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Abstract

   Background: The maintenance of excessively high peripheral blood flow through dilated blood vessels during immersion in cold water could explain some individuals’ predisposition to hypothermia. We hypothesized that interpersonal differences in vascular reactivity could account for contrasting susceptibility to hypothermia. 

   Method: Twenty-two highly fit, volume replete subjects undergoing Navy SEAL training were recruited for this study. Vascular reactivity in these trainees was determined in a thermal-neutral environment by measuring changes in forearm blood flow (FBF) while decreasing their blood pressure with the application of lower body negative pressure (LBNP). FBF was also measured during exposure of these subjects to ice cold water. Blood pressure, heart rate, stroke volume, and skin temperatures were also recorded. 

   Results: Changes in FBF induced by a fall in blood pressure correlated with an individual’s reduction in FBF caused by ice water immersion (n=17, r=0.84, p < 0.001). A subject’s decrement in blood pressure induced with LBNP correlated inversely with the fall in skin temperature in response to cold water immersion (n=19, r=0.70, p<0.001).  Finally, we found that sodium excretion also correlated with cold-induced decrements in peripheral blood flow (n=7, r=0.83, p<0.05). 

   Conclusions: It is suggested that contrasting cardiovascular baroreceptor sensitivity and vascular responsiveness contribute to individual differences in susceptibility to hypothermia. Furthermore, the trend towards dietary salt restrictions may not be salutary in the Navy SEAL who must frequently operate in cold ambient environments.
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Background

   Naval Special Warfare personnel (SEALs) must frequently operate in environments where the ambient temperatures are sufficiently cold to place them at risk for hypothermia. There is marked variation in susceptibility for hypothermia among individuals exposed to the cold. This variability includes not only the objective changes that can be measured, such as core body temperatures, but also subjective responses to cold. Indeed, the inability to tolerate the cold is a major cause for voluntary attrition from training as a Naval Special Warfare operator. Furthermore, those trainees who are willing to endure cold exposure, no matter what their level of discomfort, have the greatest risk for suffering hypothermia.  Currently, our best method of predicting who will suffer cold-related illness is to identify SEALs or trainees who have become hypothermic in the past or to use a method of subjective self-reporting. Alternatively, SEALs/trainees can be observed for the development of hypothermia, but it is difficult to distinguish between those having an adequate adaptive response to the cold (e.g. shivering) and those who become hypothermic and fail to manifest objective signs. In any event, none of these strategies are adequate.  We are attempting to develop techniques to recognize those individuals who are at exceptional risk for the untoward consequences of exposure to low ambient temperatures. Toward this aim, we must first identify those factors that mediate thermal balance in humans.

   Differences in body habitus, fitness, and metabolic rate are three known factors that contribute to variation in man’s response to a cold environment. However, even among humans possessing similar body type, levels of fitness, and metabolic rate, there is a wide range in the physiologic and psychological response to cold stress. Most heat loss to the environment occurs from the extremities where heat exchange from the peripheral vasculature to the surroundings takes place. We reasoned that those individuals who maintained the greatest peripheral blood flow in the cold were also the most likely to lose substantial heat during exposure. We also reasoned that those with relatively higher amounts of warm blood flowing to the periphery will also feel the warmest during exposure to the cold, but they are most susceptible to hypothermia. The normal response of humans placed in low ambient temperatures is a cold-induced vasoconstriction. This protective reflex shunts extremity blood flow to the core and, as a result, there is less convective and conductive heat loss; the core temperature is maintained at the expense of warmth in the extremities. This initial vasoconstriction is most likely mediated by peripheral cold receptors that send afferent impulses from temperature-sensitive myelinated A fibers and nocioceptive unmyelinated C fibers to regions of the brain that regulate peripheral vascular resistance (26). Efferent output from these brain centers travel through the sympathetic neurons to the blood vessels of the periphery where they induce vasoconstriction. The specific central integrating pathway mediating this reflex arc is unknown. We speculated that temperature-sensitive afferent input would travel to the same neural centers mediating cardiovascular reactivity and peripheral vasoconstriction in response to other stimuli.  

   One such determinant of peripheral vasoconstriction is myocardial stretch (2,12,23,25). Cardiovascular stretch receptors located in the atria, ventricles, and aortic arch mediate vascular responsiveness to changes in cardiac filling and blood pressure through afferent unmyelinated C fibers travelling to the area postrema and other brainstem nuclei. Specifically, we postulated that those individuals who have increased cardiovascular baroreceptor sensitivity and vascular responsiveness to a decrease in cardiac filling and myocardial stretch would also vasoconstrict the most upon exposure to the cold. We used the application of graded lower body negative pressure (LBNP) to measure decreased cardiac filling and activate cardiovascular mechanoreceptors and induce a reflex vasoconstriction. The vascular reactivity in response to this activation of cardiovascular baroreceptors was compared to the response of blood vessels of individuals exposed to a cold stimulus. 

Methods 

   Subjects for these studies were recruited from the third phase of Basic Underwater Demolition training (“BUD/S”) at the Naval Special Warfare Command in San Diego, CA. This training is conducted at San Clemente Island, CA; in this venue, activity levels and dietary fare are uniform among the subjects. Furthermore, because this phase occurs near the conclusion of an intense and lengthy training curriculum, all subjects are highly fit. Also, after a minimum of four months of identical physical training, the variation in body fat between subjects is relatively minimal when compared to the general population. This protocol was approved by our institutional committee for the protection of human subjects in research, and all participants signed an informed consent. All volunteers were healthy, and no subject was taking any prescription or over the counter medications. 

   Cardiovascular baroreceptor sensitivity and vascular reactivity was measured using LBNP (7,9). With this technique, supine volunteers wearing swim shorts are encased to the waist in a vacuum, and the application of graded LBNP results in the pooling of blood in the lower extremities. This diminishes venous return, cardiac filling, cardiac output, and there is a decrement in blood pressure. Stretch receptors in the atria, ventricles, and aorta become activated, and the cardiovascular baroreceptor response is initiated. In order to maintain systemic blood pressure and cerebral perfusion, this central reflex arc results in a peripheral vasoconstriction and decreases peripheral blood flow. Upon cessation of LBNP, the blood volume that has pooled in the lower extremities returns to the heart, cardiac output increases, blood pressure rises, and peripheral blood vessels dilate. As such, this technique is a safe method of evaluating cardiovascular baroreceptors.   

   Our study was conducted in a room with the temperature being constant between 73-75o F. Before the start of the protocol, these healthy subjects were asked to provide a double void urine specimen. The specific gravity of the urine was tested to ensure that the subjects were well hydrated, and, if not, they drank water until the urine specific gravity fell below 1.015. Subjects were then placed in the LBNP device and skin electrodes were attached to measure heart rate and stroke volume non-invasively using a bioimpedance device (CardioDynamics, San Diego, CA). Blood pressures were recorded every minute using an automated sphygmomanometer (Dinamap, Criticon Corp., Tampa, FL). Peripheral blood flow was measured non-invasively using a strain gauge placed two inches below the antecubital fossa (Hokanson Instruments, Spokane, WA). To measure blood flow, an automatic insufflation cuff was placed on the upper arm. When flows were being recorded, the cuff was inflated to a value 20 mm Hg less than the diastolic arterial pressure to stop venous effluent from the forearm, and flow to the extremity was calculated using the change in forearm circumference detected by the strain gauge during the venous occlusion. A cuff was also applied around the wrist to occlude arterial inflow to the hand for some measurements. In that way, hand, forearm, and total extremity blood flow could be determined. Skin temperatures were monitored using the Thermalert TH-8 thermometer skin probe attached to the hypothenar eminence of the hand (Physitemp Instruments, Clifton, NJ). 

   Following instrumentation, an equilibration period of thirty minutes (during which time most of the subjects fell asleep), graded LBNP was applied for three minutes every eight minutes at –10, -20, -40, and –50 mm Hg. Heart rate, blood pressure, and extremity blood flow were recorded during this time. At the end of the LBNP, subjects underwent another equilibration period, and their contralateral hand was immersed to the forearm in ice-cold water for one minute. Immediately following this immersion, the skin temperatures of the hand were recorded every fifteen seconds for at least three minutes. All subjects tolerated the study procedures well, and there were no untoward events. Data were analyzed using the GraphPad Statistical Package (Prism, San Diego, CA). Paired comparisons were performed using a one-tail Student’s t-test. Repeated measures analysis of variance was used to evaluate the effect of increasing LBNP on the measured variables. All values are expressed as means + SEM. For correlations, the Pearson’s r values were calculated. A p-value of < 0.05 was reported as significant, and a Bonferonni adjustment was made for multiple comparisons. 

Results

   The application of graded LBNP resulted in a significant dose (degree of negative pressure)-dependent fall in stroke volume and blood pressure in our volunteers. Systolic blood pressure fell from (values expressed in mm Hg + SEM) 129 + 3 to 113 + 3 (p<0.0001), pulse pressure was reduced from (values in mm Hg ( SEM) 62 + 2 to 47 + 2 (p<0.0001), and stroke volume decreased from (values expressed in ml/beat + SEM) 99 + to 66 + 2 (p<0.0001). The absolute fall in blood pressure varied markedly among individuals (Figure 1).

   Reductions in pulse pressure and left ventricular filling and stroke volume were substantial enough to markedly activate cardiovascular stretch receptors and yield a reflex increase in peripheral vascular resistance. At room temperature, maximum extremity flow (forearm and hand) in our subjects was 9.9 + 0.9 ml/100g tissue/min, and forearm blood flow alone averaged 6.9 + 0.4 ml/100g tissue/min. It is interesting that blood flow to the hand accounted for almost a third of the entire blood flow to the extremity. During maximum vasomotor responses elicited by graded LBNP, blood flow to the extremity diminished to 5.8 + 0.6 ml/100g tissue/min (p<0.0001). Extremity blood flow at rest and during LBNP exhibited marked individual variation in our cohort of subjects (Figure 2).  The fall in stroke volume induced by LBNP was also correlated with the fall in peripheral blood flow (Figure 3). 

   In the ambient temperature (73-75o F), hand temperatures in our subjects at rest averaged 91 + 0.8o F. As expected, extremity skin temperature was highly correlated with the baseline blood flow to the extremity at rest (Figure 4). During immersion in cold water, hand temperatures fell a mean of 28.6 + 1.0oF. The fall in skin temperature following immersion in cold water was correlated with the marked decrease in blood flow that was also highly variable among our subjects. However, this fall in extremity blood flow during cold water immersion to a mean value of 5.8 + 0.5 ml/100g tissue/min was identical to the reduction in extremity perfusion induced by LBNP. The fall in extremity blood flow correlated with the skin temperature achieved by cooling with cold water (Figure 5).

   All subjects experienced the same degree of LBNP and all were exposed to the same degree of cold. However, the vasoconstriction that followed in response to these stimuli was highly variable among individuals, but within the same person, similar responses were evoked by baroreceptor activation and exposure to cold.  Therefore, it was not unexpected that the cold-induced reduction in flow correlated with both the absolute fall in systolic blood pressure (Figure 6) and extremity blood flow induced by LBNP (Figure 7).

   We next considered the factors that could account for the individual variation among the similar vascular responsiveness induced by either LBNP or exposure to cold. These subjects were comparably fit, had similar body type, underwent the same degree of training, and for the most part, had similar dietary intake. Recognizing that salt intake is one variable that could differ among the subjects and also could affect their vascular reactivity, we measured urinary sodium excretion in our last group of subjects (3,5,6,19,22). We found that this surrogate marker of salt intake in sodium-replete individuals correlated with cold-induced reductions in extremity blood flow (Figure 8).      

Discussion

    As postulated, the amount of extremity blood flow in our subjects correlated inversely with the degree by which their hand temperatures fell when placed in cold water. Those individuals who had the least vascular resistance and most forearm blood flow had the slowest rates of skin cooling when their extremities were exposed to cold. It follows that those subjects with the highest peripheral blood flow could be expected to lose the most body heat to the ambient environment.  It also follows that the individuals with the highest peripheral flow have the greatest subjective feeling of warmth. This has important implications for physicians and medical personnel responsible for the safety of special forces operators.  Often times, when the trainee or SEAL who feels extremely cold has their core body temperature measured, it is near normal levels. That is because the blood vessels in their extremities have constricted and peripheral blood flow is diminished. Skin temperature can contribute as much to the subjective sensation of cold as a fall in core temperature (8). Although these individuals feel cold, they are at less risk of hypothermia because the core temperature is protected. Conversely, those who feel warm when placed in a cold environment have high peripheral blood flow, and the core is not protected from heat loss. Accordingly, medical officers have been surprised to find hypothermic individuals who feel “relatively” warm. Therefore, the individual who feels the warmest may be the most likely one to become hypothermic.  And, it is the human who feels surprisingly well and warm who may suddenly become lethargic, confused, uncoordinated, and die of hypothermia. It has been demonstrated that acclimation to the cold (as occurred in these SEAL students) can increase peripheral blood flow (21). Although these acclimated students feel warmer, they may be at the greatest risk of losing the most heat because of such high peripheral flow.

   Our finding has a value that is not limited to SEALs, but also other sports enthusiasts who train and compete in extreme environments. Also, age-related decrements in vascular reactivity could explain the predisposition for hypothermia among the elderly (11,17). The same baroreceptor abnormality that causes an elderly person to become orthostatic and fall to the ground can be the same disorder that predisposes the elderly to hypothermia. Additionally, further understanding of these mechanisms of temperature control reinforces the dangers of consuming ethanol in combination with cold exposure. The ingestion of alcoholic beverages causes peripheral vasodilation, and heat loss through the extremities increases. Again, predisposed individuals may be at even greater risk for hypothermia, although they will feel warm due to the increased perfusion of peripheral tissue. This finding could also help explain anecdotal reports of ethnic differences in cold tolerance (1,10,20). There have been consistent reports of decreased forearm blood flow and increased vascular resistance in Blacks compared to Whites, and this lower tissue perfusion rate in one ethnic group could explain the relative racial differences in cold tolerance. 

   We also report that the fall in forearm blood flow induced by cold exposure parallels the decrement in forearm blood flow induced with LBNP. Although it has been shown that baroreceptors and central mechanisms can modify the response to heat stress, very little has been done to examine this relationship as it relates to cold (14,16). This observation is significant, as it can be suggested that those factors directly affecting vascular contractility also determine conductive and convective heat loss from humans. If this is true, it also follows that interventions that modify vascular contractility, such as dietary salt intake or plasma volume, also alter heat exchange.  

   Our findings were not unexpected. Brainstem nuclei in the area postrema integrate afferent input from cardiopulmonary baroreceptors in the heart and blood vessels. In response to a fall in cardiac filling and stroke volume, the diminished transmural stretch of the myocardium and aorta activates unmyelinated C fibers that send afferent impulses to the nucleus tractus solitarius. Efferent sympathetic nerve output to the peripheral vasculature is increased, blood vessels constrict, and forearm blood flow decreases.  This reflex arc is mediated in part by alpha-2 adrenergic receptors in these brainstem nuclei. It is interesting to note that these alpha-2 adrenergic receptors are also found pre-synaptically on autonomic neurons and post-synaptically in the vasculature of the extremities where they mediate cold-induced vasoconstriction (4). Epinephrine and norepinephrine are the endogenous ligands for these receptors. Interestingly, mice that have targeted disruption of the gene dopamine beta-hydroxylase, the rate-limited enzyme for the synthesis of these catecholamines, are cold intolerant. These mice cannot handle the cold because they have impaired peripheral vasoconstriction (24). It remains to be determined whether agents or actions that affect the metabolism of catecholamines, such as caffeine or ephedrine use, significantly alter temperature regulation in humans by modulating peripheral vascular resistance. Parenthetically, we do know that the use of insulating gloves should be used in the cold as the hand accounted for nearly a third of the blood flow to the upper extremities in our subjects.  

    In response to cooling of the extremities, both local and neurogenic factors result in vasoconstriction (13). In order to avoid the confounding effect of local factors on cold-induced vasoconstriction, we studied peripheral blood flow in the arm contralateral to the extremity exposed to cold. It is likely that both temperature-sensitive, myelinated A fibers and nocioceptive unmyelinated C fibers are stimulated in the hand exposed to noxious cold. The afferent pathway for the cold-induced vasoconstriction reflex arc is different than the afferent impulses arising from the cardiac baroreceptors. However, the similarity in an individual’s vascular response to baroreceptor activation and exposure to cold, despite widespread variation in the population, suggests that the efferent components of these reflex arcs may be the same. In addition to the correlative responses to LBNP and cold in our subjects, there is other evidence in support of this contention. For example, high dietary salt has been shown to stimulate baroreceptor sensitivity, and we found that high dietary salt appears to also augment cold-induced vasoconstriction.  

   We made a fortuitous observation. The forearm blood flows recorded in our study were markedly higher than we found in a group of similarly fit collegiate athletes we had previously studied using the identical technique (7). It is possible that our current cohort of SEAL trainees had higher extremity blood flows from the acclimatization that occurs with repeated exposure to cold. It is also possible that SEAL training selects for those individuals who naturally have high extremity blood flow rates, and, as such, are more comfortable in the cold. We have reported that there is a heritable component to cardiovascular baroreceptor sensitivity mediated by the gene encoding the alpha-2 adrenergic receptor (9). The possession of a heritable trait enabling one to have high peripheral blood flow is an advantage; the degree of peripheral blood flow is what gives an individual a sense of warmth. However, those individuals who have the greatest extremity blood flow and feel warm are also those people who will lose the most heat when placed in a cold environment. Accordingly, it must be remembered that one’s sensation of warmth is not a good indication as to who is susceptible for hypothermia. It is also recognized that we are studying responses to cold that occur without any changes in core temperature. It has been shown in laboratory animals that profound drops in core temperature are accompanied by marked inhibition of sympathetic discharge. In fact, in a six hour swim in 57o F water, the mean temperature drop was only 1.1 + 0.2o F in BUD/S trainees wearing thermal protection (18). It could be argued from those data that hypothermia is not a danger. Our concern, however, has been identifying causes responsible for excessive heat loss during the early changes induced by cold immersion when major heat loss is likely to occur.

   It would be of benefit to determine whether there is a predisposition for hypothermia in some athletes who also have had untoward responses to the heat. There are some individuals who experience a neurogenic, vasodepressor syncope when exercising in the heat. In these athletes, a diminished cardiac filling from dehydration, coupled with the high catecholamines from exertion, have exaggerated myocardial contractility (15). In fact, the force of these ventricular contractions in these subjects are so strong, the afferent cardiovascular baroreceptors are activated, they induce a systemic vasodilation, and the athlete collapses. A similar phenomenon could be operating in the cold where immersion-induced dehydration, coupled with strenuous exercise, could result in a pronounced vasodilation in some swimmers, and hence, a propensity for hypothermia. Excessive fluid loss has been reported in some of the BUD/S trainees (18). Furthermore, it has been shown that decreased cardiac filling, as would occur during dehydration, raises an individual’s set point for peripheral vasoconstriction and can slow the rate of development of hypothermia in anesthetized humans (16).   

   Finally, it should be recognized that our findings also have implications for the treatment of heat injury. First, any therapeutic modality that increases vascular resistance lessens one’s ability to thermoregulate. The administration of fluids to a patient with heat injury is necessary to increase cardiac filling, diminish baroreceptor activation, and decrease peripheral vascular resistance. This relationship between heat loss and peripheral blood flow also predicts heat intolerance among individuals with hypertension who, by definition, have increased peripheral vascular resistance and often abnormal baroreceptor sensitivity; and, therefore, a diminished capacity to dissipate a heat load from the peripheral vasculature.
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Figure Legends

Figure 1. The fall in systolic blood pressure induced by LBNP showed great variation and ranged from 5.0 to 43.0 mm Hg with a mean decrease of 19 + 2 mm Hg.  

Figure 2. LBNP induced a significant reflex reduction in extremity blood flow. Again, the wide variability in extremity flow ranged between 4.5 and 16.8 ml/100 g tissue/min. These values from the SEAL trainees were generally higher (nearly three fold) than resting flow rates for most individuals in the general population recorded in a thermal-neutral environment.

Figure 3. LBNP-induced venous pooling resulted in a significant decrease in stroke volume that correlated with the reduction in extremity blood flow (r = 0.46, p<0.05).

Figure 4. The maximum extremity arm flow in our subjects correlated with their resting hand temperatures (r = 0.76, p < 0.001). Not unexpectedly, the greater the arm blood flow, the warmer the hand temperatures recorded.

Figure 5. When placed in ice cold water, the reductions in forearm blood flow also correlated with hand temperatures (r = 0.45, p < 0.05).

Figure 6. In addition to correlating with forearm blood flows, the degree of cold-induced decline in hand temperatures correlated with the fall in systolic blood pressure found in response to LBNP (r = 0.70, p < 0.001).

Figure 7. Individuals exposed both to LBNP and cold water immersion had similar reductions in extremity arm flow with values that significantly correlated (r = 0.84, p < 0.001).

Figure 8. In the most recent subset of subjects studied, urinary sodium excretion correlated with the degree of cold immersion-induced vasoconstriction (r = 0.83, p < 0.05).
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