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ABSTRACT 

Pathients with rthostatic intolerance have difficulty.during the transition from supine to 

upright. Even healthy people may exhibit nausea, dizziness, or headache during long 

periods of standing. Lower body negative pressure (LBNP) is often used to simulate 

orthostatic stress to elucidate orthostatic reflexes. Near-infrared spectroscopy (NIRS) is 

used in various research and clinical fields. NIRS monitors tissue oxygenation changes 

by measuring oxygenated and deoxygenated hemoglobin (Hb) and it might be possible to 

apply NIRS to assess vascular responses during LBNP to blood volume change. The 

purpose of this thesis was to examine vasoconstrictor responses in the lower limbs during 

graded LBNP to determine the efficacy of using NIRS to investigate orthostatic 

mechanisms, and to investigate the physiological differences between subjects with high 

and low tolerance and between males and females during graded orthostatic stress. 

A series of five orthostatic studies were conducted: 1) Changes in (superficial) 

blood distribution in thigh during LBNP; 2) Assessments of tissue vascular responses 

between forearm and selective deep calf and calf with superficial portion during graded 

LBNP; 3) Comparisons of oxygenated Hb with blood flow measured by 

plethysmography and muscle sympathetic nerve activity during graded LBNP (reliability 

of calf blood flow assessment by selective deep oxygenated Hb); 4) Differential 

vasoconstrictor responses between subjects with low and high tolerance to graded LBNP; 

5) Comparisons in peripheral vascular responses between genders (with high and low 

tolerant individuals) during graded LBNP. It was concluded that: 1) NIRS measurement 

of oxygenated and deoxygenated Hb was able to distinguish the tendency of blood 
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distribution between the arterial and venous compartments during graded LBNP. 2) 

Selective deep calf oxygenated Hb responses assessed by a two-detector NIRS model 

may reflect (sympathetically mediated) blood flow changes in muscle vasculature. 3) 

Selective deep NIRS may be an useful tool to evaluate calf vasoconstrictor responses 

based on comparisons between selective deep oxygenated Hb responses (arbitrary units) 

and blood flow changes evaluated by mercury strain gauge plethysmography, and muscle 

sympathetic nerve activity assessed by microneurography. 4) The delayed reductions in 

the selective deep oxygenated Hb and heart rate (HR) increments in subjects with high 

compared to low tolerance may indicate that cardiovascular responses to LBNP in the 

High group were shifted toward more severe negative pressure levels during graded 

LBNP. 5) The greater reductions in oxygenated Hb with either negative pressure levels, 

or with blood pooling, in men compared to women suggest that men had greater 

vasoconstrictor responses during graded LBNP. 
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1. Introduction 

Patients with orthostatic intolerance such as postural orthostatic tachycardia 

syndrome who elicite hear rate increase > 30 betas / min during the first 10 min of tilt 

(Stewart 2002) or unexplained syncope (Cox et al. 1995) have difficulty during the 

transition from supine to upright position. Even apparently healthy people may 

experience presyncope, and exhibit nausea, dizziness, headache, or fainting during long 

periods of standing or quickly standing after a long period in the supine position. 

Lower body negative pressure (LBNP) can be used to simulate orthostatic stress 

and to elucidate the mechanisms behind orthostatic tolerance. Blood gradually pools in 

the lower body as negative pressure applied to the limbs is enhanced (Halliwill et al. 

1 W8), due to compliant venous vasculature (Rowel1 1993). It has been documented that 

during mild body orthostatic stress where there is not a reduction in mean arterial blood 

pressure (MAP) (< -20 mrn Hg LBNP), cardiopulmonary baroreceptors are unloaded; 

whereas, during hypotensive orthostatic challenge, both cardiopulmonary and arterial 

baroreceptors are involved (> -20 mrn Hg LBNP) (Robinson et al. 1997). When a decline 

in venous return due to blood pooling in the lower body is detected by baroreceptors, 

neural and hormonal systems are stimulated to increase heart rate (HR) and vascular 

resistance, thereby maintaining mean arterial pressure (MAP). It is postulated by several 

research groups that the orthostatic-related symptoms are caused by weak sympathetic 

discharges to both heart and peripheral vasculatures along with vasoreactive hormones. 

Withdrawing sympathetic outflows elicits sudden reductions in vascular resistance and 

blood pressure prior to syncope (Morillo et al. 1997). 



Near-infrared spectroscopy (NIRS) has been used in various research and clinical 

fields (Cheatle et al. 199 1). Oxygen consumption and blood flow can be estimated during 

exercise by NIRS (De Blasi et al. 1994, Harnpson and Piantadosi 1988, Homma et al. 

1996, Van Beekvelt et al. 2001). In clinical fields, oxygenation in the heart is monitored 

during surgery by NIRS (Madsen and Secher 1999). NIRS is capable of monitoring 

changes in tissue oxygenation (Higuchi et al. 2002, Costes et al. 1999) by measuring 

oxygenated and deoxygenated Hb. It might be possible to apply the NIRS technique to 

orthostatic studies so that vascular responses during LBNP and blood volume changes 

can be estimated. 

The purpose of this thesis was to examine vasoconstrictor responses in the lower 

limbs during graded LBNP in order that orthostatic mechanisms could be elucidated. 

Cardiovascular responses during LBNP 

Cardiopulmonary and arterial baroreceptors 

Generally at lower pressure levels, up to -20 mm Hg LBNP, blood redistribution 

from splanchnic organs (Rowel1 1993) or forearms to central circulation occurs with a 

rise in sympathetic nerve activity via selective cardiopulmonary baroreceptor unloading 

(Baily et al. 1990, Laszlo et al. 1998, Mohanty et al. 1987). Although no change in MAP 

and HR occurs, a peripheral vasoconstrictor response in the extremities is initiated due to 

augmented sympathetic nerve activity (Jacobsen et al. 1992b). At higher levels of 

negative pressure, which is known as hypotensive LBNP, a further reduction in venous 

return is expected evidenced by a decreased central venous pressure (Kimmerly and 

Shoemaker 2002). The unloading of arterial and cardiopulmonary receptors would further 



increase sympathetic nerve activity inducing a rise in HR and in peripheral resistance to 

compensate for a reduced central venous pressure (Pawelczyk and Raven 1989). 

The cardiopulmonary mechanosensitive receptors, which are located in the atria, 

in ventricles of the heart, and in the pulmonary arteries and veins, detect changes in 

central venous pressure (Roddie et al. 1957). The afferent nerve from these sensory cells 

runs in the vagus nerve. Several types of fibres and functions of excitatory and inhibitory 

reflexes have been reported (Hainsworth 1991). Johnson et al. (1 974) suggested that these 

reflexes primarily affect skin and muscle vascular beds in humans. A study with the 

combination of both laser Doppler and plethysmography indicated that during prolonged 

-1 5 rnm Hg LBNP, forearm skin blood flow remained unchanged while muscle blood 

flow decreased (Baily et al. 1990). Blood flow measurements with xenon techniques have 

also demonstrated that vasoconstrictive responses in subcutaneous vascular beds were 

comparable to those of muscle vasculatures at -1 0 rnm Hg (Jacobsen et al. l992a). In 

contrast, animal studies have indicated that the main target organs of cardiopulmonary 

baroreflexes are the kidneys and the splanchnic organs with skin and muscle circulation 

as minor targets (Rowel1 1993). 

Arterial baroreceptors, which are considered the most important reflexes, 

originate from mechanoreceptors in the carotid sinus and the aortic arch (Jacobsen et al. 

1993). The afferent nerves from these baroreceptors run in the glossopharyngeal and 

vagal nerves to the nucleus tractus solitarius (Robinson and Potter 1997). The signals 

from the baroreceptors are integrated within the brain stem and sympathetic discharge is 

transmitted to peripheral vessels via caudal ventro-lateral medulla and rostra1 ventro- 

lateral medulla (Robinson and Potter 1997). These receptors are known to be sensitive to 



changes in MAP and pulse pressure on a beat-by-beat basis during conditions such as loss 

of blood, or blood pooling by gravitational changes (Rowel1 1993). To study the 

involvement of the human carotid sinus with blood pressure control, selective stimulation 

with positive and negative pressure applied to the neck has been used to alter carotid 

sinus transmural pressure (Abboud et al. 1979). Reflex responses to hypotension involve 

two pathways, one of which is vagal withdrawal, increasing HR rapidly, and the other is a 

slower sympathetic response to the vascular system, initiating vasoconstricton (Rowel1 

1993). The goal of these two pathways is to maintain a constant MAP. These 

baroreceptor reflexes are essential to control blood pressure during orthostatic challenges 

by provoking neural and humoral adjustments when central venous pressure declines. 

Bloodpooling 

Orthostatic stress translocates approximately 800 ml of blood volume from central 

circulation into the lower limb and pelvic regions after 10 min of -70 rnm Hg LBNP 

(Lundvall et al. 1993). Most of the blood in the body is accumulated in the venous 

compartment. Due to the more compliant nature of venous vessels compared to arterial 

vessels, the venous compartment acts as a reservoir. The ratio of the change in volume 

over a change in pressure is referred to as compliance. Compliance in the venous system 

is 30 to 50 times larger than arteries and varies in different organs. The overall vascular 

compliance in skeletal muscle is relatively low (Rowel1 1993). 

Measurements of blood pooling can be carried out using mercury strain gauge 

plethysmography, which is usually used to measure blood flow. Strain gauge 

plethysmography measures volume changes in normalized units of mLI100 mL of tissue, 

expressed as percentage. Plethysmographic methods, developed in the 1960's, have 



established reliability in estimating accumulated blood volume. The strain gauge is 

placed around the limb segment at its largest circumference. Calibrations for this device 

are performed electrically using calibration signal equivalent to one percent of the 

enclosed volume (Paulev et al. 1974, Roberts et al. 1986). 

Lower body negative pressure is demonstrated to induce blood pooling in the 

lower limbs when measured by plethysmography. Through plethysmography, blood 

accumulation and volume changes have been detected at levels of LBNP as mild as -1 0 

mm Hg (Greenfield et al. 1963). Brown et al. (2003) compared leg venous pooling in 

familial disautonomia with control subjects by using plethysmography. They were able to 

show a 3.18 % 0.74 mL1100 mL increases in control subjects during a 10 min head-up tilt 

(HUT) equivalent to -50 mm Hg LBNP (Hoffler et al. 1990). Montgomery et al. (1 977) 

investigated calf blood pooling measured by impedance plethysmography during three 

levels of LBNP (-20, -40, -60 mm Hg), obtaining differing values in men, (1.12, 1.58, 

1.99 mL1100 mL, respectively) and women (0.53,0.96, 1.02 mL1100 mL, respectively). 

Although comparison between studies is difficult because of different duration, 

techniques, and levels of LBNP, blood pooling studies indicated 2.46 % volume changes 

of the calf at -40 mm Hg for 15 minutes using mercury strain gauge (Wolthuis et al. 

1970), and 2.8 and 3.6 % of total leg volume at -20 and -40 mm Hg for 5 minutes using 

water displacement plethysmography (Musgrave et al. 1969). 

Filtration 

As blood volume increases in lower limbs, beyond 10 minutes of LBNP plasma 

volume shiRs fiom blood vessels into interstitial space (Sejrsen et al. 198 1). Lame et al. 

(1 992) indicated that the capillary filtration in leg skeletal muscle and skin during LBNP 



is much greater than previously thought. However, although a large filtration occurred, a 

constant rapid fluid redistribution fkom the upper arms into circulation was also observed 

during LBNP. These results show that the large capillary fluid permeability in skeletal 

muscle and skin needs to be considered as a factor in controlling blood plasma volume 

(Lame et al. 1992). Hinghofer-Szalkay et al. (1992) investigated blood volume shiRs 

during prolonged LBNP. They demonstrated that at the onset of -35 rnm Hg LBNP, the 

density of blood was taken fkom antecubital vein decreased due to a sudden plasma 

volume rise and subsequently hernatocrit increased. During HUT blood volume was lost 

due to filtration, which was as great as 18 % reduction in 15 minutes of this maneuvre 

(Lundvall and Bjerkhoel 1995). Thus, since transmural pressure increases with negative 

pressure, fluid shift into extravascular spaces occurred throughout LBNP (Tomaselli et al. 

1987). The rate of plasma volume loss fkom capillaries to extravasuclar spaces is 

considered to be one of the factors assessed with orthostatic intolerance (Brown and 

Hainsworth 1999). It is concluded that LBNP or HUT causes increased filtration of fluid 

from the vasculature to the interstitial space. 

Vasoconstrictor responses 

1) Measurements of peripheral sympathetic nerve activity 

To compensate for a reduced central venous pressure, vasoconstriction induced by 

enhanced muscle sympathetic nerve activity (MSNA) (the major mechanism) or skin 

sympathetic nerve activity (SSNA) is required to prevent a blood pressure decline. Before 

syncope, a decreased sympathetic nerve activity known as "vasovagal withdrawal" 

occurs (Morillo et al. 1997), resulting in a reduction in MSNA (Van Leishout et al. 199 1). 



Skin sympathetic nerve activity and MSNA can be assessed by microneurography. 

Microneurography measures postganglionic muscle and skin sympathetic nerve activities 

fiom multifibers. Tungsten microelectrodes are inserted percutaneously into sympathetic 

fascicles in the tibia1 or peroneal nerves in the calf or median nerves in the forearm. One 

electrode is used for direct intraneural recordings and a second surface electrode serves as 

reference 3 cm away fiom the recording electrode (Saito et al. 1997). The electrodes are 

connected to a high impedance amplifier and the sympathetic signal is transmitted to a 

band pass filter (band-width of 700-2000 Hz) routed through a storage oscilloscope (Saito 

et al. 1997). A few criteria are used to determine if the signals are reliable or not: 1) 

voluntary muscle contractions, 2) tapping the muscles or tendons, 3) breath holding or 

Valsalva manoeuvre, and 4) provoking an arousal reaction (Vallbo 1979). Muscle SNA is 

analysed as bursts per minute and as total activity calculated fiom mean burst amplitude 

multiplied by bursts frequency per minute. Skin SNA is recorded in a similar manner to 

MSNA measurements; however, nerves to the skin are selected. As a direct record of 

sympathetic outflow to the peripheral vasculature, rnicroneurography can be used to 

quantify vasoconstrictor responses during LBNP. 

2) Forearm blood flow regulation 

To understand vasoconstrictor mechanisms in the extremities during LBNP, 

forearm vascular responses have been investigated. Studies have shown that 

vasoconstriction in forearm occurs during cardiopulmonary baroreceptor unloading at - 

10 and -20 mm Hg LBNP (Cleroux et al. 1989). Hirsch et al. (1 989) measured blood 

flow in the forearm using strain gauge plethysmography with venous occlusion during - 

10 mm Hg LBNP and found that forearm blood flow fell at the onset of LBNP. The 



sympathetic outflow to the forearms assessed by MSNA, increased at the onset of LBNP 

(even at -5 mm Hg) (Victor and Leimback 1987) supporting a forearm vasoconstrictor 

induced blood flow reduction during LBNP (Rea and Wallin 1989, Robinson and Potter 

1997, Vissing et al. 1989). During vasovagal syncope, forearm vasodilation with 

sympathetic withdrawal has also been reported (Dietz et al. 1997, Jardine et al. 2002). It 

is assumed that forearm vasoconstriction is one key factor to avoid orthostatic failure. 

Consistent agreement has not been reached on whether muscle vascular beds or 

cutaneous vascular beds are the primary site of changes in blood flow or volume during 

LBNP. A combination of both laser Doppler velocimetry for skin blood flow and 

plethysmography for forearm skin and muscle blood flow showed that skin blood flow 

did not change, while muscle blood flow decreased during -1 5 mm Hg LBNP (Baily et al. 

1990). Separate blood flow measurements in both forearm subcutaneous and skeletal 

muscle beds assessed by a xenon technique revealed that vascular constrictive responses 

in the two tissues were uniformly reduced by 16 % at -1 0 mm Hg LBNP (Jacobsen et al. 

1992a). Johnson et al. (1 974) showed a similar forearm blood flow reduction when 

forearm blood flow was observed with epinephrine iontophoresis that indicated forearm 

muscle vasoconstriction at -20 mm Hg LBNP. 

However, during hypotensive LBNP, Tripathi and Nadel(1986) found that 

forearm muscle blood flow remained unchanged but there was a constant reduction in 

cutaneous blood flow. Similar results were obtained by Kellogg et al. (1 990) using 

Doppler velocimetry with local iontophoresis of bretylium during -40 mm Hg. In 

normothermia, when lower body negative pressure was applied, forearm skin blood flow 

with bretylium (an epinephrine agonist) administration did not decrease further, 



indicating that muscle vascular resistance remained constant during hypotensive LBNP. 

In contrast, forearm blood flow reduction assessed by xenon technique was demonstrated 

during -60  mm Hg LBNP (Strandell et al. 1967). Additionally, decreased forearm blood 

flow with increasing MSNA during -40 mm Hg has been reported (Jacobsen et al. 1993b, 

Kimmerly and Shoemaker 2002). 

During nonhypotensive LBNP, SSNA seems to remain unchanged. 

Vasoconstriction might occur in muscle vascular beds but not in cutaneous ones. 

However, general agreement has not been reached on differential vascular control 

between cutaneous and muscle vascular systems during hypotensive LBNP because of 

conflicting results. 

3) Vasoconstrictor responses between the forearm and calf 

Differential vasoconstrictor responses between the forearm and calf to various 

conditions such as forearm isometric exercise, mental stress, resistive breathing, 

coughmg and the Valsalva maneuver have been reported (Rush et al. 198 1). A 

vestibulosympathetic stimulation study indicated that greater vasoconstriction in the calf 

was found in comparison to that in the forearm despite no difference in MSNA (Monahan 

and Ray 2002). Similar relations between vascular resistance in the both upper and lower 

limbs and MSNA during progressive tilt maneuver were obtained by Imadojemu et al. 

(200 1). They postulated that a greater myogenic response was evoked in the muscle 

vascular beds of the lower limbs (Irnadojemu et al. 2001). 

However, conflicting results during LBNP were demonstrated by Essandoh et al. 

(1 986), showing that calf resistance vessels did not constrict as much as those of the 

forearm until LBNP reached -40 mm Hg. In their experiment, although both legs were 



placed into a LBNP chamber, one leg with a strain gauge connected to a device outside 

the chamber was sealed from negative pressure. Later Vissing et al. (1989) used LBNP 

protocol to examine vascular resistance changes, revealing that calf resistance 

enhancement was larger than that in the forearm. They measured blood flow with 

plethysmography from the leg placed outside a chamber. 

Direct measurement of blood flow changes in lower limbs inside a LBNP 

chamber might be carried out so that differential blood flow control between forearm and 

calf can be determined reliably during LBNP. However, additional vasoconstriction, due 

to venoarterial reflex which is initiated by pressure changes in venous compartment 

(Skagen 1983) and myogenic response which adjusts vassal tone in response to blood 

pressure changes through self-regulatory mechanisms (Imadojemu et al. 200 l), modulate 

peripheral arterial pressure. Since these responses were taken place peripherally and not 

mediated by the sympathetic nerves system, a correlation coefficient between blood flow 

changes and MSNA in calf might be lower than that of forearm. The vasoconstriction in 

forearm and calf may occur uniformly with different magnitudes. 

Comparison between low and high tolerant subjects 

Orthostatic intolerance in patients with posturally related syncope has been 

compared to normal subjects to elucidate the importance of vasoconstriction in the 

maintenance of blood pressure during combined HUT and LBNP. Brown and Hainsworth 

(1999) found that increases in forearm vascular resistance were greater in normal subjects 

than for orthostatic intolerant patients. Another similar study comparing patients with 

postural tachycardia syndrome to control subjects suggested the importance of forearm 

vasoconstriction for orthostatic tolerance (Bush et al. 2000). Other patients with 



congestive heart failure (Goldsmith et al. 1983) or stroke (Robinson and Potter 1997) 

showed similar responses. A study comparing patients with low orthostatic tolerant 

controls showed that some of the patients exhibited higher filtration rates (Brown and 

Hainsworth 1999). 

Orthostatic intolerance has been considered to be associated with a lower degree 

of vasoconstriction (Buckey et al. 1996). Convertino and Sather (2000) investigated 

differences in plasma concentration on vasoreactive hormonal agents, such as 

norepinephrine, vasopressin and renin-angiotensin. Subjects were divided into low and 

high tolerant groups after prolonged -60 mm Hg LBNP. No difference in physical 

characteristics, maximal oxygen utilizationn rate, and blood volume were evident 

between groups. Their results indicated that high tolerant subjects exhibited a higher 

concentration of vasopressin and renin-angiotensin, which might contribute to peripheral 

vasoconstrictive responses during prolonged LBNP. Halliwill et al. (1 998) conducted a 

study evaluating venous pooling during graded LBNP to -60 mm Hg pressure. In their 

study, six subjects out of 16 were unable to complete the LBNP protocol. During graded 

LBNP, half of the subjects exhibited a presyncopal symptom at a transition from -50 to - 

60 mm Hg. Fifty mm Hg LBNP is considered to be similar in stress levels to standing in 

ordinary life (Hoffler et al. 1990). The larger decrease in central venous pressure due to 

an increased venous pooling in healthy syncopal (low tolerant) subjects was 

demonstrated through comparison with nonsyncopal (high tolerant) controls during HUT 

(Mosqueda-Garcia et al. 1997). Evans et al. (2001) compared syncopal (low tolerant) 

with nonsyncopal (high tolerant) subjects in terms of plasma volume calculated from 

hematocrit change during three different orthostatic protocols. They showed that plasma 



volume declined in both groups depending on intensity of orthostatic stress and that the 

reduction of plasma volume divided by time course of stress was greater in syncopal than 

that in nonsyncopal subjects. Although blood pooling and filtration might be related to 

orthostatic intolerance, a general conclusion may not be reached. 

Comparison between male and female subjects 

Another issue in orthostatic response is gender. Orthostatic tolerance during 

LBNP in women is lower than men (White and Montgomery 1996). Shoemaker et al. 

(2001) investigated gender differences in MSNA as well as cardiovascular responses 

during HUT. They showed that the HR increase in women was greater than in men while 

MAP and MSNA from the resting level in women increased to a lesser extent versus men 

during HUT. As a consequence, total peripheral resistance (TPR) in women was similar 

to that of men. It is unknown if the response in peripheral resistance in the lower 

extremities to progressive LBNP is similar across genders. Frey et al. (1 987) 

demonstrated that increased TPR during LBNP was smaller in women than that observed 

in men. Another study showed contrasting results in that the rate of increase in TPR 

during graded LBNP up to -50 rnm Hg was greater in women than that in men 

(Convertino 1998). They interpreted the augmented vasoconstrictor response for women 

as a reduced maximal vasoconst~ictive reserve at LBNP. Blood pooling in men was equal 

to or greater than that found in women (Montgomery et al. 1 977, White and Montgomery 

1996) despite smaller reduction in cardiac output (Convertino 1998). Overall, the 

majority of studies indicated that women exhibit smaller vasoconstrictor response 

compared to men during orthostatic stress. 



Although multiple factors such as plasma volume, hormone secretion, blood 

pooling, and extravascular filtration are involved in maintaining orthostasis, it is 

reasonably postulated that vasoconstrictor responses in extremities play an important role 

in maintaining a constant blood supply to an important organ such as brain. Less 

vasoconstriction increases blood flow to the lower body, which induces venous 

hypertension and subsequently raises the fluid shift to the interstitial space (Aratow et al. 

1993, Stewart 2002). Patients with orthostatic tolerance face difficulties during postural 

changes. Tolerance to orthostatic stress varies even among healthy individuals. It is 

generally accepted that women exhibit weaker orthostatic tolerance than men (White and 

Montgomery 1996). Peripheral vasoconstrictor responses might be considered a major 

factor affecting orthostatic tolerance in males and females (Fray et al. 1987, Buckey et al. 

1996). 

Near-Infrared Spectroscopy (NIRS): blood flow and volume estimation 

History and basic principle 

The first optic study using visible light (450-650 nm) in 1937 was carried out by 

Millikan (Motobe et al. 2004) to monitor muscle deoxygenation but was limited in its 

application because of ineffective penetration of tissues. Near-infrared (650-1 100 nm) 

light easily penetrates tissues such as skin, muscle, and bone. The NIRS technique was 

first applied by Jobsis to measure a change in the oxygenation in the cat brain in vivo 

(Jobsis 1977). 

Second molecul within human tissue possess absorption spectra at near-infrared 

wavelengths. Oxygenated Hb, deoxygenated Hb with both forms of myoglobin (Mb), and 

mitochondria1 cytochrome a,a3 that are NIRS detectable and linked to tissue oxygenation 



exist in tissues (Duhaylongsod et al. 1993 ). Within the 650- 1000 nm range, photo 

sensors of NIRS can detect near-infiared light traveling in tissues. It must be noted that 

the near-infrared spectra of oxygenated and deoxygenated forms of Hb and Mb are 

indistinguishable (Delpy and Cope 1997). 

In late 1 980's a dual wavelength system became commercially available, which 

enabled continuous monitoring of tissue Hb oxygenation changes. The basic models with 

two wavelengths assess relative changes in Hb oxygenation states. For example, Shiga et 

al. (1 997) using a dual wavelength system showed how coefficients for relative 

oxygenated and deoxygenated Hb volume changes were determined. The basic principle 

for blood volume estimation of oxygenated, deoxygenated, and total Hb was tested with 

venous and arterial occlusion techniques, confirming that fluctuations in total Hb were 

associated with blood volume changes. Oxygenated Hb gradually decreased and 

deoxygenated Hb increased while total Hb remained constant when arterial occlusion was 

performed. During venous occlusion, total Hb increases (Shiga et al. 1997). Later more 

sophisticated models using three or four wavelengths were developed to evaluate 

absolute Hb oxygenation changes. 

Other important differences in improved techniques include wavelength selection, 

optode spacing and the nature of the algorithms. The algorithm is used to deconvolute 

overlapping absorption spectra, which calculate changes in the concentration of 

oxygenated, deoxygenated, and total Hb with specific coefficients. It is now possible to 

estimate changes in muscle oxygen consumption and blood flow or volume with accuracy 

and in more quantitative ways (Hampson et al. 1988). Matcher et al. (1 995) tested several 



published NIRS algorithms, finding that the some algorithms estimated absolute Hb 

concentration values relatively accurately. 

Near infrared light 
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Figure 1.1: Selective NIRS: probes consist of one emitter and two photo- 
detectors that were 2.0 and 3.0 cm, respectively, from emitter. 
Subtraction of the superficial layer, assessed by the detector at  2.0 
cm from the 3.0 cm detector, should allowed investigation of Hb 
changes in the selective vascular region between 2.0 and 3.0 cm 
from the skin surface. 

Recently, NIRS has been applied to monitor blood volume and its oxygenation at 

a specific depth. The device comes with one emitter and two photodetectors, which are 

one centimetre apart. Selective measurements are possible by extracting Hb changes in 

depth by subtracting those of the surface portion from Hb measurements of deeper areas 

(Kashima 2003). 



Blood flow measurements 

Since total Hb reflects blood volume at a constant hematocrit, blood flow can be 

calculated by relative changes fkom the baseline at a given time. NIRS can monitor 

oxygen as a tracer (Boushel et al. 2000). Forearm muscle blood flow estimates by NIRS 

were highly correlated (P = 0.95) with venous occlusion pletysmography and the Fick 

(Edwards et al. 1993). Homma et al. (1996), using a three wavelengths model, attempted 

to estimate blood flow measured by rubber strain gauge plethysmography at different 

levels of arm exercise. They developed a blood flow index to express the relation 

between NIRS and blood flow, which exhibited a high correlation (r = 0.95, p < 0.00 1). 

The reliability of NIRS on blood flow measurements in both male and female subjecs 

was confirmed by De Blasi et al. (1 994). They estimated forearm blood flow by NIRS 

based on 64,000 Hb molecular weights and a Hb blood concentration of 15gldl. 

Oxygenated blood volume changes were converted to millilitres of blood incorporating 

exact measurement of Hb content of each subject. The estimated blood flow, 1.9 0.8 

m~/100m~*min-' at rest and 8.2 % 2.9 m~/100m~-min-' after hand exercise was 

compared with values obtained by a strain gauge plethysmography during venous 

occlusion. A high correlation (r = 0.94, p < 0.0 1) between both techniques was found, 

although forearm blood flow estimated by NIRS was lower than that of plethysmography. 

They concluded that measurement of blood flow in muscle tissue by NIRS was more 

accurate than the overestimates produced by the plethysmography technique because 

additional blood flows estimated by plethysmography included blood volume of skin. It 

is generally accepted that NIRS is an appropriate tool to estimate blood flow at rest and 

during exercise. 



Vascular responses studied by NIRS during orthostatic stress 

It has been documented that total Hb in both arms and legs increases in relation to 

increasing negative pressure relative to ambient atmospheric pressure due to gradual 

accumulation of blood in the lower body at -25 and -50 mm Hg (Nishiyasu et al. 1999). 

Total Hb changes reflect blood pooling because accumulated blood includes oxygenated 

and deoxygenated forms of Hb. Thus oxygenation does not affect the total amount of Hb 

estimated by NIRS. 

Oxygen binds to Mb, and oxygenated and deoxygenated Mb influence NIRS 

measurements (Van Beekvelt et al. 200 1). Therefore NIRS interpretation of vascular 

responses can potentially be confounded by changes in oxygenated and deoxygenated 

Mb. Since LBNP testing is performed in supine position, and additional muscle 

contraction with increased oxygen consumption is not expected, oxygenated and 

deoxygenated Mb should be stable and thus not influence NIRS interpretation of vascular 

responses. 

In addition, it is well documented that even at moderate LBNP, forearm 

vasoconstriction occurred with augmented peroneal sympathetic nerve activities (Rowel1 

and Seals 1990). Hansen et al. (1 996) observed a decreased forearm oxygenated Hb at - 

20 mrn Hg LBNP. Nishiyasu et al. (1999) examined thigh and forearm oxygenation 

estimated by calculating a relative change between oxygenated and deoxygenated Hb in 

different experiments for the same subjects during LBNP. Thigh oxygenation increased 

but forearm oxygenation decreased from baseline at -25 and -50 mm Hg LBNP. 

Although actual oxygenated Hb changes were not known due to undisclosed 

deoxygenated Hb values, unchanged deoxygenated Hb might be expected because 

metabolism at LBNP did not alter. In HUT studies, Bizzoni et al. (2000) estimated 



microvascular compliance assessed by NIRS with strain gauge plethysmography. Their 

results confirmed that changes in oxygenated Hb appeared to evaluate vasomotor 

response of the arteriolar system, showing that oxygenated Hb increased even at lower 

angles of HUT and seemed to level off during relatively severe stresses. During HUT 

vasoconstrictor responses in the leg are associated with enhanced peroneal MSNA 

(Shoemaker et al. 2001). 

Rationale 

Orthostatic tolerance is related to peripheral vasoconstrictor responses. It was 

reported that the concentration of vasopressin and renin-angiotensin in tolerant subjects 

was greater than that in lower tolerant subjects during prolonged LBNP (Convertino and 

Sather 2000). These hormones are associated with vasoconstriction during LBNP, 

indicating higher vasoconstrictor response in tolerant subjects. It also has been 

recognized that women may suffer lower orthostatic tolerance compared to their male 

counterparts. Convertino (1 998) showed TPR and forearm vasoconstriction in women 

was greater than that in men despite the fact that women had less blood pooling. Their 

finding is not consistent with past observations (Hudson et al. 1987, Frey and Hoffler 

1988), but they developed a concept of a maximal vasoconstrictive reserve to explain 

their results. 

Thus it is not clear if intolerant subjects exhibit less vasoconstriction in lower 

limbs estimated by blood flow changes compared to tolerance ones. Although vascular 

responses in forearm or hormonal difference were investigated between males and 

females, vasoconstrictor responses assessed by blood flow changes in the lower limbs 

have not yet been compared during LBNP. 



It is postulated that NIRS, especially oxygenated Hb, can be used to monitor the 

vasoconstriction response in arterial vascular beds during LBNP. NIRS has been 

recognized as an applicable technique for quantifying oxygen consumption and muscle 

blood flow at rest as well as during exercise (Hornma et al. 1996). Total Hb represents 

blood volume and reliability in applying total Hb to physiological study has been 

demonstrated (Shiga et al. 1997). From orthostatic studies it is believed that oxygenated 

Hb changes reflect vasoconstrictor responses in vascular beds and that total Hb reflects 

blood pooling during LBNP (Hansen et al. 1996, Nishiyasu et al. 1999) or HUT (Binzoni 

et al. 2000). NIRS measurements have an advantage in being able to monitor blood 

volume changes continuously even under reduced ambient pressure stress. It seems that 

the evaluations of blood pooling and vasoconstrictor responses in both extremities can be 

possible by using NIRS during graded LBNP. 

Thesis objectives 

The aim of this thesis was to answer the following questions: 1) How do NIRS 

measurements in lower extremities respond during graded LBNP?, 2) Are patterns of the 

selective deep calf oxygenated Hb changes related to calf blood flow alterations and 

peroneal or tibia1 nerve MSNA during graded LBNP?, 3) Do low tolerant groups 

(including gender) to orthos tatic stress exhibit smaller selective deep calf oxygenated Hb 

reductions? 

The experiments that were designed to answer these questions are provided in paper 

format in chapters two through six of this thesis. 
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Abstract 

Introduction: The present study was designed to determine how superficial blood was 

distributed in lower limb muscle during graded lower body negative pressure (LBNP). 

Methods: Near-infrared spectroscopy (NIRS) was used to evaluate the blood volume 

change in the thigh muscles of seven volunteers during 35 min (5 min each) graded 

LBNP (rest, -10, -20, -30, -40, and -50 mm Hg). Results: Deoxygenated and total 

hemoglobin (Hg) increased in proportion to the magnitude of LBNP applied to the thigh 

muscles. Oxygenated Hb rose significantly at -10 mm Hg LBNP, although the increase 

levelled off during subsequent increments of LBNP. Systolic pressure significantly 

decreased from 120 mm Hg at rest, to a value of 108 at -50 mm Hg LBNP. In contrast, 

mean and diastolic pressures were well maintained during graded LBNP. The increased 

total and deoxygenated Hb might indicate that blood was held in venous space and the 

magnitude of rise in blood volume corresponded to the change in LBNP. On the other 

hand, oxygenated Hb change seems to reflect mainly blood accumulated in arterial space 

by interacting between mechanical stretch induced by LBNP and vasoconstriction caused 

by augmented sympathetic nervous activity. Conclusion: From these results, blood 

distribution in thigh muscles was different between arterial and venous compartments and 

was affected by strength of LBNP. The data assessing oxygenation states of Hb were 

found to be usehl as indices of estimating superficial blood pooling in the muscle during 

LBNP. 

Keywords: orthostatic tolerance, heart rate, blood pooling, blood pressure. 



Introduction 

During day-to-day activities involving postural changes, even apparently healthy people 

may experience presyncope: exhibiting nausea, dizziness or headache. Lower body 

negative pressure (LBNP) has been used to simulate orthostatic hemodynamic and 

cardiovascular changes in supine human subjects. Since venous vasculature is of high 

compliance (Convertino et al. 1988, Halliwill et al. 1999), it is believed that during 

LBNP, blood is pooled in the venous vascular bed of the lower body due to a passive 

expansion of vessels (Halliwill et al. 1998). The diameter of capacitance vessels expands 

as negative pressure applied to the lower body is augmented despite the fact that LBNP 

activates sympathetic nerve activity (SNA) which produces vascular smooth muscle 

contraction (Joyner et al. 1990, Victor and Leimbach 1987). However, our current 

knowledge is limited on the distribution of blood in the skeletal muscle tissue of the 

lower limbs during LBNP. 

Arterial and arteriole vascular beds have low distensibility and do not hold much 

blood (Rowel1 1993). However, the diameter of these vessels can be modulated by 

neural, hormonal, and local metabolic stimuli (Evans et al. 2001, Joyner and Halliwill 

2000, Reed et al. 2000, Tschakovsky et al. 2002). The interaction of mechanical stretch 

and neurally mediated contraction on the response of arterial microvessels during LBNP 

remains to be elucidated. We hypothesized that in capacitance vascular beds, the amount 

of blood accumulated would be proportional to changes in negative pressure; and, since 

arterioles would be less likely to expand passively, blood pooled in the arterial side would 

not change with graded LBNP. 



Recently, near-infrared spectroscopy (NIRS) was used to detect limb skeletal 

muscle oxygenation as well as blood flow under different orthostatic stresses (Binzoni et 

al. 2000, Nishiyasu et al. 1999). Not only can this technique be used to determine tissue 

oxygenation, but it can also be used to investigate hernodynamic changes. By observing 

changes in oxygenated and deoxygenated hemoglobin (Hb) content, blood distribution in 

both arterial and venous vascular beds can be determined. The purpose of the present 

study was to use NIRS to determine characteristics of superficial arterial and venous 

blood distribution in the lower limbs during graded LBNP and to further elucidate 

vascular mechanisms associated with orthostatic stress. 

Methods 

Seven male volunteers aged 2 1.4 * 7 (SE) participated as subjects for this experiment. 

All subjects were familiar with the laboratory testing. The room temperature was 

maintained between 22•‹C - 24OC with quiet conditions during the experiment. The 

experimental protocol was approved by Human Subjects Protecting Committee of the 

Toyota Technological Institute, Nagoya, Japan and by the office of Research and Ethics 

for Simon Fraser University. Informed written consent was obtained from each subject 

before participating in this study. 

Measurements 

Heart rate (HR) signals were collected using a two-lead electrocardiogram fiom the chest. 

Arterial blood pressure was obtained every minute automatically by a non-invasive 

method (Colin BP-203, Tokyo, Japan) from the right arm of the subjects. Mean arterial 

pressure was calculated as one-third of pulse pressure plus diastolic pressure. 



Electromyography (EMG) electrodes were set as close as possible to the NIRS probes on 

the right thigh to monitor muscle activity throughout the experiment. 

A sensor (Omegawave, BOM-L1, Tokyo, Japan) for Hb oxygenation was placed 

on the right vastus lateralis muscle. NIRS probes 3 cm apart were placed on the skin 

surface in parallel with the vastus lateralis. This allowed for a 3-cm detection depth. 

The basic principle of NIRS is based on the ability of near infrared light (700 - 900 nm) 

to pass through tissues such as skin, muscles, and bone. The detailed mechanisms are 

described elsewhere (Hampson and Piantadosi 1988, Mancini et al. 1994). Briefly, laser 

light is diffused into the tissues and reflected light is sensed by a silicon photodetector. 

Both oxygenated and deoxygenated forms of Hb absorb the laser light at 8 10 nm, 

whereas absorption at 780 nm is primarily by the deoxygenated Hb. Total Hb is 

estimated by adding both deoxygenated and oxygenated forms of Hb. Since skeletal 

muscle tissue contains myoglobin (Mb) and the absorption of the wavelength of Mb is 

similar to that of Hb, the oxygenated states of two molecular are not separable. As Hb 

and Mb are oxygenated, the absorption at 780 nm decreases, but increased at 8 10 nm. 

Thus total Hb contains oxygenated Hb, deoxygenated Hb and oxygenated Mb (Total Hb 

= oxyHb + deoxyHb + oxyMb). Although oxygenated Mb volume is modulated by 

different conditions such as metabolic rate or oxygen supply, during LBNP oxygenated 

Mb remains unchanged during rest because oxygen demand in muscle tissues is kept 

constant (Edward et al. 1993). In the present study, the change in total Hb was evaluated 

by the sum of both oxygenated and deoxygenated Hb during LBNP. 

The NIRS detects changes in oxygenation of muscle tissue intracellular sites 

such as arterioles, capillaries, and venules. Large vessels greater than 1 mm in diameter, 



such as resistance arterial vessels, are not considered to be sites monitored for 

oxygenation due to the low magnitude of appearance of photons caused by vessel wall 

thickness (Mancini et al. 1994). We investigated relative changes in Hb from the control 

level, which reflect the changes in blood volume (Edward et al. 1993, Van Beekvelt et al. 

200 1). Although we did not attempt to quantifL absolute blood volume changes from the 

Hb data, these NIRS measurements allowed us to observe relative changes in superficial 

blood volume during graded LBNP. 

Protocol 

All subjects abstained from caffeinated or alcoholic beverages at least 12 h before 

experiments. All tests were performed in the afternoon at least 2 h after a light lunch. 

Subjects were placed in the supine position with their legs extended into a wooden box 

with an airtight seal at the level of the iliac crest. Pressure control of LBNP was carried 

out manually via a vacuum with a voltage controller. Pressure was monitored via a 

pressure transducer attached to the inside of the chamber. The subjects underwent a 35- 

min LBNP trial that consisted of five 5-min steps of subatmospheric pressure from 0, - 

10, -20, -30, -40, and -50 mm Hg. This was preceded by a 5-min control recording and 

followed by 5 min of recovery. The data represented in each 5-min interval were 

averaged values obtained during the last 4 min of each LBNP level. Electromyography 

(EMG) was used to observe muscle activity in the legs during the test. 

Statistics 

Since only a small number of subjects participated, the Shapiro-Wilks normality test was 

performed, determining that the data were normally distributed. Therefore, data were 



analyzed with a one-way repeated measures analysis of variance. When the effects were 

significant, post-hoc analysis with Fisher's PLSD was applied. Differences were 

considered significant when p<0.05. All values were reported as mean * SE. 

Results 

Total, oxygenated, and deoxygenated Hb concentrations 

Little EMG activity was observed throughout the experiment with no change in leg 

muscle EMG from rest to maximal LBNP. The magnitude of the increase in total Hb was 

proportional to the degree of the negative pressure applied to the lower body (Figure 2.1). 

At -10 mm Hg, oxygenated Hb increased statistically significantly (p<0.01), but leveled 

off during subsequent increments of LBNP (Figure 2.1). However, deoxygenated Hb 

increased in proportion to the strength of negative pressures above -10 mm Hg (Figure 

2.1). 

Arterial pressure and heart rate 

Mean arterial and diastolic pressures were not altered during graded LBNP (Figure 2.2). 

However, systolic pressure at -50 rnrn Hg decreased to 108 * 4 mm Hg (p<0.01) 

compared with the control resting value (123 * 3 mm Hg). Also, pulse pressure declined 

by 50 mm Hg (p<0.01). Heart rate (HR) was 66 * 3 bpm at supine rest without negative 

pressure and unchanged at -10 mm Hg (64 * 3 bpm). With increased LBNP, HR rose to 

75 * 4, and 80 * 5 bpm at 4 0  and -50 mm Hg (P<0.01, Figure 2.3). 



Discussion 

We used NIRS measurements of the changes in oxygenated, deoxygenated, and total Hb 

as indices of blood pooling to investigate the distribution of superficial blood in the lower 

limb muscles during LBNP. The increase in total Hb and, therefore, the pattern of 

superficial blood pooling to the lower limbs during LBNP was similar to previous studies 

using strain gauge plethysmography (Stewart 2002) and impedance plethysmography 

(Montgomery et al. 1977). However, this study has provided an increased understanding 

of the distribution of blood volume within the vasculature of the lower limbs during 

LBNP. We observed dissociation in the trends of oxygenated and deoxygenated Hb 

during graded LBNP. Oxygenated Hb increased slightly but significant at -1 0 mm Hg, 

and leveled off after -20 mm Hg LBNP. In contrast, after -1 0 mm Hg, deoxygenated Hb 

increased in parallel to total Hb, suggesting that the site and distribution of trapped blood 

in leg muscle tissues was affected by the level of LBNP. 

Blood pooling during LBNP stress 

It has been recognized that blood is gradually pooled in capacitance vessels in the lower 

body as negative pressure applied to the lower limb is enhanced (Halliwill et al. 1998, 

Rowel1 1993). Total Hb, which was determined with NIRS sensors situated on the vastus 

lateralis, increased during graded LBNP. These results are in accordance with a study 

conducted by Nishiyasu et al. (1 999) who found that total Hb concentration increased in 

the thigh muscles during -25 mm Hg and -50 mm Hg LBNP. Since total Hb determined 

by NIRS has been shown to reflect the volume of blood in muscle tissues (Edward 1993, 

Van Beekvelt et al. 2001), these results demonstrate that blood was held in the lower 



limbs during graded LBNP. Furthermore, the magnitude of the rise in blood pooled was 

proportional to given changes in pressures applied to the lower limbs. 

In the present study, oxygenated Hb concentration increased significantly at -1 0 

mmHg and leveled off above -20 mm Hg. We suggest that changes in oxygenated Hb 

might predominantly reflect superficial blood pooled in arterial vessel space in muscle 

tissues (Binzoni et al. 2000). 

Mancini et al. (Mancini et al. 1994) observed an increase in oxygenated Hb 

during administration of nitroprusside, a vasodilator, and a decrease in oxygenated Hb 

with the administration of a high dose of norepinephrine, a vasoconstrictor. Although 

muscle tissue oxygenation detected by NIRS contains both oxygenated Hb and Mb, it 

was unlikely that the Mb oxygenated state was modulated significantly (Edward et al. 

1993). Throughout the experiment, no detectable change in EMG was obtained from the 

area monitored by NIRS and Mb oxygenation could be reasonably expected to be 

unaltered in relaxing muscle. These results, therefore, imply that the increase in 

oxygenated Hb up to -20 mm Hg LBNP reflected predominantly increased blood in the 

arterial space. 

It might also be argued that oxygenated Hb was pooled not only in arterioles but 

also in venous microvessels. However, if the oxygenated Hb had been held in venous 

space, it should have increased in parallel to the change in deoxygenated Hb. The 

increase in oxygenated Hb concentration at -1 0 mm Hg LBNP may be related to arteriole 

stretch due to negative pressure applied to the lower body despite the location of 

arterioles under the cutaneous level. During further increases in negative pressures, the 

steady state in oxygenated Hb observed might reflect competition of mechanical stretch 



with augmented vasoconstriction. It has been well documented that muscle 

vasoconstrictor nerve activity increases during LBNP (Joyner et al. 1990, Victor and 

Leimbach 1987). 

Nishiyasu et al. (1 999) observed a decrease in oxygenated Hb during -25 and - 

50 mm Hg LBNP that implied the possibility of augmented MSNA. Although we did not 

observe this decrease in oxygenated Hb, one of our subjects exhibited the same trend as 

shown in their study. One reason for the discrepancy might be the result of different 

protocols: in this study, a graded increase in LBNP was used, whereas Nishiyasu et al. 

applied -50 mm Hg first, followed by 2 min of -25 mm Hg. Taken together, these 

studies indicate that mechanical stretch and reflex vasoconstriction of arterioles during 

graded LBNP determined the magnitude of blood pooling in arterial space. 

It was found that deoxygenated and total Hb increased in proportion to changes 

in negative pressures. We assumed that total and deoxygenated Hb reflected blood 

accumulated mainly in venous space since arterial oxygen saturation would not be 

expected to change under normal resting conditions. These results demonstrated that the 

distribution of blood pooling in the lower limb muscles during graded LBNP 

differentiated both superficial vascular beds, arterial and venous, in response to changes 

in negative pressure applied to the lower body. 

It has been well documented that blood pooling occurs in capacitance vessels in 

the lower legs during orthostatic stress. In this study, deoxygenated Hb increased 

proportionally as negative pressures were increased. This tendency was considerably 

similar for all subjects; however, oxygenated Hb, thought to be pooled in arterial 

compartment, increased slightly but significant at -1 0 rnm Hg, and leveled off above -20 



mm Hg. The individual variations in the pooling trend of oxygenated Hb were found to 

be relatively large, which may indicate that examining mechanisms for this diverse blood 

pooling response in the arterial compartment might provide clues to the occurrence of 

orthostatic intolerance. 

Although noninvasive measurements of any kind should be viewed with caution, 

NIRS provides information that would otherwise be difficult to obtain. According to 

Mancini et al. (1994), NIRS measures tissue oxygenation states by photon penetration of 

tissues, including muscle and microvasculature, for a 2 to 4 cm depth. Thus, NIRS 

measurements provide information on relative changes in superficial blood volume, not 

quantitative values, and reflect fluctuations in blood volume for only limited small areas. 

However, we demonstrated that total Hb increased in response to enhanced negative 

pressure to the lower limbs. Edward et al. (1 993) compared strain gauge 

plethysmography with NIRS, finding that the two measurements were consistent. The 

pattern of the increased total Hb has been found to be similar to blood volume changes 

during exercise and graded LBNP (Homma et al. 1996, Mancini et a1 1994, Montgomery 

et al. 1977). 

Cardiovascular response 

Heart rate (HR) increased significantly during -40 to -50 mm Hg (Figure 3). This is in 

accordance with data obtained from the studies conducted by Halliwill(1998) and Khan 

(2002) as well as the early research done by Johnson et al. (1 973). Neither mean arterial 

pressure nor diastolic pressure changed during graded LBNP, whereas systolic pressure 

declined at -50 rnrn Hg. During 60 or 70" head-up tilt, which is equivalent to -40 mm 

Hg LBNP (Olsen et al. 2000), systolic pressure gradually decreases with elapsed tilt time 



despite no further change in degree of the tilt angles (Morillo et al. 1997). The magnitude 

of LBNP, -50 mm Hg, may not have been the only cause of the reduction in systolic 

pressure since the subjects were already exposed to negative pressure for 15 min. 

Compared to systolic pressure responses, mean arterial pressure was well 

preserved during graded LBNP, while blood volume increased gradually in the lower 

limb during graded LBNP. This would imply that reflex vasoconstriction was the most 

essential mechanism for maintaining arterial blood pressure, although HR increased to 

prevent the further reduction in cardiac output to compensate for the reduction in venous 

return. Our results show that oxygenated Hb, as an index of arterial blood level, was 

constant during graded LBNP and indicate that neural vasoconstiction seemed to be 

enhanced to counteract mechanical stretch of vessels, and to raise peripheral vascular 

resistance, such that a fall in mean arterial pressure was prevented. 

Conclusions 

We examined the pattern of relative changes in oxygenated, deoxygenated, and total Hb 

to investigate superficial blood pooling in the thigh muscle during LBNP. It was 

demonstrated that blood was held in the lower body, since there was a relative increase in 

Hb with LBNP. These results indicate that NIRS measurements could be useful to assess 

the trends of blood trapped in the lower limb muscles. More importantly, the superficial 

blood pooling in the lower legs, evaluated by deoxygenated Hb changes, increased 

proportionally to the applied pressure during graded LBNP; but in arterioles, the 

superficial blood pooling, assessed by oxygenated Hb, leveled off above -20 mm Hg 

LBNP. The separated measurements of both oxygenated and deoxygenated might enable 

us to distinguish the tendency of blood distribution between the arterial and venous 



components during orthostatic stress. The examination of the superficial blood pooling 

pattern in both arterial and venous vasculatures during graded LBNP provided further 

elucidation of the possible mechanisms involved with lower orthostatic tolerance. 
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Figure 2.1 Total, oxygenated, and deoxygenated Hb changes of thigh muscle 
assessed by near-infrared spectroscopy in seven subjects during grade 
LBNP. The results expressed as mean and vertical bars indicate the SE. * 
p < 0.05 vs. control. The values in each parameter during graded LBNP 
were calculated as relative changes. 



Figure 2.2 Systolic, diastolic, and mean arterial pressure during graded LBNP. 
Each value is a mean f SE. * p < 0.05. 
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Figure 2.3 HR response in seven subjects during graded LBNP. The results 
expressed as mean and vertical bars indicate the SE. * p < 0.05. 
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Abstract 

Introduction: This study examined whether hemoglobin (Hb) oxygenation changes, 

determined by near-infrared spectroscopy (NIRS), could evaluate orthostatic vascular 

responses in both upper and lower extremities during graded lower body negative 

pressure (LBNP). Methods: Fourteen subjects underwent a graded LBNP trial from 0 to 

-60 mm Hg in 5-min incremental stages of -1 0 mrn Hg. Three NIRS devices were used 

simultaneously on the foream and the calf muscles of both legs during graded LBNP. 

For one of the calfs NIRS allowed us monitor a selective deep area (2.0 to 3.0 cm depth) 

without a superficial portion. Data from the NIRS were expressed in arbitrary units (au) 

as the relative change from a zero baseline. Blood volume changes in the calf were 

monitored with mercury strain gauge plethysmography. Results: F o r e m  oxygenated Hb 

had an initial reduction at -10 mm Hg (p < 0.05), which was further reduced at -50 mm 

Hg LBNP (-1.22 * 0.14 au; p < 0.05). Selective deep calf muscle oxygenated Hb 

decreased at each pressure level to -1.86 * 0.15 au (p < 0.01) at -50 mm Hg LBNP. 

However, oxygenated Hb with the superficial portion did not change from -1 0 to -30 

mm Hg LBNP. Total and deoxygenated Hb in the calf muscle increased in proportion to 

enhanced negative pressure. Blood accumulated gradually in the calf proportional to 

increasing LBNP, reaching 2.9 * 0.2 mL.100 m ~ - '  (%) at -50 mm Hg (p < 0.01). 

Conclusion: The decrease in oxygenated Hb with increases in calf volume suggestes that 

oxygenated Hb might be an index of orthostatic vasoconstrictor responses in the f o r e m  

and calf (selective deep portion) during graded LBNP. 

Keywords: orthostatic stress, cardiovascular response, oxygenated Hb, venous pooling 



Introduction 

Near-infiared spectroscopy (NIRS) is capable of monitoring tissue oxygenation. In a 

previous study NIRS measurements were obtained fiom the vastus lateralis during graded 

lower body negative pressure (LBNP) (Hachiya et al. 2004). Oxygenated hemoglobin 

(Hb) increased at -1 0 mm Hg and remained constant during further LBNP increments. 

However, deoxygenated Hb increased proportionally with each 10 mm Hg increment of 

LBNP (Hachiya et al. 2004). It was postulated that these responses reflected vascular 

resistance alterations during graded LBNP (Hachiya et al. 2004). Since changes in 

forearm oxygenated Hb have been found to accompany blood flow or volume 

modulations during LBNP (Fade1 et al. 2004), oxygenated Hb responses in the lower 

limbs might reflect blood flow changes. However, the reduction pattern in the previous 

study (Hachiya et al. 2004) did not follow the pattern associated with the reported 

augmentation of muscle sympathetic nerve activity (MSNA) (Rea and Wallin 1989; 

Victor and Leimbach 1987). It was therefore assumed that the NIRS measurements 

including superficial portions were affected substantially by blood flow changes in skin 

and subcutaneous vasculature particularly during nonhypotensive LBNP. 

Vissing et al. (1 994) showed that skin vascular resistance did not change during 

-5 to -1 5 mm Hg LBNP. Simultaneous MSNA recordings fiom radial and peroneal 

nerves were found to be identical during LBNP (Rea and Wallin 1989). Monitoring of 

blood flow in both extremities using occlusion strain gauge plethysmography has also 

indicated that vascular resistance increases in response to negative pressure in both upper 

and lower limbs, but with the greater magnitude in the leg (Vissing et al. 1989). 



The primary purpose of this study was to investigate the efficacy of using NIRS to 

evaluate changes in vascular tone during orthostatic stress. It was hypothesized that 

changes in oxygenated Hb should be a direct indicator of changes in arterial flow into a 

region of tissue and would, therefore, represent changes in vasoconstriction. As a 

consequence, oxygenated Hb should decrease with an increase of orthostatic stress 

associated with venous pooling in the leg during LBNP. A secondary purpose was to 

evaluate forearm and leg orthostatic vasoconstriction as well as superficial and deep leg 

NIRS tissues values and their relationship to orthostatically induced vasoconstriction. It 

was hypothesized that the vasoconstrictor response would be greater in the leg since that 

is where the greatest pooling occurs. As well it was hypothesized that vasoconstrictor 

responses would occur mainly within the leg deep tissue that is comprised mainly of 

muscle. Calf oxygenated Hb was compared with NIRS, which contained both superficial 

and deep tissues, to oxygenated Hb with selective NIRS which contained deep muscle 

tissue as well as oxygenated Hb levels in both the upper and lower extremities during 

LBNP induced orthostatic stress. 

Methods 

Fourteen male subjects (age, 2 1 * 1 years; height, 174.0 * 1.2 cm; weight, 64.1 * 2.4 kg; 

max calf circumference, 35.4 * 0.5 cm; (mean * SE)) participated in this study. The room 

temperature was maintained between 22•‹C - 24•‹C with quiet conditions during the 

experiment. The experimental protocol was approved by the Human Subjects Ethics 

Committee for the Toyota Technological Institute and by the office of Research and 

Ethics for Simon Fraser University. Informed written consent was obtained fiom each 

subject prior study. 



Measurements 

Skinfold thickness at the NIRS measurement site was measured with a skinfold calliper 

(Meikosha, Tokyo, Japan) and adipose layer thickness was determined by dividing the 

calliper values by two. Heart rate (HR) was recorded continuously by 

electrocardiography. Arterial blood pressure (BP) was measured in the right upper arm 

every minute by a non-invasive automated BP monitor (Nippon Colin BP 203, Tokyo 

Japan). Finger photoplethysmography (Finapres; Ohmeda, Englewood, CO, USA) was 

used to continuously monitor instantaneous BP changes so that a sudden reduction in 

blood pressure symptomatic of presyncope could be detected. 

Near-infiared spectroscopy (NIRS) devices (Omegawave, Tokyo, Japan) were 

used to monitor oxygenated and deoxygenated Hb changes. The basic principle of NIRS 

is based on the ability of near-infrased light (700-900 nm) to pass through tissues such as 

skin, muscles, and bone. The laser light penetrates into the tissues and is scattered. The 

NIRS device mainly detects Hb changes in muscle tissue sites such as arterioles, 

capillaries, and venules. Since high amounts of hemoglobin molecules will absorb all of 

the available light passing through a large blood vessel, large vessels greater than 1 mrn 

in diameter are not considered to be the sites monitored for Hb oxygenation changes 

(McCully and Harnaoka, 2000). In addition to Hb, oxygenated and deoxygenated 

myoglobin (Mb) are not separable fi-om the two forms of Hb, but it can be assumed that 

oxygenated states of Mb are not affected by LBNP, since muscle movement does not 

occur (Hachiya et al. 2004). Two types of NIRS devices were used in the study: one with 

a single detector, and one with two detectors. 

The NIRS probes for the single detector device were placed on the skin surface of 

both the left forearm and the left calf muscles and consisted of a light detector and a 



source placed 3.0 cm apart along the length of the limb. This separation interval 

theoretically provides a detection depth of around 3.0 crn into the tissues. The probes 

were placed on the region of the maximal girth of both the flexor carpi radialis longus of 

the forearm and the medial soleus of the calf. The soleus muscle is a slow twitch muscle, 

which has a large number of capillaries and is also involved in postural control. Hb 

changes in the forearm and both calfs were measured simultaneously. 

The second type of NIRS device (Omegawave, BOM-Ll W, Tokyo, Japan) was 

used to record Hb changes in the right calf (medial soleus). This device enabled us to 

monitor a selective deep area of the calf, which was considered to reflect mainly muscle 

vasculature NIRS responses. NIRS probes consisted of one emitter and two 

photodetectors that were 2.0 and 3.0 cm, respectively, from the emitter. This two-detector 

system enabled us to record mainly muscle tissue by subtracting the superficial layer, 

assessed by the detector 2.0 cm apart from the emitter, from the deeper total portion of 

Hb changes assessed by the detector at 3.0 cm, leaving a measurement layer of 

approximately 1.0 cm in thickness (Kashima 2003). 

All three Hb measurements were simultaneously obtained from eight of the 

subjects. Total Hb was calculated as the sum of oxygenated and deoxygenated Hb. Calf 

NIRS measurements in both legs were performed on the soleus medial area. The probes 

were placed just below the maximal girth of the soleus muscle. The average rate of 

changes in oxygenated Hb, calculated as the slope across 0 to -50 rnm Hg, was compared 

between the forearm and the selective deep calf during LBNP. 

Lower limb blood volume (BV) was measured at the calf belly by mercury strain 

gauge plethysmography (EC6, Hokanson Bellewe WA, USA) (Witney 1953). The 



change in the calf circumference was assessed by voltage values, which were 

incorporated to BV alterations. The BV was calculated from a 3-min average and 

expressed as percent change (mL per 100 mL of calf segmental tissue). 

All data were monitored simultaneously and stored on a personal computer with 

an analog-to-digital conversion (Acqknowledge, Biopac systems, Goleta CA,USA) for 

later analysis. NIRS and blood pooling data were expressed as relative changes from the 

baseline set at the zero value. 

Lower body negative pressure 

Subjects were placed in the supine position with their lower body enclosed in a wooden 

negative pressure chamber with an airtight seal at the level of the iliac crest. A saddle was 

used to prevent movement into the box during the application of negative pressure. The 

pressure inside the chamber was controlled manually via a vacuum with a voltage 

controller and was monitored using a pressure transducer attached to the inside of the 

chamber. All subjects were rested in the supine position for approximately 15 minutes 

prior to the LBNP protocol. The subjects then underwent a 35-min LBNP trial that 

consisted of six 5-min steps of subatomospheric pressure from a 0 mm Hg control level 

to -10, -20, -30, -40, -50, and -60 mm Hg, followed by a 5-min recovery session. Data 

presented from each 5-min interval were obtained by averaging the last 3 minutes of each 

pressure level. 

Statistical analysis 

Statistical analysis was performed using one-way repeated measures analysis of variance 

(ANOVA) for each of the Hb and cardiovascular parameters in response to negative 



pressure. When effects were significant, Student-Newman-Keuls' post-hoc analysis was 

applied. Two-way repeated measures of analysis of variance (ANOVA) and t-test of 

average slopes were carried out to compare means of oxygenated Hb between the 

forearm and selective deep calf. Since the selective deep calf NIRS measurements were 

successfully recorded from just six subjects, Kolmogorov-Smirnov normality analysis 

was carried out for the calf and forearm measurements. Two-way ANOVA and other 

analyses were carried out with SPSS (SPSS Inc, Illinois, Chicago, USA) and with 

GraphPad InStat statistical packages (GraphPad Software Inc, San Diego, CA, USA), 

respectively. Significance was set at p < 0.05. Data are expressed as means * SE. 

Results 

Only two subjects completed the full -60 mm Hg LBNP protocol, while twelve subjects 

completed the protocol up to the end of -50 mm Hg. Eight subjects had selective deep 

calf NIRS measurements but only six of these subjects completed -50 mm Hg LBNP. 

Due to the large drop out of subjects at -60 mm Hg from presyncope, we chose to only 

analyze up to -50 mm Hg LBNP in twelve subjects. 

Adipose tissue thickness at the NIRS probes' site, as measured by skinfold caliper, 

was 1.8 k 0.1 mm and 4.1 k 0.4 mm at the forearm and left calf, respectively. An 

example of NIRS and cardiovascular signals from one subject who exhibited presyncopal 

symptoms is shown in Fig. 3.1. 

Heart rate increased from 64 2 beatsvmin-' at baseline to 87 * 4 beats-min-' at - 

50 mm Hg LBNP (p < 0.001). Heart rate rose significantly from -20 mmHg LBNP (p < 

0.001) (Table 3.1). Although mean arterial blood pressure (MAP) was maintained 

throughout the experiment (Table 3. I), systolic blood pressure (SBP) decreased fiom -20 



mm Hg LBNP (p < 0.001). Diastolic blood pressure (DBP) did not change throughout 

LBNP protocol (up to -50 mm Hg), and pulse pressure (PP) did not decrease until -50 

mm Hg LBNP (Table 3.1). Compared to baseline, pulse pressure was reduced at -50 mm 

Hg LBNP (p < 0.001) (Table 3.1). 

Calf blood volume (BV) accumulation estimated by mercury strain gauge 

plethysmography increased from baseline in response to negative pressure (p < 0.01), 

reaching 2.9 * 0.2 mL-100 m ~ - '  (%) at -50 mm Hg LBNP (Table 3.1). The magnitude of 

the increase at each pressure was statistically significant (p < 0.01). 

Selective deep calf oxygenated Hb decreased proportionally at each negative 

pressure step from baseline (p < 0.01) (Fig. 3.2). Calf oxygenated Hb with the superficial 

portion did not change from -1 0 to -30 mm Hg, but was subsequently decreased at -40 

and -50 mm Hg (p < 0.01) (Fig. 3.3). 

Total and deoxygenated Hb in both the selective deep calf and calf increased in 

response to graded negative pressure (p < 0.05) (Fig. 3.2 & 3.3). Forearm oxygenated Hb 

decreased from baseline throughout LBNP protocol (p < 0.05) and at -50 mm Hg the rate 

of decrease was augmented (p < 0.05) (Fig. 3.4). Total Hb in the forearm behaved in a 

similar manner as oxygenated Hb changes, although the statistical test was not performed 

due to violation of normality. In contrast, forearm deoxygenated Hb remained constant 

throughout the protocol. Two-way ANOVA revealed that the magnitude of reduction in 

oxygenated Hb in the selective deep calf was greater than that in the forearm (p< 0.05) 

(Fig. 3 S). The average rate of change in oxygenated Hb with LBNP (slope) of the 

forearm (-0.023 A02-Hbmm H~-')  and the selective deep calf (-0.038 A02-Hbmn Hg- 

') were statistically different (p < 0.05). 



Discussion 

We measured, for the first time during graded LBNP, changes in oxygenated and 

deoxygenated Hb in the superficial portions of the forearm and calf, and in a selective 

deep portion of the calf muscle simultaneously with three NIRS devices. Oxygenated Hb 

in both forearm and selective deep calf portion decreased in response to LBNP even at - 

10 mm Hg. The cardiovascular responses observed in this study were typical for a graded 

LBNP protocol (Brown et al., 2003) (Table 3.1). 

The plethysmography measurements showed that blood was pooled in the lower 

limbs during graded LBNP (Table 3.1). The pattern of alterations in both superficial and 

selective deep calf oxygenated Hb was opposite to this change in blood accumulation. 

These data suggest that oxygenated Hb changes may reflect blood flow changes resulting 

from vasoconstriction in the arterial compartments. 

It was our hypothesis that observations of selective calf muscle oxygenated Hb 

would allow us to monitor muscle vascular resistance responses in the extremities. This 

was based on the assumption that arterial blood has a high content of oxygenated Hb, and 

any changes in oxygenated Hb not involving a change in metabolic activity would 

directly affect measured tissue oxygenated Hb. However, not all of the oxygen in the 

blood is taken up in tissues and some oxygenated Hb may be present in venous 

compartments. With a constant oxygen consumption, as arterial blood flow to the lower 

limbs decreases due to vasoconstriction during LBNP, the venous content of oxygenated 

Hb may decrease due to the increased fraction of oxygen extracted per volume of blood. 

Thus, the observed changes in oxygenated Hb may be an overestimate of vasoconstrictor 

responses. 



Hansen et al. (1 996) proposed that when -20 mm Hg pressure was applied a 

reduction in oxygenated Hb and Mb reflected the observed increase in MSNA along with 

augmented forearm vascular resistance. Oxygenated Mb will affect NIRS measurement 

(Van Beekvelt et al. 200 1); however, this effect should be constant throughout LBNP. 

Previously, no leg muscle contraction was detected by electromyography (EMG) during 

graded LBNP (Hachiya et al. 2004). Since LBNP does not influence leg metabolic 

activity, deviations in oxygenated Hb from normal oxygen consumption correspond to 

vascular responses during LBNP. With that result abrupt NIRS changes due to muscle 

movements can be detected. 

Adipose tissue thickness affects NIRS measurements, yielding lower values 

(Homma et al. 1996). The average skinfold thickness estimated with a skinfold caliper 

was less than 10 mm at both forearm and calf NIRS measurements sites. Two-detector 

NIRS excludes theoretically a superficial layer of approximately 2.0 cm (Kashima 2003). 

Hence the NIRS measurements fi-om the two-detector device minimized the influences 

from the adipose tissue layer. 

Superficial versus selective deep calfNZRS oxygenated Hb responses 

Oxygenated Hb changes in the selective deep calf (Fig. 3.2) differed from those 

obtained from the calf including superficial portion (Fig 3.3); selective deep oxygenated 

Hb decreased immediately upon application of LBNP, whereas superficial oxygenated 

Hb did not decrease until after -30 mm Hg. However, the response in the selective deep 

calf (Fig. 3.2) was similar to the forearm (Fig. 3.4) response, indicating that both 

oxygenated Hb responses decreased from -1 0 rnm Hg LBNP. The oxygenated Hb 

changes in the selective deep portion might be assumed to reflect muscle vasoconstrictive 



responses in the calf during LBNP, and this mirrors previous reports of changes in 

MSNA (Rea and Wallin 1989; Victor and Leimbach1987); a direct measure of 

sympathetic neural outflow to vascular smooth muscle. 

The difference in oxygenated Hb responses between superficial and selective 

deep calf measurements may have been the result of a decrease in the direct physical 

effect of negative pressure on arterioles with tissue depth. Although calf and selective 

deep calf NIRS sensors were placed on the same portion of the calf, they were on 

opposite legs. However, MSNA in both legs has been found to be identical (Hansen et al. 

1994), and therefore the different vascular responses should not be considered to be the 

result of a difference between NIRS detection areas. 

Possible reasons for the varied oxygenated Hb responses between the two 

measured regions in the calf may be related to differences in skin versus skeletal muscle 

vasoconstriction with orthostatic stress. With mild orthostatic stress (up to -20 mm Hg) 

skin and subcutaneous circulation might not change or even increase while the circulation 

in muscle vascular beds are redued (Jacobsen et al. 1992). No effects of -1 5 mrn Hg 

LBNP on skin sympathetic nerve activity were reported (Vissing et al. 1989). These 

results indicate that the different measured NIRS oxygenated Hb responses between calf 

with superficial and selective deep portions during cardiopulmonary unloading may have 

resulted from varying degrees of inclusion of skin, subcutaneous and muscle blood 

oxygenated Hb changes. It seems that because skin blood flow does not change (Vissing 

et al. 1989) with only small reductions in subcutaneous vasculatures (Jacobsen et al. 

1992), during mild levels of orthostatic stress the vasoconstriction changes in muscle 

oxygenated Hb might be masked. 



In our previous study (Hachiya et al. 2004) where we measured Hb changes in 

the thigh, we obtained slightly different oxygenated Hb responses from the present data 

using the same protocol. Oxygenated Hb increased at -1 0 and -20 mm Hg from baseline 

and levelled off through the rest of LBNP protocol. Since superficial tissue compositions 

in the thigh are slightly different from those in the calf (Abe et al. 1 996), different 

oxygenated Hb responses between the thigh and calf in the superficial areas might be 

expected. 

Forearm oxygenated Hb responses 

Previous studies have provided strong evidence that vasoconstriction in the 

forearm, during -1 0 and -20 mm Hg LBNP, occurs due to cardiopulmonary baroreceptor 

unloading (Abboud et al. 1979). Additionally, augmented MSNA in the forearm (Abboud 

et al. 1979, Vissing et al. 1989) supports vasoconstriction as the cause of forearm muscle 

blood flow reduction during LBNP, has been demonstrated. In the present study 

oxygenated Hb decreased from baseline at -10 mm Hg (Fig. 3.4) and showed continuous 

decline throughout the LBNP protocol up to -50 mm Hg. A decrease in oxygenated Hb 

was related to vasoconstriction in muscle vascular beds during nonhypotensive LBNP. 

However, with the increase in deoxygenated Hb the additional possibility that increased 

oxygen extraction may have occurred cannot be ruled out. Greater oxygen extraction 

would result from a decrease blood flow and hence an increase in transit time through the 

tissue. In this case, a greater oxygenated Hb decline would be the result of excess oxygen 

extraction due to enhanced vasoconstriction. 

Comparison of vasoconstrictor responses between forearm and lower leg 



In the present study, the forearm and selective deep calf oxygenated Hb responses 

indicated blood flow reduction due to vasoconstriction rather than a rise in oxygen 

consumption as evidenced by no EMG detection during LBNP in our previous study 

(Hachiya et al. 2004). Furthermore, there was no change in deoxygenated Hb in the 

forearm. Since venous return was not impeded in the forearm, but was in the leg, it can be 

concluded that increases in deoxygenated Hb represents an increase in venous volume 

rather than increased oxygen extraction. 

The rate of vasoconstriction in the calf, estimated by oxygenated Hb decrease, 

was greater than that of the forearm during graded LBNP (Fig. 3.4). This finding is in 

agreement with the results fiom Vissing et al. (1 989) and fiom studies during HUT 

(Imadojemu et al. 2001). We postulate that a change in oxygenated Hb reflects a change 

in vasoconstrictor response. Greater observed calf vascular resistance may have resulted 

fiom differences in myogenic responsiveness (Imadojemu et al. 2001) and sensitivity of 

alpha-adrenergic receptors to norepinephrine (Jacob et al. 2000). 

We compared oxygenated Hb responses in forearm with those in selective deep 

calf. Since we found the subcutaneous fat layers in the forearm to be thinner than those in 

the calf, similar to Abe et al. (1 996), effects of adipose tissue on NIRS measurements of 

the forearm should be smaller. The measurement volume in selective deep calf may be 

smaller than that of forearm because the superficial portion was removed. However, it is 

unlikely that this difference caused the difference in oxygenated Hb reductions between 

both upper and lower limbs. Larger mass is expected to induce greater degree of Hb 

changes when relative alterations are identical between both limbs. Furthermore, the 



reduction pattern cannot be affected by the original mass of measurement sites. Thus, the 

magnitude of reduction or pattern can be compared between both extremities. 

Deoxygenated Hb and total Hb 

Selective deep calf deoxygenated and total Hb increased proportionally to the 

enhanced negative pressure. Ths paralleled the changes in calf blood pooling measured 

by plethysmography. However, forearm total Hb decreased, similar to oxygenated Hb, 

while deoxygenated Hb remained constant during LBNP. These data provide a strong 

indication that deoxygenated Hb aterations may reflect changes in venous volume within 

the measured tissues. While total Hb contains information on both arterial and venous 

compartments, deoxygenated Hb can only reside in the venous compartment. We expect 

venous blood to accumulate in the lower limbs, but not in the forearms, during LBNP. 

Summary 

Three NIRS devices were used simultaneously to examine the validity of 

application of NIRS in assessing vasoconstrictor responses during LBNP. The forearm 

and selective deep calf oxygenated Hb changes likely reflect vasoconstrictor responses in 

muscle vascular beds. Vasoconstriction in both the muscle vascular beds was gradually 

enhanced during graded LBNP and the vasoconstriction rate in the calf was greater than 

that of the forearm (Vissing et al. 1989). Calf oxygenated Hb with superficial portions did 

not decline during nonhypotensive LBNP and may be affected by skin and subcutaneous 

vascular responses. Calf oxygenated monitoring with superficial portion provides tools to 

estimate skin and subcutaneous vascular adjustments including partially muscle 

responses. Thus to investigate sympathetically mediated muscle blood flow changes 

using NIRS, we recommend two-detector NIRS selective deep calf measurements. 



A further correlation study between blood flow and oxygenated Hb responses is 

needed to establish the reliability of application of selective deep oxygenated Hb to 

evaluate vasoconstrictor responses during LBNP. Further research is needed to 

investigate the roles of age and gender on selective deep oxygenated Hb changes during 

orthostatic stress as well as its efficacy in evaluating peripheral vascular mechanisms 

related to orthostatic tolerance. 
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Table and Figures 

Table 3.1. Hemodynamic values at each level of applied lower body negative 
pressure. 

Hemodynamic values 

Applied lower body negative pressure (mm Hg) 

0 -10 -20 -30 -40 -5 0 

HR (bpm) 6 4 i 2  64*3 6 8 i 3  * 73*3*# 78*3 * #  87*4 * #  

SBP(mmHg) 121*2 117*2* 117*2 * #  116*2* 114*2 * 111h3 * #  

DBP (rnmHg) 61 * 1 58 * 1 57* 1 60* 1 6 0 i  1 64*3 

MAP(mmHg) 8 1 k 1  78*1 7 7 i  1 79 * 1 78 h 1 80*2 

PP (mm Hg) 60*2 5 9 k 2  60*2 56*2 54*2 46*2 * #  

Calf BV (%) ---- 0.4*0.1 * 1.2h0.1 * #  1.7&0.2*# 2.3*0.2 * #  2.9*0.2 * #  

* p < 0.05, different from baseline; # p < 0.05, different from previous measurements. 



Figure 3.1: An example of the original data from one subject. 
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Figure 3.2: Oxygenated, deoxygenated, and total Hb changes in the selective deep 
calf region assessed by NIRS during LBNP. Data were obtained from six 
subjects who completed up to -50 mmHg LBNP. The results expressed as 
mean and vertical bars indicate the SE. *, different from baseline (BL) @ 
< 0.01); #, different from previous measurement (p < 0.05). 
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Figure 3.3: Oxygenated, deoxygenated, and total Hb changes in the calf belly 
assessed by NIRS during LBNP. Completed data were obtained from 10 
subjects who fmished up to -50 mmHg LBNP. The results expressed as 
mean and vertical bars indicate the SE. *, different from baseline (BL) @ 
< 0.001); #, different from previous measurement @ < 0.01). 
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Figure 3.4: Oxygenated, deoxygenated, and total Hb changes in the forearm assessed 
by NIRS during LBNP. Completed data were obtained from 12 subjects 
who finished up to -50 mmHg LBNP. The results expressed as mean and 
vertical bars indicate the SE. *, different from baseline (BL) (p < 0.05); 
#, different from previous measurement (p < 0.05). 
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Figure 3.5: Oxygenated Hb responses in the forearm and selective deep calf region 
were plotted as a function of negative pressure. Forearm data were 
shown from six subjects on whom selective deep calf NIRS 
measurements were performed. 
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Abstract 

Near-infrared spectroscopy (NIRS) has been used for forearm blood flow estimation at 

rest and during exercise. We applied NIRS to selectively monitor deep calf oxygenated 

hemoglobin (Hb) responses in order to evaluate blood flow changes in the calf muscle 

during lower body negative pressure (LBNP). The purpose of this study was to test the 

hypothesis that the relative change from baseline of selective deep calf oxygenated Hb 

was related with blood flow changes assessed by mercury strain gauge plethysmography 

as well as changes in muscle sympathetic nerve activity (MSNA). Fifteen male subjects, 

who underwent a graded LBNP trial from baseline (0 mm Hg) to, -10, -20, and -30 mm 

Hg LBNP in 5-min steps, participated in this study. Oxygenated Hb responses were 

expressed as the relative change from baseline (arbitrary units) and decreased in 

proportion to enhanced negative pressure. Regression analysis showed that oxygenated 

Hb was significantly related with declines in plethysmography estimates of blood flow 

(oxygenated Hb = (-1.57 f 0.26) + (1.86 f 0.49) plethysmography, I.2 = 0.87 f 0.09). 

Changes in MSNA (bust strength) were also inversely related with oxygenated Hb 

(oxygenated Hb = (-0.027 f 0.060) + (-0.017 f 0.006) MSNA, I.2 = 0.62 f 0.01). These 

results suggest that selective deep calf oxygenated Hb, in arbitrary units, can be utilized 

to estimate calf muscle blood flow changes most likely due to vasoconstiction during 

graded LBNP. 

Keywords: LBNP, NIRS, oxygenated Hb, blood flow, plethysmography, MSNA 



Introduction 

Near-infrared spectroscopy (NIRS) can be used to monitor changes in the oxygenated 

state of hemoglobin (Hb) and myoglobin (Mb). The technique has been applied to 

estimate blood flow or oxygen uptake at rest and during exercise (De Blasi et al. 1994, 

Edwards et al. 1993, Harnaoka et al. 2003, Homma et al. 1996, Van Beekvelt et al. 2001). 

Changes in total or oxygenated Hb have been compared with venous occlusion mercury 

strain gauge plethysmography, to evaluate the reliability of NIRS for estimating blood 

flow (De Blasi et al. 1994, Edwards et al. 1993, Hamaoka et al. 2003, Homma et al. 1996, 

Van Beekvelt et al. 2001). During venous occlusion, oxygenated and deoxygenated Hb 

values gradually increase in proportion to blood accumulation in the occluded area. These 

were found to be highly correlated with blood flow changes assessed by strain gauge 

plethysmography (De Blasi et al. 1994, Edwards et al. 1 993, Homma et al. 1996). 

It has also been demonstrated that forearm blood flow decreases in parallel with 

increases in sympathetic nerve activity during lower body negative pressure (LBNP) 

(Joyner et al. 1990). Hansen et al. (1 996) showed a decrease in forearm oxygenated Hb 

with augmented muscle sympathetic nerve activity (MSNA) during -20 mm Hg LBNP. 

Since NIRS is very sensitive to oxygenated states of Hb (Hampson et al. 1998), it is 

possible that NIRS could estimate blood flow changes without venous occlusion. 

Vasoconstrictor responses are considered to be an indicator to distinguish 

between individuals of high or low orthostatic tolerance (El-Bedawi and Hainsworth, 

1994). The calf vasoconstrictor response is considered to be more important in the 

regulation of blood pressure than that of the forearm during orthostatic stresses due to a 



greater degree of vasoconstriction (Vissing et al. 1989) and due to a larger muscle mass. 

In a previous study we used three NIRS devices of two different types to compare the 

response patterns for ordinal (0 to 3 crn depth) and selective deep (2 to 3 cm depth) calf 

tissue with that of the forearm during graded LBNP (Hachiya et al. 2005). Those results 

indicated that selective deep calf oxygenated Hb, which may monitor oxygenation in 

muscle vascular beds, decreased from baseline at every level of LBNP, even at -10 rnm 

Hg (Hachiya et al. 2005). 

Values of oxygenated Hb are affected by oxygen consumption. However, it is 

assumed that during LBNP, changes in oxygenated Hb would directly reflect blood flow 

or volume alterations since oxygen consumption is constant due to a lack of muscle 

activation, using electromyography (EMG) (Hachiya et al. 2004); however, it is not 

known if LBNP itself may modulate the oxygenated states of Hb. 

The purpose of this study was to test the hypothesis that, during LBNP, selective 

deep calf oxygenated Hb reductions from baseline were similar to blood flow declines 

assessed by mercury strain gauge plethysmography. If deep oxygenated Hb represents 

muscle blood flow then it is also expected that MSNA would inversely relate with 

oxygenated Hb changes. In addition, to further examine if leg oxygen consumption is 

constant during LBNP we compared the oxygenated Hb reduction during arterial 

occlusion between rest and LBNP. 

Methods 

Subjects 

Twelve male and three female subjects volunteered for this study. The room was 

kept quiet and its temperature was maintained between 22•‹C - 24•‹C during the 



experiment. The study was approved by the Human Subjects Ethics Committee for the 

Toyota Technological Institute and the Office of Research Ethics at Simon Fraser 

University. 

Protocol 

Due to the difficulty of simultaneously collecting, MSNA, NIRS, and 

performing venous occlusion plethysmography, this study was divided into two 

experiments. In both experiments, the subject's lower body was placed in a lower body 

negative pressure box at which point they were instrumented for electrocardiogram, 

blood pressure, and NIRS. Subjects were then instrumented for plethysmography 

(Experiment 1) or for MSNA (Experiment 2). Each subject was in the supine position for 

at least 45 minutes prior to the start of the experiment. 

Experiment 1 : Nine male individuals (22.3 * 0.7 yr in age, 17 1.4 * 1.4 cm in 

height, and 62.8 h 3 kg in weight (mean h SE)) volunteered for the additional 

measurement of arterial and venous occlusion plethysmography. The experiment 

consisted of 7 minutes of arterial occlusion at rest, followed by a ten minute recovery 

period and a 20-minute continuous stepped decompression fi-om rest (0 mm Hg LBNP) to 

-1 0, -20, and -30 mm Hg in 5-min intervals. Venous occlusion plethysmograpy was 

performed at rest and at -10, -20, and -30 mm Hg LBNP, followed by 7 minutes of 

arterial occlusion at -40 mm Hg LBNP. 

Experiment 2: Three male and three female (24.7 * 0.8 yr in age, 161.9 h 4.6 

cm in height, and 57.5 * 6 kg in weight (mean k SE)) subjects volunteered for the 



additional measurement of MSNA. This experiment utlized stepped LBNP 

decompression from rest (0 mm Hg LBNP) to -10, -20, -30, - 40, and -50 mm Hg at 5 

min intervals. 

All data were monitored simultaneously and stored on a personal computer with 

an analog-to-digital conversion (Acqknowledge, Biopac systems, Goleta CA, USA) for 

later analysis. 

Lower body negative pressure (LBNP) 

The lower body of the subjects was enclosed in a negative pressure chamber with 

an airtight seal at the level of the iliac crest. The pressure inside the chamber was 

controlled manually via a vacuum pump with a voltage controller and was monitored 

using a pressure transducer located inside of the chamber. 

Cardiovascular parameters 

Heart rate (HR) was continuously monitored in both experiments by an 

electrocardiogram. Blood pressure in the right arm was recorded every minute by 

automated electrosphygmomanometry (Nippon Colin BP 203, Tokyo Japan). Mean 

arterial pressure (MAP) was calculated as one-third of pulse pressure plus diastolic blood 

pressure (DBP). Pulse pressure was calculated by systolic blood pressure (SBP) minus 

DBP. Beat-by-beat blood pressure was monitored by finger photoplethysmography 

(Finapres; Ohrneda, Englewood, CO, USA). Data during the last 3-min at the rest and 

each pressure level were used for analysis. 



Near-in frared spectroscopy (NIRS) 

In both experiments, near-infrared spectroscopy (Omegawave, BOM-L1 W, 

Tokyo Japan) was used to monitor changes in oxygenated states of Hb. The device is 

based on the ability of the relative tissue transparency for the near infrared light (700-900 

nm). The NIRS probes consisted of the light source and two detectors. This model 

generates two wavelengths at 780 and 8 10 nm, which penetrate into tissues such as skin, 

muscle and bone. Inside tissues, these wavelengths are absorbed and scattered. Light 

reflected in the tissues is detected by sensors placed on the surface. In this study the 

emitter and detectors were placed on the surface of the medial soleus. Probes were placed 

longitudinally with the two photodetectors located 2.0 and 3.0 cm from the emitter, whch 

was positioned just below the maximal grth of the soleus muscle. The utilization of two 

detectors enabled us to monitor changes in oxygenated states of Hb in the selective deep 

portions to a theoretical maximum of 3.0 cm. By subtraction of the superficial region 

measured by one detector (2.0 cm away from the emitter) from the total portion of Hb 

changes recorded by the second detector (3.0 cm away from the emitter) leaving 1 .O cm 

selective portion 2.0 - 3.0 crn depth (Kashima 2003). It was assumed that the majority of 

the oxygenated Hb response in the cutaneous and adipose portion of the sampling area 

was removed. In this fashion, mainly changes in muscle Hb were monitored. Muscle 

tissues also contain myoglobin (Mb), which has equivalent absorption spectra as Hb. The 

two forms of Mb, oxygenated and deoxygenated, are impossible to distinguish from 

oxygenated and deoxygenated Hb. However, oxygenated states of Mb may not be 

affected during LBNP because additional muscle movements were not identified 

(Hachiya et al. 2004). 



Oxygenated Hb values were calculated as relative changes from the baseline 

values which were set as zero. Oxygenated Hb was expressed in either arbitrary units 

(oxygenated - baseline Hb) or fraction of the physiological range (oxygenated - baseline 

Hb / physiological range) at each LBNP level. The maximal physiological range of 

oxygenated Hb was determined from the values obtained during a 7 minute arterial 

occlusion at rest. A pneumatic cuff was placed on the middle of the left thigh and inflated 

to 210 mm Hg (more than 50 mm Hg greater than systolic pressure). The physiological 

range was assumed to be from the maximum oxygenated Hb at the beginning of 

occlusion to the minimum value or plateau region at the end of occlusion (Fig. 4.1 A). 

Venous occlusion strain gauge plethysmography 

In the first experiment, calf blood flow was measured by the mercury strain 

gauge plethysmography (EC6, Hokanson, Bellevue, WA, USA) with venous occlusion 

(Witney 1953). The strain gauge was placed at the point of the left calf with the greatest 

girth. The strain gauge voltage output was proportional to circumference. A pneumatic 

cuff was applied around the middle of the thigh and was inflated to 50 mm Hg. Cuff 

inflation lasted 30 seconds and the voltage slope after a couple of beats was considered to 

represent blood flow changes. Three blood flow measurements were implemented at each 

level of LBNP and rest and the average value at each level was calculated. The period 

between measurements at each level was fixed at 30 seconds. The flow change obtained 

from the slope at each pressure level from baseline was expressed as the percentage value 

(Figure 4.1 B). 

Comparison of oxygenated Hb with strain gauge plethysmography 



In the first experiment, oxygenated Hb measurements of 30-second duration 

were performed just prior to venous occlusion at rest (baseline) and three levels of LBNP 

(-10, -20, -30 mm Hg). For each subject the relative changes &om baseline in 

oxygenated Hb (arbitrary units or fraction of physiological range), were compared with 

the percentage change from rest of blood flow assessed by strain gauge plethysmography. 

As well, the relative change in oxygenated Hb in arbitrary units was compared to the 

relative change in oxygenated Hb expressed as a fraction of the physiological range. 

Individual subject least squares linear regression analyses were conducted for each 

comparison. The coefficients from the analyses were then recorded for statistical 

analysis. 

Estimation of oxygen consumption at rest and during LBNP 

In the first experiment, during steady-state conditions when oxygen utilization is 

assumed to be constant, changes in the NIRS signal should primarily reflect changes in 

oxygen delivery or blood flow in the microcirculation of a sampled region. To determine 

if oxygen consumption remained unchanged during LBNP, oxygenated Hb reductions at 

rest and -40 mm Hg LBNP were compared during a 7-minute arterial occlusion at rest 

and at -40 mm Hg LBNP. The reduction rate of oxygenated Hb, expressed as the slope of 

the curve from the second to the fifth minute of occlusion, was considered to represent 

oxygen consumption (Fig. 4.1 B). 

Muscle sympathetic nerve activity (MSNA) 

In the second experiment, muscle sympathetic nerve signals were obtained by 

microneurography. Unipolar tungsten microelectrodes (shaft diameter 0.1 mm and 



impedance 1-5 M 61 ) were manually inserted percutaneously into sympathetic fascicles 

in the tibia1 nerves. One electrode was used for direct intraneural recordings and second 

surface electrode was placed as a reference 3.0 cm away fiom the recording electrode. 

The electrodes were connected to a high impedance amplifier and the sympathetic signal 

was transmitted to a band pass filter (band-width of 700-2000 Hz) routed through a 

storage oscilloscope and was amplified 100,000 times. The neurogram was full-wave 

rectified and integrated with a time constant of 0.1 s. The mean neurogram was digitized 

and stored on a personal computer for later analysis (Saito et al. 1997). Four criteria were 

used to determine MSNA validity: 1) spontaneous burst discharges synchronizing with 

heart beats rhythm, 2) no rubbing responses to the muscles or tendons, 3) enhanced with 

breathe holding or Valsalva maneuver, and 4) no provoking arousal reaction (Vallbo et al. 

1979). MSNA bursts were counted with inspection by an experimenter fiom the mean 

voltage neurogram. Burst strengths were evaluated fiom the mean area of each MSNA 

burst with arbitrary units. MSNA and selective deep calf oxygenated Hb was recorded in 

six subjects fiom the left calf at the same time during graded LBNP. 

Comparison of oxygenated Hb with MSNA 

For each subject, the relative change in oxygenated Hb in arbitrary units was 

compared to MSNA during all levels of LBNP in the second experiment. Individual 

subject least squares linear regression analyses were conducted for each comparison. The 

coefficients fiom the analyses were then recorded for statistical analysis. 



Statistics 

Statistical analysis was carried out with the GraphPad InStat statistical package 

(GraphPad Software, Inc, San Diego, CA, USA). The coefficients from the least squares 

linear regressions of oxygenated Hb and strain gauge plethysmography or MSNA from 

all subjects were statistically analysed to determine if they were significantly different 

from zero. One-way repeated measures analysis of variance (ANOVA) with Student- 

Newman-Keuls post hoc analysis was used to determine the significance of LBNP effects 

on blood flow and oxygenated Hb changes. Student t-test was carried out to compare the 

arterial occlusion slopes of oxygenated Hb at rest and -40 mm Hg LBNP. Results are 

presented as mean * SE. The level of statistical significance was set at p < 0.05. 

Results 

Experiment 1 

Cardiovascular responses: Blood pressures remained constant throughout the 

protocol (Table 4.1). However, HR significantly increased at -20 and -30 mm Hg LBNP 

from baseline and the previous pressure level (Table 4.1). An example of the 

measurements from one subject is shown in Figure 4.2. 

Blood flow estimation: Blood flow was estimated as the slope of blood volume 

increments measured by mercury strange gauge plethysmography. Oxygenated Hb values 

just prior to venous occlusion were used to compare blood flow evaluated by 

plethysmography. Calf oxygenated Hb reductions in arbitrary units (Fig 4.3A), and as a 

fraction of physiological range (Fig 4.3B), were significantly related with the blood flow 

decline during graded LBNP. The mean regression equations for both comparisons are 

shown in Fig. 4.3. The reduction pattern in these variables is depicted in Fig 4.4. These 



variables significantly decreased from baseline at all pressure steps. The reductions in 

blood flow estimation with the plethysmography were proportional to the negative 

pressure throughout the protocol but oxygenated Hb parameters decreased only at -1 0 

and -20 mm Hg LBNP (Fig 4.4). Figure 4.5 shows a relationship of the two forms of 

oxygenated Hb responses during LBNP. 

Oxygenated Hb reduction rates during arterial occlusion: The slopes of 

oxygenated Hb reduction rate (arbitrary units) during arterial occlusion were -0.01 1 1 h 

0.001 5 at rest and -0.01 04 h 0.004 during -40 mm Hg LBNP, respectively and no 

difference was obtained between the slopes (p=O. 16). 

Experiment 2 

MSNA and oxygenated Hb: An additional three male and three female subjects 

had MSNA in addition to NIRS and cardiovascular measurements. The individual 

regression analyses for MSNA burst frequency and burst strength with oxygenated Hb 

were: oxygenated Hb = (-0.018 * 0.091) + (-0.007 h 0,006) (p < 0.438) MSNA; and, 

oxygenated Hb = (-0.027 * 0.060) + (-0.017 h 0.006) (p < 0.03 1) MSNA, respectively 

(Fig 4.6). The slope in MSNA burst strength was not different from zero. A statistically 

significant inverse relationship between oxygenated Hb and MSNA (burst strength) but 

not MSNA (burst frequency) was observed. 

Discussion 

This study compared the relative measurements of oxygenated Hb changes by NIRS with 

blood flow estimated by venous occlusion mercury strain gauge plethysmography and 



with MSNA. A comparison of oxygen consumption between rest and -40 mm Hg LBNP 

was also made. There were three major findings: 1) the relative selective deep calf 

oxygenated Hb changes, in arbitrary units, was significantly related with blood flow 

estimation by veous occlusion plethysmography in the calf, 2) selective deep calf 

oxygenated Hb was inversely correlated with MSNA (burst strength) fiom the tibia1 

nerve, and 3) oxygen consumption during -40 mm Hg LBNP was not different fiom rest. 

NZRS blood flow estimation 

The two forms of selective deep calf oxygenated Hb measurements (arbitrary 

units and percentage of physiological range) were significantly related with blood flow 

estimated with plethysmograpy (Fig 4.3). Furthermore, the reduction pattern in calf 

oxygenated Hb was similar to blood flow changes (Fig 4.4). The magnitude of the 

reduction in both calf oxygenated Hb and blood flow changes in this study was similar to 

that observed in the forearm by Fade1 et al. (2004) who found that forearm blood flow 

assessed by Doppler ultrasound velocimetry decreased up to more than 45 % while 

oxygenation declined to approximately 30 % over the maximal physiological range of 

forearm oxygenation of NIRS. The fact that the degree of decreased oxygenation or 

oxygenated Hb did not correspond to the degree of blood flow reduction in either study 

may indicate that blood flow ceased well above the maximal oxygen extraction fiom Hb. 

Thus, the latter stages of the arterial occlusion protocol may represent a region where, 

under severe physiological vasoconstriction, ischemia may occur. The NIRS monitors a 

limited area of the calf and therefore the magnitude of the changes measured may be 

different from that of Doppler and plethysmography (De Blasi et al. 1994, Edwards et al. 

1993, Van Beekvelt et al. 2001). 



The correlation coefficient between oxygenation and blood flow changes in the 

calf (Fig 4.3) was lower than previously reported in the forearm (Fade1 et al. 2004). 

However, there could be several possible reasons for this discrepancy. First, arterial flow 

estimates by plethysmography with venous occlusion and by Doppler are not equal (Hiatt 

1989, Levy et al. 1979). Plethysmography measures all components of calf blood flow 

changes including skin, adipose, and muscle tissue, The Doppler velocimetry evaluates 

blood velocity from specific arterial blood vessels entering a region but which may not 

feed all of the tissues measured by plethysmography. Hiatt et al. (1 989) observed that 

diameters of the superficial femoral artery decreased during cuff subdiastolic pressure 

occlusion. Doppler studies have identified blood flow reductions during venous occlusion 

(Levy et al. 1979, Tschakovsky et al. 1999, which indicate that blood flow may be 

underestimated during venous occlusion. 

Previously, we have examined if the relative change in oxygenated Hb measured 

in selective deep portion of the calf (arbitrary units) corresponded with augmented 

negative pressure during graded LBNP (Hachiya et al. 2005). Two types of NIRS devices 

were used to compare calf oxygenated Hb responses including a superficial portion 

assessed by a single detector and a selective deep portion assessed with two detectors. 

The selective deep oxygenated Hb, which was considered to monitor mostly Hb changes 

in the muscle due to subtraction of that of the superficial portion, decreased at each level 

of negative pressure. However, calf oxygenated Hb did not decline until -30 mm Hg and 

further decreased up to -60 mm Hg LBNP. These data suggested that the calf responses 

with superficial portions may reflect cutaneous and subcutaneous circulation as well as 

muscle vasculature. Selective deep calf oxygenated Hb responses may be more 



consistently associated with blood flow responses in muscle vasculatures than calf 

oxygenated Hb changes with one detector-model. This difference between the two 

oxygenated Hb measurements substantiates that the muscle vascular response is different 

from that of skin and adipose tissue during LBNP (Vissing et al. 1994). 

Oxygenated Hb values at a point where blood flow is completely stopped with 

arterial occlusion and the reduction rate reaches nadir might be similar values among 

individuals. We were interested in relative oxygenated Hb changes with arbitrary units 

from baseline. If the maximal physiological range of oxygenated Hb is almost the same 

among subjects, relative oxygenated Hb response with arbitrary units also represents 

blood flow changes. It is likely that oxygenated Hb index expressed as the percentage 

changes out of the maximal physiological range is more applicable indicator than the 

relative change with arbitrary units (Fig 4.3). However, oxygenated Hb, in arbitrary units, 

was significantly correlated with blood flow estimation by plethysmography (Fig 4.3A), 

with similar slopes over the majority of the subjects (Fig 4.5). It may therefore be 

assumed that percentage reductions in oxygenated Hb for each subject can be estimated 

by a general equation or by an individuals' equations. Thus, the measurements of relative 

oxygenated Hb reflect blood flow or vasoconstriction and should be considered as a 

useful alternative to the measurements by venous occlusion plethysmography. 

MSNA and oxygenated Hb 

We demonstrated that changes in selective deep calf oxygenated Hb were 

significant and inversely related with tibia1 nerve MSNA expressed by burst strength (Fig 

4.6). It has been documented that forearm MSNA increases proportional to augmented 



lower body negative pressure (Victor and Leimbach 1987) while forearm blood flow 

declines (Joyner et al. 1990) during LBNP. Alterations of forearm oxygenation of Hb 

have been associated with blood flow changes during LBNP (Fade1 et al. 2004). Hansen 

et al. (1 996) recorded a decreased forearm oxygenation simultaneous to augmented 

MSNA from peroneal nerve during -20 rnm Hg LBNP. To the best of our knowledge, 

this is the first time that the changes in tibia1 MSNA and deep calf oxygenated Hb 

responses in the leg have been compared during LBNP. Although a direct comparison 

between the current study and previous forearm blood flow studies with MSNA during 

LBNP cannot be made, the high relation of selective deep calf oxygenated Hb and 

MSNA in this study suggests that the responses in the leg are similar to the forearm. 

Vascular response in the lower extremities is considered to be more important 

than that of the forearm because of larger muscle size of lower limbs and their greater 

involvement with orthostatic stress and possible venous pooling. To compensate for 

reduced venous return due to blood pooling in the lower body, vasoconstriction plays a 

key role in tolerating orthostatic stress by restricting blood flow to the lower body to 

maintain a constant MBP (Rowel1 1993). Oxygenated Hb responses of the calf with 

superficial portion were not identical to those of selective deep calf oxygenated Hb 

during mild LBNP (Hachiya et al. 2004, Hachiya et al. 2005) supposedly due to an effect 

of thicker adipose tissue layer. Calf adipose thickness affected blood flow, although 

forearm blood flow changes were not correlated with adipose tissue layer, (Van Beekvelt 

et al. 2001). Doppler studies demonstrated that forearm skin and subcutaneous blood flow 

did not increase as seen in that of muscle vasculature (Vissing et al. 1994). The result in 

the present study indicates that sympathetically-mediated blood flow changes induced by 



orthostatic stress can be examined by monitoring selective deep calf oxygenated Hb 

changes. 

Oxygen consumption during LBNP 

For proper estimation of blood flow change or sympathetic modulation for 

vasomotor tone during LBNP using NLRS, it is critical to know if the application of 

negative pressure itself increased oxygen consumption within the muscle tissue being 

observed. In a previous study (Hachiya et al. 2004), EMG monitored during graded 

LBNP did not change. Although no additional muscle activity was observed, it was not 

yet clear if negative pressure had induced additional energy expenditures. It is logical to 

assume that during arterial occlusion the slope of the oxygenated Hb reduction should 

correspond with oxygen consumption. A comparison of the slope of oxygenated Hb 

reduction during arterial occlusion at rest and during LBNP might resolve this question of 

changes in energy expenditure due to the added stress of negative pressure. Our results 

clearly show that the slope of oxygenated Hb reduction was not different fiom that of 

baseline (p=O. 16). Subsequently oxygen consumption during LBNP may not be different 

fiom that at rest. Thus, oxygenated Hb responses reflect blood flow alterations rather than 

changes in energy consumption directly related to LBNP. These data may also indicate 

that Mb oxygenation may not be affected by negative pressure and that oxygenation 

representing both Hb and Mb changes measured by NIRS reflects primarily the blood 

flow response in our experimental conditions. 

Summary 



During LBNP relative oxygenated Hb in the selective deep calf measured in 

arbitrary units and as a percentage of the maximum physiological range was compared 

with blood flow evaluated by venous occlusion plethysmography. Both were highly 

correlated with blood flow (r2 = 0.87). Selective deep calf oxygenated Hb was highly 

correlated with blood flow changes and inversely correlated with MSNA burst strength 

during LBNP and may, therefore, reflect muscle blood flow changes. 

As a secondary objective of this study, we attempted to investigate if application 

of negative pressure induced additional energy expenditure by comparing reduction rates 

of oxygenated Hb during arterial occlusion both at rest and 4 0  mm Hg LBNP. The slope 

of oxygenate Hb during occlusion was not significantly different between rest and 4 0  

mm Hg LBNP; indicating that negative pressure applied to the lower body did not 

increase oxygen consumption during LBNP protocol. These results support the 

hypothesis that selective deep calf oxygenated Hb changes reflect blood flow alterations 

during LBNP. These changes were likely induced by sympathetically mediated 

vasoconstriction since oxygenated Hb was not confounded by fluctuations in oxygen 

consumption. Therefore, oxygenated Hb, in arbitrary units may be considered a usehl 

technique to evaluate relative calf blood flow changes during LBNP. 
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Table 

Table 4.1. Hernodynamic values at each level of LBNP 

Baseline -10mmHg -20mmHg -30mmHg 
HR (beatsamin-') 6 1 * 1.9 61.9 * 1.9 66.5 * 2.7 * # 69 * 2.7 * # 
SBP (mm Hg) 118.6 * 2.1 118.1 * 2.1 116.7 * 2.1 117 * 2.8 
DBP (mm Hg) 60.1 * 3.3 57.7 * 2.9 60.9 * 2.6 60.3 * 2.6 
MBP (mm Hg) 79.6 * 2.2 77.8 * 2.2 79.5 * 2 79.2 * 2.3 
Values are mean * SE. * p < 0.05, different from baseline; # p < 0.05, different from the 
previous measurements. 
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Figure 4.1: A. An example of the determination of oxygen consumption and the 
physiological range of oxygenated Hb. B. Example of plethysmographic 
determination of blood flow. 
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Fraction of resting blood flow 

Fraction of resting blood flow 

Figure 4.3: Individual linear regressions (one symbol with line per subject) between 
selective deep oxygenated Hb changes with arbitrary units (A) and with 
percentage (B) with blood flow changes assessed as slopes by mercury 
strain gauge plethysmography with venous occlusion at -10, -20, and -30 
mm Hg LBNP. The large grey line represents the average linear 
regression equation (top of each figure) calculated from the statistical 
average (rt SE) of the subjects' intercept, slope, and regression r2. The 
"p" values indicate a test of significance of the above mean value from 
zero. 



Oxygenated Hb (Fraction) - 
L__J Blood Flow (Fraction) # 

Oxygenated Hb (Arbitrary Units) 

I I I I 

BL -1 0 -20 -30 

LBNP (mm Hg) 

Figure 4.4: Relative reductions in selective deep calf oxygenated Hb with arbitrary 
units, with percentage, and blood flow as slopes by mercury strain gauge 
plethysmography with venous occlusion at -10, -20, and -30 mm Hg 
LBNP. *, Different from baseline (BL) (p < 0.05); #, different from 
previous measurement (p < 0.05). 



Oxy-Hb (fraction change) 

Figure 4.5: Relation of selective deep oxygenated Hb in arbitrary units with 
oxygenated Hb as a fraction of physiological range during graded LBNP. 
Individual linear regressions (thin lines) are shown with each symbol 
representing a single subject. The large grey line represents the average 
linear regression equation (top of each figure) calculated from the 
statistical average. 



Oxy-Hb = (-0.027*0.060) + (-0.017M.006)-MSNA,,; 12 = 0.62k0.01 
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Figure 4.6: Relation of selective deep oxygenated Hb in arbitrary units with burst 
strength of MSNA. Individual linear regressions (thin lines) are shown 
with each symbol representing a single subject. The large grey line 
represents the average linear regression equation (top of each figure) 
calculated from the statistical average (* SE) of the subjects' intercept, 
slope, and regression r2. The "p" values indicate a test of significance of 
the above mean value from zero. 
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Abstract 

Vasoconstriction is one of the distinguishable factors between subjects with high and low 

tolerance to orthostatic stress. We hypothesized that oxygenated haemoglobin (Hb) as an 

index of vasoconstriction in the calf muscles would serve to differentiate two groups 

during graded lower body negative pressure (LBNP). Nineteen subjects underwent 35- 

min continuous stepped decompression at -10, -20, -30, -40, -50, -60 rnm Hg LBNP 

each for 5 min or until exhibiting signs of presyncope. Nine subjects were categorized as 

low tolerance and ten as high tolerance. Near-infrared spectroscopy (NIRS) 

measurements were performed on the forearm and calf muscles with cardiovascular 

measurements. A superficial portion of calf NIRS recordings was removed leaving 

mostly a muscle vascular compartment for NIRS measurements. Blood pooling in lower 

limbs was estimated by mercury strain gauge plethysmography with venous occlusion. 

Selective deep calf oxygenated Hb and heart rate (HR) responses for each subject were 

evaluated in relation to calf blood volume, estimated by plethysmography. The slopes of 

this relationship in the High and Low groups were not different, indicating that there was 

no group difference in calf oxygenated Hb at a given plethysmography value. However, 

differences in the x-axis intercepts of the High and Low groups different (p = 0.028) 

indicated that vasoconstriction in the High group delayed. Greater HR increments in the 

Low group were also observed as a function of lower limb blood pooling. The delayed 

calf oxygenated Hb reductions and slower HR increments in the High group compared to 

the Low group led us to conclude that cardiovascular responses to LBNP in the High 

group may shiR toward severe negative pressure levels. 

Key words: LBNP, NIRS, vasoconstriction, blood pooling 



Introduction 

A patient with postural orthostatic tachycardia syndrome or with heart failure has 

difficulty transitioning from the supine to upright position. Even some healthy people 

exhibit presyncopal symptoms such as nausea and dizziness during progressive standing. 

Exposure to weightlessness during spaceflight (Buckey 1996) or prolonged head down 

bed rest (Levine 1997, Shoemaker 1999) can attenuate orthostatic tolerant capacity. . 

Brown and Hainsworth (2000) found that increases in forearm vascular 

resistance were greater in normal subjects than in orthostatic intolerant subjects during 

combined head-up tilt (HUT) and lower body negative pressure (LBNP). Total peripheral 

resistance calculated with cardiac output and mean arterial pressure was greater in 

subjects with high orthostatic tolerance compared to those with low tolerance (El-Bedawi 

and Hainsworth 1994). Vasoactive hormones such as norepinephrine (NE) (Fritsch-Yelle 

et al. 1996), angiotensin and vasopressin (Convertino and Sather 2000) have been 

identified as potential factors involved in determining orthostatic tolerance. Greenleaf et 

al. (2000) demonstrated that plasma concentrations of renin and angiotensin I1 were 

larger in high orthostatic tolerance subjects compared to low tolerance ones. 

Orthostatic intolerance was considered to be associated with weak 

vasoconstriction of vascular smooth muscles in the forearm or whole body. However, it 

has been documented that the vasoconstrictor rate in the calf was greater than that in the 

forearm (Vissing et al. 1989) mainly due to myogenic responses (Imadojemu et al. 2001) 

and different alpha-adrenergic receptor sensitivities (Jacob et a1.1999). Vascular beds in 

the lower limbs are considered to play a critical role in regulating blood pressure during 



orthostatic stress due to their larger muscle mass and to their constant exposure to 

orthostatic blood accumulation. 

Previously we established a strong relation between oxygenated hemoglobin 

(Hb) changes assessed by near-infrared spectroscopy (NIRS) and calf blood flow 

alterations estimated by mercury strain gauge plethysmography during graded LBNP 

(Hachiya et al. 2005b). The degree of oxygenated Hb in muscle, determined by removing 

the superficial portion (theoretically 2.0 crn depth fiom the surface) using a two-detector 

NIRS model, can be used to estimate the arterial vascular response of muscle tissue. 

Muscle oxygenated Hb decreases in proportion to LBNP (Hachiya et al. 2005b). This 

indicates that arterial blood flow is reduced during LBNP. It has also been shown that the 

augmented pattern in muscle sympathetic nerve activity (MSNA) was inversely related to 

increasing negative pressure (Victor and Leimbach 1987). Thus oxygenated Hb in the 

selective deep portion could be considered an indicator of sympathetically mediated 

muscle blood flow changes during graded LBNP. Since high orthostatic tolerant subjects 

exhibit a greater vasoconstrictor response (Greenleaf et al. 2000), a larger oxygenated Hb 

reduction in high tolerant versus low tolerant subjects could be expected during graded 

LBNP. The purpose of this study was to test the hypothesis that since vasoconstriction is 

one of the distinguishable factors between high and low subjects' response to orthostatic 

stress, oxygenated Hb in selective deep portion of the calf muscles would serve to 

differentiate the two groups. 

Methods 

Subjects 



Nineteen healthy male subjects volunteered for this investigation. The room was 

kept quiet and its temperature was maintained between 22•‹C - 24•‹C during the 

experiment. Informed written consent was obtained fkom the subjects prior to each 

experiment. The experimental protocols were approved by the Human Subjects Ethics 

Committee for the Toyota Technological Institute and by the office of Research and 

Ethics for Simon Fraser University. Subjects' data were divided into two groups based on 

subject tolerance to LBNP. Subject tolerance was determined on the basis of their ability 

to complete an LBNP test up to -60 mm Hg. Previous research has shown a 35 - 50% 

rate of presyncope between -50 and -60 mm Hg, Halliwill et al. (1 998) conducted a 

study evaluating venous pooling during graded LBNP to -60 mm Hg pressure. In their 

study, six subjects out of 16 were unable to complete the LBNP protocol. During graded 

LBNP, half of the subjects exhibited a presyncopal symptom at a transition fkom -50 to - 

60 mm Hg. Fifty mm Hg LBNP is considered to be similar in stress levels to standing in 

ordinary life (Hoffler et al. 1990). All who failed to complete the test, due to presyncopal 

symptoms, were considered to have low orthostatic tolerance and those who completed - 

60 mm Hg were considered to have high tolerance. 

Blood volume @lethysmography) 

To evaluate lower limb blood volume (BV) changes, the calf belly volume was 

monitored by mercury strain gauge plethysmography (EC6, Hokanson Bellevue WA 

USA) (Witney 1953). The strain gauge was placed at the point of the greatest girth. The 

change in calf circumference was expressed as a change in voltage values, which 

reflected BV alterations. The BV change was expressed as percent change (mL per 100 

mL of calf volume). 



Near- infrared spectroscopy (NZRS) 

NIRS devices were used to monitor oxygenated and deoxygenated Hb changes, 

yielding total Hb by summing the two Hb values. The basic principle of NIRS is 

explained elsewhere (Mancini et al. 1994). Briefly, the near-infrared light (700 - 900 nm) 

penetrates skin, subcutaneous, and muscle tissues, and is scattered. The scattered light is 

detected on the surface. Our two systems (Ornegawave, BOM-Ll and BOM-Ll W, 

Tokyo, Japan) used two laser wavelengths, 780 and 8 10 nm. Hemoglobin and myoglobin 

(Mb) molecules absorb the light at the specified wavelengths. However, it can be 

assumed that oxygenated states of Mb would not be affected by LBNP in the current 

study, because muscle movement does not occur (Hachiya et al. 2004). 

A set of probes (one emitter and one detector, BOM-Ll), placed 3.0 cm apart, 

along the flexor carpi radialis muscle of the left forearm. The probes measured changes in 

Hb oxygenated state. To evaluate changes in Hb oxygenated states in a selective deep 

portion of the calf muscle vasculature, another NIRS model (BOM-L1 W) with two 

photodetectors and one emitter was used. The set of probes was positioned on the skin 

surface of the medial soleus area just below the maximum circumference of the left calf. 

Soleus muscle is a slow twitch muscle, which has a large number of capillaries and is 

involved in postural control. The photodetectors were placed parallel to the calf 2.0 and 

3.0 cm, from the emitter. The selective deep NlRS evaluations were provided by 

subtracting the superficial portion, obtained by the detector 2.0 cm from the emitter, from 

the total portion assessed by the detector at 3.0 cm (Kashima 2003). The remaining signal 

from approximately 2.0 - 3.0 cm in depth enabled us to monitor Hb changes primarily 

from the muscle tissue vasculature. 



Heart rate (HR) and bloodpressure (BP) 

Heart rate was recorded continuously by chest electrocardiography. Blood 

pressure (BP) was measured in the right arm every minute by a non-invasive automated 

electrosphygmomanometry (Nippon Colin BP 203, Tokyo Japan). Finger 

photoplethysmography (Finapres; Ohmeda, Englewood, CO, USA) was used to monitor 

instantaneous BP so that a sudden reduction in BP indicating presyncope symptom could 

be detected. 

Lower body negative pressure (ZBNP) 

Subjects were placed in the supine position with their lower body enclosed in a 

wooden negative pressure chamber at the level of the iliac crest. The box was airtight and 

a window allows the experimenter to monitor mercury strain gauge and NIRS probes. 

Subjects underwent 35 minutes of continuous stepped decompression from baseline (0 

mm Hg) to -10, -20, -30,150, -50, and -60 mm Hg LBNP each for 5 minutes or until 

exhibiting signs of presyncope followed by a 5-min recovery at 0 mrn Hg. The subjects 

were rested in the supine position for approximately 15 minutes prior to the protocol. 

Plethysmography, NIRS, BP and HR data were averaged from the last 3 minutes 

of each 5-min pressure stage. The NIRS and plethysmography data were displayed as 

relative changes from the baseline set as zero. All data were monitored simultaneously 

and stored on the personal computer for later analysis. Analogue-to-digital conversion 

software (Acqknowledge, Biopac systems, Goleta CA, USA) was used to acquire the 

data. 



Statistical analysis 

One-way repeated measures analysis of variance (ANOVA) for each Hb value in 

the forearm and calf, and for cardiovascular parameters (HR and BP) including blood 

pooling in response to negative pressure for each group were performed independently. 

When the effects were significant, Student-Newman-Keuls post-hoc analysis was 

applied. The GraphPad InStat statistical package (GraphPad S o h a r e  Inc, San Diego, 

CA, USA) was used for the one-way ANOVA analysis. Two-way repeated measures 

analysis of variance was carried out to examine the main effect of the parameters between 

high and low tolerance groups and stage of LBNP (SPSS Inc, Illinois, Chicago, USA). 

Inspection of the data revealed linear relationships between: oxygenated Hb and 

calf BV, total Hb and calf BV, deoxygenated Hb and calf BV, and oxygenated Hb and 

deoxygenated Hb. However, the physiological responses did not always occur in phase 

with blood volume accumulation. For each subject, progressive linear regression analysis 

was performed. Regression started with the last three data points and sequential addition 

of data towards baseline. At each step the r-squared value was compared to the previous 

step. If r-squared was below 0.85, the previous regression was deemed be the represent 

the response. The slope was recorded and the x-intercept was calculated to determine the 

"threshold" for the response. 

The response between HR and BV was observed to be nonlinear without a 

threshold delay. Further analysis with a lack of fit test revealed that the relationship 

between HR and calf BV was not linear and that a quadratic provided the best regression. 

Therefore, a quadratic regression, for each subject, was performed to examine the 

relationship between HR and calf BV. The coefficients of regression were compared 

between high and low tolerance groups via t-tests. Additionally, correlation coefficients 



between total Hb and deoxygenated Hb with blood pooling were compared with a t-test. 

Significance was set at p < 0.05. Data were expressed as means * SE. 

Results 

Ten subjects completed up to -60 mm Hg LBNP and were characterized as having high 

orthostatic tolerance (High: 21.9 k 0.5 yr, 173.2 k 2.0 cm, and 62.6 3.1 kg). The 

remaining nine subjects, who exhibited presyncope and did not finish up to -60 mm Hg 

LBNP, were classified as the low tolerant group (Low, 23.4 k 1.5 yr, 174.4 k 1 .O cm, and 

65.8 * 2.1 kg). 

Two out of nine subjects categorized as low tolerance stopped the LBNP 

manoeuvre during -50 mm Hg and the remainder withdrew during -60 mm Hg. One of 

the criteria for determining presyncope was a sudden reduction in BP (Fig 5.1) as well as 

signs of nausea orland dizziness. While all data in the High subjects were displayed 

throughout -60 mm Hg, those in the Low group were shown up to -40 mm Hg LBNP. 

Since subjects in the selective deep calf oxygenated Hb experiments either completed -60 

mm Hg or exhibited presyncope symptoms up to -60 mm Hg LBNP, the deep calf NIRS 

comparisons were only made up to -50 mm Hg LBNP between the High (n = 9) and Low 

(n = 6) groups. 

Plethysmography 

Blood accumulated in the calf proportional to enhanced negative pressure during 

LBNP (Fig 5.2). There was no group difference in blood pooling in the calf muscles up to 

-40 mm Hg LBNP (p = 0.068). However, the Low group did not elicit an increment of 

blood pooling at -1 0 mm Hg LBNP. Maximal blood accumulation at -60 mm Hg in the 



High group was greater than that in the Low group at each tolerant maximal pressure 

level (p < 0.001). 

Near-in frared spectroscopy (NZRS) 

Calf oxygenated Hb in the Low group decreased at -10 rnm Hg LBNP (p < 0.01) 

and continuously responded in relation to each increased negative pressure level. 

However, the decline in oxygenated Hb between the groups during graded LBNP was not 

different (p = 0.253). The High group did not decrease at -10 mm Hg LBNP and the 

pattern of decrease was not consistent. Significant reductions in oxygenated Hb from the 

previous LBNP level in the High group were found only at -20 (p < 0.05), -50 (p < 0.05) 

and -60 mm Hg LBNP (p < 0.01). Total and deoxygenated Hb in both groups increased 

at each level (Fig 5.3) (p < 0.0001). 

Regression analysis showed oxygenated Hb decreased as calf volume increased 

with LBNP in both the High and Low tolerance groups (Fig 5.4). There was no difference 

between the slopes of the regressions (p = 0.19, but the x-axis intercept (BV-threshold) 

in the High tolerance group was significantly higher than the Low tolerance group (p 

=0.028) and was significantly greater from 0 (p =0.039) (Fig 5.4). However, the x-axis 

intercept in the Low tolerance group was not different from the origin (p = 0.260). 

Oxygenated Hb and calf BV changes in two groups were highly correlated (High 

tolerance ? = 0.98 f 0.01; and, Low tolerance: ? = 0.96 f 0.01). 

Regression analyses showed that both total Hb (Fig. 5.5A) and deoxygenated Hb 

(Fig. 5.5B) increased with BV. The average correlation coefficient for deoxygenated Hb 

and BV (? = 0.97 f 0.01) was significantly (p = 0.038) greater than between total Hb and 

BV (? = 0.93 f 0.01). Given the better correlation coefficient between deoxygenated Hb 



and BV, the slopes of the regression analysis between oxygenated Hb and deoxygenated 

Hb in the both groups were compared (Fig 5.6). A similar inverse relationship was 

observed between oxygenated Hb and deoxygenated Hb as between oxygenated Hb and 

BV. These results were similar to the oxygenated Hb and BV combination: The slopes 

were the same between High and Low tolerance groups (p = 0.988) while the x-intercept 

was significantly different between groups (p=0.033). 

Forearm total Hb in both groups decreased at -1 0 mm Hg LBNP from the 

baseline and the reduction continued throughout maximal negative pressure for each 

individual. The magnitude of the decline was not different between groups (p = 0.268) 

(Fig 5.7). Forearm oxygenated Hb reductions in both groups were not different (p = 

0.906) but greater reductions fiom the previous levels in the High group at -20 (p < 0.0 1) 

and -60 mm Hg LBNP (p < 0.01) were observed. Deoxygenated Hb in the High group 

decreased toward negative values whereas the Low group had positive deoxygenated Hb 

values throughout graded LBNP. However, the deoxygenated Hb changes between 

groups did not differ (p = 0.062). 

Heart rate (HR) 

Heart rate at each pressure level, including baseline, did not differ between both 

groups (p = 0.922) (Fig 5.8). There was no group difference in maximal HR at -60 mm 

Hb LBNP for the High subjects and at final negative pressure levels for the Low subjects 

(p = 0.283). The magnitude of the rise in HR in the Low subjects from -20 to -40 mm Hg 

LBNP was greater than the High subjects at the same period (p < 0.05). However, similar 

HR increments in the High group was found from -40 to -60 mm Hg LBNP compared to 

the response in the Low groups fiom -20 mm Hg to -40  mrn Hg LBNP (p = 0.16). Given 



the non-linear nature of the HR changes with LBNP, HR responses at given BV changes 

were analyzed with a quadratic regression: the results of which are shown in Figure 5.8. 

The second order coefficient of the Low group was significantly greater than the High 

group (p < 0.05), indicating that the Low subjects had larger HR responses at given blood 

pooling (p < 0.05) (Fig 5.9). 

Blood pressure (BP) 

Similar results between groups were obtained in diastolic (p = 0.252) and mean 

(p = 0.702) BP (Fig 5.10). In contrast, systolic BP in the High group decreased even from 

-1 0 mm Hg LBNP (p < 0.05). Systolic BP in the Low group started decreasing at -40 

mm Hg LBNP (p < 0.05) (Fig 5.10). 

Discussion 

The major finding of this study was that oxygenated Hb in the selective deep portion of 

the calf in both groups decreased and that the magnitude of the reduction was similar 

between the groups but a reduction in oxygenated Hb in the High group might be delayed 

during LBNP. Furthermore, while a greater HR increment at -20 and -40 mm Hg in the 

Low group was demonstrated during moderate LBNP and a steep rise in HR at -50 and - 

60 mrn Hg LBNP appeared in the High group at a given physical orthostatic stress, the 

greater HR increments in the Low subjects at given blood pooling (physiological stress) 

were observed. 

Vasoconstriction is a key factor in the regulation of blood pressure during 

orthostatic stress. Hormonal agents such as NE, vasopressin, and renin-angiotensin I1 are 

involved in vasomotor control during LBNP (Convertino and Sather 2000, Fritsch-Yelle 

et al. 1996, Greenleaf et al. 2000). Consistently greater plasma angiotensin I1 



concentration in high orthostatic tolerance subjects has been reported (Convertino and 

Sather 2000a, Greenleaf et al. 2000). It has been documented that MSNA, which 

modulates skin and muscle vasomotor tone, is augmented with increments in negative 

pressure (Victor and Leimbach 1987). Previously, we observed that oxygenated Hb 

within the selective deep calf decreased as LBNP was increased (Hachiya et al. 2006a) 

and that the magnitude of the reduction in the selective deep calf oxygenated Hb reflected 

blood flow changes evaluated by mercury strain gauge plethysmography (Hachiya et al. 

2006b). 

It is well known that adipose tissue thicknesses affect NIRS values. Although we 

did not measure adipose tissue thickness at sites of the NIRS (van Beekvelt, 2001) probes 

for all our subjects, the selective deep calf NIRS measurement excludes the majority of 

vascular responses in skin and subcutaneous layers (Kashima, 2003). We measured the 

adipose tissue thickness for each site in a sub-group of this study subjects' group (n = 13) 

by skinfold calliper. The forearm and calf thicknesses were 1.9 % 0.2 and 4.2 % 0.5 mm, 

respectively. Since adipose tissue in the forearm is considered to be thin (Abe et al. 

1996), we expected that the effect of adipose tissue layers on NIRS measurements in the 

forearm was minor (Van Beekvelt et al. 2001). The superficial portion of nearly 2.0 crn in 

depth from the surface was excluded from calf NIRS measurements in this study. Thus 

the NIRS values in the selective deep calf portion should not be affected substantially by 

the fat tissue thickness reported in the current study. 

CalfHb oxygenated states responses 

Although we hypothesized that calf oxygenated Hb in the high tolerance subjects 

would decrease more compared to the low tolerance subjects, our results showed no 



significant difference between groups at each level of negative pressure (physical stress) 

(p = 0.253) (Fig 5.3). The slopes of the regression analysis between oxygenated Hb and 

BV were not different between the High and Low tolerance subjects (p = 0.152, Fig 5.4). 

We examined whether changes in deep calf oxygenated Hb reflected the 

vasoconstrictor responses to LBNP. Cardiovascular reflexes respond to the physiological 

stress (venous pooling) induced by LBNP. A more appropriate relationship would be to 

compare the reflex response against the physiological stressor since total BV, venous 

compliance, blood cell counts orland baroreflex sensitivities vary among subjects. We 

compared the relationship between oxygenated Hb and BV. 

The x-axis intercept of the regression line in the High tolerance group was 

greater than the Low tolerance group (p < 0.05) and was located to the right the origin (p 

< 0.05). Since oxygenated Hb values never increased these results indicate the delayed 

oxygenated Hb reduction in the High tolerance group. It has been postulated that 

vasoconstriction may not occur in some subjects during moderate LBNP (-10 mm Hg) 

due to vasoconstriction reserve (Cook and Convertino 2000). Greenleaf et al. (2000) 

since NE increased only after -1 5 mrn Hg LBNP. Cook and Convertino (2002) observed, 

in a case study, that MSNA in a presyncopal subject had increased 200 % from baseline 

by -1 5 mm Hg, whereas the non presyncopal subject did not exhibit any significant 

increase. The results from the current study also indicate that subjects with low 

orthostatic tolerance exhibit vasoconstrictor responses at early stages of LBNP. 

Since total Hb reflects both arterial and venous blood (Kashima, 2003) it will not 

adequately reflect changes in the venous compartment. This was shown by a better 

correlation of deoxygenated Hb, compared to total Hb, with orthostatic changes in calf 



BV (Fig 5.5). Based on evidence from a previous study (Hachiya, et al., 2006a), as a 

secondary hypothesis, we suggested that deoxygenated Hb might reflect venous 

accumulation within the calf during LBNP. We therefore investigated the relationship 

between deoxygenated Hb to examine if deoxygenated Hb could be used as an alternative 

to BV obtained by strain gauge plethysmography (Fig 5.6). The regressions of 

oxygenated Hb and deoxygenated Hb showed that the slopes between the groups and that 

there was a difference in the x-intercept (p=0.033). The x-intercept for the High tolerance 

group was greater than 0 and the x-intercept for the Low tolerance group was not. These 

results are very close to that observed between oxygenate Hb and BV, indicating that 

deoxygenated Hb may be used as an alternative to plethysmography for estimating lower 

limb venous pooling during orthostatic stress. 

Responses in forearm Hb oxygenated states 

During conditions where venous accumulation is not a factor, Homma et al. 

(1 996) demonstrated that forearm total Hb responses reflected blood volume or flow 

changes, even though excess reductions in oxygenated Hb and increments in 

deoxygenated Hb might occur due to ischemic conditions resulting from severe 

vasoconstriction (Shiga et al. 1997). In the current study there was no difference in the 

forearm total Hb reduction between the two groups during graded LBNP (Fig 5.7). This 

would suggest that the forearm vasoconstrictor response between groups was not 

significantly different. Furthermore, forearm oxygenated Hb in both groups decreased 

from baseline and no group difference was obtained (Fig 5.7). Hansen (2000) observed 

forearm oxygenated Hb reduction with an increased MSNA at -20 mm Hg LBNP. It was 

assumed that forearm oxygenated Hb change is a reasonable indicator of blood flow 



modulation (Hachiya et al., 2006b). Although the reductions in total Hb and oxygenated 

Hb were similar, the Low tolerance group was unable to continue due to presyncopal 

symptoms. This may indicate a possible reduced vasoconstriction, cardiovascular or BV 

reserve. 

BP and HR responses 

The HR response to LBNP was non-linear with the greatest increment occurring 

in the latter stages of LBNP: -20 to -40 mm Hg in the Low tolerance group and -40 to - 

60 mm Hg in the High tolerance group (Fig 5.8). When expressed as function of calf 

volume accumulation, HR rose more rapidly in the Low compared to the High tolerance 

group (p < 0.05) (Fig 5.9). Since there were no group differences in baseline and peak 

HR, as well as in BV accumulation as a function of LBNP, this may provide fbrther 

evidence that low tolerance subjects have less vascular capacity (Sather et al. 1986) and 

larger baroreflex sensitivity (El-Sayed and Hainsworth 1995) to orthostatic stress 

compared to high tolerance subjects. Given that MAP was maintained up to -40 mm Hg 

in all subjects, it is likely that a greater increase in HR and earlier vasoconstriction was 

required to prevent a reduction in mean BP in the Low tolerance subjects compared to the 

High tolerance group. There was a greater sympathetic activation with BV accumulation 

in the calf in the Low tolerance compared to High tolerance subjects. 

Blood pooling in the calf muscles 

Blood pooling in the lower body evaluated by mercury strain gauge 

plethysmography between the groups, was not statistically different up to -40 mm Hg 

LBNP, although blood accumulation in the Low tolerance group was slightly slower than 

that of the High tolerance group (Fig 5.2). However, peak accumulation in the High 



tolerance group was greater than that of the Low tolerance group. These results are in 

accordance with previous observations by Sather et al. (1986), who demonstrated that the 

high orthostatic tolerant group exhibited higher peak mid thigh-leg volume increases 

during LBNP. The ability of the high tolerance subjects to hold larger blood volume in 

the lower limbs seems counterintuitive since vasoconstriction plays a key role to maintain 

MAP and reduces blood supply to the lower extremities. Sympathetic discharges to 

muscle vasculatures as well as vasoactive hormones such as renin-angiotensin system and 

vasopressin induce vasoconstriction. However, these hormones also act on kidneys to 

increase plasma retention. Plasma renin-angiotensin activities were reportedly 

consistently higher in the high compared to low tolerance individuals (Convertino and 

Sather 2000, Greenleaf et al. 2000). A greater increase in vasopressin in the high 

compared to the low orthostatic tolerant subjects has been reported (Convertino and 

Sather 2000, Greenleaf et al. 2000). These plasma vasoreactive hormones may contribute 

to a larger retention of plasma volume and subsequently allows the high tolerance 

individuals to withstand higher blood pooling in the lower limbs during the 25 to 30 

minutes of graded LBNP. 

Summary 

We demonstrated that onset of oxygenated Hb reductions at a given blood pooling 

in the High group delayed, although the magnitude of the reduction was not different 

between the groups during graded LBNP. This early blood flow reduction in the Low 

subjects was presumably due to an early increase in MSNA caused by limited 

vasoconstrictor capacity (Cook and Convertino 2002). By the same token, the 

considerable HR increments fiom -20 to 4 0  rnrn Hg LBNP found in the Low tolerance 



group were seen later in the High tolerance group from 4 0  to -50 rnm Hg LBNP and 

greater HR increments with blood pooling were observed in the Low compared to the 

High tolerance subjects. The delayed selective deep calf oxygenated Hb reduction and 

HR increments in the High compared to the Low tolerance group indicate that 

cardiovascular responses to LBNP in the High tolerance group may be shift toward more 

severe LBNP as the result of a smaller baroreflex sensitivity (El-Sayed and Hainsworth 

1995). The High tolerance group may maintain stable mean BP during orthostatic stress 

with smaller increases in vasoconstriction and HR than the Low tolerance group, 

indicating greater cardiovascular tolerance to BV accumulation in subjects with High 

orthostatic tolerance. 
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Figure 5.1: An example of the original data from one presyncopal subject. 
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Figure 5.2: Percent changes in calf volume considered as blood volume changes. The 
measurements were performed by mercury strain gauge 
plethysmography with venous occlusion. The blood pooling during 
graded LBNP is presented up -40 mm Hg in the Low and - 60  mm Hg in 
the High subjects. Values are means k SE. *: p < 0.05 versus control, #: p 
< 0.05 from previous values. 
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Figure 5.3:Calf deoxygenated Hb and total Hb responses during graded LBNP up to 
-50 mm Hg in the Low and 4 0  mm Hg in the High subjects (above). Calf 
oxygenated Hb responses during graded LBNP up to -50 mm Hg in the 
Low and -60 mm Hg in the High subjects (bottom). Values are means * 
SE. *: p < 0.05 versus control, #: p < 0.05 from previous values. 
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Figure 5.4: The regression analysis between oxygenated Hb and calf blood volume 
changes. All of the individual subject data are displayed (High tolerance: 
black or shades symbols with solid lines; low tolerance: open symbols with 
dashed lines). The average regressions are shown as a thick solid line for the 
High group and a thick dash line for the Low group. 
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Figure 5.5: The regression analysis of A) total Hb and B) deoxygenated Hb with calf 
blood volume changes. All of the individual subject data are displayed (High 
tolerance: black or shades symbols with solid lines; low tolerance: open 
symbols with dashed lines). There was no difference between the average 
regression slope and intercept between high and low tolerance groups. The 
average regression of all subjects is shown as a thick solid line. 
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Figure 5.6: The regression analysis between oxygenated Hb and deoxygenated Hb. All of 
the individual subject data are displayed (High tolerance: black or shades 
symbols with solid lines; low tolerance: open symbols with dashed lines). The 
average regressions are shown as a thick solid line for the High group and a 
thick dash line for the Low group. 
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Figure 5.7: Forearm oxygenated and deoxygenated Hb responses during graded 
LBNP up to -40 mm Hg in the Low and 4 0  mm Hg in the High subjects 
(above). Forearm total Hb responses during graded LBNP up to 4 0  mm 
Hg in the Low and -60 mm Hg in the High subjects (bottom). Values are 
means * SE. *:p < 0.05 versus control. 
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Figure 5.8: HR responses during graded LBNP up -40 mm Hg in the Low and -60 
mm Hg in the High subjects. Values are means SE. *:p < 0.05 versus 
control, #:p < 0.05 from previous values. 
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Figure 5.9: The quadratic equations between HR and blood pooling as physiological 
responses. The solid lines indicate the High tolerance group (mean: thick 
line; standard error: thin line) and the dashed lines are mean (thick line) and 
standard error (thin line) for the Low tolerance group. The insert in the top 
left shows a sample regression for one High tolerance subject (close circles, 
solid line) and one Low tolerance subject (open circles, dashed line). 



Systolic Pressure 

* 
-4- High Tolerance (n=9) 

Mean Pressure # u LOW Tolerance (n=7) 

Diastolic Pressure 

control -10 -20 -30 -40 -50 -60 

LBNP (mm Hg) 

Figure 5.10: Systolic, mean, and diastolic blood pressure responses during graded 
LBNP up to 4 0  mm Hg in the Low and -60 mm Hg in the High 
subjects. Values are means rt SE. *p < 0.05 versus control, #p < 0.05 
from previous values. 
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Abstract 

This study examined the hypothesis that women exhibit smaller vasoconstrictor responses 

in the calf during graded lower body negative pressure (LBNP). Selective deep 

oxygenated hemoglobin (Hb) assessed by near-infrared spectroscopy (NIRS) was used to 

examine blood flow changes in the calf. Eleven male and nine female volunteers 

underwent graded LBNP up to -60 rnrn Hg. Cardiovascular responses were measured by: 

NIRS on the forearm and superficial and deep calf for oxygenated and deoxygenated Hb; 

mercury strain gauge plethysmography for calf blood pooling; electrocardiogram for 

heart rate; and, electrosphygmomanometry for blood pressure. Selective deep calf NIRS 

measurements were normalized to muscle area to characterize NIRS changes as a 

function of muscle tissue and to minimize strictly the effects of adipose tissue layer 

thickness. Forearm oxygenated Hb decreased from baseline throughout LBNP, and no 

difference was found between males and females. Female subjects had greater rates of 

increased blood pooling with LBNP than their male counterparts. Men had greater 

selective deep calf oxygenated Hb reductions compared to women during LBNP. 

Moreover, when the oxygenated Hb response as a function of the physiological stress of 

blood pooling was examined with regression analyses, males and females had similar 

regression origins (p = 0.289); however, slopes (men: -0.62 * 0.05; women: -0.33 * 
0.04) were different (p < 0.05). However, to avoid effects of blood volume difference, 

regression analyses between oxygenated Hb and deoxygenated Hb were performed, 

yielding similar results with the relations between oxygenated Hb and blood pooling. The 

greater slopes in oxygenated Hb at given blood pooling and at each negative pressure in 



men led us to conclude that men had greater vasoconstrictor responses during graded 

LBNP. 

Keywords: male, female, LBNP, NIRS, vasoconstriction, blood pooling 



Introduction 

Women have lower orthostatic tolerance than men (Convertino 1998, Fu et al. 2004, 

Montgomery et al. 1977) and during lower body negative pressure (LBNP) women and 

men differ in their cardiovascular responses (Convertino 1998, Fu et al. 2004, 

Montgomery et al. 1977, Shoemaker et al. 2001). Pronounced differences in women 

compared to men include greater heart rate (HR) responses (Frey and Hoffler 1988, Fu et 

al. 2004, Montgomery et al. 1977, m t e  et al. 1996) and greater reductions in cardiac 

output (Convertino 1998, Fu et al. 2004). Varied cardiovascular responses have been 

reported by researchers also indicating that compared to men, women may have smaller 

(Frey and Hoffler 1 988), equal (Shoemaker et al. 200 I), or greater (Convertino 1998) 

total peripheral resistance. Greater (Convertino 1998, Hudson 1987) or similar (Franke et 

al. 2000, Rahman et al. 1991) responsiveness of vascular constriction in the forearm with 

higher thorax impedance (lower venous return) has been reported (Frey and Hoffler 

1988) despite no difference (White and Montgomery 1996) or less blood pooling in the 

lower body (Frey and Hoffler 1988, Convertino 1998, Montgomery et al. 1977). 

In most LBNP studies (Convertino 1998, Hudson et a1 1987, Franke et al. 2000, 

Franke et al. 2003, Rahman et al. 199 1) forearm vascular resistance is used to examine 

differences in the peripheral vascular resistance response. Vascular responsiveness in the 

lower extremities has not been fully investigated partially due to difficulties of measuring 

blood flow assessed by venous occlusion plethysmography especially during severe 

LBNP. The increase in forearm vascular resistance in women is equal to (Franke et al. 

2000, Rahman et al. 1991) or greater (Convertino 1998, Hudson et al. 1987) than that of 

men, while the results of total peripheral resistance are not consistent (Convertino 1998, 



Frey and Hoffler 1988, Shoemaker et al. 2001). During upright posture, vasoconstrictor 

responses in the lower limbs are critical to control venous return and subsequently blood 

pressure regulation. During "steady state" conditions within the leg, rates of entry and 

exit of blood are the same. When LBNP is applied, the rate of exit decreases and blood 

volume accumulates. A new "steady state" condition arises at a lower blood flow due to 

the vasoconstriction that occurs to help maintain blood pressure and venous return. As 

negative pressure increases, further blood accumulation occurs, vasoconstriction is 

enhanced and the rate of entry and exit decrease (Rowell, 1993). Vasoconstriction 

reduces blood supply to the lower limbs and thus, reduces blood pooling, and induces 

blood shift from interstitial space back to microcirculation (Rowel1 1993). Thus, the 

investigation of vasoconstrictor response in the lower limbs is necessary, particularly 

with respect to differences in peripheral vascular control that may exist between males 

and females. 

During head-up tilt (HUT), women experienced lower sympathetic outflow to 

the peripheral vasculature as assessed by peroneal muscle sympathetic nerve activities 

(MSNA) (Shoemaker et al. 200 1). However, it is not known if the response in peripheral 

resistance in the lower extremities to progressive LBNP is less in women than men. The 

effects of both HUT and LBNP on cardiovascular responses are not identical (Hinghofer- 

Szalkay et al. 1996). 

Previously we found selective deep calf oxygenated Hb changes reflected 

vasoconstrictor responses in the calf muscle vasculature during LBNP (Hachiya et al. 

2006a), and in a subsequent study we observed a strong correlation between oxygenated 

Hb and both blood flow changes assessed by mercury strain gauge plethysmography and 



tibia1 MSNA during LBNP (Hachiya et al. 2006b). Thus, it is logical to assume that 

oxygenated Hb may be used to evaluate sympathetically mediated vasoconstrictor 

responses during graded LBNP. The purpose of this study was to monitor selective deep 

calf oxygenated Hb and cardiovascular changes during progressive LBNP to test the 

hypothesis that women have attenuated vascular constrictor response in the calf, but a 

greater HR response, as suggested by the MSNA response to HUT (Shoemaker et al. 

2001). Additionally, since we demonstrated that male subjects with high tolerance to 

negative pressure had delayed oxygenated Hb reductions with venous pooling and had 

reduced HR response compared to their less tolerant counterparts during LBNP (Hachiya 

et al. 2006c), we hypothesized that the same tendency would occur between male and 

female subjects with high and low orthostatic tolerance. 

Methods 

Subjects 

Twenty young individuals (eleven men and nine age-matched women) 

participated in this study. All subjects (average age: 2 1 * 1 yr; height: 167.6 * 1.8 cm; 

weight: 62.7 * 1.9 kg) were healthy, normotensive, and non-smokers and gave their 

written informed consent after being informed of the risks involved. The room was kept 

quiet and its temperature was maintained between 22•‹C - 24•‹C during the experiment. 

The experimental protocol was approved by the Human Subjects Ethics Committee for 

the Toyota Technological Institute and by the Office of Research and Ethics for Simon 

Fraser University. 



Measurements 

Blood volume (plethvsmograwhv): The volume change of blood pooling in the 

lower body was estimated fiom changes in calf circumference, which was measured with 

mercury strain gauge plethysmography (EC6, Hokanson, Bellevue, WA, USA) (Witney 

1953) placed at the point of the left calf with the greatest girth. The calf circumference 

change was assessed by voltage values to obtain changes in blood volume. The blood 

volume change was evaluated from a 3-min average and expressed as percent change 

(mL per 100 mL of calf muscle volume 1 tissue). Plethysmography blood pooling data 

were expressed as relative changes from the baseline values which were set as zero. 

Near-infkared spectroscopv (NIRS]: To monitor oxygenated and deoxygenated 

Hb changes in the upper and lower limbs we used near-infrared spectroscopy. The basic 

principle of NIRS is described elsewhere (Mancini et al. 1994). Briefly, the NIRS device 

uses two laser wavelengths, 780 and 8 10 nm. The probes consist of a light source and 

sensors. The sensors detect reflected light to evaluate changes in oxygenated states of Hb 

in tissue intracellular sites such as arterioles, capillaries, and venules. Myoglobin (Mb), 

located within the muscle, has a similar absorption spectra as Hb. Although the two forms 

of Mb, oxygenated and deoxygenated Hb are not distinguishable from those of Hb, Mb 

oxygenated states are probably not affected during LBNP no muscle movement was 

observed in these subjects and in a similar experiment no electromyography (EMG) 

indication of muscle activation was observed with EMG (Hachiya et al. 2004). 

To distinguish between oxygenated and deoxygenated Hb changes with or 

without the superficial portion of the calf, two types of NIRS devices (Omegawave, 

BOM-L1 and BOM-Ll W, Tokyo, Japan) were used. In one type, the probe, which 



consisted of an emitter with a single sensor, was placed on the skin surface 3.0 cm apart 

along the length of the limb, parallel with the muscle. Theoretically the measurement 

depth is equivalent to the space between the probes (Kashima 2003, Sugisaki et al. 2001). 

Probes of the second type of NIRS device consisted of two light sensors and one emitter. 

These probes were placed serially along the length of the muscle with the sensors located 

2.0 and 3.0 cm apart from the emitter. The superficial region of approximately 2.0 cm in 

depth, which was measured by the sensor 2.0 cm from the emitter, was subtracted from a 

deeper region, which was assessed by a second sensor 3.0 cm from the emitter (Kashima 

2003, Hachiya et al. 2006b). This provided a selective deep portion of the signal 

representing approximately a 1.0 cm thick layer 2.0 to 3.0 cm within the calf. 

Measurements in the forearm were made with the single detector device with the 

probes placed on the left forearm over the flexor carpi radialis longus. Measurements in 

the calf were made in the medial soleus muscle. The soleus muscle was chosen since it is 

a slow twitch muscle, which has a large number of capillaries and is also involved in 

postural control. Both types of NIRS devices were used to measure Hb changes in the 

medial soleus. One device was placed on the right calf and contained a single detector, 

the other device was placed on the left calf and contained two detectors to measure the 

selective deep portion. Due to logistical difficulties, deep calf NIRS measurements were 

only obtained from eight men and ten women. 

All NIRS values are quoted in arbitrary units based on the relative change from 

the control level (0 LBNP), which was set as zero. 

Heart rate and blood pressure: Heart rate was monitored using a lead I1 

electrocardiogram configuration. Blood pressure in the right arm was recorded every 



minute by automated electrosphygmomanometry (Nippon Colin BP 203Y, Tokyo Japan). 

Mean arterial pressure (MAP) was calculated as one-third of pulse pressure plus diastolic 

blood pressure (DBP). Pulse pressure was calculated by systolic blood pressure (SBP) 

minus DBP. Beat-by-beat arterial blood pressure was monitored by finger 

photoplethysmography (Finapres; Ohrneda, Englewood, CO, USA). 

Fat and skinfold measurements: Body fat percentage was estimated by based on 

bioelectrical impedance analysis method with the weifing machine (Tanita Inc, Tokyo, 

Japan). Medial calf skinfold thickness was measured by skinfold calliper and estimated 

by dividing the calliper measurements by two (Meikosha, Tokyo, Japan). 

Skinfold thickness was measured only with subjects whose selective deep calf 

measurements were carried out. Muscle radius at the maximal girth on the calf was 

calculated from adipose tissue layer and circumference, yielding muscle cross-sectional 

area at that position. The selective deep calf NIRS and blood pooling data were 

normalized to minimize muscle mass effects by dividing muscle areas at the maximal 

girth in the calf at given blood pooling levels. 

Experimental Protocol: All experiments were performed at least 2 h after a light 

meal and at least 12 h after the last caffeinated or alcoholic beverage. Tests were 

conducted in a quiet room with an ambient temperature of 23•‹C. 

The lower body of each subject was enclosed in a wooden negative pressure 

chamber with an airtight seal at the level of the iliac crest. The pressure inside the 

chamber was controlled manually via a vacuum device with a voltage controller and was 

monitored using a pressure transducer attached to the inside of the chamber. 



Over a 30 minute period following their placement into the LBNP chamber, each 

subject rested in the supine position while they were instrumented for NIRS, blood 

pressure, ECG and strain gauge plethysmography. All of the analog data outputs from 

each device were monitored simultaneously and stored on a personal computer with an 

analog-to-digital conversion (Acqknowledge, Biopac systems, Goleta CA, USA) for later 

analysis. 

After a 5-min control period with pressure at 0 mm Hg, subjects underwent 35 

minutes of consecutive five minute -1 0 mm Hg steps of lower body decompression from 

rest up to -60 mm Hg or until exhibiting signs of presyncope followed by a 5-min 

recovery session. Presyncope was defined as a decrease in systolic BP to < 80 mm Hg; a 

decrease in systolic BP to < 90 mm Hg associated with lightheadedness, nausea and 

sweating; or, progressive symptoms of presyncope and a request by the subject to 

discontinue the test. 

Statistical analysis 

The data presented in each 5-min LBNP interval were averaged values obtained 

during the last 3 minutes at each pressure. The male and female subjects were further 

divided into two groups according to their tolerance to orthostatic stress. One, whose 

subjects completed the protocol up to -60 mm Hg, was classified as having high 

orthostatic tolerance, and the other, whose subjects stopped the maneuver before -60 mm 

Hg, was classified as having low orthostatic tolerance. For statistical analysis, only data 

fkom up to and including -50 mm Hg LBNP were used. A three-way analysis of variance 

with repeated measures (SPSS Inc, Illinois, Chicago, USA) was performed to analyse the 

responses of malelfemale and highllow orthostatic tolerance subjects to LBNP with NIRS 



and cardiovascular variables (HR, BP, selective deep calf and forearm NIRS). 

The relationship between cardiovascular, NIRS and plethysmography data were 

analyzed as previously reported (Hachiya 2006~). Inspection of the data revealed linear 

relationships between: oxygenated Hb and calf BV, total Hb and calf BV, deoxygenated 

Hb and calf BV, and oxygenated Hb and deoxygenated Hb. However, the physiological 

responses did not always occur in phase with blood volume accumulation. For each 

subject, progressive linear regression analysis was performed. Regression started with the 

last three data points and sequential addition of data towards baseline. At each step the r- 

squared value was compared to the previous step. If r-squared was below 0.85, the 

previous regression was deemed be the represent the response. The slope was recorded 

and the x-intercept was calculated to determine the "threshold" for the response. 

The response between HR and BV was observed to be nonlinear without a 

threshold delay. Further analysis with a lack of fit test revealed that the relationship 

between HR and calf BV was not linear and that a quadratic provided the best regression. 

Therefore, a quadratic regression, for each subject, was performed to examine the 

relationship between HR and calf BV. As in our previous study (Hachiya et al., 2006c) 

these regressions were used to enable quantitative analysis of the changes in heart rate 

associated with blood volume accumulation in order to assess possible differences with 

orthostatic tolerance and gender. 

All available data points were utilized for regression analysis. The coefficients of 

regression were compared between male and female subjects, and between high and low 

tolerance groups via a two-way analysis of variance (SPSS Inc, Illinois, Chicago, USA). 



All results are presented as mean k SE (standard error). The level for statistical 

significance was set at p < 0.05. 

Results 

Based on survival to the end of -60 mm Hg LBNP, six men and six women were 

classified as having high orthostatic tolerance and five men and three women were 

classified as having low orthostatic tolerance. 

Overall, age-matched groups did not differ in weight but differed in height (p < 

0.0001) and body fat (p < 0.0001, Table 6.1). The descriptive summary of the subjects 

who had selective deep calf NIRS measurements is presented in Table 6.2. Women had 

larger calf circumferences than men (p < 0.05). Skinfold thickness of the calf at the NIRS 

measurement site was greater in women (9.7 k 0.8 rnm) compared to men (4.1 k 0.5 mm) 

(p < 0.0001). No difference was observed in both the muscle radius (p = 0.245) and area 

(p = 0.258) between women and men. There was no difference in calf muscle cross- 

sectional area between subjects having high or low orthostatic tolerance (p = 0.260). 

Plethysmography blood volume 

The calf blood volume (BV) assessed by mercury strain gauge plethysmography 

increased at each increment of LBNP in both men and women (Fig 6.1, p < 0.0001). 

There were a significant main effect for differences in male and female BV (p < 0.05) 

and a significant interaction between LBNP with males and females (p < 0.01). Post hoc 

analysis revealed that calf BV was greater in women at -50 and -60 mm Hg LBNP (Fig 

6.1, p < 0.05). 

Near- infrared spectroscopy (NIRS) 



Normalized selective deep calf total Hb in both groups increased in relation to 

negative pressure (p < 0.0001) and total Hb was not different between women and men (p 

= 0.072, Fig. 6.1). Normalized selective deep calf oxygenated Hb decreased with LBNP 

in men and women (p < 0.001) with greater reductions in men than women (p < 0.01, Fig. 

6.2). A significant interaction between LBNP with men and women (p < 0.001) revealed, 

after post hoc analysis, that in men oxygenated Hb decreased at each level of LBNP, yet 

in women, reductions only occurred from 0 to -10 rnm Hg and from -30 to -50 rnrn Hg 

LBNP (p < 0.05, Fig. 6.2). At both 4 0  and -50 mm Hg, women had less reduction in 

oxygenated Hb than men. Normalized deoxygenated Hb increased with LBNP (p < 

0.0001) with a main effect of greater deoxygenated Hb in men compared to women (p < 

0.05, Fig. 6.2). 

Forearm total and oxygenated Hb reductions in both groups were statistically 

significant from baseline throughout LBNP (p < 0.0001) but deoxygenated Hb did not 

decrease (p = 0.469) (Fig. 6.3). Male and female differences in forearm total and 

oxygenated Hb were not observed (p = 0.628 and p 0.869, respectively) (Fig.6.3). 

Individual subject regressions of normalized oxygenated Hb data with blood 

pooling (physiological stress) between males and females and high and low tolerance 

groups are shown in Figure 6.4. As groups, there was no difference between male and 

female x-intercept (p = 0.289), but there was a difference between the high and low 

tolerance groups (p =0.024, Table 6.3). The slopes for men and for women were different 

(p < 0.046), but no difference between the high and low tolerance groups was observed (p 

= 0.388, Table 6.3). 



Oxygenated Hb was compared to deoxygenated Hb (Fig. 6.5). The x-axis 

intercepts between males and females were found not to be different (p = 0.342) but 

difference was observed between the High and Low tolerance groups (p < 0.05, Table 

6.3). The slopes differed between men and women (p < 0.05) but there was no difference 

between the high and low tolerance groups (p = 0.178, Table 6.3). 

Heart rate (HR) 

Heart rate at rest was not different in men compared to women (p = 0.21) (control, 

Table 6.4). Men showed an earlier increase in HR from baseline at -30 mm Hg. At -40 

and -50 mm Hg LBNP, HR in both groups increased significantly from the previous 

stage. Quadratic regression analysis of the individual HR data as a function of blood 

pooling in men and women with high and low orthostatic tolerance (Table 6.5) revealed 

only main effects: women had a lower first order coefficient and high tolerance subjects 

had a lower second order coefficient (Table 6.5). The mean (* S.E.) regressions for men 

and women are depicted in Figure 6.6. 

Bloodpressure (BP) 

Women had lower SBP at rest and throughout the LBNP protocol (p < 0.05) 

(Table 6.5). All men had a reduction in SBP at -40 mm Hg with a further reduction at - 

50 mm Hg LBNP; whereas in the women only subjects with low orthostatic tolerance 

were affected by LBNP, decreasing at -40 mm Hg LBNP (Table 6.5). Diastolic pressure 

was lower in women compared to men (Table 6.5). The only change in DBP observed 

was at -30 rnm Hg where it decreased in women with high and men with low orthostatic 

tolerance (Table 6.5). In both groups, MAP was constant throughout LBNP (Table 6.5). 



Discussion 

There are four major findings fiom the present study: 1) The rate of venous pooling was 

greater in women than in men; 2) Women had lower calf vasoconstrictor responsiveness, 

as a function of venous pooling in the calf, than men; 3) Regardless of whether the 

subjects were men or women, low orthostatic tolerance was associated with an immediate 

vasoconstrictor and high second order heart rate kinetic response to venous pooling in the 

calf; and, 4) Women had lower first order heart rate kinetics than men in response to 

venous pooling in the calf. 

Although the incidence of presyncopes was not different between males and 

females, our result show that women have reduced venous return due to lower 

vasoconstrictor responses which may leads to greater incidence of orthostatic intolerance 

during prolonged exposure to orthostatic stress. These results also confirm our previous 

study, with only male subjects, that low orthostatic tolerance was associated with high 

HR responsiveness and reduced vasoconstrictor reserve (Hachiya et al., 2006~). 

Furthermore, the current study indicates that these responses are similar in both male and 

female subjects. 

Bloodpooling in the calf 

It has been postulated that greater orthostatic intolerance to LBNP in women is 

related to greater venous compliance and blood volume accumulation in the lower body. 

We found a greater calf blood volume accumulation in women especially under severe 

negative pressure compared to men (p < 0.05). In the present study, blood pooling was 

estimated from calf circumference changes using strain gauge plethysmography. Resting 

circumference was different between males and females (Table 6.2). However, since calf 



skinfold in women was thicker than that of men, the estimated calf muscle radius and 

muscle cross-sectional area were not significantly different (Table 6.2). 

Montgomery et al. (1 977) revealed that women had significantly less blood 

pooling in the legs and in the pelvic rgion, while later this same group reported no gender 

difference in leg blood pooling with a greater increase in the pelvic region in women 

(White and Montgomery 1996). Other laboratories found less leg blood pooling in 

women (Convertino 1998, Frey and Hoffler 1988). These results suggest that larger blood 

pooling in the pelvic region in women might induce reduced venous return compared to 

that of men, and legs and pelvic region might be measured at the same time when blood 

pooling was compared between genders. Although muscle mass was not one of the 

factors differentiating orthostatic tolerance (Lawler et al. 1998), absolute volume change 

may not be the same because the men were taller than in women (Table 1). Since women 

have lower blood volume than men (El-Sayed and Hainsworth 1995, Green et al. 1999), 

the equivalent or greater rates of pooling would imply a lower venous return in women 

compared to the men. 

Vasoconstrictor responses in men and women 

One of the factors, which might account for lower orthostatic tolerance in women 

compared to men, is less sympathetic outflow to peripheral vasculature (Shoemaker et al. 

2001). We observed a proportional decrease in normalized selective deep calf oxygenated 

Hb with increasing negative pressure except at -1 0 mrn Hg in women (Fig.6.2) and 

normalized selective deep calf oxygenated Hb also decreased as calf blood pooling 

increased (Fig 6.4). The magnitude of the decline in normalized oxygenated Hb in men 



was greater than in women suggesting that men had greater vasoconstriction in response 

to accumulation of BV in the calf. 

Although muscle cross-sectional area was not different (Table 6.2) despite facts 

that calf circumference and skinfold thickness were different between male and female 

subjects (Table 6.3), each individual muscle mass may not be indifferent. Selective deep 

NIRS measurements removed a majority of NIRS data obtained from adipose tissue layer 

but effects of the tissue on the measurements were completely excluded. We assumed 

that the volume change would occur mostly in the muscle vascular beds and therefore the 

observed NIRS measurements might be biased by varied amounts of non-muscle tissue. 

Therefore, all NIRS data were normalized with measurement muscle areas. 

The response in normalized selective deep oxygenated Hb indicates that 

vasoconstrictor responses in the calves of men might be greater than in women. We have 

previously compared selective deep calf oxygenated Hb responses with calf blood flow 

changes as evaluated by venous occlusion mercury strain gauge plethysmography during 

graded LBNP (Hachiya et al. 2006b) and observed a high correlation between the 

reduction in oxygenated Hb and decreased blood flow (Hachiya et al. 2006b). Forearm 

oxygenation with NIRS measurements has been compared with blood flow changes 

measured by Doppler velocimetry during LBNP (Fade1 et al. 2004), demonstrating that 

both responses to negative pressure were highly correlated. 

We have also demonstrated that this reduction pattern in selective deep calf 

oxygenated Hb was also associated with increased MSNA (Hachiya et al. 2006b). Greater 

sympathetic outflow to the leg muscle vasculature was beneficial in controlling blood 

accumulation. As LBNP is increased, MSNA increases with subsequent constriction in 



the calf muscle vasculature (Khan et al. 2002, Victor and Leimback 1987). 

Vasoconstriction plays an important role in preventing excess blood accumulation and in 

bringing plasma shifted from interstitial spaces to capillaries (Rowel1 1993). 

The reflex vasoconstrictor response to the physical stress of LBNP may vary 

among subjects depending on the individual physiological stress (blood pooling) 

generated by the external physical stressor (LBNP). We therefore examined deep calf 

oxygenated Hb vasoconstrictor responses as not only a function of the physical stress of 

LBNP, but also as a function of the physiological stress of blood pooling. Based on the 

relationship of oxygenated Hb with BV (Fig. 6.4), the vasoconstrictor response in women 

was less than in men. 

Normalized oxygenated Hb response was also analysed as a function of 

deoxygenated Hb to remove effects of total blood volume and Hb since total Hb is the 

sum of oxygenated and deoxygenated Hb. As well, we have previously reported that 

deoxygenated Hb closely reflects calf blood volume during LBNP (Hachiya et al., 2006c) 

since it seems to reflect the accumulation of venous blood with increases in LBNP. The 

current results for oxygenated Hb as function of deoxygenated Hb (Fig 6.5) were similar 

to that of oxygenated Hb and calf BV provide fbrther support to this assumption and also 

indicates that vasoconstrictor responses in calf muscle vasculatures in men might be 

greater than women. 

In the present study, forearm oxygenated Hb changes throughout graded LBNP 

in both male and female subjects declined from baseline. Since trends of forearm 

oxygenated Hb changes in women were similar to those in men (Fig 6.3), the magnitude 

of increased forearm vascular resistance may not be different between men and women. 



Forearm vascular responses between males and females reported fi-om Franke et al. 

(2000) and Rahman et al. (1991) are consistent with our results while Convertino (1998) 

and Hudson et al. ( 1 987) found greater reductions is oxygenated Hb in women. 

The reduction pattern in forearm oxygenated Hb was different fi-om that of the 

deep calf. Our measurements of oxygenated Hb in the forearm included skin or 

subcutaneous Hb changes, but those layers were thinner than that of the calf (Table 6.2), 

And the effect of adipose tissue on oxygenated Hb may have been negligible. No 

remarkable difference in male and female forearm oxygenated Hb responses was 

obtained, further suggesting no forearm vasoconstrictor differences. 

We also observed that when the subjects were grouped in terms of tolerance to 

LBNP, vasoconstriction in the group with high orthostatic tolerance was delayed as 

indicated by an x-intercept that was significantly greater than zero. The group with low 

orthostatic tolerance had an x-intercept was not significantly different from zero. This 

result is consistent with the finding of our earlier study which consisted of only male 

subjects (Hachiya et al. 2006~). In our previous study, we suggested that male subjects 

with high orthostatic tolerance may have a greater cardiovascular reserve, and therefore 

required less vasoconstriction to maintain venous return. These new data suggest that 

this may be true for both males and females and was unrelated to gender differences in 

orthostatic tolerance. 

Validity of near-in frared spectroscopy 

Venous pooling increases total blood volume in the limbs and should therefore 

contain increased deoxygenated Hb as well as increased unused oxygenated Hb. 

However, as a response to venous pooling, vasoconstriction also occurs reducing arterial 



blood flow and, as a consequence, oxygenated Hb. Furthermore, oxygenated Hb will 

decrease due to the increased fi-action of oxygen extracted per mL of blood when flow is 

reduced with constant oxygen consumption during LBNP. 

The opposite response of oxygenated Hb fi-om blood pooling during LBNP led 

us to postulate (Hachiya et al., 2006b) that oxygenated Hb changes during LBNP may 

reflect a modulation of arterial blood volume and thus arterial vasoconstrictor responses. 

It has been well documented that MSNA increases with LBNP (Khan et al. 2002, Victor 

and Leimbach 1987), suggesting that an augmented vasoconstiction might have 

occurred. Hansen et al. ( 1 996) suggested that a reduction in oxygenated Hb and 

myoglobin (Mb) was associated with an increased MSNA with augmented forearm 

vascular resistance at -20 mm Hg LBNP. Myoglobin also reacts to oxygen and 

subsequently oxygenated Mb affects NIRS measurements (Van Beekvelt 2001). We have 

found that LBNP does not directly affect muscle metabolism if muscle activation, 

assessed by EMG, does not occur (Hachiya et al. 2004). Oxygenated Hb reduction rates 

during arterial-venous occlusion did not differ between at rest and 4 0  mm Hg LBNP 

(Hachiya et al. 2006b). We therefore assume that any change in the NIRS oxygenated 

signal should be due to a change in Hb not Mb oxygenation. 

More importantly, we have previously demonstrated that relative oxygenated Hb 

changes with arbitrary units in the calf were significantly correlated with blood flow 

reductions, assessed by mercury strain gauge plethysmography and MSNA during LBNP 

up to -30 mm Hg (Hachiya et al. 2006b). Thus, it is reasonably assumed that changes in 

oxygenated Hb with arbitrary units consistently reflect vascular responsiveness during 

graded LBNP. 



Hear rate (HR) and bloodpressure (BP) responses 

Although both male and female HR was elevated from baseline at each level of 

LBNP, HR increases fiom the previous level was observed at -40 and -50 mm Hg 

LBNP in both groups (Table 6.4). This rise during arterial baroreceptor unloading agrees 

with other studies (Franke et al. 2000, Fu et al. 2004, Lawler et al. 1998, Shoemaker et al. 

2001). The quadratic regression analysis of HR as function of blood pooling indicated 

that women exhibited smaller HR increments (Fig 6.6). This is in contrast with results 

fiom Fu et al. (2004) who demonstrated greater HR in women at -60 mm Hg LBNP and 

Shoemaker et al. (2001) who showed a similar response in head-up tilt. It should be noted 

that up to -40 mm Hg LBNP we saw no difference in HR between male and female 

subjects and with the quadratic regression model, only a few of our subjects had data out 

to -60 mm Hg LBNP; the majority of the subjects finished at -40 and -50 mm Hg LBNP. 

Furthermore, since our data were analysed as a function of venous pooling, a 

major stimulus to the baroreceptor-HR reflex, we believe this to be a better representation 

of orthostatic reflex responsiveness than a comparison with levels of LBNP. We believe 

that this is the first time that a comparison of male and female HR response has been 

presented as a function of blood pooling in the lower limbs during LBNP. 

Our analysis also indicated that both women and men who had low orthostatic 

tolerance had higher HR responses to the reduction in BV (Fig 6.6). This was consistent 

with our earlier observations in a study where we investigated the relationship between 

cardiovascular reflex and orthostatic tolerance in male subjects only (Hachiya et al. 

2006~). Both male and female subjects appear to respond similarly in relation to high and 



low orthostatic tolerance. These data are consistent with the observation that low tolerant 

individuals have higher baroreceptor sensitivity (El-Sayed and Hainsworth 1995). 

Only women with low orthostatic tolerance exhibited a decrease in SBP, whereas 

all men had a decrease in SBP fiom 4 0  mrn Hg (Table 6.2). The observed lower resting 

SBP in women is in accordance with the previous studies (Franke et al. 2000, Franke et 

al. 2003, Frey and Hoffler 1988). We did not find an overall gender difference in MAP, 

although other studies have indicated that women have lower MAP responses with (Fu et 

al. 2004) or without (Franke et al. 2003) higher HR. Throughout LBNP, DBP did not 

differ between males and females. The result is in agreement with other studies (Franke 

et al. 2000, Franke et al. 2003). In the present study there was no overall gender 

difference in HR and blood pressure response during graded LBNP. 

Summary 

We investigated gender difference associated with orthostatic tolerance 

highlighting calf vasoconstrictor responses estimated by oxygenated Hb. The selective 

deep calf oxygenated Hb reduction in men was greater than that seen in women during 

increasing LBNP. There was greater blood pooling in women compared to men (p < 

0.05). However, selective deep calf total Hb was greater in men than women. A greater 

total blood volume and Hb content in men might have contributed to larger increments in 

total Hb compared to women. It might be expected that different oxygenated Hb response 

accounted for the greater blood volume and Hb content in men rather than for the 

magnitude of vasoconstrictor responses. The normalized oxygenated Hb response was 

analysed as a function deoxygenated Hb to remove effects of total blood volume and Hb 

since total Hb is the sum of oxygenated and deoxygenated Hb. This analysis also showed 



greater oxygenated Hb declines in men than women. Taken together, we concluded that 

calf muscle vasoconstrictor responses assessed by selective deep calf oxygenated Hb 

were different between men and women with men having a greater vasoconstriction as 

the result of venous accumulation in the calf. Since forearm total and oxygenated Hb 

responses did not differ significantly between genders, sympathetic outflow to muscle 

vasculatures in the calf may not be different but myogenic and alpha-adrenergic receptor 

sensitivity may not be identical between genders. 

In addition, regardless of whether the subject was male or female, 

vasoconstriction evaluated by selective deep oxygenated Hb changes as a function of 

either calf blood volume or deoxygenated Hb was delayed in the subjects with high 

compared to low orthostatic tolerance. As well subjects with low orthostatic tolerance 

had greater HR changes than those with high orthostatic tolerance independent of 

whether the subject was male or female. These results are the same as was observed 

previously (Hachiya et al. 2006c) for only male subjects. This would indicate that the 

mechanisms of orthostatic intolerance were not specific to males or females. However, 

the lower HR and vasoconstrictor response of the female subjects to orthostatic stress 

may make them susceptible to presyncope earlier during prolonged or more severe 

orthostatic stress than male subjects. 
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Tables 

Table 6.1. Descriptive subject characteristics 

Variable Women (n=9) Men (n=l1) 

Age (YO 
Height (crn) 
Weight (kg) 
Body fat (%) 30.0 k 2.4 16.7 k 1.2 * 
Values are means SE. *:p < 0.0001. 



Table 6.2. Data whose subjects completed -50 mm Hg LBNP 

Women (n=9) Men (n=ll) 
Calf circumference (cm) 37.5 k 0.7 
Calf skinfold thickness (mm) 9.7 k 0.8 
Calf radius (cm) 6.0 k 0.1 
Calf muscle radius (cm) 5.0 * 0.1 . , 

Calf muscle area (cm2) 79.0 k 3.7 85.7 k 3.1 - 
Values are means & SE. *:p < 0.0001, #:p < 0.05. 



Table 6.3. Linear regression coefficients for normalized oxygenated Hb as a 

function of plethysmography blood volume or normalized deoxygenated 

Hb. 

Oxy-Hb vs Plethysmography Oxy-Hb vs deoxy-Hb 

x-int. slope (x 1 o-~) r~ x-int. (x 1 o-~) slope 
(%I ( AU/%) ( A U I C ~ ~ )  (AU/%) 

I 

Gender (p = 0.289) * (p = 0.046) (p = 0.342) * (p = 0.022) 
women 1.05 * 0.52 0.93 * 0.02 0.08 * 0.37 0.95 * 0.01 

men 0.33 * 0.39 0.97 * 0.02 0.54 * 0.28 0.97 * 0.01 

Tolerance # (p = 0.024) (p=0.388) #(p=0.034) (p=0.178) 
-0.44 * 0.04 0.95 * 0.02 -0.45 * 0.02 0.97 * 0.01 
-0.46 * 0.05 0.94 * 0.02 -0.39 0.03 0.95 * 0.01 

High: subjects with high orthostatic tolerance; low: subjects with low orthostatic 

tolerance. Values are means * SE. *: gender effect, #: tolerance effect 



Table 6.4. Heart Rate (beats per minute) responses to graded LBNP up to -50 mm 

Hg 

LBNP 
control -10 mm Hg -20 mm Hg -30 mm Hg -40 mm Hg -50 mm Hg 

(H) 60.0 * 3.5 59.6 * 3.7 60.3 * 3.3 63.1 * 3.4 68.2 * 3.9*f 75.8 * 4.1*$ 
Women 

(L) 57.7 * 3.8 56.5 * 3.3 55.7 * 3.3 58.9 * 3.2 78.3 + 3.4*$ 85.3 * 3.8*f 
(H) 62.9 * 0.7 62.7 * 1.1 65.7 * 1.3 70.8 * 4.2*$ 78.3 * 3.4 *f# 85.3 * 3.8*$# 

Men (L) 63.4 * 4.5 62.9 * 4.3 66.7 * 3.6 72.8 * 4.3*f# 79.1 + 4.3 *f 89.1 * 5.1*f 
P - 

(H): subjects with high orthostatic tolerance; (L) subjects with low orthostatic tolerance. 

Values are means h SE. Main effects were found for medwomen (p=0.029) and for 

LBNP (p<0.0001). Significant interaction term was found for medwomen and LBNP. 

(p=0.039). Post hoc analysis: *:p < 0.01 vs. control, $:p < 0.01 vs. previous level, #:p < 

0.05 women vs. men in the same condition 



Table 6.5: Quadratic regression coefficients for heart rate as a function of 

plethysmography blood volume (BV), in units of mL of blood per 100 1 
mL tissue. 

Gender (p = 0.3 14) * (p = 0.011) (p = 0.770) 
women 58.7 * 3.0 2.62 * 0.70 0.97 * 0.0 1 

men 62.7 =t 2.6 2.88 * 0.60 0.98 * 0.01 

Tolerance (p = 0.754) (p = 0.43 1) 
high 61.3*24 -1.17 * 1.21 0.97 * 0.0 1 
low 60.1 =t 3.1 -2.74 * 1.53 0.98 * 0.0 1 

tolerance. Values are means k SE. *: gender effect, #: tolerance effect 



Table 6.6. Blood pressure (BP) responses to graded lower body negative pressure 

(LBNP) up to -50 mm Hg. 

BP LBNP 
(mm Hg) control -10 mm Hg -20 mm Hg -30 mm Hg -40 mm Hg -50 mm Hg 

Systolic 
Women (H) 110.2 3.0 109.1 3.5 109.4 * 3.2 110.8 2.5 110.8 * 1.8 110.8 3.0 

(L) 107.3 * 3.9 108.5 5.3 108.0 5.1 108.7 * 3.8 107.8 3.6 101.8 4.9 *$ 
Men (H) 115.5 1.9 # 114.3 2.8 # 113.6 * 2.3 # 110.5 2.6 110.3 * 2.2* 108.3 * 2.2 * 

(L) 125.3 * 3.7 # 122.6 * 3.4 # 120.1 * 2.3 # 121.8 * 2.9 # 117.0 3.0#* 110.8 4.6#*$ 

Main effects Medwomen (p=0.035), LBNP (p<0.0001). 
Interactions Medwomen and LBNP (p=0.001); tolerance and LBNP (p=0.006) 

Diastolic 
Women (H) 55.6 * 1.5 54.4 2.6 52.2 * 2.7 * 5 1.7 * 2.9 56.2 2.7 56.8 2.5 

(L) 53.2* 5.5 52.6 5.3 53.7 5.8 54.7 *6.0 55.8 *4.3 54.9 * 4.0 
Men (H) 59.8 * 2.2 # 59.4 2.2 # 58.6 * 2.7 # 58.6 * 1.8 # 59.6 2.9 # 61.6 * 1.6 # 

(L) 61.8 * 3.4 # 57.8 * 3.6 # 55.3 * 3.3 #* 63.7 * 2.9 # 63.1 * 2.4 # 65.2 * 4.0 # 

Main effects Medwomen (p=0.049), LBNP (p=0.0 1 7) 
Interactions None 

Mean 
Women (H) 73.8 * 1.5 73.0 * 2.2 72.0 * 2.4 71.6 * 2.5 72.9 * 2.3 74.6 * 2.6 

(L) 71.2 *4.9 71.2* 5.2 71.8 5.3 72.7 * 5.0 73.1 *4.0 70.5 * 3.6 
Men (H) 78.4 * 2.0 77.7 2.2 76.9 * 2.3 75.9 * 1.6 76.5 2.6 77.2 4.0 

(L) 83.0*3.1 79.4k3.1 77.1 k2.5 83.1 52.8 81.1 *2.5 80.0 * 3.3 

Main effects None 
Interactions None 

(H): subjects with high orthostatic tolerance; (L) subjects with low orthostatic tolerance. 

Values are means h SE. Post hoc analysis: *:p < 0.05 vs. control, $:p < 0.05 vs. previous 

level, #:p < 0.01 from women. 



Figures 
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Figure 6.1: Percent changes in calf volume (mL / 100 mL tissue) normalized to calf 
muscle cross-sectional area in response to graded LBNP in male and 
female subjects (above). Selective deep total Hb changes normalized to 
calf muscle cross-sectional area in response to graded LBNP in male and 
female subjects (bottom). Values are means A SE. *: p < 0.05 versus 
control, #: p < 0.05 from previous values, t: p < 0.05 from male subjects 
at same level of LBNP. 



LBNP (mm Hg) 

Figure 6.2: Selective deep calf oxygenated and deoxygenated Hb changes 
normalized to calf muscle cross-sectional area during graded LBNP in 
male and female subjects. Each value is expressed as mean k SE. *: p < 
0.05 versus control, #: p < 0.05 from previous values, t: p < 0.05 from 
male subjects at same level of LBNP. 
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Figure 6.3: Forearm with superficial portion oxygenated and deoxygenated Hb 
responses during graded LBNP up to -40 mm Hg in male and female 
subjects (above). Forearm with superficial portion total Hb responses 
during graded LBNP up to -40 mm Hg in male and female subjects 
(bottom). Values are means * SE. *:p < 0.05 versus control. 
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Figure 6.4: The regression analysis between normalized oxygenated Hb and the 
percent change in calf blood volume (mL 1 100 mL of tissue). The entire 
individual subjects' data was displayed (male subjects: black symbol and 
black line; female subjects: blue symbol and blue line; High tolerance 
subjects: closed symbol; Low tolerance subjects: open symbol). 



Normalized Deoxygenated Hb (A. u./cm2) 

Figure 6.5: The regression analysis between normalized oxygenated Hb and 
normalized deoxygenated Hb. The entire individual subjects' data was 
displayed (male subjects: black symbols and black line; female subjects: 
blue symbol and blue line; High tolerance subjects: closed symbol; Low 
tolerance subjects: open symbol). 
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Figure 6.6: The quadratic equations between HR and the percent change in calf 
blood volume changes (mL / 100 mL of tissue). The solid line and dashed 
line with standard errors (thin lines) indicate male and female groups, 
respectively. The insert in the top right shows a sample regression for 
one male (open circles) and female (close circles). 



7. DISCUSSION (AS A SUMMARY) 

Sympathetically mediated blood flow changes in the lower body have not been studied 

intensively, although effects of orthostatic stress such as HUT or LBNP on forearm or 

total peripheral vascular resistance have been investigated. NIRS has been used as a 

blood flow estimator by evaluating the results from correlation studies between blood 

flow and NIRS measurements (De Blasi et al. 1994, Hornrna et al. 1996). We attempted 

to use NIRS for an assessment of the leg blood flow modulation under orthostatic stress 

(LBNP). Leg blood flow regulation is considered to be more important than that of 

forearm, since legs have a greater capacity for blood accumulation due to their larger 

muscle mass and vasculature. Vasoconstrictor responses in the lower extremities might 

also be greater than those of the upper limbs due to larger myogenic activities 

(Imadojemu et al. 2001) and more sensitive alpha-adrenergic receptors (Jacob et al. 2000) 

despite identical MSNA (Hansen et al. 1994). Additionally, a local sympathetic axon 

reflex is activated when venous pooling increases intravenous pressure to 25 mrn Hg or 

more (Skagen et al. 1983, Smit et al. 1999). Therefore, leg vasoconstrictor activities can 

modulate venous return and flow regulation. 

The thigh has a larger muscle mass and holds greater blood volume compared to 

the calf under orthostatic stress. Thigh vasoconstrictor regulation is considered to be 

more critical than that of the calf to control blood pooling in the lower body. Thus we 

first investigated blood flow changes in the thigh using NIRS with superficial portions. 



Ql.  How do NIRS measurements in lower extremities respond to 
graded LBNP? 

Thigh NIRS measurements were performed during graded LBNP. The results indicate 

that total and deoxygenated Hb increased in proportion to augmented negative pressure as 

blood accumulated in the lower body. However, oxygenated Hb increased at -10 mm Hg 

and reached statistical significant at -20 rnm Hg and then leveled off up to -60 mrn Hg 

LBNP. Changes in oxygenated Hb did not follow the responses in total Hb, although 

oxygenated Hb accumulated in the venous compartment and a constant increment was 

expected. It was proposed that the response in oxygenated Hb reflected arterial blood 

flow changes rather than those in blood accumulation that occurred in the venous 

compartment. Blood flow reductions might be expected due to rises in sympathetic 

outflow to vasculatures, and be inversely associated with MSNA which has been reported 

to increase even at -10 or -1 5 mm Hg LBNP (Joyner et al. 1990, Victor and Leimbach 

1987). This sympathetically induced arterial vasoconstriction should result in a reduction 

in oxygenated Hb. 

It was suggested that this unexpected result was due to features of NIRS device. 

An ordinal NIRS device measures the oxygenated state of Hb fiom a maximal depth 

(measuring muscle vasculature) to superficial portions (skin and subcutaneous 

circulation). Since oxygenated Hb which included superficial portions was not 

remarkably decreased at mild LBNP, it was assumed that muscle blood flow changes 

were masked by the skin and subcutaneous vasculature. Vissing et al. (1 994) 

demonstrated that skin blood flow did not change during moderate LBNP. Thus the 

possible discrepancy between sympathetically-mediated blood flow reductions and these 



oxygenated Hb changes was the result of the NIRS measurement which included 

superficial vascular responses during mild LBNP. 

Comparison between thigh and calfin NIRS including superfcialportions 

Calf oxygenated Hb responses with superficial portions fiom the second study were 

compared with the results of the thigh in the first study. The response in calf oxygenated 

Hb with superficial portions did not decrease until -30 mm Hg and then gradually 

decreased up to -60 mm Hg LBNP. Thigh and calf oxygenated Hb responses including 

superficial portions were not similar because thigh oxygenated Hb never decreased 

during LBNP. Since adipose tissue thickness affects NIRS measurements and the layer in 

thigh muscles is larger than in calf muscles (Abe et al. 1996), we considered that the 

results were largely influenced by skin or subcutaneous circulation rather than muscle 

vasculature. Calf oxygenated Hb responses with superficial portions were not expected to 

be similar to sympathetically mediated blood flow reductions as reported by MSNA 

studies (Joyner et al. 1990, Victor and Leimbach 1987). Thus the responses in thigh and 

calf with superficial portions might reflect skin and subcutaneous vascular system rather 

than muscle vasculature alone. 

Comparison between oxygenated Hb with superficial and with selective deep portions 

It was proposed that selective deep NIRS measurements would enable us to examine 

muscle oxygenated states of Hb due to the removal of the superficial portion. In the 

second study the comparison between superficial and selective deep calf oxygenated Hb 

indicated different response patterns. Selective deep calf oxygenated Hb decreased in 

relation to augmented negative pressure even at -10 rnrn Hg LBNP. The responses might 



be inversely related to MSNA. When blood flow change in muscle vasculature is smaller 

at mild to moderate LBNP, oxygenated Hb measurements with superficial portions may 

be affected by skin or subcutaneous circulation. Selective deep oxygenated Hb reflected 

blood flow changes occurring within muscle vascular beds. 

Q2. Is a pattern of the selective deep calf oxygenated Hb changes similar 
to calf blood flow changes or inverse peroneal or tibia1 MSNA? 

It is well documented that as sympathetic outflow to peripheral vasculature increases, 

blood flow decreases due to vasoconstriction (Joyner et al. 1990, Victor and Leimbach 

1 98 7). Selective deep calf oxygenated Hb decreased even at -1 0 rnm Hg and 

continuously declined with augmented LBNP, therefore, we assumed that the Hb 

responses might inversely reflect MSNA. To determine if oxygenated Hb in selective 

deep portions reflects blood flow reductions was due to increased sympathetic discharge 

during LBNP, comparison studies between oxygenated Hb and blood flow changes 

assessed by mercury strain gauge plethysmography, or MSNA were performed. 

Blood flow and two relative NZRS (oxygenated Hb) measurements 

We tested the possibility of using two forms of relative changes in oxygenated Hb to 

effectively evaluate relative blood flow alterations during graded LBNP. One form was 

expressed by a percentage change of maximal physiological range which was determined 

by performing arterial occlusion at rest and was set at 100 % as the baseline value. The 

other was relative changes (arbitrary units) from the baseline value of rest set at 0 %. 

Although the relative values with arbitrary units cannot be compared with percent 

changes in blood flow, changing patterns of responses to orthostatic stress can be 

examined. MSNA was recorded from the peroneal nerve and compared to the relative 



oxygenated Hb changes with arbitrary units. The results from Chapter 4 clearly 

demonstrated that responses in two forms of estimated changes in selective deep calf 

oxygenated Hb to LBNP were significantly correlated with blood flow changes assessed 

by mercury strain gauge plethysmography and the changes with arbitrary units were 

inversely proportional to augmented MSNA (burst strength) during graded LBNP. 

It is difficult to measure blood flow declines with venous occlusion 

plethysmography at severe negative pressure. The relation of oxygenated Hb versus 

plethysmography at lower levels of negative pressure enables us to estimate percentage 

changes in blood flow at severe negative pressure. Oxygenated Hb estimated from 

maximal physiological range may be more accurate to evaluate relative blood flow 

changes than that with arbitrary units. However, oxygenated Hb with arbitrary units can 

be substituted to examine vasoconstrictor responses by converting to percentage 

reductions with individual relationships or one general equation evidenced by similar 

slopes for each subject between the two forms of oxygenated Hb. Thus, oxygenated Hb 

with arbitrary units even without evaluating slopes can estimate relative blood flow 

changes from baseline. We were confident in applying the relationship between blood 

flow changes resulting from rises in sympathetic discharge and selective deep calf 

oxygenated Hb responses to evaluate the magnitude of vasoconstrictor responses. 

Q3. Do low tolerant groups to orthostatic stress exhibit smaller selective 
deep calf oxygenated Hb reductions? 

Using the fact that selective deep calf oxygenated Hb was directly correlated with calf 

blood flow and inversely correlated with peroneal MSNA (burst strength), we examined 

lower limb vasoconstrictor responses between men and women and between low and 



high tolerant subject groups. The results from Chapter 6 showed that women had lower 

oxygenated Hb reductions compared to men, indicating that women might elicit smaller 

vasoconstrictor responses. Although there was greater blood pooling in calf muscles of 

women compared to men (p < 0.05), total Hb increments in men was greater than that of 

women. This discrepancy was thought be due to fundamental differences in blood 

composition between men and women: blood volume and Hb concentration differ (male, 

13.5 - 17.5 g Hb and 4.3 x lo6 - 5.7 x 1 0 ~ 1 ~ ~  red blood cell counts, female, 11.5 - 15.0 g 

Hb, 3.8 x lo6- 5.0 x 1 0 ~ 1 ~ ~  red blood cell counts). Thus, the difference in the magnitude 

of oxygenated Hb responses between genders seemed to be caused by the fundamental 

functional difference of blood itself. Since deoxygenated Hb reflected blood pooling, due 

to the higher correlation between deoxygenated Hb and BV compared with that of total 

Hb, we estimated vasoconstrictor responses at given level of blood pooling as an index 

by calculating the linear regression between oxygenated and deoxygenated Hb. These 

normalized values for evaluating vasoconstrictor response continued to show the 

existence of a gender difference in calf vasoconstrictor responses: men had greater 

vasoconstriction than women during graded LBNP. 

The onset of selective deep calf oxygenated Hb reductions between low and high 

tolerant groups for either male homogeneous and gender mixed subjects showed a shift 

toward greater BV accumulation, suggesting that vasoconstrictor responses in the high 

tolerance group was delayed. 

Limitations 

Depth of measurement 



The two-detector NIRS system allowed us to monitor predominantly muscle blood flow 

responses by subtracting superficial portions; whereas, the one-detector NIRS model 

included superficial portions and might reflect skin and subcutaneous vasculature. Two 

NLRS devices, one of which was equipped with two photodetectors, were used to 

compare a difference in oxygenated Hb responses between deeper and superficial 

portions in the calf. We assumed that by using two different NIRS devices it was possible 

to identify differences in vascular responses between skin and subcutaneous, and muscle 

tissues during LBNP. The maximal depth in both the systems was set to be the same in 

these studies but, the result f?om each device was different, suggesting that each model 

represented different tissue NIRS measurements. However, to examine the remarkablly 

different responses between superficial and deep circulations, different maximal depth 

measurements might be recommended. 

Effects of adipose tissue layers on NIRS measurements 

Since adipose tissue thickness might be different between genders, when comparison 

studies between two groups are performed, additional care should be taken. Adipose 

tissue layer in women was found to be greater than men (Chapter 6). It has been known 

that adipose tissue thickness affects NIRS measurements, inducing lower values with 

greater thickness (Homma et al. 1996). A 3.0 cm spacing has been found to be stable 

without reaching the full scale of NLRS monitor (Matsushita et al. 1998) and we were 

only concerned about relative changes from baseline for each subject. Although the 

signals might be attenuated by adipose thick layer, the relative changes could be 

maintained. 



Blood flow in skin and subcutaneous (adipose tissue) circulation to orthostatic 

stress is not the same as muscle vasculature (Vissing et al.). However, we used the NIRS 

model with two detectors and one emitter, enabling us to remove NIRS measurements up 

to a 2.0 cm depth from the skin surface. In the second experiment we measured skin fat 

layer by skin caliper and women's adipose tissue layers in the study were around 3.0 cm 

except one subject whose layer was 1.3 cm in depth. We believed that the two-detector 

model minimized the effect of adipose tissue layer differences on NIRS measurements by 

removing vasculature in this superficial region. 

Theoretical andpractical depth of measurements 

Kashima (2003) tested the measurement depth of our type of two-detector NIRS device 

using an artificial material having characteristics equivalent to living tissues and obtained 

a one to one linear relationship. A spacing of the emitter and detector was associated with 

maximal measurement depth referred to as theoretical measurement depth, although the 

greater the distance, the greater the discrepancy in the relation between the spacing and 

measurement depth (Kashima 2003). Within 3.0 cm depth, which was our maximal 

depth, the relationship was close one to one. Sugisaki et al. (2001) confirmed that a 

distance between probes could be considered to be the same as the measurement depth. 

On the other hand, another vivo study (Matsushita et al. 1998), who used a device 

different from ours, indicated that the practical measurement depth was much closer to a 

half of the spacing between two probes. 

Energy expenditure estimation during LBNPperformed by NIRT 



In terms of applying NIRS to estimate blood flow changes, we must be certain that 

oxygen consumption is not affected by negative pressure during LBNP. Although we did 

not expect additional energy expenditure during LBNP, since in the first study muscle 

activation measured by EMG did not occur during LBNP. However, this does not 

eliminate the effect of negative pressure itself to induce changes in oxygen consumption. 

We compared a slope of the oxygenated Hb reduction during arterial occlusion between 

at rest and -40 mm Hg LBNP. The slope, which was considered the rate of oxygen 

consumption, did not differ between the two conditions indicating that negative pressure 

did not affect the estimation of blood flow changes assessed by NIRS. 

Degree ofpressure level 

We employed negative pressure up to -60 mm Hg LBNP as orthostatic stress. Although - 

50 mm Hg is considered to be the same stress level as 5 minutes passive standing 

(Hoffler et al. 1990), the pressure may not be severe enough to distinguish between high 

and low tolerant individuals during orthostatic stress greater than 5 minutes. Most of the 

low tolerant subjects exhibited presyncopal symptoms during -60 mm Hg LBNP. 

However, some of the high tolerant subjects may elicit the indications of the symptoms 

during -70 rnm Hg LBNP. All subjects must be exposed to their maximal pressure levels 

which induce syncope and then it becomes possible to assess and identifl subjects who 

exhibit low and high tolerance, and as a result, any group differences should become 

distinguishable. 

Perspective 

Questions remaining 



This is the first series of studies to systematically investigate vasoconstrictor responses 

estimated by NIRS (oxygenated Hb) during graded LBNP. There are questions that 

remain for future research. 

1) Differential vasoconstrictor responses in selective deep oxygenated Hb between thigh 

and calf. 

We measured thigh and calf oxygenated Hb including superficial portions for the 

different subject groups and obtained different response patterns during graded LBNP. 

Those responses seemed to reflect muscle blood flow changes according to evidence of 

MSNA, indicating that the NIRS recordings represented predominantly skin and 

subcutaneous vasculatures and might be influenced by fat tissue layers. Thigh adipose 

tissue is thicker than that of the calf (Abe et al. 1996). To compare the magnitude of 

vasoconstriction, we need to evaluate thigh muscle blood flow changes during graded 

LBNP using selective deep thigh oxygenated Hb with minimizing the influence of skin 

and subcutaneous vasculature on the data. The selective deep thigh and calf NIRS 

measurements can examine if the different results account for the degree of influence 

from adipose tissue layers or other factors such as regions of body or muscle types. 

2) Different measurement depth to evaluate blood flow changes in skin and subcutaneous 

vasculature versus muscle vascular beds. 



Since adipose tissue affects NIRS measurements, oxygenated Hb states in selective deep 

portions of calf were used to evaluate sympathetically mediated vasoconstictor responses 

in muscle vasculature. Oxygenated Hb changes were significantly correlated with blood 

flow alterations and MSNA. Although we assumed that NIRS with superficial 

portionsreflected skin and subcutaneous vasculature, it is not clear if superficial NIRS 

values are associated with skin blood flow including subcutaneous vascular beds. 

Superficial NIRS measurement within 1.0 or 1.5 cm depth needs to be compared with 

Doppler skin blood flow measurements which are established methods for assessing skin 

blood flow. 

3) Examination of the possible cause of the discrepancy between blood accumulation 

assessed by plethysmography and total Hb measured by NIRS 

The gender study raised the question as to whether total Hb assessed by NIRS in men was 

greater than that of women despite the conflicting blood pooling result with similar calf 

muscle circumferences at the maximal girth. Since it was reported that gender differences 

existed in terms of plasma volume estimated by Evans Blue and blood volume 

determined by hematocrit (El-Sayed and Hainsworth 1999, we postulated that these 

differences produced contradictory results fi-om the comparison between NIRS and 

plethysmography. We need to reexamine the relationship between NIRS and blood 

pooling with plasma and blood volume measurements at the same time. Another way to 

resolve this discrepancy between plethysmography and NIRS may be to measure absolute 

values of oxygenated states of Hb between genders during graded LBNP. 
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