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Abstract

This brief review is based on a President’s Lecture presented at the Annual Meeting of the

American College of Sports Medicine in 2013. The purpose of this review is to assess the effects

of climate change and consequent increases in environmental heat stress on the aging

cardiovascular system. The earth’s average global temperature is slowly but consistently

increasing, and along with mean temperature changes come increases in heat wave frequency and

severity. Extreme passive thermal stress resulting from prolonged elevations in ambient

temperature, as well as prolonged physical activity in hot environments, creates a high demand on

the left ventricle to pump blood to the skin to dissipate heat. Even healthy aging is accompanied

by altered cardiovascular function, which limits the extent to which older individuals can maintain

stroke volume, increase cardiac output, and increase skin blood flow when exposed to

environmental extremes. In the elderly, the increased cardiovascular demand during heat waves is

often fatal due to increased strain on an already compromised left ventricle. Not surprisingly,

excess deaths during heat waves 1) occur predominantly in older individuals and 2) are

overwhelmingly cardiovascular in origin. Increasing frequency and severity of heat waves coupled

with a rapidly growing at-risk population dramatically increases the extent of future untoward

health outcomes.
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Introduction

The earth’s climate is warming, with global mean temperature increasing by 0.74°C from

between the years of 1906 and 2005 (34). Humans are tropical animals, and therefore

capable of surviving in, and adapting to, such relatively small changes in mean ambient

temperatures. However, as mean global temperature rises, the frequency, severity, and

relative length of heat waves increase (53). Heat waves can be functionally defined as an

extended period of days with higher than normal temperatures. Prolonged exposure to high
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ambient temperatures induces a substantial stress on the human cardiovascular system. And

while human beings are capable of withstanding extremely high temperatures for short

periods of time, the cardiovascular strain induced by prolonged heat exposure contributes

negatively to health outcomes. Indeed during a heat wave, most of the excess morbidity and

mortality are not directly heat-related, but are cardiovascular in origin, brought about by the

increased cardiovascular challenge associated with thermoregulatory responses to heat stress

(65).

Elderly individuals, even in the absence of overt cardiovascular disease, are the most

vulnerable population during prolonged environmental heat exposure, experiencing

significantly worse health outcomes than any other age cohort. Individuals older than 65

years comprise a majority of the extra emergency room visits and deaths during heat waves

(16, 58). The global population of aged individuals is rapidly growing (1), meaning that an

increasingly larger subset of the population will be susceptible to illness and death as

climatic temperature continues to rise.

To defend against increasing core temperature, humans increase skin blood flow and sweat

rate to dissipate heat. These effector responses are necessary for thermoregulation but place

a great demand on the cardiovascular system by necessitating a relatively large increase in

cardiac output (47, 57). Decrements in skin blood flow are also observed and compounded

with pathologies including hypertension (9, 30, 31) and hypercholesterolemia (27, 29), as

well as with common medications used in the primary and secondary prevention of

cardiovascular disease (26, 28). Even healthy aging is associated with an attenuated rise in

skin blood flow (39) and decreased sweat gland output (2) in response to heat stress, but the

integrated response to heat stress still places a great burden on a compromised (decreased β-

adrenergic responsiveness) left ventricle.

The purpose of this review is to discuss the effect of heat stress on the aging cardiovascular

system and, within that context, the projected effects of global warming on human

cardiovascular health. This brief review is based on a President’s Lecture presented at the

60th Annual Meeting of the American College of Sports Medicine in 2013.

Climate Change

Climate change and global warming are (pardon the pun) hot topics, with their fair share of

political controversy with respect to causation. There is little controversy, however, that over

the past several decades the average temperature of the earth has been steadily increasing

(34). The year 2012 was the hottest year on record in the United States and one of the 10

warmest in global history (50). In fact, all 10 of the warmest years on record have occurred

within the last 15 years (18). October 2012 was the 332nd consecutive month with above-

average global temperatures (50). This means that, as of the end of 2013, anyone born after

April of 1985 has never experienced a month with below-average temperatures (18).

Summers categorized as “hot,” which occurred 33% of the time from 1950 to 1981, now

occur 75% of the time (20). James Hansen, of the NASA Goddard Institute for Space

Studies and an adjunct professor in the Department of Earth and Environmental Sciences at

Columbia University, has used the term “climate dice” to describe this change in the
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frequency of hot weather. In this analogy, each side of a die represents a temperature range.

In a normally distributed climate, average weather, cold weather, and hot weather would

each be represented by two sides of the die. As the outcome of rolling a die is random, the

probability of average, warm, or cool weather would be equal over the long term. With

climate change, the sides of the die have changed. Only one side now represents cool

weather, one side represents average weather and four sides signify warmer than average

weather; Hansen describes this as “loaded dice”. With climate change there will still be

variability in temperature and cool weather will still occur, but it will occur much less

frequently than warm weather (21). Evaluation of seasonal temperatures supports the

increased frequency of warm weather. In the United States from 1990 to 2010, 16 of 20

winters and 15 of 20 summers were warmer than the 1951–1980 average. For the same time

period in Europe, 16 of 20 winters and 19 of 20 summers have been above average in

temperature (19). Along with proportionally warmer weather, more record high

temperatures are also being set. Since the year 2000, record high temperatures have occurred

twice as often as record low temperatures (46). As these data clearly illustrate, the earth’s

climate is warming well above normal historical temperatures. But what does that mean for

human health, especially among the elderly?

Heat Wave Frequency and Severity

Accompanying the rise in average global temperatures is a rise in the frequency and severity

of heat waves. Over the past several decades, the frequency, duration, and severity of heat

waves has increased (53). From 1951 to 1980, environmental heat waves covered on average

0.1 percent to 0.2 percent of the earth’s surface at any given time; from 1981 to 2010, 10

percent of the planet experiences a heat wave at a given point in time (20). This means that

the occurrence of a heat wave has been 50 to 100 times more likely over the last three

decades. To account for this increase in heat wave frequency, one side of Hansen’s climate

die has now changed from “warm” to “extremely hot” weather (21).

Numerous computer models predict that the frequency, intensity, and duration of heat waves

will continue to increase over the course of the century. Meehl and Tebaldi predict a 25–

30% increase in the number of heat waves per year along, accompanied by an increased heat

wave duration (45). Nakano et al. predict an increase of more than 22 extra heat wave days

per year in Japan (48). Hayhoe et al. predict that by the end of the 21st century, extremely

deadly heat waves will occur in the city of Chicago as frequently as every three months (23,

59).

Our Aging Population

The population of the world is rapidly aging. The number of people age 65 and over in the

United States has increased from 35 million in 2000 to over 41 million in 2011 and this

segment of the population is projected to increase to nearly 80 million by the year 2040 (1).

By 2050, there will be more people over 60 years old than under 15 years old in the world

for the first time ever (64). To go along with the increase in the number of aged people, the

“very old” population is also increasing. The number of people 80 years old and above is
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increasing at the rate of 3.8% per year, which makes them the fastest growing age group

across the world (64).

The increasing number of aged people increases health concerns during periods of elevated

ambient temperatures. People over the age of 65 years exhibit disproportionately larger

increases in mortality during heat waves than younger individuals, with the majority of

excess deaths during heat waves occurring in the elderly (10). With the rapidly growing

number of older individuals on the planet, the number of people at risk of dying during a

heat wave increases. With an expanded at-risk population there exists the potential for a

greater number of casualties during any single heat wave.

Daily Heat, Heat Waves, and Mortality

Humans evolved from tropical climates and are capable of withstanding even extremely

high environmental temperatures – temperatures exceeding 200 °F -- (6) provided that (1)

they can produce enough sweat, (2) the environment permits evaporation of that sweat, and

(3) there is no direct contact with hot surfaces. However, physiological homeostasis in such

extreme temperatures is only sustainable for short periods of time.

Despite the ability to tolerate extreme heat stress for short periods of time, prolonged

moderate heat stress, such as that observed during a heat wave, represents a different set of

stressors, and prolonged warm environmental temperatures are associated with an increased

risk of mortality. For example, temperatures above the 90th percentile in California were

found to increase risk of excess mortality by 4.3% for every 5.6°C increase in apparent

temperature (4). [Note: Apparent temperature is a temperature index that combines the

effects of air temperature, relative humidity and wind speed.] In 15 European cities, an

increase in apparent temperature of 1°C above a threshold temperature unique to each city

was associated with a 3.12% increase in mortality in Mediterranean cities and a 1.84%

increase in mortality in northern European cities (3).

While elevated daily temperatures increase the mortality rate, severe heat waves – several

consecutive days of hot weather -- cause much greater increases in mortality. Two different

heat waves within the past 20 years received considerable attention due to innovations in

recording morbidity and mortality statistics. In the summer of 1995, the Chicago heat wave

was notable because minimum apparent temperatures remained above 31.5°C for two days

(36). This very high minimum temperature prevented recovery from heat stress at night.

Instead, the heat stress was continuous throughout the day and night. There were

approximately 700 excess deaths during the Chicago heat wave compared to the same period

of time in the previous year (67).

In the European heat wave centered around France in August 2003, temperatures were

elevated by 11°C above the seasonal average for nine consecutive days. In total, the French

heat wave is estimated to have caused almost 15,000 excess deaths over approximately one

month (17, 24, 63). Excess deaths began to occur three days after the start of the heat wave

and mortality returned to normal four days after conclusion of the heat wave (17),

demonstrating that is takes a prolonged period of time with elevated temperatures to increase

mortality (Fig. 1).
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It is hypothesized that the increase in mortality during heat waves, such as those in Chicago

and France, may be reflect a harvesting effect. Harvesting, or mortality displacement, means

that the excess deaths during a heat wave occur in frail individuals whose death was only

slightly expedited by the heat wave. The excess mortality is then counteracted by periods of

reduced mortality following the heat wave. No clear consensus has been reach on the

magnitude of the harvesting effect during heat waves. Some have reported that nearly all

deaths during times of extreme temperature are accounted for by mortality displacement (7)

while others have reported no mortality displacement (4, 8). It is possible that the wide

variation between studies is due to differences in preparedness for managing public health

during heat waves among the cities studied. Differences in intensity and duration of heat

waves also likely determine the degree of harvesting. A moderate harvesting effect of

approximately 30% is often observed, especially when examining very severe heat waves or

looking at large, varied populations (3, 35, 63). This suggests that some deaths during heat

waves occur in those who were in poor health and had only a brief period left to live but that

a majority of deaths during heat waves occur in those with a normal remaining life

expectancy.

Clearly, determinants of mortality during heat waves are not all physiological. Socio-

economic status and living conditions undoubtedly play a major role in mortality during heat

waves. Odds of death during a heat wave are increased if one is elderly, is confined to bed,

sleeps on the top floor of a building, lacks thermal insulation, or resides inside an urban heat

island (49, 59, 65). In the French heat wave of 2003, excess mortality rates in deprived areas

of Paris were twice as high as those in privileged areas of Paris (55). While being frail, sick,

or living in an underprivileged region during a heat wave increase risk of death, there are

countermeasures that decrease the risk of mortality during a heat wave. Dressing in light

clothing, hydrating, owning air conditioning, having access to transportation, and having

nearby social contacts are all associated with decreased mortality (49, 59, 65). Preparedness

of residents or of a city to deal with severe heat waves can also affect mortality. Chicago

experienced a heat wave in 1999 that was meteorologically very similar to the 1995 heat

wave; however, in 1999 there were only 114 excess deaths compared to 700 in 1995 (52).

Part of the drop in mortality is attributed to increased public awareness and an improved

municipal response (52). Other interventions such as cooling centers have not been shown to

be protective due to underutilization (49). Regardless, steps can be taken to protect the most

vulnerable populations, such as the old and sick, during heat waves to limit mortality.

Cause of Death during Heat Waves

Direct heat related fatalities, such as death from heat stroke, number approximately 120 per

year in the United States, which is more than any other individual environmental causes

including death from cold, flooding, tornados, hurricanes, and lightning (51). However, the

number of deaths linked to periods of excess heat or heat waves is much greater than those

attributable to heat stroke. For example, the August 2003 heat wave in Europe resulted in

15,000 excess deaths in France alone and as many as 70,000 excess deaths across all of the

European continent (17, 24, 56, 63). The Chicago 1995 heat wave registered an average of

241 excess deaths per day, far outnumbering the average annual United States heat fatalities

in a single day (35).
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The reason for this difference between direct heat deaths and overall heat wave mortality is

that direct effects of heat alone are not the primary cause of death for most of the excess

deaths during heat waves. Of the excess deaths in the Chicago heat wave, only 4.7% listed

excessive heat (i.e., heat stroke or hyperpyrexia) as the primary cause of death on death

certificates, another 28.1% listed heat as a contributing cause, while 93.7% of excess deaths

documented an underlying cardiovascular cause (Fig. 2) (35).

Evaluation of deaths during two heat waves in Milwaukee likewise revealed cardiovascular

disease as the primary cause of death in 51% and 64% of the deaths in the two heat waves,

respectively (66). Although the vast majority of excess deaths during a heat wave are

cardiovascular in origin, associated physiological strain on other systems contributes to the

elevated mortality too. An increase in respiratory deaths (12, 33) and cerebrovascular deaths

(12) also contribute to the increased mortality during heat waves that were not directly

attributed to hyperthermia. Overall, there is a substantial increase excess death during heat

waves, but heat-related illness only contributes moderately to the increased mortality.

Cardiovascular causes form the majority of contributing factors to excess deaths, especially

so in the elderly.

Heat Stress and Cardiovascular Strain in the Elderly

Older humans have a much greater mortality risk during heat waves (59, 65). Death from

excessive environmental heat affects adults above age 50 at a higher rate than adults below

50, with the rate increasing exponentially beyond that point (15). In some instances, over

90% of excess deaths during heat waves occur in the elderly (10). As most deaths during

heat waves are cardiovascular in origin, the complex reasons for higher mortality in the aged

can, at least in part, be understood by examining the cardiovascular responses of older and

young apparently healthy human subjects to passive heat stress.

The integrated cardiovascular responses of young, healthy men to passive supine heat stress

were eloquently described by Rowell in the 1960s. By increasing skin temperature to 40.5°C

using a water-perfused suit, Rowell saw a doubling of resting cardiac output, slightly

increased stroke volume, and a redistribution of blood flow from the splanchnic and renal

circulations to the skin. Interestingly, despite a profound reduction in right atrial mean

pressure to almost zero, mean arterial pressure was well maintained and inotropic function

of the heart increased (57). Together these data demonstrated that blood volume is

redistributed from the central to peripheral circulations to aid in thermoregulation (11) at the

expense of increased ventricular work to pump blood in light of a profoundly reduced filling

pressure (Fig. 3).

Healthy older humans have an altered cardiovascular response to heat stress compared to

their younger counterparts. During passive heating to the limits of thermal tolerance, young

subjects increased cutaneous blood flow by ~5,800 ml/min compared to an increase of only

2,700 ml/min in older subjects (47). The increase in skin blood flow in young subjects came

from both increased cardiac output (4,800 ml/min) and a redistribution of blood from both

the splanchnic and renal circulations (1,000 ml/min). In contrast, 70 year-old subjects had an

attenuated increase in cardiac output (2,000 ml/min) coupled with a reduction in the ability
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to redistribute blood flow from the splanchnic and renal circulations (700 ml/min) (47) (Fig.

4).

One reason for the attenuated increase in cardiac output during passive heating in older

subjects is because of their lack of ability to maintain stroke volume. With prolonged

passive heating, central venous pressure (CVP) falls similarly in aged and young subjects

(Fig. 5A) (47). The young subjects were able to maintain or slightly increase stroke volume

by increasing contractility, whereas stroke volume declined progressively in the older

subjects. While the absolute heart rate response was similar in both age groups, heart rate as

a percentage of maximum was higher in the older individuals at any given CVP (Fig. 5B).

Thus, the older subjects relied on a greater percentage of their heart rate reserve to increase

cardiac output during whole body heat stress (47). In the aged there is excess central

cardiovascular strain as well as an attenuated increase in thermoregulatory skin blood flow.

With such changes evident in apparently healthy older men free from overt heart disease,

such increases in myocardial oxygen demand may prompt untoward events in those with

clinical or subclinical disease.

Along with a drop in cutaneous perfusion, aging is associated with a decreased sweat rate

(60) and decreased sweat output per gland (2). Regional sweating patterns also change with

aging, with the largest reductions in sweating occurring in the abdomen and less significant

reductions occurring in the lower back, thigh, and arm (60). An attenuated evaporative heat

loss results in greater heat storage in older men and women (41, 42) which can exacerbate

the cardiovascular strain described above. Even though the sweating response in the aged is

often attenuated, prolonged sweating during long duration heat stress causes a significant

reduction in plasma volume. This fall precipitates increases in red blood cell and neutrophil

counts as well as increased plasma viscosity. Heat stress also causes the release of extra

platelets into the circulation. These changes in blood properties contribute to increased

susceptibility to cardiovascular death due to acute coronary events (37).

One method for assessing cardiovascular strain and damage during heat stress is by

measuring the enzyme cardiac troponin I (cTnI). When myocardial cell are damaged, cTnI is

released into the bloodstream (43). Cardiac troponin I is elevated when examined

postmortem in hyperthermia-related mortalities (68), indicating myocardial damage

associated with the severe heat stress. cTnI has also been found to be elevated in aged

subjects with non-exertional heat related illnesses (13, 22). An increase in cTnI is associated

with decreased survival from a heat illness and is an independent prognostic factor for

survival (Fig. 6) (13, 22). This association provides evidence for myocardial damage being a

contributing factor in deaths in the elderly during heat waves. Even a modest increase in

core temperature (below the clinical criteria for heat stroke 40°C) can cause myocardial

damage.

Changes in Aged Skin

The ability to maintain core temperature during heat stress is in part dependent upon

increasing cutaneous blood flow. When examining the integrated cardiovascular response to

passive whole body heating, skin blood flow has been calculated to increase to 7–8 L/min in
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young subjects (57). With healthy aging, there is an attenuated skin blood flow response to

passive, whole-body heating (40, 47). While central cardiovascular changes with aging

contribute to the reduction in skin blood flow (47), there are also peripheral limitations to

reflex cutaneous vasodilation. Nitric oxide (NO) is a potent vasodilator that is required for

full expression of reflex vasodilation and contributes directly to approximately 30–40% of

the cutaneous vasodilatory response in young skin (25, 38). Even though NO bioavailability

is decreased in aged vasculature, aged humans rely primarily on compromised NO-mediated

mechanisms to increase skin blood flow during heat stress (25). The reason for the increased

dependency on NO-mediated vasodilation in aged skin is the decreased contribution of

cholinergic co-transmitter(s) to reflex vasodilation (25).

Many peripheral factors contribute to the decreased NO bioavailability in aged human

vasculature. In human skin there is upregulation of the enzyme arginase which preferentially

utilizes the common NO-synthase (NOS) substrate, L-arginine, to produce urea and L-

ornithine (31). Either localized supplementation of L-arginine or inhibition on arginase

augments reflex cutaneous vasodilation in aged skin (31). Aging is also associated with

increased oxidative stress including increased superoxide production from a variety of

enzymatic and non-enzymatic sources. Superoxide reacts with NO to form peroxynitrite

(OONO–) than is degraded by superoxide dismutase (5). This reaction decreases NO

bioavailability and functionally reduces vasodilation. Moreover free radical species can also

uncouple the NOS dimer which further decreases NO production and increases superoxide

synthesis (30). Short term antioxidant supplementation (ascorbate) serves to quench free

radicals and increase reflex vasodilation in aged skin (30). However, ascorbate is a

generalized antioxidant and can either decrease oxidant species and/or improve the

availability of the essential NOS cofactor tetrahydrobiopterin (BH4). Aging in general is

associated with reduced bioavailability of BH4, which potentiates NOS uncoupling and

contributes to increased oxidant stress (54). Localized supplementation of BH4 increases

NO-dependent vasodilation in aged human skin (61, 62).

Along with NO-mediated vasodilation, cyclooxygenase (COX) pathways contribute to

reflex vasodilation in young, healthy subjects (44). However with aging there is an increase

in COX derived vasoconstrictors and attenuated prostanoid-dependent vasodilation which

together may increase cutaneous vasoconstriction (32). Together, the attenuation of NO-,

COX-, and co-transmitter mediated vasodilation with aging demonstrates an overall loss in

redundancy in vasodilator mechanisms with aging.

While reflex cutaneous vasodilation is attenuated in aged skin, local pharmacological

interventions can largely restore skin blood flow in the aged to match that of young people.

However, it is currently not known if the aged cardiovascular system, including the

compromised left ventricle, could support the increase in skin blood flow afforded by these

pharmacological intervention.

Summary

The earth’s climate is rapidly warming and the increased average daily temperature is

accompanied by an increased frequency and severity of environmental heat waves. Passive
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thermal stress places a large demand on the cardiovascular system to pump blood to the

skin. The increased cardiovascular demand of high ambient temperatures, with or without

the added strain of physical exertion, can be especially challenging in aged humans who

exhibit altered cardiovascular function and thermoregulatory ability. For these individuals,

heat waves can often be fatal as demonstrated by the large number of excess deaths –

primarily of cardiovascular origin -- in elderly individuals during heat waves.

With the number of older people rapidly increasing and the climate warming, cardiovascular

deaths precipitated by prolonged periods of high ambient temperatures are of increasing

concern. The integrated cardiovascular response to heat stress is an example of elegant

homeostasis. Yet alterations in the aged cardiovascular system limit the requisite increase in

cardiac output while putting increased strain on a potentially compromised left ventricle.

The result is an increased mortality among the elderly during environmental extremes of

heat, not from heat stroke but due to cardiovascular strain.
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Figure 1.
Daily deaths (left axis) and minimum and maximum air temperatures (right axis) during the

2003 French heat wave. The abnormally hot daily temperatures in early August 2003 were

followed by a consequent dramatic increase in daily mortality, mostly among the elderly.

Redrawn from Dousset et al. International Journal of Climatology 2011, 31:313–323; Royal

Meteorological Society (14).
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Figure 2.
Mortality (green shaded area and red line) and maximum daily temperatures (dashed line)

during the summer 1995 Chicago heat wave. Dates are shown along the x-axis. Mortality

data in green represent the total death toll, while the superimposed red line depicts deaths

from cardiovascular causes alone or from death certificates that mention combined

cardiovascular and heat causes. Redrawn from Kaiser et al., American Journal of Public

Health 2007, 97 Suppl 1:S158-62; APHA Press (35).
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Figure 3.
(A) The change in central blood volume, measured by technetium-99 scanning, with passive

heat stress compared to a time control. Blood volume in the overall thorax and centered

around the heart and central vasculature are shown. Heat stress significantly lowered blood

volume compared to time control. (B) Ejection fraction at baseline, with passive heat stress

and during a time control trial. Passive heat stress significantly increased ejection fraction

compared to baseline and time control. Collectively, these data reflect the added strain on

the left ventricle during passive heat stress, as contractility increased in light of a falling

central venous pressure, to pump blood to the skin. Redrawn from Crandall et al., The

Journal of Physiology 2008, 586(1): 293–301; The Physiological Society (11).
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Figure 4.
Changes in cardiac output, renal, splanchnic and cutaneous blood flow with passive heating

to thermal tolerance (water-perfused suit) in young and older men. Young subjects increased

cutaneous blood flow to a larger extent than did older subjects. The larger increase in

cutaneous blood flow in the young men was accomplished by both raising cardiac output

significantly more and by reducing renal and splanchnic blood flow to a higher degree

compared with the older subjects. Redrawn from data published by Minson et al., Journal of

Applied Physiology 1998, 84(4):1323-32; American Physiological Society (47).
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Figure 5.
Cardiac responses to prolonged passive heating as a function of (A) time and (B) central

venous pressure in young (19–28 yrs; black circles) and older (64–81 yrs; red circles) men.

Only the initial 30 min of heating are shown in panel A. Older subjects had a significantly

attenuated rise in cardiac output and a decrease in stroke volume compared with young

subjects, despite a similar fall in central venous pressure. Stroke volume was well

maintained in the young men. As shown in panel B, the fall in central venous pressure

(CVP) (right to left along the x-axis) due to venous blood pooling caused a similar increase

in absolute heart rate (see panel A) but a larger rise in HR as a percent of maximal heart rate.

Heart rate reserve is consequently lower in the older men at any given level of heat stress
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(and CVP). Redrawn from data published by Minson et al., Journal of Applied Physiology

1998, 84(4):1323-32; American Physiological Society (47).
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Figure 6.
Patient survival curves following emergency admission to hospitals during the weeks after

the 2003 heat wave in France. Separate curves are drawn for patients (mean age = 84 yrs)

who had no elevation in cardiac troponin I (cTnI) (n = 252; green line), a moderate increase

(up to 1.5 ng.mL−1, n = 165; orange line), and a severe increase in cTnI (>1.5 ng.mL−1, n =

97; red line). These data support the association between heat stress and cardiac strain in the

elderly during environmental heat waves. Redrawn from data originally published by

Hausfater et al., Critical Care 2010, 14:R99; BioMed Central publishing (22).
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