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Abstract

:

Vitamin D deficiency and obesity are global health problems that are associated with increased asthma risk in children. The purpose of this study was to investigate whether BMI modifies pulmonary function across vitamin D tertiles in pediatric asthma patients of the mild asthma phenotype. This cross-sectional study conducted from November 2016–September 2017 compared lung function variability as assessed by spirometry and nitric oxide in exhaled breath (FeNO) among 35 normal-weight and 26 overweight/obese Greek schoolchildren (5–12 years old) with mild asthma. Serum 25 (OH)D levels ≥ 30 ng/mL were defined as ‘sufficient’, 20–30 ng/mL ‘insufficient’, and <20 ng/mL ‘deficient’. Stratification by BMI category, linear regression showed positive associations between D, % FVC (β = 0.49, 95%CI: 0.05, 0.94), and % FEV1 (β = 0.48, 95%CI: −0.01, 0.95) in the normal-weight only, adjusted for age, sex, regular exercise, and medication. FEV1 was 10% higher in the normal-weight D-sufficient group compared to those D-deficient (β = 10.43, 95%CI: 0.54, 20.32). No associations were observed for the overweight/obese group or FeNO. In conclusion, BMI modified associations of vitamin D on airway mechanics in children of the mild asthma phenotype. Serum 25 (OH)D concentrations ≥ 30 ng/mL were associated with higher ventilation in central airways of normal-weight asthmatic children.
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1. Introduction


Allergic disease, including asthma, is ranked the fourth most common chronic condition, representing a major global challenge, especially in developed countries, due to the continual growth in prevalence, severity, and adverse effect on the quality of life [1]. With respect to children, asthma a chronic inflammatory disease in the lungs is an urgent public health issue primarily in low to middle-income countries [2], with 14% of children ≥6 years of age at risk of having asthma symptoms [3]. Findings from the International Study of Asthma and Allergies in Childhood (ISAAC) highlighted that there exists considerable variation in trends of childhood asthma prevalence across countries, ranging from <10% in southern European countries up to 30% in Anglo-Saxon countries, attributed to age, country income, geographical diversity, and inconsistencies in asthma definition [4,5].



However, growing evidence demonstrates that asthma incidence in children is rapidly increasing in southern Mediterranean regions. Over the last 25 years, childhood asthma prevalence has increased 4-fold in Greece [6]. Recent data documented that the prevalence rate of asthma in Greek schoolchildren aged 5–12 years old has escalated from 6.1% in 2004 [7] to 31% in 2018, independent of socioeconomic and regional factors [8]. This is of clinical importance because asthma can lead to deficits in airway development and function in children that can persist into adulthood [9].



The etiology for the rise in asthma incidence during the past three decades is the complex interactions among genetic, environmental, and lifestyle factors, including obesity, dietary changes, and hypovitaminosis D as possible determinants [10]. Disturbingly, the latest findings of the World Health Organization’s European Childhood Obesity Surveillance Initiative (COSI), undertaken during 2015–2017, which measured trends in overweight and obesity among over 250,000 elementary schoolchildren from 36 countries, reported an upward trend in childhood overweight predominately in southern European countries. In fact, 40% of Greek children were overweight (42% of boys and 38% of girls) and up to 20% obese (20% of boys and 14% of girls) [11]. The concurrent increase in the prevalence of asthma and obesity in children has led investigators to speculate about a possible correlation between these two conditions [12]. Large cross-sectional and prospective studies involving adolescents and children show a relationship between high BMI and asthma [13,14,15]. A recent meta-analysis of data from 73,252 children (0–18 years) found that overweight and obesity increased asthma odds by 30% and wheezing odds by 90%, while overweight or obese girls had 34% increased odds of asthma than boys [12]. Nonetheless, there was substantial heterogeneity among studies with regard to age and diagnostic tools used to assess asthma, overweight, and obesity. In line with this meta-analysis, data from the Hellenic Action Plan for the Assessment, Prevention, and Treatment of Childhood Obesity, which was a school-based survey undertaken during 2012–2013 and involved 11,751 Greek schoolchildren aged 5–12 years old, reported that being overweight and obese increased asthma odds by 13% and 27%, respectively [8]. Obesity causes altered pulmonary mechanics, greater airway obstruction, and reduced lung volumes among children with asthma [16,17]. The exact mechanism involved is unknown, although it is believed that the obesity and asthma link involves metabolic dysregulation, systemic inflammation, and the mechanical load of truncal fat causing chest wall restriction [18].



From another perspective, there is growing interest in the scientific community about the role of vitamin D in disease pathogenesis. Vitamin D is a pleiotropic steroidal hormone with multiple biological effects that is obtained from skin exposure to sunlight (UV B rays) and dietary intake of fatty fish, fish oil, liver, egg yolk, fortified food products, and dietary supplements [19]. Besides contributing to bone growth and maintenance, vitamin D is known to play a critical role in adaptive and innate immune pathways that might be relevant in the prevention of asthma, reduction of asthma morbidity, and the modulation of exacerbation severity and inflammation [20]. Vitamin D deficiency is highly prevalent in Europe [21] and may be a risk factor for the development of obesity [22] and asthma. Observational studies have consistently found circulating levels of 25 (OH) D < 30 ng/mL among asthmatic children associated with poor asthma control, increased asthma severity [23], deficits in pulmonary function, [24] and increased airway inflammation [25]. Pooled analysis of cross-sectional data of 24,600 children and adolescents showed that the relative risk for the association between obesity and vitamin D deficiency was 1.41 [22]. Surprisingly, vitamin D deficiency is prevalent in children and adolescents residing in sunny regions of the Mediterranean basin including Greece [21]. Standardized data from infants and children in Greece reported 25 (OH)D levels < 20 ng/mL in 40.5% to 62.4% [26]. Furthermore, lower 25 (OH)D concentrations were reported in children with obesity compared to normal-weight peers [27]. The causes of low vitamin D in individuals with overweight and obesity are inconclusive, although it has been proposed that low UV exposure and vitamin D sequestration in body fat could lead to decreased bioavailability and tissue secretion [28] along with insulin resistance [22]. With weight gain, a positive energy balance causes adipocyte hypertrophy, fat deposition, hypoxia, and chronic stress. As a consequence, this causes dysregulation in adipokine secretion activating increased production of pro-inflammatory cytokines (IL-6, TNFα) [29]. These series of events set the milieu for systemic metabolic dysfunction and reduced insulin sensitivity. Alternatively, low serum vitamin D concentrations could increase macrophage and monocyte cell surface expression of Toll-like receptors (TLR-2, TLR4), thereby enhancing pro-inflammatory cytokine production of IL-6 and TNFα) [30]. This state of low-grade chronic inflammation could be one of the potential mechanisms interrelating vitamin D, obesity and asthma.



In light of the above, there is a paucity of data on the role of vitamin D in children of the obese-asthma phenotype [31], specifically in the Greek pediatric population. Extending from our research demonstrating that vitamin D sufficiency enhanced lung function in Greek mild asthmatic children following a Mediterranean diet enriched with fatty fish [32], we sought to assess the association of serum vitamin D levels, weight status, and lung function variability in these patients. We hypothesized that vitamin D deficiency (<20 ng/mL) is negatively associated with pulmonary function and contributes to increased airway inflammation in asthmatic children with overweight and obesity compared to normal-weight counterparts. Dietary data is beyond the scope of the present study and is available in previous publications [32,33].




2. Materials and Methods


2.1. Sample Recruitment


This cross-sectional study used baseline measurements from the Mediterranean diet enriched with fatty fish study of 72 asthmatic children aged 5–12 years attending an urban children’s asthma clinic in Athens, Greece, that was conducted from November 2016 to September 2017. The cohort design, data collection, and sample size calculation based on power analysis have been described in detail previously [33]. In brief, children were eligible to participate if their age ranged from 5–12 years, they had physician-diagnosed “mild asthma”, they were willing to consume fatty fish as part of the Mediterranean diet [34], and had no hospital admissions during data collection. According to the Global Initiative for Asthma (GINA), “mild asthma” is defined as ‘well-controlled asthma’ having less than twice weekly daytime asthma symptoms and need for medication, absence of nighttime symptoms, and limitations in daily activities due to asthma exacerbations [35]. Children were excluded from the study if they had chronic or severe asthma, were undergoing oral glucocorticoid therapy, suffered from food allergies (specifically to fish and seafood), gastroesophageal reflux disease, cystic fibrosis, or congenital respiratory disease [35] and were taking multivitamins or omega-3 fatty acid supplements. The parent study was conducted according to the principles outlined in the Declaration of Helsinki (1989) for human experiments, and the procedures were approved by the La Trobe University Human Ethics Committee, Australia (HEC 16-035). Written informed consent was obtained from parents before the recruitment of children.




2.2. Variables of Interest


2.2.1. Pulmonary Function Tests


Pulmonary function testing was undertaken by trained personnel at the pediatric asthma clinic during routine medical consultations. Technical procedures, expiratory maneuvres acceptance criteria, and reproducibility were judged acceptable if they met or exceeded European Respiratory Society recommendations [36,37]. Height and weight were measured with a precision of 0.1 cm and 0.1 kg, respectively. Spirometry was performed using a portable spirometer (MIR Spirobank II, Medical International Research (MIR) Inc., New Berlin, WI, USA), and airway inflammation was measured from nitric oxide (NO) in exhaled breath using NO Breathe (Bedfont Inc., Maidstone, UK). In children, Forced Expiratory Volume in 1 s (FEV1), Forced Vital Capacity (FVC), and Peak Expiratory Flow (PEF) ≥ 80% predicted, the ratio of FEV1/FVC 75–85%, and Forced Expiratory Flow at 25–75% (FEF 25–75%) > 65% including a z-score cut-off of −1.64 for symptomatic patients, represent normal lung function. [38] Fractional exhaled Nitric Oxide (FeNO) measurements ≥ 20 ppb is indicative of possible eosinophilic airway inflammation, poor asthma control, and medication adherence [37]. The primary outcomes of interest were the percent predicted FEV1, FVC, the ratio of FEV1/FVC, PEF, FEF 25–75% pre-bronchodilator administration, and FeNO.




2.2.2. Overweight and Obesity Categorization


Overweight and obesity categories were defined using BMI (kg/m2) for children 2–18 years old as proposed by the International Obesity Task Force (IOTF) [39]. These thresholds are based on age and sex-specific percentile curves that correspond to the adult cut points of 25 and 30 kg/m2 for overweight and obesity at the age of 18 years. Data on weight status was available for 61 children (out of 72), and given that only eight children (n = 8) were categorized as obese, overweight and obese groups were combined for analysis.




2.2.3. Quantification of Serum Vitamin D Concentrations


A single measurement of serum 25 (OH)D concentration was obtained using an Enzyme-Linked Immuno Assay (ELISA) method (Immunodiagnostic Systems (IDS), Bolton, Tyne & Wear, Bolton, UK) (Supplemental File S1) [40]. Serum 25 (OH)D is considered to be the best circulating biomarker of vitamin D metabolic status and reflects contributions from diet and sun exposure [41]. We classified serum 25 (OH)D levels ≥ 30 ng/mL as ‘sufficient’, 20 to 30 ng/mL ‘ insufficient’ and <20 ng/mL ‘deficient’ based on previous recommendations for bone health [41].




2.2.4. Physical Activity


Physical activity level was evaluated by a question derived from the International Study on Asthma and Allergies in Childhood (ISAAC) Phase 3 Environmental Questionnaire [42] as follows: “How many times per week does your child engage in vigorous physical activity long enough to make him/her breathe hard?” Response options were “never or occasionally”, “once or twice per week”, and “three or more times a week”. Regular exercise was defined as, physical activity performed more than or equal to three times per week.




2.2.5. Asthma Medication Therapy


Medication use in children was assessed by the following question: ”During the last month, has your child taken asthma medication?” Two response options were available: “Yes” or “No”.





2.3. Statistical Analyses


All data were analyzed using SPSS version 27 (IBM Corp. Armonk, NY, USA), and a two-tailed p < 0.05 was considered significant. Continuous variables were assessed for normality using the Shapiro–Wilks test and summarized descriptively as means, standard deviations, and percentages for categorical frequencies. Differences between and within groups were assessed using T-test and ANOVA with the Bonferroni correction for normally distributed variables, otherwise Mann–Whitney U test and Chi-Square tests. After stratification by BMI category (normal-weight versus overweight/obese), associations between vitamin D continuous independent variable and as the threshold for bone health (<20 ng/mL, 20–30 and ≥30 ng/mL) versus pulmonary function tests were assessed using linear regression models adjusted for age, sex, exercise and medication therapy based on the literature [10,43]. The effect size was reported by the unstandardized β-coefficient and 95% confidence interval (CI). In order to account for children’s dietary intake, we conducted a mediation analysis to explore whether the associations between vitamin D and spirometry were mediated by diet, as represented by the KIDMED score, a measure of children’s adherence to the Mediterranean dietary pattern [44].





3. Results


In the total population, of the 61 children with an average age of 8.0 (S.D 2.2) years old, 51% (n = 31) were female and almost half 42.6% (n = 26) were overweight/obese. Pulmonary function tests showed that children had normal lung function (as reflected by % predicted FEV1, FVC ≥ 80%, and the ratio of FEV1/FVC > 75–85%) and no airway inflammation (FeNO < 20 ppb). Regarding vitamin D status, only 9.8% (n = 6) of children were ‘D-sufficient’ (25 (OH) D ≥ 30 ng/mL), 60.7% (n = 37) ‘insufficient’ (25 (OH)D: 20–30 ng/mL) and 29.5 % (n = 18) were ‘deficient’ (25 (OH)D < 20 ng/mL). To our knowledge, no participants were taking vitamin D supplements. Population characteristics per sex are exhibited in (Supplemental Table S1). No differences were observed between males and females. Investigation of population and clinical characteristics according to BMI category showed no differences in vitamin D levels or spirometry except for FeNO, which was slightly lower in children of the overweight/obese group than in the normal-weight (mean (SD): 11.96 (15.46) vs. 15.74 (12.74); p = 0.045, respectively) (Table 1).



In contrast, differences were noted in lung function according to BMI category and serum vitamin D levels (Table 2). Spirometry indices %FVC and %FEV1 were significantly lower in the normal-weight D-deficient group than in the overweight/obese counterparts and FeNO higher [D < 20 ng/mL normal vs. overweight/obese mean (SD): %FVC 88.36 (10.73) vs. 102.00 (12.40), p = 0.025; %FEV1 92.55 (10.38) vs. 105.00 (12.11), p = 0.033; 14.91 (16.73) vs. 4.14 (3.58) ppb, p = 0.045, respectively]. Within-group differences showed that, for the normal-weight group, as vitamin D increased from deficient to sufficient, there was an increasing trend for FVC and FEV1 (p = 0.028, 0.036, respectively), while no differences were observed for children in the overweight/obese group (p = 0.31, 0.36, respectively).



Regression Model


Stratification of data according to BMI category (normal-weight vs. overweight/obese) showed that in the normal-weight group there were significant positive associations between vitamin D and %FVC (β = 0.49, 95%CI: 0.05, 0.94; Padj = 0.031) and %FEV1 (β = 0.48, 95%CI: −0.01, 0.95; Padj = 0.047), after adjusting for age, sex, regular exercise and medication therapy (Table 3).



Similar trends were observed when entering vitamin D levels as the independent variables (Table 4). In the adjusted analysis, %FEV1 was significantly higher by approximately 10% in the normal-weight vitamin D-sufficient as compared to those D-deficient (β = 10.43, 95%CI: 0.54, 20.32; Padj = 0.040). In both analyses, no associations were noted for the overweight/obese group or FeNO. The mediation analysis revealed no association between vitamin D and the KIDMED score in either the normal-weight or overweight/obese groups (normal-weight p = 0.28; overweight/obese p = 0.73). In addition, the KIDMED score was not associated with FVC or FEV1 in either BMI group (FVC: normal-weight p = 0.73; overweight/obese p = 0.84); (FEV1: normal-weight p = 0.87; overweight/obese p = 0.74).





4. Discussion


Vitamin D plays a vital role in airway physiology. In the current study, we endeavored for the first time to elucidate the relationship among serum vitamin D concentrations, adiposity, and respiratory function in a Hellenic pediatric population suffering from mild asthma. We found that the prevalence of suboptimal vitamin D concentrations (25 (OH)D < 30 ng/mL) was high in our sample of asthmatic children (90%) independent of BMI category, indicating a link between vitamin D levels and the asthmatic state [45]. This is in line with a previous meta-analysis undertaken by Jat et al. demonstrating that asthmatic children were 3.41 times more likely to be vitamin D deficient and 2.34 times more likely insufficient compared to non-asthmatic counterparts [45]. Furthermore, in the present study, differences were noted in lung function according to BMI category and per vitamin D tertile. Spirometry indices %FVC and %FEV1 were significantly lower in the normal-weight D-deficient group than in the overweight/obese counterparts and FeNO was higher. Specifically, for the normal-weight group, as vitamin D concentrations increased from deficient to sufficient, there was an increasing trend for FVC and FEV1. Notably, regression models revealed positive associations between vitamin D and markers of central airway function (FVC and FEV1) in normal-weight children of the mild asthma phenotype. In fact, in normal-weight children, %FEV1 was 10% higher in those D-sufficient compared to vitamin D-deficient children, after adjusting for age, sex, regular exercise, and medication therapy. Contrastingly, no associations were observed in patients with overweight/obesity which rejects our original hypothesis and shows that the relationship is more complex than we first understood. Consistent with our findings, a recent meta-analysis of 27 observational studies reported that children that were D-deficient or D-insufficient had significantly poorer lung function as reflected by %FEV1 than those D-sufficient [46]. In reference to the Mediterranean region, positive relationships were observed between serum vitamin D levels and FVC and FEV1 in 75 Italian children (5–11 years) with asthma, thereby supporting the credibility of our findings [47].



Vitamin D has been referred to as having pleiotropic properties that regulate the immune response, dampen inflammation, and influence airway remodeling, a pathological feature of asthma [48]. Molecular research has shown that vitamin D receptors (VDRs) are widely distributed in respiratory epithelial cells, airway smooth muscle cells, and immune cells (B and T cells, macrophages, and monocytes), thus suggesting that vitamin D may have a potential role in asthma mediated by immunomodulatory function [48]. The active form of vitamin D (1, 25 (OH)2D) exerts its physiological effects by binding to VDRs and co-activation of VDR with the retinoid X receptor (RXR) promoting vitamin-D regulated gene transcription [48], suppression of IL-4 mediated expression of pro-inflammatory cytokines IL-13 and IL-17, and stimulate the secretion of T regulatory cells (T reg) as well as the anti-inflammatory cytokine (IL-10) [48]. Additionally, 1, 25 (OH)2D acts on T cells, causing a shift from the Th1 phenotype to the less inflammatory Th2 [48]. In the context of airway remodeling, a feature of asthma, activated 1, 25 (OH)2D can suppress fibroblast proliferation and expression of pro-inflammatory chemokines (TNF-α, TGF-β) from smooth muscle cells including inhibit matrix metalloproteinases which are involved in the digestion of the extracellular matrix [48]. Therefore, this scenario suggests that having sufficient serum concentrations of 25 (OH) D ≥ 30 ng/mL could attenuate inflammation-induced airway remodeling in smooth muscle cells of normal-weight pediatric asthma patients and consequently result in improved airflow and ventilation as was observed in our study. Achievement of vitamin D levels ≥ 30 ng/mL in high-risk pediatric patients with suboptimal levels via sun exposure, dietary modification, and supplementation could optimize lung function and attenuate the asthma burden in children. Just 5–30 min of outdoor play twice weekly (depending on the time of day, season, latitude and skin pigmentation) and regular consumption of vitamin-D rich foods such as fatty fish, liver, egg yolk, and fortified food products provide adequate vitamin D for overall health benefits [43] and could potentially ameliorate airway inflammation in asthmatic children. Recently, we demonstrated in a six-month clinical trial that a weekly intake of fatty fish reduced airway inflammation in children with mild asthma [33]. This raises the possibility of vitamin D as a promising non-pharmacological alternative or adjunct therapy for improving pulmonary mechanics, given that medication adherence is poor in asthmatic children [49]. Clearly, more studies are needed.



Contrastingly, in the regression analysis, null associations were found between vitamin D and spirometry indices in children with overweight/obesity. The absence of a protective effect of sufficient vitamin D concentrations on lung function in children of the overweight/obese group might be ascribed to the accumulation of vitamin D in adipose tissue, which leads to reduced bioavailability, metabolism, and absorption [28]. Along these lines, given that adipose tissue expresses VDR protein and enzymes involved in vitamin D metabolism, then feasibly, vitamin D resistance due to VDR dysfunction could also be a limiting factor [50]. Apart from this, another plausible explanation accounting for the observed non-associations in our overweight/obese group could be due to low statistical power since only eighteen children were categorized as overweight and eight, as obese. Lautenbacher et al. documented lower FEV1 and Functional Residual Capacity (FRC) among Hispanic/African American pediatric asthma patients with obesity and D-deficient than sufficient and insufficient peers, respectively [31]. Notably, our results emphasize the importance of maintaining lean body weight and optimal vitamin D status to improve lung function indices [51]. Nevertheless, our findings need to be replicated in other studies of mild asthmatic children who are overweight or obese.



Strengths and Limitations


We showed that pediatric asthma patients residing in the Mediterranean region could be at risk of developing hypovitaminosis D [23]. To our knowledge, overall, this is the second study to investigate the role of vitamin D in relation to lung function in children of the obese-asthma phenotype [31] and the first conducted in European populations, thus adding new evidence to the limited database. Another strength of this study is the inclusion of the airway inflammatory index marker FeNO as an adjunct to the gold standard of lung function tests, spirometry, to obtain a complete clinical evaluation of airway status. Consistent with the majority of studies investigating the effect of body weight on lung function in asthmatic children [52,53], BMI was used as an acceptable proxy measure of overall adiposity, which can be calculated with a high degree of reliability and accuracy. Nonetheless, BMI is not a direct measure of body fat, and it is possible that the distribution of body fat in children may have a unique influence on lung function indices and is worth investigating in future studies using alternative methods that account for fat distribution such as waist circumference (a measure of abdominal obesity), body composition using DEXA, skinfold thickness, or impedance [54].



Despite the strengths of our study, some caveats deserve mention. Considering the cross-sectional design of our study, we cannot draw conclusions about causality. The limited number of participants in the present study makes interpretation difficult because of the low sample size [55]. Additionally, we did not have a control group of non-asthmatic patients as a comparison, and this merits further exploration in another study. Vitamin D levels were measured at only one-time point from November to January, when cutaneous vitamin D production is lowest, [43] and we did not consider seasonal changes, sunlight exposure, and vitamin D supplementation as potential confounding factors. One more shortcoming, although the gold standard for 25 (OH)D determination from blood samples is Liquid Chromatography-Mass Spectroscopy (LC-MS), ELISA is cheaper and does not require specialized technicians. One disadvantage is that immunoassay methods show bias and increased variability relative to LC-MS [56]. Nevertheless, the use of total 25 (OH)D is common in epidemiological studies because it is stable under a variety of laboratory conditions and in specimens for long-term storage [56].





5. Conclusions


Vitamin D deficiency and obesity are global health problems requiring attention in public health that are associated with increased asthma risk in children. In this study, BMI modified associations of vitamin D on airway mechanics in children of the mild asthma phenotype. Serum 25 (OH)D concentrations ≥ 30 ng/mL were associated with higher ventilation in the central airways of normal-weight asthmatic children. Achieving 25 (OH)D concentrations above 30 ng/mL in mild asthmatic patients may be a viable strategy for optimizing lung function, targeting airway inflammation, and remodeling in the treatment of pediatric asthma. More studies in mild asthmatic children who are overweight and vitamin D-insufficient are needed to replicate our findings.
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Table 1. Population and clinical characteristics according to BMI category.






Table 1. Population and clinical characteristics according to BMI category.





	

	
BMI Category




	

	
Normal

(n = 35)

	
Overweight/Obese

(n = 26)

	




	
Characteristic

	
Mean (SD)

	
Mean (SD)

	
P a






	
  Male% (n)

	
51.43% (18/35)

	
46.15% (12/26)

	




	
  Female% (n)

	
48.57% (17/35)

	
53.85% (14/26)

	




	
  Patient’s Age (years)

	
7.86 (2.43)

	
8.23 (2.03)

	
0.37 b




	
  BMI (kg/m2)

	
16.54 (1.84)

	
21.63 (3.67) d

	
<0.001 b




	
PFTs

	

	

	




	
  % FVC *

	
93.89 (9.65)

	
97.85 (9.56)

	
0.12




	
  % FEV1

	
96.49 (10.19)

	
100.73 (9.14)

	
0.10




	
  % FEV1/FVC

	
102.06 (6.78)

	
102.27 (5.14)

	
1.00 b




	
  % PEF

	
92.91 (18.86)

	
92.27 (13.66)

	
0.69 b




	
  % FEF 25–75%

	
99.46 (20.54)

	
105.50 (18.03)

	
0.24




	
  FeNO (ppb)

	
15.74 (12.74)

	
11.96 (15.46)

	
0.04




	
  Vitamin D (ng/mL)

	
24.05 (7.89)

	
21.92 (6.10)

	
0.18




	
  Regular exercise % (n)

  ≥3 times/week

	
51.43% (18/35)

	
46.15% (12/26)

	
0.68 c




	
  Medication Therapy Yes

	
82.86% (29/35)

	
80.77% (21/26)

	
0.83 c




	
  25 (OH) D levels based on bone health

	

	

	




	
  <20 ng/mL (deficient) % (n)

	
31.43% (11/35)

	
26.92% (7/26)

	
0.32 c




	
  20–30 ng/mL (insufficient) % (n)

	
54.29% (19/35)

	
69.23% (18/26)

	




	
  ≥30 ng/mL (sufficient) % (n)

	
14.29% (5/35)

	
3.85% (1/26)

	








In bold text statistically significant p-values. N = 61; * % predicted spirometric indices pre-bronchodilator administration; a P—p value calculated using t-test, b Mann–Whitney, c Chi Square test; d Based on IOTF cut-off points for overweight/obesity [39]; p-value significant at 0.05; Key: PFTs—Pulmonary Function Tests; BMI—Body Mass Index; FEV1—Forced Expiratory Volume in 1 s; FVC—Forced Vital Capacity, FEV1/FVC—ratio of Forced Expiratory Volume in 1 s and Forced Vital Capacity, PEF—Peak Expiratory Flow, FEF 25–75%—Forced Expiratory Flow at 25–75% of the pulmonary volume, FeNO—Fractional exhaled Nitric Oxide.
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Table 2. Population characteristics according to BMI category and by vitamin D level.
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D< 20 ng/mL

Deficient

	

	

	
D 20–30 ng/mL

Insufficient

	

	




	

	
Normal

(n = 11)

	
Overweight/Obese

(n = 7)

	

	
Normal

(n = 19)

	
Overweight/Obese

(n = 18)

	




	
Variable

	
Mean (SD)

	
Mean (SD)

	
P a

	
Mean (SD)

	
Mean (SD)

	
P a






	
  Male

	
36.36% (4)

	
28.57% (2)

	
0.73 c

	
52.63% (10)

	
50.00% (9)

	
0.87 c




	
  Female

	
63.64% (7)

	
71.43% (5)

	

	
47.37% (9)

	
50.00% (9)

	




	
  Age (years)

	
7.82 (2.68)

	
8.00 (2.45)

	
0.85 b

	
7.89 (2.40)

	
8.33 (1.97)

	
0.42 b




	
  Regular exercise

  ≥3 x/week % (n)

	
27.27% (3)

	
57.14% (4)

	
0.20 c

	
57.89% (11)

	
38.89% (7)

	
0.25 c




	
  Medication therapy

  Yes % (n)

	
90.91% (10)

	
85.71% (6)

	
0.73 c

	
78.95% (15)

	
77.78% (14)

	
0.93 c




	
PFTs

	

	

	

	

	

	




	
  %FVC *

	
88.36 (10.73)

	
102.00 (12.40)

	
0.025 a

	
95.16 (7.97)

	
96.72 (8.19)

	
0.56 a




	
  %FEV1

	
92.55 (10.38)

	
105.00 (12.11)

	
0.033 a

	
96.16 (8.74)

	
99.28 (7.78)

	
0.26 a




	
  % FEV1/FVC

	
103.45 (5.34)

	
102.43 (2.99)

	
0.53 b

	
100.58 (7.46)

	
101.94 (5.86)

	
0.63 b




	
  % PEF

	
88.73 (21.08)

	
96.86 (19.20)

	
0.28 b

	
93.58 (18.87)

	
90.56 (11.51)

	
0.82 b




	
  % FEF 25–75%

	
94.36 (14.61)

	
107.86 (14.69)

	
0.07

	
100.37 (23.72)

	
104.17 (19.86)

	
0.60 a




	
  FeNO (ppb)

	
14.91 (16.73)

	
4.14 (3.58)

	
0.045 b

	
15.47 (10.04)

	
14.78 (17.67)

	
0.29 b








In bold text statistically significant p-values; n = 61; * Spirometric indices %predicted pre-bronchodilator administration; a p-value estimated using T-test, b Mann–Whitney U test, c Chi-Square test; Key: PFTs—Pulmonary Function Tests, FEV1—Forced Expiratory Volume in 1 s, FVC—Forced Vital Capacity, FEV1/FVC—ratio of Forced Expiratory Volume in 1 s and Forced Vital Capacity, PEF—Peak Expiratory Flow, FEF 25–75%—Forced Expiratory Flow at 25–75% of the pulmonary volume, FeNO—Fractional exhaled Nitric Oxide.
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Table 3. Associations between vitamin D and pulmonary function tests by BMI category from the crude and adjusted linear regression analysis.
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BMI Category

	

	

	




	

	
Normal

	

	

	

	
Overweight/Obese

	

	

	




	
PFT

Parameters

	
Crude

	

	
Adjusted

	

	
Crude

	

	
Adjusted

	




	

	
β (95%CI)

	
P

	
β (95%CI)

	
Padj

	
β (95%CI)

	
P

	
β (95%CI)

	
Padj






	
% FVC *

	
0.50 (0.10, 0.89)

	
0.015

	
0.49 (0.05, 0.94)

	
0.031

	
−0.47 (−1.10, 0.15)

	
0.13

	
−0.48 (−1.20, 0.23)

	
0.17




	
% FEV1

	
0.43 (−0.00, 0.86)

	
0.05

	
0.48 (0.01, 0.95)

	
0.047

	
−0.40 (−1.01, 0.21)

	
0.19

	
−0.39 (−1.10, 0.32)

	
0.26




	
% FEV1/FVC

	
−0.07 (−0.37, 0.23)

	
0.63

	
−0.04 (−0.39, 0.31)

	
0.81

	
−0.06 (−0.30, 0.41)

	
0.74

	
−0.08 (−0.30, 0.46)

	
0.65




	
% PEF

	
0.47 (−0.36, 1.30)

	
0.26

	
0.33 (−0.63, 1.28)

	
0.49

	
−0.34 (−1.27, 0.59)

	
0.46

	
−0.50 (−1.57, 0.58)

	
0.34




	
% FEF 25–75%

	
0.30 (−0.61, 1.22)

	
0.51

	
0.44 (−0.61, 1.49)

	
0.39

	
−0.08 (−1.33, 1.16)

	
0.89

	
−0.10 (−1.52, 1.31)

	
0.88




	
FeNO

	
0.11 (−0.45, 0.69)

	
0.68

	
0.28 (−0.35, 0.93)

	
0.37

	
0.47 (−0.57, 1.52)

	
0.36

	
0.81 (−0.31, 1.94)

	
0.15








In bold text statistically significant p-values; n (normal weight) = 35; n (overweight/obese) = 26; * Percent predicted pre-bronchodilator administration; Dependent variable—Pulmonary function test indices; Independent variable −25 (OH)D; β—Unstandardized beta coefficient; 95%CI—95% confidence interval; Padj—p-value from the multivariate linear regression model adjusted for age, sex, regular exercise, medication therapy; Key: PFT—Pulmonary Function Test, FEV1—Forced Expiratory Volume in 1 s, FVC—Forced Vital Capacity, FEV1/FVC—ratio of Forced Expiratory Volume in 1 s and Forced Vital Capacity, PEF—Peak Expiratory Flow, FEF 25–75%—Forced Expiratory Flow at 25–75% of the pulmonary volume, FeNO—Fractional exhaled Nitric Oxide.
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Table 4. Associations between vitamin D levels and pulmonary function tests by BMI category.
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Normal Weight

	

	

	

	
Overweight/Obese

	

	

	




	
PFT Indices/

Vitamin D Levels

	
Crude

	

	
Adjusted

	

	
Crude

	

	
Adjusted

	




	

	
β (95%CI)

	
P

	
β (95%CI)

	
Padj

	
β (95%CI)

	
P

	
β (95%CI)

	
Padj






	
%FVC *

	

	

	

	

	

	

	

	




	
D < 20

	
−6.79 (−13.66, 0.07)

	
0.05

	
−6.90 (−14.34, 0.54)

	
0.07

	
5.28 (−3.45, 14.00)

	
0.22

	
5.23 (−4.46, 14.93)

	
0.27




	
20 < D < 30

	

	

	

	

	

	

	

	




	
D ≥ 30

	
6.04 (−3.06, 15.15)

	
0.19

	
5.71 (−3.95, 15.37)

	
0.24

	
−7.72 (−27.84, 12.40)

	
0.43

	
−6.09 (−28.82, 16.63)

	
0.58




	
%FEV1

	

	

	

	

	

	

	

	




	
D < 20

	
−3.16 (−10.92, 3.69)

	
0.32

	
−4.72 (−12.34, 2.90)

	
0.21

	
5.72 (−2.67, 14.12)

	
0.17

	
5.98 (−3.60, 15.55)

	
0.21




	
20 < D< 30

	

	

	

	

	

	

	

	




	
D ≥ 30

	
10.24 (0.55, 19.93)

	
0.039

	
10.43 (0.54, 20.32)

	
0.040

	
−2.28 (21.64, 17.09)

	
0.81

	
−1.03 (−23.49, 21.41)

	
0.92




	
%FEV1/FVC

	

	

	

	

	

	

	

	




	
D < 20

	
2.88 (−2.35, 8.10)

	
0.27

	
2.04 (−3.69, 7.78)

	
0.47

	
0.48 (−4.36, 5.33)

	
0.84

	
0.67 (−4.43, 5.77)

	
0.79




	
20 < D < 30

	

	

	

	

	

	

	

	




	
D ≥ 30

	
4.02 (−2.91, 10.95)

	
0.25

	
4.29 (−3.17, 11.74)

	
0.25

	
5.06 (−6.13, 16.24)

	
0.36

	
4.49 (−7.48, 16.46)

	
0.44




	
%PEF

	

	

	

	

	

	

	

	




	
D < 20

	
−4.85 (−19.58, 9.88)

	
0.51

	
−3.39 (−19.70, 12.92)

	
0.67

	
6.30 (−6.53, 19.14)

	
0.32

	
8.29 (−6.09, 22.67)

	
0.24




	
20 < D < 30

	

	

	

	

	

	

	

	




	
D ≥ 30

	
6.02 (−13.52, 25.57)

	
0.53

	
4.29 (−16.88, 25.46)

	
0.68

	
0.44 (−29.16, 30.05)

	
0.97

	
−1.25 (−34.95, 32.46)

	
0.94




	
%FEF 25–75%

	

	

	

	

	

	

	

	




	
D < 20

	
−6.00 (−22.00, 9.99)

	
0.45

	
−9.01 (−26.52, 8.50)

	
0.30

	
3.69 (−13.49, 20.88)

	
0.66

	
3.81 (−15.30, 22.92)

	
0.68




	
20 < D < 30

	

	

	

	

	

	

	

	




	
D ≥ 30

	
6.83 (−14.39, 28.05)

	
0.52

	
8.26 (−14.47, 30.99)

	
0.46

	
8.83 (−30.81, 48.48)

	
0.65

	
4.48 (−40.31, 49.27)

	
0.84




	
FeNO

	

	

	

	

	

	

	

	




	
D < 20

	
−0.56 (−10.65, 9.52)

	
0.91

	
−2.65 (−13.53, 8.24)

	
0.62

	
−10.63 (−24.74, 3.47)

	
0.13

	
−11.89 (−26.84, 3.05)

	
0.11




	
20 < D < 30

	

	

	

	

	

	

	

	




	
D ≥ 30

	
3.13 (−10.25, 16.51)

	
0.64

	
5.25 (−8.88, 19.38)

	
0.45

	
1.22 (−31.30, 33.75)

	
0.94

	
5.16 (−29.86, 40.19)

	
0.76








n (normal weight) = 35; n(overweight/obese) = 26; * Percent predicted pre-bronchodilator administration; In bold statistically significant p-values; Dependent variable—Pulmonary Function Test (PFT) indices; Independent variable—Vitamin D levels (D < 20, 20–30 and ≥30 ng/mL); β—Unstandardized beta coefficient; 95%CI—95% confidence interval; P—p value from the crude analysis; Padj—Multivariate regression model adjusted for age, sex, regular exercise and medication therapy; Key: PFT—Pulmonary Function Test, D—Vitamin D, FEV1—Forced Expiratory Volume in 1 s, FVC—Forced Vital Capacity, FEV1/FVC—ratio of Forced Expiratory Volume in 1 s and Forced Vital Capacity, PEF—Peak Expiratory Flow, FEF 25–75% -Forced Expiratory Flow at 25–75% of the pulmonary volume, FeNO—Fractional exhaled Nitric Oxide.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  ijerph-19-16768


  
    		
      ijerph-19-16768
    


  




  





media/file0.png





