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ARTICLE INFO ABSTRACT

This study involved a seasonal exposure assessment in a hospital environment using several air quality indicators
including carbon monoxide (CO), carbon dioxide (CO,), particulate matter (PM;o and PM, s), and total volatile
organic compounds (TVOCs). We examined the distribution of and variation in the indoor and outdoor pollutant
concentrations in 12 working areas across three hospitals, with an emphasis on capturing seasonal variations.
We assessed correlations between measured indoor and outdoor levels to quantify the importance of indoor
sources on air quality relative to outdoor sources. Our results indicated that while indoor and outdoor CO levels
were below air quality standards/guidelines, measured PM, s and PM;, concentrations at several locations ex-
ceeded the standards 2- to 3.5-fold. We generally recorded higher indoor PM levels during the warm season,
particularly during regional desert storm events. The ingress of particles from the outdoor to indoor environment
was evident with high correlations between indoor and outdoor PM, 5 (r between 0.83 and 0.92) and PM;, (r
between 0.74 and 0.86) levels, particularly during the warm season. Indoor to outdoor (I/0O) ratios of PM, 5 and
PM;, were mostly < 1. In contrast, indoor levels of CO, and TVOCs exceeded outdoor concentrations during
both the warm and cold seasons with I/0O ratios > 1 across all sampling locations. Our paper concludes with
implications of high PM exposure and a suggested management framework for limiting such exposure in hos-
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1. Introduction

Air pollution in urban areas is associated with a range of health
effects, both respiratory and cardiovascular [1-3], along with increased
cancer risk [4-6]. The global burden of disease classifies air pollution as
the fourth leading cause of mortality globally; this is mainly attributed
to the joint effects of household and ambient air pollution [7-9]. Ex-
posure may occur from multiple indoor and outdoor sources and is a
characteristic of both human activities and the natural environment
[10]. Pollution levels in ambient air can affect indoor air quality (IAQ),
where most individuals spend the majority of their time [7,9,11].
Worldwide, concerns regarding poor IAQ have continuously increased
as pollutants from various sources are identified indoors at concentra-
tions exceeding health thresholds [1]. In addition, while indoor and
outdoor levels are often correlated, the strength of their correlation
varies between sites given that pollutant sources and levels, dispersion
mechanisms, and personal exposures can vary among these environ-
ments [12]. In non-smoking environments, indoor concentrations have
shown strong correlations with outdoor concentrations [13,14]. For
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some air pollutants such as CO, SO,, NO,, and PM;,, their outdoor
concentrations tend to be higher than their indoor levels given that
their sources are primarily industrial, construction-related, or traffic-
induced [1,6,15-17]. However, other air pollutants, such as VOCs, CO,,
and PM, s, tend to have higher indoor concentrations as compared to
their ambient levels, given that these pollutants are typically associated
with indoor activities [6,10,14-19].

The levels of air contaminants to which indoor occupants are ex-
posed varies as a function of the type and source of the contaminant,
proximity to a source, emission rate, design and age of the building,
ventilation system, and enforcement of an IAQ monitoring plan
[6,14-16,20-27]. While several studies have characterized and assessed
IAQ in residential buildings, schools, and commercial and public
buildings [1,15,20,22-25,28-33], limited studies have targeted such
assessments in critical environments such as hospital buildings.

Hospitals represent a uniquely complex environment that differs
from other commercial or residential buildings, given that the indoor
occupants are at a higher risk of health symptoms such as eye irritation,
headaches, coughs, colds, dizziness, asthma, and respiratory and

Received 20 June 2018; Received in revised form 27 November 2018; Accepted 28 November 2018

Available online 29 November 2018
0360-1323/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/03601323
https://www.elsevier.com/locate/buildenv
https://doi.org/10.1016/j.buildenv.2018.11.034
https://doi.org/10.1016/j.buildenv.2018.11.034
mailto:mfadel@aub.edu.lb
https://doi.org/10.1016/j.buildenv.2018.11.034
http://crossmark.crossref.org/dialog/?doi=10.1016/j.buildenv.2018.11.034&domain=pdf

A. Chamseddine et al.

cardiovascular diseases [26,27,34]. Many of these health concerns are
reportedly associated with PM pollution, particularly PM, s that pene-
trates deep into the bronchi and alveoli regions of the lungs
[1-4,12,14,16,35]. Patients, medical staff, and visitors are also prone to
nosocomial infections and occupational diseases [34,36]. Hospitals
should be rated as high-performance buildings in terms of environ-
mental and air quality to enhance staff efficiency and maintain patients'
healing process [34,36-38]. Moreover, a hospital's primary function is
patient care and therefore, the need to pay particular attention to air
quality inside hospitals cannot be compromised. Advanced medical
treatments have helped to manage organ failure and cancer in patients;
however, such treatments make the patients susceptible to common
environmental microbes, including chemical and biological con-
taminants [34,36-38]. Furthermore, the hospital environment is replete
with known hazards such as radiation, chemicals, and infectious agents
that must be controlled. Some of these agents can become airborne,
adversely affecting the IAQ of hospitals [34,36]. Environmental mi-
crobes can contaminate the patient care environment and complicate
recovery if patients develop infections from common infectious agents.
Patients can be put at risk by these airborne chemicals and pathogens
while being treated. Therefore, consistent ventilation performance is
necessary to ensure minimal exposure to infectious airborne microbes
[34,36]. These airborne hazards should be recognized in critical set-
tings of hospitals and their management involves clinical administra-
tion, engineering controls, and personal protective measures to ensure
occupant safety. Ensuring clean indoor air within hospitals is thus im-
perative and requires a better understanding of how the ventilation
systems, indoor occupants, type of medical activities, building mate-
rials, and spatial and seasonal variations affect indoor air pollution
levels [14,17,21,34,36].

Previous IAQ studies in hospitals [14,17-19,21,37-39] have largely
targeted few indicators concurrently and many have fallen short of
exploring seasonal variations and indoor—outdoor correlations
(Table 1). Nardini et al. [19] measured PM, 5 in two Italian hospitals in
which medical offices, hallways, and waiting rooms were monitored.
Erdogan et al. [17] determined the total volatile organic compound
(TVOCQ), CO, and CO- concentrations in a hospital building in Istanbul.
Similarly, Jung et al. [14] examined the levels of several air quality
indicators in several working hospital areas in Taiwan, but without
accounting for seasonal variability. More recently, Baures et al. [40]
targeted the assessment of volatile and semi-volatile organic com-
pounds as well as particulate concentrations in two French hospitals
through a winter and summer campaign; however, they did not ex-
amine the indoor-outdoor (IO) correlations.

In this study, we attempted to quantify the seasonal variations in the
IAQ of hospitals by monitoring temporal changes in various IAQ in-
dicators (CO, CO,, PM, 5, PM;, and TVOC) across two seasons (warm
vs. cold) while also tracking the association of the measured IAQ with
the ambient levels. To our knowledge, no study has thus far adopted
such a comprehensive and systematic approach for examining IAQ and
establishing I/0 correlations in hospital environments. Our data and
results will help in adopting IAQ guidelines and designing management
frameworks for indoor hospital environments.

2. Materials and methods

We monitored air quality in two hospitals in mixed residential/
commercial areas and a third in a rural setting. The first hospital
(HOSP-A with 450 beds) was established in 1901 and is in Beirut in
close proximity to three main arterial roads. The second hospital
(HOSP-B with 50 beds) was established in 1982 and is approximately
200 meters from HOSP-A. The third hospital (HOSP-C with 35 beds)
was established in 2010 and is in a rural area at an elevation of 1100 m,
near a pine forest. In this study, we measured the seasonal variations
and concentration profiles of several air pollutants (CO, CO3, PM, s,
PM;, and TVOC) indoors and outdoors at the three hospitals in an
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Table 1

Determinants of IAQ from previous studies of hospital IAQ.

Influencing parameters

Indicators

References

Health risk IAQ management

Seasonal variation Spatial variation Ventilation mode

Outdoor levels 1/0 ratios 1-O correlations

Indoor levels

PM;o, PM2 5

Nardini et al. 2004 [19]
Erdogan et al. 2009 [17]
Wan et al. 2011 [37]

Jung et al. 2015 [14]
Baurés et al. 2018 [40]

This study

X

CO, CO,, TVOC

PM;o, PM; 5, CO>

PM;, PM, 5, CO, CO,, TVOC
PM;, PM, 5, SVOC, VOC

PM; o, PM; 5, CO, CO,, TVOC
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Fig. 1. Adopted monitoring and assessment framework.

Sampled areas

— Clinic

— Clinic WA

— Lobby

— Reception

— Staff office
— Corridor

— Paediatrics PR

Indoor Air Quality

8 floor Mechanical - phase 1 outdaor

Fresh Air
Intake

{————— outdoor Air Quality

PM; & PM, 5

— Emergency room

— Basement workshop
— Meeting room

— BMT waiting area

— Ophthalmology PR

C0&Co,

i!

PM,o & PM, 5

\ii

Sampled Areas

— Floor1 Entrance
— Floor 8 Mechanical
— Floor 11 Mechanical
— ER Main Entrance

Equipment placed at breathing zone level i.e. 1.5 m above ground

691

Fig. 2. Setup adopted for field monitoring.
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Table 4

Concentrations of outdoor air quality indicators.

Mean + Std. (cold season)

Mean *+ Std. (warm season)

Location”

TVOC
ppm

co o, PM, PMio
ppm ug/m>

ppm

TVOC

PM;,

PMy 5

CO,
ppm

Cco

ppm

HOSP

ug/m*

ppm

ug/m*

ug/m®

BDL®

66.8 = 14.5
543 = 4.7

52.9 * 26.1
42.3 + 6.90
39.7 + 1.90¢

467 * 76.0

+ 0.57

2.71

BDL®
0.07 = 0.02

104.5 + 13.5°
92.3 = 7.4

428 + 54.9 93.9 + 24.4°

3.88 = 0.64
1.06 = 0.16
2.46 = 0.25
3.96 = 0.71
1.34 = 0.15
1.40 + 0.18
2.25 = 0.22
1.90 + 0.28
2.33 = 0.09

1.41

B
A
A

Floor 1 entrance

BDL®

397 + 5.00

1.19 = 0.16
1.94 += 0.09
2.27 = 0.20
1.48 = 0.14
1.67 = 0.17
1.66 + 0.13
1.13 = 0.27
2.05 = 0.10
1.20 = 0.10
1.10 + 0.08
1.27 = 0.10

70.6 = 6.2

391 + 7.7

521

Floor 8 mechanical
Floor 11 mechanical
Floor 1 entrance

BDL®

42.1 + 2.6¢
76.1 + 11.5

507 = 15.2
50.2 = 3.5

446 = 2.6 BDL®

39.9 + 1.6
81.8 + 14.8"

+ 15.3

BDL®

65.3 + 18.5
45.1 = 4.50
31.4 * 8.30
38.1 + 1.20¢

490 * 18.0

BDL®

96.2 + 12.5°

523 + 28.7

BDL®

435 + 5.30

BDL®
0.12 = 0.07

52.3 = 3.0

46.3 + 6.2
76.3 + 8.9"

431 = 55
387 = 8.4

A
A
A
C
A
A
A
A

Floor 8 mechanical
Floor 8 mechanical
Floor 11 mechanical
ER main entrance
Floor 8 mechanical

BDL®

53.7 = 8.2

397 = 5.00

83.7 + 9.2°

75.2

BDL®

45.6 + 5.2¢
34.8 + 4.4¢

48.2 = 6.9
42.8

418 + 8.70

BDL®

5.8

+

6.5

+

67.4

414 + 5.8

292 + 25
373 £ 342

BDL®

22.0 + 3.40¢

294 * 2.60

BDL®

3.4

+

36.8

+

31.5

BDL®
0.06 = 0.02
0.07 = 0.02
0.09 = 0.03

30.9 = 8.10
21.3 * 2.10
30.0 = 9.60¢

350 + 10.8

BDL®
0.05 = 0.02
0.02 = 0.01
0.03 = 0.02

6.3

+

64.3

+

50.7

3.1

+

433 + 2.90

35

+l

52.3

1.2
8.9
9.7

+

40.2

397 £ 7.5

+ 0.54

Floor 11 mechanical
Floor 11 mechanical
Floor 8 mechanical

10

41.7 + 4.5¢
53.5 + 5.9

444 + 8.30

54.7 = 6.5
63.2 = 3.9

391 + 5.8 451 =

357 = 11.4

1.06 = 0.20
1.34 = 0.15

11

31.6 = 6.00

373 + 10.9

46.1 =

12

2 Outdoor and indoor measurements were concurrently conducted and outdoor sampling locations were selected to represent fresh air intakes into the indoor working areas.

> Dust storms were recorded during April 2013, April 2015, October 2015, and April 2016 and contributed to high concentrations of PM;, and PM, s during the warm season.

¢ BDL: Below detection limit (5 ppb).

4 Rainy days were recorded during December 2014, February 2015, November and December 2015, February 2016,and December 2016 of the cold season.
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December, and February to be representative of the cold season. Table 2
presents the seasonal number of indoor and outdoor samples collected
at each hospital.

We computed the mean and standard deviation of the hourly con-
centrations during the warm and cold seasons and examined variations
in the concentrations by one-way analysis of variance (one-way
ANOVA) to assess the spatial differences among sampling sites at each
hospital. We also conducted paired t-tests to assess statistically sig-
nificant seasonal differences using a 95% confidence level (p-
value = 0.05) at each sampling site. In addition, we computed the
Pearson product-moment correlation coefficient (PCC) (r) to test for the
linear association between the indoor and outdoor levels. Finally, we
evaluated exposure implications of the pollutants of concern and sug-
gest a general framework for IAQ management in hospitals with the aim
to involve and inform various stakeholders regarding the need to ensure
safe and healthy IAQ in hospitals considering institutional and reg-
ulatory characteristics.

3. Results and discussion
3.1. Seasonal trends

The indoor and outdoor concentrations of the various air pollutants
recorded during the warm and cold seasons are summarized in Tables 3
and 4, respectively. We observed that differences between the mean
indoor concentrations of CO, CO,, PM, s, PM;o and TVOC across the
sampling sites and over the two seasons were statistically significant
(p < 0.05). Indoor CO levels during the cold season (Table 3) were
lower than those recorded during the warm season across all sampling
sites with all levels below the U.S. Environmental Protection Agency
National Ambient Air Quality Standards (USEPA NAAQS).? In the
multi-story hospitals (HOSP-A and HOSP-B), indoor CO levels
(1.82 = 0.09ppm and 2.2 + 0.35ppm, respectively) at higher ele-
vations (5th, 8th, and 10th floor) were slightly lower than those re-
corded at lower floors (i.e. on the ground at 3.49 = 0.26 ppm and 1st
floor at 2.76 + 0.33 ppm). This is expected as CO levels on lower floors
will primarily be a result of outdoor vehicle-induced emissions
[17,43-46]. The clinic waiting area, lobby, staff office, corridor, pe-
diatrics’ room, and BMT waiting area were mechanically ventilated and
at a greater distance from the main sources of pollution. When com-
pared to concurrently measured outdoor CO concentrations (Table 4),
most indoor levels were consistently lower (Table 3). In both urban
hospitals (HOSP-A and HOSP-B), we observed that outdoor CO levels
were below the USEPA NAAQS despite the proximity of the hospitals to
CO sources such as vehicular emissions, tobacco smoke, and emissions
from diesel generators.®

With respect to CO,, we measured indoor concentrations below the
1000 ppm American Society of Heating, Refrigerating and Air-
Conditioning Engineers limit [47-50] (Table 3) and in general the
measured levels were higher than outdoor levels irrespective of season
(Table 4). This is attributed to human metabolism and breathing
[14,16,46]. Similar to CO,, measured TVOC concentrations were below
the threshold level of 3 ppm [47-50], with higher levels recorded in-
doors (p < 0.05) during both seasons (Table 3). TVOC levels indoors
were associated with the use of cleaning chemicals and air fresheners
[17,51,52].

We observed that indoor PM, 5 and PM;, concentrations were sta-
tistically different across sampling sites in each hospital (p < 0.05).
Additionally, both concentrations showed strong seasonal variations
(p < 0.05). During the warm season, indoor working areas including
the clinic, clinic waiting area, lobby, reception, staff office, corridor,

2 National Ambient Air Quality Standards (i.e. 9 ppm for 8 h and 35 ppm for
1h).
3 Commonly used throughout the city during periodic electrical outages.
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Table 5
Indoor and outdoor PM, 5/PM;, ratios during the warm and cold seasons.
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D Working area Indoor PMj, 5/PM;, Outdoor PM; 5/PM; o

HOSP Ventilation Floor Warm Cold Sampling location® Warm Cold

Mode

1 Clinic B Natural 1t 0.92" 0.85 Floor 1 entrance 0.90" 0.79
2 Clinic waiting area A Mechanical 5th 0.84 0.77 Floor 8 mechanical 0.76 0.78
3 Lobby A Mechanical 10t 0.78 0.76 Floor 11 mechanical 0.89 0.94
4 Reception B Natural Ground 0.86" 0.78 Floor 1 entrance 0.85" 0.86
5 Staff office A Mechanical 7th 0.84 0.65 Floor 8 mechanical 0.89 0.90
6 Corridor A Mechanical g 0.75" 0.55 Floor 8 mechanical 0.91" 0.58
7 Pediatrics room A Mechanical 6™ 0.52 0.42 Floor 11 mechanical 0.90 0.84
8 Emergency room C Natural Ground 0.81 0.71 ER main entrance 0.86 0.63
9 Workshop A Mechanical Basement 0.60 0.53 Floor 8 mechanical 0.79 0.64
10 Meeting room A Mechanical gt 0.86 0.58 Floor 11 mechanical 0.77 0.50
11 BMT waiting area A Mechanical gt 0.75 0.35 Floor 11 mechanical 0.82 0.72
12 Ophthalmology PR A Mechanical 7th 0.66 0.53 Floor 8 mechanical 0.73 0.59

2 Concurrent outdoor and indoor monitoring with outdoor locations at fresh air intakes into indoor working areas.
> Dust storms were recorded during April 2013, April 2015, October 2015, and April 2016 and contributed to high concentrations of PM;, and PM, 5 during the

warm season.

Table 6
Average 1I/0 ratios of air pollutants at sampled working areas.

ID Working area 1/0 ratio (warm season) 1/0 ratio (cold season)
HOSP Ventilation Floor CcO CO, PM, 5 PM;o TVOC (¢0) CO, PM, s PMio TVOC
Mode ppm  ppm  pg/m®  pg/m® ppm ppm  ppm  pg/m®  pg/m® ppm
1 Clinic B Natural 1 0.90 1.71 0.92° 0.90" BDL” 0.96 1.53 0.97 0.91 BDL"
2 Clinic waiting area A Mechanical sth 1.72 1.16 0.58 0.53 2.43 0.76 1.09 0.64 0.65 BDL"
3 Lobby A Mechanical 10® 0.74 1.17 0.69 0.80 BDL" 0.84 1.23 0.64° 0.80° BDL"
4 Reception B Natural Ground 0.70 1.13 0.93% 0.927 BDL” 1.19 1.16 0.83 0.91 BDL"”
5 Staff office A Mechanical 7t 1.57 1.24 0.73 0.77 BDL" 1.18 1.23 0.48 0.66 BDL"
6 Corridor A Mechanical gl 1.39 1.30 0.55" 0.67% 2.75 0.94 1.19 0.63 0.66 BDL"
7 Pediatrics room A Mechanical 6™ 0.63 1.01 0.19 0.34 BDL” 0.96 1.07 0.30¢ 0.60¢ BDL"
8 Emergency room C Natural Ground 0.83 1.34 0.79 0.84 BDL" 1.54 1.26 0.93¢ 0.83¢ BDL"
9 Workshop A Mechanical Basement 0.69 1.26 0.46 0.59 BDL" 1.03 1.31 0.64 0.78 BDL"
10 Meeting room A Mechanical gl 1.56 1.48 0.92 0.82 3.60 1.05 1.28 0.88 0.75 3.33
11 BMT waiting area A Mechanical gt 1.71 1.43 0.41 0.45 9.50 1.22 1.36 0.31¢ 0.64¢ 2.29
12 Ophthalmology PR A Mechanical 70 1.58 1.35 0.63 0.70 7.67 1.64 1.32 0.60 0.68 1.56

2 Dust storms were recorded during April 2013, April 2015, October 2015, and April 2016 and contributed to the high concentrations of PM;o and PM, 5 during the

warm season.
b BDL: Below detection limit (5 ppb).

¢ Rainy days were recorded during December 2014, February 2015, November and December 2015, February 2016, and December 2016 of the cold season.

meeting room, and ophthalmology patient room had PM, 5 levels that
exceeded the World Health Organization (WHO) standards (25 ug/ms)
by from 10.4 to 245% (Table 3). High levels of PM;, were equally re-
corded at the clinic, reception and corridor, with concentrations ex-
ceeding the WHO standards (50 ug/m®) by 88, 76, and 11%, respec-
tively. Such high levels of PM, 5 and PM;, during the warm season may
be attributed to the high occupancy rate and human activities in these
locations in addition to the occurrence of regional dust storms. During
dust storm episodes, the average mass concentrations of PM,s and
PM,, increased by 68% and 56% at the clinic, 40% and 27% at the
reception, and 112% and 56% at the corridor as compared to con-
centrations measured on non-dusty days during the cold season
(Table 3). This is consistent with other studies in the Mediterranean
region and China, where a significant increase in indoor PM;, and
PM, s concentrations is typically reported during dust storm events
[53-59]. Although the levels of PM, s and PM;, decreased during the
cold season in the clinic (PMys: 51.2 + 8.20ug/m> PM;q:
60.5 + 11.5ug/m>) and the reception area (PM,s: 54.2 = 14.3ug/
m?; PM;o: 69.1 = 7.50 ug/m>), the measured concentrations still ex-
ceeded WHO standards. Other critical indoor environments such as the
PPR, ER, workshop, and BMT waiting area showed lower
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concentrations of PM, 5 and PM; (Table 3) that were below the WHO
standards [9,16,48,49]. Note that rainfall and W-NW wind trajectories
often accompanied the lowest PM;q and PM, s levels during the cold
season. These observations are consistent with other studies indicating
that wet deposition reduces PM;, and PM, 5 levels [60].

In addition, we observed that outdoor PM, 5 and PM;, levels ex-
ceeded the WHO standards at most sampling sites at the two urban
hospitals (Table 4). During the warm season, PM,s outdoor con-
centrations ranged from 39.9 + 1.6 (11th Mechanical) to
93.9 + 244 ug/m3 (1st floor entrance), while PM,;, varied from
44.6 = 2.6 (11th Mechanical) to 104.5 = 13.5 ug/m3 (1st floor en-
trance). Lower levels of PM, s and PM;, were recorded during the cold
season (Table 4). The high outdoor PM, 5 and PM;, levels can be at-
tributed to the proximity of the sampling sites to on-road vehicular
emissions and construction activities around urban HOSP-A and HOSP-
B and dust storms during the warm season.

3.2. PM2_5/PM10 ratios

Table 5 presents indoor and outdoor PM, 5/PM;, ratios during the
warm and cold seasons. The PM, 5/PM; ratio for indoor working areas
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Table 7
Pearson correlation (r) between the indoor and outdoor levels for PM;o, PM5 5,
and CO at several working areas with a seasonal variation.

PM; Indoor Outdoor”
Floor Entrance Mechanical Mechanical Floor
Floor 1 Floor 8 11
Clinic? 1% (0.86)°
(0.68)¢
Receptiond Ground (0.74)
(0.62)
Staff office® 7% - (0.35) (0.21)
Corridor® gh - (0.43) (0.39)
Ophthalmology PR® 70 - (0.25) (0.16)
Meeting room® gh - - (0.46) (0.31)
PM,, 5 Indoor Floor Entrance Mechanical Mechanical
Floor 1 Floor 8 Floor 11
Clinic 1% (0.92)
(0.71)
Reception Ground (0.83)
(0.67)
Staff office 7% - (0.45) (0.24)
Corridor gn - (0.56) (0.42)
Ophthalmology PR 7th - (0.23) (0.21)
Meeting room gth - - (0.51) (0.43)
CO Indoor Floor Entrance Mechanical Mechanical
Floor 1 Floor 8 Floor 11
Clinic 1t (0.61)
(0.37)
Reception Ground (0.49)
(0.32)
Staff office 7% - (0.34) (0.28)
Corridor gh - (0.29) (0.15)
Ophthalmology PR 70 - (0.24) (0.26)
Meeting room g - - (0.56) (0.33)

@ Sampling simultaneously occurred at outdoor locations with indoor
working areas.

> (7 in bold represents warm season correlations.

¢ (r) represent cold season correlations.

4 The clinic and reception working areas of HOSP-B had natural ventilation.

¢ The staff office, corridor, ophthalmology PR and meeting room of HOSP-A
had a mechanical ventilation system.

varied between 0.52 (pediatrics room) and 0.92 (clinic) during the
warm season, and from 0.35 (BMT waiting area) to 0.85 (clinic) during
the cold season. Most working areas showed PM, 5/PM;, ratios > 0.5
during both seasons highlighting the predominance of PM, s. Likewise,
and consistent with other studies [1,61,62], high PM, s/PM;, ratios
were recorded outdoors, where PM,s constituted approximately
85-90%, and 79-86% of the total PM at the floor entrance during the
warm and cold seasons, respectively. The results also showed that
during dust storm episodes, the PM, 5/PM; ratio increased from 0.79
to 0.90 at the 1st floor entrance, 0.58 to 0.91 at the 8th floor mechanical
room intake, 0.85 to 0.92 at the clinic, and 0.55 to 0.75 at the corridor,
suggesting a greater abundance of finer PM, 5 as compared to coarse
particles PM; (.55 during these storms. Unlike coarse particles that re-
main in the atmosphere for shorter periods (hours), fine particles
(PM,5) can remain in the atmosphere for days or weeks [12,63-65].
Because of its longer-range transport over urban areas, PM, 5 can react
through adsorption and deposition with other anthropogenic and sec-
ondary pollutants, thus affecting human health and causing increased
risk of respiratory and cardiovascular illness [54,55,66-68]. Note that
the high PM,s/PM;, ratios coincided with S-SE wind trajectories,
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which are linked to the movement of air masses from the deserts of the
Arabian Peninsula.

3.3. Indoor—-outdoor correlations

Indoor levels of air pollutants are affected by both indoor sources
and the infiltration of outdoor pollutants [1,14,69]. To assess the im-
pact of outdoor air and the strength of indoor sources on IAQ during the
warm and cold seasons, the average seasonal I/0 ratios for CO, CO,,
PM, 5, PM;, and TVOC were calculated for various working areas with
higher I/O CO ratios generally recorded during the warm season
(Table 6).

Table 7 shows the Pearson correlation factor (r) between the indoor
and outdoor CO levels for both the cold and warm seasons. Note that
the CO levels showed correlations as high as 0.61 in the clinic during
the warm season, suggesting significant migration of outdoor air into
indoor environments, carrying vehicle-induced CO emissions from
congested roads [1,45,70]. The CO, indoor levels exceeded those re-
corded outdoors during both seasons and resulted in CO, I/0O ratios > 1
(Table 6), suggesting that human metabolism and respiration con-
tributed to the higher indoor levels of CO, [71]. Similarly, higher TVOC
levels were recorded indoors during both seasons, consistent with other
studies [51,52]. Higher TVOC 1/0 ratios were found during the warm
season in several locations, reaching 3.6, 9.5, and 7.7 at the meeting
room, BMT waiting area, and ophthalmology PR, respectively (Table 6).
Such levels are mainly attributed to the frequent use of floor-cleaning
chemicals and air fresheners, which are known sources of TVOCs
[17,52].

While the average PM, s and PM;, levels significantly varied be-
tween working areas (p < 0.05), most PM,s and PM;o I/O ratios
were < 1. In general, higher PM correlations were observed during the
warm season as compared to those during the cold season (Table 7). A
high correlation was recorded during the warm season between indoor
and outdoor PM, s and PM;, levels (Fig. 3), suggesting that indoor
environments are affected by outdoor sources including construction,
vehicle-induced emissions, and/or dust storms.

3.4. Implications of high PM concentrations on public health

Our results indicated relatively high PM;, and PM, 5 levels within
hospitals. These levels pose a concern for the health of patients, staff,
and visitors. The chronic effects of exposure to such levels are of par-
ticular relevance to long-term patients and staff. In fact, various epi-
demiological studies have associated long-term exposure to PM;o and
PM, s with increased risk of daily mortality and morbidity [72-77].
Table A2 (Appendix A) presents a summary of the short- and long-term
mortality risk estimates given exposure to PM;o and PM;s.

Based on the PM measurements at the three hospitals, we estimated
the toxicity potential (TP) associated with the measured concentrations.
The TP is expressed using Equation (1) [78,79] as follows:

S

Toxicity Potential (TP) =
ty (TP) s, D

where C, is the measured concentration of the air pollutant and S, is
the standard threshold for the air pollutant (i.e. 25 and 50 ug/m? for
PM, 5 and PM;, respectively).

One limitation of this analysis is that we assumed the observed
concentrations to be representative of a 24-hour exposure. Table 8
presents TPpy19 and TPpyo s values during both the warm and cold
seasons at the three hospitals illustrating various locations where TP
values are greater than one, indicating a potential health concern.
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Table 8
TP at sampled working areas with a seasonal variation.
D Working area TP?
HOSP Ventilation Floor Warm Cold
Mode
PM;5 PM;o PM 5 PM;o
1 Clinic B Natural 1 3.45 1.88 2.05 1.21
2 Clinic waiting area A Mechanical 5t 1.64 0.98 1.09 0.71
3 Lobby A Mechanical 10t 1.10 0.71 1.02 0.67
4 Reception B Natural Ground 3.04 1.76 2.17 1.38
5 Staff office A Mechanical 7t 1.36 0.81 0.86 0.67
6 Corridor A Mechanical gt 1.68 1.11 0.79 0.71
7 Pediatrics room A Mechanical 6m 0.52 0.50 0.46 0.54
8 Emergency room (ER) C Natural Ground 0.99 0.62 0.82 0.58
9 Workshop A Mechanical Basement 0.92 0.76 0.79 0.75
10 Meeting room A Mechanical gt 1.47 0.86 0.75 0.64
11 BMT waiting area A Mechanical gt 0.74 0.49 0.37 0.53
12 Ophthalmology PR A Mechanical 7t 1.16 0.88 0.76 0.72

@ TP was calculated using Eq (1), where S, is the WHO standard, i.e. 25 ug/m® and 50 pug/m® for PM, 5 and PM, 0, respectively. High TP values > 1 are shown in

bold.
3.5. Management implications

Reduced performance and increased symptoms of sick building
syndrome (SBS) such as headache and fatigue have been widely asso-
ciated with poor IAQ [27,80-84]. In this context, air quality manage-
ment requires the consideration of a complex array of economic,

696

technical, legal, and political factors to ensure a healthy ambient and
indoor environment (Fig. 4). A hospital environment is naturally more
sensitive to IAQ given the vulnerability of patients. In this study, both
the clinic and reception working areas showed the highest exposure risk
to PM;o and PM, 5 particularly during dust storm episodes of the warm
season. The best approach to improve IAQ is through limiting and
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Fig. 4. Indoor air quality management framework.

removing particles entering from the outdoor environment while also
reducing indoor PM sources [6,14,16,21]. Properly designed and
maintained central air conditioning and mechanical ventilation systems
with adequate filtration are effective for this purpose [85-87]. While
natural ventilation can improve air exchange rates, in polluted urban
areas it has to be minimized to minimize the exposure of patients,
employees, and visitors alike to outdoor air pollution levels that often
have significant levels of PM;, and PM, s.

4. Conclusion

In this study, we examined seasonal variations in IAQ indicators
(CO, CO4, PM, 5, PM;( and TVOC) in three hospitals with an emphasis
on I/0 correlations and associated potential exposure. The most sig-
nificant indicators were PM,s and PM;, with measured levels ex-
ceeding health standards by 2- to 3.5-fold, particularly during dust
storm episodes of the warm season with an increase in PM, s5/PM;q
ratios, suggesting direct association with the outdoor air and the
abundance of finer particles (PM, s) in most sampled areas. The ingress
of fine and coarse particles from outdoor into indoor environments of
several areas was evident during both the cold and warm seasons with
high correlations between indoor and outdoor PM, s (r = 0.83 to 0.92)
and PM;, (r = 0.74 to 0.86) recorded at several locations during the
latter season. CO levels indoors were lower than those recorded out-
doors and both remained within ranges below air quality standards/
guidelines. In contrast, indoor concentrations of CO, and TVOCs ex-
ceeded outdoor levels during the warm and cold seasons with I/0 ra-
tios > 1 at all of the sampling locations. The results of this study call for
the adoption of remedial control measures that aim to improve the

removal of small size PM from indoor air. This would require en-
couraging the use of mechanical ventilation instead of natural venti-
lation particularly in urban regions, while also upgrading the existing
filtering capabilities of mechanical ventilation systems to increase their
efficiency in terms of filtering PM.

In the absence of effective interventions and management programs,
IAQ is likely to remain a critical health risk particularly in developing
countries. Understanding how indoor exposure relates to outdoor con-
centrations in critical environments is imperative for the assessment of
policy intervention and decision making towards alleviating potential
adverse health impacts for a most vulnerable segment of a community.
Future work should implement a longer-term sampling and monitoring
program to better assess exposure and health risk. Moreover, more
work has to be completed assessing the composition of PM to identify
potential sources of indoor PM,s and PM;, with an emphasis on
bioaerosols (viruses and bacteria). Such studies can be helpful in risk
assessments to develop management plans and control measures to-
wards improving IAQ in hospitals and protecting patients, medical
employees, and visitors alike.
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Appendix A
Table Al
Guidelines and standards of air quality indicators.
Indicator Average time WHO standard NAAQS/EPA standard Source
Cco 8h 10 ppm 9 ppm [25,47,50,88-90]
1h 25 ppm 35 ppm
30 min 50 ppm NRY
CO, 15min 15,000 ppm* 30,000 ppm [47,91]
NR¢ 300-600 ppm® 300-600 ppm
1000 ppm® 1000 ppm
8h 5000 ppm 5000 ppm
PM Annual 10 ug/m® 15ug/m® [50,89,92]
24h 25 pg/m?> 35 pg/m>
PM;o Annual 20 pg/m® 50 pg/m> [50,89,92]
24h 50 ug/m* 150 pg/m*
TVOC NR ¢ 300 pg/m> # (3 ppm) 200-300 pg/m* [47,50,90]

(3 ppm)

2 Short-term exposure is acceptable exposure over 15 min.

b For outdoors CO, standard limits should not exceed 700 ppm.
¢ For indoors CO, the standard limit is set at 1000 ppm [50].

4 Not reported.

¢ Short-term exposure of 10 min to a high level of pollutant.

f Short-term exposure of 15 min to a high level of pollutant.

8 The European Community target guideline of 300 ug/m?>, where no individual VOC should exceed 10% of the TVOC concentration. Guideline for building standard
for State of Washington is 500 ug/m3 [47].

Table A2
Summary of mortality risk estimates associated with PM;, and PM, 5 exposure [2,93].
PM Type Health impact Estimate (95% confidence Interval) Source
PM;o Daily All cause 0.6% (0.4-0.8%) per 10 pg/m> [93]
Daily Respiratory 1.3% (0.5-2.09%) per 10 ug/m> [93]
Daily Cardiovascular 0.9% (0.5-1.3%) per 10 pg/m® [93]
Daily All cause 0.21% (0.09-0.33%) per 10 ug/m> [94]
Daily Cardiovascular 0.31% (0.13-0.49%) per 10 ug/m> [94]
PM, 5 Long term All cause 4% (1-8%) per 10 ug/m?> [95]
Long term Cardiopulmonary 6% (2-10%) per 10 pg/m® [95]
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