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	Lower body negative pressure (LBNP)is the application of subatmospheric pressure to the lower portion of the body. The lower portion of the body includes everything below the iliac crests. The usual purpose of LBNP is to pool blood in veins that normally return it to the heart. High negative pressure triggers an integrated systemic-wide response to the sudden removal of blood from the heart/pulmonary circulation and the arterial system. The systemic effects are shown in Fig. 1. Cessation of LBNP quickly restores blood that is pooled to the circulation.





Description








	The LBNP device can be made of any substance that will withstand the pressure difference generated. While the subject is supine the lower portion of the body is placed into a container that could be made of wood, metal, or plastic. Windows or entry ports are often built into the device for access to the subject once they are placed inside. Movement of the subject into the device once LBNP is applied, can be prevented by some sort of saddle, pelvic support, or harness. These restraints allow the subject to remain at rest rather than exert muscular forces that interfere with pooling of venous blood.


	An important aspect of the LBNP technique is the seal around the iliac crest portion of the abdomen. It must fit the particular shape of the subject and provide a seal for development of negative pressure. Subatmospheric pressure is generated by a vacuum motor from a commercial or household vacuum cleaner. The level of negative pressure in the LBNP device can be monitored by pressure transducers located in the LBNP device. The level of negative pressures covers a wide range, from -5 mmHg to -100 mmHg and the duration of negative pressure can be from minutes to hours. 





Uses





	 LBNP has been used in resting subjects and in exercising subjects. The types of exercise consisted of bicycle exercise, and isometric handgrip exercise. Subjects are typically exercise trained by aerobic training methods or resistance training methods. LBNP has also been used in animal studies in which rats were anesthetized or tranquilized. Recently investigators have used the LBNP device to generate positive pressures rather than negative pressures. The positive pressure translocates blood from the lower body to the thorax.





Physiology





	LBNP has been used extensively over the last twenty-five years in investigations dealing with blood pressure control and the effects of exercise training. Because LBNP can lower both central venous pressure and arterial pressure, it is a good technique that elicits cardiovascular reflexes for blood pressure control.


	 The major question, in which LBNP has been an important tool, is whether endurance training changes blood pressure control. The initial practical impetus to study this matter came from the manned spaced program. Early evidence suggested that trained individuals were more susceptible to the effects of gravity on blood pressure, that is, orthostasis. The debate has intensified since then with some resolution of the problem. When using LBNP, orthostatic intolerance is defined as the level of cumulative LBNP stress (LBNP mmHg x minutes) at which presyncopal signs or syncope (fainting) occurs. Presyncopal signs and symptoms are nausea, light-headedness, clammy pale skin, severe hypotension, and bradycardia.


	 Originally it was thought � EMBED Equation.2  ��� would correlate well with the degree of orthostatic intolerance. Apparently this is not true if training is of short duration (less than twelve weeks). Shorter periods of training do not influence orthostatic tolerance or may improve tolerance. Orthostatic intolerance can also be found in the general population, though the reasons for intolerance may be different from highly trained athletes.


	 What is it about longer periods of training that contributes to orthostatic intolerance? The longer periods of training that would produce intolerance characterize athletes with a � EMBED Equation.2  ��� greater than 55-60 ml.kg-1.min-l or those more average individuals who train intensely for several months or years. The major hypotheses for training induced orthostatic intolerance will be presented followed by a synthesis.





Compliant-Heart Hypothesis.  


	A current focus is on the anatomical changes that occur in the heart. Endurance training represents a volume overload on the heart during exercise. A thoracic shift in blood volume during exercise increases the filling pressure of the heart and end-diastolic volume of the ventricles. Repeated bouts of increased filling of the heart, coupled with increased blood volume, increase the volume and dimensions of the heart at rest. The onset of resting bradycardia also contributes to the enlargement of the heart by allowing longer filling periods. Also, the pericardium must stretch as part of the adaptation and the muscle mass of the heart increases in proportion to the volume/dimension increase.


	 Left ventricular compliance increases in the trained (T) (5) and is shown in Fig. 2. At the same filling pressure the left ventricular volume (and presumably the right ventricular volume) is larger after training. In other words, with similar ejection fractions, the slope of the Starling curve for the T heart is steeper with a larger maximal stroke volume (Fig. 3).


	 Application of LBNP induces a similar or greater decline in filling pressure of the heart for T (5,6). Given the increased compliance, stroke volume falls more in the T, especially at LBNP of 30-50 mmHg.


	 The onset of syncope during LBNP in the trained has been hypothesized to occur at low heart volumes, especially when blood epinephrine values reach over 200 pg/ml (9). Furthermore, training increases the capacity to secrete epinephrine, which may weigh negatively in this case. The actions of the sympathetic nerves on the heart, combined with elevated epinephrine may trigger a cardiac depressor reflex (Bezold-Jarisch reflex) when the heart volume is low, as it would be during high levels of LBNP. Intense inotropic stimulation of the heart would stimulate ventricular C fibers which would lead to bradycardia, vasodilation, and syncope (vagovagal syncope).





	Another factor may be the vasodilatory effect (Beta2 adrenergic) of epinephrine on skeletal muscle and splanchnic circulations. More hypotension would reduce the afterload on the heart and increase ventricular emptying. Arterial baroreflexes may also participate in the sudden reduction of arterial pressure by the actions of norepinephrine and/or epinephrine on the carotid sinus baroreceptors. Sympathetic nerve stimulation to the carotid sinus region or high levels of catecholamines increases baroreceptor firing which results in lowered arterial pressure.


	Despite the evidence for the compliant-heart hypothesis outlined above, it does not fully explain intolerance. The correlation of the slope of the linear portion of the Starling curve with cumulative LBNP stress (mmHg x min) is 0.58, which accounts for only 34% of the variance. Apparently other aspects of cardiovascular control contribute to orthostatic intolerance in the highly trained.





Cardiopulmonary Baroreflexes





	The other major area of consideration involves the cardiopulmonary and arterial baroreflexes. Attenuation of both sets of baroreflexes has been reported in the T and may play a role in orthostatic intolerance


	Cardiopulmonary baroreflex control over forearm vascular resistance (FVR) is reduced after short-term (Fig.4) and long term training (6). Cardiopulmonary baroreceptors are selectively unloaded (deactivated) when LBNP is less than 20 mmHg. Sometimes at LBNP of 20 mmHg, arterial dP/dt~ and arterial pulse pressure are reduced which results in unloading of arterial baroreceptors. This effect varies between studies. In short-term training (ten wk.) central venous pressure (CVP)is elevated, presumably because of an increase in blood volume ( 6). LBNP in this situation reveals an attenuated rise in FVR. Interestingly, in relation to the compliant-heart hypothesis, after short-term training there is no difference in Starling's curve relating CVP to the size of the stroke volume (6). These findings suggest that the proposed changes in heart compliance have not taken place after ten weeks.


	 The attenuated FVR response in short-term training may be the effect of higher CVP, which increases cardiopulmonary afferent activity. Though LBNP reduced CVP, the T group still had higher absolute CVP(6). Therefore, at any given level of LBNP, cardiopulmonary afferent activity might have been higher. This effect would restrict normal increased levels of sympathetic nerve activity to the forearms. The training effect may be specific to the forearms, as total peripheral resistance during cardiopulmonary unloading was not attenuated after training (6).


	 Longer periods of training which increases heart compliance and heart muscle mass, may change cardiac afferent activity. The mechanical properties of cardiac tissue may be altered, or there may be receptor-myocardial uncoupling and receptor dysfunction. In spite of CVP returning to pre-training values, altered cardiac tissue may still increase cardiopulmonary afferent activity. In rabbits training accompanied by cardiac hypertrophy results in tonic cardiac afferent inhibition of arterial baroreflexes and sympathetic nerve activity (8).





Arterial Baroreflexes





	The arterial baroreflexes are engaged when LBNP is greater than 20 mmHg. The components of arterial blood pressure that effect arterial baroreceptors are systolic, diastolic, mean, pulse pressure and also dP/dtmax. When these parameters decrease, sympathetic nerve activity increases. As has been pointed out previously, there is an interaction between cardiopulmonary baroreflexes and arterial baroreflexes. When cardiopulmonary afferent activity increases, the gain of the arterial baroreflex decreases and is restrained from its full reflex capability. In trained rabbits the cardiac baroreflexes significantly reduce the gain of the arterial baroreflexes. The gain of the arterial baroreflexes increases back to pre-training levels when cardiac afferents are temporarily blocked with a local anesthetic agent(8).


	 Unloading of cardiopulmonary baroreceptors with LBNP in trained subjects does not increase the gain of the carotid baroreflex(8). It is probable that the levels of LBNP used did not completely stop cardiopulmonary afferent activity. There would be greater inhibitory input to carotid baroreflexes at all levels of LBNP. These results do not rule out the possibility of reduced arterial baroreflexes themselves without the influence of cardiopulmonary baroreflexes. Reduction of arterial baroreflexes has been shown in trained rats(8). Whichever set of baroreflexes is changed (or both) Fig. 5 shows that for the same percentage decrease in cardiac output during LBNP, the percentage decrease in mean arterial blood pressure is greater after training.


	 Arterial baroreflexes also change heart rate in conjunction with vascular resistance. Aortic baroreflexes have reduced control over reflex changes in heart rate (8), while carotid baroreflexes may be unchanged in this regard. During LBNP the tachycardiac response is often reduced in relation to arterial blood pressure changes (Fig.5).





Synthesis


	The following scenario is suggested to explain how orthostatic intolerance may develop as intense and prolonged training enhances exercise function. Other material is incorporated for completeness. Endurance training of sufficient intensity and duration results in a large blood volume and resting bradycardia. The result of increased blood volume and more time for cardiac filling is a gradual increase in cardiac compliance. End diastolic volume is larger, as is stroke volume. Along with the increased stroke volume is increased arterial compliance. This can be hypothesized because the pulse pressure in the T is no greater than the NT but the stroke volume is larger. Increased arterial compliance enables the reception of a large stroke volume into the arteries without an abnormal increase in pulse pressure.  Maintenance of a normal pulse pressure prevents the workload and oxygen consumption of the heart from increasing. Furthermore, large pulse pressures would increase arterial baroreceptor activity which would lower arterial pressure. Increased cardiopulmonary baroreflex inhibition of arterial baroreflexes would allow large stroke volumes to enter the arteries without excessive arterial baroreflex activity.


	 Cardiopulmonary inhibition of arterial baroreflexes may serve an important role in the training adaptation to exercise. After training, sympathetic nerve activity is reduced for submaximal workloads. Thus, renal flow and splanchnic blood flow are not as severely reduced compared to pre-training. There is strong evidence that the arterial baroreflex is reset to maintain higher blood pressure levels during exercise. If the arterial baroreflex is reset, but the gain is reduced because of cardiopulmonary baroreflex activity, there may be reduced vasoconstriction in renal and splanchnic vascular beds. Furthermore the arterial blood pressure at a given workload would be lower after training, presumably because of the smaller gain of arterial baroreflexes. Maximal renal and splanchnic vasoconstriction would reach pre-training levels only at a higher workload that elicits the new � EMBED Equation.2  ���.


	 These positive adaptations regarding exercise capacity may have a negative aspect if blood pressure falls too low. Clearly, the cardiovascular system has adapted by allowing a large stroke volume from a compliant heart into the arterial system at rest, which compromises the response to hypotension.
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Figure Legends





Fig. 1


Major features of the response to LBNP. (With permission American Physiological Society, ref. 1)





Fig. 2


Mean grouped data ± SEM for the pressure-volume curves relating left ventricular end-diastolic volume as determined by two dimensional echocardiography and pulmonary capillary wedge pressure. Lines are computer fits of the best polynomial regression through the data. (From Levine et. al., Circ. 84:1016 1023, 1991, with permission from American Heart Association, Inc.)





Fig. 3


Mean grouped data ± SEM, demonstrating the Starling curves relating pulmonary capillary wedge pressure to stroke volume in athletes and nonathletes. The mean curves are representative of the individual data. Lines are computer fits of the best polynomial regression through the data.(From Levine et. al., Circ. 84:1016-1023, 1991, with permission from American Heart Association, Inc.)





Fig. 4


The effect of exercise training on the linear relationship between forearm vascular resistance and estimated central venous pressure during mild levels of lower body negative pressure (0 to -20 mmHg). Each point represents the meaniSE for the exercise group before and after exercise training. (From ref. 6, with permission from American College of Sports Medicine)





Fig. 5


The relationship of the relative (%) changes in heart rate and mean arterial pressure during LBNP pre-(O) and post-(() training. Note the significant attenuated response of the heart rate post training to a given relative (%) decrease in mean arterial pressure at LBNP of -35 torr and -45 torr. This attenuated response is documented by comparing the slope of the regression line of pre-(7.19) to post-training(3.41). (From Stevens et. al., Med. Sci. Sports Exerc. 24:1235-1244, 1992, with permission from American College of Sports Medicine.)
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