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Purpose: Quantitative accuracy of the single photon emission computed tomography (SPECT)
reconstruction of the pretreatment procedure of liver radioembolization is crucial for dosimetry;
visual quality is important for detecting doses deposited outside the planned treatment volume. Quan-
titative accuracy is limited by respiratory motion. Conventional gating eliminates motion by count
rejection but increases noise, which degrades the visual reconstruction quality. Motion compensation
using all counts can be performed if the motion signal and motion vector field over time are known.
The measurement of the motion signal of a patient currently requires a device (such as a respiratory
belt) attached to the patient, which complicates the acquisition. The motion vector field is generally
extracted from a previously acquired four-dimensional scan and can differ from the motion in the
scan performed during the intervention. The simultaneous acquisition of fluoroscopic and nuclear
projections can be used to obtain both the motion vector field and the projections of the correspond-
ing (moving) activity distribution. This eliminates the need for devices attached to the patient and
provides an accurate motion vector field for SPECT reconstruction. Our approach to motion compen-
sation would primarily be beneficial for interventional SPECT because the time-critical setting
requires fast scans and no inconvenience of an external apparatus. The purpose of this work is to eval-
uate the performance of the motion compensation approach for interventional liver SPECT by means
of simulations.
Methods: Nuclear and fluoroscopic projections of a realistic digital human phantom with respiratory
motion were generated using fast Monte Carlo simulators. Fluoroscopic projections were sampled at
1–5 Hz. Nuclear data were acquired continuously in list mode. The motion signal was extracted from
the fluoroscopic projections by calculating the center-of-mass, which was then used to assign each
photon to a corresponding motion bin. The fluoroscopic projections were reconstructed per bin and
coregistered, resulting in a motion vector field that was used in the SPECT reconstruction. The influ-
ence of breathing patterns, fluoroscopic imaging dose, sampling rate, number of bins, and scanning
time was studied. In addition, the motion compensation method was compared with conventional gat-
ing to evaluate the detectability of spheres with varying uptake ratios.
Results: The liver motion signal was accurately extracted from the fluoroscopic projections, pro-
vided the motion was stable in amplitude and the sampling rate was greater than 2 Hz. The minimum
total fluoroscopic dose for the proposed method to function in a 5-min scan was 10 µGy. Although
conventional gating improved the quantitative reconstruction accuracy, substantial background noise
was observed in the short scans because of the limited counts available. The proposed method simi-
larly improved the quantitative accuracy, but generated reconstructions with higher visual quality.
The proposed method provided better visualization of low-contrast features than when using gating.
Conclusion: The proposed motion compensation method has the potential to improve SPECT recon-
struction quality. The method eliminates the need for external devices to measure the motion signal
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and generates an accurate motion vector field for reconstruction. A minimal increase in the fluoro-
scopic dose is required to substantially improve the results, paving the way for clinical use. © 2019
The Authors. Medical Physics published by Wiley Periodicals, Inc. on behalf of American Associa-
tion of Physicists in Medicine. [https://doi.org/10.1002/mp.13653]
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1. INTRODUCTION

Respiratory motion is a major degrading factor for the quanti-
tative accuracy of single photon emission computed tomogra-
phy (SPECT) scans and should ideally be compensated for in
the reconstruction.1–3 Clinically, the effect of motion is miti-
gated by applying gating: a projection set is generated by only
incorporating data with a minimum motion amplitude.4 This
improves the resolution but increases the noise owing to the
limited counts that are accepted, especially when performing
fast scans. More elaborate methods that use all data addition-
ally require a motion vector field: a map of the patient-speci-
fic organ movements and deformations over the respiratory
cycle.5 Using such a model, the data from all individual
motion phases can be combined into a single motion-cor-
rected reconstruction.6

To extract the motion signal, data-driven approaches are
often used in other modalities.7,8 However, since SPECTscans
are often limited by count statistics, data-driven approaches
are more challenging for this modality9 and additional infor-
mation is usually required. For instance, the respiratory signal
can be tracked using a respiratory belt, which measures the
expansion of the abdomen over time. Other frequently used
approaches include camera systems and spirometers.10 Most
of these devices require extra work for the technicians and are
difficult to work with in time-critical situations.

It is difficult to construct a general model for the motion
vector field due to interpatient variability and different
breathing preferences.11 Therefore, the most common
approach to estimate the motion vector field is to extract it
per patient from a previously acquired four-dimensional (4D)
scan, such as computed tomography (CT)12 or magnetic reso-
nance imaging (MRI).13 However, observed motion can
depend appreciably on the scan modality or procedure,14 for
example, because of different levels of stress or scan duration.
Hence, the motion vector field from these scans potentially
describes the motion in the scan of interest suboptimally.

A device that simultaneously measures nuclear and fluoro-
scopic projections,15,16 and that is now under construction,
could be used to intrinsically correct for respiratory motion.
The motion signal can be extracted from the fluoroscopic pro-
jections and be used to allocate the nuclear and fluoroscopic
projections to motion bins. The fluoroscopic projections are
reconstructed per bin and then registered to each other to
extract the motion vector field over time, which can subse-
quently be included in the SPECT reconstruction.17 A single,
averaged motion vector field is thus used to correct the data
over the entire scan. The advantages of such a device are two-
fold: no external devices are required to extract the motion

signal, simplifying the procedure in the clinic, and the motion
vector field is retrieved from the same scan, ensuring that
changes in breathing between several scans do not influence
motion compensation performance. The disadvantages are that
gamma sensitivity is reduced and extra dose is administered.

Our approach to motion compensation will most likely not
be suitable for general motion compensation, but there are sit-
uations in which it could be of benefit. The proposed use for
our device is in hepatic radioembolization, in which small
radioactive microspheres are inserted into the liver.18 A pre-
treatment SPECT/CT scan of technetium-99m macroaggre-
gated albumin is normally performed before therapy to detect
potential inadvertent regions of high activity and for the treat-
ment planning of dosimetry. Ideally, this pretreatment proce-
dure and therapy are performed in a single setting (1-day
procedure) to minimize changes in anatomy and the catheter
position.19 Our mobile dual-layer detector would be moved
into the intervention room after the pretreatment procedure to
perform an interventional SPECT scan. The activity distribu-
tion would be assessed, after which the physician can start
the therapy. Our proposed approach to motion compensation
is expected to be beneficial for this situation because the
time-critical setting requires fast scans and no inconvenience
of an external apparatus.

The purpose of this work is to evaluate the quantitative
accuracy and visual quality retrieved from the proposed
motion compensation approach for fast interventional liver
SPECT in a simulation study. The influence of the fluoro-
scopic imaging dose, sampling rate, total scanning time,
number of bins, and motion patterns will be studied. We will
investigate whether inadvertent regions of high activity could
be better distinguished with our motion compensation tech-
nique than with gating.

2. MATERIALS AND METHODS

2.A. Detector

An overview of the proposed detector system is shown in
Fig. 1. The system consists of a gamma camera with 100-cm
focal length low-energy, high-resolution (LEHR) cone beam
collimator, merged with a cone beam CT (CBCT) flat panel
in front of it. This dual-layer detector is, together with the x-
ray tube, mounted on a mobile c-arm so it can be used during
interventions. Most generated x rays will be absorbed in the
flat panel; the gamma photons possess a higher energy,
allowing a major fraction to pass through the flat panel to be
detected on the gamma camera. The custom flat panel antis-
catter grid was not included because the CBCT
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reconstruction quality is not of key importance. A prototype
system has shown the feasibility of this configuration.15,16

2.B. Phantom

A realistic patient phantom was generated using the XCAT
phantom program20 with the standard body settings of a 95-
kg male. Respiratory motion was generated with 50 samples
per breathing cycle, for one stable and five irregular breathing
patterns (see Fig. 2).21 The six studied patterns were:

1. Stable breathing: respiratory cycle of 5 s with a maxi-
mum diaphragm amplitude of 2.0 cm and anterior–
posterior (AP) expansion of 1.2 cm

2. Phase change: patient switches halfway in the proce-
dure from stable breathing to a respiratory cycle of 3 s

3. Amplitude change: patient switches halfway from
stable breathing to a maximum diaphragm amplitude
of 3.0 cm and AP expansion of 1.8 cm

4. Baseline shift: patient switches halfway from stable
breathing to a baseline 1.0 cm higher than the previous
baseline

5. Small variations: a motion signal with a respiratory
cycle of 5 s is generated by randomly assigning a max-
imum amplitude (between 2.0 and 2.5 cm; scaled AP

expansion) and baseline shift (between 0.0 and
0.5 cm).

6. Large variations: a motion signal is generated by ran-
domly assigning a maximum amplitude (between 0.5
and 2.0 cm; scaled AP expansion), phase (between 3
and 7 s), and baseline (between 0.0 and 1.0 cm).

A total of 150 MBq 99mTc was inserted into the liver, in
which a sphere of 30 mm in diameter was added. Several
uptake ratios (1:2, 1:3, 1:4, and 1:5) were evaluated to study
the detectability for the different imaging protocols. Activity
and attenuation maps were generated on a 128 9 128 9 100
matrix with 4.7 mm isotropic voxels.

2.C. Projection generation

Fluoroscopic projections were generated in GATE,22 using
the fixed forced detection variance reduction actor for the
scatter generation.23 Scatter was simulated on a factor 4
downscaled attenuation map, using 5 9 105 particle instances
per projection. The input beam spectrum was retrieved from
the Simulation of Fluoroscopic Spectra tool24 at the clinically
used setting of 120 kVp with a 1.0-mm copper filter. The
CBCT flat panel was positioned 27 cm from the body center.
The gamma transmission through the flat panel was set at
64%, in line with what we expect to achieve at 140 keV 15.

Nuclear projections were generated using the Utrecht
Monte Carlo System (UMCS), which is a fast Monte Carlo-
based software package that simulates particle interactions in
the body.25 The forward projector has previously been vali-
dated for several isotopes26–28 and has been extended to con-
verging collimators.29 An energy window of 15% was set
around the 140 keV 99mTc photopeak and the point-spread
function was specifically generated for the proposed detector
system, making quantitative reconstructions possible. The
intrinsic spatial resolution of the gamma camera was set at
3.8 mm full width at half maximum.30 The flat panel thick-
ness (2 cm) increased the nuclear orbit radius to 29 cm. Pois-
son noise, scaled with the time per projection and the total
activity, was added to the projections.

Both fluoroscopic and nuclear projections were generated
for 120 angles over 360° for the different breathing patterns
at a camera size of 40 cm2 9 50 cm2. Two protocols were
investigated: one with a scan time of 5 min, which will be
referred to as the fast interventional protocol, and one with a
scan time of 30 min, which is current clinical practice. The
fluoroscopic sampling rate was varied from 1 to 5 Hz and the

FIG. 1. The proposed detector that can measure fluoroscopic and nuclear pro-
jections simultaneously. The depicted cone is the irradiated x-ray area that is
captured on the flat panel. In red are the gamma photons that pass through
the flat panel to be detected on the gamma camera. [Color figure can be
viewed at wileyonlinelibrary.com]

FIG. 2. Respiratory motion patterns used in this study: stable breathing and five types of irregular breathing. Visualized is the diaphragm amplitude over time.
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total fluoroscopic dose from 1 to 1000 µGy. Additionally, we
investigated whether it would be better to increase the sam-
pling rate or increase the fluoroscopic dose per view, while
keeping the total fluoroscopic dose level constant.

2.D. Projection noise

To realistically simulate the effect of the fluoroscopic dose
on the reconstruction results, a dose–noise relation for the
fluoroscopic projections is required. To this end, the noise
characteristics of a clinical CBCT scanner (Allura FD20; Phi-
lips Healthcare, Amsterdam, the Netherlands) were studied.
An image quality phantom (Fluorad A + D; Pehamed, Sulz-
bach, Germany), consisting of 16 tiles of varying copper
thicknesses (representing the range of attenuation in patients),
was scanned using a clinical high-dose CBCT protocol, while
monitoring the air kerma reported on the scanner. Addition-
ally, the phantom configuration (as reported in the manual)
was simulated in GATE.

The mean values and standard deviations were measured
in a square of 74 9 74 pixels positioned on the center of the
tiles for a single projection. The fluoroscopic detector noise
consists of both a Gaussian (electrical) component and a
Poisson distributed component.31 The Poisson noise is
expected to scale with the square root of the number of
detected particles, while the Gaussian noise depends only on
the size of the detector pixels. The observed standard devia-
tion for the tiles was therefore fitted with:

r ¼ r0 þ c
ffiffiffi

l
p

where r is the standard deviation on the tile, r0 the electrical
noise, c a constant, and l the mean value. A change in pixel
size results in the scaling of the electrical noise r0 with the
square root of the resize factor and in a linear scaling of the
mean value l.

Using the relation between the mean values of the experi-
mental and simulated (noise-free) projections and the
reported air kerma, the noise in the simulations can be gener-
ated as a function of the fluoroscopic dose. In practice, this
fluoroscopic dose could be tuned by changing the exposure
(mA per projection). Therefore, the fluoroscopic dose would
scale linearly with the number of particles detected, thus only
influencing the Poisson noise component.

2.E. Motion signal extraction

The motion signal was extracted from the pixel intensity
distribution of the simulated fluoroscopic projections. Over a
vertical strip of 50 pixels, centered on the lung–liver bound-
ary, the center-of-mass was calculated for every sampled fluo-
roscopic projection. The collection of centers-of-masses over
the projection angles has a background component, which
was removed by subtracting the time-averaged signal. Peaks
found in the remaining signal were used to normalize all val-
ues between no motion and the maximum motion amplitude.
All projections were then binned by placing the bin bound-
aries at equal distances based on the motion amplitude.

If the number of bins is increased, the resolution of the
reconstruction should improve, as more accurate compensa-
tion for motion is made. However, the computational time
scales linearly with the number of bins and hence an opti-
mum should be found.

2.F. CBCT reconstruction

The fluoroscopic projection sets were reconstructed per
bin using TIGRE,32 which is a fast GPU-based CBCT recon-
struction package with several options for iterative algo-
rithms. The reconstruction was performed using the ordered-
subset simultaneous algebraic reconstruction technique (OS-
SART) with 50 iterations. This iterative reconstruction has an
advantage over the regular clinical FDK algorithm33 because
it suppresses noise.

2.G. Registration

The CBCT reconstruction of the first bin was registered to
the reconstructions of the other bins using the Elastix image
registration package.34 The deformable registration provided
a motion vector field from the first bin to the other bins. The
inverse motion vector fields were retrieved by performing reg-
istration with the fixed and moving volumes exchanged, that
is, the registration of the CBCT reconstructions of the other
bins to that of the first bin. The vector fields were mean fil-
tered over three voxels to increase the smoothness and mean
filtered over three motion bins to ensure temporal regularity.

The quality of the CBCT reconstruction is expected to be
low (due to a relatively high scatter contribution, small
motion artifacts, potential partial sampling, and high noise in
the projections). The liver contours themselves may therefore
not be tracked over time. Instead, several regions were
selected from which to extrapolate the motion. For the supe-
rior-inferior direction, the vector field below the lungs was set
to the motion observed in the diaphragm. For the AP direc-
tion, the vector field below the lungs was set to the motion
observed in the sternum. The spine was assumed to be fixed.

2.H. SPECT reconstruction

The nuclear projections were reconstructed using UMCS,
with the same settings as in the projection generation. No
subsets were used, as the number of projections was not con-
stant for all options. All reconstructions were performed with
25 iterations and 10 noise realizations were made to study the
stability of the metrics to noise. Only the dual-layer configu-
ration was studied in this work, which means that the flat
panel was present for all simulated options.

The following options for SPECT reconstruction were
compared:

1. No motion compensation. The nuclear projections were
reconstructed with no form of motion compensation.
This is the current practice in most hospitals.
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2. Use of gating. The estimated motion signal was used to
select the projections in the breathing cycle with mini-
mum motion: 1/5th of the motion amplitude was used.

3. Use of the motion vector field. For every iteration, dur-
ing reconstruction and for every bin, the intermediate
motion-free SPECT reconstruction was translated to
each respective motion bin using the associated motion
vector field. The estimated projections were obtained
from the forward projection of the translated recon-
struction image, and the error projections were calcu-
lated by dividing the estimated projections by the true
projections (that should have the same translation due
to motion). The error image was obtained by perform-
ing backprojection of the error projections. The error
images of all bins were translated back to the stationary
motion bin, and these images were averaged. This final
error image was used to update the intermediate
motion-free SPECT reconstruction, after which the
next iteration was started.

4. No motion. A projection set with no motion was gener-
ated and reconstructed. These reconstructions were
used as a reference.

To correct for photon attenuation, an attenuation map is
required. We assumed that a breath-hold diagnostic CT was
available. This high-quality CT would be registered to the
obtained low-quality CBCT and scaled to generate the
breath-hold attenuation map. For the motion vector field
reconstruction option, a 4D attenuation set was subsequently
made by applying the respiratory motion transformations.

The incorporation of motion into the SPECT reconstruc-
tion was evaluated with two vector fields: one estimated from
the motion vector field during the procedure with the pro-
posed detector system, and one that could be obtained from a
previously acquired 4D scan. Since motion will vary between
scans, the latter vector field was assumed to underestimate
the true respiratory motion by 2 mm for the maximum dia-
phragm motion (resulting in 2.0–0.2 = 1.8 cm max motion)
and 1 mm for the AP expansion (resulting in 1.2–
0.1 = 1.1 cm max motion) 35.

The reconstruction results were evaluated in terms of the
activity recovery (as a measure of quantitative accuracy) and
contrast-to-noise ratio (CNR) (as a measure of visual quality).
The CNR has the additional benefit that it reaches a maxi-
mum value, which eliminates the effect of different conver-
gence rates for the several reconstruction methods.
Practically, this means that a certain iteration number does
not have to be chosen.

3. RESULTS

3.A. Fluoroscopic dose-noise relation

The relation between the mean projection values of the
tiles as measured by the clinical CBCT scanner and those
simulated with GATE is shown in Fig. 3(a). The relation
was found to be linear, which indicates that the simulation
is an accurate tool for predicting the scanner projections.
Figure 3(b) shows the relation between the standard devia-
tion and the mean values in the scanner projections. Since
the curve crosses the x-origin at a value larger than zero,
the electrical noise is important in describing the scanner
noise.

With the combined information of the relation between
the scanner mean and simulation mean, and the scanner stan-
dard deviation, the noise was generated in the simulations.
The results are presented in Fig. 3(c), which shows a similar
noise pattern as in the scanner projections. This noise is now
directly linked to fluoroscopic dose and will be used for fur-
ther analyses.

3.B. Projection generation

Two nuclear projections (0.5 s in duration) and corre-
sponding fluoroscopic projections (total fluoroscopic dose
level of 1000 µGy) at a diaphragm motion of 0 and 5 cm for
the phantom with 1:5 uptake ratio are shown in Fig. 4 for
illustration purposes. Histogram equalization was performed
on the shown fluoroscopic projections to increase the soft-tis-
sue contrast for visualization.

FIG. 3. Results on the dose–noise relation in arbitrary units (a.u.): (a) shows the relation between the mean value in the tiles of varying copper thickness observed
in the simulation and the scanner projections; (b) shows the standard deviation of the scanner projections as a function of the mean value; and (c) shows that sim-
ilar noise can be generated on the simulated projections by incorporating the parameters of the scanner fit. The mean values of the simulation were scaled to the
mean values of the scanner.
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The effect of noise and scatter on the fluoroscopic images
can be studied in more detail by evaluating the fluoroscopic
projections for the different fluoroscopic dose levels in
Fig. 5. It becomes increasingly difficult to identify the indi-
vidual organs at a lower fluoroscopic dose, but the lung–liver
boundary can be visualized even for very low dose levels.

3.C. Motion signal extraction

Figure 6 shows the motion signal that was extracted from
the fluoroscopic projections for a stable respiratory pattern
(acquired with 1000 µGy fluoroscopic dose, 5 Hz sampling

rate, and 5-min scan). Figure 6(a) shows the raw signal
obtained from the center-of-mass tracking, together with the
time-averaged signal. Figure 6(b) shows the signal with the
background component removed (i.e., the raw signal minus
the time average), together with the found peaks. Figure 6(c)
shows the signal normalized to the peaks, together with the
bin boundaries.

3.D. CBCT reconstruction

The binned fluoroscopic projections were reconstructed
per bin, and the result for one bin is shown in Fig. 7. Some

FIG. 4. Fluoroscopic (gray scale) and nuclear (color) projections for two respiratory phases (left: amplitude of 0 cm/ right: 5 cm). [Color figure can be viewed at
wileyonlinelibrary.com]

FIG. 5. Effect of fluoroscopic dose on the fluoroscopic projections. Reported is the total fluoroscopic dose (air kerma) for all projections in a 5-min scan while
sampling at 5 Hz.

FIG. 6. Extraction of the motion signal (acquired with stable motion, a 5-min scan, a 5 Hz sampling rate, and a 1000 µGy fluoroscopic dose) from the fluoro-
scopic projections using a center-of-mass approach. Frame (a) is the raw motion signal with the time-averaged signal; (b) the signal with background removed,
with the found peaks; and (c) the normalized signal with five bin boundaries.
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artifacts toward the ribs are present due to intra-bin motion.
The CBCT reconstruction image contrast was lower than that
of the XCAT phantom due to beam hardening and the contri-
bution of scattered photons. In the upper and lower parts of
the reconstruction, some volume is truncated because of the
scanner size and the cone geometry. Again, it is difficult to
localize the individual organs, but the lung–liver barrier can
be well identified.

3.E. Motion vector field

The CBCT reconstructions of the binned fluoroscopic pro-
jections were coregistered, from which the motion field was
extracted. Figure 8 shows the evolution of the motion field
over five bins, together with the motion field of the phantom.
The motion in both the superior-inferior and AP directions is
evident. The abdomen is enlarged in size in the transformed
attenuation map over the respiratory cycle.

3.F. SPECT reconstruction

Figure 9 shows the SPECT reconstructions for the four
reconstruction methods for both the 5- and 30-min scans (ac-
quired with stable motion, 5 Hz sampling rate, 5 bins, and
1000 µGy (5-min) or 6000 µGy (30-min) fluoroscopic
dose). Visual inspection shows that no motion compensation
resulted in a low contrast between the sphere and liver back-
ground. Gating resulted in a high-contrast image, but the
noise in the background was increased, which was especially
evident in the 5-min scan. Motion compensation resulted in a

high sphere contrast and low noise levels. This option best
resembled the reconstructions with no motion present.

The above results are presented in more detail in Fig. 10,
which shows the activity recovery and the relative noise
levels (standard deviation divided by the average intensity) as
a function of the iteration number. These results confirm that
both gating and the vector motion field compensation pro-
vided good quantitative accuracy, but noise quickly domi-
nated in the case of gating.

Using the contrast-to-noise ratio, the above results can be
combined in a single measure. The maximum CNR over the
iterations was determined and is shown in Fig. 11. This figure
shows how gating performed relatively better for the 30-min
scan than for the 5-min scan, thanks to the increased number
of counts available for reconstruction.

3.G. Reconstruction properties

The maximum CNR for the studied reconstruction proper-
ties for the 5-min scan are shown in Table I. The standard
vector field compensation is the reconstruction performed
with 1:5 uptake ratio, stable motion, 5 Hz sampling rate,
1000 µGy fluoroscopic dose, and five bins. The studied
reconstruction options have settings equal to those of this
standard vector field compensation unless specified other-
wise.

We investigated the cases of 2, 3, 5, and 10 bins. Even for
only two bins, the CNR was boosted significantly in compar-
ison with no motion compensation. Using additional bins
improved the CNR, but this increase was much smaller. This

FIG. 7. Reconstructions of one bin for the studied fluoroscopic dose levels (acquired with stable motion, a 5-min scan, and a 5 Hz sampling rate), together with
the XCAT phantom used as input for the fluoroscopic projections.

FIG. 8. Estimated motion vector field for five bins (acquired with stable motion, a 5-min scan, a 5 Hz sampling rate, and a 1000 µGy fluoroscopic dose) with the
transformed attenuation map (top) and the phantom motion field with the phantom attenuation map (bottom).
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is because the magnitude of motion (average diaphragm
amplitude of 10 mm for stable breathing) is in the same order
of magnitude as the resolution of the gamma camera
(~7.5 mm at 10 cm) 30. Accordingly, the mismatch in time-
averaged nuclear data with snap-shot fluoroscopic projections
does not significantly influence the reconstruction quality.

The fluoroscopic dose levels were varied from 1 to
1000 µGy. A fluoroscopic dose of 10 µGy boosted the CNR
considerably compared to 1 µGy dose. However, an increase
in the fluoroscopic dose did not further substantially improve
the results.

The x-ray sampling rate was varied between 1, 2, 3, and
5 Hz at a total constant fluoroscopic dose level of 10 µGy.

This fluoroscopic dose level was chosen, as it was shown that
this is the threshold for vector field motion compensation to
function. The highest CNR was achieved at a fluoroscopic
sampling rate of 2 Hz. Fluoroscopic noise started to domi-
nate with a further increase in the sampling rate, thus decreas-
ing the CNR.

The effect of using a motion vector field from a previously
acquired 4D scan (with an inaccuracy of a few mm in the
motion amplitudes), instead of using the vector field from the
scan of interest, resulted in a CNR of 21.5 � 0.7 instead of
22.3 � 0.7.

The effects of irregular breathing motion were evaluated
by performing reconstruction with several breathing patterns.

FIG. 9. Reconstructions of the nuclear liver images for stable motion for a single noise realization, with both the five- and 30-min scans for the phantom with a
1:5 uptake ratio. Reconstruction was performed without motion compensation, with gating, and with vector field compensation (acquired with a 5 Hz sampling
rate and a 1000 or 6000 µGy fluoroscopic dose). As a reference, the last column shows the reconstructions for the case in which no motion was present. The iter-
ation in which the maximum CNR was obtained is shown.

FIG. 10. Sphere activity recovery and relative background noise for the motion compensation options, shown for the 5- and 30-min scans (acquired with stable
motion, a 5 Hz sampling rate, and a 1000 or 6000 µGy fluoroscopic dose) for the phantom with a 1:5 uptake ratio as a function of the iteration number. The
shaded regions represent the standard deviation obtained from the noise realizations. [Color figure can be viewed at wileyonlinelibrary.com]
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These results are shown in Table II. The reconstruction qual-
ity was largely unaffected by phase changes. The reconstruc-
tion quality increasingly deteriorated for amplitude changes,
small variations, and baseline shifts. Vector field motion
compensation led to minimal improvements in the recon-
struction quality for large motion pattern variations, but yet it
did not reduce performance more than when no motion com-
pensation was applied. This suggests that the proposed
motion compensation can always be performed since recon-
struction quality did not decrease in the studied situations.

Finally, the difference in the detectability of regions with
high activity using the two motion compensation methods
was evaluated by reconstructing phantoms with different
uptake ratios. These results are shown in Table III. If the level
of detectability is set at the Rose criterion of a CNR level of
4,36 the spheres with 1:2 uptake ratio would not be detected
using gating. Conversely, this sphere could be observed using
motion vector field compensation.

4. DISCUSSION

In this study, we evaluated whether motion compensation
using simultaneous fluoroscopic and nuclear imaging could
enhance the SPECT quality in fast interventional liver scan-
ning.

In hepatic radioembolization, 99mTc-MAA SPECT/CT
imaging is performed for the detection of inadvertent regions
of high activity and for the treatment planning of dosimetry.
We have shown that regions with low uptake ratios can be
better detected with our motion compensation method than
with gating. This argument similarly holds for regions of
increasingly smaller sizes. We acknowledge that high visual
quality is currently not crucial for dosimetry, as activity
recovery remains accurate for low count rates as with gat-
ing.37 However, it could be argued that uniformity will
become an increasingly important measure when voxel-based
dosimetry38 is further developed, as the activity will then also
need to be correctly measured for small regions.

FIG. 11. Maximum CNR of the sphere in the SPECT reconstruction for the various reconstruction methods, for the 5- and 30-min scans (acquired with stable
motion, a 5 Hz sampling rate, and a 1000 or 6000 µGy fluoroscopic dose) for the phantom with a 1:5 uptake ratio. [Color figure can be viewed at wileyonlinelib
rary.com]

TABLE I. Maximum CNR values for the several reconstruction options for
the 5-min scan. No compensation resulted in a maximum CNR of
13.4 � 0.4. No motion resulted in a maximum CNR of 26.5 � 0.9.

Number
of bins CNR

Fluoroscopic
dose CNR

Sampling
rate CNR

2 bins 21.4 � 0.6 1 µGy 16.8 � 1.2 1 Hz 22.0 � 0.9

3 bins 21.4 � 0.7 10 µGy 21.1 � 0.7 2 Hz 22.6 � 1.0

5 bins 22.3 � 0.7 100 µGy 22.3 � 0.8 3 Hz 22.4 � 1.3

10 bins 22.4 � 0.8 1000 µGy 22.3 � 0.7 5 Hz 21.1 � 0.7

TABLE II. Maximum CNR values for the irregular breathing patterns for the
5-min scan for no compensation, gating, and use of the motion vector field.
No motion resulted in a maximum CNR of 26.5 � 0.9.

Breathing pattern No compensation Gating Vector field

Stable 13.4 � 0.4 15.1 � 0.8 22.3 � 0.7

Phase change 13.7 � 0.7 15.4 � 1.0 21.8 � 0.9

Amplitude change 11.6 � 0.6 15.5 � 0.7 20.7 � 0.9

Baseline shift 8.8 � 0.3 12.7 � 0.7 17.7 � 0.7

Small variations 8.6 � 0.4 14.0 � 1.0 18.5 � 0.7

Large variations 11.0 � 0.4 10.4 � 0.7 13.3 � 0.7

TABLE III. Maximum CNR values for the spheres with varied uptake ratios
for the 5-min scan for no compensation, gating, and use of the motion vector
field.

Uptake ratio No compensation Gating Vector field

1:2 2.7 � 0.3 3.2 � 0.4 4.4 � 0.5

1:3 6.4 � 0.4 7.1 � 0.6 9.9 � 0.5

1:4 10.0 � 0.5 11.0 � 1.0 15.7 � 1.2

1:5 13.4 � 0.5 15.1 � 0.8 22.3 � 0.7
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Two limitations of this study were that a phantom with
rigid-like liver motion was evaluated and that the proposed
method assumed a non-deformable liver. The method dis-
cussed in this work is furthermore heavily dependent on the
visibility of the lung–liver barrier to extract the motion vector
field. Assumptions have been made on the liver displacement
in relation to the other organs, the validity of which will be
studied in future work. For now, the effect of motion compen-
sation should be carefully monitored in the case of regions of
high activity further away from the liver. While the current
implementation of the motion vector field requires a manual
selection of regions to extrapolate the lung motion to the liver
motion, this step should be automated once the system has
passed the prototype phase. This is expected to be feasible
because the boundaries between lung, air, and soft tissues are
well discernible.

The background noise in gating could, to some extent, be
compensated for in the reconstruction using regularizers,
such as total variation minimization.39 The smoothing of uni-
form regions, while preserving sharp edges, would improve
the results on CNR similarly to the proposed method. How-
ever, since activity distributions will vary substantially
between patients, the best setting for the required regulariza-
tion parameter is often not evident. The use of optimal gat-
ing.40 could similarly provide smoother reconstructions but
will come at the cost of a loss in resolution.

The prototype dual-layer detector system15,16 is currently
being integrated into a custom C-arm. In the present simula-
tion study, it was assumed that the flat panel could be
decreased in thickness and attenuation by relocating the
detector electronics. The camera size was additionally
increased, and the detector orbit was reduced so that a closer
orbit around the patient could be realized. X-ray overflow on
the gamma camera was not considered since this is not a lim-
iting factor at low fluoroscopic doses.41,42

The simultaneous anatomic and nuclear information
needed to acquire a motion vector field might also be suc-
cessfully obtained using integrated SPECT/MRI,43 which
does not have the downside of delivering radiation doses to
patients and might better cope with irregular breathing. The
main benefit of the proposed detector is that it is relatively
small and mobile, and thus suited for interventional proce-
dures. Additionally, by designing the gamma camera as an
add-on to a regular c-arm, the manufacturing cost can be kept
low and implementation in the clinic can be accelerated.

A radiation dose is required for our approach to motion
compensation. However, it is not expected that this will limit
clinical use. First, a radiation dose will always be required for
interventional scanning, inasmuch as the SPECT scan needs
either a self-recorded attenuation map or a volume to perform
registration on. The ability to perform motion compensation
can thus be considered an added benefit. Second, it was
shown that our approach required only 10 µGy for the
described situation. This is very low in comparison with, for
example, the generation of an attenuation map in SPECT,
which is usually in the order of several mGy 44. And third, in
the proposed application of hepatic radioembolization,

patients locally receive several hundred Gy, many orders of
magnitude more than in our approach.

Breathing motion patterns consist of a combination of
phase changes (breathing faster or slower), amplitude changes
(breathing more/less deeply), and baseline shifts (switching
of breathing pattern).45 Algorithms, such as the Amsterdam
Shroud,46 Fourier-based approaches,47 and principle compo-
nent analysis,48 cannot determine these amplitude and base-
line changes. Furthermore, approaches using template
matching49,50 require high-contrast images, which are not
available if the administered fluoroscopic dose is kept low.

It was shown that changes in respiratory motion degrade
the reconstruction results. However, the extent to which such
motion variations will be present in an interventional (e.g.,
radioembolization) setting is unclear, as we unfortunately do
not have access to patient respiratory signals. Patients are
generally already on the operating table for some time before
the scout scan is performed, which might reduce the likeli-
hood of a change from an active to a resting state. Addition-
ally, patients are often sedated to some degree, which will
reduce stress-related breathing. For now, we assume that the
motion vector field can be approximated as stable during a
single scan. Future studies are needed to determine whether
this assumption holds.

The prototype as described performs a single rotation only
and is thus subject to the limited angle effect since projec-
tions are only available under certain angles.51 One way to
better cope with the influence of irregular breathing would be
to perform multiple rotations during the scan. Faster rotation,
however, requires better mechanical stability, which may not
be achieved in the prototype under construction. This option
has therefore not been further explored in this study but could
be beneficial for future designs.

As discussed previously, an approximation of the motion
vector field could be estimated with other modalities, such as
CT or MRI. A major advantage of our motion compensation
approach is that it is not sensitive to potential changes in
breathing between scans, making it a reliable option for clini-
cal practice. The above options would also require that the
previously acquired 4D scan be matched to the SPECT scan,
requiring a registration step. This registration could result in
blurring, which is an additional disadvantage of using the
vector field from a previously acquired 4D scan. The inte-
grated SPECT/CBCT system captures the same field of view
and hence does not have this problem.

By assigning nuclear counts to gates using the motion sig-
nal from an external gating device, it might be possible to
estimate the motion vector field from the resulting recon-
structed SPECT volumes. This approach has the benefit of
not requiring any other modality for its motion compensation,
and thus not requiring any hardware modifications. However,
for fast scanning, we expect that the quality of the SPECT
volumes will be severely limited by counting statistics, mak-
ing it very challenging to estimate a correct vector field.
While this approach might thus be beneficial for general
motion compensation in SPECT, it is unlikely to succeed in a
time-critical interventional setting.
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It is not expected that the use of an antiscatter grid will
improve the detection of the lung–liver barrier since the dif-
ference in density between these tissues is relatively large.
However, when simultaneously applying a higher fluoro-
scopic dose, the soft-tissue contrasts in the reconstructions
may become more apparent. Tracking all organs individually
may then still be challenging but should be feasible with the
use of dedicated registration software. Such an approach
would additionally allow deformable registration, in contrast
to the proposed method, which assumes a rigid liver. Our aim
is to limit the fluoroscopic dose rate initially and evaluate its
performance. If it proves that the used extrapolation method
does not accurately describe the respiratory motion, the
option above could be further explored.

Three steps in the total reconstruction process take up
most of the reconstruction time. For a single bin, and with a
single thread on a regular desktop computer, the required
times are approximately 10 s for CBCT reconstruction,
2 min for registration, and 30 min for SPECT reconstruction
(for 25 iterations). All bins can be processed in parallel,
which means that the total number of bins will generally not
be limiting. With code optimization and the use of dedicated
hardware, we expect that a total reconstruction time of 5 min,
fast enough for use in an interventional setting, can be
achieved.

5. CONCLUSION

We have developed and evaluated a motion compensation
approach using simultaneous fluoroscopic and nuclear imag-
ing with a dual-layer detector. Such a configuration can
intrinsically measure the respiratory motion signal and the
associated motion vector field during a SPECT scan, which
eliminates the need for external devices and provides an opti-
mal motion vector field. The SPECT reconstruction quantita-
tive accuracy is boosted substantially compared with no
motion correction; the visual quality is also improved com-
pared to gating. Combined with the fast reconstruction imple-
mentation, this will allow for motion-corrected scans in the
intervention room.
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