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Abstract

Background: Air pollution has been associated with cardiovascular diseases (CVD) in adults, while
less is known about the effects in children. Blood pressure (BP) in childhood has been suggested to be
an important risk factor of high BP development in later life. Therefore, the effects of indoor air
pollutants: nitrogen dioxide (NO,), benzene, toluene and distance to major road on BP at birth were

determined.

Methods: Within a subset of 119 mothers and their newborns in the ENVIRONAGE birth cohort, BP
was measured with automated oscillometric measurement devices. Representative indoor samples
were collected during a two week period in the first weeks of life. UV spectroscopy and GC-MS
analyses of these samples were performed by ISSEP (L'Institut Scientifique de Service Public, Liége,
Belgium). Using geographic information system (GIS), distances to major roads were determined.
Evaluation of the associations between exposure levels and BP was performed using multiple linear
regression models in SAS 9.4.

Results: For newborn’s BP at birth, an increase was observed in systolic BP for each IQR increment in
NO, levels (0.99 mmHg ; 95% CI: -0.01, 2.01 ; p = 0.05), while a positive trend was observed for
diastolic BP (0.69 mmHg ; 95% CI: -0.19, 1.57 ; p = 0.12). A negative trend was observed in systolic
and diastolic BP for each IQR increment in distance to nearest major road (-0.51 mmHg ; 95% CI:
-1.13, 0.13 ; p = 0.11 and -0.49 mmHg ; 95% CI: -1.04 , 0.05 ; p = 0.08, respectively). No
associations were found with benzene or toluene levels. For maternal BP, no associations were found

with exposure levels or distant to nearest major road.

Conclusion: Newborn blood pressure is associated with indoor air quality, NO, levels and distance to
major road could be contributors. Because of a small study population, this pilot study will be further
extended in the future to elucidate these associations.



Samenvatting

Achtergrond: Luchtvervuiling is geassocieerd met cardiovasculaire ziekten in volwassenen. In
kinderen is hier echter weinig over bestudeerd. Bloeddruk van kinderen is een belangrijke factor in
hoge bloeddrukvorming later in het leven. Om deze reden, werd in deze studie het effect van
luchtvervuilende partikels binnenshuis (stikstof dioxide (NO,), benzeen, tolueen) alsook de afstand tot

grote wegen bestudeerd op bloeddrukken van moeder en pasgeborenen.

Methoden: Bloeddrukken van moeder en pasgeborenen werden gemeten in een subset van 119
moeder-kind paren van het ENVIRONAGE geboortecohort. Representatieve stalen voor het opmeten
van luchtvervuiling binnenshuis werden in de eerste weken na de bevalling verzameld. UV
spectroscopie en GC-MS analyses werden uitgevoerd door een extern laboratorium (ISSEP; L'Institut
Scientifique de Service Public, Liége, Belgium). Afstanden tot grote wegen werden berekend aan de
hand van een geografisch informatie systeem (GIS) en de evaluatie van de associaties werd

uitgevoerd door het gebruik van meervoudige lineaire regressie modellen in SAS 9.4.

Resultaten: Voor bloeddrukken van pasgeborenen, werd een stijging in systolische bloeddruk
waargenomen voor elke IQR stijging in NO, levels (0.99 mmHg ; 95% BI: -0.01 , 2.01 ; p = 0.05),
terwijl een positieve trend werd waargenomen in diastolische druk (0.69 mmHg ; 95% BI: -0.19 ,
1.57 ; p = 0.12). Een negatieve trend werd waargenomen in systolische en diastolische bloeddruk voor
elke IQR stijging in afstand tot grote wegen (-0.51 mmHg ; 95% BI: -1.13 , 0.13 ; p = 0.11 en
-0.49 mmHg ; 95% BI: -1.04 , 0.05 ; p = 0.08, respectievelijk). Voor benzeen en tolueen levels
werden er geen associaties ondervonden alsook voor bloeddrukken van moeder met blootstellingen

aan de partikels of afstand tot grote wegen.

Conclusie: Bloeddruk van pasgeborenen is geassocieerd met de luchtkwaliteit binnenshuis. Stikstof
dioxide en afstand tot grote wegen zijn mogelijk beinvioedende factoren hierop. Door een klein aantal
deelnemers, zal dit aantal verhoogd worden in de toekomst om deze associaties beter te kunnen

bestuderen.



1 Introduction

Cardiovascular disease (CVD) is a great public health concern and is the leading cause of mortality
globally, according to the World Health Organization (WHO). A major risk factor of CVD is an increased
blood pressure (BP), or hypertension (1). According to the Barker hypothesis, intrauterine events have
an important effect on the development of diseases in adult life (fetal origin of adult disease). Preterm
birth and low birth weight have already been associated with hypertension and CVD in adulthood. At

this way, early BP measurements and follow-up could be of importance (2).

1.1 Blood pressure

BP is the pressure by which the blood stream is exerted against the walls of the arteries, in which
oxygenated blood is carried away from the heart to the peripheral tissues.
This pressure is regulated by hemodynamic factors (heart, kidney, blood vessels and hormones) and
the central nervous system (CNS). A normal BP is maintained by a balance between total peripheral
resistance in arterioles, which connect the arteries with the capillaries and contain smooth muscle
cells, and cardiac output (3). The latter is determined by the heart rate, contractility, filling (preload)
and ejection (afterload) pressure (4). The kidney is one of the key regulators of BP because of its
important role in sodium excretion to maintain body fluid homeostasis. Pressure natriuresis is a
process in which an increased BP level will lead to a higher sodium excretion and urine volume in order
to maintain normal BP levels (5). Endocrinal regulation of BP is possible by excess of
mineralocorticoids or glucocorticoids produced by the adrenal cortex and dysregulated levels of thyroid
hormones. Mineralocorticoids, such as aldosterone, act mainly on the colon and kidney where they
stimulate sodium reabsorption in the circulation and hence increase BP by changing the body fluid
composition (6). Glucocorticoids, like cortisol, can also activate mineralocorticoid receptors when
present at excessive levels (7). Abnormalities in thyroid hormone levels are also believed to contribute
to hypertension since this condition is frequently seen in hyper- and hypothyroidism (8). On the other
hand, BP is also regulated by feedback mechanisms in the walls of the carotid sinuses and aortic arch.
These mechanisms, called baroreceptors, monitor and buffer changes in BP by sensing stretches of the
arteries. In case of stimulation, impulses are transmitted to the CNS and feedback signals return the

BP to baseline levels by alteration of cardiac output or vascular resistance (9).

1.1.1 Measurement

Since BP is a significant marker of cardiovascular health, correct measurement is essential. BP is
typically expressed as the ratio systolic blood pressure (SBP)/diastolic blood pressure (DBP). Systolic
BP is the maximal pressure measured during contraction of the heart, while diastolic BP is a minimal
pressure measured during relaxation and refilling of the heart. Different measurement methods are

classified in invasive and non-invasive methods (10).



Non-invasive

Non-invasive methods include auscultation, palpation, oscillometric and ultrasound techniques.
By making use of a manual sphygmomanometer (a cuff wrapped around the upper arm, inflated by an
associated bag), the underlying brachial artery will be occluded and blood flow will be paused when
this cuff is inflated to a pressure above the estimated systolic pressure. After reaching this point, the
pressure is slowly allowed to decline and by making use of auscultation of the brachial artery
downstream of the cuff and based on the sounds heard, systolic and diastolic BP can be determined.

These Korotkoff sounds are classified in five phases (11, 12):

I: First tapping sounds after deflating the cuff represent the systolic BP.
II: Murmur sounds.

III: Sounds become louder.

IV: Hereafter, sounds become softer.

V: No sounds detectable, this pressure represent the diastolic BP.

Another way is the palpatory method, by which systolic BP can be determined by palpation of the
radial artery right after the start of the cuff deflation (12).

The automated oscillometric measurement method is comparable with the auscultatory method with
the difference that oscillations of arteries are recorded and evaluated instead of the Korotkoff sounds.
By making use of algorithms, systolic and diastolic BP are calculated and presented on the display
(13).

To determine systolic BP, also ultrasound techniques relying on the Doppler effect can be used. This is
based on the recording of frequencies reflected by the moving red blood cells in vessels and is

considered as a sensitive method (14).
Invasive

In case of rapid BP changes (for instance, as a result of cardiovascular instability) or when other non-
invasive methods are not possible due to arrhythmias, obesity or side effects of long-term
measurements of these methods, an invasive measurement can be chosen. Hereby, the intravascular

BP is measured by inserting a catheter into an artery linked to a transducer (14).

1.1.2 Parameters
Three BP values are generally recorded: a diastolic, systolic and mean arterial pressure (MAP). These

pressures are expressed in millimeters of mercury or mmHg. A SBP/DBP ratio around 120/80 mmHg is
believed to be optimal for an adult, while this is for a MAP (the average pressure during a cardiac cycle
divided by the period) around 95 mmHg (12). In oscillometric devices, the latter is based on the fact

that at MAP, the oscillometric amplitude reaches a maximum.



Another important indicator of cardiac capacity is the pulse pressure (PP), this shows the BP variation

as a difference between systolic and diastolic pressure (10, 12, 15).

Systolic and diastolic BP both have been positively associated with CVD. A high systolic BP
(>160 mmHg) may be an indicator of arterial stiffening, atherosclerosis development and vascular
structure changes while a decreased diastolic BP (<70 mmHg) may reflect a poor reserve and
perfusion of the heart muscles. Pulse pressure has been only shown useful as a predictive factor in
elderly persons with risk factors (16). It has been indicated that combining these BP components gives

a better reflection of CVD risk assessment (17).

1.1.3 Hypertension
In Table 1, BP categories are listed according to the guidelines of the European Society of Hypertension

in 2013 (18). In case of a frequent diastolic BP of 90 mmHg (or higher) or a systolic BP of 140 mmHg
(or higher), the diagnosis of hypertension is established. Prehypertension (high - normal BP) is a
condition in which a person has a higher risk to develop hypertension and should initiate lifestyle

changes in order to prevent definite hypertension (19).

Table 1 BP categories as defined by the European Society of Hypertension in 2015.

BP category SBP (mmHg) DBP (mmHg)
High - normal BP 130 - 139 or 85 -89
Grade 1 hypertension 140 - 159 or 90 - 99
Grade 2 hypertension 160 - 179 or 100 - 109
Grade 3 hypertension > 180 or > 110

Health effects of hypertension include an increased risk for CVD. Due to an increased afterload, the
ventricle wall tension will also be increased and consequently, this can result in hypertrophy of the
heart. Also, atherosclerosis formation in the coronary arteries will be accelerated and this is an
important risk factor for myocardial infarction (20). Another target organ is the kidney, which is an
important regulator of BP and at this way, when damaged, can contribute to further chronic
hypertension. Kidney diseases resulting from vasculature damage, can cause hypertrophy and in
severe cases even necrosis which could lead to necessary dialysis (21). Hypertension is also a major
risk factor for strokes. Studies have shown a decrease in the incidence and mortality of strokes when
hypertension was controlled well. An important association with systolic BP was indicated (22). High BP
can cause abnormalities in the microvasculature of the retina, which is called hypertensive retinopathy.
Because of the similarities of microvasculature in retina, brain and kidney, visualizing the retinal
vasculature offers an important non-invasive view on the health of the human microvasculature.
Severe and uncontrolled high BP can lead to blurred vision and an increase in cardiovascular and renal
disease risk (23).



1.1.4 Hypotension
A BP of 90/60 mmHg or lower, is called hypotensive. Low BP is widely spread among the population

and typical symptoms include, dizziness, nausea, headache, fatigue, cold limbs,... Hypotension was
regarded as not alarming for a long time, but recent studies have shown that low BP has also effects
on cognition, depression and even possibly on dementia. Concentration problems and reduced
performances in hypotension are indicated (24). Chronic hypotension has also been associated with
depression and anxiety, independent of age and gender (25). Another finding independent of age and
gender was that lower BP values were associated with an increased risk of dementia. There are

indications that the degenerative process is enhanced by a low BP (26).

1.1.5 Influencing factors
Some factors that can influence BP are age, race, diet, stress, diabetes, exercise, smoking and alcohol

consumption. Abnormalities in BP can be treated with pharmaceutical agents, but most of all a healthy

lifestyle is recommended in order to prevent adverse health effects (27).

1.1.6 Newborns
Previous studies have shown a significant correlation on the third day after birth between systolic and

diastolic BP of mothers and their newborn. Determining factors that can influence the newborn BP are

divided in maternal and neonatal factors (28).

Increasing maternal age has been associated with a higher systolic BP in newborns, but also
hypertension and preeclampsia were shown to have an impact. Antenatal corticosteroids, used to
reduce preterm delivery risk, are proven to have an increasing effect on neonatal BP during the first
hours of life (29). Neonatal factors include birth weight and gestational age, due to important
intrauterine developments. A direct relation with systolic BP is shown and preterm newborns seems to
have an increased risk on hypertension and CVD later on in life (29, 30). Some studies have reported
that the mode of delivery has also an impact, in particular newborns born by caesarean section would
have a lower systolic BP. Due to important developments during the intrauterine period, gestational

age is an important factor in determining of newborn BP (30).

Of all the possible BP measurement methods described in 1.1.1, oscillometric measurement is
generally used in newborns because variability is excluded and this method is painless, non-invasive

and easy to use (10).

Because of the immature BP regulation by the autonomic nervous system in newborns and several
influencing factors, it is difficult to estimate a normal BP range. This range is required in the
management of abnormalities in newborn BP, which are a frequent problem but difficult to define. A
mean systolic pressure of 70 mmHg and a mean diastolic pressure of 40 mmHg are however assumed
to be normal. During the first days of life, significant elevations in BP were recorded in previous

studies. This could be due to an increase in weight (31, 32).



1.1.7 Hypertension
Newborn hypertension has a lower incidence than hypotension and is mostly linked with renovascular

problems. Also conditions such as umbilical catheterization, endocrine, cardiovascular and pulmonary
causes should be considered. Hypertensive newborns can be symptomatic (marks of congestive heart
failure, retinopathy,...) or asymptomatic (irritability, difficulties in feeding,...) (33). Most of the time, a
high BP will resolve over time although extended treatment might be required. Treatment options
include restriction of fluid in order to avoid an overload, pain relief and antihypertensive medication.
An important aspect is not to lower the BP too fast, because this could have adverse effects on the

cerebral perfusion pressure (33, 34).

1.1.8 Hypotension

On the other hand, hypotension in newborns has a high incidence, especially in extremely low birth
weight newborns (birth weight < 1000g). Symptoms include, cold limbs, arrhythmias (bradycardia,
tachycardia), hypouresis,... Some possible causes for a low BP are a pneumothorax, myocardial
dysfunction and hypovolemia. Based on the actual cause, therapy should be directed and often
involves a combination of low BP medication, volume replacement and corticosteroid administration

(33, 35).

1.2 Indoor air pollution

Adverse health effects of air pollution are

'Ch«nic‘;l‘s rd:uasf;l 2 Outdoor air pollutants
well established and it is suggested that also 1:,‘:,'3%.,;:,"“,",:9
BP can be affected. As shown in Figure 1,

indoor air pollution can consist of penetrated
o Mold & Bacteria
outdoor pollutants (pesticides, radon,...) and

indoor pollutants from sources such as Combustion gases

from fireplaces &

tobacco smoke, cooking, domestic energy |woodburning stoves

sources (heating systems, fireplaces...), | Animal Hair
building materials, carpets, furniture and e

household  products  (air  fresheners,

detergents,..) (36, 37). High indoor o fumee

concentrations of particulate matter (PM; '3;,":,::*“ ’.“indungm’m

PMas,  particle  diameter smaller  than seeping through foundation 4000 chemicals

Figure 1 An overview of potential sources of indoor air
pollution.

2.5 um) were positively associated with
increased systolic and diastolic BP (38). This positive association is demonstrated in many studies and
a high concentration of air pollution is also linked with an increased cardiovascular event risk such as
myocardial infarctions. Long-term exposure is shown to enhance atherosclerosis development (39). In
a study with schoolchildren in Pakistan, which were exposed to a high traffic-related air, higher BP
were reported compared to less exposed children (40). In addition, adverse pregnancy outcomes such
as preterm delivery and low birth weight were also linked to air pollution exposure. These pollutants
could be absorbed into the bloodstream of the mother and at this way, cross the placental barrier.

Consequently, also the fetus would then be exposed to the pollution (41).
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This mechanism is best understood for carbon monoxide, which will reduce the oxygen capacity of
blood by binding to hemoglobin. Binding affinity of fetal blood is higher than compared to adults, which
will make the elimination difficult and enhance further oxygen deprivation and consequent growth

retardation and other adverse outcomes (42).

1.2.1 Nitrogen dioxide
An important component of PM is nitrogen dioxide (NO,). While traffic is the most important outdoor

source, coal burning energy facilities like ovens, stoves and fireplaces are the most important indoor
sources. Outdoor levels can influence indoor levels, for example especially in case of underground
parking garages. NO, will most likely enter the human body through inhalation (36). There is a growing
body of evidence that exposure is positively associated with a higher systolic and diastolic BP, this
association was stronger in CVD patients. Recent studies suggest that chronic inhalation of this kind of
pollution could lead to a state of oxidative stress and inflammation, which could cause an increased BP
(43). Increased preeclampsia risks in NO, exposed pregnant women were also reported (44). NO, may
be directly toxic on the fetus because experimental studies suggested that exposure to NO, during
pregnancy could lead to complications due to decreases in antioxidant reserves and increased placental

lipid peroxidation (45).

1.2.2 Benzene
Indoor benzene levels are associated with use of household products (detergents, air fresheners,...),

paint, photocopiers, printers and tobacco smoke. Indoor concentrations are usually higher than
outdoor concentrations, which are mainly associated with traffic-related air pollution (36). Health
effects of benzene exposure are mainly on the respiratory (asthma, pulmonary infections,...) and
immune (allergies, eczema, decreased level of DNA repair markers,...) system. Furthermore, benzene
is a known human carcinogen (46). Some animal studies have shown that acute exposure to high
concentrations resulted in ventricle arrhythmias (47). Also a significant increase in prevalence of
hypertension in exposed workers was reported. This could be due to impairment of the nitric oxide
process (48, 49). Maternal exposure has been associated with preterm birth and low birth weight.
Animal studies have shown that benzene crosses the placental barrier and could expose the fetus to

the adverse effects. Benzene levels have also been found in cord blood (49).

1.2.3 Toluene
Indoor sources of toluene are comparable to those of benzene (household products, tobacco smoke,...)

and are often higher as outdoor concentrations due to combustion of fuels or traffic. Furthermore,
toluene is also associated with gasoline and is used in the production of benzene (46).
Adverse health effects on the CNS of acute and chronic exposures to toluene are well established.
While nausea and sleepiness are some of the acute symptoms, studies have shown that chronic
exposure can have destructive effects on myelin level, most likely through oxidative stress (50). Little
is known about the cardiovascular effects of toluene exposure, although a study has shown an
correlation with increased prevalence of CVD (46). Also, a significant increase in systolic BP was

reported in workers exposed to toluene levels (51).



Maternal exposure has been, as it is for benzene, associated with preterm birth and low birth weight.

Toluene can easily cross the placental barrier and is also been traced in cord blood (46).

1.2.4 Distance to major road
Residential distance to a major road is an important indicator of exposure to traffic-related air

pollution, since there is a greater exposure with closer proximity to multiple toxic components released
by motor vehicle exhaust. It has been suggested that this proximity is associated with respiratory and
cardiovascular diseases, recent studies suggest also an association with BP (52). Risks of preterm birth
and low birth weight have been shown to be increased for women living in highly polluted or

impoverished areas (53).

1.3 Hypothesis
Considering the Barker hypothesis (fetal origin of adult disease), the research question of this study

was whether indoor air pollution (NO,, benzene and toluene) and distance to nearest major road, to
which newborn and mother were exposed, was associated with blood pressure. The hypothesis that
these have an adverse effect on blood pressure of mother and newborn was studied in the
ENVIRONAGE birth cohort.






2 Methods

2.1 Study characteristics and population
Participants were recruited for the ENVIRONAGE birth cohort, a prospective cohort studying the

ENVIRonmental influence ON AGEing in early life, in the East-Limburg Hospital (ZOL) in Genk, Belgium.
119 mother-newborn pairs were enrolled between October 2013 and March 2015. Ethical approval was
obtained from the Ethical Committees of Hasselt University and East-Limburg Hospital. Mothers were
recruited at time of delivery and provided written informed consent. A detailed questionnaire was
handed about health, education, socioeconomic status, place of residence, diet, smoking, alcohol
consumption and use of medication during pregnancy. Besides a term babies, preterm newborns from
28 weeks of gestational age, with no serious health issues or complications during delivery were
included. Participants were seen by researchers at maternity ward three days after delivery in order to
complete the measurements and to provide all necessary information and informed consent for
enrollment in this study. Mothers were re-contacted by phone to proceed with the study, appointments

were made for placing indoor air pollution tubes.

2.2 Blood pressure measurements
BP of mother and newborn were measured three days after birth. These measurements were done at

the maternity ward at the East-Limburg Hospital in Genk.

2.2.1 Mother
Blood pressures (systolic, diastolic BP and pulse) of participating mothers were measured with an

automated oscillometric measurement device (Omron 705IT, Omron Corporation, Japan). The
measurements were preferably done in the morning while the participants were sitting in a rest
position and according to the guidelines of the European Society of Hypertension on the right upper
arm (54). Five consecutive measurements were taken with 1 minute apart and the mean value of the

last 3 measurements were calculated to estimate the mother’s final BP.

2.2.2 Newborn
BP of newborns were measured with an advanced oscillometric measurement device like generally

used in newborn intensive care units (Welch Allyn Vital Signs Monitor 6000 Series, Welch Allyn, USA).
To ensure an accurate measurement, appropriate cuffs were used according to the limb circumference
of the newborn that was compared to the given ranges, as shown in Figure 2 (10). In order to avoid
negative influences on the measurements, these were taken preferably in the morning, in between
feedings and while the newborn was laying in a supine rest position. Newborn BP were taken 5 times
with an 2 minute interval according to the guidelines of the European Society of Hypertension on the
right upper arm (54). State of newborn was registered during measurement (quit/active sleep,

quit/active state or crying).



Figure 2 BP measurement in newborn with an advanced measurement device (Welch Allyn Vital Signs Monitor
6000 series) and appropriate cuff based on the limb circumference.

2.3 Indoor air pollution measurements

To investigate a possible association between BP of mothers and
their newborns and indoor air pollution, the latter was evaluated
in the first weeks of life. A hanging air exposure system was
applied in each participants home to evaluate concentrations of
NO,, benzene and toluene. Benzene and toluene were measured

within the same tube, as shown in Figure 3.

This hanging system was most often placed in the living room or
bedroom (where most of the time was spent) for 2 weeks.
Windows, doors and furniture were avoided and a height of at
least a meter and a half high was preferred. In addition, a
questionnaire was handed to the participants which included
questions about the home temperature, domestic energy sources,

neighborhood traffic, ventilation systems and other potential

variables for an adjustment of the measured particle

Figure 3 Hanging air exposure system

concentrations by the analyzing laboratory. for measurement of indoor
concentrations of 1 : NO, and 2 :
benzene and toluene (within the same

2.3.1 Sampling tube).
Before and after sampling, all tubes were kept at 4°C in the dark.

Time of begin and end of measurement was noted. A diffusion cap was placed on the 2 lined side of
the metallic tube for benzene and toluene, while for NO, the white cap was removed to start the
measurement. Also control tubes were included. After 2 weeks of sampling, the tubes were collected,
closed carefully and immediately stored in a cool box. Preservation was maximum 2 weeks in a fridge
at 4°C and the tubes were sent as soon as possible to the ISSEP (L'Institut Scientifique de Service

Publique, Lieége, Belgium) laboratory for analysis of the present particles.
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NO, concentrations were analyzed using UV spectroscopy, while benzene and toluene concentrations

were analyzed by gas chromatography-mass spectrometry (GC-MS).

2.4 Distance to major road
Distances between residential addresses of the participants at birth and the nearest major road
(N - road ; > 10,000 motor vehicles passing by/24 hours) were determined by using a geographic

information system (GIS).

2.5 Statistical analysis

Measurement of the indicators of exposure (NO,, benzene, toluene and distance to nearest major
road) were logyg - transformed to improve normality. Pearson correlation coefficients were calculated
to assess the correlations between exposures and BP. Multiple linear regression analyses were
performed using SAS 9.4 to assess the associations and models were adjusted for gestational age,
birth weight, gender, maternal age, education, smoking status and season of delivery. The Shapiro-

Wilk test and Q-Q plots of the residuals were used to test the assumptions of all linear models.

11
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3 Results
3.1 Characteristics

3.1.1 Study population
Sociodemographic and clinical characteristics are shown in Table 2. 119 mother - newborn pairs were

enrolled in this study.

Maternal age averaged (£ SD) 29.5 (£ 4.7) years and pre-pregnancy body mass index (BMI)
24 (£ 5) kg/m?. The majority of the mothers (87% ; n = 100) did not smoke during pregnancy, had a
high education (51.8% ; n = 59) and was nulliparous (61.3% ; n = 73). Average BP (SBP/DBP) at
birth was 121/75 mmHg. Approximately half of the newborns were female (51.3% ; n = 61), they had
an average gestational age of 38.7 (£ 2.1) weeks and weight of 3251 (£ 624) g. 104 (90.4%)
newborns had an European ethnicity (at least two European grandparents). Average BP at birth was
70/43 mmHg.

13



Table 2 Characteristics of included mother-newborn pairs (n = 119).

Mean * SD or nhumber (%)

Maternal variables
Age (years) 29,47 + 4,67

Pre-pregnancy BMI (kg/m?2) @ 24,03 £ 5,04

Parity
= 1 73 (61,34)
= 2 34 (28,57)
= =3 12 (10,08)
Smoking status
= Non smokers 66 (57,39)
= Past smokers 34 (29,57)
= Smokers 15 (13,04)
Education
= Low 13(11,4)
= Middle 42 (36,84)
= High 59 (51,75)
Diastolic blood pressure, at birth (mmHg) ° 75 £ 9
Systolic blood pressure, at birth (mmHg) ® 121 + 12
Newborn variables
Gender
= Female 61 (51,26)
Gestational age (weeks) 38,70 = 2,13
Birth weight (g) 3251 + 624

Ethnicity
= European

Season at delivery

104 (90,43)

=  Winter 31 (26,05)
= Spring 12 (10,08)
=  Summer 31 (26,05)
=  Autumn 45 (37,82)
Diastolic blood pressure, at birth (mmHg) © 43+ 9
Systolic blood pressure, at birth (mmHg) © 70 £ 11

Data available for > n = 111, ®n = 90 and © n = 82. Maternal education: low (no diploma), middle

(high school diploma) or high (college or university diploma).
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3.1.2 Exposure levels

The two week indoor exposure levels of NO2, benzene and toluene are presented in Table 3. Average
geometrical (£ SD) NO, levels were 12.02 (£ 1.74) ug/m?3, benzene levels 1.51 (£ 2.04) pg/m? and
toluene levels 7.08 (£ 3.33) ug/m?3. Average distance to the nearest major road was 258.95 (£ 3.75)

m.

Table 3 Geometrical exposure characteristics for NO,, benzene and toluene levels during the two week
measurement and distance to the nearest major road (n = 119).

Exposure Mean + SD 25" percentile 75" percentile IQR

Two week indoor air pollution (ug/m?3)

NO 12.02 £ 1.74 9.12 15.49 6.37
Benzene 1.51 £ 2.04 1.05 2.88 1.83
Toluene 7.08 £ 3.33 3.85 19.24 15.39
Distance to the nearest major road (m) 258.95 +£ 3.75 98.65 875.99 777.34

3.2 Associations between exposure levels and newborn BP

Unadjusted data analysis

The correlation between unadjusted exposure levels of NO,, benzene, toluene and distance to nearest
major road and BP of newborn at birth (n = 82) is shown in Figure 4. We observed a significant
positive association between NO, levels and systolic BP (p = 0.03 ; r = 0.24) and a borderline
significant positive association with diastolic BP (p = 0.07 ; r = 0.20). While benzene levels showed a
positive trend with systolic and diastolic BP (p = 0.09 ; r = 0.19and p = 0.14 ; r = 0.17, respectively),
distance to the nearest major road showed a negative trend (p = 0.14 ; r = 0.17 and p = 0.12 ;
r = 0.17, respectively). Toluene levels were not associated with systolic or diastolic BP (p = 0.59 ;
r=0.06 and p = 0.47 ; r = 0.08, respectively).
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Figure 4 Correlations between BP of newborn at birth (mmHg, n = 82) and logio- transformed exposure levels of
NO;, benzene, toluene (ug/m’) and distance to nearest major road(m). A. NO, levels were significantly correlated
with an increase in systolic BP and borderline significantly correlated with an increase in diastolic BP. B. Benzene
levels showed a positive trend with increases in BP. C. Toluene levels did not show a significant correlation with BP
and D. Distance to nearest major road showed a decreasing trend in BP.

Adjusted data analysis

Models were adjusted for gestational age, birth weight, gender, maternal age, education, smoking
status and season of delivery. Adjusted estimates (95% CI) expressing the effect on BP of newborn,
are shown in Table 4. We observed an increase in systolic BP for each IQR increment in NO, levels
(0.99 mmHg ; 95% CI: -0.01, 2.01 ; p = 0.05), while a positive trend was observed for diastolic BP
(0.69 mmHg ; 95% CI: -0.19 , 1.57 ; p = 0.12). A negative trend was observed in systolic and
diastolic BP for each IQR increment in distance to nearest major road (-0.51 mmHg ; 95% CI: -1.13,
0.12 ; p = 0.11 and -0.49 mmHg ; 95% CI: -1.04 , 0.05 ; p = 0.08, respectively). No significant
associations were found between benzene (p = 0.64 and p = 0.83, respectively) or toluene (p = 0.89

and p = 0.91, respectively) levels and systolic or diastolic BP of newborn at birth.
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3.3 Associations between exposure levels and maternal BP

Unadjusted data analysis

Unadjusted estimates (95% CI) expressing the effect of exposure levels on BP of mother (n = 90), are
shown in Table 5. No significant effect of exposure to indoor NO, levels on systolic or diastolic BP was
observed (p = 0.88 and p = 0.38, respectively), neither for benzene levels (p = 0.48 and p = 0.74,
respectively), toluene levels (p = 0.49 and p = 0.15) or distance to nearest major road (p = 0.82 and
p = 0.96).

Adjusted data analysis

Models were adjusted for gestational age, birth weight, gender, maternal age, education, smoking
status and season of delivery. Adjusted estimates (95% CI) expressing the effect on BP of mother, are
shown in Table 6. No significant associations were found between maternal systolic and diastolic BP
and indoor exposure to NO, levels (p = 0.70 and p = 0.20, respectively), benzene (p = 0.35 and
p = 0.64, respectively), toluene (p = 0.62 and p = 0.16, respectively) or distance to nearest major

road (p = 0.62 and p = 0.86, respectively).
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Table 4 Adjusted estimates (95% CI) express the change in mmHg BP of newborn for an IQR increment in NO,,benzene, toluene levels (ug/m’) and distance to
nearest major road (m).

Exposure Logio NO, Logi:o Benzene Logio Toluene Log;o Distance major
variables road
Systolic BP 0.99 mmHg (-0.01 , 2.01) 0.51 mmHg (-1.64 , 2.66) 0.09 mmHg (-1.25, 1.44) -0.51 mmHg (-1.13, 0.12)
p = 0.05 p = 0.64 p = 0.89 p=0.11
Diastolic BP 0.69 mmHg (-0.19, 1.57) 0.20 mmHg (-1.65, 2.05) 0.07 mmHg (-1.09, 1.22) -0.49 mmHg (-1.04 , 0.05)
p=0.12 p =0.83 p=0.91 p = 0.08

Table 5 Unadjusted estimates (95% CI) express the change in mmHg BP of mother for an IQR increment in NO,benzene, toluene levels (ug/m?) and distance
to nearest major road (m).

Exposure Log;o NO, Log,o Benzene Log,o Toluene Log,o Distance major
variables road
Systolic BP 0.07 mmHg (-0.90, 1.04) -0.88 mmHg (-3.35, 1.59) -0.56 mmHg (-2.16, 1.04) 0.08 mmHg (-0.61, 0.77)
p = 0.88 p = 0.48 p = 0.49 p =0.82
Diastolic BP 0.33 mmHg (-0.42, 1.08) -0.32 mmHg (-2.25, 1.60) -0.91 mmHg (-2.14, 0.32) 0.01 mmHg (-0.53, 0.56)
p =0.38 p=0.74 p =0.15 p =0.96

Table 6 Adjusted estimates (95% CI) express the change in mmHg BP of mother for an IQR increment in NO,,benzene, toluene levels (ug/m?) and distance to
nearest major road (m).

Exposure Logio NO> Log;o Benzene Log;o Toluene Log;o Distance major
variables road
Systolic BP 0.19 mmHg (-0.79 , 1.17) -1.22 mmHg (-3.81, 1.37) -0.41 mmHg (-2.04 , 1.22) 0.18 mmHg (-0.54 , 0.89)
p =0.70 p =0.35 p =0.62 p =0.62
Diastolic BP 0.51 mmHg (-0.28 , 1.31) -0.50 mmHg (-2.64 , 1.63) -0.93 mmHg (-2.26, 0.39) 0.05 mmHg (-0.54 , 0.64)
p = 0.20 p = 0.64 p=0.16 p =0.86
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4 Discussion

In this study, we evaluated the association of indoor air pollutants NO,, benzene, toluene and distance
to nearest major road with BP of mother and newborn at birth. The key finding was an association of
indoor NO, levels with newborn BP, also a trend for distance to nearest major road was observed. In

contrast, no associations were observed for maternal BP.
Air pollution and BP

Epidemiological studies suggest a positive association between air pollution and BP (systolic and
diastolic) (38). Little is known about the cardiovascular effects of indoor air pollutants, but there is a
growing body of evidence indicating these are also linked with an increase in BP. Lin et al. reported an
association with indoor air concentrations (48h measurement) of PM;q, PM, s and NO, in a panel of 40
healthy adolescents (55). This effect of indoor PM,s (24h measurement) was also reported by
Baumgartner et al., they found a positive association in 280 women with systolic and diastolic BP (38).
However, little is known about the cardiovascular effects in children. A study with schoolchildren in
Pakistan, showed an association between traffic-related air pollution (4 month measurement) and

increases in diastolic and systolic BP (40).
NO,

In adults, previous studies have shown different associations between long-term exposures to NO, and
BP. Foraster et al. reported a positive association with systolic BP in a study with 3,700 participants
over a period of 2 years. These associations were shown to be stronger in subjects with CVD (43).
However, inverse associations between NO, exposure and BP are also reported. In a study population
of a Danish cohort of almost 57,000 participants and over a follow-up period of 5 years, an inverse
association with systolic BP was reported (56). There is also some inconsistency in studies about the
short-term effects of NO, on BP, while a study of Brook et al. have suggested a positive association

with BP levels, another study with young adults did not observed this (39, 55).

Less is known about the effects of air pollution on BP in children. However, some studies have been
performed. A study with 700 children from 9 to 10 years-old in schools around an airport in the United
Kingdom did not show an association between NO, exposure and BP of these children (57). These
findings were consistent with a study in Germany, based on almost 2,000 children in two cities. For
both studies, annual concentrations were used (58). In contrast to previous studies, the PIAMA birth
cohort in the Netherlands reported an association of annual NO, concentrations with diastolic BP in
1,500 healthy children of an age of 12 years old (59).
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In newborns, only one study has explored the effects of prenatal air pollution exposure on BP. Van
Rossem et al. studied the link between calculated prenatal exposure levels (outdoor, trimester-specific)
and BP in newborns in a birth cohort with over 1,000 mother-newborn pairs. They showed an inverse
association between second trimester exposure to NO, and a lower newborn BP, while prenatal PM

levels were associated with a higher BP. This could be due to different reaction mechanisms (60).

The majority of these studies has been performed with outdoor air pollution concentrations while in
this study, indoor concentrations were measured. For NO,, it is known that outdoor and indoor
concentrations are highly correlated and that in comparison with PM, 5, outdoor particles can penetrate
more easily into indoor settings. In this way, this could also affect the cardiovascular health of humans
(61). Given the inconsistent data for both short- and long-term exposure and lack of data for
newborns, comparisons are rather difficult. We measured the concentrations of indoor NO, during a 2
week period, but by making use of the questionnaires (about residential addresses) and the
assumption that there were no drastic differences in levels, we assumed that this exposure reflected a
more long-term exposure to NO,. For newborn BP at birth, NO, levels showed a borderline significant
positive association with systolic BP, while for diastolic BP a positive trend was observed. Since the
fetus undergoes important developmental changes during the prenatal period, these could be more
susceptible for the adverse effects of prenatal exposure levels. Stronger associations of air pollution
exposure and BP has also been shown in other susceptible groups such as cardiovascular and diabetes
patients (60).

Benzene

Only a few studies have explored the effect of benzene levels on BP. A study of Kotseva et al. in 345
industrial workers (which were exposed to high benzene concentrations) and the same number of
controls, has shown a significant increase in BP and prevalence of hypertension in exposed subjects
(48). This increase in BP in exposed workers, was also shown by Wiwanitkit et al. By making use of a
biomarker of benzene exposure, urine phenol, associations were explored. Groups exposed to higher
levels showed a significantly higher rate in hypertension compared to groups exposed to less

concentrations (49).

In children, no previous studies were found about an assessment of effects of benzene exposure on BP
which makes comparison difficult. Maternal benzene exposure has been associated with preterm birth,
low birth weight and the occurrence of spina bifida and given the fact that fetuses are in a susceptible
window of their life, one could hypothesize that prenatal exposure levels could affect also newborn’s BP
(46). In our results however, no such associations were found neither with systolic or diastolic BP. The
few studies which have shown an association with BP have been performed in industrial workers

exposed to high concentrations of benzene during a long time, which makes comparison difficult.
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Toluene

A linear association between toluene exposure levels and prevalence of CVD has been suggested,
although further studies are recommended (62). For BP, Mohammadi et al. explored the effects of
exposure on 433 women in a Iranian pharmaceutical company. A significant difference was observed in
systolic BP (not diastolic BP) and hypertension prevalence with a control group (51). Significant
associations with systolic BP were also found in 262 industrial workers in 2 Danish companies. A
decrease in systolic BP after a 6 week period without exposure was reported (63). As paintings and ink
are an important source of toluene exposure, a study of Gericke et al. in workers in a printing business
which have been exposed for over 20 years has shown an association with systolic BP, however they

did not adjusted for probable confounders. Similar trends were reported for diastolic BP (64).

As it was for benzene, no studies were found about associations between toluene exposure and BP in
children. However, many adverse effects of maternal exposure are well established such as low birth
weight and preterm birth. Furthermore, it is known that toluene can easily cross the placental barrier
(46). However, in our results we were not able to find any significant association with newborn BP. The
associations found in the literature were mainly about industrial workers which were exposed to high

concentrations during a period of several years, which makes it difficult to compare.
Distance to major roads

Distance to a major road is an important indicator of exposure to air pollution and has been associated
with CVD. In a German cohort study with almost 4,500 participants, a higher risk for coronary artery
calcification with a closer distance to a major road has been reported. This condition represents a long-
term exposure and a possible mechanism could be an increased BP (65). Association with early
markers of atherosclerosis have also been shown in healthy children (66). In a Dutch cohort study of
5,000 participants, over a period of 8 years, cardiovascular mortality has been associated with
residential addresses near to a major road (52). A recent study of Kirwa et al. in 68,000
postmenopausal women over a period of 5 years, has shown a positive association between distance to
major roads (associated with levels of multiple air pollutants) and prevalence of hypertension (67). As

expected, a trend was observed for newborn BP, although not significant.
Results in the ENVIRONAGE birth cohort
Newborn BP

As expected for newborn’s BP at birth, NO, levels were positively associated with systolic BP and a
positive trend was observed for diastolic BP. A negative trend was observed for distance to nearest

major road. However, no significant associations were found with benzene or toluene levels.
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Maternal BP

For the exposure levels of NO,, benzene, toluene and distance to nearest major road, no significant
associations were found for maternal BP. The fact that there was an association of NO, with newborn
BP and a trend with distance and not in mothers, might be due to some variation in maternal BP that
could be caused by external factors shortly after birth. Emotional stress is well known to be a regulator
of BP. On the other hand, also hypotension is common in postpartum period, due to possible
hemorrhages during and after birth (68). These variations in maternal BP shortly after birth could
make it difficult to see a clear association with air pollution exposure. Another possible explanation
could be that stronger associations of air pollution exposure and BP are shown in susceptible groups
such as cardiovascular and diabetes patients and therefore, these associations could be more clear for
newborns (60). Because of this, a bigger sample size and future follow-ups could be suggested for

maternal BP in association with air pollution.
Reference concentrations

In this study, the mean indoor NO, concentration level was 12.02 pg/m?3, while the WHO guidelines
have set up a threshold at 40 pg/ m® (36). This means that for even concentrations below the advised
concentrations, biological effects can be observed and further studies are needed to clarify whether

lower acceptable thresholds should be implemented.

Mean indoor exposure levels of benzene and toluene were 1.51 pug/m® and 7.08 pug/m?, respectively.
Reference concentrations for both were much higher, 0.03 mg/m3 and 5 mg/ m?3, respectively (46).
These in comparison relatively low exposure levels were measured in the homes of study participants,
which are advised not to do any painting while pregnant. Therefore we expect these levels to be much

lower than those in industry.
Biological mechanisms

Possible mechanisms in changes of BP by air pollution particles have been described by Brook et al.,
although there is still some uncertainty. Mechanisms are divided for acute and chronic exposure and in

Figure 5, an overview is given.

Elevations in BP due to acute exposure have been suggested to be mediated by autonomic nervous
system changes which result in activation of the sympathetic nervous system and subsequent increase
in BP. Little is known about the precise pathways, but receptors lining the respiratory system might
trace stimulations due to air pollution inhalation. An autonomic imbalance might also induce oxidative
stress in the cardiovascular system and at this way, reduce nitric oxide (NO) availability which results

in vasoconstriction and an increase in BP.
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Elevations in BP due to long-term exposure have been suggested to be mediated through oxidative
stress and subsequent vascular inflammation. Also, as described for acute exposures, an autonomic
imbalance can still contribute to oxidative stress formation. All these changes can result in vascular
remodeling and endothelial dysfunction, which is an important event in atherosclerosis formation (39,
69).

Acute Chronic
) J
r \ r \
| Autonomic | Oxidative stress
imbalance Inflammation
— Oxidative stress — g;‘gfﬂtnhcetlii(?rll

Figure 5 Overview of possible pathways in BP elevation after acute and chronic exposure to air pollution particles.

Clinical relevance

BP in childhood is shown to be an important predictor of CVD and high BP in adulthood. Since there is
a trend in maintaining a BP range, it is very important to elicit the possible adverse effects of air
pollutants on BP (59). Even small differences can be important. Lewington et al. have shown that in
middle aged persons, a decrease of 2 mmHg in systolic BP would lower cardiovascular mortality with
7% and stroke mortality with 10%. This would mean that even small decreases in BP due to life style

changes could have an positive impact on prevention of CVD (70).
Strengths and limitations

This study has strengths and limitations. Strengths include the association of distance to nearest major
road with BP in newborns and mothers, because this distance is an indirect marker of exposure to
traffic-related air and at this way, a second confirmation tool for the adverse health effects. Another

strength is that there are almost no published studies about the effects on BP of prenatal exposure.
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However, since mother-newborn pairs are recruited at the moment of delivery in the hospital, we could
only measure the indoor concentrations of NO,, benzene and toluene after BP measurement.
Nevertheless, by making use of detailed questionnaires about residential addresses and life style

habits, we assumed that there were no important differences between these periods.
Perspectives

In order to follow up the associations between indoor air pollutants and BP of mother and child, BP
measurements can be repeated in the future. Also intima-media thickness of the carotid artery wall
and pulse wave velocity, which are early markers of atherosclerosis, could be measured by making use

of ultrasound techniques (66).
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5 Conclusion

Newborn blood pressure was positively associated with indoor NO, levels. The mean indoor
concentrations in this study however, were lower as reference concentrations set up by health
organizations (12.02 pg/m3® and 40 pg/m?3, respectively). Consequently, especially for susceptible
subgroups like newborns, adverse health effects could occur even below these reference guidelines.
Further studies are needed to clarify whether these guidelines should be lowered. A trend was
observed with distance to nearest major road, which supports the suggested impact on blood pressure
of proximity to traffic. For maternal blood pressure, no significant associations were found. Because of
a small study population, this pilot study will be further extended in the future in order to elicit these

associations and to follow up the possible adverse health effects that could persist in later life.
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