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Gout attack risk may be affected by weather (e.g., because of volume depletion). We therefore examined the as-
sociation of temperature and humidity with the risk of recurrent gout attacks by conducting an internet-based case-
crossover study in the United States (in 2003—2010) among subjects with a diagnosis of gout who had 1 or more
attacks during 1 year of follow-up. We examined the association of temperature and humidity over the prior 48 hours
with the risk of gout attacks using a time-stratified approach and conditional logistic regression. Among 632 subjects
with gout, there was a significant dose-response relationship between mean temperature in the prior 48 hours and
the risk of subsequent gout attack (P=0.01 for linear trend). Higher temperatures were associated with approxi-
mately 40% higher risk of gout attack compared with moderate temperatures. There was a reverse J-shaped rela-
tionship between mean relative humidity and the risk of gout attacks (P = 0.03 for quadratic trend). The combination
of high temperature and low humidity had the greatest association (odds ratio = 2.04, 95% confidence interval: 1.26,
3.30) compared with moderate temperature and relative humidity. Thus, high ambient temperature and possibly
extremes of humidity were associated with an increased risk of gout attack, despite the likelihood that individuals

are often in climate-controlled indoor environments.

case-crossover study; gout; humidity; internet; risk factor; temperature; weather

Abbreviation: ACR, American College of Rheumatology.

Gout is presently the most common inflammatory arthritis
in the United States, affecting an estimated 3.9% of adults
(8.3 million individuals) (1). It is characterized by recurrent
flares due to monosodium urate deposition in the joints.
These flares have been linked to dietary factors (2, 3), alco-
hol intake (4), and the use of low-dose aspirin (5) or diuretics
(6), presumably because of their effects on serum urate lev-
els. Although the risk of gout flare may vary by weather
factors, such as ambient temperature and humidity, the few
studies that have investigated potential seasonal variation of
gout flares have produced conflicting results (7—11). This
may be the result of wide variations in temperature and
humidity in different geographical locations in any given
season.

Lower temperatures could decrease the solubility of urate
crystals, leading them to precipitate, particularly in the distal
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joints (7, 8). On the other hand, higher temperatures can
cause sweating, potentially leading to dehydration and
metabolic acidosis, both of which can increase serum urate
levels. Furthermore, these effects may be compounded by
humidity levels, because high humidity leads to increased
sweating (9, 10), and low humidity may contribute to dehy-
dration through evaporative fluid loss. Temperature and hu-
midity may also trigger behavioral changes, such as drinking
more fluids, including alcoholic or sugar-sweetened bever-
ages (which can affect the risk of gout) in hot, humid weather.
For example, in an online survey of more than 2,000 adults,
27% reported drinking more alcohol in warmer weather (12).

To date, no study has examined specific weather factors in
relation to the risk of recurrent gout attacks. In this study, we
assessed the potential impact of temperature and relative hu-
midity using an online case-crossover study design.
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METHODS
Study subjects

We conducted an internet-based case-crossover study of
triggers of recurrent gout attacks. The details of this study
have been described previously (3, 13). Specifically, we con-
structed a study website on an independent secure server in
the Boston University School of Medicine domain (14).
The study was advertised on the Google (Mountain View,
California) search engine (www.google.com) by linking an
advertisement to the search term “gout.” Individuals who
clicked on the study advertisement were directed to the
study website and were asked for the following items: socio-
demographic information, gout-related data (e.g., diagnosis
of initial gout attack, age of onset, medication used for the
treatment of gout, and the number of gout attacks in the last
12 months), and history of other diseases and medication use.

To be eligible for the study, a subject had to 1) report gout
diagnosed by a physician, 2) have had a gout attack within the
past 12 months, 3) be at least 18 years of age, 4) reside in the
United States, 5) provide informed consent, and 6) agree to
release medical records pertaining to gout diagnosis and
treatment. To confirm a diagnosis of gout, we obtained med-
ical records pertaining to the participant’s gout history and/or
a checklist of the features listed in the American College of
Rheumatology (ACR) preliminary classification criteria for
gout (15) completed by the subject’s physician. Two rheu-
matologists (T.N. and D.J.H.) reviewed all medical records
and the checklists to determine whether participants had a di-
agnosis of gout according to the ACR criteria. Similar meth-
ods of gout diagnosis confirmation have been used in the
Health Professionals Follow-Up Study (16). The study was
approved by the institutional review board of Boston Uni-
versity Medical Campus, and subjects provided electronic in-
formed consent.

Ascertainment of recurrent gout attacks

Data were collected regarding the date of onset of the
recurrent gout attack, the anatomical location of the attack,
clinical symptoms and signs (e.g., maximal pain within 24
hours or redness), and medications used to treat the attack
(e.g., colchicine, nonsteroidal antiinflammatory drugs, sys-
temic corticosteroids, intraarticular corticosteroid injections).
This method of identifying gout attacks is consistent with
approaches used in acute and chronic gout trials and the pro-
visional definition of gout attacks that includes only patient-
reported elements (17-19).

Ascertainment of weather-related factors

At the time of recurrent gout attacks, participants were
asked to provide zip codes for their location in the 0- to
24-hour period and the 25- to 48-hour period prior to that at-
tack using an online questionnaire. Using these zip codes, we
retrieved information on temperature (in °F) and relative hu-
midity (as %) during the 0—24 hours and 25-48 hours prior to
the gout attack through the National Oceanic and Atmo-
spheric Administration website (Www.noaa.gov), a publicly
accessible national weather data bank. We obtained the same
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weather-related information for control periods by matching
the weekday within a 35-day interval using a time-stratified
case-crossover study design (20). Specifically, we divided
the calendar into blocks consisting of 35-day intervals start-
ing on January 1, 2003. Within a particular 35-day interval
(i.e., block), the day the gout attack occurred was used as the
index day to anchor the corresponding control periods (i.e.,
anchored to the same day in the other weeks contained within
the same block), enabling matching of each case period to 4
control periods. For example, if the gout attack occurred on
the second Monday of a block, then the first, third, fourth,
and fifth Mondays in that 35-day interval were used to define
the index day for each of 4 control periods. We chose 2 days
preceding the index date as the effect period (i.e., the expo-
sure window) because we hypothesized that the gout attack
would not occur immediately after exposure to the specific
weather factors.

The time-stratified case-crossover study design can control
for cyclical variation of the underlying hazard of gout attacks
according to day of the week. For example, even though
weather variation does not depend on the day of the week, in-
dividuals may have different behaviors on weekdays versus
weekends that could have bearing on the risk of gout attacks,
such as drinking alcohol. In addition, temperature and hu-
midity can vary greatly over a long period of time. Thus,
by restricting the control periods to the same day of the
week within a short period of time (e.g., 35 days), potential
control selection bias and time trend of exposure are mini-
mized (21, 22). This design has been successfully applied
in several studies to assess the effect of weather-related fac-
tors on the risk of acute disease conditions (23-26).

Statistical analysis

We first examined the relation of mean temperature to the
risk of recurrent gout attacks using conditional logistic re-
gression. Specifically, we examined the associations of the
mean temperatures over 0- to 24-hour, 25- to 48-hour, and
0- to 48-hour exposure windows. For each exposure window,
we divided mean temperature into the following 7 categories:
less than 30°F, 30-39°F, 40—49°F, 50-59°F, 60—69°F, 70—
79°F, and 80°F or higher. (To convert degrees Fahrenheit
to degrees Celsius, subtract 32, multiply by 5, and divide
by 9.) We used the category that contained the median tem-
perature (50-59°F) as the reference group because it is very
rare that the temperature would change from the lowest cate-
gory (<30°F) to the highest category (>80°F) within a con-
secutive 35-day period. Because the 0- to 48-hour exposure
window appeared to generate more robust effect estimates for
the risk of recurrent gout attacks in terms of providing max-
imal risk ratios (27), those results are presented here. To bet-
ter depict the dose-response relationship between mean
temperature and the risk of gout attacks, we used quadratic
spline regression to smooth the dose-risk curve (28).

We then examined relative humidity, defined as the amount
of atmospheric moisture (i.e., water vapor) present relative to
the amount that would be present if the air were saturated at
any given time and temperature (29). We divided mean rel-
ative humidity into the following 6 categories: less than
40% (very dry), 40%—49%, 50%—59%, 60%—74% (reference
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category containing the median relative humidity), 75%—
84%, and 85% or more (very humid), and we used the same
approach as described above to evaluate its association with
the risk of recurrent gout attacks. Because a J-shaped dose-
response relationship between humidity and the risk of recur-
rent gout attacks was noted in the spline curve, we added a
quadratic term for humidity in the regression model.

Finally, we evaluated the combined association of temper-
ature and relative humidity with the risk of recurrent gout at-
tacks. To obtain robust effect estimates, we collapsed average
temperature and humidity into 3 categories each (<49°F, 50—
69°F, and >70°F for temperature; <60%, 60%—74%, and
>75% for humidity). In sensitivity analyses, we examined
the association of temperature and relative humidity with
the first attack during study follow-up, as well as with attacks
affecting the lower extremities.

RESULTS

Of 632 subjects who had experienced at least 1 recurrent
gout attack during the follow-up period, we were able to
obtain data on temperature for 626 (99%) subjects and on

Table 1. Characteristics of 619 Participants in the Internet-Based
Case-Crossover Study of Gout, United States, 2003—-2010

Participant Characteristic No. % Median Range
Male sex 484 78
Age, years 54 21-88
Education
Less than high school 10 2
graduate
High school graduate 54 9
Some college/technical 196 32
school
College graduate 152 25
Some professional/ 68 11

graduate school

Completed professional/ 132 22
graduate school

Household income, $

<25,000 52 8

25,000-49,999 122 20

50,000-74,999 119 19

75,000-99,999 87 14

>100,000 159 26

Refused to answer 80 13
Race

Black 19 3

White 547 88

Other 46 74

Refused to answer 7 14
Body mass index? 30.6 14.7-69.9
Disease duration, years 5 0-51

@ Weight (kg)/height (m)2.

relative humidity for 624 (99%) subjects. A total of 619 sub-
jects (98%) had temperature or humidity data in both case and
control periods; of these subjects, 536 (87%) met the ACR
preliminary classification criteria for gout.

The characteristics of the participants are presented in
Table 1. The average age was 54 years. Participants were pre-
dominantly men (78%) of white race (88%), and more than
half had received a college education. Subjects were recruited
from 49 states and the District of Columbia. Most gout attacks
occurred in the lower extremity (92%), particularly in the first
metatarsophalangeal joint, and had features of either maximal
pain within 24 hours or redness (89%). Approximately 89% of
the gout attacks were treated with colchicine, nonsteroidal anti-
inflammatory drugs, systemic corticosteroids, intraarticular
corticosteroid injections, or a combination of these medica-
tions. The median time between the onset of a gout attack
and completion of the hazard-period questionnaire was 3 days.

Higher temperatures over the prior 48 hours were associ-
ated with higher risks of recurrent gout attacks (Figure 1).
The odds ratios were 0.60, 0.75, 0.89, 1.0 (reference group:
50-59°F), 1.18, 1.43, and 1.40, respectively, for each of 7
temperature categories starting from less than 30°F over the
prior 48 hours (P for linear trend =0.01) (Table 2). In con-
trast, there was a reverse “J-shaped” dose-response relation-
ship between relative humidity and the risk of recurrent gout
attacks (Figure 2). Risk of gout attacks appeared to be higher
when relative humidity was low. Compared with the refer-
ence category (which contained the median humidity level
of 60%—74%), both extreme humidity categories tended to
be associated with a higher risk of recurrent gout attacks (P
for quadratic trend = 0.03) (Table 2 and Figure 2).

The combined associations of temperature and relative hu-
midity on the risk of gout attacks are presented in Table 3.
The risk of recurrent gout attacks was elevated with higher
temperature and lower humidity. For example, the odds

Risk Ratio

0 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

Temperature, °F

Figure 1. Depiction of the association between average ambient
temperature over the prior 48-hour period and risk of recurrent gout
attacks using quadratic spline regression in the whole study sample.
Internet-based case-crossover study of gout, United States, 2003—
2010. (To convert degrees Fahrenheit to degrees Celsius, subtract
32, multiply by 5, and divide by 9.)
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Table 2. Temperature and Humidity Over the Prior 48 Hours and
Risk of Recurrent Gout Attacks, Internet-Based Case-Crossover
Study of Gout, United States, 2003-2010

No. of No. of

Weather Factors Over Control Hazard OR 95% CI

Past 48 Hours

Periods  Periods
Temperature, °F?
<30 181 37 0.60 0.33,1.08
30-39 217 51 0.75 0.46,1.23
40-49 340 83 0.89 0.62,1.27
50-59 445 106 1.00 Referent
60-69 561 138 1.18 0.85,1.63
70-79 535 144 1.43 0.94,2.17
>80 196 49 1.40 0.77,2.57
P for linear trend 0.01
Relative humidity, %
<40 137 39 1.55 0.90, 2.66
40-49 178 50 1.37 0.92,2.02
50-59 386 97 1.17 0.88,1.54
60-74 989 221 1.00 Referent
75-84 547 141 1.14 0.89,1.47
>85 228 57 1.11 0.78,1.57
Pfor quadratic trend 0.03

Abbreviations: Cl, confidence interval; OR, odds ratio.
& To convert degrees Fahrenheit to degrees Celsius, subtract 32,
multiply by 5, and divide by 9.

ratio of recurrent attacks increased by 2-fold when the tem-
perature was above 70°F and the relative humidity was below
60% compared with that when the temperature was between

Risk Ratio
N

0 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

Relative Humidity, %

Figure 2. Depiction of the association between average relative hu-
midity (defined as the amount of atmospheric moisture (i.e., water
vapor) present relative to the amount that would be present if the air
were saturated at any given time and temperature (29)) over the
prior 48-hour period and risk of recurrent gout attacks using quadratic
spline regression in the whole study sample. Internet-based case-
crossover study of gout, United States, 2003—-2010.

Am J Epidemiol. 2014;180(4):372-377

Table 3. Combined Associations of Temperature and Humidity
Over the Prior 48 Hours With the Risk of Recurrent Gout Attacks,
Internet-Based Case-Crossover Study of Gout, United States,
2003-2010

Humidity Temperature  No. of No. of
Over Prior Over Prior  Control Hazard OR 95% CI
48 Hours, % 48 Hours, °F* Periods Periods
<60 <49 263 71 0.93 0.57,1.50
<60 50-69 209 46 1.40 0.96, 2.04
<60 >70 228 69 2.04 1.26,3.30
60-74 <49 436 86 0.98 0.63, 1.53
60-74 50-69 269 62 1.00 Referent
60-74 >70 284 73 1.40 0.90,2.16
>75 <49 300 86 1.00 0.63, 1.61
>75 50-69 259 62 1.41 0.99, 2.00
>75 >70 215 50 1.18 0.73,1.90

Abbreviations: Cl, confidence interval; OR, odds ratio.
& To convert degrees Fahrenheit to degrees Celsius, subtract 32,
multiply by 5, and divide by 9.

50-69°F and the relative humidity was between 60%—74%.
There was also a suggestion of increased risk of gout attack
with the combination of higher temperature and higher hu-
midity; however, the association was smaller than that of the
combined effect of higher temperature and lower humidity.
When these sets of analyses were restricted to participants
who met ACR gout criteria (n =536), the results did not
change materially. Additionally, the results remained similar
when analyses were limited to the first attack occurring during
the study period and to attacks affecting the lower extremity.

DISCUSSION

In this large study of prospectively recruited subjects with
preexisting gout, we found a trend for higher average ambient
temperatures being associated with a higher risk of recurrent
gout attacks. We also found a reverse J-shaped relationship
for relative humidity, with increasing trends for the risk of
gout attacks in both humidity level extremes. Finally, the in-
creased risk of gout attacks appeared to be greatest with the
combination of hot and dry weather. These findings provide
the first prospective evidence that these weather variables
may be important risk factors that should be considered in
the prevention of recurrent gout attacks.

Although it is commonly thought that gout attacks likely
occur in distal joints because of the cooler temperature of
those joints, we did not find that colder temperatures were as-
sociated with higher risk of gout attacks. One possibility is
that most individuals in North America are unlikely to be ex-
posed to cold temperatures for substantial periods of time.
Ambient temperatures, therefore, do not necessarily reflect
the actual temperatures experienced, particularly for extreme
temperatures. On the other hand, increased temperature can
lead to volume depletion and contribute to metabolic acido-
sis, both of which can decrease renal urate excretion and in-
crease serum urate. Acidosis can also reduce urate solubility
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and lead to precipitation of crystals. Thus, distal joints, which
tend to be exposed to lower blood pH than proximal ones, are
likely to experience greater adverse effects on serum urate
solubility.

In high humidity, the thermoregulatory evaporative cooling
related to sweating is less effective, leading to a further in-
crease in body temperature and, in turn, more perspiring in
an attempt at further cooling. Thus, there is a greater risk of de-
hydration with the combination of high temperature and high
humidity. On the other hand, low humidity can also lead to de-
hydration because of increased evaporation from the skin and
mucous membranes. Such volume loss may go relatively un-
noticed because perspiration does not necessarily accumulate
on the skin as it does in more humid weather. Indeed, lower
humidity can make the air “feel” cooler than it actually is be-
cause of this evaporative effect. It is well known that long-
distance flights can increase the sensation of dryness and the
risk of dehydration owing to the low relative humidity in the
cabin despite comfortable temperatures (30, 31).

Temperature and humidity may also affect the risk of recur-
rent gout attacks through other mechanisms. It is possible that
subjects exposed to high temperatures or to high relative hu-
midity may change certain behaviors. For instance, in hot,
humid weather, people may increase their liquid consumption
(e.g., of water or sugar-sweetened soda), or stereotypically
drink more beer (12), which can influence the risk of gout at-
tacks. Because the main objective of our study was to assess
the total effect of temperature or relative humidity on the
risk of gout attacks, not to elucidate the mechanisms responsi-
ble for the risk of gout attacks after exposure to such weather
factors, we did not attempt to assess the indirect effect of either
temperature or humidity through potential mediators on the
risk of recurrent gout attacks. Nevertheless, studies assessing
such biological mechanisms could provide valuable guidance
regarding feasible preventive measures when faced with
weather elements that could influence the risk of gout attacks.

It is worth commenting on several characteristics of our
study. First, the time-stratified case-crossover study is an
ideal design to assess the relation of ambient temperature
and relative humidity to the risk of recurrent gout attacks
(22). Previous studies have successfully used this design to
evaluate ambient temperature in relation to the risk of acute
events, such as stroke (32), migraine (33), and preterm deliv-
ery (34). Because the control periods were chosen randomly
on the same day of the week within close proximity to
the hazard period, potential biases are minimized, such as
those that arise from control selection and time trends in ex-
posures (i.e., temperature and humidity). Second, weather
data were obtained from publicly available resources; thus,
recall bias would not account for the findings of the study.
Third, lifestyle factors, such as alcohol consumption or
purine-rich food intake, may affect the risk of recurrent
gout attacks. These lifestyle factors are not the causes of am-
bient temperature or humidity and should not have con-
founded our results, but they could potentially mediate the
effects of temperature or humidity on the risk of gout attack.
When we limited our analyses to those who reported drinking
no alcohol, the magnitude of associations was similar to the
main results, although we acknowledge that conditioning on
an intermediate in the causal pathway can result in selection

bias. Finally, when we limited our analyses to those gout
cases confirmed by the ACR criteria to the first attack during
the study period or to attacks affecting the lower extremity,
our results did not change materially.

Our study has some limitations. We obtained average tem-
perature and relative humidity data from a National Weather
Service website. These exposures, however, may not repre-
sent the true conditions to which individuals were exposed,
as noted above. For example, individuals in North America
are often in climate-controlled settings, whereby indoor tem-
perature and humidity can be modulated (e.g., by air condi-
tioning (which decreases both temperature and humidity),
heating, dehumidifiers, and humidifiers). Indeed, in our
study sample, the median number of hours spent outdoors
in the prior 24- and 48-hour periods was 2.5 hours (mode,
1 hour). Thus, misclassification of exposure likely occurred.
However, this bias is likely to be nondifferential, biasing the
effect estimates toward the null. The measures of temperature
and relative humidity of the case period were similar to those
of the control periods within the relatively short 35-day inter-
vals. For example, the median difference in relative humidity
between hazard and control periods in each 5-week block was
—1% (interquartile range for difference in humidity between
hazard and control periods within a block, —9.25-8.75%).
This positive autocorrelation tends to decrease the efficiency
(i.e., precision) of the study (21). Therefore, even though
more than 600 subjects with gout were included in this anal-
ysis, the confidence intervals for each point estimate were rel-
atively wide.

In summary, we found that high ambient temperature and
possibly low relative humidity, more so than high relative hu-
midity, were associated with an increased risk of gout attack.
The biological mechanisms underlying these associations re-
quire further exploration and may include volume depletion
or behavioral changes in response to the weather that may in-
fluence gout attack risk. Patients with gout may be advised
that under conditions of hot and/or dry weather, appropriate
measures, such as increased water intake, should be consid-
ered to minimize the risk of recurrent gout attacks.
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