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ABSTRACT

KEY WORDS

The advent of positron emission tomography/computed tomography (PET/CT) provides fusion of both anatomical
and functional information. CT-based attenuation correction replaced 68Ge-based attenuation correction for shortening
acquisition time, improving image quality and quantitative accuracy. However, due to the temporal difference of PET and
CT, mis-registration and motion artifacts are observed in the attenuation-corrected images mainly due to the respiratory
motion. Reducing the spatial mismatch of the PET and CT reconstructed image remains a challenge. This review provides
an introduction to various respiratory image artifacts reduction techniques especially for thoracic lesions, including
breathing instruction based methods, CT protocol based methods and 4-dimensional PET/CT. The advantages and
drawbacks of different methods are also discussed.
PET/CT; respiratory motion; artifacts; attenuation correction
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Introduction

.

Before PET/CT scanners were invented, attenuation correction
was performed mostly with an external 68Ge 511 keV source that
rotated around the patient. Nowadays, most clinical PET/CT
machines no longer equipped with 68Ge-based source. Instead,
CT-based attenuation correction was used in the combined
PET/CT scanner.
This new design produced huge numbers of photons in the
transmission scan even at low tube currents. Hence it is much faster
than the 68Ge-based attenuation correction scan and has lower
statistical noise level (1,2). Also, CT-based attenuation correction
ensures the significant energy difference between the gamma-rays
and X-rays, so that the transmission scan would not be contaminated
by the emitted gamma-rays from the patients. This leads to a more
accurate activity concentration values and better uniformity (3).
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On the other hand, CT-based attenuation correction for
PET is hampered by artifacts that are usually not seen in
the standalone PET images. Examples are artifacts due to
respiratory motion (4), truncation (5), metallic implants (6)
and CT contrast agents (7). Among all these factors, respiratory
motion is generally considered to be the main problem in CTbased attenuation correction. For standalone diagnostic CT,
the optimized protocol is to obtain a 3D helical acquisition of
the thoracic cavity over a single full-inspiration breath-hold CT
scan. When applied with the emission exam, this technique
captures a snapshot of the thoracic cavity in a distinct respiratory
phase and does not represent the time-averaged position of the
thoracic structures as PET acquisition does. This misalignment
between transmission and emission scan is most noticeable at
the left lung especially for two regions: (I) tissues around lower
thorax and upper abdomen, where the transmission scan may
not be presented in the emission scan; (II) tissues around the
lung and left-ventricle interface, where myocardial uptake is
prominent overlying the left lung of the CT in the fused images.
In fact, for thoracic structures, more than 40% of the studies have
misalignments between the measured and the true position (8).
Erdi et al. examined PET/CT images of 5 patients with multiple
lung carcinoma lesions, and showed that the spatial mismatch
resulted in up to a 30% error in the standardized uptake value
(SUV) of the lesions (9). Also, phantom studies showed the
effect of motion can result in as much as 75% underestimation
of the maximum activity concentrations (10). These distortions
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may lead to inaccurate localization of tumors and hence potential
misdiagnoses (11,12).
Multi-row CT technology that employs 6 or more detector
rows can reduce magnitude and frequency of respiration-induced
artifacts in PET/CT system (13). This is because, with multirow CT technology, the CT examination time of whole-body
PET/CT scan is shortened to 20 s or less. Therefore, patients will
be more cooperative for breath-hold during the CT acquisition.
Some authors also suggested viewing the emission images with
and without the attenuation correction respectively to exclude
respiration-induced bias (12).
Still, more effective methods are warranted to reduce the
PET/CT respiratory artifacts. Three main categories of these
methods have been mostly investigated so far: breathing
instruction, CT protocols and 4-dimensional (4D) PET/CT.

Breathing instruction based methods

.

Optimal breathing patterns
Instead of suggested deep-inspiration breath-hold protocol in
diagnostic CT, many researchers believed normal-expiration
breath-hold is the best option for transmission scan in thoracic
PET/CT (14,15). In a survey performed by Goerres et al.
(16), CT scans were performed at four respiratory levels: freebreathing, maximal-inspiration, maximal-expiration and normalexpiration. For different levels, multiple distances between
the anatomical landmarks or a reference point in the CT and
corresponding PET images were compared. Normal-expiration
breath-hold showed best results with better match and smaller
range of measured distances in comparison with other breathing
patterns for the studies focusing on the upper abdominal organs.
Furthermore, this CT protocol reduced the occurrence and
the severity of respiration-induced curvilinear artifacts on coregistered PET/CT. Another study showed that reconstructed
images from patients of normal-expiration breath-hold group
had 28% less incidence rate of artifacts compared with those
from the free-breathing group (15). One possible explanation
is that a normal human spends most time in expiration in the
whole respiratory cycle. Further comparison study showed
that normal-expiration CT scan for attenuation correction gave
good SUV recovery in the case of mobile tumors with size of
20 mm, even when the magnitude of breathing was large (17).
Attenuation correction using maximal-inspiration breath-hold
protocol resulted in more serious underestimation of SUV
especially when breathing amplitude increased.
The clinical challenge of normal-expiration breath-hold protocol
is patient’s compliance and comfort. Many patients are incapable

of maintaining breath-hold for the duration of the whole-body CT
examination, even for the most advanced multi-row CT scanner.
This results in severe compensatory breathing artifacts at the midscan level, i.e., the lower thorax to the upper abdomen region, when
the patient resumes breathing during the CT acquisition.
Deep-Inspiration Breath-Hold (DIBH) PET/CT
Nehmeh et al. proposed a deep-inspiration breath hold protocol
for both CT and PET (DIBH PET/CT) acquisition (18). The
patient was instructed to breathe deeply and then hold the
breath, under the monitoring with an amplitude gating device,
i.e., the real-time position management (RPM, Varian Medical
Systems, Palo Alto, CA). Breath-hold CT data were acquired for
about 16 s in the helical mode. PET scan was divided to nine 20 s
frames, i.e., 3 mins. In the beginning of each PET frame, patient
was instructed to breathe and hold the breath again as in DIBH
CT. PET data were acquired for only one FOV. This method
showed an increase in lesion SUV of as much as 83% and a
reduction in the distance between the centroids of PET and CT
lesions of as much as 49%, compared to the conventional breathhold PET/CT. Similar study was proposed by Meirelles et al.(19)
and Torizuka et al. (20). They both showed increase in SUV and
more precise localization and quantification of lesions when
using DIBH PET/CT. Higher diagnostic accuracy of DIBH PET
with a single 30 s, 45 s or even 60 s scan can be achieved (21,22).
By now the DIBH method was only explored in lung lesion
studies. Additional external monitoring such as RPM and breathecoaching are also needed to measure the respiratory cycle, ensuring
the matching of the transmission and the emission respiratory
phases. Moreover, even a single breath-hold for 20 s is not acceptable
for senior patients or patients who have underlying lung diseases
such as emphysema or pulmonary ﬁbrosis (20), let alone multiple
breath-holds in DIBH. Unsuccessful breath-hold due to irregular
breathing pattern may cause highly variable results, which will affect
the diagnostic accuracy.

CT protocol based methods

.

Specific CT protocols for attenuation correction of PET images
have been proposed to replace conventional breath-hold CT.
Averaging the CT data over many respiratory cycles ensure
that the CT attenuation map matches with the PET, leading to
reduction of breathing-induced artifacts such as PET/CT spatial
mismatch, target blurring and underestimation of the SUV.
There are several approaches to this averaging protocol, some
of which are outlined in this review: slow CT, low-pitch CT in
helical mode, cine average CT and interpolated average CT.
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Slow CT
Lagerwaard et al. introduced slow CT as a method to average
several respiratory cycles over the scan duration (23). The tube
rotation time of a single slice CT was slowed down to
4 s/rot. Pitch was set to 1. Compared with the diagnostic deepinspiration breath-hold CT, slow CT was more similar to the
average position of the thoracic cavity structures in PET.
In another study from Sorensen et al. (24), severe “gap”
artifacts between successive PET reconstructed slices were
observed for slow CT-based attenuation correction. It was
possibly due to the inconsistencies in the projections from
large respiratory motions combined with slow CT propagated
into the corrected PET images. Hence, this method may not
be appropriate for attenuation correction in PET/CT for large
respiratory motion amplitudes.
Low-pitch CT
New generations of CT provide more configurations for other
“slow CT” methods. Nye et al. set the pitch as 0.562 which was
the lowest value allowed by the scanner (25). This pitch value
increased the axial sampling during free-breathing mode without
increasing the tube rotation time. A total of 16 s scan was used
to cover the chest cavity. Final CT data were matched with the
PET slice thickness for attenuation correction and to suppress
respiratory motion artifacts. Compared to conventional breathhold CT, this low-pitch CT reduced the number of problematic
studies from 71% to 28%.
One concern for low-pitch CT is the radiation burden. Due
to the potential long exposure time, high radiation dose for the
low-pitch CT is delivered. The radiation dose was approximately
2.3 mSv as compared to a 1.8 mSv of the conventional breathhold CT. The dose length product was 153 mGy, also higher
than the conventional method of 117 mGy (25). The relative
high radiation dose hampers the low-pitch CT from clinical
application.
Cine average CT (CACT)
Pan et al. introduced a CT protocol named 4-dimensional CT
(4D CT) for PET/CT attenuation correction (26). 4D CT
provided images of all phases of the breathing cycle for tumor
staging and radiation therapy treatment planning (27). Cine
mode technique acquired repeated axial CT images at each table
position for a certain time period. This method produced even
thinner slice thickness than those of a low-pitch helical scan. Pan
et al. (26) and Cook et al. (28) averaged the images of 10 phases

in 4D CT to form a respiratory cine average CT(CACT) at each
table position. The average CT of the thorax was then combined
with the helical CT data of the tissue outside the thorax, e.g.,
abdomen, to make up the integrative CT images. This method
greatly improved registration and tumor SUV as compared to
deep-inspiration and normal-expiration breath-hold helical
CT attenuation correction. Similar results were achieved by
Gould et al. (8). Alessio et al. further evaluated both average
and intensity maximum images of 4D CT for the PET/CT
misalignment reduction (29). Fewer misalignments were
observed with intensity maximum 4D CT. Moreover, compared
to helical CT, 4D CT was more flexible to be retrospectively
averaged or processed.
There are mainly two adverse problems for CACT: (I)
increasing the CT acquisition time due to the longer period
of each bed position; (II) increasing the radiation dose to the
patient. Lowering the tube current can potentially reduce the
dose by a wide margin (30).
Interpolated average CT (IACT)
An alternative method for CACT is interpolated average CT
(IACT) to reduce radiation dose with similar image quality
(31). CT images of desired phases, e.g., end-inspiration and endexpiration phases from a respiratory cycle, are used to generate
the interpolated phases by a deformable image registration
method named optical flow method (OFM) (32). The IACT is
calculated by averaging the original and interpolated phases. In
a clinical study, Huang et al. obtained the IACTs using different
number of desired phases from a cine CT (31). The PET
images were then reconstructed with attenuation correction
using different IACTs. The maximum SUV difference between
the use of IACT and CACT was about 3%. The radiation dose
using IACT with 2 original phases, i.e., end-expiration and endinspiration could be potentially reduced by 85% as compared to
the use of CACT.
A further simulation study showed that IACT was a robust
method that worked for maximum respiratory motion amplitude
of up to~3 cm (33). The results showed in Figure 1 and Figure 2
that IACT, similar to CACT, provided improved image quality as
compared to conventional helical CT.

4-Dimensional (4D) PET/CT

.

Gated PET
Gated PET was firstly proposed for the standalone PET in brain
scan to remove patient motions. To reduce smearing due to the
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Figure 1. Reconstructed results of a simulation study conducted by the authors. A: Helical CT (HCT); B: CACT; C: IACT; D: noise-free PET
reconstructed image using HCT for attenuation correction; E: noise-free PET reconstructed image using CACT for attenuation correction; F: noisefree PET reconstructed image using IACT for attenuation correction.
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Figure 2. Mutual information (MI) for comparison between HCT/IACT/CACT and
the original phantom. Mutual information is plotted as a function of updates, and it is a
measure of nonlinear image intensity and proportional to the similarity between 2 images.
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breathing motions and improve quantification of 18F-FDG uptake
in lung lesions, Nehmeh et al. proposed respiratory gated PET
(34). PET data were acquired into discrete bins in synchrony
with the breathing cycle. Ten bins data were acquired for a FOV,
with 300-500 ms time interval between each 1 minute gated bin.
The lesion motion was negligible due to the short acquisition
interval and thereby approximately motion-free images were
obtained. During the gated PET acquisition, different respiratory
tracking systems have been used to monitor the respiratory
motion and generate a trigger at predefined amplitude or phase.
Studies using this technique showed an improvement in the
target-to-background ratio and a more accurate measurement of
the SUV (34,35).
Phase matched 4D PET/CT
Instead of manipulating CT protocols to match the PET, phase
matched 4D PET/CT applied gated PET images to match
specified phase of CT. However, gated PET is seldom directly
corrected by a breath-hold CT as their respiratory phases are
not synchronized. Hence its reconstructed image quality is
even worse than those of the non-gated PET with attenuation
correction by a conventional breath-hold CT. In 4D PET/CT
imaging, the previously described 4D CT and gated PET are
combined (36): the 4D CT images spatially match with the
gated PET images. In synchrony with the RPM breathing signal,
respiratory gated PET data are acquired into discrete bins. 4D
CT data are acquired and sorted according to their phases to
generate a respiratory gated CT data. To make the CT images in
each phase coincide with the PET images, the gated CT images
at each bin are then spatially re-binned and re-sliced in the axial
direction. The gated PET data are then corrected for attenuation
with the corresponding gated CT data.
In a clinical study, Nehmeh et al. measured distance of the
lesion centroids between the gated PET and phase matched
4D CT (36). The result showed an improvement in lesion
registration of PET and CT was up to 41% as compared to the
registration between gated PET and conventional breath-hold
CT. Also, a reduction in PET derived tumor volumes of up
to 42%, and an increase in lesion SUV of up to 16% were also
found. Similar researches (37-39) all showed that phase matched
4D PET/CT provided superior results as compared to gated
PET with a breath-hold CT and non-gated PET with a breathhold CT for attenuation correction.
Algorithm-based 4D PET/CT
One may notice that in 4D PET/CT each PET bin is independent
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from others after the re-binning process. Usually, each respiratory
PET phase only matches well with one corresponding CT phase.
Attenuation correction of this respiratory PET phase provides
an artifact-free image, since the PET and CT images are coregistered to an identical phase. Reconstructed images, however,
have lower counts thus a poor signal-to-noise ratio (SNR).
In principle, to form a PET/CT image, it is better to utilize all
PET information from the whole respiratory gated acquisition
instead of only one phase. One method to achieve this goal is
that before attenuation correction each respiratory PET bin is
transformed into one referenced target bin that corresponds
optimally to a matched CT phase image from gated CT. Several
researchers used the motion vectors calculated from PET to do the
transformations, and there are two main categories of the algorithms.
I. Rigid model transform. The movement of the heart due to
breathing is difficult to model. It can be approximated by a rigid
transformation with simple translational and rotational steps.
For cardiac transform, affine linear transform algorithm is a
rigid motion transform for shear and compression. Based on the
successful cardiac application, Livieratos et al. used this algorithm
to reposition the lungs with list-mode projection data before
reconstruction (40). The rigid motion was calculated from
the simulated CT images of the digitized phantom. Signiﬁcant
respiratory motion compensation in the lungs was observed in
comparison with the ones without transformation applied on the
list-mode data in the reconstructed images. The improvement
of contrast slightly varied for lung lesion of different locations
and sizes, and the smaller lesions (7 and 11 mm) suffered from
signiﬁcant partial volume effects.
II. Non-rigid model transform. Lung motion due to
respiratory motion is non-rigid in nature. CT attenuation images
are not always co-registered to PET images especially at the
lower thorax and diaphragm where large deformations often
happen. This will lead to inaccurate PET reconstructed images.
Thus for lung motion, non-rigid motion correction algorithms
would be superior to rigid motion correction algorithms.
Lamare et al. used B-spline model to derive motion vectors from
different simulated CT phases (41). Then elastic transformation
was incorporated to the list-mode PET raw data. The result
showed the elastic transformation led to a more uniform
improvement across the lungs for different sizes and locations of
the lesions. Thorndyke et al. proposed a retrospective stacking
method (42). They used a deformable registration based on a
B-spline model to derive the motion vectors from the noisy PET
reconstruction data. Retrospective stacking method based on
deformable registration yielded reduced blurring and increased
SNR in the reconstructed images. Dawood et al. introduced the
optical flow method (OFM) to calculate a 3D vector from a PET
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raw data (43). For gated PET, OFM was further developed for
estimating motion vectors between any bin and the target bin.
The reconstructed image contained all PET information with
minimal motion, leading to more accurate attenuation correction
and quantification.
The 4D PET/CT transform algorithm is very computationally
intensive. It also requires gating hardware to support. In the
meantime, this method may not be feasible for most clinicians
because of the high complexity of implementation.

Conclusion

depends on the robustness and complexity of the clinical set up.
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