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Abstract
Background
Changes in systemic inflammation, nutritional status and serum vitamin D level are important characteristics of asthma. However, role and importance of nutritional inflammatory indicators or serum vitamin D concentrations in predicting the prognosis of asthma remain unclear. The advanced lung cancer inflammation index (ALI), based on body mass index (BMI), serum albumin and neutrophil–lymphocyte ratio (NLR), is a comprehensive index to assess systemic inflammation and nutrition. This study aimed to evaluate their independent and combined predictive value of mortality in asthma patients.

Methods
This study analyzed data from the National Health and Nutrition Examination Survey (NHANES) 2001–2018. Cox regression analysis was used to assess the independent or joint effect of ALI and serum vitamin D on mortality risks of asthma. Receiver operator characteristic curve analysis was used to compare the prognostic ability of ALI with its component factors, including NLR, albumin, neutrophil, lymphocyte and BMI.

Results
A total of 2870 eligible asthma patients were included. After adjustment, higher ALI correlated significantly with reduced all-cause and respiratory disease mortality (adjusted hazard ratio [aHR] = 0.64 and 0.34; P < 0.05). Meanwhile, vitamin D deficiency correlated significantly with increased all-cause and respiratory disease mortality (aHR = 2.06 and 2.73; P < 0.05). The area under the curve of ALI in predicting 1-year, 5-year or 10-year all-cause mortality surpassed that of its five component indices. Joint analyses showed that individuals with higher levels of ALI and vitamin D had the lowest risks of all-cause and respiratory disease mortality (aHR = 0.31 and 0.17; P < 0.05).

Conclusions
ALI and serum vitamin D are robust independent and combined predictors of mortality in asthma patients. ALI offers superior predictive capability over its components, and sufficient vitamin D levels are beneficial for survival outcomes. The synergistic effect of high ALI and adequate vitamin D highlights the benefit of integrating both metrics into clinical practice for enhanced prognostic accuracy.
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Background
Asthma is one of the most common chronic respiratory diseases, contributing significantly to the global burden of illness and mortality. According to the Global Burden of Diseases, Injuries, and Risk Factors Study 2019, the number of global asthma cases was estimated to be 262.4 million in 2019 and has steadily increased from 1990 to 2019 [1]. The risk of death for asthma patients is 2 to 3 times higher than that of patients without asthma [2]. Therefore, it is essential to identify more alterable risk factors for the prevention, reduction or delay of asthma progression and related death.
Asthma is a chronic respiratory inflammatory disease, as evidenced by the involvement of many kinds of inflammatory cells and cytokines in different stages of the disease course [3]. Inflammation plays a pivotal role in the occurrence and development of asthma, as well as associated with lung function impairment and poor disease outcomes [4, 5]. The neutrophil-to-lymphocyte ratio (NLR), an easily measurable parameter of systemic inflammation, has been proven to be a critical element in the progression and prognosis of asthma patients, with higher NLR levels correlated with severe exacerbations and increased mortality risks [6, 7]. Besides, nutrition is also thought to play a crucial role in asthma progression by changing immune and metabolic responses [8]. Reduction of serum albumin concentration has been reported in patients with severe asthma [9]. Therefore, a composite index that reflect both inflammatory and nutritional status may provide sufficient accuracy to estimate the prognosis of patients with asthma.
The advanced lung cancer inflammation index (ALI), calculated by body mass index (BMI), albumin and NLR, can access changes in inflammation and nutrition simultaneously. Several studies have already demonstrated that elevated ALI was linked to higher mortality rates in lung cancer, gastrointestinal cancer or hepatocellular carcinoma [10–12]. The predictive ability of ALI was thought to be better than many common inflammatory indicators in lung cancer [13]. Due to the comprehensive function of ALI, researches also utilized ALI to assess the mortality risk of chronic inflammation-related diseases, such as diabetes, hypertension, heart failure, and coronary artery disease [14–17]. However, research on the association between ALI and the mortality risk of asthma is scarce, and it is unknown whether ALI has better predictive power.
In addition, vitamin D is a potential influential factor in asthma pathogenesis [18]. Compared to patients without asthma, the prevalence of vitamin D deficiency was significantly higher among asthma patients [18, 19]. Serum vitamin D levels have been inversely associated with total IgE levels and blood eosinophil counts in asthma [20]. A longitudinal study found that in children with asthma, lower vitamin D levels were linked to higher odds of hospitalization or emergency department visits [21]. Furthermore, vitamin D deficiency was related to the decreased lung function, airway hyperresponsiveness or poor glucocorticoid response [20, 22]. Taken together, these results suggested that vitamin D deficiency was associated with poor outcomes of asthma. However, the association between serum vitamin D level and mortality risk has not been clearly elucidated in asthma patients.
Hence, using data from the 2001–2018 National Health and Nutrition Examination Survey (NHANES), this study aimed to evaluate the prognostic value of ALI and serum vitamin D in asthma. Meanwhile, we further assessed the joint effect of the above two indicators on the risk of mortality. We provided new insight on prognosis assessment for asthma.

Methods
Study design and population selection
This retrospective cohort study included participants who consented to participate in the NHANES, a nationwide survey to monitor the health and nutritional status of adults and children in the United States. It used a stratified and multistage probability design to recruit a representative sample of American populations. This survey was reviewed and approved by the Ethics Review Board of the National Center of Health Statistics (see details at https://​www.​cdc.​gov/​nchs/​nhanes/​irba98.​htm). Our center’s Ethics Review Board exempted this study.
Nine cycles (2001–2018) of NHANES survey data were pooled for this study. We enrolled participants with asthma aged 20 and above, who answered affirmatively to the following two questions: “Has a doctor or other health professional ever told you that you have asthma?” and “Do you still have asthma?”. Participants who self-reported as pregnant, had no follow-up information, or lacked data on complete blood count, albumin, BMI, vitamin D or any of the covariates were excluded.

ALI and serum vitamin D
ALI was calculated as follows: ALI = BMI (kg/m2) * albumin level (g/dL) / NLR, where the NLR was calculated as neutrophil counts divided by lymphocyte counts, as described by Jafri et al. in 2013 [10]. In this study, serum vitamin D referred to the sum of 25-hydroxyvitamin D2 and 25-hydroxyvitamin D3, which are the major circulating forms of vitamin D. Its concentration in serum reflects the status of vitamin D. According to the recommendations of the Institute of Medicine of the National Academies in US, serum vitamin D levels ≥ 50 nmol/L were deemed sufficient, 30–50 nmol/L were insufficient, and < 30 nmol/L were deficient [23].

Other covariates and outcomes
Standardized questionnaires collected information on sociodemographic characteristics (age, sex, race, education level, and poverty income ratio [PIR]), smoking status, drinking status, and the history of hypertension, diabetes and cancer. The PIR is a measure expressing a family’s income relative to the poverty threshold. The higher the ratio, the further family’s income is from the poverty level. We classified PIR into three groups: less than 1.0, between 1.0 and 3.0 (inclusive), and greater than 3.0. Never smokers were defined as those who reported smoking < 100 cigarettes in their lifetime; former smokers smoked > 100 cigarettes but had quit smoking; current smokers smoked > 100 cigarettes and still smoked sometimes or every day. Drinking status was divided into two categories: yes (≥ 12 alcohol drinks per year) and no (< 12 alcohol drinks per year). Hypertension and cancer were self-reported. Diabetes was assessed based on one of the following criteria: (1) self-reported doctor diagnosis of diabetes; (2) use of diabetes medication or insulin; (3) fasting plasma glucose ≥ 7.0 mmol/L; (4) two-hour blood glucose ≥ 11.1 mmol/L from an oral glucose tolerance test; (5) glycohemoglobin (HbA1c) ≥ 6.5%. BMI was calculated during the physical examination. Blood cell counts, albumin, serum creatinine (Scr), glycohemoglobin and blood glucose were collected from laboratory test results. The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI 2021) Scr-based equation was used to calculate the estimated glomerular filtration rate (eGFR).
The primary outcome was all-cause mortality, and the secondary outcome was respiratory disease mortality. Mortality information was obtained from the public-use 2019 linked mortality files (https://​www.​cdc.​gov/​nchs/​data-linkage/​mortality-public.​htm). The follow-up time was defined as the period between the date of interview until the date of death or December 31, 2019. The cause-of-death was recorded based on the 10th revision of the International Statistical Classification of Diseases, Injuries, and Causes of Death (ICD-10) guidelines. All-cause mortality was defined as death from any reasons. Respiratory disease mortality was defined as death from chronic lower respiratory disease(J40-J47) or pneumonia and influenza(J09-J18).

Statistical analysis
Due to the complex sampling design of NHANES, the sampling weights were considered during the analysis. The optimal cutoff point for ALI was determined using maximally selected rank statistics, which was used to divide participants into two groups. Continuous variables are described as weighted means and standard deviation (SD), while categorical variables are described as unweighted numbers and weighted proportions. The student t test and the chi-square test were employed to compare differences in baseline characteristics.
Multivariate Cox proportional hazards regression analyses were conducted to assess the association of the ALI and/or vitamin D with all-cause and respiratory disease mortality, with results shown as Hazard Ratio (HR) and 95% Confidence Interval (CI). Last stage multivariable models were adjusted for age, sex, race, education level, PIR, smoking status, drinking status, hypertension, diabetes, cancer and eGFR. We also estimated mortality risks with every 10-unit (or nmol/L) increment in ALI or vitamin D. Time-dependent receiver operating characteristic (ROC) curve analysis was conducted to compare the ability of ALI and its component factors in predicting the mortality of asthma patients. In joint analyses, participants were classified based on both ALI and vitamin D groups. Vitamin D levels were categorized into two groups (≥ 50 nmol/L and < 50 nmol/L) when respiratory disease mortality was analyzed, owing to the limited case numbers of the target outcome. To examine the robustness of results, stratified analysis was applied based on age and sex, and multivariate Cox analyses were performed again after excluding participants who died during the initial 2-year follow-up period. Finally, restricted cubic splines (RCS) were used for the multivariate Cox regression models to visualize the relationship between ALI or vitamin D and HRs of all-cause mortalities. All analyses were performed using R Statistical Software, version 4.3.2. Two‐sided P < 0.05 was regarded as statistical significance.


Results
Baseline characteristics
The study initially included 91,351 patients from the NHANES 2001–2018 cohorts. We removed 41,150 participants younger than 20 and 1,258 participants who were pregnant. 132 individuals were excluded due to incomplete mortality data. Subsequently, we excluded participants who were not compatible with the diagnostic criteria for asthma (n = 44,926), and those who lacked complete other parameters (n = 1,015). Finally, a total of 2870 participants diagnosed with asthma were enrolled in this study, representing a population of 13,992,436 asthma patients in the US (Fig. 1).
[image: ]
Fig. 1Flowchart of participants inclusion and exclusion. Abbreviations: NHANES: the National Health and Nutrition Examination Survey; ALI: advanced lung cancer inflammation index


Among these 2870 participants, the weighted average age was 47.33 years; a majority were females (weighted proportion, 63.96%); the weighted average was 68.97 for ALI and 66.87 nmol/L for serum vitamin D concentration. Participants were classified into the higher group (ALI > 50.07, n = 1976) and the lower group (ALI ≤ 50.07, n = 894) by using the optimal cutoff value of 50.07 for the ALI (Additional file 1: Fig. S1). Participants in the higher ALI group were younger; had a higher proportion of Black race; were more likely to be never smokers; had a lower white blood cell count, neutrophil count, serum vitamin D and serum creatinine; and had a higher lymphocyte count, BMI and eGFR. More characteristics of the participants are outlined in Table 1.
Table 1Baseline characteristics of patients with asthma stratified by ALI


	Characteristics
	Overall
	Lower ALI
(≤ 50.07)
	Higher ALI
(> 50.07)
	P value

	Number of Patients, n
	2,870
	894
	1,976
	 
	Age, years
	47.33 (16.69)
	50.25 (17.77)
	45.96 (15.99)
	< 0.001

	Sex, n (%)
	 	 	 	0.134

	 Male
	1,072 (36.04)
	395(38.68)
	677 (34.72)
	 
	 Female
	1,798 (63.96)
	499(61.32)
	1,299(65.28)
	 
	Race, n (%)
	 	 	 	< 0.001

	 Mexican American
	278 (4.46)
	87 (4.31)
	191 (4.54)
	 
	 Other Hispanic
	227 (4.61)
	57 (3.32)
	170 (5.21)
	 
	 Non-Hispanic White
	1,469 (72.86)
	543 (79.22)
	926 (69.89)
	 
	 Non-Hispanic Black
	671 (11.76)
	124 (6.18)
	547 (14.36)
	 
	 Other race
	225 (6.31)
	83 (6.97)
	142 (6.00)
	 
	Family PIR, n (%)
	 	 	 	0.750

	 < 1.0
	759 (19.13)
	233 (18.20)
	526 (19.57)
	 
	 1.0–3.0
	1,182 (36.57)
	378 (37.24)
	804 (36.26)
	 
	 > 3.0
	929 (44.30)
	283 (44.56)
	646 (44.17)
	 
	Education level, n (%)
	 	 	 	0.424

	 Below high school
	257 (4.49)
	93 (4.88)
	164 (4.31)
	 
	 high school or equivalent
	1,082 (33.73)
	345 (35.38)
	737(32.97)
	 
	 college or above
	1,531 (61.78)
	456 (59.74)
	1,075 (62.72)
	 
	Smoking status, n (%)
	 	 	 	0.018

	 Never smoker
	1,353 (49.29)
	373 (44.54)
	980 (51.51)
	 
	 Former smoker
	806 (26.79)
	292 (29.94)
	514 (25.32)
	 
	 Current smoker
	711 (23.92)
	229 (25.52)
	482 (23.17)
	 
	Drinking, n (%)
	 	 	 	0.666

	 No
	907 (27.59)
	264 (26.97)
	643 (27.88)
	 
	 Yes
	1,963 (72.41)
	630 (73.03)
	1,333 (72.12)
	 
	Diabetes, n (%)
	 	 	 	0.252

	 No
	2,183 (82.29)
	687 (83.78)
	1,546 (81.59)
	 
	 Yes
	687 (17.71)
	207 (16.22)
	480 (18.41)
	 
	Hypertension, n (%)
	 	 	 	0.263

	 No
	1,535 (60.24)
	480 (61.97)
	1,055 (59.43)
	 
	 Yes
	1,335 (39.76)
	414 (38.03)
	921 (40.57)
	 
	Cancer, n (%)
	 	 	 	0.844

	 No
	2,503 (86.80)
	757 (87.03)
	1,746 (86.70)
	 
	 Yes
	367 (13.20)
	137 (12.97)
	230 (13.30)
	 
	BMI, kg/m2
	30.95 (8.32)
	27.34 (6.35)
	32.63 (8.59)
	< 0.001

	BMI category, n (%)
	 	 	 	< 0.001

	 < 25.00 kg/m2
	649 (25.51)
	340 (41.95)
	309 (17.85)
	 
	 25.00 to < 30 kg/m2
	773 (27.08)
	277 (28.42)
	496 (26.45)
	 
	 ≥ 30.00 kg/m2
	1,448 (47.41)
	277 (29.63)
	1,171 (55.70)
	 
	Vitamin D, nmol/L
	66.87 (26.93)
	69.38 (26.71)
	65.70 (26.95)
	0.020

	Vitamin D category, n (%)
	 	 	 	0.040

	 < 30 nmol/L
	270 (5.94)
	61 (4.55)
	209 (6.58)
	 
	 30 to < 50 nmol/L
	726 (21.37)
	204 (19.13)
	522 (22.41)
	 
	 ≥ 50 nmol/L
	1,874 (72.69)
	629 (76.32)
	1,245 (71.01)
	 
	Albumin, g/L
	41.87 (3.37)
	41.74 (3.38)
	41.92(3.37)
	0.308

	Scr, μmol/L
	77.71 (38.37)
	82.15 (60.96)
	75.64 (20.37)
	0.007

	eGFR, mL/min/1.73m2
	94.55 (21.05)
	91.03 (23.13)
	96.19 (19.80)
	< 0.001

	White blood cell, *109/L
	7.63 (2.31)
	8.16 (2.36)
	7.39 (2.24)
	< 0.001

	Neutrophil, *109/L
	4.57 (1.78)
	5.55 (1.93)
	4.11 (1.51)
	< 0.001

	Lymphocyte, *109/L
	2.19 (0.92)
	1.73 (0.55)
	2.40 (0.98)
	< 0.001

	Eosinophil, *109/L
	0.25 (0.19)
	0.24 (0.18)
	0.25 (0.20)
	0.096

	ALI
	68.97 (41.14)
	36.46 (9.93)
	84.12 (41.38)
	< 0.001

	NLR
	2.31 (1.37)
	3.45 (1.81)
	1.78 (0.57)
	< 0.001


Note: Continuous variables are presented as weighted mean (weighted standard deviation), and categorical variables are presented as unweighted numbers (weighted percentage). P value < 0.05 are shown in bold
Abbreviations: PIR: poverty income ratio; BMI: body mass index; Scr: serum creatinine; eGFR: estimated glomerular filtration rate; ALI: advanced lung cancer inflammation index; NLR: neutrophil-to-lymphocyte ratio




Association of ALI with mortality and ROC analysis of the predictive ability
During a median follow-up of 91 months (interquartile range (IQR), 50.0–145.0 months), 467 (16.27%) of the 2870 patients with asthma died, with 78 (2.72%) deaths attributed to respiratory diseases. The Cox regression analyses demonstrated a significant reduction in the risks of all-cause and respiratory disease mortality in the higher ALI group (Table 2). After multivariable adjustment, the hazard ratios (HRs) for all-cause and respiratory disease mortality in the higher ALI group compared with the lower ALI group were 0.64 (95% CI, 0.53–0.78; p < 0.001) and 0.34 (95% CI 0.21–0.55, p < 0.001), respectively. When considered as a continuous variable, for every 10-unit increase in ALI, the multivariable-adjusted HR for all-cause mortality was 0.97 (95% CI, 0.94-1.00; p = 0.032), and for respiratory disease mortality, it was 0.85 (95% CI, 0.77–0.93; p < 0.001).
Table 2Multivariable analysis on the association of ALI and vitamin D with all-cause and respiratory disease mortality among US patients with asthma aged 20 years or older, NHANES, 2001–2018


	Mortality outcome
	Model 1 a
	Model 2 b
	Model 3 c

	HR (95% CI)
	P value
	HR (95% CI)
	P value
	HR (95% CI)
	P value

	All-cause mortality

	Advanced lung cancer inflammation index

	As continuous (per 10U increment)
	0.96 [0.93, 0.99]
	0.003
	0.96 [0.94, 0.99]
	0.008
	0.97 [0.94, 1.00]
	0.032

	Binaries

	 Lower ALI (≤ 50.07)
	Ref
	 	Ref
	 	Ref
	 
	 Higher ALI (> 50.07)
	0.60 [0.50, 0.73]
	< 0.001
	0.61 [0.51, 0.74]
	< 0.001
	0.64 [0.53, 0.78]
	< 0.001

	Serum vitamin D concentrations

	As continuous (per 10nmol/L increment)
	0.90 [0.86, 0.94]
	< 0.001
	0.90 [0.86, 0.95]
	< 0.001
	0.92 [0.88, 0.96]
	< 0.001

	Vitamin D categories

	 ≥ 50 nmol/L
	Ref
	 	Ref
	 	Ref
	 
	 30 to < 50 nmol/L
	1.34 [1.09, 1.65]
	0.006
	1.57 [1.27, 1.95]
	< 0.001
	1.34 [1.08, 1.67]
	0.008

	 < 30 nmol/L
	2.00 [1.50, 2.67]
	< 0.001
	2.58 [1.87, 3.54]
	< 0.001
	2.06 [1.50, 2.83]
	< 0.001

	Respiratory disease Mortality

	Advanced lung cancer inflammation index

	As continuous (per 10U increment)
	0.82 [0.74, 0.90]
	< 0.001
	0.82 [0.75, 0.90]
	< 0.001
	0.85 [0.77, 0.93]
	< 0.001

	Binaries

	 Lower ALI (≤ 50.07)
	Ref
	 	Ref
	 	Ref
	 
	 Higher ALI (> 50.07)
	0.31 [0.19, 0.49]
	< 0.001
	0.30 [0.18, 0.48]
	< 0.001
	0.34 [0.21, 0.55]
	< 0.001

	Serum vitamin D concentrations

	As continuous (per 10nmol/L increment)
	0.89 [0.82, 0.98]
	0.015
	0.85 [0.77, 0.94]
	0.001
	0.84 [0.76, 0.93]
	0.001

	Vitamin D categories
	 
	 ≥ 50 nmol/L
	Ref
	 	Ref
	 	Ref
	 
	 30 to < 50 nmol/L
	1.09 [0.62, 1.89]
	0.772
	1.43 [0.81, 2.53]
	0.218
	1.56 [0.86, 2.85]
	0.147

	 < 30 nmol/L
	2.28 [1.12, 4.64]
	0.023
	3.10 [1.45, 6.66]
	0.004
	2.73 [1.24, 6.00]
	0.012


Note: P value < 0.05 are shown in bold
Abbreviations: ALI: advanced lung cancer inflammation index; NHANES: the National Health and Nutrition Examination Survey; HR: hazard ratio; CI: confidence interval; Ref: reference; eGFR: estimated glomerular filtration rate
a Model 1, adjusted for age
b Model 2, adjusted for age, sex, race
c Model 3, adjusted for age, sex, race, family poverty income ratio, education level, smoking status, drinking status, diabetes, hypertension, cancer and eGFR



We used time-dependent ROC curves to compare the predictive ability of ALI and its component factors at 1-year, 5-year, and 10-year time points. For 1-year, 5-year and 10-year all-cause mortality, the area under the curve (AUC) values of ALI were superior to the component factors, including NLR, albumin, neutrophil, lymphocyte and BMI. The results showed that the AUC of ALI was 74.05% (95% CI 64.39–83.71), 65.99% (95% CI 61.70–70.28), and 62.91% (95% CI 59.28–66.54) for 1-year, 5-year and 10-year all-cause mortality, respectively (Fig. 2; Table 3).
[image: ]
Fig. 2Comparison of the ability of ALI with its component factors in predicting the survival outcome of patients with asthma using ROC curves. Abbreviations: ROC: receiver operating characteristics curve; ALI: advanced lung cancer inflammation index; NLR: neutrophil-lymphocyte ratio; ALB: albumin; NEU: neutrophil; LYM: lymphocyte; BMI: body mass index; AUC: area under the curve


Table 3Time-dependent AUC values of the ALI and its component factors for predicting all-cause mortality


	 	1-year mortality
	5-year mortality
	10-year mortality

	AUC(%)
	95% CI
	AUC(%)
	95% CI
	AUC(%)
	95% CI

	ALI
	74.05
	(64.39,83.71)
	65.99
	(61.70,70.28)
	62.91
	(59.28,66.54)

	NLR
	73.01
	(62.54,83.48)
	65.18
	(60.75,69.61)
	62.73
	(59.10,66.36)

	ALB
	71.53
	(63.67,79.40)
	64.04
	(60.08,68.00)
	59.80
	(56.37,63.23)

	NEU
	59.31
	(49.22,69.40)
	58.80
	(54.49,63.11)
	57.57
	(54.04,61.10)

	LYM
	71.89
	(62.15,81.63)
	64.09
	(59.56,68.62)
	61.76
	(58.15,65.37)

	BMI
	50.10
	(40.06,60.14)
	51.40
	(47.44,55.36)
	49.55
	(46.10,53.00)


Abbreviations: AUC: area under the curve; ALI: advanced lung cancer inflammation index; NLR: neutrophil-lymphocyte ratio; ALB: albumin; NEU: neutrophil; LYM: lymphocyte; BMI: body mass index




Association of serum vitamin D with mortality
Vitamin D status was significantly associated with all-cause and respiratory disease mortality in asthma patients. After adjusting for multiple factors, those with vitamin D deficiency had an increased risk of all-cause (HR, 2.06; 95% CI, 1.50–2.83) and respiratory disease (HR, 2.73; 95% CI, 1.24-6.00) mortality compared with those with vitamin D sufficiency. The risks of all-cause and respiratory disease mortality decreased by 8% and 16%, respectively, for each 10-nmol/L increase in the serum vitamin D concentration (Table 2).

Non-linearity/ linearity association between ALI or vitamin D and mortality
We conducted RCS analysis to visualize the relationship of ALI and vitamin D with all-cause mortality. After multivariable adjustment, the RCS analysis (Fig. 3) revealed a nonlinear L-shaped association between ALI levels and all-cause mortality among asthma patients (nonlinear p < 0.0001). With the ALI increasing, the HRs for all-cause mortality gradually decreased and became flat after ALI > 95. However, there was a negative linear association between vitamin D level and all-cause mortality (nonlinear p = 0.2414).
[image: ]
Fig. 3Association of ALI (A) or vitamin D (B) with all-cause mortality among patients with asthma visualized by restricted cubic spline. Hazard ratios were adjusted for age, sex, race, family poverty income ratio, education level, smoking status, drinking status, diabetes, hypertension, cancer and eGFR. The reference values of ALI and vitamin were 63.07 and 60.26, respectively, for estimating all Hazard ratios. The shaded areas indicate the 95% CI. Abbreviations: ALI: advanced lung cancer inflammation index; CI: confidence interval; eGFR: estimated glomerular filtration rate



Joint association of ALI and vitamin D with mortality
We attempted to explore the combined effect of ALI and serum vitamin D on mortality to make further stratification in the prognosis of asthma patients. In joint analyses, the combination of higher ALI and higher vitamin D levels could significantly reduce all-cause and respiratory disease mortality risks in patients with asthma (Fig. 4; Table 4). The higher ALI and vitamin D sufficiency subgroup had the best prognosis. Specifically, patients with higher ALI levels (> 50.07) and vitamin D ≥ 50 nmol/L had the lowest risk of all-cause mortality compared to those who were lower ALI levels and vitamin D < 30 nmol/L (HR, 0.31; 95% CI, 0.19–0.52). Similar associations existed in respiratory disease mortality. The HR (95% CI) for the higher ALI and vitamin D sufficiency subgroup were 0.17 (0.09–0.34), compared to the lower ALI (≤ 50.07) and lower vitamin D levels (< 50 nmol/L) subgroup. The combination of ALI and vitamin D predicts mortality risks more accurately than either alone.
[image: ]
Fig. 4Joint association of ALI and serum vitamin D level with all-cause and respiratory disease mortality among US asthma patients aged 20 years or older, NHANES, 2001–2018. (A) All-cause mortality. (B) Respiratory disease mortality. The solid symbols indicate HRs, and the error bars indicate 95% CIs. Abbreviations: ALI: advanced lung cancer inflammation index; NHANES: the National Health and Nutrition Examination Survey; HR: hazard ratio; CI: confidence interval


Table 4Multivariable analysis on the joint association of ALI and vitamin D with all-cause and respiratory disease mortality among US asthma patients aged 20 years or older, NHANES, 2001–2018


	Mortality outcome
	Vitamin D
	No.death/total
	HR (95% CI)

	Model 1a
	Model 2b
	Model 3c

	All-cause mortality
	 
	Lower ALI (≤ 50.07)
	< 30 nmol/L
	19/61
	Ref
	Ref
	Ref

	 	30 to < 50 nmol/L
	57/204
	0.61 [0.36, 1.03]
	0.59 [0.35, 1.01]
	0.65 [0.38, 1.11]

	 	≥ 50 nmol/L
	152/629
	0.46 [0.29, 0.75]
	0.40 [0.25, 0.66]
	0.53 [0.32, 0.86]

	Higher ALI (> 50.07)
	< 30 nmol/L
	37/209
	0.58 [0.33, 1.00]
	0.63 [0.36, 1.11]
	0.70 [0.39, 1.22]

	 	30 to < 50 nmol/L
	76/522
	0.38 [0.23, 0.62]
	0.39 [0.24, 0.65]
	0.46 [0.28, 0.77]

	 	≥ 50 nmol/L
	126/1245
	0.26 [0.16, 0.42]
	0.23 [0.14, 0.38]
	0.31 [0.19, 0.52]

	Respiratory disease Mortality

	Lower ALI (≤ 50.07)
	< 50 nmol/L
	17/206
	Ref
	Ref
	Ref

	 	≥ 50 nmol/L
	33/510
	0.57 [0.32, 1.04]
	0.43 [0.23, 0.78]
	0.41 [0.22, 0.78]

	Higher ALI (> 50.07)
	< 50 nmol/L
	9/627
	0.22 [0.10, 0.49]
	0.19 [0.08, 0.43]
	0.20 [0.08, 0.49]

	 	≥ 50 nmol/L
	19/1138
	0.20 [0.11, 0.39]
	0.15 [0.08, 0.30]
	0.17 [0.09, 0.34]


Note: Bold means statistically significant (P < 0.05)
Abbreviations: ALI: advanced lung cancer inflammation index; NHANES: the National Health and Nutrition Examination Survey; HR: hazard ratio; CI: confidence interval; Ref: reference; eGFR: estimated glomerular filtration rate
a Model 1, adjusted for age
b Model 2, adjusted for age, sex, race
c Model 3, adjusted for age, sex, race, family poverty income ratio, education level, smoking status, drinking status, diabetes, hypertension, cancer and eGFR




Sensitivity analyses
In sensitivity analyses, when subgroup analyses were conducted based on age (< 60 or ≥ 60 years) and sex (male or female), the inverse associations of ALI and vitamin D with mortality risks remained consistent (Additional file 1: Table S1-S2). Similar results were observed after excluding participants who died within two years of follow-up (Additional file 1: Table S3-S4). Asthma patients with ALI > 50.07 and vitamin D ≥ 50 nmol/L still had reduced all-cause (HR, 0.41; 95% CI, 0.23–0.75) and respiratory disease (HR, 0.29; 95% CI, 0.13–0.66) mortality risks.


Discussion
This study offers valuable insights into the role of the advanced lung cancer inflammation index (ALI) and serum vitamin D levels in predicting mortality in asthma patients. Our findings demonstrate that both ALI and serum vitamin D have significant independent and combined effects on mortality risks in asthma patients, offering potential for enhanced prognostic assessment in asthma management.
Previous studies showed that individuals with severe asthma had a significantly higher level of inflammatory cells and cytokines in blood and airway tissues [24, 25]. The changes of inflammation were related to the exacerbation and control in asthma [5]. Additionally, systemic inflammation can reduce serum albumin concentrations by increasing capillary permeability and hypoalbuminemia is often present in chronic inflammatory diseases [26]. A prospective cohort study showed that malnutrition was a significant predictor of mortality for inpatients [27]. Thus, inflammation and malnutrition may adversely affect the prognosis for asthma patients. The BMI and albumin are commonly used in the clinic to evaluate the nutritional status of patients. Studies have found that low body mass index and low albumin were associated with worse overall survival in oesophageal cancer patients [28]. The ALI, which integrates BMI, serum albumin, and the neutrophil-lymphocyte ratio (NLR), can show better prognostic performance by assessing inflammation and nutritional status, as evidenced by the superior AUC value of ALI in our analysis. Whether as a continuous or a categorical variable, ALI was an independent prognostic factor for asthma patients. This underscores the importance of using composite indices to better capture the multifaceted nature in asthma.
Vitamin D deficiency and insufficiency is a global health issue, and it affects many asthma patients [18, 19]. Similarly, our study found that the prevalence of vitamin D deficiency and insufficiency (< 50nmol/L) in asthma patients (≥ 20 years old) was 27.31%. Besides, most observational studies have revealed an inverse association between vitamin D status and mortality among general population, while the impact of vitamin D on mortality among asthma patients remains inconclusive [29–31]. Our study, focusing on the asthma population, revealed that reduced vitamin D concentrations were associated with an increased risk of overall and respiratory disease mortality. Similar results were observed in chronic obstructive pulmonary disease (COPD) that patients with lower serum vitamin D levels had an increased risk of death [32]. It is indicated that serum vitamin D is an effective complementary index for prognosis assessment in asthma.
Interestingly, the joint analysis of ALI and vitamin D levels sheds new light on their synergistic prognostic value in asthma. The combination of ALI and vitamin D stratify the prognosis more precisely, highlighting the potential for using these metrics together in clinical practice. For instance, patients with both high ALI and sufficient vitamin D levels exhibited the lowest risks of all-cause and respiratory disease mortality. This can be attributed to the immune-modulatory and anti-inflammatory effects of vitamin D, which include the induction of regulatory T cells, suppression of Th2 and Th17 responses, enhancement of IL-10 production, and inhibition of airway remodeling [33, 34]. Vitamin D can exert a beneficial effect on asthma through diverse mechanisms.
An L-shaped non-linear correlation was observed between ALI levels and all-cause mortality, manifesting that the RCS curve flattened gradually in the latter. This may be due to the impact of BMI. Evidence suggests that obesity is a risk factor for asthma, both in children and adults [35]. In this study, the average BMI level in the higher ALI group was significantly higher than the lower ALI group. Hence, although maintaining an appropriate BMI can bolster resistance to diseases, an excessively high BMI may have an adverse effect on the prognosis of asthma. On the other hand, the linear relationship between vitamin D levels and mortality underscores the need for continuous monitoring and potential supplementation to maintain optimal vitamin D status.
Our sensitivity analyses confirm the robustness of our findings across different age groups and sexes, and even when excluding patients who died within two years of follow-up. This reinforces the reliability of ALI and vitamin D as prognostic tools, applicable across diverse patient subgroups.
While this study provides new insights, there are limitations to consider. The observational nature of the NHANES data inherently introduces the possibility of reporting errors or recall bias, and the study’s reliance on baseline measurements may not account for changes in ALI and vitamin D levels over time. Future studies should explore longitudinal changes in these indices and their impact on mortality. Additionally, research focusing on mechanisms underlying the observed associations could provide further understanding of how ALI and vitamin D influence asthma outcomes.

Conclusions
In conclusion, our study highlights the significant prognostic value of ALI and serum vitamin D in asthma patients. Both ALI and vitamin D are valuable individually, but their combined assessment offers a more comprehensive mortality prediction tool. These findings advocate for integrating ALI and vitamin D measurements into routine clinical practice to enhance the prognostic evaluation and management of asthma patients.
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	ALI
	Advanced lung cancer inflammation index (calculated by multiplying BMI by albumin and dividing by NLR)

	AUC
	Area under the curve

	BMI
	Body mass index

	CI
	Confidence interval

	eGFR
	Estimated glomerular filtration rate

	HR
	Hazard ratio

	NHANES
	National Health and Nutrition Examination Survey

	NLR
	Neutrophil-to-lymphocyte ratio

	PIR
	Poverty income ratio

	ROC
	Receiver operating characteristics curve
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