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ABSTRACT

Background: Measurement of lung volumes across the life course is critical to the diagnosis and
management of lung disease. The aim of the study was to use the Global Lung Function Initiative
methodology to develop all-age multi-ethnic reference equations for lung volume indices determined using
body plethysmography and gas dilution techniques.

Methods: Static lung volume data from body plethysmography and gas dilution techniques from
individual, healthy participants were collated. Reference equations were derived using the LMS (lambda-
mu-sigma) method and the generalised additive models of location shape and scale programme in R. The
impact of measurement technique, equipment type and being overweight or obese on the derived lung
volume reference ranges was assessed.

Results: Data from 17 centres were submitted and reference equations were derived from 7190
observations from participants of European ancestry between the ages of 5 and 80 years. Data from non-
European ancestry populations were insufficient to develop multi-ethnic equations. Measurements of
functional residual capacity (FRC) collected using plethysmography and dilution techniques showed
physiologically insignificant differences and were combined. Sex-specific reference equations including
height and age were developed for total lung capacity (TLC), FRC, residual volume (RV), inspiratory
capacity, vital capacity, expiratory reserve volume and RV/TLC. The derived equations were similar to
previously published equations for FRC and TLC, with closer agreement during childhood and
adolescence than in adulthood.

Conclusions: Global Lung Function Initiative reference equations for lung volumes provide a generalisable
standard for reporting and interpretation of lung volumes measurements in individuals of European
ancestry.

This article has supplementary material available from erj.ersjournals.com

The European Respiratory Society Global Lung Function Initiative lung volume reference equations were endorsed by
the ERS Executive Committee on 2 September 2020, and have also been endorsed by the following respiratory societies:
American Thoracic Society (ATS), Australian and New Zealand Society of Respiratory Science (ANZSRS), Thoracic
Society of Australia and New Zealand (TSANZ), Pan African Thoracic Society (PATS) and Latin American Thoracic
Association (ALAT).
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Introduction

All-age Global Lung Function Initiative (GLI) reference equations are available for spirometry [1] and
transfer factor of the lung for carbon monoxide (Tico) [2]. Through collation of normative data from
around the world, the GLI Network has developed reference equations that facilitate standardised
interpretation of lung function results and improve our understanding of normal lung growth and
development [3-6].

Static lung volumes (functional residual capacity (FRC), total lung capacity (TLC), residual volume (RV))
are often considered components of a "complete" pulmonary function test. Gas dilution techniques or
plethysmography are required to measure FRC. The use of linked spirometry manoeuvres allows the
measurement of vital capacity (VC), expiratory reserve volume (ERV) and inspiratory capacity (IC) and in
combination with FRC allow the calculation of TLC and RV. Static lung volume measurements do not
reveal a specific diagnosis, but rather provide a physiological pattern which can be used in conjunction
with spirometry and Ty o tests to refine a differential diagnosis [7].

It is well accepted that individual lung volumes measured by plethysmography and gas dilution technique
are not interchangeable [8]. Specifically, the difference in FRC measured by plethysmography and gas
dilution in patients with obstructive lung disease is itself a measure of gas trapping. In addition, the
specific properties of different dilution gases, and the techniques used to measure and calculate different
indices can produce different results within an individual. However, the extent to which variations in the
lung volumes acquired from different measurement techniques affects population variability and hence the
upper and lower limits of normal in large, representative datasets of healthy individuals has yet to be
evaluated.

Similar to other pulmonary function tests, measured lung volume values need to be compared to a
reference population for appropriate interpretation [7]. Reference equations for lung volumes including the
upper and lower limits of normal have been reported in children and adults [9-18]; none have spanned
the full paediatric and adult age range, and none evaluate different lung volume measurement techniques.
There are currently no static lung volumes reference equations recommended by any of the respiratory
societies, which has resulted in inconsistent reporting and interpretation of lung volume measurements
across the world.

The objective of this study was to collate lung volume data from healthy individuals and derive GLI
reference ranges for static lung volume indices.

Methods

An application was approved for a European Respiratory Society (ERS) task force to develop global lung
volume reference values. Task force co-chairs and members were approved by the ERS. Task force
members were scientists and healthcare professionals with significant experience in international
guidelines and lung function testing and knowledge of respiratory physiology and statistical modelling.
Potential conflicts of interest were disclosed to and vetted by the ERS.

Data sources

Authors of published studies that included lung volume measurements in healthy individuals were
contacted and invited to share their data with the GLI lung volumes task force. Information about the task
force was circulated through international and local respiratory societies to solicit unpublished data or
published data that had not been identified. Data were accepted from lung volume measurements made
using body plethysmography as well as gas dilution techniques (e.g. helium dilution and multiple-breath
washout). Details about the equipment and methodology used, as well as information relating to
adherence with current international technical standards [8] were collected from the published papers,
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from the authors or manufacturers directly, to confirm that methods were compatible with those currently
available. As the GLI analytical team did not have access to raw data sources to confirm data quality, it
was assumed that if contributors indicated that American Thoracic Society (ATS)/ERS standards were
applied, then the submitted data met all acceptability and repeatability criteria of the relevant standards.
All contributing authors provided explicit permission for data to be shared with the GLI Network and
confirmed local regulatory approval for the collection and sharing of data. An online, secure data portal
was used to capture data [19]. All data were anonymised and submitted using a standard data template;
initial data queries were performed, and contributors were contacted to clarify outliers.

Health was defined as never-smoked with no history of self-reported or doctor-diagnosed respiratory
disease. Outliers were identified using a priori criteria: forced expiratory volume in 1 s (FEV,) z-scores >5
or <—5, and height z-scores >5 or <—5 in children (age <18 years). These limits were used to identify data
discrepancies and exclude participants in the extremes of the healthy population.

Statistical analyses

The generalised additive models of location shape and scale (GAMLSS) [20] modelling approach was
applied [21, 22]. Briefly, the lambda-mu-sigma (LMS) method is an extension of regression analysis which
includes three components: 1) the skewness (lambda), which models the departure of the variables from
normality using a Box-Cox transformation; 2) the median (mu); and 3) the coefficient of variation
(sigma), which models the spread of values around the median and adjusts for any non-uniform
dispersion [23]. The three quantities (LMS) are allowed to change with height and/or age, to reflect
changes in lung function distributions as people grow and age. We applied the LMS method using the
GAMLSS package in the statistical programme R. Goodness of fit was assessed by Schwartz Bayesian
criteria, Q-Q plots and worm plots.

Lung volume technique (e.g plethysmography compared with gas dilution), equipment and centre
differences were systematically compared using two approaches. Firstly, reference equations were derived
for all valid data and individual z-scores were calculated for each observation. A one-way ANOVA test was
used to determine whether there were any statistically significant differences between calculated z-scores
for each of the lung volume methods and equipment. In each case the largest group was used as the
reference and mean+sp of the offset relative to the reference are reported. Secondly, technique, equipment
and centre were each added to the final prediction model as covariates to determine whether 1) the
addition of these variables improved model fit and 2) the variables were statistically significant and
independent predictors of the relevant lung volume index.

As obesity is known to affect lung volumes, the impact of being overweight or obese on lung volume
indices was assessed. Normal weight included individuals whose body mass index (BMI) was <85th centile
for children [24], and <25kgm™ from adults aged >19 years. Jones and Nzekwu [25] suggest that
changes in FRC (and ERV) are exponential for BMI 25-30 kg-m >, suggesting that a cut-off for normal
weight of 25 kg-m™? is appropriate. z-scores in overweight individuals were summarised compared with
normal-weight individuals.

As the majority of the data were from one centre, we examined any potential bias that might have arisen.
A random sample of data were selected from this centre and reference equations were created using only
the smaller dataset.

Results

Study population

Data from 17 centres in 11 countries (table 1) were submitted, giving a total of 7721 measurements to the
GLI lung volume task force. Similar to previous GLI task forces, many centres contributed smaller
datasets, with a smaller number of centres contributing larger datasets; one centre contributed data from
3705 individuals. The vast majority of data (97.2%) came from participants of European ancestry.
European ancestry was defined using the same classification as in the GLI spirometry analysis [1]. Data
from participants of non-European ancestry were excluded (206 measurements). If FRC data were not
submitted, we did not report other lung volume indices (for example VC derived from a slow VC
manoeuvre). The available data, after exclusions, were from individuals aged 3.2-91.0 years and are
summarised in table 2 and supplementary figure SI1. Due to the small number of participants aged
<5 years (n=35), and >80 years (n=79), the equations and look-up tables are limited to 5-80 years. The
average height of adult males was 171+7.6 cm (range 145-203 cm), and 157.7+7.0 cm in females (range
134-186 cm). In a subset of the submitted data (n=5605), FEV; and forced vital capacity (FVC) data
acquired from spirometry were submitted. In these participants, predicted lung function (z-scores) was
derived from the 2012 GLI spirometry equations, resulting in a mean#sp z-score for FEV,, FVC and
FEV,/FVC ratio of 0.19+1.00 (figure 1a), 0.31£1.00 (figure 1b) and —0.23+0.83, respectively.
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TABLE 1 Summary of data by centre before exclusions

Participants n Equipment European ancestry Obese FEV, z-score

France 184 Jaeger MasterScreen 97.8 10.9 0.24£0.92
Italy 3705 SensorMedics Vmax 100.0 24.0 0.31£0.96
Australia 128 Eco Medics Exhalyzer 93.0 8.6

Australia 66 SensorMedics Vmax 100.0 4.6 0.26+0.91
French Polynesia 113 CosMed 221 39.8 0.67+1.00
Australia 123 SensorMedics Spectra 100.0 8.1 0.23+0.90
Germany 58 ndd EasyOne Pro Lab 100.0 8.6

Tunisia 615 Other 100.0 22.8 -0.31£1.16
Australia 91 SensorMedics Spectra 100.0 L.b

Mexico 132 Jaeger Master Screen 100.0 7.6 0.20+0.97
Spain 545 Jaeger Master Screen 100.0 0.0 —0.02+0.90
Mexico 164 ndd EasyOne Pro Lab 100.0 11.6 0.10+1.18
Mexico 453 ndd EasyOne Pro Lab 100.0 4.4

Switzerland 82 Eco Medics Exhalyzer 100.0 2.4

Netherlands 723 Jaeger Master Screen 100.0 4.0

United States 59 Medisoft BodyBox 0.0 1.9 0.69+0.97
United Kingdom 160 Jaeger Master Screen 71.9 8.1 —0.06+1.05

Data are presented as % or meantsp, unless otherwise stated. Summary of data submitted to the Global
Lung Function Initiative (GLI) lung volumes task force. Obesity was defined as body mass index (BMI) >95th
centile in children and BMI >30 kg-m~2 in adults (aged >18years). Some centres (n=11] submitted
spirometry data from which the meantsp of the forced expiratory volume in 1s (FEV;) z-score was
calculated using the GLI 2012 spirometry equations [1].

Reference values

Sex-specific reference equations for FRC were derived (table 3, figure 2). Initial analyses of the FRC values
showed significant overlap between plethysmography and gas dilution techniques across all ages
(supplementary figure S2a and table S1); therefore, preliminary models combined data from all techniques.

TABLE 2 Summary of the demographic characteristics of the available data for each lung
volume index

Participants Age years Female

FRC

He 683 22.3-87.0 399 (58.4)

N, 489 3.2-50.0 263 (53.8)

Plethysmography 6018 6.0-91.0 3434 (57.1)

Combined techniques 7190 3.2-91.0 4096 (57.0)
TLC

He 681 22.3-87.0 398 (58.4)

N, 229 4.0-12.9 113 (49.3)

Plethysmography 5905 6.0-91.0 3367 (57.0)

Combined techniques 6815 4.0-91.0 3878 (56.9)
RV

Combined techniques 5660 4.9-91.0 3296 (58.2)
ERV

Combined techniques 4741 7.1-91.0 2768 (58.4)
IC

Combined techniques 5461 4.0-91.0 3167 (58.0)
vc

Combined techniques 5654 4.9-91.0 3300 (58.4)

Data are presented as n, range or n (%). Demographics of submitted data are presented in relation to the
method used to collect data [(either helium (He) or nitrogen [(N;] multiple-breath washout or
plethysmography). FRC: functional residual capacity; TLC: total lung capacity; RV: residual volume; ERV:
expiratory reserve volume; IC: inspiratory capacity; VC: vital capacity. RV was calculated as TLC — VC if VC
was available and as FRC — ERV if ERV was available.
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FIGURE 1 Available a) forced expiratory volume in 1s (FEV;) z-scores and b) forced vital capacity (FVC) z-scores from participants with lung
volume data. FEV; and FVC data were submitted from 5605 individuals with matching lung volumes data. Data were a good fit to the Global Lung
Function Initiative 2012 spirometry reference equations [1] with a meanzsb of 0.19+1.00 for FEV; and 0.31+1.00 for FVC.

Subsequently, we tested whether the predicted values derived from the combined data systematically
differed according to which method was used to measure FRC. While there were statistically significant
differences between collection methods (supplementary figure S3a) and equipment type (supplementary
figure S4a), these differences were not clinically or physiologically meaningful with relative differences of
<150 mL (supplementary table S1) and within 0.5 z-scores (supplementary figure S3a). A worked example
to calculate the predicted value, limits of normal and z-scores is included in the supplementary material.

Sex-specific predicted values for TLC were derived from the combined gas dilution and plethysmographic
measurements (table 3, supplementary figures S2b and S3b). Similar to the FRC values, there were
statistically significant, but not clinically relevant differences in TLC between the different techniques
(supplementary figure S3) or equipment (supplementary figure S4) with differences being <200 mL

(supplementary table SI).

TABLE 3 Equations for predicted values for the median (M), the variability around the median (S) and the skewness (L) for
each of the test indices are presented for all data. Mspline and Sspline correspond to the age-varying coefficients from the
look-up tables available in the supplementary material or for download from the Global Lung Function Initiative website:
www.lungfunction.org

Sex Median (M) Variability around the median (S) Skewness (L)
FRC Male exp(—13.4898+0.1111*loglage)+2.7634*log(height)+Mspline) exp(—1.60197+0.01513*loglage)+Sspline) 0.3416
Female exp(—12.7674+0.1251*log(age)+2.6049*log(height)+Mspline) exp(—1.48310-0.03372*log(age)+Sspline) 0.2898
TLC Male exp(—10.5861+0.1433*loglage)+2.3155*log(height)+Mspline) exp(—2.0616143-0.0008534*age+Sspline 0.9337
Female exp(—10.1128+0.1062*log(age)+2.2259*log(height)+Mspline) exp(—2.0999321+0.0001564*age+Sspline) 0.4636
RV Male exp(—2.37211+0.01346*age+0.01307*height+Mspline) exp(—0.878572-0.007032*age+Sspline) 0.5931
Female exp(—2.50593+0.01307*age+0.01379*height+Mspline) exp(—0.902550-0.006005*age+Sspline) 0.4197
RV/TLC  Male exp(2.634+0.01302*age-0.00008862*height+Mspline) exp(—0.96804-0.01004*age+Sspline) 0.8646
Female exp(2.666+0.01411*age-0.00003689*height+Mspline) exp(—0.976602-0.009679*age+Sspline) 0.8037
ERV Male exp(—17.328650-0.006288*age+3.478116*log(height)+Mspline) exp(—1.307616+0.009177*age) 0.5517
Female  exp(—14.145513-0.009573*age+2.871446*log(height)+Mspline) exp(—1.54992+0.01409*age) 0.5326
IC Male exp(—10.121688+0.001265*age+2.188801*log(height)}+Mspline) exp(—1.856546+0.002008*age) 1.146
Female exp(—9.4438787-0.0002484*age+2.0312769*log(height)+Mspline) exp(—1.775276+0.002673*age) 0.9726
vC Male exp(—10.134371-0.003532*age+2.307980*log(height)+Mspline) exp(—2.1367411+0.0009367*age 0.8611
Female exp(—9.230600-0.005517*age+2.116822*log(height)}+Mspline exp(—2.220260+0.002956*age 1.038

FRC: functional residual capacity; TLC: total lung capacity; RV: residual volume; ERV: expiratory reserve volume; IC: inspiratory capacity;
VC: vital capacity.
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FIGURE 2 Predicted equations for a) females and b] males: i) functional residual capacity (FRC), ii] total lung capacity (TLC), iii] residual volume
(RV), iv] RV/TLC, v expiratory reserve volume (ERV), vi) inspiratory capacity (IC) and vii] vital capacity (VC) across age (limits of normal].
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The predicted RV and RV/TLC equations are presented in table 3 and figure 2. Differences in RV values
between the different techniques were greater than those observed for FRC and TLC (supplementary table
S1). In addition, reference equations were created for ERV and IC (table 3, figure 2).

Population variability

The changes in the population variability (expressed as coefficient of variation) of FRC and TLC with age
are presented in figure 3. The population variability of FRC was similar between males and females and
relatively age-independent with an average coefficient of variation of ~20%. For TLC, younger children
had more variable results than adolescents and adults, with variability between males and females being
similar. Population variability of other indices tended to vary across the age range (supplementary figure S5)
and was markedly increased for RV, and consequently RV/TLC in children and adults aged <40 years. In
contrast, population variability was highest in older adults for ERV (supplementary figure S5). As a result,
it is inappropriate to apply a fixed limit of normality for the majority of lung volume indices. The impact
of age-related changes in RV and its influence on the upper limit of normal are highlighted in
supplementary figure S6.

Sensitivity analyses

A significant proportion of the data submitted was obtained in either overweight (38.5%) or obese (16.3%)
individuals. On average, the overweight and obese children and adults had lower FRC z-scores
(=0.19+1.01 for males, —0.24+0.99 for females) and lower ERV z-scores (—0.19+=1.0 for males,
—0.25£0.99 for females) (supplementary table S2). However, the majority of observations (95.1%) were
within +2 z-scores (supplementary figure S7). In the evaluation of the impact of BMI on a continuous
scale, the weight bias was not observed for TLC or RV, but was observed for FRC and ERV
(supplementary figure S7). On an individual level, the differences in observed values using the predicted
values generated from the normal-weight population only (equations not provided), and including the
overweight population are not dramatically different, with differences in predicted TLC, FRC and RV
being <75 mL and <2.5% (supplementary table S3).

In addition, the influence of the largest dataset was evaluated. Firstly, we compared the overlap in observed
values for the largest centre and all other centres (supplementary figure S8); visually there was no bias
detected and the observations from all other centres overlapped with the largest centre. We tested
equations developed using a smaller subset of the largest centre (n=400); the predicted equations were
similar if a smaller subset of the largest centre was used instead of the full sample size (data not shown).

Comparison with existing reference values

Overall, the GLI equations were similar to most previously published equations for FRC and TLC
(figure 4), with closer agreement during childhood and adolescence than in adulthood. The biggest
differences were observed for RV and RV/TLC in adults, particularly between the current GLI equations
and the Gorpman and Beckiake [14] and the European Coal and Steel Community (ECSC) equations
(figure 4, supplementary figure S9).

The VC equations were similar to those of FVC measured by spirometry (supplementary figure S10 and
table S4). However, the VC equations are based on a significantly smaller sample size and limited data in
early adulthood which could explain the differences. The differences in z-scores between predicted VC
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FIGURE 4 Comparison with commonly used reference equations in males. A comparison of commonly used equations in females are presented in
supplementary figure S9. Predicted a) functional residual capacity (FRC), b) total lung capacity (TLC], c] residual volume (RV] and d] RV/TLC.
GLI: Global Lung Function Initiative; ECSC: European Coal and Steel Community, NR: not reported.

(from the reference equations derived here) and FVC (derived from the GLI 2012 spirometry equations)
were small (meanz+sp z-score difference 0.19+0.89).

Physiologically relevant differences

The GLI Network has previously reported a physiologically relevant difference in spirometry equated to
0.5 z-score. For the reported indices a 0.5 z-score difference at a population level equated to change of
~10% for FRC and ~8% for IC and was stable with age. For TLC the 0.5 z-scores equate to ~8% in young
children and older adults and ~5% in adults aged 30-50 years. A 0.5 difference in z-score was associated
with larger differences in ERV and RV, starting at ~13% in childhood and increasing to ~30% in older
adults. As the population variability varies with age and sex, these are approximations.

Discussion
We report the collation and analysis of lung function indices derived from static lung volume
measurements (body plethysmography and gas dilution techniques) obtained in healthy participants of
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European ancestry. In healthy individuals, lung volume data collected for two gas dilution techniques
(nitrogen washout and helium dilution) and body plethysmography demonstrated remarkable overlap. The
development of sex-specific reference equations that summarise the height and age-related changes in
static lung volume indices across the age spectrum for individuals of European ancestry should improve
the standardisation of the reporting and interpretation of lung volume measurements. The combination of
data derived from multiple equipment types in healthy individuals will ensure broad generalisability across
current clinical practice. The primary limitation of the presented lung volumes reference ranges is that
these are limited to people of European ancestry. The GLI Network has implemented an active GLI lung
function data repository, is actively promoting the submission of lung function data in individuals of
non-European ancestry and will aim to address this gap in the future. It is not clear if these GLI lung
volume equations are appropriate for persons of non-European ancestry. If GLI lung volume reference
ranges are applied in individuals of non-European ancestry, this should be clearly stated to ensure results
are not misinterpreted.

Like GLI reference ranges for spirometry [1] and transfer factor [2], sex-specific equations were derived
with both age and height being independent and significant predictors for lung volume indices.
Specifically, the relationship between age and height is multiplicative so that periods of rapid growth and
development (e.g. puberty) are considered. Notably, the population variability (coefficient of variation) was
20% for FRC which equates to a range of normal of 60-140%, much wider than the commonly used
threshold of 80-120%. The normal range is also much wider and age-dependent for the remainder of the
lung volume indices (e.g. TLC, ERV and IC) meaning that the limits of normal are not a fixed value that
can be applied across the entire age spectrum. The GLI lung volume reference ranges, and visual display
relative to the normal range, should help facilitate interpretation of lung volume values relative to the
normal range as compared with using a single fixed cut-off for all indices. Standardised equipment
specifications and measurement protocols have helped to reduce the variability and biases between devices
and centres [8]; nonetheless, the observed population variability is much greater than that within-subject
repeatability and reproducibility of these tests [26].

It is noteworthy that FRC and TLC growth appears complete before 20 years, and then plateaus for males
and females. This differs significantly from that which is observed in spirometry where the plateau occurs
in the mid-20s, related to peaking of respiratory muscle strength [3]. One possible explanation for this is
the limited data in this age range; however, there were sufficient data in childhood and later adulthood
such that the smoothed equations based on a relatively smaller dataset in early adulthood should reflect
the underlying age-related changes. In addition, the total number of observations between 20 and 40 years
of age (n=948) still represents the largest collection of normal data in this age group published to date.

The practice of reporting FVC and VC as separate indices varies between laboratories and there are no
specific guidelines as to which should be reported. We report VC equations so that these can be
summarised separately from FVC on reports, noting that the predicted VC will be generally higher than
the predicted FVC from spirometry. Many laboratories use the predicted FVC values for both FVC and
VG, or clinicians frequently compare FVC and VC derived from separate predicted equations. Laboratories
that choose to report different predicted values for FVC and VC, using GLI equations will be able to
characterise physiological differences between measured values of FVC and VC, particularly in the
presence of airway obstruction [27, 28]. While the GLI equations do not provide predicted values for
FEV,/VC, the availability of a predicted VC value will allow clinicians to compare two methods for
defining obstruction, which may be useful for patients whose FEV,/FVC is close to the LLN. The
Standardization of Spirometry 2019 update [29] provides specific guidelines for acceptability and
repeatability of VC and IC and the GLI lung volumes reference ranges provide a significant advantage in
reporting the predicted values for these two parameters.

We report that the FEV,, FVC and FEV,/FVC ratio of a subset of participants with both spirometry and
lung volume measurements showed good agreement with the larger GLI spirometry cohort. A similar
good fit was observed between the Tjco cohort and the larger GLI spirometry cohort [2]. Considered
together, these data suggest that it will be possible to use the GLI spirometry, gas transfer and lung volume
reference ranges in conjunction with each other. The consistency of analytical methods and approach
should offer increased interpretation certainty when compared to the traditional approach of using lung
function reference ranges derived from smaller populations, with different statistical models applied and
developed by different investigators. In particular, the use of all-ages reference ranges eliminates errors
associated with switching between separately developed paediatric and adult reference ranges.

Technique and equipment differences
Theoretical differences exist between the gas dilution and plethysmographic methods for measuring static
lung volumes; however, the data gathered for the current study displayed significant overlap in healthy
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individuals. Multiple studies have demonstrated important differences between lung volume methods in
patients who have airway obstruction [30-34], whereas in studies that measure healthy subjects, as in the
GLI data, multiple-breath gas dilution and plethysmography produce small differences that are clinically
insignificant. Furthermore, the most recent standardisation and equipment specification efforts have meant
that the measurement accuracy of most devices is very good, and demonstrate minimal differences in
model systems [35]. In this study the relative differences in FRC between plethysmography and helium
and nitrogen gas dilution techniques were <120 mL and within the technical accuracy of the measurement
technique [8].

Obesity

The presented GLI lung volume equations include overweight and obese individuals. Obesity may
influence both lung function and may be a risk factor for lung disease. Nonetheless, all individuals
included in the dataset were nonsmokers without a history of respiratory disease. Furthermore, sensitivity
analysis demonstrated minimal differences compared to equations derived for normal-weight subjects only.
Reduced FRC (and ERV) and increased RV have been described in overweight and obese individuals [25];
however, the differences in predicted FRC between obese and nonobese groups in our cohort were small
(supplementary table S4 has a worked example of differences in a representative male and female).

Exclusion of overweight and obese individuals would increase the predicted values slightly and would
represent “ideal” health and allow assessment of the impact of weight on lung volumes. Conversely,
excluding overweight and obese individuals from the derived equations excludes a significant proportion of
individuals with no documented evidence of lung disease. These “ideal weight” equations would increase
the risk of identifying “abnormalities” in lung function in obese individuals that may not be clinically
relevant. If lung volumes are used to confirm restrictive disease, then the inclusion of obese individuals in
the normative data is unlikely to impact interpretation. If the lung volume measurement is used to
determine if there is air trapping, abdominal adiposity will affect FRC values such that they are reduced.

Comparison with existing reference equations

The 2005 ATS/ERS interpretation document [7] outlined 16 lung volume reference ranges, but did not
make specific recommendations regarding which equations should be used for specific populations.
Widely used equations, such as the ECSC, GorpbmaN and BeckLake [14] and others are limited because
they are only available for adults [15, 17]. The currently available paediatric reference equations do not
adequately deal with changes during puberty or the continuum between paediatric and adult equations,
resulting in discontinuous breaks at arbitrary points [16]. Overall, the GLI equations for FRC and TLC
aligned well with previously published equations, especially for children. The biggest differences were
observed for RV and RV/TLC equations. The observed differences are likely to influence clinical practice,
as individuals previously identified as normal or “abnormal” may have a different interpretation using the
GLI lung volume equations. Recalculation of historical measurements will be necessary to avoid
misinterpretation of changes in an individual patient’s predicted lung function.

Implementation

The format of the GLI lung volume reference ranges are identical to the GLI spirometry and gas transfer
equations, which will facilitate implementation into many devices which already have the GLI lung
function equations programmed. The prediction equations (table 3) and look-up tables and an online
calculator (www.lungfunction.org) are provided, and a worked example is included in the supplementary
material. Health professionals need to carefully consider the impact of changing their current reference
ranges on patient care [36]. Changing from currently utilised reference ranges (for example ECSC) to the
GLI reference range will probably lead to differences in the proportion of patients classified as having
abnormal lung function. Studies of this issue have been reported for spirometry [37, 38] and the
single-breath gas transfer test [39-41] and all have broadly noted that the impact of changing to GLI
equations for these tests varies with age and sex and can impact on the potential eligibility for
treatments [42]. Studies assessing the impact of switching to the GLI lung volume equations will be
required to help inform health professionals and their patients.

Limitations

The derived GLI lung volume reference equations are from participants of European ancestry and may not
be appropriate for individuals of non-European ancestry. The data available for collation by the GLI lung
volumes task force is not inclusive of all published lung volume data in healthy participants. The task
force contacted corresponding authors of all published studies and advertised the opportunity to submit
data through international and national respiratory societies. However, some centres declined or were
unable to gain appropriate approvals to submit their published data. The increased move to open access to

https://doi.org/10.1183/13993003.00289-2020 10


http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00289-2020.figures-only#fig-data-supplementary-materials
http://www.lungfunction.org
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00289-2020.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00289-2020.figures-only#fig-data-supplementary-materials

ERS TECHNICAL STANDARD | G.L. HALL ET AL.

data collected as part of publicly funded research should reduce the impact of this issue in the future. In
this study a single centre contributed nearly half of the data. While this represents a large relative
contribution, both the spirometry and Ty co datasets comprised many small datasets and one or two large
datasets. In all instances the range of data observed in the smaller datasets were contained within the range
of the large dataset. Although this could represent a bias towards a single equipment or centre, the data do
not support this (supplementary figure S8). There is the potential for this inherent bias to impact the
derived reference equations, especially when systematic equipment or protocol differences may influence
results. Ideally, multiple large datasets would be available; however, the current GLI lung volumes
equations, although imperfect, represent a significant step towards standardised reporting and
interpretation. There were limited data for RV in children and young adults. Until more data are available,
we recommend the equations for RV and RV/TLC should be applied with caution in children and young
adults. The GLI data repository is now open and accepting additional datasets, with the aim to routinely
validate and update existing equations as needed.

Conclusions

The ERS GLI reference values for lung volumes provide all-ages generalisable reference to standardise the
reporting and interpretation of lung volumes measurements in European ancestry populations. Data from
non-European ancestries are urgently required to allow the expansion of these equations for the global
population.
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