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Abstract

The hallmarks of sickle cell disease are anemia 
and vasculopathy. The aim of this study was to 
assess the association between air pollution and 
children’s emergency room visits of sickle cell pa-
tients. We adopted a case-crossover design. Daily 
counts of children’s and adolescents’ sickle cell 
disease emergency room visits from the pedi-
atric emergency unit in São Paulo, Brazil, were 
evaluated from September 1999 to December 
2004, matching by temperature, humidity and 
controlling for day of the week. Interquartile 
range increases of the four-day moving aver-
ages of PM10, NO2, SO2, CO, and O3 were associ-
ated with increases of 18.9% (95%CI: 11.2-26.5), 
19% (95%CI: 8.3-29.6), 14.4% (95%CI: 6.5-22.4), 
16,5% (95%CI: 8.9-24.0), and 9.8% (95%CI: 1.1-
18.6) in total sickle cell emergency room visits, 
respectively. When the analyses were stratified by 
pain, PM10 was found to be 40.3% higher than 
in sickle cell patients without pain symptoms. 
Exposure to air pollution can affect the cardio-
vascular health of children and may promote a 
significant health burden in a sensitive group.
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Resumo

O objetivo deste estudo foi avaliar a associa-
ção entre a poluição do ar e atendimentos de 
emergência pediátrica de pacientes portadores 
de anemia falciforme. Adotamos um estudo de 
case-crossover. Visitas de crianças e adolescen-
tes portadores de anemia falciforme ao pronto- 
socorro pediátrico, em São Paulo, Brasil, foram 
avaliadas a partir de setembro de 1999 até de-
zembro de 2004, controlando a temperatura, 
umidade e dia da semana. Variações interquartis 
das médias móveis de quatro dias de PM10, NO2, 
SO2, CO e O3 foram associadas com aumentos de 
18,9% (IC95%: 11,2-26,5), 19% (IC95%: 8,3-29,6), 
14,4% (IC95%: 6,5-22,4), 16,5% (IC95%: 8,9-24,0) 
e 9,8% (IC95%: 1,1-18,6) nos atendimentos to-
tais, respectivamente. Quando as análises fo-
ram estratificadas por dor, verificou-se que PM10 
apresentou correlação 40,3% maior do que a 
observada em pacientes falciformes sem sinto-
mas de dor. A exposição à poluição do ar pode 
afetar a saúde cardiovascular de crianças e pro-
mover um fardo significativo para a saúde em  
um grupo suscetível, como o de pacientes com 
anemia falciforme.
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Introduction

Fossil fuel combustion represents a major source 
of air pollution nowadays 1,2. Fine particles are 
those with diameters smaller than 2.5µm, while 
ultrafine particles have a diameter smaller than 
0.1µm. A significant portion of these particles is 
composed of sulfates, nitrates, hydrocarbons, 
benzene, toluene, metals and other substances 
in their adsorbed molecules. The exposure to fine 
and ultrafine particles (UFPs) by complex mo-
lecular events can trigger pulmonary oxidative 
stress and inflammation 1,3,4, and can contribute 
to a state of systemic inflammation. Indeed, the 
latest statement from the American Heart Asso-
ciation 3 considered that inhalation of particu-
late matter can lead to extra-pulmonary effects 
on three cardiovascular system by three path-
ways: Pathway 1 – the release of vasculoactive 
molecules or pro-inflammatory mediators from 
lung based cells; Pathway 2 – imbalance of the 
autonomic nervous system by particle interac-
tions with lung receptors or nerves; Pathway 3 
– potentially the translocation of UFPs or particle 
constituents (organic compounds, metals) into 
the systemic circulation.

Recent studies have shown alterations in sys-
temic inflammation and biomarkers (interleu-
kin-6, TNF alpha, C-reactive protein, fibrinogen 
and plasminogen activator inhibitor-1, interleu-
kin-1 beta, and endothelin-1) after exposure to 
air pollutants 5,6,7,8,9,10,11,12,13,14. Oxidative stress 
and inflammation induced by inhaled pollutants 
may lead to acute and chronic effects in the re-
spiratory system, chronic inflammatory diseases 
such as cardiovascular, neurodegenerative and 
auto-immune disorders 15,16,17,18,19,20.

In sickle cell disease, oxidative stress might 
play a significant role in the pathophysiology of 
micro-vascular dysfunction and vaso-occlusive 
disease 21,22. Many factors are already recognized 
as triggering agents to a vaso-occlusive crisis: 
ambient temperature changes, infections, hy-
poxemia, dehydration, acidosis, fatigue and any 
potential stressful situation 23. For all of these 
agents, the physiopathology involves oxida-
tive stress 24,25,26,27, mainly at the endothelium, 
leading to chronic vascular inflammation 28,29.  
Possibly this process can be influenced by  
air pollution.

Therefore, the aim of this study was to assess 
the effects of daily air pollutant concentrations 
on emergency room visits of sickle cell patients 
living in the city of São Paulo, Brazil, during a five-
year period using a case-crossover approach, and 
to examine effect modification by pain, the main 
clinical manifestation of vaso-occlusive crises, 
and by respiratory infections.

Methods

This is a time-series ecological study using sec-
ondary data.

Health data

We obtained daily counts of children and adoles-
cents’ sickle cell disease emergency room (ER) 
visits from the Emergency Unit of the Clinicas 
Hospital Children’s Institute at the University 
of São Paulo Faculty of Medical Sciences. The 
consultations occurred from September 1, 1999  
to December 31, 2004 and were stratified accord-
ing to two main causes: pain crises and respira-
tory infections.

Environmental data

Daily records of carbon monoxide (CO), particu-
late matter with an aerodynamic profile ≤ 10µm 
(PM10), nitrogen dioxide (NO2), sulfur dioxide 
(SO2) and ozone (O3) were obtained from the São 
Paulo State Environmental Agency (CETESB). 
There were 14 monitoring stations spread across 
the city, although not all of them being fit to mea-
sure all types of pollutants. We thus adopted the 
average of all stations that measured each pol-
lutant as a citywide exposure level. CO was mea-
sured using non-dispersive infrared technique 
and we adopted the highest eight-hour moving 
average at eight stations. For NO2 – measured by 
chemiluminescence – and O3 – measured by ul-
traviolet radiation – we took into consideration 
the highest hourly average in seven and six sta-
tions, respectively. In the case of both PM10 – 
measured by beta radiation in 14 stations – and 
SO2 – measured by ultraviolet laser pulse at six 
stations – we adopted the 24-hour averages. All 
pollutant measurements were taken during the 
period from 1:00am to 12:00pm 30. Daily mini-
mum temperature and daily mean relative hu-
midity levels were obtained from the Institute of 
Astronomy and Geophysics (IAG) of the Univer-
sity of São Paulo.

Statistical analysis of air pollutants
health effects

We investigated the association between daily 
concentrations of air pollutants and emergency 
room visits of all patients under 18 years of age 
with sickle cell disease using a case-crossover 
design. Because this is considered a rare event 
analysis were not stratified by age groups.

We defined the referent exposure days using 
the time-stratified approach such that exposures 
on the case day were compared to exposures on 
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days of the same month with the same value of 
temperature as the case day, controlling for day 
of the week. Season, weather, and slowly vary-
ing covariates were controlled for by matching. 
We also adopted models where exposures on 
the case day were compared to exposures on the 
same day of the week or on every third day. In the 
model where we matched by day of the week, we 
also controlled for minimum temperature 14,31.

First we examined the association between 
air pollution and sickle cell disease, then we ex-
amined the air pollution effects on the two main 
causes of sickle cell emergency room visits, and 
repeated the analysis stratified by pain and respi-
ratory infections.

The analysis was conducted for each pollut-
ant separately and modeled linearly. In order to 
explore the lag structure between exposure and 
effects, we examined the effects of exposure from 
lag day 0 to lag day 13 and using the moving aver-
ages. For instance, a 2-day moving average is the 
mean of the levels in the concurrent day and the 
previous day. Results were presented as percent-
age increases with 95% confidence intervals in 
total emergency room visits for an interquartile 
increase in air pollution.

The data were analyzed using a conditional 
logistic regression (PROC PHREG, release 8.2; 
SAS Inst., Cary, U.S.A.).

The Ethics Research Committee of the Clini-
cas Hospital at the University of São Paulo Fac-
ulty of Medical Sciences approved this study.

Table 1

Descriptive analysis of the variables used in the study.

Variables Daily mean SD Minimum IQR Maximum

Sickle cell

Total 1.63 1.68 0 - 9

Pain 0.78 1.01 0 - 7

Respiratory 0.40 0.74 0 - 8

Air pollutant

PM10 (µg/m3) 47.23 21.58 9.62 25.90 168.98

O3 (µg/m3) 90.73 43.65 13.42 57.23 282.03

SO2 (µg/m3) 14.76 6.78 2.14 8.08 51.86

CO (ppm) 2.63 1.2 0.54 1.25 12.09

NO2 (µg/m3) 104.59 48.56 22.24 64.77 390.7

Weather

Temperature (ºC) * 15.23 3.40 -0.20 5.00 21.80

Humidity (%) ** 79.52 8.58 45.54 10.6 97.29

IQR: interquartile range; SD: standard deviation of the mean. 

* Minimum temperature; 

** Relative air humidity.

Results

From September 1, 1999 to December 31, 2004, 
there were 3,180 consultations by patients with 
sickle cell disease at the emergency room service 
of the Children’s Institute. Among those, 1,508 
consultations were due to pain, the main clini-
cal manifestation of vaso-occlusive crisis; 775 
were due to respiratory infections; and 897 pre-
sented other types of infections and/or different 
problems. The age of the children and adoles-
cents ranged from 1 to 18 years, with a mean of 11  
years (± 5.1).

Table 1 shows the descriptive analysis of both 
the health and environmental variables used in 
the study. Sickle cell disease ER visits are present-
ed for all patients and by visits due to specific 
causes, i.e. pain and respiratory infections.

SO2 was the only pollutant that did not sur-
pass its Brazilian air quality standards through 
the whole period of study. PM10 mean value was 
below the quality standards while the daily maxi-
mum level (150µg/m3) was exceeded twice. NO2 
mean value (100µg/m3) was surpassed on two 
days and the same timeframe observed for its 
one-hour maximum value (320µg/m3). The max-
imum eight-hour moving average for CO (9 ppm) 
was exceeded on five days while the Ozone one-
hour maximum value (160µg/m3) was exceeded 
on 194 days.

Pearson correlation coefficients (Table 2) 
show a strong correlation among primary pol-
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lutants, mainly between PM10 and SO2. Ozone 
showed an unexpected positive, statistically sig-
nificant association with NO2, one of its main 
precursors. Humidity presented negative and siz-
able correlations with particles and gaseous pol-
lutants, while minimum temperature presented 
negative correlations with all other pollutants  
but ozone.

As effects of all pollutants were statistically 
significant starting at lag zero until no more than 
three days after exposure we presented them in 
the following figures with the effects of moving 
averages from two to four days.

Figure 1 shows the estimated percentage in-
creases and 95% confidence intervals for total 
sickle cell emergency room visits resulting from 
interquartile range increases in air pollutants. 
Primary pollutants presented quite similar time 
lag structures. The effects were acute, starting at 
lag 0 (PM10: 11.2%, 95%CI: 5.7-16.7; NO2: 11%, 
95%CI: 4.0-17.9; SO2: 8.2%, 95%CI: 2.8-13.6; CO: 
6.1%, 95%CI: 1.1-11.2) and remained almost 
unchanged until lag 2 when they dropped. The 
cumulative effect assessed though moving aver-
ages showed remarkable increases, ranging from 
10% to 20% (4-day moving averages). Ozone pre-
sented a different behavior, with a more delayed 
effect (8.2%, 95%CI: 2.6-13.7; only at lag 2).

Figures 2 and 3 show stratified analyses ac-
cording to the two most common causes of emer-
gency room visits among patients with sickle cell 
disease: pain crises and respiratory infections.

Figure 2 shows estimated percentage in-
creases and 95% confidence intervals for sickle 
cell emergency room visits of patients with pain 
for interquartile range increases in air pollutants. 
The effects were higher than those observed for 
the total ER visits for all primary pollutants. Only 

ozone presented effects on pain visits with the 
same degree as observed for total visits. 

While analyzing the effects of air pollutants 
on ER visits of sickle cell patients with respiratory 
infections, it was noticed that the effects sizes 
were smaller than those observed for pain crises 
visits (Figure 3). Increases in ER visits of sickle 
cell patients with pain due to an interquartile 
range increase of the four-day moving averages 
of PM10, for instance, were about 2.0 times big-
ger than those of sickle cell patients with respira-
tory diseases (21.1%, 95%CI: 9.8-32.4; and 11.5%, 
95%CI: -2.3-27.6, respectively).

Discussion

This study reinforces the concept that ambient 
air pollution variations can trigger vaso-occlu-
sive events in children and adolescents with sick-
le cell disease.

The air pollution effect on daily number of 
sickle cell patients emergency room visits was 
acute and predominantly on pain manifestation, 
which is a cardinal sign of vaso-occlusion crisis. 
The effect observed on the respiratory infection 
ER visits was smaller than the one observed for 
pain crisis. It is also worthwhile mentioning that 
more than one pollutant, i.e. particles (PM10) 
and gaseous pollutants (NO2, CO, and SO2), pre-
sented similar impact on the defined outcomes, 
probably because the primary air pollutants were 
highly correlated to each other.

In this study we used an approach that 
was different from the one we normally use in 
time-series studies carried out in Brazil. The 
case-crossover study design has been adopted 
in other countries and alongside with its in-

Table 2

Pearson’s correlation coefficients between air pollutants and weather variables.

PM10 CO NO2 SO2 O3 Temperature * Humidity **

PM10 1.00

CO 0.70 *** 1.00

NO2 0.64 *** 0.60 *** 1.00

SO2 0.76 *** 0.60 *** 0.60 1.00

O3 0.40 0.08 *** 0.43 *** 0.24 *** 1.00

Temperature * -0.20 *** -0.14 *** -0.09 *** -0.28 *** 0.16 *** 1.00

Humidity ** -0.54 *** -0.33 *** -0.34 *** -0.45 *** -0.40 *** 0.07 *** 1.00

* Minimum temperature; 

** Relative humidity; 

*** p < 0.01.
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Figure 1

Percentage increases and 95% confidence intervals in total sickle cell emergency room (ER) visits due to inter-quartile range increases in PM10 (25.90µg/m3), 

NO2 (64.77µg/m3), SO2 (8.08µg/m3), CO (1.25 ppm), and O3 (57.23µg/m3) concentrations, from lag 0 to lag 3 and 2-day, 3-day, and 4-day moving averages.

herent qualities it has been initially adopted to 
confirm results obtained with Poisson regres-
sion models. This design samples only cases and 
compares each subject’s exposure experience in 

a time period just before a case-defining event 
with that subject’s exposure at other times. Be-
cause there is perfect matching on all measured 
or unmeasured subject characteristics that do 
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Figure 2

Percentage increases and 95% confidence intervals in pain sickle cell emergency room (ER) visits due to inter-quartile range increases in PM10 (25.90µg/m3), 

NO2 (64.77µg/m3), SO2 (8.08µg/m3), CO (1.25 ppm), and O3 (57.23µg/m3) concentrations, from lag 0 to lag 3 and 2-day, 3-day, and 4-day moving averages.

not vary over time, there can be no confound-
ing by those characteristics. If, in addition, the 
control days are chosen to be close to the event 
day, matching also controls slowly varying  
subject characteristics.

In addition, we observed a clear decreasing 
pattern of the association between exposure to 
air pollutants and daily number of sickle cell 
patients’ emergency room visits along the stud-

ied period after lag 3. This aspect demands to 
be investigated using distributed lag non-linear 
models which will be applied in a 10-year case-
crossover study.

There are few studies in the literature evaluat-
ing the association between exposure to air pol-
lution and cardiovascular morbidity in healthy 
children and adolescents 11,12,32,33,34. Calderón-
Garcidueñas et al. 12 observed a correlation  
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Figure 3

Percentage increases and 95% confidence intervals in respiratory sickle cell emergency room (ER) visits due to inter-quartile range increases in PM10  

(25.90µg/m3), NO2 (64.77µg/m3), SO2 (8.08µg/m3), CO (1.25 ppm), and O3 (57.23µg/m3) concentrations, from lag 0 to lag 3 and 2-day, 3-day,  

and 4-day moving averages.
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between exposure to high concentrations of air 
pollutants in Mexico City and serum levels of 
inflammatory mediators, including TNF- alpha, 
prostaglandin (PG) E2, CRP, interleukin-1 beta, 
and endothelin-1. Elevated circulating endothe-
lin-1 is very important in the pathophysiological 
of chronic endothelial dysfunction 35. The bal-
ance of pro- and anti-inflammatory mediators 
as the endothelial activation factors caused by 
exposure to air pollutants would have an impact 
in the pathogenesis of cardiovascular damage.

Iannuzzi et al. 33 have found a statistically 
significant association between carotid arterial 
stiffness and exposure to air traffic-related pol-
lutants in children living closer to a main street. 
A recent cross-sectional study showed a signifi-
cant association between air pollutants and se-
rum thrombomodulin and tissue factor (markers 
of endothelial dysfunction) in 125 participants 
aged 10-18 years 34. These studies demonstrated 
that the effects of air pollution on cardiovascular 
health may affect children.

Although sickle cell disease patients were a 
higher-risk population of the effects of exposure 
to air pollution on endothelial dysfunction there 
are only two studies evaluating these issues. Mit-
tal et al. 36 studied 93 children with sickle cell dis-
ease who underwent transcranial Doppler scan-
ning and steady-state blood tests in 2006. The 
authors found a significant correlation between 
mean annual exposure to PM10 and extra-cranial 
internal carotid artery blood.

Yallop et al. 37 in a time series study evalu-
ated an association between air pollution and the 
numbers of daily admissions with acute sickle-
cell pain in London (January 1998/October 2001). 
In the period of the study 1,047 admissions due 
to acute pain were analyzed. Cross-correlation 
function analysis showed a significant effect of 
O3, CO and NO on admissions to hospital with 
acute pain in sickle cell disease. In our study, we 
evaluated 1,508 consultations by patients with 
sickle cell disease at emergency services due to 
pain with a different study design. We found, 
controlling for weather variables, a significant 
association between acute effects of PM10, SO2, 
NO2, and CO and emergency room consultations 
due to acute sickle-cell pain.

Sickle cell disease is characterized by a con-
tinuous and lasting oxidative stress process 22. 
Current understanding defines sickle cell disease 
as a complex chronic disease where high levels of 

inflammatory mediators (IL-2, IL-4, IL-6, IL-8, -α) 
and white cells are observed in patients’ blood. 
Besides vascular constriction and increases in 
epinephrine, those cells and cytokines lead to an 
exacerbated adherence of red blood cells in the 
vascular endothelium and their interaction, trig-
gering vaso-occclusion 22.

Recently, the understanding of the physio-
pathologic action of several pollutants on the 
human body is advancing. Of note, high con-
centrations of oxidants and pro-oxidants in en-
vironmental air, such as PM2,5 and gases can 
promote oxidative stress 38,39. The inhaled fine 
and ultrafine particles may trigger an increase in 
systemic inflammatory process 3 with increas-
es in the blood’s biomarkers of oxidative stress 
8,10,11,12,13,40, hemostatic markers 41,42,43, as well 
as an increase in plasma viscosity 44,45 and in in-
jury of endothelial function 3,46,47. It is observed 
that conduit and resistance arteriole endothe-
lium-dependent vasodilation can be damaged 
due to reduced nitric oxide bioavailability as a 
consequence of systemic pro-inflammatory and 
oxidative responses 3.

Of note in sickle cell disease, oxidative stress 
is involved in several pathophysiologic mecha-
nisms such as endothelial damage, accelerated 
hemolysis, reduced NO bioavailability and hy-
percoagulability, potentially contributing to 
sickle cell disease related vaso-occlusion and 
pain crisis. Interestingly, the cell-free ferrous he-
moglobin in sickle cell disease reduces the NO 
bioavailability, limiting its anti-thrombotic, anti-
inflammatory and vasodilatative’s properties 22. 
In fact, the pathophysiological mechanisms of 
vascular injury in vaso-occlusive crisis of sickle 
cell disease have similarities with several mecha-
nisms of vascular damage caused by air pollut-
ants. Our study demonstrated that exposure to 
air pollution aggravated the vaso-occlusion and 
pain crisis in the sickle cell disease patients.

In summary, this study showed that the expo-
sure to air pollution generated mainly from au-
tomotive fleets in a large urban center can affect 
the cardiovascular health of children and may 
promote a significant health burden on a sensi-
tive group, such as sickle cell patients. This result 
reinforces the relevance of any public policy that 
could be adopted in order to reduce air pollutant 
concentrations to ensure safe environments for 
the development and growth of any citizen, and 
in particular children and adolescents.
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Resumen

El objetivo de este estudio fue evaluar la asociación en-
tre la contaminación atmosférica y las visitas de emer-
gencia de los pacientes pediátricos con anemia de cé-
lulas falciformes. Hemos adoptado un estudio de casos 
cruzados. Visitas de niños y adolescentes con anemia 
de células falciformes en urgencias pediátricas, en São 
Paulo, Brasil, se evaluaron entre 1999 y 2004 con un 
control de la temperatura, humedad y día de la sema-
na. El rango intercuartil de los promedios móviles de 
4 días de PM10, NO2, SO2, CO y O3 se asociaron con un 
aumento del 18,9% (IC95%: 11,2-26,5), 19,0% (IC95%: 
8,3-29,6), 14,4% (IC95%: 6,5-22,4), 16,5% (IC95%: 8,9-
24,0), y 9,8% (IC95%: 1,1-18,6) en el total de visitas, res-
pectivamente. Cuando los análisis se estratificaron por 
el dolor, se encontró que el PM10 mostró una correlación 
un 40,3% mayor que la observada en pacientes sin sín-
tomas de dolor. La exposición a la contaminación del 
aire puede afectar la salud cardiovascular de los niños y 
puede promover una importante carga para la salud en 
pacientes con anemia de células falciformes.

Contaminación del Aire; Anemia de Células  
Falciformes; Servicios Médicos de Urgencia
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