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Respiratory motion can potentially reduce accuracy in anatomic
and functional image fusion from multimodality systems. It can
blur the uptake of small lesions and lead to significant activity
underestimation. Solutions presented to date include respira-
tion-synchronized anatomic and functional acquisitions. To
increase the signal-to-noise ratio of the synchronized PET
images, methods using nonrigid transformations during the re-
construction process have been proposed. In most of these
methods, 4-dimensional (4D) CT images were used to derive
the required deformation matrices. However, variations be-
tween acquired 4D PET and corresponding CT image series
due to differences in respiratory conditions during PET and CT
acquisitions have been reported. In addition, the radiation dose
burden resulting from a 4D CT acquisition may not be justifiable
for every patient. Methods: In this paper, we present a method
for the generation of dynamic CT images from the combination
of one reference CT image and deformation matrices obtained
from the elastic registration of 4D PET images not corrected for
attenuation. On the one hand, our approach eliminates the need
for the acquisition of dynamic CT. On the other hand, it also
ensures a good match between CT and PET images, allowing
accurate attenuation correction to be performed for respiration-
synchronized PET acquisitions. Results: The proposed method
was first validated on Monte Carlo–simulated datasets, and
then on patient datasets (n 5 4) by comparing generated 4D
CT images with the corresponding acquired original CT images.
Different levels of PET image statistical quality were considered
in order to investigate the impact of image noise in the deriva-
tion of the 4D CT series. Conclusion: Our results suggest that
clinically relevant PET acquisition times can be used for the
implementation of such an approach, making this an even more
attractive solution considering the absence of the extra dose
given by a standard 4D CT acquisition. Finally, this approach
may be applicable to other multimodality devices such as
PET/MR.
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Respiratory motion is a source of artifacts in PET, lead-
ing to a reduction of both the qualitative and the quantitative
accuracy of PET images. Because of the duration of the
whole-body PET/CT acquisition, the patient is usually asked
to breathe shallowly. As a result, the PET image is a repre-
sentation of the average respiratory position of the different
organs throughout the acquisition (1,2). Vedam et al. (3)
characterized respiration as a cyclic process subdividing breath-
ing into 8 phases, namely, peak exhalation; early, mid, and
late inhalation; peak inhalation; and early, mid, and late ex-
halation. Within the context of 4D CT imaging (3-dimensional
CT volumes plus time), the robustness of this phase model
was unreliable in the case of irregular breathing (3). Alterna-
tive approaches accounting for irregular breathing cycles
have been proposed, such as adaptive phase binning account-
ing for the length of individual cycles or, alternatively, the use
of respiration amplitude binning (4).

Similarly, in PET imaging, proposed correction methodol-
ogies involve the acquisition of gated frames synchronized
with patient respiratory motion (5,6). However, the resulting
gated images are of lower signal-to-noise ratio (SNR) relative
to the respiratory average images, because each of the frames
contains only part of the available counts (7). Such synchro-
nized acquisitions facilitate in principle the fusion of PET and
CT images without respiratory motion–associated issues. In
addition, 4D PET/CT images can be used to derive motion
matrices, allowing the combination of respiration-synchronized
4D PET datasets (8–12). Such a process has been previously
proposed using either 4D CT images (9,11,12) or, directly, the
gated PET frames (8,10). 4D PET/CT acquisitions using such
approaches can reduce smearing, improving, in principle, the
accuracy in PET/CT image fusion and increasing the accu-
racy of measured semiquantitative indices such as standard-
ized uptake values.

There are, however, several issues associated with 4D CT
images. The first is the increased dose, which cannot be easily
justified for all patient acquisitions, delivered by 4D CT. In
addition, differences between corresponding gated frames in
the 4D PET and 4D CT series have also been reported while
using multimodality imaging devices. These differences result
in mismatches in respiratory phase–matched PET/CT images
(13) and errors associated with the derivation of displacement
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vectors from 4D CT frames for motion correction in PET (9).
Such mismatches are related to differences in the conditions
of respiration-synchronized PET and CT acquisitions. A 4D
CT image of the thorax can be acquired in less than 1 min,
whereas the PET acquisition of the same field of view (FOV)
requires 6–9 min (2–3 min per axial FOV). Consequently, a 4D
CT image is acquired over 5–6 respiratory cycles; in the case
of the PET acquisitions, however, there are several respiratory
cycles per axial FOV. Depending on the variability of patients’
respiratory cycle, the level of misalignment between synchro-
nized PET and CT frames can vary. Pan et al. studied the
frequency and magnitude of misalignment between the CT
and PET data in 100 consecutive PET/CT studies (14). Fifty
percent of these cases showed a misalignment, with 34% of
these (17% of the whole population) showing a misalignment
of more than 2 cm. Such a mismatch leads to various artifacts
and compromises quantitative accuracy in the functional ima-
ges caused by the use of the 4D anatomic datasets for atten-
uation correction of the corresponding 4D PET acquisitions
(14,15).
The main objective of this study was to evaluate the

potential of using a standard 4D PET acquisition in combina-
tion with a single helical CT image to reproduce the dynamic
4D CT image series. On the basis of the single CT image, the
proposed approach consists of generating CT images corre-
sponding to each of the PET respiration-synchronized frames.
This generation process is accomplished using the 4D PET
image series reconstructed without attenuation correction to
derive motion-transformation matrices that are subsequently
applied to the single acquired CT image. The proposed method
was first tested and evaluated using Monte Carlo–simulated
PET datasets of the anthropomorphic (nonuniform rational
basis spline) NURBS-based cardiac-torso (NCAT) phantom
(16,17), followed by a clinical evaluation using four 4D PET/
CT patient datasets.

MATERIALS AND METHODS

General Method Description
On the basis of the availability of a dynamic respiration-

synchronized PET image series and a unique helical CT image, the
proposed method aims at generating the CT images corresponding
to each PET respiration-synchronized frame. The developed
methodology involves several steps. First, using the temporal
characteristics of the single CT image (phase of the acquired CT)
and the temporal information extracted from the PET list-mode
data, we reconstructed a PET frame corresponding to the single
acquired CT frame with a list-mode–based reconstruction. From
here onward, this latter reconstructed PET frame will be referred
to as the reference PET frame. The second step involved the
reconstruction of non–attenuation-corrected (NAC) respiration-
gated PET frames, which are subsequently registered to the refer-
ence PET frame using a nonrigid registration to derive the motion
matrices. The third and last step consisted of the direct application
of the derived transformation matrices to the helical CT image
(usually acquired either in full inhale or exhale) to generate the
corresponding respiration-synchronized CT frames. The individ-
ual steps are described in more detail in the following sections.

Elastic Registration
The elastic registration was performed using a spatiotemporal

algorithm for motion reconstruction from a series of images. This
method uses a semilocal spatiotemporal parametric model for the
deformation based on B-splines and reformulates the registration
task as a global optimization problem (18). The obtained trans-
formation, Ut(x), between the PET gated frame, g(x,t), at time t
and the PET reference frame, g(x,0), is defined as a linear com-
bination of B-spline basis functions, located in a rectangular grid:

Ut ðxÞ 5 x 1 + j2ZNcj br

�
x
.
h 2 j

�
; (Eq. 1)

where br is a tensor product of centered b-spline of degrees r, and
the values of j are the indices of the grid location. The spacing
between the grids, h, determines the number of parameters, cj, to
be optimized and the final rigidity of the solution. The registration is
then formulated as an optimization procedure that minimizes the
sum of the squared differences metric to find the best transformation
parameter, cj (19). This optimization is based on the Marquardt-
Levenberg nonlinear least-squares optimization in combination with
an efficient estimation of the Hessian matrix. Finally, to improve speed
and robustness, a multiresolution approach (which creates a pyramid
of subsampled images optimal in the L2 sense, taking advantage of the
spline representation) is used in both the image and the transformation
space (18). The problem is solved starting at the coarser level of the
pyramid and proceeding to the finest level. Because this algorithm has
been previously validated for use with PET images (10), only the
influence of the PET image statistics in the registration result was
assessed in the present study.

Reference and Synchronized PET Image Generation
Once a single CT image for a given patient is acquired, one can

deduce from a synchronized respiratory signal the corresponding
temporal information (20). A PET image corresponding to the acquired
CT image is reconstructed (reference PET frame) using the PET list-
mode data and the acquired CT temporal characteristics. The 1-pass
list-mode expectation maximization reconstruction algorithm was used
in this study (18). All reconstructed PET volumes were 128 · 128 · 48
voxels, with a voxel size of 4 · 4 · 3.2 mm3 (x,y,z, respectively).

As a next step, NAC PET respiration-synchronized frames (8
and 6 frames for simulated and patient datasets, respectively) are
reconstructed and registered to the reference PET frame using the
elastic registration method described above. The obtained dis-
placement matrices are subsequently used to generate the 4D CT
synchronized frames.

Synchronized CT Frame Image Generation
One way to apply the deformation matrices to the single CT

frame, (f(x)), would be to approximate the derived B-spline coef-
ficients using 3-dimensional voxel-based displacement vectors. To
avoid such approximations, (f(x)) is instead represented using a
2-dimensional spline interpolation as follows:

f (x) 5 +
i2Z2

bib
rðx 2 iÞ; (Eq. 2)

where brðxÞ is a tensor product of centered B-splines of degree r, and
the coefficient, bi, is obtained from the pixel values, f(i), through
filtering (21) in the rectangular domain Z2. Finally, the warped 4D
CT sequence, f(U(.)), is calculated by applying the deformation matri-
ces, Ur-s (r and s corresponding to the reference and one of the respi-
ration-synchronized PET NAC frame images, respectively), to (f(x)).
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Simulated Datasets
A digital NURBS-based 4D cardiac torso phantom (NCAT)

(17) was used in the first part of the validation. Eight 3-dimen-
sional emission images and corresponding attenuation maps dis-
tributed throughout a regular 5-s respiratory cycle were produced.
Spheric lesions of different sizes (diameter, 7, 11, 16, and 21 mm,
respectively) were included at different locations throughout the
lungs. The first frame represented full exhalation, whereas the
maximum magnitude of respiratory motion (full inspiration) oc-
curred between the fourth and fifth frames. The mean motion
amplitude was 19.5 and 20.2 mm at the level of the left diaphragm
and the tumor, respectively.

The 4D NCAT phantom images were subsequently combined
with the model of a clinical PET/CT system developed using GATE
(Geant4 Application for Tomographic Emission) (16) to produce
dynamic emission images throughout a respiratory cycle. A total
of 5.4 million detected coincidences per axial FOV (corresponding
to typical clinical acquisition counting rates) were simulated for each
of the 8 NCAT temporal frames (9) and stored in a list-mode format.

Clinical Datasets
As a second validation step, the 4D PET/CT acquisitions of 4

patients were used. The clinical data were acquired on a Discovery
PET/CT scanner (GE Healthcare). The real-time position man-
agement (Varian Medical Systems) was used to display and record
the breathing trace of the patients (22). A phase-based threshold
was set within the respiratory cycle to initiate the PET gated acqui-
sition or control the CT x-ray tube. The time and the patients’
breathing amplitude and phase were monitored for the duration of
the acquisition. The mean motion amplitude and corresponding SD
measured on these 4 patients was 16.9 6 5.9 and 14.2 6 9.1 mm at
the level of the left diaphragm and the tumor, respectively.

Patients received an intravenous injection of 395–555 MBq of
18F-FDG, followed by an average fasting period of 60 min. Patients
were then positioned supine on the scanner bed with their arms
raised above their head. A specific pillow was used to keep the
patient immobilized for the duration of the acquisition. Patients
were asked to breathe normally and regularly. All patients provided
written informed consent for participation in the 4D PET/CT study,
which was approved by the local institutional review board.

Image Analysis and Validation
To validate our approach on simulated datasets, we compared the

original NCAT attenuation maps and the corresponding warped
attenuation maps produced using the proposed algorithm. Regarding
clinical datasets, the acquired 4D CT series (which will be referred
to as the original 4D CT) from each patient was compared with the
derived 4D CT series. In addition, the derived 4D CT series was
used as attenuation maps for the reconstruction of attenuation-
corrected PET images with the 1-pass list-mode expectation maxi-
mization algorithm. These were subsequently compared with the
PET images, which were attenuation-corrected using the original
4D CT images. For the attenuation-correction process, CT images
were rescaled to the PET image resolution. Apart from the respi-
ratory motion synchronization, no other form of motion correction
was considered in the reconstructed PET images.

Variable levels of statistics were considered in the reconstruction
of the NAC PET images to investigate the effect of variable noise
levels in the accuracy of the derived CT images. More specifically,
NAC-reconstructed images for all 4 patients were produced using
100%, 75%, 50%, and 25% of the overall available statistics
(corresponding to a 12-min PET acquisition per bed position).

Local image analysis was performed using profiles over moving
parts of the patient’s anatomy such as the diaphragm. In addition, a re-
gion-of-interest analysis in the lungs was used to facilitate a comparison
between the different attenuation-corrected PET images obtained using
the 4D CT series. Within this context, the mean intensity in five 4-cm-
diameter regions of interest placed throughout the lung fields was cal-
culated for the different attenuation-corrected PET images.

Finally, a qualitative and quantitative global comparison was
performed using difference images and 2 different correlation
metrics, respectively. More specifically, the correlation ratio and
correlation coefficient metrics were used for multimodal PET/CT
comparison (to assess the PET/CT correspondence) and for
monomodal CT–CT and PET–PET comparisons, respectively.

The correlation ratio was chosen because of its efficiency in
comparing multimodal images (23), measuring the functional de-
pendency between 2 images. Its values range between 0 (no func-
tional dependence) and 1 (purely deterministic dependence). The
correlation ratio ðhÞ between 2 images A and B is given by:

hðAjBÞ 5 Var½EðAjBÞ�
VarðAÞ ; (Eq. 3)

where Var½EðAjBÞ� is the variance of the conditional expectation
of A in terms of B, measuring the part of A that is predicted by B,
and VarðAÞ is the variance of image A.

The second metric used was the correlation coefficient, which
measures a linear affine relationship between the intensities of the
compared images. The correlation coefficient ðrÞ between 2
images A and B is given by:

rðA;BÞ 5 +a+b

ðIa 2 MAÞðIb 2 MBÞffiffiffiffiffiffi
sA

p ffiffiffiffiffiffi
sB

p Pab; (Eq. 4)

where Ia and Ib are intensities of voxel a of image A and voxel
b of image B, respectively ð0, a,number of voxels of image A
and 0, b, number of voxels of image BÞ,M is the mean of the
image intensities, s is the SD, and pab is the joint probability. The
closer r is to 1, the stronger the positive correlation.

Finally, a validation based on landmark identification was
performed (24). A radiologist with more than 15 y of experience in
CT imaging was asked to select the same easily identifiable anatomic

FIGURE 1. Elastic registra-

tion of first and fourth PET

frames (patient 1), corre-

sponding warped PET image
1 (frames 1–4), and image dif-

ference between original frame

4 and warped frame 1.
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landmarks in both the original CT images (corresponding to the
ground truth) and the warped CT volumes. The Euclidian distance
(ED) was subsequently calculated between each point in the reference
volume and the warped CT volumes, using the following equation:

ED 5
1

N

�
∥ qk 2 rk

2 ∥
�
; (Eq. 5)

where qk and rk are the coordinates of the k-th landmark in the
original and warped CT images, respectively. ED is expressed in
millimeters and N is the total number of anatomic landmarks
considered. Thirteen landmarks covering different thoracic areas
were used to investigate regions of interest characterized by
variable magnitudes of motion due to respiration (25–29). Some
examples include the right apex; left apex; carina; left and right
diaphragm high position; and the high, low, left, and right
boundaries of the tumor (30).

RESULTS

Registration Algorithm

Figure 1 shows 2 gated NAC PET images from one of the
patients (frames 1 and 4, between which the displacement
due to respiratory motion was maximal), reconstructed using

only 25% of the available statistics. The warped frame 1
image, also shown, corresponds to the image derived by
registering the original frame 1 to the original frame 4. Finally,
the corresponding image difference between the original
frame 4 and the warped frame 1 is displayed, showing no
significant visual differences and intensity differences of less
than 1%. Moreover, a high correlation (correlation coeffi-
cient, 0.93) was obtained between these 2 latter images.
Considering the registration results between frame 1 and
all respiratory phases, a mean correlation of 0.95 6 0.03

FIGURE 2. Slice of normalized original NCAT frame (frame 5), cor-

responding normalized warped attenuation map, and PET frame

used to generate warped attenuation map. Profile comparison

through simulated lung lesions and diaphragm is shown.

FIGURE 3. Original CT frame 4 (patient 1) with corresponding

warped CT, generated considering variable statistical quality NAC

PET images. Corresponding profiles over diaphragm are shown.
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was obtained. No differences (mean correlation coefficient,
0.96 6 0.02) in registration accuracy were seen by increas-
ing the statistical image quality of the gated PET frames,
relative to the use of the lower statistics.

Simulated Datasets

Figure 2 shows an example of an NCAT attenuation map
(frame 5 where the motion amplitude is larger), warped at-
tenuation map, and corresponding PET frame used in the
warped attenuation map generation. These 3 images were
consequently compared by drawing the profile along the sim-
ulated lung lesions and the diaphragm. Results indicate a good
match between the original and warped attenuation maps,
with some voxel intensity loss within the homogeneous
regions and the edges due to a global scaling factor intro-
duced during the registration process and the smoothing
characteristics introduced by the B-spline registration pro-
cess. The original attenuation maps and the corresponding
PET frame were also compared using the same profile com-
parison after all these images were normalized (to intensities
between 0 and 255). This normalization was necessary to
compare multimodal images. Results indicate a good match
between the original attenuation map and the corresponding
PET frame, which is an important result given that this match
is a prerequisite as indicated above. Moreover, a correlation
ratio of 0.976 0.02 between the original attenuation map and
the corresponding PET frame strengthens the previous results.
Finally, the correlation coefficient between the original and
corresponding warped NCAT attenuation maps for all 8
frames demonstrated a high correlation of 0.988 6 0.003.
This correlation is to be compared with a low mean correla-
tion (0.259 6 0.122) between the different synchronized
NCAT attenuation maps indicating large motion effects.

Clinical Datasets

The proposed methodology was also tested on 4 patient
datasets. The correlation ratio between the single acquired CT
and the PET reference images (0.96 6 0.02 for all patients)
indicates a higher correlation than that of the single CT image
with any of the synchronized 4D PET frames (0.78 6 0.08
for all phases and patients). This higher correlation was
expected because the PET reference frame was recon-
structed using list-mode data from the same temporal in-
terval corresponding to the acquired CT image.

Figure 3 shows an example of a warped CT image (frame
4 of patient 1), derived using different statistics in the NAC
PET images, in comparison to the corresponding slice from
the original CT series for a patient with a good match
between the original 4D PET and CT series. The profile
results across the diaphragm of the same slice of the warped
CT match closely that of the original CT image. Finally, no
significant differences were seen in the warped CT series as
a result of using lower statistical quality PET images for
their generation. These results suggest that a standard PET
acquisition (25% of statistics equivalent to 3 min per axial
FOV) contains sufficient statistics for the accurate deriva-
tion of 4D CT series from the 4D NAC PET images.

The mean correlation between the single CT image, used
to derive the reference PET frame, and the other original 4D
CT frames was low for all patients (0.136 6 0.152), demon-
strating the presence of substantial motion during the 4D CT
acquisition. On the other hand, Table 1 shows a high corre-
lation between warped and original CT images for the first 3
patients. However, a lower correlation was seen for patient 4,
probably because of a worse match between the original 4D
CT images and the corresponding 4D PET frames. This could
be caused by different respiratory conditions during the 4D
PET and CT acquisitions, leading subsequently to worse
matching between the original and warped 4D CT series.

To prove that this difference is due to such respiratory
condition differences we compared the original CT (frame 4

TABLE 1
Correlation Coefficients Between Original and Corresponding Warped CT Frames Using Different PET Image Statistics

Correlation coefficient

Patient no. 100% (12 min) 75% (9 min) 50% (6 min) 25% (3 min)

1 0.987 6 0.009 0.986 6 0.011 0.986 6 0.012 0.985 6 0.011

2 0.986 6 0.008 0.985 6 0.009 0.985 6 0.008 0.985 6 0.008
3 0.981 6 0.012 0.979 6 0.013 0.979 6 0.012 0.977 6 0.013

4 0.801 6 0.023 0.799 6 0.024 0.799 6 0.022 0.798 6 0.024

Data are average 6 SD.

FIGURE 4. Profile across the diaphragm of frame 4 (patient 4) showing
difference among NAC PET, original CT image, and warped CT image.
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of patient 4) with the corresponding warped CT and the NAC
PET frame. The profiles over the diaphragm in Figure 4 show
that the warped CT image corresponds more closely to the
NAC PET image than to the acquired CT frame. Therefore,
warped CT images generated using the proposed method
correlate better with the 4D PET series than with the original
4D CT images.
These qualitative impressions were also quantitatively

confirmed using the correlation ratio on a frame-by-frame
basis (Table 2). As can be seen from these ratios, the warped
CT frames closely match the 4D PET images, compared with
the original 4D CT frames. On the other hand, as shown in
the results of the first column in Table 2, a high correlation
was obtained between the single acquired CT frame and the
derived reference PET image, which is an essential first step
in allowing an accurate matching between the warped CT
and the corresponding PET frames. These results have been
obtained using the NAC PET images reconstructed with only
25% of the available statistics, showing no need for longer
PET acquisitions with the proposed approach and confirming
that the high correlation between warped and original CT
images is independent of the NAC PET image statistical
quality (Table 1).
To further strengthen this conclusion, Figure 5 shows the

difference images between the original (frame 4) and
warped CT derived using NAC PET images of different
statistical quality for patient 1. These images demonstrate
small differences (20.96 to 10.45 with 100% statistics to
between 21.72 and 11.77 for 25% statistics, representing
differences of ,1% given that images were normalized
between 0 and 255). Finally, Figure 6 shows the mean
ED results and the corresponding SD between original
and corresponding warped CT images (for all respiratory
phases of every patient). A mean ED of less than 3 and 6
mm was measured for the first 3 patients and the fourth
patient, respectively.
Finally, the original and warped CT series were used to

create attenuation-correction maps for the corresponding
4D PET frames. The 2 obtained attenuation-corrected PET
series were compared. Figure 7 shows an example of a sin-
gle synchronized attenuation-corrected PET frame (frame 4
of patients 1 [Fig. 7A] and 4 [Fig. 7B]). PET images cor-
rected for attenuation using the corresponding warped and
original CT images as well as difference images and cor-
responding diaphragm profiles are shown for both patients.

In the case of patient 1, small differences are seen irrespec-
tive of the use of the original or warped 4D CT images in
the PET attenuation-correction process. On the other hand,
larger differences are evident for patient 4 as a result of the
worse mismatch between original 4D PET and corresponding
4D CT images. These differences were larger in regions such
as the diaphragm and the heart where respiratory motion
effects are expected to be more significant. These results were
similar for different statistics used in the reconstruction of the
NAC PET images (Table 3). The region-of-interest analysis in
the attenuation-corrected PET images, using the original and
warped CT attenuation maps for all patients, led to a mean
difference of 2.88%, with corresponding intensities of
16.67 6 2.28 and 16.19 6 1.99, respectively.

DISCUSSION

The goal of this study was to investigate the potential of
producing a 4D CT series from the corresponding NAC 4D
PET images and a single CT acquisition in a particular
position of the respiratory cycle, leading to 2 specific
advantages over the use of 4D CT. First, the warped CT
frames have the same respiratory motion–related character-
istics as the 4D PET images, ensuring a good match be-
tween the obtained 4D CT and 4D PET frames. Hence, the
assumption that the patient respiratory signal is the same
during 4D CT and 4D PET acquisitions is no longer neces-
sary. This PET and CT reference frame matching is ensured
using a list-mode PET data format containing temporal in-
formation, allowing the reconstruction of a PET frame that
corresponds to the same temporal instance as the single

TABLE 2
Correlation Ratios Between Different PET and CT Frames for Patient 4

Correlation ratio

CT type Reference PET frame

4D PET frames

1 2 3 4 5 6

Warped 0.756 0.989 0.975 0.961 0.944 0.959 0.982

Original 0.721 0.744 0.716 0.768 0.697 0.729 0.745
Single acquired 0.998 0.791 0.489 0.214 0.189 0.345 0.842

FIGURE 5. Difference images
between original and warped

CT frame 4 (patient 2) gener-

ated using NAC PET images
of variable statistical quality.
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acquired CT. Second, the proposed approach eliminates the
need to acquire a full 4D CT series, replacing it by 1 refer-
ence CT image, leading to a significant dose burden decrease
for the patients. It also allows the attenuation correction of each
frame of a 4D PET acquisition using matched CT frames.
The NCAT phantom, describing a realistic motion model

including nonrigid motion effects, was used for the valida-
tion step. Lung lesions of variable size and location were
introduced. The 4D NCAT phantom images were subsequently
combined with the model of a clinical PET/CT system
developed using GATE to create dynamic emission images
throughout a respiratory cycle. An elastic registration algo-
rithm based on B-splines was used to register these emission
images and to generate all necessary displacement matrices.
The obtained transformation matrices from the 4D NAC
NCAT emission image registration were used to warp the
reference original attenuation NCAT image, creating all
NCAT attenuation maps corresponding to the 4D emission

series. The warped NCAT attenuation maps were compared
with original attenuation maps using global comparison met-
rics, such as the correlation coefficient, and local compar-
isons, such as profiles drawn on the diaphragm or the lesions.
Results showed a good match between original and warped
NCAT attenuation maps.

Four patient datasets were also included in the validation.
For 3 of 4 patients, warped CT frames were closely correlated
with the original CT frames. For the fourth patient, given that
the original 4D CT and their corresponding 4D PET did not
highly correlate, we found that the original and warped 4D
CT images were not well correlated. However, the warped 4D
CT correlated better with the 4D PET than with the original
4D CT images, clearly demonstrating one of the advantages
of the proposed approach. The method allows numerous
relevant issues, previously highlighted in the literature (9,13–15),
to be addressed.

These results indicate the ability of the proposed meth-
odology to derive 4D CT frames from 4D NAC PET image
registration and 1 reference CT frame. In addition, the warped
CT frames can be used to create attenuation maps to improve
CT-based attenuation correction in PET imaging. For all 4
patients, the obtained attenuation-corrected PET images using
the warped CT attenuation maps correlated well with
attenuation-corrected PET images using the original acquired
CT for the attenuation map creation. Finally, the proposed
approach could be of interest with other multimodality
imaging systems such as PET/MR, reducing the need for
PET attenuation correction in 4D MR image acquisitions.

A possible limitation of this study is the relatively small
numbers of patients. Additional patients may further enhance
the impact of the proposed methodology, especially where the
4D PET and CT correspondence is questionable. However,
the use of simulated and patient (n 5 4) datasets should be
sufficient for such a methodology feasibility study.

FIGURE 6. Comparison of ED (in mm) and corresponding SD for

all anatomic landmarks considered in all 4 patient datasets.

FIGURE 7. Attenuation-corrected PET

frame 4, for patients 1 (A) and 4 (B), using
warped and original corresponding CT

frame, including diaphragm profile differen-

ces and difference image. AC 5 attenuation
correction.
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CONCLUSION

The present study demonstrates the potential of using the
acquired 4DNAC PET images for the derivation of a matching
CT series from a single CT image corresponding to a specific
part of the respiratory cycle. The performance of the proposed
methodology was evaluated on simulated and clinical data-
sets. Furthermore, clinically relevant PET acquisition times
can be used for the implementation of such an approach,
making this an even more attractive solution considering the
absence of an extra dose given by a standard 4D CT acqui-
sition. A comparison of the warped 4D CT series and the
original 4D CT series on the one hand and of the 4D PET
attenuation-corrected images using a warped 4D CT series
and the original 4D CT series on the other hand demonstrated
the efficiency of the proposed approach.
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TABLE 3
Correlation Coefficients Between Attenuation-Corrected (Using Original and Warped CT) PET Images

Correlation coefficient

Patient no. 100% (12 min) 75% (9 min) 50% (6 min) 25% (3 min)

1 0.982 6 0.011 0.982 6 0.011 0.982 6 0.011 0.981 6 0.012

2 0.986 6 0.013 0.986 6 0.013 0.986 6 0.011 0.986 6 0.011
3 0.977 6 0.012 0.977 6 0.016 0.975 6 0.018 0.976 6 0.019

4 0.798 6 0.033 0.792 6 0.044 0.788 6 0.046 0.788 6 0.051

Data are average 6 SD.
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