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Summary
Background Lung function is a key determinant of health, but current knowledge on lung function growth and decline 
over the life course is based on fragmented, potentially biased data. We aimed to empirically derive general 
population-based life course lung function trajectories, and to identify breakpoints and plateaus.

Methods We created an accelerated cohort by pooling data from eight general population-based child and adult cohort 
studies from Europe and Australia. We included all participants with information on lung function, smoking status, 
BMI, and asthma diagnosis status from at least two visits. We used cross-classified three-level linear mixed models to 
derive sex-specific life course trajectories of FEV1, forced vital capacity (FVC), and FEV1/FVC ratio based on 
observations at ages 4–80 years, and Bayesian time-series decomposition to identify breakpoints and plateaus. We 
repeated sex-specific analyses with separate stratification for asthma status (never had asthma vs persistent asthma, 
where persistent was defined as the risk factor being present at all participant visits) and smoking status (never 
smoker vs persistent smoker).

Findings The accelerated cohort included 30 438 participants born between 1901 and 2006 (15 703 [51·6%] female and 
14 735 [48·4%] male; mean age 26 [SD 16] years), who provided a total of 87 666 observations (range 2–8 observations 
per participant). In female participants, FEV1 increased non-linearly in two phases, at a mean of 234 (95% CI 223 to 
245) mL/year until age 13 (95% credible interval [CrI] 12 to 15) years, then at 99 (76 to 122) mL/year until a peak at age 
20 (18 to 22) years, and subsequently decreased throughout the rest of adulthood (–26 [–27 to –25] mL/year). In male 
participants, the pattern was similar, with an increase in FEV1 of 271 (263 to 280) mL/year until age 16 (14 to 18) years, 
which slowed to 108 (93 to 124) mL/year until reaching a maximum at age 23 (21 to 25) years, decreasing thereafter 
(–38 [–39 to –37] mL/year), representing a later peak than in female participants. In female participants, FVC increased 
non-linearly in two phases, at 232 (95% CI 222 to 243) mL/year until age 14 (95% CrI 12 to 15) years, then at 77 (59 to 94) 
mL/year until peaking at age 20 (19 to 22) years, after which it decreased throughout the rest of adulthood 
(–26 [–27 to –25] mL/year). In male participants, FVC also increased in two phases, at 326 (315 to 337) mL/year until 
age 15 (13 to 17) years, then at 156 (144 to 168) mL/year until a peak at 23 (19 to 30) years, and subsequently declined 
in two phases (–22 [–29 to –14] mL/year until age 42 [38 to 50] years, then –36 [–38 to –34] mL/year thereafter). No 
plateau after the peak was observed for either lung function parameter in both sexes. FEV1/FVC ratio decreased 
throughout life from the starting age of 4 years in both sexes with some distinct patterns. Stratified analysis showed 
that persistent asthma (vs never had asthma) was related to an earlier FEV1 peak, lower FEV1 throughout adulthood, 
and lower FEV1/FVC ratio across the life course in both sexes. Persistent smoking (vs never smoking) was related to 
an accelerated decrease in FEV1 and FEV1/FVC ratio during adulthood in both sexes. No statistically significant 
plateau was observed in any lung function parameter across the strata of asthma or smoking status.

Interpretation In both sexes, FEV1 and FVC increased in two phases, with a fast increase until around age 13–16 years, 
and then a slower increase until a peak. Neither parameter showed a plateau phase after the peak, and decreases 
started earlier than previously described. FEV1/FVC ratio decreased throughout life. These observations provide an 
essential, but previously unavailable, framework to assess and monitor lung health over the life course.
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Introduction
Lung function is a key determinant of health throughout 
the lifespan. Current understanding of the normal 
lung function trajectory over the lifetime postulates the 

existence of different phases: a slow increase during child­
hood (lag phase), a rapid acceleration during puberty, the 
attainment of a peak at around age 20–25 years (earlier in 
women than men), a plateau phase after the peak that has 
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been proposed to last up to 20 years in adulthood and, 
finally, a phase of decline due to physiological lung ageing.1

This model originates from either cross-sectional or 
longitudinal studies that do not cover the full life course, 
with both approaches potentially resulting in biased 
estimates due to regression to the mean, or birth cohort 
and survivor effects.2–6 Furthermore, uncertainties 
remain about whether the increase in lung function in 
infancy and adolescence is linear or not, the ages at 
which peak function and onset of decline occur, whether 
a plateau phase really occurs, and what the normal slope 
is of lung function decline.1,7

To address these gaps, the ideal study design should 
include a general population-based sample of healthy 
individuals born in different years8 and followed up from 
birth to death. Such a study is missing and is unlikely to 
be performed considering the time and cost required. 
However, re-analysing existing lung function data 
from multiple general population-based studies using 
alternative analytical methods to mimic such a life-long 
cohort might be an efficient way to use available resources 

and fill the knowledge gaps.7,9 One such method is the 
accelerated cohort design, in which data from multiple 
established cohort studies, starting at different ages, are 
pooled to cover the desired age range.10 This approach 
has successfully been applied to investigate age-related 
health parameters such as blood pressure and psychiatric 
traits11,12 but, to date, it has never been used to investigate 
lung function trajectories during the life course.

We hypothesised that an accelerated cohort design that 
pooled several large existing general population-based 
cohorts could be used to empirically develop lung function 
trajectories over the lifespan in the general population. In 
this study, by pooling eight general population-based child 
and adult cohort studies using an accelerated cohort 
design, we sought to: (1) derive sex-specific, general 
population-level trajectories of the three main forced 
spirometry parameters (FEV1, forced vital capacity [FVC], 
and their ratio [FEV1/FVC]) over the life course; and 
(2) identify the ages at which these derived trajectories 
exhibit breakpoints (ie, points at which trajectory changes 
occur), estimate the magnitude of increase or decrease 

Research in context

Evidence before this study
We searched PubMed for articles in any language published 
from database inception to Oct 12, 2024, with the terms: 
(“lung function”[tiab] OR “pulmonary function”[tiab] OR 
“FEV1”[tiab] OR “FVC”[tiab]) AND (curv*[tiab] OR 
trajector*[tiab] OR plateau[tiab] OR breakpoint[tiab] OR 
rate[tiab] OR growth[tiab] OR decline[tiab]) AND (“life 
course”[tiab] OR lifecourse[tiab] OR cohort[tiab] OR follow-
up[tiab]) AND (population-based[tiab]). From 258 results, we 
excluded one abstract book on intensive care and emergency 
medicine, five study protocols, two narrative reviews (providing 
no lung function data), 11 articles without lung function data, 
and 71 papers focused on individuals with various chronic 
health conditions. Of the remaining 168 studies, 95 reported 
lung function measurements at a single timepoint or their 
determinants or outcomes either in children or adults (without 
providing rates of increase or decrease), six focused on rates, 
determinants, or outcomes of lung function growth in children 
or adolescents (excluding adults), 57 focused on rates, 
determinants, or outcomes of lung function decline in adults 
(excluding children), and ten described different lung function 
trajectory groups but did not report rates. No study examined 
rates of lung function growth and decline across the full life 
course. Evidence was scarce on the shape of lung function 
growth in infancy and adolescence, the ages at which lung 
function peaks and decline onset occurs, and whether a plateau 
phase occurs.

Added value of this study
To our knowledge, this study is the first to derive general 
population-level lung function trajectories from childhood to 
late adulthood, using an accelerated cohort design. The key 
findings were that, firstly, increases in FEV1 and forced vital 

capacity (FVC) during childhood and adolescence were not 
linear but occurred in two phases, with a fast increase 
beginning in early childhood (in this analysis, measured from 
age 4 years), followed by a slower increase from age 
13–16 years until a peak. Contrary to previous assumptions, 
we observed no lag period, meaning no phase of little to no 
increase in the parameters, between ages 4 and 10 years. 
Secondly, FEV1 and FVC peaked earlier in female participants 
(at around age 20 years for both parameters, which is 
markedly later than in most previous reports) than in male 
participants (who had peaks at around age 23 years for both 
FEV1 and FVC). Thirdly, we found no evidence of a plateau 
after the FEV1 or FVC peaks, not even among people who had 
never had asthma or never smoked, unlike some previous 
studies and models that have suggested a plateau up to age 
40 years. Fourthly, decreases in FEV1 and FVC began 
immediately after the peaks in the mid-20s, much earlier 
than previously described, with the decrease ranging from 
22 to 38 mL/year. And finally, FEV1/FVC ratio decreased 
throughout life, at a varying rate depending on age and sex.

Implications of all the available evidence
This study underscores the use of spirometry early in life to 
identify individuals at risk of adult chronic respiratory disease 
and emphasises the need to promote respiratory health from 
early childhood through to early adulthood to support lung 
growth and prevent low peak lung function. Our findings 
provide a crucial yet previously unavailable framework for 
assessing and monitoring lung health across the life course. 
Additionally, they provide strong support for approaches to 
re-analyse existing health megadata to establish more precise 
reference data and eventually test how and when early-life 
factors affect health and disease later in life.
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in the segments defined between these breakpoints, 
and investigate the potential presence of plateau 
phases. Collectively, this new information could provide 
a reference framework for the interpretation of lung 
function measures and changes throughout life, by 
improving the identification of deviation from average, 
and subsequently allow the instigation of appropriate 
prevention and treatment, with the long-term aim of 
promoting human health and healthier ageing. 
Specifically, for individuals, it might offer insights into 
their lung function trajectory and its associated health 
implications; for clinicians, it might support preven­
tive and therapeutic decision making, potentially in 
combination with tools such as the recently developed 
Lung Function Tracker;13 for policymakers, it might aid in 
timing public health initiatives focused on preventing and 
diagnosing respiratory diseases early in life; and for the 
pharmaceutical industry, it might facilitate assessment 
of the effects of drugs on lung function. Together, such 
applications could help to improve respiratory health 
outcomes across populations.

Methods
Study design and participants
As part of the Chronic Airway Diseases Early Stratifica­
tion European Respiratory Society Clinical Research 
Collaboration,14 we created an accelerated cohort10 by 
pooling participants from eight general population-based 
child and adult prospective studies from Europe and 
Australia, covering individuals aged 4–82 years: the Avon 
Longitudinal Study of Parents and Children (known as 
ALSPAC) in the UK;15 the Children, Allergy, Milieu, 
Stockholm, Epidemiology (BAMSE) study in Sweden;16 
the European Community Respiratory Health Survey 
(ECRHS) in Belgium, Denmark, France, Germany, 
Iceland, Italy, Norway, Spain, Sweden, Switzerland, and 
the UK in Europe, and in Australia;17 the Infancia y Medio 
Ambiente (INMA) study birth cohorts from Sabadell, 
Valencia, Menorca, and Gipuzkoa, Spain;18 the Prevention 
and Incidence of Asthma and Mite Allergy (PIAMA) study 
in the Netherlands;19 the Swiss Study on Air Pollution and 
Lung Disease in Adults (SAPALDIA) in Switzerland;20 the 
Tasmanian Longitudinal Respiratory Health Study (TAHS) 
in Australia;21 and the Vlagtwedde–Vlaardingen (VlaVla) 
study in the Netherlands22 (appendix pp 2–4). We included 
all participants with information on lung function from 
spirometry, smoking status, BMI, and asthma diagnosis 
status from at least two visits. We excluded a single 
observation from an 82-year-old participant in the VlaVla 
study, as it was the only observation above 80 years and did 
not allow for a meaningful analysis of lung function trends 
in this age group; this participant provided data at 63 and 
79 years and the final sample included participants aged 
4–80 years.

All studies were approved by local ethics review boards 
and participants (or their parents or legal guardians) gave 
written informed consent. No ethical approval was 

sought for this pooled analysis because all patient-level 
datasets were anonymised, and the analyses performed 
were consistent with the objectives of the original studies.

Procedures
FEV1, FVC, and FEV1/FVC were assessed by forced 
spirometry according to existing recommendations at the 
time of each study and visit, and only technically acceptable 
manoeuvres were included in the current analysis. The 
VlaVla study did not collect FVC, but slow vital capacity, 
and therefore contributed only to FEV1 models. Current 
asthma diagnosis and smoking status at each study 
visit were obtained from validated questionnaires and 
harmonised to maintain inferential comparability.23 BMI 
was obtained from physical examination and standardised 
according to WHO classification24–26 to define obesity 
status. We also combined repeated measures of current 
asthma diagnosis, smoking status, and obesity status to 
create time-fixed individual variables for each, categorised 
as persistent (the risk factor was present at all visits for 
a participant), transient (the risk factor changed status 
across visits for a participant), and never (the risk factor 
was absent at all visits for a participant; ie, persistent vs 
transient vs never had asthma, persistent vs transient 
vs never smoker, and persistent vs transient vs never had 
obesity). The appendix (p 14) provides full details on the 
procedures.

Statistical analysis
All analyses were done separately for male and female 
participants, based on self-reported sex assigned at birth 
in each study, and for each lung function parameter 
expressed as absolute values (in litres, L), standardised 
for cohort study and height at each year of age (appendix 
p 15).

To depict the contribution of each study to the accelerated 
cohort, we used a bubble graph and histogram with 
absolute numbers, using observations (ie, person-visits) as 
the unit of analysis in 5-year age groups, allowing multiple 
contributions per participant. To describe the sample 
characteristics, we used univariate descriptive statistics 
(absolute and relative frequencies, and mean and SD) 
of sociodemographic characteristics and risk factors, 
counting the individual as the unit, overall and by cohort. 
We also plotted the frequency (expressed as percentage, 
with 95% CIs) of current asthma, active smoking, and 
obesity per year of age in the accelerated cohort, using the 
observations (ie, person-visits) as the unit of analysis, in 
which each participant could contribute to multiple ages. 
The trends were smoothed with use of locally estimated 
scatterplot smoothing with a span of 0·4.

To derive lung function trajectories over the life 
course, we implemented cross-classified three-level 
linear regression models. All models accounted for the 
complex data structure, whereby observations (level 1) 
were nested within individuals (level 2), who were 
simultaneously cross-classified by cohort study and birth 

For the Lung Function Tracker 
see https://gli-calculator.ersnet.
org/lung_tracker/

See Online for appendix

https://gli-calculator.ersnet.org/lung_tracker/
https://gli-calculator.ersnet.org/lung_tracker/
https://gli-calculator.ersnet.org/lung_tracker/


Articles

614	 www.thelancet.com/respiratory   Vol 13   July 2025

cohort (ie, year of birth, in 10-year intervals as previously 
done;8 level 3). We included random intercepts at the 
individual, cohort study, and birth cohort levels to 
capture variation at each of these levels. We included 
current asthma status (yes or no), smoking status (yes, 
no, or former), and obesity status (yes or no), as 
measured at each visit (level 1), as fixed-effect covariates, 
and modelled them as interactions with natural cubic 
splines for age at each observation to allow for flexible 
modelling of age-dependent effects. Full model estimates 
are provided in the appendix (pp 20–21). We tested 
models ranging from one to six knots and determined 
the optimal number of knots using the elbow method 
(ie, the point in the Bayesian Information Criteria curve 
beyond which the decrease in the curve became less 
pronounced; appendix p 19).

We obtained lung function values (mean and SD) 
predicted by the models at each year of age from age 4 to 
80 years). These estimates were then used to visually 
illustrate lung function trajectories (with 95% CIs) over 
the life course for the accelerated cohort. To compare 
with individual cohort studies, we created lung function 
trajectories separately for each study and plotted the 
corresponding predicted values on the same graph.

As sensitivity analyses, we derived the lung function 
trajectories: (1) excluding the VlaVla study to ensure FEV1 
and FVC trajectories used the same sample; (2) weighting 
observations using covariate balancing propensity scores 
to account for participant loss to follow-up in each study, 
under the assumption that the losses were completely at 
random (ie, participants who had missing data were 
a random subset of the complete sample) or at random 
(ie, the probability that an observation was missing 
depended on observed participant characteristics; 
appendix p 16);27 and (3) restricting to participants who 
had never been diagnosed with asthma, never smoked, 
and never had obesity to account for potential residual 
confounding by these factors in the main analytical 
approach.

To identify the ages at which the derived trajectories 
exhibited breakpoints (eg, a transition from a steep 
increase to a moderate increase, or from an increase to 
a decrease) and to investigate the potential presence 
of plateau phases, we applied the Bayesian Estimator 
of Abrupt Change, Seasonal Change, and Trend 
model28 to the lung function values predicted in the 
previous models. We did the following: (1) obtained the 
ages (with 95% credible intervals [CrIs]) at which 
lung function exhibited breakpoints (defined by a 
magnitude of a change in trend >0·1 and probability of 
breakpoint >0·5); (2) calculated the mean (with 95% CIs) 
of the predicted slope within each interval demarcated 
by two breakpoints, to estimate the magnitude of lung 
function increase and decrease within each interval; 
(3) assessed the potential presence of plateau phases, 
defined by a probability greater than 50% of the slope 
being 0 and sustained for a minimum of 1 year; and 

(4) interpreted peak lung function as occurring within 
the 95% CrI of the breakpoint with the highest lung 
function values.28

To test the potential effects of asthma and smoking on 
lung function trajectories, we repeated the main analyses, 
including trajectories, breakpoints, and plateaus, stratified 
by the fixed categories of never had asthma versus 
persistent asthma and, in a separate stratified analysis, 
never smoker versus persistent smoker. All analyses were 
done with use of the complete dataset, as no missing 
values were present, in R (version 4.3.1), including the 
CBPS package (version 0.23)29 and Rbeast package.28

Role of the funding source
The funders of the study had no role in study design, 
data collection, data analysis, data interpretation, or 
writing of the report.

Results
The accelerated cohort included 30 438 participants, born 
between 1901 and 2006, who provided a total of 
87 666 observations (range 2–8 per participant; figure 1, 
appendix p 5). There were minor differences between 
included and excluded participants, heterogeneous by 
study cohort (appendix pp 6–13). Mean age of the 
accelerated cohort was 26 (SD 16) years (age range 
4–80 years) and the cohort comprised 15 703 (51·6%) 
female participants and 14 735 (48·4%) male participants 
(table). Figure 1 shows the contribution of each study to 
each 5-year age interval. The frequency of current asthma 
ranged from 2·8% to 27·6%, depending on the year of 
age, and overall was highest in younger participants; the 
frequency of active smoking ranged from 2·9% to 52·9% 
and was highest in young to middle adulthood; and the 
frequency of obesity ranged from 2·2% to 45·5% and 
was highest in older adults (figure 2, appendix pp 17–18). 
2056 (6·8%) of 30 438 participants had persistent asthma, 
5788 (19·0%) were persistent smokers, and 2792 (9·2%) 
had persistent obesity (table).

In the accelerated cohort, FEV1 and FVC trajectories 
showed rapid increases in childhood followed by a phase 
of slower increase and a decrease in adulthood (figure 3A, 
figure 4A; predicted values [mean and SD] by year of age 
and sex are provided in the appendix [pp 22–24]). 
FEV1/FVC ratio decreased with age (appendix pp 22–25). 
Male and female participants had similar trajectory 
shapes. The trajectories in the accelerated cohort spanned 
a broader age range and were smoother than the study-
specific trajectories. The individual sensitivity analyses 
excluding the VlaVla study (appendix p 26), weighting 
by study attrition (appendix p 27), and restricted to 
participants who had never had asthma, never smoked, 
and never had obesity (appendix p 28) showed the same 
patterns as the main analysis.

In female participants, FEV1 increased by a mean of 
234 (95% CI 223 to 245) mL/year until age 13 (95% CrI 
12 to 15) years, after which the increase slowed to 
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99 (76 to 122) mL/year until FEV1 reached a maximum at 
age 20 (18 to 22) years (figure 3B). After age 20 years, 
FEV1 decreased without any breakpoint during adulthood 
(–26 [–27 to –25] mL/year). In male participants, the 
predicted increase was 271 (263 to 280) mL/year until 
age 16 (14 to 18) years, after which the increase slowed 
to 108 (93 to 124) mL/year; peak FEV1 was reached at 
age 23 (21 to 25) years, after which FEV1 decreased 
(–38 [–39 to –37] mL/year; figure 3B).

In both male and female participants, the probability 
of a positive change (ie, increase) in FEV1 was 100% 
throughout childhood and adolescence (up to and includ­
ing age 17 years), and the probability of a negative change 
(ie, decrease) was 100% during most years of adulthood 
(figure 3B, C). There was not a year or a period of years 
with a plateau for either sex.

Patterns of increase and decrease in FVC were similar 
to those for FEV1 (figure 4B). In female participants, FVC 
increased by a mean of 232 (95% CI 222 to 243) mL/year 
until age 14 (95% CrI 12 to 15) years, after which the 
increase slowed to 77 (59 to 94) mL/year until FVC 
reached a maximum at age 20 (19 to 22) years (figure 4B). 
After age 20 years, FVC decreased without any breakpoint 
during adulthood (–26 [–27 to –25] mL/year). In male 
participants, the mean predicted increase was 326 
(315 to 337) mL/year until age 15 (13 to 17) years, after 
which the increase slowed to 156 (144 to 168) mL/year; 
peak FVC was reached at age 23 (19 to 30) years. the 
subsequent FVC decrease occurred in two phases, with 

an initial slow decrease (–22 [–29 to –14] mL/year) up to 
age 42 (38 to 50) years, followed by a more accelerated 
decrease thereafter (–36 [–38 to –34] mL/year). In both 
male and female participants, the probability of a positive 
change (ie, increase) in FVC was 100% throughout 
childhood and adolescence, and the probability of a 
negative change (ie, decrease) was 100% during most 
years of adulthood (figure 4B, C). There was not a year or 
a period of years with a plateau in FVC for either sex.

FEV1/FVC ratio decreased throughout life at varying 
rates depending on age and sex. In female participants, the 
decrease was minimal in childhood (mean change 
–0·7 × 10–⁴ [95% CI –0·8 × 10–⁴ to –0·5 × 10–⁴] per year) up to 
age 17 (95% CrI 14 to 19) years. This was followed by 
a more pronounced decrease occurring in two phases: 
–3·8 × 10–⁴ (–3·9 × 10–⁴ to –3·7 × 10–⁴) per year up to age 
37 (35 to 39) years, and –3·3 × 10–⁴ (–3·4 × 10–⁴ to –3·2 × 10–⁴) 
per year thereafter (appendix p 25). In male participants, 
the initial decrease was steeper than in female participants 
(–2·7 × 10–⁴ [–2·8 × 10–⁴ to –2·6 × 10–⁴]), and remained at this 
magnitude until age 34 (30 to 37) years. The subsequent 
decrease occurred in two phases: –2·3 × 10–⁴ (–2·4 × 10–⁴ to 
–2·3 × 10–⁴) per year up to age 53 (49 to 57) years, and 
–3·9 × 10–⁴ (–4·1  × 10–⁴ to –3·8 × 10–⁴) per year thereafter 
(appendix p 25). In female participants, the probability of 
a negative change (ie, decrease) in FEV1/FVC ratio ranged 
between 75% and 100% during childhood and adolescence, 
and was virtually 100% for all years after age 20 years. In 
male participants, the probability of a negative change 

Figure 1: Summary of participant visits, ages, and follow-up times* according to source cohort study, and contribution of each cohort study to the accelerated cohort (absolute observation 
numbers) by 5-year age groups
In the bubble graph and histogram, the unit of analysis is the observation (ie, person-visit). Min=minimum. Max=maximum. *This information might not match the source study characteristics, as this 
table reports data for participants included in the current analysis only. See the Methods section and appendix (pp 2–5) for details.
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(ie, decrease) was virtually 100% during all years of age 
from 4 to 80 years (appendix p 25).

In the stratified analyses, we observed that both male 
and female participants with persistent asthma had an 
earlier peak in FEV1 than participants who had never had 
asthma (17 [95% CrI 15 to 19] years vs 20 [18 to 22] years in 
female participants; 19 [15 to 23] years vs 23 [20 to 26] 
years in male participants), as well as lower FEV1 
throughout adulthood and markedly lower FEV1/FVC 
ratio across the life course versus those who had never 
had asthma (appendix pp 29, 33). Additionally, female 
participants with persistent asthma had an earlier peak 
in FVC than those who had never had asthma 
(18 [16 to 20] years vs 25 [21 to 29] years), as well as lower 
FVC throughout adulthood (appendix p 31). This 
difference in FVC peak between never and persistent 
asthma subgroups was not observed in male participants. 
Compared with never smoking, persistent smoking was 
associated with an accelerated decrease in FEV1 and 
FEV1/FVC ratio, starting in the mid-to-late-30s in both 
sexes (appendix pp 30, 32, 34). No strata showed a 
statistically significant plateau in any lung function 
parameter. Although the graphs suggested a potential 
FEV1 plateau around age 36 years in persistent smokers 
in both sexes (appendix p 30), this was not statistically 
significant: the probabilities of having FEV1 increase, 
plateau, or decrease at age 36 years were 44·5%, 0·3%, 

and 55·2% for female participants, and 44·2%, 0·0%, 
and 55·8% for male participants, respectively.

Discussion
To our knowledge, this study is the first to derive general 
population-level lung function trajectories from child­
hood to late adulthood, and to use the accelerated cohort 
design to achieve this objective. The main findings were 
that, firstly, FEV1 and FVC increased in two phases, with 
a fast increase starting in early childhood (in this analysis, 
measured from age 4 years) until around 13–16 years, 
depending on sex and specific lung function parameter, 
followed by a slower increase until a peak. Secondly, FEV1 
and FVC peaked earlier in female participants than in 
male participants, but later than previously reported in 
female individuals.30–32 Thirdly, we found no evidence of a 
plateau in FEV1 or FVC after the peak in these parameters, 
not even among people who had never had asthma or 
never smoked. Fourthly, the decrease in FEV1 and FVC 
began in the early-to-mid-20s, much earlier than 
previously described,1 and ranged from around 22 to 
38 mL/year. And finally, FEV1/FVC ratio decreased 
throughout life, at a varying rate depending on age and 
sex. These results were robust across various sensitivity 
analyses, including when applying inverse probability 
weighting to mitigate potential selection bias from losses 
to follow-up.

All participants 
(N=30 438)

ALSPAC 
(n=3566)

BAMSE 
(n=1999)

ECRHS 
(n=8770)

INMA 
(n=904)

PIAMA 
(n=869)

SAPALDIA 
(n=6593)

TAHS 
(n=2987)

VlaVla 
(n=4750)

Demographics

Age, years 26 (16) 9 (1) 11 (4) 34 (7) 6 (2) 8 (1) 41 (12) 7 (3) 33 (11)

Sex†

Female 15 703 (51·6%) 2023 (56·7%) 1089 (54·5%) 4515 (51·5%) 464 (51·3%) 455 (52·4%) 3391 (51·4%) 1510 (50·6%) 2256 (47·5%)

Male 14 735 (48·4%) 1543 (43·3%) 910 (45·5%) 4255 (48·5%) 440 (48·7%) 414 (47·6%) 3202 (48·6%) 1477 (49·4%) 2494 (52·5%)

Asthma, smoking, and obesity status at first entry point to the present analysis‡

Asthma 3020 (9·9%) 355 (10·0%) 572 (28·6%) 975 (11·1%) 119 (13·2%) 40 (4·6%) 294 (4·5%) 423 (14·2%) 242 (5·1%)

Never smoker 18 681 (61·3%) 3551 (99·6%) 1930 (96·5%) 3795 (43·3%) 902 (99·8%) 869 (100%) 3061 (46·4%) 2950 (98·8%) 1623 (34·2%)

Former smoker 3945 (13·0%) 0 0 1910 (21·8%) 0 0 1515 (23·0%) 18 (0·6%) 502 (10·6%)

Active smoker 7812 (25·7%) 15 (0·4%) 69 (3·5%) 3065 (34·9%) 2 (0·2%) 0 2017 (30·6%) 19 (0·6%) 2625 (55·3%)

Obesity 3847 (12·6%) 428 (12·0%) 215 (10·8%) 1124 (12·8%) 134 (14·8%) 62 (7·1%) 839 (12·7%) 161 (5·4%) 884 (18·6%)

Asthma, smoking, and obesity status over the life course§

Never had asthma 25 672 (84·3%) 2993 (83·9%) 1276 (63·8%) 7191 (82·0%) 731 (80·9%) 801 (92·2%) 6016 (91·2%) 2255 (75·5%) 4409 (92·8%)

Transient asthma 2710 (8·9%) 329 (9·2%) 151 (7·6%) 831 (9·5%) 135 (14·9%) 51 (5·9%) 368 (5·6%) 583 (19·5%) 262 (5·5%)

Persistent asthma 2056 (6·8%) 244 (6·8%) 572 (28·6%) 748 (8·5%) 38 (4·2%) 17 (2·0%) 209 (3·2%) 149 (5·0%) 79 (1·7%)

Never smoker 14 972 (49·2%) 2937 (82·4%) 1397 (69·9%) 3480 (39·7%) 893 (98·8%) 806 (92·8%) 2805 (42·5%) 1400 (46·9%) 1254 (26·4%)

Transient smoker 9678 (31·8%) 344 (9·6%) 379 (19·0%) 3565 (40·6%) 9 (1·0%) 20 (2·3%) 2619 (39·7%) 910 (30·5%) 1832 (38·6%)

Persistent smoker 5788 (19·0%) 285 (8·0%) 223 (11·2%) 1725 (19·7%) 2 (0·2%) 43 (4·9%) 1169 (17·7%) 677 (22·7%) 1664 (35·0%)

Never had obesity 20 769 (68·2%) 2834 (79·5%) 1672 (83·6%) 5774 (65·8%) 675 (74·7%) 791 (91·0%) 4389 (66·6%) 1616 (54·1%) 3018 (63·5%)

Transient obesity 6877 (22·6%) 518 (14·5%) 257 (12·9%) 2030 (23·1%) 130 (14·4%) 50 (5·8%) 1432 (21·7%) 1269 (42·5%) 1191 (25·1%)

Persistent obesity 2792 (9·2%) 214 (6·0%) 70 (3·5%) 966 (11·0%) 99 (11·0%) 28 (3·2%) 772 (11·7%) 102 (3·4%) 541 (11·4%)

Data are mean (SD) or n (%). Ethnicity data were not shared for this analysis because of some local ethical restrictions. *The unit of analysis in this table is the individual (ie, each participant counted only once). 
†Assigned at birth. ‡The age at which participants were included for the first time in the present analysis was different for each study and participant, and ranged from 4 to 72 years of age. §The life course for 
each participant in this study corresponds to the period from the first to the last time participants were included in the analysis, the duration of which ranged from 1 to 48 years (median 16 [IQR 9–20] years). 

Table: Participant characteristics*, overall and by study
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The general population-based nature of all included 
cohorts, which reflects a diverse distribution of risk 
factors such as asthma, smoking, and obesity, does raise 
the question of whether the current results accurately 
represent lung function trajectories in a healthy 
population, to make them potentially useful as average 
values for comparison. Instead of limiting the analysis to 
healthy participants and stratifying by study and birth 
cohort, as factors known to influence lung function 
values and changes,1 we adopted a more efficient 
approach. We modelled study and birth cohort as random 
effects and adjusted for the time-varying factors of 
asthma, smoking, and obesity, and their interactions 
with age. To assess the robustness of this approach, we 
did a sensitivity analysis restricted to participants who 
had never had asthma, never smoked, and never had 
obesity. The results were almost unchanged compared 
with the main model, confirming the validity of our 
adjustments. Furthermore, the findings of lower lung 
function in people with asthma versus those who had 
never had asthma, and the excess lung function decline 
observed in persistent smokers versus never smokers are 
consistent with the existing literature32 and provide 
additional support for the robustness of our approach. 
Finally, the visual similarity between the observed lung 
function patterns in our study and those reported by the 
Global Lung Function Initiative, which includes more 
than 90 000 cross-sectional measurements from healthy 
non-smoker individuals across 33 countries, further 
reinforces the external validity of our findings.6

To date, the increase in FEV1 and FVC has been 
described either as linear (from around age 5 years until 
peak values are achieved),30,33 or as exponential with a lag 
phase (from about age 4–5 years until age 10 years), a fast 
growth phase (from around 10–15 years), and a slow 
growth phase until peak values are achieved.1 Our results 
show that the initial lag period in children does not exist, 
at least from our starting point of age 4 years onwards, and 
that lung function increase is not linear, but rather has 
two phases: a fast growth phase, starting in early 
childhood, and a slower growth phase from around age 
13–16 years until a peak, depending on sex and lung 
function parameter. It is conceivable that previous 
research, which was based on smaller studies and did not 
cover a long age span, did not have statistical power or 
could not model accurately enough the changes in lung 
function values.4 Our estimates also showed a larger 
absolute increase in lung function in male versus female 
participants, which is consistent with adult male 
individuals generally being taller than adult female 
individuals.

Previous research reported that female individuals 
reach peak lung function between ages 13 and 15 years,30–32 
much earlier than our observed peaks at age 20 (95% CrI 
18–22) years for FEV1 and 20 (19–22) years for FVC. This 
discrepancy could be explained by either a distinct 
distribution in genetic or environmental factors between 

our study (which includes eight different studies 
collectively covering ages 15–25 years) and previous 
studies (mostly based on single-country samples), by a 
potential birth cohort effect (which in our analysis was 
accounted for by including participants born between 
1901 and 2006), or by the use of more sensitive analytical 
strategies in the present study. We also estimated that in 
male participants, peaks occurred at 23 (21–25) years for 
FEV1 and 23 (19–30) years for FVC; the finding of an 
earlier peak in lung function in female participants than 
in male participants is consistent with previous 
research.30–32

Our data do not support earlier reports of a plateau 
phase in lifelong lung function trajectory,30–34 as the 

Figure 2: Frequency of current asthma, active smoking, and obesity by year of age in the accelerated cohort*
Frequency (%) is represented by the red solid line, with 95% CIs shown in pink. Current asthma, active smoking, 
and obesity trends were smoothed with use of locally estimated scatterplot smoothing with a span of 0·4, applied 
separately to the proportions and their 95% CIs. Frequency values by year of age are provided in the appendix 
(pp 17–18). *The unit of analysis is the observation (ie, person-visit). Each participant contributed in at least 2 years 
and up to 8 years, depending on the number of visits (observations).
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probability of a plateau (ie, no change) in young adulthood 
was zero for both FEV1 and FVC in the main analysis, and 
predominantly zero across strata of asthma and smoking 
status. Some of these earlier studies suggested that such 
a plateau, particularly in female individuals, could extend 
up to age 40 years.32,34 This discrepancy might arise 

because these previous reports did not capture the slow 
rate of increase that takes place from adolescence until 
early adulthood, due to either an absence of data or, again, 
less sensitive analytical strategies.30–34 Our study is larger, 
more heterogeneous (five of the eight individual studies 
contributed participant data for ages 20–40 years), and 

Figure 3: Sex-specific FEV1* trajectories during the life course
(A) FEV1 trajectories in each cohort study and in the accelerated cohort, with 95% CIs for the accelerated cohort. (B) Mean age (with 95% CrIs) at lung function 
breakpoints and mean lung function change (with 95% CIs) between breakpoints. FEV1 is expressed in litres (L) and change in FEV1 is expressed in mL/year. Vertical 
dashed lines indicate the breakpoints, blue shading indicates 95% CrIs, and arrows indicate the mean FEV1 change between breakpoints or the mean age at 
breakpoints. (C) Probability of positive change (light blue), plateau (dark blue line), and negative change (blue) at each year of age of the trajectory. 
95% CrI=95% credible interval. *Height-standardised and study-standardised (appendix p 15).
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was based on measures at more ages than previous 
analyses. It could be argued that both our analytical 
approach and previous approaches tended to favour 
population summaries over individual trends, resulting 
in an inability to identify a potential plateau within 
specific population subgroups.35 However, our stratified 

analyses restricted to people who had never had asthma 
or never smoked did not show a plateau phase either.

Consistent with the absence of a plateau, we found that 
FEV1 and FVC started to decrease immediately after 
reaching the peak, in both male and female participants. 
The decrease ranged from 22 to 38 mL/year, depending 

Figure 4: Sex-specific FVC* trajectories during the life course
(A) FVC trajectories in each cohort study and in the accelerated cohort, with 95% CIs for the accelerated cohort. (B) Mean age (with 95% CrIs) at lung function 
breakpoints and mean lung function change (with 95% CIs) between breakpoints. FVC is expressed in litres (L) and change in FVC is expressed in mL/year. Vertical 
dashed lines indicate the breakpoints, blue shading indicates 95% CrIs, and arrows indicate the mean FVC change between breakpoints or the mean age at 
breakpoints. (C) Probability of positive change (light blue), plateau (dark blue line), and negative change (blue) at each year of age of the trajectory. 
95% CrI=95% credible interval. FVC=forced vital capacity. *Height-standardised and study-standardised (appendix p 15).
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on sex and the parameter. This is consistent with 
previous research, in which the decrease ranged from 
10 to 50 mL/year, albeit with the decreases starting earlier 
in the present analysis than reported previously.4 We also 
observed that both FEV1 and FVC in female participants, 
and FEV1 in male participants, decreased linearly without 
any breakpoint, in contrast to previous theoretical models 
that proposed an initial slow decrease followed by an 
accelerated decrease.1,33 This pattern was observed only 
for FVC in male participants in our analysis.

We found that FEV1/FVC ratio decreased throughout 
life. Notably, the pattern of decrease in FEV1/FVC ratio 
varied by sex. It is known that preschool children have 
higher expiration capacity relative to total lung volume 
than older children and adults; thus, FEV1/FVC ratio is 
physiologically higher in younger children.36 The finding 
of a less steep FEV1/FVC decline for female participants 
compared with male participants up to age 17 years 
is consistent with the concept of sex-related dysanapsis 
(ie, disproportionate scaling of airway dimensions to 
lung volume).37 Additionally, after puberty, female 
individuals might experience hormonal changes, such as 
oestrogen fluctuations, that affect airway function, as 
well as differences in susceptibility to respiratory diseases 
compared with male individuals.37 Together, these factors 
contribute to a distinct pattern of lung function decline 
in male and female individuals across the lifespan.

In this analysis, the observed fast growth in lung 
function already taking place from age 4 years, and the 
absence of a plateau phase in early adulthood, suggest 
that the risk of adult chronic respiratory disease is 
strongly influenced by the peak achieved. This indicates 
the importance of using spirometry early in life to 
identify individuals at risk, and reinforces the need 
for respiratory health promotion from early childhood 
through to early adulthood to support lung function 
growth and prevent low peak lung function.13 Our results 
also provide strong support for approaches that allow 
re-analysis of existing health megadata to establish more 
precise reference data and eventually test how and when 
early-life factors can affect health and disease later in life.

The main strength of our study is that the design and 
analysis maximised sample size and external validity, 
and minimised the extent of study attrition, potential 
survival bias, and birth cohort effect. Our study also 
includes some limitations. Although ethnicity data were 
not available for data sharing, we acknowledge, based 
on the previous cohort study reports,15–22 that all 
studies, including those in Australia, included primarily 
participants of self-reported European White ancestry, thus 
limiting generalisability to other populations. This 
limitation extends beyond the current study, as most 
trajectory analyses to date have focused on European-
ancestry populations. Future studies should aim to address 
this critical gap in knowledge, as recently emphasised by 
our group.13 Secondly, the pooling of several studies and 
the need to use values standardised within year of age, by 

height and study, limit the interpretation of absolute values 
of lung function, although changes in lung function over 
time should not have been affected. Thirdly, differences in 
spirometry equipment between studies might have caused 
systematic variations in lung function values; however, 
considering that multiple studies contributed results, the 
direction of changes over time was unlikely to be affected. 
Fourthly, the control of missing data due to loss to 
follow-up was based on a subset of the initial cohorts, as 
only data from participants with spirometry measurements 
were available to the study coordinators. However, given 
that the collection of spirometry data in each study was 
based on site-specific and age-specific protocols rather 
than participant characteristics, any potential bias due to 
such missing data is expected to be minimal. Finally, 
examining the role of other risk or protective factors of 
lung function growth and decline, such as environmental 
or occupational exposures, genetics, childhood infections, 
low birthweight, and socioeconomic or lifestyle factors, 
was beyond the scope of this study because of the 
difficulties in harmonising and sharing data from different 
cohorts. However, we acknowledge that these factors are 
likely to influence the trajectories and should be another 
focus of future research.

In conclusion, we found that FEV1 and FVC increased 
non-linearly during childhood, were already at a rapid 
growth rate by early childhood in male and female 
individuals, reached a peak at around age 20 years in 
female individuals and age 23 years in male individuals, 
and started to decrease thereafter without a plateau 
phase. The FEV1/FVC ratio decreased throughout life at 
a varying rate depending on age and sex. These results 
provide an essential, but previously unavailable, 
framework to assess and monitor lung health over the 
life course, which could facilitate early prevention and 
treatment. Considering that lung function is a marker of 
both respiratory and non-respiratory health, spirometry 
checking at all life stages has the potential to enhance 
overall human health across the lifespan.
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