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Distinctive lung function trajectories from
age 10 to 26 years in men and women and
associated early life risk factors – a birth
cohort study
Wilfried Karmaus1* , Nandini Mukherjee1, Vimala Devi Janjanam1, Su Chen2, Hongmei Zhang1, Graham Roberts3,
Ramesh J. Kurukulaaratchy4,5 and Hasan Arshad4,5

Abstract: Pre-bronchodilator lung function including forced vital capacity (FVC), forced expiratory flow in 1 second
(FEV1), their ratio (FEV1/FVC), and forced expiratory flow 25–75% (FEF25–75) measured at age 10, 18, and 26 years in
the Isle of Wight birth cohort was analyzed for developmental patterns (trajectories). Early life risk factors before the
age of 10 years were assessed for the trajectories.

Method: Members of the birth cohort (1989/90) were followed at age 1, 2, 4, 10, 18, and 26 years. Allergic
sensitization and questionnaire data were collected. Spirometry tests were performed and evaluated according to
the American Thoracic Society (ATS) criteria at 10, 18, and 26 years. To identify developmental trajectories for FVC,
FEV1, FEV1/FVC, and FEF25–75 from 10 to 26 years, a finite mixture model was applied to the longitudinal lung
function data, separately for males and females. Associations of early life factors with the respective lung function
trajectories were assessed using log-linear and logistic regression analyses.

Results: Both high and low lung function trajectories were observed in men and women. FVC continued to grow
beyond 18 years in men and women, whereas FEV1 peaked at age 18 years in female trajectories and in one male
trajectory. For the FEV1/FVC ratios and FEF25–75 most trajectories appeared highest at age 18 and declined
thereafter. However, the low FEV1/FVC trajectory in both sexes showed an early decline at 10 years. Lower birth
weight was linked with lower lung function trajectories in males and females. Eczema in the first year of life was a
risk factor for later lung function deficits in females, whereas the occurrence of asthma at 4 years of age was a risk
factor for later lung function deficits in males. A positive skin prick test at age four was a risk for the low FEV1
trajectory in females and for the low FEV1/FVC trajectory in males.

Conclusion: Men and women showed distinctive lung function trajectories and associated risk factors. Lower lung
function trajectories can be explained by not achieving maximally attainable function at age 18 years and by a
function decline from 18 to 26 years.

Background
Lung growth is considered to end in women at about 18
and in men at about 20 years [1]. Accordingly, lung
function peaks around these ages and declines there-
after. Following this, lung aging is associated with struc-
tural remodeling due to cell senescence resulting in
reduced respiratory function [2]. During childhood and

adolescence, it has been demonstrated that early lung
function predicts later lung function and that distinctive
developmental paths may exist [3–8]. In support of the
developmental origins of health and diseases hypothesis
[9], research has been shown that disadvantaged intra-
uterine condition, indicated by a reduced birthweight,
are adversely associated with reduced lung function in
children [10–18]. With the exception of one study [19],
four studies reported an association between lower birth
weight and reduced lung function [20–23]. Early life
conditions, which may lower maximally attainable lung
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function, also include maternal smoking, childhood
asthma, respiratory tract infections, and childhood
smoke exposure [18, 24–26]. In addition, multiple stud-
ies have shown that reduced lung development early in
life is a risk for lung diseases in later life [27, 28]. How-
ever, there is a need to test whether distinctive pattern
of lung function development exist and then to deter-
mine factors predictive of different developmental
patterns.
Analyzing patterns of lung function development over

time will help us to detect unknown lung function tra-
jectories with a higher risk for progression to COPD in
adults. In the past, analyzing the development of lung
function focused on arbitrary cut-off point of individual
variability about the mean. For instance, patterns had
determined subgroups by deviations from the mean lung
function [8] or based on arbitrary taxonomic cutoffs
using percentiles of growth, plateauing, and decline [29].
However, assessments based on such pre-defined devia-
tions do not allow the identification of unknown, but yet
meaningful trajectories [30]. In past studies, potential
patterns were also defined a priori using a third variable,
such as normal FEV1 in non-smokers compared to re-
duced FEV1 in smokers [8], or were identified using stat-
istical methods designed to capture overall similarities
independent of their development with age. Advanced
statistical methods were rarely used to identify trajector-
ies. Some statistical approaches established similarities
with [25, 31] and without [32] taking the time order or
age appropriately into account. Most recent studies on
lung function identified latent classes [25, 32] but not
trajectories addressing development over time. To our
knowledge, only one publications modeled lung function
trajectories allowing for non-linear developments of lung
function in individuals [31] whose measurements
followed a similar pattern over time [33, 34]. Some stud-
ies investigated trajectories of FEV1 [29, 31, 32], one ex-
plored the ratio of FEV1 and FVC [25], no study has yet
examined trajectories in FVC and FEF25–75 and com-
pared trajectories using these different markers. Al-
though lung functions differ in men and women, past
studies have not investigated both sexes separately. Ap-
propriate knowledge about unknown sub-groups with
different developments over time (trajectories) will sup-
port early detection of adverse developments and identi-
fication of risk factors important to prevent or mitigate
them.
To gain better understanding of lung function trajec-

tories, we analyzed pre-bronchodilator lung function of
FEV1, FVC, FEV1/FVC, and FEF25–75 at ages 10, 18, and
26 years in the Isle of Wight (IoW) birth cohort. First,
we explored developmental patterns by using trajectory
analyses [33, 34], separately for male and female partici-
pants. Second, we focused on early life factors that could

characterize different lung function trajectories at a later
age. To consider an appropriate time order, only condi-
tions ascertained before the first lung function measure-
ment at 10 years of age were considered as risk factors.
Hence, this work will not address factors such as adoles-
cent smoking and pubertal changes that occurs parallel
to the lung function observations (10–18 years). How-
ever, we will evaluate, whether the trajectories covering
10 to 26 years, are associated with diagnoses of asthma
at 10, 18, and 26 years.

Methods
Study population
From January 1989 to February 1990 in the Isle of Wight
(IOW), UK, the parents of every child (n = 1536) were
approached to participate in a longitudinal study. After
exclusion of adoptions, perinatal deaths and refusals,
94.8% (1456/1536) of all parents enrolled their newborn.
The local research ethics committee approved the study.
Informed written parental consent was obtained for all
participants at recruitment and subsequently at each
follow-up. The development of wheezing and asthma in
the IOW birth cohort has been described in detail else-
where [35–37]. Children were followed up at the ages of
1 (94.4%), 2 (84.5%), 4 (83.6%), 10 (94.3%), 18 years
(90.2%), and as adults (26 years, 70.9%). The study repre-
sents a dynamic birth cohort; some children dropped
out for one exam but re-joined the cohort at a later age.

Questionnaires and clinical assessments
At birth, information was collected on maternal and pa-
ternal history of asthma, dog and cat ownership, and
smoking during pregnancy. Maternal height and birth
weight were transferred from the birth records. Cord
serum was collected and immunoglobulin E (IgE) deter-
mined [38]. At the 1 and 2-year follow-up, information
on duration of breastfeeding, introduction of formula
and solids feeding, exposure to smoking and pets, and
occurrence of chest infections was collected. At the 1, 2,
and 4-year follow-ups, the medical investigator deter-
mined the presence of eczema and asthma based on
symptoms over the last 12 months. For asthma the
chronicity and frequency of wheeze over the last 12
months and physician-diagnosed asthma was used. For
eczema, chronic or chronically relapsing, itchy derma-
titis lasting more than 6 weeks with characteristic
morphology and distribution were used [39], following
Hanifin and Rajka criteria [40]. Height was measured at 4
years of life and every child was offered a skin prick test
(SPT) with a standard battery of aero- (house dust mite
(Dermatophagoides pteronyssinus), grass pollen mix, cat
and dog epithelia, Alternaria alternata, Cladosporium
herbarum) and food (milk, egg, soya, cod, wheat, peanut)
allergens. Histamine (0.1%) in phosphate-buffered saline
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and physiologic saline were used, respectively, as positive
and negative controls. The tests were read after 15min,
and a mean wheal diameter of at least 3mm greater than
the negative control was taken as positive. Any positive
SPT was evaluated as indicator of an allergic sensitization.
Information, on whether the child ever lived on a farm be-
fore age 10 years, was collected in the 10-year follow-up.
[38]
To additionally inspect whether the prevalence of

asthma at 10 and 18 years of age is related to different
lung function trajectories (e.g., as a consequence of
lower lung function), questions based on the Inter-
national Study of Asthma and Allergies in Childhood
(ISAAC) questionnaire [41] were completed by parents
or study subject at age 10, 18, and 26 years. Asthma was
defined as having “ever had asthma” and either “wheez-
ing or whistling in the chest in the last 12 months” or
“current treatment for asthma”.

Pulmonary function tests
Pre-bronchodilator lung function tests were conducted
at 10, 18, and 26 years of age. Forced vital capacity
(FVC), forced expiratory volume in 1 second (FEV1),
and forced expiratory flow when 25 and 75% of the FVC
has been expired (FEF25–75) were measured using a
Koko Spirometer and software with a portable desktop
device (both PDS Instrumentation, Louisville, KY, USA).
Spirometry was performed and evaluated according to
the American Thoracic Society (ATS) criteria. The chil-
dren or adults, respectively, were required to be free of
respiratory infection for 2 weeks and not to be taking
any oral steroids and were advised to abstain from any
β-agonist medication for 6 h and from caffeine intake
for at least 4 h [42].

Trajectory analysis
To identify developmental trajectories for FVC, FEV1,
the FEV1/FVC ratio, and FEF25–75 over time (10, 18, and
26 years), a finite mixture model was applied and imple-
mented using PROC TRAJ macro in SAS® [43], separ-
ately for males and females. Trajectory parameters were
estimated using the maximum likelihood approach built
upon a binary logit model [44, 45]. PROC TRAJ is able
to handle data that is missing completely at random
[46], which fits the needs of our analyses, since we did
not identify any factors explaining missingness at the
three time points (10, 18, 26 years).
The objective of the trajectory analyses is to

summarize distinctive features as parsimonious as pos-
sible [47]. To this end, parameter estimates for linear,
quadratic, and cubic modeling terms for each subgroup
were tested for each trajectory. We assumed at least two
and at most four groups of lung trajectories, and each
trajectory was inferred based on combinations of

different order of polynomials. These steps were per-
formed for males and females separately. To determine
the number of trajectories, we followed the general rec-
ommendations of selecting the model with the smallest
absolute Bayesian Information Criterion value that also
minimizes overlap in the confidence intervals of adjacent
trajectories while summarizing the distinctive features of
the data in the most parsimonious model [44–46]. To
further assess model adequacy, we ensured that the aver-
age of group-membership probabilities for individuals in
each trajectory/group exceeded a threshold of 0.7 [46].
After selecting the best fitting model, individuals were
assigned to one of the trajectories/groups based on their
highest estimated group-membership probabilities.
These categorical trajectory variables were then used in
subsequent analyses.

Statistical analysis of risk factors
All statistical analyses were performed using SAS statis-
tical package, Version 9.2 (SAS Institute, Cary, NC,
USA). For each observation period (age 1-or-2, 4, 10,
and 18 years) differences in the occurrence of risk factors
in the different trajectories, stratified for gender, were
tested using Chi-square tests (two-sided P values). Ap-
plying log-linear and logistic regression models for two
or three trajectories, respectively, we estimated the role
of risk factors comparing low and high lung function
trajectories for FVC and FEV1 and the odds of having
lower lung function for three ranks of FEF25–75 trajector-
ies. Risk ratios and odds ratios, respectively, and their
95% confidence intervals (95% CI) were estimated. All
risk factors (maternal and paternal asthma, maternal
smoking during pregnancy, cat and dog ownership, ever
lived on a farm < 10 years, eczema in the first year, re-
current chest infections, skin prick test positivity, asthma
at 4 years of age) were mutually adjusted for, when esti-
mating their risks. We reduced the explanatory models
by eliminating risk factors that did not have any effect if
the removal did not change the risk/odds ratio of im-
portant factors by more than 10%. Eliminating some
non-informative factors also increased the sample size,
since the participation in some assessments (e.g., skin
prick tests) was lower at some ages.

Results
At total of 578 males and 580 females participated in at
least one respiratory function test between 10 and 26
years (Fig. 1). Some did not participate at one test but
joined again in a later assessment. Among male partici-
pants, 376 participants formed 2–3 trajectories for FVC,
FEV1, FEV1/FVC, and FEF25–75. The respective number
of female participants with trajectories was n = 432. The
trajectories with the number of participants are shown
in Fig. 2 and Additional file 1: Table S1. The sample
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sizes for the trajectories are presented in the column
and the samples sizes for the different risk factors in the
rows of Table 1.
Regarding number of participants, 578 male partici-

pants with at least one FVC measurement were statisti-
cally grouped in to two trajectories (n = 329 into the low
and n = 248 into the high trajectory, Additional file 1:
Table S2). Analogous analysis with 376 participants hav-
ing at least two measurements also resulted in two tra-
jectories. Upon comparing the membership resulting
from these two analytical solutions, we found only two
participants to switch their trajectories (Additional file 1:
Table S2). Similarly, in female participants with at least
one FVC measurement, 580 were included in two trajec-
tories. With at least two measurements, 432 females
were grouped into two trajectories. Only three of 432 fe-
male participants changed the trajectory (0.07%). A
change of less than 1% is too small to expect different
finding focusing on trajectories with at least two respira-
tory tests. However, a smaller proportion of participants
in the trajectories with two required lung function tests
would justify additional descriptions of the characteris-
tics of these trajectories. Hence, we investigated the vari-
ables describing the characteristics of trajectories in
Table 1 in the reduced samples, separate for male and
female participants; however, only minor differences

were found. Since there are no major modifications be-
tween these two solutions, we kept the original trajec-
tory analyses, since the reduction in sample size is a
larger trade-off. Regarding FEV1 and FEV1/FVC, the
analyses of trajectories with at least one or at least two
observations showed identical findings as described
above (Additional file 1: Table S2). The analyses FEF25–
75 revealed nearly identical results (data not shown).
Figure 2 shows that two (high/low) trajectories were

identified for FEV1, FVC and FEV1/FVC ratio and three
(high, medium and low) for FEF25–75. All trajectories of
the four lung function markers display a distinct ranking
after 18 years of age. Only for FEV1/FVC trajectories the
ranking was already detectable after 10 years of age (Fig.
2). The growth period between 10 and 18 years seems to
produce more differences: a high proportion of children
did not reach a maximally attainable function at age 18
years. Except for the FEV1/FVC ratio, males improved
their lung function between 10 and 18 years.
In addition to larger lung function in males, males and

females have different trajectory pattern. In the develop-
ment from 10 to 18 years, due to steeper increases, some
trajectories of male participants cross those of females
(Fig. 2). In general, FVC seems to grow from age 10 to
26 years, whereas FEV1 increases between 10 and 18
years and remains stable or slightly decreases after 18

Fig. 1 Flow chart of the participants in pulmonary function tests at age 10, 18, and 26 years in the Isle of Wight birth cohort
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years. Consequently, their ratio (FEV1/FVC) peaks at age
18 and decreases after this age in most trajectories. The
low FEV1/FVC trajectory in both men and women (with
about 20% of all participants) showed a steeper decline
after the 10-year measurement, suggesting that individ-
uals in this pattern show worsening airflow obstruction
with increasing age. A similar pattern was seen for
FEF25–75 in all six trajectories (Fig. 2) in males and fe-
males. The trajectories of FEF25–75 have a clear pattern
of increase until 18 years and decline thereafter (Fig. 2).
Interestingly, the number of subjects in the high FEF25–
75 trajectory was the smallest (n = 19 to 33 in males, n =
92 to 76 in females, Fig. 2, Additional file 1: Table S1)
among all FEF25–75 trajectories. The medium- and
low-level trajectories constituted the largest groups.
The possibility of an accelerated decline was tested by

comparing lung function at age 26 and age 18 (ΔFEV1/
FVC = FEV1/FVC at age 26 - FEV1/FVC at age 18,

ΔFEF25–75 = FEF25–75 at age 26 - FEF25–75 at age 18)
for the two trajectories. A delta statistically significant
different from zero comparing low with high trajectories
would demonstrate a significantly stronger decline. Con-
trolling for birth weight and height achieved at age 18
years, the analyses showed that in females the low
FEV1/FVC trajectory showed a significantly stronger de-
cline (p = 0.0001), but not in males. Similarly, for
FEF25–75, the lower trajectory in females but not the
middle trajectory demonstrated a steeper decline than
the higher reference trajectory. No such effect was seen
in males.
In male participants, the FVC trajectories and the

FEV1 trajectories (two trajectories each, Fig. 2) showed a
considerable overlap: 84.5% in males (79.8% in females)
with a low FVC trajectory also had a low FEV1 trajectory
(Table 2). In males, 79.4% had trajectories with both
higher FVC and FEV1 values and 85.5% of females.

Fig. 2 Lung function trajectories of Forced Vital Capacity (FVC), Forced Expiratory Volume in 1 second (FEV1), the ratio of the FEV1/FVC, and
Forced Expiratory Flow 25–75% (FEF25–75) developments from age 10 to age 26 in female and male participants. Legend: The best fit for FVC and
FEV1 trajectories in female and male participants were two quadratic patterns. For FEV1/FVC trajectories one linear and one quadratic trajectory
gave the best fit, whereas for the three FEF25–75 trajectories in female and male participants modeling was most appropriate with three
quadratic trajectories each
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Table 1 Factors related to trajectories (10–26 years) of forced vital capacity (FVC), forced expiratory flow in 1 second (FEV1), their
ratio (FEV1/FVC), and forced expiratory flow (FEF25–75%) trajectories in male and female participants

Variables Male participants

FVC trajectory FEV1 trajectory FEV1/FVC trajectory FEF25–75% trajectory

Low, n =
329%

High, n =
248%

Low, n =
329%

High, n =
248%

Low, n =
140%

High, n =
437%

Low, n =
273%

Medium,
n = 267%

High, n =
37%

Maternal history of asthma (n =
573)

12.3 9.8 12.2 9.8 11.4 11.1 9.9 12.9 8.1

Paternal history of asthma (n =
569)

10.4 11.1 10.1 11.5 13.0 10.0 9.3 11.5 16.2

Maternal smoking during
pregnancy (n = 574)

24.7 21.1 25.0 20.7 27.1 21.9 24.3 23.0 16.2

Owned cat at recruitment (n = 572) 31.4 36.1 31.4 36.1 35.7 32.6 34.3 32.2 35.1

Owned dog at recruitment (n =
572)

27.7 31.6 27.4 32.0 22.1* 31.7 25.1 34.5* 24.3

Ever lived on a farm < age 10 years
(n = 511)

3.8 6.4 3.8 6.3 6.6 4.4 5.4 4.7 2.9

Eczema in the first year (n = 539) 11.0 11.7 11.9 10.6 14.8 10.2 12.5 10.2 11.4

Recurrent chest infections in years
1 or 2 (n = 492)

21.5 15.4 23.2* 13.4 23.4 17.6 21.9 16.0 20.0

Skin prick test positivity at age 4
(n = 429)

23.2 22.4 24.6 20.5 34.3* 19.3 30.1 14.6* 32.1

Prevalence of asthma at four 4 of
age (510)

16.2 15.1 18.9* 11.8 25.4* 12.6 19.5* 12.8 11.1

Prevalence of asthma at 10 years of
age (560)

20.1 15.3 20.9* 14.2 29.1* 14.6 22.4* 15.3 5.7

Prevalence of asthma at 18 years of
age (523)

19.3 15.6 20.1 14.4 32.0* 13.1 25.2* 11.6 5.7

Prevalence of asthma at 26 years of
age (n = 406)

15.3 12.5 17.8* 9.4 26.0* 10.3 20.2* 9.0 6.7

mean or median γ

Birth weight (grams, n = 566) 3386* 3539 3373* 3554 3378 3476 3394* 3475 3714

Cord serum IgE (kU/L, n = 517) 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.22

Duration of breastfeeding (weeks,
n = 524)

8* 12 8.5 12 12 11 12 10 13

Height at age 4 years (cm, n = 458) 102.8* 106.0 102.9* 105.9 104.6 104.1 103.6 104.5 105.6

Variables Female participants

FVC trajectory FEV1 trajectory FEV1/FVC trajectory FEF25–75% trajectory

Low, n =
297%

High, n =
283%

Low, n =
278%

High, n =
302%

Low, n =
110%

High, n =
470%

Low, n =
141%

Medium,
n = 323%

High, n =
116%

Maternal history of asthma (n =
577)

8.8 11.0 10.6 9.3 11.9 9.4 12.9 8.7 9.4

Paternal history of asthma (n =
574)

8.2 10.4 8.3 10.1 10.9 8.8 10.6 9.1 7.8

Maternal smoking during
pregnancy (n = 579)

23.7 21.2 25.6 19.5 25.5 21.8 26.2 23.9 13.8*

Owned cat at recruitment (n = 579) 29.7 33.6 28.5 34.4 34.6 30.9 31.2 32.0 31.0

Owned dog at recruitment (n =
579)

28.0 29.0 29.6 27.4 31.8 27.7 32.6 27.6 25.9

Ever lived on a farm < age 10 years
(n = 541)

3.7 7.5 4.3 6.7 9.6* 4.6 6.0 4.7 7.3

Eczema in the first year (n = 449) 12.5* 5.6 12.4* 6.02 12.5 8.3 15.0 7.8 5.4*

Recurrent chest infections in years 17.9 15.1 17.2 16.0 17.0 16.5 17.2 17.7 12.8
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Regarding agreements between the low trajectories of
FEV1/FVC and three trajectories of FEF25–75 there is
good agreement in both men and women. Of the
medium and high FEF25–75 trajectories, only 7.4% had a
low FEV1/FVC trajectory in women, and 2.3% in men.
Inspecting crude associations, child’s birth weight and

height at 4 years of age were significantly differently dis-
tributed mainly on FVC- and FEV1-trajectories in men
and women (Table 1). Duration of breastfeeding, indicat-
ing a reduction in the risk ratio per additional week of
feeding for being in the low FVC trajectory, played a role
in males. The prevalence of eczema in the first year of
life was higher in females with low FVC, FEV1, and

FEF25–75 trajectories, whereas in males, recurrent chest
infection was crudely associated with a lower FEV1-tra-
jectory. Positive skin prick tests and asthma at 4 years of
age were associated with various lower lung function tra-
jectories in males and females (Table 1).
Considering various potential early life risks factors

adjusting for others in log-linear (dichotomous out-
comes: FVC, FEV1 and FEV1/FCV trajectories) and lo-
gistic regression analyses (three-level outcome of FEF25–
75 trajectories), birth weight and positive skin prick tests
at 4 years of age were the only factors that were linked
to lower trajectories in males and females (Table 3). The
higher the birth weight, the lower the risk/odds of

Table 1 Factors related to trajectories (10–26 years) of forced vital capacity (FVC), forced expiratory flow in 1 second (FEV1), their
ratio (FEV1/FVC), and forced expiratory flow (FEF25–75%) trajectories in male and female participants (Continued)

1 or 2 (n = 507)

Skin prick test positivity at age 4
(n = 488)

21.4* 13.6 22.2* 13.3 21.8 16.6 25.2* 16.3 11.8

Prevalence of asthma at four 4 of
age (n = 510)

14.4 15.4 16.3 13.7 18.8 14.0 20.5* 14.0 10.9

Prevalence of asthma at 10 years of
age (n = 561)

12.6 13.8 15.7 10.9 21.3* 11.3 21.7* 11.2 8.2

Prevalence of asthma at 18 years of
age (n = 552)

19.6 20.6 24.9* 15.7 36.1* 16.2 35.7* 16.4 10.9

Prevalence of asthma at 26 years of
age (n = 484)

16.4 17.5 20.2 14.1 29.8 13.4 28.6* 15.6 5.9

mean or median γ

Birth weight (grams, n = 571), 3263* 3453 3270* 3434 3380 3350 3269 3363 3441*

Cord serum IgE (kU/L, n = 514) 0.06 0.06 0.06 0.06 0.06 0.06 0.6 0.6 0.6

Duration of breastfeeding (weeks,
n = 542)

8 10 8 9 8 8 6.5 8.0 11.0

Height at age 4 years (cm, n = 462) 101.7* 104.9 101.7* 104.8 103.5 103.3 102.1 103.5 104.5*

* indicating statistical significance p ≤ 0.05 based on Chi-square tests for dichotomous variables and Wilcoxon (non-parametric) tests for continuous variables
γ Median for cord serum IgE and duration of breastfeeding, mean for birth weight and height at age 4 years

Table 2 Agreement between lung function trajectories in male and female participants

Male participants Female participants

Low FVC-trajectory
(n = 329) column
percent

High trajectory (n = 248) column percent Low FVC-trajectory
(n = 297) column
percent

High trajectory (n = 283) column percent

Low FEV1
trajectory

84.5 20.6 79.8 14.5

High FEV1
trajectory

15.5 79.4 20.2 85.5

Male participants Female participants

Low FEF25–75%
trajectory (n = 139)
column percent

Medium FEF25–75%
trajectory (n = 267)
column percent

High FEF25–75%
trajectory (n = 37)
column percent

Low FEF25–75%
trajectory (n = 141)
column percent

Medium FEF25–75%
trajectory (n = 323)
column percent

High FEF25–75%
trajectory (n = 116)
column percent

Low
FEV1/FVC
trajectory

49.1 2.3 0 61.0 7.4 0

High
FEV1/FVC
trajectory

50.9 97.8 100.0 39.0 92.6 100.0
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having low trajectories; the only exception is FEV1/FVC
trajectory in women. Having a positive allergic
sensitization at 4 years of age was a risk for being in a
low FEV1 trajectory in females and for a low FEV1/FVC
trajectory in males. Interestingly, the occurrence of ec-
zema in the first year of life (8.4% in females, 10.7% in
males) was a risk factor for females, whereas the occur-
rence of asthma in males at 4 years of age (14.1% in fe-
males, 15.7% in males), was a risk factor in males for
being in lower FEV1 and FEV1/FVC trajectories.
As others we also observe that most of the lung function

trajectories we identified (e.g., FEV1 and FVC trajectories)
in men and women are dependent on height at the respect-
ive age of measurement, as demonstrated in Additional file
1: Table S3 for the growth (height difference) between 10
and 18 years. However, growth and height are associated
with multiple prenatal and early childhood exposures [48,
49]. Additionally, height effects vary with sex. In females, pu-
berty stops the growth of the legs [50], which is partially
compensated by trunk growth. This results in a lower sitting
height to leg length ratio or higher trunk to leg ratio, re-
spectively, in women than in men [50, 51]. Correspondingly,
women with early menarche have a lower lung function
[52]. Thus, for all four lung function markers, half of the as-
sociations seen for birth weight are eliminated once height
is controlled for (Additional file 1: Table S3). Since height is
correlated with birth weight, gender, and age at puberty, it is
not appropriate to adjust lung function measurements for
height when focusing on etiologic respiratory research of

early life risk factors (unlike in a clinical setting). In etiologic
respiratory research, we need to consider, that growth
(height) is a consequence of early life factors and pubertal
changes. Thus, adjusting lung function markers for height
and sex will diminish the association of birthweight and
other early life determinants with lung function and hinder
their identification as potential risk factors. However, in a
clinical setting, to determine abnormal values, we may need
to correct for height, age and sex [53].
Asthma at age 10, 18, and 26 years and lung function

were ascertained concomitantly, hence, asthma at age
10, 18, and 26 years cannot serve as risk factor. Never-
theless, to evaluate whether lung function trajectories
are associated with asthma diagnoses at age 10, 18, and
26 years of age, we also inspected the prevalence of
asthma in the various trajectories. Having a lower lung
function trajectory, on average, was associated with a
doubled prevalence of asthma at age 10 and 18 years in
women and men (Table 1). The association was stronger
for the trajectories of FEV1/FVC and FEF25–75. The
prevalence of asthma nearly tripled for the three FEF25–
75 groups.

Discussion
Analyses of FVC, FEV1, FEV1/FVC ratio and FEF25–75
from 10 to 26 years, stratified for gender, revealed dis-
tinct developmental trajectories in the IoW birth cohort.
FVC continues to grow throughout from 10 to 26, tra-
jectories of FEV1 and FEF25–75 showed an increase

Table 3 Risk ratio of early life risk factors for developing pulmonary function test trajectories

Variables Male participants Female participants

Low FVC-
trajectory
(n = 661)

Low
FEV1-
trajectory
(n = 501)

Low FEV1/
FVC
trajectory
(n = 480)a

Low and medium
FEF25–75%
trajectories (n = 480)

Low FVC-
trajectory (n =
654)

Low FEV1-
trajectory (n =
468)a

Low FEV1/
FVC
trajectory
(n = 733)

Low and medium
FEF25–75%
trajectories (n = 542)

Risk Ratio
(95% CI)

Risk Ratio
(95% CI)

Risk Ratio
(95% CI)

Odds Ratios (95%CI) Risk Ratio (95%
CI)

Risk Ratio (95%
CI)

Risk Ratio
(95% CI)

Odds Ratios (95%CI)

Birth weight
(change in risks/
odds per kilogram)

0.87 (0.78,
0.96)

0.87 (0.78,
0.97)

0.71 (0.52,
0.98)

Low vs. high: 0.27
(0.13, 0.55) medium
vs. high 0.36 (0.18,
0.75)

0.78 (0.70, 0.86) 0.69 (0.57, 0.83) – Low vs. high: 0.48
(0.29, 0.8) medium
vs. high 0.73 (0.47,
1.14)

Duration of
breastfeeding
(change in risks/
odds per week)

0.995
(0.991,
0.999)

– – – –

Eczema in the first
year of life

– – – – 1.35 (1.12, 1.63) 1.39 (1.11, 1.75) 1.66 ¥
(1.001–
2.77)

Low vs. high: 3.55
(1.36, 9.26) medium
vs. high 1.6 (0.63,
4.03)

Skin prick test
positivity at age 4

– – 1.64 (1.14–
2.36)

– 1.32 (1.07, 1.63) –

Asthma at four 4 of
age

– 1.15 (1.01,
1.32)

1.68 (1.17,
2.43)

– –

aLower number of participants, since Skin prick test at 4 years was involved
¥ No effect of eczema in the first year of life, when birthweight was in the model. However, eczema in the first year of life gained statistical significance, when
height at 4 years of age was controlled for instead of birth weight
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between 10 and 18 and decline thereafter, while FEV1/
FVC ratio trajectories declined from 10 to 26 in all ex-
cept the high trajectory in male (which declined after 18
years of age). Some cohort members did not achieve
maximally attainable lung function for FVC, FEV1, and
FEF25–75; participants of other trajectories showed an ac-
celerated decline. The trajectories based on FEV1/FVC
differed from other trajectories in that these showed a
consistent decline from age 10 to 26. This is largely ex-
plained by a proportionately higher gain between 10 and
18 years in FVC than FEV1 and relatively less decline be-
tween 18 and 26 years. As a composite of other mea-
sures, an optimal trajectory for FEV1/FVC ratio is
difficult to rationalize. It can indicate a mismatch; for in-
stance, if someone with low FEV1 has a higher FVC sug-
gesting an excessive narrowing of the airway lumen
(obstruction), which is captured by the FEV1/FVC ratio.
In accordance with this explanation, our findings show
agreement between FEV1/FVC and FEF25–75 as comple-
mentary signals of airflow obstruction (Table 2). Since
the FEV1/FVC ratio may act as sensitive indicator of air-
way diameter, it provides a focused signal of airflow ob-
struction that may align with the propensity to develop
COPD in later life.
Our trajectory analyses were based on participants

with at least one pulmonary function test. When we in-
vestigated participants with two tests, there were only
minimal changes comparing the two alternative trajec-
tory solutions (Additional file 1: Table S2). Second, the
characteristics shown in Table 1 varied little between
these two solutions with different sizes of the analytical
samples. Hence, it is justified to focus on the trajectory
solution based on one measurement to attain maximum
sample size.
Findings regarding when the effects of early life risk

factors such as parental smoking manifest themselves,
are in dispute. For instance, one study, focusing on
FEV1/FVC tests at different ages showed that effects of
parental smoking only become obvious at 26 years of age
[54]. Against that, Bui at al. using trajectory analyses of
lung function demonstrated that maternal smoking was
a risk factor already for an ‘early below average lung
function trajectory’ [31]. Thus, investigating early life
risk factors in the context of lung function development
from childhood to young adult life is critically important
as a first step in preventing long term lung damage. Fo-
cusing on an appropriate time-order and restricting to
risk factors before the first lung function measurement
showed that the lung function in some participants may
be primed from an early age for a higher risk of not
reaching the optimal plateau and an early decline in lung
function, possibly establishing a higher risk of COPD
later in life [55]. Important early life factors were birth
weight, duration of breastfeeding, eczema in the first

year of life in females, and asthma at 4 years in males. In
addition, in both genders, a positive skin prick test at
age 4 years was linked to lower FEV1 and FEV1/FVC tra-
jectories, respectively.
Of the five prior lung function studies that identified tra-

jectories [8, 25, 29, 31, 32], three used modern statistical ap-
proaches to identify lung function patterns (Tucson
Children’s Respiratory Study, the combined analyses of
Manchester Asthma and Allergy Study (MAAS), the Avon
Longitudinal Study of Parents and Children (ALSPAC), and
the Perth Infant Asthma Follow-up (PIAF), and the Tas-
manian Longitudinal Health Study [TAHS]). In these five
cohorts ages range from 1month to 18 years in PIAF, 5–6
years in MAAS, 8–24 years in ALSPAC, 5 to about 30 years
in CAMP, [29] 11–32 years in the Tucson Children’s Re-
spiratory Study, 6–53 years in TAHS, 21–40 years in the
Framingham Offspring Cohort, 24–40 years in the
Copenhagen City Heart Study, and 31–75 years in the
Lovelace Smokers Cohort. Prior studies used one marker of
lung function. Whereas the Tucson Children’s Respiratory
Study focused on FEV1/FVC, all other investigations used
FEV1. In younger children in the PIAF study, the Maximal
Expiratory Flow adjusted for functional residual capacity
levels (V’max/FRC) was additionally used to identify devel-
opmental patterns of lung function.
Different approaches have been applied to identify typ-

ical lung development trajectories. Clustering of the ran-
dom effects for slopes and intercepts determined from
linear mixed models adjusted for effects of sex were used
for the Tucson birth cohort by Berry et al. [25]. The
combined analyses of the MAAS, ALSPAC, and PIAF
cohort data on FEV1 also employed random intercepts
and coefficients from linear mixed models to examine
trajectories with no or linear changes over time [32].
Adjusting for random intercept and sex in linear mixed
models will reduce the variance of lung function mea-
surements at different ages by extracting individually de-
termined differences related to underlying pattern
(intercept) and sex. Hence, using adjusted lung function
data will reduce the chance to detect physiologically
meaningful trajectories [56]. Thus, an unsupervised
modeling strategy seems to be required. Such an un-
supervised group-based trajectory modelling was used
by the Tasmanian Longitudinal Health Study (TAHS) to
model lung function from age 7 to age 53 years [31]. We
also applied an unsupervised group-based trajectory
method, since we believe that it is essential to administer
unsupervised approaches to gain better understanding of
lung function development separate in males and fe-
males, not to adjust for sex and not to exclude the ef-
fects of intercepts at different times of the lung function
tests.
Regarding potential risk factors, maternal and paternal

asthma and also maternal smoking during pregnancy as
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emphasized in other studies [57, 58], were not important
for the pulmonary function trajectories in this cohort,
nor were repeated chest infections as shown by others
[58, 59]. Prior studies have documented that lower birth
weight is associated with reduced lung function [20–23].
Accordingly, using birth weight in continuous scale, an
increase in birth weight was inversely related (RR or OR
< 1) with lower level trajectories of nearly all lung func-
tion markers (Table 2). It is possible, that the effects of
parental asthma and maternal smoking are masked,
when we controlled for birth weight, since the latter
may act as intervening variable. However, of these three
factors only maternal smoking affected offspring’s birth
weight (maternal smoking: 3253 g, no smoking: 3449 g,
p < 0.0001, Kruskal-Wallis Test) and thus may have an
indirect effect on lung function, as has recently been
shown in this cohort by another publication [18].
Although previously reported for the IoW birth cohort

that offspring asthma was associated with a history of
asthma in same sex parents, [60] we did not find any
link of maternal or paternal history of asthma with lung
function trajectories of their children. A lack of associa-
tions was also reported for the CAMP project, in which
all children had asthma, [29] and in the TAHS study, in
which parental asthma did not contribute to the risk
profile [31]. The role of parental asthma was not ad-
dressed in the ALSPAC and MAAS study [32]. Only in
the Tucson Children’s Respiratory Study, it was reported
that maternal history resulted in an increased proportion
(20%) of the low FEV1/FVC trajectory, compared to
9.9% in the normal trajectory group. No such associa-
tions were seen for asthma of the father. It remains to
be evaluated in future studies, whether lung function
trajectories can be explained by a history of parental
asthma.
Breastfeeding seems to influence lung volume (FVC)

in males, which may be related to an increased volume
due to suckling by the child [42]. Early asthma was, in
agreement with prior studies [61], associated with lower
FEV1 and FEV1/FVC trajectories in males. Surprisingly,
this association was not seen in females. Such a gender
difference was reported before [62]. A novel finding of
this stratified analysis is that, in women, eczema in in-
fancy is a risk for lower FVC and FEV1 trajectories. It is
possible that a shared unknown other risk factor for
both eczema and lung function may establish such an
association. Since we adjusted for a possible effect of a
positive skin prick test, allergic sensitization is not a can-
didate of such a shared risk factor. However, polyunsat-
urated lipids early in life may present such a common
risk factor [63]. Regarding the effect of allergic
sensitization (skin prick test, SPT) it has been previously
reported that sensitization is related to lower lung func-
tion [64]. In the IoW cohort, a positive SPT at age 4 is

related to a lower FEV1 trajectory in females and a lower
FEV1/FVC trajectory in males (Table 2).
As others have documented, early impairment of lung

function is associated with asthma in later life [65, 66].
In our study, asthma at 4 years predicted lower lung
function trajectory in males at 10–26 years of age. It is
not possible to determine the cause and effect, as we do
not have lung function measurement in early childhood
and hence, an onset of lung function deficit may have
been initiated after or before 4 years of age in those with
asthma diagnosed at 4 years. It is likely that participants
with low lung function trajectory had some lung func-
tion deficit in early childhood. For instance, the Tucson
Children’s Respiratory Study analyzed the FEV1/FVC ra-
tio in 599 participants at comparable ages (between 11
to 32 years) to the Isle of Wight study [25]. In this study,
individuals with a persistently low trajectory demon-
strated lower lung function during infancy and at age 6
years.
In the combined analyses of MAAS, ALSPAC, and

PIAF, Belgrave et al. investigated trajectories of FEV1

and found 4 distinct trajectories; persistently high; nor-
mal; below average; and persistently low N = 2632 [32].
Similar to participants belonging to the low trajectory in
our study, the persistently low trajectory subject failed to
achieve the maximal attainable lung function by 18
years, beyond which a decline ensued. This is critically
important as longitudinal studies have demonstrated
that those who do not achieve a normal FEV1 in young
adult life are at considerable high risk of COPD [8]. Fur-
ther support for the early origins of COPD comes from
the Tasmanian Longitudinal Health Study which showed
the lower lung function trajectories of FEV1 contribute
75% to those diagnosed with COPD [31]. Allergic
sensitization was a risk factor for low FEV1 trajectory in
both these populations, as it was in our study in females.
In males, we found that allergic sensitization constituted
a risk for the low FEV1/FVC trajectory.
One strength of our study is the application of an un-

supervised modeling strategy that did not require us to
use arbitrary cutoffs to define deviant lung function. In
addition, our models were flexible in that they allowed
changes in lung function over time to vary between the
different lung function trajectory classes. Using an ap-
propriate time order in the occurrence of risk factors
and repeated lung function data from a prospective birth
cohort, allowed us to examine the relationships between
early life factors and lung function trajectory through
early adulthood. In addition, we use a wide base of four
lung function markers and compared their trajectories
and related early life risk factors. Attrition from 10 year
(n = 981) to 18 years (n = 839) to 26 years (n = 547) im-
poses some caution generalizing the lung function find-
ings. However, since there was no conditional pattern of
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missingness, all data were used to model the trajectories.
The current investigation is limited to three lung func-
tion tests between 10 and 26 years of age; however, only
the TAHS offered a wider age range with pulmonary
function test between 7 and 53 years [31].
While prior studies investigated only one marker,

without stratification by gender, this investigation pro-
vides trajectories for four different lung function
markers (FVC, FEV1, FEV1/FVC, and FEF25–75) separ-
ately for male and female participants. Whereas the
combined analysis of MAAS and ALSPAC data only
allowed linear trajectory patterns [32] restricting the
shape of the patterns, this investigation included mix-
tures of other developments (e.g., linear and quadratic)
and found non-linear patterns that considerably ex-
plained the development of lung function over time (Fig.
2). Despite large volume and flow differences (on aver-
age 1 liter larger values in males than females), the over-
all pattern of lung function trajectories in male and
female participants was similar (Fig. 2). In contrast to
Tucson Children’s Respiratory study, which only focused
on FEV1/FVC showing no gender differences [25], our
findings suggest that we need to analyze male and fe-
male lung function separately. First, the proportion of
trajectories varies by gender. For instance, 47.3% of
males are in the low FEF25–75 trajectory, but only 24.3%
of female participants (Table 1, p < 0.001). Second, some
risk factors such as eczema in the first year of life and
asthma at age 4 years vary by sex. In addition, our study
focused on early life risk factors and did not address
concurrent risks to avoid a possibility of reverse caus-
ation. Given this setting, we found a lower birth weight
to be an important risk factor. However, only one other
trajectory study also identified lower birth weight [32],
others lacked this information [29, 31] or did not found
differences for birth weight [25].
There is a need to model lung function development

over time in an unsupervised manner, instead of forcing
certain structure on the data, and to compare their tra-
jectories applying meta-analytical approaches. Similar
trajectory patterns that are identified across various
studies will provide critical information on trajectories at
higher risk of adverse respiratory development. Having
repeated lung function measurements, clinicians then
can use such data to early identify and intervene in chil-
dren/adolescents with risky trajectories.

Conclusion
The findings of this study add to emerging knowledge of
developmental patterns of lung function markers. (1)
Men and women and different lung function markers
have clearly distinguishable trajectories. (2) We identi-
fied lower birth weight, shorter duration of breastfeed-
ing, allergic sensitization at 4 years of age, and, in girls,

eczema in infancy and, in boys, asthma at 4 years, as risk
factors for lower lung function trajectories, but not par-
ental asthma and maternal smoking during pregnancy.
Risk factors vary with the respective lung function
marker. Lower lung function trajectories can be ex-
plained by both, insufficient growth of airway function
until age 18 years and a decline from 18 to 26 years, sug-
gesting that the onset of COPD can arise either from a
failure to attain the normal spirometry plateau or from
an accelerated decline in lung function [55, 67]. There is
a need to integrate findings of multiple studies and of
different markers on lung function trajectories.
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years minus 10 years. (DOCX 21 kb)

Abbreviations
95% CI: 95% confidence intervals; ALSPAC: Avon Longitudinal Study of
Parents and Children; CAMP: Childhood Asthma Management Program;
COPD: Chronic obstructive pulmonary disease; FEF25–75: Forced expiratory
flow 25–75%; FEV1: Forced expiratory flow in 1 second; FEV1/FVC: Ratio of
ratio of FEV1 by FVC; FVC: Forced vital capacity; IgE: Immunoglobulin E;
IoW: Isle of Wight; MAAS: Manchester Asthma and Allergy Study; OR: Odds
ratio; PIAF: Perth Infant Asthma Follow-up; RR: Risk ratio; SPT: Skin prick test;
TAHS: Tasmanian Longitudinal Health Study; V’max/FRC: maximal expiratory
flow adjusted for functional residual capacity

Acknowledgements
The authors would like to thank the IoW study staff for their valuable effort
maintaining the cohort. We would like to also acknowledge the cooperation
of the Isle of Wight 1989 birth cohort participants and their families who
have helped us with this project over the last two decades.

Funding
This work was by the National Institutes of Health [grant numbers R01
AI061471, R01 HL082925, R01 AI091905, and R01 HL132321]. The funders had
no role in study design, data collection, analysis, and interpretation of data
and decision to publish or preparation of the manuscript.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions
WK conceived the epidemiological design of the study, contributed to
funding acquisition, analyzed and interpreted the data, and drafted the
manuscript. NM contributed to the conception and design of the study and
analysis and interpretation of the data. RK contributed to the conception
and interpretation of the data. VDJ conducted the trajectory analyses. SC and
HZ contributed to the conception of the data analyses and their
interpretation. GR contributed to the interpretation of trajectories and risk
factors. HA help drafting the manuscript and the interpretation of the
findings. He also ran the project administration and supervision. All authors
critically revised the manuscript for important intellectual content. The
manuscript has been read and approved by all authors.

Karmaus et al. Respiratory Research           (2019) 20:98 Page 11 of 13

https://doi.org/10.1186/s12931-019-1068-0


Ethics approval and consent to participate
Ethics approvals for the Isle of Wight study were obtained from the Isle of
Wight Local Research Ethics Committee (recruitment, 1, 2 and 4 years) and
National Research Ethics Service, NRES Committee South Central –
Southampton B (10 and 18 years) (06/Q1701/34). Written informed consent
was obtained from parents to enroll newborns and at subsequent follow-up
written informed consent was obtained from parents, participants, or both.
At the University of Memphis, the internal review board first approved the
project (FWA00006815) in 2012 and reviewed it yearly since then (IRB ID:
2423).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Division of Epidemiology, Biostatistics, and Environmental Health, School of
Public Health, University of Memphis, Memphis, TN, USA. 2Department of
Mathematical Sciences, The University of Memphis, Memphis, TN, USA.
3Paediatric Allergy and Respiratory Medicine, Faculty of Medicine, University
of Southampton, Southampton, UK. 4Clinical and Experimental Sciences,
Faculty of Medicine, University of Southampton, Southampton, UK. 5David
Hide Asthma and Allergy Research Centre, Newport, Isle of Wight, UK.

Received: 30 January 2019 Accepted: 6 May 2019

References
1. Kohansal R, et al. The natural history of chronic airflow obstruction revisited:

an analysis of the Framingham offspring cohort. Am J Respir Crit Care Med.
2009;180(1):3–10.

2. Brandenberger C, Muhlfeld C. Mechanisms of lung aging. Cell Tissue Res.
2017;367(3):469–80.

3. Tager IB, et al. Lung function, pre- and post-natal smoke exposure, and
wheezing in the first year of life. Am Rev Respir Dis. 1993;147(4):811–7.

4. Martinez FD, et al. Asthma and wheezing in the first six years of life. The
group health medical associates. N Engl J Med. 1995;332(3):133–8.

5. Turner SW, et al. Infants with flow limitation at 4 weeks: outcome at 6 and
11 years. Am J Respir Crit Care Med. 2002;165(9):1294–8.

6. Haland G, et al. Lung function development in the first 2 yr of life is
independent of allergic diseases by 2 yr. Pediatr Allergy Immunol. 2007;
18(6):528–34.

7. Lodrup Carlsen KC, et al. Lung function at 10 yrs is not improved by early
corticosteroid treatment in asthmatic children. Pediatr Allergy Immunol.
2010;21(5):814–22.

8. Lange P, et al. Lung-function trajectories leading to chronic obstructive
pulmonary disease. N Engl J Med. 2015;373(2):111–22.

9. Barker DJP, Osmond C. Infant mortality, childhood nutrition, and ischaemic
heart disease in England and Wales. Lancet. 1986;327(8489):1077–81.

10. Anand D, et al. Lung function and respiratory health in adolescents of very
low birth weight. Arch Dis Child. 2003;88(2):135–8.

11. Bryan MH, Levison H, Swyer PR. Pulmonary function in infants and children
following the acute neonatal respiratory distress syndrome. Bull
Physiopathol Respir. 1973;9(6):1587.

12. Hoo A-F, et al. Development of lung function in early life: influence of birth
weight in infants of nonsmokers. Am J Respir Crit Care Med. 2004;170(5):
527–33.

13. Kitchen WH, et al. Respiratory health and lung function in 8-year-old
children of very low birth weight: a cohort study. Pediatrics. 1992;89(6):
1151–8.

14. Wjst M, et al. Pulmonary function in children with initial low birth weight.
Pediatr Allergy Immunol. 1998;9(2):80–90.

15. Rona RJ, Gulliford MC, Chinn S. Effects of prematurity and intrauterine
growth on respiratory health and lung function in childhood. BMJ. 1993;
306(6881):817–20.

16. Sonnenschein-van der Voort AM, Howe LD, Granell R, Duijts L4, Sterne JA,
Tilling K, Henderson AJ. Influence of childhood growth on asthma and lung
function in adolescence. J Allergy Clin Immunol. 2015;135:1435-43.

17. Kotecha SJ, et al. The effect of birth weight on lung spirometry in white,
school-aged children and adolescents born at term: a longitudinal
population based observational cohort study. J Pediatr. 2015;166(5):1163–7.

18. Balte P, et al. Relationship between birth weight, maternal smoking during
pregnancy and childhood and adolescent lung function: a path analysis.
Respir Med. 2016;121:13–20.

19. Shaheen SO, et al. Birth weight, childhood lower respiratory tract infection,
and adult lung function. Thorax. 1998;53(7):549–53.

20. Edwards CA, et al. Relationship between birth weight and adult lung
function: controlling for maternal factors. Thorax. 2003;58(12):1061–5.

21. Hancox RJ, et al. Associations between birth weight, early childhood weight
gain and adult lung function. Thorax. 2009;64(3):228–32.

22. Lawlor DA, Ebrahim S, Smith GD. Association of birth weight with adult
lung function: findings from the British Women’s heart and health study
and a meta-analysis. Thorax. 2005;60(10):851–8.

23. Stein CE, et al. Relation of fetal growth to adult lung function in South
India. Thorax. 1997;52(10):895–9.

24. Martinez FD. Early-life origins of chronic obstructive pulmonary disease. N
Engl J Med. 2016;375(9):871–8.

25. Berry CE, et al. A distinct low lung function trajectory from childhood to the
fourth decade of life. Am J Respir Crit Care Med. 2016;194(5):607–12.

26. Vanker A, Gie RP, Zar HJ. The association between environmental tobacco
smoke exposure and childhood respiratory disease: a review. Expert Rev
Respir Med. 2017;11(8):661–73.

27. Stocks J, Hislop A, Sonnappa S. Early lung development: lifelong effect on
respiratory health and disease. Lancet Respir Med. 2013;1(9):728–42.

28. Postma DS, Bush A, van den Berge M. Risk factors and early origins of
chronic obstructive pulmonary disease. Lancet. 2015;385(9971):899–909.

29. McGeachie MJ, et al. Patterns of growth and decline in lung function in
persistent childhood asthma. N Engl J Med. 2016;374(19):1842–52.

30. Nagin DS. Group-based trajectory modeling: an overview. In: Handbook of
quantitative criminology; 2010. p. 53–67.

31. Bui DS, et al. Childhood predictors of lung function trajectories and future
COPD risk: a prospective cohort study from the first to the sixth decade of
life. Lancet Respir Med. 2018;6(7):535–44.

32. Belgrave DCM, et al. Lung function trajectories from pre-school age to
adulthood and their associations with early life factors: a retrospective
analysis of three population-based birth cohort studies. Lancet Respir Med.
2018;6(7):526–34.

33. Nagin DS. Analyzing developmental trajectories: a semiparametric, group-
based approach. Psychol Methods. 1999;4(2):139–57.

34. Jones BL, Nagin DS. Advances in group-based trajectory modeling and an
SAS procedure for estimating them. Sociol Methods Res. 2007;35(4):542–71.

35. Kurukulaaratchy RJ, et al. Characterization of wheezing phenotypes in the
first 10 years of life. Clin Exp Allergy. 2003;33(5):573–8.

36. Arshad SH, Hide DW. Effect of environmental factors on the development
pf allergic disorders in infancy. J Allergy Clin Immunol. 1992;90:235–41.

37. Soto-Ramirez N, et al. Epidemiologic methods of assessing asthma and
wheezing episodes in longitudinal studies: measures of change and
stability. J Epidemiol. 2013;23(6):399–410.

38. Karmaus W, Arshad H, Mattes J. Does the sibling effect have its origin in
utero? Investigating birth order, cord blood immunoglobulin E
concentration, and allergic sensitization at age 4 years. Am J Epidemiol.
2001;154(10):909–15.

39. Arshad SH, et al. Polymorphisms in the interleukin 13 and GATA binding
protein 3 genes and the development of eczema during childhood. Br J
Dermatol. 2008;158(6):1315–22.

40. Hanifin JM, Rajka G. Diagnostic features of atopic dermatitis. Acta Derm
Venereol Suppl (Stockh). 1980;92:44–7.

41. Asher MI, et al. International study of asthma and allergies in childhood
(ISAAC): rationale and methods. Eur Respir J. 1995;8(3):483–91.

42. Soto-Ramírez N, et al. Breastfeeding is associated with increased lung
function at 18 years of age: a cohort study. Eur Respir J. 2012;39(4):985–91.

43. Jones BL, Nagin DS, Roeder K. A SAS procedure based on mixture models for
estimating developmental trajectories. Sociol Methods Res. 2001;29(3):374–93.

44. Liang J, et al. Ethnicity and changing functional health in middle and late
life: a person-centered approach. J Gerontol B Psychol Sci Soc Sci. 2010;
65(4):470–81.

Karmaus et al. Respiratory Research           (2019) 20:98 Page 12 of 13



45. Nagin DS, Tremblay RE. Analyzing developmental trajectories of distinct but
related behaviors: a group-based method. Psychol Methods. 2001;6(1):18–34.

46. Nagin DS, Odgers CL. Group-based trajectory modeling in clinical research.
Annu Rev Clin Psychol. 2010;6:109–38.

47. Nagin D. Group-based modeling of development. Cambridge: Harvard
University Press; 2005.

48. Sorensen HT, et al. Birth weight and length as predictors for adult height.
Am J Epidemiol. 1999;149(8):726–9.

49. Godfrey KM, Barker DJ. Fetal nutrition and adult disease. Am J Clin Nutr.
2000;71(5 Suppl):1344S–52S.

50. McIntyre MH. Adult stature, body proportions and age at menarche in the
United States National Health and nutrition survey (NHANES) III. Ann Hum
Biol. 2011;38(6):716–20.

51. Ferrie JE, et al. Birth weight, components of height and coronary heart
disease: evidence from the Whitehall II study. Int J Epidemiol. 2006;35(6):
1532–42.

52. Macsali F, et al. Early age at menarche, lung function, and adult asthma. Am
J Respir Crit Care Med. 2011;183(1):8–14.

53. Hankinson JL, Odencrantz JR, Fedan KB. Spirometric reference values from a
sample of the general U.S. population. Am J Respir Crit Care Med. 1999;
159(1):179–87.

54. Guerra S, et al. Combined effects of parental and active smoking on early
lung function deficits: a prospective study from birth to age 26 years.
Thorax. 2013;68(11):1021–8.

55. Krishnan JK, Martinez FJ. Lung function trajectories and chronic obstructive
pulmonary disease: current understanding and knowledge gaps. Curr Opin
Pulm Med. 2018;24(2):124–9.

56. Charnigo R, et al. Joint modeling of longitudinal data in multiple behavioral
change. Eval Health Prof. 2011;34(2):181–200.

57. Fletcher C, Peto R. The natural history of chronic airflow obstruction. Br Med
J. 1977;1(6077):1645–8.

58. Svanes C, et al. Early life origins of chronic obstructive pulmonary disease.
Thorax. 2010;65(1):14–20.

59. Quanjer PH, et al. Multi-ethnic reference values for spirometry for the 3-95-
yr age range: the global lung function 2012 equations. Eur Respir J. 2012;
40(6):1324–43.

60. Arshad SH, et al. The effect of parental allergy on childhood allergic
diseases depends on the sex of the child. J Allergy Clin Immunol. 2012;
130(2):427–34 e6.

61. Covar RA, et al. Progression of asthma measured by lung function in the
childhood asthma management program. Am J Respir Crit Care Med. 2004;
170(3):234–41.

62. Robinson PD, et al. Determinants of peripheral airway function in adults
with and without asthma. Respirology. 2017;22(6):1110–7.

63. Waidyatillake NT, et al. Breast milk polyunsaturated fatty acids: associations with
adolescent allergic disease and lung function. Allergy. 2017;72(8):1193–201.

64. Illi S, et al. Perennial allergen sensitisation early in life and chronic asthma in
children: a birth cohort study. Lancet. 2006;368(9537):763–70.

65. Haland G, et al. Reduced lung function at birth and the risk of asthma at 10
years of age. N Engl J Med. 2006;355(16):1682–9.

66. Lodrup Carlsen KC, et al. Lung function trajectories from birth through
puberty reflect asthma phenotypes with allergic comorbidity. J Allergy Clin
Immunol. 2014;134(4):917–923 e7.

67. Bush A. Lung development and aging. Ann Am Thorac Soc. 2016;13(Suppl
5):S438–46.

Karmaus et al. Respiratory Research           (2019) 20:98 Page 13 of 13


	Outline placeholder
	Abstract
	Method
	Results
	Conclusion

	Background
	Methods
	Study population
	Questionnaires and clinical assessments
	Pulmonary function tests
	Trajectory analysis
	Statistical analysis of risk factors

	Results
	Discussion
	Conclusion
	Additional file
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

