
Abstract
Introduction: Bronchial challenge tests by inhalation
of  aerosolized methacholine (MCH) are commonly
used in the clinical diagnosis of  airway hyperrespon-
siveness (AHR). While the detection of  airway nar-
rowing relies on the patient’s cooperation performing
forced spirometry, body plethysmographic measure-
ments of  airway resistance are less depending on the
patient’s cooperation and do not alter the respiratory
tract by maximal maneuvers. Hence we compared
both methods concerning their clinical value and cor-
relation during MCH challenges in patients with asth-
ma.
Material and methods: Cumulative MCH challenges
test, consisting of  up to 5 steps, evaluated with body
plethysmography on each step were performed in 155
patients with bronchial asthma. Airway responses were
recorded at each step of  MCH application (Master-
Screen Body, Cardinal Health, Höchberg). At the base-
line test and after crossing the provocation dose (PD)
threshold in body plethysmography (PD+100 sReff),
forced expirations were performed and FEV1, FVC,
and FEV1 %FVC were measured. Using regression
analysis of  the airway parameters and taking the MCH
dose as the covariate, we could extrapolate to missing
spirometric values and interpolate the estimated MCH
dose when crossing the PD threshold (PD-20 FEV1)
between two consecutive measurements. The adminis-
tered PD+100 MCH doses for specific airway resist-
ance, sRtot, and sReff  were compared with resistance
parameters Rtot and Reff, and to PD-20 of  FEV1 and
FEV1 %FVC.
Results: Regarding sReff  we found a mild, moderate,
or severe AHR in 114 patients (75%), but only 50
(32%) according to FEV1. A statistical analysis showed
strongly linear correlated parameters of  airway resist-
ance, but no significant correlation between the results
of  body plethysmography and forced spirometry
Conclusions: Using MCH challenges, we found specif-
ic airway resistance to be the most sensitive parameter
to detect AHR. Raw is largely independent of  height
and gender facilitating the interpretation of  measure-
ments carried out longitudinally.
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spirometry, asthma, airway hyperresponsiveness

INTRODUCTION

Airway hyperresponsiveness (AHR) is defined as an
excessive response to an aerosolized drug provocation
that elicits little or no response in a normal person.
This feature, at some point in time, appears to distin-
guish most patients with asthma, and underlies the ra-
tionale for bronchoprovocation testing [1-3].
Bronchial challenge tests by inhalation of  aerosolized
methacholine (MCH) are recommended by both the
American Thoracic Society (ATS) [4] and the Euro-
pean Respiratory Society (ERS) [5]. Differences in the
reaction on provocative concentrations or provocative
doses of  methacholine causing a fall in FEV1 by 20%
and/or an increase in sRaw by 100% derived by the
dosimeter method or the tidal breathing method are
still in intensive discussion [6-8]. Currently, a 1-con-
centration 4-step dosimeter protocol for MCH testing
was developed [9]. The procedure was compared to
the ATS standard protocol of  five different concentra-
tions [4] modified from the standard procedures of
Chai et al [10] and Ryan et al [11]. 

Detection of  airway narrowing in Anglo-American
countries commonly relies on forced spirometry
(FEV1). A fall in FEV1 ≥20% following MCH inhala-
tion is widely used to determine the degree of  AHR.
FEV1, however, is largely depending on the subject’s
cooperation, his compliance, and motivation. In addi-
tion inspiration to TLC and forced expiratory maneu-
vers widen the airway caliber and thus lower respirato-
ry airflow flow resistance [12]. This effect was already
described by Nadel and Tierney in 1961 [13]. Slas et al
[14] showed that airways inflammation plays an essen-
tial role in responses to deep inhalations in healthy
subjects and patients with bronchial asthma causing
bronchodilatation. Bronchidilatation by deep inhala-
tion may however be of  only minor importance in pa-
tients with chronic obstructive pulmonary disease
(COPD) and increased airway resistance [14]. 

In contrast, for body plethysmographic measure-
ments of  specific airway resistance (sRaw), or specific
conductance (sGaw), which have lately been standard-
ized and recommended by the ‘Deutsche Atemwegsli-
ga’, only quiet breathing is required with a minimum
of  cooperation. The major part of  airways resistance
is localized in the first 8 to 12 bronchial generations
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and less in peripheral lungs. The peripheral lung, how-
ever, is incorporated in sRaw or sGaw by their volume
related component. An increase of  sRaw of  ≥200%
from baseline value and its absolute value larger than
2.0 kPa . s as well as a fall in sGaw ≥40% from base-
line with an absolute value below 0.5 1/(kPa . s) are
recommended by both international societies, ATS
and ERS, to determine AHR. ATS and ERS consider
both spirometry ( FEV1) and body plethysmography
(sReff  and sGeff) for bronchoprovocation testing;
comparative studies are, however, lacking. 

In the present study, we compared both methods in
order to evaluate the concordance of  forced spirome-
try and body plethysmography, concerning their clini-
cal value during MCH challenge testing in patients
with confirmed bronchial asthma.

MATERIAL AND ETHODS

STUDY POPULATION

Cumulative MCH challenges test were performed in
155 patients (82 males, 73 females) with a mean age of
50.4 ±15.9 years (range 18–84 years), 170 ±10 cm
height (range 154–194 cm) and a mean BMI of  28 ±
6.2 kg/m2 (range 16.8–48.9) during a clinical assess-
ment of  patients with chronic cough or suspected
mild asthma referred to a 205-bed-center for pul-
monology and thoracic surgery prospectively. None of
the patients had any cardiac or pulmonary disease oth-
er than suspected asthma and none were receiving
medication for upper or lower airway disease, other
than inhaled short acting bronchodilators. Inclusion
criteria: >18 yr of  age, non-smoker, no respiratory in-
fection or exacerbation of  asthma within the preced-
ing 6 weeks; FEV1 ≥70% pred and ≥1.5 L, no previ-
ous treatment with oral or inhaled steroids. Subjects
were interviewed by a pulmonologist, and asked to re-
frain from using caffeine-containing beverages, and
gave informed written consent to the study. 

METHACHOLINE CHALLENGES

Methacholine chloride was dissolved in isotonic saline
to a final concentration of  16 mg/ml. This standard
MCH concentration was used at all provocation steps.
The patients were advised to breathe tidal and slow
without exceeding a maximal flow of  0.5 L/s. At in-
halation after a time of  0.2 s, the nebulizer generated
an aerosol bolus for defined periods of  time (0.29 s,
0.59 s and 0.94 s). The MCH challenge procedure had
the following design: after measuring baseline values
and an initial inhalation of  aerosolized isotonic saline,
maximal 5 provocation steps (0.025, 0.050, 0.100,
0.201, and 0.401 mg) were performed. The challenge
test was terminated by administration of  the short act-
ing bronchodilator. The APS provocation system (Car-
dinal Health, Höchberg, Germany) uses the effective
and reliable nebulizer from MedicAid with an aerody-
namic mass median diameter of  particles of  MMAD
3.2 µm, which is optimal size for effective sedimenta-
tion of  the aerosol in the lung. The cumulative inhaled
doses after each step of  inhalation (0.025, 0.075,
0.175, 0.376, and 0.777 mg MCH) were obtained by

taking two breaths with MCH boluses at step one and
two, 4 breaths at step 3, 8 breaths at step 4, and 10
breaths at step 5. Classification of  AHR was per-
formed in four steps: severe (MCH dose < 0.05 mg),
moderate (0.05 mg < MCH dose < 0.20 mg) mild (0.20
< MCH dose < 0.65 mg), and normal responsive
(MCH dose > 0.65 mg).

LUNG FUNCTION MEASUREMENTS

Specific airway resistance (sRaw), specific conductance
(sGaw), airway resistance (Raw), conductance (Gaw)
and intrathoraxic gas volume (ITGV) were recorded
by body plethysmography (MasterScreen Body, Cardi-
nal Health, Höchberg, Germany). In the combined
measurements, body plethysmography was performed
first followed by forced spirometry. In both test the
patient was sitting in upright position. To allow opti-
mal instruction and motivation in the forced spiromet-
ric maneuver, the door of  the plethysmograph was
opened for this test. According to the recommenda-
tions of  the manufactures the body plethysmograph
was calibrated every morning.

The spirometric test results were compared to the
reference equations of  the ECCS [15]. Classification of
body plethysmography based on the current recom-
mendations of  Criee at al [16]. At rest, after saline in-
halation and after each step of  MCH inhalation body
plethysmography was measured 2 minutes after MCH
inhalation, with determination of  Reff, sReff, Rtot, sR-
tot, sGeff  and sGtot, and ITGV [17]. An increase of
sRaw of  ≥200% from 100% baseline value and its ab-
solute value larger than 2.0 kPa . s or a fall in sGaw
≥40% and its absolute value lower than 0.5 1/(kPa . s)
are recommended as thresholds to determine airways
hyperresponsiveness. At baseline and after crossing the
PD threshold in body plethysmography (PD+100 Raw,
sRaw,) forced spirometric maneuvers were performed
and FEV1, FVC, and FEV1 %FVC were determined
and the PD-20 FEV1 extrapolated. 

DATA ANALYSIS

Because the challenge needed to be stopped as soon as
patients showed significant symptoms based on airway
narrowing and assessed via PD+100 sRaw, most spiro-
metric datasets were left incomplete with some param-
eters not reaching the diagnostic threshold PD-20
FEV1. Utilizing the regression analysis of  the recorded
airway resistance parameters taking the metacholine
dose as the covariate, we could extrapolate to missing
spirometric values and interpolate the estimated meta-
choline dose when crossing the threshold between two
consecutive measurements.

Regression was done in a simple 3-way process of
transforming data into linear space, doing linear re-
gression and back transformation, where linear regres-
sion was performed by built-in statistical functions of
an Oracle© 10g XE database. Quality checking was
done by calculating the mean goodness-of-fit for each
parameter which yielded the following results: Using
regression analysis of  the recorded airway parameters
taking the MCH dose as the covariate we could extrap-
olate to missing values and interpolate the estimated
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MCH dose when crossing the threshold of  -20% for
FEV1, between two consecutive measurements. The
regression analysis resulted in high values for the
‘goodness of  fit’ (0.83 > r2 < 0.95). The required
PD+100 MCH doses for airway, specific airway resist-
ance (Rtot, Reff, sRtot, and sReff), and specific con-
ductance (sGaw) were compared to PD-20 of  FEV1. 

RESULTS

LUNG FUNCTION PARAMETERS OF PATIENTS INCLUDED
IN THE STUDY

Under baseline conditions, the mean values of  respira-
tory parameters of  males with mild asthma were in the
normal range for sReff  (mean 0.77 ±0.036 kPa . s,
range 0.26-1.6), FEV1 (3.51 ±0.90 L, range 0.95-5.55,
or 95% according ECCS reference values) and sGeff
(mean 1.53 ±0.63 1/kPa . s) (Table 1). The mean base-
line values for females corresponded to ECCS refer-
ence values for FEV1 (2.45 ± 0.60 L, range 1.23-4.16
L, or 95.5% predicted) and to plethysmographically
measured sReff  (0.835 ±0.306 kPa . s, range 0.12-1.65)
and sGeff  (mean 1.37 ±0.63 1/kPa . s).

CLASSIFICATION OF AIRWAY HYPERRESPONSIVENESS

According to PD+100 sReff, 25 patients suffered
from severe AHR, in 47 a moderate AHR was found,

in 41 patients a mild airway AHR, and in another 41
patients normal responses with an increase in sReff  <
2.0 kPa/L . s or < 100%. So a total of  113 patients
(75%) showed positive MCH challenges based on sR-
eff (Fig.1).

Regarding PD-40 sGeff  with a decrease of  40% as
the threshold value, 28 patients had severe, 58 patients
moderate, and 45 mild AHR, whereas only 19 patients
had normal responses, so 88% of  the patients had
positive test results by sGeff. 

Taking a fall in FEV1 >20% of  baseline value 
(PD-20 FEV1) as a criterion, only 6 patients 
had severe AHR, 23 had moderate responses, 21 
had mild responses, and the majority of  104 patients
had no response. So, 50 from the 154 patients 
(32%) had a positive test result with FEV1
(Fig. 2).

The mean MCH-dose for diagnosis of  severe AHR
was 0.026 ± 0.012 mg MCH. This dose was inhaled 
after the first or second MCH-inhalation step. Moder-
ate AHR was diagnosed after step 3 or 4, at a mean
cumulative dose of 0.122 ±0.046 mg MCH. The 
mean dose for a mild AHR was 0.356 ± 0.122 mg
MCH.

Statistical analysis revealed strongly linearly corre-
lated parameters of  airway resistance, but no signifi-
cant relationship between the test results of  body
plethysmography and forced spirometry. PD+100 sR-
eff and PD+100 sRtot significantly correlated in pa-
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Fig. 1. Number of  patients with MCH re-
sponses, classified as severe, moderate,
mild, and normal, based on PD+100 for
sReff, sRtot, Reff, Rtot , PD-40 for sGeff
and sGRtot and PD-20 for FEV1.

Table 1. Baseline respiratory parameters of  patients with mild asthma included in the study.

FEV1 FEV1% Reff sReff Rtot sRtot sGeff sGtot
(L/s) FVC (%) (kPa/L . s) (kPa . s) (kPa/L . s) (kPa . s) (1/kPa . s) (1/kPa . s)

Males, n =  82
MW 3.51 82.2 0.19 0.77 0.22 0.87 1.53 1.29
SD ±0.91 ±7.60 ±0.07 ±0.36 ±0.07 ±0.34 ±0.62 ±0.41
Med 3.47 83.2 0.19 0.71 0.22 0.80 1.41 1.26

Females, n = 73 
MW 2.45 85.0 0.26 0.84 0.29 0.92 1.40 1.19
SD ±0.62 ±7.06 ±0.10 ±0.31 ±0.09 ±0.28 ±0.63 ±0.47
Med 2.36 85.40 0.26 0.79 0.28 0.90 1.12 1.11
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tients with severe, moderate and mild degree of  AHR
(Fig. 3). For PD-20 FEV1 and PD+100 sReff  no sig-
nificant correlation could be found (Fig. 4). Signifi-
cant accuracy of  PD+100 sReff  and PD-40 sGeff
could be stated.

Coinciding positive or negative results in Reff  and
sReff  were found in 95% of  the MCH tests, sReff  and
sRtot matched in 88% of  the patients, 85% matched
in sReff  and sGeff, but only 47% coinciding responses
were obtained in sReff  and FEV1.
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Fig. 2. Accuracy of  responses classi-
fied as severe, moderate, mild and nor-
mal, based on PD+100 for sReff, sR-
tot, Reff, Rtot, PD-40 for sGeff  and
sGRtot, and PD-20 for FEV1.

Fig. 3. Correlation of  PD+100 sRtot and
PD+100 sReff  in cumulative MCH chal-
lenge testing inpatients with mild asthma.

Fig. 4. Correlation of  PD+100 sReff  and
of  PD-20 FEV1 in cumulative MCH chal-
lenge tests in patients with mild asthma.
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DISCUSSION

The concordance of  forced spirometry and tidal
breathing recording, studied by body plethysmogra-
phy, was investigated by bronchial challenge tests 
in patients with chronic cough or suspected mild 
asthma. In cumulative MCH challenges, we found
specific airway resistance (sReff) to be the most useful
parameter in the detection of  AHR. The measure-
ment of  specific airway resistance (sRaw) by body
plethysmography is largely independent of  patient’s
cooperation, facilitating the interpretation of  meas-
urements. Furthermore, higher MCH doses 
were necessary before FEV1, as a key parameter of
forced spirometry, showed a significant decrease
above 20%. Although most practitioners only meas-
ure FEV1, reliance upon this measurement alone can
lead to both false negative and false positive test re-
sults. 

Goldstein et al [18] reported that sensitivity of  a
MCH challenge determined by FEV1 alone was only
60%, but increased to 97% after the assessments of
FVC, sGaw, and thoracic gas volume (TGV) were
added to the analysis. This result is in accordance with
the known axial heterogeneity of  the response of  air-
ways of  different caliber to bronchoactive agents. Fur-
thermore, if  patients not fully inhale to total lung ca-
pacity (TLC), a fall in FEV1 can occur and cause a
false positive result. Generally, the sensitivity of  a pos-
itive MCH challenge test for the diagnosis of  asthma
is 85%. A positive predictive value is more limited, as
false positive results may be seen in patients with aller-
gic rhinitis, cystic fibrosis, congestive heart failure,
COPD, and bronchitis. [1, 19]. However, patients with
allergic rhinitis, cystic fibrosis, heart failure, or COPD
were not included in this study.

IMPACT OF DEEP INSPIRATIONS DURING FORCED
EXPIRATORY MANEUVERS ON MCH-TESTING

Deep breaths effectively modulate airway caliber. In
healthy subjects, deep inhalations result in bronchodi-
latation and reduce pharmacologically induced airways
obstruction [20]. On the other hand, avoidance of
maximal maneuvers enhances reactions of  bron-
choconstrictor agents [21]. Taking deep breaths before
bronchial challenge tests diminshes obstructive re-
sponses as a consequence [22, 23]. Therefore, deep in-
spirations during forced expiratory maneuvers provide
an effective protection against airways obstruction.
However, the beneficial effects of  deep inspirations
are impaired in asthma [24, 25] and during acute exac-
erbations of  asthma. In these clinical settings deep in-
spirations may even enhance obstructive responses
[26]. In chronic obstructive pulmonary disease
(COPD), bronchodilatory effects of  deep inspirations
are effectively reduced, which may depend on the de-
gree of  parenchymal damage [27]. Airway inflamma-
tion is a typical feature of  asthma and COPD, al-
though the composition of  inflammatory cells is dif-
ferent [28, 29]. Inflammatory processes induce airway
remodelling and thus increasing thickness of  airway
walls and reducing the elasticity of  the airways [30].
The result would be a reduced strain transmission

from lung parenchyma to the airway walls and dimin-
ished effects of  stretching the airways [31].

Slats et al [14] demonstrated that the bronchodilato-
ry effects of  deep inspirations in asthma are related to
inflammatory cell counts in bronchial walls and
smooth muscle layers, whereas in moderate COPD
this relationship could not be found. They conclude
that the physiologic protection against narrowing of
the airways by deep inspirations is impaired in asthma
and COPD, but depends on different mechanisms.

CHANGES IN AIRWAY RESISTANCE DURING QUIET
BREATHING

Using body plethysmography for the assessment of
airway resistance responses, measurements are per-
formed during quiet breathing and are not masked by
the bronchodilatory responses of  deep inhalations or
positive intraluminal pressure in the airways. In addi-
tion, the results are largely independent of  patients’
cooperation. There was a close correlation between
Reff  and Rtot, the two parameters for airway resist-
ance, which are calculated from different approaches,
and the PD+100 of  both parameters. In addition, spe-
cific airway resistance sReff  and sRtot, including lung
volume and changes in lung volume during airway ob-
struction, closely correlate. Since Raw and intratho-
racic gas volume (ITGV) both increase during acute
airway obstruction, the largest response rates can be
recorded in sReff  and sRtot. A close correlation was
also found between specific airway resistance and spe-
cific conductance, sGaw, the reciprocal value of  spe-
cific resistance. In further investigations, PD sGaw
should be adjusted to PD+100 sReff. 

CLINICAL RELEVANCE OF NON-SPECIFIC CHALLENGE
TESTING

AHR is an important defining feature of  asthma and
is a manifestation of  reversible airflow obstruction
due to smooth muscle contraction. AHR represents an
exaggerated constrictor response to a variety of  physi-
cal, chemical, or environmental stimuli. AHR can be
quantified by the dose response to pharmacologic
agents such as methacholine or histamine, causing a
20% decrease in FEV1 from baseline. While AHR is
not specific for asthma, patients with asthma typically
demonstrate AHR to much lower doses (e.g., 10- to
100-fold) of  these agents than normal or allergic indi-
viduals. The single, most typical abnormality in many
patients with asthma is AHR. As a result, the assess-
ment of  changes in AHR using bronchoprovocation
testing may be preferable to the reliance upon subjec-
tive changes in symptoms alone. This is particularly
relevant when asthma control requires a complex,
costly, and potentially toxic therapeutic regimen. Thus,
an appropriate bronchoprovocation testing is of  high
clinical relevance. Indications for bronchoprovocation
testing include not only the accurate diagnosis of  asth-
ma, but also the assessment of  the response to asthma
therapy, and, less commonly, the identification of  trig-
gers for cases involving environmental or occupational
asthma. The measurement of  AHR by bronchoprovo-
cation testing is potentially useful for several reasons:
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failure to show AHR argues against the diagnosis of
asthma, AHR may be the sole objective evidence of
airway dysfunction, AHR is quantitatively associated
with the presence and severity of  disease, the occur-
rence of  AHR in an asymptomatic person may help
predict the future development of  asthma, the degree
of  AHR in a symptomatic person can have prognostic
and potentially therapeutic implications, the periodici-
ty of  asthma exists in parallel with changes in the de-
gree of  AHR [32, 33]. A false negative FEV1 in pa-
tients with asthma may have serious consequences for
the patient due to undertreatment. Thus, recording re-
sponses of  airway resistance by measurements per-
formed during quiet breathing, which are not masked
by the bronchodilatory responses of  deep inspirations
may increase the diagnostic impact of  bronchoprovo-
cation.

SUMMARY AND CONCLUSION

The authors compared forced spirometry and body
plethysmography in order to evaluate the concordance
of  the forced respiratory maneuvers and measure-
ments of  airway resistance during normal breathing in
MCH challenges. PD+100 Raw and PD-40 Gaw for
the following plethysmographically measured parame-
ters Rtot, Reff, sRtot, sReff, sGtot, and sGeff, are
closely correlated with cumulative MCH-challenge
tests. Our results did not show a correlation of
PD+100 sReff  and PD-20 FEV1. The reason for the
different responses might be found in the location of
the plethymographically measured airway resistance
and the flow reduction measured in forced spirometric
maneuvers. From our results, we would recommend
sReff  and sGaw as the reliable parameters for classifi-
cation of  AHR. Additional investigations on healthy
subjects and patients with asthma and COPD should
be performed to compare the sensitivity and specifici-
ty of  body plethysmography and forced spirometry
for MCH- challenge tests.

Conflicts of  interest: No conflicts of  interests were declared
by the authors in relation to this article.
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