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Abstract: Background: The inhalation of cooking-generated aerosols could lead to translocation
to the brain and impact its function; therefore, the effects of cooking-generated aerosols on healthy
adults were investigated using an electroencephalograph (EEG) during the 2 h period post-exposure.
Methods: To explore any changes from the impact of exposure to cooking-generated aerosols on the
human brain due to the absence of food intake during exposure, we divided the study participants
into three groups: (A) no food intake for 2 h (2 h-zero calorie intake), (B) non-zero calorie intake,
and (C) control group (simulated cooking). Results: The ultrafine particle concentrations increased
from 9.0 × 103 particles/cm3 at the background level to approximately 8.74 × 104 particles/cm3

during cooking. EEGs were recorded before cooking (step 1), 60 min after cooking (step 2), 90 min
after cooking (step 3), and 120 min after cooking (step 4). Comparing the non-zero calorie group
with the control group, it was concluded that exposure to cooking-generated aerosols resulted in a
12.82% increase in the alpha band two hours post-exposure, compared to pre-exposure. The results
revealed that zero calorie intake after exposure mitigated the impacts of cooking-generated aerosols
for the alpha, beta3, theta, and delta bands, while it exacerbated effects on the whole brain for the
beta1 and beta2 bands. Conclusions: While these are short-term studies, long-term exposure to
cooking-generated ultrafine particles can be established through successive short-term exposures.
These results underscore the need for further research into the health impacts of cooking-generated
aerosols and the importance of implementing strategies to mitigate exposure.

Keywords: EEG; frying aerosols; ultrafine particles; zero calorie intake

1. Introduction

Improving indoor air quality (IAQ) is imperative as people spend approximately
65% of their time in residential environments [1,2], Several studies have shown a strong
positive association between indoor air quality and health disorders such as heart disease,
pulmonary disease, lung cancer, and mortality [3–6]. Activities such as cooking [7,8],
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smoking [8–10], and cleaning [11,12] are typical sources that significantly contribute to
indoor air pollution. Among the different indoor activities, cooking has been identified as
one of the main indoor particulate matter (PM) sources [13–16]. Kang et al. [17] conducted
broiling and frying in thirty residential buildings with open-type kitchens in Seoul. The
results showed a mean average PM10 concentration of 1269 µg/m3 and 475 µg/m3 during
broiling and frying, respectively. Also, the total cooking emission rates for PM2.5 and PM10
were 0.39–20.54 mg/min and 0.58–18.47 mg/min, respectively. Klein et al. [18] conducted
over 100 cooking experiments involving different oils, food types, and cooking methods.
They reported that cooking causes increased emission rates of larger and unsaturated
aldehydes, especially during the frying process.

While emissions of large-sized PM (>2.5 µm) have been explored in the literature,
small-sized particles are often neglected. Studies on particles emitted during cooking have
identified that the resulting particles can be less than 100 nm (ultrafine particles). A recent
study by Shi et al. [19] found that particle mode diameters in the breathing zone (50 cm
above the source) were 33 nm when heating peanut oil in the kitchen. Wallace et al. [8] also
reported that the mean diameter of particles during the frying of eggs on a gas stove was
20 nm. In a similar study by Wallace et al. [8], the authors observed that the dominant size
of particles during the 159 cooking tests using gas and electric stoves was 5 nm.

Ultrafine particles and particulate matter (PM) have been extensively studied for their
harmful effects on the human nervous system. Fine and ultrafine particles, particularly
those smaller than 2.5 microns (PM2.5), can penetrate the respiratory system and reach
the bloodstream [20–22] following their deposition in the alveoli [23]. Additionally, they
can access the brain by circumventing the blood-brain barrier (BBB) or through axonal
transport via the olfactory nerve [24,25]. Once in the brain, these particles can induce
neuroinflammation, oxidative stress, and neurodegenerative processes.

In the literature, there exist few clinical exposure studies that have addressed the
neurological impact of PM resulting from smoking [26–28] and diesel exhaust [29] using the
electroencephalogram (EEG) technique and fMRI [30]. Electroencephalography is a non-
invasive and cost-effective neuroimaging technique that can measure neural oscillations
on the scalp with high temporal resolution. EEG electrodes measure the electrical fields
made by neurons communicating with each other. This technique has been widely used
to detect neurodegenerative disorders [31,32]. However, the indoor sources of particles,
including cooking, have been ignored in such studies, except in those recently published by
our team [33,34]. Our previous studies [33,34] using EEG have shown that brain electrical
wave patterns exhibit statistically significant changes immediately after cooking and up
to 30 min post-exposure, compared to pre-exposure levels. However, the 30-min post-
exposure period was too short to fully understand any effect because of the potential
particle translocation to the nervous system. Furthermore, no control experiment was
included in those studies to exclude the diurnal effects on brain wave patterns [33,34].

Several studies investigated the effect of fasting on brain health and function [35,36].
Intermittent fasting (IF) improved the cognitive function of a mild cognitive impairment
(MCI) group compared to a control group (without IF) [37]. A reduced risk of cognitive
impairment was observed in Italian adults with an eating time window duration of more
than 10 h compared to those of less than 10 h [38]. People older than 70 who regularly
followed fasting showed a lower risk of mental health distress [39]. Fasting has been
considered a standard and effective treatment for epilepsy for many years [40]. A review
indicated that fasting could also augment brain function regarding cellular stress resistance,
synaptic plasticity, and neurogenesis [41]. The EEG was measured among two rat groups
(one with free access to food and water ad libitum (AL) and a second group that underwent
a time-restricted food (TRF) schedule). A statistically significant reduction in the power
as measured by the EEG recordings during the late phase was observed in the TRF group
compared to the AL-fed animals [42].

The objective of this study was to investigate the impact of exposure to cooking-
generated aerosols on the human brain’s wave patterns, using EEG for up to two hours
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post-exposure. The second objective of this study was to explore any modifications to
this impact due to zero calorie intake during exposure. While a two-hour period of zero
caloric intake is not considered traditional fasting, it can still offer valuable baseline data for
exploring the combined effects of fasting and exposure. This approach may help to better
understand the potential synergies between brief caloric restriction and environmental
factors on brain health. Notably, no prior studies have examined the impact of short-term
exposure to cooking aerosols on brain function for such a brief period, making this an
unexplored area of study. This gap underscores the novelty of our research, as we are
the first to investigate both the direct effect of cooking aerosols on brain function and
the possible synergistic interaction between zero caloric intake and short-term exposure.
By bridging these two areas, our study opens up new avenues for understanding how
environmental and dietary factors together influence brain health.

2. Materials and Methods
2.1. Study Participants

Study participants were recruited via advertisements placed on the university cam-
pus, including posters and emails, in accordance with the ethical guidelines approved
by the university’s review board. Interested individuals were provided with comprehen-
sive information regarding the study’s objectives and procedures prior to participation.
Before the experiments, study participants were requested to complete a questionnaire
(for detailed information, refer to Supplementary Material File S1) to assess their physical
and mental health status and examine their cooking habits and interests. Professional
chefs, pregnant women, former smokers, drug addicts, participants with cardiovascular,
neurodegenerative, or respiratory diseases (e.g., asthma, bronchitis, and chronic obstructive
pulmonary disease), metabolic disorders (e.g., diabetes and thyroid conditions), individuals
with known allergies or sensitivities to cooking oils, people on medication that could affect
respiratory, cardiovascular, or neurological function, which may interfere with the study
outcomes, and individuals who had undergone recent surgeries or other major medical pro-
cedures that could impact their cardiovascular or respiratory systems were excluded from
the study. Healthy participants were recruited for the experiments, based on the selection
criteria outlined above, and completed the questionnaire provided in the Supplementary
Materials (File S1). Eventually, 30 study participants (10 men and 20 women, with an
average age of 27) were recruited for this study. A code (participant identification number)
was assigned to the qualified study participants, and they were asked to sign a consent
form (for detailed information, refer to Supplementary Material File S2). Nazarbayev
University’s ethics committee approved the experimental procedure of this study under
approval code 115/12022019, approved on 12 February 2019. Study participants were asked
to have sufficient rest beforehand, avoid attending events or activities that would cause
stress, anxiety, etc., avoid drinking coffee and alcoholic drinks, and take any medication
before their test day. All participants had breakfast prior to the commencement of the
experiment on the test day.

2.2. Indoor Air Quality During the Experiment

An indoor air quality monitor (IAQ, model 7545, TSI®, Shoreview, MN, USA) was
used to measure CO2 concentration, indoor temperature, and humidity. DustTrak (model
DRX, TSI®, Shoreview, MN, USA) simultaneously monitored PM1, PM2.5, PM4, and PM10
with 1-s logging intervals. A digital thermometer (Model 54IIB, Fluke®, [software FVF-SC2],
Everett, WA, USA) measured the temperature of the food during cooking. A condensation
particle counter (CPC model 3007, TSI®, Shoreview, MN, USA) and a NanoTracer (Philips
Aerasense®, Eindhoven, The Netherlands) were employed to measure particle number
concentrations down to 10 nm. All instruments were operated in parallel and placed close
to the stove to quantify the level of exposure during cooking, except for the Nano Tracer,
which was put in the living room where the study participants were present during the
post-cooking period.
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2.3. Effect Assessments

Quantitative electroencephalography (QEEG) (Discovery 24 amplifier, Brain Master®,
Bedford, MA, USA) was employed to record the brain wave patterns. The device has
24 channels and a sampling rate of 256 Hz. We employed an electro-cap with 19 active
electrodes placed according to the 10–20 international system (Fp1, Fp2, F3, F4, C3, C4, P3,
P4, O1, O2, F7, F8, T3, T4, T5, T6, Fz, Cz, and Pz), with linked-ear montage. The Fz node
was used as the ground electrode and was placed on the electro cap. The online 0.1–40 Hz
band pass filter was applied. Visual selection was initially used to avoid eye blinking and
muscle and cardiac artifacts. On average, 34 s of artifact-free signals were selected for the
analysis. The EEG data were processed offline by MATLAB (R 2020b) for six frequency
bands, including delta (1–3.5 Hz), theta (4–7.5 Hz), alpha (8–12 Hz), beta1 (12–15 Hz), beta2
(15–17.5 Hz), and beta3 (18–25 Hz). The electrodes’ relative power was collected for each
subject and each session of EEG recording. Among the five lobes of the brain, the activities
of the frontal (right and left), temporal (right and left), central, parietal, and occipital lobes
were measured using F3, F4, F7, F8, Fp1, FP2, Fz; T3, T4, T5, T6; Cz, C3, C4; P3, P4, Pz; and
O1 and O2, respectively.

2.4. Experimental Design

The experiments were conducted in a one-bedroom apartment at Nazarbayev Univer-
sity with an electric stove (Figure S1). The volume of the apartment was approximately
115 m3. One hundred grams of low-fat ground beef was used to prepare three pan kebabs.
The meat was mixed with 1 g salt, 1 g pepper, 1 g turmeric, and 20 g shredded onion. The
mixture was divided into three parts to make three pan kebabs, each weighing 40 g. A
20-centimeter aluminum pan with PTFE coating was preheated (medium heat setting (level
6)), and, after two minutes, 25 mL of sunflower oil was added to the pan. Six minutes
after heating the oil, three pieces of pan kebab were placed into the pan. The pan kebabs
were flipped using a wooden spatula at 11, 14, and 17 min. The stove was switched off
at minute 20 while particle monitoring continued until the concentrations returned to the
background level. During the cooking process, the kitchen hood was off. All windows and
doors of the experimental apartment were closed during the experiment to minimize the
indoor penetration of ambient gases and particles. This study was designed to evaluate
how these everyday activities, combined with exposure, contribute to the overall effects.
The diurnal effect, which includes the impact of normal daily routines like eating, was a key
component of our analysis. By allowing participants to follow their usual eating patterns,
we accounted for the way in which realistic lifestyle factors might interact with exposure to
cooking emissions.

Study participants were divided into two groups for exposure experiments; one group
was instructed to eat food (non-zero calorie intake group) if needed, while the other was
restrained and asked to undergo 2 h of non-intake of food during the experiments (2 h-zero
calorie intake). The participants in the non-zero calorie intake group and the 2 h-zero
calorie intake group were different individuals; there was no overlap between the two
groups. Study participants were asked to sit and rest for 30 min to adapt after entering the
apartment. After that, the first EEG was recorded as a background measurement. Next,
as noted above, the study participants stood beside the stove and fried the pan kebab
using the experimental protocol. After cooking, the study participants sat on the sofa for
two hours. The second, third, and fourth EEGs were recorded 60, 90, and 120 min after
cooking. To reduce any electrical noise during EEG measurement, all electrical appliances
were unplugged, and all necessary devices for EEG recording and particle counters were
operated under battery power.

2.5. Control Experiments

Eight study participants in the exposure study participated in the control experiments,
with their involvement specified as follows: three participants were part of the non-zero
calorie intake group, and five participants were part of the two-hour zero calorie intake
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group. During the control experiments, study participants performed the same activities as
the exposure experiments; however, the stove was turned off to avoid any emissions. The
participants rested for 30 min after their arrival for adaptation and stayed at the apartment
for 3 h. They were allowed to eat food if needed, like the non-zero calorie intake group
in the exposure experiments. They were asked to stand next to the stove during cooking,
but the stove was off (simulated cooking). No ventilation was used during the simulated
cooking, and the doors and windows were closed during the experiments. The brain EEGs
of the control study participants were measured at the same time intervals as the exposure
group (background level and 60, 90, and 120 min after simulated cooking). The study
participants were sitting on the sofa during the post-exposure experiments.

2.6. Brain Wave Pattern Percentage Calculation

The participant’s relative power of the control, non-zero calorie intake, and 2 h-zero
calorie intake groups in each lobe were averaged to identify diurnal effect percentage,
diurnal, exposure, and zero calorie effects. The percentage between the relative power of
step 1 (before cooking) and step 4 (120 min after cooking) was calculated. The percentage of
exposure effect was calculated by subtracting the non-zero calorie intake group percentage
(diurnal and exposure effects) from the control group percentage (general effect). The effect
of zero calorie intake on exposure was established by subtracting the 2 h-zero calorie intake
group percentage (diurnal and exposure and zero calorie effect) from the non-zero calorie
intake group (diurnal and exposure effects percentage). If the exposure changed the brain
in a particular direction (increase or decrease) and the zero calorie intake reduced that
effect, the term mitigate was used. Still, if the zero calorie intake effect was in the same
direction as the exposure and worsened it, the term exacerbating effect was used.

2.7. Statistical Analysis Method

Relative power for all electrodes was compared among the sessions (pre- and post-
exposure). The non-parametric Friedman test [43] was implemented using R software
(version 4.4.0) to measure the same characteristics for each subject at different intervals
(pre-exposure, 60 min, 90 min, and 120 min post-exposure) because the relative power data
failed the Shapiro–Wilks normality test. The Friedman test detects the differences across
multiple test attempts. The null hypothesis (H0) for the Friedman test is that there are no
differences among the population’s distribution of scores. The alternative hypothesis shows
that at least one related population’s distribution of scores is different from the others. In
cases where the Friedman test showed a statistically significant difference between pre-and
post-exposure results, the Wilcoxon test as a post hoc test [44] was used to compare two
paired groups (among the data available for pre-exposure, 60 min, 90 min, and 120 min
post-exposure), where:

H0 = µ1 = µ2 = µ3= µ4;
H0 = mean RP is the same at all times;
H1 = mean RP is significantly different at one or more time points;
µ is the population mean of RP, and the related groups are the subjects before, during, and
after cooking.

3. Results
3.1. Indoor Air Quality During the Experiment

Figure 1 shows the oil temperature during the frying of pan kebabs. The first two min-
utes recorded the empty pan temperature. The oil temperature reached 70 ◦C one minute
after adding it to the heated pan. The oil temperature generally showed an increasing trend
and reached a maximum temperature of 145 ◦C, maintaining this until the stove was turned
off at minute 20. A slight drop in the oil temperature at minute 8 corresponded to adding
the pan kebabs to the pan. The pan kebabs were kept at room temperature before starting
the cooking process. After turning off the stove, the oil temperature decreased sharply.
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different runs.

Figure 2 presents the meat temperature according to time during frying. The meat was
added to the pan at minute 8. Its temperature increased from 27 ◦C to 67.5 ◦C by minute 17.
The reductions in temperature at minutes 11, 15, and 17 correspond to the flipping of the
meat inside the pan.
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temperature, among the different runs.

Figure 3 shows the average PM2.5 concentrations during the frying of pan kebabs. The
PM2.5 concentration showed no changes during the first two minutes of heating the empty
pan, which is consistent with previous findings [45,46]. The PM concentration increased
from the background level of approximately 1.0 µg/m3 to a maximum of 17.0 µg/m3 at
minute 18. The fluctuations and decreases in PM after minutes 11, 14, and 17 could be
related to the flipping over of the pan kebabs inside the pan. Buonanno et al. [47] and
Amouei Torkmahalleh et al. [14] reported that heating cooking oil produces more particles
than when heating meat. Thus, PM concentration fluctuations during flipping time could
be due to replacing the oil surface with the meat surface. The stove was turned off at
minute 20, and the PM concentration declined to a background level approximately 10 min
after the end of cooking.
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Figure 4 shows the particle concentrations as measured next to the electric stove and
near the study participants, respectively. The particle number concentration during cooking
increased from 9.0 × 103 particles/cm3 to the maximum of 8.74 × 104 particles/cm3 at
minute 20 and dropped after the gas was switched off. The maximum particle number
concentration measured next to the participants was observed at the end of the cook-
ing to be approximately 4.04 × 104 particles/cm3. The average particle number con-
centration during post-exposure, measured next to the participants, was approximately
7.5 × 103 particles/cm3. The data for CO2 concentration, relative humidity (RH), and am-
bient temperature during the cooking time, including detailed graphs, are provided in the
Supplementary Materials (Figures S2 and S3).
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3.2. Brain Response
3.2.1. Control Experiments Results

Table S1 shows the p-values for all bands at all lobes during the control experiments
for four different steps, including before cooking (step 1), 60 min after cooking (step 2),
90 min after cooking (step 3), and 120 min after cooking (step 4). Different trending for
the bands was observed when comparing the bands’ results after 2 h post-exposure with
the background level (Step 1). Beta1, beta2, beta3, and theta values showed an increasing
trend; however, delta and alpha decreased after two hours. These changes were only
statistically significant in beta1 and beta2 (Figure 5). The relative power in the beta1
band statistically significantly increased by approximately 26.0% for the left temporal lobe
(RPstep1 = 5.40 ± 0.94 with RPstep3 = 7.84 ± 1.47 and RPstep4 = 6.65 ± 1.13) and temporal
lobe (RPstep1 = 5.23 ± 1.27 with RPstep3 = 7.26 ± 1.60 and RPstep4 = 6.61 ± 1.48). The
relative power in the beta2 band statistically significantly increased in the frontal lobe
(RPstep1 = 2.97 ± 0.46 with RPstep3 = 3.62 ± 0.46 and RPstep4 = 3.83 ± 0.63). Our findings
show that an individual’s EEG reflects diurnal effects that are in agreement with the
literature. Studies demonstrated the effect of the diurnal variation on the EEG signal
power [48–50]. Cummings et al. [51] reported + 20% changes in the mean actual frequency
waveband power of the EEGs of male and female groups over 24 h due to biological
circadian variations.

3.2.2. Electrode Analysis for Exposure Experiments

Tables S2 and S3 show the p-values calculated after comparing the RP values across
different post-exposure steps, registered for all electrodes and frequency bands among the
two groups (2 h-zero calorie intake and non-zero calorie intake groups). For the non-zero
calorie intake group, no statistically significant differences were found between the delta
and theta bands across all electrodes. The alpha band showed statistically significant
increases in steps 1–3 for T3. The beta1 band showed a statistically significant reduction
in steps 2–4 and 3–4 for FP2 and F8 and in steps 3–4 for F3, Fz, and Cz. The beta2 band
showed a statistically significant reduction between steps 2–4 and 3–4 for F8 and in steps
3–4 for T3. The beta3 band showed a statistically significant decrease between steps 2–4
and 3–4 for FP2, an increase between steps 1–2 and 1–3, a reduction between steps 2–4 and
3–4 for F8, increases between steps 1–3 and 2–3, a reduction in steps 3–4 for Cz and P3,
increases between steps 1–2 and 1–3 for Pz, an increase in steps 2–3 and a reduction in steps
3–4 for T5. The relative power changes for alpha, beta1, beta2, and beta3 in other electrodes
were insignificant.
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For the 2 h-zero calorie intake group, no statistical changes were observed in beta1
and beta2; however, beta3 only showed a statistically significant difference in O2. The delta
band showed statistically significant changes between steps 1–3 (P3, P4, and O2), steps
2–3 (P3, P4, T6, and O2), and steps 3–4 (P3 and O2). The theta values showed significant
changes in electrodes P3 (steps 2–3 and 3–4) and Pz (steps 2–3). The alpha band alternated
significantly for P3 (steps 2–3 and 3–4) and T6 (steps 2–3 and 2–4).
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3.2.3. Lobe Analysis for Exposure Experiments

Tables S4 and S5 present the p-values for all bands and all lobes during the experiments
for the non-zero calorie intake group and 2 h-zero calorie intake group. Tables S4 and S5
show that the alpha, beta1, beta2, and beta3 bands statistically significantly differed during
the exposure in the non-zero calorie intake group. No statistically significant changes were
observed for the theta and delta bands in the non-zero calorie intake group. An increasing
trend for the alpha band was observed in all lobes of the whole brain (Figure 6). The relative
power of the alpha band statistically significantly increased (13.6%) for the left temporal
lobe after 2 h post-cooking (RPstep1= 31.3 ± 9.8 with RPstep4 = 35.6 ± 13.4).
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Figure 6. The variations in the alpha band for different exposure periods for different lobes of the
brain (non-zero calorie intake group). The numbers on the bar graph indicate the stages in which
there was a statistically significant difference in relative power.

The decreasing trends for the beta1, beta2, and beta3 bands were observed in the
whole of the brain (Figure 7). The relative power in the beta1 band was statistically
significant for the right frontal (RPstep2 = 5.15 ± 1.79 and RPstep3 = 5.41 ± 1.48 com-
pared to RPstep4 = 4.12 ± 1.19), frontal (RPstep2 = 5.21 ± 1.72 and RPstep3 = 5.33 ± 1.60
with RPstep4 = 4.22 ± 1.29) and occipital (RPstep3 = 7.40 ± 3.88 with RPstep4 = 5.91 ± 2.64)
lobes. The relative power in the beta2 band was statistically significant for the temporal
(RPstep1 = 4.93 ± 5.60 with RPstep3 = 4.76 ± 2.75) and right frontal (RPstep3 = 4.22 ± 1.05
with RPstep4 = 3.38 ± 1.47) lobes. The relative power in the beta3 band statistically signifi-
cantly decreased for the central lobe (RPstep3 = 8.46 ± 3.85 with RPstep4 = 7.07 ± 3.79). The
relative power in the beta3 band increased significantly in the parietal lobe
(RPstep1 = 5.87 ± 3.43 and RPstep2 = 6.48 ± 3.43 with RPstep3 = 7.08 ± 3.32).

Figure 8 shows the oscillation pattern in the delta and theta bands during cooking
experiments in the non-zero calorie intake group. The theta and delta bands showed a
decreasing pattern in the whole brain. A decreasing pattern in the delta band is consistent
with the observed results during exposure to cooking-generated aerosols from meat frying
on an electric stove [34] and exposure to cooking-generated aerosols from chicken frying on
a gas stove [33]. However, the observed changes in EEG at the different steps of exposure
could be attributed to exposure and diurnal effects. The observed changes in EEG frequency
bands among the zero calorie intake group are shown in Figure S4.
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Figure 7. The variations in the beta1, beta2, and beta3 bands for different exposure periods in the
different lobes of the brain (non-zero calorie intake group). The numbers on the bar graph indicate
the stages in which there was a statistically significant difference in relative power.
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Figure 8. The variations in the delta and theta bands for different exposure periods for the different
lobes of the brain (non-zero calorie intake group).

4. Discussion

Our results showed the coexistence of three factors that impacted EEG: exposure to
cooking-generated aerosols, zero calorie intake, and diurnal effects. A further analysis was
conducted based on two key assumptions, to separate the effect of each factor. Firstly, it
was assumed that the diurnal effects in terms of the percentage of change observed during
different times of the day in the control group were the same as in other exposed groups.
Secondly, it was assumed that the exposure effects were similar for the zero calorie intake
and non-zero calorie intake groups. The results of this analysis are presented in Table 1.

Table 1. The different brain wave patterns recorded in the whole of the brain after two hours.
Percentage values refer to the percentage of the relative power changes after two hours, compared to
the background level.

Frequency
Band

Control Group
(Diurnal Effect)

Non-Zero Calorie
Intake Group
(Diurnal and

Exposure Effects)

Effect of Exposure

2 h-Zero Calorie
Intake Group
(Diurnal and

Exposure and Zero
Calorie Intake Effects)

Effect of Zero
Calorie

Intake on the
Exposure

Effect

Alpha decreasing trend
2.54%

increasing trend
10.28% 12.82% increases increasing trend

2.13%
8.15%

mitigating effect

Beta1 increasing trend
26.24%

decreasing trend
3.10% 29.34% reductions decreasing trend

4.63%
1.53%

exacerbating effect

Beta2 increasing trend
17.80%

decreasing trend
1.69% 19.49% reductions decreasing trend

4.47%
2.78%

exacerbating effect

Beta3 increasing trend
12.73%

decreasing trend
5.80% 18.53% reductions decreasing trend

4.28%
1.52%

mitigating effect

Delta decreasing trend
12.49%

decreasing trend
7.69% 6.40% increases decreasing trend

6.40%
1.29%

mitigating effect

Theta increasing trend
0.31%

decreasing trend
4.98% 5.29% reductions increasing trend

7.79%
12.77%

mitigating effect
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Table 1 shows the percentage of changes in the different frequency bands after 2 h
post-exposure compared to the values before exposure (background of each group) for the
control, non-zero calorie intake, and 2 h-zero calorie intake groups. The percentage of the
changes has been deducted from the changes observed in the control group, to exclude
the diurnal effects. For example, Table 1 shows that the alpha band underwent a 2.54%
decrease in the whole brain 2 h after the simulated cooking time. In contrast, the alpha
band experienced a 10.28% increase 2 h post-exposure in the whole brain compared to
the background values for the non-zero calorie intake group, which is attributed to both
diurnal and exposure effects. Since the 2 h post-exposure in exposed groups and two hours
after arrival in control groups are at the same time of the day and, likewise, the time before
exposure in the exposed groups and arrival time in the control group is identical, then
the diurnal effects could be excluded by subtracting the 2.54% decreases from the 10.28%
increases. Thus, it is concluded that exposure to cooking-generated aerosols resulted in
12.82% increases in the alpha band after 2 h post-exposure compared to the values before
exposure. However, when the percentage of the changes was compared among the two
exposed groups, it was found that the 12.82% increase due to exposure was reduced by
8.15% due to zero calorie intake. Thus, zero calorie intake tended to significantly mitigate
the effect of cooking-generated aerosol exposure on the whole brain’s alpha band.

Table 1 presents the actual effect of exposure and zero calorie intake on the whole brain.
It was found that exposure to cooking-generated aerosols decreased all beta bands and
increased the delta band within 2 h post-exposure on the whole brain. This effect is consis-
tent with the changes to the beta and delta bands of the brain of dementia patients [52–57].
However, this consistency was not found for the theta and alpha bands. Zero calorie intake
showed an interesting impact on the brain. Table 1 shows that zero calorie intake mitigated
the effects of exposure to cooking-generated aerosols on the whole brain for the alpha,
beta3, delta, and theta bands while it exacerbated the effects on the beta1 and beta2 bands.
Tables S6–S10 show similar analyses for the different lobes of the brain. The mitigating
effects of zero calorie intake after exposure to cooking-generated aerosols for the alpha
and beta1 bands were observed in all lobes except the occipital lobe, which showed an
exacerbating effect. The mitigating effect of zero calorie intake was observed for the beta2
band in the central and parietal lobes and for the beta3 band in the central and frontal lobes.
Exacerbating effects were observed in the other lobes for the beta2 and beta3 bands. Zero
calorie intake mitigated the effects of exposure to cooking-generated aerosols in the whole
lobes of the brain except in the theta bands; the whole lobes underwent the mitigating
effect of zero calorie intake, except for the frontal and occipital lobes concerning the delta
band. However, a study on eight healthy volunteers during fasting during Ramadan and
during non-fasting periods showed no difference in the EEG absolute power in the delta,
theta, alpha, and beta frequency bands [58].

The mechanism of the effects of PM and UFP on the body depends on their solubility,
origin, composition, and ability to produce reactive oxygen [59]. Toxicological studies
demonstrated that olfactory and blood circulation are the two main pathways for the
translocation of particles to the brain. The olfactory route starts from nasal deposition
and reaches the central nervous system (CNS) through the olfactory bulb in the frontal
lobe [60,61]. The dendrites of olfactory receptor neurons are in direct contact with the
environment and run from the sensory epithelium to the olfactory bulb. Therefore, the
most likely routes of access to the CNS for UFPs and toxins are pinocytosis and neuronal
transport [62]. The respiratory tract system creates a systemic route for particle transloca-
tion [63].

Several studies have shown that fasting can improve brain function and can be used
as a disease treatment method. The mechanism of food restriction slowing age-related
changes in the brain is not established but may involve reduced mitochondrial oxyradical
production [64,65] and decreased levels of cellular oxidative stress [66]. The study’s results
on 99 elderly subjects with MCI (mild cognitive impairment) showed a decrease in the
markers of oxidative stress in the IF group compared to the non-IF group. The malondi-
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aldehyde (MDA) level in the IF group decreased after 36 months, while the mean MDA in
the non-IF group increased over time [37]. Also, an analysis of the inflammatory markers
showed a significant decrease in C-reactive protein (CRP) among the IF group compared to
the non-IF group.

Fasting could mitigate aging, a significant risk factor in cognitive impairment, de-
mentia, and neurological disease. A deterioration in the extent of dendritic branching in
the hippocampus and in the superficial cortical layer of the prefrontal cortex occurs as a
result of aging. In contrast, aged neurons increase the density of calcium channels and
after-hyperpolarization (AHP) potential, coinciding with a reduction in brain-derived neu-
rotrophic factor (BDNF) levels. A decrease in BDNF levels has been observed to correspond
with age-related cognitive deficits [38]. Many studies have indicated that intermittent
fasting could potentially boost synaptic plasticity, neurogenesis, and neuroprotective mech-
anisms, mainly by increasing BDNF [67,68]. The enhanced production of BDNF has been
reported as a crucial neurological adaptation to IF [69]. Also, in many rodent studies,
IF triggered the expression of BDNF and increased BDNF brain levels [70–72]. Another
physiological mechanism of IF involves increasing the expression of synaptic proteins in
the brain during aging, which is associated with increased inflammation and oxidative
stress [73,74] and also improved mitochondrial respiratory activity [75].

While a two-hour period of zero caloric intake is not considered traditional fasting, it
still provides valuable baseline data for exploring the combined effects of caloric restriction
and environmental exposure on brain health. Short periods of zero caloric intake could
temporarily alter the metabolic processes, affecting glucose levels, hormonal responses,
and even brain activity. These metabolic shifts, although not as profound as those seen
in extended fasting, may influence how the brain responds to external stressors, such as
particulate matter (PM) from cooking aerosols. By utilizing this short zero-calorie period
as a baseline, researchers can begin to explore how longer fasting periods, combined with
environmental factors like air pollution, might interact to affect brain health. These baseline
data serve as an essential step in developing a deeper understanding of how fasting and
environmental exposure together influence neurological outcomes, potentially leading to
new strategies for minimizing the harmful effects of aerosols on the brain.

5. Limitations of This Study and Future Work

This study utilized a different sample of human subjects for the control group com-
pared to the two exposed groups and assumed that the diurnal effect observed in the control
group could be extended to other exposed groups (zero calorie intake and non-zero calorie
intake groups). A study employing the same human subject sample for both exposed and
control groups would eliminate the diurnal effect and other confounders.

While we aimed to minimize bias through a rigorous participant selection process,
there may still be inherent biases due to self-reported data on health status and cooking
habits. This reliance on subjective measures can introduce variability and affect the accuracy
of the findings.

The results of the present study are based on a relatively small sample size for each
exposed group, as well as the control group. A power analysis based on the results of the
current study is needed to determine the appropriate sample size for future studies.

The present study examined the post-exposure effects for up to 2 h. Extending the
post-exposure effects to 24 h would provide a better insight into the kinetics of the potential
for particle translocation to the nervous system.

We aimed to simulate real-world conditions wherein participants followed their usual
eating routines; the study did not include separate control groups that were specifically
designed to isolate the effects of different caloric intakes on EEG patterns. This decision
was based on the assumption that normal eating patterns, neither high nor low in calories,
serve as a reference point in daily-life scenarios. However, future studies incorporating
additional control groups could provide a clearer understanding of how specific eating
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patterns independently influence EEG readings, distinct from the effects of exposure to
environmental factors such as cooking emissions.

6. Conclusions

In our study, we investigated the effects of cooking-generated aerosols on brain activity
as measured by EEG monitoring, emphasizing the interactions between exposure to these
aerosols, zero calorie intake, and diurnal variations. Our findings indicate that exposure
to cooking-generated aerosols significantly impacts brain function, as evidenced by a
notable reduction in the theta and all beta frequency bands after two hours post-exposure.
Conversely, we observed increases in the alpha and delta bands, highlighting the complex
neurophysiological responses elicited by inhaling ultrafine particles.

Importantly, the introduction of zero calorie intake was found to mitigate some of
these adverse effects. Specifically, zero calorie intake reduced the impact of cooking-
generated aerosols on the alpha, beta3, theta, and delta bands, suggesting a protective
mechanism that may be attributed to altered metabolic processes during periods of caloric
restriction. However, it is critical to note that zero calorie intake also exacerbated the
effects on the beta1 and beta2 bands, indicating a nuanced relationship between fasting
and environmental exposure.

These results underscore the need for further exploration into the multifactorial nature
of brain responses to environmental pollutants, particularly on how dietary habits may
influence the neurological impacts of such exposures. Our study lays the groundwork for
future research to investigate the long-term effects of and potential strategies for minimizing
the harmful consequences of cooking-generated aerosols on brain health, particularly in
vulnerable populations. As we continue to grapple with the implications of air quality
and nutrition and their effect on cognitive function, it becomes increasingly imperative
to consider the intricate interplay between these factors in public health initiatives and
personal health practices.
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consent form; Table S1: The p-values for all bands in all lobes during the control experiments for four
different steps, including before cooking (step 1), 60 min after cooking (step 2), 90 min after cooking
(step 3), and 120 min after cooking (step 4).; Table S2: The p-values calculated from comparing the
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