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Respiratory motion in PET and PET/CT blurs the images and can cause attenuation-related errors in
quantitative parameters such as standard uptake values. In rare instances, this problem even causes
localization errors and the disappearance of tumors that should be detectable. Attenuation errors are
severe near the diaphragm and can be enhanced when the attenuation correction is based on a CT
series acquired during a breath-hold. To quantify the errors and identify the parameters associated
with them, the authors performed a simulated PET scan based on respiratory-gated CT studies of
five lung cancer patients. Diaphragmatic motion ranged from 8 to 25 mm in the five patients. The
CT series were converted to 511-keV attenuation maps which were forward-projected and expo-
nentiated to form sinograms of PET attenuation factors at each phase of respiration. The CT images
were also segmented to form a PET object, moving with the same motion as the CT series. In the
moving PET object, spherical 20 mm mobile tumors were created in the vicinity of the dome of the
liver and immobile 20 mm tumors in the midchest region. The moving PET objects were forward-
projected and attenuated, then reconstructed in several ways: phase-matched PET and CT, gated
PET with ungated CT, ungated PET with gated CT, and conventional PET. Spatial resolution and
statistical noise were not modeled. In each case, tumor uptake recovery factor was defined by
comparing the maximum reconstructed pixel value with the known correct value. Mobile 10 and 30
mm tumors were also simulated in the case of a patient with 11 mm of breathing motion. Phase-
matched gated PET and CT gave essentially perfect PET reconstructions in the simulation. Gated
PET with ungated CT gave tumors of the correct shape, but recovery was too large by an amount
that depended on the extent of the motion, as much as 90% for mobile tumors and 60% for
immobile tumors. Gated CT with ungated PET resulted in blurred tumors and caused recovery
errors between −50% and +75%. Recovery in clinical scans would be 0%−20% lower than stated
because spatial resolution was not included in the simulation. Mobile tumors near the dome of the
liver were subject to the largest errors in either case. Conventional PET for 20 mm tumors was
quantitative in cases of motion less than 15 mm because of canceling errors in blurring and
attenuation, but the recovery factors were too low by as much as 30% in cases of motion greater
than 15 mm. The 10 mm tumors were blurred by motion to a greater extent, causing a greater SUV
underestimation than in the case of 20 mm tumors, and the 30 mm tumors were blurred less.
Quantitative PET imaging near the diaphragm requires proper matching of attenuation information
to the emission information. The problem of missed tumors near the diaphragm can be reduced by
acquiring attenuation-correction information near end expiration. A simple PET/CT protocol requir-
ing no gating equipment also addresses this problem. © 2008 American Association of Physicists
in Medicine. �DOI: 10.1118/1.2829875�

Key words: respiration, gating, PET, CT, tumor, numerical simulation

I. INTRODUCTION

Accurate measurement of tumor standard uptake values
�SUV� is an important requirement in many PET applica-
tions. In whole-body PET studies SUV is believed to be an
indicator of tumor avidity and a predictor of patient survival
rates1–4 and accurate quantitation is important when autode-
lineation is used in therapy planning.5–8 Indeed, an important
requirement for PET in oncology is to detect every tumor
that is large enough and has enough tracer uptake to be de-
tectable. Respiratory motion is one factor with the potential

to reduce quantitative accuracy and to cause missed or mis-
placed tumors near the diaphragm. For example, the report
by Keall et al. shows that significant motion is observed in
many regions of significance to oncology9 and the report by
Osman et al. indicates the possibility of localization and de-
tection errors near the diaphragm.10 In the state of the art,
however, PET and PET/CT reconstruction algorithms are
based on the assumption that the patient does not move dur-
ing the measurement of the emission sinogram and the at-
tenuation factors �AF�.
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Motion causes two phenomena which lead to image arti-
facts. First, the tracer distribution moves, blurring the image.
Second, the AFs change with time, leading to too much or
too little correction for attenuation on some lines of re-
sponse. The latter problem is severe near the diaphragm and
is sometimes enhanced when the AFs are based on a CT
series acquired during a breath-hold, with the associated
problem that lesions in fusion images of CT and PET could
be mislocated, e.g., from the liver into the lung.10,11 One goal
of this article is to indicate clearly, in the case of PET tumor
imaging, what kinds of error arise from respiratory motion in
conventional PET �CP�, considering the complicated inter-
play between these two sources of error.

Another goal of this article is to demonstrate the advan-
tages of respiratory gating in acquisition of the PET or AF
information.12–14 We are interested in respiratory-gated PET
�GP�, in respiratory-gated CT �GCT�, in PET/CT performed
with attenuation measurements from nongated CT, in non-
gated PET/CT with gated CT, and in PET/CT in which both
modalities are gated. Practical problems are associated with
clinical and phantom-based investigations of the benefits of
gating. One problem is the low statistics in each phase of GP.
Another problem is that laboratory studies are likely to use
an unrealistic model of the breathing seen in patients. In this
article, we avoid those problems by using GCT as the basis
for a simulated PET emission data set, created with a digital
computer. To our knowledge such a simulation has not yet
been reported in the literature. A preliminary version of this
work was presented earlier.15

This approach can address the following issues. How well
does conventional PET do in the presence of such motion?
Does the answer depend strongly on the location or size of
the tumor that is affected by motion? Is phase matching of
GP and GCT quantitative? Does GP or GCT by itself solve
the motion problem, delivering a quantitative result? What
PET/CT imaging protocols, based on technology available
today, minimize respiration-related errors?

II. METHODS

Our investigation is derived from a set of five GCT stud-
ies of lung cancer patients, selected at random from the
population of patients receiving GCT at the Maastro Clinic.
Although this is a small number of patients, the extent of
breathing motion in this set covers much of the range seen in
patients9,19 and results in a large body of information about
six tumor locations in five patients, that is, 30 positions in
all. Patients’ breathing was monitored by a strain gauge worn
around the abdomen.16 Low-pitch helical CT scans of the
chest were performed with a 16-slice CT scanner �Sensation
16, Siemens AG, Forchheim, Germany�. The data for the five
patients were retrospectively reconstructed into images rep-
resenting a 500 mm field of view sampled by a 512�512
matrix, with 3 mm between slices, and ten phases of the
respiration cycle starting at end inspiration. GCT images

were converted to a map ��b� ,r� of PET attenuation
coefficients17 at each phase of respiration r and image loca-

tion b� . These were transformed to a sinogram of AF values at

those phases by applying a high-resolution forward
projector18 then rebinned to 168 radial and 168 angular bins.
Our equation for this is

AF�d� ,r� = exp�− R���b� ,r��� , �1�

where R is the Radon transform and d� represents a sinogram
bin. Related to this quantity is the average attenuation,
which, if the patient’s breathing pattern were perfectly regu-
lar, would be the same as the AF in a high-quality scan in a
PET attenuation scan with transmission sources. For us the
defining equation in the case of ten gates is

AF�d�� =
1

10�
r

AF�d� ,r� . �2�

This equation, like �Eq. �7�� below, reflects an assumption
that a sum over ten sampled values is a good approximation
of the underlying integral over the time interval associated
with the gate, averaging all the motion during the interval.
Other related quantities are the sinogram of attenuation cor-
rection factors �ACF� in each gate

ACF�d� ,r� =
1

AF�d� ,r�
, �3�

and the ACF corresponding to the average attenuation

ACF�d�� =
1

AF�d��
. �4�

The CT series were also segmented to form a simulated
PET volume in which a solitary tumor could be imbedded.
The PET volumes were defined through a segmentation pro-
cedure whose parameters were determined by studying typi-
cal whole-body PET/CT studies. First, to enable a smooth
segmentation, we reduced CT image noise by smoothing
three dimensionally with a Gaussian kernel whose full width
at half maximum was 3 mm. Next, the segmentation proce-
dure was run. Pixels with CT numbers between −25 and 200
HU, representing soft tissue and marrow, were assigned a
SUV of 1.0. Pixels between −300 and −25 HU �fat� were
assigned SUV=0.3. Pixels between −950 and −300 �lung�
were assigned SUV=0.17. Pixels above 200 HU �bone� were
assigned SUV=0.1. This procedure had several unrealistic
characteristics. For example, the blood in the ventricles of
the heart was treated like soft tissue and clothing and blan-
kets were sometimes treated like fat.

By inspecting coronal and sagittal sections through the
sequence of image volumes of each of the five patients, we
located the dome of the liver �DOL� in each phase of respi-
ration. This was always possible, though there were cases in
which a tumor sat near the DOL so that the interface between
liver and lung was obscured. We used a model in which the
motion of the DOL was entirely in the superior/inferior �SI�
direction, the most common direction of tumor motion in the
survey of Keall et al.9 and in the study by Liu et al.19 We
simulated a solitary tumor in one of six places: three mobile
tumors were simulated on the right side and three immobile
ones in the midchest. The mobile ones were assigned a po-
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sition relative to the DOL position in each gate. Each simu-
lated tumor, mobile or immobile, was assumed to be spheri-
cal in shape and filled uniformly with radioactivity, with an
assigned SUV=5.0 and a diameter of 10, 20, or 30 mm. A
mobile tumor denoted DOL was centered 5 mm below the
DOL position. A mobile tumor denoted LRL was defined 25
mm higher than the DOL tumor, in the lower right lung, that
is, 20 mm above the dome of the liver. A mobile tumor
denoted ULL was defined 15 mm below the DOL tumor, in
the upper lobe of the liver. The three immobile tumors were
placed in the midchest and were denoted MC1, MC2, and
MC3. Their SI coordinates were set equal to the mean posi-
tions of the mobile LRL, DOL, and ULL tumors, respec-
tively. The six tumor locations are indicated by Fig. 1.

The voxelized PET volume in each gate r and voxel b� is

denoted O�b� ,r�, We transformed these into unattenuated

two-dimensional �2D� sinograms, pno att�d� ,r�, using the for-
ward projector referred to above, again with 168 radial and
168 angular samples. The equation for this is

pno att�d� ,r� = R�O�b� ,r�� . �5�

Attenuated 2D PET sinograms were made by multiplying
the PET sinograms by the AF sinograms

p�d� ,r� = AF�d� ,r� � pno att�d� ,r� . �6�

These would be the sinograms measured by a PET scanner
with respiratory gating, apart from effects such as limited
spatial resolution, scattered radiation, and spatial sensitivity
variations. Those effects were not included in the simulation,
so that the study could focus exclusively on effects due to
motion. We also were interested in the time-averaged sino-
gram, defined as

p�d�� =
1

10�
r

p�d� ,r� . �7�

Seven types of PET volume were extracted for analysis

and comparison. The first of these was O�b� ,r�, described
above. Second was the time average of these, denoted

O�b�� =
1

10�
r

O�b� ,r� . �8�

Third was the series derived by reconstructing the gated
sinograms with attenuation correction derived from the
matched CT gate. These were made with filtered backprojec-
tion according to the equation

IGP-GCT�b� ,r� = R−1�p�d� ,r� � ACF�d� ,r�� , �9�

where R−1 is the inverse Radon transformation. Although it-
erative reconstruction is now the usual reconstruction
method in whole-body PET,20,21 filtered backprojection is ap-
propriate in the absence of statistical noise because it is a
gold standard and because there is no question of when to
stop the iterations. With the exceptions defined by Eqs. �13�
and �14� below, we did not blur the reconstructed images to
give a clinical level of spatial resolution.

The fourth PET series to be compared was derived by
reconstructing gated sinograms with the average attenuation.
This series was associated with the respiratory gate index
used for PET reconstruction. It represents, under the assump-
tion of regular breathing, what is achievable when gated PET
is used on a PET scanner with a conventional measurement
of the attenuation, i.e., a 511-keV transmission scan with
rotating rods of 68Ge. The defining equation is

IGP�b� ,r� = R−1�p�d� ,r� � ACF�d��� . �10�

Similarly, the fifth PET series to be compared was ob-
tained when the emission sinograms were time averaged, i.e.,
not gated, but the CT was gated. The PET series was asso-
ciated with the respiratory gate index of the CT that was used
for AC. Considering this data set, one can ask whether a
particular state of respiration can be used for attenuation cor-
rection. Also, we can investigate what happens when the
free-breathing patient is imaged with a very fast CT scan at
an arbitrary state of respiration. The defining equation for
this case is

IGCT�b� ,r� = R−1�p�d�� � ACF�d� ,r�� . �11�

Conventional PET was the sixth PET series to be com-
pared. In this case, both the emission and attenuation were
time averaged. Again operating under the assumption that
one breathing cycle is the same as a long time average, we
have the following defining equation:

ICP�b�� = R−1�p�d�� � ACF�d��� =
1

10�
r

IGP�b� ,r� . �12�

The seventh, final type of PET image to be compared was
the GCT image based on CT acquired at EE or EI. In these
cases, and these cases only, we attempted to model the spa-
tial resolution of state-of-the-art PET scanners. Our equa-
tions for these images are

IGCT-EE�b�� = IGCT��b� ,r��r=EE � g�b�� �13�

and

IGCT-EI�b�� = IGCT��b� ,r��r=EI � g�b�� , �14�

where the symbol � represents convolution and g is a three-
dimensional Gaussian kernel, whose full width at half maxi-

FIG. 1. Coronal section through a segmented PET object based on patient 2
at end inspiration. Solid circles indicate the locations of simulated tumors.
Abbreviations refer to lower right lung, dome of the liver, upper lobe of the
liver, and midchest positions 1, 2, and 3. The dotted circle shows the lower
right lung lesion at end expiration, 11.1 mm higher in this patient. The
dotted line shows the respiration-averaged position of the lower-right-lung
lesion.

578 Hamill, Bosmans, and Dekker: Simulation of PET breathing artifacts 578

Medical Physics, Vol. 35, No. 2, February 2008



mum was set to 6.4 mm to represent 4 mm instrument reso-
lution and 5 mm smoothing to reduce image noise.

We analyzed each of these PET volumes in three ways,
based on a maximum-intensity coronal projection over a 10
mm coronal slice that contained the tumor. First, the SUV of
the tumor was defined as the maximum pixel value in the
coronal slice containing the tumor. We converted this to a
percent recovery figure by dividing by the expected SUV
value �the value is 5.0� and multiplying by 100. This
maximum-pixel method, and related methods based on re-
gions around the maximum, are used commonly in clinical
PET and PET/CT.1–4 Second, the image of the tumor itself
was inspected to see if the correct shape was obtained in the
reconstruction. A round shape of the same diameter as the
lesion �10, 20, or 30 mm� was expected. Third, the image of
the surrounding tissues was inspected visually for artifacts.

Because there were in principle three tumor diameters, six
locations, five patients, and ten phases of respiration, this
procedure should lead to the creation of 900 simulated PET
volumes to be processed in our study. We reduced the mag-
nitude of our study by first fixing the tumor diameter at 20
mm and considering the range of motion and positions seen
in five patients and six tumor locations, then studying effects
related to the tumor’s size by considering mobile tumors in
one patient.

III. RESULTS

III.A. The diaphragmatic motion model

The motion of the DOL in our model is characterized in
each patient and at each phase of respiration by a single
value, the z coordinate used to simulate the positions of the
mobile tumors. The total excursions in z �and the root mean
square� for the five patients, ranked from least motion to
most motion, were: patient 1, 8.4 mm �2.8 mm�; patient 2,
11.1 mm �3.4 mm�; patient 3, 13.8 mm �4.3 mm�; patient 4,
19.8 mm �5.4 mm�; and patient 5, 25.2 mm �8.5 mm�.

Patients 3 and 5 had actual large tumors in the lower right
lung. In both cases, the diaphragm could be visualized in
sagittal and coronal sections, allowing us to define the DOL
unambiguously. In both cases, our methodology placed the
simulated LRL tumor inside these actual masses. The other
three patient studies had no such large masses in the lower
right lung.

III.B. Typical images in the case of 20 mm tumors

Figure 2 presents coronal sections through O�b� ,r�, O�b��,
IGP-GCT�b� ,r�, IGP�b� ,r�, IGCT�b� ,r�, and ICP�b�� for patient 4, in
the case where we simulated a tumor at the DOL. The figure
also indicates which phases represent end expiration �EE�

FIG. 2. Coronal sections through PET series associated with the 20 mm dome of the liver tumor in patient 4. The figure presents the PET object at each gate,
the average object, three gated reconstructed image sequences, and a nongated reconstruction, as explained in the text. SUV recovery is indicated with a
percent value in each frame of the picture. Arrows indicate prominent artifacts. Abbreviations refer to gated PET, gated CT, conventional PET, end expiration,
and end inspiration.
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and end inspiration �EI�. The percent recovery of the lesion
SUV in each position is printed in each frame of the picture.

In this simulation, the phase-matched reconstructions
�GP-GCT� produced correct SUV recovery and created no
striking artifacts. Actually, recovered values were in most
cases 1%−2% too high because of reconstruction noise.

Figure 2 also indicates that the recovery varied from
phase to phase when one used the GP and GCT methods.
This is discussed in the following sections. Reconstruction
artifacts were evident when one used either of those meth-
ods. They were particularly noticeable near the diaphragm.
These are indicated with arrows in Fig. 2.

III.C. Typical images for 10, 20, and 30 mm tumors

We had simulated 10, 20, and 30 mm lesions in our earlier
analysis15 of patient 5. Since then we have also simulated 10,
20, and 30 mm tumors in patient 2, who had no tumor in the
lower lung and whose breathing excursion was a more typi-
cal amount, 11.1 mm. Figure 3 presents images of the simu-
lated mobile tumors in the three positions of interest, at EE
and EI, for all three tumor sizes. The same attenuation-
correction methods are used as in Sec. III B. The percent
recovery of SUV is printed in each frame of the picture.

III.D. Motion blurring and SUV recovery

The motion-blurring phenomenon is best studied by ex-

amining the time-averaged simulated tumor, O�b��. One
would expect that respiration should blur edges in the object,
and this was borne out by our study of the diaphragm image

in O�b��, for example the average object in the bottom left
corner of Fig. 2. The tumor’s image was distended and
blurred in the SI direction. Also, the diaphragm’s sharp edges

were replaced with diffuse ones. In O�b��, the tumor uptake
determined as the maximum pixel was 100% in the mobile
tumors in patients 1, 2, 3, and 4, where the motion was less
than the tumor diameter, but uptake was between 69% and
73% in patient 5, where the motion exceeded the tumor di-
ameter.

Figure 4 illustrates the blurring of the moving tumors. The
figure shows the 20 mm tumors at the dome of the liver in
patient 2, who had 11.1 mm of respiratory motion, and pa-
tient 5, who had 25.2 mm of motion. The figure compares EE
and EI and includes a comparison with the time-averaged
object and the CP reconstruction. One will notice a slight
flattening at the edges of the sphere, due to our use of a voxel
model in which the separation between slices was 3 mm.

The figure shows that phase-matched PET/CT, repre-
sented by the GP-GCT images, was in principle capable of

FIG. 3. Coronal sections through PET series associated with mobile 10, 20, and 30 mm tumors in patient 2, at end expiration �EE� and end inspiration �EI�,
the average �avg�, and conventional PET �CP�. The top three rows of the figure show tumors in the lower right lung. Middle: at the dome of the liver. Bottom:
in the upper lobe of the liver. The left four rows: 10 mm tumors. Middle: 20 mm. Right: 30 mm. Percentages printed in the figure are SUV recovery values.
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generating an essentially perfect replica of the object itself at
each phase of respiration. The tumor had the correct shape
and was uniformly filled with the correct values. The sur-
rounding tissues were also reproduced well. When the PET
was gated but the CT was not, the shape of the tumor was
correct but the distribution of activity inside the tumor was
nonuniform and SUV values in the surrounding tissues were
wrong. When the CT was gated and the PET was not, the
tumor was distorted and the background values were in error.
Conventional PET, in these examples, gave nearly the same
image as motion blurring alone.

Considering all six tumor locations in patients 1, 2, and 3,
who had less than 15 mm of breathing motion, and all ten
phases of respiration, we found the range of values shown in
Table I. GP-GCT always gave essentially 100% recovery. In
the case of GP, the largest error �overestimation of the recov-
ery� occurred at or near EI and the most negative error �un-
derestimation� occurred at or near EE.

We also present the recovery values for patients 4 and 5,
who had more than 15 mm of motion. These are summarized
in Table II.

We calculated the SUV recovery for all six tumors recon-
structed by the GCT method at EE and EI, with Gaussian
filtering included, according to Eqs. �13� and �14�. The re-
covery values are plotted in Fig. 5 as a function of the
amount of diaphragmatic motion.

IV. DISCUSSION

A quantitative PET or PET/CT reconstruction procedure
requires compensation for the physical effects that distin-
guish the actual measurement from an ideal measurement
based on unattenuated line integrals of the radioactivity den-
sity. Those effects include photon attenuation, statistical fluc-

tuations, a background of scattered radiation, random coinci-
dences, positron range effects, noncolinearity in the two
annihilation photons, detector sensitivity variations, and pa-
tient motion. In oncological PET, attenuation is normally the
largest of these effects, with attenuation factors sometimes in
excess of 100 in abdominal and shoulder sections but about
an order of magnitude less than that in lung sections. At the
level of the diaphragm, this largest effect changes from mo-
ment to moment with the patient’s breathing. Motion of the
radioactive tracer in internal organs is also an important ef-
fect in this region in the breathing patient. At the outset of
this investigation, it seemed to us that an understanding of
the effect of breathing upon PET’s accuracy in this anatomi-
cal region should include a realistic model of the dia-
phragm’s actual motion in cancer patients. Respiratory-gated
CT made this possible, providing measurements of the
anatomy of the entire chest.

Our study of respiratory motion effects in PET/CT was
driven by GCT series from five patient studies. The range of
diaphragmatic motion in this set of five studies was from 8 to

FIG. 4. Coronal section through a simulated 20 mm tumor in patients 2 and
5 at the dome of the liver, at respiratory phases EE and EI. Averages are also
shown. Abbreviations refer to gated PET, gated CT, conventional PET, end
expiration, and end inspiration.

TABLE I. Range of SUV recovery for 20 mm lesions in patients 1, 2, and 3
who had less than 15 mm of breathing motion. The average value is pre-
sented if the range is less than 5%. The values reported in the table are the
smallest and largest recovery values in these three patients, considering all
phases of respiration. Abbreviations refer to gated PET, gated CT, conven-
tional PET, the lower right lung, the dome of the liver, the upper lobe of the
liver, and three positions in the midchest.

GP-GCT
�%�

GP
�%�

GCT
�%�

CP
�%�

Mobile
LRL 102 100–110 97–109 101
DOL 101 93–145 90–122 100
ULL 102 94–114 94–112 100

Immobile
MC1 102 99–108 97–119 102
MC2 102 97–111 99–112 101
MC3 102 92–115 93–120 101

TABLE II. Range of SUV recovery for 20 mm lesions in patients 4 and 5 who
had more than 15 mm of breathing motion. The average value is presented
if the range is less than 5%. The values reported in the table are the smallest
and largest recovery values in these two patients, considering all phases of
respiration. Abbreviations refer to gated PET, gated CT, conventional PET,
the lower right lung, the dome of the liver, the upper lobe of the liver, and
three positions in the midchest.

GP-GCT
�%�

GP GCT CP

Mobile
LRL 102 100–158 68–106 70–89
DOL 101 92–191 45–120 76–100
ULL 101 73–134 55–108 72–101

Imobile
MC1 102 100–108 100–108 101
MC2 102 85–164 91–130 102
MC3 102 85–189 78–175 102
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25 mm, with three of the five cases showing motion less than
15 mm. This range of motion is typical of the range seen in
a number of clinics around the world.9,19 We considered 10,
20, and 30 mm tumors. First we asked, how well did various
image-reconstruction approaches work for a given tumor
size, considering a variety of locations and breathing pat-
terns? Second, we asked, how do the results change in the
case of mobile tumors of three different sizes? In the remain-
der of this section, we will address these questions in turn,
then consider the clinical significance of the findings.

IV.A. SUV recovery for 20 mm tumors

In our simulation of 20 mm tumors, shown for example in
Fig. 2, the combination of gated PET with gated CT provided
accurate results for each patient and each tumor location at
every phase of respiration. This indicated that the Radon
transform of the PET object, generated by our forward pro-
jector, was correctly inverted by our filtered backprojection
algorithm. This was a reassuring check on the correctness of
the computational tools that we used.

Gating of the PET alone gave the correct tumor shape but
was not quantitative. Gating of the CT alone gave a shape
like the shape caused by motion blur alone and was not
quantitative. This was also true of conventional PET. A
PET/CT study performed using a CT scan of a free-breathing
patient should be similar to gated CT with a random choice
of the respiratory phase, provided that the CT scan is per-
formed rapidly enough, i.e., it unavoidably has the same
kinds of errors as ungated PET with GCT. A PET/CT study
with a CT scan at deep inspiration cannot be modeled by our
simulation, since the position of the diaphragm is likely to be
outside the range seen in the PET scan of a freely breathing
patient.

The case of an immobile tumor with no background ac-
tivity is an important limit. In this limit, the time-averaged
attenuation correction given by �Eq. �4�� is exact and CP
should be as accurate as GP-GCT. One can speculate that CP
should also be nearly quantitative when the tumor is immo-
bile and the background is small but not zero. Further, CP
might be nearly quantitative when the motion is less than the
tumor size. This prediction is confirmed by the bottom three
rows of Tables I and II, which show that both GP-GCT and
CP gave SUV recovery of nearly 100%. However, GP and
GCT are not quantitative, with errors less than 20% for mo-
tion less than 15% but larger errors in the case of more
motion.

The mobile tumors were more susceptible to quantitation
errors because they were motion-blurred and also subject to
attenuation errors. Tables I and II show that GP-GCT was
accurate in every case. CP was more accurate than either GP
or GCT in the imaging of mobile 20 mm tumors, although
CP underestimated the SUV by about 30% in the case of
patient 5 with 25 mm of motion. The tables show that the GP
and GCT methods are not quantitative. More motion causes
larger errors in SUV recovery.

When respiration moves a tumor by more than the diam-
eter of the tumor, no PET or PET/CT reconstruction method

can be expected to recover the tumor’s actual SUV values,
unless the method accounts for the motion. In our simulation
of this case, no part of the tumor at EE overlapped the tumor
at EI. On the other hand, if in our simulation the total motion
was less than the diameter, the bottom of the tumor at EE
overlapped the top of the tumor at EI. Since we assumed that
the uptake was uniform throughout the tumor, this situation
creates the illusion that a piece of the tumor did not move.
Because we focused our attention on 20 mm tumors, and
because SUV values were assigned based on maximum pixel
values, motion less than 15 mm had relatively little effect.

The poorest SUV recovery was for tumors close to the
dome of the liver. We believe that this was due to large
changes, over the course of the respiratory cycle, in attenu-
ation values. The upper lobe of the liver was also strongly
influenced by attenuation changes, though the effect was less
than at the DOL. Quantitative errors in the lower right lung
were generally of a smaller magnitude and we believe are
mostly due to motion-blurring alone, with much smaller at-
tenuation errors. An exception occurred in the case of the
LRL tumor in patient 4 with the GP method, when gating
near EI placed the lower part of the tumor well inside the
time-averaged shadow of the diaphragm. At that respiratory
phase the tumor was perfectly round, but attenuation correc-
tion gave an SUV recovery value as large as 158%.

IV.B. SUV recovery for 10, 20, and 30 mm tumors in
one patient

Although this research focused on 20 mm tumors, in Sec.
III B we considered mobile 10, 20, and 30 mm tumors in
patient 2, in whom the breathing motion was 11.l mm. The
results are summarized by Fig. 3.

FIG. 5. SUV recovery for 20 mm tumors measured with nongated PET,
reconstructed with ��a�, �b�� CT at end expiration and ��c�, �d�� CT at end
inspiration. Six tumor locations are reported: ��a�, �c�� lower right lung,
dome of the liver, and upper lobe of the liver; and ��b�, �d�� positions 1, 2,
and 3 in the midchest.
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In the case of 10 mm tumors, the average object was
blurred by the motion, causing a 20%−30% reduction in
SUV recovery. The GP-GCT combination, which worked
well in our simulation of 20 mm tumors, recovered about
90% of the correct SUV in this case. The small error was a
partial-volume effect due to the voxel model and to the lack
of smoothing as a part of image reconstruction. In our simu-
lation, GP and GCT reconstructions each caused small SUV
recovery errors if the gating was taken at EE or EI, depend-
ing on the tumor location. An actual reconstruction of this
case would suffer from further SUV reductions due to scan-
ner resolution, smoothing during reconstruction, and other
effects not included in the simulation.

The 30 mm tumors were more accurately imaged than the
20 mm ones. The GP-GCT combination worked perfectly in
this case. When the GP or GCT methods were used, SUV
recovery errors were too high or too low by 20%−30%.
Close inspection shows that the hottest pixels occurred in a
small region of the tumor where attenuation errors were
greatest, for example near the diaphragm, so the overestima-
tions of SUV recovery would be less than this in an actual
PET scan, because the additional blurring of an actual PET
scan was not modeled.

IV.C. Clinical significance

In many clinics where oncological PET/CT is performed
today, the PET data are not gated and a CT scan is performed
without special equipment or breathing instructions that
would assure data acquisition at a particular, measured phase
of breathing.

In the case of a freely breathing patient, the phase most
likely to be measured by the spiraling x-ray source is EE
because people normally pause between breaths, though the
data could be acquired at any phase between EE and EI. We
gave special consideration to those two extremes and in Fig.
5 plotted SUV recovery for 20 mm tumors as a function of
the extent of the five patients’ diaphragmatic motion. In these
cases we included a postreconstruction filter to give a more
realistic estimate of the recovery achievable in an actual
PET/CT scanner, considering spatial resolution. The partial
volume effects reduced uptake between 0% and 10%.

Figure 5�a� shows that, in the absence of PET gating, an
attenuation correction derived at EE gives good SUV recov-
ery in the case of mobile 20 mm tumors, even when the
magnitude of breathing is large. Attenuation correction de-
rived at EI results in underestimation that gets more and
more serious as the amount of breathing increases. In fact,
the motion blurring is large in both cases. The comparatively
good recovery in Fig. 5�a� is actually due to canceling errors:
underestimation due to motion blurring and overestimation
due to attenuation.

Figures 5�b� and 5�d� show the uptake recovery of immo-
bile 20 mm tumors. In Sec. IV A we pointed out that the
average attenuation �Eq. �4�� should give the correct result,
yet Fig. 5 shows that the MC1 tumor had nearly perfect SUV
recovery, whether the attenuation was derived from EE or
from EI. This is because the EE and EI attenuation correc-

tions are nearly the same as the average attenuation. The
attenuation changed only a little with respiration because the
MC1 tumor location was above the shadow cast by the dia-
phragm. On the other hand, the immobile MC2 and MC3
tumors, lower in the chest, were in the moving shadow of the
diaphragm. Figure 5 shows that attenuation correction based
on EE �Fig. 5�b�� caused an overestimation of SUV whereas
the correction based on EI �Fig.�d�� causes an underestima-
tion.

Goerres et al. have studied the problem of choosing an
appropriate breathing protocol for nongated PET/CT, arguing
that there are advantages to measuring the attenuation at nor-
mal expiration.22,23 Our methods allow one to study this
point of view, since this is the same as GCT at the EE phase.
The discussion of the last two paragraphs indicates that EE
often works well, but can break down in the case of 20 mm
immobile tumors just below the diaphragm. Sections III C
and IV B demonstrate that motion blur in nongated PET is a
source of inaccuracy in the case of small tumors, even when
EE is used for the attenuation correction.

Gated CT is relatively new technology, made practical by
the introduction of ever faster CT scanners with large num-
bers of detector rows. In our methodology for simulating a
PET/CT acquisition and reconstruction system with breath-
ing motion, gated CT volumes were converted into PET vol-
umes and attenuation sinograms to represent the essential
features of respiratory motion. This approach to studying res-
piration artifacts in PET/CT has benefits not easily achieved
in other approaches, for example clinical studies and phan-
tom studies. First, this approach has a gold standard, since
one always compares the tumors to the known tumor intro-
duced in the simulation. Clinical studies hardly ever have
such a gold standard to compare to. Second, the motions are
realistic since they come from actual patients. In our view, it
would be very difficult to create phantom studies in which
the motions are modeled with this level of realism. Since
actual human tissue is used in our model of the attenuation
correction, this approach even includes complex attenuation-
related phenomena such as the compression of lung tissue
during breathing. Third, we are able to explore the effect of
respiratory motion without the confusion of other effects that
are present in actual PET studies: limited counts per acquired
frame, limits to the detector resolution, three-dimensional in-
stead of two-dimensional geometry, scattered radiation, and
other data corrections. When we want to study motion in
isolation from other effects, it is advantageous to be able to
turn them off.

Our segmentation procedure had some unrealistic fea-
tures. Blood in the ventricles of the heart was treated like soft
tissue and clothing and blankets were sometimes treated like
fat. These problems do not concern us greatly, for two rea-
sons. First, the unrealistic effects did not occur close to the
lung lesions, where the motion-related effects were large.
Second, we believe that the fundamental lessons of the simu-
lation do not depend on objects in the background.

The simulation had other unrealistic features. The spheri-
cal shape of the tumors is a logical choice for a first study by
a new simulation methodology, but it is hardly realistic. Car-
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diac motions in the same territory as the diaphragm pose a
separate problem that this simulation did not address.

The respiratory gates were defined at ten equally spaced
intervals in the respiratory cycle. A correct physical descrip-
tion of the PET and AF acquisitions would involve integra-
tion over all breaths. If we assume a regular and smooth
pattern of breathing, the addition of ten phases is nearly the
same as time integration, in the sense that a Riemann integral
can be approximated with the trapezoid rule. Our model
completely ignores motion within each gate. We are not con-
cerned by this because time integration of the motion in such
a short frame, which is the appropriate physical model, is
well approximated by the average value which we used,
given the smooth nature of normal breathing.

The GP-GCT combination gave quantitative PET images
in conditions of no statistical noise and under the assumption
that the two modalities can be matched perfectly. Clinically,
none of the conditions of this simulation can be met realis-
tically. Challenges for the future include finding ways of
matching the two modalities well enough to achieve quanti-
tative accuracy in essentially every scan, especially in the
presence of variable breathing patterns,24,25 and finding ways
to improve the statistical accuracy of images based on very
low statistics per frame.

Actual tumors are irregularly shaped, not spherical. In
some clinics, a tumor’s SUV is determined by drawing an
irregular region over the most intense area of FDG accumu-
lation and evaluating the hottest 90% of the pixels in the
region.3 This procedure could be applied in the case of the
spherical shape we assumed. The procedure would agree
with our methodology when resolution is good and the hot
region is confined to a small part of the tumor, as it did in our
study in cases of artifacts near the dome of the liver, where
just a part of the tumor appeared very hot. In cases in which
the resolution is not good, for example when filtering is ap-
plied in order to control image noise, this procedure would
tend to reduce the SUV recovery from the values we have
presented. That is, the overestimations would be less severe
and the underestimations more so.

This simulation can be used to guide practitioners of on-
cological PET/CT to make the best possible use of existing
technology in the face of respiration-related artifacts. The
mismatch between the CT and PET images leads to a number
of potential problems, including localization and attenuation
correction errors. Particularly when a tumor is near the dia-
phragm in the base of the lungs or in the superior portion of
the liver, respiration may result in incorrect localization or
even in the tumor being missed because of the undercorrec-
tion for attenuation. Fortunately, in a study by Osman et al.,
the incidence of mispositioning errors was small �less than
2% of cases�.10 Nevertheless, careful attention should be
given when reviewing the region near the diaphragm. The
review should include PET images made without attenuation
correction. Although those images are not quantitative, they
are unaffected by attenuation correction errors. In the case of
cooperative patients, undercorrection of attenuation due to
breathing can be avoided by acquiring the CT scan of the
thorax near EE. For patients who are unable to follow breath-

ing instructions, the technologist can acquire two or three
fast, low-dose CT scans during free breathing.26 The appro-
priate CT scan for attenuation correction, i.e., the one that
most closely corresponds to EE, is identified as the one in
which the diaphragm is positioned highest. Such a procedure
should reduce the likelihood that tumors near the diaphragm
are missed because of respiration artifacts and would be par-
ticularly appropriate for mobile tumors. For stationary tu-
mors, our work indicates that quantitative imaging is more
accurate when the attenuation information is derived near EI.
A multi-CT protocol like the one mentioned above can also
be used to select the scan in which the diaphragm is lowest.
This is the breathing phase proposed by Nehmeh et al. for
tumor imaging.11 Therefore, existing technology provides
several strategies for tumor imaging in the region near the
diaphragm.

V. SUMMARY

We used a gated CT series to provide a realistic basis for
simulating errors in PET and PET/CT that are due to respi-
ratory motion. To our knowledge this has not been done pre-
viously.

We showed that, in the conditions of the simulation, the
combination of gated PET and gated CT was quantitative but
other methods were not. In the majority of patients whose
breathing motions are less than 15 mm, motion-related errors
are in the range of 20% or less in the case of 20 mm tumors.
Conventional PET was not quantitative, but there were a
remarkable number of cases in our simulation of 20 mm
tumors, indeed, nearly all of them, in which canceling errors
due to emission blurring and attenuation overestimation led
to a nearly correct result in conventional PET, for example in
Fig. 2.

We showed that a large amount of motion caused rela-
tively large errors for the 20 mm tumors. The 10 mm tumors
that we also simulated in a limited context were blurred to a
greater extent by motion. Quantitative imaging of such small
tumors is in any case challenged by spatial-resolution effects,
which could be larger than the motion blurring, depending on
processing parameters. Conversely, 30 mm tumors were
blurred less by motion. We demonstrated that gated PET by
itself gave the correct shape for tumors, but without proper
attenuation information gated PET could not be relied upon
to give a quantitative image of the tumor.

The largest uptake errors occurred in tumors at the dia-
phragm. The upper lobe of the liver was another region
where large errors occurred. The lower lung was a territory
where uptake errors were smaller in most cases, presumably
because the attenuation-correction errors are less while the
motion blurring was the same.

Although proper alignment of the emission and transmis-
sion measurements is necessary for accurate tumor imaging
near the diaphragm, the serious problem of a missed tumor
can be addressed without respiratory gating, using simple CT
protocols to acquire images near end expiration. By using
such a protocol, tumor SUV values are overestimated by an
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amount in the range from 0% to 60%. In cases of suspected
tumors near the diaphragm, the physician should review the
PET images made without attenuation.
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