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A century of increasing lung function and its implications for the diagnosis of lung 158 

disease: Results from 243,465 European adults across ten population-based studies 159 

 160 

ABSTRACT 161 

Background: During the last century, socioeconomic and scientific advances changed the health and physique of 162 

European populations. Accompanying improvements in lung function, if unrecognised, could lead us to 163 

misclassify lung function measurements, and hence diseases such as Chronic Obstructive Pulmonary Disease 164 

(COPD). We investigated how population lung function changed with birth year across the last century and how 165 

such change may influence lung function interpretation. 166 

Methods: We included 243,465 Europeans from ten population-based studies, aged 20-95 years, born between 167 

1884 and 1996. Forced expiratory volume in one second (FEV1) and forced vital capacity (FVC), were measured 168 

between 1965 and 2016. We used meta-regression to investigate how FEV1, FVC and the FEV1/FVC ratio 169 

changed with birth year. To substantiate our findings, we used linear regression to investigate how the FEV1 and 170 

FVC values, predicted by 32 reference equations, published between 1961 and 2015, changed with estimated birth 171 

year. 172 

Findings: Average European FEV1 and FVC values increased substantially with birth year across the last century. 173 

After accounting for height, smoking behaviour, and other co-factors, FEV1 increased by 4.8 mL/birth year (95% 174 

confidence interval [CI]:2.6-7.0; P<0.0001) and FVC by 8.8 mL/birth year (95% CI:5.7-12.0; P<0.0001). We 175 

found corroboratory birth year-related increases in the FEV1 and FVC values predicted by published reference 176 

equations. Whereas FEV1 and FVC increased with advancing birth year, the FEV1/FVC ratio decreased by 0.11 177 

per 100 birth years (95% CI:0.09-0.14; P<0.0001). 178 

Interpretation: Average height adjusted European FEV1 and FVC increased with birth year across the last 179 

century, causing population values to progressively exceed previously predicted values. Concurrently, the 180 

FEV1/FVC ratio decreased. If current diagnostic parameters remain unchanged, the identified shifts in European 181 

values will allow the easier fulfilment of diagnostic criteria for COPD, but the systematic underestimation of lung 182 

disease severity. 183 
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A century of increasing lung function and its implications for the diagnosis of lung 186 

disease: Results from 243,465 European adults across ten population-based studies 187 

RESEARCH IN CONTEXT 188 

Evidence before this study: 189 

We searched PubMed on 17th January 2021, using the terms ("cohort effects" OR “secular trends”) AND (“lung 190 

function” OR “FEV1” OR “FVC” OR “height”). Height is a major determinant of lung function, and average 191 

European height has increased with advancing birth year across most of the twentieth century. This increase has 192 

been attributed to improved growth due to improvements in diet, healthcare, and lifestyle. We found evidence that 193 

European height-adjusted lung function also increased with advancing birth year, at least until the mid-twentieth 194 

century. However, it was less clear if birth cohort effects have continued to impact European lung function. One 195 

major study, using data collected in high income countries between 1978 and 2011, found no evidence of cohort 196 

effects on height-adjusted lung function and the authors proposed this reflected the stabilisation of socioeconomic 197 

conditions in these countries. To substantiate our population-based findings, we also analysed the FVC and/or 198 

FEV1 values predicted by published reference equations for 50-year-old Caucasians from Europe, North America, 199 

or Australia. To find these equations, we searched PubMed using the terms: (“spirometry” OR “lung function”) 200 

AND “reference equation”. Equations were also identified from published reviews. We identified 32 reference 201 

equation studies, published between 1961 and 2015. 202 

Added value of this study:  203 

Relative to previous comparable studies, this study includes a much larger study sample, of 243,465 individuals, 204 

and covers a wider range of birth years, between 1884-1996. These data allow us, for the first time, to show how 205 

European forced expiratory volume in one second (FEV1) and forced vital capacity (FVC) increased independent 206 

of height across a century of birth years. We corroborate these findings using published reference equations, and 207 

we show how these changes will have led European lung function to progressively deviate from previously 208 

predicted values. This study also indicates that the FEV1/FVC ratio has decreased over this time. 209 

Implications of all the available evidence:  210 
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We show that, even after adjustment for increasing height, European FEV1 and FVC increased with birth year 211 

across the last century, causing a deviation from previously predicted values and the persistence of birth cohort 212 

effects upon current European population lung function. During this time, the FEV1/FVC ratio has fallen. 213 

Physiologically, these height-independent changes may indicate that socioeconomic change has been 214 

accompanied by beneficial changes in thoracic geometry, muscle strength or alveoli number within the population. 215 

Clinically, these changes in lung function over time will have led lung function predictions to increasingly 216 

underestimate average lung function among healthy Europeans, and therefore underestimate the degree of lung 217 

function impairment associated with lung diseases such as Chronic Obstructive Pulmonary Disease (COPD). 218 

While clinicians consider many factors when diagnosing lung diseases, the concurrent decrease in the FEV1/FVC 219 

ratio will make it easier for individuals to meet the criteria used to diagnose COPD. This study highlights the need 220 

to update reference equations for populations from high-income countries to better reflect current “normal values” 221 

and raises issues regarding the application of reference equations to longitudinal lung function data. 222 

  223 
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A century of increasing lung function and its implications for the diagnosis of lung 224 

disease: Results from 243,465 European adults across ten population-based studies 225 

 226 

INTRODUCTION 227 

Across the last century, dramatic socioeconomic changes and scientific advancements have changed the health1 228 

and physique2,3 of European populations. To appropriately interpret physical measurements, we need to recognise 229 

how physical norms have shifted over time. The appropriate interpretation of lung function measurements are 230 

important for the diagnosis of lung diseases, particularly Chronic Obstructive Pulmonary Disease (COPD),4,5 but 231 

also asthma6 and interstitial lung disease.7 When clinicians diagnose COPD, they use forced expiratory volume in 232 

one second (FEV1) and forced vital capacity (FVC) measurements to confirm the presence of airflow obstruction, 233 

defined as an FEV1/FVC ratio below the lower limit of normal (LLN) or less than 0.70.4 COPD severity is then 234 

graded by the severity of FEV1 impairment, determined by comparing observed values with predicted “normal” 235 

values.4 Thus, COPD diagnosis and grading partly relies upon knowing what constitutes “normal” lung function. 236 

To predict “normal” lung function we use reference equations, derived from cross-sectional studies of healthy 237 

non-smoking adults.8,9 However, within cross-sectional studies, decreasing subject age corresponds to advancing 238 

birth year. Consequently, these studies are particularly susceptible to “cohort effects”, where differences 239 

associated with age reflect differing environmental exposures across successive birth years. For example, the 240 

dietary, infectious disease, healthcare, and air pollution exposures of a 20-year-old European born in the 1920s 241 

are likely to differ substantially from their counterparts born in the 1980s. The previous impacts of cohort effects 242 

have been illustrated by the progressive rise in the lung function of Dutch individuals born across the first half of 243 

the 20th century,10 and, they explain why the rate of lung function decline estimated from early cross-sectional 244 

studies exceeded the decline rate observed in subsequent longitudinal studies.11,12  245 

The extent to which cohort effects currently impact lung function within historically high-income countries is 246 

unclear. Reviewing data collected between 1978 and 2009, one major international study found little impact on 247 

lung function, attributing this to the stabilisation of socioeconomic conditions.13 However, other studies show that 248 

European population height has continued to increase with birth year across much of the twentieth century, 249 

suggesting ongoing cohort effects,2,3 and, as a major determinant of thoracic volume, such increases in height 250 

should have driven up average lung function.8,9 That said, reference equations predict lung function for each 251 
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individual according to their height and therefore such predictions should accommodate increases in population 252 

lung function driven purely by increasing population height.8,9 However, height-independent increases in lung 253 

function, for example due to increasingly favourable chest geometry, an increasing number of alveoli, or enhanced 254 

muscle physique, could cause “normal” population values to progressively diverge from previously predicted 255 

values. Unrecognised, this divergence could lead to the increasingly inappropriate interpretation of lung function 256 

values, and the misclassification or misdiagnosis of diseases such as COPD. 257 

We hypothesised that as birth year advanced across the last century, lung volumes in high-income countries 258 

increased in excess of the change expected to accompany increasing height. We therefore analysed observational 259 

data from ten major European population-based studies, and 32 published reference equations, to investigate how 260 

FEV1 and FVC has changed with advancing birth year after accounting for increasing height. We then explore 261 

how the changes observed with birth year could impact the diagnostic interpretation of FEV1, FVC and FEV1/FVC 262 

ratio values. 263 

 264 

METHODS 265 

Study design and sample: 266 

We included males and females aged 20-95 years, enrolled with the intention of longitudinal follow-up in central 267 

and northern European general population representative studies participating in the European Respiratory Society 268 

CADSET clinical research collaboration.14 Table 1A lists the collaborating studies. Details of their research 269 

methods are available in the online supplement (Tables S1-S3).  270 

For each individual, we used date of birth and date of spirometry measurement to calculate age. For each 271 

individual, pre-bronchodilator FEV1 (millilitres), FEV1 in percent of predicted normal, sex, ever-smoker status, 272 

cumulative tobacco consumption (pack-years), height (metres) and weight (kilograms) were included. We only 273 

included individuals providing complete data. Each individual contributed data once only, at the first point in time 274 

when these data were recorded. Nine studies also provided pre-bronchodilator FVC (millilitres), FVC in percent 275 

of predicted normal and FEV1 /FVC ratio. The Vlagtwedde-Vlaardingen study measured vital capacity (VC), 276 

rather than FVC, and so these individuals were excluded from analyses reliant on FVC values.15 Individual percent 277 

of predicted values were calculated according to Global Lung Initiative (GLI) 2012 reference equations.8 Ever-278 

smokers were defined as those who had smoked at least one cigarette for at least one year by the date of spirometry 279 
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measurement. Pack years were calculated as the mean number of cigarettes smoked daily multiplied by the number 280 

of years smoked divided by 20. 281 

Each study provided summary data (means with standard errors) stratified by sex, ever-smoking status, birth 282 

period and age band. We defined nine birth periods (pre-1920, 1920-1929, 1930-1939, 1940-1949, 1950-1959, 283 

1960-1969, 1970-1979, 1980-1989, and 1990-1999) and seven age bands (20-29, 30-39, 40-49, 50-59, 60-69, 70-284 

79, and 80-95 years); the oldest age band spanned 15 rather than 10 years due to lower sample sizes in this older 285 

age group.  286 

Influence of birth year on FEV1 and FVC: 287 

We explored how birth year influenced both lung function and height with age among female and male, never and 288 

ever-smokers. This approach was repeated for central and northern European studies separately to check for 289 

replication within two geographical regions.  290 

To determine if lung function increased with birth year, independent of increasing height, we used meta-regression 291 

(also known as meta-analysis regression) using appropriately stratified summary estimates, with standard errors, 292 

from each study. Meta-regression is a meta-analysis technique that relates statistical heterogeneity between study 293 

effect sizes to variables available in the studies using regression-based techniques.16 Within these meta-regression 294 

models we progressively adjusted for variables potentially associated with lung function and birth year, including 295 

sex, ever-smoking status, study (using an indicator variable) and stratum average age, height, sex, weight and 296 

pack years recorded when lung function was measured.17 In sensitivity analyses, we further accounted for 297 

clustering of estimates using an extended mixed-effects framework for meta-analysis.18 We also explored if 298 

including non-linear terms age, height, and birth year improved model fit. 299 

Influence of birth year upon the FEV1 and FVC values predicted by published reference equations: 300 

To substantiate our finding of a height-independent change in lung function with increasing birth year in high-301 

income countries, we sought published reference equations predicting FEV1 and FVC for 50-year-old Caucasians 302 

in Europe, North America, or Australia. We chose these regions so that included reference equations would be 303 

based upon Caucasians from high-income countries. For each reference equation included in this supportive 304 

analysis, we used the mid-year of their reported measurement period to estimate the year when they measured 305 

lung function. Where the measurement period was unreported, we instead used the year of manuscript 306 

submission/publication. We estimated the birth year of 50-year-olds included within each study by subtracting 50 307 



«Author Accepted Manuscript version of the paper by [Allison JP] in [Lancet Respir Med], l 

(2021), DOI »120.1016/S2213-26000(21)00313-1 
 

 

years from the estimated measurement year. As appropriate, we used each reference equation to calculate 308 

predicted FEV1 and FVC values for 50-year-old females and/or males using the average height of our never-309 

smokers sample: (females:1.67m; males:1.81m), and weight when required (females:71kg; males:85kg). Linear 310 

regression, using heteroskedasticity robust standard errors, was used to determine if the predicted value of FEV1 311 

and FVC changed according to participant birth year. As a sensitivity analysis, we excluded reference equations 312 

derived from studies potentially including ever-smokers. 313 

Influence of birth year on the FEV1/FVC ratio 314 

To investigate if the FEV1/FVC ratio changed with birth year within our study, we used meta-regression, 315 

accounting for year of birth, age, sex, ever-smoker status, and pack years. We stratified this model for sex and 316 

ever-smoker status. To explore how these changes may relate to differences in height and weight we further 317 

adjusted this model for these variables.  318 

Analyses were performed using SPSS version 22 (IBM Corporation, Armonk, NY, USA), and STATA version 319 

14 (Stata Corporation, Texas, USA). For all tests P<0.05 was considered statistically significant. 320 

 321 

RESULTS 322 

Study sample: 323 

We included 243,465 Europeans (56% female) aged 20-95 years (mean age 51.4 years) from ten population-based 324 

studies (Table 1A). Those included were born between 1884 and 1996, and their lung function and height was 325 

measured between 1965 and 2016. Table 1B shows demographics according to sex and smoking status. As 326 

expected, FEV1, FVC, and height were lower in females than males, and FEV1 and FVC were higher in never-327 

smokers than ever-smokers. Mean FEV1, FVC, and height according to age are available in the online supplement 328 

(Figure S1). 329 

Influence of birth year on FEV1 and FVC 330 

Figure 1 shows a stepwise increment in FEV1 across successive birth cohorts, irrespective of sex or smoking 331 

status. This pattern persists when examining studies from central and northern European studies separately (Figure 332 

S3), suggesting the association is not driven by data from one study or country. Similar stepwise increments in 333 

FVC and height are shown in Figure S2. 334 
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Figure 2 shows results from the meta-regression examining how FEV1 and FVC values changed with advancing 335 

birth year. After adjusting for age and study, we found FEV1 increased by 13.3 mL/birth year (95% CI:5.5 to 21.2; 336 

P=0.0009) and FVC by 22.7 mL/birth year (95%CI:10.4 to 35.1; P=0.0003). Significant lung function increments 337 

persisted even after adjusting for height, sex, smoking history, and weight; FEV1 increased by 4.8 mL/birth year 338 

(95% CI:2.6 to 7.0; P<0.0001) and FVC by 8.8 mL/birth year (95% CI:5.7 to 12.0; P<0.0001). Results were 339 

overall similar after stratifying by sex and ever-smoking status for both FEV1 and FVC. Accounting for clustering 340 

within studies provided similar results (Figure S4). Including non-linear terms for age, height, and birth year 341 

yielded more extreme results but left our conclusions unchanged (Figure S12). 342 

Influence of birth year upon the FEV1 and FVC values predicted by published reference equations: 343 

We included 32 reference equations published between 1961 and 2015 (Figure 3 and Tables S4-S6). The estimated 344 

birth year of 50-year-olds enrolled in these studies ranged from 1910 to 1960 (Table S4). Overall, we included 31 345 

predictions of male FEV1; 24 predictions of male FVC; 27 predictions of female FEV1; and 23 predictions of 346 

female FVC.  347 

Figure 3 shows linear regressions examining how the predicted values of FEV1 and FVC vary according to the 348 

estimated birth year of a 50-year-old subject. For a 50-year-old, 1.67 m tall female subject, FEV1 predicted 349 

increased by 9.0 mL/birth year (95% CI:5.4 to 12.6; P<0.0001) and FVC predicted increased by 13.0 mL/birth 350 

year (95% CI:6.8 to 19.2; P<0.0001). Corresponding increases for a 50-year-old, 1.81 m tall male subject were 351 

13.2 mL/birth year (95% CI:8.4 to 17.9; P<0.0001) and 16.2 mL/birth year (95% CI:8.1 to 24.3; P<0.0001), 352 

respectively. Since eight of the 32 reference equations were not explicity predicting values for never-smokers, 353 

they may have included smokers. However, even after excluding these eight reference equations there remained 354 

statistically significant change, of comparable magnitude, among both males and females. 355 

Expected and observed impact of advancing birth year upon percent of predicted values 356 

Figure 4 illustrates how height-independent increases in lung function with advancing birth year would be 357 

expected to impact the interpretation of lung function values. Panels A to C (in Figure 4) show that an increase in 358 

FVC of 13.7 mL/birth year, as reported in Figure 2, would be expected to cause a progressive deviation from the 359 

FVC values predicted by GLI 2012. Panel D indicates that this change would favour a progressive increase in 360 

percent of predicted values with age. We take GLI 2012 predictions as representing normal population lung 361 

function in 1994 because this was the mid-point of their data collection period (1978-2011). For comparison with 362 
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panel D, panels E and F shows the relationship observed between percent of predicted lung function (FEV1 and 363 

FVC) and birth year among never-smokers in this study (Figures S5-65 show data from ever-smokers). 364 

Influence of birth year on the FEV1/FVC ratio 365 

Figure 5A suggests that the population mean FEV1/FVC ratio has decreased steadily with advancing birth year, 366 

irrespective of smoking status. The forest plot in Figure 5B shows meta-regression examining how the FEV1/FVC 367 

ratio changes with advancing birth year. After adjusting for age, study, sex, and smoking history, we found that 368 

the FEV1/FVC ratio decreased by 0.11 per 100 birth years (95% CI:0.09 to 0.14; P<0.001). Overall, results were 369 

similar in sensitivity analyses adjusted for height and weight with stratification by sex and smoking status (Figures 370 

S7S8). If this pattern continues, our model estimates that mean FEV1/FVC ratio among the 65-year-old never-371 

smoking European males will decrease from 0.77 (95% CI:0.77 to 0.77) in 1995 to 0.70 (95% CI:0.69 to 0.72) in 372 

2060 (65 years following their birth in 1930 and 1995 respectively). 373 

 374 

DISCUSSION 375 

Using data from 243,465 European adults born between 1884 and 1996, we show that average FEV1 and FVC 376 

have increased over time, partly due to increasing population height. However, after adjusting for height, FEV1 377 

still increased by 4.8 mL/birth year and FVC increased by 8.8 mL/birth year. These findings are supported by a 378 

similar rate of height-independent increase in predicted lung function values across 32 reference equations 379 

published between 1961 and 2015. As time passes, these changes will lead current reference equations to 380 

increasingly underestimate “normal” lung function, thereby underestimating disease severity among those with, 381 

for example, COPD. In contrast, we find that the FEV1/FVC ratio has decreased over time by 0.11 per 100 birth 382 

years, favouring the easier fulfilment of current COPD diagnostic criteria. Besides impacting diagnostic accuracy, 383 

such cohort effects may undermine current approaches towards interpreting longitudinal lung function data.  384 

Increasing European population height across the last century indicates that cohort effects have continued to 385 

influence the body dimensions of populations from these high-income countries.2,3,19 This change has been 386 

attributed to improving diet, healthcare and lifestyle,10,19 resulting in better growth during childhood and 387 

adolescence.2 Hypothesised transgenerational inheritance of exposure effects19,20 may also implicate a role for 388 

change in parental exposures.21 However, few studies examine how advancing birth year, and the accompanying 389 
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increase in height, impact population lung function.10 We address this through a large study spanning a century of 390 

birth years. 391 

We find that increasing population height across successive birth cohorts was accompanied by increasing average 392 

lung function. Height is a major determinant of lung function and the trajectories suggested by Figures 1 and S2 393 

fit with the achievement of progressively greater height and consequently larger lung volumes by early adulthood. 394 

However, the increases found in lung function over time exceed those expected due to the observed increases in 395 

height (Figure 2). This indicates a changing relationship between height and lung function.11 One physiological 396 

explanation is that standing height, although widely used as a proxy for thoracic cavity size, does not account for 397 

differences in musculature, alveoli number or thoracic geometry.22 Changes in these factors across successive 398 

birth years, in response to improving environment, diet and healthcare, may drive the increases in lung function 399 

not explained by increasing height. 400 

Irrespective of the physiological cause, progressive height-independent increases in lung function will have had 401 

important diagnostic consequences due to their impact on the accuracy of predicted values. “Normal” lung 402 

function values are predicted using reference equations, derived from measurements made during a specific period 403 

in time. For example, the highly refined GLI 2012 reference equations were derived from measurements made 404 

between 1978 and 2011.8,13 Height-independent increases in lung function would, over time, cause “normal” 405 

population values to progressively deviate from predictions made by these equations. We observed an increase in 406 

FVC of 13.7 mL/birth year among male never-smokers, amounting to 274 mL across 20 birth years. Figure 4 A-407 

D shows how this change would be expected to cause the average FVC trajectory to deviate from the curve 408 

predicted by GLI 2012. This would manifest as a progressive underestimation of future “normal” values and an 409 

overestimation of preceding “normal” values. The striking similarities between the expected and the observed 410 

impacts of birth year on percent of predicted FEV1 and FVC values (Figure 4D-F), appears to support this 411 

hypothesis. The GLI 2012 reference equations are the best available, but the cohort effects we identify would lead 412 

them to underestimate current “normal” European lung function, perhaps explaining why recent European 413 

population-based studies report supra-normal average lung function values.23 This would also lead clinicians to 414 

underestimate the severity of well-known respiratory diseases, such as COPD, and under-recognise the impacts 415 

of emerging adverse exposures, such as e-cigarettes or the COVID-19 pandemic. 416 

Whereas FEV1 and FVC increased with advancing birth year, we found that the FEV1/FVC ratio decreased. This 417 

decrease in the FEV1/FVC ratio with advancing birth year is a predictable mathematical consequence of both 418 
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height-dependent and height-independent increases in lung function. The FEV1/FVC ratio is known to decrease 419 

with increasing height.8 Further, we observe a height-independent FVC increase which exceeds the corresponding 420 

FEV1 increase (8.8 versus 4.8 mL/birth year), favouring further reduction of the FEV1/FVC ratio. The failure of 421 

FEV1 to keep up with increasing FVC implies that increasing flow volumes are accompanied by increasing 422 

resistance to flow, as FEV1 is more susceptible to changes in airway resistance than FVC. This increasing 423 

resistance could reflect disproportionate tracheobronchial growth relative to parenchymal growth during lung 424 

development, a phenomenon known as dysanapsis.24-26 Dysanapsis arises because the tracheobronchial tree forms 425 

early in foetal development whereas parenchymal tissue continues to form post-partum, thereby introducing the 426 

potential for unmatched growth.24 If progressively improving parenchymal growth led to larger lung volumes and 427 

greater airflow without matched increases in airway diameter, airway resistance would increase, potentially 428 

decreasing the FEV1/FVC ratio. 429 

Change in average population FEV1/FVC ratio over time poses a diagnostic challenge for clinicians, especially 430 

with regards to COPD diagnosis. An “obstructive” FEV1/FVC ratio is required to confirm COPD diagnosis, with 431 

some defining obstruction as a ratio less than 0.70 and others as less than the lower limit of normal (LLN) based 432 

upon GLI 2012 predictions.4 If the average European population FEV1/FVC ratio is decreasing, as we suggest, it 433 

will become progressively easier for individuals to fulfil the diagnostic criteria for COPD. Indeed, if current trends 434 

continue, our model estimates that 0.70 will be the mean FEV1/FVC ratio among 65-year-old never-smoking 435 

European males by the year 2060. If this is due to shifting physiological norms, rather than increasing disease, it 436 

could lead to the over-diagnosis of COPD resulting in harm.  437 

A key message from this study is that the persistence of cohort effects is causing current lung function reference 438 

equations to become progressively outdated, even within high-income countries. Updating these equations, to 439 

reflect new population norms, would help us to better interpret individual measurements being made today. 440 

However, there are also fundamental implications regarding the interpretation of longitudinal lung function data. 441 

Understanding how chronic disease develops across life is a major scientific frontier, and in respiratory medicine 442 

the major focus remains upon identifying those abnormal lung function trajectories which lead to disease.27 To 443 

this end, longitudinal lung function data are often interpreted using reference equations derived from cross-444 

sectional data.28,29 Our study shows this approach as potentially problematic because the persistence of cohort 445 

effects will cause longitudinal trajectories to progressively deviate from the trajectories predicted by cross-446 

sectional studies. Of note, the trajectory deviations we report are consistent with trends previously identified from 447 
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longitudinal data.30 By highlighting these effects we hope to contribute towards the development of a more 448 

accurate picture of how respiratory health versus disease develops. 449 

Alongside age, height and sex, ethnicity is considered a major determinant of lung function. Unfortunately, our 450 

predominantly Caucasian study sample precludes us from attempting to delineate how ethnicity and race, together 451 

with genetic variation and environmental exposures, influence lung function.31 Lung function variation with 452 

ethnicity leads current reference equations to predict lower FEV1 and FVC, but often higher FEV1/FVC ratios, for 453 

non-Caucasian ethnicities, relative to their Caucasian counterparts.8 However, our data highlight the potentially 454 

long-lasting after-effects of environment upon Caucasians, even Caucasians from historically affluent countries. 455 

Therefore, historical inequalities, linked to ethnicity and race, both within and across countries, may contribute 456 

substantially to those differences in lung function currently attributed to ethnicity. Encouragingly, societal change 457 

may help close this gap, as seen recently in Asia.32 Arguably, attributing lower “normal” lung function simply to 458 

“ethnicity” risks accepting the current manifestations of historical inequalities as “normal” function. Similarly, 459 

using locally derived reference values to interpret lung function within lower income countries may also risk 460 

labelling any population-level impacts of historically lower income as “normal”. Therefore, while “personalised” 461 

predictions using ethnic, socioeconomic, or geographic background may help us better recognise important 462 

functional variation within specific groups they also risk reinforcing existing structural inequalities. 463 

Our inclusion of data from ten high-quality studies, representative of general populations, is a major study 464 

strength, and not excluding individuals with prior respiratory diagnoses or symptoms explains our slightly lower 465 

than predicted lung function values. Arguably, our cross-sectional study design also reduces survival bias derived 466 

from sample attrition by improving the representation of populations from earlier eras, meaning those included 467 

should better represent those surviving to similar ages within the wider population. Increasing European life 468 

expectancy across the last century, may mean that some individuals included in later studies would not have 469 

survived to participate in earlier studies had they have been born in earlier eras. However, given the known inverse 470 

correlation between lung function and survival, the increasing survival of sicker individuals would likely favour 471 

a reduction, rather than the shown increase, in average population lung function. 472 

Our examination was limited to variables recorded across the included studies, and we were unable to directly 473 

explore, for example, change in thoracic cage dimension or sitting height. This is important because prior studies 474 

suggest that increasing height with socioeconomic improvement is largely due to increasing leg length not 475 
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increasing thorax height.22,33 If so, our adjustments for height, as a proxy for thoracic cage size, may underestimate 476 

the contribution of height-independent lung function gains.  477 

While our approach of reporting average gains across all birth cohorts is somewhat supported by the stepwise 478 

changes suggested in Figures 1 and S2, we note that across our more recent birth cohorts, lung function increases 479 

appear visually smaller, and these birth cohorts may also relate differently to GLI 2012 predictions than their 480 

predecessors. Therefore, variation in cohort effects upon lung function across the different birth cohorts could be 481 

a useful further topic of study, especially as growth in European height may now be slowing.34 482 

Limitations in adjusting for period effects alongside age and birth cohort are well documented.10 We would argue 483 

that cohort rather than period effects more plausibly explain our findings. Our observational study design means 484 

we cannot exclude residual confounding from unmeasured confounders. However, residual confounding from 485 

measurement error in height and time variables, variables which explained most variation in our models, seems 486 

unlikely given the precision with which they were measured. Although minor variation in research technique 487 

existed between different studies, we cannot see how these would explain our results. Improved spirometer 488 

technology, protocol standardisation standardization and quality control could have contributed to increasing 489 

values,35 but would not explain the wider cohort effects observed (e.g., upon height) or avoid the need to update 490 

normal references to better interpret measurements made today. Several further factors support the validity of our 491 

findings. First, cohort effects persisted after stratification by geographical region, indicating they were not driven 492 

by data from a single study or country. Second, sensitivity analyses, e.g., excluding the single study which 493 

recorded asked height rather than measured height (contributing 0.3% of our study sample), left our findings 494 

unchanged. Third, adjusting our models for contributing study did not change our findings. Finally, our analyses 495 

of values from published lung function reference equations from different eras corroborate our overall findings. 496 

In summary, European average FEV1 and FVC has increased with advancing birth year across the last century. 497 

These increases appear to exceed the expected impact of increasing height. This has led average population FEV1 498 

and FVC to progressively deviate from, and be underestimated by, currently predicted values. In contrast, over 499 

this time the average FEV1/FVC ratio has decreased. Clinicians consider many factors when diagnosing lung 500 

diseases, but these two changes will have led to the easier fulfilment of COPD diagnostic criteria but the 501 

progressive underestimation of disease severity. This study highlights the need to update reference equations for 502 

populations from high-income countries to better reflect current “normal values” due to the ongoing impact of 503 

cohort effects, and to re-evaluate our approach towards interpreting longitudinal data. 504 
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TABLES AND FIGURES 508 

 509 

TABLE 1: Details of the study sample included. 510 

Table 1A: Sample size, age range, measurement year range and birth year range, overall and according to each 511 

participating study. Studies are ordered chronologically according to the earliest measurement date they 512 

contribute. A corresponding graphical representation of the included age, measurement year and birth year ranges 513 

is shown in Figures S9 and S10 514 

Table 1B: Demographics of the included sample, overall and then stratified by both sex and ever-smoker status. 515 

Values shown are means with 95% confidence intervals calculated by combining the relevant means and standard 516 

errors provided by each study show in Table 1A.  517 

 518 

 519 
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FIGURE 1: The relationship between FEV1 (y-axis) with advancing age (x-axis) according to birth cohort 520 

(legend).  521 

Each marker shows the mean value (y-axis) among individuals belonging to that sub-group (defined by both their 522 

birth cohort and age at measurement). The key defines the distinct birth cohorts. The age bands are described in 523 

the methods section. Data from these sub-groups are plotted according to their mean age (x-axis). Linear trendlines 524 

are shown. 525 

The upper and lower panels show females and males, respectively. The left and right panels show never and ever-526 

smokers, respectively. Each individual appears once only (they each contribute to one time point within one panel 527 

only). The number included in each panel is as shown. See also Figure S2. 528 

 529 

 530 

 531 

 532 

 533 
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 534 

FIGURE 2: Difference in FEV1 and FVC according to year of birth in a meta-regression model. 535 

Estimates show change in lung function (mL) per year of birth increase. Each model is adjusted, as shown, for 536 

covariates considered relevant (age, study, height, sex, ever-smoking status, pack years and weight). In the final 537 

adjusted model, FEV1 and FVC increased by 4.8 mL/birth year (95%CI: 2.6 to 7.0; P<0.0001) and 8.8 mL/birth 538 

year (95%CI: 5.7 to 12.0; P<0.0001) respectively, independent of age, height, sex, ever-smoking status, pack 539 

years and weight. The FEV1 and FVC models include data from 10 population-based studies (243,465 540 

participants) and 9 studies (237,468 participants) respectively. Subgroup analyses show the final fully adjusted 541 

model stratified according to sex and ever-smoking status. For each meta-regression analysis, we show the 542 

calculated R2 and residual I2. R2 describes the between-study variance explained by the included covariates and I2 543 

describes the proportion residual of between-study variation explained due to heterogeneity versus sampling 544 

variation. Stratifying by age yielded results in younger and older (Figure S13). 545 

 546 

 547 

 548 

 549 
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FIGURE 3: The influence of birth year on the FEV1 and FVC values predicted by published reference 551 

equations: 552 

Each of the listed reference equations were used to calculate predicted FEV1 and FVC values for 50-year-old 553 

females and males (as applicable) using the average height and, where applicable, average weight, of never-554 

smokers in our study (Female: height 1.67m, weight 71kg; Male: height 1.81m, weight 85kg). For each reference 555 

equation, the study measurement date was estimated, using the mid-year of the study measurement period. If this 556 

was unreported, we instead used the year of manuscript submission and if this was unavailable, we used 557 

publication year. Birth year was then estimated by subtracting 50 years from the estimated year of measurement.  558 

The resulting predicted values are plotted according to estimated year of birth (upper panel: FEV1; lower panel: 559 

FVC). The equations show the results of linear regression analysis. Female values are shown in red. Male values 560 

are shown in blue. The left panels include all 32 equations. The right panels exclude the 8 studies which may have 561 

included ever-smokers (open circles) (See also Tables S4-S6)). 562 

 563 
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 564 

FIGURE 4: Comparison between the calculated theoretical (A-D) and observed (E-F) impact of birth 565 

cohort effects upon lung function interpretation using percent of predicted values.  566 

A: Shows how the height-independent 13.7 mL/birth year increase in FVC we report for never-smoking males 567 

(Figure 2) would be expected to cause “normal” population FVC values to deviate, over time, from those predicted 568 

by GLI 2012 reference equations. Circular markers show the GLI 2012 predicted FVC values for 1.81m tall 569 

Caucasian men at four ages (● 30-year-olds; ● 50-year-olds; ● 70-year-olds; ● 90-year-olds). These reflect 570 

“normal” population values in 1994, the approximated year of the measurements used to derive GLI 2012 571 

predictions. In the absence of birth cohort effects, the “normal” values at these ages would remain constant over 572 

time (dashed black line). The x-axis shows that, for each age line, advancing measurement year corresponds 573 

directly to advancing birth year. In our study, FVC increased by 13mL/birth year, equating to an increase of 574 

274mL after 20 birth years. This would lead “normal” values to progressively deviate from the values observed 575 

in 1994, as per the dashed coloured lines (colour according to age) 576 

B: Here, data from panel A is plotted according to age instead of the year of measurement. The central dashed 577 

black line plots GLI 2012 predicted FVC (derived from measurements circa 1994). The two additional curves 578 

show the curve expected twenty years earlier (in 1974) and twenty years later (in 2014) incorporating a 274mL 579 

decrease and increase, respectively. Again, the x-axis shows that, for each dashed coloured age line, advancing 580 

measurement year directly corresponds to advancing birth year. 581 

C: Using the data from panel B, we plot the expected course of four birth cohorts as they age, accounting for the 582 

13.7mL per birth year increase in FVC. The solid lines represent cohorts from the following birth years: 1964 583 

(dark blue), 1944 (green), 1924 (red) and 1904 (light blue) as they age over time . This shows how the persistence 584 

of birth cohort effects will have caused ageing birth cohorts to transect the FVC curve predicted by GLI 2012 (and 585 

other such cross-sectional studies). 586 

D: Translates the data from panel C into percent of GLI 2012 predicted values. This panel shows how the birth 587 

cohort effects found should lead to the progressive underestimation of values measured after 1994, and the 588 

overestimation of values measured prior to 1994. 589 

E and F (FEV1 and FVC respectively): Show, from our current study, the observed relationship between percent 590 

of predicted lung function (using individual subject-level percent of GLI predicted values) according to age and 591 
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birth cohort. The patterns observed within panels E and F bear strong resemblance to the theorised pattern shown 592 

in panel D. Linear trendlines are shown. See also Figures S5-6 and S14. 593 
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FIGURE 5: FEV1 /FVC ratio change with advancing birth cohort. 595 

A: The relationship between FEV1/FVC ratio with advancing age according to birth cohort. The left and right 596 

panels show never and ever-smokers respectively. Each marker shows the mean FEV1/FVC ratio (y-axis) 597 

according to mean age (x-axis) of sub-populations defined by both birth year and age at measurement. The key 598 

defines the birth cohorts, and the age bands are described in the methods section. Linear trendlines are shown.  599 

B: Meta-regression model examining how birth year influenced FEV1/FVC ratio, independent of age and 600 

smoking. For simplicity estimates show FEV1/FVC ratio change across 100 birth years. The model 601 

progressively adjusts for age, ever-smoking, and pack years. The fully adjusted model demonstrates a decrease 602 

in FEV1/FVC ratio by 0.11 (95%CI: 0.09 to 0.14; P<0.0001) per 100 birth years. The model is subsequently 603 

stratified by sex and ever-smoker status. For each meta-regression analysis, we show the calculated R2 and 604 

residual I2. R2 describes the between-study variance explained by the included covariates and I2 describes the 605 

proportion residual of between-study variation explained due to heterogeneity versus sampling variation. For 606 

results of additional adjustment for height and weight see Supplementary material. 607 
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