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Abstract: Previous reports have suggested a role for weather conditions
and air pollution on the variability of sickle cell disease (SCD) severity,
but large-scale comprehensive epidemiological studies are lacking.

In order to evaluate the influence of air pollution and climatic factors
on emergency hospital admissions (EHA) in SCD patients, we conducted
an 8-year observational retrospective study in 22 French university
hospitals in Paris conurbation, using distributed lag non-linear models,
a methodology able to flexibly describe simultaneously non-linear and
delayed associations, with a multivariable approach.

During the 2922 days of the study, there were 17,710 EHA, with a
mean daily number of 6.1 +2.8. Most environmental factors were
significantly correlated to each other. The risk of EHA was significantly
associated with higher values of nitrogen dioxide, atmospheric particu-
late matters, and daily mean wind speed; and with lower values of carbon
monoxide, ozone, sulfur dioxide, daily temperature (minimal, maximal,
mean, and range), day-to-day mean temperature change, daily bright
sunshine, and occurrence of storm. There was a lag effect for 12 of 15
environmental factors influencing hospitalization rate. Multivariate
analysis identified carbon monoxide, day-to-day temperature change,
and mean wind speed, along with calendar factors (weekend, summer
season, and year) as independent factors associated with EHA.

In conclusion, most weather conditions and air pollutants assessed
were correlated to each other and influenced the rate of EHA in SCD
patients. In multivariate analysis, lower carbon monoxide concentrations,
day-to-day mean temperature drop and higher wind speed were associ-
ated with increased risk of EHA.
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Abbreviations: ACS = acute chest syndrome, EHA = emergency
hospital admissions, SCD = sickle cell disease, VOC = vaso-
occlusive painful crises.

INTRODUCTION

S ickle cell disease (SCD) is one of the most common severe
inherited disorders in the world. It is characterised by
recurrent vaso-occlusive painful crises (VOCs), which are
the most common reasons for patient’s emergency admissions.
Although its pathophysiology is still unclear, many factors are
known or suspected to precipitate VOC, including dehydration,
hypoxemia, pregnancy, infections, and surgery. VOCs may be
complicated by respiratory symptoms defining the acute chest
syndrome (ACS). The pathophysiology of ACS is also complex,
and may include pulmonary fat embolism' secondary to bone
marrow necrosis during VOC, pulmonary artery thrombosis®
and/or in situ lung capillary vaso-occlusion.

Erythrocyte sickling is enhanced by lower temperatures
and physiological studies have demonstrated a link between
skin cooling and vaso-occlusion.>~> Previous epidemiological
studies exploring the influence of weather conditions and air
pollution on the variability of SCD severity yielded mixed
results.®~'! However, all these studies used a univariate meth-
odology. Because meteorological factors and pollution factors
frequently display between-group and within-group inter-
relation, the use of a multivariable approach may be crucial
in this setting. In addition, environmental stressors may have
non-linear effects and their impact may appear with some
latency, and persist for some time after exposure (lag
effect).'>'* None of the previous studies assessed the time
structure of the effects analyzed.

Our objective was to evaluate the influence of air quality
and weather on the incidence of emergency department admis-
sions for VOC and chest disease in patients with homozygous
SCD in an urban environment (Paris conurbation). We used
distributed lag non-linear models (d/nm), a methodology able to
flexibly describe simultaneously non-linear and delayed associ-
ations, with a multivariable approach.

METHODS

Patients

The study was retrospectively performed using data col-
lected during an 8-year period (2922 days) from January 1, 2004
to December 31, 2011 in 22 hospitals from the Assistance
Publique-Hopitaux de Paris (the public hospital network of
Paris conurbation) (Figure 1). Using billing record discharge
summaries, we included all emergency department visits for
VOC:s or chest disease in SCD patients (SS, SC, or S-thalasse-
mia genotype) aged from 2 to 70 years. Chest disease was
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FIGURE 1. Paris conurbation map with the public hospital net-
work (H) and monitoring stations for meteorological (black circles)
and air quality (white circles) data.

defined as any new-onset lower acute respiratory tract disease
that was compatible with ACS'* with the exclusion of other
formally defined diagnoses like trauma, cardiogenic pulmonary
oedema, or pneumothorax. We used the chest disease terminol-
ogy instead of ACS because the latest diagnosis is not formally
defined in the International Classification of Diseases 10 and
was not available in billing record discharge summaries. Ethical
approval was not required as per French legislation on observa-
tional retrospective studies on already collected data.

Meteorological and Air Quality Data

Meteorological and air quality data were obtained for the
same period from the French meteorology agency (Meteo
France, https://public.meteofrance.com/public/accueil) and the
Paris conurbation air quality agency (AirParif, http://www.air-
parif. asso.fr/telechargement/telechargement-station). We aver-
aged hourly recorded data from 7 synoptic meteorological
stations within the Paris conurbation to compute the following
variables: daily minimal temperature (°C), daily maximal
temperature (°C), daily mean temperature (°C), daily temperature
range (°C), day-to-day mean temperature change (°C, calculated
as the difference between mean temperature of the day and mean
temperature of the previous day), daily rainfall (mm), daily
relative humidity (%), daily bright sunshine (%), daily mean
wind speed (m/s), daily maximal wind speed (m/s) and occur-
rence of a storm (yes or no). We also averaged hourly recorded
data from 13 to 50 synoptic air pollution stations within the Paris
conurbation to compute the daily mean concentrations (pug/m®) of
the following compounds: carbon monoxide (CO), nitrogen
dioxide (NO,), ozone (O3), sulfur dioxide (SO,), and atmospheric
particulate matters with aerodynamic diameter smaller than
10 wm (PM;) or 2.5 pm (PM, s).

Statistical Analysis

The data were analyzed using SPSS Base 13 (SPSS Inc,
Chicago, IL) and R 2.15.2 (The R Foundation for Statistical
Computing, Vienna, Austria). Categorical variables were
expressed as percentages and continuous data were expressed
as mean =+ standard deviation. We used the chi-square or Fisher
exact test to compare categorical variables between groups and
the Student 7 test to compare continuous variables. Correlations
were tested using the Spearman’s method.

To assess the effects of daily meteorological and air quality
measurements on daily counts of hospital emergency admissions,
we used the dlnm package implemented within the statistical
software R.'® This procedure can simultaneously represent non-

TABLE 1. Descriptive Statistics of Environmental Factors

Percentile

Variable Mean Standard Deviation Minimum 25 50 75 Maximum

Air pollutants
CO (pg/m®) 744.6 295.5 185.2 515.1 696.9 929.7 2716.2
NO, (pg/m?) 40.7 13.6 10.6 30.5 39.5 49.9 130.6
05 (pg/m?) 43.7 20.9 1.1 28.3 44.1 57.6 1345
SO, (pg/m?) 3.8 3.5 0.0 1.31 2.8 52 30.6
PM,o (ng/m®) 27.7 12.5 6.5 19.5 24.8 32.6 138.1
PM, 5 (pg/m>) 19.3 11.2 43 11.9 16.4 23.1 130.1

Meteorological variables
Daily rainfall (mm) 1.7 34 0.0 0.0 0.1 1.7 355
Daily minimal temperature (°C) 7.9 5.9 —11.8 35 8.3 12.7 21.9
Daily maximal temperature (°C) 159 7.8 —43 10.0 16.4 21.9 36.8
Daily mean temperature (°C) 11.7 6.7 —6.1 6.6 12.1 17.0 28.1
Daily temperature range (°C) 8.0 3.7 0.7 5.2 7.6 10.7 19.7
Day-to-day mean temperature change (°C) 0.0 2.1 —8.8 —-1.3 0.1 1.4 8.6
Daily mean wind speed (m/s) 3.5 1.4 0.7 2.5 32 42 10.1
Daily maximal wind speed (m/s) 10.9 3.6 3.6 8.3 10.3 12.8 31.9
Daily relative humidity (%) 75.8 11.6 38.9 67.6 77.4 84.9 97.9
Daily bright sunshine (%) 36.5 31.2 0.0 6.7 30.2 63.8 96.5

CO = carbon monoxide, NO, = nitrogen dioxide, O3 =ozone, PM,, = atmospheric particulate matters with aerodyamic diameter smaller than
10 pm, PM, s = atmospheric particulate matters with aerodyamic diameter smaller than 2.5 wm, SO, = sulfur dioxide.
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linear exposure—response dependencies and delayed effects.'®
The relationship with environmental factors was modeled
through a generalized linear model with Poisson family, a natural
cubic spline and boundary knots located at the range of the
observed values.

We estimated associations between environmental variables
and emergency hospital admissions (EHAs) for various single-
day lags. For example, a lag of 3 days corresponds to the
association between environmental variables in a given day
and the risk of hospital admission 3 days later. The lagged effect
was specified from lagl to lag7. Lag0 (unlagged, which refers to
the association between environmental variables in a given day
and hospital admission in the same day), was excluded in order to
avoid the bias of analyzing environmental data recorded during
hours following the index hospitalization. Mean values of
environmental factors were used as reference values to calculate
the relative risks. The specification for the degrees of freedom (df)
in each dimension was chosen so as to minimize the quasi-Akaike
Information Criterion. In order to be able to capture non-linear
effects and their time structure while keeping the model on the
ground of parcimony, we tested df 1 to 2 in space dimension and in
time dimension. The influence of year on emergency admissions
was also assessed using dlnm. Wilcoxon rank sum test with
continuity correction was used to assess the effects of weekend,
summer season (from July 1 to August 31), and occurrence of
storm during the preceding week on emergency admissions.

To evaluate independent factors associated with emer-
gency admissions, significant univariate risk factors were
examined using stepwise multivariate analysis. Among signifi-
cant univariate factors that were closely related with a corre-
lation coefficient >0.80 (minimal temperature, maximal
temperature, and mean temperature for temperatures; PM;,

and PM, s for particulate matters), only the most clinically
pertinent and straightforwardly interpretable for decision mak-
ing purposes (daily mean temperature and PM;) were entered
into the multivariate model in order to minimize the effect of
colinearity. Thus, the 15 variables entered into the multivariable
analysis were: daily mean temperature, daily temperature range,
day-to-day mean temperature change, daily relative humidity,
daily mean wind speed, daily bright sunshine, occurrence of a
storm, daily mean concentrations of CO, NO,, Oz, SO,, and
PM,, weekend, holiday, and year. Two-sided P values <0.05
were considered signicant. Univariate analyses were repeated in
the 2 subgroups defined by age up to 18 or 18 years and over.

RESULTS

Study Population and Environmental Factors

During the 2922 days of the study, there were 17,710
emergency admissions for VOC or chest disease, involving a
total of 4426 patients. The mean daily number of emergency
admissions was 6.1 &= 2.8 (from 0 to 19), mean hospital length of
stay was 4.8 +-4.8 days, and mean patient age was 19.3 £11.3
years. Table 1 shows the descriptive statistics for weather
conditions and air quality. There were 265 (9.1%) days with
storm occurrence during the study period. Table 2 shows the
matrix of correlation coefficients between environmental fac-
tors. Almost all meteorological variables and air pollutants
correlated closely to each other.

Determinants of EHAs

Table 3 shows the dlnm univariate analysis of the relation
between environmental factors and EHAs. Higher values of

TABLE 3. Univariate Analysis of the Relation Between Environmental and Hospital Admissions

Variable dfvar Knot

Estimate (P Value) of dinm

Space Dimension Time Dimension

Air polluants

CO (ug/m®) 2 696.8 —0.35 (<107"%); —0.29 (<107%) 0.34 (<107°); —0.26 (0.02)

NO, (ng/m?) 2 39.4 0.06 (0.02); —0.02 (0.71) 0.18 (<1073); —0.08 (0.44)

05 (ng/m’) 1 - —0.04 (<1074 -

SO, (ug/m®) 2 2.8 —0.19 (<107'%); 0.05 (0.48) 0.07 (0.29); —0.15 (0.21)

PM,, (pg/m?) 2 24.8 0.19 (<107'%); —0.08 (0.27) 0.20 (<107%); —0.25 (0.02)

PM, 5 (ng/m’) 2 163 0.15 (<1075); —0.11 (0.18) 0.07 (0.20); —0.26 (0.03)
Meteorological factors

Daily rainfall (mm) 2 1.6 —0.03 (0.65) —0.14 (0.07)

Daily minimal temperature (°C) 2 7.9 0.01 (0.84); —0.09 (<107'% 0.15 (0.12); 0.07 (0.13)

Daily maximal temperature (°C) 2 16.4 —0.04 (0.11); —0.11 (<107'% 0.20 (0.02); 0.17 (<1073)

Daily mean temperature (°C) 2 12.1 —0.03 (0.30); —0.10 (<107'3) 0.21 (0.01); 0.16 (<1073)

Daily temperature range (°C) 2 7.6 —0.10 (<1073); —0.03 (0.29) 0.02 (0.68); 0.12 (<0.01)

Day-to-day mean temperature change (°C) 2 0.1 —0.46 (<107%); —0.18 (<0.01) —0.07 (0.53); 0.12 (0.02)

Daily relative humidity (%) 2 77.4 —0.08 (0.049); 0.05 (<10™%) —0.30 (<107%); 0.02 (0.54)

Daily bright sunshine (%) 2 30.2 —0.06 (<0.01); 0.01 (0.56) —0.03 (0.23); 0.04 (0.04)

Daily mean wind speed (m/s) 2 3.24 0.01 (0.69); 0.06 (0.01) -

Daily maximal wind speed (m/s) 1 - 0.04 (0.25) —0.11 (0.04)

dlnm = distributed lag non-linear models; the degree of freedom in space dimension (dfvar) and in time dimension (dflag) were chosen as to
minimize the quasi-Akaike Information Criterion; in space dimension, there is one estimate if dfvar = 1 (from minimal value to maximal value) and 2
estimates if dfvar = 2 (the first from minimal value to central knot and the second from central knot to maximal value); in time dimension, there is no
estimate if dflag=1 and 1| estimate if dflag=2, CO = carbon monoxide, Hum = daily relative humidity, NO, = nitrogen dioxide, O; = ozone,
PM,, = atmospheric particulate matters with aerodynamic diameter smaller than 10 wm, PM, s = atmospheric particulate matters with aerodynamic
diameter smaller than 2.5 wm, Rain = daily rainfall, SO, =sulfur dioxide, Sun=daily bright sunshine, Temp,,,, = daily maximal temperature,
Tempyycan = daily mean temperature, Tempy;, = daily minimal temperature, Temp,ng. = daily temperature range, Wind,,.x = daily maximal wind
speed, Wind,,ean = daily mean wind speed.
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FIGURE 2. Overall effect with relative risk (red line) and 95%
confidence interval (grey area) for associations between
the number of daily emergency admissions in sickle cell
disease patients and daily minimal temperature (panel A),
daily maximal temperature (panel B), daily mean temperature
(panel C), daily temperature range (panel D), day-to-day
mean temperature change (panel E), daily relative humidity
(panel F), daily bright sunshine (panel G), daily mean wind speed
(panel H), daily maximal wind speed (panel I), and daily rainfall

(panel)).
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NO,, PM, 5, PMyy, and daily mean wind speed; and lower
values of CO, Oz, SO,, daily minimal temperature, daily
maximal temperature, daily mean temperature, daily tempera-
ture range, day-to-day mean temperature change, daily bright
sunshine and occurrence of storm were significantly related
with the risk of EHAs while the association with daily relative
humidity was U shaped (Figures 2 and 3). DInm evidenced a lag
effect for 12 of 15 significant environmental factors, with a
short-term effect (before lag3) for CO (lower values), SO,,
minimal, maximal, and mean temperatures; and a delayed effect
(after lag3) for CO (higher values), NO,, PMy, PM, 5, daily
temperature range day-to-day mean temperature change,
humidity, and sunshine (Table 3, see Supplemental Digital
Content Figure SDCI to Figure SDC16, http:/links.lww.-
com/MD/A95). The number of EHAs increased with year of
admission (dlnm estimate of 0.07, P < 10™"°) and was signifi-
cantly lower during the summer season as compared the rest of
the year and during weekends as compared to weekdays
(P<107'° for both comparisons, Figure 4). Multivariate
analysis identified lower values of CO (dlnm estimate of
—0.18, P < 107?), day-to-day temperature drops (dlnm estimate
of —0.30, P <0.01), higher values of mean wind speed (dlnm
estimate of 0.05, P =0.03), weekend (dlnm estimate of —0.13,
P<107! 1), summer season (dlnm estimate of —0.15, P < 1078),
and increasing year (dlnm estimate of 0.05, P<107'%) as
independent factors associated with EHAs (Table 4); all these
factors were also significantly related with the risk of EHAs in
the subgroup of 1953 children (<18 years old, 8054 admissions)
and in the subgroup of 2473 adults (9656 admissions) except for
mean wind speed in children.

DISCUSSION

We found that the majority of air pollutants and environ-
mental factors were correlated to each other and influenced
EHAs in SCD patients, over a lag period of 1 week. Multivariate
analysis identified day-to-day temperature drop, increased
mean wind speed and decreased CO concentration as indepen-
dent factors associated with a higher risk of EHAs, while
controlling for calendar factors.

Meteorological Factors

In the present study, a decrease in all daily temperatures
(minimal, maximal, mean and range) and a drop in day-to-day
mean temperature were associated with a higher risk of hospi-
talization. These results are in accordance with previous studies
reporting that seasonallly colder temperatures may exacerbate
sickle cell-related pain.'’~2!' Patients with SCD exhibit hyper-
sensitivity to thermal stimuli*? and often report cooler weather
or exposure to cold as the most important precipitating factor for
VOC.%7%3 This effect is not likely to be mediated by direct
sickling, because lowerin% of the temperature reduces HbS
polymerization in vitro.24%* In addition, VOC and ACS are
poorly related to indices of chronic hemolysis.>® The reflex
constriction of superficial blood vessels in response to skin
cooling is enhanced in SCD as compared to normal individuals.’
This vasoconstrictor reflex is even stronger in SCD patients who
are more prone to painful crises.’> Serjeant and Chalmers®’
hypothesized that this vasoconstriction may be associated with
diversion of blood (‘‘vascular steal’’) away from active bone
marrow and may cause avascular necrosis and precipitate VOC.
This hypothesis is corroborated by radioisotope scanning evi-
dence of impaired blood flow in the bone marrow during a
painful crisis and biopsies of sites of maximal tenderness
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SO, = sulfur dioxide.

yielding necrotic marrow.® Increased wind speed and low
humidity are both likely to accelerate skin cooling. Convection
and sweat evaporation are 2 main mechanisms of human body
heat loss. The rate of convective cooling increases with higher
wind speed and low atmospheric humidity accelerates evapora-
tive cooling. In our study, high wind speed and low humidity were
associated with increased admissions of SCD patients, as pre-
viously reported in other areas of temperate climate.?’=° How-
ever, in our study, the relation linking relative humidity to
admission risk was significant only by univariate analysis and
displayed a U shape, with an increase in hospital admission with
higher humidity after a knot around 70% of relative humidity. A
similar positive association between relative humidity and hos-
pitalization rate in SCD patients was previously reported.'”?!

Air Pollutants

The association between daily variations in the levels of
urban air pollution and adverse health effects has been established
in the general population.®' Most patients with SCD in developed
countries live in urban areas with variable and often poor air
quality. In our study, an increased admission risk was associated
with higher levels of NO,, PM,,, and PM, 5 and lower levels of
CO, O3, and NO,. These findings differ from those of a previous
smaller report>® except for the protective association of CO. CO
was the only air pollutant (negatively) associated with hospital
admission by multivariate analysis in our cohort. CO binds to
hemoglobin with an affinity over 200 times that of O, to form
carboxyhaemoglobin (HbCO), which increases the affinity of
other binding sites for O, and shifts the oxygen dissociation curve
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to the left. This reduces the level of deoxyHbS and the tendency
for HbS to polymerise.*®> CO also inhibits vasoconstriction and
platelet aggregation.®* Inhaled CO reduces inflammation, leuco-
cytosis,®® and vasoocclusion®® in murine models of SCD. CO
administration to SCD patients induced a significant prolongation
of red cell survival.*” Altogether, these findings suggest CO may
be beneficial to patients having SCD.

Calendar Factors

dlnm showed a progressive yearly increase in admission
rate during the study period, which persisted in multivariate
analysis. This increase may be explained by the progressive
increase in cohorts of patients treated for SCD in Paris con-
urbation during the same period. Weekend and summer season
were associated with lower admission rate by multivariate
analysis. The difference in hospitalization rate between week-
end and weekdays has been reported in other settings like
myocardial infarction.®® This difference may be attributable
to a lifestyle change between weekdays and weekends and/or to
an attempt by some patients to delay hospital admission until
Monday because of the leisurely pace of life on weekends. The
decreased incidence during summer season is likely related to
higher temperatures and/or traveling outside the Paris conurba-
tion during that holiday period.

Clinical Implications

Education of both SCD patients and their families about
how to avoid crises may lead to a decrease in their number and
severity.®> Our findings may help health care providers and

Copyright © 2014 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 4. Box and Whisker plots of the number of daily emergency admissions in sickle cell disease patients according to weekend (panel

A), summer season (panel B), and year of the study (panel C).

patients to adopt preventive measures to avoid hospitalizations.
Our report reinforces general recommendation provided to SCD
patients, such as to avoid cold, to wear warm clothes outside in
cold weather and inside of air-conditioned rooms, and not to
swim in cold water.*® Increased wind speed and day-to-day
temperature drop (but not mean daily temperature) were the 2
meteorological factors selected by our multivariable model as
modifiers of the risk of emergency hospitalization. Permanently
low temperatures may dictate clothing choices and time spent
outdoors whereas day-to-day unanticipated falls in temperature
may specifically expose SCD patients to outdoor cooling.
Patients with SCD should be particularly careful in case of

Copyright © 2014 Wolters Kluwer Health, Inc. All rights reserved.

anticipated temperature drop or windy weather. Concerning air
pollution, further clinical studies are needed to explore the
potential for inhaled CO to alleviate VOC and/or ACS.

Study Strengths and Limitations

Our study is the first multicentric study in SCD patients
with a very large sample size spanning several years, with
concurrent daily environmental and clinical data, adjusted to
calendar data, and using an analytic approach able to capture
time structure and non-linear effects in a multivariable analysis.
The multivariable approach was necessary given that almost all
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TABLE 4. Multivariate Analysis of the Relation Between Environmental and Calendar Factors and Hospital Admissions

Estimate (P Value) of the dinm

Variable

Space Dimension

Time Dimension

Air polluants
Carbon monoxide (pg/m?)
Meteorological factors
Day-to-day mean temperature change (°C)
Daily mean wind speed (m/s)
Calendar
Year
Summer holidays
Weekends

—0.18 (<107%); —0.10 (0.27)

—0.30 (<0.01); —0.21 (<1073
0.05 (0.03); 0.03 (0.25) -

0.23 (0.06); —0.06 (0.65)

—0.15 (0.17); 0.10 (0.09)

0.05 (<1073 -

—0.15 (<107%) -
—0.13 (<107'h -

dInm = distributed lag non-linear models; the degree of freedom in space dimension (dfvar) and in time dimension (dflag) were chosen as to
minimize the quasi-Akaike Information Criterion; in space dimension, there is one estimate if dfvar = 1 (from minimal value to maximal value) and 2
estimates if dfvar = 2 (the first from minimal value to central knot and the second from central knot to maximal value); in time dimension, there is no

estimate if dflag=1 and 1 estimate if dflag=2.

environmental factors variables were observed to correlate. In
addition, a lag effect is virtually inevitable in SCD patients, who
usually attempt to manage pain at home prior to seeking medical
care. The association with the risk of hospital admission by
dlnm was delayed (starting after lag3 to lag4) for CO (higher
values), NO,, PM, PM, s, daily temperature range, day-to-day
temperature change, daily relative humidity, and daily bright
sunshine.

Our study has several limitations. First, it was performed in
an urban environment with a temperate climate and our findings
may not be extrapolated to other climates. We could not
evaluate the extent to which patients might have mitigated
environmental factors (eg, by using warm clothing, indoor
air conditioning and/or heating), which may lessen the strength
of associations between some climate factors and hospitaliz-
ations. On the same line, we did not have information about
smoking habits, which is a major determinant of HbCO levels
and could influence the association between atmospheric CO
and hospital admissions. Second, we only studied patients
presenting to the emergency department, and some painful
crises may have been managed at home, inducing a selection
bias. In addition, the chest disease terminology used in the
present report may not perfectly overlap ACS because the latest
diagnosis is not formally defined in the International Classifi-
cation of Diseases 10. Third, we did not analyze barometric
pressures, but Paris conurbation is a relatively flat region and
none of the sites had unusually high elevation that would be
associated with consistently low barometric pressures. Sim-
ilarly, we could not compute perceived temperature because
wind measurements were made at a standard height of 33 feet,
which do not correspond with the wind experienced by patients,
as friction attenuates wind speed closer to the ground. Last,
we could not explore the role of several patient characteristics
on the influence of environmental factors on hospital admis-
sions.

In conclusion, the majority of weather conditions and air
pollutants assessed were correlated to each other and influenced
the rate of EHA in SCD patients. In multivariate analysis,
weekdays, non-summer seasons, lower CO concentrations,
day-to-day mean temperature drop and higher wind speed were
associated with an increased risk of EHA.

8 | www.md-journal.com

ACKNOWLEDGMENTS

We are very grateful to Météo France and Air Parif for
providing meteorological and air pollution data.

REFERENCES

1. Godeau B, Schaeffer A, Bachir D, et al. Bronchoalveolar lavage in
adult sickle cell patients with acute chest syndrome: value for
diagnostic assessment of fat embolism. Am J Respir Crit Care Med.
1996;153 (5):1691-1696.

2. Mekontso Dessap A, Deux JF, Abidi N, et al. Pulmonary artery
thrombosis during acute chest syndrome in sickle cell disease. Am J
Respir Crit Care Med. 2011;184 (9):1022-1029.

3. Mohan J, Marshall JM, Reid HL, et al. Peripheral vascular response
to mild indirect cooling in patients with homozygous sickle cell (SS)
disease and the frequency of painful crisis. Clin Sci (Lond). 1998;94
(2):111-120.

4. Rubenstein E. Studies on the relationship of temperature to sickle
cell anemia. Am J Med. 1961;30:95-98.

5. Mohan JS, Marshall JM, Reid HL, et al. Comparison of responses
evoked by mild indirect cooling and by sound in the forearm
vasculature in patients with homozygous sickle cell disease and in
normal subjects. Clin Auton Res. 1998;8 (1):25-30.

6. Baum KF, Dunn DT, Maude GH, Serjeant GR. The painful crisis of
homozygous sickle cell disease. A study of the risk factors. Arch
Intern Med. 1987;147 (7):1231-1234.

7. Murray N, May A. Painful crises in sickle cell disease — patients’
perspectives. BMJ. 1988;297 (6646):452-454.

8. Smith WR, Coyne P, Smith VS, Mercier B. Temperature changes,
temperature extremes, and their relationship to emergency depart-
ment visits and hospitalizations for sickle cell crisis. Pain Manag
Nurs. 2003;4 (3):106-111.

9. Seeler RA. Non-seasonality of sickle-cell crisis. Lancet. 1973;2
(7831):743.

10. Slovis CM, Talley JD, Pitts RB. Non relationship of climatologic
factors and painful sickle cell anemia crisis. J Chronic Dis. 1986;39
(2):121-126.

11. Kehinde MO, Marsh JC, Marsh GW. Sickle cell disease in North
London. Br J Haematol. 1987;66 (4):543-547.

Copyright © 2014 Wolters Kluwer Health, Inc. All rights reserved.



Medicine * Volume 93, Number 29, December 2014

Environment and Sickle Cell Disease

12.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Zanobetti A, Schwartz J, Samoli E, et al. The temporal pattern of
mortality responses to air pollution: a multicity assessment of
mortality displacement. Epidemiology. 2002;13 (1):87-93.

. Braga AL, Zanobetti A, Schwartz J. The time course of weather-

related deaths. Epidemiology. 2001;12 (6):662—667.

. Maitre B, Habibi A, Roudot-Thoraval F, et al. Acute chest syndrome

in adults with sickle cell disease. Chest. 2000;117 (5):1386-1392.

. Gasparrini A. Distributed lag linear and non-linear models in R: the

package dlnm. J Stat Software. 2011;43 (8):1-20.

Gasparrini A, Armstrong B, Kenward MG. Distributed lag non-linear
models. Stat Med. 2010;29 (21):2224-2234.

Amjad H, Bannerman RM, Judisch JM. Letter: sickling pain and
season. British medical journal. 1974;2 (5909):54.

Redwood AM, Williams EM, Desal P, Serjeant GR. Climate and
painful crisis of sickle-cell disease in Jamaica. BMJ. 1976;1
(6001):66-68.

Ibrahim AS. Relationship between meteorological changes and
occurrence of painful sickle cell crises in Kuwait. Trans R Soc Trop
Med Hyg. 198074 (2):159-161.

Smith WR, Bauserman RL, Ballas SK, et al. Climatic and
geographic temporal patterns of pain in the Multicenter Study of
Hydroxyurea. Pain. 2009;146 (1-2):91-98.

Rogovik AL, Persaud J, Friedman JN, et al. Pediatric vasoocclusive
crisis and weather conditions. J Emerg Med. 2011;41 (5):559-565.

Brandow AM, Stucky CL, Hillery CA, et al. Patients with sickle cell
disease have increased sensitivity to cold and heat. Am J Hematol.
2012;88 (1):37-43.

Serjeant GR, Ceulaer CD, Lethbridge R, et al. The painful crisis of
homozygous sickle cell disease: clinical features. Br J Haematol.
1994;87 (3):586-591.

Galkin O, Nagel RL, Vekilov PG. The kinetics of nucleation and
growth of sickle cell hemoglobin fibers. J Mol Biol. 2007;365
(2):425-439.

Chang H, Nagel RL. Measurement of sickling by controlled
temperature increase. Blood. 1978;52 (6):1189-1195.

Gladwin MT, Vichinsky E. Pulmonary complications of sickle cell
disease. N Engl J Med. 2008;359 (21):2254-2265.

Serjeant GR, Chalmers RM. Current concerns in haematology. 1. Is
the painful crisis of sickle cell disease a “‘steal’” syndrome? J Clin
Pathol. 1990;43 (10):789-791.

Copyright © 2014 Wolters Kluwer Health, Inc. All rights reserved.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Alavi A, Bond JP, Kuhl D, Creech RH. Scan detection of bone
marrow infarcts in sickle cell disorders. J Nucl Med. 1974;15
(11):1003-1007.

Jones S, Duncan ER, Thomas N, et al. Windy weather and low
humidity are associated with an increased number of hospital
admissions for acute pain and sickle cell disease in an urban
environment with a maritime temperate climate. Br J Haematol.
2005;131 (4):530-533.

Nolan VG, Zhang Y, Lash T, et al. Association between wind speed
and the occurrence of sickle cell acute painful episodes: results of a
case-crossover study. Br J Haematol. 2008;143 (3):433-438.

Spix C, Anderson HR, Schwartz J, et al. Short-term effects of air
pollution on hospital admissions of respiratory diseases in Europe: a
quantitative summary of APHEA study results. Air pollution and
health: a European approach. Arch Environ Health. 1998;53 (1):54—
64.

Yallop D, Duncan ER, Norris E, et al. The associations between air
quality and the number of hospital admissions for acute pain and
sickle-cell disease in an urban environment. Br J Haematol.
2007;136 (6):844-848.

Beutler E. Hypothesis: changes in the O2 dissociation curve and
sickling: a general formulation and therapeutic strategy. Blood.
1974;43 (2):297-300.

Kato GJ. Novel small molecule therapeutics for sickle cell disease:
nitric oxide, carbon monoxide, nitrite, and apolipoprotein A-I.
Hematology/the Education Program of the American Society of
Hematology. Am Soc Hematol. 2008:186—192.

Beckman JD, Belcher JD, Vineyard JV, et al. Inhaled carbon
monoxide reduces leukocytosis in a murine model of sickle cell
disease. Am J Physiol. 2009;297 (4):H1243-1253.

Belcher JD, Mahaseth H, Welch TE, et al. Heme oxygenase-1 is a
modulator of inflammation and vaso-occlusion in transgenic sickle
mice. J Clin Invest. 2006;116 (3):808-816.

Beutler E. The effect of carbon monoxide on red cell life span in
sickle cell disease. Blood. 1975;46 (2):253-259.

Spielberg C, Falkenhahn D, Willich SN, et al. Circadian, day-of-
week, and seasonal variability in myocardial infarction: comparison
between working and retired patients. Am Heart J. 1996;132
(3):579-585.

American academy of pediatrics. Health supervision for children
with sickle cell disease. Pediatrics. 2002;109 (3):526-535.

NIH. Living with sickle cell anemia. 2012; http://www.nhlbi.nih.gov/
health/health-topics/topics/sca/livingwith.html.

www.md-journal.com |9


http://www.nhlbi.nih.gov/health/health-topics/topics/sca/livingwith.html
http://www.nhlbi.nih.gov/health/health-topics/topics/sca/livingwith.html

	Environmental Influences on Daily Emergency Admissions in Sickle-Cell Disease™Patients
	INTRODUCTION
	METHODS
	Patients
	Meteorological and Air Quality Data
	Statistical Analysis

	RESULTS
	Study Population and Environmental Factors
	Determinants of EHAs

	DISCUSSION
	Meteorological Factors
	Air Pollutants
	Calendar Factors
	Clinical Implications
	Study Strengths and Limitations

	Acknowledgments


