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Abstract

Objective: This study investigated the efficacy, duration, and possible adverse effects of passive leg raising (PLR) by examining the cardiovascular responses over the
entire course of PLR.

Methods/results: Continuous measurements of cardiovascular parameters using a non-invasive finger blood pressure measurement system during PLR were
performed on 8 healthy subjects. Blood pressures significantly increased during PLR when legs were raised at 20°, 30°, and 40° angles. This blood pressure increase
was observed to be primarily due to an increase in stroke volume, which remained almost constant until the final 10 min of PLR. No significant differences in
cardiovascular parameters between the different PLR angles were observed. The return of the legs to the horizontal position after PLR caused transient changes in
cardiovascular parameters, including considerable transient decreases in stroke volume and total peripheral vascular resistance. Relevance of these findings to the
cases with deteriorated cardiovascular functions, in which, PLR may cause a severe transient decrease in blood pressure leading to transient cerebral ischemic attack,
is discussed.

Conclusion: PLR caused increases in blood pressure, primarily because of an increase in stroke volume. A 20° PLR angle was sufficient to produce these effects.

Abbreviations: CO: cardiac output; DBP: diastolic blood pressure;
HR: heart rate; MBP: mean blood pressure; PLR: passive leg raising;
SBP: systolic blood pressure; SV: stroke volume; TPR: total peripheral
vascular resistance.

Introduction

Passive leg raising (PLR) in a supine position has been widely used
in primary care for patients with acutely low blood volume [1-3]. The
aim of this procedure is to improve blood circulation by facilitating
venous return from the lower limbs [1-10]. However, several studies
have cast doubts on the efficacy and duration of the effects of PLR [2-
4]. Possibly due to this controversy, in the American Heart Association
Guidelines for Cardiopulmonary Resuscitation and Emergency
Cardiovascular Care of 2010 [8], PLR was neither recommended nor
prohibited for the treatment of hypovolemic shock.

Furthermore, if PLR can positively sustain cardiovascular
dynamics, the return of the raised legs to horizontal position may cause
“rebound” negative effects, although we could not find previous reports
describing any adverse effects of the return of the legs from PLR.

In most of the previous studies that examined PLR efficacy,
cardiovascular parameters were observed only at discrete time points
during PLR, precluding a view of cardiovascular dynamics over the
total time course during and after PLR. Although echocardiogram is
useful for estimating cardiovascular parameters, this tool may not be
suited for continuous measurements because estimation depends on
visual judgments and complex calculations [11]. Because simultaneous
measurement of heart rate (HR), cardiac output (CO), total peripheral
vascular resistance (TPR), systolic blood pressure (SBP), and diastolic
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blood pressure (DBP) is difficult, previous studies used only a few of
these important cardiovascular parameters to evaluate the dynamic
cardiovascular response to PLR . This shortcoming may have led to an
incomplete view of the effects of PLR and caused apparent discrepancies
in the experimental results between studies.

The purpose of this study was to evaluate the efficacy of PLR by
elucidating the entire course of cardiovascular responses to PLR
over considerable lengths of duration. In addition, we sought to
investigate optimal conditions for effective PLR. We continuously
and simultaneously measured multiple parameters of cardiovascular
dynamics, including SBP, DBP, HR, CO, and TPR, using a continuous
finger blood pressure measurement system, which non-invasively
estimated multiple important parameters of cardiovascular dynamics.

Parts of this work have been published in a preliminary form [12].
Materials and methods

Subjects

Subjects were 8 healthy adult males with an average age of 32.0 +
4.6 years, average height of 173.5 + 6.1 cm, and an average weight of
76.8 + 13.9 kg. Before participating in this study, subjects were fully
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informed of the purpose, methods, and possible harmful effects of this
study. All subjects provided written consent for participation. This
study was approved by the Kokushikan University Ethics Committee
for Research on Human Subjects.

Measurement device

A continuous finger blood pressure measurement system
(Portapres®, Medical Systems B.V.) was used to make continuous
and non-invasive measurements of cardiovascular dynamics [13-15].
This system allows one to estimate finger arterial blood pressure with
high time resolution by volume clamping finger arteries using optical
feedback signals. Based on the method designed by Wesseling and
coworkers, brachial arterial blood pressure waves are reconstructed
from measured finger blood pressure waves using an assumed standard
transfer function from arm to finger. The shape and amplitude of
reconstructed brachial arterial pressure waves have been shown to be
sufficiently identical to directly measured brachial arterial pressure
waves [13-15].

Using calculations based on the mathematical model (Modelflow®)
suggested by Wesseling and coworkers [16], Portapres® can estimate
major cardiovascular parameters, including stroke volume (SV), TPR,
SBP, DBP, and HR, which are obtained from reconstructed brachial
arterial blood pressure waves.

A finger cuff was fitted on the third finger of the right hand of each
subject. At the start of each experiment, SBP and DBP at the right upper
arm were manually measured, and the cuff was readjusted when the
discrepancy between the reconstructed and manually measured values
of either SBP or DBP was more than or equal to 10 mmHg.

Measured parameters

In this study, measurements of SBP, DBP, MBP, HR, SV, CO, and
TPR are presented and discussed.

Data obtained using Portapres® were transferred to a personal
computer in data table files for a spread sheet application (Excel 2007,
Microsoft Corporation). Beat-by-beat data were converted into second-
by-second data for further analysis using a data analysis application
(KyPlot 5.0, KyensLab Corporation). Data of each parameter were
normalized by the average value of the 5-min period immediately
before the start of PLR and expressed as percentages.

Protocol of the PLR experiment

Initially, each subject rested in the supine position on a horizontal
board with a lower section that could be raised to 3 different angles
(20°, 30°, or 40°). After a 300-s rest, the subject’s legs were passively
raised at one of the 3 angles and maintained in the raised position for
600 s. Subsequently, the legs were passively returned to the horizontal
position, and the subject rested for 180 s, during which time the
recovery processes of cardiovascular functions were monitored. This
total 1080-s sequence was repeated 3 times in a day, with a randomly
chosen sequence of the 3 angles (Figure 1). For each subject, the same

Rest (300 s) = Rest (180 s)

= =

Figure 1. Measurement procedure. One sequence of the PLR experiment consisted of
300-s rest, 600-s PLR, and 180-s post-PLR rest. The sequence was repeated 3 times using
a different PLR angle each time (20°, 30°, or 40°) in randomized order in 1 day.

PLR (600 s) =
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experiment was repeated 3 times with a different angle sequence for
each experiment on different days. Therefore, 24 PLR data sets were
obtained from 8 subjects for each of the 3 tested angles. Data points less
than 50 or more than 150 after normalization were discarded as artifacts
by visual confirmation because they occurred abruptly and briefly,
without consistent changes observed for the other measurements.
Because data for the 30° PLR of one subject were observed to have large
errors, only 23 sample sets were analyzed for evaluation of the 30° PLR.

Raising and returning the legs was manually performed by 2
experimenters within 1 s. To minimize psychosomatic influences
on cardiovascular dynamics, each subject was kept silent, with eyes
masked, and free from unnecessary stimuli except leg raising and
returning during the experiment. Room temperature and humidity
were maintained at 23.0 + 4.6°C and 44.0 * 5.1%, respectively.

Statistical analysis

Average values in 3 time sections, 60-120 s (section A), 420-540
s (section B), and 60-180 s (section C) from the end of PLR were
compared with controls (5-min average values before PLR) by ¢-test,
and p values < 0.05 were considered significant.

The effects of the 3 PLR angles on cardiovascular parameters
were compared at each section by two-way ANOVA and multiple
comparison test (Bonferroni) on KyPlot 5.0.

Results

Table 1 presents mean values of the measured cardiovascular
parameters for 300 s in the resting state. All mean values are consistent
with those of normal adults, and variations between individuals were
not excessive.

Time courses of cardiovascular responses to 20°, 30°, and 40°
PLRs

Figure 2 shows the time courses of MBP during the PLR procedure
for the 3 tested angles. After a transient up and down response at the
start of PLR, MBP increased above that of pre-resting controls and
remained elevated during the 600-s leg raise at all PLR angles. The
return of the legs to the horizontal position caused a transient decrease
in MBP, which subsequently increased again to values higher than
those of controls.

As shown in Figure 3, HR tended to gradually decrease during 20°
and 30° PLR and became significantly low in section B of the 20° PLR.
During the 40° PLR response, HR showed no significant change during
PLR. Just after the return of the legs, a transient increase in HR lasting
approximately 1 min was observed for all 3 PLR angles. HR remained
low for the 20° PLR, returned to pre-PLR levels for the 30° PLR, and
remained slightly higher than pre-PLR controls in the 40° PLR.

Table 1. Resting values of cardiovascular parameters.

Cardiovascular Parameter Mean SD
Systolic Blood Pressure (mmHg) 122.2 6.0
Diastolic Blood Pressure (mmHg) 67.7 5.6
Mean Blood Pressure (mmHg) 82.9 5.8
Heart Rate (bpm) 55.6 6.1
Stroke Volume (mL) 86 7.2
Cardiac Output (L/min) 4.77 0.79
Total Peripheral Resistance (MU) 1.08 0.2

300-s measurements taken immediately before PLR
N = 72; 8 subjects x 3 repetitions
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Figure 2. Time course of mean blood pressure changes (n = 24) during one sequence of the
PLR experiment (shown as normalized values) for 3 different angles (20°, 30°, and 40°).
Data were plotted after high-cut smoothing.
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Figure 3. Time course of heart rate changes during one sequence of the PLR experiment.
Mean values (n = 24; shown as normalized values) of 3 different PLR angles (20°, 30°, and
40°) were plotted after high-cut smoothing.

SV immediately increased at the start of PLR to approximately
104% of pre-PLR controls and decreased immediately upon the return
of the legs to the resting position for all 3 PLR angles. The post-PLR SV
was almost same as the pre-PLR SV for the 20° PLR, but decreased to
slightly below that of pre-PLR controls for the 30° and 40° angle PLRs
(Figure 4).

CO increased to approximately 103% of the pre-PLR control
during the first 300 s of PLR for all 3 PLR angles. For the 20° and 30°
PLRs, CO gradually decreased in the later 300 s, and the return of the
legs to the resting position caused a further decrease compared with
that in the pre-PLR controls. For the 40° PLR, CO remained relatively
high even later in the 300 s time course of PLR, and returned to pre-
PLR control levels after a transient increase upon returning of the legs
to the resting position (Figure 5).

TPR in all three angle PLRs decreased to approximately 97 % of
pre-control values at the start of PLR and gradually increased during
PLR to levels slightly higher than pre-PLR controls at the end of PLR.
For all 3 angles, TPR increased again after a transient fall upon return
of the legs to the resting position (Figure 6).

Comparison of average values of cardiovascular parameters
at each section with control values and between the 3 PLR
angles

Table 2 shows the average values of cardiovascular parameters at
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3 sections for the 3 PLR angles normalized by pre-PLR control values
together with their standard errors and p-values by ¢-test.

At section A, SBP, MBP, SV, and CO significantly increased for all
3 angles. DBP significantly increased in section A for the 30° and 40°
PLRs. TPRs were slightly below 100 at section A for all angles, but the
differences from controls were not significant.

SBP significantly increased in section B for all angles. DBP for the
30° PLR and MBP for the 0° and 40° PLRs significantly increased. HR
significantly decreased for the 20° PLR, but no significant change was
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Figure 4. Time course of stroke volume changes during one sequence of the PLR
experiment. Analysis and presentation scheme is the same as in Figure 3.

(%) Pre PLR PLR

Post PLR
110 co

108

106

104

102

100

98

96

9

<>

92 SectionA

SectionB | SectionC

90

0 300 600 900 1080
Time (s)

Figure 5. Time course of cardiac output changes during one sequence of the PLR

experiment. Analysis and presentation scheme is the same as in Figure 3.
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Figure 6. Time course of total peripheral vascular resistance changes during one sequence
of the PLR experiment. Analysis and presentation scheme is the same as in Figure 3.
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Table 2. Mean values of parameters for each section normalized by pre-PLR values.

PLR angle Section A Section B Section C
Mean SEM p-value Mean SEM p-value Mean SEM p-value
SBP 20° 102.3%* 0.73 0.004 104.2%** 0.89 <0.0001 103 1.09 0.010
30° 103.6%** 0.75 <0.0001 103.8%** 0.64 <0.0001 102.6%** 0.67 0.0008
40° 104.0%** 0.80 <0.0001 105.5%** 1.10 <0.0001 103.3%* 1.06 0.005
DBP 20° 100.9 0.68 0.198 101.5 0.80 0.083 102.7* 1.10 0.021
30° 102.2* 0.93 0.028 103.5%* 1.02 0.003 104.1%** 1.25 0.003
40° 102.6%* 0.73 0.002 103.8%*** 0.81 <0.0001 103.0%* 0.95 0.005
MBP 20° 101.4* 0.62 0.034 101.7* 0.75 0.034 102.5% 1.00 0.019
30° 101.7 0.77 0.035 102.0 1.32 0.145 102.5 1.44 0.098
40° 102.7%* 0.64 0.0003 103.7%** 0.65 <0.0001 102.7%* 0.86 0.004
HR 20° 99.0 0.48 0.050 97.3%%* 0.73 0.0009 97.3* 0.90 0.011
30° 100.0 0.79 0.993 99.8 1.12 0.860 100.0 0.85 0.989
40° 100.4 0.80 0.6000 99.8 1.04 0.833 101.4 1.14 0.218
NY% 20° 103.6%** 0.84 0.003 103.6%* 0.96 0.001 100.2 0.96 0.872
30° 102.9* 1.07 0.013 102.0 1.23 0.120 97.3* 0.97 0.012
40° 103.1%* 1.03 0.006 102.6* 1.26 0.048 98.5 1.30 0.251
Cco 20° 102.5% 0.94 0.015 100.8 1.15 0.474 97.5% 1.12 0.038
30° 103.7%* 1.26 0.008 100.6 1.17 0.604 98.0 1.17 0.104
40° 103.6* 1.46 0.023 102.4 1.57 0.141 100.0 1.77 0.994
TPR 20° 98.8 0.96 0.240 101.1 1.17 0.361 105.4%* 1.60 0.002
30° 99.0 1.17 0.393 103.2 1.56 0.053 106.7%*** 1.75 0.009
40° 99.5 1.49 0.757 101.8 1.73 0.316 103.4 1.89 0.082

p-values were the results of pared ¢ test with pre-PLR resting values. Multiple comparisons (Bonferroni) between different angles showed a significant difference only for CO in section C

between the 20° and 40° PLRs (p < 0.05). n =24
*p <0.05; **p <0.01; ***p <0.001

SBP: systolic blood pressure; DBP: diastolic blood pressure; MBP: mean blood pressure; HR: heart rate; SV: stroke volume; CO: cardiac output; TPR: total peripheral vascular resistance.

section A: 120 s section begins at 60 s of PLR; section B: 120 s section begins at 420 s of PLR; section C: 120 s section begins at 60 of post-PLR resting.

observed for the other PLR angles. In contrast to section A, TPR was
greater than 100 but not significantly different from controls.

In section C, SBP and DBP significantly increased for all PLR
angles. Increases in MBP were significant only for the 20° and 30° PLR
angles. TPR significantly increased for the 20° and 30° PLRs. HR for
the 20°, SV for the 30° and CO for the 20° PLR significantly decreased.

Comparing the effect of different PLR angles on cardiovascular
parameters, two-way ANOVA and multiple comparisons revealed a
significant difference only for CO in section C between the 20° and 40°
PLRs (p < 0.05).

Discussion

Effects of PLR on cardiovascular parameters and their
duration

In this study, the effects of PLR in healthy subjects on HR, SV, CO,
and TPR in addition to SBP, DBP, and MBP were evaluated using a
non-invasive continuous measurement system (Portapres®).

Previous studies on PLR in healthy subjects reported transient
changes of cardiovascular dynamics by PLR, but failed to show
significant lasting effects of PLR [4-7]. In contrast, the present study
revealed significant sustained effects on cardiovascular parameters
even at 10 min after the start of PLR. This discrepancy may be explained
from the methodological differences between studies. Other studies
evaluated the effects of PLR at discrete time points, while we used
averages of continuous measurements for statistical analysis, which
enabled us to obtain more stable data to demonstrate the significance
of effects that may otherwise be obscured by background fluctuations.
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Although a previous study estimated that 150 mL of blood was
moved from the legs to the body by PLR [17], another study reported
that the maximal cardiovascular response occurred within 1 min of
the start of PLR and decayed in a short period of time in mechanically
ventilated patients [18]. These results depended on discrete time
point measurements and pathological states of patients. Therefore,
the transferability of their findings to the general population may be
unclear.

Out of the parameters observed in this study, SV showed the
largest and most stable sustained increase during the entire PLR time
course. SV then promptly returned to the pre-PLR values at the end
of PLR. It can be believed that this increase was primarily a passive
response to the increase in preload due to PLR, which increases central
venous pressure, resulting in increased right ventricular output and
subsequently that of left ventricular preload. This increase in SV
presumably caused increases in the other parameters, including CO,
SBP and DBP, during PLR. Wong et al. [1] reported that subjects from
whom 500 mL blood was extracted before PLR showed a significantly
greater increase in cardiac index than control subjects. These results,
together with our present observations, suggest that PLR may be an
effective procedure for patients with relatively normal cardiac functions
who are in hypovolemic shock, but not for patients with decreased
cardiac functions such as heart failure or old age.

HR tended to decrease in response to PLR. The decrease was
particularly significant in section B for the 20° PLR. In normal subjects,
strong homeostatic mechanisms work to maintain constant blood
flow to vital organs; the increase in SV caused by PLR may induce a
blood pressure increase that is sensed by carotid or cardiopulmonary
baroreceptors, and thus, decreases HR through a negative feedback
system [19-21]. The decrease in HR during PLR observed in this
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study can, therefore, be interpreted as the result of a compensatory
reflex evoked by the increased SV in response to PLR. The lack of HR
decrease followed by its increase for the 40° PLR angle may be due to
the uncomfortably high position of the legs because of the large PLR
angle.

TPR is another important parameter of cardiovascular function.
Although TPR gradually increased after a transient decrease at the
start of PLR, no significant changes in TPR were observed at any time
for any of the PLR angles. This TPR response to PLR appeared to be
transient and compensatory to the rapid increase in SV, which decayed
in a relatively short time and caused no significant differences at any
time.

CO is defined as the product of SV and HR. A significant increase
in CO during the PLR time course was observed only in the early phase
(section A). This increase was probably because the continuing increase
in SV dominated over the slight decrease in HR in this time period,
while the further decrease in HR in section B cancelled the increased
SV, resulting in the gradual decline in CO.

Effects of returning the legs to the horizontal resting position

In an actual clinical situation, the abrupt release of PLR may occur,
for example, when moving a patient from an ambulance to a hospital
bed. In this study, considerable changes in cardiovascular dynamics,
including some possible adverse ones, were observed upon returning
the legs to the horizontal resting position. Blood pressures tended
to remain elevated after the return of the legs to the resting position,
except for a transient drop lasting several seconds. This second increase
in blood pressure appeared to be primarily caused by the increase in
TPR, which was probably due to a compensatory reflex to the abrupt
decrease in SV by the return of the legs to a horizontal position.

TPR is believed to be maintained by the contraction of arterioles
under the control of the sympathetic nervous system. Therefore, in
states of deteriorated autonomic nervous system function, such as
diabetes mellitus or Shy-Drager syndrome, abrupt returning of legs
may result in a severe blood pressure drop.

PLR Angle

In this study, the PLR angles were chosen considering the
admissible range of angles for practical use. Of these, 20° is the standard
angle in Japan for PLR, and 40° was the maximal angle possible for safe
management of subjects.

Of the 3 angles tested, no significant difference in the effects of PLR
on cardiovascular parameters was observed except between 20° and 40°
for the effect on HR after returning the legs to the horizontal position.
In particular, SV, which showed the most consistent responses of
observed parameters, showed no significant difference in section A or
B between the 3 angles tested. Furthermore, the possible adverse effects
of the return of the legs to horizontal position appeared to be greater
for the larger PLR angles. From these considerations, we regard the 20°
PLR angle as the most suitable for actual clinical purposes.

Limitations

While the present experiments on healthy adult subjects enabled us
to evaluate standard cardiovascular responses to PLR, these data may
be insufficient to estimate PLR efficacy in hypovolemic patients with
deteriorated cardiovascular functions. However, for such patients, PLR
would be expected to be more effective because of the lack of strong
homeostatic control present in healthy subjects.
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Volume clamp blood pressure measurementisarather sophisticated
method that sometimes becomes unstable; however, we acquired stable,
consistent measurements by careful fitting of the cuff. Several papers
assured the reliability of measurements using Portapres®, with cautions
regarding its limitations [13-15]. An improved finger measurement
system, Nexfin, recently became available [7]. Re-assessment of the
results of this study using such a system would be necessary in future
work.

Conclusions

PLR caused increases in blood pressure, primarily because of an
increase in stroke volume. We regard the 20° PLR angle as the most
suitable for actual clinical purposes. The possible adverse effects of the
return of the legs to horizontal position appeared to be greater for the
larger PLR angles.
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