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Subcutaneous vein network plays important roles to maintain microcirculation that is related
to some diagnostic aspects. Despite developments of optical imaging technologies, still the difficulties
about deep skin vascular imaging have been continued. On the other hand, since hemoglobin con-
centration of human blood has key role in the veins imaging by optical manner, the used wavelength
in vascular imaging, must be chosen considering absorption of hemoglobin. In this research,
we constructed a near infrared (NIR) light source because of lower absorption of hemoglobin in
this optical region. To obtain vascular image, reflectance geometry was used. Next, from recorded
images, vascular network analysis, such as calculation of width of vascular of interest and
complexity of selected region were implemented. By comparing with other modalities, we
observed that proposed imaging system has great advantages including nonionized radiation,
moderate penetration depth of 0.5-3 mm and diameter of 1 mm, cost-effective and algorithmic
simplicity for analysis.

Keywords: Vascular NIR imaging; manufacturing liquid and solid phantoms; diffuse optical

imaging; image processing and analysis; optical imaging system design.

1. Introduction

Subcutaneous vein network is related to blood
circulation therefore, it plays important roles to
maintain human skin tissue. Despite developments of
optical imaging technologies, still the difficulties about
deep skin imaging have been continued.!” In recent
years, many technologies have been introduced to

*Corresponding author.

solve subcutaneous veins imaging problems.®

Venographic guidance provides sufficient contrast by
using special contrast agent for radiographically
imaging.” On the other hand, ultrasound-based
imaging systems prevent patient against radiation but
sophisticated training is required.®’ The other tech-
nique named transilluminator allows visualization of
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veins but its efficiency may be dependent on the size
of body region.'”!! Therefore, diffuse optical techni-
ques have evolved as a powerful tool to functionally
substitute these expensive modalities in some specific
diagnostic investigations.'?

In the following, the state of art about near
infrared (NIR) imaging is given shortly; In the medi-
cal diagnosis molecular imaging plays important roles
in conjunction with sophisticated, high-resolution
detection tasks. While many kinds of imaging mo-
dalities have been implemented for this aim, intra-
vascular near infrared fluorescence imaging (NIRF)
can provide high-resolution monitoring of human
coronary artery Nowadays, animal studies have
showed feasibility of NIRF for detecting inflammation
and fibrin deposition in coronary-sized arteries.'?

Near infrared fluorescence (NIRF) molecular
imaging provides promise as a new medical imaging
tool that has more sensitivity, but without the
radioactivity. Today, NIRF modality has emerged
in clinical conditions using indocyanine green (ICG)
as a nontargeting NIRF contrast agent to demark
the blood and lymphatic vasculator.'*

On the other hand, in the literature, there is an
experimental growth of the number of publications
on functional near-infrared imaging (FNIRI). It is
predictable that this progress will be sustained,
because the potential of FNIRI is still far from being
fully maturated.

As a result, in the near future, FNIRI imaging
will provide an increasing spatial and temporal
resolution. Therefore, it will enable other progress in
signal or data analysis. In addition, FNIRI can be
easily combined with further functional imaging
modalities, such as; FMRI, EEG, PET and MEG.

And also, since FMRI can be miniaturized and
made wearable, this provides new field of applications,
such as therapy for severely impaired stroke patients.'”

The other feasibility of NIR imaging is related
to the real-time visualization of peripheral veins.
Venipuncture is a medical progress of obtaining
intravenous access. While a peripheral vein can be
accessed in a single attempt, in generally, this
attempt number are between 2 and 10 attempts.
Excessive venipunctures are a significant question
(time-and  resource-consuming, and patient’s
disconfortability). To address this situation, nowa-
days, there are several medical devices that utilize
NIR to help vascular access procedures. These
commercial NIR imaging devices provide a valuable
clinical function.'¢

Since hemoglobin concentration of blood has key
role in the veins imaging by optical manner, the
used wavelength in vascular imaging must be cho-
sen considering absorption of hemoglobin. In this
study, we constructed a NIR light source module to
image in measurement circumstance. Reflectance
geometry was used to obtain vascular structure.
After recording of camera-based images, vascular
network analysis such as calculation of width of
vascular of interest and complexity of vascular
region were implemented. By comparing with other
modalities,®!"'® proposed imaging system has great
advantages including; nonionized radiation moder-
ate penetration depth of 0.5-3 mm and diameter of
1mm, cost-effective and algorithmic simplicity for
analysis of related vascular images.

2. Methods
2.1.

Generally the structure of the vascular (vein) pat-
terns can be identified and captured by infrared
sensors. The visibility of the vascular pattern
depends on some factors such as age, thickness of
the skin, ambient temperature, physical activity,
depth of the vascular region.'” In practice, there are
two types of the imaging modalities for vascular
imaging, namely far-infrared (FIR) and NIR
methods. FIR modality has wavelength within the
range 814 ym but it is sensitive to ambient condi-
tions and therefore does not provide a stable
image quality. NIR imaging works within the range
700-1000nm and it has good image quality. And
also this band is more tolerant to changes in envi-
ronmental and body conditions.'” In this imaging,
LED or laser light source illuminates the subject’s
skin with NIR light. Coming light penetrates skin
and subcutaneous fat layer effectively because of
low absorption coefficient of this type of tissues.
Then, some photons are absorbed or scattered
in the forward direction by blood while they are
scattered in all directions in skin and fat region.
Consequently, blood appears as a dark region,
whereas skin and fat appear lighter. Finally, the
reflected photons produce an image in the camera.
The recorded NIR image is processed and analyzed
by computer.'® Before the measurement of vascular
diameter (or thickness) and network complexity, it
should be made NIR image quality analysis by some
quantitative methods.

Vascular imaging
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2.2. FExperimental set-up

The general setup of proposed optical system
consists of an NIR, LED-based illumination source,
polarizers, infrared (IR) filter, a camera (Xenics
Infrared Camera: The Xeva-1.7-320 unit is available
with standard up to 1.7 ym, InGaAs detector arrays
and comes in various speed versions: 60 Hz, 100 Hz
and 350 Hz.). LED light source was implemented
for both disk and ring layout. Each LED module
(disk/ring type) has 17 LED for 870 nm and 940 nm,
separately General schematic diagram of the NIR
imaging system was given in Fig. 1.

In spectral window between 870 nm and 940 nm,
oxygenated and deoxygenated hemoglobin have
same absorption coefficients approximately and
water’s absorption coefficient is very low for this
optical region. This results are very useful to obtain
optical penetration against overlapping (or sup-
pressing) effects originated from water. Therefore,
we used mentioned wavelengths for light source in
our designed optical system. And also we observed
that there is no difference between two designs (ring
and disk shaped) regarding spot size and irradiation
uniformity. Therefore, we only gave the imaging
results in the case of ring shaped design for reporting.

In order to control LED powers, a current driver
circuit was designed (Fig. 2). Since we have no laser
speckle or computer tomography imaging systems
in our laboratory, we aimed only phantom-based
measurements to validate proposed optical system.
In addition, to confirm the integrated sphere system
measurements, a custom phantom with known
characteristics is bought (INO Canada) and its

Light
source

camera polarizer

Lens

A 4

computer

Fig. 1.
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optical coefficients are determined via integrated
sphere system again for comparison. From that, it is
observed negligible errors (differences) between
both measurements.

2.3. Phantom fabrication and

characterization

In biomedical optical imaging, the tissue mimic
phantoms play important roles. The calibration of
an optical imaging system requires, the use of
repetitive measurements over phantom medium.
For this aim, we fabricated a liquid phantom
(for blood) and pork gelatin-based phantom
(for skin tissue). The scattering properties were on
the basis of the Mie theory. In our fabrication of
liquid phantom; 0.1% intra lipid was selected as
scattering material, while absorption was intro-
duced with 0.2% amount of Indian ink. Then scat-
tering and absorption materials were mixed with
diluted water in the cylindrical tank. On the other
hand, gelatin-based material was used to fabricate a
solid phantom. In order to mimic scattering and
absorbing properties of tissue to be imaged, Indian
ink and lipid materials were added to base pork
gelatin material. Since we plan only preliminary-
based study, in that step we used mentioned
materials (ink and lipids) for mimicking human
(in-vivo) material. As a future study, we will plan
clinically conducted experiments (under ethical
board considerations). In this study, the proposed
optical imaging system is also applied to human
candidate as explained in Sec. 2.6 and we got

polarizer

IR filter

reflectance .
Skin

Schematic diagram of NIR imaging system.
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Fig. 2. LED light source device and LED layoults; (a) Disk shaped design and (b) Ring shaped design.

sufficient imaging performance from wrist and arm
region. The details of phantoms fabrication process
were given in literature.® After fabrication process
of liquid and solid (gelatin-gel) phantoms, their
optical characterizations such as the absorption
and scattering coefficients were measured by the
inverse-adding-doubling (IAD) method. This method
uses reflectance, transmittance and collimated trans-
mittance measurements of the sample (phantom).?"
In this method in order to obtain optical coefficients,
iterative solving of the radiative transfer equation
with the adding-doubling approach was used. In this
calculation, the following assumptions were con-
sidered; the sample was to be an infinite plane-
parallel slab with given thickness and refractive
index (n), and the optical properties were to be
uniform distributed in medium. However, the errors
coming from measurement play critical role than the
method itself. Consequently, proper measurements
should be made more precisely in the IAD method.'?
Given TAD method (algorithm) in Ref. 21, has a
practical interface (calculator) for user. IAD calcula-
tion process needs the following input parameters;
total (measured) reflectance, total (measured) trans-
mittance, unscattered (measured collimated) trans-
mittance, sample thickness (mm), sample index of
refraction. Then program calculates the following
outputs (or results); absorption coefficients (mm~1!),
scattering coefficient (mm™!), average cosine of
phase function, reduced scattered coefficient (mm 1),
iteration number.

The absorption coefficient (u,) describes the
attenuation of the light depending on medium at a
certain wavelength. In biological tissue, main
absorbers are melanin and hemoglobin. The reduced
scattering coefficient ', is related to the photon
migration process in the tissues for diffuse regime.
According to the following equation, scattering
coefficient can be defined;

8

M =T, (1)
The scattering coefficient p,, describes the scat-
tering properties of the tissue, where g: denotes
anisotropy factor. The IAD algorithm for recon-

struction of optical properties, is shown in Fig. 3.
In order to use IAD; total reflection R()\), total
transmission 7'(\) and collimated transmission T, (A),
refractive index n, and thickness L, are obtained ex-
perimentally. In our experiments, for this aim, Ocean
(USB4000) spectrometer and (ThorLabs IS36A-4)

single integrating sphere system were used.

(a) The transmission measurement
The total transmission of sample, T'(\) was calculated
as follows:

_ Ts B Tdark

T(\) = -5 ~dak 2
( ) 711ref_,1—’dark ()

where T, Ty, and T, are spectra (from spec-
trometer) values for sample, dark condition and
reference material (inner-wall), respectively when
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Fig. 3. IAD algorithm for retrival optical coefficients.

integrating sphere system was used in transmission
configuration. Transmittance increases with the
wavelength, and also it heavily depends on the
phantom thickness.

(b) The total reflectance measurements
R(\), total reflectance is defined as follows:

(Rs - Rdark)

R(\) = v — Tdark)
( ) (Rref - Rdark) T

(3)

where R, R.t, Rg.k are spectra values (from
spectrometer) for sample and reference material
(inner-wall) and dark condition, respectively when
integrating sphere system was used in the reflec-
tance configuration. The reflectivity efficiency of
sphere inner surface was given by, 7.

(¢) The collimated transmittance measurement
T.o1(N) collimated or unscattered transmittance was
measured using a collimator and was defined as
transmittance calculation Eq. (2) However, the
collimated transmittance measurements were
mostly depending on low amounts of light, so a poor
signal-to-noise ratio leads to inaccurate data
(or signal).

Finally, the mentioned above three measure-
ments values; T'(A), R (A) and T, (A\) and sample’s
refractive index and thickness were submitted to
IAD algorithm which was developed.?’?! This
method relies on the iterative solving the radiative
transfer equations with the adding-doubling when
the sample was assumed to be an infinite plane-
parallel slab with known thickness and refractive
index, n.

(d) The results of phantom measurements
In order to mimic blood and skin tissue, we fabri-
cated liquid and solid (pork gelatin) phantoms,
respectively. First, we will report liquid phantoms
optical measurements. The following figure in (Fig. 4)
shows the acquired spectra from which, T'(\), R(\)
and T, (\) were calculated.

Finally, optical properties were calculated
from IAD method by using above measured

Deep tissue near-infrared imaging for vascular network analysis

spectra at 875 nm. The reduced scattered coeffi-
cient (u}) was obtained as <<< 8cm~! and
absorption coefficient (u,) was as 0.2cm™L.
We observed that, these obtained values are
matched closely to data of real human skin found
in the literature.'’

In the next step, the gelatin-gel phantom optical
measurements were implemented in the same way.
The related, T'(A), R(\) and T.,(\) factors were
calculated. Obtained spectra examples were given in
Fig. 5. In order to obtain scattering properties that
are matched closely to real human skin, we added
the additional lipid solution (3 mL) into the gelatin-gel
solution (5g).

In the same way; final optical coefficients were
calculated by IAD at 875nm (u) =0.341cm™!,
He =2 4.21cm~1). We observed that these numerical
values were different from that of literature.
Potential errors sources for that situation, can be
assumed as follows; (a) changing of gelatin char-
acteristics and manufacturing conditions by time
and, (b) using the inner wall of the sphere instead of
specific reference material.

2.4.

In order to study on vascular imaging, we developed
in-vitro medium by using previous designed gelatin
phantom. To mimic vascular network, plastic tubes
with diameters 1mm and 3mm were buried into
skin phantom material for different measurements.
Figure 6 shows gelatin phantom material with a
plastic tube.

For this imaging, used optical imaging system
(given in Fig. 1) consists of following same compo-
nents: disc and/or ring shaped LED array modules,
LED current driver circuit, polarizers, and CMOs
NIR camera. Imaging process was repeated for
wavelength 857 nm and 940 nm, while diameter of
plastic tubes were set to 1 mm and 3mm. For all
measurements, the depth of tube was set to 3.5 mm
from surface. While, superficial reflections were
canceled by cross-polarization, the output power of
LED modules was changed by current driver circuit
for avoiding optical saturation condition (typical
output power of driver circuits was set to 40 mW).
After recording of images, we have used following
image processing and analysis process for enhancing
and extracting of vessel structure and also calculating
of diameters and vascular complexity parameter as
flow chart given in Fig. 7.

Vascular network analysis
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Enhancement and thresholding

an image by small data regions called “tiles”

Images represented in the RGB color model con-  rather than entire image. The resulting neigh-
sist of three components images, one component  boring tiles are then stitched back seamlessly
for each primary color. For simplicity on image  using bilinear interpolation. For example, in
processing, color model-based images were con-  Ref. 22, CLAHE method is applied to myocardial
verted to the gray-level based images. In order to  perfusion images in color space. The related
get enhanced or sharped image, we have used flowchart is given in Fig. 8.?>?% However, this
contrast limited adaptive histogram equalization  algorithm can amplify some noisy components
(CLAHE). In detail, CLAHE algorithm enhances  during image enhancement. In order to control
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Fig. 4. The measured liquid phantom spectra examples.
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entropy is used to obtain optimal threshold level by
entropy minimizing. All details of this approach are

segmented and its neighboring pixels are related to the

gray-level co-occurance matrix (GLCM). Firstly, the
2D local cross entropy is determined at the local

quadrants of the GLCM. Then, the 2D local cross-

given in Ref. 24. After threshold process, we obtained a

binary-image for next analysis (calculation).
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Fig. 6. The gelatin phantom with artificial vein.

Recording Converting Contrast Thresholding
RGB images to gray scale enhancement (binary image)
Diameter
calculation
y
Complexity skelitization
calculation

Fig. 7. Image processing and analysis flow diagram.

Vessel diameter calculations
The diameter or width of a vessel is defined as
smallest distance between both surface of the vessel.
For the measurement of this distance, the following
mask (or matrix) was shifted over the vessel by
vertically as in Fig. 8. Since vessel region was
represented by dark (“0”) pixels, for given any
location, if masking result was set to 3, then this
point (A) can be considered as vessel surface.

By vertically shifting, when the second masking
results was equal to 3, so this location (B point) was
taken as other vessel surface. In order to get real

Deep tissue near-infrared imaging for vascular network analysis

A * Do
1 1 1 s
00 0 <¥ ) —‘k maSk I
00 O B 3

(a) (b)

Fig. 9. Masking and shifting process; (a) Mask operator (b)
Shifting of mask.

distance between A and B points, it should be
required a scaling process for converting the pixel
size to physical length (mm). For this aim: a scaling
object whose size are known, is placed over the
image. Finally, vessel diameter or width was
obtained from the above mentioned description.

Vessel complexity calculation

The functional vascular density (FVD) is measure
for representing geometrical complexity (or pattern
complexity) of vascular structure at given binary
image region. However, before calculating of FVD,
the skelitization and thinning of foreground (vas-
cular) is required.?” After iteratively implementa-
tion of both process, related vascular region width
can be obtained as one pixel size (dark pixel, “0”).
After that, FVD parameter is calculated over this
image region.”%

o ij\io T(i, j) (@)
M x N ’

where T'(i, j) represents vascular-based pixels (“0”),
and M x N denotes size of full region of image.

FVD =

2.5. In-vitro imaging results

By using own designed pork gelatin phantoms, to
mimic human vascular model, different plastic tubes
with two different diameters (1 mm and 3 mm) were

Read the input
image in RGB format

Color space conversion
from RGB to YCbCr space

Get the chrominance channels
seperated from luminance channel

Interpolate to assemble
final chrominance <~
channel images

For both the channels
separately process each  [#|
contextual region

Set the number of regions and clip J
limit for both chrominance
channels

channel with the processed
chrominance channels

Combine the luminance Conversion to RGB

Fig. 8. Flow chart for CLAHE method.
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(a) (b)

Fig. 10. In-vitro measurement results; (a) gelatin phantom
image, (b) processed vascular (tube) image (small square region
denotes reference scaling object).

Table 1. The measurement results about artificial vessel
(plastic tube) for depth of 3.5 mm.

A =875nm A =940nm
D (mm) D* (mm) Error D (mm) D*(mm) Error
1 1.3 0.3 1 1.9 0.9
3 2.7 0.3 3 2.9 0.1

Note: (D: actual diameter, D*: calculated diameter).

burned at a depth of 3.5 mm from the surface. The
measurements were repeated for light source with
875nm and 940 nm. Figure 10 shows the imaging
results for a tube with diameter of 1 mm.

(a)

In-vivo imaging results (arm region);

Fig. 11.

From this image, the diameter of tube was
calculated as 1.3mm (for 875nm). The measure-
ments were repeated for other tube with diameters
of 3mm and wavelength of 940 nm, respectively.
Consequently, all the obtained results are given in
Table 1.

Since, only one plastic tube was used in all
measurements (not vascular network), FVD para-
meter was not calculated.

2.6. In-vivo tmaging results

In this step, optical system was used for vascular
imaging wrist and arm region of 25 years old
volunteer female subject. The obtained raw and
processed images for wavelength of 875nm were
shown in Fig. 11. The reason for using wavelength
of 875 nm is that the average error (0.3) (in Table 1)
for this wavelength, is less then that of the wave-
length 940 nm (average error: 0.5).

From processed image, for selected vascular sub-
region, vascular diameter was calculated as 1.4 mm.
After that, for same subject, we studied on wrist
region. In order to mimic actual vascular depth, a
previously designed pork gelatin-based thin slab
(gelatin phantom) with 3mm of width (thickness)
was placed on subject’s wrist. For this condition,
obtained images are shown in Fig. 12. From
processed image, vascular diameter was calculated
as 1.4 mm.

1.4 mm

) Raw images, (b) Processed image.

Fig. 12.

The results of in-vivo imaging for wrist region; (a) Raw image, (b) Processed image.
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3. Conclusions

In this study, first we designed two types of phan-
toms, one is liquid based which mimics human
blood, and pork gelatin-based solid phantom was
used to mimic skin tissue. For both phantoms;
absorbing of tissue and blood was mimicked with
0.2% Indian-ink and 0.1% intro-lipid solution was
used for scattering properties. From designed
phantom materials, optical absorption and scatter-
ing coefficients were determined via spectrometer
and integrating sphere system-based measurements
and (IAD) method. In measurement process (or
period), despite our designed phantom character-
istics not changing, the spectrometer’s recordings
are made for five trials and its averaged value is
taken as a final value so that we obtain statistical
reliability about recorded values. According to cal-
culated figures, we observed that liquid phantom’s
absorption coefficient (y, =0.2cm™!) was in
agreement with the data from the literature for real
human blood, but reduced scattering coefficient was
not (u} << literature). In the same way, solid
gelatin phantom’s reduced scattering coefficient was
also smaller than that of literature’s figure. We
think that these errors are due to the use of inte-
grating sphere’s inner walls instead of standard
reference material and mixing-heating procedures of
gelatin material. On the other hand, absorption coef-
ficient of gelatin phantom was found (y, = 4.1 cm™!
for 875nm) greater than that of human tissue. We
think that this mismatch could be originated from
gelatin phantom’s specifications (for example:
humidity, temperature, density etc.). In future studies:
we will plan to make new type gelatin phantoms with
different conditions for pork gelatin materials and to
optimize fabrication process such as mixing and heating.

Second step of our study consists of NIR, optical
imaging the designed solid (gelatin) phantoms in
which artificial veins (plastic tubes) were inserted to
phantom base material for different tube diameters
and certain depth level (3.5 mm). Previous designed
liquid phantom which mimics human blood, was
injected into tube to get vascular image. From
recorded images, diameter and FVD parameter of
selected vascular sub-region can be calculated via
user-friend interface that consists of our designed
image processing and analysis routines. Table 1
shows these calculated and actual figures. From the
table, we can see that difference between calculated
and actual diameter was 0.3mm for 875nm,

Deep tissue near-infrared imaging for vascular network analysis

however, at 940nm two types of difference were
obtained, such as 0.1 mm and 0.9mm respectively.
We think that these mismatch could be originated
from optical system settings (i.e.,: zooming, focusing
etc.), and parameter selection for thinning and ske-
litization image processing steps. In the final step,
vascular imaging of volunteer subject was imple-
mented. The calculated vascular diameter (arm re-
gion) was found as 1.4 mm. If we considered the error
term with 0.3 mm at artificial vascular measurement
for 875 nm, the calculated vascular diameter (in-vivo
condition) can be accepted in normal range. In the
following, we compare our in-vivo results with those
obtained by using very popular method called duplex
ultrasound method. In Ref. 27, authors adopted
Duplex ultrasound mapping of arm veins to deter-
mine diameter of related vein under six different
conditions. In clinical practice, duplex mapping
appears to have a good predictive diameter value
whenever large veins are demonstrated, but its sen-
sitivity (i.e., the ability to detect and accurately
measure small veins) is unproven, because veins with
diameter < 2mm, are seldom detected. This result
generally is valid for many ultrasound measuring
systems. Especially in Ref. 27, the proposed system
failed to measure veins with diameter < 1.3 mm. On
the other hand, with our measurement system, for
in-vivo conditions, it was possible to measure plastic
tube with diameter 1 mm (A = 875 nm, error: 30%).
From this observations, we can say that our pro-
posed method, for in-vivo conditions, provides good
results respect to that of ultrasound-based methods
that are famous modalities in clinical practice.
Consequently, we showed that the proposed optical
system for deep tissue vascular imaging can be used for
this aim. However, in future plan, some enhancements
about fabrication of solid phantom and optical set up
should be required for clinical experiments. On the other
hand, since there is no reference FVD values in vivo
conditions, this parameter was not discussed here.
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