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Background: Acute kidney injury (AKI) is a severe clinical syndrome that places a massive burden on medical systems worldwide, yet the seasonality of AKI remains unexplored in China. The aim of this study was to describe the seasonal variation in the detection rate and all-cause in-hospital mortality of AKI in China based on a nationwide cohort study.

Methods: This was a retrospective cohort recruiting a national sample of 7,291 adult patients treated in hospitals in 22 provinces of mainland China during January or July 2013. AKI was defined according to the 2012 Kidney Disease Improving Global Outcomes AKI creatinine criteria or expanded criteria of increase or decrease in serum creatinine level of 50% during the hospital stay. The seasonal group was determined according to the corresponding admission date for each patient. The detection rate of AKI refers to the ratio of identified AKI cases to the total number of adult admissions from the same regional or seasonal group.

Results: Both the detection rate (2.31 vs. 2.08%, p = 0.001) and in-hospital mortality rate (13.3 vs. 10.7%, p = 0.001) of AKI were higher in winter than in summer. The patients with AKI detected in winter had higher proportions of prehistory diseases, cardiac or vascular kidney injury factors, and severe comorbidities than those in summer (all p < 0.05). In the multivariable analysis, winter was an independent risk factor for in-hospital mortality of patients with AKI [odds ratio (OR) = 1.22, 95% confidence interval (CI), 1.03–1.44, p = 0.02] after adjusting for demographic factors, medical history, comorbidity, and climatic confounders. Higher ambient temperature (OR = 0.91, 95% CI, 0.86–0.97, p = 0.002, per 10°C increase), higher relative humidity level (OR = 1.14, 95% CI, 1.04–1.25, p = 0.005, per 10% increase), and living in temperate continental region (OR = 2.18, 95% CI, 1.63–2.91, p < 0.001) were each independently associated with in-hospital mortality.

Conclusion: The detection rate and all-cause in-hospital mortality of AKI showed a winter predominance in patients with AKI in China. Winter appeared to be an independent risk factor for all-cause in-hospital mortality in patients with AKI. Environmental factors, including lower ambient temperature, higher relative humidity level, and living in temperate continental climatic regions, were each independently associated with increased risks of in-hospital mortality in patients with AKI.
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Introduction

Acute kidney injury (AKI) is a clinical syndrome characterized by a sudden deterioration of kidney function (1). It is a severe but common complication in hospitalized patients. Approximately 10–15% of all hospitalized patients (2) and over 50% of patients in the intensive care unit (ICU) suffer from AKI (3). The high morbidity and mortality of AKI cause a huge burden on the medical system worldwide (4, 5). In response to the global target of “0 by 25” launched by the International Society of Nephrology (ISN), Chinese experts conducted a national survey on the epidemiology of AKI in China and reported several challenges in the recognition, diagnosis, and management of AKI nationwide (6).

Understanding the seasonal pattern of AKI would contribute to the improvement of clinical management and prevention care. Previous studies have demonstrated a remarkable increase in hospitalization and mortality in winter related to cardiovascular, respiratory, and infectious diseases (7–11). Increased sympathetic activity and elevated blood pressure were proven to be a result of cold temperature (12). In summer, higher levels of serum creatine and lower levels of eGFR were observed (13). Despite the remarkable trend, only a few studies have focused on the seasonal pattern of AKI (14). Experts from Wales, Japan, and Italy illustrated that the occurrence of AKI was highest in winter among all seasons and that the disease showed higher severity and worse clinical prognosis in winter (15–17). Although underlying diseases with winter predominance could precipitate AKI and result in worse renal function recovery (14), environmental factors, including ambient temperature and relative humidity level, were also found to correlate with an increased risk of AKI independently (17, 18).

At present, the seasonal pattern of AKI in China remains unexplored. As climate patterns differ across different parts of the world, it is difficult to synthesize the seasonality of AKI. Therefore, we explored the seasonal variation in the detection rate and outcome of AKI among hospitalized patients using a large database of patients with AKI from 22 provinces in mainland China. We also examined the association of environmental factors, including average temperature, relative humidity level, and climate type, with all-cause in-hospital mortality in patients with AKI.



Methods


Study design and population

The study was approved by the Ethics Committee of Peking University First Hospital (2014) (6). The survey protocol had previously been described in detail (6). A study design flowchart is presented in Figure 1. Altogether, a total of 2,223,230 hospitalized adult patients from 22 academic hospitals and 22 local hospitals in 22 provinces of mainland China in 2013 were screened. Considering the workload of reviewing medical records, 374,286 adult patients recorded in January and July 2013 were selected to represent winter and summer, respectively. Nephrology specialists screened each record to verify the diagnosis of AKI. The identification criteria of AKI included (1) the 2012 Kidney Disease: Improving Global Outcomes definition of AKI (KDIGO criteria): an increase in serum creatine (Scr) level by 0.3 mg/dl within 48 h or by 50% within 7 days (not including urine output criteria); and (2) expanded criteria for patients with no repeated serum creatinine assay within 7 days or with recovering AKI: an increase or decrease in Scr level of 50% during the hospital stay (6, 19). Patients meeting the exclusion criteria (a. chronic kidney disease stage 5; b. nephrectomy or kidney transplantation; c. peak Scr < 53 μmol/L; and d. Scr change could not be attributed to AKI) were removed from the study.
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FIGURE 1
 The flowchart of study participants.


In total, 7,604 patients with AKI from 374,286 adult patients recorded in January and July of 2013 were identified. We further retrieved the medical records to check the admission date and hospitalization period for each patient. Most of the patients recorded in January or July of 2013 were admitted in the same month, with a small proportion admitted earlier in December 2012 (7.8%) or June 2013 (13.5%), respectively. Other patients hospitalized outside the appropriate period were removed from the study population (n = 313), leaving 7,291 patients with AKI (3,563 in winter and 3,728 in summer).



Data collection

In the survey, demographic characteristics, the season of admission to hospitalization, hospital type, medical history, cause of AKI, injury factors of AKI, comorbid conditions, peak AKI stage (1–3 according to KDIGO criteria), length of hospital stay, all-cause in-hospital mortality, renal replacement therapy (RRT) indication, and renal recovery at discharge for each patient were collected. Injury factors were recorded when patients had the onset of related kidney problems. Hypovolemia included the onset of dehydration caused by vomiting, diarrhea, heatstroke, gastrointestinal hemorrhage, severe acute pancreatitis, and rhabdomyolysis. Renal vascular constriction was recorded when patients had renal toxicity injuries or used vasoconstriction medications. Mechanic obstruction was recorded when patients had severe postrenal AKI caused by urinary lithiasis or compression of hematoma.

We further classified the patients into two different types of AKI [hospital-acquired (HA) or community-acquired (CA)]. CA-AKI was identified according to the following criteria (19): (1) the level of Scr increased at admission and decreased during hospitalization; (2) the level of Scr increased at admission and continued to increase or remained at a high level during hospitalization; or (3) renal function was normal at admission, but the Scr level rose to the level that could be defined as AKI within 2 days after hospitalization. The rest of the patients were classified as HA-AKI.



Environmental and social variables

The data on average temperature (°C) in January 2013 and July 2013 were obtained from a database named “Monthly Surface Temperature in China 0.5° × 0.5° Grid Dataset (V2.0)”, which was established by the National Meteorological Information Center (NMIC; ID: 1.2.156.416.CMA.D3-S.202101.QAB1M). The monthly average temperature was matched with the exact latitude and longitude location where patients with AKI were hospitalized, which was accurate to 0.5°. The data of monthly average relative humidity levels at the city level were obtained from an NMIC database named the “Monthly Climatological Dataset of China Ground International Exchange Station” (ID: 1.2.156.416.CMA.D3.A002.001.OB.WB.CHN.MUL.MON.STA.1).

As China is a country with a vast territory, we stratified mainland China into four geographical regions based on latitude and longitude (north, northwest, southeast, and southwest), as well as three climatic regions (temperate monsoon, temperate continental, and subtropical monsoon). In terms of the economic development level, the provinces involved were divided into three groups (high, middle, and low) based on their ranking of yearly per capita GDP, according to the data from the 2013 report of the National Health and Family Planning Commission of the People's Republic of China and the National Bureau of Statistics of the People's Republic of China (22).



Study outcomes

The detection rate of AKI refers to the ratio of identified AKI cases to the total number of adult admissions from the same regional or seasonal group. The follow-up period started on the admission date for the patients hospitalized just during January or July but on 1 January 2013 or 1 July 2013 for the patients admitted preceding the index months, while all patients ended follow-up on the date of either death or discharge from hospital. The all-cause in-hospital mortality rate of AKI was defined as the ratio of identified deaths during hospitalization to the total number of hospitalized patients with AKI. The primary exposures were environmental factors, including season (winter or summer), ambient temperature, relative humidity level, and climatic regions.



Statistical analysis

Categorical variables were described as frequencies (percentages). Continuous variables were described as the mean (standard deviation, SD) or median (interquartile range, IQR), as appropriate. Comparisons between groups were made by using Fisher's exact test for categorical variables and the Kruskal–Wallis test for continuous variables. The detection rate was examined using the chi-squared test. A multivariable logistic regression model was used to analyze the relationship between the exposure variables [climate type, monthly average environmental temperature (per 10°C), and relative humidity level (per 10%)] and in-hospital mortality. Covariates were selected by backward stepwise selection using the Akaike information criterion (AIC), including age, sex, history of chronic diseases (hypertension, cardiac dysfunction, diabetes mellitus, and tumor), injury factors (prerenal and postrenal factors), comorbidities (ARDS, sepsis, and MODS), AKI stage at peak (Stages 1–3), AKI types (HA- or CA-AKI), climatic regions, and GDP levels, except when climatic regions themselves were treated as the primary exposure. Two multivariable analysis models were established. In Model 1, environmental exposures were added one at a time with the aforementioned covariates adjusted. In Model 2, a fully adjusted model was established and thus treated as the main analysis, with ambient temperature and relative humidity additionally added as covariates, except when the factors themselves were treated as the main exposure. Odds ratios (ORs) with 95% confidence intervals (CIs) and p-values of the Wald χ2 test were reported. The data were analyzed and managed with R (version 3.6.1) within the R studio platform (version 1.3.1093). All p-values were two-sided, and p < 0.05 was considered statistically significant.




Results


Seasonal variation in the detection rate of AKI

Among the 333,161 patients recorded in the hospital during either of the 2 seasons studied (winter or summer), 7,291 cases were identified as having AKI. Among them, 3,563 patients were treated in January 2013, and the other 3,728 patients were treated in July 2013. A total of 3,928 patients were identified as having CA-AKI, and the other 3,309 patients were classified as having HA-AKI. The detection rate of all-type AKI in winter hospitalization was 2.31% (3,563 of 154,281; Table 1), which was significantly higher than that of 2.08% (3,728 of 178,880) in summer (p = 0.001). The detection rates of both CA-AKI and HA-AKI were also higher in winter than in summer (1.24 vs. 1.16%, p = 0.03; 1.07 vs. 0.93%, p = 0.001). The winter predominance of the detection rate of all-type AKI can be observed across climatic regions, hospital types, geographical regions, and economic development levels, except for northwest and temperate continental regions, where the detection rate was higher in summer (2.73 vs. 3.26% p = 0.01; 2.47 vs. 2.97% p = 0.01; Figure 2).


TABLE 1 Comparison of detection rates in patients with different seasons.
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FIGURE 2
 The detection rates of AKI during winter and summer in different geographical and climatic regions. (A) The detection rate (winter vs. summer) of all-type AKI in 3 climatic regions, namely, temperate continental, temperate monsoon, and subtropical monsoon; (B) The detection rate (winter vs. summer) of all-type AKI in 4 geographical regions, namely, North, Northwest, Southeast, and Southwest. The population density is marked with different colors. Each yellow triangle represents a study hospital. *p < 0.05.




Characteristics of patients with AKI in different seasons

The mean age of all-type patients with AKI was 61.5 ± 18.9 years of age, and 65% of the patients were men (Table 2). Patients hospitalized in winter were older (62.5 ± 18.1 vs. 60.0 ± 17.0, p < 0.001) and had higher proportions of prehistory diseases than those in summer, including cardiovascular diseases, hypertension, and CKD history (all p < 0.05). Prerenal factors were the major cause of AKI in both seasons, with a slightly higher proportion in winter (72.6 vs. 70.2%, p = 0.02). By comparison, the proportion of postrenal AKI was lower in winter than in summer (7.5 vs. 10.2%, p < 0.001). Injury factors of the kidney, including cardiac dysfunction, vascular dilation, renal vascular constriction, and sepsis, were much more common in winter than in summer (all p < 0.05). Severe comorbidities, including sepsis, ARDS, and shock, also occurred more frequently in winter (all p < 0.05). The all-cause in-hospital mortality rate among all AKI cases was 11.8% (860 of 7,291), and a higher mortality rate was discovered in winter than in summer (13.3 vs. 10.7%, p = 0.001). A significantly lower rate of recovery at discharge (62.5 vs. 69.5%, p < 0.001) was also observed in winter.


TABLE 2 Comparison of demographic and clinical characteristics of patients with AKI in different seasons.
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Association of seasonal and environmental factors with all-cause in-hospital mortality

We then examined the impact of seasonal and environmental factors on all-cause in-hospital mortality in all-type patients with AKI. A total of 7,171 patients with complete records of in-hospital mortality information were used in the analysis. Those excluded because of missing information on outcomes involved more men and more patients hospitalized in summer, had lower proportions of preexisting CKD, intrinsic-renal cause of AKI, and nephrotoxicity factor, but had higher proportions of AKI stage 3, MODS, and RRT, compared with those included in the analysis, thus potentially representing a higher risk profile (Supplementary Table S1). The overall distribution of the in-hospital mortality rate, levels of average temperature, and relative humidity across different regions and provinces in the country are shown in Figure 3. The multivariable logistic regression model adjusted for age, sex, medical history of chronic diseases, injury factors, comorbidities, AKI stage at peak, types of AKI (HA- or CA-AKI), climatic regions, and GDP levels (Table 3) revealed that winter (vs. summer) was an independent risk factor for all-cause in-hospital mortality of AKI (OR = 1.22, 95% CI: 1.03–1.44, p = 0.02). The risk of in-hospital mortality decreased by 11% per 10°C increase in the average monthly ambient temperature (OR = 0.89, 95% CI: 0.84–0.94, p = 0.001) and increased by 19% per 10% increase in the local relative humidity level (OR = 1.19, 95% CI: 1.09–1.29, p = 0.001). Patients living in temperate continental regions had a higher risk of in-hospital mortality than those in subtropical monsoon areas (OR = 1.89, 95% CI: 1.50–2.38, p < 0.001). In the multivariable logistic regression model fully adjusted for environmental factors, with ambient temperature and relative humidity level serving as an adjusted covariate for each other, respectively, both average temperature per 10°C increase (OR = 0.91, 95% CI: 0.86–0.97, p = 0.002) and relative humidity level per 10% increase (OR = 1.14, 95% CI: 1.04–1.25, p = 0.005) were independently associated with the all-cause in-hospital mortality of AKI.
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FIGURE 3
 Map of monthly average temperature and relative humidity level in January and July 2013 across different cities in China. (A) The monthly average temperature in January; (B) In-hospital mortality of patients with AKI in January; (C) The relative humidity level in January; (D) The monthly average temperature in July; (E) In-hospital mortality of patients with AKI in July; and (F) The relative humidity level in July. Each yellow triangle represents a study hospital.



TABLE 3 Multivariable logistic regression model analysis of environmental factors associated with in-hospital mortality of patients with AKI.
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Discussion

Our study describes the seasonal variation in the detection rate and in-hospital mortality of AKI between winter and summer in China and analyzes the association of seasonal and environmental factors with the all-cause in-hospital mortality of patients with AKI.

The detection rate and all-cause in-hospital mortality of AKI showed a winter predominance in China. Prerenal AKI was more prevalent in winter, while the proportion of postrenal AKI was higher in summer. Higher proportions of patients had prehistory diseases, cardiac and vascular kidney injury factors, and severe comorbidities in winter, which partially explained the “winter peak”. Winter was an independent risk factor for in-hospital mortality in patients with AKI. Lower ambient temperature and higher humidity levels increased the risk of in-hospital mortality in patients with AKI.

Seasonal changes in AKI have been studied across different regions. The first study from Wales reported that the detected number of patients with AKI peaked in the first 3 months of a year and fell during each quarter of the year, which was likely attributed to the seasonal pattern of primary illnesses related to kidney injury (16). A later study from Japan reported an increase in local AKI incidence with a higher mortality rate during winter after adjusting for demographic factors, comorbidities, and medications, which indicated that season was independently associated with the incidence and outcome of AKI (15). The latest study from Italy also reported a “winter peak” of AKI in an Italian hospitalized cohort, and they further revealed that environmental factors, including average ambient temperature and relative humidity level, were also independently associated with the incidence of AKI (17). Consistent with previous investigations, our study also reported a winter predominance in the detection rate and in-hospital mortality of AKI, and to the best of our knowledge, we might be among the first to reveal that seasonal and environmental factors were independently associated with the in-hospital mortality of patients with AKI. These findings support the hypothesis that seasonal variation may exist as far as the occurrence and outcome of patients with AKI are concerned.

As China is a country with a vast territory covering several different climate patterns, we analyzed the detection rate of AKI stratified by geographical and climatic regions. A winter predominance in the detection rate of AKI was shown in southeastern and southwestern China, but an opposite trend was found in northwestern China. Subtropical and temperate monsoon climatic regions showed consistent winter predominance; however, a summer predominance was manifested in temperate continental regions. This exception was closely related to the high incidence of postrenal AKI, as the hot weather in the northwest during summer (21) increased the incidence of dehydration and lithogenesis (18, 23–27). Studies also reported that the prevalence of urinary stone disease in several provinces in southern China (10–12%) was higher than average in summer (19, 21). However, the detection rate of AKI in southern and subtropical areas in summer was still inferior to that in winter.

The prognosis of patients with AKI in winter was much worse than in summer, with a lower recovery rate, higher recurrence and RRT maintenance rate, and higher mortality rate, which was in agreement with previous studies (15, 16). The deterioration of underlying diseases precipitating AKI in winter (cardiovascular and respiratory diseases) and the higher occurrence of related comorbidities (sepsis) could partly explain the poor prognosis in winter (28). However, after adjusting for potential confounders (demographic factors and comorbidities), we revealed that in winter, environmental factors, including ambient temperature, relative humidity, and climatic zone, were each independently associated with in-hospital mortality.

The discovery of higher temperatures resulting in a lower risk of mortality indicated that a warm ambient environment could be more beneficial for renal function recovery in patients with AKI during their hospital stay. One possible explanation could be that the prevalence of postrenal AKI in summer improved the overall prognosis of hospitalization after treatment with fluid therapy and lithotripsy (20). In addition, changes in vascular function and activity of the sympathetic nervous system in cold winter might influence the recovery process and lead to adverse outcomes (12). More importantly, we discovered that the ambient temperature remained an independent factor after adjusting for humidity level, which was inconsistent with the previously mentioned Italian study (17). Based on several findings of ambient temperature changing the physiologic and pathologic progress of AKI (24, 29), we prefer to stress the importance of temperature on the clinical outcome of patients with AKI.

Regarding humidity, the aforementioned Italian study demonstrated that a high humidity level was an independent predictor for AKI incidence after adjusting for temperature factors (17), yet they did not explore the association with the outcome of patients with AKI. We discovered that a high humidity level was an independent risk factor for in-hospital mortality. Although the mechanism of how humidity affects health and diseases remains elusive, previous studies proved that anomalous mortality increased in humid areas because humidity had an impact on cold or heat stress and the hydration state of the human body (30). Loss of salt and water in high humidity conditions resulted in hemoconcentration and increased blood viscosity, placing strain on various systems and leading to a higher mortality rate (31), which could explain the poor outcome of patients with AKI in regions with higher humidity. In addition, previous studies reported that a combined effect of high humidity and low temperature exacerbated preexisting cardiac health problems and led to the highest mortality of cardiovascular diseases. In contrast, the combination of low humidity and the high temperature had the lowest mortality of cardiovascular diseases (32–34). As both higher ambient temperature and lower relative humidity level were identified in our study to be independently associated with lower in-hospital mortality, we would suppose the same coeffect of the environmental factors works on the recovery of renal function, which should be given greater attention in the clinical management and prevention of AKI.

The advantage of our study lies in its nationwide multicenter sample of patients with AKI. The limitations of the study lie in its retrospective design, lack of an all-population database, unevenness in the number of patients in different regions, and lack of spring and autumn in the description of seasonal patterns, which warrant further investigation. Nevertheless, we assume that the influence of environmental factors could be clearer when comparing seasons with definitive differences. In addition, the strategy we used in identifying cases of AKI regarding those admitted in the preceding month but remained in hospital in the index month (January or July) may have selectively involved a lower risk group regarding in-hospital mortality. However, as the majority of patients hospitalized in the index month were also admitted in the same month, the influence on the study results is supposed to be limited.



Conclusion

We conclude that the detection rate and all-cause in-hospital mortality of AKI showed a winter predominance in patients with AKI in China. Winter appeared to be an independent risk factor for all-cause in-hospital mortality in patients with AKI. Environmental factors, including lower ambient temperature, higher humidity level, and living in temperate continental climatic regions, were independently associated with the increased risk of all-cause in-hospital mortality of AKI.
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