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Abstract
Introduction This was a prospective, first-in-human trial to evaluate the feasibility and safety of insertion of biopsy introducer
needles with our robot during CT fluoroscopy–guided biopsy in humans.
Materials and methods Eligible patients were adults with a lesion ≥ 10 mm in an extremity or the trunk requiring pathological
diagnosis with CT fluoroscopy–guided biopsy. Patients in whom at-risk structures were located within 10 mm of the scheduled
needle tract were excluded. Ten patients (4 females and 6 males; mean [range] age, 72 [52–87] years) with lesions (mean [range]
maximum diameter, 28 [14–52] mm) in the kidney (n = 4), lung (n = 3), mediastinum (n = 1), adrenal gland (n = 1), and muscle
(n = 1) were enrolled. The biopsy procedure involved robotic insertion of a biopsy introducer needle followed by manual
acquisition of specimens using a biopsy needle. The patients were followed up for 14 days. Feasibility was defined as the
distance of ≤ 10 mm between needle tip after insertion and the nearest lesion edge on the CT fluoroscopic images. The safety
of robotic insertion was evaluated on the basis of machine-related troubles and adverse events according to the Clavien-Dindo
classification.
Results Robotic insertion of the introducer needle was feasible in all patients, enabling pathological diagnosis. There was no
machine-related trouble. A total of 11 adverse events occurred in 8 patients, including 10 grade I events and 1 grade IIIa event.
Conclusion Insertion of biopsy introducer needles with our robot was feasible at several locations in the human body.
Key Points
• Insertion of biopsy introducer needles with our robot during CT fluoroscopy–guided biopsy was feasible at several locations in
the human body.
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The results of the present study were presented at the 78th Annual
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Abbreviations
CT Computed tomography
DOF Degrees of freedom
SD Standard deviation

Introduction

Computed tomography (CT)–guided needle biopsy is an
established method for pathologic diagnosis of lesions at var-
ious anatomic locations. Conventional CT systems are typi-
cally used as an imaging guide for needle insertion.With these
systems, however, the physicians must rely on a technician for
CT scanning, and visualization of the CT images requires
time. CT fluoroscopy may allow for CT scanning by the phy-
sicians and provide almost real-time imaging display [1],
thereby significantly reducing the procedure duration [2–6].
However, a major disadvantage of CT fluoroscopy is the pos-
sibility of radiation exposure to the physicians who are close
to the CT gantry [7–11]. To address this issue, we have been
developing a remote-controlled robot that enables needle in-
sertion under CT guidance since January 2012. Although
some robots for CT-guided intervention including Maxio
(Perfint healthcare) [12], Innomotion (Innomedic) [13], and
iSYS (iSYSMedizintechnik) [14] have already been commer-
cialized, their task is confined to needle-guiding. That is, the
robot can position and orient a needle holder on the basis of
preprocedural CT images, but needle insertion must still be
done manually through the holder by a physician. Thus, a
disadvantage of those robots may be the difficulty of adjusting
needle orientation to compensate for needle deviation and
target movement that may occur during insertion.

A phantom study [15] showed that insertion of biopsy in-
troducer needles with our robot under CT fluoroscopy guid-
ance prevented radiation exposure to the physician, and the
accuracy of robotic needle insertion was equivalent to that
performed manually. Subsequent animal experiments showed
that robotic insertion of biopsy introducer needles was safe
and accurate in several in vivo anatomic locations [15]. In
addition to prevention of radiation exposure to the physician,
the ability to define exact angle and depth of the needle using
our robot may be an advantage over manual needle insertion.
Those results of the previous study encouraged us to conduct a
first clinical trial. The purpose of the present study was to
evaluate the feasibility and safety of robotic insertion of biop-
sy introducer needles during CT fluoroscopy–guided needle
biopsy in humans.

Materials and methods

This was a single-center, single-arm, open-label, prospective,
first-in-human, feasibility trial that was approved by the

institutional review board. All patients provided written in-
formed consent. The trial was registered on the University
Hospital Medical Information Network (UMIN000030018)
and Japan Registry of Clinical Trials (jRCTs062180001).

Study endpoints, eligibility criteria, and study
population

The primary and secondary endpoints were the feasibility and
safety, respectively, of robotic insertion of the biopsy intro-
ducer needle. Eligibility criteria are shown in Table 1. The
recruitment goal was 10 patients; this number was not based
on statistical evidence because of the exploratory nature of the
trial. Then, 10 patients (4 females and 6 males; mean age,
72 years; age range, 52–87 years) were enrolled between
June and October 2018. The characteristics of the patients
and lesions are summarized in Table 2. Target lesions were
located in the kidney (n = 4), lung (n = 3), mediastinum (n =
1), adrenal gland (n = 1), and muscle (n = 1). The mean max-
imum diameter of the lesions was 28 mm (range, 14–52 mm).
The schedules for subject enrollment, procedure, and assess-
ments are summarized in Table E1. This study involved an
interim evaluation, in-house monitoring, and audit.

Table 1 Eligibility criteria

Inclusion criteria

1) Requirement for a pathologic diagnosis of a lesion in an extremity or
the trunk (e.g., a lung, renal, liver, or soft tissue mass) using
CT-guided biopsy

2) A platelet count ≥ 30,000/mm3

3) An international normalized ratio < 1.5

4) Age 20 years or older

5) Ability to provide written informed consent

6) A lesion ≥ 10 mm in largest diameter

7) A scheduled needle tract < 11 cm in length

Exclusion criteria

1) Inability to limit body motion or impaired breath-holding ability

2) At-risk structures (e.g., the heart, great vessels, gastrointestinal tract,
or pancreas) within 10 mm of the scheduled needle tract

3) Antiplatelet or anticoagulant therapy that cannot be withheld for the
procedure

4) Inability to undergo anesthesia

5) A lesion located in the head and neck, central nervous system, spinal
cord, heart, great vessels, or gastrointestinal tract

6) A scheduled needle tract that passes through bone

7) Another scheduled biopsy for the lesion

8) Invasive therapy, such as chemotherapy, radiation, and/or surgery, is
scheduled for treatment of the lesion during the study period

9) Treatment for a psychiatric disorder

10) Pregnancy

11) Unsuitability for inclusion in the trial for any other reason in the
opinion of the investigators (e.g., low compliance)
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Robotic system

Details regarding our robotic system (Zerobot; Medicalnet
Okayama) (Fig. 1) have been described elsewhere [15–17].
Briefly, the system aims to make a floor-mounted robot hold,
position, orient, and insert a needle under CT guidance while a
physician remotely operates the interface comprising a con-
troller and a touch panel, thereby avoiding radiation exposure.
The robot may be manipulated by either button operation of
the controller or numerical inputs on software displayed on the
touch panel.With the former technique, the robot moves while
the buttons of the controller are manually pressed, whereas
with the latter technique, the robot moves to a certain place
semi-automatically after numerical inputs. However, in this
study, the robot was manipulated only by button operation
of the controller.

Biopsy procedure

The biopsy procedure was performed under conscious seda-
tion in an inpatient setting. A commercially available coaxial
biopsy needle system consisting of a biopsy introducer needle
(TSK guide needle; TSK Laboratory) and a semiautomatic
cutting biopsy needle (STAR CUT; TSK Laboratory) was
used. A 19-gauge introducer needle was used for lung biopsy,
while a 17-gauge one was used for biopsy in other locations.
A sliding-gantry CT scanner (Aquilion 64; Cannon Medical
Systems) was used as the imaging modality. The biopsy pro-
cedure involved robotic insertion of the biopsy introducer
needle toward the lesion (i.e., robotic procedure), followed
by manual acquisition of specimens using the biopsy needle
(i.e., manual procedure).

The robot was physically placed on the CT table in an
appropriate position. The patient was scanned by CT for

planning needle insertion. A needle tract was determined on
an axial CT image; the length and angle of the tract were
measured at a CT console. Then, the skin entry point was
marked on the patient. Local anesthesia was manually admin-
istered at the entry point.

A photograph taken during the robotic procedure is shown
in Fig. 2. The same physician (T.H., who had 23 years of

Table 2 Characteristics of the
patients and lesions Case no. Patient Lesion

Age (year) Sex Location Maximum diameter (mm)

1 62 F Kidney 30

2 87 F Lung 26

3 56 M Psoas muscle 32

4 80 M Kidney 28

5 74 M Kidney 19

6 52 F Lung 14

7 82 F Lung 27

8 82 M Anterior mediastinum 52

9 82 M Kidney 20

10 59 M Adrenal gland 28

Mean (SD) 72 (12) 28 (10)

Median 77 28

SD, standard deviation

Fig. 1 The robot consists of a manipulator on a base. The manipulator
includes a robotic arm (large arrowhead), to the end of which a needle
(small arrow) and its holder (small arrowhead) are attached. The needle
may be inserted by the arm’s sliding with the linear guide mechanism
(large arrow)
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experience in CT-guided intervention and has been involved
in the development of the robot for 6 years) operated the robot
in all cases. The physician wore an electronic dosimeter
(Hitachi-Aloka Medical) on the upper chest outside the lead
apron.

The physician operated the interface near the patient, in
order to orient the needle at the predetermined angle and po-
sition the needle tip at the entry point. The physician moved
behind a lead shield a few meters away from the CT gantry.
Three continuous CT fluoroscopic images were acquired at
the level of the entry point, followed by needle adjustment
as needed. After a small skin incision was manually made
by an assistant as necessary, robotic needle insertion started.
CT fluoroscopy was used to check the needle intermittently or
continuously during insertion. Needle insertion was complet-
ed when the physician judged the needle tip to be sufficiently
near the lesion to acquire the specimens. Then, the needle was
manually detached from the holder, leaving its tip in place.
The robotic arm was removed from the operative field for the
following manual procedure. Specimens were then obtained
with the biopsy needle through the introducer needle. After
removal of the needles, final CT images were obtained to
evaluate adverse events.

Follow-up

The patients were kept in hospital for a night after the biopsy.
The patients were asked to visit the hospital on day 14 for
follow-up.

Evaluation of outcomes

The feasibility of robotic insertion was evaluated by an inde-
pendent Data Safety Monitoring Committee, based on the
distance between the tip of the biopsy introducer needle after

insertion and the nearest edge of the lesion measured on the
CT fluoroscopic images. When it was ≤ 10 mm, the robotic
insertion was judged as feasible. The safety of robotic inser-
tion was evaluated on the basis of machine-related troubles
and adverse events according to the Clavien-Dindo classifica-
tion, version 2.0 [18].

Effective dose to the physician and time using CT fluoros-
copy during the robotic procedure were recorded. The dura-
tion of the robotic procedure (interval between the first and
last use of CT fluoroscopy) and of the entire biopsy procedure
(interval between initiation of the first CTscan and completion
of the final CT scan) was also recorded.

Statistical analyses

Characteristics of the patients and procedures were summa-
rized by descriptive statistics (mean, standard deviation, me-
dian, etc.).

Results

The results of the procedures are summarized in Table 3. In all
cases, robotic insertion of the introducer needle was feasible
(Fig. 3; Movies 1 and 2), following which a concordant path-
ological diagnosis was made. During the robotic procedure,
the effective dose to the physician was 0 μSv in all cases and
the mean time using CT fluoroscopy was 29 s (range, 4–
124 s). Mean duration of the robotic procedure was 4 min
(range, 0–23 min). The robotic procedure was completed
within 4 min in 9 cases, whereas it took 23 min in 1 case (case
6). In case 6, we first planned a needle tract along the scapula
and through the small intercostal space. We tried needle inser-
tion 3 times, but the scapula and the rib always interfered with
insertion, resulting in needle deviation. Therefore, a new tract

Fig. 2 A photograph taken during
the robotic procedure. The
physician sits behind a lead shield
a few meters away from the CT
gantry. The physician operates the
robot (black arrow) with the
operation interface (black
arrowheads), monitoring 3
continuous CT fluoroscopic
images (white arrow) as well as
the operative field (white
arrowhead) displayed by a web
camera (not shown). The small
white arrow indicates the
controller for operating the CT
gantry
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through another intercostal space was planned. The robot was
then repositioned, followed by a successful insertion. Mean
duration of the entire biopsy procedure was 29 min (range,
17–53 min).

There was no machine-related trouble. A total of 11 adverse
events (10 grade I and 1 grade IIIa) occurred in 8 patients,
including 2 events unrelated to the procedure. The grade I
events related to the procedure consisted of hemorrhage and
pneumothorax, without the need for treatment, while the grade
IIIa event was pneumothorax requiring chest tube placement.
All patients were discharged on the following day.

Discussion

CT fluoroscopy–guided intervention may be associated with
radiation exposure to the physician while using CT fluorosco-
py [7–11]. Previous studies on CT fluoroscopy–guided biopsy
showed that mean CT fluoroscopy time was 28–90 s [2, 10,
11]; the estimated effective dose to the physician was
0.054 mSv [10]; and the equivalent dose to the physicians
was 4.7 μSv [11]. The results of this first-in-human trial indi-
cated that robotic insertion of the biopsy introducer needles
was feasible at several locations in the human body without

Table 3 Results of the procedures

Case no. Positioning Needle-tract
length (mm)

Time using CT
fluoroscopy (sec)

Duration of
robotic procedure
(min)

Duration of
entire procedure
(min)

Adverse events (gradea) Pathological results

1 Prone 98 21 4 29 Pararenal hemorrhage (I) Clear cell carcinoma

2 Supine 70 19 2 41 Parenchymal hemorrhage
(I), pneumothorax (I)

Adenocarcinoma

3 Supine 39 6 1 27 None Myositis ossificans

4 Prone 55 14 1 25 Pararenal hemorrhage (I),
transient decrease in
blood pressure (I)b

Clear cell carcinoma

5 Prone 98 33 2 24 Pararenal hemorrhage (I) Clear cell carcinoma

6 Prone 65 124 23 53 Parenchymal hemorrhage
(I), pneumothorax
requiring chest tube
placement (IIIa)

Solitary fibrous tumor

7 Supine 54 38 4 25 Parenchymal hemorrhage (I) Adenocarcinoma

8 Supine 36 5 0 17 None Thymoma

9 Prone 72 4 1 26 Hematuria (I)b Clear cell carcinoma

10 Prone 98 23 2 19 Retroperitoneal
hemorrhage (I)

Metastatic carcinoma

Mean (SD) 69 (23) 29 (35) 4 (7) 29 (11)

Median 68 20 2 26

SD, standard deviation
a Graded according to the Clavien-Dindo classification, version 2.0
bUnrelated to the procedure

Fig. 3 CT fluoroscopic axial
image obtained immediately after
robotic insertion of the biopsy
introducer needle. Arrows
indicate target lesions, while
arrowheads indicate needle
holders. a Renal biopsy (case 4).
b Lung biopsy (case 7)
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radiation exposure to the physician. Robotic insertion was
usually quick, requiring minimal use of CT fluoroscopy.

Robots to enable needle insertion under CT guidance
have been also developed by several groups. Light
Puncture Robot is a robot composed of a patient-mounted
needle holder with 3 degrees of freedom (DOF) that is sup-
ported by a specific frame with 2 DOF [19]. Robopsy is a
compact disposable patient-mounted robot with 4 DOF, one
of which allows for gripping and releasing the needle [20].
Recently, Shahriari et al have proposed a robot containing
the remote-center of a moving robotic armwith 2 DOF and a
needle insertion device, which allows for real-time correc-
tion of needle orientation using fusion images of CT data
and electromagnetic tracking data [21]. Won et al have de-
veloped a master-slave robot, which consisted of a floor-
mounted manufacture robot and an end-effector that was
attached to the robot arm [22]. More recently, XACT
Robotics, Ltd. developed a patient-mounted robot with 5
DOF that enabled needle steering during stepwise correc-
tion of needle orientation based on the reconstructed CT
images [23]. To our knowledge, however, those robots are
still in the experimental stage.

Acubot, developed at Johns Hopkins University, is a table-
mounted robot with 6 DOF for needle insertion [24–26].
Acubot was first used in clinical cases of biopsy and radiofre-
quency ablation in several locations, neobladder access, and
nephrostomy [24]. Robotic needle insertion was successful in
all cases with no relevant complications. A randomized clin-
ical trial in 20 cases of nerve and facet blocks under fluoro-
scopic guidance showed that robotic needle insertion had
equivalent accuracy to manual insertion [25]. Another ran-
domized study with 14 procedures of liver radiofrequency
ablation revealed several advantages of robotic insertion over
manual insertion, including fewer needle adjustments, shorter
procedure time, and less radiation exposure for both physi-
cians and patients [26]. Regrettably, however, Acubot has
not been commercialized yet.

Although this study indicated the feasibility of insertion of
the biopsy introducer needles with our robot in humans, a
limitation to our robot was also revealed in a case. The needle
deviated when the bone interfered with the insertion. The phy-
sician did not realize the interference before CT fluoroscopic
images demonstrated the needle deviation. Haptic feedback
could have informed the physician of the interference before
needle deviation.

This was a preliminary study on the use of our robot in
clinical procedures. Thus, the study suffered from limitations
due to its exploratory nature, including a small study popula-
tion in a single institution, a highly experienced single physi-
cian operating the robot, and study design without comparison
of robotic insertion with manual insertion. Furthermore, we
did not record time or the number of persons required for setup
and removal of the robot. Roughly speaking, however, setup

and removal took 20–30 min and 10–20 min, respectively,
with at least two persons. Moreover, effective dose to the
physician during the entire procedure was not measured.

In summary, the present first-in-human trial showed that
insertion of the biopsy introducer needles with our robot was
feasible at several locations in the human body. A randomized
control trial comparing robotic to manual insertion with regard
to needle insertion accuracy, radiation exposure, procedure
time, adverse events, etc. using a larger population is now
being planned.
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