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Abstract. Different types of nuclear imaging systems have been used in
the past, starting with pre-operative gantry-based SPECT systems and
gamma cameras for 2D imaging of radioactive distributions. The main
applications are concentrated on diagnostic imaging, since traditional
SPECT systems and gamma cameras are bulky and heavy. With the
development of compact gamma cameras with good resolution and high
sensitivity, it is now possible to use them without a fixed imaging gantry.
Mounting the camera onto a robot arm solves the weight issue, while also
providing a highly repeatable and reliable acquisition platform. In this
work we introduce a novel robotic setup performing scans with a mini
gamma camera, along with the required calibration steps, and show the
first SPECT reconstructions. The results are extremely promising, both
in terms of image quality as well as reproducibility. In our experiments,
the novel setup outperformed a commercial fhSPECT system, reaching
accuracies comparable to state-of-the-art SPECT systems.

1 Introduction

During the last years, evolving technology has enabled to move further towards
intra-operative imaging. This is of tremendous interest, as pre-operative datasets
can only be used to a limited extent during surgery. The reason are non-linear
discrepancies between the older dataset and the actual situation, as caused for in-
stance by a different patient position or organ deformations. Deformable registra-
tion methods exist, but their behavior is usually not sufficiently well-determined
to be clinically applicable. Many intra-operative imaging modalities are now
natural components of OR equipment, such as Ultrasound or X-ray C-Arm.

A rather recent example is freehand SPECT (fhSPECT) [1, 2] which aims
at providing intra-operative nuclear imaging. In SPECT, a radioactive tracer
will (ideally) concentrate within a certain targeted anatomical structure, and
radioactivity counts acquired from known poses with intersecting perspectives
can be used to tomographically reconstruct this distribution. Such information
can, when provided in real time, be used for navigation purposes, or to check the
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success of an ongoing procedure. Several groups report on the use of fhSPECT
in different surgical procedures [3–5].

The fhSPECT system basically consists of a hand-held gamma probe (contain-
ing one detector, like a Geiger counter) yielding activity counts, and an optical
tracking system for locating the former. The surgeon will move the probe over
the surface of the region of interest and collect pose/activity pairs along the
way. The major difference between a diagnostic SPECT system and fhSPECT
is obviously the number and spatial distribution of measurements. While the
gantry of a stationary scanner provides statistical significance and good cover-
age by design, the performance of fhSPECT depends strongly on the abilities
of the human operator doing the scan. An inexperienced user will most likely
collect biased input data, for instance by leaving out important probe poses or
by aiming the probe towards an expected hotspot, thus leaving out important
zero-measurements required to carve away regions of no activity. In order to
improve the situation, several directions can be taken. One option is to replace
the gamma probe, known to have problems in regions with higher background or
overlapping activities, with a gamma camera [6], thus obtaining more readings
and statistically more meaningful measurements at the same time. Providing
measurements on a pixel grid, the device was very bulky while requiring very
long acquisition times of 10[min] and more, and was therefore not suited for
intra-operative use. Today, portable mini gamma cameras are available, which
weigh less than 1[kg], while offering good resolution and sensitivity.

(a) Setup with robot arm (b) Setup for model measurement

Fig. 1. (1a) Setup with gamma camera attached to robot arm. (1b) Positioning table
with gamma camera (1) attached to acquire lookup tables. Custom made parts are
used to align the mini gamma camera with the positioning table axes (2 and 4) and to
guarantee alignment of radioactive source (3) in front of the detector.

Another important component is the use of a robot arm to guide the imaging
sensor, making the scanning process and the image quality reproducible and
reliable as it is still not practical to perform hand-held reconstructions on a
regular basis. Several classical imaging modalities have recently been combined
with robot technology such as C-arm X-ray [7] and laparoscopic ultrasound [8].
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Bowsher et al. proposed a robotic multi-pinhole SPECT system [9], however
only computer simulations were presented. Also for fhSPECT, first steps towards
robotic guidance have been taken [10, 11]. For the gamma camera, due to its
intrinsic weight and the need of holding it steadily to properly identify the origin
of the gamma emission, a robot arm is a natural choice. This, plus the advantage
of fast and precise mechanical tracking, provides a perfect match for the gamma
camera setup. Potential clinical applications of the robotic mini gamma camera
include sentinel lymph node biopsies for breast or head and neck cancer as with
fhSPECT, however with faster and more accurate reconstructions allowing to
provide better images in more complicated cases such as cervix cancer.

2 Materials and Methods

2.1 Hardware Setup

The setup consists of a mini gamma camera (Crystal Imager, Crystal Photonics,
Germany), mounted on a robot arm (UR5, Universal Robots, Denmark) using
a custom-made holder, see Fig. 1a. An optical tracking system (Polaris Vicra,
Northern Digital Inc., Canada) was used to track the phantom.

The mini gamma camera comprises of a 4 × 4[cm2] CdZnTe crystal which
has 16 × 16 pixels. The collimator is made of lead and tungsten and measures
11.15[mm] in length. It has 256 square holes with sizes of 2.16×2.16[mm2] each.

To measure an approximate gamma camera model, the camera was mounted
to a precision positioning system (OWIS, Germany), see Fig. 1b. This positioning
system was preferred for its very low repeatability error (< 15[μm]).

For comparison, a fhSPECT system (declipseSPECT, SurgicEye, Germany)
with a single pixel detector (HiSens, Crystal Photonics, Germany) was employed.

2.2 Gamma Camera Modeling

For SPECT reconstruction, a model of the gamma camera response is needed.
We measure an approximation using a 57Co calibration source (0.97[MBq] at
time of acquisition) and a three axes precision positioning system. As illustrated
in Fig. 1b, the mini gamma camera is mounted on a holder (1) that can move
along the z-axis (2). The calibration source is mounted on a holder (3) that can
be moved in x- and y-direction (4).

The source is scanned in a 150× 150 × 150[mm3] grid with step size 5[mm]
over the centered source. A volume of 50 × 50 × 50[mm3] directly centered in
front of the camera is rastered with a finer step size of 1[mm]. At each grid
position, an image is acquired with 7[s] exposure time.

The resulting measurements were corrected by a homogeneity correction factor
and an energy window of ±10% was applied after energy calibration had been
performed. For each detector pixel k the measurements are then stored in a
lookup table �k for later use in the reconstruction method. The area covered by
the lookup table is illustrated in Fig. 2a. Fig. 2b shows a 3D rendering of the
values of the lookup table for one example detector pixel.
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(a) Lookup table illustration (b) Measured
lookup table

Fig. 2. (2a) Drawing of gamma camera with volume of lookup table in front of it
illustrating the dimensions and orientations of the reference coordinate system. (2b)
Graph showing an exemplary lookup table for an arbitrary pixel. The gamma camera
is centered on the left face of the volume pointing to the right. Contributions of the
different voxels in the volume in front of the camera to the specific pixel are shown.
Red indicates a high contribution, blue a low one.

2.3 Coordinate Systems Calibration

Corresponding activity measurements and camera poses are the key to tomo-
graphic reconstruction. The optical tracking system provides pose information
for a tracking target cam mounted to the camera, but in order to relate mea-
surements via the lookup tables to the world system, the world locations of the
detector pixels are required.

First, we define a detector coordinate system compatible to the lookup table
(Fig. 2a), centered on the detector face, x- and y- axes aligned with the pixel
grid and z pointing away from the camera towards the measurement region. In
order to obtain the respective transformation camTdetector , we first compute the
detector coordinate system in absolute terms and derive the relative transfor-
mation afterwards.

Consequently, we measure the four corner points of the detector face using a
calibrated optical pointer (Fig. 3), yielding c±x,±y ∈ R

3. From these four points,
we compute the mean and obtain the center/base point 0detector = μ(c±x,±y)
where μ denotes a function yielding the n-dimensional arithmetic mean. Using
the averaged delta vectors v′

x = μ(c+x,±y−c−x,±y) and v′
y = μ(c±x,+y−c±x,−y),

we then compute the x- and y-axes as vx = vx/‖vx‖ and vy = vy/‖vy‖. The z-axis
is finally computed via the cross product as vz = vx × vy. From the base point
and the three axes we obtain the detector coordinate system, and compute the
incremental transformation camTdetector .

2.4 Reconstruction Method

Let f : V → R denote the activity to be reconstructed in the volume of interest
V ⊂ R

3. Given a set of n basis functions bi : V → R, we discretize f ≈ ∑n
i=1 xibi
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Fig. 3. An optical pointer was used to correlate the detector front face with the optical
tracking target attached to the mini gamma camera

with a coefficient vector x = (xi) ∈ R
n. In this work, the bi are voxel basis

functions, chosen in a 56× 50× 22 grid with voxel size 2.5× 2.5× 2.5[mm3].
The measured lookup tables �k at each gamma camera pixel k are then used

to map each voxel bi to a camera measurement mk
j at position pj via nearest

neighbor interpolation, yielding a linear measurement model Mk
j (bi). For each

camera position pj and camera pixel k we then have Mk
j (f) = mk

j using the

model Mk
j , with m = (mk

j ) ∈ R
l denoting the camera readouts. Together, this

allows to formulate the discretized reconstruction problem as

mk
j = Mk

j (f) ≈
n∑

i=1

xiMk
j (bi).

Using the short notation akji = Mk
j (bi) we define the system matrix A = (akji).

Now the reconstruction problem can be formulated as solving an inconsistent
system of linear equations Ax = m [10]. After removal of columns and rows be-
ing entirely zero from A to avoid singularities, we solve the least squares problem
minx ‖Ax−m‖2 using a standard maximum likelihood expectation maximiza-
tion (MLEM) algorithm with 20 iterations. Finally, the computed approximation
to x allows computation of the desired activity map f .

2.5 Experimental Procedure

A phantom was made mimicking a sentinel lymph node scenario. Three hollow
spheres (2 × 0.2[ml] and 0.1ml) were screwed into a plastic box and an optical
tracking target was attached on the lid, as shown in Fig.4a. The spheres were
filled with 99mTc (650 [kBq] in sphere (1), 850 [kBq] in (2) and 500 [kBq] in
(3), cf. Fig. 4b). Five robotic gamma camera scans were performed with an
acquisition time of 60[s] for each scan from the directions shown in Fig. 4b.
The robot was moving to 6 previously defined positions on 3 orthogonal planes
and takes gamma camera acquisitions of 10[s]. In each scan the angle, position
and orientation of the gamma camera was slightly changed. For comparison we
also scanned 5 times with the fhSPECT system with a duration of 60[s] and
comparable scanning directions.



168 P. Matthies et al.

(a) Phantom from top (b) Scanning directions

Fig. 4. (4a) Phantom from top view with the three spheres filled with radioactive
99mTc solution, the lid with the optical tracking target attached to it lies beneath the
box to reveal the view inside. (4b) Scanning directions of the robot moving the mini
gamma camera. All the spheres were scanned from one side and from the top. The
freehand gamma probe scans covered the same three sides homogeneously.

3 Evaluation and Results

Five gamma camera scans were performed and compared to a CT image of the
phantom as ground truth with the 99mTc filled spheres clearly visible. The re-
constructions yielded mean distances to their respective ground truth of 4.3[mm]
(σ = 0.3[mm], sphere 1), 4.0[mm](σ = 0.9[mm], sphere 2) and 5.6[mm]
(σ = 3.4[mm], sphere 3). In all five scans the three spheres could be recon-
structed successfully, only in one reconstruction a larger artifact close to one
sphere showed up, in two other scans one small artifact was visible close to the
correctly reconstructed spheres and to the border of the volume. These artifacts
result from the nature of the used model as the lookup tables contain the largest
values close to the detector and when the volume of interest is very close to the
detector positions, the border regions are intensified.

The fhSPECT reconstructions were then compared to the ground truth as
well. Only in one case all three spheres could be reconstructed, although com-
bined with additional artifacts (cp. arrows in Fig. 5b). In the remaining four scans
2 of the 3 hot spots could be detected without major artifacts in the images.
The mean distance of the reconstructed spheres to their respective ground truth
positions were 20.4[mm](σ = 3.1[mm]), sphere 1) and 16.8[mm](σ = 2.2[mm]),
sphere 2). Sphere 3 could only be reconstructed in one scan with a distance of
27.2[mm] to its ground truth position. This resulted with the tradeoff of large
artifacts in the image. However, total counts acquired with the mini gamma
camera were more than 10 times higher and the fhSPECT scanning time is
considered short compared to clinical practice.

Fig. 5a shows a reconstruction performed using a gamma camera mounted to
a robot arm and scanning the phantom from 6 different positions for 10[s] each.
Fig. 5b shows a reconstruction performed with fhSPECT device and a gamma
probe after scanning the volume of interest for 60[s] from three orthogonal sides.
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(a) Camera reconstruction (b) Probe reconstruction

Fig. 5. Reconstruction performed using a gamma camera mounted to a robot arm (5a)
and with fhSPECT device and a gamma probe (5b). Arrows indicate artifacts.

4 Discussion and Conclusion

The upgrade from a single gamma detector to a compact gamma camera for
3D freehand scans has a huge impact on the quality of the tomographic recon-
structions achieved by comparable computation times (< 1[min]). The fact that
camera data enables reconstructing hot-spots with lower activity, the novel sys-
tem allows faster acquisitions and lower tracer doses, thus limiting the exposure,
and therefore the risk associated with the procedure.

This is, of course, not without trade-offs, most importantly the weight of the
camera. This can be solved by using a robot arm like it is proposed in this paper,
or by a mechanical construction to support it.

The ability of reconstructing images with an accuracy close to a diagnostic
SPECT machine, coupled with the low presence of artifacts and the increased
precision of the hot-spot relocation are clear benefits for the medical workflow.
However, the purpose of intra-operative SPECT is guidance and not diagnosis.

The use of a robot arm enables the use of optimized acquisition trajectories,
or feedback loops, since it is also possible to use the current acquisitions to per-
form on-the-fly adaptive trajectories. This combination can lead to even shorter
acquisition times, while keeping the quality constant. The robot used for the
experiments is not a medical device, and it does not fulfill the minimum safety
requirements for its use in the operation room [12]. However, it is possible to use
for phantom studies and ex-vivo experiments.

Future applications could include radioembolization therapy [13] using 99mTc-
MAA in concordance with intra-operative CT images to better localize any
suspicious foci of activity.
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