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ABSTRACT Abnormal airway reactivity and overproduction of nitric oxide (NO) occurring in small
airways have been found in asthma. If the “one airway, one disease” concept is consistent, such
dysfunctions should also be detected in the peripheral airways of patients suffering from allergic
rhinitis.

We investigated whether peripheral airway reactivity and NO overproduction could be
documented in distal airways in patients with allergic rhinitis. Exhaled NO fraction (FeNO) and the
slope (S) of phase III of the single-breath washout test (SBWT) of helium (He) and sulfur
hexafluoride (SF4) were measured in 31 patients with allergic asthma, 23 allergic rhinitis patients
and 24 controls, before and after sputum induction. SBWT is sensitive to airway calibre change
occurring in the lung periphery.

The FeNO decrease was more significant in asthma and rhinitis than in controls (=55.1% and —50.0%,
respectively, versus —40.8%) (p=0.007 and p=0.029, respectively). SSFs and SHe increased in all groups.
Change in SHe (ASHe) > ASSE, was observed in rhinitis (p=0.004) and asthma (p<0.001), whereas ASSE, =
ASHe in controls (p=0.431).

This study provides evidence of peripheral airway dysfunction in patients with allergic rhinitis quite
similar to that described in asthma. Furthermore, a large proportion of the increased NO production
reported in allergic rhinitis appears to originate in the peripheral airways.
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Introduction

The upper and lower airways are currently considered to be a morphological and functional entity, and
there is robust epidemiological, pathophysiological and clinical evidence supporting an integrated view of
rhinitis and asthma, especially in allergic subjects [1, 2]. While sharing a common genetic background,
these two closely related diseases have common physiological and inflammatory mechanisms featuring an
airway hypersensitivity syndrome [3]. In fact, both conditions share the same type 2 T-helper cell (Th2)
inflammatory process, as attested by increased blood [4] and sputum eosinophil [5] counts, and exhaled
nitric oxide fraction (FeNO) levels [6, 7]. In addition, nonspecific bronchial hyperresponsiveness, which is a
characteristic feature of asthma [8], was shown to be frequently documented in patients suffering from
allergic rhinitis without asthma symptoms [9, 10]. Taken together, this led to the advent of the so-called
“one airway, one disease” or the “united airways” concept [11].

Conversely, there is recent evidence showing that small airway disease contributes significantly to asthma
pathophysiology [12]. In fact, both the inflammatory process and airway dysfunction involve large and
small airways in asthma [13, 14]. In this context, we have shown, using indirect airway challenge with
AMP that patients suffering from asthma display bronchial hyperresponsiveness involving the peripheral
airways, as abnormal reactivity was detectable up to the respiratory bronchioles [15]. Peripheral airway
reactivity was assessed by the inert gas washout technique with helium (He) and sulphur hexafluoride
(SFe). This technique was shown to be sensitive to changes in airway calibre in the lung periphery [16].

Bronchial challenge results in a decrease of exhaled nitric oxide (NO) in asthma, regardless of the type of
provocation. Furthermore, agents that lead to a constriction further down in the airway tree, such as AMP
compared to methacholine, and allergens result in a larger decrease of FeNO in subjects with asthma [17,
18]. This is probably because a substantial amount of the NO overproduction occurring in allergic asthma
comes from small, pre-acinar airways [17].

If the “one airway, one disease” concept is consistent, it may be hypothesised that the peripheral airways of
patients suffering from allergic rhinitis but without asthma could be additionally abnormal in terms of
airway reactivity, and involved in NO overproduction. Therefore, we investigated whether peripheral
airway hyperresponsiveness, assessed by the inert gas washout technique, and FeNO changes in relation to
indirect airway challenge, could be found in subjects with allergic rhinitis, but without asthma.

We used the induced sputum procedure, as it offers the advantage of being equivalent to the indirect
challenge [19] used in our previous article [15] (i.e. AMP) and provides information on the inflammatory
status of the airway [20].

Material and methods

Subjects

Patients suffering from allergic rhinitis or intermittent or moderate-to-mild persistent allergic asthma, as
well as healthy volunteers were recruited from the outpatient asthma clinic at CUB-Erasme University
Hospital (Brussels, Belgium). Asthma was defined according to the standard criteria [8]. At the time of
inclusion, patients were nonsmokers, with no recent history of upper airway infection. Asthma treatment
was halted for 1 week with the exception of on-demand inhaled short-acting P,-agonists, which were
withheld for >6 h before the induced sputum procedure. Similarly, treatment for allergic rhinitis was
stopped 1 week before the procedure. Atopic status was evaluated using skin-prick testing towards
common inhalant allergens.

Healthy volunteers were recruited among subjects with no symptoms of rhinitis or asthma who exhibited
normal lung function and tested negative to common aeroallergens.

The study was approved by the local ethics committee in (CUB Erasme University Hospital). All patients
involved signed consent forms.

Study design
The study was designed as a prospective open study and performed in the chest department of the Erasme
University Hospital.

FeNO levels, spirometry parameters and ventilation distribution using single-breath washout tests were
measured sequentially during and after sputum induction.

Feno

FeNO was measured prior to any forced expiratory manoeuvres using a daily calibrated LR 2000
chemiluminescence analyser (Logan Research, Rochester, UK), with the online measurement of a single
exhalation at flow rate of 50 mL-s™! (American Thoracic Society/European Respiratory Society standard) [21].
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Exhaled NO levels were read at the plateau corresponding to 70-80% of the carbon dioxide (CO,) curve.
Absolute FeNO values were expressed in ppb and FeNO changes as a percentage of the baseline value (A%).

Lung function

Lung function was measured using a Zan 300 spirometer (Zan, Oberthulba, Germany) following standard
guidelines [22]. Forced expiratory volume in 1 s (FEV1), forced vital capacity and forced expiratory flow at
75% of maximal expired volume were expressed as a percentage of the predicted value, while changes were
expressed as a percentage of the baseline value (A%).

Ventilation distribution tests with inert gases

Ventilation distribution was assessed via single-breath washout tests. Subjects were connected to a double
bag-in-box system through a nonrebreathing valve with a 20 mL instrumental dead space. They inhaled a
gas mixture containing two inert gases: 5% He and 5% SFg in oxygen (O,), from functional residual
capacity (FRC) to 1 L more than FRC, and then expired at a constant flow of ~0.40 L-s™' to residual
volume. This test, based on 1 L inspired from FRC, was shown to better reflect distal ventilation than the
standard vital capacity test [23]. A shorter inspiratory time allows peripheral diffusion-driven
heterogeneities to be preserved, while being less influenced by larger scale heterogeneities [24]. The gas
mixture (containing 90% O,) is routinely used to assess nitrogen dilution in other contexts. In the present
study, we only focused on He and SFs. These are so-called nonresident gases, differing only in their
diffusive properties, thereby allowing for a fair comparison between both.

During expiration, He and SF4 concentrations were recorded as a function of expired volume using a
quadrupole mass spectrometer (LR6000; Logan-Sinclair, Rochester, UK), which was calibrated immediately
prior to each set of measurements (calibration cylinders 6% CO,, 15% O, and 79% nitrogen, as well as 5%
He, 5% SFs and 90% O,; Messer Belgium, Zwijdrecht, Belgium). The delay between the volume and
concentration signals due to the capillary transit time was assessed when the subject re-inhaled the 5%
He, 5% SF¢ and 90% O, mixture after reaching residual volume. The signals were consequently
instantaneously synchronised.

Slopes (S) for each gas (SHe, SSFs) were computed using a computerised linear regression model
(concentration versus expired volume) set at between 35% and 80% of the expired volume. If deemed
appropriate, the regression limits could be set manually in order to avoid dead space or closing volume.
He and SF slopes were expressed in %-L™". In addition, these slopes were multiplied by —15.6, allowing
for a comparison with the values of nitrogen slope reported in the literature [15]. The test was performed
in triplicate, with a variation coefficient <10%.

Sputum induction and processing

Sputum was induced by inhaling 50 mL hypertonic saline (5% sodium chloride) from an ultrasonic
nebuliser (MONSUN U910; Maquet, Rastatt, Germany), which delivers particles with an aerodynamic
mass median diameter of 5 pum at an output of 3 mL-min~":5 um). Each subject inhaled the aerosol for
four consecutive periods of 5 min, for a total duration of 20 min.

The entire amount of resulting sputum was collected in a plastic container, weighed and homogenised by
adding three volumes of PBS, vortexed for 30 s and centrifuged at 800 xg for 10 min at 4°C. Supernatant
was separated from cell pellet. We then added dithiotreitol to the cells, which were agitated for 20 min.
These cells were again washed with PBS and resuspended in 1 mL. Squamous cell counts, total cell counts
and cell viability, checked by trypan blue exclusion, were performed using a manual haemocytometer.
When squamous cells were >70%, the sample was deemed inappropriate. The differential cell count was
performed on cytospins stained with Diff-Quick after counting 400 cells [25].

Statistical analysis

FeNO was log-transformed prior to statistical analyses. Differences between the three groups and
differences before and after sputum induction (and their interaction) were assessed using a linear mixed
model with groups and sputum induction as fixed effects. We considered the pre-induction value as a
random effect (random intercept model). Other comparisons were made using one-way ANOVA (age and
baseline FEV1 % pred), Chi-squared test for male/female proportions and a Kruskal-Wallis test followed
by a Dunn test for eosinophil percentage in sputum. The R software [26] was used. Statistical significance
was defined as a p-value of <0.05 (two-tailed).
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TABLE 1 Population characteristics

Controls Rhinitis Asthma p-value controls- p-value controls- p-value rhinitis-

rhinitis asthma asthma
Subjects n 24 23 31
Age years 27+5 35+11 36+10 0.003 0.002 0.780
Male/female 5/19 15/8 15/16 0.002 0.035 0.218
Atopy 0 23 31

Data are presented as n or mean#sp, unless otherwise stated.

Results

Patients

31 allergic asthma patients, 23 patients with allergic rhinitis and 24 healthy volunteers were enrolled in the
study. Patient characteristics are summarised in table 1. Baseline values of FeNO and lung function
parameters are presented in table 2.

Effect of sputum induction
Pre-post induction individual changes of FeNO and functional indices are presented in figure 1.

All indices changed significantly except for FEV1 in the control group.

Figure 2 shows the changes as a percentage of baseline and the statistical significances of the differences
between groups.

Standard pulmonary function

For FEV1, the mean decrease in the asthma group (—17.5%) is significantly greater than that observed in
the two other groups (p<0.001), which appear to be similar (—4.2% and —4.8% in healthy controls and
rhinitis patients, respectively; p=0.868).

Feno

Considering FeNO, the mean decrease in the asthma group (—55.1%) was greater than that observed in the
control (—40.8%, p=0.007). Rhinitis group decrease (—50.0%) is closer to asthma group decrease (p=0.447)
and greater than control group (p=0.029).

Ventilation distribution indices

For SHe, the mean increase in the asthma group (+242.9%) was significantly greater than the control group
(+74.1%, p=0.002); the rhinitis group exhibited an intermediate increase (+127.2) between the control
group increase (p=0.046) and the asthma group increase (p=0.053). For SsF,, all increases were similar and
significant: +94.6%, +64.7% and +141.4% for the control, rhinitis and asthma groups, respectively
(p>0.05).

Moreover, SHe and SSF increased to a similar extent in the control group (+74.1% versus +94.6%:;l
p=0.431), whereas SHe increased significantly more than Ssg, in both the rhinitis (+127.2% versus 64.7%;
p=0.004) and the asthma (+242.9% versus +141.4%; p<0.001) groups.

TABLE 2 Pre-induction values of exhaled nitric oxide fraction (FeNo) and of functional indices

Controls Rhinitis Asthma p-value controls- p-value controls- p-value rhinitis-
rhinitis asthma asthma
FEV1 % pred 104.9+11.4 103.7£13.2 98.9+12.1 0.804 0.153 0.190
FeNo ppb 9.9 (6.1-16)  36.2 (19.3-68.1)  43.2 (19.4-96.5) <0.001 <0.001 0.359
SHe %-L™" 1.28+0.54 1.340.62 2.29+£1.96 0.774 0.027 0.058
SsF¢ %L1 1.84+0.94 2.21+0.96 2.83+1.05 0.108 0.004 0.232

Data are presented as mean#sp or geometric mean (geometric interval) (geometric mean is antiloglmean) and geometric interval is (antilog
(mean-sp) - antilog(mean+sp]) of the log-transformed FeNo), unless otherwise stated. FEV1: forced expiratory volume in 1s; S: slope; He:

helium; SF,: sulfur hexafluoride.
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FIGURE 1 Pre-/post-induction individual changes for a) forced expiratory volume in 1s (FEV1), b] exhaled nitric oxide fraction (FeNo), c] slope

for helium (SHe) and d) slope for sulfur hexafluoride (SsF,) in controls, rhinitis and asthma groups. Open symbols represent the corresponding
meanssp.

Sputum production and quality

42% (10 out of 24) of healthy controls, 100% (23 out of 23) of allergic rhinitis patients and 90.6% (28 out
of 31) of asthma patients produced sputum.

Sputa contaminated with >70% squamous cells and/or revealing <60% cell viability were considered
unsuitable for further cell count [25]. 91% (9 out of 10) of healthy controls, 60% (14 out of 23) of allergic
rhinitis patients, and 65.5% (18 out of 28) of asthma patients produced good quality sputum. The median
(range) of eosinophil percentages were 0 (0-09)%, 0.4 (0-75.6)% and 6.9 (0-63)% for control subjects,
rhinitis patients and asthma patients, respectively. Asthma patients differed from controls (p<0.001) and

rhinitis patients (p=0.003); rhinitis patients exhibited a tendency to have higher percentages of eosinophils
than controls.

Discussion

This study provides evidence that allergic rhinitis is associated with peripheral airway dysfunction. First,
patients with allergic rhinitis display an abnormal peripheral airway responsiveness that is quite similar to
that documented in asthma [15]. Furthermore, the type-2 airway inflammatory process, associated with
increased FeNO reported in allergic rhinitis, finds its origin in the same peripheral airways as in asthma
[17]. This clearly indicates that the so-called “one airway, one disease” concept linking allergic asthma and
allergic rhinitis applies to peripheral airways.

There is evidence that allergic asthma and allergic rhinitis are closely related conditions, sharing common
physiological and inflammatory pathways [1]. Over the past few years, it has been demonstrated that small
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FIGURE 2 Pre-/post-induction individual changes expressed as a percentage of baseline for a) forced expiratory volume in 1's (FEV1), b) exhaled
nitric oxide fraction (FeNo), c) slope for helium (SHe) and d] slope for sulfur hexafluoride (SsFy) in controls, rhinitis and asthma groups. Open
symbols represent the corresponding meanszsp.

airways dysfunction contributes significantly to the pathophysiology of asthma [12]. To this end, we have
documented an abnormal airway reactivity and significant NO production, marking a Th2-type
inflammatory process, located in the small and peripheral airways of patients suffering from asthma [15,
17]. Here, we provide evidence that the peripheral airways of patients suffering from allergic rhinitis
without asthma exhibit similar abnormalities.

In order to evaluate proximal and peripheral airway reactivity in patients with allergic rhinitis, we
measured FEV1 and ventilation distribution with SBWT using the inert gases He and SFg, before and after
sputum induction. The latter procedure is considered to be similar to an indirect airway challenge with
hypertonic saline, and offers the opportunity to investigate airway inflammation [19, 20]. In fact, SBWT
was previously shown to be sensitive to change in airway calibre occurring in lung periphery during airway
challenge in asthma patients [15]. In short, this means that when a nonresident inert gas is inhaled and
exhaled, after exhalation of dead space volume, the expired concentration reaches a plateau known as
phase III, the slope of which reflects the ventilation heterogeneities generated during inspiration. When
two nonresident inert gases that differ only in their diffusive properties, such as He and SFg, are
simultaneously inhaled and expired by a normal subject, they produce slopes of different magnitudes,
evidencing the role of molecular diffusion in the genesis of the phase III slope. Theoretic considerations,
together with anatomic knowledge about bronchial tree dimensions and peripheral asymmetry [27, 28],
indicate that this slope is particularly sensitive to airway alterations, which occur where convention
transport, dramatically decreasing in peripheral airways, is balanced by diffusion transport, sometimes
coined as the “diffusion front”. Given that He and SFs have the same convection velocity at any axial point
and differ only in terms of their diffusive properties, their respective diffusion fronts have different
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FIGURE 3 a) Schematic representation of the sites of the airway response (in red) to an indirect challenge in
healthy controls, patients with allergic rhinitis and asthma patients; b) schematic representation (in blue) of
the sites of nitric oxide production in control subjects (based on [32, 35]], asthma (based on [17]) and rhinitis
patients.

locations. Therefore, the slopes of these gases reflect alterations at different levels of the bronchial tree that
may be estimated by knowing diffusion coefficients and axial velocity: the terminal and respiratory
bronchioles for He and the alveolar ducts for SF¢ [27], the “weaker” diffusion of the latter only being able
to balance a smaller, hence more peripheral velocity. It has been demonstrated that proximal [15] and
distal [29] structural alterations have little effect on diffusion fronts locations, allowing for fair
comparisons of post-challenge values with baseline values. When airway alterations are induced, the
relative increases (A) in SHe and SsF, indicate the site where the alterations occur: ASHe > ASSF¢ probably
reflects alterations at the level of the terminal and respiratory bronchioles and ASSE; > ASHe shows
alterations inside the acinus, whereas ASHe = ASSF, reflects peripheral alteration occurring prior to or
beyond the diffusion front zones of both gases [30, 31].

Taking our combined findings into account, including changes in FEV1, three varying patterns of airway
response to sputum induction could be identified in our three populations, as shown in figure 3. First, in
the asthma group, sputum induction elicited a significant FEV1 fall in a large proportion of patients, as
expected with a procedure considered to be similar to an indirect bronchial challenge with hypertonic
saline solution [20]. In this group, SHe increased more than Ssk,. These changes are compatible with the
constriction of proximal and peripheral airways up to the respiratory bronchioles induced by the
procedure, which is exactly the same as when using AMP to perform airway challenge in asthma patients
[15]. Second, in most patients suffering from allergic rhinitis, FEV1 fall was modest after sputum
induction, while SHe increased more than SSE, indicating a peripheral ventilation impairment up to the
respiratory bronchioles in the absence of a significant proximal response. In most healthy volunteers, FEV1
was not significantly influenced by sputum induction; slopes of He and SFg increased similarly after the
procedure; and FeNO levels decreased. According to theoretical models and heliox experiments [17, 32, 33],
this is compatible with a very peripheral alteration. Combined, our data indicate that the peripheral airway
responsiveness displayed by patients with allergic rhinitis appears similar to that exhibited by asthma
patients. This suggests a common pattern of peripheral airway responsiveness in patients suffering from
asthma and allergic rhinitis that was not highlighted in the previous few studies on this subject [34, 35]. In
fact, a higher degree of peripheral airway responsiveness was documented in both conditions when
changes in reactance at 5 Hz or area under reactance, measured by impulse oscillometry, were used to
assess peripheral airways responsiveness to methacholine in children [34]. However, in adults, only
subjects with allergic rhinitis with proven bronchial hyperresponsiveness, by FEV1 decrease of >20%, but
not subjects with allergic rhinitis without bronchial hyperresponsiveness showed signs of peripheral
airways involvement, proven by impulse oscillometry [35]. It could be argued that this technique might be
less sensitive than SBWT used in our study. Taken together, our data fit well with the “one airway, one
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disease” concept described in asthma and rhinitis: allergic rhinitis or asthma patients display a similar
pattern of peripheral airway responsiveness that is distinct from that observed in nonatopic control
subjects. The mechanism behind the highly localised peripheral airway reactivity reported in healthy
controls for the first time as far as we are aware, remains unknown. The distinctive feature between allergic
rhinitis and allergic asthma, in terms of airway reactivity, appears to be proximal airway responsiveness
(i.e. FEV1 decrease) restricted to allergic asthma.

Finally, as regards airway reactivity, the data summarised in figure 3a suggest a continuous progression
from a peri-acinar involvement only, to a peri-acinar up to terminal bronchioles involvement or a
peri-acinar up to proximal airways involvement, in healthy controls on patients with allergic rhinitis and
allergic asthmatics, respectively.

As expected, FeNO levels were elevated to a similar extent in both asthma and allergic rhinitis. In fact, there
is evidence of common Th2 pathways in allergic rhinitis and allergic asthma as reflected by increased
blood and sputum eosinophil counts and increased FeNO levels [4-7] documented in both conditions. In
this study, we confirmed to some extent an eosinophilic Th2 type inflammatory process occurring within
the airways of patients with allergic rhinitis. While sputum eosinophil count was far below that observed
in patients with allergic asthma, it was significantly higher than that documented in healthy controls. In
addition, we were able to show, for the first time as far as we are aware, that in allergic rhinitis the NO
overproduction site is located in peripheral airways, exactly as indicated in asthma [17]. In fact, over the
past decade, experiments and simulations have found that a large amount of NO production is
concentrated in pre-acinar small airways in healthy subjects [32, 33] as well as in asthma patients [17].
Thus, FeNO may be considered as reflecting NO production in peripheral airways rather than in central
ones. Provocation challenges affecting this peripheral zone [15] reduce airway calibre, and consequently
the epithelium-airway lumen interface through which NO diffuses [36]. Therefore, for an unchanged
epithelial NO production, a reduced amount of NO reaches the airway lumen, decreasing FeNO especially
as constrictions arise where NO production is elevated. The significant FeNO reduction observed after
sputum induction in patients with allergic rhinitis, together with the ventilation impairment affecting SHe
slopes much more, in the absence of concomitant FEV1 change, indicate that a significant amount of NO
is produced in terminal and respiratory bronchioles in this condition, as it does in asthma [17] (figure 3b).
These findings ultimately suggest that an active Th2 type inflammatory process occurs in the peripheral
airways of patients suffering from allergic rhinitis without asthma.

To conclude, this study provides evidence of peripheral airway dysfunction in patients with allergic
rhinitis. First, a common pattern of peripheral airway responsiveness involving terminal and respiratory
bronchioles and distinct from that of healthy controls is documented in patients with allergic asthma and
allergic rhinitis. Incidentally, it is likely that the involvement of both proximal and peripheral airway
distinguishes airway hyperresponsiveness in allergic asthma from airway responsiveness in allergic rhinitis.
Second, a large proportion of the increased NO production reported in allergic rhinitis and marking an
active Th2 type inflammatory process appears to originate in lower peripheral airways, i.e. terminal and
respiratory bronchioles. Overall, the overwhelming message from this study is that the “one airway, one
disease” concept linking allergic asthma and allergic rhinitis applies to peripheral airways as well.
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