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ABSTRACT  Objective: Compared with traditional surgery, laparoscopic surgery offers the advantages of
smaller scars and rapid recovery and has gradually become popular. However, laparoscopic surgery has
the limitation of low visibility and a lack of touch sense. As such, a physician may unexpectedly damage
blood vessels, causing massive bleeding. In clinical settings, Doppler ultrasound is commonly used to detect
vascular locations, but this approach is affected by the measuring angle and bone shadow and has poor
ability to distinguish arteries from veins. To tackle these problems, a smart blood vessel detection system
for laparoscopic surgery is proposed. Methods: Based on the principle of near-infrared spectroscopy, the
proposed instrument can access hemoglobin (HbT) parameters at several depths simultaneously and recognize
human tissue type by using a neural network. Results: Using the differences in HbT and StO, between
different tissues, vascular and avascular locations can be recognized. Moreover, a mechanically rotatable stick
enables the physician to easily operate in body cavities. Phantom and animal experiments were performed to
validate the system’s performance. Conclusion: The proposed system has high ability to distinguish vascular
from avascular locations at various depths.

INDEX TERMS Laparoscopic surgery, near infrared spectroscopy, hemoglobin parameters, neural network,
vascular location.

Clinical and Translational Impact Statement—A smart blood vessel detection system for laparoscopic
surgery was proposed. Using the differences in HbT and StO, values between different tissues, vascular
and avascular locations can be successfully recognized. (Category: Preclinical Research).

I. INTRODUCTION

With the advent of laparoscopy, patients now experience
less pain at a surgical site after the surgery. Compared with
open surgery, laparoscopy offers a better cosmetic effect,
quicker recovery, and comparable efficacy. However, laparo-
scopic procedures require a steeper learning curve than open
procedures. In open surgery, the surgeon must confirm a
vessel’s location through visual inspection and palpation.
However, blood flow pulsation cannot be observed through
palpation—the surgeon depends on their experience and
visual inspection; thus, injuries such as massive bleeding due

to accidental vessel rupture may occur during laparoscopic
surgery.

In laparoscopic surgery, Doppler ultrasound is generally
used to determine the location of blood vessels. The Doppler
instrument [1] uses the frequency difference between the
transmitted and reflected ultrasound signals to estimate blood
flow change and determine the possible location of blood
vessels. However, the tip direction of the ultrasound probe
is difficult to control when the probe is passed through a
trocar in the human body [2], and the quality of ultrasound
imaging is lower at greater depth [3]. Moreover, Doppler
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ultrasound can only distinguish a change in blood flow but
not distinguish between tissue types [4]. In 2007, Klein et al.
designed a piezoelectric needle producing 1-8-kHz vibra-
tions at the needle tip to assist the Doppler instrument in
monitoring blood flow [5]. To improve the quality of color
Doppler images, the needle must be inserted into the human
body to vibrate the local tissue. Recently, the near-infrared
vein visualization device was developed for real-time visu-
alization of superficial vessels under the skin [6]-[8]; near-
infrared light (wavelength: ~785 nm) is used to penetrate the
skin and blood vessels and is partially absorbed at avascular
locations but not at vascular locations. Using the difference
in absorption between the vascular and avascular locations,
the device determines the location of blood vessels. However,
this technique cannot be employed for measurement depths
exceeding 5 mm.

To address the aforementioned problems, a smart blood
vessel detection system for laparoscopic surgery was pro-
posed in this study for differentiating vascular and avascu-
lar locations in vivo. Based on the difference in absorption
spectra for different tissues [9], [10], the proposed instru-
ment can differentiate vascular and avascular locations at
various depths of human tissue simultaneously. Moreover,
the rotatable stick enables the physician to easily control the
angle and direction of the optical probe in the human body
cavity. Phantom and animal experiments were performed to
validate the system’s performance; the experimental results
confirmed that the proposed instrument has high performance
in detecting blood vessels at different depths.

Il. METHODS

A. DESIGN AND IMPLEMENTATION OF THE SMART
BLOOD VESSEL DETECTION SYSTEM

Using the difference in absorption spectra of different human
tissues, tissue type can be recognized through the changes
in optical intensity at a specific wavelength [11]-[14], and
this approach can be employed for detecting blood vessels
under adipose or lymphatic tissue. The basic structure and
a photograph of the proposed smart blood vessel detection
system for laparoscopic surgery are shown in Fig. 1 (a) and
Fig. 1 (b), respectively; the proposed system mainly contains
an optical vessel detection instrument and a backend moni-
toring platform.

The optical vessel detection instrument consists of a
rotatable stick, an optical probe, and a wireless opti-
cal signal acquisition module. The optical probe contains
two photodiodes (PDs; PD15-22C; EVERLIGHT, Taipei,
Taiwan) and two dual-wavelength light-emitting diodes
(LEDs; SMT700/910; Marubeni Corp., Tokyo, Japan). The
PDs are used to detect the light signal reflected by human
tissue (adipose or lymphatic tissue), whereas the LEDs
act as dual-wavelength light sources. When the LED light
passes through human tissue, optical attenuation is caused by
scattering and absorption. For most components of human
tissue, absorption in the near-infrared wavelength region
(650-1000 nm) is very small, and oxyhemoglobin (HbO,)
and deoxyhemoglobin (Hb) are two of the primary absorbers.
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FIGURE 1. (a) Basic structure and (b) photograph of the smart blood
vessel detection system for laparoscopic surgery.

Therefore, for near-infrared light, the optical attenuation
change AOD (A) can be simply expressed as
I, (2)
I; (V)

AOD (A) = —log = (&iwo, - A [HPO1]

+epy, - AHD)-L-B(A), (1)

where 1, (A) and I; (1) are the light intensity of the incident
light and light reflected by the human tissue, respectively;
L is the distance between the light source and detector; and
B (1) is the modified optical path factor [15] corresponding
to the wavelength A. The parameters 81%1170 and S;}h are the
molar extinction coefficients of HbO, and Hb, respectively.
The hemoglobin changes A [Hb] and A [HbO;] can be esti-
mated from the multiwavelength optical attenuation changes
by using the least square approximation method:

HbO,\] I 1 -1 .1
A[( Hb )}_E(E ‘E) -ET.A, 2)
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Herein, 640- and 910-nm-wavelength light is used. Thus,
the isosbestic point of the absorption spectra of HbO; and
Hb is approximately 800 nm. Finally, the change in the
total hemoglobin (HbT) concentration (A[HbT]) and tissue
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FIGURE 2. (a) Placement of optical probe, and (b) block diagram of the
designed wireless optical signal acquisition module.

oxygen saturation (StO;) can be obtained from A [Hb] and
A [HbOs].

A[HbT] = A [Hb] + A [HbOs] , 3)
StO, = % x 100%. “)
A[HbT]

Because the penetration depth is approximately half the
distance between the light source and detector [16], the opti-
cal probe, as shown in Fig. 2 (a), is designed to contain three
optical pairs for monitoring blood vessels at different depths
simultaneously. The distances between the LEDs and PDs
are set as 10 mm (optical pair 1), 20 mm (optical pair 2),
and 30 mm (optical pair 3). The optical probe is fixed on the
rotatable stick to assist insertion into the body cavity through
a trocar. The front end of the rotatable stick can be spun at
various angles, thereby enabling the optical probe to easily
navigate the curved surfaces of human tissue.

The wireless optical signal acquisition module, illustrated
in Fig. 2 (b), contains a microprocessor unit, a wireless trans-
mission module, a photodiode amplification module, and an
LED driving module. The LED driving module is designed
to drive the LEDs by using the control command of a micro-
processor unit (RX210, Renesas Electronics Corp., Tokyo,
Japan) to turn on and off the dual-wavelength light source.
The light reflected by human tissue is transformed into a
voltage signal by the PDs and amplified by the PD ampli-
fication module. Next, the received light signal is digitized
using the analog-to-digital converter in the microprocessor
unit with a sampling rate of 60 Hz and then sent to the
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wireless transmission module for transmission to the backend
monitoring platform.

The backend monitoring platform is designed for the Win-
dows 10 operating system. A real-time monitoring program
was developed using Microsoft Visual C# for estimating,
displaying, and storing hemoglobin parameters as well as
detecting blood vessels.

B. CLASSIFICATION OF VASCULAR AND AVASCULAR
LOCATIONS

The radial-basis-function neural network (RBFNN) [17], [18]
is used to classify vascular and avascular locations. The
RBFNN is a nonlinear data modeling approach that the hid-
den neurons can provide the non-linear transform function
for the difference between the input vector and the hidden
center vector, and the output neuron is contributed by a
linear weighted combination of these hidden neuron outputs.
The center vectors in the hidden neurons can be viewed as
the prototype characteristic vectors taken from the training
sets Therefore, it offers the advantages of simple network
structure, fast training procedure, and excellent approxima-
tion capability. The network structure contains three layers,
as illustrated in Fig. 3: an input layer (Ny neurons), a hidden
layer (N7 neurons), and an output layer (1 neuron). HbT and
StO; are used as the input of the RBFNN. The output Y (n) of
the RBFNN at the n-th trial input can be expressed as

Y()=2" (n)- W, )

where W = [wy, wa, -+, wg, ...,le]T is the weight vec-
tor and wy denotes the weight between the k-th hidden neuron
and output neuron.

Zn) = [0, 220, %), ...,y ] is the
output vector of the hidden neurons. The k-th neuron output
Zk (n) can be calculated using the Gaussian basis function:

_w@—mwj

202 (n) ©

2k (n) = exp (
where I (n) and o (n) denote the n-th trial input vector and
its standard deviation respectively, and CTj is the center
vector of the k-th hidden neuron. The operator ||.|| denotes the
Euclid norm between two vectors. A self-organized learning
procedure (k-means clustering [19], [20]) and the normalized
least-mean-square algorithm [21] are used to train the center
vector CT'; and weight vector W, respectively. In the learning
stage, the output for the vascular and avascular locations
is 1 and 0, respectively. Therefore, if the output of the RBFNN
is larger than a given threshold, the corresponding location is
classified as vascular; otherwise, it is classified as avascular.

C. DESIGN OF THE ANIMAL EXPERIMENT

In this study, six duroc Chinese native piglets with an average
weight of approximately 21 kg were used. The animal use
protocol was reviewed and approved by the Institutional Ani-
mal Care and Use Committee (IACUC), Kaohsiung Medical
University, Kaohsiung, Taiwan. The ITACUC protocol number
is 108038. Zoletil IM (10-25 mg/kg) was administered as an
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FIGURE 3. Basic structure of the RBFNN.

FIGURE 4. Setup of the animal experiment.

intramuscular injection for general anesthesia. The animals
were ventilated, intubated, and then maintained with 1%-3%
sevoflurane (inhalation anesthetic). The animal experiment
was performed as part of the in vivo study. Fig. 4 shows
the animal experiment wherein the abdomen of the piglet
was penetrated using trocars (Lagis, Shielded Bladed Trocar,
Taiwan, and ENDOPATH XCEL® Bladeless Trocars, NJ,
USA). The proposed smart blood vessel detection system was
inserted through the trocar and detected various parts of the
body, such as inferior tissue veins, inferior tissue arteries, the
liver, and muscles. The proposed system was employed to
measure the optical and hemoglobin parameters in different
tissue parts, and locations possibly containing blood vessels
were determined. Analysis of variance was used to analyze
the experimental data, with significance set as p < 0.05.

Ill. EXPERIMENTAL RESULTS

A. PERFORMANCE IN DETECTING BLOOD VESSELS IN A
PHANTOM

The performance of the proposed system was first val-
idated using a phantom experiment. Two tissue phan-
toms made of polydimethylsiloxane (PDMS; SC-812, Hisn
Han International Trading, New Taipei City, Taiwan) and
dye (GY-IR-500, Go Yen Chemical Group, Kaohsiung,
Taiwan) were employed. In tissue phantom I (size:
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105 mm x 40 mm x 30 mm), a plastic tube (inside diameter:
2 mm) was placed at a depth of 5 mm to simulate a blood ves-
sel. In tissue phantom II (size: 115 mm x 70 mm x 30 mm),
three plastic tubes were placed at depths of 5, 10, and 15 mm
to simulate three blood vessels, as illustrated in Fig. 5 (a).
All of these plastic tubes were filled with red ink to simulate
blood. The use of this device has to be operated by hand
scanning. Therefore, we divided the area of these phantoms
into several parts for scanning test. The minimal scanning
partition is about 21 mm x 8 mm. The experimental results,
shown in Fig. 5 (b), indicated that the values of HbT and
StO; at the location above the plastic tube in tissue phantom
I were higher than at other locations. The values of HbT and
StO; estimated by optical pair 1 at depths > 5 mm in tissue
phantom II were relatively high in Fig. 5 (c). However, all
HbT and StO; values estimated by optical pair 3 at depths
of 5, 10, and 15 mm were also relatively high.

B. OPTICAL AND HEMOGLOBIN PARAMETERS OF
DIFFERENT TISSUES IN THE VIVO EXPERIMENT

The optical densities and hemoglobin parameters for dif-
ferent tissues were investigated in the animal experiment.
Fig. 6 (a) and Fig. 6 (b) show the optical density changes
in various tissues corresponding to the wavelengths 700 and
910 nm, respectively. At 700 nm, the change in optical den-
sity for veins was slightly smaller than that for arteries, but
at 910 nm, the change in the optical density for veins was
much smaller. For the 700-nm wavelength, the optical density
change was greatest for the liver. The change in the optical
density was smallest for muscle at both 700 and 910 nm.
The differences in the changes in optical density at 700 nm
(p = 0.000) and at 910 nm (p = 0.000) for different tissues
were significant.

Fig. 6 (c) and Fig. 6 (d) show the changes in HbT and
StO, for various tissues. The HbT values for arteries, veins,
and the liver were higher than those for skin and muscle.
However, for arteries, veins, and the liver, the StO, value
was higher for arteries than veins, and the StO, value for
the liver was lowest. The StO, value for muscle was higher
than that for skin or the liver, but the muscle HbT value was
smaller than that for skin. The differences in HbT (p = 0.000)
and StO, (p = 0.000) between the various tissues were also
significant.

C. PERFORMANCE IN CLASSIFICATION OF VASCULAR
VERSUS AVASCULAR LOCATIONS

The performance of the RBFNN in classifying vascular and
avascular locations was investigated using several binary
test parameters. True-positive (TP) means that a vascular
group was correctly identified; false-positive (FP), an avas-
cular group was incorrectly identified as a vascular group;
true-negative (TN), an avascular group was correctly iden-
tified; and false-negative (FN), a vascular group was incor-
rectly identified as an avascular group. The F-measure—
the harmonic mean of recall (sensitivity) and precision
(positive predictive value, PPV)—was used to determine
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FIGURE 5. (a) Two types of tissue phantom placement, and measurement
results for (b) tissue phantom I and (c) tissue phantom II.

the optimal threshold.

Recall - Precision

)

F_measure = 2 - —
Recall + Precision
In total, 360 data sets (number of vascular groups = 180;
number of avascular groups = 180) collect from different
tissue in the animal experiment were used for training. Before
classification, the number of hidden neurons and optimal
threshold had to be determined in the training stage. The
number of hidden neurons was set as 32, 64, and 128,
and the threshold was set as 0—1. The optimal performance
(F-measure = 94.74%, sensitivity = 95%, PPV = 94.48%,
and accuracy = 94.72%) was obtained when the number
of hidden neurons and threshold were set as 64 and 0.6,
respectively. In the blind test stage, 20 data sets (vascular
location groups = 10; avascular location groups = 10) were
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used. Here, the number of hidden neurons and threshold
were set as 64 and 0.6, respectively. The experimental results
revealed that the proposed system achieved high performance
in classifying the two groups (F-measure = 90%, sensitiv-
ity = 90%, PPV = 90%, and accuracy = 90%). Fig. 7
shows the RBFNN outputs for different groups; the RBFNN
output for vascular groups (0.901 £ 0.149) was signifi-
cantly higher than that for avascular groups (0.095 £ 0.216;
p = 0.000).

Fig. 8 shows the detection results for different loca-
tions in the abdominal cavity in the experiment on piglets.
An ultrasonic instrument (Flex focus 8001202, BK medi-
cal, Denmark) and a robotic drop-in transducer (Type8826,
BK medical, Denmark) were used to obtain ultrasound
images at the same locations. The HbT and StO, values in the
middle locations of the abdominal cavity for optical pairs 1-3
were higher than those at the side locations. Moreover, the
RBFNN outputs for the middle locations (0.639 £ 0.059)
were higher than those for the right side (0.468 £ 0.000)
and left side (0.423 £ 0.021). In the ultrasound image, the
color part represents the effluence or influx state of bodily
fluid, indicating blood flow. Therefore, the middle location
may contain blood vessels.
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TABLE 1. System comparison between proposed system and other systems.

Vein visualization device [7] Doppler ultrasound SD-OCT 5000 Proposed system
[26] [27]
. . . Optical coherence .
Sensing technique ~ Near-infrared spectroscopy Ultrasound tomography Near infrared spectroscopy
Sensor type CCD camera Ultrasound Probe OCT probe Optical probe
Transmission mode - USB USB Bluetooth
System size (cm?) 5x6x20 51.9x59.5x160 65x46x53 5.3x4x1.8
Wavelength of light 785 ) 340 700, 910
source (nm)
. . . . Hemoglobin parameters and
Analysis parameters 2-D image 2-D image 3-D image optical density
System complexity Low High High Low
Applications Vein visualization Laparoscopy surgery Eye examination Laparoscopy surgery
Detail information of blood Multl-dgpth § measurem ent,
vessel image, casy operation Good distinguishability of
Advantages ;m d > Deeper measuring depth Higher-resolution image tissue types,
easy operation, and
lower cost
lower cost
Low distinguishability of o 4iciinovishability of
. tissue type, .
Lack of multi-depths influence of measurin tissue type, shallower
Limitations measurement, and shallower & measuring depth, Lower spatial resolution

measuring depth

angle and bone,
requirement of experienced
operator, and higher cost

requirement of experienced
operator, and higher cost

Ultrasound
image

57 73 0.5
Smart blood HVT nM) 0o 9
vessel detection St02 (%) 48.75 57.92 31.90
system RBFNN output ¢ 43 0.64 047

FIGURE 8. Ultrasound image and hemoglobin parameters of the
proposed system in the vivo experiment.

IV. DISCUSSIONS

As shown in Fig. 5 (b), the HbT and StO, values at the
locations above the plastic tube were higher than those at
other locations, and the experimental results agreed favorably
with the absorption spectra for a plastic tube containing red
ink. The higher HbT and StO; values at the 5-mm-deep
simulated blood vessel, shown in Fig. 5 (c), were estimated
by optical pair 1 of the optical probe. For optical pair 3 of the
optical probe, all HbT and StO; values at the simulated blood
vessels at depths of 5, 10, and 15 mm were higher because
the penetration depth of the light was approximately half the
distance between the light source and detector. When the dis-
tance between the light source and detector is greater, the light
must pass through the shallow layer to the deeper layer so that
absorbance information can be obtained for different layers.
The HbT and StO, values for arteries were higher than those
for veins (Fig. 6), indicating that the volume of oxygenated

2500207

blood in arteries was higher than that in veins, which accu-
rately reflects human physiology. Moreover, the changes in
optical density for 700- and 910-nm-wavelength light were
respectively slightly lower and much lower for veins than for
arteries (Fig. 6). However, for 700- and 910-nm-wavelength
light, the absorbance of deoxyhemoglobin was higher and
lower, respectively, than that of oxyhemoglobin. Therefore,
the change in optical density at a specific wavelength was
caused by not only absorbance but also blood volume. The
changes in the 910-nm-wavelength optical density for arteries
and veins were greater than those for skin and muscle; this
may have been due to the higher absorption coefficient of
arteries and veins compared with those of skin and muscle
[22], [23]. The StO, value of the liver was much lower
than that of other tissues. The liver contains oxyhemoglobin,
deoxyhemoglobin, and bile [24]. Bile has a specific absorp-
tion spectrum [25] and may influence the estimation of StO,.
The HbT and StO, values at vascular locations can be dis-
tinguished from those at avascular locations because blood
vessels contain more blood than other human tissues, such as
skin and muscle.

Several approaches have been proposed for detecting blood
vessels; their comparison is summarized in Table 1. The
vein visualization device [7] is generally used for screen-
ing the skin’s surface. The device emits near-infrared light
(wavelength: 785 nm) and receives the light reflected from
the skin’s surface. However, this device is unsuitable for
laparoscopic surgery due to its shallow measuring depth.
In clinical settings, the Doppler ultrasound system can be
used for detecting blood flow and may be employed in
laparoscopic surgery [26]. Such systems determine the fre-
quency difference between transmitted and reflected ultra-
sound signals and estimate the blood flow rate to recognize
vascular locations. However, the tip direction of the ultra-
sound probe is difficult to control in body cavities, and the
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blood flow estimation is strongly affected by the angle and
certain body tissue barriers such as bones. Optical coherence
tomography (OCT) [27] can also be used to obtain high-
resolution images of tissue structure. However, the OCT
technique can only provide information on tissue structure;
the identification of arteries and veins requires the expertise
of physicians. Moreover, the measuring depth of the OCT
system is relatively small (~1.5 mm). In contrast to these
methods, the rotatable stick in the proposed system is easy
for a physician to operate in a body cavity, and the angle of
the optical probe is easily adjusted to navigate rough tissue
surfaces. Moreover, the specific LED-PD placement of the
optical probe helps in detecting blood vessels at different
depths simultaneously. Using the difference between HbT
and StO, values of different tissues, vascular and avascular
locations can be successfully distinguished using a neural
network. Although the resolution of this system is lower
than that of the aforementioned systems, the system offers
a greater measuring depth (~1.5-2 cm).

V. CONCLUSION

In this study, a smart blood vessel detection system for
laparoscopic surgery was proposed. Using the differences in
HDbT and StO; values between different tissues, vascular and
avascular locations can be successfully recognized. More-
over, the specific LED-PD placement of the optical probe
helps in detecting blood vessels at different depths simulta-
neously. The proposed system was validated using phantom
and animal experiments. The changes in the optical density at
specific wavelengths and the HbT and StO; values of various
tissues—the skin, veins, arteries, the liver, and muscle—were
significantly different. The proposed system can effectively
distinguish vascular and avascular locations by using a neural
network. The proposed system offers the advantages of low
cost, easy operation, excellent ability to recognize various
types of tissue, and multiple measuring depths. Therefore,
the proposed system can be regarded as a favorable system
prototype for vessel detection in laparoscopic surgery and
may assist physicians in preventing damage to blood vessels
during surgery.

REFERENCES

[1] R.Ponzini et al., “Womersley number-based estimates of blood flow rate
in Doppler analysis: In vivo validation by means of phase-contrast MRI,”
IEEE Trans. Biomed. Eng., vol. 57, no. 7, pp. 1807-1815, Jul. 2010.

[2] D. Maslove and F. Mihm, “Ultrasound-guided internal jugular vein can-
nulation,” New England J. Med., vol. 363, no. 8, pp. 796797, Apr. 2010.

[3] W. P. Martins, N. J. Raine-Fenning, R. A. Ferriani, and C. O. Nastri,
“Quantitative three-dimensional power Doppler angiography: A flow-
free phantom experiment to evaluate the relationship between color gain,
depth and signal artifact,” Ultrasound Obstetrics Gynecol., vol. 35, no. 3,
pp. 361-368, Mar. 2010.

[4] L. D. E. Wijnberger, C. M. Bilardo, K. Hecher, R. H. Stigter, and
G. H. A. Visser, “Effect of antenatal glucocorticoid therapy on arterial
and venous blood flow velocity waveforms in severely growth-restricted
fetuses,” Ultrasound Obstetrics Gynecol., vol. 23, no. 6, pp. 584-589,
Jun. 2004.

[5] S. M. Klein, M. P. Fronheiser, J. Reach, K. C. Nielsen, and S. W. Smith,
“Piezoelectric vibrating needle and catheter for enhancing ultrasound-
guided peripheral nerve blocks,” Anesthesia Analgesia, vol. 105, no. 6,
pp. 1858-1860, 2007.

VOLUME 10, 2022

[6]

[71

[8]

[9]

(10]

(11]

[12]

[13]

[14]

[15]

(16]

(17]

(18]

(19]

(20]

(21]

[22]

(23]

(24]

(25]

[26]

(27]

T. Tida, M. Mihara, H. Yoshimatsu, H. Hara, M. Narushima, and
I. Koshima, ““Versatility of a near-infrared vein visualization device in
plastic and reconstructive surgery,” Plastic Reconstructive Surg., vol. 130,
no. 4, pp. 636-638, 2012.

E. Yaprak and K.-Y. Sibel, “Preliminary evaluation of near-infrared vein
visualization technology in the screening of palatal blood vessels,” Medic-
ina Oral, Patologia Oral Cirugia Bucal, vol. 23, no. 1, pp. 98-104, 2018.
M. Nizamoglu, A. Tan, H. Gerrish, D. Barnes, and P. Dziewulski, “Infrared
technology to improve efficacy of venous access in burns population,” Eur.
J. Plastic Surg., vol. 39, no. 1, pp. 37-40, Feb. 2016.

L. E. Preuss and A. E. Profio, “Optical properties of mammalian tis-
sue: Introduction by the feature editors,” Appl. Opt., vol. 28, no. 12,
pp. 2207-2209, 1989.

R. H. Wilson, K. P. Nadeau, F. B. Jaworski, B. J. Tromberg, and
A.J. Durkin, “Review of short-wave infrared spectroscopy and imaging
methods for biological tissue characterization,” Proc. SPIE, vol. 20, no. 3,
2015, Art. no. 030901.

K.-D.Lin, B.-S. Lin, G.-A. Lin, and B.-S. Lin, “Design of smart peripheral
blood perfusion monitoring system for diabetics,” IEEE Sensors J., vol. 21,
no. 8, pp. 10167-10173, Apr. 2021.

W. Chou, P.-J. Wu, C.-C. Fang, Y.-S. Yen, and B.-S. Lin, “Design of smart
brain oxygenation monitoring system for estimating cardiovascular disease
severity,” IEEE Access, vol. 8, pp. 98422-98429, 2020.

Y.-K. Huang, C.-C. Chang, P.-X. Lin, and B.-S. Lin, “Quantitative eval-
uation of rehabilitation effect on peripheral circulation of diabetic foot,”
IEEE J. Biomed. Health Informat., vol. 22, no. 4, pp. 1019-1025, Jul. 2018.
J.-R. Kuo, B.-S. Lin, C.-L. Cheng, and C.-C. Chio, “Hypoxic-state esti-
mation of brain cells by using wireless near-infrared spectroscopy,” IEEE
J. Biomed. Health Informat., vol. 18, no. 1, pp. 167-173, Jan. 2014.

D. A. Boas, T. Gaudette, G. Strangman, X. Cheng, J. J. A. Marota, and
J. B. Mandeville, “The accuracy of near infrared spectroscopy and imaging
during focal changes in cerebral hemodynamics,” Neuroimage, vol. 13,
no. 1, pp. 76-90, Jan. 2001.

S. Feng, F. A. Zeng, and B. Chance, “Photon migration in the presence
of a single defect: A perturbation analysis,” Appl. Opt., vol. 34, no. 19,
pp. 3826-3837, 1995.

V.T.S. Elanayar and Y. C. Shin, ‘“Radial basis function neural network for
approximation and estimation of nonlinear stochastic dynamic systems,”
IEEE Trans. Neural Netw., vol. 5, no. 4, pp. 594-603, Jul. 1994.

B. S. Lin, B. S. Lin, F. C. Chong, and F. Lai, “Higher-order-statistics-
based radial basis function networks for signal enhancement,” IEEE Trans.
Neural Netw., vol. 18, no. 3, pp. 823-832, May 2007.

J. C. Bezdek, “Objective function clustering,” in Pattern Recognition With
Fuzzy Objective Function Algorithms. New York, NY, USA: Plenum Press,
1981, pp. 43-93.

S. Chen, B. Mulgrew, and P. M. Grant, “A clustering technique for
digital communications channel equalization using radial basis function
networks,” IEEE Trans. Neural Netw., vol. 4,no. 4, pp. 570-590, Jul. 1993.
W. Liu, P. P. Pokharel, and J. C. Principe, ‘“The kernel least-mean-square
algorithm,” IEEE Trans. Signal Process., vol. 56, no. 2, pp. 543-554,
Feb. 2008.

J. V. Garcia, F. Zhang, and P.C.Ford, “Multi-photon excitation in
uncaging the small molecule bioregulator nitric oxide,” Philos. Trans.
Roy. Soc. A, Math., Phys. Eng. Sci., vol. 371, no. 1995, 2013,
Art. no. 20120129.

T. Shiga, L. Lin, M. Takahashi, K. Yamamoto, M. Niwayama, and N. Kudo,
“Influence of a fat layer on muscle oxygenation measurement using near-
IR spectroscopy: Quantitative analysis based on two-layered phantom
experiments and Monte Carlo simulation,” Frontiers Med. Biol. Eng.,
vol. 10, no. 1, pp. 43-58, 2000.

I. Carneiro, S. Carvalho, R. Henrique, L. Oliveira, and V. V. Tuchin,
“Measuring optical properties of human liver between 400 and 1000 nm,”
Quantum Electron., vol. 49, no. 1, pp. 13-19, Jan. 2019.

R. Nachabé et al., “Effect of bile absorption coefficients on the estimation
of liver tissue optical properties and related implications in discriminat-
ing healthy and tumorous samples,” Biomed. Opt. Exp., vol. 2, no. 3,
pp. 600-614, 2011.

M. A. Perlmutter, E. S. Hyams, and M. D. Stifelman, “‘Laparoscopic
Doppler technology in laparoscopic renal surgery,” J. Soc. Laparoendo-
scopic Surgeons, vol. 13, no. 3, pp. 406-410, 2009.

A. H. Kashani, S. Y. Lee, A. Moshfeghi, M. K. Durbin, and C. A. Puliafito,
“Optical coherence tomography angiography of retinal venous occlusion,”
Retina, vol. 35, no. 11, pp. 2323-2331, 2015.

2500207



