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Abstract  39 

Background: 25-hydroxyvitamin D (25OHD) may exert immunomodulatory effects on respiratory health, which 40 

may translate to improvements in exercise physiology. Thus, we aimed to investigate whether plasma 25OHD is 41 

associated with lung function and aerobic fitness in people with cystic fibrosis (pwCF).  42 

Methods: A multi-centre retrospective review of pwCF (>9 years old) attending the Royal Hospital for Sick 43 

Children (Edinburgh) or Wessex CF-Unit (Southampton) was performed between July 2017 to October 2019. 44 

Demographic and clinical data were collected. Plasma 25OHD measured closest in time to clinical 45 

cardiopulmonary exercise testing (CPET) and/or spirometry (forced expiratory volume FEV1% predicted) was 46 

recorded. Pancreatic insufficiency was diagnosed based on faecal elastase of <100 µg/g. We performed multiple-47 

regression analysis with aerobic fitness outcomes [peak oxygen uptake (VO2peak)] and FEV1% predicted as 48 

primary outcomes.  49 

Results: Ninety pwCF [mean±SD age: 19.1±8.6 years, 54 (60%) children, 48 (53%) males and 88 (98%) 50 

Caucasian] were included. 25OHD deficiency and insufficiency was 15 (17%) and 44 (49%) respectively. 25OHD 51 

deficiency and insufficiency was significantly associated with pancreatic insufficiency (χ2(4.8); p = 0.02).  Plasma 52 

25OHD was not significantly associated with FEV1% predicted [R2 = 0.06; p= 0.42; 95%; CI (-0.09 - 0.19)] or 53 

VO2peak [R
2= 0.04; p= 0.07; 95% CI (-011 - 0.005)] in all pwCF. However, 25OHD was significantly associated 54 

with both FEV1% [R2= 0.15; p= 0.02; 95% CI (1.99 - 2.64)] and VO2peak [R
2= 0.13; p= 0.05; 95% CI (-0.26 – (-55 

0.005)] in the paediatric cohort. 56 

Conclusion: We showed that 25OHD is associated with improved lung function and aerobic fitness in children 57 

and adolescents with CF. Mechanistic and high-quality prospective studies including both lung function and 58 

aerobic fitness as primary outcomes are now warranted.   59 

 60 

Keywords: cardiopulmonary exercise testing, cystic fibrosis, lung function, ventilation, vitamin D.  61 
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Introduction 79 

Cystic fibrosis (CF) is an autosomal-recessively inherited multisystem disorder that affects 1 in 3000 newborn 80 

Caucasians children with slightly lower prevalence noted in other ethnic groups(1). CF affects a number of body 81 

systems and is associated with gastrointestinal, hepatobiliary, sinopulmonary and bone disease. Morbidity and 82 

mortality are principally due to unresolving and unremitting infections that cause progressive lung disease. 83 

However, malabsorption as a result of pancreatic insufficiency may impact growth, as well as consequent 84 

reduction in fat soluble vitamin levels(2). Supplementation with vitamin D is thus advocated for all people with 85 

CF (pwCF)(3). The role of 25-hydroxyvitamin (25OHD), the main circulating form of vitamin D, on bone health 86 

has long been recognised(4). Recently, evidence in healthy individuals suggests that 25OHD may also be an 87 

important determinant of respiratory health(5) and aerobic fitness(6; 7; 8); however, whether it may be associated 88 

with improved pulmonary function in pwCF has yet to be investigated.   89 

 90 

The prevalence of 25OHD inadequacy, defined as deficiency and insufficiency(9), has been quantified as being 91 

from 23% to as high as 95% in pwCF(10). This is similar to reports of vitamin D inadequacy in other chronic 92 

diseases(11; 12), but higher rates of vitamin D inadequacy than those seen in the general children and adolescent  93 

(19 – 37%) and adult population (29%)(13). The active form of 25OHD, 1,25 dihydroxyvitamin D (1,25OHD), has 94 

both anti-inflammatory and anti-microbial properties that are explained by its role in the downregulation of 95 

pulmonary pro-inflammatory responses and the upregulation of both anti-inflammatory cytokines and 96 

antimicrobial peptides activity in response to respiratory pathogens(14). Furthermore, 1,25OHD may reduce airway 97 

resistance by regulating smooth muscle excitation-contraction via intracellular calcium ion (Ca2+) release and Ca2+
 98 

sensitisation. Therefore, it is biologically plausible that 25(OH)D insufficiency may exert a role in the 99 

pathophysiology of CF(14); however, data in regard to the impact of plasma 25(OH)D on pulmonary function in 100 

pwCF are sparse(15; 16; 17). 101 

 102 

Cardiopulmonary exercise testing (CPET) is advocated by both the European CF Society(18) and European 103 

Respiratory Society(19) as a functional assessment of lung, cardiovascular and muscular health in pwCF. 104 

Furthermore, markers of aerobic fitness and ventilatory function during exercise have been shown to be significant 105 

predictors of mortality in CF(20). Studies have demonstrated pulmonary(21), cardiovascular(22), metabolic(23) and 106 

skeletal muscle(24) abnormalities are factors that modulate exercise capacity in pwCF. However, the effect of 107 

25OHD as a modulator of exercise capacity has not, to our knowledge, been investigated.  108 
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The aim of the study was therefore to use a multicentre retrospective cohort of children and adults with CF to 109 

determine whether 25OHD concentration was associated with lung function and aerobic fitness. The present 110 

analysis was also designed to investigate; (i) the prevalence of vitamin D deficiency and insufficiency in this 111 

cohort of pwCF; (ii) the association between 25OHD concentration (nmol/L) and prescribed vitamin D 112 

supplementation (IU); (iii) differences in 25OHD in pwCF classified by lung disease severity and aerobic exercise 113 

function. We hypothesised that lower plasma 25OHD would be significantly and negatively associated with lung 114 

function and aerobic fitness in pwCF.   115 

Materials and Methods  116 

Study design and population 117 

A multi-centre retrospective study was performed. Eligibility for the study were people with CF age > 9 years old 118 

and attending the Royal Hospital for Sick Children (Edinburgh) or Wessex CF-Unit (University Hospital 119 

Southampton) between July 2017 – October 2019 (pre-COVID-19 pandemic and prior to the widespread 120 

availability of highly effective CFTR-modulator therapy, Kaftrio®) for lung function and/or cycle-based CPET. 121 

The diagnosis of CF was based on NICE criteria(3), which includes elevated [sweat chloride] (>60 mmol/L-1) and 122 

a compatible genotype. Demographic (age, gender and ethnicity) and clinical data (diagnosis, blood results and 123 

CF-related comorbidities) were collected from medical notes and electronic patient record. Pancreatic 124 

insufficiency was diagnosed based on faecal elastase of <100 µg/g(25; 26). This study was exempted from requiring 125 

National Health Service (NHS) ethical approval as data are retrospective and non-identifiable. The study was 126 

considered under the category of service evaluation and permission was obtained from NHS Quality 127 

Improvement.    128 

 Spirometry 129 

Spirometry was performed (3500 MicroLab Spirometer MK8, CareFusion, CA, USA) to ATS/ERS standards(27). 130 

Forced expiratory volume in 1 second (FEV1) % predicted and forced vital capacity (FVC) were determined as 131 

the highest of the three consistent (≤ 5% variability) manoeuvres(28; 29). FEV1% predicted was defined as normal 132 

(≥85%), mild (70-84%), moderate (50-69%) and severe (<50%) CF lung disease(30).  133 

Anthropometric and bone mineral density data 134 

Stature using a stadiometer and weight on calibrated scales were recorded at each CPET visit. Body mass index 135 

(BMI) was calculated for adults and World Health Organisation (WHO) reference ranges(31) were used to define 136 

underweight (<18.5 Kg/m2), normal  weight (≥ 18.5 to ≤ 24.9 Kg/m2), overweight (≥ 25 to ≤29.9 Kg/m2) and 137 

obese (≥ 29.9 kg/m2) categories. UK-WHO BMI Z-scores were calculated for children using the LMSgrowth 138 
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program®(32) and nutritional status was classified as underweight (-2.0 SD or ≤ 2.3rd centile), normal weight (> -139 

2.0 to ≤1.05 SD or > 2.0nd to < 85th centile), overweight (> 1.05 to ≤1.63 SD or >85th to ≤95th centile) and obese 140 

(1.63 SD or >95th centile)(31).  141 

Dual energy X-Ray absorptiometry is ideally performed in pwCF every 1-3 years. Measurements of lumbar spine 142 

bone mineral density (LS-BMD) Z-score closest to CPET or spirometry were collated from the EPR. 143 

Vitamin D and associated bone markers data  144 

Plasma 25OHD, parathyroid hormone (PTH), calcium, phosphate and magnesium concentrations, measured 145 

closest in time to CPET or spirometry, and vitamin D supplementation (IU) were noted from EPR. The rationale 146 

for this was to have the most representative plasma 25OHD at the time of CPET and spirometry as plasma 25OHD 147 

half-life of ranges between 15 – 45 days(33) 148 

Both centres used liquid chromatography-tandem MS technique for 25OHD and Immulite 2000 Intact PTH 149 

technique for PTH. The immediate CV (%) for the assays were ≤8.9 and 5.7% respectively(34 – 35). Plasma 25OHD 150 

was classified by season as synthesising (1st April – 30th September) and non-synthesising periods (1st October – 151 

31st March)(36). 25OHD status was defined according to the Endocrine Society (25-50 nmol/L: deficiency; >50 ≤ 152 

75 nmol/L: insufficiency; >75 nom/L: sufficiency/optimal)(9).  153 

CPET 154 

Participants performed CPET on an electromagnetically braked cycle ergometer (Edinburgh: Ergoline Viasprint 155 

200, Ergoline, Blitz, Germany; Wessex: Lode Corival, Groningen, The Netherlands) using an exhaustive 156 

incremental protocol. Work rate was increased by 10 – 30 W/min, whilst maintaining a cadence at 60 – 80 rpm. 157 

Pulmonary gas exchange and ventilation were measured throughout exercise using a face mask, turbine system 158 

and metabolic cart, which was calibrated in line with manufacturer’s instructions (Edinburgh: CareFusion UK, 159 

Basingstoke, England; Wessex: K5, COSMED, Rome, Italy). Specifically, breath-by-breath measurements of 160 

oxygen uptake (VO2), carbon dioxide production (VCO2), minute ventilation (VE), and respiratory exchange ratio 161 

(RER) were made. Heart rate (HR) was also monitored continuously by a 12-lead electrocardiogram, blood 162 

pressure was measured at rest and every 3 minutes during exercise and transcutaneous oxygen saturation (SpO2%) 163 

was measured by a pulse oximeter placed on the right ear or on the index or middle finger.  164 

 165 

Peak aerobic fitness (VO2peak) was taken as the highest 30 second mean and was expressed relative to body mass 166 

(mL·Kg1·min-1). Additional variables of interest from the CPET included measurement of VO2 at the gas exchange 167 

threshold (GET), expressed as a % predicted VO2max  and RPE. Criteria for accepting a maximal CPET were either 168 
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the occurrence of a true VO2max, a plateau in VO2 despite increasing workload, or were based on HR attainment, 169 

maximal exercise ventilation and RER data.(19) 170 

Gas exchange threshold (GET) is the point at which ventilation increases at a faster rate than oxygen uptake (VO2) 171 

and reflects the point at which anaerobic metabolism begins to predominate with exponentially increasing CO2   172 

production and accumulation of fatigue-related metabolites including lactate.(36) These effects on musculoskeletal 173 

and respiratory mechanisms serve to limit exercise capacity after GET. The measurement of VO2max at GET thus 174 

may tell us about fitness, conditioning and adaptation to exercise.(36) Breathing reserve was defined as  175 

(𝐵𝑅 =
𝑀𝑉𝑉−𝑉𝐸𝑝𝑒𝑎𝑘

𝑀𝑉𝑉
𝑥 100 ) where maximal voluntary ventilation (MVV)  was estimated using the equation 176 

(35 𝑥 𝐹𝐸𝑉1) .(37) BR is the percentage of an individual’s expected MVV that remains at maximal exercise.(38) 177 

Ventilatory equivalents for oxygen (VE/VO2) and CO2 (VE/VCO2) were measured. These represent the minute 178 

respiration required per unit of oxygen uptake or CO2 elimination and provide information on a subject’s ventilator 179 

efficiency.  180 

Statistical analysis  181 

The Statistical Package for Social Sciences (version 21; IBM-SPSS for Windows Statistics) was used to analyse 182 

all data. Parametric tests and means (±SD) were used for normally distributed data and non-parametric test with 183 

median and interquartile range (IQR) for non-normally distributed data. Descriptive statistics were used to 184 

evaluate lung function status and the prevalence of plasma 25OHD deficiency and insufficiency. Correlations 185 

between plasma 25OHD and the variables vitamin D supplementation (IU), FEV1% and GET were performed 186 

using Spearman’s correlation. The Mann-Whitney test was used to compare plasma 25OHD between pwCF from 187 

Edinburgh versus Southampton, males versus females, children versus adults and seasonality. A series of analysis 188 

of variance (ANOVA) and Tukey’s post-hoc t-tests were conducted to establish differences between 25OHD 189 

status categories (deficiency/insufficiency, sufficiency and optimal) in the following outcome variables; VO2 190 

peak, maximal ventilatory equivalent for oxygen (VE/VO2peak) and CO2 (VE/VCO2peak). Hierarchical multiple-191 

regression analysis with V̇O2peak (mLkg-1
min-1) and FEV1% predicted as primary outcomes was performed after 192 

adjusting for patient’s characteristics (age, BMI, LS-BMD Z-score and VO2max % predicted) for the full cohort 193 

and cohort subgroups (geographical location and age classification). Factors were tested one at the time and only 194 

those that reached a relaxed significance of 0.1 were included in the conditional model. P < 0.05 was considered 195 

statistically significant. In order to meet the assumptions of the linear model, non-normally distributed variables 196 

were converted to normally distributed using the log10 function. No a priori sample size estimation was performed 197 

(convenient sample).  198 
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We followed the STROBE guidelines for the presentation of our data(39).  199 

Results  200 

Demographics and clinical characteristics   201 

Ninety pwCF were included in this study. Demographic and clinical characteristics are presented table 1. Of these, 202 

100% had plasma 25OHD and spirometry. Furthermore, 78 (87%) had performed a CPET between July 2018 and 203 

Oct 2019. The median (IQR) length of time between the assessment of plasma 25OHD and spirometry was 66 204 

(21-335) days. The Edinburgh cohort differed from the Southampton group by being significantly younger 205 

[13.2(12.1 – 14.2) vs. 21.9(15.7 – 29.57) years], having lower BMI [(18.4 (16.8 – 20.2) Kg/m2 vs. (20.9 (18.7 – 206 

23.6) Kg/m2] and higher FEV1% predicted [93.0 (82.5 – 100.2)% vs. 70.5 (56.8 – 87.4)%; p < 0.01 for all. The 207 

BMI and lung function differences likely pertain to the noted age difference and cohorts were otherwise similar.  208 

 209 

Thirty-one (34%) pwCF were vitamin D sufficient. Whilst, the prevalence of vitamin D deficiency and 210 

insufficiency was 15 (17 %) and 44 (49%), respectively. Of those who were sufficient, 25 (81%) had vitamin D 211 

supplementation [median (IQR) 1600 (900 – 2840)] IU/day prescribed and of those who were deficient and 212 

insufficient, 59 (100%) had vitamin D supplementation [median (IQR) 1600 (800 – 1600) vs. 850 (800 – 1600), 213 

respectively] IU/day prescribed and in total 84 (93%) pwCF were receiving 1400 (800-1780) IU/day of vitamin 214 

D. Thirty-four (40%) pwCF received vitamin D3, 4 (5%) vitamin D2 and 46 (55%) was either not recorded or 215 

unknown. There was no statistical significant differences in either the 25OHD concentration [U (116.5); p=0.3] 216 

or vitamin D supplementation [(U(127.5); p=0.6)] between the synthesising [65.5 (62.0 – 71.75) nmol/L; 950 (650 217 

– 1675 IU)] and non-synthesising periods [60.5 (53.5 – 76.0) nmol/L; 60.5 (53.5 – 76.0)]. A weak positive 218 

correlation was found between plasma 25OHD and vitamin D supplementation (r = 0.23; p = 0.06). Children had 219 

significantly higher plasma 25OHD [65.5 (54.0 – 84.6) nmol/L] than adults [63.0 (46.5 – 82.5) nmol/L]; U(698); 220 

p = 0.03, similar vitamin D doses [children 1000 (800 – 1650) vs. adults 1100 (800 – 1600) IU/day] and there was 221 

a statistical significant association between pancreatic insufficiency and 25OHD deficiency and insufficiency 222 

(χ2(4.8); p = 0.02).  223 

 224 

The majority of the pwCF cohort had normal FEV1 42 (47%) with 21 (23%) having mild, 18 (20%) moderate and 225 

9 (10%) severe lung disease. Figure 1 shows 25OHD concentration in the full cohort (figure 1 left) and in children 226 

and adults with CF with data stratified by lung function status (FEV1 % predicted) (figure 1 right). Table 3 shows 227 

the characteristics of the pwCF with data stratified by age (paediatric vs. adults) and plasma 25OHD status.  228 
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Between group differences of aerobic exercise and ventilatory function during CPET are presented in Figure 2. 229 

There was no significant differences in the prevalence of ventilatory limitation (V Ė / MVV ≥85%) amongst 230 

groups in the paediatric (p = 0.31) or adult (p = 0.27) cohorts; however, there was significantly reduced ventilatory 231 

efficiency (∆V ̇E/∆V ̇CO2 ≥ 35) in children with 25OHD deficiency and insufficiency (56%) compared to their 232 

insufficient (12% ; p = 0.03), but not sufficient (40% ; p = 0.66), counterparts.      233 

Factors contributing to lung function (FEV1 %) and aerobic performance expressed as VO2 peak 234 

Plasma 25OHD was not significantly associated with FEV1% function [R2 = 0.06; β = 0.05; p = 0.42; 95% CI (-235 

0.09 to 0.19)] or VO2peak [R
2 = 0.04; β = -0.19; p = 0.07; 95% CI (-011 to 0.005)] in the overall pwCF cohort. Table 236 

4 shows hierarchical multiple regression analysis of the children’s CF cohort (Edinburgh). Interestingly, 25OHD 237 

significantly predicted both FEV1% [R2 = 0.15; β = 0.3; p = 0.02; 95% CI (1.99 to 2.64)] and VO2peak [R
2 = 0.13; 238 

β = -0.36; p = 0.05; 95% CI (-0.26  to (-0.005)] and BMI Z-score and age (years) significantly predicted FEV1% 239 

[R2 = 0.31; β = 0.33; p = 0.01; 95% CI (0.001 – 0.002)]  and VO2peak  [R
2 = 0.28; β = - 0.39; p = 0.03; 95% CI (0.11 240 

to 2.01)] respectively (table 3). In contrast, 25OHD of the Southampton pwCF cohort predicted neither FEV1% 241 

[R2 = 0.01; β = 0.1; p = 0.5; 95% CI (-0.12 to 0.26)] nor VO2peak [R
2 = 0.38; β = -0.19; p = 0.17; 95% CI (-0.92 to 242 

0.16)]. Finally, data was stratified by age (paediatrics vs. adults), 25OHD was not a significant predictor of FEV1% 243 

[children: R2 = 0.03; β = ; p = 0.26; 95% CI (-0.27 to 0.08) vs. adults: R2 = 0.003; β = -0.05; p = 0.75; 95% CI (-244 

0.26 to 0.19)] or VO2peak [children: R2 = 0.03; β = -0.18; p = 0.21; 95% CI (-0.13 to 0.03) vs. adults: R2 = 0.02; β 245 

= -0.13; p = 0.46; 95% CI (-0.10 to 0.05)].  246 

 247 

Discussion  248 

This is the first study to investigate potential associations between abnormal plasma 25OHD concentration upon 249 

aerobic fitness and resting and exercise ventilatory function in children, adolescents and adults with CF. Our 250 

results show a high prevalence of plasma 25OHD deficiency and insufficiency, and highlights that despite 251 

appropriate vitamin D supplementation, total plasma 25OHD was lower in adults than in children, in those with 252 

pancreatic insufficiency and there was no seasonal variation. Medium effect sizes suggest that plasma 25OHD 253 

abnormalities are associated with aerobic exercise and ventilatory dysfunction in pwCF (Figure 2). Importantly, 254 

plasma 25OHD concentration was significantly and negatively associated with lung function (FEV1 %) and 255 

maximal aerobic fitness (V̇O2peak) in a childhood CF cohort only. Therefore, we support the hypothesis that lower 256 

25OHD may be associated with poorer lung function and aerobic fitness during an important phase of growth.     257 
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Current UK guidelines on vitamin D supplementation for pwCF suggest 400 – 2000 IU/day for infants and 400 – 258 

5.000 IU/day for children (>1 year old) and adults with the aim of achieving a 25OHD concentration of > 50 259 

nmol/L (20 ng/ml)(39). Despite vitamin D supplementation [1.400 (800 – 1.780) IU/day] meeting current 260 

recommendations for pwCF in 86 (95%) of the study cohort, the prevalence of 25(OH)D deficiency and 261 

insufficiency (17% vs. 49%) was similar to that previously reported in pwCF elsewhere(10; 40) and in children and 262 

adults diagnosed with cancer (33 – 75%), who are either not supplemented or supplemented with lower doses of 263 

vitamin D (292 – 464 IU/day)(11), and higher than the general UK population (19 – 37%)(13). Of note, 264 

supplementation in the general population is rare(13). Children had higher 25OHD concentration than adults, 265 

despite being prescribed similar vitamin D doses, and our pwCF cohort did not show any seasonal variation as 266 

opposed to healthy individuals who show higher 25(OH)D concentration during the synthesising months (spring 267 

and summer) (13). These findings are in line with most studies performed in the UK and in different latitudes(10; 15; 268 

42). Seventy-nine percent of the study cohort were pancreatic-insufficient, which impairs absorption of vitamin D 269 

even with the use of pancreatic enzymes(42). Statistically significant associations between pancreatic insufficiency 270 

and plasma 25OHD deficiency and insufficiency were noted in our study. Impaired hepatic hydroxylation, which 271 

leads to accelerated vitamin D excretion, reduced sunlight exposure due to antibiotic induced photosensitivity or 272 

poor health, differences between vitamin D2 and D3 bioavailability(13) and low vitamin D binding protein (DBP) 273 

concentration may also explain the results found in the present study(43). Undernutrition has also been associated 274 

with low 25OHD status(43), but we did not find any differences between the nutritional status categories. 275 

Suboptimal adherence to vitamin D supplements is widely reported; however, it is also plausible that the doses 276 

proposed in current vitamin D supplementation guidelines are not enough for pwCF to achieve optimal 25OHD 277 

concentration(45). Daily doses of up to 4.000 IU for 1 – 10 year old and 10.000 IU for > 10 years of age or single 278 

doses stratified by age ranging between 100.000 – 600.000 IU have been reported to be successful in achieving 279 

and maintaining optimal concentration for over 12 months and reducing patient burden(46). 280 

No statistically significant differences in aerobic fitness (GET) and ventilatory efficiency (VVO2peak, VVE/VO2peak, 281 

VVE/VCO2peak) during exercise amongst children, adolescents and adults with CF was found along the spectrum of 282 

plasma 25OHD abnormalities. Nonetheless, a medium effect size (η2 = 0.07) suggested that plasma 25OHD 283 

deficiency may contribute to a reduced V̇O2peak in children with CF (76.8 ± 15.5% predicted), compared to their 284 

25OHD sufficient counterparts (89.4 ± 19.7% predicted), which means this population would be placed in a tertile 285 

(VO2peak 59-81% predicted) that is at a heightened risk of long-term mortality(20). The nature of the relationship 286 

between 25OHD and exercise capacity is not fully understood. It is biologically plausible that more severely ill 287 
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pwCF will have lower 25OHD concentration and both reduced physical activity levels(with less sunlight 288 

exposure) and exercise capacity(1; 47), whilst adherence to vitamin D supplements is often suboptimal in pwCF, 289 

particularly in adults, due to a significant treatment burden. It is also, therefore possible that 25OHD deficiency 290 

and the resultant lowered VO2peak could be due to the effects of poor vitamin D treatment adherence in this 291 

particular group.  292 

Consistent with much of the available evidence from studies performed in children and adolescents with CF(15; 16; 293 

17), our study found that plasma 25OHD concentration was significantly associated with lung function (FEV1 %) 294 

and aerobic fitness (V̇O2peak)  in the Edinburgh children’s cohort only; however, this was not the case when the 295 

cohort was analysed altogether. Importantly, our results showed that nutritional status, measured by BMI Z-score, 296 

also influenced this relationship indicating that appropriate nutritional status is of paramount importance to 297 

maintain lung function in this cohort. It has long been recognised that optimal nutritional status reduces the risk 298 

of infection and improves recovery(1). However, this study suggests that there may be other factors influencing 299 

this relationship in adults, including (i) the heterogeneity and complexity of lung disease in pwCF(14; 16); (ii) slight 300 

treatment variations between centres; (iii) the genetic variations in the vitamin D receptor (VDR) expression of 301 

lung immune cells and differences in plasma DBP(14; 16); (iv) severity of CF-associated comorbidities, nutritional 302 

status (other than BMI) and dietary intake(1); (v) time taken between 25OHD sampling and spirometry testing and 303 

(vi) regular physical activity or smoking. Of note, this study shows a trend (non-significant) towards lower 25OHD 304 

concentration in those with moderate and severe impaired lung function highlighting that 25OHD deficiency and 305 

insufficiency may increase the risk of impaired lung function. Likewise more severe pwCF may have lower 306 

25OHD due to their illness, reduced sun exposure and/or poorer dietary intake(17). It is worth noting that this study 307 

was performed before the COVID-19 pandemic and the introduction of triple-combination CFTR-modulator 308 

therapy, Kaftrio®, which is licensed for pwCF over the age of 12 in the UK. Eligible pwCF are expected to have 309 

improvements in their lung function, longevity, nutritional status and wellbeing(48). However, real world studies 310 

of this exciting new treatment are mandated. The National Institute for Health Research(49) have highlighted the 311 

importance of evaluating the consequences of the implementation of this therapy early on and new associated 312 

clinical management needs. Together, these data, in addition to the finding that plasma 25OHD is significantly 313 

associated with V̇O2peak in children and adolescents (Edinburgh cohort) with CF (Table 4), provide an exciting 314 

rationale to include CPET parameters of aerobic fitness and ventilatory function as outcomes in studies 315 

investigating the efficacy of vitamin D supplementation(50).  316 

 317 
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Limitations of the study and future directions  318 

A summary of recommendations for future studies is presented in Box 1(51). The retrospective nature of the present 319 

study meant that sampling time between 25OHD measurements and CPET and spirometry was limited to within 320 

the same annual review year. However, the half-life of 25OHD has been reported to be within 15-45 days(33) and, 321 

therefore, future prospective studies should be designed to sample plasma on the same day (or within 15 days) as 322 

CPET and spirometry. An a posteriori sample size calculation for multiple regression analysis (with 5 predictors), 323 

statistical power ≥ 0.8 and anticipated effect size 0.15 at a α-level ≤ 0.05 indicated that 91 subjects would be 324 

required for future studies(52). Furthermore, the relationship between 25OHD and lung function or aerobic fitness 325 

is complex and there might have been confounding factors overlooked in the analysis. BMI and FEV1% predicted 326 

differed between the Edinburgh and Southampton cohorts likely pertain to the noted age difference and cohorts 327 

were otherwise similar. Of note, this was accounted for in the statistical analysis. Unfortunately, information on 328 

diet, other than vitamin D supplementation, adherence to vitamin D supplementation other than by patient or 329 

parent report, smoking, regular physical activity or pulmonary exacerbations was not collected for the purpose of 330 

this study. Whilst the present study had a large sample size in comparison to similar studies in groups with CF(23), 331 

the sample size of the 25OHD deficient groups was small in both the paediatric (n = 5) and adult (n = 10) cohorts. 332 

V̇O2peak reportedly has a coefficient of variation approximating 9% in children and adolescents with CF(53), whilst 333 

our cohort has a standard deviation of 10.3 mLKg-1
min-1. Therefore, with an α-level set at 0.05 and 80% power, 334 

a post-hoc power sample size calculation suggests that 35 participants would be required in each group to detect 335 

a statistically significant difference in V̇O2peak 
(52). Finally, in order to elucidate how 25OHD may influence lung 336 

function, aerobic fitness and ventilatory efficiency, future studies should be of prospective nature with a 337 

combination of clinical, nutritional and physiological as well as mechanistic outcomes. For instance, 25OHD 338 

concentration (and its metabolites) and DBP should be measured in both plasma and alveolar macrophages, 339 

obtained from sputum samples, and VDR expression in macrophages.   340 

Conclusion  341 

To conclude, in this preliminary multi-site study, 25OHD deficiency and insufficiency was highly prevalent 342 

despite vitamin D doses meeting recommendations. Plasma 25OHD was significantly associated with aerobic 343 

fitness and lung function in children with CF from the Edinburgh cohort. Furthermore, medium effect sizes 344 

suggest that plasma 25OHD may be associated with ventilatory dysfunction during exercise; however, these 345 

findings need to be confirmed by prospective studies with a greater sample size of patients with plasma 25OHD 346 

abnormalities in which mechanistic analysis are included.  347 
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 353 

 354 

 355 

 356 

 357 

Box 1. Recommendations for future studies investigating the impact of 25OHD on lung function and aerobic fitness:  

- Studies investigating the impact of 25OHD on aerobic fitness (using CPET parameters of aerobic fitness and ventilatory function) and lung 

function should be of prospective nature and the sampling time between 25OHD and CPET/spirometry within 15 days 

 

- Adherence to vitamin D supplementation, medication, sun exposure, dietary intake, smoking, bone mineral density, body composition (fat 

mass and fat free mass), pulmonary exacerbations and physical activity levels should be all measured.  

 

- Data should also be stratified by treatment (pre-triple-combination CFTR-modulator therapy vs. traditional therapy) and age groups.  

 

- Control trials and mechanistic studies in which the role of 25OHD on pulmonary health in pwCF that include 25OHD concentration (and its 

metabolites) and macrophages DBP expression are warranted.  
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Table legends  397 

Table 1. Characteristics of the cystic fibrosis cohort (n = 90) 398 

1Nutritional status for children was defined as per UK BMI (body mass index) curves (Z-scores) and for adults as per WHO 399 
(BMI Kg/m2 reference ranges); underweight (<18.5 Kg/m2), normal  weight (≥ 18.5 to ≤ 24.9 Kg/m2), overweight (≥ 25 to 400 
≤29.9 Kg/m2) and obese (≥ 29.9 kg/m2) categories; 2CFTR (cystic fibrosis transmembrane regulator) genotype class;  3LS-401 
BMD Z-score is a measurement of lumbar spine bone mineral density; 4 25OHD: 25-hydroxyvitamin D; 5FEV1 % predicted: 402 
predicted forced expiratory volume in 1 second; 6VO2max % predicted: maximum oxygen uptake; *Data from the children 403 
(<18 years) cohort (n = 54); ** Data from the Edinburgh cohort (n = 38); ***Data from the Southampton cohort (n = 52).   404 

 405 
Table 2. Characteristics of the cystic fibrosis cohort (n = 90) with data stratified by geographical location 406 
(centre).  407 
 408 
1Nutritional status for children was defined as per UK BMI (body mass index) curves (Z-scores) and for adults as per WHO 409 
(BMI Kg/m2 reference ranges); underweight (<18.5 Kg/m2), normal  weight (≥ 18.5 to ≤ 24.9 Kg/m2), overweight (≥ 25 to 410 
≤29.9 Kg/m2) and obese (≥ 29.9 kg/m2) categories ;  2CFTR (cystic fibrosis transmembrane regulator) genotype class; 3LS-411 
BMD Z-score is a measurement of lumbar spine bone mineral density expressed as standard deviation scores; 425OHD; 25-412 
hydroxyvitamin D;  5FEV1 % predicted: percentage forced expiratory volume predicted; 6VO2max % predicted: maximum 413 
oxygen uptake; 7Chi-square test; 8Mann-Whitney test; 9Independent-test; *Data from the children (<18 years) cohort (n = 414 
54).  415 

Table 3. Participant characteristics with data stratified by plasma 25OHD status and age (<18 or ≥ 18 years)  416 
Data are expressed as means ± standard deviation unless otherwise stated.1 Kruskal Wallis test performed; 2n = 2 missing. 417 
*One-way ANOVA, denotes a significantly significant difference with the 25-hydroxyvitamin D [25OHD] sufficient group (p 418 

< 0.05). CFTR (cystic fibrosis transmembrane regulator) genotype class; BMI, body mass index; FEV1: forced expiratory 419 

volume in 1 s; FVC: forced vital capacity; GET: gas exchange threshold. 420 

Table 4. Hierarchical multiple-regression analysis of the Edinburgh pwCF cohort with FEV1% predicted and 421 

VO2peak as primary outcomes (n = 38). 422 

Data are expressed as linear regression (R and R2), the linear regression slope (B), standard error (SE), 95% Confidence 423 

intervals (95% CI) and p-value. FEV1 %: forced expiratory volume in 1 second; VO2peak; peak aerobic fitness; BMI: body mass 424 

index; LP Supine BMD Z-scores: lumbar spine bone mineral density Z-scores; VO2max: maximum oxygen uptake; 25OHD: 425 

25-hydroxyvitamin-D. All variables were entered one by one and only those with a p > 0.1 were entered in the final model.  426 

 427 
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 441 

 442 
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Figure legends  445 

Figure 1. Plasma 25OHD as per FEV1 % predicted status in pwCF (left) and with data stratified by age (< 18 years 446 

vs. > 18 years) (right).  447 

FEV1 % predicted status: Normal > 85%; Mild ≥ 70 to 84%; Moderate 50 to 69%; Severe < 50%; *Kruskal-Wallis test 448 

 449 

Figure 2. Parameters of aerobic fitness and ventilatory function amongst groups with cystic fibrosis and 25-450 
hydroxyvitamin D sufficiency (>75 nmol/L), insufficiency (50-75 nmol/L) or deficiency (<50 nmol/L). Figure 451 
2a represents the paediatric cohort and figure 2b the adult cohort.  452 
 453 

V̇
E
, pulmonary minute ventilation; V̇O

2
, pulmonary carbon dioxide production V̇O

2
, pulmonary oxygen uptake. 454 

Ventilatory drive (∆V
E
/∆VCO

2
 L/min). A series of analysis of variance (ANOVA) and Tukey’s post-hoc t-tests 455 

were conducted to establish differences between 25OHD status categories (deficiency/insufficiency, sufficiency 456 
and optimal) in the following outcome variables; F: F-statistic is this ratio, F = variation between sample means 457 
/ variation within the samples; p values and η2: effect size.  458 
 459 

 460 
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Table 1. Characteristics of the cystic fibrosis cohort (n=90) 666 

 Patient’s characteristics  

  N % 

Children <18 years 54 60 

Male/Female 48/42 53/47 

Nutritional status1   

  Undernutrition  5 6 

  Healthy range 72 80 

  Overweight  10 11 

  Obese  3 3 

Ethnicity 
  

  Caucasian 88 98 

  Asian 2 2 

25OHD status (nmol/L) 86 95 

 Deficiency/insufficiency <50 17 20 

 Sufficiency  51 - 75 43 50 

 Optimal >75 -170 26 30 

CFTR genotype class2 
  

  Class I-III 76 84 

  Class IV-V 14 16 

  Pancreatic insufficiency  71 79 

  Median IQR 

Age, y  16.60 13.0 – 25.4 

Weight Kg 52.30 39.80 – 62.90  

Weight Z-score*   -0.05 (-0.90) -  0.58 

Height cm 160.0 150.3 – 171.0 

Height Z-score* -0.10 (-0.92) -  0.50 

BMI kg/m2 19.82 17.96 – 22.91 

BMI Z-score*  -0.05 (-0.52) - 0.42 

Vitamin D3 (IU) 900 800 – 1760 

LS-BMD Z-score3 -0.75 (-1.47) – (-0.10) 

 Mean ±SD 

25OHD (nmol/L)4 64.58 17.74 

PTH (pmol/L)** 4.59 2.27 

AlkPhosphatase (U/L)** 254.13 74.56 

Mg (mmol/L) 0.82 0.06 

Ca (mmol/L) 2.38 0.08 

Phosphate (mmol/L) 1.36 0.20 

HbA1c (mmol/mol)*** 40.86 12.64 

FEV % predicted5 78.17 19.91 

VO2max % predicted6 88.81 22.05 

Total Fat Mass %* 28.84 6.30 
1Nutritional status for children was defined as per UK BMI (body mass index) curves (Z-scores) and for adults as per WHO 667 
(BMI Kg/m2 reference ranges); underweight (<18.5 Kg/m2), normal  weight (≥ 18.5 to ≤ 24.9 Kg/m2), overweight (≥ 25 to 668 
≤29.9 Kg/m2) and obese (≥ 29.9 kg/m2) categories; 2CFTR (cystic fibrosis transmembrane regulator) genotype class;  3LS-669 
BMD Z-score is a measurement of lumbar spine bone mineral density; 4 25OHD: 25-hydroxyvitamin D; 5FEV1 % predicted: 670 
predicted forced expiratory volume in 1 second; 6VO2max % predicted: maximum oxygen uptake; *Data from the children 671 
(<18 years) cohort (n = 54); ** Data from the Edinburgh cohort (n = 38); ***Data from the Southampton cohort (n = 52).   672 

 673 



20 
 

Table 2. Characteristics of the cystic fibrosis cohort with data stratified by location (n=90) 674 

 Patient’s characteristics   

 Edinburgh  Southampton   

  N % N  % P value 

Children <18 years 38 100 16 30.8 -  

Gender 
  

  0.47 

  Male 18 47.4 30 57.7  

  Female 20 52.6 22 42.3  

Nutritional status1     0.67 

  Undernutrition  1 2.6 4 4.7  

  Healthy range 33 6.8 39 75  

  Overweight  3 7.9 7 13.5  

  Obese  1 2.6 2 3.8  

Ethnicity 
  

  -  

  Caucasian 36 94.7 52 100  

  Asian 2 5.5 0 0  

25OHD status (nmol/L) 34 89.5 52 100 0.0087 

 Deficiency/insufficiency <50 2 5.9 13 25  

 Sufficiency  51 - 75 24 70.6 20 38.5  

 Optimal >75 -170 8 23.5 19 36.5  

CFTR genotype class2     0.47 

  Class I-III 32 84.2 41 78.8  

  Class IV-V 6 15.8 10 19.2  

  Pancreatic insufficiency  29 76.3 42 80.8 0.87 

  Median IQR Median IQR  

Age, y  13.2 12.1 – 14.3 21.9 15.7 – 29.6 <0.018 

Weight Kg 39.8 35.2 – 49.0 58.0 48.9 – 65.0  <0.018 

Height cm 155.2 146.1 – 165.8 167.0 156.6 – 173.0  <0.018 

BMI kg/m2 18.4 16.8 – 20.2 20.9  18.7 – 23.6 <0.018 

Vitamin D3 (IU) 1200 800 - 1900 900 800 – 1600 0.28 

LS-BMD Z-score3 -0.4  -0.9 – 0.2  -1.1 -1.8 – (-0.25) <0.018 

 Mean ±SD Mean ±SD  

25OHD (nmol/L)4 66.0 17.7 69.3 4.4 0.29 

Mg (mmol/L) 0.82 0.06 0.79 0.08 0.19 

Ca (mmol/L) 2.36 0.09 2.35 0.09 0.59 

Phosphate (mmol/L) 1.36 0.19 1.08 0.23 <0.019 

FEV1 % predicted5 91.79 11.31 70.57 20.03 <0.019 

VO2max % predicted6 89.51 23.53 88.31 21.13 0.89 

1Nutritional status for children was defined as per UK BMI (body mass index) curves (Z-scores) and for adults as per WHO 675 
(BMI Kg/m2 reference ranges); underweight (<18.5 Kg/m2), normal  weight (≥ 18.5 to ≤ 24.9 Kg/m2), overweight (≥ 25 to 676 
≤29.9 Kg/m2) and obese (≥ 29.9 kg/m2) categories ;  2CFTR (cystic fibrosis transmembrane regulator) genotype class; 3LS-677 
BMD Z-score is a measurement of lumbar spine bone mineral density expressed as standard deviation scores; 425OHD; 25-678 
hydroxyvitamin D;  5FEV1 % predicted: percentage forced expiratory volume predicted; 6VO2max % predicted: maximum 679 
oxygen uptake; 7Chi-square test; 8Mann-Whitney test; 9Independent-test; *Data from the children (<18 years) cohort (n = 680 
54). 681 

 682 

 683 
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Table 3. Participant characteristics with data stratified by plasma 25OHD status and age (<18 or ≥ 18 684 

years) 685 

  Plasma 25-hydroxyvitamin D status   

    >75 nmol/L 50-75 nmol/L <50 nmol/L p-value n2 

Paediatrics (<18 years), n (%) 17 (34) 28 (56) 5 (10) - - 

Males, n (%) 10 (59) 15 (63) 2 (40) - - 

CFTR genotype class I-III, n (%) 12 (71) 24 (86) 5 (100) - - 

Pancreatic insufficient, n (%) 12 (71) 24 (86) 5 (100) - - 

Age, y 12.9 ± 1.8 13.7 ± 2.2 13.8 ± 1.3 0.92 <0.01 

BMI Z-score (median, IQR)1 -0.15 (-1.02, 

0.60)  

0.05 (-0.90,095) -0.40 (-

1.07,0.87) 

0.74 -  

FEV1, % predicted 84.1 ± 15.1 91.2 ± 10.9 81.7 ± 24.9 0.23 0.07 

FVC, % predicted 87.7 ± 15.4 94.7 ± 10.1 89.4 ± 17.8 0.29 0.06 

GET (mL·Kg-1·min-1) 22.3 ± 4.6 22.04 ± 4.4 20.7 ± 5.4 0.08 0.1 

Plasma 25(OH)D, nmol/L 101.4 ± 19.4 62.3 ± 7.4* 36.8 ± 14.0* <0.01 0.75 

      

Adults (≥18 years), n (%) 10 (28) 16 (44) 10 (28) - - 

Males, n (%) 4 (40) 10 (62) 7 (70) - - 

CFTR genotype class I-III, n (%) 9 (90) 16 (94) 10 (100) - - 

Pancreatic insufficient, n (%)2 9 (90) 16 (94) 10 (100) - - 

Age, y 29.8 ±7.8 28.5 ± 8.1 24.3 ± 4.5 0.23 0.08 

BMI, kg/m2 21.5 ± 1.8 23.3 ± 4.0 22.3 ± 3.3 0.41 0.05 

FEV1 % predicteda 61.9 ± 12.2 70.1 ± 21.3 63..1 ± 22.6 0.43 0.05 

FVC % predicteda 76.8 ± 7.8 85.9 ± 14.1 77.5 ± 15.8 0.16 0.11 

GET (mL·Kg-1·min-1) 19.5 ± 3.9 18.2 ± 4.6 18.6 ± 3.1 0.7 0.02 

Plasma 25OHD, nmol/L 103.3 ± 21.0 60.7 ± 5.8* 29.2 ± 9.1* <0.01 0.84 

Data are expressed as means ± standard deviation unless otherwise stated.1 Kruskal Wallis test performed; 2n = 2 missing. 686 
*One-way ANOVA, denotes a significantly significant difference with the 25-hydroxyvitamin D [25OHD] sufficient group (p 687 

< 0.05). CFTR (cystic fibrosis transmembrane regulator) genotype class; BMI, body mass index; FEV1: forced expiratory 688 

volume in 1 s; FVC: forced vital capacity; GET: gas exchange threshold. 689 

 690 

 691 

 692 

 693 

 694 

 695 

 696 

 697 
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Table 4. Hierarchical multiple-regression analysis of the Edinburgh pwCF cohort with FEV1% predicted and 698 

VO2peak as primary outcomes (n = 38). 699 

 700 

Data are expressed as linear regression (R and R2), the linear regression slope (B), standard error (SE), 95% Confidence 701 

intervals (95% CI) and p-value. FEV1 %: forced expiratory volume in 1 second; VO2peak; peak aerobic fitness; BMI: body mass 702 

index; LP Supine BMD Z-scores: lumbar spine bone mineral density Z-scores; VO2max: maximum oxygen uptake; 25OHD: 703 

25-hydroxyvitamin-D. All variables were entered one by one and only those with a p > 0.1 were entered in the final model.  704 

 705 

 706 

 707 

 708 

 709 

 710 

 711 

 712 

 713 

 714 

 715 

 716 

Variables  R R2 β SE 95% CI P  

FEV1% predicted  

25OHD nmol/L 0.36 0.13 0.36 0.06 -0.38 – (-0.03) 0.02 

Age (years) 0.42 0.17 0.21 0.06 -0.003 – 0.17 0.18 

BMI Z-scores 0.56 0.31 0.33 0.05  0.001 – 0.002 0.01 

LS-BMD Z-scores  0.56 0.31 0.06 0.05 -0.015 – 0.023 0.67 

VO2max % predicted 0.56 0.32 0.05 0.05 -0.001 – 0.001 0.70 

�̇�O2peak (mLkg-1
min-1) 

25OHD nmol/L 0.36 0.13 -0.36 0.06 -0.26 – (-0.005) 0.05 

Age, y 0.53 0.28 -0.39 0.46 0.11 – 2.01 0.03 

BMI Z-scores 0.53 0.28 0.04 0.35 -0.65 – 0.82 0.08 

LS-BMD Z-scores  0.55 0.30 -0.15 1.01 -2.81 – 1.26 0.40 

VO2max % predicted 0.59 0.35 0.23 0.09 -0.07 – 0.28 0.24 
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                          717 

              718 

Figure 1. Plasma 25OHD as per FEV1 % predicted status in pwCF (left) and with data stratified by age (< 18 years 719 

vs. > 18 years) (right).  720 

FEV1 % predicted status: Normal > 85%; Mild ≥ 70 to 84%; Moderate 50 to 69%; Severe < 50%; *Kruskal-Wallis test 721 

 722 

 723 

                  724 

             Figure 2a. 725 

 726 

 727 

 728 

 729 
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                  730 

                Figure 2b. 731 

Figure 2. Parameters of aerobic fitness and ventilatory function amongst groups with cystic fibrosis and 25-732 
hydroxyvitamin D sufficiency (>75 nmol/L), insufficiency (50-75 nmol/L) or deficiency (<50 nmol/L). Figure 733 
2a represents the paediatric cohort and figure 2b the adult cohort.  734 
 735 

V̇
E
, pulmonary minute ventilation; V̇O

2
, pulmonary carbon dioxide production V̇O

2
, pulmonary oxygen uptake. 736 

Ventilatory drive (∆V
E
/∆VCO

2
 L/min). A series of analysis of variance (ANOVA) and Tukey’s post-hoc t-tests 737 

were conducted to establish differences between 25OHD status categories (deficiency/insufficiency, sufficiency 738 
and optimal) in the following outcome variables; F: F-statistic is this ratio, F = variation between sample means 739 
/ variation within the samples; p values and η2: effect size.  740 
 741 

 742 

 743 

 744 
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