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A B S T R A C T

Background: Investigation of the natural history of chronic obstructive pulmonary disease (COPD) has led to
the recognition that individuals with higher than normal lung function may have lower risk of developing
COPD. We tested the hypothesis that individuals with supernormal lung function have lower risk of COPD.
Methods: We followed 108,246 adults from the Copenhagen General Population Study recruited between
2003 and 2015 for clinical COPD outcomes until 2018. A subset of 16,892 attended another examination
approximately 10 years later, allowing to investigate lung function decline and COPD development (forced
expiratory volume in 1 se (FEV1)/forced vital capacity (FVC)<0¢70 and FEV1<80% predicted with chronic
respiratory symptom). Supernormal lung function was defined as FEV1>upper limit of normal (ULN).
Findings: At baseline, 3944(4%) had supernormal lung function, 91,938(85%) normal lung function, and
12,364(11%) had below normal lung function. Individuals with baseline supernormal versus normal lung
function had higher FEV1 decline but did not differ in FEV1/FVC decline. None had COPD at 10 years in those
with supernormal lung function, while 3% had in those with normal lung function. Early-life risk factors asso-
ciated with COPD development and smoking exposure in different stages of life were less common in individ-
uals with supernormal lung function. Compared to individuals with normal lung function, multivariable
adjusted hazard ratios in those with supernormal lung function were 0¢19(95% confidence inter-
val:0¢08�0¢46) for acute obstructive lung disease hospitalisations, 0¢56(0¢45�0¢69) for pneumonia hospital-
isations, and 0¢81(0¢72�0¢91) for all-cause mortality.
Interpretation: Supernormal lung function is associated with lower risk of developing COPD.
Funding: Herlev and Gentofte Hospital and Lundbeck Foundation.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Chronic obstructive pulmonary disease (COPD) is characterised by
the presence of chronic respiratory symptoms and airflow limitation,
and is associated with significant morbidity and mortality in middle-
aged and older adults [1]. It is now increasingly evident that lung
function trajectories leading to development of airflow limitation in
COPD may be determined early in life [2�8]. As we have advanced
our understanding of the natural history of COPD, new and as of yet
unanswered important questions have arisen. One such question is
the health effects of higher than normal lung function (supernormal
lung function) [2,3]. Recently, we showed that supernormal lung
function, when defined as forced vital capacity (FVC) >upper limit of
normal (ULN), is associated with lower morbidity and mortality in
individuals in the general population [9]; however, while lower than
normal lung function is an established risk factor for COPD [7], the
association of supernormal lung function with obstructive lung dis-
eases has not been explored before. This is an important question as
determining the association of early-life risk factors with supernor-
mal lung function and its association with COPD could help us under-
stand factors related to optimum development and preservation of
lung function from birth until old age.

We tested the hypothesis that individuals with supernormal lung
function have lower risk of COPD. For this purpose, we used the
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Research in context

Evidence before this study

Determining the association of early-life risk factors with
higher than normal lung function (supernormal lung function)
and its association with chronic obstructive pulmonary disease
(COPD) could help us understand and identify factors related to
optimum development and preservation of lung function from
birth until old age. We searched PubMed for previous human
studies published in English until March 10, 2021, using the
MeSH search term: “Pulmonary Disease, Chronic Obstructive”,
“Forced Expiratory Volume”, or “Spirometry” in combination
with “Supernormal” or “Supranormal”. No previous study has
investigated supernormal lung function against development
of COPD.

Added value of this study

While 3% of individuals with normal lung function developed
COPD during 10 years, none developed it in those with super-
normal lung function. Early-life risk factors usually associated
with development of COPD and smoking exposure in different
stages of life were less common in those with supernormal ver-
sus normal lung function. Furthermore, individuals with super-
normal lung function had lower risk of acute hospitalisations
due to obstructive lung disease and pneumonia, and of all-
cause mortality.

Implications of all the available evidence

Supernormal lung function is associated with lower risk of
developing COPD. This information may be helpful during dis-
cussions between patients and doctors about future risk of
developing chronic lung disease. Future guidelines on preven-
tion, diagnosis, and treatment of COPD may wish to incorporate
such knowledge.
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Copenhagen General Population Study, a contemporary Danish popu-
lation-based cohort.

2. Methods

2.1. Study design and population

YÇ and SA had full access to all data in the study and had final
responsibility for the decision to submit for publication. We used the
Copenhagen General Population Study, a contemporary Danish popu-
lation-based cohort with ongoing enrolment [10�12]. In Denmark, all
individuals are assigned a unique identification number (Central Per-
son Registration number) at birth or immigration and recorded in the
national Danish Civil Registration System. We therefore randomly
invited individuals aged 20�100 living in the Capital Region of Den-
mark from the national Danish Civil Registration System to reflect
the adult White Danish population of Danish descent (response-rate:
43%). All participants completed a questionnaire and underwent a
physical examination. The questionnaire is a comprehensive and
detailed assessment on health and lifestyle and includes also infor-
mation on chronic disease and symptoms, as described previously
[13]. Questionnaires were reviewed at the day of attendance by a
healthcare professional together with the participant. The study was
approved by Herlev and Gentofte Hospital and the regional ethics
committee (approval number: H-KF-01�144/01) and was conducted
according to the Declaration of Helsinki. All participants provided
written informed consent. In the present study, we included 108 246
individuals with complete information on age, sex, height, and lung
function, recruited between November 26, 2003 and April 28, 2015.
In order to determine the predicted value for lung function, informa-
tion on age, sex, and height is a necessity. An ongoing follow-up
examination was initiated in March 31, 2014 where individuals are
invited systematically based on region and previous participation
date thereby allowing an approximately follow-up time of 10 years
[14].

2.2. Supernormal lung function

Lung function was determined using spirometry with pre-bron-
chodilator measurements of forced expiratory volume in 1 sec (FEV1)
and FVC [15]. Spirometry use in the Copenhagen General Population
Study has undergone a rigorous validation process before [16]. Pre-
dicted values of FEV1 and FVC were calculated according to internally
derived reference equations based on a subsample of 11 288 healthy
asymptomatic never-smoking individuals with age and height as
covariates separately for men and women [15,16]. Since supernormal
lung function has not been defined before [2,3], we chose ULN for
FEV1, defined as the highest 5th percentile of the predicted value, cal-
culated as the mean value plus 1¢645 standard deviations. Supernor-
mal lung function was defined as FEV1 >ULN, normal lung function
as FEV1 �lower limit of normal (LLN) and �ULN, and below normal
lung function was defined as FEV1 <LLN (Fig. 1). FEV1 was chosen to
define supernormal lung function, as it is the single most important
measurement used over the years to investigate the natural history
of COPD [7]. A detailed description of lung function is provided in the
supplement.

2.3. Outcomes

COPD was defined as presence of clinical airflow limitation with
FEV1/FVC <0¢70 and FEV1 <80% predicted plus at least one chronic
respiratory symptom of chronic mucus hypersecretion, dyspnea,
wheezing, and/or cough [12]. A subset of 16 892 individuals had
information on lung function and chronic respiratory symptoms both
at baseline and at an examination 10 years later (Fig. 1), allowing
investigation of lung function decline and COPD development.

Clinical long-term outcomes included acute hospitalisations due
to obstructive lung disease and pneumonia, while all-cause mortality
was also ascertained. Acute hospitalisations due to obstructive lung
disease (International Classification of Diseases [ICD]�10: J41-J46)
and pneumonia (ICD-10: J12-J18) included all emergency depart-
ment visits and hospital admissions with the mentioned primary dis-
charge diagnosis. Information was available from the national Danish
Patient Registry, which covers all public and private hospital contacts
in Denmark, recorded in the period from November 26, 2003 until
December 7, 2018. Information on vital status was obtained from the
national Danish Civil Registration System, which contains date of
death for all residents in Denmark, recorded in the period from
November 26, 2003 until December 13, 2018. As follow-up was done
using the above-mentioned register linkage based on the unique Cen-
tral Person Registration number provided to everyone at birth or
immigration, no person was lost to follow-up, and individuals who
emigrated were censored at the date of emigration (n = 451). All diag-
noses recorded in the registries are strictly made by a medical doctor
according to national Danish laws using the World Health Organisa-
tions ICD-codes.

2.4. Covariates

Information on sex and age was obtained from the national Dan-
ish Civil Registration System. Body mass index (BMI) was calculated
as measured weight divided by measured height squared (kg/m2).
Smoking status was defined as never, former, or current smoking.



109 084 randomly selected Danish individuals aged 20-100 from the Copenhagen General Population Study

Normal lung function
with FEV1 ≥LLN and ≤ULN

n=91 938 (85%)

Supernormal lung function
with FEV1 >ULN

n=3944 (4%)

Below normal lung function
with FEV1 <LLN
n=12 364 (11%)

1830 with information on lung function
at an examination 10 years later

14 489 with information on lung function
at an examination 10 years later

573 with information on lung function
at an examination 10 years later

838 excluded
156   Missing information on height
682   Missing information on lung function

108 246 adults with information on age, sex, height, and lung function at baseline examination

Fig. 1. Flowchart. FEV1=forced expiratory volume in 1 sec. FVC=forced vital capacity. LLN=the lower limit of normal. ULN=upper limit of normal.
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Cumulative tobacco consumption was calculated in pack-years based
on information on age at smoking initiation and cessation (for current
smokers both at baseline and at the examination 10 years later),
duration of tobacco consumption, and amount of consumed tobacco
(number of daily consumed cigarettes, cheroots, and cigars and
grams of weekly consumed pipe tobacco); a pack-year was 20 ciga-
rettes or equivalent smoked daily for a year. Socioeconomic status
was based on the longest acquired education after school and annual
household income. Asthma was defined as an affirmative response to
the question: “Do you have asthma?”. Treatment with airway medi-
cation was defined as an affirmative response to the question: “Do
you take any kind of medication for asthma and/or bronchitis (includ-
ing sprays and/or dry powders) daily or almost daily?”. Information
on early-life risk factors were self-reported and collected at an exam-
ination 10 years after baseline.

2.5. Statistical analyses

Wilcoxon’s rank-sum, Pearson’s chi-squared, and Fisher’s exact
tests were used for group comparisons, i.e. individuals with super-
normal, normal, and below normal lung function. Linear mixed-
effects model with random-intercepts and -slopes and unstructured
covariance matrices were used to determine the association between
FEV1 and age in individuals with below normal, normal, and super-
normal lung function, thereby being able to estimate annual lung
function decline during 10 years of follow-up. Age was used as analy-
sis time in this regard, as FEV1 decline may change with age as well
as to make the results more interpretable [7]. Kaplan-Meier models
were used to assess failure probability of acute hospitalisations and
mortality during follow-up, and the difference was assessed using
the log-rank test. Cox proportional hazard model was used to calcu-
late hazard ratios for acute hospitalisations and mortality during fol-
low-up. An approach with single failure-time analysis was used for
all-cause mortality. For acute hospitalisations, we carried out
multiple failure-time analysis using the Andersen-Gill approach,
meaning that individuals were at risk of recurrent events [10]. To
avoid counting a single event multiple times, we chose that hospital-
ised individuals during follow-up had to be clinically stable for at
least four weeks after discharge before they could be considered at
risk again for a subsequent event, in accordance with previous meth-
odological recommendations [17]. We used analyses with left trunca-
tion at study entry and age as the underlying timescale. Analyses
were adjusted for age (as timescale), sex, BMI, smoking status, cumu-
lative tobacco consumption (pack-years), socioeconomic status,
asthma, and treatment with airway medication. To account for miss-
ing data (< 0.5%), we performed multivariate imputation using
chained equations to fill out missing values. As a form of sensitivity
analysis, we investigated clinical long-term outcomes according to
higher than normal lung function as a dose-response relationship by
using restricted cubic splines with the median value as the reference,
and three knots were chosen and placed according to Harrell’s rec-
ommendation at the 10th, 50th, and 90th percentiles [18]. Since the
clinical groups were derived using FEV1 and not FEV1/FVC, a small
proportion of individuals with supernormal lung function had FEV1/
FVC <LLN (n = 65). Thus, we characterised these individuals and
excluded them in a sensitivity analysis. In another sensitivity analy-
sis, we excluded also individuals with asthma. Analyses were per-
formed using STATA/SE 13¢1 for Windows (StataCorp, College
Station, Texas, US), and a two-sided P-value <0¢05 was considered
significant.
2.6. Role of the funding source

This study was funded by Herlev and Gentofte Hospital, Copenha-
gen University Hospital, and the Lundbeck Foundation. The funders
had no role in the design and conduct of the study; collection, man-
agement, analysis, or interpretation of the data; preparation, review,



Table 1
Baseline characteristics according to lung function in 108 246 individuals in the general population.

Below normal lung function (n = 12 364) Normal lung function (n = 91 938) Supernormal lung function (n = 3944)

Age � years 61¢0 (51¢8�69¢3)* 57¢9 (47¢9�67¢2) 53¢4 (44¢3�65¢6)*,y
Male sex � no. (%) 5738 (46)* 41 504 (45) 1429 (36)*,y

Weight � kg 77¢7 (66¢7�90¢0)* 75¢5 (65¢7�86¢1) 73¢5 (64¢7�83¢7)*,y
Height � cm 171 (165�178) 171 (165�178) 172 (165�179)*,y

BMI � kg/m2 26¢3 (23¢4�29¢7)* 25¢5 (23¢2�28¢3) 24¢9 (22¢8�27¢2)*,y
Lung function
FEV1 � L 2¢02 (1¢58�2¢47)* 3¢00 (2¢49�3¢60) 3¢90 (3¢39�4¢69)*,y
FEV1% predicted �% 69 (60�75)* 98 (90�106) 126 (122�132)*,y

FVC � L 2¢94 (2¢39�3¢57)* 3¢87 (3¢24�4¢64) 4¢80 (4¢19�5¢81)*,y
FVC% predicted �% 78 (70�85)* 101 (92�109) 125 (119�132)*,y

FEV1/FVC 0¢69 (0¢61�0¢76)* 0¢78 (0¢74�0¢82) 0¢81 (0¢78�0¢84)*,y
Smoking information
Never-smokers � no. (%) 2960 (24)* 40 292 (44) 2026 (51)*,y

Former smokers � no. (%) 5096 (41) 37 429 (41) 1575 (40)
Current smokers � no. (%) 4276 (35)* 13 851 (15) 321 (8)*,y

Unknown� no. (%) 32 (<1)* 366 (<1) 22 (<1)y

Tobacco consumption � pack-yearsz 30¢0 (15¢0�44¢0)* 14¢8 (5¢3�27¢7) 7¢5 (2¢8�15¢0)*,y
Poor socioeconomic status � no. (%) 3634 (29)* 15 161 (16) 524 (13)*,y

Asthma � no. (%) 1935 (16)* 4519 (5) 104 (3)*,y

Treatment with airway medication � no. (%) 2359 (19)* 4048 (4) 94 (2)*,y

Data presented as median (25th and 75th percentiles), or number (percent). Numbers may not sum to 100 due to rounding. Based on the Copenhagen General Population
Study. BMI=body mass index. FEV1=forced expiratory volume in 1 sec. FVC=forced vital capacity.
* P< 0¢05 for comparison with normal lung function using Wilcoxon’s rank sum or Pearson’s chi-squared test.
y P< 0¢05 for comparison with below normal lung function using Wilcoxon’s rank sum or Pearson’s chi-squared test.
z Includes only current and former smokers.
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or approval of the manuscript; or decision to submit the manuscript
for publication.

3. Results

3.1. Clinical characteristics

Among 108 246 individuals from the general population, 3944
(4%) had supernormal lung function, 91 938 (85%) normal lung func-
tion, and 12 364 (11%) had below normal lung function (Fig. 1). At
baseline examination, median FEV1 was 3¢90 L (corresponding to
126% of predicted) for individuals with supernormal lung function,
3¢00 L (98% of predicted) for individuals with normal lung function,
and 2¢02 L (69% of predicted) for individuals with below normal lung
function (Table 1). Individuals with supernormal lung function were
characterised by being younger (53¢4 versus 57¢9 and 61¢0 years) and
having a lower cumulative tobacco consumption (7¢5 versus 14¢8 and
30¢0 pack-years) compared to individuals with normal and below
normal lung function (all P-values < 0¢05). Other noteworthy differ-
ences included lower prevalence of asthma (3% versus 5% and 16%)
and treatment with airway medication (2% versus 4% and 19%) (all P-
values < 0¢05). These differences were less pronounced when com-
pared to those with normal lung function and more pronounced
when compared to those with below normal lung function.

3.2. Lung function decline and development of airflow limitation

During 10 years follow-up (median: 9¢9 years and interquartile
range: 1¢0 years), annual FEV1 decline in mL/year was highest for
individuals with supernormal lung function and lowest for individu-
als with below normal lung function, while the opposite pattern was
observed for annual FEV1/FVC decline (Fig. 2). Multivariable adjusted
annual FEV1 decline was 42 mL/year for individuals with supernor-
mal lung function, 31 mL/year for individuals with normal lung func-
tion, and 22 mL/year for individuals with below normal lung
function. Corresponding respective annual FEV1/FVC decline was
0¢21 £ 10�4 per year, 0¢20 £ 10�4 per year, and 0¢29 £ 10�4 per year.
All differences in FEV1 and FEV1/FVC declines between the groups
had P-value <0.05 except for difference in FEV1/FVC decline between
individuals with supernormal and normal lung function. In relative
terms, the annual FEV1 and FEV1/FVC declines were overall similar
with 1.1% and 0.2% per year for individuals with supernormal lung
function, 1.0% and 0.3% per year for individuals with normal lung
function, and 1.1% and 0.4% per year for individuals with below nor-
mal lung function. Results were similar without imputation. No indi-
viduals with supernormal lung function had COPD at baseline or at
the examination 10 years later (Table 2). In those with normal lung
function, <1% had COPD at baseline and 3% at the examination
10 years later, while in those with below normal lung function, the
corresponding numbers were 25% and 34%, respectively.

3.3. Early-life risk factors

Individuals with supernormal lung function had a lower preva-
lence of early-life risk factors for COPD compared to individuals
with normal and below normal lung function, which included COPD
and asthma predisposition, low birthweight < 2500 g, antibiotic-
requiring respiratory tract infections before age 15, and asthma
diagnosis before age 15 (all P-values < 0¢05) (Fig. 3). Furthermore,
they also had a lower prevalence of smoking exposure in different
stages of life except for maternal smoking during pregnancy and at
breastfeeding stage (all P-values < 0¢05). These differences were
less pronounced when compared to those with normal lung func-
tion and more pronounced when compared to those with below
normal lung function. Correspondingly, number of potential risk
factors for COPD was lower for those with supernormal lung func-
tion compared to those with normal and below normal lung func-
tion (Fig. 4).

3.4. Clinical long-term outcomes

In the entire cohort of 108 246 individuals and during up to
15 years of follow-up (median: 9¢3 years and interquartile range: 5¢2
years), we observed 3520 acute obstructive lung disease hospitalisa-
tions, 8296 acute pneumonia hospitalisations, and 11 261 deaths.
Individuals with supernormal lung function had lower risk of acute
hospitalisations and mortality compared to individuals with normal
and below normal lung function (Fig. 5). Compared to individuals



Annual FEV1 decline during 10 years of follow-up

No. of individuals = 16 892

1·0

2·0

3·0

4·0

5·0

6·0

FE
V

1
(L

)

20 30 40 50 60 70 80 90 100

Age (years)

Supernormal lung function = 42 mL/year

Below normal lung function = 22 mL/year

Normal lung function = 31 mL/year

0·55

0·65

0·75

0·85

0·95

FE
V

1/F
V

C

20 30 40 50 60 70 80 90 100

Age (years)

0·70

Annual FEV1/FVC decline during 10 years of follow-up

No. of individuals = 16 892

Supernormal lung function = 0·20 x 10-4 per year

Below normal lung function = 0·29 x 10-4 per year

Normal lung function = 0·21 x 10-4 per year

LLN
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with normal lung function, multivariable adjusted hazard ratios
(HRs) in those with supernormal lung function were 0¢19 (95% confi-
dence interval: 0¢08�0¢46, P-value 0¢0003) for obstructive lung dis-
ease hospitalisations, 0¢56 (0¢45�0¢69, P-value < 0¢0001) for
pneumonia hospitalisations, and 0¢81 (0¢72�0¢91, P-value 0¢0007)
for all-cause mortality (Fig. 6). Corresponding respective HRs in those
with below normal lung function were 7¢27 (6¢34�8¢33, P-value
< 0¢0001), 2¢50 (2¢34�2¢66, P-value < 0¢0001), and 1¢89 (1¢80�1¢98,
P-value < 0¢0001). Results were similar without imputation.
3.5. Sensitivity analyses

By investigating the dose-response relationship between FEV1%
predicted and clinical outcomes using spline curves rather than
grouping lung function, we found that the lower risk of clinical out-
comes was apparent already from the median in those with normal
lung function (Fig. 7).

Among individuals with supernormal lung function, 65 (2%) had
FEV1/FVC <LLN despite FEV1 �ULN and compared to those with
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Fig. 5. Kaplan-Meier curves for acute hospitalisations and mortality in individuals with supernormal lung function in the general population. Based on the Copenhagen Gen-
eral Population Study. Analyses used left truncation and age as underlying timescale.
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Table 2
COPD at baseline and at an examination 10 years later according to lung function in individuals in the general population.

Below normal lung function (n = 1830) Normal lung function (n = 14 489) Supernormal lung function (n = 573)

At baseline examination
FEV1/FVC <0¢70 and FEV1 <80% predicted � no. (%) 652 (36)* 100 (<1) 0 (0)*,y

Chronic respiratory symptoms � no. (%) 1175 (64)* 5338 (37) 156 (27)*,y

COPD � no. (%) 461 (25)* 55 (<1) 0 (0)y

At final examination 10 years later
FEV1/FVC <0¢70 and FEV1 <80% predicted � no. (%) 822 (45)* 555 (4) 0 (0)*,y

Chronic respiratory symptoms � no. (%) 1203 (66)* 5862 (40) 159 (28)*,y

COPD � no. (%) 628 (34)* 389 (3) 0 (0)*,y

Data presented as number (%). Based on the Copenhagen General Population Study. COPD was defined as presence of FEV1/FVC < 0¢70 and FEV1 < 80% predicted and at least one
chronic respiratory symptom. COPD=chronic obstructive pulmonary disease. FEV1=forced expiratory volume in 1 sec. FVC=forced vital capacity.
* P < 0¢05 for comparison with normal lung function using Pearson’s chi-squared or Fisher’s exact test.
y P < 0¢05 for comparison with below normal lung function using Pearson’s chi-squared or Fisher’s exact test.
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FEV1/FVC �LLN, these individuals were characterised by being older
and having a lower weight and height but higher FVC (Table S1 in the
supplement). Otherwise, no differences could be detected including
smoking status and cumulative tobacco consumption. Interestingly,
similar but less pronounced differences in age, weight, height, and
FVC could also be detected in those with normal lung function (Table
S1). When individuals with FEV1/FVC <LLN were excluded from
those with supernormal lung function, risk of clinical long-term out-
comes was similar (compare Fig. S1 with Fig. 6). Likewise, results
were similar when individuals with asthma were excluded (compare
Table S2 with Table 2 and Fig. S2 with Fig. 6). All sensitivity analyses
were similar without imputation.

4. Discussion

While 3% of individuals with normal lung function developed
COPD during 10 years follow-up, none developed COPD in those with
No. of 
individuals/events

Acute obstructive lung disease 
hospitalisations

Below normal lung function

Acute pneumonia hospitalisations

Below normal lung function

Normal lung function

Supernormal lung function
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All-cause mortality
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0·05
0·1

Fig. 6. Risk of acute hospitalisations and mortality in individuals with supernormal lun
Study. Cox proportional hazard models used left truncation and age as underlying timesca
smoking status, cumulative tobacco consumption (pack-years), socioeconomic status, asthma
supernormal lung function. Potential early-life risk factors usually
associated with development of COPD and smoking exposure in dif-
ferent stages of life were less common in those with supernormal
versus normal lung function. Furthermore, individuals with super-
normal lung function had lower risk of acute hospitalisations due to
obstructive lung disease and pneumonia, and lower risk of all-cause
mortality.

Normal lung development is characterised by a rapid increase in
lung function during childhood and a peak in early adulthood around
the ages of 20�25 years followed by a plateau phase for approxi-
mately 5�10 years and a subsequent steady normal age-related
decline [3]. Theoretically, exposure to different risk factors for COPD
during different stages of life may affect development and preserva-
tion of normal lung function from birth until old age [19]. Current
understanding indicates that development of airflow limitation in
COPD seems to follow two major lung function trajectories character-
ised by low maximally attained lung function in early adulthood and
HR (95% CI) P-value
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g function in the general population. Based on the Copenhagen General Population
le. Analyses were multivariable adjusted for age (as timescale), sex, body mass index,
, and treatment with airway medication.
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Fig. 7. Risk of acute hospitalisations and mortality in individuals according to lung function in the general population. Based on the Copenhagen General Population Study.
Cox proportional hazard models used left truncation and age as underlying timescale in restricted cubic splines with median as the reference and three knots chosen according to
Harrell’s recommendation at the 10th, 50th, and 90th percentiles. Individuals at the bottom and top percentile were included in the actual analyses but excluded from the graphs
for visual purposes. Analyses were multivariable adjusted for age (as timescale), sex, body mass index, smoking status, cumulative tobacco consumption (pack-years), socioeco-
nomic status, asthma, and treatment with airway medication.
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accelerated lung function decline [7]. Recently, it has been hypothes-
ised that a third trajectory of individuals with supernormal lung func-
tion, characterised by a lung function with high peak in early
adulthood and slower age-related decline in late adulthood, may
exist [2]. Since lung function is continuously, and approximately nor-
mally, distributed in the general population, the proportion of indi-
viduals with supernormal lung function is a product of an arbitarly
chosen threshold, thus it cannot be doubted that individuals with
supernormal lung function exist. In the present study, we demon-
strate that individuals with supernormal lung function have a lower
prevalence of potential risk factors for impaired lung development,
e.g. disposition to obstructive lung disease, low birth weight [20�24],
passive exposure to parental smoking [25,26], respiratory tract infec-
tions [21,27�29], and asthma. [30�32] This is also in keeping with
the notion that supernormal lung function may originate in early life.
Supporting results were also observed in a previous study of three
population-based birth cohorts, where children with persistently
high lung function seem to follow the same lung function trajectory
from birth until old age [5,6]. Furthermore, early-life risk factors for
COPD were less common in those with persistently high lung func-
tion, of whom less than 1% had COPD at 53 years of age [6]. For com-
parison, in the present study none of the individuals with baseline
supernormal lung function developed COPD at the examination
10 years later. Lastly, we were able to show that rather than being a
phenomenon of distinct lung function classes, the association of lung
function with outcomes is continuous, where lower or higher risk of
outcomes is apparent already for small differences from below and
above the median values of FEV1% predicted. The obvious question is
whether individuals with higher than normal lung function have
supernormal lung function or may instead represent ideal lung func-
tion and everyone else is inferior to this.

It may somewhat be surprising for some that there was not a sin-
gle risk factor among clinical characteristics and early-life risk factors
that could really predict having supernormal lung function. However,
we believe that having supernormal lung function (or higher than
normal lung function) does not depend on just one favourable risk
factor but instead a combination of several. Although individuals
with higher than normal lung function only display small differences
for several risk factors when compared to those with normal lung
function, the substantial difference in lung function may arise by
combining all these small differences. Interestingly, these differences
in risk factors were less pronounced when compared to those with
normal lung function, but more pronounced when compared to those
with below normal lung function, thereby achieving an even higher
difference in lung function. Not only genetics, but also type and
degree of environmental exposure may influence development of
higher than normal lung function.

Interestingly, during 10 years of follow-up, FEV1 decline in mL/
year was highest for individuals with supernormal lung function and
lowest for those with below normal lung function. Since accelerated
FEV1 decline is usually a sign of ongoing disease process in COPD, this
finding, at first glance, seems to contradict the favourable risk profile
of individuals with supernormal lung function. However, the higher
FEV1 decline may not be a sign of accelerated decline but instead a
larger attained lung capacity, as it needs to be relative to FEV1/FVC.
Indeed, individuals with below normal lung function had the lowest
FEV1 decline among all three clinical groups due to their small base-
line lung capacity, but still had a higher prevalence of COPD at the
examination 10 years later due to the higher FEV1/FVC decline. This
was also more apparent using relative decline in each group, as these
values were similar. Surprisingly, our results indirectly indicate that
factors associated with accelerated decline such as active smoking
may also be related to lung growth when exposed to them during
childhood. It is not always obvious that these two processes share
risk factors; however, this is certainly a topic that could be researched
more.
Another important aspect to consider is that individuals with
supernormal lung function may be protected against development of
COPD compared to those with normal lung function by experiencing
fewer respiratory events or attacks, which is supported by the lower
risk acute obstructive lung disease and pneumonia hospitalisations.
This idea is also supported by the fact that patients with COPD
experiencing frequent and severe exacerbations compared to those
experiencing few and mild exacerbations have a course with much
more advanced disease progression [33].

Strengths of the present study include a large contemporary pop-
ulation-based cohort with randomly selected individuals with a long
follow-up. Strengths also include no losses to follow-up due to com-
plete Danish health registries, and information on clinically relevant
outcomes for COPD. Importantly, since individuals were recruited
randomly from the national Danish Civil Registration System, where
all individuals in Denmark are recorded, study findings can be extrap-
olated to the Danish general population, especially due to the large
sample-size with less influence of random variation. In addition,
since lung function is biologically and statistically continuously dis-
tributed in any general population regardless of nationality and eth-
nicity, study findings can also be extrapolated to other general
populations with a similar context of health care, ethnicity, and
socioeconomic level.

A potential limitation of the present study is that post-bronchodi-
lator spirometry was not used to define COPD. Thus, some individuals
may have a reversible form of airflow limitation indicating asthma.
However, asthma may precede and contribute to COPD development
[19]. In addition, COPD was defined as presence of clinical airflow
limitation with FEV1/FVC <0¢70 and FEV1 <80% of predicted plus at
least one chronic respiratory symptom, which is usually used as an
inclusion criterion for clinical trials with COPD and as an exclusion
criterion for clinical trials with asthma.

Implications of the present study relate to the importance of lung
health for development of COPD. Although the benefits of high lung
function may be less prioritised than the detrimental effects of low
lung function in a clinical setting, the present study should be viewed
as a first step in exploring the association between best possible lung
function and risk of COPD. Identifying favourable risk factors for high
lung function will help societies to promote and secure a future gen-
eration with improved lung health from birth to old age to avoid
COPD and many other chronic diseases where lung function plays a
key role such as asthma and cardiovascular disease.

In conclusion, supernormal lung function among individuals in
the general population is associated with lower risk of developing
COPD. The results were consistent when using early-life risk factor
burden, hospitalisations, and mortality as outcome measures.
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