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Abstract: Generally, larger cities are characterized by traffic congestion, which is associated with
higher concentrations of pollution, including Carbon Monoxide (CO) pollution. However, this
convention requires empirical support on the basis of accurate and reliable measurements. In
addition, the assessment of the effect of CO on the autonomic nervous system (ANS), as measured by
heart rate variability (HRV), has yielded conflicting results. A majority of the (few) studies on the
topic have shown that increases in CO concentration of up to about 10 parts per million (ppm) are
associated with a decrease in stress and risk to health in subjects. Beyond the hypothesis postulating
city size as a determinant of increased CO concentration, the hypothesis proposing a causal link
between CO concentration and HRV balance also requires empirical support. This article compares
CO concentrations in a large metropolis with those in a small town, analyzing the relationship
between CO and the HRV responses of young women in terms of city size. Four different types of
environments were compared, taking into account mediating variables. The study participants spent
35 min in selected environments (a city center, a residential environment, a park, and a home) wearing
Polar devices to measure HRV, and portable devices to measure noise thermal load and CO. The
average concentrations of CO in each environment were calculated, along with the time distribution
of the CO concentration, and the regression slopes between the concentrations of CO and the ANS
balance, as measured by the low frequency power/high frequency power ratio (LF/HF) expressed as
an HRV index. The results show that, regardless of size, the cities measured were all characterized by
low levels of CO, far below the maximal accepted threshold standards, and that urban residents were
exposed to these concentrations for less than half of the daytime hours. Furthermore, in contrast to
the common view, larger cities do not necessarily accumulate higher concentrations of CO compared
to small cities, regardless of the level of transport congestion. This study confirms the findings of the
majority of the other studies on the subject, which showed a decrease in stress (as measured by HRV)
as a result of an increase in CO concentrations below 7 ppm. Finally, following the assessment of
the differential contribution attributed to the different environmental factors, it appears that noise,
thermal load, and congestion all contribute more to a higher level of HRV balance than CO. This
finding highlights the importance of a multivariable approach to the study, and a remediation of the
effect of environmental factors on stress in urban environments.

Keywords: carbon monoxide (CO); autonomic nervous system (ANS); heart rate variability (HRV);
air pollution; urban environments

1. Introduction

Carbon Monoxide (CO) is considered to be a principal pollutant in cities [1]. It is one
of the five pollutants included in the Air Quality Index [2]. In most cities, vehicle traffic
is the main source of air pollutants, including CO. However, with the improvements in
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the quality of fuel, CO levels are expected to reduce. Nevertheless, it is also predicted that
CO concentrations will increase in proportion to the city size and the number of cars in the
city. Furthermore, it is claimed that exposure to CO, which is a toxic agent, is associated
with increased rate of headaches, dizziness, and nausea. It may also cause inflammation
and oxidative stress, with a concomitant effect on the central autonomic nervous system
(ANS), and in consistent and high concentrations it can cause increased mortality [3].
However, a review by Tirosh and Schnell [4] argued that increases in concentrations of
CO, when controlling for other air pollutants, in fact moderate the increase in Heart Rate
Variability (HRV) as an index of the balance of the autonomic nervous system. The results
are inconsistent, however, across the few relevant studies conducted up until 2015 [4]. As
recently as 2019, Tang et al. [5] observed that very few studies focused on the relationship
between transportation, air pollution, and HRV, overlooking the effect of vehicle traffic on
CO concentrations and the consequent effect on HRV [5]. In this context, the following
three questions may arise: (1) To what extent has CO concentration remained low in
contemporary cities? (2) To what extent do CO concentrations increase in accordance with
city size and traffic congestion? (3) To what extent can an increase in CO concentrations in
the lower ranges, which characterizes urban environments, be associated with increases in
risks to health, as reflected by HRV? The objective of this study is to identify the exceptional
behavior of CO with regard to health risks, both in terms of concentrations in cities and its
effect on the people exposed to it.

Background

Gaseous air pollution in cities mainly originates from the incomplete combustion
of fuels by cars, factories, and heating. In China, more than 75% of the air pollution
originates from these sources [6]. In Israel, more than 90% of the CO emissions come from
vehicles, other than for a small number of cities characterized by high industrial activity
concentrations. Consequently, in the two cities investigated in the present study—Tel Aviv
(TA), a metropolis, and Afula, a small city—at least 90% of all air pollution, including CO,
originates from vehicle traffic [7].

Several studies in the literature have considered the association between the traffic
load and the concentration of air pollution in cities [5]. While these studies generally show
an association between city size and morphology and levels of air pollution, the results are
conflicting [8,9]. For example, Liu et al. [6] found city size to be significantly associated
with concentrations of air pollution, over and above the morphological characteristics of
the urban environment. However, this study did not focus on the association between city
size and CO [6]. A study by Molnár et al. (2020) confirmed the independent effect of city
size on air pollution, as measured by the Air Pollution Tolerance Index [10]. However, the
study did not isolate the specific air pollutants contributing to this association. For example,
the compactness of cities may, on the one hand, reduce the use of motor transportation,
and thus air pollution; on the other hand, the same factor may increase concentrations of
CO and other pollutants in morphological pockets [6,8,11]. The size of green spaces in
a city may be associated with population dispersal and urban sprawl, thereby reducing
both the compactness and concentrations of CO. Considered from another perspective,
while green environments reduce air pollution, sprawl increases the use of private cars and
travel distances, potentially contributing to increased CO concentrations [12]. Reviewing
these potential contradictions, Liu et al. [6] concluded that the relevant characteristics of
urban morphology must be explicitly defined in any analysis of the associations between
city size and morphology and air pollution [6]. None of the studies cited above focused on
the association between city size, the CO concentration in the city, and its effect on human
health. Unlike these studies, our study is unique in focusing on the effect of CO on stress
and the risk to health, highlighting the complex relationships between cities’ characteristics
and the concentrations of CO in them.

In the index of air pollutants, CO differs from the other gasses because it is unstable
and reacts with oxygen to produce CO2. Therefore, variations in CO concentration may not



Int. J. Environ. Res. Public Health 2021, 18, 788 3 of 13

be related to city size, but rather to other factors such as congestion and city morphology.
A study by Helfter, et al. [13] confirmed that low levels of CO are widely distributed in
London, with somewhat higher concentrations in the winter [13].

The CO levels in Israel are currently monitored from stationary stations maintained
by the Ministry for the Protection of the Environment. These stations are generally lo-
cated on the roofs of high-rise buildings, some distance from major roads. As such, the
monitored levels of CO concentration may not be accurate and may potentially be un-
derestimated [14–16]. Recent studies have shown significant differences in the levels of
air pollutants (including CO) between different sites, depending on the morphology of
the location and the wind direction associated with the street layout and other salient
factors [16,17]. Several studies have shown that the exposure of pedestrians to air pollution
is proportional to the intensity of traffic along the adjacent streets, and that exposure to CO
declines steeply in line with the distance from the sources [16].

HRV is considered to be a reliable index measure of stress and the risk to health [18,19],
and it has been empirically validated in many studies [20]. HRV reflects the human ability
to cope with environmental stressors that psychologically and physiologically challenge
ANS activity. The exposure to stressors is typically associated with the decreased activity
of the parasympathetic tone, and the increased activity of the sympathetic tone [21]. These
changes in ANS activity reflect stress in the short term, and the elevated risk of a wide
range of health problems in the long term [22].

Inaccurate CO measurements have cast doubt on the documented correlations between
CO and HRV. A review by Tirosh and Schnell [4] identified 25 articles that analyzed the
correlation between CO concentration and HRV. Most of these studies measured CO from
stationary stations, located at a distance from the major roads and sidewalks where people
perform their daily activities, and some distance from the subjects tested in these studies.
Of these studies, only six measured CO from a location that was relatively close to the
subjects being measured in the research. Out of the six studies, four reported negative
correlation coefficients between CO and LF/HF in response to exposure to low levels of
CO. In these studies, increases in CO concentrations, up to about seven parts per million
(ppm), were associated with an improved ANS balance, as reflected by HRV. In these cases,
the levels of LF/HF declined with the increase in the CO concentration. These results are
consistent with the studies showing a decline in the levels of LF/HF with exposure to
acute CO concentrations [23]. In a previous study, Tang et al. (2019) showed that, while an
increase in the concentrations of dust contributes to increased levels of LF/HF, an increase
in CO levels caused a decrease in the levels of LF/HF [24]. In a review of the association
between low CO concentrations and HRV by Tirosh and Schnell [4], only two studies
which employed different methodologies and different CO concentration ranges deviated
from this trend. In the present study, we measured the subjects’ exposure to CO in the
immediate vicinity of everyday life—in streets, neighborhoods, parks, city centers, and
indoor environments like the family home [4]. We measured both the exposure to CO and
the HRV of the subjects while they were in situ in these everyday environments.

It appears that the mean CO concentrations remain low in cities, with traffic being the
main source of CO. CO concentrations have an effect on the autonomic nervous system, but
in moderating levels of LF/HF, unlike the opposite effects evinced by other air pollutants.
These conclusions are drawn from a handful of studies, indicating the need for empirical
studies to further unpick this intricate relationship. The present study seeks to validate
the relationship by making a comparison between the concentrations of CO and HRV in
two cities, one large and one small, in Israel. Because the analysis in this article is based on
two different studies in the two cities, some adjustments are required in order to validate
this comparison.

We hypothesize that: (1) The mean concentration of CO in cities remains low, indeed
significantly below the accepted standards. (2) Larger cities are characterized by higher
CO concentrations. (3) Increases in the concentrations of low-level CO (up to 6 ppm) are
associated with decrease in LF/HF.
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2. Research Methods

The study is based on data derived from two separate empirical projects: one in
Tel-Aviv, a metropolitan area in the center of Israel, and the other in Afula, a small city in
northern Israel. TA has a population of approximately 460,000 people, and is part of a wider
metropolitan area with a total population of 2.5 million. Afula has about 54,000 inhabitants.
TA. is four times denser compared to Afula (8894 compared to 1860 per km). TA. is ranked
at the eight tens of cities in Israel, while Afula is ranked at the fifth tens. Afula has less
space for urban parks, but much more space for forests at its outskirts compared to TA. The
park space in TA. comprises 4.6% of the urban space, and in Afula only 0.8%. However, in
Afula, forest spaces form 15% of the municipal space, compared to almost zero in TA.

In both experiments, an ecological approach was used to test the effect of human
exposure to a set of environmental factors on ANS, as measured by HRV, across four
types of urban environments: home, residential neighborhood, city center, and park. In
the present study, data relating to CO concentrations and HRV were extracted. Similar
environments in the two cities were chosen. Although the measurements were derived
from two different studies conducted two years apart, they are comparable in the sense
that both measurements used similar methodologies, procedures, equipment, and climatic
conditions. Despite the time gaps, the mean physiological equivalent temperature PET
values were similar and within the range of comfortable weather (24 ◦C, 3.7 SD in TA;
22 ◦C, 1.5 SD in Afula). The concentrations of CO in the atmosphere—as measured by the
stationary stations in Afula and Tel Aviv during the days of the experiments—remained at
zero or close to zero, such that it supports the postulated general comparability of the two
cities in terms of carbonic pollutants. The two cities have a similar level of compactness
(9/10 in the compactness scale of Israeli cities), but with significant differences in traffic
congestion, which is significant as this is deemed the sole source of air pollution in general,
and CO in particular (Table 1).

Table 1. The study cities’ main characteristics.

City Population No. of Cars Car Congestion 1
City Compactness

Index Rank Cluster Average Car Age

TA 460,000 287,317 7000 1.47 187 9 4.9
Afula 54,000 17,768 1900 1.68 192 9 6.8

1 = Maximum number of cars per hour at the four most crowded entrances to the city. TA = Tel Aviv.

Participants: We measured the effect of immediate exposure to CO, noise, thermal
load, and HRV on 20 young female subjects in Tel Aviv, and 24 young female subjects in
Afula. All were non-smoking, healthy women aged between 26 and 40 years old. None of
the participants were on any form of medication, and none drank alcohol. Several studies
have identified gender-related differences in HRV results, with women’s ANS being more
sensitive to environmental factors [25,26]. The focus on women allowed more sensitivity in
the expected HRV responses.

Research flow: The research study was conducted in three stages. First, two indices of
personal exposure to CO were determined: the average concentration and the percentage
of time exposed to any level of CO. Second, a comparison of the exposure to CO was
calculated for the two cities. Third, regressions between CO and LF/HF were calculated
for the six outdoor environments, controlling for noise and thermal load.

Study sites: The participants in Tel-Aviv carried the devices on their bodies for a period
of 48 continuous hours, across a wide range of sites and along a pre-planned route, which
was similar for all subjects. In Afula, participants carried the devices for half a day, in
four selected environments: a park, a residential neighborhood, a city center site, and a
home. The order of the sites was randomly selected [27]. In both cities, the participants
spent 35 min at each station, sitting in the station with the devices attached to their bodies.
Because we were measuring the immediate responses to environmental nuisances by HRV,



Int. J. Environ. Res. Public Health 2021, 18, 788 5 of 13

with a response latency of 2–4 s, a short stay of half an hour was considered sufficient to
record the immediate responses. During their stay at the site, the participants completed a
short questionnaire concerning their feelings of comfort at the time. A washout period of
15 min was kept between each environment; the participants were transported between
the sites in an inner-circulated air-conditioned car, with a temperature maintained at 22 ◦C.

In order to enable a comparison between the cities, the researchers only extracted the
results derived from a 35-min stay in the four referenced environments recorded in TA. Of
all the recorded CO measurements in TA, the researchers selected measurements from three
city centers and three parks, in different locations at least half a kilometer apart, to represent
the metropolitan area. Thus, the subjects were monitored in the real-life environments
where they usually performed their daily lives.

Procedure: The experiments were conducted in stages, with six subjects taking part
in each stage. They all followed the same route at the same time, but with no interactions
between themselves. The measurements in TA and Afula were performed on different dates;
however, the temperature differences between the cities were marginal. The measurements
were all taken during the afternoon, a time of day with some traffic congestion but not as
intensive as peak rush hour traffic. Each of the subjects carried a Polar device to measure
HRV. They were accompanied by a researcher who was available to provide support in
the event of any problems related to the monitoring gear, to register unusual events along
the course of the experiment, and to make sure that the subjects adhered to the research
protocols. In total, eight stages (four in each city) were conducted, half during the summer
and half during the winter.

Instruments: A Polar 810i monitor was attached to each subject in order to continuously
measure their heart beat rhythm, as a basis for the calculation of HRV indices. The device
automatically extracted the main frequency and time domain indices of HRV. In measuring
the frequency domain, low power frequencies (LF) were conceptualized as results between
0.04–0.15 Hz, and high power frequencies (HF) were conceptualized as results between
0.15–0.4 Hz. At the end of each stage, the researcher uploaded the data from the devices
to a portable computer. The extraction of the data from the Polar was supported by a
Protrainer 5 program. The data processing was performed by Kubios, which automatically
cleaned the deviant data and calculated the main indices of the HRV.

The accompanying investigator carried an electrochemical Pac III sensor that was
used to measure concentrations of CO, and a Quest pro DL dosimeter with a range of
40–110 d(B) and a resolution of 0.1 d(B). The average noise per minute was the basis for
the calculation of the average noise per site. The thermal load was measured by Fourier
micro log and Kestrel, which measures temperature relative to humidity and wind. The
radiant temperature was recorded according to measurements from the closest stationary
station maintained by the Ministry for the Protection of the Environment; the results
were adjusted to reflect the degree of shade in the tested environment, as evaluated by
the accompanying researcher during the tests. The Physiological Equivalent Temperature
(PET) index was calculated by Ray Man [28], together with the other data about the subjects’
body characteristics taken from the subjects before the experiment.

The data were continuously collected for each campaign, and the average results for
each station were calculated accordingly. The devices were calibrated according to the
manufacturer’s instructions before the commencement of each set of readings. Further
details are described in our previous study [29]. The same devices were used for all of
the experiments.

The social load was determined from the participants’ responses, recorded on a 1 to
100 visual analog scale (VAS) with a color ladder ranging from light green (1) to deep red
(100), indicating the sense of discomfort experienced as a result of the presence of others in
the immediate vicinity. The responses were recorded every half hour at each of the sites
where the subjects stayed, and once along the way between the stations. The validity of this
protocol has been documented in an earlier study related to HRV and ethnicity conducted
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by our laboratory [29,30]. In these earlier studies, social discomfort was highly correlated
with HRV indices.

Analysis: The analysis was conducted in two stages. First, for TA and Afula, the
average concentrations of CO for the four types of environments (home, residential, city
center, and park) were calculated, and the percentage of time that the subjects were exposed
to any level of CO in each of the types of environment was calculated accordingly.

Second, the regressions between the CO concentrations and the subjects’ HRV levels
were calculated for each environment in TA and Afula, controlling for the effects of noise
and thermal load. Six types of curve estimations were run—linear, cubic, power, logistic,
growth, and exponential—in order to characterize the curve that most accurately predicted
the HRV responses to CO. The cubic function best predicted LF/HF, with the linear function
as a second choice. We chose the linear function for the analysis as it is more amenable for
calculations without giving up much predictive power. Finally, we employed a multiple
regression in order to estimate the effects of CO and city size on LF/HF.

3. Results

Table 1 presents the population and traffic characteristics of the cities. The population
of TA is eight times that of Afula, with ten times the total number of cars recorded at the
cities’ main entrances. Considering the fact that TA has a significantly larger total area, the
traffic congestion in TA can be calculated as 3.7 times greater than that of Afula.

The CO concentrations in the two cities remained extremely low, with the mean results
not exceeding 5 ppm per half an hour (Table 2). As expected, the mean concentration of
CO was highest in the two city centers, regardless of their size. The CO concentration in
TA city center was lower than that in Afula. This may be partly due to the older age of
the cars in Afula (Table 1). Lower concentrations of CO were recorded in the residential
neighborhoods, with much lower concentrations for Afula compared to TA. Concerning
parks and homes, in TA the research participants were exposed to low CO concentrations,
with no measurable CO concentrations having been recorded in Afula. There was no
relationship between the congestion index and CO level.

Table 2. Mean and standard deviation of the CO concentrations in the selected types of environments
in the two cities.

COppm in City TA Afula

Environments Mean/S.D. Mean/S.D.
Center 1.4 (1.3) 4.8 (0.27)

Neighborhood 0.8 (0.7) 0.3 (0.4)
Park 0.2 (0.4) 0.0 (0)

Home 1.2 (1.5) 0.0 (0)

CO = carbon monoxide. TA = Tel Aviv.

The calculated percentage time of the subjects’ exposure to CO is presented in Table 3.
The exposure to CO in both cities was temporary, extending to less than half the measured
time, with most of the events of exposure taking place in city centers adjacent to the main
transportation routes. In the other environments, the percentage of the exposure time to
CO was either low or zero. A difference in the CO concentrations between the cities was
recorded. While the participants were not exposed to CO in Afula’s parks and homes, in
TA the participants were exposed to low levels of CO in these environments for 15% to 25%
of the measured time.
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Table 3. Mean percentage time of CO exposure in the selected environments, by city size.

COppm
Home Park City Center Residential Total

Afula TA Afula TA Afula TA Afula TA Afula TA

0 100 75 100 86 40 35 82 80 66 57
0.1–2.9 0 25 0 1 11 23 18 14 8 22
3.0–5.9 0 0 0 0 29 13 0 6 14 17
6.0–15 0 0 0 13 20 12 0 0 12 4
Mean 0 0 0 1.8 4.9 3.8 0.3 0.5 1.4 1.5

Maximum 8.1 15.0

CO = carbon monoxide. TA = Tel Aviv.

A difference in the mean LF/HF between the two cities was identified (Table 4).
However, the increased mean observed in TA, compared to Afula, was associated with a
sizable increased standard deviation.

Higher values of LF/HF, as well as of noise and thermal load, were found in TA. The
mean CO levels were higher in Afula due to the high CO concentrations in the city center,
albeit with generally-low values (Table 4). By way of contrast, differences in the exposure
to noise, and to some extent thermal load, were recorded. The resulting contribution of CO
to LF/HF, while significant, appears to be negative compared to the other independent
factors. After accounting for noise, thermal load, and traffic congestion, this became
marginal (Table 5). The social load also appears to contribute to the prediction of the
variability in LF/HF, albeit less so than with noise and thermal load.

Table 4. Differences in mean (S.D) CO, noise, thermal load and LF/HF, by city size.

Environmental Factor Mean/S.D. and Difference by City Size

Mean TA Mean Afula Sig. of Mean Difference

CO 1.3 (2.2) 1.9 (2.4) 0.0001
Noise 81.0 (19) 63.0 (16) 0.0001

Thermal Load 24.2 (5.8) 22.0 (07) 0.0001
Social load 20.8 (14.2) 45 (30) 0.0001

LF/HF 10.9 (10.8) 8.5 (4.9) 0.0001

CO = carbon monoxide. LF/HF = ratio of LF-to-HF power.

Table 5. Regression analysis between the environmental factors and the LF/HF in the two cities.

Environmental Factor B T Sig. Percent Predicted

CO −0.06 −4.0 0.0001 6
Noise 0.54 31.4 0.0001 42

Thermal load 0.18 11.4 0.0001 18
Social Load 0.10 3.1 0.002 5

Transport congestion 0.37 24.1 0.0001 34

CO = carbon monoxide. LF/HF = ratio of LF-to-HF power.

This section describes the structure of the functions associating CO concentrations
with the frequency domain index of HRV (LF/HF) in the different environments. In the
analysis, we accounted for the possible effects of traffic congestion, noise, thermal load,
CO, and social load on LF/HF by applying a multiple regression analysis. We separately
calculated the slopes of the functions for each environment in each of the two cities (Table 6).
In both cities, a significant negative relationship between CO and LF/HF in the residential
area was identified. In homes in TA, low levels of CO were measured at times, but the
effects of CO on LF/HF in the multiple regressions were not statistically significant. Since
no concentrations of CO were recorded in the home and park environments in Afula,
no regressions were calculated. Concerning city centers, highly significant results were
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calculated for Afula, and insignificant results were calculated for TA. Negative slopes
between CO and LF/HF characterized the functions for all six environments.

Table 6. The regression slopes between CO and LF/HF, after controlling for traffic congestion, noise,
and thermal load, as related to the different environments in the two cities.

City Environment B T Sig.

Afula

Home NA NA NA
Park NA NA NA

Center −0.09 −2.5 0.04
Residential −0.23 −3.1 0.01

TA

Home −1.15 −1.2 0.24
Park −0.26 −1.8 0.05

Center −0.01 −0.05 0.9
Residential −0.16 −1.9 0.05

NA = not applicable (almost all data for CO are zero). TA = Tel Aviv.

4. Discussion

The present study considers CO distribution and its effect on the ANS of young
women, as recorded in two Israeli cities of different sizes. A comparison between the two
cities—which were of different sizes but similar levels of compactness, and with traffic
congestion serving as a main source of pollution—lead to four main conclusions.

1. The levels of CO in these cities are very low.
2. The concentrations of CO are not necessarily affected by the city’s size.
3. Within the range of low concentrations (under 7 ppm per 1

2 hour), an increased
concetration of CO is associated with a decrease in LF/HF, at least in the short term.

4. The ANS balance, as measured using HRV, is mainly affected by environmental factors
other than CO, such as noise, transport congestion, thermal load, and social load.

Concerning the first hypothesis, the CO concentrations in most outdoor environments
did not exceed 7 ppm per half an hour, and were even close to zero at most times. This,
however, excludes small pockets of air pollution with higher levels of CO, in line with
a phenomenon identified in a previous study [31]. These CO values are low, even in
comparison to other cities around the world. Based on the measurements from stationary
stations or satellites, the concentrations of CO in TA were between 0–6 ppm per half an
hour, depending on the type of environment. However, previous studies have shown that
local measurements conducted in close proximity to the research subjects, performed at
several sites in TA, revealed higher concentrations of CO. Some measurements at the main
city intersections reached 50 ppm; others, in small pockets like parking lots, even reached
as high as 80 ppm [32]. Compared to the measurements performed in selected European
cities, these are relatively low concentrations of CO. In European environments, levels of
0.05–0.12 ppm were measured outside of cities. Levels of 17–52 ppm were measured in
central city environments, and levels of up to 100 ppm were measured in environmental
pockets [33].

These results raise an important question: is it still relevant to monitor global indices
of CO concentrations in developed cities polluted mainly by traffic congestion? Instead, it
may be more effective to identify specific pockets of CO pollution, monitor them locally,
and alert local residents to the CO concentration levels in such sites.

Concerning the effect of city size on the concentrations of CO according to the second
hypothesis, three main results stand out. First, people in TA, the larger city, did not
accumulate higher levels of CO compared to people in the smaller city of Afula. Second,
the CO concentrations in TA are more widely distributed across spaces, including home
and park environments, compared to Afula, where CO concentrations were detected almost
exclusively in the city center. Third, the exposure time to CO appears to be longer in TA than
in Afula. The increased CO concentrations in the more compact city centers, compared to



Int. J. Environ. Res. Public Health 2021, 18, 788 9 of 13

the parks and residential areas in both cities, is possibly related to higher traffic congestion
and the area’s morphological structure, compared to the cities’ fringes. This is in accordance
with studies conducted in other cities, which placed explanatory weight on factors such
as city compactness and size [6]. Our study supports the proposition that increased
compactness and congestion in city centers contributes to increased air pollution [6].
Previous studies have pointed to a link between city size and CO concentration. Given that
traffic congestion and the morphological characteristics of the tested closed environments
have not been accounted for, there is a real possibility that these factors may in fact be
the culpable mediators. One can speculate that, apart from city size, the morphology
together with local climate conditions will contribute to the resulting CO concentration
within the city. The fact is that, unlike CO, the concentrations of other air pollutants
such as dust increase in line with traffic congestion [5], and may be attributed to CO’s
instability. However, the present study does not account for other pollutants that could
support this argument. Further studies of local micro sites would be required in order to
isolate the in situ data on variables like traffic congestion and morphological structures, etc.
However, we do hypothesize that morphological structures can have a significant effect on
CO concentration, more than the intensity of the sources of CO.

As for the effect of CO on LF/HF, as addressed in the third hypothesis, our study
shows that an increase in CO concentration, up to 7 ppm, is associated with reduced
levels of LF/HF. Only six previous studies employing valid methodology—including
CO measurements in the immediate vicinity of the participants—have addressed the
association between levels of CO in cities in general and their effect on LF/HF. Four of
these studies identified a negative association between the CO concentration and the level
of LF/HF [25].

The fact that all six regressions, across the four environments and in two different
cities, yielded consistent results lends strong support to the validity of the observed
negative relationship between CO and LF/HF when controlling for noise, thermal load,
and traffic congestion. However, it should be noted that the other environmental factors
accounted for in the present study are associated with a less favorable ANS balance,
as previously reported for other health conditions [31]. In addition, our study shows
that the other environmental factors are more dominant in explaining the variances in
LF/HF. Conflicting results from previous studies concerning the effect of different air
pollutants on health have been reported. Refs. [34,35] both proposed that the origins of
these discrepancies are related to the measurement methods, which were either personal
or ambient. They argued that when personal measurements are performed, NO2 emerges
as the main contributor to increased health risk. These intervening factors may possibly
reverse the negative relationship between low concentrations of CO and LF/HF. In other
words, while an increase in CO concentration is associated with decreased LF/HF, other air
pollutants and noise may increase the LF/HF ratio, as demonstrated in a recent study by
Tang et al. [23]. However, despite the dominant effect of NO2, this study aims to highlight
the uniqueness of the behavior of CO. The differential correlation coefficients, as related to
the different environments, possibly point to the complex relationship between CO and
HRV. In residential areas, where the CO is of measurable levels and other environmental
variables have a modest effect, the correlation is consistently significant. However, it
becomes less significant when these intervening variables become more conspicuous,
minimizing the CO effect. The true meaning of the decline in the levels of LF/HF in
response to exposure to increased levels of CO (albeit within safe standards) remains a
matter of speculation.

It is worth mentioning that despite the expected, and well-documented, positive
association between traffic congestion and CO concentration [32], the correlation between
CO and LF/HF in our study, albeit marginal, is negative and in line with previous re-
ports [36]. One may speculate that this apparent paradox results from traffic congestion
serving as a proxy factor for increased noise, other air pollutants, and the perceived risk of
accidents [29,37–42].
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Study Limitations

First, this investigation used data collected for two projects employing different
HRV sampling procedures. While, in one city, the data were continuously recorded, and
then periods of interest related to the specific environments were selected for the current
analysis, in the other city the sampling procedure was defined a priori with regard to
the targeted environments of interest. Second, although the climate conditions and CO
background concentrations were comparable with respect to the two projects, the studies
were performed two years apart. Third, a myriad of environmental pollutants possibly
affecting both CO concentration and ANS balance were not accounted for in our study.
Our ecological approach demonstrates how people are exposed to and are physiologically
affected by low levels of CO, which remain low regardless of the city sizes. It appears,
however, that a more differentiated approach, focusing on a variety of arenas within the
city and capable of isolating in situ traffic congestion and morphological structures, may
be more accurate in delineating the role of each variable on human stress. Furthermore,
a multivariable approach is mandatory in the study of the effects of pollution and other
environmental factors on the ANS balance. Fifth, the study was conducted with young
women, who are considered more vulnerable to CO compared to men. There is a need to
test more heterogeneous groups of protagonists, including men, older people, and people
with health problems. The present study measured the short-term effects of CO on HRV.
Only longer time spans may result in more valid outcomes. The index of social load, albeit
tested for construct validity, is yet to be verified by other researchers. A few studies have
suggested inconsistent results concerning the effect of gender in explaining HRV responses
to CO exposure [26].

5. Conclusions

The results of this pioneering research suggest, in line with our first and second
hypotheses concerning the low concentrations of CO in cities regardless of city size, that
the relationship between CO concentration and city size is a complex phenomenon, which
is more likely to be more closely related to local morphologies than to city size. We further
suggest that the concentrations of CO, regardless of city size, are mostly in the non-noxious
range for both cities. These results call for more detailed studies. They show that the
global concentrations of CO in cities may be negligible. Instead, local pockets of high
concentrations of CO need to be detected and treated in order to avoid any health risk.
This leads us to question the current approach to the assessment of CO concentration, and
its effect on humans, in developed cities. In line with the third hypothesis concerning the
association between CO concentration and levels of LF/HF, it appears that regardless of
city size, low levels of CO have a moderating effect on the ANS balance, at least in the short
term. This observation has been replicated in other studies using methodologies similar to
that employed in the present study. The consequent effect on human general health was
not within the scope of the present investigation, and should be evaluated in future studies.

Our study found that the contribution of traffic congestion, noise, and thermal load
to the ANS balance is more significant than that of CO per se, when the latter records
measurements within the low range. This leads us to conclude that CO monitoring methods
for research purposes should employ direct in situ, rather than remote, measurements.
Targeting suspected morphological pockets of CO pollution is one example of this approach.

Author Contributions: D.S. initiated the study, collected the data and operated the devices, led
the field experiment, designed the questions and the first version of the manuscript, performed
the analysis, made substantial contributions to the conception, design, acquisition, interpretation
and analysis of the data, and is accountable for all aspects of the work. I.S. led the initiation of
the study, guided Diana along the whole process, revised the first draft of the manuscript, and
revised the manuscript critically for important intellectual content. E.T. was involved in designing
the research, led the interpretation of the medical aspects concerning the HRV recordings, and revised
the manuscript critically for important intellectual content. All authors have participated sufficiently
in the work to take public responsibility for appropriate portions of the content, and agreed to be



Int. J. Environ. Res. Public Health 2021, 18, 788 11 of 13

accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity
of any part of the work are appropriately investigated and resolved. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was funded by: (1) The Ministry of Science & Technology, Israel; (2) The
Lois and Martin Whitman Scholarship Fund, Tel Aviv University, Israel; (3) The Tami Steinmetz
Center for Peace Research, Tel Aviv University; (4) Smaller Winikov Scholarship Honors Award,
Keren Kayemeth LeIsrael/Jewish National Fund, Israel; (5) Doctoral Fellowship, Porter School of
the Environmental and Earth Sciences, the Faculty of Exact Sciences, Tel Aviv University, Israel; (6)
The Konrad Adenauer Program for Jewish-Arab Cooperation, The Moshe Dayan Center for Middle
Eastern and African Studies, Tel Aviv University, Israel.

Institutional Review Board Statement: Approval was obtained from the ethics committee of Tel
Aviv University. The procedures used in this study adhere to the tenets of the Declaration of Helsinki.

Informed Consent Statement: All participants received an explanation of the study goals and
prodedures, what is expected from them and they were asked to agree to participate in the study.
They were promised that they will remain anonymous and no identifying details will be published
from this research.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no conflict of interest. None of the funders
intervened in any way in managing the study or influencing its results.

Abbreviations

ANS Autonomic nervous system
CO Carbon monoxide
HF High frequency
HRV Heart rate variability
LF/HF Ratio of LF-over -HF power
LF Low frequency
PPM parts per million
TA Tel Aviv

References
1. Anderson, W.P.; Kanaroglou, P.S.; Miller, E.J. Urban Form, Energy and the Environment: A Review of Issues, Evidence and Policy.

Urban Stud. 1996, 33, 7–35. [CrossRef]
2. Zhou, C.; Li, S.; Wang, S. Examining the Impacts of Urban Form on Air Pollution in Developing Countries: A Case Study of

China’s Megacities. Int. J. Environ. Res. Public Health 2018, 15, 1565. [CrossRef] [PubMed]
3. Warburton, D.E.; Bredin, S.S.; Shellington, E.M.; Cole, C.; de Faye, A.; Harris, J.; Kim, D.D.; Abelsohn, A. A Systematic Review

of the Short-Term Health Effects of Air Pollution in Persons Living with Coronary Heart Disease. J. Clin. Med. 2019, 8, 274.
[CrossRef] [PubMed]

4. Tirosh, E.; Schnell, I. The relationship between ambient carbon monoxide and heart rate variability—A systematic world
review—2015. Environ. Sci. Pollut. Res. 2016, 23, 21157–21164. [CrossRef]

5. Tang, C.S.; Wu, T.Y.; Chuang, K.J.; Chang, T.Y.; Chuang, H.C.; Lung, S.C.C.; Chang, L.T. Impacts of in-cabin exposure to size-
fractionated particulate matters and carbon monoxide on changes in heart rate variability for healthy public transit commuters.
Atmosphere 2019, 10, 409. [CrossRef]

6. Liu, Y.; Wu, J.; Yu, D.; Ma, Q. The relationship between urban form and air pollution depends on seasonality and city size. Environ.
Sci. Pollut. Res. 2018, 25, 15554–15567. [CrossRef]

7. Statistical Abstracts of Israel, “Air Pollution and Greenhouse Gases,” 2017. Available online: https://www.cbs.gov.il/en/
subjects/Pages/Air-Pollution-and-Greenhouse-Gases.aspx. (accessed on 22 November 2019).

8. Bechle, M.J.; Millet, D.B.; Marshall, J.D. Effects of income and urban form on urban NO2: Global evidence from satellites. Environ.
Sci. Technol. 2011, 45, 4914–4919. [CrossRef]

9. Mansfield, T.J.; Rodriguez, D.A.; Huegy, J.; Gibson, J.M. The Effects of Urban Form on Ambient Air Pollution and Public Health
Risk: A Case Study in Raleigh, North Carolina. Risk Anal. 2015, 35, 901–918. [CrossRef]

10. Molnár, V.É.; Simon, E.; Tóthmérész, B.; Ninsawat, S.; Szabó, S. Air pollution induced vegetation stress—The Air Pollution
Tolerance Index as a quick tool for city health evaluation. Ecol. Indic. 2020, 113, 106234. [CrossRef]

11. Lu, C.; Liu, Y. Effects of China’s urban form on urban air quality. Urban Stud. 2016, 53, 2607–2623. [CrossRef]

http://doi.org/10.1080/00420989650012095
http://doi.org/10.3390/ijerph15081565
http://www.ncbi.nlm.nih.gov/pubmed/30042324
http://doi.org/10.3390/jcm8020274
http://www.ncbi.nlm.nih.gov/pubmed/30813506
http://doi.org/10.1007/s11356-016-7533-0
http://doi.org/10.3390/atmos10070409
http://doi.org/10.1007/s11356-018-1743-6
https://www.cbs.gov.il/en/subjects/Pages/Air-Pollution-and-Greenhouse-Gases.aspx.
https://www.cbs.gov.il/en/subjects/Pages/Air-Pollution-and-Greenhouse-Gases.aspx.
http://doi.org/10.1021/es103866b
http://doi.org/10.1111/risa.12317
http://doi.org/10.1016/j.ecolind.2020.106234
http://doi.org/10.1177/0042098015594080


Int. J. Environ. Res. Public Health 2021, 18, 788 12 of 13

12. Wu, J.; Xie, W.; Li, W.; Li, J. Effects of Urban Landscape Pattern on PM2.5 Pollution—A Beijing Case Study. PLoS ONE 2015, 10,
e0142449. [CrossRef] [PubMed]

13. Helfter, C.; Tremper, A.H.; Halios, C.H.; Kotthaus, S.; Bjorkegren, C.S.B.; Grimmond, A.; Nemitz, E. Spatial and temporal
variability of urban fluxes of methane, carbon monoxide and carbon dioxide above London, UK. Atmos. Chem. Phys. 2016, 16,
10543–10557. [CrossRef]

14. Duci, A.; Chaloulakou, A.; Spyrellis, N. Exposure to carbon monoxide in the Athens urban area during commuting. Sci. Total
Environ. 2003, 309, 47–58. [CrossRef]

15. Gulliver, J.; Briggs, D.J. Personal exposure to particulate air pollution in transport microenvironments. Atmos. Environ. 2004, 38,
1–8. [CrossRef]

16. Kaur, S.; Nieuwenhuijsen, M.J.; Colvile, R.N. Fine particulate matter and carbon monoxide exposure concentrations in urban
street transport microenvironments. Atmos. Environ. 2007, 41, 4781–4810. [CrossRef]

17. di Marco, G.S.; Kephalopoulos, S.; Ruuskanen, J.; Jantunen, M. Personal carbon monoxide exposure in Helsinki, Finland. Atmos.
Environ. 2005, 39, 2697–2707.

18. Lovallo, W.R. Stress and Health: Biological and Psychological Interactions; Sage Publications: London, UK, 2015.
19. Kim, H.-G.; Cheon, E.-J.; Bai, D.-S.; Lee, Y.H.; Koo, B.-H. Stress and Heart Rate Variability: A Meta-Analysis and Review of the

Literature. Psychiatry Investig. 2018, 15, 235–245. [CrossRef]
20. Kemp, A.H.; Quintana, D.S. The relationship between mental and physical health: Insights from the study of heart rate variability.

Int. J. Psychophysiol. 2013, 89, 288–296. [CrossRef]
21. Sacha, J.; Pluta, W. Alterations of an average heart rate change heart rate variability due to mathematical reasons. Int. J. Cardiol.

2008, 128, 444–447. [CrossRef]
22. Straub, R.H.; Dhabhar, F.S.; Bijlsma, J.W.J.; Cutolo, M. How psychological stress via hormones and nerve fibers may exacerbate

rheumatoid arthritis. Arthritis Rheum. 2005, 52, 16–26. [CrossRef]
23. Vural, C.; Dinleyici, E.C.; Kosger, P.; Bolluk, O.; Kilic, Z.; Ucar, B. Evaluation of cardiac autonomic function using heart rate

variability in children with acute carbon monoxide poisoning. Cardiol. Young 2017, 27, 1662–1669.
24. Tang, C.S.; Chuang, K.J.; Chang, T.Y.; Chuang, H.C.; Chen, L.H.; Lung SC, C.; Chang, L.T. Effects of Personal Exposures to Micro-

and Nano-Particulate Matter, Black Carbon, Particle-Bound Polycyclic Aromatic Hydrocarbons, and Carbon Monoxide on Heart
Rate Variability in a Panel of Healthy Older Subjects. Int. J. Environ. Res. Public Health 2019, 16, 4672. [CrossRef]

25. Silvetti, M.S.; Drago, F.; Ragonese, P. Heart rate variability in healthy children and adolescents is partially related to age and
gender. Int. J. Cardiol. 2001, 81, 169–174. [CrossRef]

26. Nardolillo, A.M.; Baghdadi, A.; Cavuoto, L.A. Heart rate variability during a simulated assembly task; Influence of age and
gender. Proc. Hum. Factors Ergon. Soc. 2017, 61, 1853–1857. [CrossRef]

27. Saadi, D.; Agay-Shay, K.; Tirosh, E.; Schnell, I. The effects of crossing ethnic boundaries on the autonomic nervous system in
Muslim and Jewish young women in Israel. Sci. Rep. 2019, 9, 1589. [CrossRef] [PubMed]

28. Matzarakis, A.; Rutz, F.; Mayer, H. Modelling Radiation Fluxes in Simple and Complex Environments-Application of the Rayman Model;
Springer: Berlin/Heidelberg, Germany, 2007.

29. Schnell, I.; Potchter, O.; Epstein, Y.; Yaakov, Y.; Hermesh, H.; Brenner, S.; Tirosh, E. The effects of exposure to environmental
factors on Heart Rate Variability: An ecological perspective. Environ. Pollut. 2013, 183, 7–13. [CrossRef]

30. Saadi, D.; Schnell, I.; Tirosh, E.; Basagaña, X.; Agay-Shay, K. There’s no place like home? The psychological, physiological, and
cognitive effects of short visits to outdoor urban environments compared to staying in the indoor home environment, a field
experiment on women from two ethnic groups. Environ. Res. 2020, 187, 109687. [CrossRef]

31. Nieuwenhuijsen, M.J. Urban and transport planning, environmental exposures and health-new concepts, methods and tools to
improve health in cities. Environ. Health 2016, 15, S38. [CrossRef]

32. Potchter, O.; Oz, M.; Brenner, S.; Yaakov, Y.; Schnell, I. Exposure of motorcycle, car and bus commuters to carbon monoxide on a
main road in the Tel Aviv metropolitan area, Israel. Environ. Monit. Assess. 2014, 186, 8413–8424. [CrossRef]

33. Nuvolone, D.; Balzi, D.; Chini, M.; Scala, D.; Giovannini, F.; Barchielli, A. Short-Term Association Between Ambient Air Pollution
and Risk of Hospitalization for Acute Myocardial Infarction: Results of the Cardiovascular Risk and Air Pollution in Tuscany
(RISCAT) Study. Am. J. Epidemiol. 2011, 174, 63–71. [CrossRef]

34. Suh, H.H.; Zanobetti, A. Exposure error masks the relationship between traffic-related air pollution and heart rate variability.
J. Occup. Environ. Med. 2010, 52, 685–692. [CrossRef] [PubMed]

35. Hoffmann, B.; Luttmann-Gibson, H.; Cohen, A.; Zanobetti, A.; de Souza, C.; Foley, C.; Suh, H.H.; Coull, B.A.; Schwartz, J.;
Mittleman, M.; et al. Opposing Effects of Particle Pollution, Ozone, and Ambient Temperature on Arterial Blood Pressure. Environ.
Health Perspect. 2012, 120, 241–246. [CrossRef] [PubMed]

36. Schnell, I.; Dor, L.; Tirosh, E. The effects of selected urban environments on the autonomic balance in the Elderly—A pilot study.
Studies 2016, 3, 4903–4909.

37. Basagaña, X. Heat Islands/Temperature in cities: Urban and transport planning determinants and health in citie. In Integrating
Human Health into Urban and Transport Planning: A Framework; Springer: Berlin/Heidelberg, Germany, 2018; pp. 483–497.

38. Grover, A.; Singh, R.B. Urban Health Risk Analysis; Springer: Singapore, 2020; pp. 179–217.
39. Khreis, H.; Nieuwenhuijsen, M.J.; Zietsman, J.; Ramani, T. Traffic-related air pollution: Emissions, human exposures, and health:

An introduction. In Traffic-Related Air Pollution; Elsevier: Amsterdam, The Netherlands, 2020; pp. 1–21.

http://doi.org/10.1371/journal.pone.0142449
http://www.ncbi.nlm.nih.gov/pubmed/26565799
http://doi.org/10.5194/acp-16-10543-2016
http://doi.org/10.1016/S0048-9697(03)00045-7
http://doi.org/10.1016/j.atmosenv.2003.09.036
http://doi.org/10.1016/j.atmosenv.2007.02.002
http://doi.org/10.30773/pi.2017.08.17
http://doi.org/10.1016/j.ijpsycho.2013.06.018
http://doi.org/10.1016/j.ijcard.2007.06.047
http://doi.org/10.1002/art.20747
http://doi.org/10.3390/ijerph16234672
http://doi.org/10.1016/S0167-5273(01)00537-X
http://doi.org/10.1177/1541931213601943
http://doi.org/10.1038/s41598-018-38290-z
http://www.ncbi.nlm.nih.gov/pubmed/30733565
http://doi.org/10.1016/j.envpol.2013.02.005
http://doi.org/10.1016/j.envres.2020.109687
http://doi.org/10.1186/s12940-016-0108-1
http://doi.org/10.1007/s10661-014-4013-1
http://doi.org/10.1093/aje/kwr046
http://doi.org/10.1097/JOM.0b013e3181e8071f
http://www.ncbi.nlm.nih.gov/pubmed/20595912
http://doi.org/10.1289/ehp.1103647
http://www.ncbi.nlm.nih.gov/pubmed/22020729


Int. J. Environ. Res. Public Health 2021, 18, 788 13 of 13

40. Manisalidis, I.; Stavropoulou, E.; Stavropoulos, A.; Bezirtzoglou, E. Environmental and Health Impacts of Air Pollution: A
Review. Front. Public Health 2020, 8, 14. [CrossRef] [PubMed]

41. Nieuwenhuijsen, M.J. Urban and transport planning pathways to carbon neutral, liveable and healthy cities; A review of the
current evidence. Environ. Int. 2020, 140, 105661. [CrossRef]

42. Nieuwenhuijsen, M.J.; Khreis, H. Transport and health; An introduction. In Advances in Transportation and Health; Elsevier:
Amsterdam, The Netherlands, 2020; pp. 3–32.

http://doi.org/10.3389/fpubh.2020.00014
http://www.ncbi.nlm.nih.gov/pubmed/32154200
http://doi.org/10.1016/j.envint.2020.105661

	Introduction 
	Research Methods 
	Results 
	Discussion 
	Conclusions 
	References

