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ABSTRACT: Attempts to compare bronchial responsiveness between populations
have been hampered by between-study differences in the pharmacological agent
of provocation, the method of administration and the summary statistic employed.
The European Community Respiratory Health Survey used methacholine chal-
lenge delivered by Mefar dosimeter according to a standardized protocol used in
35 centres in 16 countries.

Data were obtained from 13,161 men and women, aged 20–44 yrs at the start
of the study. The dose of methacholine producing a 20% fall in forced expirato-
ry volume in one second (FEV1) (PD20) and the regression coefficient of percent-
age decline in FEV1 with log dose, were calculated ("slope", after transformation),
with and without calibration of nebulizers by weight and adjustment for nonre-
sponse bias. Standardization for baseline lung function and variation in smoking
prevalence was applied to slope.

Results were robust to whichever summary measure was used, and to the var-
ious adjustments. Responsiveness was low in Iceland and Switzerland, and in
most centres in Sweden, Italy and Spain, and high in New Zealand, Australia, the
USA, Britain, France, Denmark and Germany.

Bronchial responsiveness varies considerably in Europe, and high levels are not
confined to the English-speaking world.
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Bronchial challenge has been used for over 20 yrs,
and there have been several epidemiological studies of
risk factors for bronchial responsiveness. However,
there are relatively few prevalence studies in the gene-
ral population, and most of these have been in English-
speaking countries. NEUKIRCH and CARTIER [1] identified
12 studies, eight using histamine challenge, three metha-
choline and one cold air, with a variety of cut-off points
to define reactivity, and differing age ranges. Two com-
parative studies in children have been published [2, 3],
one involving four countries and one involving two, but
to date no comparative data on adults from different
countries have been reported.

The European Community Respiratory Health Survey
(ECRHS) is a multicentre study of the variation in the
prevalence, risk factors and management of asthma
throughout the European Union and elsewhere [4], and
includes measurement of bronchial response to metha-
choline challenge. Results are reported here from 35
centres in 16 countries which have provided usable data.

Methods

Sampling

The protocol for the ECRHS has been described in det-
ail elsewhere [4, 5]. Briefly, participating centres selec-

ted an area defined by pre-existing administrative boun-
daries, with a population of at least 150,000 people.
Where possible an up-to-date sampling frame was used
to select randomly at least 1,500 men and 1,500 women
aged 20–44 yrs. In stage 1 subjects were sent a question-
naire enquiring about respiratory symptoms and attacks
of asthma in the last 12 months, current use of asthma
medication and nasal allergies including hayfever. A
random sample of subjects were selected to take part in
stage 2. Those who had already responded to stage 1
were invited to answer a more detailed administered
questionnaire, and to take part in blood tests, skin tests,
assessment of lung function by spirometry and airway
challenge with methacholine. The questionnaire collect-
ed information on current smoking and smoking history.

Methacholine challenge

This is described in detail in the protocol [5]. Briefly,
baseline forced expiratory volume in one second (FEV1)
and forced vital capacity (FVC) were measured in all
subjects who agreed. Subjects were advised to avoid
smoking for 1 h, using a β2-agonist or anticholinergic
inhaler for 4 h or oral medication (β2-agonist, theophy-
lline or antimuscarinic) for 8 h before the test. When
possible, subjects who reported a respiratory tract infec-
tion in the previous 3 weeks were rescheduled.



Subjects were permitted nine attempts to provide at
least two technically acceptable manoeuvres. All those
whose FEV1 was at least 70% predicted [6] and >1.5
L were invited to undergo methacholine challenge un-
less they reported that they had heart disease, epilepsy,
were pregnant or breastfeeding, or were taking a beta
blocker.

Bronchial challenge commenced with inhalation of
saline diluent, and the maximum post-diluent FEV1 re-
corded 2 min later was used as the control value. Those
whose control FEV1 was <90% of the baseline value
were not challenged further. In all centres, methacho-
line was delivered using the Mefar dosimeter (Mefar,
Bovezzo, Italy) set to deliver the aerosol over a period
of 1 s. Subjects were asked to expire to functional resi-
dual capacity, place their lips around the mouthpiece,
inspire to total lung capacity, hold their breath for at
least 3 s and then exhale. FEV1 was recorded 2 min
later and in the absence of a 20% fall in FEV1 from
baseline the next dose was given. All solutions of met-
hacholine were discarded and nebulizers refilled after
12 challenge tests.

Two methods of challenge were allowed by the proto-
col, each with a long and short schedule of doses (table
1). Method 1 started and terminated at a lower dose than
Method 2. Those who denied respiratory symptoms
suggestive of asthma received methacholine at quad-
rupling doses (short schedule) until a fall in FEV1 of
10% from the control value was recorded, after which
doubling doses were used. All other subjects received
doubling doses (long schedule). Two minutes after each
inhalation subjects had up to five attempts to achieve
two technically satisfactory FEV1 manoeuvres. The test
was stopped if there was a greater than 20% fall in FEV1
from the control value, the maximum cumulative dose
had been reached, the subject was not able to perform
two technically satisfactory manoeuvres following any
dose, or the subject did not wish to continue.

Nebulizer weight calibration

Weight output of each nebulizer was determined by
filling the nebulizer with 3 mL of distilled water and
weighing it. Ten inhalations were simulated by firing
the dosimeter 10 times for 1 s duration and the nebuli-

zer reweighed. This was then repeated. The average out-
put in gram per inhalation was then calculated.

Statistical analysis

Only the data from the doses common to the two met-
hods, i.e. 0.0078–1 mg cumulative dose, were used (table
1). The provocative dose causing a 20% fall in FEV1
(PD20) was estimated by fitting an exponential curve to
decline in maximum FEV1 with log dose [7]. An esti-
mate greater than 5.1 µmol (1 mg) was considered cen-
sored. A measure of slope was calculated by regressing
percentage fall in FEV1 on log10 dose, referred to as
log slope [8]. This measure was adopted in addition to
PD20 to overcome a potential problem that might have
resulted in percentage differences in the dose delivered
in different centres [8]. Log slope and PD20 were estima-
ted in two ways, first with the dose being calculated as
if all nebulizers had constant and equal output of 0.01
g throughout the study (table 1), and second under the
assumption that dose delivered by each nebulizer was
directly related to the weight calibration for that nebu-
lizer at the date subsequent to the test. To obtain the
calibration-adjusted values the relevant individual neb-
ulizer doses were increased by the percentage that the
weight calibration exceeded 0.01 g and these were then
added to give the cumulative dose. The weight calibra-
tion data were obtained from 28 of the 35 centres.

Log slope required transformation in order to satisfy
the assumptions of standard statistical analysis, i.e. nor-
mality and homogeneity of variance; the transformation
100/(log slope + 10) was found to be appropriate [9].
The term "slope" is used for transformed log slope from
now on.

In addition to adjustment for nebulizer weight calibra-
tion, the effect of nonresponse bias on the estimates was
investigated; the same investigation was performed for
total and specific immunoglobulin (Ig) E estimates [10].
Responders to stage 1 who did not respond to stage 2
were assumed to have the mean slope, or probability of
PD20 ≤1 mg, as subjects of the same age group, sex and
stage 1 symptoms. The nonresponse adjustment was
applied to each estimate of slope and PD20, unadjusted
and adjusted for nebulizer weight calibration. The effect
of adjusting for baseline lung function was also investi-
gated. The relation of slope to baseline FEV1 and FEV1
percentage predicted was estimated for men and women
separately, allowing for centre differences, age group
and smoking status, defined as current smoker, exsmok-
er or nonsmokers. Slope was adjusted using the regres-
sion coefficients to the gender-specific mean FEV1 and
mean FEV1 % pred.

Each measure of response was directly standardized
to a population with uniform age and sex distribution,
as used in summaries of symptom prevalence [11] and
IgE data [10]. Slope adjusted for baseline lung function
was also further standardized to 40% current smokers,
40% never smokers, and 20% exsmokers and unknown.

Results

Of the 48 centres which participated in stage 1 [11],
five did not take part in stage 2. A further seven centres

S. CHINN ET AL.2496

Table 1.  –  The methacholine challenge doses for meth-
ods 1 and 2, long and short schedules, used in the
European Community Respiratory Health Survey study

Dose Concen- Number of Cumulative
level tration inhalations dose mg

mg·mL-1 assuming
Method 1 Method 2 0.01 g

Long      Short   Long    Short output

1 0.195 1 - - - 0.00195
2 0.195 1 2 - - 0.0039
3 0.39 1 - 2 - 0.0078
4 0.39 2 3 2 4 0.0156
5 1.56 1 - 1 - 0.0312
6 1.56 2 3 2 3 0.0625
7 6.25 1 - 1 - 0.125
8 6.25 2 3 2 3 0.25
9 12.5 2 - 2 - 0.5

10 12.5 4 6 4 6 1.0
11 12.5 - - 8 8 2.0
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were excluded from this analysis, due to a different
challenge protocol (one centre), challenge not perfor-
med (one centre), problems with Mefar dosimeter (one
centre), data not fully checked and edited (three cent-
res), insufficient response in one age group for age-sex
standardization (one centre) or data not supplied in a
usable form (one centre). Response to stage 2, defined
as answering at least the main question on smoking, vari-
ed from 12.2% of those selected in Montpellier, to
90.3%, in Umeå (table 2, second column). Of these,
some were ineligible due to pregnancy or medication.
The numbers who declined any participation in lung
function testing are shown in the column headed "No
baseline lung function" in table 2. Of those with base-
line lung function, some had too low a value to pro-
ceed to challenge, and others declined challenge, either
before or after the diluent inhalation. The percentage of
those responding to stage 2 who were challenged var-
ied from 45.3% in Barcelona, to 89.2% in Groningen;

the total number challenged was 13,260. A few further
subjects were excluded, due to a nebulizer calibration
in one centre, only a single dose of methacholine being
given, or data found to be in error. There were 13,161
subjects with usable data.

Age-sex standardized bronchial responsiveness is shown
by centre in table 3, without adjustment for nebulizer
weight output or nonresponse. Each centre is classified
on each measure according to whether the 95% confi-
dence interval (95% CI) excluded the median for the 35
centres. A "high" value for prevalence of PD20 ≤1 mg
corresponds to a "low" mean slope, and in general cen-
tres classified as low or high on PD20 are classified as
high or low respectively on mean slope. However, as
slope is a continuous measure the 95% CI for the means
are relatively narrower than those for prevalences, so
some centres are classified as high or low mean slope
while the 95% CI for percentage prevalence PD20 inclu-
des the median of 13%.

Centres which had an unequivocally high level of
bronchial responsiveness were: Hamburg, Germany;
Aarhus, Denmark; Bordeaux, Grenoble and Montpellier,
France; Cambridge, UK; Albacete, Spain; and all five
non-European centres, the three in New Zealand, one
in Australia and one in the USA. Centres with an unequi-
vocally low level were: Reykjavik, Iceland; Basel, Swi-
tzerland; Uppsala, Sweden; and three Spanish centres,
Galdakao, Oviedo and Huelva. The centre that was an
exception to the overall agreement between the two
measures was Bergen, Norway, which was classified as
low by PD20 and average by mean slope. The correla-
tion of the two unadjusted measures across the centres
was -0.94.

Age-sex adjusted mean slope for each centre is plot-
ted in figure 1 by country, with countries with a low
level of bronchial responsiveness, equivalent to a high
mean slope, to the left on the abscissa. Iceland, Swit-
zerland, Sweden, Spain and Italy had low levels of res-
ponsiveness. Albacete was an outlier in the Spanish
results. Germany, Denmark, France, Britain, the USA,
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Fig. 1.  –  Mean slope for each centre by country.   : centre with 95%
confidence interval (95% CI) for the mean above and excluding the
study median (low responsiveness);   : 95% CI for the mean includ-
ing the study median; and ● : 95% CI below and excluding the study
median (high responsiveness).

Table 3.  –  Age-sex standardized bronchial respon-
siveness by centre, as measured by percentage of indi-
viduals with a provocative dose of methacholine causing
a 20% fall in forced expiratory volume in one second
(FEV1) of ≤1 mg, and by mean slope

Centre                 PD20 ≤1 mg            Mean slope

Reykjavik, Iceland 7.2 (4.8–10.4) L 8.34 (8.16–8.53) H
Bergen, Norway 8.0 (5.7–11.2) L 7.68 (7.54–7.82)
Göteborg, Sweden 9.9 (7.3–13.2) 7.78 (7.64–7.92) H
Umeå, Sweden 11.8 (8.7–15.3) 7.65 (7.46–7.84)
Uppsala, Sweden 7.7 (5.3–10.9) L 8.05 (7.88–8.22) H
Aarhus, Denmark 23.5 (17.1–28.7) H 7.28 (7.02–7.55) L
Bergen-o-Z, NL 10.8 (7.7–14.4) 7.75 (7.56–7.94)
Geleen, NL 12.8 (9.4–16.6) 7.40 (7.20–7.60)
Groningen, NL 14.3 (10.6–18.1) 7.60 (7.39–7.80)
Antwerp City, B 14.4 (10.2–18.5) 7.35 (7.10–7.60)
Antwerp South, B 13.0 (9.2–16.9) 7.63 (7.38–7.88)
Erfurt, Ger 12.0 (9.4–15.3) 7.44 (7.29–7.59) L
Hamburg, Ger 17.5 (15.1–20.7) H 7.21 (7.07–7.35) L
Basel, Switzerland 9.8 (7.5–13.0) L 7.97 (7.80–8.14) H
Bordeaux, F 23.2 (19.3–27.1) H 6.77 (6.56–6.98) L
Grenoble, F 16.3 (12.4–20.2) H 7.17 (6.94–7.39) L
Montpellier, F 22.8 (17.9–27.3) H 6.93 (6.67–7.18) L
Paris, F 12.0 (9.0–15.4) 7.85 (7.60–8.09)
Cambridge, UK 27.6 (21.1–32.8) H 6.66 (6.33–6.99) L
Ipswich, UK 16.6 (12.6–20.6) 7.18 (6.98–7.38) L
Norwich, UK 15.5 (11.8–19.3) 7.69 (7.46–7.92)
Dublin, Ireland 16.6 (12.1–20.8) 7.44 (7.18–7.69)
Pavia, Italy 9.3 (5.6–13.1) 8.17 (7.89–8.45) H
Turin, Italy 11.6 (6.9–16.0) 7.67 (7.37–7.98)
Verona, Italy 10.3 (6.8–14.0) 7.88 (7.67–8.09) H
Albecete, Spain 21.3 (16.9–25.5) H 7.07 (6.83–7.30) L
Barcelona, Spain 11.6 (6.9–15.9) 7.87 (7.56–8.18)
Galdakao, Spain 3.4 (1.6–6.3) L 8.44 (8.27–8.61) H
Huelva, Spain 7.7 (4.3–11.3) L 8.28 (8.06–8.49) H
Oviedo, Spain 8.5 (5.1–12.3) L 8.15 (7.90–8.40) H
Christchurch, NZ 27.6 (22.6–32.14) H 6.78 (6.53–7.03) L
Hawkes-Bay, NZ 27.8 (20.6–33.4) H 6.68 (6.26–7.10) L
Wellington, NZ 22.7 (17.4–28.0) H 7.07 (6.77–7.36) L
Melbourne, Aust 22.0 (18.3–25.9) H 6.97 (6.79–7.15) L
Portland, USA 18.3 (13.66–22.7) H 7.10 (6.84–7.36) L

Median 13.0 7.60

Values in parentheses are 95% confidence intervals (95% CI).
L, H: 95% CI excludes overall median, lower or higher respec-
tively; Aust: Australia; B: Belgium; F: France; Ger: Germany;
NL: The Netherlands; Bergen-o-Z: Bergen-op-Zoom; NZ:
New Zealand. See text for definition of mean slope.



Australia and New Zealand have high levels of respon-
siveness.

The effect of adjusting for nonresponse and nebuli-
zer weight output is shown in table 4. Adjustment for
nonresponse in centres with a low response rate decrea-
sed the prevalence of PD20 ≤1 mg, and increased mean
slope, as people with symptoms were more likely to
take part in stage 2 and to be reactive. Figure 2 shows
the effect on mean slope. The biggest adjustments were
for Montpellier, Bordeaux and Hamburg, which had
low response rates to stage 2 (table 2), especially the
French centres. However, across the centres the corre-
lation between the unadjusted and nonresponse adjust-
ed measures was 0.98 for slope and 0.99 for PD20, so
there was little effect of nonresponse on the ranking of
the centres. Adjustment for nebulizer weight calibra-
tion, for the 28 centres that supplied the data, signifi-
cantly decreased the PD20 prevalence (table 4), but
mean slope did not increase significantly, either for the
weight calibration adjustment alone or the combination
with nonresponse adjustment. The correlation between
the nonresponse adjusted measures of slope and PD20

was -0.94, and fell to -0.83 for the nonresponse and
weight calibration adjusted values.

Adjustment of slopes for baseline lung function, or
with standardization for smoking prevalence in addi-
tion, resulted in changes to centre means with a stan-
dard deviation comparable to the weight calibration
adjustment (table 4). The correlations with unadjusted
mean slope were 0.97 and 0.96 respectively. As slope
was shown to be the more sensitive measure for centre
comparison, and has other advantages, the correspond-
ing analysis for PD20 was not carried out.

Discussion

This is the first report of truly comparative data on
bronchial responsiveness in adults from different coun-
tries. It documents high levels of responsiveness in cen-
tres in New Zealand, Australia, the United States and
Britain, which parallel high prevalence of respiratory
symptoms in these centres [11], but also in France and
Germany. Low levels of responsiveness were found in
Iceland and Switzerland, and in most centres in Sweden,
Italy and Spain. The Icelandic centre and Pavia and
Verona in Italy also had low symptom prevalence [11].

These findings are largely independent of whether
PD20 or slope is used as a summary statistic. Each has
its merits and weaknesses. PD20 is used extensively, and
is easy to comprehend. However, either information is
lost in analysis by defining each subject as responsive
or not, or methods for censored data must be used,
either as described by CHINN et al. [12] or the "survi-
val" method of SUNYER et al. [13].

Many factors influence the actual dose of methacho-
line inhaled during bronchial challenge testing. In multi-
centre studies, systematic differences between centres
in the dose delivered may result in spuriously large vari-
ations in bronchial responsiveness. Log dose is not
influenced by a problem that results in a constant over-
or underestimation of the aerosol output of the nebu-
lizer [8]. As far as possible, other factors (inhalation
time, breath-hold time and time between doses) were
standardized. In addition, because nebulization with jet
nebulizers results in evaporation and concentration of
solutions, all nebulizers were emptied and refilled after
12 tests. As part of the quality control programme, cen-
tres were visited by personnel from another centre or
the co-ordinating team to ensure that the protocol was
followed.

In contrast to the dose-response slope defined else-
where [12, 14, 15], which like PD20 is also affected by
nebulizer batch variation [8], log slope can be transfor-
med to a reasonably normal distribution [9], and it is
this transformed slope that is termed "slope" here. Its
great advantage is that it is relatively unaffected by
the use of different batches of nebulizers in different
centres, provided the same batch was in use at any one
time. Although a post-study calibration of nebulizers
found less variation [8] than had been previously sug-
gested [16], the five nebulizers used in Bergen, Nor-
way, were detected as outliers in that analysis [8]. This
may explain why Bergen is the one centre for which
percentage prevalence PD20 and mean slope appear to
conflict, and suggests that slope should be used for
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Fig. 2.  –  The relationship of mean slope adjusted for nonresponse
to unadjusted mean slope for 35 centres. —: line of identity.

Table 4.  –  Change in percentage prevalence PD20 and
mean slope due to adjustments for nonresponse and
nebulizer weight calibrations

Difference from unadjusted value

n Mean SD SEM

PD20
Adjusted for:

Nonresponse 35 -0.48* 1.17 0.20
Weight calibration 28 -1.80*** 1.57 0.30
Both 28 -2.14*** 1.94 0.37

Mean slope
Adjusted for:

Nonresponse 35 0.04*** 0.07 0.01
Weight calibration 28 0.00 0.10 0.02
Both 28 0.02 0.09 0.02

Baseline FEV1 35 -0.03 0.13 0.02
Baseline FEV1 and
smoking prevalence 35 -0.04 0.14 0.02

*, ***: p<0.05, p<0.001, mean change significantly different
from zero. FEV1: forced expiratory volume in one second;
PD20: provocative dose of methacholine causing a 20% fall
in FEV1.



comparisons. The result for Albacete was an outlier in
Spain, in terms of slope and PD20, and no explanation
has so far been found. Slope is easy to analyse, and
mean slope in this study was found to have narrower
confidence intervals than percentage prevalence PD20
relative to the between-centre variation. Its drawbacks
are its dependence on the dose schedule, as the relation-
ship between percentage fall and log dose is not strictly
linear, and its unfamiliarity. However, any comparative
study should use a common protocol, the previous pre-
valence studies being difficult to compare even between
those reporting PD20 for methacholine [1].

Both PD20 and mean slope were affected by nonre-
sponse bias in the few centres with very low response
rates. However, even in these centres the effect was
small compared to the overall between-centre variation
(fig. 2). The adjustments for nonresponse took into acc-
ount variation in the percentage of subjects excluded on
protocol criteria as well as nonresponse to stage 2. We
have reported the unadjusted results in detail (table 3),
as the effect was small, and this is in line with our other
results from the study [10, 11]. None of the measures
should be considered absolute. It is the relative results
for the centres that are of interest, and so the correla-
tion between the measures is of more interest than any
shift produced by adjustment for nonresponse or other
standardization.

Adjustment for weight calibration affected PD20, but
not slope, as expected from detailed study of the British
data [8]. This is another advantage of slope, and further
reason for the presentation of slope as weight calibra-
tion data were not supplied by all centres.

The maximum dose of methacholine common to all
the protocols was 1 mg (5.1 µmol), which is lower than
that used elsewhere [1]. Although the majority of cen-
tres continued to 2 mg, or 4 mg in a few centres, esti-
mation of PD20 was restricted to the common doses to
ensure comparability, and because VERLATO et al. [17]
concluded that extrapolation should not be used.

The sensitivity of mean slope to variation in baseline
lung function and smoking between centres was investi-
gated, as several authors have found that PD20 is dep-
endent on baseline lung function [17–21] and related to
smoking [21–25]. The average within-centre relation-
ship of slope to baseline FEV1 and FEV1 % pred was
used, and resulted in little change to the conclusions.
These relationships differed between centres, and they
will be the subject of further extensive analyses of risk
factors for bronchial responsiveness, so the results pre-
sented here are unadjusted for baseline lung function.
The effect of variation in smoking prevalence was also
minimal. Direct age-sex standardization was used, to
preclude effects of age and sex, although not all the
studies cited found a relationship for bronchial respon-
siveness to age and sex.

There can be no absolute definition of who is "res-
ponsive" and who is not. The problem of defining the
dose of methacholine administered goes beyond cali-
bration of nebulizers in output by weight and aerosol
output, as this does not lead to a measure of the con-
centration in the airways. Any definition of responsive-
ness is, therefore, somewhat arbitrary. PD20 can be used
in comparative studies provided a common protocol and
standardized equipment are used, but it encourages the

idea of two separate populations and relatively small
departures from standardized equipment or procedures
may make the comparisons invalid. COCKCROFT et al.
[26] described bronchial responsiveness as a continuum
in 1983, which was further endorsed by RIJCKEN et al.
[27]. This may have stimulated the search for a conti-
nuous summary measure. Dose-response slope as pro-
posed by O'CONNOR et al. [15] or ABRAMSON et al. [14]
may not add to the information provided by PD20 [12],
and does not overcome the potential nebulizer batch va-
riation problem identified by DENNIS et al. [16]. Slope
as defined here, the regression coefficient of percent-
age decline in FEV1 on log dose, transformed using a
reciprocal transformation, provides a continuous mea-
sure that is robust to nebulizer batch variation between
centres. Slope and PD20 are complementary measures,
but show good agreement in identifying centres and
countries with high and low levels of responsiveness.

BURR et al. [2] compared exercise challenge in 11–
12 yr old children in Sweden, Wales, South Africa and
New Zealand, finding the greatest fall in peak expira-
tory flow rate in New Zealand and least in Sweden. Our
results not only extend this finding on bronchial res-
ponsiveness to adults but provide a comparison between
16 countries. While broadly in agreement with symp-
tom variation [11], the complex relationship between
bronchial responsiveness, symptoms and risk factors
will be the subject of further detailed analysis.
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