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Background: In contrast to cigarette smoking, the association between water pipe smoking
and airway hyperresponsiveness remains widely unexplored.

Methods: A bronchoprovocation challenge with mannitol was performed in young adults
recruited at the University of Basel, Switzerland. Subjects were categorized as acute water pipe
smokers (single episode of water pipe smoking, no or <0.5 pack-years cigarette smoking);
chronic water pipe smokers (weekly for =4 weeks, no or <0.5 pack-years cigarette smoking);
cigarette smokers (no water pipe smokers); and never-smokers (no cigarette or water pipe
smokers). Primary outcomes were airway reactivity as measured by the response-to-dose ratio
(RDR) and airway responsiveness measured by the provocation dose to cause a 15% fall in
forced expiratory volume in 1s (FEV ; PD ).

Results: Seventy-four subjects with a mean age of 22.5+2.5 years and FEV, % predicted
90.1%+8.6% were included. Subgroups were matched in terms of age, gender, and spirometry
results. RDR in chronic water pipe smokers and cigarette smokers was similar (0.013%/mg
[0.010-0.015] vs 0.023%/mg [0.011-0.051], respectively; p=0.12) but significantly higher than
in never-smokers (0.007%/mg [0.005-0.010], p<<0.01). Neither a history of asthma (p=0.88)
nor a positive skin prick test (p=0.69) was associated with increased airway reactivity to the
mannitol challenge test. PD , differed significantly between cigarette smokers and never-smokers
(155 mg [115-395] vs 315 mg [155-475], respectively; p=0.04).

Conclusion: Weekly water pipe smoking may increase airway reactivity to a similar extent
as cigarette smoking.

Keywords: mannitol challenge, airway reactivity, water pipe smoking

Introduction
There is a steady increase in the prevalence of water pipe smoking in the Western
world.! Of the young adults aged 1630 years, ~80% report having smoked water pipe,
30% currently smoke, and 4% regularly smoke water pipe.? The increase in preva-
lence of water pipe smoking could be attributed to the following: 1) water pipes are
socially more acceptable than cigarettes with bars specifically catering for the smoking
of water pipes; 2) it is cheaper to smoke a water pipe than cigarettes since they are
often shared at home or in dedicated bars; 3) consumers tend to assume that smoking
water pipe is less harmful than smoking cigarettes because the smoke passes through
a reservoir of water which is thought to filter hazardous chemicals; 4) furthermore,
the tobacco control policies in the US and many other Western countries currently do
not adequately address water pipe smoking.>*

It is widely accepted that the inhalation of tobacco smoke is the single most impor-
tant risk factor for the development of chronic airway disease. There is accumulating
evidence implying that water pipe smokers experience similar health risks as cigarette
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smokers.'** However, the interpretation of the available data
is hampered by the fact that most water pipe smokers report
concomitant cigarette smoking, thus confounding the indi-
vidual risk associated with each exposure. Cigarette smoke
has the capacity to damage the airways in a number of ways,
including direct toxicity to the epithelium, increased oxidative
damage, induction of inflammatory cells, particularly neutro-
phils, and increased epithelial permeability.>® Subsequently,
airway inflammation leads to chronic respiratory symptoms,
ie, chronic cough and sputum production, along with irrevers-
ible airflow limitation in susceptible individuals.”’

In non-asthmatic patients, cigarette smoking has been
shown to induce airway hyperresponsiveness (AHR).%!° The
extent and reversibility of AHR following smoking cessa-
tion is dependent on the stimulus.!'? Mannitol is an indirect
stimulant which can be used to measure AHR."* Asymptom-
atic cigarette smokers with normal lung function show a
high prevalence of AHR compared to never-smokers when
stimulated with mannitol, and this effect is reversed follow-
ing smoking cessation.!? In contrast to cigarette smoking, the
relationship between other forms of tobacco inhalation, such
as water pipe smoking, and the development of AHR remains
widely unexplored. The present study aimed to determine
whether airway reactivity and responsiveness to mannitol dif-
fers between 1) acute water pipe smokers (single episode of
water pipe smoking, no cigarette smoking); 2) chronic water
pipe smokers (weekly for =4 weeks; no cigarette smoking);
3) cigarette smokers (no water pipe smoking); and 4) never-
smokers (no water pipe and no cigarette smoking). A 15%
fall in forced expiratory volume in 1 s (FEV) in response
to the mannitol challenge is considered a positive test, and
the response-to-dose ratio (RDR) represents a measure of
the reactivity to mannitol.!>!4

Ethics statement

The study was submitted to the local Institutional Review
Board of the Canton Basel, Switzerland (Ethics Committee
of Basel, EKBB/EKNZ 116/9) who approved all ethical
aspects related to the study. All participants provided written
informed consent for the scientific analysis of their data.

Methods
Setting and study population

The present study was designed as a prospective, single-center,
observational trial and was conducted at the University
Hospital Basel, Switzerland. University students were
recruited by personal contact or advertisement on black-
boards at the university campus. Included subjects received

an incentive in the form of a cinema voucher. The inclusion
criteria were age between 18 and 30 years and current student
status. Exclusion criteria were as follows: current clinical
diagnosis of asthma or signs and symptoms suggestive of
asthma; a history of active upper or lower respiratory tract
infection severe enough to require medical consultation in
the past 2 years; any known acute or chronic pulmonary
disorder (including, but not limited to, cystic fibrosis, tuber-
culosis, bronchiectasis, and emphysema); breast feeding
or pregnancy; known intolerance to mannitol or broncho-
dilators (salbutamol); consumption of any other tobacco
products (including marijuana, cigars, pipes, e-cigarettes;
all possible tobacco products were excluded which strongly
restricted the number of volunteers that could be included);
and intake in the past 6 months of any medication or drugs
that would directly or indirectly influence the mannitol chal-
lenge test (eg, bronchodilators, corticosteroids, theophyl-
line, anti-histamines, and leukotriene antagonists). Subjects
were categorized into four groups according to the reported
smoking habits — acute water pipe smokers were defined by
a self-reported single episode of water pipe smoking within
the last 48 h, after minimal abstinence of 14 days and with no
other smoke exposure in the last 6 months; chronic water pipe
smokers were defined by a = once weekly water pipe smok-
ing session for at least the last 4 weeks and no other smoke
exposure within the last 6 months. Active cigarette smoking
was defined by a consumption of at least 10-30 cigarettes per
day within the last 3 months. Patients categorized as acute
and chronic water pipe smokers were either never-smokers
or reported only a minimal cigarette smoke exposure (<0.5
pack-years [PY]). The study was conducted in accordance
with the Good Clinical Practice guidelines recommended by
the International Conference on Harmonisation of Technical
Requirements and the Declaration of Helsinki.'>!¢ The study
was submitted to the local Institutional Review Board (EKBB/
EKNZ 116/9) which approved all ethical aspects related to
the study. All participants provided written informed consent
allowing the scientific analysis of their data.

Assessments

At enrollment, demographic data were collected, followed
by a thorough assessment of health status, including medical
history and relevant comorbidities. Data on smoking were
collected with standardized questions about current and pre-
vious smoking habits. Active cigarette smokers were asked
for the number of PY and the number of cigarettes smoked
daily within the last 3 months. All students underwent lung
function testing. Therefore, FEV, forced vital capacity
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(FVC), and FEV /FVC were measured using a spirometer
(Spirovit SP-10; Schiller, Baar, Switzerland) according to
the American Thoracic Society guidelines.!” Exhaled carbon
monoxide (CO) was measured with a Micro Smokerlyzer
device (Bedfont Scientific, Maidstone, UK). All participants
underwent a skin prick test and mannitol challenge. Skin prick
tests were performed using Phazet lances (Pharmacia Diag-
nostic AB, Uppsala, Sweden) on the volar side of the forearm.
A standard panel (Trimedal AG, Dietlikon, Switzerland)
was used, comprising six common aeroallergens in this
region: the mold Alternaria tenuis, the mold Cladosporium
hormodendrum, mixed grass, cat dander, dog dander, and the
house dust mite Dermatophagoides pteronyssinus. Histamine
10 mg/mL was used as a positive control and a saline/glycerol
solution as a negative control. Skin test reactions (weal size)
were read along the long axis and perpendicular to the long
axis after 15 min. A mean weal size of =3 mm was regarded as
a positive response.'® Subjects were considered atopic if they
had a positive reaction to one or more of the eight allergens.
The mannitol challenge was performed by administering the
spray-dry mannitol powder released from a gelatin capsule
form (Aridol™; Pharmaxis Ltd, Sydney, Australia) and
inhaled through an RS01 device, as described by Anderson
et al.’* Based on the results by Brannan et al, mean RDR in
healthy never-smokers was considered to be ~0.0029% fall
per mg applied mannitol (95% confidence interval [CI] 0.002;
0.004)."* RDR is defined as the maximum percentage fall in
FEV /cumulative dose of mannitol. All subjects were dis-
suaded from any kind of smoking for 6 h before the test.

Power calculation and statistical data
analysis

Sample size calculation was performed based on the differ-
ence in the prevalence of AHR between water pipe smokers
and never-smokers. Assuming that AHR to mannitol would
be present in ~30% of water pipe smokers and 5% of non-
smokers, 27 subjects would be needed in each arm (total
n=108) to achieve a 5% significance with a power of 80%.
Since there are no comparable data available, our assumption
about the prevalence of AHR in water pipe smokers was made
based on the results of a former study investigating the preva-
lence of AHR in cigarette smokers.'? Differences between
study subgroups in dichotomous and continuously distributed
variables were analyzed by using the chi-square test and the
nonparametric Mann—Whitney U-test or Kruskal-Wallis
test, as appropriate. To compare differences in RDR between
the study groups, ANOVA with subsequent comparisons
was performed using logarithmically transformed data.

Provocation dose to cause a 15% fall in FEV, (PD,,) was
logarithmically transformed using a base-2 logarithm. All sta-
tistical analyses were performed with the Statistical Package
for Social Sciences (SPSS Inc, version 22 for Windows).
A p-value of <0.05 was considered significant.

Results

Baseline data and study population

Baseline characteristics for each of the four subgroups are
illustrated in Table 1. In total, 230 subjects were initially
screened for eligibility. A total of 74 students fulfilled the
inclusion criteria (Figure 1). On average, the study popula-
tion consisted of young university students in their early 20s
(mean 22.5 years, SD +2.5) with nearly equal proportions of
males (51%) and females (49%). The prevalence of comor-
bidities was low with two cases of iron deficiency anemia
and two cases of lactose intolerance. Concomitant medication
consisted of oral contraceptives and dietary supplements. Par-
ticipants denied any current respiratory symptoms at inclu-
sion. A positive reaction to at least one common aeroallergen
was observed in about half of the participants (51%). One
subject reported a history of mild exercise-induced asthma
in childhood, but had a negative bronchoprovocation with
mannitol (PD,, was not reached). Spirometry parameters
were within the normal range. The four subgroups were
matched in terms of age, gender, and spirometry results.
Cigarette smokers reported a median of 20 cigarettes per
day (interquartile range [IQR] 15-30) with a mean smoking
history of 5.943.2 PY. Exhaled CO was significantly higher
in chronic cigarette smokers compared to acute and chronic
water pipe smokers (p<<0.01). As defined per protocol, both
acute and chronic water pipe smokers denied any additional
consumption of cigarettes or other tobacco products.

Mannitol challenge test results
The mannitol bronchoprovocation test results are displayed in
Table 2. Overall, PD . in response to the mannitol challenge
test was observed in 7 of 74 participants (9.5%). Of these,
five participants were cigarette smokers (6.512.3 PY) with
a median provocation dose of 155 mg (155-395 mg) and
two were never-smokers with a median provocation dose of
315 mg (155-475 mg). All other participants did not reach a
PD , after an application of a cumulative dose of 635 mg man-
nitol, ie, these participants had a negative mannitol test.
There was a significant difference in airway reactivity
to mannitol as measured by the RDR across the four groups
(»=0.03). Median RDR was highest in cigarette smokers
(0.023%/mg [0.011-0.051]) followed by chronic water
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Table I Demographic and clinical baseline data according to smoking status

Variables All Water pipe Water pipe Cigarette Never- p-value
(n=74) (acute) (chronic) smokers smokers
(n=15) (n=9) (n=18) (n=32)
Gender
Female, n (%) 36 (49) 8 (53) 4 (44) 8 (44) 16 (50) 0.34
Age, years 22.5 (+2.5) 21.8 (£1.5) 22.7 (+4.3) 23.0 (£2.7) 22.5 (+2.5) 0.52
Smoking
Pack-years 1.7 (0-3) 0 5.9 (4-6.5) 0 -
Cigarettes/day* (IQR) 20 (15-20) 0 0 20 (15-20) 0 -
CO, ppb 5.4 (+7.3) 2.13 (£1.8) 4.9 (£3.3) 15.3 (+8.2) 1.3 (£2.3) <0.01
Atopic status
Allergies, n (%) 19 (26) 5(33) 3(33) 5(26) 6 (19) 0.6l
Prick test (positive) 38 (51) 6 (40) 5 (55) 6 (31) 13 (41) <0.0l
History of asthma, n (%) 4 (5) 1(7) 0(0) 0 (0) 309
Comorbidities, n (%) 4 (5) 1 (7) 0(0) 0(0) 3(9) -
Medication, n (%) 23 (31) 7 (46) 2(22) 7 (37) 7(22) -
Spirometric indices
FEV, (L) 3.8 (£0.7) 3.7 (£0.8) 3.9 (£0.8) 3.8 (+0.6) 3.7 (0.7) 0.48
FEV, (% predicted) 90.1 (+8.6) 91.4 (18.6) 93.5 (£13.2) 89.0 (£3.8) 88.8 (+8.6) 0.65
FVC % (L) 4.6 (£0.8) 4.4 (£0.9) 4.8 (£1.0) 4.5 (£0.6) 4.6 (£0.7) 0.54
FVC (% predicted) 92.1 (+8.9) 91.9 (+7.3) 98.3 (£10.6) 91.2 (£7.0) 90.8 (x10.1) 0.08
FEV /FVC* (+IQR) 0.83 (+0.1) 0.86 (+0.1) 0.81 (x0.1) 0.84 (+0.6) 0.81 (x0.1) 0.49

Notes: Data are presented as n (%), mean £ SD, or *median (IQR). p<<0.05 is significant (two-sided unpaired t-test for continuous variables, chi-square for discontinuous
variables). The groups were defined as follows: |) acute water pipe smokers (single episode of water pipe smoking, no cigarette smoking); 2) chronic water pipe smokers
(weekly for =4 weeks; no cigarette smoking); 3) cigarette smokers (no water pipe smoking); and 4) never-smokers (no water pipe and no cigarette smoking).

Abbreviations: CO, carbon monoxide; FEV‘, forced expiratory volume in | s; FVC, forced vital capacity; IQR, interquartile range; PY, pack-years.
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Figure | Flowchart depicting the study design.
Abbreviation: PY, pack-years.
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Table 2 Mannitol challenge results in 74 subjects according to smoking status

Mannitol All Water pipe Water pipe Cigarette Never-smokers p-value
challenge (n=74) (acute) (chronic) smokers (n=32)

(n=15) (n=9) (n=18)
Positive, n (%) 7 (10) 0(0) 0(0) 5(27) 2(7) -
Negative, n (%) 67 (90) 15 (100) 9 (100) 13 (73) 30 (93) -
PD (mg),* (IQR) - - - 155 (115-395) 315 (155-475) 0.04
RDR (%/mg)* (IQR) 0.011 (0.022-0.050)  0.010 (0.006-0.015)  0.013 (0.010-0.015)  0.023 (0.011-0.051) 0.007 (0.004-0.010)  0.03

Fall in % FEV,* (IQR) —4.67 (-7.31 to —2.29) —4.83 (~6.88 to ~3.97) —6.04 (-8.11 to —4.04) ~7.25 (~15.75 to —3.48) —3.05 (-5.72 to —1.43) <0.01

Notes: The groups were defined as follows: |) acute water pipe smokers (single episode of water pipe smoking, no cigarette smoking); 2) chronic water pipe smokers
(weekly for =4 weeks; no cigarette smoking); 3) cigarette smokers (no water pipe smoking); and 4) never-smokers (no water pipe and no cigarette smoking). Data are
presented as n (%) or *median (IQR). Response-to-dose ratio (fall in FEV| divided by cumulative mannitol dose given to cause this fall).

Abbreviations: FEV , forced expiratory volume in | s; IQR, interquartile range; PD ,, provocation dose to cause a 15% fall in FEV,; RDR, response-to-dose ratio.

pipe smokers (0.013%/mg [0.010-0.015]), acute water pipe
smokers (0.010%/mg [0.006-0.015]), and never-smokers
(0.007%/mg [0.004-0.010]). RDR was significantly different
between cigarette smokers and both acute water pipe smokers
(p=0.02) and never-smokers (p<<0.01). However, there was
no significant difference in RDR between cigarette smokers
and chronic water pipe smokers (p=0.12). Neither a history
of asthma (p=0.88) nor a positive skin prick test (p=0.69)
was associated with RDR.

Discussion

To the best of our knowledge, this is the first study investigat-
ing the effect of water pipe smoking on airway reactivity to
a bronchoprovocation stimulus. In a cohort of healthy young
adults with preserved lung function, water pipe smoking
of ~2 years results in a similar dose—response curve to man-
nitol, ie, increased airway reactivity, as cigarette smoking
of on average 5.9 PY.

The smoke inhaled through a water pipe is considered
to contain larger amounts of noxious agents than cigarette
smoke, such as hydrocarbons, carbon monoxide, and polycy-
clic aromatic aldehydes.'** Furthermore, water pipe smoking
has been associated with a higher amount of inhaled ultrafine
particles and toxic carbon dioxide per single breath compared
to cigarettes.'”?! A single water pipe session is associated with
a 50-100 times greater smoke volume inhaled than from a
single cigarette. However, smoking habits from water pipe
and cigarette smokers differ significantly.?>** The majority
of water pipe smokers smoke less frequently, typically one
to two sessions per week or month, compared to the average
cigarette smokers with 10-20 cigarettes per day. There is
mounting evidence that chronic water pipe smoke can nega-
tively affect lung health as expressed by chronic respiratory
symptoms (cough and sputum production) and impairment of
lung function.?*2¢ Conversely, subacute, nose-only exposure
to water pipe smoke in mice caused lung inflammation and

oxidative stress, but did not affect pulmonary function.?”’
Strikingly, recent data suggest that young, light-use water
pipe smokers have a lower diffusion capacity, abnormal
epithelial lining, fluid metabolome profile, increased propor-
tions of small airway epithelial secretory and intermediate
cells, and reduced proportions of small airway epithelial
ciliated cells as compared to non-smokers.?® Furthermore,
markedly abnormal small airway epithelial and alveolar
macrophage transcriptomes as well as elevated levels of
apoptotic endothelial cell microparticles were reported,
highlighting that the major bronchial changes caused by
water pipe exposure might differ from those associated with
cigarette smoking.”®

In the present study, we could demonstrate that young
adults with a modest amount of water pipe smoke exposure
(at least once weekly) showed a significant increase of airway
reactivity (RDR) similar to cigarette smokers. In other words,
despite its dissimilarities, regular inhalation of water pipe
smoke seems to have the same capability to induce non-
asthmatic airway inflammation as cigarette smoke. Consider-
ing the inadequate legislature governing water pipe smoking,
our findings strongly suggest that stricter laws should be
implemented regarding water pipe smoking.

Water pipe smoking appears to be strongly associated with
the concomitant use of other tobacco products such as ciga-
rette smoking and also cannabis consumption.>?*3! Therefore
the true impact of water pipe smoke on airway inflammation
remains difficult to be estimated. In the present study, we
made sure to recruit only water pipe users with no relevant
concomitant cigarette smoking. However, the identification
of water pipe smokers who never smoked cigarettes and were
thus eligible for the study was challenging and resulted in a
smaller sample size than originally planned. Although we
observed an increase in airway reactivity of chronic water
pipe smokers, no effect on airway responsiveness (PD,,)
was evident. There may be a few reasons for this occurrence,
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namely, that the population investigated consisted of young
adults with no significant ancillary use of cigarettes and only a
modest consumption of water pipe smoke. A positive mannitol
test requires the presence of inflammatory cells, particularly
mast cells and eosinophils. In mice, it was found that nose-
only water pipe smoking 5 days a week for 1 month results
in increased neutrophil and lymphocyte concentrations.* The
damage caused to the lung tissue by water pipe smoking may
have a different mechanistic pathway so that the constituents
needed for a positive mannitol test are either absent or require
more time to develop. Nevertheless, it is tempting to hypoth-
esize that long-term water pipe smoking might lead to more
prominent changes in airway responsiveness. Importantly, our
investigation was designed as an observational study provid-
ing a small sample size and no long-term follow-up. Thus,
our results should be interpreted with caution, and larger,
longitudinal studies will be required to definitely characterize
changes in airway reactivity and the clinical consequences of
water pipe smoking more precisely.

In conclusion, beyond the existing epidemiological evi-
dence, the results of the present study suggest that modest
water pipe exposure results in an increase in airway reactivity
similar to cigarette smoking, which may reflect a preliminary
state of airway disease.
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