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 34 

Heat stress followed by an accompanying hemorrhagic challenge may influence hemostasis. We tested 35 

the hypothesis that hemostatic responses would be increased by passive heat stress, as well as exercise-36 

induced heat stress, each with accompanying central hypovolemia to simulate a hemorrhagic insult.   In 37 

Aim 1, subjects were exposed to passive heating or normothermic time control, each followed by 38 

progressive lower-body negative pressure (LBNP) to pre-syncope.  In Aim 2 subjects exercised in 39 

hyperthermic environmental conditions, with and without accompanying dehydration, each also 40 

followed by progressive LBNP to pre-syncope.  At baseline, pre-LBNP and post-LBNP (<1, 30, and 60 41 

min), hemostatic activity of venous blood was evaluated by plasma markers of hemostasis and 42 

thrombelastography. For Aim 1, both hyperthermic and normothermic LBNP (H-LBNP and N-LBNP, 43 

respectively) resulted in higher levels of Factor V, Factor VIII, and vWF antigen compared to the time 44 

control trial (all P<0.05), but these responses were temperature independent.  Hyperthermia increased 45 

fibrinolysis (LY30) to 5.1% post-LBNP, compared to 1.5% (time control) and 2.7% in N-LBNP 46 

(P=0.05 for main effect).  Hyperthermia also potentiated increased platelet counts post-LBNP: 47 

274(k/µL) for H-LBNP, 246(k/µL) for N-LBNP, 196(k/µL) for time control (P<0.05 for the 48 

interaction). For Aim 2, hydration status associated with exercise in the heat did not affect the 49 

hemostatic activity, but fibrinolysis (LY30) was increased to 6-10% when subjects were dehydrated 50 

compared to an increase to 2-4% when hydrated (P=0.05 for treatment). Central hypovolemia via 51 

LBNP is a primary driver of hemostasis when compared to hyperthermia and dehydration effects.  52 

However, hyperthermia does induce significant thrombocytosis and by itself causes an increase in clot 53 

lysis.  Dehydration associated with exercise-induced heat stress increases clot lysis but does not affect 54 

exercise-activated or subsequent hypovolemia-activated hemostasis in hyperthermic humans.  Clinical 55 

implications of these findings are that quickly restoring a hemorrhaging hypovolemic trauma patient 56 

with cold, non-coagulant fluids (crystalloids) can have serious deleterious effects on the body’s innate 57 

ability to form essential clots, and several factors can increase clot lysis which should therefore be 58 

closely monitored.  59 

 60 

 61 
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Introduction 65 

Individuals who experience trauma and bleeding are often subject to a variety of environmental 66 

conditions that may further alter their innate coagulation and fibrinolytic systems.  For example, 67 

soldiers in a desert environment, police officers or even construction workers may suffer a traumatic 68 

injury while working under hot environmental conditions.  Further, these individuals are predisposed to 69 

varying degrees and combinations of hyperthermia, dehydration, hypovolemia, and physical exertion 70 

that induce a catecholamine response, all of which by themselves may affect hemostatic function.  71 

Consistent with such scenarios, central hypovolemia activates hemostasis whether it is provoked by 72 

controlled bleeding(34, 45), simulated bleeding by lower body negative pressure (LBNP) (5, 43, 44) or 73 

orthostatic stress (5). However, the interactive effects of heat stress combined with a hemorrhagic insult 74 

on hemostatic activity are less clear.   75 

 76 

Meyer et al investigated the combined effect of heat stress and central hypovolemia on markers of 77 

hemostatic and fibrinolytic activities (28).  While subjects were heat stressed during resting conditions 78 

(i.e., passively elevated skin and core temperatures), they were subsequently exposed to a simulated 79 

hemorrhagic challenge via progressive LBNP.  It was observed that these combined conditions resulted 80 

in a hypercoagulable state.  However, a limitation of their study design was the absence of a 81 

normothermic comparison group, and thus it was unclear whether heat stress contributed to that 82 

hypercoagulable state.  Additionally, the effects of exercise-induced hyperthermia on hemostatic 83 

activity during a subsequent hemorrhagic insult are unknown.  This latter question is particularly 84 

relevant in military settings where soldiers may be performing exercise (e.g. foot patrols) while in 85 

hyperthermic environmental conditions prior to suffering a hemorrhage.            86 

 87 

The purpose of this study was to evaluate the combined effects of hyperthermia, hydration status during 88 

exercise, and subsequent central hypovolemia on the coagulation and fibrinolytic systems. LBNP was 89 

used to induce central hypovolemia to simulate a hemorrhagic insult. In Aim 1, hemostasis was 90 

evaluated pre-to-post LBNP-induced hypovolemia while subjects were normothermic and again while 91 

hyperthermic. In Aim 2, subjects exercised in hyperthermic environmental conditions while hydrated, 92 

while dehydrated, and, finally, while dehydrated until their core body temperature increased to the 93 

same level as the hydrated trial; each of the three conditions were then followed by the LBNP-induced 94 
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hypovolemia protocol. In Aim 1, we hypothesized that, compared to the normothermic trial, 95 

hyperthermia would potentiate the hypercoagulable response to LBNP-induced hypovolemia.  In Aim 96 

2, we hypothesized that dehydration would further potentiate the hypercoagulable response compared 97 

to when subjects were hydrated and then exposed to the LBNP challenge.    98 

 99 

Methods 100 

Subjects 101 

The study protocols and informed consents were reviewed and approved by the Institutional Review 102 

Boards of the University of Texas Southwestern Medical Center and Texas Health Presbyterian 103 

Hospital of Dallas, and the study was conducted in accordance to the Declaration of Helsinki.  The data 104 

presented herein were obtained simultaneously with the data presented in the published manuscripts of 105 

Schlader et al (36) and Gagnon et al (10), each addressing hypotheses unique to those addressed in the 106 

present work.   107 

 108 

For both Aims, male subjects from the Dallas-Fort Worth area of Texas were recruited and provided 109 

written informed consent before study-related activities were performed.  Females were not included 110 

given the small sample size and potential for known coagulation differences based on circulating sex 111 

hormones (12).  In the twelve subjects addressing Aim 1, their mean (standard deviation) 112 

characteristics were: 33 (5) years [range 24-41], height 183 (8) cm [range 170-192], and weight 85 (12) 113 

kg [range 69-108].  Eleven subjects participated in Aim 2 having the following characteristics:  32 (7) 114 

years [range 26-44], height 183 (10) cm [range 170-204], and weight 83 (11) kg [range 72-100].  115 

Before the study, subjects received both written and verbal information outlining all procedures and 116 

risks associated with the experiment.  Subjects underwent medical screening, including their medical 117 

history. The subjects were normotensive, non-smoking, and had no known cardiovascular, metabolic, 118 

neurologic, or hemostatic diseases. To reduce the risk of atypical physiological responses, subjects 119 

were instructed to maintain their sleeping habits and, for 24 hours before the study, to refrain from 120 

alcohol, intensive exercise, and autonomic stimulants such as prescription (e.g. antihistamines and 121 

decongestants) or non-prescription (e.g. caffeine) drugs.   122 

 123 

Instrumentation 124 
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Core body temperature was measured from intestinal temperature via a telemetric temperature pill (HQ 125 

Inc., Palmetto, FL, USA) that was swallowed by each subject a minimum of ~2 h before data 126 

collection. For Aim 1, subjects were dressed in a two-piece tube-lined suit (Med-Eng, Ottawa, ON, 127 

Canada) that permitted the control of skin temperature by changing the temperature of the water 128 

perfusing the suit. To induce heat stress, the tube-lined suit was perfused with 49 °C water until core 129 

body temperature increased by ~1.2 °C, at which point the temperature of the water perfusing the suit 130 

was slightly reduced to attenuate further increases in core body temperature.  For Aim 2, subjects were 131 

dressed only in shorts and running shoes.   132 

 133 

Each subject was instrumented with a 21-gauge catheter in an antecubital vein for blood sampling, and 134 

with non-invasive devices (electrocardiogram, and finger photoplethysmography (Finometer, Finapres 135 

Medical Systems, Amsterdam, The Netherlands)) for continuous cardiovascular monitoring (heart rate, 136 

arterial blood pressures, and stroke volume) used to identify LBNP termination.  After instrumentation, 137 

subjects rested supine for a minimum of 30 min before baseline measurements were obtained. 138 

 139 

Aim 1 – Passive hyperthermia 140 

The experimental model for both aims are depicted in Figure 1.  Before the aforementioned rest period, 141 

subjects were positioned in the LBNP chamber.  This aim required three unique laboratory visits, with 142 

each visit separated by ~60 days.  The visits are as follows:  a) Subjects remained normothermic 143 

throughout the trial and were not exposed to LBNP (time control). Rather, subjects remained supine for 144 

a similar duration relative to the other trials in this aim.  b) Subjects remained normothermic during this 145 

session followed by LBNP until pre-syncope (N-LBNP). c) Subjects were passively heated and then 146 

exposed to LBNP to pre-syncope (H-LBNP).  For all three visits, data were obtained for 60 min 147 

following the end of LBNP, or a similar period of time for the time control trial. For the heat stress 148 

trials, skin cooling began shortly (2-3 min) after termination of LBNP by perfusing cool water through 149 

the suit. The order of exposure to these three trials was randomized.       150 

 151 

Aim 2 – Exercise-induced hyperthermia and dehydration 152 

This aim also required three unique laboratory visits, with each visit separated by ~60 days.  The 153 

subject exercised on a treadmill in a heated chamber (40 °C and 30% relative humidity) before being 154 
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exposed to LBNP. Subjects were exposed to the following three sessions: a) Subjects exercised for 90 155 

min at a moderate workload (~55% of maximal aerobic capacity), while being provided approximately 156 

body temperature drinking water (38.6±1.0 °C) every 15 min to offset sweat loss (hydrated) with sweat 157 

loss determined by weighing the subjects at 15 min increments; b) Subjects exercised at the same 158 

workload for 90 min, without being provided water (dehydrated-90); and c) Subjects exercised at the 159 

same workload without fluid ingestion until their core body temperature increased similar to the core 160 

body temperature achieved during the hydrated trial, (iso-dehydrated).  Upon completing each of these 161 

exercise trials, and while remaining in the heated chamber, subjects were rapidly transferred to the 162 

LBNP chamber and the LBNP ramp ensued.  This study was originally designed to evaluate differences 163 

between the hydrated and iso-dehydrated trials.  However, given differences in exercise duration 164 

between these trials, the dehydrated-90 trial was later added.  Thus, the order of these visits was not 165 

randomized.       166 

 167 

LBNP Procedure 168 

For both Aims, subjects were supine with the lower body in the LBNP chamber, which was sealed at 169 

the iliac crest, and instructed to avoid leg movements. The LBNP trial followed a stepwise 170 

intensification of chamber decompression starting at 20 mmHg, with the level of LBNP increasing by 171 

10 mmHg every 3 min. Termination of LBNP was determined by one or more of the following criteria: 172 

(1) continuous decline of systolic blood pressure below 80 mmHg, (2) sudden drop in heart rate, and/or 173 

(3) voluntary termination by the subject because of pre-syncopal symptoms such as dizziness, impaired 174 

vision, nausea, sweating, or malaise.  175 

 176 

Blood samples 177 

At baseline, pre-LBNP, and <1, 30, 60 min post-LBNP, blood was sampled in 3.2% sodium citrate 178 

(BD, BD Vacutainer Citrate Tubes) for plasma markers and thrombelastography (TEG) and in 179 

disodium EDTA (BD, BD Vacutainer K2EDTA Tubes) for cell counts. Blood samples for plasma 180 

analyses were centrifuged (15 min at 2,000 g and room temperature), where after plasma was 181 

immediately isolated and stored at -80 °C until analysis. 182 

 183 

Plasma markers of hemostatic activity 184 
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Coagulation function was assessed with prothrombin time (PT), activated partial thromboplastin time 185 

(aPTT), fibrinogen (Fib), coagulation factor V (FV), coagulation factor VIII (FVIII), D-dimer, von 186 

Willebrand Factor (vWF), and antithrombin III (ATIII) tests (STA-R Evolution, Diagnostica Stago, 187 

Parsippany, NJ). Quantitative determination of tissue plasminogen activator (tPA) was performed by 188 

enzyme-linked immunosorbent assay (ELISA) using the ASSERACHROM tPA kit (Diagnostica Stago, 189 

S.A.S. France).  Analyses for all samples were processed per manufacturer’s directions at 37 °C.  190 

 191 

Thrombelastography (TEG) 192 

Citrated blood was analyzed for coagulation competence (TEG Model 5000; Haemoscope 193 

Corporation). Within 30 min of collection, 1 mL of blood was activated by kaolin and 340 µL blood 194 

was added to a TEG-cup containing 20 µL 0.2 M CaCl2, and analyzed at 37 °C for reaction time until 195 

initial fibrin formation (R-time), rate of clot formation (-Angle), maximal amplitude reflecting clot 196 

strength (MA), overall clot function and effectiveness (G), and clot lysis 30 minutes after MA (LY30). 197 

 198 

Hematology 199 

Within 2 h of collection, EDTA-stabilized blood was analyzed for red blood cell counts, hematocrit, 200 

white blood cell count, and platelet count (CELL-DYN 3700, Abbott Diagnostics). Percentage change 201 

in plasma volumes were calculated using the methods described by Dill and Costill.(8) 202 

 203 

Statistical analysis 204 

Factors are presented as mean±SEM. For both Aims, a two-way ANOVA repeated measures fixed 205 

effect tests were used to compare each factor across the different treatment groups over time. Factors 206 

with a significant interaction effect were further analyzed to determine treatment effects at each time 207 

point.  P-values were therefore calculated to determine differences between interventions (“treatment 208 

P-value”), over the time course of each visit from baseline to 60 min post LBNP (“time P-value”) and a 209 

combination of both (“treatment*time P-value”).  Data with high variance were log transformed to 210 

facilitate normal distribution and variance. (SAS, version 9.2; SAS Institute, Cary, NC, USA). The 211 

probability of observing chance effects on the dependent variables of interest are presented as exact P-212 

values.  213 

 214 
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Results 215 

Aim 1 – Passive hyperthermia 216 

Four subjects did not participate in the non-LBNP time control session, while all data from one subject 217 

was excluded because the subject did not elicit cardiovascular compensation (i.e. did not exhibit an 218 

appropriate increases in heart rate) to progressive hypovolemia during the normothermic trial, resulting 219 

in uncommonly low LBNP tolerance. 220 

 221 

Core body temperature and plasma volume changed with hyperthermia and subsequent LBNP 222 

interventions (Figure 2) (p<0.001 treatment*time).  During H-LBNP, calculated plasma volume 223 

decreased by 10.5% at pre-LBNP, 17.8% one minute post-LBNP, and 8.1% at 30 and 8.3% at 60 224 

minute post-LBNP. These reductions in plasma volume were greater relative to the respective values 225 

throughout the time control trial, where the decrease in plasma volume ranged between 3.2 and 3.5%.  226 

During  N-LBNP, plasma volume decreased by 16.1% one minute post-LBNP, but was similar at all 227 

other time points compared to the control values. Compared to the time control trial, there were notable 228 

treatment and time effects (main effects model) for hematocrit, and calcium which were greater during 229 

both N-LBNP and H-LBNP (Figure 2) (p<0.01). However, these changes were consistent with the 230 

concentrating effect of the calculated plasma volume decreases. 231 

 232 

Subjects in the H-LBNP trial had a higher platelet count at all time points than during both the N-233 

LBNP and time control trials (Figure 2) (p<0.001), most markedly immediately after LBNP when 234 

platelet count was 40% greater than the time-control trial.  Changes in coagulation activity over time 235 

for variables that were statistically significant (treatment*time fixed effects model, p<0.05) are noted in 236 

Figure 3.  The most pronounced effects were in Factor V (p<0.002), Factor VIII (p=0.06) and vWF 237 

antigen (p<0.001), which remained elevated when compared to the time control trial at the final blood 238 

draw (equivalent to 60 min post-LBNP), though there were no differences between N-LBNP and H-239 

LBNP.  Factor V values were higher at all time points for both N-LBNP and H-LBNP, peaking 240 

approximately 20% higher than the time-control trial at one minute post-LBNP, which is about 6% 241 

higher than what would be expected for concentration effects of hypovolemia.  Factor VIII 242 

concentrations were significantly increased (20%-58%) post-LBNP during both the hyperthermic and 243 

normothermic trial, compared to the time-control trial, well above a simple concentration effect.  vWF 244 
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antigen exhibited a similar pattern of increase (30%-47%) post-LBNP, again, well above a 245 

concentration effect (Figure 3). Both N-LBNP and H-LBNP had shortened aPTT at 60 min post-LBNP 246 

(treatment p<0.0001, treatment*time p=0.0747).  Most TEG values were similar between trials (Table 247 

1).  Hyperthemia alone increased fibrinolysis based on LY30 immediately before and after LBNP, 248 

though this returned to baseline values at 30 and 60 minutes post-LBNP (and cooling) (Figure 4) 249 

(p=0.05 treatment; p=0.001 time; p=0.13 treatment*time).  While there was an increased concentration 250 

of fibrinogen with LBNP, LBNP induced a significant spike in t-PA concentration (p=0.0002 251 

treatment*time) and increase in clot lysis (LY30) more so in the H-LBNP trial compared to N-LBNP, 252 

though values later returned to baseline (Figure 4).  There were no differences in other TEG values or 253 

D-dimer levels between any trials (Table 1). 254 

 255 

Aim 2 – Exercise-induced hyperthermia and dehydration 256 

Three subjects were unable to return for the dehydrated-90 trial.  Blood composition and hemostatic 257 

variables at baseline and during the interventions are reported in Table 2.  Core body temperatures 258 

remained higher, and plasma volumes were about 15% lower in the dehydrated-90 trial (Figure 5) 259 

(p<0.001).  Calcium trended highest for the dehydrated-90 session throughout the trial (Figure 5) 260 

(p=0.0003 treatment*time).  Between trials, there were no statistical treatment effects on coagulation 261 

activity (e.g. PT, aPTT, AT3, vWF, and FV) (Figure 6). The hydrated subjects had decreased lysis at all 262 

time points in the trial (2-4%) compared to both the dehydrated-90 and iso-dehydrated sessions, based 263 

on LY30 TEG values which ranged between 6-10% (Figure 7) (p=0.0002 treatment; p=not significant 264 

for time and treatment*time).  There were no differences detected with other TEG values or D-dimer 265 

levels (Table 2).  In the dehydrated-90 trial, t-PA concentration trended higher throughout the trial. 266 

(Figure 7) (p=0.034 treatment*time effect).    267 

 268 

Discussion 269 

This is the first study to report the hemostatic profile of humans exposed to a combination of 270 

dehydration, hyperthermia, and exercise followed by progressive central hypovolemia.  In this study of 271 

healthy subjects that undertook LBNP-induced central hypovolemia, we found that central 272 

hypovolemia was the primary driver of hemostasis, beyond the additional effects of hyperthermia, 273 

dehydration, and exercise (Figure 8).  Fibrinolysis, however, is primarily activated by hyperthermia and 274 
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dehydration, with little effect from LBNP.  The one exception was that hyperthermia did enhance 275 

hemostasis by way of thrombocytosis and likely platelet activation.  Most notably, we found that the 276 

increased concentrations of Factors V, VIII, vWF antigen, and fibrinogen are likely part of the 277 

mechanisms of hypovolemia-activated hemostasis, though we did not prove causality.  In the 278 

hyperthermic condition, dehydration did not affect exercise-activated or subsequent hypovolemia-279 

activated hemostasis, disproving our hypothesis.   280 

 281 

Aim 1: Passive Heat Stress 282 

Our findings confirm previous human and in vitro work, correlating LBNP with increased hemostasis.  283 

Previously, in a non-controlled study of 11 healthy subjects, Meyer and colleagues found that 284 

hyperthermia and subsequent central hypovolemia induced a hypercoagulable state (28). Given that we 285 

found no notable differences in hemostasis between the N-LBNP and H-LBNP groups, it seems that the 286 

hypercoagulable state from Meyer’s trial were more likely due to the LBNP intervention, as opposed to 287 

the hyperthermia.  While H-LBNP and N-LBNP did not demonstrate notable differences on most 288 

assessments, hyperthermia did seem to induce a relative thrombocytosis. Others have reported 289 

hyperthermia-induced increases in plasma -thromboglobulin and platelet factor 4, suggesting that 290 

hyperthermia activates platelets (38). More recently, Lawrence and colleagues investigated a newer 291 

measure of viscoelastic clot strength (clot microstructure), including the fractal dimension of clot (21, 292 

22). With whole blood samples from 136 volunteers, there seemed to be little effect on clot 293 

microstructure at blood temperatures above 37 °C, despite a correlation with decreased temperature and 294 

poor clot strength (21). Our findings confirm a prior report where hyperthermia activated 295 

fibrinolysis(9), as we found that in Aim 1 hyperthermia increased lysis (LY30).  Notably, in vitro tests 296 

of elevated blood temperature should be distinguished from a core body temperature measured from 297 

subjects in vivo as the latter reflects the effects of hyperthermia on endothelium and indeed, the entire 298 

organism.  In this study, the increased lysis and t-PA concentrations noted in the Aim 1 hyperthermic 299 

limb returned to baseline by 30 minutes post-LBNP.  This may reflect the balance of the fibrinolytic 300 

system, confirming work that others have noted: i.e., hyperthermia can induce PAI-1 (plasminogen 301 

activator inhibitor-1 antigen) release from platelets and endothelial cells as well as cause t-PA release. 302 

This has previously been shown in several studies both in vivo (20, 40) and in vitro (13, 17, 33). 303 
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Another explanation is that as subjects’ temperatures decreased after heating, there was simply less 304 

hyperthermia-induced fibrinolysis. 305 

 306 

Activation of the coagulation system by LBNP models of central hypovolemia has previously been 307 

identified (5, 26, 41, 43, 44). Several mechanisms have been discussed for this response.  In separate 308 

studies of healthy volunteers, Zaar and colleagues identified platelet activation through activation of 309 

glycoprotein IIb/IIIa, acceleration of clot kinetics demonstrated on TEG, increased thrombin 310 

generation, and increased plasma protein C during progressive LBNP (43, 44). In a study of controlled 311 

blood loss of healthy patients, Zaar also found activation of the coagulation system with up to 900 mL 312 

blood removed (45). A comparison of controlled LBNP and blood withdrawal models found similarly 313 

accelerated coagulation via TEG (41). It is also possible that endogenous catecholamine release during 314 

hypovolemia may contribute to the observed coagulation changes.  Consistent with that hypothesis, 315 

previous work has demonstrated activation of platelets and enhanced hemostasis with administration of 316 

epinephrine (42).  317 

 318 

Aim 2: exercise heat stress with and without accompanying dehydration 319 

The effects of exercise itself on coagulation are well-studied (6, 14, 27, 32). While the mechanisms are 320 

still being elucidated, increased platelet and procoagulant activity has been observed (32). These effects 321 

are more notable with higher intensity exercises.  However, in those studies body temperature was not 322 

assessed, environmental conditions varied, and hydration status was not controlled.  There is less data 323 

on exercise and fibrinolysis, though many studies have shown increased t-PA levels with high intensity 324 

exercise (20, 32). Other variables that must be considered here are the subjects’ baseline level of 325 

exercise fitness and overall health, which can alter their response to high intensity exercise.  That said, 326 

in the present study subjects exercised at the same relative workload (e.g., ~55% of each individual’s 327 

maximal aerobic capacity).  Another study revealed activation of clotting and increased clot strength, 328 

measured on viscoelastic testing and standard coagulation assays, after a marathon run (39). Results 329 

from Aim 2 confirmed these results, while showing that modest dehydration had little additional 330 

impact.   331 

 332 
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There are few data on the isolated effects of dehydration and hemoconcentration on hemostasis; 333 

however, the theoretical implications of dehydration leading to increased viscosity and 334 

hypercoagulability based on Virchow’s triad are often acknowledged (24).  A clinical example of this 335 

may be seen in infants experiencing hypernatremic dehydration who are at a high risk of central sinus 336 

venous thrombosis (7). Hydration has been studied in the setting of LBNP and hyperthermia 337 

previously, where it was found that hydrated subjects better tolerated the presyncopal effects of LBNP, 338 

though coagulation profiles were not reported (25, 36).  The present data suggests that hydration 339 

decreased clot lysis in hyperthermic subjects.  This may be in part explained by the trend of higher t-340 

PA concentration noted in the dehydrated-90 subjects noted at all time points (Figure 7).   341 

 342 

Perspectives and Significance 343 

Given that dehydration, hyperthermia, and exercise themselves represent either absolute (dehydration) 344 

or relative (hyperthermia, exercise) forms of hypovolemia, it is not surprising that central hypovolemia 345 

proved to be a primary stimulant of hemostasis in this study, with the exception of hyperthermia 346 

stimulating thrombocytosis and clot lysis (35).  A significant clinical implication is that quickly 347 

restoring a hemorrhaging hypovolemic trauma patient with relatively cold non-coagulant fluids 348 

(crystalloids) can have serious deleterious effects on the body’s innate ability to form essential clots.  349 

This further gives credence to the body of literature behind the concepts of damage control 350 

resuscitation (15, 18), limiting crystalloid fluid administration (19), avoiding hypothermia (23, 31), 351 

hypotensive resuscitation (1, 30), and restoring circulating blood volume with blood products that do 352 

not exacerbate a coagulopathy (16, 37).  As noted earlier, hydration decreased clot lysis in 353 

hyperthermic subjects.  Hydration status may therefore have potential in preventing hyperfibrinolysis in 354 

trauma patients, or those at risk of trauma similar to how antifibrinolytics are now administered in the 355 

setting of bleeding trauma patients (3).  Furthermore, this emphasizes the importance of monitoring for 356 

hyperfibrinolysis in trauma patients which has been recently been shown to improve outcomes (11, 29). 357 

 358 

 359 

 360 

Limitations 361 
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The major limitation of this study was not collecting and measuring the multiple other factors that are 362 

involved in the complex environment of the coagulation and fibrinolytic systems.  In retrospect, 363 

measuring platelet activation by way of platelet mapping would have helped elucidate the role of 364 

platelets in this process.  As discussed above, measuring PAI-1 would better indicate its role in 365 

decreasing fibrinolysis.  Additionally, a measure of thrombin generating potential with a thrombogram 366 

and measuring thrombin-antithrombin complexes would give a better explanation of the mechanisms 367 

underlying the effects of hypovolemia and hyperthermia on coagulation. 368 

 369 

In general, blood samples were obtained after a relatively short duration of LBNP and hyperthermic 370 

exposure.  Furthermore, LBNP cannot fully simulate the complicated human response to trauma, 371 

massive tissue injury and trauma induced coagulopathy.  Our results may therefore not be translatable 372 

to a common clinical situation with prolonged central hypovolemia, shock, and/or hyperthermia, which 373 

may have progressive effects on the coagulation system.  This has been described recently as “blood 374 

failure” as progressive oxygen debt can lead to an endotheliopathy, which causes subsequent 375 

coagulation and fibrinolytic derangements (2). 376 

 377 

At the conclusion of the LBNP challenge for both Aims 1 and 2 the thermal conditions were returned to 378 

pre-heating baseline; i.e., cool followed by thermoneutral water was perfused through the water 379 

perfused suit for Aim 1, while the environmental chamber temperature was reduced to normothermic 380 

conditions in Aim 2. Thus, the environmental conditions during the 60 min of data collection after the 381 

end of the simulated hemorrhagic challenges were different relative to the peak of the heating periods.  382 

We recognize and accept the limitations in doing so with respect to simulating a “field” condition, 383 

when a hemorrhaging soldier is frequently warmed (4).     384 

 385 

Finally, the small sample sizes and subject attrition in this study may have resulted in an underpowered 386 

study to reveal clinically important differences between treatment groups.     387 

 388 

Conclusion 389 

In humans, hypovolemia is a primary driver of hemostasis compared to the influence of hyperthermia 390 

and dehydration.  However, hyperthermia does induce a significant thrombocytosis and by itself causes 391 
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an increase in clot lysis.  Dehydration increases clot lysis but does not seem to affect exercise-activated 392 

or subsequent hypovolemia-activated hemostasis in hyperthermic humans.   393 

 394 

  395 
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Figures Legend 554 
 555 

Figure 1. Description of the interventions for the two study Aims.  556 

 557 

Blood samples were obtained at: Baseline, Pre-LBNP, and Post-LBNP (<1, 30, and 60 min).  Each 558 

session separated by ~60 days.  Cooling of hyperthermic subjects started shortly after ceasing lower 559 

body negative pressure (LBNP).  “Iso-dehydrated” denotes subjects exercised until a change in core 560 

cb) similar to the change during hyperthermic hydrated exercise for 90 min. 561 

 562 

Figure 2. Physiologic changes in Aim 1: Passive hyperthermia trial 563 

 564 

Hyper LBNP, hyperthermic lower body negative pressure; Norm LBNP, normothermic lower body 565 

negative pressure 566 

*p<0.05 treatment effect; †p<0.05 time effect; ‡p<0.05 treatment*time effect 567 

Note: For temperature, values not obtained at 60 min or for control group  568 

 569 

Figure 3. Coagulation activity of Aim 1: passive hyperthermia trial 570 

 571 

Control: normothermic no LBNP (n=7 subjects); Hyper LBNP: hyperthermic lower body negative 572 

pressure (n=11 subjects); Norm LBNP: normothermic lower body negative pressure (n=11 subjects); 573 

PT: prothrombin time; aPTT: activated partial thromboplastin time; AT3: anti‐ thrombin 3; vWF: von 574 

Willebrand’s factor 575 
*p<0.05 treatment effect; †p<0.05 time effect; ‡p<0.05 treatment*time effect (repeated measures 576 
ANOVA fixed effect test) 577 

 578 

Figure 4. Aim 1 Fibrinogen and Fibrinolytic activity 579 

 580 

Control: normothermic no LBNP (n=7 subjects); Hyper LBNP: hyperthermic lower body negative 581 

pressure (n=11 subjects); Norm LBNP: normothermic lower body negative pressure (n=11 subjects); 582 

LY30: TEG Lysis value at 30 min; t-PA: tissue plasminogen activator 583 
*p<0.05 treatment effect; †p<0.05 time effect; ‡p<0.05 treatment*time effect (repeated measures 584 
ANOVA fixed effect test) 585 

 586 

Figure 5. Physiologic changes in Aim 2: Exercised-induced hyperthermia and dehydration trial 587 

 588 

dehydrated-90: exercise for 90 min in the heat without hydration (n=9 subjects); iso-dehydrated: 589 

exercise in the heat without hydration until the same core body temperature achieved in the hydrated 590 

trial (n=12 subjects); hydrated: exercise in the heat for 90 min (n=12 subjects) 591 

*p<0.05 treatment effect; †p<0.05 time effect; ‡p<0.05 treatment*time effect (repeated measures 592 

ANOVA fixed effect test) 593 

 594 

Figure 6. Coagulation activity of Aim 2: Exercise-induced hyperthermia and dehydration 595 

 596 



Page 21 of 21 

dehydrated-90: exercise for 90 min in the heat without hydration (n=9 subjects); iso-dehydrated: 597 

exercise in the heat without hydration until the same core body temperature achieved in the hydrated 598 

trial (n=12 subjects); hydrated: exercise in the heat for 90 min (n=12 subjects); PT: prothrombin time; 599 

aPTT: activated partial thromboplastin time; AT3: anti‐ thrombin 3; vWF: von Willebrand’s factor 600 
*p<0.05 treatment effect; †p<0.05 time effect; ‡p<0.05 treatment*time effect (repeated measures 601 
ANOVA fixed effect test) 602 

 603 

Figure 7. Aim 2 Fibrinogen and Fibrinolytic activity 604 

 605 

dehydrated-90: exercise for 90 min in the heat without hydration (n=9 subjects); iso-dehydrated: 606 

exercise in the heat without hydration until the same core body temperature achieved in the hydrated 607 

trial (n=12 subjects); hydrated: exercise in the heat for 90 min (n=12 subjects); LY30: TEG Lysis value 608 

at 30 min; t-PA: tissue plasminogen activator 609 
*p<0.05 treatment effect; †p<0.05 time effect; ‡p<0.05 treatment*time effect (repeated measures 610 
ANOVA fixed effect test) 611 

 612 

Figure 8. Conceptual model of the effects of dehydration, LBNP-induced central hypovolemia, and 613 

hyperthermia on clot formation and fibrinolysis (clot lysis) 614 

 615 

Dehydration and hyperthermia both increased t-PA concentrations and was found increased clot lysis, 616 

based on increased LY-30 results. 617 

Hyperthermia also increased platelet count which contributes to clot formation. Lower body negative 618 

pressure (LBNP) - induced central hypovolemia also causes increased platelet count, as well as 619 

increases Factors V, VIII, von Willebrand Factor (vWF), and fibrinogen, leading to improved clot 620 

formation and hemostasis. 621 







Figure 1. Description of the interventions for the two study Aims.  
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Blood samples were obtained at: Baseline, Pre-LBNP, and Post-LBNP (<1, 30, and 60 min).  
Each session separated by ~60 days.  Cooling of hyperthermic subjects started shortly after 
ceasing lower body negative pressure (LBNP).  “Iso-dehydrated” denotes subjects exercised until 
a change in core body temperature (Tcb) similar to the change during hyperthermic hydrated 
exercise for 90 min. 



Figure 2. Physiologic changes in Aim 1: Passive hyperthermia trial 

Hyper LBNP, hyperthermic lower body negative pressure; Norm LBNP, normothermic lower body 
negative pressure 

*p<0.05 treatment effect; †p<0.05  me effect; ‡p<0.05 treatment* me effect

Note: For temperature, values not obtained at 60 min or for control group
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Figure 3. Coagulation activity of Aim 1: passive hyperthermia trial 

Control: normothermic no LBNP (n=7 subjects); Hyper LBNP: hyperthermic lower body negative 
pressure (n=11 subjects); Norm LBNP: normothermic lower body negative pressure (n=11 subjects); PT: 
prothrombin time; aPTT: activated partial thromboplastin time; AT3: anti‐ thrombin 3; vWF: von 
Willebrand’s factor 

*p<0.05 treatment effect; †p<0.05  me effect; ‡p<0.05 treatment* me effect (repeated measures
ANOVA fixed effect test)

 † ‡ † 

† ‡  † 
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Figure 4. Aim 1 Fibrinogen and Fibrinolytic activity 

Control: normothermic no LBNP (n=7 subjects); Hyper LBNP: hyperthermic lower body negative 
pressure (n=11 subjects); Norm LBNP: normothermic lower body negative pressure (n=11 subjects); 
LY30: TEG Lysis value at 30 min; t‐PA: tissue plasminogen activator 

*p<0.05 treatment effect; †p<0.05  me effect; ‡p<0.05 treatment* me effect (repeated measures
ANOVA fixed effect test)

 † ‡ † 

† ‡



Figure 5. Physiologic changes in Aim 2: Exercised-induced hyperthermia and dehydration trial 

dehydrated‐90: exercise for 90 min in the heat without hydration (n=9 subjects); iso‐dehydrated: 
exercise in the heat without hydration until the same core body temperature achieved in the hydrated 
trial (n=12 subjects); hydrated: exercise in the heat for 90 min (n=12 subjects) 
*p<0.05 treatment effect; †p<0.05  me effect; ‡p<0.05 treatment* me effect (repeated measures
ANOVA fixed effect test)
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Figure 6. Coagulation activity of Aim 2: Exercise‐induced hyperthermia and dehydration 

dehydrated‐90: exercise for 90 min in the heat without hydration (n=9 subjects); iso‐dehydrated: 
exercise in the heat without hydration until the same core body temperature achieved in the hydrated 
trial (n=12 subjects); hydrated: exercise in the heat for 90 min (n=12 subjects); PT: prothrombin time; 
aPTT: activated partial thromboplastin time; AT3: anti‐ thrombin 3; vWF: von Willebrand’s factor 

*p<0.05 treatment effect; †p<0.05  me effect; ‡p<0.05 treatment* me effect (repeated measures
ANOVA fixed effect test)

 † ‡  † 
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Figure 7. Aim 2 Fibrinogen and Fibrinolytic activity 

dehydrated‐90: exercise for 90 min in the heat without hydration (n=9 subjects); iso‐dehydrated: 
exercise in the heat without hydration until the same core body temperature achieved in the hydrated 
trial (n=12 subjects); hydrated: exercise in the heat for 90 min (n=12 subjects); LY30: TEG Lysis value at 
30 min; t‐PA: tissue plasminogen activator 

*p<0.05 treatment effect; †p<0.05  me effect; ‡p<0.05 treatment* me effect (repeated measures
ANOVA fixed effect test)
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