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This retrospective multicenter study was conducted across 83 intensive care units (ICUs) in 16 cities in Sichuan, China. Critically ill patients diagnosed with heatstroke and lung infections were included in the study. Specimens from the lower respiratory tract were collected for microbiological testing, and the characteristics of the pathogens were described. A total of 462 patients diagnosed with heatstroke-related pulmonary infections were included, 134 patients (29.0%) tested positive for respiratory pathogens. The most frequently isolated strain was Klebsiella pneumoniae (34.3%), followed by Escherichia coli (28.4%), Staphylococcus aureus (20.9%). The results revealed that in the hyperthermic resistance group, there was a higher proportion of Pseudomonas aeruginosa [14(34.1%) vs 11(11.8%), p=0.002] and Stenotrophomonas maltophilia [4(9.8%) vs 1(1.1%), p=0.030] compared to the hyperthermic control group. And a higher proportion of Staphylococcus aureus [27(29.7%) vs 1(2.3%), p<0.001], were obtained during the earlier stages with elevated temperatures. Patients with Klebsiella pneumoniae (38.3 ± 1.9°C), Staphylococcus aureus (38.5 ± 2.2°C), and Pseudomonas aeruginosa (38.7 ± 1.9°C) exhibited a higher temperature environment. Our study provides crucial insights into the lower respiratory tract pathogenesis of heatstroke patients, identifying key pathogens and their temperature-dependent characteristics, thus providing a foundation for future empirical treatment strategies in heatstroke.
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Introduction

With the intensification of global climate extremes, the radiating heat wave has now encroached upon regions that were previously spared from its scorching touch (Tuholske et al., 2021; Watts et al., 2021). A daunting reality emerges as an increasing number of individuals are confronted with laboring under unrelenting heat, rendering them vulnerable to the severe heatstroke in the absence of precautionary measures (Périard et al., 2022). Heatstroke, a highly fatal disease, arises from imbalanced heat generation and dissipation due to exposure to hot environments or strenuous exercise, and is characterized by multiple organ failure and extreme hyperthermia (core body temperature above 40°C) (Epstein and Yanovich, 2019; Bouchama et al., 2022).

Situated in the southwestern region of mainland China, Sichuan Province is characterized by its unique basin topography (Feng et al., 2020). In 2022, the Sichuan Basin was subjected to a confluence of subtropical and sub-tropical high-pressure systems, resulting in an unprecedented surge in temperatures, reaching historic highs not witnessed since 1961. The scorching heatwave of 2022 was predicted likely just the beginning for the next decade (Chen et al., 2022; Coleman, 2022). The increasing number of critically ill heatstroke patients in ICU serves as a clear indication that it is time to prepare in advance for this climate battle.

It is widely acknowledged that living organisms exhibit temperature sensitivity, whereby alterations in environmental temperature and thermal stress can profoundly impact microbial survival and colonization across diverse organ systems (Hylander and Repasky, 2019). Notably, prior investigations have unveiled an association between core temperature fluctuations and changes in the composition and functionality of the human microbiome, revealing the capacity of certain microorganisms to adapt beyond their optimal thermal thresholds (Huus and Ley, 2021). Within the realm of severe heatstroke, the pulmonary microbiome is significantly importance, given its pivotal role as a primary hit target of heatstroke (Patel et al., 2023). However, a crucial knowledge gap persists concerning the potential alterations in the lung microbiome at the baseline of elevated core temperature in patients with heatstroke. These alterations may lead to variations in the pathogenesis of pulmonary infections and have implications for antibiotic utilization.

The incidence of heatstroke is progressively increasing, leading to a rising number of critically ill patients requiring admission to the intensive care unit. However, the precise impact of temperature on the occurrence of pulmonary infections and the underlying pathogenesis remains poorly understood. Hence, the primary aim of this study is to elucidate the impact of high core body temperature in heatstroke patients on the diversity of detected pulmonary pathogens, providing invaluable guidance to clinicians in the timely and empirical use of antibiotics for early intervention in heatstroke-related pulmonary infections.





Materials and methods




Setting and study design

This retrospective multicenter study was conducted in 83 ICUs located in 16 cities across Sichuan, China. This study aimed to investigate the clinical epidemiological characteristics and lung pathogenic features of severe heatstroke during the heatwave in the Sichuan Basin in 2022. The study was reviewed and approved by the Biomedical Ethics Review Committee of West China Hospital of Sichuan University (approval number: SCU-2022-1542, registration number: ChiCTR2200066314).

The inclusion criteria for this study were as follows: (1) patients aged >18 years, (2) patients admitted to ICU due to heatstroke and heatstroke-related complications, and (3) patients diagnosed with lung infection.

Heatstroke is defined as a condition in which a patient has a history of exposure to high temperatures and humidity, extreme heat (core body temperature >40.5°C) on admission to the emergency department, and presents with consciousness disturbances, respiratory difficulties, hypotensive shock (mean arterial pressure <65 mmHg), and various complications such as arrhythmia, liver and kidney dysfunction, coagulation disorders, and significant fluid loss (3,000–8,000 ml) before ICU admission (Epstein and Yanovich, 2019; Bouchama et al., 2022).

Lung infection was defined based on a combination of radiological, clinical, and pathogenic positive (Jaroszewski et al., 2012). Radiological evidence included the presence of new or aggravated infiltration observed on chest radiograph or CT scans. Clinical evidence involved signs and symptoms indicative of an infection. Pathogenetic confirmation came from clinical reports reviewed by clinicians in the clinical laboratory of each hospital. No major epidemiological events occurred during the study period.





Sample procedures

Samples for pathogenic examination were collected from the lower respiratory tract, including sputum, bronchoalveolar lavage fluid (BALF), and endotracheal aspirate. Samples were first collected on the day of ICU admission and every 2-3 days thereafter. Endotracheal aspirate was specifically obtained from patients receiving invasive mechanical support, such as tracheal intubation or tracheotomy.

BALF was obtained by a clinician performing bronchoalveolar lavage. The first tube of BALF was discarded during lavage, and specimens for pathogenetic analysis were collected in sterile containers. Each patient is required to collect 10-15 ml of alveolar lavage fluid for pathogenetic testing. Microbiological smears and cultures were performed by trained professionals at the medical testing centers of the respective hospitals, following standard microbiological methods. The standard incubation period for bacteria is typically 48 to 72 hours, although this may vary depending on the specific pathogen and culture conditions. Polymerase Chain Reaction (PCR) methods were not employed in this study.





Statistical analysis

Statistical analysis was performed using SPSS version 22.0 and GraphPad 8.0. Categorical variables were analyzed using the Chi-square test, while continuous variables were compared using the t-test between two groups. A p-value of less than 0.05 was considered statistically significant in all comparisons.






Result




Patient demographics and clinical characteristics

Within our cohort of 873 patients primarily admitted to the ICU for heatstroke during June, 2022 and October, 2022, a total of 462 patients were diagnosed with lung infection, resulting in an incidence rate of 52.9%.

Specifically, among the 462 patients who developed lung infections, 134 individuals (29.0%) had pathogenic organisms positively isolated from lower respiratory tract specimens, while the remaining 328 cases (71.0%) included pathogenically negative as well as empirical diagnoses based on clinical experience. Table 1 presents the clinical characteristics of these 462 patients. Patients susceptible to heatstroke were characterized by advanced age (71.5 ± 13.9), predominantly male gender (n=265, 57.4%), and a range of underlying diseases, including hypertension (n=121, 26.2%), chronic obstructive pulmonary disease (n=95, 20.6%), chronic cardiac insufficiency (n=55, 11.9%), and diabetes mellitus (n=65, 14.1%).


Table 1 | Clinical characteristics of heatstroke patients diagnosed with lung infection.



During the hospitalization period, the included cohort of 462 heatstroke patients also experienced life-threatening complications, including: water-electrolyte disturbances (n=284, 61.5%), liver impairment (n=216, 46.8%), renal impairment (n=202, 43.7%), myocardial impairment (n=200, 43.3%), respiratory failure (n=185, 40.0%), coagulation disorders (n=155, 33.5%), and gastrointestinal bleeding (n=54, 11.7%). Invasive mechanical ventilation was required for respiratory support in 295 patients (63.9%), with a significantly higher intubation rate observed in patients with positive pathogenicity compared to those with negative pathogenicity [109 (81.3%) vs 186 (56.7%), p<0.001]. Among the 462 heatstroke patients diagnosed with lung infection, a total of 109 individuals (23.6%) experienced mortality, while 29 patients (6.3%) required transfer to other medical facilities, including 9 cases (31.0%) necessitating tracheal intubation.

Effective temperature monitoring in patients with heatstroke is imperative. Upon admission to the ICU, the maximum recorded temperature was found to be 40.6 (1.1) °C. There was no significant different in the maximum temperature at ICU admission between patients with positive and negative lung infections [40.5 (1.1%) vs 40.6 (1.1%), p=0.539]. However, after 48 hours of receiving cooling measures in the ICU, the pathogenically positive group exhibited higher temperatures compared to the pathogenically negative group [37.8 (1.6%) vs 37.3 (1.0%), p=0.002], which indicated that the presence of positive pathogens continued to impact the body temperature of patients with heatstroke.





Characteristics of the pathogen isolated from the lower respiratory tract in heatstroke

We further investigated the characteristics and differences of lower respiratory tract pathogenesis in patients with heatstroke, aiming to provide valuable insights for improved empirical antibiotic treatment in the future.

Among the 134 patients, pathogenic strains were isolated from lower respiratory tract specimens (Figure 1A), with a predominance of Gram-negative strains (n=108, 80.6%), followed by Gram-positive strains (n=45, 33.6%), and fungi (n=22, 16.4%). Patients frequently exhibited isolation of multiple bacterial strains, with a high proportion (18.7%) demonstrating coexistence of Gram-positive and Gram-negative bacteria. Additionally, Gram-negative bacteria were commonly isolated alongside fungi (8.2%), while the isolation of Gram-positive bacteria, Gram-negative bacteria, and fungi occurred at a probability of 2.2% (Figure 1B).




Figure 1 | The pathogen isolated from the lower respiratory tract in heatstroke (A) Total number of pathogens isolated from the lower respiratory tract; (B) Pie chart of the percentage of isolated Gram-positive, Gram-negative and fungi in lower respiratory tract; (C) Pie chart of the percentage of co-isolation of Klebsiella pneumoniae with other pathogens; (D) Pie chart of the percentage of co-isolation of Staphylococcus aureus with other pathogens; (E) Proportion of clinical outcomes in patients with different pathogenesis.



In general, the most frequently isolated strain was Klebsiella pneumoniae (n=46, 34.3%), followed by Escherichia coli (n=38, 28.4%), Staphylococcus aureus (n=28, 20.9%), Pseudomonas aeruginosa (n=25, 18.7%), Acinetobacter baumannii (n=22, 16.4%), Candida (n=16, 11.9%), Aspergillus (n=10, 7.5%), Lactobacillus fermentum (n=6, 4.5%), and Streptococcus pneumoniae (n=4, 3.0%) (Figure 1A).

Among patients who isolated Klebsiella pneumoniae strains, the most common co-isolation was with Escherichia coli (15.2%), followed by Staphylococcus aureus (13.0%), while only 8.7% of patients exhibited co-isolation with fungi. Similarly, patients who isolated Staphylococcus aureus strains often had concomitant Escherichia coli (28.6%), Klebsiella pneumoniae (28.4%), and Lactobacillus fermentum (10.7%) strains (Figures 1C, D). The isolation of different bacterial strains has been shown to have varying impacts on prognosis. Among the isolated strains, patients with Staphylococcus aureus had the highest mortality rate (39.3%), followed by those with Klebsiella pneumoniae (30.4%), Pseudomonas aeruginosa (28.0%), and Acinetobacter baumannii (27.3%) (Figure 1E).





Relationship between temperature and pathogen in patients with heatstroke

We observed that in some heatstroke patients, despite the implementation of cooling measures, achieving a body temperature below 38°C remains challenging. We hypothesized that the respiratory microbiota in these individuals may differ due to prolonged exposure to high temperatures. To investigate this further, we selected patients who remained high temperature (>38°C) 48 hours after admission to the ICU from the cohort of 134 patients with positive pathogenic findings. Out of the total 134 patients, 41 were included in this subgroup, referred to as the “hyperthermic resistance” group (Figure 2A). We observed distinct differences in the lower respiratory tract pathogen between the hyperthermic resistance group and the group that responded well to cooling, referred to as the “hyperthermia control” group. The results revealed that in the hyperthermic resistance group, there was a higher proportion of Pseudomonas aeruginosa [14(34.1%) vs 11(11.8%), p=0.002] and Stenotrophomonas maltophilia [4(9.8%) vs 1(1.1%), p=0.030] compared to the hyperthermic control group. However, there were no significant differences in the proportions of Klebsiella pneumoniae [15(36.6%) vs 31(33.3%), p=0.715], Staphylococcus aureus [8(19.5%) vs 20(21.5%), p=0.794], and Acinetobacter baumannii [7(17.1%) vs 15(16.1%), p=0.892] between the two groups. Escherichia coli exhibited a relatively high proportion in both groups, with a trend towards higher proportions in the hyperthermic control group [8(19.5%) vs 30(32.3%), p=0.131] (Figure 2A).




Figure 2 | Relationship between temperature and pathogen in patients with heatstroke (A) Percentage of different pathogens in the two groups of hyperthermic resistance (patients remained high temperature (>38°C) 48 hours after admission to the ICU) and hyperthermic control (patients responded well to cooling); (B) Percentage of different pathogens in the two groups of early-stage isolates(patients with strains isolated within 48 hours of admission to the ICU) and late-stage isolates(patients with strains isolated after 48 hours of admission to the ICU); (C) Number of patients with isolated pathogen in different temperature intervals. The temperature of patients isolated with different pathogens was expressed as mean ± standard deviation.



Furthermore, the timing of strain isolation may have prognostic implications for heatstroke patients. We specifically examined patients with strains isolated within 48 hours of their admission to the ICU. Patients who experienced higher temperatures during the early stages of heatstroke might possess a distinct respiratory microbiome compared to those with strains screened after 48 hours, during which most patients have undergone cooling interventions. Among the 91 patients with pathogenic strains isolated within 48 hours of ICU admission, we analyzed the baseline characteristics of two groups: the early-stage isolation group and the late-stage isolation group. Notably, there were no significant differences observed in the maximum temperature recorded at the time of ICU admission [40.5(1.1%) vs 40.7(1.1%), p=0.473], nor in the 48-hour temperature [37.9(1.1%) vs 37.6(1.1%), p=0.730] between the two groups. However, a significant disparity was noted in the body temperature at the time of strain isolation, with the early isolates associated with higher body temperatures compared to the late isolates [38.6(2.0%) vs 37.7(1.6%), p=0.006]. Furthermore, patients with early ICU isolates exhibited a higher mortality trend [28(30.8%) vs 7(16.3%), p=0.075].

We conducted a comparison of the lower respiratory tract pathogenesis between the two groups (Figure 2B). The results indicated a higher proportion of positive isolates, particularly Staphylococcus aureus [27(29.7%) vs 1(2.3%), p<0.001], were obtained during the earlier stages with elevated temperatures. Conversely, negative bacteria were more frequently isolated during the late stage, specifically Klebsiella pneumoniae [26 (28.6%) vs 20 (46.5%), p=0.041], and Acinetobacter baumannii [9(9.9%) vs 13(30.2%), p=0.003]. There was no significant isolation of Streptococcus pneumoniae from the lower respiratory tract specimens in either the early- or late- stages isolates of heatstroke patients. Lactobacillus fermentum was predominantly isolated from early-stage isolates (6.6%) and was rarely detected in late-stage isolates.

Furthermore, we investigated the distribution of various bacterial strains based on the temperature ranges at the time of pathogen detection. Initially, we categorized the patients’ temperatures into five intervals: <36.5°C, 36.5-37.1°C, 37.2-38.2°C, 38.3-40°C, and >40°C. We conducted an analysis of the temperature intervals associated with fever, as depicted in Figure 2C. The results revealed that patients with Klebsiella pneumoniae (38.3 ± 1.9°C), Staphylococcus aureus (38.5 ± 2.2°C), and Pseudomonas aeruginosa (38.7 ± 1.9°C) exhibited higher temperature environments upon strain isolation. However, there was a decreasing trend in the number of Klebsiella pneumoniae and Escherichia coli isolations as the temperature increased, while Staphylococcus aureus showed an increasing trend with rising temperatures.






Discussion

Our study represents a groundbreaking investigation into the lower respiratory tract pathogen characteristics of patients with heatstroke. The results revealed that Klebsiella pneumoniae, Escherichia coli, Staphylococcus aureus, and Pseudomonas aeruginosa are the primary pathogens in the lower respiratory tract of heatstroke patients with pulmonary infections. Notably, Pseudomonas aeruginosa exhibited a higher prevalence in hyperthermic resistance patients and was significantly associated with difficulties in temperature reduction among heatstroke patients. Despite the abundant presence of Klebsiella pneumoniae and Escherichia coli, their isolation decreased significantly when patients’ core temperatures exceeded 40°C. Furthermore, Staphylococcus aureus emerged as the predominant Gram-positive bacterium isolated from heatstroke patients with higher core temperatures, while the commonly encountered Gram-positive bacterium, Streptococcus pneumoniae, seemed unable to survive in the elevated temperatures of the lower respiratory tract. These findings highlight the pivotal significance of our study, providing crucial insights into the pathogenic microbiota and their temperature-dependent behavior in heatstroke patients. The significance of this study lies in our characterization of the pathogen features of pulmonary infections, which are commonly observed in heatstroke patients but remain poorly understood. By shedding light on the pathogenic profiles, we provide a foundation for future empirical treatment strategies, enhancing clinical management in the context of heatstroke.

Among critically ill patients with detectable pathogens, Gram-negative bacteria remain the predominant pathogens isolated from the lower respiratory tract of heatstroke patients, particularly Klebsiella pneumoniae and Pseudomonas aeruginosa (Folic et al., 2021; Ding et al., 2023). Simultaneously, high levels of Gram-positive bacteria, such as Staphylococcus aureus, were isolated from heatstroke patients, aligning with the prevailing patterns observed in the lower respiratory tract pathogenesis of ICU patients (Niven and Laupland, 2016; Paling et al., 2020). However, a notable finding was the significantly higher prevalence of Escherichia coli isolates in the lower respiratory tract microbiota of heatstroke patients, which were primarily associated with the co-occurrence of Klebsiella pneumoniae and Staphylococcus aureus. Interestingly, Escherichia coli were predominantly abundant in the temperature range of 37.2-38.2°C, as the temperature increased above 38.3 °C, the isolation frequency of Escherichia coli notably decreased. We have also found evidence in previous studies that Escherichia coli transcribes better at low temperatures (25°C), while its transcription and translation efficiency decreases at high temperatures (42°C) (Grill et al., 2002).

A study investigating the relationship between clinical isolates in German ICUs and ambient temperature found an increase in Gram-negative bacteria during the summer compared to the winter, while Gram-positive bacteria showed a decrease (Schwab et al., 2014). Similarly, in our study, under conditions of elevated core body temperature, we observed a higher prevalence of Pseudomonas aeruginosa and Stenotrophomonas maltophilia in the lower respiratory tract microbiota. However, the Gram-positive bacteria Staphylococcus aureus exhibited a higher prevalence, while the commonly ICU pathogen Streptococcus pneumoniae demonstrated a noticeable decrease in isolation frequency. These findings align with a published article highlighting the characteristics of Streptococcus pneumoniae (Schwab et al., 2014), which indicated that its activity significantly diminishes as environmental temperatures rise.

Notably, six cases of Lactobacillus fermentum were isolated from the lower airways of patients with heatstroke, and all six were isolated within the early days (48 hours) of admission to the ICU and only one was associated with hyperthermic resistant. Lactobacillus fermentum is not frequently isolated in the ICU and is more often reported as a probiotic. Supplementation with Lactobacillus fermentum is often beneficial to the homeostasis of the patient’s intestinal flora and to the pulmonary flora via the pulmonary-intestinal axis (Wang et al., 2022). However, there are also previous studies that have found an increased abundance of Lactobacillus fermentum isolated from the lower airways of asthmatic patients (Denner et al., 2016), whether this indicates a role beyond probiotics. It remains unclear whether the presence of Lactobacillus fermentum has a pathological implication or if it is simply due to its preference for the temperature range conducive to its growth and activity. Additional investigation is warranted to better understand the role and potential implications of Lactobacillus fermentum in the context of heatstroke and respiratory infections.





Study limitations

Several limitations should be acknowledged in this study. Firstly, the sample size was relatively small, comprising only a specific population of heatstroke patients in only one geographic area (within Sichuan Province), and given the existence of pathogens that may be characterized differently in different geographic locations, a single-area study may have some limitations. Therefore, the generalizability of the results may be limited. Secondly, the absence of 16s sequencing analysis in our study limits the ability to accurately characterize the specific strains and diversity of the microbiome in the lower respiratory tract of heatstroke patients. Future prospective investigations incorporating 16s sequencing will provide a more precise understanding of heatstroke. Thirdly, although most of the isolated bacteria we described are pathogenic bacteria, it did not rule out colonizing bacteria, and it is not clear to distinguish, but this is indeed a challenge in the respiratory infection field. Fourth, given that this study is a retrospective analysis, we were unable to collect data on the bacterial load of patients, which may be a major concern for patients with severe heat stroke, this is one of the limitations of our study. Fifth, the absence of data on antibiotic resistant, due to its omission during the initial data collection phase, could be a potential reason for the persistent hyperthermia in heatstroke patients and represents a limitation of our study.





Conclusion

Our study found that lower respiratory tract infection was common in critically ill patients with heatstroke and their epidemic pathogens had temperature-dependent behavior. These findings have significant implications for therapeutic and clinical management, especially provide a foundation for future empirical treatment strategies in heatstroke.
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