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Summary 

This study was undertaken to investigate the effects of lower 

body positive pressure (LBPP) on cardiovascular responses during 

a 15-min walking trial in young (22.1±0.4 years) and elderly 

women (67.8±1.1 years). The application of 20 mm Hg LBPP 

reduced ground reaction forces by 31.2±0.5 kgw in both groups. 

We hypothesized that cardiovascular responses to LBPP during 

walking were different between the young and elderly subjects. 

Applying 20 mm Hg of LBPP increased diastolic and mean blood 

pressure but not systolic blood pressure in both groups. LBPP-

induced reduction in heart rate (HR) occurred more quickly in the 

young group compared to the elderly group (p<0.05). Applying 

LBPP also decreased double product (systolic blood pressure x 

HR) in both groups, suggesting that LBPP reduces myocardial 

oxygen consumption during exercise. These results suggest that 

heart rate responses to LBPP during exercise vary with increasing 

age. 
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Introduction 

Lower body positive pressure (LBPP) applied on 
an upright human reduces apparent body weight and 

unloads the lower extremities (Cutuk et al. 2006), 
suggesting that treadmill exercise using LBPP is a new 
method of walking rehabilitation for patients after knee 
surgery (Eastlack et al. 2005). However, cardiovascular 
side effects of LBPP during walking should be examined 
in elderly patients before wide application of the method 
for clinical use.  

Age and gender both have a significant impact 
on cardiovascular responses to exercise in human subjects 
(Martin et al. 1991, Ogawa et al. 1992). Heart rate (HR) 
during exercise decreases with aging over sixty years in 
both sexes (Ogawa et al. 1992). Systolic blood pressure 
(SBP) during exercise increases with aging, and the age-
related increase in SBP is greater in women than in men 
(Martin et al. 1991, Ogawa et al. 1992). Martin et al. 
(1991) suggested that calf vasodilatory capacity was 
reduced in old women compared with young women, but 
the age-dependent change was not observed in men. 
Proctor and coworkers (2003) investigated the difference 
in cardiovascular responses to leg cycle exercise using 
ergometer between young and old women. They reported 
that mean blood pressure (MBP) during exercise 
increased more rapidly in older women, suggesting that 
an increase of total vascular conductance during exercise 
was about 30 % less in old women than in young. 
Overall, these reports suggest that cardiovascular 
responses to exercise in the elderly will vary from the 
young women. 

Knee osteoarthritis (OA) is the most common 
cause of walking disability in many countries. Patients 
with OA have problems such as leg pain, loss of motion, 
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and/or instability. The prevalence of the disease increases 
with advancing age (Carr et al. 2012, Menz et al. 2010, 
Saltzman et al. 2006). Assistive devices including canes, 
walkers and parallel bars are often used to walk during 
rehabilitation (Berman and Studenski 1998, Hesse and 
Werner 2003). Such rehabilitation, however, is hard for 
elderly patients, since these ordinary devices require 
muscle strength of upper extremities. Recently, an 
innovational method using LBPP has been introduced for 
rehabilitation after knee surgery (Eastlack et al. 2005, 
Cutuk et al. 2006).  
 More than 650,000 total knee replacements were 
done in the USA in 2008 (Carr et al. 2012). The 
incidence of stroke in a Japan rural area is 300-400 per 
100,000 population during 1987-1991 (Morikawa et al. 
2000). Many patients who have had orthopedic surgery or 
stroke suffer from ambulatory difficulties due to leg pain, 
muscle weakness, or partial paralysis in the lower 
extremity (Berman and Studenski 1998, Finnan et al. 
2005, Kelly-Hayes et al. 2003). Applying LBPP produces 
a buoyant force which can reduce ground reaction forces 
(GRF) in an upright human (Cutuk et al. 2006), and is 
beneficial for gait training (Eastlack et al. 2005).  
 Attention should be paid, however, to an 
undesired side effect of LBPP that may increase blood 
pressure of the subject (Shi et al. 1993, Fu et al. 1998). 
Shi et al. (1993) reported that exposure to 20 mm Hg 
LBPP produces a shift of blood volume from the legs to 
the thoracic compartment, an increase in central venous 
pressure, and an elevation of MBP in supine human 
subjects. Fu et al. (1998) suggested another mechanism 
of the increase in MBP during supine LBPP through an 
increase in total peripheral resistance. Nishiyasu et al. 

(1998) suggested that cardiovascular responses to LBPP 
are largely dependent on posture. The LBPP-induced 
increases in MBP at rest and during ergometer exercises 
were greater in a supine position than that in an upright 
position (Nishiyasu et al. 1998, Nishiyasu et al. 2007). 
Nishiyasu et al. (1998, 2007) also reported that applying 
LBPP reduced HR in the upright position, but did not in 
the supine position. Cutuk et al. (2006) have recently 
reported that exposure to LBPP does not significantly 
affect blood pressure, but reduces HR during walking in 
upright human subjects whose mean age was 30 years 
old.  
 Little data is available regarding the effects of 
LBPP on cardiovascular responses during exercise in 
upright elderly subjects. The purpose of the present study 
was to investigate cardiovascular responses to LBPP 
during walking in elderly women. A blood shift toward 
upper body and an increase in total peripheral resistance 
due to LBPP might be more remarkable in elderly 
subjects than in young. Thus, we hypothesized that the 
effect of LBPP on MBP during walking is greater in 
elderly women than in young. 
 
Methods 
 
Participants 
 Young females (n=20, age: mean 22.1 years, 
range: 20-25 years), and post-menopausal elderly females 
(n=19, age: mean 67.8 years, range: 60-77 years) 
participated in this study. Included subjects did not 
smoke or have a history of neurological disease, 
orthopedic disease, cardiopulmonary disease, or 
metabolic disease. No subjects were taking medications

 
 
Table 1. Physical characteristics of young and elderly subjects. 
 

 Young (n=20) Elderly (n=19) 

Age (years) 22.1 ± 0.4 67.8 ± 1.1* 
Body height (cm) 160.0 ± 1.1 151.5 ± 1.4* 
Body weight (kg) 53.6 ± 0.9 53.8 ± 2.1 
BMI (kg/m2) 21.0 ± 0.3 23.3 ± 0.6* 
GRF at 20 mm Hg LBPP (kgw) 22.6 ± 0.8 22.3 ± 1.8 
SBP at REST (mm Hg) 107 ± 4 130 ± 4* 
DBP at REST (mm Hg) 71 ± 2 77 ± 2* 
MBP at REST (mm Hg) 83 ± 2 94 ± 2* 
HR at REST (beats/min) 86.9 ± 2.4 76.4 ± 2.5* 
Double product at REST (mm Hg•beats/min) 9300 ± 460 10020 ± 470* 

 
Asterisks show statistical significance in each value between young and elderly women (p<0.05). GRF, ground reaction force 
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Fig. 1. Scheme of the experimental 
protocol. A: After 3 min of standing still 
subjects started walking for 15 min. The 
square indicates the time for a 
measurement of blood pressure. B: 20 
mm Hg of LBPP was applied for 5 min 
during walking. 
 
 
 
 
 
 

having hemodynamic effects including estrogen 
replacement (Moreau et al. 2003). We asked all subjects 
about their daily physical activity by means of oral 
questions. No subjects participated in more than 30 min 
of moderate or severe physical activity more than 3 days 
per week. Six of the 20 young women and 15 of the 
19 elderly women took part in 30 min or more of light 
physical activity at least one day per week for more than 
6 months. Physical characteristics of both groups are 
presented in Table 1. Each subject signed an informed 
consent to participate in this study. This experimental 
protocol was approved by the Ethics Committee of 
Tottori University, Faculty of Medicine. 
 The room temperature was adjusted to 24-26 °C, 
and humidity was kept constant at around 60 %. Subjects 
were instructed to avoid heavy exercise, consumption of 
alcohol, caffeine, or aspirin for at least 24 hours prior to 
the experiments. All measurements were performed 
between 8:30 and 12:00 in the morning. The subjects had 
a normal breakfast two hours before the experiments. 
 
LBPP device 
 The device consists of a treadmill in an airtight 
chamber and a blower outside the chamber (Showa Denki 
Co., Ltd., Osaka, Japan) (Kawai et al. 2008). Subjects 
wore flexible neoprene shorts with a waist seal. They 
entered into the chamber through a steel ring on the top 
the chamber. The height of the ring was adjusted to the 
level of the anterior superior iliac spine of the subject. 
The waist seal fastened over a lip of the ring and covered 
the ring hole whose diameter was 60 cm. The pressure 
inside the LBPP chamber could be changed from 0 to 
22.5 mm Hg above atmospheric pressure by regulating 
the airflow from the blower. Increased LBPP induced 
buoyant forces which decreased the GRF of the subject. 
Subjects were able to walk on the treadmill at a speed 

ranging of 0.2-5.0 km/h. The reductions in GRF at 
20 mm Hg LBPP in both young and elderly subjects were 
31.0±0.5 kgw and 31.5±0.8 kgw, respectively. 
 
Measurements 
 Height of the subjects was measured with a 
height scale. A three-lead electrocardiogram (ECG) was 
used to monitor HR during the experiment. The ECG 
signal was subsequently digitized and stored at 1 kHz 
with an analog-to-digital converter (Interface Corp. PCI-
3153; Hiroshima, Japan). The GRF of the subjects was 
measured with an electronic platform scale (Tanita, 
BWB-810; Tokyo, Japan) in the chamber without LBPP 
(that is body weight) or with LBPP prior to walking. SBP 
and diastolic blood pressure (DBP) were measured using 
a manual cuff applied to the right arm. The blood 
pressure was measured twice by the same investigator 
and the two values were averaged.  
 
Protocol 
 On the experimental day, subjects wore the waist 
seal and height was measured. They went into the 
chamber. Then, body weight was measured with the waist 
seal attached to the chamber and body mass index (BMI) 
was calculated. GRF at 20 mm Hg LBPP were measured. 
Next, they walked on the treadmill in the chamber to 
practice treadmill walking. The speed of treadmill 
walking in the practice section was increased from 0.2 to 
3.0 km/h in a stepwise manner. All subjects soon became 
familiar with walking without holding the handrails. 
After completion of the walking practice trial, they rested 
5 min in the sitting position outside the chamber. They 
then started an exercise protocol as shown in Figure 1. 
The subjects stood still for 3 min (REST) and then 
walked on the treadmill at a speed of 3 km/h for 15 min. 
They walked without LBPP (WALK1) for the first 5-min 
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period, walked with 20 mm Hg LBPP (WALK-LBPP) for 
the next 5-min period, and walked without LBPP 
(WALK2) for the third 5-min period. Blood pressure was 
measured during the last 2 min of each section. 
 
Data analysis 
 HR was calculated from the RR interval by 
offline analysis using MATLAB (MathWorks; Natick, 
MA, USA). HR was averaged every 60 s. Maximal heart 
rate (HRmax) was estimated using the age-predicted 
equation in healthy women (Tanaka et al. 2001). A 
percentage of HRmax (%HRmax) was used to evaluate 
exercise intensity. MBP was calculated as DBP plus one 
third of the pulse pressure. The product of HR and SBP, 
the double product, was used as an index of myocardial 
oxygen consumption (Nelson et al. 1974). All data were 
presented as mean ± SE (standard errors of the mean).  
 SPSS version 11.0 was used for statistical 
analysis (IBM Japan Ltd; Tokyo, Japan). A mixed-design 
analysis of variance (ANOVA) was used to compare 
mean values of SBP, DBP, MBP, HR and double product 
between WALK1, WALK-LBPP, and WALK2. Two 
factor factorial ANOVA was used to compare response 
time of HR to LBPP between young and elderly subjects. 
Tukey-Kramer’s test was used as a post-hoc analysis. In 
order to examine the effect of walking itself on the 
cardiovascular parameters, a paired t-test was used to 
compare the data between REST and WALK1. A p value 
of less than 0.05 was considered significant. 
 
Results 
 
Physical characteristics of the subjects 
 Mean body weight did not vary between the 
young and elderly groups (Table 1). The mean height of 
young subjects was higher than that of elderly subjects. 
The average BMI of the young group was 21.0±0.3 kg/m2 
and that of the elderly group was 23.3±0.6 kg/m2. 
Applying 20 mm Hg of LBPP reduced the GRF of the 
subjects to 22.6±0.8 kgw and 22.3±1.8 kgw in the young 
and elderly groups, respectively. SBP, DBP and MBP at 
REST of the elderly subjects were higher than those of 
the young subjects, respectively. HR at REST of the old 
subjects was lower than that of the young subjects. 
Double product at REST of the old subjects was 
significantly greater than that of the young subjects.  
 
Effects of LBPP on blood pressure during walking 
 Figure 2 shows changes in blood pressure during 

walking on the treadmill in the LBPP chamber. There 
was no interaction between the group (elderly and young 
subjects) and time factors (WALK1, WALK-LBPP, and 
WALK2). In elderly subjects, SBP at REST was 130±4 
mm Hg (Table 1) and increased to 143±4 mm Hg during 
WALK1 (p=0.001). Applying LBPP did not affect SBP 
significantly in elderly subjects. The SBP in the young 
group was 107±4 mm Hg at REST (Table 1) and did not 
change during WALK1. Applying LBPP did not increase 
SBP significantly also in young subjects.  
 The DBP during WALK1 in elderly subjects was 
74±2 mm Hg, increased at the end of WALK-LBPP 
(% increase of DBP: 3.3±1.6 %, p=0.02), and then 
decreased after the WALK2 period (% decrease of DBP: 
4.7±1.8 %, p=0.0002). The DBP during WALK1 in 
young group was 63±2 mm Hg, increased at the end of 
WALK-LBPP (% increase of DBP: 3.7±1.4 %, p=0.02) 
and decreased at the end of WALK2 (% decrease of 
DBP: 5.6±1.4 %, p=0.0002).  
 The MBP during WALK1 in elderly subjects 
was 97±2 mm Hg, increased at the end of WALK-LBPP 
(% increase of MBP: 2.3±1.2 %, p=0.04) and decreased 
during WALK2 (% decrease of MBP: 3.6±1.4 %, 
p=0.002). The MBP during WALK1 in the young 
subjects was 78±2 mm Hg, increased at the end of 
WALK-LBPP (% increase of MBP: 2.0±0.9 %, p=0.04) 
and decreased during WALK2 (% decrease of MBP: 
3.4±1.1 %, p=0.002). 
 
Effects of LBPP on changes in HR during walking 
 Figure 3A shows effect of LBPP on HR during 
walking. In the elderly group, the mean HR was 76.4±2.5 
beats/min (%HRmax: 46.9±1.2 %) at REST and increased 
to 92.4±2.6 beats/min (%HRmax: 56.6±1.6 %) at the end 
of WALK1. HR decreased gradually and reached a 
significantly lower value 4 min after the onset of LBPP 
application. This decreased HR returned slowly to the 
pre-LBPP level in the elderly group. 

The mean HR at REST in young subjects was 
86.9±2.4 beats/min (%HRmax: 45.1±1.5 %) and increased 
to 97.9±2.5 beats/min (%HRmax: 50.7±1.3 %) at the end 
of WALK1. Exposure to LBPP significantly decreased 
HR within a minute after its onset in young subjects. The 
decreased HR recovered quickly within a minute after 
cessation of LBPP to the level of WALK1.  
 In Figure 3B, we compared the response time of 
HR to LBPP (elapsed time for 2 %, 4 %, and 6 % 
reduction from the baseline value) between young and 
elderly subjects. Response time for 2 % reduction in the 
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elderly group was not different from that in the young 
group, but the response times for 4 % and 6 % reduction 
in the elderly subjects were significantly longer than 
those in the young subjects (p=0.048 and p=0.0005, 

respectively). Response times for 4 % and 6 % increase 
during the recovery after WALK-LBPP were also longer 
in the elderly group than in the young as shown in Figure 
3C (p=0.03 and p=0.0002, respectively). 

 
 

 
 
Fig. 2. Effect of LBPP on blood pressure during walking in elderly (left panels) and young women (right panels). Panels show SBP, 
DBP, and MBP from the top to the bottom.* p<0.05, significant differences between the values during WALK1, WALK-LBPP and WALK2 
(Tukey-Kramer’s test after mixed-design ANOVA) 
 

  



658   Sota et al.  Vol. 62 
 
 

 
 
Fig. 3. A: Effect of LBPP on HR during walking in young and elderly women. * p<0.05 compared to mean HR during the 1 min after 
onset of walking (Tukey-Kramer’s test after mixed-design ANOVA); B: Effect of LBPP on times from onset of LBPP to 2 %, 4 %, and 
6 % reductions in HR during walking in young and elderly women. These reductions in HR compared to mean HR during the 1 min 
before onset of applying LBPP. * p<0.05, significant differences between the young and elderly women (Tukey-Kramer’s test after 2-
way factorial ANOVA); C: Recovery time from offset of LBPP to 2 %, 4 %, and 6 % increases in HR during walking in young and elderly 
women. The increases in HR compared to mean HR during the 1 min before offset of LBPP. * p<0.05, significant differences between 
the young and elderly women (Tukey-Kramer’s test after 2-way factorial ANOVA) 
 
 
Effects of LBPP on double product during walking 
 Figure 4 shows changes in double product during 
walking. There was no interaction between the group and 
time factors. In the elderly group, the double product at 
REST was 10020±470 mm Hg•beats/min (Table 1) and 
increased significantly at the end of WALK1 
(p=0.00000002). The double product decreased significantly 

during WALK-LBPP (p=0.00008), and then increased again 
by the end of WALK2 (p=0.0006). The double product in 
the young group was 9300±460 mm Hg•beats/min at REST 
(Table 1) and increased significantly at the end of WALK1 
(p=0.0000002). The double product decreased during 
WALK-LBPP (p=0.000008) and increased during WALK2 
(p=0.000006). 



2013  Aging and Cardiovascular Responses to LBPP    659  
 

 
 
Fig. 4. Effect of LBPP on double product (SBP x HR) during 
walking in young and elderly women. * p<0.05, significant 
differences between the values during WALK1, WALK-LBPP and 
WALK2 (Tukey-Kramer’s test after mixed-design ANOVA) 
 
 

Discussion 
 
 The major findings of this study are: 
1) Applying LBPP increased the DBP and MBP during 
walking in the elderly and young women, 2) The LBPP-
induced reduction in HR occurred more quickly in young 
subjects than in elderly ones, and 3) Exposure to LBPP 
reduced double product during walking in both groups. 
 Various studies have reported the effects of 
applying LBPP on the blood pressure at rest and/or 
during exercise. The cardiovascular responses to LBPP 
seem to vary depending on differences in the posture of 
the subjects. Shi et al. (1993) showed that exposure to 
40 mm Hg LBPP increased the MBP at rest from 86 to 
95 mm Hg in the supine position. The MBP during 
ergometer exercise in the supine position is also increased 
by applying 25-75 mm Hg of LBPP (Nishiyasu et al. 
1998). The elevation of MBP produced by LBPP is partly 
attributable to translocation of blood volume from the leg 
to the thorax which increases cardiac preload and stroke 
volume (Shi et al. 1993). Other mechanisms for the 
elevation of MBP include muscle mechanoreflex and 
metaboreflex. Application of LBPP causes an increase of 
intramuscular pressure which in turn activates a muscle 
mechanoreflex (Fu et al. 1998, Stebbins et al. 1988, 
Williamson et al. 1994), resulting in an elevation of 
MBP. Furthermore, exposure of the legs to LBPP during 
exercise limits blood supply to the acting muscles 
(Macias et al. 2012), accumulates metabolites in the 
tissue, and elicits a pressor metaboreflex (Williamson et 

al. 1994, Eiken and Bjurstedt 1987). 
 On the other hand, blood pressure does not 
change significantly with LBPP in subjects in a standing 
position (Eastlack et al. 2005, Cutuk et al. 2006, Kawai et 
al. 2008), or LBPP-induced increase in blood pressure is 
greater in a supine position than in a standing position 
(Nishiyasu et al. 1998, Nishiyasu et al. 2007). The 
present data in young subjects are consistent with these 
previous results in that the increase in MBP due to LBPP 
is minimal in standing subjects (Fig. 2). The posture-
dependent difference in the effect of LBPP on HR and 
blood pressure has not been fully understood. Nishiyasu 
et al. (2007) demonstrated an increase in stroke volume 
during the application of 25-50 mm Hg of LBPP in an 
upright position. However, HR is decreased at the same 
time, which may cancel an increase in cardiac output 
otherwise induced by the increased stroke volume. 
Another possibility for the lack of blood pressure 
elevation in upright LBPP may be an effect of hydrostatic 
pressure which prevents an increase in venous return 
from the legs in upright posture. Furthermore, relatively 
lower level of LBPP was applied in the present study, 
which may also explain our results. Although the 
mechanism is unclear, the smaller pressor response to 
standing LBPP in contrast to LBPP in supine position 
supports the use of this device in rehabilitation. 
 It has been shown that age and gender have a 
significant impact on cardiovascular responses to 
exercise. In this study, both elderly and young subjects 
walked at the same speed. As a result, %HRmax at the end 
of WALK1 in the elderly subjects (56.6 %) was greater 
than that in the young subjects (50.7 %). These exercise 
intensities based on the %HRmax in both subjects, 
however, were classified as light exercise according to 
the previous report (Garber et al. 2011), suggesting that 
both young and elderly subjects did not reach an 
anaerobic threshold in this study. In general, the elevation 
of blood pressure and systemic vascular resistance during 
submaximal exercise in elderly women is larger than that 
in elderly men or young women (Fleg et al. 1995, Ogawa 
et al. 1992). This variation in the MBP response between 
the young and elderly groups seems to be attributable to 
age-related changes in cardiovascular function (Fleg et al. 
1995, Ogawa et al. 1992, Kawai and Ohhashi 1990, 
Muller-Delp et al. 2002, Proctor et al. 2003). Relaxant 
responses of isolated rat vascular smooth muscles to 
vasodilator agents are reduced with increasing age 
(Kawai and Ohhashi 1990). Responses of rat skeletal 
muscle arterioles to acetylcholine are attenuated in older 
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animals, suggesting that aging impairs endothelium-
dependent vasodilation (Muller-Delp et al. 2002). 
Impairment of vasodilator responses during exercise has 
been described also in human subjects (Fleg et al. 1995, 
Martin et al. 1991, Ogawa et al. 1992, Proctor et al. 
2003).  
 Applying LBPP reduced HR during walking 
exercise in both young and elderly women in this study. 
The results of the present study are consistent with 
previous observations (Eastlack et al. 2005, Cutuk et al. 
2006, Hoffman and Donaghe 2011). The LBPP effect on 
HR depends on the posture of the subjects with a greater 
drop of HR in the upright position, but no change in the 
supine position (Nishiyasu et al. 1998, Nishiyasu et al. 
2007). A possible mechanism to describe the reduction in 
HR is attributed to a decrease in walking energy cost by 
body weight unloading (Grabowski et al. 2005, 
Ruckstuhl et al. 2009). A previous study showed that 
unloading using a device of harness type, without 
positive pressure on the lower body, also reduced HR 
during treadmill walking (Ruckstuhl et al. 2009). Another 
mechanism seems to be related to baroreceptor reflex 
induced by translocation of blood volume from the lower 
body to the thorax due to application of LBPP. 
Interestingly, Nishiyasu et al. (2007) demonstrated that 
the LBPP-induced increase in stroke volume or cardiac 
output was greater in the upright position than in the 
supine position. They discussed that higher hydrostatic 
pressures caused more blood pooling while in the upright 
position compared to the supine position. If so, larger 
amount of blood may shift toward the upper body during 
upright LBPP. Thus, arterial baroreceptors might be 
activated more strongly by the application of LBPP in the 
upright posture than in the supine position. 
 The present study demonstrated that the LBPP-
induced decrease of HR during walking occurred more 
slowly in elderly subjects compared to young subjects. 
This difference is not attributable to body weight 
unloading since the application of LBPP reduced the 
GRF of the subjects by the same extent in both groups 
(Table 1). One possible explanation for this is age-
associated impairment of baroreflex sensitivity (Laitinen 
et al. 1998), which may delay the response of HR to 
LBPP in elderly subjects. 
 On the other hand, our study showed that the 
LBPP-induced increase of MBP during walking in 
elderly group was not different from that in young group 
(Fig. 2). If aging decreases baroreflex sensitivity as 
mentioned above, the LBPP-induced increase of MBP in 

elderly group should be larger than that in young group.  
 
Future research 
 Our results suggest that the response of 
baroreflex in young women to LBPP might be quicker 
than that in elderly. However, we could not detect an age-
dependent change in blood pressure response to LBPP. 
One possible reason for this is that the blood pressure was 
measured after 3 min from the onset of LBPP. If we were 
able to measure the blood pressure at earlier phase, we 
might find a difference in the LBPP-induced response 
between young and elderly subjects. Continuous 
monitoring of blood pressure will be needed in future 
study.  
 Another issue that we should concern is the 
difference in relative workload that the young (50.7 % of 
%HRmax) and elderly (56.6 % of %HRmax) subjects 
exercised. If an equal level of relative workload was 
employed, a different result may have been obtained. 
 Martin et al. (1991) suggested that estrogen 
modulates vascular tone. In the present study, post-
menopausal women were used as the elderly subjects, and 
menstruation was not controlled in young subjects. The 
effects of menstruation cycle and/or hormone 
replacement therapy will be interesting issues to concern 
in future studies. There have been no reports in which 
cardiovascular responses to LBPP were investigated in 
elderly male subjects. In order to address the gender-
related difference more precisely, we need to examine 
elderly male subjects in a future study. 
 
Implications of the study 
 The present results suggest that treadmill 
walking in a LBPP chamber is useful for a safe and 
comfortable rehabilitation for patients with weight-
bearing restrictions, muscle atrophy, or partial paralysis. 
The application of LBPP reduced HR and double product 
(HR×SBP) during walking in both young and elderly 
women (Figs 3 and 4). Since double product correlates 
closely with myocardial oxygen consumption (Nelson et 
al. 1974), our results suggest that the application of LBPP 
during exercise reduces myocardial oxygen consumption. 
For clinical use, however, attention should be paid to a 
small elevation of MBP (Fig. 2). The LBPP-induced 
elevation of MBP is proportional to the level of the LBPP 
applied (Nishiyasu et al. 1998, Nishiyasu et al. 2007). 
Therefore, the lower the LBPP, the safer the 
rehabilitation. The LBPP-produced buoyant force is 
determined by the product of area of the waist seal and 
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pressure difference between the inside and outside of the 
chamber, i.e., LBPP. In order to achieve adequate 
buoyant forces with a minimum LBPP, the area of the 
waist seal should be large. A reinforcing synthetic rubber 
with high elasticity was pasted on the inside of the waist 
seal to prevent too much ballooning of the large waist 
seal when LBPP was applied. With our device having a 
large waist seal area, a reduction of GRF by 30 kgw was 
achieved by 20 mm Hg of LBPP which caused only a 2-3 
mm Hg elevation of MBP even in elderly subjects. 
 In conclusion, applying LBPP during treadmill 
walking slightly increased MBP in both groups, but there 
was no significant difference in the MBP response 

between the groups. LBPP reduced HR and double 
product in both young and elderly groups. The LBPP-
induced change in HR occurred more slowly in elderly 
subjects compared to young subjects. These results 
suggest that heart rate responses to LBPP during exercise 
vary with increasing age. 
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