bioRxiv preprint first posted online Jun. 2, 2017; doi: http://dx.doi.org/10.1101/144717. The copyright holder for this preprint (which was not
peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.

Large Meta-Analysisin the CHARGE Consortium Provides Evidence for an Association of
Serum Vitamin D with Pulmonary Function
Jiayi Xu'; Traci M. Bartz*®; Geetha Chittoor**""; Gudny Eiriksdottir®"; Ani W. Manichaikul®’;
Fangui Sun”"; Natalie Terzikhan®®"; Xia Zhou'®"; Sarah L. Booth™; Guy G. Brusselle***% lan H.
de Boer'®; Myriam Fornage***®; Alexis C. Frazier-Wood'®; Mariaglisa Graff*’; Vilmundur
Gudnason®*®; Tamara B. Harris™; Albert Hofman®**?'; Ruixue Hou?*; Denise K. Houston®,
David R. Jacobs, Jr.'%; Stephen B. Kritchevsky?®; Jeanne Latourelle?*®; Rozenn N. Lemaitre®*>;
Pamela L. Lutsey™®; George O’ Connor®*; Elizabeth C. Oelsner®®; James S. Pankow™; Bruce M.
Psaty>'32%.2- Rebecca R. Rohde'”; Stephen S. Rich® Jerome |. Rotter®; Lewis J. Smith®;
Bruno H. Stricker®®; V. Saroja VVoruganti®’; Thomas J. Wang*%; M. Carola Zillikens®®; R.
Graham Barr®®"; Josée Dupuis” ; SinaA. Gharib™**; Lies Lahousse®®*"; Stephanie J.
London®"; Kari E. North*”; Albert V. Smith>*¥"; Lyn M. Steffen'®"; Dana B. Hancock®’;
Patricia A. Cassano.

1. Division of Nutritional Sciences, Cornell University, Ithaca, New Y ork, United States,

2. Department of Biostatistics, University of Washington, Seattle, Washington, United
States,

3. Cardiovascular Health Research Unit, University of Washington, Seattle, Washington,
United States,

4. Department of Biomedical and Trandational Informatics, Geisinger, Danville,
Pennsylvania, United States,

5. lcelandic Heart Association, Kopavogur, Iceland;

6. Center for Public Health Genomics, University of Virginia School of Medicine,
Charlottesville, Virginia, United States,

7. Department of Biostatistics, Boston University School of Public Health, Boston,
Massachusetts, United States;

8. Department of Respiratory Medicine, Ghent University Hospital, Ghent, Belgium;

9. Department of Epidemiology, Erasmus Medical Center, Rotterdam, the Netherlands;

10. Division of Epidemiology and Community Health, University of Minnesota,
Minneapolis, Minnesota, United States;

11. Jean Mayer-U.S. Department of Agriculture Human Nutrition Research Center on Aging,
Tufts University, Boston, Massachusetts, United States;


http://dx.doi.org/10.1101/144717

bioRxiv preprint first posted online Jun. 2, 2017; doi: http://dx.doi.org/10.1101/144717. The copyright holder for this preprint (which was not
peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.

12. Department of Respiratory Medicine, Erasmus Medical Center, Rotterdam, the
Netherlands;

13. Department of Medicine, University of Washington, Seattle, Washington, United States;

14. Institute of Molecular Medicine, University of Texas Health Science Center at Houston,
Houston, Texas, United States;

15. Human Genetics Center, School of Public Health, University of Texas Health Science
Center at Houston, Houston, Texas, United States,

16. Children's Nutrition Research Center, Baylor College of Medicine, Houston, Texas,
United States,

17. Gillings School of Global Public Health, Department of Epidemiology, University of
North Carolinaat Chapel Hill, Chapel Hill, North Carolina, United States;

18. University of Iceland, Reykjavik, Iceland;

19. Laboratory of Epidemiology, Demography, and Biometry, National Institute on Aging,
National Institutes of Health, Department of Health and Human Services, Bethesda,
Maryland, United States,

20. Netherlands Genomics Initiative (NGI)-sponsored Netherlands Consortium for Healthy
Aging, Leiden, the Netherlands;

21. Department of Epidemiology, Harvard T.H. Chan School of Public Health, Boston,
Massachusetts, United States;

22. Department of Nutrition and Nutrition Research Institute, University of North Carolina at
Chapel Hill, Kannapalis, North Carolina, United States,

23. Sticht Center on Aging, Department of Internal Medicine, Section on Gerontology and
Geriatric Medicine, Wake Forest School of Medicine, Winston-Salem, North Carolina,
United States,

24. The Pulmonary Center, Department of Medicine, Boston University, Boston,
Massachusetts, United States;

25. Department of Neurology, Boston University, Boston, Massachusetts, United States;

26. Department of Medicine, Columbia University, New Y ork, New Y ork, United States;

27. Department of Epidemiology, University of Washington, Sesttle, Washington, United
States,

28. Department of Health Services, University of Washington, Seattle, Washington, United
States;

29. Kaiser Permanente Washington Health Research Institute, Seattle, Washington, United
States,

30. Ingtitute for Trangdlational Genomics and Population Sciences, Los Angeles Biomedical
Research Institute and Department of Pediatrics at Harbor-UCLA Medical Center,
Torrance, California, United States;

31. Division of Pulmonary and Critical Care, Feinberg School of Medicine, Northwestern
University, Chicago, Illinois, United States;

32. Division of Cardiovascular Medicine, Department of Medicine, Vanderbilt University,
Nashville, Tennessee, United States;

33. Department of Internal Medicine, Erasmus Medical Center, Rotterdam, the Netherlands;

34. Center for Lung Biology, University of Washington, Seattle, Washington, United States;


http://dx.doi.org/10.1101/144717

bioRxiv preprint first posted online Jun. 2, 2017; doi: http://dx.doi.org/10.1101/144717. The copyright holder for this preprint (which was not
peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.

35. Department of Bioanalysis, Ghent University, Ghent, Belgium

36. Division of Intramural Research, National Institute of Environmental Health Sciences,
National Institutes of Health, Department of Health and Human Services, Research
Triangle Park, North Carolina, United States,

37. Behavioral and Urban Health Program, Behavioral Health and Criminal Justice Division,
RTI International, Research Triangle Park, North Carolina, United States

* These authors contributed equally to this work.
Corresponding author:

PatriciaA. Cassano, PhD

Division of Nutritional Sciences, Cornell University
209 Savage Hall

Cornell University

Ithaca, NY 14853

pac6@cornell.edu

607 255 7551 (PH); 607 255 2691 (FAX)

Running Title: Serum Vitamin D and Pulmonary Function
Total Word Count: 3,458 words

Number of Figuresto Print: 4

Number of Tablesto Print: 1

Footnotesto thetitle:

Cohort Funding

Thiswork was supported by National Institutes of Health (NIH) grant number R21 HL125574
funded by the National Heart, Lung, and Blood Institute (NHLBI) and the NIH Office of Dietary
Supplements (ODS) (co-Principal Investigators[co-Pls]: DBH and PAC). The corresponding
author (PAC) had full accessto the data for the meta-analysis, and had final responsibility for the
decision to submit for publication. No funding source had any role in the analysis of the data, the
writing of the manuscript, or the decison to submit it. This work was also supported in part by
RO1HLO77612 (Pl: RGB) and by the Intramural Research Program of the National Institutes of
Health (NIH), National Institute of Environmental Health Sciences (ZO1 ES043012, PI: SIL).
SIL is supported by the Intramural Research Program of NIH, National Institute of


http://dx.doi.org/10.1101/144717

bioRxiv preprint first posted online Jun. 2, 2017; doi: http://dx.doi.org/10.1101/144717. The copyright holder for this preprint (which was not
peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.

4

Environmental Health Sciences. Infrastructure for the CHARGE Consortium is supported in part
by the NHLBI grant RO1HL105756.

The Age, Gene/Environment Susceptibility (AGES)-Reykjavik Study has been funded by NIH
contracts NO1-AG-1-2100 and 271201200022C, the National Institute on Aging (NIA)
Intramural Research Program, Hjartavernd (the Icelandic Heart Association), and the Althingi
(the Icelandic Parliament). The study is approved by the Icelandic National Bioethics
Committee, VSN: 00-063. The researchers are indebted to the participants for their willingness
to participate in the study.

The Atherosclerosis Risk in Communities Study is carried out as a collaborative study supported
by NHLBI contracts HHSN268201100005C, HHSN268201100006C, HHSN268201100007C,
HHSN268201100008C, HHSN268201100009C, HHSN268201100010C,
HHSN268201100011C, and HHSN268201100012C. 25(OH)D measurements were conducted
with the support of RO1 HL103706 from the NHLBI and RO1 HL103706-S1 from the NIH ODS.
The authors thank the staff and participants of the ARIC study for their important contributions.

This Cardiovascular Health Study (CHS) research was supported by NHLBI contracts
HHSN268201200036C, HHSN268200800007C, NO1HC55222, NO1HC85079, NO1HC85080,
NO1HC85081, NO1HC85082, NO1HC85083, NO1HC85086; and NHLBI grants UO1HL 080295,
RO1HL085251, RO1IHL087652, RO1IHL 105756, RO1HL103612, RO1HL 120393, and

RO1HL 130114 with additional contribution from the National Institute of Neurological Disorders
and Stroke (NINDS). Additional support was provided through RO1AG023629 from NIA. A full
list of principal CHS investigators and institutions can be found at CHS-NHLBI.org. The content
is solely the responsibility of the authors and does not necessarily represent the official views of
the National Institutes of Health. Vitamin D measurements were made possible by NHLBI
(RO1HL084443-01A2).

Thiswork in Framingham Heart Study was supported by NHLBI’s Framingham Heart Study
contract (NO1-HC-25195 and HHSN2682015000011). Vitamin D measurementsin the
Framingham study were made possible by NIA (RO1 AG14759 to SLB.).


http://dx.doi.org/10.1101/144717

bioRxiv preprint first posted online Jun. 2, 2017; doi: http://dx.doi.org/10.1101/144717. The copyright holder for this preprint (which was not
peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.

The Health Aging and Body Composition cohort study was supported by NIA contracts
NO01AG62101, NO1AG2103, and NO1AG62106, NIA grant RO1-AG028050, NINR grant RO1-
NR012459, and in part by the Intramural Research Program of the NIA, NIH. This research was
further supported by RC1AG035835, and the serum vitamin D assays were supported by
RO1AG029364.

The Multi-Ethnic Study of Atherosclerosis (MESA) study is conducted and supported by NHLBI
in collaboration with MESA investigators. Support for MESA is provided by contracts
HHSN268201500003I, NO1-HC-95159, N01-HC-95160, NO1-HC-95161, NO1-HC-95162, NO1-
HC-95163, N01-HC-95164, N01-HC-95165, N01-HC-95166, NO1-HC-95167, NO1-HC-95168,
and NO1-HC-95169 from NHLBI, UL1-TR-000040, UL1-TR-001079, and UL1-TR-001881
from NCRR, and DK063491 from the NIDDK. The MESA Lung study was supported by grants
R0O1 HLO77612, RC1 HL100543 and RO1 HL093081 from NHLBI. Support for the Mineral
Metabolite dataset was provided by grant HL096875.

The Rotterdam Study is funded by Erasmus Medical Center and Erasmus University, Rotterdam,
the Netherlands; the Organization for the Health Research and Devel opment (ZonMw); the
Research Ingtitute for Diseases in the Elderly (RIDE); the Dutch Ministry of Education, Culture,
and Science; the Dutch Ministry for Health, Welfare, and Sports; the European Commission (DG
XI1), and the Municipality of Rotterdam. LL was a postdoctoral fellow of the Research
Foundation—F anders (FWO) in Brussals, Belgium. Part of thiswork was supported by a FWO-
grant GO35014N. DSM Nutritional Products AG, Kaiseraugst, Switzerland, sponsored the
Vitamin D serum analyses. The authors are grateful to the study participants, the staff from the

Rotterdam Study, and the participating general practitioners and pharmacists.

The Coronary Artery Risk Development in Y oung Adults Study (CARDIA) is supported by
contracts HHSN268201300025C, HHSN268201300026C, HHSN268201300027C,
HHSN268201300028C, HHSN268201300029C, and HHSN268200900041C from the National
Heart, Lung, and Blood Institute (NHLBI), the Intramural Research Program of the National
Institute on Aging (NIA), and an intra-agency agreement between NIA and NHLBI (AGO0005).


http://dx.doi.org/10.1101/144717

bioRxiv preprint first posted online Jun. 2, 2017; doi: http://dx.doi.org/10.1101/144717. The copyright holder for this preprint (which was not
peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.

Author Disclosure

Dr. Psaty serves on the DSMB of aclinical trial funded by the manufacturer (Zoll LifeCor) and
on the Steering Committee of the Y ale Open Data Access Project funded by Johnson & Johnson.

All other authors have no conflicts of interest. There isno commercial support or financial

interest from the tobacco industry for the research presented.

The study sponsors were not involved in study design, data collection, data analysis, data
interpretation, report writing, or decisions to submit the paper for publication. PAC and DBH
had final responsibility for the decision to submit for publication.

Online Supporting Material
Supplemental table, figures, and methods are available.
Abbreviation Footnote

25(0OH)D, 25-Hydroxyvitamin D; AA, African Ancestry; AGES, Age, Gene, Environment,
Susceptibility Study—Reykjavik, Iceland; ARIC, Atherosclerosis Risk in Communities Study;
CARDIA, Coronary Artery Risk Development in Y oung Adults Study; CHARGE, Cohorts for
Heart and Aging Research in Genomic Epidemiology Consortium; CHS, Cardiovascular Health
Study; CLIA, Chemiluminescence Immunoassay; COPD, Chronic Obstructive Pulmonary
Disease; EA, European Ancestry; FEV;, Forced Expiratory Volumein the First Second; FHS
(Offspring), Framingham Heart Study—Offspring Cohort; FHS (Gen3), Framingham Heart
Study—Generation 3 Cohort; FVC, Forced Vital Capacity; HABC, Health, Aging, and Body
Composition Study; LC-MS/MS, Liquid Chromatography in Tandem with Mass Spectrometry;
MESA, Multi-Ethnic Study of Atherosclerosis; NHANES, National Health and Nutrition
Examination Survey; PFT, Pulmonary Function Test; RIA, Radioimmunoassay; RS, Rotterdam
(Netherlands) Study.


http://dx.doi.org/10.1101/144717

© 00 N O 00~ WDN

e~ e L =
© 0 N O O M W N R O

20
21

bioRxiv preprint first posted online Jun. 2, 2017; doi: http://dx.doi.org/10.1101/144717. The copyright holder for this preprint (which was not

peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.

ABSTRACT

Therolethat vitamin D plays in pulmonary function remains uncertain. Epidemiological studies
reported mixed findings for the association of serum 25-hydroxyvitamin D [25(OH)D] and
pulmonary function. We conducted the largest cross-sectional meta-analysis of the 25(OH)D—
pulmonary function association to date, based on nine European ancestry (EA) cohorts
(n=22,838) and five African ancestry (AA) cohorts (n=4,290) in the CHARGE Consortium. Data
were analyzed using linear models by cohort and ancestry. Effect modification by smoking status
(current/former/never) was tested. Results were combined using fixed-effects meta-analysis.
Mean (SD) serum 25(OH)D was 68 (29) nmol/L for EAs and 49 (21) nmol/L for AAs. For each
1 nmol/L higher 25(OH)D, forced expiratory volume in thefirst second (FEV1) was higher by
1.1 mL in EAs (95% Cl: 0.9,1.3; P=2.5x10?") and 1.8 mL (95% CI: 1.1,2.5; P=1.6x10") in AAs
(Prace difference=0.06), and forced vital capacity (FVC) was higher by 1.3 mL in EAs (95% CI:
1.0,1.6; P=1.1x10®) and 1.5 mL (95% ClI: 0.8,2.3; P=1.2x10) in AAS (P;ace difference=0.56).
Among EAS, the 25(0OH)D—FV C association was stronger in smokers: per 1nmol/L higher
25(0OH)D, FVC was higher by 1.7 mL (95% CI: 1.1,2.3) for current smokers and 1.7 mL (95%
Cl: 1.2,2.1) for former smokers, compared to 0.8 mL (95% CI: 0.4,1.2) for never smokers. In
summary, the 25(OH)D associations with FEV; and FV C were positive in both ancestries. In
EAs, a stronger association was observed for smokers compared to never smokers, which
supports the importance of vitamin D in vulnerable populations.

Keywor ds: 25-hydroxyvitamin D; vitamin D; forced expiratory volume; vital capacity;
respiratory function tests; smoking; human; adult; whites; African Americans.
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INTRODUCTION

Chronic obstructive pulmonary disease (COPD), the third leading cause of mortality in the
U.S.%Y) and among the top 10 leading causes of total years of life lost in the world®, is
characterized by progressive airway obstruction. Pulmonary function tests (PFTs), as performed
by spirometry, are used to quantify pulmonary function parameters including forced expiratory
volumein thefirst second (FEV1) and forced vital capacity (FVC). Pulmonary function increases
throughout childhood, plateausin the 20s, and thereafter adults experience an age-related
decline®. The majority of COPD cases (85%) are related to smoking™, which alters the
tragjectory in pulmonary function, by hindering growth, reducing peak function, and accelerating
age-related decline®.

Vitamin D is proposed to have protective effects in the lungs via gene regulation®. In vitro
studies found that 1,25-dihydroxyvitamin D, the active vitamin D metabolite, induced
antimicrobial peptides for host defensein the lung and modulated airway remodeling!”. In
humans, 25-hydroxyvitamin D [25(OH)D] isthe major vitamin D metabolite in serum, most of
which forms a complex with vitamin D binding protein (~85-90% is DBP-bound)®, and then is
metabolized to 1,25-dihydroxyvitamin D [1,25-(OH),D], the active steroid hormone form® 9.
Total 25(OH)D isthe commonly used biomarker of vitamin D status, and it is preferred to other
vitamin D metabolites, such as non-DBP-bound 25(OH)D and 1,25-(OH).D, given that itisa
comprehensive indicator for vitamin D stores, has alonger half-life (~3 weeks) and is less
affected by calcium™® . On average, African ancestry (AA) populations have lower serum
25(0OH)D concentrations, due to multiple factors including genetics and skin pigmentation’”, but
there is evidence that AA populations have higher 1,25-(OH).D levels and greater bone mineral
density compared to European ancestry (EA) populationst™.

Previous observational cross-sectional studies of the vitamin D—pulmonary function association
in the general population reported mixed findings. Most of these studies reported a positive
association between 25(0OH)D and pulmonary function™*?| although some reported anull or
inverse association®??, and two others reported a positive association under certain conditions,
such as only in male current smokers® or only in overweight and obese males'®”. The largest
previous cross-sectional study, which included two Danish cohorts (total n = 18,507), reported
positive associations of 25(OH)D with pulmonary function®®. Only one prior cross-sectional
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study investigated serum 25(OH)D and pulmonary function in an ancestry group other than
European, and it confirmed similar positive associations in the 3,957 AA participants studied™.

The current study investigated the hypothesis that serum 25(OH)D level is positively associated
with pulmonary function. We leveraged the Cohorts for Heart and Aging Research in Genomic
Epidemiology (CHARGE) Consortium to include population-based data on serum 25(0OH)D and
pulmonary function in a harmonized analysis. Additionally, we compared the association of
serum 25(0OH)D and pulmonary function across EA and AA groups and investigated effect
modification by cigarette smoking.

MATERIALSAND METHODS

Cohortsand Participants

Nine prospective cohorts in the CHARGE Consortium were included (Table 1). All cohorts had
EA participants, and five of the cohorts had AA participants. Only one cohort [Multi-Ethnic
Study of Atherosclerosis (MESA)] has participants with other ancestries, and these other
ancestries were not included in this study. Among the nine cohorts, the Framingham Heart Study
(FHS) had two sub-cohorts analyzed separately: the Offspring and the Third-Generation (Gen3)
cohorts. Our analysis pipeline harmonized the outcome and exposure definitions, the units on all
variables, and the statistical modeling. The same exclusion criteria were applied to each cohort:
missing PFTs, unacceptable PFTs using the American Thoracic Society and European
Respiratory Society criteriafor acceptability, missing serum 25(OH)D, serum 25(0OH)D > 374.4
nmol/L (or 150ng/mL, leading to removal of a single outlier)®, or missing on other covariates

(Supplemental Table 1).
Outcome and Exposur e Assessment

Pre-bronchodilator pulmonary function outcomes (FEV 1, FVC, and FEV1/FVC), which have
similar accuracy as post-bronchodilator measures for long-term outcomes®®, were measured in
each cohort using standardized methods defined by the American Thoracic Society/European
Respiratory Society criteria (Supplemental Table 2). The methods used to measure 25(OH)D
varied by cohort (Supplemental Table 2). Three cohorts, including MESA, the Atherosclerosis
Risk In Communities (ARIC) study, and the Cardiovascular Health Study (CHS), used the

current reference method, liquid chromatography in tandem with mass spectrometry (LC-
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81 MS/MYS); three cohorts, including FHS, the Coronary Artery Risk Development in Y oung Adults
82 (CARDIA) study, and the Health, Aging, and Body Composition (HABC) study, used

83 radioimmunoassay (RIA); one cohort, the Age, Gene, Environment, Susceptibility Study—

84  Reykjavik, Iceland (AGES), used chemiluminescence immunoassay (CLIA); and one cohort [the
85 Rotterdam Study (RS)] used dectro-CLIA. Only MESA calibrated the serum 25(OH)D

86  measurement against the standard reference material 972", which reflects the calendar time of
87  the measurements in the cohorts, most of which occurred before the availability of the standard
88 reference material (Supplemental Table 3). CARDIA measured serum vitamin D in a subset of
89 participantsincluded in an ancillary study of bone mineral homeostasis®®. For the remaining

90 cohorts, measurements of the outcome and exposure variables were planned for either the full

91  cohort or arandom sample (Supplemental Table 1). Continuous variables were used for serum
92  25(OH)D and pulmonary function to capture the association of 25(OH)D on PFTs across the

93  broad distribution of rangesin the cohorts.

94  Asshownin Table 1, among nine cohorts, four [AGES, CHS, FHS-Offspring, and FHS-Gen3]
95 had amean time difference of less than one year in the PFT measurements and the preceding
96 25(OH)D measurement, and the greatest mean time difference between 25(OH)D and PFT

97  measurement was < 5 years [MESA]. Participantsin ARIC and HABC had blood drawn for
98  serum 25(0OH)D after their PFT measure, but within 3 years.

99  Other covariates, including smoking status, pack-years (number of packs of cigarettes smoked
100 per day timesthe number of years smoked), height, weight, and age, were measured concurrently
101  with pulmonary function, except for CHS, which assessed covariates concurrent with the serum
102  25(OH)D measure, but within 1 year of the PFT measurement (Supplemental Table 3). All data
103  collection and analysis was approved by the Institutional Review Board at each cohort’s
104  respective ingtitution. Spirometry measures are available on the database of Genotypes and
105 Phenotypes via accession numbers as follows: ARIC (phs000280), CARDIA (phs000285), CHS
106  (phs000287), FHS (phs000007), and MESA (phs000209). Serum vitamin D measures are also
107  available at the same accession numbers for CHS, FHS, and MESA.
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108 Statistical Analysisin Individual Cohorts

109 All analyses were first conducted independently in each cohort, stratified by ancestry, given the
110  lower mean serum 25(OH)D level in AA participantst”. For FEV; and FEV1/FVC, models were
111  adjusted for smoking status, pack-years, height, height squared, age, age squared, sex, season of
112  blood draw, and study center (if applicable); for FVC, the model was further adjusted for weight.
113 Residua outliers, identified using the studentized residuals of the linear models (Supplemental
114  Methods for more details), were excluded from all models. The model was extended to test the
115 interaction between 25(0OH)D and smoking status [never (reference group), former, and current

116  smokers].

117 Meta-Analysis

118 Fixed-effects meta-analysis was conducted for the association of serum 25(OH)D on each PFT
119  outcome for each ancestry group, using inverse variance weighting, with heterogeneity assessed
120  viatheI*statistic®. The comparison of meta-analyzed coefficients of the 25(OH)D—PFT

121  associations for the two ancestry groups was conducted using a Z test®?. Meta-analysis of the
122  interaction terms of 25(OH)D with smoking status was also performed (Supplemental M ethods
123  for more details).

124  Meta-regression was conducted to explore the potential causes of heterogeneity in the primary
125 meta-analysis of serum 25(OH)D on FEV; (or FVC) in EAs. Modifiers were tested individually
126  inthe meta-regression models to investigate heterogeneity; modifiers included factors that could
127  vary between cohorts, such as proportion of ever, current, and former smokers, mean 25(0OH)D
128 level, assay method for serum 25(OH)D, time between 25(OH)D and PFT measures, and mean
129  age of participantsin each cohort. The two-sided type | error was examined at 0.05 for all

130 analyses. Meta-analysis and meta-regression were conducted using the metafor package (version
131 1.9-8)inR (version 3.2.3., R Foundation for Statistical Computing, Vienna, Austria).

132 RESULTS

133  Westudied 22,838 EA and 4,290 AA participants. EA participants had higher FEV 1, FVC, and
134  serum 25(OH)D than AA participants in each cohort, while FEV1/FVC was similar across

135 ancestry groups (Table 1 and Supplemental Figure 1). CARDIA and FHS-Gen3 were younger
136 than the seven other cohorts, with consequently lower pack-years smoked in ever smokers.
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137  Acrossal cohorts, among EA participants, 17% were current smokers and 40% were former

138 smokers; among AA participants, 22% were current smokers and 30% were former smokers. The
139  serum 25(OH)D level was highest among never smokers [mean(SD) = 70(30) nmol/L], followed
140 by former smokers[67 (29) nmol/L], and current smokers[64 (29) nmol/L] in EAs, whilethe
141  trend wasless obviousin AAs[49 (21) nmol/L in current smokers, 50 (21) nmol/L in former

142  smokers, and 48 (21) nmol/L in never smokers]. The mean (SD) of serum 25(0OH)D for EA

143  participants across nine cohorts was 68 (29) nmol/L and for AA participants across five cohorts
144  the mean (SD) was 49 (21) nmol/L.

145 Regression coefficients (B) and standard errors (SE) calculated within each cohort per 1 nmol/L
146 25(0OH)D are presented in the figures. Additionally, to put the magnitude of the 25(OH)D—PFT
147  associationsin terms relevant to public health, the meta-analyzed regression coefficients were
148  multiplied by 10 nmol/L 25(OH)D, which is about half of the standard deviation (SD) of the
149  25(OH)D distribution.

150 Meta-analysis (Figurel) reveaed a consistently positive association of serum 25(OH)D with the
151  PFT outcomes, FEV; and FVC, in both ancestry groups. To put these findings into context, a 10
152  nmol/L (~0.5 SD) higher 25(OH)D was associated with 11.1 mL higher FEV,in EAs (P =

153  2.5x10?Y) and 17.9 mL higher FEV; in AAs (P = 1.6x10). Similarly, for a 10 nmol/L higher
154  25(OH)D, FVC was higher by 12.9 mL in EAs (P = 1.1x10%) and by 15.4 mL in AAs (P =

155  1.2x10™). The magnitudes of the 25(0OH)D—PFT associations did not differ significantly between
156 thetwo ancestry groups (P = 0.06 and P = 0.56 for FEV; and FV C, respectively). The association
157  of serum 25(OH)D with FEV1/FV C reached gtatistical significance only in EAs (P = 0.0013),
158  and the magnitude was negligible; a 10 nmol/L higher 25(OH)D was associated with aratio

159  being lower by 0.0055% (Supplemental Table 4 and Supplemental Figure 2 for ancestry- and
160  cohort-specific findings).

161 Inthe main-effect meta-analysis of serum 25(OH)D on pulmonary function, there was low to
162 moderate heterogeneity in the EA cohorts, and low heterogeneity in the AA cohorts (Figure 1,
163  Supplemental Figure 2). We used meta-regression to explore potential causes of moderate
164  heterogeneity in the meta-analysis of 25(OH)D on FEV; and FVC in the EA cohorts. Cohorts
165  with lower mean 25(OH)D concentration had stronger 25(OH)D—PFT associations (Figure 2).
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166  The proportion of ever smokers and of former smokers had significant linear associations with
167 the 25(OH)D—PFT coefficients (Supplemental Figure 3), and these two variables were both
168  highly correlated with mean 25(OH)D levels (Pearson’sr > 0.75 for all pairwise correlations).
169 The 25(OH)D—PFT association in EA cohorts varied by 25(OH)D assay method (meta-

170  regression p < 0.02); the association was attenuated in cohorts using RIA compared to cohorts
171  using LC-MS/MS (pairwise p < 0.005, Supplemental Figure 4). Mean age of each cohort was a
172  significant positive modifier of the 25(OH)D—FEV 1 association, while time difference between
173  25(0OH)D and spirometry measures did not affect the 25(OH)D—PFT association (Supplemental
174  Figure3).

175 To examinethe potential impact of family relatedness between the FHS-Gen3 and the FHS-
176  Offspring cohorts on the meta-analysis, sensitivity analysis confirmed that the findings were

177  unchanged when either cohort was excluded (results not shown).

178  Cohort-specific findings (Supplemental Table 5 and 6) from models that included the 25(OH)D
179  x smoking status interaction terms were combined in secondary meta-analyses (Supplemental
180 Table 7). Inthe EA cohorts, 25(0OH)D had a greater positive association with FVC in current
181  smokersthan in never smokers (Beurrent x 25(0myp = 7.5 mL for 10 nmol/L increment of 25(OH)D, P
182 =0.047). Smilarly, 25(OH)D had a greater positive association with FVC in former smokers
183  thanin never smokers (Brormer x 25¢0Hyp = 7.9 mL for 10 nmol/L increment of 25(OH)D, P =

184  0.0065) (Figure 3). For the FEV; outcome in the EA cohorts, the interaction coefficients for

185 25(OH)D and smoking status had the same positive direction as the coefficients for FVC, but
186 werenot datistically significant for either current (P = 0.14) or former smokers (P = 0.14). There
187 wasno statistical evidence of interaction of 25(OH)D and cigarette smoking in the AA cohorts
188 for either outcome. To put the interaction finding into context, a 10 nmol/L higher serum

189  25(OH)D was associated with a17.3 mL higher FVC in current smokers and a 16.6 mL higher
190 FVCinformer smokers, which was more than double the association magnitude in never

191 smokers(B =7.8mL). A similar trend was found for the FEV; outcome in the EA cohorts. For
192 10 nmol/L higher serum 25(0OH)D, FEV; was higher by 14.0 mL in current smokers, 12.0 mL in

193 former smokers, and 8.0 mL in never smokers (Figure 4).
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194 DISCUSSION

195 Thisstudy investigated the association of serum 25(OH)D with pulmonary function using

196  multiple cohorts of different ancestries. We found a consistently positive association of serum
197  25(0OH)D with FEV; and FVC across both EA and AA groups. In addition, in the EA group, a
198  significantly stronger association was observed for current and former smokers, compared to
199  never smokers.

200 A previous cross-sectional study in a European ancestry population (two Copenhagen cohorts. n
201 =10,116 and n = 8,391 respectively) similarly reported positive associations of 25(OH)D with
202  FEV, percentage predicted and FV C percentage predicted, but not with FEV/FVC®®. The

203  magnitude of the association was about four times greater in the Copenhagen study, which may
204  bedueto the difference in the mean serum 25(OH)D (Danish median ~42 nmol/L vs. CHARGE
205 median of ~65 nmol/L) given our finding that the 25(OH)D—PFT association was stronger in
206  cohortswith lower serum 25(OH)D. Our finding for the serum 25(OH)D—FEV; association was
207  similar in magnitude to the association reported in a British cohort of 6,789 participants with an
208  average age of 45 years™”, but weaker than a previous report from the FHS cohort™. Given that

209 therate of declinein FEV; at age 45 is increased by ~15 mL/year in current smokers®?

, we
210 estimatethat a 10 nmol/L higher 25(OH)D is similar to approximately 1 year of current

211  smoking-related declinein FEV; for both ancestries, but in the opposite direction. Potential

212  biological mechanismsfor a causal association between low 25(OH)D levels and low pulmonary
213  function include an altered immune response that increases susceptibility to inflammation, a

214  reduction in pulmonary parenchyma related to extracellular matrix homeostasis important for
215  lung structure, and/or adecrease in serum calcium that could adversely affect thoracic skeleton

216  mobility and respiratory muscle performance®?.

217  Our findings show that the association of serum 25(OH)D with FEV 1 and FVC were stronger in
218 magnitudein AA versus EA participants, although the difference by race did not reach statistical
219 dgignificance. The finding may reflect the lower serum 25(OH)D in AA participants, which is
220  consistent with the meta-regression finding and with a previous study reporting attenuated

221  associations at higher serum 25(OH)D (15). Future studies that investigate genetic variation in
222 EAsand AAsin the context of serum 25(OH)D may help explain the differences.
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223  In EA participants, the positive interaction terms between serum 25(OH)D and smoking status
224 supported a stronger magnitude of association of serum 25(OH)D with FVC in current and

225  former smokersthan in never smokers, with a consistent, but not statistically significant,

226 difference for FEV1. Theinteraction finding is consistent with a prior cross-sectional National
227  Hedth and Nutrition Examination Survey (NHANES) study, which reported a stronger

228  25(OH)D-FEV; association in current and former smokers than in never smokers that was near
229  statistical significance (P = 0.06)*. Given smokers have a higher level of oxidative stress and
230 lower pulmonary function than never smokers, partly due to chronic inflammation in lung tissue,
231  the stronger protective association of 25(OH)D on pulmonary function in smokers suggests a
232  benefit for smokers. To explore thisinteraction, estimates of the 25(OH)D—PFT association were
233  computed within each smoking category. In EA participants, the 25(OH)D-FEV; (or FVC)

234  associations were statistically significant in all strata. Generally, in ever smokers of European
235  ancestry, the coefficients for 25(OH)D were greater for FVC than for FEV;.

236 Metaregression provided additional evidence for effect modification by smoking. The

237  proportion of ever smokers was a significant modifier of the association of serum 25(OH)D with
238 FEV;and FVC. The higher the proportion of ever smokers, the greater the 25(OH)D—PFT

239 association. More specifically, the proportion of former smokers explained the heterogeneity in
240  the 25(OH)D—PFT association across cohorts more fully than the proportion of current smokers;
241  thismay be explained by a survival biasin older participants who were current smokers. The
242  meta-regression based on mean age of the cohorts yielded findings that were consistent with a
243  prior NHANES study that showed the association of 25(OH)D and FEV; was greater in people
244 over age 60 compared to younger individuals™?.

245  There are several methodological considerations in interpreting the findings of this study. First,
246  the meta-regression showed stronger 25(OH)D—PFT associations in cohorts with lower mean
247  serum 25(OH)D, indicating a non-linear 25(OH)D—PFT association. Thisfinding is cons stent
248  with aprior study in the FHS cohort, which reported a non-linear association and a stronger
249  25(0OH)D—FEV; association in participants at risk of vitamin D deficiency (< 30 nmol/L)®.
250  Second, serum 25(OH)D was measured by four different methods across the cohorts. For

251 example, two cohorts with high mean 25(OH)D (> 90 nmol/L) used RIA methods. These same
252  cohorts had alower magnitude estimate of the 25(OH)D—PFT association; if the higher mean


http://dx.doi.org/10.1101/144717

bioRxiv preprint first posted online Jun. 2, 2017; doi: http://dx.doi.org/10.1101/144717. The copyright holder for this preprint (which was not
peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.

16

253  representsthe ‘truth’ (and is not caused by measurement error in the RIA assay), then the lower
254  25(OH)D-PFT association may be primarily driven by the vitamin D distribution and not by the
255 RIA method. Whether the assay method itself directly influences the estimate of the 25(OH)D—
256  PFT association requires further data. Third, in this cross-sectional meta-anaysis, there were
257  minor differences in the time separation between the measurement of serum 25(OH)D and

258  pulmonary function, but the meta-regression test for heterogeneity confirmed that time

259  separation between measurements did not affect the 25(OH)D—PFT associations. Indeed, past
260 studies with longitudinal measurements of serum 25(OH)D reported a high correlation of

261 25(OH)D measurements over along period of time, with a correlation coefficient of 0.7 for

262  measurements separated by 1 year, 0.5 for measurements separated by 5 years®, and 0.42-0.52
263  for measurements separated by 14 years®?, which supports the use of a single 25(OH)D

264  measurement to represent usual level. Fourth, residual confounding was unlikely given the

265  consigtent results across multiple cohorts in various settings. Weight was adjusted for the FVC
266  outcome, given that higher weight and adiposity negatively affects lung volume (i.e., FVC)®;
267  weight was not adjusted in the FEV 1 models, given FEV; is a measure of airways obstruction
268 and not physical restriction of lung volume. Physical activity was not adjusted because it isnot a
269  confounder in estimating the serum 25(OH)D—PFT association; while physical activity is known
270  to contribute to oxygen utilization in lungs®® thereis little evidence and no biological rationale
271  for acausal association of physical activity with either FEV; or FVC®”, which are markers for
272  airways obstruction and lung volume, respectively. Finally, we do not expect selection biasto
273  affect the estimate of the serum vitamin D—PFT association in this meta-anaysis; the association
274  magnitude and direction was consistent across all cohorts, regardless of the proportion of the
275 origina cohort contributing to the analysis. Thus, selection bias is expected to be negligible and
276  would likely lead to an underestimated association, given the participants retained in the cohorts
277  are expected to be, on average, healthier than those who were lost to follow-up.

278  This study meta-analyzed the serum 25(OH)D—PFT association across nine cohorts, according to
279  acommon pipeline that harmonized the variables and statistical analysis. The sample size

280 comprised 17,569 EA participants from the United States; 5,269 EA participants from Iceland
281 andthe Netherlands; and 4,290 AA participants from the United States, all of whom were 19 to
282 95 yearsold. The sample provided excellent representation of the U.S. population, based on

283  comparisons of demographic factors including sex, height, weight, smoking status, and COPD
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284  prevalence (~6.1%) to national surveys®®**?, which strengthens the external validity of the
285  study’sfindings.

286  In summary, using meta-analysis, we estimated a positive association of serum 25(OH)D with
287  the pulmonary function parameters FEV; and FVC in both EA and AA participants. Associations
288  varied by smoking statusin the EA group, with stronger serum 25(OH)D—PFT associations seen
289 incurrent and former smokers. The observational design means we cannot infer a causal

290 association, and future studies, such as randomized controlled trials or Mendelian randomization
291  studies, are needed to further investigate the causality of 25(OH)D on pulmonary function.
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Table 1. Cross-sectional participant characteristics of each cohort in the CHARGE Consortium (n = 27,128)"

21

European Ancestry
Cohort

Number of
participants

Males, percentage

Current Smoker,
percentage

Former Smoker,
percentage

Pack-years®
Age, year
Height, m
Weight, kg"
FEV,, mL
FVC, mL
FEV./FVC

Serum 25(OH)D,
nmol/L"™"

Never smoker
Former smoker
Current smoker

Method of 25(0OH)D
measurement

Time from 25(0OH)D
to PFT, days™

ARIC
8,327

46.0
234

349

28.0(20.9)
54.2 (5.7)
1.69 (0.09)
76.8 (16.2)
2,946 (767)
3,987 (973)
0.739
(0.077)

64.7 (21.8)

64.3 (21.0)
67.1(215)
61.8 (23.1)
LC-MSMS

-1,073 (67)

CARDIA
172

58.7
116

16.3

6.2(7.2)
34.8 (3.1)
1.73 (0.09)
76.9 (17.0)
3,881 (743)
4,967 (999)
0.785
(0.060)
95.0 (35.3)

95.4 (34.4)

94.5 (43.0)

92.7(29.5)
RIA

1,122 (89)

Season of 25(0OH)D measur ement, per centage®

Spring
Sumer
Fall

Winter

31.2
26.1
233
195

8.1
36.1
343
215

CHS'
1,297

30.15
9.4

449

28.1(25.3)
73.7 (4.4)
1.63 (0.09)
706 (14.2)
2,010 (611)
2,881 (829)
0.700
(0.095)
68.0 (27.9)

67.1(25.1)
69.4 (29.4)
65.4 (33.2)
LC-MSMS

363 (29)

205
30.1
296
19.8

HABC?
1,411

533
6.5

49.8

36.4 (32.0)
737 (2.8)
1.67 (0.09)
745 (14.5)
2,324 (649)
3,118 (810)
0.745
(0.078)
72.2 (25.6)

73.7 (25.9)

717 (24.8)

65.0 (28.1)
RIA

-382(39)

30.5
18.1
228
28.6

MESA
1,113

49.2
8.4

47.2

30.1(29.6)
66.3 (9.9)
1.69 (0.10)
79.7 (17.3)
2,556 (768)
3,492 (995)
0.734
(0.087)
75.6 (28.2)

765 (27.7)
76.2 (28.5)
66.9 (28.2)
LC-MS/MS

1,765 (112)

29.0
222
249
239

AGES
1,685

40.8
9.8

424

246 (21.9)
76.2 (5.6)
1.67 (0.09)
75.4 (14.7)
2,142 (670)
2,877 (837)
0.744
(0.087)
52.4 (235)

54.1(22.8)

52.3 (24.1)

445 (22.7)
CLIA

1(5)

224
124
338
314

FHS
(Offspring)
1,639

48.1
143

50.5

265 (22.8)
59.4 (9.3)
1.68 (0.09)
79.4 (17.2)
2,724 (757)
3,711 (950)
0.733
(0.078)
49.2 (18.9)

496 (18.6)

49.8 (18.6)

459 (20.6)
RIA

133 (377)

29.2
110
291
30.7

FHS
(Gen3)

3,610

47.3
153

28.0

12.4 (13.4)
40.2 (8.7)
1.71 (0.09)
78.6 (18.4)
3,592 (787)
4,621 (999)
0.779
(0.063)
92.8 (36.0)

93.2(35.4)"
935 (37.0)
89.9 (36.3)
RIA

2 (61)

26.8
296
241
194

RS
3,584

446
16.0

529

229 (216)
64.4 (9.7)
1.69 (0.09)
795 (14.6)
2848 (866)
3692 (1063)

0.771
(0.082)

61.0 (27.4)

59.7 (25.9)
62.3(27.7)
59.5 (29.4)

Electro-CLIA

846 (808)

29.6
18.9
30.0
215
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African Ancestry ARIC CARDIA CHS' HABC* MESA
Cohort
Number of 2,339 157 168 863 763
participants
Males, percentage 353 51.6 25.6 445 474
Current Smoker, 275 26.1 10.7 15.8 15.7
percentage
Former Smoker, 239 9.6 429 39.3 38.3
percentage
Pack-years® 21.4(20.7) 5.3 (4.6) 21.9(18.3) 29.4 (23.4) 23.6 (21.8)
Age, year 53.3(5.7) 339(3.2) 71.9 (4.5) 734 (2.9) 65.6 (9.7)
Height, m 1.68 (0.09) 1.71(0.10) 1.63 (0.08) 1.66 (0.09) 1.68 (0.10)
Weight, kg' 835 (17.1) 82.2(16.9) 75.7 (13.3) 78.2 (15.1) 84.3(16.9)
FEV,, mL 2,495 (638) 3237(709)  1,801(508)  1,958(566) 2,200 (667)
FVC, mL 3,255 (806) 4077(920) 2,507 (706) 2,594 (712)  2,933(869)
FEV./FVC 0.768 0.799 0.723 0.757 0.755
(0.077) (0.070) (0.076) (0.090) (0.093)
Serum 25(OH)D, 474 (17.5) 69.4 (31.2) 446 (21.1) 51.8 (22.4) 479 (22.3)
nmol/L
Never smoker 46.8 (16.7) 71.3(30.1) 43.7 (19.2) 51.8 (22.7) 49.1 (22.3)
Former smoker 485 (18.0) 69.2 (35.6) 47.2 (24.2) 52.3(21.8) 49.3 (22.6)
Current smoker 475 (18.4) 64.8 (32.4) 38.3(14.9) 50.4 (23.2) 40.9 (20.0)
Method of 25(OH)D LC-MS/MS RIA LC-MSMS RIA LC-MSMS
measurement
Timefrom25(OH)D  -1,054 (114) 1,101 (104) 350 (26) -390 (53) 1,719 (115)
to PFT, days™
Season of 25(0OH)D measur ement, per centage®
Spring 30.0 10.2 58.9 35.6 346
Sumer 30.7 56.0 71 16.2 235
Fall 20.7 23.6 8.9 24.9 19.7
Winter 18.6 10.2 25.0 23.3 22.3
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Abbreviation: 25(0OH)D, 25-Hydroxyvitamin D; AGES, Age, Gene, Environment, Susceptibility Study—Reykjavik, Iceland; ARIC,
Atherosclerosis Risk in Communities Study; CARDIA, Coronary Artery Risk Development in Y oung Adults Study; CHS,
Cardiovascular Health Study; CLIA, Chemiluminescence Immunoassay; FEV 1, Forced Expiratory Volume in the First Second; FHS
(Offspring), Framingham Heart Study—Offspring Cohort; FHS (Gen3), Framingham Heart Study—Generation 3 Cohort; FVC,
Forced Vital Capacity; HABC, Health, Aging, and Body Composition Study; LC-MSMS, Liquid Chromatography in Tandem with
Mass Spectrometry; MESA, Multi-Ethnic Study of Atherosclerosis; RIA, Radioimmunoassay; RS, Rotterdam (Netherlands) Study.

Data are presented as mean (SD) unless otherwise indicated; AGES, RS, and FHS only have participants of European ancestry; n =

22,838 for EAs, n =4,290 for AAs, total n = 27,128.

The number of participants used to compute descriptive statisticsin CHS excluded those who had residual outliers based on the

preliminary models (n = 8 for EAsand n = 6 for AAS); while other cohorts used the number of participants before applying residual

exclusion for the descriptive statistics.

* Numbers vary dightly for different outcomesin HABC (For the FVC outcome, n = 1385 for EAs and n = 821 for AAs, for theratio

outcome, n = 1382 for EAsand n = 817 for AAS). The numbers of participants for the FEV; outcome are used. However, the

descriptive statisticsis similar across different outcomes.

Pack-yearsis calculated only among current and former smokers in each cohort.

I'We used 1,554 ever smokers here, instead of atotal of 1,561 ever smokersin the Gen3 cohort, because the pack-years of seven ever
smokers were so small that they were coded as 0. Therefore, these seven ever smokers do not contribute to the pack-years
descriptive statistics here.

T The number of participants who have weight datais slightly different from the total number of participants in each cohort. However,
the descriptive statistics of weight stays similar.

" Mean (SD) of serum 25(0OH)D level for al the participantsin each cohort, and mean (SD) of 25(0OH)D level in participants with
each smoking status are shown here, stratified by ancestry.

" We used 2,046 never smokers, rather than atotal of 2,049 never smokers in the Gen3 cohort, to compute the 25(OH)D level in never
smokers.

*The time difference is the interval between the time when pulmonary function was measured and the time when serum vitamin D
was measured. The differenceis positive, if the serum vitamin D was measured before the pulmonary function test; while the value
isnegative, if the serum vitamin D was measured after the pulmonary function test.

58 The proportion of participantsin each season when their serum was measured was rounded (thus rounding errors mean sums may
not be exactly 100%).

‘uolssiwiad InoyuM pamojje asnal oN "paslasal siybu ||y “Japuny/ioyine ays si (pamainal-1aad

Jou sem yaiym) wiudaud siy oy 1spjoy ybuAdod syl /T/¥¥T/TOTT 0T/Bio 10p Xp//2dny :10p :2T0Z ‘2 "ung suljuo paisod 1sil) udaid Axygolq


http://dx.doi.org/10.1101/144717

bioRxiv preprint first posted online Jun. 2, 2017; doi: http://dx.doi.org/10.1101/144717. The copyright holder for this preprint (which was not
peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.

24

Figure 1. Forest plots of the meta-analysis of serum 25(OH)D on FEV; and FVC across
cohortsin the CHARGE Consortium, stratified by participant ancestry. Associations are
presented for serum 25(OH)D on (A) FEV1 in European ancestry cohorts (n = 22,787). (B) FEV1
in African ancestry cohorts (n = 4,282). (C) FVC in European ancestry cohorts (n = 22,777). (D)
FVC in African ancestry cohorts (n = 4,239). B (unit: mL) denotes the coefficient from the fixed-
effects meta-analysis for serum 25(OH)D on the pulmonary function outcome per 1 nmol/L
increment of 25(OH)D, with its 95% confidence interval. Cohorts findings were ordered from
the least to the most precise, and heterogeneity is presented (12).

Abbreviation: 25(0OH)D, 25-Hydroxyvitamin D; AA, African Ancestry; AGES, Age, Gene,
Environment, Susceptibility Study—Reykjavik, Iceland; ARIC, AtherosclerosisRisk in
Communities Study; CARDIA, Coronary Artery Risk Development in Y oung Adults Study;
CHS, Cardiovascular Health Study; CI, Confidence Interval; EA, European Ancestry; FE, Fixed-
Effects; FEV 1, Forced Expiratory Volume in the First Second; FHS (Offspring), Framingham
Heart Study—Offspring Cohort; FHS (Gen3), Framingham Heart Study—Generation 3 Cohort;
FVC, Forced Vital Capacity; HABC, Health, Aging, and Body Composition Study; MESA,
Multi-Ethnic Study of Atherosclerosis; RS, Rotterdam (Netherlands) Study.

Figure 2. Meta-regression of mean serum 25(OH)D levels against the association estimates
of 25(OH)D with PFT in nine European ancestry cohortsin the CHARGE Consortium. (A)
FEV; outcome (coefficient unit: mL per 1 nmol/L 25(OH)D), and (B) FV C outcome (coefficient
unit: mL per Inmol/L 25(0OH)D). The modifier is mean serum 25(OH)D level of each nine
cohorts. A linear regression lineis present for each sub-figure, with a meta-regression p-value of
0.0006 for the FEV; outcome, and 0.005 for the FV C outcome. The figure also shows the
measurement method for the serum 25(OH)D assay (legend shows symbols for each of the 4
assay methods).

Abbreviations: 25(0OH)D, 25-Hydroxyvitamin D; AGES, Age, Gene, Environment,
Susceptibility Study—Reykjavik, Iceland; ARIC, Atherosclerosis Risk in Communities Study;
CARDIA, Coronary Artery Risk Development in Young Adults Study; CHS, Cardiovascular
Health Study; CLIA, Chemiluminescence Immunoassay; FEV 1, Forced Expiratory Volumein
the First Second; FHS (Offspring), Framingham Heart Study—Offspring Cohort; FHS (Gen3),
Framingham Heart Study—Generation 3 Cohort; FVC, Forced Vital Capacity; HABC, Health,
Aging, and Body Composition Study; LC-MS/MS, Liquid Chromatography in Tandem with
Mass Spectrometry; MESA, Multi-Ethnic Study of Atherosclerosis; PFT, Pulmonary Function
Test; RIA, Radioimmunoassay; RS, Rotterdam (Netherlands) Study.

Figure 3. Forest plots of theinteraction meta-analysis of serum 25(OH)D and smoking
status on FVC in the European ancestry cohortsin the CHARGE Consortium (n = 22,777).
(A) Current Smokers and (B) Former Smokers. B (unit: mL) denotes the interaction term
coefficient of 25(OH)D and smoking status on FVC from the fixed effects meta-analysis, per 1
nmol/L increment of 25(OH)D, with its 95% confidence interval. Cohorts were ordered from the
least to the most precise, and heterogeneity is presented (1%).

Abbreviation: 25(0OH)D, 25-Hydroxyvitamin D; AGES, Age, Gene, Environment, Susceptibility
Study—Reykjavik, Iceland; ARIC, Atherosclerosis Risk in Communities Study; CARDIA,
Coronary Artery Risk Development in Y oung Adults Study; CHS, Cardiovascular Health Study;
Cl, Confidence Interval; EA, European Ancestry; FE, Fixed-Effects;, FHS (Offspring),
Framingham Heart Study—Offspring Cohort; FHS (Gen3), Framingham Heart Study—
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Generation 3 Cohort; FVC, Forced Vital Capacity; HABC, Health, Aging, and Body
Composition Study; MESA, Multi-Ethnic Study of Atherosclerosis, RS, Rotterdam (Netherlands)
Study.

Figure 4. Meta-analysis of the association of serum 25(OH)D—PFT outcomes among
current, former, and never smokersin the European ancestry cohortsin the CHARGE
Consortium. FEV; and FVC are presented for each smoking status. p (unit: mL) denotes that 1
nmol/L higher serum 25(OH)D was associated with ap mL higher FEV; (or FVC), calculated
from an analysis including the interaction of serum 25(OH)D and smoking status. The error bar
represents + 1 standard error. We used 22,787 EA participants for the FEV; outcome and 22,777
EA participants for the FVC outcome.

Abbreviation: 25(0OH)D, 25-Hydroxyvitamin D; EA, European Ancestry; FEV;, Forced
Expiratory Volumein the First Second; FVC, Forced Vital Capacity; PFT, Pulmonary Function
Test.
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