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ABSTRACT A system to integrate microwave imaging with optical colonoscopy is presented. The
overarching goal is to improve the prevention and early diagnosis of one of the main health and economic
burdens of an increasingly aging population, i.e., colorectal cancer. For a colonoscopy, the gold standard
for colorectal cancer diagnosis, 22% of polyps are not detected, and the risk of cancer after a negative
colonoscopy can be up to 7.9%. To remedy this, a microwave imaging system able to generate an alarm
when a polyp is detected is designed, manufactured and validated with a colon phantom composed of tissue-
mimicking oil-gelatin materials reproducing the anatomy and dielectric properties of a human colon with a
polyp. The acquisitionwas performed by aminiaturized ring-shaped switched array of 16 antennas attachable
at the tip of a conventional colonoscope. This has been conceived to satisfy endoscopy size restrictions,
patient safety and intercompatibility with current clinical practice. A Modified Monofocusing imaging
method preceded by a previous frame average subtraction as a calibration technique shows a perfect detection
of a 10-mm polyp (100% sensitivity and specificity) in the eight analyzed trajectories. The phantom results
demonstrate the feasibility of the system in future preclinical trials.

INDEX TERMS Backpropagation algorithms, endoscopes, medical diagnostic imaging, microwave antenna
arrays, microwave imaging.

I. INTRODUCTION
Globally, 1.93 million new cases of colorectal cancer (CRC)
are diagnosed annually, with 935,000 people dying fromCRC
in 2020 [1]. This has led to CRC being the second most
common cause of cancer death in both men and women. CRC
describes cancerous malignancies of the colon and rectum.
Most cases of CRC begin as a growth of tissue, known as a
polyp, which originates in the lining of the colon or rectum
and grows in size over a period of several years. Polyps
are common in patients over 50 years, but certain polyps
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(known as adenomas) are estimated to be precursors to 90%
of CRC cases [2]. The overall five-year survival rate of CRC
is approximately 65%, but drops to 14.3% if diagnosed at
advanced stages, which is quite common given the absence
of remarkable symptoms when the cancer is in a localized
phase [3].

Large-scale studies have found that CRC can be cured in
more than 90% of cases if adenomas are removed2. Optical
colonoscopy is the most effective method for CRC diagnosis
and is the only method that is able to remove polyps in
the entire colon. During a colonoscopy, a long, flexible tube
called a colonoscope is inserted into the rectum. A tiny video
camera at the tip of the tube allows the doctor to view the
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inside of the entire colon. However, the limited field of view
of the camera (less than 180◦), inadequate colon preparation
and the subjectivity of the exploration dependent on the
endoscopist’s experience, among others, result in a polyp
miss rate of 22% [4] and a risk of developing cancer after a
negative colonoscopy, the so-called interval CRC of 8% [5].

In recent years, several devices and technologies have
been developed to improve the detection rate of polyps
such as high-definition endoscopes, endoscopes with mul-
tiple lenses (retrovision capability), and mucosal flattening
accessories [6]. Chromoendoscopy, endoscopic microscopy
(endocytoscopy and endomicroscopy) or hyperspectral tech-
niques [7] are methods developed to magnify, enhance and
estimate mucosal tissue and cell characteristics that can be
linked to malignancy. All of these techniques are restricted
to the optical information captured by the camera and
increasingly require highly trained professionals. Because
the outcomes of these methods are highly dependent on
the operator’s experience and human factors (fatigue, stress,
resilience, etc.), a tool capable of automating the detection
is needed. Artificial intelligence is increasingly used for the
real-time assessment of endoscopic images [8]. However,
if a lesion is not visualized by the camera, it cannot be
detected by the algorithm. Studies indicate that 13.4% of the
colon surface area might not be visualized during a standard
colonoscopy [9], [10].

Microwave imaging allows us to scan 360◦ of the colon
and automate detection. It has been developed for the last 40
years as a portable, non-ionizing, low-power, non-invasive,
and low-cost medical diagnostic method [11] that is able to
obtain anatomical and functional images of the interior of the
human body based on the contrast in dielectric properties,
i.e., the relative permittivity and the conductivity. Dielectric
properties are biomarkers of many health problems, such as
osteoporosis [12], heart infarction [13], pulmonary edema,
etc., with breast cancer [14], [15] and brain stroke [16], [17]
being the most researched and advanced topics. We recently
demonstrated that the dielectric properties correlate with the
malignancy grade of colon polyps [18]; the more similar to
cancer, the higher the relative permittivity and conductivity.
The results indicate that the maximum contrast between
healthy mucosa and cancer was 30% and 90% for the relative
permittivity and conductivity, respectively, at 8 GHz.

Table 1 shows how the proposed microwave endoscopy
system compares with the gold standard, i.e., conven-
tional colonoscopy, advanced colonoscopy techniques [6],
mucosa flattening accessories [19] and deep learning-assisted
colonoscopy [20]. The ADR, or Adenoma Detection Rate,
is defined as the percentage of patients undergoing screening
colonoscopy who have one or more adenomas detected and
is the quality indicator of colonoscopy. ADR is not yet
available for microwave endoscopy since it has not been used
in humans so far. The ADR increase is measured with respect
to a conventional colonoscopy.

This paper reports a system to integrate microwave
imaging with optical colonoscopy aimed at improving the

TABLE 1. Performance comparison between different colon visualization
methods.

prevention and early detection of colorectal cancer. To the
best of our knowledge, this is the first time that microwave
imaging has been proposed for endoscopic applications.
With the proposed system, the detection of polyps can be
automatized by generating an alarm when a polyp is detected
in order to warn the endoscopist. As the proposed system
is an add-on to standard colonoscopy, if the alarm goes
off and the polyp is not visualized with colonoscopy, then
the doctor can better examine the area to find it. This
feature will fill the gap between endoscopists with different
levels of experience, which has been demonstrated to play
an important role in colonoscopy effectiveness and moves
forward a major trend of the automating medical explorations
field.

The proposed acquisition system has to adapt and be robust
to established colonoscopy clinical practice, which entails
a series of peculiarities with respect to previous microwave
imaging systems reported in the literature [21], [22]. As an
advantage, there is no need to penetrate the body since polyps
are superficial lesions. However, a number of challenges
have emerged. On one hand, space restrictions limit the
number of antennas in the array, reduce the size and thickness
of each antenna element and increase the mutual coupling
between them. Electrically small antennas are narrowband,
limiting the range of imaging algorithms to frequency domain
algorithms. On the other hand, the antennas are distributed in
a circular array enclosed by the imaging region instead of the
imaging region being surrounded by the antennas, which is
the usual configuration for microwave imaging. Finally, the
unknown and changing distance from the imaging regionwith
respect to the antenna array increases the degrees of freedom
introduced by the uncertainty of the spatial and temporal
delay reception of the scattered fields. Therefore, calibration
methods to eliminate all unwanted effects other than the target
(the polyp) are essential.

The microwave endoscopy system is verified with a colon
phantom that allows to simulate a colonoscopy exploration.
The phantom models a section of colon and is composed of
gelatin-oil-based materials to mimic the dielectric properties
of healthy colon mucosa and polyps. The reconstructed
images from the phantom are quantitatively analyzed in terms
of efficacy for different calibration methods.
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FIGURE 1. MiWEndo’s microwave endoscopy system is composed of an
accessory attachable at the distal tip of a standard colonoscope and an
external processing unit. MiWEndo generates an alarm when a polyp is
detected to warn the endoscopist.

II. MICROWAVE ENDOSCOPY SYSTEM
The imaging system consists of a combination of hardware
and software components. The hardware is composed of:
1) a cylindrical ring-shaped acquisition device designed to be
attached to the tip of a conventional colonoscope and 2) an
external unit with a microwave transceiver, and controlling
and processing units. The acquisition device is connected via
cables to the external unit. The acquisition device contains
two switched arrays of eight antennas organized in two rings,
with one containing the transmitting antenna and the other
containing the receiving antenna fed by microstrip lines.
The antenna arrays are multiplexed by a two single-pole-
eight-throw (SP8T) radiofrequency switches. The external
unit is composed by a 2-port vector network analyzer (VNA)
Keysight E5071C, a microcontroller Arduino Nano and a
laptop. The VNA generates and receives the microwave
signals to obtain the S-parameters and is connected to a laptop
that controls the measurement. The microcontroller translates
the switches’ control sequences to two 3 bit codes of
0-5 V signals. Two slim coaxial cables with a diameter of
1.13 mm and a length of 500 mm transmit the microwave
signals, and eight copper cables transmit the switches’ control
signals. Miniature connectors are used for a non-bulky final
assembly. Fig. 1 shows how themicrowave endoscopy system
will work in clinical practice, and Fig. 2 shows the block
diagram of the proposed system.

The antenna elements are cavity-backed slot antennas,
as described in our previous paper [23], and are shown in
Fig. 3(a). The antennas have been assembled onto a
polyamide flexible printed circuit board that contains the
microstrip feeding lines and the two radiofrequency switches.
This assembly is wrapped around a cylindrical metallic 3D
printed ring that has 16 cavities on its surface to house
the antennas. The colonoscope tip can be inserted into the
ring hole. The printed circuit board is covered with an
encapsulation made of a biocompatible heat shrink tubing
to protect the circuit from moisture and the patient from
lesions. The final dimensions of the acquisition device are
30 mm in length by 20 mm in diameter, with a total

FIGURE 2. The Imaging system consists of a cylindrical ring-shaped
acquisition device (in blue in the picture) attached to the end of a
colonoscope and connected via cables to the external unit. The external
unit consists of a vector network analyzer, a microcontroller, and a laptop.

FIGURE 3. Antenna array: (a) The antenna element is a cavity-backed slot
antenna; (b) The antenna array is composed by two rings of eight
antennas mounted on a flexible substrate, wrapped on a cylindrical
metallic cavity and protected by a plastic encapsulation; (c) Comparison
between the measured and simulated reflection and the transmission
coefficients in air and with a phantom.

thickness of 3 mm. The dimensions and shape of the device
ensure non-obstruction of the front tip of the colonoscope,
avoids camera concealment, injures the patient, or hinders the
maneuverability of the colonoscope.

Fig. 3(c) shows the transmission and reflection coefficients
measured and simulated with the central pair of transmitting
and receiving antennas in the array (indicated in Fig. 3(b)).
We compared the S-parameters in air with a phantom
of healthy mucosa tissue situated at 5 mm from the
antenna surface. In air, the antennas operate over the band
7.6-7.66 GHz, which is an approximately 0.8% fractional
bandwidth with respect to the center frequency of 7.63 GHz,
assuming a −10 dB reflection coefficient as a reference. The
reason for such a small bandwidth is theminiaturization of the
antennas (0.12λ × 0.16λ). Since the antennas are very close
one another, the mutual coupling increases, introducing error
into the measured scattered field. Cavity-backed antennas
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have been used to minimize coupling to −13 dB. The
comparison between the measured and simulated results
in free space shows a slight frequency shift and increased
losses in the measured results. The main difference between
the simulated and the measured results is the higher losses
in the measurement, which are clearly seen on both the
reflection and transmission S-parameters. These losses are
mainly produced by the metallization roughness and welding,
which is not considered in the simulation. By comparing
the measurements in air with the measurements with the
phantom, we can observe that the presence of the phantom
affects both the transmission and reflection parameters;
in fact, the input impedance matching is improved while
the resonant frequency is almost the same. To obtain the
measurement results at the antenna plane and remove the
effects of the long cables, a Thru, Reflect, Line (TRL)
calibration is used.

III. MEASUREMENT SETUP
A. COLON PHANTOM WITH POLYPS
The colon is the last part of the gastrointestinal tract.
It has a segmented appearance due to a series of folds
called haustra, and it is approximately 1,500 mm long and
40-90 mm in diameter. Polyps are slow-growing overgrowths
of the colonic mucosa protruding into the lumen. When
a colonoscopy is performed, the colon lumen is expanded
using carbon dioxide insufflation. To model a colon during
colonoscopy, we built a phantom with the anatomical and
electrical properties of an expanded human colon. Our
phantom is composed of a colon lumen model made of
expanded polystyrene 268 mm in length and 66.7 mm
in diameter, as shown in Fig. 4. The colon lumen was
placed in the center of a cylindrical methacrylate container
that was 300 mm in length and 150 mm in diameter.
Expanded polystyrene has the same dielectric properties
as air, making it an excellent model for the colon lumen.
The polystyrene surface is undulated to simulate colon
haustra and contains 4 holes to place polyps at different
positions. The space between the colon lumen model and the
external container walls is filled with a gelatin-oil mixture
mimicking the dielectric properties of healthy mucosa tissue.
The polyp is composed of a gelatin-oil mixture mimicking
the dielectric properties of an adenomatous polyp with high-
grade dysplasia (HGD) tissue [18].

The recipe for the healthy colon mucosa and high-grade
dysplasia polyps was adapted from oil-gelatin phantoms
developed for breast phantoms [24]. Oil-gelatin phantoms are
low-cost, easy to produce, and nontoxic, and it is easy to
change their dielectric properties bymodifying the proportion
of oil andwater. In this case, we increased the amount of water
to produce the high dielectric properties of healthy colon
mucosa and polyps. In addition, some steps have been added
to the original protocol [24] to produce large, high quality
batches of material. First, the gelatin was hydrated with
cold deionized water to completely dissolve the gelatin and

FIGURE 4. Measurement setup. The acquisition device is attached to the
tip of a plastic bar. The colon phantom was placed on a 3D positioning
system. The colon phantom was composed of tissue-mimicking materials
poured in a methacrylate cylindrical box and an expanded polystyrene
colon lumen model. The external microwave transceiver, controlling and
processing unit was composed of a vector network analyzer (VNA),
a microcontroller, and a laptop.

improve the homogeneity of the final mixture. To increase the
velocity of polymerization and avoid the deposition of solids,
the mixture was stirred continuously in a cold water bath
until their temperature fell to 29 ◦C. Then the healthy mucosa
material was poured into the phantom container between the
container walls and the colon lumen polystyrene model until
the container was completely filled avoiding the air gaps.
Finally, the container was hermetically sealed with a silicone
lid to avoid dehydration. The polyp material was poured in
a small plastic airtight container. Both materials were stored
in a refrigerator until they were completely solid. Before
each use of the phantom, we extracted a spherical portion
of 10 mm of polyp material and introduced it into the hole
of the colon lumen polystyrene model. After each use, the
phantom was stored in a refrigerator and completely sealed.
The composition of the phantom mixtures is summarized in
Table 2. No preservatives were added.
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TABLE 2. Composition of the phantom mixtures.

The dielectric properties of the tissue-mimicking phantoms
were measured using the Keysight N1501A Dielectric slim
form Probe Kit with the N1500A Materials Measurement
Software Suite connected to a vector network analyzer
Keysight E5071C. The dielectric properties of the phantom
were measured before each use to track any degradation. The
healthy mucosa phantom remained stable over the 30 days in
which the explorations were performed, whereas the polyp
phantom was redone every 15 days. The preservation of
large batches of material without air contact was much
longer than the preservation of the same material in smaller
containers and with an air contact surface. Fig. 5 presents the
relative permittivity and conductivity of the tissue-mimicking
phantoms corresponding to healthy colon mucosa and polyps
with high grade-dysplasia between 5-10 GHz. The dielectric
properties of the phantom are compared to the measured
dielectric properties of the corresponding human tissues by
Guardiola et al. [18] and the dielectric properties of healthy
colons from the IT’IS Database [25]. It can be observed that
the dielectric properties of the tissue-mimicking materials
reproduce both the contrast between the relative permittivity
and the conductivity of the human tissue dielectric properties
at 7.6 GHz.

B. MEASUREMENT SETUP
To be able to reproduce a realistic colonoscopy exploration
while the position of the acquisition device is known, a 3D
positioning system was built (see Fig. 4). The measurement
setup is composed of an L-shaped metallic structure fixed
on a plastic base. The metallic structure holds a plastic bar
equipped with a ruler. The acquisition device is then attached
at the tip of the plastic bar. With this bar, the device is
introduced vertically inside the colon lumen model. The
colon phantom is placed on a mobile platform that allows
movement along the x and y directions, while the plastic bar
vertically allows movement of the acquisition device along
the z direction. In this way, a complete positioning system in
three dimensions is achieved, enabling any trajectory inside
the colon phantom to be performed.

IV. DETECTION ALGORITHM
Microwave imaging is based on illuminating the object under
test, the phantom, with incident radiation, E i, and measuring
the total received fields, E t , resulting from the interaction
of the incident radiation and the body under test. Data for
the imaging are obtained by scanning the object from all
directions. The total received field is the superposition of the

FIGURE 5. Measured dielectric properties of the phantom compared to
the real patient tissues over the frequency. Polyps are unhealthy targets,
and the colon mucosa is healthy tissue: (a) Relative permittivity;
(b) Conductivity.

incident field and the scattered field, Es, which contains the
information of the spatial changes of the dielectric properties
of the phantom. By processing the total field with an imaging
algorithm, the dielectric property contrast of the phantom can
be reconstructed.

A. ACQUISITION ALGORITHM
Prior to the measurement, the VNA was calibrated up to
the point of antenna feeding connection. The standard VNA
calibration system including open-short-load connections
was adopted. Since the acquisition device will be provided as
a disposable set that includes the antenna array, the switching
network and the cables, the VNA calibration only eliminates
the effects of the VNA. Hence, the effect of slim and long
coaxial cables remains and reduces the efficiency of the
system. The software is a MATLAB code running on a
laptop that performs 5 steps: i) establishes the connection
between the VNA and the microcontroller and configures
the measurement (bandwidth of 350 MHz, Nf = 801
frequency points, transmitting power of −5 dBm), ii) selects
one transmitting and one receiving antenna pair, iii) sends
the transmitting and receiving antenna selection code to the
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TABLE 3. Trajectory characteristics.

microcontroller, iv) sends a trigger signal to the VNA to
start the measurement of the transmitting coefficient between
active antennas along the selected frequency band, v) reads
the measured data from the VNA, vi) repeats ii-v until
the data from all the antenna combinations are measured,
vii) moves the acquisition device to the next position of the
trajectory using the positioning system to obtain data from
the next colon cross-section. The collected data is then stored
for processing. In total, 24 combinations of transmission
S-parameters (S21) are measured for each step of the
trajectory. These combinations are obtained by alternatively
selecting for each transmitting antenna the three closest
receiving antennas, which are the adjacent, antenna and the
two diagonal antennas.

To simulate a colonoscopy with the phantom, we have
taken as a reference a real colonoscopy trajectory [26]. A
trajectory refers to the (x, y, z) coordinates of the centroid
of the acquisition cylindrical device, where the XY-plane
is a horizontal or cross-sectional plane of the colon lumen,
and z is the vertical coordinate. The origin of coordinates
(0, 0, 0) is defined when the device is situated at the center
of the cross-sectional plane of the colon lumen and the center
of the 2 antenna rings is at the same height as the top base of
the colon lumen (see Fig. 6). Each step of the trajectory is
called a frame, E tzi (Er, f ), where i is the index of the current
frame. Each frame of the trajectories is separated 4 mm from
the subsequent frame along the z-axis. For each frame, a
Na × 3 × Nf matrix is obtained, where Er = (x, y) and
Na = 8 is the number of transmitting and receiving antennas.
In this study, eight different trajectories in the colon phantom
with a 10-mm pedunculated polyp with HGDwere measured.
Table 3 summarizes the main trajectory characteristics.

B. IMAGING ALGORITHM
For each step of the trajectory, the following steps are
conducted: i) calibrate the data to remove any error due
to the movement of the device and the colon wall effect,
ii) focus the data to obtain the reconstructed image of
the dielectric contrast profile, iii) evaluate the threshold to
identify whether or not there is a polyp, iv) repeat i-iii for each
step of the trajectory, and v) calculate the overall sensitivity
and specificity of the detection algorithm for the trajectory.
The reconstruction has been done at a single frequency of
f = 7.6 GHz.

FIGURE 6. Trajectory described by the antenna array along the colon
phantom.

1) CALIBRATION
Calibration consists of isolating solely the scattered field
from the polyp, therefore removing any other effect. In our
case, the main effect that contaminates the desired signal
is the movement of the device and the colon, and thus the
effect of having the colon wall at unknown and varying
distances. We propose three calibration methods that share
the same principle: subtraction from the actual measured
frame, a previous measurement frame or a combination of
previous measurement frames. The ideal calibration consists
of subtracting the scattered field measured in a phantom with
a polyp and its healthy counterpart, that is, a measurement
with the same phantom but without polyps. In a real situation,
this type of calibration is unfeasible because the healthy
version of the actual colon under test is not available.

The first calibration approach is called Healthy Average
Temporal (HAT) subtraction. This calibration consists of
calculating the average of the transmission coefficient
matrices corresponding to healthy frames, E tzh,j (Er, f ), and
subtracting it from the current measurement frame, E tzi (Er, f ).
This is possible in phantom experiments because there is prior
knowledge of where the polyp is, but it is not feasible in
clinical settings.

Eszi,HAT (Er, f ) = E tzi (Er, f )−
Nh∑
j=1

1
Nh
E tzh,j (Er, f ) (1)

where Nh is the number of healthy steps averaged.
The second calibration approach is called Average

Total (AT) subtraction and consists of averaging all the
trajectory measurement steps and subtracting them from each
measurement frame. This method is based on the hypothesis
that in a colonoscopy, the vast majority of frames are healthy.

Eszi,AT (Er, f ) = E tzi (Er, f )−
Nz∑
i=1

1
Nz
E tzi (Er, f ) (2)

where Nz is the total number of steps.
The last method is called the Hop and NAverage Temporal

(HNAT) subtraction. The idea behind this method is to skip
the N closest frames to the current frame. The reason to skip
frames from the calibration is to avoid including the effect
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of the polyp if N is chosen conveniently. In this case, the
scattered field produced by the polyp is estimated as:

Eszi,HNAT (Er, f ) = E tzi (Er, f )−
i−H−N∑
j=i−H

1
N
E tzj (Er, f ) (3)

where H is the number of steps that includes the leap and N
is the number of steps that are averaged.

2) FOCUSING
Due to the small distances between the antennas and the
colon wall, the information captured by the antennas is from
a narrow region around the antennas. Therefore, a two-
dimensional electromagnetic analysis can be performed.
Considering the constraints of the system, two versions of
a frequency domain imaging algorithm are implemented,
namely, Bifocusing (B) and Modified Monofocusing (MM);
see equations (4) and (5), respectively. These algorithms form
every image point of the dielectric property contrast of the
colon by creating one or two focused groups of antennas
(one for the transmitters and the other for the receivers). The
received scattered field from each antenna pair is numerically
weighted with a focusing operator in order to be focused
on a unique point in the reconstruction grid. The focusing
operator restores the module and phase changes suffered by
a wave on its way to and/or from every image point. For
each image point, the coherent summation of all the scattering
focused fields from all antenna combinations results in a large
intensity value if the actual point is the origin of the scattering
(polyp). If not, the summation results in a small value, and this
contribution can be considered noise. Note that we assumed
that the z-coordinates of the transmitting and receiving rings
of antennas are the same; thus, their positions are denoted as
ErT = (xT , yT ) and ErR = (xR, yR), respectively.

IBzi (Er) =

∣∣∣∣∣∣
(j+1)Na∑

k=(j−1)Na

Na∑
j=1

Es(ErTj , ErRk , zi)

k2H2
0 (k

∣∣ErTj − Er∣∣)H2
0 (k

∣∣ErRk − Er∣∣)
∣∣∣∣∣∣

(4)

IMMzi (Er) =

∣∣∣∣∣∣
(j+1)Na∑

k=(j−1)Na

Na∑
j=1

E2
s
(
ErTj , ErRk , zi

)
J21

×
(
k
∣∣ErRk − Er∣∣) ej2(k∣∣ErRk−Er∣∣+ϕ)

∣∣∣∣∣∣ (5)

where k = 2π f is the wavenumber and ϕ is the angle between
the transmitting and receiving antennas.

3) THRESHOLDING
For each reconstructed image frame, Izi (Er), the thresholding
method compares the maximum of the current reconstruction
with the average maximum of the previous reconstructed
images that have been classified as healthy, Izh,j (Er). If the
quotient of those values is higher than the detection threshold,
then the current frame is labeled as containing a polyp (6).

Otherwise, the current frame is labeled as healthy and is
added to the average of the healthy maximums. The first
frame is always considered as healthy. For the frames labeled
as containing a polyp, the system will generate an alarm.

max
{
Izi (Er)

}/ Nh∑
j=1

1
Nh

max
{
Izh,j (Er)

}
> threshold (6)

Finally, the overall performance of the system to detect
polyps in all trajectories is evaluated using the sensitivity and
specificity. The sensitivity, also called the true positive (TP)
rate, measures the percentage of cases having a polyp
that are correctly diagnosed as having the lesion. A false
negative (FN) occurs when a negative result is reported to
a trajectory that does have a polyp. The specificity, also
called the true negative (TN) rate, measures the percentage of
healthy cases that are correctly identified as not having any
polyp. A false positive (FP) is reported when the test wrongly
indicates that a polyp is present. The values of sensitivity
and specificity are related to the TP, FP, TN, and FN values
through the following equations:

sensitivity =
TP

TP+ FN
(7)

specificity =
TN

TN + FP
(8)

V. RESULTS
We measured and reconstructed the eight trajectories
described in Table 3 using the different calibration methods.
As an example, Fig. 7 shows the evolution of the normalized
maximum amplitude of the reconstructed image registered
in each step of the trajectory. The trajectories analyzed in
Fig. 7 correspond to Trajectory 1 and Trajectory 7, where the
polyp is between frames [44, 47] and [41, 44], respectively.
The raw measured transmission coefficients for each antenna
combination were calibrated using three different strategies:
Average Total subtraction, Hop and N Average Temporal
subtraction and Healthy Average Temporal subtraction.
These will now be referred to as AT, HNAT and HAT,
respectively. The first two strategies intend to emulate the
results of the HAT, which is an ideal and non-realistic
calibration. For each calibration strategy, the image was
created using both Bifocusing and Modified Monofocusing
focusing algorithms. The movement along the y-axis of the
device, or the distance to the polyp, has also been included
in the plots to analyze the relation between the device’s
displacement and the reconstruction. Vertical continuous
orange lines indicate the limits of colon haustrum, and
vertical continuous red lines indicate the limits of the polyp.

The maximum reconstructed amplitude represented
in Fig. 7 has been normalized between 0 and 1, using the
maximum amplitude of each calibration set, in order to enable
a better comparison between the different methods and tra-
jectories. It is possible to appreciate that the evolution of the
maximum registered along the trajectory reveals an identical
tendency for the three different calibration strategies and for
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FIGURE 7. Evolution of the normalized maximum reconstructed
amplitude for different calibrations: a) Trajectory 1 using Modified
Monofocusing; b) Trajectory 1 using Bifocusing; c) Trajectory 7 using
Modified Monofocusing; and d) Trajectory 7 using Bifocusing algorithm.

the two focusing algorithms, i.e., Modified Monofocusing
and Bifocusing. Indeed, the absolute maximum of all the
traces displayed in Fig. 7 corresponds to the position of
the polyp. Local maximums are also observed when the
trajectory approaches the colon walls. Haustrum does not
seem to produce any effect on the reconstructed results.

Concerning the calibration strategies, both AT and HNAT
offer a similar performance to HAT. In the case of the HNAT
strategy, the number of averaged frames (N ) is set to 15, and
two different sizes of the backwards leap (H ) are analyzed.
On one hand, H has been assigned a value of 3 since polyp
diameter is always 10 mm; therefore, there are only 4 frames
in which the polyp is inside the detection zone of the device.
Hence, if we want to avoid including information from the
polyp in the calibration set, it is necessary to omit the 3
previous frames to the frame that is actually reconstructed.
Likewise, the case of H = 0 has also been analyzed
to assess whether a sufficiently large number of averaged
frames (N ) could minimize the effect of the polyps during
the calibration, thereby emulating the principle of the AT
strategy. Fig. 8 includes the results obtained when calibrating
with different N values and H=0. As shown in Fig. 8, the
larger N is, the less sensitive the calibration is to noise
and therefore the more robust it is. Additionally, in the

FIGURE 8. Evolution of the normalized maximum reconstructed
amplitude for HNAT calibration using different N and H parameters:
a) Trajectory 1 using Modified Monofocusing; b) Trajectory 1 using
Bifocusing; c) Trajectory 7 using Modified Monofocusing; and d)
Trajectory 7 using Bifocusing algorithm.

frames where the polyp is detected, a larger N minimizes
the contribution of the polyp in the average used to calibrate,
allowing a more similar detection to the one observed with
the AT strategy.

Regarding the focusing method, as shown in Fig. 7, the
difference in amplitude between the frames that correspond
to a healthy colon and those where the polyp is inside
the detection zone of the device is higher when Modified
Monofocusing algorithm is used, allowing an easier detection
of the polyp using a threshold without false positives.
Fig. 9 shows the cross-sectional reconstructed images using
AT calibration and Modified Monofocusing and Bifocusing
algorithms in the frame corresponding to the absolute
maximum in Fig. 7; that is, the position of the polyp.
The magnitude represented is the normalized reconstructed
dielectric contrast profile at 7.6 GHz represented on a
logarithmic scale between 0 and 1. The blue circle in the
middle of the plots indicates the position of the device, and
the red dots indicate the position of each antenna. As shown
in Fig. 9, both algorithms are able to detect and locate the
polyp, showing higher intensities in the position of the polyp.
The Modified Monofocusing algorithm can obtain punctual
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FIGURE 9. Cross-sectional reconstruction of the normalized dielectric
contrast corresponding to Trajectories 1 and 7 for the frame that contains
the absolute maximum amplitude of the trajectory (polyp) and a healthy
frame using Bifocusing (B) and Modified Monofocusing (MM). The
calibration was performed with the AT strategy.

FIGURE 10. Normalized maximum reconstructed amplitude of each
patient and frame for healthy mucosa and for polyps using Modified
Monofocusing and HNAT. The detection threshold is represented as a
green line.

detection, while Bifocusing does not obtain discrimination in
the range direction.

Finally, we assess the performance of the complete
detection algorithm. Seeing the previous results, we selected
ModifiedMonofocusing as the focusing algorithm andHNAT
as the calibration method. The values of N and H were
selected depending on the characteristics of each trajectory.
Fig. 10 shows a boxplot that represents the normalized
maximum reconstructed amplitude of each patient and frame
for healthy mucosa and for polyps. The blue box includes
the values within the 25th and 75th percentiles and the red
line is the median. The detection threshold is represented as a
horizontal green line. All the values above the threshold were
classified as lesions and those below as healthy mucosa. The
detection thresholds were defined to optimize the specificity
and sensitivity to detect polyps from healthy mucosa. True
detection is considered when the maximum amplitude of a
frame is higher than the threshold in at least one frame, and
this frame is within the range of frames where the polyp
is in front of any antenna. The results show that Modified
Monofocusing combined with HNAT provides a perfect
detection, fixing the threshold to 3 without false positives or
false negatives. This means a specificity and sensitivity equal
to 100% and ensures that no polyps are missed.

VI. DISCUSSION AND CONCLUSION
We evaluated a novel microwave-based device and used
the IDEAL model to drive this innovation. In this paper,
we reported on the process of conceptualization and
preparation before its implementation in patients. The
IDEAL Framework and Recommendations [27] represent a
new paradigm for evaluating surgical operations, invasive
medical devices and other complex therapeutic interven-
tions. A miniaturized acquisition system for a microwave
colonoscopy system to detect colorectal polyps with an alarm
was presented in this paper. The acquisition device was
designed as a switched cylindrical array of 16 antennas
organized in two rings of eight antennas, each containing the
transmitters and the receivers. The device was encapsulated
and attached at the tip of a bar simulating a colonoscope.
The antennas were switched in pairs following a predefined
sequence, and the S-parameters were measured to obtain
a measured frame. This process was repeated a number
of steps to form a trajectory. A vector network analyzer,
a microcontroller and a laptop were used for data acquisition
and signal processing.

The system was designed to be compatible with
colonoscopy and produce minimal changes into current
clinical practice. First, concerning size restrictions, the final
dimensions of the acquisition device are 30 mm in length
by 20 mm in diameter, with a total thickness of 3 mm. The
dimensions and shape of the device ensure non-obstruction
of the front tip of the colonoscope, avoids injuring the patient
or hindering the maneuverability of the colonoscope. Similar
accessories in shape and size are available on the market,
and in the future the accessory could be integrated into
the colonoscope tube. The antenna elements show typical
electrically small antenna performance, characterized by a
narrow bandwidth of 60 MHz (0.8% fractional bandwidth)
and an omnidirectional radiation pattern. An omnidirectional
radiation pattern is suitable for this case, where we want to
ensure a 360◦ coverage of the colon wall. Mutual coupling
between adjacent antennas has been minimized to −13 dB
using cavity-backed antenna design.

The system is verified with a colon phantom that simulates
realistic colonoscopy exploration. The phantom models a
section of a colon, including the haustrum and allows
placement of different polyps. The phantom is composed of
gelatin-oil based materials to mimic the dielectric properties
of colon healthy mucosa and polyps with high-grade dys-
plasia. Once manufactured, the tissue-mimicking materials
were measured with a coaxial probe, achieving dielectric
properties very similar to those of real human tissues, with
relative permittivities of 41 and 46 and conductivities of 9 S/m
and 9.8 S/m, respectively.

The acquired data are processed with a 3-step algorithm
that generates an alarm when a polyp is detected. In the
first step, the scattering fields are estimated by using three
different calibration methods. This is a crucial step to remove
the spatial-temporal uncertainty on the reception of the
scattered fields due to the unknown and changing distance
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from the acquisition device and the colon wall. Next, two
focusing methods are compared to obtain a cross-sectional
image of each step, and finally a detector based on a threshold
is used to generate the alarm.

Regarding the calibration, the most important challenge
is to differentiate the effect of the device and the colon
movements from the effect of the presence of the polyp, since
both produce changes in the measured scattered field. This
can be observed if we compare the results of Trajectory 1 and
Trajectory 7 in Fig. 7. Trajectory 7 shows a smaller difference
between the absolute and local maximums, suggesting that
the main undesired effect that the calibration must face is
device movement. This effect is evident in frames 15 to 22
of Trajectory 2; in this region, the accessory moves along the
y-axis toward the colon wall. Thus, the device movement is
not completely corrected with any calibration; however, the
correction obtained is sufficient to achieve perfect detection
of polyps in the studied cases. AT and HNAT offer a similar
performance to HAT. Hence these two strategies can be used
to simulate the HAT, which although it is the ideal calibration,
it is unrealistic since it depends on prior knowledge of healthy
frames, which is knowledge that is not available in a clinical
scenario. AT offers similar results to HAT if the percentage
of frames with polyp vs. healthy frames is less than 10%.
HNAT seems to be the most suitable calibration in a real
case, even though the first N +H frames cannot be calibrated
nor analyzed. Moreover, the selection of N values is a key,
as the larger N is, the better the results, but the greater the
calibrated detection is delayed. In this paper, the selection of
these values was performed manually; however, in a realistic
scenario it must be done automatically. To do so, more
trajectories in phantoms of different shapes will be studied.

Regarding the focusing method, Modified Monofocusing
presents better results while avoiding false positives in
regions with large movements. Moreover, Modified Mono-
focusing presents focused detection with fewer artifacts,
whereas Bifocusing is only able to focus on an angular
section. The main reason for this lack of range resolution
is the narrow frequency band of the antennas. However, this
is not a problem for our system since the output is only an
alarm. According to the opinion of more than 30 doctors
with whom we have collaborated, it is not necessary for
our device to provide additional information, for example,
the angular position of the polyp, since it could distract the
doctor’s attention during colonoscopy. The unusual imaging
configuration in which the antennas are surrounded by
the imaging region (colon) causes there to be no direct
vision between half of the array antennas and the focusing
point since the signal cannot pass through the device. For
this reason, focusing based on re-establishing the effect
produced in the fields due to the distance between an
image point and the transmitting and receiving antennas
is wrong for these antenna combinations. This effect has
been reduced by only including the three closest receiving
antennas for each transmitter in the reconstruction. The
residual error produced by this effect is translated into

artifacts in the reconstructed image, especially appearingwith
the Bifocusing method. Moreover, due to the narrowband
behavior of the antennas, we cannot benefit from a frequency
averaging, which is commonly used to cancel the frequency
selective artifacts [28].

Finally, it has been observed that it is possible to define
a fixed threshold that would enable perfect detection of the
polyp in all of the studied trajectories. Notwithstanding,
more trajectories must be tested, and more sophisticated
thresholding methods will be designed to make the threshold
more robust.

Eight different trajectories were measured to assess
different detection challenges of this application:

1) The phantom includes six folds to study the effect
of colon folds. We have shown that the folds do not
produce false positives in any of the trajectories made
with this phantom.

2) Two polyp positions were considered: Polyp 2 was in
between colon folds, and Polyp 3 was just behind a
fold. A polyp behind a fold is difficult to detect with
conventional colonoscopy because the camera only has
frontal vision. We demonstrated with Trajectory 4 that
a polyp behind a fold can be detected.

3) The movement of the colonoscope, and hence the
unknown distance between the antenna and the colon,
was studied with Trajectory 7. We demonstrated that
the developed calibration is able to reduce this effect to
allow detection.

4) Repeatability. Three uniform and centered trajectories
(4, 5, 6) were performed, and we obtained very similar
results.

5) Attenuation. We studied the capacity to detect polyps
at different distances with Trajectories 1, 2, and 3.
In Trajectory 8, we included 16 dB attenuators between
the VNA ports and the coaxial cable. Therefore, with a
total additional attenuation of 32 dB detection is still
possible. The reason to do so is to simulate the losses
expected for the 2 m coaxial cables that will be used in
the final system.

The main limitation of this study is that the phantom
does not include angulations. The ability to detect polyps of
different sizes and shapes (sessile and flat) has also not been
studied. Therefore, further studies with a colon lumen model
extracted from patient computed tomography colonography
will be manufactured, measured and reconstructed in future
experiments.

In summary, this study demonstrated for the first time the
use of a microwave-based device to be used as an accessory
of a standard colonoscope to detect polyps in a phantom.
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