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This study aimed to evaluate the health effects of exposure to particulate matter (PMzs
and PMuo) and gaseous pollutants, including carbon dioxide (COz), carbon monoxide
(CO), nitrogen dioxide (NO2), and sulfur dioxide (SOz2), on the hematological parameters
of workers exposed to charcoal grilling emissions in restaurants. Air pollutant
concentrations were measured in six barbecue restaurants located in Al-Rusafa District,
Baghdad, during December 2024 and January 2025. Nine measurements were recorded
monthly during morning and evening peak cooking periods. Blood samples were
collected from two groups: grilling workers exposed directly to charcoal smoke (n = 30)
and customers from dining areas as the control group (n = 30). Hematological analyses
included white blood cells (WBC), red blood cells (RBC), hemoglobin (HGB),
hematocrit (HCT), platelets (PLT), and other blood indices. Statistical analyses were
performed using independent t-tests and stepwise multiple linear regression analysis. The
results showed that pollutant concentrations were consistently higher in grilling areas
than in dining areas, especially during evening hours, due to intensive cooking activity
and insufficient ventilation. PM2s and PMuo concentrations frequently exceeded World
Health Organization (WHO) permissible limits in grilling areas, while CO, NO2, and SOz
also reached elevated levels. Significant increases (p < 0.05) were observed in WBC,
RBC, HGB, HCT, mean corpuscular volume (MCV), and PLT among exposed workers
compared with the control group. Stepwise regression analysis demonstrated that CO2
was positively associated with WBC, HGB, RBC, MCV, and PLT, whereas PM1o and
PM2s showed negative associations with several hematological parameters after
adjustment for co-pollutants. These findings suggest that chronic exposure to indoor air
pollutants generated from charcoal grilling may induce systemic inflammation, oxidative
stress, and physiological adaptation to hypoxic conditions among restaurant workers.

1. INTRODUCTION

populated urban areas, where many restaurants operate close
to residential neighborhoods [7]. The composition and

The complexity of environmental issues presents a global
challenge for humanity. Both developing and modern societies
are increasingly concerned about global environmental
problems, particularly pollution, which has become a
multifaceted issue that extends beyond health implications.
Grilling processes consume a significant amount of energy
worldwide, especially in developing nations [1, 2].
Restaurants, as major cooking hubs, draw large crowds,
increasing exposure to harmful fumes and gases emitted
during cooking. These emissions pose risks to workers and
contribute to outdoor air pollution [3]. Barbecue restaurants
primarily use charcoal, wood, and biomass [4], which release
substantial amounts of greenhouse gases daily due to
incomplete combustion [5]. Charcoal is particularly popular
worldwide for its cost-effectiveness, high calorific value, and
ability to impart distinctive flavors [6]. Recent studies have
highlighted emissions from cooking and grilling in densely
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quantity of pollutants depend on cooking methods, materials,
and fuel combustion [8].

The combustion of coal generates considerable amounts of
particulate matter (PMzs, PMg), carbon monoxide (CO),
carbon dioxide (CO-), sulfur dioxide (SO:), and nitrogen
dioxide (NO3), with peak concentrations occurring during the
addition of coal, as well as during high-power and low-power
cooking phases [9]. Elevated levels of pollutants in enclosed
spaces worsen air quality, often exceeding international
standards and endangering both workers and patrons [10].
Gaseous pollutants such as COz, CO, NO2, and SO: can
increase blood parameters like white blood cells (WBC), red
blood cells (RBC), hemoglobin (HGB), and platelets (PLT).
This elevation can raise the risk of cardiovascular and
hematological disorders [11]. Additionally, particulate matter
(PM_5, PMy) has a direct effect on HGB, hematocrit (HCT),
mean corpuscular volume (MCV), and PLT, while decreasing


https://orcid.org/0009-0000-4371-4167
https://orcid.org/0000-0001-7196-8252
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.18280/ijdne.210408&domain=pdf

mean corpuscular hemoglobin concentration (MCHC). These
changes can exacerbate respiratory and circulatory diseases
[12]. Although some studies have examined the effects of
cooking emissions on indoor environments in both developed
and developing countries [13], there is a lack of data regarding
the health impacts on exposed workers. This study aims to fill
that gap by analyzing the health effects of restaurant emissions
on workers in Baghdad, a densely populated city in a
developing nation.

Despite increasing concerns about indoor air pollution,
limited studies have investigated the hematological effects of
pollutants emitted from charcoal barbecue grills on restaurant
workers, particularly in developing urban environments such
as Irag. Most previous studies focused on outdoor pollution or
residential biomass exposure rather than occupational
exposure inside poorly ventilated restaurants. Therefore, this
study aimed to evaluate the relationship between indoor air
pollutants generated from charcoal grilling and hematological
changes among restaurant workers in Baghdad city.

The study aimed to evaluate the impact of indoor air
pollution (particularly in grilling restaurants) on workers in
grilling areas compared to dining areas, while analyzing air
pollutant levels and their relationship to changes in blood
parameters. It also seeks to guide restaurant owners in
implementing preventive measures to mitigate pollutants and
reduce associated environmental risks.

2. MATERIALS AND METHODS

This current study included thirty men working in six
restaurants (exposed to pollution), and thirty men who were
customers (not exposed to pollution) from the same six
restaurants studied (the control group) to determine the health
impact of particulate matter and gaseous pollutants. All of
them were from Baghdad, the Al-Rusafa side, which is
characterized by a dense population and a popular character.
They were divided into 6 local groups that included: 5
restaurant workers (exposed) from each of the six restaurants
studied (6 sites), and 5 customers (hot exposed) from the same
six restaurants studied. The ages of the groups under study
ranged from 30 to 40 years.

2.1 Description of study sites

The study was conducted for a period of two months, from
December 1, 2024, to January 31, 2025, to study the impact of
gaseous pollutants and particulate matter on workers
(exposed) in restaurants. The restaurants are located in 6 sites
as follows:

1. Site (1): Ur neighborhood, main street, according to the
following geographical coordinates: 33<24'23.01"N,
442523.32"E.

Site (2): Sadr City, main street of Sector 57, according
to the following  geographical  coordinates:
3322'36.87"N, 4426'37.08"E.

Site (3): Al-Obaidy neighborhood, near Al- Alalawy
mosque, according to the following geographical
coordinates: 33<22'10.09"N, 44<30'43.92" E.

Site (4): Al-Baladiyat neighborhood, main street,
according to the following geographical coordinates:
3320'26.19"N, 4429'1.93"E.

Site (5): Al-Ameen neighborhood, Al-Ameen Square,
according to the following geographical coordinates:
3318'49.35"N, 44<30'6.12"E.
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6. Site (6): Al-Zaafaraniya neighborhood, Al-
Zaafaraniya's square, according to the following
geographical coordinates: 3315'52.45"N, 44 <28'55.80"
E.

2.2 Scientific devices and laboratory supplies

Measuring the indicators used in the study of polluting
parameters (PM.s, PMig, CO, CO, NO2, SOy), collecting
blood specimens and transporting them to the laboratory, was
done using the following scientific devices and laboratory
supplies, as in Table 1.

The nominal sensor specifications reported by the
manufacturer were as follows: CO, (KT-600): range 400—
5,000 ppm, accuracy = (50 ppm + 5% of reading), response
time < 60 s; CO (GX-2009): range 0-500 ppm, accuracy +5%
of reading (or £5 ppm, whichever is greater), response time <
30 s; PM25/PM1g (AQ-9901): range 0-999 pg/m?, resolution 1
pg/m?, response time < 10 s. The detection principles are as
follows: the CO; sensor operates on non-dispersive infrared
(NDIR) absorption; the CO sensor uses an electrochemical
detection cell; and the PM sensor uses laser particle-counting
(optical light-scattering). It is acknowledged that consumer-
grade optical PM sensors can overestimate mass
concentrations under high-humidity conditions or in the
presence of cooking aerosols with high liquid-organic content;
this limitation is discussed in Section 4.4.

Table 1. Scientific devices and laboratory supplies are used
to measure study indicators

Devices and Supplies

Indication
Name

Origin

Measures
particulate matter
(PMzs, PM1o),
temperature, and
relative humidity,
as it contains five
fixed sensors
Measures CO2
concentration,
temperature, and
relative humidity,
as it contains three
fixed sensors
Measures CO
concentration, as it
contains four fixed
Sensors
Measures NO2 and
SO concentrations,
as it contains two
non-fixed sensors
Preserving blood
samples when
transporting them
to the laboratory
To draw blood
samples from
people under study
Sterilize the place
where blood was
drawn
To prevent blood
samples from
clotting during
transport to the
laboratory

GM8804-Particulate

Matter Meter CHINA

GM8802-Carbon Dioxide

Meter CHINA

Compound Gas Monitor CHINA

Micro IV GERMAN

Cool Box CHINA

Sterile Medical Syringes

5 mi) IRAQ

Surgical Plaster India

Potassium
Ethylenediaminetetraacetic
Acid (Ks-EDTA) tubes (5

ml)

JORDAN




Gently shake the
Ks-EDTA tubes to

EDTA Tubes Rack JORDAN mix the blood with
the anticoagulant

Perform a complete

CBC Analyzer HUNGARY  Plood count (CBC)

on the blood
samples studied
Notes: CBC: complete blood count.

2.3 Description of blood sample collection

A total of 60 blood samples were collected during the study.
The blood samples were divided into two groups: restaurant
workers and customers from the same restaurants studied (the
control group), depending on the type of test. All of them were
males; workers spent 8 to 12 hours working inside restaurants.
Participants included in the study were apparently healthy
males aged between 30 and 40 vyears. Workers had
occupational exposure periods ranging from 8 to 12 hours
daily and had been employed in grilling restaurants for at least
two years. Individuals with known chronic hematological
diseases, severe respiratory disorders, or recent infectious
ilinesses were excluded from the study whenever possible
based on self-reported medical history. Information regarding
smoking habits and lifestyle factors was limited and
considered one of the study's limitations.

2.4 Processing blood samples

A 5 ml blood sample was drawn from the veins of the
restaurant workers included in the study and from the control
group, using sterile 5 ml medical syringes. 3 ml of blood was
placed in the tubes containing the anticoagulant. The tubes
containing the blood were gently shaken to mix the blood with
the anticoagulant. The samples were transferred to a private
laboratory in a cool box to conduct a complete blood count for
the samples under study using a CBC analysis device. Among
the blood parameters studied were WBC count, absolute
lymphocyte count, percentage lymphocyte count, absolute
granulocyte count, percentage granulocyte count, RBC count,
HGB concentration, HCT, MCV, mean corpuscular
hemoglobin (MCH), MCHC, and PLT count.

2.5 Measuring pollution indicators

Particulate matter and gaseous pollutants (PMzs, PMiy,
CO3, CO, NOg, and SO,) were measured in the current study
at each of the six sites (study restaurants) inside the restaurant
near the barbecue grill where charcoal is burned, using the
devices specific to each pollutant (Table 1). These pollutants
were noticed during the afternoon hours (lunch time) and
during the evening hours (dinner time), as these hours
represent peak times and cooking activity, since these
restaurants serve all foods cooked over charcoal. The
measuring devices were placed at a height of one and a quarter
meters above the ground during the measurement, and a period
of 20 to 30 seconds was waited for the sensors of each device
to work, according to the instructions of the manufacturing
companies, and the measurement period continued at each
peak for a full hour. Measurements were conducted during
morning and evening peak operating periods to represent the
highest expected worker exposure conditions associated with
grilling and cooking activities. Pollutant concentrations
presented in the study represent averaged values obtained from
repeated measurements during the monitoring period.
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Continuous 24-hour monitoring was not feasible because of
operational and equipment limitations; however, repeated
measurements were performed monthly to improve exposure
representation and data reliability. All monitoring devices
were calibrated according to the manufacturer’s instructions
before field measurements. Functional checks and zero
calibration procedures were periodically performed to
minimize instrumental errors and improve measurement
accuracy during data collection. The estimated measurement
uncertainty of the devices was within the acceptable
operational range specified by the manufacturers.

The investigated barbecue restaurants mainly used fixed
charcoal grilling units located inside semi-closed cooking
areas. Ventilation conditions varied among restaurants and
included natural ventilation, wall exhaust fans, and limited
local exhaust systems. In most locations, smoke generated
during grilling accumulated within the cooking area before
partial discharge through doors, windows, or ceiling
ventilation openings. The grilling workspaces were relatively
confined, which may have contributed to increased indoor
pollutant concentrations during peak cooking periods.

All monitoring devices were calibrated before each
sampling campaign according to the manufacturers’
instructions.  Functional checks and zero calibration
procedures were routinely performed prior to field
measurements to minimize instrumental drift and
measurement bias. The estimated measurement uncertainty
and operational error range for the monitoring devices were
within 5% of the recorded values, as specified by the
manufacturers.

2.6 Statistical analysis

Data were processed using R statistical software (version
4.4.2) and analyzed using both descriptive and inferential
statistics. One-sample t-tests were used to determine whether
mean values of hematological parameters exceeded the upper
limit of standard reference ranges. Independent two-sample t-
tests compared means between the grilling and dining groups.
To assess the independent effects of air pollutants on
hematological variables, stepwise multiple linear regression
analyses were performed. Each blood parameter was used as a
dependent variable, while the concentrations of PMz s, PM1g,
CO,, CO, NOg, and SO, served as independent variables. The
final models were selected based on statistical significance and
adjusted RZAll p-values < 0.05 were considered statistically
significant [14].

3. RESULTS AND DISCUSSION
3.1 Demographic characteristics of participants

Table 2. Demographic characteristics of study participants

. Grilling Workers Dining Group
Variable (n = 30) (n = 30)
Age (years) 35.4 +£3.2 34.8 £2.9
Employment duration 6.8421 59418
(years)
Limited Limited
Smoking (%) information information
available available
Chronic No severe chronic NO. severe
. . . chronic diseases
diseases/comorbidities  diseases reported
reported




Table 2 presents the demographic characteristics of the
study participants from grilling and dining groups. Participants
in both groups were adult males within a comparable age
range. Workers in grilling areas had relatively longer
occupational exposure durations because of continuous
involvement in grilling and barbecue cooking activities.
Information regarding smoking habits and lifestyle factors was
limited because complete participant records were not
available during data collection, and this limitation was
considered in the interpretation of the study findings.

Detailed information regarding smoking habits and lifestyle
factors was limited because complete participant records were
not available during data collection. This limitation was
acknowledged in the study limitations section.

3.2 Integrated assessment of indoor air pollutants in
grilling and dining areas

Researchers checked six restaurants for PMas, PM1g, COy,
CO, NOgy, and SO in the grilling areas and dining rooms.
Overall, pollutant levels in grilling areas were always higher
than in dining zones, and they also tended to reach their highest
point in the evening, especially during January. It illustrates
the effect of extra cooking and a lack of ventilation during the
busiest times at the restaurants. Many times, the fine particles
(PM_ ;) and coarse particles (PM1o) exceeded the World Health
Organization’s (WHO) guidelines in grilling zones, which
seems to link to grilling, especially during evening hours.
Evening periods in the grilling area had levels consistently
above 800 ppm of CO,, suggesting there were plenty of people

and poor airflow, but the dining area always stayed below that
level [15]. In many cases, CO was above the work limit of 35
ppm in the grilling areas, mostly because the campfires did not
burn all their fuel [16]. In grilling zones, the SO, often went
above 0.14 ppm, and it was most noticeable during the
evening, as raw coal is the primary source of SO, emissions
[17]. However, the dining areas never exceeded the limit.

The presence of higher NO- levels shows that grilling areas
are still being contaminated by pollutants. In St.2, the levels of
NO; in the air during the grilling periods were higher than
usual, and the range went from 0.37 to 1.21 ppm in the
morning to a maximum of 1.98 ppm in the evening. Whilst
NOg; in the air during the morning in January was lower (0.24
to 0.48 ppm) than the previous month, evening levels
continued to be the same as they had been in December, as
reliance on gas, fossil fuels, and coal for cooking and heating
releases NO; [18, 19]. Conversely, the dining area had NO;
levels that were low throughout the whole study, and they
never went above or close to 0.1 ppm (Tables 3 and 4).
Together, the studies show that three major factors have a
strong influence on how high indoor pollutants get [20]. Places
where the gathering takes place (grilling outside or inside
dining), hours of the day (morning or evening), and time of
year (late December or early January) are all examples. During
evening grilling, NO; and CO showed the highest increase of
all pollutants, which poses health risks. Continued high levels
of these combustion-related pollutants point out how vital
enhanced ventilation, proper real-time air testing, and suitable
ways to protect people inside are to grilling establishments
[21].

Table 3. Mean morning and evening concentrations of PM2s, PM3o, and CO- in grilling and dining areas across six restaurants
compared with WHO guidelines

PMzs, Lg/m?® PMuo, pg/m?3 CO2, ppm
Sites Grilling Dining Grilling Dining Grilling Dining
AM PM AM PM AM PM AM PM AM PM AM PM
St.1 79.35 11855 58.055 66.05 148.7 179.7 130.05 140.5 756 8925 5815 620.5
St.2 82.75 124.4 61.055 69 15455  185.55 135.1 144 766 902.5 588 626
St.3 72.3 108.7 53.61 60 14235 16355 12575 13385 7325 8705 568 604
St.4 65.05 98 48.5 56.35 131.5 156.6 119.45 127 711.5 844 556 588.5
St.5 71.25 103.45 53.28 58.75 139.5 161.65 124.15 132.8 739 861.5 571 599
St.6 7525 11355  55.275 63.3 144.05 172 127.8 137.1 743 8845 5735 610.5
WHO Guideline 75 g/m?® 150 pg/m?® 800 ppm

Note: WHO: World Health Organization.

Table 4. Mean morning and evening concentrations of CO, NO2, and SO; in grilling and dining areas across six restaurants
compared with WHO guidelines

CO, ppm NO2, ppm SOz, ppm
Sites Grilling Dining Grilling Dining Grilling Dining
AM PM AM PM AM PM AM PM AM PM AM PM
St.1 358 552  17.775 2255 0.693 1.722 0.083 0.117 0.1985 0.37 0.0778 0.1111
St.2 3895 5955 1939 2425 0843 1978 0.083 0117 0.221 04335 0.0778 0.1111
St.3 2915 474 1417 1815 05055 1.233 0.056 0.100 0.147 0.294  0.05555 0.1
St.4 2245 3995 8945 1485 0.3025 0.756 0.044 0.094 0.119 0.238  0.02775  0.0778
St.5 27.5 429 12225 16.6 0.382 1.033 0.067 0.100 0.1425 0.249 0.03885 0.08335
St.6 3195 50.85 15.11 20.8  0.6145 15 0.072 0.106 0.1815  0.394 0.0667 0.1
WHO Guideline 35 ppm 0.1 ppm 0.14 ppm

Note: WHO: World Health Organization.

3.3 Assessment of hematological parameters in individuals
exposed to indoor air pollutants in grilling vs. dining areas

Table 5 presents the hematological parameters (Mean £SE)
of workers exposed to grilling emissions compared with the
dining group. Significant increases (p < 0.05) were observed
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in WBC count, lymphocyte count, HGB concentration, RBC
count, granulocyte count, and lymphocyte percentage among
grilling workers, indicating possible inflammatory and
physiological responses associated with prolonged exposure to
indoor air pollutants. The results demonstrated that workers in
grilling areas exhibited higher hematological values compared



with the dining group. The mean WBC count among grilling
workers (11.50 < 10°/L) exceeded the upper normal reference
limit (10 = 10%/L), suggesting activation of inflammatory or
immune responses due to exposure to combustion-related
pollutants [22]. Similarly, granulocyte counts and percentages
were significantly higher in grilling workers (6.69 =< 10°/L and
65.54%, respectively) compared with the dining group (3.30 %
10°/L and 55.52%), although these values remained within the
normal reference ranges. In addition, red blood cell indices,
including RBC count, HGB, HCT, and MCH, were
significantly elevated in grilling workers compared with the
dining group. The mean HGB concentration in grilling
workers (17.13 g/dL) exceeded the upper normal reference
value (16 g/dL), which may indicate a compensatory
physiological response to reduced oxygen availability
associated with exposure to CO and NO; [23, 24]. Similar
findings were observed for RBC count (5.72 < 10®4.) and
HCT values (53.65%), reflecting possible adaptation to
chronic exposure conditions.

Likewise, PLT counts in grilling workers reached a mean
value of 315.73 x10°/L, exceeding the upper normal reference
limit (300 > 10°/L) in several cases and showing significant
differences compared with the dining group (160.50 < 10°/L).
These elevations may reflect inflammatory or oxidative stress
responses among workers continuously exposed to grilling
emissions [25, 26].

Table 5. Mean hematological parameters in grilling and
dining area workers compared with reference ranges (Mean %

SE)
Grilling Dining
Parameter Workers Group Reference p-
(Mean + (Mean + Range Value
SE) SE)

(‘{‘(’)QB/E) 11504014 0 F 410 <0.001
'(%T/F’L'; 4.23 £0.05 167.(?71 084  <0.001

HGB 1217 +
@aL) 1113017 oo 11-16  <0.001

RBC 416 +
qomy 5722006 oo 3555  <0.001
(ﬁ)rga/rL‘) 6.69 £0.34 3(')3f; 2.7 <0.001
Lymph (%) 36.11 £0.59 271'%621 2040  <0.001

Notes: WBC: white blood cells; HGB: hemoglobin; RBC: red blood cells.

Table 6 shows additional hematological indices (Mean =+
SE) among grilling and dining groups. Significant increases in
HCT, MCV, and PLT were detected among workers exposed
to grilling emissions, whereas MCHC values showed a relative
decrease compared with the dining group. These findings may
be associated with oxidative stress, inflammatory responses,
and compensatory physiological adaptation to combustion-
related pollutants. According to the statistical analysis,
exposure to indoor grilling emissions and airborne pollutants,
particularly PMzs, CO, NO,, and SO, was associated with
most of the hematological differences observed between the
two groups (p < 0.05). These findings suggest that continuous
occupational exposure to indoor air pollutants generated
during grilling activities may induce measurable biological
responses among restaurant workers and may represent a
potential occupational health concern [27].
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Table 6. Mean hematological parameters in grilling and
dining area workers compared with reference ranges (Mean +

SE)
Grilling Dining
Parameter Workers Group Reference p-
(Mean = (Mean = Range Value
SE) SE)
Gran (%) 6554 +2.34 5%'5;27“: 50-70  <0.001
HCT (%)  53.65 +0.42 3%91%1 3754 <0.001
103.25 = 90.47 =
MCV (fL) 0.50 0.39 80-100  <0.001
MCH (pg)  32.92 +0.15 3%";%i 27-34 <0.001
MCHC 3333+
(g/dL) 30.98 +0.24 0.28 32-36 <0.001
PLT 315.73 = 160.50 =
(10°L) 3.83 4.16 100-300  <0.001

Notes: HCT: hematocrit; MCV: mean corpuscular volume; MCH: mean
corpuscular hemoglobin; MCHC: mean corpuscular hemoglobin
concentration; PLT: platelets.

3.4 Stepwise multiple regression analysis and
interpretation of hematological responses to air pollutants

Stepwise multiple linear regression analyses were done to
see how each indoor air pollutant affects the blood parameters
independently. While the first data set consisted of several
pollutants—PMjio, PM2s5, CO,, CO, NOz, and SO, —the
process limited the included predictors in each model to the
most significant ones found by the statistics. In all cases, CO2
plus either PMi, or PMys was the greatest predictor of
pollution. As a result, we think the pollutants were strongly
related to the blood parameters and likely contributed greatly
to the differences seen, since they may have overlapped or
acted similarly with other factors (Table 7).

For the WBC count, the final model included both CO; and
PMj1o. CO; exhibited a strong positive association (p = 0.033,
p < 0.001), while PMjo showed an unexpected negative
association (f = -0.057, p < 0.001), despite both variables
appearing positively associated with WBC in bivariate scatter
plots. This apparent contradiction arises from the
multivariable nature of the regression model, which adjusts for
the shared variance between predictors. In other words, after
statistically controlling for CO,, PMj, showed a negative
independent effect on WBC. This reversal in the direction of
association is a well-known outcome in multiple regression
analysis and often reflects multicollinearity or confounding
[28]. It suggests that, although PM1o might correlate positively
with WBC overall, its unique contribution after accounting for
the effect of CO, may be inhibitory or suppressive [29] (Figure
1).

The negative associations observed for PM1 and PM s after
adjustment for CO, may also reflect overlapping exposure
patterns among pollutants and potential multicollinearity
effects between combustion-related pollutants. Similar
statistical behavior has been reported in environmental
exposure studies where pollutants originate from the same
combustion source. In addition, physiological adaptation,
exposure variability, and individual biological responses may
contribute to differences in hematological reactions among
exposed workers.

Similar patterns were observed in other hematological
outcomes. For instance, lymphocyte count was positively



associated with CO, (B =0.016, p <0.001) and negatively with
PMzs (B = -0.038, p = 0.001), with an R=of 0.883. This dual
pattern suggests that fine particulate matter may suppress

lymphocyte proliferation or survival, especially under co-
exposure to elevated CO; (Figure 2) [30].

Table 7. Stepwise multiple linear regression models for predicting hematological parameters based on indoor pollutant exposure
(CO2, PMyy, and PM25)

Dependent Variable Indicators B t Sig R? Radj
Constant -6.612 -5.992 <0.001
WBC 10%L CO2 0.033 17.364 <0.001 0.951 0.950
PM1o -0.057 -3.842 <0.001
(Constant) -5.624 -10.201 <0.001
Lymph 10%/L CO2 0.016 8.739 <0.001 0.883 0.879
PM2.s -0.038 -3.470 0.001
Constant 2.063 2.521 0.015
HGB g/dL CO2 0.024 17.331 <0.001 0.956 0.955
PM1o -0.032 -2.881 0.006
Constant 1.516 3.507 0.001
RBC 10%%/L CO2 0.008 11.341 <0.001 0.884 0.880
PM1o -0.017 -2.978 0.004
Constant 58.972 30.415 <0.001
MCV L Co 0.054 10.821 <0.001 0.871 0.869
9 Constant -139.254 -5.418 <0.001
PLT 10°%L CO, 0788 17.819 <0.001 0.956 0.954

Notes: WBC: white blood cells; HGB: hemoglobin; RBC: red blood cells; MCV: mean corpuscular volume; PLT: platelets.
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Figure 1. Bivariate relationships between CO, and PM1o
levels and white blood cell (WBC) count
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Figure 2. Bivariate relationships between COz and PM3 5
levels and white lymphocyte count

While HGB concentration and red blood cell count also
demonstrated positive relationships with CO, and negative
ones with PMjo. With R? adjusted of (0.995 and 0.880)
respectively, indicating that these two pollutants have an
important effect on these blood parameters (Figures 3 and 4).

In contrast, MCV was significantly associated with CO;
only, suggesting a more direct and isolated effect (Figure 5).

PLT count showed one of the strongest relationships, with
CO; again contributing positively and PMi, negatively.
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Across all models, the adjusted R=values were high, ranging
from 0.869 to 0.956, indicating strong model fit and robust
explanatory power. For these parts pleas discuss each
dependent variable separately (Figure 6).

CO2e

PM10e

Pollutant
CO2e
== PM10e

HGB g/dL)

' ' ' ' ' ' ' ' ' '
600 650 700 750 800 120 130 140 150 160

Pollutant Level

Figure 3. Bivariate relationships between CO, and PM1
levels and hemoglobin (HGB) concentration
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Figure 4. Bivariate relationships between CO, and PMyo
levels and red blood cell (RBC) count

3.5 Study limitations

Some limitations should be considered when interpreting
the findings of the present study. The sample size was



relatively limited, and continuous 24-hour pollutant
monitoring was not feasible because of operational and
technical constraints. In addition, detailed information

regarding smoking habits, dietary factors, and lifestyle
characteristics of participants was limited. Although repeated
measurements were performed to improve reliability, future
studies with larger sample sizes, continuous monitoring
systems, and longer exposure assessment periods are
recommended to further validate these findings.
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Figure 5. Relationships between CO; levels and mean
corpuscular volume (MCV)
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Figure 6. Bivariate relationships between CO, and PM1o
levels and platelets (PLT) count

4. CONCLUSIONS

The findings of the present study indicate that prolonged
occupational exposure to indoor air pollutants generated from
charcoal grilling may contribute to hematological alterations
associated with systemic inflammation, oxidative stress, and
physiological adaptation to hypoxic conditions. Elevated
concentrations of PMas, PMig, CO, NO», and SO; in poorly
ventilated grilling areas may increase potential long-term
health risks among restaurant workers.

The study also emphasizes the importance of improving
indoor air quality management in barbecue restaurants through
adequate ventilation systems, local exhaust installation,
periodic air quality monitoring, and the reduction of smoke
accumulation in grilling areas. Regular medical examinations
and occupational health surveillance for restaurant workers are
also recommended to minimize adverse health effects
associated with chronic exposure to combustion-related
pollutants.
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