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ABSTRACT: The aim of this study was to create reference equations for pul-
monary function tests (PFTs) that span the age range from childhood to young
adulthood.

PFT results (forced vital capacity (FVC), forced expiratory volume in one sec-
ond (FEV1), ratio of FEV1 to FVC (FEV1/FVC), total lung capacity (TLC), transfer
factor) of 348 healthy 13–24 yr old Caucasian never-smokers from a local popu-
lation study were compared with 13 selected sets of published reference equations.

Predicted and observed PFT results differed significantly for 63 of 92 refer-
ence equations tested, and most equations accounted poorly for the increase in
PFT variables which takes place during adolescence. We selected the equations
with the best fit and adjusted their parameters, so that the level and variance of
predicted values agreed with the local data. For subjects older than 18 yrs, we
selected the European Community for Steel and Coal (ECSC) equations. For sub-
jects younger than 18 yrs, we chose European summary equations for FVC, FEV1,
and FEV1/FVC, and recent British equations for TLC and transfer factor.

The customized reference equations are the best available (maximum likeli-
hood) for analysing PFTs of patients tested in our laboratory. Our approach can
be used whenever generally accepted reference equations are lacking and a local
sample of normal subjects is available.
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Reference values for pulmonary function test (PFT)
results are often used for screening groups of patients
for pulmonary disease, and for following individual pati-
ents over time. Usually, paediatric reference values are
used for patients younger than 18 yrs, and adult refer-
ence values for those older than 18 yrs. Many sets of
reference values have been published for children [1]
or adults, as well as summary equations for children
[2, 3] or adults [4] based on several data sets. However,
predictions from paediatric and adult equations gener-
ally do not agree at 18 yrs of age, resulting in artificial
changes in relative PFT values for a person passing his
or her 18th birthday. Continuous reference values for
children and adults are scarce, have only been published
for spirometric variables, and lack residual standard devi-
ation (RSD) values needed for calculating standardized
residuals [5].

Ideally, reference equations should model the rela-
tionship between lung function measurements and fac-
tors such as sex, age and height. The equations can be
modified indefinitely, but very large populations of nor-
mal subjects are needed to document the adequacy of
adding any new factor [3]. In reference equations ex-
pressing common biological relations, e.g. the relation-

ship of lung volumes to height and gender, the paramet-
ers of the equations may still vary between populations.
Such parameters can be examined by smaller studies of
normal subjects, as recommended by the American Tho-
racic Society (ATS) and the European Respiratory Soc-
iety (ERS) [6, 7], and, if necessary, the parameters can
be customized to local conditions.

The aim of this study was to bridge the gap between
childhood and adulthood reference values by combin-
ing a model created for children with one designed for
adults. Data from a local sample of healthy 13–24 yr
olds were used to screen previously published reference
equations and select the models for children and adults
with the best fit. The two sets of models were then cus-
tomized for use in our patients.

Materials and methods

Local sample of normal subjects

All subjects included in this analysis took part in a
prospective population study of asthma, allergy and bron-
chial hyperresponsiveness initiated in 1986, described



in detail by BACKER et al. [8]. In brief, a random sam-
ple of 983 children and adolescents born in the first
week of each month from 1969 to 1979, living in the
area surrounding the National University Hospital Rigs-
hospitalet in Copenhagen was drawn from the civil reg-
istration list. All subjects were Caucasians. The sample
was invited by letter to a second examination in 1992
and a total of 662 (67% of those invited) participated.
Analyses of the participants and the whole sample did
not reveal any signs of nonresponder bias [9–11]. All
data for the present analyses were taken from the sec-
ond examination. We excluded 260 ever-smokers, 52
never-smoking subjects that reported present or past
symptoms indicating a diagnosis of asthma or other res-
piratory illness [9], one subject with Turner's syndrome,
and one with Down's syndrome. We included data from
348 normal subjects (167 females). All participants and
the parents of minors gave written informed consent.
The study was in accordance with the Helsinki II dec-
laration and was approved by the Medical Ethics Commit-
tee of Copenhagen, Denmark.

Participants were 13.1 to 23.8 yrs old. They were sig-
nificantly taller than national reference data ([12], with
modifications) from 1971–1972 (+0.47 standardized res-
idual, 95% confidence interval 0.36–0.57). Height-stan-
dardized residuals were not significantly related to age
(p=0.37 for females, 0.92 for males), gender (p=0.85),
or age and gender combined (p=0.47 for age, 0.88 for
gender) in simple and multiple linear regression mod-
els. The mean height of participants older than 18 yrs
was 182.1 cm in males and 168.9 cm in females.

Pulmonary function tests

The forced expiratory volume in one second (FEV1)
and the forced vital capacity (FVC) were measured with
a pneumotachograph (Jaeger®, Würzburg, Germany).
Each measurement consisted of at least three maximal
expiratory manoeuvres from total lung capacity (TLC)
to residual volume with a variation of less than 5% in
FVC and FEV1 between the two best manoeuvres. The
highest FEV1 and FVC values were used, irrespective
of the manoeuvre in which they occurred. The ratio of
FEV1 to FVC (FEV1/FVC) was calculated and expres-
sed as a percentage. The TLC was measured by the heli-
um dilution technique (Jaeger®) and the transfer factor
for carbon monoxide (TL,CO) was measured with the
single breath technique according to the recommenda-
tions given by the ATS [13]. The equipment detected
carbon monoxide with an infra-red spectrophotometer
(Jaeger®) and helium with a thermal conductivity method;
average values of duplicate measurements were analysed.
All values were corrected to body temperature and ambi-
ent pressure, and saturated with water vapour (BTPS).
The equipment was calibrated at least once a day accord-
ing to the guidelines of the manufacturer. This includ-
ed volume calibration of the pneumotachograph with a
manual calibration pump and an automated calibration
sequence of the gas analyser.

Reference equations

Published reference equations for children were screen-
ed, and models were selected for further analysis either

because they were recent and based on large data sets
[3, 14–18], were widely used in Denmark [2] or else-
where [2, 19–25], were based on Scandinavians [26], or
had been recommended by the ATS and the ERS [6,
27]. Only the European Community for Steel and Coal
(ECSC) reference values [4] were considered for adults,
because they are the de facto standard in Denmark and
most of Europe.

Data analysis

The standardized residual Z is defined as:

Z = (Y-X)/RSD (1)

where Y=observed measure, X=predicted measure from
the literature, and RSD=residual standard deviation from
the literature.

If in a sample from the population of interest, mean
Z=a (≠0) and standard deviation (SD) of Z=b (≠1), a new
standardized residual, Z*, with mean 0 and SD 1 can be
defined by setting: 

X* = X + a·RSD (2)

RSD* = b·RSD (3)

Then the desired properties are given by:

Z* = (Y-X*)/RSD*                 (4)

For selecting and adjusting published reference val-
ues, the local sample of normal subjects was divided
into two groups: a group of 176 adolescents <18 yrs of
age, and a group of 172 young adults >18 yrs of age.
Standardized residuals were calculated for the adoles-
cents from each reference equation, except the ECSC
equations, from which standardized residuals were cal-
culated for the young adults. A good reference model
adequately accounts for the change of lung function with
age, so that standardized residuals of a sample of normal
subjects are unrelated to age. Therefore, the relationship
between standardized residuals of the adolescents and
age was tested for each equation in regression models
with standardized residuals as the dependent and age as
the independent variable (tables 1 and 2). Predictive
equations with the weakest relation of standardized res-
iduals to age were preferred. Similarly, equations with
the weakest relation of standardized residuals to height,
and equations that also considered puberty or age in the
predictions were preferred. To ensure that standardized
residuals and height or age were not related in a non-
linear (e.g. U-shaped) fashion, plots of the data were
also examined. As recommended by the ATS [7], equa-
tions for males and females were preferably chosen from
the same population source.

The selected reference equations for adolescents and
the ECSC equations for adults were then adjusted for
optimal fit (maximum likelihood) with the local data as
outlined in the equations above. The Appendix includes
a calculated example of adjustments. To control the fit
of the adjusted equations for extremes of height or age,
new standardized residuals (Z*) were calculated and
plotted against height and age [3].

Probabilities below 0.05 were considered statistically
significant, and data were analysed using the Statisti-
cal Analysis System (SAS®) computer software pack-
age (SAS Institute, Cary, NC, USA).
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Table 1.  –  Pulmonary function of Danish adolescents and young adults. Mean standardized residuals and regres-
sion coefficients of standardized residuals on age (age coefficient)

Males 13–18 yrs of age Females 13–18 yrs of age
(n=92) (n=84)

Index [Ref.] Mean (SD) Age coefficient (95% CI) Mean (SD) Age coefficient (95% CI)

FVC [3] -0.58* (1.24*) 0.07 (-0.12–0.27) -0.26* (1.00) -0.16 (-0.32–0.01)
FVC [14] -0.26* (1.00) 0.26 (0.11–0.41) 0.30* (0.80*) 0.06 (-0.08–0.19)
FVC [2] 0.35* (1.11) 0.32 (0.16–0.48) 0.14 (0.85*) 0.04 (-0.10–0.18)
FVC [20] -0.10 (1.84*) 0.47 (0.19–0.75) 0.38* (1.01) 0.04 (-0.14–0.21)
FVC† [26] -0.10 (1.24*) 0.36 (0.17–0.54) -0.14 (0.85*) 0.03 (-0.11–0.17)
FVC [25] -0.01 (1.20*) 0.35 (0.17–0.52) 0.51* (1.10) 0.06 (-0.12–0.25)
FVC [18] -0.57* (0.96) 0.18 (0.03–0.33) 0.08 (1.02) 0.02 (-0.15–0.19)
FVC‡ [16] -0.03 (1.11) 0.14 (-0.03–0.32) 0.22* (0.89) -0.12 (-0.27–0.03)
FVC [23] -0.74* (2.18*) 0.38 (0.05–0.72) -1.22* (1.83*) -0.01 (-0.32–0.30)
FVC [22] 0.11 (1.25*) 0.28 (0.09–0.47) 0.41* (0.84*) -0.04 (-0.18–0.11)
FVC [24] -0.41* (0.94) 0.21 (0.07–0.35) -0.17* (0.73*) 0.03 (-0.09–0.15)
FEV1 [3] -0.31* (1.15*) 0.22 (0.05–0.40) -0.05 (1.00) -0.11 (-0.27–0.06)
FEV1 [14] 0.06 (1.00) 0.38 (0.25–0.52) 0.52* (0.84*) 0.09 (-0.05–0.23)
FEV1 [2] -0.12 (1.63*) 0.62 (0.39–0.84) -0.36* (1.25*) 0.10 (-0.11–0.31)
FEV1 [20] 0.43* (1.56*) 0.58 (0.36–0.80) 0.86* (0.94) 0.08 (-0.08–0.24)
FEV1 [26] -0.20 (1.12) 0.44 (0.28–0.59) -0.22* (0.88) 0.06 (-0.09–0.20)
FEV1 [25] 0.38* (1.41*) 0.54 (0.35–0.74) 0.64* (1.11) 0.10 (-0.09–0.28)
FEV1 [18] -0.24* (0.95) 0.36 (0.22–0.49) 0.38* (1.14*) 0.09 (-0.10–0.28)
FEV1 [16] 0.03 (1.06) 0.21 (0.04–0.37) 0.17 (0.86*) -0.10 (-0.24–0.04)
FEV1 [23] 2.49* (1.48*) 0.70 (0.51–0.88) 1.79* (0.92) 0.14 (-0.02–0.29)
FEV1 [22] 0.12 (1.12) 0.38 (0.22–0.55) 0.52* (0.86*) -0.02 (-0.17–0.13)
FEV1 [24] -0.32* (0.99) 0.35 (0.21–0.49) -0.07 (0.74*) 0.07 (-0.06–0.19)
FEV1/FVC [3] 0.08 (1.31*) 0.23 (0.02–0.43) 0.21 (1.28*) 0.07 (-0.15–0.28)
FEV1/FVC [14] 0.50* (0.90) 0.19 (0.06–0.33) 0.32* (0.89) 0.07 (-0.08–0.22)
TLC [27] -0.96* (1.10) 0.25 (0.08–0.41) -0.28* (0.68*) 0.05 (-0.07–0.16)
TLC [15] -0.51* (0.85*) 0.18 (0.05–0.31) 0.07 (0.90) 0.11 (-0.04–0.26)
TLC [2] 0.21 (1.07) 0.30 (0.15–0.46) -0.08 (0.95) 0.08 (-0.08–0.24)
TLC [20] -0.28 (1.74*) 0.49 (0.23–0.75) -0.04 (1.10) 0.11 (-0.07–0.30)
TLC [26] -0.02 (1.06) 0.30 (0.15–0.46) -0.07 (0.85*) 0.07 (-0.08–0.21)
TLC [25] -0.40* (1.23*) 0.33 (0.14–0.51) 0.36* (1.08) 0.10 (-0.08–0.28)
TLC [17] -1.27* (0.93) 0.10 (-0.05–0.24) -0.85* (1.01) -0.04 (-0.22–0.13)
TLC [16] -0.90* (0.94) 0.01 (-0.14–0.16) -0.80* (0.95) -0.22 (-0.37–-0.07)
TLC [23] -1.88* (1.89*) 0.21 (-0.09–0.51) -1.90* (1.85*) 0.03 (-0.28–0.34)
TLC§ [21] -0.78* (0.70*) 0.14 (0.03–0.25) -0.60* (0.80*) -0.02 (-0.17–0.13)
TL,CO [15] 0.16 (0.81*) 0.11 (-0.02–0.24) 1.10* (1.22*) 0.10 (-0.10–0.31)
TL,CO [2] 0.98* (0.94) 0.21 (0.07–0.36) 0.26* (0.80*) 0.00 (-0.13–0.14)
TL,CO [20] 0.80* (0.77*) 0.22 (0.11–0.34) 0.12 (0.60*) 0.02 (-0.08–0.12)
TL,CO [25] 0.47* (1.16*) 0.28 (0.11–0.45) 0.50* (1.01) 0.02 (-0.15–0.19)
TL,CO [17] -0.95* (0.92) 0.08 (-0.07–0.23) -0.69* (0.83*) -0.10 (-0.24–0.04)
TL,CO [23] 4.33* (2.20*) 0.75 (0.44–1.07) 2.23* (1.17*) 0.10 (-0.10–0.29)
TL,CO [21] -0.85* (1.32*) 0.25 (0.04–0.46) -1.13* (0.95) 0.01 (-0.15–0.17)

Males 18–24 yrs of age Females 18–24 yrs of age
(n=89) (n=83)

FVC [4] 0.41* (1.09) 0.12 (-0.02–0.26) 0.46* (1.21*) 0.07 (-0.09–0.24)
FEV1 [4] 0.62* (1.05) 0.12 (-0.01–0.26) 0.48* (1.08) 0.02 (-0.13–0.16)
FEV1/FVC [4] 0.48* (0.89) -0.01 (-0.13–0.10) 0.55* (0.87) -0.09 (-0.21–0.02)
TLC [4] -0.55* (1.04) 0.13 (-0.01–0.26) -0.07 (1.14*) 0.13 (-0.02–0.28)
TL,CO [4] 0.87* (1.35*) 0.06 (-0.11–0.24) -0.07 (1.22*) 0.03 (-0.13–0.20)

*: mean value significantly different from 0 or standard deviation significantly different from 1 (p<0.05); †: expiratory vital capac-
ity; ‡: slow vital capacity; §: alveolar volume; [Ref.]: reference; CI: confidence interval; FVC: forced vital capacity; FEV1: forced
expiratory volume in one second; TLC: total lung capacity; TL,CO: transfer factor for carbon monoxide.

Results

Table 1 gives the PFT results of the participants, ex-
pressed as standardized residuals based on different sets
of reference values. For 55 of the 82 equations con-
sidered for adolescents, the mean standardized residual
differed significantly from 0, and for young adults, 8

of 10 mean standardized residuals differed significant-
ly from 0. Most standardized residuals for the adoles-
cents were significantly related to age, especially in
males (table 1). None of the PFT parameters of the young
adults were significantly related to age (p ranging 0.07–
0.82, table 1). No set of reference equations were opti-
mal for all parameters in their original form.
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Table 4.  –  Original and customized equations predicting the pulmonary function of healthy young Danish females

Calculated examples*

[Ref.] Original equation RSD Customized equation RSD Before After % change

<18 yrs of age
ln FVC [3] (1.4800+0.0127·A)·H-1.4507 0.1063 (1.4800+0.0127·A)·H-1.4785 0.1059 3.76 3.66 -2.7
ln FEV1 [3] (1.5016+0.0119·A)·H-1.5974 0.1063 (1.5016+0.0119·A)·H-1.6026 0.1059 3.30 3.28 -0.5
FEV1/FVC [3] 88.88 4.86 89.90 6.23 88.88 89.90 +1.1
TLC [15] -234.08+703.07·H-780.30·H2 Pr·0.12 -236.11+709.18·H-787.08·H2 Pr·0.11 4.78 4.82 +0.9

+381.005·H3-68.598·H4 +384.32·H3-69.194·H4

TL,CO [15] -577.13+1678.1·H-1811.0·H2 Pr·0.11 -646.68+1880.3·H-2029.3·H2 Pr·0.12 8.09 9.03 +11.6
+863.70·H3-152.87·H4 +967.79·H3-171.29·H4

≥18 yrs of age
FVC [4] 4.43·H-0.026·Ax-2.89 0.43 4.43·H-0.026·Ax-2.69 0.52 3.94 4.14 +5.1
FEV1 [4] 3.95·H-0.025·Ax-2.60 0.38 3.95·H-0.025·Ax-2.42 0.41 3.45 3.63 +5.2
FEV1/FVC [4] -0.19·Ax+89.10 6.51 -0.19·Ax+92.66 5.67 84.35 87.91 +4.2
TLC [4] 6.60·H-5.79 0.60 6.60·H-5.83 0.69 5.36 5.32 -0.7
TL,CO [4] 8.18·H-0.049·Ax-2.74 1.17 8.18·H-0.049·Ax-2.82 1.42 9.85 9.77 -0.8

*: original and customized models applied on 15 and 21 yr old females of average height (1.661 and 1.689 m). FVC, FEV1 and
TLC are predicted in L, FEV1/FVC in % and TL,CO in mmol·min-1·kPa-1. For further definitions, see legend to table 3.

Table 2.  –  Demographic characteristics of the refer-
ence populations

[Ref.] Participants n Age  yrs Height  cm

[3] 3,592/2,269 6–21 110–205/110–185
[27] 106/65 5–38/5–25 110–203/105–183
[14, 15] 445/327 5–19 108–188/108–178
[2]† Varies considerably: - -

>45,000 for FVC,
but 59 for TL,CO [28]

[20] 86/87 (FVC, 6–18 118–181/107–173
FEV1, TLC)

36/20 (TL,CO) 5–17 107–178
[26] 75/65 7–18 120–192/125–180
[25] 104/108 8–16 119–180/115–169
[17, 18] 204/152 8–28/12–20 126–190/123–170‡

[16] 543 8–19 120–190/120–176
[23] 62/77 4–18 111–183/111–183
[21, 22] 131/96 12–25/11–20 140–193/132–183

(FVC, FEV1)
28/30 9–25/7–20‡ ≥130/≥127‡

(TLC, TL,CO)
[24] 338/382 7–20 111–200/111–180
[4]† Different 25–70 155–195/145–180
†: summary equations; ‡: estimated from figure. Values are pre-
sented as absolute number for both sexes, or as values for
males/females. For definitions, see legend to table 1. 

Table 3.  –  Original and customized equations predicting the pulmonary function of healthy young Danish males

Calculated examples*

[Ref.] Original equation RSD Customized equation RSD Before After % change

<18 yrs of age
ln FVC [3] (1.3731+0.0164·A)·H-1.2782 0.1033 (1.3731+0.0164·A)·H-1.3386 0.1276 4.59 4.32 -5.9
ln FEV1 [3] (1.2669+0.0174·A)·H-1.2933 0.1097 (1.2669+0.0174·A)·H-1.3271 0.1257 3.86 3.73 -3.3
FEV1/FVC [3] 86.21 5.58 86.68 7.32 86.21 86.68 +0.5
TLC [15] if H≤1.625: 4.976·H-3.828 Pr·0.12 4.672·H-3.594 Pr·0.11

if H>1.625: 9.586·H-10.648 9.000·H-9.997 5.94 5.57 -6.1
TL,CO [15] if H≤1.625: 7.0·H-3.99 Pr·(0.08·H 0.09209·H2+7.0·H-4.02 Pr·(2.65+4.94·

if H>1.625: 17.3·H-19.0 +0.043) 0.2276·H2+17.2·H-19.1 H)/76.6+H 10.93 11.34 +3.7
≥18 yrs of age
FVC [4] 5..76·H-0.026·Ax-4.34 0.61 5.76·H-0.026·Ax-4.09 0.67 5.50 5.75 +4.5
FEV1 [4] 4.30·H-0.029·Ax-2.49 0.51 4.30·H-0.029·Ax-2.17 0.54 4.62 4.94 +6.9
FEV1/FVC [4] -0.18·Ax+87.21 7.17 -0.18·Ax+90.68 6.38 82.71 86.18 +4.2
TLC [4] 7.99·H-7.08 0.70 7.99·H-7.47 0.73 7.47 7.08 -5.2
TL,CO [4] 11.11·H-0.066·Ax-6.03 1.41 11.11·H-0.066·Ax-4.80 1.91 12.55 13.78 +9.8

*: original and customized models applied on 15 and 21 yr old males of average height (1.730 and 1.821 m). FVC, FEV1 and
TLC are predicted in L, FEV1/FVC in % and TL,CO in mmol·min-1·kPa-1. A: age (yrs); H: standing height (m); Pr: predicted
value; Ax: age (yrs) but 25 if age is less than 25 [4]. For further definitions, see legend to table 1.

For further analyses of adolescents, we selected the
predictive equations of QUANJER et al. [3] for FVC, FEV1,
and FEV1/FVC, and those of ROSENTHAL et al. [15] for
TLC and transfer factor. Five of the 10 paediatric equa-
tions selected and eight of the 10 adult ones had a mean
standardized residual significantly different from 0 (table
1). The SD of the standardized residuals was significan-
tly different from 1 in seven of the 10 paediatric equa-
tions selected, and in six of the 10 adult ones (table 1).
Tables 3 and 4 give the selected predictive equations in
their original and customized versions. To illustrate the
consequences of our adjustments, tables 3 and 4 include
old and new predicted values for average persons, and
figure 1 shows the standardized residuals of FVC in
males and transfer factor in females, calculated from the
original and customized equations. Plots of the new stan-
dardized residuals against height and age revealed no
tendencies to extreme values in patients with extreme
heights or ages, except for one outlier. The new stan-
dardized residuals were not significantly related to age
or height (p=0.08–0.80) when considering males and
females separately over the whole age range (13–24 yrs).

At age 18 yrs, predictions for subjects of average
height from the original paediatric and adult equations
differed on average 0.6 standardized residuals for FVC,
FEV1, and FEV1/FVC and 0.7 standardized residuals



for TLC and transfer factor. Predictions from the cus-
tomized equations differed 0.2 standardized residuals
for FVC, FEV1, and FEV1/FVC and 0.5 standardized
residuals for TLC and transfer factor. Adult equations
predicted higher values than the paediatric ones, except
for FEV1/FVC.

Discussion

Reference equations are usually established to assess
PFT results of other subjects, but this can also be done
without using reference equations. One possibility is a
case-control design [29] where each case is matched on
important variables such as sex, age, and height, to one
or more controls selected from the reference sample.
PFT results of cases and controls can then be compared
directly. This approach is conceptually simple, but less
attractive for other reasons: it is quite complicated and
labour-intensive in practice, the process is less trans-
parent, and the statistical power depends on finding ade-
quately matching controls for all cases.

Another possibility is to develop a set of new reference
equations. Our sample of normal subjects was, how-
ever, small in number and narrow in age range. Fur-
thermore we believe that models of the relationship
between sex, age, height and PFT results that have been
developed in studies with hundreds or thousands of par-
ticipants (table 2) reflect a true biological relationship,
which our limited data would not have the statistical
power to describe.

Therefore, as a compromise between crude nonmod-
el comparisons and uncritical use of available reference
equations, we decided to use our data to select the best
models among published reference equations, and cus-
tomize the parameters of these models to ensure an opti-
mal fit for our sample of normal subjects. We customized
all selected equations fully to maintain consistency,
although some predictions (e.g. FEV1 of female adole-
scents and transfer factor of male adolescents) were so
close to the observed values that others might have pre-
ferred to leave them unchanged.

The mean, SD and age relationship of standardized re-
siduals varied widely in our population, depending on
which reference equations were used. This could be caus-
ed by differences in study populations, equipment, tech-
nicians, procedures, or data analyses. Recently, wrong
correction of pneumotachograph volume measurements
to BTPS has been indicated as a major source of error [3].

Good models of the growth of pulmonary function
during childhood, adolescence, and adulthood are diffi-
cult to create and should be re-evaluated when the height
or age at onset of puberty of a population changes con-
siderably. Lung volumes and height do not grow in par-
allel [16, 30], so models based on more than height are
necessary. The only published continuous models of pul-
monary function from childhood to old age [5] describ-
ed the development of spirometric variables by a number
of linear models for consecutive age intervals with inter-
vening "breakpoints" where the linear segments joined
exactly. Breakpoints occurred at different ages and the
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Fig. 1.  –  Forced vital capacity (FVC) of males and transfer factor of carbon monoxide (TL,CO) of females standardized from paediatric refer-
ence values for subjects <18 yrs of age and from adult reference values for those >18 yrs. a) FVC of males, based on the original predicted val-
ues. b) FVC of males, based on the customized reference equations. c)TL,CO of females, based on original predicted values. d) TL,CO of females,
based on the customized reference equations (tables 3 and 4).



regression coefficients of lung function on age differed
in various age intervals, for various indices of pulmonary
function, and for males and females. FVC and FEV1 of
males increased slowly with age until 12 yrs of age, and
then increased rapidly until age 17 (FEV1) or 18 yrs
(FVC), and continued to grow slowly until onset of the
decline at age 26. In females, the increased growth rate
occurred earlier (age 10–16 yrs) and was less pronoun-
ced than in males. After that, FEV1 continued to grow
slowly until age 27 yrs, whereas FVC started to decline
at age 17 yrs. For each sex and PFT variable, one reg-
ression coefficient for height or height2 fitted the full
age range of 6–90 yrs. We could not include the con-
tinuous models in table 1 because they lacked RSDs, but
percentage predicted values calculated for our whole co-
hort were positively related to height (female FEV1) or
to height and age (male FVC and FEV1, data not shown).

A longitudinal study of children and adolescents found
that lung volumes did not increase in females after 18
yrs of age, and increased only slightly in males [31]. Part-
ly in contrast with the longitudinal studies, the ECSC
working party assumed that lung function parameters of
18 to 25 yr olds did not vary with age [4]. Our data on
young adults could neither confirm nor reject any of
these assumptions unequivocally: standardized resi-
duals calculated from the ECSC equations were not sig-
nificantly related to age (table 1) but FVC and FEV1
in males were positively related to height (p=0.01 and
0.02). For all parameters except male FVC and FEV1,
our data could not exclude that the lung function between
ages 18 and 25 yrs decreases at the same rate as after
the age of 25 [4]. When percentage predicted FVC and
FEV1 of our young adults were calculated from the con-
tinuous reference equations [5], FVC and FEV1 in males
and FEV1 in females were all positively related to height
(p=0.004, 0.02, and 0.0008, respectively).

We used 18 yrs as the cut-off between paediatric and
adult predictive equations for both pragmatic and sci-
entific reasons. In Denmark, the ECSC reference val-
ues [4] are a de facto standard for subjects >18 yrs. A
recent study showed that, concerning flow-volume in-
dices, the ECSC reference values for adults were appro-
priate for 100 Dutch conscripts aged 18–19 yrs [32].
Finally, most reference equations for children are bas-
ed on subjects with a maximal age of 16–18 yrs. Only
the recent European equations [3] extend past the age
of 20 yrs.

The ATS and the ERS [6, 7] both recommend choos-
ing reference values for PFT results that are likely to,
or have been shown to, fit local data. In the present
study we could extend the recommended approach of
using a local sample of 10–20 subjects for screening the
available predictive equations, because we had a larger
sample of normal subjects. A recent survey found that
two sets of reference values for lung volumes of adults
were used by approximately 85% of PFT laboratories
in North America, although numerous other sets were
available [33]. A similar tendency was found in the use
of paediatric reference values [19]. Reference values were
often chosen because they were available in the PFT
equipment of the laboratories, rather than because they
had been analysed and found to be the best for the local
population [19, 33]. In Denmark, most PFT laboratories
use the predictive equations of POLGAR and PROMADHAT

[2] for children, and the ECSC reference values [4] for
adults. We are not aware of any data that confirm the
adequacy of these choices, and none of these models
fitted our participants perfectly before adjustment. The
reference values of POLGAR and PROMADHAT [2] are used,
although several larger, more recent, and more thor-
oughly analysed data sets are available [1, 3, 14–16].
The equations of POLGAR and PROMADHAT [2] fitted our
female adolescents reasonably well whereas standardi-
zed residuals for male adolescents were positively relat-
ed to age (table 1). The latter is in accordance with a recent
study where the equations of POLGAR and PROMADHAT

[2] were applied to a large combined European data set
[3]. In that study, however, the tendency was found in
both males and females. The ECSC reference values are
based on large data sets, but are not ideal for all para-
meters [32], in part because some equations are based
on smokers as well as nonsmokers [6].

Our participants were taller than the 20 yr old nation-
al reference values. This was expected because of the
secular trend in height. It is a weakness of our study that
all subjects were in a 10 yr age range. In particular, we
would have liked to study children younger than 13 yrs
to see if our adjusted predictive equations were also
appropriate for this age group.

It should be emphasized that our customized equa-
tions will probably not fit perfectly for other labora-
tories, even locally, because equipment, procedures, and
technicians vary. But our approach to the problem is gen-
eral, can be copied, and will result in more appropriate
predictive equations than simply combining the best
unadjusted equations for children and adults. Our equa-
tions are good cross-sectional reference values for adole-
scents and young adults tested in our laboratory,  because
we: a) studied a population sample with a high percen-
tage participating; b) strictly excluded from analysis all
smokers and subjects with chronic diseases or known
or suspected lung disease; c) had many participants in
the critical age range from adolescence to young adult-
hood; and d) adjusted the equations for optimal fit at
all ages. Longitudinal PFT data might not fit reference
values based on cross-sectional data because of a pot-
ential cohort effect. One study found a cohort effect in
children [34] whereas another did not [35]. In adults,
reference values generated using cross-sectional meth-
ods predict a larger annual decrease in lung function
than do equations calculated longitudinally [5].

We believe that the present approach to reference val-
ues is a convenient compromise between crude non-
model comparisons and uncritical use of published
reference equations, and that our approach could be use-
ful in other fields where generally accepted reference
equations are lacking.

Appendix

A calculated example of adjustments (FVC of males)
is given below.

Original equations (table 3)

<18 yrs [3] ln FVC=(1.3731+0.0164·A)·H-1.2782 RSD=0.1033
≥18 yrs [4] FVC=5.76·H-0.026·Ax-4.34 RSD=0.61
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where A=age (yrs), H=standing height (m) and Ax=age
(yrs), but 25 if age is less than 25.

Standardized residuals for normal subjects (table 1)

<18 yrs [3] mean   -0.58460625 SD 1.23502701
≥18 yrs [4] mean    0.40627003 SD 1.09441523

Raw adjusted equations

<18 yrs [3]
ln FVC=(1.3731+0.0164·A)·H-1.2782-0.58460625·0.1033

RSD=0.1033·1.23502701
≥18 yrs [4]

FVC=5.76·H-0.026·Ax-4.34+0.40627003·0.61
RSD=0.61·1.09441523

Abbreviated adjusted equations (table 3)

<18 yrs [3]
ln FVC=(1.3731+0.0164·A)·H-1.3386 RSD=0.1276

≥18 yrs [4]
FVC=5.76·H-0.026·Ax-4.09 RSD=0.67

For TL,CO of males <18 yrs, the RSD of the original equa-
tion is related to height. Therefore the adjustment is
more complicated.

Original equations. If H≤1.625:

TL,CO=7.0·H-3.99
RSD=Pr·(0.08·H+0.043)

where Pr=predicted value.

Raw adjusted equations

TL,CO=(7.0·H-3.99) (1+0.16444416·(0.08·H+0.043))
RSD=Pr·(0.043+0.08·H)·0.812048/(1+0.16444416·(0.043±0.08·H))

Abbreviated adjusted equations

TL,CO=0.09209·H2+7.0·H-4.02
RSD=Pr·(2.65+4.94·H)/(76.6+H)
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