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Abstract: Forensic autopsies include a thorough exami-
nation of the corpse to detect the source or alleged manner
of death as well as to estimate the time since death. How-
ever, a full autopsymay be not feasible due to limited time,
cost or ethical objections by relatives. Hence, we propose
an automated minimal invasive needle biopsy system with
a robotic arm, which does not require any online calibra-
tions during a procedure. The proposed system can be
easily integrated into the workflow of a forensic biopsy
since the robot can be flexibly positioned relative to the
corpse. With our proposed system, we performed needle
insertions intowax phantoms and livers of two corpses and
achieved an accuracy of 4.34 ± 1.27 mm and
10.81 ± 4.44 mm respectively.
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Problem

Forensic autopsies include a thorough examination of the
corpse to detect the source or alleged manner of death as
well as to estimate the time since death. Often a conven-
tional autopsy (CA) is not feasible due to time, cost or
ethical objections by relatives. As a result, the number of
autopsies performed has decreased in the last decade [1]
although studies repeatedly state the necessity of quality
control in treatment and diagnosis by CA [2].

Minimally invasive biopsies under CT guidance can
offer an alternative to CA. These virtual autopsies (VA)
have the advantage that probes of organs, cysts or even
gases can be extracted at precise and documentable loca-
tions of the body and subsequently associated with the
imaging.

In contrast, opening the corpse can lead to fluids
being mixed or pathologic gases of interest (e.g. air em-
bolism) escaping the body, which can in turn lead to
inconclusive or false results. Moreover, a VA is time effi-
cient which is critical due to cellular post mortem autol-
ysis and decomposition. Hence, a simple and fast needle
biopsy approach can secure samples as early as possible
after death [3].

However, placing biopsy needles precisely and
without a line of sight is time consuming and accuracy in
needle placement is dependent on the experience of the
physician. Hence, automated systems for tissue sample
extraction with a robotic arm can be of valuable assistance
to a medical examiner. Typically, a CT-scan of the corpse is
performed and a medical examiner defines targets and
needle trajectories for tissue biopsies which are of interest
to him. Existing systems for image-guided needle place-
ment involve custom-built robots which are rigidly
attached to the CT table and only provide a rather small
target volume [4, 5]. Examples for commercially available
systems include MazorX (Medtronic) and iSYS1 (iSYS
Medizintechnik, Fusion Robotics). However, those only
align the needle with the patient and the physician ad-
vances the needle manually. Particularly designed for VA,
the Virtobot system [6] offers a larger target volume but is
dependent on a rigidly attached ceiling-mounted robot and
the need for calibrating the robot’s position prior to every
puncture.

We present a robotic biopsy system that can be easily
integrated into the workflow of a forensic autopsy. We
use a custom co-registration marker, which is simply
placed on top of the corpse prior to CT scanning, to reg-
ister the CT image reference frame to the robot’s work-
space. The medical examiner defines a biopsy target and
the needle path in the CT image. The final puncture is
executed by a general purpose 7 degrees of freedom
robot, which can be placed close to the corpse for needle
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punctures and then removed again. We report the accu-
racy of our system for needle placement in wax phantoms
and in two corpses.

2 Material and methods

CT-guided needle placement involves a series of coordinate trans-
formations and calibrations which are calculated prior to the needle
puncture.

Experimental setup and calibration

Our experimental setup is depicted in Figure 1. It employs a robot
(Panda, Franka Emika), a tracking camera (fusionTrack, Altracsys)
and a custom-made co-registration marker (CoReg). The co-
registration marker can be detected in the CT images and by the
tracking camera and can therefore establish a transformation between
these coordinate systems. It employs a CNC machined 5 × 5 pattern of
steel balls (r=2 mm) equidistantly spaced at 20 mm which can be well
detected in the CT images. Four reflective fiducials are attached to the
phantom and represent a marker for the tracking system. The rigid
transformation from reflective marker (RM) frame to CT marker (CTM)

frame RMCoRegTCTM was obtained by recording the positions of the steel
balls with a hand held stylus tracked by the tracking camera. We
performed a hand-eye calibration between robot and tracking camera
reference frame using another reflective marker attached to the end
effector (EE) of the robot (RMEE). The calibration transformations were
obtainedwith theQR24 algorithm [7] using 40 robot and camera poses.
With the results of the hand-eye calibration, we calculated the rigid
transform from the robot’s base (B) to a marker attached at the robot

table BTRMT. By tracking thismarker, the robot can be freely positioned
relative to the corpse so that the needle can reach any target in the
corpse. Lastly, we use a hand held pointer which is tracked by the

tracking camera to define the needle tip position and orientation w.r.t.

to the reflective markers at the EE RMEETN.
Using the chain of transformation from Figure 1, a desired target

in the CT image coordinate system CTDT can be transformed into the
coordinate system of the robot base according to

BTDT � BTRMT(
CTRMT)

−1CTRMCoReg
RMCoRegTCTM  (CTTCTM)−1CTDT.

(1)

The desired EE position to reach the target with the needle can be
calculated as

BTEE � BTDT(RMEETN)−1(EETRMEE)
−1 (2)

Data acquisition

The workflow for a robot guided biopsy is the following: first, the co-
registration marker is placed loosely on the corpse. Next, a CT-scan
(slice thickness 0.8 mm, lateral voxel size 0.65 mm) is acquired. The
resulting DICOM is imported to our custom software. Based on a 3D
visualizationof the CT image the user is able to select the desired target
including the orientation of the needle path. The software automati-
cally identifies the pose of the CT Marker w.r.t. the CT-imaging system
CTTCTM by thresholding the CT image and finding the steel balls which
belong to the checkerboard pattern. The ambiguity of the pose due to
the symmetric steel ball pattern is resolved by considering the posi-
tions of the reflectivemarkerswhichare also visible in the CT.Next, the

poses CTRMCoReg and
CTRMT are obtained from the tracking camera. Until

this point, the co-registrationmarker is not allowed tomove.With Eqs.
(1) and (2) we can calculate the desired position for the robot and an
initial position that represents the start of the needle path. We per-
formed needle insertions in wax phantoms (n=28) and in the livers of
two cadavers (n=10). We used G18 biopsy needles with a bevel tip and
a length of 150 mm. For the purpose of defining insertion targets and
retrieving them, we inserted small fiducials (steel balls, r=1 mm) into
the wax phantoms and cadaver livers respectively with a hollow
needle (see Figure 2).

Figure 1: Left: Setup for performing needle insertions in a corpse. The biopsy needle is fixed to a robot (A). The co-registration phantom (B) is
positionedon the corpseprior to CT scanning. The transformationmatrix between theworld reference system (not visible in the image) and the
co-registration phantom is estimated with a tracking camera (C). Right: Registration of CT image and robot reference frame Rb. The position of
the needle tip in the CT reference frame can be determined via the co-registration phantom.
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Evaluation

After the robot had performed each needle insertion, we unscrewed
the needle from the chuck and removed the robot. Subsequently,
another control CT scan was performed to determine placement ac-
curacy. For this purpose,wedetect needles by first thresholding the CT
image and then finding connected components which represent nee-
dles based on the ratio of their principal axis lengths. For each needle,
the position of its tip is determined as the voxel furthest away from the
center in the direction of the first principal axis. For all needle in-
sertions, we calculate position and orientation errors between plan-
ned needle pose and actual needle geometry in the control CT.

Results

The results for the needle placement accuracy in wax
phantoms and livers of corpses are shown in Figure 3. Each

insertion is depicted with its position and orientation error.
For the wax phantoms, the mean position error is
4.34 ± 1.27 mm and the mean orientation error is
2.24 ± 0.63°. For the insertions into corpse livers the mean
position error is 10.81 ± 4.44 mm and the mean orientation
error is 4.29 ± 1.66°. During one insertion procedure, the
needle came in contact with a rib. We consider this inser-
tion as anoutlier and excluded it from the calculation of the
mean statistics. Insertion distance was 37.19 ± 5.05 mm
through wax and 92.57 ± 14.89 mm through tissue.

Discussion and conclusion

The needle placement accuracy is influenced by multiple
sources of errors. First, our approach involves three cali-
brations, each associated with an individual error:

Figure 2: Left: Wax phantomwith implanted steel ball markers as targets.Center: Biopsy needle insertion into the liver of a corpse. The biopsy
needle can be easily fixed and removed from the robot during placement with a drill chuck. Right: CT-image after needle insertion.
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Figure 3: Needle placement accuracy for the insertion experiments. Left: Wax phantoms (n=28), Right: Corpse livers (n=10). The insertion
colored in red is considered as an outlier.
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estimation of the transformation within the co-registration

marker RMCoRegTCM, hand-eye calibration of tracking camera
and robot, and calibration of the needle w.r.t. themarker at

the end effector RMEETN. During the insertion, the needle
can be deflected from the planned path, i.e. we observed
that the needle is directed according to the inclined bevel
tip. After the insertion, the needle is manually unscrewed
which can cause its movement in the tissue. Lastly, the
detection of the co-registration marker (subpixel accuracy)
and the inserted needles (pixel accuracy) in the CT images
contribute to the overall error. From the placements accu-
racy inwax phantomswe can conclude an upper bound for
the sum of all calibration errors. This accuracy is compa-
rable to existing CT based biopsy systems such as [6],
where an accuracy of (3.2 ± 1.9 mm) was reached in a
phantom study.

Mean error and standard deviation are larger for in-
sertions into corpse livers compared to insertions into wax
phantoms. As all error sources except for the needle-tissue
interaction remain the same between these experiments,
we conclude that this error component is responsible for
the difference in needle placement accuracy. Its increased
influence could result from a larger insertion distance and
the fact that the real tissue is more firm compared to wax
which both lead to a larger deflection of the needle in the
direction of the bevel tip. The correlation between position
and orientation error for the corpse experiments (Figure 3,
right) supports this hypothesis.

In conclusion,we presented an approach to automated
robotic biopsies which main advantage is its flexibility in
the autopsy workflow. The robot can be placed freely and
perform multiple biopsies in different body parts prior to a
CA. Additionally, our approach does not require any online
calibrations so that multiple punctures can be executed
time efficiently. Our results show that the accuracy is suf-
ficient for e.g. the puncture of larger blood calves. Further
work should address compensating for the needle-tissue
interaction, i.e. by rotating the inclined needle tip during
the insertion based on force measurements at the needle
shaft.
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