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Attenuation correction (AC) of PET images with helical CT (HCT)
in PET/CT matches only the spatial resolution of CT and PET,
not the temporal resolution. We therefore proposed the use of
respiration-averaged CT (ACT) to match the temporal resolution
of CT and PET and evaluated the improvement of tumor quan-
tification in PET images of the thorax with ACT. Methods: First,
we examined 100 consecutive clinical PET/CT studies for the
frequency and magnitude of misalignment at the diaphragm
position between the HCT and the PET data. Patients were
injected with 555–740 MBq of 18F-FDG and scanned 1 h after
injection. The HCT data were acquired at the following settings:
120 kV, 300 mA, pitch of 1.35:1, collimation of 8 � 1.25 mm, and
rotation cycle of 0.5 s. Patients were instructed to hold their
breath at midexpiration during HCT of the thorax. The PET
acquisition was 3 min per bed. Second, we retrospectively
analyzed studies of 8 patients (1 with esophageal cancer and 7
with lung cancer). Each study included regular PET/CT followed
by 4-dimensional (4D) CT for radiation treatment planning. We
compared the results of AC of the PET data with HCT and ACT.
There were 13 tumors in these 8 patients. The 4D CT data were
acquired at the following settings: 120 kV, 50–150 mA, cine
duration of 1 breathing cycle plus 1 s, collimation of 8 � 1.25
mm, and rotation cycle of 0.5 s. The acquisition was taken when
the patient was in the free-breathing state. We averaged the 10
phases of the 4D CT data to obtain ACT for AC of the PET data.
Both the ACT and the HCT data were used for AC of the same
PET data. Results: There was a misalignment between the HCT
and the PET data in 50 of 100 patient studies. In 34 studies, the
misalignment was greater than 2 cm. In a comparison of HCT
and ACT, 5 tumors had differences in standardized uptake
values (SUV) between HCT– and ACT–attenuation-corrected
PET of less than 20%, and 4 tumors had differences in SUV of
more than 50%. The latter 4 tumors were found in the patient
with esophageal cancer and in 2 of the patients with lung
cancer. The PET data from these 3 patients had a misalignment
of 2–4.5 cm relative to the HCT data. Breathing artifacts were
significantly reduced by ACT. Seven of the 8 patients had a
lower diaphragm position on HCT than on ACT, suggesting that

the patients tended to hold a deeper breath during HCT than
during ACT. Conclusion: The high rate of misalignment sug-
gested a potential mismatch between the HCT and the PET data
with the limited–breath-hold CT protocol. In the comparison of
HCT and ACT, significant differences (�50%) in SUV were
attributable to different breathing states between HCT and PET.
The PET data corrected by ACT did not show breathing arti-
facts, suggesting that ACT may be more accurate than HCT for
AC of the PET data.
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PET/CT can provide both anatomic information and func-
tional information in a single imaging session as well as
accurate registration of PET and CT data to improve the
diagnosis of tumors (1–8). Additionally, high-performance
and high-throughput multislice CT also has replaced trans-
mission rod sources to obtain an attenuation map for the
quantification of PET emission data (9–11). The scan time
with transmission rod sources is several minutes for only 15
cm of coverage, but the scan time is reduced to only about
30 s for 100 cm of coverage with high-throughput multislice
CT. A PET/CT scan thus typically takes less than 30 min
instead of more than 1 h, as with a stand-alone PET scanner
(12).

In a PET/CT scan, a helical CT (HCT) scan normally is
performed before the PET scan to obtain a CT-based atten-
uation map for attenuation correction (AC) of the PET data
and to provide anatomic information to improve the local-
ization of tumors in PET images (12). Performing CT before
PET allows the PET data to be reconstructed with AC
before the patient leaves the scanner and ensures the integ-
rity of data acquisition. To match the CT and the PET data,
patients are asked during the HCT scan to either hold their
breath at midexpiration or take a shallow breath. Misalign-
ment of the HCT and the PET data has been reported with
both techniques and may become an issue in imaging the

Received Mar. 17, 2005; revision accepted May 10, 2005.
For correspondence or reprints contact: Tinsu Pan, PhD, Department of

Imaging Physics, Unit 56, The University of Texas M.D. Anderson Cancer
Center, 1515 Holcombe Blvd., Houston, TX 77030.

E-mail: tpan@mdanderson.org

CORRECTION OF PET IMAGES WITH AVERAGE CT • Pan et al. 1481



thorax because the breath-hold state in HCT is different
from the free-breathing state in PET. The end results are a
mismatch of tumor location between HCT and PET scans
and inaccurate quantification of tumors in PET images
(13–17).

We have examined the temporal resolution and the spatial
resolution of CT and PET. CT images have a temporal
resolution of less than 1 s and an in-plane spatial resolution
of less than 1 mm, whereas PET images have a temporal
resolution of many breathing cycles and a spatial resolution
of greater than 5 mm. Blurring of CT images is a necessary
step for obtaining the CT-based attenuation map for AC of
the PET data, as is scaling of the lower-energy attenuation
coefficient in CT images to the attenuation coefficient of
511 keV for AC of PET images (9–11).

Efforts to match the temporal resolution of CT and PET
have led to the development of methods that gate the PET
data and the CT data, such as 4-dimensional (4D) PET/CT
(18–20). The quantification and resolution of PET images
can be improved with gating. However, obtaining sufficient
data in each gated phase or bin for gated PET normally
takes a long time. Gated PET may also require each phase
of the gated PET data be matched with the corresponding
phase of the CT data for quantification of the PET data. On
the basis of our experience with 4D PET/CT studies (18–
20), most tumors examined by PET during which patients
take a shallow breath do not move in a way that warrants 4D
PET. Rather, we have seen many cases of misalignment
between HCT and PET data because of the different respi-
ration states of patients during HCT and PET.

In this study, we examined 100 consecutive PET/CT
studies for instances of misalignment between HCT and
PET. We used the axial extent of the white band or pho-
topenic region at the diaphragm level in the PET images for
the measurement of misalignment between the CT and the
PET data. The larger the axial extent was, the larger the
misalignment was. The HCT data were acquired while the
patient was holding a breath at midexpiration, during which
CT acquired the data of the thorax.

We also proposed a new method for AC of the PET data;
this method uses respiration-averaged CT (ACT) data ob-

tained from multislice 4D CT (21–24) of the thorax. The
advantage of using ACT is matching of the temporal reso-
lutions of the CT and the PET data. The ACT data were
obtained by averaging the 10 phases of the 4D CT data sets
or by averaging the images from a breathing cycle. We
evaluated tumor quantification of PET by using HCT and
ACT for 13 tumors in the thoraxes of 8 patients (1 patient
with esophageal cancer and 7 patients with lung cancer).

MATERIALS AND METHODS

PET/CT with 4D CT Option
Data were acquired on a PET/CT scanner (Discovery ST; GE

Healthcare) with a 4D CT option. The CT component of this
scanner has a 50-cm transaxial field of view (FOV) and can
acquire 8 slices per x-ray tube rotation. The CT slice thickness can
range from 1.25 to 10 mm. The x-ray tube current can be varied
between 10 and 440 mA, and the tube voltage setting can be 80,
100, 120, or 140 kV (peak). The fastest gantry rotation cycle is
0.5 s, and the maximum helical scan time is 120 s.

The PET component of the Discovery ST scanner is composed
of 24 rings of bismuth germanate detectors. The dimensions of
each detector element are 6.3, 6.3, and 30 mm in the tangential,
axial, and radial directions, respectively. The scanner has a trans-
axial FOV of 70 cm and an axial FOV of 15.7 cm. The scanner
also is capable of acquiring data in 2-dimensional and 3-dimen-
sional modes by retraction of tungsten septa (54 mm long and 0.8
mm thick) from the FOV. The performance of this scanner has
been characterized by Mawlawi et al. (25).

A real-time position management optical system (Varian Med-
ical Systems) was mounted at the end of the imaging table to
record the respiratory waveform of the patient for synchronization
with the data collection for 4D CT (22). The scan times for 20 cm
of coverage and 5 s of cine duration are about 1 min with 8-slice
CT and 2 min with 4-slice CT (22). The cine 4D CT scanner is
commercially available from GE Healthcare.

Protocol and Data Processing
We examined 100 consecutive patient studies for instances of

misalignment between HCT and PET with a protocol used in the
Department of Nuclear Medicine at The University of Texas M.D.
Anderson Cancer Center.

A misalignment was reported when a white band occurred in the
lower right thorax in the PET data. The measurement was taken at

TABLE 1
Results of Quantification of Same PET Data Attenuation Corrected by HCT and ACT

Parameter Data

Patient 1 2 3 4 5 6 7 8
Tumor 1 2 3 4 5 6 7 8 9 10 11 12 13
Location* LR LR LH UL UL LL LR LR LR RH DE RH UL
Size (cm) 1.8 1.0 2.0 1.5 0.9 1.4 2.2 1.2 1.4 1.0 2.0 1.7 2.3
SUV (HCT) 2.3 2.6 11.8 10.8 3.9 6.8 6.6 4.6 3.4 4.3 1.9 7.7 9.3
SUV (ACT) 3.6 3.1 12.2 13.7 3.7 6.3 8.4 7.5 4.3 7.4 3.8 9.8 10.9
SUV difference (%)† 59.0 17.4 3.6 26.9 �4.7 �7.6 27.4 62.1 28.5 70.1 97.4 27.3 17.2

*LR � lower right; LH � left hilar; UL � upper left; LL � lower left; RH � right hilar; DE � distal esophagus.
†Tumors 1, 8, 10, and 11 had SUV differences of more than 50%.
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the peak location of the diaphragm in PET images sliced in the
coronal direction. The height of the white band in centimeters was
recorded. We also retrospectively analyzed studies of 8 patients (1
with esophageal cancer and 7 with lung cancer) in a comparison of
PET quantification with HCT and ACT. These 8 patients (4 men
and 4 women) were scanned by 4D CT after their PET/CT studies
were performed. Their mean age was 67.6 y, and their ages ranged
from 57 to 81 y. Tumors measured less than 2.3 cm. Tumor
locations are summarized in Table 1. This study was approved by
M.D. Anderson Cancer Center under protocol RCR05-0064. The
patients received both PET/CT and 4D CT scans for staging and
radiation therapy treatment planning.

All of the patients were injected with 555–740 MBq of 18F-FDG
and scanned 1 h after injection. The HCT data were acquired at the
following settings: 120 kV, 300 mA, pitch of 1.35:1, collimation of
8 � 1.25 mm, and gantry rotation cycle of 0.5 s. Patients were
instructed to hold their breath at midexpiration during HCT of the
thorax. The PET data were acquired for 3 min per 15-cm bed.

We obtained the ACT data by averaging the 10 phases of the 4D
CT data for AC of the PET data (18,19,22). The data from 4D CT
of the thorax were obtained at the following settings: 120 kV,
50–150 mA, cine duration of 1 breathing cycle plus 1 s, collima-

tion of 8 � 1.25 mm, and rotation cycle of 0.5 s. The ACT data for
the thorax were combined with the HCT data for areas outside the
thorax to make up the CT images for AC of the PET data, with an
average of 6 bed positions, or a total of 90 cm. We refer to these
combined CT data as the ACT data, in the interest of AC of the
PET data in the thorax. Figure 1 shows an example of combination
of the ACT and the HCT data. Both the ACT and the HCT data
were used for AC of the same PET data. The reconstruction of the
PET data was performed with 2 iterations of ordered-subset ex-
pectation maximization with 30 subsets, a pixel matrix of 128 �
128, and an FOV of 50 cm.

RESULTS

Figure 2 shows the alignment results at the lower right
diaphragm position between HCT and PET for 100 patient
studies. There were 50 patient studies with no misalignment
(�1 cm) and 50 patient studies with a misalignment (�1
cm) between HCT and PET; misalignment was identified as
a white band in the lower right thorax of the PET data.
There were 34 patient studies with a misalignment of more
than 2 cm. The largest difference was 6–7 cm, which may

FIGURE 1. Formation of ACT data for
PET AC. HCT data are in first panel (left).
Some HCT data not overlapping ACT data
(third panel) are repeated in second panel.
We combined HCT data from second
panel and ACT data from third panel to
make ACT � HCT data in fourth panel. The
main purpose of this fusion was to make
ACT � HCT data the same format as HCT
for PET AC. All images are coronal. These
images were from patient 5 (also shown in
Fig. 5).

FIGURE 2. Frequency and magnitude of
misalignment between PET and HCT of
lower right thorax in 100 consecutive
PET/CT studies.
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FIGURE 3. Respiratory signal recorded
during HCT before PET. Recording was
made with strain gauge monitoring respi-
ratory motion around waist at sampling fre-
quency of 1 kHz. Scout scan was taken to
survey anatomy; during this scan, patient
was breathing freely (FB). After scout scan
was taken, patient was instructed to pre-
pare for limited breath-hold (BH) at midex-
piration for HCT. It was noted that patient
held breath at state different from any
breathing state before breath-hold.

FIGURE 4. (A) Axial HCT and PET data (corrected by HCT) for tumor 1 (patient 1). (B) Corresponding axial ACT and PET data
(corrected by ACT). SUV for HCT PET and ACT PET were 2.3 and 3.6, respectively. SUV increased 59.0% from HCT PET to ACT
PET. (C) Coronal HCT, HCT PET, and maximum-intensity projection (MIP) of HCT PET data. (D) Coronal ACT, ACT PET, and MIP
of ACT PET data. With ACT, there was a significant reduction in breathing artifacts caused by different breathing states during HCT
and PET, suggesting that ACT can effectively reduce breathing artifacts and improve quantification of PET data. On each image,
crosshair or arrow indicates tumor location. Same tumor can be seen in both ACT and PET data in B but not clear in PET data and
not in HCT data in A.
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have exceeded the normal range of diaphragm motion dur-
ing free breathing (26). This finding suggested a potential
drawback of limited breath-hold during HCT.

The misalignment is based on the white band in the lower
right thorax. The occurrence of a white band indicates a
tendency for the patient to hold a deeper breath than for the
average PET position in the lower thorax. In this situation,
the CT data will indicate a larger area of air in the lungs than
the PET data, rendering insufficient AC of the PET data in
the lower thorax. If a patient holds a breath near the end of
expiration, then it may not be possible to discern any mis-
alignment, because there will not be a white band in the
measurements. Therefore, the misalignment found in the 100
patient studies may be larger than what we reported here.

Figure 3 shows an example of a respiratory signal re-
corded in 1 of the clinical PET/CT studies. The midexpira-
tion state of breath-hold in the HCT data was at an even
deeper inspiration than end inspiration in the free-breathing
state. This scenario may be the major source of misalign-
ment when the tumor of interest is in the lower thorax.

Table 1 shows the results of AC of the same PET data by
HCT when patients held their breath at midexpiration and
by ACT when patients took a normal breath. There were 5

tumors from 3 patients with differences in standardized
uptake values (SUV) of less than 20% and 4 tumors (tumors
1, 8, 10, and 11) from 3 patients with SUV differences of
more than 50%. The tumors with more than a 50% change
in SUV came from the patient with esophageal cancer and
from 2 of the patients with lung cancer. For these 3 patients,
there was a misalignment of 2–4.5 cm in the lower right
thorax between HCT and PET. Breathing artifacts or mis-
alignments were significantly reduced in the PET data that
were corrected by ACT. Seven of the 8 patients had a lower
diaphragm position on HCT than on ACT, suggesting that
patients tended to hold a deeper breath during HCT than the
average breathing state. Figures 4–6 show images of the
HCT, ACT, and PET data corrected with HCT and ACT for
tumors of no. 1, 10, and 11, with SUV changes of 59.0%,
70.1%, and 97.4%, respectively.

DISCUSSION

Our study demonstrated the potential misalignment
caused by different breathing states during HCT and PET
and showed that the use of ACT reduces breathing artifacts
and improves tumor quantification. Therefore, the ideal CT

FIGURE 5. (A) Axial HCT and PET data (corrected by HCT) for tumor 10 (patient 5). (B) Corresponding axial ACT and PET data
(corrected by ACT). To augment interpretation, both HCT and ACT images are shown with CT level of �700 and window width of
1,000. SUV for HCT PET and ACT PET were 4.3 and 7.4, respectively. SUV increased 70.1% from HCT PET to ACT PET. (C) Coronal
HCT, HCT PET, and maximum-intensity projection (MIP) of HCT PET data. (D) Coronal ACT, ACT PET, and MIP of ACT PET data.
With ACT, there was a significant reduction in breathing artifacts caused by different breathing states during HCT and PET. Note
that ACT did not cover whole lung and was still able to correct for breathing artifacts. On each image, crosshair or arrow indicates
tumor location.
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for AC of the PET data will be a combination of HCT
covering the anatomy above and below the thorax and ACT
covering the anatomy in the thorax, as suggested in Figure
1. The current dose used in 4D CT for a cine duration of 5 s
is between 23 and 70 mGy for 50–150 mA at a gantry
rotation cycle of 0.5 s. This dose is not a critical issue in
radiation therapy planning. However, for a routine diagnos-
tic procedure, this dose is considerably high. We are cur-
rently investigating ways to minimize the radiation dose of
4D CT and to achieve the same effects as those seen with
ACT in this study.

CONCLUSION

We analyzed the frequency and magnitude of misalign-
ment between the HCT and the PET data in 100 consecutive
PET/CT studies with a limited breath-hold during HCT.
Fifty studies showed a misalignment between HCT and
PET, and 34 studies showed a misalignment of more than 2
cm, suggesting that efforts should be made to reduce the
misalignment. We have proposed the use of ACT for AC of
the PET data for the thorax to reduce the misalignment
attributable to the different breathing states during HCT and
PET and to improve the quantification of the PET data. The
main advantage of ACT over HCT is that the temporal

resolution of 1 breathing cycle in ACT is similar to that of
many repeat breathing cycles in PET.

In a study of 13 tumors in 8 patients, we found 4 tumors
in 3 patients with an SUV change of more than 50%, and
these 3 patients had a misalignment of 2–4.5 cm. Breathing
artifacts, shown as a white band in the lower thorax of PET
images, were significantly reduced by ACT. The results
demonstrate that a significant change in SUV could be
attributable to the mismatch between breathing states during
HCT and PET and suggest a better match of ACT and PET
than of HCT and PET and more accurate PET quantification
in the thorax by ACT than by HCT.
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