& frontiers

@ Check for updates

OPEN ACCESS

Renata Sisto,

National Institute for Insurance against
Accidents at Work (INAIL),

Italy

Wolfgang Kainz,

HPC for MRI Safety,

United States

Seyed Ehsan Samaei,

Mazandaran University of Medical Sciences,
Iran

Zhaohui Liu
623364237@qg.com

Jin Wang
wangjinn@fmmu.edu.cn

These authors have contributed equally to this
work and share first authorship

This article was submitted to
Environmental health and Exposome,
a section of the journal

Frontiers in Public Health

05 January 2023
07 March 2023
24 March 2023

Liang P, Li Z, Li J, Wei J, Li J, Zhang S, Xu S,
Liu Z and Wang J (2023) Impacts of complex
electromagnetic radiation and low-frequency
noise exposure conditions on the cognitive
function of operators.

Front. Public Health 11:1138118.

doi: 10.3389/fpubh.2023.1138118

© 2023 Liang, Li, Li, Wei, Li, Zhang, Xu, Liu and
Wang. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that
the original publication in this journal is cited,
in accordance with accepted academic
practice. No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Public Health

Frontiers in Public Health

Original Research
24 March 2023
10.3389/fpubh.2023.1138118

Impacts of complex
electromagnetic radiation and
low-frequency noise exposure
conditions on the cognitive
function of operators

Peng Liang'?, Zenglei Li*, Jiangjing Li*, Jing Wei*, Jing Li*,
Shenghao Zhang®, Shenglong Xu®, Zhaohui Liu®* and Jin Wang**

!Department of Rehabilitative Physioltherapy, The Second Affiliated Hospital of Air Force Medical
University, Xi‘an, China, 2Hospital of No. 95007 Unit of PLA, Guangzhou, China, *Department of
Anesthesiology, The Second Affiliated Hospital of Air Force Medical University, Xi‘an, China, *Ministry of
Education Key Lab of Hazard Assessment and Control in Special Operational Environment, Department
of Radiation Medical Protection, School of Military Preventive Medicine, Fourth Military Medical
University, Xi'‘an, China, *Department of Neurosurgery, The 940th Hospital of PLA Joint Logistics
Support Force, Lanzhou, China, ®Department of Orthopaedics, The Second Affiliated Hospital of Air
Force Medical University, Xi'an, China

Background: Both electromagnetic radiation (EMR) and low-frequency noise (LFN)
are widespread and influential environmental factors, and operators are inevitably
exposed to both EMR and LFN within a complex exposure environment. The
potential adverse effects of such exposure on human health must be considered
seriously. This study aimed to investigate the effects of EMR and LFN on cognitive
function as well as their interaction effect, which remain unclear.

Methods: Sixty young male college students were randomly grouped and
experiments were conducted with a 2x2 factorial design in a shielded chamber.
Mental workload (MWL) levels of the study subjects were measured and assessed
using the NASA-task load index (TLX) subjective scale, an n-back task paradigm,
and the functional near-infrared spectroscopy (fNIRS) imaging technique.

Results: For the 3-back task, the NASA-TLX subjective scale revealed a statistically
significant main effect of LFN intensity, which enhanced the subjects” MWL
level (F =8.716, p <0.01). Behavioral performance revealed that EMR intensity
(430.1357MHz, 10.75W/m?) and LFN intensity (0—200Hz, 72.9dB) had a synergistic
interaction effect, and the correct response time was statistically significantly
prolonged by the combined exposure (F =4.343, p <0.05). The fNIRS imaging
technique revealed a synergistic interaction effect between operational EMR
intensity and operational LFN intensity, with statistically significant effects on the
activation levels in the left and right dorsolateral prefrontal cortex (DLPFC). The
mean S values of DLPFC were significantly increased (L-DLPFC F =5.391, p <0.05,
R-DLPFC F =4.222, p <0.05), and the relative concentrations of oxyhemoglobin in
the DLPFC were also significantly increased (L-DLPFC F =4.925, p <0.05, R-DLPFC
F =9.715, p <0.01).

Conclusion: We found a statistically significant interaction effect between EMR
(430.1357MHz, 10.75W/m?) and LFN (0-200Hz, 72.9dB) when simultaneously
exposing subjects to both for 30min. We conclude that exposure to this complex
environment can cause a statistically significant increase in the MWL level of
operators, and even alterations in their cognitive function.
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1. Introduction

Electromagnetic radiation (EMR) is a form of radiation whereby
electric and magnetic fields move in space as waves while effectively
transferring energy and momentum (1). With the rapid development
of communication technology, the rapidly increasing presence of an
EMR environment has raised great concern about the adverse effects
of EMR on human health (2, 3). Some studies have classified EMR
from cell phones and other wireless devices as a possible human
carcinogen (Class 2B) or even a probable human carcinogen (Class
2A) (4, 5). EMR exerts an effect on multiple systems of the whole
body, and especially exerts effects on cognitive function (6).
Additionally, low-frequency noise (LFN) refers to low-frequency
broadband noise with a major component below 200Hz and is a
special environmental noise problem with widespread effects (7). An
environmental health survey revealed that LFN caused 35% of all
noise complaints among survey respondents (8). Among all noise
components, LEN has the most pronounced effect on humans (9). For
example, LFN can cause changes in cognitive function (10, 11). Since
the public health problems caused by these two environmental factors
put a great pressure on social and global economic development (3,
12), the World Health Organization (WHO) has listed water, air, noise,
and EMR as the four major global pollution problems (13), and has
highlighted the negative effects of LFN (14).

We note that a large body of survey evidence suggests that EMR
and LFN often co-occur in both natural and operational conditions
(15-18), and increasing attention is being paid to their adverse effects
on operators’ cognitive function. However, few studies have been
conducted on simultaneous exposure to these two environmental
factors, and it is not clear whether they have an interaction effect.

With the rapid development of science and technology and the
continuous change of occupational environments, the physical
workload of operators has been greatly reduced, but the mental
workload (MWL) is increasing. MWL is the result of a combination
of factors, such as the level of effort a person exerts during an
assignment and physiological and psychological demands during the
assignment (19, 20), which is influenced by a combination of intrinsic
mental stress and extrinsic environmental factors (21). Moreover,
MWL is one of the most widely used concepts in human ergonomics
research and practice (22, 23) and can be used to scientifically assess

Abbreviations: ANOVA, analysis of variance; CV, coefficient of variation; DLPFC,
dorsolateral prefrontal cortex; EEG, electroencephalography; EMR, electromagnetic
radiation; fNIRS, functional near-infrared spectroscopy; HBO, oxyhemoglobin;
HBR, deoxyhemoglobin; ICNIRP, International Commission on Non-lonizing
Radiation Protection; L-DLPFC, left dorsolateral prefrontal cortex; LFN,
low-frequency noise; LFWN, low-frequency white noise; MWL, mental workload;
NIOSH, National Institute of Occupational Safety and Health; NIR, near-infrared;
OSHA, Occupational Safety and Health Administration; PET, positron emission
tomography; R-DLPFC, right dorsolateral prefrontal cortex; RO, region of interest;
SAR, Specific energy absorption rate; WHO, World Health Organization.
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how well an operator performs current occupational operational tasks
such as flying and driving (24, 25). Additionally, functional near-
infrared spectroscopy (fNIRS) has been used for non-invasive
monitoring of operators’ brain function during a variety of operational
tasks, as it allows for more objective and sensitive measurement and
assessment of the level of MWL than other methods, providing an
important research method for brain and cognitive science (25-28).

This study investigated the effects of EMR and LFN on operators’
MWL using the fNIRS imaging technique and explored the main
effects of EMR and LFN as well as their interaction effect on cognitive
function. We hypothesized that EMR and LEN would exert averse
main and synergistic effects on cognition. The findings provide an
important theoretical and experimental basis for the formulation of
environmental health standards for occupational exposures. However,
in this experiment, the EMR and LFN intensities were only set at two
levels, and the exposure time was only 30 min, so it cannot fully reveal
the impact of these two environmental factors on brain
cognitive function.

2. Materials and methods

2.1. Study subjects

The sample size of each group was estimated using G*POWER
software (29). We planned to enroll at least 52 subjects, 13 per group,
corresponding to a statistical power of 0.8068 and an alpha value of
0.05. Finally, 60 healthy young subjects were enrolled in this study, all
of whom were male undergraduate or graduate students at the Air
Force Medical
25.6+4.4years), right-handed, with normal hearing, and with no

University, 19-32years of age (mean age
mental illness. Study subjects had not participated in a similar
experiment within the last 6 months. The subjects were informed
about the experiment and signed an informed consent form before the
experiment was formally conducted. All subjects were randomly
allocated into four groups using a random stratified sampling method,
with 15 subjects in each group. All subjects passed a hearing test
before enrollment (hearing threshold <25dB HL at all standard
frequencies from 0.25 to 8kHz) and had no history of hearing-
related disease.

This study was approved by the medical ethics committee of the
First Affiliated Hospital of Air Force Military Medical University
(approval number: KY20212098-F-1). This work was conducted in
accordance with the principles of the Declaration of Helsinki and its
later amendments.

2.2. Experimental design
A 2x2 factorial design was used for the experiment, where EMR

was designed to have simulate pre-operational background radiation
and operational radiation levels, and LFN was designed to have both
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pre-operational background noise and operational noise levels. The
pre-operational background EMR intensity was 0.0002 W/m?, and the
pre-operational background LEN intensity was 35.4dB(A).
Meanwhile, the operational EMR intensity was 430.1357 MHz with
10.75W/m?, and the operational LFN was white noise of 0-200 Hz
with 72.9dB(A). Subjects were assigned to a pre-operational Control
group, an LFN group, an EMR group, and a combined exposure group
(Table 1), and the exposure duration for each group was 30 min.

The frequency band 430-440 MHz is an important frequency
band for radio communications in China and is often used in various
types of operational conditions. In this study, the exposure intensity
of operational EMR and LEN was set as the average of the intensity
measured early on site by this study group under complex operational
conditions, such as aircraft piloting, automobile piloting, and radar
communication, in order to simulate the actual exposure environment.
To ensure that each subject’s exposure intensity to EMR and LEN was
as consistent as possible, we fixed the position and angle of the
wooden chair where the subjects sat. The operational EMR was
generated by the Chinese Xiaomi walkie-talkie (channel selection was
430.1357 MHz), which was fixed by a corresponding holder adjusted
based on the individual variability of subjects. To avoid psychological
cues from EMR to subjects, we chose the location of the walkie-talkie
to be the back of the brain with the antenna midpoint constantly at a
vertical distance of 20 cm from the center of the subjects” hindbrain
plane, and all subjects began the experiment with open walkie-talkie
operation but only signal emission in the EMR and the combined
exposure group. The 0-200 Hz low-frequency white noise (LFWN)
was synthesized using Adobe Audition software, generated using the
Finnish GENELEC 7050 CPM and 8,020 DPM. The sound output was
fixed and distributed on both sides of the operant display at a distance
of 100 cm from where the subject was located. All experiments were
conducted daily from 10:00 to 12:00 and 15:00 to 18:00 in an EMR-
and noise-shielded chamber. The exposure duration of each group was
30min, and the temperature and humidity of the experimental
environment were kept constant.

The monitoring of EMR intensity at the site of exposure included
both the reference levels and the basic restrictions for exposure, the
former with the purpose of assessing the level of exposure to EMR of
the operating environment, and the latter with the purpose of
assessing the magnitude of the effects of biological tissues subjected to
EMR. Detection of reference levels for exposure was calibrated using
the German NARDA NBM-550 EMR analyzer. Since our exposure
site was relatively fixed, we chose the mean values during 6-min

TABLE 1 Schematic table of subject grouping in electromagnetic
radiation (EMR) and low-frequency noise (LFN) environmental exposure
experiment with a 2x2 factorial design.

EMR
0.0002 W/m? 10.75 W/m?
35.4dB(A) Control EMR ‘
72.9dB(A) LEN Compound ‘

The low-level exposure was pre-operational EMR exposure or pre-operational noise
exposure in a laboratory setting, and the high-level exposure was operational EMR exposure
or operational low-frequency white noise (LFWN) exposure. The Control group was exposed
to pre-operational EMR and pre-operational noise in a laboratory setting. The LEN group
was exposed to operational LFWN and pre-operational EMR. The EMR group was exposed
to operational EMR and pre-operational LFWN. The Compound group was exposed to
operational EMR and LFWN.
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continuous examinations and determined the mean results after five
repeated measurements. These were the reference levels for EMR
exposure, which were 430.1357 MHz, 10.75W/m?, and 62.20 V/m for
the operational environment in this study. Specific energy absorption
rate (SAR) testing was determined by the Switzerland SPEAG DASY5
professional system. With the aid of liquid substances and movable
probes that simulate human tissue fluids, SAR values were calculated
by the formula. In this study, the walkie-talkie was calibrated to give a
head SAR of 3.34 Wkg™" averaged over 10g and a limbs SAR of 4.47
Wkg™' averaged over 10g, and the expanded uncertainty (95%
confidence interval) was 20.18% for 10g SAR (Supplementary
Material). The exposure intensity was set lower than the reference
levels and basic restrictions for occupational exposure at the
corresponding frequencies in the ICNIRP guidelines (30).

The monitoring of LEN was calibrated using the Japanese RION
NL-62 sound level meter and the LFN intensity was measured at the
same exposure site as the EMR exposure. The average value obtained
after three repeated measurements was the LEN intensity at the site of
exposure. Considering the physical characteristics of sound, we chose
the equivalent continuous sound pressure level for measurement and
evaluation (31). The LFN intensity for the operational environment in
the study was 72.9dB (A), which was far below the occupational noise
exposure limits specified by the Occupational Safety and Health
Administration (OSHA) and the National Institute of Occupational
Safety and Health (NIOSH) (12, 32).

2.3. Experimental procedures

The n-back task, first proposed by Kirchner, is commonly used
to measure the level of MWL and is a common task paradigm in
cognitive neuroscience research (33), wherein the level of MWL it
elicits can be simultaneously reflected by fNIRS-based hemodynamic
indicators (20, 34, 35). In this experiment, n-back tasks with four
levels of difficulty were presented using the E-prime software to
progressively elicit MWL. The n-back tasks were divided into four
difficulty levels: 0-back, 1-back, 2-back, and 3-back, with the
replicate blocks per level. Each block contained 26 randomly
presented letters, where each subject had to decide whether the
currently displayed letter was the same as the nth (n=0, 1, 2, 3)
preceding letter that had been displayed. Each letter was presented
for 500ms, and then each subject was given 1,500 ms to make
a response.

If the target letter was found within this response time window,
the subject had to press the “space” key as soon as possible. There
was a 30-s interval between each two adjacent blocks, within which
the subjects were asked to remain relaxed and focus on a “+” point
on the screen in order to bring the brain activation level back to
baseline levels. Each of the four tasks was performed from low to
high levels. Guiding words were provided for task prompting before
the task began. After the last block was completed, each subject was
allowed to relax for 30s, and then words indicating the end of the
experiment were displayed. In addition, the formal experiment was
preceded by block practice. During this practice, if the practice
accuracy was so low that the subject was deemed as having failed to
sufficiently focus on the task, the subject was asked to practice again
until the accuracy was satisfactory, and then the formal experiment
was conducted (34, 36). Next, eligible subjects were randomly
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FIGURE 1

Layout of light sources and detectors in the dorsolateral prefrontal region of the enrolled subjects. The functional near-infrared spectroscopy (fNIRS)
montage was visualized on the 10-20 EEG template, wherein the red solid balls present the light sources, green solid balls present the detectors, and
the purple lines between the light sources and detectors present the optical detection channels. (A) fNIRS montage visualized on the 10-20 EEG
template. Selected optodes and channels covering the dorsolateral prefrontal cortex (DLPFC). (B) Whole montage visualized on the 10-20 EEG

template.

grouped by a blinded method and then exposed to the two
environmental factors in a manner designed for the group. Exposure
was continuous throughout each n-back task and lasted
approximately 30 min. The 0-back, 1-back, and 2-back tasks were
carried out from low to high levels, thereby progressively eliciting
MWL. Behavioral data (correct response time and correct response
rate) were collected from the formal 3-back task, and the NASA-task
load index (TLX) scale was completed immediately after the task.
This scale consists of six items—mental demand, physical demand,
time demand, self-performance, degree of effort, and degree of
frustration—and can be used to standardize the assessment of MWL
levels (37, 38). It has been widely used to assess MWL in a variety of
operational conditions (39-41).

2.4. Functional near-infrared spectroscopy
data acquisition and analysis

In this experiment, data acquisition was performed using a
benchtop near-infrared (NIR) brain imaging system (NIRScout,
NIRx, United States). The sites of the International 10-20
electroencephalography (EEG) system were covered using 128-port
EasyCap positioning caps. With the line between Fpz and Iz on the
skull aligned with the sagittal plane of the head, eight LED light
sources and eight detectors were placed in the dorsolateral prefrontal
region (Figure 1B) to collect signals from a total of 18 channels. To
ensure the best sensitivity and signal-to-noise ratio, the spacing
between the adjacent light source and detector was 3 cm and the
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sampling frequency was set to 7.8125 Hz (42). One study found that
MWL elicited by the n-back task paradigm is reflected in the
dorsolateral prefrontal cortex (DLPFC) (20, 43). Therefore, the
regions of interest (ROIs) of the brain in this study were decided as
follows: the left DLPFC (L-DLPFC, corresponding to the channels
between F3-FC3, FC5-FC3, and FC5-F5 in the international 10-20
EEG system) and the right DLPFC (R-DLPFC, corresponding to the
channels between F4-FC4, FC6-FC4 and FC6-F6 in the international
10-20 EEG system) (44, 45) (Figure 1A).

The acquired data were pre-processed using the NIRx software
nirsLAB (v201904). According to the task paradigm of the
experimental design, we first set the baseline level of interest, time
point maker, and stimulation duration in the software, and then
manually removed the data that had excessive noise fluctuations,
followed by performing 0.01-0.20Hz band-pass filtering on the
remaining data to further remove noisy signals such as heartbeat, head
movement, and slowly drifting signals (46).

Next, the coeflicient of variation (CV) of the raw data’s signal-
to-noise ratio was calculated in order to assess the reliability of the
collected data (47, 48). Finally, the blood oxygen concentrations for
each channel, including the relative levels of oxyhemoglobin (HBO),
deoxyhemoglobin (HBR), and total hemoglobin, were converted and
calculated according to the modified Beer-Lambert law (49).
Modeling and convolutional operations were performed on data
using a general linear model with hemodynamic functions and
square wave functions, which led to an estimate of model parameter
B, representing the degree of brain activation of subjects during the
experimental task; the relative concentration of blood oxygen in a
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FIGURE 2

NASA-task load index (TLX) scores and behavioral performance of subjects completing the 3-back task under different exposure conditions. Scores are
on a 0-100 scale. The score for each group was a weighted sum of the subscores that each respondent obtained for six items (mental demand,
physical demand, time demand, self-performance, degree of effort, and degree of frustration), with a higher score indicating a higher level of mental
workload (MWL). Correct response time was defined as the time interval from the instance when a subject saw the target letter to the instance when
the subject pressed the space bar. Correct response rate was defined as the ratio of the number of times a subject pressed the space bar after seeing
the target letter to the total number of times the subject pressed the space bar. Under a combined exposure condition, subjects had the highest scores
and longest correct response time for completing the 3-back task, but the lowest correct response rate. (A) NASA-TLX scores when subjects
completed the 3-back task under different exposure conditions. (B) Correct response time when subjects completed the 3-back task under different
exposure conditions. (C) Correct response rate when subjects completed the 3-back task under different exposure conditions.

TABLE 2 Statistical results of NASA-task load index (TLX) scores for subjects who completed the 3-back task under different exposure conditions

(N=60).
0.0002 W/m?  10.75 W/m? Main effect of LFN Main effect of EMR LFN*EMR
= =g F P Partial n? F P  Partialn> F P Partial n?
35.4dB(A) 68.89+16.13 66.78+18.09 8.72 0.01° 0.14 068 | 041 0.01 18 0.19 0.031 ‘
72.9dB(A) 75.49+17.75 84.38+10.28 ‘

Higher scores indicate higher levels of mental workload (MWL). Factorial analysis of variance (ANOVA) was performed, with °p <0.01.

given ROI and the B value therein were taken as the means of all
channel signals in the ROI (50, 51).

2.5. Statistical analysis

SPSS 26, GraphPad Prism 7, and Matlab 2013b statistical
software were used for statistical analysis and plot generation. All
experimental data, which were tested to verify a normal distribution
and homoscedasticity, were expressed as means*standard
deviations. A 2 x 2 factorial design was used for the experiment. The
main effect, interaction effect, and simple effect of EMR and LEN
were calculated separately by two-factor analysis of variance
(ANOVA), with  p<0.05
statistical significance.

considered  indicative  of

3. Results
3.1. Subjective questionnaire results

Subjects completed the NASA-TLX scale immediately after
completing the 3-back task, with the total scores for each group
shown in Figure 2A. The 22 factorial ANOVA revealed that the
main effect of LFN was statistically significant, with F=8.716, p<0.01,
and partial n=0.135. The main effect of EMR was not statistically
significant, with F=0.684 and p>0.05. The interaction effect between
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both exposures was likewise not statistically significant, with
F=1.801and p>0.05 (Table 2).

3.2. Behavioral performance results

Changes in the MWL level of subjects were elicited progressively
through the n-back task paradigm, with the correct response time and
correct response rate of subjects completing the 3-back task under
different exposure conditions as shown in Figures 2B,C. A 2x2
factorial ANOVA revealed that, under a combined exposure condition,
subjects’ correct response time increased statistically significantly
upon completion of the 3-back task; the main effect of LFN intensity
was statistically significant as well, with F=13.421, p<0.001, and a
partial n*=0.193. The main effect of EMR intensity was not statistically
significant, with F=2.093 and p>0.05; the interaction effect between
the two factors was significant, with F=4.343, p=0.042, and partial
n°=0.072.

Further analysis of the simple effect revealed that when exposing
subjects to pre-operational background radiation, the simple effect of
EMR intensity was not statistically significant, with F=0.203, p>0.05,
and partial n*=0.004. However, when exposing subjects to operational
LFN, the simple effect of EMR intensity was statistically significant,
with F=6.233, p=0.016, and partial n*=0.100. When exposing
subjects to low operational EMR, the simple effect of LFN intensity
was not statistically significant, with F=1.247, p=0.269, and partial
1>=0.022. When exposing subjects to high operational EMR, the
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TABLE 3 Statistics for the correct response time for the 3-back task under different exposure conditions (N=60).

0.0002 W/m? 10.75 W/m? Main effect of LFN Main effect of EMR LFN*EMR
Tts (ms) 540 (g F P Partialn>  F P Partialn*> F P Partial
35.4dB(A) 647.50+97.50 630.28 £120.03 13.42 0.001° 0.193 209 | 015 0.036 434 | 0.04 0.072
72.9dB(A) 690.15+97.42 78551 £101.80

Correct response time was defined as the time interval from the instance when a subject saw the target letter to the instance when the subject pressed the space bar, with *p <0.05 and °p <0.01.

TABLE 4 Statistics for the correct response rate for the 3-back task under different exposure conditions (N=60).

0.0002 W/m? 10.75 W/m? Main effect of LFN Main effect of EMR LFN*EMR
T+s T4s F P Partialn® F P Partial n? P Partial n?
35.4dB(A) 0.707 +£0.125 0.740+0.226 1.07 031 0.020 0.07 0.79 0.001 1.08 0.30 0.019
72.9dB(A) 0.7070.170 0.651%0.119

Correct response rate was defined as the ratio of the number of times a subject pressed the space bar after seeing the target letter to the total number of times the subject pressed the space bar.

simple effect of LFN intensity was statistically significant, with
F=16.517, p<0.001, and partial n*=0.228 (Table 3). However, under
a combined exposure condition, there was a decreasing trend in the
correct response rate of subjects at the completion of the 3-back task,
but the trend was not statistically significant. Under this exposure
condition, the main effect of LEN intensity was not statistically
significant, with F=1.072 and p >0.05. Moreover, the main effect of
EMR intensity was not statistically significant, with F=0.069 and
p>0.05. The interaction effect between the two factors was also not
significant, with F=1.079 and p>0.05 (Table 4).

3.3. Functional near-infrared spectroscopy
results

3.3.1. Average g of ROls

The S value derived from modeling and convolution operation
using general linear models, hemodynamic functions, and square
wave functions can represent the degree of activation of a particular
brain region. Figure 3 shows the degree of brain activation in the right
and left DLPFC when performing the 3-back task under different
exposure conditions, with red indicating a high degree of activation
in brain regions and blue indicating a low degree of activation. The
2x2 factorial ANOVA revealed that, under a combined exposure
condition, subjects showed statistically significantly increased brain
activation in the L-DLPFC upon completion of the 3-back task
(Figure 4A), and that the interaction effect between LEN intensity and
EMR intensity was statistically significant, with F=5.391, p=0.024,
and partial n*=0.088. The main effect of LFN intensity was not
statistically significant, with F=1.855, p>0.05, and partial n*=0.032.
The main effect of EMR intensity was likewise not statistically
significant, with F=3.031, p>0.05, and partial n>=0.051.

Further analysis of the simple effect revealed that, when exposing
subjects to pre-operational background radiation, the simple effect of
EMR intensity was not statistically significant, with F=0.169, p>0.05,
and partial n>=0.003. However, the simple effect of EMR intensity was
statistically significant when exposing subjects to operational LEN,
with F=8.254, p=0.006, and partial n*=0.128. When exposing
subjects to low operational EMR, the simple effect of LFN intensity
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was not statistically significant, with F=0.461, p=0.500, and partial
1>=0.008. When exposing subjects to high operational EMR, the
simple effect of LFN intensity was statistically significant, with
F=6.786, p=0.012, and partial n*=0.108 (Table 5).

Under a combined exposure condition, subjects showed increased
brain activation in the R-DLPFC upon completion of the 3-back task
(Figure 4B). Moreover, the interaction effect between LFN intensity
and EMR intensity was statistically significant, with F=4.222,
p=0.045, and partial n*=0.070. The main effect of LFN intensity was
not statistically significant, with F=0.380, p>0.05, and partial
1?=0.007. The main effect of EMR intensity was statistically
significant, with F=4.126, p=0.047, and partial n*=0.069.

Further analysis of the simple effect revealed that, when exposing
subjects to pre-operational background radiation, the simple effect of
EMR intensity was not statistically significant, with F=0.0003, p >0.05,
and partial 11=0.000005. However, when exposing subjects to
operational LFN, the simple effect of EMR intensity was statistically
significant, with F=8.348, p=0.005, and partial n*=0.130. When
exposing subjects to low operational EMR, the simple effect of LFN
intensity was not statistically significant, with F=1.035, p=0.313, and
partial >=0.018. When exposing subjects to high operational EMR,
the simple effect of LEN intensity was not statistically significant, with
F=3.567, p=0.064, and partial n*=0.060 (Table 6).

3.3.2. Relative concentrations of cerebral
oxyhemoglobin in ROIs

The relative concentrations of HBO were analyzed in the DLPFC
region. It has previously been shown that changes in HBO have a
better signal-to-noise ratio than changes in deoxyhemoglobin (HBR)
in reflecting the level of neural activation in relevant brain regions and
can better reflect the level of neural activation in the brain (52).
Figure 5 shows the temporal profiles of relative HBO concentrations
in the bilateral DLPFC during the 3-back task, demonstrating that
under a combined exposure condition, the relative concentration
profile of HBO in the bilateral DLPFEC of the subjects was statistically
significantly different from those under other exposure conditions.

The 2 x 2 factorial ANOVA revealed:

Under a combined exposure condition, subjects completed the
3-back task with a statistically significant increase in HBO
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FIGURE 3

3-back task.

Brain activation in regions of interest (ROls) when subjects completed the 3-back task under different exposure conditions. Brain ROIs are brain regions
in the bilateral dorsolateral prefrontal cortex (DLPFC), and activation is represented by model-derived f values; red indicates a high degree of activation
in brain regions and blue indicates a low degree of activation. (A) NASA-task load index (TLX) scores of the Control group when completing the 3-back
task. (B) Correct response time of the low-frequency noise (LFN) group when completing the 3-back task. (C) Correct response rate of the
electromagnetic radiation (EMR) group when completing the 3-back task. (D) Correct response rate of the Compound group when completing the

concentrations in the L-DLPFC (Figure 4C). The interaction effect
between LEN intensity and EMR intensity was statistically significant,
with F=4.925, p=0.031, and partial n*=0.081. The main effect of LFN
intensity was not statistically significant, with F=1.198, p>0.05, and
partial n=0.021. The main effect of EMR intensity was likewise not
statistically significant, with F=2.038, p>0.05, and partial n’=0.035.
Further analysis of the simple effect revealed that, when exposing
subjects to pre-operational background radiation, the simple effect of
EMR intensity was not statistically significant, with F=0.314, p>0.05,
and partial n*=0.006. When exposing subjects to operational LEN, the
simple effect of EMR intensity was statistically significant, with
F=6.650, p=0.013, and partial n*=0.106. When exposing subjects to
low operational EMR, the simple effect of LEN intensity was not
statistically significant, with F=0.632, p=0.430, and partial n’=0.011;
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however, when exposing subjects to high operational EMR, the simple
effect of LFN intensity was statistically significant, with F=5.492,
p=0.023, and partial n*=0.089 (Table 7).

Under a combined exposure condition, subjects showed a
statistically significant increase in HBO concentration in the R-DLPFC
upon completion of the 3-back task (Figure 4D). The interaction effect
between LEN intensity and EMR intensity was statistically significant,
with F=9.715, p=0.003, and a partial n*=0.148. The main effect of
LFN intensity was not statically significant, with F=0.016, p>0.05,
and partial n*=0.0003; the main effect of EMR intensity was not
statistically significant, with F=0.436, p>0.05, and partial n*=0.008.

Further analysis of the simple effect revealed that when exposing
subjects to pre-operational background radiation, the simple effect of
EMR intensity was not statistically significant, with F=3.018, p>0.05,
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FIGURE 4
Mean f values and relative concentrations of oxyhemoglobin (HBO) in regions of interest (ROls) when subjects completed the 3-back task under
different exposure conditions. Larger f values indicate higher activation of brain regions. Among all exposure conditions, subjects completed the
3-back task with the highest activation in the ROl and the highest relative concentration of HBO under the combined exposure condition. (A) Mean
values for the left dorsolateral prefrontal cortex (L-DLPFC) in subjects who completed the 3-back task under different exposure conditions. (B) Mean f
values for the right R-DLPFC in subjects who completed the 3-back task under different exposure conditions. (C) Relative HBO concentrations of
L-DLPFC in subjects who completed the 3-back task under different exposure conditions. (D) Relative HBO concentrations of R-DLPFC in subjects
who completed the 3-back task under different exposure conditions.

TABLE 5 Statistics showing the mean g values of the left dorsolateral prefrontal cortex (L-DLPFC) in subjects who completed the 3-back task under
different exposure conditions (N=60).

0.0002 W/m? 10.75 W/m? Main effect of LFN Main effect of EMR LFN*EMR
Tt Tt 7 P  Partialn? F P  Partialn®> F P Partial n?
35.4dB(A) 0.000039 +0.000072 0.000025 +0.000084 1.86 | 0.18 0.032 303 | 0.087 0.051 539 | 0.02° 0.088
72.9dB(A) 0.000016 +0.000120 0.000113 +0.000084

Higher f values indicate higher activation of brain regions, with *p <0.05.

and partial n*=0.051. However, when exposing subjects to operational
LFN, the simple effect of EMR intensity was statistically significant,
with F=7.134, p=0.010, and partial n*=0.113. When exposing
subjects to low operational EMR, the simple effect of LFN intensity
was statistically significant, with F=4.471, p=0.039, and partial
1>=0.074. When exposing subjects to high operational EMR, the
simple effect of LEN intensity was also statistically significant, with
F=5.261, p=0.026, and partial n*=0.086 (Table 8).

4. Discussion

Both EMR and LFN are prevalent and influential environmental
factors; as operators are inevitably exposed to both EMR and LEN, this
makes their work environment very complex. However, operators
must perform important job duties under such complex environmental
exposures, posing a great challenge for them. Few studies have
investigated the biological effects of simultaneous exposure to these
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two environmental factors, and there are no clear reports regarding
whether there is any interaction between them. Considering that
exposure to EMR and LEN often occurs simultaneously, it is
particularly important to understand whether each factor
independently affects human health and whether their effects are
additive or synergistic so as to effectively prevent their adverse effects
on human health. We found a statistically significant interaction effect
between EMR (430.1357 MHz, 10.75W/m?) and LFN (0-200Hz,
72.9dB) when simultaneously exposing subjects to both for 30 min.
We conclude that exposure to this complex environment, even where
the exposure intensity is lower than the corresponding safety
standards and limits, can cause a statistically significant increase in the
operators MWL levels, and even alter their cognitive function. The
adverse consequence of this interaction effect will be significant if the
operators are exposed to it more intensely or for longer periods of
time. Therefore, it is of great importance to avoid excessive exposure
of operators to this complex environment and provide targeted
protection. It is also urgent to conduct in-depth research to identify

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1138118
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Liang et al. 10.3389/fpubh.2023.1138118

x10* OXYF]‘bi L-DLPFC ; . x10° OxyHb: R-DLPFC
E T T T
s OxyHb /Control 4 = OxyHb / Control
a4k s OxyHb / LFN i s OxyHb / LFN
s OxyHb / EMR s OxyHb / EMR
s OxyHb / Compound s OxtyHb / Compound
3-back Mark 3-back Mark

Amplitude  (mM)
Amplitude  (mM)

I
0 10 20 30 40 50 0 10 20 30 40 50
Seconds Seconds

FIGURE 5

Relative concentration profiles of oxyhemoglobin (HBO) in the regions of interest (ROIs) in subjects performing the 3-back task under different
exposure conditions. After the subjects started performing the 3-back task, HBO concentrations in the ROIs increased as the degree of MWL increased.
Under a combined exposure condition, HBO concentrations increased most significantly. (A) Relative concentration profiles of HBO in the left
dorsolateral prefrontal cortex (L-DLPFC) of subjects performing the 3-back task under different exposure conditions. (B) Relative concentration profiles
of HBO in the right DLPFC (R-DLPFC) of subjects performing the 3-back task under different exposure conditions.

TABLE 6 Statistics for the mean g values of the right dorsolateral prefrontal cortex (R-DLPFC) in subjects who completed the 3-back task under
different exposure conditions (N=60).

0.0002 W/m? 10.75 W/m? Main effect of LFN Main effect of EMR LFN*EMR
Ths T4 F P  Partialn? F P  Partialn? F P Partialn?
35.4dB(A) 0.000028 +0.000089 0.000027+0.000101 | 0.38 | 0.54 0.007 413 0.047° 0.069 422 0045 0.07
72.9dB(A) —0.000009 +0.000105 | 0.000094 %0.000094

Higher f values indicate higher activation of brain regions, with *p <0.05.

TABLE 7 Statistics of relative oxyhemoglobin (HBO) concentrations in the left dorsolateral prefrontal cortex (L-DLPFC) of subjects who completed the
3-back task under different exposure conditions (N=60).

0.0002 W/m? 10.75 W/m? Main effect of LFN Main effect of EMR LFN*EMR

Tis (mmol/L)  T+s (mmolL) © P  Partialn®> F P Partial n? P Partial n?
35.4dB(A) 0.000090+0.000209 | 0.000045%0.000148 120 | 028 0.021 204 | 016 0.035 493 | 003 0.081
72.9dB(A) 0.0000260.000301 | 0.000234+0.000197

Relative HBO concentration increased with increasing mental workload (MWL) level over a range, with °p <0.05.

TABLE 8 Statistics of relative oxyhemoglobin (HBO) concentrations in the right dorsolateral prefrontal cortex (R-DLPFC) of subjects who completed the
3-back task under different exposure conditions.

0.0002 W/m? 10.75 W/m? Main effect of LFN Main effect of EMR LFN*EMR

vts (mmol/L)  ¥+s (mmol/L) F P  Partialn? F P  Partialn? P Partial n?
35.4dB(A) 0.000157 +0.000232 0.000012+0.000108 0.02 | 0.90 0.0003 044 | 0512 0.008 972 | 0.003° 0.148
72.9dB(A) —0.000020+0.000346  0.000204+0.000163

Relative HBO concentrations increased with increasing mental workload (MWL) level over a range, with °p <0.01.

the effect pattern of EMR and LFN exposure on operators’ cognitive — pre-operational background level, operational level), in which the

function as well as developing environmental health standards. interaction effect between EMR and LFN was detected and validated
This experiment used a two factorial design (EMR levels:  using NASA-TLX subjective scores, 3-back task behavioral

pre-operational background level, operational level) x2 (LFN levels:  performance, and fNIRS-derived cerebral hemodynamics.
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Research has shown that low-intensity LEN produces irritating
subjective feelings and adversely affects mental performance, and that
this adverse effect is more pronounced at high levels of MWL (53).
High-intensity, prolonged LEN can meaningfully affect a person’s
cognitive function and even lead to cognitive impairment (54). The
NASA-TLX subjective scale showed that when individuals were
exposed to high-intensity LFN (72.9 dB) for 30 min, they subjectively
perceived that the noise environment significantly affected their work
status and increased MWL; contrastingly, exposure to high-intensity
EMR (10.75W/m?) for 30 min did not have an obvious effect. This
finding was consistent with the findings of other studies (53, 55, 56).
This is likely either because the EMR exposure was not perceived by
the subjects, or the intensity and duration of EMR exposure were so
short that the exposure failed to have an adverse effect on the
subjective evaluation of the exposure. Subjects’ behavioral
performance on the 3-back task revealed that, when exposed to
operational LFN, they needed longer response time and higher levels
of MWL to achieve a similar correct response rate. Some studies with
similar cognitive tasks have also found that noise exposure changes
the correct response rate or time of subjects on a given task and causes
higher levels of MWL (57-59). In this study, factorial ANOVA
revealed that, during a 30-min period of simultaneous exposure to
high-intensity LEN (72.9 dB) and high-intensity EMR (10.75 W/m?),
() subjects’ total response time for the task increased significantly; (b)
the correct response rate for the task tended to decrease, but not
significantly; and (c) there was a significant synergistic interaction
effect, and simultaneous exposure to LFN and EMR at certain intensity
levels caused the highest MWL.

Currently, most studies have focused on the effects of EMR or
LEN alone on human health and observed that single-factor
exposure can lead to alterations in the central nervous system or
brain cognitive function of operators. For example, one study
observed that exposure to EMR affected human EEG alpha rhythms,
which correspond to a purely cognitive signal and play an active role
in attention, memory, and cognitive processes (60, 61). Another
study using EEG techniques showed that an increase in task difficulty
and noise exposure intensity led to a decrease in the correct response
rate of the task and caused changes in EEG alpha, theta, and beta
rhythms (58). With the progress of neuroimaging techniques, the
research found that fNIRS technology enables better assessment of
MWL levels in subjects under EMR conditions or ambient acoustic
conditions by monitoring cerebral hemodynamics (62, 63). In our
study, NIRS data showed that, when simultaneously exposed to
high-intensity LFN (72.9dB) and EMR (10.75 W/m?) for 30 min,
subjects’ L-DLPFC and R-DLPFC were activated upon completion
of the 3-back task, and the relative concentrations of HBO in these
two regions were increased. Our results indicated that combined
exposure to high levels of these two environmental factors for 30 min
significantly increased MWL levels in the subjects. This was
consistent with the 3-back task behavioral performance, which
provided objective evidence that there is a significant interaction
effect between high operational LEFN and EMR. Additionally,
simultaneous exposure to both factors at high intensities can
significantly increase MWL levels well above the MWL levels elicited
by single-factor exposure.

This study had some limitations. First, only healthy young
males were investigated in this study. The reason for focusing on
this very specific test population was to avoid confounding effects
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of sex and age. However, it is unclear whether sex (males vs.
females) and age (older vs. younger people) may affect susceptibility
to EMR and LFN. This suggests a need for further studies with a
larger sample size and more diverse population. Second, this study
only observed the hemodynamics of the DLPFC of subjects under
environmental exposure conditions, and the effects of EMR and
LFN exposure on the hemodynamics of other brain regions need to
be further explored. Finally, the EMR and LFN intensity were only
set at two levels, and the exposure time was only 30 min, thereby
making the intensity neither able to fully reflect the effect of
exposure to the two environmental factors on brain cognitive
function nor fully reveal the time-effect relationship and intensity-
effect relationship.

All in all, we have presented a preliminary exploration which
reveals the interaction effect between EMR and LFN, and there is
abundant room for further progress on this topic, whether by
expansion of the study population, diversification of exposure levels,
or combination of EEG and fNIRS. Specifically, the application of
emerging technologies at the level of assessing brain load requires
further in-depth study.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding authors.

Ethics statement

The studies involving human participants were reviewed and
approved by First Affiliated Hospital of Air Force Military Medical
University (approval number: KY20212098-F-1). The patients/
participants provided their written informed consent to participate in
this study.

Author contributions

PL wrote the manuscript. PL, ZLL, and JJL contributed to
conception and design of the study. JWe organized the database. JL
and SZ performed the statistical analysis. SX helped with statistical
analysis. ZHL and Jwa directed the study.

Funding

This work was supported by a Priority Project for Army Logistics
Research (No. BSW17J029). The funder had no role in the design,
conduct, or reporting of this work.
Acknowledgments

We would like to thank Editage (www.editage.cn) for English

language editing and SGS Group (www.sgsgroup.com.cn) for technical
advice and assistance in SAR testing.

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1138118
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
http://www.editage.cn
http://www.sgsgroup.com.cn

Liang et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Cleveland REF, Ulcek JL. Questions and answers about biological effects and
potential hazards of radiofrequency electromagnetic fields. Sga. (1999)

2. Ahlbom A, Bridges J, de Seze R, Hillert L, Juutilainen J, Mattsson MO, et al. Possible
effects of electromagnetic fields (EMF) on human health--opinion of the scientific
committee on emerging and newly identified health risks (SCENIHR). Toxicology.
(2008) 246:248-50. doi: 10.1016/j.t0x.2008.02.004

3.van Deventer E, van Rongen E, Saunders R. WHO research agenda for
radiofrequency fields. Bioelectromagnetics. (2011) 32:417-21. doi: 10.1002/bem.20660

4. Morgan LL, Miller AB, Sasco A, Davis DL. Mobile phone radiation causes brain
tumors and should be classified as a probable human carcinogen (2A) (review). Int |
Oncol. (2015) 46:1865-71. doi: 10.3892/ij0.2015.2908

5. IARC. Non-ionizing radiation, part 2: radiofrequency electromagnetic fields. JARC
Monogr Eval Carcinog Risks Hum. (2013) 102:1-460.

6. Hyland GJ. Physics and biology of mobile telephony. Lancet. (2000) 356:1833-6.
doi: 10.1016/50140-6736(00)03243-8

7. Leventhall HG. Low frequency noise and annoyance. Noise Health. (2004) 6:59-72.

8. Persson-Waye K., Bengtsson J.: Assessments of low frequency noise complaints — a
follow up 14 years later (2002)

9. Leventhall G. Review: low frequency noise. What we know, what we do not know,
and what we would like to know. Noise Notes. (2010) 8:3-28. doi: 10.1260/1475-4738.8.4.3

10. Pawlaczyk-Luszczyniska M, Dudarewicz A, Waszkowska M, Szymczak W,
Sliwinska-Kowalska M. The impact of low-frequency noise on human mental
performance. Int ] Occup Med Environ Health. (2005) 18:185-98.

11. Waye KP, Clow A, Edwards S, Hucklebridge E, Rylander R. Effects of nighttime low
frequency noise on the cortisol response to awakening and subjective sleep quality. Life
Sci. (2003) 72:863-75. doi: 10.1016/s0024-3205(02)02336-6

12. Themann CL, Masterson EA. Occupational noise exposure: a review of its effects,
epidemiology, and impact with recommendations for reducing its burden. J Acoust Soc
Am. (2019) 146:3879-905. doi: 10.1121/1.5134465

13. Liu J, Wei M, Li H, Wang X, Wang X, Shi S. Measurement and mapping of the
electromagnetic radiation in the urban environment. Electromagn Biol Med. (2020)
39:38-43. doi: 10.1080/15368378.2019.1685540

14. Berglund B, Lindvall T, Schwela DH. New who guidelines for community noise.
Noise Vibration Worldwide. (2000) 31:24-9. doi: 10.1260/0957456001497535

15. Piotrowski PJ, Robak S, Polewaczyk MM, Raczkowski R. Offshore substation
workers' exposure to harmful factors — actions minimizing risk of hazards. Med Pr.
(2016) 67:51-72. doi: 10.13075/mp.5893.00320

16. Wang YQ, Xi-Bin K, Wan H, Yang QL, Guang-Bo WU, Yan JH, et al. Environmental
classification and work efficiency limitation of special vehicle. Occup Health. (2018)

17. Jiang Z], Zhang X, Chen D, Jing-Gang LI. Health status and its influencing factors
among airplane-service men in a troop. Occup Health. (2015)

18.Zhao X, Li D, Lei S, Tao W, Tao C, Wang H, et al. Measurement and analysis of
main harmful factors in process of tank marching. J Third Mil Med Univ. (2013)
35:189-92.

19. Moray N. Mental workload: Its theory and measurement. New York, NY: Plenum
Press (1979).

20. Ayaz H, Shewokis PA, Bunce S, Izzetoglu K, Willems B, Onaral B. Optical brain
monitoring for operator training and mental workload assessment. NeuroImage. (2012)
59:36-47. doi: 10.1016/j.neuroimage.2011.06.023

21. Fallahi M, Motamedzade M, Heidarimoghadam R, Soltanian AR, Miyake S. Effects
of mental workload on physiological and subjective responses during traffic density
monitoring: a field study. Appl Ergon. (2016) 52:95-103. doi: 10.1016/j.apergo.2015.07.009

22. Wickens CD. Multiple resources and mental workload. Hum Factors. (2008)
50:449-55. doi: 10.1518/001872008X288394

Frontiers in Public Health

11

10.3389/fpubh.2023.1138118

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpubh.2023.1138118/
full#supplementary-material

23. Loft S, Sanderson P, Neal A, Mooij M. Modeling and predicting mental workload
in en route air traffic control: critical review and broader implications. Hum Factors.
(2007) 49:376-99. doi: 10.1518/001872007X197017

24. Brookhuis KA, de Waard D. Monitoring drivers' mental workload in driving
simulators using physiological measures. Accid Anal Prev. (2010) 42:898-903. doi:
10.1016/j.aap.2009.06.001

25. Asgher U, Khan M]J, Asif NM, Khalil K, Ahmad R, Ayaz Y, et al. Motor training
using mental workload (MWL) with an assistive soft exoskeleton system: a functional
near-infrared spectroscopy (fNIRS) study for brain-machine Interface (BMI). Front
Neurorobot. (2021) 15:605751. doi: 10.3389/fnbot.2021.605751

26. Lim LG, Ung WC, Chan YL, Lu CK, Sutoko S, Funane T, et al. A unified analytical
framework with multiple fNIRS features for mental workload assessment in the
prefrontal cortex. IEEE Trans Neural Syst Rehabil Eng. (2020) 28:2367-76. doi: 10.1109/
TNSRE.2020.3026991

27. Huppert TJ, Hoge RD, Diamond SG, Franceschini MA, Boas DA. A temporal
comparison of BOLD, ASL, and NIRS hemodynamic responses to motor stimuli in adult
humans.  Neurolmage. (2006)  29:368-82. doi: 10.1016/j.neuroimage.
2005.08.065

28. Asgher U, Khalil K, Khan MJ, Ahmad R, Butt SI, Ayaz Y, et al. Enhanced
accuracy for multiclass mental workload detection using long short-term memory
for brain-computer Interface. Front Neurosci. (2020) 14:584. doi: 10.3389/
fnins.2020.00584

29. Faul F, Erdfelder E, Lang AG, Buchner A. G*power 3: a flexible statistical power
analysis program for the social, behavioral, and biomedical sciences. Behav Res Methods.
(2007) 39:175-91. doi: 10.3758/bf03193146

30. ICNIRP. Guidelines for limiting exposure to electromagnetic fields (100 kHz to
300 GHz). Health Phys. (2020) 118:483-524. doi: 10.1097/HP.0000000000001210

31.IEC. Electroacoustics -- Sound Level Meters -- Partl: Specifications (2002).
Available at: https://www.researchgate.net/publication/200806182_Electroacoustics_--_
Sound_Level_Meters_--_Partl_Specifications

32. Meinke D. K., Berger E. H., Driscoll D. P, Neitzel R. L., Bright K.: The noise
manual. Fairfax, VA: The American Industrial Hygiene Association (ATHA), (2022).
195-196

33. Kirchner WK. Age differences in short-term retention of rapidly changing
information. J Exp Psychol. (1958) 55:352-8. doi: 10.1037/h0043688

34. Herff C, Heger D, Fortmann O, Hennrich J, Putze F, Schultz T. Mental workload
during n-back task-quantified in the prefrontal cortex using fNIRS. Front Hum Neurosci.
(2013) 7:935. doi: 10.3389/fnhum.2013.00935

35.Mandrick K, Peysakhovich V, Remy E Lepron E, Causse M. Neural and
psychophysiological correlates of human performance under stress and high mental
workload. Biol Psychol. (2016) 121:62-73. doi: 10.1016/j.biopsycho.2016.10.002

36. Aghajani H, Garbey M, Omurtag A. Measuring mental workload with
EEG+{NIRS. Front Hum Neurosci. (2017) 11:359. doi: 10.3389/fnhum.2017.00359

37.Sandra HG. [Advances in psychology] human mental workload volume 52 ||
development of NASA-TLX (task load index). Results Empir Theor Res. (1988):139-83.

38. Hart G. S.: Nasa-task load index (Nasa-TLX); 20 years later. In Proceeding of
Human Factors & Ergonomics Society Meeting (2006)

39. Molina R, Redondo B, Di Stasi LL, Anera RG, Vera J, Jimenez R. The short-term
effects of artificially-impaired binocular vision on driving performance. Ergonomics.
(2021) 64:212-24. doi: 10.1080/00140139.2020.1814427

40. Harry E, Sinsky C, Dyrbye LN, Makowski MS, Trockel M, Tutty M, et al. Physician
task load and the risk of burnout among US physicians in a National Survey. Jt Comm |
Qual Patient Saf. (2021) 47:76-85. doi: 10.1016/j.jcjq.2020.09.011

41. Law KE, Lowndes BR, Kelley SR, Blocker RC, Larson DW, Hallbeck MS, et al.
NASA-task load index differentiates surgical approach: opportunities for improvement

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1138118
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1138118/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1138118/full#supplementary-material
https://doi.org/10.1016/j.tox.2008.02.004
https://doi.org/10.1002/bem.20660
https://doi.org/10.3892/ijo.2015.2908
https://doi.org/10.1016/s0140-6736(00)03243-8
https://doi.org/10.1260/1475-4738.8.4.3
https://doi.org/10.1016/s0024-3205(02)02336-6
https://doi.org/10.1121/1.5134465
https://doi.org/10.1080/15368378.2019.1685540
https://doi.org/10.1260/0957456001497535
https://doi.org/10.13075/mp.5893.00320
https://doi.org/10.1016/j.neuroimage.2011.06.023
https://doi.org/10.1016/j.apergo.2015.07.009
https://doi.org/10.1518/001872008X288394
https://doi.org/10.1518/001872007X197017
https://doi.org/10.1016/j.aap.2009.06.001
https://doi.org/10.3389/fnbot.2021.605751
https://doi.org/10.1109/TNSRE.2020.3026991
https://doi.org/10.1109/TNSRE.2020.3026991
https://doi.org/10.1016/j.neuroimage.2005.08.065
https://doi.org/10.1016/j.neuroimage.2005.08.065
https://doi.org/10.3389/fnins.2020.00584
https://doi.org/10.3389/fnins.2020.00584
https://doi.org/10.3758/bf03193146
https://doi.org/10.1097/HP.0000000000001210
https://www.researchgate.net/publication/200806182_Electroacoustics_--_Sound_Level_Meters_--_Part1_Specifications
https://www.researchgate.net/publication/200806182_Electroacoustics_--_Sound_Level_Meters_--_Part1_Specifications
https://doi.org/10.1037/h0043688
https://doi.org/10.3389/fnhum.2013.00935
https://doi.org/10.1016/j.biopsycho.2016.10.002
https://doi.org/10.3389/fnhum.2017.00359
https://doi.org/10.1080/00140139.2020.1814427
https://doi.org/10.1016/j.jcjq.2020.09.011

Liang et al.

in colon and Rectal surgery. Ann Surg. (2020) 271:906-12. doi: 10.1097/
SLA.0000000000003173

42. Strangman GE, Li Z, Zhang Q. Depth sensitivity and source-detector separations
for near infrared spectroscopy based on the Colin27 brain template. PLoS One. (2013)
8:¢66319. doi: 10.1371/journal.pone.0066319

43. Jaeggi SM, Seewer R, Nirkko AC, Eckstein D, Schroth G, Groner R, et al. Does
excessive memory load attenuate activation in the prefrontal cortex? Load-dependent
processing in single and dual tasks: functional magnetic resonance imaging study.
Neurolmage. (2003) 19:210-25. doi: 10.1016/s1053-8119(03)00098-3

44. Vassena E, Gerrits R, Demanet J, Verguts T, Siugzdaite R. Anticipation of a
mentally effortful task recruits dorsolateral prefrontal cortex: an {NIRS validation study.
Neuropsychologia. (2019) 123:106-15. doi: 10.1016/j.neuropsychologia.2018.04.033

45. Csipo T, Lipecz A, Mukli P, Bahadli D, Abdulhussein O, Owens CD, et al. Increased
cognitive workload evokes greater neurovascular coupling responses in healthy young
adults. PLoS One. (2021) 16:€0250043. doi: 10.1371/journal.pone.0250043

46. Koenraadt KL, Roelofsen EG, Duysens J, Keijsers NL. Cortical control of normal
gait and precision stepping: an fNIRS study. NeuroImage. (2014) 85 Pt 1:415-22. doi:
10.1016/j.neuroimage.2013.04.070

47. Curcic-Blake B, Kos C, Aleman A. Causal connectivity from right DLPFC to IPL
in schizophrenia patients: a pilot study. Schizophrenia (Heidelb). (2022) 8:16. doi:
10.1038/s41537-022-00216-0

48. Pfeifer MD, Scholkmann F, Labruyere R. Signal processing in functional near-
infrared spectroscopy (fNIRS): methodological differences Lead to different statistical
results. Front Hum Neurosci. (2017) 11:641. doi: 10.3389/fnhum.2017.00641

49. Cope M, Delpy DT, Reynolds EO, Wray S, Wyatt J, van der Zee P. Methods of
quantitating cerebral near infrared spectroscopy data. Adv Exp Med Biol. (1988)
222:183-9. doi: 10.1007/978-1-4615-9510-6_21

50. Chen Z, Song X, Qiao Y, Yan J, Zhu C, Xie Q, et al. Increased inertia triggers linear
responses in motor cortices during large-extent movements-a fNIRS study. Brain Sci.
(2022) 12:1539. doi: 10.3390/brainscil2111539

51. Hou X, Zhang Z, Zhao C, Duan L, Gong Y, Li Z, et al. NIRS-KIT: a MATLAB
toolbox for both resting-state and task fNIRS data analysis. Neurophotonics. (2021)
8:010802. doi: 10.1117/1.NPh.8.1.010802

52. Belli V, Orcioli-Silva D, Beretta VS, Vitorio R, Zampier VC, Nobrega-Sousa P,
et al. Prefrontal cortical activity during preferred and fast walking in young and older

Frontiers in Public Health

12

10.3389/fpubh.2023.1138118

adults: an fNIRS study. Neuroscience. (2021) 473:81-9. doi: 10.1016/j.neuroscience.
2021.08.019

53. Pawlaczyk-Luszczynska M, Dudarewicz A, Szymczak W, Sliwinska-Kowalska M.
Evaluation of annoyance from low frequency noise under laboratory conditions. Noise
Health. (2010) 12:166-81. doi: 10.4103/1463-1741.64974

54. Gomes LM, Martinho PA, Castelo BN. Effects of occupational exposure to low
frequency noise on cognition. Aviat Space Environ Med. (1999) 70:A115-8.

55. Rolo G, Hernandez-Fernaud E, Diaz-Cabrera D. Impact of perceived physical and
environmental conditions on mental workload: an exploratory study in office workers.
Psyecology. (2010) 1:393-401. doi: 10.1174/217119710792774780

56. Smith-Jackson TL, Klein KW. Open-plan offices: task performance and mental
workload. J Environ Psychol. (2009) 29:279-89. doi: 10.1016/j.jenvp.2008.09.002

57. Abbasi AM, Motamedzade M, Aliabadi M, Golmohammadi R, Tapak L. Combined
effects of noise and air temperature on human neurophysiological responses in a
simulated indoor environment. Appl Ergon. (2020) 88:103189. doi: 10.1016/j.
apergo.2020.103189

58. Sadeghian M, Yazdanirad S, Mousavi SM, Jafari MJ, Khavanin A, Khodakarim S, et al.
Effect of tonal noise and task difficulty on electroencephalography and cognitive performance.
Int ] Occup Saf Ergon. (2022) 28:1353-61. doi: 10.1080/10803548.2021.1901432

59. Sepehri S, Aliabadi M, Golmohammadi R, Babamiri M. The effects of noise on
human cognitive performance and thermal perception under different air temperatures.
J Res Health Sci. (2019) 19:e00464.

60. Minarik T, Berger B, Sauseng P. The involvement of alpha oscillations in voluntary
attention directed towards encoding episodic memories. Neurolmage. (2018)
166:307-16. doi: 10.1016/j.neuroimage.2017.10.064

61. Wallace ], Selmaoui B. Effect of mobile phone radiofrequency signal on the alpha
rhythm of human waking EEG: a review. Environ Res. (2019) 175:274-86. doi: 10.1016/j.
envres.2019.05.016

62. Curcio G, Ferrara M, Limongi T, Tempesta D, Di Sante G, De Gennaro L, et al.
Acute mobile phones exposure affects frontal cortex hemodynamics as evidenced by
functional near-infrared spectroscopy. J Cereb Blood Flow Metab. (2009) 29:903-10. doi:
10.1038/jcbfm.2009.14

63. Hiwa S, Katayama T, Hiroyasu T. Functional near-infrared spectroscopy study of
the neural correlates between auditory environments and intellectual work performance.
Brain Behav. (2018) 8:€01104. doi: 10.1002/brb3.1104

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1138118
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1097/SLA.0000000000003173
https://doi.org/10.1097/SLA.0000000000003173
https://doi.org/10.1371/journal.pone.0066319
https://doi.org/10.1016/s1053-8119(03)00098-3
https://doi.org/10.1016/j.neuropsychologia.2018.04.033
https://doi.org/10.1371/journal.pone.0250043
https://doi.org/10.1016/j.neuroimage.2013.04.070
https://doi.org/10.1038/s41537-022-00216-0
https://doi.org/10.3389/fnhum.2017.00641
https://doi.org/10.1007/978-1-4615-9510-6_21
https://doi.org/10.3390/brainsci12111539
https://doi.org/10.1117/1.NPh.8.1.010802
https://doi.org/10.1016/j.neuroscience.2021.08.019
https://doi.org/10.1016/j.neuroscience.2021.08.019
https://doi.org/10.4103/1463-1741.64974
https://doi.org/10.1174/217119710792774780
https://doi.org/10.1016/j.jenvp.2008.09.002
https://doi.org/10.1016/j.apergo.2020.103189
https://doi.org/10.1016/j.apergo.2020.103189
https://doi.org/10.1080/10803548.2021.1901432
https://doi.org/10.1016/j.neuroimage.2017.10.064
https://doi.org/10.1016/j.envres.2019.05.016
https://doi.org/10.1016/j.envres.2019.05.016
https://doi.org/10.1038/jcbfm.2009.14
https://doi.org/10.1002/brb3.1104

	Impacts of complex electromagnetic radiation and low-frequency noise exposure conditions on the cognitive function of operators
	1. Introduction
	2. Materials and methods
	2.1. Study subjects
	2.2. Experimental design
	2.3. Experimental procedures
	2.4. Functional near-infrared spectroscopy data acquisition and analysis
	2.5. Statistical analysis

	3. Results
	3.1. Subjective questionnaire results
	3.2. Behavioral performance results
	3.3. Functional near-infrared spectroscopy results
	3.3.1. Average β of ROIs
	3.3.2. Relative concentrations of cerebral oxyhemoglobin in ROIs

	4. Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

