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Abstract: Background: This study aimed to assess the risk factors and the association of circulatory
failure with treatments, complications, outcomes, and resource utilization in hospitalized patients
for heatstroke in the United States. Methods: Hospitalized patients with a principal diagnosis of
heatstroke were identified in the National Inpatient Sample dataset from the years 2003 to 2014.
Circulatory failure, defined as any type of shock or hypotension, was identified using hospital
diagnosis codes. Clinical characteristics, in-hospital treatment, complications, outcomes, and resource
utilization between patients with and without circulatory failure were compared. Results: A total of
3372 hospital admissions primarily for heatstroke were included in the study. Of these, circulatory
failure occurred in 393 (12%) admissions. Circulatory failure was more commonly found in obese
patients, but less common in older patients aged ≥60 years. The need for mechanical ventilation,
blood transfusion, and renal replacement therapy were higher in patients with circulatory failure.
Hyperkalemia, hypocalcemia, metabolic acidosis, metabolic alkalosis, sepsis, ventricular arrhythmia
or cardiac arrest, renal failure, respiratory failure, liver failure, neurological failure, and hematologic
failure were associated with circulatory failure. The in-hospital mortality was 7.1-times higher in
patients with circulatory failure. The length of hospital stay and hospitalization costs were higher
when circulatory failure occurred while in the hospital. Conclusions: Approximately one out of
nine heatstroke patients developed circulatory failure during hospitalization. Circulatory failure was
associated with various complications, higher mortality, and increased resource utilizations.
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1. Introduction

Among all heat-related illness, heatstroke is the most severe spectrum of diseases defined by
a condition in which the core body temperature exceeds 40 ◦C following a tremendous environmental
heat load that overrides the body’s heat dissipation efforts [1]; it is accompanied by clinical central
nervous system dysfunction and/or other organ failures [2]. Heatstroke can be categorized based
on its cause as either classic or exertional heatstroke [1,3]. Classic heatstroke is commonly found
among the elderly whose thermoregulation mechanism is compromised. It is caused by an imbalance
between the absorption of environmental heat and heat dissipation. By contrast, exertional heatstroke
generally occurs among healthy young people who have engaged in strenuous physical activity during
periods of high temperature and humidity [4,5]. This heavy activity causes excessive heat production,
which overwhelms the heat-loss mechanism [6].

Approximately, heatstroke in the United States (U.S.) results in 4100 emergency department visits
per year, with most occurring during the summer and requiring hospitalization [7]. The mortality
rate ranges between 3–7% and is expected to rise in coming years due to climate change [8–10].
One of the fatal complications of heatstroke is circulatory failure resulting from prolonged hyperthermia,
which leads to physiological alterations and the dysregulation of inflammatory reactions. Several
mechanisms have been proposed as the pathogenesis of circulatory failure in heatstroke, including
hypovolemia, cardiac dysfunction, maldistribution of blood volume, and peripheral vascular failure [11].
In addition, circulatory failure was previously reported as a prognostic factor [9,10,12,13]. Therefore,
the early identification of patients with risk factors for circulatory failure, and prompt treatment among
them, might result in better outcomes. However, knowledge of the risk factors and the impact of
circulatory failure among patients with heatstroke remains limited.

This study aimed to assess the risk factors and the association of circulatory failure with treatments,
complications, outcomes, and resource use in patients hospitalized for heatstroke in the U.S.

2. Materials and Methods

2.1. Data Source

This cohort study was conducted using the 2003–2014 National Inpatient Sample (NIS) database.
The NIS is the largest all-payer inpatient database in the United States. A discharge data set from
a 20% stratified sample of hospitals in United States with the patient encounter-level information,
which includes principal and secondary diagnosis codes as well as procedure codes, are recorded in the
NIS. Sample weight is used to generate national estimates for hospitalization nationwide. The approval
from an institutional review board was exempted as the information was obtained from a de-identified
public database.

2.2. Study Population

All patients who were admitted in hospitals from 2003 to 2014 with a principal diagnosis of
heatstroke, based on International Classification of Diseases, Ninth Revision, Clinical Modification
(ICD-9 CM) diagnosis code of 992.0, were included. Heatstroke patients were categorized based on the
presence of circulatory failure during hospitalization. Circulatory failure, which was defined as any
type of shock or hypotension, was identified using ICD-9 diagnosis of 785.5 (shock without mention of
trauma), 785.50 (shock, unspecified), 785.59 (other shock without trauma, including hypovolemic shock),
785.51 (cardiogenic shock), 785.52 (septic shock), 458.8 (other specified hypotension), 458.9 (hypotension,
unspecified), and 796.3 (nonspecific low blood pressure reading).

2.3. Data Collection

Patient characteristics, treatments, complications, and outcomes during hospitalization were
identified using ICD-9 codes, as previously described ([14], Table S1). Patient characteristics included
age, sex, race, smoking, alcohol drinking, obesity, diabetes mellitus, hypertension, hypothyroidism,
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chronic kidney disease, coronary artery disease, congestive heart failure, and atrial flutter/fibrillation.
Treatments included invasive mechanical ventilation, blood component transfusion, and renal
replacement therapy. Complications and outcomes included electrolyte derangements (hyponatremia,
hypernatremia, hypokalemia, hyperkalemia, hypocalcemia, hypercalcemia, metabolic acidosis,
metabolic alkalosis), rhabdomyolysis, sepsis, gastrointestinal bleeding, ventricular arrhythmia or
cardiac arrest, end-organ failure (renal failure, respiratory failure, liver failure, neurological failure,
hematological failure), and in-hospital mortality. Resource utilization included length of hospital stay
and hospitalization cost.

2.4. Statistical Analysis

The total number of heatstroke patients was estimated using discharge-level weights provided
by the Healthcare Cost and Utilization Project (HCUP). Continuous variables were reported as
mean ± standard deviation and were compared using Student’s t-test. Categorical variables were
reported as counts with percentage and were compared using Chi-squared test. Multivariable logistic
regression with forward stepwise selection was performed to assess if there were clinical characteristics
independently associated with circulatory failure. The association of circulatory failure with treatments,
complications, and outcomes was assessed using logistic regression analysis, and with length of
hospital stay and hospitalization cost using linear regression analysis, with pre-specified adjustment
for age, sex, smoking, alcohol drinking, and comorbidities. A two-tailed p-value of less than 0.05 was
considered statistically significant. All analyses were two-tailed. Statistical significance was achieved
when p-value < 0.05. SPSS statistical software (version 22.0, IBM Corporation, Armonk, NY, USA) was
used for all analyses.

3. Results

3.1. Incidence of and Risk Factors for Circulatory Failure in Hospitalized Heatstroke Patients

A total of 3372 hospitalized heatstroke patients were included in analysis. Of these, 393 (12%)
developed circulatory failure in hospital. Table 1 compares clinical characteristics, in-hospital treatments,
complications, outcomes, and resource utilization between patients with and without circulatory
failure. In multivariable analysis (Table 2), obesity was independently associated with increased odds
of circulatory failure, while age ≥ 60 was associated with decreased odds of circulatory failure.

3.2. The Association of Circulatory Failure with In-Hospital Treatments, Complication, and Outcomes

In terms of in-hospital treatments, patients with circulatory failure had higher odds of receiving
invasive mechanical ventilation (OR 3.96; p < 0.001), blood component transfusion (OR 4.60;
p < 0.001), and renal replacement therapy (OR 3.70; p < 0.001) than patients without circulatory
failure. In terms of in-hospital complications and outcomes, circulatory failure was significantly
associated with hyperkalemia (OR 2.66; p < 0.001), hypocalcemia (OR 2.77; p < 0.001), metabolic
acidosis (OR 2.90; p < 0.001), metabolic alkalosis (OR 3.75; p = 0.001), sepsis (OR 3.93; p < 0.001),
gastrointestinal bleeding (OR 3.43; p = 0.006), ventricular arrhythmia/cardiac arrest (OR 4.45; p < 0.001),
renal failure (OR 2.03; p < 0.001), respiratory failure (OR 3.64; p < 0.001), liver failure (OR 3.27; p < 0.001),
neurological failure (OR 1.91; p < 0.001), and hematological failure (OR 2.70; p < 0.001). Patients with
circulatory failure had 7.1-times higher odds of in-hospital mortality than patients without circulatory
failure (p < 0.001).

3.3. Impact of Circulatory Failure on Resource Utilization

Compared with patients without circulatory failure, the mean length of hospital stay increased by
2.2 days (p < 0.001), and the mean hospitalization cost increased by $33,102 (p < 0.001) in patients with
circulatory failure (Table 3).
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Table 1. Clinical characteristics, in-hospital treatments, complications, outcomes, and resource
utilization in heatstroke patients.

Total Circulatory
Failure

No Circulatory
Failure p-Value

Clinical characteristics

N (%) 3372 393 (11.7) 2979 (88.3)
Age (years) 55 ± 22 51 ± 22 55 ± 22 <0.001

<20 218 (6.5) 38 (9.7) 180 (6.0)
20–39 654 (19.4) 68 (17.3) 586 (19.7)
40–59 1034 (30.7) 147 (37.4) 887 (29.8)
60–79 900 (26.7) 93 (23.7) 807 (27.1)
≥80 564 (16.7) 47 (12.0) 517 (17.4)

Male 2478 (73.6) 94 (23.9) 795 (26.7) 0.23
Race 0.04

Caucasian 1883 (55.8) 218 (55.5) 1665 (55.9)
African American 496 (14.7) 53 (13.5) 443 (14.9)

Hispanic 428 (12.7) 66 (16.8) 362 (12.2)
Other 565 (16.8) 56 (14.2) 509 (17.1)

Smoking 604 (17.9) 58 (14.8) 546 (18.3) 0.08
Alcohol drinking 270 (8.0) 38 (9.7) 232 (7.8) 0.20

Obesity 233 (6.9) 44 (11.2) 189 (6.3) <0.001
Diabetes Mellitus 562 (16.7) 57 (14.5) 505 (17.0) 0.22

Hypertension 1255 (37.2) 131 (33.3) 1124 (37.7) 0.09
Hypothyroidism 196 (5.8) 25 (6.4) 171 (5.7) 0.62

Chronic kidney disease 201 (6.0) 28 (7.1) 173 (5.8) 0.30
Coronary artery disease 389 (11.5) 40 (10.2) 349 (11.7) 0.37
Congestive heart failure 216 (6.4) 24 (6.1) 192 (6.4) 0.80
Atrial flutter/fibrillation 251 (7.4) 30 (7.6) 221 (7.4) 0.88

Treatment

Invasive mechanical ventilation 686 (20.3) 178 (45.3) 508 (17.1) <0.001
Blood component transfusion 169 (5.0) 62 (15.8) 107 (3.6) <0.001

Renal replacement therapy 75 (2.2) 26 (6.6) 49 (1.6) <0.001

Complication and outcomes

Hyponatremia 293 (8.7) 41 (10.4) 252 (8.5) 0.19
Hypernatremia 183 (5.4) 25 (6.4) 158 (5.3) 0.38
Hypokalemia 500 (14.8) 47 (12.0) 453 (15.2) 0.09
Hyperkalemia 134 (4.0) 34 (8.7) 100 (3.4) <0.001
Hypocalcemia 73 (2.2) 19 (4.8) 54 (1.8) <0.001
Hypercalcemia 37 (1.1) 6 (1.5) 31 (1.0) 0.39

Metabolic acidosis 472 (14.0) 116 (29.5) 356 (12.0) <0.001
Metabolic alkalosis 29 (0.9) 10 (2.5) 19 (0.6) <0.001

Rhabdomyolysis 1049 (31.1) 143 (36.4) 906 (30.4) 0.02
Gastrointestinal bleeding 54 (1.6) 21 (5.3) 33 (1.1) <0.001

Sepsis 149 (4.4) 49 (12.5) 100 (3.4) <0.001
Ventricular arrhythmia/cardiac arrest 95 (2.8) 33 (8.4) 62 (2.1) <0.001

Renal failure 1226 (36.4) 203 (51.7) 1023 (34.3) <0.001
Respiratory failure 550 (16.3) 147 (37.4) 403 (13.5) <0.001

Liver failure 196 (5.8) 58 (14.8) 138 (4.6) <0.001
Neurological failure 651 (19.3) 118 (30.0) 533 (17.9) <0.001

Hematological failure 449 (13.3) 108 (27.5) 341 (11.4) <0.001
In-hospital mortality 168 (5.0) 75 (19.1) 93 (3.1) <0.001

Resource utilization

Length of hospital stay (days) 4.3 ± 7.0 6.4 ± 10.6 4.0 ± 6.3 <0.001
Hospitalization cost ($) 35,335 ± 72,085 66,999 ± 120,863 31,140 ± 61,671 <0.001

Continuous variables are reported as mean ± standard deviation, categorical variables as counts (percentages).
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Table 2. Univariable and multivariable analysis assessing factors associated with circulatory failure in
heatstroke patients.

Variables
Univariable Analysis Multivariable Analysis

Crude Odds Ratio (95%CI) p-Value Adjusted Odds Ratio (95%CI) p-Value

Age (years)

<20 1.27 (0.86–1.88) 0.23 1.32 (0.89–1.95) 0.16
20–39 0.70 (0.52–0.95) 0.02 0.72 (0.53–0.97) 0.03
40–59 1 (reference) 1 (reference)
60–79 0.70 (0.53–0.92) 0.01 0.71 (0.54–0.94) 0.02
≥80 0.55 (0.39–0.78) 0.001 0.58 (0.41–0.81) 0.002

Male 1.16 (0.91–1.48) 0.24

Race

Caucasian 1 (reference)
African American 0.91 (0.67–1.26) 0.58

Hispanic 1.39 (1.03–1.88) 0.03
Other 0.84 (0.62–1.15) 0.27

Smoking 0.77 (0.58–1.04) 0.08
Alcohol drinking 1.27 (0.88–1.82) 0.20

Obesity 1.86 (1.32–2.63) <0.001 1.76 (1.24–2.50) 0.002
Diabetes Mellitus 0.83 (0.62–1.12) 0.22

Hypertension 0.83 (0.66–1.03) 0.09
Hypothyroidism 1.12 (0.72–1.72) 0.62

Chronic kidney disease 1.24 (0.82–1.88) 0.30
Coronary artery disease 0.42 (0.21–0.83) 0.01
Congestive heart failure 0.82 (0.41–1.62) 0.57
Atrial flutter/fibrillation 1.04 (0.58–1.87) 0.89

Table 3. The association of circulatory failure with in-hospital treatment, complications, outcomes,
and resource utilization in heatstroke patients.

Univariable Analysis Multivariable Analysis

Crude Odds Ratio (95% CI) p-Value Adjusted Odds Ratio * (95% CI) p-Value

Treatments

Invasive mechanical ventilation 4.03 (3.23–5.02) <0.001 3.96 (3.11–5.03) <0.001
Blood component transfusion 5.03 (3.60–7.01) <0.001 4.60 (3.25–6.53) <0.001

Renal replacement therapy 4.24 (2.60–6.90) <0.001 3.70 (2.15–6.35) <0.001

Complications and outcomes

Hyponatremia 1.26 (0.89–1.79) 0.19 1.28 (0.89–1.82) 0.18
Hypernatremia 1.21 (0.79–1.88) 0.39 1.19 (0.76–1.86) 0.44
Hypokalemia 0.76 (0.55–1.04) 0.09 0.79 (0.57–1.09) 0.14
Hyperkalemia 2.73 (1.82–4.09) <0.001 2.66 (1.76–4.04) <0.001
Hypocalcemia 2.75 (1.61–4.69) <0.001 2.77 (1.60–4.79) <0.001
Hypercalcemia 1.47 (0.61–3.56) 0.39 1.55 (0.62–3.86) 0.35

Metabolic acidosis 3.09 (2.42–3.94) <0.001 2.90 (2.25–3.73) <0.001
Metabolic alkalosis 4.07 (1.88–8.81) <0.001 3.75 (1.68–8.40) 0.001

Rhabdomyolysis 1.31 (1.05–1.63) 0.02 1.25 (0.99–1.58) 0.06
Sepsis 4.10 (2.86–5.88) <0.001 3.93 (2.70–5.73) <0.001

Gastrointestinal bleeding 5.04 (2.89–8.80) <0.001 3.43 (1.42–8.25) 0.006
Ventricular arrhythmia/cardiac arrest 4.31 (2.79–6.67) <0.001 4.45 (2.83–7.00) <0.001

Renal failure 2.04 (1.65–2.53) <0.001 2.03 (1.62–2.54) <0.001
Respiratory failure 3.82 (3.04–4.81) <0.001 3.64 (2.86–4.64) <0.001

Liver failure 3.56 (2.57–4.94) <0.001 3.27 (2.30–4.65) <0.001
Neurological failure 1.97 (1.56–2.49) <0.001 1.91 (1.50–2.42) <0.001

Hematological failure 2.93 (2.29–3.76) <0.001 2.70 (2.07–3.52) <0.001
In-hospital mortality 7.30 (5.28–10.11) <0.001 7.09 (5.04–9.96) <0.001

Coefficient (95% CI) p-value Adjusted coefficient (95% CI) p-value

Resource utilization

Length of hospital stay (days) 2.4 (1.6–3.1) <0.001 2.2 (1.4–2.9) <0.001
Hospitalization cost ($) 35,859 (28,330–43,388) <0.001 33,102 (25,596–40,609) <0.001

* Adjusted for age, sex, race, smoking, alcohol drinking, obesity, diabetes mellitus, hypertension, hypothyroidism,
and chronic kidney disease, chronic ischemic heart disease, congestive heart failure, and atrial flutter/fibrillation.
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4. Discussion

This is the largest cohort study demonstrating the impact of circulatory failure among heatstroke
patients in the US. We found that 12% of hospitalized heatstroke patients had circulatory failure.
The in-hospital mortality rate among hospitalized heatstroke patients with circulatory failure was 19.1%.
In addition, heatstroke patients with circulatory failure were at great risk for complications, including
metabolic ventricular arrhythmia, cardiac arrest, sepsis, gastrointestinal hemorrhage, metabolic
abnormalities, and other end-organ failures. Further, patients had a higher risk of invasive mechanical
ventilation, blood component transfusion, and renal replacement therapy. Obesity was associated
with higher odds of circulatory failure, while advanced age was associated with lower odds of
circulatory failure.

Circulatory failure is common among heatstroke patients. Our study demonstrated that patients
who experience circulatory failure have a 7-fold higher mortality rate than those who do not. Circulatory
failure is a well-known and significant factor for predicting deaths among the critically ill [15]. Several
previous studies have confirmed the impact of circulatory failure on death rates among heatstroke
patients [9,10,12,13]. Furthermore, circulatory failure not only affects mortality rates, it also results in
various consequent complications. The occurrence of circulatory failure might reflect an uncompensated
state in severe cases. Circulatory failure can result in a reduction of tissue perfusion and oxygen
delivery, causing a variety of complications. The disproportion between metabolic demand and oxygen
delivery during systemic inflammatory response in severe heatstroke may lead to type IV respiratory
failure requiring mechanical ventilation [16]. In addition, hypovolemia coexisting with myocardial
dysfunction in severe cases may enhance the deterioration of renal blood flow, leading to acute kidney
injury [17,18].

In terms of the gastrointestinal tract, hemodynamic change, hypotension, and vasopressor use
may reduce microcirculation flow of the gastrointestinal tract. During circulatory failure, there is
systemic vasoconstriction of the arteriolar resistance vessels throughout the body, especially mesenteric
vasoconstriction, to increase the circulating blood volume into the systemic circulation [19]. In addition
to activation of the sympathetic nervous system, the angiotensin II receptors of the mesenteric
vascular resistance smooth muscle have a 5-fold affinity for angiotensin II. Thus gastrointestinal
perfusion is often compromised early relative to other vascular beds during circulatory failure [20].
The hypoperfusion along the gastrointestinal tract can lead to the dysfunction of several protective
mechanisms causing stress-related mucosal ulcers and gastrointestinal hemorrhage [21]. In addition,
an increase of catecholamine tone during cardiovascular collapse, combined with extensive muscle
injury-induced electrolyte abnormalities, might also enhance ventricular arrhythmia and cardiac
arrest [22,23]. These complications result in longer hospital stays and require more invasive treatments,
which may, in turn, increase the risk of hospital-acquired infection and sepsis. Finally, complications
from circulatory failure, such as multiorgan failures, electrolyte abnormalities, and cardiac arrhythmia,
may also result in cardiac dysfunction. This vicious cycle cannot be explicitly concluded as the cause
and effect of these complications with circulatory failure.

In this study, we demonstrated that obesity was associated with higher odds of circulatory
failure. Obese patients tend to have higher heat production accompanied by insulator characteristics
of adipose tissue. Higher sweat rates may be required to help dissipate the excess heat, as in previous
reports [24]. These higher sweat rates lead to water and salt loss. This loss, combined with systemic
inflammatory response syndrome from prolonged hyperthermia, results in cardiovascular collapse and
circulatory failure [25,26]. Circulatory failure in heatstroke may be induced by several mechanisms,
including hypovolemia caused by severe dehydration, heat stress-induced myocardial dysfunction,
and the pooling of blood volume at the periphery [11]. In addition to common mechanisms, exertional
heatstroke seems to have a higher risk of hemodynamic compromise due to right ventricular dysfunction,
which was not found in non-exertional heatstroke [18,27]. An animal study demonstrated metabolic
dysfunction in the myocardium following exertional heatstroke [28]. These mechanisms might explain
why younger patients who tend to suffer from exertional heatstroke are at higher risk of developing
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circulatory failure, while elderly heatstroke patients may be susceptible to non-exertional heatstroke,
which is less likely to develop circulatory failure than exertional heatstroke.

This study has some limitations. First, the study may not detect patients whose condition is
complicated with circulatory failure at the scene, since the NIS database is hospital-based. We may
underestimate the impact of circulatory failure if patients are not admitted, or if they fully recover from
cardiovascular collapse before admission. Moreover, we could not demonstrate information prior to
hospital admission, such as the onset of heatstroke, and the long-term sequelae of circulatory failure
among heatstroke patients. Given the structure of the NIS database, we could only show short-term
complications and outcomes during their hospital stays. Finally, the study could not demonstrate
differences in outcomes regarding the type of heatstroke.

5. Conclusions

In conclusion, approximately one out of nine heatstroke patients developed circulatory failure
during hospitalization. Circulatory failure is associated with various complications, higher mortality
rates, and increased resource use. Early detection, prompt treatment, and close monitoring of these
complications might lower mortality and decrease resource use.

Author Contributions: Conceptualization, T.B., C.T., T.P., W.C. and W.K.; data curation, T.B. and W.K.; formal
analysis, W.K.; investigation, T.B., C.T., W.C. and W.K.; methodology, T.B., C.T., A.C., W.C., S.V. and W.K.; project
administration, A.C. and B.B.; resources, B.B. and R.C.; software, W.K.; supervision, C.T., T.P., A.C., W.C., R.C., N.P.
and S.V.; validation, W.K.; visualization, T.B., T.P., B.B. and N.P.; writing—original draft, T.B.; writing—review and
editing, T.B., C.T., T.P., A.C., W.C., B.B., S.V. and W.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lian, P.; Braber, S.; Garssen, J.; Wichers, H.J.; Folkerts, G.; Fink-Gremmels, J.; Varasteh, S. Beyond Heat
Stress: Intestinal Integrity Disruption and Mechanism-Based Intervention Strategies. Nutrients 2020, 12, 734.
[CrossRef] [PubMed]

2. People’s Liberation Army Professional Committee of Critical Care Medicine. Expert consensus on
standardized diagnosis and treatment for heat stroke. Mil. Med. Res. 2016, 3, 1.

3. Ogden, H.B.; Child, R.B.; Fallowfield, J.L.; Delves, S.K.; Westwood, C.S.; Layden, J.D. The Gastrointestinal
Exertional Heat Stroke Paradigm: Pathophysiology, Assessment, Severity, Aetiology and Nutritional
Countermeasures. Nutrients 2020, 12, 537. [CrossRef] [PubMed]

4. Douma, M.J.; Aves, T.; Allan, K.S.; Bendall, J.C.; Berry, D.C.; Chang, W.T.; Epstein, J.; Hood, N.; Singletary, E.M.;
Zideman, D.; et al. First aid cooling techniques for heat stroke and exertional hyperthermia: A systematic
review and meta-analysis. Resuscitation 2020, 148, 173–190. [CrossRef]

5. Shimada, T.; Miyamoto, N.; Shimada, Y.; Watanabe, M.; Shimura, H.; Ueno, Y.; Yamashiro, K.; Hattori, N.;
Urabe, T. Analysis of Clinical Symptoms and Brain MRI of Heat Stroke: 2 Case Reports and a Literature
Review. J. Stroke Cerebrovasc. Dis. 2020, 29, 104511. [CrossRef]

6. Mitchell, K.M.; Cheuvront, S.N.; King, M.A.; Mayer, T.A.; Leon, L.R.; Kenefick, R.W. Use of the heat tolerance
test to assess recovery from exertional heat stroke. Temperature 2019, 6, 106–119. [CrossRef]

7. Wu, X.; Brady, J.E.; Rosenberg, H.; Li, G. Emergency Department Visits for Heat Stroke in the United States,
2009 and 2010. Inj. Epidemiol. 2014, 1, 8. [CrossRef]

8. Abdelmoety, D.A.; El-Bakri, N.K.; Almowalld, W.O.; Turkistani, Z.A.; Bugis, B.H.; Baseif, E.A.; Melbari, M.H.;
AlHarbi, K.; Abu-Shaheen, A. Characteristics of Heat Illness during Hajj: A Cross-Sectional Study.
Biomed Res. Int. 2018, 2018, 5629474. [CrossRef]

9. Argaud, L.; Ferry, T.; Le, Q.H.; Marfisi, A.; Ciorba, D.; Achache, P.; Ducluzeau, R.; Robert, D. Short- and
long-term outcomes of heatstroke following the 2003 heat wave in Lyon, France. Arch. Intern. Med. 2007,
167, 2177–2183. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/nu12030734
http://www.ncbi.nlm.nih.gov/pubmed/32168808
http://dx.doi.org/10.3390/nu12020537
http://www.ncbi.nlm.nih.gov/pubmed/32093001
http://dx.doi.org/10.1016/j.resuscitation.2020.01.007
http://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2019.104511
http://dx.doi.org/10.1080/23328940.2019.1574199
http://dx.doi.org/10.1186/2197-1714-1-8
http://dx.doi.org/10.1155/2018/5629474
http://dx.doi.org/10.1001/archinte.167.20.ioi70147
http://www.ncbi.nlm.nih.gov/pubmed/17698677


Medicines 2020, 7, 32 8 of 8

10. Hifumi, T.; Kondo, Y.; Shimazaki, J.; Oda, Y.; Shiraishi, S.; Wakasugi, M.; Kanda, J.; Moriya, T.; Yagi, M.;
Ono, M.; et al. Prognostic significance of disseminated intravascular coagulation in patients with heat stroke
in a nationwide registry. J. Crit. Care. 2018, 44, 306–311. [CrossRef]

11. Vera, Z.A.; Cross, C.E. Cardiovascular alterations in heat stroke. Chest 1993, 103, 987–988. [CrossRef]
[PubMed]

12. Hausfater, P.; Megarbane, B.; Dautheville, S.; Patzak, A.; Andronikof, M.; Santin, A.; Andre, S.; Korchia, L.;
Terbaoui, N.; Kierzek, G.; et al. Prognostic factors in non-exertional heatstroke. Intensive Care Med. 2010, 36,
272–280. [CrossRef] [PubMed]

13. Misset, B.; De Jonghe, B.; Bastuji-Garin, S.; Gattolliat, O.; Boughrara, E.; Annane, D.; Hausfater, P.;
Garrouste-Orgeas, M.; Carlet, J. Mortality of patients with heatstroke admitted to intensive care units during
the 2003 heat wave in France: A national multiple-center risk-factor study. Crit. Care Med. 2006, 34, 1087–1092.
[CrossRef] [PubMed]

14. Bathini, T.; Thongprayoon, C.; Chewcharat, A.; Petnak, T.; Cheungpasitporn, W.; Boonpheng, B.;
Prasitlumkum, N.; Chokesuwattanaskul, R.; Vallabhajosyula, S.; Kaewput, W. Acute Myocardial Infarction
among Hospitalizations for Heat Stroke in the United States. J. Clin. Med. 2020, 9, 1357. [CrossRef]

15. Vincent, J.L.; Moreno, R.; Takala, J.; Willatts, S.; De Mendonca, A.; Bruining, H.; Reinhart, C.K.; Suter, P.M.;
Thijs, L.G. The SOFA (Sepsis-related Organ Failure Assessment) score to describe organ dysfunction/failure.
On behalf of the Working Group on Sepsis-Related Problems of the European Society of Intensive Care
Medicine. Intensive Care Med. 1996, 22, 707–710. [CrossRef]

16. Varghese, G.M.; John, G.; Thomas, K.; Abraham, O.C.; Mathai, D. Predictors of multi-organ dysfunction in
heatstroke. Emerg. Med. J. 2005, 22, 185–187. [CrossRef]

17. Sprung, C.L. Hemodynamic alterations of heat stroke in the elderly. Chest 1979, 75, 362–366. [CrossRef]
18. al-Harthi, S.S.; Nouh, M.S.; al-Arfaj, H.; Qaraquish, A.; Akhter, J.; Nouh, R.M. Non-invasive evaluation of

cardiac abnormalities in heat stroke pilgrims. Int. J. Cardiol. 1992, 37, 151–154. [CrossRef]
19. Ceppa, E.P.; Fuh, K.C.; Bulkley, G.B. Mesenteric hemodynamic response to circulatory shock. Curr. Opin.

Crit. Care 2003, 9, 127–132. [CrossRef]
20. Ackland, G.; Grocott, M.P.; Mythen, M.G. Understanding gastrointestinal perfusion in critical care: So near,

and yet so far. Crit. Care 2000, 4, 269–281. [CrossRef]
21. Laine, L.; Takeuchi, K.; Tarnawski, A. Gastric mucosal defense and cytoprotection: Bench to bedside.

Gastroenterology 2008, 135, 41–60. [CrossRef] [PubMed]
22. Chen, W.T.; Lin, C.H.; Hsieh, M.H.; Huang, C.Y.; Yeh, J.S. Stress-induced cardiomyopathy caused by heat

stroke. Ann. Emerg. Med. 2012, 60, 63–66. [CrossRef] [PubMed]
23. Wakino, S.; Hori, S.; Mimura, T.; Fujishima, S.; Hayashi, K.; Inamoto, H.; Saruta, T.; Aikawa, N. Heat stroke

with multiple organ failure treated with cold hemodialysis and cold continuous hemodiafiltration: A case
report. Ther. Apher. Dial. 2005, 9, 423–428. [CrossRef] [PubMed]

24. Chung, N.K.; Pin, C.H. Obesity and the occurrence of heat disorders. Mil. Med. 1996, 161, 739–742. [CrossRef]
[PubMed]

25. Huisse, M.G.; Pease, S.; Hurtado-Nedelec, M.; Arnaud, B.; Malaquin, C.; Wolff, M.; Gougerot-Pocidalo, M.A.;
Kermarrec, N.; Bezeaud, A.; Guillin, M.C.; et al. Leukocyte activation: The link between inflammation and
coagulation during heatstroke. A study of patients during the 2003 heat wave in Paris. Crit. Care Med. 2008,
36, 2288–2295. [CrossRef] [PubMed]

26. Bouchama, A.; Knochel, J.P. Heat stroke. N. Engl. J. Med. 2002, 346, 1978–1988. [CrossRef] [PubMed]
27. O’Donnell, T.F., Jr.; Clowes, G.H., Jr. The circulatory abnormalities of heat stroke. N. Engl. J. Med. 1972, 287,

734–737. [CrossRef]
28. Laitano, O.; Garcia, C.K.; Mattingly, A.J.; Robinson, G.P.; Murray, K.O.; King, M.A.; Ingram, B.;

Ramamoorthy, S.; Leon, L.R.; Clanton, T.L. Delayed metabolic dysfunction in myocardium following
exertional heat stroke in mice. J. Physiol. 2020, 598, 967–985. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jcrc.2017.12.003
http://dx.doi.org/10.1378/chest.103.4.987
http://www.ncbi.nlm.nih.gov/pubmed/8131512
http://dx.doi.org/10.1007/s00134-009-1694-y
http://www.ncbi.nlm.nih.gov/pubmed/19841896
http://dx.doi.org/10.1097/01.CCM.0000206469.33615.02
http://www.ncbi.nlm.nih.gov/pubmed/16484920
http://dx.doi.org/10.3390/jcm9051357
http://dx.doi.org/10.1007/BF01709751
http://dx.doi.org/10.1136/emj.2003.009365
http://dx.doi.org/10.1378/chest.75.3.362
http://dx.doi.org/10.1016/0167-5273(92)90202-E
http://dx.doi.org/10.1097/00075198-200304000-00008
http://dx.doi.org/10.1186/cc709
http://dx.doi.org/10.1053/j.gastro.2008.05.030
http://www.ncbi.nlm.nih.gov/pubmed/18549814
http://dx.doi.org/10.1016/j.annemergmed.2011.11.005
http://www.ncbi.nlm.nih.gov/pubmed/22153997
http://dx.doi.org/10.1111/j.1744-9987.2005.00321.x
http://www.ncbi.nlm.nih.gov/pubmed/16202019
http://dx.doi.org/10.1093/milmed/161.12.739
http://www.ncbi.nlm.nih.gov/pubmed/8990832
http://dx.doi.org/10.1097/CCM.0b013e318180dd43
http://www.ncbi.nlm.nih.gov/pubmed/18664784
http://dx.doi.org/10.1056/NEJMra011089
http://www.ncbi.nlm.nih.gov/pubmed/12075060
http://dx.doi.org/10.1056/NEJM197210122871502
http://dx.doi.org/10.1113/JP279310
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Data Source 
	Study Population 
	Data Collection 
	Statistical Analysis 

	Results 
	Incidence of and Risk Factors for Circulatory Failure in Hospitalized Heatstroke Patients 
	The Association of Circulatory Failure with In-Hospital Treatments, Complication, and Outcomes 
	Impact of Circulatory Failure on Resource Utilization 

	Discussion 
	Conclusions 
	References

