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Background: Robotic surgery has gained wide acceptance due to minimizing trauma in patients.
However, the lack of tactile feedback is an essential limiting factor for the further expansion. In
robotic surgery, feedback related to touch is currently kinesthetic, and it is mainly aimed at the
minimization of force applied to tissues and organs. Design and implementation of diagnostic
tactile feedback is still an open problem. We hypothesized that a sufficient tactile feedback in
robot-assisted surgery can be provided by utilization of Medical Tactile Endosurgical Complex
(MTEC), which is a novel specialized tool that is already commercially available in the Rus-
sian Federation. MTEC allows registration of tactile images by a mechanoreceptor, real-time
visualization of these images, and reproduction of images via a tactile display.

Materials and methods: Nine elective surgeries were performed with da Vinci™ robotic sys-
tem. An assistant performed tactile examination through an additional port under the guidance of
a surgeon during revision of tissues. The operating surgeon sensed registered tactile data using a
tactile display, and the assistant inspected the visualization of tactile data. First, surgeries where
lesion boundaries were visually detectable were performed. The goal was to promote cooperation
between the surgeon and the assistant and to train them in perception of the tactile feedback.
Then, instrumental tactile diagnostics was utilized in case of visually undetectable boundaries.

Results: In robot-assisted surgeries where lesion boundaries were not visually detectable,
instrumental tactile diagnostics performed using MTEC provided valid identification and
localization of lesions. The results of instrumental tactile diagnostics were concordant with
the results of intraoperative ultrasound examination. However, in certain cases, for example,
thoracoscopy, ultrasound examination is inapplicable, while MTEC-based tactile diagnostics
can be efficiently utilized.

Conclusion: The study proved that MTEC can be efficiently used in robot-assisted surgery
allowing correct localization of visually undetectable lesions and visually undetectable boundar-
ies of pathological changes of tissues.

Keywords: tactile feedback, instrumental palpation, Medical Tactile Endosurgical Complex,
tactile lesion localization

Introduction

Palpation helps to identify and localize pathological changes of tissues during open sur-
geries. The introduction of minimally invasive endoscopic surgery almost 30 years ago
led to substitution of a tactile feedback by a kinesthetic feedback. A kinesthetic feedback
is transmitted through instruments and related to force and positions of muscles and
joints, while a tactile (or cutaneous) feedback is sensed by hands (in particular, fingers)
and related to skin.
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Widely developing robot-assisted surgery currently lacks
feedback related to touch. Increased freedom of manipula-
tion, access to tight spaces, and stereoscopic displays are the
benefits which promote the continuous growth of the seg-
ment of robot-assisted surgery.' However, the lack of tactile
feedback is an essential limiting factor for the expansion of
this segment.*® Certain studies were performed aimed at
the improvement of force feedback in minimally invasive or
robotic surgeries.”® However, the problem of tactile feedback
was not adequately studied: the results were either prelimi-
nary from the viewpoint of clinical applications’'? or not
focused on surgery.’>!* At the same time, tactile feedback
is essential for control of tissue interaction'® and cannot be
completely substituted by visual or audio feedback.'®!”

In robot-assisted surgery, feedback related to touch is cur-
rently kinesthetic, and assessment in most research is based
on force applied to tissues and organs.'® Recent studies in this
field showed that kinesthetic feedback provides a decrease
of grasping force, which leads to lower tissue damage."
However, design and implementation of diagnostic tactile
feedback is still an open problem.

We hypothesized that a sufficient tactile feedback in
robot-assisted surgery can be provided by utilization of Medi-
cal Tactile Endosurgical Complex (MTEC), which is a novel
specialized tool that is already commercially available in the
Russian Federation.?? MTEC allows registration of tactile
images by a mechanoreceptor, real-time visualization of
these images, and reproduction of images via a tactile display.

Previously, MTEC was successfully utilized in traditional
endoscopic surgeries,?! but its applicability in a framework
of robotic surgery remained unstudied. Our study showed
that after a short training, one can correctly localize visually
undetectable pathological changes using MTEC.

Materials and methods
MTEC

MTEC consists of a tactile mechanoreceptor (Figure 1A),
a tactile display (Figure 1C), and a computer. An operating
head of a tactile mechanoreceptor (Figure 1B) contains seven
pressure sensors which perform registration and wirelessly
transmit data 100 times per second. A computer receives
registered values, performs scaling, online visualization, and
additional processing, and transmits data to a tactile display.
Tactile display dynamically reproduces tactile data in real
time; the data can be read simply by a finger.

Sensors of a tactile mechanoreceptor provide pressure
measurements with resolution of an order of 10 Pa per least
significant digit, and error/noise magnitude of an order of

Figure | Medical tactile endosurgical complex. (A) A tactile mechanoreceptor (general
view). (B) An operating head of a tactile mechanoreceptor. (C) A tactile display.

100 Pa. A membrane that separates sensors and the examined
surface leads to a reduction of measurement resolution by one
order of magnitude. However, this reduction and this error/
noise magnitude are acceptable, as tactile reproduction and
visualization utilize a discretization with just 256 levels. This
number of levels is completely sufficient for perception. The
lowest discretization level corresponds to zero pressure (ie, no
contact with an examined surface), and the highest level cor-
responds to pressures equal to or exceeding P__ . The value of
P canbe adjusted according to the stiffness of an examined
tissue, but its typical values have an order of 30 kPa.

Visualization of a tactile frame is based on a linear
conversion of a discretized pressure level into a color code
in a standard green—blue—red color scale where green cor-
responds to zero pressure, blue corresponds to medium pres-
sure values, and red corresponds to high pressure values in
comparison with P (Figure 2G). Processing of registered
tactile data includes analysis aimed at automated detection
of heterogeneities.?

MTEC-based tactile examination of an area is performed
by sequential rectilinear presses aimed at detection of a lesion
boundary. After a boundary segment is detected, further
examination is focused on the complete localization of the
boundary and thus localization of a lesion. As the diameter of
an operating head of a mechanoreceptor is 1 cm, the precision
of the localization has an order of 5 mm. Pressing force is
applied and controlled manually by an operator (in case of
robot-assisted surgery, by an assistant).

Boundary detection and localization are performed based
on the tactile reproduction and visualization of registered
tactile images. A press on a homogeneous area results in
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Figure 2 Visualization of tactile frames. (A—C) Tactile frames registered during one press on a homogeneous sample; pressing force grows from (A) to (C). (D-F) Tactile
frames registered during one press on a boundary; pressing force grows from (D) to (F). (G) A color scale used for color coding of discretized pressure levels. Each box
of a frame is associated with one pressure sensor and contains color-coded value of current pressure and a curve representing previous measurements (measurement
remoteness is plotted along the vertical axis, and horizontal axis gives a corresponding discretized pressure level).

Figure 3 Tactile identification and localization of a visually undetectable lesion
during a pancreas resection: simultaneously registered intraoperative video frames
and tactile frames. (A) A press on a homogeneous area. (B) A press on the lesion
boundary.

homogeneous tactile frames (Figures 2A—C and 3A), while
a press on a boundary results in highly contrasting tactile
frames (Figures 2D-F and 3B).

MTEC utilization in robot-assisted surgery
During the surgeries, an assistant performed tactile exami-
nation through an additional port under the guidance of a
surgeon. The examination was performed at the tissue revi-
sion stage. The operating surgeon sensed registered tactile
data using a tactile display (Figure 4A), and the assistant
inspected the visualization of tactile data (Figure 4B). All

Figure 4 MTEC utilization during a robot-assisted surgery. (A) A surgeon sensing
registered tactile data using a tactile display. (B) Intraoperative real-time visualization
of registered tactile data.

surgeries were comprehensively registered. In particular,
video, audio, and tactile data were recorded.

Patients and surgeries
The applicability of MTEC in robot-assisted surgery was
tested from January 2015 to December 2015 in Moscow
Clinical Hospital 31 (Russian Federation). The study was
approved by the Ethics Committee of Clinical Hospital 31.
Nine elective surgeries were performed with da Vinci™
robotic system (Intuitive Surgical, Sunnyvale, CA, USA):
two gastrectomies, two stomach resections, two resections of
pancreas, two prostatectomies, and one right hemicolectomy.
Patients’ ages were from 30 to 76 years with an average of
55 years. Patients (six males and three females) signed an
informed consent form before surgery which included having
their depersonalized data used for medical scientific study/
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research and described/presented in any medical scientific/
research paper.

First, surgeries where lesion boundaries were visually
detectable were performed. Then, instrumental tactile diag-
nostics was used in case of visually undetectable boundaries.

In case of resection of pancreas, hemicolectomy and
one stomach resection, tactile examination performed using
MTEC was followed by an intraoperative ultrasound exami-
nation performed with Flex Focus Ultrasound Machine (BK
Medical, Herlev, Denmark).

Results

MTEC was first tested on visually identifiable lesions of
stomach and intestine (five cases). The goal of this stage was
to confirm the protocol of tactile examination, to develop
cooperation between the surgeon and the assistant, and
to train them in perception of the tactile feedback. Then,
instrumental tactile diagnostics was used in case of visually
undetectable boundaries of pathological changes.

Cases with visually detectable lesion

boundaries (training)

Five surgeries were performed at the training stage,
namely two gastrectomies, two stomach resections, and
a right hemicolectomy. The cases included three stomach
adenocarcinomas, one ascending colon adenocarcinoma, and
one gastrointestinal stromal tumor (GIST).

Instrumental tactile examination was performed start-
ing from the proximal end of a lesion toward the boundary.
After the boundary was reached, instrumental palpation was
performed clockwise until the complete localization of the
lesion was achieved. The surgeon received training in inter-
pretation of tactile data read via a tactile display. In particular,
he trained in boundaries identification based on these data.
The assistant trained in perception of visualization of tactile
data and force applied to the instrument during examination.

In case of GIST boundaries, identification based on
instrumental tactile diagnostics was less apparent in com-
parison with the other cases. This result was concordant
with the results of direct palpation by fingers of a surgically
removed material.

Cases with visually undetectable lesion
boundaries

After the training stage was completed, the instrumental
tactile diagnostics was applied in cases of visually undetect-
able lesion boundaries. Four surgeries were performed: two
prostatectomies and two resections of pancreas.

During tactile examination of the prostate, the whole
gland was palpated along with adjacent tissues. In one case,
more solid regions were detected in the left lobe and in the
right lobe, which corresponded to adenocarcinoma of the left
and right lobes of the prostate gland. In the other case, the
lesion boundary could not be localized explicitly, but a more
solid region was identified in the right lobe. The histological
examination revealed micro-acinar carcinoma of the right
lobe of the prostate.

During pancreas resection, instrumental tactile diagnostics
was followed by an intraoperative ultrasound examination. In
the first case (Figure 3), the instrumental tactile diagnostics
revealed that pancreas was indurated along the entire length,
with the most pronounced induration in the projection of the
pancreas body, where a more solid region with a diameter of
approximately 2 cm was detected and localized. Instrumental
palpation of parapancreatic fiber revealed no pathological
changes. The intraoperative ultrasound examination identified
a lesion of size up to 27 mm with clear irregular boundaries in
the body of the pancreas. The echotexture in the lesion region
was evidently different from the echotexture of parenchyma of
pancreas head and tail: it was heterogeneous, with a significant
interlobular fibrosis. The histological examination revealed
acinar cell carcinoma of the pancreas.

In the second case, the pancreas had a uniformly increased
thickness along the entire length. The lesion boundaries
could not be detected by instrumental tactile examination.
The echotexture of the parenchyma was heterogeneous with
multiple mixed hyperechoic and hypoechoic foci. The head
and the body of the pancreas were incrementally removed.
An urgent histological examination revealed pathological
changes in the resected border, and hence, taking into con-
sideration the results of intraoperative tactile and ultrasound
diagnostics, duodenopancreatectomy was performed. The
histological examination revealed intraductal papillary
mucinous neoplasm with high-grade dysplasia.

Thus, in robot-assisted surgeries where lesion boundaries
were not visually detectable, instrumental tactile diagnostics
performed using MTEC allowed valid identification and
localization of lesions. The results of instrumental tactile
diagnostics were concordant with the results of intraoperative
ultrasound examination.

Discussion

Tactile properties of abnormal tissues are essentially dif-
ferent from tactile properties of adjacent healthy tissues.
In particular, elastic modulus of tumors is an order of mag-
nitude higher than elastic modulus of healthy tissues.?*?*
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Thus, tactile examination is a natural and efficient method
for identification and localization of pathological changes.

Instrumental registration and automated analysis of tac-
tile images allow better diagnostics even if standard manual
palpation is possible. For example, tactile examination
of patients with a complaint of a breast mass resulted in
sensitivity and specificity of identifying a dominant mass
both equal to 88% when instrumental tactile imaging tech-
nology was utilized, while for standard physical palpations,
both values were 81%.%

In endoscopic surgery, including robot-assisted surgery,
instrumental tactile palpation is not a potential alternative or
a supplement to a manual palpation, but it is the only way
to perform tactile examination of tissues. To the best of our
knowledge, despite a number of reports on perspective tech-
nologies,”'>!*2 MTEC is currently the only commercially
available medical device for intraoperative registration of
tactile images. A previous study showed that for a simple
testing stand, MTEC allowed correct localization of 95%
of small heterogeneities (95% confidence interval for the
correct detection rate: [0.83, 0.99]).22 The experiment used a
mechanoreceptor with 19 pressure sensors and an operating
head with a diameter of 2 cm. The result was concordant with
the result of MTEC utilization in detection of pulmonary
lesions during thoracoscopy where detection rate was 0.81
(95% confidence interval: [0.62, 0.94]).2! At the same time, for
conventional instrumental palpation by lung forceps, detec-
tion rate was only 0.37. Thus, for 71% of lesions impalpable
by lung forceps, MTEC allowed correct lesion detection and
prevented conversion during surgery. The difference between
efficiency of tactile examination by MTEC and by conven-
tional lung forceps is statistically significant with a P-value
0of 0.0015 (McNemar’s test). The latter study was performed
using mechanoreceptors with seven pressure sensors and an
operating head with a diameter of 1 cm, that is, the type that
was utilized in the described robot-assisted surgeries.

Our present study proves that MTEC tactile examination
is also efficient in a framework of robot-assisted surgery.
It provided correct results in all the cases, including four
cases of visually undetectable lesion boundaries. The results
of MTEC tactile examination were concordant with the
results of intraoperative ultrasound examination, which is
known to be a highly efficient method for detection of small
lesions in abdomen. However, in certain cases, for example,
thoracoscopy, ultrasound examination is inapplicable, while
MTEC-based tactile diagnostics can be efficiently utilized.

The further development of MTEC which can essentially
improve its usability is a design of a flexible tip with a larger

area in comparison with the current operating head and hence
with a larger number of pressure sensors. In particular, this
design would speed up tactile examination and simplify
the examination of tissues with a limited rectilinear access.
The current version of a tactile mechanoreceptor is hardly
applicable for such tissues. This design would also increase
the feasibility of nontrivial automated analysis of tactile
images including pattern recognition. Seven sensors allow
a reliable identification and localization of boundaries but
are not sufficient for a comprehensive automated analysis
of registered tactile images.

Conclusion

Our study proved that MTEC can be efficiently used in robot-
assisted surgery allowing correct localization of visually
undetectable lesions and visually undetectable boundaries
of pathological changes of tissues.
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