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Abstract: Heat-related illness (HRI) is predicted to increase in dogs due to rising global temperatures.
This study evaluated retrospective VetCompass veterinary clinical records to explore geographical
variability and ambient conditions associated with HRI events in UK dogs, and report the intrinsic
(canine) and extrinsic (location, trigger, ambient weather) risk factors for severe disease and fatal
outcome in dogs affected by HRI. Dogs living in London had the greatest odds for developing
HRI compared with dogs living in the North West (OR 1.9, 95% CI 1.31-2.74). The median ambient
temperature on days of HRI events was 16.9 °C. For dogs with HRI, age, bodyweight and trigger were
risk factors associated with severe disease. Age, skull shape and clinical grade of HRI presentation
were associated with a fatal outcome. Whilst the majority of HRI events overall were triggered by
exertion, the risk of severe disease was greater in situations where dogs could not escape the heat
source (vehicular confinement), and the risk of death in HRI cases was greater for those dogs with
reduced capacity to thermoregulate (older and brachycephalic dogs). These results highlight the need
for better owner awareness of the factors that increase the risk of severe and fatal HRI, as a first stage
in protecting canine welfare in the face of rising global temperatures.

Keywords: VetCompass; heat-related illness; canine heatstroke; exertional heat-related illness; vehic-
ular heat-related illness; brachycephalic; dogs die in hot cars; dogs die on hot walks

1. Introduction

As global temperatures continue to climb [1], the urgent development of mitigation
strategies to protect both humans [2] and animals [3] from the ill-effects of extreme heat
is a One Health priority. Vulnerability assessments are needed to identify populations at
greatest risk from heat-related illness (HRI), in order to support the creation of improved
adaptation plans and health care approaches [2]. These will allow better responses to
extreme heat events, reducing HRI severity and fatality [2]. Domestic dogs play important
roles in society, including companionship [4] and fulfilling service roles ranging from
military and policing to medical assistance. Climate change mitigation strategies must
therefore include consideration of canine-specific risk factors to reduce HRI risk and severity
in dogs and maintain the unique positions of dogs in human society [3,5].

Exposure to a hot environment (environmental or vehicular) or physical exertion in
any environment [6] can trigger HRI by raising core body temperature beyond homeostatic
thermoregulatory capacity [7,8]. Dogs, like humans [9,10], experience grades of HRI,
progressing from mild (characterised by lethargy and altered respiration), to moderate
(gastrointestinal disorder, episodic collapse and a single seizure) and ultimately severe
disease (neurological derangement, bleeding disorders, gastrointestinal haemorrhage, liver
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and kidney damage) [11]. In a previous study, disease progression from mild/moderate to
severe HRI reduced survival from over 90% to 43% [11]. Severe HRI occurs when a dog’s
body temperature exceeds a critical temperature threshold of 43 °C; both the degree of
temperature elevation and the duration of temperature elevation beyond 43 °C determine
the severity of thermal damage [12,13].

Confinement in a hot environment such as a vehicle or building, or intense physical
exertion, can overwhelm thermoregulatory capacity [8]. Dogs with impaired thermoregula-
tion from altered anatomy (such as brachycephaly), obesity or underlying health conditions
affecting the respiratory or circulatory systems, are at increased risk of developing se-
vere HRI at relatively low ambient temperatures, or with relatively low levels of physical
exertion [8,14]. An important aspect of physiological adaptation to coping with hot en-
vironments or intense physical exertion is heat acclimatisation [7]. The process of heat
acclimatisation can take weeks to develop and requires increasing levels of exertion in a hot
environment [7]. In the UK, regular long-term exposure to high ambient temperatures is
rare due to the variable climate [15]. Nevertheless, the UK’s geography, including proximity
to the Atlantic Ocean, long coastline and topography, results in both seasonal and day
to day variation in ambient conditions that can cause sudden exposure to high ambient
temperatures without accompanying opportunity for heat acclimatisation [15].

Dogs rely on evaporative cooling through panting once their thermoregulatory set
point has been exceeded [16], where ambient temperature, humidity and windspeed all
influence the rate of cooling. The wet bulb globe temperature (WBGT) measures ambient
conditions, taking air temperature, radiant heat, humidity and windspeed into account to
provide an assessment of thermal stress [17]. The upper limit for human survivability under
sustained exposure is a WBGT of 35 °C [18], whilst severe mortality and morbidity have
occurred during heat waves with a maximum reported WBGT of 28 °C [19]. Equestrian
competitions also use WBGT to assess thermal suitability for equine athletes, with a limit
of 32.5 °C proposed for competitions involving fit, fully acclimatised horses [20] and a
recommendation to implement precautions to reduce heat load when WBGT exceeds
28 °C [21]. No formal guidelines exist for dogs training or working in hot environments.
A review of HRI in military working dogs reported that three-quarters of HRI events
occurred at a WBGT > 26.7 °C; the lowest recorded WBGT for an event was 20.4 °C [22].
Military working dogs are typically athletically fit, heat-acclimatised dogs with non-extreme
conformational phenotypes, suggesting that an average pet dog would likely develop HRI
at even lower temperatures. Pet dogs with impaired thermoregulatory ability (such as
obese or brachycephalic dogs) would likely be at increased risk of developing HRI at lower
temperatures still [8,23,24].

Previous studies have focused on identifying the intrinsic canine risk factors for HRI
in dogs [24-26] and the most common triggers of HRI in UK dogs [6,27]. However, these
studies have not explored combined effects from intrinsic and extrinsic factors such as HRI
trigger, ambient condition and geographical location, on HRI severity or fatality. Severe
HRI can have a negative impact on canine welfare on both an immediate (pain, distress
and separation from their familiar home environment) and long term (ongoing organ
dysfunction, reduced ability to exercise) basis [28], and over 50% of UK dogs presenting
to primary care veterinary practices with severe HRI symptoms died as a result of the
condition [11]. Better understanding of the combined risk factors for severe and fatal HRI
is therefore needed to support the formulation of heat mitigation strategies for dogs. This
will facilitate rapid recognition of high-risk patients presenting for veterinary care, and
support more targeted owner education campaigns to improve canine welfare.

This study aims to (1) present the geographical variability of HRI incidence in UK
dogs; (2) report the ambient conditions when canine HRI has occurred; and (3) explore
the intrinsic (canine) and extrinsic (location, trigger and ambient weather) risk factors for
severe disease and fatal outcome in dogs affected by HRI.
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2. Materials and Methods
2.1. Data Collection and Management

This study continues the work previously reported by Hall et al. and used the same
dataset described in those studies [6,11,24]. The VetCompass Programme shares deidenti-
fied electronic patient records (EPRs) from affiliated UK veterinary practices to generate
an online research database including over 9 million dogs for large-scale epidemiological
studies. This study included clinical data from 905,543 dogs under veterinary care at pri-
mary care practices during 2016, as previously defined [24]. Candidate cases for HRI were
identified by searching EPRs for the following terms: heat stroke~3, heatst*, hyperthermi*,
overheat*, over heated~2, heat exhaustion~2, hot car~2, collapse* + heat, cooling, high
ambient temp*. Candidate cases were manually reviewed by two authors (authors 1 and 2)
to identify all dogs meeting the case definition of HRI and presented for management
of HRI between 1 January 2016 and 31 December 2018 (defined in Hall et al. [24]). Only
HRI events occurring between 1 January 2016 and 31 December 2018 were included in the
analysis, as HRI events that occurred prior to 1 January 2016 resulted in a survival outcome
to at least 2016 by definition [6].

Confirmed HRI events underwent further data extraction including: breed, age at
event, mean lifetime adult body weight, skull shape, HRI trigger [6], date of the HRI event,
HRI event outcome (survived to discharge or died), and partial postcode area. Cases with
an outcome of ‘died” were further classified by mechanism of death: euthanasia, unassisted
or unknown. Where the dog’s clinical history reported over 24 h delay between the event
that triggered the HRI and presentation to the veterinary practice, the date of event was
either accurately determined (e.g., “the dog overheated 2 days ago and is still unwell”), or
estimated (e.g., the dog was treated for heatstroke whilst on holiday last week). The dog’s
breed was used to determine skull type: mesocephalic, dolichocephalic, brachycephalic,
brachycephalic cross or unknown (see Hall et al. [24] for definitions). All events were
retrospectively graded using the VetCompass Clinical Grading Tool for HRI in Dogs [11].

2.2. Geographical Distribution of Cases

The approximate location (postcode area) of each HRI and non-HRI case was deter-
mined by the initial alphabetical portion of the partial postcode recorded in the dog’s EPR.
The HRI incidence risk for the UK as a whole and for each postcode area was calculated
using the overall demographic data of 905,543 dogs under veterinary care during 2016 [24],
and HRI cases that occurred between 1 January 2016 and 31 December 2016. The 95%
confidence interval (CI) for the incidence risk was calculated using EpiTools [29]. The dis-
tribution maps of the HRI incidence risk per postal town, and HRI case fatalities (including
all mechanisms of death) per postal town were created using ArcGIS 10.8. HRI cases, HRI
case incidence and distribution of HRI fatalities data were linked to the UK postcode areas
vector data to display the geographical distribution.

The postcode area extracted from each HRI case’s EPR was used to determine the
Nomenclature of Territorial Units for Statistics (NUTS) level 1 United Kingdom region
code [30]. Where no postcode area was recorded in the dog’s EPR, a classification of
“unrecorded” was used accounting for 74,082/905,543 (8.18%) cases. The regional HRI
incidence was calculated using the overall demographic data and HRI cases that occurred
during 2016 (as above). A univariable binary logistic regression model was used to explore
the regional risk for HRI in UK dogs; the region with the greatest denominator population
of dogs was used as the comparator.

Using all HRI events from 1 January 2016 to 31 December 2018, the number of HRI
events caused by each of the four main triggers (exertion, environment, vehicular and
building confinement) was identified for each region, excluding HRI events with no known
trigger. This cumulatively accounted for 559/592 (94.4%) of events with a known trigger.
At a univariable level, the odds ratio for each trigger by region versus the rest of the UK
was calculated using MedCalc [31], and events from dogs with an unknown region were
excluded from this analysis.
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2.3. Ambient Conditions

The date of the HRI event and partial postcode locations were used to determine an
estimate of the ambient temperature for each individual HRI event using the Met Office’s
MIDAS Open: UK Land Surface Stations Data (1853—current) [32]. Events with an estimated
date of event or missing partial postcode were excluded from this analysis. The maximum
daily WBGT was extracted for the day of each HRI event using the date of exposure from
the dog’s EPR, and the nearest available weather station based on the partial postcode.

Summary statistics were calculated using HRI events from 2016 to 2018 to explore the
variation in WBGT for the different HRI triggers. Variation in WBGT distributions between
outdoor triggers (environmental, exertional and vehicular) of HRI were compared using
a Kruskal-Wallis test with Dunn’s pairwise post hoc analysis. Statistical significance was
indicated by p < 0.05 (adjusted using the Bonferroni correction).

2.4. Risk Factor Analysis

Demographic and clinical data were exported to Microsoft Excel (v16, Redmond, WA,
USA) for cleaning and descriptive analysis. Statistical and risk factor analysis used SPSS
v28 (IMB Inc., Armonk, NY, USA). Multivariable binary logistic regression modelling was
used to identify risk factors for severe HRI and fatal HRI, separately.

To identify risk factors for severe HRI, the denominator population included only HRI
cases presented between 2016 and 2018 and categorised using the VetCompass Clinical
Grading Tool in the analysis, with events classified as “severe” as the outcome of interest.
Risk factors considered in the model included categorical canine variables defined in
Table 1 [24], UK region (including the 12 NUTS UK regions alongside an “unrecorded”
category for dogs with no postcode recorded in the EPR), HRI trigger (as defined by Hall
et al. [6]), and the continuous variable WBGT (°C).

Table 1. Canine risk factors assessed for association with severe/fatal outcomes in dogs affected by
heat-related illness (HRI).

Potential Risk Factor

for HRI Variable Definition

Categorical variable including all named breed types (including both
Kennel Club recognised purebred and non-Kennel Club recognised
purebred) and designer hybrid types with contrived names (e.g.,
Breed type Cockapoo, Labradoodle, Lurcher) with >5 HRI cases and /or
>5000 dogs in the overall study population. All remaining dogs were
assigned to grouped categories of “other purebred”, “other designer
cross” or “non-designer crossbred”.

Purebred dogs were categorised by skull shape into three groups,
“brachycephalic”, “mesocephalic” and “dolichocephalic”. Crossbred
Skull shape dogs including a brachycephalic breed were classified as
“brachycephalic cross” and all other dogs listed as crossbred or

unrecorded breed were classified as “skull shape unrecorded”.

Adult bodyweight was defined as the mean of all bodyweight (kg)
values recorded for each dog after reaching 18 months old. Bodyweight
Adult bodyweight (kg) was then categorised into seven groups (<10, 10 to <20, 20 to <30,
30 to <40, 40 to <50, >50), dogs under 18 months or with no recorded
adult bodyweight were classified as “unrecorded”.

Categorical variable grouping dogs with a mean adult bodyweight
“equal or above” or “below” the typical (mean) adult bodyweight for
their breed and sex (calculated using the overall VetCompass study
population). An “unrecorded” variable included all dogs with no adult
bodyweight or labelled as crossbred.

Bodyweight relative to
breed/sex mean

The age of the dog at the HRI event. Age (years) was categorised into
Age eight groups (<2, 2 to <4, 4 to <6, 6 to <8, 8 to <10, 10 to <12, >12) with
“unrecorded” for any dogs with no date of birth recorded in the EPR.
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To identify risk factors for fatal HRI, all HRI cases presented between 2016 and 2018
were included in the denominator population with cases recorded with an outcome of
“death” from any mechanisms (unassisted, euthanasia and unknown) as the outcome
of interest. Risk factors considered in the modelling included categorical canine demo-
graphic variables defined in Table 1 [24], UK region (including the 12 NUTS UK regions
alongside an “unrecorded” category for dogs with no postcode recorded in the EPR), HRI
trigger (as defined by Hall et al. [6]), VetCompass Clinical Grading Tool classification (mild,
moderate, severe or ungraded [11]) and the continuous variable WBGT (°C).

Variables correlated with breed (skull shape and bodyweight) were explored sepa-
rately, pairwise interactions were explored and retained where biologically meaningful.
Risk factors with liberal associations in univariable modelling (p < 0.2) were selected for
multivariable evaluation; model development used a manual backwards stepwise elimina-
tion. The area under the receiver operating characteristic (ROC) curve [33] and R? were
used to evaluate the explanatory ability of the model alongside consideration of the under-
pinning biological plausibility of the model specification. The Akaike information criterion
(AIC) was used to compare and select the final models, with a lower AIC indicating model
superiority.

3. Results
3.1. Geographical Distribution of HRI Events

There were 395 HRI events recorded in 2016, involving 390 individual dogs (Table 2).
The affected dogs were distributed across 88/121 UK postcode areas, across all four coun-
tries of the UK, resulting in the overall estimated 2016 HRI incidence risk of 0.04% (95%
CI 0.04-0.05) [24]. The postcode areas with the highest HRI incidence risks were North
London (0.14%, 95% CI 0.07-0.24%), Brighton (0.13%, 95% CI 0.02-0.75%), Bromley (0.12%,
95% C1 0.04-0.34%) and Oxford (0.12%, 95% CI 0.07-0.19%) (Figure 1). The overall 2016
HRI event fatality rate has been reported previously 14.18% (95% CI 11.08-17.96%) [24].
The postcode areas with the highest number of deaths were Liverpool (four), North London
(three) and Oxford (three) (Figure 2). The regions with the highest HRI event fatality rates
were Cambridge, Guildford and Kilmarnock (Figure 2); however, these rates represent a
fatal outcome for the only (single) HRI event recorded in each postcode area.

At a regional level, compared to dogs living in the North West of England, dogs
living in London had 1.9 times the odds of developing HRI during 2016. The 2016 regional
incidence of HRI in dogs was highest in London (0.083%) and lowest in Northern Ireland
(0.012%) (Table 3).

Table 2. The number of heat-related illness (HRI) cases and events presenting to primary care
veterinary practices in the UK with and without triggers during 2016 and during 2016-2018.

HRI Events with HRI Events with a

Period HRI Cases (n) HRI (E‘)’ents No Recorded Recorded Trigger
Trigger (n) (n)
2016 only 390 395 122 273

20162018 839 856 264 592
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Figure 1. Incidence risk (%) of heat-related illness (HRI) in dogs under primary veterinary care
during 2016 by UK postcode region.
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Figure 2. Distribution of heat-related illness (HRI) fatalities in dogs under primary veterinary care
during 2016 by UK postcode region for 2016. The HRI event fatality rate for each region is overlaid.
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Table 3. Descriptive and univariable logistic regression results for NUTS UK Region associated with
heat-related illness in dogs under primary veterinary care in the VetCompass program in the UK
during 2016.

. Population Case Number 2016 HRI .
NUTS UK Region o 3905’5 13) (1 = 390) Incidence (%) Odds Ratio 95% CI p-Value
North West 108,005 47 0.044 Reference
London 87,343 72 0.082 1.90 1.31-2.74 <0.001
South East 100,034 54 0.054 1.24 0.84-1.83 0.279
East Midlands 75,984 33 0.043 1.00 0.64-1.56 0.994
East of England 99,576 43 0.043 0.99 0.66-1.50 0.973
South West 56,116 22 0.039 0.90 0.54-1.50 0.686
West Midlands 74,370 26 0.035 0.80 0.50-1.30 0.371
Yorkshire 101,014 32 0.032 0.73 0.46-1.14 0.167
North East 49,576 14 0.028 0.65 0.36-1.18 0.156
Scotland 36,162 9 0.025 0.57 0.28-1.17 0.125
Wales 32,978 7 0.021 0.49 0.22-1.08 0.076
Northern Ireland 8718 1 0.012 0.26 0.04-1.91 0.187
Unrecorded 74,082 30 0.041 0.93 0.59-1.47 0.758
The 856 HRI events that occurred between 2016 and 2018 included 264 (30.84%)
without a trigger recorded in the EPR. The events with known triggers are shown in Table 4,
presented by NUTS UK region. The percentage of events triggered by exertion was highest
in the South East with 2.15 times the odds (95% CI 1.44-4.02) compared to the rest of the UK.
The percentage of events triggered by environmental heat was highest in the North East
with 3.05 times the odds (95% CI 1.23-8.29) compared to the rest of the UK. The percentage
of events triggered by vehicular confinement was highest in Wales with 4.17 times the odds
(95% CI 1.11-15.69), and lowest in London with 0.13 times the odds (95% CI 0.02-0.99),
compared to the rest of the UK. The percentage of events triggered by confinement in hot
buildings was highest in London with 3.36 times the odds (95% CI 1.27-8.92) compared to
the rest of the UK.
Table 4. The number of heat-related illness (HRI) events triggered by exertion, environmental heat,
vehicular confinement and building confinement by NUTS UK region for dogs presenting with HRI
to primary care veterinary practices during 2016-2018.
HRI Events with a Inciting Heat-Related Illness Event Trigger
Region Recorded Trigger Exertion No. Environmental Vehicular No. Building No.
(n =592) (%) No. (%) (%) (%)
Whole of UK 592 420 (70.95) 84 (14.19) 37 (6.25) 18 (3.04)
London 92 63 (68.48) 13 (14.13) 1(1.09) * 7 (7.61)*

East of England 77 52 (67.53) 14 (18.18) 8 (10.39) 1(1.30)
South East 75 62 (82.67) * 6 (8.00) 5 (6.67) 2 (2.67)
North West 67 47 (70.15) 9 (13.43) 5 (7.46) 1(1.49)

Yorkshire and The Humber 65 47 (72.31) 10 (15.38) 3(4.62) 1(1.54)
East Midlands 50 34 (68.00) 7 (14.00) 3 (6.00) 2 (4.00)
Unrecorded 40 29 (72.50) 8 (20.00) 1(2.50) 0 (0.00)

West Midlands 35 26 (74.29) 3 (8.57) 2 (5.71) 1(2.86)

South West 33 20 (60.61) 5 (15.15) 4(12.12) 2 (6.06)

Scotland 23 16 (69.57) 3 (13.04) 2 (8.70) 1(4.35)
North East 19 13 (68.42) 6 (31.58) * 0 (0.00) 0 (0.00)
Wales 14 9 (64.29) 0 (0.00) 3(21.43)* 0 (0.00)
Northern Ireland 2 2 (100) 0 (0.00) 0 (0.00) 0 (0.00)

* Indicates a result that is significantly different (p < 0.05) to the rest of the UK.
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3.2. Ambient Temperature

The maximum daily WBGT recorded on days of HRI events ranged from 3.3 to 23.1 °C
(median 16.9 °C, IQR 14.8-18.9 °C). The variation in WBGT by HRI event trigger is shown
in Figure 3. The distribution of WBGT was significantly different across outdoor triggers of
HRI (environmental, exertional, and vehicular) (H = 16.23, p < 0.001). Dunn’s pairwise post
hoc analysis (adjusted using the Bonferroni correction) indicated that the WBGT recorded
for environmental HRI events (17.8 °C) was significantly higher than the WBGT recorded
for exertional (16.5 °C) HRI events (p < 0.001).
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Figure 3. Median (& interquartile range and outlier values indicated by circles) of maximum daily
wet bulb globe temperature (°C) for heat-related illness events in UK dogs between 2016 and 2018 by
event trigger type.

3.3. Risk Factor Analysis for Severe HRI

At a univariable level, for dogs with HRI, the variables trigger (p = 0.008), age
(p = 0.040), bodyweight (p = 0.003), bodyweight relative to breed/sex mean (p < 0.001),
NUTS region (p = 0.193) and the interaction between trigger and WBGT (p = 0.009) were
liberally associated with severe HRI, whereas skull shape (p = 0.811), breed type (p = 0.837),
sex/neuter (p = 0.533) and WBGT (p = 0.357) were not. The final multivariable model
retained three variables: trigger, age and bodyweight, with good discrimination (R? = 0.137,
area under ROC curve: 0.719). Dogs with HRI events triggered by vehicular confinement
(OR 3.03, 95% CI 1.28-7.15) and dogs with no trigger recorded in the event history (OR
1.69, 95% CI 1.05-2.72) had increased odds of severe HRI compared to dogs with exertional
HRI (Table 5). Compared to dogs aged under 2 years, dogs aged 12 years or over had the
greatest odds for severe HRI (OR 5.89, 95% CI 2.51-13.82), and dogs aged 2 to <8 years old
had increased odds for severe HRI. Compared to dogs weighing under 10 kg, dogs with no
bodyweight recorded in the EPR had the greatest odds for severe HRI (OR 6.46, 95% CI
2.84-14.71) and dogs weighing 10 to <20 kg had increased odds for severe HRI (OR 2.71,
95% CI 1.17-6.28).



Vet. Sci. 2022, 9, 231

10 0of 18

Table 5. Descriptive and multivariable logistic regression results for risk factors associated with a
severe grade of disease in dogs affected by heat-related illness (HRI) under primary veterinary care
in the UK from 2016 to 2018.

o .
Variable Category n (794) Seve:‘;) )Cases Odds Ratio % /olg:;r?:f nee p-Value
Age (years) 0.008
<2 129 11 (8.53) Reference
2to <4 207 26 (12.56) 2.04 0.94-4.44 0.072
4 to <6 132 22 (16.67) 3.12 1.37-7.08 0.007
6 to <8 108 14 (12.96) 2.53 1.04-6.13 0.041
8 to <10 70 9 (12.86) 2.57 0.95-6.96 0.064
10 to <12 61 7 (11.48) 1.77 0.61-5.11 0.291
12+ 83 22 (26.51) 5.89 2.51-13.82 <0.001
Unrecorded 4 0 (0.00)
Bodyweight (kg) <0.001
<10 141 8 (5.67) Reference
10 to <20 210 26 (12.38) 2.71 1.17-6.28 0.020
20 to <30 141 19 (13.48) 241 0.99-5.87 0.052
30 to <40 80 9 (11.25) 2.18 0.79-6.03 0.134
40 to <50 24 4 (16.67) 3.62 0.97-13.57 0.056
50+ 10 2 (20.00) 4.30 0.76-244 0.100
Unrecorded 188 43 (22.87) 6.46 2.84-14.71 <0.001
Trigger 0.010
Exertion 411 49 (11.92) Reference
Blankets 2 1 (50.00) 5.64 0.32-99.7 0.238
Building 18 5 (27.78) 221 0.68-7.25 0.189
Environmental 81 4(494) 0.37 0.13-1.08 0.069
Treatment 27 3(11.11) 1.15 0.32-4.12 0.825
Unrecorded 220 40 (18.18) 1.69 1.05-2.72 0.031
Vehicular 35 9 (25.71) 3.03 1.28-7.15 0.011

3.4. Risk Factor Analysis for Fatal HRI

In the univariable analysis, for dogs with fatal HRI, the variables VetCompass Clinical
Grade (p < 0.001), HRI trigger (p = 0.001), skull shape (p = 0.152), age (p < 0.001), bodyweight
(p = 0.001), bodyweight relative to breed/sex mean (p = 0.001), WBGT (p = 0.067) and the
interaction between trigger and WBGT (p < 0.001) were liberally associated with fatal HRI,
whereas the variables breed (p = 0.925), NUTS region (p = 0.385), and sex/neuter (p = 0.266)
were not. The final multivariable model retained three variables: VetCompass Clinical
Grade, skull shape and age, and showed good discrimination (R? = 0.447, area under ROC
curve: 0.895). Compared to dogs aged under 2 years, dogs aged 12 years or over had the
greatest odds of fatal HRI (OR 8.87, 95% CI 2.87-27.41) (Table 6). Compared to dogs with a
mesocephalic skull shape, dogs with a brachycephalic skull shape had greater odds (OR
3.01, 95% CI 1.60-5.67) of fatal HRI. When compared to HRI events graded as mild, dogs
graded as moderate (OR 2.70, 95% CI 1.11-6.55), severe (OR 64.92, 95% CI 27.12-155.43)
and unclassified (OR 8.05, 95% CI 2.73-23.74) had greater odds of fatal HRI.
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Table 6. Descriptive and multivariable logistic regression results for risk factors associated with a
fatal outcome in dogs affected by heat-related illness (HRI) under primary veterinary care in the UK
from 2016 to 2018.

o .
Variable Category n = 856 C:::sef‘?/o) Odds Ratio % /olg:;r?:f nee p-Value

Age (years) <0.001
<2 139 7 (5.04) Reference

2to <4 224 18 (8.04) 1.47 0.52-4.13 0.469

4 to <6 144 16 (11.11) 1.66 0.56-4.90 0.358

6 to <8 119 14 (11.76) 2.98 0.99-8.92 0.051

8 to <10 76 9 (11.84) 3.55 1.03-12.22 0.044

10 to <12 65 11 (16.92) 7.29 2.15-24.74 0.001

12+ 84 23 (27.38) 8.87 2.87-27.41 <0.001

Unrecorded 5 0 (0.00)

Skull shape 0.008
Mesocephalic 377 37 (9.81) Reference

Dolichocephalic 66 9 (13.64) 1.06 0.39-2.90 0.908

Brachycephalic cross 6 0 (0.00)

Brachycephalic 287 42 (14.63) 3.01 1.60-5.67 <0.001

Not applicable 120 10 (8.33) 0.86 0.35-2.15 0.748

VetCompass Clinical Grade <0.001
Mild 317 7 (2.21) Reference

Moderate 366 20 (5.46) 2.70 1.11-6.55 0.029

Severe 111 63 (56.76) 64.92 27.12-155.43 <0.001

Unclassified 62 8 (12.90) 8.05 2.73-23.74 <0.001

4. Discussion

Although the incidence of HRI in UK dogs is relatively low, it is a potentially fatal yet
preventable condition. Identifying factors associated with severe and fatal outcomes in
dogs presented for veterinary treatment of HRI is an important step in planning mitigation
strategies to protect all domestic dogs in the face of rising global temperatures. Dogs
that developed HRI following confinement in a hot vehicle had three times the odds of
developing severe HRI compared to dogs that developed HRI following exercise. Increasing
age was associated with both severe and fatal HRI, with dogs aged 12 years or older having
the greatest odds of both when compared to dogs aged under 2 years old. Skull shape was
associated with increased odds of fatal HRI, but not severe HRI. Brachycephalic dogs with
HRI had three times the odds of a fatal outcome compared to mesocephalic dogs with HRI.

Previous studies have identified risk factors associated with developing HRI in dogs,
including skull shape, bodyweight, age, breed and being overweight [24-26]. Whilst any
dog can develop HRI if exposed to a high enough ambient temperature for long enough,
brachycephalic dogs [24,25,27], overweight dogs [24,25,34], heavier dogs [24] and dogs aged
2-8 and over 12 years [24] have greater odds of developing HRI. However, our previous
study [24] explored risk factors for the entire spectrum of severity of HRI presented for
veterinary care and did not distinguish between differing risk factors across different
severity grades of HRI [6,24,27], with only 14% of dogs developing severe disease [11,27]
and a survival rate over 95% for dogs with mild /moderate disease [11]. This present study
aimed to identify risk factors for HRI progression to severe or fatal disease within those
dogs that were recorded with HRI; this information could facilitate more effective triage of
affected dogs.

In the current study, trigger, age and bodyweight were found to be risk factors. The
lack of inclusion of skull shape as a criterion for severe HRI potentially highlights the
additional conformational challenges faced by brachycephalic breeds in relation to HRI as
brachycephalic breeds had greater odds of death. When experiencing mild or moderate HRI,
brachycephalic dogs with airway restrictions, such as those associated with brachycephalic
obstructive airway syndrome (BOAS), can develop respiratory arrest [35] and cardiac arrest



Vet. Sci. 2022, 9, 231

12 0f 18

(death) before severe HRI is reached. It is therefore vital that early signs of mild HRI
are recognised and acted upon as dogs with respiratory disorders (including BOAS) are
more likely to escalate into fatal difficulty before advanced signs of HRI occur. Dogs aged
over 12 years had both increased odds of severe and fatal HRI, which is likely due to the
diminished capacity of older dogs to thermoregulate [36]. However, age (measured in
years) is a relatively poor measure of life stage in dogs as bodyweight is known to influence
longevity [37]. Whilst younger dogs have reduced odds of severe and fatal HRI, they are
still capable of developing the condition and this risk should not be ignored.

Dogs without a recorded trigger and a recorded bodyweight had greater odds of
severe HRI. Whilst these results do not appear to provide meaningful clinical information
to aid decision making, they may reflect a rapid veterinary response in prioritising treating
and cooling severe HRI cases over recording details related to the incident. The increased
odds of severe HRI for dogs without a recorded trigger in their clinical history also supports
the need for better owner education regarding the causes of HRI, and the recognition of
clinical signs that indicate the onset of mild to moderate HRI [11]. Without an awareness
that their dog could be affected by HRI following exercise, many owners may not recognise
the condition or grasp the urgency of the situation, which could result in failure to seek
veterinary care until the dog had progressed to severe HRI. As dogs presented for veterinary
treatment with severe HRI had almost 65 times the odds of death, improving the ability
of owners to recognise the early clinical signs of mild to moderate disease should be
considered an urgent priority for mitigating the risk of HRL

This study explored the geographical distribution of HRI events in UK dogs, and
identified that dogs living in London had almost twice the odds of HRI during 2016
than dogs living in the North West; the 2016 incidence of HRI in London (0.08%) was
twice the national HRI incidence (0.04%). This could be due to the urban “heat island
phenomenon’ [38]; the ambient temperature in cities such as London can be around 5 °C
hotter than the surrounding countryside [39], and the housing in cities frequently includes
higher proportions of apartments and terraced houses than rural locations. Both flats
and terraced housing are generally located within the warmest parts of cities [40] and
are associated with an increased risk of overheating [38]. Whilst it does not explain all
the additional HRI events in London, a significantly greater percentage of HRI cases in
London were triggered by confinement in a hot building (7.61%) compared to the rest of
the UK (2.39%).

Conversely, the percentage of HRI events in London triggered by vehicle confinement
(1.09%) was significantly lower than the rest of the UK (7.61%). Reports to authorities
regarding dogs being left in hot vehicles are more likely in high socioeconomic regions [41].
However, it is unclear if this is because people living in higher socioeconomic regions are
more likely to report a dog in a hot vehicle or because people living in higher socioeconomic
regions are more likely to own a car and drive their dog to their outdoor exercise [41]. The
reduced incidence of vehicular HRI in London is potentially explained by the difference in
transport preferences, with just 58% of London households owning a vehicle compared
to 83% of households in the remainder of England [42]. However, decreased vehicle
ownership is unlikely to be the only factor impacting the reduced incidence of vehicular
HRI in London so further research could be considered to explore other influential factors
such as improved public awareness of the risk, or concern over dog thefts reducing owner
willingness to leave dogs in cars. An earlier study reported that UK vehicular HRI events
occurred from March to September [6] when ambient temperatures are typically warmer.
In this study, vehicular HRI events also occurred on days when the maximum recorded
WBGT was <10 °C. Internal vehicle temperatures are predominantly influenced by solar
radiation [43], and UK vehicles have been reported to exceed the upper limit of the canine
thermoneutral zone (35 °C) between April and September and exceed 50 °C between May
and August [44].

Bruchim et al. [25] reported that only 4 of 54 dogs with severe HRI presented to a
veterinary hospital in Israel had been exposed to ambient temperatures below 22.1 °C,
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whilst 46 /54 had been exposed to an ambient discomfort index (the mean of the WBGT
and dry bulb globe temperature) of at least 24.1 °C. In comparison, the highest maximum
daily WBGT recorded in the present study was 23.1 °C, suggesting that UK dogs developed
HRI at relatively low ambient temperatures compared to dogs from a country where
heat acclimatisation is possible. The median maximum daily WBGT when UK dogs
presented with exertional HRI was 16.5 °C in the current study, which is much lower
than the temperatures typically associated with exertional HRI in US military working
dogs (>26.7 °C) [22]. The lowest maximum daily WBGT recorded in the present study
(3.3 °C) was for a HRI event triggered by exertion during the winter. Dogs in the UK
have been recorded with post-exercise temperatures of 42.5 °C in ambient temperatures of
—5.5-11.7 °C [45], highlighting the potential for dogs to develop HRI following exercise
even in relatively or extremely low temperatures. A lack of acclimatisation opportunities,
due to the variable UK climate, may contribute to the high proportion of HRI events
triggered by exercise in UK dogs compared to other regions. Poor physical fitness and
exercise restriction negatively affect thermoregulation effectiveness and reduce exercise
endurance [46,47]; therefore, maintaining canine activity throughout the cooler winter
months could help to better prepare dogs for warmer summer temperatures.

The present study found that dogs with vehicular HRI had three times the odds for
severe HRI compared to dogs with exertional HRI. This is likely due to several important
differences between exertional and vehicular HRI, primarily that dogs confined to hot
vehicles have no opportunity to escape the heat and can be exposed to more extreme
temperatures [44]. Dogs that develop exertional HRI are also more likely to do so in the
presence of their owner who can take steps to limit progression of the condition such as
ceasing the exercise, seeking shade, and initiating active cooling with water. Dogs left in a
hot vehicle may not be found until the HRI has progressed to severe disease or even death.
These findings reinforce the ongoing need for owner education campaigns warning that
“Dogs Die in Hot Cars” [48], especially given the rise in calls to the RSPCA in both the UK
and Australia reporting dogs confined in hot vehicles in recent years [49,50].

Educational campaigns regarding the risk of exertional HRI in dogs requires a different
style of messaging to the earlier campaign on “Dogs Die in Hot Cars” [48]. Messaging
about exercise must be more nuanced because unintended consequences from overall
reduced activity could inadvertently increase canine HRI risk due to obesity and lack of
fitness [8,24,46]. The “Dogs Die in Hot Cars” campaign is a call to action: because a dog
left unattended in a hot car is at immediate and high risk of developing severe or fatal HRI,
owners are urged to never take this risk and the public are encouraged to immediately alert
the authorities [48]. In comparison, we show in the current study that exertional HRI is
less likely to lead to a severe grade of HRI, especially if the dog is under direct supervision
where the owner can take remedial action. Recognition of early clinical signs of HRI disease
can allow owners to take immediate action to prevent the dog’s condition worsening
(ceasing activity, seeking shade, cooling), and over 95% of dogs presented for veterinary
treatment with mild HRI survive [11]. Educational messaging regarding exertional HRI
should therefore focus on encouraging owners to learn to recognise early signs of HRI and
how to respond to those signs. Owners should also be advised on strategies to reduce the
risk of exertional HRI by avoiding activity during the hottest times of the day, adjusting
the duration and intensity of canine activity during warmer weather, and recognising that
sudden hot spells—particularly in early spring/summer—are especially dangerous.

It must be noted that the present study relied on weather station data for ambient
temperatures, using an approximate location based on the address recorded in the dog’s
EPR. These data are therefore an estimation of the local environmental (shaded) conditions
and are unlikely to fully represent the true conditions actually experienced by the dogs [40].
A recent US study compared ambient temperature data from thermometers mounted on
dogs’ collars to neighbourhood and local weather station temperature records [51]. That
study reported that the dog-mounted thermometers generally recorded lower ambient
temperatures than the local weather station reported during the day for indoor housed dogs,
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but dogs housed outdoors in urban locations recorded higher local ambient temperatures
than either the neighbourhood or regional weather stations. This difference is likely due
to the urban heat island phenomenon [40], as the substrate of the outdoor environment
(e.g., tarmac [52], grass or artificial grass [53]), presence or absence of shade, and barriers to
airflow can all create microclimates that could result in the dog being exposed to far greater
heat stress than suggested by the local weather station data.

Moon et al. [51] also found that the temperatures recorded from the dog-mounted
thermometers in urban environments were significantly higher than the concurrent weather
station temperatures at night. This difference was attributed to reduced airflow within
houses, resulting in hotter indoor temperatures than outdoor overnight. Heat stress experi-
enced both during the day and at night contribute to heat-related mortality in humans [54],
with heat-sensitive sub-populations (including the elderly and hospital patients) most
likely to be located in areas with the highest night-time temperatures [40]. We echo the
suggestion by Moon et al. [51] that traditional measures of local temperature, such as heat
index data from local weather stations, are likely to underestimate the risk of heat exposure
for dogs. Further research aimed at predicting heat risk for dogs in different locations and
housing types is needed.

HRI linked to vehicular or building confinement is not only of concern for dogs but is
also an issue for more vulnerable people who are unable to easily remove themselves from
the situation, including children and babies left in hot cars [55] and elderly individuals
confined in buildings [56]. During 2017-2018, almost 3000 people were hospitalised due
to severe HRI in the UK [57], giving an approximate population incidence of 0.005%. Our
previous study reported an annual HRI (including all grades of HRI) incidence of 0.14%
for UK dogs in 2016 [24]. Applying the VetCompass Clinical Grading Tool to just the 2016
canine HRI events provides an estimated annual population severe HRI incidence risk of
0.006% (95% CI 0.005 to 0.008), suggesting that the incidence of severe HRI may be similar
between dogs and humans. The dog, therefore, potentially provides a sentinel population
for what will become a growing problem in people as global temperatures rise [58].

Improved awareness regarding the risk of HRI from building confinement is needed,
particularly within, but not limited to, older dogs and breeds (e.g., brachycephalic) less able
to effectively thermoregulate. The findings of the current study highlight some important
areas for further research. Due to the relatively small numbers of HRI cases triggered
by confinement in buildings and in this present study, limited conclusions can be drawn
regarding the differences in geographical distribution of HRI events triggered by building
confinement. However, ensuring that city housing is designed or can be adapted to limit
heat stress is an important strategy for protecting human health in the face of rising global
temperatures [40]. These same mitigations also appear to be important for protecting canine
welfare. As the housing with the greatest heat stress risk is frequently associated with
the more vulnerable members of society (e.g., aging and hospitalised populations) [40],
consideration also needs to be given to assistance dogs (e.g., service dogs for those with
vision or hearing impairment) supporting these communities. Several breeds commonly
used as service dogs (Labrador Retriever, Golden Retriever, English Springer Spaniel) have
been found to have increased odds of exertional HRI compared to non-designer crossbred
dogs [6]. Caregivers of these dogs may require more specialised guidance on how to
recognise the early stages of HRI as visual impairments may restrict capacity to recognise
some of these signs.

The limitations of this study are largely related to the use of historical veterinary
patient records as the data extracted from the VetCompass database were not generated
for the primary purpose of research [6,11,24]. This has resulted in missing or incomplete
data, and some variables (such as location and date of the HRI event) that are imprecise.
Diagnosis of HRI is typically based on patient history and presenting clinical signs, and
is therefore reliant upon the clinician’s subjective opinion [27], which could have resulted
in misidentification for some of the dogs in this study. As previously noted, some owners
may not present their animal for veterinary treatment; thus, the true number of HRI events
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is likely to be higher than reported here [6,24]. The VetCompass Clinical Grading Tool
was proposed based on analysis that used the same dataset presented in this present
study [11], specifically using a fatal outcome to identify the clinical signs associated with
a severe outcome. There is therefore an element of circular logic presented within this
analysis, meaning further evaluation of this Clinical Grading Tool using a novel dataset is
recommended prior to clinical application. Despite the overall study population of 905,543
dogs, the number of HRI events included in the study is relatively small, which reduces the
confidence in some of the results. In particular, the results from the analysis of geographical
variation in triggers and ambient temperature of HRI events lack precision due to the
uncertainty of the data; they should be considered hypothesis-generating at this stage and
require further study before their significance can be fully determined. Finally, the relatively
low R? value of both multivariable models suggests that an important variable is missing
from the overall model. The duration and degree of body temperature elevation is the
single most important factor in determining HRI severity and fatality, which is impossible
to measure retrospectively. Therefore, the aim of this paper was to identify other factors
that increase the likelihood of that elevation occurring whilst recognising that all dogs
are potentially at risk of developing HRI; thus, a truly predictive model is not currently
possible to achieve.

5. Conclusions

As global temperatures continue to increase, both the incidence of HRI and the fre-
quency of severe disease and fatal outcomes for HRI events are predicted to rise. This study
explored combined intrinsic (canine) and extrinsic (geographical location, ambient condi-
tions, and trigger) risk factors for severe and fatal outcomes in dogs presenting to veterinary
clinics with HRI. Vehicular confinement and aging (>12 years) were associated with greater
odds of severe HRI, whilst aging (over 10 years), clinical grade and brachycephalic skull
shape had greater odds of fatal HRI. London saw higher rates of HRI related to building
confinement, Wales the highest in relation to vehicular confinement, and the southeast
saw higher levels of exertional HRI. Whilst overall the most common trigger of HRI in
dogs was exercise, the findings of this study highlight the increased risk of severe and
fatal HRI associated with situations where dogs cannot escape the heat source (vehicular
confinement) or have reduced capacity to thermoregulate (older dogs and brachycephalic
breeds). Dogs living in London had the greatest odds for HRI, and a significantly greater
proportion of HRI events were triggered by confinement in hot buildings than the rest of
the UK. The relatively low ambient temperatures associated with HRI events in UK dogs—
median WBGT of 16.9 °C on days of HRI events—highlight the importance of educating
dog owners to recognise the early signs of HRI and be aware that HRI can occur even
in relatively mild weather conditions. This improved understanding of the risk factors
associated with severe and fatal HRI highlights the need for more targeted educational
campaigns to improve public awareness of the different triggers, canine risk factors and
clinical signs of HRI in pet dogs.

Author Contributions: Conceptualization, E.J.H., A.].C.,].B., D.B., G.C. and D.G.O.; methodology,
EJH.,, AJ.C,G.C. and D.G.O,; formal analysis, E.J.H. and G.C,; investigation, E.J.H., AJ.C.,].B.,, G.C.,
L.K.G. and D.G.O,; data curation, E.J.H., AJ.C., ].B. and D.G.O.; writing—original draft preparation,
EJH., A].C. and D.G.O.; writing—review and editing, E.J.H., A.J.C, ].B.,, G.C., LK.G., D.B. and
D.G.O,; visualization, G.C.; supervision, A.J].C., LK.G. and D.G.O.; project administration, D.G.O.;
funding acquisition, E.J.LH., A.J.C. and D.G.O. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Dogs Trust Canine Welfare Grant, grant reference 5054-2020.

Institutional Review Board Statement: The study protocol was approved by the Ethics and Welfare
Committee of the Royal Veterinary College (reference number SR2018-1652). This project used only
data from a research repository; no actual dogs were involved in the project.



Vet. Sci. 2022, 9, 231 16 of 18

Informed Consent Statement: Informed consent was obtained for the use of all subject data used in
this study.

Data Availability Statement: Supporting data are available via this link: https://rvc-repository.
worktribe.com/output/1558421.

Acknowledgments: Thanks to Noel Kennedy (RVC) for VetCompass software and programming
development. We acknowledge the Medivet Veterinary Partnership, Vets4Pets/Companion Care,
Goddard Veterinary Group, CVS Group, IVC Evidensia, Linnaeus Group, Beaumont Sainsbury
Animal Hospital, Blue Cross, PDSA, Dogs Trust, Vets Now and the other UK practices who collaborate
in VetCompass. We are grateful to The Kennel Club, The Kennel Club Charitable Trust, Agria Pet
Insurance and Dogs Trust for supporting VetCompass.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study, in the collection, analyses, or interpretation of the data; in the writing of the manuscript,
or in the decision to publish the results.

References

1. Fischer, EM,; Sippel, S.; Knutti, R. Increasing probability of record-shattering climate extremes. Nat. Clim. Chang. 2021, 11,
689-695. [CrossRef]

2. Ebi,K.L.; Vanos, J.; Baldwin, ].W.; Bell, ].E.; Hondula, D.M.; Errett, N.A.; Hayes, K.; Reid, C.E.; Saha, S.; Spector, |.; et al. Extreme
Weather and Climate Change: Population Health and Health System Implications. Annu. Rev. Public Health 2020, 42, 293-315.
[CrossRef] [PubMed]

3. Protopopova, A.; Ly, L.H.; Eagan, B.H.; Brown, K. M. Climate Change and Companion Animals: Identifying Links and Opportuni-
ties for Mitigation and Adaptation Strategies. Integr. Comp. Biol. 2021, 61, 166-181. [CrossRef] [PubMed]

4. Krouzecky, C.; Emmett, L.; Klaps, A.; Aden, J.; Bunina, A.; Stetina, B.U. And in the middle of my chaos there was you?—Dog
companionship and its impact on the assessment of stressful situations. Int. J. Environ. Res. Public Health 2019, 16, 3664. [CrossRef]

5. Hall, E.J.; Carter, A.].; Farnworth, M.]. Exploring Owner Perceptions of the Impacts of Seasonal Weather Variations on Canine
Activity and Potential Consequences for Human—Canine Relationships. Animals 2021, 11, 3302. [CrossRef]

6. Hall, EJ.; Carter, A.J.; O'Neill, D.G. Dogs Don’t Die Just in Hot Cars—Exertional Heat-Related Illness (Heatstroke) Is a Greater
Threat to UK Dogs. Animals 2020, 10, 1324. [CrossRef]

7. Bouchama, A.; Knochel, ].P. Heat Stroke. N. Engl. . Med. 2002, 346, 1978-1988. [CrossRef]

8. Bruchim, Y.; Horowitz, M.; Aroch, I. Pathophysiology of heatstroke in dogs—Revisited. Temperature 2017, 4, 356-370. [CrossRef]

9. Yamamoto, T,; Fujita, M.; Oda, Y.; Todani, M.; Hifumi, T.; Kondo, Y.; Shimazaki, J.; Shiraishi, S.; Hayashida, K.; Yokobori, S.; et al.
Evaluation of a Novel Classification of Heat-Related Illnesses: A Multicentre Observational Study (Heat Stroke STUDY 2012). Int.
J. Environ. Res. Public Health 2018, 15, 1962. [CrossRef]

10. Yamamoto, T.; Todani, M.; Oda, Y.; Kaneko, T.; Kaneda, K.; Fujita, M.; Miyauchi, T.; Tsuruta, R. Predictive Factors for Hospitaliza-
tion of Patients with Heat Illness in Yamaguchi, Japan. Int. ]. Environ. Res. Public Health 2015, 12, 11770-11780. [CrossRef]

11. Hall, EJ.; Carter, A.].; Bradbury, J.; Barfield, D.; O’Neill, D.G. Proposing the VetCompass clinical grading tool for heat-related
illness in dogs. Sci. Rep. 2021, 11, 6828. [CrossRef] [PubMed]

12.  Shapiro, Y.; Rosenthal, T.; Sohar, E. Experimental Heatstroke a model in dogs. Arch. Intern. Med. 1973, 131, 688-692. [CrossRef]
[PubMed]

13. Bynum, G.; Patton, J.; Bowers, W.; Leav, L; Wolfe, D.; Hamlet, M.; Marsili, M. An anesthetized dog heatstroke model. J. Appl.
Physiol. 1977, 43, 292-296. [CrossRef] [PubMed]

14. Hemmelgarn, C.; Gannon, K. Heatstroke: Thermoregulation, pathophysiology, and predisposing factors. Compend. Contin. Educ.
Vet. 2013, 35, E4.

15.  Met Office UK Regional Climates. Available online: https:/ /www.metoffice.gov.uk/research/climate /maps-and-data/regional-
climates/index (accessed on 22 August 2021).

16. Goldberg, M.B.; Langman, V.A ; Richard Taylor, C. Panting in dogs: Paths of air flow in response to heat and exercise. Respir.
Physiol. 1981, 43, 327-338. [CrossRef]

17.  Budd, G.M. Wet-bulb globe temperature (WBGT)—Its history and its limitations. J. Sci. Med. Sport 2008, 11, 20-32. [CrossRef]

18. Sherwood, S.C.; Huber, M. An adaptability limit to climate change due to heat stress. Proc. Natl. Acad. Sci. USA 2010, 107,
9552-9555. [CrossRef]

19. Raymond, C.; Matthews, T.; Horton, R.M. The emergence of heat and humidity too severe for human tolerance. Sci. Adv. 2020, 6,
eaaw1838. [CrossRef]

20. Schroter, R.C.; Marlin, D.J. An index of the environmental thermal load imposed on exercising horses and riders by hot weather
conditions. Equine Vet. ]. 2010, 27, 16-22. [CrossRef]

21. Marlin, D.; Misheff, M.; Whitehead, P. Optimising Performance in a Challenging Climate. In Proceedings of the FEI Sports Forum,

Lausanne, Switzerland, 26-27 March 2018; Fédération Equestre Internationale: Lausanne, Switzerland, 2018.


https://rvc-repository.worktribe.com/output/1558421
https://rvc-repository.worktribe.com/output/1558421
http://doi.org/10.1038/s41558-021-01092-9
http://doi.org/10.1146/annurev-publhealth-012420-105026
http://www.ncbi.nlm.nih.gov/pubmed/33406378
http://doi.org/10.1093/icb/icab025
http://www.ncbi.nlm.nih.gov/pubmed/33871032
http://doi.org/10.3390/ijerph16193664
http://doi.org/10.3390/ani11113302
http://doi.org/10.3390/ani10081324
http://doi.org/10.1056/NEJMra011089
http://doi.org/10.1080/23328940.2017.1367457
http://doi.org/10.3390/ijerph15091962
http://doi.org/10.3390/ijerph120911770
http://doi.org/10.1038/s41598-021-86235-w
http://www.ncbi.nlm.nih.gov/pubmed/33767275
http://doi.org/10.1001/archinte.1973.00320110072010
http://www.ncbi.nlm.nih.gov/pubmed/4701378
http://doi.org/10.1152/jappl.1977.43.2.292
http://www.ncbi.nlm.nih.gov/pubmed/893285
https://www.metoffice.gov.uk/research/climate/maps-and-data/regional-climates/index
https://www.metoffice.gov.uk/research/climate/maps-and-data/regional-climates/index
http://doi.org/10.1016/0034-5687(81)90113-4
http://doi.org/10.1016/j.jsams.2007.07.003
http://doi.org/10.1073/pnas.0913352107
http://doi.org/10.1126/sciadv.aaw1838
http://doi.org/10.1111/j.2042-3306.1995.tb05003.x

Vet. Sci. 2022, 9, 231 17 of 18

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Gogolski, S.M.; O’'Brien, C.; Lagutchik, M.S. Retrospective analysis of patient and environmental factors in heat-induced injury
events in 103 military working dogs. J. Am. Vet. Med. Assoc. 2020, 256, 792-799. [CrossRef]

Davis, M.S.; Cummings, S.L.; Payton, M.E. Effect of brachycephaly and body condition score on respiratory thermoregulation of
healthy dogs. J. Am. Vet. Med. Assoc. 2017, 251, 1160-1165. [CrossRef] [PubMed]

Hall, E.J.; Carter, A.].; O’Neill, D.G. Incidence and risk factors for heat-related illness (heatstroke) in UK dogs under primary
veterinary care in 2016. Sci. Rep. 2020, 10, 9128. [CrossRef] [PubMed]

Bruchim, Y.; Klement, E.; Saragusty, J.; Finkeilstein, E.; Kass, P.; Aroch, I. Heat Stroke in Dogs: A Retrospective Study of 54 Cases
(1999-2004) and Analysis of Risk Factors for Death. J. Vet. Intern. Med. 2006, 20, 38—46. [CrossRef] [PubMed]

Drobatz, K.J.; Macintire, D.K. Heat-induced illness in dogs: 42 cases (1976-1993). J. Am. Vet. Med. Assoc. 1996, 209, 1894-1899.
Hall, E.J.; Radford, A.D.; Carter, A J. Surveillance of heat-related illness in small animals presenting to veterinary practices in the
UK between 2013-2018. Open Vet. J. 2022, 12, 5-16. [CrossRef]

Flournoy, S.; Macintire, D.; Wohl, J. Heatstroke in Dogs: Clinical Signs, Treatment, Prognosis, and Prevention. Compend. Contin.
Educ. Vet. 2003, 25, 422-431.

Ausvet Epitools—Calculate Confidence Limits for a Sample Proportion. Available online: https://epitools.ausvet.com.au/
ciproportion?page=CIProportion&SampleSize=1000&Positive=75&Conf=0.95&method=3&Digits=2 (accessed on 15 Novem-
ber 2019).

Office for National Statistics. National Statistics Postcode Lookup (February 2019). Available online: https://geoportal.statistics.
gov.uk/datasets /4f71f3e9806d4{f895996{832eb7aacf /about (accessed on 13 December 2021).

MedCalc Software Ltd. Odds Ratio Calculator. Available online: https://www.medcalc.org/calc/odds_ratio.php (accessed on
10 January 2022).

Met Office. Met Office MIDAS Open: UK Land Surface Stations Data (1853-Current). Available online: https://catalogue.ceda.ac.
uk/uuid/dbd451271eb04662beade68da43546el (accessed on 27 July 2021).

Dohoo, LR.; Martin, S.W.; Stryhn, H.; Stryhn, H. Veterinary Epidemiologic Research, 2nd ed.; VER, Inc.: Québec, QC, Canada, 2009;
ISBN 0919013600.

Segev, G.; Aroch, I; Savoray, M.; Kass, P.H.; Bruchim, Y. A novel severity scoring system for dogs with heatstroke. J. Vet. Emerg.
Crit. Care 2015, 25, 240-247. [CrossRef]

Fawcett, A.; Barrs, V.; Awad, M.; Child, G.; Brunel, L.; Mooney, E.; Martinez-Taboada, F.; McDonald, B.; McGreevy, P. Consequences
and Management of Canine Brachycephaly in Veterinary Practice: Perspectives from Australian Veterinarians and Veterinary
Specialists. Animals 2018, 9, 3. [CrossRef]

Balmain, B.N.; Sabapathy, S.; Louis, M.; Morris, N.R. Aging and Thermoregulatory Control: The Clinical Implications of Exercising
under Heat Stress in Older Individuals. Biomed Res. Int. 2018, 2018, 8306154. [CrossRef]

O'Neill, D.G.; Church, D.B.; McGreevy, P.D.; Thomson, P.C.; Brodbelt, D.C. Longevity and mortality of owned dogs in England.
Vet. J. 2013, 198, 638—643. [CrossRef]

Tomlinson, C.J.; Chapman, L.; Thornes, ].E.; Baker, C.J. Including the urban heat island in spatial heat health risk assessment
strategies: A case study for Birmingham, UK. Int. ]. Health Geogr. 2011, 10, 42. [CrossRef] [PubMed]

Met Office. Southern England: Climate. Available online: https://www.metoffice.gov.uk/binaries/content/assets/
metofficegovuk/pdf/weather/learn-about/uk-past-events/regional-climates /southern-england_-climate---met-office.pdf
(accessed on 9 September 2019).

Macintyre, H.L.; Heaviside, C.; Taylor, J.; Picetti, R.; Symonds, P; Cai, X.M.; Vardoulakis, S. Assessing urban population
vulnerability and environmental risks across an urban area during heatwaves—Implications for health protection. Sci. Total
Environ. 2018, 610-611, 678-690. [CrossRef] [PubMed]

Shih, H.Y.; Paterson, M.B.A.; Phillips, C.J.C. Socioeconomic Influences on Reports of Canine Welfare Concerns to the Royal Society
for the Prevention of Cruelty to Animals (RSPCA) in Queensland, Australia. Animals 2019, 9, 711. [CrossRef] [PubMed]
Department for Transport Statistics. Table NTS9902: Household Car Ownership by Region and Rural Urban Classification:
England. Available online: https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/
file /1017101 /nts9902.0ds (accessed on 29 December 2021).

Grundstein, A.; Meentemeyer, V.; Dowd, J. Maximum vehicle cabin temperatures under different meteorological conditions. Int.
J. Biometeorol. 2009, 53, 255-261. [CrossRef]

Carter, A.J.; Hall, E.J.; Connolly, S.L.; Russell, Z.E.; Mitchell, K. Drugs, dogs, and driving: The potential for year-round thermal
stress in UK vehicles. Open Vet. J. 2020, 10, 216-225. [CrossRef]

Carter, A.J.; Hall, E.J. Investigating factors affecting the body temperature of dogs competing in cross country (canicross) races in
the UK. J. Therm. Biol. 2018, 72, 33-38. [CrossRef]

Nazar, K.; Greenleaf, ].E.; Pohoska, E.; Turlejska, E.; Kaciuba-Uscilko, H.; Kozlowski, S. Exercise performance, core temperature,
and metabolism after prolonged restricted activity and retraining in dogs. Aviat. Space. Environ. Med. 1992, 63, 684—688. [CrossRef]
Ferasin, L.; Marcora, S. Reliability of an incremental exercise test to evaluate acute blood lactate, heart rate and body temperature
responses in Labrador retrievers. J. Comp. Physiol. B 2009, 179, 839-845. [CrossRef]

Duggal, G. Add your voice to the Dogs Die in Hot Cars campaign. Vet. Rec. 2018, 182, 522-523. [CrossRef]


http://doi.org/10.2460/javma.256.7.792
http://doi.org/10.2460/javma.251.10.1160
http://www.ncbi.nlm.nih.gov/pubmed/29099251
http://doi.org/10.1038/s41598-020-66015-8
http://www.ncbi.nlm.nih.gov/pubmed/32555323
http://doi.org/10.1111/j.1939-1676.2006.tb02821.x
http://www.ncbi.nlm.nih.gov/pubmed/16496921
http://doi.org/10.5455/OVJ.2022.v12.i1.2
https://epitools.ausvet.com.au/ciproportion?page=CIProportion&SampleSize=1000&Positive=75&Conf=0.95&method=3&Digits=2
https://epitools.ausvet.com.au/ciproportion?page=CIProportion&SampleSize=1000&Positive=75&Conf=0.95&method=3&Digits=2
https://geoportal.statistics.gov.uk/datasets/4f71f3e9806d4ff895996f832eb7aacf/about
https://geoportal.statistics.gov.uk/datasets/4f71f3e9806d4ff895996f832eb7aacf/about
https://www.medcalc.org/calc/odds_ratio.php
https://catalogue.ceda.ac.uk/uuid/dbd451271eb04662beade68da43546e1
https://catalogue.ceda.ac.uk/uuid/dbd451271eb04662beade68da43546e1
http://doi.org/10.1111/vec.12284
http://doi.org/10.3390/ani9010003
http://doi.org/10.1155/2018/8306154
http://doi.org/10.1016/j.tvjl.2013.09.020
http://doi.org/10.1186/1476-072X-10-42
http://www.ncbi.nlm.nih.gov/pubmed/21682872
https://www.metoffice.gov.uk/binaries/content/assets/metofficegovuk/pdf/weather/learn-about/uk-past-events/regional-climates/southern-england_-climate---met-office.pdf
https://www.metoffice.gov.uk/binaries/content/assets/metofficegovuk/pdf/weather/learn-about/uk-past-events/regional-climates/southern-england_-climate---met-office.pdf
http://doi.org/10.1016/j.scitotenv.2017.08.062
http://www.ncbi.nlm.nih.gov/pubmed/28822935
http://doi.org/10.3390/ani9100711
http://www.ncbi.nlm.nih.gov/pubmed/31547537
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1017101/nts9902.ods
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1017101/nts9902.ods
http://doi.org/10.1007/s00484-009-0211-x
http://doi.org/10.4314/ovj.v10i2.11
http://doi.org/10.1016/j.jtherbio.2017.12.006
http://doi.org/10.1360/zd-2013-43-6-1064
http://doi.org/10.1007/s00360-009-0367-z
http://doi.org/10.1136/vr.k1985

Vet. Sci. 2022, 9, 231 18 of 18

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

BVA. Heatwave Sparks Dogs in Hot Cars Calls as Reports Hit Three Year High. Available online: https://www.bva.co.uk/news-
campaigns-and-policy /newsroom/news-releases/heatwave-sparks-dogs-in-hot-cars-calls-as-reports-hit-three-year-high/ (ac-
cessed on 14 July 2019).

Shih, H.Y,; Paterson, M.B.A ; Phillips, C.J.C. A Retrospective Analysis of Complaints to RSPCA Queensland, Australia, about Dog
Welfare. Animals 2019, 9, 282. [CrossRef]

Moon, K.E.; Wang, S.; Bryant, K.; Gohlke, ].M. Environmental Heat Exposure Among Pet Dogs in Rural and Urban Settings in the
Southern United States. Front. Vet. Sci. 2021, 8, 742926. [CrossRef] [PubMed]

Vanos, ] K.; Middel, A.; Mckercher, G.R.; Kuras, E.R.; Ruddell, B.L. Hot playgrounds and children’s health: A multiscale analysis
of surface temperatures in Arizona, USA. Landsc. Urban Plan. 2016, 146, 29-42. [CrossRef]

Jim, C.Y. Solar—terrestrial radiant-energy regimes and temperature anomalies of natural and artificial turfs. Appl. Energy 2016,
173, 520-534. [CrossRef]

Basu, R.; Samet, .M. Relation between Elevated Ambient Temperature and Mortality: A Review of the Epidemiologic Evidence.
Epidemiol. Rev. 2002, 24, 190-202. [CrossRef] [PubMed]

Grundstein, A.; Duzinski, S.; Null, J. Impact of dangerous microclimate conditions within an enclosed vehicle on pediatric
thermoregulation. Theor. Appl. Climatol. 2017, 127, 103-110. [CrossRef]

Lewis, A.M. Heatstroke in Older Adults. Am. |. Nurs. 2007, 107, 52-56. [CrossRef]

NHS. NHS’ Top Nurse Urges Public to Enjoy Sun Safely This Weekend. Available online: https:/ /www.england.nhs.uk/2019/0
6/nhs-top-nurse-urges-public-to-enjoy-sun-safely-this-weekend/ (accessed on 31 October 2020).

Hajat, S.; Vardoulakis, S.; Heaviside, C.; Eggen, B. Climate change effects on human health: Projections of temperature-related
mortality for the UK during the 2020s, 2050s and 2080s. . Epidemiol. Community Health 2014, 68, 641-648. [CrossRef]


https://www.bva.co.uk/news-campaigns-and-policy/newsroom/news-releases/heatwave-sparks-dogs-in-hot-cars-calls-as-reports-hit-three-year-high/
https://www.bva.co.uk/news-campaigns-and-policy/newsroom/news-releases/heatwave-sparks-dogs-in-hot-cars-calls-as-reports-hit-three-year-high/
http://doi.org/10.3390/ani9050282
http://doi.org/10.3389/fvets.2021.742926
http://www.ncbi.nlm.nih.gov/pubmed/34676256
http://doi.org/10.1016/j.landurbplan.2015.10.007
http://doi.org/10.1016/j.apenergy.2016.04.072
http://doi.org/10.1093/epirev/mxf007
http://www.ncbi.nlm.nih.gov/pubmed/12762092
http://doi.org/10.1007/s00704-015-1636-2
http://doi.org/10.1097/01.NAJ.0000271850.53462.06
https://www.england.nhs.uk/2019/06/nhs-top-nurse-urges-public-to-enjoy-sun-safely-this-weekend/
https://www.england.nhs.uk/2019/06/nhs-top-nurse-urges-public-to-enjoy-sun-safely-this-weekend/
http://doi.org/10.1136/jech-2013-202449

	Introduction 
	Materials and Methods 
	Data Collection and Management 
	Geographical Distribution of Cases 
	Ambient Conditions 
	Risk Factor Analysis 

	Results 
	Geographical Distribution of HRI Events 
	Ambient Temperature 
	Risk Factor Analysis for Severe HRI 
	Risk Factor Analysis for Fatal HRI 

	Discussion 
	Conclusions 
	References

