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Objective: This study aimed to evaluate the association between six complete blood count (CBC)-derived inflammatory markers [neutrophil-to-lymphocyte ratio (NLR), monocyte-to-lymphocyte ratio (MLR), platelet-to-lymphocyte ratio (PLR), systemic immune-inflammatory index (SII), systemic inflammatory response index (SIRI), and pan-immune inflammation value (PIV)] and the risk of frailty and mortality.

Methods: Data were obtained from the National Health and Nutrition Examination Survey (NHANES) 1999–2018. Mortality was identified using the National Death Index until December 31, 2019. Multiple logistic regression analysis was conducted to evaluate the association between six CBC-derived inflammatory markers and frailty. The Cox regression model assessed the association between six CBC-derived inflammatory markers and mortality in frail populations. Restricted cubic spline (RCS) was used to visualize the association of the six CBC-derived inflammatory markers with mortality risk. The predictive value of CBC-derived inflammatory markers for mortality was further assessed using a random survival forest (RSF) approach.

Results: This study analyzed data from a total of 16,705 middle-aged and older participants. Among them, 6,503 participants were frail, with a mortality rate of 41.47%. Multiple logistic regression analysis showed that NLR, MLR, PLR, SII, SIRI, and PIV were positively associated with frailty risk. The Cox regression model revealed that participants in the highest quartile had a significantly increased risk of death compared to those in the lowest quartile: NLR (HR = 1.73, 95% CI:1.54, 1.94), MLR (HR = 1.71, 95% CI:1.51, 1.93), PLR (HR = 1.28, 95%CI: 1.15, 1.43), SII (HR = 1.50, 95%CI:1.34, 1.68), SIRI (HR = 1.88, CI 95%:1.67, 2.12), PIV (HR = 1.55, 95%CI:1.38, 1.73). Random survival forest (RSF) analyses demonstrated that MLR had the highest predictive value for mortality risk middle-aged and older adult frail participants.

Conclusion: The results suggest that CBC-derived inflammatory markers are associated with a higher risk of frailty as well as mortality in the middle and old-aged population of the United States.
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1 Introduction

Frailty represents a burgeoning global health concern (1). Studies have shown that frailty is prevalent in the aging population, and its incidence escalates with age (2). This age-related syndrome disrupts bodily homeostasis, resulting in the loss of physiological functions and immune system abnormalities (3, 4). Frail patients exhibit diminished resilience to both external and internal stressors, leading to acute health fluctuations in response to minor perturbations (5). Frail older adults face substantially heightened susceptibility to various adverse outcomes, such as falls, disability, hospitalization, and mortality (6).

Studies have shown that even in the absence of infection, frail older adults develop chronic low-grade inflammation over time (7, 8). This chronic inflammation, which leaves the organism in a protracted state of inflammation, ultimately accumulates, and exacerbates damage (9). Chronic inflammation, characterized by elevated levels of inflammatory cytokines, can play a role in the development of frailty, and is strongly associated with frailty and premature death (10, 11). With the understanding of the mechanisms of frailty, there is a need for improved markers to assess the prognosis of frailty.

CBC-derived inflammatory markers are composed of neutrophils, lymphocytes, platelets, and monocytes. These markers are utilized in the predictive assessment of various inflammation-related diseases (12, 13). Recent studies have shown that the neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), and pan-immuno-inflammatory value (PIV) can serve as indicators of inflammation associated with frailty (14, 15). Additionally, the Systemic Immunoinflammatory Index (SII), derived from CBC, has been shown to have the potential to predict the risk of frailty and mortality in middle-aged and older adult frail patients (16). However, the association between other CBC-derived inflammatory markers and the risk of frailty as well as mortality in frail patients remains incompletely assessed. Therefore, this study aimed to investigate the prognostic significance of inflammatory markers derived from complete blood counts in frail individuals.



2 Materials and methods


2.1 Study population

All participants in the National Health and Nutrition Examination Survey (NHANES) provided written consent to voluntarily participate in the study, and the NHANES study protocol was approved by the Research Ethics Review Board of the National Center for Health Statistics. We examined participant information for 10 cycles from 1999 to 2018. The study excluded participants aged below 45 years, with unavailable CBC data, and lacking follow-up information. A frailty index (FI) was utilized to categorize the remaining participants into frail participants (n = 6,503) and non-frail participants (n = 10,202), as depicted in Supplementary Figure S1.

Referring to previous related studies using the NHANES, a set of 36 variables was utilized to construct the FI, encompassing domains of disease, physical functioning, and laboratory tests (17, 18). Each variable was scored as either dichotomous (taking 0 or 1) or continuous (ranging from 0 to 1). A higher score for each item indicates greater impairment. The total score for all items is divided by 36 (the total number of items) to derive the FI. Finally, participants were categorized as non-frail (FI < 0.25) and frail (FI ≥ 0.25) according to their FI scores (19, 20). Supplementary Table S1 demonstrates the deficiency items and scoring criteria for inclusion in the FI.



2.2 Definition of CBC-derived inflammatory markers

The methods used to derive complete blood count (CBC) parameters utilize the Beckman Coulter method of counting and sizing, along with an automatic diluting and mixing device for sample processing. Indicators were computed using the following formulas: MLR = monocytes/lymphocytes, NLR = neutrophils/lymphocytes, PLR = platelets/lymphocytes, SII = platelets × neutrophils/lymphocytes, SIRI = neutrophils × monocytes/lymphocytes, PIV = neutrophils × monocytes × platelets/lymphocytes (12, 15). Since platelets are available only as absolute counts and not as percentages, to ensure the uniformity of the data, all CBC-derived inflammatory indices in this study were obtained by calculating the absolute counts of complete blood cells.



2.3 Covariates

To assess the impact of underlying factors, several covariates obtained through questionnaires and physical examinations are utilized. These variables encompass gender, age, race, education, marital status, family poverty income ratio (PIR), body mass index (BMI), smoking status, and drinking status. Race was classified as Mexican American, Other Hispanic, Non-Hispanic White, Non-Hispanic Black, or Other Race. Educational level is classified into below high school, high school, or equivalent, and above high school. Marital status is divided into two categories: married (including cohabitation with a partner) and unmarried (including widowed, separated, and divorced). Smoking status was classified into three categories: never smokers (<100 cigarettes before the survey), former smokers (>100 cigarettes before the survey, currently quitting), and current smokers (>100 cigarettes before the survey, currently smoking). Drinking status was divided into two categories: heavy drinker (≥2 drinks/day for men and ≥1 drink/day for women) and non-heavy drinker (<2 drinks/day for men and <1 drink/day for women) (21).



2.4 Assessment of mortality

This study considers all-cause mortality as the endpoint, with causes of death encompassing heart disease, malignancy, chronic lower respiratory tract disease, cerebrovascular disease, and other causes. Survival time was determined from the NHANES mobile examination center (MEC) date, with follow-up ending on December 31, 2019. Death data were acquired from the National Center for Health Statistics.



2.5 Statistical analysis

Participants’ basic characteristics were expressed as median (interquartile range [IQR]) for continuous variables and as number (percentage) for categorical variables. The Kruskal-Wallis rank sum test was used for comparisons of continuous variables, and the chi-square test was used for comparisons of categorical variables. For missing data on covariates, the MissForest R package was employed to fill in.

The CBC-derived inflammatory markers were divided into quartiles, with the lowest quartile serving as the reference. Multivariate logistic regression models were employed to assess the odds ratios (OR) and 95% confidence intervals (95% CI) for the association between CBC-derived inflammatory markers and frailty. Hazard ratios (HR) and 95% confidence intervals (95% CI) for all-cause mortality in frail patients were determined using COX regression analysis. Model 2 adjusted for age, gender, and race. Model 3 adjusted for age, gender, race, marital status, education level, family poverty income ratio, body mass index, smoking status, and alcohol status. To further explore the relationship between CBC-derived inflammatory markers and the risk of death in frail patients, restricted cubic spline regression analyses were additionally conducted. The knots were placed at each exposure variable’s 5th, 35th, 65th, and 95th percentiles.

Additionally, the odds ratio (OR) and 95% confidence interval (95% CI) between CBC parameters and frailty were calculated using the same method. The hazard ratio (HR) and 95% confidence interval (95% CI) between CBC parameters and death in frail patients were further analyzed. A random survival forest approach was employed to compare the predictive value of CBC-derived inflammatory markers and CBC parameters for all-cause mortality in frail patients.

Sensitivity analyses were conducted to evaluate the robustness of the results. Due to the controversy surrounding the FI critical value defining the frailty state, an alternative critical value was used to redefine the frailty state. Frailty was defined as FI > 0.21, while non-frailty was defined as FI ≤ 0.21. Consequently, the FI was reconstructed after excluding platelet counts from the original FI, and the main analyses were conducted. R (version 4.3.3) performed all analyses.




3 Results


3.1 Characteristics of the study population

Table 1 displays the baseline characteristics of middle-aged and older adult populations with frailty in NHANES 1999–2018. Among the 16,705 middle-aged and older adult participants included, the median age 67 (61.75) years, with 49.40% being male. Among them, 6,503 (38.93%) were identified as frail, the median age 69 (61.78) years, with 45.19% being male. Compared to non-frail participants, frail participants were more likely to be older, non-Hispanic black females, have lower levels of education and income, be unmarried, smoke, consume alcohol lightly, and have a higher BMI (p < 0.05). Neutrophil, monocyte and lymphocyte counts were significantly higher and platelet counts were significantly lower in frail patients (p < 0.05). Among all CBC-derived inflammatory markers, NLR, MLR, SII, SIRI, and PIV showed significant differences between frail and non-frail participants.



TABLE 1 Baseline characteristics of middle-aged and older adult populations with frailty.
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3.2 Association between CBC-derived inflammatory markers and frailty risk

The correlations between CBC-derived inflammatory markers and frailty are presented in Table 2. We found that NLR, MLR, SII, SIRI, and PIV showed positive associations with the risk of frailty in the crude model. The results remained statistically significant after adjusting for gender, age, and race.



TABLE 2 Associations between CBC-derived inflammatory markers and frailty risk in middle-aged and older adult populations.
[image: Table2]

In Model 2, higher levels of NLR, MLR, PLR, SII, SIRI, and PIV were found to be associated with an increased risk of frailty. Using the lowest quartile as a reference, the odds ratios (OR) and 95% confidence intervals (95% CI) at the highest quartile were NLR (OR = 1.96, 95% CI: 1.77, 2.16), MLR (OR = 1.81, 95% CI: 1.64, 2.01), PLR (OR = 1.13, 95% CI:1.03, 1.24), SII (OR = 1.56, 95% CI:1.42, 1.71), SIRI (OR = 2.03, 95% CI:1.84, 2.25), PIV (OR = 1.71, 95% CI:1.55, 1.89). Notably, lower levels of PLR were nevertheless associated with a decreased frailty risk. Compared with the lowest quartile, the odds ratios for participants in quartile 2 and quartile 3 were (OR = 0.86, 95% CI:0.78, 0.94) and (OR = 0.91, 95% CI:0.83, 0.99), respectively.

Additionally, the relationship between CBC parameters and the risk of frailty was analyzed (Supplementary Table S2). After adjusting for all confounders, we found that higher levels of neutrophil and monocyte counts were positively associated with the risk of frailty, while lymphocyte and platelet counts were negatively associated with the risk of frailty, with statistically significant results (p < 0.05).



3.3 Relationship between CBC-derived inflammatory markers and risk of death

The median follow-up period was 82.3 months (range: 1–249 months), with 2,697 deaths (41.47%). CBC-derived inflammatory markers (NLR, MLR, PLR, SII, SIRI, and PIV) exhibited a significantly higher risk of death in frail patients in the highest quartile compared to the lowest quartile. In model 2, the hazard ratios (HR) and 95% confidence intervals (95% CI) of death for the CBC-derived inflammatory markers were as follows: NLR (HR = 1.73, 95% CI: 1.54, 1.94), MLR (HR = 1.71, 95% CI: 1.51, 1.93), PLR (HR = 1.28, CI: 1.15, 1.43), SII (HR = 1.50, 95% CI:1.34, 1.68), SIRI (HR = 1.88, 95% CI: 1.67, 2.12), PIV (HR = 1.55, 95% CI: 1.38, 1.73) (Table 3).



TABLE 3 Associations of CBC-derived inflammatory markers with mortality in middle-aged and older adult populations with frailty.
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CBC-derived inflammatory markers exhibited non-linear correlations with all-cause mortality in frail participants (P for non-linearity < 0.05, Figure 1). Additionally, we examined the relationship between CBC parameters and the risk of death in frail patients. We found that elevated neutrophil and monocyte counts were linked with an elevated risk of death in frail individuals, while increased lymphocyte and platelet counts were linked with a reduced risk of death in frail individuals (Supplementary Table S3).

[image: Figure 1]

FIGURE 1
 Restricted cubic spline analyses the association of complete blood cell count (CBC)-derived indicators (A: NLR; B: MLR; C: PLR; D: SII; E: SIRI; F: PIV) with all-cause mortality in middle-aged and older adult populations with frailty. Adjusted for adjusted for age, gender, race, marital status, education level, family poverty income ratio, body mass index, smoking status, and alcohol status.




3.4 Additional surveys of pre-frail participants

We conducted additional analyses involving 7,446 pre-frail participants (0.1 < FI < 0.25) to investigate the relationship between CBC parameters, their derived inflammatory markers, and all-cause mortality in pre-frail patients. In fully adjusted models, NLR, MLR, SII, SIRI, PIV, and neutrophil counts showed associations with an increased risk of all-cause mortality, while lymphocyte counts showed an association with a decreased risk of all-cause mortality. Their hazard ratios (HR) and 95% confidence intervals (95% CI) for death in the highest quartile compared with those in the lowest quartile of pre-frail participants were as follows: NLR (HR = 1.36, 95% CI: 1.19, 1.55), MLR (HR = 1.33, 95% CI: 1.16, 1.52), SII (HR = 1.24, 95% CI: 1.10, 1.41), SIRI (HR = 1.36, 95% CI: 1.18, 1.56), PIV (HR = 1.29, 95% CI: 1.13, 1.48), neutrophils (HR = 1.36, 95% CI: 1.19, 1.55), lymphocyte (HR = 0.80, 95% CI: 0.71, 0.91) (Table 4; Supplementary Table S4). A non-linear association was observed between all-cause mortality and CBC-derived inflammatory markers in pre-frail participants (P for non-linear <0.05, Figure 2).



TABLE 4 Associations of CBC-derived inflammatory markers with mortality in middle-aged and older adult populations with pre-frailty.
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FIGURE 2
 Restricted cubic spline analyses the association of complete blood cell count (CBC)-derived indicators (A: NLR; B: MLR; C: PLR; D: SII; E: SIRI; F: PIV) with all-cause mortality in middle-aged and older adult populations with pre-frailty. Adjusted for adjusted for age, gender, race, marital status, education level, family poverty income ratio, body mass index, smoking status, and alcohol status.




3.5 Prognostic value of CBC-derived inflammatory markers

We utilized the random survival forest (RSF) method to compare the predictive value of CBC parameters and their derived inflammatory markers for all-cause mortality in the frail middle-aged and older adult population. Our findings indicate that the monocyte-to-lymphocyte ratio (MLR) exhibits the highest prognostic value for predicting all-cause mortality in both frailty and pre-frailty populations (Figure 3). Therefore, MLR may serve as a valuable clinical indicator for predicting the risk of death in frail populations.

[image: Figure 3]

FIGURE 3
 Prognostic value of complete blood cell count (CBC)-derived indicators. A random survival forest method was used to compare the value of CBC parameters and CBC-derived inflammatory markers in predicting all-cause mortality in middle-aged and older adult populations with frailty (A) and pre-frailty (B).




3.6 Sensitivity analyses

After we adjusted the FI threshold and redefined frailty, the association of CBC parameters and their derived inflammatory markers with the risk of frailty and death remained unchanged (Supplementary Tables S5, S6). A new FI was constructed after excluding platelet counts, and reclassify the frail population. We observed similar results in the adjusted full model (Supplementary Tables S7, S8).




4 Discussion

CBC-derived inflammatory markers integrate multiple parameters, which have the advantage of their ability to capture the complex interactions between different cell types in the blood, which is more informative than any single measurement. Therefore, in this study of a nationally representative population in the United States, we focused on the relationship of CBC-derived inflammatory markers to the risk of frailty and mortality in middle-aged and older adults. We found that elevated levels of NLR, MLR, PLR, SII, SIRI, and PIV were positively associated with frailty risk, whereas lower levels of PLR were negatively associated with frailty risk. Among frail patients, higher levels of NLR, MLR, PLR, SII, SIRI, and PIV were found to be associated with an increased risk of death. Additionally, the results of our survival prediction modeling analyses indicated that MLR was the most predictive inflammatory marker for mortality risk in this population. These findings suggest that CBC-derived inflammatory markers, especially MLR, may serve as useful clinical indicators for assessing mortality risk in frail patients. In conclusion, our study demonstrates the potential utility of CBC-derived inflammatory markers as indicators for assessing both frailty and mortality risk.

The development of frailty is linked to various physiological alterations, including chronic inflammation and age-related changes (22). Previously, several studies have demonstrated that levels of inflammatory markers such as IL-6, CRP (C-reactive protein), and TNF-α are markedly elevated in older and frail individuals (23–25). Recently, several studies have investigated the association between CBC-derived inflammatory markers and frailty, finding significant associations with NLR, PLR, SII, and PIV (15, 26, 27). However, most of these studies had small sample sizes and focused on individuals with specific diseases and hospitalizations. This study targeted a broad population to comprehensively assess the association of multiple CBC-derived inflammatory markers with frailty risk and prognosis.

In our investigation, we observed a u-shaped association between PLR and SII levels and mortality in frail patients. This suggests that elevated and reduced levels of PLR and SII may both increase the risk of death. However, in the non-linear association between NLR, MLR, SIRI, and PIV and mortality, an increased risk of death was observed only at high levels. These results suggest that excessive immune-inflammatory responses in frail populations pose significant health risks. Research has indicated that excessive inflammation promotes chronic inflammation and may serve as a potential etiologic factor of sarcopenia associated with frailty (28, 29). Chronic inflammation contributes to cardiovascular risk events and is a major driver of cancer-related frailty (30, 31). Considering the risk of an inflammatory state, maintaining appropriate levels of CBC-derived inflammatory markers is crucial for reducing mortality in frail patients.

In our additional analysis focused on pre-frail patients, we found that elevated levels of NLR, MLR, SII, SIRI, PIV, and neutrophil counts were associated with an elevated risk of all-cause mortality, while increased levels of lymphocyte counts were associated with a reduced risk of all-cause mortality. We observed a u-shaped association between all six CBC-derived inflammatory markers and the risk of all-cause mortality in pre-frail participants. In contrast to the frail population, pre-frail participants with excessively low levels of NLR, MLR, SIRI, and PIV may also face an increased risk of mortality. Notably, excessive levels of CBC-derived inflammatory markers may have a more profound effect on increased mortality in frail patients compared to pre-frail patients.

Among the four CBC parameters and six CBC-derived markers of inflammation, MLR stands out as the most valuable predictor of the risk of death in both frailty and pre-frail individuals. MLR is the ratio of monocytes to lymphocytes; elevated MLR indicates either an increase in monocytes or a decrease in lymphocytes. Research has shown that monocytes and macrophages mediate molecular inflammatory pathways in frail patients (32, 33). Additionally, frailty is associated with elevated monocyte counts (34). Frailty is associated with the aging of multiple physiological structures and functions, particularly immune senescence (35). Changes in lymphocyte numbers and function characterize immune senescence and contribute to the development of frailty (36). A study found a negative correlation between lymphocyte counts and frailty and that lymphocyte counts were lower in frail older adults (37). This is likely because the thymus undergoes atrophy due to aging, resulting in reduced lymphocyte production and functional changes (38). Thus, elevated MLR reflects an increased inflammatory response and the progression of frailty, indicating an elevated risk of death in frail patients (39). These findings suggest that MLR may be associated with the underlying biological mechanisms of frailty. Therefore, MLR is valuable for predicting the risk of death in frail patients.

Our research has several strengths. First, our study population is derived from a large, nationally representative health survey, resulting in findings that are more reliable and representative. Second, CBC-derived inflammatory markers comprise multiple parameters, potentially offering a more comprehensive assessment of immune and inflammatory responses than a single indicator. Third, we employed a restricted cubic spline to investigate the nonlinear relationship between CBC-derived inflammatory markers and mortality risk. Fourth, we conducted several sensitivity analyses to mitigate bias resulting from constructing FI and determining thresholds. Finally, we examined the association of multiple CBC parameters and their derived inflammatory markers with the risk of frailty and mortality. Using the RSF method, we identified MLR as the most valuable predictor of all-cause mortality in the frail middle-aged and older adult population.

However, this study also has several limitations. First, the construction of the frailty index lacks uniformity, and the threshold values for frailty are arbitrarily determined, potentially biasing the selection of frail populations. Second, although this study adjusted for multiple confounders, potential confounding factors may still exist. Third, the use of one-time CBC parameters to calculate CBC-derived inflammatory markers may lead to bias. Fourth, we failed to account for differences in the nonlinear relationship between CBC-derived inflammatory markers and the risk of death in frail and pre-frail populations.



5 Conclusion

The findings of this study indicate that elevated levels of six CBC-derived inflammatory markers are correlated with increased all-cause mortality in middle and old-aged individuals with frailty. Elevated levels of MLR, NLR, SIRI, SII, and PIV were linked to increased all-cause mortality in middle-aged and older adult individuals in a pre-frail state. MLR aids in identifying high-risk individuals in frail populations and is a cost-effective and readily accessible marker. Our study offers further evidence supporting the potential utility of CBC-derived inflammatory markers in predicting frailty prognosis.
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