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A Linogram/Sinogram Cross-Correlation Method for
Motion Correction in Planar and SPECT Imaging
Saeed Sarkar, Mohammad A. Oghabian, Iraj Mohammadi, Alireza Mohammadpour, and Arman Rahmim

Abstract—In this work, a correlation function based on linograms and sinograms of the projection data was introduced,
implemented and evaluated in order to estimate and compensate
for the patient motion. Parabolic fitting of the peak of the correlation function was utilized to improve in the motion-estimation
task. In dynamic planar imaging, the method checked for motion
via its separate frames similar to the SPECT work; on the other
hand, in static planar imaging, the data acquisition protocol was
first exchanged from static to the dynamic modality, followed
by application of the motion-correction scheme, and a final
combination via summation of the motion-compensated frames.
The method was successfully evaluated in many cases. Our tests
showed that in SPECT imaging, the time of motion starting in a
specific projection and the duration of motion are very important
in the motion detection process. Measuring relative error showed
that the error in the images with presence of motion along the axis
of patient bed was 21.1%, being reduced to 1.4% while the 24.4%
error along the perpendicular axis to the patient bed was reduced
to 1.5% with the inclusion of our motion correction scheme. Experimental results in planar imaging also demonstrated the ability
of this method to reduce error in the maximum count from 40.7%
to 9.7%, wherein intended sudden motion was introduced in
static planar acquisition. Similarly, the error produced by gradual
simulated motion was reduced from 37% to 1.6%. This method
was clinically examined in the bone scan (static planar data) of an
old man for an Osteomyelitis study, as well as in a kidney washout
study (dynamic planar data) for a child. As a result, the motion
artifacts shown in the images were reduced considerably.
Index Terms—Cross correlation, linogram, motion correction,
planar, sinogram, SPECT.

I. INTRODUCTION

A

PPROXIMATELY in all nuclear medicine imaging
methods, including Planar or Single Photon Emission
Computed Tomography (SPECT), the data acquisition occurs
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over a relatively long time, typically in the range of 5–30
minutes. During this period, the patient must lie still to guarantee the image quality. Nevertheless, patient movement has
frequently been reported in clinical applications. This movement causes quantitative and qualitative image artifacts during
planar gamma camera data acquisition, as well as similar
artifacts including misalignment of the projection frames in
SPECT, which degrade the reconstructed image artifacts in
the reconstructed images [1]–[7]. Different methods have been
proposed for detection and correction of motion in SPECT
studies. Eisner et al. presented a motion correction method
based on cross-correlation of summed horizontal and vertical
profile of successive projections [8]. Lateral motion could only
be detected by compression of opposing views; however, this is
not always possible because of attenuation in cardiac studies.
Germano et al. proposed a “temporal image fractionation”
method while using a three-interval dynamic study acquisition
with the best 2 or 3 dynamic files summed into a single static
file for reconstruction [9].
Arata et al. compared the aforementioned motion correction
methods. He showed that methods must accurately detect axial
motion, and that cross-correlation was very accurate in detecting
lateral motion [10].
Furthermore, there are additional methods most of which use
cross-correlation functions for motion detection. Passalaqua et
al. used a dual scan method, consisted of acquiring a fast scan,
followed by a regular slow scan. The motion was then corrected
using a summed one-dimensional correlation method [11].
Pellot-Barakat et al. proposed an algorithm to detect motion
in the projection data in the context of triple-scan SPECT
imaging. This algorithm permitted the acquisition of three
full sets of SPECT data which could be adequately combined
in order to reconstitute a motion-free set of projection data
[12]. These methods, similar to the aforementioned temporal
image fractionation method are not amongst routinely used
methods in SPECT imaging. They also eliminate projections in
which obvious motion occurred; therefore some data acquired
by the system would be eliminated in this case, leading to
poorer signal-to-noise ratios. An alternate data-driven approach
consists of minimization of error measures between measured
data and forward projections of reconstructed data [13]. Furthermore, one may use an external motion tracking device,
simultaneously operating along with the nuclear medicine
imaging system, for the task of motion detection. One such
device uses optical triangulation of three miniature lights
affixed to the patient’s head while viewed by position sensitive detectors as proposed by Goldstein et al. [14]. Another
approach consists of the use of infrared (IR) reflecting sensors attached to the patient head, while using a mechanical
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six-degree-of-freedom tracker comprising a base which houses
the electronics, and a multiply-jointed lightweight arm, as
for instance used by Fulton et al. in brain imaging [15] and
by Beach et al. in cardiac imaging [16]. It must be noted
that reconstruction approaches used in connection with such
external tracking devices need to be very carefully considered
(e.g. see Rahmim et al. [17] for such consideration) in order
to avoid issues related to systematic bias in the images. The
current work is a data-driven approach in the context of motion
compensation, while we intend to compare this method with
other approaches (particularly using an external tracker) in the
near future.
From the literature review, it is easily understood that works
incorporating some form of motion correction are in the context of SPECT imaging, and motion detection and correction in
planar imaging is not considered. This work investigates, using
a particular cross-correlation approach, issues of motion detection and correction in dynamic and static planar imaging, along
with their dependence on motion start times and durations, with
the study also extended to SPECT imaging.
In this study, a correlation function based on linograms and
sinograms of the projections was evaluated in order to estimate
the magnitude, start time and durations of motion, and to compensate for the detected motion in SPECT and dynamic planar
imaging. In the static planar imaging mode, a dynamic mode
was first used to obtain sufficient frames for motion correction.
Following this change in the imaging mode, motion detection
and correction, using a cross correlation function, was used as
in SPECT. After corrections were performed, separate frames
were added to each other to construct a single motion-free static
planar data, and subsequently image.
II. MATERIALS AND METHODS
A. SPECT Work
The technique of acquiring SPECT images was similar to
the routine daily clinical studies. The protocol for the acquisition of SPECT data was as follows: step-and-shoot mode, cir64
cular orbit, 32 stops (20 seconds and 30 seconds), 64
matrices, a low-energy high resolution (LEHR) collimator (for
Tc-99 m) and high-energy general purpose (HEGP) collimator
(for I-131), while scanning over 180 . To evaluate the process,
axial displacements ( 1–3 pixels) were initially applied on several frames of a point source object. Moreover, an object comprising of a few point sources in space, a line source, a spherical
source (diameter 37 mm), as well as a number of patient data
were tested by the proposed method. The object being imaged
(gamma radioactive source) was placed on the patient bed. Motion was made along (axial) and perpendicular (transaxial) to
the axis of patient bed (respectively in and directions). Motion in 2D can be detected and corrected by combining these
two measures of motion.
Following routine imaging, the patient was asked to take an
additional exam within the context of pre-defined, known movements applied to the patient. Patient was a 45 year old male.
Times-per-stop of 25 seconds, with the agent Tc-99 Sestamibi
(dose of 25 mCi, injection-image interval of 45 minutes) were

Fig. 1. The projection geometry of the camera-patient system coordinates
( ; ; ) with relative to the projection frame coordinates (x; y ). The projection of the system origin is at the origin of the projection frames. A point
source P projects to P on the projection frame.

applied. Imaging was performed over 180 degrees. The image
was reconstructed by a filtered back-projection (FBP) method
using the Butterworth filter of order 5 and cut of frequency 0.35.
In order to evaluate motion qualitatively, a program was
written for showing the SPECT images in cine mode. Subsequently, the sinogram, which consisted of a series of rows, one
for each projection, was computed. The value at every location
along a given sinogram row was the summation of counts in
the pixels along the column at the corresponding horizontal
location. Also the linogram, in which individual columns represented a single projection, was computed. Each location on the
column represents the summation of pixel counts in the vertical
direction, for a row in the given projection. For a 32-projection
acquisition of 64 64 image matrix, therefore, the sinogram
has 32 rows and 64 columns while the linogram has 32 columns
and 64 rows. In this way, we are able to visualize sudden movements on viewing the screen, and the sinogram and linogram
data can be used for qualitative evaluation of patient motion.
The pattern of a point source in the projection frames is shown
in Fig. 1. In this figure , and denote the SPECT camera
system coordinates, and and represent the projection frame
coordinates. The projection of the system origin is at the origin
of the projection frames.
in the object will be projected at
A point source
in the acquired th projection frame. The line
a point
perpendicular to the camera head forms an angle
with
the axis. The trajectory of this point in the successive frames
displays a sine curve in the coordinate and occupies a constant
position in the coordinate:

(1)
(2)
and
and
where
As a result, the relative displacement of the point
consecutive frames corresponds to:

.
in two

(3)
(4)
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Fig. 2. The linogram of a point source that moved 2 pixels (1.2 cm) along the
axial direction, starting from the first 2 seconds of frame 20 until the latest 2
seconds of frame 23. A: Before motion correction, B: after motion correction.

In case no motion occurs along the direction,
will produce a sine curve (sinogram) and in case no motion occurs
will produce a straight line (linoalong the direction,
, and in our tests
gram). Since
.
the number of projections is 32, therefore
The center of rotation corresponds to the center of patient bed
and the field-of-view is typically 40 cm wide (approximately 64
pixels), thus the maximum displacement of the point from
the center of rotation is 32 pixels. The maximum displacement of the point in the consecutive frame (relative to ) in
the extreme situations will therefore be 3 pixels along the axis.
Given that the patient lies in the middle of the bed, the organ to
be imaged would not be 32 pixels away from the rotation axis
of camera head. Thus the maximum displacement along the x
axis should not exceed 2 pixels. Subsequently, given such small
maximum inter-frame changes, in order to render accurate motion compensation, motion in this work has been monitored at
the sub-voxel level, in the context of correlation function analysis, as described next.
For quantifying the motion and finding the time of occurrence, a correlation function was applied between summed
profiles (sinogram as well as linogram) of continues frames.
Magnitude and time of motion were obtained from the
following equation:

(5)
In this equation M is the number of profile points, d is the distance parameter, while p and q are summed profiles (sinogram
or linogram) of two successive frames.

Fig. 3. The motion pattern and the corresponding cross-correlation function
measurements for a point source that moved 2 pixels (1.2 cm) along the axial
direction, starting from the first 2 seconds of frame 20 until the latest 2 seconds
of frame 23. A: Before motion correction, B: after motion correction. The two
lines (dotted and solid), as described in text, relate to parabolic fitting measurements and their rounding off to integers, respectively.

The time when motion starts in a specific frame and its duration are reflected in the measured cross-correlation function
output, which subsequently can be used in the motion-compensation step. For sub-voxel accuracy, a parabolic function was
fitted on the points near the maximum of the correlation function. Then, the maximum of the parabolic curve was determined
and used to find the best motion correction parameters for both
the sinograms (thus quantifying transaxial motion) and linograms (axial motion).
It must however be noted that in the transaxial case, due to (3)
one must account for the fact that even in the absence of motion,
the sinograms will be affected by rotation of collimators. We
are currently investigating this issue thoroughly; for the current
work we have done the following: first we plot cross-correlation
values (with
) between the very first frame and all subsequent frames (see Fig. 6(a)). Next, we perform a sinusoidal
fit (with same periodicity as that of the collimator rotation) to
the aforementioned plot, thus extracting an average inter-frame
value in-between any two adjacent frames (we have pursued
can vary in any study
this fitting approach since this average
due to varied position and extent of the hot areas in the field of
view). Finally, we extract the motion parameters via optimization of the cross-correlation function (in ) while accounting for
value (via subtraction).
the extracted
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Fig. 5. The output result of detection program for an extended source that
moved 3 pixels ( 2 cm) in the axial direction in frame 17. A: Before motion
correction, B: after motion correction.



Fig. 4. The motion pattern and the result of motion compensation for a point
source that moved 2 cm ( 3 pixels) in the 8th second of frame 10 and corrected
manually almost in the 20th second of frame 13. A: Before motion correction,
B: after motion correction.



Once the motion parameters are estimated using the aforementioned approach, both the sinogram and the linogram data
can be compensated for the measured motion. Thus, a cross correlation method for motion detection and compensation is rendered.
B. Planar Work
Planar Work: Planar imaging may be performed in either
the static or dynamic modalities. For patient motion detection
and correction using the aforementioned cross-correlation
technique, it is required to have at least 3 frames. Dynamic
planar imaging gives more than two frames to be used in the
cross-correlation operation mentioned above. Consequently,
data generated from dynamic planar imaging can be compensated for motion similar to our approach used in SPECT
imaging. For static planar imaging, however, in order to provide
a solution, a dynamic data acquisition protocol was initially
used instead of the regular static protocol. The acquired data
in this method were then compensated for motion, and later
joined to each other by summation of the corrected data frames
(in order to construct a single static planar image).
As for SPECT, in planar imaging, the object being imaged
(gamma radioactive source) was placed on the patient bed, and
motion was made both along and perpendicular to the axis of
patient bed (respectively in the axial and transaxial directions). Motion in 2D was detected and corrected by combining
these two measures of motion (in planar imaging, very similar

results/improvements were observed for motion in the axial and
transaxial direction, and therefore the latter was not shown for
brevity). The patient foot motion, as well, was perpendicular to
the axis of patient.
The acquisition protocol was as follow: dynamic mode, 1
minute intervals (10 individual images per 10 minute data acquisition), 64 64 matrices, and using a low-energy, high-resolution (LEHR) collimator (for Tc-99 m). Intended sudden and
gradual motions were induced during imaging of the line source
image acquisition.
Static planar data for an Osteomyelitis study of an elderly patient were also acquired in the same way. Dynamic frames were
separated as individual frames and checked for motion by cine
display as a visual method. In order to quantitatively determine
the times and amount by which motion occurred, the aforementioned cross-correlation method was used. Summed profiles of
each frame in the x and y directions was first constructed. The
net motion occurring in each frame was determined by calculating cross-correlation centers between successive frame (for
differential motions) and between a selected frame and the first
frame as reference (for accumulated motions) in x and y directions. A parabolic function was fitted on the points near the maximum of the correlation function. Then, the maximum of this
parabolic curve was determined and used as occurred motion
for the later motion correction steps. Then the relative error was
measured by the following equation:

(6)
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Fig. 6. The output result of detection program from an extended source that
moved 3 pixels ( 2 cm) in transaxial direction in frame 17. A: Before motion
correction, B: after motion correction.



where and
are the FWHMs of the line source imaged before and after applying motion, respectively. Errors in maximum
counts were also measured by determination of the maximum
values in the linogram data of the line source before and after
motion correction.
Once motion detection and compensation were completed
successfully, individually corrected frames were added up to
each other in order to perform an individual static motion free
image.
As a dynamic planar study, data frames of a “kidney washout
study”, taken from a child, were extracted and examined for motions by the discussed appropriate software. Motion-corrected
frames were collectively analyzed as a dynamic sequence in
order to perform/extract a single motion free dynamic kidney
data file.
The data was acquired by the following technique: 64 64
matrices, time of data acquisition 30 minutes, and frame duration was 1 minute. 6 pixels intended trans-axial motions induced
from frame No. 15 to 20 and 4 pixels from 20 to 30.
III. RESULTS AND DISCUSSION
A. SPECT Work
The linogram of a point source that moved 2 pixels (1.2 cm)
along the axial direction, starting from the first 2 seconds of
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Fig. 7. The result of running motion detection program for the patient’s image.
In frame 21, patient moved 6 mm ( 1 pixel) and moved back in the frame 25.
A: Before motion correction, B: after motion correction.



frame 20 until the latest 2 seconds of frame 23 is shown in Fig. 2
(before and after motion compensation). The motion pattern and
the corresponding cross-correlation function measurements are
also illustrated in Fig. 3.
In Fig. 3(a), the y-axis, plotting the calculated cross correlation function on the linogram, exhibits a measured shift of 2
. As shown in Fig. 3(b), no motion is detected
pixels
in the motion-compensated data.
In Figs. 3–7, the dotted (---) plots represent the detected motion following parabolic fitting of the points near the maximum
correlation function, and the solid (___) plots are related to
rounding these values to integers.
In an alternative test, the projection of a point source was obtained in 32 frames, each with a duration of 30 seconds. The
source was moved 3 pixels ( 2 cm) almost in the beginning of
frame 10 (8th second of frame 10) and corrected manually almost in the end of frame 13 (20th second of frame 13). The motion pattern of this point and the results of the aforementioned
cross-correlation method applied to this dataset are illustrated
in Fig. 4. The best amount of movement found between frame
9 and 10 was in the order of 2 pixels. Also, the best amount of
movement found between frame 10 and 11 was in the order of
1 pixel. This situation is also the same for frames 13 and 14 and
for frames 12 and 13 where partial movement is applied.
Our tests showed that the time when motion starts in the
specific frame and its time duration is very important. Our al-
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Fig. 8. Some of slices in short axis. A: Before motion correction, B: after motion correction. Motion artifact is reduced considerably after motion correction.

gorithm works on the basis of correlation between any moved
frame (projection) and all the stable (unmoved) frames.
The result of applying the motion-correction procedure to an
extended source which was moved (in the axial direction) by 3
pixels ( 2 cm) in frame 17 is illustrated in Fig. 5. Measuring
relative error showed that the error in the images before motion
correction was 21.1%, which decreased to 1.4% after motion
correction.
The results, before and after motion compensation, for an extended source which was moved (at frame 17) by 3 pixels ( 2
cm) in the transaxial direction is illustrated in Fig. 6. Note that in
this case, unlike previous figures, we are plotting the cross-correlation values between the very first frame and all subsequent
frames (i.e. not for adjacent frames). A sinusoidal fit to the data
is also shown (see discussion at end of Section II-A). Measuring
relative error demonstrated that an error of 24.4% in the images
before motion compensation decreased to 1.5% following motion correction.
Finally, we applied the algorithm on patient data as well as
described in the methods section. The corresponding cross-correlation measures, before and after motion correction for this
patient, are shown in Fig. 7. Similar patterns as in our previous experimental observations are seen in that the method estimates motion parameters that optimize the cross-correlation
functions between adjacent frames, followed by compensation
by the measured motion parameters.
Fig. 8 depicts a number of slices in the short axis for this particular study and motion compensation approach. Visually, one
is able to discern that while patient motion artifact has distorted
the acquired images, application of motion compensation is seen
to reduces these artifacts. It must however be emphasized that,
as acknowledged in the literature, in realistic imaging, unlike
experimental phantom studies, appropriate quantitative comparisons of different approaches to imaging (e.g. no motion correction vs. motion correction in this work) are very difficult, since
the ‘truth’ (e.g. motion-free images in this work) is not known
in a realistic patient study. This is why initial phantom studies
are important (performed in this work), while realistic computer
simulations (having the advantage that the ‘truth’ is known in
this case) can be used in a complimentary way to establish the
accuracy of this technique (we are currently pursuing the simulation approach as a powerful technique for additional testing
of our methods).
B. Planar Work—Static Studies
The result from a line source that moved 2.5 cm is shown in
Fig. 9. Acquired data of line sources analyzed to evaluate effect

Fig. 9. Detected motion in y directions for a line source before correction (solid
line), after correction (dashed line), and without motion as a reference (doted
line). In the top of this figure, letter “A” & “D” represents reference line source,
“B” is sudden motioned “E” gradually motioned, and “C” & “F” are motion
corrected line source images.

of the correction method on the reconstructed FWHM of the
line source. This analysis is shown in Fig. 10, demonstrating
a reduction of error in maximum count (induced by intended
sudden motion in static planar acquisition) from 40.7% to 9.7%
after motion compensation. The FWHM was increased from 3
to 5 pixels ( 1.8 to 3 cm). This is equivalent to 40% relative
error reduction in the FWHM. One line source is a parted in to
2 image line. And also error in maximum count produced by
gradual simulated motion can be reduced from 37% to 1.58%.
FWHM was increased in this case from 3 to 4 pixels ( 1.8 to
2.3 cm). This is equal to 25% relative error in FWHM.
The results of the application of our method to a clinical experiment (bone scan, in static planar modality, of an old manOsteomyelitis study) is shown in Fig. 11. After motion correction, the motions were limited to less than 1 pixel shift.
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Fig. 10. Top: FWHM of line source from 2.5 cm sudden motion, button: FWHM of line source from gradual motions.

Renogram. A very small difference in the diffusion perfusion
parameters is observed ( 1%) before and after motion compensation. In other words, this study involving sudden motion was
not seen to be considerably affected by motion compensation.
Gradual motion was studied by inspection of the child patient’s data. Visual inspection of patient data using cine display
exhibited presence of gradual transaxial motion. Fig. 13 shows
transaxial motions detected for the child patient and their effects on the Renogram. Compensation for these gradual motions
caused a change of 4% in the Dif perfusion parameter.
IV. CONCLUSIONS

Fig. 11. Clinical experiment result of bone scan (static planar data) of an old
man for Osteomiyolit study. A-left) Left foot original image, A-right) Motion
corrected image, B-left) Right foot original image, B-right) Motion corrected
image, Top and down solid lines are motion detected in left and right feet respectively before correction. Dashed lines are representing that there are no motions in the data after correction.

C. Planar Work—Dynamic Studies
For this part of our work, kidney washout studies (in the dynamic planar modality for a man and a child patient) were collected. Cine display did not demonstrate motion for the adult patient’s data. Fig. 12 shows the motion detected before and after
correction for sudden simulated motion, and its effects on the

We have implemented a scheme for qualitative and quantitative characterization of (and compensation for) patient motion.
This method computes the linograms and sinograms of the projection data, with the motion being monitored by cine, linogram
as well as sinogram reviews. For quantifying the motion and
finding the time of occurrence, the correlation between successive frames were computed. By fitting a parabolic function to
the correlation function output, the localization of the peak (and
therefore the precision of the method) reached sub-pixel level.
Our experiments, as explained in the RESULT AND DISCUSSION section (Fig. 4), imply that the time when motion
starts in the specific frame and its time duration is very important.
The methodology was applied in the three cases of: SPECT,
dynamic planar and static planar imaging. It was generally observed that while patient motion distorted the acquired images,
introduction of motion compensation considerably improved
quantitative measures of error. Using our proposed method the
misalignments (motion) between the projections were found
and corrected accurately, depending on the resolution of the
images (pixel size) in the course of projection acquisition.
As we have seen in the planar parts of this work, collective
analysis of dynamic data frames provided sufficient capability
for detection of and compensation for motion, by means of measured cross-correlation functions (resulting in reduced
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Fig. 13. Renogram of a child patient is shown. Dashed line in the top figure
shows motion detected in the transaxial direction. Solid line in the same figure
shows that motion was limited to less than 1 pixel after correction. Gradual motions caused 4% error in Dif perfusion. A: Before correction; B: after correction.

Fig. 12. Renogram of a male adult patient is shown. Dashed line in the top
figure represents intended motions detected for the patient data and its effects
on the Renogram. Solid line in the same figure shows that motion is limited to
less than 1 pixel after correction. A: Without motion; B: motion simulated; C:
motion corrected.

errors and artifacts as observed qualitatively and measured
quantitatively).
Planar dynamic imaging may be preferred with respect to
conventional static planar imaging. In that case, as we have done
in Fig. 11, sufficient frames could be available for error and artifact correction in planar static imaging. Therefore, precise, fast
and easy methods such as cross correlation equipped with appropriate software could solve the patient motion errors and artifacts problems in planar imaging.

From Figs. 12 and 13, it appeared that patient motion affected
the shape of the graphs and Diff. Perfusion percentages of the
Renogram study. Considering the time duration of data acquisition in kidney Renogram study, patient motion detection and
correction is an important feature to reduce errors and to obtain
accurate Diff. Perfusion percentages.
Kidney Renogram study in this paper was a typical instance to
demonstrate the fact that analysis of frames available in dynamic
planar imaging can be used for patient or organ motion detection via quantitative methods (applicable also to static planar
imaging protocols, as described in this work).
Future work will include evaluating the accuracy of more general types of motion and calculation of motion under varying
imaging conditions.
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