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Abstract
Introduction—A revised indoor air quality law has been implemented in Virginia to protect the
public from the harmful effects of secondhand smoke exposure. This legislation contains
exemptions that include allowances for smoking in a room that is structurally separated and
separately ventilated. The objective of the current study was to examine the impact of this law on
air quality in waterpipe cafés, as well as to compare the air quality in these cafés to restaurants that
allow cigarette smoking and those where no smoking is permitted.

Methods—Indoor air quality in 28 venues (17 waterpipe cafés, five cigarette smoking-permitted
restaurants and six smoke-free restaurants (five with valid data)) in Virginia was assessed during 4
March to 27 May 2011. Real-time measurements of particulate matter (PM) with 2.5 µm
aerodynamic diameter or smaller (PM2.5) were obtained and occupant behaviour/venue
characteristics were assessed.

Results—The highest mean PM2.5 concentration was observed for waterpipe café smoking
rooms (374 µg/m3, n=17) followed by waterpipe café non-smoking rooms (123 µg/m3, n=11),
cigarette smoking-permitted restaurant smoking rooms (119 µg/m3, n=5), cigarette smoking-
permitted restaurant non-smoking rooms (26 µg/m3, n=5) and smoke-free restaurants (9 µg/m3,
n=5). Smoking density was positively correlated with PM2.5 across smoking rooms and the
smoke-free restaurants. In addition, PM2.5 was positively correlated between smoking and non-
smoking rooms of venues.
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Conclusions—The PM2.5 concentrations observed among the waterpipe cafés sampled here
indicated air quality in the waterpipe café smoking rooms was worse than restaurant rooms in
which cigarette smoking was permitted, and state-required non-smoking rooms in waterpipe cafés
may expose patrons and employees to PM2.5 concentrations above national and international air
quality standards. Reducing the health risks of secondhand smoke may require smoke-free
establishments in which tobacco smoking sources such as water pipes are, like cigarettes,
prohibited.

INTRODUCTION
Secondhand smoke (SHS) is a gas and particle mixture that includes mainstream smoke
exhaled by cigarette smokers and sidestream smoke emitted directly from burning
cigarettes.1 SHS exposure from cigarettes is associated with coronary heart disease, acute
myocardial infarction, stroke, lung cancer and respiratory infection2 and accounts for ~65
000 non-smoker deaths in the USA each year.1 Interest in reducing SHS-associated risk has
prompted the introduction of smoke-free laws in the USA and abroad. As of January 2012,
35 US states have passed laws that require 100% smoke-free non-hospitality workplaces
and/or restaurants and/or bars.3 Many states have also introduced legislation that restricts
cigarette smoking in public places, but often this type of legislation does not apply to or
includes exemptions for other types of tobacco smoking (eg, cigar, waterpipe; see Noonan4).
One means of assessing the effectiveness (ie, the ability to reduce SHS exposure) of such
legislation is to measure changes in air quality in affected venues or geographic areas.

Continuous sampling of the concentration of a venue’s respirable suspended particles,
defined as particulate matter (PM) of various sizes (<0.1 µm, ultrafine; <2.5 µm, PM2.5; <10
µm, PM10), can be used to evaluate air quality. In fact, the US Environmental Protection
Agency (EPA) uses PM2.5 concentrations to quantify air quality and has set guidelines that
limit daily (24 h average) PM2.5 exposure to 35 µg/m3 and annual (annual average
concentration) exposure to 15 µg/m3.5 PM2.5 is an effective and commonly used marker of
SHS.6 For example, a device used to measure indoor air quality unobtrusively and in real-
time (SidePak Personal Aerosol Monitor) has allowed for examination of the impact of
comprehensive smoke-free air legislation, whereby all indoor smoking is prohibited. In
seven Kentucky communities where a comprehensive indoor smoking ban was instituted,
pre-ban PM2.5 levels in bars and restaurants ranged from 67 to 304 µg/m3 and dropped
significantly to a range of 9–32 µg/m3 after the ban.7 Similar reductions in PM2.5 levels have
also been observed in various hospitality locations in Western New York (eg, 85% decline8).
Additionally, this work has demonstrated differences in PM2.5 reductions between bans
which are comprehensive (Lexington, Kentucky) versus those which include many
exemptions (Louisville, Kentucky).9 The comprehensive Lexington-based ban resulted in an
overall PM2.5 level an order of magnitude lower (18 µg/m3) than pre-ban levels. In contrast,
the limited ban in Louisville had little effect on overall PM levels (PM2.5 of 338 µg/m3).9

Importantly, PM2.5 concentration was related directly to the number of cigarettes smoked in
a venue during the sampling period, highlighting the fact that cigarette smoking is an
important source of PM2.5. In sum, laws that reduce indoor cigarette smoking are effective
at reducing SHS as indexed by indoor air concentrations of PM2.5. However, in the US and
elsewhere, many people smoke tobacco using methods that may not be affected by smoke-
free legislation, such as waterpipe tobacco smoking.

Waterpipe tobacco smoking involves passing smoke through water prior to inhalation and
typically involves burning charcoal to heat the tobacco.1011 This mode of tobacco use is
surprisingly common among adolescents and young adults in the USA.1213 For example, in
one cross-sectional sample of 3770 college students in North Carolina, 17% reported current
waterpipe use.12 Alarmingly, early evidence among waterpipe tobacco smokers indicates
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increased risk for tobacco-related disease including lung cancer, chronic obstructive lung
disease and periodontal disease.1415 In fact, many of the same carcinogens and smoke
constituents associated with adverse health effects found in cigarette smoke are also detected
in significant quantities in waterpipe smoke.16–18 Like cigarette smoking, waterpipe
smoking also produces considerable PM2.5 when measured in a controlled laboratory (406
µg/m3)19 or in a café setting (464 µg/m3).20 However, in many US localities (eg, California,
Illinois, New Mexico), waterpipe cafés escape smoke-free legislation by defining
themselves as ‘tobacco retail shops’, being owner operated or avoiding alcohol sales.4 For
example in 2007, out of 21 US states and the District of Columbia that have some of the
strongest tobacco control laws, 16 had exceptions for retail tobacco establishments and
seven had exceptions for tobacco/cigar lounges.21 In concert with these exceptions, there has
been little to no publically available assessment of how waterpipe smoking venues adapt or
comply with these laws. In Virginia, the Virginia Indoor Clean Air Act (VICAA; revised
version implemented on 1 December 2009) banned smoking in most public places with only
a few exceptions: restaurants located on the premises of a manufacturer of tobacco products,
any portion of a restaurant that is used exclusively for private functions, any portion of a
restaurant that is structurally separated (ie, constructed with a door, separately vented and
contains a public entrance that enters a non-smoking area) or private clubs. In addition, if a
restaurant/café limits their services to pre-packaged food and bottled/canned drinks, the ban
does not apply.22 Virginia’s Governor specifically noted that waterpipe cafés are included in
this legislation.23

Although previous laboratory-based work shows that waterpipe smoking increases PM
concentration, there are no published reports of PM levels in US waterpipe cafés.
Importantly, no study has compared directly the PM levels of waterpipe and cigarette
smoking venues. There are also no studies examining the influence of smoking regulations
on SHS in waterpipe cafés or how these venues are adapted structurally and/or procedurally
to comply with the law. The implementation of such legislation in Virginia provides an
opportunity to address these knowledge gaps. The purpose of the current study was to
measure the PM levels in waterpipe cafés and restaurants/bars that allow smoking and those
that do not. Results will provide novel information regarding waterpipe SHS effects on air
quality as well as determine the effectiveness of regulatory efforts in guarding the public
against SHS exposure.

METHODS
Venue selection

Between 4 March and 27 May 2011, indoor air quality (PM2.5) and occupant behaviour was
measured inside 28 enclosed commercial venues in the state of Virginia. Selected study
venues were distributed across the five health planning regions of Virginia (Northern,
Southwest, West Central, East Central and Eastern Region; http://www.vdh.virginia.gov/).
Within each region, at least two venues that allowed waterpipe smoking (eg, waterpipe
cafés) were identified. Next, purposeful sampling was used to identify one restaurant that
permitted cigarette smoking and one smoke-free restaurant within a 5-mile radius of at least
one of the identified waterpipe cafés in each region. This technique was used to include
venues that had similar public accessibility. For each region, at least four venues were
sampled (two to four waterpipe cafés, one cigarette smoking-permitted restaurant, one
smoke-free restaurant).

Materials
The TSI (Shoreview, Minnesota, USA) Sidepak AM510 Personal Aerosol Monitor was used
to monitor PM2.5 levels. The Sidepak measures PM2.5 using light scattering and has been
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extensively validated for measuring tobacco smoke pollution.8924–26 The TSI Sidepak is a
continuous monitoring device that provides minute-by-minute concentrations of PM2.5. In
addition, maximum occupancy, availability of alcohol/food and adherence to the VICAA
(ie, structurally separate non-smoking room) were recorded and venue dimensions were
determined using an infrared laser (1–100 ft; Craftsman Compact Laser Measuring Tool).
Upon entry, every 15 min thereafter, and immediately before exiting each venue/room, the
number of people present and the number of burning cigarettes/waterpipes were counted.
The active smoker density was calculated by determining the average number of burning
cigarettes/waterpipes per 100 m3.827

Sampling procedure
A team of at least two trained research assistants visited each venue and completed all
assessments. Prior to each sampling session, the monitor was calibrated according to
previously reported methods and manufacturer specifications. To maintain unobtrusive
measurement, monitors were concealed in a closed handbag or backpack, except for a small
portion of the Tygon tubing that protruded from one corner of the bag. TSI Sidepak
measurement began 5 min prior to entry of the venue, continued for at least 30 min inside
the venue and concluded with an additional 5 min of measurement after exiting each venue.
For each room sampled in waterpipe cafés, cigarette smoking-permitted venues and smoke-
free venues, air quality sampling and behaviour monitoring was performed for a minimum
of 30 min. If a non-smoking room was present in a waterpipe café or cigarette smoking-
permitted venue, research assistants transitioned between rooms and sampling and behaviour
monitoring continued for another minimum of 30 min. The order of room measurement
(smoking to non-smoking vs non-smoking to smoking) was counterbalanced across venues.
Upon entering, research assistants sat or stood in a central location, and the sampler was
kept at least at table level and was set to average 60 consecutive 1 s measurements (ie, a 1
min log interval). Based on our previous research,28 waterpipe cafés are most active during
the late evening/early morning hours on Thursdays, Fridays and Saturdays, and thus, all
study venues were sampled on either Friday or Saturday nights between 21:00 and 02:00.
Each venue was visited once for air quality and behaviour monitoring, and four venues were
revisited for dimension measurement due to equipment malfunction.

Data analysis
For each venue/room sampled, the first and last minute of logged PM2.5 data was discarded
and the remaining data points were averaged to determine the mean PM2.5 concentration.
There is no established waterpipe-specific calibration factor for the TSI Sidepak, although
preliminary research indicates this calibration factor to be 0.37.29 A conservative calibration
factor of 0.32, appropriate for cigarette SHS, was applied to all the PM2.5 data in this study,
although this calibration factor may underestimate PM2.5 levels from waterpipe smoke.92430

Each venue/room was grouped into categories based on the type of venue (waterpipe café,
cigarette smoking-permitted restaurant or smoke-free restaurant) and room visited (smoking
or non-smoking). Data were analysed using IBM SPSS (V.19), and due to the small sample
sizes and lack of normality, non-parametric methods were used. Across categories, PM2.5
data were analysed using the Kruskal–Wallis test. Seven planned comparisons were used to
examine differences of mean PM2.5 concentration between the waterpipe café smoking and
non-smoking rooms and the cigarette smoking-permitted restaurant smoking and non-
smoking rooms (Mann–Whitney U test between venues, Wilcoxon signed-rank test within
venues, exact significance levels reported; see Nachar31). In addition, Spearman correlation
analyses were used to explore the relationship between smoker density and PM2.5 as well as
the PM2.5 concentrations between smoking and non-smoking rooms. A p value of <0.05 was
considered statistically significant for all analyses.
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RESULTS
Venue sample characteristics

By region, six venues were visited in the Northern (four waterpipe cafés, one cigarette
smoking-permitted restaurant and one smoke-free restaurant), four in the Southwest (two
waterpipe cafés, one cigarette smoking-permitted restaurant and one smoke-free restaurant),
six in the West Central (three waterpipe cafés, one cigarette smoking-permitted restaurant
and two smoke-free restaurants (one with valid data)), six in the East Central (four waterpipe
cafés, one cigarette smoking-permitted restaurant and one smoke-free restaurant) and six in
the Eastern Region (four waterpipe cafés, one cigarette smoking-permitted restaurant and
one smoke-free restaurant). Table 1 displays the characteristics of all 28 venues assessed
including room volume (m3), smoker density and mean PM2.5. A wide range of room/venue
sizes were sampled: waterpipe cafés =23–987 m3, cigarette smoking-permitted restaurants
=144–826 m3 and smokefree restaurants =247–1163 m3. Cigarette smoking was observed in
four of the five cigarette smoking-permitted restaurants, and waterpipe smoking was
observed in all 17 waterpipe cafés. In addition to waterpipe smoking, cigarette smoking was
present in three waterpipe cafés, but at a relatively low rate (mean number of burning
cigarettes =0.42; mean number of lit waterpipes =12.72). Other tobacco smoking (cigars,
bidis/cloves) was not observed in any venue sampled. In all five smoke-free restaurants, no
smoking of any kind was observed. Of the 17 waterpipe cafés visited, the non-smoking
room was clearly designated in 11 venues but was otherwise obscure (n=4) or not required
(n=2; exempt from VICAA due to service of only pre-packaged food and bottled/canned
drinks) in the remaining venues. All cigarette smoking-permitted restaurants had a clearly
marked non-smoking room. In one waterpipe café, smoking was observed in the non-
smoking room and data were retained from this venue to reflect compliance with the current
policy accurately. Figure 1 displays real-time PM2.5 concentrations measured in select
venues of each type (ie, venues 15 through 18).

Mean PM2.5 across venue type and room
Table 2 displays mean characteristics by venue and room measured that were used for
analysis. Mean (±SD) PM2.5 concentrations across all waterpipe café smoking rooms
(includes cafés that allowed smoking throughout; n=17) ranged from 13 to 1733 µg/m3, and
the overall mean for these venues was 374 µg/m3 (±440). Mean PM2.5 concentrations across
all waterpipe café non-smoking rooms (n=11) ranged from 16 to 823 µg/m3, and the overall
mean was 123 µg/m3 (±236). For the cigarette smoking-permitted restaurants (n=5), the
mean overall PM2.5 concentration for the smoking rooms was 119 µg/m3 (±95) with a range
of 11–247 µg/m3, and the mean for the nonsmoking rooms was 26 µg/m3 (±31) with a range
of 6–79 µg/m3. The mean PM2.5 concentration for the smoke-free restaurants (n=5) was 9
µg/m3 (±2) with a range of 7–11 µg/m3. Across all rooms/venues, which allowed smoking
(cigarette and waterpipe) and smoke-free restaurants, there was a positive correlation
between smoker density and PM2.5 (r=0.79, n=27, p=0.000). When PM2.5 concentration
between room pairs (ie, only venues with a smoking room and non-smoking room) was
compared across venues, there was a positive correlation (r=0.53, n=16, p=0.036).

The distribution of PM2.5 concentration across all six types of venues/rooms (n=43) differed
significantly (H5=24.0, p=0.000). The PM2.5 concentrations of the waterpipe cafés with a
nonsmoking (mean =123) and smoking (mean =369) room differed significantly (z=−2.7,
n=11, p=0.008). For all other comparisons, waterpipe café smoking rooms from these
locations (n=11) and those from waterpipe cafés that allowed smoking throughout (n=6)
were collapsed into a single group (waterpipe café smoking rooms); there was not a
significant difference in PM2.5 concentration between these two room types (U=25.0,
p=0.462). PM2.5 concentrations for the cigarette smoking-permitted restaurant smoking
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rooms did not differ significantly from the cigarette smoking-permitted restaurant non-
smoking rooms (z=−1.8, n=5, p=0.08). Importantly, no significant difference was observed
between cigarette smoking-permitted restaurant smoking rooms and waterpipe café non-
smoking rooms.

DISCUSSION
To the best of our knowledge, this is the first report of PM2.5 concentrations in waterpipe
cafés in the USA. Results indicate that the air quality in waterpipe cafés, as indexed by
PM2.5 concentrations, is poorer than the cigarette smoking-permitted restaurants that were
assessed during this study. The PM2.5 concentrations in smoking rooms of waterpipe cafés
(374 µg/m3) were 3.2 times greater on average than for the smoking rooms of cigarette
smoking-permitted restaurants (119 µg/m3) and 41.6 times higher than those observed in
smoke-free venues (9 µg/m3). Similarly, the mean PM2.5 value for the non-smoking room of
waterpipe cafés (123 µg/m3) was 4.7 times higher on average than observed within the non-
smoking room of cigarette smoking-permitted restaurants (26 µg/m3). Alarmingly, relative
to smoke-free venues, the mean PM2.5 concentration in nonsmoking rooms of cigarette
smoking-permitted restaurants was 2.8 times higher and in non-smoking rooms of waterpipe
cafés was 13.7 times higher. Thus, employees and/or non-smoking patrons that occupy
either a restaurant that allows cigarette smoking or waterpipe café will be exposed to PM2.5
concentrations above that found in a smoke-free environment.

In reference to the effectiveness of the VICAA, on average, the structurally separate non-
smoking rooms provided a reduction in PM2.5 (as compared with the smoking rooms for
waterpipe and cigarette smoking-permitted venues), but the mean concentration for the non-
smoking rooms of waterpipe cafés was well above those observed in smoke-free venues (9
µg/m3) as well as daily (35 µg/m3) and annual (15 µg/m3) PM2.5 US EPA exposure limits5

and daily (25 µg/m3) and annual (10 µg/m3) WHO guidelines.32 In addition, there was one
waterpipe café that allowed smoking in the non-smoking room, and four locations that did
not appear to be in compliance with VICAA (no visible structurally separate non-smoking
room).

Importantly, smoker density was correlated positively with measured PM2.5, suggesting that
cigarette and/or waterpipe smoking was the major source of the measured PM2.5 in venues
that were assessed during this study. The positive correlation between PM2.5 concentrations
in the non-smoking and smoking rooms of cigarette smoking-permitted and waterpipe
smoking venues indicates that the high levels of PM2.5 in one room were associated with
high levels in the other. Worth noting is that, in only three of the five cigarette smoking-
permitted restaurants and only three of the 11 waterpipe cafés, was the door between
smoking and non-smoking areas consistently closed (ie, excluding brief entry or departure of
patrons and employees). Patrons and employees may also be exposed and/or expose others
to potential thirdhand smoke (THS; smoke pollutants trapped in clothing/fabrics, on surfaces
or transferred by their hands).33 While the clinical implications of THS exposure are
uncertain, potential THS-associated exposures include nicotine, PM and products of surface
reactions involving tobacco smoke constituents.33

These results are comparable to those observed in venues where waterpipe smoking is
prevalent. For example, in Syria across 40 restaurants/cafés where both cigarette and
waterpipe smoking was observed, the mean PM2.5 concentration was 464 µg/m3.20 In
Lebanon among a sample of 28 hospitality venues that allowed cigarette and waterpipe
smoking, the mean PM2.5 concentration was 349 µg/m3.34 Also, the mean PM2.5
concentration for restaurants that permitted cigarette smoking was consistent with that
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observed in similar venues in western New York (156 µg/m3)8 and Paducah, Kentucky (177
µg /m3).35

While smoking density was a strong correlate of PM2.5 levels in venues sampled, other
factors (open fires, cooking equipment) may have also contributed to these concentrations.
Other types of ambient particulates within a building as well as outdoor PM can affect
indoor readings.36 Specifically for waterpipe cafes, the charcoal used to heat the waterpipe
tobacco may be an important source of PM.37 Other constituents besides tobacco (eg, honey,
molasses, flavourings) present in the products used in the waterpipe may also contribute
substantially to air quality. Future studies can examine the extent to which the results
reported here are influenced by tobacco-containing and tobacco-free waterpipe products.
Another characteristic deserving of future study is how multiple users who smoke the same
waterpipe impact the smoke produced. While this study only assessed the number of
waterpipes in use, a more precise determination of the number of waterpipe smokers using
each waterpipe would aid the understanding of smoking density. Lastly, the lack of air
quality data in these venues prior to VICAA implementation makes inferences concerning
effectiveness more difficult.

Conclusions
The heightened levels of respirable suspended particles observed in waterpipe cafés and
cigarette smoking-permitted venues represent a considerable potential health risk for
employees and patrons. For instance, PM2.5 concentrations in the smoking room of one
waterpipe café reached levels almost seven times higher than the US EPA-defined
‘hazardous’ level (>250 µg/m3 daily exposure) and the non-smoking room of the same café
was three times higher than these ‘hazardous’ levels. These data suggest that regulations that
allow for indoor smoking even if it is in a separate room are not effective at safeguarding
non-smokers, especially for individuals who work or visit venues that allow waterpipe
smoking. Stricter enforcement or implementation of a more comprehensive smoking ban in
Virginia would be more effective for protecting public health.38
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What this paper adds

► Few studies have assessed indoor air quality associated with waterpipe
smoking and no study has examined how these venues are influenced by or
adapt to indoor smoking regulations.

► Venues that allowed waterpipe smoking had the highest mean concentrations
of PM2.5 and the non-smoking areas of these venues did not differ
significantly from the restaurants that permitted cigarette smoking.

► These data corroborate others that indicate waterpipe smoking is an
important source of PM2.5 and justify the inclusion of waterpipe smoking in
legislation that restricts SHS.
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Figure 1.
Real-time PM2.5 concentrations for two waterpipe cafés (WP), one cigarette smoking-
permitted restaurant smoking (CIG-S) and nonsmoking room (CIG-NS), and one smoke-free
restaurant on 15 April 2011.
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