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ABSTRACT: The aim of the study was to assess how deep into the acinar region the
airway response to cold dry-air hyperventilation challenge (CACh) reaches in subjects
with asthma of different severity.

Peripheral airway function was measured using a single-breath sulphur hexafluoride
(SF6) and helium (He) washout test and overall airway function by forced expiratory
volume in one second (FEV1) at rest, after CACh and b2-therapy in 55 adults with a
history of asthma. The normalised phase-III slopes (SnIII) for SF6 and He were used to
assess peripheral airway obstruction and the (SF6-He) SnIII difference to indicate where
obstruction occurred. While a greater He versus SF6 slope increase indicates a response
close to the acinar entrance, the reverse indicates a response deeper into the acinar
airspaces.

Twelve subjects had a major fall in FEV1 (o20%) after CACh, 16 a minor fall
(10–19%), and 27 did not react. Resting He and SF6 SnIII were significantly greater in
major responders with respect to minor and nonresponders, while resting FEV1 did not
differ between the three groups. The major responders showed marked increases of He
and SF6 SnIII after CACh, with greater increase for He resulting in a negative (SF6-He)
SnIII difference.

To conclude, airways close to the acinar entrance participate in the overall airway
response to cold-air challenge in asthmatic adults with marked airway hyper-
responsiveness to cold, dry air.
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and #Dept of Paediatric Clinical Physiology,
Queen Silvia Children9s Hospital, Göteborg,
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There is growing awareness that the inflammatory cell
infiltration and airway wall thickening characteristic of
bronchial asthma engage not only the large and the medium-
sized airways but the entire airway tree [1–3]. The peripheral
airways are usually defined as those airways with a diameter of
v2 mm and correspond approximately to airway generations
8–23 of WEIBEL9S [4] model of lung architecture. Direct and
indirect evidence of peripheral airway involvement in asthma
have come from post mortem studies [5–6], tissue specimens
obtained in vivo using bronchoscopic biopsy techniques [7],
bronchoscopic airflow resistance studies in distal lung units
[8–10], and inert-gas washout studies [11–13]. In a previous
nitrogen (N2) multiple-breath washout (MBW) study, STROM-

BERG and GUSTAFSSON [13] assessed the peripheral airway
effects of cold dry-air hyperventilation challenge (CACh) on
asthma patients and controls [13]. After the challenge the
asthmatic subjects demonstrated not only a fall in FEV1 but
also increased overall ventilation inhomogeneity and gas
trapping, indicating peripheral airway obstruction [14].

Exercise-induced bronchoconstriction (EIB) is a common
problem in children and adults with asthma [15, 16]. The
underlying mechanism of EIB is drying and cooling of the
airways due to the increased ventilation necessary during
physical exercise [17, 18]. Evaporation of water from the
thin airway surface liquid layer is thought to result in a
hyperosmolar stimulus to inflammatory cells in the airway
mucosa of asthmatic subjects and the subsequent production
and release of substances mediating airway smooth contrac-
tion and airway wall oedema [17]. Airway challenge by

isocapnic dry air or dry cold-air hyperventilation has there-
fore been used to diagnose EIB and asthma [19], and a
positive response to such a challenge may serve as indirect
evidence of ongoing airway inflammation and of airway
hyperresponsiveness (AHR) to the mediator substances released.
The findings in the previous CACh N2 MBW study [13]
indicated a peripheral airway response but the study could
not tell whether the intra-acinar airways were involved. Intra-
acinar airways can be assessed by the use of a more
sophisticated N2 phase-III slope analysis of the N2 MBW
[11, 12] or by a single-breath washout (SBW) with test gases
of different diffusivity, such as helium (He) and sulphur
hexafluoride (SF6) [20, 21]. In the present study, a He/SF6

SBW test was used to extend the previous observations on
peripheral airway dysfunction in asthma [11–13] in an attempt
to assess how deep into the acinar region the airways response
to CACh reaches.

CACh was performed in all 55 adult subjects participating
in a long-term prospective follow-up study of childhood
asthma [22]. At a previous follow-up visit [23, 24], performed
5 yrs earlier, 24 out of 53 subjects tested showed pathological
bronchial hyperresponsiveness (BHR) to CACh, and 11 of
these 24 subjects had a fall in forced expiratory volume in one
second (FEV1) of o20%. A similar variation in BHR in the
cohort at the present follow-up was expected. Such a wide
range in BHR to CACh in the study group would provide a
unique opportunity to assess the degree of peripheral airway
engagement in subjects with different asthma severity.

The SBW phase-III slope of an inert tracer gas has
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been used since the early 1970s [25] as a marker of small
airway dysfunction [14]. Unfortunately, the classical SBW
manoeuvre involved inspiration of the test gases over a vital
capacity (VC) manoeuvre, and microgravity experiments
performed in the meantime have confirmed that the phase-
III slope resulting from the classical SBW test is in fact a
mixture of small- and large-scale ventilation inhomogeneities,
partly dependent on gravity and airway closure [26, 27]. By
contrast, a modified SBW test starting the inspiration from
functional residual capacity (FRC) has been shown to be less
affected by confounding effects, such as gravity [28]. Two
different mechanisms have been shown to contribute to the
phase-III slope of an inert-tracer gas [29, 30]. First, differences in
convective gas transport resulting from differences in specific
ventilation between relatively large lung units, which are filled
and emptied sequentially, give rise to a phase-III slope. This
component of the phase-III slope is independent of the
diffusivity of the gas molecule studied and occurs at branch
points separating units larger than acini or small groups of
acini. Secondly, interaction between convective and diffusive
gas mixing due to geometrical asymmetries at branch points
in the region where the steepest part of the quasi-stationary
diffusion front for the gas molecule is positioned, contributes
to the expiratory phase-III slope [20, 30]. For the more
diffusible (He) molecule this process is estimated to occur
around the entrance to the acinus, whilst for the less diffusible
(SF6) molecule it is predicted to occur 2–3 airway generations
more distally within the acinus [30]. The phase-III slope is
greater for SF6 than for He, due in part to the greater
geometrical asymmetry of airway branching more distally in
the normal human acinus [28, 31]. Airway conditions causing
increased geometrical asymmetries in the peripheral lung are
predicted to result in a greater phase-III slope, particularly
for the inert tracer with the steepest part of the diffusion-
convection front at the lung depth where airway pathology
has occurred [30].

In the present study the authors aimed to see if CACh-
induced airway obstruction in asthmatic subjects is associated
with a greater increase in the phase slopes for either He or SF6.
A greater phase-III slope for He than for SF6 after CACh
would indicate greater involvement of bronchioli located in
the vicinity of the acinar entrance than more peripherally located
bronchioli, whilst a greater increase of the SF6 phase-III slope
would suggest a greater airway reaction deeper in the lung.

Methods

Participants included 55 adults (28 males, mean age 34.9 yrs)
(table 1) with childhood asthma, who took part in an asthma
follow-up study [22–24]. Forty-three subjects reported asthma
symptoms over the last year, 17 had persistent asthma symptoms
or medicated regularly, and nine took asthma medication
continuously [24]. Eight subjects used inhaled corticosteroids
and four reported additional regular use of inhaled long-
acting b2-agonists, but none were on regular systemic steroid

therapy. The study was approved by the local research ethics
committee. Subjects were investigated out of pollen season,
when free from airway infections, and asthma medication was
withheld for 24 h prior to testing. Forced expiratory mano-
euvres were performed in triplicate at rest, in duplicates at 2,
5 and 15 min after bronchoprovocation, and in triplicates
10 min after inhalation of nebulised salbutamol, using a
Jaeger Masterscreen body plethysmograph (Erich Jaeger AG,
Würzburg, Germany). The best FEV1 obtained on each occa-
sion was used when determining the maximum fall in FEV1

after CACh. A He and SF6 SBW (He/SF6 SBW) test was
performed in triplicate at rest, 7–12 min after CACh and
15 min after b2-agonist therapy. Equipment for the He/SF6

SBW test consisted of a mouthpiece attached to a heated
Fleisch No.1 pneumotachometer (PNT; Metabo SA, Epalinges,
Switzerland). The PNT was connected to a Hans Rudolph
(Kansas City, MS, USA) three-way directional valve, allow-
ing the subjects to breath room air or a test gas mixture
consisting of 4% He, 4% SF6, 22% oxygen (O2) and 70% N2

via a demand valve. Gas concentrations were sampled at the
mouth using an AMIS 2000 mass spectrometer (Innovision
A/S, Odense, Denmark). When performing the test the direc-
tional valve was switched at FRC level, 1 L of the gas mixture
was inhaled and the subjects then exhaled to residual volume
(RV) at a target flow of 0.4 L?s-1. Feedback on volumes and
flows was provided from a computer screen placed in front of
the subjects. Gas concentration was plotted against expired
volume. The SIII (slope of phase III; alveolar plateau slope)
for He and SF6 and for the slope difference between SF6 and
He were computed between 35 and 85% of expired volume.
The (SF6-He) slope difference was calculated sample by
sample. The slopes were normalised by the average gas
concentration over this volume resulting in normalised phase-
III slopes (SnIII), to account for the small difference in
concentration of the inhaled tracer gases, and for dilution
differences due to the differences in lung size among the
subjects. The negative He and SF6 slopes (decreasing gas
concentration with expired volume) were treated as positive
and therefore a greater SnIII indicates greater inhomogeneity.
CACh was carried out by 4 min of isocapnic hyperventilation
of cold (-15uC) dry air at 75% of the predicted maximum
voluntary ventilation (approximated as 356subject9s baseline
FEV1) using a Jaeger Respiratory Heat Exchange System
(RHES; Erich Jaeger AG). The maximum relative fall in
FEV1 after CACh was calculated. The participants were
separated into three groups with respect to their maximum
fall in FEV1 after CACh. A fall in FEV1 ofv10% was regarded
as a nonsignificant overall airway response. A reduction of
10–19% was regarded a minor reaction and a fall in FEV1 of
o20% was considered a major response.

One-way analysis of variance (ANOVA) was used to assess
differences in lung function parameters between defined groups
or between different situations within the same group of
subjects. When the ANOVA resulted in a significant overall
difference, further post hoc comparisons were undertaken
using the Tukey honest significant difference (HSD) test.
Pearson linear correlation analysis between FEV1 and phase-
III slopes were performed in the group as a whole and
separately for subgroups, and the findings are presented as r2

and resulting p-values. p-Values v0.05 were regarded as
statistically significant.

Results

Demographical data and baseline spirometry findings for
the study population are given in table 1. The participants
were separated into three subgroups with respect to their

Table 1. – Demographical data and baseline spirometry
findings of all 55 participants (28 males)

Mean¡SD Range

Age yrs 34.9¡2.4 30–40
Weight kg 73¡15 54–138
Height cm 173¡9 154–190
FEV1 % pred 92¡11 64–120
FEV1/VC % 75¡7 54–89

FEV1: forced expiratory volume in one second; % pred: % predicted;
VC: vital capacity.
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maximum fall in FEV1 after CACh. The subgroup with a fall
in FEV1 of v10% (n=27) was termed nonresponders, those
with a minor fall in FEV1 (10–19%; n=16) were called minor
responders, while the group with a major fall in FEV1

(o20%; n=12) was termed major responders.
In the resting situation or after bronchodilator treatment,

per cent predicted FEV1 did not differ significantly between
the three subgroups, but as a result of the selection, large and
statistically significant differences in average per cent fall in
FEV1 after CACh were seen between the groups (table 2).

At rest, the He and SF6 SnIII were both significantly greater
among the major responders than among the nonresponders
(p=0.001 and p=0.006, respectively) or the minor responders
(p=0.001 and p=0.006, respectively) (figs 1 and 2). However,
there were no significant differences in the (SF6-He) SnIII

between the three groups at rest (fig. 3).
Among the nonresponders the SnIII for He, SF6 or (SF6-

He) did not change significantly after CACh or b2-agonist
treatment (figs. 1–3). Among the minor responders the He
and the SF6 SnIII both increased significantly after CACh
(p=0.014 and p=0.043, respectively) (figs 1 and 2). After
b2-agonist therapy the He and the SF6 SnIII both declined again
(p=0.015 and p=0.014) (figs 1 and 2). However, the (SF6-He)
SnIII difference did not change with CACh or bronchodilator
therapy among the minor responders (fig. 3). Among the

major responders the He and SF6 SnIII both increased
markedly after CACh (pv0.001) and subsequently declined
significantly after b2-agonist therapy (pv0.001) (figs 1 and 2).
As a result of a greater increase in He than SF6 SnIII after
CACh, the average (SF6-He) SnIII difference declined to a
large extent and became negative after CACh (pv0.001), but
was restored after bronchodilator treatment (p=0.004) (fig. 3).

When comparing the subgroups, the He and SF6 SnIII both
became markedly greater in the major responder group after
CACh than in the two other groups (figs 1 and 2; pv0.001). In
addition, the (SF6-He) SnIII became significantly lower among
the major responders than among the nonresponders (p=0.001)
or the minor responders (p=0.016) after challenge (fig. 3).
After bronchodilator therapy none of the ventilation distribu-
tion parameters (SnIII for He or SF6, or the (SF6-He) SnIII

difference) differed significantly between the groups.
Table 3 gives the Pearson correlation coefficients and result-

ing p-values for FEV1 and phase-III slopes in the different
conditions. For the study group as a whole and for the
subgroup of major responders, significant correlations were
found between the FEV1 % predicted and the SF6, He and
(SF6-He) normalised phase-III slopes after CACh. In the
major responder group there were also significant correlations
between the FEV1 % pred and the SF6 and He normalised
phase-III slopes measured after bronchodilator therapy. For

Table 2. – Forced expiratory volume in one second (FEV1) at rest and after b2-agonist therapy, and the maximum relative fall in
FEV1 after cold dry-air hyperventilation challenge (CACh) in the three subgroups

A B C p-values

A VS B A VS C B VS C

Subjects n 27 16 12
Resting FEV1 % pred 95.3 ¡12.5 89.6¡7.5 88.2¡11.3 NS NS NS

Max. fall in FEV1 % 4.7¡2.8 14.2¡3.1 37.6¡8.9 v0.001 v0.001 v0.001
Post-b2 FEV1 % pred 99.1¡12.8 92.8¡6.3 90.7¡12.2 NS NS NS

Data are presented as mean¡SD. A: nonresponders; B: minor responders; C: major responders; vs: versus; % pred: % predicted; max.: maximum;
NS: nonsignificant.
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Fig. 1. – The normalised phase-III slope (SnIII) for helium (He) at rest
(u), after cold dry-air hyperventilation challenge (CACh: h) and
after b2-agonist treatment (q) in subjects with a fall in forced
expiratory volume in one second (FEV1) v10% after CACh (non-
responders; n=27), in subjects with a fall of 10–19% (minor responders;
n=16) and in those with a fall in FEV1 of o20% (major responders;
n=12). Data are presented as mean¡SEM. The brackets indicate
statistical comparisons were made within each group. Where no lines
are given the symbols indicate comparisons with the major responders
for the corresponding situation. *: pv0.05; **: pv0.01; ***: pv0.001.

����

����

����

����

����

����

����

	

���
�

��

�� ��� ��

���
� �

��� ���

��� ����� ���
������
�������

Fig. 2. – The normalised phase-III slope (SnIII) for sulphur hexa-
fluoride (SF6) at rest (u), after cold dry-air hyperventilation challenge
(CACh: h) and after b2-agonist treatment (q) in subjects with a
fall in forced expiratory volume in one second (FEV1) v10% after
CACh (nonresponders; n=27), in subjects with a fall of 10–19%
(minor responders; n=16) and in those with a fall in FEV1 of o20%
(major responders; n=12). Data are presented as mean¡SEM. The
brackets indicate statistical comparisons were made within each
group. Where no lines are given the symbols indicate comparisons
with the major responders for the corresponding situation. *: pv0.05;
**: pv0.01; ***: pv0.001.
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the study group as a whole the change in FEV1 % pred from
baseline to post-CACh correlated significantly with the
corresponding changes in the SF6 and He normalised phase-
III slopes and with the change in the (SF6-He) normalised
phase-III slope difference. Also, among the major responders
and the minor responders separately, significant correlations
were found between the change in FEV1 % pred from baseline
to post-CACh and the change in the (SF6-He) normalised
phase-III slope difference. For the study group as a whole,

weak but statistically significant positive correlations were
found between the relative fall in FEV1 after CACh and the
baseline normalised phase-III slopes for SF6 (r2

=0.16;
p=0.002) and for He (r2

=0.21; pv0.001). There was also a
weak association between the fall in FEV1 and the baseline
FEV1 % pred (r2

=0.12; p=0.011), indicating greater BHR in
those with a low resting FEV1.

Discussion

Summary of findings

In this study the asthmatic subjects who reacted to CACh
with a major fall in FEV1 also displayed large increments
in the He and SF6 phase-III slopes obtained from SBW tests.
Of particular interest is the finding that the He phase-III
slope increased more than the SF6 slope after CACh in the
subgroup with the most severe AHR. This finding indicates
that peripheral airways located close to the He diffusion-
convection front, which is estimated to be situated in the
region of the entrance to the acinus [30], participate in
the overall airway reaction to CACh. Correlation analysis
demonstrated statistically significant, although not very
strong associations between the FEV1 and the phase-III
slope responses after airway challenge. In particular, the
association between FEV1 and the (SF6-He) slope difference
indicates that the peripheral airways contribute to the overall
airway reaction after CACh. Compared to the remaining
participants, the subjects who reacted to CACh with a major
fall in FEV1 showed greater He and SF6 phase-III slopes in
the resting situation but similar (SF6-He) slope difference and
similar FEV1. While the similar (SF6-He) difference in major
responders with respect to non- and minor responders in
the resting condition precludes a definite conclusion about
baseline intra-acinar dysfunction in these patients, the greater
He and SF6 phase-III slopes do suggest that the degree of

Table 3. – Correlation between the forced expiratory volume in one second (FEV1) per cent predicted and normalised phase-III
slopes (SnIII) at rest, after cold dry-air hyperventilation challenge (CACh), and after b2-agonist therapy, and between the changes
in FEV1 % pred and the normalised phase-III slopes from baseline to postchallenge, in the whole study population, and in the
three subgroups

All subjects Subgroup

Major responders Minor responders Nonresponders

Subjects n 55 12 16 27
Resting

FEV1 % pred vs
SF6 SnIII?L

-1
NS NS NS NS

He SnIII?L
-1

NS NS NS NS

(SF6-He) SnIII?L
-1

NS NS NS NS

Post-CACh
FEV1 % pred vs

SF6 SnIII?L
-1 0.38 (v0.001) 0.35 (0.044) NS NS

He SnIII?L
-1 0.48 (v0.001) 0.55 (0.005) NS NS

(SF6-He)?SnIII?L
-1 0.23 (v0.001) 0.33 (0.049) NS NS

Post-b2 therapy
FEV1 % pred vs

SF6 SnIII?L
-1

NS 0.51 (0.013) NS NS

He SnIII?L
-1

NS 0.60 (0.005) NS NS

(SF6-He) SnIII?L
-1

NS NS NS NS

Change from resting to post-CACh
FEV1 % pred vs

SF6 SnIII?L
-1 0.60 (v0.001) NS NS NS

He SnIII?L
-1 0.70 (v0.001) NS NS NS

(SF6-He) SnIII?L
-1 0.36 (0.001) 0.50 (0.010) 0.27 (0.040) NS

Data are presented as r2 (p-values) from the Pearson correlation test. vs: versus; SF6: sulphur hexafluoride; He: helium; NS: nonsignificant.
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Fig. 3. – The normalised phase-III slope (SnIII) for the (sulphur
hexafluoride-helium) (SF6-He) difference at rest (u), after cold dry-air
hyperventilation challenge (CACh: h), and after b2-agonist treatment
(q) in subjects with a fall in the forced expiratory volume in one
second (FEV1) v10% after CACh (nonresponders; n=27), in subjects
with a fall of 10–19% (minor responders; n=16) and in those with a
fall in FEV1 of o20% (major responders; n=12). Data are presented
as mean¡SEM. The brackets indicate statistical comparisons were
made within each group. Where no lines are given the symbols
indicate comparisons with the major responders for the corresponding
situation. *: pv0.05; **: pv0.01; ***: pv0.001.
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AHR may at least be partly related to baseline peripheral
airways dysfunction in asthma.

The findings in this study are in accordance with previously
reported evidence that asthma involves the peripheral airways
[5–13] and support the emerging view that inflammation,
structural changes and functional abnormalities in the
peripheral airways are important for asthma severity [1–3].
Nevertheless, VERBANCK et al. [12] have recently pointed out
that in mild asthma acinar contribution to ventilatory
inhomogeneity may be limited and, in fact, fully reversible
after b2-agonist treatment, whereas small but conductive
airways show a distinct abnormality persisting after broncho-
dilation. These data can be made to agree with the present
results of increased He and SF6 phase-III slopes without a
significant change in (SF6-He) slope difference.

Theoretical background to single-breath washout technique

Forced expiratory volumes and flows are the most com-
monly used methods for assessing lung function and airway
response to provocations in asthmatic subjects, but the results
of these measurements are believed to be dominated by large
airway function [32]. As the total cross-sectional area of the
airways increases with increasing airway generation, it can be
predicted that peripheral airway resistance will contribute
little to total lung resistance. Indeed, using a retrograde
catheter technique, it has been demonstrated that the small
airways are low resistance pathways, contributing v10% of
the total resistance to airflow in the lung [33]. It is therefore
necessary to employ techniques other than forced expiration
to measure peripheral airway function.

In the present study a technique similar to that used
previously by ESTENNE et al. [34] and VAN MUYLEM et al. [35]
in studies on subjects with cystic fibrosis (CF) lung disease
[20] and post-lung transplant obliterative bronchiolitis was
employed. Following the inhalation of 1 L of an insoluble
inert-tracer gas mixture from FRC, the subject was required
to exhale slowly to RV, and the concentration of the exhaled
tracer gas was plotted against exhaled volume. The slope of
the phase III (also known as the alveolar plateau) derived
from this plot is the result of incomplete gas mixing in the
lungs and is used as a measure of the inhomogeneity of
ventilation distribution. Convection and diffusion and their
interaction are the processes responsible for the mixing of the
fresh inspired air with the resident gas in the lungs. At branch
points located proximal to the gas-exchange zone, convec-
tion is by far the most important mechanism of gas mixing.
Convection-dependent ventilation inhomogeneity results from
differences in specific ventilation and sequential filling and
emptying between lung units subtended by branch points
located mouthward of the diffusion-convection front for a gas
molecule, and affects tracer gases with different diffusivity
equally, producing similar phase-III slopes for tracer gases
such as He and SF6. Towards the periphery of the airway tree
the linear velocity of the inspired air decreases dramatically
and the gas molecules will reach a lung zone where convective
and diffusive mixing processes affect them equally. The zone
where this occurs marks the location of the quasi-stationary
inspiratory diffusion-convection front. Because He is approxi-
mately six-times more diffusive than SF6 the diffusion-
convection front for He is predicted to arise more proximally
for this molecule, in the vicinity of the entrance to the acinus,
whilst for SF6 it is estimated to occur two to three airway
generations more deeply in the acinus [29, 30]. In the vicinity
of the diffusion-convection front of a gas molecule, interac-
tion occurs between diffusive and convective mixing processes
resulting in a steeper expiratory phase-III slope for the gas

species concerned [29, 30]. In contrast, ventilation inhomo-
geneities due to airway obstruction mouthward of the diffusion-
convection front contribute similarly to the convection-related
component of the phase-III slopes for He and SF6.

Geometrical asymmetries due to obstruction in the vicinity
of the entrance to the acinus will increase the diffusion-
convection interaction-related increase of the phase-III slope
more for He than for SF6, whilst obstruction deeper within
the acinus is predicted to increase the phase-III slope more for
SF6 [30]. By calculating the difference in phase-III slopes for
the two gases, i.e. the (SF6-He) phase-III slope difference, the
site of predominant peripheral airway obstruction may be
indicated. If, however, the changes in He and SF6 phase-III
slopes are identical, it cannot be established whether a
reaction has occurred in the distal airways or if the airway
reaction has taken place more proximally and the slope
changes are due to convection-dependent mechanisms. The
use of inspiration of 1 L from FRC instead of a VC breath
starting from RV has been shown to maximise the contribu-
tion of the diffusion-convection mechanism, with respect to
the purely convection-dependent contribution to the phase-III
slope. Indeed, this manoeuvre roughly corresponds to the
first breath of an MBW test, which has been shown to be
dominated by acinar ventilation inhomogeneity [11, 12].

Previous studies

In normal subjects, the increasing geometric asymmetry in
the lung periphery results in a greater phase-III slope for SF6

than for He [28, 31]. VAN MUYLEM and BARON [20] have
previously shown that the phase-III slope for He is greater
than the SF6 slope early in the course of CF lung disease,
whilst the SF6 slope is greater in CF subjects with advanced
disease, findings compatible with histopathological evidence
of membranous bronchiole involvement early in the course of
CF [36]. Moreover, a greater He than SF6 phase-III slope at
rest or after methacholine challenge appears to be an early
finding of peripheral airway pathology also in lung-transplant
subjects developing obliterative bronchiolitis [34, 35], a condi-
tion known to occur preferentially in bronchioli located
mouthward of the terminal bronchioles [34]. These previously
reported data support the view that a greater He than SF6

phase-III slope is an indicator of pathological processes in
bronchioli located close to the entrance of the acini.

The authors have been able to identify only one previous
study using the He/SF6 SBW technique to assess peripheral
airway involvement in asthma. In a study by PECES-BARBA

et al. [21], 13 asthma patients and 30 controls performed
spirometry and an SBW test, using 5% He, 5% SF6 and 10%
Argon in the tracer gas mixture, before and after broncho-
dilator therapy. A good correlation was reported between the
baseline FEV1 and the phase-III slopes for the tracer gases
(r=-0.8) in the asthma patients and there was a similar
correlation between the FEV1 and the SBW responses to
bronchodilator treatment. Interestingly, a significant corre-
lation was also found between the baseline FEV1 and the
(SF6-He) slope difference (r=0.59). Five of the 13 asthma
patients demonstrated a negative (SF6-He) slope difference.
After bronchodilation the (SF6-He) slope difference became
close to zero in three and positive in two of these five patients.
The authors interpreted the close association between FEV1

and the magnitude of the phase-III slopes as evidence of
concomitant central and peripheral airway obstruction in
these asthma patients. They further concluded that the nega-
tive (SF6-He) slope difference must be caused by marked
inhomogeneity of ventilation distribution occurring between
the respective diffusion-convection fronts for the two gases,
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and that bronchodilator therapy is effective even in these very
peripheral airways.

The findings in the present study differ in some respects
from those reported by PECES-BARBA et al. [21]. In contrast to
their study, no correlation between baseline FEV1 % pred and
phase-III slopes for either tracer gas or for the slope
difference was found in the present study. After CACh,
however, significant correlations between FEV1 % pred and
phase-III slopes for the group as a whole as well as for the
major and minor responder groups separately were found,
suggesting that the present study population may have had a
better resting lung function. There were also significant
correlations between the induced fall in FEV1 % pred and
the change in the phase-III slopes for SF6, He and the (SF6-
He) slope difference for the present study group as a whole. In
addition, the minor and major responder groups both
demonstrated significant correlations between the induced
fall in FEV1 % pred and the change in the (SF6-He) slope
difference. These findings are in agreement with the significant
correlation between the bronchodilator response of FEV1 and
phase-III slopes in the study by PECES-BARBA et al. [21],
indicating that the most peripheral airways of asthmatic
subjects are reactive to both constrictor and dilator stimuli.

Measurements of peripheral airway mechanics have also
been used to assess peripheral airway obstruction and hyper-
responsiveness in asthma patients [8–10]. WAGNER et al. [8]
wedged a bronchoscope in a distal lung unit in mild asthmatic
subjects who had normal spirometry findings, and found that
baseline peripheral airway resistance was increased up to
seven-fold when compared with normal subjects. Further-
more, a positive correlation was found between the magnitude
of the baseline peripheral airway resistance and the degree of
sensitivity to methacholine in the asthmatic subjects. With a
similar technique, KAMINSKY et al. [9] demonstrated that
peripheral airway resistance rises more in asthmatics than in
normal subjects after segmental challenge with cool, dry air,
indicating that the peripheral airways are hyperresponsive
in asthma, possibly due to the ongoing inflammation in the
lung periphery previously demonstrated in hyperresponsive
asthma patients [7]. KAMINSKY et al. [9] also reported that
baseline peripheral airway resistance correlated significantly
with the degree of EIB in the asthma patients. The findings
in the WAGNER et al. [8] and KAMINSKY et al. [9] studies not
only demonstrate that mildly asthmatic subjects may have
considerable peripheral airway dysfunction in the presence of
normal spirometric values, but also provide evidence that
peripheral airway dysfunction at rest is associated with the
severity of overall BHR. The findings of the current study also
support this in that steeper phase-III slopes were found at rest
in the subgroup with the most marked BHR compared to the
other subgroups despite similar FEV1 % pred, and there were
statistically significant associations between baseline phase-III
slopes and the FEV1 response to CACh. Interestingly, previous
computational analyses based on quantitative histology have
shown that the peripheral airways may indeed account for
most of the AHR in asthmatic subjects [37]. Airway obstruc-
tion occurring after dry cold-air challenge is thought to be
produced by bronchoconstricting agents released by inflam-
matory cells in the airways, which degranulate secondary to
the hyperosmolar stimulus [17]. Anti-inflammatory therapy
with inhaled corticosteroids has been shown to have an excellent
effect on EIB [38, 39] and also on the airway response to
hyperosmolar challenge by hypertonic saline [18], supporting
the view that hyperresponsiveness to CACh is related to
inflammation in the affected airways. The findings in the
present study thus provide further physiological evidence of
the importance of peripheral airway inflammation in asthma
previously demonstrated using histopathology methods [5–7].

Summary and conclusions

In asthmatic subjects who demonstrate a major overall
airway response to dry cold-air challenge, obstruction also
occurs in the peripheral airways. This response extends at
least into bronchioli located in the proximal portion of the
acini. In addition, there is greater, partly peripheral, airway
dysfunction at rest in asthmatic patients with pronounced
airway hyperresponsiveness to dry cold-air challenge. This
study has provided further physiological evidence that asthma
involves airways within or close to the gas exchange zone
and the findings support the view that inflammation and
dysfunction in the peripheral airways are important for
overall airway hyperresponsiveness in asthma and indirectly
for asthma severity.
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