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Background: Hemophagocytic syndrome (HPS) is a rare but life-threatening condition often complicated by heart failure (HF). This
study aimed to identify predictors of acute heart failure in HPS patients using classification and regression tree (CART) analysis.
Methods: A retrospective analysis was performed on 146 HPS patients without a diagnosis of HF. Variables such as age,
cardiothoracic ratio (CTR), etiology, N-terminal pro-brain natriuretic peptide (NT-proBNP), C-reactive protein (CRP), ferritin,
triglyceride, and lactate dehydrogenase (LDH) levels at diagnosis were included. CART analysis was employed to develop models
predicting heart failure status. The model’s performance was evaluated using sensitivity, specificity, and overall accuracy.

Results: This study identified several key predictors of acute heart failure in HPS patients. CTR emerged as the most significant
predictor, with patients exhibiting a higher ratio being at a greater risk of developing heart failure. NT-proBNP levels and CRP levels
were also significant predictors, indicating cardiac stress and systemic inflammation. Age and etiology played crucial roles, with older
patients and those with rheumatological causes showing a higher susceptibility to heart failure. The CART models demonstrated good
accuracy, with CTR being the most important predictor.

Conclusion: This study highlights critical factors, such as CTR, NT-proBNP, CRP levels, age, and etiology in predicting acute heart
failure in HPS patients. Early identification of these predictors can facilitate timely interventions, potentially improving outcomes and
reducing mortality rates. These findings provide valuable insights for clinical practice and pave the way for further research on acute
heart failure management in HPS.

Plain Language Summary: HPS is a serious condition that can lead to heart failure, a life-threatening complication. This study
aimed to identify factors that predict heart failure in HPS patients to help doctors diagnose and treat it early. By analyzing data from
146 patients, we found that a higher cardiothoracic ratio, elevated NT-proBNP levels, and increased CRP levels were strong predictors
of heart failure. These findings mean that doctors can monitor these factors in HPS patients to catch heart failure early and start
treatment sooner, potentially saving lives. The study also found that women with HPS might be more likely to develop heart failure,
suggesting they need closer monitoring. Overall, this research provides valuable information that can improve patient care and
outcomes in HPS.
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Introduction
Hemophagocytic syndrome (HPS) is a potentially fatal systemic inflammatory disorder due to the persistent activation of

cytotoxic T cells and natural killer cells, coupled with excessive activation of macrophages.' The incidence of HPS
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increased 11% annually between 2003-2018 in England (a 4-fold increase over 16 years), and a 14% annual increase in
15-54 year-olds and a 16% annual increase in those who are 55 years and older have also been reported.” In adults, HPS
is commonly secondary to infectious, malignant, or autoimmune diseases.' Clinical and laboratory findings are quite
nonspecific, including fever, hepatosplenomegaly, cytopenia, and hyperferritinemia. Most patients require intensive care
unit (ICU) admissions as a result of organ dysfunction. In patients with HPS who developed multiorgan dysfunction,
mortality rates of 40%-80% have been reported.” ® Acute liver failure, disseminated intravascular coagulation, acute
respiratory failure, decreased level of consciousness, and seizures are the life-threatening clinical manifestations of HPS.”
Cardiovascular complications in HPS patients have been reported as acute heart failure, acute myocardial infarction, and
circulatory failure in recent studies, with mortality rates of 25.6%—53%.% "'

The heart is a target of systemic inflammation, and the role of inflammation in the development of acute heart failure (HF)
has been identified.''* Pro-inflammatory cytokines involved in cardiac injury are TNF-o, IFN-y, IL-1p, IL-6, IL-17, and IL-
18. Among these cytokines, elevated TNF-a levels have been associated with negative inotropic effects, ventricular dilatation,
and mortality.'>'® Additionally, IL-1p has been reported as a myocardial depressant cytokine that causes the release of
inducible nitric oxide."” In sustained high-grade systemic inflammation, cardiac damage resulting from circulatory failure
seems inevitable With early immunosuppressive treatment, successful management can be achieved.®”'®

With growing knowledge of the relationship between the heart and hyperinflammation after the COVID-19
pandemic'? and since HPS is a multisystem hyperinflammatory disorder due to the rarity of the condition in adults,
there is no available data to predict cardiac complications during the course of HPS.

In this retrospective study, we aimed to identify the factors that predict the development of acute heart failure in
patients with HPS admitted to the ICU.

Materials and Methods

This retrospective observational study included adult critically ill patients diagnosed with HPS according to the HLH-
2004 diagnostic criteria in the ICU of the Ege University Faculty of Medicine between 2012 and 2023. De novo acute HF
was defined as a manual review of the patients’ electronic medical records (ICD codes), the absence of a history of HF
diagnosis and medication use, and the presence of new and rapidly worsening symptoms and signs in accordance with
guidelines.'>*° Patients with a known history of heart failure and missing data were excluded. The Institutional Ethical
Review Board of Ege University Hospital approved the study (24-5T/35). The study was conducted in accordance with
good clinical practice guidelines and adhered to the principles of the Declaration of Helsinki. Patients or their relatives
provided written informed consent. According to the results of diagnostic investigations, HPS etiological diagnoses were
made by a multidisciplinary team, including an intensivist, rheumatologist, and hematologist. Demographic, clinical, and
laboratory parameters were retrieved from electronic medical records. The cardiothoracic ratio (CTR) was measured on
a PA chest x-ray, which is the ratio of the maximal transverse dimension of the heart to the maximal transverse thoracic
dimension®’ and expressed as a percentage. The primary outcome was the identification of risk factors for the
development of HF in patients with HPS, and the secondary outcome was ICU mortality.

Statistical Analysis
The data obtained from the study were summarized using descriptive statistics. Continuous variables were presented as
mean = standard deviation or median with minimum and maximum values, depending on their distribution. Categorical
variables were summarized as numbers and percentages. The normality of the numerical variables was assessed using
appropriate tests and visualizations based on the sample size and data characteristics. The Shapiro—Wilk test was used for
small sample sizes (n < 50), while the Kolmogorov—Smirnov and Anderson-Darling tests were used for larger samples
(n > 50). The Kolmogorov—Smirnov test accommodates larger sample sizes, whereas the Anderson-Darling test is more
sensitive to deviations in the tails of the distribution. Additionally, visual tools, such as histograms and Q-Q plots, were
used to evaluate the assumption of normality.

For comparing categorical variables between groups, the Pearson chi-square test was employed in 2x2 tables with
expected cell counts of 5 or more. In 2x2 tables with expected counts less than 5, Fisher’s exact test was preferred. For
RxC tables with expected counts below 5, the Fisher-Freeman-Halton test was utilized.
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When comparing the two independent groups, an independent samples #-test was used if the numerical variables followed
a normal distribution. If the numerical variables did not follow a normal distribution, the Mann—Whitney U-test was chosen.

We conducted a classification and regression tree (CART) analysis to develop models predicting acute heart failure
status using datasets of 146 participants, validated with 10-fold cross-validation. The independent variables for Model 1
included age, CTR, etiology, N-terminal pro-brain natriuretic peptide (NT-proBNP), C-reactive protein (CRP), triglycer-
ide, lactate dehydrogenase (LDH), and ferritin levels at diagnosis. For Model 2, the variables were CTR, CRP, albumin,
etiology, gender, and LDH. Equal prior probabilities were assigned to each class. The Gini criterion was used for node
splitting, and the optimal trees were selected within one standard error of the minimum misclassification cost.

The primary rationale for preferring CART analysis over logistic regression is the assumption that nonlinear
relationships and complex interactions exist within the dataset. CART enables the identification and interpretation of
these complex relationships. The nonparametric nature of CART eliminates the need for assumptions about data
distribution, thus enhancing model flexibility. One significant advantage is the visual interpretability of the results,
which facilitates the achievement of research objectives.

Statistical analyses were performed using Jamovi (Version 2.3.28, Jamovi project, 2023, https://www.jamovi.org),
JASP (Version 0.18.3, Jeffreys’ Amazing Statistics Program, 2024, https://jasp-stats.org), and Minitab (Version 21.4.2,
Minitab, LLC, 2023) software packages. The level of statistical significance was set at p < 0.05.

Results
Among 146 patients, 49.3% (n = 72) developed symptoms and signs of acute heart failure. The female sex ratio was
higher in patients with heart failure, and this difference was statistically significant (female: 59.7%, male: 40.3%, p =
0.031). Additionally, the CTR was significantly higher in patients with acute heart failure (»p < 0.001). Regarding
etiology, a significant difference was observed (p = 0.007). Rheumatological causes were more prevalent in patients with
acute heart failure, while infectious etiology was more common in those without heart failure. Age, length of hospital
stay, time from diagnosis to treatment, time from diagnosis to death, and mortality rates did not show significant
differences between patients with and without acute heart failure (p > 0.05 for each) (Table 1).

The levels of NT-proBNP, triglycerides, direct bilirubin, and CRP were significantly higher in patients with acute
heart failure (p < 0.05 for each). Conversely, no significant differences were observed in other laboratory results between
patients with and without heart failure (p > 0.05 for each) (Supplementary Table 1).

Model 1: CART Results

Binary Response Information
The response variable, heart failure status, had two classes: present (acute heart failure), with 72 cases (49.32%), and
absent (acute heart failure), with 74 cases (50.68%).

Table | Clinical Characteristics and Outcomes Based on Acute Heart Failure Status

Acute Heart Failure p-values
No (n=74) Yes (n=72)
Age, years * 52.5 [19.0-90.0] | 50.5 [22.0-77.0] 0.339*
Gender ¥
Male 44 (59.5) 29 (40.3) 0.03 I+
Female 30 (40.5) 43 (59.7)
Duration of Hospitalization, days $ 13.0 [3.0-87.0] 11.0 [3.0-92.0] 0.243*
Time from Diagnosis to Treatment $ | 14.5[1.0-72.0] 9.0 [1.0-82.0] 0.224*
Time from Diagnosis to Death § 8.5 [1.0-76.0] 8.0 [2.0-60.0] 0.817*
(Continued)
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Table | (Continued).

Acute Heart Failure p-values
No (n=74) Yes (n=72)

Mortality *

Alive 50 (67.6) 37 (51.4) 0.068**

Ex 24 (324) 35 (48.6)
Cardiothoracic Ratio (%) T 51,075 573 69 <0.00 I+
Etiology *

Infection 27 (36.5) 19 (26.4) 0.007**

Rheumatological 14 (18.9) 33 (45.8)

Malignancy 22 (29.7) 13 (18.1)

Other 11 (14.9) 7(9.7)

Notes: *n (%), TMean % Standard Deviation, SMedian [Min.-Max.]. *. Mann—-Whitney U-test. **. Pearson Chi-
Square test. ***. Independent Samples T-Test. The level of statistical significance was set at p < 0.05 in bold.

CART Analysis

The analysis identified CTR and age as the most significant predictors, resulting in a decision tree with four terminal
nodes. The primary splits were based on CTR < 52.5 and age < 60. The subsequent splits further differentiated patients
based on etiology. In patients with a CTR below 52.5, the probability of not having heart failure was 75.4%. In patients
with a CTR above 52.5, the probability of acute heart failure was 69.1%, with age being the determining factor in these
patients. The probability of acute heart failure was 84.3% in patients with a CTR above 52.5 and aged 60 years or less.
Patients with a CTR above 52.5 and those aged above 60 years were differentiated according to etiology. Patients with an
etiology due to infection, malignancy, or other causes had a 69.6% probability of not having heart failure, while patients
with an etiology due to rheumatological causes had an 85.7% probability of having acute heart failure (Figure 1: Tree
diagram for Model 1).

Model Performance

The confusion matrix used to evaluate the model’s performance shows that, in the training data, 49 out of 72 cases of
acute heart failure were correctly predicted, resulting in an accuracy of 68.1%. Similarly, 65 out of 74 cases without heart
failure were correctly predicted, with an accuracy of 87.8%, leading to an overall accuracy of 78.1%. In the test data, 43
out of 72 cases of acute heart failure were correctly predicted (59.7% accuracy), and 59 out of 74 cases without heart
failure were correctly predicted (79.7% accuracy), with an overall accuracy of 69.9%. The model’s sensitivity was 68.1%
in the training data and 59.7% in the test data. The false positive rate was 12.2% in the training data and 20.3% in the test
data; the false negative rate was 31.9% in the training data and 40.3% in the test data; and the true negative rate
(specificity) was 87.8% in the training data and 79.7% in the test data (Table 2).

Statistical Measures

The mean log-likelihood values were 0.517 for the training data and 1.139 for the test data. The area under the ROC
curve (AUC) values were 0.788 (95% CI, 0.275 to 1) for training and 0.704 (95% CI, 0.613 to 0.794) for testing
(Figure 2: ROC curves for Model 1 test and training data). Lift values were calculated at 1.723 for training and 1.319 for
testing. Misclassification costs were 0.441 for training and 0.606 for testing. These measurements indicate that the model
performs better on training data than on test data. While the decrease in performance indicators on the test data suggests
some limitations in the model’s generalizability, the obtained values are still within acceptable limits.
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Alternative Tree Diagram
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Figure | Decision Tree for Model | Predicting Heart Failure Status Based on Cardiothoracic Ratio, Age, and Etiology.

Variable Importance

The relative importance of predictors was expressed as a percentage, with the most effective predictor rated at 100%.
According to our analysis, CTR had the highest importance at 100%, followed by age at 41.9%, NT-proBNP at 31.4%,
and etiology at 31.0%. Other variables included CRP (20.2%), ferritin at diagnosis (8.3%), triglyceride (8.3%), and LDH
(4.8%) (Figure 3: Importance of variables for Model 1).
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Table 2 Confusion Matrix and Statistics for Model | from CART Analysis

Actual Class Predicted Class % Correct Predicted % Correct
(Training) (Training) Class (Test) (Test)

Present (Acute Heart Failure) Present: 49, 68.1% Present: 43, 59.7%
Absent: 23 Absent: 29

Absent Present: 9, 87.8% Present: 15, 79.7%
Absent: 65 Absent: 59

All Present: 58, 78.1% Present: 58, 69.9%
Absent: 88 Absent: 88

Statistics Training (%) Test (%)

True Positive Rate (Sensitivity) 68.1 59.7

False Positive Rate (Type | Error) 12.2 20.3

False Negative Rate (Type Il Error) | 31.9 40.3

True Negative Rate (Specificity) 87.8 79.7

Notes: This table summarizes the confusion matrix and performance statistics for Model |, including sensitivity, specificity, and overall
accuracy for both training and test datasets.

Model 2: CART Results

Binary Response Information
The response variable, heart failure status, had two classes: present (acute heart failure), with 72 cases (49.32%), and
absent (acute heart failure), with 74 cases (50.68%).

CART Analysis

The analysis identified CTR and CRP as the most significant predictors, resulting in a decision tree with five terminal
nodes. The primary splits were based on CTR < 52.5 and CRP < 34.57. Subsequent splits further differentiated patients
based on etiology and CRP levels. The probability of not developing heart failure in patients with a CTR below 52.5 was
75.8% (Node 2). In this group, the probability of not having heart failure in patients with a CRP level equal to or below

Receiver Operating Characteristic (ROC) Curve
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Figure 2 Receiver Operating Characteristic (ROC) Curve for Model | with Area Under the Curve (AUC) Values for Training (0.7881) and Test (0.7038) Data.
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Figure 3 Relative Variable Importance for Model I, Highlighting Cardiothoracic Ratio as the Most Significant Predictor.

34.57 was 79.4%. Nevertheless, heart failure was identified in all patients with a CRP level above 34.57. In patients with
a CTR above 52.5, the etiology was found to be an important determinant. In these patients, the probability of acute heart
failure was 57.1% in those with an etiology due to infection, malignancy, or other causes. In patients with a CTR above
52.5, an etiology of infection, malignancy, or other causes, and a CRP level equal to or below 8.735, the probability of
acute heart failure was 27.8%. In patients with a CRP level above 8.735, the probability of acute heart failure was 74.2%.
In patients with a CTR above 52.5 and a rheumatological etiology, the probability of acute heart failure was 90.3%
(Figure 4: Tree diagram for Model 2).

Model Performance

The confusion matrix used to evaluate the model’s performance shows that in the training data, 54 out of 72 cases of
heart failure were correctly predicted, resulting in an accuracy of 75.0%. Similarly, 63 out of 74 cases without heart
failure were correctly predicted, with an accuracy of 85.1%, leading to an overall accuracy of 80.1%. In the test data, 49
out of 72 cases of acute heart failure were correctly predicted (68.1% accuracy), and 57 out of 74 cases without heart
failure were correctly predicted (77.0% accuracy), with an overall accuracy of 72.6%. The model’s sensitivity was 75.0%
in the training data and 68.1% in the test data. The false positive rate was 14.9% in the training data and 23.0% in the test
data; the false negative rate was 25.0% in the training data and 31.9% in the test data; and the true negative rate
(specificity) was 85.1% in the training data and 77.0% in the test data (Table 3).

Statistical Measures

The mean log-likelihood values were 0.481 for the training data and 1.677 for the test data. The area under the ROC
curve (AUC) values were 0.8259 (95% CI, 0.428 to 1) for training and 0.7102 (95% CI, 0.622 to 0.798) for testing
(Figure 5: ROC curves for the Model 2 test and training data). Lift values were calculated at 1.872 for training and
1.472 for testing. Misclassification costs were 0.399 for training and 0.550 for testing. These measurements indicate
that the model performs better on training data than on test data. While the decrease in performance indicators on the
test data suggests some limitations in the model’s generalizability, the obtained values are still within acceptable

limits.
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Alternative Tree Diagram
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Figure 4 Decision Tree for Model 2 Predicting Heart Failure Status Based on Cardiothoracic Ratio, CRP Levels, and Etiology.

Variable Importance

The relative importance of predictors was expressed as a percentage, with the most effective predictor rated at 100%.
According to our analysis, CTR had the highest importance at 100%, followed by CRP at 77.9%, albumin at 39.5%, and
etiology at 37.5%. Other variables included gender (24.9%) and LDH (7.4%) (Figure 6: Importance of variables for
Model 2).

Discussion

Heart failure is a complex clinical syndrome characterized by a range of signs and symptoms resulting from structural or
functional defects that lead to reduced cardiac output or elevated intracardiac pressure. Acute heart failure is usually
defined as the rapid onset of new or worsening signs and symptoms of HF. Our study aimed to identify predictors of
acute heart failure as a prominent organ dysfunction in patients with HPS using CART analysis. The results highlight
several key factors that play a crucial role in predicting acute heart failure within this patient population. CTR was found
to be the most significant predictor, indicating that patients with a higher CTR are at a substantially increased risk of
developing heart failure. A CTR value of > 0.5 is considered abnormal and may indicate cardiomegaly.?? Although it can
be difficult to obtain true enlargement, CTR determination can provide beneficial parameters for patient assessment,
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Table 3 Confusion Matrix and Statistics for Model 2 from CART Analysis

Actual Class Predicted Class % Correct Predicted % Correct
(Training) (Training) Class (Test) (Test)

Present (Event) Present: 54, 75.0% Present: 49, 68.1%
Absent: |8 Absent: 23

Absent Present: |1, 85.1% Present: 17, 77.0%
Absent: 63 Absent: 57

All Present: 65, 80.1% Present: 66, 72.6%
Absent: 8| Absent: 80

Statistics Training (%) Test (%)

True Positive Rate (Sensitivity) 75.0 68.1

False Positive Rate (Type | Error) 14.90 23.0

False Negative Rate (Type Il Error) | 25.0 319

True Negative Rate (Specificity) 85.1 77.0

Notes: This table presents the confusion matrix and performance statistics for Model 2, detailing sensitivity, specificity, and overall

accuracy for both training and test datasets.

especially in intensive care units. Our findings underscore valuable information on the monitoring of CTR in managing

patients with HPS.

Additionally, elevated levels of NT-proBNP were strongly associated with heart failure, corroborating its utility as
a biomarker for cardiac stress and dysfunction. CRP, an inflammatory marker, also emerged as a significant predictor,
highlighting the role of systemic inflammation in the progression of heart failure. Elevated B-type natriuretic peptide or
NT-proBNP levels in HPS patients with cardiac involvement have been reported in the current literature.”® Additionally,
temporal changes in NT-proBNP were closely related to mortality.'' CRP in HPS patients has been related to overall

survival in a recent study,>* but it has not been well established in HPS patients with cardiac involvement. Previous

studies have highlighted the importance of biomarkers, such as NT-proBNP and inflammatory markers, in predicting
heart failure, but their role in HPS remains underexplored. This study addresses this gap by using CART analysis to

Receiver Operating Characteristic (ROC) Curve
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Figure 5 Receiver Operating Characteristic (ROC) Curve for Model 2 with Area Under the Curve (AUC) Values for Training (0.8259) and Test (0.7102) Data.
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Figure 6 Relative Variable Importance for Model 2, Highlighting Cardiothoracic Ratio as the Most Significant Predictor.

identify the key predictors of acute heart failure in HPS patients. The findings of the present study suggest that
integrating NT-proBNP, which is a tool for predicting patient mortality in both heart failures with reduced or preserved
ejection fraction and CRP levels into routine clinical assessments, could enhance the early detection and management of
acute heart failure in these patients.

Age and the etiology of HPS further influenced the risk of acute heart failure. Older patients and those with rheumato-
logical causes of HPS were particularly susceptible to developing acute heart failure. Frapard et al reported acute circulatory
failure in 34 hPS patients, the leading etiology was hematological malignancies, and older patients had worse outcomes.”
Fewer reported etiologies appear as case reports but are limited for comparison with our study. Cardiac involvement in
systemic inflammatory diseases has been reported in many different clinical presentations.”> Some manifestations, such as
pericarditis, are particularly well known; however, better knowledge and awareness of heart failure in systemic inflammatory
diseases are critical because of high mortality and morbidity. Although subgroup analyses of rheumatological diseases could
not be performed in the present study due to the small number of patients, our results suggest that personalized treatment
strategies based on age and underlying etiology could be beneficial in mitigating the risk of heart failure.

The study also found a higher prevalence of acute heart failure among female patients, indicating potential gender-
specific factors that warrant further investigation. Combining the fact that rheumatologic diseases are more common in
women related to hormonal factors®® and that heart failure was more common in rheumatologic diseases in this study
suggests that the gender difference in heart failure is because of rheumatologic etiology. Understanding these gender
differences could lead to more tailored and effective treatment approaches.

The identification of these predictors has significant clinical implications. Early recognition of patients at higher risk
for heart failure can lead to timely interventions, potentially improving outcomes. For example, regular monitoring of the
cardiothoracic ratio and NT-proBNP levels in patients with HPS could help in the early detection and management of
acute heart failure.

Our findings raise several important questions for future research. First, the role of inflammatory markers, such as
CRP, in the progression of heart failure warrants further investigation. Understanding the mechanisms linking systemic
inflammation to cardiac dysfunction could uncover new therapeutic targets. Second, the influence of different etiologies
of HPS on heart failure risk needs more detailed exploration. Large-scale studies could help clarify how specific
underlying conditions contribute to heart failure development. Lastly, the observed gender differences in heart failure
prevalence among our cohort suggest that gender-specific factors should be considered in risk assessment and
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management strategies. When considering that heart failure with preserved ejection fraction patients are more often
women,”’ the heart failure that develops in these patients also raises the question of whether this is the group with
preserved ejection fraction. Future studies should aim to elucidate these differences to optimize care for both men and
women with HPS.

Future research should focus on the following areas: investigate the biological pathways linking inflammation to heart
failure in HPS; conduct long-term follow-up studies to understand the progression of heart failure in patients with
different etiologies of HPS; explore gender differences in heart failure risk and outcomes to develop tailored interven-
tions; and test the effectiveness of early interventions based on the identified predictors in reducing heart failure
incidence and improving survival.

Although our study provides valuable insights into the predictors of heart failure in patients with HPS, several limitations
must be acknowledged. First, the study’s retrospective design may introduce inherent biases, such as selection bias and
information bias. The reliance on existing medical records may result in incomplete data, potentially affecting the accuracy
and generalizability of our findings. This study’s findings are specific to ICU-admitted patients and may not be fully generalizable
to HLH patients treated in regular wards. The sample size, though adequate for initial analysis, may not be sufficient to capture
the full spectrum of variability within the patient population. A larger multicenter study would be necessary to validate our results
and ensure that they are applicable to a broader demographic.

Another limitation is the potential for confounding variables that were not accounted for in our analysis. Factors such
as socioeconomic status, comorbid conditions, and variations in treatment protocols could influence the outcomes and
should be considered in future studies. Additionally, the cross-sectional nature of some data points limits our ability to
establish causality. Longitudinal studies would provide a clearer understanding of the temporal relationships between the
identified predictors and the development of acute heart failure.

The use of CART analysis, while robust in handling complex interactions and non-linear relationships, may also have
limitations. The results of CART models can be sensitive to the specific data set and may not generalize well to other
populations. It is crucial to replicate these findings using different analytical approaches and diverse patient cohorts to
confirm their validity.

Furthermore, the study did not explore the potential impact of genetic factors on the risk of acute heart failure in
patients with HPS. Genetic predispositions may play a significant role and should be investigated in future research.

Lastly, although we identified several key predictors, the study did not evaluate the effectiveness of specific
interventions based on these predictors. Future research should focus on interventional trials to determine the best
strategies for preventing heart failure in high-risk patients, as identified by our models.

In summary, while our study advances the understanding of acute heart failure predictors in HPS, the limitations
highlight the need for further research to validate and expand on these findings. Addressing these limitations will be
essential in developing comprehensive and effective management strategies for this vulnerable patient population.

Conclusion

In conclusion, our findings emphasize the need for a comprehensive and multifaceted approach to managing patients with HPS.
By identifying high-risk individuals through key predictors, such as cardiothoracic ratio, NT-proBNP, CRP, age, and etiology,
clinicians can implement early interventions aimed at preventing the onset of acute heart failure. These strategies have the
potential to significantly improve patient outcomes and reduce mortality rates associated with HPS and acute heart failure.
Expanding the sample size in future studies would significantly enhance the generalizability of these findings, allowing for
a more comprehensive understanding of predictors in HPS patients and improving the applicability of results across diverse
patient populations.
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