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The relative association of leg length and total height on lung volumes may be important for the
clinical assessment of forced vital capacity (FVC) and for understanding critical periods in lung
development. The expected size of the FVC in a healthy person generally takes account of their
age, sex and size. Most commonly size has been assessed as standing height or standing height
squared. Louw et al. suggested that sitting height gave a better assessment of lung function
than standing height.! Harik-Khan et al. suggested that differences in sitting height explained
the difference in lung volumes in European Americans and African Americans, and suggested
that this might be explained by the thoracic height being lower relative to total height in African
Americans.? Krause et al., in a comparison of Danish and Inuit children, also suggested that a
lower height-adjusted Forced Vital Capacity (FVC) in Danish children might be explained by
shorter limb lengths in the Inuit children.® Gunnell et al. showed an association between leg

length and both one-second Forced Expiratory Volume (FEV,) and FVC in the Scottish Midspan

study.”

In addition to an association between leg length and lung volumes, there has been an extensive
investigation of the relation of leg length to cardiovascular and metabolic health,*” conditions
which are themselves associated with low lung volumes.®"" Furthermore, as leg length is
particularly compromised by growth failure in infancy and childhood it could indicate a
mechanism that explains the association between short limb lengths, low lung volumes and

cardiovascular and metabolic co-morbidities.

In the follow up to the Burden of Obstructive Lung Disease (BOLD) study, we have investigated

the relation of fibular length to spirometric values of lung volume.

The detailed description of the BOLD follow-up study has been reported elsewhere.'? Briefly,
study sites were selected if they had participated in the BOLD baseline survey, were able to
undertake a follow-up survey and were either in low- or middle-income or the Nordic countries.

All those who had provided good-quality lung function measurements at baseline were eligible
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for follow up. Those who were available and consented were administered questionnaires, had
their lung function tested and were measured by trained fieldworkers according to a common
protocol. Standing height was measured using a stadiometer to the nearest centimetre. Fibular
length was measured with a flexible tape from the head of the fibula, at the knee, to the lateral
malleolus, at the ankle. Waist circumference was measured at the end of normal expiration
midway between the iliac crest and the costal margin. For each of these assessments, two
measurements were made to the nearest millimetre and the average of the two used as the
estimate. Lung function was assessed using the ndd EasyOne spirometer (ndd Medizintechnik
AG, Zurich, Switzerland) before and after inhaling 200ug salbutamol (albuterol) through a spacer

(Able, Clement-Clark International).

Data were described as percentages or as means and standard deviation. Inverse probability
weights were used to account for missingness in the follow-up sample. For each sex separately,
FVC was regressed against age, height-squared, the ratio of fibular length to standing height,
waist circumference and smoking history using meta-analytic techniques to allow for the
clustered nature of the study by region and site. The analysis was cross-sectional and

undertaken using Stata v.17.

The protocol was approved by the Imperial College London Research Ethics Committee (ref.

171C4272) and by the relevant ethics committee in each study site.

A total of 2440 men and 3060 women had complete data. The mean age of the participants
ranged from 54 years (Mysore, India) to 69 years (Uppsala, Sweden) in men, and from 53 years
(Mysore, India) to 69 years (Tartu, Estonia) in women. Mean height ranged from 162 cm
(Nampicuan & Talagtug, Philippines) to 179 cm (Reykjavik, Iceland) in men, and from 151 cm
(Pune, India) to 165 cm (Reykjavik, Iceland) in women. Mean fibular length ranged from 37 cm
(Naryn, Kyrgyzstan) to 47 cm (Jamaica) in men, and from 34 cm (Mysore, India) to 43 cm

(Jamaica) in women. Mean waist circumference ranged from 78 cm (Chikwawa, Malawi) to 106
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cm (Tartu, Estonia) in men, and from 79 cm (Pune, India) to 106 cm (Sousse, Tunisia) in women.
Among men, only 34% had ever smoked and half had given up. Among women, only 9% had
ever smoked and only 5% were still smoking. Mean FVC ranged from 2.91 L (Pune, India) to 4.39

L (Reykjavik, Iceland) in men, and from 1.95 L (Pune, India) to 3.09 L (Reykjavik, Iceland) in

women.

A greater post-bronchodilator FVC was associated with greater height (metre?), with younger
age and lower waist circumference (Table). The association with smoking was only significant
for ex-smoking in men. The beta-coefficient for the ratio of fibula length to height was not
significant in either women (f-coefficient= 0.561; 95% confidence interval (95%CI) -0.748,
1.869) or men (B-coefficient:1.796 ; 95%CI: -0.335 3.928) and the B-coefficients did not vary

significantly between BOLD sites in either sex.

In this multinational study, we have not found a clear association between the ratio of fibular
length to total height and FVC. The associations that we have found, though positive and
consistent across sites, are small and not significant. We do not exclude a positive association,
but any association is likely to be small. After standing height, the next most important
dimension associated with FVC was the waist circumference, possibly through central obesity

restricting movement of the diaphragm.

We chose to measure fibular length rather than leg length or sitting height first because of ease
of measurement and standardisation, and secondly because secular changes in growth have
been greater in lower than in upper limbs and greater in the lower leg than in the upper leg." As
with all other measurements in the study, training was standardised for all sites. The lung
function was also standardised by training to a common protocol and by central over-reading of

all measurements and re-training of technicians whenever quality began to deteriorate.
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The BOLD study includes a diverse population spread over a wide geographical area. The
variation in fibular length is also wide, the largest average measurements being found in sub-
Saharan Africa and Jamaica. The larger mean values in sub-Saharan Africa and Jamaica would
seem to be at odds with the general hypothesis that fibular length is predominantly determined
by nutrition in childhood and adolescence, and that leg measurements of all sorts are
associated with better environments, nutrition and health.' There has always been an element
of paradox in the hypothesis that longer relative leg length in the more deprived African
American population might explain their low FVC relative to standing height. The lack of any
significant heterogeneity in this result suggests that fibula-to-height ratio is not an explanation

of FVC in any specific site or cluster of sites.

There is evidence for regional differences in the relation of FVC to age and height'® but in this
large multinational study, we were not able to demonstrate any substantive association

between fibular length and FVC.

Funding: The follow-up study was funded by UK Medical Research Council (MR/R011192/1) and
AstraZeneca AB (ESR-17-13417). For full details see Amaral AFS, Potts J, Knox-Brown B, et al.
Cohort Profile: Burden of Obstructive Lung Disease (BOLD) study Int J Epidemiol 2023; 52(6):

e364-e73. The funders had no role in the analysis or interpretation of the findings.

Acknowledgements: We thank all participants and staff for their time and effort put into this
study. Infrastructure support for this research was provided by the NIHR Imperial Biomedical

Research Centre (BRC).

BOLD (Burden of Obstructive Lung Disease) Collaborative Research Group members

Downloaded from https://publications.ersnet.org on July 11, 2025 by guest. Please see licensing information on first page for reuse rights.



Albania: Hasan Hafizi (principal investigator [PI]), Anila Aliko, Donika Bardhi, Holta Tafa, Natasha
Thanasi, Arian Mezini, Alma Teferici, Dafina Todri, Jolanda Nikolla, and Rezarta Kazasi (Tirana
University Hospital Shefget Ndroqi, Albania); Algeria: Hamid Hacene Cherkaski (Pl), Amira
Bengrait, Tabarek Haddad, Ibtissem Zgaoula, Maamar Ghit, Abdelhamid Roubhia, Soumaya
Boudra, Feryal Atoui, Randa Yakoubi, Rachid Benali (Department of Pneumology, Faculty of
Medicine, Annaba, Algeria), Abdelghani Bencheikh and Nadia Ait-Khaled (Department of
Epidemiology and Prevention, EPHS ElHadjar, Algeria); Australia: Christine Jenkins (Pl), Guy
Marks (Pl), Tessa Bird, Paola Espinel, Kate Hardaker, Brett Toelle (Woolcock Institute of Medical
Research, Sidney, Australia); Austria: Michael Studnicka (Pl), Torkil Dawes, Bernd Lamprecht,
and Lea Schirhofer (Department of Pulmonary Medicine, Paracelsus Medical University,
Salzburg, Austria); Benin: Herve Lawin (Pl), Arsene Kpangon, Karl Kpossou, Gildas Agodokpessi,
Paul Ayelo, Benjamin Fayomi, Rolus Atrokpo, Gaston Hounton, Dieudonné Yadjodo (Unit of
Teaching and Research in Occupational and Environmental Health, University of Abomey Calavi,
Cotonou, Benin); Cameroon: Bertrand Mbatchou (PIl), Atongno Humphrey Ashu (Douala General
Hospital, Douala, Cameroon); Canada: Wan C Tan (Pl) and Wen Wang (iCapture Center for
Cardiovascular and Pulmonary Research, University of British Columbia, Vancouver, BC,
Canada); China: NanShan Zhong (Principal Investigator [PI]), Shengming Liu, Jiachun Lu, Pixin
Ran, DaliWang, Jin-ping Zheng, and Yumin Zhou (Guangzhou Institute of Respiratory Health, First
Affiliated Hospital of Guangzhou Medical College, Guangzhou, China); Estonia: Rain Jogi (PI),
Hendrik Laja, Katrin Ulst, Vappu Zobel, Toomas-Julius Lill, Katrin Kiili, and Ira Laanelepp (Lung
Clinic, Tartu University Hospital, Tartu, Estonia); Germany: Tobias Welte (PI), Isabelle Bodemann,
Henning Geldmacher, and Alexandra Schweda-Linow (Dept of Pneumology, Hannover Medical
School and German Center of Lung Research, Hannover, Germany); lceland: Thorarinn Gislason
(Pl), Bryndis Benedikdtsdottir, Kristin Jorundsdottir, Lovisa Gudmundsdottir, Sigrun
Gudmundsdottir, Gunnar Gudmundsson, Elin Helga Thorarinsdottir, and Hjordis Sigrun Palsdottir

(Department of Allergy, Respiratory Medicine, and Sleep, Landspitali University Hospital,

Downloaded from https://publications.ersnet.org on July 11, 2025 by guest. Please see licensing information on first page for reuse rights.



Reykjavik, Iceland); India: Mahesh Padukudru Anand (Pl) (JSS Medical College, JSSAHER,
Mysuru, India); Parvaiz A Koul (Pl), Sajjad Malik, Nissar A Hakim, and Umar Hafiz Khan (Sher-i-
Kashmir Institute of Medical Sciences, Srinagar, J&K, India); Rohini Chowgule (PI), Vasant Shetye,
Jonelle Raphael, Rosel Almeda, Mahesh Tawde, Rafiq Tadvi, Sunil Katkar, Milind Kadam, Rupesh
Dhanawade, and Umesh Ghurup (Indian Institute of Environmental Medicine, Mumbai, India);
Sanjay Juvekar (PI), Siddhi Hirve, Somnath Sambhudas, Bharat Chaidhary, Meera Tambe, Savita
Pingale, Arati Umap, Archana Umap, Nitin Shelar, Sampada Devchakke, Sharda Chaudhary,
Suvarna Bondre, Savita Walke, Ashleshsa Gawhane, Anil Sapkal, Rupali Argade, Vijay Gaikwad,
Dhiraj Agrawal, Babu Pawar, Shalan Mhetre, Namdev Kale, and Shirish Kathale (Vadu Rural Health
Program, Pune, India); Sundeep Salvi (PI), Bill Brashier, Jyoti Londhe, and Sapna Madas (Chest
Research Foundation, Pune, India); Jamaica: Althea Aquart-Stewart (Pl), Akosua Francia Aikman
(University of the West Indies, Kingston, Jamaica); Kyrgyzstan: Talant M Sooronbaev (Pl), Bermet
M Estebesova, Meerim Akmatalieva, Saadat Usenbaeva, Jypara Kydyrova, Eliza Bostonova, Ulan
Sheraliev, Nuridin Marajapov, Nurgul Toktogulova, Berik Emilov, Toktogul Azilova, Gulnhara
Beishekeeva, Nasyikat Dononbaeva, and AijamalTabyshova (Pulmunology and Allergology
Department, National Centre of Cardiology and Internal Medicine, Bishkek, Kyrgyzstan); Malawi:
Kevin Mortimer (Baseline Pl), Wezzie Nyapigoti, Ernest Mwangoka, Mayamiko Kambwili, Martha
Chipeta, Gloria Banda, Suzgo Mkandawire, Justice Banda, Graham Devereux (Follow-up PI),
Jamie Rylance, Martin Njoroge, Catherine Chirwa, Chifundo Mhango, Edgar Ngwira, Faith
Zumazuma, Frank Jonas, and Patrick Mjojo (the Malawi Liverpool Wellcome Trust, Blantyre,
Malawi); Malaysia: Li-Cher Loh (Pl), Abdul Rashid, and Siti Sholehah (Royal College of Surgeons
in Ireland and University College Dublin Malaysia Campus (RUMC)); Morocco: Mohamed C
Benjelloun (Baseline Pl), Chakib Nejjari, Mohamed Elbiaze, Karima El Rhazi (Follow-up PI),
Manelle Rjimati, Btissame ElHarche, Reda Benjelloun, and Yassin Chefchaou (Laboratoire
d’épidémiologie, Recherche Clinique et Santé Communautaire, Feés, Morroco); The

Netherlands: E F M Wouters and G J Wesseling (Maastricht University Medical Center,

Downloaded from https://publications.ersnet.org on July 11, 2025 by guest. Please see licensing information on first page for reuse rights.



Maastricht, the Netherlands); Nigeria: Daniel Obaseki (Pl), Gregory Erhabor, Olayemi Awopeju,
and Olufemi Adewole (Obafemi Awolowo University, Ile-Ife, Nigeria); Norway: Amund Gulsvik
(Baseline PI), Tina Endresen, Lene Svendsen (Department of Thoracic Medicine, Institute of
Medicine, University of Bergen, Bergen, Norway), and Rune Nielsen (Follow-up PIl), Marit Aardal,
Hildegunn B Fleten, Gerd Eli Dale, Eli Nordeide, Malin P Grgttveit, Asa Skjelde, Ane Aamli Gagnat,
Anders QOrskov Rotevatn, Marta Erdal (Department of Clinical Science, University of Bergen,
Bergen, Norway); Pakistan: Asaad A Nafees (PlI), Muhammad Irfan, Hasan Nawaz Tahir,
Muhammad Noman, Roman Ul Haq (Aga Khan Univeristy, Karachi, Pakistan); Philippines: Luisito
F Idolor (Baseline Pl), Teresita S de Guia, Norberto A Francisco, Camilo C Roa, Fernando G
Ayuyao, Cecil Z Tady, Daniel T Tan, Sylvia Banal-Yang, Vincent M Balanag, Jr, Maria Teresita N
Reyes, Renato B Dantes, and Stefanni Nonna M Paraguas (Follow-up Pl) (Lung Centre of the
Philippines and Philippine Heart Centre, Philippine General Hospital, Nampicuan and Talugtug,
the Philippines); Renato B Dantes (Baseline Pl), Lourdes Amarillo, Lakan U Berratio, Lenora C
Fernandez, Norberto A Francisco, Gerard S Garcia, Teresita S de Guia, Luisito F Idolor, Sullian S
Naval, Thessa Reyes, Camilo C Roa, Jr, Ma Flordeliza Sanchez, and Leander P Simpao (Philippine
College of Chest Physicians, Manila, the Philippines); Poland: Ewa Nizankowska-Mogilnicka (PI),
Jakub Frey, Rafal Harat, Filip Mejza, Pawel Nastalek, Andrzej Pajak, Wojciech Skucha, Andrzej
Szczeklik, and Magda Twardowska, (Division of Pulmonary Diseases, Department of Medicine,
Jagiellonian University School of Medicine, Krakow, Poland); Portugal: Cristina Barbara (PI),
Fatima Rodrigues, Herminia Dias, Jodo Cardoso, Jodo Almeida, Maria Jodo Matos, Paula Simao,
Moutinho Santos, and Reis Ferreira (the Portuguese Society of Pneumology, Lisbon,
Portugal); Saudi Arabia: M Al Ghobain (PI), H Alorainy (PI), E El-Hamad, M Al Hajjaj, A Hashi, R
Dela, R Fanuncio, E Doloriel, | Marciano, and L Safia (Saudi Thoracic Society, Riyadh, Saudi
Arabia); South Africa: Eric Bateman (Baseline Pl), Anamika Jithoo (Baseline Pl), Desiree Adams,
Edward Barnes, Jasper Freeman, Anton Hayes, Sipho Hlengwa, Christine Johannisen, Mariana

Koopman, Innocentia Louw, Ina Ludick, Alta Olckers, Johanna Ryck, Janita Storbeck, and Richard

Downloaded from https://publications.ersnet.org on July 11, 2025 by guest. Please see licensing information on first page for reuse rights.



van Zyl-Smit (Follow-up PI) (University of Cape Town Lung Institute, Cape Town, South Africa); Sri
Lanka: Kirthi Gunasekera (Pl), Rajitha Wickremasinghe (Medical Research Institute, Central
Chest Clinic, Colombo, Sri Lanka); Sudan: Asma Elsony (Baseline Pl), Hana A Elsadig, Nada
Bakery Osman, Bandar Salah Noory, Monjda Awad Mohamed, Hasab Alrasoul Akasha Ahmed
Osman, Namarig Moham ed Elhassan, Abdel Mu‘is El Zain, Marwa Mohamed Mohamaden,
Suhaiba Khalifa, Mahmoud Elhadi, Mohand Hassan, Dalia Abdelmonam, Rana Ahmed (Follow-
up PI), Rashid Osman, Hind Eltigani, Najlaa Mohamed Abass, Ahmed Beriar Ahmed, Sahar
AlaElddin (Epidemiological Laboratory, Khartoum, Sudan); Sweden: Christer Janson (Pl), Inga Sif
Olafsdottir, Katarina Nisser, Ulrike Spetz-Nystrom, Gunilla Hagg, Gun-Marie Lund, Andrei
Malinovschi, Eva Wallberg, Birgitta Appelfeldt, and Mona Andrén (Department of Medical
Sciences: Respiratory Medicine and Allergology, Uppsala University, Uppsala, Sweden); Trinidad
and Tobago: Terence Seemungal (Pl), Fallon Lutchmansingh, Liane Conyette (University of the
West Indies, St Augustine, Trinidad and Tobago); Tunisia: Imed Harrabi (Baseline Pl), Myriam
Denguezli (Follow-up Pl), Zouhair Tabka (deceased), Hager Daldoul, Zaki Boukheroufa, Firas
Chouikha, Wahbi Belhaj Khalifa, Safa Hsan, Nadia Lakhdar, and Mounir Landolsi (University
Hospital Farhat Hached, Faculté de Médecine, Sousse, Tunisia); Turkey: Ali Kocabas (PI), Attila
Hancioglu, Ismail Hanta, Sedat Kuleci, Ahmet Sinan Turkyilmaz, Sema Umut, and Turgay Unalan
(Department of Chest Diseases, Cukurova University School of Medicine, Adana, Turkey); UK:
Peter G J Burney (Baseline and Follow-up PI), Anamika Jithoo, Louisa Gnatiuc, Hadia Azar, Jaymini
Patel, Caron Amor, James Potts, Michael Tumilty, Fiona McLean, Risha Dudhaiya, Andre F S
Amaral (Project lead), Octavia Mulhern, Emmanouil Bagkeris, Jasleen Gegic, Paul Cullinan,
Cosetta Minelli (National Heart and Lung Institute, Imperial College London, London, UK); USA:
A Sonia Buist (Baseline Pl) (Oregon Health & Science University, Portland, OR), Mary Ann
McBurnie, William M Vollmer, Suzanne Gillespie (Kaiser Permanente Center for Health Research,
Portland, OR); Sean Sullivan (University of Washington, Seattle, WA); Todd A Lee, Kevin B Weiss,

(Northwestern University, Chicago, IL); Robert L Jensen, Robert Crapo (Latter Day Saints Hospital,

Downloaded from https://publications.ersnet.org on July 11, 2025 by guest. Please see licensing information on first page for reuse rights.



Salt Lake City, Utah); Paul Enright (University of Arizona, Tucson, AZ); David M Mannino (PI), John
Cain, Rebecca Copeland, Dana Hazen, and Jennifer Methvin, (University of Kentucky, Lexington,

KY); Vanessa Garcia Larsen (John Hopkins Bloomberg School of Public Health, Baltimore, MD)

References

1. Louw SJ, Goldin JG, Joubert G. Spirometry of healthy adult South African men. Part I.
Normative values. S Afr Med J 1996; 86(7): 814-9.

2. Harik-Khan R, Muller D, Wise R. Racial difference in lung function in African-American
and White children: effect of anthropometric, socioeconomic, nutritional, and environmental
factors. AmerJ Epidemiol 2004; 160(9): 893.

3. Krause TG, Pedersen BV, Thomsen SF, et al. Lung function in Greenlandic and Danish
children and adolescents. Respiratory Medicine 2005; 99: 363-71.
4. Gunnell D, Whitley E, Upton MN, McConnachie A, Smith GD, Watt GCM. Associations of

height, leg length, and lung function with cardiovascular risk factors in the Midspan Family
Study. J Epidemiology Community Health 2003; 57(2): 141.

5. Gunnell DJ, Davey Smith G, Frankel S, et al. Childhood leg length and adult mortality:
follow up of the Carnegie (Boyd Orr) Survey of Diet and Health in Pre-war Britain. J Epidemiol
Community Health 1998; 52: 142-52.

6. Ferrie J, Langenberg C, Shipley M, Marmot M. Birth weight, components of height and
coronary heart disease: evidence from the Whitehall Il study. Int J Epidemiol 2006; 35(6): 1532.
7. Smith GD, Greenwood R, Gunnell D, Sweetnam P, Yarnell J, Elwood P. Leg length, insulin

resistance, and coronary heart disease risk: the Caerphilly Study. J Epidemiology Community
Health 2001; 55(12): 867.

8. Beaty TH, Cohen BH, Newill CA, Menkes HA, Diamond EL, Chen CJ. Impaired pulmonary
function as a risk factor for mortality. American Journal of Epidemiology 1982;116(1): 102-13.
9. Yeh H-C, Punjabi N, Wang N-Y, Pankow J, Duncan B, Brancati F. Vital capacity as a

predictor of incident type 2 diabetes: the Atherosclerosis Risk in Communities study. Diabetes
care 2005; 28(6): 1472.

10. Kulbacka-Ortiz K, Triest FJJ, Franssen FME, et al. Restricted spirometry and
cardiometabolic comorbidities: Results from the international population based BOLD study.
Respiratory Research 2022; 23(1): 34.

11. Janson C, Potts J, Malinovschi A, et al. Lung function and onset of cardiometabolic
diseases in the longitudinal Burden of Obstructive Lung Disease study. BMJ Open Respiratory
Research 2025; 12: e002442. .

12. Amaral AFS, Potts J, Knox-Brown B, et al. Cohort Profile: Burden of Obstructive Lung
Disease (BOLD) study Int J Epidemiol 2023; 52(6): e364-e73.

13. Jantz LM, Jantz RL. Secular Change in Long Bone Length and Proportion in the United
States, 1800-1970. Amer J Physical Anthropology 1999; 110: 57-67.

14. Bogin B, Varela-Silva MI. Leg Length, Body Proportion, and Health: A Review with a Note
on Beauty. Int J Environ Res Public Health 2010; 7: 1047-75.

Downloaded from https://publications.ersnet.org on July 11, 2025 by guest. Please see licensing information on first page for reuse rights.



15. Burney PGJ, Potts J, Knox-Brown B, et al. Geographical variation in lung function: Results
from the multicentric cross-sectional BOLD study. Pulmonology 2025; 31(1): 2430491.

Downloaded from https://publications.ersnet.org on July 11, 2025 by guest. Please see licensing information on first page for reuse rights.



Table. Association of FVC with anthropometric measurements and smoking status in the BOLD follow up study.

Women (n-3060) Men (n=2440)
B 95%Cl 12 P (heterogeneity)* | B 95%Cl 12 P
(heterogeneity)*

Age(/year) -0.020 -0.023,-0.016 57 0.003 -0.022 | -0.028,-0.016 70 <0.001
Current smoker 0.099 -0.111, 0.308 64 0.003 -0.102 -0.228, 0.023 47 0.020
Ex-smoker 0.086 -0.027,0.199 45 0.055 -0.084 | -0.165,-0.003 20 0.22
Height-squared (m?) 1.066 0.863,1.269 74 <0.001 1.393 1.188, 1.597 55 0.005
Fibula/height 0.561 -0.748, 1.869 29 0.14 1.796 -0.335, 3.928 36 0.073
Waist -0.005 | -0.007,-0.003 35 0.089 -0.011 -0.014,-0.007 56 0.003

*Probability that 12is not significant.
Note: any smoking history is rare among women, and current smoking is rare among men.

Bold typeface indicates significant B-coefficient (p<0.05)
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