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position. Earlobe CBF, beat-to-beat arterial blood pressure 
(ABP), mean arterial blood pressure (MAP), and heart rate 
(HR) were recorded during each test.
Results Earlobe CBF showed a transient fall synchro-
nized with the ABP during each test. No significant dif-
ferences in the recovery times (RTs) of CBF and MAP 
were observed during the SST (CBF 12.9 ± 0.6 s vs. 
MAP 12.1 ± 0.5 s, P = 0.313) and FST (CBF 10.6 ± 0.4 s 
vs. MAP 10.1 ± 0.8 s, P = 0.552). Although the CBF and 
ABP decreases were not different in each test, the HR 
increase was significantly lower with the FST (24 ± 2 bpm) 
than with the SST (31 ± 3 bpm, P < 0.005).
Conclusions Earlobe CBF reflects the compensatory ABP 
regulatory response during standing and is potentially use-
ful for estimating the orthostatic ABP response indirectly. 
Furthermore, the FST is a low-load protocol that can be an 
effective protocol for a standing test of cardiac function.

Keywords Arterial blood pressure · Cephalic blood flow · 
Initial orthostatic hypotension · Laser Doppler flowmeter · 
Orthostatic challenge

Abbreviations
ABP  Arterial blood pressure
BF  Blood flow
CBF  Cephalic blood flow
CO  Cardiac output
DT  Decrease time
FST  Footstool standing test
HR  Heart rate
HUT  Head-up tilt
IOH  Initial orthostatic hypotension
IT  Increase time
LDF  Laser Doppler flowmeter
MAP  Mean arterial blood pressure

Abstract 
Purpose Cephalic hemodynamic assessment is important 
in initial orthostatic hypotension. We sought to investigate 
cephalic blood flow (CBF) in the earlobe using a mini laser 
Doppler flowmeter (LDF) during orthostatic challenge. In 
addition, we clarified hemodynamic differences during a 
new active standing protocol using a footstool standing test 
(FST) with bending of the legs on the footstool in the sit-
ting position to reduce the load of the squatting posture in 
the conventional squat standing test (SST).
Methods Ten healthy men (21 ± 0.5 years) performed 
the SST after a 1 min squat and the FST after a 1 min load 
consisting of bending the legs on a footstool in the sitting 
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RT  Recovery time
SST  Squat standing test
SFR  Sympathetic flow response
SV  Stroke volume
TPR  Total peripheral resistance

Introduction

Initial orthostatic hypotension (IOH) is an exaggerated 
transient decrease in arterial blood pressure (ABP) that 
occurs within 15 s after active standing (Wieling et al. 
2007; Vaddadi et al. 2007). Despite the acute decrease in 
ABP, ABP is well maintained during standing by compen-
satory physiological regulation, such as baroreflex stimu-
lation (Rossberg and Penaz 1988), which is associated 
with tachycardia and secondary peripheral vasoconstric-
tion (Philips and Scheen 2011; Scheen and Philips 2012). 
However, when these responses are insufficient, they occa-
sionally lead to syncope or short-lasting symptoms of pre-
syncope (light-headedness, visual disturbances, and nau-
sea), precipitated by insufficient cerebral perfusion (Lipsitz 
1989; Thomas et al. 2009). Hence, evaluation of the cer-
ebral blood flow during orthostatic stress is also important 
clinically, in addition to beat-to-beat ABP measurement 
(Imholz et al. 1990; van der Velde et al. 2007).

Recently, we developed a mini laser Doppler flowmeter 
(LDF) that can be worn on the earlobe to measure cephalic 
blood flow (CBF) during orthostatic stress. The orthostatic 
response of CBF in the earlobe has not been clarified. The 
auricle of the ear lacks sympathetic innervation (Peuker 
and Filler 2002). Hence, we predicted that CBF in the ear-
lobe is likely to show a sensitive response corresponding 
to systemic hemodynamic changes on standing by remov-
ing the influence of sympathetic nerve activity, and it might 
be a useful index of cephalic perfusion during orthostatic 
challenge.

In regard to standing methods, active standing such as 
standing from the supine position (Tanaka et al. 1996; Hilz 
2002) or passive standing, such as the head-up tilt (HUT) 
(Tanaka et al. 1996; Rickards and Newman 2003), has 
been performed clinically. In recent years, standing from a 
squat position (squat standing test: SST) has been investi-
gated as an active standing test (Rossberg and Penaz 1988; 
Rickards and Newman 2003; Philips and Scheen 2011). 
The SST has an advantage for IOH assessment, since it 
tends to elicit a greater hypotensive response than HUT 
(Rossberg and Penaz 1988; Rickards and Newman 2003; 
Wieling et al. 2007), and only requires a 1–2 min load of 
squatting before standing (compared with at least 5 min of 
supine rest) (Wieling et al. 2007). Other advantages are that 
it is a quick and simple method without large scale equip-
ment, such as a bed, and provides a highly reproducible 

cardiovascular stimulus (Convertino et al. 1998). How-
ever, it is difficult for subjects, especially elderly people, to 
maintain the squatting posture for at least 1 min without leg 
pain. These are the constraints in clinical practice. Thus, 
to reduce the load of pre-standing, a new active standing 
method using a footstool (footstool standing test: FST) to 
achieve a pseudo-squatting posture with bending of the legs 
on the footstool in the sitting position was developed and 
evaluated in this study.

The purpose of this study was to investigate the earlobe 
CBF response during orthostatic stress and to clarify the 
physiological differences in the hemodynamic responses 
during the FST and the SST to verify whether the FST can 
be used as an active standing test.

Materials and methods

Subjects

Ten healthy men (mean ± SD age: 21 ± 0.5 years, height 
172 ± 5 cm, weight 61 ± 11 kg) volunteered to partici-
pate in the study. All volunteers were free of known car-
diovascular or neurological disease, and no volunteers were 
taking prescription drugs or other medications. The study 
conformed to the guidelines established by the Declaration 
of Helsinki and was approved by the Institutional Review 
Board of the Faculty of Medicine, University of Yamanashi 
(approval No. 924). Each subject gave his informed con-
sent after an explanation of the experimental procedures 
and potential risks. The experiments were performed >2 h 
after the volunteers had a midday meal.

Mini laser Doppler blood flowmeter

The LDF (de Mul et al. 1984; Obeid et al. 1990; Serov 
et al. 2006) is intended to estimate tissue blood flow (BF). 
A mini LDF (105 mm × 62 mm × 25 mm; 144 g) was 

Fig. 1  Appearance of the new mini LDF: main unit and sensor probe 
(a), sensor probe attachment to the earlobe (b)
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newly developed by Pioneer Corp (Kawasaki, Japan) 
(Fig. 1a). This is a miniaturized model of a conventional 
stationary LDF and prototype for research. The principle 
of LDF measurement is laser Doppler flowmetry (Bonner 
and Nossal 1981). When a laser is irradiated on the tissue, 
the BF is estimated from the spread of the Doppler-shifted 
frequency generated by the interference between the non-
Doppler-shifted light backscattered from static tissue and 
the Doppler-shifted light backscattered from red blood cells 
flowing in blood capillaries. The values of BF are repre-
sented by the product of the amount and the speed of red 
blood cells. The sensor probe of the new device (21 mm × 
12 mm × 3 mm; 21 g) is composed of the laser emitting 
unit and the backscattered light receiving unit and is pro-
vided with a window on the surface contacting the body. 
This new device was designed to generate little artifact 
noise in a dynamic environment such as postural change. 
The main unit of the new device includes a battery and a 
wireless transfer function, and it is also wearable by sub-
jects because of its small size and light weight. A laser 
wavelength of 850 nm was used and the BF was expressed 
in arbitrary units. In this study, the mini LDF was used to 
measure CBF in the earlobe continuously during orthostatic 
postural changes of the body. The sensor probe was worn 
on the subjects’ earlobe attached by a clip (Fig. 1b). The BF 
values transferred via a Bluetooth system were recorded 
on a personal computer equipped with specially developed 
data acquisition software. The sampling frequency of the 
BF waveform was 50 Hz.

Prior to the present study, the new device’s performance 
for BF measurement was confirmed to be equivalent to the 
conventional stationary LDF device by measuring a physi-
ological blood flow response, the sympathetic skin blood 
flow response (SFR) (Low et al. 1983), as follows. One 
healthy subject wore the conventional LDF sensor probe 
(CDF-2000 SNCR; CyberFirm, Tokyo, Japan) and the mini 
LDF sensor probe on the second fingertip of the left hand 
simultaneously, and then the fingertip BF was measured. 
After the measurement at rest for about 20 s, the subject 

performed deep breathing, known to induce a SFR, and a 
transient decrease of fingertip BF was recorded.

Physiological Measurements

Continuous beat-to-beat ABP was measured using non-
invasive tonometry monitoring (model BP-608, Omron 
Colin, Kyoto, Japan) on the wrist of the left hand (the radial 
artery), which was supported at the level of the right atrium 
on an adjustable pad with a band support. Mean arterial 
blood pressure (MAP) was calculated with off-line analysis 
from tonometry ABP monitoring. Stroke volume (SV) and 
heart rate (HR) were recorded beat-to-beat by non-invasive 
cardiac output measurement using analysis of thoracic elec-
trical bioimpedance signals (Physioflow Lab-1; Manatec 
Biomedical, Macheren, France). Cardiac output (CO) was 
calculated from HR and SV using the following equation: 
CO = HR × SV. Total peripheral resistance (TPR) was 
calculated from MAP and CO using the following equa-
tion: TPR = MAP/CO. All measurements were connected 
to an acquisition system (PowerLab 8/30, ADInstruments, 
Bella Vista, Australia) interfaced with a personal com-
puter equipped with data acquisition software (LabChart 
6, ADInstruments) for beat-to-beat recording of variables. 
Waveforms were sampled at 1 kHz.

Experimental procedure

The subjects were seated on a prepared chair, and then 
instrumented for hemodynamic measurements (ABP, SV, 
HR, CO, and TPR). Furthermore, a mini LDF probe was 
attached to the left earlobe for CBF measurement. Then, 
two standing-up tests, the SST and the FST, were carried 
out using the following steps.

SST protocol: the protocol is shown in Fig. 2a. After 
subjects rested in the sitting position for 2 min, they took a 
squatting position on the floor and maintained the position 
for 1 min. Subsequently, they stood up within 1 or 2 s, and 
then maintained the standing position for 1 min. Since it 

a bSST protocol FST protocol

Pre-rest
2 min

Load
1 min

Standing
1 min

ds df

Pre-rest
2 min

Load (squatting)
1 min

Standing
1 min

footstool

Fig. 2  Protocol of the squat standing test (SST) (a) and a new active standing test using a footstool (footstool standing test: FST) (b), ds stand-
ing distance of the SST, df standing distance of the FST. The standing distance of the FST (df) is shorter than that of the SST (ds) (ds > df)
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was expected that respiration-induced periodic fluctuation 
of blood pressure could interfere with the CBF waveform 
on standing, the subjects were instructed to stand up after 
breathing out slightly and stopping respiration just before 
standing. Subjects resumed respiration after ABP started to 
recover. These steps were performed as one measurement, 
and then repeated three times for each subject.

FST protocol: the protocol is shown in Fig. 2b. After 
subjects rested in the sitting position for 2 min, they took 
a pseudo-squatting posture formed by bending and holding 
their legs with their hands on the prepared footstool in the 
seated position and maintained the position for 1 min. The 
footstool used in this study had a height of 30 cm, and it 
was adjusted to be the interval of 10 cm between the top 
of the footstool and the seat of the chair. Subsequently, the 
subjects stood up on the floor within 1 or 2 s after the foot-
stool was removed, and they then maintained the standing 
position for 1 min. The subjects stood after breathing out 
slightly and stopping respiration just before standing, and 
they resumed respiration after ABP started to recover, as 
for the SST. These steps were performed as one measure-
ment, and then repeated three times for each subject. In the 
SST and FST protocols, the standing distances in the verti-
cal direction are different. The standing distance of the FST 
(df) is shorter than that of the SST (ds) (ds > df), as shown 
in Fig. 2.

Data analysis

In order to compare hemodynamic responses between the 
SST and FST, each hemodynamic index was resampled 
at 10 Hz, and then averaged time series waveforms were 
generated as the amount of change from the pre-standing 
baseline, defined as the average of the 30 s period just 
before standing. In calculating the amount of the peak 
or nadir change from the pre-standing baseline for each 
hemodynamic index, measurements of each standing 
test were taken three times for each subject and averaged 
as one subject data (n = 10 in triplicate). Thus, the mean 
values obtained for the 10 subjects’ data with each stand-
ing test were compared. The recovery times (RTs) of MAP 
and CBF were defined as the intervals between just after 
standing and the point when recovery to the pre-standing 
baseline had occurred (Fig. 3). Mean RT values were com-
pared between MAP and CBF and between SST and FST. 
The decrease time (DT), defined as the time from just after 
standing to the nadir, and the increase time (IT), defined as 
the time from the nadir to pre-standing baseline (Fig. 3), 
were calculated. The mean values of DT and IT were com-
pared in order to elucidate the difference in RT between 
the SST and FST. The mean RT, DT, and IT values were 
basically calculated from the 10 subjects’ data obtained by 
averaging the three measurement values on each standing 

test as one subject data (n = 10 in triplicate). However, for 
calculating RT and IT, the data that had not recovered com-
pletely to baseline were excluded, because these parame-
ters could not be calculated.

Statistics

All group data are expressed as mean ± SE. The differ-
ences in mean values were evaluated by a paired t-test, 
after the assumption of normality of paired differences was 
confirmed with a Shapiro-Wilk test. P < 0.05 was consid-
ered significant. All data were analyzed using SPSS 22.0 
for Windows (SPSS Japan Inc, Tokyo, Japan).

Results

First of all, the new device’s performance for BF measure-
ment was confirmed. When measuring the SFR by deep 
breathing using the conventional LDF and the new mini 
LDF, a transient decrease of fingertip BF was observed, 
and the BF response of the new device showed good 

-100

0

-50

0-30

Time (s)

RT

DT IT

baseline

t2t1

C
BF

 o
r M

AP
C

ha
ng

e 
ra

tio
 (%

)

standing

Fig. 3  Evaluation parameters of CBF and MAP on standing. CBF 
cephalic blood flow, MAP mean arterial blood pressure, RT recovery 
time, DT decrease time, IT increase time

0

20

40

60

80

100

0

20

40

60

80

0 20 40 60

N
ew

 m
in

i L
D

F 
Bl

oo
d 

flo
w

 ( 
a.

 u
. )

 

C
on

ve
nt

io
na

l L
D

F
Bl

oo
d 

flo
w

 (m
L/

m
in

/1
00

g)
 

Time (s)

Conventional LDF
New mini LDF

deep breathing

Fig. 4  Fingertip blood flow (BF) changes during deep breathing 
while wearing the conventional LDF sensor probe and the new mini 
LDF sensor probe simultaneously



2171Eur J Appl Physiol (2015) 115:2167–2176 

1 3

agreement with that of the conventional device (Fig. 4). 
Although these results comparing the two measurements in 
one person, at one time, are only an indication that they are 
measuring the same physiological phenomenon, the perfor-
mance of the new device was confirmed to be comparable 
to that of the conventional stationary LDF device.

Orthostatic response of CBF in the earlobe

Typical acute responses of CBF and ABP to the SST 
and FST in one subject are presented in Fig. 5. Just after 
the subjects stood up from the squatting position, CBF 
decreased immediately, and then recovered to the pre-
standing level within 15 s (Fig. 5a). It was seen that this 
transient fall reaction of CBF was synchronized with the 
change in ABP. CBF and ABP were also measured with the 
FST protocol, in which the subjects stood up from the sit-
ting position after removal of the footstool. The transient 
falls in CBF and ABP after standing were also observed 
with the FST protocol (Fig. 5b). The changes in CBF and 
ABP in the FST protocol (Fig. 5b) were almost the same as 
those in the SST protocol (Fig. 5a).

Orthostatic responses of each hemodynamic parameter

In addition to CBF, beat-to-beat hemodynamic signals, 
MAP, SV, HR, CO, and TPR were also measured during 
the SST and FST protocols. Figure 6 shows the averaged 
time series waveforms as the amount of change from the 
pre-standing baseline (n = 10 in triplicate). In the SST pro-
tocol, MAP decreased transiently and recovered within 15 s 
after rising in parallel with the change in CBF. A transient 
fall of MAP was similarly detected in the FST protocol. 
With either protocol, SV decreased gradually after standing 
and then recovered, and HR and CO increased rapidly after 
standing, and then began to decrease. TPR also showed a 

transient decrease with both protocols. Although HR with 
the FST showed a slight increase from 3 s just before stand-
ing, this increase was not observed with the SST.

The amounts of the changes from the pre-standing base-
line to the peak or nadir during the SST and FST proto-
cols were then calculated for the hemodynamic parameters 
(Table 1). For calculating the nadir variation of SV, the data 
of one subject during the SST were excluded because no 
decrease in SV was observed after standing. The amount 
of HR change from the pre-standing baseline was sig-
nificantly lower during the FST than during the SST (P < 
0.05). In contrast, there were no significant differences in 
the changes of other variables (CBF, MAP, SV, CO, and 
TPR) during the SST and FST.

Time‑dependent changes of CBF and MAP

Since CBF showed transient falls and recovery to the pre-
standing baseline after standing, the time from start to the 
baseline (RT) was investigated and compared with that of 
MAP. For calculating RT, the SST data for subjects whose 
CBF did not recover completely to baseline were excluded 
(n = 1). During the SST, there was no significant differ-
ence (P = 0.313) in the RT between CBF and MAP, which 
were 12.9 ± 0.6 s and 12.1 ± 0.5 s, respectively (Fig. 7a). 
During the FST, there was also no significant difference  
(P = 0.552) in the RT between CBF and MAP, 10.6 ± 0.4 s 
and 10.1 ± 0.8 s, respectively (Fig. 7a). In the comparison 
between the two standing protocols, the RT of CBF was 
significantly shorter during the FST (10.7 ± 0.4 s) than 
during the SST (12.9 ± 0.6 s, P < 0.01, Fig. 7b). Moreo-
ver, MAP showed a significantly shorter RT during the FST 
(10.1 ± 0.8 s) than during the SST (12.0 ± 0.4 s, P < 0.05, 
Fig. 7b).

In order to elucidate the difference in RT between SST 
and FST, RT was divided into two phases, DT and IT. For 

Fig. 5  Representative record-
ings of continuous CBF and 
ABP from one subject during 
the SST (a) and the FST 
(b). The vertical broken line 
indicates the onset of standing. 
ABP arterial blood pressure, 
SST squat standing test, FST 
footstool standing test
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calculating IT, the SST data of one subject whose CBF did 
not recover completely to baseline were excluded (n = 1). 
Although the DT of MAP was significantly shorter during 
the FST than during the SST (P < 0.05; Table 2), IT did not 
show a significant difference between the protocols (P = 
0.057; Table 2). There was also a significantly shorter DT 
of CBF during the FST than during the SST (P < 0.001; 
Table 2). However, there was no significant difference in the 
IT of CBF between the two protocols (P = 0.230; Table 2).

Discussion

The goals of this study were to clarify the orthostatic 
response of CBF in the earlobe and the physiological dif-
ferences of the hemodynamic responses during the FST 
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Fig. 6  Averaged time series waveforms of hemodynamic parameters 
as the amount of change from the pre-standing baseline during the 
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and ±SE values, respectively. The vertical broken line in each panel 
indicates the onset of standing. HR heart rate, SV stroke volume, CO 
cardiac output, TPR total peripheral resistance

Table 1  Changes from pre-standing baseline to the peak or nadir in 
the hemodynamic parameters during the SST and FST protocols

Values are means ± SE. Arrows represent the peak or nadir of the 
hemodynamic responses (↑ peak, ↓ nadir)

* Significantly different from the SST (paired t test)

Variable Peak or 
nadir

SST FST

Δ from  
baseline

n Δ from baselinen

CBF, a.u. ↓ 16.7 ± 2.5 10 13.6 ± 1.7 10

MAP, mmHg ↓ 27.4 ± 2.7 10 22.4 ± 2.5 10

SV, ml ↓ 14.4 ± 3.5 9 13.6 ± 2.2 9

HR, beats/min ↑ 31 ± 3 10 24 ± 2* 10

CO, L/min ↑ 1.6 ± 0.2 10 1.3 ± 0.1 10

TPR, dyn sec/
cm5

↓ 1006.3 ± 59.6 10 888.0 ± 117.8 10
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and the SST. The key novel findings in this regard were 
as follows. First, a transient CBF response associated with 
the ABP on standing was observed. Second, the pattern of 
hemodynamic responses was similar between the SST and 
FST. Third, the amounts of the falls of the CBF and MAP 
did not differ between the tests. Fourth, the increase in 

HR from the pre-standing baseline was significantly lower 
during the FST than during the SST. Fifth, the RT during 
each standing test was not different for the CBF and MAP, 
although the RTs of the CBF and MAP were significantly 
shorter during the FST than during the SST.

The CBF response during orthostatic stress would be 
considered to be under the influence of the ABP response. 
The transient response in ABP that occurred within 15 s 
after standing, the rapid ABP recovery, was due to arterial 
baroreflex stimulation (Rossberg and Penaz 1988; Thrasher 
2005), which is associated with tachycardia and vasocon-
striction (Philips and Scheen 2011; Scheen and Philips 
2012). Consequently, it appears that CBF also recovered 
depending on ABP recovery. These results suggest that 
a rapid and transient fall of CBF occurs physically and 
directly along with the dynamic and systemic ABP changes 
that occur with standing. This appeared to be a reasonable 
response, because ABP works to send blood to the head dur-
ing orthostatic postural change. Furthermore, the good syn-
chronization between CBF in the earlobe and ABP on stand-
ing may be related to the region of the earlobe. For example, 
the SFR occurs at the fingertips by sympathetic stimulation 
(Low et al. 1983). However, the SFR does not occur at the 
earlobe and differs from other regions such as the fingertip, 
because the earlobe is devoid of sympathetic nerve supply 
(Peuker and Filler 2002). Hence, CBF in the earlobe might 
be more sensitive to dynamic ABP changes by remov-
ing sympathetic nerve effects. Fingertip blood flow meas-
urement of the orthostatic response has been previously 
reported (Oimomi et al. 1985). However, the earlobe is a 
more suitable region to evaluate orthostatic hemodynamics 
for that reason. CBF in the earlobe can reflect the response 
seen with the compensatory ABP regulation mechanism that 
leads to recovery of the ABP fall through the baroreflex, 
even though the CBF is not equivalent to central ABP.

The basic trends of the hemodynamic responses after 
standing were almost equivalent between the SST and FST. 
In particular, the MAP decrease during the FST would be 
due to the decreased TPR as in the SST, because the falls 
of MAP and TPR occur at the same time that CO increases 
during standing. A number of investigators has previously 
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FST: n = 10)

Table 2  The DT and IT values for time-dependent changes in MAP and CBF during the SST and FST

Data are means ± SE values. Note that a significant difference in the IT for CBF and MAP was not found between the SST and the FST

DT decrease time, IT increase time

* Significantly different between the SST and the FST (P < 0.05, paired t test)

Variable DT (sec) IT (sec)

SST n FST n SST n FST n

MAP 4.9 ± 0.2 10 3.8 ± 0.4* 10 7.4 ± 0.5 10 6.3 ± 0.7 10

CBF 6.8 ± 0.5 10 4.1 ± 0.4* 10 6.1 ± 0.3 9 6.7 ± 0.5 9
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reported that IOH is due to a cardiopulmonary baroreflex 
induced by a sudden increase in right atrial pressure on 
standing (Borst et al. 1984; Sprangers et al. 1991; Tanaka 
et al. 1996; Yamaguchi et al. 1996). The effects of the mus-
cle pump on standing are responsible for a sudden rise in 
right atrial pressure via translocation of blood from venous 
beds toward the heart. This immediate increase in right 
atrial pressure activates cardiopulmonary baroreflex-medi-
ated sympathetic inhibition and a subsequent fall of TPR. 
On the other hand, we do not know how much the cardio-
pulmonary baroreflex contributes to the ABP fall, because 
ABP and TPR decreased concurrently. In particular, sympa-
thetic nervous control of peripheral resistance is relatively 
slow, showing a delay of about 4 s (Rowell 1993; Toska 
et al. 1994). Furthermore, Wieling et al. proposed that the 
almost immediate onset and rapid fall in the systemic vascu-
lar resistance during leg exercise is too fast to be explained 
by sympathetically mediated reflex effects due to stimula-
tion of cardiopulmonary afferents (Wieling et al. 1996). For 
these reasons, one cannot suggest that the cardiopulmonary 
baroreflex contributes to ABP falling profoundly during 
active standing, such as during the SST and the FST.

Tschakovsky et al. reported that the decrease in MAP on 
standing from squatting could be attributed to the increase 
in virtual vascular conductance in the lower limbs, and, 
therefore, any involvement of the cardiopulmonary barore-
flex in IOH was so small as to be physiologically insignifi-
cant (Tschakovsky et al. 2011). In our other experiment, 
large decreases in TPR and ABP were observed simul-
taneously after releasing cuff pressure of 200 mmHg at 
the thigh. These facts suggest that vascular conductance 
increases greatly, both physically and mechanically, when 
released from a state in which the lower limb joints are bent 
or compressed. Moreover, a downward shift of blood due 
to standing also contributes to increased vascular conduct-
ance. Therefore, it seems that the reduction in ABP is due 
to expansion of lower limb vascular conductance also dur-
ing the FST, and the involvement of the cardiopulmonary 
baroreflex in IOH may be so small as to be physiologically 
insignificant also during the FST.

The SST and FST in this study induced sufficient 
decreases of CBF and MAP within the 1 min load of pre-
standing. Rossberg and Penaz (Rossberg and Penaz 1988) 
reported a MAP fall of approximately 45 mmHg when 
standing up after 6 min of squatting, and Rickards and 
Newman (Rickards and Newman 2003) observed a MAP 
fall of 24 ± 2 mmHg 10 s after standing up from 4 min of 
squatting. In the present study, the fall in MAP was 27 ± 
3 mmHg during the SST and 22 ± 3 mmHg during the FST 
4 s after standing up from a 1 min pre-load. Furthermore, 
the MAP fall during the SST was similar to that reported 
by Rickards and Newman (Rickards and Newman 2003). 
Although the amount of the MAP fall during the FST 

tended to be somewhat smaller than that during the SST, 
there was no significant difference between them. There-
fore, the present FST with the 1 min pre-load of standing 
induced a sufficient reduction in MAP that was as much 
as that during the SST. In contrast, the difference in the 
amount of reduction of MAP may be related to pre-load 
time, and a long pre-load time may be suitable for evalua-
tion of orthostatic challenge because of the larger decrease 
in MAP. However, a large ABP fall due to a long pre-load 
time may result in some subjects developing a number of 
pre-syncopal symptoms, including dizziness, nausea, pal-
lor, sweating of the skin, and blurred vision (Rickards and 
Newman 2003), and the specificity of the standing-up test 
is probably lower because of pre-syncopal symptoms in 
healthy subjects (Wieling et al. 2007). Hence, a standing-
up test with a long pre-load period or pain is not appropri-
ate for a clinical test.

In contrast, the characteristic physiological difference 
in the FST/SST protocols was the HR response during 
standing. The increase in the HR during standing was sig-
nificantly lower during the FST than during the SST. This 
finding leads us to conclude that the FST has an important 
advantage in that subjects can be tested with less cardiac 
load. The amount of exercise due to standing during the 
FST is smaller than that during the SST because the dis-
tance moved in the vertical direction is shorter during 
the FST than during the SST. In addition, cardiac sympa-
thetic tone due to the arterial baroreflex (Borst et al. 1982; 
Rossberg and Penaz 1988) might be less during the FST 
than during the SST. On the other hand, the mild rise in 
HR just before standing during the FST may be related to 
a slight transition movement of a few seconds caused by 
moving the legs from the footstool to the floor. This leg 
motion could have acted as mild exercise when the subjects 
received the signal to stand up from the examiner.

In the time-dependent change, the RTs of CBF and MAP 
were comparable during the two standing-up methods. This 
could be attributed to the synchronization between CBF 
and ABP and indicates that the RT of CBF offers promise 
as an evaluation index of ABP recovery during orthostatic 
challenge. In contrast, the RTs of CBF and MAP were 
significantly smaller during the FST than during the SST. 
These results may be due to small DTs of CBF and MAP 
during the FST (Table 2). The expansion of lower limb vas-
cular volume on standing may be greater during the SST 
because lower limb vascular volume is much smaller due 
to the greater load during the squatting position. Therefore, 
more time for ABP to fall may be expected. In contrast, the 
time for the ABP to fall during the FST might be shorter 
because the load of pre-standing is small, and the expan-
sion of lower limb vascular volume on standing is also 
smaller than during the SST. The state of increase would 
indicate ABP recovery by the arterial baroreflex (Rossberg 



2175Eur J Appl Physiol (2015) 115:2167–2176 

1 3

and Penaz 1988; Thrasher 2005). The IT may also be an 
efficient index to evaluate circulatory regulation.

Generally, non-invasive continuous monitoring of beat-
to-beat ABP (i.e., Finapres) is useful for IOH evaluation, 
because intermittent ABP measurements cannot detect 
rapid and transient ABP falls (van der Velde et al. 2007). 
However, the device is not necessarily convenient, and the 
procedure is normally unavailable for routine clinical prac-
tice. Although estimating the orthostatic ABP response 
from CBF in the earlobe is an indirect method, the present 
results with the mini LDF device would contribute to sim-
ple assessment of the ABP response seen with the compen-
satory ABP regulation mechanism during postural change, 
from clinical practice to healthcare field. In addition, the 
FST would be a useful and safe method, for example, espe-
cially for elderly subjects, because of the low load of pre-
standing and the lesser effect on cardiac function on stand-
ing. In the FST, however, the degree of bending of the legs 
is alleviated to some extent as compared to the SST, dur-
ing which the legs are bent sufficiently by their own weight 
during squatting. Therefore, sufficient leg bending on the 
footstool is important during the FST to induce a sufficient 
ABP decrease on standing.

Limitations

The present study was restricted to healthy young men. 
There are differences in postural cardiac autonomic modu-
lation by sex, and the degree of the autonomic response to 
orthostatic challenge varies with normal aging (Barantke 
et al. 2008). Aging is associated with diminished arte-
rial baroreflex sensitivity and with ABP instability during 
orthostatic challenge (Shi et al. 2003). Therefore, the RT 
of CBF in the earlobe may be extended in elderly healthy 
subjects. These effects could be evaluated in further mecha-
nism studies. On the other hand, the FST protocol will be 
useful and safe for elderly subjects because of the low load 
of pre-standing and the lesser effect on cardiac function on 
standing. Hence, the FST protocol needs to be investigated 
in elderly subjects. As to the relation between CBF in the 
earlobe and cerebral blood flow, it was not investigated in 
the present study. CBF in the earlobe is supplied by exter-
nal carotid artery and not internal carotid artery that mainly 
supplies the brain. Hence, it is unknown whether CBF in 
the earlobe is directly related to cerebral blood flow. Meas-
urements of continuous middle cerebral artery BF veloc-
ity by transcranial Doppler ultrasound (Aaslid et al. 1982) 
may be able to clarify the relation between CBF in the 
earlobe and cerebral blood flow. In addition, subjects with 
abnormal hemodynamics, such as those with autonomic 
failure, syncope, or orthostatic intolerance, were not evalu-
ated. Future research should also be conducted to investi-
gate whether CBF in the earlobe obtained from orthostatic 

challenge is associated with the abnormal ABP response in 
subjects with orthostatic intolerance.

Conclusions

In summary, our findings suggest that the CBF in the ear-
lobe reflects the ABP response during standing. Conse-
quently, the CBF in the earlobe using mini LDF is poten-
tially useful for estimating the orthostatic ABP response 
indirectly; the RT of the CBF can be an effective index to 
assess ABP recovery. We also demonstrate that the fun-
damental mechanism of orthostatic ABP response during 
each test appears to be the same and the FST not only elic-
its a sufficient ABP fall but also reduces the load on cardiac 
function on standing. The FST can be an effective protocol 
as a standing test imposing a low load on cardiac function 
during standing.
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