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Abstract: Stroke is the fifth leading cause of death in the United States, and is the leading cause of
serious, long-term disability worldwide. There are at least 795,000 new or recurrent strokes each year,
and approximately 85% of all stroke occurrences are ischemic. Unfortunately, companion animals
are also at risk for ischemic stroke. Although the exact incidence of ischemic stroke in companion
animals is unknown, some studies, and the veterinary information network (VIN), report that
approximately 3% of neurological case referrals are due to a stroke. There is a long list of predisposing
factors associated with the risk of ischemic stroke in both humans and canines; however, these factors
do not explain why a stroke happens at a particular time on a particular day. Our understanding
of these potential stroke “triggers” is limited, and the effect of transient environmental exposures
may be one such “trigger”. The present study investigated the extent to which the natural occurrence
of canine ischemic stroke was related to the weather conditions in the time-period immediately
preceding the onset of stroke. The results of the present study demonstrated that the change in
weather conditions could be a potential stroke trigger, with the strokes evaluated occurring after
periods of rapid, large fluctuations in weather conditions. There are currently no epidemiological
data on the seasonal variability of ischemic stroke in dogs, and determining whether canine stroke
parallels human stroke would further validate the use of companion dogs as an appropriate naturally
occurring model.
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1. Introduction

Stroke is the fifth leading cause of death in the United States behind heart disease, cancer, chronic
lower respiratory disease, and general accidents, and is the leading cause of chronic, functional
incapacity and serious, long-term disability worldwide [1-6]. There are at least 795,000 new or
recurrent strokes each year, and approximately 85% of all stroke occurrences are ischemic [1,2,6,7].
Unfortunately, companion animals are also at risk for ischemic stroke. Although the exact incidence
of ischemic stroke in companion animals is unknown, some studies, and the veterinary information
network (VIN), report that approximately 3% of neurological case referrals, both canine and feline,
are presumed to be due to a cerebrovascular accident [8-10].

There is a long list of predisposing factors associated with the risk of ischemic stroke in both
humans and canines, including but not limited to increasing age, hypertension, type II diabetes, obesity,
high cholesterol, hyperlipidemia, hyperadrenocorticism, hypothyroidism, heart disease, and chronic
kidney disease [1,2,7,9,11-13]. The effects of these predisposing factors are fairly stable, contributing
to an overall higher risk of stroke; however, these factors do not explain why a stroke happens to a
particular individual at a particular time on a particular day. Our understanding of potential stroke
“triggers” is limited, and their study is becoming increasingly important. In order to fully understand
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the complex, multifactorial event that is ischemic stroke, one must consider the well-known traditional
risk factors, but also the effects of transient environmental exposures. One such exposure is the effect of
weather, including ambient temperatures, atmospheric pressure, and relative humidity, among others.

The mechanisms underlying the relationship between weather parameters and the risk of ischemic
stroke are not well understood. However, there are certain physiologic parameters that may be
associated with increased stroke risk that display variations based on weather patterns. For example,
one of the most common risk factors for ischemic stroke is hypertension [1-4], and it is commonly
reported that vasoconstriction and blood pressure display a winter peak, and that blood pressure
increases with decreasing temperatures [5-10]. In addition, it has been shown that cold can activate
the sympathetic nervous system, thereby inducing the production of norepinephrine and epinephrine,
which both increase blood pressure [8,9,11,12]. Furthermore, it has been shown that cold weather
can increase circulating cholesterol, triglycerides, fibrinogen, Factor VII, red blood cells, and platelets,
all of which can contribute to a hypercoagulable state, which is another risk factor for ischemic
stroke [5-8,10,13].

The results of previous studies examining the weather as a potential stroke trigger in humans are
varied, with the majority of studies reporting that decreases in temperature may be an important trigger,
and that stroke incidence and mortality tend to display a winter peak. For example, the Framingham
Heart Study found that there was a winter peak in ischemic strokes, with January being the most
frequent month of onset [14]. Investigators in Boston, Massachusetts found that the risk of ischemic
stroke increased if there was a 5 °C decrease in temperature over the two days prior to stroke
onset, even after adjusting for risk factors like age, sex, smoking, type II diabetes, hypertension,
and atrial fibrillation [15]. Some studies show that it is not the direction of the change in temperature
that is important, but the rapid change itself that may be the trigger. For example, in a large,
nationally representative sample of 171,695 ischemic stroke patients in the United States, it was
demonstrated that lower daily average temperatures and large daily variations of greater than 5 °C
were associated with an increased risk of stroke associated hospitalizations, particularly in the North
East in the spring and fall [16]. Lastly, a recent systematic review and meta-analysis, encompassing
20 articles, found a positive relationship between a 1 °C change in temperature and the occurrence
of major adverse cerebrovascular events [17]. In fact, it was demonstrated that the occurrence of a
major adverse cerebrovascular event increased by 1.1% when the temperature increased, and increased
by 1.2% when the temperature decreased [17].

The study of the weather as a potential stroke trigger in humans is controversial, as the weather
cannot be controlled or studied systematically, and there have been studies that have concluded that
there is virtually no association between stroke incidence and any weather parameter. For example,
a large analysis of 196,439 stroke-associated admissions across 155 hospitals in the United States found
no seasonal change in admissions and no association between any variable and any stroke subtype [18].
The disparate results found across the literature highlights our relatively limited understanding
regarding weather parameters as stroke triggers, and emphasizes the need for further study.

Studying naturally occurring ischemic stroke in dogs has several advantages over traditional
rodent models. Spontaneously occurring ischemic stroke in dogs is similar to human ischemic stroke
in both clinical symptoms and infarct topography [19-23]. In addition, companion dogs live a full
lifespan in which they may also suffer several comorbidities, including diabetes, heart disease and/or,
various inflammatory conditions [19-23]. Companion dogs share the same environment with humans,
have access to similar high quality medical care, and have a similarly sized, gyrencephalic brain,
which receives its blood supply through a well-defined arterial Circle of Willis resembling that of
humans [19-25]. Furthermore, the speed at which dogs age, combined with the lesser regulations
imposed upon companion animal studies, can accelerate the rate at which small animal clinical trials
can provide information regarding novel treatment options, providing an advantage over studying
humans themselves [14,15]. Hence, companion dogs represent a ready clinical population that can
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be used to investigate potential stroke triggers, especially transient environmental exposures like
the weather.

The goal of the current study was to determine the extent to which the natural occurrence of
canine ischemic stroke is related to prevailing weather conditions (temperature, atmospheric pressure,
and humidity) in the time-period immediately preceding each event. Specifically, we hypothesized
that the incidence of canine ischemic stroke will be increased with decreases in temperature, and rapid
changes in atmospheric pressure and humidity. Moreover, there are currently no epidemiological data
on the seasonal variability of ischemic stroke in dogs, and determining if canine stroke parallels human
stroke could validate the use of companion dogs as an appropriate naturally occurring model.

2. Materials and Methods

2.1. Canine Data Collection

Medical records from dogs presenting to IVG Massachusetts Veterinary Referral Hospital
(Woburn, MA, USA) were collected. Records from dogs where advanced imaging with MRI
displayed an intraparenchymal hyperintensity with relatively sharp borders, consistent with ischemic
stroke were used. Pre-contrast images of the brain using the following sequences were evaluated:
sagittal, transverse, and dorsal T2w TSE, T2w FLAIR, and T1w SE. Following contrast administration,
T1lw SE images in transverse, sagittal, and dorsal planes were evaluated. All images were evaluated
by a single board certified veterinary neurologist who was not blinded to the clinical condition of the
patient. In addition, the medical records from all dogs included in the current study were evaluated
for clinical course post-stroke, and all demonstrated either a static progression of clinical signs or
improvement. Table 1 displays the canine patient demographics.

Table 1. Canine patient demographics.

Demographics Number of Dogs  Percentage = Mean (Range)

Age (years) 10 (4-16)
Sex
Male (neutered) 10 (9) 67%
Female (spayed) 5(5) 33%
Weight (kg) 25 (5-52)
Breed
Mixed Breed
Labrador Retriever
Rhodesian Ridgeback
Boston Terrier
Greyhound
Australian Cattle Dog
Australian Shepherd
Bichon Frise
Silky Terrier
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2.2. Meteorological Exposures

Data on temperature, atmospheric pressure, and relative humidity were obtained from the
National Centers for Environmental Information National Oceanic and Atmospheric Administration
(NOAA), which compiles data for this region from a single weather station at Boston Logan
International Airport [26].

2.3. Statistical Analysis

The current study had a case—crossover design, which helps to lower between-subject variability,
as the patient serves as their own control [15,27,28]. Each patient has a case window, or period of time
where the patient was a case. The case window in the current study was defined as the day on which
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the stroke occurred, as well as the seven days prior to stroke occurrence (7-day hazard periods (H)
before and including the canine stroke events). In addition, each patient has a control window, or a
period of time where the patient was not associated with being a case. The control window in the
current study was defined as the eighth day prior to stroke occurrence (1-day control period (C) before
the canine stroke events). Risk exposure to a transient event during the case window is compared
to risk exposure during the control window. An analysis was performed to determine the extent to
which 15 occurrences of canine stroke, recorded on the dates listed in Table 2, were related to the
prevailing weather conditions (temperature, atmospheric pressure, and humidity) in the time-period
immediately preceding each stroke. All plots were constructed and data analyzed with Minitab 17
(Minitab Inc., State College, PA, USA) unless otherwise specified.

Chi-square analysis was performed from the frequency distribution of the observed canine
ischemic strokes with GraphPad Prism (GraphPad Software Inc., La Jolla, CA, USA).

Furthermore, time series plots of mean temperature (°C), mean atmospheric pressure (mmHg),
and mean humidity (%) prior to the 15 canine strokes were constructed where Day 8 is the day on
which the stroke occurred, and Days 1 to 7 are the 7 days preceding the stroke. Days 2 to 8 were
classified as the hazard period (H) and Day 1 as the control period (C).

The sample size (n = 15 dogs) was too small to provide sufficient power to conduct multivariate
statistics to compare the control and the hazard periods, and the publication of research containing
the erroneous results of underpowered statistical analysis is generally considered to be unethical
conduct [29-31]. Therefore, a simpler approach was applied. Error bar charts displaying the mean
temperature (°C), mean atmospheric pressure (mmHg), and mean humidity (%) in the one-day
control periods (C) and the mean temperature (°C), mean atmospheric pressure (mmHg), and mean
humidity (%) £ the 95% confidence intervals (CI) in the seven-day hazard periods (H) before
the 15 canine strokes were constructed. The method used is the same used by other researchers
to determine the effects of weather on the incidence of stroke [15,27,28,32,33]. Using a recognized
method that has been described in the literature can help to make the results comparable with
previous studies. If the mean temperatures, mean atmospheric pressures, or mean humidities
in the control period were not strongly captured within the 95% confidence intervals of the
hazard periods, then a significant difference between the mean values at the p <0.05 level of
significance was likely [34,35]. Recent publications have recommended the interpretation of means
with 95% confidence intervals, and effect sizes, as a more meaningful explanation of results
when compared to p-values [36,37]. In addition, the apparent temperature calculation, which
combines temperature, wind speed, and relative humidity into one measure, was compared
using the same method described above [15,38,39]. The apparent temperature (AT) equation is
AT =Ta+0.33 x e — 0.70 X ws — 4.0, where Ta is air temperature (°C), e is water vapor pressure,
and ws is wind speed (m/s) [15,38,39]. Water vapor pressure (e) was calculated using the equation
e=rh/100 x 6.105 x exp(17.27 x Ta/(237.7 + Ta)), where rh is relative humidity (%) [15,38,39].

3. Results

As shown in Table 2, the weather conditions in the 8 days preceding each stroke occurrence were
extremely variable. The mean daily temperatures ranged from —9.31 to 22.08 °C, the mean daily
atmospheric pressures (at sea level) ranged from 757.49 to 767.14 mmHg, and the mean daily humidity
ranged from 62.50 to 80.88%.
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Table 2. Weather conditions at Boston Logan International Airport 8 days prior to the occurrence of 15
canine strokes.

Temperature (°C)  Atmospheric Pressure (mmHg) Humidity (%)

Stroke Number Date
M SD M SD M SD
1 10 October 2011 14.58 4.92 767.14 4.82 62.50 15.98
2 25 July 2012 22.08 3.01 760.60 4.10 67.00 12.04
3 13 December 2013 —3.82 4.78 765.52 491 75.63 10.98
4 7 May 2014 10.21 2.70 759.56 6.32 64.13 18.15
5 19 May 2014 15.14 3.40 765.21 3.20 63.00 18.91
6 9 June 2014 18.47 2.52 759.78 3.18 67.88 15.12
7 13 June 2014 18.06 2.61 761.40 2.84 71.75 14.59
8 8 September 2014 21.81 21.81 763.40 3.95 71.00 8.02
9 16 September 2014 14.38 14.38 765.46 3.01 76.63 8.73
10 28 September 2014 16.11 16.11 766.44 7.03 72.13 8.08
11 29 September 2014 16.25 16.25 767.14 4.82 70.13 5.41
12 20 October 2014 13.26 13.26 760.60 4.10 78.50 9.80
13 22 October 2014 12.29 12.29 765.52 491 80.88 11.81
14 24 November 2014 1.67 1.67 757.49 8.89 59.50 14.96
15 6 January 2015 —4.65 —4.65 759.56 6.32 61.38 16.73

Figure 1 shows that the occurrence of 15 canine ischemic strokes between 2011 and 2015 display
an obvious peak in the fall season (September-November) as demonstrated by a chi-square test
(chi-square, df: 18.18,3; p < 0.01).
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Figure 1. Histogram of the percentage of observed canine ischemic strokes (1 = 15) between 2011 and
2015 by season (chi-square, df; 18.18,3 * p < 0.01).

Figure 2 displays the mean temperature (°C) in the control period (C) and the mean temperature
+95% Cl in the 7-day hazard periods (H) before the canine stroke events. Before two of the strokes
(numbered 4 and 11), the mean temperatures during the control periods were significantly lower than
during the hazard periods, reflecting that the strokes occurred after a rapid increase in temperature.
Before five of the strokes (numbered 2, 3, 5, 10, and 13), the mean temperatures in the control periods
were significantly higher than during the hazard periods reflecting that the strokes occurred after
a rapid decrease in temperature. Before eight of the strokes (numbered 1, 6, 7, 8, 9, 12, 14, and 15),
there was no significant difference between the mean temperature in the control period and the
hazard period. Rapid, large changes in mean temperature in either direction occurred in 7 out of the
15 observed canine strokes (47%), with an average change of 4.5 °C.
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Figure 2. Mean temperature (°C) in the control periods (C) and the mean temperature £95% CI in the
7-day hazard periods (H) before the canine strokes (n = 15). Significant effects (* p < 0.05) are displayed
within boxes.

Figure 3 displays the mean atmospheric pressure (mmHg) in the control period (C) and the
mean atmospheric pressure £95% CI in the 7-day hazard periods (H) before the canine stroke events.
Before six of the strokes (numbered 1, 3, 7, 10, 11, and 14), there was a significant increase in the mean
atmospheric pressure between the control period and the hazard period, indicating that the strokes
occurred after a rapid increase in pressure. Before six of the strokes (numbered 4, 6,9, 12, 13, and 15),
there was a significant decrease in the mean atmospheric pressure between the control period and the
hazard period, indicating that the strokes occurred after a rapid decrease in pressure. Before three of
the strokes (numbered 2, 5, and 8), there was no significant difference between the mean atmospheric
pressure in the control period and the hazard period. Rapid, large changes in mean atmospheric
pressure in either direction occurred in 12 out of the 15 observed canine strokes (80%), with an average
change of 6.8 mmHg.
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Figure 3. Mean atmospheric pressure (mmHg) in the control period (C) and the mean atmospheric
pressure £95% Cl in the 7-day hazard periods (H) before the canine strokes (1 = 15). Significant effects
(* p < 0.05) are displayed within boxes.

Figure 4 displays the mean humidity (%) in the control period (C) and the mean humidity
£95% Cl in the 7-day hazard periods (H) before the canine stroke events. Before four of the strokes
(numbered 5, 6, 9, and 15), there was a significant increase in the mean humidity between the control
period and the hazard period, indicating that the strokes occurred after a rapid increase in humidity.
Before seven of the strokes (numbered 1, 2, 3, 4, 8, 10, and 14), there was a significant decrease in the
mean humidity between the control period and the hazard period, indicating that the strokes occurred
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after a rapid decrease in humidity. Before four of the strokes (numbered 7, 11, 12, and 13), there was
no significant difference between the mean humidity in the control period and the hazard period.
Rapid, large changes in mean humidity in either direction occurred in 11 out of the 15 observed canine
strokes (73%), with an average change of 15%.
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Figure 4. Mean humidity (%) in the control period (C) and the mean humidity £95% CI in the 7-day
hazard periods (H) before the canine strokes (n = 15). Significant effects (* p < 0.05) are displayed
within boxes.

Figure 5 displays the mean apparent temperature (°C) in the control periods (C) and the mean
apparent temperature +95% CI in the 7-day hazard periods (H) before the canine stroke events.
Before three of the strokes (numbered 4, 7, and 11), the mean apparent temperatures during the control
periods were significantly lower than during the hazard periods, reflecting that the strokes occurred
after a rapid increase in apparent temperature. Before seven of the strokes (numbered 2, 3, 5, 8, 10, 13,
and 14), the mean apparent temperatures in the control periods were significantly higher than during
the hazard periods reflecting the strokes occurred after a rapid decrease in apparent temperature.
Before five of the strokes (numbered 1, 6, 9, 12, and 15), there was no significant difference between the
mean apparent temperature in the control period and the hazard period. Rapid, large changes in mean
apparent temperature in either direction occurred in 10 out of the 15 observed canine strokes (67%),
with an average change of 4 °C.
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Figure 5. Mean apparent temperature (°C) in the control period (C) and the mean apparent temperature
£95% Cl in the 7-day hazard periods (H) before the canine strokes (1 = 15). Significant effects (* p < 0.05)
are displayed within boxes.
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4. Discussion

The current findings demonstrate that the incidence of the canine ischemic strokes examined in
the present study display an obvious peak in the fall season (September—-November). In addition,
the canine ischemic strokes evaluated tended to occur after periods of rapid fluctuations in weather
conditions, including periods of both rising and declining temperature, atmospheric pressure,
humidity, and apparent temperature.

The canine ischemic strokes evaluated in the present study did display a seasonal peak, with over
half of the stroke events occurring in the fall (September—November; Figure 1). The second quarter of
the year (April, May, and June) has historically been the busiest for veterinarians and consequently,
more MRIs are performed during this timeframe [16]. The slowest time of the year tends to be the last
quarter (October, November, and December), where fewer MRIs are performed [16]. In the current
study, fall was defined as September, October, and November—the time of the year where fewer MRIs
are performed—suggesting that the incidence of ischemic stroke is indeed, likely to be greater during
the fall. Previous studies have shown that pain intensity from osteoarthritis and sickle cell disease
in humans, as well as circulating levels of C reactive protein (CRP; an acute phase inflammatory
marker), exhibit peaks in the fall [40-42]. In addition, it has been demonstrated that the incidence of
subarachnoid hemorrhage and acute myocardial infarction in humans also peaks in the fall [14,43].
Moreover, large variations in decreasing temperatures have been associated with an increased risk of
ischemic stroke, especially in the fall [16]. Therefore, it would appear that seasonal occurrence of stroke
in the canine is similar to the seasonal occurrence of some human diseases, including ischemic stroke.

Additionally, the current results demonstrate that the canine ischemic strokes evaluated tended
to occur after periods of rapid fluctuations in weather conditions, including periods of both rising
and declining temperature (Figure 2), atmospheric pressure (Figure 3), and humidity (Figure 4). It is
commonly reported that it is the rapid change in weather conditions preceding stroke onset that may
be the trigger [16,17,28,44—-46]. In fact, it has been shown that sudden changes in temperature of up
to 3-5 °C prior to stroke onset may be a potential trigger, and the results of the current study showed
an average change in temperature of approximately 4.5 °C preceding the onset of the canine ischemic
strokes evaluated [15,47]. In addition, the present study demonstrated average changes in humidity
of approximately 15%, and average changes in atmospheric pressure of approximately 6.8 mmHg
preceding the onset of the canine ischemic strokes evaluated. It has been shown that rapid changes in
humidity of greater than 5%, and rapid changes in atmospheric pressure of up to 7.5 mmHg prior to
stoke onset may be a potential trigger [16,17,28].

The current study also evaluated the apparent temperature calculation, which combines
temperature, wind speed, and relative humidity into one measure. Combining several weather
parameters in this fashion is thought to represent the overall environmental conditions on a particular
day [15,17]. The current study demonstrated that the canine ischemic strokes evaluated tended to
occur after periods of change in apparent temperature, regardless of direction (Figure 5), similar to
that reported in other human studies utilizing the apparent temperature calculation [15,17,38].

The weather data used in the current study were collected from the National Centers for
Environmental Information National Oceanic and Atmospheric Administration, which compiles
data for this region from a single weather station at Boston Logan International Airport. This data
obviously does not include individual environmental exposure or the effect of artificial heat and air
conditioning, which is a significant confounder in many seasonality studies, including the current
one [15,16,27,28,48-52]. It is difficult to include sufficient controls when studying the environmental
impact of a naturally occurring disease, as this would be similar to the controlled laboratory studies
that do not necessarily reflect spontaneous disease.

As stated previously, the small sample size utilized in the current study is an important limitation.
Very large sample sizes are ideal to document effect modifiers, such as the effects of weather parameters
on ischemic stroke risk and mortality, as has been demonstrated by studies utilizing anywhere
from 200 to over 2,000,000 patients [15,16,28,32,53,54]. Although large sample sizes are considered
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ideal, there are a number of studies that have contributed to our knowledge of ischemic stroke triggers
that have utilized fewer than 15 subjects per group [55-60], suggesting that the current study is an
important addition to our knowledge base. In fact, some scientists have recently argued against the
assumption that studies with small sample sizes are not scientifically justified [29,61,62].

5. Conclusions

Overall, the current study demonstrates that the incidence of the canine ischemic strokes examined
display an obvious peak in the fall season (September—-November), and the onset of those strokes
tended to occur after periods of fluctuations in weather conditions, including periods of both rising and
declining temperature, atmospheric pressure, humidity, and apparent temperature. These results are
potentially clinically significant for a number of reasons. For example, if veterinarians are aware of an
increased incidence of stroke during specific weather conditions, they may be more attentive to early
clinical signs of canine stroke under certain weather conditions. Similarly, clients who own a dog at an
increased risk of ischemic stroke or a dog that has had a previous stroke, may be more attentive to early
signs of ischemic stroke if they are aware of certain weather conditions as a potential stroke trigger.
Although the results of the present study should be interpreted with caution, they afford significant
possibility for further investigation. Additional investigation into ischemic stroke triggers has the
potential to further our fairly limited understanding of the overall pathogenesis of ischemic stroke.
Furthermore, as there is currently no epidemiological data on the seasonal variability of ischemic
stroke in dogs, the present study and any future studies documenting the relationship between various
weather parameters and canine ischemic stroke, would further validate the use of ischemic stroke in
the dog as an appropriate naturally occurring model.
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