
Fax +41 61 306 12 34
E-Mail karger@karger.ch
www.karger.com

 Original Paper 

 Cerebrovasc Dis 2011;32:542–551 
 DOI: 10.1159/000331473 

 Are Stroke Occurrence and Outcome
Related to Weather Parameters? Results from a 
Population-Based Study in Northern Portugal 

 Rui Magalhães    a     M. Carolina Silva    a     Manuel Correia    a, b     Trevor Bailey    c  

  a    UNIFAI, Instituto de Ciências Biomédicas de Abel Salazar (ICBAS), Universidade do Porto, e  b    Serviço de Neurologia, 
Centro Hospitalar do Porto – Hospital de Santo António,  Porto , Portugal;  c    School of Engineering, Computing and 
Mathematics, University of Exeter,  Exeter , UK 

patients registered, 19.6% had a primary intracerebral haem-
orrhage (PICH) and 75.3% an IS. Among patients with IS, 
21.6% were total anterior circulation infarcts (TACIs), 19.8% 
partial anterior circulation infarcts (PACIs), 19.5% posterior 
circulation infarcts (POCIs) and 39.1% were lacunar infarcts 
(LACIs). The aetiology of IS was large artery atherosclerosis in 
6.9%, cardioembolism in 23.3% and small artery occlusion in 
35.6%. The incidence of PICH increased by 11.8% (95% CI: 
3.8–20.4%) for each degree drop in the diurnal temperature 
range in the preceding day. The incidence of IS increased by 
3.9% (95% CI: 1.6–6.3%) and cardioembolic IS by 5.0% (95% 
CI: 0.2–10.1%) for a 1   °   C drop in minimum temperature in the 
same hazard period. The incidence of TACIs followed the IS 
pattern while for PACIs and POCIs there were stronger ef-
fects of longer hazard periods and no association was found 
for LACIs. The relative risk of a fatal versus a non-fatal stroke 
increased by 15.5% (95% CI: 6.1–25.4%) for a 1   °   C drop in max-
imum temperature over the previous day.  Conclusions:  Out-
door temperature and related meteorological parameters 
are associated with stroke occurrence and severity. The dif-
ferent hazard periods for temperature effects and the ab-
sence of association with LACIs may explain the heteroge-
neous effects of weather on stroke occurrence found in com-
munity-based and hospital admission studies. Emergency 
services should be aware that specific weather conditions 
are more likely to prompt calls for more severe strokes. 

 Copyright © 2011 S. Karger AG, Basel 
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 Abstract 

  Background:  Changes in meteorological parameters have 
been associated with cardiovascular mortality and stroke. 
The high incidence of stroke in Portugal may be modelled by 
short- or long-term weather changes whose effect may be 
different across stroke types and severity.  Methods:  Data in-
clude all patients with a first-ever-in-a-lifetime stroke regis-
tered in a population of 86,023 residents in the city of Porto 
from October 1998 to September 2000. Specific stroke types 
were considered and ischaemic stroke (IS) subtype was de-
fined according to the Oxfordshire Community Stroke Projet 
classification and the Trial of Org 10172 in Acute Stroke Treat-
ment (TOAST) criteria. Information on daily temperature, hu-
midity and air pressure was obtained from the National Me-
teorological Office. The Poisson distribution was used to 
model the daily number of events as a function of each 
weather parameter measured over different hazard periods, 
and the binomial model to contrast effects across sub-
groups. Differential effects of meteorological parameters 
and hazard periods upon stroke occurrence and outcome 
were analysed in a stepwise model.  Results:  Among the 462 
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 Introduction 

 The association between temperature and mortality 
from all causes was described in a cross-country Euro-
pean study, showing that Portugal has the highest coeffi-
cient of seasonal variation in mortality among 14 coun-
tries despite having the highest mean winter temperature 
(–3.5 to 13.5   °   C)  [1] . Deaths from acute myocardial and 
cerebral infarction contribute to the excess winter mortal-
ity  [2–4] , but routine mortality statistics may over-report 
the number of stroke deaths  [5, 6]  confounded by post-
stroke complications. On the other hand, the incidence of 
stroke in most countries has a seasonal pattern, peaking 
during winter  [7–9] , with a lesser frequency in spring  [10, 
11] , autumn  [12]  or summer months  [13] . These seasonal/
monthly effects are important to adopt preventive mea-
sures and to estimate the overall hospital and/or stroke 
units’ workload, but fell short of demonstrating meteoro-
logical factors underlying and triggering stroke occur-
rence, in particular a first-in-a-lifetime stroke.

  Irrespective of a seasonal effect, an association between 
weather parameters and hospital admissions for stroke 
was found in several studies  [14–18] , pointing out the 
short-term effects of temperature, atmospheric pressure as 
well as their short-term variations (24–48 h). In prospec-
tive community-based incidence studies, heterogeneous 
results concerning the effect of outdoor temperature on 
the incidence of stroke have been reported  [12, 19, 20] . The 
high incidence of stroke in Portugal  [5]  may in part be ex-
plained by exposure to aggressive meteorological condi-
tions. Moreover, it has been suggested that mortality in-
creases to a greater extent during falls in temperature in 
regions with warm winters and in populations with cooler 
homes  [21] . Portugal, and in particular the city of Porto, 
with its maritime climate and traditionally unheated 
homes, represents a ‘natural experimental environment’ 
to test whether outdoor temperature or other meteorolog-
ical parameters are associated with the occurrence of 
stroke. Since different aetiological mechanisms/risk pro-
files are present in specific stroke types, we may hypoth-
esize that these effects will be different according to stroke 
type and severity. Moreover, the effects of each parameter 
may be different according to the hazard period.

  Materials and Methods 

 Identification and Classification of Stroke Patients 
 All first-ever-in-a-lifetime strokes registered in a population 

of 86,023 residents in the city of Porto between October 1998 and 
September 2000 were included. Case ascertainment methods in-

cluded direct referrals by general practitioners and hospital ad-
missions as well as routine checking contacts with nursing homes, 
private hospitals/practices and review of death certificates/autop-
sy findings. Details on methods for identification of patients have 
been provided elsewhere  [5] . All patients were examined by neu-
rologists, and CT scans were performed; for those who died soon 
after the event or were identified by death certificates, informa-
tion was given by relatives or an eye witness. Stroke was defined 
according to the WHO as ‘rapidly developing clinical symptoms 
and/or signs of focal, and at times global loss of cerebral function 
(patients in deep coma or cerebral haemorrhage), with symptoms 
lasting more than 24 h or leading to death, with no apparent cause 
other than of vascular origin’  [22] . Pathological types of stroke 
were defined according to Sudlow and Warlow  [23]  and the isch-
aemic stroke (IS) subtype by the Oxfordshire Community Stroke 
Project (OCSP) classification  [24]  and the aetiology according to 
the Trial of Org 10172 in Acute Stroke Treatment (TOAST) crite-
ria  [25] . For patients identified away from the event onset, classi-
fication relied primarily on medical record documentation. A 
stroke was considered to be fatal if death occurred within 28 days.

  Meteorological Characteristics and Data 
 The city of Porto is situated on the right bank and very close 

to the mouth of the river Douro, in northern Portugal, and had a 
population of about 250,000 in the 2001 Census, comprising 15 
administrative divisions. The study evolved in 10 of these divi-
sions, the catchment area of the Hospital de Santo António. Porto 
has a Mediterranean climate, with warm dry summers and mild 
rainy winters, but unlike the coastal south of Europe, it is often 
windy and usually cooler in winter with rainy weather for long 
periods. Daily maximum (T max ) and minimum temperature 
(T min ) (°   C), relative humidity (%), atmospheric pressure at sea lev-
el (hPa), and total precipitation (mm/m 2 ) at the Observatório da 
Serra do Pilar were obtained from the National Meteorological 
Office. This weather station provides data representative of the 
southeast Porto catchment area. Besides the crude values of me-
teorological data available we have also considered temperature 
variations within 1 day, i.e. diurnal temperature range (DTR), 
since it has been described to be associated with acute stroke
death  [26] .

  Statistical Analysis 
 The description of stroke types and IS subtypes includes the 

daily mean of events and the respective 95% confidence interval 
(95% CI), stratified by season. Case fatality by season is also de-
scribed. The Poisson distribution was used to model the daily 
number of events as a function of each weather parameter using 
a log-link function  [27] . Generalized additive Poisson models 
were used alternatively, to check whether explanatory variables 
should enter the model as linear terms or smoothed functions 
with varying degrees of freedom (d.f.), enabling some flexibility 
in the shape of the function describing the relation. For ascertain-
ing the effect of meteorological variables on daily stroke occur-
rence, a series of models were considered for exposure at different 
hazard periods before the event – the previous 24-hour value and 
the averaged values for the previous 7- and 14-day periods. Using 
a stepwise procedure, the final model for the specific event was 
built, considering as predictors the values for the three periods, 
besides the seasonal effect. Finally, the binomial distribution (lo-
gistic model) was used to es timate the relative risk of a fatal stroke 
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under different weather conditions. The effects (General Linear 
Model coefficients) are presented as the rate ratio for a unit drop 
in the temperature parameters (T max , T min , DTR) and unit in-
crease in the other parameters for Poisson models and as the odds 
ratio for binomial models, with the respective 95% CI. The likeli-
hood ratio  �  2  was used for comparing the fitted models against 
the intercept-only model. All analyses were done with the PASW 
Statistics 17.0 and by R statistical software Version 2.8.1. For sta-
tistical tests, a value  ! 0.05 was used to indicate a significant as-
sociation. For all analyses, we assumed a stable population at risk 
throughout the study period and so no adjustment for deaths and 
births were made.

  Results 

 Patients’ Characteristics 
 Based on a detailed clinical examination, including 

CT scans (97.4% of the patients and 83.5% within the first 
48 h) and/or autopsy or lumbar puncture findings, a total 
of 462 patients were diagnosed with a first stroke. The 
stroke was fatal in 78 patients (16.9%) and 83.3% of them 
were  6 65 years old. The distribution according to patho-
logical types and subtypes is described in  table 1 . Patients 
with primary intracerebral haemorrhage (PICH) were 
younger than those with IS ( �  2  = 7.5, d.f. = 1, p = 0.006) 
and those with a lacunar (LACI) or posterior circulation 
infarct (POCI) were younger than those with total circu-
lation (TACI) or partial circulation infarct (PACI) ( �  2  = 

22.9, d.f. = 3, p  !  0.001). TACIs were more frequent in 
women compared with the remainder ( �  2  = 16.4, d.f. = 3, 
p  !  0.001) and cardioembolism was more frequent in the 
oldest ( �  2  = 24.8, d.f. = 3, p  !  0.001).

  Seasonal Patterns in Weather Parameters and the 
Incidence of Stroke  
 Weather parameters varied across seasons as expect-

ed, low values of T max , T min  and relative humidity and 
high values of atmospheric pressure in winter contrasting 
with high temperatures in summer, high relative humid-
ity in summer and autumn and low atmospheric pressure 
in summer and spring ( table 2 ). Precipitation attains the 
highest values in spring and autumn. There was no sea-
sonality in the overall number of strokes, PICH or IS in 
spite of the increasing trend from summer to spring in the 
number of POCI ( �  2  = 8.8, d.f. = 3, p  !  0.04). There was 
seasonality in case fatality from PICH, higher in summer 
(62.5%) compared to the remaining seasons ( �  2  = 8.0,
d.f. = 3, p  !  0.05). The overall trend in PICH, IS and the 
incidence of fatal stroke throughout the study period are 
shown in  figure 1  together with the values of the meteo-
rological parameters. T max  and T min  (not shown) were 
highly correlated (r = 0.78) as well as relative humidity 
and DTR (r = –0.63); DTR increased with T max  (r = 0.38) 
and decreased with precipitation (r = –0.45), while rela-
tive humidity increased with precipitation (r = 0.31). The 

Table 1.  Distribution of patient characteristics and vascular risk factors by types and subtypes of IS

Diagnosis/prognosis All Age ≥65 years W omen

n % n % n %

All strokes 462 331 71.6 287 62.1
Fatal stroke1 78 16.9 65 83.3 54 69.2

Pathological types
PICH 78 16.9 46 59.0 48 61.5
IS 348 75.3 259 74.4 215 61.8

OCSP classification
TACI 75 21.6 66 88.0 59 78.7
PACI 69 19.8 60 87.0 47 68.1
LACI 136 39.1 86 63.2 74 54.4
POCI 68 19.5 47 69.1 35 51.5

TOAST criteria
Large artery atherosclerosis 24 6.9 18 75.0 14 58.3
Cardioembolism 81 23.3 76 93.8 56 69.1
Small artery occlusion 124 35.6 78 62.9 69 55.6
Other determined/undetermined 119 34.2 87 73.1 76 63.9

1 D eath within 28 days from onset.
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relative peaks in PICH ( fig. 1 ) and fatal strokes closely fol-
lowed the constant drop and relative trough in T max  and 
DTR.

  Meteorological Parameters and the Incidence and 
Outcome of Stroke 
 The incidence of PICH was associated with DTR and 

precipitation; for 1   °   C drop in DTR over the preceding
24 h, the incidence increased by 11.8%, and for each mil-
limetre of precipitation it increased by 3.1%, reaching 
5.7% (95% CI: 0.7–11.1%) when considering the average 
14-day period ( table 3 ). The incidence of IS, on the other 
hand, was associated with both Tmax and T min  for the 
three hazard periods considered; for a 1   °   C drop in tem-
perature, the incidence increased between 3.3 and 4.3%. 
There were nevertheless different hazard periods for the 
effects of T max  and T min  according to IS subtype; the inci-
dence of TACI increased by 5.9% for a 1   °   C drop in T max  
over the preceding 24 h, the incidence of PACI increased 
by 6.6% after a 1   °   C drop in T min  over the previous 24 h or 
7-day period and that of POCI increased between 5.8 and 

7.4% when T max /T min  drops over different hazard periods. 
The incidence of LACI was not associated with any me-
teorological parameter. According to aetiology, only the 
incidence of cardioembolic IS increased by 5.0% (95% CI: 
0.2–10.1%) for a 1   °   C drop in T min . In the stepwise models, 
the most important predictors of PICH and IS were DTR 
and T min  in the previous 24 h, respectively ( table 4 ). A 24-
hour short-term effect of T min  and relative humidity was 
only associated with the incidence of TACI, while for 
PACI and POCI only the average 7/14 days effect of DTR, 
relative humidity and T max  were included in the model. 
Despite the effects of relative humidity in the incidence 
of LACI, the fit was no better than for the intercept-only 
model. Using the binomial model, the odds of a fatal ver-
sus non-fatal stroke increased by 15.5% (6.1–25.4%) after 
a 24-hour drop in T max , and no significant differences 
were found across age and gender for IS. The contrasting 
short-term effects of DTR and T min  on the incidence of 
PICH and IS are displayed in  figure 2 a, b, and the effects 
of T max  on fatal and non-fatal strokes are displayed in  fig-
ure 2 c.

Table 2.  Description of weather parameters, incident events and case fatality by season

Weather and population
characteristics

All (n = 731) Summer (n = 188) Autumn (n = 178) Winter (n = 181) S pring (n = 184)

mean 95% CI mean 95% CI mean 95% CI mean 95% CI mean 95% CI 

Weather parameters
Temperature, ° C

Maximum 19.0 18.6–19.3 23.7 23.2–24.1 17.7 17.2–18.2 15.5 14.9–16.0 18.9 18.3–19.5
Minimum 10.3 10.0–10.6 14.7 14.4–15.0 9.1 8.5–9.7 6.2 5.7–6.7 10.9 10.4–11.4
Diurnal range 8.7 8.5–8.9 8.9 8.5–9.4 8.6 8.2–9.0 9.3 8.8–9.7 8.0 7.5–8.4

Relative humidity, % 77.0 76.2–77.9 78.1 76.6–79.5 78.8 77.3–80.3 74.2 72.2–76.2 77.1 75.6–78.6
Precipitation, mm/m2 3.1 2.6–3.7 2.0 1.1–2.9 3.6 2.4–4.8 2.1 1.4–2.9 4.6 3.4–6.1

Rainy days, % 43.6 40.0–47.2 20.7 14.9–26.6 55.6 48.8–63.5 43.6 36.4–50.9 54.9 47.6–62.2
Atmospheric pressure

(above 1,000 hPa) 19.4 18.9–19.9 16.3 15.8–16.9 21.5 20.5–22.5 23.8 22.8–24.9 16.2 15.3–17.1
Daily incident events1

All strokes 7.3 6.6–8.0 5.9 4.8–7.2 7.4 6.0–8.8 7.9 6.5–9.3 8.1 6.7–9.5
PICH 1.3 0.9–1.5 1.1 7.6–1.6 1.3 0.8–2.0 1.2 0.7–1.9 1.5 0.9–2.2
IS 5.6 5.0–6.2 4.3 3.4–5.5 5.8 4.7–7.2 5.9 4.8–7.3 6.0 4.9–7.4

LACI 2.2 1.7–2.6 2.1 1.4–2.9 2.0 1.4–2.9 2.2 1.5–3.0 2.4 1.7–3.3
TACI 1.2 0.9–1.5 0.8 0.7–1.9 1.7 1.2–2.6 0.9 0.6–1.6 1.2 0.7–1.9
PACI 1.1 0.8–1.4 0.8 0.5–1.4 1.2 0.7–1.7 1.5 0.9–2.2 0.9 0.6–1.5
POCI 1.1 0.8–1.4 0.6 0.2–1.1 0.9 0.5–1.5 1.4 0.8–2.1 1.5 0.9–2.2

Case-fatality, %
All strokes 16.9 13.5–20.3 21.9 13.6–30.1 14.0 7.7–20.4 14.6 8.4–20.9 17.8 11.2–24.4

PICH 33.3 22.9–43.8 62.5 38.8–86.2 30.0 9.9–50.1 22.2 3.0–41.4 25.0 7.7–42.3
IS 10.9 7.6–14.2 8.6 2.0–15.1 9.0 3.0–14.9 9.7 3.7–15.7 15.6 8.4–22.9

1 I ncidence per 1,000,000 population.
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  Discussion 

 This study shows that the high incidence of a first-
ever-in-a-lifetime stroke in Portugal may be related to ad-
verse effects of meteorological conditions. Moreover, ir-
respective of seasonal variations, these effects varied ac-
cording to pathological type. The incidence of PICH was 
associated with precipitation and DTR while the inci-

dence of IS was associated with temperature (T max /T min ) 
and relative humidity. Moreover, the relative importance 
of the hazard period was associated with stroke severity 
and the OCSP classification. The predominant effects af-
ter a 24-hour hazard period were observed in the inci-
dence of PICH, TACI, cardioembolic IS and fatal strokes. 
The effect of DTR and relative humidity was more impor-
tant after a 7-day hazard period for PACI and after a 14-
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  Fig. 1.  LOWESS smoothed values of daily 
incidence of events (per million per day) 
and meteorological parameters (Tmax, 
DTR, relative humidity, atmospheric pres-
sure and precipitation) at Porto during the 
study period. 
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day period for POCI. No association was found for LACI, 
irrespective of the hazard period.

  Despite an overall increase from summer to spring in 
the incidence of stroke, there was no evidence for a sea-
sonal effect in our region, either for PICH or for IS. This 
pattern of variation has been previously described in 
other population-based studies undertaken in England, 
Italy, France and Russia  [12, 19, 20, 28] , while most stud-
ies based on registers of hospital admissions found evi-
dence of seasonality  [10, 11, 14] . This may reflect the fact 
of being ‘community-based’ thus including events, some 
of them reported by general practitioners, that other-
wise would be excluded. Moreover, they report only as-
sociations for a first-ever-in-a-lifetime event, usually 
with low proportions of severe cases compared to hospi-

tal admission studies or emergency transport events, the 
latter also being more subject to misclassification bias 
 [29–31] . The lack of seasonality in community-based 
studies may also result from the different seasonal ef-
fects on PICH and OCSP subtypes and their case mix in 
different populations. The incidence of PICH and TACI, 
peaking in spring and autumn compared to summer, 
points to the apparently steepest variation in Tmax/T min  
in these seasons whilst the incidence of PACI peaks in 
autumn and winter, pointing to possibly less acute ef-
fects of temperature. In addition, there appears to be a 
seasonal pattern in POCI and complete absence of sea-
sonality in LACI, which represents as much as 39% of IS 
in this study.

Table 3.  Association between incident stroke events and meteorological parameters according to exposure period

Weather
parameter/
hazard period

PICH IS

all TACI PACI LACI P OCI

RR 95% CI RR 95% CI RR 95% CI RR 95% CI RR 95% CI RR 95% CI

Season
Autumn 1.32 0.68–2.55 1.34* 0.98–1.84 2.04† 1.07–3.88 1.28 0.63–2.60 0.99 0.61–1.62 1.64 0.71–3.80
Winter 1.17 0.60–2.29 1.38† 1.01–1.88 1.11 0.54–2.31 1.71 0.88–3.32 1.07 0.66–1.73 2.42† 1.11–5.29
Spring 1.53 0.81–2.89 1.40† 1.03–1.91 1.39 0.70–2.77 1.10 0.53–2.27 1.18 0.74–1.88 2.73† 1.27–5.86

Temperature, f 1° C
Maximum

Previous 24 h 1.05* 1.00–1.10 1.03‡ 1.01–1.06 1.06† 1.01–1.12 1.03 0.98–1.08 1.02 0.98–1.06 1.04 0.98–1.09
Mean 7 days 1.04 0.98–1.10 1.04‡ 1.01–1.07 1.04 0.98–1.10 1.04 0.98–1.11 1.02 0.98–1.07 1.07† 1.01–1.14
Mean 14 days 1.04 0.99–1.11 1.04‡ 1.01–1.07 1.03 0.97–1.10 1.06* 1.00–1.13 1.02 0.98–1.07 1.07† 1.00–1.14

Minimum
Previous 24 h 1.00 0.95–1.05 1.04§ 1.02–1.06 1.04 0.99–1.09 1.07† 1.01–1.12 1.02 0.98–1.05 1.06† 1.01–1.11
Mean 7 days 1.02 0.96–1.08 1.04‡ 1.01–1.07 1.02 0.97–1.08 1.07† 1.01–1.13 1.02 0.98–1.06 1.07† 1.01–1.14
Mean 14 days 1.03 0.98–1.09 1.04‡ 1.02–1.07 1.03 0.97–1.09 1.06* 1.00–1.13 1.03 0.99–1.07 1.07† 1.00–1.13

Diurnal range
Previous 24 h 1.12‡ 1.04–1.20 0.99 0.95–1.02 1.04 0.96–1.12 0.92† 0.85–1.00 1.01 0.96–1.07 0.96 0.88–1.03
Mean 7 days 1.10 0.98–1.23 1.00 0.94–1.05 1.06 0.94–1.20 0.89* 0.78–1.01 1.02 0.94–1.12 0.98 0.86–1.11
Mean 14 days 1.07 0.92–1.24 0.98 0.91–1.05 1.02 0.88–1.19 0.97 0.83–1.14 0.95 0.84–1.06 0.99 0.84–1.16

Relative humidity, %
Previous 24 h 1.02 0.99–1.04 1.00 0.99–1.01 1.03† 1.00–1.05 1.00 0.98–1.02 1.00 0.98–1.01 1.00 0.98–1.02
Mean 7 days 1.01 0.98–1.04 1.01 1.00–1.02 1.01 0.98–1.04 1.01 0.98–1.04 1.01 0.98–1.03 1.01 0.98–1.05
Mean 14 days 1.00 0.96–1.04 1.00 0.99–1.02 1.01 0.97–1.05 1.02 0.98–1.06 0.99 0.96–1.01 1.02 0.98–1.06

Precipitation, mm/m2

Previous 24 h 1.03‡ 1.01–1.05 1.00 0.99–1.02 0.99 0.96–1.03 1.00 0.97–1.03 1.00 0.98–1.02 1.02 1.00–1.05
Mean 7 days 1.04* 1.00–1.08 1.00 0.98–1.03 1.01 0.97–1.06 0.97 0.91–1.03 1.01 0.97–1.04 1.02 0.97–1.07
Mean 14 days 1.06† 1.01–1.11 1.00 0.97–1.03 1.02 0.96–1.08 0.97 0.91–1.04 0.98 0.93–1.03 1.03 0.97–1.09

Atmospheric pressure, hPa
Previous 24 h 1.00 0.97–1.03 1.01 0.99–1.02 1.02 0.98–1.05 1.02 0.98–1.05 1.00 0.98–1.02 1.01 0.97–1.04
Mean 7 days 1.00 0.97–1.04 1.01 0.99–1.03 1.01 0.98–1.05 1.03 0.99–1.08 1.00 0.98–1.02 1.02 0.98–1.06
Mean 14 days 0.99 0.97–1.01 1.01 0.99–1.02 1.00 0.98–1.02 1.04* 0.99–1.08 1.00 0.98–1.02 1.03 0.99–1.07

*  p < 0.1, † p < 0.05, ‡ p < 0.01, § p < 0.001, otherwise p > 0.1; f = decrease; RR = rate ratio
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  It was hypothesized that the effect of meteorological 
parameters would be evidenced in specific stroke types 
since the prevalence of different risk factors varies ac-
cording to aetiology and clinical type  [32, 33] . Despite the 
reduced number of events, PICH and TACI are more 
closely related to temperature in shorter hazard periods. 
Since their prognosis is worst, it is not surprising that a 
cold diurnal temperature (T max ) is associated with the 
likelihood of a fatal stroke. The fact that T min  (nocturnal) 
rather than T max  is a better predictor of overall and in 
particular cardioembolic IS, the incidence of IS may be 
related to the already reported circadian rhythm of IS, 
peaking in the morning and closely following the morn-
ing surge in blood pressure  [34, 35] . Other factors that can 
trigger a stroke after cold exposure, such as activation of 
coagulation-related factors  [36] , haemoconcentration 
and increased blood viscosity  [37]  may have a greater im-
pact in cardioembolic IS, the more frequent aetiological 
mechanism of TACI and PACI. On the other hand, the 
incidence of PICH is consistently associated with precip-
itation, increasing with the hazard period (24 h, 7 and 14 
days). This is the empirical evidence of a fact already 
mentioned by neurologists at emergency departments all 
over the country – why do we see more strokes on rainy 
days? Our data confirm this hypothesis, but when con-
sidering the effect of all-weather parameters, DTR in the 
previous day seems to explain this effect. This triggering 
effect of drops in DTR, characteristic of spring months 
might be explained by the concurrence of other atmo-
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  Fig. 2.  Fitted number of PICH (black) and IS (grey) (scaled to be a percentage of mean daily strokes) plotted 
against DTR ( a ) and Tmin ( b ); fitted number of fatal (black) and non-fatal (grey) strokes plotted against Tmax ( c ). 
(Poisson models for the specific events). Dashed lines represent 95% CI. 

Table 4.  Association between incident stroke events and meteoro-
logical parameters according to exposure period (multiple-re-
gression models)

Stroke type/weather parameter RR 95% CI p

PICH (0.003)1

DTR – previous 24 h 1.12 1.04–1.20 0.003
IS (0.001)

Tmin – previous 24 h 1.04 1.02–1.06 0.001
IS subtype

TACI (0.011)
Tmin – previous 24 h 1.05 1.00–1.11 0.045
RH – previous 24 h 1.03 1.01–1.06 0.018

PACI (0.006)
DTR – mean 7 days 0.78 0.66–0.92 0.003
RH – mean 7 days 1.05 1.00–1.10 0.034
Tmax – mean 14 days 1.07 1.00–1.14 0.037

LACI (0.061)
RH – mean 7 days 1.04 1.00–1.08 0.029
RH – mean 14 days 0.95 0.91–0.99 0.018

POCI2 (0.016)
DTR – mean 14 days 0.80 0.64–1.00 0.045
RH – mean 14 days 1.06 1.00–1.12 0.037

Fatal stroke2 (0.001)
Tmax – previous 24 h 1.17 1.08–1.26 0.0001

Nonfatal stroke2 (0.004)
RH – mean 7 days 1.02 1.01–1.04 0.010
DTR – mean 14 days 0.88 0.81–0.96 0.005

F or temperature (Tmax, Tmin, DTR), the coefficients are for a
1° C drop. RH = Relative humidity; RR = rate ratio.

1 (value of p for the overall model).
2 Coefficients adjusted for seasonal effect.
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spheric parameters since they coincide with rises in pre-
cipitation, relative humidity and steepest drops in T max  
(inversely correlated with DTR) and atmospheric pres-
sure ( fig.  1 ). An inverse relationship with atmospheric 
pressure was found in Siberia  [19]  as well as an increase 
in the incidence associated with a mild ambient tempera-
ture. In our study, this effect was found when T max  ap-
proached T min , characterizing spring time with cold days 
but not so cold nights. These extreme climate features 
were apparent in the second spring of the study period 
and not so marked in the first year, a pattern also found 
in the incidence of PICH. When dealing with weather ef-
fects on health events, it is important to look for unusual 
combinations of meteorological parameters and some-
times characterize the days based on these combinations, 
as in the study undertaken in Israel  [29] . These triggering 
exposures were rare and usually concentrated, and their 
effects might be detected by an adequate data smoothing 
of events as shown in  figure 1 . They may be overlooked 
when dealing with extended time series data. Indeed, this 
fact might explain why contradictory findings on the ef-
fects of meteorological parameters have been reported in 
several studies, most of them finding an inverse relation 
between incidence and temperature, others a direct rela-
tion  [15, 31]  and both direct and indirect relations across 
different regions within the country  [30] . The right an-
swer is probably given by an Australian study  [28]  report-
ing an increase in incidence for extreme temperature val-
ues.

  Until now, few community-based studies have exam-
ined the relation between first-ever-in-a-lifetime stroke 
and weather parameters. In England  [20]  and Italy  [28] , 
only the incidence of specific events increased with falls 
in temperature, PICH and fatal stroke, respectively, while 
in Russia  [19]  the relation was present for both PICH and 
IS. From previous reports, we know that the incidence of 
first-ever stroke is higher in Russia and Portugal com-
pared to England. Population characteristics, mainly the 
endemic level of vascular risk factors already related to 
weather changes  [38, 39] , as well as housing and environ-
mental features, may explain these contradictory find-
ings. Hypertension has a high prevalence in Portugal 
linked to the excess salt intake, i.e. almost twice as high 
as that recommended by the WHO  [40]  as well as a high 
prevalence of vascular risk factors in general  [41] . There-
fore, extreme values in environmental temperature, ei-
ther during daytime or night-time would more likely 
trigger cardiovascular events. On the other hand, the sur-
rounding conditions for the effect of temperature to be 
felt cannot be disregarded. The Eurowinter Group, with 

data from Finland, Germany, the Netherlands, the UK, 
Italy and Greece  [21] , has shown that high indices of cold-
related mortality were associated with high mean winter 
temperatures, low living-room temperatures, limited 
bedroom heating, a low proportion of people wearing 
protective clothes and inactivity. In the region of the city 
under study, i.e. the old part of the city near the river 
bank, most of these conditions prevail and thus we may 
conclude that in Porto we had conditions for an almost 
‘experimental’ environmental study, excluding in general 
possible effect modifiers such as eating/conditioning sys-
tems.

  The major limitation of this study is the reduced num-
ber of events, especially when the analysis involves strat-
ification by IS subtypes or overall case fatality. However, 
the reduced study power for comparing incident strokes 
according to the OCSP or TOAST classification using the 
binomial model (that excludes days with no events), had 
no influence on our conclusion that the effects of cold 
days on outcome (fatal and non-fatal events) are different. 
The conclusions of most studies rely on subgroup analysis 
and although they concluded that there was an effect, 
some of them did not attempt to verify whether sub-
groups behave differently  [33] . Another important analy-
sis would be to investigate subgroups according to cir-
cumstances associated with the onset and time to maxi-
mum deficit, as has already been done for myocardial 
infarction  [42] . We have also assumed that meteorologi-
cal conditions are homogeneous in the study area and the 
risk to be similar across different environments and cir-
cumstances, which might not be true. The data specifica-
tion included the day when stroke occurred without spec-
ifying the hour of the day, and so the 24-hour exposure 
to meteorological parameters also refers to the preceding 
calendar day. This means that the value of T min  (usually 
during night-time) might by more distant from the event 
onset than T max  (usually during daytime). It would be 
rather difficult to know the ‘exact’ event time since pa-
tients might not remember the exact time and more im-
portantly this is impossible when symptoms are felt when 
awakening.

  Our results point out two major conclusions: stroke 
type and IS subtypes must be considered when studying 
the effects of weather on incidence, confirming and cor-
roborating the different aetiological mechanisms of 
stroke. Moreover, it is not only exposure (intensity) that 
matters, but also the hazard period involved. Since the 
trigger effect is associated with severity/outcome, emer-
gency services (either dial emergency number or hospital 
emergency departments) should be aware that specific 
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weather conditions are more likely to prompt calls for 
more severe strokes. Further studies with larger data sets 
involving time trends may be useful to show whether the 
effects remain after all recent developments in stroke pre-
vention and treatment.
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