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ABSTRACT:  Lung function testing of a random population sample in the eight
SAPALDIA (Swiss study on air pollution and lung diseases in adults) centres had
to be performed simultaneously, within one year, by eight teams and 23 technicians.
We conducted quality control studies to test for technician, team and device relat-
ed systematic measurement errors.

To assess technician effects, each centre conducted a study involving 12–19 sub-
jects.  Two studies with 13 participants each addressed team and device effects.  In
all studies, volunteers repeatedly performed spirometry with different technicians
or devices.  Effects due to technician, team or device were estimated (analysis of
variance).

Neither ""technician"" within any of eight teams nor ""team"" accounted for sig-
nificant differences of forced vital capacity (FVC) or forced expiratory volume in
one second (FEV1).  The Device Effect Study revealed 10% lower FVC values for
device No. 1 due to a technical problem occurring during the test day but not in
the main SAPALDIA study.  Further investigations revealed potential hardware
and software sources of error which are not recognizable by trained technicians.

These studies gave no evidence for systematic errors due to technician, team or
device during the main SAPALDIA study.  However, they revealed potential sour-
ces of error in modern devices, which function as ""black boxes"".  Manufacturers
should improve spirometry software to further enhance the technicians’’ attempts
at accurate assessment.
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Forced expiratory vital capacity (FVC) and forced expi-
ratory volume in one second (FEV1) are a widely-used
outcome in the assessment of the impact of ambient air
pollution on respiratory diseases.

The Swiss Study on Air Pollution and Lung Disease
in Adults (SAPALDIA) is assessing the impact of air
pollutants and other environmental factors on respira-
tory health outcomes in the general population of eight

areas [1].  The design of the cross-sectional part of the
study corresponds to the approach common in air pol-
lution epidemiology, assessing individual health mea-
sures across populations from different geographic areas
with distinct levels of air pollution.  The eight-centre
design in a large population sample (n=17,300) required
the hiring of eight teams, each consisting of 2–4 tech-
nicians, over a period of one year.  Thus, systematic mea-
surement errors between technicians within a team or
between teams have to be considered as an important
concern.  Systematic errors in the pulmonary function
assessment could bias the results in both directions.  For
example if technical errors in the most polluted area
were producing consistently lower FVC, spurious effects
due to air pollution are more likely to occur.  Given the
relatively low to moderate air pollution levels in Switzer-
land and the limited range of pollution across the eight
SAPALDIA areas, random health measurement errors
interfere with the power to detect environmental effects.
High random measurement variability across areas could
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obscure effects due to pollutants, yielding false negative
conclusions.  To focus on systematic and random mea-
surement errors in the assessment of FVC and FEV1,
separate quality control studies were designed and will
be presented in this report.  The studies addressed the
following questions:
1) Technician Effect Studies.  Within each team, is there
systematic measurement bias across technicians (2–4 per
team)?
2) Team Effect Study.  Is there systematic measurement
bias across eight teams?
3) Device Effect Study.  Is there evidence for systematic
errors across the eight SAPALDIA pulmonary function
devices (one device per team)?
4) Within-subject variability.  How does within-subject
variability measured with different technicians or de-
vices compare to the expected biological within-subject
variability, given only one technician and one device
[2]? 

The last question focuses on random variability, the
former on systematic errors.

Material and methods

An experiment to evaluate systematic errors due to
technicians, team and device, would ideally ask each of
the 23 technicians to measure lung function on the same
standard population.  It would require 23 lung function
sessions per subject; furthermore, we would repeat the
experiment once for each device.  Given the obvious
logistical problems, we set up a different approach.
Systematic errors due to technicians were assessed inde-
pendently within each team, applying repetitive mea-
surements on local groups of volunteers.  Given no
significant technician effects within a team, lung func-
tion assessment by any randomly chosen technician is
assumed to depart from the subjects "true" value only
due to random variation, i.e. technicians within a team
may be considered exchangeable.  Based on this assump-
tion, to be tested within each team by the Technician

Effect Studies, it will be feasible to conduct a small study
assessing team effects.  A study group will be tested once
by each "team", selecting technicians out of each team
at random.

Subjects and design

Table 1 provides a descriptive summary of the study
populations.  Each study involved different populations
described below.  Subjects from the SAPALDIA sam-
ple could not participate in these quality control studies.
Spirometry methods described in the next section were
identical for each study.  All studies involved repetitive
lung function measurements, with at least a 10–15 min
interval between sessions.

Technician Effect Studies.  This part consisted of eight
independent, but methodologically identical studies:
each local team organized 13–20 healthy, nonsmoking
volunteers during months 6–8 of SAPALDIA.  The num-
bers of subjects were assigned based on sample size cal-
culations, to achieve a power of ≥0.8 at an alpha level
of 0.1.  Each subject had to participate in one spiro-
metry session with each local technician, assigned in
random order.  Subjects performed their sessions at the
local device on the same day.

Team Effect Study.  Thirteen healthy volunteers were
recruited at the University of Basle during the fourth
month of SAPALDIA.  Within 24 h, each subject per-
formed nine spirometry sessions.  The first session, con-
sidered to be practice, was excluded from the analysis.
Each of the remaining eight sessions was carried out
by a different technician, one from each team.  Order of
team was randomly assigned to each subject.  All mea-
surements were performed with the device of SAPAL-
DIA Basle.

Device Effect Study.  This study was conducted four
months after the last SAPALDIA lung function test.  All
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Table 1.  –  Descriptive summary of the subjects for Technician, Team and Device Effect Studies, SAPALDIA 1991

Studies Subject Sex Age Height FVC FEV1

n F/M yrs* cm ml* ml*

Technician Effect Studies
Team No. 1 17 10/7 30 (10.0) 171 (7.1) 4728 (846) 3819 (618)
Team No. 2 15 7/8 36 (14.5) 171 (10.3) 4989 (1077) 3892 (883)
Team No. 3 13 13/0 25 (5.8) 169 (5.7) 3940 (520) 3467 (373)
Team No. 4 17 7/10 31 (8.5) 171 (6.8) 4802 (834) 3967 (608)
Team No. 5 12 4/8 36 (12.2) 170 (12.5) 5325 (1546) 4149 (1114)
Team No. 6 17 10/7 31 (8.3) 169 (6.1) 4627 (903) 3728 (600)
Team No. 7 17 13/4 37 (8.7) 168 (7.6) 4437 (888) 3513 (834)
Team No. 8 19 14/5 45 (11.5) 167 (8.5) 4224 (752) 3214 (461)

Team Effect Study 13 8/5 25 (3.5) 176 (11.4) 5260 (1036) 4430 (753)

Device Effect Study 13 6/7 24 (2.9) 175 (7.7) 5293 (1130) 4275 (743)

Data for age, height, FVC and FEV1 are presented as mean (SD).  *:  ANOVA, 10 study populations, age, FVC, FEV1: p<0.01;
SAPALDIA:  Swiss study on air pollution and lung diseases in adults;  F:  female;  M:  male;  FVC:  forced vital capacity;  FEV1:
forced expiratory volume in one second;  ANOVA:  analysis of variance.



SAPALDIA devices, eight in total, were transported to
the University of Basle.  A water-sealed system from the
same manufacturer was included in the test circuit
(Sensormedics 2400).  Thirteen healthy nonsmoking vol-
unteers participated in 10 spirometry sessions each: after
one practice session, excluded from the analysis, sub-
jects performed one session on each device in random-
ly assigned order.  All tests were carried out by the same
technician on a single day.

Methods

All spirometry sessions were performed according to
the SAPALDIA protocol, which corresponds to the
European Community Respiratory Health Survey meth-
ods [3].  Sensormedics 2200, an open system equipped
with a mass flow meter sensor, was used in each cen-
tre.  The fully computerized device fulfils the American
Thoracic Society (ATS) performance criteria [4].  Forced
expiratory manoeuvres were performed in the sitting
position wearing a noseclip.  Subjects could not watch
the screen or receive any personal results unless the last
session was performed.  Technicians were unaware of
results from prior sessions.  At least three and up to eight
manoeuvres were required for each session, to provide
a minimum of two acceptable results both for FVC
and FEV1 reproducible within 5% [5].  Immediate com-
puterized feedback regarding the major acceptability
criteria (including beginning, duration and end of the
manoeuvre) and the required reproducibility supported
the technicians attempt to standardize procedures. Device
calibration with a 3 l syringe was performed whenever
the device was switched on, at least once a day.  Training
of all technicians consisted of a 3 day workshop fol-
lowed by 2 months of exercise on volunteers prior to the
onset of SAPALDIA.  Both technician and flow-volume
charts were repeatedly supervised to enhance data qua-
lity.

Analysis

Our studies utilized repeated measure design with the
same subject being repeatedly tested by different tech-
nicians, teams or devices.  Thus, the subject serves as a
"block" or as his own control, and the experimental unit
within a block may be viewed as the test session pro-
vided by different technicians, teams or devices, i.e.  our
"main factors" of interest [6].  An advantage of the repea-
ted measure design, in addition to economizing on sub-
jects, is its good precision for comparing "main factor"
effects, because all sources of variability between sub-
jects are excluded from the experimental error.  Analysis
of variance (ANOVA) including "subject" and "main fac-
tor", i.e. technicians, team or device respectively, is an
adequate model to test for the respective factor.  From
each test session, best values of FVC and FEV1 were
used as dependent variables in the analyses.  "Subject"
mean square captures between-variability due to gen-
der, age, height, weight and other individual factors [2].
For example, for the Device Effect Study and FVC as
dependent variable (Y), the single-factor repeated mea-
sure is described by the following model:

Yij = µ.. + Pi + Dj + eij

where FVC of the ith person, tested at the jth device is
estimated by the overall mean FVC µ.., a random effect
Pi of the ith person, a random effect of the jth device
("main factor") and the error term eij [6].

Mean squares of the main effect divided by the mean
square error provides a small F-statistic, if the main ef-
fect does not explain within-subject variability in the lung
function measure.  The F-statistic in a balanced design,
i.e. with equal number of test sessions per subject, is
quite robust against deviations from normality and
homoscedasticity of residuals.  The null hypothesis of
no main effect was rejected at a conservative level of
p=0.1.  Power calculations were based on the methods
described by NETER et al. [6].
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Table 2.  –  Results of Technician, Team and Device Effect Studies, SAPALDIA 1991

Main effect Total number FVC FEV1

tested Technicians Devices Subjects Tests Mean† F# p-value Mean† F# p-value

Technician
Team No. 1 3 1 17 51 111 1.49 0.24 105 0.76 0.48
Team No. 2 4 1 15 60 119 1.11 0.35* 110 0.7 0.56*
Team No. 3 2 1 13 26 99 0.37 0.56 100 0.97 0.34
Team No. 4 3 1 17 51 110 2.49 0.1 107 0.97 0.34
Team No. 5 2 1 12 24 124 1.29 0.28* 115 0.01 0.91*
Team No. 6 3 1 17 51 111 0.13 0.88 105 0.08 0.92
Team No. 7 4 1 17 68 118 1.3 0.28 109 0.62 0.6
Team No. 8 2 1 19 38 120 1.86 0.19 109 0.77 0.39

Team 8+ 1 13 104 113 1.59 0.15 112 0.85 0.54

Device 1 9 13 117 110 48.7 <0.001 104 34.3 <0.001

+:  per subject, 8 technicians out of 23 (one technician from each of eight teams);  †:  expressed as percentage predicted, ECSC
reference values [8] (ANOVA across studies:  FVC p<0.01; FEV1 p=0.26);  #:  F-statistic for main effect (technician, team, or
device, respectively) from ANOVA on subject and main effect;  *:  power to detect ±2.5% difference 0.7–0.8 at alpha=0.1 (other
studies >0.8).  ECSC:  European Community for Steel and Coal.  For further abbreviations see legend to table 1.



From both the team and device effect study, within-
subject variability was calculated using within-subject
standard deviation across best values of repetitive ses-
sions, expressed as percentage of the mean (coefficient
of variation).  The mean coefficient of variation across
13 subjects represents an overestimation of the within-
subject variability, due to the involvement of different
technicians or devices, respectively.  All procedures were
analysed using SAS statistical software run on a main
frame [7].

Results

Technician Effect Study

Table 2 reports the results for each of eight local stud-
ies (teams No. 1–8).  Lung function mean values are pre-
sented as percentage predicted [8].  Across the eight local
substudies assessing technicians effects, 10 out of 137
volunteers did not fulfil the acceptability or reproduci-
bility criteria in more than one session.  These subjects
were excluded from the analysis, limiting random vari-
ability, thus increasing the likelihood to reject the null
hypothesis of no team effect.  Exclusions were unrelated

to team or technician.  None of the F-statistics for FVC
and FEV1 were significant at p<0.1.  In all but two stud-
ies, power to detect a ±2.5% difference was ≥0.8.  Group
mean difference between technicians with lowest and
highest mean ranged 0.5–2.9% for FVC and 0.2– 2.5%
for FEV1 across eight teams.

Team Effect Study

F-statistics for both, FVC and FEV1, were not statis-
tically significant (table 2).  Lowest and highest team-
wise assessed mean values differed by 2.8% or 146 ml
for FVC, and 2.3% or 98 ml for FEV1.  Four of the 104
tests did not meet the ATS reproducibility criteria, and
two tests violated the criteria for an acceptable start and
end of test, respectively.  To maintain the balanced design,
these values were included in the analysis.  Failure to
achieve ATS criteria was unrelated to team.

Device Effect Study

Surprisingly, the analysis showed significant device
effects both for FVC and FEV1, with 10% lower FVC
for device No. 1 compared to the mean values across the
remaining eight devices (table 2).  As shown in figure
1, each subjects lowest performance happened to be
with device No. 1.  The results of other devices ranged
over 3.9% or 208 ml around their average FVC of 5,290
ml.  For FEV1, similar results were obtained with an 11%
lower mean assessed by device No. 1, and a 2.8% or
124 ml range around the mean of 4,285 ml for the other
eight devices.  Results from the "reference device" No.
9, a water-sealed spirometer, were similar to those mea-
sured on devices No. 2–8, used in SAPALDIA.

Within-subject variability

Mean within-subject coefficient of variation over a
series of eight tests assessed by eight technicians were
2.7% (95% confidence interval (95% CI: 1.93–3.46%)
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Fig. 1.  –  Percentage deviation of FVC from individual mean FVC
in nine devices (13 subjects).  Values in square brackets indicate
between subject variance of the percent deviation from individual mean
FVC.  Each symbol represents one subject.  FVC measured at leak-
ing device No. 1 was   significantly different from all others (p<0.001).
Devices No. 1–8; SAPALDIA devices, Sensormedics 2200;  Device
No. 9:  water-sealed spirometer, Sensormedics 2400.  SAPALDIA:
Swiss Study on Air Pollution and Lung Diseases in Adults;  FVC:
forced vital capacity.

Table 3.  –  Within-subject variability of FVC and FEV1 in healthy subjects:  SAPALDIA quality tests compared to other
published studies

Study Subject Tests per Technicians Retest Age Coefficient of variation  %
subject per subject within days FVC FEV1

n n n n yrs

SAPALDIA Quality Studies:
With 8 teams 13 8 8 2 24 (20–31) 2.7 (SE 0.39) 3.3 (SE 0.5)
With 8 devices 13 8 1 1 24 (19–29) 2.0 (SE 0.14) 2.2 (SE 0.3)

MCCARTHY et al. [9] 12 10 1 1 27 (22–34) 2.5 2.5
COCHRANE et al. [10] 9 10 1 1 24 (19–30) 1.8 2.3
NICKERSON et al. [11] 15 5–12 1 1 18 (8–34) 3.5 3.6
LEBOWITZ et al. [12] 10 60 1 25–35 34 (25–50) 3.5 3.6
ROZAS and GOLDMAN [13] 15 5 1 5 - (25–52) 2.8 (SE 0.55) 2.8 (SE 0.4)
GROTH et al. [14] 112 2 1–2 15–180 47 (30–70) 4.9 4.7

Data for age are presented as mean, and range in parenthesis.  Coefficient of variation:  standard deviation in % of mean.  For
abbreviations see legend to table 1.



and 3.3% (2.29–4.31%) for FVC and FEV1, respective-
ly.  The corresponding results with eight tests assessed
by one technician on eight different devices were 2.0%
(1.75–2.25%) in FVC and 2.2% (1.6–2.8%) in FEV1,
excluding measurements on device No. 1 due to its calib-
ration error discussed below.  Table 3 compares our with-
in-subject variability estimates with studies involving
only one technician and device per subject [9–13].

Discussion

The tests presented here are, to our knowledge, the
first to report FVC and FEV1 variability due to techni-
cian, team, and device within an eight centre study
involving 23 technicians.  Our comparisons showed homo-
geneous lung function assessment across 23 experienced
SAPALDIA technicians and eight teams.  To the extent
that these studies are representative of the technicians'
performance throughout 1991, systematic measurement
errors related to technicians or teams are unlikely to have
occurred in SAPALDIA.  This generalization is ham-
pered by the limited power of 0.7–0.8 among two Techni-
cian Effect Studies (teams No. 2 and 5), and by potential
interactions between subjects and technicians in the field-
work.  Power differences across the eight independent
within-team studies are due mainly to demographic dif-
ferences in the volunteers selected (table 1). Furthermore,
despite the requirement to engage "healthy nonsmoking
volunteers", health was not explicitly assessed.  Less
healthy subjects could increase total variability.

In our Team Effect Study, mean results across eight
teams, measuring the same 13 subjects, varied random-
ly within a small range among the most extreme team
values.  The analysis is based on the assumption of no
technician effects within a team.  To simultaneously
address team and technician effects, a constrained reg-
ression model was applied, resulting in slightly smaller
F-values, confirming our results of no team effect.

The magnitude of the within-subject between-session
variability was comparable with other studies, despite
our involvement of eight different technicians or eight
devices (table 3) [14].  The most comparable studies re-
garding number of healthy participants, tests and time
intervals reported within-subject coefficients of varia-
tion ranging 2.3–3.6%.  We also estimated within-subject
variability by partitioning the variance in the above-
mentioned constraint regression model, getting very
similar results.  Technician training and on-line quality
control are probable explanations for these homogeneous
results.  As shown in the Lung Health Study, continu-
ous quality control procedures considerably decrease mea-
surement variability [15].  Computerized devices, including
immediate acceptability and reproducibility check, sup-
port standardization of the procedures and may limit
within-subject variability across best values of several
sessions.  This statement is supported by an analyses
including the first lung function session of each subject,
performed as a training session.  In this young healthy
population, best values from the first session were not
different from the others.  The only sign for a "learning

effect" was given by the tendency toward more manoeu-
vres needed in the first session to meet the criteria (3.54
vs 3.25 attempts; p=0.1).

Device effect

Performance of all eight devices was compared 4 mon-
ths after the last SAPALDIA assessment.  This test sho-
wed a systematic measurement error, with one device
10% removed from the average of others.  Each sub-
ject's lowest value was measured with device No. 1 (fig.
1).  To investigate this unexpected result, we organized
an additional two device comparison with the same vol-
unteers.  In this test, results of device No. 1 were no
more different from those measured on the reliable devices
a month previously.  An explanation for the error observed
previously could be detected.  During the Device Effect
Study, device No. 1 was equipped with a mouthpiece
with two holes of 0.5 cm diameter each.  As reported
by Townsend [16] for a rolling-seal spirometer and re-
produced with our open system, such holes yield lower
FVC and FEV1.  Fortunately, these adapted mouthpieces
did not regularly circulate in the local SAPALDIA teams.

Another potential source of device related errors could
be detected during our last investigation.  Accuracy of
electronic spirometry systems depends both on "external
calibration", performed with a syringe, and "internal"
hardware/software performance.  Control of "internal
calibration", including the potentiometer status, was not
considered a regular procedure by the manufacturer
and, fortunately, remains highly constant under normal
circumstances. However, during the last two device com-
parison tests we were able to reproduce unreliable re-
sults without getting any error message from the software,
i.e. technicians could not be aware of important internal
error sources.  Such unrecognizable technical problems
might introduce errors on any day, with any device.  To
prevent unrecognized hardware or software errors, manu-
facturer should: 1) improve on-line messages for system
errors; 2) extend the usual calibration procedures, includ-
ing accuracy checks for hardware and software; and 3)
provide software which allows storage of daily calibra-
tion data as part of each individual spirometry session.
The former would enable technicians to clearly recog-
nize technical errors that may otherwise influence the
results.  The latter would allow researchers to retro-
spectively check technical reliability of the data, or locate
errors that had occurred in time.  Lacking such software
options requires researchers to statistically control for
technician, team and/or device effects on the stage of
analysis.

Conclusion

The potential for systematic errors and increased ran-
dom error is a trade-off in multicentre study designs
involving several local teams and technicians.  Our tests
indicate that the application of widely-used guidelines
for lung function testing, including teaching, training,
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on-line quality control and regular supervision, are effec-
tive tools to prevent systematic technician effects and to
limit random measurement error.  However, our device
comparison tests highlight potential device error sources
that are not easily recognized in the daily work.  Even
for well-trained technicians, technical details of the de-
vice remain a "black box".  In addition to published
guidelines for pulmonary laboratories [17], we recom-
mend software adaptations that enhance the technicians'
attempt at accurate unbiased assessment.  Whilst focus-
ing on technicians' performance, we recommend resear-
chers not to assume but to test reliability and accuracy
of hardware and software performance in the fieldwork.
Comparison tests should be organized prior to onset of
the study.  Enforcement of quality on all levels of the
data collection process remains a primary goal.
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