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Abstract
The diagnosis of cyst structures that can be seen in almost every part of the body can be made using various medical imaging 
methods recently. Although the used methods and devices provide convenience in diagnosis and treatment, sometimes they 
can not detect early-stage cyst structures without showing any symptoms. In this study, the cystic structures with different 
size and formation in phantoms which are soft tissue-mimicking structures created without the need for any living tissue 
obtained with biopsy process are visualized by the proposed Phase Shifted-Lateral Shearing Digital Holographic Microscopy 
in three dimensional. The proposed method is verified with experimental results obtained by using various phantom models 
created at different times and structures. Experimental results illustrate the applicability of the proposed method for imaging 
of the cyst structures in the created soft tissue-mimicking phantoms even if they are in different structures, formations and 
stages (especially in early stage). In other respects, it enables to image the biological specimens in small size using simple 
and low-cost setup.

1  Introduction

Medical imaging takes an important place in the field of 
medicine in terms of diagnosing and treating the disease. 
For this reason, the need for innovation and improvements 
in imaging systems is increasing day by day to examine the 
internal structure of organs and to ensure early diagnosis and 
treatment of diseases. In the past decade, there have been 
various imaging techniques, that have been used by many 
researchers and scientists to diagnose cyst structures, such 
as computed tomography (CT), X-ray radiography, elastog-
raphy, ultrasonography (USG), magnetic resonance imaging 
(MRI), radionuclide imaging (Scintigraphy), positron emis-
sion tomography (PET), single photon emission computed 
tomography (SPECT) [1–4]. In addition to these techniques, 
cellular and molecular functions in the body can be shown 
using light in optical imaging (OI) [5, 6]. Abnormalities and 
pathological conditions in the tissue are displayed as a result 

of the interaction of light with different tissue components 
via OI [6]. For this context, it is widely used for probing 
hemodynamics [7], detecting tumors [8], providing func-
tional imaging of the brain [9], scanning the breast cancer 
[10], the bone health, the teeth, gums and jaws [11]. On the 
other hand, it has a few disadvantages in the visualization 
of tissue such as breast. The most important drawback is 
the low spatial resolution due to the diffusive nature of light 
propagation in soft tissues such as breast tissue [12]. In this 
case, sensitivity of the technique in detecting breast lesions 
decreases in high-density breast tissues which are considered 
to be more at risk for developing breast cancer [13, 14]. 
For this reason, to provide early diagnosis and treatment, it 
is very important to make the technique sensitive for very 
small lesions or masses.

Conventional optical microscopes are used for cell imag-
ing. However, they can not quantify the cell parameters due 
to not to measure the spatial phase and refraction index of 
cells [15]. Therefore, digital holographic microscopy (DHM) 
is an ideal tool for imaging and characterization of small bio-
logical lesions. It enables to directly capture the quantitative 
phase image of the microscopic objects with high resolu-
tion [16, 17]. In addition, focusing of the object in different 
planes by numerical reconstruction can be achieved without 
the use of optomechanical adjustment with DHM. Distor-
tions due to deviation in the optical system can be prevented 
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by interferometric matching of the reconstructed phase with 
and without the object being examined [18, 19].

1.1 � Related works and motivation

DHM have been used for the investigation of microscopic 
objects as biological samples. In the recent past, there have 
been several attempts. Lam et al. investigated cancer cell 
morphology by using DHM and machine learning tech-
niques. They distinguished rounded and elongated morphol-
ogies of cancer cells with 94% accuracy [20]. El-Schich et 
al. provided a review study to cancer research using DHM 
[21]. Anand et al. presented an overview study about DHM 
applications of 3-dimensional (3D) cell imaging and auto-
mated disease identification [15]. The methods of DHM, 
which are self-referencing geometry and two beam configu-
rations requiring more optical components, are compared 
in terms of image quality and field of view in their study. 
They emphasized that lateral shearing DHM provides better 
quantitative phase images for 3D cell imaging compared to 
Mach–Zehnder configuration due to less optical element and 
higher temporal stability and resolution. Vora et al. tested 
the DHM for imaging and qauntifying human red blood 
cells. In their study, they used lateral shearing- digital holo-
graphic interference microscopy to visualize the cells instead 
of Mach–Zehnder interferometry, which is widely used in 
DHM. The advantage of this study is being the usable for 
whole field of view [22]. Moreover, the label-free quantita-
tive phase imaging of biological cells is performed using 
volume phase holographic grating based on digital holo-
graphic interferometer by Rastogi et al. In their work, the 
coherent noise is reduced by carrying the stray light from 
the system to the grating. The whole field of view is used by 
selecting the five platelet cells, where the four cells are at the 
four corners and one cell is in the center [19].

To image small biological specimens, Singhet et al. pro-
posed to use lateral shearing digital holographic micros-
copy (LSDHM) [23]. Phase-contrast imaging is achieved 
and quantitative phase information is also extracted by this 
method. In LSDHM, two sheared object beams constitute 
the interference pattern by reflecting the beam from the 
back and front surfaces of shear glass plate. In the record-
ing camera plane, half of the field of view is used. However, 
duplicate image problem occurs in this method [23]. On the 
other hand, Devinder et al. used the subdivided two-beam 
interference (STBI) system, which is based on LSDHM, to 
quantitative analyze the numerically focused red blood cells. 
They also overcome the overlapping problem using STBI 
system [24]. However, although LSDHM is a common-
path system to overcome the stability and more component 
problems, the self-referencing geometry causes a problem of 
duplicate image due to self-overlapping of the object beam 
[23, 25]. One way to solve the duplicate images and object 

information overlap is using phase-shifting technique, which 
is suitable for real-time measurements of nonmoving objects 
such as very small lesions and masses [26]. In this paper, we 
propose to adapt the phase shifting technique to LSDHM 
for imaging the small lesions without overlapping problem.

On the other hand, the samples are obtained from patients 
clinically by biopsy to image the small lesions or masses in 
tissues. Ethical permission is also required for the examina-
tion of animal and human cells. To eliminate these problems, 
phantom (artificial tissue) applications have gained impor-
tance, recently. It is a great convenience to use phantoms 
that represent human tissue properties accurately to test and 
verify new medical imaging systems. In this sense, instead 
of using real biological tissues, preliminary measurements 
with phantoms are useful in system testing and accurate cali-
bration [27]. Besides this, in preclinical research, by using 
tissue-mimicking phantoms as an alternative to ex vivo 
tissues and organs, optimization of therapy protocols is 
provided without the need for animal or human patients. 
Until now, ultrasonic imaging devices, microwave holog-
raphy systems and digital holographic microscopy have 
been used for imaging tissue-mimicking phantoms [28]. In 
this context, Karaböce et al. imaged the different objects 
inside the tissue-mimicking phantom by using ultrasonic 
imaging device [29]. In addition, Ziemczonok et al. visu-
alized 3D-printed biological cell phantoms using off-axis 
Mach–Zehnder digital holographic microscope [30]. To the 
best of authors’ knowledge, the tissue-mimicking phantoms 
imaging with digital holography is very limited in the lit-
erature and there has been no work which consider using 
lateral shearing holographic microscopy to phantom imag-
ing, yet. The analysis in this paper is considered as the first 
study which applies the phase shifting process to LSDHM 
for imaging the tissue-mimicking phantoms.

1.2 � Contribution

The main contributions of this paper are as follows:

–	 The phase-shifting process is applied for the first time 
to LSDHM for imaging the masses in phantom with 
high spatial resolution and this method is called as PS-
LSDHM.

–	 The mechanical and unwanted vibrations, which occur in 
the Mach–Zehnder and Michelson interferometers hav-
ing two beam configurations are reduced without more 
optical components using proposed PS-LSDHM. Thus, 
the stability of the system is increased and alignment of 
setup is adjusted.

–	 The overlapping problem seen in conventional two beam 
configurations and common-path LSDHM is overcome 
with phase shifting process.
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–	 The imaging of created phantom obtained with agar-agar 
(Agar) is performed using PS-LSDHM in this study to 
prevent taking clinically by biopsy from patients.

–	 We present the results by producing different phantoms 
at different times to validate this study. The thickness and 
cross-sectional thickness profiles of the cystic structure 
in the created phantoms are shown.

1.3 � Organization

The paper is composed as follows. Fabrication of phan-
toms is expressed in detail in Sect. 2.1. The basic concept 
of LSDHM and the application of phase-shifting process 
with LSDHM are described in Sect. 2.2. Image reconstruc-
tion process is explained in detail in Sect. 2.3. The obtained 
results of the proposed method for phantom is presented in 
Sect. 3. The imaging of the produced phantoms is enlarged 
in Sect. 3.1. The resolution of the proposed system has been 
reviewed in Sect. 3.2. The field of view for self-referencing 
digital holographic microscope is explained in Sect. 3.3. 
Finally, in Sect. 4, the conclusion and the future works are 
summarized.

2 � Materials and methods

2.1 � Fabrication of phantom

The phantom model used in the experiments is formed with 
the mixture of agar powder and the distilled water. Agar is 
a kind of natural gelatin obtained from seaweeds that can 
be processed as flakes, powders and sheets [31]. Agar will 
remain solid at higher temperatures unlike gelatin, which 
melts at body temperature. The use of agar in phantom crea-
tion can provide advantages such as endurance, ability to 
hot-set without refrigeration, reusability, being opaque in 
color and human tissue-mimicking [32]. Therefore, it is pre-
ferred to use agar instead of gelatin in the created phantom.

Agar phantom model was produced using weight percent 
agar formula (5% agar by weight). The appropriate amount 
of agar powder (900 g/cm2 strength, 38 g for a 5% phantom 
model) became homogeneous by mixing it in 750 mL of 
distilled cold water. This mixture was heated with agar stir-
ring periodically for about five minutes and was allowed to 
begin boiling gently. One teaspoon wheat flour and 5 mL 
ethanol were added in the mixture at this stage to provide 
more opacity in 5% agar and remove the bubbles observed 
in proposed phantom model, respectively.

Phantom model casting was carried out in two stages: the 
first casting set a base for the cystic mass to be placed upon, 
and the second casting created a cover to lay over the cysts 
on the soft tissue. About 93.75 mL hot mix was poured into 
a reusable glass petri dish [(150 mm (L) × 25 mm (W)] to 

set the base, which set at room temperature (approximately 
22◦ C) in about 15–20 mins. In order to prevent solidifi-
cation, the remaining mixture was kept warm during this 
period. Cystic masses were created using randomly located 
seeds of Nigella sativa, commonly known as black seed or 
black cumin. The diameter of the used black seeds varies 
between a minimum of 2.5 mm and a maximum of 6 mm. 
These masses were placed on the set agar base before the 
cover was poured. The remaining approximately 93.75 mL 
of the hot mixture was poured onto the masses as a cover and 
left for another 15–20 mins. The cover is set about 1 cm of 
agar between the surfaces of the cystic mass and the cover. 3 
phantom models (Phantom-I, Phantom-II and Phantom-III) 
including various stages of cystic masses were prepared on 
3 different dates. Prepared cystic mass phantom models are 
given in Fig. 1.

2.2 � Experimental setup

In this study, to image the masses in phantom with high spa-
tial resolution and without object information overlapping, 
phase shifting process is applied to LSDHM. The proposed 
configuration of Phase-shifting lateral shearing digital holo-
graphic microscope is depicted in Fig. 2. The setup derived the 
self-referencing configuration consists of a light source, spatial 
filter, lens to expand the beam, microscopic objective for mag-
nification, wave plates to shift the phase, plane ruled reflection 
grating (PRRG) glass plate and complementary metal-oxide 
semiconductor (CMOS) camera. A laser beam produced by a 
He–Ne Laser (632 nm, 12 mW, unpolarized) is spatially fil-
tered by the spatial filter ( 15� m pinhole) and collimated by a 
convex lens (CL) with a focal length of 100 mm. CL is kept 
25 cm from the microscopic objective (MO). At first stage the 
collimated beam directed towards the sample, which is used as 
masses in phantom in this study, and subsequently magnified 
by 6X (NA = 0.75) MO. The magnified object wavefront is 
directed to PRRG glass plate, which is mounted at an angle of 
45° (approx.) to the beam. The object wavefront is magnified 
by falling on a thick (6 mm) PRRG shear glass plate. The dis-
tance between MO and PRRG glass plate is taken as 2 cm and 
the PRRG glass plate is kept 8 cm (approx.) from the CMOS 
camera. Whole (approx.) field of view (FOV) is used as mak-
ing equal to the lateral shear distance to get a fringe pattern 
be equal to that of two-beam interference digital holographic 
microscopy. The interference pattern (IP) is constituted using 
two sheared object beams, which are reflected from the back 
and front surfaces of shear glass plate. IP is captured by a 8 
bit CMOS camera with a resolution of 256 × 256 (frame rate 
50fps, pixel pitch:14�m). As a consequence of the self-refer-
encing configuration of this system, the recorded holograms 
contain with and without object information overlap and dupli-
cate images (See Fig. 2). As this overlap happens, the results 
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of reconstruction is degraded and the extraction of the phase 
information obtained from hologram can be difficult.

To overcome the duplicate image and object information 
overlap problems, phase-shifting technique is applied LSDHM 
in this study for the first time. Therefore, in the second stage of 
this part, to record a phase-shifted holograms with LSDHM, 
the quarter and half-wave plates are used. As shown in Fig. 2, 
these plates are placed between the sample object (masses in 
phantom) and the CL. Phase shifting process is performed in 
four steps. First, the initial phase is accepted to be 0. Then, 
quarter-wave and half-wave plates are added to the system to 
shift the phase value 0, �/2, � , 3 �/2, respectively. Hologram 
recording is performed for each case. The recorded interfer-
ence patterns include the four different phase-shifted images 
whose mathematical expressions are given in Eq. (1) [33, 34].

Here, the coordinates in the hologram plane are defined as 
(x, y). In addition, I1(x, y) represents the altered region and 
I2(x, y) refers to the unaltered region of sheared wavefront. 
They are reflected from the front surface and back surface 
of the shear plate respectively. Moreover, the intensity of the 
initial reference fringe pattern is expressed as I0 with phase 
retardation angle of �(x, y) . In conventional systems, the 

(1)

I0(x, y) =I
2
1
(x, y) + I2

2
(x, y)

+ 2I1I2 cos(�(x, y))

I�∕2(x, y) =I
2
1
(x, y) + I2

2
(x, y)

+ 2I1I2 cos(�(x, y) + (�∕2))

I�(x,y) =I
2
1
(x, y) + I2

2
(x, y)

+ 2I1I2 cos(�(x, y) + (�))

I3�∕2(x, y) =I
2
1
(x, y) + I2

2
(x, y)

+ 2I1I2 cos(�(x, y) + (3�∕2))

Fig. 1   Cystic mass (5% Agar) phantom models a Phantom-I, b Phantom-II, c Phantom-III

Fig. 2   Schematic of PS-LSDHM with showing lateral shear region 
and sample
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duplicate image problem is occurred due to more than half 
of the object beam overlapping with itself. In this paper, this 
problem is overcome by applying phase shifting to LSDHM.

2.3 � Image reconstruction

The quantitative phase information obtained from holograms 
is reconstructed using phase shifting (PS) reconstruction 
methods. This method is based on the multiple phase-shifted 
holograms and enable the suppression of the unwanted zero-
order and duplicate images [35, 36]. The principle of phase 
reconstruction with four-step PS is schematically depicted 
in Fig. 3.

As seen in Fig. 3, the missing points in the phase informa-
tion are filled by shifting the phase. Thus, no extra filtering 
process is required. In this study, the phase and amplitude 
images are obtained from recorded holograms using PS-
LSDHM system. Measured wrapped phase is determined 
as follows [34]:

Here, the range of wrapped phase is [−�,�] and the four-
quadrant inverse tangent is defined as � tan 2 .

3 � Experimental results

3.1 � Imaging of the produced phantom

Masses in soft tissues, such as breast, can occur in different 
sizes and form differently. Therefore, in this study, black 
seeds which are accepted as cystic structures in the tissue are 
placed in different sizes and positions in the created phan-
toms. Holograms recorded using the proposed system are 
presented in Fig. 4. While the hologram (interference pat-
tern) recorded with the system without using the produced 
phantom is given in Fig. 4a, the holograms of the regions 

(2)�(x, y) = � tan 2
I3�∕2(x, y) − I�∕2(x, y)

I0(x, y) − I�(x, y)

where the cystic structure is absent in the phantoms pre-
sented in Fig. 1 (named as reference hologram) are shown 
in Fig. 4b–d, respectively.

Later, holograms of cystic structures with different sizes 
(between the range of 2.5 mm and 6 mm) and positions in 3 
different phantoms were produced. The cystic structures to 
be recorded are shown in Fig. 5 as Phantom-I, Phantom-II 

Fig. 3   Principle of phase recon-
struction with four-step PS [37]

Fig. 4   Recorded reference holograms a hologram without phantom, 
b hologram of Phantom-I, c hologram of Phantom-II, d hologram of 
Phantom-III
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and Phantom-III, respectively. Three different cystic struc-
tures (single cystic structure, multiple cystic structure placed 
side by side and hollow cystic structure, respectively) in 
Phantom-I are discussed in Fig. 5a. In Fig. 5b, a single cystic 
structure placed in Phantom-II is examined. The small cystic 
structure positioned as in the form of ”v” in Phantom-III is 
shown in Fig. 5c.

The whole regions of produced phantoms were not 
used while recording the process of holograms due to being 
large. The imaged regions for each produced phantoms are 
marked in Fig. 5, respectively. If the beam is large enough 
and the shear is bigger than the object size, the recorded hol-
ogram in the field of view contains object information. The 
diameter of the recorded black seed is also small enough. 
That’s why multiple cystic structure placed side by side can 
be recorded due to being possible to see more than one black 
seed in field of view of CMOS camera. The recorded holo-
grams of the cystic structures having different diameters (in 

the range of minimum 2.5 mm and maximum 6 mm) used 
as examples in the system and presented in Fig. 5 are shown 
in Fig. 6, respectively.

The phase profile was extracted from the recorded holo-
grams (with 256 x 256 pixel value) using Eq. (2). In the stage 
of calculating phase profile, the phase value was calculated 
for each pixel, and 3D images were obtained by selecting 
the maximum points. Thus, the thickness profiles and cross-
sectional profiles (for the x and y axes) calculated using the 
phase distribution were obtained. For marked Phantom-I 
model (part 1) given in Fig. 6a, reconstructed phase image 
obtained from recorded holograms, thickness profile and 
cross-sectional profile are shown in Fig. 7a–c, respectively. 
In the phase image presented in Fig. 7a, the pixels of (90, 
90) points used for the extraction of cross-sectional thick-
ness is shown with the white line on the x and y coordinate 
axis. This phase image is given as an example and it was not 
found separately for other examined cystic structures.

Fig. 5   Marked phantom model 
a Phantom-I, b Phantom-II, c 
Phantom-III
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The reconstructed thickness profile and cross-sectional 
profiles obtained from recorded holograms in Fig. 6b–c are 
shown in Fig. 8, respectively.

It can be clearly observed that the cystic structure seen 
in Fig. 7b is narrow and oval in shape, multiple cystic struc-
tures are mutually positioned in Fig. 8a, and in Fig. 8b a 
hollow cystic structure is located in Phantom-I. The cross-
sectional thickness profiles presented in Fig. 8 are obtained 
using the x and y positions selected for the pixel points that 
are thought to reveal the cystic structure in the thickness 
profiles of quantitative phase imaging using PS-LSDHM. 
(50,70), (50,102), (250,155), (150,175) and (140,140) pixel 
points are chosen for marked Phantom-I model (part 2) and 
marked Phantom-I model (part 3) given in Fig. 8a and b, 
respectively.

To deal with cystic structures in different phases and 
sizes in soft tissue, three different structures are examined 
in Phantom-I. In this context, it can be observed that in 
Fig. 8b, there is a hollow cystic structure which represents 
the stage of formation (early stage); in Fig. 7b there is a 
single cystic structure depicts to complete its formation 
and in Fig. 8a describes a cyst structure that grows over 
time and has more than one cystic structure. With the use 
of this method, even the cyst structures are at the stage of 
formation, it enables the detection of cystic structures in 
the soft tissue at an early stage. In addition, it is thought 
that it will enable the rapid diagnosis of the disease for 
both the early stage and the advanced stage and also help 
the treatment process to start in a short time.

Fig. 6   Recorded holograms a 
marked Phantom-I model (part 
1), b marked Phantom-I model 
(part 2), c marked Phantom-
I model (part 3), d marked 
Phantom-II model, e marked 
Phantom-III model
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The validity of the proposed method is tested by produc-
ing different phantoms at different times. For this purpose, 
the thickness profile and cross-sectional thickness profile 
of the cystic structure in the Phantom-II model, which is 
shown by marking in Fig.  5b and given with the hologram in 
Fig.  6, is presented in Fig. 9. The cross-sectional thickness 
profile is obtained for (120,187) pixel point.

It is clearly seen that the cystic structure in the Phantom-
II model which is shown in detail in Fig. 5b is the same as 

the figure obtained for the thickness profile (See Fig. 9) from 
the recorded hologram of this structure. This cystic structure 
which is splay shaped, differs from the oval cystic structure 
given in Fig. 7b.

Finally in this study, the phantom model (Phantom-III 
model) produced by different positioning of the cystic 
structures is displayed with the proposed system. The 
cystic structure is kept in a ‘’v” position. In addition, 
a small round cystic piece is placed on opposite of this 

Fig. 7   Quantitative phase imaging using PS-LSDHM for marked Phantom-I model a reconstructed phase image, b thickness profile, c cross-
sectional thickness profile obtained from the phase in part 1
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structure. The thickness profile and the cross-sectional 
thickness profiles obtained from holograms recorded for 
Phantom-III model are shown in Fig. 10.

(127, 260) pixel point of marked Phantom-III is 
determined in order to obtain the thickness profile and 

Fig. 8   Quantitative phase imaging using PS-LSDHM a thickness profile and cross-sectional thickness profiles obtained from the phase in part 2, 
b thickness profile and cross-sectional thickness profiles obtained from the phase in part 3
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cross-sectional thickness profiles given in Fig. 10. Thus, 
the peaks and through points of the cystic structure can be 
observed clearly.

3.2 � Resolution of the proposed system

In this study, to record the holograms, Optronis CamRecord 
CR600x2 series CMOS camera, which has the highest light 
sensitivity, is used. This camera records 500 frames per sec-
onds (fps) with a full resolution of 1280 × 1024 pixels. In the 

Fig. 9   Quantitative phase imag-
ing using PS- LSDHM. Marked 
Phantom-II model; Thickness 
profile and cross-sectional 
thickness profiles obtained from 
the phase-in marked part

Fig. 10   Quantitative phase 
imaging using PS- LSDHM. 
Marked Phantom-III model; 
Thickness profile and cross-
sectional thickness profiles 
obtained from the phase-in 
marked part
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X and Y pixels, the resolution can be adjusted. If the lower 
refresh rate of the image is used, the full resolution can be 
changed [38]. In this study, phantoms are produced using 
black seeds with sizes ranging between 2.5 mm and 6 mm. 
In this context, the dimensions of the phantom samples to be 
recorded as holograms will change in this range. However, 
since the MO used has 6x magnification, the size of the 
object to be recorded will be between 15 mm and 36 mm. In 
this case, to get the best resolution image with this system, 
the distance between the recording camera used in the sys-
tem and the MO should be adjusted correctly. To show the 
resolution of the system, the focal length can be calculated 
using Eqs. (3) and (4), which are depended on the objects of 
different sizes and the distance [39].

Here, A is defined as the distance between the object and the 
camera lens, and B is the size of the object to be recorded. 
C and D show the number of horizontal and vertical pixels, 
respectively. In order to show the relationship between the 
focal length and maximum camera resolution ( 1280 × 1024 ), 
the distance between MO and camera is taken as an exam-
ple at any value. In this context, the distance between MO 
and camera is taken as an example of 34 mm for black seed 
phantoms of 2.5 mm (assumed to be 15 mm with 6× MO 
magnification) and 6 mm (considered to be 36 mm with 6× 
MO magnification). The focal lengths are obtained using 
Eq. (3) as 20.5 mm and 13.25 mm, respectively. When the 
magnified object sizes are used as 15 mm and 36 mm, the 
lenses with focal lengths of 20.5 mm and 13.25 mm have 
to be taken, respectively. The distance from lens of CMOS 
camera to object (here is MO) can be adjusted for reduced 
sensor resolution using Eq. (5) [39].

In this study to image the created phantom image, X and Y 
orientation is configured at 256 × 256 resolution (reduced 
sensor resolution) with 50fps. Therefore, the MO is kept at 
distance of 81.2 mm and 107.5 mm from the lens for magni-
fied size of 15 mm and 36 mm phantoms using Eq. (3). Thus, 
the image with maximum resolution has been obtained.

3.3 � Field of view (FOV) for the experimental system

A He–Ne laser module with 632 nm (12 mW, unpolarized) 
wavelength is used as the light source for a wide field of 
view LSDHM. In addition, a MO lens (6× magnification and 

(3)Focal length(mm) =
A

1 +
B

Sensor size(mm)

(4)Sensor size(mm) = 0.014
√

C2 + D2

(5)

Distance to object [mm] = Local length ×

(

1 +
Object size

Sensor size

)

NA= 0.75) is used to provide the magnification of the object. 
The spatially filtered laser beam produced by a He–Ne laser 
is produced and collimated by a CL with a focal length of 
100 mm. The CL is kept 25 cm from the MO. At the first 
stage, the collimated beam directed towards the masses in 
phantom and magnified by MO lens. The PRRG glass plate 
is mounted at an angle of 45° (approx.) to the beam and 
the magnified object wavefront is directed to this plate. The 
reflected sheared object beams from the back and front sur-
faces of shear glass plate constitute the IP. If the distance 
from CMOS lens to object is defined with high resolution, 
the lateral shear distance can be adjusted.

In conventional studies related with FOV, the differ-
ence between the path lengths among the wavefronts can 
be obtained using Snell’s law as explained in Ref. [22] or 
minimum FOV value can be calculated as given in Ref. [40]. 
In addition, conventionally, if the lateral shear distance is 
not taken equal to the minimum half of the FOV, duplicate 
images can be included in the recorded hologram and over-
lapped information can be obtained due to the interference 
between two sheared object beams. In this study, in order 
to overcome the duplicate image problem, phase-shifting 
technique is applied to LSDHM as defined in Eq. (1) and in 
the proposed setup quarter and half-wave plates are used. 
As for that the FOV of the system, it is not calculated in 
details in this study. However, under the consideration of the 
system resolution, which is mentioned in Sect. 3.2 above, 
the whole (approx.) field of view is used by making equal 
to the lateral shear distance. We also base on the distance 
from lens of CMOS camera to object to calculate the lateral 
shear distance.

4 � Conclusion

Soft tissue cysts, like most of the cysts formed in the body, 
do not show any symptoms in the early stages and the diag-
nosis can be made in the later stages. These masses in soft 
tissue can occur in different sizes and ways. They may be 
in millimeter size or may grow over time and create some 
threats in the body. Cysts do not cause any symptoms unless 
they are very large in size. Although there have been vari-
ous techniques in order to image soft tissues such as breast, 
they usually fail when cyst lesions are very small and in 
early stages. In this study, the performance of the proposed 
PS-LSDHM method with cystic structure lesions of differ-
ent sizes and structures created with black seed placed in 
soft tissue mimicking phantom is investigated. The main 
advantage of the developed PS-LSDHM method is that its 
whole (approx.) field of view is usable without any redun-
dant object information. In comparison with the two-beam 
Mach–Zehnder-based microscope, the proposed technique 
is more temporally stable, providing temporal resolution 
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and overcoming duplicate image problem by applying phase 
shifting to LSDHM and using the whole (approx.) FOV. 
Therefore, since this method avoids overlapping, it works 
well for the produced cyst structures. For all applications 
performed in this study, it can be seen that even if the diam-
eter, location, and structure of the cyst structure changes, 
the proposed imaging method fully reveals the cyst structure 
in the region being displayed. So, it enables to detect the 
formed cyst structure in the early stages especially without 
symptoms. Thus, even if the cyst structures are benign, it 
will enable early diagnosis and treatment without growing 
or damaging the surrounding tissues. In addition, the use 
of phantoms created for the test of the proposed imaging 
method enable the formation of a soft tissue-mimicking 
structure without the need for biopsy or any ethical con-
sents to obtain any living tissue. It also provides advantages 
such as easy production, reusability and low cost. Therefore, 
phantom models given in this study can be a cost-effective 
alternative, especially in imaging and testing applications. 
In the light of all the findings, we hope our study may give 
new insights for the detection of the cystic structures in the 
early stages among imaging methods present in the litera-
ture. As a future work, we plan to create another tissue-
mimicking phantoms and compare its performance with the 
current study. Also, we plan to develop the proposed imag-
ing method with the use of a different setup.
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