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Abstract \
Many people believe that weather influences chronic musculoskeletal pain. Previous studies on this association are narratively

reviewed, with particular focus on comparing methodologies and summarising study findings in light of study quality. We searched 5
databases (Medline, Embase, Web of Science, PsycINFO, and Scopus) for observational studies on the association between
weather variables and self-reported musculoskeletal pain severity. Of 4707 located articles, 43 were eligible for inclusion. The
majority (67 %) found some association between pain and a weather variable. Temperature, atmospheric pressure, relative humidity,
and precipitation were most often investigated. For each weather variable, some studies found an association with pain (in either
direction), and others did not. Most studies (86%) had a longitudinal study design, usually collecting outcome data for less than
amonth, from fewer than 100 participants. Most studies blinded participants to study aims but were at a high risk of misclassification
of exposure and did not meet reporting requirements. Pain severity was most often self-reported (84%) on a numeric rating scale or
visual analog scale. Weather data were collected from local weather stations, usually on the assumption that participants stayed in
their home city. Analysis methods, preparation of weather data, and adjustment for covariates varied widely between studies. The
association between weather and pain has been difficult to characterise. To obtain more clarity, future studies should address 3
main limitations of the previous literature: small sample sizes and short study durations, misclassification of exposure, and approach

to statistical analysis (specifically, multiple comparisons and adjusting for covariates).
Keywords: Pain, Musculoskeletal diseases, Weather, Statistical methods, Observational studies, Study design

1. Introduction

“Doctor, can you give me a prescription to move to Spain?”
Rheumatic patients in colder midlatitude climates have received
arthritis treatment in subtropical climates for centuries.®3%43
Between 62% and 97% of people with musculoskeletal
conditions believe that the weather influences their pain.3'587°
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Despite this belief among patients, there is no scientific
consensus on the association between weather and musculo-
skeletal pain. Previous literature reviews on this topic have usually
focused on research of 12545 or 248 musculoskeletal con-
ditions. Some reviews state that current evidence does not
support an association between weather and pain,®®° whereas
others show an association, although generally small and of
debatable statistical and/or clinical significance.?!46:48:54.62

In previous reviews, aggregating study results was hampered
by methodological heterogeneity.*¢°*%® For example, studies
differed in choice of outcomes, exposures, and populations. Pain
is subjective and individual, and researchers can focus on
different aspects (eg, severity, changes, and flares). The weather
can be described by many variables (eg, temperature, humidity,
and pressure) that are not independent of each other. Both pain
and weather change continuously but are usually measured at
fixed intervals, the timing and frequency of which may differ. How
these choices in individual studies are made has consequences
for the study scope, design, and results. By reviewing studies on
any musculoskeletal condition and considering their methodo-
logical heterogeneity, it may be possible to find patterns within
studies using a similar approach and to move towards a clearer
understanding of an otherwise confusing literature.

The aim of this review was to identify and synthesize studies of
the association between weather variables and chronic pain in
people living with musculoskeletal disease, with particular focus
on the consequences of methodological choices (eg, definition of
exposure and outcome, frequency and method of data collection,
and statistical methods). This article is organized as follows. We
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first describe the literature search and the characteristics of
identified published studies. Then, we summarize their findings.
We highlight differences between these studies, between all
studies investigating a specific weather variable (eg, temperature,
pressure, and humidity), and between subpopulations (eg, per
musculoskeletal disease). We then summarize and discuss the
methodological heterogeneity, identifying differences in study
design, collection of weather and pain data, data preparation and
analysis, and risk of bias.

2. Methods
2.1. Search strategy

We searched Medline, Embase, Web of Science, Scopus, and
PsycINFO from the earliest available date to January 31, 2017.
The search strategy combined terms related to weather (eg,
“*meteorol*,” “weather”) with terms related to chronic musculo-
skeletal pain (eg, “arthritis”) and pain (eg, “pain”; see the
Supplementary Material for the complete search strategy, avail-
able at http://links.lww.com/PAIN/A932). Where available, we
used thesaurus headings and filters to limit the search to original
research on humans.

|dentified records were sequentially screened by AB according to
the eligibility criteria: studies investigating weather conditions as
exposure, in populations with musculoskeletal conditions, with pain
as the outcome. Studies that were not in humans, not original
research, not observational (ie, letters, conference abstracts,
newspaper articles, and literature reviews), or in other languages
than English were excluded. Articles were first screened for eligibility
based on their title, and then, if needed, based on full text.

2.2. Data extraction and synthesis

To address the study objectives, AB extracted data from eligible
articles and performed a quality assessment. Any uncertainties were
discussed with coauthors. The quality assessment identified risks of
bias due to misclassification of exposure (1. Was weather retrieved
from participants’ actual locations? 2. Was time spent outside
measured?), adequacy of the length of follow-up (3. Was outcome
data retrieved during 4 seasons?), lack of blinding of participants
(4. Were participants blinded to study aims?), and reporting bias
(5. Were all effect sizes reported? 6. Were uncertainty and/or exact
P values reported?). For cross-sectional studies that by definition do
not retrieve multiple outcomes per participant, item 3 was not
applicable. For studies that estimated correlations between pain and
single weather variables, we assessed adequacy of statistical
methods with 2 additional assessment criteria (7. Did the analysis
account for repeated measurements within participants? 8. Did
authors correct for multiple testing?).

We then performed a narrative synthesis of this extracted
data. We described study characteristics and synthesized study
findings. We reported on how many studies found an
association between weather and pain, and whether this was
at population level (same association for all participants) or only
in subgroups (different results for a subset of the participants).
We reported on the results of the quality assessment and
reflected on the studies’ findings in the light of risk of bias, quality
of reporting, and sample size. For each weather variable, we
showed how many studies investigated that weather variable,
how many studies found an association between pain and that
weather variable, and how many did not. We then appraised
methodological variability in choice of outcome, exposure and
statistical method.
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3. Results

The search of 5 databases returned 4707 articles, of which 493 were
duplicates. The remaining 4214 records were screened according to
the eligibility criteria, and 4106 records were excluded based on
article titles. Full text of the remaining 108 articles was assessed for
eligibility. Of these 108 articles, 65 were excluded because they did
not investigate weather conditions, musculoskeletal conditions, or
pain or because they were the wrong publication type, not
observational studies, or not written in English (Fig. 1). In total, 43
articles were eligible to be included in the review.

3.1. Study design, disease population, sample size, and
study duration

Of the 43 included articles, 37 (86%) were longitudinal studies,
taking repeated measures of weather and pain through time. Of
these, 32 were longitudinal cohort studies, following the same
group of individuals through time. These studies can provide
information on pain patterns over time and how weather patterns
precede pain events. They enable analysis of both change within
individuals and variation between individuals. The longitudinal
cohort studies fell into 2 categories. The first category consisted
of 13 studies that estimated correlations between pain and single
weather variables, without adjusting for confounders. These
studies were exploratory, and a first step towards quantifying
associations between weather and pain. The second category
consisted of 24 studies that assessed associations between pain
and multiple predictors (multiple weather variables simulta-
neously and/or other covariates). These studies can more easily
correct for confounding. Five of these 24 studies had a case-
crossover design, where the weather during hazard periods (days
with a pain exacerbation) was compared with the weather during
control periods (similar days without pain exacerbation) within the
same participant. Case-crossover studies use each participant
as their own control, thus correcting by design for all time-
invariant confounders, but they consider dichotomous rather
than continuous pain outcomes and do not explicitly assess
differences between individuals. The remaining 6 studies (6/43;
14%) were not longitudinal but cross-sectional, studying pop-
ulations at one specific point in time. Cross-sectional studies
estimate the associations between weather and pain at
a snapshot in time using differences in exposures and outcomes
between individuals but cannot address temporal changes in
exposure or make within-person comparisons. A full table of
study characteristics is presented in the Supplementary Material
(available at http://links.lww.com/PAIN/A932).

Of the 43 studies, 34 (79%) investigated 1 musculoskeletal
condition: rheumatoid arthritis (10/43; 23%;'1"/19:2526:3853586166
osteoarthritis  (9/43; 21%;>122022458056.71.77) © firomyalgia  or
chronic widespread pain (8/43; 19%°718:23814964.7%) " |o\_pack
pain (4/43; 9%;*16518) gout (2/43; 5%;>?), or juvenile rheumatoid
arthritis (1/43; 2%;"). The remaining 9 studies (9/43; 21%)
investigated 2 or more of the following populations: people with
rheumatoid arthritis or osteoarthritis, % 102941636973 finromyalgia, 2%6°
low-back pain,** spondyloarthritis,’®*! “other arthritis,”?® “other
nontraumatic joint disorders,”*! or complex regional pain syndrome
and adhesive capsullitis of the shoulder.**

Most studies (36/43; 84%) investigated self-reported pain
severity, including all 32 cohort studies, one case-crossover
study?® and 3 cross-sectional studies.?®*°°® The other 7 studies
(16%) used databases of existing health information to identify
hospital visits for pain-related complaints including emergency
visits for rheumatoid arthritis, " hospital admissions for rheumatoid
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Figure 1. Flow diagram of screening and inclusion of relevant articles.

arthritis,®® gout attacks,>%? low-back pain episodes,*®® and
proportion of outpatient visits for joint/back pain.*' Sources of
these data were electronic medical records databases, 385268
a drug-trial database,* and an insurance-claims database.*'

Participant numbers in the 43 studies ranged from 18 to more
than 1.5 million, and study durations ranged from 1 to 365 days
(Fig- 2). The 37 longitudinal studies investigated 18 to 1604
participants (median 88) and collected outcome data for 2 to 365
days (median 29; not reported in Ref. 31). Most longitudinal
studies (26/37; 70%) collected data on a series of consecutive
days. Some studies (11/37; 29%) collected data intermittently,
resulting in study durations longer than the “days of outcome data
collection” displayed in Figure 2. For example, studies had
intermittent data collection during periods of less than a year (14
days up to 6 months®22:4%:59:66) or { year or more?12:15:98.71.77
(See Supplementary material, available at http://links.lww.com/
PAIN/A932). Four studies (4/35; 11%) reported individual differ-
ences in days of outcome data collection’15°%74: for these, the
mean is displayed in Figure 2 (eg, between 4 days and 5 weeks
with a mean of 15.3 days). Three of the 5 case-crossover studies
retrospectively identified hazard periods,'*€® whereas the other
2 case-crossover studies identified hazard periods prospectively
over periods of 90%° and 365 days.®? All 5 case-crossover studies
matched each hazard period with 2 to 4 control periods, resulting
in “days of outcome data collection” from 3 (2 control periods + 1
hazard period) to 5 (4 control periods + 1 hazard period) days in
Figure 2. Of note, the case-crossover studies did not actively
collect data on control periods (days without the dichotomous
outcome) but assumed that the same day a week to a month
before or after the hazard period was a control period. The 6
cross-sectional studies included one outcome data point for 82 to
more than 1.5 million people (median 13,629).

3.2. Synthesis of study findings

Using the authors’ interpretation of their own findings, the majority
of the studies reported an association between weather and pain
(27/43; 63%). Sometimes, studies with similar results had
different interpretations, in particular, when associations of

marginal statistical or clinical significance were found. For
example, some studies concluded that weather and pain were
associated but specified that this association was small. These
studies describe their results as “not clinically important,”®+8
making a “minimal contribution to pain”'®'®?° or “very
small,”?6%% where “very small” referred to a 10°C increase in
temperature being associated with a 0.6-unit decrease in pain on
a 100-point scale.?® Other studies concluded there was no
association between weather and pain, despite finding at least
one relationship between a weather variable and pain.*”+2° Thus,
the 63% of studies that reported an association is affected by the
authors’ interpretation of their own findings.

Of the 29 studies that reported an association, 19 found
a population-level effect and 10 found an effect in subgroup(s)
only. Of these 10 studies, 5 stratified participants by specific
characteristics such as disease, %% geographical area and
self-reported weather sensitivity,*® or age group.’ For example,
subgroup effects were found in participants with spondyloarthritis
and osteoarthritis, but not rheumatoid arthritis'®: in participants
from urban areas with self-reported weather sensitivity, but not in
participants from urban areas without self-reported weather
sensitivity or in participants from rural areas*®; and in participants
50 to 65 years old, but not other age groups.” The other 5 studies
that examined subgroups analyzed the data of each individual
independently and reported significant associations in 16.6% to
92.9% of participants,':2944:59.66

When interpreting study results, it is useful to reflect on the
scope and quality of the studies, which we will do in the 3
categories identified in Section 3.1: cross-sectional studies,
longitudinal studies estimating correlations between pain and one
predictor, and longitudinal studies assessing associations
between pain and multiple predictors (multiple weather variables
and/or other covariates).

The cross-sectional studies were scored on 5 quality criteria
(Table 1). Of 6 cross-sectional studies, none met all quality criteria.
Two met 3 quality criteria (2/6; 33%;%"*9), 2 met 2 quality criteria
(2/6; 33%:;2°8), and 2 met one quality criterion (2/6; 33%;>°9). Of
the 2 studies that met 3 quality criteria, one found an association
between the weather and pain, and one did not find an association.
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Figure 2. Sample size (on logarithmic axis) and duration of outcome data collection (days) of the 43 included studies. Shape and color denotes study design: yellow
circles for case-crossover studies, blue squares for cohort studies, and red diamonds for cross-sectional studies.

Of note, the study that did not find an association only investigated
rainfall.*" All studies that met 1 or 2 quality criteria found an
association between weather and pain.

The cross-sectional studies were at high risk of misclassifica-
tion of exposure because only one study retrieved the weather
from the participants’ locations,*® and none considered time
spent outside. In 5 studies, participants were blinded to the study
aims®2%:%8:4149 (not reported in Ref. 56). The quality of reporting
varied, with 4 studies reporting all effect sizes,?>%4"4° put only 2
studies reporting uncertainty.**4°

In total, 13 longitudinal studies calculated correlation coef-
ficients between pain and single weather variables, without
correcting for confounding. These studies were scored on 8

quallity criteria (Table 2). One met 5 quality criteria and did not find
an association between pain and either of 3 weather variables.””
Two met 4 quality criteria and did not find an association between
weather and pain either.5®" Three studies met 3 quality
criteria.’ 359 All 3 found an association between weather and
pain, one at population level for rheumatoid arthritis patients,®®
and one for 2 of 3 patient groups only (patients with fibromyalgia
and osteoarthritis, but not with rheumatoid arthritis®). One
calculated correlations for each of 6 weather variables and pain of
each of 19 participants, resulting in significant correlations for
69% of participants.”’ Six studies met 2 quality crite-
rig,3144.58.:8963.72 Ong found an association (although no
hypothesis tests were performed®), one found an association

Results, sample size, and quality assessment of cross-sectional studies.

Study Author- Sample  No. of weather Weather from Time spent Blinding to  Reported all Reported
reported size variables participant outside study aims effect sizes  uncertainty
association investigated location considered

Met 3 Jena No 1,552,842 1 Not met Not met Met Met Met

Quality etal®’

Criteria Macfarlane  Yes 381 4 Not met Not met Met Met Met
etal®

Met 2 Isik et al.®  Yes 29,996 6 Not met Not met Met Met Not met

Quality Glaser Yes 26,877 7 Not met Not met Met Met Not met

Criteria ~ etal?®

Met 1 Peultier Yes 113 6 Met Not met NR Not met Not met

Quality etal.%®

Criterion  Arberetal.® Yes 82 2 Not met Not met Met Not met Not met

Author-reported association: Did authors find a relation between weather and pain? Yes, if authors report at least one association between a weather variable and pain, otherwise No.

Quality assessment:

Weather from participant location: “Met” if weather was retrieved from participants’ actual locations, otherwise “Not Met.”

Time spent outside considered: “Met” if participants’ time spent outside was measured, otherwise “Not Met.”

Sufficient length of follow-up: “Met” if outcome data were retrieved during 4 seasons (covering the full range of weather variation), otherwise “Not Met.”
Blinding to study aims: “Met” if participants were unaware of study aim/hypothesis, otherwise “Not Met.”

Reported all effect sizes: “Met” if effect sizes were reported, both of significant and nonsignificant findings, otherwise “Not Met.”

Reported uncertainty: “Met” if confidence intervals were reported, otherwise “Not Met.”

NR, not reported.
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Results, sample size, and quality assessment of longitudinal cohort studies calculating correlation coefficients of pain and a single weather variable.

Study Author- Sample No. of weather Weather from Time spent Sufficientlength Blinding to  Accounted for Corrected for Reported  Reported
reported size variables participant outside of follow-up study aims  repeated multiple testing all results exact P
association investigated location considered measures values

Met 5 Wilder etal.””  No 154 3 Not met Not met Met Met Met Met Not met Met

Quality

Criteria

Met 4 Savage et al.®"  No 133 6 Met Not met Not met NR Met Not met Met Met

Quality De Blecourt No 32 7 Not met Not met Not met Met Not met Met Met Met

Criteria etal®

Met 3 Strusherg Yes* 183 3 Not met Not met Met Met Not met Met Not met Not met

Quality et al®

Criteria Patberg et al.>®  Yes 88 5) Not met Not met Met Met Not met Not met Met Not met
Dequeker and  Yes* 19 6 Met Met Not met Not met Met Not met Not met Not met
Wuestenraed'!

Met 2 Rentschler Yes 367 3 Met Not met Met NR Not met NA* Not met NA*

Quality etal®®

Criteria Hagglund No 84 4 Not met Not met NR Met Not met Met Not met Not met
etal®
Sibley®® No 70 5 Not met Not met Not met Met Not met Not met Met Not met
Tsai et al.” No 29 5 Not met Not met Not met Met Not met Not met Met Not met
Koyama et al.**  Yes* 18 7 Not met Not met Not met Met Met Not met Not met Not met
Redelmeier and  No 18 3 Not met Not met Met NR Met Not met Not met Not met
Tversky®®

Met 1 Viitanen et al.”*  No 39 4 Not met Not met Not met Met Not met NA* Not met NA*

Quality

Criterion

Author-reported association: Did authors find a relation between weather and pain? Yes, if authors report at least one association between a weather variable and pain, Yes* if authors report an association in subgroup(s) only, otherwise No.

Quality assessment:

Weather from participant location: “Met” if weather was retrieved from participants’ actual locations, otherwise “Not Met.”
Time spent outside considered: “Not Met” if time spent outside was not measured.
Sufficient length of follow-up: “Met” if outcome data were retrieved during 4 seasons (covering the full range of weather variation), otherwise “Not Met.”

Blinding to study aims: “Met” if participants were unaware of study aim/hypothesis, otherwise “Not Met.”

Accounted for repeated measures: “Met” if analysis method accounted for repeated measurements within participants, otherwise “Not Met.”
Corrected for multiple testing: “Met” if authors adjusted Avalue to correct for multiple testing, otherwise “Not Met.”

Reported all results: “Met” if correlation coefficients for significant and nonsignificant findings were reported, otherwise “Not Met.”

Reported exact Avalues: “Met” if exact Avalues were reported, otherwise “Not Met.”
* Study did not perform formal hypothesis test.
NA, not applicable; NR, not reported.
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Results, sample size, and quality assessment of longitudinal cohort studies assessing associations between pain and multiple

predictors.

Study Author- Sample No. of weather =~ Weather from  Time spent Length  Blinding Reported  Reported
reported size variables participant outside of tostudy alleffect uncertainty
association investigated location considered follow- aims sizes

up
Met 5 Quality  Neogi et al.>* Yes 619 2 Met Not met Met Met Met Met
Criteria
Met 4 Quality ~ Dorleijn Yes 222 6 Not met Not met Met Met Met Met
Criteria etal.'?

Ferreira No 171 4 Met Not met Not met  Met Met Met

etal?®
Met 3 Quality ~ Duongetal."® No 1604 4 Not met Not met Not met  Met Met Met
Criteria Steffens Yes 993 7 Not met Not met Not met ~ Met Met Met

etalt®

Beilken etal.* No 981 7 Not met Not met Not met  Met Met Met

Timmermans  Yes 810 5 Not met Not met Met NR Met Met

etal”

Abasolo Yes*® 245 6 Not met Not met Not met ~ Met Met Met

etal

McAlindon Yes 200 5 Met Not met Not met  Met Met Not met

etal.®

Cayeta.’® No 56 7 Not met Not met Not met  Met Met Met

Smedslund  No 50 8 Not met Not met Not met  Met Met Met

et al.®*

Fagerlund Yes 48 3 Not met Not met Not met  Met Met Met

etal.'®

Met 2 Quality ~ Gorinetal?® Yes 75 4 Not met Not met Met Not met Met Partially met
Criteria Drane etal.”® Yes 53 5 Not met Not met Met Met Not met Partially met

\ergés Yes* 134 3 Not met Not met Not met  Met Not met Met

etal”

Smedslund  Yes 36 13 Not met Not met Met Met Not met Not met

etal®®

Aikman? Yes 25 4 Not met Not met Met Met Not met Not met

Fors and No 55 6 Not met Not met Not met ~ Met Not met Partially met

Sexton®®

Met 1 Quality ~ McGorry Yes 94 8 Not met Not met Not met  Met Not met Not met
Criterion etal®

de Figueiredo Yes 32 4 Not met Not met Not met ~ Met Not met Not met

et al.??

Did not fully Bossema No 333 5 Not met Not met Not met  Not met Not met Partially met

meet any etal”

quality criteria  Brennan Yes 53 3 Not met Not met Not met ~ NR Not met Partially met
etal®

Laborde Yes* 161 6 Not met Not met Not met  Not met Not met Not met

etal®®

Guedj and Yes* 64 4 Not met Not met Not met  NR Not met Not met

Weinberger?®

Author-reported association: Yes, if authors report at least one association between a weather variable and pain, Yes* if authors report an association in subgroup(s) only, otherwise No.

Quality assessment:

Weather from participant location: “Met” if weather was retrieved from participants’ actual locations, otherwise “Not Met.”

Time spent outside considered: “Not Met” if time spent outside was not measured.

Sufficient length of follow-up: “Met” if outcome data were retrieved during 4 seasons (covering the full range of weather variation), otherwise “Not Met.”

Blinding to study aims: “Met” if participants were unaware of study aim/hypothesis, otherwise “Not Met.”

Reported all effect sizes: “Met” if effect sizes were reported, both of significant and nonsignificant findings, otherwise “Not Met.”
Reported uncertainty: “Met” if confidence intervals were reported, “Partially Met” if confidence intervals were not reported, but readers could calculate them based on reported results, otherwise “Not Met.”

NR, not reported.

in some participants only,** and 4 did not find evidence for an
association.®"%8€%72 One study met only one quality criterion
and did not find an association between weather and pain.”
Only one study reduced misclassification of exposure by both
retrieving weather from participant location and considering time
spent outside.’ Only one study accounted for repeated
measures and corrected for multiple testing, thereby reducing
the chance of spurious findings.”” Reporting of results was often

selective; only 2 studies reported results both for significant and
nonsignificant findings, including exact P values.®®"
Twenty-four longitudinal cohort studies did multivariable
analyses of weather and pain. Given their repeated outcome
measures, these studies were in a better position to identify and
quantify associations between weather and pain. These studies
were scored on 6 quality criteria (Table 3). One study met 5
criteria and found an association between weather and pain.®?
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Two studies met 4 quality criteria, of which one found an
association between the weather and pain'? and one did not.2°
Nine studies met half of the quality criteria. Five found an
association between the weather and pain (Refs.18,50,68,71 at
population level; Ref.1 for participants between 50 and 65 years
of age only) and 4 did not.*'%"®5% Six studies met 2 quality
criteria, of which 5 found an association® 92656 (at population
level®; in osteoarthritis but not in rheumatoid arthritis). Two
studies met one quality criterion, and both found an associa-
tion.2"5" Four studies did not fully meet any of the quality criteria.
Three found an association®2° (at population level*®; in partic-
ipants living in an urban area only) and one did not.”

Half of the studies had sample sizes larger than 100
participants. Three studies retrieved weather from participant
locations,?%°%2 but none considered time spent outside. Length
of follow-up spanned 4 seasons in 7 studies only.?'%15:26:52.66.71
Blinding to study aims and reporting all effect sizes were the
quality criteria met by most (more than half) of the studies.

In all 3 categories—cross-sectional studies, longitudinal
studies estimating correlations between pain and one predictor,
and longitudinal studies assessing associations between pain
and multiple predictors—clear reporting of results was a problem.
This may partially reflect the age of articles, some of which were
published in times with different requirements for reporting of
scientific results. Some authors, mainly of articles published
before the year 2000, did not report effect sizes at all,’"2%7* only
highlighted analyses that resulted in a P value lower than a certain
threshold value (eg, <0.05), reported effect estimates for
significant results only,?? or did not report exact P values.2:%"77
Second, some studies conducted multivariable analyses and
used stepwise selection of variables (see Section 3.8), which
automatically rejects nonsignificant candidate variables, resulting
in estimates for variables with significant associations in all steps
only.” 19271 Hence, including all studies in a meta-analysis was
not possible, and a meta-analysis of a small subset of studies that
included required information would introduce reporting bias and
possibly publication bias.*” It was difficult to compare results of
different studies even when they were well reported because of
heterogeneity in choice of exposure, outcome, and analysis
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methodology. The subsequent section will consider the details
and impact of this heterogeneity.

When comparing study findings as a function of weather
variables, we found little consistency. Temperature, atmospheric
pressure, relative humidity, and precipitation were investigated by
more than half of the studies (Table 4). For these weather
variables, some studies found an association between that
variable and pain, and some studies did not find any association
with pain (Table 4). Similarly inconsistent findings were reported
for wind speed, sunshine, cloud cover, wind gust, and Leuven
weather index. The only weather variable that was investigated in
multiple studies (N = 3) and was consistently not associated with
pain was wind direction (Table 4).

The remainder of this subsection discusses the results of the
six studies that met more than half of the quality criteria. These
studies investigated temperature,®2%495277 yrelative humid-
ity, 22952 sunshine hours, '2*® atmospheric pressure, 12204877
precipitation, 229414977 and wind speed.’? All 6 had different
outcome measures: self-reported pain on a 0 to 100 visual analog
scale (VAS)'2 or 0 to 10 numeric rating scale (NRS),”” a knee pain
exacerbation (2 or larger increase on a 10-point numeric pain
rating scale),”° self-reported presence of chronic widespread
pain,*® a self-reported gout attack (subsequently verified in the
participant’s medical history®?), or the proportion of outpatient
visits for joint or back pain based on insurance claim data.*'

For temperature, 2 studies found an association, %2 although
in opposite directions, and 3 did not.'>2%"7 In one of the 2 studies
that found an association, participants were less likely to report
chronic widespread pain on days above 17.9°C, although the
association was partially explained by better sleep quality and
more positive mood.*° In the other, participants were at higher
risk of gout attacks with temperatures over 15°C.52 Of the
3 studies that reported no association, 2 provide no evidence for
an association, reporting that a 1°C increase in temperature was
not associated with an increase in pain on a 0 to 100 VAS,'? or
with a very small and nonsignificant (0.00-0.12) correlation
coefficients as result of 36 analyses of temperature (mean,
minimum, maximum, 1 day lag behind pain report, and 1 day lead
before pain symptom).”” The third study partitioned temperature

Study results by weather variable, ordered by number of studies that investigated the weather variable.

Weather variable No. of studies investigating this No. of studies finding no association with  No. of studies finding an association with
variable pain (%) pain (%)
Temperature 4 21 (51) 20 (49
Atmospheric pressure 4 20 (49) 21 (61)
Humidity
Relative humidity 35 16 (46) 19 (54)
Vapor pressure 6 3 (50) 3 (50)
Dew-point 3 2 (67) 1(33)
temperature
Precipitation 30 8 (27) 22 (73)
Wind speed 20 9 (45) 11 (55)
Sunshine 16 5(31) 11 (69)
Cloud cover 7 3 (43) 4 (57)
Wind direction 3 0(0) 3 (100)
Wind gust 2 1 (50) 1 (50)
Leuven weather index 2 1(50) 1(50)
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in 4 categories and reported statistically and clinically significant
results: temperatures of >30°C were associated with a two-fold
risk of a knee pain exacerbation (odds ratio 2.18, 95%
confidence interval [Cl] 1.01-4.74).2° This result, however, was
not confirmed in a subsequent trend analysis. Of note, the
authors had few observations in the extreme categories (33 with
temperature >30°C; 6 with temperature <10°C), hence power
to detect an association in those categories was low.2° Overall,
these 6 studies provide modest evidence for an association
between temperature and chronic musculoskeletal pain, with
evidence for partial mediation by third factors (sleep quality and
mood) and potential different directions in different populations.

For relative humidity, one study'? found an association,
and 2292 did not. In the one study that found an association,
higher relative humidity was associated with self-reported
pain, although it explained less than 1% of the within-
participant and between-participant variability, and a 10%
change in relative humidity was only associated with a 1-point
increase in pain (on a 0-100 VAS)."? The 2 negative studies,
however, did provide some evidence for an association. One
found that relative humidity may “possibly” be associated
with increased risk of gout attacks, although they only had
enough power to determine the shape of the relationship with
certainty (J-shaped: both extremes of relative humidity
associated with increased risk).5? The other study that did
not find an association, divided relative humidity into tertile
categories (<59%, 59-79% as referent, and 79-100%).2° For
the lowest and highest categories, Cls spanned 1. For the
highest category, the odds ratiowas 1.25 (95% C10.72-2.19).
These results do not exclude an association between
humidity and pain, especially as a humidity effect may not
fall exactly in the bins chosen by the authors.

For sunshine hours, one study reported an association:
participants were less likely to report chronic widespread pain
on days with 5.8 sunshine hours (compared with O sunshine
hours), although again partially explained by better sleep quality
and more positive mood.*® The other did not find a significant
association, but reported a non-statistically significant estimate of
—0.1 (95% Cl —0.3 to 0.1): 1 extra hour of sunshine was
associated with a 1-point pain increase on a 100-point VAS.'? As
the variability of sunshine hours was low (median 3.8; range 1.1-
7.5), this effect is indeed of negligible clinical importance.

Results seemed consistent for atmospheric pressure, pre-
cipitation, and wind speed: none of the studies found
a significant association between their pain outcome and those
weather variables. For atmospheric pressure, 2 studies gave no
evidence for an association between atmospheric pressure and
pain (small and nonsignificant correlation coefficients).'®*° The
remaining 2 studies investigated pressure in 5 categories
(although with slightly different cutoffs) and had contradictory
findings.?%’” One reported lower odds of chronic widespread
pain with higher pressure (lowest odds—and only significant
odds ratio—for the middle category, highest odds with pressure
<1007 mbar and >1023 mbar).”” The other study reported the
lowest odds of knee pain exacerbations with the lowest and
highest level of pressure (<1010 and >1024 hPa; not
statistically significant).?° For precipitation, the 5 studies did
not provide evidence for an association with pain, no matter how
exposure (mm'2; cm’”; precipitation categories?*°; rainy days
or weeks vs nonrainy days or weeks*') and outcome were
defined. Wind speed was investigated by one study only, which
found that a 1 m per second increase in wind speed was
associated with a 2-point reduction in pain (on a 100-point
scale).’ That this coefficient did not reach statistical
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significance (95% CI —0.5 to 0.1), may indicate that the study
did not have sufficient power to detect an association.

Overall, the 6 studies of highest quality demonstrate in-
consistent findings. If the weather—pain association differs
between musculoskeletal conditions, these seemingly conflicting
results may of course reflect actual differences in existence,
strength, or directions of associations. Inconsistency in these
findings may also be partially due to methodological and
analytical differences between the studies. In Sections 3.5 and
3.6, we describe the sources of variation in weather data
collection and analysis. In addition, we critically reflect on the
consequences of these for the study results.

3.3. Outcome: pain measures

The 36 studies that collected self-reported pain severity most
often used a VAS or 10-point NRS to collect self-reported pain
severity (27/36, 75%; Table 5). Other measures were a Likert
scale,”®% a 3-point nominal scale,?%°° the 5-point pain intensity
rating scale from the McGill questionnaire,*® a Yes/No question
about the presence of pain,*® Short Form 36 Health Question-
naire,® or the 100-point pain score from the Western Ontario
and McMaster Universities Osteoarthritis Index (WOMAC'2°9).
For measuring self-reported pain severity, previous studies have
shown that the VAS, NRS, and other pain scales with 4 or 5
answer categories are similar in terms of reliability and the
underlying pain concept they measure.'*“2

Seven studies used electronic medical records data-
bases,®%85268 3 drug-trial database,* and an insurance-
claims database*' to identify hospital visits for pain-related
complaints. Usage of routine data from these databases has
a range of limitations.®®> A weakness in these types of studies is
the often implicit assumption that participants always go to the
hospital in the case of a painful event, do so shortly after the event,
and that events are adequately and systematically coded.

3.4. Outcome: frequency of pain reports

In the longitudinal studies, frequency of self-reported pain
varied from once every 2 weeks to 4 times a day. Collecting
pain severity records on a daily basis has several advantages.
First, daily reporting of pain is consistent with the time scale of
daily weather changes that anecdotally are reported by those
who believe in an association between their pain and the
weather. Second, there is discrepancy between daily and
weekly pain recall, with daily pain reporting deemed more
reliable.?* Third, frequent pain records enable correction for
individual patterns in pain reporting and behavior through
within-participant analyses (eg, outcome defined as deviation
from participants’ personal mean and inclusion of personal
intercepts in regression analysis), which minimizes the
problem that one person’s “mild pain” might be another’s
“severe pain.” Pain reporting multiple times a day enables
investigating short-term changes in pain, although it may
hamper detection of an association; temporally close pain
reports are strongly correlated,® "% and weather data may
not always be available on the same time scale.

3.5. Exposure: collection of weather

The 43 studies investigated a median of 5 weather variables
(range 1—13; Table 5). Weather data were retrieved from weather
stations operated by the meteorological services of each country,
although the exact method of data retrieval was not always
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Characteristics, results, and methods of included studies.

Design Study Outcome Outcome Weather variables
Measure Freq Freq Change Lags T P H(R) PR WS cC H(V) H(D) WD Lwi WG
Cross-sectional Arber et al.® EMR NA 2X daily X X X
Glaser et al.®® SF-36 Once NR X X X X X X
Isik et al.% EMR NA Daily X X X X X X
Jena et al.¥’ EMR NA Daily X X
Macfarlane et al.* Yes/No Once Daily X X X
Peultier et al.>® VAS Once Daily X X X X X
Longitudinal (correlations) De Blecourt et al.8 NRS Weekly Weekly X X X X X X X X
Dequeker and Wuestenraed'!  VAS 4% daily 3 daily X X X X X X X
Hagglund et al.' VAS NR Daily X X X X
Koyama et al.** VAS Daily Daily X X X X X
Patberg et al.> NRS Daily Daily X X X X X X
Redelmeier and Tversky®® NR Fortnightly 2 daily X X X X
Rentschler et al.> 3-point Daily Daily X X X
Savage et al.%! VAS Daily Daily X X X X X
Sibley®® VAS Daily 2 daily X X X X X X
Strusberg et al.®° VAS, Likert ~ Daily 2% daily X X X X X
Viitanen et al.” VAS 3% daily Daily X X X X
Wilder et al.” NRS Weekly Daily X X X X
Longitudinal (multivariable) Aikman? NRS 4% daily 2-4% daily X X X X
Bossema et al.” Likert Daily Daily X X X X X X
Brennan et al.? VAS Daily Daily X X X X
Cayetal.® VAS Daily Daily X X X X X X X
Dorleijn et al." WOMAC Quarterly Quarterly X X X X X X
Drane et al.'® VAS Daily 3 daily X X X X X X X X X
Duong et al."® NRS Daily Hourly X X X X X X
Fagerlund et al.'® NRS 3% daily 3x daily X X X
Fors and Sexton®® VAS Daily Daily X X X X X X X
Gorin et al.%8 VAS Daily Daily X X X X X
Guedj and Weinberger?® 3-point Daily Daily X X X X
Laborde et al.*® McGill NR =8X daily X X X X X
McAlindon et al.>® WOMAC Fortnightly ~ Daily X X X X X X
McGorry et al.®! NRS Daily Daily X X X X X X X X X
Queiroga et al., 2013 VAS 3X week Daily X X X X X
Redelmeier and Tversky®® NR Fortnightly 2X daily X X X X
Rentschler et al.> 3-point Daily Daily X X X
Sibley® VAS Daily 2 daily X X X X X X
Smedslund et al.®® VAS Daily Daily X X X X X X X X X
Smedslund et al.® NRS 3% daily 3 daily X X X X X
Timmermans et al.”" NRS Daily Daily X X X X X X
Tsai et al.” VAS Daily Daily X X X X X X X
Vergés et al.”® VAS Daily Daily X X X

(continued on next page)
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specified. Weather data were treated differently across the

S
[} =
= >< x| = studies. For example, temperature was analyzed in 1 of 3 ways:
£ by time of day (eg, values at midnight, 9 am or noon), by a single
§ % metric per day (eg, the minimum, maximum, average, range,
'% difference or change), or by categories for different ranges in
a s temperature. For humidity, most studies used relative measures
= > | 3 relative humidity or dew-point temperature depression), and
y
> . . . .
_ g a minority used absolute measures (direct moisture content
% & S expressed as dew-point temperature, mixing ratio, or vapor
27} ] . nt :
g & pressure). Relative humidity (the ratio of the vapor pressure to the
c =} . . .
s S £ saturated vapor pressure at a given temperature) is a function of
E ] absolute humidity and temperature an erefore changes
T £ g bsolute humidity and t f d theref h
i = whenever temperature changes (within the day as well as
S N .
8| < s ° between days). Previous research shows that changes in
2 2
2 i absolute humidity and relative humidity have different physiolog-
o | < = = ical effects on the human body,®® indicating that both may be
<§ § associated with pain perception.
= < ~<| 3 8 The studies occurred in a number of places around the world.
=] =}
; s Some study locations were in the tropics or subtropics, where
£l | £ = participants would experience a warm climate with little day-to-
o S N " . .
" s ¢ day or season-to-season variability: Madrid,! Brazil,?' Syd-
2z 2 g ney,*'%%8 and Florida.”” Other study locations were in the
ST [ =x>xxx| B & colder, more variable climates of the midlatitudes: The Nether-
= g
> = - lands,” 258 Ireland,®®" Belgium,"" Norway, 1823646674 Con-
o 5 c . . .
15|77 7| % 2 necticut in the United States,”® Japan,** and northwest
1 FOR R § i England.*® Thus, the type of climate and the extremes of weather
= z that participants are exposed to vary between the studies.
Q £ § Studies in certain climates cannot be used to investigate some
S S| =< =< =< S § types of weather extremes on participants’ pain (eg, cold-
) 2 < sensitive individuals would be less likely to experience a painful
£ "E’, = g event in a tropical location). This limitation also applies to studies
5 = ‘é gg that did not collect data over all seasons (see section “Study
S| °| = =~ 3 Za characteristics”)
| o .
[T) ? =8
9o £ 8 <
= 2
E g I S £ 3.6. Exposure: handling of weather data
e |8 ===5 2 ==
Slc|2888=2 % §5§ All studies considered the weather values on the same day as the
g 3 participants reported their pain severity, if any. Most studies (24/
g 3 =] 43, 56%) investigated lags (weather preceding pain) and leads
- g %g (pain preceding weather). Typically, these lags and leads were for
Ei=z2=2=2== § : g only 1 day, but occasionally researchers investigated multiple
s 55 days lag and lead such as 2 days,®® 3 days,'® or 180 days,*® or
o = .
gle = = £2 even multiple hours lag and lead, such as 8 hours® and 12
812 eS8l & 2 ¥§ hours.%8 Aminority of studies (16/43; 39%) investigated change in
Sl2|lz8s=23| 2 2 £=2 weather, usually “change compared to yesterday,” but occa-
S & == sionally investigated more granular changes (eg, 6-hour
<2 > pm
s 23 5=
8 22 2% changes'®).
£5 g= S8 How the weather variables were analyzed also varied among
22 5% =z the 43 studies. Some studies reported univariable analyses (eg,
D o=
2= o = s 2 “ » . .
2258 g5 the effect of temperature”), whereas others reported multivari-
0 = » €D . .
%1%% |8 2geg? ERS able analyses (eg, “the effect of temperature keeping relative
< . S=£ EE - L " . o
Brg® S0 |c288E g ; humidity and pressure constant”). A challenge is that describing
B owl|lls 8 = . . ,
) S g S25|8%ss = LS 2% the state of the atmosphere requires multiple weather variables,
= = Sl 383 . 1 : : LIl
2 S3538 g52¢8 §§§E e but these variables can be correlated (‘multicolinearity”). The
23288 ESBL analysis of multiple correlated variables can be problematic as
= > w = @ S . .
= 5-8¢s¢ £3 i cg many analysis methods depend on the assumption that analyzed
5 222888258 variables are independent. If highly linearly correlated weather
%] - £g88 £ = = . . . .
= £25S8:8:2% variables are used together as predictors in a regression model,
. BIEEESS o ) o o .
8 cEe § TEg8=2 this assumption is violated. As a result, the individual coefficients
e g.5c3g823¢2 that quantify the size of effect may be biased and underestimate
< 2338 C T vy - L .
5 Sg=gggsse the association between weather variable and outcome. The
- £ S § 51 I £88g strongest linearly related weather variables are temperature with
= Ss553 g ; ;
2 S EESE53££E8 an absolute measure of humidity (eg, dew point) and relative
a E353&5£££¢8 humidity. If the values of any 2 are known, the third can be
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calculated. It is therefore advisable not to use these together as
predictors in a regression model. Similarly, vapour pressure
(another relative measure of humidity) is derived from dew-point
temperature, and the wet-bulb temperature is dependent on both
temperature and relative humidity. Of 6 studies investigating more
than one of these variables, 3 used them together in a regression
model, potentially violating the assumption of independent
exposure of variables.25:59:6%

To address this challenge of multicollinearity, 2 studies
performed principal component analyses,?**" where associa-
tions between the outcomes and principal components (linear
combinations of weather parameters) are reported. The
disadvantage of principal components is that their relationship
to weather variables such as temperature and pressure is
difficult to understand. Two other studies use the Leuven
weather index,"""®" a weighted sum of variables chosen by the
lay public (sunshine, precipitation duration, mean temperature,
and mean wind velocity). The origin, method of construction,
and validation of this weather index is unclear, putting it
potentially at odds with the principles of proper weather
indices."®

3.7. Misclassification of exposure

A few studies (10/43, 23%) reported efforts to reduce mis-
classification of exposure (measurement error: the recorded
weather not representing the weather that the participant was
exposed to). Two possible causes of exposure misclassification
are (1) the participant was not near the location of the weather
measurement and (2) the participant was at/close to the location
of the weather measurement but was not exposed to the
weather. Studies usually collected weather data from the city or
area where the study took place or the recruited participants lived
and assumed that they stayed within that area during the study.
Ten studies reduced misclassification of exposure by excluding
days if participants reported being outside the city or area,?2:5%-¢°
collecting data while participants were at a specific loca-
tion'"°65981 or having participants report postal code at the
time of the pain report and retrieving weather information from
there.29%9%2 |n studies that did not verify the location of
participants—for example, because they performed secondary
analyses of data collected for other purposes—the extent of
misclassification of exposure depends on the climatic zone and
local altitude differences. The weather may vary between nearby
places, and the distance between the weather station and the
participant may cause misclassification of exposure. This mis-
classification of exposure may be differential (ie, related to the
outcome). Specifically, participants who travel less when they are
in more pain may have their weather exposure more faithfully
represented.

Misclassification because participants were indoors may have
occurred in all studies. One study investigated hospitalized
patients who always stayed indoors.'" This study measured
humidity and temperature indoors and retrieved outdoor weather
data. Although the study could have addressed misclassification
by analyzing indoor weather variables, it only analyzed the
outdoor weather variables. The amount of time people stay
indoors may be influenced by the weather, as people may stay
inside during weather extremes such as low temperatures.®° In
addition, housing, heating/air conditioning, and clothing may
expose people to more stable temperature and humidity than
weather stations measure.®®> Humidity penetrates indoors to
some extent, but in cooler climates, the inside is usually more
humid than outside, as a result of respiration, cooking, and use of
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water. Atmospheric pressure indoors and outdoors are similar,
but changes in pressure from changing altitude (even by going up
staircases) can exceed daily pressure changes. Specifically, an
increase in altitude of 8 m (the height of going up about 2 floors in
a building) near sea level is roughly equivalent to a pressure
change of 1 mbar, whereas the daily pressure change in the
midlatitudes may be several mbar a day.®

3.8. Statistical methods to link pain to weather

The 36 longitudinal cohort studies used 2 types of statistical
methods to link pain reports to weather variables (method not
reported in 2 studies): correlation coefficients or regression
methods. Twelve studies (12/30; 32%) calculated correlation
coefficients of single weather variables and pain reports.
However, correlation analyses do not account for the autocor-
relation of pain measures on consecutive days and cannot adjust
for covariates. In addition, studies using correlation analyses are
at high risk of spurious findings (type | errors®’) because they
investigate up to 342 associations.!’ Some studies®®! did
a Bonferroni correction for multiple comparisons and decreased
the cutoff for the P value to 0.003%" and 0.025.° Greenland?’
describes that there is no widely accepted solution to the problem
of multiple comparisons and that a Bonferroni correction,
although reducing false positives, favors extremely significant
associations that arise from extreme errors (rather than extreme
effects).

Twenty-four studies used regression methods (9 multiple
regression, 5 conditional logistic regression, 4 generalized linear
models, 3 autoregressive models, and 3 multilevel models),
sometimes using correlation coefficients, but only to select
predictors from a set of candidate variables. Selecting predictors
is a challenge: inclusion of correlated predictors inflates standard
errors of regression coefficients (and may induce bias). Stepwise
selection of predictors, however, only results in the best model if
all individual predictors sequentially and individually meet the
screening criterion. Hence, stepwise selection of predictors is
vulnerable to missing good alternative models.”® Coefficients that
are overestimated are more likely to be included in the final model.
Stepwise variable selection therefore results in too high re-
gression coefficients and too small P values and, in case of
multicollinearity, may arbitrarily select some but not all of the
correlated variables that contribute.®2 Of note, frequent usage of
stepwise selection is not unique to this area. Other research
shows that in leading journals, 20 to 60% of studies using multiple
regression also use stepwise selection, despite statisticians’
concerns.®’

The studies that found associations in subgroups may be at
higher risk of spurious findings. As protocols were not available for
the studies, it was not possible to assess whether subgroup
analyses had been specified a priori. In addition, the studies did
not provide a causal framework that informed the subgroup
analyses. Two studies at least provided clear hypotheses that
weather and pain may be more strongly related in patients with
definite radiologic hip osteoarthritis (compared to those with early
radiologic hip osteoarthritis'?), and that the association between
weather and pain may be different between people in an urban
climate (characterized by, eg, pollution and lack of vegetation)
compared with a rural climate.*® Subgroup analyses based on
participants’ diagnoses could be useful, as associations with the
weather may be dependent on the underlying mechanisms of the
musculoskeletal disease (eg, inflammation, breakdown of joint
cartilage and bone). Analyses stratified by disease, however,
would rely on the assumption that diagnoses are reliable (which,
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in case of self-reported diagnoses, may require ascertainment of
diagnosis through, for example, electronic medical records) and
that participants have one diagnosis only (which may not be valid,
especially for older multimorbid populations).

Five studies that analysed the association between weather
and pain for individual participants are at especially high risk of
spurious associations. One study did not perform a formal
hypothesis test.>® Three did not correct for multiple comparisons
nor report all coefficients or exact P values.''®*4 Only one study
corrected for multiple comparisons and had a carefully stated
conclusion, namely that some participants were weather
sensitive according to their criteria, but that they had not found
distinct groups of weather-sensitive participants.®®

The 6 cross-sectional studies did not take repeated outcome
measures and quantified between-participant differences in pain
and weather. It is therefore difficult to distinguish between
seasonal effects and the weather, and the relations they found
may be driven by seasonal trends. One study addressed this
issue by conducting a subanalysis for self-reported pain severity
within autumn and spring (seasons with higher variability in
weather conditions) only, which provided some though not
conclusive evidence of a weather effect within those seasons.*®

3.9. Adjustment for covariates

Longitudinal regression models allow for adjustment for cova-
riates, which can help eliminate confounding and decompose an
effect into a direct effect and indirect effect. Adding covariates to
the model, however, comes with a risk: incorrectly adjusting for
a variable can create an artificial noncausal relation between
exposure and outcome (for example, if the variable is a collider,
a common effect of exposure and outcome, rather than
a confounder, a common cause of exposure and outcome).?®
In the reviewed longitudinal studies using regression methods,
some did not include any covariates, whereas others included up
to 11 of 38 different covariates. It is difficult to assess whether
adjustment for all these covariates is justified, as few studies
report on their hypothesized causal framework. Having such
a framework is important as it provides evidence that, for
example, a potential confounder is plausible as a cause of both
exposure and outcome.”® Most studies neither explicitly specify
the role of a covariate (eg, as confounder or mediator) nor provide
evidence that it is plausible. Some studies specify whether
a variable was considered confounder or mediator but do not
provide evidence of plausibility. An exception is a study where low
mood, poor sleep quality, and lack of exercise are explicitly
named as mediators, with references to studies that have shown
associations between those and chronic pain onset.*®

Confounding can lead to spurious associations or absence of
evidence for associations between weather and pain due to the
presence of common causes of exposure and outcome (“con-
founders,” in this case variables that influence both pain and exposure
to weather but are not on the causal pathway). Confounding can be
controlled for by adding confounders to the regression models as
covariates.>* Some covariates are indeed plausible confounders,
such as variables related to disease severity,216:18:23.29.5084.71
patterns in pain reporting,”'®®° or participant characteristics or
behavior,”16-23:5069.71.74 g5 they may influence both pain severity and
exposure to weather. For other covariates, their status as con-
founders or mediators is unclear: marital status,” health insurance,
number of previous back pain episodes and paid compensation, '®
psychological status or depression at baseline,'®%%"" sex or
gender, %9977 and weight.” These do not seem to be causes of
weather or influencers of exposure to weather.
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Moderators are variables that change the strength or
direction of associations. Analyzing interaction effects of
a moderator variable will quantify these relationships. Moder-
ators should be identified a priori, based on specific evidence
or theory, and if baseline factors are investigated, these should
be of adequate reliability and validity.>” One study included
many of the above variables (8 patient characteristics, season,
and degree of weather variation) as moderator variables in
order to explain significant between-participant variation in the
association between weather and pain but did not find
significant interaction effects.” Various other studies also
investigated moderating effects of participant characteristics
or behavior'®22, disease duration,?®%*, patient group (specific
diagnosis, age group, region, and race),*! or baseline pain.?°
Three studies'®*%%" investigated the effect of self-reported
weather sensitivity on the weather—pain association, a plausi-
ble moderator, although this resulted in small sample sizes of
25 to 32 persons. In addition, some studies investigated
potential moderating effects of weather variables.??°%"" One
study tested interactions between all weather variables
(temperature, atmospheric pressure, relative humidity, pre-
cipitation, and wind speed) and found that the effect of
humidity on pain was stronger at lower temperatures and
absent if temperature was higher than 16.9°C).”" Others found
no significant effect.?>°° As the included studies provided
limited rationale behind selecting variables as moderators, it is
difficult to assess whether the variables had been chosen
appropriately. As the weather is largely determined by the 4
state variables of temperature, humidity, atmospheric pres-
sure, and wind speed, moderating effects of combinations of
those could indeed be plausible.

Mediators are variables that are on the causal pathway from
exposure to outcome. Adding mediators to the model as
covariates helps quantify the direct effect of the association
between weather and pain explained by paths other than the
mediator. An example of a mediator would be mood, if weather
was associated with mood, and mood was in turn associated
with pain. Correcting for mood would isolate the association
between weather and pain explained by other pathways than
mood. In some studies, sleep quality, (depressive) mood, and/or
physical activity were measured at the same frequency as pain
severity.®"* One study used these additional measures as
secondary outcomes, rather than to investigate confounding.®
The others did not find evidence for mediation of the association
between weather and pain by mood/psychological status.”®*
One cross-sectional study®® found that participants were less
likely to report pain on days with sunshine and higher temper-
atures, and that this was partly explained by more exercise, better
sleep quality, and more positive mood on these days (ie, evidence
for mediation). To unravel the association between weather and
pain in longitudinal studies, it would be good to measure these
mediators frequently, as exercise, sleep quality, and mood are
time-varying.

4. Discussion

Studies investigating the association between weather and
chronic musculoskeletal pain found variable results. The majority
found at least one association between a weather variable and
chronic pain levels. This result may partly reflect publication bias
(selective submission or publication of positive findings'’) or
spurious findings due to testing of many hypotheses. The highest
consistency, and highest percentage of positive studies, was
found among 6 cross-sectional studies. As these compared


www.painjournalonline.com

1871ZIMNZ[DBPXZOBBAROATOAEIOYIASALLIAIPOOAEIEAHIOI/ADO AU

MY TXOMADYOINXYOHISABZIY TN+ NIOITWNOIZTARY HGRSHNAYE AQ ured/woo mm| sjeulnol//:dny woly pspeojumod

¥202/5¢/90 uo

680 A.L. Beukenhorst et al. 161 (2020) 668-683

weather and pain between participants, rather than within
participants, these were not well-placed to distinguish larger-
scale seasonal effects from day-to-day weather conditions. In
addition, most cross-sectional studies relied on strong assump-
tions related to secondary use of health databases. Half of the 12
studies investigating correlations between single weather variables
and self-reported pain found an association, and half did not.
These studies met the fewest of the quality-assessment criteria and
investigated the fewest participants. Hence, they were at highest
risk of bias and potentially underpowered, making it difficult to draw
strong conclusions from their exploratory work. Of 24 studies
conducting multivariable analyses of weather and self-reported
pain, two-thirds found a positive result. Although the quality of
reporting was higher and methods were more appropriate for the
context, most were still at high risk of misclassification of exposure.
We were not able to perform a meta-analysis because of the
heterogeneity of the body of evidence and poor quality of results
reporting (few studies reporting all effect sizes and measures of
uncertainty or significance).

Most studies investigated 5 or more weather variables and
investigated temperature, atmospheric pressure, relative humid-
ity, and precipitation. Wind speed, sunshine, cloud cover, wind
gust, wind direction, and Leuven weather index were investigated
by a minority of studies. Some studies found an association
between weather and pain, whereas others did not. Even per
weather variable, results were inconsistent.

Explanations for this inconsistency are the differences in study
design, definition of outcome and exposure, and analysis
methods. Most studies were longitudinal and investigated self-
reported pain as outcome, but there were large differences in
sample sizes, outcome definition, ascertainment of exposure,
and statistical method.

4.1. Linking weather and pain: lessons learnt for
future studies

Because of various limitations to study quality, it has not been
possible to reach a robust conclusion to the age-old question
whether the weather influences pain. The best that we can say,
based on studies that did not find an effect or reported very small
effect sizes, is that if an association exists, it is not likely to be
strong. Future studies can build upon the existing body of
literature by increasing their ability to detect an association
between weather and pain if one exists yet reducing the
probability of spurious findings, specifically by increasing power
and reducing noise. We now describe specific recommendations
for future studies, also shown in Table 6.

First, studies should investigate sufficiently large sample sizes.
Most studies had fewer than 100 participants, and few studies
had more than 300 participants. Because patients’ daily pain can
be affected by nonweather factors (eg, medication intake,
physical exercise, and sleep quality), a larger sample size is
required to detect possible associations. If associations only exist
in subpopulations (eg, per disease), power to detect these
associations will be further diminished if the original number of
participants is relatively low.

Second, studies should investigate moderators and con-
founders that, if uncorrected, may dilute or inflate any association.
It is a challenge to specify moderators and confounders; some
variables were analysed as confounders in some studies and as
mediators in other studies. Only one study provided evidence for
their choice of lack of exercise, low mood, and poor sleep quality
as plausible mediators.*® To enable correction for confounding
and investigation of moderators, researchers should focus on
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Recommendations for future studies investigating the
association between weather conditions and chronic
musculoskeletal pain.

Study design o Large sample size, especially if interested in
associations in subpopulations only
o Adequate length of follow-up: outcome data

collection during all seasons

Measuring outcome o Frequent self-reported pain, method with sufficient

variability in pain measure such as VAS or NRS

Measuring exposure o Retrieve weather data from participant location
o Account for time spent outside
o Misclassification of exposure will further depend

on variability in climate and altitude differences.

Analysis methods o Longitudinal analysis method that enables
correction for confounders and considers
moderation and mediation

o Investigate multicollinearity: refrain from including
strongly related weather variables such as
temperature and multiple measures of humidity in
multivariable models

o Consider discerning day-to-day weather
conditions from seasonality, for example, by
stratifying by season

o Specify which weather variables are of interest
and justify the choice where possible

o Define and justify how weather data will be
modelled for the analysis. Consider absolute values
(eg, daily mean and daily maximum) and changes
(eg, change from yesterday to today in daily mean)

 Specify the period of interest where exposures are
considered to influence the outcome (eg, on the
same day, or a lagged effect of 1 day, 2 days, ...)

Reporting  Reporting should follow existing reporting
guidelines for observational studies (eg, STROBE).
Specifically, future studies should:

o Distinguish a priori from post hoc analyses

o Report effect sizes as well as measures of uncertainty

o Specify whether covariates are considered
confounders, mediators, or moderators and

provide evidence for choice

NRS, numeric rating scale.

more sophisticated models accounting for the longitudinal nature
of pain reports rather than only performing exploratory analyses of
correlations between variables.

Third, researchers should choose their measure and analysis
of self-reported pain with care. To detect an association, it is
important to have sufficient variability in a pain measure (hence
a 10-point or 10-cm validated scale may be better than a Yes/No
question) and account for individual differences in reporting pain
and the autocorrelation between subsequent pain measures
within participants.

Fourth, measurement and analysis of exposure data can be
improved in various ways. Researchers should observe partic-
ipants while exposed to the full range of weather types (ideally
during all seasons). Also, they should reduce misclassification of
exposure as much as possible. Few previous studies verified that
weather measurements were taken at the location of the
participant, sometimes because authors conducted secondary
analyses of data collected for other purposes, or possibly
because of limited availability of tools or resources to ascertain
exposure to the weather. The extent of misclassification depends
on the mobility of the participant and the variability of the local
climate in space and time. No studies accounted for the extent to
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which the participants were exposed to outside weather con-
ditions, which may moderate the association between weather and
pain. Of the most frequently investigated weather variables,
precipitation, temperature, and humidity will be most affected by
the amount of time spent outdoors. Wherever possible, research-
ers should aim to distinguish between day-to-day weather
conditions and seasonality, for example, by considering associa-
tions within the same season.

Finally, researchers should consider multicollinearity when
performing multivariable analyses. Investigating strongly related
weather variables would violate the assumption of independent
exposure variables.

Researchers can reduce the probability of spurious findings in
various ways. The 43 investigated studies, especially those
calculating correlation coefficients, generally tested many differ-
ent hypotheses. As the quality of results reporting was poor and
protocols for the 43 studies were not available, it was impossible
to ascertain that analyses had been specified a priori. It is
important that researchers clearly and transparently distinguish
between a priori analyses and post hoc analyses and, if
necessary, correct for multiple testing. Another potential source
of spurious findings or biased results, specifically in studies using
regression methods, is including covariates that are colliders
rather than confounders and mediators, or using stepwise
selection of covariates. Researchers should clearly specify
whether a variable is considered a confounder, mediator, or
moderator (and ascertain it is not a collider). Ideally, researchers
should provide evidence for their choice in the form of references
to literature or a directed acyclic graph. Based on existing
evidence, we cannot exclude, nor strongly endorse, possible
effects of absolute weather values, changes in weather, lagged
weather, or any specific weather variables.

4.2. Strengths and limitations

A strength of this review is the systematic search to locate existing
evidence on the association between weather and chronic
musculoskeletal pain severity. The search strategy was not
limited to a specific musculoskeletal condition, resulting in studies
not considered by previous reviews. In addition, data extraction
encompassed both study findings and study methods. This
enabled us to explore how study methods may have influenced
the lack of scientific consensus. Although a meta-analysis would
have been useful, heterogeneity in study design and reporting of
results did not allow for this possibility. A limitation of our study is
that selection of studies and extraction of data were conducted
by one author. Although uncertainties were discussed among the
authors, we acknowledge that independent data extraction by 2
authors is considered preferable.

4.3. Potential mechanisms of weather influences on pain

This narrative review shows that the association between weather and
pain has been difficult to characterize. There is lack of consensus on
the existence of an association between the weather and pain, and
a lack of theory as to how the weather may influence arthritic pains.
Previous studies discuss various mechanisms. First, it has been
suggested that any association might be caused by confirmation bias.
Many participants strongly believe in a weather—pain relationship, and
they may perceive higher pain levels under certain weather conditions
because of their suspicions.'®2¢ Although participants can be
blinded to study aims, they cannot be blinded to the weather
conditions, so a risk of confirmation bias always exists.
Some weather circumstances or variables are more at risk of
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confirmation bias than others. Although people may generally
recognize when it is raining, changes in variables such as
atmospheric pressure may be less obvious. Second, weather
conditions may be a proxy for seasonal patterns, which may be
associated with chronic pain because of changes in exposure to
vitamin D,® in physical activity, sleep and other patterns of daily
life or mood, 19334 or in disease activity,®” for example. Third, if
weather conditions influence pain severity, the physiological
mechanisms responsible are still unclear. Authors of observa-
tional and experimental studies in humans, as well as rats and
cadavers, have suggested various hypotheses. One hypothesis
is that scar tissue may respond differently to certain weather
conditions, such as variations in weather, or cold and damp
weather.®5% Another hypothesis is that nociceptive nerve
fibers, which are more sensitive in arthritic patients, may be
affected by low pressure,®° stiffness,*® or small movements
caused by changes in temperature and pressure.*® A cadaver
study suggested that fluctuations in atmospheric pressure may
destabilize joint stability (specifically of the hip), and that it may
aggravate pain by influencing movement of intracapsular fluid.”®

In conclusion, existing studies of the association between
weather and pain do not yet provide conclusive evidence to
confirm or deny such relationship. The recommendations for
future research provided in this review will hopefully make future
studies more effective in characterizing the association between
weather and pain. Insights into this association could potentially
help patients living with arthritis better manage their pain, help
clinicians understand sources of variation in pain better, and
provide researchers with hypotheses for fundamental research
into mechanisms of arthritic pain. In addition, these insights may
help elucidate whether patients with arthritis living in midlatitude
climates would benefit from prescriptions to Spain.
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