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Summary

The role of the weather as a trigger of sickle cell acute painful episodes has long been debated. To
more accurately describe the role of the weather as a trigger of painful events, we conducted a
case-crossover study of the association between local weather conditions and the occurrence of
painful episodes. From the Cooperative Study of Sickle Cell Disease, we identified 813 patients
with sickle cell anaemia who had 3570 acute painful episodes. We found an association between
wind speed and the onset of pain, specifically wind speed during the 24-h period preceding the
onset of pain. Analysing wind speed as a categorical trait, showed a 13% increase (95%
confidence interval: 3%, 24%) in odds of pain, when comparing the high wind speed to lower
wind speed (P = 0.007). In addition, the association between wind speed and painful episodes was
found to be stronger among men, particularly those in the warmer climate regions of the United
States. These results are in agreement with another study that found an association between wind
speed and hospital visits for pain in the United Kingdom, and lends support to physiological and
clinical studies that have suggested that skin cooling is associated with sickle vasoocclusion and
perhaps pain.
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Sickle cell disease is the result of a point mutation in the $-globin chain of adult
haemoglobin (HbA) that produces an abnormal haemoglobin, haemoglobin S (HbS)
(Ingram, 1956). HbS polymerizes to form stiff rod-like structures when deoxygenated.
When there are sufficient quantities of this polymer, red blood cells (RBC) distort and bend
into the hallmark sickle shape (Herrick, 1910). Vasoocclusive complications of sickle cell
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disease result from blood flow interruption due to the tangling of these sickle cells in blood
vessels. These complications include recurrent acute painful episodes, ischemic stroke, a
pneumonia-like complication called acute chest syndrome (ACS), priapism, and avascular
necrosis of the hip/shoulder (AVN) (Steinberg et al, 2001).

Both environmental and genetic factors are thought to contribute to the variability of
severity and frequency of painful episodes among subjects with sickle cell disease (Jones et
al, 2005). The role of the weather as a trigger of sickle cell pain crises has been studied for
more than 30 years. Early studies were based on anecdotal evidence; such as case reports of
sickle cell patients reporting pain during the colder parts of the day, or when swimming in
the cold ocean on a particularly hot day (Redwood et al, 1976). Physiological and clinical
studies have supported these suppositions and shown that skin cooling is related to
vasoocclusion (Mohan et al, 1998) and perhaps pain (Resar & Oski, 1991). Further
supporting cold weather as a trigger for painful episodes, several studies have associated
pain with cold and rainy seasons (Amjad et al, 1974; Redwood et al, 1976; Ibrahim, 1980)
and with windy weather and low humidity (Jones et al, 2005). Other studies, however, have
shown no association of pain with the weather (Seeler, 1973; Slovis et al, 1986; Kehinde et
al, 1987; Smith et al, 2003). The conclusions of all of these studies, with the exception of
Jones et al (2005), are based on aggregated data, seasonal trend data, mean monthly
temperatures, hospital-wide visit rates, but not data at the individual subject level.

Given that the induction period of the weather on sickle cell pain episodes is likely to be
short, and its effect temporary due to inherent variation, it is a methodological challenge to
assess the effect of the weather on pain episodes using traditional study designs. To more
accurately describe the role of the weather as a trigger of pain crises, we studied the
association between the weather and the occurrence of sickle cell painful episodes using a
case-crossover design. The case-crossover study was specifically designed to study
exposures, like the weather, that have a short induction time and transient effect. In short,
the association was estimated by comparing the weather conditions preceding the occurrence
of a painful episode with the weather conditions during another time when the case subject
was not experiencing acute pain.

Study population

Study subjects were selected from the Cooperative Study of Sickle Cell Disease (CSSCD).
During the three Phases of the CSSCD, data were gathered on all acute and chronic
complications related to sickle cell disease. More detailed information was collected during
Phase I, so all analyses were restricted to events occurring during that phase. During Phase
1, a ‘Painful Episode Form’ was completed each time a study patient presented at a
participating clinic, emergency room, or hospital with a painful crisis (see definition below),
not associated with bone pain lasting >7 d, avascular necrosis by culture, or joint swelling.
All subjects/events for which a painful event form was completed were included in this
study. Data collected included, but was not limited to: the time pain began, location and
characterization of the pain, whether the patient was hospitalized and associated laboratory
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values. A detailed description of the CSSCD and patient demographics has been reported
elsewhere (Gaston et al, 1987).

Data collection

Outcome

Exposures

The weather conditions for all of the participating centres were purchased from http://
weather-source.com/; a commercial provider of local real time and historical weather data.
Using the dates and times of each episode and the zip code of the emergency department/
clinic attended, 48-h of weather data from the closest weather monitoring station were
merged with clinical and demographic data for both a hazard period (preceding the onset of
pain) and two control periods (that did not precede the onset of pain).

During Phase | of the CSSCD, 813 patients had 3570 painful events over follow-up. Though
Phase | was conducted over 10 years, from March 1979 to September 1988, most subjects
were not followed for the entire duration of the study. All of the events described here
occurred between March 1979 and December 1984,

A painful event was defined as a visit to a clinic/emergency department (ED) with pain in
the extremities, back, abdomen, chest, or head, for which no other explanation could be
found and which was not classified as one of the other special events (i.e. acute chest
syndrome, avascular necrosis, stroke etc.). Pain should have lasted for at least 2 h, irritability
in young children accompanied by pain on palpation was considered appropriate evidence,
and finally, if patient was old enough, he/she must have stated that the pain was of the nature
usually associated with a crisis (Platt et al, 1991). Painful events that occurred within 2
weeks after another painful event were considered a continuation of the preceding event and
were eliminated from this study.

Local weather data included temperature, humidity, precipitation, wind speed, cloud cover,
and dew point. In addition to studying raw weather values, additional variables were derived
from the raw values. The variables studied included minimum, maximum and means of all
continuous measures and absolute change over the hazard period. Wind speed was also
dichotomized using the Beaufort wind force scale (http://www.hpc.ncep.noaa.gov/html/
beaufort.shtml) and its association with the occurrence of pain crises examined.

The hazard period consisted of the 48 h before the onset of pain up to the time of onset of
pain. Control periods were two periods of 48 h, the first 2 weeks before and the second 2
weeks after the painful event. Preliminary analysis showed null associations between all
weather conditions and the onset pain crises during the 48-h hazard period. Suggestive
associations were, however, apparent when the hazard/control periods were limited to 24 h.
Therefore, this study focused on the 24 h preceding the onset of pain.

Statistical analyses

Descriptive statistics were generated for all demographic and clinical variables (Table I).
Crude associations of painful episodes and each of the described exposures were analysed
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using conditional logistic regression. Following crude analyses, potential confounders and
effect modifiers were examined. Because of the nature of case-crossover design,
characteristics that did not change between hazard and control periods, such as age, sex,
geographic region etc., could not confound the association between the weather and pain.
These may, however, act as modifiers.

To study modification by geographic region, each centre was classified according to its
Kdppen-Geiger climate type (Peel et al, 2007). The 23 participating centres all reside in one
of four climate types: (1) cold without a dry season, and a warm summer (2) temperate
without a dry season, and a hot summer, (3) tropical, and (4) temperate with a dry season,
and a warm summer. Stratified analyses were performed to determine if climate type was an
important modifier of the association of the weather and the occurrence of painful episodes.

It is important to note that a limitation of this study is a speculative induction time and the
potential for misclassification of the truly etiologically relevant exposure. To determine the
relevant induction time, the hypothesized hazard/control period (24 h) was broken into 4 h
intervals, analysed separately. Since misclassification of the exposure would bias the
measure of association toward the null, the interval that maximizes the measure of
association should reflect the appropriate induction time (Rothman, 1981).

During Phase | of the CSSCD, 813 subjects had 3570 painful episodes. On average, study
subjects were followed 3.1 years and experienced 4.4 painful episodes each (Table I).
Subjects ranged in age from 7 to 68 years (mean 25.1 years), 53% were male and 31% had
coincident a thalassaemia (Table ).

We found no substantial associations between temperature, cloud cover, relative humidity or
precipitation and the occurrence of painful episodes. We did, however, find an association
between wind speed and the onset of pain, specifically wind speed during the 24-h period
preceding the onset of pain. Continuous measures of wind speed, mean and median wind
speed during the 24 first hours of the hazard/control windows, showed significant
associations with the occurrence of pain (P = 0.03 and P = 0.009, respectively). There was a
24% (95% confidence interval [CI] 1%, 52%) and 28% (95% CI: 6%, 56%) increase in the
odds of pain with every 10 kph increase in mean and median wind speeds respectively,
when comparing the hazard and control periods (Table II).

Wind speed was also analysed as a categorical trait by dichotomizing the 24-h average wind
speed at Beaufort wind scale value of 2 (7 kph). This cut-off point was chosen since a
Beaufort number of 2 is defined as ‘wind felt on exposed skin and leaves rustle’ and it was
hypothesized that it is the skin cooling resulting from the wind which may trigger the acute
painful event. This analysis showed a 13% increase (95% CI: 3%, 24%) in odds of pain
when comparing the high wind speed with lower wind speed (P = 0.007; Table II).

Possible confounding by temperature was also studied. The adjusted measures of association
however did not differ from the crude, so only the crude results are described here.

Br J Haematol. Author manuscript; available in PMC 2015 March 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nolan et al.

Page 5

Potential effect modification of the association between wind speed and the occurrence of
pain crises by climate zone, sex, and coincident o thalassemia was also studied by stratified
analyses. There was no modification of the odds ratio by coincident a thalassaemia,
however there was considerable effect modification by both climate zone and sex. When the
analyses were stratified by sex, there was a stronger association of wind speed and pain
among males when compared with females (Table I11).

After stratification by climate zone it was found that the temperate climate with hot
summers (Region 2) had the strongest association with the occurrence of painful crises when
compared with the remaining three climate zones. Stratification by both region and sex
yielded similar results as the analyses stratified by region only, however we see a stronger
association (OR 1.59; 95%CI: 1.15-2.21) between wind speed and the occurrence of painful
episodes in Region 3 (tropical) than seen previously (Table 1V). Three of the regions showed
an increase in the odds of painful episodes as wind speed increased. In Region 4 (cold
without a dry season), however, wind speed appeared to confer a protective effect, i.e.
higher winds corresponded to fewer painful episodes. These results failed to reach
significance, and subjects in this region made up a very small portion of the total number of
painful events (53 of 813 subjects and 172 of 3570 events; 6% and 5% respectively).

To address the potential limitation of an unknown induction time, the 24-h hazard/control
periods were divided into 4 h intervals and their crude association with the occurrence of
pain was analysed. It was found that the interval 13 to 16 h before the start of the painful
was most strongly associated with the onset of pain and therefore was the most likely
induction time (Fig 1).

Discussion

The present study reports evidence of an association between wind speed and painful
episodes in patients with sickle cell anaemia, particularly among males living in temperate
climates with dry summers or humid sub-tropical climates. These results are in partial
agreement with a study that found an association between wind speed and hospital visits for
pain in the United Kingdom. The UK, however, is in a temperate climate zone with no dry
season and a warm summer (Jones et al, 2005); a climate type not represented in the
CSSCD.

Many studies have found an association with cold temperatures (Amjad et al, 1974;
Redwood et al, 1976; Ibrahim, 1980) and analysis of our own data showed a clear seasonal
trend (Fig 2). There was not, however, an association between temperature and painful
episodes when data were analysed as a case-crossover study. This result may be due to the
lack of variability in temperature between the hazard and control periods because they are
separated by only 2 weeks. The case-crossover study is ideal for studying triggers or short-
lived exposures, therefore, another possibility is that, although temperature may be a risk
factor for painful episodes, it might not trigger painful episodes. Our results lend support to
physiological and clinical studies that have suggested that skin cooling, and perhaps more
importantly, the speed at which the skin is cooled, is associated with sickle vasoocclusion
(Mohan et al, 1998) and pain (Resar & Oski, 1991).
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It is unsurprising that climate type is a modifier of the association between pain and wind
speed as the overall weather conditions probably dictate clothing choices and time spent
outdoors, and therefore exposure to the direct cooling effects of the wind. Another possible
explanation for the strong associations seen in the warmer climates is rapid heat loss through
the evaporation of sweat. The effect modification of the association by sex, however, is less
obvious. We hypothesize that the varying magnitudes and directions of the odds ratios in
each stratum may be due to body size, and therefore body surface area exposed to the wind,
or perhaps because men perspire more than women, there is greater potential for evaporative
cooling of the skin among men.

Since ‘time pain began’ was among the data collected during Phase 1 of the CSSCD, we
were able to address the potential limitation of a speculative induction time and the potential
for misclassification of the truly etiologically relevant exposure. The hypothesized hazard/
control period (24 h) was broken into 4 h intervals, analysed separately. We acknowledge
that there may be some misclassification of time of onset because we are relying on self-
report, however this misclassification is likely to be non-differential and, therefore should
bias the measure of association toward the null. We found the strongest association between
the weather and pain occurred during the interval from 13 to 16 h preceding the onset of
pain. As this significant association cannot be explained by the bias due to misclassification
of the time of onset, this interval probably contains the most etiologically relevant induction
time. This finding supports the length of our hypothesized hazard/control period (24 h) and
further supports the choice of study design since case-crossover studies are ideal for
exposures with short induction times.

Since data were available for multiple painful episodes for each subject, the issue of within
subject correlation needed to be addressed. The simple solution was to only analyse one
event, the first event or one randomly selected event, per subject. Though evidence of an
association between wind speed and painful episodes was discovered, we lacked the power
to detect a meaningful difference between the hazard and control periods (data not shown).
A recent paper Luo and Sorock (2007) found that analysing multiple events with standard
conditional logistic regression produced an unbiased effect estimate, however the estimate
was less precise (wider confidence interval) than more sophisticated methods). As the effect
estimates reported in the present study reached significance even with this loss of precision,
we are confident in our finding of an association between wind speed and the occurrence of
pain crises.

In conclusion, though pain is the most common complication of sickle cell disease, and
likely to have many potential triggers, physicians may wish to advise patients to take
precautions on windy days by limiting skin exposure.
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Fig 1.

Dgtermination of the etiologically relevant induction time of wind speed on the occurrence
of sickle cell-related painful episodes. Figure 1 shows the results of an analysis to determine
the most etiologically relevant induction time. Since misclassification of exposure should
bias the measure of association (odds ratio) toward the null, the interval that maximizes the
odds ratio should reflect the appropriate induction time. The interval 13 to 16 h before the
start of the painful was most strongly associated with the onset of pain and therefore was the
most likely induction time.
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Fig 2.

Seasonal trend analysis of the occurrence of sickle cell-related painful episodes. Figure 2
shows the total number of painful events by month over the follow up. The fitted frequency
was determined using EpiSheet which uses the method described by Edwards (1961).
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Subject characteristics.

Table |

Males
SSa
Age, years

Median (range)

Number of painful episodes per study subject
Median (range)

Years follow-up per study subject

Median (range)

Regions

(1) Cold without a dry season and a warm summer

(2) Temperate without a dry season and a hot summer

(3) Tropical

(4) Temperate with a dry season and a warm summer

434 (53)

254 (31)
251+11.0
24 (7 to 68)
44+58

2 (1o 36)
3.1+0.6
32(16t04.1)

1910 (54)
1005 (28)
483 (14)
172 (5)

Values are presented as n (%), mean + standard deviation or median (range).

Page 10

CSSCD Sites in region: (1) Massachusetts (MA), Connecticut (CT), New York (NW), Pennsylvania (PA), Illinois (IL) and Missouri (MO); (2)
Washington (WA), District of Columbia (DC), Tennessee (TN), North Carolina (NC), Georgia (GA) and Mississippi (MS); (3) Florida (FL) and

(4) California (CA).

MA, NY, IL, DC, TN, NC and CA had more than one participating centre.
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Table Il

Results of crude and sex-stratified analyses of the association between wind speed and the occurrence of sickle
cell-related painful episodes.

Crude Male Female
Average wind speed
ORygpn (95% CI)  1.24 1.40 111
(1.01,1.52) (1.05,1.89) (0.84, 1.49)
P value 0.03 0.02 0.46
High versus low
ORygph (95% CI) 113 1.27 1.02
(1.03,1.24) (1.11,1.45) (0.90, 1.16)
P value 0.007 0.0004 0.73

OR, odds ratio; 95% ClI, 95% confidence interval.
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Table Il

Results of analyses of the association between wind speed and the occurrence of sickle cell-related painful
episodes stratified by region.

Region 1 Region 2 Region 3 Region 4

Average wind speed

ORyoipn 117 152 1.28 0.65
©5%Cly (09,152  (1.01,151) (0.73,222) (0.19,2.22)

Pvalue 023 0.05 0.39 0.49
High versus low

ORykpn 107 1.26 1.23 0.94
©5%Cly  (0.95,1.21) (L.05,151) (0.97,155) (0.60, 1.45)

Pvalue 0.26 0.01 0.08 0.7

OR, odds ratio; 95% ClI, 95% confidence interval.
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