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Title:Indoor air quality in hospitals: PM and airborne bacteria  
 
 

The effect of air quality on personal exposure and human health is often more pronounced 

indoors than outdoors because people spend most of their time inside. In this context, hospitals 

represent a sensitive environment with highly vulnerable individuals. In this study, indoor air 

quality (IAQ) is characterized in Intensive Care Units (ICUs) with emphasis on assessing the 

levels of particulate matter (PM10, PM2.5) and airborne bacterial levels with corresponding 

diameter sizes, while also characterizing physical parameters including temperature, relative 

humidity, distance away from patient and level of activity. Correlations between measured 

pollutant levels and physical parameters were quantified and used to develop representative 

multivariate regression models (MLRs) that predict the pollution levels. Measured 

concentrations of PM10, PM2.5 and total bacteria ranged from 10 to 65 µg/m3, 10 to 54 µg/m3 and 

20.4 to 134.3 CFU/m3, respectively. These levels exceeded in many instances international 

guidelines set for IAQ. Total Bacterial Loads (TBL) varied significantly as a function of room 

occupancy and the number of trips conducted by the nursing crew. While TBL and PM levels 

exhibited a weak correlation indicating potential different sources, the concentrations of the 

heavy bacteria showed a positive correlation with the level of activity in the room. The TBL 

regression model was able to explain 77% of the variability observed in the measured bacterial 

concentrations in a typical ICU room with evident high correlation with the distance away from 

the patient and the level of activity in the ICU rooms. 
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CHAPTER I 

INTRODUCTION 

 

Air pollution, the fourth leading cause of death worldwide (WHO, 2010), constitutes a global 

concern that has been subject to extensive research given its direct association with increased 

morbidity and mortality. Exposure to poor indoor air quality has been linked to major short-term 

(i.e. eye and throat irritation) as well as long-term health effects (respiratory disease and cancer). 

Based on cancer-risk alone, indoor air pollution has been ranked among the major environmental 

problems (Bridger, 2008). Recent efforts focused on assessing the air quality in various indoor 

environments such as schools, offices and homes, with some work targeting healthcare facilities 

that contain sources of air pollutants (Table 1) and where the exposure of vulnerable patients to 

such pollutants can negate the purpose of their hospital visit. 

 

Table 1: Common pollutants in hospitals  

Physical Chemical 

Biological 

Bacteria Fungi Viruses 

TSPa COb,d,f Staphylococcuse Penicilliume Respiratory syncytial virus c,e 

PM10
a, e,f CO2

b, d,f E.colie Aspergilluse Influenzac,e 

PM2.5
a, e,f SO2

d Streptococcuse Cladosporiume 

 

 NOx
e 

 

Alternariae 

 

 TVOCb,d,e,f 

   

a 
Nardini et al,2004; 

b
 Erdogan et al, 2009; 

c 
Blachere et al,2009; 

d
 Scheepers et al, 2017;  

e
 Baures et al,2018, f Chamseddine et al, 2015  

 

Particulate matter (PM) is an important IAQ indicator, especially for hospitals, because of their 

contribution to the transport of bacterial and viral infections (Annesi-Maesano et al., 2007) with 

many studies reporting elevated PM levels in hospitals (Table 2), due mostly to high indoor-
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outdoor correlations and/or to poor performance of HVAC systems (Wang et al, 2006). 

Similarly, the total bacterial loads (in CFU/m3) has been measured at different locations within 

hospitals (Table 3). Reported bactrial concentrations were found to be highly dependent on 

occupancy levels and the HVAC system (Cabo Verde et al, 2015; Asif et al, 2018). While the 

ventilation system (natural, mechanical, or mixed) plays a key role in the transport of various 

pollutants in hospitals (Jung et al, 2015), temperature and relative humidity are known to equally 

affect the movement, decay and settlement of various pollutants, especially particulate matter 

and bacteria (Murphy, 2006). 

Table 2: Reported particulate matter concentrations in hospitals 

Location 

PM2.5 (µg/m3) PM10 (µg/m3)  

Mean SD Range Mean SD Range Reference 

Italy 1.6 0.9 0-110 - - - (Nardini et 

al, 2004) 

China 128.1 - 61.7 - 250. 99 - 40.9 - 214.9 (Wang et 

al, 2006) 

USA 19 15 0-100 - - - (Ostro et 

al., 2009) 

Taiwan 1 - 0.1 - 8.4 10 - 0.8-55.6 (Wan et 

al.,2011) 

Portugal 23.4 - 10.5 - 41.9 30.8 - 13 - 58.8 (Slezakova 

et al., 

2012) 

Taiwan 14.4 15.9 - 25.2 17.2 - (Jung et al, 

2015) 

Netherlands 9.8 - - - - - (Scheepers 

et al., 

2017) 

France 1.6 - 0 - 45.4 12 - - (Baurès et 

al., 2018) 
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Table 3:Bacterial concentrations in various hospital units 

Hospital  

Unit 
Airborne bacteria 

concentrations 

Findings Reference 

- 240-736 CFU/m3  (Cabo Verde et al, 2015) 

Emergency 

Services 
221-1649.7 CFU/m3 Highest BL: OPD;  

Lowest BL: OT1 

(Asif et al, 2018) 

- 45-150 CFU/plate  (Sudharsanam et al, 2012) a 

Hospital 

Ward 

1120-168,560 

CFU/m3 

 (Sudharsanam et al, 2012) b 

Hospital 

Ward 

3788-191111 

CFU/m3 

 (Sudharsanam et al, 2012) c 

Hospital 

Ward 

67-123 CFU/m3 Lowest BL:  

General Surgery 

Highest BL:  

Transplant Surgery 

(Shaw, 2018) 

- 87-585 CFU/m3  (Dai et al, 2015) 

- 122-149.7 CFU/m3  (Pasquarella et al, 2012) 

HED 

Ambulances 

Offices 

130-4200 CFU/m3 

130-1400 CFU/m3 

42-5000 CFU/m3 

 (Bielawska-Drózd et al, 2018) 

a Passive Sampling; b Impingement Sampling; c Filter Sampling 

CFU: Colony forming unit, BL: Bacterial Level, OPD: Out-Patient Department,  
HED:  Hospital Emergency Department. BL: Bacterial Load 

 

In this study, we present a first attempt at examining the spatial variation of airborne bacterial 

concentrations in ICU rooms and evaluate their variability as a function of particle size to 

provide an understanding of the factors affecting bacterial loads in ICUs. For this purpose, we 

monitored particulate matter and airborne bacterial levels with their corresponding diameter sizes 

in ICU rooms. Several physical parameters were concurrently measured, and multivariate 

regression models were developed using correlations between pollutant levels and physical 

parameters. 
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CHAPTER II 

MATERIALS AND METHODS 

 

A. Study Design 

The monitoring program was implemented across 10 ICU rooms during night hours (7:00 pm- 

4:00 am) at the American University of Beirut Medical Center (AUBMC) after receiving the 

approval of the University Institutional Review Board (IRB). The sampling period spanned from 

June to September 2019. Patients admitted to the ICU, mostly suffering from bacterial infection 

or physical traumas, were randomly selected. Nearly 70% of patients approached, accepted to 

take part of this study. 

The monitored parameters included the Total Bacterial Load (TBL), the Gram-negative bacterial 

load, Particulate Matter (PM10 and PM2.5) concentrations, Temperature (T), Relative Humidity 

(RH), and the distribution of bacteria by their diameter size. Additionally, the occupancy, level 

of activity, and room volume were recorded. 

A factory calibrated TSI DustTrak™ II Aerosol Monitor (Model 8532, TSI Corporation, 

Shoreview, USA) was used to measure PM10 and PM2.5 concentrations and a Langan L76x Air 

Quality Analyzer was used to measure for RH and T. A 6-stage viable impactor sampling system 

was used for the fractionation of bacteria to simulate the various stages of the human respiratory 

track. The diameters cut offs for the 6 stages were 0.65, 1.1, 2.1, 3.3, 4.7 and 7 µm. A volumetric 

sampling approach was conducted using the Six Stage Microbial Andersen Cascade Impactor 

(TISH Environmental Model TE-10-800) to measure the concentrations of viable bacterial loads 

inside the ICU rooms. The impactor’s 12 Volts vacuum pumps were calibrated to 28.3 L/min at 

the beginning of every sampling round using a rotameter airflow meter with a capacity of 2 
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ft3/min. In each room, six samples were collected at the breathing level of 1.5 meters for a 

duration of 20 minutes. Two simultaneous samples were collected at 0.5 and 1.5 meters away 

from the patient and tested for Total Bacteria load (TBL). Subsequently, another two 

simultaneous samples at 1 and 2 meters away from the patient were also recorded. Finally, two 

simultaneous samples at 0.5 and 1.5 meters were taken and tested for Gram-negative Bacteria. 

Two additional samples at distance of 0.5 and 1.5 meters were also collected in the last two ICU 

rooms to measure the concentration of Total Bacteria resistant to Meropenem. Note that all 

distances were measured from the patient's face to the center of the Andersen impactor, while the 

concentrations of TBL was estimated as the sum of Colony Forming Units found across the six 

stages of the impactor. The percent bacterial load contribution (BLC) for each size was 

calculated by dividing each particle size concentration with its corresponding TBL. This number 

represents the percentage contribution of each size to the total concentration and allow for a 

standard comparison of sizes across different samples. The effectiveness of the sampling 

protocol has been reported in previous studies (Erdogan et al., 2009; Kim et al., 2010). 

 

For each room, 24 glass petri dishes were prepared by pipetting 27 mL of Tryptic Soy Agar and 

autoclaving them, while an additional 12 petri dishes were filled with MacConkey agar for 

testing for Gram-negative bacteria. Following sample collection, the plates were incubated at 

37°C for 18-24 hours after which the colonies formed were counted and reported. The final 

concentrations were adjusted based on the volume extracted during the sampling period of 20 

minutes as expressed below.  

𝑇𝐵𝐿 =
C × 1000

𝑉
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Where V= 566 L is the volume of air sampled in 20 minutes, C is the bacterial count, and TBL is 

the Total Bacterial Load expressed in number of Colony Forming Units (CFU) per 1 m3 of air.  

 

During the sampling process in a typical room (Figure 1), the door was always kept closed. Also, 

the pumps were activated from outside the rooms 10 minutes after they were installed in their 

sampling locations so as to minimize the effect of any disturbance that might be created during 

their installation. In rooms where nurses had to enter, the number of trips and occupancy inside 

the room was recorded (i.e. presence of a private nurse). Most ICU rooms were occupied by only 

one patient, with the exception of two rooms (Room ID 3 and 6 in Figure 2), where a private 

nurse was present at all times. The nurse was asked to remain seated during the sampling period. 

As for the regular hospital nurses' trips, most were short (< 1 minute). 

 

Figure 1: Top view of a typical ICU room 
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B. Statistical Analysis 

Correlations, ANOVA and multiple regression were used to assess the importance of several 

factors in predicting bacterial concentration values in ICU rooms. The average indoor PM2.5 and 

PM10 levels were compared with IAQ guidelines (WHO, 2010). The Pearson’s correlation 

coefficient was used to quantify the correlations between the indoor air quality variables (PM, 

TBL) and several predictors including T, RH, occupancy and the number of nurses' trips. A 

stepwise multiple linear regression model was also developed to predict TBL from the predictors 

measured in each room. The statistical analysis was performed using the R software (R studio 

team, 2015). 

 

C. Isolates Collection and Broth Microdilution 

Luria agar plates supplemented with 1 µg/mL of meropenem were prepared for the detection of 

the presence of meropenem resistant microorganisms in the ICU. The Viable 6-stage Andersen 

impactor was used to test the presence of airborne meropenem resistant microorganisms.  

Minimum inhibitory concentrations were determined using the broth microdillution against 

ertapenem, meropenem, imipenem, gentamicin, ciprofloxacin, cefepime, vancomycin, and 

dalfopristin quinupristin (CLSI). Serial dilution of each antibiotic was prepared in Cation-

adjusted Mueller Hinton broth in 96 well plates between columns 1 and 10. Column 1 had a 

concentration of 128 µg/mL while column 10 had a concentration of 0.25 µg/mL. Column 11 

served as a positive control, while column 12 served as a negative control. Bacteria were 

adjusted in Cation-adjusted Mueller Hinton broth to a turbidity equal to that of the 0.5 

McFarland standard, followed by a dilution to reach 5x106 CFU/mL. From the latter, 10 µL were 

added to each well between columns 1 and 11, leading to a final bacterial concentration of 5x105 
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CFU/mL. Each plate was then incubated at 37 °C for 18-24 hours, and the results were 

determined based on turbidity. 

Bacterial cultures were grown overnight on Columbia sheep blood agar (Becton Dickinson, 

Heidelberg, Germany) at 37 ºC and subjected to ethanol-formic acid extraction according to the 

following protocol. One full 1 µL sterile loop of bacterial sample was suspended in 300 µL of 

sterile water and mixed with 900 µL of absolute ethanol. Samples were centrifuged at 12,000g 

for 2 min and the supernatant was discarded. The pellet was re-suspended in 50 µL of 70% 

formic acid and 50 µL of acetonitrile (Sigma) and centrifuged at 12 000 g for 2 min. The 

supernatant was collected and stored at 20 °C. A 1 µL of each bacterial extract was spo tted onto 

a MALDI target plate (MSP 96 target ground steel; Bruker Daltonics, Bremen, Germany) and 

air-dried at room temperature. Each spotted sample was then overlaid with 1 µL of a saturated 

matrix solution (α-cyano-4-hydroxy-cinnamic acid; Bruker Daltonics) in 50 % acetonitrile and 

2.5% trifluoroacetic acid then air-dried. Samples were measured on Microflex-LT system 

(Bruker Daltonik, Bremen, Germany). 
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CHAPTER III 

RESULTS AND DISCUSSION 

 

A. Thermal comfort and PM 

The measured temperature (T) in the ICU rooms ranged from 22.0 to 23.5 °C (mean=22.5°C, 

SD=0.46), while the relative humidity (RH) ranged from 57.2 to 63.5 % (mean= 61.5%, SD= 

1.94). The low variability in T and RH is expected in ICU rooms due to the strict ventilation 

standards and the absence of natural ventilation. 

PM10 levels ranged from 10 to 65 µg/m3 (mean= 33 µg/m3, SD= 17.8 µg/m3), while PM2.5 levels 

ranged from 10 to 54 µg/m3 (mean=30 µg/m3, SD= 16.8 µg/m3). The measured values fell within 

the range reported in other studies (Ostro et al., 2009; Slezakovaet al., 2012) with several rooms 

exceeding international guidelines for 24-hr PM exposure (Figure 2) (WHO, 2010). The levels of 

PM10 and PM2.5 were found to be highly correlated (r=0.98). Moreover, most of the measured 

PM10 was actually PM2.5 (mean of PM2.5/PM10 ratio = 0.90, SD = 0.1). Surprisingly, a low 

correlation (Table 4) was observed between PM concentrations and level of activity in each room 

(number of trips and occupancy rate). This low correlation could be due to the fact that most PM 

in the ICU rooms was in the form of fine particles that tend to remain permanently suspended 

and slightly affected by resuspension (Hospodsky et al, 2012). 
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Figure 2: In-patient PM concentration compared to WHO guidelines (WHO,2010) 

 

Table 4: Correlation of measured PM concentrations with the level of activity 

 PM10 PM2.5 

Number of trips ra=0.30 

p=0.06b 

r=0.26 

p=0.11 

Occupancy r=0.13 

p=0.43 

r=0.1 

p=0.51 

a Pearson’s correlation coefficient 
b Significant to the 10% level 

 

B. Total Bacterial Load 

The TBL concentrations (Appendix A) ranged from 20.4 to 134.3 CFU/m3 (mean= 66.43, SD= 

35.20) with no significant correlations between TBL and the measured T and RH because the 

latter remained relatively constant across all ICU rooms (Table 5). As for the level of activity, 

the number of nurses' trips was found to be highly correlated with the measured concentrations 

of airborne bacteria (r=0.86; p-value < 0.05) (Figure 3). Also, significant differences in the mean 
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TBL were observed as a function of the number of trips (ANOVA F-value= 99.47; p-value< 

0.05). The results from the multi-comparison t-tests, with the Holm’s correction, showed that the 

mean concentration when no trips occurred was statistically lower than all other levels, where at 

least one trip was conducted (mean TBL for no trips was 39.87 CFU/m3, p-value < 0.05). 

Meanwhile, the mean concentration when 3 or more trips occurred was significantly higher than 

the rest (mean= 117.3 CFU/m3, p-value< 0.05). Similarly and as expected, the occupancy level 

was found to affect the measured bacterial concentrations in the air, since additional occupants 

can be both bacteria sources and their activity may also lead to the resuspension of settled 

bacteria. Hathway et al., (2011) conducted a 5-day air sampling campaign in a respiratory ward 

and reported that the level of activity in the ward was highly correlated with the airborne 

concentrations of bacteria, while the presence of sedentary visitors was not. In this study, since 

most occupants were relatively static, their contribution to the resuspension of bacteria should be 

low. The mean TBL in rooms with one versus two occupants was found to be statistically 

different (p-value< 0.05), with the mean level in the former measured at 31.68 CFU/m3, while 

the latter had a mean concentration of 59.8 CFU/m3. On the other hand, the correlation between 

TBL and the distance away from the patient was found to be negative as expected; however, it 

had a weak correlation (r=-0.12; p-value=0.47). TBL levels were found to show a constant drop 

up to 1.5 m away from the patient. Yet, TBL was found to increase again at 2 meters (Figure 3). 

We believe that this could be due to the proximity of the impactor to the door at 2 m, which 

could have resulted in the samples being affected by infiltration from the ICU common ward. It 

is also important to note that TBL and PM levels were not strongly correlated, which indicates 

that the two have different sources. 
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Table 5:Total Bacterial Load correlations with measured parameters 
 

TBL 

Temp -0.31 a 

RH -0.15 

PM10 0.22 

PM2.5 0.21 

Trips 0.86 b 

Occupancy 0.61 b 

Distance -0.12 

a Significant to the 10% level 
b Significant to the 1% level 

 

Figure 3: TBL as a function of (a) Number of trips, (b) Occupancy, and (c) Distance away from patient in 

meters 

 

C. Bacterial Load Contribution by size 

Examining the bacteria load contributions (BLC) for each size (Appendix A), a significant 

difference in their mean contribution by size is evident (ANOVA F-value= 13.41; p-value < 



13 

0.05). The results from the multi-comparison t-tests with the Holm’s correction showed that the 

mean BLC for the bacterial sizes less than 0.65 micron (mean BLC = 5%) were statistically 

lower than all other bacterial sizes (p-value < 0.05). The mean BLC for bacteria with sizes 

between 0.65 and 1.1 microns (mean BLC = 33%) were significantly higher than the rest of the 

bacterial size groups (p-value< 0.05) (Figures 4 and 5). Consistent with literature reported data 

(Clauß, 2015), the contributions of all other sizes did not exhibit a statistically significant 

difference in their mean contribution. 

 

Figure 4: Bacteria concentration by size and room 
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Figure 5: Distribution of bacteria by diameter size 

 

A correlation analysis was conducted between measured bacterial loads by size and the different 

physical, PM, and occupancy variables measured in each ICU. The bacteria were divided into 3 

categories, namely the small size category with diameters < 2.1 µm, the medium size category 

with diameters between 2.1 µm and 4.7 µm, and the large category for those with diameters > 

4.7 µm. The correlation between the concentrations and distance away from the patient showed 

no correlation between distance and the small particles (r=0). A weak negative correlation was 

found with the bacteria in the larger bacterial size group (Table 6). These results indicate that the 

heavier the bacteria, the higher the probability that it will settle with distance. On the other hand, 

and for the small sized and light bacteria, they appear to be well-mixed in the room irrespective 

of distance. As for the correlation between the bacteria and the number of trips by the nursing 

staff, the lowest correlation was found for the small-sized bacteria, which also supports the idea 

that these light particles tend to be well mixed. Strong positive correlations were found between 

the number of trips on one hand and the medium and large sized particles on the other. This 
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highlights the potentially important role that resuspension due to increased activity may have on 

these two sizes. The occupancy rate had a positive correlation with bacterial concentration 

irrespective of size. The correlation between bacterial concentrations on one hand and T and RH 

on the other showed that these were not significant because of the small fluctuations of the latter 

in the ICU rooms. The correlations between the concentrations of the different bacterial sizes and 

the measured PM concentrations were low for the same reasons discussed previously. Table 6 

summarizes the correlations between the bacterial concentrations by size and the measured 

physical parameters. 

 

Table 6:Correlations of Bacterial Concentrations with physical parameters 

 Concentration of  

Small Particles 

(< 2.1 µm) 

Concentration of 

Medium Particles 

(2.1 < d < 4.7 µm) 

Concentration of 

Large Particles 

( > 4.7 µm) 

Temperature -0.24 b -0.13 -0.11 a 

Relative Humidity -0.05 -0.02 -0.20 

Distance 0.001 -0.08 -0.15 

Number of trips 0.34 c 0.57 c 0.50 c 

Occupancy 0.18 0.38 c 0.49 c 

PM10 0.14 0.18 -0.30 c 

PM2.5 0.16 0.27 b -0.28 b 

a Significant to the 10% level 
b Significant to the 5% level 
c Significant to the 1% level 

 

D. TBL regression model 

A regression model was developed to predict the measured TBL levels as a function of the room 

characteristics and occupancy levels (Table 7). The model showed that distance away from the 

patient and its squared value (to account for the increase in concentrations at 2 meters) along 

with its occupancy level and the number of trips to the room were strong predictors of TBL. 
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Consistent with the reported literature, the number of trips was the most significant factor due to 

the potential increase in resuspension and its impact on the airborne bacterial concentration 

(Chen, 2009; Hospodsky et al, 2012). Nurses could be a bacteria source and thus their presence 

may increase TBL. Additional work on the DNA of the collected bacteria is needed to determine 

their actual sources. Occupancy was also found to be a significant predictor of TBL which is 

expected given that an additional occupant could emit bacteria through breathing, coughing, 

sneezing or talking. As for distance away from the patient, the relationship is expected to be 

negative as the concentration should decrease when moving further away from the patient. Yet in 

our results, we had to account for a non-linear relationship with distance (distance squared term) 

to account for the observed increase in concentrations at 2 meters that is probably attributed to 

bacteria entering from the ICU common ward. Overall the performance of the model was good 

with an adjusted R2 of 0.77 and showed no bias (0%) (Figure 4). Note that the model did not 

account for the fact that each patient had a different shedding rate. Measuring the shedding rate 

of each can be done by taking surface samples from the patient's mouth or having the patient 

exhale on an agar plate which were outside the scope of this study. 

Table 7:Regression Model Parameters for Total Bacterial Load (TBL) 

Variable Unit Estimate t-statistic P-value 

Intercept CFU/m3 57.1 c 3.298 0.00234 

Distance (D) m -66.0 b -2.41 0.02 

Distance squared (D2) m2 25.79 b 2.37 0.02 

Number of trips (T) 

 

21.49 c 8.05 2.74×10-9 

Occupancy (O) 

 

15.60 b 2.11 0.04 

  R2 = 0.774   

TBL = 57.120 – 66.003 D + 25.875 D2 + 21.487 T + 15.597 O 

a Significant to the 10% level;  
b Significant to the 5% level;  
c Significant to the 1% level 
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E. Microbiological analysis for resistant bacteria 

The samples collected on MacConkey agars did not yield bacterial growth; hence Gram-negative 

bacteria were absent from the indoor environment in the ICU. As for the sampling of resistant 

bacteria in the last two rooms, twelve isolates were obtained from the Luria agar plates 

supplemented with 1 µg/mL of meropenem. Using Matrix Assisted Laser Desorption/Ionization 

– Time Of Flight (MALDI-TOF_ mass spectrometry, four isolates were identified as 

Staphylococcus hominis, 4 as Staphylococcus haemolyticus, 2 as Staphylococcus epidermidis, 1 

as Corynebacterium afermentans, and 1 as Brevundimonas diminuta (Table 8). 

 

Table 8: Identification of isolates 

Isolate code Species Isolate code Species 

1 Corynebacterium afermentans 7 Staphylococcus haemolyticus 

2 Staphylococcus hominis 8 Staphylococcus haemolyticus 

3 Staphylococcus epidermidis 9 Staphylococcus haemolyticus 

4 Staphylococcus epidermidis 10 Staphylococcus hominis 

5 Staphylococcus hominis 11 Staphylococcus haemolyticus 

6 Staphylococcus hominis 12 Brevundimonas diminuta 

 

Broth microdilution results showed that 50 % of the isolates were susceptible to gentamicin, 60 

% were susceptible to ciprofloxacin, and 100 % were susceptible to vancomycin and dalfopristin 

quinupristin. However, for meropenem, ertapenem, imipenem, and cefepime, their breakpoints 

were not specified according to the Clinical and Laboratory Standards Institute (CLSI) and the 

European Committee on Antimicrobial Susceptibility Testting (EUCAST) guidelines (Table 9). 

Coagulase-negative staphylococci (CoNS), such as Staphylococcus epidermidis, Staphylococcus 

hominis, and Staphylococcus haemolyticus, are considered part of the skin normal flora (Garza-

González et al, 2011). However, these species are among the most causative agents of hospital 
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acquired infections in ICUs (Fitzpatrick et al., 2002). Among the recovered isolates, gentamicin 

and ciprofloxacin resistance was detected. Such resistance imposes a serious threat, if one of 

these isolates were acquired by a patient from a healthcare worker. This is why healthcare 

professionals must take good care of their skin hygiene to halt the possible transmission of 

resistant skin flora to their patients. Furthermore, we did not isolate any multi-drug resistant 

Gram-negative bacilli, which is a sign that aerosolized pathogens in the ICU are probabily 

absent. 

 

Table 9: MIC results of 10 isolates against 8 different antibiotics 

MIC (µg/mL) 

Isolates Mer Ert Imi Cef Gen Cip Van DQ 

2 0.5 4 <0.125 4 <0.125 (S) <0.125 (S) 1 (S) <0.125 (S) 

3 1 16 0.5 8 <0.125 (S) 0.25 (S) 4 (S) <0.125 (S) 

4 >128 8 0.5 4 >128 (R ) 0.5 (S) 4 (S) <0.125 (S) 

5 4 128 16 128 0.25 (S) <0.125 (S) 2 (S) <0.125 (S) 

6 8 >128 16 128 <0.125 (S) 0.25 (S) 2 (S) <0.125 (S) 

7 32 >128 1 >128 128 (R ) 8 (R ) 2 (S) <0.125 (S) 

8 4 16 <0.125 16 8 (I) 1 (S) 0.5 (S) <0.125 (S) 

9 16 >128 32 >128 128 (R ) 8 (R ) 2 (S) <0.125 (S) 

10 4 32 <0.125 4 <0.125 (S) 4 (R ) 2 (S) <0.125 (S) 

11 32 >128 128 >128 128 (R ) 128 (R ) 2 (S) <0.125 (S) 

Mic: Minimum Inhibitory Concentration; Mer: Meropenem; Ert: Ertapenem; Imi: Imipenem; Cef: Cefepime; Gen: 
Gentamicin; Cip: Ciprofloxacin; Van: Vancomycin; DQ: Dalfopristin Quinupristin; S: Susceptible I: Intermediate R: 
Resistance. 
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CHAPTER IV 

CONCLUSION 

Indoor air quality was examined in ICUs through monitoring of PM2.5, PM10, T, RH and TBL at 

several distances from patients in parallel with the assessment of the level of activity through 

quantifying room occupancy and the number of nurses' trips inside the room. The latter was 

found to be an important potential contributor to airborne bacterial concentrations along with the 

distance from the source. A statistical analysis and a linear regression model were built to predict 

the concentrations at different points in a typical ICU room. Several antibiotic-resitant bacterial 

species were collected and identified. The results raise concerns about IAQ in ICUs requiring 

mitigation measures (Table 10) that can provide thermal comfort and reduce concentrations of 

airborne contaminants. 

Table 20:Mitigation meausres to control air quality in ICUs 

Parameter Mitigation Measure 

Bioaerosols 

and 
Particulate 

Matter 

• Regular surface cleaning for the ICU rooms to remove settled PM and bioaerosols 

• Reduction in occupancy inside ICU rooms 

• Reduction in the nurses' trips inside the rooms by performing as many possible 

tasks in one entry 

• Reduction of "high resuspension" activities (curtain or sheets movement…) 

• Enforcement to wear of gloves and gowns on all visitors whenever it is required, to 

avoid the introduction of new bioaerosols from the outside environment 

• UV disinfection after patient dismissal, especially for rooms where patient had a 

strong bacterial infection (Clostridium difficile, Acinetobacter…) 

Thermal 

Comfort 
• Maintenance of T and RH levels as per ASHRAE standards 

Ventilation • Regular replacement of the system's filters 

• Regular measurement of the air inflow 

• Maintenance of lower air pressure inside rooms to reduce aerosols transport 

• Application and monitoring of ASHRAE standards for ventilation (Air Exchange 

Rate, humidity requirements, pressurization…) 
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Managing IAQ is an integrated approach that encompasses various stakeholders towards 

developing an environmental management plan with adequate resources for monitoring and 

feedback and to raise awareness of hospital's staff regarding the importance of IAQ in protecting 

patients and occupants' health. A common challenge to a proper implementation of such a plan in 

hospitals is the lack of IAQ standards although benchmark guidelines have been reported 

(Capolongo and Gola, 2017). 
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APPENDIX A 

Size 

(µm) 

Distance 

(m) 

Trips 

(Count) 

Occupancy 

(Count) 

Volume 

(m3) 

Concentration 

(CFU/m3) 

TBL 

(CFU/m3) 

7 0.5 0 1 43.2 11.9 39.1 

4.7 8.5 

3.3 5.1 

2.1 5.1 

1.1 5.1 

0.65 3.4 

7 1.5 0 1 43.2 3.4 23.8 

4.7 5.1 

3.3 0 

2.1 6.8 

1.1 6.8 

0.65 1.7 

7 0.5 2 2 76.95 10.2 100.3 

4.7 23.8 

3.3 8.5 

2.1 34 

1.1 22.1 

0.65 1.7 

7 1 4 2 76.95 18.7 122.4 

4.7 18.7 

3.3 25.5 

2.1 23.8 

1.1 23.8 

0.65 11.9 

7 1.5 2 2 76.95 13.6 105.4 

4.7 17 

3.3 22.1 

2.1 13.6 

1.1 39.1 

0.65 0 

7 2 4 2 76.95 17 119 

4.7 20.4 

3.3 23.8 

2.1 25.5 

1.1 30.6 

0.65 1.7 

7 0.5 0 1 40.5 5.1 39.1 

4.7 15.3 

3.3 10.2 

2.1 3.4 

1.1 3.4 

0.65 1.7 

7 1 0 1 40.5 5.1 35.7 

4.7 8.5 

3.3 6.8 

2.1 5.1 

1.1 6.8 

0.65 3.4 

7 1.5 0 1 40.5 8.5 64.6 

4.7 10.2 

3.3 8.5 

2.1 1.7 

1.1 27.2 

0.65 8.5 

7 2 0 1 40.5 22.1 54.4 

4.7 8.5 

3.3 3.4 

2.1 6.8 
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1.1 5.1 

0.65 8.5 

7 0.5 3 2 76.95 42.5 134.3 

4.7 37.4 

3.3 27.2 

2.1 8.5 

1.1 17 

0.65 1.7 

7 1 2 1 76.95 17 96.9 

4.7 34 

3.3 6.8 

2.1 10.2 

1.1 17 

0.65 11.9 

7 1.5 3 2 76.95 28.9 95.2 

4.7 8.5 

3.3 20.4 

2.1 3.4 

1.1 32.3 

0.65 1.7 

7 2 2 1 76.95 15.3 95.2 

4.7 11.9 

3.3 13.6 

2.1 18.7 

1.1 34 

0.65 1.7 

7 0.5 2 1 44.55 8.5 83.3 

4.7 3.4 

3.3 27.2 

2.1 18.7 

1.1 25.5 

0.65 0 

7 1 0 1 44.55 5.1 56.1 

4.7 1.7 

3.3 6.8 

2.1 18.7 

1.1 22.1 

0.65 1.7 

7 1.5 2 1 44.55 0 25.5 

4.7 5.1 

3.3 6.8 

2.1 6.8 

1.1 6.8 

0.65 0 

7 2 0 1 44.55 3.4 66.3 

4.7 1.7 

3.3 18.7 

2.1 5.1 

1.1 35.7 

0.65 1.7 

7 0.5 3 2 76.95 13.6 124.1 

4.7 10.2 

3.3 17 

2.1 18.7 

1.1 59.5 

0.65 5.1 

7 1 2 1 76.95 1.7 44.2 

4.7 3.4 

3.3 6.8 

2.1 3.4 

1.1 28.9 

0.65 0 

7 1.5 3 2 76.95 1.7 108.8 

4.7 8.5 
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3.3 25.5 

2.1 23.8 

1.1 45.9 

0.65 3.4 

7 2 2 1 76.95 11.9 83.3 

4.7 13.6 

3.3 10.2 

2.1 13.6 

1.1 28.9 

0.65 5.1 

7 0.5 0 2 40.5 10.2 61.2 

4.7 6.8 

3.3 20.4 

2.1 10.2 

1.1 11.9 

0.65 1.7 

7 1 2 1 40.5 6.8 96.9 

4.7 10.2 

3.3 6.8 

2.1 37.4 

1.1 23.8 

0.65 11.9 

7 1.5 0 2 40.5 8.5 45.9 

4.7 10.2 

3.3 11.9 

2.1 3.4 

1.1 11.9 

0.65 0 

7 2 2 1 40.5 8.5 100.3 

4.7 5.1 

3.3 10.2 

2.1 59.5 

1.1 17 

0.65 0 

7 0.5 2 1 43.2 0 110.5 

4.7 8.5 

3.3 17 

2.1 34 

1.1 42.5 

0.65 8.5 

7 1 2 1 43.2 3.4 81.6 

4.7 11.9 

3.3 11.9 

2.1 3.4 

1.1 39.1 

0.65 11.9 

7 1.5 0 1 43.2 3.4 22.1 

4.7 3.4 

3.3 6.8 

2.1 1.7 

1.1 6.8 

0.65 0 

7 2 0 1 43.2 1.7 40.8 

4.7 6.8 

3.3 0 

2.1 3.4 

1.1 28.9 

0.65 0 

7 0.5 0 1 45.9 11.9 34 

4.7 8.5 

3.3 6.8 

2.1 0 

1.1 6.8 

0.65 0 
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7 1 0 1 45.9 8.5 25.5 

4.7 1.7 

3.3 3.4 

2.1 3.4 

1.1 3.4 

0.65 5.1 

7 1.5 0 1 45.9 6.8 20.4 

4.7 0 

3.3 6.8 

2.1 1.7 

1.1 1.7 

0.65 3.4 

7 2 0 1 45.9 3.4 22.1 

4.7 5.1 

3.3 1.7 

2.1 1.7 

1.1 10.2 

0.65 0 

7 0.5 0 1 36.45 1.7 39.1 

4.7 1.7 

3.3 10.2 

2.1 1.7 

1.1 23.8 

0.65 0 

7 1 0 1 36.45 8.5 35.7 

4.7 0 

3.3 1.7 

2.1 11.9 

1.1 11.9 

0.65 1.7 

7 1.5 0 1 36.45 0 28.9 

4.7 0 

3.3 5.1 

2.1 5.1 

1.1 18.7 

0.65 0 

7 2 0 1 36.45 6.8 39.1 

4.7 0 

3.3 6.8 

2.1 1.7 

1.1 22.1 

0.65 1.7 




