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Background

systemic inflammation disorders were observed in chronic kidney disease (CKD). Whether the systemic inflammatory indicators could be optimal predictors for the survival of CKD remains less studied.





Methods

In this study, participants were selected from the datasets of the National Health and Nutrition Examination Survey (NHANES) between 1999 to 2018 years. Four systemic inflammatory indicators were evaluated by the peripheral blood tests including systemic immune-inflammation index (SII, platelet*neutrophil/lymphocyte), neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), lymphocyte-to-monocyte ratio (LMR). Kaplan-Meier curves, restricted cubic spline (RCS), and Cox regression analysis were used to evaluate the association between the inflammatory index with the all-cause mortality of CKD. Receiver operating characteristic (ROC) and concordance index (C-index) were used to determine the predictive accuracy of varied systemic inflammatory indicators. Sensitive analyses were conducted to validate the robustness of the main findings.





Results

A total of 6,880 participants were included in this study. The mean age was 67.03 years old. Among the study population, the mean levels of systemic inflammatory indicators were 588.35 in SII, 2.45 in NLR, 133.85 in PLR, and 3.76 in LMR, respectively. The systemic inflammatory indicators of SII, NLR, and PLR were all significantly positively associated with the all-cause mortality of CKD patients, whereas the high value of LMR played a protectable role in CKD patients. NLR and LMR were the leading predictors in the survival of CKD patients [Hazard ratio (HR) =1.21, 95% confidence interval (CI): 1.07-1.36, p = 0.003 (3rd quartile), HR = 1.52, 95%CI: 1.35-1.72, p<0.001 (4th quartile) in NLR, and HR = 0.83, 95%CI: 0.75-0.92, p<0.001 (2nd quartile), HR = 0.73, 95%CI: 0.65-0.82, p<0.001 (3rd quartile), and = 0.74, 95%CI: 0.65-0.83, p<0.001 (4th quartile) in LMR], with a C-index of 0.612 and 0.624, respectively. The RCS curves showed non-linearity between systemic inflammatory indicators and all-cause mortality risk of the CKD population.





Conclusion

Our study highlights that systemic inflammatory indicators are important for predicting the survival of the U.S. population with CKD. The systemic inflammatory indicators would add additional clinical value to the health care of the CKD population.
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Introduction

Currently, chronic kidney disease (CKD) is an important contributor to morbidity, impaired health-related quality of life (HRQOL), and premature death from noncommunicable diseases, is defined as a reduced glomerular filtration rate (GFR), increased urinary albumin excretion, or both, and is a major public health issue (1–3). In 2017, it was estimated that the prevalence of CKD was estimated as 9.1% with approximately 700 million cases in the world’s population (1). In the United States, half of the population is projected to develop the disease throughout their lifetime, and more than 30 million people already have CKD (4). Population with CKD are at remarkably increased risk of cardiovascular disease, and mortality compared to the general population (4). Notably, CKD resulted in 1.2 million deaths and attributed to an additional 1.4 million deaths from cardiovascular disease (1). Therefore, epidemiological studies are warranted to determine new biomarkers for high-risk CKD subpopulation, which would help nephrologists to make timely clinical management decisions.

Systemic inflammatory disorders were frequently observed in CKD patients (5–7). The pro-inflammation condition contributes to the deterioration of kidney function (8–10). The epidemiological and genetic associations between serum levels of systemic inflammation with the incidence and progress of CKD have been established (7, 11–13). Historically, prognostic factors determined in cardiovascular disease (CVD) were prevalent among patients with CKD. However, it might not fully reflect the increased mortality rates among the CKD population. Notably, recent review literature suggested that even low-grade inflammation would play a decisive role in the all-cause mortality of these patients (14). For this reason, identifying the representative but simple systemic inflammatory indicators for predicting survival among CKD patients would bring considerable cost-benefits in clinical practice (4, 14, 15). Of note, several composite inflammatory indicators, including but not limited to systemic immune-inflammation index (SII), neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), and lymphocyte-to-monocyte ratio (LMR), have been validated to be feasible in predicting the prognosis of various cancers and inflammatory diseases (16–19). These composite indicators, comprising biomarkers easily available in clinical settings such as peripheral lymphocytes, platelets, neutrophils, and monocytes, offer a comprehensive reflection of both local immune status and systemic inflammation condition (20–23). Whether these newly developed indicators presented equivalent predictive value in CKD has not been fully investigated. To date, the available evidence regarding this issue was mainly conducted with single center experience or especially interest in the single inflammatory indicator (24, 25). Moreover, whether the conclusions could be generalized to other countries or regions remains unclear.

To fill the mentioned research gaps, we aim to conduct a prospective study to evaluate the association between varied systemic inflammatory indicators with all-cause mortality among the CKD population in the U.S., based on a large-scale, population-based cohort. Besides, we also compared the predictive value of each inflammatory index.





Materials and methods




Data source

The National Health and Nutrition Examination Survey (NHANES) is a representative, ongoing, repeated series of epidemiological surveys regarding the health and nutritional conditions of the noninstitutionalized civilian population in the U.S. The survey contains a wide range of indicators of health and well-being by utilizing a combination of self-reported records and objective physical examinations. Detailed information on NHANES can be found elsewhere (https://www.cdc.gov/nchs/nhanes/). The National Center for Health Statistics Ethics Review Board has approved the NHANES study because the data from NHANES is anonymous and publicly available. All participants provided informed consent. We reported this study following the reporting of observational studies in epidemiology (STROBE) criteria (26).





Study population

Adult participants were selected from the NHANES database within ten cycles of the surveys (1999–2000 to 2017–2018). Participants with a history of CKD were included in the present study. To evaluate the association between inflammatory indicators with the survival of participants with CKD, participants without records for blood tests were further excluded. Meanwhile, to reduce the adverse causality between systemic inflammatory indicators and CKD mortality, participants who died within two years were excluded. The specific inclusion and exclusion criteria are summarized in Figure 1.




Figure 1 | The selection process of participants in this study.







Definition of systemic inflammatory-related indicators

Blood tests were collected by using the automated hematology analysis devices in each cycle of the survey. Considering the clinical accessibility, generalizability, established validity, and comprehensive reflection of the immune as well as inflammatory status of the CKD population, four systemic inflammatory-related indicators of interest were analyzed, including the SII, NLR, PLR, and LMR. Previous studies have validated their effectiveness in predicting outcomes and informing treatment strategies, making them attractive candidates for investigation in our specific research context.

	

	

	

	





CKD definition

The participants with CKD were diagnosed based on two aspects. On the one hand, the participants had a self-reported history of CKD. On the other hand, eGFR< 60 mL/min/1.73m2 was additionally used to diagnose the CKD. The eGFR was calculated according to the Chronic Kidney Disease Epidemiology Collaboration algorithm (27).





Covariates definition

The selection of study variables was based on previous literature in evaluating the survival of CKD. A series of covariates were controlled including the socioeconomic characteristics included sex (male or female), age at interview, race (Hispanic, non-Hispanic white, non-Hispanic black, and other race), marital status (not married, married or living with partner), educational level (≤ high school, college, and > college), and family income-poverty ratio (<1.3, 1.3 – 3.5, and >3.5). Besides, the personalized habits and comorbidities include smoking status (never, now, and ever), diabetes mellitus, hypertension, hyperlipidemia, congestive heart failure, and self-reported history of dialysis during the past 12 months. In addition, physical and laboratory examinations included body mass index (BMI), estimated glomerular filtration rate (eGFR), blood urea nitrogen (BUN), alanine transaminase (ALT), aspartate transaminase (AST), glycohemoglobin (HbA1c), and albumin (ALB) were controlled.





Study outcome

The primary outcome was the all-cause mortality of participants with CKD. The survival data for the population were obtained from the NHANES public-use linked mortality file as of December 31, 2019, which was correlated with the National Center for Health Statistics (NCHS) with the National Death Index (NDI) through a probability matching algorithm. Additionally, the ICD-10 (International Statistical Classification of Diseases, 10th revision) was applied to identify the underlying causes of mortality. The primary mortality outcome considered in our study was all-cause mortality. The duration of mortality follow-up was calculated from the date when the diagnosis of CKD was initially taken to either the date of the patient’s death or December 31, 2019 (28).





Statistical analysis

The continuous variables were presented as mean ± standard deviation (SD). The categorical variables were presented as numbers (percentages, %). The demographic characteristics were compared by using the Student’s t-test or One-way analysis of variance for continuous variables and the Chi-squared test was conducted for categorical variables, respectively. Univariate and multivariable Cox regression analyses were conducted to evaluate the associations between varied inflammatory indicators with all-cause mortality of the CKD population. Model 1 served as the crude model with no adjustments. Additionally, adjustments for age, sex, and race were made in Model 2. In the fully adjusted model, covariates including age, sex, race, marital status, educational level, family income-poverty ratio, smoking status, hypertension, hyperlipidemia, diabetes mellitus, congestive heart failure, BMI, eGFR, BUN, ALT, AST, HbA1c, and ALB were adjusted. Meanwhile, Kaplan-Meier (KM) curves were utilized to display the different survival probabilities among the CKD population with varied levels of systemic inflammatory indicators. To assess the potential nonlinear associations of systemic inflammatory indicators with CKD mortality and to capture the variation in risk across the entire continuum of relations, restricted cubic splines (RCS) with 4 knots were employed. Compared with the conventional simple imputation, the random forest imputation method can not only consider the relationships between variables by using a predictive model, leading to more accurate imputations but also provide estimates of variable importance, aiding in understanding the relative importance of different features in the imputation process (29, 30). Thus, to strike a balance between maximizing data completeness and minimizing potential biases introduced by imputation, variables with missing data were interpolated using the random forest interpolation method.

The area under the curve (AUC) of time-dependent receiver operating characteristic (ROC) and concordance index (C-index) were used to compare the predictive accuracy of each inflammatory indicator in predicting the survival of the CKD population.

We performed the sensitivity analyses to check the robustness of the main findings. As dialysis might significantly influence the levels of systemic inflammatory indicators as well as the survival of the CKD population, we reevaluated the association between systemic inflammatory indicators with the all-cause mortality of the CKD population by further adjusting the covariate of history of renal dialysis during the past 12 months.

All statistical analyses were conducted using the R software (version 4.3.2). A two-tailed P-value of< 0.05 was considered as statistically significant.






Results




Baseline information of the participants with CKD

There were 6,880 participants included in the current study during the ten cycles of surveys (1999 – 2018). The mean age of the study population was 67.03 years old. A slightly higher proportion of females than males was observed (3,490 cases vs. 3,390 cases). More than half of the study population was non-Hispanic White (3,571 cases, 51.99%). Less than 20% of the population has an educational level of college. Over 60% of the population had a history of hypertension and nearly half of the study population had hyperlipidemia condition. There were 13.72% and 47.9% of the participants still smoking or drinking in the year of the interview. Compared with the survivors during the follow-up, non-survivors presented characteristics of males, older age, lower BMI, lower levels of eGFR, ALB but higher BUN and HbA1c (all p<0.001). Additionally, survivors showed lower serum levels of SII (541.34 ± 368.46 vs. 666.25 ± 522.15, p<0.001), NLR (2.25 ± 1.32 vs. 2.77 ± 1.62, p<0.001), PLR (127.65 ± 54.50 vs. 144.13 ± 70.41, p<0.001), but higher LMR (3.99 ± 1.99 vs. 3.38 ± 2.08, p<0.001). The study population with clinical characteristics of older age and non-Hispanic whites tended to present higher levels of pro-inflammation conditions when compared with other groups. The specific clinical information of the study population can be found in Table 1 and the comparisons of varied levels of quartile of inflammatory indicators among the CKD population can be found in Supplementary Tables S1–S4.


Table 1 | The baseline information of the CKD population in this study.







Association between systemic inflammatory indicators with all-cause mortality of CKD

The RCS analysis suggested non-linear associations of four systemic inflammatory indicators with the all-cause mortality of participants with CKD (All p< 0.001). The inflection point of the RCS curve was identified at 588 in SII, 134 in PLR, 2.4 in NLR, and 3.8 in LMR, respectively (Figure 2).




Figure 2 | The multivariable-adjusted restricted cubic spline (RCS) curves show dose-effect relationships between different systemic inflammatory indicators with the survival of the CKD population. (A) SII; (B) NLR; (C) PLR; (D) LMR. CKD: chronic kidney disease; SII: systemic immune-inflammation index; NLR: neutrophil-to-lymphocyte ratio; PLR: platelet-to-lymphocyte ratio; LMR: lymphocyte-to-monocyte ratio. Adjusted for the effects of age, Sex, race, marital status, educational level, family income-poverty ratio, smoking status, hypertension, hyperlipidemia, diabetes mellitus, CHF, BMI, eGFR, BUN, ALT, AST, HbA1c, and ALB.



Besides, the four systemic inflammatory indicators were calculated as categorical variables. The KM curves showed significantly different survival patterns among participants with varied quartiles of systemic inflammatory indicators (All p< 0.0001) (Figure 3). Consistently, the higher the quartile of systemic inflammatory indicators (SII, PLR, and NLR) the participants were, the lower survival probabilities were observed. By contrast, the high quartile of levels of LMR predicted an increased survival rate in the CKD population.




Figure 3 | The Kaplan-Meier curves display the association between different systemic inflammatory indicators with the survival of the CKD population. (A) SII; (B) NLR; (C) PLR; (D) LMR. CKD: chronic kidney disease; SII: systemic immune-inflammation index; NLR: neutrophil-to-lymphocyte ratio; PLR: platelet-to-lymphocyte ratio; LMR: lymphocyte-to-monocyte ratio.



Furthermore, we conducted multivariate Cox regression analyses to evaluate the independent role of varied systemic inflammatory indicators in all-cause mortality among CKD participants (Supplementary Tables S5–S8). As shown in Figure 4, SII was observed as a significant predictor in all-cause mortality of CKD participants [hazard ratio (HR) = 1.13, 95% confidence interval (CI): 0.99-1.27 in 2nd quartile, p = 0.056; HR = 1.13, 95%CI: 1.00-1.28 in 3rd quartile, p = 0.039; HR =1.39, 95%CI: 1.24-1.57 in 4th quartile, p< 0.001] (Figure 4A). Similarly, high quartile levels of NLR were observed as a significant predictor in all-cause mortality of CKD participants [HR = 1.21, 95%CI: 1.07-1.36 in 3rd quartile, p = 0.003; HR = 1.52, 95%CI: 1.35 – 1.72 in 4th quartile, p< 0.001] (Figure 4B). Regarding the PLR, participants at the fourth quartile of the index showed a significantly higher risk for mortality (HR = 1.22, 95%CI: 1.10 – 1.37, p< 0.001) (Figure 4C). Additionally, higher quartile levels of LMR showed a protectable role in the survival of CKD participants HR = 0.83, 95%CI: 0.75-0.92 in 2nd quartile, p< 0.001; HR = 0.73, 95%CI: 0.65-0.82 in 3rd quartile, p< 0.001; HR = 0.74, 95%CI: 0.65-0.83 in 4th quartile, p< 0.001] (Figure 4D).




Figure 4 | The forest plots show the association between varied levels of quartiles of systemic inflammatory indicators with the risk for all-cause mortality among the CKD population. (A) SII; (B) NLR; (C) PLR; (D) LMR. CKD: chronic kidney disease; SII: systemic immune-inflammation index; NLR: neutrophil-to-lymphocyte ratio; PLR: platelet-to-lymphocyte ratio; LMR: lymphocyte-to-monocyte ratio. Model 1: no adjustments; Model 2: adjusted for age, sex, and race Model 3: adjusted for age, sex, race, marital status, educational level, family income-poverty ratio, smoking status, hypertension, hyperlipidemia, diabetes mellitus, congestive heart failure, BMI, eGFR, BUN, ALT, AST, HbA1c, and ALB.







Predictive accuracy of systemic inflammatory indicators with survival of CKD population

The AUCs of time-dependent ROCs showed that the LMR index maintained the highest predictive value in determining the all-cause mortality of the CKD population (AUC=0.621), followed by the NLR index (AUC=0.613), compared with the rest indicators (Figure 5 and Supplementary Table S9). Consistently, the highest C-index was observed in the LMR index (C-index = 0.624) but the lowest C-index was observed in the PLR index (C-index = 0.537) for predicting the survival of the CKD population (Supplementary Table S5). With the combination of other significant clinical factors, the C-index reached 0.789 in the LMR index, 0.785 in the NLR index, 0.779 in SII, and 0.768 in PLR, respectively (Supplementary Table S5).




Figure 5 | The time-dependent ROC curves for displaying the predictive abilities of different systemic inflammatory indicators. SII: systemic immune-inflammation index; NLR: neutrophil-to-lymphocyte ratio; PLR: platelet-to-lymphocyte ratio; LMR: lymphocyte-to-monocyte ratio; ROC: receiver operating characteristic.







Stratified and sensitive analyses

There were some interactions among the levels of ALB, family income poverty ratio in SII, NLR, and LMR, and ALT in the PLR index (Supplementary Figures S1–S4). The subgroup analyses showed that features of sex, age at the interview, comorbidity status, family income-poverty ratio, and eGFR status would affect the predictive value of systemic inflammatory indicators on the survival of the CKD population (Supplementary Figures S1–S4). In addition, the LMR index showed a more pronounced predictive value in the stage III CKD subpopulation, while SII showed a stronger association with the stage IV CKD subpopulation (Supplementary Tables S10–S11). However, the predictive values of systemic inflammatory indicators were compromised in the stage V CKD subpopulation (Supplementary Table S12). To verify the robustness of the main findings, we further controlled the clinical information on renal dialysis during the past 12 months before the survey. Consistently, the sensitive analysis supported the significant association between systemic inflammatory indicators and with survival of the CKD population (Supplementary Tables S13–S16).






Discussion

In the current study, we determined positive associations between systemic inflammatory indicators with the all-cause mortality of the CKD population. In particular, NLR and LMR showed the leading prediction value in clinical outcomes of the CKD population. To the best of our knowledge, this is one of few studies to evaluate the role of systemic inflammatory indicators in the prognosis of the CKD population based on one large-scale, population-based cohort.

To date, CKD remains one of the leading diseases for causing additional comorbidities and premature mortality. Determining new simple prognostic biomarkers would help clinicians make tailored management decisions on this population. Chronic inflammation disorders have been observed in the CKD population, especially in the late-stage group. Therefore, systemic inflammatory indicators derived from frequent blood tests were considered to be a feasible tool in predicting the survival of the CKD population. For instance, one single center-based study revealed that systemic inflammatory indicators presented optimal survival prediction value in acute coronary syndrome patients with CKD, with AUCs between 0.638 and 0.706. Notably, in another large multi−center longitudinal study settled in China, Lai et al. further validated the utility of SII in predicting the total and cause−specific mortality among patients with CKD. In our works, we also observed strong correlations between high levels of pro-inflammatory condition indicators with worse survival probabilities among the CKD population.

Interestingly, NLR and LMR but not SII showed the best predictive powers in predicting the all-cause mortality of the CKD population. The NLR, a surrogate marker for systemic inflammation, has recently gained increasing public interest. Emerging evidence suggested that NLR was associated with several comorbidities, including insulin resistance and CVD (31, 32). Consistently, high levels of NLR were also determined to be related to the occurrence, and poor nutritional status as well as worse prognosis of CKD (33–37). Of note, Yoshitomi and colleagues observed that CKD patients with high NLR showed a nearly 1.7-fold increased risk for poor renal outcome when compared with the low NLR group in Japan (35). Similar associations were also determined in end-stage CKD patients (37). Nevertheless, the single-center-based experience with a small sample size limited the generalization of findings on this topic. In the current study, we filled this gap and further validated the utility of monitoring the serum NLR in predicting the prognosis of the U.S. population with CKD. Historically, the main possible underlying mechanism regarding the relationship between NLR and the prognosis of the CKD population was thought to be an increase in chronic inflammation. Previous studies have demonstrated a strong association between NLR and inflammatory markers such as TNF-α, CRP, and albumin, suggesting that high NLR reflects chronic inflammatory conditions in CKD patients (38, 39). Novelty, we observed that the high levels of LMR showed a protectable role in the clinical outcome of the CKD population. While the studies evaluating the role of LMR in the prognosis of CKD were limited, compelling evidence has proved the consistent beneficial role of high levels of LMR in other diseases, including but not limited to stroke and cancers (40–42). Recently, peripheral lymphocyte counts have been discovered to have a cell protective effect and contribute to cellular function improvement (42, 43). However, the peripheral monocytes and neutrophils could induce increasing levels of matrix metalloproteinase-9 (MMP-9) and further cause systemic inflammation (44). Furthermore, it was reported that neutrophils could induce free oxygen radicals (45, 46), which was speculated to be associated with reduced renal function and subsequent worse clinical outcomes. different from the promising predictive roles of LMR and NLR on the progress of CKD, only the last quartile level of PLR was observed to be associated with a worse prognosis of the CKD population. Elevated serum levels of platelet indicated endothelial injury and chronic inflammatory condition (47). However, platelet abnormalities were frequently observed in the CKD population, which showed complex implications in the pathophysiology progress of CKD (47). The altered platelet function would result in either platelet hyper- or hypo-reactivity, which might contribute to thrombotic or hemorrhagic complications in CKD (47–49). A recent meta-analysis showed antiplatelet therapy would reduce myocardial infarction and increase major bleeding. However, it did not appear to reduce causes and cardiovascular death among people with CKD and those treated with dialysis (50). A deep understanding of the etiology underlying platelet dysfunction during the CKD progression may contribute to the design of targeted novel antiplatelet treatment strategies, specifically tailored to patients with CKD (47, 48, 50, 51).

There are some strengths worth highlighting. First, this is a prospective, representative, large-scale population-based study based on the U.S. population. Second, we systemic analyzed the predictive value of four systemic inflammatory indicators for all-cause mortality among CKD participants, which provides new evidence for the pivotal role of systemic inflammatory disorders among CKD participants. Third, we excluded the participants who died within 2 years after the interview to reduce the causality bias. Besides, the sensitive analysis also supported the main findings we determined.

Admittedly, some limitations need to be addressed in future works. First, while a series of covariates have been adjusted to determine the association between systemic inflammatory indicators with the survival of CKD participants, some residual confounders such as the duration and cycles of the dialysis, and the history of kidney transplantation with the immunosuppression therapy. As the majority of the CKD population in our study was at stage III, the determined associations between systemic inflammatory indicators and survival of the CKD population might not be impaired. Nevertheless, our findings should be interpreted cautiously due to the diagnosis of CKD was based on the self-reported condition and baseline levels of eGFR. Second, the data was derived from the NHANES program, which could not fully reflect the prevalence and stage of the CKD population. The predictive value of systemic inflammatory indicators in the CKD population at different stages is worth investigating in future works. Moreover, we only analyzed the data of systemic inflammatory indicators at the baseline of the surveys, whether the trajectories of these indicators showed a more pivotal role in predicting the survival of CKD participants needs further exploration. Future well-designed, longitudinal, prospective studies are warranted to validate our findings.





Conclusion

In this study, we observed the significant associations between systemic inflammatory indicators with all-cause mortality of CKD in the U.S. population. Besides, the SII showed the highest prediction value in identifying the high-risk subpopulation with CKD when compared with rest indices. Our findings would help the nephrologists to make dynamic monitoring of the long-term follow-up among the CKD population with simple serum inflammatory levels.
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