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Abstract. The development of modern robotics and compact imaging
detectors allows the transfer of diagnostic imaging modalities to the oper-
ating room, supporting surgeons to perform faster and safer procedures.
An intervention that currently suffers from a lack of interventional imag-
ing is radioembolization, a treatment for hepatic carcinoma. Currently,
this procedure requires moving the patient from an angiography suite for
preliminary catheterization and injection to a whole-body SPECT/CT
for leakage detection, necessitating a second catheterization back in the
angiography suite for the actual radioembolization. We propose an imag-
ing setup that simplifies this procedure using a robotic approach to
directly acquire an interventional SPECT/CT in the angiography suite.
Using C-arm CT and a co-calibrated gamma camera mounted on a
robotic arm, a personalized trajectory of the gamma camera is generated
from the C-arm CT, enabling an interventional SPECT reconstruction
that is inherently co-registered to the C-arm CT. In this work we demon-
strate the feasibility of this personalized interventional SPECT/CT imag-
ing approach in a liver phantom study.

1 Introduction

Traditional medical imaging systems often employ a single contrast mechanism
like ultrasound reflection, X-ray transmission (CT), magnetic resonance (MRI),
single photon (SPECT) or positron emission (PET). These single-modality de-
vices are able to provide medically useful pictures of almost any organ, but can
have unfavorable side effects such as limited resolution, sub-optimal contrast or
lack of anatomical references. In terms of interventional imaging, single-modality
devices such as robotic C-arm CT [1] or freehand SPECT [2] are used very suc-
cessfully in clinical practice on a regular basis.

In the past 15 years, dual-modality systems that combine anatomic (like CT or
MRI) with functional imaging (like SPECT or PET) have become increasingly
common [3]. Such devices provide naturally co-registered datasets and enable
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optimal fusion of information. The typical layout as whole-body gantry-based
scanners, however, limits their use in organ-specific imaging and prevents most
interventional applications, despite a number of possible scenarios where inter-
ventional dual-modality imaging would be highly desirable.

One particular example of such an interventional application is brachytherapy
of unresectable liver tumors, like hepatocellular carcinoma (HCC). Brachyther-
apy in the form of radioembolization (Selective Internal RadioTherapy – SIRT)
is an alternative to classical chemoembolization or chemotherapy [4]. In this
case, microspheres loaded with Y90 are injected into the hepatic arteries using
a catheter for selective internal irradiation of the tumor cells. Y90 mainly un-
dergoes β− decay, emitting electrons that are absorbed within at most 11mm of
tissue, making it possible to inject very high doses within a single treatment. It
is, however, crucial to ensure that the radioactive compound remains confined
to the injection site in order to irradiate only the surrounding cancer tissue. Any
leakage to other parts of the liver or other organs, for example through a shunt
to the lung, must be prevented.

The current practice is to inject Tc99m -MAA through a catheter first, which
has demonstrated good prognostic value for the Y90 distribution [5]. The patient
is then transferred from the radiology department, where the catheterization
and injection take place, to the nuclear medicine department for a whole-body
SPECT scan, usually combined with CT, to monitor the Tc99m distribution.
This process takes four to six hours on average and requires, if the result is pos-
itive, a second intervention in the radiology department with another catheteri-
zation for the actual radioembolization with Y90 itself.

As shown by this example, the use of a diagnostic device incurs organizational
complexity and prolongs the duration of the intervention. For this reason, we
propose a novel approach to interventional SPECT/CT imaging consisting of
a C-arm CT scanner and a robot-controlled gamma camera, where the latter’s
trajectory is optimized based on the patient’s anatomy as extracted from the
C-arm CT data. This approach enables clinicians to perform interventions like
radioembolization on a single site and during a single procedure, substantially
reducing patient stress and time commitment of the medical personnel. On top
of this, the core imaging process also benefits from this fusion, as the required
data can be collected very efficiently in a patient-specific manner, leading to
equivalent medical information significantly faster and with similar accuracy as
currently available in the state-of-the-art whole-body scenario.

This paper shows the feasibility of the combined interventional C-arm CT/ro-
botic SPECT approach in an experimental liver phantom setting close to the
clinical application.

2 Materials and Methods

2.1 Overview

As shown in Fig. 1, we extend an angiography suite by placing a robot-mounted
multi-channel gamma camera next to the C-arm. Using appropriate calibration
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techniques as detailed in section 2.2, we can acquire all relevant data, X-ray
transmission and gamma radiation, with respect to a single, common coordinate
frame.

With this setup in place and calibrated, we first acquire a CT image of the
volume of interest. Based on it, we extract the convex hull of the patient’s (or
phantom’s) surface and compute an optimal trajectory for acquiring the SPECT
images from minimal, but safe distances. Finally, we record the emission data by
moving the gamma camera along the trajectory using the robotic arm and recon-
struct the tracer distribution using likelihood-based tomographic reconstruction,
as described in section 2.4.

Fig. 1. Combined C-arm CT and robotic SPECT setup in the operating room

2.2 Coordinate Systems Calibration

In order to use the C-arm system without modifications, we assume its coordinate
system as the reference. Consequently, we need to obtain the rigid transformation
between the robot’s base and the C-arm coordinate system.

For this purpose, we mount a custom-designed calibration target, shown in
Fig. 2a, to the robot’s wrist, as shown in Fig. 2b. The target contains highly
visible spheres in a well-defined pattern, that can be segmented easily in the CT
volume. Using point-based registration as suggested by Umeyama [6], we obtain
the transformation between the CT image and the calibration target, which can
be propagated to the robot’s base thanks to the precisely known dimensions and
joint angles via forward kinematics.

2.3 Trajectory Planning

The first step of the core acquisition protocol consists of recording the X-ray
component of the joint signal by rotating the C-arm over 180◦ around the region
of interest and reconstructing it into a 3D volume.
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(a) Calibration tool (b) Calibration setup

Fig. 2. a) CAD drawing of the calibration tool and b) setup used to map the C-arm
coordinate system to the robot coordinate system. The spheres attached to the fins
appear prominently in the CT volume and can be easily segmented.

In a second step, we compute a model of the patient’s (or phantom’s) surface
from the CT image. As X-ray transmission through the surrounding air is sig-
nificantly higher than through tissue, it is possible to distinguish both regions
by applying a threshold. The convex hull is then a suitable mesh-model for the
surface.

Finally, the trajectories are generated as three parallel scan-lines normal to the
convex hull of the patient (up to a certain security distance, 1 cm in this case),
as shown in Fig. 3. Note that, unlike a fixed gantry in diagnostic SPECT, the
camera poses are much closer for a personalized trajectory with better detection
statistics.

2.4 Image Reconstruction

Having collected the emission values by moving the camera along the acquisition
trajectory, the final task is the reconstruction of the SPECT image. Considering
the Poisson-distribution of the measured values mj , we compute the maximum-
likelihood estimate

argmax
x

⎛
⎝

m∑
j=1

mj log(mj(x)) −mj

⎞
⎠

where mj(x) denotes the expected measurement given a reconstruction x. The
solution to this optimization problem can be obtained in several ways, and we
apply Maximum Likelihood Expectation Maximization (MLEM) as suggested by
Shepp and Vardi [7]. An important aspect of this process is an accurate model
of the camera’s measurement probabilities, usually referred to as the forward
model. We employ the procedure proposed in [8]that uses high-resolution lookup
tables collected during long-term calibration measurements.
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Patient's Convex Hull
Robot Trajectory

Gamma Camera Acquisition

Fig. 3. Schematic representation of a personalized trajectory for the robot-guided
gamma camera along the convex hull of the patient/phantom as extracted from CT.
The green line represents the planned robot trajectory, that follows the convex hull plus
the safety margin (1 cm), the red arrows indicate positions where the gamma camera
acquires images.

The X-ray CT reconstruction is directly obtained from the software solution
of the C-arm manufacturer, and is based on Feldkamp’s variant of Filtered Back-
Projection [9]. As the SPECT measurements have been collected relative to the
C-arm’s coordinate frame, the two volumetric images are inherently aligned.

3 Experiments

3.1 Setup

The imaging setup consists of a C-arm CT and a mini gamma camera mounted
on a robotic arm, as illustrated in Fig. 1. The C-arm CT is a Philips Allura
Xper FD20 set up in an angiography room. The mini gamma camera (Crystal
Imager, Crystal Photonics, Germany) uses a 4× 4 cm2 CdZnTe crystal detector
segmented into 16 × 16 pixels. The camera is mounted on a robotic arm (UR5,
Universal Robots, Denmark) placed next to the C-arm, see Fig. 4b.

3.2 Experimental Procedure

Verification experiment. In a first experiment, we verify the quality of our cal-
ibration procedure. We attach a single Co57 point source to a torso phantom
and obtain a CT image. Based on the location of the point source segmented
from the CT image, we instruct the robot with the gamma camera to acquire
a single image centered on the point source. The expected result is a gamma
camera image with the point source showing as a hotspot in the center.

Reconstruction experiment. In a second experiment, we place a human torso
phantom with a liver model made out of candle gel (Ceraflex N 530 transparent,
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Wachs- und Ceresinfabriken, Germany) on the exam table. Liver arteries are
imitated by plastic tubes (4mm diameter), filled with 4MBq of Tc99m .

We obtain a CT image of the torso and compute the trajectory for the SPECT
acquisition according to the procedure described in section 2.3. The emission
data recorded by the robot-positioned gamma camera is reconstructed as an
image inherently co-registered with the CT image. We expect to see the liver
arteries in the reconstructed SPECT image embedded in the anatomical infor-
mation from the CT.

4 Results

Verification experiment. Fig. 4a shows a planar scintigraphy of the Co57 source,
acquired with the gamma camera instructed to point its center at the source
(see Fig. 4b), based on the source position as detected from the C-arm CT as
well as the coordinate system calibration. The relocalization error, i.e. the offset
from the hotspot’s center of mass to the center of the image, is 1.6 camera pixels
(corresponding to 3.9mm).

(a) Gamma camera image of
point source

(b) Photo of gamma camera acquiring
image shown in (a)

Fig. 4. Result of calibration verification experiment

Reconstruction experiment. Fig. 5a shows a 3D rendering of the robotic SPECT
image of our phantom. The branching blood-vessels simulated by three activity-
filled tubes are clearly distinguishable. The co-registered robotic SPECT/C-arm
CT slice image in Fig. 5b shows that the offset between the tubes in the SPECT
and the CT image is minimal.

5 Discussion

Calibration of the C-arm and gamma camera coordinate systems is a vital part
of the imaging protocol. Our first experiment validates our approach, as the relo-
calization error is within the acceptable error limit for interventions. In addition
to this, we performed a comparable experiment under guidance of an optical
tracking system and only achieved considerably higher errors.
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(a) Robotic SPECT (b) Slice of fused SPECT/CT

Fig. 5. (a) 3D rendering of the SPECT image of the liver phantom with radioactive
blood vessels and (b) slice of fused robotic SPECT/C-arm CT

The second experiment confirms the possibility of acquiring bi-modal inter-
ventional robotic SPECT and C-arm CT images in a clinical environment, with
a realistic liver phantom. We were able to extract a patient-specific acquisition
trajectory based on the convex hull of the torso and record a SPECT image that
is naturally aligned to the C-arm CT image.

Our setup is limited by the C-arm that does not allow any customization of
the acquisition protocol. A C-arm CT mounted on a robotic arm [1] would over-
come this limitation, provided that the respective control interface is accessible.
It would further allow to define personalized C-arm CT acquisition trajectories
as suggested by Stayman et al. [10]. Also, the spectrum-based trajectory opti-
mization for SPECT as proposed by Vogel et al. [11] could be considered. Both
would lead to fully personalized interventional SPECT/CT acquisition.

6 Conclusion

This paper presents the first prototype for an interventional SPECT/CT scan-
ner. We believe the quality is good enough to be used in an intra-operative sce-
nario. In recent times, the community has shown considerable interest in such
a device, and simulation studies have been published, for instance by Bowsher
et al. [12] where a much heavier robot is used that cannot easily be removed or
transferred. Our design is very light, thus meeting the accessibility and flexibility
requirements of clinical practice.

The advantages of interventional SPECT/CT are obvious: the duration and
complexity of interventions are substantially reduced, the progress can be
monitored in an easy and flexible way (for instance, by acquiring a bremsstrahlung
SPECT image [13]). The latter can also be used to quickly detect aberrations such
as leaks, thus enabling effective quality control.

The suggested method is ready for further investigation in the operating room,
opening the path for alternative applications, for example in the head and neck
region.
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