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A B S T R A C T

Background: Recent climate changes have resulted in a rising frequency of extreme cold events that take place during the warm season. Few studies have investigated 
the impact of these warm-season cold spells on cardiovascular health. Here, we aimed to investigate the potential relationship between exposure to relatively low 
temperature exposure during the warm season and stroke risk.
Methods: We conducted a time-stratified case-crossover study using a validated, complete, and detailed registration of all stroke cases in the city of Augsburg, 
Germany, from 2006 to 2020 to assess the association between the occurrence of stroke and exposure to cold spell events during the warm season (May–October). Six 
cold spell definitions were created using different relative temperature thresholds (1st, 2.5th, and 5th percentiles) and durations (more than 1–2 consecutive days). 
Conditional logistic regression with distributed lag models was then applied to assess the accumulated effects of these warm-season cold spells on stroke risk over a 
lag period of 0–6 days, with adjustments for daily mean temperature.
Results: Results confirmed that warm-season cold spells were significantly linked to an elevated risk of stroke with effects that could persist three days after exposure. 
The cumulative odds ratio (OR) estimates for the cold spells using the 2.5th percentile as air temperature threshold reached 1.29 (95% confidence interval (CI): 
1.09–1.53) and 1.23 (95%CI: 1.05–1.44) for durations more than one and two days, respectively. Warm-season cold spells also had significant associations with both 
transient ischemic attacks and ischemic strokes. The stratified analysis showed that the elderly population (aged ≥ 65 years), females, and stroke cases characterized 
by minor symptoms demonstrated a significantly increased stroke risk of the effects of warm season cold spells.
Conclusions: This study presents strong evidence for an overlooked association between warm-season cold spells and an increased risk of stroke occurrence. These 
findings further highlight the multifaceted ways in which climate change can affect human health.

1. Introduction

Global warming has made the occurrence of extreme temperature 
fluctuations more frequent, particularly in the mid-to-high latitudes of 
the Northern Hemisphere (Bathiany et al., 2018). This phenomenon is 
attributed to a combination of factors. On a local scale, the decrease in 
soil moisture and the significant expansion of impervious urban surfaces 
diminishe the localized atmospheric regulatory effect on extreme air 

masses from external sources (Seneviratne et al., 2006). On a global 
scale, the instability in Arctic circulation, driven by the extreme 
warming in high latitudes, leads to the escape of colder air masses from 
the Arctic Circle (Cohen et al., 2018). This shift in climate significantly 
has a notable impact, especially during the boreal summer (Bathiany 
et al., 2018). As a result, there has been a noticeable increase in rela-
tively low temperature exposures occurring beyond the traditional 
winter months (Twardosz et al., 2021). Some studies suggested the long- 
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term change to a warmer climate holds the potential for even higher 
vulnerability to cold extreme outside the winter period (Barcikowska 
et al., 2019; Brunner et al., 2017). Given that these warmer months 
generally lack widespread central heating and a generally lower public 
awareness regarding protection against such unexpected cold conditions 
pose unique challenges to public health.

The recent Global Burden of Disease report has underscored the in-
clusion of low temperatures within the top ten risk factors for mortality 
among the elderly population (Murray et al., 2020). Numerous epide-
miological studies have shown a compelling link between cold exposure 
and escalated mortality and morbidity (Alahmad et al., 2023; Fan et al., 
2023). Furthermore, various cardiovascular (CVD) health outcomes 
have been directly linked to the influence of low temperatures (Gao 
et al., 2019; Guo et al., 2013). A recent systematic review indicated that 
cold spells were associated with an approximately 11% increase in CVD 
mortality rates worldwide (Ryti et al., 2016). Notably, for stroke oc-
currences, the impact of cold exposure is multifaceted and significant. 
Cold exposure can lead to the elevation of platelet counts, red blood 
cells, blood viscosity, plasma cholesterol, fibrinogen, and blood pressure 
(Dong et al., 2013; Kattlove and Alexander 1971; Xu et al., 2019), all of 
which are potential risk factors for stroke. In addition, compared to 
other cardiovascular diseases, stroke often has a more acute onset and 
can lead to more severe consequences, making it a critical focus for 
research. Cold spells, typically recognized as extended intervals of un-
usually cold weather during colder seasons, have conclusively demon-
strated a substantial association with increased stroke risk (Chen et al., 
2013; Gao et al., 2019). However, the current understanding of the 
health impact of cold spells outside the winter remains limited (Ryti 
et al., 2022), particularly concerning their effect on cerebro- and car-
diovascular diseases. While it’s noteworthy that the burden of moderate 
cold throughout the year is significantly greater than that of extreme 
cold (Chen et al., 2018), and in some tropical regions, where there is no 
distinct cold season, exposure to cold still notably increases the risk of 
emergency cardiovascular hospital admissions (Qiu et al., 2013). In this 
tropical study, “cold” temperatures were relatively higher, often higher 
than 10 ◦C, highlighting the impact of relative low temperature rather 
than absolute low temperatures. However, this aspect remains under-
emphasized in research, particularly for regions in mid to high latitudes 
where temperature fluctuations during the warmer seasons are more 
pronounced.

In order to bridge these knowledge gaps, we conducted a time- 
stratified case-crossover study using a validated, complete, and 
detailed registration of all stroke cases in the city of Augsburg, Germany, 
from 2006 to 2020 to assess the association between the occurrence of 
stroke and exposure to cold spell events that happened during the warm 
season. Subgroup analyses by stroke subtype, including transient 
ischemic attacks, ischemic strokes, and hemorrhagic strokes, age group, 
sex, and stroke severity, were performed to pinpoint specific subsets of 
the population displaying an increased vulnerability to cold spells dur-
ing the warmer season.

2. Methods

2.1. Study population

In this study, we encompassed individuals who had been admitted to 
the Department of Neurology at the University Hospital Augsburg. As a 
prominent stroke center in Germany, the hospital holds a notable posi-
tion as a dedicated facility for stroke care, serving a population of more 
than 750,000 residing in the city of Augsburg, with a yearly admission 
rate of around 2000 stroke cases. It stands as one of the largest stroke 
centers in the country. The present analysis incorporated data from 
22,284 recorded stroke cases between January 2006 and August 2020. 
Concurrently, we excluded cases of recurrent (n = 2,764) and fatalities 
(n = 109), focusing our analysis on the impacts of initial stroke occur-
rences. All these stroke cases were recorded with their specific hospital 

admission time at an hourly scale and can be categorized into three 
subtypes by using the ICD-10 code system: transient ischemic attacks 
(G45), ischemic strokes (I63), and hemorrhagic strokes (I60, I61, and 
I62). The severity of each case was assessed during the initial admission 
using the National Institutes of Health Stroke Scale (NIHSS), a stan-
dardized tool to evaluate stroke symptoms’ severity. This NIHSS has 
been extensively used in prior research to evaluate stroke severity and 
the effectiveness of novel stroke treatments (Kwah and Diong, 2014). All 
this information for each case was further verified by the medical con-
trolling unit of the University Hospital Augsburg and has been previ-
ously used in our prior research (Ertl et al., 2019; He et al., 2024).

2.2. Meteorological and air quality exposure data

Data on meteorological variables, including air temperature, relative 
humidity, and barometric pressure, were gathered on an hourly basis, 
and obtained from the official urban background monitoring site located 
on the premises of the Bavarian Environment Agency (LfU, Bayerisches 
Landesamt für Umwelt), approximately 4 km south of the city center. 
For all variables, the 24-hourly records within a day were averaged to 
derive the daily mean value for analysis. This particular site was selected 
for its meteorological data as it effectively represents the climatic con-
ditions of Augsburg, especially in terms of air temperature fluctuations, 
which have already been utilized in our previous assessments of 
temperature-related health risks (Chen et al., 2019). The data quality 
was high, with a missing value rate below 0.1% during the study period. 
To ensure completeness, we addressed these rarely missing data through 
linear interpolation. This imputation method did not compromise the 
validity of our findings regarding the health effects of temperature 
fluctuations, as this dataset has been employed and rigorously validated 
in numerous prior studies on temperature exposure and its health im-
pacts, demonstrating its robustness and reliability (Chen et al., 2019; He 
et al., 2024).

Daily concentrations of particulate matter with an aerodynamic 
diameter less than 2.5 μm (PM2.5) and daily maximum 8-hour average 
ozone (O3) levels were obtained from local air quality monitoring sta-
tions in Augsburg. More explanations regarding the specifics of these 
exposure data can be found in the Supplementary Material.

2.3. Definition of unusual cold during warm season

This study aimed to investigate unusual relative low temperature 
exposures during the warm season. To identify these cold spell events, 
we first focused on the hottest six consecutive months in Germany (May 
to October). We then estimated the relative thresholds (5th, 2.5th, and 
1st percentiles) based on the daily mean temperature distributions 
during these six months from 2006 to 2020. These selected thresholds 
aligned with previous studies’ criteria for cold spell events (Lei et al., 
2022; Ni et al., 2022). In addition, we considered two different durations 
of cold spells, including one or more consecutive days (≥1d) and two or 
more consecutive days (≥2d). We did not include longer threshold of 
days because cold spells during the warm season typically do not persist 
for extended periods (Alexander et al., 2006). Overall, we included a 
total of six cold-spell definitions comprising combinations of the three 
thresholds and two durations. According to the established definitions, 
we classified each day within the selected six adjacent months as either a 
cold-spell day or a non-cold-spell day.

2.4. Statistical analyses

We employed an individual-level, time-stratified, case-crossover 
design (Janes et al., 2005) to estimate the association between warm- 
season cold spell events and stroke risk. Specifically, by using condi-
tional logistic regression models, we investigated the potential rela-
tionship between stroke and warm-season cold spell events. Each stroke 
case’s exposure on the day of occurrence (‘case’ day) was compared with 
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exposures on other days within the same month and the day of the week 
(‘control’ days) preceding the event. This study design was chosen for its 
ability to effectively account for long-term time trends, seasonal varia-
tions in underlying stroke rates, and time-invariant confounding, and to 
mitigate potential biases arising from exposure-related time trends 
(Chen et al., 2019).

To account for the lag effect of cold spells, we implemented 
distributed lag models (DLMs) (Gasparrini and Leone 2014). Existing 
studies have demonstrated that the estimated associations of cold 
exposure may persist for more than several days (Ni et al., 2022). Due to 
the time-stratified case-crossover design, we set a 7-day lag period to 
prevent overlap between exposure and control days while capturing 
both immediate and delayed effects, including potential mortality 
displacement (harvesting effect). The exposure-response function of 
cold spells and strokes was modeled by DLM with a linear function of 
cold-spell days (as a binary variable). The lag-response curve was set 
with a natural cubic spline with four degrees of freedom (df) and two 
internal knots placed at equally spaced values in the log scale (Jiang 
et al., 2023; Yin et al., 2018). In addition, to control for the confounding 
effect of daily temperature, our main model also included a distributed 
lag non-linear model (DLNM) for daily mean temperature by establish-
ing a cross-basis function of temperature with the same lag period as 
cold spells. Referring to related studies (Jiang et al., 2023; Vicedo- 
Cabrera et al., 2021), the DLNM for daily mean temperatures with the 
same 7 lag days included a quadratic B-spline with 2 df and two internal 
knots placed at equally spaced values in the log scale and a lag–response 
curve with a natural cubic spline with three internal knots (plus an 
intercept) placed at equally spaced values in the log scale. Our main 
model also included natural cubic B-splines with three degrees of 
freedom for relative humidity and barometric pressure on the same day, 
and a categorical variable of the holidays to control for their potentially 
confounding effects (Chen et al., 2019). To facilitate the interpretation 
of the odds ratios (ORs) associated with cold spell events during warm- 
season months, we selected non-cold spell days as the reference. We 
reported the ORs of stroke, accompanied by their 95% confidence in-
tervals (CIs), during the cold spell days with different definitions. 
Furthermore, to compare the main temperature effect of daily mean 
temperature and the additional effect of cold spells during the warm 
season, referring to a related study (Gasparrini and Armstrong, 2011), 
we also examined the impact of daily mean temperature on stroke risk, 
calculating ORs for warm-season months based on the same primary 
model setting but adjusting for cold spell effects. Here, the reference day 
was chosen as the day with the minimum stroke ratio temperature 
during the warm season. The main effects were estimated from the 
variation in ORs corresponding to the daily mean temperature that de-
fines the threshold for cold spells in comparison to the minimum mor-
tality temperature days, while the additional effects represent the ORs of 
cold spell days after adjusting for the mean temperature effect, 
compared to non-cold spell days.

Moreover, to provide a more nuanced understanding of the impact of 
cold exposure, we conducted subgroup analyses for different stroke 
subtypes, including transient ischemic attacks, ischemic, and hemor-
rhagic strokes, using the same analytical methods. In addition, we per-
formed stratified analyses on total stroke events to investigate potential 
effect modification by sex (male vs. female), age (<65 vs. ≥65 years), 
and the NIHSS scale (≤4 which indicates the symptoms are less severe 
vs. >4 which indicates the symptoms are identified as moderate to se-
vere. This cutoff point effectively distinguishes between patients with 
favorable and less favorable prognoses (Inoa et al., 2014). It is also 
consistent with our previous study, enhancing the comparability of our 
results (He et al., 2024). To test the statistically significant difference 
between these sub-groups, we adopted the multivariate Wald test; a P- 
value < 0.05 was considered statistically significant (Chen et al., 2019; 
He et al., 2024).

2.5. Sensitivity analyses

In order to test the robustness of our findings, we conducted a series 
of sensitivity analyses from several aspects. Analyses included potential 
modifications in the estimated associations when additionally adjusting 
for air pollution, including PM2.5 and O3, and changing the setting in the 
knots for the exposure-response function in our main analysis model.

3. Results

3.1. Stroke cases and cold spell exposure during the warm season

During the study period, the daily mean temperature averaged 
14.7 ◦C, with an interquartile range of 7.1 ◦C. In addition, the temper-
ature value corresponding to the 1st, 2.5th and 5th percentile of daily 
mean temperature are 6.8 ◦C, 8.1 ◦C and 9.3 ◦C respectively. We iden-
tified a range of cold-spell days varying from 6 to 115 days within the six 
warm months, applying six cold-spell definitions as presented in Table 1. 
As shown in Fig. S1, the annual total of cold-spell days for each defini-
tion did not exhibit an obvious declining trend from 2006 to 2020. 
However, there was a noticeable increase in average temperature from 
the period 2006–2012 to 2013–2020, as indicated in Table S1. In terms 
of air quality parameters, the mean concentrations of 24-hour PM2.5 and 
8-hour O3 were 9.50 ± 4.95 μg/m3 (mean ± standard deviation) and 
60.2 ± 17.9 μg/m3, respectively.

Regarding the stroke cases included in this study, as presented in 
Table 2, a total of 11,037 cases of first hospitalization for each individual 
that did not result in death during the study period were included. The 
average age of this study’s cases was 71.3 years, with a standard devi-
ation of 13.2 years. In terms of stroke subtypes, our dataset encompassed 
2947 cases of transient ischemic attacks, 642 cases of hemorrhagic 
strokes, and 7430 cases of ischemic strokes. Notably, a significant pro-
portion (52.5%) of these stroke cases were categorized as moderate 
(NIHSS >4 and  ≤15).

3.2. Association between warm-season cold spells and stroke occurrences

Fig. 1 illustrates the estimated lag pattern of the relationships be-
tween cold spells during the warm season and the occurrences of total 
stroke cases. It indicates that warm-season cold spells were significantly 
linked to an elevated risk of stroke and showcased a nonlinear lagged 
association. The significant effect of warm-season cold spells could 
persist up to three days after exposure. In most definitions, the effect 
tended to diminish after two days.

In comparison, the patterns of associations were comparable across 

Table 1 
Summary statistics of annual cold days during the warm season with different 
definitions in Augsburg, Germany, from 2006 to 2020.

Name Definition No. of cold 
spells per 
year during 
the warm 
season

Total 
days

Mean SD

P1*
(6.8 ◦C)**

P1 ≥ 1d ≤P1 with ≥ 1d duration 1.5 1.6 23
P1 ≥ 2d ≤P1 with ≥ 2d duration 0.4 0.9 6

P2.5 (8.1 ◦C) P2.5 ≥
1d

≤P2.5 with ≥ 1d 
duration

3.9 2.9 58

P2.5 ≥
2d

≤P2.5 with ≥ 2d 
duration

1.9 2.1 28

P5 (9.3 ◦C) P5 ≥ 1d ≤P5 with ≥ 1d duration 7.8 4.5 115
P5 ≥ 2d ≤P5 with ≥ 2d duration 4.6 3.5 69

* P1: 1st percentile; P2.5: 2.5th percentile; P5: 5th percentile; 1d: 1 day; 2d: 2 
days.

** The temperature value in the brackets correspond to the value at the 
respective percentile.
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different definitions of cold spells. Within the same temperature 
threshold categories, the lag patterns tended to remain consistent across 
varying durations of cold spells. Notably, cold spells with shorter du-
rations often yielded more pronounced lag patterns and higher OR es-
timates. Cold spells defined using the 2.5th percentile exhibited higher 
OR estimates in different temperature threshold categories than the 
other two relatively temperature-based definitions.

Overall, as shown in Fig. 2, the cumulative OR estimates for the cold 

spells under the definition using the 2.5th percentile temperature 
reached 1.29 (95%CI: 1.09–1.53) and 1.23 (95%CI: 1.05–1.44) for du-
rations more than one day (2.5th percentile ≥ 1d) and two days (2.5th 
percentile ≥ 2d), respectively. In addition, a lower cumulative OR was 
estimated for the 5th percentile ≥ 1d (1.13 (95%CI: 1.01–1.30)), and 
notably, the OR estimates derived from the definition of 5th percentile 
≥ 2d became statistically insignificant (1.10 (95%CI: 0.96–1.26)). 
Furthermore, as shown in Table 3 and Fig. 3, compared to the main 
effects of the daily mean temperature under different cold spell defini-
tions, the additional effects of the cold spells were almost comparable, or 
even slightly exceeded.

As shown in Supplemental Fig. S2–S4, the lag patterns for the esti-
mated associations of cold spells on different causes of stroke were also 
generally consistent. The association between warm-season cold spells 
on transient ischemic attack and ischemic stroke was mainly positive 
and statistically significant across different definitions. In comparison, 
among different definitions, cold spells using the definition of the 2.5th 
percentile temperature were associated with higher cumulative OR es-
timates and prolonged effect duration. Furthermore, transient ischemic 
attack cases were associated with higher OR estimates, while hemor-
rhagic strokes displayed insignificant associations with all definitions of 
cold spells.

3.3. Stratified analysis

Fig. 4 shows the cumulative OR estimates of different cold-spell 
definitions and total stroke by sex, age, and severity. Across most cold 
spell definitions, cumulative OR estimates for females displayed the 
most positivity and statistical significance. However, significant statis-
tical results were only observed under the definitions of 2.5th percentile 

Table 2 
Summary statistics of stroke cases in Augsburg, Germany, during the months of 
May–October from 2006 to 2020, focusing on the hottest six consecutive months 
as our study period.

No. of cases (proportion%)

Total strokes 11,037
Transient ischemic attacks 2947 (26.7%)
Hemorrhagic strokes 642 (5.8%)
Ischemic strokes 7430 (67.3%)
Not specified strokes 18 (0.2%)
Sex
male 3600 (32.6%)
female 4799 (43.5%)
Unknown 2638 (23.9%)
Age (years), mean (SD) 71.3 (13.2)
<65 3010 (27.3%)
≥65 8027 (72.7%)
NIHSS at admission*
Minor stroke (1–4) 3737 (33.9%)
Moderate stroke (5–15) 5792 (52.5%)
Moderate to severe stroke (16–20) 285 (2.6%)
Severe stroke (21–42) 107 (1.0%)

* NIHSS: National Institutes of Health Stroke Scale.

Fig. 1. Lag structures for the associations of total stroke occurrence with warm-season cold spells using different definitions. The solid black lines represent lag- 
specific odds ratios of stroke associated with warm-season cold spells, and the colored areas are their 95% confidence intervals. The cold spell definitions 
include a range of combinations with temperatures lower than different percentiles (P1, P2.5, and P5) of daily temperature distributions and duration of no less than 
1 and 2d. P1, 1st percentile of the daily mean temperature distribution; P2.5, 2.5th percentile of the daily mean temperature distribution; P5, 5th percentile of the 
daily mean temperature distribution.
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≥ 1d and 2.5th percentile ≥ 2d for males. Among individuals aged 65 
years and above, the cumulative OR estimates exhibited predominance 
in positivity and statistical significance for cold spells defined under 
different definitions. However, within the younger population (below 
65 years), there were not statistically significant OR estimates across 
different definitions of cold spells. Furthermore, cumulative OR esti-
mates in stroke cases characterized by minor symptoms (NIHSS ≤ 4) 
were positive and statistically significant across most cold spell defini-
tions. In contrast, stroke cases identified with moderate to severe 
symptoms (NIHSS > 4) did not yield any significant estimates.

3.4. Sensitivity analysis

In the sensitivity analysis, the cold spell with the definition of 2.5th 
percentile ≥ 1d was used in models after controlling for the associations 
of PM2.5 and O3 concentrations. As shown in Table S2, the pooled cu-
mulative OR of total stroke risk associated with warm-season cold spells 

were not appreciably changed by this adjustment. In addition, our re-
sults were also robust to changed degrees of freedom for lag days (3–5 
df).

4. Discussion

Our study investigated the association between cold spells during the 
warm season and stroke occurrences, using a time-stratified case- 
crossover study based on a validated, complete, and detailed registration 
of all stroke cases in the city of Augsburg. Results of this study revealed 
significant associations between cold spells during the warm season and 
an increased risk of stroke occurrences, with a lagged association over 
two days after exposure. Notably, cold spells under definitions of 2.5th 
percentile ≥ 1d and 2.5th percentile ≥ 2d displayed robust influences. 
These cold spells exhibited substantial correlations with both transient 
ischemic attacks and ischemic strokes, while the impacts on hemor-
rhagic strokes did not achieve statistical significance. These additional 
effects of cold spell events were found to be comparable to the main 
effects of daily mean temperature corresponding to cold spell thresholds. 
So, if we neglect the additional health effects of these types of cold spells, 
we will overlook a significant portion of the health impacts of low 
temperatures during the warm season. Results of the stratified analysis 
showed that the elderly population (aged ≥65 years), females, and 
stroke cases characterized by minor symptoms (NIHSS ≤ 4) demon-
strated increased vulnerability to the effects of cold spells. To our 
knowledge, this is the first case-crossover study to assess the relation-
ships of warm season cold spells with cardiovascular diseases based on 
individual cases.

While low temperature has been extensively considered as a risk 
factor for cardiovascular diseases (Alahmad et al., 2023), the impacts of 
relative low temperature exposure during the warm season have not 

Fig. 2. Cumulative odds ratios (ORs) and 95% CIs of stroke occurrence associated with warm season cold spells among different subtypes of stroke over lags 0–6 d in 
Augsburg, Germany, during the months of May–October from 2006 to 2020. Points represent the estimated ORs of stroke risk (cold-spell days vs. non–cold-spell 
days); lines represent the 95% CIs. CIs, confidence intervals; P1, 1st percentiles of the daily mean temperature distribution; P2.5, 2.5th percentiles of the daily mean 
temperature distribution; P5, 5th percentiles of the daily mean temperature distribution. The months of May and October were selected as we focused on the hottest 
six consecutive months as our study period.

Table 3 
Cumulative odds ratios (ORs) and 95% CIs of stroke occurrence associated with 
the main and added effects of warm season cold spells over lags 0–6 d in 
Augsburg, Germany, during May–October from 2006 to 2020. The main effects 
were estimated from the variation in ORs corresponding to the daily mean 
temperature that defines the threshold for cold spells.

No. Days Percentile Main Effect Added Effect

≥1 ≤1th 1.20 (1.02–1.45) 1.14 (1.02–1.32)
≤2.5th 1.20 (1.03–1.41) 1.29 (1.09–1.53)
≤5th 1.21 (1.06–1.41) 1.13 (1.01–1.30)

≥2 ≤1th 1.28 (1.12–1.49) 1.13 (0.95–1.35)
≤2.5th 1.21 (1.06–1.39) 1.23 (1.05–1.44)
≤5th 1.16 (1.04–1.31) 1.10 (0.96–1.26)
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received enough attention. In our study, we focused on relatively low 
temperatures of 6.8 ◦C, 8.1 ◦C, and 9.2 ◦C during the warm season. 
Existing research has predominantly centered on cold spells within the 
typical winter months (Jiang et al., 2023; Lei et al., 2022). Only a limited 
number have explored the effects of low temperature exposure outside 
winter months (Ryti et al., 2022). Furthermore, divergent findings 
emerge as some studies document a significant rise in mortality or 
morbidity linked to cold spells (Davídkovová et al., 2014; Lei et al., 
2022), while others detect no associations (Huang et al., 2012; Sha-
poshnikov et al., 2014). These discrepancies in outcomes can be traced 
back to differences in study design, the specific health outcomes 
(including symptom onset, hospitalization, or mortality), as well as the 
diverse definitions used to classify instances of cold spells. In addition, 
studies based on hospitalizations or mortality may face challenges 
related to the potential temporal mismatch between exposure and dis-
ease occurrence. Utilizing individual-level data can help mitigate this 
potential misclassification issue. However, only a few case-crossover 
studies have delved into the health effects of cold spells (Jiang et al., 
2023; Vaičiulis et al., 2021). In contrast, by adopting the registry-based 
time-stratified case-crossover study design, the present study considered 
various cold spell definitions and adjustments for the cumulative effects 
of daily temperature over multiple lag days. Consistent with previous 
epidemiological studies (Jiang et al., 2023; Lei et al., 2022), our study 
found the impact was significant to several days afterward but more 
transient than that on mortality (e.g., two to four weeks), as reported in 
the related research (Lei et al., 2022). This difference is conceivable, 
given that there generally exists a time span (typically ranging from 
several days to a few weeks) between the onset of disease symptoms and 
the eventual occurrence of death, except in cases of sudden death. 
Moreover, our study revealed that contrary to expectations, extending 
the duration of cold spells for the same temperature threshold did not 
correspond to larger OR estimates. This phenomenon may be attributed 
in part to the fact that relatively low-temperature exposure occurring 

during the warm season tends to be of very short duration compared to 
typical cold spell events happening during winter, leading to fewer case 
days available to demonstrate a stronger effect. Additionally, shorter 
cold spells imply more rapid temperature fluctuations, which may pose a 
greater challenge to the population’s ability to adapt during the warm 
season. Additionally, we compared the results using the same database 
and the same series of definitions but focusing on the traditional winter 
period (November, December, and January). As shown in Table S3, we 
found that, during the winter, the stroke incidence risk associated with 
cold spells at temperatures corresponding to the 1st, 2.5th, and 5th 
percentiles (− 9.80 ◦C, − 6.56 ◦C, and − 4.16 ◦C, respectively) was 
comparable to the results observed in the warm season. Under some 
definitions, the risks were even lower, though the differences were not 
statistically significant.

The influence of warm-season cold spells on strokes holds biological 
plausibility. The correlation between cold weather and its effects on 
health primarily stems from the direct consequences of cold exposure 
(Fan et al., 2023), especially during warm season when the protective 
effect of heating systems diminishes, rendering cold exposure more 
direct (Ryti et al., 2022). Moreover, the sudden temperature variability 
associated with cold spells during the warm season may play a crucial 
role in stroke induction. This temperature variability can cause rapid 
physiological changes that the body may struggle to adapt to quickly 
enough (Guo et al., 2016). During the warm season, the body’s response 
to unusual cold includes autonomic nervous system reactions such as 
shivering and vasoconstriction, which may alter blood pressure and 
increase the risk of stroke (Dong et al., 2013; Xu et al., 2019). A recent 
study suggested that unusual cold exposure can lead to thermoregula-
tory fatigue, resulting in attenuated shivering and vasoconstriction re-
sponses, further compromising the body’s defense against cold stress 
(Zhao et al., 2024). Unusual low temperatures can prompt vasocon-
striction, which narrows blood vessels, redirecting blood flow towards 
vital central organs, and consequently, blood pressure often rises (Chen 

Fig. 3. Cumulative exposure–response relationships between daily mean temperature and stroke risk over lag 0–6 days with corresponding 95% confidence intervals 
(colored areas), after the adjustment for the effects of cold spells as defined by various criteria. The vertical dashed line indicates the main effect of daily mean 
temperature in the context of these variously defined cold spell events. The reference day was selected as the lowest stroke ratio temperature during the warm season, 
which pinpointed the daily mean temperature that corresponded with the lowest stroke risk, which, according to our database, is 19.2 ◦C. The months of May and 
October were selected as we focused on the hottest six consecutive months as our study period.
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et al., 2022). Furthermore, the cold spells of the warm season are less 
likely to induce the immune responses typically triggered by cold, dry 
winter air. Moreover, unusual low cold exposure has the potential to 
increase the brain’s demand for oxygen, potentially triggering an 
excessive cerebral blood flow that could exacerbate brain ischemia 
(Chen et al., 2022). Additionally, exposure to unusual cold can trigger 
the elevation of various thrombogenic factors, including increased blood 
cell counts, higher plasma cholesterol levels, elevated concentrations of 
C-reactive protein, fibrinogen, and heightened platelet reactivity (Wolf 
et al., 2009), all of which may eventually lead to stroke. It is also 
important to note that, unlike in winter, the activation of irritant re-
ceptors in the lungs by cold air is not expected during the warm season 
(Turmel et al., 2012). During the warm season, when the protective 
effect of heating systems might be insufficient, the general population 
could be exposed directly to lower temperatures, thereby increasing the 
risk of cold-related stroke.

The observed increase in ischemic strokes can be attributed to similar 
factors, including dehydration, elevated blood viscosity, and alterations 
in blood vessel function (Chen et al., 2022). Cold exposure can poten-
tially exacerbate these factors, increasing the propensity for clot for-
mation, and thereby contributing to the elevated risk of ischemic strokes 

(Qi et al., 2021). On the other hand, the impact of unusual cold exposure 
on hemorrhagic strokes seems less prominent, which may be caused by 
its limited total cases during the warmer season and also may be in line 
with other research findings indicating that hemorrhagic strokes are 
generally less susceptible to cold exposure (Luo et al., 2018). Addi-
tionally, milder stroke cases tend to be more responsive to temperature 
changes. In contrast, the impact of cold spells on more severe stroke 
cases is less pronounced, as severe stroke cases are often driven by 
pathological factors rather than being triggered by environmental con-
ditions (Boehme et al., 2017). Regarding specific demographic groups, 
the elderly population emerged as a particularly vulnerable group, with 
a notable rise in ORs compared to younger individuals. This heightened 
susceptibility can be attributed to several age-related factors. Aging is 
associated with a decline in thermoregulatory capacity, including 
reduced peripheral vasoconstriction and decreased shivering response 
(Florez-Duquet and McDONALD 1998). These physiological changes 
impair the body’s ability to maintain core temperature during cold 
exposure. Furthermore, older individuals often have pre-existing health 
conditions such as hypertension, diabetes, or cardiovascular diseases, 
which can exacerbate the impact of cold stress on the body (Assar et al., 
2016). Compared to males, females are more vulnerable to warm-season 

Fig. 4. Cumulative odds ratios (ORs) and 95% CIs of total stroke occurrence associated with warm season cold spells among sex, age, and severity over lags 0–6 d in 
Augsburg, Germany, during the months of May–October from 2006 to 2020. Points represent the estimated ORs of stroke risk (cold-spell days vs. non-cold-spell 
days); lines represent the 95% CIs. CIs, confidence intervals; P1, 1st percentiles of the daily mean temperature distribution; P2.5, 2.5th percentiles of the daily 
mean temperature distribution; P5, 5th percentiles of the daily mean temperature distribution. NIHSS: National Institutes of Health Stroke Scale.
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cold spells. This gender disparity in cold susceptibility can be explained 
by several factors. Women undergoing menopause often experience 
thermoregulatory dysfunction, affecting their ability to adapt to sudden 
temperature changes (Gupta et al., 2000). This hormonal transition can 
increase sensitivity to temperature fluctuations. Moreover, women 
generally possess a higher body fat percentage than men, which can 
hamper their unusual cold dissipation capacity (Graham 1988). While 
body fat provides insulation, it may also slow the body’s ability to adjust 
to rapid temperature changes.

The findings from this study carry several implications for stroke 
prevention. Firstly, there is a significant need to design more resilient 
public infrastructures, such as advocating for adopting effective per-
sonal protective measures against cold temperatures even outside the 
winter months. This becomes especially pertinent considering that most 
preventive measures against the cold focus on the winter season. 
Moreover, given the escalating intensity of temperature fluctuations 
during the summer and autumn months, addressing cold exposure 
during these periods becomes increasingly essential. Second, the results 
about the temporal patterns of the associations between warm season 
cold spells and stroke risk help develop warning systems and establish 
appropriate durations for implementing preventive measures in 
response to unusual cold days during the warm seasons. Lastly, partic-
ular attention should be directed towards vulnerable population groups, 
notably elderly individuals. Tailored preventive strategies should be 
developed to safeguard their health and mitigate their increased sus-
ceptibility to the impacts of cold spells.

The main strengths of this study are listed as follows. First, a notable 
strength of this study lies in its reliance on a validated, exhaustive, and 
comprehensive registry of recorded stroke cases. The time of stroke 
cases was validated against the medical records, instead of using the 
patient’s self-reported time upon arrival of hospital admission or time of 
receiving the emergency call. The considerable sample size (11,037) and 
extended observation period (15 years) ensured adequate statistical 
power of analysis. Second, the study benefits from the inclusion of 
detailed information about each stroke case. This rich dataset enhanced 
the depth of the study’s findings in identifying specific sensitive popu-
lation groups.

Potential limitations of this study should also be noted. First, as done 
in most previous studies(Lei et al., 2022; Ni et al., 2022; Wolf et al., 
2009), we evaluated the exposure to cold spells relying on fixed-site 
measurements of temperature, which would lead to inevitable expo-
sure measurement errors. However, given the study’s focus on the warm 
season (May to October), it’s worth noting that the distinction between 
indoor and outdoor temperatures may be less noticeable compared to 
the colder months. Secondly, our study findings are specific to a singular 
hospital in Germany. Although this hospital has a substantial number of 
cases and a large patient base, which strengthens the internal validity of 
our study, the results may not be applicable to diverse cities or counties 
characterized by differing climatic, demographic, and socioeconomic 
conditions. To extend the generalizability of our conclusions, further 
research employing similar study designs within varied geographical 
contexts is warranted. Thirdly, although the study design effectively 
controlled for time-invariant risk factors, transient confounders that 
fluctuate within a short period—such as short-term stress and physical 
activity—could still have potential impacts. Moreover, it is important to 
note that a significant proportion of cases (23.9%) had missing gender 
information. This data limitation could potentially affect the reliability 
of our observed gender differences. Finally, it is important to highlight 
that our examination was limited to stroke occurrences, and the findings 
may not necessarily extend to stroke-related fatal events.

In conclusion, this case-crossover study conducted over a prolonged 
time period provides compelling evidence regarding the links between 
warm season cold spells and an elevated risk of total stroke incidence. 
The risk is significant for transient ischemic attacks and ischemic 
strokes, particularly among the elderly population and females. In light 
of the recently escalating temperature fluctuations during the warm 

season, especially in urban area, our findings further underscore the 
complexity of climate change’s health implications. Moreover, these 
results hold the potential to enhance the cold spell alert systems beyond 
the winter season and guide the development of personalized preventive 
measures in the context of global climate change and urbanization.
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Davídkovová, H., Plavcová, E., Kynčl, J., Kyselý, J., 2014. Impacts of hot and cold spells 
differ for acute and chronic ischaemic heart diseases. BMC Public Health 14, 1–11.

Dong, M., Yang, X., Lim, S., Cao, Z., Honek, J., Lu, H., Zhang, C., Seki, T., Hosaka, K., 
Wahlberg, E., 2013. Cold exposure promotes atherosclerotic plaque growth and 
instability via UCP1-dependent lipolysis. Cell Metab. 18, 118–129.

Ertl, M., Beck, C., Kühlbach, B., Hartmann, J., Hammel, G., Straub, A., Giemsa, E., 
Seubert, S., Philipp, A., Traidl-Hoffmann, C., 2019. New insights into weather and 
stroke: Influences of specific air masses and temperature changes on stroke 
incidence. Cerebrovasc. Dis. 47, 275–284.

Fan, J.-F., Xiao, Y.-C., Feng, Y.-F., Niu, L.-Y., Tan, X., Sun, J.-C., Leng, Y.-Q., Li, W.-Y., 
Wang, W.-Z., Wang, Y.-K., 2023. A systematic review and meta-analysis of cold 
exposure and cardiovascular disease outcomes. Front. Cardiovasc. Med. 10, 
1084611.

Florez-Duquet, M., McDONALD, R.B., 1998. Cold-induced thermoregulation and 
biological aging. Physiol. Rev. 78, 339–358.

Gao, J., Yu, F., Xu, Z., Duan, J., Cheng, Q., Bai, L., Zhang, Y., Wei, Q., Yi, W., Pan, R., 
2019. The association between cold spells and admissions of ischemic stroke in 
Hefei, China: Modified by gender and age. Sci. Total Environ. 669, 140–147.

Gasparrini, A., Armstrong, B., 2011. The impact of heat waves on mortality. 
Epidemiology 22, 68–73.

Gasparrini, A., Leone, M., 2014. Attributable risk from distributed lag models. BMC Med. 
Res. Methodol. 14, 1–8.

Graham, T., 1988. Thermal, metabolic, and cardiovascular changes in men and women 
during cold stress. Med. Sci. Sports Exerc. 20, S185–S192.

Guo, Y., Gasparrini, A., Armstrong, B.G., Tawatsupa, B., Tobias, A., Lavigne, E., 
Coelho, M.d.S.Z.S., Pan, X., Kim, H., Hashizume, M., 2016. Temperature variability 
and mortality: a multi-country study. Environ. Health Persp. 124, 1554–1559.

Guo, Y., Li, S., Zhang, Y., Armstrong, B., Jaakkola, J.J., Tong, S., Pan, X., 2013. Extremely 
cold and hot temperatures increase the risk of ischaemic heart disease mortality: 
Epidemiological evidence from China. Heart 99, 195–203.

Gupta, N., Frank, S., Ghoneim, N., El-Rahmany, H., Talamini, M., Zacur, H., Raja, S., 
2000. Thermoregulation and hormone replacement in postmenopausal women. 
J. Therm. Biol. 25, 165–169.

He, C., Breitner, S., Zhang, S., Huber, V., Naumann, M., Traidl-Hoffmann, C., 
Hammel, G., Peters, A., Ertl, M., Schneider, A., 2024. Nocturnal heat exposure and 
stroke risk. Eur. Heart J., ehae277

Huang, C., Barnett, A.G., Wang, X., Tong, S., 2012. Effects of extreme temperatures on 
years of life lost for cardiovascular deaths: a time series study in Brisbane, Australia. 
Circ. Cardiovasc. Qual. Outcomes 5, 609–614.

Inoa, V., Aron, A.W., Staff, I., Fortunato, G., Sansing, L.H., 2014. Lower NIH stroke scale 
scores are required to accurately predict a good prognosis in posterior circulation 
stroke. Cerebrovasc. Dis. 37, 251–255.

Janes, H., Sheppard, L., Lumley, T., 2005. Case-crossover analyses of air pollution 
exposure data: referent selection strategies and their implications for bias. 
Epidemiology 717–726.

Jiang, Y., Yi, S., Gao, C., Chen, Y., Chen, J., Fu, X., Yang, L., Kong, X., Chen, M., Kan, H., 
2023. Cold spells and the onset of acute myocardial infarction: A nationwide case- 
crossover study in 323 Chinese cities. Environ. Health Persp. 131, 087016.

Kattlove, H.E., Alexander, B., 1971. The effect of cold on platelets. I. Cold-induced 
platelet aggregation. Blood 38, 39–48.

Kwah, L.K., Diong, J., 2014. National institutes of health stroke scale (NIHSS). 
J. Physiother.

Lei, J., Chen, R., Yin, P., Meng, X., Zhang, L., Liu, C., Qiu, Y., Ji, J.S., Kan, H., Zhou, M., 
2022. Association between cold spells and mortality risk and burden: a nationwide 
study in China. Environ. Health Perspect. 130, 027006.

Luo, Y., Li, H., Huang, F., Van Halm-Lutterodt, N., Xu, Q., Wang, A., Guo, J., Tao, L., 
Li, X., Liu, M., 2018. The cold effect of ambient temperature on ischemic and 
hemorrhagic stroke hospital admissions: a large database study in Beijing, China 
between years 2013 and 2014—Utilizing a distributed lag non-linear analysis. 
Environ. Pollut. 232, 90–96.

Murray, C.J., Aravkin, A.Y., Zheng, P., Abbafati, C., Abbas, K.M., Abbasi-Kangevari, M., 
Abd-Allah, F., Abdelalim, A., Abdollahi, M., Abdollahpour, I., 2020. Global burden of 
87 risk factors in 204 countries and territories, 1990–2019: a systematic analysis for 
the Global Burden of Disease Study 2019. Lancet 396, 1223–1249.

Ni, W., Schneider, A., Wolf, K., Zhang, S., Chen, K., Koenig, W., Peters, A., Breitner, S., 
2022. Short-term effects of cold spells on plasma viscosity: Results from the KORA 
cohort study in Augsburg, Germany. Environ. Pollut. 302, 119071.

Qi, X., Wang, Z., Xia, X., Xue, J., Gu, Y., Han, S., Yao, Q., Cai, Z., Wang, X., Wang, L., 
2021. The effects of heatwaves and cold spells on patients admitted with acute 
ischemic stroke. Ann. Transl. Med. 9.

Qiu, H., Tak-sun Yu, I., Tse, L.A., Tian, L., Wang, X., Wong, T.W., 2013. Is greater 
temperature change within a day associated with increased emergency hospital 
admissions for heart failure? Circ. Heart Fail. 6, 930–935.

Ryti, N.R., Guo, Y., Jaakkola, J.J., 2016. Global association of cold spells and adverse 
health effects: a systematic review and meta-analysis. Environ. Health Persp. 124, 
12–22.

Ryti, N.R., Nurmi, J., Salo, A., Antikainen, H., Kuisma, M., Jaakkola, J.J., 2022. Cold 
weather and cardiac arrest in 4 seasons: Helsinki, Finland, 1997–2018. Am. J. Public 
Health 112, 107–115.

Seneviratne, S.I., Lüthi, D., Litschi, M., Schär, C., 2006. Land–atmosphere coupling and 
climate change in Europe. Nature 443, 205–209.

Shaposhnikov, D., Revich, B., Gurfinkel, Y., Naumova, E., 2014. The influence of 
meteorological and geomagnetic factors on acute myocardial infarction and brain 
stroke in Moscow, Russia. Int. J. Biometeorol. 58, 799–808.

Turmel, J., Bougault, V., Boulet, L.-P., 2012. Seasonal variations of cough reflex 
sensitivity in elite athletes training in cold air environment. Cough 8, 1–8.

Twardosz, R., Walanus, A., Guzik, I., 2021. Warming in Europe: Recent trends in annual 
and seasonal temperatures. Pure Appl. Geophys. 178, 4021–4032.
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