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ABSTRACT 

 

These studies investigated 1) mechanisms underlying the well-established reduction in 

orthostatic tolerance (OT) that occurs in humans during heat stress (HS) relative to normothermia 

(NT) with particular focus on determining factors contributing to the high degree of inter-

individual variability in this phenomenon; and 2) influence of obesity on OT, and mechanisms 

underlying reduced OT, should it exist. In Study #1, OT was assessed during lower body negative 

pressure (LBNP), and quantified with a cumulative stress index (CSI). Differences in CSI 

(CSIdiff) between thermal conditions were used to categorize individuals most (LargeDiff) and 

least (SmallDiff) affected by HS (P<0.001). Cerebral perfusion [indexed as middle cerebral artery 

blood velocity (MCA Vmean)] was reduced during HS compared to NT (P<0.001); however, the 

magnitude of reduction did not differ between groups (P=0.51). In the initial stage of LBNP 

during HS (LBNP20), MCA Vmean and end-tidal CO2 (PETCO2
) were reduced, and heart rate (HR) 

was higher in the LargeDiff group compared to SmallDiff group (all P<0.05); yet, mean arterial 

pressure was similar (P=0.23) suggesting impaired mechanisms regulating MCA Vmean may affect 

OT. In Study #2, mechanisms of cerebrovascular control were compared in LargeDiff and 

SmallDiff individuals. Although estimates of cerebral autoregulation (CA) and cerebrovascular 

reactivity to CO2 were improved and reduced respectively, during HS compared to NT (all 

P<0.05), no relationship existed between CA or cerebral reactivity to hypocapnia and CSIdiff (all 

P>0.05). In Study #3, OT was lower in obese compared to non-obese individuals (P<0.01), and 

BMI was negatively correlated with CSI (R = -0.47; P < 0.01). HR was elevated at rest and in 

every level of LBNP (all P<0.05) in obese; yet, peak HR during LBNP was similar between 

groups (P=0.90). MCA Vmean and cerebral vascular conductance were similar at rest and during 
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LBNP (both P>0.05), and CA was similar between groups (P>0.05). In summary, a high HR 

prior to-, and a high HR and reduced MCA Vmean at the onset of an orthostatic challenge result in 

reduced OT during HS in healthy individuals; however, reduced OT in obese is related to a higher 

%peak HR at rest.  
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CHAPTER I: INTRODUCTION 

 

Orthostatic intolerance represents the inability to withstand the upright posture due to 

development of syncopal symptoms. Orthostatic tolerance is reduced by a variety of conditions 

such as heat stress (Allan & Crossley 1972; Wilson et al. 2002; Wilson et al. 2006; Keller et al. 

2009; Brothers et al. 2011b), impaired autonomic function (Blaber et al. 1997a, b; Bondar et al. 

1997), and exposure to actual (Levine et al. 2002) and simulated microgravity (Crandall et al. 

1994; Grenon et al. 2004a; Grenon et al. 2004b). Moreover, these impairments profoundly impact 

the ability to tolerate hemorrhage conditions (Lohmeier 2002). The ability of the cardiovascular 

and autonomic nervous system to respond appropriately during various hypotensive stresses is 

essential to the maintenance of adequate arterial blood pressure and the maintenance of cerebral 

perfusion (Van Lieshout et al. 2003). 

Whole body heat stress, which is commonly experienced by individuals working in hot 

conditions, especially when wearing protective clothing (Montain et al. 1994), places significant 

strain on the cardiovascular and thermoregulatory systems. Individuals in careers with high 

exposure to hot conditions such as firefighters, military soldiers in hot climates, etc. are; 

therefore, at increased risk of heat related orthostatic intolerance. This risk is increased further 

during an acute hemorrhage, which can be simulated using lower body negative pressure (LBNP) 

(Convertino 2001; Cooke et al. 2004; Convertino et al. 2007). Previous research has elucidated 

several key mechanisms (see the “Review of Literature” section below) responsible for the heat 

stress induced reduction in tolerance to orthostatic challenges induced by tilting (Lind et al. 1968; 

Wilson et al. 2002), gravitational acceleration (Allan & Crossley 1972), and a simulated 

hemorrhage challenge evoked via LBNP (Wilson et al. 2006); however, the magnitude of 

reduction in tolerance between normothermia and heat stress varies considerably amongst 

individuals (Keller et al. 2009; Brothers et al. 2011b). Because LBNP is commonly used to assess 

orthostatic tolerance (Levine et al. 1991; Keller et al. 2006; Brothers et al. 2011b), and has also 

been described as an effective and reproducible model to non-invasively study the cardiovascular 

and hemodynamic responses to hemorrhage (Convertino 2001; Cooke et al. 2004), the terms 

simulated hemorrhage challenge and orthostatic challenge are used interchangeably in the 

literature (Pitts et al. 1990; Brothers et al. 2011a; Crandall et al. 2012; Lee et al. 2013) and will 

be used interchangeably throughout this dissertation. Few studies have systemically investigated 

the factors associated with the high degree of variability in orthostatic tolerance during heat stress 
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and the mechanisms underlying this inter-individual variability remain poorly understood. In this 

regard, there is a clear research interest in identifying key factors that predict tolerance to a 

simulated hemorrhage in individuals during whole body heat stress conditions.  

Information obtained in this area will lead to development of techniques and/or devices 

that may reduce the risk of heat related orthostatic intolerance and improve treatment of 

hemorrhagic shock in hyperthermic individuals through 1) preventative measures such as 

exclusion of “low tolerant” individuals from high risk conditions, 2) development of devices 

designed to reverse or combat mechanisms contributing to reduced tolerance, and/or 3) promotion 

of targeted therapeutic methods to aid hyperthermic individuals experiencing hemorrhagic shock. 

For instance, studies in this area have led to the development and promotion of inspiratory 

resistance devices that can improve tolerance to a simulated hemorrhage by up to 23% 

(Convertino et al. 2007). Further research in this area is warranted. The first two studies in this 

dissertation are designed to systemically identify factors contributing to inter-individual 

variability in tolerance to an orthostatic challenge during heat stress.  

According to the Centers for Disease Control, the prevalence of obesity has increased 

markedly in the last several decades and it is now estimated that greater than 60% of American 

adults are overweight (BMI >25) and greater than 35% are obese (BMI >30). Similarly, Type II 

diabetes mellitus (T2DM) and insulin resistance are increasing at an alarming rate. Obesity, 

insulin resistance, and T2DM have been linked to autonomic dysfunction (Agrawal et al. 1999; 

Emdin et al. 2001; Jordan & Biaggioni 2002; Netea et al. 2002), which increases the 

susceptibility for orthostatic intolerance (Jordan & Biaggioni 2002; Netea et al. 2002). Although 

the autonomic and cardiovascular dysfunctions are well documented in these disease populations, 

the responses to hemorrhagic and orthostatic challenges are not well understood. However, they 

are likely due to the impaired heart rate variability and baroreflex sensitivity that exist in these 

individuals (Maeda et al. 1995; Emdin et al. 2001; Fazan et al. 2006). Recent evidence in non-

obese individuals suggest that reduced potential for tachycardia and peripheral vasoconstriction 

predicts individuals with reduced orthostatic tolerance during normothermia (Convertino et al. 

2012). Indeed, studies on obese individuals have reported elevated resting heart rate (Grassi et al. 

1998; Helmreich et al. 2008; Yar 2010), various cardiac dysfunctions (Alexander et al. 1962; 

Alexander 1964; de Divitiis et al. 1981), and normal or reduced limb vascular resistances 

compared with non-obese (Ferrannini 1992). Furthermore, it has been reported that BMI is 

associated with heart rate during supine rest (Dimkpa & Oji ; Yar 2010). Likewise, obesity is a 
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condition of elevated sympathetic activity (Shibao et al. 2007), and heart rate during supine rest 

has been shown to be correlated with markers of sympathetic tone in obese individuals (Grassi et 

al. 1998). Thus, reduced capacity for tachycardia and peripheral vasoconstriction may contribute 

to increased risk for orthostatic intolerance in obese individuals.  

Despite these reports, the mechanism(s) underlying impaired blood pressure 

control/orthostatic tolerance in these individuals remain unknown. With the number of obese 

adults and children, increasing each year, the importance of improving our understanding of the 

mechanisms related to disease risk in these individuals and developing effective exercise and/or 

lifestyle prescriptions to counter these issues is paramount. Furthermore, from an economic 

standpoint the medical costs associated with obesity related issues highlight the importance of 

developing methods aimed at avoidance or reversal of these preventable diseases (obesity, insulin 

resistance). Orthostatic intolerance reduces quality of life and is a significant predictor for 

cardiovascular disease and all-cause mortality (Rose et al. 2006). Moreover, reductions in heart 

rate variability and baroreflex sensitivity, commonly observed in individuals with T2DM, have 

been linked to an increased risk for cardiovascular events including atrial fibrillation and sudden 

cardiac death in healthy aging (Tsuji et al. 1994). Therefore, assessment of orthostatic tolerance 

serves as a useful clinical tool and information regarding mechanisms underlying reduced 

tolerance in various clinical populations may be of particular clinical relevance. In this regard, the 

final study in this dissertation is focused on elucidating the mechanisms of presumed orthostatic 

intolerance in obese individuals. Future studies should be designed to determine the efficacy of 

exercise to prevent and/or reverse these impairments. 

The overall aim of this series of studies is to gain new insight into the multifaceted 

mechanisms underlying the variability in tolerance to a simulated hemorrhage challenge in 

healthy individuals during heat stress conditions. Additionally, the final study of this work will 

focus on a clinical population (obese and insulin resistant) with the aim of assessing orthostatic 

tolerance and elucidating the underlying mechanisms of these impairments, should they exist.  

Information garnered from the initial study in this dissertation will have important 

implications for development of new devices or techniques that may reduce the risk of heat stress 

related hypotension, predict individuals at high risk for heat related orthostatic intolerance, and/or 

improve the treatment of hemorrhage in hyperthermic individuals (i.e. military, firefighters). 

Likewise, the findings of the final study will provide important mechanistic insight into the 



 4 

regulation of blood pressure and orthostatic tolerance in a clinical population with known 

cardiovascular and autonomic dysfunction.   
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CHAPTER II: STATEMENT OF THE PROBLEM 

 

It is well documented that orthostatic tolerance (OT) is markedly reduced in humans 

following an elevation in internal temperature. Furthermore, there is a high degree of variability 

in the magnitude of the reduction that occurs in healthy individuals; however, the mechanisms 

underlying this reduction are poorly understood. Likewise, obesity is increasing in developed 

areas worldwide, and this condition is associated numerous physiological dysfunctions that may 

reduce OT in these individuals. Nevertheless, responses to orthostatic challenges have not been 

well studied in obese individuals. Therefore, the specific aims of this series of studies are as 

follows: 

 

Specific aim #1: test the hypothesis that individuals with low OT during passive heat stress (HS) 

have greatest reductions in cerebral perfusion and smallest elevation in plasma angiotensin II 

following an elevation in internal temperature compared to individuals with high OT during HS.  

 

Specific aim #2: test the hypothesis that individuals with low OT during heat stress have impaired 

cerebral autoregulation and increased cerebrovascular reactivity to CO2 which contribute to the 

greater reduction in cerebral perfusion at the onset of an orthostatic challenge compared to 

individuals with high OT during HS.  

 

Specific aim #3: test the hypothesis that OT is reduced in young obese individuals, and the 

reduction in OT is related to a reduced heart rate reserve and impaired mechanisms of 

cerebrovascular control. 
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CHAPTER III: EXPERIMENTAL DESIGN 

 

To accomplish the aims of this of this dissertation, three studies were conducted.  

Study #1. The purpose of this study was to determine the factors underlying the high 

degree of inter-individual variability that exist amongst healthy individuals in magnitude of 

reduction in orthostatic tolerance (OT) during passive heat stress. Healthy individuals conducted 

incremental lower body negative pressure (LBNP) to presyncope on separate days (one during 

normothermia and the other after a 1.5°C rise in internal temperature). Tolerance was quantified 

with a cumulative stress index (CSI), and the difference in CSI between thermal conditions was 

used to categorize individuals most (LargeDiff) and least (SmallDiff) affected by the heat stress. 

Heart rate, cerebral perfusion (indexed as middle cerebral artery blood velocity; MCA Vmean), and 

end-tidal CO2 were monitored continuously during the protocol, while blood was drawn during 

normothermic and heat stress baseline periods for assessment of plasma angiotensin II (AngII). 

We hypothesized that the individuals with greatest reductions in OT during heat stress 

(LargeDiff) would have greater reductions in MCA Vmean and a smaller increase in AngII from 

normothermia to heat stress.    

Study #2. The purpose of this study was to determine if individuals with lowest OT 

during passive heat stress have impaired cerebral autoregulation (CA) and/or enhanced 

cerebrovascular reactivity to hyperventilation induced hypocapnia compared to individuals with 

highest the tolerance. Heart rate, MCA Vmean, and end-tidal CO2 were monitored continuously 

during normothermia and after a 1.5ºC increase in internal temperature. CA was assessed during 

normothermia and heat stress using transfer function analysis, and cerebrovascular reactivity to 

hypocapnia was assessed during 30 s of hyperventilation during normothermia, heat stress and 

heat stress + LBNP. We hypothesized that CA would be positively correlated, and 

cerebrovascular reactivity to hyperventilation induced hypocapnia would be negatively correlated 

with OT during passive heat stress.  

Study #3. The purpose of this study was to determine if OT is reduced in obese compared 

to normal weight individuals, and establish mechanisms responsible for this reduction should it 

exist. Obese and non-obese individuals conducted incremental LBNP to presyncope while heart 

rate, MCA Vmean, and end-tidal carbon dioxide were monitored continuously. Tolerance was 

quantified with a CSI. We hypothesized that OT would be reduced in obese individuals and the 
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reduction in OT would be related to an elevated resting heart rate, reduced heart rate reserve and 

impaired mechanisms of cerebrovascular control.  
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CHAPTER IV: STUDY 1 

 

The magnitude of heat-stress induced reductions in cerebral perfusion does not predict 

heat-stress induced reductions in tolerance to a simulated hemorrhage 
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ABSTRACT 

The mechanisms responsible for heat-stress induced reductions in tolerance to a 

simulated hemorrhage are unclear.  Although a high degree of variability exists in the level of 

reduction in tolerance amongst individuals, syncope will always occur when cerebral perfusion is 

inadequate.  This study tested the hypothesis that the magnitude of reduction in cerebral perfusion 

during heat stress is related to the reduction in tolerance to a lower body negative pressure 

(LBNP) challenge.  On different days (one during normothermia and the other after a 1.5°C rise 

in internal temperature), 20 individuals were exposed to a LBNP challenge to presyncope.  

Tolerance was quantified as a cumulative stress index (CSI), and the difference in CSI between 

thermal conditions was used to categorize individuals most (LargeDiff) and least (SmallDiff) 

affected by the heat stress.  Cerebral perfusion, as indexed by middle cerebral artery blood 

velocity (MCA Vmean), was reduced during heat stress compared to normothermia (P < 0.001); 

however, the magnitude of reduction did not differ between groups (P = 0.51).  In the initial stage 

of LBNP during heat stress (LBNP 20 mm Hg), MCA Vmean and PETCO2
were lower; whereas, 

heart rate was higher in the LargeDiff group compared to SmallDiff group (P < 0.05 for all).  

These data indicate that variability in heat-stress induced reductions in tolerance to a simulated 

hemorrhage is not related to reductions in cerebral perfusion in this thermal condition.  However, 

responses affecting cerebral perfusion during LBNP may explain the inter-individual variability 

in tolerance to a simulated hemorrhage when heat stressed. 
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INTRODUCTION 

Humans are routinely exposed to conditions that increase internal temperature.  These 

conditions reduce blood pressure control and tolerance to physiological challenges such as up-

right tilt (Wilson et al. 2002b), gravitational acceleration (Allan & Crossley 1972), or during a 

simulated hemorrhage via lower body negative pressure (LBNP) (Wilson et al. 2006; Keller et al. 

2009).  Although the mechanisms underlying these responses are not fully understood, previous 

research has elucidated several factors that clearly result in orthostatic intolerance during heat 

stress including: marked reductions in cerebral perfusion (assessed via middle cerebral blood 

velocity; MCA Vmean) (Wilson et al. 2006; Brothers et al. 2009a), profound cutaneous 

vasodilation (Rowell et al. 1969; Rowell et al. 1970); reduced sympathetically mediated 

cutaneous vasoconstrictor responsiveness (Wilson et al. 2002a; Crandall et al. 2010); reduced 

central blood volume and ventricular filling pressure (Crandall et al. 1999; Wilson et al. 2007; 

Crandall et al. 2008; Keller et al. 2009; Brothers et al. 2011b), hyperventilation induced 

hypocapnia (Wilson et al. 2006), and a shift of the operating point to the steep portion of the 

Frank-Starling curve (Wilson et al. 2009).  In addition, orthostatic intolerance during 

normothermic conditions has been attributed to an attenuated activation of the renin-angiotensin-

aldosterone-system (RAAS) (Harrison et al. 1985; Jacob et al. 1997; Greenleaf et al. 2000), and 

adaptations to chronic endurance training (Levine et al. 1991a; Levine et al. 1991b; Stevens et al. 

1992; Raven & Pawelczyk 1993); however, the relationship between orthostatic intolerance and 

endurance training remains equivocal (Mtinangi & Hainsworth 1999; Winker et al. 2005).     

Although all humans experience reduced tolerance to hypovolemia and exhibit impaired 

blood pressure control when heat stressed, the degree of reduction in these responses varies 

greatly amongst individuals (Brothers et al. 2011b).  Furthermore, the mechanisms responsible 

for this variability are multifaceted and poorly understood.  Despite the precise mechanisms, 

syncope will always occur when cerebral perfusion becomes inadequate.  Indeed, cerebral 

perfusion is reduced during heat stress compared to normothermic conditions (Wilson et al. 2006; 

Brothers et al. 2009a; Brothers et al. 2009c; Low et al. 2009), and, therefore, may reduce 

tolerance to a simulated hemorrhage by lowering the functional reserve by which cerebral 

perfusion can be further reduced before ensuing syncopal symptoms develop.  In this regard, it is 

plausible that individuals with the greatest heat-stress induced reductions in tolerance to a 

simulated hemorrhage may have the largest reduction in cerebral perfusion during heat stress.  
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Additionally, tolerance during an orthostatic challenge in normothermic conditions is positively 

related to the magnitude of activation of the RAAS and subsequent increases in circulating 

angiotensin II (AngII) (Harrison et al. 1985; Jacob et al. 1997; Greenleaf et al. 2000).  Heat stress 

also results in activation of the RAAS (Escourrou et al. 1982).  Thus, individuals with a larger 

increase in plasma AngII in response to heat stress would be expected to have increased tolerance 

to a simulated hemorrhage challenge during heat stress conditions.  

Due to the numerous, multifaceted mechanisms which may play key roles in the inter-

individual variability in tolerance to a simulated hemorrhage challenge during heat stress, this 

study had three primary aims.  The first aim was to test the hypothesis that individuals with the 

greatest reductions in tolerance to a simulated hemorrhage during heat stress, compared to his/her 

response in normothermic conditions, have the greatest reductions in cerebral perfusion in 

response to heating (prior to the simulated hemorrhage challenge).  The second hypothesis tested 

was that the degree of increase in plasma AngII in response to passive heating is positively 

correlated with the difference in LBNP tolerance between normothermia and heat stress.  Finally, 

the third hypothesis tested was that individuals with the greatest heat-stress induced reduction in 

tolerance to a simulated hemorrhage would have the greatest cardiorespiratory fitness ( 2peakoV ). 
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METHODS 

Ethical Approval and Subjects 

Prior to data collection all protocols and techniques were approved by the Institutional 

Review Board at The University of Texas at Austin.  Subjects were given a verbal description of 

all procedures to be used and were informed of the purpose and risks involved in the study before 

providing their informed, written consent.   

Twenty normotensive, non-smokers (12 men) participated in this study.  Subject 

characteristics are shown in Table IV.1.  Of the 20 volunteers, 9 (8 men), were highly trained 

endurance athletes who conducted vigorous running and/or cycling activity 4 to 5 days per week, 

for at least 8 weeks prior to the start of this study.  All subjects were free from any known 

cardiovascular, metabolic, or neurological disease.  Phase of menstrual cycle was recorded, but 

not controlled, as this has been shown to have no effect on othostatic tolerance during heat stress 

(Meendering et al. 2005).  All experiments and procedures were conducted in a temperature 

controlled laboratory maintained at ~ 24 °C and 40% relative humidity.  Subjects visited the 

laboratory on three separate days separated by at least 48 hrs.  The initial visit was used as a 

familiarization session as well as to assess fitness (see “Preliminary Testing” section below).  

During the following two laboratory visits tolerance to a simulated hemorrhage challenge was 

assessed (see “Experimental Protocol” section below).  The order of the thermal trials was 

randomized and counterbalanced, and they were separated by 8.0 ± 9.5 days (mean ± SD).  

Tolerance was assessed for each thermal condition on separate days for two reasons: 1) it 

prevented repeated maximal tests to presyncope on the same day, and 2) it allowed the order of 

the tolerance trials to be randomized (conducting both thermal trials on the same day would 

require the heat stress tolerance condition to always occur last).  All trials were performed in the 

morning, after an overnight fast (> 10 hrs), and after abstaining from alcohol and caffeine the 

night before each experimental trial.  In addition, subjects were asked to keep a log of food intake 

on the day prior to the first experimental trial, and repeat this diet on the day prior to the second 

experimental trial.   

 

Preliminary Testing 

The submaximal oxygen uptake ( 2oV ) vs. work rate relationship was determined during 

continuous cycling on a cycle ergometer (Velotron, Racer Mate, Seattle, WA).  The protocol 
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consisted of cycling at 3 or 4 submaximal stages, which served two main purposes: 1) it 

functioned as a warm up period, and 2) it allowed the 2oV and heart rate (HR) vs. work rate 

relationship to be determined for each individual.  These variables were then used to design the 

subsequent test to determine peak oxygen consumption ( 2peakoV ).  Pedaling cadence was freely 

chosen by each subject, and remained constant over the entire submaximal protocol.  Work rates 

typically started at 80 to 100 W, but varied between individuals, and increased 20 to 30 W every 

5 min.  After a 10 min rest period, subjects returned to the cycle ergometer and 2peakoV and 

maximal HR (HRmax) were determined.  The maximal protocol began at a work rate that elicited 

approximately 70% of the age predicted HRmax, increased by 20 to 30 W every 2 min, and elicited 

fatigue in 8 to 12 min (Trinity et al. 2010).  Expired gas was analyzed for O2 and CO2 (True-Max, 

ParvoMedics, Sandy, UT). 

 

Instrumentation and Measurements 

During each experimental trial subjects were placed into an LBNP box that was sealed at 

the level of the iliac crest.  Subjects remained supine for the duration of each protocol.  HR was 

collected continuously with an electrocardiogram (HP Patient Monitor, Agilent, Santa Clara, CA) 

interfaced with a cardiotachometer (CWE, Ardmore, PA).  Beat-by-beat arterial blood pressure 

was collected from one finger using the Penaz method (CNAP, Biopac Monitor 500, Austria).  

Intermittent blood pressure measurements were obtained by auscultation of the brachial artery 

with an electrosphygomanometer (SunTech, Raleigh, NC), and mean arterial blood pressure 

(MAP) was calculated as one-third pulse pressure plus diastolic blood pressure.  Blood pressures 

taken at the brachial artery were used for data analysis, while beat-by-beat blood pressure was 

used for the detection of developing syncopy.  Cerebral perfusion was indexed as MCA Vmean, 

which was assessed continuously using transcranial Doppler ultrasonography.  The middle 

cerebral artery was imaged via the temporal window with a 2 MHz Doppler probe (Multi-flow, 

DWL Elektronische Systeme, Singen, Germany) adjusted until an optimal signal was identified, 

at which time the probe was held securely in place with a head strap.  An index of cerebral 

vascular conductance (CVCi) was calculated from the ratio of MCA Vmean to mean arterial 

pressure.  Arterial carbon dioxide tension (PaCO2
) was indexed from end tidal carbon dioxide 

(PETCO2
), (VitalCap Capnograph Monitor, Oridion, Needham, MA, USA).   
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On the heat stress day each subject provided a urine sample for assessment of 

euhydration via urine specific gravity (USG; < 1.02) upon arrival to the laboratory.  In the event 

that a USG greater than 1.02 was achieved, subjects hydrated sufficiently until 1.02 was achieved 

or the trial was rescheduled for a subsequent day.  Subjects then immediately ingested a telemetry 

pill (HQ, Palmetto, FL) for measurement of internal temperature and an indwelling catheter was 

placed into an antecubital vein for obtaining venous blood samples.  Gastrointestinal thermometry 

is highly susceptible to interference when fluids and/or food are ingested; therefore, once the pill 

was ingested no fluids were given until the data collection was completed on both normothermia 

and heat stress days.  During the heat stress trial, subjects wore a water perfused tube-lined suit 

(Med-End, Ottawa, Canada) that covered the entire body, except the head, face, forearms, and 

feet.  To facilitate more rapid heating, a tight fitting spandex shirt, leg coverings, and socks were 

placed over the suit and a blanket was placed on the subjects’ torso.  The water perfused suit 

allowed skin and internal temperature to be controlled by adjusting the temperature of the water 

perfusing the suit.  Water temperature and flow rate were controlled by a heating and circulating 

bath (Lauda, model E106T), and an external centrifugal pump (Gorman-Rupp Industries, model 

25501-006), respectively.  

 

Experimental Protocols 

Normothermic simulated hemorrhage trial.  The normothermic day was used solely for 

determination of tolerance to a maximal simulated hemorrhage challenge during normothermia 

(normothermic CSI; see below).  Upon arriving to the laboratory subjects voided their bladders, 

were instrumented, and then were placed into the LBNP box.  Subjects rested in the supine 

position for approximately 60 min before being exposed to graded LBNP challenge to determine 

tolerance to a simulated hemorrhage during normothermia.  This test began at 20 mm Hg LBNP 

for 3 min, after which LBNP was incremented 10 mm Hg every 3 min until signs of ensuing 

syncope developed (Keller et al. 2009; Brothers et al. 2011b).  LBNP is commonly used to 

simulate hypervolemia, and is an effective model to study cardiovascular responses to acute 

hemorrhage in humans (Convertino 2001; Cooke et al. 2004).  Moreover, during normothermic 

conditions LBNP has been shown to elicit repeatable values for tolerance indices (i.e. cumulative 

stress index, maximum negative pressure tolerated, and/or duration of negative pressure 

exposure) (Lightfoot et al. 1991; Howden et al. 2001).  The criteria for LBNP test termination 
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was the appearance of any of the following signs and symptoms; pallor, diaphoresis, rapid and 

progressive drop in MAP, sustained systolic blood pressure < 80 mm Hg, relative bradycardia 

with a concomitant narrowing of pulse pressure, and/or subject expressing persistent feelings of 

discomfort and/or dizziness.  In the event that a subject reached 100 mm Hg LBNP, the stage was 

continued without increasing the level of LBNP until the onset of syncopal symptoms.   

Heat stress maximal simulated hemorrhage trial; NT and HS data collection.  All 

hemodynamic, thermal, and AngII data for normothermia and heat stress were collected during 

the heat stress tolerance day.  Normothermic data were collected during the normothermic 

baseline period (prior to heating), while the baseline (prior to LBNP) heat stress data were 

collected after the target internal temperature was achieved.  Following normothermic baseline 

data collection the temperature of the water circulating the suit was increased to 49 °C and the 

blanket was laid across the torso (see above) until the desired increase in internal temperature (Δ 

1.5 °C relative to normothermic baseline value) was approached.  At this point the temperature of 

the water was reduced to approximately 46.5 °C in an effort to attenuate the rise in internal 

temperature.  Once the desired increase in internal temperature was achieved, baseline heat-stress 

measures (prior to LBNP) were obtained.  This was immediately followed by the maximal LBNP 

protocol as previously described for normothermia.  

Measurements of angiotensin II.  Blood samples were obtained in only 10 subjects from 

the current study, at normothermic baseline and heat stress baseline.  Of these 10 individuals, 4 

were from the SmallDiff group, 4 were from the LargeDiff group, and 2 were from the “middle 

group”.  Plasma AngII concentration was only assessed on the heat stress day.  Blood samples 

were withdrawn during the final min of the normothermic and heat stress baseline periods.  These 

samples were collected into chilled EDTA tubes, and 100 µL aprotinin/mL whole blood was 

added prior to centrifugation at 3300 rpm for 15 min.  Plasma was then immediately removed and 

the sample was stored at -80 °C for later analysis using a commercially available AngII Enzyme 

Immunoassay (Phoenix Pharmaceuticals, Burlingame, CA).  

Quantification of orthostatic tolerance.  Tolerance to the maximal simulated hemorrhage 

challenges (for each thermal challenge) was quantified using a cumulative stress index (CSI) 

(Keller et al. 2009; Brothers et al. 2011b).  This index considers LBNP and duration, and is 

calculated by summing the product of the LBNP and the time at each level of LBNP (20 mm Hg 

X 3 min + 30 mm Hg X 3 min, etc.) up to the termination of the trial.  
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Data Analysis 

Hemodynamic and thermal data were recorded on a data acquisition system (Biopac 

System, Santa Barbara, CA) for later analysis.  Average hemodynamic and thermal data were 

obtained during the steady state period in the last 60 s of the normothermic and heat stress 

baseline periods on the heat stress study day; the last 30 s of the initial stage of LBNP (LBNP20) 

during heat stress; and during the 10 s prior to presyncope during heat stress.  Due to the 

variability amongst individuals in tolerance to the simulated hemorrhage when heat stressed; all 

variables were compared at the last common stage of LBNP completed by all subjects (LBNP20), 

where group differences would be expected to occur, and at the point of presyncope to assess the 

hemodynamic responses during cardiovascular collapse between groups.  Subject tolerance to 

LBNP was evaluated based on differences in CSI between normothermic and heat stress 

conditions.  This approach has been used previously to compare individuals with high vs. low 

tolerance to a simulated hemorrhage while heat stressed (Brothers et al. 2011b).  Data from the 

seven individuals with the largest difference in tolerance to a simulated hemorrhage between 

normothermic and heat stress conditions (LargeDiff) were grouped together, as were the seven 

individuals with the smallest difference in tolerance to a simulated hemorrhage between thermal 

conditions (SmallDiff).  This approach was employed to analyze the extremes in tolerance to the 

orthostatic stress, thus the six individuals in the middle range for difference in CSI between 

thermal conditions were not included in the analysis (with the exception of the AngII as describe 

above).   

 

Statistical Analysis 

Mean differences for subject characteristics including fitness level ( 2peakoV ), difference 

in CSI between thermal conditions, and thermal and physiological variables at LBNP20 and 

presyncope were compared using unpaired Student’s t-tests.  Group thermal and hemodynamic 

responses during baseline periods were analyzed using a mixed-model 2-way (group X 

temperature) ANOVA.  When a significant interaction was found a Newman-Keuls post hoc 

analysis was used for all pairwise comparisons.  Because blood samples were not attained for all 

individuals, a Pearson’s correlation analysis was performed on all individuals for which blood 

was drawn (including those in the “middle” range for CSI difference) to determine the 
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relationship between tolerance to a simulated hemorrhage and plasma AngII (N = 10).  Statistical 

analyses were performed using a commercially available statistical software package (SigmaStat 

3.11, Chicago, IL).  Differences were considered significant at the alpha level of 0.05.  All results 

are reported as mean ± SD unless otherwise indicated.  
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RESULTS  

Orthostatic tolerance 

During the normothermic baseline period prior to each simulated hemorrhage challenge 

(normothermic and heat stress); subjects had similar values for HR (Normothermia CSI trial: 58.2 

± 9.6 beats X min
-1

; Heat stress: 58.7 ± 12.1 beats X min
-1

, P = 0.59), and MAP (Normothermia 

CSI trial: 84.6 ± 11.9 mm Hg; Heat stress: 82.2 ± 10.2 mm Hg, P = 0.13).  This data indicates that 

subjects had similar resting cardiovascular responses prior to data collection on each study day. 

Reponses to the maximal graded simulated hemorrhage challenge are shown in Figure IV.1.  

Despite having a markedly higher CSI during normothermia (LargeDiff: 1504 ± 204 mm Hg X 

min; SmallDiff: 932 ± 399 mm Hg X min; P < 0.01), the LargeDiff achieved a lower CSI during 

heat stress compared to the SmallDiff group (LargeDiff: 136 ± 57 mm Hg X min; SmallDiff: 412 

± 235 mm Hg X min; P = 0.04).  Accordingly, the LargeDiff group (most affected by the heat 

stress) displayed a larger difference in CSI between normothermic and heat stress trials compared 

to the SmallDiff group (least effected by heat stress), (SmallDiff: 520 ± 230 mm Hg X min; 

LargeDiff: 1369 ± 240 mm Hg X min, P < 0.001). 

 

Thermal and hemodynamic responses during normothermia and heat stress baseline periods   

Internal temperature was similar in the SmallDiff and LargeDiff groups during 

normothermia and heat stress baseline periods (Table IV.2; P = 0.19).  Heat stress increased 

internal temperature (main effect of temperature; P < 0.001), and this effect of heat stress was 

similar between groups (Table IV.2; interaction P = 0.99).  There was no difference in any 

hemodynamic variable during normothermic baseline between SmallDiff and LargeDiff groups 

(Table IV.2; P > 0.05 for all variables).  Although MCA Vmean and CVCi were reduced during 

heat stress compared to normothermia (Table IV.2; main effect of temperature for MCA Vmean: P 

< 0.001; main effect of temperature for CVCi: P < 0.01) the magnitude of reduction did not differ 

between groups (Table IV.2; P > 0.05 for both).  PETCO2 
was reduced during heat stress compared 

to normothermia (Table IV.2; main effect of temperature; P < 0.001); however, the reduction was 

similar between the LargeDiff and SmallDiff group (Table IV.2; P = 0.99).  HR was elevated 

during heat stress compared to normothermia (Table IV.2; P < 0.001), and there was a significant 

interaction (group X temperature (Table IV.2; P = 0.02), such that HR was higher in the 

LargeDiff group compared to the SmallDiff group during heat stress (Table IV.2; P = 0.05).   
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Hemodynamic responses during LBNP20   

The only common LBNP stage completed by all individuals in both groups (LargeDiff 

and SmallDiff) was LBNP20; therefore, hemodynamic variables were compared at this stage to 

obtain further insight into mechanisms resulting in the variability in CSI Diff between the 

SmallDiff and LargeDiff groups (Figure IV.1).   

Absolute values for MCA Vmean and PETCO2
 were reduced during LBNP20 in the 

LargeDiff group compared to the SmallDiff group (Figure IV.2A and Figure IV.2B, respectively; 

P < 0.05 for both); whereas, HR values were higher (Figure IV.2C; P = 0.04) and MAP was 

similar during LBNP20 in the LargeDiff group compared to the SmallDiff group (Figure IV.2D; 

P = 0.23).  When MCA Vmean data were analyzed as the reserve for cerebral perfusion at LBNP20 

(MCA Vmean at LBNP20 – MCA Vmean at presyncope), MCA Vmean reserve values were greater in 

the SmallDiff group (Figure IV.3; P = 001).   

    

Angiotensin II and aerobic fitness 

Plasma AngII increased from normothermia to heat stress as predicted (Figure IV.4A; 

inset, P < 0.01), but the relationship between the changes in AngII from normothermia to heat 

stress was not correlated with difference in tolerance to a simulated hemorrhage between 

normothermia and heat stress conditions (normothermic CSI – heat stress CSI) (Figure IV.4A; r = 

0.05, P = 0.90).  Likewise, values for cardiorespiratory fitness, indexed by 2peakoV during cycle 

ergometry, in absolute terms (L/min; data not shown) and expressed relative to body mass 

(mL/min/kg; Figure IV.4B) were similar in the LargeDiff group compared to the SmallDiff group 

(P > 0.05 for both).  

 

Presyncope 

Cardiovascular values were similar between the LargeDiff and SmallDiff group at 

presyncope (Table IV.3, P > 0.05 for all).  
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 DISCUSSION 

The first aim of this study was to test the hypothesis that individuals with the greatest 

heat-stress induced reduction in tolerance to a simulated hemorrhage have the largest reduction in 

cerebral perfusion when heat stressed (prior to LBNP).  As expected, cerebral perfusion was 

reduced during heat stress conditions compared to normothermia; however, contrary to the 

original hypothesis, the degree of reduction was not different between the LargeDiff and 

SmallDiff groups (see Table IV.2).  This result demonstrates that inter-individual variability in 

tolerance to a simulated hemorrhage during heat stress is not entirely explained by heat-stress 

induced reductions in cerebral perfusion. 

The current finding of heat-stress induced reductions in cerebral perfusion is in 

agreement with previous reports (Wilson et al. 2002b; Wilson et al. 2006; Brothers et al. 2009a; 

Brothers et al. 2009c; Low et al. 2009; Nelson et al. 2011).  It is well established that syncope 

will occur when cerebral perfusion, and thus cerebral oxygen delivery, becomes inadequate 

(Wilson et al. 2006; Brothers et al. 2009a; Brothers et al. 2009c); therefore, any provocation that 

results in a reduction in cerebral perfusion would presumably reduce tolerance to a subsequent 

hypotensive challenge.  It is interesting to note that while heat-stress induced reductions in 

baseline (prior to LNBP) cerebral perfusion were similar between groups (Table IV.2); the 

reduction in cerebral perfusion was greater in the LargeDiff group compared to the SmallDiff 

group during the initial stage of the simulated hemorrhage challenge, which resulted in lower 

absolute values for MCA Vmean (Figure IV.2A).  Further analysis of cerebral perfusion at LBNP20 

between the LargeDiff and SmallDiff groups was assessed by determining the cerebral perfusion 

“reserve” at this stage (MCA Vmean at LBNP20 – MCA Vmean at presyncope).  Using this 

approach, the SmallDiff group had a greater cerebral perfusion reserve compared to the LargeDiff 

group (Figure IV.3).  Taken together, these findings indicate that during the initial stage of 

LBNP, individuals in the LargeDiff group had an attenuated range for cerebral perfusion to be 

further reduced before presyncopal signs developed.  Clearly, individuals who experience 

syncopal signs at lower levels of LBNP during heat stress (LargeDiff) may be expected to exhibit 

reductions in cerebral perfusion earlier than those with greater tolerance to a simulated 

hemorrhage when heat stressed (SmallDiff) because these individuals become presyncopal much 

earlier in this thermal state (Figure IV.1).  Nevertheless, this finding suggests that the 
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mechanisms that influence the cerebral vasculature may play a role in inter-individual variability 

in heat stress-induced orthostatic intolerance.  One possible explanation for the immediate 

reduction in cerebral perfusion during LBNP that only occurred in the LargeDiff group could be 

related to the carbon dioxide (CO2) response during the initial stage of LBNP (Novak et al. 1998).  

The cerebral circulation is remarkably sensitive to changes in PaCO2
, with hypocapnia and 

hypercapnia decreasing and increasing cerebral perfusion, respectively (Jordan et al. 2000).  

During heat stress conditions PaCO2 
and PETCO2

 (a non-invasive index of PaCO2
), are reduced by 4 to 

8 mm Hg (Brothers et al. 2011a), which is similar to the findings of the current study (Table 

IV.2).  Although there were no differences in PETCO2 
between groups during normothermia or 

heat stress baseline periods (Table IV.2), the absolute PETCO2 
at LBNP20 was lower in the 

LargeDiff group compared to the SmallDiff group.  Thus, a greater reduction in PETCO2
 during 

LBNP20 may be a key factor contributing to the reduced MCA Vmean at this stage in the 

LargeDiff group (Figure IV.2B).  It is not clear why PETCO2 
was decreased to a greater degree 

during LBNP20 in the LargeDiff group.  Data from normothermic individuals suggests that upon 

the onset of presyncopal symptoms there is a compensatory increase in ventilation in attempt to 

activate the respiratory pump thereby increasing venous return (Convertino et al. 2009); however, 

this increase in ventilator rate may also drive down PETCO2
 and result in cerebral arteriolar 

vasoconstriction (Jordan et al. 2000). Regardless of the mechanism, the greater reduction in 

PETCO2 coincided with the immediate reduction in cerebral perfusion during LBNP20.  

Another possible mechanism of greater reduction in cerebral perfusion in the LargeDiff 

group at LBNP20 could be related to activation of the sympathetic nervous system.  Heat stress 

significantly increases sympathetic activity relative to normothermia (Keller et al. 2006).  

Furthermore, reduced central blood volume, as occurs during LBNP, increases sympathetic 

activity in normothermic conditions and augments the increase during heat stress conditions 

(Brothers et al. 2011b).  Although the role of sympathetic control of the cerebral circulation 

remains unclear (Jordan et al. 2000; Ogoh 2008) it has been suggested that the cerebral vessels 

can be modulated by manipulation of the sympathetic nervous system (Ogoh et al. 2008).  

Although sympathetic activity was not measured in the present study, it seems plausible that 

different levels of heat stress and LBNP induced sympathetic activity and/or different vascular 

responses to this sympathetic activity may have accounted for the differences in cerebral 
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perfusion between groups.  Along these lines, activation of the sympathetic nervous system 

increases HR, which was higher during heat stress baseline (Table IV.2, P = 0.05), and during 

LBNP20 (Figure IV.2C) in the LargeDiff group compared to the SmallDiff group despite similar 

values during normothermia (Table IV.2).  This finding lends support to the hypothesis that 

sympathetic activity may have been higher during LBNP20 in individuals from the LargeDiff, 

which could have contributed to the lower MCA Vmean at this time (Figure IV.2A).   

Lastly, an important modulator of cerebral perfusion is dynamic cerebral autoregulation 

(Brothers et al. 2009c; Low et al. 2009).  Previous reports suggest that impairments in cerebral 

autoregulation may contribute to orthostatic intolerance during normothermia (Levine et al. 

1994).  Heat stress improves cerebral autoregulation relative to normothermia (Brothers et al. 

2009c; Low et al. 2009); however, it is likely that this effect differs amongst individuals.  

Therefore, it is possible that individuals in the LargeDiff group have an attenuated heat-stress 

induced improvement in cerebral autoregulation, which could diminish their ability to defend 

against reductions in perfusion pressure.  This theory warrants further investigation.   

Previous studies have investigated the mechanisms underlying the variability in tolerance 

to a simulated hemorrhage during normothermia (Levine et al. 1991b; Stevens et al. 1992; Raven 

& Pawelczyk 1993; Greenleaf et al. 2000), and during heat stress (Allan & Crossley 1972; 

Wilson et al. 2002b; Wilson et al. 2006; Keller et al. 2009; Brothers et al. 2011b).  Numerous 

mechanisms have been linked with reduced blood pressure control and othostatic tolerance while 

normothermic including; attenuated activation of the RAAS, and reduced plasma renin activity 

(Shvartz et al. 1981; Harrison et al. 1985; Robertson et al. 1996; Jacob et al. 1997; Greenleaf et 

al. 2000) as well as factors related to cardiovascular adaptations in response to endurance training 

(Levine et al. 1991b; Stevens et al. 1992).  AngII is one of the most powerful vasoactive 

hormones in humans, and plasma levels rise during reductions in central blood volume in 

normothermic conditions (Greenleaf et al. 2000), as well as during whole body heat stress [Figure 

IV.4A, (Kosunen et al. 1976; Eisman & Rowell 1977)].  In light of previous reports suggesting a 

role for RAAS and fitness level in orthostatic intolerance during normothermia and the limited 

data in this area during heat stress, this study had two additional aims.  The first additional 

hypothesis tested was that the increase in plasma AngII from normothermic baseline to heat stress 

baseline would be significantly attenuated in individuals with large differences in tolerance to a 

simulated hemorrhage between normothermic and heat stress conditions (LargeDiff group) 
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compared to individuals with small differences between thermal conditions (SmallDiff group).  

The second additional aim tested the hypothesis that individuals with the greatest heat-stress 

induced reduction in tolerance to a simulated hemorrhage would have the greatest 

cardiorespiratory fitness ( 2peakoV ).  In contrast to both of these hypotheses, neither the increase 

in plasma AngII nor 2peakoV was predictive of differences in tolerance to a simulated hemorrhage 

between normothermic and heat stress conditions (Figure IV.4A and Figure IV.4B, respectively).  

As expected, plasma levels of AngII increased ~50% from normothermia to heat stress (Figure 

IV.4A, inset); however, there was no relationship between the magnitude of increase in AngII and 

CSI Diff (Figure IV.4A).  Likewise, 2peakoV  was similar in LargeDiff and SmallDiff groups 

(Figure IV.4B).  Although this finding is in contrast to previous reports demonstrating reduced 

orthostatic tolerance in highly trained individuals during normothermic conditions (Levine et al. 

1991b; Stevens et al. 1992; Raven & Pawelczyk 1993), the effect of exercise training on 

orthostatic tolerance remains unclear (Mtinangi & Hainsworth 1999) particularly during heat 

stress conditions.   

Other factors that may influence tolerance to a simulated hemorrhage during heat stress 

include; absolute internal temperature and skin temperature prior to the hypotensive challenge 

(Rowell et al. 1969; Rowell et al. 1970; Wilson et al. 2002b) and the magnitude of increase in 

cutaneous blood flow coupled with inadequate cutaneous vasoconstriction prior to and during 

ensuing syncopy (Kellogg et al. 1990; Crandall et al. 2010).  In this regard, internal temperature 

was not different between groups during normothermia or heat stress (Table IV.2) and thus did 

not contribute to differences in tolerance to a simulated hemorrhage in this study.  In addition, the 

cutaneous vasoconstrictor response during heat stress and LBNP is significantly impaired such 

that even at the onset of presyncopal symptoms skin vascular conductance remains ~ 4 to 5 fold 

higher relative to normothermia, a response which  contributes to the onset of syncopal symptoms 

(Crandall et al. 2010).  In the current study there was no difference in the magnitude of increase 

in skin blood flow or skin vascular conductance or in the magnitude of LBNP induced reduction 

in skin blood flow or skin vascular conductance between groups during any of the measured time 

points (data not shown).  These data should be interpreted cautiously due the lack of normalizing 

the skin blood flow data to a maximally obtained value which reduces the concerns related to 

heterogeneity of cutaneous sites within an individual as well as between individuals (Johnson et 
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al. 1984).  However, the relative change in skin blood flow and vascular conductance during 

various perturbations can provide insight into mechanisms of blood pressure control and thus can 

be instructive (Crandall et al. 2010).  Collectively, these findings suggest that neither the increase 

in SkVC in response to heat stress nor the magnitude of the reduction during ensuing syncope are 

primary factors resulting in the variability in tolerance to a simulated hemorrhage challenge 

during heat stress in healthy individuals; however, future studies in this area with SkVC 

normalized to a local heating induced maximal level are needed to corroborate these findings. 

 

Methodological considerations / limitations  

Inter-individual variability in tolerance to a simulated hemorrhage during normothermia 

and/or heat stress may also be influenced by numerous other mechanisms such as, but not limited 

to; impaired venoarteriolar response mediated vasoconstriction (Brothers et al. 2009b), cardiac 

systolic and diastolic function, changes in cardiac output and/or stroke volume, location of the 

operating point on the Frank-Starling curve (Levine et al. 1991b; Wilson et al. 2009; Bundgaard-

Nielsen et al. 2010), baroreflex sensitivity, baseline plasma volume, and/or changes in plasma 

volume during heat stress.  The complexity of the numerous mechanisms with the potential to 

influence this variability amongst individuals is obvious, and necessitates that studies are 

designed to tease out potential mechanisms individually.  In this regard, many of the factors listed 

above may play key roles in predicting the variability in tolerance to a simulated hemorrhage 

during heat stress amongst individuals and warrant further investigation.  

Cerebral perfusion was indexed from MCA Vmean.  Although MCA Vmean is not the same 

as cerebral blood flow, a linear relationship exists between changes in flow and MCA Vmean if the 

diameter of the insonated vessel does not change.  Of particular relevance to this study, the 

diameter of large cerebral vessels, such as the middle cerebral artery, does not change 

significantly during moderate changes in arterial pressure and CO2 (Serrador et al. 2000).  Thus, 

changes in MCA Vmean under these conditions reflect changes in cerebral perfusion.  Cerebral 

vascular conductance was not different between LargeDiff and SmallDiff groups at normothermic 

or heat stress baseline periods (Table IV.2), during LBNP20, or at presyncope (Table IV.3).  

Although vascular conductance is commonly used to describe vascular responses, it is not the 

most important variable in terms of absolute blood flow and oxygen delivery, and thus the ability 

to tolerate a simulated hemorrhage challenge.  In this regard, the present investigation focused on 
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differences in MCA Vmean at key times (heat stress baseline, and the initial stage of LBNP) when 

differences in cerebral perfusion may be expected to predict variability in tolerance to a simulated 

hemorrhage while heat stressed.  

 

Conclusions 

In opposition to the proposed hypotheses, the large differences in tolerance to a simulated 

hemorrhage during normothermic and heat stress conditions are not solely related to the degree of 

heat stressed induced reduction in cerebral perfusion.  Moreover, based on the current results, an 

individuals’ level of cardiorespiratory capacity (fitness), and/or the degree of heat-stress induced 

increase in plasma AngII do not reliably predict the level of reduction in tolerance to a simulated 

hemorrhage challenge when heat stressed.   

Although many factors clearly contribute to individual differences in tolerance to a 

simulated hemorrhage challenge when heat stressed; ultimately, syncope will occur when cerebral 

perfusion becomes inadequate.  Cerebral perfusion is significantly reduced at the initial stage of a 

hypotensive challenge (LBNP20) during heat stress in individuals with the largest reductions in 

tolerance to a simulated hemorrhage during heat stress compared to normothermia despite similar 

MAP between groups.  Therefore, mechanisms regulating cerebral perfusion (i.e. cerebral 

autoregulation, hyperventilation induced hypocapnia, sympathetic vasoconstriction) are likely to 

be key factors underlying the variability amongst individuals in the reduction in blood pressure 

control and tolerance to a simulated hemorrhage during heat stress.  Future studies should identify 

the mechanisms underlying the differences in cerebral perfusion between “tolerant” and “non-

tolerant” groups during the initial/early stages of a hypotensive challenge during heat stress.  
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Table IV.1.  Subject characteristics. SmallDiff, individuals with the smallest reductions in 

tolerance to a simulated hemorrhage between normothermia and heat stress conditions; 

LargeDiff, individuals with the largest difference in tolerance to a simulated hemorrhage between 

normothermia and heat stress conditions; BMI, body mass index.  Values are means ± SD.   

 

 
SmallDiff LargeDiff P-value 

Age (y) 26.0 ± 8.7 26.3 ± 6.6 0.74 

Height (m) 1.7 ± 0.1 1.7 ± 0.1 0.62 

Weight (kg) 67.6 ± 0.2 63.6 ± 7.4 0.61 

BMI (kg/m2) 22.8 ± 2.7 22.5 ± 2.0 0.82 

Sex (m/f) 4/3 4/3 n/a 
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Table IV.2.  Baseline hemodynamic and thermal data during normothermia and heat stress in 

individuals with the smallest differences (SmallDiff) and those with the largest differences 

(LargeDiff) in tolerance to a simulated hemorrhage during normothermia and heat stress. MCA 

Vmean, middle cerebral artery blood velocity; CVCi, cerebral vascular conductance index; PETCO2
, 

end tidal CO2; MAP, mean arterial pressure; HR, heart rate.  ‡significant main effect of thermal 

condition (P < 0.001).  *significant main effect of thermal condition (P < 0.05).  Bold values 

represent a significant (group X temperature interaction).  Values are means ± SD.   

 

 

    Normothermia   Heat Stress     

    SmallDiff   LargeDiff   SmallDiff   LargeDiff   P-value for interaction 

MCA Vmean (cm/s)   67.7 ± 5.9   67.2 ± 16.2   53.6 ± 9.7‡   48.6 ± 11.6‡   0.51 

CVCi (cm/s/mm Hg ) 
 

85.7 ± 17.1 
 

84.3 ± 30.7 
 

70.3 ± 18.4* 
 

58.9 ± 17.2* 
 

0.42 

Internal temperature (°C) 
 

36.7 ± 0.2 
 

36.9 ± 0.4 
 

38.1 ± 0.3‡ 
 

38.4 ± 0.3‡ 
 

0.99 

PETCO2 
(mm Hg) 

 
45.8 ± 4.0 

 
46.1 ± 2.9 

 
38.9 ± 3.6‡ 

 
39.2 ± 2.7‡ 

 
0.99 

MAP (mm Hg) 
 

80.9 ± 10.7 
 

83.8 ± 12.4 
 

79.2 ± 13.4 
 

84.7 ± 11.6 
 

0.66 

HR (beats/min)  59.6 ± 8.4  65.2 ± 14.3  99.5 ± 13.5‡  121.2 ± 22.2‡  0.03 
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Table IV.3.  Hemodynamic data at presyncope during heat stress. SmallDiff, individuals with the 

smallest reductions in tolerance to a simulated hemorrhage between normothermia and heat stress 

conditions; LargeDiff, individuals with the largest difference in tolerance to a simulated 

hemorrhage between normothermia and heat stress conditions; MCA Vmean, middle cerebral artery 

blood velocity; CVCi, cerebral vascular conductance index; PETCO2
, end tidal CO2; MAP; mean 

arterial pressure; HR, heart rate.  Values are means ± SD.   

 

  
SmallDiff 

 
LargeDiff 

 
P-value 

MCA Vmean (cm/s) 33.5 ± 4.3 
 

38.1 ± 9.1 
 

0.32 

CVCi (cm/s/mm Hg ) 50.3 ± 11.8 
 

63.3 ± 19.4 
 

0.22 

PETCO2
 (mm Hg) 29.5 ± 3.7 

 
29.8 ± 5.6 

 
0.93 

MAP (mm Hg) 68.5 ± 10.0 
 

62.1 ± 8.6 
 

0.26 

HR (beats/min) 121.0 ± 20.2 
 

121.8 ± 17.9 
 

0.94 
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Figure IV.1.  Cumulative stress index (CSI) values during normothermia and heat stress; and the 

difference between normothermia and heat stress (CSI Diff) for individuals with small differences 

in tolerance to a simulated hemorrhage between normothermia and heat stress (SmallDiff, N = 7) 

and large differences in tolerance to a simulated hemorrhage between normothermia and heat 

stress (LargeDiff, N = 7).  *significantly different compared to SmallDiff, P < 0.05.  Values are 

means ± SD. 
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Figure IV.2.  Middle cerebral artery blood velocity (MCA Vmean; panel A), end tidal carbon 

dioxide (PETCO2
; panel B), heart rate (HR; panel C), and mean arterial pressure (MAP; Panel D) 

during the initial stage of lower body negative pressure (LBNP20).  All data shown were 

collected on the heat stress day.  *significantly different compared to SmallDiff, P < 0.05.  

Values are means ± SD.   
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Figure IV.3.  Middle cerebral artery blood velocity (MCA Vmean) expressed as the difference 

between values at LBNP20 and at presyncope (MCA Vmean reserve) for individuals with small 

differences in tolerance to a simulated hemorrhage between normothermia and heat stress 

(SmallDiff, N = 7) and large differences in tolerance to a simulated hemorrhage between 

normothermia and heat stress (LargeDiff, N = 7).  *significantly different compared to SmallDiff 

group P = 0.001.  Values are means ± SD. 
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Figure IV.4. Panel A shows the lack relationship between the change in plasma angiotensin II and 

the difference in tolerance to a simulated hemorrhage between normothermic and heat stress 

conditions (CSI Diff). The inset figure shows plasma AngII values during normothermia and heat 

stress. Panel B shows fitness, indexed as peak oxygen consumption ( 2peakoV ), for individuals 

with small differences in tolerance to a simulated hemorrhage between normothermia and heat 

stress (SmallDiff, N = 7) and large differences in tolerance to a simulated hemorrhage between 

normothermia and heat stress (LargeDiff, N = 7). *significantly different compared to 

normothermia P < 0.01.  Values are means ± SD. 

  

 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0 500 1000 1500 2000

Δ
 f

ro
m

 N
T

 t
o

 H
S

 (
n
g

/m
L

) 

CSI Diff 

Angiotensin II A 

30

40

50

60

70

SmallDiff LargeDiff

 V̇
o

2
p
ea

k
 (

m
L

/m
in

/k
g

) 

Fitness B 



42 

 

CHAPTER V: STUDY 2 

 

Inter-individual differences in tolerance to a simulated hemorrhage challenge during heat 

stress: cerebrovascular control  
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ABSTRACT 

A high degree of inter-individual variability exists in heat stress (HS) -induced reductions 

in orthostatic tolerance relative to normothermia (NT), which may be associated with HS-

mediated reductions in cerebral perfusion, and thus mechanisms of cerebrovascular control during 

hypotensive challenges. This study tested two hypotheses; 1) the magnitude of improvement in 

cerebral autoregulation (CA) would be negatively correlated with the difference in tolerance to 

graded lower body negative pressure (LBNP) [assessed with a cumulative stress index (CSI)] 

during HS relative to NT (CSIdiff), and 2) cerebrovascular sensitivity to HS-induced hypocapnia 

would be positively correlated with CSIdiff. Subjects (N=13) were exposed to LBNP on two 

occasions (NT and HS) separated by >72h to assess CSI. On a third day, indices of CA were 

assessed during NT and HS by spectral and transfer function analyses, and cerebrovascular 

sensitivity to changes in PaCO2
 was determined during NT, HS, and HS+LBNP (-20 mm Hg; 

HSLBNP). Estimates of CA were improved during HS compared to NT (P<0.05); however, there 

was no relationship between the change in any index of CA from NT to HS and CSIdiff (P>0.05). 

Hyperventilation-induced hypocapnia reduced cerebral vascular conductance (CVCi) during HS 

and HSLBNP relative to NT (P<0.01 for both), but no relationship existed between ΔCVCi/torr in 

any condition and CSIdiff (P>0.05 for all). In summary, HS augments mechanisms of 

cerebrovascular control to protect against orthostatic challenges; however, individual differences 

in these responses do not predict tolerance to a simulated hemorrhage when internal temperature 

is elevated.  
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INTRODUCTION 

Whole body passive heat stress presents a significant challenge to the cardiovascular 

system of a similar magnitude as compared with other physiological conditions (i.e. dynamic 

exercise, gravitational acceleration, traumatic injury, hemorrhage, etc). Elevations in body 

temperature elicit an increase in cutaneous vascular conductance to facilitate heat exchange. In an 

effort to maintain arterial blood pressure in the face of this profound cutaneous vasodilatory 

response, cardiac output is increased while (Rowell et al. 1969) vascular conductance in non-

cutaneous vascular beds is decreased (Rowell et al. 1971). In addition, heat stress results in 

reductions in cerebral perfusion of ~30% (Wilson et al. 2002; Wilson et al. 2006; Brothers et al. 

2009a; Brothers et al. 2009b), and an early onset of pre-syncopal symptoms during a simulated 

hemorrhage (Cui et al. 2004; Wilson et al. 2006; Keller et al. 2009; Brothers et al. 2011b) and 

similar hypotensive challenges; such as gravitational acceleration (Allan & Crossley 1972) and 

upright tilting (Lind et al. 1968; Wilson et al. 2002) relative to normothermic conditions. 

Although the time required to elicit pre-syncopal symptoms is significantly reduced in all 

individuals during heat stress relative to normothermic conditions, the magnitude of reduction in 

tolerance varies considerably amongst individuals (Brothers et al. 2011b; Cui et al. 2011; Lee et 

al. 2013). Previous research has identified several key mechanisms that contribute to the reduced 

tolerance to orthostatic challenges when heat stressed (Crandall et al. 2000; Wilson et al. 2002; 

Wilson et al. 2006; Wilson et al. 2007; Brothers et al. 2009b; Crandall et al. 2010; Brothers et al. 

2011b); however, the primary factor(s) underlying the variability amongst individuals remains 

largely unknown. 

It is well documented that cerebral perfusion is reduced during heat stress relative to 

normothermia (Wilson et al. 2002; Wilson et al. 2006; Brothers et al. 2009a; Low et al. 2009; 

Lee et al. 2013). Because syncope will ultimately occur when cerebral perfusion becomes 

inadequate, the effectiveness of mechanisms regulating cerebrovascular control during heat stress 

may explain the individual differences that exist in tolerance to orthostatic challenges in this 

thermal condition. We have recently reported that individuals with large (i.e. “heat intolerant”) 

and small (i.e. “heat tolerant”) differences in tolerance to a simulated hemorrhage, induced via 

lower body negative pressure (LBNP), during heat stress compared to normothermia have a 

similar level of reduction in cerebral perfusion when passively heated (Lee et al. 2013). However, 
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in this study, individuals with large differences in tolerance to a simulated hemorrhage (i.e. “heat 

intolerant”) had profound reductions in cerebral perfusion during the initial stage of LBNP, when 

mean arterial pressure (MAP) was similar between groups (Lee et al. 2013). This would suggest 

that mechanism(s) regulating cerebral perfusion during orthostatic challenges, particularly while 

heat stressed, may predict an individual’s tolerance to a simulated hemorrhage or similar 

orthostatic stress during this thermal condition. 

The cerebral vasculature and subsequently cerebral perfusion (indexed from the middle 

cerebral artery; MCA) is extremely sensitive to changes in arterial carbon dioxide tension (PaCO2
) 

with hypercapnia and hypocapnia evoking increases and decreases in MCA mean blood velocity 

(MCA Vmean), respectively (Serrador et al. 2000; Ide et al. 2003). Heat stress induces reductions 

in PaCO2
 (indexed from end tidal carbon dioxide, PETCO2

). Recently, Low et al reported that the 

sensitivity of the cerebral vascular response to changes in PETCO2 
were not altered during heat 

stress compared to normothermic conditions (Low et al. 2008); nevertheless, it is plausible that 

there is some inter-individual variability in this response such that individuals with increased 

sensitivity to heat-stress induced hypocapnia would have greater reductions in MCA Vmean which 

might result in earlier onset of pre-syncopal symptoms and reduced tolerance to a simulated 

hemorrhage in this thermal state. 

Numerous studies have shown that cerebral perfusion remains constant over a range of 

MAP from ~ 60 to 140 mm Hg (Lassen 1964; Ekstrom-Jodal et al. 1971) through a phenomenon 

known as cerebral autoregulation (CA) (Aaslid et al. 1989). Previous research has revealed 

improved indices of CA during hypotensive challenges during mild (~0.4°C increase in internal 

temperature) (Doering et al. 1999) and moderate heat stress (~1°C increase in internal 

temperature) (Low et al. 2009). Furthermore, Brothers et al recently demonstrated that transfer 

function gain is reduced (improved CA) during swings in blood pressure at very low frequencies 

(0.03 Hz), but not during swings at low frequencies (0.1 Hz) (Brothers et al. 2009b). In this 

regard, individuals with greater heat stress induced improvements in CA may have smaller 

differences in tolerance to a simulated hemorrhage between heat stress and normothermic 

conditions (i.e. less effect of heat) compared to individuals with less improvement in CA. 
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This study aimed to determine the relationship between two primary mechanisms 

associated with maintenance of cerebral perfusion; CA and cerebrovascular responsiveness to 

hypocapnia. The first hypothesis was that there would be a negative relationship between an 

individual’s CA during heat stress and/or their degree of improvement in CA from normothermia 

to heat stress and the magnitude of heat stress induced reduction in tolerance to a simulated 

hemorrhage when heat stressed relative to normothermia. The second hypothesis was that there 

would be a positive relationship between an individual’s cerebrovascular sensitivity to reductions 

in PaCO2 
(indexed by PETCO2

) and the magnitude of heat stress induced reduction in tolerance to a 

simulated hemorrhage when heat stressed relative to normothermia. 
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METHODS 

Ethical Approval and Subjects 

Prior to data collection all protocols and techniques employed in the current investigation 

were approved by the Institutional Review Board at The University of Texas at Austin. Subjects 

were given a verbal description of all procedures and informed of the purpose and risks involved 

in the study before providing their informed, written consent. 

This study was a follow-up to a previously completed investigation from which some 

data has been reported (Lee et al. 2013). Our previous work suggests that impaired 

cerebrovascular control during the combined challenge of heat stress and LBNP predicts 

tolerance to a simulated hemorrhage in this thermal condition (Lee et al. 2013). The individuals 

recruited for the current study were a subset of individuals from this previous work (Lee et al. 

2013) who were willing to participate in the current follow-up investigation designed to assess 

mechanisms of cerebral vascular control. In order to be included in the current study, individuals 

had to have no change in body mass (within ±1.5 kg of body mass on previous visit), and no 

change in activities of daily life (i.e. job, activity level, dietary behavior, etc.) assessed via a 

health history questionnaire.   

Thirteen healthy normotensive, non-smokers (10 males), (age; 26.5 ± 7.4 y, weight; 68.9 

± 13.3 kg, height; 1.7 ± 0.1 m) participated in this study. All subjects were free from any known 

cardiovascular, metabolic, or neurological disease. Phase of menstrual cycle was determined via 

health history questionnaire, but was not controlled as this has been shown to have no effect on 

orthostatic tolerance during heat stress (Meendering et al. 2005). All experiments and procedures 

were conducted in a temperature controlled laboratory maintained at ~ 24°C and 40% relative 

humidity. Data collection for this study occurred on three separate days. Days 1 and 2 were used 

solely to determine tolerance to a simulated hemorrhage challenge evoked via lower body 

negative pressure (LBNP) during normothermic and heat stress conditions. Tolerance was 

quantified using a cumulative stress index (CSI) (Keller et al. 2009; Brothers et al. 2011b). Days 

1 and 2 were separated by ≥ 72 hrs and were presented in a randomized, counter-balanced design. 

The difference in CSI (CSIdiff) between normothermia and heat stress was used to evaluate 

individual’s tolerance to a simulated hemorrhage when heat stressed (Brothers et al. 2011b; Lee 

et al. 2013). Using this approach the larger the difference in CSI indicates a greater degree of 
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“heat intolerance” while a smaller difference indicates a greater degree of “heat tolerance”. Data 

from days 1 & 2 have been previously reported (Lee et al. 2013). The third day was used for the 

subsequent assessment of the impact of heat stress on various mechanisms that regulate cerebral 

perfusion (see below for more detail). All trials were performed in the morning hours, after an 

overnight fast (>10 hrs). Subjects abstained from strenuous exercise, alcohol, and caffeine for ≥ 

24 hrs prior to experimental testing. 

 

Instrumentation and measurements 

Day 1 & 2 (LBNP Trials). LBNP was used to evoke a graded maximal simulated 

hemorrhage and thus an orthostatic challenge on two different days, once during normothermia 

and once during heat stress. Separate days were used to avoid exposing subjects to repeated trials 

to presyncope on a single day. Previous studies have shown that LBNP is safe and induces highly 

reproducible hemodynamic responses (Convertino 2001). Furthermore, LBNP is a highly utilized 

and effective model to study cardiovascular responses to acute hemorrhage in humans 

(Convertino 2001; Cooke et al. 2004), and has been demonstrated to elicit repeatable values for 

various indices of orthostatic tolerance (i.e. cumulative stress index, maximum negative pressure 

tolerated, and/or duration of negative pressure exposure) (Lightfoot et al. 1991; Howden et al. 

2001). Subjects were placed into an LBNP box that was sealed at the level of the iliac crest for 

each LBNP tolerance test as described previously (Brothers et al. 2011b; Lee et al. 2013). 

Briefly, LBNP began at 20 mm Hg and was incremented by 10 mm Hg every 3 min until signs of 

presyncope developed (Keller et al. 2009; Brothers et al. 2011b).  

Assessment of cerebrovascular regulation. Subjects rested supine on a patient bed for the 

entirety of the experimental trial. Heart rate (HR) was continuously monitored with an 

electrocardiogram (HP Patient Monitor, Agilent, Santa Clara, CA) interfaced with a 

cardiotachometer (CWE, Ardmore, PA). Beat-by-beat arterial blood pressure was collected from 

one finger using the Penaz method (CNAP, Monitor 500, Austria). Intermittent blood pressure 

measurements were obtained by auscultation of the brachial artery with an 

electrosphygmomanometer (SunTech, Raleigh, NC), and MAP was calculated as one-third pulse 

pressure plus diastolic blood pressure. Blood pressures taken at the brachial artery were used for 

data analysis and for calculating cerebral vascular conductance during steady state baseline 
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periods, whereas beat-by-beat blood pressure values were used for transfer function analysis and 

for monitoring signs of developing syncope while individuals were exposed to heat stress and 

mild LBNP (described below in Experimental Protocols section).  

Each subject provided a urine sample for assessment of euhydration via urine specific 

gravity (USG; < 1.02) upon arrival to the laboratory. In the event that a USG greater than 1.02 

was achieved, the trial was rescheduled for a later date. Following verification of euhydration, 

subjects immediately ingested a telemetry pill (HQ, Palmetto, FL) for measurement of internal 

temperature. Gastrointestinal thermometry is highly susceptible to interference when fluids and/or 

food are ingested; therefore, once the pill was ingested no fluids were given until all data 

collection was completed. For the duration of the study subjects wore a water perfused tube-lined 

suit (Med-End, Ottawa, Canada) that covered the entire body, except the head, face, forearms, 

and feet. To facilitate more rapid heating, a tight fitting spandex shirt, leg coverings, and socks 

were placed over the suit and a blanket was placed on the subjects’ torso. The water perfused suit 

allowed skin and internal temperature to be controlled by adjusting the temperature of the water 

perfusing the suit. Water temperature and flow rate were controlled by a heating and circulating 

bath (Lauda, model E106T), and an external centrifugal pump (Gorman-Rupp Industries, model 

25501-006), respectively.  

Cerebral perfusion (indexed as MCA Vmean) was assessed continuously using transcranial 

Doppler ultrasonography. The middle cerebral artery was imaged via the temporal window with a 

2 MHz Doppler probe (Multi-flow, DWL Elektronische Systeme, Singen, Germany) adjusted 

until an optimal signal was identified, at which time the probe was held securely in place with a 

head strap. An index of cerebral vascular conductance (CVCi) was calculated from the ratio of 

MCA Vmean to MAP. Arterial carbon dioxide tension (PaCO2
) was indexed from end tidal carbon 

dioxide (PETCO2
), (VitalCap Capnograph Monitor, Oridion, Needham, MA, USA).  

 

Experimental Protocol 

Assessment of mechanisms of cerebrovascular regulation. Following instrumentation, 

subjects rested quietly in the supine position on a patient bed while normothermic water (34°C) 

circulated through the suit. After a 10 to 15 min period of steady state rest, subjects were fitted 
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with a nose clip and mouth piece for 6 min baseline data collection while thermal and 

hemodynamic data were collected during spontaneous breathing. Spontaneous fluctuations in 

MAP and MCA Vmean during this baseline period were used for the assessment of cerebral 

autoregulation using power spectral density and transfer function analysis (see below). The mouth 

piece contained a port where a sampling line was inserted from which continuous measures of 

PETCO2 
were obtained. Immediately after the normothermic baseline period, subjects conducted 

metronome-paced hyperventilation at a rate of 30 breaths per min. All subjects were familiarized 

with this procedure during initial instrumentation (prior to data collection). Subjects were 

instructed to alternate forceful inhalations and exhalations on each beat of the metronome. This 

procedure consistently produces 15-20-Torr reductions in PETCO2
 (Low et al. 2008; Sato et al. 

2012). Following all normothermic data collection, subjects were exposed to whole body heat 

stress by perfusing 49°C water through the suit. When internal temperature reached ~1.4°C above 

baseline, the temperature of the water perfusing the suit was reduced to 47°C and the 

aforementioned hemodynamic data were again collected during spontaneous breathing for 

assessment of baseline values as well as cerebral autoregulation during heat stress conditions. 

During heat stress the same hyperventilation procedure described above for normothermia was 

conducted twice, once during heat stress alone (HS) and again during 20 mm Hg LBNP (HSLBNP) 

which is a low level of simulated hemorrhage. This level of LBNP was chosen because we have 

previously shown that individuals with “low tolerance” to a simulated hemorrhage during heat 

stress (i.e. greater difference in CSI between normothermic and heat stress conditions) have 

reduced MCA Vmean at this level of LBNP compared to individuals with “high tolerance” (i.e. less 

difference in CSI between normothermic and heat stress conditions) (Lee et al. 2013). Previous 

studies on the repeatability of LBNP in normothermic humans have demonstrated that when other 

factors are controlled for (i.e. time of day, protocol, hydration) heart rate and MAP responses 

(Lightfoot et al. 1991; Howden et al. 2001), percentage changes in estimated blood volume 

(Howden et al. 2001), and autonomic function (assessed by heart rate variability) (Lee et al. 

2004) are consistent across repeated trials on separate days. During heat stress LBNP was 

initiated following return of MAP and MCA Vmean to pre-hyperventilation levels. Because 

tolerance to a simulated hemorrhage is significantly reduced during heat stress conditions (Keller 
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et al. 2009; Brothers et al. 2011b; Lee et al. 2013), cerebral autoregulation was not assessed 

during the combined perturbations of heat stress and simulated hemorrhage. Importantly, the time 

required to collect data for the analysis of cerebral autoregulation would exceed the time to elicit 

syncopal symptoms in many individuals (Keller et al. 2009; Brothers et al. 2011b; Lee et al. 

2013). 

Transfer function and spectral analysis. Beat-by-beat MAP, and MCA Vmean were 

acquired from integration of analog signals within each cardiac cycle and were then linearly 

interpolated and resampled at 2-Hz for spectral analysis (Zhang et al. 1998). Linear interpolation 

and resampling at 2-Hz was used to convert the unequally spaced beat-by-beat time series to a 

uniformly spaced time series for spectral and transfer function analysis. Over a specified 

frequency range, transfer function gain and phase represents the relative amplitude and the time 

relationship, respectively, between changes in MAP and MCA Vmean (Blaber et al. 1997; Zhang et 

al. 1998). Transfer estimates of gain indicate the relative amplitude between changes in the input 

(MAP), and output (MCA Vmean) signals for the system, such that higher values for gain represent 

reduced CA. Transfer estimates of phase reflect the temporal shift required to align the input 

signal with the output signal. When autoregulation is working appropriately, output will lead the 

input (i.e. changes in velocity will lead changes in pressure) (Zhang et al. 1998; Low et al. 2009). 

In contrast, less difference in phase is representative of less effective autoregulation (Blaber et al. 

1997; Zhang et al. 1998). Coherence was calculated to determine the linear relationship between 

the input and output variables. Within a specific range, a coherence approaching 1 indicates a 

linear relationship between these signals, while coherence values approaching 0 reflect a non-

linear relationship, extraneous noise in the signal, or the lack of a relationship between the signals 

(Low et al. 2009). Spectral power for MAP and MCA Vmean, and mean values for transfer 

function gain, phase, and coherence were calculated for three different frequency ranges (very-

low; 0.02 to 0.07 Hz, low; 0.07 to 0.20 Hz, and high; 0.20 to 0.35 Hz). These ranges represent the 

different characteristics of the pressure-flow relationship (Zhang et al. 1998). Transfer function 

analyses were performed with commercially available software (DADiSP, DSP Development, 

Cambridge, MA).  
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Cerebral sensitivity to hypocapnia. The sensitivity of the cerebral circulation to changes 

in PETCO2
 was assessed during hyperventilation at a rate of 30 breaths X min

-1
 for 30 s. A section 

of 10 breaths during normal spontaneous breathing immediately prior to beginning 

hyperventilation was averaged to represent baseline values for MCA Vmean, CVCi, and PETCO2
. 

Changes in MCA Vmean, CVCi, and PETCO2
 were calculated by subtracting the baseline values 

from the average values for each variable over the last two breaths of hyperventilation. This 

method of assessment of cerebral vasoreactivity was chosen to identify cerebrovascular 

sensitivity solely in the hypocapnic range since cerebral responses to alterations in PETCO2
 are 

affected by the direction of the stimulus (i.e. hypo- or hypercapnia) (Ide et al. 2003; Sato et al. 

2012). Importantly, responses is this range are relevant to the study design (i.e. heat stress, 

simulated hemorrhage, and combined heat stress + simulated hemorrhage elicit hyperventilation 

induced hypocapnia) and thus may be informative for identifying the potential role for individual 

variability in cerebrovascular sensitivity to hypocapnia to predict orthostatic tolerance during 

these perturbations. Cerebral sensitivity to hypocapnia was calculated as the ratio of the change in 

MCA Vmean and CVCi to the change in PETCO2
 over the same time period.  

Data analysis. Hemodynamic and thermal data were recorded on a data acquisition 

system (Biopac System, Santa Barbara, CA) for later analysis. Average hemodynamic and 

thermal data for each condition were collected during a 60 s steady state period immediately prior 

to each hyperventilation protocol during normothermia (NT), control heat stress (HS), and heat 

stress with 20 mm Hg LBNP (HSLBNP).  

 

Statistical analysis.  

Statistical analyses were performed using a commercially available statistical software 

package (SigmaStat 3.11, Chicago, IL). Mean differences in transfer function gain, phase, and 

coherence within each specific frequency range during NT and HS were determined with a 

Student’s t-test. Cerebral responses to hyperventilation for each condition (i.e. NT, HS, HSLBNP) 

were analyzed using a repeated measures analysis of variance (ANOVA) and a Newman-Keuls 

post hoc analysis was used for all pairwise comparisons when a significant interaction was 
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observed. A Pearson’s product correlation analysis was used to identify the relationship between 

indices of CA [during NT, HS, and for the change in all CA-measures from NT to HS (Δ gain, Δ 

phase, and Δ coherence)] and the difference in CSI (i.e. CSIdiff) between HS and NT (assessed 

previously). The relationship between the sensitivity of cerebrovascular responses to 

hyperventilation induced hypocapnia (i.e. ΔCVCi per ΔPETCO2
) during NT, HS, and HSLBNP and 

CSIdiff was also analyzed using Pearson’s product correlation analysis. Differences in means were 

considered significant at the alpha level of P ≤ 0.05. All results are reported as mean ± SD and 

exact P-values are reported unless otherwise noted. 
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RESULTS 

Tolerance to a simulated hemorrhage 

All subjects exhibited reduced tolerance to the simulated hemorrhage after a 1.5 ± 0.1°C 

increase in internal temperature (heat stress: 267.7 ± 239.2 mm Hg X min, vs. normothermia: 

1,238.2 ± 402.1 mm Hg X min, P < 0.001), thus CSIdiff between thermal conditions was 970.4 ± 

467.1 mm Hg X min. Furthermore, there was a large degree of variability in the level of reduction 

in tolerance between thermal conditions (range 121.8 to 1,826.4 mm Hg X min). 

 

Thermal and hemodynamic responses to whole body HS and LBNP  

Baseline thermal and cardiovascular responses immediately prior to beginning 

hyperventilation during NT, HS, and HSLBNP are shown in Table V.1. Whole body heating 

resulted in the typical thermal and cardiovascular responses (Table V.1). Internal temperature was 

1.5 ± 0.2°C and 1.6 ± 0.2°C higher during HS and HSLBNP relative to NT, respectively (Table V.1; 

P < 0.001 for each) with a small but significant difference in internal temperature between HS 

conditions (P = 0.04). Heart rate increased 45 ± 14 beats/min from NT to HS (P < 0.001), and 9 ± 

11 beats/min from HS to HSLBNP (P = 0.03); whereas, MAP was similar during all thermal 

conditions (P > 0.05 for each), (Table V.1). Baseline values for MCA Vmean and PETCO2
 were 

reduced during HS and HSLBNP relative to NT (P ≤ 0.03 for all) with no difference between HS 

conditions for MCA Vmean (P = 0.61) or PETCO2
 (P = 0.24), (Table V.1). CVCi was reduced by 

0.12 ± 0.14 cm X sec
-1

 X mm Hg
-1

 during HS (P = 0.03) and by 0.14 ± 0.22 cm X sec
-1

 X mm Hg
-1

 

during HSLBNP (P < 0.01), relative to NT (Table V.1).  

 

Spectral and transfer function analysis 

Power spectral densities for MAP were similar between thermal conditions in the very 

low (NT: 1.94 ± 1.49; HS: 1.78 ± 1.78; P = 0.82), low (NT: 1.43 ± 1.69; HS: 3.39 ± 3.52; P = 

0.13), and high (NT: 0.47 ± 0.47; HS: 1.4 ± 1.9; P = 0.11) frequency regions. Likewise, power 

spectral density for MCA Vmean was similar in the very low (NT: 5.03 ± 4.31; HS: 5.17 ± 5.85; P 
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= 0.94), low (NT: 1.69 ± 0.77; HS: 3.64 ± 4.05; P = 0.10), and high (NT: 0.40 ± 0.31; HS: 0.96 ± 

1.02; P = 0.08) frequency regions between thermal conditions. 

Group data for transfer function gain, phase, and coherence are shown in Figure V.1. 

Whole body heat stress resulted in lower estimates of gain in the low (P < 0.01) and high (P = 

0.04), but not the very low frequency range (P = 0.89) during HS relative to NT (Figure V.1A). 

Estimates of phase were similar between NT and HS in the very low (P = 0.79), low (P = 0.09), 

and high (P = 0.83) frequency ranges (Figure V.1B). Coherence values were lower during HS 

compared to NT in the very low (P < 0.01), low (P = 0.05) and high (P = 0.04) frequency ranges 

(Figure V.1C).  

There was no relationship between any index of CA and CSIdiff during NT with the 

exception of coherence in the low frequency range (R = 0.56, P = 0.05; Table V.2). During HS, 

there was a relationship between CA and CSIdiff for transfer estimates of phase (R = 0.57, P = 

0.05; Table V.2); however, there was no relationship for any other index of CA and CSIdiff (P > 

0.05 for all; Table V.2). There was no relationship between the change in any index of CA from 

NT to HS and CSIdiff (P > 0.05 for all; Table V.2).  

 

Cerebrovascular reactivity to hypocapnia 

Hyperventilation at a rate of 30 breaths per min reduced PETCO2
 by 16 ± 5 Torr with no 

effect of condition on the degree of reduction (Figure V.2A; P = 0.80). Arterial blood pressure fell 

during hyperventilation relative to pre-hyperventilation baseline in each condition (P ≤ 0.003), 

and the degree of reduction was similar (NT: -7.4 ± 7.0 mm Hg; HS: -6.9 ± 5.7 mm Hg; HSLBNP: -

7.6 ± 5.4 mm Hg; P = 0.92). In each condition MCA Vmean and CVCi were reduced during 

hyperventilation compared to baseline (P ≤ 0.001). The magnitude of the hyperventilation-

induced reduction in CVCi was attenuated during HS and HSLBNP relative to NT (P ≤ 0.005; 

Figure V.2B), yet was similar in both HS conditions (P = 0.87; Figure V.2B). The relationship 

between CSIdiff and the ratio of the ΔCVCi to ΔPETCO2
 was assessed to determine if 

cerebrovascular sensitivity to HS-induced hypocapnia plays a role in reduced LBNP tolerance 

during heat stress. Although the ratio of ΔCVCi to ΔPETCO2
 during hyperventilation was reduced 

during HS and HSLBNP compared to NT (NT: 0.011 ± 0.004; HS: 0.007 ± 0.004; HSLBNP: 0.006 ± 
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0.005; P ≤ 0.003), there was no relationship between the ΔCVCi/ΔPETCO2
 and CSIdiff for any 

condition (each P > 0.05; Figure V.3). 
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DISCUSSION 

This study tested the hypothesis that inter-individual variability in cerebral sensitivity to 

HS-induced changes in PaCO2
 and HS-induced improvements on CA would predict individual 

differences in tolerance to a simulated hemorrhage when heat stressed. The first primary finding 

of this study was that although some, but not all, indices of CA were improved following an 

increase in internal temperature of ~1.5°C (Figure V.1), contrary to the original hypothesis, 

neither autoregulatory function during NT or HS, or individual differences in the degree of 

improvement in CA following HS, play a significant role in predicting tolerance to a simulated 

hemorrhage challenge during heat stress (Table V.2). The second key finding was that 

cerebrovascular sensitivity to hypocapnia was reduced during HS alone and during HS with mild 

LBNP compared to NT; however, in opposition to the second hypothesis the HS-induced 

reduction in sensitivity to hyperventilation induced hypocapnia did not predict inter-individual 

variability in tolerance to a simulated hemorrhage challenge.   

Maintenance of adequate cerebral perfusion is essential to maintain consciousness 

(Njemanze 1992; Madsen & Secher 1999; Van Lieshout et al. 2003). Furthermore, it is well 

established that whole body heating reduces cerebral perfusion (Wilson et al. 2002; Wilson et al. 

2006; Brothers et al. 2009a; Brothers et al. 2009b; Lee et al. 2013). In this regard, a HS mediated 

reduction in cerebral perfusion is likely a key factor contributing to reduced tolerance to a 

simulated hemorrhage challenge (or similar orthostatic challenge) in this thermal state (Wilson et 

al. 2006; Keller et al. 2009; Brothers et al. 2011b). It is plausible to speculate that individuals 

with the largest HS-induced reductions in tolerance to a simulated hemorrhage relative to 

normothermic conditions would have greater HS-induced reductions in cerebral perfusion relative 

individuals with smaller reductions in tolerance from NT to HS. In opposition to this theory, we 

have recently demonstrated that individuals with high and low tolerance to a simulated 

hemorrhage challenge during HS exhibit a similar magnitude of reduction in cerebral perfusion 

(indexed as MCA Vmean) from NT to HS (Lee et al. 2013). Nevertheless, in the same study it was 

observed that “low tolerant” individuals have a greater reduction in MCA Vmean in the initial stage 

of a simulated hemorrhage challenge when MAP was similar between groups (Lee et al. 2013). 

Reduced cerebral perfusion despite no differences in MAP between high and low tolerant 
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individuals suggests that mechanisms regulating MCA Vmean may be inhibited or impaired in 

individuals with reduced LBNP tolerance during HS, thus explaining the earlier onset of syncopal 

symptoms during a simulated hemorrhage challenge (Lee et al. 2013).  

Although a lack of association has recently been demonstrated between various metrics 

of CA (Tzeng et al. 2012), CA has been shown to be improved during HS relative to NT when 

assessed by transfer function analysis (Brothers et al. 2009b; Low et al. 2009), and with an 

autoregulation index following a bilateral thigh cuff release (Doering et al. 1999). The 

improvements in CA with HS may act as a protective mechanism to partially offset some of the 

impairment in orthostatic tolerance that occurs in this thermal state (Lind et al. 1968; Allan & 

Crossley 1972; Wilson et al. 2002; Wilson et al. 2006; Keller et al. 2009; Brothers et al. 2011b; 

Lee et al. 2013). Our current finding that transfer function gain was reduced during HS compared 

to NT is similar to previous reports (Brothers et al. 2009b; Low et al. 2009), although for 

unknown reasons, disparity exists in the frequency region in which the reductions in gain occur 

between the current and previous (Brothers et al. 2009b; Low et al. 2009) studies. However, it is 

likely that different protocols and/or magnitudes of increase in internal temperature between 

studies may play a role. Coherence has been used previously as a threshold criterion for 

subsequent analysis via transfer function gain and phase (Ogoh et al. 2005); however, others use 

coherence as an independent metric of cerebral autoregulation (Zhang et al. 1998). Using the 

latter approach, our current finding of reduced coherence in all frequency ranges in HS relative to 

NT provides further support for improved CA during HS. Nevertheless, the absence of any clear 

relationship between CA and tolerance to a simulated hemorrhage suggests that variability 

amongst individuals in CA function does not play a key role in determining an individual’s ability 

to withstand an orthostatic challenge when heat stressed. It is noteworthy that in our previous 

investigation, differences in MCA Vmean were not apparent in “high” and “low” tolerant groups 

until the initial stage of LBNP. Thus, the possibility remains that “high” tolerant individuals 

maintain enhanced CA during an orthostatic challenge during heat stress relative to “low” 

individuals.  

It has been reported that in normothermic conditions, cerebral perfusion is reduced by ~ 

3% for every 1-Torr change in PaCO2 
(Ringelstein et al. 1992). Whole body heat stress typically 



59 

 

results in reductions in PETCO2
 by ~ 4 to 6-Torr and lowers MCA Vmean by as much as ~30 % 

relative to NT (Wilson et al. 2002; Wilson et al. 2006; Low et al. 2008). Additionally, previous 

studies have found that ~ 50% of the heat stress induced reduction in cerebral perfusion is related 

to reduced PETCO2
 (Brothers et al. 2009a). Collectively these data indicate that mechanisms other 

than reduced PaCO2
 likely play a role in the attenuated cerebral perfusion that occurs during 

elevations in internal temperature. An alternative explanation is that the sensitivity to hypocapnia 

is increased during HS such that cerebral perfusion is reduced by a greater magnitude for every 1-

Torr change in PaCO2
. In contrast to this theory, Low et al have recently shown that 

hyperventilation-induced reductions in cerebral conductance are similar during NT and HS (Low 

et al. 2008). In the current investigation we found a smaller degree of reduction in CVCi per 

reduction in PaCO2
 (indexed as PETCO2

) during HS and HSLBNP relative to NT (see Figure V.2). 

The reason for the attenuated reduction in CVCi in the present study compared with the one by 

Low et al (Low et al. 2008) is unknown, but may be due to the greater increase in internal 

temperature achieved in the present investigation (>1.5 vs. ~ 1.1°C), which may have altered the 

cerebral responses to hypocapnia. Furthermore, this greater degree of HS resulted in lower 

absolute baseline values of MCA Vmean in the current investigation vs. Low et al (Low et al. 

2008); therefore, although speculative, there may be a threshold that MCA Vmean must fall below 

before cerebrovascular sensitivity to hypocapnia is altered. Nonetheless, although the current and 

previous reports (Low et al. 2008) are at odds on the effect of HS on cerebral reactivity to 

hypocapnia they both indicate that cerebrovascular reactivity to HS-induced hypocapnia is not 

enhanced during whole body heat stress, and suggest that other mechanisms account for the larger 

reductions in MCA Vmean during HS than would be predicted based on the reduced PETCO2
 alone. 

The effect(s) of heat stress on cerebrovascular reactivity are further complicated by the finding 

that cerebral reactivity is not consistent across different circulatory regions of the brain (Sato et 

al. 2012). Sato and colleagues (Sato et al. 2012) demonstrated that CO2 reactivity was lower in 

the vertebral artery and its distal artery (i.e. basilar) compared to the internal carotid artery and its 

distal artery (i.e. MCA) suggesting that varying CO2 reactivity may in part explain different 

cerebral blood flow responses across brain regions. However, to our knowledge the influence of 
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HS on cerebral reactivity in different brain circulations remains unknown and, therefore, may 

have contributed to the reduced cerebral reactivity in both heat stress conditions (i.e. HS and 

HSLBNP) relative to NT. 

It is well documented that orthostatic tolerance is reduced in heat stressed humans (Allan 

& Crossley 1972; Wilson et al. 2002; Cui et al. 2004; Keller et al. 2009; Lee et al. 2013), and 

while the mechanisms responsible for reduced tolerance are undoubtedly multifaceted and 

complex, syncope will ultimately occur when cerebral perfusion becomes inadequate (Rowell 

1993; Van Lieshout et al. 2003; Nelson et al. 2011). In this regard, the current finding of similar 

indices of CA and responses to hypocapnia amongst individuals with a wide range of tolerance to 

a simulated hemorrhage is surprising and suggests that other factors that impact cerebral 

perfusion may play important roles the ability to tolerance a simulated hemorrhage during HS. 

One possibility is that individuals with low tolerance during HS simply have a greater hyper-

ventilatory (greater respiratory rate and/or increased tidal volume) response to reductions in 

central blood volume (Convertino et al. 2009) leading to more pronounced hypocapnia, larger 

reductions in MCA Vmean, and an earlier onset of syncopal symptoms. Our previous work (Lee et 

al. 2013) demonstrated that individuals with low tolerance to LBNP during HS had reduced 

PETCO2
 and MCA Vmean during the initial stage of a simulated hemorrhage challenge compared to 

individuals with high tolerance during HS. The larger reduction in MCA Vmean in “low” tolerant 

individuals may have been the result of larger reductions in MCA Vmean per torr reduction in 

PETCO2
 (i.e. increased sensitivity), the lower absolute PETCO2

, or some combination of these 

factors. The current investigation shows that cerebrovascular sensitivity to hypocapnia is similar 

amongst individuals with “high” and “low” tolerance to a simulated hemorrhage challenge and; 

therefore, lends support to the notion that high tolerant individuals have similar cerebrovascular 

sensitivity to HS-induced hypocapnia but have an attenuated reduction in PETCO2 
compared with 

low tolerant individuals. Thus, although speculative, a greater level of hyperventilation in low 

tolerant individuals likely results in the greater reductions in PETCO2, 
MCA Vmean, and earlier onset 

of syncopal symptoms relative to high tolerant individuals (Lee et al. 2013). Hyper-ventilatory 

responses during orthostatic stress have been associated with reductions in central blood volume 

(Convertino et al. 2009). Based on this evidence, individuals with low tolerance to a simulated 
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hemorrhage during HS conditions may exhibit greater reductions in central blood volume at the 

onset of a hypotensive challenge relative to individuals with greater tolerance. It has recently 

been demonstrated that reductions in central venous pressure from NT to HS are similar between 

high and low tolerant individuals (Brothers et al. 2011b). However, central venous pressure is not 

always reflective of central blood volume (Matzen et al. 1991; Cai et al. 2000). Specifically, 

reductions in central venous pressure begin to plateau during an orthostatic or simulated 

hemorrhage challenge when central blood volume continues to be reduced (Matzen et al. 1991; 

Cai et al. 2000). Therefore, it is possible that greater reductions in central blood volume at the 

onset of a simulated hemorrhage or similar orthostatic challenge lead to an augmented hyper-

ventilatory response and subsequent reductions in PETCO2
 and MCA Vmean resulting in earlier 

onset of presyncopal symptoms.  

 

Methodological considerations  

The current investigation used MCA Vmean to assess cerebral perfusion. It is recognized 

that MCA Vmean is not a measure of cerebral blood flow; although, if the diameter of the insonated 

vessel does not change then a linear relationship exists between MCA Vmean and flow. Previous 

reports indicate that the diameters of large cerebral arteries (i.e. middle cerebral artery) remain 

stable during an array of perturbations that include changes in PaCO2
 (Giller et al. 1993; Serrador 

et al. 2000). In contrast, recent reports have demonstrated that when cerebral perfusion is 

augmented during hypercapnia, transcranial Doppler measures of velocity may underestimate 

global cerebral blood flow (Willie et al. 2012) suggesting that MCA diameter changes during 

severe hypercapnia. However, in this study (Sato et al. 2012) there were no significant changes in 

internal carotid artery diameter with changes in PETCO2 
which agrees with a previous study 

showing that MCA diameter assessed by magnetic resonance imaging techniques is unaltered 

during severe hypocapnia (Serrador et al. 2000). In addition, the use of MCA Vmean as an index of 

cerebral perfusion has been validated against other methods (Bishop et al. 1986; Dahl et al. 

1992). Collectively, these studies provide evidence that MCA Vmean is a valid index of cerebral 

perfusion. 
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A second assumption regarding the current findings is that PETCO2
 is an accurate index for 

PaCO2
, and that changes in PETCO2 

reflect changes in PaCO2
. It has been recently demonstrated that 

PaCO2
 and PETCO2

 are similar over a range of hypocapnic and hypercapnic stimuli and respiratory 

rates (Ito et al. 2008). PETCO2
 has also been shown to accurately reflect PaCO2

 during whole body 

HS alone and during a simulated hemorrhage challenge (Brothers et al. 2011a). Thus, in the 

current study PETCO2
 is an accurate index for PaCO2

.  

CA has been previously shown to be improved during whole body heat stress and; 

therefore, it is plausible that individual variation in the degree of increase in CA amongst 

individuals may explain some of the individual variability that exists in the ability to withstand a 

simulated hemorrhage in this thermal state. Counter to this hypothesis, in the current investigation 

there was no relationship between the degree of improvement in CA and CSIdiff. A limitation of 

the current study was the inability to assess CA during the simulated hemorrhage challenge where 

individual differences may become more apparent. Assessment of CA using power spectral 

density and transfer function during HSLBNP would require an additional three to six minutes of 

continuous data collection which could exceed the time to achieve pre-syncopal symptoms in 

some subjects, even prior to the measures of cerebral vascular responsiveness to hypocapnia, and 

thus was not performed.  

An additional limitation of the current investigation is that the order of the HS 

hyperventilation protocols was not randomized. This approach was determined a priori as the 

HSLBNP hyperventilation procedure was the most likely to elicit pre-syncopal symptoms which 

would potentially make subsequent data collection difficult / impossible (if this was done before 

the HS hyperventilation procedure). Nonetheless, the agreement between cardiovascular and 

cerebral responses to hyperventilation induced hypocapnia supports the contention that the order 

of these trials had little influence on our current findings. 

 

Conclusions 

In summary, the current study demonstrates that mechanisms regulating cerebral 

perfusion are changed during whole body heating presumably in an attempt to protect against the 
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increased risk for syncopal symptoms in this thermal state. Specifically, indices of CA were 

improved in some frequency regions during HS relative to NT; and secondly, cerebrovascular 

sensitivity to hypocapnia was reduced during HS compared to NT. Nevertheless, neither HS-

induced change in cerebrovascular function predicted the inter-individual variability in the 

magnitude of reduction in tolerance to a simulated hemorrhage from NT to HS, and suggests that 

other factors related to cerebrovascular control during combined HS and orthostatic challenge 

play important roles in the inter-individual variability in tolerance to a simulated hemorrhage 

challenge in this thermal condition.     
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Table V.1.  Thermal, respiratory, cardiovascular, and cerebrovascular responses during 

normothermia (NT), heat stress (HS), and immediately prior to onset of 20 mm Hg LBNP during 

heat stress (HSLBNP)  Values are mean ± SD. MAP, mean arterial pressure; PETCO2, end tidal 

CO2; MCA Vmean, middle cerebral artery mean blood velocity; CVCi, cerebral vascular 

conductance index. ‡significantly different vs. NT, P < 0.001. *significantly different vs. NT, P < 

0.05. †significantly different vs. HS, P = 0.04 

        

 
NT 

 
HS 

 
HSLBNP 

 
P-value for interaction 

Internal temperature (°C) 36.6 ± 0.3 
 

38.1 ± 0.3‡ 
 

38.2 ± 0.4‡† 
 

< 0.001 

Heart rate (beats X min-1) 58.6 ± 11.3 
 

102.3 ± 20.5‡ 
 

113.2 ± 24.5‡ 
 

< 0.001 

MAP (mmHg) 87.8 ± 7.9 
 

84.9 ± 11.0 
 

82.8 ± 11.4 
 

0.309 

PETCO2 (mmHg) 42.0 ± 3.5 
 

36.8 ± 4.8‡ 
 

35.3 ± 5.5‡ 
 

< 0.001 

MCA Vmean (cm X sec-1) 65.3 ± 17.1 
 

53.3 ± 16.9* 
 

50.7 ± 14.4‡ 
 

0.001 

CVCi (cm X sec-1 X mmHg-1) 0.75 ± 0.25 
 

0.64 ± 0.25* 
 

0.61 ± 0.18* 
 

0.016 
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Table V.2. Relationship between indices of cerebral autoregulation (phase, gain, and coherence) 

for normothermia (NT), heat stress (HS), and the change from NT to HS (Δ) and the CSIDiff. 

Values for each index of CA are shown in the very low (0.02 to 0.07), low (0.07 to 0.20), and 

high (0.20 to 0.35) frequency ranges. Data are means ± SD. Values in bold represent significant 

relationships, P ≤ 0.05. 

 

 
Phase Gain Coherence 

NT vs. CSIDiff very low low high very low low high very low low High 

R -0.03 -0.15 0.05 0.10 0.17 0.21 0.12 0.56 0.13 

P-value 0.93 0.62 0.87 0.75 0.58 0.48 0.69 0.05 0.68 

HS vs. CSIDiff very low low high very low low high very low low high 

R 0.17 -0.45 0.57 0.23 0.30 0.32 -0.01 -0.19 -0.15 

P-value 0.57 0.13 0.04 0.45 0.32 0.28 0.97 0.54 0.62 

Δ NT to HS vs. CSIDiff very low low high very low low high very low low high 

R -0.19 0.06 0.27 0.08 0.03 -0.08 -0.12 -0.47 -0.23 

P-value 0.53 0.84 0.38 0.79 0.92 0.79 0.70 0.10 0.46 
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Figure V.1. Values (means ± SD) for transfer function analysis of gain (Panel A), phase (Panel 

B), and coherence (Panel C) during normothermia (NT) and heat stress (HS) in the very low (0.02 

to 0.07), low (0.07 to 0.20), and high (0.20 to 0.35) frequency ranges. *significantly different vs. 

NT, P < 0.05. ‡significantly different vs. NT, P < 0.01. 
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Figure V.2. Values (means ± SD) for hyperventilation-induced hypocapnia during normothermia 

(NT), heat stress (HS) and heat stress with lower body negative pressure (HSLBNP). Changes in 

end tidal carbon dioxide (ΔPETCO2; Panel A), and cerebral vascular conductance index (ΔCVCi; 

Panel B) from pre hyperventilation baseline to the end of 30 s of hyperventilation at a rate of 30 

breaths/min during NT, HS, and HSLBNP. *significantly different vs. NT, P < 0.05.  
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Figure V.3. The relationship between the ratio of the hyperventilation-induced reduction in 

cerebral vascular conductance index to the change in end tidal carbon dioxide (ΔCVCi/ΔPETCO2) 

from pre hyperventilation baseline to the end of 30 s of hyperventilation at a rate of 30 

breaths/min and difference in tolerance to a simulated hemorrhage challenge (assessed with a 

cumulative stress index; CSI) during normothermia and after an increase in internal temperature 

of 1.5 ± 0.1°C (CSIdiff). Values are shown for hypocapnia during normothermia (NT), heat stress 

(HS) and heat stress with lower body negative pressure (HSLBNP). Values are means ± SD.  
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CHAPTER VI: STUDY 3 

 

Elevated resting heart rate is associated with reduced orthostatic tolerance in obese 

individuals 
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ABSTRACT 

Obesity has been linked with numerous physiological impairments; however, the impact 

of this condition on orthostatic tolerance remains poorly understood. This study tested the 

hypothesis that orthostatic tolerance would be reduced in obese relative to non-obese individuals. 

Furthermore, we tested the hypothesis that the mechanism leading to this difference would be 

related to a reduced heart rate (HR) reserve and impaired cerebral autoregulation. Eleven obese (8 

females), and 22 non-obese (10 females) were exposed to incremental lower body negative 

pressure (LBNP) to presyncope while HR, arterial blood pressure, and cerebral perfusion 

(indexed as middle cerebral artery blood flow velocity) were assessed continuously. Orthostatic 

tolerance was quantified with a cumulative stress index (CSI). 

Othostatic tolerance was reduced in obese relative to non-obese (obese: 789 ± 271; non-

obese: 1250 ± 405 min X mmHg; P < 0.01), and there was a significant inverse relationship 

between BMI and CSI (R = -0.047; P < 0.01). HR was elevated at rest and at every level of LBNP 

(P < 0.05 for all) in obese individuals (group X stage interaction, P < 0.01); however, peak HR 

(HRpeak) achieved during LBNP was similar between groups (obese: 111 ± 21; non-obese: 112 ± 

18 beats•min
-1

; P = 0.90), which resulted in higher %peak HR (group X stage interaction, P < 

0.01) at each level of LBNP analyzed (P < 0.05 for all). Further, significant relationships existed 

for %HRpeak at rest and BMI (R = 0.45; P < 0.001), and %HRpeak at rest and CSI (R = -0.52; P < 

0.01). In a subset of subjects (N=23; 9 obese, 14 non-obese), CSI remained reduced in the obese 

group (P < 0.01), yet MCA Vmean and CVCi were similar across all levels common level of LBNP 

(both P > 0.05), and all indices of cerebral autoregulation were similar between groups (P > 

0.05).  

In summary, these data suggest that orthostatic tolerance is reduced in obese individuals 

and is in part explained by a higher resting HR in obese. In addition, these data indicate that 

mechanisms regulating cerebral perfusion are intact and do not play a key role in the reduced 

orthostatic tolerance observed in obese individuals. 
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INTRODUCTION 

Obesity is a condition of expanded body mass that is associated with elevated blood 

volume, stroke volume, cardiac output (Alexander et al. 1962; Alexander 1964a; Alexander & 

Peterson 1972), increased basal sympathetic activity (Grassi et al. 2001; Alvarez et al. 2002; 

Grassi et al. 2003), and reduced cardiac (Alexander 1964a; de Divitiis et al. 1981) and autonomic 

function (Grassi et al. 1998a; Alvarez et al. 2002). Numerous studies in obese humans (Grassi et 

al. 1995; Grassi et al. 2000) and animal models of obesity (Bunag et al. 1990; Schreihofer et al. 

2007) have shown obesity driven reductions in baroreflex sensitivity, and these impairments are 

reversed with weight loss (Grassi et al. 1998a; Alvarez et al. 2005).  

Obesity is also linked with increased risk for cardiovascular disease, diabetes, 

hypertension, and stroke (Furukawa et al. ; Smith ; Eckel et al. 2002; Wannamethee et al. 2005). 

Furthermore, obesity is one arm of the metabolic syndrome (Despres et al. 2008) and is 

associated with increased plasma glucose, fatty acids, insulin, and reduced insulin sensitivity 

(Ferrannini et al. 1997; Emdin et al. 2001). In addition, baroreflex control of sympathetic nerve 

activity is improved as insulin sensitivity increases following weight reduction (Grassi et al. 

1998a). However, whether these obesity-linked physiological changes translate into reduced 

orthostatic tolerance remains unknown. Additionally, obesity is associated with low levels of 

ambulatory activity, which is correlated with diminished exercise capacity and cardiorespiratory 

fitness (Vanhecke et al. 2009) and therefore may also contribute to reduced orthostatic tolerance 

in these individuals. 

In healthy, normothermic humans, reduced orthostatic tolerance has been attributed to 

reduced vasoconstrictor capacity (Fu et al. 2004b), a shift in the operating point to the steep 

portion of the Starling curve (Levine et al. 1997), and diminished vasoconstrictor and heart rate 

(HR) reserve (Convertino et al. 2012). Because these responses may be diminished with obesity, 

it is reasonable to hypothesize that obese individuals would have elevated risk for orthostatic 

intolerance. It has been reported that healthy normal weight individuals with low tolerance to 

progressive hypovolemia exhibit a diminished capacity for tachycardia and vasoconstriction 

relative to individuals with high tolerance (Convertino & Sather 2000; Convertino et al. 2012). 

Resting HR is a simple yet important gauge of cardiovascular health (Palatini & Julius 1997), 

which has been associated with elevated risk for cardiovascular and non-cardiovascular mortality 

(Fox et al. 2007; Barrios et al. 2009). Previous work has shown that resting HR is elevated in 
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obese compared to non-obese individuals (Grassi et al. 1998b; Helmreich et al. 2008; Yar 2010), 

and BMI is positively correlated with resting HR (Dimkpa & Oji ; Yar 2010). Thus, higher HR at 

rest in obese individuals may reduce the reserve for HR to further increase to defend against 

orthostatic or similar hypotensive challenges. Similarly, in non-obese individuals we have 

recently shown that baseline HR following heat stress is higher in individuals with low orthostatic 

tolerance in this thermal condition (Lee et al. 2013).  

Reduced blood pressure control and impaired orthostatic tolerance upon attainment of the 

upright posture or during similar gravitational stresses is commonly observed in individuals with 

Type 2 diabetes mellitus (T2DM) (Agrawal et al. 1999; Yoshinari et al. 2001; Jordan & 

Biaggioni 2002; Netea et al. 2002). Additionally, previous reports indicate that cerebral 

autoregulation is reduced in individuals with T2DM (Mankovsky et al. 2003; Kim et al. 2008) 

which underlie the increase risk of orthostatic intolerance in these individuals. Because obesity 

shares many of the physiological dysfunctions common in T2DM, it is likely that obese 

individuals may also experience impaired orthostatic tolerance due to similar mechanism(s), 

which may include impaired cerebral autoregulation.  

Therefore, this study had several aims. First, we tested the hypothesis that relative to age-

, sex-matched controls, obese individuals would have reduced orthostatic tolerance. Second, we 

tested the hypothesis that reduced tolerance in obese would be a consequence of a higher HR at 

rest, and reduced heart rate reserve, which would limit the range to further increase HR to protect 

against the orthostatic stress resulting in earlier onset of presyncopal symptoms. Lastly, we tested 

the hypothesis that cerebral perfusion would be reduced at the initial stage of LBNP subsequent 

to impaired cerebral autoregulation in obese relative to normal weight individuals.   
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METHODS 

Ethical approval and subject characteristics  

All protocols and methods used in the current investigation were approved by the 

Institutional Review Board at The University of Texas at Austin prior to all data collection. 

Subjects received a verbal description of all procedures, were informed of the purpose of the 

study and risks involved, and were encouraged to ask questions before providing their informed, 

written consent. 

To accomplish the aims of this study, 11 obese (8 females), 22 non-obese (10 females) 

were recruited. Individuals in both were non-smokers, were free from any known overt 

cardiovascular or neurological disease. Menstrual phase was obtained via health history 

questionnaire but was not controlled (Meendering et al. 2005). All experiments were conducted 

in a temperature controlled laboratory (24°C and 40% relative humidity), and in the morning 

hours with subjects in a fasted state (10-12 hr). Subjects abstained from exercise and alcohol in 

the 24 hrs prior- and caffeine for 12 hrs prior to the study.  

 

Instrumentation and techniques 

Subjects rested supine on a patient bed for the entirety of the experimental trial. HR was 

monitored continuously by an electrocardiogram (HP Patient Monitor, Agilent, Santa Clara, CA) 

interfaced with a cardiotachometer (CWE, Ardmore, PA), and beat-to-beat arterial blood pressure 

was collected from one finger using the Penaz method (CNAP, Monitor 500, Austria).  

Cerebral perfusion was indexed continuously as blood velocity from the middle cerebral 

artery (MCA Vmean) using transcranial Doppler (TCD) ultrasonography. MCA Vmean was obtained 

via the temporal window with a 2 MHz Doppler probe (Multi-flow, DWL Elektronische Systeme, 

Singen, Germany) adjusted until an optimal signal was identified, at which time the probe was 

held securely in place with a head strap. 

Cerebral vascular conductance index (CVCi) was calculated from the ratio of MCA Vmean 

to MAP. Arterial carbon dioxide tension was indexed continuously from end tidal carbon dioxide 

(PETCO2
), (VitalCap Capnograph Monitor, Oridion, Needham, MA, USA). 

 

Experimental Protocol 
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Subjects were fully instrumented and placed into a lower body negative pressure box in 

the supine position. The LBNP box was then sealed securely at the level of the iliac crest 

(Brothers et al. 2011; Lee et al. 2013). After a 10 to 15 min period of steady state rest, 

hemodynamic data were collected during spontaneous breathing. Fluctuations in MAP and MCA 

Vmean that occur spontaneously were monitored during this baseline period and were used to 

estimate cerebral autoregulation using power spectral density and transfer function analysis (see 

below). Next, subjects were exposed to incremental LBNP until symptoms of presyncope 

occurred. LBNP began at 20 mmHg and was incremented in 10 mmHg steps every 3 min until 

signs of presyncope developed (Keller et al. 2009; Brothers et al. 2011; Lee et al. 2013). The 

LBNP test was terminated when any of the following signs and symptoms developed; pallor, 

diaphoresis, rapid and progressive drop in MAP, sustained systolic blood pressure < 80 mmHg, 

relative bradycardia with a concomitant narrowing of pulse pressure, and/or subject expressing 

persistent feelings of discomfort and/or dizziness.  If a subject reached 100 mmHg LBNP, the 

stage was continued without increasing the level of LBNP until the onset of syncopal symptoms. 

Transfer function and spectral analysis. Beat-by-beat MAP, and MCA Vmean were 

acquired from integration of analog signals within each cardiac cycle and were then linearly 

interpolated and resampled at 2-Hz for spectral analysis (Zhang et al. 1998). Interpolation and 

resampling convert the unequally spaced beat-by-beat time series to a uniformly spaced time 

series for spectral and transfer function analysis. Over a specific frequency range, transfer 

function gain and phase represent the relative amplitude and the time relationship, respectively, 

between MAP and MCA Vmean (Blaber et al. 1997; Zhang et al. 1998). Transfer estimates of gain 

indicate the relative amplitude between changes in the input (MAP), and output (MCA Vmean) 

signals for the system, such that higher values for gain represent reduced CA; whereas, transfer 

estimates of phase show the temporal shift needed to align the input signal with the output signal. 

With regard to phase shifts, with functioning cerebral autoregulation, output will lead the input 

(i.e. changes in velocity will lead changes in pressure) (Zhang et al. 1998; Low et al. 2009) 

suggesting that changes in MAP are not driving the observed changes in MCA Vmean. On the 

other hand, small differences in phase represent less effective autoregulation (Blaber et al. 1997; 

Zhang et al. 1998) and indicate changes in MCA Vmean are the result of changes in MAP. 

Coherence was calculated to determine the linear relationship between the input and output 

variables. In a specific range, coherence approaching 1 indicates a linear relationship between 
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these signals, while coherence values approaching 0 reflect a non-linear relationship, extraneous 

noise in the signal, or the lack of a relationship between the signals (Low et al. 2009). Spectral 

power for MAP and MCA Vmean, and mean values for transfer function gain, phase, and 

coherence were calculated for three different frequency ranges (very-low; 0.02 to 0.07 Hz, low; 

0.07 to 0.20 Hz, and high; 0.20 to 0.35 Hz). These ranges represent the different characteristics of 

the pressure-flow relationship (Zhang et al. 1998). Transfer function analyses were performed 

with commercially available software (DADiSP, DSP Development, Cambridge, MA).  

Quantification of orthostatic tolerance. Orthostatic tolerance was assessed via incremental 

LBNP to presyncope, and was quantified with a cumulative stress index (CSI) (Keller et al. 2009; 

Brothers et al. 2011; Lee et al. 2013). CSI considers duration and level of LBNP, and was 

calculated by summing the product of LBNP and time for each level of LBNP (i.e. 20 mmHg X 3 

min + 30 mmHg X 3 min, etc.) up to the termination of the trial. LBNP has been validated as a 

safe and reproducible model for assessment of cardiovascular and hemodynamic responses to a 

simulated hemorrhage in humans (Convertino 2001; Cooke et al. 2004), and previous reports 

have shown it elicit highly reproducible values for orthostatic tolerance assessed via several 

methods including CSI (Lightfoot et al. 1991; Howden et al. 2001).  

Data analysis. Cardiovascular, cerebral, respiratory, and hemodynamic data were 

recorded on a data acquisition system (Biopac System, Santa Barbara, CA) for later analysis. 

Mean values for baseline were collected during a 60 s steady state period immediately prior to the 

onset of LBNP. Peak HR during LBNP (HRpeak) was calculated from a 30 s average immediately 

preceding the highest single HR value achieved during LBNP, and %HRpeak was determined from 

the average HR over the final 30 s of each stage of LBNP completed by all individuals (LBNP 

50). Due to difficulty locating and maintaining a clear TCD signal throughout LBNP in some 

individuals, data for MCA Vmean between groups was analyzed in a subset of 23 subjects (9 obese; 

14 non-obese). 

  

Statistical Analysis 

Statistical analyses were performed using a commercially available statistical software 

package (SigmaStat 3.11, Chicago, IL). Group means for baseline data, as well as indices of 

cerebral autoregulation were compared with a Student’s unpaired t-test. The higher subject 

number in the non-obese group was used for correlational analysis of the effect of BMI across a 
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“non-obese” range on orthostatic tolerance and associated key variables. Mean differences 

between groups during baseline and across all levels of LBNP completed by all individuals 

(LBNP 20 to LBNP 50) were analyzed using a two-way analysis of variance and a Newman-

Keuls post hoc analysis was used for all pairwise comparisons when a significant interaction was 

found. A Pearson’s product correlation analysis was used to compare resting HR, %HRpeak at 

rest, and BMI with CSI. Mean differences were considered significant at the alpha level of P ≤ 

0.05. All results are reported as mean ± SD and exact P-values are given.    
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RESULTS 

Subject characteristics 

Subject characteristics are shown in Table VI.1. By design individuals in the obese group 

had greater body mass (P < 0.001) and higher BMI (P < 0.001), yet age was similar between 

groups (P = 0.63).  

 

Orthostatic tolerance 

Orthostatic tolerance (CSI) was 37% lower in obese relative to non-obese individuals (P 

< 0.01; Figure VI.1A). Moreover, there was a significant inverse relationship between BMI and 

CSI (R = -0.47, P < 0.01; Figure VI.1B).   

 

Heart rate and arterial pressure 

HR was elevated at rest and increased by a greater magnitude during LBNP in obese 

relative to non-obese (group X stage interaction, P < 0.01; Figure VI.2A). Furthermore, since the 

peak HR achieved during LBNP was similar in obese and non-obese individuals (obese: 111 ± 21 

beats•min
-1

; non-obese: 112 ± 18 beats•min
-1

; P = 0.90), obese individuals achieved a higher 

%HRpeak at each level of LBNP (group X stage interaction, P < 0.01; Figure VI.2B). Despite the 

greater HR at each level of LBNP in the obese group, MAP was similar at rest (obese: 87 ± 13 

mmHg; non-obese: 83 ± 9 mmHg; P < 0.01), and was well maintained in both groups through 

LBNP 50 (group X stage interaction, P = 0.87).  

 

Relationship between %HRpeak, BMI, and CSI.  

There was a significant positive relationship between %HRpeak at rest and BMI (R = 0.45; 

P < 0.001; Figure VI.3A). Additionally, there was a significant inverse relationship between 

%HRpeak and CSI (R = -0.52; P < 0.01; Figure VI.3B).    

   

Cerebral-perfusion, -autoregulation, and orthostatic tolerance 

Subject characteristics for the subset of subjects (N = 23) included in the cerebral 

perfusion and autoregulation analysis are shown in Table VI.2. As when all subjects were 

included, within this subset orthostatic tolerance was lower in the obese group relative to non-

obese (obese: 839 ± 276 min X mmHg; non-obese: 1,320 ± 395 min X mmHg; P < 0.01).  
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As shown in Figure VI.4, MCA Vmean and CVCi were reduced from baseline to LBNP 50 

(both P ≤ 0.02); however, the reduction was similar between groups (both P > 0.05; Figure VI.4A 

and Figure VI.4B). Likewise, PETCO2
 fell progressively at each level of LBNP (P < 0.001), yet the 

decline was similar between groups (obese: 40.6 ± 2.8, 39.3 ± 2.8, 38.9 ± 3.1, 38.6 ± 3.5, and 

38.4 ± 3.9 Torr; non-obese: 41.3 ± 2.5, 40.1 ± 2.6, 39.6 ± 2.7, 38.9 ± 4.9, and 37.9 ± 5.0 Torr; for 

baseline, LBNP 20, LBNP 30, LBNP 40, and LBNP 50, respectively; P = 0.78). MAP remained 

stable from baseline to LBNP 50 (P = 0.95) and was similar between groups at baseline and each 

level of LBNP (P = 0.11).  

There was no difference for any indices of cerebral autoregulation between groups (all P 

> 0.05; Table VI.3). Furthermore, there was no relationship between any index of cerebral 

autoregulation and CSI or BMI (data not shown). 
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DISCUSSION 

The current investigation provided several novel findings. First, that orthostatic tolerance 

is reduced in young normotensive obese individuals compared to age- and sex-matched controls. 

Additionally, BMI was negatively correlated with orthostatic tolerance (i.e. CSI) suggesting that 

increased body mass is a key variable for predicting tolerance to orthostatic stress. The second 

major finding of this study was that at rest in the supine position, HR was on average 13 beats per 

min higher in obese subjects relative to age-matched counterparts, increasing %HRpeak by 13% 

at baseline in obese individuals. Furthermore, we observed a positive correlation between BMI 

and %HRpeak at baseline, and a negative correlation between %HRpeak at baseline and CSI. 

Collectively these findings suggest that BMI increases %HRpeak at rest, and subsequently 

reduces orthostatic tolerance. Lastly, despite the link between obesity and insulin resistance 

(Grassi et al. 1998a; Emdin et al. 2001) and evidence that cerebral autoregulation is compromised 

in insulin resistant states (Mankovsky et al. 2003; Kim et al. 2008), we found that cerebral 

perfusion was similar at rest and during all stages of LBNP completed by all individuals, and all 

indices of cerebral autoregulation were similar between groups. The finding that MCA Vmean and 

CVCi were similar across all levels of LBNP in obese and non-obese individuals is surprising 

given their reduced orthostatic tolerance which presumably would have been expected to be 

related to reduced cerebral perfusion earlier during the orthostatic challenge.  

Few studies have investigated orthostatic tolerance in obese individuals highlighting the 

need for further exploration in this area. In one of the few studies in this area, Ganio et al (Ganio 

et al. 2011) reported that despite having lower orthostatic tolerance during heat stress relative to 

non-obese individuals, tolerance in obese was similar during normothermic conditions. It should 

be noted that the subjects in this study by Ganio et al were all men (N = 6 in each group) and 

subjects were ~ 10 years older on average (obese: 37 ± 11 years; controls: 38 ± 10 years) 

compared to subjects in the current investigation (obese: 28 ± 9 years; controls: 26 ± 7 years), 

which may have contributed to the different findings between this previous study and our current 

work.  Furthermore, average BMI in the obese group in the study by Ganio et al (Ganio et al. 

2011) was lower (i.e. 32) compared to the obese in our current study (i.e. 37). Thus, the degree of 

obesity may influence the magnitude of reduction in orthostatic tolerance. Previous studies have 

reported that women have reduced orthostatic tolerance relative to men (Convertino 1998; Fu et 

al. 2004a). In the current study the obese group contained a higher fraction of females (8 females, 
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3 males) compared to the non-obese group (10 females, 12 males); therefore, we acknowledge the 

possibility that this may have contribute to the differences between groups. It is important to note; 

however, that irrespective of gender, the current findings demonstrate an inverse relationship 

between BMI and orthostatic tolerance. Nonetheless, comparison of females alone indicated that, 

despite similar age (P = 0.61) and height (P = 0.98), but markedly greater body mass (P < 0.001) 

and BMI (P < 0.001), orthostatic tolerance was 46% lower in obese females (obese: 679 ± 178 

min X mmHg; non-obese: 1252 ± 445; P < 0.01). This data provide evidence that the reduced 

orthostatic tolerance in obese individuals was not driven by a higher fraction of females. 

Furthermore, the negative correlation between BMI and CSI when all individuals are included 

further argues against the possibility that a greater fraction of females falsely reduced tolerance in 

the obese group.  

Our current finding that %HRpeak was greater at baseline and at each common level of 

LBNP in obese individuals is supported by previous work showing the resting HR is elevated in 

obese individuals (Grassi et al. 1998b; Helmreich et al. 2008; Yar 2010). Likewise, the current 

observation that BMI is positively correlated with resting HR agrees with earlier reports (Dimkpa 

& Oji ; Yar 2010). In this light, it was recently demonstrated that compared to non-obese 

individuals, obese have faster HR at rest and exhibit an augmented rise in HR during a shift from 

the recumbent to the upright posture (Yar 2010), and the current observation that HR increased by 

a greater degree in each stage of LBNP in obese is in line with the this previous work. A higher 

starting HR and a greater degree of tachycardia at each level of LBNP in combination with 

similar peak HR during LBNP indicate that our obese subjects achieved their HR peak earlier 

during LBNP and resulted in the reduced tolerance in this group. Previous studies have associated 

reduced HR reserve with low orthostatic tolerance (Convertino & Sather 2000; Convertino et al. 

2012). Convertino et al (Convertino et al. 2012) recently reported that individuals with high 

tolerance to hypovolemia (induced via LBNP) had a 2-fold greater HR reserve (52 vs. 27 beats 

per min) compared with low tolerant individuals. In the current study, HR reserve was 14 beats 

greater in non-obese compared to obese (54 vs. 40); however this did not reach statistical 

significance (P = 0.07) due to variability in peak HR achieved during LBNP. It is interesting to 

point out that the larger HR reserve in high tolerant group in the study by Convertino et al 

(Convertino et al. 2012) was attributed to the greater peak HR achieved in high tolerant 

individuals since HR at rest was similar amongst all subjects. In contrast, in the present 
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investigation, the trend for a greater reserve in non-obese was driven primarily by a lower HR at 

baseline. Nonetheless, whether the reduction in reserve capacity is driven by elevated baseline 

values or blunted maximal values, the resulting influence on orthostatic tolerance is similar. In 

support of the contention that a higher baseline HR can impair the ability to tolerate an orthostatic 

challenge, we have recently shown that subjects with greater tachycardia during passive heat 

stress (prior to LBNP) have reduced tolerance to an orthostatic challenge in this thermal condition 

(Lee et al. 2013). Similar to the obese group in the current protocol, low tolerant individuals in 

our previous work had greater HR values at baseline and during the initial stage of LBNP  (Lee et 

al. 2013). Collectively these data indicate that the ability to increase HR, and presumably cardiac 

output, is a key factor that can predict tolerance to an orthostatic challenge, and reducing this 

capacity by increasing the initial HR or blunting the peak value will likely reduce orthostatic 

tolerance.  

It is not clear why resting HR was elevated in the obese individuals in the current study. 

Although reduced stroke volume alone and hypovolemia alone or in combination secondary to 

sedentary behavior would be expected to elicit a rise in HR, these responses are unlikely to have 

accounted for the increase in HR observed in obese in the present investigation since cardiac 

hypertrophy and elevated resting stroke volume and cardiac output are characteristic of the obese 

condition (Alexander et al. 1962; Alexander 1964b; Alexander & Peterson 1972). An alternative 

explanation for the differences in baseline HR between conditions is that the non-obese subjects 

in this study were young, healthy, and generally fit, which, although speculative, could have 

resulted in the lower baseline HR in this group. This explanation is unlikely; however, and 

several studies have demonstrated a clear relationship between obesity and resting HR (Dimkpa 

& Oji ; Grassi et al. 1998b; Helmreich et al. 2008; Yar 2010). Sympathetic activity is elevated in 

obese individuals (Grassi et al. 1995; Grassi et al. 1998a; Grassi et al. 2004; Shibao et al. 2007), 

and markers of sympathetic activity correlate with resting HR in obese subjects (Grassi et al. 

1998b) which may have some part in the higher HR at rest. Furthermore, using spectral analysis 

of HR variability it has been documented that a 10% increase in body weight above normal was 

associated with a reduction in estimated parasympathetic activity and an elevation in HR (Hirsch 

et al. 1991), and importantly HR was reduced following weight reduction. Together, these 

previous findings support that contention that autonomic nervous system activity is altered with 
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weight gain and obesity and results in elevated resting HR, which based on the results of the 

current investigation, contribute to reduced orthostatic tolerance.  

It is well established that obesity is associated with impaired baroreflex sensitivity (Davis 

; Grassi et al. 2000; Emdin et al. 2001; Alvarez et al. 2005). Although baroreflex sensitivity was 

not assessed in this study, the finding that HR was higher at each level of LBNP in obese seems 

counterintuitive if baroreflex sensitivity were indeed dampened in our obese subjects. Regardless 

of the mechanism responsible, the significant positive relationship between BMI and %HRpeak at 

rest, and the similar peak HR in obese and non-obese individuals observed in the current 

investigation suggests that one or more factors associated with BMI play a role in determining 

HR at rest and during orthostatic stress.  

Contrary to our initial hypothesis, MCA Vmean and CVCi were similar at baseline and 

were reduced similarly over each stage of LBNP in obese and non-obese individuals. In addition, 

all indices of cerebral autoregulation were similar. It is well documented that plasma glucose, 

fatty acids, and insulin are elevated, and insulin sensitivity is reduced in obese individuals (Grassi 

et al. 1998a). Furthermore, several previous reports indicate that cerebral autoregulation is 

reduced in individuals with Type II diabetes (Mankovsky et al. 2003; Kim et al. 2008). Although 

the magnitude of insulin resistance may lower in obese individuals compared with individuals 

with T2D, it seems plausible that the degree of insulin resistance in the obese could result in 

reduced cerebral autoregulation. However, that was not the case demonstrated here, and the 

finding that all indices of cerebral autoregulation were similar between groups is supported by the 

similar MCA Vmean and CVCi at each level of LBNP.  

In regard to cerebral perfusion during orthostatic stress, another important consideration 

is end tidal carbon dioxide tension. The cerebral circulation is remarkably sensitive to alterations 

in PaCO2 such that hypercapnia increases and hypocapnia decreases cerebral perfusion (Ide et al. 

2003). In the current study PaCO2 (indexed as PETCO2
) was similar at rest and decreased by a 

similar degree during LBNP indicating that group differences in the magnitude of 

hyperventilation induced hypocapnia did not contribute to lower tolerance in obese individuals.  

Orthostatic intolerance reduces quality of life and is a significant predictor for 

cardiovascular disease and all-cause mortality (Rose et al. 2006). The current finding that 

orthostatic tolerance is reduced in young obese individuals relative to non-obese age matched 

controls is of clinical relevance. Future studies in this area are warranted and should focus on 
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teasing out the mechanisms underlying reduced orthostatic tolerance in obese individuals. In 

addition, future studies should determine the impact of weight loss on orthostatic tolerance in 

obese individuals over time, and develop effective countermeasures to improve this condition.  

 

Methodological considerations  

Cerebral perfusion was indexed from MCA Vmean; while we acknowledge that MCA 

Vmean is not the same as cerebral blood flow, a linear relationship exists between changes in flow 

and MCA Vmean if the diameter of the insonated vessel does not change (Serrador et al. 2000). 

Therefore, changes in MCA Vmean under the conditions achieved in the current investigation 

reflect changes in cerebral perfusion.   

 

Conclusions 

In summary, the current data indicate that orthostatic tolerance is reduced in young obese 

individuals compared to age- and sex-matched non-obese individuals, and orthostatic tolerance is 

inversely related to BMI. The reduction in orthostatic tolerance that occurs with elevations in 

BMI is associated with a higher resting HR, which represents a higher percentage of peak HR 

during LBNP and reduces the window wherein HR can further rise to protect against ensuing 

syncope. Despite reduced orthostatic tolerance in obese individuals, cerebral perfusion and 

transfer function analysis of cerebral autoregulation were similar at rest, and cerebral perfusion 

was similar in obese and non-obese during all stages of LBNP. Collectively, these data suggest 

that the reduced orthostatic tolerance in obese individuals can be attributed to an elevated resting 

HR; however, mechanisms regulating cerebral perfusion remain intact. Based on the findings of 

the present study, reduced orthostatic tolerance in obese individuals may be improved through 

interventions that reduce resting HR.  
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Table VI.1. Subject characteristics. BMI, body mass index. Data are means ± SD. 

 

 Non-obese Obese P-value 

N 22 (10 females) 11 (8 females) --- 

Years 26.0 ± 7.3 27.5 ± 9.3 0.626 

Height (m) 1.69 ± 0.10 1.66 ± 0.11 0.334 

Weight (kg) 66.3 ± 11.9 100.8 ± 14.9 <0.001 

BMI (kg/m
2
) 23.0 ± 2.3 36.7 ± 4.0 <0.001 
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Table VI.2. Cerebral perfusion and autoregulation subject characteristics. BMI, body mass 

index. Data are means ± SD. 

 Non-obese Obese P-value 

N 14 (9 females) 9 (6 females) --- 

Years 27.4 ± 8.1 29.0 ± 9.6 0.677 

Height (m) 1.64 ± 0.07 1.68 ± 0.10 0.378 

Weight (kg) 60.9 ± 6.5 104.5 ± 13.9 <0.001 

BMI (kg/m
2
) 22.6 ± 2.2 37.2 ± 3.9 <0.001 
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Table VI.3. Transfer function indices of cerebral autoregulation in the very low (LL; 0.02 to 0.07 

Hz), low (L; 0.07 to 0.20 Hz), and high (H: 0.20 to 0.35 Hz) frequency domains. Data are means 

± SD 

  Gain (LL) Gain (L) Gain (H) 

Non-obese 1.13 ± 0.69 1.03 ± 0.42 0.92 ± 0.53 

Obese 1.03 ± 0.24 0.83 ± 0.20 0.74 ± 0.24 

P-value 0.680 0.203 0.343 

 
Phase (LL) Phase (L) Phase (H) 

Non-obese 0.02 ± 0.03 0.03 ± 0.05 0.01 ± 0.07 

Obese 0.03 ± 0.02 0.06 ± 0.05 0.02 ± 0.04 

P-value 0.122 0.096 0.562 

 
Coherence (LL) Coherence (L) Coherence (H) 

Non-obese 0.42 ± 0.14 0.55 ± 0.11 0.49 ± 0.14 

Obese 0.43 ± 0.19 0.50 ± 0.19 0.49 ± 0.18 

P-value 0.929 0.419 0.941 
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Figure VI.1. Panel A shows orthostatic tolerance quantified by a cumulative stress index (CSI) for 

obese (N = 11) and non-obese individuals (N = 22), and Panel B shows the relationship body 

mass index (BMI) and CSI. Values are means ± SD. 
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Figure VI.2. Panel A shows heart rate at baseline (B), and all levels of lower body negative 

pressure (LBNP) completed by all individuals in both groups (LBNP 50) in obese (N = 11) and 

non-obese individuals (N = 22). Panel B shows heart rate (HR) as a percentage of the peak HR 

achieved during LBNP (%HRpeak) at each level of LBNP for obese and non-obese groups. 

*significantly different vs. non-obese, P < 0.05.  Values are means ± SD.   
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Figure VI.3. Panel A shows the relationship between body mass index (BMI) and the percent of 

peak heart rate achieved during LBNP at rest (%HRpeak). Panel B shows the relationship between 

%HRpeak at rest and orthostatic tolerance assessed as cumulative stress index (CSI).   
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Figure VI.4.  Middle cerebral artery blood velocity (MCA Vmean; Panel A) and cerebral vascular 

conductance index (CVCi; Panel B) at baseline (B), and all levels of lower body negative 

pressure (LBNP) completed by individuals in both groups through LBNP 50 for obese (N = 9) 

and non-obese (N = 14) individuals. †significant main effect of time, P ≤ 0.01.  Values are means 

± SD.   
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CHAPTER VII: REVIEW OF LITERATURE 

 

Introduction 

High environmental temperatures challenge the cardiovascular and thermoregulatory 

systems to a level that may only be exceeded by strenuous dynamic exercise. When humans are 

exposed to hot conditions skin and internal temperature rise resulting in an increase in cardiac 

output of up to 7-10 L/min, which is primarily due to an increase in heart rate (HR) with little to 

no change in stroke volume (SV) (Rowell et al. 1969a). In addition, vascular resistance is 

increased in splanchnic vascular beds (Rowell et al. 1965), and reduced in the cutaneous 

circulation (Rowell et al. 1970). In combination, these responses lead to a substantial re-

distribution of blood flow from the central circulation to the peripheral (cutaneous) circulation to 

promote heat loss from the body to the environment. The thermal mediated increase in cutaneous 

vascular conductance is brought about by removal of sympathetic vasoconstrictor nerve activity 

and increases in sympathetic vasodilator nerve activity (Johnson et al. 1995; Johnson 1996; 

Kellogg et al. 1998).  

It is well documented that whole body heat stress greatly compromises blood pressure 

control and tolerance to gravitational acceleration (Allan & Crossley 1972), a simulated 

hemorrhage challenge induced via LBNP (Cui et al. 2004b; Wilson et al. 2006; Keller et al. 

2009; Brothers et al. 2011b), and head-up tilt (Lind et al. 1968; Wilson et al. 2002b). Keller et al 

(Keller et al. 2009) demonstrated that tolerance to LBNP was reduced by ~80% after a 1.5°C 

elevation in internal temperature compared to normothermia and that this reduction could be 

reversed with acute plasma volume expansion, sufficient to restore central venous pressure (i.e. ~ 

500ml) (Keller et al. 2009). Although tolerance to a simulated hemorrhage challenge is reduced 

during an elevation in internal temperature relative to normothermia in all individuals, there is a 

large degree of variability in the magnitude of reduction in tolerance from normothermia to heat 

stress amongst individuals (Keller et al. 2009; Brothers et al. 2011b). Along these lines Brothers 

et al (Brothers et al. 2011b) have recently investigated to role of passive heating induced 

reductions in central venous pressure on tolerance to a simulated hemorrhage challenge. These 

authors demonstrated that central venous pressure was reduced by ~5 mmHg after internal 

temperature was raised by ~1.4°C; however, contrary to the proposed hypothesis individuals with 
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“high” and “low” tolerance to LBNP during passive heat stress had similar heat stress-induced 

reductions in central venous pressure (prior to LBNP) (Brothers et al. 2011b). 

As mentioned, humans, especially those who work in very hot conditions or while 

wearing unventilated protective garments (i.e. soldiers, firefighters), commonly experience 

elevations in whole body (skin and internal) temperature which increases the risk of orthostatic 

intolerance, syncopy, and injury. Importantly, heat stress-induced impairments are exacerbated 

during hemorrhage. In this regard, LBNP has been used extensively as a model to study 

hypovolemia (Brown et al. 1966; Sanders & Ferguson 1989; Fortney et al. 1992; Olsen et al. 

2000; Fu et al. 2004a; Cooke et al. 2009). Due to increased military presence in hot environments 

and the fact that hemorrhage is the primary cause of death on the battlefield (Bellamy 1984), as 

well as in civilian populations (Becker et al. 2002), there is a renewed interest from both the 

National Institute of Health and the Army Medical Department on investigating a human model 

of hemorrhage (Carrico et al. 2002). After a traumatic injury, hemorrhage is responsible for 

>35% of deaths that occur prior to arrival at a hospital, and >40% of deaths that occur within the 

first 24 hrs following the injury (Kauvar et al. 2006). The death rate associated with hemorrhage 

is second only to severe central nervous system injury deaths (Kauvar et al. 2006). Moreover, 

hemorrhage induced hypotension increases the incidence of multiple organ failure and other life-

threatening issues (Heckbert et al. 1998; Franklin et al. 2000). Information gained from studies 

investigating heat stress induced reductions in blood pressure control and tolerance to 

hypotensive challenges will allow for; 1) exclusion criteria to be determined that would prevent 

“low tolerant” individuals from being selected for positions in hot environments, 2) develop 

protocols and/or techniques with the goal of attenuating the reduction in tolerance to hypotensive 

challenges during exposure to heat stress and/or increasing recovery rate after a heat stress 

induced hypotensive event, and/or 3) engineering of devices that reduce the risk of heat stress 

induced orthostatic intolerance and/or can improve survival and recovery after heat stress or 

hemorrhagic event to be made available for use by individuals commonly exposed to hot 

conditions and/or who are at risk for hemorrhage (firefighters, soldiers, etc.).   

The central focus of this review will discuss cardiovascular, respiratory, autonomic, and 

cerebral responses to whole body heat stress, and the multifaceted mechanisms associated with 

heat-stress induced reductions in tolerance to hypotensive stimuli. Although reductions in blood 

pressure control and tolerance to hypotensive challenges are clearly affected by numerous factors, 
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this review will conclude with special attention given to factors controlling the cerebral 

circulation because syncope will ultimately occur when cerebral perfusion becomes inadequate 

(Njemanze 1992; Madsen & Secher 1999; Van Lieshout et al. 2003).  

 

1 – Whole Body Heat Stress 

The ability of external heat loads to challenge the cardiovascular system have intrigued 

physiologists for some time (Flack 1908; Hooker 1911; Benedict 1925; Bazett 1927; Hardy & 

Dubois 1937; Bazett 1951; Benzinger 1959) and the effects of heat stress on cardiovascular 

(Rowell et al. 1965; Klausen et al. 1967; Marx et al. 1967; Rowell et al. 1967; Damato et al. 

1968; Rowell et al. 1968; Gagge et al. 1969; Rowell et al. 1969a; Rowell et al. 1969b; Pirnay et 

al. 1970), autonomic (Cui et al. 2002b; Crandall et al. 2003; Cui et al. 2004b; Cui et al. 2006; 

Keller et al. 2006a; Crandall 2008; Cui et al. 2009; Cui et al. 2011), and cerebrovascular (Nybo et 

al. 2002a; Nybo et al. 2002b; Wilson et al. 2002b; Wilson et al. 2006; Low et al. 2008; Brothers 

et al. 2009b; Brothers et al. 2009c; Brothers et al. 2009d; Low et al. 2009; Nelson et al. 2011) 

function have been well studied. Whole body heating places significant strain on the 

cardiovascular system to increase thermoregulatory function while maintaining adequate arterial 

pressure for perfusion of critical organs (Rowell 1986; Johnson 1996). The thermoregulation 

induced cardiovascular challenge imposed by severe whole body heat stress may only be 

surpassed by strenuous exercise in most individuals.  

When humans are exposed to warm-hot environmental conditions blood flow to 

cutaneous vascular beds increases secondarily to increases in skin and internal temperature 

(Rowell et al. 1970; Brengelmann et al. 1973; Brengelmann et al. 1977; Johnson & Park 1979). 

The primary mechanism of heat loss in humans is a function of the coordination of increasing 

sweat rate to facilitate evaporative cooling at the same time that cutaneous vascular conductance 

increases resulting in a redistribution of blood to the surface of the body (skin). When the 

evaporative cooling requirements exceed the environments cooling capacity, the heat stress is 

described as uncompensable (Belding & Kamon 1973) and internal temperature will continue to 

rise to dangerous levels increasing the risk for heat related illness or death.    

This increase in cutaneous blood flow is mediated by two distinct types of sympathetic 

efferent nerves (Johnson 1996). The first type, active vasoconstrictor nerves, are noradrenergic 

and signal through post-junctional α1- and α2-receptors (Lindblad & Ekenvall 1986). Activity in 
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these nerves increases during cold stress and at the onset of exercise to conserve body heat and 

maintain arterial pressure, respectively. The second type of cutaneous efferent nerves, 

sympathetic active vasodilator nerves, act through cholinergic co-transmission and account for 

approximately 80 to 95% of the increase in cutaneous blood flow that accompanies heat stress 

(Johnson 1996). Upon exposure to hot conditions and elevations in skin and internal temperature, 

cutaneous blood flow is initially elevated by removal of cutaneous vasoconstrictor nerve activity. 

As internal temperature continues to rise, further increments in cutaneous perfusion are 

accomplished through increased activity in cholinergic-sympathetic vasodilator activity to the 

skin (Kellogg et al. 1995; Kellogg et al. 1998; Kellogg et al. 2009). This dual control of the 

cutaneous circulation (Kellogg et al. 1998) allows for precise regulation of cutaneous blood flow 

to meet the thermoregulatory demands. 

This increase in cutaneous vascular conductance, which is predicted to reach up to ~ 8 

L/min during whole body passive heat stress (Rowell 1974), is accompanied by a concomitant 

increase in cardiac output (Qc) brought about primarily by an acceleration in HR with only slight 

increases in SV (Rowell et al. 1969a; Rowell et al. 1970; Rowell 1986). Two primary 

mechanisms account for the observed increase in Qc during heat stress. First, arterial baroreceptor 

unloading, subsequent to heating-induced reductions in systemic vascular resistance and central 

blood volume, result in reflex activation of the sympathetic nervous system. Elevated sympathetic 

nervous system activity (SNA) initiates several responses to defend against reductions in mean 

arterial pressure (MAP) which include 1) elevated HR and 2) increased cardiac contractility and 

SV. Second, elevations in internal body temperature alone increase HR by acting directly on the 

Sino atrial node to increase intrinsic sinus rhythm (Jose et al. 1970). To determine the influence 

of internal temperature on cardiac pacemaker activity Jose and co-workers assessed intrinsic HR 

(IHR) in subjects with complete autonomic blockade induced by propranolol (non-selective beta-

adrenergic receptor antagonist) and atropine (non-selective muscarinic cholinergic antagonist) 

(Jose et al. 1970). These authors found that changes in central body temperature resulted in an 

increase in IHR of approximately seven beats per minute for every 1°C increase in mixed venous 

blood temperature (Jose et al. 1970).  

Early investigations on the cardiovascular responses to passive heating revealed that Qc 

increases up to 7-10 L/min and concluded that most of this blood flow is distributed to the skin 

(Rowell et al. 1969a). In addition to elevated Qc, another mechanism responsible that facilitates 
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the several-fold increase in cutaneous vascular conductance that occurs during heat stress is a 

redistribution of blood flow from non-cutaneous vascular beds (Rowell et al. 1965; Rowell 1974). 

In this regard, the splanchnic circulation comprises approximately 30% of Qc at rest and is; 

therefore, an important reservoir from which blood flow can be re-distributed to meet the high 

cutaneous blood flow demands during heat stress (Rowell et al. 1968; Rowell et al. 1971; Rowell 

et al. 1972; Escourrou et al. 1982). In a series of classic heat stress studies, Rowell and colleagues 

(Rowell et al. 1965; Rowell et al. 1970; Rowell et al. 1971; Rowell et al. 1972), and others 

(Radigan & Robinson 1949) clearly illustrated the relationship between the hepatic/splanchnic 

and cutaneous vascular beds during heat stress. In 1949, Radigan and Robinson (Radigan & 

Robinson 1949) demonstrated lower renal plasma flow during rest in hot (50°C) relative to cool 

(21°C) environments. Radigan and Robinson’s (Radigan & Robinson 1949) finding was 

supported by evidence from Rowell and co-workers that hepatic blood flow (indexed as 

indocyanine clearance) is reduced during exercise in hot (110°F) compared to cool (78°F) 

conditions (Rowell et al. 1965). Similarly, net splanchnic vascular resistance increased and 

hepatic blood flow was reduced during passive heat stress conditions (Rowell et al. 1970; Rowell 

et al. 1971; Rowell et al. 1972), which facilitated the increase in cutaneous vascular conductance 

in heat stressed humans.  

 

2 – Mechanisms of reduced tolerance to hypotensive challenges during heat stress 

The ability of the cardiovascular system to maintain adequate blood pressure is critical 

and highly regulated (Rowell 1993). Accordingly, much research has investigated mechanisms 

that allow humans to withstand the upright posture (Rowell 1993) and various orthostatic 

challenges such as gravitational acceleration (Allan & Crossley 1972), head up tilting (Lind et al. 

1968; Wilson et al. 2002b; Watenpaugh et al. 2004), and a simulated hemorrhage induced via 

LBNP (Smith & Raven 1986; Sander-Jensen et al. 1988; Levine et al. 1991c; Stevens et al. 1992; 

Brothers et al. 2011b). The human cardiovascular system is thought to be highly adapted to 

maintain cerebral perfusion in the upright posture. Despite pressure gradients that develop in the 

circulation due to gravitational forces, humans can tolerate the “upright” posture because these 

forces are neutralized by mechanisms that reduce fluid and blood accumulation in the lower 

extremities (Rowell 1993). Likewise, high tolerance to orthostatic challenges has been attributed 

to numerous factors that include; large release of vasoconstrictor hormones (Convertino & Sather 
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2000b; Greenleaf et al. 2000), high degree of compensatory tachycardia (Convertino & Sather 

2000a; Greenleaf et al. 2000), enhanced systemic vasoconstriction (Convertino & Sather 2000b), 

and protected central blood volume and cerebral perfusion (Levine et al. 1994). On the contrary, 

orthostatic tolerance is reduced in individuals with autonomic dysfunction (Agrawal et al. 1999), 

following spaceflight (Fritsch-Yelle et al. 1994; Buckey et al. 1996; Convertino 1996; Fritsch-

Yelle et al. 1996) and after simulated microgravity induced with head down bed rest (Perhonen et 

al. 2001). 

Several studies have sought to identify characteristics of individuals with high and low 

tolerance to orthostatic challenges in normothermic individuals. A number of mechanisms have 

been put forward as key factors contributing differences in orthostatic tolerance amongst 

individual’s including reduced plasma renin activity and activation of the renin-angiotensin-

aldosterone system (Shvartz et al. 1981; Harrison et al. 1985; Robertson et al. 1996; Jacob et al. 

1997; Greenleaf et al. 2000), elevated parasympathetic responsiveness (Grenon et al. 2004), 

attenuated activation of the sympathetic nervous system upon adopting the upright posture 

(Grenon et al. 2004), and lower cardiac compliance (Ludwig & Convertino 1994; Greenleaf et al. 

2000).  

It is well documented that the ability of humans to maintain blood pressure and ultimately 

consciousness, during hypotensive challenges such as head-up tilt (Lind et al. 1968; Wilson et al. 

2002b), gravitational acceleration (Allan & Crossley 1972), simulated hemorrhage challenge 

evoked via LBNP (Wilson et al. 2006; Keller et al. 2009; Brothers et al. 2011b), are reduced 

during whole body heat stress. Although the factors contributing to reduced orthostasis and earlier 

onset of pre-syncopal symptoms during heat stress compared to normothermia are clearly 

complex and multifaceted, several key factors have been elucidated. The following sections will 

discuss several primary areas thought to contribute substantially to the reduced tolerance to 

simulated hemorrhage challenges and similar hypotensive conditions during heat stress relative to 

normothermia. Heat-stress induced alterations on the following responses will be discussed: 1) 

cardiovascular and thermoregulatory control, 2) cardiac function, 3) responses of the autonomic 

nervous system, and 4) hormonal responses. Additionally, the influence of exercise training and 

fitness level on tolerance to orthostatic and simulated hemorrhage challenges will also be 

discussed.  
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3 – Impact of thermoregulatory responses on tolerance to a simulated hemorrhage 

challenge 

3a. Inadequate cutaneous vasoconstrictor responsiveness 

 In humans, when skin and internal temperature are elevated cutaneous blood flow 

increases significantly (from ~300 mL/min during normothermia to ~ 7.5 L/min during whole 

body heat stress).  

In order to maintain MAP in the face of such large increments in systemic vascular conductance, 

Qc must increase while vascular conductance in non-cutaneous vascular beds must decrease 

(Rowell et al. 1969a; Rowell 1986). Assuming a Qc of 6 L/min during normothermia, cutaneous 

vascular conductance represents only ~5% systemic vascular conductance during normothermia 

and would thus have a small range to be further reduced to contribute to blood pressure 

regulation. On the other hand, during whole body heat stress, cutaneous vascular conductance can 

account for 50% (or more) of systemic vascular conductance and; therefore, neural control of the 

cutaneous circulation serves as an important component of blood pressure control during heat 

stress (Cui et al. 2005; Crandall et al. 2010). With 50% or more Qc directed to the skin during 

whole body heat stress, cutaneous vascular conductance is a critical reservoir that could be 

reduced, albeit at the expense heat loss potential, to maintain MAP during hypotensive stress. 

Despite the obvious importance of cutaneous vascular conductance on blood pressure regulation 

during heat stress, the capacity for the baroreflex to mediated reductions in cutaneous vascular 

conductance during hypotensive challenges while heat stressed is unclear (Johnson et al. 1973; 

Vissing et al. 1994; Crandall et al. 1996; Vissing et al. 1997; Mack 1998; Peters et al. 2000; 

Keller et al. 2006b). Although the reason for the disparity in the degree of reduction in cutaneous 

vascular conductance in the face of a hypotensive challenge during heat is unknown, inter- and 

intra-subject heterogeneity may explain some of the variability (Mack et al. 1995; Peters et al. 

2000). Another source of variability in studies utilizing a LBNP challenge, is a non-baroreceptor 

mediated convective cooling effect of LBNP (Vissing et al. 1994). Crandall and co-workers 

recently investigated the role of heating induced elevations in cutaneous vascular conductance on 

tolerance to orthostatic stress evoked via LBNP and tilting (Crandall et al. 2010). In this 

investigation subjects were passively heated to 1.3 ± 0.3°C above baseline normothermic values 

which elicited an increase in cutaneous vascular conductance from 29 conductance units during 

normothermia to 160 conductance units during heat stress (prior to orthostatic stress) (Crandall et 
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al. 2010). At the point of presyncope, cutaneous vascular conductance was reduced to 138 

conductance units, yet remained 4-fold greater than during normothermia suggesting that a large 

portion of the cutaneous vascular conductance reservoir remained even upon the development of 

syncopal symptoms (Crandall et al. 2010). The inadequate cutaneous vasoconstriction during 

ensuing syncope in this study (Crandall et al. 2010) and others (Johnson et al. 1973; Rowell et al. 

1973; Kellogg et al. 1990; Vissing et al. 1994; Crandall et al. 1996; Vissing et al. 1997; Mack 

1998; Peters et al. 2000; Cui et al. 2004b; Keller et al. 2006b) indicates that, ultimately, an 

impaired ability to sufficiently vasoconstrict the skin during heat stress contributes to greater 

orthostatic intolerance in this thermal state. The mechanism underlying the inability to 

vasoconstrict the cutaneous circulation during these conditions is unclear, but may relate to local 

vasodilating factors or altered responsiveness to vasoconstrictor signals. Further research in this 

area is warranted. Studies should be designed to 1) identify the impact of high (supra-

physiological) skin temperatures on the ability of the cutaneous circulation to vasoconstrict 

during a hypotensive challenge, and 2) elucidate the role of locally acting vasodilatory factors on 

the inability to vasoconstrict the cutaneous circulation during a hypotensive challenge while heat 

stressed.  

 

3b - Central venous pressure and central blood volume 

 As discussed above, whole body heat stress elicits multiple cardiovascular and 

neurological responses (i.e. augmented HR, Qc, cutaneous vascular conductance, muscle and skin 

sympathetic nerve activity and splanchnic vascular resistance). Although HR and Qc are always 

elevated during whole body heat stress, when an orthostatic challenge is evoked in heated 

individuals the heat-stress induced increase in Qc can be attenuated as a result of progressive 

declines in SV (Levine et al. 1991c; Harms et al. 2003; Fu et al. 2004a; Fu et al. 2005). When 

body temperature becomes elevated, activation of thermoregulatory mechanisms is critical to 

prevent the attainment of dangerously high body temperatures (Rowell 1986; Johnson 1996); 

however, these thermoregulatory mechanisms may underlie the reduced orthostatic tolerance that 

occurs during whole body heating (Rowell 1986). Thus, when the cardiovascular system must 

respond to simultaneously to thermoregulatory and hypotensive challenges cardiac filling can be 

diminished resulting in cardiovascular collapse. To this end, the combined effects of orthostatic 

challenges and heat stress on central blood volume are likely to play a primary role in heat-stress 
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induced reductions in orthostatic tolerance (Keller et al. 2009; Bundgaard-Nielsen et al. 2010; 

Brothers et al. 2011b).  

Another characteristic of heat stress is a reduction in indices of ventricular filling 

pressure (Rowell et al. 1969a; Minson et al. 1998; Wilson et al. 2007; Crandall et al. 2008). To 

shed light on the debated effect of heat stress on central blood volume and blood volume 

distribution, Crandall et al (Crandall et al. 2008) assessed central and regional blood volumes 

using technetium-99m labeled autologous red blood cells with gamma camera imaging 

techniques after an increase in internal temperature of ~1.0°C (Crandall et al. 2008). These 

authors reported that heat stress resulting in a five-fold increase in cutaneous vascular 

conductance, an increase in HR of 50 beats per minute, and a reduction in central venous pressure 

of almost six mmHg, and these changes were associated with reductions in blood volume of the 

heart (15%), heart and ventral vasculature (17%), thorax (14%), inferior vena cava (23%), and 

liver (23%) relative to time matched controls (Crandall et al. 2008). It is also noteworthy that in 

this study ejection fraction was increased by 24% during heat stress relative to normothermia 

(Crandall et al. 2008). This study provided evidence that whole body heat stress shifts blood 

volume from thoracic and splanchnic regions, and increases HR and ejection fraction (Crandall et 

al. 2008). The result of Crandall et al (Crandall et al. 2008) prompted Keller et al (Keller et al. 

2009) to investigate the role of reduced central venous pressure on reduced orthostatic tolerance 

during heat stress. To test the hypothesis that acute volume expansion attenuates heat stress 

induced reductions in orthostatic tolerance, these investigators infused sufficient dextran, in heat 

stressed individuals, to restore central venous pressure to the normothermic level prior to 

initiating the orthostatic challenge and found that the heating induced reductions in orthostatic 

tolerance were completely reversed (Keller et al. 2009). The key finding in the study by Keller et 

al (Keller et al. 2009) was that the heating induced reduction in central venous pressure, and 

presumably central blood volume, is instrumental in reduced orthostatic tolerance during whole 

body heat stress. Moreover in this study, the individual with the largest heating induced reduction 

in orthostatic tolerance also had the greatest reduction in central venous pressure (Keller et al. 

2009). Collectively, the results of Crandall et al (Crandall et al. 2008) and Keller et al (Keller et 

al. 2009) would suggest that heat stress reduces central blood volume and the magnitude of this 

reduction amongst individuals may predict orthostatic tolerance during heat stress conditions. 

Accordingly, Brothers et al (Brothers et al. 2011b) hypothesized that reductions in central venous 
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pressure in response to heat stress would predict the inter-individual variability in tolerance to a 

simulated hemorrhage that exist amongst individuals in this thermal condition (Brothers et al. 

2011b). Contrary to this hypothesis these investigators found that heat stress reduced central 

venous pressure by a similar magnitude in high and low tolerant individuals (Brothers et al. 

2011b).  

 

4 - Heating induced changes in cardiac function 

4a – Systolic and diastolic function 

When internal temperature is elevated there is a profound increase in Qc of up to 10 

L/min or more with ~50% of this Qc directed to the skin (Rowell 1986; Johnson 1996). This large 

increase in Qc is primarily a result of increased HR because SV is typically unchanged or only 

slightly elevated during whole body heat stress (Rowell et al. 1969a; Rowell 1986; Johnson 1996; 

Minson et al. 1998; Wilson et al. 2007). Likewise, whole body heating reduces central blood 

volume (Crandall et al. 2008), central venous pressure (Minson et al. 1998; Crandall et al. 1999b; 

Keller et al. 2009; Brothers et al. 2011b), pulmonary artery, and capillary wedge pressure 

(Damato et al. 1968; Wilson et al. 2007). Surprisingly, in the face of these heating induced 

responses, SV is usually maintained or even elevated during whole body heat stress suggesting 

that cardiac contractility is increased in these thermal conditions (Rowell 1986). Supporting a role 

for heating-induced increases in contractility on the maintained or elevated SV characteristic of 

whole body heat stress, SV has been shown to be elevated during heat stress relative to 

normothermia during passive heating (Crandall et al. 2008; Brothers et al. 2009a), and during 

exercise in the heat (Trinity et al. 2010).  

In light of the fact that central blood volume, central venous pressure and pulmonary 

capillary wedge pressures are all reduced during passive heat stress (Rowell et al. 1966; Crandall 

et al. 1999a; Gonzalez-Alonso et al. 1999; Crandall et al. 2008; Keller et al. 2009; Brothers et al. 

2011b; Crandall et al. 2012), the notion that heat stress increases the inotropic state of the heart 

has been suggested as a mechanism by which SV is maintained or even elevated during 

elevations in internal temperatures (Rowell 1974; Johnson 1996). Consistent with this theory, 

heat stress has been shown to increase an index of sympathetic activity to the heart (Crandall et 

al. 2000), and increases activity to non-cardiac organs such as skeletal muscle (Crandall et al. 

1999b; Cui et al. 2002b), and splanchnic vascular beds (Rowell et al. 1971; Rowell et al. 1972; 
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Rowell 1986). Frey and Kenney found reduced left ventricular ejection time and pre-ejection 

period (both are indirect methods indicating improved systolic function) after oral temperature 

was elevated by 0.8°C in healthy individuals (Frey & Kenney 1979). Using similar techniques, 

Tei and colleagues (Tei et al. 1995) reported augmented cardiac index, stroke index, and ejection 

fraction in heart failure patients following elevations in internal temperature induced by warm 

water baths and sauna treatments. Further support for heat induced improvements in systolic 

function were demonstrated by Crandall et al (Crandall et al. 2008) who reported improvements 

in ejection fraction in passively heated individuals. Crandall et al (Crandall et al. 2008) reported 

that ejection fraction was increased 13% during whole body heat stress, which supports previous 

findings (Rowell et al. 1969a; Rowell 1986; Johnson 1996; Wilson et al. 2007). Similarly, during 

low intensity cycle ergometry, we have recently demonstrated that at the same HR in 

normothermic and heat stress conditions, SV is elevated during whole body heat stress (Trinity et 

al. 2010).  

Moreover, is has been reported that whole body heat stress increased peak septal and 

lateral mitral annular systolic velocities and speeds isovolemic acceleration (Brothers et al. 2008). 

In addition to improved ventricular function during systole during heat stress, increased blood 

velocity during the atrial contraction phase of left ventricular diastolic filling and an increased 

velocity of the septal and lateral mitral annulus during the late phase of diastolic relaxation 

suggest that left atrial systolic function is also improved (Brothers et al. 2008). Collectively these 

results suggest that heat stress improves cardiac systolic function; however, a common critique of 

these investigations is the indirect nature of the measurements (Frey & Kenney 1979) and the 

load dependency of ejection fraction (Crandall et al. 2008). This is especially true considering the 

alterations in ventricular loading that occur during whole body heat stress (Crandall et al. 1999b; 

Minson et al. 1999).  

Diastolic function can also contribute to changes in SV during whole body heat stress by 

affecting ventricular filling (Kisanuki et al. 2007; Brothers et al. 2009a). Although there is little 

data on diastolic function during whole body heat stress, diastolic function has been reported to 

be improved (Kisanuki et al. 2007), and unchanged (Brothers et al. 2009a) following whole body 

heat stress. In this regard, diastolic function is improved following sauna therapy in individuals 

with congestive heart failure (Kisanuki et al. 2007). Whole body heating induced improvements 

in systolic function, diastolic function, or both would provide a mechanism for the maintenance 
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or slight elevation in SV that occurs during passive heating in the face of reductions in central 

blood volume and filling pressure. To elucidate the influence of whole body heating on cardiac 

function Brothers et al (Brothers et al. 2009a) recently investigated systolic and diastolic function 

during normothermia and following a 1.0°C increase in internal temperature using 

echocardiographic techniques. Although these authors reported no effect of heat stress compared 

to normothermia on blood velocity during the early phase of left ventricular filling, early diastolic 

mitral annular velocity, and the ratio of blood velocity to mitral annular velocity during the early 

phase of diastole, the lack of any differences between thermal conditions indicates that diastolic 

function is not impaired (Brothers et al. 2009a).  

 

4b - Frank-starling mechanism 

Alterations in left ventricular end-diastolic volume, indexed as cross sectional diameter or 

filling pressure, changes the intrinsic force production of the left ventricle which alters SV 

(Sarnoff & Mitchell 1961; Katz 2006). This phenomenon is known as the Frank-Starling 

mechanism in recognition of the initial work by Otto Frank (Frank 1895) in 1895 and Earnest 

Starling et al in 1914 (Patterson et al. 1914; Patterson & Starling 1914) and is characterized as a 

family of hyperbolic pulmonary capillary wedge pressure (PCWP) to SV curves. The nature of 

these curves demonstrates the non-linearity of the relationship between left ventricular filling 

pressures and SV. In regard to hypotensive challenges, the Frank-Starling mechanism dictates 

that a given reduction in filling pressure will result in disparate degrees of reduction in SV 

depending on the shape of the curve and the location of the operating point (Patterson et al. 1914; 

Patterson & Starling 1914). Likewise, alterations in the shape of, or location of the operating 

point on, the Frank-Starling curve has been functionally linked to orthostatic intolerance in aging 

(Arbab-Zadeh et al. 2004), heat stress (Wilson et al. 2009; Bundgaard-Nielsen et al. 2010), 

endurance training (Levine et al. 1991c; Levine 1993), and bed rest (Perhonen et al. 2001). In 

normothermic and normovolemic conditions, the location of the operating point of the Frank-

Starling curve is found at, or near, the transition point between the steep and flat portions of the 

curve (Parker & Case 1979; Secher & Van Lieshout 2005). It has been proposed that a heating 

induced change in the operating point of the Starling mechanism to the steep portion of the curve 

would result in greater reduction in SV for a given reduction in central blood volume or filling 

pressure during whole body heat stress and thereby play a role in the orthostatic intolerance that 
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occurs in this condition (Wilson et al. 2009). In support of this theory, Wilson et al (Wilson et al. 

2009) recently demonstrated that the operating point of the Frank-Starling curve is shifted to the 

steeper portion of the curve during heat stress, and to the flatter portion of the curve during skin 

surface cooling, evidenced by an augmented, and attenuated decrease in SV per reduction in 

PCWP, respectively relative to normothermia during graded LBNP (Wilson et al. 2009).   

 

5 - Heat stress and the autonomic nervous system 

5a - Baroreflex sensitivity 

Baroreceptors are mechanosensitive stretch receptors that provide constant feedback to 

the higher brain centers that interpret this information and send appropriate efferent signals to the 

heart and vasculature in order to maintain arterial blood pressure. This reflex is a critical 

modulator of sympathetic nervous system activity (Wallin & Eckberg 1982), such that 

sympathetic bursts are evoked during transient reductions, and silenced during elevations in 

arterial blood pressure (Delius et al. 1972). The effects of whole body heating on baroreceptor 

function are not well understood, and heat stress-induced reductions in baroreceptor function 

could play a role in the reduced blood pressure control that occurs in this thermal state. Studies in 

animals provided some of the initial insight into the effects of heat stress on baroreflex function 

(Gorman & Proppe 1984; Stauss et al. 1997). Stauss et al (Stauss et al. 1997) demonstrated that 

the gain of arterial baroreflex control of HR was accentuated in hyperthermic rats compared to 

normothermic conditions. In the same vein, Gorman and Proppe (Gorman & Proppe 1984) tested 

the role of baroreflex control of HR by inducing hypertension and hypotension by occlusion of 

the thoracic descending aorta and the inferior vena cava, respectively, in normothermic and heat 

stressed baboons. In opposition with the results of Stauss et al (Gorman & Proppe 1984), these 

authors found that baroreflex control of HR was reduced during low blood pressure (Gorman & 

Proppe 1984). Gorman and Proppe also reported improvements in baroreflex mediated control of 

HR during hypertension and no differences between thermal conditions when the entire 

baroreflex curve was analyzed (Gorman & Proppe 1984). The conflicting results of Stauss et al 

(Stauss et al. 1997) and Gorman and Proppe (Gorman & Proppe 1984) indicate that baroreflex 

mediated regulation of HR during normothermia and heat-stress vary across animals, which limits 

the ability to apply these results to humans.  
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Studies in humans have reported that whole body heat stress does not alter the maximal 

gain of baroreflex control of HR during perturbations involving the carotid baroreceptor 

(Yamazaki et al. 1997; Crandall 2000), reduced maximal gain of the carotid vasomotor response 

(Crandall 2000), and changes in HR during spontaneous fluctuation in blood pressure is either 

unchanged (Yamazaki & Sone 2000) or reduced during whole body heat stress (Crandall et al. 

2000). Crandall et al (Crandall et al. 2000) investigated the effects of whole body heat stress on 

baroreflex control of HR in humans using transfer function analysis of spontaneous variability of 

changes in blood pressure and the corresponding HR responses. This method enables baroreflex 

function to be assessed without the challenges associated with the use of drugs or mechanical 

devices elicit perturbations in blood pressure, and allowed Crandall et al to transition the work of 

earlier investigators (Gorman & Proppe 1984) to a human model (Crandall et al. 2000). Using 

spectral analysis of HR and systolic blood pressure, Crandall et al reported frequency dependent 

effects of heat stress on HR and systolic blood pressure (Crandall et al. 2000). Specifically, whole 

body heat stress reduced the dynamic baroreflex regulation of HR in the high (0.20-0.30 Hz), but 

not the low (0.03-0.15 Hz) frequency range (Crandall et al. 2000). Reduced transfer function gain 

in the high frequency range suggested that the gain of vagal modulation of HR is reduced. These 

authors were the first to report that decreased cardiac vagal activity and elevated sympathetic 

activity likely contribute to the elevation in HR observed during whole body heat stress in 

humans (Crandall et al. 2000), which supports earlier reports in heat stressed baboons (Gorman & 

Proppe 1984). In contention with the result of Crandall et al (Crandall et al. 2000), other studies 

have demonstrated no effect of heat stress on baroreflex function in humans (Yamazaki et al. 

1997; Crandall 2000; Yamazaki & Sone 2000). The aforementioned studies investigating 

baroreflex function in heat stressed humans limited their findings to either change in HR in 

response to small, spontaneous blood pressure oscillations or focused solely on the carotid 

baroreflex.  

More recently Cui et al (Cui et al. 2002b) investigated the effect of heat stress on arterial 

baroreflex control of sympathetic nerve activity when arterial blood pressure was lowered and 

raised with sodium nitroprusside and phenylephrine, respectively. Cui et al (Cui et al. 2002b) 

found that the slope of the relationship between muscle sympathetic nerve activity (MSNA) and 

diastolic blood pressure, and HR and systolic blood pressure  were both similar during 

normothermia and heat stress. These data suggested that arterial baroreflex control of MSNA and 
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HR are not affected by whole body heating (Cui et al. 2002b). Taken together, the majority of 

studies on heat stress induced change in baroreceptor function demonstrate that baroreflex control 

of HR is not altered in this thermal state (Yamazaki et al. 1997; Crandall 2000; Yamazaki & Sone 

2000). 

 

5b - Muscle sympathetic nerve activity 

In humans the susceptibility of experiencing orthostatic intolerance is elevated during 

heat stress and reduced baroreflex control of MSNA and/or reduced adrenergic sensitivity to 

MSNA would reduce orthostatic tolerance in this thermal state. As discussed above, whole body 

heat stress does not alter the maximal gain of baroreflex control of HR during carotid 

baroreceptor perturbations (Yamazaki et al. 1997; Crandall et al. 2000) or during acute changes 

in arterial pressure (Yamazaki & Sone 2000; Cui et al. 2002b). Furthermore, heat stress does not 

alter baroreflex regulation of MSNA during unloading, or loading, of the arterial baroreceptors 

(Cui et al. 2002b). In contrast, cardiopulmonary baroreceptor loading with rapid saline infusion 

(15 mL/kg) does not attenuate MSNA in heat stressed humans during whole body heat stress 

(Crandall et al. 1999a) which is in opposition with reports from studies in normothermic 

individuals that MSNA is reduced during cardiopulmonary loading with perturbations such as 

rapid saline infusion, water immersion, head-down tilt, and lower body positive pressure (Mano 

et al. 1985; Nagaya et al. 1995; Fu et al. 1998b, a). Impaired or uncoupled baroreflex control of 

MSNA during heat stress would reduce orthostatic tolerance. Contrary to this hypothesis, Cui et 

al (Cui et al. 2004a) found that MSNA was greater at every level of LBNP, and the slope of the 

relationship between the increase in MSNA and decline in central blood volume was increased, in 

heat stress compared to normothermia. Thus, carotid baroreflex control of MSNA is accentuated 

during heat stress (Cui et al. 2004a), which should improve tolerance to a simulated hemorrhage 

or similar orthostatic challenge in this thermal condition. On the other hand, post-synaptic 

vasoconstrictor responses to exogenous α-adrenoreceptor agonists are impaired in human skin 

during heat stress (Wilson et al. 2002a), and although the response in other vascular beds is 

unknown, attenuated systemic vasoconstrictor responsiveness to α-adrenergic agents during heat 

stress has been reported (Cui et al. 2002c). Therefore, a greater level of MSNA may be required 

to maintain blood pressure during an orthostatic challenge due to the reduced postsynaptic 

responsiveness during whole body heating.  
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In normothermic subjects exposed to an orthostatic challenge sympathetically mediated 

increases in peripheral vasoconstriction play a critical role in the defense against reductions that 

occur during hypotensive challenges. Accordingly, MSNA increases linearly with reductions in 

blood pressure in healthy individuals (Convertino et al. 2004). In this respect, the ability to 

tolerate a simulated hemorrhage or similar orthostatic challenge may hinge on the magnitude of 

sympathetic response to such a challenge. However, as previously mentioned, vasoconstrictor 

responses may be attenuated during heat stress (Cui et al. 2002c; Wilson et al. 2002a). Therefore, 

post-junctional responsiveness during heat stress may be equally important in the ability to 

tolerate orthostatic challenges during heat stress (Cui et al. 2002c). Regarding the ability of 

MSNA responses to predict tolerance to a simulated hemorrhage during heat stress, Cui et al (Cui 

et al. 2011) recently demonstrated a positive correlation between time to pre-syncope during 

head-up tilt (HUT) and the increase in MSNA during HUT. This data suggests that the ability to 

withstand an orthostatic challenge while heat stressed is partially explained by the degree of 

increase in MSNA, which presumably produces greater systemic vascular resistance that prolongs 

orthostatic tolerance (Cui et al. 2011).  

 

6 - Hormone responses and orthostatic tolerance during heat stress 

6a - Angiotensin II 

Tolerance during an orthostatic challenge in normothermic conditions is positively 

related to the magnitude of activation of the renin-angiotensin-aldosterone-system (RAAS) and 

subsequent increases in circulating angiotensin II (AngII) (Harrison et al. 1985; Jacob et al. 1997; 

Greenleaf et al. 2000). Heat stress also results in activation of the RAAS (Escourrou et al. 1982). 

In this regard, since AngII is a powerful vasoconstrictor, elevations in this hormone during an 

orthostatic challenge during heat stress would presumably defend against the development of 

syncopal symptoms by increasing systemic vascular resistance. Although little is known about the 

influence of AngII on the orthostatic intolerance during heat stress conditions, it is plausible that 

individuals with a larger increase in plasma AngII in response to heat stress may increase 

tolerance to a simulated hemorrhage challenge or similar orthostatic stress during heat stress 

conditions.  
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6b – Catecholamines 

 Similar to the predicted influence of AngII, individuals who experience a larger increase 

in plasma catecholamines during heat stress would presumably have a greater increase in 

systemic vascular resistance and therefore be less susceptible to hemorrhagic or orthostatic 

intolerance during heat stress. In opposition with this hypothesis, similar magnitudes of heat 

stress induced changes in plasma levels of norepinephrine and epinephrine have been shown to be 

similar in individuals with high and low tolerance to a simulated hemorrhage challenge during 

heat stress (Brothers et al. 2011b). Although data on the relationship between heat stress induced 

increase in plasma catecholamines and tolerance to a orthostatic tolerance in this thermal state is 

sparse (Brothers et al. 2011b), the available evidence suggests little influence of plasma 

catecholamines on the ability to tolerate a simulated hemorrhage during heat stress.  

 

7 - Fitness level  

Previous reports suggest that orthostatic intolerance is functionally linked to 

cardiovascular adaptations to chronic endurance training and high fitness levels (Stegemann et al. 

1974; Levine et al. 1991b; Levine et al. 1991c; Stevens et al. 1992; Raven & Pawelczyk 1993); 

however, numerous cross sectional and longitudinal studies fail to support this contention 

(Convertino et al. 1984; Convertino et al. 1986; Mtinangi & Hainsworth 1999; Winker et al. 

2005). Endurance exercise training leads to many cardiovascular and metabolic adaptations that 

improve performance in endurance events. Furthermore, short and long term adaptations to 

endurance training are important for reduced risk for all-cause mortality and improve general 

health. Despite the obvious health implications for endurance type exercise, the role in blood 

pressure regulation and tolerance to hypotensive challenges remains unclear. Several mechanisms 

associated with chronic endurance training have been proposed as factors associated with 

diminished orthostatic tolerance in the training state such as; reduced baroreceptor 

responsiveness, increased limb compliance, and eccentric ventricular hypertrophy (Raven & 

Pawelczyk 1993). An important consideration when investigating blood pressure control and 

orthostatic tolerance is the arterial baroreflex. Along these lines, Raven et al (Raven et al. 1984) 

demonstrated that baroreflex sensitivity (i.e. Δ HR/Δ blood pressure) is reduced in individuals 

with high VO2max compared to sedentary controls by ~50%. In support of this finding, several 
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studies have demonstrated reduced baroreflex sensitivity in well trained individuals (Smith & 

Raven 1986; Raven & Pawelczyk 1993). A second consideration for endurance trained 

individuals is an increased venous compliance. Accordingly, venous compliance has been shown 

to be increased following endurance training (Stevens et al. 1992). However, the increase in 

compliance accounts for <1% of total blood volume and; therefore, it is unlikely to contribute 

significantly to orthostatic intolerance (Raven et al. 1998). Furthermore, it has been reported that 

increased cardiac compliance and elevations in resting SV may contribute to orthostatic 

intolerance high fit individuals (Levine et al. 1991a; Levine et al. 1991b; Levine 1993). Levine 

and colleagues (Levine et al. 1991a) have reported greater diastolic chamber compliance and 

dispensability in endurance athletes compared to non-athletes, which results in athletes operating 

on the steep portion of their Starling curve (Levine et al. 1991a). This adaptation, although 

beneficial to aerobic capacity and endurance performance, produces larger reductions in SV per 

reduction in filling pressure (Levine et al. 1991a).  

Despite compelling evidence that high fit individuals have reduced orthostatic tolerance 

(Stegemann et al. 1974; Levine et al. 1991b; Levine et al. 1991c; Stevens et al. 1992; Raven & 

Pawelczyk 1993), a number of studies suggest that orthostatic tolerance is improved following 

endurance training (Convertino et al. 1984; Convertino et al. 1986; Mtinangi & Hainsworth 1999; 

Winker et al. 2005). For example, it has been reported that endurance training increases VO2max, 

blood volume, and tolerance to a head up tilting challenge (Convertino et al. 1984). Furthermore, 

it has been reported that the influence of training on orthostatic tolerance may depend pre training 

fitness level (Mtinangi & Hainsworth 1999). Although, the reason for this discrepancy is unclear, 

it is likely related to different methods used to assess tolerance (i.e. tilting, LBNP, etc.), 

differences in duration of training, and/or different genetic attributes, among other factors (Raven 

et al. 1998).  

Based on previous reports that short exercise training programs (i.e. eight days to two 

months) produce elevations in VO2max without reducing orthostatic tolerance (Convertino et al. 

1984; Lightfoot et al. 1989), Stevens et al (Stevens et al. 1992) investigated the effect of an eight-

month endurance training program on individuals’ tolerance to a simulated hemorrhage induced 

via LBNP. Despite a significant increase in VO2max, plasma volume, and total blood volume, 

orthostatic tolerance was significantly reduced after training (Stevens et al. 1992). Collectively, 
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these results suggest that training duration may play a larger role on the reductions in tolerance 

than VO2max per se.   

It is important to point of that all studies that have investigated orthostatic intolerance in 

“high fit” individuals have only done so during normothermic conditions, and little is known 

about the effect of fitness on tolerance to a simulated hemorrhage during heat stress. This is an 

important consideration because many of the individuals who commonly work in (i.e. firefighters, 

etc.), or are exposed to (military) hot environments or conditions are highly fit. Further research 

on the influence of fitness on tolerance to a simulated hemorrhage challenge is warranted.  

 

8 – Factors related to cerebral perfusion during heat stress 

It is well documented that cerebral perfusion is reduced during heat stress relative to 

normothermia (Wilson et al. 2002b; Wilson et al. 2006; Brothers et al. 2009b; Low et al. 2009). 

Because syncope will ultimately occur when cerebral perfusion becomes inadequate, mechanisms 

regulating cerebrovascular control during heat stress may be key factors explaining individual 

differences that exist in tolerance to orthostatic challenges in this thermal condition. Preliminary 

evidence from Study #1 suggests that individuals with large (i.e. “heat intolerant”) and small 

differences (i.e. “heat tolerant”) in tolerance to a simulated hemorrhage, induced via LBNP, 

during heat stress compared to normothermia have a similar magnitude of reduction in cerebral 

perfusion when passively heated. However, individuals with large differences in tolerance to a 

simulated hemorrhage (i.e. “heat intolerant”) have profound reductions in cerebral perfusion in 

the initial stage of LBNP, even when mean arterial pressure (MAP) is similar between groups 

(Figure IV.2). This data suggests that mechanisms regulating cerebral perfusion, particularly 

while heat stressed, may predict an individual’s tolerance to a simulated hemorrhage or similar 

orthostatic challenges during this thermal condition. Study #2 is designed to shed light on the 

potential for inter-individual differences of mechanisms of cerebrovascular control to explain the 

variability in tolerance to a simulated hemorrhage challenge that exist amongst healthy 

individuals (Keller et al. 2009; Brothers et al. 2011b). Of the mechanisms with significant 

influence on the cerebral circulation, two are most germane during heat stress alone and during 

the challenge of a simulated hemorrhage superimposed onto whole body heat stress. The first is 

dynamic cerebral autoregulation (CA), which is the term used to describe the phenomenon 

whereby cerebral vascular conductance increases or decreases in response to reduced or elevated 
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perfusion pressure, respectively, in an attempt to maintain constant brain blood flow (Heistad & 

Kontos 1983; Paulson et al. 1990). The second critical variable with potential to exert extreme 

influence over the cerebral vasculature during heat stress and orthostatic challenges is ventilatory 

induced changes in arterial carbon dioxide (CO2) content (Serrador et al. 2000; Ide et al. 2003). 

Although these mechanisms have been investigated in a number of studies, the effect of heat 

stress on both CA (Brothers et al. 2009d; Low et al. 2009), and cerebrovascular sensitivity to 

changes in arterial CO2 levels (Low et al. 2008; Brothers et al. 2009b) remain poorly understood. 

Furthermore, the possibility that individual variability in the degree of heat induced changes CA 

and cerebrovascular sensitivity to changes in arterial CO2 may be important factors that predict 

inter-individual variability in the ability to tolerate a simulate hemorrhage challenge during whole 

body heat stress. The ability of these mechanisms to influence cerebral perfusion during whole 

body heat stress is described in the following sections. 

 

8a - Dynamic cerebral autoregulation 

Numerous studies have shown that cerebral perfusion remains constant over a range of 

MAP from ~ 60 to 140 mmHg (Lassen 1964; Ekstrom-Jodal et al. 1971) through a phenomenon 

known as cerebral autoregulation (CA) (Aaslid et al. 1989). Compromised CA during orthostatic 

challenges has been observed during normothermia in healthy individuals (Bondar et al. 1995; 

Zhang et al. 2002), as well as patients with neurogenic orthostatic hypotension (Novak et al. 

1998) and postural tachycardia syndrome (Ocon et al. 2009). Moreover, as described above, it is 

well documented that tolerance to a simulated hemorrhage and similar orthostatic challenges is 

significantly reduced in all individuals when internal temperature is elevated (Lind et al. 1968; 

Allan & Crossley 1972; Wilson et al. 2002b; Wilson et al. 2006; Keller et al. 2009; Brothers et 

al. 2011b). The fact that syncope will occur when cerebral perfusion becomes inadequate (Van 

Lieshout & Wieling 2003; Van Lieshout et al. 2003) highlights the importance of cerebrovascular 

control during such hypotensive challenges, and suggests that any impairment in the ability to 

regulate cerebral perfusion would clearly reduce an individual’s ability to tolerate orthostatic or 

other hypotensive challenges. Furthermore, if CA becomes impaired when internal temperature is 

elevated, this would explain the significant attenuation in tolerance to orthostatic challenges that 

exist in this thermal state. Counter to this theory, previous studies have reported that indices of 

CA are improved during hypotensive challenges during mild (~0.4°C increase in internal 
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temperature) (Doering et al. 1999) and moderate heat stress (~1°C increase in internal 

temperature) (Brothers et al. 2009d; Low et al. 2009). Using the bi-lateral thigh cuff 

occlusion/release technique Doering et al (Doering et al. 1999) reported that small increases 

(0.4°C above baseline) and decreases (0.3°C below baseline) in internal temperature resulted in 

improved and attenuated CA, respectively (assessed by the rate of response of cerebral blood 

velocity to transient reductions in MAP provoked via rapid deflation of the thigh cuffs) (Doering 

et al. 1999). More recently, Low et al postulated that the relatively mild increase in internal 

temperature in the study by Doering and colleagues (Doering et al. 1999) was too small to have a 

negative effect on CA, and; therefore, designed a study that tested the hypothesis that dynamic 

CA is reduced during a larger magnitude of heat stress (1.0°C) (Low et al. 2009).  

Utilizing spectral density and transfer function analysis to assess CA after a ~1.0°C 

increase in internal temperature these investigators observed reductions in transfer function gain 

during heat stress relative to normothermia which is suggestive of improved CA (Low et al. 

2009). These early studies investigating the influence of heat stress on CA have been criticized 

for the use of mild heat stress (Doering et al. 1999), relatively small fluctuations in MAP (Low et 

al. 2009), and the brevity of the hypotensive challenges employed (Doering et al. 1999; Low et 

al. 2009). These limitations were avoided by Brothers et al (Brothers et al. 2009d) who employed 

oscillatory LBNP (OLBNP) to drive large changes in MAP after a substantial increase in internal 

temperature (~1.0°C above baseline) (Brothers et al. 2009d). The OLBNP technique creates 

consistent blood pressure oscillations of the desired amplitude and frequency, thereby creating a 

reliable technique to assess the MAP-cerebral perfusion relationship (Hamner et al. 2004). 

Despite the larger swings in MAP provoked via OLBNP, similarly to previous findings (Doering 

et al. 1999; Low et al. 2009) Brothers et al reported that transfer function gain was reduced (i.e. 

improved CA) during swings in blood pressure at very low frequencies (0.03 Hz), but not during 

swings at low frequencies (0.1 Hz) (Brothers et al. 2009d). The reason(s) for the heat stress 

induced improvements in CA at the very low-, but not the low-frequency in this study (Brothers 

et al. 2009d) and others (Low et al. 2009) are unknown, but may be due to the high pass nature of 

CA (Blaber et al. 1997; Zhang et al. 1998). 

Although several studies have reported improved CA during heat stress conditions, the 

observed improvements are difficult to interpret when taking into consideration that other indices 

of CA remain unchanged from normothermia to heat stress (Brothers et al. 2009d; Low et al. 
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2009). For example, Low et al (Low et al. 2009) found improvements in CA during heat stress 

relative to normothermia when CA was assessed by transfer function gain and coherence; 

however, in the same study when CA was assessed via acute hypotension induced with bilateral 

thigh cuff occlusion-release there were no differences in CA between thermal conditions (Low et 

al. 2009). Determination of the heat stress evoked alterations in CA is further complicated by the 

fact that improvements during heat stress are not observed in all frequency domains (Brothers et 

al. 2009d; Low et al. 2009). Regarding the frequency dependent improvements in CA during heat 

stress, Low et al observed differences in transfer function gain in the very low frequency (0.02-

0.07 Hz), but not in the low (0.07-0.20 Hz) or high (0.20-0.35 Hz) frequency ranges (Low et al. 

2009). Similarly, Brothers et al (Brothers et al. 2009d) observed differences in transfer function 

gain between normothermia and heat stress during very low frequency (0.03 Hz) OLBNP, but not 

during low frequency (0.1 Hz) OLBNP. CA has been described as displaying properties of a 

high-pass filter (Diehl et al. 1995; Zhang et al. 1998) whereby oscillations in MAP in very low 

frequency ranges are effectively buffered, yet higher MAP oscillations are less effectively 

buffered allowing these oscillations to pass through resulting in large oscillations in cerebral 

perfusion (Zhang et al. 1998). This observation by Zhang et al (Zhang et al. 1998) suggests that 

CA is less effective in the higher frequency ranges and lends support for the findings of Brothers 

et al (Brothers et al. 2009d) that CA is improved only during very low frequency OLBNP.     

With some variation in the precise frequency range, collectively these previous results 

(Brothers et al. 2009d; Low et al. 2009) indicate that transfer function gain is reduced during heat 

stress indicating enhanced CA; however, the mechanism(s) responsible for this improvement are 

not well understood. Studies in normothermic individuals have demonstrated that hypocapnia is a 

key factor that can enhance various indices of CA (Aaslid et al. 1989; Diehl et al. 1995; Panerai 

et al. 1999; Edwards et al. 2002). Aaslid and colleagues (Aaslid et al. 1989) reported full 

restoration of cerebral perfusion in as little as 4.1 s after a step decrease in blood pressure (evoked 

via rapid deflation of bi-lateral thigh cuffs following a 2-min occlusion period during) during 

hypocapnia, with slower responses occurring during normo- and hyper-capnia (Aaslid et al. 

1989). Heat stress elicits hyperventilation and results in a ~4 to 6-Torr reduction in end-tidal 

carbon dioxide (PETCO2
) (Low et al. 2008; Brothers et al. 2009b; Low et al. 2009; Brothers et al. 

2011a), which is a non-invasive index of arterial carbon dioxide tension (PaCO2
) (Brothers et al. 
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2011a). In this light, it seems reasonable that heat stress induced reductions in PaCO2
 may play a 

key role in the improvements in CA observed during heat stress (Doering et al. 1999; Brothers et 

al. 2009d; Low et al. 2009).  

Sympathetic nervous system activity has also been linked to improvements in CA (Morita 

et al. 1995; Zhang et al. 2002; Ogoh et al. 2008). It has been previously reported that α1-

adrenoreceptor blockade (Prazosin) attenuated the rate of regulation of cerebral vascular 

conductance (an index of CA) and resulted in a greater reduction in MCA Vmean during acute 

hypotension (Ogoh et al. 2008) suggesting that reductions in sympathetic nervous system activity 

reduce CA. In the same vein, using a rat model, Morita et al demonstrated that cerebral perfusion 

decreased in response to following stepwise reductions in MAP following sympathetic 

denervation (Morita et al. 1995). The role of autonomic neural control on the relationship 

between beat-to-beat MCA Vmean and changes in arterial pressure was investigated directly by 

Zhang and colleagues (Zhang et al. 2002). These authors employed transfer function analysis 

(gain and phase) to assess CA following sympathetic and parasympathetic nerve activity with 

intravenously infused trimethaphan (i.e. ganglionic blockade). The primary finding in this 

investigation was that following removal of autonomic neural activity, transfer function gain 

between beat-to-beat changes in arterial pressure and MCA Vmean was increased, while the phase 

lead of MCA Vmean to arterial pressure was diminished (both indicating deteriorated function of 

CA) (Zhang et al. 2002). Collectively, these studies suggest that removal of sympathetic activity 

may diminish CA ability, and raise the question: do heat stress induced increases in sympathetic 

nerve activity lead to the observed improvements in CA (Doering et al. 1999; Brothers et al. 

2009d; Low et al. 2009)?  

Animal research has demonstrated that the cerebral vasculature is richly innervated with 

sympathetic nerves (Nelson & M. 1970); however, the role of autonomic control of the cerebral 

vasculature remains debated. In normothermic subjects, sympathetic stimulation during a 

hypotensive challenge has previously been shown elicit cerebral vasoconstriction (Fitch et al. 

1975; Linder 1982). In addition, whole body heat stress induced augmentation of muscle, skin, 

and renal sympathetic nerve activity is well documented (Rowell 1990; Cui et al. 2002a, b, 

2004b; Keller et al. 2006a; Cui et al. 2011), and may increase sympathetic activity to the cerebral 

vasculature (Wilson et al. 2006). Furthermore, numerous studies have clearly shown that cerebral 

vascular resistance is increased and cerebral perfusion is reduced during whole body heat stress 
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(Wilson et al. 2002b; Wilson et al. 2006; Low et al. 2008; Low et al. 2009). The fact that only 

50% of the heat stress mediated reductions in MCA Vmean explained by hyperventilation induced 

hypocapnia (Brothers et al. 2009b) leaves open to possibility that the remaining reductions in 

cerebral perfusion are related to elevated sympathetic nervous system activity that accompanies 

elevations in internal body temperature. Thus, heat stress induced increases in sympathetic 

activity may explain some of the heat stress induced improvements CA that occurs in this thermal 

condition (Doering et al. 1999; Brothers et al. 2009d; Low et al. 2009). Further research in this 

area is needed to determine the mechanisms underlying the improvements in CA observed during 

heat stress.  

The effect of heat stress on CA is further compounded by the fact that increased 

sympathetic activity has been shown to shift the CA curve rightward (Paulson et al. 1990). A 

rightward shift in this curve would lead to the steep portion of the curve (descending slope) 

occurring at higher arterial blood pressures and may result in larger reductions in cerebral 

perfusion per change in arterial pressure (Paulson et al. 1990). It is important to note that the 

expected outcome of improved CA during heat stress (i.e. reduction in cerebral vascular 

resistance) is in direct conflict with the well documented elevations in cerebral vascular resistance 

that occur during whole body heat stress (Wilson et al. 2002b; Wilson et al. 2006; Low et al. 

2008; Brothers et al. 2009b; Brothers et al. 2009d; Low et al. 2009). Nevertheless, the observed 

improvements in CA during heat stress (Doering et al. 1999; Brothers et al. 2009d; Low et al. 

2009) may act in a protective fashion to offset reduced cerebral perfusion and orthostatic 

tolerance that accompany these conditions, and it is plausible that tolerance to orthostatic 

challenges would be impaired further if CA was not improved during heat stress. If CA is indeed 

enhanced during heat stress conditions, it is very likely that the relative improvement varies 

amongst individuals. Thus, although speculative, it is plausible that individuals who experience 

larger heat stress induced improvements in CA may have smaller differences in tolerance to a 

simulated hemorrhage between heat stress and normothermic conditions compared to individuals 

with less improvement in CA.  

 

8b - Cerebrovascular sensitivity to hypocapnia 

The cerebral vasculature, and subsequently cerebral perfusion (indexed from the middle 

cerebral artery; MCA), is extremely sensitive to changes in arterial carbon dioxide tension 
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(PaCO2
) with hypercapnia and hypocapnia evoking increases and decreases in MCA mean blood 

velocity (MCA Vmean), respectively (Serrador et al. 2000; Ide et al. 2003). As discussed above, 

syncope will always occur when cerebral perfusion becomes inadequate; therefore, any 

provocation that results in reduced cerebral perfusion effectively lowers the magnitude by which 

cerebral blood flow can be further reduced before symptoms of syncope develop. With this in 

mind, whole body heat stress elicits hyperventilation and concomitant reductions in PaCO2
, which 

can be indexed non-invasively from end tidal carbon dioxide, PETCO2
 (Brothers et al. 2011a).  

Whole body heat stress typically results in reductions in PETCO2
 by ~4 to 6-Torr, 

depending on the magnitude of heat stress, and lowers MCA Vmean by as much as ~30 % relative 

to normothermia (Wilson et al. 2002b; Wilson et al. 2006; Crandall et al. 2008; Low et al. 2008). 

In this regard, heat stress induced hypocapnia has been proposed as a primary mechanism leading 

to reduced cerebral perfusion and thus, impaired orthostatic tolerance in this thermal state (Low et 

al. 2008; Brothers et al. 2009b). Although hypocapnia clearly increases cerebral vascular 

resistance and reduces MCA Vmean (Wilson et al. 2002b; Wilson et al. 2006; Low et al. 2008), the 

effect of heat stress on the magnitude of this response is debated. It has been reported that in 

normothermic conditions, cerebral perfusion is reduced by ~3% for every 1-Torr change in PaCO2 

(Ringelstein et al. 1992); however, reductions is cerebral perfusion typically observed during heat 

stress conditions are typically much larger than what would be predicted by this relationship. For 

example, based on early work by Ringelstein and coworkers in normothermic conditions 

(Ringelstein et al. 1992), a reduction in PETCO2
 of ~1.6 Torr, as previously reported (Low et al. 

2008), should result in a 4.5% reduction in MCA Vmean; however, these authors observed an 8.4% 

decrease in cerebral vascular conductance (Low et al. 2008). The disparity between the predicted 

level of reduction in cerebral vascular conductance per change in PETCO2
 based on normothermic 

studies (Ringelstein et al. 1992) and the level of reduction in cerebral vascular conductance per 

change in PETCO2
 that commonly occurs during heat stress (Wilson et al. 2006; Low et al. 2008; 

Brothers et al. 2009b), led to the theory that heat stress increased the sensitivity of the cerebral 

vasculature to changes PETCO2
 (Low et al. 2008). In accordance with this theory, Rasmussen et al 

(Rasmussen et al. 2006) concluded that during exercise the cerebral circulation is more sensitive 
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to hypocapnia during heat stress relative to normothermia. Greater cerebrovascular sensitivity to 

changes in PETCO2
 during heat stress may explain the larger reductions in cerebral perfusion and 

reduced orthostatic tolerance that occurs in this thermal state. Contrary to this hypothesis, and the 

work by Rasmussen and colleagues (Rasmussen et al. 2006), Low et al (Low et al. 2008) 

demonstrated similar hyperventilation-induced reductions in cerebral conductance during 

normothermia and heat stress indicating that cerebral responses to hypocapnia are similar 

regardless of thermal condition (Low et al. 2008). Besides the potential differences that may exist 

between exercise heat stress and a passive heat stress, subjects in the study by Rasmussen et al 

(Rasmussen et al. 2006) reached profoundly higher internal temperatures compared to the work 

by Low et al (Low et al. 2008) (38.8°C vs. 38.0°C), which may account for these disagreement 

between these studies on the effects of heat stress on cerebrovascular sensitivity to hypocapnia. 

Nevertheless, based on the findings of Low et al (Low et al. 2008), factors other than altered 

cerebrovascular sensitivity to hypocapnia during passive heat stress account for the greater 

reductions in cerebral vascular conductance per change in PETCO2
 that occur after a 1.0°C increase 

in internal temperature. However, the cerebrovascular sensitivity to hypocapnia during a greater 

heat stress (i.e. 1.5°C), when reductions in cerebral perfusion and orthostatic tolerance are more 

pronounced, remains unknown.  

Similar cerebrovascular sensitivity to hypocapnia during passive heat stress compared to 

normothermia, suggests that heat stress induced reductions in PaCO2
 and PETCO2

 do not account 

for all of the decrease in cerebral perfusion that occurs during heat stress. To elucidate the relative 

contribution of heat stress induced hypocapnia on the reduced cerebral perfusion in this thermal 

state Brothers and colleagues (Brothers et al. 2009b) investigated the role of hypocapnia per se on 

cerebral perfusion during heat stress. These authors assessed cerebral perfusion (MCA Vmean) 

during normothermia, and following whole body heat stress that reduced PETCO2
 by ~6-Torr 

(Brothers et al. 2009b). To isolate the effects of heat stress induced hypocapnia on cerebral 

perfusion, PETCO2
 was returned to normothermic levels during heat stress. Clamping PETCO2

 at 

normothermic levels during heat stress resulted in cerebral perfusion being increased by 

approximately 50% of the difference between normothermia and heat stress control leading these 

authors to conclude that other factors play a role reduced cerebral perfusion that occurs during 
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whole body heat stress (Brothers et al. 2009b). The finding of was supported by a study that 

suggested that ~50% of the increase in cerebral vascular conductance that occurred during 

exercise in a warm environment was a result of hypocapnia (Nybo et al. 2002a).  

Collectively these studies indicate that mechanisms other than reduced PaCO2
 likely play 

a role in the attenuated cerebral perfusion that occurs during elevations in internal temperature. 

Nevertheless, it is plausible that inter-individual variability in this response exists, such that 

individuals with greater cerebral sensitivity (i.e. greater reduction in cerebral perfusion index per 

Torr reduction in PETCO2
) to heat-stress induced hypocapnia would have greater reductions in 

MCA Vmean which might result in earlier onset of pre-syncopal symptoms and reduced tolerance 

to a simulated hemorrhage in this thermal state.  

 

9 – Obesity and insulin resistance  

The prevalence of obesity and Type 2 diabetes mellitus (T2DM) has risen in recent years 

and has achieved epidemic proportions in the United States and other developed countries 

(Zimmet et al. 2001). It is estimated that approximately 200 million people globally have T2DM 

(Zimmet et al. 2001; Lloyd-Jones et al. 2009), and in the United States alone it has been 

estimated an additional 50 million individuals show signs of insulin resistance, and thus have an 

elevated risk for developing T2DM (Ford et al. 2002). Similarly, according to reports from the 

Centers for Disease Control, the prevalence of obesity (BMI >30) has increased markedly in the 

last several decades and it is now estimated that greater than 60% of American adults are 

overweight (BMI >25) and greater than 35% are obese. This has prompted much research 

regarding the mechanisms underlying metabolic, cardiovascular, and neurological dysfunction, 

just to name a few, that are commonly observed in obese and insulin resistant individuals.  

In healthy, normothermic humans, reduced orthostatic tolerance has been attributed to 

reduced vasoconstrictor capacity (Fu et al. 2004b), a shift in the operating point to the steep 

portion of the Starling curve (Levine et al. 1997), and diminished vasoconstrictor and HR reserve 

(Convertino et al. 2012). Indeed, it has been reported that healthy normal weight individuals with 

low tolerance to progressive hypovolemia exhibit a diminished capacity for tachycardia and 

vasoconstriction relative to individuals with high tolerance (Convertino & Sather 2000a; 

Convertino et al. 2012). Convertino et al (Convertino et al. 2012) recently reported that 
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individuals with high tolerance to hypovolemia (induced via LBNP) had a 2-fold greater HR 

reserve (52 vs. 27 beats per min) compared with low tolerant individuals. Because these 

responses may be diminished with obesity, it is reasonable to hypothesize that obese individuals 

would have elevated risk for orthostatic intolerance. Resting HR is a simple yet important gauge 

of cardiovascular health (Palatini & Julius 1997), which has been associated with elevated risk for 

cardiovascular and non-cardiovascular mortality (Fox et al. 2007; Barrios et al. 2009). Previous 

work has shown that resting HR is elevated in obese compared to non-obese individuals (Grassi 

et al. 1998b; Helmreich et al. 2008; Yar 2010), and BMI is positively correlated with resting HR 

(Dimkpa & Oji ; Yar 2010). In addition, it is well established that sympathetic activity is elevated 

in obese individuals (Grassi et al. 1995; Grassi et al. 1998a; Grassi et al. 2004; Shibao et al. 

2007), and markers of sympathetic activity correlate with resting HR in obese subjects (Grassi et 

al. 1998b). Based on this evidence, and higher HR at rest in obese individuals may reduce the 

reserve for HR to further increase to defend against orthostatic or similar hypotensive challenges. 

In further support of this hypothesis, a recent study showed that not only was HR elevated at rest 

in obese individuals compared to non-obese, but was also elevated by a larger degree (17% vs. 

14%) during a shift in posture from recumbent to upright (Yar 2010).  

Obesity has been described as a condition of increased output (cardiac output) and 

reduced resistance (Emdin et al. 2001) which may in part be explained by an expanded body 

mass. In support of this claim, it has been reported that regional vascular resistance is similar or 

reduced in obese individuals compared to healthy normal weight controls (Ferrannini 1992). In 

addition, obesity is associated with elevated plasma insulin and free-fatty acids, insulin resistance 

(Ferrannini et al. 1997), and increased risk of hypertension (Ward et al. 1996) and cardiovascular 

morbidity (Calle et al. 1999). The potentially lower systemic vascular resistance (Ferrannini 

1992), and insulin resistance (Ferrannini et al. 1997) that occur in obese individuals may result in 

similar reductions in autonomic function and thus orthostatic intolerance as occurs in individuals 

with T2DM. Accordingly, a common observation in individuals with T2DM is reduced blood 

pressure control and thus, impaired orthostatic tolerance upon attainment of the upright posture or 

similar gravitational stress which can lead to syncope and an increased risk of injury (Agrawal et 

al. 1999; Yoshinari et al. 2001; Jordan & Biaggioni 2002; Netea et al. 2002). It is well 

documented that plasma glucose, fatty acids, and insulin are elevated, and insulin sensitivity is 

reduced in obese individuals (Grassi et al. 1998a) and; therefore, obese individuals may also be at 
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an elevated risk for orthostatic intolerance through similar mechanisms as individuals with 

T2DM. In this regard, several previous reports indicate that cerebral autoregulation is reduced in 

individuals with T2DM (Mankovsky et al. 2003; Kim et al. 2008) which enhances the possibility 

that obese individuals may also experience impaired cerebrovascular function through similar 

mechanisms. Likewise, reduced HR variability (Emdin et al. 2001) baroreflex function (Grassi et 

al. 1995) associated with insulin resistance and obesity may explain the cardiovascular 

complications and reduced orthostatic tolerance that occurs in these individuals. Grassi et al 

(Grassi et al. 1995) demonstrated that although MSNA was two-fold higher at rest in obese 

compared to lean controls, changes in HR and MSNA during baroreceptor stimulation and 

deactivation, via intravenous infusions of phenylephrine and nitroprusside, respectively, are 

blunted by 50% in obese individuals relative to lean age matched control subjects. 

Importantly, there is little evidence regarding the impact of obesity on orthostatic 

tolerance. Few studies have investigated orthostatic tolerance in obese individuals highlighting 

the need for further exploration in this area. In one of the only studies in this area, Ganio et al 

(Ganio et al. 2011) reported that despite having lower orthostatic tolerance during heat stress, 

obese subjects had similar tolerance was similar during normothermia compared with age 

matched non-obese. Importantly, in this investigation, all subjects were male (N = 6 in each 

group) and the obese group had BMI barely achieving the obese level (~32 kg/m
2
). Thus, it 

remains unknown whether greater levels of obesity would result in reduced orthostatic tolerance. 

Although orthostatic tolerance has not been well characterized in obese individuals, the link 

between obesity and T2DM would suggest that orthostatic tolerance may be reduced in obese 

individuals through similar mechanisms as have been proposed for T2DM, which are 

multifactorial and include autonomic dysfunction (Agrawal et al. 1999) and the associated 

reductions in HR variability (Fazan et al. 2006; Ziegler et al. 2006) and baroreflex sensitivity 

(Maeda et al. 1995; Dall'ago et al. 2002). Orthostatic intolerance reduces quality of life and is a 

significant predictor for cardiovascular disease and all-cause mortality (Rose et al. 2006). 

Moreover, reductions in HR variability and baroreflex sensitivity, commonly observed in 

individuals with T2DM, have been linked to an increased risk for cardiovascular events including 

atrial fibrillation and sudden cardiac death in healthy aging (Tsuji et al. 1994). Despite the well 

documented autonomic and cardiovascular dysfunctions in obese and insulin resistant individuals, 
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the impact of these impairments during hypotensive challenges is not well understood and further 

research in this area is warranted.  
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CHAPTER VIII: GENERAL DISCUSSION 

 

The studies within this dissertation were designed to investigate: 1) the mechanisms 

underlying the inter-individual variability in the magnitude of heat stress-induced reduction in 

orthostatic tolerance (OT) that exist in healthy individuals, 2) the influence of mechanisms of 

cerebrovascular regulation on inter-individual variability in OT during heat stress, and 3) the 

impact of obesity on orthostatic tolerance with the goal of determining the primary mechanisms 

resulting in reduced tolerance in these individuals should it exist. We hypothesized that 

individuals with the largest degree of heat stress-induced reduction in OT would have the greatest 

heat stress-induced reductions in cerebral perfusion (indexed as middle cerebral artery flow 

velocity; MCA Vmean); yet the smallest increase in circulating angiotensin II (AngII). We also 

hypothesized that mechanisms of cerebrovascular control (i.e. cerebral autoregulation and 

cerebrovascular reactivity to carbon dioxide in the hypocapnic range) would be altered, and thus 

play key roles in reducing cerebral perfusion during heat stress in low compared to high tolerant 

individuals. Finally, we hypothesized that OT would be reduced in obese relative to non-obese 

individuals, and this reduction would be associated with; 1) a reduced heart rate (HR) reserve 

resulting in limited ability to increase HR to protect against ensuing syncope, and 2) impaired 

mechanisms of cerebrovascular control which would lead to reduced cerebral perfusion earlier 

during an orthostatic challenge and contribute to lower OT in obese individuals.  

In Study #1, contrary to both of our original hypotheses, we found that individuals with 

small and large differences in OT [assessed during incremental lower body negative pressure 

(LBNP) to presyncope] in normothermic and heat stress conditions had similar magnitudes of 

reduction in cerebral perfusion, as well as similar elevations in circulating AngII from 

normothermia to heat stress (prior to the orthostatic challenge). Together, this evidence indicates 

that heat stress-induced reductions in cerebral perfusion and elevations in AngII, prior to an 

orthostatic challenge during heat stress, are not primary mechanisms contributing to inter-

individual variability in OT during heat stress.  

Maintenance of adequate cerebral perfusion is essential to maintain consciousness 

(Njemanze 1992; Madsen & Secher 1999; Van Lieshout et al. 2003), and it is well established 

that whole body heating reduces cerebral perfusion (Wilson et al. 2002; Wilson et al. 2006; 

Brothers et al. 2009a; Brothers et al. 2009b).  Thus, a heat stress mediated reduction in cerebral 
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perfusion would seem a likely driver leading to reduced OT in this thermal state (Wilson et al. 

2006; Keller et al. 2009; Brothers et al. 2011b); however, the present finding does not support 

this theory. On the other hand, upon further analysis, we observed lower cerebral perfusion in the 

LargeDiff (i.e. individuals most affected by heat stress) vs. the SmallDiff (individuals least 

affected by heat stress) group during the initial stage of LBNP (i.e. LBNP 20). Importantly, the 

reduced cerebral perfusion in this stage of LBNP in the LargeDiff group occurred with a 

concomitant reduction in end-tidal carbon dioxide (PETCO2
) and a similar arterial pressure (MAP) 

compared to SmallDiff. Together these findings indicate that mechanisms of cerebrovascular 

regulation may have resulted in the lower cerebral perfusion in the initial stage of LBNP and 

ultimately may have been instrumental in the larger degree of reduction in OT between thermal 

conditions that occurred in this group.  

Based on the collective results of Study #1, in Study #2 we narrowed our focus to explore 

the possibility that mechanisms of cerebral regulation are altered and contribute to inter-

individual variability in OT during heat stress. In this study, we observed improvements in some 

indices of cerebral autoregulation following an increase in internal temperature of ~1.5°C; 

however, contrary to the original hypothesis, cerebral autoregulation (assessed via transfer 

function and spectral analysis) during normothermia or heat stress was not correlated with the 

magnitude of reduction in OT during heat stress This finding indicates that a heat stress-induced 

impairment in cerebral autoregulation is not a likely mechanism contributing the reduced cerebral 

perfusion in the initial stage of an orthostatic challenge, and ultimately reduced OT in low 

tolerance individuals. The current finding that heat stress improved cerebral autoregulation agrees 

with previous reports (Doering et al. 1999; Brothers et al. 2009b; Low et al. 2009). This 

improvement may be subsequent to hypocapnia (Aaslid et al. 1989) that accompanies heat stress 

(Brothers et al. 2009a; Brothers et al. 2011a); and it is tempting to speculate that this 

improvement acts as a protective mechanism to partially offset some of reduced orthostatic 

tolerance observed in this thermal state (Lind et al. 1968; Allan & Crossley 1972; Wilson et al. 

2002; Wilson et al. 2006; Keller et al. 2009; Brothers et al. 2011b; Lee et al. 2013).  

In normothermic conditions, cerebral perfusion is typically reduced by ~3% for every 1-

Torr change in arterial carbon dioxide tension
 
(Ringelstein et al. 1992). Whole body heat stress 

consistently lowers PETCO2
 by 4 to 6-Torr, which based on reports during normothermia 

(Ringelstein et al. 1992) should result in a 12 – 18% reduction in cerebral perfusion. However, 
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MCA Vmean commonly reported to be reduced by up to 30% or greater during heat stress 

compared with normothermia (Wilson et al. 2002; Wilson et al. 2006; Low et al. 2008), 

suggesting that cerebral reactivity to hypocapnia is enhanced during heat stress and/or other 

mechanisms also contribute to reduced  cerebral perfusion in this thermal state. Regardless, it has 

been demonstrated that ~50% of the heat stress-induced reduction in cerebral perfusion is related 

to reduced PETCO2
 (Brothers et al. 2009a) making PETCO2

 a key variable that might contribute to 

inter-individual variability in OT during heat stress. Specifically, a greater degree of 

hyperventilation induced hypocapnia, increased sensitivity to reductions in PETCO2
, or some 

combination of these factors would explain a the larger decline in cerebral perfusion in 

individuals with low OT during heat stress.  

In this regard, we observed decreased cerebrovascular reactivity to hypocapnia during 

heat stress and heat stress + LBNP compared to normothermia, indicating factors other than 

hypocapnia contribute to the reduced cerebral perfusion during heat stress. Moreover, this 

reduced reactivity is perhaps an additional protective mechanism to avoid critically low levels of 

cerebral perfusion. Nonetheless, there was not a significant correlation between the degree of 

cerebral reactivity to hypocapnia and the degree of reduction in OT during heat stress. In 

summary, in Study #2 despite the observed changes in cerebrovascular control mechanisms 

(cerebral autoregulation and cerebrovascular reactivity to hypocapnia) that appear to defend 

cerebral perfusion during heat stress, neither factor was associated with the magnitude of 

reduction in OT. Collectively, these data indicate that cerebral autoregulation is improved, and 

cerebrovascular reactivity to hypocapnia is diminished; yet, neither factor contributes 

significantly to inter-individual variability in heat stress-induced reductions in OT. Furthermore, 

consideration of these findings indicate that the reduced cerebral perfusion during the initial stage 

of the orthostatic challenge in individuals with low OT during heat stress in Study #1 was 

primarily driven by the lower PETCO2
 in these individuals compared to individuals with higher OT 

during heat stress. Therefore, together data from Study #1 and Study #2 suggest that inter-

individual variability in heat stress-induced reduction in OT are associated with a greater decline 

in cerebral perfusion, subsequent to greater degree of hyperventilation induced hypocapnia, in the 

initial stage of an orthostatic challenge in this thermal condition.  

In Study #3, we found that OT was reduced in young normotensive obese individuals 

compared to age- and sex-matched controls, and BMI was negatively correlated with OT (i.e. 
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CSI). Together these findings indicate that increased body mass is a key variable for predicting 

OT. The second major finding of this study was that at rest in the supine position, HR was 13 

beats per min higher, and %HRpeak was increased by 13% at baseline in obese individuals. In 

addition, there was a positive correlation between BMI and %HRpeak at baseline, and a negative 

correlation between %HRpeak and CSI. Collectively these findings suggest that BMI increases 

%HRpeak at rest, and subsequently reduces orthostatic tolerance. Lastly, despite the link between 

obesity and insulin resistance (Grassi et al. 1998a; Emdin et al. 2001) and evidence that cerebral 

autoregulation is compromised in insulin resistant states (Mankovsky et al. 2003; Kim et al. 

2008), we found that cerebral perfusion was similar at rest and during all stages of LBNP 

completed by all individuals, and all indices of cerebral autoregulation were similar between 

groups.  

The finding that %HRpeak was greater at baseline and at each common level of LBNP in 

obese individuals agrees with previous reports (Grassi et al. 1998b; Yar 2010), and suggests 

obese individuals have a diminished ability to raise HR to defend against ensuing syncope and 

played a role in the reduced orthostatic tolerance observed in obese individuals the current study. 

This result is similar to previous work linking reduced HR reserve to low orthostatic tolerance 

(Convertino & Sather 2000; Convertino et al. 2012). In normothermic, non-obese subjects, 

Convertino et al (Convertino et al. 2012) recently reported that individuals with high tolerance to 

hypovolemia (induced via LBNP) had a 2-fold greater HR reserve (52 vs. 27 beats per min) 

compared with low tolerant individuals. In further support of the theory that a higher HR at 

baseline prior to an orthostatic challenge will reduce OT, in Study #1 we observed individuals 

with low OT during heat stress had greater tachycardia during passive heat stress (prior to 

LBNP), and in the initial stage of the orthostatic challenge, compared to individuals with high OT 

during heat stress. Together these data indicate that the ability to increase HR, and presumably 

cardiac output, is a key factor determining OT.   

In conclusion, cerebral perfusion is reduced by a similar magnitude from normothermia 

to heat stress in individuals with high and low OT during heat stress; however, cerebral perfusion 

is lower in individuals with low OT in the initial stage of an orthostatic challenge in this thermal 

condition. Furthermore, the diminished cerebral perfusion during the initial stage of an orthostatic 

challenge in individuals with low OT is primarily associated with a greater degree of 

hyperventilation induced hypocapnia since cerebral autoregulation and cerebrovascular sensitivity 
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to hypocapnia are similar between groups. In addition, a greater magnitude of tachycardia in 

response to heat stress, prior to and in the initial stage of an orthostatic challenge, may further 

contribute to reduced OT during heat stress in low tolerance individuals by reducing the ability to 

further increase HR to defend against ensuing syncope. Lastly, OT is reduced in young obese 

individuals compared to age-, and sex-matched controls, and an elevated HR at rest and during 

the initial stages of an orthostatic challenge is associated with diminished OT in these individuals. 

In addition, cerebral autoregulation is not impaired, and cerebral perfusion is similar at rest and 

during the initial stages of an orthostatic challenge in obese compared with non-obese individuals. 

Collectively, these data suggest that a greater magnitude of reduction in cerebral perfusion 

secondary to an augmented reduction in PETCO2
 during the initial stage of an orthostatic 

challenge, in combination with greater heat stress-induced tachycardia during heat stress prior to, 

and during the initial stage of an orthostatic challenge, are key factors contributing to inter-

individual variability in heat stress-induced reductions in OT. On the other hand, reduced OT in 

obese individuals is related to a higher HR at rest, but mechanisms of cerebrovascular remain 

intact and cerebral perfusion is similar to non-obese in the initial stages of an orthostatic 

challenge.    
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APPENDIX A 

 

Supplemental Figures 
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STUDY #1 & 2: Characteristic reduction in arterial pressure leading to test termination. Data 

shown are from the final 60 s of the orthostatic challenge and during 20 s of recovery for a 

representative subject during normothermia. 
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STUDY #1: All subject data for middle cerebral artery flow velocity (MCA Vmean), heart rate 

(HR), end-tidal carbon dioxide (PETCO2), and mean arterial pressure (MAP) during the stage of 

lower body negative pressure (LBNP) completed by all individuals during heat stress (LBNP 20) 

for individuals with small (SmallDiff) and large (LargeDiff) differences in orthostatic tolerance 

between normothermia and heat stress. Subject data are shown in symbols. Large grey box 

represents mean values ± SD for SmallDiff, and large Black box represents mean ± SD for 

LargeDiff. *P < 0.05 vs. SmallDiff. 
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STUDY #2: Data for cerebral vascular conductance (CVCi) responses to hyperventilation 

induced hypocapnia during normothermia (NT), heat stress (HS), and HS + lower body negative 

pressure (LBNP).  
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APPENDIX B 

 

Individual data 
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STUDY #1: Subject characteristics and lower body negative pressure (CSI) 

 
 

Subject Group 
  

 

NT CSI HS CSI CSI Diff 

1 SmDiff 49.8 1380 705 675 

2 SmDiff 35.7 1508 749 759 

3 SmDiff 31.9 478 156 322 

4 SmDiff 46.5 329 207 122 

5 SmDiff 61.9 990 547 443 

6 SmDiff 56.4 852 345 507 

7 SmDiff 46.5 984 172 812 

  Mean  47.0 932 412 520 

 

SD 10.6 431 254 248 

      8 LgDiff 34.8 1333 105 1228 

9 LgDiff 68.9 1600 120 1480 

10 LgDiff 72.0 1403 123 1280 

11 LgDiff 35.1 1920 94 1826 

12 LgDiff 32.0 1341 263 1078 

13 LgDiff 69.5 1325 162 1163 

14 LgDiff 37.8 1612 83 1530 

  Mean  50.0 1505 136 1369 

 
SD 18.9 221 62 259 

 
  

2peak
oV
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Subject Group 
  

 

NT CSI HS CSI CSI Diff 

1 SmDiff 49.8 1380 705 675 

2 SmDiff 35.7 1508 749 759 

3 SmDiff 31.9 478 156 322 

4 SmDiff 46.5 329 207 122 

5 SmDiff 61.9 990 547 443 

6 SmDiff 56.4 852 345 507 

7 SmDiff 46.5 984 172 812 

  Mean  47.0 932 412 520 

 

SD 10.6 431 254 248 

      8 LgDiff 34.8 1333 105 1228 

9 LgDiff 68.9 1600 120 1480 

10 LgDiff 72.0 1403 123 1280 

11 LgDiff 35.1 1920 94 1826 

12 LgDiff 32.0 1341 263 1078 

13 LgDiff 69.5 1325 162 1163 

14 LgDiff 37.8 1612 83 1530 

  Mean  50.0 1505 136 1369 
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STUDY #1: Baseline data for heart rate (HR), arterial blood pressure (MAP), middle cerebral 

artery flow velocity (MCA Vmean), end-tidal carbon dioxide (PETCO2
), and core temperature 

(Tcore). 

 

 

  
Normothermia 

 Subject Group HR MAP MCA Vmean PETCO2
 Tcore 

1 SmDiff 69 88 64 42 36.8 

2 SmDiff 67 97 72 48 36.2 

3 SmDiff 71 64 75 41 37.0 

4 SmDiff 56 88 56 45 36.6 

5 SmDiff 55 82 71 50 36.7 

6 SmDiff 49 78 66 52 36.7 

7 SmDiff 50 69 70 42 36.7 

  Mean  60 81 68 46 36.7 

 

SD 9 12 6 4 0.3 

  

  

    8 LgDiff 72 78 76 46 37.2 

9 LgDiff 59 84 70 46 36.2 

10 LgDiff 55 77 68 51 36.7 

11 LgDiff 61 68 98 48 37.1 

12 LgDiff 76 76 64 42 37.2 

13 LgDiff 44 97 46 44 37.0 

14 LgDiff 91 106 49 46 37.1 

  Mean  65 84 67 46 36.9 

 

SD 15 13 18 3 0.4 
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Heat Stress 

 Subject Group HR MAP MCA Vmean PETCO2
 Tcore 

1 SmDiff 116 78 69 37 38.4 

2 SmDiff 111 99 51 43 37.8 

3 SmDiff 102 61 52 32 38.6 

4 SmDiff 85 99 39 39 38.2 

5 SmDiff 113 74 57 43 38.2 

6 SmDiff 82 73 45 37 37.8 

7 SmDiff 87 71 63 40 37.9 

  Mean  99 79 54 39 38.1 

 

SD 15 14 10 4 0.3 

  

  

   

  

8 LgDiff 128 75 62 34 38.7 

9 LgDiff 91 89 65 42 37.7 

10 LgDiff 112 76 44 38 38.3 

11 LgDiff 117 78 55 37 38.3 

12 LgDiff 158 87 32 42 38.6 

13 LgDiff 99 110 37 40 38.4 

14 LgDiff 145 79 43 41 38.6 

  Mean  121 85 49 39 38.4 

 

SD 24 12 13 3 0.3 
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STUDY #1: Angiotensin II (AngII) 

 

 
Ang II (ng/mL) 

  Subject CSI Diff Normothermia Heat stress Presyncope 

1 675 0.29 0.32 0.44 

2 875 0.13 0.23 0.15 

3 322 0.15 0.16 0.19 

4 824 0.22 0.47 0.44 

5 122 0.16 0.23 0.36 

6 812 0.33 0.42 0.34 

7 1480 0.16 0.20 0.28 

8 1280 0.29 0.31 0.29 

9 1078 0.18 0.38 0.56 

10 1163 0.12 0.17 0.15 

Mean 863 0.20 0.29 0.32 

SD 418 0.08 0.11 0.13 
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STUDY #1: heart rate (HR), arterial blood pressure (MAP), middle cerebral artery flow velocity 

(MCA Vmean), end-tidal carbon dioxide (PETCO2
) LBNP 20 and presyncope in individuals with 

small (SmDiff) and large (LgDiff) differences in orthostatic tolerance between normothermia and 

heat stress. 

 

 

  
HS + LBNP20  Presyncope 

Subject Group HR MAP MCA Vmean PETCO2
 HR MAP MCA Vmean PETCO2

 

1 SmDiff 117 93 64 39 114 80 36 26 

2 SmDiff 116 88 60 42 145 87 28 35 

3 SmDiff 111 75 60 32 119 59 42 24 

4 SmDiff 90 101 39 38 114 67 31 31 

5 SmDiff 119 70 50 44 152 67 n/a 33 

6 SmDiff 97 73 59 41 123 62 31 27 

7 SmDiff 83 71 70 39 66 59 34 30 

  Mean  105 82 57 39 119 69 34 30 

 

SD 15 12 10 4 28 11 5 4 

  

  

  

    

  

  

8 LgDiff 135 67 64 37 108 62 53 34 

9 LgDiff 114 73 34 30 138 65 33 21 

10 LgDiff 103 64 46 39 102 67 41 37 

11 LgDiff 125 51 51 35 108 52 48 27 

12 LgDiff 162 88 39 29 151 60 33 24 

13 LgDiff 105 100 31 36 110 78 24 31 

14 LgDiff 151 58 38 37 136 51 34 35 

  Mean  128 71 43 35 122 62 38 30 

 

SD 23 17 11 4 19 9 10 6 
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STUDY #2: Subject characteristics and difference in lower body negative pressure tolerance 

between normothermia & heat stress (CSIdiff) 

 

 
Subject Sex Age Ht (m) Wt (kg) BMI (kg/m

2
) CSIdiff 

1 F 19 1.63 50.0 18.8 1228 

2 M 19 1.70 65.9 22.8 675 

3 M 26 1.81 86.0 26.3 759 

4 M 37 1.70 64.0 22.1 1480 

5 M 26 1.83 82.0 24.5 824 

6 M 20 1.91 97.7 26.8 122 

7 M 20 1.67 58.5 21.0 443 

8 M 22 1.75 66.0 21.6 1280 

9 F 28 1.57 56.8 23.0 1826 

10 M 38 1.75 71.9 23.5 940 

11 M 23 1.78 78.3 24.7 1004 

12 F 42 1.68 53.0 18.8 507 

13 M 25 1.67 65.0 23.3 1530 

Mean  --- 27 1.73 68.9 22.9 970 

SD --- 8 0.09 13.9 2.5 486 
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STUDY #2: baseline data for heart rate (HR), arterial blood pressure (MAP), middle cerebral 

artery flow velocity (MCA Vmean), end-tidal carbon dioxide (PETCO2
), and core temperature 

(Tcore) during normothermia, heat stress, and heat stress + LBNP 20.  

 

 

Normothermia Heat stress 

Subject HR MAP MCA Vmean PETCO2
 Tcore HR MAP MCA Vmean PETCO2

 Tcore 

1 63 80 64 36 36.9 144 72 44 30 38.5 

2 67 83 70 39 37.0 125 93 51 34 38.5 

3 73 101 74 43 36.9 120 87 45 35 38.4 

4 56 94 69 47 36.7 86 93 65 44 37.9 

5 43 76 71 40 36.7 84 77 72 36 38.0 

6 55 101 42 42 36.2 96 106 30 33 37.7 

7 54 88 71 46 36.4 111 85 60 39 37.9 

8 50 80 67 47 36.3 87 74 74 41 38.0 

9 77 79 111 47 36.9 123 82 86 45 38.7 

10 41 85 53 42 36.1 74 69 46 34 37.7 

11 59 90 53 48 36.8 96 79 47 43 38.2 

12 54 89 61 37 37.0 87 86 38 31 38.4 

13 79 90 35 40 37.0 120 100 25 36 38.4 

Mean  59 87 65 43 36.7 104 85 53 37 38.2 

SD 12 8 18 4 0.3 21 11 18 5 0.3 

 

  



170 

 

 

 

 

Heat stress + LBNP20 

Subject HR MAP MCA Vmean PETCO2
 Tcore 

1 137 77 45 24 38.7 

2 136 92 44 34 38.6 

3 128 77 43 35 38.6 

4 102 92 56 41 38.0 

5 89 86 68 34 38.3 

6 126 94 26 29 37.7 

7 131 77 50 35 37.7 

8 84 67 86 44 37.9 

9 146 90 61 39 38.9 

10 72 72 52 38 37.9 

11 103 62 46 41 38.4 

12 82 97 48 37 38.6 

13 136 92 35 35 38.6 

Mean  113 83 51 36 38.3 

SD 25 11 15 5 0.4 
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STUDY #2: Transfer function indices of cerebral autoregulation (normothermia) 

 
 

Normothermia 

     Subject Gain (LL) Gain (L) Gain (H) Phase (LL) Phase (L) Phase (H) 

1 1.6374 1.2857 1.7657 0.0468 0.1135 0.0397 

2 0.6586 1.0818 0.6768 -0.0002 0.0769 -0.0273 

3 1.9341 0.6724 0.4378 0.0085 0.0477 0.0262 

4 0.8303 1.3589 1.6954 0.0087 0.0466 0.0050 

5 0.9512 0.7428 0.3208 -0.0047 -0.0620 0.0128 

6 0.5127 0.5034 0.5596 0.0620 0.0743 -0.0233 

7 1.1323 0.8491 0.5086 -0.0373 0.0303 0.0222 

8 0.5444 1.1189 1.1115 0.0242 0.0332 0.2313 

9 1.8793 1.2350 0.9343 0.0246 0.0000 -0.0398 

10 0.4910 0.9914 0.8323 0.0048 -0.0021 0.0193 

11 0.2383 0.6914 0.9064 0.0134 0.0303 -0.0224 

12 1.8996 1.7386 1.7260 0.0348 0.0285 -0.0055 

13 0.6974 0.3815 0.1626 0.0017 0.0253 -0.0691 

Mean  1.0313 0.9731 0.8952 0.0144 0.0340 0.0130 

SD 0.6048 0.3811 0.5421 0.0250 0.0427 0.0723 

       LL = very low frequency 

     L = low frequency 

     H = high frequency 
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   Subject Coherence (LL) Coherence (L) Coherence (H) 

1 0.4192 0.5503 0.6038 

2 0.3583 0.5872 0.6162 

3 0.6023 0.4271 0.4531 

4 0.4325 0.7008 0.7048 

5 0.5056 0.4002 0.2137 

6 0.4061 0.3901 0.4905 

7 0.2742 0.4565 0.2928 

8 0.1571 0.6303 0.6059 

9 0.4014 0.5665 0.3979 

10 0.2665 0.5222 0.5438 

11 0.4510 0.5410 0.5075 

12 0.4451 0.6979 0.5537 

13 0.6646 0.7360 0.3548 

Mean  0.4141 0.5543 0.4876 

SD 0.1354 0.1154 0.1411 
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STUDY #2: Transfer function indices of cerebral autoregulation (heat stress) 

 
Heat stress 

      Subject Gain (LL) Gain (L) Gain (H) Phase (LL) Phase (L) Phase (H) 

1 1.4672 0.8968 0.4314 0.0027 0.1844 0.0343 

2 0.9058 0.7492 0.6425 0.0586 0.0913 -0.0332 

3 0.9795 1.0318 0.8675 -0.0176 0.1732 -0.0198 

4 1.1946 0.9082 0.5359 -0.0020 0.0106 0.0126 

5 1.7168 0.5735 0.4260 0.0089 0.0385 -0.0073 

6 0.1936 0.1435 0.1357 -0.0003 0.0469 0.0332 

7 1.4718 0.7031 0.4537 -0.0141 0.1131 -0.0310 

8 1.6984 0.9005 0.8361 0.0357 0.0139 0.0348 

9 1.1146 0.7607 0.7518 0.0057 -0.0673 0.0764 

10 0.3487 0.6807 0.6824 0.0204 0.1144 -0.0337 

11 0.7523 0.5172 0.3868 -0.0061 -0.0138 -0.0353 

12 0.8080 0.7575 0.5173 0.0505 0.1198 0.0081 

13 0.4210 0.3276 0.2799 0.0839 0.0664 0.0652 

Mean  1.0056 0.6885 0.5344 0.0174 0.0686 0.0080 

SD 0.5009 0.2480 0.2156 0.0309 0.0734 0.0386 

       LL = very low frequency 

     L = low frequency 

     H = high frequency 
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Heat stress 

   Subject Coherence (LL) Coherence (L) Coherence (H) 

1 0.4477 0.5414 0.2240 

2 0.2271 0.3736 0.4379 

3 0.3841 0.5420 0.5926 

4 0.2912 0.3581 0.2598 

5 0.3273 0.6828 0.4248 

6 0.1387 0.2370 0.3005 

7 0.2755 0.2652 0.1578 

8 0.3354 0.5355 0.6844 

9 0.1032 0.1445 0.2506 

10 0.1258 0.5468 0.3809 

11 0.1852 0.3833 0.2810 

12 0.4621 0.6877 0.5174 

13 0.3709 0.3470 0.2512 

Mean  0.2826 0.4342 0.3664 

SD 0.1199 0.1691 0.1574 
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STUDY #2: hyperventilation induced changes in arterial blood pressure (MAP), middle cerebral 

artery flow velocity (MCA Vmean), end-tidal carbon dioxide (PETCO2
) during 30 s of 

hyperventilation during normothermia, heat stress, and heat stress + LBNP 20. 

 

 

Normothermia Heat stress 

Subject ∆MAP ∆MCA Vmean ∆ PETCO2
 ∆MAP ∆MCA Vmean ∆ PETCO2

 

1 -9 -25 -15 -8 -13 -16 

2 0 -31 -16 -10 -20 -18 

3 -14 -28 -16 -4 -10 -11 

4 -10 -27 -23 -6 -25 -23 

5 -5 -11 -7 -7 -10 -18 

6 -2 -8 -13 5 -2 -7 

7 -18 -36 -18 -9 -18 -14 

8 -14 -27 -20 -16 -29 -20 

9 -13 -45 -21 -14 -40 -22 

10 -8 -21 -17 -1 -8 -11 

11 -11 -22 -22 -12 -3 -21 

12 1 -13 -14 2 -2 -11 

13 7 -4 -13 -9 -6 -13 

Mean  -7 -23 -17 -7 -14 -16 

SD 7 12 4 6 12 5 

 

 

  



176 

 

 

 

 Subject ∆MAP ∆MCA Vmean ∆ PETCO2
 

1 -17 -5 -13 

2 -7 -15 -19 

3 -9 -12 -15 

4 -14 -21 -26 

5 -3 -13 -13 

6 -4 -2 -6 

7 -2 -11 -10 

8 -13 -45 -25 

9 -9 -19 -20 

10 -2 -14 -15 

11 -12 -7 -22 

12 2 -3 -8 

13 -10 -8 -17 

Mean  -8 -13 -16 

SD 6 11 6 
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STUDY #3: Subject characteristics (non-obese) and lower body negative pressure tolerance (CSI) 

 

Subject Group Sex Yrs Ht (m) Wt (kg) BMI (kg/m
2
) NT-CSI 

1 Non-obese F 19 1.63 50.0 18.8 1333 

2 Non-obese M 19 1.70 65.9 22.8 1380 

3 Non-obese M 26 1.81 86.0 26.3 1508 

4 Non-obese M 19 1.73 72.7 24.3 1653 

5 Non-obese M 37 1.70 64.0 22.1 1600 

6 Non-obese F 20 1.65 56.4 20.7 1010 

7 Non-obese F 19 1.60 53.6 20.9 478 

8 Non-obese M 26 1.83 82.0 24.5 887 

9 Non-obese M 20 1.91 97.7 26.8 329 

10 Non-obese M 20 1.67 58.5 21.0 990 

11 Non-obese M 22 1.75 66.0 21.6 1403 

12 Non-obese F 28 1.57 56.8 23.0 1920 

13 Non-obese F 30 1.64 58.0 21.6 1770 

14 Non-obese F 19 1.63 69.0 26.0 1341 

15 Non-obese F 29 1.54 63.5 26.8 1646 

16 Non-obese F 21 1.57 58.2 23.6 1185 

17 Non-obese M 38 1.75 71.9 23.5 972 

18 Non-obese M 23 1.78 78.3 24.7 1311 

19 Non-obese F 42 1.68 53.0 18.8 852 

20 Non-obese M 34 1.82 74.5 22.5 1325 

21 Non-obese F 36 1.59 58.2 23.0 984 

22 Non-obese M 25 1.67 65.0 23.3 1612 

 

MEAN --- 26 1.69 66.3 23.0 1249 

 

SD --- 7 0.10 11.9 2.3 405 
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STUDY #3: Subject characteristics (obese) and lower body negative pressure tolerance (CSI) 

 

Subject Group Sex Yrs Ht (m) Wt (kg) BMI (kg/m
2
) NT-CSI 

1 Obese F 23 1.63 82.7 31.3 528 

2 Obese F 45 1.73 122.3 41.0 810 

3 Obese F 25 1.67 110.6 39.7 1034 

4 Obese M 24 1.75 92.3 30.1 1203 

5 Obese F 21 1.56 97.3 39.9 670 

6 Obese F 20 1.66 97.1 35.1 579 

7 Obese F 33 1.60 109.8 42.9 723 

8 Obese M 22 1.85 124.2 36.1 1286 

9 Obese M 27 1.73 105.1 35.0 752 

10 Obese F 44 1.52 81.6 35.1 492 

11 Obese F 18 1.50 85.5 38.0 600 

 
MEAN --- 27 1.66 100.8 36.7 789 

 
SD --- 9 0.11 14.9 4.0 271 
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STUDY #3: Baseline data in non-obese individuals for heart rate (HR), arterial blood pressure 

(MAP), middle cerebral artery flow velocity (MCA Vmean), end-tidal carbon dioxide (PETCO2
), and 

peak HR achieved during lower body negative pressure (LBNP) and difference in HR at rest and 

peak HR during LBNP (LBNP HR reserve). 

 

Subject Group HR MAP MCA Vmean PETCO2
 LBNP HR peak LBNP HR reserve 

1 Non-obese 75 93 69 39 140 65 

2 Non-obese 69 87 73 38 111 42 

3 Non-obese 64 99 n/a 43 131 67 

4 Non-obese 41 85 63 43 131 90 

5 Non-obese 66 83 61 41 95 29 

6 Non-obese 78 84 n/a n/a 111 33 

7 Non-obese 64 74 75 39 109 45 

8 Non-obese 39 77 n/a n/a 110 72 

9 Non-obese 58 78 27 n/a 87 29 

10 Non-obese 57 82 n/a 43 127 71 

11 Non-obese 57 77 62 43 117 61 

12 Non-obese 62 70 123 45 145 84 

13 Non-obese 52 78 63 n/a 143 91 

14 Non-obese 63 76 83 39 149 86 

15 Non-obese 60 77 88 41 126 66 

16 Non-obese 47 73 78 39 107 60 

17 Non-obese 47 82 45 42 95 48 

18 Non-obese 54 100 n/a n/a 108 54 

19 Non-obese 51 81 76 45 92 40 

20 Non-obese 46 90 n/a n/a 123 77 

21 Non-obese 56 79 61 41 104 47 

22 Non-obese 73 99 63 44 134 61 

 

MEAN 58 83 69 42 118 60 

 

SD 11 9 21 2 18 19 
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STUDY #3: Baseline data in obese individuals for heart rate (HR), arterial blood pressure (MAP), 

middle cerebral artery flow velocity (MCA Vmean), end-tidal carbon dioxide (PETCO2
), and peak 

HR achieved during lower body negative pressure (LBNP) and difference in HR at rest and peak 

HR during LBNP (LBNP HR reserve). 

 

Subject Group HR MAP MCA Vmean PETCO2
 LBNP HR peak LBNP HR reserve 

1 Obese 83 72 n/a n/a 124 41 

2 Obese 86 88 46 36 127 41 

3 Obese 69 87 78 40 96 26 

4 Obese 48 86 71 38 116 67 

5 Obese 81 68 77 39 101 20 

6 Obese 58 92 73 44 147 89 

7 Obese 71 90 66 40 110 39 

8 Obese 69 104 62 44 120 51 

9 Obese 65 112 73 43 136 71 

10 Obese 66 90 57 n/a 92 25 

11 Obese 80 72 81 39 147 68 

 

MEAN 71 87 69 40 120 49 

 

SD 11 13 11 3 19 22 
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STUDY #3: heart rate (HR), arterial blood pressure (MAP), middle cerebral artery flow velocity 

(MCA Vmean), and end-tidal carbon dioxide (PETCO2
) during lower body negative pressure (LBNP) 

stages LBNP 20 and LBNP 30.  

 

 

  

 
LBNP 20 LBNP 30 

Subject Group HR MAP MCA Vmean PETCO2
 HR MAP MCA Vmean PETCO2

 

1 Non-obese 80 83 56 38 80 84 57 36 

2 Non-obese 80 96 68 38 86 90 60 36 

3 Non-obese 71 108 n/a 42 74 104 n/a 42 

4 Non-obese 42 88 n/a 43 40 82 n/a 43 

5 Non-obese 65 84 64 38 65 85 64 38 

6 Non-obese 75 84 n/a n/a 69 82 n/a n/a 

7 Non-obese 72 78 66 38 77 78 73 38 

8 Non-obese 55 83 n/a n/a 54 76 n/a n/a 

9 Non-obese 61 83 n/a n/a 64 80 n/a n/a 

10 Non-obese 69 83 n/a 42 70 91 n/a 41 

11 Non-obese 57 78 62 43 59 81 59 41 

12 Non-obese 64 79 113 43 63 75 107 43 

13 Non-obese 55 68 63 n/a 53 73 71 n/a 

14 Non-obese 70 83 90 38 84 85 88 38 

15 Non-obese 59 78 88 41 64 78 91 41 

16 Non-obese 48 74 79 37 50 75 75 37 

17 Non-obese 45 85 45 41 48 78 43 41 

18 Non-obese 55 95 n/a n/a 53 95 n/a n/a 

19 Non-obese 52 85 77 43 51 80 70 43 

20 Non-obese 53 98 n/a n/a 59 98 n/a n/a 

21 Non-obese 55 78 50 40 65 82 47 39 

22 Non-obese 76 113 62 44 76 116 66 44 

 

MEAN 62 86 70 40 64 85 69 40 

 

SD 11 11 18 2 12 10 17 3 

      

  

  

  

1 Obese 88 78 n/a n/a 90 79 n/a n/a 

2 Obese 92 88 54 36 96 90 52 34 

3 Obese 70 71 84 41 75 74 82 40 

4 Obese 66 93 69 38 68 95 67 37 

5 Obese 71 67 82 38 84 72 81 38 

6 Obese 59 90 77 42 71 89 76 42 

7 Obese 71 86 56 36 74 85 54 37 

8 Obese 73 98 80 44 74 98 78 44 

9 Obese 74 117 78 40 81 120 74 39 

10 Obese 64 90 52 n/a 66 89 62 n/a 

11 Obese 79 87 65 33 91 82 n/a 30 

 
MEAN 73 88 70 39 79 88 69 38 

 
SD 10 13 12 3 10 13 11 4 
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STUDY #3: heart rate (HR), arterial blood pressure (MAP), middle cerebral artery flow velocity 

(MCA Vmean), and end-tidal carbon dioxide (PETCO2
) during lower body negative pressure (LBNP) 

stages LBNP 40 and LBNP 50.  

 

    LBNP 40 LBNP 50 

Subject Group HR MAP MCA Vmean PETCO2
 HR MAP MCA Vmean PETCO2

 

1 Non-obese 83 81 57 38 89 77 61 37 

2 Non-obese 87 82 41 25 67 84 43 25 

3 Non-obese 77 105 n/a 42 74 103 n/a 42 

4 Non-obese 41 82 n/a 41 45 77 n/a 43 

5 Non-obese 68 86 62 38 72 85 61 37 

6 Non-obese 69 88 n/a n/a 77 83 n/a n/a 

7 Non-obese 82 73 68 39 96 75 23 38 

8 Non-obese 58 75 n/a n/a 66 64 n/a n/a 

9 Non-obese 64 81 n/a n/a 77 74 10 n/a 

10 Non-obese 71 86 n/a 41 87 85 n/a 40 

11 Non-obese 58 81 61 42 59 76 59 41 

12 Non-obese 72 77 119 44 75 79 128 33 

13 Non-obese 54 69 73 n/a 66 71 70 n/a 

14 Non-obese 76 90 82 37 81 81 76 39 

15 Non-obese 65 73 88 41 68 76 82 41 

16 Non-obese 50 80 76 37 56 81 71 37 

17 Non-obese 47 80 44 40 50 85 44 36 

18 Non-obese 56 94 n/a n/a 59 98 n/a n/a 

19 Non-obese 59 85 66 43 62 83 61 45 

20 Non-obese 64 97 n/a n/a 75 99 n/a n/a 

21 Non-obese 62 81 59 39 60 83 59 41 

22 Non-obese 77 116 65 43 80 106 65 44 

 

MEAN 65 85 69 39 70 83 61 39 

 

SD 12 11 19 4 13 10 27 5 

  

  

   

  

   1 Obese 100 80 n/a n/a 110 69 n/a n/a 

2 Obese 98 90 50 34 104 91 49 32 

3 Obese 83 73 79 39 82 80 73 37 

4 Obese 72 88 64 37 80 91 66 37 

5 Obese 85 73 77 36 87 69 79 37 

6 Obese 88 88 79 44 102 91 81 44 

7 Obese 75 85 55 36 86 84 12 37 

8 Obese 93 98 78 43 95 102 71 44 

9 Obese 89 120 72 38 95 115 68 39 

10 Obese 77 90 51 n/a 81 88 47 n/a 

11 Obese 109 78 n/a 26 110 76 n/a 28 

 
MEAN 88 88 67 37 94 87 61 37 

 
SD 11 13 12 5 12 14 22 5 
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STUDY #3: heart rate (HR), arterial blood pressure (MAP), middle cerebral artery flow velocity 

(MCA Vmean), and end-tidal carbon dioxide (PETCO2
) during lower body negative pressure at 

presyncope. 

 

  

 
Presyncope 

Subject Group HR MAP MCA Vmean PETCO2
 

1 Non-obese 129 68 42 31 

2 Non-obese 109 79 n/a 17 

3 Non-obese 100 70 n/a 33 

4 Non-obese 112 80 n/a 22 

5 Non-obese 91 87 65 37 

6 Non-obese 82 80 n/a n/a 

7 Non-obese 109 68 42 35 

8 Non-obese 85 69 n/a n/a 

9 Non-obese 39 74 n/a n/a 

10 Non-obese 89 56 n/a 30 

11 Non-obese 114 56 44 31 

12 Non-obese 136 58 78 30 

13 Non-obese 141 57 57 n/a 

14 Non-obese 121 71 28 30 

15 Non-obese 116 75 78 33 

16 Non-obese 104 62 52 28 

17 Non-obese 88 79 27 29 

18 Non-obese 104 82 n/a n/a 

19 Non-obese 78 75 36 35 

20 Non-obese 113 95 n/a n/a 

21 Non-obese 101 86 41 22 

22 Non-obese 125 92 35 37 

 

MEAN 104 74 48 30 

 

SD 23 11 17 6 

  

  

   1 Obese 106 64 n/a n/a 

2 Obese 120 86 38 29 

3 Obese 81 93 45 21 

4 Obese 105 83 n/a 28 

5 Obese 73 69 54 31 

6 Obese 138 74 55 40 

7 Obese 87 66 n/a 28 

8 Obese 74 73 43 31 

9 Obese 114 106 45 28 

10 Obese 60 86 n/a n/a 

11 Obese 147 64 n/a 25 

 
MEAN 100 79 47 29 

 
SD 28 13 6 5 
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STUDY #3: Subject characteristics & transfer function indices of cerebral autoregulation in non-

obese. LL = very low frequency; L = low frequency; H = high frequency 

        Subject Group Sex Yrs Ht (m) Wt (kg) BMI NT-CSI 

1 Non-obese F 19 1.63 50.0 18.8 1333 

2 Non-obese M 19 1.70 65.9 22.8 1380 

3 Non-obese M 26 1.81 86.0 26.3 1508 

4 Non-obese M 37 1.70 64.0 22.1 1600 

5 Non-obese M 26 1.83 82.0 24.5 887 

6 Non-obese M 20 1.91 97.7 26.8 329 

7 Non-obese M 20 1.67 58.5 21.0 990 

8 Non-obese M 22 1.75 66.0 21.6 1403 

9 Non-obese F 28 1.57 56.8 23.0 1920 

10 Non-obese M 38 1.75 71.9 23.5 972 

11 Non-obese M 23 1.78 78.3 24.7 1311 

12 Non-obese F 42 1.68 53.0 18.8 852 

13 Non-obese M 34 1.82 74.5 22.5 1325 

14 Non-obese M 25 1.67 65.0 23.3 1612 

 

MEAN --- 27 1.73 69.3 22.8 1244 

 

SD --- 8 0.09 13.4 2.4 403 
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Gain Phase Coherence 

Subject Group LL L H LL L H LL L H 

1 Non-obese 1.64 1.29 1.77 0.05 0.11 0.04 0.42 0.55 0.60 

2 Non-obese 0.66 1.08 0.68 0.00 0.08 -0.03 0.36 0.59 0.62 

3 Non-obese 1.93 0.67 0.44 0.01 0.05 0.03 0.60 0.43 0.45 

4 Non-obese 0.83 1.36 1.70 0.01 0.05 0.00 0.43 0.70 0.70 

5 Non-obese 0.95 0.74 0.32 0.00 -0.06 0.01 0.51 0.40 0.21 

6 Non-obese 0.51 0.50 0.56 0.06 0.07 -0.02 0.41 0.39 0.49 

7 Non-obese 1.13 0.85 0.51 -0.04 0.03 0.02 0.27 0.46 0.29 

8 Non-obese 0.54 1.12 1.11 0.02 0.03 0.23 0.16 0.63 0.61 

9 Non-obese 1.88 1.23 0.93 0.02 0.00 -0.04 0.40 0.57 0.40 

10 Non-obese 0.49 0.99 0.83 0.00 0.00 0.02 0.27 0.52 0.54 

11 Non-obese 0.24 0.69 0.91 0.01 0.03 -0.02 0.45 0.54 0.51 

12 Non-obese 1.90 1.74 1.73 0.03 0.03 -0.01 0.45 0.70 0.55 

13 Non-obese 2.42 1.76 1.27 0.04 -0.08 -0.05 0.56 0.53 0.50 

14 Non-obese 0.70 0.38 0.16 0.00 0.03 -0.07 0.66 0.74 0.35 

 

MEAN 1.13 1.03 0.92 0.02 0.03 0.01 0.42 0.55 0.49 

 

SD 0.69 0.42 0.53 0.02 0.05 0.07 0.14 0.11 0.14 
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STUDY #3: Subject characteristics & transfer function indices of cerebral autoregulation in 

obese. LL = very low frequency; L = low frequency; H = high frequency 

        Subject Group Sex Yrs Ht (m) Wt (kg) BMI NT-CSI 

1 Obese F 23 1.63 82.7 31.3 528 

2 Obese F 45 1.73 122.3 41.0 810 

3 Obese F 25 1.67 110.6 39.7 1034 

4 Obese F 21 1.56 97.3 39.9 670 

5 Obese F 20 1.66 97.1 35.1 579 

6 Obese F 33 1.60 109.8 42.9 723 

7 Obese M 22 1.85 124.2 36.1 1286 

8 Obese M 27 1.73 105.1 35.0 752 

9 Obese F 18 1.50 85.5 38.0 600 

 
MEAN --- 26 1.66 103.8 37.7 776 

 
SD --- 8 0.10 14.6 3.6 243 
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Gain Phase Coherence 

Subject Group LL L H LL L H LL L H 

1 Obese 0.90 0.78 0.67 0.05 0.14 0.05 0.19 0.29 0.43 

2 Obese 0.73 0.55 0.70 0.04 0.15 0.04 0.44 0.54 0.40 

3 Obese 1.44 1.02 0.73 -0.01 0.00 0.02 0.65 0.85 0.67 

4 Obese 0.97 0.72 0.91 0.03 0.04 -0.02 0.45 0.30 0.31 

5 Obese 1.02 0.87 0.51 0.04 0.05 0.03 0.29 0.42 0.27 

6 Obese 1.03 1.19 1.15 0.04 0.07 0.08 0.44 0.67 0.59 

7 Obese 0.88 0.70 0.42 0.03 0.04 -0.03 0.51 0.42 0.39 

8 Obese 0.88 0.71 1.00 0.05 0.09 0.00 0.18 0.35 0.58 

9 Obese 1.42 0.94 0.56 0.02 0.01 0.05 0.72 0.66 0.82 

 
MEAN 1.03 0.83 0.74 0.03 0.06 0.02 0.43 0.50 0.49 

 
SD 0.24 0.19 0.24 0.02 0.05 0.04 0.19 0.19 0.18 
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