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ARTICLE INFO ABSTRACT

Keywords: Purpose: The recognition of sepsis as a heterogeneous syndrome necessitates identifying distinct

Sepsis subphenotypes to select targeted treatment.

z‘llbdas_ses Methods: Patients with sepsis from the MIMIC-IV database (2008-2019) were randomly divided
ustering

into a development cohort (80%) and an internal validation cohort (20%). Patients with sepsis
from the ICU database of Peking University People’s Hospital (2008-2022) were included in the
external validation cohort. Time-series k-means clustering analysis and dynamic time warping
was performed to develop and validate sepsis subphenotypes by analyzing the trends of 21 vital
signs and laboratory indicators within 24 h after sepsis onset. Inflammatory biomarkers were
compared in the ICU database of Peking University People’s Hospital, whereas treatment het-
erogeneity was compared in the MIMIC-IV database.

Findings: Three sub-phenotypes were identified in the development cohort. Type A patients (N =
2525, 47%) exhibited stable vital signs and fair organ function, type B (N = 1552, 29%) was
exhibited an obvious inflammatory response and stable organ function, and type C (N = 1251,
24%) exhibited severely impaired organ function with a deteriorating tendency. Type C
demonstrated the highest mortality rate (33%) and levels of inflammatory biomarkers, followed
by type B (24%), whereas type A exhibited the lowest mortality rate (11%) and levels of in-
flammatory biomarkers. These subphenotypes were confirmed in both the internal and external
cohorts, demonstrating similar features and comparable mortality rates. In type C patients, sur-
vivors had significantly lower fluid intake within 24 h after sepsis onset (median 2891 mlL,
interquartile range (IQR) 1530-5470 mL) than that in non-survivors (median 4342 mL, IQR
2189-7305 mL). For types B and C, survivors showed a higher proportion of indwelling central
venous catheters (p < 0.05).

Conclusion: Three novel phenotypes of patients with sepsis were identified and validated using
time-series data, revealing significant heterogeneity in inflammatory biomarkers, treatments, and
consistency across cohorts.

Time-series data
Dynamic time warping

Abbreviations: DTW, dynamic time warping; MIMIC-IV, Medical Information Mart for Intensive Care IV; SSE, sum of squared errors; CRP, C-
reactive protein; PCT, procalcitonin; IL, interleukin; IQR, interquartile range; LOS, length of stay; SD, standard deviation.
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1. Introduction

Sepsis is a serious systemic infection that can lead to multiple organ dysfunction and death [1]. In the last decade, sepsis incidence
was 437 per 100,000 people, severe sepsis incidence was 270 per 100,000 people, in-hospital mortality rate of sepsis was 17%, and
in-hospital mortality rate of severe sepsis was 26%, resulting in an estimated 48.9 million confirmed cases contributing to approxi-
mately 11 million deaths annually worldwide [2]. Morbidity and mortality associated with sepsis increase annually, making it a
growing global public health concern [3].

Sepsis is not a specific disease; rather, it is an infection-induced syndrome. The clinical manifestations of sepsis are diverse owing to
different pathogens and pathogenic mechanisms. Recently, exploring the subphenotypes of sepsis and the heterogeneity of its treat-
ment has become a prominent focus in sepsis-related research. Most studies on sepsis subtypes are based on cross-sectional clustering
[4-13]. Several recent studies have used time-series data for cluster classification in sepsis, examining vital sign [14], temperature
[15], and SOFA score trajectories [16]. However, the clustering variables are relatively few and do not reflect the overall condition of
patients. A summary of previous studies on sepsis subtypes is presented in Supplementary Material: Table S1. Considering the complex
and rapidly evolving characteristics of sepsis, cluster analysis based on multi-systematic and comprehensive time-series data of easily
accessible clinical indicators is more consistent with the characteristics of sepsis, providing better classification [17,18].

Owing to the heterogeneity of sepsis, there is no one-size-fits-all approach to its treatment [19]. Exploring precision treatment for
sepsis based on its subtypes has become a new research direction [6,7,9,14,20].

The objectives of this study were to (1) discern and validate the subphenotypes of patients with sepsis based on time-series data of
vital signs and laboratory measurements within the first 24 h of onset, (2) analyze the clinical features and outcomes of the sepsis
subphenotypes, and (3) explore the therapeutic heterogeneity of early fluid resuscitation and indwelling central venous catheters
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Fig. 1. Workflow of the study. Patients with sepsis were selected in the Mimic-iv and PKUPH ICU databases according to the definition of sepsis 3.0.
Patients in the Mimic-iv database were randomly divided 80%,/20% into the development cohort and internal validation cohort, respectively. The
PKUPH ICU database was used as an external validation cohort. The optimal clustering method and parameter, i.e., time series k-means clustering,
were explored and established in the development cohort. The same clustering method and variables were applied in the validation cohorts to verify
its reproducibility. We finally obtained three subphenotypes in both validation cohorts, and their characteristics corresponded to those of the
development cohort. We compared the inflammatory biomarkers between three subphenotypes in the PKUPH ICU database and analyzed treatment
heterogeneity across subphenotypes in the Mimic-iv database.
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between subphenotypes and the mechanisms underlying the different effects.

2. Materials and methods

2.1. Study design

We conducted a retrospective, observational study of patients with sepsis in the Medical Information Mart for Intensive Care IV
(MIMIC-1V) and ICU databases of Peking University People’s Hospital (hereinafter referred to as the PKUPH ICU database), whose
overall workflow is illustrated in Fig. 1. Our goal was to develop and validate sepsis subphenotypes of patients in the ICU according to
their trends in clinically accessible vital signs and laboratory measures using time series k-means clustering and dynamic time warping
(DTW). We subsequently explored the heterogeneity of inflammatory biomarker levels and treatment effects among the three sub-
phenotypes in two separate databases.

2.2. Study cohort

The MIMIC-IV database, collectively developed by the Massachusetts Institute of Technology, Harvard Medical School, and other
institutions, is a large-scale, multimodal, open-source repository. It contains data from approximately 380,000 patients gathered
between 2008 and 2019, covering comprehensive information on all patients during hospitalization, including clinical and laboratory
data, medication and surgical information, and vital sign data [21,22]. The MIMIC-IV database was randomly divided 80%,/20% into a
development cohort and an internal validation cohort, respectively. The external validation cohort (PKUPH ICU database) stored
comprehensive information on all patients admitted to the PKUPH ICU from 2008 to 2022. According to the sepsis 3.0 definition of
coexisting infection and organ dysfunction, patients meeting the inclusion criteria were identified as having sepsis if: (i) they had a
SOFA score >2 within 24 h after admission to the ICU; (ii) antibiotics were administered within 24 h after admission to the ICU; and
(iii) microbiological examination was conducted within 24 h after admission to the ICU. If there were multiple hospitalizations or
admissions to the ICU ward during hospitalization, the first ICU admission was considered. Patients with one of these variables
completely missing were excluded.

2.3. Ethics statement

The study was approved by Peking University People’s Hospital (2023PHB099-001) and performed in accordance with the prin-
ciples of the Declaration of Helsinki.

2.4. Clustering variables

According to the definition of sepsis as fatal organ insufficiency caused by the dysregulation of the host response to infection [23],
our study included indicators of infection, organ function parameters, and vital signs as clustering variables. In total, 21 clinical
variables were included: heart rate (HR), respiratory rate (RR), mean arterial pressure, body temperature (T), white blood cell (WBC)
count, platelet count, hemoglobin, serum creatinine (Scr), blood urea nitrogen, total bilirubin (tBil), pH, lactic acid (lac), prothrombin
time (PT), activated partial prothrombin time, albumin, blood potassium, blood sodium, glucose, blood chloride, carbon dioxide
partial pressure, and oxygenation index (pao2/fio2 ratio, p/f ratio).

The time at which the diagnostic criteria for sepsis were met was defined as the onset time for each patient. The first 6 h after onset
was divided into hourly intervals, and from 6 to 24 h, it was divided into 2-h intervals. The worst values of the 21 variables within each
time interval were recorded and compared among the three subphenotypes. The PKUPH ICU and MIMIC-IV databases had different
degrees of missing data (Supplementary Material: Table S2). Missing values were imputed using Self-Attention Imputation for Time
Series (Supplementary Material: Appendix 1).

2.5. Time series k-means clustering and dynamic time warping

Time series k-means clustering was applied to the 21 clustering variables in both the development and validation cohorts. Time-
series k-means clustering is an extension of the k-means clustering algorithm, which is primarily used to divide data points with similar
time patterns into distinct categories. The goal of the algorithm is to divide these time-series data points into k different classes, such
that the time-series data points within the same class have similar temporal patterns. The distance between the two time-series data
points was calculated using DTW (Supplementary Material: Appendix 2). The selection of the number of clusters, k, was based on the
following three indicators: (1) the sum of squared errors (SSE), a metric used to evaluate the similarity between data within a group;
the higher the intragroup similarity, the lower the SSE; (2) entropy, a metric used to evaluate the distribution between groups; the
more even the distribution of groups, the higher the entropy; and (3) subgroup distribution, ensuring that each group contained >5%
of the cohort.

2.6. Association of subphenotypes with mortality and inflammatory biomarkers

The primary prognostic outcome was 28-day mortality. Inflammatory biomarkers from the first 24 h after onset were compared
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among the three subphenotypes: C-reactive protein (CRP), procalcitonin (PCT), and interleukin (IL)-6. For patients with multiple
measurements of a laboratory indicator, the maximum value recorded within the first 24 h after onset was used.

2.7. Heterogeneity of treatment effect among subphenotypes

In accordance with the recommendations of the SSC sepsis guidelines and considering the completeness of medical practice records
in the MIMIC-IV database, two therapeutic measures widely used in clinical practice were selected for this study: indwelling central
venous catheter and early fluid resuscitation. Each sub-phenotype was categorized into survival and non-survival groups. The pro-
portions of the survival and non-survival groups within each subphenotype were compared for the use of indwelling venous catheters.
Additionally, the volumes of fluids administered at 1, 3, 6, and 24 h of illness were compared.

2.8. Statistical analyses

All statistical analyses were performed using R software version 4.2.1 for Windows (R Foundation for Statistical Computing) and
STATA/MP version 16.0. The R packages used were mice, survival, and random forest. Survival analysis for 28 d was performed using
Kaplan-Meier curves. Statistical significance was set at p < 0.05, and all tests were 2-tailed. Detailed descriptions of the statistical
analyses are provided in Supplementary Material: Appendix 3.

3. Results
3.1. Cohort characteristics

The development cohort consisted of 5328 patients with sepsis, with a median age of 66 years (interquartile range (IQR) [54,78]),
including 2952 males (55.4%). The 28-day mortality rate was 19.8%, and the median ICU length of stay (LOS) was 3.4 d (IQR
[1.9-6.9]). The mean baseline SOFA and Elixhauser scores obtained within the first 24 h after ICU admission were 7.03 (standard
deviation (SD): 3-9) and 20.79 (SD: 17.0), respectively. The internal validation cohort included 1332 patients with sepsis, with a
median age of 66 years (IQR [55,77]), including 738 males (55.4%). Its 28-day mortality rate was 18.6%, and its median ICU LOS was
3.3d (IQR [1-9-7-3]). The mean baseline SOFA and Elixhauser scores obtained within the first 24 h after ICU admission were 6.94 (SD:
4-1) and 20-77 (SD: 16-2), respectively. The external validation cohort from the PKUPH ICU database included 2778 patients with
sepsis, and the demographic distributions were similar to those of the development cohort, which included 1484 males (54.3%). The
median patient age was 63 years (IQR [50-73]). The mortality rate was 19.3%, and the median ICU LOS was 4.0 d (IQR [1.1-10-7]).
The mean baseline SOFA and Elixhauser scores obtained within the first 24 h after ICU admission were 5.31 (SD: 2.2) and 8.02 (SD:
6.4), respectively.

3.2. Sepsis subphenotypes

By analyzing 21 clustering variables using the time-series k-means clustering method, we concluded that the three-subphenotype
model was the best-fitting result (labeled types A, B, and C). The three-subphenotype model exhibited high entropy, a high SSE in-
flection point, and an appropriate distribution in both the development and validation cohorts (Supplementary Material: Appendix 4,
Fig. S1). The importance of each cluster variable is presented in Supplementary Material: Fig. S2. The clinical features of the three
subphenotypes differed between the development and validation cohorts (Fig. 2). In the development cohort, patients with type A
sepsis (N = 2525, 47%) were exhibited stable vital signs and indicators of organ function. Patients with type B sepsis (N = 1552, 29%)
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Fig. 2. Visualization of phenotype assignments. (A) Development cohort. (B) Internal validation cohort. (C) External validation cohort. The three
subphenotypes were visualized in each of the three cohorts by means of principal component analysis. The horizontal and vertical axes are the two
directions in which the variance of the data is highest in the new coordinate system.
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exhibited a severe inflammatory reaction, primarily manifested as elevated HR, T, RR, and WBC count, which tended to stabilize
within 24 h. Patients with type C sepsis (N = 1251, 23%) exhibited severely impaired organ function, primarily manifested as elevated
Scr, tBil, PT, and lactate levels, with a tendency to progressively deteriorate within 24 h from the onset time (Fig. 3, Supplementary
Material: Fig. S6). The clinical features of the three subphenotypes in the validation cohort were generally consistent with those in the
development cohort (Supplementary Material: Figs. S3-5). Chord diagrams (Fig. 4, Supplementary Material: Appendix 5) show the
differences between the subphenotypes for abnormal clinical biomarkers. Type A exhibited the least inflammatory response and
impairment of organ function, whereas type C demonstrated the most severe impairment of hepatic, cardiovascular, hematopoietic,
pulmonary, and renal functions. In the development cohort, type B exhibited the most severe inflammatory response.
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Fig. 3. Comparison of clinical characteristics among the three subphenotypes in the development cohort and internal validation cohort. (A)
Temperature. (B) Heart rate. (C) Respiratory rate. (D Mean blood pressure. (E) Platelets. (F) Serum creatinine. (G) Total bilirubin. (H) Lactate. (I)
Pa02/FiO2 ratio. (J) Prothrombin time. Type A patients were characterized by the stability of vital signs and organ function indicators. Type B
patients were characterized by a severe inflammatory reaction, mainly manifested as a higher heart rate, body temperature, respiratory rate and
white blood cell count, but the trend tended to be steady within 24 h. Type C patients were characterized by severely impaired organ function,
mainly manifested by elevated levels of serum creatinine, total bilirubin, prothrombin time, and lactate, with a gradual deterioration trend within
24 h of onset.
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Fig. 4. Chord diagrams showing the differences in subphenotypes in terms of abnormal clinical biomarkers. (A) Abnormal biomarkers vs. all
subphenotypes in the development cohort; i: abnormal biomarkers vs. type A; ii: abnormal biomarkers vs. type B; iii: abnormal biomarkers vs. type
C; (B) Abnormal biomarkers vs. all subphenotypes in internal validation cohort; i: abnormal biomarkers vs. type A; ii: abnormal biomarkers vs. type
B; iii: abnormal biomarkers vs. type C; (C) Abnormal biomarkers vs. all subphenotypes in external validation cohort; i: abnormal biomarkers vs. type
A; iii: abnormal biomarkers vs. type B; iii: abnormal biomarkers vs. type C.

3.3. Patient characteristics compared across subphenotypes

The patient characteristics varied among the subphenotypes (Table 1, Fig. 5, and Supplementary Material: Fig. S6). A pairwise
comparison of the three subphenotypes showed that baseline SOFA and Elixhauser comorbidity scores were significantly higher in type
B and C patients than those in type A patients (p = 0.000). The prevalence of comorbidities significantly differed among subphenotypes
(p = 0.000): patients with type C had a higher prevalence of diabetes mellitus (26.8%), heart failure (46.5%), chronic kidney disease
(53.1%), and chronic obstructive pulmonary disease (8.7%); however, they exhibited a lower prevalence of hypertension (20.9%). The
28-day mortality rate was significantly different among the subphenotypes (p = 0-000): 10.5% for type A, 24.3% for type B, and 33.1%
for type C.

Among the 1322 patients in the internal validation cohort and 2778 patients in the external validation cohort, the relative dis-
tributions of demographics, comorbidities, and outcomes of subphenotypes were similar to those in the development cohort. In the
internal validation cohort, the mortality rate was 9-9% for type A, 21-3% for type B and 33-8% for type C (p = 0-001). In the external
validation cohort, the mortality rates of the subphenotypes were 13-9% for type A, 19-4% for type B and 39-1% for type C (p = 0.000).

3.4. Association of subphenotypes with inflammatory biomarkers

Inflammatory biomarker levels within 24 h of onset were significantly different among the three subphenotypes in the external
validation cohort. The CRP level was the highest in type B, lowest in type A, and intermediate in type C (p < 0.05). PCT and IL-6 levels
were the lowest in type A, intermediate in type B, and highest in type C (p < 0.05) (Table 2).

3.5. Heterogeneity of treatment effect

In the MIMIC-IV database, the three subphenotypes were categorized into survival and non-survival groups. The proportion of
indwelling central venous catheters and total fluid intake at 24 h after onset significantly differed between the survival and non-



Table 1

Patient characteristics among subphenotypes in the development cohort and the two validation cohorts.

Development cohort

Internal validation cohort

External validation cohort

A B C p value A B C p value A B C p value
N(%) 2525(47%) 1552(29%) 1251(23%) 621(47%) 430(32%) 281(21%) 1311(47%) 1074(39%) 393(14%)
Age(IQR) 66[54,771 65[55,76] 65[54,76] 0.0457 67[56,78] 63[54.74] 65[54,771 0.001 66[55,75] 59[42,70] 59[45,71] <0.001
Male(%) 1429(46.5%) 779(50.1%) 744(59.4%) <0.001 346(55.7%) 233(54.1%) 159(56.5%) <0.001 56.5 49.9 52.4 0.002
SOFA(IQR) 53,71 7 [4,10] 9 [6,12] <0.001 513,71 7 [4,10] 9 [6,13] <0.001 4 [3,6] 513,71 7 [4,10] <0.001
Elixhauser(IQR) 13 [5,24] 18 [8,25] 28[19,39] <0.001 15[6.26] 17 [8,26] 30[17.40] <0.001 6 [2,13] 5[1,13] 7 [2,15] <0.001
Hypertension(%) 1096(43.4%) 598(38.5%) 262(20.9%) <0.001 255(41.0%) 175(40.6%) 59(20.9%) <0.001 42.3 321 38.4 <0.001
Diabetes(%) 387(15.3%) 216(13.9%) 336(26.8%) <0.001 91(14.6%) 80(18.6%) 54(19.2%) <0.001 21.5 18.5 23.1 0.080
Heart failure(%) 769(30.4%) 447(28.8%) 582(46.5%) <0.001 202(32.5%) 124(18.8%) 126(44.8%) <0.001 14.4 16.1 23.9 <0.001
CKD(%) 501(19.8%) 346(22.6%) 665(53.1%) <0.001 144(23.1%) 86(20.0%) 137(48.7%) <0.001 8.4 9.3 33.3 <0.001
Tumor(%) 28(1.1%) 13(0.8%) 24(1.9%) 0.020 10(1.6%) 1(0.2%) 4(1.9) 0.028 51.2 35.5 23.6 0.020
COPD(%) 150(5.9%) 81(5.2%) 109(8.7%) <0.001 40(6.4%) 47(10.9%) 23(8.1) <0.001 1.5 0.7 2.0 0.093
Mortality(%) 10.5 24.3 33.1 <0.001 9.9 21.3 33.8 <0.001 13.9 19.4 39.1 <0.001
ICU LOS(IQR) 3.1[1.9,6.0] 3.8[2.0,7.9] 3.7[2.0,7.9] <0.001 3.0[1.8,6.7] 3.9[2.0,8.4] 3.3[2.0,7.5] 0.001 2.8[0.9,8.3] 5.0[1.7,11.0] 7.2[3.2,16.9] <0.001

IQR: Interquartile range. SOFA: Sequential Organ Failure Assessment. CKD: Chronic kidney disease. COPD: chronic obstructive pulmonary disease.
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Fig. 5. Kaplan-Meier survival curves of the three subphenotypes in the development cohort. (A), internal validation cohort (B), and external
validation cohort(C).

survival groups, regardless of the sepsis phenotype (p < 0.05). Within type A, there were no significant differences in the total fluid
intake within 24 h of onset or in the proportion of patients with indwelling central venous catheters between the survival and non-
survival groups. Within type B, a higher proportion of patients in the survival group than in the non-survival group were adminis-
tered an indwelling central venous catheter within 3 h of onset (20.2% vs. 14.0%, p = 0.003). Within type C, a higher proportion of
patients in the survival group than in the non-survival group were administered an indwelling central venous catheter within 24 h of
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Table 2
Comparison of inflammatory biomarkers between different subphenotypes.
A B C type P value
CRP [mg/dl, M [IQR]] 79.03[137.33,139.34] 106.30[53.80,175.75] 99.25[52.55,175.63] Avs. B 0.000
Avs.C 0.000
Bvs.C 0.443
PCT [ng/ml, M [IQR]] 0.29[0.13,5.08] 0.58[0.12,6.74] 2.34[0.17,16.47] Avs. B 0.216
Avs.C 0.000
Bvs.C 0.000
1L-6, M[IQR]] 96.60[24.50,454.80] 111.805[39.45,439.82] 198.47[90.12,908.48] Avs.B 0.229
Avs. C 0.013
Bvs.C 0.098

IQR: Interquartile range. CRP: C-reactive protein. PCT: Procalcitonin. IL-6: interleukin-6.

onset (16.0% vs. 10.1%, p = 0.002). The total fluid intake within 24 h of onset in the type C survival group was significantly lower than
that in the non-survival group (2890.67 mL vs. 4342.13 mL, p = 0.000) (Table 3).

4. Discussion

We identified and validated the differences among the three subphenotypes of patients with sepsis. Sepsis subphenotypes were
reproducible in the MIMIC-IV and PKUPH ICU databases. The three sub-phenotypes had different baseline SOFA and Elixhauser scores,
diverse clinical features, inflammatory biomarkers, and mortality. Treatment heterogeneity among the three sub-phenotypes included
variations in early fluid resuscitation and the use of indwelling central venous catheters.

Sepsis is a heterogeneous disease that rapidly progresses. Although most previous studies on sepsis subtypes have been based on
cross-sectional data [4-13], time-series data for clustering was used in this study. Time-series data can accurately and quickly diagnose
and categorize sepsis by reflecting dynamic physiological changes in patients, thereby facilitating the provision of appropriate
treatment recommendations.

Sepsis refers to an imbalance in the immune system triggered by infection, leading to impaired organ function that can be life-
threatening. It manifests when there is an imbalance between immune activation and immunosuppression pathways [27,24]. In
general, early proinflammatory activation in response to invading pathogens or danger signals is associated with the onset of mul-
tiorgan failure and early death, whereas immunosuppression is associated with the reactivation of latent infection and delayed death.
The degree of immune activation and immunosuppression, along with their impact on the immune response associated with sepsis,
varies among individual patients [25,26,28].

Exploring the diverse clinical manifestations of patients may reveal differences in the intrinsic pathogenesis of the three sub-
phenotypes. Type C patients exhibited significantly higher PCT and IL-6 levels in than type A and B patients, whereas the CRP levels in
type B patients were significantly higher than those in type A patients. This suggested that different subphenotypes of sepsis involve
different pathways of inflammatory response regulation and varying degrees of balance between immune activation and immune
suppression in vivo. In patients with type C sepsis, excessive immune activation and severe immunosuppression result in the production
of numerous pro-inflammatory cytokines and reactive oxygen species that impair organ function and lead to the abnormal apoptosis of
cells in different organs, multiple organ dysfunction syndrome, and death [29]. In patients with type B sepsis, organ function remains
unimpaired despite a severe inflammatory response, resulting in a lower mortality rate than that in type C patients. In patients with
type A sepsis, immune activation and immunosuppression in the body reach a dynamic balance, effectively clearing the infection
without damaging organ function. Consequently, this group exhibited the lowest mortality rate.

Owing to the heterogeneity of sepsis, there is no universal approach for its treatment [19]. Exploring the precision treatment of
sepsis based on its sepsis subtypes has become a new direction in clinical research [6,7,9,14,20]. Treatment heterogeneity was
observed among the three subphenotypes regarding early fluid resuscitation and the use of indwelling central venous catheters.

Early fluid resuscitation is an important measure for the treatment of sepsis. Whether adequate or restrictive fluid resuscitation
should be performed remains controversial [30]. The severity of the illness prompts rapid fluid administration, supported by a by
Rivers et al. which showed that an early goal-directed pattern of massive fluid resuscitation in patients with severe sepsis and septic
shock within the first 6 h of resuscitation is associated with an improved prognosis [31]. However, fluid overload can have deleterious
consequences, prolonging mechanical ventilation and increasing mortality in critically ill patients, especially in those that have sepsis
[32]. A conservative resuscitative fluid strategy, in contrast to liberal fluid therapy or standard care, is associated with an increased
number of ventilator-free days and a reduced length of ICU stay, with no considerable impact on mortality [33]. However, Meyhoff
et al. found that fluid restriction did not reduce mortality in patients with septic shock [34]. In this study, the 24-h total fluid intake of
type C patients in the survival group was significantly lower than that of patients in the non-survival group. Therefore, in clinical
practice, for patients with a poor general condition and organ dysfunction, limiting fluid resuscitation is advisable to avoid volume
overload and mitigate potential harm to the body. The potential benefits of volume expansion related to increased cardiac output and
oxygen delivery must be balanced against the risk of exacerbated pulmonary and tissue edema [35].

In addition, among type B and C patients, the proportion of those with early indwelling central venous catheters was significantly
higher in the survival group than that in the non-survival group. This suggested that, in clinical practice, the early placement of central
venous catheters is advisable in patients with relatively unstable conditions. In sepsis treatment, continuous assessment of the
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[1650.00,5052.29]

[1275.00,4762.29]

[2496.01,6844.82]

[2620.42,7703.40]

[1529.80,5470.29]

[2189.32,7305.07]

Table 3
Heterogeneity of treatment effects among the three subphenotypes.
Type A B C
Treatments survival nonsurvival P survival nonsurvival P survival nonsurvival P
value value value

Indwelling CVCin1 h 165(5.8%) 23(7.0%) 0.403 179(11.8%) 41(8.7%) 0.060 101(9.8%) 31(6.0%) 0.012
(%)

Indwelling CVC in 3 h 192(6.8%) 28(8.5%) 0.247 213(14.0%) 47(10.0%) 0.022 113(11.0% 36(7.0% 0.013
(%)

Indwelling CVCin 6 h 210(7.4%) 29(8.8%) 0.369 239(15.8%) 52(11.0%) 0.011 123(12.0%) 42(8.2%) 0.024
(%)

Indwelling CVCin 24 h 280(9.9%) 41(12.5%) 0.147 306(20.2%) 66(14.0%) 0.003 164(16.0%) 52(10.1% 0.002
(%)

Liquid input in 1 h[ml] 110.00[27.86,290.93] 113.82[25.17,230.28] 0.621 212.83[62.39,783.33] 200.00[60,72.209.00] 0.343 131.61[28.16,336.48] 156.81[60.57,430.74] 0.009
M (IQR)

Liquid input in 3 h[ml] 284.00[25.64,772.77] 374.75[113.83,815.46] 0.112 614.82 666.02 0.98 353.38[49.33,1025.00] 514.57 0.000
M (IQR) [182.50,1464.25] [227.67,1413.28] [200.78,1177.92]

Liquid input in 6 h[ml] 664.92 757.43 0.638 1361.33 1384.67 0.919 825.09 1192.73 0.000
M (IQR) [190.00,1467.03] [311.92,1451.24] [561.56,2679.62] [587.33,2801.49] [287.94,1899.61] [512.44,2464.73]

Liquid input in 24 h 3002.50 2768.47 0.209 4388.06 4711.21 0.289 2890.67 4342.13 0.000

Among patients with type A, there was no significant difference in the proportion with indwelling central venous catheters or in the fluid intake over 24 h between the nonsurvival group and the survival
group. In type B patients, the proportion of patients who had indwelling central venous catheters within 24 h in the survival group was significantly higher than that in the nonsurvival group (p < 0.05).
There were no significant differences in fluid intake over the 24 h between the survivors and nonsurvivors. Among patients with type C, the proportion with early indwelling central venous catheters in the
survival group was significantly higher than that in the nonsurvival group (p < 0.05), and the 24-h fluid intake of the nonsurvival group was significantly higher than that of the survival group (p < 0.05).
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hemodynamic status of patients with sepsis is essential to optimize perfusion pressure and overall blood flow, aiming to restore and
optimize tissue perfusion. As both hypovolemia and hypervolemia are associated with poor prognosis [32,36], the assessment of
hemodynamic status, including blood volume and fluid responsiveness, remains a key challenge in the management of septic shock.
Previously, central venous pressure and central venous oxygen saturation were important observational indicators in goal-directed
therapy [31]. Although the latest version of the SSC guidelines no longer emphasizes repeated observations of the above metrics to
adjust therapy, central venous catheterization remains essential in addressing how massive fluid resuscitation is performed and when
to stop it, which are the two central questions in hemodynamic management. The results of this study recommends early placement of
a central venous catheter in patients with sepsis unless the patient’s general condition is relatively stable and organ function indicators
are favorable.

This study had some limitations. First, the exploration of sepsis subphenotypes was performed only at the clinical level. Although
common clinical indicators related to infection were analyzed, the study did not explore their pathophysiology, genomics, or molecular
mechanisms. This limitation prevents the combination of external clinical manifestations with the intrinsic genetic characteristics of
patients with different subphenotypes, preventing the formulation of personalized therapeutic regimens targeting the immune
response in vivo. Second, owing to the lack of data related to treatment measures in the PKUPH ICU database, this study did not validate
the findings of treatment heterogeneity. Additionally, this study was retrospective; therefore, biases in data collection and selection
may have occurred during the construction of the two databases and the screening of patients with sepsis, potentially affecting the
accuracy and reliability of the data. In addition, this study failed to determine a causal relationship between different treatment
measures and prognosis. Prospective studies are needed to verify the stability of the three sepsis subphenotypes and the effect of
different therapeutic measures on prognosis.

5. Conclusions

Three novel sepsis subphenotypes were identified and validated using time-series data collected within 24 h after sepsis onset.
These subphenotypes exhibited varying levels of inflammatory biomarkers and exhibited distinct responses to treatment with early
fluid resuscitation and indwelling central venous catheters. This study demonstrated reproducibility and stability across different
databases, offering valuable insights into the treatment of patients with sepsis and providing individualized treatment recommen-
dations based on different subphenotypes. There are some limitations in the research, primarily in the lack of prospective validation
and insightful comparisons of pathophysiologic mechanisms between different subphenotypes. Future studies are required to confirm
the stability of the three sepsis subphenotypes and assess the impact of various therapeutic measures on patient prognosis.
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