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Robotically Driven
Interventions: A Method
of Using CT Fluoroscopy
without Radiation Exposure
to the Physician1
Radiation exposure to physicians’ hands
during interventional procedures with
computed tomography (CT) fluoroscopic guidance may be high. A robot
was developed that could hold, orient,
and advance a needle, with CT fluoroscopic guidance. This robot could be
either computer or joystick controlled.
Twenty-three robotically guided percutaneous interventions were performed
without complication. Physician radiation exposure was negligible during the
CT fluoroscopy– guided procedures.
©
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Computed tomographic (CT) fluoroscopy offers many advantages for performance of interventional procedures.
With CT fluoroscopy the trajectory of a
needle can be tracked in real time, which
allows the physician to make adjustments as necessary. This advantage has
made procedures faster, with equivalent
or better success rates than those with
standard intermittent CT imaging. Gianfelice et al (1) reported faster biopsy procedures, with mean times that declined
significantly (P ⬍ .0001) from 43 minutes
with conventional CT to 28 minutes with
CT fluoroscopy, and procedure success
rates that increased from 88% to 94%.
Likewise, Silverman et al (2) reported
mean needle placement times that decreased significantly (P ⬍ .005) from 36
minutes with conventional CT to 29
minutes with CT fluoroscopy, with
equivalent success rates between the two
modalities.
The major limitation of CT fluoroscopy is the relatively high radiation ex-

posure to patient and physician. To make
the real-time adjustments in needle trajectory, the physician’s hand is in proximity to the scanning plane. Physician
hand exposure has been theoretically
and empirically determined to be approximately 2 mGy per procedure (3).
Kato et al (4) calculated that, on the basis
of an annual dose limit of 500 mSv for
the hands, a physician with continuous
hand exposure would be limited to performing only four CT fluoroscopic procedures each year. A number of procedural
techniques and shields have been suggested to minimize radiation exposure
(5). Kato et al (4) and Daly et al (6) used
needle holders and Nawfel et al (3) used
lead drapes to minimize hand exposure.
Others have noted that experience and
training may lead to a reduction in exposure (7). Paulson et al (8) recently reported reducing radiation exposure by
lowering the milliampere setting and acquiring intermittent spot images during
the procedure. Intermittent spot-check
imaging has gained greater acceptance,
as it generally can allow successful completion of the intervention with a substantial reduction of radiation exposure.
Robots have been introduced into the
operating room to hold and move instruments precisely. Robots allow greater precision and accuracy and lack tremor
when compared with humans (9,10).
Neurosurgeons have used robots to perform stereotactic biopsies on the basis of
previously acquired CT images (11–13).
Cardiac surgeons use robots to translate
gross movements on a magnified image
into fine robotic movements in the body
(14). One of the advantages of robots that
is capitalized in telesurgical applications
is the fact that the surgeon does not need
to be in the same location as the patient
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(15). Multiple reports of remote surgery
exist (16 –18). This advantage of operating remotely may be used to limit radiation exposure in CT fluoroscopy– guided
interventional procedures.
The purpose of our study was to evaluate the feasibility of using a robotic system to precisely orient and advance a
needle with CT fluoroscopic guidance for
various interventional procedures.

Materials and Methods
Robot
The main component of the system
used in this study is the PAKY-RCM robot, which was developed at the URobotics Laboratory at our institution (Fig 1).
The robot comprises the needle driver
(percutaneous access of the kidney,
PAKY) and the remote center of motion
(RCM) (19).
The needle driver, which is sterilizable
and radiolucent, is used to guide and actively advance a needle in percutaneous
procedures (20). In the needle driver, the
needle is tightly held and a rolling dowel
mechanism is used to create a friction
transmission system that allows needle
advancement.
The remote center of motion is a compact robot for clinical applications, in
which a fulcrum point is located distal to
the mechanism (21,22). Typically, this
fulcrum point is at the skin entry site.
The robot can precisely orient a surgical
instrument or biopsy needle while maintaining the needle tip at the fixed skin
entry point. This capability allows the
needle to be aimed at any desired trajectory from the skin insertion point. The
robot assembly is supported by a passive
arm with a frame mounted to the CT
table. This arm allows supporting and positioning of the robot in proximity to
the target organ. The estimated time for
mounting the robot to the CT bed and
for subsequent image registration was 15
minutes.
Needle advancement can be computer
controlled, in which the robot is registered with the CT image, or manual joystick controlled, in which the physician
uses the live CT fluoroscopic images and
“drives” the needle to the target with the
joystick. There are two joystick controls.
One controls the forward-reverse advancement and one controls the trajectory orientation. Separation of these two
functions allows increased safety.
The needle holder can accommodate a
needle of any size. Eighteen-gauge core
biopsy needles and 15-gauge radio-fre278
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Figure 1. A, The robot. The black frame (arrow) is attached to the bed of the CT scanner. The
patient slides his or her legs through the frame. The robotic arm (arrowhead) holds the needle.
One joystick controls orientation, and the other controls needle advancement. These commands
are separated for safety. The computer workstation is located in the CT control room. B, Close-up
view of the sterilizable radiolucent needle holder (arrow) of the robot. The holder creates no
scatter artifact on the image. The needle is advanced by a rolling mechanism that propels the
needle in forward and reverse directions.

quency (RF) devices were used in the interventions in this study.
Robot Accuracy Testing
A model was constructed with 22 1-mmdiameter nipple markers dispersed throughout the three-dimensional phantom. The
phantom was placed within the CT gantry, and the robotic arm, which was holding an 18-gauge needle, was positioned
5–10 cm from the nipple markers. After
robot registration, images were acquired
that included the needle tip and each of
the target markers. With use of a computer mouse, the needle tip and the target point were defined for the robot computer. Then the robot drove an 18-gauge
needle to each marker. Two accuracy
measurements were made for each test
(Fig 2). First, the targeting accuracy,
which was defined as the angle between
the ideal trajectory and the actual trajectory of the needle after robotic alignment, was measured from the target to
the direction of the needle. Second, the
overall error, which was defined as the
distance from the target to the tip of the
needle after the robot had advanced the
needle to the target, was measured.

Patients
Sixteen patients (11 men and five women;
age range, 49 –90 years; mean age, 69 years)
were scheduled for 23 CT-guided procedures. These consecutive procedures were
performed by one of the authors (S.B.S.).
The procedures were RF ablation (n ⫽ 11),
core needle biopsy (n ⫽ 10), nephrostomy
tube placement (n ⫽ 1), and neobladder
access (n ⫽ 1). All patients provided informed consent as part of the protocol,
which was approved by the institutional
review board and was aimed at testing the
feasibility and accuracy of targeting with
the robot. All procedures were performed
by at least one of the physician authors
with technical assistance from at least
one of the engineer authors. As part of the
patient evaluation, the size of the target
and appropriate needle tip location were
assessed by the one or two radiologists
present to perform the procedure.
Entry Site Selection
The patients were placed on the CT
fluoroscopy table (Somatom Plus 4 with
CARE Vision; Siemens Medical Systems,
Iselin, NJ). Patients were placed supine or
prone, depending on the expected skin
Solomon et al
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Figure 2. (a) Diagram shows the needle at its initial
position and at its final position. The error in trajectory
is given by the angle, in degrees, from the ideal trajectory to the final trajectory. The overall error is the
distance from the needle tip at the final position to the
target. (b) The angular error (⽧), which indicates the
difference between the ideal trajectory and the robotchosen trajectory, is given for each of the 22 individual
attempts. An average error (䡲) is then plotted. (c) The
distance between the final needle tip position and the
target (tip-target error [⽧]) is plotted for each of the 22
individual attempts. The tip-target average error (䡲) is
also graphed.

entry site. The patient’s legs were slid
into a frame that was attached to the
table and from which the robot arm extended. A nonenhanced breath-hold spiral CT scan was obtained to help localize the lesion and plan the procedure.
The appropriate section for needle entry
was selected, and the table was moved to
that position. Metallic nipple markers
were placed on the patient’s skin at the
selected section, with use of the CT scanVolume 225
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ner laser light for guidance. Another
single-breath-hold image was acquired at
the selected section. The nipple markers
that were visible on the CT image allowed selection of the appropriate skin
entry site. Each patient’s skin was
cleaned with povidone iodine, and lidocaine was administered locally over the
planned entry site. A small dermotomy
was made in the skin at the appropriate
entry site.

Registration
Use of a number of image registration
methods is possible (23). With the registration method used in this study, we
took advantage of the laser light that is
incorporated in the section-selection
component of all CT scanners.
The mechanical arm with the sterilized
needle holder, which contained the appropriate needle for the given procedure,
Robotically Driven Interventions

䡠

279

Radiology

was manually placed so that the tip of
the needle was in the skin dermotomy
site (Fig 1). The needle shaft was moved
to reflect the CT laser light (Fig 3, A). This
point was noted to the computer. Then a
second position, with the needle tip still
in the entry site, was selected. This second position was selected to also reflect
the laser light along the needle shaft. The
second position was noted to the computer (Fig 3, B). Thus, the two needle
positions that reflected the laser light
were used to identify a plane for image
registration. The third coordinate came
from the position of the CT scanner table.

Target Selection
Next, a single-breath-hold image was
obtained that showed the tip of the needle. The image was transferred to the
computer workstation. By using a computer mouse, the physician indicated the
tip of the needle and the shaft to the
computer (Fig 4, A). Then, a breath-hold
image was obtained that showed the target, which was not always in the same
image as the needle tip. The image was
transferred to the computer workstation,
and the target position was again indicated with the computer mouse (Fig 4, B).

Figure 3. Registration method for aligning the robot’s coordinate system with that of the image
involves use of the plane of the laser light in the CT scanner. A, Needle in the plane of the laser,
with reflection on the shaft (arrow). B, Laser beam reflects on the shaft but in a different position.
These two positions define the section plane. The third coordinate comes from the CT table
position, which is known by the CT scanner.

Robot Needle Insertion
The robot first moved the needle to the
correct trajectory and then, with CT fluoroscopic guidance (50 mA, 120 kVp),
advanced the needle to its target location, without physician radiation exposure. Movement and advancement were
accomplished during one breath hold.
The target was the mass for the core biopsies, the collecting system for the nephrostomy tube placement, and the neobladder for the access procedure. In the
case of RF ablations, the robot moved to
the correct angle for placement but did
not advance the probe. The ablation
probe was pushed manually to the correct depth because the advancement
mechanism of the robot was found to
strip the insulation off the RF probe.
Manual advancement was performed by
using the spot-check method of CT fluoroscopy. Joystick control was used if finetuning of position was necessary, as occurred in cases of respiratory motion
where the lesion moved in and out of the
target coordinates. The combination of
joystick control with CT fluoroscopy allowed advancement of the needle to be
timed with the respiratory motion.
280
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Figure 4. Two images sent by the physician to the computer workstation. A, Image used to
indicate the tip (⫻) and shaft (arrows) of the needle at the skin. B, Image used to indicate the
target (⫻, arrow), an exophytic renal mass. The target is in the same image as is the needle tip, but
it does not need to be.

Procedure Assessment
Procedures were assessed with CT fluoroscopy of the needle tip in the target
tissue. In addition, for the cases of neobladder access and nephrostomy tube
placement, urine return was evidence of
successful targeting. Pathologic findings
were correlated with imaging findings for
the 10 biopsies performed with the robot.

Results
In Vitro Results
Findings in the phantom studies showed
a mean angular error of 0.61° (Fig 2b).
This was the error angle between the
ideal trajectory to the target and the actual trajectory selected for the robot.
Findings also showed a mean distance
Solomon et al
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Figure 5. Examples of the robot position for three CT interventional procedures: A, percutaneous biopsy; B, RF ablation; and
C, nephrostomy tube placement. The physician in the room is finishing the procedure, with the working site outside of the
gantry.

Discussion

Summary of Interventional Procedures and Findings with the Robot
Patient
No.

Target

Findings*

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Kidney biopsy
Nephrostomy
Kidney biopsy and RF ablation
Two spinal RF ablations
Kidney RF ablation
Kidney biopsy and RF ablation
Neobladder access
Kidney biopsy and RF ablation
Kidney biopsy and RF ablation
Kidney biopsy and RF ablation
Liver biopsy
Kidney RF ablation
Lung biopsy
Lung biopsy

15
16

Kidney RF ablation
Muscle biopsy and RF ablation

Atypia
Urine
Atypia
NA
NA
Focal scarring
Urine
Inflammation
Inflammation
Atypia
Neoplasm
NA
Non–small cell lung cancer
Plasma cells, fibroblast
proliferation, and
granulation tissue
NA
Leiomyosarcoma

Largest Diameter
of Target (cm)
2.5
5.0
1.0
3.0, 2.5
2.5
2.5
8.0
2.0
2.0
2.5
3.0
2.5
3.0
2.0
2.0
2.0

Note.—NA ⫽ not applicable.

error between the target and the ultimate
needle tip position of 1.66 mm (Fig 2c).
Patient Results
All interventional procedures were performed successfully without complication. These procedures included 10 percutaneous core biopsies (kidney, n ⫽ 7;
lung, n ⫽ 2; liver, n ⫽ 1), 11 RF ablations
(kidney, n ⫽ 9; spine, n ⫽ 2), nephrostomy tube placement (n ⫽ 1), and neobladder access (n ⫽ 1) (Fig 5, Table).
In each case, success was defined as
Volume 225
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hitting the target correctly with the needle tip. Target size ranged from 1.0 cm for
a lesion at biopsy to 8.0 cm for the neobladder.
In four cases, the target was not met
adequately, and fine-tuning adjustment
with joystick control was required to ultimately reach the target. The four cases
included patients 1, 3, 8, and 14, with
target diameters of 2.5, 1.0, 2.0, and 2.0
cm, respectively. The remaining cases
were targeted satisfactorily, on the basis
of image interpretation.

The use of CT fluoroscopy has made
interventional procedures faster with
equivalent or better success rates than
those with standard intermittent CT imaging (1,2). However, the major limitation of the modality is the relatively high
radiation exposure to patient and physician (3,4). Robots have been used in surgery to help solve problems of holding
and controlling instruments (8 –11). In
this article, we describe the use of a robot
that can hold, orient, and advance a needle, with CT fluoroscopic guidance, to a
target lesion.
In this study, the robotic arm held and
advanced the needle. Since the physician’s hands did not need to be in the
scanning plane at all, physician radiation
exposure was dramatically reduced. In
fact, radiation exposure to the physician
can be completely eliminated if the joystick and computer are placed in the control room, where the physician can view
the technologist’s monitor to perform
the procedure.
Radiation exposure to the patient can
also be reduced with use of the robot.
Since the computer can reliably advance
the robot’s needle to the target, continuous imaging may not be necessary as
long as respiration is relatively controlled. This will significantly reduce patient radiation exposure. This method of
allowing the computer to advance the
needle without continuous CT fluorosRobotically Driven Interventions
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copy may also be useful in cases where
CT fluoroscopy is not available. Once the
needle is placed by the robot, a subsequent
image can be acquired to assess position.
Any inaccuracies in registration or movement due to respiration can be updated
with the joystick manual control.
One of the challenges in standard CT
fluoroscopy– guided procedures is that
the entry site may not be in the same
plane as that of the lesion. Multiple manual manipulations are often necessary to
determine the correct needle trajectory.
In the system used for this study, this
challenge can be avoided. The needle tip
or entry site for registration and the lesion can be in different scanning planes.
The ability to have the computer advance
the needle tip to the plane of the lesion
can avoid having to “hunt” for the needle tip.
The limitation to use of the robot is the
extra preparation time. The robot needs
to be attached to the CT table, and registration must be performed. In the future,
if the robot can be mounted on the CT
table, registration could be performed
during installation and not have to be
repeated with each additional patient. In
the current situation, however, approximately 15 minutes of extra preparation
time are needed for frame mounting and
robot registration.
Another limitation relates to the mechanism of needle advancement by the robot. Since the robot has a friction rolling
mechanism to advance the needle, it will
strip off the insulation of RF ablation
probes. In these cases, we advanced the
needle manually for the known distance
when the angle of trajectory was selected
by the robot. We are developing a new
mechanism of advancement to avoid this
issue.
Use of the robot will limit the tactile
feel that an interventionalist often relies
on when performing procedures. Many
researchers have applied haptic interfaces
to simulate the force feedback that a physician may sense when performing a procedure such as angioplasty or laparoscopy (24,25). These interfaces have been
focused on virtual reality educational
simulations. Some of these techniques
may be incorporated into the joystick
control of the robot, which remains an
area for further investigation.
The robot may also be useful with standard CT scanners without CT fluoroscopy. In these cases, the robot can advance the needle to the target, which
would obviate the repeated scanning and
hunting for the needle tip that occur in
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conventional procedures. Use of the robot can potentially save procedure time
and hopefully improve accuracy.
The robot itself is relatively easy to use
without special training. It is driven by a
personal computer, and touch screen functions are included. While we used a research prototype system, a commercial
unit might cost in the range of $20,000.
The steps simply include the technologist transferring the registration images
to the computer and the radiologist using
the mouse to select the needle tip and
target.
Last, several interventional tools, such
as the RF devices, do not fit well into the
CT gantry. It is conceivable that a shorter
needle might be used to “register” the
robot for the correct trajectory; then, out
of the CT gantry, the appropriate device
could be placed into the robot and advanced to the target.
In summary, CT fluoroscopy is a helpful tool for performing interventional
procedures with image guidance. The
limitation of added radiation exposure to
the physician can be dramatically reduced by using a robotically controlled
needle driver, as described in this study.
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