option.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The studies involving humans were approved by The Ethics

Committee of Suzhou Hospital Affiliated to Nanjing Medical

University. The studies were conducted in accordance with the

local legislation and institutional requirements. Written informed

consent for participation was not required from the participants

or the participants’ legal guardians/next of kin in accordance

with the national legislation and institutional requirements.
Frontiers in Cardiovascular Medicine 0787
Author contributions

CX: Data curation, Writing – original draft. GX: Data curation,

Methodology, Writing – review & editing. YC: Formal Analysis,

Project administration, Resources, Writing – review & editing.

LC: Resources, Supervision, Validation, Writing – review &

editing. YJ: Conceptualization, Project administration, Resources,

Supervision, Writing – review & editing.
Funding

The author(s) declare that no financial support was received for

the research, authorship, and/or publication of this article.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fcvm.2024.

1522789/full#supplementary-material
References
1. Stretch R, Sauer CM, Yuh DD, Bonde P. National trends in the utilization of
short-term mechanical circulatory support: incidence, outcomes, and cost analysis.
J Am Coll Cardiol. (2014) 64(14):1407–15. doi: 10.1016/j.jacc.2014.07.958

2. Ganslmeier P, Philipp A, Rupprecht L, Diez C, Arlt M, Mueller T, et al.
Percutaneous cannulation for extracorporeal life support. Thorac Cardiovasc Surg.
(2011) 59:103–7. doi: 10.1055/s-0030-1250635

3. JhandA, Shabbir MA, Um J, Velagapudi P. Veno-arterial extracorporeal
membrane oxygenation for cardiogenic shock. J Vis Exp. (2023) (199):e62052.
doi: 10.3791/62052
4. Broman LM, Taccone FS, Lorusso R, Malfertheiner MV, Pappalardo F, Di Nardo
M, et al. The ELSO Maastricht treaty for ECLS nomenclature: abbreviations for
cannulation configuration in extracorporeal life support—a position paper of the
extracorporeal life support organization. Crit Care. (2019) 23(1):36. doi: 10.1186/
s13054-019-2334-8

5. Singh V, Singh G, Arya RC, Kapoor S, Garg A, Ralhan S, et al. Vascular access
complications in patients undergoing veno-arterial ecmo and their impact on
survival in patients with refractory cardiogenic shock: a retrospective 8-year study.
Ann Card Anaesth. (2022) 25(2):171–7. doi: 10.4103/aca.aca_22_22
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fcvm.2024.1522789/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1522789/full#supplementary-material
https://doi.org/10.1016/j.jacc.2014.07.958
https://doi.org/10.1055/s-0030-�1250635
https://doi.org/10.3791/62052
https://doi.org/10.1186/s13054-�019-�2334-�8
https://doi.org/10.1186/s13054-�019-�2334-�8
https://doi.org/10.4103/aca.aca_22_22
https://doi.org/10.3389/fcvm.2024.1522789
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Xu et al. 10.3389/fcvm.2024.1522789
6. Laimoud M, Saad E, Koussayer S. Acute vascular complications of femoral veno-
arterial ECMO: a single-centre retrospective study. Egypt Heart J. (2021) 73(1):15.
doi: 10.1186/s43044-021-00143-y

7. Hwang JW, Yang JH, Sung K, Song YB, Hahn JY, Choi JH, et al. Percutaneous
removal using Perclose ProGlide closure devices versus surgical removal for
weaning after percutaneous cannulation for venoarterial extracorporeal membrane
oxygenation. J Vasc Surg. (2016) 63(4):998–1003.e1. doi: 10.1016/j.jvs.2015.10.067

8. Chandel A, Desai M, Ryan LP, Clevenger L, Speir AM, Singh R. Preclosure
technique versus arterial cutdown after percutaneous cannulation for venoarterial
extracorporeal membrane oxygenation. JTCVS Tech. (2021) 10:322–30. doi: 10.1016/
j.xjtc.2021.08.030

9. Xu X, Liu Z, Han P, He M, Xu Y, Yin L, et al. Feasibility and safety of total
percutaneous closure of femoral arterial access sites after veno-arterial
extracorporeal membrane oxygenation. Medicine (Baltimore). (2019) 98(45):e17910.
doi: 10.1097/MD.0000000000017910
Frontiers in Cardiovascular Medicine 0888
10. Hayakawa N, Tobita K, Kodera S, Ishibashi N, Kasai Y, Arakawa M, et al. An
effective method for percutaneous removal of venoarterial extracorporeal membrane
oxygenation by a combination of balloon dilatation in endovascular therapy and the
perclose proglide closure device. Ann Vasc Surg. (2021) 73:532–7. doi: 10.1016/j.
avsg.2020.12.028

11. Tian L, Zhang L, Zhang N, Xu X, Xu Y, Liu Z, et al. Case report: total percutaneous
post-closure of femoral arterial access sites after veno-arterial extracorporeal membrane
oxygenation. Front Med. (2022) 9:980122. doi: 10.3389/fmed.2022.980122

12. Au SY, Chan KS, Fong KM, Leung PWR, George Ng WY, Leung KHA. Bedside
decannulation of peripheral V-A ECMO using percutaneous perclose ProGlide post-
close technique. J Emerg Crit Care Med. (2020) 4:4. doi: 10.21037/jeccm.2019.09.08

13. Liu Z, Xu Y, Xu X, He M, Han P, Shao C, et al. Comparison of success rate and
complications of totally percutaneous decannulation in patients with veno-arterial
extracorporeal membrane oxygenation and endovascular aneurysm repair. Front
Med. (2021) 8:72442. doi: 10.3389/fmed.2021.724427
frontiersin.org

https://doi.org/10.1186/s43044-�021-�00143-�y
https://doi.org/10.1016/j.jvs.2015.10.067
https://doi.org/10.1016/j.xjtc.2021.08.030
https://doi.org/10.1016/j.xjtc.2021.08.030
https://doi.org/10.1097/MD.0000000000017910
https://doi.org/10.1016/j.avsg.2020.12.028
https://doi.org/10.1016/j.avsg.2020.12.028
https://doi.org/10.3389/fmed.2022.980122
https://doi.org/10.21037/jeccm.2019.09.08
https://doi.org/10.3389/fmed.2021.724427
https://doi.org/10.3389/fcvm.2024.1522789
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


TYPE Brief Research Report
PUBLISHED 16 January 2025| DOI 10.3389/fcvm.2024.1509162
EDITED BY

Takahiro Nakashima,

University of Michigan, United States

REVIEWED BY

Luca Baldetti,

Cardiac Intensive Care Unit (Cardiovascular

Department), San Raffaele Scientific Institute

(IRCCS), Italy

Masahiro Yamamoto,

Kumamoto University, Japan

*CORRESPONDENCE

Marina Pieri

pieri.marina@hsr.it

RECEIVED 10 October 2024

ACCEPTED 27 December 2024

PUBLISHED 16 January 2025

CITATION

Pieri M, Iannaccone M, Burzotta F, Botti G,

Aurigemma C, Trani C, Ajello S, Altizio S,

Sanna T, Romagnoli E, Paraggio L,

Cappannoli L, Scandroglio AM and Chieffo A

(2025) Can a mechanical circulatory support

comprehensive approach to cardiogenic

shock at referral centers reduce 30-day

mortality?

Front. Cardiovasc. Med. 11:1509162.

doi: 10.3389/fcvm.2024.1509162

COPYRIGHT

© 2025 Pieri, Iannaccone, Burzotta, Botti,
Aurigemma, Trani, Ajello, Altizio, Sanna,
Romagnoli, Paraggio, Cappannoli, Scandroglio
and Chieffo. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.
Frontiers in Cardiovascular Medicine
Can a mechanical circulatory
support comprehensive approach
to cardiogenic shock at referral
centers reduce 30-day mortality?
Marina Pieri1,2*, Mario Iannaccone3, Francesco Burzotta4,5,
Giulia Botti2,6, Cristina Aurigemma7, Carlo Trani4,5, Silvia Ajello1,
Savino Altizio1, Tommaso Sanna4,5, Enrico Romagnoli5,
Lazzaro Paraggio5, Luigi Cappannoli5, Anna Mara Scandroglio1

and Alaide Chieffo2,6

1Department of Anesthesia and Intensive Care, IRCCS San Raffaele Scientific Institute, Milan, Italy,
2School of Medicine, Vita-Salute San Raffaele University, Milan, Italy, 3Department of Cardiology, San
Giovanni Bosco Hospital, ASL Città di Torino, Turin, Italy, 4School of Medicine, Università Cattolica del
Sacro Cuore, Rome, Italy, 5Department of Cardiovascular Sciences, Fondazione Policlinico Universitario
Agostino Gemelli IRCCS, Università Cattolica del Sacro Cuore, Rome, Italy, 6Interventional Cardiology
Unit, IRCCS San Raffaele Scientific Institute, Milan, Italy, 7Dipartimento CUORE, Fondazione Policlinico
Univeristario A. Gemelli IRCCS Roma, Rome, Italy
Although mortality risk prediction in cardiogenic shock (CS) is possible, assessing
the impact of the multitude of therapeutic efforts on outcomes is not
straightforward. We assessed whether a temporary mechanical circulatory
support comprehensive approach to the treatment of CS may reduce 30-day
mortality as compared to expected mortality predicted by the recently
proposed Cardiogenic Shock Score (CSS). Consecutive CS patients supported
by pVAD Impella (Abiomed, Danvers, MA) at two national referral centers were
included. 170 patients were included: age was 65 ± 13 years, and 75.9% were
male and acute myocardial infarction was the prevalent cause of shock (71.1%).
Expected mortality according to CSS was higher than observed (51.8% vs. 41.5%,
p < 0.001), this trend being particularly evident for CSS > 4. The AUC ROC curve
confirmed poor diagnostic accuracy in this population (AUC 0.53 CI: 0.23–0.82,
p=0.83). The lower observed mortality compared to the expected mortality in
critical cardiogenic shock population underscores the role of a comprehensive
approach to acute cardiac care patients at referral centers, which should
consider including temporary mechanical circulatory support.
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Introduction

Despite significant advancements in the treatment of cardiogenic shock (CS),

including mechanical circulatory support, its mortality has remained high (1).

Therefore, the stratification of patients’ mortality risk is of great clinical interest to

guarantee to each patient the most appropriate type and timing of treatments (2).

Recently, the novel Cardiogenic Shock Score (CSS) has emerged as a powerful and

easily implemented tool (3) to predict the outcome of patients irrespective of the cause

of CS and the type of treatment received, showing superior predictive ability compared

to established scores (4, 5). Although CS outcome prediction is possible, assessing the
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TABLE 1 Patients’ characteristics.

Parameter Value

Baseline characteristics
Age, years 65.3 ± 13.0

Male gender, n 129 (75.9)

BMI 26.2 ± 4.6

Smoking, n 68 (40.0)
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impact of the multitude of therapeutic efforts on outcomes remains

challenging in critically ill patients.

The present study aimed to assess whether a mechanical

circulatory support comprehensive approach to the treatment of

CS with percutaneous ventricular assist devices (pVAD) may

reduce 30-day mortality compared to the expected mortality

predicted by the recently proposed CSS.
Hypertension, n 76 (44.7)

Dyslipidemia, n 62 (36.5)

Diabetes Mellitus, n 47 (27.6)

Prior Myocardial infarction, n 52 (30.6)

Prior TIA or Stroke, n 9 (5.3)

Prior PCI, n 54 (31.8)

Prior CABG, n 9 (5.3)

PAD, n 21 (12.4)

Chronic heart failure, n 45 (26.5)

Atrial fibrillation, n 16 (9.4)

Chronic Kidney Disease, n 33 (19.4)

Baseline Lactates, mmol/L 6.6 ± 5.4

Lactates >2 mmol/L, n 106 (62.4)

Baseline Creatinine, mg/dl 1.6 ± 1.3

Baseline Haemoglobin, g/dl 12.2 ± 2.3

Glucose level at presentation, mg/dl 215.3 ± 91.8

Ejection Fraction, % 23.7 ± 12.1

Heart Rate, bpm 95 ± 25

MAP, mmHg 64.9 ± 19.9

Inotropic therapy, n 131 (77.1)

>1 inotrope, n 101 (59.4)

Mechanical Ventilation, n 132 (77.6)

Etiology of Cardiogenic Shock
STEMI, n 90 (52.9)

NSTEMI, n 31 (18.2)

Acute Myocarditis, n 10 (5.8)

VT Ablation, n 9 (5.3)

Other, n 30 (17.8)

Other MCS support
IABP, n 66 (38.8)

ECMO, n 58 (34.1)

Treatment Escalation
ECMO, n 24 (14.1)

VAD, n 10 (5.8)

Heart Transplantation, n 2 (1.2)

ECMO +VAD, n 5 (2.9)

ECMO +VAD +Heart Transplantation, n 3 (1.8)

CCS Score
≤4 44 (25.8)

5–8 81 (47.6)

≥9 45 (26.5)

Values are expressed as number (percentage) or mean ± standard deviation.

BMI, body mass index; TIA, transient ischemic attack; PCI, percutaneous coronary
intervention; CABG, coronary artery bypass graft; PAD, peripheral artery disease; MAP,

mean arterial pressure; OHCA, out-of-hospital cardiac arrest; CPR, cardiopulmonary
Methods

Consecutive patients with CS (6) treated with Impella 2.5,

Impella CP, Impella 5.0, or Impella RP in IRCCS San Raffaele

Scientific Institute, Milan, Italy and Institute of Cardiology and

Fondazione Policlinico Universitario A. Gemelli IRCCS, Rome;

Italy from 2013 to 2018 were included. Briefly, data related to

medical history, procedural characteristics, 30-day and one-year

outcomes were collected from each centre and included in a pre-

specified structured data set. Adverse events were then

adjudicated by two independent cardiologists using source

documents provided by each center. The collection of data at

each participating site was performed according to the policies of

the local institutional review board/ethics committee.

The primary objective of the study was to assess the effect of a

comprehensive approach to cardiogenic shock at referral centers,

encompassing temporary mechanical circulatory support (tMCS),

on 30-day mortality risk, as assessed by the novel CSS. In

addition, the composite of all-cause death, rehospitalization for

heart failure, left ventricle assist device implantation, or heart

transplantation (HT), overall referred to as major adverse cardiac

events (MACE) was evaluated at 1 year.

Categorical variables are reported as counts and percentages,

whereas continuous variables as mean and standard deviation or

median and interquartile range (IQR). Gaussian or non-Gaussian

distribution was evaluated with the Kolmogorov-Smirnov test.

The t-test was used to assess differences between normally

distributed continuous variables, paired or unpaired according to

the tested variable, the Mann-Whitney U test for non-Gaussian

variables, the χ2 test for categorical variables (expected vs.

observed mortality), and Fisher exact test for 2 × 2 tables. The

distribution of the population and predicted and observed

mortality within risk categories were calculated and evaluated by

XY correlation.

The discriminative ability of the risk prediction model was assessed

by the area under the receiver operating characteristic (ROC) curve

(AUC) or c-statistic. A two-sided p-value <0.05 was regarded as

statistically significant. Analyses were performed with SPSS® Statistics

v24 and STATA v17 (StataCorp, College Station, Texas).

resuscitation; STEMI, ST-elevation myocardial infarction; NSTEMI, non-ST-Elevation

myocardial infarction; VT, ventricular tachycardia; IABP, intra-aortic balloon pump;
ECMO, extracorporeal membrane oxygenator; VAD, ventricular assist device.
Results

One hundred and seventy patients were included in the

analysis: the mean age was 65 ± 13 years, and 75.9% were male.

Patients’ characteristics are shown in Table 1. Acute myocardial

infarction was the prevalent cause of shock, accounting for 71.1%
Frontiers in Cardiovascular Medicine 0290
of cases. Mean arterial pressure at presentation at implantation

was 64.9 ± 19.9 mmHg, mean heart rate was 95 ± 25 bpm. Mean

lactates were 6.6 ± 5.4 mg/dl, mean baseline creatinine was

1.6 ± 1.3 mg/dl and mean blood glucose was 215.3 ± 91.8 mg/dl.
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The prevalent etiology of CS was ischemic due to acute

ST-elevation myocardial infarction 52.9%; 24.7% of the

patients experienced out-of-hospital cardiac arrest and 77.6%

required mechanical ventilation. Pharmacological support

with catecholamines was needed in 77.1% of patients.

Cardiopulmonary resuscitation (CPR) was rapidly effective

(<30 min) in 20% of patients, whereas 6% required extensive

CPR (>30 min) and 14.7% experienced refractory cardiac

arrest. Mean duration of Impella support was 96 ± 154 h,

34.1% of patients were previously or concomitantly supported

with veno-arterial extracorporeal membrane oxygenation (VA

ECMO), 38.8% patients received intra-aortic balloon pump

before Impella support, and 59.4% were treated with more

than 1 inotrope. The most used device was Impella 2.5, in

66.5% of cases. After the implantation of the Impella device,

escalation of mechanical circulatory support or heart

transplantation was performed in one quarter of patients

(24 patients were upgraded to VA ECMO support, 10 patients

eventually received a durable left ventricular assist device,

2 patients underwent cardiac transplantation, and 8 patients

required a combination of advanced support techniques).

Regarding the calculation of the CCS score, the population was

distributed as follows: 25.8% of the patients had a CSS ≤ 4, 47.6%

scored between 5 and 8, and 26.5% of patients scored≥ 9.

Expected 30-day mortality according to CSS was higher than

observed (51.8% vs. 41.5%, p < 0.001—Figure 1A), this trend

being particularly evident for score values > 4 (Figure 1B). The

AUC ROC curve confirmed poor diagnostic accuracy in this

population (AUC 0.53 CI: 0.23–0.82, p = 0.83).
FIGURE 1

(Part A) Observed vs. expected 30-day mortality in study population; (Part B
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Discussion

Our findings draw attention on the relevance of the approach

to CS by clinicians and the need to quantify the impact of the

implemented therapeutic efforts on mortality risk. The principal

finding of our study was that we observed a statistically

significant reduction of recorded mortality compared to what was

expected according to CSS. Such results in the authors’ opinion

should be ascribed to the following elements: patients were

treated at national referral centers for CS; management of CS

patients oversaw a multidisciplinary shock team; a comprehensive

approach to CS with tMCS support was adopted. Our findings

are in line with existing literature showing improved outcomes in

high-volume shock centers (7, 8), where patients are treated

according to dedicated shock protocols and shock teams (9), and

with a robust MCS program in place (10). With reference to

MCS therapy, on one hand the association of hospital volume

with outcome is not a new finding (11, 12), given that in the

present year for the first time a randomized controlled trial has

also shown significant survival benefits in a population of acute

myocardial infarction CS patients treated with microaxial flow

pumps (13) compared to standard therapy, further corroborating

our findings. On top of this, our study presented an innovative

approach (i.e., comparing observed vs. expected mortality risk

with a robust statical analysis) that may help to document and

quantify the impact on major clinical outcomes in a context of

lack or biased randomized control trial due to logistic and ethical

reasons. The choice of CSS among the multiple existing mortality

risk prediction in CS (above all IABP-SHOCK II and CardShock
) association between cardiogenic shock score and 30-day mortality.
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risk scores (4, 5) was dictated by several considerations. First, CSS

was developed and validated in large populations of patients

compared to the other two scores. Furthemore, CSS was

developed on a mixed population of CS with a 1:1 ratio between

AMI related and non ischemic CS: this makes the CSS

particularly valid to test mortality risk in all real clinical life CS

patients. Although the majority of the patients of the present

study had AMI related CS, making them suitable also for

mortality risk prediction with CardShock score (developed in a

population with >80% AMI CS incidence) (5) and IABP-SHOCK

II (developed only in AMI CS patients) (4), we favoured CSS

because he shows superior predictive ability when directly

compared to IABP-SHOCK II and CardShock scores (3). Finally,

CSS includes simple, quick and easy-to-collect at bedside

parameters: since it does not require coronary angiography data,

it can be calculated immediately upon patient admission, thus

providing prompt information that may guide early clinical

management of critically ill patients. It would also be relevant

from a clinical point of view to assess wether the reduction in

mortality observed in the present study is confirmed also with

different strategies of MCS, including VA ECMO and IABP.

While literature comparing different MCS approaches in CS is

growing (14, 15), it is difficult to identify large homogenous

patients’population for comparison and the present study itself

was not powered to assess this outcome. We also acknowledge

the limitations of our approach, that might have influenced the

results, especially the limited sample size, the bicentric rather

then multicentric approach and the lack of a comparison group

not receiving MCS. Indeed, since all patients received mAFP

support, discriminating if the survival benefit was due to MCS,

to the referral center or to the team is not straightforward.

Furthermore, we are aware that the complexity of critically ill CS

patients is only partially captured by a score, even if the most

valid available, and that this may at least partially affect results.

Finally, in the era of DangerShock Trial, we have learnt that

complications in MCS patients are frequent, with possible

negative implications on outcomes (13). The burden of

complications in MCS patients therefore makes the applicability

of predictive models more complex.

In conclusion, the main result of this multicenter study was

that the mortality rate observed in a population of critically ill

CS patients admitted to national referral centers for CS with a

dedicated multidisciplinary shock team using a comprehensive

approach to the treatment of CS, encompassing temporary

mechanical circulatory support with pVAD, was lower than

expected according to the CSS, a well-established prognostic

score in this field.
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Acute aortic dissection (AAD) and pulmonary embolism (PE) are two critical

and potentially fatal causes of chest pain. The simultaneous occurrence of

these conditions is exceptionally rare; however, when they co-occur, the

conflicting therapeutic strategies required significantly elevate mortality rates.

While venoarterial extracorporeal membrane oxygenation (VA-ECMO) has been

extensively reported as a life-saving intervention for high-risk pulmonary

embolism, its application in the management of AAD remains highly debated.

Recently, our institution successfully employed VA-ECMO to treat a patient with

acute type A aortic dissection (ATAAD) complicated by PE. This case highlights

that VA-ECMO may serve as a crucial life-saving measure for patients with AAD

who present with hemodynamic instability or cardiac arrest.
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Introduction

Acute aortic dissection (AAD) is characterized by a disruption of the tunica intima,
allowing blood to enter the tunica media, which can propagate along the length of the aorta
and extend into its branch vessels. For patients with acute type A aortic dissection (ATAAD)
managed conservatively, the 24-h mortality rate is approximately 60% (1). Pulmonary
embolism (PE) is the third leading cause of cardiovascular death, with 30-day and 6-
month all-cause mortality rates of 9.1 and 19.6%, respectively, in the Medicare population
(2). The simultaneous occurrence of AAD and PE is exceedingly rare; however, their
concurrent presentation significantly amplifies mortality due to conflicting therapeutic
strategies. While venoarterial extracorporeal membrane oxygenation (VA-ECMO) is well-
documented as a life-saving intervention for high-risk PE (3), its application in AAD
remains highly debated, as AAD is considered a relative contraindication for VA-ECMO
(4). To date, only one case has been reported in which VA-ECMO was utilized in
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the management of a type B aortic dissection complicated
by PE (5), and no cases have been documented for ATAAD
with concurrent PE.

Here, we present the case of a patient with a malignant
tumor in the upper lobe of the left lung (pT1N0M0, stage
IA). On the first postoperative day following lobectomy, the
patient experienced cardiopulmonary arrest during ambulation.
Despite cardiopulmonary resuscitation, stable autonomous cardiac
rhythm could not be achieved, necessitating the initiation
of VA-ECMO therapy. Comprehensive diagnostic evaluation
subsequently revealed ATAAD complicated by PE. Following 27 h
of intensive management, VA-ECMO support was successfully
weaned, and the patient underwent surgical intervention for
ATAAD. The patient achieved full recovery, with no residual
symptoms observed. This case represents the first successful use
of VA-ECMO in the management of a patient with ATAAD
complicated by PE.

Case description

A 60-year-old female (height: 165 cm, weight: 64.5 kg)
underwent a routine chest CT scan 2 years and 5 months
prior, revealing ground-glass nodules in the right upper lobe
and bilateral lower lobes. No specific treatment was administered
at the time. However, a follow-up chest CT scan conducted
15 days before admission identified a mixed ground-glass
nodule in the apicoposterior segment of the left upper lobe,
prompting her presentation to our hospital for further evaluation
and management. The patient reported no symptoms such as
persistent or irritative cough, sputum production, hemoptysis,
fever, night sweats, or fatigue. She denied chest pain, tightness,
dyspnea, hoarseness, or dysphagia. Her past medical history was
unremarkable, with no history of occupational or toxic substance
exposure, and no history of smoking, alcohol use, or drug abuse.

On physical examination, vital signs were stable, including a
temperature of 36◦C, pulse of 76 beats per minute, respiratory rate
of 19 breaths per minute, and blood pressure of 120/99 mmHg.
There was no palpable lymphadenopathy in the supraclavicular
regions, and the thorax appeared symmetrical with normal
bilateral respiratory movement. Percussion revealed resonance
bilaterally, and auscultation noted clear breath sounds without
adventitious sounds. Cardiovascular examination showed a regular
heart rate of 76 beats per minute with no pathological murmurs
in any valve region. The remainder of the systemic examination
was unremarkable.

Upon admission, comprehensive diagnostic tests were
performed. Echocardiography revealed mild tricuspid
regurgitation but no other abnormalities. Venous ultrasonography
of the bilateral common iliac, internal and external iliac, femoral,
popliteal, anterior and posterior tibial, and intermuscular veins
showed no evidence of thrombus. Contrast-enhanced chest CT
demonstrated a ground-glass nodule in the left upper lobe, raising
suspicion for a neoplastic lesion, along with bilateral ground-glass
micronodules, solid micronodules, and a calcified nodule in the
right upper lobe.

On the second day of hospitalization, the patient underwent
a “right lung nodule microwave ablation,” with an uneventful

postoperative course. On the sixth day of hospitalization,
she underwent a “thoracoscopic resection of LS(1+2)(a+b)+3c
segments with lymphadenectomy.” Postoperative histopathological
examination of the lung tissue revealed a moderately differentiated
invasive adenocarcinoma, with no evidence of lymph node
metastasis. On the first postoperative day (seventh day of
hospitalization) at 14:30, during her initial ambulation attempt,
the patient experienced transient syncope characterized by pallor,
diaphoresis, and dyspnea. She remained responsive. Oxygen
therapy at 6 L/min via a face mask was immediately initiated,
and peripheral blood glucose measured 7.3 mmol/L. Cardiac
monitoring showed a heart rate of 123 beats per minute,
respiratory rate of 36 breaths per minute, oxygen saturation
of 85%, and blood pressure of 82/43 mmHg. Auscultation
revealed coarse bilateral breath sounds. Intravenous access
was established, and 500 mL of lactated Ringer’s solution
was administered. The patient’s condition rapidly deteriorated,
and at 14:40, cardiac monitoring revealed pulseless electrical
activity. Immediate chest compressions were initiated, followed
by intravenous epinephrine administration, bedside endotracheal
intubation, and manual ventilation. Spontaneous cardiac activity
resumed at 14:45; however, hemodynamic stability could not
be achieved despite high-dose norepinephrine (1.68 µg/kg/min).
Bedside ultrasonography revealed right ventricular dilation and
global hypokinesia. Considering that the patient was on the first
postoperative day after a lung lobectomy and had contraindications
to thrombolytic therapy, we opted to initiate VA-ECMO to stabilize
her circulation. Ultrasound-guided cannulation of the left femoral
vein and right femoral artery was performed, with successful
puncture of both vessels on the first attempt. VA-ECMO was
successfully commenced at 15:41. Under VA-ECMO support,
computed tomography angiography (CTA) identified ATAAD
with concurrent PE (Figures 1A, B). Multidisciplinary discussion
determined that, due to the small size of the PE, thrombolysis
was unnecessary. Anticoagulation therapy was initiated with a
target activated clotting time of 180–220 s. VA-ECMO flow was
progressively reduced while monitoring hemoglobin levels and
coagulation parameters. As the hospital lacked surgical capacity
for ATAAD, and the risks of transporting the unstable patient
were significant, arrangements were made with the family to
transfer the patient to a higher-level facility once her vital signs
stabilized.

After 27 h on VA-ECMO, the patient regained consciousness,
achieved hemodynamic stability, and no longer required
vasopressor support. VA-ECMO was successfully weaned and
explanted, and she was transferred to a higher-level hospital on
the same day. At the receiving facility, the patient underwent
a “aortic valve repair, partial ascending aortic resection with
graft replacement, total aortic arch replacement, and stented
elephant trunk procedure (Sun’s procedure).” Intraoperative
findings revealed the dissection tear on the lesser curvature
of the aortic arch. Cardiopulmonary bypass was discontinued
without complications.

The patient’s postoperative course was favorable, and she was
discharged in stable condition. At her 9-month follow-up visit, she
exhibited no neurological deficits, all organ functions were normal,
and pulmonary CTA showed no evidence of thrombus formation
(Figure 2).
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FIGURE 1

(A) Transverse view; (B) coronal view; red arrows: aortic dissection; yellow arrows: pulmonary embolism; blue arrows: V-A ECMO venous drainage
cannula.

FIGURE 2

The timeline of the patient’s disease progression.

Discussion

Acute aortic dissection is characterized by a disruption of
the tunica intima, allowing blood to enter the tunica media,
which can propagate along the entire length of the aorta and
its branch vessels. The incidence of AAD is estimated to be
5–30 cases per million individuals annually. ATAAD involves
the ascending aorta, is highly fatal if left untreated, with a 24-h
mortality rate of approximately 60% in conservatively managed
cases. Mortality increases substantially when complications such
as cardiac tamponade (with or without cardiogenic shock), acute
myocardial ischemia or infarction, stroke, or malperfusion of vital
organs occur (1). PE is the third leading cause of cardiovascular
death, with 30-day and 6-month all-cause mortality rates of
9.1 and 19.6%, respectively, in the Medicare population (2).
The simultaneous occurrence of AAD and PE is exceedingly
rare; however, when these conditions co-occur, the conflicting
management strategies significantly increase mortality. VA-ECMO
has been extensively reported as a rescue therapy for high-risk
PE (3), but its use in AAD remains controversial due to the
risk of exacerbating the dissection, AAD is generally considered
a relative contraindication for VA-ECMO (4). To date, only one
case has been reported describing VA-ECMO use in type B
aortic dissection complicated by PE (5), with no documented
cases involving ATAAD with concurrent PE. At our institution,
VA-ECMO was successfully utilized to manage a patient with
ATAAD complicated by PE. This represents the first documented
case of successful VA-ECMO intervention in a patient with ATAAD
and concurrent PE.

The precise temporal relationship and potential interactions
between ATAAD and PE in this case remain challenging to
ascertain. Aoki et al. previously reported a case of ATAAD caused
by adjustments to the position of the VA-ECMO return cannula
(6). However, in our patient, the dissection tear was located on the
lesser curvature of the aortic arch, making VA-ECMO cannulation
an unlikely cause of the ATAAD.

One of the primary concerns regarding VA-ECMO use
in patients with ATAAD is the risk of arterial cannulation
inadvertently entering the false lumen. Current protocols for
arterial cannulation during cardiopulmonary bypass in ATAAD
include options such as the ascending aorta, innominate artery,
axillary artery, central artery, and femoral artery. While the
axillary artery is preferred for its ability to maintain adequate
cerebral perfusion, femoral artery cannulation remains the first
choice for hemodynamically unstable patients due to its ease
and rapid accessibility (7). Data from the German Registry
for Acute Aortic Dissection Type A (GERAADA) indicate that
only 50.1% of ATAAD cases involve the descending aorta, with
37.9% involving the abdominal aorta and 24.8% involving the
pelvic arteries (8). Therefore, in at least 75% of cases, femoral
artery cannulation for VA-ECMO is unlikely to result in false
lumen perfusion. Furthermore, ultrasound-guided puncture can
minimize cannulation errors, making it a safe and feasible option
for hemodynamically unstable patients. Concerns about potential
cannulation into the false lumen should not preclude the use of this
life-saving intervention.

For high-risk PE, current guidelines recommend
anticoagulation combined with thrombolytic or thrombectomy
therapy (2). However, in this case, the concurrent ATAAD
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posed a significant bleeding risk. Given the small burden of
PE on pulmonary CTA, thrombolysis or thrombectomy was
deemed unnecessary. Anticoagulation therapy in patients with
combined AAD and PE lacks standardized protocols. We opted for
unfractionated heparin, given its ability to be rapidly neutralized
with protamine, targeting an activated clotting time ACT of 180–
220 s. Platelet counts were maintained within normal limits, and
hemoglobin levels were closely monitored. To prevent retrograde
VA-ECMO flow from exacerbating hematoma expansion or
causing rupture of the dissection, blood pressure was meticulously
controlled within a target range of 100–120 mmHg during VA-
ECMO support. VA-ECMO flow was gradually reduced as the
patient’s hemodynamics stabilized. No expansion of the dissection
hematoma was observed, and VA-ECMO was successfully weaned
without complications.

ATAAD necessitates urgent surgical intervention, with
literature indicating an approximately 1–2% increase in mortality
per hour without surgery, reaching up to 60% within 24 h (1).
However, due to the lack of surgical capabilities at our facility,
emergency surgery could not be performed, and VA-ECMO was
utilized for 27 h. This represents the longest documented duration
of VA-ECMO support for a patient with AAD. Malperfusion of
the heart and visceral organs in aortic dissection is associated
with poor outcomes, as irreversible organ damage significantly
increases mortality. Recent studies suggest that restoring end-organ
perfusion through endovascular techniques prior to aortic repair
may improve outcomes (7). Hiroyuki Ohbe et al. demonstrated
that extracorporeal cardiopulmonary resuscitation can improve
outcomes in some patients with AAD complicated by refractory
cardiac arrest (9). Although current evidence remains insufficient
to overturn the contraindication of VA-ECMO in AAD, further
clinical studies are needed to evaluate its viability as a rescue
therapy in this population. In cases of refractory cardiac arrest of
unknown origin, VA-ECMO should be promptly considered when
patients meet specific criteria (10).

Conclusion

For patients with AAD presenting with hemodynamic
instability or cardiac arrest, VA-ECMO may serve as a critical
life-saving intervention.
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Diagnosis of brain death and 
consecutive donor management 
under combined circulatory 
support with ECMELLA therapy
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Background: Managing brain death determination (BDD) in potential organ 
donors is a challenging aspect of modern intensive care medicine. In critically ill 
patients with implanted circulatory or left ventricular support devices, standard 
recommendations for BDD are often no longer applicable.

Methods/results: The available recommendations and evidence for BDD and 
organ procuring under ECMELLA therapy—a combined circulatory support 
using a veno-arterial extracorporeal membrane oxygenation (vaECMO) and an 
invasive left ventricular support device (Impella® CP)—are discussed based on 
a clinical case. To the authors’ knowledge, this is the first report of BDD under 
ECMELLA therapy.

Conclusion: Although BDD in patients with multimodal invasive circulatory 
support, such as ECMELLA therapy, is demanding and time-intensive, it can still 
be performed safely and based on evidence. Given the continuing low numbers 
of organ donors, these insights may help to facilitate organ donation in patients 
with combined invasive mechanical circulatory support.

KEYWORDS

ECMO, impella, critical care, cardiac arrest, intensive care, organ donation

Background

Brain death determination (BDD) is a central yet challenging aspect of modern 
interdisciplinary intensive care medicine. National and international guidelines strictly 
regulate BDD, providing clear instructions for the procedure and interpretation of findings in 
most cases (1). The use of extracorporeal support devices can sometimes make the diagnosis 
of BDD considerably more difficult or even impossible. Over the last few years, extracorporeal 
cardiopulmonary resuscitation (eCPR) and extracorporeal life support (ECLS) have been 
increasingly implemented in CPR and post-resuscitation care. Moreover, invasive short-term 
cardiac assist devices, such as micro-axial flow pumps (e.g., the Impella CP®), have been 
established to bridge patients with insufficient or critical cardiac function after the return of 
spontaneous circulation (ROSC). Both procedures significantly complicate BDD and donation 
after brain death (DBD) considerably and are often not adequately addressed in 
guidelines (2, 3).

This brief perspective illustrates and discusses the implications and potential pitfalls of a 
combined vaECMO (CardioHelp®; Getinge Deutschland GmbH, Rastatt, Germany) and 
Impella® + SmartAssist (Abiomed Europe, Aachen, Germany) (ECMELLA) therapy on BDD 
and DBD based on the case of a 54-year-old man who developed low cardiac output after 
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complex Tirone-David operation (aortocoronary bypass + aortic valve 
replacement). In addition to an intraoperative epicardial pacer, the 
patient consecutively received a vaECMO [ELSO Maastricht 
nomenclature: V23/55frivc-A17/15fldt (4)] under transient 
cardiopulmonary resuscitation (CPR) as well as an Impella® CP due 
to ongoing cardiac failure (Figure  1). Due to inadequate clinical 
awakening and signs of brainstem dysfunction, a cranial CT was 
performed, revealing global hypoxic brain damage with generalized 
cerebral edema. The unfavorable prognosis and the patient’s family’s 
willingness for DBD were discussed with the legal representative, and 
BDD was initiated according to the national guidelines, as the concept 
of donation after cardiac death (DCD) has not been approved in 
Germany (1, 5). A schematic overview of the clinical and device 
instead of aparitive setting on intensive care unit is given in Figure 1.

Results

Implications of ECMELLA on brain death 
determination

The German guidelines specify a strictly regulated two-step 
process for BDD, comprising primarily the clinical confirmation of the 
loss of brain functions and secondary proof of irreversibility for 
donation after brain death (DBD) (1, 6). To avoid false high CO2 

values due to a Harlequin effect under vaECMO samples for arterial 
blood gas analysis (BGA) were drawn from both brachial arteries 
following national and international recommendations. In the present 
case, the Harlequin effect was further enhanced by the orthogonal 
flow of the Impella® device, and both Impella® and vaECMO settings 
had to be adjusted in multiple small steps to facilitate bilateral CO2 
values of 35 to 45 mmHg as basic requirements for conducting the 
apnea test. Once the initial paCO2 values were within the specified 
range, the vaECMO and Impella flow rates were carefully and 
gradually reduced. An increase in CO2 to >60 mmHg could only 
be achieved through a gradual reduction in O2 admixture and flow. 
Due to the increased risk of organ hypoxemia after more than 9 min, 
a minimal FiO2 had to be maintained during this procedure. Due to 
the high risk of clotting in the oxygenator during flow reduction, the 
flow could only be reduced carefully while on standby for manual 
operation. After adjusting the paCO2 to >60 mmHg in both BGAs 
obtained from the brachial artery lines, the apnea test was performed. 
Notably, the apnea test had to be discontinued several times due to 
cardio-circulatory insufficiency caused by hypercapnic acidosis. The 
presented approach was orientated on the “Guidance for the Diagnosis 
of Death using Neurological Criteria when the patient is supported 
with extracorporeal membrane oxygenation” (7). Furthermore, after 
pausing the epicardial pacemaker [heart rate: 90–100 beats*min−1, AV 
delay 140 ms, atrial pacing 10 V, ventricular pacing 12 V 
(transcutaneous pacer)], asystole was observed. Given this and the 

FIGURE 1

Schematic overview of brain death determination (BDD) in the described patient with multimodal cardiocirculatory support and transcutaneous pacer 
(TCP). CIA = common iliac artery, EIA = external iliac artery, FA = femoral artery, IIA = internal iliac artery, IL inguinal, and C = (arterial return) cannula 
[figure based on images from Servier Medical ART, licensed under CC BY 4.0, https://smart.servier.com].
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absence of blood pressure autoregulation under ECMELLA therapy 
[Impella CP: Flow Control P3, Purge Flow 16.5 mL*h−1, Purge 
Pressure 400–450 mmHg, Impella Flow 1.6 L*min−1; vaECMO: 
3000RPM, 2.8 LPM, FiO2 0.9, SweepGas Flow 2.0 L*min−1], the 
assessment of a vegetative reaction to painful stimuli, such as an 
increase in heart rate or systolic blood pressure, was deemed 
unreliable. Consequently, observation of vegetative response to 
nociceptive stimuli was reduced to potential motor reactions, facial 
grimacing or increased sweating. Finally, the clinical loss of brain 
function was identified.

Under vaECMO therapy, and therefore also under ECMELLA, 
confirmation of the irreversibility of brain function loss was accessed 
by electroencephalography (EEG). Following national and 
international guidelines, proof of irreversibility through cerebral 
circulatory arrest was not permissible due to the low mean systolic 
pressure under mechanic circulatory support, as a mean arterial 
pressure of >90 mmHg is required as a fundamental prerequisite (1). 
Alternatively, confirmation of irreversibility by means of a second 
clinical protocol with an apnea test after >72 h was not considered 
feasible due to the patient’s instability and the abovementioned 
significantly complicated procedure. For these reasons, irreversibility 
was determined by EEG in the present case. Due to multiple sources 
of electrical interference and fields under ECMELLA, as well as the 
cardiac pacer and other electrical devices within the ICU environment, 
EEG sampling using Ag/AgCl-surface electrodes was not feasible for 
technical reasons. Consequently, platinum needle electrodes were 
inserted into the scalp according to the 10–20 system (8). To further 
reduce artifacts caused by cables and supply lines in the bed, the 
electrodes were routed to hang freely at the head end of the bed, 
ensuring the cables make contact with the bed or the patient, except 
at their tips. As a result of these measures, an artifact-free recording 
was achieved, producing an isoelectric EEG < 2 μV without evidence 
of brain activity thus confirming brain death (1).

Implications of ECMELLA on organ 
donation management

For the perfusion of the abdominal organs, 8 L (800 mL/min 
application rate) of a Custodiol® solution (Dr. Franz Köhler Chemie 

GmbH, Bensheim, Germany) was used. Based on the ECMELLA 
treatment, three different perfusion scenarios were discussed in 
advance between the anesthesiology team, cardio-technicians, and 
visceral surgeons.

	 1.	 Active perfusion via vaECMO over the draining cannula (see 
Figure 1 – return cannula)

	 2.	 Passive, gravity-following perfusion via the arterial return 
cannula (17 Fr) (see Figure 1 – return cannula)

	 3.	 Passive, gravity-following perfusion via the external iliac artery 
(see Figure 1 – blue dot)

Option 3, described in Table 1, was selected as the primary route 
to organ perfusion after interdisciplinary discussion as all team 
members are familiar with this procedure and it represents the lowest 
risk of complications. Option 2 was defined as the relapse option as 
the perfusion speed is higher here compared to option 3. During 
organ and vessel preparation, it was noticed that the return cannula, 
around which a ligature would have to be placed, extends too short 
into the abdomen from the intra-abdominal area.

Discussion

This complex scenario of brain death diagnostics and 
intraoperative management under ECMELLA therapy is rare. Due to 
its infrequency and the unique challenges posed by the therapy, 
physicians face significant difficulties. Not only is a high level of 
expertise in brain death diagnosis essential but also extensive 
knowledge in managing vaECMO and Impella is highly relevant. 
These challenges persist throughout the organ donation process. For 
instance, explantation surgeons must have a thorough knowledge of 
the perfusion cannula position and its resulting implications. In our 
view, an interdisciplinary preliminary discussion and dedicated 
planning of both BDD and explantation are crucial to avoiding 
complications. In the context of BDD under vaECMO therapy, the 
adjustment of guideline-compliant paCO2 partial pressures for the 
correct performance of the apnea test poses a particular challenge 
(9–11), as attention must be  paid to the occurrence of Harlequin 
syndrome. The Harlequin effect is a condition that can occur with 

TABLE 1  Dis−/advantages of perfusion procedures.

Option Advantage Disadvantage

1 	•	 Rapid application of the perfusion solution 	•	 Necessity to install a 3/8′-3/8’ LuerLock T-piece (see Figure 1)

	•	 Short-term clamping of the connecting tube between the drainage cannula 

and oxygenator

	•	 Insufficient lumen of the LuerLock

2 	•	 Rapid application of the perfusion solution 	•	 Need to install a 3/8′-1/4′ adapter (see Figure 1)

	•	 Stopping the vaECMO and cutting the tube between the oxygenator and the 

return cannula

	•	 Ligature around the drainage cannula at a length of 15 cm and deep seat in the area of 

the inguinal ligament

3 	•	 Parallel set-up of all materials required for perfusion.

	•	 No ligature around the return cannula

	•	 Perfusion procedure already familiar to all team members

	•	 Slower application of the perfusion solution
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peripheral cannulation during veno-arterial extracorporeal membrane 
oxygenation (VA-ECMO). In cases of poor lung function coupled with 
residual cardiac contractility, deoxygenated blood enters the aortic 
arch, leading to reduced perfusion in the upper extremities as 
hypoxemic blood reaches the upper half of the body. This occurs due 
to antegrade (hypoxemic) blood flow, which flows against the 
retrograde blood flow generated by the ECMO. The IMPELLA placed 
over the aortic valve can enhance the Harlequin effect by artificially 
increasing the antegrade flow, even in the absence of residual 
myocardial contractility. Bilateral blood gas analyses on both upper 
extremities are necessary, requiring distinct knowledge of ECMO and 
IMPELLA operation. Another complicating factor is that physiological 
parameters continue to change under combined therapy with Impella® 
CP. Among other things, the localization of the support devices as well 
as of their cannulation is crucial here (12). Although reviews on brain 
death diagnostics under vaECMO already exist (11, 13, 14), there are 
currently no guidelines or procedural instructions for managing brain 
death diagnosis under ECMELLA therapy. To our knowledge, the 
procedure presented here is the first description of brain death 
diagnostics under ECMELLA therapy. We hope that our approach, 
experiences, and thoughts will help others in improving BDD under 
ECLS with ECMO and IMPELLA devices.
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The pulmonary artery catheter (PAC) is widely used in cardiac surgery for

monitoring hemodynamics and cardiovascular function. Complications

including pulmonary artery injury causing massive intratracheal hemorrhage

are rare but can be life-threatening. We report a case of intratracheal bleeding

(3,000 ml) caused by PAC-induced pulmonary artery injury during cardiac

surgery and after weaning from cardiopulmonary bypass (CPB). During surgery

for acute type A aortic dissection followed by CPB weaning, pulsatile bleeding

from the endotracheal tube and desaturation were observed. We reinstituted

CPB and placed a right-sided double-lumen tube to compress the injured site

of the lung and protect the contralateral site. Following initial bleeding control,

we conducted coil embolization to treat tracheal obstruction by a

pseudoaneurysm on day 7. A review of 21 recent cases of pulmonary artery

injury during cardiac surgery showed that most cases occurred during CPB

weaning, manifested hemoptysis, and were treated by coil embolization. This

case underscores the importance of enhanced PAC monitoring even after

CPB weaning and the need for prompt evaluation and intervention when

pulmonary artery injury is suspected during cardiac surgery.

KEYWORDS

cardiovascular anesthesia, pulmonary artery catheter, pulmonary artery rupture, aortic

dissection, extracorporeal membrane oxygenation, coil embolization, intensive care

1 Introduction

The use of pulmonary artery catheter (PAC) in critical care, major non-cardiac

surgeries, and acute coronary syndrome patients has been extensively studied. However,

evidence has shown that PAC use in these settings does not improve outcomes and is

associated with a higher incidence of complications (1, 2). In contrast, recent reports

highlight the utility of PAC in the management of cardiogenic shock, particularly in the

context of initiation and management of mechanical circulatory support (MCS) (3).

Furthermore, PAC continues to be used in more than one-third of all cardiac surgeries

(4, 5). Patients undergoing cardiac surgery often have severe cardiac diseases with

increased risk of hemodynamic instability and cardiac dysfunction, and use of PAC is

likely beneficial in this patient population. However, PAC has the risk of highly fatal

complications such as pulmonary artery injury causing massive intratracheal

hemorrhage, with a reported incidence of 0.1%–0.8% and mortality rate of 45%–60%
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(6, 7). Therefore, it is recommended to carefully select cases in

which intraoperative PAC placement is likely to be beneficial.

We encountered a case of pulmonary artery injury associated

with PAC use, resulting in intratracheal bleeding of

approximately 3,000 ml, during surgery for acute type A aortic

dissection followed by weaning from cardiopulmonary bypass

(CPB). Comprehensive management including CPB reinstitution

to stabilize hemodynamics and limit pulmonary blood flow,

placement of a right-sided double-lumen tube to compress the

injured site and protect the contralateral lung, and coil

embolization for a pseudoaneurysm successfully resolved the

condition without the need for pulmonary resection.

We also reviewed 21 recent cases of pulmonary artery injury

during cardiac surgery to gain better understanding of PAC-

induced pulmonary artery injury. This case and literature review

underscore the importance of enhanced PAC monitoring even

after CPB weaning and the need for prompt evaluation and

intervention when pulmonary artery injury is suspected during

cardiac surgery.

2 Case report

A 64-year-old man was transported to our emergency

department due to sudden onset of chest and back pain at rest,

followed by weakness and left-sided hemiparesis. He had

hypertension managed with amlodipine, but no history of

smoking, diabetes mellitus and cardiovascular diseases. On

admission, his vital signs were stable except for blood pressure

discrepancies. Right gaze deviation, dysarthria, and incomplete

paralysis of the left upper and lower limbs were present.

Transthoracic echocardiography showed no abnormalities in

contraction, pericardial effusion, and aortic valve regurgitation.

Contrast-enhanced computed tomography (CT) of the chest

identified aortic dissection extending from the sinus of Valsalva

to the common iliac arteries. The dissection was categorized as

type A according to Stanford classification, type I according to

DeBakey classification, and AE2M2 +M3- according to TEM

classification. The diagnosis was acute type A aortic dissection

requiring emergent total arch replacement with frozen elephant

trunk placement.

Anesthesia was induced uneventfully with propofol, fentanyl,

and rocuronium, and was followed by endotracheal intubation

with a single-lumen tube. Anesthesia was maintained with

continuous propofol infusion. Invasive blood pressure monitoring

was established via bilateral radial arteries and the left dorsalis

pedis artery. A PAC was placed via the right internal jugular vein

under transesophageal echocardiography (TEE) guidance. The

catheter was positioned 3 cm proximal to the wedge position at a

depth of 55 cm without complications. The central venous

pressure (CVP) and pulmonary artery pressure (PAP) waveforms

were appropriate. Anesthesia was maintained without

complications. CPB was established by inserting a 21-Fr arterial

cannula into the left femoral artery, and 24-Fr and 32-Fr venous

cannulas into the superior and inferior vena cava, respectively.

After achieving high-moderate hypothermia at 26°C, circulatory

arrest with selective cerebral perfusion was established. The

procedure, including arch branch reconstruction, progressed

smoothly up until the stage immediately prior to weaning

from CPB.

2.1 Timeline

The timeline after occurrence of PAC-induced pulmonary

artery injury is shown below (Figure 1).

2.2 Diagnostic assessment of event

A flat PAP waveform and a right ventricular pattern on the

CVP waveform were observed prior to weaning from CPB, as

shown in the timeline. The catheter depth migrated deeper from

55 to 56 cm. The PAC was retracted to 30 cm with the balloon

deflated and readjusted, but the flat PAP waveform remained

unchanged. After CPB weaning, a gradual decrease in peripheral

oxygen saturation (SpO2) was observed immediately before

protamine administration, although other vital signs remained

stable. During protamine infusion, pulsatile bleeding from the

endotracheal tube (ETT) was noted. Even after ETT suctioning,

hemostasis could not be achieved, and the patient’s blood

pressure began to fall. CPB was re-established to provide

hemodynamic support and regulate pulmonary artery blood flow.

The surgeons checked the surgical site, the lungs, and the peri-

airway area at our request, but no abnormalities were found. The

ETT was blindly advanced deeper into the trachea to achieve

single-lung intubation. Pulsatile bleeding continued within the

ETT alone, with no oral bleeding. Withdrawal of the ETT under

suction confirmed that the bleeding originated from the right

bronchus. Based on these clinical findings, pulmonary artery

injury was strongly suspected as the source of hemorrhage.

2.3 Interventions

The single-lumen ETT was replaced with a 37-Fr right-sided

double-lumen tube (DLT), positioned distally in the right upper

lobe bronchus. Only the right bronchial lumen of the DLT was

clamped, achieving compressive hemostasis and tamponade of

the bleeding sites in the right middle and lower lobes. Adequate

ventilation was subsequently achieved, and the vital signs

stabilized. To prevent alveolar collapse in the unaffected lung

while oxygenation and ventilation were supported by CPB, PEEP

was maintained at 10 cmH₂O and recruitment maneuvers were

applied using an airway pressure of 30 cmH₂O sustained for 10 s.

The patient was switched from CPB to venoarterial

extracorporeal membrane oxygenation (VA-ECMO) for transfer

to the intensive care unit (ICU). A small dose of protamine was

administered to maintain the activated clotting time (ACT)

between 150 and 200 s. Coagulation was further optimized with

transfusions of platelets and fresh frozen plasma, along with

careful regulation of body temperature and calcium levels. Total
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anesthesia time was 7 h and 8 min; surgical duration was 5 h and

50 min; and estimated blood loss was 5,815 ml, including

approximately 3,000 ml from ETT bleeding. Postoperative

coagulation status was corrected with transfusions, electrolytes,

and coagulation factors. Hemostasis was achieved within 3 h after

ICU admission.

2.4 Follow-up and outcomes

Within the first postoperative day, the patient was successfully

weaned off VA-ECMO with stable hemodynamics. However,

intermittent decline in oxygenation was observed due to

persistent minor tracheal bleeding and blood clots causing

bronchial obstruction. On postoperative day 7, pulmonary artery

angiography revealed a pseudoaneurysm in the right middle lobe

branch and surrounding atelectasis (Figure 2). Coil embolization

was performed successfully, resolving the pseudoaneurysm and

preventing further bleeding (Figure 3). Following embolization,

the tracheal bleeding was resolved, and the patient’s respiratory

condition improved gradually. A tracheostomy was required on

postoperative day 11 due to prolonged intubation. No additional

surgical complications were found.

3 Discussion

We report a case of pulmonary artery injury associated with

PAC use, which resulted in intratracheal bleeding of 3,000 ml

after weaning from CPB. The condition was successfully

managed without the need for pulmonary resection, through

comprehensive management including reinstitution of CPB to

stabilize hemodynamics and limit pulmonary blood flow,

placement of a right-sided double-lumen tube to compress the

injured site and protect the contralateral lung, and coil

embolization of a pseudoaneurysm.

Massive intratracheal bleeding during cardiac surgery is rare

but carries a high risk of mortality. The causes can be

categorized into three main types: underlying pulmonary disease,

surgical trauma, and PAC-related injury. In this case, surgical

exploration under bloodless conditions during CPB detected no

surgical trauma, visceral pleural injury, and hematoma. When

pulmonary blood flow was restricted, adjustment of the single-

lumen ETT from a bilateral ventilation position to a single-lung

ventilation position revealed active bleeding from the right lung.

Prior to CPB weaning, a flattened PAP waveform and a CVP

waveform indicative of right ventricular pressure suggested that

the PAC had migrated too distally during CPB. These clinical

findings strongly suggested PAC-induced pulmonary artery

injury, particularly given that over 90% of such injuries originate

from the right lung (7).

PAC-related pulmonary artery injury is a rare complication,

with an incidence of 0.1%–0.8% (7). Although the extent of

bleeding varies, the reported mortality rate is as high as 45%–

60% (7). Risk factors include advanced age, female sex,

pulmonary hypertension, hypothermia-induced catheter stiffness,

over-insertion, and anticoagulation therapy (7, 8). Especially,

deeper hypothermia may further increase PAC stiffness, leading

FIGURE 1

Timeline.
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to a higher risk of PAC-induced pulmonary artery injury (9). In the

present case, hypothermia and over-insertion likely contributed to

the complication. Furthermore, several mechanisms for PAC-

induced pulmonary artery injury have been proposed, including

balloon overinflation, eccentric balloon inflation caused by

damage to the catheter tip, peripheral wedging of the catheter

tip, and rapid distal migration with catheter tip impact leading to

pulmonary artery trauma. Preventive methods include

withdrawing the catheter by 3–5 cm after insertion and prior to

CPB initiation, limiting balloon inflation, avoiding inflation

during wedging, and positioning the PAC near the proximal

pulmonary artery (8). The importance of appropriately

positioning the PAC in the proximal right pulmonary artery

under TEE guidance has been well discussed in previous studies.

Adding pressure waveform analysis can further enhance the

accuracy of catheter placement (10, 11). In the present case, the

PAC was advanced into the pulmonary artery under TEE

guidance, and its position was adjusted by monitoring the

pressure waveform. Once the catheter reached the wedge

position, it was withdrawn by 3 cm while monitoring the

pressure waveform and secured at 55 cm. To ensure appropriate

placement, it would have been preferable to confirm the catheter

balloon’s position in the proximal right pulmonary artery under

TTE guidance after identifying the wedge position and gradually

withdrawing the catheter. This adjustment could have also helped

eliminate slack in the catheter. If slack had remained in the PAC,

the slack itself might have contributed to unintended distal

migration of the catheter. In such a case, the catheter could have

been fixed at the superior vena cava by the venous cannulation

tourniquet, and intracardiac collapse or surgical manipulation

FIGURE 3

Pulmonary angiograms before and after coil embolization. (A) Pulmonary angiogram before coil embolization. The black arrows indicate the target

pulmonary artery branch planned for embolization. (B) Pulmonary angiogram after coil embolization. The black arrows indicate the successfully

occluded pulmonary artery branch.

FIGURE 2

Postoperative contrast-enhanced chest CT angiography on POD 7. (A) Postoperative contrast-enhanced chest CT angiogram. The white arrows

indicate atelectasis surrounding a pseudoaneurysm in the right middle lobe branch. (B) Reconstruction of contrast-enhanced chest CT angiogram

at the site of the pseudoaneurysm and surrounding vessels. The white arrows indicate the site of the pseudoaneurysm. CT, computed

tomography; POD, postoperative day.
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TABLE 1 Demographics, clinical course, and outcome of the reviewed cases.

First
author
(year)

No. of
cases

Age
and
sex

Risk
factors*

Indications
for PAC

Onset timing
of PA injury
symptoms

MCS
device
use

Initial
evidence of
PA injury

Duration
between PAC
insertion and

initial evidence of
PA injury (days)

Site of
pseudo-
aneurysm

Treatment Outcome References
No.

De Lima

(1994)

1 76F 1,2,3 MVR On weaning from

CPB

- Hemoptysis 0 RML No treatment Discharged (8)

Cicenia (1996) 1 69F 1,2 CABG No trigger - Hemoptysis 0 RUL Coil embolization Discharged (9)

Feritti (1996) 5 69M NA CABG NA - Hemoptysis 5 RLL Coil embolization Discharged (10)

74F NA CABG NA - Hemoptysis 19 RML Coil embolization Discharged (10)

75F NA MVR NA - Hemoptysis 0 RML Coil embolization Discharged (10)

81F NA CABG NA - Hemoptysis 0 RML Coil embolization Discharged (10)

67F NA CABG NA - Hemoptysis 2 RLL Coil embolization Discharged (10)

Mullerworth

(1998)

3 83F NA CABG On weaning from

CPB

- Hemoptysis 0 NA No treatment Discharged (11)

84F NA AVR Continuous wedged - Hemoptysis 2 NA NA Died from

exsanguination

(11)

71F NA CABG On weaning from

CPB

ECMO Hemoptysis,

hypotension,

hypoxemic

0 RML PAC withdrawn only Discharged (11)

Laureys (2004) 1 75F 1,2,4 AVR +MVR Thoracic closure - Hypotension,

CXR

0 RML Coil embolization Discharged (12)

Sidery (2004) 1 71F 1,2,4 CABG No trigger - CXR 10 RLL No treatment Discharged (13)

Bossert (2006) 2 64M no CABG PCWP

measurement

- Hemoptysis 0 RLL Intraluminal

vasopressin and

assisted ventilation

with PEEP of 15 cm

H2O

Discharged (14)

80F 1,2 CABG NA - VF, Hemoptysis 0 RML Lobectomy Discharged (14)

Bianchini

(2007)

1 75F 1,2 AVR +MVR After weaning from

CPB

ECMO/

IABP

Hypotension,

Hypoxia,

Hemoptysis

0 RLL Coil embolization Discharged (15)

Burrel (2010) 3 77M no AVR No trigger - Hemoptysis 1 RML Plug Discharged (16)

75F 1,2,3,4 AVR +MVR No trigger - Hemoptysis 14 RML Plug Died from

cerebral

hematoma

(16)

77F 1,2,3 AVR +MVR No trigger - Hemoptysis 1 RML Plug Discharged (16)

Rudziński

(2016)

2 55M NA AVR No trigger - Hemoptysis 7 RLL Coil embolization Discharged (17)

68M NA AVR No trigger - CXR 0 RLL Plug Discharged (17)

Russo (2024) 1 82F 1,2 MVR + TVR Balloon deflation 　 Hemoptysis 0 RML Coil embolization Discharged (18)

MVR, mitral valve replacement; CABG, coronary artery bypass graft; AVR, aortic valve replacement; TVR, tricuspid valve replacement; CPB, cardiopulmonary bypass; NA, data not applicable; ECMO, extracorporeal membrane oxygenation; IABP, intra-aortic balloon

pumping; CXR, chest x-ray; VF, ventricular fibrillation; RML, right middle lobe; RUL, right upper lobe; RLL, right lower lobe; PAC, pulmonary artery catheter; PEEP, Positive End-Expiratory Pressure.

*Risk factors: 1. age > 60 years, 2. female sex, 3. pulmonary hypertension, 4. systemic anticoagulation, 5. long-term steroid use, and 6. surgically induced hypothermia.
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might have caused it to advance further into the pulmonary artery.

Furthermore, verifying the absence of slack during initial

placement using C-arm fluoroscopy, or withdrawing the PAC by

approximately 3 cm after CPB initiation, might have helped

prevent this advancement.

Prior to CPB weaning, the PAC was found to have migrated

deeper from 55 to 56 cm, prompting an attempt to reposition it

by withdrawing to 30 cm. However, proper waveforms could not

be obtained. This observation suggests that the catheter tip

had advanced distally during CPB, potentially causing trauma

to the pulmonary artery. Examination of the PAC upon

removal showed no damage, suggesting that the injury was

caused by the catheter tip impacting the distal pulmonary

artery wall.

Management of massive intratracheal bleeding begins with

securing ventilation. Minor bleeding can be effectively

managed with frequent suctioning. However, significant

bleeding requires a more aggressive approach, including

isolation of the injured lung and protection of the unaffected

lung using a bronchial blocker or DLT. In cases of massive

intratracheal bleeding, such as the 3,000 ml volume in the

present case, identifying the affected lung can be challenging.

Restricting pulmonary blood flow may facilitate identification

of the affected lung and subsequent protection. Approximately

65% of PAC-related pulmonary artery injuries occur during

CPB weaning (8), whereas symptoms appeared after CPB

weaning in the present case. We reinstituted CPB to restrict

pulmonary blood flow and adjusted the single-lumen ETT to

provide single-lung ventilation, allowing bronchoscopic

identification of the affected lung. A right-sided DLT was

then positioned distal to the right upper lobe branch,

achieving targeted isolation and tamponade of the injured area

and simultaneously ensuring adequate ventilation. To prevent

alveolar collapse in the unaffected lung while oxygenation and

ventilation were supported by CPB, PEEP was maintained at

10 cmH₂O and recruitment maneuvers were applied using an

airway pressure of 30 cmH₂O sustained for 10 s.

While emergency pulmonary resection is an option for

uncontrolled massive intratracheal bleeding, the procedure is

associated with increased mortality during cardiac surgery (7).

After consultation with the thoracic surgery team, we determined

that resection was not warranted, as there was no evidence of

diffuse parenchymal hemorrhage, visceral pleural rupture, or

central pulmonary artery damage. Active bleeding subsided

within three hours postoperatively, permitting bilateral lung

ventilation and VA-ECMO removal on postoperative day

1. Postoperative rebleeding is reported in 45% of cases within

48 h to 14 days. In the present case, despite frequent suctioning

and hemostatic management, minor hemoptysis persisted, and

intermittent hypoxemia occurred during position changes.

Pulmonary angiography on postoperative day 7 revealed a

pseudoaneurysm in the right middle lobe branch and

surrounding atelectasis, which was successfully treated with

coil embolization.

We conducted a literature search and reviewed all reported

cases of PAC-induced pulmonary artery injury published

between 1990 and 2024 (Table 1) (12–22). A comprehensive

search on PubMed® used the keywords “pulmonary artery

catheter,” “Swan-Ganz catheter,” “cardiac surgery,”

“complications,” “pulmonary artery rupture,” “pulmonary artery

injury,” “intrapulmonary artery injury,” “vascular perforation,”

and “hemorrhage”. All the identified review articles, randomized-

control trials and metanalysis were hand-searched for additional

references, and reference lists for identified studies were

snowballed for additional articles (1, 2, 23, 24). As a result, 23

articles were identified. After excluding duplicates, non-English

publications, and inaccessible full-text articles, 11 articles

documenting 21 cases were reviewed. The patient population

consisted of 16 females aged between 67 and 84 years (mean: 76

years) and 5 males aged between 55 and 77 years (mean: 67

years). The surgeries comprised 11 valve replacements and 10

CABG procedures. Hemoptysis was the initial sign of injury in

86% of the cases, and most pseudoaneurysms (90%) were located

in the right pulmonary artery. Coil embolization was the most

common treatment (48%), with surgical intervention required in

one case. Mortality was reported in two cases. The present case

uniquely occurred after CPB weaning, whereas most injuries in

the review occurred during CPB weaning (33%). Furthermore,

although the literature review identified only two cases in which

MCS was used, this case highlights the effectiveness of

pulmonary blood flow restriction via CPB resumption in

controlling massive intratracheal bleeding and facilitating the

identification of the injury site. These findings highlight the

unique aspects of this case report and underscore the importance

of vigilance throughout the perioperative period and the

potential role of MCS in managing PAC-induced pulmonary

artery injury.

4 Conclusion

We report a case of massive intratracheal bleeding caused by

PAC-induced pulmonary artery injury, which was successfully

managed through comprehensive treatment without the need for

pulmonary resection. This case provides two important lessons.

First, restricting pulmonary blood flow during massive

intratracheal bleeding is effective not only for stabilizing

hemodynamic but also for identifying the cause and site of

injury. Second, precise localization and control of the injured

area combined with a multidisciplinary approach to

comprehensive management can avoid pulmonary resection and

achieve successful outcomes. We hope this report serves as a

valuable reference for the management of similar complications

in the future.
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Background: There is currently a lack of easy-to-use tools for assessing the

severity of cardiogenic shock (CS) patients. This study aims to develop a

nomogram for evaluating severity in CS patients regardless of the

underlying cause.

Methods and results: The MIMIC-IV database was used to identify 1,923 CS

patients admitted to the ICU. A multivariate Cox model was developed in the

training cohort (70%) based on LASSO regression results. Factors such as age,

systolic blood pressure, arterial oxygen saturation, hemoglobin, serum

creatinine, blood glucose, arterial pH, arterial lactate, and norepinephrine use

were incorporated into the final model. This model was visualized as a

Cardiogenic Shock Survival Nomogram (CSSN) to predict 30-day survival rates.

The model’s c-statistic was 0.75 (95% CI: 0.73–0.77) in the training cohort and

0.73 (95% CI: 0.70–0.77) in the validation cohort, demonstrating good

predictive accuracy. The AUC of the CSSN for 30-day survival probabilities was

0.76 in the training cohort and 0.73 in the validation cohort. Calibration plots

showed strong concordance between predicted and actual survival rates, and

decision curve analysis (DCA) affirmed the model’s clinical utility. The CSSN

outperformed the Cardiogenic Shock Score (CSS) in various metrics, including

c-statistic, time-dependent ROC, calibration plots, and DCA (c-statistic: 0.75

vs. 0.72; AUC: 0.76 vs. 0.73, P < 0.01 by Delong test). Subgroup analysis

confirmed the model’s robustness across both AMI-CS and non-AMI-

CS subgroups.

Conclusions: The CSSN was developed to predict 30-day survival rates in CS

patients irrespective of the underlying cause, showing good performance and

potential clinical utility in managing CS.

KEYWORDS

nomogram, survival, cardiogenic shock, mortality, mechanical circulatory support

Introduction

Cardiogenic shock (CS) is a life-threatening medical emergency with a high mortality

rate of 40% to 60%, despite advancements in medical care, leading to prolonged suffering

for affected patients and significant healthcare costs (1–4). The causes and severity of CS

can vary widely, which results in different treatment approaches and prognoses (3, 5, 6).

Early identification of high-risk patients can help promptly implement reasonable and

practical treatment measures. Thus, assessing the severity of the condition is essential,

TYPE Original Research
PUBLISHED 29 April 2025
DOI 10.3389/fcvm.2025.1538395

Frontiers in Cardiovascular Medicine 01 frontiersin.org112

http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2025.1538395&domain=pdf&date_stamp=2020-03-12
mailto:liumeilin@pku.edu.cn
https://doi.org/10.3389/fcvm.2025.1538395
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fcvm.2025.1538395/full
https://www.frontiersin.org/articles/10.3389/fcvm.2025.1538395/full
https://www.frontiersin.org/articles/10.3389/fcvm.2025.1538395/full
https://www.frontiersin.org/articles/10.3389/fcvm.2025.1538395/full
http://orcid.org/0000-0002-1190-668X
http://orcid.org/0000-0003-1911-4932
http://orcid.org/0000-0003-3576-7933
http://orcid.org/0000-0002-5188-0242
https://www.frontiersin.org/journals/cardiovascular-medicine
https://doi.org/10.3389/fcvm.2025.1538395
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


as it directly influences clinical decisions, such as whether to

administer mechanical circulatory support (MCS). Several risk

assessment tools for CS have been developed, with the most

widely accepted being the IABP-SHOCK II Score (7), CardShock

risk Score (8), and Cardiogenic Shock Score (CSS) (9). However,

these models are primarily presented as scoring systems,

which are relatively complex and thus less frequently used in

clinical practice. Nomograms are graphical representations of

mathematical models employed to forecast outcomes by assessing

clinical events and incorporating key prognostic factors

across various diseases (10, 11). They offer intuitive, fast,

straightforward, and user-friendly advantages. Currently, no

predictive model for CS uses a nomogram presentation available

for clinical use.

Moreover, the SHOCK II Score and CardShock Risk Score

mainly target the AMI-CS population, which may not apply to

non-AMI-CS patients. Recent epidemiological studies have found

that AMI as a cause of CS has decreased to approximately 30%,

indicating that AMI is no longer the predominant cause of

cardiogenic shock (3, 12). The Society for Cardiovascular

Angiography and Intervention (SCAI) classification appears to be

the most widely used risk assessment tool, but it is more focused

on staging the progression of CS rather than providing a specific

and easy-to-use risk scoring system (6, 13). Given these reasons,

our study aims to develop an easy-to-use predictive model for

CS, irrespective of the underlying cause, in the emergency

setting, which accounts for survival assessments. This model will

be presented as a Cardiogenic Shock Survival Nomogram (CSSN)

to enhance clinical applicability. The establishment of this model

will aid physicians in timely assessing the severity of CS, thereby

making appropriate clinical decisions to improve patient

survival rates.

Methods

Data source and study participants

This study utilized the MIMIC-IV database, a comprehensive

repository of critical care data (14–16). MIMIC-IV is a collection

of clinical records from patients treated in intensive care units

(ICU) at the Beth Israel Deaconess Medical Center. The first

author of this study, Dingfeng Fang, has completed the

Collaborative Institutional Training Initiative (CITI) program

course of Massachusetts Institute of Technology Affiliates

(Human Research, Data or Specimens Only Research, and

Refresher Course), granting access to the MIMIC-IV database

(Record ID: 50924352). Data retrieval from the database was

conducted using Structured Query Language (SQL). For this

study, all patients who experienced cardiogenic shock (CS)

during their hospital stay and subsequently received further

treatment in the ICU were included. Patients for this cohort were

identified by querying the MIMIC-IV database for instances of

the International Classification of Diseases, Ninth Revision (ICD-

9) code 785.51, and the Tenth Revision (ICD-10) code R57.0,

both denoting cardiogenic shock. To reduce survival and

treatment biases caused by readmissions, only patients admitted

to the ICU for the first time were included in the analysis.

Data collection

Demographic, vital signs, laboratory, clinical, and outcome

data, procedures, and therapies performed during the ICU and

hospital stay were collected from the MIMIC-IV database.

Radiographic, invasive hemodynamic, and physical examination

data were not available. Baseline characteristics included gender,

age, admission diagnosis (CS, AMI), comorbidities (previous MI,

hypertension, diabetes, renal impairment), and smoking history.

Systolic blood pressure (SBP), diastolic blood pressure (DBP),

mean arterial pressure (MAP), arterial oxygen saturation (SpO2),

and partial pressure of oxygen (PaO2) were all recorded from the

lowest values within the first 24 h of admission. The serum

creatinine level was recorded as the maximum value within the

first 24 h of admission. Other laboratory tests were defined by

the first recorded value after ICU admission or the value closest

to ICU admission. Laboratory tests included blood assays

(hemoglobin, leukocytes, platelets), arterial blood gas analysis

[pH, PaO2, partial pressure of carbon dioxide (PaCO2),

lactate, base excess, total carbon dioxide], coagulation profile,

liver function, renal function, serum albumin, electrolyte

measurements, blood glucose, low-density lipoprotein cholesterol

(LDL-C), and cardiac enzymes [troponin T, N-terminal pro-b-

type natriuretic peptide (NT-proBNP)]. Critical respiratory and

cardiovascular treatments administered to the patients, such as

norepinephrine, dopamine, dobutamine, epinephrine infusions,

invasive mechanical ventilation, IABP, and continuous renal

replacement therapy (CRRT), were also recorded. The primary

outcome was all-cause mortality within 30 days. The database

determined the date of death based on state records and hospital

documentation. In cases where data from both sources are

available, the hospital records take precedence (14–16). All

patients had access to complete follow-up data for one year.

Survival duration was calculated from the time of hospital

admission until death.

Statistical analysis

Data analysis was performed using R version 4.3.3.

A significance level of less than 0.05 was considered statistically

significant for all analyses. Variables with more than 20%

missing values were excluded. For variables with less than 20%

missing values, missing data were imputed using multiple

imputations with random forests, implemented through the mice

package in R. The data were randomly split into training (70%)

Abbreviations

CS, cardiogenic shock; CSS, cardiogenic shock score; CSSN, cardiogenic shock

survival nomogram; CRRT, continuous renal replacement therapy; LASSO,

least absolute shrinkage and selection operator; MCS, mechanical circulatory

support; MIMIC-IV, medical information mart for intensive Care IV; SCAI,

society for cardiovascular angiography and intervention.
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and validation (30%) sets for subsequent analysis. Continuous

variables were reported as the median and interquartile range

(IQR), while categorical variables were presented as frequencies

and percentages. Differences between groups were compared

using chi-square tests for categorical variables and Wilcoxon

rank-sum tests for continuous variables.

In the training cohort, LASSO regression was employed to

identify predictors of 30-day mortality in patients with CS.

Potential variables for model construction were based on readily

available point-of-care parameters and previous studies. The

most parsimonious set of variables selected by LASSO regression

was used to develop a multivariate Cox proportional hazards

model. Multicollinearity was evaluated using the variance

inflation factor (VIF). Harrell’s Concordance Index (c-statistic)

assessed the model’s predictive accuracy. Factors with prognostic

significance in the multivariate Cox regression analysis were used

to construct 30-day survival prediction models (1—mortality),

visualized using a nomogram. Factors with prognostic

significance in the multivariate Cox regression analysis were used

to construct 30-day survival prediction models (1—mortality),

visualized using a nomogram. The nomogram predicted the

30-day mortality risk for all patients, categorizing them into four

risk groups: low risk (0%–15%), moderate risk (16%–49%), high

risk (50%–84%), and very high risk (85%–100%). These

thresholds were determined based on the distribution of

predicted probabilities in the training cohort. The Kaplan–Meier

plotter was used to perform 1-year survival analysis for the four

patient groups, which confirmed significant differences in

survival outcomes across the four groups (Figure 2).

Time-dependent Receiver Operating Characteristic (ROC)

curves and Area Under the Curve (AUC) were used to evaluate

the discriminative power of the nomogram. The DeLong test is

used to compare the discriminatory performance between models.

Calibration curves assessed the difference between the actual and

nomogram-predicted event-free survival rates using bootstrap (500

resamplings). The multivariate Cox proportional hazards model

was similarly established in the validation cohort, and the

c-statistic was calculated to evaluate its predictive accuracy. In the

validation cohort, the performance of the nomogram was similarly

evaluated using ROC curves, AUC, and calibration curves. Finally,

decision curve analysis (DCA) was conducted to evaluate the

clinical utility of the prediction models over 30 days. DCA

assesses the net benefit across a range of threshold probabilities,

comparing the benefits of correctly identifying high-risk patients

with the harms of unnecessary interventions in low-risk patients,

helping to determine the optimal decision threshold. Additionally,

this study compared the accuracy and discrimination of our

model with that of the Cardiogenic Shock Score (CSS).

Subgroup analysis were conducted in two ways: (1) performing

multivariate Cox regression analysis using the variables from the

nomogram on all AMI-CS patients and calculating the c-statistic

and AUC to evaluate the predictive accuracy in AMI-CS patients;

(2) performing multivariate Cox regression analysis using the

variables from the nomogram on all non-AMI-CS patients and

calculating the c-statistic and AUC to evaluate its predictive

accuracy in non-AMI-CS patients.

Results

Study population and baseline
characteristics

A total of 2,216 patients with admission diagnosis of CS based

on ICD-9 code 785.51 and ICD-10 code R57.0. Of these, 152 were

readmissions, and 141 did not require ICU admission; these

patients were excluded from this study. The final cohort included

1,923 patients, with 1,346 randomly assigned to the training

cohort and 577 to the validation cohort. Variables with over 20%

missing data (albumin, troponin T, NT-proBNP, D-dimer, and

LDL-C) were excluded. Variables with less than 20% missing

data were imputed using the “mice” package in R, utilizing

random forest-based multiple imputation, resulting in 89

imputed datasets.

Of the 1,923 patients, the median age was 70 (IQR 60–79), and

40.46% were female. Acute myocardial infarction-related

cardiogenic shock (AMI-CS) was present in 28.13% of patients.

Medical history included 14.25% of patients with previous

myocardial infarction, 26.94% with hypertension, 40.04% with

diabetes, and 46.33% with renal impairment. During the first

24 h after ICU admission, the median minimum values for key

vital signs were 79 mmHg (IQR 68.75–87) for SBP and 91%

(IQR 87%–94%) for SpO2. Abnormal laboratory findings

included a median, minimum oxygen partial pressure of

46 mmHg (IQR 33–79), a median maximum serum creatinine of

159.12 µmol/L (IQR 106.08–247.52), and a median arterial lactate

level of 3.3 mmol/L (IQR 1.90–6.40 mmol/L). Arterial blood gas

pH was below 7.0 in 81 patients (4.21%).

Treatment and outcome

As shown in Table 1, patients received various treatments

during hospitalization, including vasopressors, respiratory and

circulatory support, and renal replacement therapy. Treatments

included dopamine (n = 465, 24.18%), dobutamine (n = 481,

25.01%), norepinephrine (n = 1,351, 70.25%), epinephrine

(n = 469, 24.39%), intra-aortic balloon pump (IABP) (n = 319,

16.59%), mechanical ventilation (n = 1,111, 57.77%), and

continuous renal replacement therapy (CRRT) (n = 306, 15.91%).

During the one-month follow-up, 1,097 patients survived

(57.05%), and 826 patients died (42.95%).

Predictor selection and nomogram
construction

LASSO regression was used to identify predictors of 30-day

mortality in CS patients from the training cohort (Supplementary

Figure S1). Potential variables for model construction were

based on readily available point-of-care parameters and previous

studies, including gender, age, admission diagnosis of AMI,

admission of cardiac arrest, comorbidities (previous MI,
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TABLE 1 Baseline characteristics, treatment, and outcomes of the study population.

Group All Training cohort Validation cohort P
a

Number 1,923 1,346 577

Age, year 70.00 (60.00–79.00) 70.00 (60.00–78.75) 71.00 (60.00–80.00) 0.179

Female 778 (40.46%) 540 (40.12%) 238 (41.25%) 0.644

Etiology

AMI 0.712

non-AMI 1,382 (71.87%) 960 (71.32%) 422 (73.14%)

NSTEMI 406 (21.11%) 289 (21.47%) 117 (20.28%)

STEMI 135 (7.02%) 97 (7.21%) 38 (6.59%)

Cardiac arrest, n (%) 238 (12.38%) 163 (12.11%) 75 (13.00%) 0.588

Comorbidities

Previous MI, n (%) 274 (14.25%) 184 (13.67%) 90 (15.60%) 0.268

Hypertension, n (%) 518 (26.94%) 363 (26.97%) 155 (26.86%) 0.962

Diabetes, n (%) 770 (40.04%) 540 (40.12%) 230 (39.86%) 0.916

Renal impairment, n (%) 891 (46.33%) 619 (45.99%) 272 (47.14%) 0.642

Smoker, n (%) 206 (10.71%) 141 (10.48%) 65 (11.27%) 0.608

Vital signs

SBP, mmHg 79.00 (68.75–87.00) 79.00 (68.12–87.00) 79.00 (69.00–87.00) 0.57

DBP, mmHg 39.00 (31.00–46.00) 39.75 (31.00–46.00) 39.00 (31.00–46.00) 0.675

MAP, mmHg 51.00 (42.00–59.00) 51.00 (42.00–59.00) 51.00 (42.00–58.50) 0.418

SpO2, % 91.00 (87.00–94.00) 92.00 (87.25–94.00) 91.00 (86.00–94.00) 0.105

GCS 15.00 (15.00–15.00) 15.00 (15.00–15.00) 15.00 (15.00–15.00) 0.759

Laboratory findings at admission

Hemoglobin, g/dl 11.20 (9.50–12.85) 11.20 (9.60–12.90) 11.10 (9.30–12.80) 0.226

Aspartate aminotransferase, U/L 70.00 (32.00–245.00) 70.50 (32.00–238.00) 69.00 (32.00–270.00) 0.993

Alanine aminotransferase, U/L 45.00 (22.00–149.50) 45.00 (21.25–147.50) 44.00 (22.00–151.00) 0.869

Serum creatinine, umol/L 159.12 (106.08–247.52) 159.12 (106.08–238.68) 159.12 (106.08–247.52) 0.804

Serum sodium, mmol/L 138.00 (134.00–141.00) 138.00 (134.00–141.00) 137.00 (135.00–140.00) 0.662

Serum potassium, mmol/L 4.30 (3.80–4.80) 4.30 (3.80–4.80) 4.20 (3.80–4.80) 0.302

Serum calcium, mg/dl 8.50 (7.90–8.90) 8.50 (7.90–8.90) 8.50 (8.00–8.90) 0.925

Blood glucose 0.281

<11.1 mmol/L 1,452 (75.51%) 1,007 (74.81%) 445 (77.12%)

≥11.1 mmol/L 471 (24.49%) 339 (25.19%) 132 (22.88%)

Arterial blood gas

pH 0.228

<7.0 81 (4.21%) 55 (4.09%) 26 (4.51%)

7.0–7.35 1,310 (68.12%) 933 (69.32%) 377 (65.34%)

>7.35 532 (27.67%) 358 (26.60%) 174 (30.16%)

PaO2, mmHg 46.00 (33.00–79.00) 46.00 (33.00–79.00) 47.00 (33.00–79.00) 0.833

PaCO2, mmHg 40.00 (34.00–47.00) 41.00 (35.00–47.75) 39.00 (34.00–46.00) 0.049

lactate, mmol/L 3.30 (1.90–6.40) 3.40 (2.00–6.50) 3.00 (1.90–5.80) 0.068

Treatments

Dopamine, n (%) 465 (24.18%) 318 (23.63%) 147 (25.48%) 0.385

Dobutamine, n (%) 481 (25.01%) 356 (26.45%) 125 (21.66%) 0.026

Norepinephrine, n (%) 1,351 (70.25%) 960 (71.32%) 391 (67.76%) 0.118

Epinephrine, n (%) 469 (24.39%) 339 (25.19%) 130 (22.53%) 0.214

IABP, n (%) 319 (16.59%) 227 (16.86%) 92 (15.94%) 0.619

Invasive ventilation, n (%) 1,111 (57.77%) 792 (58.84%) 319 (55.29%) 0.148

CRRT, n (%) 306 (15.91%) 219 (16.27%) 87 (15.08%) 0.512

Outcomes

Death during 1-month 826 (42.95%) 591 (43.91%) 235 (40.73%) 0.197

Death during 1-year 1,106 (57.51%) 776 (57.65%) 330 (57.19%) 0.852

aComparison between the training and validation cohort.

Data are presented as median (interquartile range) unless otherwise indicated.

AMI, acute myocardial infarction; Previous MI, previous myocardial infarction; NSTEMI, non-ST-elevation myocardial infarction; STEMI, ST-elevation myocardial infarction; SBP, systolic

blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; SPO2, arterial oxygen saturation; GCS, Glasgow Coma Scale; PaO2, Partial pressure of oxygen; PaCO2, partial

pressure of carbon dioxide; IABP, intra-aortic balloon pump; CRRT, continuous renal replacement therapy.
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hypertension, diabetes, renal impairment), smoking history, SBP,

heart rate, SpO2, Glasgow Coma Scale (GCS), hemoglobin,

alanine aminotransferase (ALT), aspartate aminotransferase

(AST), serum creatinine, serum sodium, serum potassium, serum

calcium, serum chloride, blood glucose, arterial blood gas (pH,

partial pressure of oxygen, lactate), and treatments (dopamine,

dobutamine, norepinephrine, epinephrine, IABP, invasive

ventilation, CRRT). The lambda.1se (λ = 0.0621) was used to

obtain the simplest model with nine predictors: Age, SBP, SpO2,

hemoglobin, serum creatinine, blood glucose, pH, arterial lactate,

and norepinephrine. These predictors were used to develop a

multivariate Cox proportional hazards model, and the result is

shown in Table 2. Higher age, serum creatinine, blood glucose,

arterial lactate, norepinephrine use, and lower SBP, SpO2,

hemoglobin, and pH were associated with increased mortality.

Multicollinearity was assessed, and variance inflation factor (VIF)

values were below the threshold, indicating no significant

multicollinearity issues. The model demonstrated good

discriminative ability, as evidenced by a c-statistic of 0.75 (95%

CI: 0.73–0.77) and an area under the curve (AUC) of 0.76.

Additionally, external validation using CSS data from the training

set yielded a c-statistic of 0.72 (95% CI: 0.70–0.74) with an AUC

of 0.73. A nomogram was constructed using the multivariate Cox

model to predict 30 survival rates (1—mortality rate) (Figure 1).

The nomogram stratified all patients into four risk categories

for 30-day mortality: low risk (0%–15%), moderate risk (16%–

49%), high risk (50%–84%), and very high risk (85%–100%).

Using Kaplan–Meier curves, a one-year survival analysis was

conducted across these four groups, revealing significant

differences in mortality within the first year (Figure 2).

Performance and validation of the model

The performance of the CSSN was evaluated using multiple

metrics, including the c-statistic, AUC, calibration plots, and

DCA. The c-statistic for the predictive model was 0.75 (95% CI:

0.73–0.77) in the training cohort and 0.733 (95% CI: 0.70–0.77)

in the validation cohort, indicating good predictive accuracy.

ROC curves for 30-day survival predictions yielded

corresponding AUC values (Figure 3). In the training cohort, the

AUC for CSSN predicting 30-day survival was 0.76, compared to

0.73 for the CSS. In the validation cohort, CSSN had an AUC of

0.73, while the CSS had an AUC of 0.72, demonstrating superior

discriminative power by CSSN (P < 0.01 by Delong test).

Calibration plots (Figure 4, panels A and B) revealed strong

agreement between nomogram-predicted and actual survival

probabilities, indicating better model calibration than CSS. DCA

also demonstrated the superior performance of the CSSN over

the CSS (Figure 5, panels A and B).

Subgroup analysis

Subgroup analysis were conducted to verify the robustness of

the model, as detailed in Table 3: (1) In the subset of patients

with AMI-CS, the model demonstrated a c-statistic of 0.77 (95%

CI: 0.74–0.80) and an AUC of 0.77 for CSSN. (2) In the subset

of non-AMI-CS patients, the model showed a c-statistic of 0.73

(95% CI: 0.71–0.76) and an AUC of 0.73 for CSSN. These

analyses confirmed the predictive capability and reliability of the

nomogram across different patient subsets, with the highest

accuracy observed in patients with AMI-CS.

Discussion

In this study, we developed a predictive model for assessing

the survival rates of CS patients at 30-day intervals to evaluate

the risk of death. Our model, constructed using easily accessible

variables from the emergency setting, demonstrated better

performance than CSS. Visualized as a Cardiogenic Shock

TABLE 2 Multivariate Cox analysis of potential prognostic factors identified by LASSO regression.

Variables VIF Coefficients HR (95%CI) P

Age, year 1.042 0.031 1.032 (1.025, 1.039) <0.0001

SBP, mmHg 1.285 −0.013 0.988 (0.982 0.993) <0.0001

SpO2, % 1.263 −0.013 0.987 (0.981, 0.993) <0.0001

Hemoglobin, g/dl 1.019 −0.088 0.916 (0.871, 0.964) 0.0007

Serum creatinine, umol/L 1.096 0.001 1.001 (1.001, 1.002) 0.0024

Blood glucose 1.098

<11.1 mmol/L Reference

≥11.1 mmol/L 0.406 1.501 (1.254, 1.796) <0.0001

pH (Arterial blood gas) 1.455

<7.1 Reference

7.1–7.35 −0.731 0.481 (0.342, 0.677) <0.0001

>7.35 −0.978 0.376 (0.249, 0.567) <0.0001

Arterial lactate, mmol/L 1.657 0.059 1.061 (1.038, 1.084) <0.0001

Norepinephrine 1.062 0.791 2.205 (1.747, 2.74) <0.0001

This multivariate Cox proportional hazards model was performed to predict 30-day mortality in patients with CS in the training cohort (N = 1,346). The Harrell’s concordance index (c-statistic)

is 0.75 (95% CI: 0.73–0.77).

Multicollinearity among variables was evaluated by calculating the variance inflation factor (VIF). A VIF greater than 10 indicates the presence of multicollinearity.

HR, hazard ratio; CI, confidence interval; SBP, systolic blood pressure; SpO2, peripheral oxygen saturation.

Fang et al. 10.3389/fcvm.2025.1538395

Frontiers in Cardiovascular Medicine 05 frontiersin.org116

https://doi.org/10.3389/fcvm.2025.1538395
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Survival Nomogram (CSSN), our model is simple and user-

friendly. Furthermore, this is the first prognostic model for

cardiogenic shock mortality risk presented as a nomogram,

enhancing its clinical applicability and facilitating timely and

appropriate clinical decision-making.

The importance of risk assessment in CS
patients

Risk assessment in CS patients is crucial for guiding physicians

in making more appropriate treatment strategies, particularly in

deciding whether to use mechanical circulatory support (MCS).

MCS can somewhat mitigate the issue of insufficient cardiac

output in CS patients, but insufficient evidence remains to prove

its efficacy in reducing mortality rates (2, 17–21). This is

primarily due to the many complications associated with MCS

use, such as vascular complications, thrombosis, limb ischemia,

infection, and fatal hemorrhage (2, 20, 22). Inappropriate use of

MCS can lead to an imbalance of risks and benefits. For

example: (1) Using MCS in low-risk patients may alleviate their

insufficient cardiac output, but its complications might outweigh

the benefits, potentially reducing the patient’s quality of life and

survival rate. High-risk patients might be misclassified as low-

risk, thereby missing the opportunity for timely MCS

intervention, leading to adverse outcomes. (3) For patients with

highly severe conditions (meager survival rates), using MCS may

not provide enough survival benefits and could impose a heavy

medical burden. Thus, timely and accurate risk assessment and

appropriate treatment strategies are critical challenges clinicians

face and are crucial to benefiting patients. The CSSN stratifies

patients into four groups: low risk (0%–15% mortality), moderate

risk (16%–49% mortality), high risk (50%–84% mortality), and

very high risk (85%–100% mortality). This stratification may

guide MCS decision-making as follows: (1) Low-risk patients:

The complications of MCS may outweigh its benefits; thus,

pharmacological support should be prioritized. (2) Moderate- to

high-risk patients: Individualized assessment is required,

integrating clinical context and hemodynamic status, as MCS

may improve outcomes. (3) Very high-risk patients: MCS may

FIGURE 1

Cardiogenic shock survival nomogram (CSSN). The nomogram predicts the 30-day survival rates for patients with CS. SBP, systolic blood pressure;

SpO2, peripheral oxygen saturation. When using the nomogram, clinicians should locate the score for each patient’s parameters on the

corresponding axis, sum the scores of all variables to obtain the total score, and then determine the patient’s 30-day survival probability based on

the total score axis. For example, a male patient with acute myocardial infarction complicated by cardiogenic shock: Age: 50 years (score: 45),

Initial arterial blood pressure: 75/54 mmHg (score: 20), SpO₂: 81% (score: 10), Hemoglobin: 7.7 g/dl (score: 12.5), Serum creatinine: 200.8 µmol/L

(score: 5), Blood glucose: 13.5 mmol/L (score: 15), Arterial pH: 7.227 (score: 10), Arterial lactate: 14 mmol/L (score: 30), Norepinephrine use: yes

(score: 27.5), Total score: 175 (30-day survival probability: 25%).
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FIGURE 2

Kaplan–meier plotter for risk stratification based on nomogram.

FIGURE 3

The time-dependent ROC curve and AUC of the CSSN and CSS in the training (Panel A) and validation (Panel B) cohorts. AUC, the area under the ROC

curve; ROC, receiver operating characteristic; CSSN, cardiogenic shock survival nomogram; CSS, cardiogenic shock score.
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fail to reverse outcomes, necessitating careful consideration of

resource allocation and patient preferences. However, as this

study is still in the model development phase, clinical application

research will be the focus of subsequent work. Therefore, these

hypotheses lack evidence-based medical validation and require

further confirmation in future studies.

Risk assessment of CS patients also aids in guiding the

implementation of clinical trials. Previously, several randomized

trials investigating the use of MCS in CS patients failed to

demonstrate survival benefits. For instance, the large randomized

trial, IABP-SHOCK II, did not show that intra-aortic balloon

pump (IABP) could lower the 30-day, 1-year, and 6-year

FIGURE 4

Calibration plot of the CSSN and CSS in the training and validation cohort. Panels (A) demonstrate the calibration plots for predicting 30-day survival in

the training cohort, while panel (B) illustrates the calibration plots for predicting 30-day in the validation cohort.

FIGURE 5

Decision curve analysis of CSSN and CSS in the training (Panel A) and validation (Panel B) cohorts.
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mortality rates in patients with CS complicating acute myocardial

infarction (AMI) undergoing early revascularization (17, 21, 23).

Similarly, previous ECMO and Impella trials failed to

demonstrate survival improvements in CS (1, 19, 20, 24).

However, the latest randomized trial published by Møller and

colleagues in the New England Journal of Medicine (NEJM) has

changed this perspective (25). In this trial, 360 AMI-CS patients

were randomly assigned to either the Impella or the standard

treatment group, with all patients undergoing revascularization.

Results showed that the 180-day mortality rate in the Impella

group was 45.8%, significantly lower than the 58.5% in the

standard treatment group (hazard ratio = 0.74; 95% CI: 0.55–0.99;

P = 0.04). This marks the first MCS device proven to reduce

mortality in CS patients in an RCT since the 1999 SHOCK trial.

Notably, this trial differed from previous ones: (1) The trial

excluded patients in SCAI-CSWG stages A and B, avoiding the

imbalance of risks and benefits from using Impella in low-risk

patients. (2) Patients who had been resuscitated from out-of-

hospital cardiac arrest and remained comatose upon arrival at

the cardiac catheterization laboratory were excluded. This likely

excluded extremely critical patients who might not benefit

neurologically or survive from MCS. (3) The trial’s follow-up

period was 180 days, whereas previous studies typically had

30-day follow-ups. The SHOCK trial indicated that PCI’s effect

on 30-day mortality in AMI-CS patients was neutral, but benefits

were seen at 180 days (26). Therefore, 30 days as a primary

endpoint may be too early to assess the intervention’s effects

adequately. These findings highlight the importance of

considering both short-term and long-term outcomes, not just

short-term ones.

In summary, risk assessment and stratification of CS patients

are essential for guiding physicians in patient management and

facilitating the successful implementation of clinical trials.

Developing a simple and easy-to-use predictive model that

considers both short-term and long-term outcomes of CS will be

of significant clinical value.

Previous models

Currently, three primary models are used to predict the

prognosis of CS patients: IABP-SHOCK II risk score (7),

CardShock risk Score (8), and Cardiogenic Shock Score (CSS)

(9). These models provide tools for the management of CS

patients and the conduct of clinical trials. However, they have

not been widely used in clinical practice, possibly due to

limitations in population applicability, easy-to-use, and

consideration of long-term outcomes. Population applicability

may be the primary factor limiting the practical utility of these

models. The IABP-SHOCK II risk score was developed for AMI-

CS patients and requires post-PCI TIMI flow grades, making it

unsuitable for non-AMI-CS patients. The CardShock score was

developed in 2015 for all CS patients but included most AMI-CS

patients (81%). In addition, the sample size was only 219, which

may limit the applicability of the results to non-AMI-CS

patients. Historically, AMI has been the primary cause of CS,

constituting the majority of cases (>80%) (8). However, recent

epidemiological surveys indicate that the proportion of AMI-CS

in CS gradually decreases, now accounting for about 30% (3, 12).

In the 2017–2018 North American CCCTN study, only 30% of

CS cases were related to AMI, and among non-AMI-CS patients,

approximately two-thirds had a history of heart failure (12).

Therefore, models unsuitable for non-AMI-CS patients may limit

their clinical application.

TABLE 3 Subgroup analysis.

AMI cases non-AMI cases

Number (N = 541) (N= 1,143)

c-statistic 0.768 (0.737, 0.798) 0.734 (0.713, 0.755)

AUC 0.768 0.732

Variables HR (95%CI) P HR (95%CI) P

Age, year 1.040 (1.029, 1.052) <0.0001 1.030 (1.024, 1.037) <0.0001

SBP, mmHg 0.980 (0.971, 0.989) <0.0001 0.993 (0.988, 0.999) 0.0161

SpO2, % 0.987 (0.976, 0.996) 0.0167 0.983 (0.978, 0.989) <0.0001

Hemoglobin, g/dl 0.929 (0.855, 1.009) 0.0814 0.940 (0.893, 0.989) 0.0164

Serum creatinine, umol/L 1.001 (1.001, 1.002) 0.024 1.001 (1.001, 1.001) 0.0008

Blood glucose

<11.1 mmol/L Reference Reference

≥11.1 mmol/L 1.530 (1.177, 1.989) 0.0015 1.294 (1.067, 1.569) 0.0088

pH (Arterial blood gas)

<7.1 Reference Reference

7.1–7.35 0.424 (0.258, 0.697) 0.0007 0.535 (0.374, 0.766) 0.0006

>7.35 0.263 (0.141, 0.481) <0.0001 0.525 (0.344, 0.780) 0.0027

Arterial lactate, mmol/L 1.085 (1.051, 1.119) <0.0001 1.078 (1.054, 1.103) <0.0001

Norepinephrine 1.645 (1.178, 2.298) 0.0035 2.012 (1.607, 2.519) <0.0001

Multivariate Cox proportional hazards model for 30-day mortality in AMI and non-AMI cases.

HR, hazard ratio; CI, confidence interval; SBP, systolic blood pressure; SpO2, peripheral oxygen saturation.
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Secondly, the simplicity of the model and its consideration of

long-term outcomes also determine whether clinicians will use

them in practice. The CSS, a recent score system developed to

predict 30-day mortality in CS, has better population

applicability than the IABP-SHOCK II and CardShock risk

scores, covering all causes of CS (9). The CSS includes nine

easily obtainable parameters (age, sex, AMI-CS, systolic blood

pressure, heart rate, pH, lactate, glucose, and cardiac arrest) and

demonstrates good accuracy (c-statistic = 0.74). However, the CSS

only focuses on the 30-day mortality of CS patients and does not

consider long-term outcomes. In reality, the recovery of CS

patients within one year after discharge is not optimistic, and

survival rates continue to decline (4, 27). Currently, the in-

hospital mortality rate of CS patients is about 30%–40%, and the

one-year mortality rate can reach 50%–60% (3). Once again, the

latest Impella trial successfully demonstrated that the Impella

microaxial pump could reduce mortality in CS patients, and the

follow-up period for this trial was 180 days (6 months) rather

than 30 days (25). This indicates that the long-term outcomes of

CS patients are also worthy of our attention. This study

compared the performance of the CSS and the newly developed

CSSN using c-statistic, time-dependent ROC, calibration plots,

and decision curve analysis (DCA), indicating higher accuracy of

the CSSN. Furthermore, the study employed CSSN to predict

30-day mortality risk for all patients, grouping them based on

risk levels. Significant differences were observed in survival

curves among the groups over one year.

CSSN and its clinical contributions

A growing body of evidence suggests that several clinical

indicators can be used to predict the severity and outcomes of

patients with CS (7–9, 28). Based on the previous model, the

CSSN was developed, including the IABP-SHOCK II risk (7),

CardShock risk score (8), and CSS (9). In this study, we used

LASSO regression and the multivariable Cox model to screen and

confirm easily obtainable parameters in emergency settings and

those widely recognized in previous studies. Consequently, age,

SBP, SpO2, hemoglobin, serum creatinine, blood glucose, pH,

arterial lactate, and norepinephrine were identified and used to

develop the prognostic nomogram in our study. This nomogram

demonstrated good discrimination and calibration in predicting

patients’ 30-day probability of survival with CS, as assessed by the

c-statistic, AUC value, calibration plots, and clinical decision curve

analysis indicating good performance and high value for clinical use.

Based on previous models and after multiple refinements and

optimizations, our nomogram has several advantages (7–9):

(1) Comprehensive Application: Our model is designed for CS

resulting from any cause, and we have confirmed its accuracy in

both AMI-CS and non-AMI-CS through subgroup analysis.

(2) Simplicity and Accessibility: Our model includes only nine

parameters that are easily accessible in emergency settings, and it

is presented in the form of a nomogram, making it simple and

easy to use. Clinicians can quickly assess a patient’s risk using

our nomogram. (3) Holistic Approach: Our model performs well

even one year after discharge, enabling clinicians to provide more

appropriate treatment measures by weighing risks and benefits.

Furthermore, our model can be used with SCAI classification,

allowing physicians to assess a patient’s survival rates accurately.

SCAI divides cardiogenic shock into five stages (A-E),

corresponding to “at risk” for CS, “beginning” shock, “classic” CS,

“deteriorating”, and “extremis”, respectively (12). This staging is

based on a comprehensive evaluation of blood pressure, heart rate,

lactate levels, urine output, serum creatinine, vasopressor dose and

duration, and blood pressure response to vasopressors. Through

SCAI classification, clinicians can roughly understand the patient’s

disease progression stage and provide appropriate treatment

strategies (6). Our nomogram can complement SCAI classification

for a more precise assessment. For example, age is a critical factor

influencing the prognosis of CS patients, and patients at the same

SCAI stage may face different risks due to age differences (29, 30).

Combining CSSN with SCAI staging can enable a more precise

assessment. Moreover, our study incorporates continuous variables

into the model as much as possible to achieve more refined

predictive capabilities, greatly enhancing its usability.

Limitations

Despite the large sample size and thorough evaluation and

validation, our study has several limitations inherent to

retrospective research. The primary limitation is the inability to rule

out unknown confounding factors, a common issue in retrospective

studies. These unknown factors could potentially influence our

predictive model’s outcomes and accuracy. The 7:3 random division

(training-validation sets) used in this study is an internal validation

method, which cannot fully demonstrate the model’s

generalizability in independent external populations. Secondly, the

CSSN is based on the MIMIC database, and all patients received

ICU hospitalization, which may introduce bias when applied to

patients in other regions. Additionally, because the MIMIC database

does not include etiological diagnoses of CS, we could not obtain

specific causes of CS in patients; the diagnosis of AMI-CS was based

on the admission diagnosis. Although this study is based on a large

database, all patients were from ICUs in a single region, and their

treatment strategies and population characteristics may differ from

those in other regions. Future multicenter and multi-regional

prospective studies are needed to further validate the generalizability

of the CSSN. Despite these limitations, we believe the CSSN

remains a valuable tool for clinicians in managing cardiogenic

shock. The model’s ability to predict outcomes of CS, combined

with its simplicity, makes it a practical addition to current clinical

decision-making processes. Future prospective studies and

validation in diverse patient populations are needed further to

enhance the robustness and applicability of the CSSN.

Conclusion

In this study, we developed a prognostic model for predicting

survival rates in patients with cardiogenic shock, known as the
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Cardiogenic Shock Survival Nomogram (CSSN). The CSSN is

constructed using easily obtainable parameters in an emergency

setting. This model is straightforward, intuitive, and easy to use.

Utilizing the CSSN aids physicians in the early risk assessment of

CS patients and helps formulate targeted treatment strategies,

potentially improving patient outcomes.
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Introduction: Cardiogenic shock (CS) with severe aortic stenosis (AS) is a drug-

resistant hemodynamically unstable condition with high mortality. We report

three cases of CS with severe AS that were successfully managed with balloon

aortic valvuloplasty (BAV), followed by left ventricular (LV) unloading using

Impella as a bridge therapy for transcatheter aortic valve replacement (TAVR).

We call this therapeutic approach “BAV-PELLA-TAVR”.

Case presentation: Case 1: A 92-year-old Japanese female presented with CS

due to low-flow, low-gradient severe AS and multivessel coronary artery

disease. After emergent BAV and Impella 2.5 support, the patient’s

hemodynamics stabilized. Percutaneous coronary intervention was performed

on the right coronary and left anterior descending arteries with Impella 2.5

support. Subsequently, her heart failure (HF) improved and elective TAVR was

performed. Case 2: An 89-year-old Japanese female presented with CS due

to severe AS. Despite administration of high-dose catecholamines, the patient

developed exacerbation of CS due to reduced cardiac output, corresponding

to Stage D according to the Society for Cardiovascular Angiography and

Interventions (SCAI) classification. Consequently, BAV was performed, which

reduced the aortic valve pressure gradient (PG). However, due to persistent

hemodynamic instability, Impella 2.5 support was initiated. This procedure

resulted in hemodynamic improvement and elective TAVR was performed.

Case 3: An 86-year-old Japanese female developed CS with pulmonary

edema due to severe AS. Emergent BAV was performed. However, there was

no improvement in the PG and hemodynamics, and the initial mild aortic

regurgitation worsened to a moderate degree. Therefore, an Impella CP was

implanted, which resulted in improved hemodynamics. Following the removal

of the Impella CP device, and sub-emergent TAVR was successfully performed.
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Discussion: In all cases, emergent BAV and subsequent hemodynamic support

from the Impella were provided as the initial treatment for CS at Stage C/D

according to the SCAI classification. This approach improved CS, enabling

interventions for concomitant ischemic heart disease, multidisciplinary heart

team evaluation, and TAVR with reduced perioperative risk.

KEYWORDS

severe aortic stenosis, cardiogenic shock, balloon aortic valvuloplasty, impella,

transcatheter aortic valve replacement, BAV-PELLA-TAVR

1 Introduction

Cardiogenic shock (CS) is a life-threatening condition

characterized by tissue hypoperfusion due to low cardiac output

(CO) (1). CS is caused by diseases involving impaired function of

the myocardium, valve, conduction system, or pericardium,

either in isolation or in combination (2). The incidence of aortic

stenosis (AS) has been increasing worldwide with an aging

population (3), and it is one of the major causes of CS and acute

decompensated heart failure (ADHF). Furthermore, CS with

severe AS is associated with high mortality and morbidity (4).

In recent years, transcatheter aortic valve replacement (TAVR)

has become an established standard treatment for high-risk

patients with severe AS (5, 6). However, in the setting of CS,

TAVR is generally not indicated due to uncertain benefits and a

high risk of complications. In a multicenter retrospective

observational study, patients with decompensated AS who

underwent emergency TAVR had poor outcomes, with a 30-day

mortality of 24% and a high incidence of complications (vascular

complications: 22%; stroke: 9%). Meanwhile, a staged treatment

approach involving emergency balloon aortic valvuloplasty (BAV)

followed by elective TAVR has also been widely adopted; however,

this strategy similarly resulted in poor outcomes (7). Therefore,

current therapeutic options have limited effectiveness, highlighting

the need to establish effective treatment strategies for this condition.

We successfully performed BAV with subsequent hemodynamic

support using Impella (Abiomed, Danvers, MA) as bridge therapy for

TAVR. Several recent reports have supported this approach as a

feasible and effective therapeutic option (8–11). We call this

approach “BAV-PELLA-TAVR” and propose it as the optimal

therapeutic strategy for CS with severe AS. The combination of

aortic valve pressure gradient (PG) reduction by BAV and left

ventricular (LV) unloading with Impella could stabilize

hemodynamics and enable TAVR with reduced perioperative risk.

This report presents three cases treated with BAV-PELLA-TAVR and

discusses the hemodynamic advantages of this therapeutic approach.

2 Case presentation

2.1 Case 1: Low flow, low gradient (LF-LG)
severe AS with multivessel coronary artery
disease

A 92-year-old Japanese female with a medical history of

hypertension and diabetes was admitted to our cardiovascular

intensive care unit for ADHF. On admission, her vital signs were as

follows: blood pressure, 103/65 mmHg; heart rate, 160 beats/min;

and peripheral oxygen saturation, 95%, while receiving supplemental

oxygen at 10 L/min. Blood tests showed an elevated high-sensitivity

troponin T level of 0.243 ng/ml. Chest radiography revealed a

cardiothoracic ratio of 66% and pulmonary congestion.

Electrocardiography (ECG) showed atrial fibrillation with a heart rate

of 150 beats/min and poor R-wave progression. Echocardiography

revealed diffuse hypokinesis with a reduced left ventricular ejection

fraction (LVEF) of 38%, aortic valve calcification, and severe mitral

regurgitation (MR). The aortic valve peak velocity was 3.3 m/s, and

the mean PG was 29 mmHg; however, the aortic valve area (AVA)

was markedly low at 0.39 cm2 (calculated using the continuity

equation), and the stroke volume index was also low at 20 ml/m2,

suggesting LF-LG severe AS (Figure 1A).

Non-invasive positive pressure ventilation and intravenous

furosemide administration were initiated. Landiolol was administered

to manage tachycardic atrial fibrillation; however, as rate control

remained inadequate, electrical cardioversion was performed, which

successfully restored the sinus rhythm. Despite these initial

treatments, the patient’s blood pressure decreased to 77/37 mmHg,

and the serum lactate level was elevated to 2.2 mmol/L, indicating

Stage C according to the Society for Cardiovascular Angiography and

Interventions classification (SCAI). Subsequently, mechanical

ventilation was initiated, and norepinephrine at 0.3 γ and dobutamine

at 3 γ were administered, resulting in an increase in blood pressure to

99/50 mmHg. Cardiac catheterization was performed to evaluate

hemodynamics and coronary arteries. Right heart catheterization

demonstrated the following hemodynamic parameters: pulmonary

capillary wedge pressure (PCWP) of 23 mmHg, pulmonary artery

pressure (PAP) of 50/20 mmHg, central venous pressure (CVP) of

13 mmHg, CO of 2.7 L/min (measured by the Fick method), and

cardiac index (CI) of 1.9 L/min/m2. Coronary angiography (CAG)

revealed multivessel coronary artery disease with 90% stenosis in the

proximal and mid-right coronary artery, 90% stenosis in the proximal

and mid-left anterior descending artery, and 75% stenosis in the

proximal and mid-circumflex artery.

The cause of CS was considered to be non-ST-elevation

myocardial infarction associated with LF-LG severe AS, severe MR,

and ischemic heart disease. Consequently, we planned to improve

hemodynamics through an intervention for severe AS by

performing BAV using an 18-mm Tyshak balloon (Cardinal

Health Japan, Tokyo, Japan). Immediately after the procedure, the

patient experienced cardiac arrest owing to pulseless electrical

activity. Cardiopulmonary resuscitation was promptly initiated,

and an Impella 2.5 device was implanted, resulting in the
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stabilization of blood pressure at 115/56 mmHg. These procedures

led to a reduction in the aortic valve PG from 29 to 13 mmHg, and

the MR improved significantly (Figure 1B). Subsequently,

percutaneous coronary intervention (PCI) was performed and

drug-eluting stents (Xience Alpine; Abbott Vascular, Santa Clara,

CA) were implanted into the right coronary artery and left anterior

descending artery. These interventions stabilized the patient’s

hemodynamics, allowing discontinuation of catecholamines. The

Impella device was removed on day 5, and the patient was

extubated on day 9. Thereafter, the patient maintained

compensated heart failure (HF) and stable hemodynamics with

oral therapy alone. The heart team evaluation deemed the patient

to be at a high surgical risk (STS score: 12.8%, Clinical Frailty Scale

score: 4, Katz Index: 4), and TAVR was recommended. Elective

TAVR with a 23-mm SAPIEN 3 valve (Edwards Lifesciences,

Irvine, CA) was successfully performed on day 19.

2.2 Case 2: reduced cardiac output due to
severe AS

An 89-year-old Japanese female with a history of hypertension and

dyslipidemia was admitted to another hospital for ADHF. Owing to

worsening hemodynamics, she was transferred to our hospital for

advanced intensive care. On admission, the patient was intubated

and on mechanical ventilation, with continuous infusions of

norepinephrine at 0.3 γ and dopamine at 4 γ. Her vital signs were as

follows: blood pressure, 94/61 mmHg; heart rate, 100 beats/min; and

peripheral oxygen saturation, 100%, while receiving an FiO2 of 0.4.

Chest radiography revealed pleural effusion, slight pulmonary

congestion and a cardiothoracic ratio of 62%. ECG revealed atrial

fibrillation with a heart rate of 129 beats/min and ST-segment

depression in leads V4-V6. Echocardiography demonstrated a

reduced LVEF of 37% and severe AS, with an aortic valve peak

velocity of 5.8 m/s, a mean PG of 82 mmHg, and an AVA of

0.31 cm2. In addition, a septal e’ velocity of 3.2 cm/s, an E/e’ ratio of

23.8, and a left atrial volume index of 113 ml/m2 were suggestive of

LV diastolic dysfunction.

Electrical cardioversion was performed to manage atrial

fibrillation and successfully restore the sinus rhythm. Despite the

administration of high-dose catecholamines, hemodynamics

remained unstable, and the serum lactate level was elevated at

2.4 mmol/L, indicating SCAI SHOCK Stage D. Right heart

catheterization demonstrated the following hemodynamic

parameters: PCWP of 10 mmHg, PAP of 25/12 mmHg, CVP of

5 mmHg, CO of 1.6 L/min (measured by the Fick method), and

CI of 1.2 L/min/m2. CAG revealed no significant stenosis.

The pathology was considered CS associated with reduced

cardiac output due to severe AS. Emergent BAV was performed

using an 18-mm Z-Med balloon (NuMED, Inc., Hopkinton, NY),

resulting in a reduction in the aortic valve PG from 102 to

56 mmHg. However, low cardiac output persisted with a CO of

1.8 L/min and a CI of 1.4 L/min/m2. Subsequently, an Impella

2.5 device was implanted, selected because of poor vascular

access and small body surface area of 1.2 m2. These interventions

resulted in an increase in CO to 2.3 L/min, CI to 1.7 L/min/m2,

and blood pressure to 138/62 mmHg (Figure 2). As the patient’s

cardiac function showed gradual improvement and hemodynamic

parameters stabilized, the Impella device was removed on day

6. In the multidisciplinary heart team discussion, it was

determined that the patient was at high surgical risk (STS score:

FIGURE 1

Hemodynamics and images in Case 1. (A) Echocardiography on admission (Case 1). (B) Hemodynamic improvement after BAV and Impella support

(Case 1). AS, aortic stenosis; AV, aortic valve; AVA, aortic valve area; BAV, balloon aortic valvuloplasty; BP, blood pressure; EF, ejection fraction;

ERO, effective regurgitant orifice; LF-LG, low flow low gradient; LVOT-VTI, left ventricular outflow tract velocity time integral; MR, mitral

regurgitation; PG, pressure gradient; RV, regurgitant volume; SVi, stroke volume index.
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32.2%, Clinical Frailty Scale score: 2, Katz Index: 5), and TAVR was

planned. On day 9, elective TAVR with a 23-mm SAPIEN 3 valve

was successfully performed.

2.3 Case 3: cardiogenic pulmonary edema
due to severe AS

An 86-year-old Japanese female with a history of hypertension

was admitted to our cardiovascular intensive care unit for ADHF.

On admission, her vital signs were as follows: blood pressure,

165/87 mmHg; heart rate, 85 beats/min; and peripheral oxygen

saturation, 97%, while receiving 6 L/min of supplemental oxygen.

Chest radiography revealed a cardiothoracic ratio of 60%,

pulmonary congestion, and pleural effusion. ECG showed sinus

rhythm with a heart rate of 88 beats/min and ST-segment

depression in leads V4-V6. An echocardiogram demonstrated a

LVEF of 55%, mild aortic regurgitation (AR), and severe AS,

with an aortic valve peak velocity of 4.7 m/s, a mean PG of

63 mmHg, and an AVA of 0.21 cm2.

After initiating mechanical ventilation, the blood pressure

decreased, and the serum lactate level was elevated at 2.0 mmol/L,

indicating SCAI SHOCK Stage C. Administration of norepinephrine

at 0.1 γ was initiated immediately. Right heart catheterization

demonstrated the following hemodynamic parameters: PCWP

of 42 mmHg, PAP of 51/37 mmHg, CVP of 17 mmHg, CO of

3.7 L/min (measured by the Fick method), and CI of 2.6 L/min/m2.

CAG showed no significant stenosis. The peak-to-peak gradient

between the left ventricle and aorta (LV-Ao) was 100 mmHg.

The pathology was CSwith pulmonary edema caused by severe AS.

Emergent BAV was performed using a 16-mm Z-Med balloon.

However, the LV-Ao PG remained high at 80 mmHg, and the

PCWP was high at 42 mmHg. Furthermore, the severity of AR

worsened from mild to moderate; thus, an additional oversized BAV

was determined to carry a high risk of further AR exacerbation.

Consequently, an Impella CP device was implanted, which led to an

increase in the blood pressure, allowing for the discontinuation of

catecholamines, and a reduction in PCWP to 15 mmHg. The heart

team evaluation determined that the patient was at a high surgical

risk (STS score: 22.2%, Clinical Frailty Scale score: 4, Katz Index: 4),

and TAVR was planned. Preoperative computed tomography

performed under Impella CP support demonstrated the following

measurements: an aortic valve annulus with diameters of

16.3 × 23.3 mm, a perimeter of 63.2 mm, and an area of 303 mm2.

On day 7, following the removal of the Impella CP device, sub-

emergent TAVR with a 20-mm SAPIEN 3 valve was successfully

performed, reducing the aortic valve PG from 81 to 8 mmHg

(Figure 3). Subsequently, adequate diuresis was achieved, pulmonary

congestion improved, and the patient was extubated on day 9. HF

remained compensated with oral medications alone. Cardiac

rehabilitation was carried out, resulting in improved activities of daily

living, and the patient was discharged home on day 28.

3 Discussion

Patients with severe AS often develop ADHF and CS, resulting

in poor prognosis (12, 13). Several case series have demonstrated

the value of BAV in achieving hemodynamic stability before

definitive therapy (14, 15). However, BAV has intrinsic risks, and

its efficacy is modest, with a risk of significant AR.

On the other hand, emergent or urgent TAVR can be an optional

therapy (16). Classically, patients with CS are not considered

candidates for TAVR because of concerns regarding the feasibility of

a standard pre-procedural evaluation including computed

tomography and the consequent risks of inaccurate transcatheter

aortic valve sizing, improper assessment of periprocedural

complications, and unsuitability of iliofemoral access, as well as the

risk of complications associated with the procedure itself (7).

Nonetheless, in light of the results of a substudy of the Society of

Thoracic Surgeons and the American College of Cardiology

Transcatheter Valve Therapy registry, “primary” TAVR has

demonstrated a high procedural success rate in patients with CS

(17). Despite this, the 30-day mortality rate remains high at 19.1%,

FIGURE 2

Hemodynamic improvement after BAV and Impella support (Case 2). BAV, balloon aortic valvuloplasty; BP, blood pressure; PG, pressure gradient.
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suggesting that primary TAVR alone may not lead to sufficient

improvement in clinical outcomes. In contrast, BAV, as a bridge to

definitive therapy, may be considered in hemodynamically unstable

patients who are at high risk for surgery (5, 15). Thus, emergent BAV

with subsequent hemodynamic support by mechanical circulatory

support, followed by elective or urgent TAVR after hemodynamic

stabilization, is essentially an ideal approach for CS with severe AS.

According to the Japanese Circulation Society (JCS)/Japanese

Society for Cardiovascular Surgery (JSCVS)/Japanese College of

Cardiology (JCC)/Japanese Association of Cardiovascular

Intervention and Therapeutics (CVIT) 2023 guidelines focused on

the indication and operation of percutaneous cardiopulmonary

support (PCPS)/extracorporeal membrane oxygenation (ECMO)/

Impella, intravenous inotropic drugs are recommended to be

administered first for patients with SCAI SHOCK Stages C and

D. Coronary revascularization, such as PCI, should be performed if

necessary, and Impella should be used if hypoperfusion persists,

accompanied by elevated left ventricular end-diastolic pressure

(LVEDP) (18). Physiologically, patients with severe AS are not

eligible for Impella because the insertion of the device through the

stenotic valve orifice is technically challenging. However, emergent

BAV with a small balloon to achieve the minimum diameter makes it

possible to insert an Impella device. We measured the aortic annulus

diameter using transesophageal echocardiography prior to BAV and

selected a balloon size that did not exceed the measured value. This

allowed for successful Impella insertion across the aortic valve in all

cases. Thus, “BAV-PELLA,” which refers to BAV and hemodynamic

support with Impella, may be an ideal option as a reasonable and

safe intervention for CS caused by severe AS.

The treatment sequence of BAV-PELLA-TAVR is recommended

for AS patients with impaired cardiac function in whom congestion

and low CO are likely to persist even after BAV. Figure 4 illustrates

the hemodynamics of LF-LG AS with impaired LV function and the

treatment process of BAV-PELLA-TAVR using our previously

developed cardiovascular simulator (19, 20). Figure 4A shows the

hemodynamics and pressure-volume (PV) loops of a normal heart,

AS, and LF-LG AS. AS causes a significant increase in the PG and

an upward shift in the PV loop, suggesting an increase in LV

mechanical work. However, in patients with normal LV function,

changes in CO, atrial pressure, and left ventricular end-diastolic

volume (LVEDV) remain within acceptable ranges without major

circulatory collapse. In contrast, with impaired LV systolic and

diastolic functions, the PV loop shifts downward and the PG also

significantly decreases. Figure 4B shows BAV in a LF-LG AS patient

with low LV function. Although BAV significantly reduces PG, the

resulting increase in stroke volume is limited, and congestive HF

may not be sufficiently improved. Using Impella in such cases can

significantly improve hemodynamics while reducing the LV load. In

some cases, Impella-mediated HF management can even improve

LV function. As shown in Figure 4C transitioning to TAVR with

well-managed HF enables the safe radical treatment of AS.

Case 1 most closely resembles the simulation shown in Figure 4.

Impella-mediated HF management and PCI may contribute to

improved LV function. In Case 2, cardioversion was promptly

performed for atrial fibrillation after transfer, successfully restoring

sinus rhythm. The recovery of atrial function can increase the inflow

from the left atrium to the LV. However, in this case with severe AS

and LV diastolic dysfunction, the increased LV inflow due to sinus

rhythm restoration may not have contributed to an increase in CO

and could have exacerbated LV load. Although severe AS may have

contributed to the reduced CO, the use of vasopressors and diuretics

for congestion relief and blood pressure maintenance might have

caused a significant preload reduction and afterload increase,

potentially leading to a persistently low CO after BAV. Impella

FIGURE 3

Preoperative CT imaging and urgent TAVR (Case 3). BP, blood pressure; CT, computed tomography; PG, pressure gradient; TAVR, transcatheter aortic

valve replacement.
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support promptly improved hemodynamics and enabled stable

medication adjustment and pre-TAVR HF management. Case 3 had

severe AS with preserved LV function. As BAV treatment was

limited owing to worsening AR, Impella was used for HF

management, enabling a stable transition to TAVR. Despite

differences in LV function, AS severity, and HF status, all three cases

shared the common feature that Impella-mediated HF management

after BAV facilitated a stable transition to TAVR treatment. In

addition, BAV-PELLA-TAVR provided sufficient time to discuss the

optimal strategy for severe AS in the heart team meeting.

4 Conclusions

“BAV-PELLA-TAVR,” which stabilizes hemodynamics and

improves ADHF, may be one of the optimal therapeutic options

for the sickest patients with CS due to severe AS.
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Heart failure is a global health concern, with many patients being unresponsive

to medical therapies. In end-stage disease, left ventricular assist devices (LVADs)

offer an alternative to transplantation, yet their clinical course remains

unfavorable, with up to one in four patients dying within a year. Although

LVAD implantation aims to alleviate left-sided congestion and reduce right

ventricular burden, a significant proportion of patients develop RHF, which is a

major driver of morbidity and mortality. The underlying mechanisms leading to

RHF remain a subject of debate, with no definitive conclusions reached. Due

to the heterogeneity of heart failure pathophysiology, clinical data varies, and

the translation of preclinical findings into effective bedside management

remains challenging. These factors collectively hinder the precise

characterization of RHF mechanisms, with some proposed explanations

remaining speculative. Assessing the risk of RHF development based on

pathophysiological insights is essential. However, predicting the progression of

RHF following LVAD implantation remains difficult due to complex

hemodynamic interactions and the lack of established guidelines, often

leading to missed opportunities for timely right ventricular (RV) support device

implantation. To reduce the incidence of RHF, this review aims to provide

insights into RV failure mechanisms and propose a refined predictive

approach. Although data in this field is rapidly evolving, explanations and

assessment methods have not been significantly updated. This paper

consolidates recent findings, presents updated perspectives, and identifies

remaining gaps in knowledge.
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LVAD, left ventricular twist, pressure-volume loop, PV loop, RHF, right ventricle, RVF,
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1 Introduction

Heart failure (HF) affects more than 65 million worldwide,

with many patients being unresponsive to medical therapies (1).

For those with end-stage HF, mechanical circulatory support

(MCS), in the form of left ventricular assist devices (LVADs), has

emerged as a bridge to transplantation, to a decision, or to

myocardial recovery, as well as destination therapy in patients in

whom cardiac transplantation is contraindicated (2).

Despite advances in LVAD indications, the incidence of right

heart failure (RHF) after LVAD implantation remains a major

concern, where the dysfunctional right ventricle (RV)

undermines hemodynamic stability and is a driver of

morbidity and mortality (3, 4). Previous studies report that

10%–35% of patients experience RHF within one month

following LVAD placement (5–8) and the in-hospital mortality

rate of LVAD recipients requiring right ventricular assist

device (RVAD) was up to 50%, while patients undergoing

planned biventricular assist device (BiVAD) placement face a

mortality rate of 30% (6).

Considering that LVADs relieve congestion in the left-side

heart and, consequently, the right side, the underlying

mechanism of RHF is challenging to fully elucidate. Several

contributing factors have been discussed in previous reviews,

including excessive LVAD suction disrupting ventricular

interdependence and increased LVAD flow elevating RV preload,

yet adequate evidence supporting some of these phenomena is

lacking, with speculative components included. Additionally, it

remains unclear which mechanisms are well supported by firm

evidence and which remain hypothetical (9). Most of the current

evidence relies on load-dependent functional parameters, further

raising concerns about their reliability in LVAD patients, where

loading conditions fluctuate dramatically (10–12).

Additionally, planned BiVAD implantation potentially

improves the outcomes as mentioned previously (6), yet the

definitive indication for simultaneous LV and RV support device

implantation is unclear. Although numerous factors have been

proposed as predictors for RHF after LVAD implantation, their

reproducibility remains inconsistent.

To advance our understanding of the mechanism and possibly

improve the prediction of post-LVAD RHF, this review aims to: (i)

examine the recently proposed pathophysiological mechanistic

evidence from the human pressure-volume (PV) loops to capture

load-independent functional parameters such as RV end-systolic

elastance (Ees) and end-diastolic pressure volume relation

(EDPVR); (ii) evaluate existing functional assessment approaches

and risk scores to predict RHF development, and consolidate the

key factors; and, (iii) clarify the current knowledge gaps and

future research directions. To capture the latest insights, we

conducted an extensive literature search in PubMed MEDLINE,

Scopus, Embase, and ClinicalTrials.gov using controlled

keywords, primarily “LVAD” and “RHF.”

Figure 1 illustrates the principal concepts discussed in this

review. The goal of this review is to assist clinicians in

optimizing LVAD management and guiding research, ultimately

to improve patient outcomes.

2 RHF definition

The Interagency Registry for Mechanically Assisted Circulatory

Support (INTERMACS) and the updated Mechanical Circulatory

Support—Academic Research Consortium (MCS–ARC)

definitions of RHF have been widely accepted (13, 14). In the

most recent consensus statement from 2020, RHF is classified

into three categories based on the timing of symptom onset

(Table 1) (14):

1. Early acute RHF,

- requiring concomitant implantation of a temporary

VAD or

- requiring RVAD with an LVAD implantation

2. Early post-implantation RHF,

- requiring a RVAD <30 days or

- failing to wean from inotropes, vasopressors or nitric

oxide within 14 days, or

- death attributable to RHF <14 days from an

LVAD implantation

3. Late RHF,

- requiring a RVAD more than 30 days or

- requiring hospitalization for RHF >30 days after an

LVAD implantation

In addition to these categories, the diagnostic criteria also

include multiple clinical indicators, such as hemodynamic

parameters (elevated central venous pressure, reduced cardiac

index, and reduced venous oxygen saturation), right heart failure

symptoms (e.g., edema, ascites), and end-organ dysfunction (e.g.,

kidney dysfunction, liver failure) (14). Furthermore, the

statement also recommends classifying RHF incidence into three

categories based on its associations: (1) patient-related (e.g.,

valvular heart disease, pulmonary disease, cardiorenal syndrome);

(2) management-related (e.g., surgical procedures, inotrope

withdrawal, volume overload); and (3) device-related (e.g., pump

malfunction, outflow graft compromise). Early RHF occurs most

frequently. In a recent study using the STS INTERMACS

database, the prevalence of de novo RHF at one month (i.e., early

RHF) was as high as 24% (8).

Although the overall prevalence of late RHF remains stable and

less than early RHF at a rate of 8%–10% over their three-year

surveillance, it cannot be underestimated (8). This is because late

RHF is also associated with the least favorable outcome (8, 15).

Takeda et al. demonstrated the prognostic significance of late

RHF after continuous-flow LVAD implantation, with the survival

of patients with RHF progressively worsening compared to that

of patients without RHF (Figure 2) (16).

This definition is widely adopted in most studies and is

therefore used in this review.

3 Mechanisms of RHF

This section outlines the impact of implantation of an LVAD

on the RV and discusses the potential mechanisms driving RHF.
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In the later part of the section, PV loop data from clinical studies

are summarized, as it accurately reflects afterload and preload on

RV and provide load-independent functional parameters such as

Ees and EDPVR (Figure 3). Moreover, PV loops also provide

pulmonary artery (PA) effective arterial elastance (Ea) and the

RV Ees/Ea ratio, commonly referred to as “RV-PA coupling,”

which serve as valuable indices of RV contractility in relation to

the afterload imposed by the PA (17). These approaches will

contribute to a more comprehensive understanding of

RHF mechanisms.

A fundamental understanding of interventricular interaction is

essential to grasp this section, as it plays a critical role in the

pathophysiology of post-LVAD RHF. The Torrent-Guasp helical

model describes the entire heart as composed of two

interconnected loops of the myocardium (18, 19). One loop has

muscle fibers wrapping around both ventricles in parallel with a

short axis at their basement, and the other loop has fibers

spiraling around the left ventricle (LV), including the

interventricular septum. The RV is constructed from these two

fiber systems, with the free wall formed by the first (wrapping)

myocardial loop and the septal wall formed by the second

(helical) structure. This structure is crucial because the “helical”

or “twisting” motion of the secondary loop significantly

contributes to the RV systolic function. This LV “twisting”

contributes to longitudinal motion of RV, while wrapping

myocardium primarily facilitates “transverse (radial)” movement

of RV free wall (20, 21).

According to studies in a canine model by Hoffman and

colleagues, where the RV free wall was replaced with a xenograft

pericardial patch, LV motion accounted for 24%–35% of RV

stroke work (SW) (22). Thus, RV function can be significantly

influenced by the LV through the septal wall, which is key factor

in the occurrence of RHF after LVAD implantation.

3.1 LVAD-specific effects on RV

The following mechanisms can act individually or in

combination: (1) Loss of LV twist, (2) Leftward shift of the

interventricular septum, (3) Changes in RV Loading Conditions

FIGURE 1

Graphical abstract. Illustration outlines the primary impact of an LVAD on the RV, including underlying mechanisms driving post-LVAD RHF. The table

at the bottom summarizes changes in RV function and loading conditions following LVAD implantation. The column on the right identifies strong

predictors for RHF including non-cardiac factors, all of which are incorporated into at least two representative risk scores and have been identified

as significant predictors in large scale multivariable analyses. LVAD, left ventricular assist device; TR, tricuspid regurgitation; RV, right ventricle; RHF,

right heart failure; MCS, mechanical circulatory support; RV LS, right ventricular longitudinal strain; RVSWi, right ventricular stroke work index;

PAPi, pulmonary artery pulsatility index; RAP, right atrial pressure; PCWP, pulmonary capillary wedge pressure.
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TABLE 1 MCS-ARC definition of right heart failure.

RHF type Criteria for diagnosis

Early Acute RHF • Need for implantation of a temporary or durable RVAD (including ECMO) concomitant with LVAD implantation (i.e., the RVAD is implanted

before the patient leaves the operating room).

Early post-implant

RHF

• Need for implantation of a temporary or durable RVAD (including ECMO) within 30 days following LVAD implantation (for any duration of time);

OR

• Failure to wean from inotropes or vasopressors, or inhaled nitric oxide within 14 days following LVAD implantation; OR

• Need to (re)initiate this support within 30 days of LVAD implantation for a duration of at least 14 days; OR

• Death occurring within 14 days of LVAD implantation in patients who did not receive an RVAD but remained on inotropes or vasopressors at the

time of death and met the diagnostic criteria for RHF (at least 2 clinical findings or 1 manifestation listed below.

• Primary diagnosis of RHF (must have ≥2 of the clinical findings OR ≥1 manifestation):

o Clinical Findings:

▪ Ascites

▪ Functionally limiting peripheral edema (at least moderate level of swelling in the extremities)

▪ Elevated estimated JVP (at least halfway up the neck in an upright patient)

▪ Elevated measured CVP or RA pressure (≥16 mm Hg)

o Manifestations:

▪ Renal failure: serum creatinine >2 × baseline

▪ Liver injury: ≥2 × upper limit normal in AST/ALT, or total bilirubin >2.0 mg/dl

▪ SVO2 < 50%

▪ Cardiac index <2.2 L/min/m2

▪ Reduction in pump flow of >30% from the previous baseline (in the absence of mechanical causes such as tamponade or

▪ tension pneumothorax)

▪ Elevated lactate >3.0 mmol/L.

· · Pediatric Adaptation

The above criteria may be modified for pediatric patients. Primary diagnosis of RHF requires ≥2 of the clinical findings OR ≥1 manifestation

o Clinical Findings:

▪ Ascites

▪ Significant peripheral edema (at least moderate level of swelling in the extremities)

▪ Elevated JVP (visible in an upright patient) or hepatomegaly (3 + cm below costal margin)

▪ Elevated CVP or RA pressure:

- Age 10–18 years: CVP >14 mm Hg

- Age 5–10 years: CVP >12 mm Hg

- Age <5 years: CVP >10 mm Hg

o Manifestations:

▪ Renal failure: serum creatinine ≥1.5 × above baseline.

▪ Liver injury with an elevation of AST, ALT or total bilirubin ≥2 × upper normal.

▪ Decrease in pump flow ≥30% from a recent baseline in the absence of tamponade.

▪ We need to decrease the pump rate ≥20% or more from a recent baseline owing to the poor filling of LVAD in a pulsatile system.

▪ Cardiac Index <2.2 L/min/m2

Late RHF • Need for implantation of an RVAD (including ECMO) ≥30 days after LVAD implantation. This may occur during the index hospitalization for

LVAD placement or any subsequent readmission, OR

• Hospitalization ≥30 days post-implant requiring intravenous diuretics or inotropic support for ≥72 h and associated with RHF by criteria below:

o Diagnosis of RHF (must have ≥2 clinical findings OR ≥1 manifestation:

▪ Clinical Findings

▪ Ascites

▪ Functionally limiting peripheral edema (>2+).

▪ Elevated estimated JVP at least halfway up the neck in an upright patient.

▪ Elevated measured CVP (>16 mm Hg).

o Manifestations:

▪ Renal failure: serum creatinine >2 × baseline value

▪ Liver injury: ≥2 × upper limit normal in AST/ALT, or total bilirubin >2.0 mg/dl

▪ Reduction in pump flow of >30% from the previous baseline (in the absence of tamponade)

▪ SVO2 < 50%

▪ Cardiac index <2.2 L/min/m2

▪ Elevated lactate >3.0 mmol/L

• Pediatric Adaptation

o Requirement for intravenous diuretics or inotropic support of ≥72 h due to new onset right heart failure (i.e., not present continuously since

implantation, with a period of ≥7 consecutive days off intravenous support)

▪ Diagnosis of RHF requires ≥2 of the following clinical findings, or ≥1 manifestations (as above, adjusting for pediatric CVP thresholds and

definitions of ascites, edema, and hepatomegaly)

Above definition of RHF is extracted from the MCS-ARC consensus statement (14). RHF, right heart failure; LVAD, left ventricular assist device; RVAD, right ventricular assist device; ECMO,

extracorporeal membrane oxygenator; AST, aspartate aminotransferase; ALT, alanine aminotransferase; SvO2, venous oxygen saturation; JVP, jugular venous pressure; CVP, central venous

pressure; RA, right atrium.
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Due to LVAD, (4) Worsening of functional tricuspid regurgitation

(TR), (5) Aortic insufficiency (AI). Notably, these mechanisms

remain incompletely characterized in the literature, as studying

the mechanisms of RHF in patients is challenging presumably

due to the heterogeneity of LVAD candidates’ pathophysiology

and the lack of accurate human data.

3.1.1 Loss of LV twist
- Decrease in RV contractility

In LVAD patients, LV twisting motion is primarily impaired due to

two factors: (1) loss of constraint following pericardiotomy, and (2)

constraining of the LV apex and septum.

The relationship between pericardial constraint and LV twist

has been frequently discussed in the past. A preclinical study

demonstrated a decline in LV twist, measured by LV speckle

tracking, following pericardiotomy—due to the loss of pericardial

constraint, suggesting that this constraint plays a significant role

in LV twist. This study was specifically designed to investigate

the role of the pericardium and further revealed that the decline

in LV twist was restored after pericardial closure (23).

Additionally, impaired longitudinal motion of the RV after

pericardiotomy has been reported in clinical settings including

mitral valve surgery, heart transplantation and coronary artery

bypass graft (CABG) surgery, whereas other thoracic surgeries,

such as lung transplantation, did not demonstrate a similar

effect. Given that LV twist plays a significant role in the

longitudinal movement of the RV, RHF after LVAD implantation

may be attributable to the loss of LV twist. Long-term follow-up

studies have reported that this reduction in longitudinal motion

persists for more than one month even after chest closure

(23–26). Clinical data linking the loss of LV twist to

pericardiotomy specifically in LVAD implantation remain sparse,

highlighting the need for further data accumulation to support

this explanation.

Additionally, the LVAD replacement to the LV apex can also

constrain the LV apex and septum, potentially impairing LV

twisting movement (Figure 1). This deformation is considered to

negatively affect RV outflow although clinical research on this

impact remain limited (20). However, data directly supporting

this mechanism also remain scarce, making this impact

somewhat speculative. More detailed data on LV twist in LVAD

patients are needed.

3.1.2 Leftward shift of interventricular septum
- Decrease in RV contractility

- Improvement in RV diastolic compliance

In an LVAD configuration, suction within the LV displaces the

interventricular septum leftward, altering its geometry, reducing

septal motion, and consequently diminishing RV contractility,

while simultaneously improving RV diastolic compliance (9).

A decline in RV contractility by leftward shift of the

interventricular septum is the subject of debate (27), and

FIGURE 2

Comparison of survival rate between patients with and without right heart failure five-year kaplan-meier curve between patients with and without

RHF.. RHF was defined as rehospitalization and medical treatment because of recurrent RHF or patients who required continuous inotropic

support because of persistent RHF >4 weeks after implantation. The survival curve gap between the two groups widens year by year. Reproduced

with permission from “Comparison of survival: non-RHF group versus RHF group. RHF, right heart failure” by Koji Takeda, Hiroo Takayama, Paolo

C. Colombo, Ulrich P. Jorde, Melana Yuzefpolskaya, Shinichi Fukuhara, Donna M. Mancini and Yoshifumi Naka, licensed under CC-BY-NC-ND.
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preclinical studies support this expectation (28, 29). Since the

interventricular septum plays a pivotal role in RV systolic

function, as previously mentioned, excessive LVAD suction can

impair septal wall motion, thereby compromising RV function.

A study on PV loops and septal strain for RV contractility

assessment in LVAD patients found that alterations in RV Ees

during ramp test were significantly correlated with RV septal

strain (r = 0.78, p = 0.02) but not with free wall strain (r = 0.45,

p = 0.26), highlighting the critical role of the interventricular

septum in RV contractility (30). Impaired septal movement can

be compensated by the RV free wall; however, this mechanism

fails in patients with a high afterload. In this context, contractile

impairment significantly affects RV SV, resulting in RV-PA

uncoupling (20).

In contrast to contractility, leftward septal deformation can

enhance RV compliance. Left-sided suction allows the RV to

expand further, even under low end-diastolic pressure, thereby

increasing diastolic compliance, a mechanism that will be

discussed later in the PV loop part (3–2. PV loop in patients

with LVAD). This effect is beneficial to the RV, and does not

directly contribute to RHF (31).

3.1.3 Changes in RV loading conditions due to
LVAD
- Decrease(/Increase) in RV afterload

- Decrease/Increase in RV preload

To avoid confusion, this paper defines afterload/preload as end-

systolic pressure (ESP) and end-diastolic pressure (EDP),

respectively as per Guyton and Hall Textbook (32). LVAD

unloading generally relieves the load on the RV. However,

preload can increase in specific conditions, such as RV

dysfunction, TR, and LVAD-induced AI. Since claims especially

regarding changes in preload after LVAD implantation vary

depending on review papers (33, 34), we present actual

hemodynamic data of ESP and EDP to support our discussion.

RV afterload

Since an LVAD relieves congestion on the left side of the heart and

in the pulmonary circulation, RV afterload is generally expected to

decrease following device placement. Below, we have listed three

papers that report a reduction in RV afterload (ESP) or related

components, including pulmonary capillary wedge pressure

(PCWP) and mean PA pressure.

1. Data from Brener and colleagues demonstrated a slight but

significant decrease in RV afterload during a temporary

increase in LVAD speed (RV ESP 31.58 ± 9.75–

29.58 ± 9.41 mmHg: p = 0.02) (35).

2. Regarding factors related to RV afterload, Masri and colleagues

reported pulmonary artery catheter (PAC) data showing a

significant reduction in PCWP (23.2 ± 7.6–14.9 ± 7.3 mmHg;

p < 0.01) and mean PA pressure (from 35.9 ± 9.9 to

23.3 ± 7.7 mmHg; p < 0.01) within 72 h after LVAD

implantation with a volume displacement pump (63%), axial

pump (26%), and centrifugal pumps (11%) (36).

3. This trend generally continues over the long-term, as another

study reported sustained decreases in PCWP (from 23 [1st

and 3rd interquartile 17, 30] to 12 [7, 17] mmHg) and in

effective arterial elastance (Ea; from 1.31 [0.7, 1.62] to 0.59

[0.42, 0.9] mmHg/ml) over six months after implantation of

axial pumps (28%) and centrifugal pumps (72%) (37).

However, specifically in cases of AI, afterload may increase.

Hemodynamic data comparing pressure parameters showed that

patients who developed AI had higher mean PA pressure and

PCWP compared to those without AI (38, 39).

RV preload

Preload, or RV end-diastolic pressure (EDP), decreases or remains

stable immediately after LVAD implantation because of

LVAD suction.

Below, we have listed three papers that report a reduction or

stabilization in RV preload.

1. PV loop data from Brener and colleagues also demonstrated a

slight decrease in preload (RV EDP 7.95 ± 3.55–

7.42 ± 3.29 mmHg: p = 0.04).

2. Right atrial pressure (RAP) also generally decreases or stabilizes

in the short term (RAP: 11.8 ± 6.5–10.1 ± 5.4 mmHg) after

LVAD implantation with volume displacement pump, axial

pump, and centrifugal pumps (36)

3. This trend generally continues over the long-term (RAP: 11 [1st

and 3rd interquartile 5, 16], 10 [5, 15] mmHg) after

implantation of axial pump and centrifugal pump (37).

Changes aforementioned are slight and biologically insignificant,

suggesting that RV preload remains unchanged after LVAD

FIGURE 3

Pressure-Volume loop and right ventricular and pulmonary artery

coupling. The steady-state RV PV loop (black line) illustrates the

relationship between pressure and volume during a cardiac cycle.

The enclosed area by the PV loop represents RV stroke work. By

reducing preload (e.g., via inferior vena cava occlusion or the

Valsalva maneuver), multiple PV loops can be generated, from

which Ees and EDPVR can be derived. Effective pulmonary arterial

elastance (Ea; blue) is a determinant of RV afterload. The RV Ees/

Ea ratio describes RV-PA coupling, assessing contractility relative

to load. An optimal ratio (1.5–2.0) ensures cardiac efficiency,

whereas uncoupling (0.6–1.0) signifies RV decompensation (17,

20). RV, right ventricle; PV, pressure volume; Ees, end-systolic

elastance; EDPVR, end-diastolic pressure volume relationship; Ea,

effective arterial elastance.
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implantation. However, in the presence of RV dysfunction,

functional TR, or AI, preload may increase (40). The impact of

AI and TR on the RV is discussed later in sections “3-1-4.

Worsening of Functional Tricuspid Regurgitation” and “3-1-5.

Aortic Insufficiency”.

Notably, there is an explanation suggesting that RV preload

increases due to LVAD flow (34), probably based on data

showing an increase in RV EDV (41). However, the studies

examining changes in RV EDP, RAP, or CVP, not EDV,

immediately after LVAD implantation or during ramp test,

generally demonstrate either a decrease or stability in these

values (35, 42, 43). An increase in RV EDV may result from

improved RV compliance due to LVAD-induced suction;

therefore, careful interpretation of these parameters is necessary

to accurately assess true RV preload following LVAD implantation.

However, excessive LVAD speed remains a potential concern in

LVAD management, because excessive LVAD speed may

significantly impair RV contractility by disrupting LV twist and

septal motion. In this dysfunctional RV, increased preload may

be required to maintain stroke volume and circulatory

equilibrium (41).

3.1.4 Worsening of functional tricuspid

regurgitation
- Increase in preload

Leftward shift of the septal wall can enlarge the tricuspid annulus,

potentially inducing functional TR (44, 45). However, the real-

world data has shown that over 50% of moderate-severe TR

improves following LVAD implantation, attributed to the

reduction in afterload (46–48). A particular proportion of

patients (30%) still have persistent TR, and 6%–20% develops

significant TR following surgery (46–48), both of which are

associated with RHF development (44). Nakanishi and colleagues

identified preprocedural tricuspid valve annular diameter as a

predictor of persistent or worsening TR (49) and atrial

fibrillation (AF) has also been reported as a potential predictor

(48, 50). However, a large registry study from INTERMACS did

not demonstrate a prognostic benefit of tricuspid valve

procedures at the time of LVAD implantation, suggesting that

the extent to which TR contributes to the development of right

heart failure (RHF) remains unclear. Rather, TR may be a

consequence of right heart enlargement secondary to RHF (51).

3.1.5 Aortic insufficiency
- Increase in preload and afterload

AI increases preload on the LV and, ultimately RV (52). Indeed, AI

has been linked to worsening mitral regurgitation following LVAD

implantation, further supporting significant volume overload on

the LV and subsequent negative effects on RV (53). Given its

gradual progression, AI may contribute to late RHF.

Aortic insufficiency (AI) can develop over time due to LVAD

outflow into the aorta. According to the STS INTERMACS

registry, 15% of patients developed AI ≥moderate at 2 years after

LVAD implantation, which was associated with poor outcomes

(53). Importantly, this percentage gradually rose after LVAD

implantation, having reached 37.6% within three years (54, 55).

At the time of LVAD implantation, it is reasonable to consider

concomitant procedures on the aortic valve for more than mild AI

and the outflow graft anastomosis should be oriented downstream

to prevent the development of or progression of AI. However,

outcome data on these interventions remain conflicting, and the

effectiveness has not been clearly demonstrated (56). Following

implantation, optimizing LVAD flow is also required to avoid

excessive output to the aorta (54).

3.2 PV loop in patients with LVAD

This section summarizes data on the RV PV loop during a

ramp test in patients with an LVAD, to capture true or intrinsic

change of RV function due to LVAD suctioning.

Brener et al. published data in HeartMate3 recipients (n = 19)

recruited from two sites (35). Based on the statistical analysis of

ramp tests including all patients, they concluded the impact of

an LVAD on the RV is as follows:

1. No significant decline in RV contractility

2. Improvement in RV diastolic compliance

3. Reduction in RV afterload

Notably, contractility did not significantly change, which

contradicts the commonly held view that RV contractility

declines due to loss of LV twist and impaired septum motion. In

their study population, as pump speed was increased from 5,000

to 5,800 rpm, the RV PV loop expanded rightward and shifted

downward, indicating an increase in SV and SW in response to

higher pump speed. This change is attributed to “an

improvement in diastolic compliance (EDPVR), also referred to

as adaptive diastolic compliance in response to LVAD

suctioning,” as well as “a reduction in afterload” (Figure 4A).

From this perspective, therefore, the RV may accommodate the

increased flow generated by the LVAD through enhanced

diastolic function. In contrast, part of RVs in their study show

inability to improve EDPVR, referred to inadaptive diastolic

compliance, and only afterload is decreased in response to

increased LVAD flow (Figure 4B), where PV loop shifts only

downwards without rightward shift. These RVs failing to increase

RV diastolic compliance, may be unable to generate a

comparable SV, which may result in compromised

hemodynamics and RHF.

Although the authors (35) concluded that contractility did not

change, this interpretation should be treated with caution given the

study limitation: (1) all patients were stable outpatients in a late

postoperative phase, with a median of 144.5 days (interquartile

range: 53.5–357 days) after LVAD implantation; (2) the small

sample size (n = 19) limits the generalizability of the findings:

and (3) only temporary changes were considered in this study,

leaving uncertainty regarding the chronic impact of LVAD

support. Further research with a larger, more heterogeneous

cohort and longitudinal assessments is needed to draw more

definitive conclusions about systolic function.

Besides, Scheel et al. also reported the measurement of RV Ees

using conductance catheters in HeartMate 3 (Abbott, Chicago, IL)
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and HeartWare (Medtronic, Minneapolis, MN) recipients (n = 13)

(30). During their ramp test (low, intermediate, and high speeds,

increased by 100–200 rpm), RV Ees declined in specific cases.

These findings differ from those reported by Brener et al.,

suggesting a heterogeneous impact on a case-by-case basis and

underscoring that the negative effect of LVAD pump suction on

RV contractility still cannot be overlooked.

Of note, all cases studied in the above reports were stable

outpatients from 1 to 12 months after LVAD implantation, and

thus their RVs may have been stable and managed well. Based

on these results and previous data, we summarized the impact of

LVAD on RV in the table on Figure 1.

3.3 RHF mechanism and knowledge gaps

Based on the latest evidence, we propose the following LVAD-

specific mechanisms of RHF:

1. Inadequate Adaptation of Diastolic Function to Increased Flow:

While diastolic compliance generally improves to accommodate

the increased flow and generate more SV comparable to

LVAD-generated SV, some RVs with unchanged diastolic

compliance fail to provide the necessary SV, possibly leading

to RHF (Figure 4B).

2. Reduced Contractility: RV contractility declines due to the loss

of LV twist and reduced mobility of the septal wall caused by

LVAD suction. Compromised contractility leads to RV-PA

uncoupling and RHF, particularly in patients with high

afterload, where the RV free wall fails to compensate for

impaired septal movement.

3. Elevation of Preload: Dysfunctional RV and other factors (e.g.,

functional TR and AI) can increase preload chronically and

result in RHF.

This represents the simplest scenario; however, other factors—such

as the progression of underlying RV or pulmonary vessel diseases

and de novo AF—can further compromise RV function and

hemodynamic conditions. HF is invariably heterogenous.

The knowledge gap identified from the literature search is the

scarcity of firm clinical evidence on proposed mechanisms,

particularly on LV twist, and load-independent functional

assessments using PV loop derived parameters such as Ees,

EDPVR and Ees/Ea in real-world LVAD recipients. These

limitations restrict the understanding of RHF within the expected

range. Further data from human studies, including heterogenous

patients are required to achieve a more definitive understanding.

4 Functional parameters and predictive
value

Functional assessment of RV is essential to predict the

likelihood of RHF following LVAD implantation (6). Severely

depressed RV function prior to LVAD placement is one of the

most significant predictors [odds ratio [OR] 1.60; 95% confidence

interval [CI] 1.17–2.20; p = 0.004] in the multivariable analysis of

STS–INTERMACS database (5–8). However, accurately assessing

FIGURE 4

Transformation in right ventricular pressure-volume loop during ramp test. Depicted is the schematic illustration of RV PV loop transformation based

on the current study (35). With the increase in LVAD pump speed, the EDPVR curve leans downwards, and the inclination of Ea line gets smaller

(rightward/downward shift in RV PV loop), meaning that diastolic compliance improves, and afterload decreases (A) However, they identified

certain recipients whose EDPVR does not improve and only RV afterload decreases (only downward shift) in response to pump speed, susceptive

of inadaptive diastolic compliance, which may compromise hemodynamics and causes RHF (B) RV, right ventricle; PV, pressure-volume; Ea,

effective arterial elastance; Ees, end-systolic elastance; EDPVR, end-diastolic pressure-volume relationship; SW, stroke work; SV, stroke volume;

LVAD, left ventricular assist device; RVSWi, right ventricular stroke work index; RHF, right heart failure.
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RV function remains a long-standing challenge. In end-stage HF,

loading conditions fluctuate dramatically, undermining the

reliability of functional parameters. To enhance the prediction of

post-LVAD RHF, this section summarizes the relevant functional

parameters, highlighting their utility and identifying the existing

knowledge gaps.

The latest consensus statement recommends evaluating

tricuspid annular plane systolic excursion (TAPSE), systolic tissue

Doppler velocity of the tricuspid annulus (RV S’), right

ventricular fractional area change (RV FAC), and right

ventricular longitudinal strain (RV LS) prior to LVAD

implantation (57). Echocardiography is the initial imaging

modality of choice accessible for severely ill patients, with CT

and MRI considered if echocardiographic findings remain

inconclusive. Beyond these imaging modalities, right heart

catheterization (RHC) parameters provide incremental value for

assessing RV function in a load-independent manner, such as

RVSWi, and pulmonary artery pulsatility index (PAPi) (58, 59).

Although RAP/PCWP does not typically reflect RV function, it is

included in this section as it is also derived from a RHC. This

section highlights the predictive value (Tables 2–6), and

limitations of these indices.

4.1 Systolic function

TAPSE, RV S’, RV FAC, and RV LS are the most commonly

used parameters for measuring RV systolic function. A meta-

analysis demonstrated that TAPSE, RV FAC, and RV global

longitudinal strain (GLS) reliably distinguish between patients

who do and do not develop RHF (60). Among these parameters,

RV free-wall longitudinal strain (FWLS) is specifically

TABLE 2 Performance of systolic function parameters.

Study (population) Performance Cut off Outcome Comparison

TAPSE

Raymer et al. (2019)

(n=) (96)

AUC 0.67 RHFa PAPi (AUC 0.63)

Patil et al. (2015)

(n = 152) (97)

AUC 0.85 12.5 mm

(Sens 84% Spec 75%)

RVAD implantation

RV S’

Kato et al. (2013)

(n = 68) (67)

AUC 0.81 4.4 cm/s

(Sens 87.5% Spec 68.2%)

RHFa E/e’ (AUC 0.72)

RV LS (AUC 0.75)

Dandel et al. (2010)

(n = 205) (98)

AUC 0.90 8 cm/s

(Sens 84% Spec 90%)

RHFb

RV FAC

Morita et al. (2018)

(n = 80) (99)

AUC 0.80 15.9%

(Sens 77.3% Spec 54.5%)

RVAD implantation

Raina et al. (2013)

(n = 55) (100)

AUC 0.67 31%

(Sens 82% Spec 52%)

LAVI (AUC 0.71)

RV LS

Liang et al. (2022) (n = 55) (101) RVGLS

OR 1.44

GLS −9.7%

(Sens 0.89 Spec 0.78)

RHFa FWLS (OR 1.23)

TAPSE (OR 0.37)

FAC (OR 0.91)

Dufendach et al. (2021) (n = 137) (102) RVFWLS

C-index 0.65

OR 1.14

1-year mortality TAPSE (OR 0.44)

PVR (OR 1.03)

Gumus et al. (2018)

(n = 54) (77)

FWLS

AUC 0.94

FWLS −15.5%

(Sens 86.4% Spec 95.2%)

RHF3 RVSWI (AUC 0.82)

FAC (AUC 0.72)

RV EF (AUC 0.71)

Magunia et al. (2018)

(n = 26) (103)

FWLS

AUC 0.91

RVAD or inotropes >14 days RVEF (AUC 0.88)

Comeli et al. (2013)

(n = 10) (104)

FWLS

AUC 0.93

RHFa GLS (AUC 0.81)

FAC (AUC 0.61)

RV S’ (AUC 0.43)

TAPSE (AUC 0.33)

Grant et al. (2012)

(n = 177) (105)

FWLS

AUC 0.70

FWLS −9.6%

Sens 68%/Spec 76%

RVAD or Inotropes >14 days RVFRS (AUC 0.66) (14)

TAPSE, tricuspid annular plane systolic excursion; AUC, area under the curve; RHF, right heart failure; PAPi, pulmonary artery pulsatility index; RVAD, right ventricular assist device; RV S’,

right ventricular tissue Doppler S’ wave; RV LS, right ventricular longitudinal strain; FAC, fractional area change; FWLS, free wall longitudinal strain; RVGLS, right ventricular global

longitudinal strain; GLS, global longitudinal strain; E/e’, ratio of early mitral inflow velocity to mitral annular early diastolic velocity; LAVI, left atrial volume index; RVEF, right

ventricular ejection fraction; RVSWI, right ventricular stroke work index; PVR, pulmonary vascular resistance; RVFRS, University of Michigan right ventricular failure risk score.
aPost-implant inotropic support >14 days, RVAD implantation for intra-operative or post-operative RHF, or death within 14 days due to RHF.
bNeed for the previously unplanned insertion of a RVAD after LVAD implantation or the necessity of both prolonged reduction of PVR by nitric oxide or iloprost inhalation and intravenous

inotrope therapy for >10 consecutive days to increase the cardiac index >2 L/min per m2.
cThe mean arterial pressure <55 mmHg, central venous pressure or right atrial pressure >16 mmHg, cardiac index <2 L/min/m2, requirement of prolonged postimplant inotropes (inotropic

score >20 units), or inhaled nitric oxide or intravenous vasodilators continued beyond postoperative day 14 following LVAD implant or requiring RVAD or extracorporeal membrane

oxygenation support.
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recommended for evaluating subclinical RV dysfunction in LVAD

candidates (57). Indeed, RV LS generally demonstrates superior

performance in predicting RHF and adverse events, in

comparison to TAPSE, RV FAC (Table 2).

Limitations: However, it is important to note that these parameters

represent geographic or volumetric changes in the RV, rather than

“contractility” or “Ees” derived from the PV loop, strictly speaking

(61). Consequently, they have load-dependency, which is a critical

limitation in capturing intrinsic RV function data in severe heart

failure, where afterload and preload can dramatically fluctuate

(10–12). Although Ees derived from the PV loop is considered

the gold standard for assessing contractility independently of

loading conditions, its routine use in daily clinical practice is

limited by the invasiveness, analytical complexity, and high cost

(62).

Additionally, all these assess only regional function, and

TAPSE and RV S’ have angle dependency, thus requiring

clinicians to be cautious when interpreting actual values (61).

Given the complex structure of the RV, three-dimensional

ejection fraction would be ideal to capture more global motion

(63), yet this approach is technically challenging to accurately

visualize and is not widely available in real-world clinical

settings, as indicated in current guidelines (64).

Moreover, the median values of TAPSE (1.03–1.61 cm), RV

FAC (18.7%–40.4%), and RV GLS (6.7%–12.6%) in patients who

developed RHF vary widely across studies (60), suggesting their

unreliability as definitive predictors of RHF. Therefore, careful

consideration of simultaneous loading conditions, or other load-

dependent indices is highly recommended.

4.2 Diastolic function

Given the discussion in the previous section of

pathophysiology, the adaptability of diastolic function can be a

key contributor to post-LVAD RHF development, yet the data

remains particularly scarce (65). In echocardiography or MRI,

trans-tricuspid E/A ratio, deceleration time of peak E velocity,

E/e’, RV diastolic strain rate (DSR), or right atrial (RA) strain are

used to assess RV diastolic function (66). E/e’ is associated with

RV filling pressure, and E/e’ > 10 may be helpful in predicting

post-LVAD RHF. However, the supporting evidence is limited to

univariable analysis, and further investigation is warranted (67).

In addition, impaired peak RA strain, which also reflects RV

filling pressure or RA reservoir function, was reported as another

independent predictor of subsequent RVAD implantation (68).

Their analysis demonstrated excellent predictive values of

diastolic functional parameters including peak RA strain and late

diastolic strain rate, outperforming RV LS.

Furthermore, catheter-derived RA waveforms show better

predictive values for RHF. A deeper Y descent compared to

X descent, indicative of impaired RV diastolic compliance,

demonstrated a high OR of 10.5 (95% CI 1.75–63.5), surpassing

other catheter-derived parameters such as central venous

pressure (CVP)/PCWP, PAPi, and RVSWi (69).

Limitations: As a significant knowledge gap, evidence pertaining to

diastolic function remains extremely limited, and even studies

investigating systolic function often do not compare their

findings to diastolic function parameters (Table 3). However, the

data on diastolic function parameters identified thus far have

demonstrated excellent utility in predicting post-LVAD RHF or

mortality, comparable or even superior to RV LS, and further

studies are strongly warranted.

4.3 RV-PA coupling

RV Ees/Ea, or RV-PA coupling, serves as a mediator of RV

contractility while accounting for PA elastance or afterload, and

is primarily measured using a conductance catheter and PV loop.

Scheel and colleagues demonstrated that a lower RV Ees/Ea

(below 0.35) was associated with more frequent heart failure

symptoms compared to a RV Ees/Ea ≥0.35 (71% vs. 17%,

p = 0.048), suggesting that this parameter effectively captures an

uncoupled, abnormal RV state by incorporating loading

conditions (30, 42). However, as previously mentioned, data

TABLE 3 Performance of diastolic function parameters.

Study (population) Performance Cut off Outcome Comparison

Trans tricuspid E/e’

Kato et al. (2013) (n = 68) (67) OR 1.32 RVAD or inotropes >14 days TAPSE (OR 0.32)

S’ (0.22)

RV GLS (OR 1.26)

RA reservoir strain

Charisopoulo et al. (2019) (n = 70) (68) AUC 0.91

OR 2.5

10.5%

(Sens 94% Spec 65%)

RVAD FWLS

(AUC 0.62; OR 1.3)

Catheter-derived RA waveform

Samura et al. (2019) (n = 71) (69) Deep Y descent

OR 10.5

RVAD or inotropes >14 days CVP/PCWP(OR2.02)

PAPi (OR 1.13)

RVSWi (OR 0.95)

RVAD, right ventricular assist device; TAPSE, tricuspid annular plane systolic excursion; S’, myocardial tissue Doppler systolic velocity; RV GLS, right ventricular global longitudinal strain;

FWLS, free wall longitudinal strain; CVP, central venous pressure; PCWP, pulmonary capillary wedge pressure; PAPi, pulmonary artery pulsatility index; RWSWi, right ventricular stroke

work index.
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obtained using conductance catheters and PV loops

remains limited.

Recently, the ratio of echocardiographic systolic parameters,

such as TAPSE, RV S’, RV LS, and approximated pulmonary

artery systolic pressure (PASP), have been employed as a

surrogate of RV Ees/Ea (61). This echocardiographic surrogate

has been adopted across various patient populations (70), yet the

utility in LVAD population is unclear, with studies

indicating that this parameter lacks predictive value for RHF

development (71–73).

Limitations: A few limitations should be considered: (1) PASP

estimation is challenging in cases of severe or greater TR due to

the widened regurgitant orifice, which hinders the accurate

capture of the pressure gradient; (2) TAPSE, RV S’, and RV LS

do not fully capture global RV systolic function, as they provide

only regional assessments, which is problematic in an enlarged,

dysfunctional RV; (3) in end-stage RV dysfunction, PASP may

not increase as expected due to the RV’s inability to generate

sufficient flow and pressure, being critical to use PASP as a

surrogate of Ea (66, 70). Although RV-PA coupling is reliable

indices, adoption of echocardiography estimate in LVAD is not

clearly explored.

4.4 RVSWi

The right ventricular stroke work index (RVSWi) reflects the

RV external workload, representing the area enclosed by the PV

loop. It is obtained from PV loops using a conductance catheter

or estimated using RHC-derived parameters based on the

following formula:

RVSWI ¼ (mean PA pressurendashCVP)�SVindex ( �0:0136)

RVSWi is considered a load-independent parameter and is

particularly useful in evaluating complex pathophysiology, where

loading conditions are highly variable (74). In general, RVSWi

decreases in dysfunctional RV because low Ees and impaired

EDPVR are unable to generate sufficient external workload (74).

Specifically, RVSWi <250, 300, or 400 mmHg L/m2 are used for

cut-off points for predicting post-LVAD RHF (75–77).

The recent meta-analysis demonstrated the highest standard

mean difference of RVSWI (0.58) among various RV

hemodynamic and functional parameters such as TAPSE, RV

FAC, and RV LS, although PAPi and RAP/PCWP were not

included in this analysis (7).

Limitations: RVWSi is frequently used in LVAD populations

(Table 4), yet most RVSWi measurements used in clinical, or

research settings are derived from RHC-derived parameters.

These estimations do not necessarily capture true workload as

measured from PV loops and are susceptible to errors in

hemodynamic measurements (77). Moreover, there are also some

studies that have shown limited predictive capacity of RVSWi in

multivariable analyses (78). The specific situation or population

where its performance becomes unreliable is still unclear, it

should be noted that functional assessment should be multifaceted.

4.5 PAPi

The pulmonary artery pulsatility index (PAPi) is a measure

initially developed for use in MI and MCS conditions and it has

demonstrated a good predictive value for RHF development or

mortality after LVAD implantation either (79). PAPi is calculated

using the following formula:

PAPi ¼ (systolic - diastolic PA pressure)= RA pressure,

where PA pulse pressure provides an estimate of RV pulsatile load

and contractile strength, and RA pressure acts as a mediator of

preload (80). Lower PAPi indicates impaired RV function.

A systematic review incorporating 32 studies found that patients

who developed RHF had a significantly lower preoperative PAPi

than those who did not (2.17 vs. 2.87; p < 0.001) (79) (Table 5).

In analysis on PAPi, the utility of simulation test has been

proposed in addition to the resting value. Cacioli and colleagues

TABLE 4 Performance of RVSWi.

Study (population) Performance Cut off Outcome Comparison

RVSWI

Gumus et al. (2019) (n = 57) (77) AUC 0.82 400 mmHgaml/m2 RHFa FWLS (AUC 0.94)

FAC (AUC 0.72)

RV EF (AUC 0.71)

Bellavia et al. (2017)

(n = 4428) (7)

SMD 0.58 Depends on the paper CVP (SMD 0.47)

TAPSE(SMD 0.29)

FAC (SMD 0.29)

Kormos et al. (2010)

(n = 484) (75)

OR 2.9 300 mmHgaml/m2 RVAD or inotropes >14 days RAP/PCWP(OR 2.5)

RWSWi, right ventricular stroke work index; AUC, area under the curve; SMD, standardized mean difference; RHF, right heart failure; FWLS, free wall longitudinal strain; FAC, fractional area

change; RV EF, right ventricular ejection fraction; CVP, central venous pressure; TAPSE, tricuspid annular plane systolic excursion; RAP, right atrial pressure; PCWP, pulmonary capillary

wedge pressure.
aThe mean arterial pressure <55 mmHg, CVP or RAP >16 mmHg, cardiac index <2 L/min/m2, requirement of prolonged postimplant inotropes (inotropic score >20 units), or inhaled nitric

oxide or intravenous vasodilators continued beyond postoperative day 14 following LVAD implant or requiring RVAD or extracorporeal membrane oxygenation support.
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reported PAPi measured after administering sodium nitroprusside

(NTP) had the potential to predict RHF development. By

administrating the vasodilator and reducing pulmonary vascular

resistance, post-NTP PAPi was considered capable of assessing

(1) reversibility of pulmonary hypertension and (2) the reserve in

RV function. Indeed, the post-NTP PAPi improved predictive

value, and when combined with RV FAC and systolic PA

pressure, the area under the curve (AUC) increased up to 0.95 in

their study (81). Hsi and colleagues also reported the efficacy of

PAPi measured in a micro-axial flow pump (mAFP) test to

predict RHF before LVAD implantation (82). These dynamic

changes in parameters during simulation testing may help

capture the intrinsic adaptability of the RV and improve the

prediction of RHF (83). Although this was also suggested in the

study by Brener and colleagues where they proposed RVSWi

(35), available data remains limited.

Limitations: A concern regarding PAPi is that pulmonary circulation

factors—including resistance and compliance—can significantly affect

its value. Not only RV dysfunction but also pulmonary embolism and

PA diseases can diminish PAPi value since pulse pressure declines in

these conditions (84).

Another concern is the variable cutoff value reported in

literature. From 0.88 to 3.3 have been reported as an effective

cutoffs, and median values also vary across studies (85). Even

small changes in RA pressure can significantly affect PAPi,

precise measurement of catheter parameters is essential.

4.6 RAP (CVP)/PCWP

RAP (or CVP)/PCWP includes the LV component when

evaluating the RV preload, thereby reflecting right-sided

preload relative to the left side and implying RV’s adaptability

towards certain volume condition, not representing RV

function (86). With respect to prediction, RAP/PCWP ratio

shows excellent predictive values (87, 88). A higher RAP/

PCWP ratio indicates excessively accumulated preload in the

RV, suggesting inadequate adaptation of RV to certain volume

TABLE 5 Performance of PAPi.

Study (population) Performance Cut off Outcome Comparison

PAPi

Akamkam et al. (2024)

(n = 170) (95)

AUC 0.68 2.84 3-month mortality

Sheel et al. (2024)

(n = 33) (106)

AUC 0.80 RV Ees/Ea <0.35 RVSWI (AUC 0.51)

RAP/PCWP (AUC 0.52)

CI (AUC 0.77)

Cacioli et al. (2022)

(n = 54) (81)

Post NTP

AUC 0.95

Post NTP

PAPi 3.2

RHFa CRITT score (AUC 0.72)

EUROMACS (AUC 0.72)

Morine et al. (2016)

(n = 132)

AUC 0.94 1.85 RVAD or inotropes >14

days

RAP/PCSP (AUC 0.84)

RVSWI (AUC 0.69)

PAPi, pulmonary artery pulsatility index; AUC, area under the curve; RAP, right atrial pressure; PCWP, pulmonary capillary wedge pressure; CI, cardiac index; RWSWi, right ventricular stroke

work index; NTP, normalized transpulmonary pressure; RHF, right heart failure; CRITT, cardiac risk, inflammatory response, timing of support, technical difficulty score; EUROMACS,

European registry for patients with mechanical circulatory support; RVAD, right ventricular assist device; PCSP, pulmonary capillary systolic pressure; RV, right ventricular; Ees/Ea, end-

systolic elastance to arterial elastance ratio.
aPost-implant inotropic support >14 days, right ventricular assist device (RVAD) implantation for intra-operative or post-operative RV failure, or death within 14 days due to RV failure.

TABLE 6 Performance of RAP (CVP)/PCWP.

Study (population) Performance Cut off Outcome Comparison

RAP (CVP)/PCWP

Beneyto et al. (2024)

(n = 224) (73)

HR 1.35

AUC 0.62

0.33 6-month mortality TR (HR 5.13)

PVR (HR 1.11)

Mehra et al. (2022)

(n = 1312) (93)

HR 1.57 0.60 1-year mortality LVEDD <5.5 cm (HR 1.86)

Ruiz-Cano et al. (2020) (n = 80) (107) OR 4.0 0.55 RHFa TAPSE (p = 0.17)

Severe TR (p = 0.34)

Akin et al. (2020)

(n = 2,689) (108)

OR 1.46 90-day mortality PAPi (OR 0.88; p < 0.001)

RVSWI (OR 0.91; p < 0.001)

TAPSE (OR 0.99; p = 0.48)

Samura et al. (2019)

(n = 115) (88)

OR 2.02 RVAD or inotropes >14

days

RVSWI (OR 0.95)

PAPi (OR 1.13)

RAP, right atrial pressure; CVP, central venous pressure; PCWP, pulmonary capillary wedge pressure; HR, hazard ratio; OR, odds ratio; AUC, area under the curve; RHF, right heart failure;

RVAD, right ventricular assist device; TR, tricuspid regurgitation; PVR, pulmonary valve resistance; TAPSE, tricuspid annular plane systolic excursion; PASP, pulmonary artery systolic

pressure; PAPi, pulmonary artery pulsatility index; LVEDD, left ventricular end-diastolic dimension; RWSWi, right ventricular stroke work index.
aEvidence of CVP >16 mm Hg with a CI <2.3 L min−1m−2 (in the absence of elevated PCWP, tamponade, ventricular arrhythmias or pneumothorax) after LVAD implantation requiring

previously unplanned temporary RVAD) or the necessity of nitric oxide (iNO) and intravenous inotropes beyond postoperative day 14.
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conditions or afterloads. In general, 0.55–0.6 are considered as

cutoff values (58) (Table 6).

Regarding this parameter, data are available not only for its

resting value at a single time point but also from a simulation

test of LVAD suctioning. In terms of this parameter, there is a

data of utility by simulation test of LVAD, not only rest value

at one point. Hsi and colleagues reported the efficacy of a

simulation test with mAFP in assessing the RAP/PCWP ratio

either (82). In their study, the ratio decreased significantly after

mAFP insertion in patients who did not develop RHF,

compared to those who did (non-RHF group: 0.61 → 0.38; RHF

group: 0.46 → 0.40) (82). Simulation test performed before

implantation may further improve the predictive value of this

parameter as PAPi. RAP/PCWP is simple to obtain and has a

high predictive reliability; therefore, its assessment is reasonable

and recommended.

Limitations: As a limitation, this ratio can be low when PCWP is

particularly high. Amsallem and colleagues reported that 43% of

patients with a low RAP/PAWP ratio (≤0.54) and high RAP

(≥15 mmHg) developed RHF after LVAD implantation,

suggesting that the absolute value of RAP itself should also be

considered (89).

5 Risk sores and significant items for
prediction

Various scoring models, many of which do not focus solely on

RV factors, have been developed to predict the incidence of post-

LVAD RHF. Although incorporating the non-RV-centered factors

helps further identify high-risk patients for developing RHF prior

to LVAD implantation, comprehensive validation of these models

and comparisons of their performance remains limited.

This section outlines several risk scores validated externally

(Table 7). Components of these scores can be classified as

follows: (1) baseline characteristics/presentation; (2) treatment-

related factors (e.g., vasopressors, inotropes, MCS); (3) right

heart conditions (hemodynamics, and RV function); (4)

laboratory data. Most scores define RHF as the need for MCS or

RVAD, iNO ≥48h, or inotropes ≥14 days, same as MCS-ARC

early RHF definition (14).

As summarized in Table 7, the discrimination performances of

most scores are generally “fair” or “moderate,” with C-index or

AUC values less than 0.7, and comparable results observed in

external validations. Scores relatively recently developed,

including STOP-RVF Score, EUROMACS Score, and CRITT, are

derived from cohort all with continuous flow pump, whereas that

for other scores included pulsatile flow pump. Kalogeropoulos

and colleagues compared six existing risk scores in their cohort

who were all recipients of continuous flow LVAD, with the

Michigan Right Ventricular Failure Risk Score (RVFRS)

achieving the highest C-index of 0.62 (Figure 5). They attribute

the limited performance to: (1) Variability in RHF definitions,

(2) The inclusion of non-RV markers as surrogates for RV

dysfunction, and (3) Differences in the cohorts used for model

derivation, as older scoring systems included fewer patients

receiving destination therapy and continuous-flow pumps (90).

The most recent risk prediction model, called “STOP-RVF

score”, derived using a machine learning approach, has

demonstrated superior performance, achieving a C-statistic of

0.75 even in external validation, outperforming other scores such

as the Kormos et al. score [C statistic, 0.5 (75)] and score from

the University of Utah [C statistic, 0.627 (91)] (87).

Noticeably, four items—(1) liver/renal dysfunction, (2) MCS/

catecholamine dependency (or INTERMACS profile 1/2) before

implantation, (3) pre-existing severe RV dysfunction, and (4)

high RAP/PCWP—are included in at least two scoring models

and thus, should be incorporated certainly when evaluating the

RHF risk (Figure 1). Meta-analysis or large-scale registry studies

(n > 1,000) conducting multivariable analysis for the incidence of

post-LVAD RHF, also demonstrated the statistical significance of

the aforementioned four factors (7, 8, 92, 93).

Unfortunately, “severe RV dysfunction” is not clearly defined

in most studies including risk score deviation paper (76, 88, 94),

yet, given their superior predictive capacities discussed in

previous section, RV LS, RVSWi, and PAPi should be evaluated.

Considering preimplantation RV LS ≥16% (77), RVSWi <250–

300 mmHg L/m2 (75–77), or PAPi <2.0–3.0 (95) as a critical

factor strongly indicative of RV dysfunction, patients with

additional risk factors—such as liver/renal dysfunction, MCS/

catecholamine dependency, or high RAP/PCWP (0.5–0.6)—

should be strongly considered for RVAD implantation.

6 Conclusion

This review consolidates the latest insights into the

pathophysiology of and predictive models for RHF following

LVAD implementation.

As highlighted in Figure 1, both the loss of LV twist and LVAD

suction on the septal wall are LVAD-specific factors that negatively

impact RV contractility. Although LVAD suction improves

diastolic compliance, insufficient adaptation to increased flow

may contribute to RHF. Furthermore, functional TR and AI can

additionally promote congestion.

To predict this unfavorable outcome, guidelines and expert

consensus recommend several RV functional parameters from

imaging modalities or RHC. Among these, RV LS, RVSWi, and

PAPi, exhibit strong predictive value in large-scale studies. Since

none of these parameters alone provide definitively high

predictive accuracy, and each reflects different aspects of RV

function, considering multiple parameters in combination may

enhance the prediction of RHF.

Although several risk scores have been developed for

prediction, most have demonstrated only “fair” performance in

discriminating RHF during external validation. Across these

score models, four specific factors recur and have demonstrated

consistent performance in meta-analysis either, thereby we

propose multiparametric approach for RHF prediction,

specifically focusing on four factors—(1) liver/renal dysfunction,
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TABLE 7 Summary of existing risk scores.

Risk score Included Risk factors
(weight)

Performance Definition of
RHF

Performance in validation
(comparison)

STOP-RHF Score

(n = 798) Taleb et al.

(2024) (87)

Baseline background/presentation:

• NICM (Yes/No)

• INTERMACS 1–2 (Yes/No)

Therapy:

• IABP (Yes/NO)

• Impella/VA-ECMO (Yes/No)

• LVAD configuration (Centrifugal/

axial)

• ACEi (Yes/No)

Right heart:

• RAP/PCWP (value)

Laboratory data:

• Albumin (value)

• Creatinine (value)

• Platelet (value)

Serum sodium (value)

C-index 0.75

AUC 0.75

1) and/or 2) within

30 days

1. Right-side

circulatory support

2. inotropes therapy

for ≥14 days

1) C-index 0.73 (University of Utah: C-index

0.62) (87)

EUROMACS-RHF

(n = 2,000)

Soliman et al. (2018) (88)

Baseline background/presentation:

• INTERMACS class 1–3 (2 points)

• ≥3 intravenous inotropes (2.5 points)

Right heart:

• Severe RV dysfunction (2 points)

• RAP/PCWP > 0.54 (2 points)

Laboratory data:

haemoglobin ≤10 g/dl (1 point)

C-index 0.70

(cut off 2.5 pts Sens 74%/Spec

57%)

At least one of three

1. need for right

side MCS

2. inotropic support

for ≥14 days

iNO for ≥48 h

1) C-index 0.67 (88)

2) AUC 0.64

(CRIIT: AUC 0.64/

University of Utah: AUC 0.57/

RVFRS: AUC 0.58) (109)

3) AUC 0.67 (110)

4) AUC 0.59 (111)

CRIIT score

(n = 218)

Alturi et al. (2013) (94)

Baseline background/presentation:

• Pre-operative intubation (1 point)

• Tachycardia >100 (1 point)

Right heart:

• Severe RV dysfunction (1 point)

• CVP >15 mmHg (1 point)

Severe tricuspid regurgitation (1 point)

C-index 0.8 AUC 0.80 (95% CI

0.72–0.88)

sens 84%/spec 63% (cut off 2

pts)

Need for

biventricular

support

1) C-index 0.60 (University of Utah: C-index

0.59/ University of Pennsylvania: C-index

0.56) (90) 2) AUC 0.64 (109)

University of Utah

(n = 175) Drakos et al.

(2010) (91)

Baseline background/presentation:

• Destination therapy (3.5 points)

• Obesity (2 points)

Therapy:

➢ IABP (4 points)

➢ Inotrope dependency (2.5 points)

• ACEi/RAS (2.5 points)

• β blocker (2 points)

Right heart:

Increased PVR (1–4 points)

Points and RHF (%) ≤5.0 (11%)

5.5–8 (37%) 8.5–12 (56%) ≥12.5

(83%)

At least one of the

three

1. iNO for ≥48 h

2. Iinotropes for >14

days

RVAD implantation

1) C-index 0.59 (90)

2) AUC 0.57 (109)

3) C-index 0.62 (87)

RVFRS (n = 197)

Matthews et al. (2008)

(112)

Therapy:

• Vasopressor (4 points)

Laboratory data:

• AST ≥80 IU/L (2 points)

• Bilirubin ≥2.0 mg/dl (2.5 points)

Creatinine ≥2.3 mg/dl (3 points)

AUC 0.73 At least one of the

four

1. Inotropes for >14

days;

2. iNO for ≥48 h;

3. right-sided

circulatory support

4. hospital discharge

with inotrope

1) C-index 0.62 (90) 2) AUC 0.61 (90) 3)

AUC 0.58 (109)

University of Pennsylvania

(n = 266) Fitzpatrick et al.

(2008) (76)

Baseline background/presentation:

• SBP ≤96 mm Hg (13 points)

• Cardiac index ≤2.2 L/min/m2 (18

points)

Right heart:

• RVSWI ≤0.25 mm Hg L/m2 (18

points)

• Severe pre-VAD RV dysfunction (16

points)

Laboratory data:

• Creatinine ≥1.9 mg/dl (17 points)

Sens 83%/spec80%

(cut off 50 pts)

Need for MCS C-index 0.56 (90)

Discrimination performance generally ranges from “fair (AUC 0.5–0.7)” to “acceptable (AUC 0.7–0.8)”. Of them, liver/renal dysfunction, MCS/catecholamine dependency, and high RAP/

PCWP are factors used in at least two scoring models and thus should be incorporated certainly to evaluate the risk of RV development.

AST, aspartate aminotransferase; AUC, area under curve; BiVAD, biventricular assist device; CVP, central venous pressure; IABP, intra-aortic ballon pumping; INR, international normalised

ratio; INTERMACS, Interagency Registry for Mechanically Assisted Circulatory Support; LVAD, left ventricular assist device; NICM, non-ischaemic cardiomyopathy; RA/PCWP, right atrium

to pulmonary capillary wedge pressure ratio; RHF, right heart failure; RV, right ventricle; RVSWI, right ventricular stroke work index; SBP, systolic blood pressure; VAD, ventricular

assist device.

Nonaka et al. 10.3389/fcvm.2025.1586389

Frontiers in Cardiovascular Medicine 14 frontiersin.org144

https://doi.org/10.3389/fcvm.2025.1586389
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


(2) MCS/catecholamine dependency (or INTERMACS profile 1/2),

(3) pre-existing severe RV dysfunction (impairment in RV LS,

RVSWi, and PAPi), and (4) high RAP/PCWP (Figure 1).

We identified the following knowledge gaps and future

directions:

1. Incomplete Clinical Evidence on RV Pathophysiology in LVAD

Candidates

The proposed pathophysiological mechanisms are largely derived

from preclinical studies or estimations based on imaging

modalities or RHC, where contractility and diastolic compliance

cannot be accurately assessed. More robust evidence on proposed

mechanisms, particularly the loss of LV twist, along with

comprehensive, larger-scale evaluations of the RV PV loop in

human patients, is needed.

2. Evaluation of Diastolic Compliance

Although diastolic compliance may significantly influence how the

RV adapts to the increased flow from an LVAD, standard

assessment methods via imaging modality or RHC for diastolic

function remain limited. Further research is required to collect

data on current diastolic function metrics and develop reliable

parameters.

3. Simulation and Intraoperative Testing

Simulation studies that replicate LVAD hemodynamics, as well as

short-term intraoperative tests just before LVAD implantation,

could enhance predictive accuracy by providing more precise

assessments of RV functional reserve. However, comprehensive

and refined data are still needed.

Addressing these gaps is crucial for improving LVAD

management and enhancing quality of life for patients reliant on

LVAD support.
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FIGURE 5

Comparison of discrimination of risk scores. Kalogeropoulos et al.

compared existing risk scores in 116 patients with continuous-flow

LVAD, either the HeartMate II (Thoratec, Inc.) or the HeartWare

HVAD (Heart-Ware, Inc.), in single center. Although the Michigan

score showed the highest value, the C-indexes of all scores

remained around 0.6. Reproduced with permission from

“Comparative Receiver Operating Characteristic Curve Plots with

Right Ventricular Failure Prediction as the Outcome of Interest for

the Scores Evaluated” by Andreas P. Kalogeropoulos, Anita Kelkar,

Jeremy F. Weinberger, Alanna A. Morris, Vasiliki V. Georgiopoulou,

David W. Markham, Javed Butler, J. David Vega and Andrew L.

Smith, licensed under CC-BY-NC-ND.
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Introduction: Assessment of native cardiac function is vital in patients with

cardiogenic shock supported by a left ventricular assist device (LVAD), as it is

directly related to the critical decision of LVAD management. Left ventricular

stroke work (LVSW) can be useful for cardiac assessment to predict survival in

cardiogenic shock patients; however, this measurement cannot necessarily be

obtained under LVAD support, especially in cases where the aortic valve is

closed (i.e., total support). Therefore, we propose a novel echocardiographic

parameter named the pressure-strain product (PSP), the product of left

ventricular (LV) pressure and LV myocardial strain, as this measurement can be

calculated even under LV total support. This study aimed to investigate

whether PSP was correlated with pressure-volume (PV) loop-based LVSW and

myocardial oxygen consumption under LVAD support.

Method: We used 15 adult goats. An LVAD systemwas established during open chest

surgery by draining blood from the left ventricle and returning it to the carotid artery.

LV PV loops were analyzed by measuring LV pressure and volume using

sonomicrometry. PV loop-based LVSW was defined as the area surrounded by PV

loops. The PSP was defined as the product of the peak LV pressure and global

circumferential strain (GCS) using speckle-tracking echocardiography. LVAD

support levels were divided into three groups: control, and partial (with residual

native cardiac output) and total (without native cardiac output) support. Myocardial

oxygen consumption was measured using coronary flow and blood gas analyses.

The correlation coefficient was measured using linear regression analysis.

Results: According to each LVAD support level at control, partial support, and

total support, LVSW was 1,748 ± 867, 840 ± 467, and 290 ± 262 mmHg·ml,

while PSP was 2,341 ± 507, 1,836 ± 768, and 539 ± 269 mmHg·%, respectively.

PSP (r= 0.54) showed the strongest correlation with PV loop-based LVSW

among other echocardiographic parameters, including LV end-diastolic

volume (r= 0.37), GCS (r=0.40), and echo-based LVSW (r= 0.50). PSP level

was significantly associated with myocardial oxygen consumption (r= 0.55).

Conclusion: PSP significantly correlated with PV loop-based LVSW at various LVAD

support levels. PSP can be a non-invasive parameter for assessing myocardial

metabolism under LVAD support, potentially reflecting myocardial

oxygen consumption.

KEYWORDS

speckle-tracking echocardiography, left ventricular stroke work, myocardial oxygen

consumption, left ventricular assist device, left ventricular unloading, coronary

flow regulation
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Introduction

For patients with cardiogenic shock, assessment of cardiac

function is imperative to judge the native heart recovery.

A percutaneous left ventricular (LV) unloading device (i.e.,

Impella) can decrease LV end-diastolic pressure and volume,

which reduces the myocardial workload and oxygen demand of

the LV myocardium (1, 2). This LV unloading can contribute to

myocardial protection and recovery (3); thus, accurate assessment

of LV workload has been gaining increasing attention among

clinicians (4). However, there is a knowledge gap regarding the

accurate measurement of LV workload under device support. In

particular, this is challenging with total LV support where the

aortic valve constantly closes without LV ejection. Under these

conditions, conventional parameters such as cardiac power

output cannot be calculated. Therefore, a substitute is needed to

evaluate the cardiac workload, indicating LV protection and

recovery under LV unloading.

Echocardiographic myocardial strain captures myocardial

deformation, indicating cardiac contractility. This measurement

can sensitively detect subtle changes in cardiac function and can

be useful even with mechanical circulatory support (5).

Furthermore, the product of echocardiographic strain and blood

pressure, named the pressure-strain product (PSP), has been

reported to correlate with LV stroke work (LVSW) in a few

animal models (6–8). Considering that LVSW can predict

survival better than conventional cardiac parameters, including

LV ejection fraction, in the cardiac intensive care unit (9), it is

worth investigating whether PSP can estimate LVSW reflecting

myocardial oxygen consumption under left ventricular assist

device (LVAD) support.

This study aimed to evaluate whether PSP can be correlated

with pressure-volume (PV) loop-based LVSW using a large

animal model supported by an open-chest LVAD system across

various LVAD support levels. Additionally, the relationship of

PSP with myocardial oxygen consumption and coronary

perfusion were investigated to evaluate LV protection.

Materials and methods

Ethics for animal experiments

Animal care strictly adhered to the Guiding Principles for the

Care and Use of Animals in the Field of Physiological Sciences,

approved by the Physiological Society of Japan. All the

experiments were approved by the Animal Subjects Committee

of the National Cerebral and Cardiovascular Center.

Experimental preparation

We used 15 adult goats (Saanen breed of Capra aegagrus

hircus), weighing 36–54 kg, with a sex distribution of three males

and twelve females. Anesthesia was induced using intramuscular

xylazine (2 mg/kg), pentazocine (15 mg), and midazolam

(10 mg), followed by endotracheal intubation. A laryngotracheal

separation was performed to avoid aspiration pneumonia.

Separate ventilation for each lung was applied using a double-

lumen endotracheal tube to apply different levels of positive end-

expiratory pressure (i.e., 15 mmHg for the right lung and

10 mmHg for the left lung). This procedure prevented severe

atelectasis of the right lung during left thoracotomy in the right

lateral position. Eight and 10 Fr sheaths were inserted into the

bilateral femoral artery and vein, respectively (one artery for the

measurement of arterial pressure, another artery for collecting

blood samples, one vein for the fluid line, and another vein for

continuous infusion of muscle relaxant). A 10 Fr long sheath was

inserted into the right carotid vein to access the right atrium for

a 6 Fr catheter to measure coronary sinus blood gas. Heparin

(100 IU/kg) was prophylactically administered to avoid catheter

thrombosis and subsequent pulmonary embolism. A 5 Fr

pressure catheter (Millar Instruments, Houston, TX, USA) was

inserted through the 8 Fr femoral artery catheter into the

ascending aorta to measure the aortic pressure.

Sedation and ventilation settings

An appropriate level of anesthesia was maintained by

continuous inhalation of sevoflurane (1%–2%) and rocuronium

(10 mg/h) drop infusion. Additional intravenous fentanyl and

propofol were administered when required. Ventilation was

performed using volume control with a fraction of inspired

oxygen ranging from 0.6 to 1.0 to maintain PaO2 >80 mmHg.

The tidal volume was set at 8–10 ml/kg and the respiratory rate

was adjusted to 12–20 breaths per minute to maintain PaCO2 at

approximately 40 mmHg.

Open chest surgery

Left thoracotomy was performed in the left fourth intercostal

space in the right lateral position. Following the cut of the

pericardium, four ultrasound crystals for sonomicrometry

(Sonometrics Corporation, London, Ontario, Canada) were

inserted into the myocardium and secured with a tourniquet: one

pair at the base and apex of the LV wall and another pair at the

middle part of the posterior and anterior LV wall. A 5 Fr

pressure catheter (Millar Instruments, Houston, TX, USA) was

inserted into the LV cavity from the LV free wall to continuously

monitor the LV pressure. A 6 Fr catheter (Judkins Right 3.5,

Medtronic, Minneapolis, MN, USA) was inserted into the

coronary sinus to measure blood gas. Three (3PSB2171,

Transonic Systems, Ithaca, NY) and 20 mm flow probes

(20PAX1232, Transonic Systems) were attached to the left main

trunk and pulmonary artery to evaluate coronary artery flow and

pulmonary artery flow, respectively. The stroke volume measured

using the pulmonary artery flow probe was used to correct the

volume measured using sonomicrometry.
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LVAD system

Following heparinization with 300 IU/kg, a 25 Fr drainage

cannula and 19 Fr returning cannula were inserted into LV and

left carotid artery, respectively, with the support of fluoroscopy.

The tip of the return cannula was placed into the aortic arch.

A centrifugal pump (Senko Medical Instrument Mfg. Co., Tokyo,

Japan) was used for the LVAD support. Partial support was

defined as the maximum support that allowed residual native

cardiac output, whereas total support was defined as the support

that eliminated native cardiac output.

Echocardiography

Epicardial echocardiography was performed using an E95

ultrasound machine (GE Healthcare, Chicago, IL, USA) with a

6Sc echo probe. All images were transferred to a separate

workstation and analyzed offline by an experienced cardiologist

using the Echopac software (GE Healthcare, Chicago, IL, USA).

A speckle-tracking echocardiography parameter, the global

circumferential strain (GCS) at the LV mid-papillary level, was

calculated, and automated measurement was applied to the

appropriate echo loops. PSP was calculated as the product of

GCS (absolute value) and peak LV pressure (Supplementary

Figure S1). The appropriate image quality was selected when the

software approved the quality of the speckle tracking as well as a

visual assessment by an investigator. End-diastolic and end-

systolic timing markers were manually adjusted, if required.

A frame rate of 43/s was applied for strain assessment.

Measurement of LVSW and pressure-
volume area using PV loop

LVSW, the area enclosed by the PV loop, was calculated using

Green’s theorem and the formula embedded in the LabChart 8

software (AD Instruments, Dunedin, New Zealand) (6):

Xb

i ¼ a

{(vipi þ 1) � (vi þ 1pi)}

where a and b denote the start and end positions of the loop,

respectively. The loop is “closed” by setting vi + 1 and pi + 1 to va

and pa when i = b.

Multiple PV loops were generated by altering the preload

through inferior vena cava balloon occlusion, and the end-

systolic pressure-volume relationship (ESPVR), end-diastolic

pressure-volume relationship (EDPVR), and V0 (i.e., the

intersection of ESPVR with the LV volume axis) were calculated.

The area enclosed by the ESPVR, EDPVR, and PV loop was

defined as the pressure-volume area (PVA). The PVA was

measured using an in-house program (MATLAB R2018b;

Mathworks, Natick, MA, USA).

Measurement of myocardial oxygen
consumption and coronary vascular
resistance

Myocardial oxygen consumption (MVO2) was measured using

the following formula:

MVO2 ¼ {1:36�Hb�(SaO2 � ScsO2) �(coronary flow)}=

{(heart rate) �LV weight (per 100 mg)}

where Hb is the hemoglobin concentration (g/dl) and SaO2 and

ScsO2 are the oxygen saturations of the artery and coronary

sinus, respectively. Coronary vascular resistance (CVR) was

calculated using the following formula:

CVR ¼ CPP=(coronary flow)

where CPP is coronary perfusion pressure defined as MAP-mean

LV pressure.

Experimental protocol

Following experimental preparation (Figure 1),

hemodynamic parameters (i.e., LV pressure and PV loop-

based LVSW), blood gas (i.e., one from the femoral artery and

another from the coronary sinus), and an echocardiographic

image of the LV short-axis view were assessed after 5 min

stabilization at the control and partial and total support of the

LVAD (Figure 2).

Statistics

Friedman test was conducted to compare the hemodynamic or

echocardiographic parameters during the three different LVAD

support levels. The Bonferroni post hoc test was applied for

inter-group comparisons. The correlation coefficient was

measured using linear regression analysis. p < 0.05 was

considered statistically significant. Statistical tests were conducted

using EZR (version 1.68) (10) in R Commander (version 2.9-1)

and Microsoft Excel (Microsoft Corp., Redmond, WA, USA).

Results

Representative hemodynamic waveforms
based on LVAD support levels

Baseline characteristics of animals are described in the Table 1.

Representative hemodynamic waveforms are shown in Figure 3. As

the LVAD support level increased, LV pressure and volume

decreased and the PV loop shifted left and downward. In

addition, as the aortic pressure gradually increased, the coronary

flow in the left main trunk showed a decreasing trend.

Sato et al. 10.3389/fcvm.2025.1566021

Frontiers in Cardiovascular Medicine 03 frontiersin.org151

https://doi.org/10.3389/fcvm.2025.1566021
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Representative echocardiographic images
and PSP based on LVAD support levels

Representative ultrasound images (LV short axis view) and

speckle-tracking analyses are shown in Figure 4. As LVAD

support level increased, GCS, LV systolic pressure, and

subsequent PSP decreased.

Trends in hemodynamic and
echocardiographic parameters based on
LVAD support levels

Hemodynamic parameters, including heart rate, mean arterial

pressure, and LV systolic pressure, are shown in Figure 5. As LVAD

support levels increased, the heart rate and mean arterial pressure

increased significantly, whereas LV systolic pressure decreased

significantly. Similarly, the LV end-diastolic volume (EDV), GCS,

and PSP significantly declined when LVAD support increased.

Correlation analysis between PV loop-
based LVSW and echo/hemodynamic
parameters

Scatter plots of PV loop-based LVSW vs. echo-based LV EDV,

echo-based LVSW, GCS, and PSP are shown in Figure 6. PSP

showed the strongest correlation (r = 0.54, p < 0.01) with the PV

loop-based LVSW among other parameters.

Trends in cardiac energetics and coronary
perfusion based on LVAD support levels

MVO2 and PVA were significantly reduced as LVAD support

level increased (Figure 7). MVO2 and PVA were significantly

FIGURE 1

Overview of experimental setup. (A) Picture describing LVAD system. Blood sucked from a drainage cannula at the left ventricle flows through a pump

to the carotid artery via the return cannula. Red arrows show the direction of blood flow. (B) Picture showing the location of ultrasound crystals and

flow probe. (1) A flow probe at pulmonary artery; (2) a flow probe at left main trunk of coronary artery. (C) Cine film showing the left coronary arteries

and the flow probe at the left main trunk. CA, carotid artery; LMT, left main trunk; Lt, left; LVAD, left ventricular assist device.

FIGURE 2

Study protocol. Following the preparation, PV loop, hemodynamic parameters, blood gas, and echocardiographic parameters were assessed after

5 min stabilization at control, partial, and total support of LVAD. Ao, aorta; AoP, aortic pressure; CF, coronary flow; CO, cardiac output; CS,

coronary sinus; LVAD, left ventricular assist device; LVP, left ventricular pressure; LVV, left ventricular volume; PV, pressure-volume.
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correlated (r = 0.68, p < 0.01). Coronary perfusion pressure, SCSO2,

and coronary vascular resistance significantly increased, whereas

coronary flow at the left main trunk showed a decreasing trend

as LVAD support increased (Figure 8).

Correlation analysis of PSP with both
cardiac energetics and coronary perfusion

Pressure-strain product were significantly correlated with LV

MVO2 (r = 0.55, p < 0.01), PVA (r = 0.40, p < 0.01), SCSO2

(r = 0.38, p = 0.011), and coronary vascular resistance (CVR)

(r = 0.42, p < 0.01) (Figure 9).

Discussion

Pressure-strain product showed the strongest correlation with

PV loop-based LVSW among other echocardiographic

parameters, including echo-based LV EDV, echo-based LVSW,

and GCS. PSP is also related to myocardial oxygen consumption,

which can be a reasonable parameter reflecting LV unloading

and protection.

Rationale of correlation between PSP
and LVSW

Pressure-strain product was conceptualized using a pressure-

strain loop, where the volume was replaced with the myocardial

strain in the pressure-volume loop (Supplementary Figure S1)

(6–8). Russell et al. reported that the area surrounded by the LV

pressure-strain loop, called myocardial work, was significantly

correlated with PV loop-based LVSW (11). In addition, regional

myocardial work could reflect myocardial glucose metabolism, as

measured by positron emission tomography. While myocardial

work requires vendor-dependent software and uses global

longitudinal strain (GLS), we propose a vendor-independent PSP

that can be calculated as the product of mean arterial pressure

and GCS. Previous studies have shown that PSP calculated using

mean arterial pressure (MAP) correlates well with LVSW in

various settings, including the ovine model of septic

cardiomyopathy (8), brain stem death (7) and cardiogenic shock

supported by V-A ECMO (6). The crucial difference between

previous studies and the present study is that we examined

whether PSP could be measured even under total LV unloading,

TABLE 1 Baseline characteristics including hemodynamics and
echocardiographic parameters.

Parameters Median (IQR)

BW (kg) 47 (45–50)

HR (/min) 79 (68–97)

MAP (mmHg) 73 (58–77)

Peak LVP (mmHg) 87 (70–92)

LVEDP (mmHg) 11 (10–13)

Hb (g/dl) 9.4 (8.5–10.5)

SaO2 (%) 99 (98–100)

ScsO2 (%) 52 (49–69)

LVEDV (ml) 63 (53–73)

LVESV (ml) 21 (15–29)

LVSV (ml) 40 (34–44)

LVEF (%) 68 (61–71)

GCS (absolute) (%) 27.6 (26.5–31.7)

PSP (mmHg·%) 2,427 (2,252–2,699)

LVSW (based on PV-loop) (mmHg·ml) 1,728 (1,052–2,183)

LV mass (g) 115 (110–119)

BW, body weight; GCS, global circumferential strain; Hb, hemoglobin; HR, heart rate; IQR,

interquartile range; LVEDP, left ventricular end-diastolic pressure; LVEDV, left ventricular

end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-

systolic volume; LVP, left ventricular pressure; LVSV, left ventricular stroke volume;

LVSW, left ventricular stroke work; MAP, mean arterial pressure; PSP, pressure-strain

product; SaO2, arterial oxygen saturation; ScsO2, coronary sinus oxygen saturation.

FIGURE 3

Representative hemodynamics. (A) Wave forms of AP, LVP, VAD flow, LMT flow, and LV volume at control, partial, and total support. (B) Pressure-

volume loops at control, partial, and total support. AP, aortic pressure; LMT, left main trunk; LV, left ventricular; LVP, left ventricular pressure; LVV,

left ventricular volume; VAD, ventricular assist device.
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where significant gap exists between MAP and LVSP. Therefore, we

redefined PSP from MAP × GCS as used in previous reports, to

peak LVP × GCS to appropriately express LV workload during

total LV unloading. Thus, the novelty of our study lies in

measuring PSP using a different definition from previous reports

and analyzing its correlation with LVSW.

Potential benefits to use GCS rather than
stroke volume or global longitudinal strain
in estimating LVSW

To obtain the value of LVSW, measurement of the stroke volume

(SV) is essential. As an invasive method, the Swan-Gantz catheter can

FIGURE 4

Representative echocardiographic images and PSP calculation. Upper pictures: Echocardiographic images of left ventricular short axis view at the

mid-papillary level. Lower pictures: Speckle-tracking echocardiographic analysis corresponding to the upper pictures. PSP at each LVAD support

level is shown as the product of GCS and peak LV pressure. GCS, global circumferential strain; LVAD, left ventricular assist device; LVP, left

ventricular pressure; PSP, pressure-strain product.

FIGURE 5

Trends in hemodynamic (upper row) and echocardiographic (lower row) parameters. *p < 0.05, **p < 0.01. AP, arterial pressure; GCS, global

circumferential strain; HR, heart rate; LVEDV, left ventricular end-diastolic volume; LVP, left ventricular pressure; PSP, pressure-strain product.

Sato et al. 10.3389/fcvm.2025.1566021

Frontiers in Cardiovascular Medicine 06 frontiersin.org154

https://doi.org/10.3389/fcvm.2025.1566021
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


accurately measure SV as the gold standard; however, this method is not

routinely recommended in clinical settings because of its invasive nature

and subsequent complications (12). Echocardiography can be applied as

a non-invasive method to evaluate SV; however, significant pitfalls

regarding variations among sonographers have been reported (13).

Speckle-tracking echocardiography-based myocardial work can

overcome this limitation by applying automated methods to evaluate

myocardial strain, achieving high reproducibility (14). The limitation

FIGURE 6

Scatter plots showing the relationship between PV loop-based LVSW and echo-LVEDV, echo-LVSW, peak LVP, GCS, and PSP. GCS, global

circumferential strain; LVEDV, left ventricular end-diastolic volume; LVP, left ventricular pressure; LVSW, left ventricular stroke work; PSP, pressure-

strain product; PV, pressure-volume.

FIGURE 7

Trends in PVA (A) and MVO2 (B) at each LVAD support level and the correlation between the two parameters (C) MVO2, myocardial oxygen

consumption; PVA, pressure-volume area.
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FIGURE 8

Trends in CPP, LMT flow, SCSO2, and CVR according to LVAD support. CPP, coronary perfusion pressure; CVR, coronary vascular resistance; LMT, left

main trunk; ScsO2, oxygen saturation of coronary sinus blood.

FIGURE 9

Scatter plots showing the relationship between PSP and MVO2, PVA, SCSO2, and CVR. CVR, coronary vascular resistance; MVO2, myocardial oxygen

consumption; PSP, pressure-strain product; PVA, pressure-volume area; ScsO2, oxygen saturation of coronary sinus blood.
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of this method is the difficulty in obtaining three appropriate echo

images (2-, 3-, and 4-chamber views from the LV apex) to calculate

GLS (14), especially in ICU settings where patients cannot cooperate

with echo sonographers to adjust respiratory timing. In contrast, GCS

can be obtained using the LV short axis view alone, which is simpler

than obtaining the GLS. Therefore, PSP consisting of GCS can be a

user-friendly measurement for clinicians to estimate LVSW.

The significance of PSP for the cardiac
assessment and the optimization of
LVAD support

Left ventricular stroke work was calculated using echocardiography

as follows: LVSV×MAP× 0.0134 (9).However, the LVSVdoes not exist

under the conditionof total LVsupport,where the aortic valve constantly

closes. In this situation,we cannotmeasureLVSVand subsequentLVSW

using theLVoutflow tract velocity-time integral,which is oneof themost

common parameters in clinical settings. Although the value of LVSV,

defined as the gap between LV EDV and end-systolic volume, can be

obtained under LV total support, the LVSW estimated using this

method was less correlated with PV loop-based LVSW than PSP

(Figure 6). Given that LV myocardial strain can be obtained even

under the condition of aortic valve closure, PSP has an advantage over

echo-based LVSW and potentially evaluates the LV workload in

patients with cardiogenic shock, even under LV total support.

With the emergence of percutaneous LVAD (i.e., Impella®),

clinicians need to consider LV workload and myocardial oxygen

metabolism as well as hemodynamic stability to optimally utilize the

device. Considering that PSP was significantly correlated with MVO2

and PVA (Figure 9), PSP can be utilized for the LVAD optimization

by potentially reflecting myocardial oxygen metabolism. In the present

study, although coronary perfusion pressure increased with higher

levels of LVAD support, coronary flow remained limited, and

coronary vascular resistance was elevated (Figure 8). This may be

attributed to the reduced myocardial oxygen demand under LVAD

support, which limits coronary flow by increasing coronary vascular

resistance. This phenomenon has also been reported in a previous

study (15), suggesting a mechanism of optimization known as

coronary vascular autoregulation.

Validity of the model

The present study aimed to evaluate the physiological relationships

between the pressure-strain product (PSP) and myocardial oxygen

consumption. This objective necessitated highly invasive procedures,

including the implantation of sonomicrometry probes within the left

ventricular myocardium under open-chest conditions, placement of a

flow probe around the coronary artery, and insertion of a catheter

into the coronary sinus. Considering the experimental duration and

procedural success rate, a normal heart model was employed. Further

investigation using an appropriate model is required to determine

whether the present findings are applicable to failing hearts.

Nevertheless, PSP may represent a valuable tool for assessing native

cardiac function during LVAD weaning in the recovery phase.

A future perspective

Because the current Impella (e.g., Impella 5.5) has a system called

Smart Assist, which is equipped with a catheter to estimate LV

pressure, our method can be immediately applied in clinical settings

to evaluate LVSW without additional catheters. Considering that a

centrifugal pump rather than an Impella was used under normal

heart model in this study, we are currently conducting experiments

using an Impella 5.5 in a failed heart model to investigate whether

the results observed in the current study can be applicable. Future

clinical studies are required to investigate whether PSP can be useful

for optimizing Impella support level and to clarify the optimal

threshold of PSP to predict cardiac recovery.

Limitations

Our study had a few limitations. First, we applied epicardial

echocardiography, which is different from clinical practice. Pressure

from the echo probe might affect echocardiographic parameters,

including the GCS. Second, peak LV pressure, rather than mean

arterial pressure, was used in this study for the calculation of PSP,

which might have overestimated the LVSW. However, considering

the significant gap between MAP and peak LV pressure in LVAD

total support, the method applied in this study is reasonable

compared to the previously reported method using MAP. Third,

since hemodynamic assessments were performed following 5-min

stabilization after changing the LVAD flow settings, longer-term

effects were not considered. Finally, the model of normal hearts

rather than deteriorated hearts was used in the current study. In the

condition of cardiogenic shock, LV contractility is reduced, LV

afterload is increased, and LV preload is elevated compared to a

normal heart. These conditions can affect LV strain, LV pressure

and subsequent PSP. In addition, the impact of coronary vascular

autoregulation on the results may differ in failed hearts. Therefore,

future studies applying a cardiogenic shock model are necessary to

validate our findings under these distinct physiological conditions.

Conclusions

Echocardiography-based PSP significantly correlated with PV

loop-based LVSW under various LVAD support levels, including

total LV support. PSP can be useful in the noninvasive monitoring of

myocardial metabolism by potentially reflecting myocardial oxygen

consumption. Future clinical studies are required to investigate

whether PSP can contribute to the optimization of Impella support

and the prediction of cardiac recovery using the Impella device.
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SUPPLEMENTARY FIGURE S1

Schematic of PSP. PSP was measured as the area of a rectangle consisting of

the LV pressure and LV strain. The PSP of control (light blue), partial support

(dark blue), and total support (red) are illustrated based on each LV systolic

pressure and global circumferential strain. PSP, pressure-strain product.
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Background: Post-cardiotomy cardiogenic shock (PCCS) is a serious condition

that necessitates veno-arterial extracorporeal membrane oxygenation (VA-

ECMO). Although acute kidney injury (AKI) often complicates PCCS, its specific

effects on patient outcomes remain unclear. This study seeks to evaluate the

impact of AKI on 90-day mortality.

Methods: This retrospective study included 91 patients with postoperative

cardiogenic shock requiring venoarterial extracorporeal membrane

oxygenation following cardiac surgery between 2013 and 2023. Rapid-onset

AKI was defined as KDIGO Stage 2 or higher within 24 h of ICU admission.

Survival was analyzed using Kaplan–Meier and Cox regression methods to

assess its association with 90-day mortality.

Results: Twenty-four patients (26.4%) were classified as rapid-onset AKI. The

median age, primary diagnosis, and preoperative serum creatinine levels were

similar between groups. However, the rapid-onset AKI group had a

preoperative lower left ventricular ejection fraction (42.5% vs. 60.0%,

p=0.006), longer cardiopulmonary bypass time (332 vs. 245 min, p=0.009),

and a longer duration of mechanical circulatory support (6.0 vs. 2.0 days,

p=0.001). The success rate of weaning from mechanical circulatory support

was lower (61.1% vs. 93.3%, p=0.002), and the 90-day cumulative survival

probability was lower in the rapid-onset AKI group (29.1% [95% confidence

interval (CI): 15.6–54.4 vs. 79.1% [95% CI: 69.9–89.4], p < 0.001). Cox regression

analysis confirmed an independent association between rapid-onset AKI and

90-day mortality (adjusted hazard ratio: 3.15, 95% CI: 1.38–7.19, p=0.006).

Conclusion: Rapid-onset AKI was significantly associated with increased 90-day

mortality in patients with PCCS who required V-A ECMO.
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1 Introduction

Postoperative cardiogenic shock (PCCS) is characterized as a

low cardiac output syndrome accompanied by impaired

peripheral perfusion. Although its incidence is relatively low,

ranging from 0.5% to 1.5%, the in-hospital mortality rate

remains extremely high, between 60% and 80% (1).

Mechanical circulatory support devices, such as veno-arterial

extracorporeal membrane oxygenation (V-A ECMO), are

commonly employed in its management (2–4). Circulatory

failure has been identified as a critical determinant of survival

outcomes, underscoring the importance of prompt

hemodynamic stabilization.

Another critical complication is Cardiac surgery-associated

acute kidney injury (CSA-AKI), which is also one of the most

significant postoperative complications affecting patient prognosis

(5, 6). It typically arises from renal hypoperfusion and systemic

inflammatory responses triggered during and after surgery (7, 8).

Both PCCS and AKI are severe postoperative complications, and

they can exacerbate each other’s pathophysiology. Renal

hypoperfusion caused by PCCS can precipitate AKI, while the

progression of AKI can further worsen circulatory status through

fluid overload and inflammation (9, 10).

Among these, the development of Stage 2 or higher AKI

within 24 h after surgery is likely to reflect acute

hemodynamic and inflammatory changes and may serve as an

early warning sign of systemic deterioration. This is based on

evidence indicating that the severity of renal tubular injury

strongly reflects the degree of inflammatory response, and that

early recognition of AKI may be useful in predicting the

prognosis of CSA-AKI (11–13).

In patients with PCCS, who are already at high risk for

profound circulatory instability and multi-organ dysfunction, the

prognostic implications of early AKI may be particularly

significant. Therefore, identifying whether AKI occurs within the

first 24 h following surgery and clarifying its impact on

subsequent survival is a critical clinical issue.

This study focuses on the occurrence of AKI within 24 h

after cardiac surgery in patients with PCCS and investigates

its association with 90-day postoperative survival. By

elucidating the prognostic significance of perioperative AKI,

the aim is to provide insights that may contribute to risk

stratification and early therapeutic decision-making in patients

with PCCS.

2 Materials and methods

2.1 Study design, cohort, and data
collection

This study was a single-center retrospective analysis conducted

between January 2013 and December 2023, with data collection

carried out in October 2024. A total of 6,208 patients underwent

cardiothoracic surgery using cardiopulmonary bypass. 110

patients required postoperative V-A ECMO. After excluding

patients who were dialysis-dependent preoperatively (n = 3),

received V-A ECMO for non-cardiac indications (n = 2),

underwent heart transplantation (n = 8), or had missing

postoperative clinical data (n = 2), 95 patients remained for

analysis as those experiencing postoperative cardiogenic shock

requiring V-A ECMO (Figure 1). No major changes were made

to the overall surgical techniques employed at our institution

during the study period. The basic composition of the

cardioplegia solution was consistently extracellular type, mixed

with blood at a ratio of either 1:1 or 3:1. Cardioplegia was

administered under hypothermia at 14°C for aortic procedures,

while tepid cardioplegia at 29°C was used for other cases during

the study period. AKI was defined according to the

KDIGO criteria.

Previous studies on mortality risk and acute kidney injury

(AKI) in patients supported with V-A ECMO have demonstrated

that the risk is particularly elevated in those with KDIGO Stage 2

or higher (14). Therefore, to specifically evaluate the impact of

hyperacute kidney injury in this study, we defined patients who

met the criteria for KDIGO Stage 2 or higher within 24 h after

ICU admission—either a serum creatinine level more than twice

the preoperative value or urine output less than 0.5 ml/kg/h for

more than 12 h—as the rapid-onset AKI group (15). Based on

these criteria, 24 patients developed rapid-onset AKI, while the

remaining 71 patients did not.

The primary outcome was mortality from all causes within 90

days post-surgery. Secondary outcomes included the duration and

successful weaning from mechanical circulatory support.

2.2 Criteria and hemodynamic assessment
for V-A ECMO initiation in PCCS patients

The criteria for initiating V-A ECMO in PCCS patients

included an inability to wean from cardiopulmonary bypass or a

cardiac index of less than 2.2 L/min/m2, as well as a systolic

blood pressure below 90 mmHg (or a mean arterial pressure

below 60 mmHg), despite optimal treatment with inotropic or

vasopressor agents and/or intra-aortic balloon pumping (IABP)

(2, 16). Heart failure was diagnosed based on Swan-Ganz

catheter data obtained immediately before V-A ECMO initiation

and transesophageal echocardiography (TEE) performed by

anesthesiologists. Left ventricular failure occurs when the

pulmonary artery wedge pressure (PAWP) exceeds 18 mmHg,

and the ratio of right atrial pressure to pulmonary capillary

wedge pressure (RAP/PCWP) falls below 0.63, or when TEE

confirms preserved right ventricular function alongside a

reduction in RV fractional area change (RVFAC) of less than

20%. Right ventricular failure is diagnosed when inhaled nitric

oxide is administered, PAWP remains below 18 mmHg, and TEE

indicates an RVFAC reduction of 20% or more. Biventricular

failure is identified when PAWP exceeds 18 mmHg, the RAP/

PCWP ratio is greater than 0.63, and TEE reveals an RVFAC

reduction of less than 20%.
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2.3 Mechanical circulatory system selection

In ECMO management, the choice between peripheral and

central cannulation, as well as the decision to introduce LV

venting, was made intraoperatively through discussions between

the surgeons and anesthesiologists. The Heart Team determined

the postoperative selection of mechanical circulatory support

modalities, which included cardiologists, surgeons, and other

relevant specialists. Before the Impella (Abiomed, Danvers, MA,

USA) device was introduced in Japan in 2018, left ventricular

unloading was achieved using either IABP or left atrial/

ventricular venting. In Japan, upgrading to an extracorporeal

ventricular assist device (Ex-VAD) was generally indicated for

patients under 65, while those aged 65 years or older continued

to be managed with V-A ECMO. This study was conducted at a

high-volume tertiary referral center capable of advanced cardiac

surgery, including heart transplantation and the implantation of

durable left ventricular assist device (LVAD), where

approximately 1,000 adult cardiothoracic surgeries are

performed annually.

FIGURE 1

Study population and inclusion criteria for postoperative cardiogenic shock requiring veno-arterial extracorporeal membrane oxygenation.
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2.4 Hemodynamic and AKI management

In our institution, hemodynamic management was guided by

cardiac function in conjunction with specific targets, including a

mean arterial pressure (MAP) above 60 mmHg, arterial oxygen

saturation above 90%, and venous oxygen saturation above 60% (17).

In cases where CSA-AKI was identified, efforts were made to

correct hypotension and low cardiac output, and to optimize

fluid balance (10, 18). Loop diuretics were the first-line treatment

used to prevent or manage fluid overload in patients with AKI;

however, when diuretic response was poor and rapid correction

of fluid overload was necessary, renal replacement therapy (RRT)

was initiated (19).

2.5 Weaning protocols for MCS

The decannulation process from V-A ECMO was guided by

hemodynamic stability, defined as a MAP >60 mmHg with

minimal inotropic support, V-A ECMO flow <3 L/min, and

sustained arterial pulsatility with a pulse pressure >20 mmHg for

more than 24 h (20, 21). V-A ECMO flow was reduced in 1 L/

min increments with 10-minute assessments at each level, down

to a minimum of 0.5 L/min. Final evaluation at 0.5 L/min

focused on cardiac function. LVAD weaning followed modified

Berlin criteria, including a left ventricular ejection fraction

(LVEF) >45% and left ventricular end-diastolic diameter (LVDd)

<55 mm; however, elective explantation was considered in

selected patients with LVEF >30% and no hemodynamic

deterioration during the pump-off test (22).

2.6 Statistical analysis

Descriptive statistics were reported as the median [interquartile

range] for continuous variables, as normality was not confirmed

through histograms. Categorical variables were presented as

counts (percentages). The Kruskal–Wallis test was applied to

compare continuous variables between groups, while Fisher’s

exact test was employed for categorical variables. An unadjusted

survival analysis comparing the two groups based on the

occurrence of rapid-onset AKI was conducted using the Kaplan–

Meier method. A multivariable Cox regression analysis was

conducted to explore the association between rapid-onset AKI

and 90-day survival. Factors included in the Cox model were

determined based on previous studies. The factors included in

the Cox models are as follows: age (per 10-year increase),

primary diagnosis of aortic disease, lactate levels at 24 h after

ICU admission, CPB duration (per hour increase), and

postoperative LVEF (per 10-% increase) (1–3, 7, 23, 24). The

hazard ratio (HR) is presented with 95% confidence intervals

(95% CIs). Statistical analyses were conducted at a two-sided 5%

significance level. Although this study had a small sample size, a

multivariable Cox analysis was conducted while acknowledging

the potential risks of multicollinearity and overfitting. All

statistical analyses were performed using R version 4.4.2 (The

R Foundation for Statistical Computing, Vienna, Austria).

3 Result

3.1 Patients’ characteristics

The median age of the patients was 71.0 years [IQR, 57.0–79.0],

including 55 males (60.4%) (Table 1). The preoperative left

ventricular ejection fraction (LVEF) was 59.0% [IQR, 40.0–65.0],

with 19 patients (20.9%) exhibiting an LVEF of less than 35%.

A history of cardiac surgery was reported in 28 patients (30.8%),

while 34 patients (37.4%) underwent emergency surgery. The

primary indications for surgery included valvular disease in 30

patients (33.0%), aortic aneurysm in 15 patients (16.5%), aortic

dissection in 13 patients (14.3%) and ischemic heart disease in

26 patients (28.6%). The European System for Cardiac Operative

Risk Evaluation (EuroSCORE) II was 11.6 [IQR, 4.9–25.7].

When comparing the rapid-onset AKI group with the non-

rapid-onset group, the median age was similar between the two

groups (74.0 years [IQR, 62.5–80.2] vs. 71.0 years [IQR, 57.0–

8.5], p = 0.430), and there were no significant differences in

primary diagnosis or type of surgery. Preoperative serum

creatinine levels (1.08 mg/dl [IQR, 0.81–1.39] vs. 0.95 mg/dl[IQR,

[0.78–1.21], p = 0.222) and estimated glomerular filtration rate

(eGFR; 44.0 ml/min/1.73 m2 [IQR, 29.3–63.2] vs. 50.0 ml/min/

1.73 m2 [IQR, 37.5–65.2], p = 0.242) were also comparable.

However, LVEF was significantly lower in the rapid-onset AKI

group (42.5% [IQR, 28.8–58.5] vs. 60.0% [IQR, 45.0–65.0],

p = 0.006).

For the overall cohort, the median durations of surgery, CPB,

and cardiac arrest were 518 min [IQR, 354–634], 258 min [IQR,

176–362], and 141 min [IQR, 87–176], respectively. Unplanned

intraoperative additional coronary artery bypass grafting was

conducted in 20 cases (22.0%). The primary indications for V-A

ECMO included failure to wean from CPB in 42 cases (46.2%),

post-CPB heart failure in 34 cases (37.4%), and arrhythmias in

15 cases (16.5%). All arrhythmias occurred following failure to

wean from cardiopulmonary bypass and were associated with

cardiac arrest. These events were managed in the operating

room, where all cardiac arrests were promptly treated with the

initiation of V-A ECMO.

Peripheral V-A ECMO was employed in 76 patients (83.5%).

45 patients (49.5%) did not undergo any LV unloading. In

comparison, 39 patients (42.9%) were supported with an IABP,

two patients (2.2%) with an Impella device, and another five

patients (5.5%) with left atrial (LA) or LV unloading. V-A

ECMO was used as the primary modality of mechanical

circulatory support in all patients. No patients were treated with

IABP or Impella alone prior to V-A ECMO initiation.

When comparing the two groups, the rapid-onset AKI group

showed longer operative time (604 min [IQR, 488–707] vs.

503 min[IQR, 315–598], p = 0.012) and CPB time (332 min [IQR,

240–420] vs. 245 min [IQR, 170–323], p = 0.009).
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TABLE 1 Patient characteristics and presentation.

Variable Category Overall Rapid-onset
postoperative AKI

No rapid-onset
postoperative AKI

P
value

n 91 24 67

Age, years 71.0 [57.0, 79.0] 74.0 [62.5, 80.2] 71.0 [57.0, 78.5] 0.430

Age > 65 years 58 (63.7) 42 (62.7) 16 (66.7) 0.920

Gender 0.145

Male 55 (60.4) 18 (75.0) 37 (55.2)

Female 36 (39.6) 6 (25.0) 30 (44.8)

Body surface area, m2 1.67 [1.50, 1.79] 1.67 [1.53, 1.79] 1.67 [1.50, 1.79] 0.811

Hypertension 49 (53.8) 16 (66.7) 33 (49.3) 0.219

Hyperlipidemia 29 (31.9) 10 (41.7) 19 (28.4) 0.344

Insulin-dependent diabetes 6 (6.6) 2 (8.3) 4 (6.0) 1.000

Past Smoker 28 (30.8) 7 (29.2) 21 (31.3) 1.000

Chronic lung disease 11 (12.1) 3 (12.5) 8 (11.9) 1.000

Preoperative Creatinine, mg/dl 0.97 [0.79, 1.29] 1.08 [0.81, 1.39] 0.95 [0.78, 1.21] 0.222

Estimated Glomerular Filtration

Rate, ml/min/1.73 m2

49.0 [34.7, 65.0] 44.0 [29.3, 63.2] 50.0 [37.5, 65.2] 0.242

Recent myocardial infarction 22 (24.2) 3 (12.5) 19 (28.4) 0.201

LVEF, % 59.0 [40.0, 65.0] 42.5 [28.8, 58.5] 60.0 [45.0, 65.0] 0.006

LVEF < 30% 19 (20.9) 9 (37.5) 10 (14.9) 0.041

NYHA class 0.785

Class I 15 (16.5) 5 (20.8) 10 (14.9)

Class II 33 (36.3) 8 (33.3) 25 (37.3)

Class III 23 (25.3) 7 (29.2) 16 (23.9)

Class IV 20 (22.0) 4 (16.7) 16 (23.9)

History of Previous Cardiac Surgery 28 (30.8) 11 (45.8) 17 (25.4) 0.108

Urgency 0.405

Elective 48 (52.7) 11 (45.8) 37 (55.2)

Urgent 9 (9.9) 4 (16.7) 5 (7.5)

Emergency 34 (37.4) 9 (37.5) 25 (37.3)

Primary diagnosis

Valve-related cardiac

disease

30 (33.0) 7 (29.2) 23 (34.3) 0.835

Aortic aneurysm 15 (16.5) 6 (25.0) 9 (13.4) 0.322

Aortic dissection 13 (14.3) 6 (25.0) 7 (10.4) 0.159

Ischemic heart disease 26 (28.6) 5 (20.8) 21 (31.3) 0.475

Thromboembolic

Pulmonary disease

4 (4.4) 0 (0.0) 4 (6.0) 0.520

Cardiac tumor 3 (3.3) 0 (0.0) 3 (4.5) 0.698

Type of surgery 0.127

Graft Replacement for

aortic disease

28 (30.8) 12 (50.0) 16 (23.9)

Valve surgery 24 (26.4) 4 (16.7) 20 (29.9)

AMI complication repair 15 (16.5) 2 (8.3) 13 (19.4)

Coronary surgery 10 (11.0) 3 (12.5) 7 (10.4)

Coronary and Valve

surgery

7 (7.7) 3 (12.5) 4 (6.0)

Pulmonary thrombectomy 4 (4.4) 0 (0.0) 4 (6.0)

Tumor resection 3 (3.3) 0 (0.0) 3 (4.5)

EuroSCORE II 11.6 [4.9, 25.7] 14.8 [6.7, 42.1] 9.9 [3.7, 21.4] 0.081

Operation time, min 518 [354, 634] 604 [488, 707] 503 [314, 598] 0.012

Cardiopulmonary bypass time, min 258 [176, 362] 332 [240, 420] 245 [170, 323] 0.009

Arrest time, min 141 [87, 176] 156 [117, 192] 127 [85 172] 0.214

Unplanned additional CABG 20 (22.0) 6 (25.0) 14 (20.9) 0.897

Data are presented as medians [interquartile ranges] or numbers (%). AKI, acute kidney injury; AMI, Acute myocardial infarction; CABG, coronary artery bypass grafting; EuroScore, European

system for cardiac operative risk evaluation; LVEF, left ventricular ejection fraction; NYHA, New York heart association.
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3.2 Postoperative clinical outcomes

The results at ICU admission and 24 h after ICU admission are

presented in Table 2. The V-A ECMO flow index at ICU admission

was 2.1 L/min/m2 [IQR, 1.7–2.5], with 42 patients (46.2%)

receiving a V-A ECMO flow index greater than 2.4 L/min/m2.

RRT was initiated within 24 h after surgery for four patients

(4.4%) and at 24 h after ICU admission. The median

postoperative LVEF at 24 h after ICU admission was 35.0 [IQR,

25.0–45.0], and 43 patients (47.3%) had an LVEF of 30% or less.

The two groups showed no significant differences in V-A

ECMO flow, flow index, mixed venous oxygen saturation, or

lactate levels at ICU admission. However, the VIS was higher in

the rapid-onset AKI group (12.3 [IQR, 7.1–27.2] vs. 6.0 [IQR,

TABLE 2 Early postoperative results: types of PCCS and hemodynamic parameters.

Variable Category Overall Rapid-onset
postoperative AKI

No rapid-onset
postoperative AKI

p
value

n 91 24 67

Reasons for ECMO 0.327

Unable to wean CPB 42 (46.2) 9 (37.5) 33 (49.3)

HF after CPB 34 (37.4) 12 (50.0) 22 (32.8)

Arrythmia 15 (16.5) 3 (12.5) 12 (17.9)

Type of heart failure 0.256

LV failure 51 (56.0) 12 (50.0) 39 (58.2)

RV failure 13 (14.3) 3 (12.5) 10 (14.9)

Biventricular failure 12 (13.2) 6 (25.0) 6 (9.0)

VIS Score Just Before ECMO

Initiation

21.0 [9.5, 35.0] 31.9 [13.0, 59.0] 17.0 [8.0, 31.2] 0.028

VIS score >24 just before ECMO

initiation

42 (46.2) 15 (62.5) 27 (40.3) 0.102

ECMO selection 0.103

Peripheral ECMO 76 (83.5) 17 (70.8) 59 (88.1)

Central ECMO 15 (16.5) 7 (29.2) 8 (11.9)

Primary LV unloading device 0.019

None 45 (49.5) 14 (58.3) 31 (46.3)

IABP 39 (42.9) 7 (29.2) 32 (47.8)

Impella 2 (2.2) 2 (8.3) 0 (0.0)

LA drainage 1 (1.1) 1 (4.2) 0 (0.0)

LV drainage 4 (4.4) 0 (0.0) 4 (6.0)

ECMO parameters

At ICU admission ECMO flow, L/min 3.5 [2.6, 4.1] 3.1 [2.4, 4.3] 3.5 [3.0, 4.0] 0.586

ECMO flow index,

L/min/m2

2.1 [1.7, 2.5] 2.1 [1.5, 2.4] 2.2 [1.7, 2.5] 0.402

At 24 h after ICU admission ECMO flow, L/min 3.4 [2.5, 4.1] 3.5 [2.4, 3.8] 3.3 [2.5, 4.2] 0.850

ECMO flow index,

L/min/m2

2.0 [1.6, 2.5] 2.0 [1.8, 2.2] 2.0 [1.6, 2.5] 0.931

Hemodynamic parameters

At ICU admission Mixed venous oxygen

saturation

81.2 [75.0, 87.0] 81.2 [75.7, 85.3] 81.2 [74.2, 87.2] 0.736

Lactate level, mmol/L 5.3 [3.5, 7.5] 5.6 [4.0, 7.5] 5.3 [3.5, 7.3] 0.753

hemoglobin, g/dl 9.9 [9.2, 10.8] 9.7 [8.7, 11.0] 9.9 [9.3, 10.8] 0.463

VIS score 8.0 [5.0, 18.4] 12.3 [7.1, 27.2] 6.0 [4.0, 13.2] 0.007

At 24 h after ICU admission Mixed venous oxygen

saturation, %

78.1 [73.0, 84.0] 79.0 [71.0, 87.0] 78.0 [73.8, 82.2] 0.668

Lactate level 2.4 [1.6, 3.5] 3.3 [1.8, 4.3] 2.0 [1.6, 3.3] 0.020

Hemoglobin 10.6 [10.0, 11.0] 10.5 [9.9, 10.8] 10.6 [10.1, 11.1] 0.087

VIS score 8.8 [4.9, 15.0] 8.7 [5.2, 15.1] 9.8 [4.3, 14.6] 0.528

LVEF at 24 h after ICU

admission

35.0 [25.0, 45.0] 25.0 [25.0, 35.0] 35.0 [25.0, 45.0] 0.007

LVEF < 30% at 24 h after ICU

admission

43 (47.3) 16 (66.7) 27 (40.3) 0.047

Total Bilirubin At ICU admission 1.7 [1.1, 2.2] 1.8 [1.1, 2.3] 1.7 [1.2, 2.1] 0.853

At 24 h after

ICU admission

2.5 [2.0, 3.7] 2.3 [2.0, 3.7] 2.5 [2.0, 3.7] 0.586

Data are presented as medians [interquartile ranges] or numbers (%). AKI, acute kidney injury; CPB, cardiopulmonary bypass; ECMO, extracorporeal membrane oxygenation; HF, heart failure;

ICU, intensive care unit; LA, left atrium; LV, left ventricle; LVEF, left ventricular ejection fraction; RV, right ventricle; VIS, vasoactive inotropic score.
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4.0–13.2], p = 0.007). At 24 h after ICU admission, lactate levels

were significantly elevated in the rapid-onset AKI group

(3.3 mmol/L [IQR, 1.8–4.3] vs. 2.0 mmol/L [IQR, 1.6–3.3],

p = 0.02).

A total of nine patients (15.8%) were classified as Stage 2 and

fifteen (26.3%) as Stage 3 AKI within 24 h postoperatively and

were therefore categorized into the rapid-onset AKI group

(Table 3). Ten patients (11.0%) were upgraded to an Ex-VAD and

four (4.4%) received Impella in a delayed fashion within one week

after the initiation of V-A ECMO. The weaning process from

mechanical circulatory support (MCS), including V-A ECMO,

Impella, and Ex-VAD, was completed in 78 patients (85.7%). Of

these, 67 patients (85.9%) met the criteria for successful weaning,

defined as survival for at least 30 days following device removal. In

addition, two patients were transitioned to a durable LVAD. The

median duration of MCS was 3.0 days [IQR, 2.0–7.0].

The success rate of MCS weaning was lower in the rapid-onset

AKI group compared to the non-rapid-onset group (61.1% vs.

93.3%, p = 0.002), and the duration of MCS support was

significantly longer (6.0 days vs. 2.0 days, p = 0.001).

Complications during MCS support occurred in 19

patients (20.9%).

Ninety-day mortality was observed in 31 patients (34.1%)

overall and was significantly higher in the rapid-onset AKI group

(70.8% vs. 20.9%, p < 0.001).

During MCS management, bleeding events were more frequent

in the rapid-onset AKI group (20.8% vs. 1.5%, p = 0.005), and the

mortality rate during MCS support or within 30 days after weaning

from MCS was higher (54.2% vs. 13.4%, p = 0.058). The most

common cause of death was multiorgan failure (29.2% vs. 11.9%,

p = 0.103), followed by bleeding-related events (16.7% vs.

0%, p = 0.005).

TABLE 3 Clinical outcome.

Variable Category Overall Rapid-onset
postoperative AKI

No rapid-onset
postoperative AKI

p
value

n 91 24 67

Incidence of AKI at 24 h after

ICU admission

57 (62.6) 24 (100.0) 33 (49.3) <0.001

AKI stage at 24 h after ICU

admission

<0.001

Stage 1 33 (57.9) 0 (0.0) 33 (100.0)

Stage 2 9 (15.8) 9 (37.5) 0 (0.0)

Stage 3 15 (26.3) 15 (62.5) 0 (0.0)

Initiation of RRT within 24 h 4 (4.4) 4 (16.7) 0 (0.0) 0.005

Total Urine Output in the First

24 h

2,270

[1,244, 3,606]

621 [244, 1,410] 2,917 [1,956, 4,193] <0.001

Urine output, ml/kg/hr. 1.6 [0.8, 2.6] 0.4 [0.2, 0.8] 1.9 [1.3, 2.9] <0.001

Use of Lasix 28 (30.8) 4 (16.7) 24 (35.8) 0.137

Overall initiation of RRT 32 (35.2) 20 (83.3) 12 (17.9) <0.001

ECMO outcomes

Up-grade to Ex-VAD 10 (11.0) 5 (20.8) 5 (7.5) 0.157

Add Impella 4 (4.4) 2 (8.3) 2 (3.0) 0.606

MCS weaning (ECMO/Impella/Ex-VAD) 78 (85.7) 18 (75.0) 60 (89.6) 0.159

Successful weaning 67 (85.9) 11 (61.1) 56 (93.3) 0.002

Conversion to durable LVAD 2 (2.2) 0 (0.0) 2 (3.0) 0.964

Total MCS support duration, days 3.0 [2.0, 7.0] 6.0 [3.0, 20.2] 2.0 [1.5, 5.5] 0.001

Incidence of complication on MCS support 19 (20.9) 10 (41.7) 9 (13.4) 0.009

Type of complication Neurological complications 8 (8.8) 4 (16.7) 4 (6.0) 0.243

Hemorrhage 6 (6.6) 5 (20.8) 1 (1.5) 0.005

Vascular injury 2 (2.2) 1 (4.2) 1 (1.5) 1.000

LA thrombosis 3 (3.3) 0 (0.0) 3 (4.5) 0.698

In-hospital mortality 30 (33.0) 17 (70.8) 13 (19.4) <0.001

Mortality on MCS 11 (12.1) 6 (25.0) 5 (7.5) 0.058

Mortality on MCS or death within 30 days after decannulation 22 (24.2) 13 (54.2) 9 (13.4) <0.001

90-days mortality 31 (34.1) 17 (70.8) 14 (20.9) <0.001

Cause of Mortality Multiple Organ Dysfunction

Syndrome

15 (16.5) 7 (29.2) 8 (11.9) 0.103

Sepsis 6 (6.6) 3 (12.5) 3 (4.5) 0.379

Hemorrhagic event 4 (4.4) 4 (16.7) 0 (0.0) 0.005

Neurological event 5 (5.5) 2 (8.3) 3 (4.5) 0.850

Other event 1 (1.1) 1 (4.2) 0 (0.0) 0.590

Data are presented as medians [interquartile ranges] or numbers. AKI, Acute kidney injury; ECMO, Extracorporeal membrane oxygenation; ex-VAD, Extracorporeal ventricular assist device;

LVAD, Left ventricular assist device; MCS, Mechanical circulatory support; RRT, Renal replacement therapy.
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3.3 Survival analysis

Kaplan–Meier analysis showed a significantly lower 90-day

cumulative survival probability in the rapid-onset AKI group

(29.1% [95% confidence interval (CI): 15.6–54.4]) compared to

the non-rapid-onset AKI group (79.1% [95% CI: 69.9–89.4],

p < 0.001) (Figure 2). Multivariate Cox regression analysis

identified the occurrence of rapid-onset AKI (adjusted hazard

ratio [aHR]: 3.15, 95% CI: 1.38–7.19, p = 0.006) (Table 4). Other

factors associated with 90-day mortality included age (per

10-year increase, adjusted hazard ratio [aHR]: 1.32, 95% CI:

1.00–1.73, p = 0.048), a primary diagnosis of aortic dissection

(aHR: 2.72, 95% CI: 1.18–6.27, p = 0.019), and postoperative

LVEF (per 10% increase, aHR: 0.49, 95% CI: 0.30–0.79, p = 0.004).

4 Discussion

In our study, patients with rapid-onset AKI—defined as

KDIGO Stage 2 or higher within 24 h of ICU admission—had

lower preoperative cardiac function, longer CPB times, and

required prolonged MCS compared to those without AKI.

Although mortality during MCS support did not differ

significantly between groups, the 30-day survival rate after

weaning was significantly lower in the rapid-onset AKI group.

Multivariate Cox analysis confirmed rapid-onset AKI as an

independent predictor of 90-day mortality. The leading causes of

death were multiorgan failure and bleeding.

It is well-known that increases in creatinine levels and the

incidence of AKI after cardiac surgery negatively impact both

short-term and long-term prognosis. Approximately 80% of

patients undergoing V-A ECMO for cardiogenic shock develop

AKI, with in-hospital mortality rates around 26% for AKI stage 1

and exceeding 60% for AKI stage 2 or higher. Moreover, reports

suggest that combining the Society for Cardiovascular

FIGURE 2

90-day survival in patients with post-cardiotomy cardiogenic shock stratified by incidence of rapid-onset AKI.

TABLE 4 Cox multivariate analysis between rapid-onset postoperative
kidney injury and 90-day mortality.

Variable Hazard ratio
(95% CI)

p
value

Incidence of Rapid-onset postoperative AKI 3.15 (1.38, 7.19) 0.006

Age (per 10 years) 1.32 (1.00, 1.73) 0.048

Primary diagnosis of aortic dissection 2.72 (1.18, 6.27) 0.019

Cardiopulmonary bypass time (per 1 h) 1.05 (0.92, 1.21) 0.465

Lactate level at 24 h after ICU admission 1.16 (0.91, 1.48) 0.232

LVEF at 24 h postoperatively (for every

10% increase)

0.49 (0.30, 0.79) 0.004

AKI, acute kidney injury; LVEF, left ventricular ejection fraction.

Bold values indicate statistical significance (p < 0.05).
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Angiography and Interventions (SCAI) shock stage with the AKI

stage can effectively predict in-hospital mortality (14).

In this study, we focused on cases in which stage 2 or higher

AKI developed within 24 h after cardiac surgery and identified

an association with reduced 90-day survival. AKI occurring

within this early postoperative window likely reflects systemic

stress responses such as intraoperative and immediate

postoperative hypoperfusion, ischemia-reperfusion injury, and

acute inflammation (25). These processes suggest that Rapid-

onset AKI represents not only a change in renal function but

also an early indicator of systemic deterioration and

multiorgan dysfunction.

Although the use of additional MCS devices, including Ex-

VAD and Impella, was comparable between groups, the rapid-

onset AKI group exhibited a significantly longer duration of

MCS support and a lower successful weaning rate of only 61.1%.

The combined effects of AKI-associated multiorgan failure, MCS-

related hemorrhagic events, and postoperative low cardiac output

may explain these findings. The presence or absence of AKI

within 24 h postoperatively may serve as a valuable predictor of

short-term outcomes and support early postoperative risk

stratification. It may also provide a rationale for timely

interventions, including enhanced bleeding risk management and

organ failure prevention. Recent studies have proposed revising

the definition of AKI specifically for cardiac surgery patients,

suggesting that using a higher threshold for serum creatinine

change (0.55 mg/dl) than the conventional criteria may improve

the accuracy of prognostic prediction (26). This raises the

possibility that, in the context of postcardiotomy syndrome

(PCS), both the timing of AKI onset and its severity should be

reconsidered to better reflect patient outcomes.

In the present study, postoperative cardiac dysfunction was also

associated with poor prognosis. In this patient population, the use

of MCS is intended not only to promote the recovery of multiple

organ dysfunction but also to serve as a bridge to long-term

therapies such as durable LVAD or heart transplantation. Our

findings showed a high mortality rate following MCS weaning,

suggesting that the ability to discontinue MCS does not

necessarily indicate sufficient recovery from organ dysfunction.

Moreover, this may imply that, in some patients, MCS did not

adequately fulfill its role as a bridge-to-bridge (BTB) strategy.

When recovery from organ failure is inadequate at the time

MCS weaning criteria are met, the decision to proceed with

weaning often requires careful discussion among the clinical

team. In elderly patients or those with MCS-related

complications, weaning may be selected despite incomplete

recovery, potentially leading to deterioration of organ function

and subsequent death. This context may also explain why

multiple organ failure and bleeding events were frequently

identified as causes of death in our cohort.

Although early recovery from multiorgan failure is desirable

and higher flow support might be beneficial, achieving this can

be challenging in patients with PCCS, V-A ECMO may increase

afterload, potentially leading to complications such as pulmonary

congestion and left ventricular thrombus formation. Management

strategies for such cases include using direct left ventricular

venting methods, such as Impella or central V-A ECMO

combined with LA/LV venting (27). However, these approaches

carry risks of bleeding and hemolysis, which may further worsen

AKI, requiring careful consideration (28–32). Furthermore, a

unique aspect of clinical practice in Japan is that durable LVAD

and heart transplantation are generally not indicated for patients

aged 65 years or older, or for those with significant organ

dysfunction. As a result, aggressive treatment, including the use

of MCS as a bridge-to-bridge (BTB) strategy, may not be

pursued in such cases. In our study, 63.7% of the patients were

aged ≥65 years, and a significant number of deaths occurred

within 30 days after MCS weaning, which may have influenced

the overall outcomes. Nevertheless, the increased use of devices

such as Impella in Japan since 2019 suggests that treatment

strategies combining multiple MCS modalities will likely play an

increasingly important role in improving survival rates.

Additionally, in patients with organ dysfunction such as AKI

and those aged ≥65 years, durable LVADs are not indicated in

Japan, and in some cases, aggressive treatment may not be

pursued. In the present study, 63.7% of the patients were aged

≥65 years, and many deaths occurred within 30 days after MCS

weaning, which likely influenced the outcomes. Nevertheless,

with the increased use of devices such as Impella in Japan since

2019, treatment strategies that combine various MCS modalities

are expected to become increasingly important in

improving survival.

5 Limitations

This study has several limitations. First, as a single-center

retrospective observational study, the generalizability of the

findings is limited. It remains unclear whether similar trends

would be observed in patient populations from other institutions

or regions; therefore, further multicenter studies are needed to

confirm the external validity of the results. Although multivariate

analysis was used to adjust for confounding factors, the potential

influence of unmeasured confounders cannot be ruled out.

Additionally, the sample size of this study was limited, and due

to its inherent nature, a comprehensive evaluation of all relevant

factors was challenging. Thus, it is important to consider that

unknown factors may also affect the prognosis. Furthermore, this

study could not investigate the impact of rapid left ventricular

unloading on prognosis. Given these limitations, careful

interpretation of the study findings is warranted, and future

multicenter collaborative studies and prospective research are

needed to provide higher-quality evidence.

6 Conclusion

Rapid-onset AKI, defined as KDIGO Stage 2 or higher within

24 h of ICU admission, was significantly associated with increased

90-day mortality in patients with postcardiotomy cardiogenic

shock requiring V-A ECMO.
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Intra-aortic balloon pump (IABP) counterpulsation generates pressure changes

that are primarily influenced by aortic compliance, an index of arterial

elasticity that varies widely among patients with cardiovascular disease.

However, the potential role of aortic compliance in determining IABP efficacy

remains poorly understood. We present the case of an 80-year-old man with

severe aortic stenosis and pneumonia who was admitted with generalized

fatigue and worsening dyspnea. He developed refractory Society for

Cardiovascular Angiography & Interventions stage D cardiogenic shock despite

multiple vasopressors. In this patient, who had low aortic compliance (0.62–

0.81 ml/mmHg), IABP initiation resulted in immediate hemodynamic

improvement through enhanced diastolic augmentation and systolic

unloading, leading to rapid reversal of both hypoperfusion and pulmonary

congestion. Following successful weaning from vasopressors and IABP

removal, the patient underwent transcatheter aortic valve replacement without

temporary mechanical circulatory support-related complications. The notable

hemodynamic improvement observed in this case highlights the potential

importance of aortic compliance as a key determinant of IABP efficacy in

elderly patients with cardiogenic shock, suggesting that aortic compliance

may help optimize patient selection for IABP support.

KEYWORDS

intra-aortic balloon pump, cardiogenic shock, older adults, aortic compliance,

hemodynamics

Introduction

The clinical role of the intra-aortic balloon pump (IABP) remains controversial. While

the IABP-SHOCK II trial showed no survival benefit in patients with acute myocardial

infarction-related cardiogenic shock (AMI-CS) (1), recent large-scale studies have

shown non-inferior clinical outcomes with IABP compared to percutaneous ventricular

assist devices (pVADs) (2–5). Nonetheless, IABP remains the most widely used

temporary mechanical circulatory support (tMCS) device in Japan, accounting for

65.3% of cases compared to venoarterial extracorporeal membrane oxygenation

(VA-ECMO, 29.6%) and pVADs (5.0%) (6). This discrepancy in clinical outcomes
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suggests potential heterogeneity in treatment response among

patients receiving IABP support.

The hemodynamic benefits of IABP are achieved through

counterpulsation, which involves systolic unloading and diastolic

augmentation. During systolic unloading, rapid balloon deflation

just before systole (QRS-T interval) lowers peak systemic blood

pressure, thereby decreasing left ventricular (LV) afterload.

During diastolic augmentation, balloon inflation in diastole (T-P

interval) enhances systemic diastolic blood pressure and coronary

perfusion pressure (CPP). These IABP-induced pressure changes

are fundamentally determined by aortic compliance, an index of

arterial elastic properties, which can be approximated clinically

by dividing stroke volume by pulse pressure. Aortic compliance

decreases with age and the progression of cardiovascular disease,

although it varies significantly among individuals (7). Prior

studies suggest that lower compliance may amplify IABP-induced

pressure changes (8, 9).

Despite its critical role in IABP hemodynamics, the influence of

aortic compliance on IABP efficacy remains underexplored, with

limited supporting clinical evidence. A better understanding of this

relationship could explain the heterogeneous treatment responses

and help optimize patient selection for IABP support. Here, we

present a case that demonstrates the potential importance of aortic

compliance in determining IABP effectiveness in an elderly patient

with refractory cardiogenic shock.

Case description

An 80-year-old man with a history of hypertension and

chronic kidney disease stage (CKD) 3b presented to the

emergency department with generalized fatigue. His initial vital

signs included a blood pressure (BP) of 109/49 mmHg and a

heart rate (HR) of 77 beats per min. Despite receiving oxygen of

10 L/min via reservoir mask, he remained tachypneic with a

respiratory rate of 28 breaths per min and hypoxic with an

oxygen saturation of 89%. His body temperature was 36.2°C.

Physical examination revealed bilateral pulmonary crackles and

a grade 4/6 systolic ejection murmur at the right second intercostal

space. Additional findings included jugular vein distention, mild

peripheral edema, and warm extremities. Laboratory results

showed metabolic acidosis (pH 7.275, pCO2 31.3 mmHg, HCO3

14.1 mmol/L, lactate 3.3 mmol/L), hemoglobin 11.1 g/dl, white

blood cell count of 9,590/µl, c-reactive protein concentration

(CRP) of 2.23 mg/dl, and elevated B-type natriuretic peptide

(BNP) at 4,301 pg/ml. Electrocardiography demonstrated sinus

rhythm with T-wave inversion in the precordial and inferior

leads. Chest radiograph showed increased pulmonary vascular

markings and right lower lung field infiltration.

Echocardiography revealed newly reduced LV ejection fraction

(LVEF 30%, down from 60%) and severe aortic stenosis (AS)

with a peak velocity of 4.4 m/s, mean pressure gradient of

50 mmHg, and an aortic valve area of 0.7 cm2 as calculated using

the continuity equation. Subsequent coronary angiography

showed no significant coronary artery stenosis. Right heart

catheterization showed a pulmonary capillary wedge pressure

(PCWP) of 18 mmHg, pulmonary artery pressure (PAP) of

30/20 mmHg, right atrial pressure (RAP) of 7 mmHg, cardiac

index (CI) of 1.91 L/min/m2 obtained from thermodilution

cardiac output, and systemic vascular resistance (SVR) of

1,548 dyne·s/cm5. In this case, the estimated aortic compliance

range was 0.62–0.81 ml/mmHg, calculated by dividing the stroke

volume obtained from thermodilution cardiac output by pulse

pressure. Given that the normal range is 1.2–2.4 ml/mmHg (8),

these values indicate a substantial reduction in aortic compliance

in this patient. During hospitalization, PCWP was estimated

from diastolic PAP, which measured 20 mmHg and corresponded

with the directly measured PCWP of 18 mmHg (10). Pulmonary

vascular resistance (PVR) was calculated to be 133 dyne·s/cm5,

indicating no significant elevation.

The patient was diagnosed with Society for Cardiovascular

Angiography and Interventions (SCAI) stage B cardiogenic shock

complicated by severe respiratory failure with a PaO2/FiO2 (P/F)

ratio of 76 mmHg due to pulmonary congestion and pneumonia.

Initial management included invasive mechanical ventilation,

hemodynamic support with dobutamine at 3 µg/kg/min and

norepinephrine at 0.02 µg/kg/min, and antimicrobial therapy

using ampicillin/sulbactam at 3 grams every 8 h. After 9 h,

peripheral hypoperfusion improved (lactate 0.7 mmol/L);

however, norepinephrine requirements increased, and elevated

PCWP and low CI persisted. Following a heart team conference

to discuss definitive treatment for severe AS, contrast-enhanced

computed tomography was performed to assess candidacy for

transcatheter aortic valve replacement (TAVR). Following the

computer tomography scan, the patient developed progressive

hypotension and peripheral hypoperfusion. Despite escalating

vasopressor support (dobutamine at 3 µg/kg/min, norepinephrine

at 0.2 µg/kg/min, vasopressin at 3 U/h, and epinephrine at

0.05 µg/kg/min), mean arterial pressure (MAP) remained at

51 mmHg. Peripheral hypoperfusion worsened (lactate increased

from 0.7 to 3.8 mmol/L) and severe pulmonary congestion

developed (P/F ratio declined from 186 to 84; PCWP increased

from 16 to 41 mmHg) (Figure 1).

Given the refractory wet-cold profile based on the Nohria-

Stevenson classification and SCAI stage D, tMCS was indicated.

Upon arrival in the catheterization laboratory, MAP was stable at

51 mmHg. Considering the patient’s advanced age and risk-

benefit profile, IABP was selected as the initial support strategy.

Intra-aortic balloon pump initiation resulted in immediate

hemodynamic improvements, with MAP increasing from 51 to

63 mmHg and end-systolic pressure (ESP) decreasing from 49 to

45 mmHg (Figure 2). Pulmonary capillary wedge pressure

decreased substantially from 41 to 21 mmHg. Cardiac index

improved to 2.0 L/min/m2, comparable to pre-deterioration

values, demonstrating effective systolic unloading and

diastolic augmentation.

At 18 h after post-IABP initiation, all vasopressors were

successfully discontinued. Dobutamine was maintained at

3 µg/kg/min. Hemodynamics showed sustained improvement:

MAP of 61 mmHg, HR of 64 bpm, PAP of 25/14 mmHg, right

atrial pressure of 3 mmHg, CI of 2.4 L/min/m2, and SVR of

1,221 dyne·s/cm5 (Figure 1). The IABP was successfully removed
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FIGURE 1

The hemodynamic course over the first 48 h following admission. Following contrast-enhanced computed tomography, further hemodynamic

deterioration was observed, necessitating increased catecholamine doses. Directional arrows (↓↓severe reduction, ↑elevation) indicate clinical

trajectory based on physical examination and available pressure data. However, significant improvement was achieved with the initiation of IABP.

CECT, contrast-enhanced computed tomography; CI, cardiac index; dBP, diastolic blood pressure; HR, heart rate; MAP, mean arterial pressure;

PCWP, pulmonary capillary wedge pressure; peakBP, peak blood pressure; SV, stroke volume; SVR, systemic vascular resistance.

FIGURE 2

Hemodynamic changes before and after IABP initiation. The initiation of IABP resulted in a rapid increase in blood pressure and a significant reduction

in PCWP. The middle line in the aortic pressure waveform represents mean arterial pressure. Directional arrows are as described in Figure 1. ABP

(s/d/m), arterial blood pressure (systolic/diastolic/mean); Ea, effective arterial elastance; HR, heart rate; PCWP, pulmonary capillary wedge pressure;

RAP, right atrial pressure; SVR, systemic vascular resistance.
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after 52 h of support. On hospital day 8, the patient underwent

uncomplicated trans-femoral TAVR under strict infection

precautions. Following TAVR, dobutamine was weaned, and

guideline-directed medical therapy was initiated. A pre-discharge

echocardiography revealed improvement in LVEF from 30% to

44%. The patient was discharged to rehabilitation on

postoperative day 24 and maintains function mobility during

ongoing outpatient follow-up.

Discussion

We describe an elderly patient with severe AS and pneumonia

who developed refractory SCAI stage D cardiogenic shock despite

multiple vasopressors. The patient exhibited low aortic compliance

(0.62–0.81 ml/mmHg) and demonstrated notable hemodynamic

improvement following IABP support. Previous observational

studies have characterized potential IABP responders in

hypoperfused acute decompensated heart failure as those with

elevated SVR, isolated LV or biventricular dysfunction,

pulmonary congestion, and absence of excessive tachycardia

(11–13). Although our patient exhibited several of these favorable

characteristics, importantly, the shock had progressed to SCAI

stage D, where IABP is generally considered insufficient (14, 15).

Nevertheless, the immediate and substantial improvement in

both hypoperfusion and pulmonary congestion led us to consider

the role of the patient’s low aortic compliance as a potential

determinant of IABP efficacy, particularly in older adult patients.

The hemodynamic effects of IABP fundamentally depend on

the interaction between balloon inflation/deflation and the

mechanical properties of the arterial system (8). Aortic

compliance is a major determinant of the degree of systolic

unloading and diastolic augmentation. During diastole, the lower

the compliance, the greater the increase in diastolic augmentation

pressure. This effect contributes to an increase in MAP and CPP,

thereby improving peripheral hypoperfusion and coronary blood

flow. During systole, the lower the compliance, the greater the

decrease in ESP. This, in turn, leads to a greater reduction in LV

afterload, which results in an increase in stroke volume and a

decrease in PCWP.

Previous studies have demonstrated that lower aortic

compliance amplifies the hemodynamic effects of IABP, as

pressure changes are determined by the ratio of balloon volume

to aortic compliance. Papaioannou et al. demonstrated greater

pressure augmentation with decreased compliance in vitro (8),

and observed similar findings in patients with AMICS (9).

Although low aortic compliance is generally considered

disadvantageous in cardiovascular disease (16), it may enhance

IABP effectiveness throughout the cardiac cycle. While this

physiological relationship has been shown, our case uniquely

demonstrates its clinical significance in SCAI stage D shock. This

observation suggests that aortic compliance assessment might

help identify patients who could benefit from IABP support, even

in refractory cardiogenic shock.

In our case, the patient exhibited lower-than-normal aortic

compliance (0.62–0.81 ml/mmHg) during the acute phase. Intra-

aortic balloon pump support resulted in immediate

hemodynamic improvement as evidenced by increased diastolic

augmentation without increasing afterload (MAP rising from 51 to

63 mmHg and lactate levels decreasing from 3.8 to 1.4 mmol/L).

Additionally, ESP decreased from 49 to 45 mmHg), and

pulmonary congestion improved (PCWP reduced from 41 to

21 mmHg). Given the reduced LVEF (30%), this enhanced

afterload reduction was particularly effective in improving stroke

volume and reducing PCWP, consistent with previously reported

benefits of afterload reduction in severe AS with LV dysfunction

(17). The benefits of IABP-mediated afterload reduction specifically

in patients with severe AS have been previously demonstrated (18).

In addition, the enhanced CPP (increased from 35 to 96 mmHg)

(19) may have contributed to LV systolic functional recovery

through improved coronary perfusion in severe AS with impaired

coronary microcirculation (20). Figure 3 shows the hemodynamic

effects of IABP in our patient with low aortic compliance.

Sustained hemodynamic improvements were observed at

24 h post-initiation (MAP: 64 mmHg, lactate: 0.7 mmol/L, CI:

2.4 L/min/m2, and PCWP: 14 mmHg), facilitating rapid withdrawal

of catecholamines and suggesting improved LV function.

Finally, compared to pVADs and VA-ECMO, IABP use has been

associated with significantly lower rates of adverse events such as

bleeding, stroke, acute kidney injury, limb ischemia, hemolysis, and

sepsis, partly due to its smaller sheath size (7.5 Fr to 8 Fr) (21).

Given that tMCS-related complications are associated with poor

prognosis (21), IABP may be a preferable option when sufficient

hemodynamic improvement is anticipated with this less invasive

approach, as demonstrated in our case where successful circulatory

support was achieved without MCS-related complications.

Therefore, this case highlights aortic compliance as a potential key

predictor of IABP efficacy, particularly in older adult patients at

high risk for tMCS-related complications.

Limitations

Several important limitations should be noted. First, although

we observed significant hemodynamic improvement with IABP,

we could not directly evaluate changes in myocardial contractility

during the period when the patient was deteriorating. Second,

although we observed enhanced CPP following IABP support, we

could not definitively attribute the improved LV function to

recovery from myocardial ischemia, as there were no ischemic

electrocardiogram changes before or after IABP insertion. Third,

this is a single case observation, and the relationship between

aortic compliance and IABP efficacy requires validation in larger

studies including comparisons with other tMCS devices. Fourth,

while our findings suggest a relationship between low aortic

compliance and an enhanced IABP response, we acknowledge

that multiple conditions, including severe AS, reduced LV

function, and pneumonia, may have created hemodynamics

interactions that prevent attributing the observed IABP benefits

solely to aortic compliance. Finally, the potential increased risk

of vascular complications such as limb ischemia and peripheral

embolization in patients with low aortic compliance needs to be
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evaluated, as reduced compliance often reflects underlying arterial

disease and poor vascular integrity.

Conclusion

This case demonstrates successful management of an older adult

with SCAI stage D cardiogenic shock with IABP support in the

context of low aortic compliance. Our findings suggest that aortic

compliance might be a key determinant of IABP efficacy and could

potentially guidepatient selection for this less invasive tMCS approach.
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FIGURE 3

Hemodynamic effects of IABP in A patient with Low aortic compliance. This figure illustrates the hemodynamic changes induced by intra-aortic

balloon pump (IABP) support in a patient with low aortic compliance, severe aortic stenosis, and left ventricular dysfunction. The dotted line (…)

represents the state before IABP insertion, while the solid line (—) represents the state after IABP insertion. The pressure-dynamic effects of IABP

are achieved through balloon deflation just before systole (systolic unloading), which lowers end-systolic pressure (Ea), increases stroke volume,

and reduces left ventricular end-diastolic pressure, as shown in the pressure-volume (PV) loop on the right. These effects improve ventriculo-

arterial coupling through reduced Ea, which is particularly beneficial in the presence of impaired contractility (Ees). During diastole, balloon

inflation (diastolic augmentation) increases augmentation pressure without imposing additional left ventricular afterload, thereby enhancing

coronary perfusion pressure and maintaining or increasing mean arterial pressure, as shown in the pressure waveform on the left. The pressure

changes become greater as compliance decreases, resulting in enhanced hemodynamic response. Ea, effective arterial elastance; Ees, end-

systolic elastance; ESP, end-systolic pressure; MAP, mean arterial pressure; SV, stroke volume. Ea represents left ventricular afterload. Ees

represents left ventricular contractility.
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