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Recent studies have shown increased artifacts in CT attenua-
tion-corrected (CTAC) PET images acquired with oral contrast
agents because of misclassification of contrast as bone. We
have developed an algorithm, segmented contrast correction
(SCCQ), to properly transform CT numbers in the contrast regions
from CT energies (40-140 keV) to PET energy at 511 keV.
Methods: A bilinear transformation, equivalent to that supplied
by the PET/CT scanner manufacturer, for the conversion of
linear attenuation coefficients of normal tissues from CT to PET
energies was optimized for BaSO, contrast agent. This trans-
formation was validated by comparison with the linear attenu-
ation coefficients measured for BaSO, at concentrations rang-
ing from 0% to 80% at 511 keV for PET transmission images
acquired with %8Ge rod sources. In the CT images, the contrast
regions were contoured to exclude bony structures and then
segmented on the basis of a minimum threshold CT number
(300 Hounsfield units). The CT number in each pixel identified
with contrast was transformed into the corresponding effective
bone CT number to produce the correct attenuation coefficient
when the data were translated by the manufacturer software
into PET energy during the process of CT attenuation correc-
tion. CT images were then used for attenuation correction of
PET emission data. The algorithm was validated with a phantom
in which a lesion was simulated within a volume of BaSO,
contrast and in the presence of a human vertebral bony struc-
ture. Regions of interest in the lesion, bone, and contrast on
emission PET images reconstructed with and without the SCC
algorithm were analyzed. The results were compared with those
for images obtained with $8Ge-based transmission attenuation-
corrected PET. Results: The SCC algorithm was able to correct
for contrast artifacts in CTAC PET images. In the phantom
studies, the use of SCC resulted in an approximate 32% reduc-
tion in the apparent activity concentration in the lesion com-
pared with data obtained from PET images without SCC and a
<7.6% reduction compared with data obtained from 68Ge-
based attenuation-corrected PET images. In one clinical study,
maximum standardized uptake value (SUV,,,) measurements
for the lesion, bladder, and bowel were, respectively, 14.52,
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13.63, and 13.34 g/mL in CTAC PET images, 59.45, 26.71, and
37.22 g/mL in %8Ge-based attenuation-corrected PET images,
and 11.05, 6.66, and 6.33 g/mL in CTAC PET images with SCC.
Conclusion: Correction of oral contrast artifacts in PET images
obtained by combined PET/CT yielded more accurate quanti-
tation of the lesion and other, normal structures. The algorithm
was tested in a clinical case, in which SUV,,,, measurements
showed discrepancies of 2%, 1.3%, and 5% between 88Ge-
based attenuation-corrected PET images and CTAC PET im-
ages with SCC for the lesion, bladder, and bowel, respectively.
These values correspond to 6.5%, 62%, and 66% differences
between CTAC-based measurements and %8Ge-based ones.
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I n most CT examinations that include the abdomen or the
pelvis, oral contrast agent usualy is administered. Oral
contrast agent allows more accurate identification of the
bowel and facilitates the interpretation of abdomina and
pelvic CT studies (1-3). In PET/CT studies, oral contrast
agent also would improve image quality, resulting in an
increase in diagnostic capacity (4,5). However, the use of
oral contrast agent or the presence of any high-atomic-
number material, such as a metalic implant (6), might
induce artifacts in CT attenuation-corrected (CTAC) PET
images (7). The high atomic numbers of contrast agents
result in an increased fraction of photoelectric interactions
in regions of contrast accumulation, yielding increased
Hounsfield units (HU) or CT numbers. CT numbers for
regions of contrast can range from a few HU to 3,071 HU
(maximum CT number), depending on the contrast agent
concentration. As a result, and with the current available
algorithms, contrast can be misclassified as high-density
bone and thus can be associated with an incorrect scaling
factor. Consequently, the 511-keV-equivalent attenuation
coefficient values for contrast are overestimated, resulting
in overcorrection for attenuation in PET images and conse-
quently in overestimation of the apparent reconstructed
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FIGURE 1. Drawing of transaxial cross-section of phantom 1,
with 9 syringes fixed in Styrofoam (The Dow Chemical Co.)
sheet and filled with BaSO, contrast agent at concentrations of
0%-80% (represented by numbers in circles that represent
syringes).

BaSO,

activity concentration of the radiotracer in the contrast re-
gion. When a lesion is present within the contrast volume,
the above-mentioned artifact will result in an overestimation
of the lesion standardized uptake value (SUV).

In this study, we propose a method to correct for contrast
artifacts in CTAC PET images. This method is performed
by contouring the contrast regions, excluding any bony
structures; transforming the corresponding linear attenua-
tion coefficients, w(x,E), of contrast correctly from CT to
PET energies; and, finally, reconstructing CTAC PET im-
ages with the appropriately scaled attenuation map. In this
article, we present the initial evaluation of this method in 2
phantom studies and 1 clinical case.

MATERIALS AND METHODS

PET/CT Scanner

Data referenced in this study were acquired with a Discovery
LS PET (Advance NXi)/CT (LightSpeed 4-slice) scanner (GE
Medical Systems). The LightSpeed CT scanner has a 50-cm trans-
axial field of view (FOV) and is able to acquire images with aslice
thickness ranging from 1.25 to 20.0 mm. The tube current can be
varied between 10 and 440 mA, and the tube voltage settings are
80, 100, 120, and 140 KVp. The table feed rate of the CT scanner
ranges from 1.25 to 30 mm per 360° rotation of the x-ray tube. The
maximum scan time in the helical acquisition mode is 120 s, and
the spatial resolution is 0.32 mm.

The Advance NXi PET scanner is a whole-body scanner with a
transaxial FOV of 55 cm and a 14.75-cm FOV aong the axial
direction. The scanner contains retractable septaand can be used in
the 2-dimensional mode (septa extended) for high-resolution im-
aging or in the 3-dimensional mode (septa retracted) for a higher
sensitivity (1,200 kcps/mCi/mL). The image resolution is 4.2 mm
in full width at half maximum. All measurements performed in this
study were acquired in the 2-dimensional mode.

Phantoms

Phantom 1 consisted of nine 30-mL syringes filled with BaSO,
contrast agent at concentrations of 1.3%, 5%, 10%, 20%, 30%,
40%, 50%, 60%, and 80%. The syringes were immersed in a
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background of 8F-FDG at 37 X 10° Bg/mL (Fig. 1). No 8F-FDG
was added to the syringes, which therefore should register zero
activity by analysis of regions of interest (ROI).

Phantom 2 consisted of one 30-mL syringe filled with 18F-FDG
(to simulate a lesion) and placed in a bottle of BaSO, contrast
agent (50%, w/w). This bottle was fixed within a larger phantom
shell containing a background of 18F-FDG at 37 X 10° Bg/mL.
Also contained within the phantom shell and immersed in the
background was a human vertebra to test the effect of correcting
contrast artifacts on bone (Fig. 2). The ratio of lesion activity to
background activity was 3:1.

Patient Data

This study included one 45-y-old male patient diagnosed with
rectal carcinoma. The patient underwent a helical CT scan for
attenuation correction and then a 4-min-per-bed-position PET
emission study. A conventional transmission PET scan performed
with 68Ge rod sources also was acquired as a gold standard. Before
the PET/CT studies, the patient underwent conventional simulation
studies for radiotherapy planning purpose. The patient was given
~240 mL of diluted BaSO, contrast agent (50% concentration)
orally and 15 mL of 98% concentrated BaSO, (liquid Polibar;
E-Z-EM Canada Inc.), followed by 15 mL of air, both adminis-
tered in an enema.

Data Acquisition

In dl studies, a helical CT scan, a 4-min-per-bed-position
emission scan, and a 3-min-per-bed-position transmission scan
with a %8Ge rod source were performed. PET emission data, in
accordance with our standard clinical protocol, were corrected for
attenuation with both CT and %8Ge by use of the image-reconstruc-
tion-with-segmented-attenuation-correction (IRSAC) agorithm.
The helical CT scan was performed at 80 mA and 140 KVp.

Transformation of p(x,E) from 80 keV to 511 keV

The effective CT energy of our Discovery LS PET/CT scanner
was measured to be 80 keV (data not shown). The conversion of
w(x,E) from CT energies to PET energy by the Discovery LS
software consists of an initial rebinning of the CT images, acquired
at 512 X 512 matrices, to 128 X 128, to match the PET pixel
resolution. Subsequently, the CT values are transformed to

Contrast

Vertebra

FIGURE 2. Transaxial CT image of phantom 2, with shell filled
with 8F-FDG and containing simulated lesion inside bottle of
BaSO, contrast agent and human vertebra.
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511-keV energy as follows (2):

WPET|CT < 0= WEY(CT + 1,000/1,000 CT<0 Eg1
PPECT > 0 = S + CT[ilo/1,000(1tge — 1iio)]
X (g — Miio)  CT >0, Eq. 2

where w"ET isthe linear attenuation coefficient at PET energy (511
keV), CT is the CT number, and wisme, I iro: Kioe ad wilo ae
the linear attenuation coefficients for bone and water at the corre-
sponding equivalent CT (80 keV) and PET energies. These coef-
ficients are calculated from the tables of Berger et a. (8) for
monochromatic energies and are 0.172, 0.096, 0.428, and 0.184
cm~Y, respectively.

Thevalidity of the above transformation is based on the fact that
human tissues have almost the same electron density as water.
However, in the presence of a contrast agent, such as BaSO,,
Equation 2 should be modified as follows:

wIICT > 150 = o + CTljio /1,000(15s0, — o]

PET PET

X (“’BaSQ; — MPH0)y Eg. 3

where u§lso, is 9.81750 cm™t and pwEEL, is 0.37995 cm—t
Because of the maximum of 12 bits of allocated memory for CT
numbers, any CT number above 3,071 HU is truncated. Figure 3
shows that a CT number of 3,071 HU is reached for a BaSO,
concentration of 60%. Consequently, L, and w5k, in Equation

3 should correspond to such a concentration.

Analysis

In the first phantom study, ROIs were drawn manually for all 9
syringes in both the CTAT PET and the %Ge-based attenuation-
corrected PET images. The maximum activity concentration
within each ROI was measured by use of the software provided by
the scanner manufacturer. Also, ROIs were drawn for all 9 sy-
ringes in the CT and %8Ge transmission images.

In the second phantom study, the contrast region was segmented
by drawing manually an ROI around it while excluding the ver-
tebral structure.

In the clinical study, the contrast regionsin al transaxial slices
were also contoured manually, excluding any bony structures.
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FIGURE 3. CT number in HU versus concentration of oral
BaSO, contrast agent. As concentration of BaSO, increases, CT
number reaches plateau at 3,071 HU because of maximum of
12 bits of allocated memory in CT.
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FIGURE 4. Linear attenuation coefficients at PET energy of

511 keV as function of CT number of BaSO, measured exper-
imentally at different concentrations. Linear attenuation values
calculated by Discovery LS algorithm (#), optimized for human
tissues, by transformation optimized for BaSO, contrast agent
(A), and by use of 8Ge rod sources (®) are shown.

Transformation of p.(x,E) of BaSO, Contrast Agent from
80 keV to 511 keV

The n(x,E) of BaSO, contrast agent needs to be transformed
from 80 keV to 511 keV. However, the Discovery LS algorithm is
intended to correct the linear attenuation coefficients of tissues
(including bone), but not contrast. This issue can be solved as
follows. First, contour the contrast, segmenting the contrast on the
basis of a minimum CT number threshold of 150 HU, excluding
any bony structures. This threshold, which corresponds to aBaSO,
concentration of 1.3%, was deduced from our phantom measure-
ments of the measured activity concentration in regions of differ-
ent contrast agent concentrations (Fig. 2), with 8Ge or CT data for
attenuation correction. To contour (manually) the contrast regions,
which were extracted as bitmaps (a matrix of values in which 1
represents a pixel within the contour and O represents a pixel
elsewhere), we used the software package Multiple Image Analy-
sisUtility (National Institutes of Health) (9). Second, substitute the
CT value in each pixel within the contour and identified by the first
threshold cut with the corresponding effective CT number for bone
in Equations 1 and 2 to produce the correct .(x,E) for BaSO, when
the Discovery LS transformation (i.e,, Equations 1 and 2) is
applied. Then, having Equations 1 and 2 equal Equation 3 yields
the effective bone CT number:

PET _ . PET cT _ . CT
KBaso, MHzo) (P«Bone p“HzO)
CT cT PET PET |»
MBasos — MHz0 MBone — MH,0

CTeff = CTBone(

where CT; is the effective CT number for bone that produces the
correct wWPET for BaSO,, when converted from CT energy to PET
energy using the PET/CT transformation algorithm, and CT is the
CT number in each pixel within the contrast region, as measured
by the PET/CT manufacturer software.

Attenuation Correction

The modified CT attenuation map was rebinned to match the
PET pixel resolution, and then the CT values were transformed
from 80 keV to 511 keV according to the Discovery LS algorithm
and used for attenuation correction of the PET images.
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TABLE 1

SUVnax (@/mL) measured with
attenuation correction:

Area Rod source CTAC CTAC + SCC
Lesion 13.63 14.52 13.34
Bladder 36.71 59.45 37.22
Bowel 6.66 11.05 6.33

RESULTS

The modified transformation to estimate the linear atten-
uation coefficients, w(x,E), at the PET energy (511 keV) for
BaSO, contrast agent was validated by comparison with the
68Ge rod source—based measurements at different BaSO,
concentrations. Figure 4 shows a discrepancy between the
calculated and the measured (with %8Ge rod source) w™='
values, with a x2 of 3.4%.

Measurements of the activity concentration in the simu-
lated lesion of the second phantom in PET images recon-
structed with and without segmented contrast correction
(SCC) were within 7.6% and 32%, respectively, of the 8Ge
rod source-based attenuation correction.

In the clinical study, reconstruction of the PET images
with SCC and the IRSAC agorithm resulted in a more
accurate quantitation of the 8F-FDG uptake in the lesion, as
well as in other normal structures, relative to the gold
standard values obtained with #Ge-based attenuation cor-
rection. Measurements of the maximum SUV (SUV ., for
the lesion, bladder, and bowel in PET images reconstructed

FIGURE 5.
sagittal slices reconstructed with $8Ge rod source-based atten-
uation correction (A), CTAC (B), and CTAC with SCC (C). Lesion
is marked by arrows in panels A and C; it was not possible to
determine extent of lesion in panel B because of uptake of
contrast agent in bowel.

Patient’s lesion as it appears in corresponding
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with and without SCC and with %8Ge-based attenuation
correction are summarized in Table 1. Figure 5 shows
sagittal views of the patient’s lesion, bladder, and bowel in
CTAC PET images, CTAC PET images with SCC, and
88Ge-based attenuation-corrected PET images.

DISCUSSION

To exploit the advantages associated with combining CT
and PET, clinical CT protocols, in particular, the use of oral
contrast agents, must be fully implemented. The adminis-
tration of oral contrast agents enables the delineation of
intestinal structures from other retro- and intraperitoneal
organs on CT (4,10), afactor that may improve accuracy in
interpreting CT studies.

In PET imaging, intestina ¥F-FDG uptake is commonly
seen and may interfere with the diagnosis of malignant
lesions (4,11). Dizendorf et al. (4) have reported on the
advantage of using CT contrast agents to improve the coreg-
istration of PET/CT. Although some studies have reported
that dlight artifacts, if any, are induced in CTAC PET
images because of oral contrast agents (4,12), Antoch et al.
(5) have shown the opposite for intravenous contrast agents.
Contrast artifacts in PET images are related to the high
atomic numbers of contrast agents relative to the atomic
number of bone. As the concentration of a contrast agent
increases, its corresponding CT number will fall within the
CT number range for bone. Contrast will be misclassified as
bone, and its linear attenuation coefficient, wPET, will be
overestimated, leading to an overestimation of ®F-FDG
uptake. Figure 6 shows an increase in the measured activity
in contrast agent—filled syringes of up to 6-fold when mea-
sured in CTAC PET images versus %Ge-based attenuated.

In this study, we have proposed a solution to more
accurately quantitate lesion size and radiotracer uptake in

-
1

-
1

Activity concentration (KBg/cc)
-] w

BaSO, concentration (%)

FIGURE 6. Measured activity concentration, reconstructed
with CTAC, as function of concentration of BaSO, contrast
agent (®). Plateau is attained at high concentrations because of
truncation of CT number. Readings measured with %Ge rod
source—based attenuation correction are shown for comparison
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the presence of oral contrast agent. In this approach, we
have proposed substituting the CT values for contrast agents
with their equivalent effective bone CT numbers. The seg-
mentation of contrast was based on a CT number of 150
HU, up to which no pronounced discrepancy in the mea-
sured activity concentrations between %Ge-based attenu-
ation-corrected images and CTAC images has occurred.
Thisfact is aso in close agreement with what was reported
by Cohade et al. (13). In Figure 4, a 19% discrepancy was
measured between the bone (or BaSO,) transformation-
based WPET value of water at 511 keV and that measured
with the %Ge rod sources. This finding suggests that the
effective PET attenuation energy is lower than 511 keV,
possibly because of a broadening in the detected transmis-
sion beam as aresult of the broad energy window (300—650
keV) used to account for both the energy resolution of the
PET detectors and the scatter in the patient (or phantom).
Replacement of the narrow beam attenuation coefficient
vaue of pid (0.096 cm~1) with the experimental value
(0.080192 cm~1) reduced the discrepancy to 1.6%, in agree-
ment with what was reported by Nakamoto et a. for water
(14). As aresult, the x? was improved from 3.4% to 0.3%.

This method resulted in improved accuracy in the quan-
titation of 8F-FDG. In phantom studies, a discrepancy of
7.6% in the SUV measurements between 5Ge-based atten-
uation correction and CTAC with SCC was found. This
result falls within the discrepancy range for %Ge-based
attenuation-corrected PET images and CTAC PET images
for normal organs, other than the lungs (1.6% for water and
up to 11% for bone) (14). In theclinical evaluation, the SCC
method resulted in a major improvement in accuracy in the
quantitation of 18F-FDG uptake in the lesion, bladder, and
bowel. It also provided a more accurate definition of the
lesion. In al measurements, the %8Ge-based attenuation-
corrected PET images were considered the gold standard.
There were discrepancies of 2%, 1.3%, and 5% between the
SUV ,,ax Measurements obtained by CTAC with SCC for the
lesion, bladder, and bowel, respectively, and the #Ge-based
measurements. These values correspond to 6.5%, 62%, and
66% differences between CTAC-based measurements and
68Ge-based ones. The large discrepancies in the SUV 5 for
the bladder and bowel between %8Ge-based measurements
and CTAC-based ones are attributable to the high concen-
trations of oral contrast agents within the 2 volumes. For the
lesion, which does not include any contrast, SUV 5, mea-
surements are consistent between the 2 attenuation correc-
tion methods. However, with SCC, the oral contrast artifact
resulting in false reconstructed radiotracer uptake was to-
tally eliminated.

Finally, thisimplementation of the SCC method does not
account for the second-order effect of beam hardening of
X-ray attenuation in regions of oral contrast. Such an arti-
fact, in addition to degrading the quality of CT images, may
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affect accuracy in correcting for the attenuation effect in
PET images. Hence, a correction method for the beam-
hardening artifact may need to be developed.

CONCLUSION

A new method, SCC, has been developed to account for
oral contrast artifactsin CTAC PET images obtained with a
Discovery LS PET/CT scanner. The SCC method was eval-
uated in both phantom and clinical studies and enabled the
accurate transformation of linear attenuation coefficients,
w(x,E), from CT energies to PET energy. This method
resulted in accurate recovery of the lesion size and SUV
measured in the Ge-based attenuation-corrected PET im-

ages.
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