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ABSTRACT: In a study on acute health effects of air pollution in the Netherlands,
pulmonary function has been measured repeatedly in children aged 7-11 yrs. In
study periods of approximately 3 months, 6-10 tests have been made in a group
of 1,621 children. The spirometric data have been examined for the presence of
trends of pulmonary function with day of study, independent of air pollution.

Peak expiratory flow (PEF) increased more than expected from normal lung
growth, whereas for maximal mid-expiratory flow (MMEF) a decrease with time
was observed. For forced vital capacity (FVC) and forced expiratory volume in
one second (FEV)) a smaller than expected increase with time was observed. The
observed deviation from the expected pattern was larger for the children with a
one week interval between successive tests than for the children with a three week
interval. For FVC and FEV, a non-linear relationship with time was observed, for
PEF and MMEF this relationship was approximately linear.

The particular changes of spirometric variables with time need to be taken into
account when repeated lung function tests are performed to investigate acute
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Epidemiological studies of acute health effects of air
pollution frequently employ repeated testing of pulmo-
nary function [1]. Spirometry is widely used. These
studies are characterized by a limited number of tests,
usually 10 or less, in a relatively short time period
(typically a few weeks to 2 months). In the statistical
analysis of the data from such studies, individual
regression analysis is often used [2—4]. For each sub-
ject, pulmonary function is regressed on air pollution
exposure. In these studies there may be confounding
effects due to trends of pulmonary function with time,
unrelated to environmental physical, chemical or
biological agents [5, 6]. In summer camp studies, with
daily measurements of pulmonary function, a decrease
of forced vital capacity (FVC) and forced expiratory
volume in one second (FEV,) has been noted during the
first 56 tests [5]. The initial decrease was followed
by an increase [5]. In another summer camp study, an
increase of peak expiratory flow (PEF) and a decrease
of FEV, was observed during the first week [6]. In a
study of peak flow variability, using mini-Wright peak
flow meters between 2—4 times daily during two weeks,
significantly lower values were observed on the first
two days [7]. In the subsequent analysis the data
obtained on these two days were not used [7].

Factors which may contribute to these trends are lung
growth in children, lung ageing in adults, learning
effects in the performance of the test and decreasing
motivation of the subjects performing the test. Even
for the typically short study period the effect of lung
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growth in children can be comparable to the magnitude
of health effects observed in earlier air pollution episode
studies [8]. The annual decrease of pulmonary function
in adults is less than the growth observed in children.
Learning and motivation effects can play a role in these
studies, due to the short interval between tests and the
nature of spirometry. Spirometry depends upon the
effort and co-operation of the subject performing the
test. Growth and ageing would be expected to lead to
approximately linear changes in these short studies. A
learning effect would be expected to lead to a larger
increase of pulmonary function during the first tests.
Decreasing motivation would lead to lower pulmonary
function values with time.

This paper presents an evaluation of the occurrence
of time trends in spirometric variables in a study of the
acute effects of air pollution on pulmonary function of
children living in the Netherlands [9]. This epidemio-
logical study is an extension of earlier air pollution
episode studies conducted in the Netherlands [8, 10].

Methods

Study design

Our earlier episode studies consisted of one baseline
measurement, followed by measurements during
and some time after an episode. To obtain more
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information about both the variation of pulmonary
function independent of air pollution and the time
course of an effect during and after an episode, it was
decided to perform spirometry more frequently.
Pulmonary function was, therefore, measured at regular
intervals, independent of the air pollution concentration.
When high concentrations of SO,, NO, or O, were
expected, additional measurements were made. In the
first part of the study, each child was tested 10 times,
with an interval of 1 week between successive tests. In
the second part of the study, 6-10 tests were made with
an interval of 2-3 weeks. Finally, at two schools,
measurements have been performed according to our
earlier protocol [8, 10]. It consisted of one baseline
measurement, a sham episode measurement approxi-
mately 2.5 months later and a follow-up test
approximately 2.5 weeks after the sham episode
measurement.

Population

From October, 1987 until March, 1990, 17 primary
schools were entered in the study sequentially. All
children of grades 4 to 7 (age 7-11 yrs) were invited
to participate. Out of 1,693 children eligible for the
study, 1,621 children (96%) participated. The children
were living in four different towns in the Netherlands.
Deurne and Venlo are non-industrial communities in the
south-east of the country, Enkhuizen is a non-industrial
community in the north-west., In Nijmegen, a city of
150,000 inhabitants in the east of the country, a school
in the inner city was selected.

Pulmonary function measurements

Spirometry was performed in the schools of the
participating children according to the criteria of the
European Community for Coal and Steel (ECCS)
[11]. Briefly, a Vicatest-5 dry spirometer was used to
obtain volume and (through differentiation) flow
parameters of a forced expiratory manoeuvre. The
spirometer was connected with automatic data acquisi-
tion equipment. For each child at least three acceptable
efforts had to be collected. The highest forced vital
capacity (FVC), forced expiratory volume in one second
(FEV,) and peak expiratory flow rate (PEF) were
selected from the available curves. The highest maxi-
mal mid-expiratory flow (MMEF) was selected from a
manoeuvre with a FVC within 5% or 100 ml of the
highest FVC. The lung function technician evaluated
the volume time curves on a paper recorder and the
automatically calculated pulmonary function variables of
the present and previous manoeuvres. A more detailed
description of the protocol has been published
previously [12]. The tests were performed between
8.30 am and 4 pm. The order of testing of the different
school grades was the same each test day. In this
paper only FVC, FEV,, PEF and MMEF will be
discussed.

Statistical methods

The relationship between pulmonary function and day
of study was analysed by individual linear regression.
For each child a linear regression model was calculated,
with a pulmonary function variable as the dependent,
and day of study as the independent variable. The
distribution of individual regression coefficients was
then evaluated. Deviation of the mean of the distribu-
tion of individual regression coefficients from zero has
been tested with a t-test. Two-sided significance levels
are reported in this paper. Day of study was entered
as the number of days since the start of the study for
the child. A linear regression analysis was performed,
because the expected change is a small, linear increase
with time due to lung growth. The distribution of
coefficients was evaluated separately for children
measured with an interval of 1 week and children
measured with an interval of 2 or 3 weeks between
successive tests. To obtain some stability of the esti-
mated individual regression coefficients, only children
with more than four measurements were included in the
analysis,

These analyses were repeated taking into account two
measures of the quality of the information obtained
from an individual child. Each coefficient was
weighted with the inverse of the standard error of the
regression coefficient or the root mean square error of
the individual regression model. The distribution of the
weighted coefficients was compared to the unweighted
distribution.

The observed changes with time have been compared
with data obtained from a longitudinal study, in which
children were measured four times over a 2.5 yr period
[13]. In that study, children aged 6-11 yrs were tested
with the same equipment and protocol [12]. The study
was designed to evaluate respiratory effects of indoor
air pollution. A more detailed description of the study
has been published previously [14]. The lung growth
data from that study have been shown to agree closely
with regression coefficients of cross-sectional analyses
of pulmonary function on age in the same age group
[8].

The appropriateness of the linear trend assumption
was investigated by repeating the regression analysis
without the first and the first two tests, respectively.
Moreover, plots of group mean pulmonary function
level versus day of study were made. Since
interindividual variation of pulmonary function is large,
the same group of children has been compared for the
different days of study. Therefore, only children with
valid measurements for all tests were included in the
graphical analysis.

Finally, the distribution of regression slopes has been
investigated in subgroups defined by sex, age and
presence or absence of chronic respiratory symptoms,
respectively. The group of children with chronic
respiratory symptoms comprised children with doctor
diagnosed asthma ever, wheeze in the last year, short-
ness of breath in the last year or attacks of shortness
of breath with wheeze in the last year, as reported by
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the parents of the children on a self-completion version
of the World Health Organization (WHO) children's
questionnaire [15). The independent influence of these
three variables has been evaluated by performing a
multiple linear regression analysis, with the regression
slope as the dependent variable and sex, age and
symptom status as independent variables.

Results

At the first eight schools, tests were performed once
a week. Air pollution levels were low during all test
sessions at seven of the eight schools. Therefore, only
the data from these seven schools were further analysed
for evaluation of time trends. At the other nine schools
pulmonary function tests were made every two or three
weeks. There were insufficient numbers of children
measured with a two weeks interval who experienced
low air pollution during the whole test period.

There were three schools which were visited every three
weeks with low air pollution levels during and before
all test sessions. Therefore, only these three schools
were included in subsequent analyses. At these three
schools, six test sessions were performed. In table 1 a
description of the populations used for the presented
analyses is given. The three winters included in the
study were mild with only a few days with minimum
temperatures slightly below 0°C. Daily average SO,
concentration during the pulmonary function test days
ranged from 2-81 pg-m3, well below concentration
levels at which health effects can be expected [16].

In table 2 the results of the linear regression analy-
sis of pulmonary function on day of study are shown.
All regression coefficients have been transformed in
estimated changes per year. The observed mean change
with day of study was different for the various pulmo-
nary function variables. For PEF an increase was
observed, for MMEF a decrease was observed. For
FVC and FEV, the results were more mixed. There

Table 1. — Population characteristics of air pollution acute pulmonary
functlon effects study, the Netherlands; children included in analysis of

trends of pulmonary function

1 week interval

3 week interval

Mean (sD) Range Mean (sp) Range
Age yrs 9 (1.2) 6.8-12.4 9 (1.2) 7-12.4
Valid tests n 9 (1.3) 5-10 6 (0.5) 5-6
Children with >4 679 (95%)* 244 (80%)*

valid tests n (%)

*: percentage of all participating children. sp: standard deviation.

Table 2. — Mean change of pulmonary function with day of study, in

relation to the interval between repeated tests

Interval Unweighted Weighted by Weighted by
1/s5(B) 1/RMSE

1 week (n=679)

FVC mlyr! 27 (25t 28 (21) 12 (23)

FEV, mlyr! 38 (22) -39+ (18) -44*  (19)

PEF mlstyr? 2218* (115) 2030* (102) 2051* (108)

MMEF ml'styr! -265* (62) -317*  (46) -302*  (49)

3 weeks (n=224)

FVC mlyr! 79*  (22) 71 (21) 65* (21)

FEV, mlyr? 30 (22) 43*  (20) 35 (21)

PEF ml'styr-1 729* (121) 665* (110) 668* (111)

MMEF mls?yr! -148*  (66) -120*  (51) -130*  (50)

6 weeks (n=75)

FVC mlyr! 54  (39) -58 (103)* -51 93y

FEV, mlyr! 51 (42) 137*  (44) 132*  (40)

PEF mlsyr! 543* (251) 784* (282" 803* (316)™

MMEF ml-syr! 54 (112) 372*  (176)* 383+ (179™

. mean of individual regression coefficients; : standard error (se) of the mean of
individual regression coefficients; 1/se(B): coefficients weighted with the inverse of the
standard error of the coefficients; 1/RMSE: coefficients weighted with the inverse of

the root mean square error of the individual regression model;

*. without one

extreme negative outlier mean (se) were 43 (26) and 40 (29), respectively; *: several
positive outliers, not present in the unweighted distribution; *: p<0.05 (two-sided
t-test); FVC: forced vital capacity; FEV: forced expiratory volume in one second;
PEF: peak expiratory flow; MMEF: maximal mid-expiratory flow.
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were some remarkable differences between the results
for the group with weekly measurements and the group
with measurements every three weeks. The increase in
PEF was much less for the children measured every
three weeks. For FVC and FEV, increases were
observed in the three weeks group. The MMEF
decrease was lower in the three weeks group. The
results of the weighted and unweighted regression
slopes were similar. In general, the standard errors
were slightly lower for the weighted coefficients.
However, when the number of test days was small,
several extreme outliers occurred in the weighted
analyses. This appeared to be caused by children with
low variability of pulmonary function. Adjustment for
the potential effect of air pollution on the observed time
trends by including daily average SO, concentration of
the test day in the individual regression models, did not
materially change the presented associations. For
example, the mean (sg) of adjusted coefficients for the
children measured every week were 21 (29), -31 (25),
2,260 (124) and -240 (67) ml's? per year for FVC,
FEV,, PEF and MMEF, respectively.

In table 3 the estimated changes from this study are
compared with data from a longitudinal study [13] in
the same age group made at our department with the
same equipment and protocol. The observed PEF increa-
se in this study was much larger than would be ex-
pected from normal lung growth. The observed change
in FVC and FEV, was less than expected for all groups.

Clearly, the change in MMEF is contrary to what
would be expected from lung growth. The
PEF changes observed for the children measured
three times in a three months study period, were only
slightly larger than the expected change. The changes
for FVC, FEV, and MMEF were still less than
expected.

The time trends were similar for boys and girls, the
youngest and the oldest children, and for children with
and without chronic respiratory symptoms. In table 4
the results of multiple linear regression analysis with the
regression slopes as the dependent variable and sex, age
and symptom status and a dummy variable defining the
interval between tests as independent variables, are
shown. None of the variables was significantly related
to the observed change of pulmonary function
with time, except the time interval between tests, which
was significantly related to the increase of PEF with
time,

To adjust for potential training effects, sometimes
the first or first two tests are not included in the
analysis. In table 5 the results of individual regression
analysis of pulmonary function on day of study
are shown for all test days, all days without the
first test and all days except the first two tests, respec-
tively. For PEF and MMEF the coefficients do not
change much, but in the 1 week interval group the
coefficients for FVC and FEV, do change drastically,
indicating non-linearity of their changes with time.

Table 3. - Mean change of pulmonary function observed with
different intervals of repeated measurements, compared to expected lung
growth

1 week 3 weeks 6 weeks* 2.5 yrs**
FVC mlyr! 27 (25 79 (22) 54 (39) 233 (3)
FEV, mlyr'!  -38 (22) 30 (22) 51 (42) 182 (3)
PEF mlstyr! 2218 (115) 729 (121) 543 (251) 459 (10)
MMEF mlsyr® -265 (62) -148 (66) 51 (112) 150 (5)
n 679 224 75 420

Data are presented as mean (SE).

*: children from 2 schools with 3 tests in a 3

months period (baseline, sham episode and follow-up test); **: observed in a longi-
tudinal study of children [13]. For abbreviations see legend to table 2.

Table 4. -
personal characteristics of the child

Association of observed change of pulmonary function with

Sex! Age't Respiratory” Interval®
symptoms
FVC mlyr! 25 (40) 21 (17 45 (55) -55 (47
FEV, mlyr! -3 (36) 0 (1% 38 (50) -67 (43)
PEF mlstyr! 327 (187) -72 (78) -193  (259) 1506* (219)
MMEF ml-styr?! -111 (102) -76  (42) 64 (142) -102  (120)
Data are presented as mean of individual regression coefficients (sg). *: p<0.05

(two-sided t-test); *: boy=0, girl=1; ™: age in years, calculated from the exact day of
birth and the start day of the study for the child; *: presence of one or more chronic
respiratory symptoms coded as 1, absence of these symptoms as 0 (text); *: one
week interval coded as 1, three week interval as 0. For abbreviations see legend to

table 2.
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Table 5. — Mean change of pulmonary function with day of
study; effect of excluding the first or first two tests

Interval All tests Test 1 Test 1 and 2
excluded excluded

1 week (n=679)

FVC mlyr! 27 (25 115 (29) 187 (32)
1-"‘]E".V1 ml-yr! -38 (22) 30 (25 75 (29)
PEF ml-s*yr? 2218 (115) 2283 (130) 2208 (152)
MMEF ml-styr! -265 (62) -175 (70) -185 (84)
3 weeks (n=224)

FVC mlyr! 79  (22) 66 (30) 40 (39)
FEV, ml-yr! 30 (22 29  (29) 2 (38)
PEF mlstyr! 729 (121) 686 (149) 578 (198)
MMEF mlstyr! -148 (66) -159 (77) -43  (93)

Data are presented as mean of individual regression coefficients (SE).
For abbreviations see legend to table 2.

After exclusion of the first two measurements, litres (/)
approximately the expected growth rate is observed for 3
FVC. The increase of FEV, is still less than expected i
from lung growth. In figures 1 and 2 the mean 22r . ‘ . 3 .
pulmonary function versus day of study is shown for -
the group of children having valid test results for all 21
days of study. These plots confirm the results shown =
in table 5. 2}
litres (7) = .
3 19F * + t ! '
2'2 B L] . * L -:
3l ) 2 3 4 5 6
il Test no.
2 K -1
s PEF I's MMEF s
8P+ & o & w & & ¥}
IC 48 4
0== L 1 L 1 1 L L L L i
2 4 6 8 10 47F o o o 123
Test no. & A
o A
1 1 4.6 a
PEF s MMEF Is Py
23 s 4 :
45
471 s “d225 + ==
A % 0 1 L 1 L 1 1 0
48F * 1 2 3 4 5 6
- 422 Test no.
' & - a Fig. 2. -~ Group mean pulmonary function and test number: 3 week
Foil \ g 8 s interval (n=155). e: FVC; +: FEV,; A: PEF; 0: MMEF, For abbre-
' o o a 12.15 viations see legend to figure 1.
] Al e Discussion
v 2 4 6 8 10 4 This study has shown that repeated pulmonary func-
Test no. tion testing with short time intervals between successive

Fig. 1. — Group mean pulmonary function and test number: 1 week
interval (n=334). o: FVC: +: FEV,; A: PEF; 0: MMEF. FVC: forced
vital capacity; FEV,: forced expiratory volume in one second; PEF:
peak expiratory flow; MMEF: maximal mid-expiratory flow,

tests yielded estimated changes of pulmonary function
with time which were different from those expected
from normal lung growth. Peak flow increased more
than expected. For MMEF a decrease with time was
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observed. For FVC and FEV, a smaller than expected
increase with time was observed. The observed devia-
tion from the pattern expected from normal lung growth
was larger for the children with a one week interval
between successive tests than for the children with a
three week interval. The changes with day of study for
PEF and MMEF could be described by a linear
relationship. For FVC and FEV, this was only possi-
ble after ignoring the first two tests.

When exposure variables of interest are also associ-
ated with time since start of the study, the observed
relationship between pulmonary function and exposure
can be biased. An example of this may be a study of
the acute health effects of ambient ozone pollution, in
which ozone concentrations may be higher or lower at
the end of the study due to meteorological factors.
Adjustment for this bias has to take into account the
observed patterns with time. The presented analyses
suggest that PEF and MMEF can be detrended by
including a linear relationship with time since the start
of the study. For FVC and FEV,, either a non-linear
relationship with time needs to be modelled or,
probably more appropriately, the first two observations
need to be ignored.

Training effects in repeated pulmonary function
testing have been described previously [5-7]. In a
number of summer camp studies, with daily measure-
ments of pulmonary function, a decrease of FVC and
FEV, and MMEF during the first 5-6 tests has been
noted. The initial decrease was followed by an increase
[5, 17]. In one of the three study populations de-
scribed, an increase of peak flow was observed in the
latter phase of the two week study period [17]. In
another summer camp study, an increase of PEF and a
decrease of FEV, was observed during the first week
[6]. This pattern is almost identical to the pattern in
our study. In two other studies made at our depart-
ment, mini-Wright peak flow meters were used for
repeated testing, with an interval of approximately one
week between successive tests [9, 18]. In these studies
no unexpectedly large increase with time was observed
[18]. In a panel study of 73 children with chronic
respiratory symptoms, peak flow was measured at home
twice daily with mini-Wright peak flow meters during
two months. Preliminary analyses suggest significant
training effects during the first few days. This latter
observation is consistent with the results from a study
of daily peak flow variability over a period of
two weeks [7]. Differences between these studies
are not readily explainable. It may be that training
effects are less pronounced with mini-Wright meters
due to the simpler equipment or a somewhat diff-
erent technique of performing the test. Different
study settings (interval between tests, presence of a
lung function technician) may also explain
differences.

The physiological interpretation of the observed
results is not simple. We believe that the following
mechanisms play a role in explaining the patterns
observed in this study: training effect of PEF, negative
effort dependence and lung growth. We believe the

observed pattern of PEF is the driving force of the
changes noted in the other variables, since the pattern
noted for PEF is most consistent for different schools
and subgroups. It appears that the children were able
to increase their maximal effort in the course of
the study. Maybe some physiological training of (the
control over) respiratory muscles occurs, resulting in
higher peak flows at later tests. This hypothesis is
supported by the larger increase of PEF observed in the
group of schools with an interval of one week. In a
short-term ventilatory muscle training programme
including 30 min of forced expiratory and inspiratory
manoeuvres, large increases (55%) of expiratory
and inspiratory maximal pressures were observed. Only
a modest (4%) increase of VC was noted [19, 20].
There are several examples of pulmonary function
technicians improving their own pulmonary function by
performing regular pulmonary function tests themselves
[20].

The pattern for FVC, FEV, and MMEF might be
explained by negative effort &cpendencc [19, 21-23].
Negative effort dependence is partly an artifact of
measuring lung volumes by exhaled volumes at the
mouth. Higher efforts cause higher alveolar pressures,
leading to compression of the airway gas. When lung
volumes are measured at the mouth, the compression
part of the change in actual lung volume is not meas-
ured. A second mechanism is denoted as true effort
dependence [19, 21] and has been related to dynamic
compression of the airways [19]. Submaximal efforts,
therefore, lead to higher flows in the effort independent
portion of the flow volume curve [19, 21, 23]. The
magnitude of the effect has been illustrated in a number
of studies. Krowka et al. [21] noted that in a large
group of adult patients FVC, FEV,, MMEF and MEF,
were, respectively, 2.3, 2.7, 33 and 3.4% less for
maximal efforts compared to the value from the highest
FEV,-curve. MEDINGER [22] noted in a group of 121
adult patients a significantly lower FEV, from curves
with the highest PEF. Consistent with this hypothesis
is that the deviance from growth-predicted increase in
this study with time is larger for FEV, than for FVC.
This is not consistent with less inspiration or earlier
termination of the manoeuvre. After removing the
first two tests for FVC an increase close to expected
from normal growth was observed. For FEV,, the
observed increase is still less than expected from
growth. This may be a result of the larger impact of
the described mechanism on FEV,. The observed
decrease of MMEF may also result from the larger
influence of negative effort dependence on this variable.
Lung growth apparently was not sufficiently large to
compensate for this effect in the relatively short study
periods.

In summary, this study has shown unexpected
changes of spirometric pulmonary function with day
of study, when children were tested repeatedly in
a short period. The analyses presented here, suggest
the necessity of taking into account potential
confounding effects of patterns of pulmonary function
with time.
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