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Abstract— In quantitative diagnosis of tracheomalacia using
endoscopic examination, it is necessary to perform spatiotem-
poral quantification of cardiogenic oscillations on the tracheal
wall that interfere with the measurement of respiratory fluctua-
tions. Measurement accuracy and characteristics by high-speed
endoscopic imaging are unclear against cardiogenic oscillations
observed in tracheal endoscopic images, which are considered to
include arterial pulse waves. To understand the mechanism of
such cardiogenic oscillations, it is also necessary to distinguish
between arterial pulse waves and cardiac tissue motion. In this
paper, we propose an arterial pulse wave simulator consisting of
a pulsatile pump and an ultra-flexible tube. Pulse transit time is
measured by laser displacement sensors placed at two points on
the tube deformed by the pulse wave. By adjusting the pressure
of the liquid inside the tube, it is possible to generate specific
pulse wave velocities within a certain range. Using the adjusted
pulse wave velocity as a reference value, we quantitatively
evaluate the measurement accuracy of pulse waves obtained
by high-speed endoscopic imaging. We have experimentally
evaluated the quality of pulse wave velocity adjustment of the
developed simulator and demonstrated the estimation of pulse
wave velocity by endoscopic texture tracking.

I. INTRODUCTION

Tracheomalacia [1], a condition observed in children, is
characterized by symptoms such as tracheal collapse during
inspiration due to weakened tracheal cartilage. Malacia is
defined as a reduction of 50% or more in the expiratory
cross-sectional luminal area during quiet respiration, but
there is no universally agreed-upon diagnostic examination.
Flexible bronchoscopy is commonly used due to no radiation
exposure and short examination time, but it faces challenges
related to the qualitative nature of the examination [1]. There-
fore, quantification of tracheal malacia through endoscopic
diagnosis is necessary to achieve equitable healthcare.

Three-dimensional measurement and modeling approaches
are effective for quantitative diagnosis using endoscopy.
Three-dimensional modeling of the trachea [2] reveals com-
plex relationships between the length and location of malacia,
tracheal diameter, and tissue type, and also indicates a risk
of sudden airway collapse due to snap through instability. In
contrast, cardiogenic oscillations can be observed in tracheal
endoscopic images, and the authors have experimentally
confirmed this in rabbits [3]. However, to the authors’
knowledge, the quantitative spatiotemporal characteristics
of such cardiogenic oscillations have not been reported. A
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Fig. 1. A concept of the proposed arterial pulse wave simulator.

report exists suggesting that cardiogenic oscillations degrade
esophageal pressure signals and complicate analysis [4],
indicating that adequate spatial quantification of tracheal
cardiogenic oscillations is necessary.

Tracheal cardiogenic oscillations are thought to include
both arterial waves around the trachea and cardiac tissue
motion, though their respective contributions remain unclear.
The former has been extensively studied through various
investigations, such as pulse wave velocity (PWV) and pulse
transit time (PTT) [5]. For rabbits, commonly used in animal
experiments, PWV has been reported to be around 5 m/s
[6], [7]. Simulations using rabbit blood flow models estimate
the PWV in arteries near the trachea to be around 10 m/s
[8]. While the precision assurance of PTT measurement
devices is important [9], the detailed performance of the PTT
measurement system using a high-speed camera inserted into
the trachea [3] has not been evaluated.

Therefore, this paper proposes an arterial pulse wave
simulator using a pulsatile pump and an ultra-flexible tube
to quantify the accuracy of pulse wave measurement via
high-speed endoscopic imaging, with its concept shown in
Fig. 1. Unlike pulse wave simulators using elastic tubes
such as silicone [10], [11], [12], this simulator utilizes the
ultra-flexible tube where deformation due to pulse waves
is visually observable. Furthermore, to avoid inhibiting the
tube deformation, we employ non-contact two-point mea-
surement using laser displacement sensors instead of contact-
based methods (e.g., linear variable differential transformer
(LVDT) sensors [10]) to accurately measure PTT. Further-
more, adjusting the liquid pressure with a valve in the flow
path enables configuration of the PWV. Using this adjusted
PWV as a reference, we evaluate the measurement accuracy
of PTT via endoscopic imaging and texture tracking using a
500 fps high-speed camera [3].
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II. RELATED WORKS

Fuiano et al. reviewed arterial simulator research, noting
that its purpose is to elucidate complex hemodynamic phe-
nomena and obtain meaningful parameters for cardiovascular
function assessment [13]. They pointed out that systematic
research is lacking regarding the effects simulators impose
on the physical quantities being measured and the detailed
metrological characterization of their components. Further-
more, they cite challenges with contact sensors, including
insertion errors, operating environment effects (impact from
water and chemicals), and difficulty mounting them on
flexible tubes. They also note the frequent adoption of
non-contact sensors like particle image velocimetry using
cameras and laser doppler velocimetry. They conclude that
challenges include issues stemming from measurement pro-
tocols, the difficulty in obtaining variations in mechanical
quantities such as inner diameter, wall thickness, and Young’s
modulus, and discrepancies between numerical simulations
and experimental results due to inadequate evaluation of
boundary conditions.

Additionally, Fuiano et al. developed and validated an
experimental apparatus for measuring PTT in elastic tubes
using LVDT sensors [10]. They confirmed that PTT in tubes
under different transmural pressure conditions are consistent
with mathematical models and other research. However, they
also mention the impact of inertia from the contact-type
LVDT sensors on peak detection errors.

Guo et al. designed a hemodynamic pulse wave simulator
for calibrating local PWV measurements [11]. They created a
calibration model for cuffless blood pressure monitors using
multiple linear regression on a theoretical model described
by the Moens-Korteweg (MK) equation [14], as expressed
in Eq. (1).

vpw =

√
Eh

Dρ
(1)

vpw is PWV, E is elastic modulus, D is tube diameter,
h is tube wall thickness, and ρ is blood density. They
simulated blood vessels using elastic tubes made of silicone
rubber and measured PTT using pressure sensors. Based on
the theoretical model, they experimentally demonstrated that
increasing liquid pressure also increases PWV.

Unlike the MK equation [14], Ma et al. demonstrated that
PWV strongly depends on pressure using a hymodynamic
simulator composed of an elastic tube made of polydimethyl-
siloxane (PDMS) [12]. Furthermore, in human arteries, it has
been shown that within the human blood pressure range,
the relationship can be described by the simple formula
P = αv2pw+β (where P is pressure, and α, β are constants),
and that PWV increases as blood pressure rises.

Spronck et al. summarize recommendations for validating
PWV measurement devices [9]. They also note that detecting
the diastolic foot (rise onset time) for PTT measurement
requires a minimum sampling frequency of 120 Hz, and
recommend a time resolution of 1 ms, for example, to
minimize quantization error. They also mention that for
verifying devices based on new principles or different arterial

High-speed
camera 

Endoscopic probe Texture
tracking

Tracking window
TracheaECG

Tracheal wall motion

Fig. 2. Tracheal endoscopic image measurement [3].

segments, algorithms and conversion formulas should be
disclosed, and it should be clearly stated that the values
provided are estimates.

III. TRACHEAL ENDOSCOPIC IMAGE MEASUREMENT

Before describing the proposed arterial pulse wave simu-
lator, we explain the high-speed endoscopic imaging system
[3] to be evaluated. The system overview and an example
of measured waveforms are shown in Fig. 2. This waveform
data was measured using a New Zealand White rabbit in an
experiment approved by the animal experiment committee at
the University of Tokyo (A2023M138).

This system synchronously measures high-speed camera
images (500 fps) and electrocardiogram (ECG) signals. For
the recorded images, correlation image processing (MOSSE
[15]) is used to track specific texture regions (window-
based) and measure the movement of the tracheal wall.
Since minute movements of the tracheal wall are observed
immediately after the R wave in the synchronized ECG, it is
inferred that cardiac or arterial fluctuations affect the trachea.
This cardiogenic oscillations could become a challenge for
quantitative endoscopic diagnosis for tracheomalacia [1].
Furthermore, it would be desirable to analyze whether it
possesses characteristics such as pulse waves.

IV. PROPOSED ARTERIAL SIMULATOR

A. System Configuration

The system configuration of the proposed simulator is
shown in Fig. 3. The liquid circulation system (water is
used in this paper) employs a pulsatile pump, a tank, and
a sufficiently rigid tube, and part of the flow path is replaced
with a flexible tube. When the pulse wave generated by
the pump flows through the circuit, this highly flexible tube
undergoes visually noticeable deformation. Two laser dis-
placement sensors are positioned at both ends of the flexible
tube to non-contact measure this deformation. By comparing
the measurement waveforms from these sensors, the PTT of
the simulator is calculated. Furthermore, the pattern on the
surface of the flexible tube with the deformation, enables
texture tracking image processing [3], [15] in endoscopic
imaging.
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Fig. 3. Simulator system configuration.

Additionally, water pressure is adjusted by opening and
closing the pressure valve at the point where water returns
to the tank, and this pressure is monitored using a pressure
sensor near the pulsatile pump. Adjusting the water pressure
not only regulates the PWV but also prevents irreversible
expansion deformation or rupture of the flexible tube caused
by excessive pressure. Furthermore, using only part of the
flow path as flexible tubing, with the remainder as rigid
tubing, minimizes the impact of such damage. Note that
the tank, pressure valve, and pressure sensor are included
as standard components in the commercial pulsatile pump
used in this experiment.

B. Estimation of Pulse Transit Time

Here, we describe a method for estimating PTT using
measured waveforms from two locations obtained with laser
displacement sensors. Examples of two waveforms are shown
in Fig. 4. Note that a Savitzky-Golay filter [16] has been
applied to these waveforms to reduce noise. While some
studies [10] use the difference in peak times for PTT calcu-
lation, the difference in foot times, which is less susceptible
to reflected waves, is commonly used [17]. Indeed, in Fig.
4, the upstream peak waveform is not sharp. Additionally, a
staircase-like waveform is observed around 120 ms upstream
and around 180 ms downstream. This is thought to be
due to changes in the flow path at the connector linking
the tubes [18], and avoiding such situations is difficult in
flexible tubing where rupture is possible. Therefore, this
paper employs wave foot estimation [17] for estimating PTT.

PWV is calculated by dividing the known distance (i.e., the
distance between the two laser displacement sensors) by the
PTT. Regarding the estimation of the time of arrival of the
wave foot, it has been reported that significant differences
in PWV occur depending on the estimation methods [17].
Instead of methods based on differentiation or tangents, this
paper employs a diastole-patching method proposed in [17]
to estimate the wave foot. This technique draws inspiration
from patching in image processing algorithms, calculating
the time point where the error between the patch and the
distal waveform is minimized. For simplicity, this paper
manually sets the patch range. The wave height is normalized
(scaled to the range 0 to 1) before and after the pulse wave,
and the offset value minimizing the positional difference

Pulse
transit
time 

Fig. 4. Pulse waves measured by laser displacement sensors and PTT
estimation.

(vertical direction in Fig. 4) is determined using a least
squares method (a Levenberg-Marquardt algorithm [19]).
The time offset value (i.e., the PTT from foot to foot) that
minimizes the residuals in the least squares method is found
through exhaustive search.

C. Configuration of Pulse Wave Velocity

PWV is a medically important parameter shown to corre-
late with arterial stiffness. Regarding the clinical significance
of measurement error, it has been noted that a difference
of approximately 0.5 m/s in PWV corresponds to a 7.5%
increase in cardiovascular mortality risk [17]. For arterial
simulators aimed at evaluating measurement accuracy [9],
it is desirable that the PWV be adjustable, especially when
compared to PWVs where the speed is known to some extent
(5–10 m/s in rabbits [6], [7], [8]). Adjustable PWV can be
useful not only for verifying the accuracy of medical devices
but also for simulations prior to diagnosis or treatment by
mimicking the PWV specific to each patient.

As mentioned in Sec. II, simulators using silicone or latex
rubber tubing [11], [20] have reported that PWV increases
with pressure (or peak pressure). On the other hand, in
simulators using PDMS tubing [12], the graph (Fig. 2F in
[12]) indicates that PWV decreases with increasing pressure.
Therefore, this paper hypothesizes that the PWV through
flexible tubes exhibiting visually significant deformation
can also be similarly adjusted (increased or decreased) by
pressure changes. Furthermore, it clarifies the relationship
between PWV measured by laser displacement sensors and
water pressure adjusted by the pressure valve, based on
experimental measurement data.

V. EXPERIMENTAL EVALUATION

A. Experimental Simulator

The experimental simulator is shown in Fig. 5. The
pulsatile pump used was the Fuyo ALPHA FLOW EC-1.
This pulsatile pump is equipped with terminals capable of
outputting ECG pulses synchronized with the pulse flow. The
pressure sensor (rated measurement range: from 0 to 720
mmHg), pressure valve, and tank were those supplied with
the pulsatile pump. The measured pressure was verified as a
relative value by confirming the numerical value displayed on
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Fig. 5. Experimental system; the arterial simulator (Sec. V-B, V-C) and
endoscopic imaging system (Sec. V-D).

the pulsatile pump’s monitor. Three types of Hagitec ultra-
flexible rubber tube (Shore A hardness 0◦ as a reference
value) were used for the flexible tubing; HGCT-1011 (inner
diameter (ID) 10 mm, outer diameter (OD) 11 mm, length
140 mm), HGCT-5060 (ID 5.0 mm, OD 6.0 mm, length 120
mm), and HGCT-3040 (ID 3.0 mm, OD 4.0 mm, length 120
mm). Urethane tubing (ID 5 mm, OD 8 mm) was used for
the tubes constituting the majority of the flow path. Water
was used as the liquid. To prevent the flexible tube from
rupturing due to high water pressure caused by gravity, the
flexible tube was positioned higher than the urethane tube’s
flow path.

Before adjusting the PWV, the water pressure was set
using the following procedure. The flow path was filled with
water, and air bubbles were removed as much as possible.
Then, the relative pressure was set to 0 mmHg when the
pump was not flowing. Instead of a pulse wave, a weak
steady flow (11%, displayed discharge volume about 60
ml/min) was introduced. The pressure valve was opened and
closed (i.e., the screw was turned) to adjust the relative
pressure value to the desired level. Care was taken to
avoid applying excessive pressure (e.g., relative pressure ≥20
mmHg) to prevent irreversible deformation or rupture of the
flexible tube. A weak pulsatile flow was then introduced to
measure the PTT. This pump allows setting the ratio of output
power and duration between high output (corresponding to
cardiac systole) and low output (corresponding to diastole).
In this study, high output was set to 35%, low output to 0%,
and the high output duration to 20%. The heart rate was set
to 60 bpm (i.e., once per second).

Two Panasonic HG-C1050 laser displacement sensors
(measuring center distance 50 mm, measuring range ±15
mm, repeatability 30 µm, standard delay time 10 ms) were
used. The distance between the sensors was set to 75 mm.
The analog output voltage values of the laser displacement
sensors and the ECG pulse voltage of the pulsatile pump
were measured using a multi-channel data logger Keyence
NR-500 (every 10 µs). To remove noise from the displace-
ment signals, the Savitzky-Golay filter [16] (2nd order, 501

samples, i.e., approximately 5 ms) was applied.

B. Tube Displacement by Pulse Wave

Fig. 6 shows examples of pulse waves measured upstream
and downstream at different tube diameters and relative
pressure settings. For HGCT-1011, the pressure valve could
not be set below 1 mmHg even when opened, so measure-
ments were taken at 2 mmHg or higher. The rise of the
ECG pulse was set as time 0 ms. In all cases, deformation
due to the pulse wave of approximately 0.5 to 1 mm was
confirmed. Furthermore, in the larger-diameter HGCT-1011
and HGCT-5060, expansion of approximately 1 to 1.5 mm
was confirmed due to pressure increase. In the smaller-
diameter HGCT-3040, an increase in the peak position due
to pressure change was also confirmed.

This expansion is considered to show a larger change
than that observed in various elastic tubes used in previous
studies. For the PDMS tube [12] (inner diameter 12.7 mm),
linearity was observed with approximately 22% expansion at
100 kPa pressure (Fig. S2 in [12]), and evaluation of PWV
changes was performed around 0 to 15 kPa (Fig. 2F in [12]).
Therefore, the displacement is estimated to be approximately
0.4 mm, corresponding to about a 3% diameter change. For
the latex rubber tube [20] (outer diameter 22.22 mm, inner
diameter 19.05 mm), expansion due to pressure change is
mentioned as 0.15 mm/mmHg, but the displacement caused
by the pulse wave is unknown. For a silicone rubber tube
[11] (inner diameter 5 mm, wall thickness 1 mm, Shore
hardness 28A), no mention is made of displacement caused
by pulse waves. Another silicone tube [10] (inner diameter
25 mm, wall thickness 1.5 mm) reports a maximum change
of approximately 0.28 mm. It has also been noted that
approximately 1 mm of change occurs in the healthy human
aorta (radius ∼12.5 mm) [10]. Compared to other literature,
Fig. 6 can be said to reproduce displacement of the similar
magnitude to the human aorta.

C. Pulse Wave Velocity Evaluation

For pulse waves under various settings including Fig. 6,
the PTT estimation described in Sec. IV-B was applied. The
average and standard deviation of each set of 10 computed
PTTs are shown in Fig. 7, while the PWV calculated from
the average PTT is shown in Fig. 8. For the diastole-patching
method [17], two patch ranges were applied; (1) -30 ms to
60 ms and (2) -30 ms to 70 ms. Fig. 7 shows results for
patch range (1), while Fig. 8 shows results for both patch
ranges.

From Fig. 7 and Fig. 8, a decrease in PWV with increasing
pressure was observed in the thick HGCT-1011, while a
nonlinear relationship between PWV and pressure change
was observed in HGCT-5060. This nonlinear relationship is
thought to be caused, in part, by the MK equation in Eq.
(1), where the increase in diameter D and decrease in wall
thickness h due to the tube high flexibility contribute more
significantly than the increase in elastic modulus E caused
by the pulse wave. Another reason may be that the tube
becomes flattened following the peak of the pulse wave.
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Fig. 7. Estimated PTT with laser displacement sensors.

Although a higher PWV was observed in the thinner HGCT-
3040, the relationship with pressure was unclear, possibly
due to insufficient measurement conditions or accuracy in
the simulator.

Regarding differences in patch size, significant variations
in estimated PWV were observed, particularly with the
HGCT-3040. As pointed out in [17], changes in the method
for estimating the wave foot can lead to considerable differ-
ences in PWV. Therefore, it is conceivable that even with
the same algorithm, differences in parameters can result in
variations in PWV. However, based on the results from the
HGCT-5060 in particular, it is considered unlikely that these
differences would significantly alter the overall upward or

Fig. 8. Estimated PWV with laser displacement sensors.

downward trend of the graph.
Regarding the magnitude of PWV, values close to those

reported in rabbits (5 m/s [6], [7]) and simulation estimates
for arteries near the trachea (10 m/s [8]) were achieved.
Therefore, we judge that the measured PWV is sufficiently
high for evaluating the accuracy of endoscopic imaging in
animal experiments using rabbits. To stably reproduce higher
PWVs, it is considered necessary to improve the reproduction
accuracy for the thinner HGCT-3040, where high PWVs may
occur.

D. Image Measurement Accuracy

The endoscopic imaging system evaluated using the pro-
posed simulator is shown in the lower right of Fig. 5. A
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Basler acA800-510uc (500 fps, 512×512 px) high-speed
camera was used. The endoscopic probe consists of an
industrial borescope (Shodensha BAL-02718, OD 2.7 mm,
length 175 mm, field of view angle about 50 deg) and
a variable magnification camera adapter lens (BA-A1835).
For illumination, the Nissin Electronics WDL-20015 (white)
and its power supply LPR-100W were used. The HGCT-
5060 was selected as the measurement tube. The observation
position at the end of the endoscope probe was set to be
movable in 5 mm increments from the upstream area to the
downstream area. Images were saved for 10 seconds (5,000
frames) at each position and analyzed offline.

Fig. 9 shows the variation in the Y-coordinate position
of the window for texture tracking using MOSSE [15] and
an example of captured images with the tracking window
drawn. The initial window position was kept the same for
each dataset. We also confirmed that waveforms similar to
those measured by the laser displacement sensors could be
extracted for approximately 10 seconds of tracking. However,
gradual movement (i.e., drift) was observed in the position
of the tracking window. This occurs because the registered
texture in the correlation filter MOSSE [3], [15] is updated
continuously. It is a phenomenon that is difficult to avoid
in situations where prior texture registration is challenging,
such as on the tracheal wall.

Furthermore, the PTT estimated from the pulse waves
measured at each position is shown in Fig. 10. Using the
waveform measured at the 5 mm position as a reference,
the relative timing of waveforms at other positions was

Fig. 10. Estimated PTT by image measurement.

calculated using the diastole-patching method [17]. The
patch range was set from -30 ms to 60 ms. When fitting a
straight line to the average timing at each position, the slope
represented the PWV, calculated to be approximately 2.5
m/s. The PWV measured by the laser displacement sensors,
adjusted for pressure, ranged from 2.7 to 2.9 m/s. Therefore,
it can be concluded that the values estimated by image
processing are relatively close. The slight difference from
the laser displacement sensors reference value is thought
to be due to differences in waveform and the accuracy of
calculating the wave foot.

However, when measuring PWV in the actual trachea
using the high-speed endoscopic imaging [3], several chal-
lenges remain. Stabilizing the position of the endoscopic
probe tip is difficult, necessitating three-dimensional position
estimation of the endoscopic camera itself [21]. Furthermore,
since heart and respiratory rate fluctuate in actual living
organisms, it is desirable to measure at different positions
at the same time rather than comparing measurement data
taken at different times and different positions. That is, it is
desirable to be able to measure the movement of different
tracheal wall positions observed in the same image, but the
distance between these different measurement positions must
also be measured. Therefore, integration with dimensional
measurement technologies, such as a three-dimensional mea-
surement system [22] for endoscopic images, will also be
necessary in the future.

VI. DISCUSSION AND CONCLUSIONS

This paper focuses on quantitative endoscopic diagnosis
for tracheomalacia, and proposes an arterial pulse wave sim-
ulator for evaluating the measurement accuracy of high-speed
endoscopic imaging. Using a flexible tube where deformation
can be visually confirmed and non-contact measurement
between two points with laser displacement sensors, the
pulse transit time (PTT) from foot to foot can be calcu-
lated. Furthermore, through water pressure adjustment, we
experimentally identified the nonlinear relationship between
pressure and pulse wave velocity (PWV). This demonstrated
the feasibility of setting PWVs comparable to those observed
in animal experiments simulating tracheomalacia. We also
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confirmed that the proposed arterial pulse wave simulator can
be utilized to evaluate the measurement accuracy of PWV
through positional adjustments of the high-speed endoscopic
imaging system.

A limitation of the proposed method is the difficulty in
handling due to the flexibility of the tube. Excessive pressure
can easily cause irreversible expansion or rupture of the
flexible tube, necessitating greater caution in path design and
pressure control compared to conventional elastic tubes with
smaller deformations. Furthermore, the relationship between
pressure and PWV demonstrated in the experiments lacks
sufficient theoretical interpretation. The relationship between
pressure and PWV in highly deformable flexible tubes should
be clarified, drawing on theoretical analyses such as [12].
This is expected to enable more stable velocity settings.

In the future, we will improve the estimation method for
the rising edge of the pulse wave and the measurement accu-
racy of the laser displacement sensors to enable more precise
calculation of PTT and PWV. Furthermore, we will conduct
theoretical analysis and verification of the experimentally
confirmed nonlinear relationship between pressure and PWV,
aiming to build a simulator with higher reproducibility. We
will then systematically improve the high-speed endoscopic
imaging system, integrate it with 3D measurement, and
perform more rigorous accuracy evaluation. By carefully ex-
amining the effects of differences between simulator surface
and tracheal wall textures, we will clarify the feasibility of
pulse wave measurement in the living trachea and lead to
quantitative diagnosis of tracheomalacia.
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