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1. CLIV Heatstroke is caused by Vehicles 
When a child is left in a car, the primary cause of paediatric vehicular heatstroke (PVH) is the 
increase in a car’s internal temperature. This increase is associated with a car left out of the shade in 
average or high ambient temperatures, with a sustained solar irradiance. A secondary cause includes 
body water loss from the child, increasing humidity inside the vehicle. Most cases occur during day 
between 4am and 5pm, making up 88% of cases, when ambient temperatures are generally highest 
(Hammett et. Al., 2021).  

Children being left in or gaining access to vehicles causes heatstroke when the previously outlined 
conditions are met. These children are often unable to leave the vehicle themselves. They also are 
unable to thermoregulate as well as adults, due to smaller blood volume for heat transfer, higher 
surface area to body mass ratio and less effective sweating mechanism (NHTSA, 2014; Booth et. Al., 
2010). Children are particularly vulnerable to heatstroke due to a variety of factors, some previously 
covered. This is well borne out in various studies, listing children’s size and limited thermoregulation 
(Booth et. Al., 2010; Forsyth and Solan, 2022) 

Heatstroke occurs in people when core body temperature reaches beyond 40°C (Ishmine, 2024). 
Simulations and measured temperature display that it takes between 20 – 45 minutes to reach 40°C 
in a vehicle during summer months (Xuhao, 2020; Duzinski et. Al., 2014). Vehicle temperature also 
reaches above 40°C in most months after a sustained period, while also reaching these within an 
hour (Kirk and Ewing, 2022; Xuhao, 2020; Duzinski et. Al., 2014). Vehicle paint doesn’t change the 
internal temperature significantly, with both reading 40°C in a similar time, around 35 – 40 minutes 
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(Kirk and Ewing, 2022; Bazille et. Al., 2005). Furthermore, a review in how ambient extreme heat 
affects child morbidity found associations with heat-related illness (e.g: heatstroke and heat 
exhaustion) and high temperatures (Uibel et. Al., 2022). 

With these factors, we can say with certainty that CLIV can suffer heatstroke more easily in vehicles 
due to a rapid increase in temperature, including their inability to thermoregulate compared to 
adults. Therefore, leaving children in a vehicle with high ambient temperatures results in heatstroke 
if internal temperatures increase above normal rates. 

2. Many Adults Leaving Children Unattended in Cars 
A recent survey of US caregivers gave insight into how commonly parents will leave their children in 
cars. 12% of US adults report leaving their child in a car at least once or being unsure if they have 
(Sartin et. Al., 2023). Of those that leave their children in cars; 

• ~54% left them unattended more than twice per month  
• ~19% left them in their car more than 6 times per month 
• 12.3% reported leaving them in the car for 16 minutes or more 
• 87.7% leaving their child in their car unattended for 15 minutes or less 
• 74.3% left them in the higher risk seasons of spring, fall and summer 
• ~1.47% of respondents left their children in the car for more than 15 minutes.  

It’s important to state that this isn’t necessarily out in high ambient temperatures. They also sought 
out caregivers in higher risk states, such as California, Texas and Florida, so the proportions above 
may be higher than the overall US population. However, with the number of children under 5 in the 
US being ~22.4 million, there are conservatively tens of thousands of children left in cars for a 
dangerous amount of time every year (Childstats.gov, 2022). 

There are a large number of children who are left in cars but do not die of heatstroke. In only the 
Australian state of Queensland, over 1113 callouts to rescue children occurred in FY2023 (RACQ, 
2024). In South Australia and Victoria, the number of children rescued from cars in 2023 was 308 
and 1160 children respectively (Ambulance Victoria, 2023; RAA, 2024). NRMA also reported in 2022 
that at least 1882 children were locked in cars that year (Antrobus, 2023). These also don’t account 
for the number of children left in their car that are not rescued by emergency services. As there have 
only been approximately 30 confirmed Australian deaths from hot cars over the last 25 years, there 
are likely hundreds or thousands of times more children left in vehicles every year. 

This is dangerous, as there is an average increase in 1.77°C (3.2°F) per 5 minutes after a vehicle is 
parked out in the sun. On average, there is approximately a 22.2 C increase on ambient 
temperatures of 22.2 – 35.5 C (72 – 96 F) inside a vehicle, with 80% of this increase occurring within 
the first 30 minutes (McLaren et. Al., 2005). 

Therefore, it is possible that many more children experience heat stress or heatstroke while not 
passing away. We are reaching out to relevant authorities to determine how often emergency 
services and ambulances are called to the scene. Understanding the non-fatal effects of heatstroke is 
therefore important, as it might cause a lot of currently unmeasured damage to children and 
families. 
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3. Heatstroke - Effects on the Body 
There are several ways to define heatstroke, however, most sources agree that it involves core body 
or body temperature rising above the range of 40 – 40.5°C. Occasionally, patients may have the 
criteria of heatstroke with body temperatures below this range (Hifumi et. Al., 2018). People can 
suffer two broad types of heatstroke, exertional and non-exertional. They have slightly different 
symptoms (Epstein and Yanovich, 2019). Non-exertional occurs while sedentary, sweating may be 
absent, liver dysfunction may be milder and kidney/liver failure may be less common (<5%). 
Exertional is sporadic and induced from excess heat production rather than from ambient 
temperatures. Kidney/liver failure is also more common (25 – 30%). However, they both involve the 
failure of the body’s heat-loss mechanisms, dysfunction in the central nervous system and stress the 
body’s organs (Epstein and Yanovich, 2019). 

Criteria for signs of heatstroke from the Japanese Association for Acute Medicine’s (JAAM) 
Committee Related to Heatstroke (HS) were released in 2014 and updated by a working group (WG) 
in 2016 (Hifumi et. Al., 2018). These include central nervous system, liver system and renal system 
related criteria. Another common definition of heatstroke used worldwide is Bouchama’s definition, 
involving core body temperature >40°C, exposure to environmental heat and no liver system criteria. 
The updated JAAM-HS-WG criteria are: 

1. Glasgow Coma Scale (GCS) score ≤14 
2. Hepatic/Renal dysfunction (Creatinine or bilirubin levels ≥1.2 mg/dL) 
3. Coagulation Disorder (JAAM Disseminated intravascular coagulation score ≥ 4). 

As body temperature increases, sweating response increases, leading to loss of salts and water 
causing dehydration and salt depletion (Hifumi et. Al., 2018; Bouchama et. Al, 2022). Sustained loss 
of water and dehydration impairs thermoregulation and the ability for the body to supply blood and 
nutrients to the lungs, heart, digestive, excretory, reproductive or circulatory organs. The 
coagulation response and inflammation that follows leads to blood clots, injury of the inner wall of 
veins and arteries, as well as suppression of platelet release from bone marrow (Bouchama et. Al., 
2022). In addition, this increase in inflammatory and coagulation proteins may be associated with 
high intracranial pressure, decreased cerebellar blood flow, and severe neuron injury (Shimada et. 
Al., 2020). 

Heatstroke commonly causes brain injury from restricted blood flow, metabolic disorder, release of 
proteins that induce fever and brain edema. In addition, excess swelling in the brain impairs nerve 
and blood vessel function (Asmara, 2020). Central nervous system alteration is also a defining 
feature of heatstroke, including manifesting in coma-like symptoms. 

Therefore, heatstroke as a condition causes multiple organ failure, due to and in addition to blood 
clots, as well as damage to the cardiovascular system. The proportion of heatstroke victims that 
suffer from coagulation disorder or dysfunction of the central nervous, cardiovascular, kidney, 
respiratory or liver system is variable. However, presence of organ dysfunction is very common in 
heatstroke victims, and it’s presence is used to diagnose heatstroke (Bouchama et. Al., 2022; Hifumi 
et. Al., 2018; Asmara, 2020; Bazille et. Al., 2005). 1. 

  

1. Note: This is a relatively short summary of a very complex and multifactored health issue, and the details 
of these injuries will not be fully explored in this paper. A recent and comprehensive review can be found at 
the following link:  Classic and exertional heatstroke | Nature Reviews Disease Primers 

 

https://www.nature.com/articles/s41572-021-00334-6
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4. Heatstroke Effects on Adults 
Heatstroke manifests in high proportions of the conditions outlined in Section 3 (Schlader et. Al., 
2022).  

In terms of fatal outcomes for adults, mortality is imprecise, as many often die outside of the 
hospital during heatwaves. For those admitted to the hospital, mortality ranges from 10 – 65% 
(Mahri and Bouchama, 2018). Other estimates approximate mortality at <5% for exertional 
heatstroke (Esptein and Yanovich, 2019). There are also delayed mortality outcomes, with ~10-20% 
mortality at 1 to 2 years after hospital discharge (Mahri and Bouchama, 2018). Survivability in adults 
is typically high when not deemed critically ill with heatstroke (Hausfater et. Al., 2010).  

Non-fatal outcomes and conditions vary significantly, however, 18% of the surviving patients 
displayed impairment in their autonomy up to 1 year after the incident (Hausfater et. Al., 2010). 
Furthermore, due to the damage to arteries, veins and the increase in coagulation of blood, there is 
also a heightened risk of cardiovascular disease following a single heatstroke occurrence (Schlader 
et. Al., 2022). This is supported by heatstroke causing the coagulation of blood, leading to blockage 
in micro-blood-vessels, which are small blood vessels that transport fluid, oxygen and nutrients 
between blood and surrounding tissue, including the heart, brain and lungs (Bouchama et. Al., 2022). 
Epstein and Yanovich, 2019). This coagulation induced micro-vessel blockage is supported by lung 
blockage being found in 60% of post-autopsy heatstroke patients (Bouchama et. Al., 2022).  

Lastly, long term neurological conditions, or varying degrees of irreversible brain injury, occur in 
approximately 10 – 28% of patients who survive either exertional or non-exertional heatstroke 
(Bouchama et. Al., 2022; Yeo, 2004). Also, core temperatures 38.5° - 40°C can still cause heatstroke 
in the elderly, as they are similarly vulnerable as children to heat increase from malfunctioning 
bodily heat loss systems (Bouchama et. Al., 2022). This is concerning, as vulnerable adults are both 
at high risk of long-term neurological conditions and need a lower core body temperature to suffer 
from heatstroke. 

This further reinforces that a significant number of people who suffer from heatstroke don’t 
necessarily die from it. There is also a medical consensus that there are medium-long term effects in 
a proportion of those that suffer from heatstroke. Lastly, not all of those that will eventually die 
from heatstroke die immediately. Therefore, heatstroke patients could die later after heatstroke and 
have their deaths or conditions be misattributed to the organ damage caused by heatstroke itself. 

If children suffer from the same or similar outcomes as adults from non-fatal heatstroke, then there 
is a previously unaddressed area of CLIV that has severe implications. As previously established, 
many more children are left in cars, and likely more don’t die of heatstroke immediately. If mortality 
of CLIV can occur years after the event then many could have long term conditions or die due to 
conditions caused by heatstroke. 

The concept of long-term cognitive effects is of interest, and will be examined further in the section 
5. 
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5. Heatstroke Causes Long Term Neurological Conditions 
Brain tissue is particularly vulnerable to heatstroke based on the available evidence. Particularly 
vulnerable is the outer layer of the cerebellum at the base of the brain stem, the midbrain, 
hippocampus and thalamus (Bouchama et. Al., 2022). These areas of the brain control various 
functions: 

• Cerebellum – muscle control, balance, movement (Jimsheleishvili and Dididze, 2023) 
• Midbrain - movement and reflexes (Caminero and Cascella, 2022) 
• Hippocampus – memory, learning, spatial navigation, emotional behaviour (Anand and 

Dhikav, 2012) 
• Thalamus - relaying motor and sensory information from the body to the brain, as well as 

pain/arousal regulation, mood and motivation (Torrico and Munakomi, 2023) 

This brain damage is illustrated by more than 95% of patients suffering from acute neurological 
symptoms at the time of heatstroke (Lawton et. Al., 2019). As previously mentioned, central nervous 
system dysfunction is used to diagnose heatstroke and 10 – 28% of patients develop long-term 
neurological conditions due to heatstroke (Hausfater et. Al., 2010; Bouchama et. Al., 2022; Bazille et. 
Al., 2005, Yeo, 2004; Lawton et. Al., 2019). Specifically, these long-term neurological conditions are 
related to the brain regions mentioned above, particularly in the cerebellum, due to atrophy and cell 
loss/death (Bazille et. Al., 2005; Bouchama et. Al., 2022; Epstein and Yanovich).  

Some of these conditions may persist for weeks after heatstroke and be sustained for years after 
recovery (Bouchama et. Al., 2022; Epstein and Yanovich, 2019; Argaud et. Al., 2003). Brain damage 
can be temporary, or result in permanent injury (Shimada et. Al., 2020). Survivors of exertional 
heatstroke had significantly more severe CNS injury. This was exhibited by higher severe Glasgow 
Coma Score, and significantly impaired cooling ability (Mengmeng et. Al., 2017). Furthermore, there 
is often no evidence of structural damage through MRI brain imagery immediately after heatstroke, 
but evidence of damage to the cerebellum, prefrontal cortex or hippocampus can be found after 
imaging months after the incident (Leon and Bouchama, 2011). In adults, about 60% of patients who 
died or suffered long-term neurological conditions had no documented pre-existing medical 
condition, with an average age of 47 (Lawton et. Al., 2019). 

There are several possible causes of these long-term neurological conditions, but heatstroke does 
likely cause these conditions. Neurological issues are used to diagnose heatstroke, and >95% of 
heatstroke sufferers present to hospital with acute neurological symptoms. Therefore, it’s highly 
likely that heatstroke does cause these conditions. For example, greater central nervous system 
injury, a lower Glasgow Coma Scale (GCS) score, within 24 hours of a hospital visit due to heatstroke 
was associated with greater risk for long term neurological conditions (Mengmeng et. Al., 2017). The 
duration of these sustained neurological injuries is unknown, however, significant alterations in 
neurologic function and brain tissue occur when cerebral temperatures exceed 38°C (Mengmeng et. 
Al., 2017). 

Section 5 displays that long-term neurological conditions can result in severe outcomes for adults 
who suffer from heatstroke and survive, predominantly with cerebellar conditions 
(muscle/balance/movement control conditions). Section 6 is an analysis of evidence for these effects 
presenting in children. 
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6. Heatstroke Effects on Children: Possible Neurological and Long 
Term Conditions 
Those with impaired heat loss and thermoregulation are commonly represented in the previous 
section on adults that suffer from heatstroke. It requires a lower ambient temperature for people 
with limited thermoregulation to attain heatstroke (Bouchama et. Al., 2022). Therefore, as children 
have much less effective thermoregulation than adults, they are at a higher risk of heatstroke and 
can suffer from heatstroke at lower temperatures. Heatstroke in children appears to correlate with 
neurological changes, brain dysfunction or changes in brain structure. 

A Hong Kong infant aged 3 suffered from near fatal heatstroke in an enclosed car. This caused 
multiple organ failure, temporary kidney failure and coagulation of blood causing blood clots 
(Ozcetin et. Al., 2012). He was in the car unattended for five hours, with a core temperature >40.0°C 
for 30 minutes after admission to the emergency room. Despite treatment with intensive cooling, 
neurological conditions persisted. He was discharged from the hospital after 17 days with weaker 
light reaction reflexes, inability to follow objects, abnormal response to visual stimuli and regression 
of developmental milestones.  There was no follow-up on this case, however, it’s unknown if the 
child recovered or if the effects lasted long-term. 

However, these are similar to long term effects on older adolescents and adults. For example, after a 
17-year-old army recruit suffered from exertional heatstroke and an MRI and cognitive reassessment 
was conducted. These tests showed his intellectual capacity was still present, however, he 
demonstrated severe memory impairment and rapid forgetting, impaired attention, mental slowing 
(Romero et. Al., 2000). He also developed personality traits different to those present prior to 
heatstroke, displaying social impairment and less social inhibition.  

The post-mortem findings of children suffering from heatstroke in cars is also similar to adults who 
died of heatstroke. In autopsies of children left in parked cars for a median time of 4 hours, there 
were haemorrhages found in the lungs of most victims, as well as the heart and brain in several 
(Adato et. Al., 2016). This study found that these conditions are consistent with autopsies of adults 
who died of exertional heatstroke (Adato et. Al, 2016).  

Changes in brain structure, or encephalopathies, have been found to have significant correlation 
with higher environmental temperatures in children under 15 in the Muzaffarpur region in India 
(Singh et. Al., 2023). These were largely correlated to the heat, rather than infectious causes. This 
included previous outbreaks of acute encephalopathy. Lastly, some accepted diagnostic criteria for 
heatstroke in adults includes signs of encephalopathy, core temperature greater than 38 - 40°C and 
absence of infection (Forsyth et. Al., 2022). Higher body temperature has also been associated with 
brain edema (Kuki et. Al., 2022).  

This section demonstrates some possible harmful effects of heatstroke in children. Children are also 
more susceptible than the general population (Epstein and Yanovich, 2019). Pre-existing disability is 
likely not a factor, as children who pass away from PVH have disability and chronic illness similar to 
the general population (Chandler et. Al., 2023).  

7. Conclusions and Limitations of this Paper 
Generally, not accounting for heatstroke, it is accepted to avoid hyperthermia in children, especially 
as brain overheating and other vital physiological functions can be impacted in a developing infant 
(Bach and Libert, 2022). The information in previous sections describes the effects of heatstroke, the 
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plausible effects on children, as well as how adult studies can represent what may happen in 
children. The information presented in this paper outlines the following claims:  

1. CLIV causes PVH by temperature rising in vehicles while they are trapped inside 
2. Not all CLIV die of heatstroke and many adults leave their children unattended in cars, at a 

rate of ~100 – 1000 times that of CLIV deaths every year 
3. Children are more vulnerable to heatstroke than average, due to worse thermoregulation 

mechanisms, like in the elderly 
4. Heatstroke effects are damaging in some form to most visceral organs in the body in adults, 

including the heart, brain, lungs, arteries and liver/renal systems. Acute/immediate damage 
to these organs is essential for diagnosing heatstroke 

5. Non-exertional and exertional heatstroke have common characteristics, with exertional 
heatstroke being slightly more severe given equal circumstances, with lower mortality. 

6. The neurological effects on adults can be long lasting, with permanent changes to the brain 
and evidence of neurological conditions lasting at least 1 – 2 years after heatstroke 

7. Heatstroke in adults causes long term neurological conditions to occur in 10 - 28% of 
patients  

8. Heatstroke in children left in vehicles does cause damage to organs in similar ways to adult 
heatstroke based on autopsy results  

9. Case studies of heatstroke in children/adolescents from being left in vehicles resulted in 
neurological conditions present afterwards 

If exertional heatstroke in adults is similar in effect on children left in cars in autopsies, and 
exertional heatstroke has a lower fatality, there could be many more cases of CLIV that suffer from 
heatstroke and don’t die. Heatstroke also causes many long-term conditions and delayed mortality 
in adults, and the effects of heatstroke seem similar in adults and children. Therefore, we can 
conclude that its highly likely many more children suffer long-term conditions or delayed mortality 
after suffering from heatstroke. 

It is important to identify the limitations of this paper. Firstly, identifying heatstroke in the hospital is 
difficult, particularly in children, as many symptoms of heatstroke are similar to sepsis and other 
diseases (Biswas and Agarwal, 2022). These diseases can be confused as heatstroke, where 
heatstroke is not the cause of these long-term conditions (Forsyth et. Al., 2022). In addition, post-
mortem heatstroke signs are nonspecific. Therefore, haemorrhage, organ failure or other conditions 
cannot easily be directly associated with autoptic or histological findings, unless all other diseases 
can be ruled out (Cioffi et. Al., 2024).  

Heatstroke in these studies has clearly been identified as the cause of death. Based on the available 
evidence presented in this paper, heatstroke can cause similar maladies in CLIV as with adults 
(Adato, 2016). Organ failures are used to diagnose heatstroke in adults, particularly from the GCS 
and measurement of other biomarkers as with the JAAM, so it’s unlikely that child heatstroke 
patients don’t suffer organ damage and organ failure  (Hifumi et. Al., 2018; Bouchama et. Al., 2022). 

There is also little evidence that children have fewer disabling conditions compared to adults who 
suffer from heatstroke, either from autopsy results or pathological features. This is because children 
have lower thermoregulation abilities, which also contributes to adults who suffer from heatstroke. 
Further, even though heatwaves generally don’t increase infant deaths consistently, they may still 
pose a threat to the infant up until they are 1 year old (Xu et. Al., 2011; Bach and Libert, 2022).  
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Lastly, as many more children are left in cars than die from them, including in high risk scenarios, we 
do not know exactly how many children may be placed at risk of non-fatal injuries. We also cannot 
conduct a causal study to examine if PVH directly causes long term conditions in children, as this 
study design would be inherently unethical. Children’s brains are also developing and may be more 
vulnerable. We are seeking expert guidance on whether children’s developing brains are more 
vulnerable to permanent damage than adults.  

In conclusion, there is worrying evidence of non-fatal injuries due to heatstroke. The costs 
associated with long term cognitive and organ dysfunction could be significantly larger than 
previously realised. Ultimately, CLIV is not only about the children that die from heatstroke, but also 
non-fatal injuries or delayed mortality. The contracting parties to the working group should consider 
this possibility, as there is growing evidence to support it. Lack of regulation or ineffective regulation 
may result in greater public scrutiny following the growing body of evidence.   

M Royds, A Nilar, D Kutschkin 
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