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ABSTRACT: The measurement of forced expiratory volume in one second (FEV1)
is often used to assess the effect of bronchial provocations, and deep inspiration
is required beforehand. This may briefly alter the bronchial tone in a variable way
in some subjects. The forced oscillation technique (FOT) is a test used to charac-
terize the mechanical impedance of the respiratory system, and prior deep inspi-
ration is not required. We tested the hypothesis that measurable bronchoconstriction
would occur in all asthmatic subjects stimulated with isocapnic hyperventilation
of dry cold air (IHCA).

Twenty patients with mild asthma and nine healthy controls were exposed to
IHCA, at 70% of their maximal voluntary ventilatory capacity for 4 min and the
results were assessed both by applying the FOT and by measuring FEV1. Optimal
cut-off levels were defined by receiver operating characteristic (ROC) curve analy-
ses of the changes in respiratory resistance and reactance at 5-35 Hz, resonant
frequency (fres) and FEV1.

A positive result was present in the asthmatics when measured by FOT, and
using ROC analyses the discriminative capacity to correctly diagnose asthma was
greatest for responses in fres; the sensitivity was 89% and the specificity 100%.
The sensitivity of FEV1 to correctly diagnose asthma was only 73 %, and the speci-
ficity 88%.

In conclusion, the results of this study suggest that the use of forced expirato-
ry volume in one second for bronchial provocation tests by isocapnic hyperventi-
lation of dry cold air may be misleading and that the bronchoconstriction thus
elicited is measured with greater sensitivity and specificity by the forced oscilla-
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tion technique than by forced expiratory volume in one second.

Eur Respir J 1997; 10: 2243-2249.

Isocapnic hyperventilation is a physiological bron-
choprovocation test useful in the diagnosis of asthma.
It has been suggested that subjects with a decline in
forced expiratory volume during one second (FEV1) of
at least 10% after isocapnic hyperventilation of dry cold
air (IHCA) should be diagnosed as having asthma [1].
Measuring the effects of the test using FEV1 requires
that the subject performs a deep inhalation (DI) prior
to the test, which is known to elicit changes in bron-
chomotor tone in some individuals [2]. The ability of
FEV1 measurements to correctly identify constriction or
dilation of the bronchi elicited by either a bronchial
provocation test or a bronchodilator might, therefore,
be reduced. In support of this theory, it was reported
that spirometry alone may fail to identify reversibility
of airways obstruction and approximately 15% of res-
ponses recorded in an asthma population were false neg-
atives [3]. Alternative tests must, therefore, be used to
correctly identify changes in airway tone and a techni-
que that does not require a preceding DI is preferable.

The forced oscillation technique (FOT) for measuring
bronchial responses is simple, requires only passive co-
operation and a preceding DI is not required [4]. FOT
is a method by which respiratory input impedance can
be measured simultaneously at various frequencies by
means of complex oscillations superimposed at the mouth
during spontaneous quiet breathing. FEV1, on the other
hand, is a well-established method and highly repro-
ducible values are obtained [5, 6], although the effort
required by the patient may limit the feasibility, espe-
cially when repeated measurements are carried out on
asthmatics.

The hypothesis that we wished to test was that mea-
surable bronchoconstriction was elicited in all asthma-
tics stimulated with IHCA for 4 min. We also intended
to determine whether there was a difference in the abil-
ity to detect bronchoconstriction elicited by IHCA bet-
ween measurements recorded using a special form of
FOT, the impulse oscillation system (I0S), and FEV1
in a mixed population of mild asthmatics and healthy
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volunteers. To this end, the sensitivity and specificity
of measurements, by means of I0S or FEV1, were com-
pared at different predetermined levels and evaluated
by receiver operating characteristic (ROC) analyses. The
capacity of the various parameters derived from 10S
measurements, to identify bronchoconstriction elicited
by IHCA, was evaluated to ascertain the presence or
absence of a clinical diagnosis of asthma.

Methods

Patients

Twenty patients (thirteen women) with a clinical
diagnosis of asthma, confirmed by a history of recurr-
ent attacks of dyspnoea with perceptible wheezing, and
meeting the American Thoracic Society clinical cri-
teria [7], including prior demonstration of reversible
airway obstruction of at least 15% or an abnormal bron-
choprovocation challenge test. The subjects were rand-
omly selected from a larger population of patients with
asthma. All patients were in a stable clinical condition,
and the resting value of FEV1 was >80% of the pre-
dicted normal value [8, 9] in all but one of the subjects
(78% pred). Exclusion criteria were airway infection or
acute exacerbation 3 weeks prior to the test and any
cardiorespiratory disease other than asthma. All asth-
matics included in the test used short-acting beta-ago-
nists on an "as-required basis" and no beta-agonist was
allowed 8 h prior to the test. Twelve of the patients used
inhaled glucocorticosteroids, none currently used non-
steroidal anti-inflammatory drugs. Nine healthy volun-
teers (seven women) served as normal controls with no
asthmatic symptoms and none of the exclusion criteria
listed above. Demographic data are presented in table
1. A peak flow meter (Mini Wright, Clement Clarke
Int Ltd, Harlow, Essex, UK) was given to all subjects
1 week prior to the test and the subjects were encour-
aged to measure peak expiratory flow rate (PEFR) twice
daily for at least 5 days prior to the test. PEFR vari-
ability was calculated from the maximal minus the min-
imal value divided by the mean for the period. The
PEFR variability was used as an independent indicator
of bronchial hyperresponsiveness [10]. The study was
approved by the local Ethics Research Committee and
informed consent was obtained from all subjects before
being included in the study.

Table 1. — Demographic data and pretest values of
FEV1 and PEF variability in patients with mild asthma
and in healthy controls

Asthmatics Controls

(n=20) (n=9)

Age yrs 32+10 37«8
Sex F/M 13/7 72
Height cm 169+6 170+9
Weight kg 64+10 66+11
FEV1 % pred 917 97+14
PEF variability % 4.5+4.1 1.8+1.1

Values are means+sp, or absolute number for sex. There were
no significant differences between groups for any parameter.
FEV1: forced expiratory volume in one second; PEF variabi-
lity: peak expiratory flow rate variability over time.

Test technique

After baseline measurements of impedance and spiro-
metry were taken, the subjects hyperventilated a dry gas
mixture of 5% CO, and air during a single 4 min test,
the target minute ventilation being set at 25 times base-
line FEV1 per minute (corresponding to ~70% of the
maximal voluntary ventilation). A rotameter (Platon,
Platon Parks Viables, Hants, UK) monitored the inhala-
tion circuit flow rate. Air was directed through a ball-
oon and a steady level of ventilation was achieved by
visually observing the balloon size. The subjects breathed
through a mouthpiece connected to a modified Respir-
atory Heat Exchange System (RHES, Erich Jaeger AG,
Wiirzburg, Germany) and a Lauda UKT 800 refrigera-
tor (Erich Jaeger AG), equipped with a two-way valve
in the outlet which allowed the subjects to breath a dry
cold air/CO, mixture. A thermistor was located 10 cm
in front of the teeth in the inspiratory flow for measur-
ing the temperature of the inhaled air (kept at -15°C
during the test).

Relative humidity was measured by means of a hy-
grometer (Model 451, Testoterm GmbH, Germany) and
using a Mollier diagram, the absolute humidity was cal-
culated to be approximately 0.4 g water-kg dry cold air!.

Repeated challenges with hyperpnoea were perform-
ed in 14 patients with mild asthma and in seven healthy
controls. The 95% confidence intervals for the differ-
ences in lung function measurements performed 7-8
min after the challenges, were -0.03—0.12 L for FEV1
measurements and -3.06-0.33 Hz for measurements of
resonant frequency (fres). The coefficient of repeatabil-
ity, as defined by sp/mean differences, was 3.6 for FEV1
and 2.7 for resonant frequency.

Measurement of lung function

Lung function was measured in duplicate at base-
line. Spirometry and IOS measurements were perfor-
med using an MS-IOS Digital instrument (Erich Jaeger
AG) and the results were processed on an ALR 486
computer (Evolution 1V, Irvine, CA, USA). The oscil-
lometry equipment fulfilled the standard recommenda-
tions [11] and flow and volume measurements were
corrected according to body temperature and ambient
pressure, saturated with water vapour (BTPS) condi-
tions. Impedance measurements were performed accord-
ing to principles previously published [12, 13] and data
recorded during calm tidal breathing for periods of 30
sand 3, 5,7, 11 and 13 min after IHCA. The IOS tech-
nique uses a simple on/off control of a loudspeaker to
generate brief pressure pulses which form the test sig-
nal. These pressure pulses, with a frequency range up
to 100 Hz, are generated at a rate of 3 pulses-s! and
are superimposed on the spontaneous breathing of the
subject. Pressure and airflow are recorded simultane-
ously at the mouth of the subject, by means of a Lilly
type pneumotachograph (Erich Jaeger AG) connected
to a differential pressure transducer (Sensym SLP 004,
+/- 1 kPa; Sensym Inc, Fremont, CA, USA). The com-
mon mode rejection ratio of both transducers is 70 dB
up to 50 Hz. Flow and pressure are analogue low-pass
filtered at 50 Hz (-3 dB) and simultaneously sampled
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at 200 Hz. Fast Fourier transformation of flow and pres-
sure has a frequency resolution of 3.125 Hz in the range
0-50 Hz. For every determined frequency, the ratio
between pressure and resulting airflow constitutes the
impedance of the respiratory system (Z), which is charac-
terized by its two cartesian components resistance (R)
and reactance (X), where Z=R+jX. Apart from daily
flow-volume calibrations, the equipment was regularly
checked against a reference impedance of 0.2 kPa-L-1-s-1.
Airway resistance at 5 Hz (R5), 20 Hz (R20) and 35 Hz
(R35), as well as reactance at 5 Hz (X5), 35 Hz (X35)
and fres were evaluated. The value of fres depends on
the values of X at the various frequencies and is con-
stituted by the frequency at which X is 0. The airway
responses to IHCA were recorded in all subjects 8 min
after the test was completed, using FEV1 measurements

(fig. 1).

Data analysis

Data are expressed as mean+sp, unless otherwise in-
dicated. All statistical calculations were carried out using
a computer program (Statistica 5.0, Statsoft Inc, Tulsa,
USA). The Student's t-test of independent and depen-
dent values was used and the mean difference and stan-
dard deviation of the difference (spdiff) were calculated
on the duplicate measurements at baseline (table 2).
There was no significant correlation between spdiff and
the baseline values in any of the parameters (the coef-
ficients of correlation ranged -0.08-0.34, p>0.05). In
this presentation, the predetermined levels of decision
for responses were based on the size of the deviation
from baseline divided by the spdiff for the particular
parameter, thus expressing deviation from baseline as
the number of sp units. It was decided that the response
decision levels for the various parameters should be
determined for the range 0.5-6 sp units. The 7 min post-

I0S FEV1  IHCA I0S 10S IOSFEV1  10S I0S

i O [ I | L
Before challenge 3 5 78 1 13
Time after IHCA min
Fig. 1. — Schedule of investigational events. Measurements were

taken in duplicate at baseline and after isocapnic hyperventilation of
cold air (IHCA), by means of impulse oscillometry (IOS) and forced
expiratory volume in one second (FEV1).

Table 2. — Lung function parameters measured in dupli-
cate at baseline

Replicate 1 Replicate 2 spdiff

Impulse oscillometry

Rs kPa.L-ls! 0.37+0.09 0.36+0.08 0.025
R20 kPa-L-l.s! 0.34+0.08 0.34+0.08 0.019
R35 kPa-L-l-s7! 0.36+0.07 0.36+0.07 0.026
X5 kPa-L-ls! 0.11+0.03 0.10+0.03 0.016
X35 kPa-L-l.s! 0.13+0.05 0.13+0.05 0.020
fres Hz 11.5+2.8 11.5+2.9 0.8
Spirometry

FEV1 L 3.9+0.9 3.9+0.9 0.1

Values are mean=sp for replicates 1 and 2 and absolute val-
ues for the sp of the difference (spdiff). R5, R20, R35: resis-
tance at 5, 20 and 35 Hz, respectively; X5, X35: reactance at
5 and 35 Hz, respectively; fres: resonant frequency; FEV1:
forced expiratory volume in one second.

test sensitivity and specificity of responses of R5, R20,
R35, X5, X35, fres and the 8 min FEV1 were registered
on the computer and compared in order to ascertain the
presence or absence of a clinical diagnosis of asthma,
assuming that all asthmatics would respond to the test.
The occurrence of positive or negative responses to the
test and presence or absence of the clinical diagnosis of
asthma [7] were calculated and compared between the
two methods of evaluation using the ROC analysis. The
relationship between true-positive and false-positive rate
over arange of decision levels was then illustrated graph-
ically. Changes in the true-positive rate (i.e. sensitivity)
was shown as a function of the false-positive rate (i.e.
1 minus specificity) over the range of decision levels
examined. A comparison of alternative techniques in
similar conditions and over several decision levels may
be carried out using this technique [14, 15], and it is
possible to identify the optimal cut-off point that dis-
criminates most efficiently between the absence or pre-
sence of a particular patient condition. The point closest
to that at which both sensitivity and specificity are 1,
i.e. 100% true-positive and no false-positive predic-
tions, is the optimal cut-off point, and the distance to
this point and any point on the ROC curve character-
izes the test's discriminative ability at a given decision
level. The distance of any point on a ROC curve from
the ideal point may be measured and plotted against the
decision levels, and the shorter the distance, the grea-
ter the method's capacity at any decision level. In this
presentation the distance to the ideal point is expressed
as distance units (DUs) and the decision levels expres-
sed as deviation from baseline in number of sp units.

Results

Analyses of the ROC curves for the best discrimina-
tive capacity (i.e. shortest distance to the ideal point)
of the IOS parameters or forced expiration, recorded 7
min after IHCA, revealed that the shortest distances
were obtained when data of fres and R5 were analysed.
These parameters, therefore, had the greatest discrimi-
native capacity for correctly identifying asthma by bron-
chial obstruction elicited by IHCA. The optimal cut-off
level for fres was determined as 3 sp units (fig. 2) and
sensitivity in detecting responses in asthma was 89%
and specificity 100%. At the optimal cut-off level of 2
SD units, the sensitivity of R5 was 88% and specificity
89%. The power of FEV1 was much lower and at the
optimal cut-off level of 2 sp units, the sensitivity of FEV1
to correctly diagnose asthma by bronchoconstriction eli-
cited by IHCA was 73% and specificity 88%.

The frequency dependence of the responses of air-
way resistance elicited by IHCA was recorded in the
patients 7 min after the test and significant differences
between the post- and pretest airway resistance were
recorded in the low frequency range among the asth-
matics (R5, p<0.001, R20, p<0.001; table 3 and fig. 3).
In contrast, there was no significant difference in air-
way resistance in the high frequency range (R35, p=
0.31).

Frequency dependence of the airway response in
asthmatics was also evident by comparing the post-test
values obtained from patients and volunteers. Post-test
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Fig. 2. — a) Receiver operating characteristic (ROC) curve; and b) distance to the ROC curve from the ideal point for various decision levels

(0.5-6 sp units) of changes in resonant frequency (fres; 1) and forced expiratory volume in one second (FEV1; 0). DU: distance unit. See text
for further details.

Table 3. — Lung function data obtained from 20 asthmatics with no symptoms and nine healthy control
persons, before and 7 and 8 min after isocapnic hyperventilation of cold air (IHCA)
Asthmatics (n=20) Controls (n=9)
Before IHCA After IHCA Before IHCA After IHCA
Impulse oscillometry
R5 kPaL-ls! 0.37+0.09 0.58+0.22###* 0.34+0.09 0.35+0.10
R20 kPa-L-l.s! 0.34+0.08 0.39+0.09### 0.32+0.08 0.32+0.08
R35 kPa-L-l.s! 0.35+0.06 0.36+0.08 0.38+0.09 0.36+0.08
X5 kPaL-ls! -0.11+£0.02 -0.22+0. 1 3t -0.10£0.03 -0.10£0.03
X35 kPa-L-l-sl 0.12+0.04 0.06£0.06####* 0.14+0.07 0.12+0.04
Jres Hz 12.0+£3.0 24 .4+8 4#tkk 10.5£2.5 11.6+3.1
Spirometry
FEV1I L 3.4+5 3.0+0.6%## 3.6£0.9 3.5+1.0
###: p<0.001, versus before THCA; **, *¥*: p<0.01, p<0.001, versus controls after IHCA. For definitions, see table 2.
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Fig. 3. — Example of impulse oscillometry system (IOS) data recorded in: a) one subject with asthma; and b) one healthy control. Resistance

obtained in the frequency range 5-35 Hz, before (m) and after (®) isocapnic hyperventilation of cold air, and reactance obtained in the frequen-
cy range 5-35 Hz, before (1), and 7 min after (O) isocapnic hyperventilation of cold air are given. Resonant frequencies recorded before (fres.0)
and 7 min after (fres,7) the challenge, are indicated by the frequency at which the reactance is zero.
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values of R5 were significantly higher in the asthma-
tics than in the healthy volunteers (p=0.005), while this
was not so for R20 (p=0.07) and R35 (p=0.95) (table 3).
Significant responses in airway reactance (X5, X35 and
fres) were recorded in the asthmatics 7 min after IHCA
(p<0.001, all comparisons) and all the values recorded
after the test were significantly different in the asthma-
tics and volunteers (p<0.01, table 3). The healthy vol-
unteers showed no significant response to IHCA in the
measurements of FEV1 or impedance (p>0.05, all com-
parisons) and no differences between asthmatics and
healthy volunteers were seen at baseline in any of the
lung function parameters (table 3).

Peak expiratory flow (PEF) variability before the test
tended to be higher in the asthmatics than in the vol-
unteers and was significantly correlated to the magni-
tude of response in fres elicited by IHCA (r=0.46, p<0.05),
but not to any of the remaining lung function parame-
ters. Significant correlation was also obtained between
the responses in FEV1 and those in R5 (r = -0.79,
p<0.01), fres (r =-0.73, p<0.01) and X5 (r=0.89, p<0.01),
but not in the other parameters obtained by IOS.

Effect of forced movement on bronchial tone

Fifteen of the asthmatics were evaluated with regard
to how the bronchial tone is affected by a forced expi-
ratory manoeuvre preceded by a DI, by taking imped-
ance measurements 11 and 13 min after the IHCA, i.e.
3 and 5 min after the final FEV1 measurement (fig. 1).
Temporary and partial bronchodilation was recorded
in most of the asthmatics after the forced action and
the decreases of airway tone, recorded by a fall in fres
3 min after the FEV1 (-4.4+5.8 Hz) were followed by
a mean increase in fres 5 min after this action (+1.7+4.2
Hz ). A retrospective analysis of these asthmatics was
carried out in order to evaluate whether there were any
characteristics that could distinguish the asthmatics
who responded to forced actions with more pronounced
bronchodilation, from those who did not. The asthma
population was divided into two groups depending on
whether their change in fres from the third to the fifth
minute after the forced action was above or below the
median value for the whole group of asthmatics, as only
those who exhibited an increased bronchial tone after
some minutes could claim reversal of the induced bron-
choconstriction elicited by the forced action. The two
groups contained eight (seven females) and seven (five
females) individuals each, and there was no difference
in the demographic data between the groups. The level
of bronchial tone, as reflected by fres, measured before
and after [HCA and FEV1 is illustrated for the two sub-
groups of asthma patients (fig. 4). Significantly higher
values of R5 (p<0.01), R20 (p<0.01) and R35 (p<0.05)
were recorded at baseline in the groups of asthmatics
who did not respond to DI with reversal of the bronchial
contraction. For these asthmatics, the data indicate
higher baseline airways tone. Similarly, the values of
X5 were lower in this group of asthmatics, but the dif-
ference did not reach statistical significance (p=0.07).The
difference in baseline tone was also reflected in a dif-
ference between fres at baseline, the difference was not,
however, statistically significant (p=0.06).
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Fig. 4. — Resonant frequency before and after isocapnic hyperven-
tilation of cold air (IHCA) and one deep inspiration (DI) and forced
expiratory volume in one second (FEV1) manoeuvre, in eight asth-
matics where the bronchoconstriction did not reverse after a forced
action (Group A; 1) and in seven asthmatics who exhibited tempo-
rary bronchodilation after a forced action (Group B; O). Data obtained
from nine healthy controls are also given (Controls; A). Values are
presented as meantsem. *: p<0.05, versus Group B; # ##: p<0.01,
p<0.001, versus patients.

Impedance measurements were discontinued for five
asthmatics, four individuals for technical reasons and one
individual for safety reasons (excessive bronchial res-
ponse). Retrospective analysis of the status at baseline
for the four subjects who were not evaluated, revealed
that they tended to have lower bronchial tone in rela-
tion to the remaining asthmatics, determined by higher
values of FEV1 (p<0.001) and lower values of R5 and
R20 (p<0.05 and p<0.001, respectively). The bronchial
responses to IHCA also tended to be milder in the four
asthmatics in whom the impact of forced action was not
studied; significantly lower responses to IHCA were
recorded in fres and FEV1 in relation to the remaining
asthmatics (both p<0.01). Furthermore, except for treat-
ment with glucocorticosteroids in the asthmatics, there
were no statistically significant differences at baseline
between these patients and the control subjects.

Discussion

All the asthmatics exhibited significant bronchial ob-
struction after IHCA, provided the response was mea-
sured by FOT and recorded at the optimal cut-off level.
This was not true when the airway response was mea-
sured by the FEV1 technique. The hypothesis that bron-
chial constriction was induced in all asthmatics was,
therefore, proven only for the FOT method of measur-
ing the airway response. The discriminative capacity,
sensitivity and specificity of impedance measurements,
i.e. fres and RS, were, therefore, shown to exceed that
of FEV1 in correctly diagnosing asthma by airway res-
ponses elicited by IHCA and recorded 7—8 min after the
test. The finding that FOT was a more sensitive method
than the forced expiration technique is in agreement
with recent observations of higher sensitivity of FOT
than flow-volume recordings [16]. The reason for the
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difference in discriminative capacity of the I0S and
FEV1 techniques is not known. Agreement between the
responses recorded through forced expiration and im-
pedance was not anticipated, since these techniques do
not measure the same airway properties or events. Tran-
sient reversal of the airway constriction induced by DI,
may contribute to the differences. Whether the DI itself,
performed as a part of a hyperpnoea test, also contri-
butes to a loss of bronchoconstriction at an early phase
after the test is not known, since we did not measure
impedance earlier than 3 min after completion of the
test. A temporary constriction reversal was recorded in
most of the asthmatics during the period directly after
the test. The time pattern of several minutes for the dila-
tion and constriction elicited by DI, as recorded in this
study, agrees with previously reported patterns [17], but
disagrees with others, where bronchodilation, which
rapidly passed, was recorded [18]. All the asthmatics
presented in this study had mild asthma and those who
responded with the greatest reversal of the bronchial
obstruction elicited by hyperpnoea also had the mildest
asthma, indicated by the lowest airway resistance val-
ues prior to the test. Airway diameter is known to influ-
ence responses to various types of bronchial challenges
[19, 20], but such differences at baseline cannot explain
the differences between the two subgroups of asthma.
The results agree with previous reports of mild asth-
matics [2, 21, 22] and the findings that the bron-
chomotor effect of DI corresponds to the severity of
asthma, was suggested to represent a physiological indi-
cator of peripheral obstruction due to inflammation in
mild asthmatics [23].

The mechanisms of the fall in bronchomotor tone by
DI are not fully understood, but may include differen-
ces in hysteresis of airway and lung parenchyma [24],
which, in turn, may depend upon differences in airway
inflammation. Volume history responses differed between
equally constricted guinea-pigs tested with either iso-
capnic hyperpnoea, methacholine or antigen [25]. A re-
versal of the constriction was observed only in animals
tested with hyperpnoea and methacholine, and differ-
ences in the concentration of inflammatory mediators
were observed in bronchoalveolar lavage fluid obtained
from these groups of animals, suggesting a difference
in airway and/or parenchymal microvascular leakage
and cellular inflammation between the tested animals.

Peak expiratory flow rate (PEFR) variability may re-
flect bronchial hyperresponsiveness by means of an
independent technique [10]. The level of PEFR vari-
ability was low in the present material, which indicates
that the asthmatics had a mild form of the disease and
a low level of unspecific bronchial hyperresponsiveness.
The response rate to IHCA, as assessed by the FOT, i.e.
fres, was, however, high and the magnitude of the respon-
ses correlated significantly to PEFR variability. The rel-
ative discrepancy in the levels of PEFR variability and
responses to IHCA may depend on an underestimation
of the variability of PEFR, as previously reported [26],
or, alternatively, it may reflect different aspects of asth-
ma.

In agreement with previous reports of tests subject-
ing asthma patients to cold air, we found frequency de-
pendence of the airway responses, suggesting events
within the peripheral compartments of the lung [27].

Movement of the upper airway wall during the forced
oscillation may underestimate the resistance values, but
providing firm support of the cheeks, as performed by
the present subjects, effectively reduces the error due
to movement of the upper airway wall [28]. Despite the
fact that the two different techniques to measure airway
responses do not measure the same properties, signifi-
cant correlation was obtained between responses in FEV 1
measurements and those of IOS within the low frequen-
cy range, which supports the notion that these paramet-
ers reflect events in the intrathoracic airway, presumably
peripheral.

The sensitivity and specificity of fres were highest in
all comparisons and, provided that the optimal cut-off
level was used, this parameter seemed suitable for ser-
ial or single airway response measurements in broncho-
provocation studies. Sensitivity and specificity of similar
magnitudes were reported in studies on the reversibility
of airway obstruction [29, 30] but tended to be higher
than in one particular study of induced bronchocon-
striction [31]. Due to variations in patient selection, test-
ing methods and analysis, however, the data cannot be
compared completely.

In conclusion, measurements of bronchoconstriction
elicited by isocapnic hyperventilation of dry cold air by
the impulse oscillation system are sensitive and the capa-
city to diagnose asthma is greater when the impedance
technique is used (i.e. resistance at 5 Hz and resonant
frequency) than when the forced expiratory volume in
one second technique is applied. It can also be conclu-
ded that forced actions may conceal airway responses
and in measuring the responses to bronchial tests, the
choice of technique must include one that is not depen-
dent on forced expiration and a preceding deep inhala-
tion. The use of forced expiratory volume in one second
for bronchoprovocation tests may be misleading and it
is therefore recommended that alternative methods to
detect airway responses, such as the impulse oscillation
system, be employed due to the consequences of bron-
chodilation in asthmatics during the test.

References

1. Hurwitz KM, Argyros GJ, Roach JM, Eliasson AH,
Phillips YY. Interpretation of eucapnic voluntary hyper-
ventilation in the diagnosis of asthma. Chest 1995; 108:
1240-1245.

2. Orehek J, Nicoli MM, Delpierre S, Beaupre A. Influ-
ence of the previous deep inspiration on the spirome-
tric measurement of provoked bronchoconstriction in
asthma. Am Rev Respir Dis 1983; 128: 269-272.

3. Smith HR, Irvin CG, Cherniack RM. The utility of
spirometry in the diagnosis of reversible airways ob-
struction. Chest 1992; 101: 1577-1581.

4. Pride NB. Forced oscillation techniques for measuring
mechanical properties of the respiratory system. Thorax
1992; 47: 317-320.

5. Coates AL, Desmond KJ, Demizio D, Allen PD. Sour-
ces of variation in FEV1. Am J Respir Crit Care Med
1994; 149: 439-443.

6. Wise RA, Connet J, Kurnow K, et al. and the Lung
Study Group. Selection of spirometric measurements in
a clinical trial, the lung health study. Am J Respir Crit
Care Med 1995; 151: 675-681.



10.

11.

13.

14.

15.

16.

18.

19.

COLD AIR HYPERPNOEA AND LUNG FUNCTION

National Asthma Education Program Expert Panel Re-
port. Executive summary: guidelines for the diagnosis
and management of asthma. Bethesda, MD, USA, NHLBI,
June 1991; 1: (NIH publication No. 91-3042A).
Fridriksson HV, Malmberg P, Hedenstrom H, Hillerdal
G. Reference values for respiratory function tests in
males: prediction formulas with tobacco smoking para-
meters. Clinical Physiology 1981; 1: 349-364.
Hedenstrom H, Malmberg P, Agarwal K. Reference val-
ues for lung function tests in females. Regression equa-
tions with smoking variables. Bull Eur Physiopathol
Respir 1985; 21: 551-557.

Kolbe J, Richards G, Mercer-Fenwick J, Rea H. Relation-
ship of non-specific airway hyperresponsiveness (AHR)
to measures of peak expiratory flow (PEF) variability.
Aust NZ J Med 1996; 26: 59-65.

van de Woestijne KP, Desager KN, Duiverman EJ,
Marchal F. Recommendations for measurement of res-
piratory input impedance by means of forced oscilla-
tion method. Eur Respir Rev 1994; 4: 235-237.

Vogel J, Smidt U. Impulse Oscillometry: Analysis of
Lung Mechanics in General Practice and the Clinic,
Epidemiological and Experimental Research. Frank-
furt am Main, Germany, PMI Verlagsgruppe GmbH,
1994.

Bisgaard H, Klug B. Lung function measurement in
awake young children. Eur Respir J 1995; 8: 2067—
2075.

Ollier S, Osman J, Hordle DA, Amin M, Overall B,
Davies RJ. Skin-prick test preparations of Dermatopha-
goides pteronyssinus for prediction of a positive response
to provocation testing. Clin Exp Allergy 1989; 19: 457—
462.

Robertson EA, Zweig MH, Cartier A. Use of receiver
operating characteristic curves to evaluate the clinical
performance of analytical systems. Clin Chem 1981; 27:
1569-1574.

Pennings HJ, Wouters EFM. Effect of inhaled beclometha-
sone dipropionate on isocapnic hyperventilation with
cold air in asthmatics, measured with forced oscillation
technique. Eur Respir J 1997; 10: 665-671.
Malmberg P, Larsson K, Sundblad BM, Zhiping W. Im-
portance of the time interval between FEV1 measure-
ments in a methacholine provocation test. Eur Respir J
1993; 6: 680-686.

Orehek J, Charpin D, Velardocchio JM, Grimaud C.
Bronchomotor effect of bronchoconstriction-induced
deep inspirations in asthmatics. Am Rev Respir Dis
1980; 121: 297-305.

Britton J, Pavord I, Richards K, et al. Factors influ-

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

2249

encing the occurrence of airway hyperreactivity in the
general population: the importance of atopy and airway
calibre. Eur Respir J 1994; 7: 881-887.

Peat JK, Salome CM, Xuan W. On adjusting measure-
ments of airway responsiveness for lung size and air-
way caliber. Am J Respir Crit Care Med 1996; 154:
870-875.

Malo JL, L'Archeveque J, Cartier A. Comparative
effects of volume history on bronchoconstriction in-
duced by hyperventilation and methacholine in asthma-
tic subjects. Eur Respir J 1990; 3: 639-643.

Wanger JS, Ikle DN, Cherniack RM. The effect of inspi-
ratory maneuvers on expiratory flow rates in health and
asthma: influence of lung elastic recoil. Am J Respir
Crit Care Med 1996; 153: 1302-1308.

Pliss LB, Ingenito EP, Ingram RH. Responsiveness,
inflammation, and effects of deep breaths on obstruc-
tion in mild asthma. J Appl Physiol 1989; 66: 2298—
2304.

Kimmel E, Seri M, Fredberg JJ. Lung tissue resistance
and hysteretic moduli of lung parenchyma. J App! Phy-
siol 1995; 79: 461-466.

Ingenito EP, Godleski JJ, Pliss LB, Pichurko BM, Ingram
RH. Relationship among mediators, inflammation, and
volume history with antigen versus hyperpnoea chal-
lenge in guinea pigs. Am Rev Respir Dis 1992; 146:
1315-1319.

D'Alonzo GE, Steinijans VW, Keller A. Measurements
of morning and evening airflow grossly underestimate
the circadian variability of FEV1 and peak expiratory
flow rate in asthma. Am J Respir Crit Care Med 1995;
152: 1097-1099.

Wesseling GJ, Vanderhoven-Augustin IML, Wouters
EFM. Forced oscillation technique and spirometry in
cold air provocation tests. Thorax 1993; 48: 254-259.
Peslin R, Duvivier C, Gallina C. Upper airway artifact
in respiratory impedance measurements. Am Rev Res-
pir Dis 1985; 132: 712-714.

Mazurek HK, Marchal F, Derelle J, Hatahet R, Moneret-
Vautrin D, Monin P. Specificity and sensitivity of res-
piratory impedance in assessing reversibility of airway
obstruction in children. Chest 1995; 107: 996-1002.
Zerah F, Lorino A-M, Lorino H, Harf A, Macquin-Mavier
1. Forced oscillation technique vs spirometry to assess
bronchodilatation in patients with asthma and COPD.
Chest 1995; 108: 41-47.

Pairon JC, Iwatsubo Y, Hubert C, et al. Measurement
of bronchial responsiveness by forced oscillation tech-
nique in occupational epidemiology. Eur Respir J 1994;
7: 484-489.



