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Physiological Responses During the Lower Body
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Objective To quantify changes in cardiopulmonary function using a lower body positive pressure supported
(LBPPS) treadmill during the exercise tolerance test (ETT) in healthy subjects before applying the LBPPS treadmill
in patients with gait problems.

Methods We evaluated 30 healthy subjects who were able to walk independently. The ETT was performed using
the Modified Bruce Protocol (stages 1-5) at four levels (0%, 40%, 60%, and 80%) of LBPPS. The time interval at each
level of the LBPPS treadmill test was 20 minutes to recover to baseline status. We measured systolic blood pressure,
diastolic blood pressure, peak heart rate (PHR), rating of perceived exertion (RPE), metabolic equivalents (METs),
and oxygen consumption rate (VO,) during each LBPPS condition.

Results Systolic blood pressure increased as the LBPPS level was increased (40% to 80%). PHR, RPE, METs, and
VO, were negatively associated with the LBPPS condition, although they were not always significant different
among the LBPPS levels. The equation from a random effect linear regression model was as follows: VO, (mL/kg/
min)=(2.75xstage)+(-0.14xLBPPS level)+11.9 (r°=0.69).

Conclusion Detection of the changes in physiological parameters during a submaximal ETT using the LBPPS
system may be helpful for applying the LBPPS treadmill in patients who cannot perform the ETT due to gait
problems, even at submaximal intensity.

Keywords Exercise test, Oxygen consumption, Metabolic equivalent, Rehabilitation, Gait

INTRODUCTION (ETT) to objectively evaluate the physiological response
of patients to cardiac rehabilitation [1]. However, many
The treadmill is used for the exercise tolerance test patients cannot complete the ETT due to general weak-
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ness, motor weakness associated with previous disease
(e.g., stroke, traumatic spinal cord injury, or Parkinson
disease), or pain. Therefore, it is necessary to develop a
novel device that enables patients with these disabilities
to perform the ETT.

The body weight supported treadmill (BWST) has long
been used in many rehabilitative areas. Early mobili-
zation and training are required after lower extremity
surgery, but patients cannot walk while they are bearing
their body weight due to postoperative pain, instability,
or motor weakness [2]. Gait training using the BWST is
useful because the ground reaction force is reduced with
normal ranges of motion of the knee and ankle joints [2].
Some studies have shown that the BWST improves gait
performance in children with cerebral palsy, lumbar disc
herniation, knee osteoarthritis, and in elderly people [3-
6]. The BWST also improves gait outcome and clinical
status in patients with Parkinson disease, stroke, and spi-
nal cord injury [7-11].

The BWST system can also be used for the ETT to evalu-
ate subjects with gait problems due to musculoskeletal
disease or neurological problems. Traditionally, a har-
ness system has been used to support body weight [12].
The harness system consists of overhead suspension and
chest corset with straps attached around the hips and
thighs [3,10]. The patients feel uncomfortable when the
overhead suspension lifts the body, particularly in the in-
guinal area, which may reduce training compliance [3,13].
Thus, the harness system has many limitations for its
clinical application. A lower body positive pressure sup-
port (LBPPS) system has recently emerged as a system
that can replace the harness system. This system has a
waist-high inflatable chamber and a treadmill. The sub-
ject wears neoprene shorts that zip into the chamber, cre-
ating an airtight seal around the subject’s waist. During
training, positive pressure inflates the chamber, and the
difference in pressure around the waist seal produces a
lifting force [12]. The LBPPS makes the patient feel more
comfortable and it allows for a kinematic walking pattern
similar to overground walking. Patients with a lower heart
rate can also train using the LBPPS than when using the
harness system [12,13]. Thus, the LBPPS system could be
a safe and effective way to train patients with disabilities.
This system is thought to be useful for the ETT.

The LBPPS system may produce a different physiologi-
cal response compared to that produced by other body
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weight support systems. The effect of the LBPPS is partly
attributable to transport of blood to the heart, and hence,
it increases cardiac preload and stroke volume because
of the positive pressure created on the subject’s lower
extremities [14]. Therefore, an LBPPS treadmill might be
harmful to patients with coronary artery disease.

It could be advantageous to apply the LBPPS device to
the ETT in subjects with gait problems before beginning
phase II cardiac rehabilitation. However, few studies
have used the LBPPS system for cardiac rehabilitation. It
is necessary to determine the physiological responses of
cardiac patients to the LBPPS system before applying it
clinically. A few studies have been conducted to evaluate
the LBPPS treadmill test, but they had some limitations.
Gojanovic et al. [15] reported physiological changes dur-
ing maximal treadmill exercise intensities using LBPPS.
However, in order to apply LBPPS during the ETT before
phase II cardiac rehabilitation, the physiological changes
that occur at submaximal exercise intensity should be
determined. Hoffman and Donaghe [16] determined the
equations that define VO, using only speed and LBPPS
level as variants, without considering the inclination
which changes as the stage of the Modified Bruce Proto-
colincreases.

The aim of this study was to quantify changes in cardio-
pulmonary function using the LBPPS treadmill during
the submaximal ETT in healthy subjects in order to iden-
tify clinically meaningful changes and predict adverse
events.

MATERIALS AND METHODS

Subjects

Thirty healthy subjects (13 men and 17 women; age,
23-73 years) who were able to walk independently par-
ticipated in this study (Table 1). Eight subjects were on
antihypertensive medication with stable blood pressure
(Table 1). The exclusion criteria included known cardiac
or pulmonary disease, musculoskeletal disorder, or an
acute disease preventing test participation.

This study was approved by the Institutional Review
Board of Chonnam National University Hospital (CNUH-
2014-159) and it was conducted according to the Declara-
tion of Helsinki. All subjects signed the informed consent
form.
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Table 1. Characteristics of the selected subjects
Characteristic Value
Age (yr) 56.57+14.43
=55 20 (66.7)
Sex (male) 13 (43.3)
HTN 8(26.7)
DM 4(13.3)
Height (cm) 163.1+£9.26
Weight (kg) 63.65+11.75
MMT Allin 5 grade
ROM Allin full range
10MWT_CS (s) 7.77+1.16
10MWT_MS (s) 5.92+0.93

Values are expressed as meantstandard deviation or num-
ber (%).

HTN, hypertension; DM, diabetes mellitus; MMT, manu-
al muscle test; ROM, range of motion; I0MWT_CS, 10-m
walking test at comfortable speed; 1I0MWT_MS, 10-m
walking test at maximal speed.

Experimental procedure

The subjects visited our clinic and their cardiopulmo-
nary function was evaluated. Before the ETT, the subjects
were assessed for muscle strength via manual muscle
testing and major joint range of motion, which were in
the normal range (Table 1).

A 10-m walking test was conducted at comfortable and
maximal speed to evaluate the walking ability. The proto-
col started at least 2 hours after a meal and each subject
completed 10 minutes of warm-up and cool-down exer-
cises.

An incremental submaximal exercise tolerance test was
performed on the AlterG M320 (AlterG Inc., Fremont, CA,
USA) at four different LBPPS levels (LBPPS 0%, LBPPS
40%, LBPPS 60%, and LBPPS 80%) in a randomized order
(Fig. 1). LBPPS 0% is the conventional treadmill under
the impact of no antigravity, LBPPS 40% is the treadmill
in which the positive pressure on the lower body lifts 40%
of the body weight, LBPPS 60% is the treadmill that lifts
60% of the body weight, and LBPPS 80% is the treadmill
that raises 80% of the body weight using antigravity. The
exercise test was performed using the Modified Bruce
Protocol (stages 1-5). Each stage lasted 3 minutes. Stage 1
progressed at a velocity of 1.7 mph and 0% grade. Stages 2
and 3 increased the grade to 5% and 10% without chang-
ing the velocity. Then, the velocity was increased by

Fig. 1. A subject performing the exercise tolerance test on
the lower body positive pressure supported treadmill Al-
terG M320 (AlterG Inc., Fremont, CA, USA).

Table 2. Modified Bruce Protocol

Stage Speed (mph) Grade (%) Duration (min)
1 1.7 0 3
2 1.7 5 3
3 1.7 10 3
4 285 12 3
5 3.4 14 3

0.8-0.9 mph and the grade was increased by 2% every 3
minutes. The subjects were instructed to complete stage
5 of the test (Table 2).

A 20-minute time period to allow the subject to recover
to baseline status was provided after each level of the
LBPPS treadmill test. We measured systolic and diastolic
blood pressures (SBP and DBP) during the last minute
of the stage with an automatic device. Metabolic equiva-
lents (METs), heart rate, and oxygen consumption rate
(VO,) were measured continuously by the TrueOne 2400
metabolic system (Parvo Medics, Sandy, UT, USA) during
the entire test (Fig. 2). Subjects provided the Borg rating
of perceived exertion (RPE) during the last 30 seconds
of each stage. The test was stopped when the subject
complained of dizziness, headache, or chest pain. Four
subjects could not complete the test due to leg pain. All
testing was supervised by an experienced ETT trainer.
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Fig. 2. The TrueOne 2400 metabolic system (Parvo Med-
ics, Sandy, UT, USA), which measures the cardiometa-
bolic parameters.

Statistical analysis

One-way analysis of variance and the least significant
difference test were performed to compare SBP and DBP,
peak heart rate (PHR), RPE, METs, and VO,. The p-values
<0.05 were considered statistically significant. All statisti-
cal analyses were performed using SPSS ver. 23 software
(IBM Corp., Armonk, NY, USA). A random effects linear
regression analysis was performed to predict an equation
that describes VO, with the stage and body weight sup-
porting level as variables using STATA ver. 12.1 software
(Stata Corp., College Station, TX, USA).

RESULTS

Twenty-six out of the total 30 subjects completed the
LBPPS treadmill test. Three subjects stopped the test
at stage 4 of LBPPS 0%, and the remaining one subject
dropped out at stage 3 of LBPPS 0%. They could not com-
plete the test due to leg pain.

SBP at LBPPS 0% was significantly higher than that at
LBPPS 40% and 60% during stages 1 and 2 (p=0.001).
SBPs measured during the LBPPS 40%, 60%, and 80%
were significantly different during stages 3-5 from those
measured at LBPPS 0% (p<0.008). Except for LBPPS 0%,
as the LBPPS level increased in other words, the degree
of lifting of the body weight became greater, SBP showed
an increasing tendency. However, SBP displayed no sig-
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Fig. 3. Systolic blood pressure (SBP) was significantly lower
in the lower body positive pressure support (LBPPS) state
than that on the regular treadmill at every stage (*p<0.05
compared to LBPPS 0%).
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Fig. 4. Diastolic blood pressure (DBP) was not different
among the body weight support conditions at any stage
(p>0.05).

nificant association with the level of lower body weight
support from LBPPS 40% to LBPPS 80% at any stage (Fig.
3).

DBP was not different among the body weight support
conditions at any stage (p>0.05) (Fig. 4).

PHR at LBPPS 0% was significantly higher than that at
the other levels through stage 5 (p<0.008). A higher LB-
PPS level during stages 4 and 5 resulted in a lower PHR
under all LBPPS conditions. Nevertheless, no statistical
difference was detected within the LBPPS levels (p>0.05)
(Fig. 5).

RPE at LBPPS 0% was significantly higher than that at the
other three LBPPS conditions during stages 2 and 3. RPE at
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Fig. 5. Peak heart rate (PHR) on the general treadmill was
significantly higher than that during the other condi-
tions until completion of stage 5 (*p<0.05 compared to
lower body positive pressure support [LBPPS] 0%). PHR
decreased at higher LBPPS levels during stages 4 and 5,
although no statistically differences were detected within
the LBPPS levels.
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Fig. 6. Rating of perceived exertion (RPE) on the general
treadmill was significantly higher than that during the
other three LBPPS conditions during stages 2 and 3. RPE
on the general treadmill and at LBPPS 40% during stage
4 was significantly different from that at LBPPS 60% and
80%. RPE decreased significantly as the LBPPS level was
increased (p<0.05 compared to LBPPS 0%, ”p<0.05
compared to LBPPS 40%, “p<0.05 compared to LBPPS
60%). LBPPS, lower body positive pressure support.

LBPPS 0% and LBPPS 40% during stage 4 was significant-
ly different from that at LBPPS 60% and 80% (p<0.002).
As the LBPPS level increased, the RPE decreased and the
level of support showed a close association during stage
5 (p<0.02) (Fig. 6).
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Fig. 7. Metabolic equivalents (METs) on the general
treadmill were significantly higher than those at other
LBPPS levels during stages 1 and 2. METs at LBPPS 0%
and 40% during stages 3 and 4 were significantly different
from those at LBPPS 60% and 80%. The general treadmill
showed significantly higher METs than those at the other
LBPPS levels during stage 5. Significant differences were
detected between METs at LBPPS 40% and 80%, but not
between LBPPS 40% and 60% (“p<0.05 compared to LB-
PPS 0%, ”'p<0.05 compared to LBPPS 40%). LBPPS, lower
body positive pressure support.
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Fig. 8. Oxygen consumption rate (VO,) on the general
treadmill was significantly higher than that during other
LBPPS treadmill conditions at every stage. VO, at LBPPS
40% was also significantly higher than that at LBPPS 60%
and 80% during stages 3 and 4. VO, at LBPPS 40% was sig-
nificantly higher during stage 5 than that at LBPPS 80%,
but not compared to that at LBPPS 60% (?p<0.05 com-
pared to LBPPS 0%, ”p<0.05 compared to LBPPS 40%).
LBPPS, lower body positive pressure support.

Lower body weight support showed a decreasing METs
and VO, trend as the LBPPS level was increased. METs
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and VO, at LBPPS 0% were significantly higher during
stages 1 and 2 than those at other lower body supported
treadmill conditions (p<0.001). METs and VO, at LBPPS
0% and LBPPS 40% were significantly higher than those
at LBPPS 60% and 80% during stages 3 and 4 (p<0.03).
METs and VO, at LBPPS 0% were significantly different
from those at the other three LBPPS levels during stage 5
(p<0.001). Also, METs and VO, at LBPPS 40% were signifi-
cantly higher than those at LBPPS 80% (p=0.003), but not
compared to those at LBPPS 60% during stage 5 (Figs. 7,
8).

The equation from the random effects linear regression
model that describes VO, (mL/kg/min) as a function of
the Modified Bruce Protocol stage and the level of body
weight support was determined based on data from the
26 subjects who completed the tests.

VO, (mL/kg/min)=(2.75xstage)+(-0.14xLBPPS level)+
11.9 (r*=0.69)

DISCUSSION

Our study was designed to determine the changes in
physiological responses during the LBPPS treadmill test
in healthy subjects and to identify correlations between
different body weight support levels on the treadmill test
using the Modified Bruce Protocol for planning a cardiac
rehabilitation program. To the best of our knowledge, this
is the first study to use the Modified Bruce Protocol for
the ETT under the LBPPS condition.

In this study, SBP was significantly lower in the LBPPS
state than that at LBPPS 0%. However, exposure to higher
LBPPS levels increased the SBP, possibly due to trans-
location of blood volume from the lower extremities to
the chest for increased cardiac preload and stroke vol-
ume [14]. LBPPS also raises the intramuscular pressure,
which activates the muscle mechanoreflex, resulting in
increased BP [17]. Furthermore, positive pressure on the
lower extremities limits the blood supply to the active
muscles, and hence metabolites accumulate and a pres-
sure metaboreflex is triggered [18,19].

Previous studies showed that the application of BWST
reduces PHR. Nishiyasu et al. [20] reported that heart
rate in the upright position drops during LBPPS, but no
change was observed in the supine position. Heart rate
may drop due to decreased gait energy cost as a result
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of body weight unloading [21]. The baroreceptor reflex
in response to transport of blood volume from the lower
extremities to the chest during LBPPS can decrease the
heart rate [14]. In our study, PHR decreased at higher
LBPPS levels, although no statistical difference was ob-
served within LBPPS levels.

Body weight support caused a significant drop in VO,
values, and VO, tended to decrease as the degree of LB-
PPS increased. This finding is similar to that in other
studies, although a significant difference in VO, between
each LBPPS condition until stage 5 was not always ob-
served [13,22,23]. VO, consistently increased at every
LBPPS level until the subject completed the test. McNeill
et al. [22] found that VO, decreases significantly with in-
creasing LBPPS level and it increases with increasing ve-
locity. In addition, the drop in VO, was attenuated as the
LBPPS level was increased. We suggest that a higher level
of LBPPS does not affect the cardiopulmonary demand
during the ETT with body weight support on a treadmill.

RPE decreased significantly during stage 5 as the LBPPS
level was increased. Ruckstuhl et al. [23] reported that
VO,, heart rate, and RPE decrease during LBPPS, and
greater drops were detected at higher exercise speeds,
which made training to the maximal intensity easier. As
shown in our study, METs and RPE were much lower
under the LBPPS condition than those on the regular
treadmill test. Therefore, it may be difficult to achieve the
patient’s symptom-limited state with LBPPS. We suggest
that it is appropriate to conduct a submaximal ETT with
the LBPPS system in patients with a gait disturbance be-
fore the early phase of cardiac rehabilitation.

In this study, we calculated an equation using random
effects linear regression to estimate VO, using the stage
and LBPPS level as variates and it was useful for an ac-
tual exercise treadmill test. Obtaining VO, by inserting
the stage and LBPPS level in the equation could help the
physicians to determine METSs, so that they can prescribe
exercise intensity in cardiac rehabilitation. This is signifi-
cant because previous equations did not use the protocol
stage as a variant, which includes inclination. The coef-
ficient of determination (1) is closer to 1 as the correla-
tion within variates becomes stronger. In our study, the
r* was 0.69, which is higher than 0.65 but not very close
to 1. This result may be due to broad variations in age,
physical condition, or medications used by our subjects.
Therefore, a future study with more homogeneous sub-



Physiological Responses During the Lower Body Positive Pressure Supported Treadmill

jects should be performed to determine an equation with
a higher correlation within variates.

Hautala et al. [24] created an equation for METs at max-
imal exercise capacity using submaximal exercise results.
Also, we could prescribe exercise intensity in patients
undergoing cardiac rehabilitation by determining VO, at
maximal intensity using the equation proposed by Hau-
tala et al.

Our study demonstrates that the LBPPS system allows
patients to have a less stressful ETT and to maintain car-
diorespiratory demand.

The ETT is used to identify the METs that a patient can
achieve during cardiac rehabilitation [1]. However, many
limitations prevent patients from completing the ETT.
Patients with walking problems due to stroke, spinal cord
injury, neuromuscular disease, or surgery on the lower
extremity cannot participate in the ETT. Some devices
have been employed to support body weight during
walking, including harness suspension systems and wa-
ter immersion [2,13]. A harness system consists of over-
head suspension and a chest corset with straps attached
around the hips and thighs, and it is used frequently
because it can apply a purely vertical force to the subject
[3,10]. However, it has not been used during extended
training because it can cause discomfort in the inguinal
area and can interrupt circulation [13]. Water immersion
is useful during rehabilitation; however, the drag forces
during water training act in the opposite direction to the
movement and seriously alter gait velocity, timing, joint
kinetics, joint kinematics, and muscle activity [13]. Water
immersion may increase the risk of infection during im-
mediate postoperative rehabilitation in patients who had
surgery on the lower extremity [2].

The LBPPS system, which has a waist-high inflatable
chamber and treadmill, has replaced previous body
weight support devices. The patient wears neoprene
shorts that zip into a chamber, creating an airtight seal
around the patient’s waist, and positive pressure is used
to inflate the chamber and produce a lifting force [12].
The LBPPS system can be used during the ETT at sub-
maximal intensity in patients with a gait disturbance or
general weakness before beginning the early phase of
cardiac rehabilitation.

This study had several limitations. First, the sample size
was small. A more detailed and homogeneous group of
subjects would help increase the correlation between

variates. We could not evaluate the maximal physiologi-
cal response during stage 6, although the purpose was
to evaluate the submaximal response. This was due to
structural limitations of the LBPPS machines available in
the market in which the inclination cannot be increased;
hence, new machinery is necessary for applying the ETT
under maximal intensity.

Further research should be designed to define VO, us-
ing speed and inclination as variates. An evaluation of
maximal intensity ETT is also necessary based on our re-
sults.

In this study, it was difficult to obtain PHR as the LBPPS
level increased because ETT was performed in healthy
subjects who did not have gait problems. However, it
may be possible to evaluate PHR at lower inclination and
slower velocity in patients with gait problems. Therefore,
it is necessary to define physiologic responses to ETT
with LBPPS in patients of different ages and with different
types of gait difficulties.

In conclusion, evaluation of the changes in physiologi-
cal parameters during submaximal ETT using the LBPPS
system may be helpful for applying the LBPPS treadmill
in patients who cannot perform the ETT due to gait
problems and for prescribing exercise intensity or type
in patients. Furthermore, cardiac rehabilitation could be
applied more extensively with ease and safety using the
LBPPS treadmill.
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