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Objective  To evaluate the cardiovascular response during head-out water immersion, underwater treadmill gait, 
and land treadmill gait in stroke patients.
Methods  Ten stroke patients were recruited for underwater and land treadmill gait sessions. Each session was 40 
minutes long; 5 minutes for standing rest on land, 5 minutes for standing rest in water or on treadmill, 20 minutes 
for treadmill walking in water or on land, 5 minutes for standing rest in water or on treadmill, and 5 minutes for 
standing rest on land. Blood pressure (BP) and heart rate (HR) were measured during each session. In order to 
estimate the cardiovascular workload and myocardial oxygen demand, the rate pressure product (RPP) value was 
calculated by multiplying systolic BP (SBP) by HR. 
Results  SBP, DBP, mean BP (mBP), and RPP decreased significantly after water immersion, but HR was 
unchanged. During underwater and land treadmill gait, SBP, mBP, DBP, RPP, and HR increased. However, the 
mean maximum increases in BP, HR and RPP of underwater treadmill walking were significantly lower than that of 
land treadmill walking.
Conclusion  Stroke patients showed different cardiovascular responses during water immersion and underwater 
gait as opposed to standing and treadmill-walking on land. Water immersion and aquatic treadmill gait may 
reduce the workload of the cardiovascular system. This study suggested that underwater treadmill may be a safe 
and useful option for cardiovascular fitness and early ambulation in stroke rehabilitation.
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INTRODUCTION

Stroke is one of the main causes of long-term dis-
abilities in adults [1]. These physical disabilities include 
hemiplegia, abnormal gait, abnormal function of the 
upper limbs, spasticity, joint contracture, pressure ulcer, 
and decreased cardiopulmonary function. Stroke itself 
may cause one of the aforementioned physical disabili-
ties; however, the secondary problems from decreased 
physical activities may cause them to worsen.
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Many treatment methods in the field of rehabilitation 
have been used to improve the physical condition and 
cardiovascular function of stroke patients. Among these, 
treadmill-based gait training is known to be effective in 
improving the muscle strength of the lower limbs, gait 
speed, gait endurance, and cardiovascular functions [2-
6]. It is now widely used in clinical practice. The body 
weight support system may also be used for patients 
who have abnormal gait pattern after stroke, and cannot 
maintain their balance during treadmill walking.

Recently, the underwater treadmill has become an al-
ternative for patients who cannot support their weight, or 
have poor balance after stroke. There are many benefits 
of using the underwater treadmill due to various water 
characteristics, such as temperature, viscosity, hydro-
static pressure, turbulence, and drag force [7]. The warm 
temperature of water can reduce muscular tone of limbs. 
Furthermore, the viscosity and buoyancy of the water al-
leviate stress on weight-bearing joints, and can provide 
postural support for impaired balance. This condition 
creates a similar environment to treadmill walking with 
the body weight support system [8]. Water exercise not 
only has these physiological benefits for the patients but 
also has various positive psychological effects, such as 
increased motivation and improved participation. Un-
derwater treadmill walking also enables patients to initi-
ate early gait rehabilitation, providing ambulatory satis-
faction in patients who have gait disability and balance 
impairment.

However, head-out water immersion and underwater 
exercise may cause various changes in the cardiovascu-
lar system [9,10]. Exercise generally increases the blood 
pressure (BP), heart rate (HR), and cardiac output [11]. 
Head-out water immersion causes the redistribution of 
the blood volume from the limbs to the thoracic cavity 
because of hydrostatic pressure and increased cardiac 
output [12]. This blood translocation can affect the BP 
and cardiac workload. Moreover, head-out water im-
mersion and underwater exercise are considered to have 
remarkable effects on the cardiovascular system of stroke 
patients. The effects of underwater exercise in stroke 
patients are well known, but the effects on the cardiovas-
cular system are not well established. This study investi-
gated the BP, HR, and rate pressure product (RPP) during 
the head-out water immersion and underwater gait, to 
understand their effects on the cardiovascular system, 

and compared the results with treadmill walking on land. 

MATERIALS AND METHODS

Subjects
The subjects for the study were patients who were ad-

mitted to our hospital with cerebral infarction or hemor-
rhage. Inclusion criteria included 1) ability to walk inde-
pendently or with supporting devices, 2) time required 
to walk 10 m <60 seconds, 3) enough gait endurance to 
perform the protocol of this study, and 4) patients who 
do not have fear of falling during walking. Patients with 
severe heart failure, unstable coronary artery disease, 
uncontrolled hypertension, or infectious diseases were 
excluded from the study to avoid the risk of adverse 
cardiovascular events. Patients with skin inflammation, 
which was inappropriate for aquatic exercise, were also 
excluded. A total of 10 patients were analyzed in this 
study.

Study design and evaluation 
The depth of the water pool was set up to xiphoid pro-

cess level for each patient. The room temperature was 
maintained at 25oC−26oC, while the water temperature 
was maintained at 34oC−35oC. The patients were not 
tested during meal times, and the subjects were asked 
to take a break on the day after the underwater treadmill 
walking. The land treadmill walking was performed at 
the same time on the next day of the underwater tread-
mill walking. For treadmill gait, AquaGaiter underwater 
treadmill (Ferno-Washington Inc., Wilmington, OH, 
USA) and Quasar treadmill (h/p/cosmos Sports & Medi-
cal GmbH, Nussdorf-Traunstein, Germany) were used. 
Each subject was allowed to walk at his or her own pace. 

Underwater treadmill walking
The systolic BP (SBP), diastolic BP (DBP) and HR of the 

subjects were measured during standing rest on land (at 
1-minute intervals for 5 minutes), standing rest in water 
(at 1-minute intervals for 5 minutes), treadmill walking 
in water (at 4-minute intervals for 20 minutes), stand-
ing rest in water after walking (at 1-minute intervals for 
5 minutes), and standing rest on land (at 1-minute inter-
vals for 5 minutes). Each subject used a gentle slope to 
enter and leave the water within 30 seconds. The BP cuff 
was maintained at the level of heart above the water dur-
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ing the experiment. 

Land treadmill walking
The SBP, DBP and HR of the subjects were measured 

during standing rest on land (at 1-minute intervals for 5 
minutes), standing rest on treadmill (at 1-minute inter-
vals for 5 minutes), land treadmill walking (at 4-minute 
intervals for 20 minutes), standing rest on treadmill after 
walking (at 1-minute intervals for 5 minutes), and stand-
ing rest on land (at 1-minute intervals for 5 minutes).

Measurements
The SBP, DBP, and HR of the subjects were measured 

using the automated blood pressure and pulse measur-
ing device (YM1000, Mediana Co. Ltd., Wonju, Korea) on 
the left upper arm during both sessions. The mean blood 
pressure (mBP) was calculated as follows: DBP+(SBP−
DBP)/3. The RPP is correlated with myocardial oxygen 
consumption. It is obtained by multiplying the SBP and 
HR in order to evaluate the cardiac workload [13]. The 
maximum rise of each parameter was determined as the 
maximum difference of BP, HR, and RPP between the 
values before (at the last 1 minute during standing rest on 
the aquatic treadmill in the water, or on the land tread-
mill) and during treadmill walking.

Statistical analysis
The SAS ver. 9.1 for Windows (SAS Institute Inc., Cary, 

NC, USA) was used for the statistical analysis. The Wil-
coxon paired signed-rank test was performed to compare 
parameters during the treadmill walking, either in the 
water or on land, to those of the baseline evaluation. The 
Mann-Whitney U test was used to compare the maxi-
mum rise of each parameter during the treadmill walking 
in the water with the treadmill walking on land. Statisti-
cal significance was accepted at p<0.05. All values were 
presented as mean±standard deviation. 

RESULTS

Five male and 5 female participants completed the in-
vestigation. Their mean age was 48.1±14.3 years. Nine of 
them had cerebral hemorrhage, while one had cerebral 
infarction (Table 1). Five of them were on hypertension 
medication, and their blood pressures were well con-
trolled. The SBP, DBP, and RPP were measured while 

the participants were in a comfortable sitting position 
in order to evaluate the condition of their cardiovascu-
lar systems prior to the study (Table 1). The mean water 
depth of the pool was 114.50±6.42 cm. The mean speed of 
underwater treadmill walking was 1.92±0.21 km/hr, while 
the mean speed of land treadmill walking was 2.26±0.26 
km/hr. The change in the cardiovascular system dur-
ing the exercise was compared with that of the baseline 
value (at the first 1 minute during standing rest on land), 
and the results were shown in Figs. 1 and 2. No abnormal 
cardiovascular responses were observed during or after 
exercise.

The change in cardiovascular response during under
water treadmill walking

The SBP, DBP, mBP, and RPP decreased significantly for 
5 minutes after the head-out water immersion as com-
pared to the baseline, whereas HR did not show a signifi-
cant change. The SBP, DBP, and mBP gradually increased 
while walking. Significantly, the SBP remained below the 
baseline value for up to 16 minutes of treadmill walking. 
The HR and RPP also gradually increased during tread-

Table 1. General characteristics of subjects

Characteristic Value
Gender

    Male 5

    Female 5

Age (yr) 48.10±15.26

Type of stroke 

    Ischemic 1

    Hemorrhagic 9

K-MMSE 21.29±5.77

Height (cm) 161.40±7.47

Body weight (kg)  62.00±10.41

BMI (kg/m2)  23.70±3.12

SBP (mmHg) 121.50±13.75

mBP (mmHg) 88.30±8.27

DBP (mmHg) 71.70±7.45

HR (beats/min) 77.10±6.97

RPP (mmHg/min) 9,367.65±1,351.97

Values are presented as mean±standard deviation.
K-MMSE, Korean Mini-Mental State Examination; BMI, 
body mass index; SBP, systolic blood pressure; mBP, 
mean blood pressure; DBP, diastolic blood pressure; HR, 
heart rate; RPP, rate pressure product.
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mill walking, and the change was statistically significant. 
The mean maximum rises of both SBP and RPP during 
walking were 18.70±5.70 and 3,981.50±1,351.36, respec-

tively (Table 2). During standing rest in the water after 
walking, all parameters continuously decreased, and the 
SBP showed significantly lower level than the baseline 

Table 2. Means of maximum rises in BP, HR, and DP

Underwater treadmill Land treadmill
SBP (mmHg) 18.70±5.70* 46.70±19.51

DBP (mmHg) 12.30±8.23* 21.00±5.40

mBP (mmHg) 14.40±5.76* 45.00±29.57

HR (beats/min) 18.60±7.59* 63.50±27.37

RPP (mmHg/min) 3,981.50±1,351.36* 15,727.80±7,357.21

Values are presented as mean±standard deviation.
SBP, systolic blood pressure; mBP, mean blood pressure; DBP, diastolic blood pressure; HR, heart rate; RPP, rate pres-
sure product.
*p<0.05.

Fig. 1. SBP, mBP, and DBP (A), HR and RPP (B) during the 
aquatic session. SBP, systolic blood pressure; mBP, mean 
blood pressure; DBP, diastolic blood pressure; HR, heart 
rate; RPP, rate pressure product. *p<0.05.
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land session. SBP, systolic blood pressure; mBP, mean 
blood pressure; DBP, diastolic blood pressure; HR, heart 
rate; RPP, rate pressure product. *p<0.05.
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value. When the participants stood while coming out 
from the water, the SBP, DBP, and mBP recovered to the 
similar level as before water immersion. This change was 
not statistically significant. The HR and RPP increased as 
compared to the baseline but the difference was not sta-
tistically significant. 

The change in cardiovascular response during land 
treadmill walking

Before the patients started walking on the treadmill, 
the SBP, DBP, and mBP did not show significant change 
as compared to the baseline. All parameters rapidly in-
creased during treadmill walking, and the changes were 
statistically significant. The mean maximum increases of 
both systolic BP and RPP while walking were 46.70±19.51 
and 15,727.80±7,357.21, respectively (Table 2). After the 
participants finished walking, the SBP, DBP, mBP gradu-
ally decreased, and then recovered to the baseline level. 
However, the difference from the baseline was not signifi-
cant. The HR and RPP gradually increased immediately 
after the participants stood on the treadmill, thereby 
showing a statistically significant change. This increase 
was maintained until the end of the land session.

DISCUSSION

Kelly et al. [14] reported that the cardiorespiratory fit-
ness of subacute stroke patients decreased by 50% of age-
matched healthy people, and their walking ability also 
decreased by 50% of the healthy group when 6-minute 
and 10-minute walking tests were performed. Another 
study conducted on the cardiopulmonary function of 
acute stroke patients also showed similar differences, 
and the mean VO2peak was only 60% of that predicted 
from age- and gender-adjusted normative values for sed-
entary healthy individuals, thus not meeting physiologic 
demands of independent living [15]. Various therapeutic 
methods for improving muscle strength of the paralyzed 
limb as well as balance and performance of daily activi-
ties, should be selected based on the accurate evaluation 
of their effects on the cardiovascular system with consid-
eration for the decreased physical activities and cardio-
pulmonary fitness of the stroke patients.

Recently many stroke patients undergo aquatic therapy, 
and underwater treadmill walking has been implement-
ed in rehabilitation programs for those with difficulty in 
weight-bearing or poor balance. However, the underwa-

ter environment is different from that of air because of 
the characteristics of water. Because stroke patients have 
different physical conditions based on their disabilities 
compared to healthy people, they are expected to show a 
different level of adaptation to an environmental change. 
However, there have been no studies on the cardiovas-
cular change of stroke patients in the water. This study 
evaluated the cardiovascular response in stroke patients 
during underwater and land treadmill-walking exercises.

During head-out water immersion at thermoneutral 
temperature (34oC−35oC), increased surrounding hydro-
static pressure redistributes blood from the dependent 
limbs to the thoracic cavity. This blood shifting augments 
cardiac output via increased end-diastolic volume [12,16]. 
This redistribution of blood volume may affect the car-
diac workload and blood pressure. The SBP and DBP in-
crease slightly, and the HR decreases during a short-term 
immersion [17]. Meanwhile, the BP does not change or 
decrease slightly when head-out water immersion con-
tinues for a few hours [16]. This is due to the decreased 
activity of the sympathetic nerve system [18] and adapta-
tion mechanism of the cardiovascular system, such as de-
creased secretion of rennin, angiotensin II, aldosterone, 
and atrial natriuretic peptide [19,20].

However, the SBP, DBP, mean BP, and RPP of the stroke 
patients in this study significantly decreased for 5 minutes 
after head-out water immersion, while their HR did not 
show any significant change compared to the baseline. 
This result was opposite to other studies conducted on 
healthy subjects. A previous study performed on hip or 
knee arthritis patients also showed similar results as the 
healthy people. They all had increased SBP, DBP, mean 
BP, and RPP, but decreased HR [21]. The decreased BP 
and RPP in this study can be explained by the following 3 
reasons. Firstly, room temperature that was maintained 
at 24oC−25oC was different from the water temperature of 
34oC−35oC. The participants stood for 5 minutes outside 
the pool wearing swimsuits before water immersion. 
The thermoneutral zone (TNZ) is known as the range 
of ambient temperatures without regulatory changes in 
metabolic heat production or evaporative heat loss. The 
TNZ is affected by the subcutaneous fat, clothing, energy 
consumption, age, and gender [22]. The room tempera-
ture maintained in this study was considered to be lower 
than the TNZ. Furthermore, as the participants were 
asked to stand on land for 5 minutes before the water im-
mersion, the sympathetic nerve system might have been 
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already activated in order to maintain homeostasis. The 
increased venous return after the water immersion would 
stimulate the cardiopulmonary baroreceptors, which can 
lead to a decrease in the sympathetic tone and systemic 
vascular resistance [23,24]. Therefore, head-out water 
immersion can decrease activity of the sympathetic nerve 
system and resistance of the blood vessel. Additional 
to the difference in the temperature between water and 
room, previously activated the sympathetic nerve system 
of the patients could account for an increase in periph-
eral vascular dilation after water immersion. Secondly, 
healthy people have a compensation system to increase 
cardiac muscle contraction and heart rate through the 
autonomic nerve system and endocrine system for con-
stant cardiac output when the BP decreases for various 
reasons. However, the participants in this study showed 
no significant change in HR, while other BP parameters 
decreased significantly for 5 minutes after water immer-
sion. This implied that stroke patients have decreased 
function of the autonomic and endocrine systems to 
maintain homeostasis of the cardiovascular system. This 
also suggested that they are not well adaptive to the en-
vironmental change. Thirdly, the vascular remodeling in 
the limbs after a stroke may have affected the decrease in 
the BP. Many studies on stroke patients showed that the 
lower leg blood flow in the affected limb decreased dur-
ing rest and exercise [25-27], and the blood flow in the 
femoral artery of the hemiparetic limb was significantly 
lower at rest when compared to the other limb [27]. Other 
studies have also reported that the structural vascular re-
modeling, characterized by a decreased diameter of ves-
sel and blood flow in the femoral artery of the paralyzed 
side, may occur after stroke [26,28]. The literature sug-
gests that impaired motor function and lower activity lev-
el after stroke reduce the needs for blood flow and mus-
cular metabolic activity in the hemiparetic leg [25]. Based 
on this mechanism, the blood flow to the paralyzed limbs 
may decrease, thereby affecting the redistribution of the 
blood volume to the thoracic cavity to some extent, after 
the head-out water immersion in stroke patients.

Approximately 20% of stroke survivors remain primarily 
wheelchair users with gait disability [29]. Gait disability 
is caused by primary motor impairments that involve 
paralysis, change in muscle tone, lack of selective mo-
tor control, abnormal reflexes, and poor balance. Even 
though stroke survivors may recover mobility, they still 
tend to have hemiparetic gait pattern and show altered 

step length, decreased single limb support time, and 
change in joint angle of the lower limbs [30-33]. Further-
more, compensatory motor patterns are often observed 
during the hemiparetic gait, such as the circumduction, 
vaulting, and pelvic hike. Other problems also include 
slow walking speed, limited gait endurance, and poor 
gait stability [34-36]. These changes after stroke lead to 
inefficient energy expenditure during walking, compared 
to that of the healthy adult, and may increase the cardiac 
workload. In this study, the SBP, DBP, mBP, HR, and RPP 
increased remarkably when the participants performed 
the treadmill walking on land, and the mean maximum 
increase of the SBP was 46.70±19.51 mmHg. A previous 
study showed that physical activities, such as walking-
level on land, had a positive effect on SBP of about 10 
mmHg [37]. Stroke patients in our study comparatively 
had a greater change in SBP than that of the healthy sub-
jects. This result suggested that cardiovascular workload 
during walking-level activity in the stroke patients was 
greater than that of the healthy people. 

The SBP, DBP, mBP, and HR gradually increased during 
the underwater treadmill walking but their mean maxi-
mum increases were significantly smaller than those of 
the land treadmill walking. The RPP result in particular, 
an indirect indicator of the oxygen consumption of the 
cardiac muscles, showed a smaller change during the un-
derwater treadmill walking than during the land tread-
mill walking. The underwater environment decreases 
the effect of gravity due to the buoyancy and viscosity of 
water. This helps to decrease the load to the joints and 
supports the posture of the patients. These character-
istics of the underwater environment may relieve many 
problems caused by hemiparetic gait pattern for stroke 
patients. This may induce the decrease of energy expen-
diture and oxygen consumption of the cardiac muscles 
during walking. The speed of underwater walking was 
slower than that of the land treadmill walking. However, 
they experienced more resistance in the water than in 
ambient air, and walking in chest-deep water yields high-
er energy costs than walking at similar speeds on land 
[38]. Thus, the exercise intensity of underwater treadmill 
walking is similar to that of the land treadmill gait. Also, 
in consideration for the health condition of the stroke pa-
tients, aquatic treadmill walking is an exercise of moder-
ate intensity. Therefore, underwater treadmill walking in 
stroke patients can better help relieve the cardiovascular 
workload compared to the land treadmill walking.
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This study did not have an age-matched control group. 
As a result, the effects of the head-out water immersion 
and underwater or land treadmill walking on the cardio-
vascular response could not be compared to the healthy 
adults directly. Another limitation of this study was the 
small number of participants. Future studies should be 
conducted with a larger sample size in order to confirm 
these results. The study of Asahina et al. [21] on arthritis 
patients maintained the room and water temperatures to 
a similar level at 31oC−32oC. However, this study did not 
use the same temperature in the water pool and room. 
The temperature difference may have affected the evalu-
ation values of the study. RPP was used as an indirect in-
dicator of cardiac workload instead of the metabolic gas 
analysis, because of the limited place and difficulties in 
using the devices during underwater gait. Lastly, the or-
ders of underwater and land treadmill walking were not 
randomized. In consideration of the above-mentioned 
limitations, further studies are required.

In conclusion, this study evaluated the cardiovascular 
response during the head-out water immersion, and land 
and underwater treadmill walking in stroke patients. 
The change in the cardiovascular system after head-out 
water immersion for stroke patients was different from 
the results obtained in healthy people, and aquatic tread-
mill gait may reduce the workload of the cardiovascular 
system. Therefore, this study suggested that underwater 
treadmill may be a safe and useful option for cardiovas-
cular fitness and early ambulation in stroke rehabilita-
tion.
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