Air pollution exposure is associated with
restrictive ventilatory patterns
To the Editor:
Exposure to ambient air pollution is associated with a substantial burden of morbidity and mortality
worldwide [1]. In a recent paper, ADAM et al. [2] showed significantly impaired levels of forced expiratory
volume in 1 s (FEV1) and forced vital capacity (FVC) associated with exposure to the ambient air pollutants
nitrogen dioxide (NO2) and particles with a 50% cut-off aerodynamic diameter of 10 μm (PM10) in 7613
adults included in the European Study of Cohorts for Air Pollution Effects (ESCAPE). Effect estimates for
FVC were of similar magnitude (for NO2) or larger (for PM10) than those for FEV1. In line with these
findings, FORBES et al. [3] showed negative associations of PM10 and NO2 with the level of FEV1 in 40 329
adults included in the Health Survey for England between 1995 and 2001, whereas no significant associations
with FEV1/FVC were observed. In 1997, the Swiss Study on Air Pollution and Lung Disease in Adults
(SAPALDIA), including 9651 adults, showed negative associations of ambient air pollutants NO2 and PM10
with both FEV1 and FVC [4]. The effect estimates for FVC were stronger than for FEV1 for various pollutants,
and this was consistently the case in most subgroups (according to smoking status and respiratory symptoms).
Reduced FVC, with FEV1 being normal or reduced to a lesser degree than FVC, suggests restrictive rather than
obstructive lung disease (in which FEV1 specifically is reduced, resulting in a low FEV1/FVC ratio). Thus,
findings from several European studies suggest that restrictive rather than obstructive ventilatory patterns
associate with long-term low levels of exposure to ambient air pollution. A study with slightly different
findings is the German Study on the influence of Air Pollution on Lung Function, Inflammation and Ageing
(SALIA), including 2593 women. This study also found negative associations of NO2 and PM10 exposure with
both FEV1 and FVC, yet the effects estimates for FEV1 were stronger than for FVC, and consequently there
were small significant negative associations with the FEV1/FVC ratio [5]. A review article concluded that
despite biological plausible mechanisms, there is suggestive, but not conclusive evidence that chronic exposure
to air pollution is associated with the prevalence and incidence of chronic obstructive pulmonary disease
(COPD), a disease characterised by airway obstruction [6]. Thus far, no studies have focused explicitly on
whether air pollution exposure is associated with obstructive or restrictive ventilatory patterns.
In the current study we looked explicitly at both obstructive and restrictive ventilatory patterns in relation
to air pollution exposure, in the large Dutch population-based LifeLines Cohort Study (air pollution data
for >60 000 adults, mainly from the northern Netherlands) [7]. Within LifeLines, each residential address
at the baseline visit (2007–2013) was geocoded and annual average exposure to NO2, PM2.5, PM10 and
PM2.5 absorbance (PM2.5abs) was assigned to each address (X,Y coordinate) individually using land-use
regression models developed within the ESCAPE study [2]. Associations of air pollutants with lung
function levels at the baseline visit ( pre-bronchodilator FEV1, FVC and FEV1/FVC) were assessed with
linear regression models adjusted for sex, height, age, smoking status, pack-years, body mass index (BMI),
environmental tobacco smoke exposure, highest level of obtained education, income and asthma. The
asthma definition was based on a doctor diagnosis or a combination of symptoms and the use of asthma
medication. Effect modification was tested by assessing interactions of air pollution levels with smoking
(never/ever), sex, overweight (BMI ⩾25 kg·m−2), asthma and airway obstruction (FEV1/FVC <70%).
Complete data were available for 51 855 adults with a median (range) age of 44 (18–89) years, mean FEV1
3546 mL (102% predicted), FVC 4597 mL (112% pred) and FEV1/FVC 77%. Median (range) levels of
exposure were 15.7 (8.4–50.8 µg·m−3 NO2, 15.4 (14.8–20.2) µg·m−3 PM2.5, 24.0 (23.7–31.7) µg·m−3 PM10 and
0.95 (0.84–2.65) 10−5 m−1 PM2.5abs. Exposure levels were highly correlated (Spearman’s r 0.49–0.93). Exposure
to ambient air pollutants NO2, PM10 and PM2.5abs was associated with significantly lower FVC levels (table 1).
Exposure to NO2 was associated with a lower level of FEV1, whereas no significant associations of the other air
pollutants with FEV1 levels were observed. For all air pollutants the negative (nonsignificant) estimated effects
on the level of FEV1 were smaller than on the level of FVC, which resulted in positive associations with their
ratio (FEV1/FVC). PM2.5 exposure was not associated with any of the lung function variables investigated.
Associations between PM10 and PM2.5abs with FVC were generally stronger in females, subjects with BMI
⩾25 kg·m−2, asthma and subjects with airway obstruction (table 1), yet without significant interactions.
Associations between NO2 and FVC were similar in males and females, subjects without and with overweight,
never- and ever-smokers, subjects without and with asthma, and without and with airway obstruction.
Importantly, in the current study we confirmed findings from previous European studies suggesting that
long-term exposure to low levels of ambient air pollution is associated with restrictive ventilatory patterns [2–4].
Due to the cross-sectional design of the current study it was not possible to pinpoint whether observed
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TABLE 1 Associations between ambient air pollution exposure and lung function levels in the whole group and stratified by sex, overweight (BMI <25/⩾25 kg·m−2),
smoking (never/ever), asthma (without/with) and airway obstruction (without/with FEV1/FVC <70%)
All

Males

Subjects
51 855
21 608 (42)
FVC mL
−57 (−70–−44)
−61 (−85–−37)
NO2
12 (−55–79)
71 (−54–196)
PM2.5
−174 (−248–−101) −132 (−268–4)
PM10
−92 (−128–−56) −78 (−145–−10)
PM2.5abs
FEV1 mL
−18 (−30–−7)
−33 (−53–−12)
NO2
27 (−30–83)
57 (−50–164)
PM2.5
−21 (−83–42)
−1 (−118–116)
PM10
−14 (−45–17)
−8 (−67–50)
PM2.5abs
FEV1/FVC %
0.5 (0.4–0.7)
0.2 (0.0–0.5)
NO2
0.3 (−0.5–1.1)
−0.1 (−1.4–1.2)
PM2.5
2.2 (1.4–3.1)
1.5 (0.1–2.9)
PM10
1.1 (0.7–1.6)
0.8 (0.1–1.5)
PM2.5abs

Females

BMI <25 kg·m−2

BMI ⩾25 kg·m−2

Never-smokers

Ever-smokers

Without asthma

With asthma

FEV1/FVC ⩾70%

FEV1/FVC <70%

30 247 (58)

24 749 (48)

27 106 (52)

24 617 (47)

27 238 (53)

47 424 (91)

4431 (9)

44 956 (87)

6899 (13)

−56 (−70–−42)
−34 (−106–39)
−208 (−287–−128)
−106 (−145–−66)

−41 (−59–−24)
61 (−28–150)
−68 (−163–27)
−51 (−99–−3)

−11 (−22–1)
5 (−55–66)
−37 (−103–29)
−20 (−53–13)

−12 (−27–3)
47 (−29–122)
25 (−55–106)
3 (−38–44)

−20 (−36–−3)
20 (−66–105)
−35 (−131–61)
−14 (−61–33)

−17 (−33–−1)
−12 (−91–66)
−47 (−133–38)
−24 (−67–19)

−20 (−36–−4)
72 (−10–154)
9 (−80–99)
−2 (−47–43)

−19 (−31–−8)
28 (−30–86)
−19 (−83–45)
−12 (−44–20)

−7 (−51–36)
45 (−181–272)
−21 (−266–223)
−25 (−149–98)

0.7 (0.6–0.9)*
0.6 (−0.4–1.5)
2.7 (1.7–3.7)
1.4 (0.8–1.9)

0.4 (0.2–0.6)
−0.1 (−1.2–0.9)
1.3 (0.2–2.5)
0.7 (0.2–1.3)

0.5 (0.3–0.8)
0.3 (−0.8–1.5)
2.4 (1.1–3.6)
1.2 (0.5–1.8)

0.5 (0.3–0.7)
−0.3 (−1.4–0.7)
1.9 (0.8–3.0)
0.9 (0.4–1.5)

0.5 (0.3–0.7)
0.9 (−0.2–2.0)
2.3 (1.0–3.5)
1.2 (0.6–1.9)

0.5 (0.4–0.7)
0.1 (−0.7–0.8)
2.1 (1.2–2.9)
1.1 (0.6–1.5)

0.7 (0.0–1.4)
3.5 (0.0–7.1)*
3.9 (0.1–7.6)
2.1 (0.2–4.0)

−58 (−78–−38)
−53 (−72–−34)
−59 (−77–−40)
−57 (−71–−43)
5 (−96–106)
2 (−93–97)
36 (−59–130)
23 (−47–93)
−194 (−308–−80) −183 (−286–−79) −148 (−252–−44) −166 (−242–−89)
−89 (−145–−33) −90 (−141–−38) −86 (−137–−34) −86 (−124–−48)

−56 (−102–−10) −50 (−64–−36) −70 (−113–−27)
−95 (−337–147)
19 (−51–89)
14 (−207–235)
−263 (−524–−2) −138 (−214–−62) −298 (−550–−47)
−155 (−287–−23) −77 (−115–−40) −118 (−241–4)
−21 (−32–−10)
25 (−31–80)
−27 (−87–33)
−20 (−50–10)

−44 (−77–−11)*
21 (−149–192)
−191 (−385–4)
−65 (−160–30)

Data are presented as n, n (%) or B (95% CI). BMI: body mass index; FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity. Linear regression models were adjusted for sex,
height, age, smoking status (ex- and current smoking), pack-years smoked, BMI (continuous), environmental tobacco smoke exposure, highest level of obtained education, income and
asthma. Effect estimates are presented per 10 µg·m−3 for nitrogen dioxide (NO2) and particles with a 50% cut-off aerodynamic diameter of 10 μm (PM10), per 5 µg·m−3 for particles with a
50% cut-off aerodynamic diameter of 2.5 μm (PM2.5) and per 10−5·m−1 for PM2.5 absorbance (PM2.5abs). Effect estimates in bold indicate significant associations (p<0.05). Exposure levels
are highly correlated: Spearman’s r for NO2 with PM2.5, PM10 and PM2.5abs are 0.49, 0.73 and 0.79, respectively; Spearman’s r for PM2.5 with PM10 and PM2.5abs are 0.69 and 0.64
respectively; and for PM10 with PM2.5abs Spearman’s r is 0.93. *: p<0.05.

associations are due to reduced lung growth, accelerated decline in lung function, or both. In the ESCAPE study,
significant associations between ambient air pollutants and FVC and FEV1 levels were observed, yet there were
no associations with annual lung function decline [2]. These observations suggest that associations between air
pollution exposure and lung function levels in adulthood are rather reflecting reduced lung growth than
accelerated lung function decline. This is in line with observations in children showing reduced age-related
increase in FVC associated with air pollution exposure [8, 9]. Moreover, in childhood, estimated effects of
exposure to various air pollutants were already found to be larger for FVC than for FEV1 [10, 11]. Additionally,
decreases in air pollution levels have been associated with increased growth of FEV1 and FVC in children, with
largest effects on FVC [12], and with improvements in FVC, but not in FEV1, in adults [13].
The current study suggests that associations of PM10 and PM2.5abs with impaired lung function levels in adults
are stronger in females, subjects with higher BMI and with underlying respiratory diseases such as asthma or
COPD, whereas such differential effects were not observed for NO2 exposure. The ESCAPE study found
stronger effects of NO2 exposure on FEV1 and FVC in females, subjects with asthma and in obese subjects,
with the latter showing significant interaction with NO2 [2]. In general, and in line with our observations,
most studies thus far have not observed clear differences in effect estimates between smokers and nonsmokers
[2, 3, 5]. Identifying susceptible subgroups in the population may be important from a public health
perspective, e.g. exposure limits may be determined based on the most susceptible subgroups. Moreover,
identifying such (genetically) susceptible subgroups may pinpoint potential (biological) mechanisms
underlying observed associations [14], which will give rise to further studies in experimental settings.
Restrictive ventilatory patterns with exposure to ambient air pollution may reflect pulmonary fibrosis, a
disease which has thus far largely been understudied in relation to air pollution exposure in large-scale
epidemiological studies [15]. Yet, further studies are warranted that include additional measurements, such
as total lung capacity, in subsets of individuals with low FVC, to confirm true restrictive ventilatory effects
of air pollution exposure.
To conclude, low levels of ambient air pollution are associated with restrictive ventilatory patterns. Both
epidemiological and experimental studies are warranted to confirm true restrictive ventilatory effects of air
pollution exposure and to elucidate underlying biological mechanisms leading to a disease that is largely
understudied in relation to air pollution exposure, i.e. pulmonary fibrosis. Identifying susceptible subgroups
and underlying biological pathways may contribute to lowering the substantial burden of respiratory disease
related to ambient air pollution exposure.
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Near infrared spectroscopy for the
assessment of peripheral tissue
oxygenation in pulmonary arterial
hypertension
To the Editor:
Pulmonary arterial hypertension (PAH) is characterised by increased pulmonary vascular resistance and
results in increased morbidity and mortality due to right heart failure and a progressive decline in cardiac
output [1, 2]. The latter disturbs oxygen delivery to the periphery and may lead to pathological changes in
tissue oxygenation. The balance between global oxygen supply and demand is reflected in mixed venous
oxygen saturation (SvO2), an index that is generally reduced in patients with PAH [3]. SvO2 at baseline is
one of the strongest predictors of survival in PAH [4–6]; this is also true for changes in SvO2 during
follow-up [5]. Cut-off values of 60% [7] and 65% [5] have been used to distinguish between prognostic
groups suggesting that these may be suitable treatment goals. SvO2 is measured invasively in the pulmonary
artery, where venous blood mixes after circulating through the superior and inferior vena cava, coronary
sinuses and the right-heart chambers.
Spatially resolved near infrared spectroscopy (NIRS) offers a noninvasive, rapidly responsive method for
measuring skeletal muscle oxygenation by examining absorption differences in the near-infrared spectrum of

1224

