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Abstract. Purpose: In PET/CT, CT-derived attenuation
factors may influence standardised uptake values (SUVs)
in tumour lesions and organs when compared with stand-
alone PET. Therefore, we compared PET/CT-derived
SUVs intra-individually in various organs and tumour
lesions with stand-alone PET-derived SUVs.

Methods: Thirty-five patients with known or suspected
cancer were prospectively included. Sixteen patients
underwent FDG PET using an ECAT HR+scanner, and
subsequently a second scan using a Biograph Sensation
16PET/CT scanner. Nineteen patients were scanned in the
reverse order. All images were reconstructed with an
iterative algorithm (OSEM). Suspected lesions were
grouped as paradiaphragmatic versus distant from the
diaphragm. Mean and maximum SUVs were also
calculated for brain, lung, liver, spleen and vertebral
bone. The attenuation coefficients (u values) used for
correction of emission data (bone, soft tissue, lung) in the
two data sets were determined. A body phantom contain-
ing six hot spheres and one cold cylinder was measured
using the same protocol as in patients.

Results: Forty-six lesions were identified. There was a
significant correlation of maximum and mean SUVs
derived from PET and PET/CT for 14 paradiaphragmatic
lesions (=0.97 respectively; p<0.001 respectively) and for
32 lesions located distant from the diaphragm (»=0.87 and
r=0.89 respectively; p<0.001 respectively). No significant
differences were observed in the SUVs calculated with
PET and PET/CT in the lesions or in the organs. In the
phantom, radioactivity concentration in spheres calculated
from PET and from PET/CT correlated significantly
(r=0.99; p<0.001).

Conclusion: SUVs of cancer lesions and normal organs
were comparable between PET and PET/CT, supporting
the usefulness of PET/CT-derived SUVs for quantification
of tumour metabolism.
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Introduction

Positron emission tomography (PET) has achieved an
established role in the staging and restaging of many
malignancies [1, 2]. However, there is also increasing
evidence of its usefulness in treatment monitoring and the
prediction of response or non-response. This allows risk
stratification of patients and appropriate tailoring of
therapy [3—6]. Particularly in lymphoma and oesophageal
carcinoma, the benefit of such metabolic monitoring has
recently been demonstrated [7—11].

Standardised uptake values (SUVs), calculated in
conventional PET through transmission measurements
(for review see [12]), are commonly used to measure
therapy-induced changes in tumour glucose utilisation
quantitatively. A potential problem in the present era of
combined PET/CT scanners is that SUVs may not
necessarily show the same absolute values and the same
degree of reliability as those obtained from stand-alone
PET scanners, in which attenuation correction factors are
calculated using external 511-keV rod sources. In PET/CT,
X-ray CT is used to obtain attenuation coefficients for the
correction of emission data [13]. Differences in temporal
and spatial resolution between the two scans can result in
misregistration, especially for moving organs/lesions.
Consequently, application of inappropriate attenuation
coefficients (1 values) may lead to differences in the
calculated SUVs and compromise the reliability of meta-
bolic quantification. Additionally, the use of CT-derived pn
values may influence absolute SUVs if transformation from
the lower X-ray photon energy to 511 keV is not adequate.

These potential influences on SUVs could have an
impact on the use of cutoff values which have been
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previously established using stand-alone PET systems to
predict therapy response [9—11, 14]. The aim of this
prospective study was therefore to determine the correla-
tion between SUVs derived from stand-alone PET and
from PET/CT.

Materials and methods

Patient population

The study population comprised 35 patients (27 male and 8 female,
mean age 60.4+10.7 years, range 39-85 years) referred for whole-
body '®F-fluorodeoxyglucose (FDG) PET for clinical staging of
malignancy. Thirty-two patients had oesophageal cancer, two had
thyroid carcinoma and one had lymphoma. All patients agreed to
undergo scans on both available camera systems, directly following
each other. Sixteen were scanned first using stand-alone PET and
then using PET/CT, while 19 were scanned first using PET/CT and
then, PET. Prior to imaging, all patients gave written informed
consent.

Data acquisition

FDG was synthesised by a modified method of Hamacher et al.
[15]. The injected dose was adjusted to body surface area
(400 MBgq/1.74 m?). Patients were injected with 396+51.8 MBq of
FDG after 6 h of fasting. None of the patients were diabetic or had a

fasting blood glucose level above 120 mg/dl.
For stand-alone PET imaging an ECAT HR+ scanner (Siemens)

was used. This BGO-crystal tomograph has a 15.5-cm axial field of
view and yields 63 image planes per bed position, 2.46 mm apart.
Transaxial and axial resolution using a ramp filter are 4.9 and 5.2 mm
full-width at half-maximum (FWHM) respectively [16]. Following
emission imaging in two-dimensional (2D) mode (8 min per bed
position; 128x128 matrix), a post-injection radionuclide transmis-
sion scan with approximately 30 million counts per bed position was
obtained using three rotating *®Ge rod sources.

PET/CT imaging was done using a Biograph Sensation 16
scanner (Siemens), which incorporates an ACCEL PET camera and a
16-slice multidetector CT. The ACCEL PET camera has LSO crystals
and a 16.2-cm axial field of view and yields 47 image planes per bed
position, 3.37 mm apart. Transaxial and axial resolution using a ramp
filter is 6.3 and 6.5 mm FWHM respectively [16]. Prior to emission
imaging (3 min per bed position, 128x128 matrix), which was
performed in three-dimensional mode (3D), a “low-dose” CT scan
was acquired using the same axial coverage as for PET. Patients were
asked to breathe shallowly and to hold their breath during the CT
scan of the thorax and the upper abdomen without changing the
respiratory level when the breath-hold command was heard. The CT
tube parameters used were 120 keV and 26 mA. No contrast agent
was applied.

Patients who first underwent PET and then PET/CT had their first
scan at 81.9+13.5 min p.i. and their second scan at 178.5+29.6 min
p.i., while patients with the opposite acquisition order had PET/CT at
67.9+12.4 min p.i. and PET at 122.7426.5 min p.i..

Image reconstruction

The emission data obtained in the conventional PET scanner were
corrected for randoms, dead time and attenuation. Segmented photon

attenuation correction from the *®*Ge transmission scan was applied
to reduce noise from count-limited transmission data in the
reconstructed PET images [17, 18]. An iterative reconstruction
algorithm based on ordered-subset expectation maximisation
(OSEM) with four iterations and eight subsets was applied for both
the emission and the transmission scan. OSEM images underwent a
5-mm FWHM Gaussian post smoothing and were zoomed with a
factor of 1.2; the pixel size of the reconstructed images was 4.3 mm.

Concerning the images obtained with PET/CT, CT data were
converted from Hounsfield units (HU) to linear attenuation coeftfi-
cients for 511 keV using a single CT energy scaling method based on
a bilinear transformation, as described in the literature [13]. Emission
data were corrected for randoms, dead time, scatter [19] and
attenuation and the same reconstruction algorithm was applied as for
the conventional PET data. The images were zoomed with a factor of
1.23, resulting in an identical image pixel size as for the conventional
PET images.

Phantom studies

Phantom measurements were performed to complement patient
findings. A body phantom with six spheres of increasing diameter
(10 mm, 13 mm, 17 mm, 22 mm, 28 mm and 37 mm) containing
water with 41.6 kBq/ml of FDG was imaged. The rest of the body
phantom was filled with water containing 5.2 kBg/ml FDG. A
cylinder filled with a non-active mixture of styrofoam and water of an
average density of 0.3 g/ml was inserted into the centre of the
phantom to simulate attenuation in lungs. To simulate scatter
originating from regions outside the field of view, we attached a
70-cm-long solid cylindrical phantom containing a line filled with
5.2 kBg/ml. Acquisition was done first in PET/CT and then in PET
using the same acquisition and reconstruction protocol as for the
patients. For activity comparison, the time difference between the
two scans was taken into account and decay correction was
performed.

Data analysis

Regions of interest (ROIs) were placed over matching locations in
corresponding FDG images of suspected tumour lesions and organs
(Fig. 1). To calculate SUVs for suspected tumour lesions, the axial
slice with the maximum SUV of the lesion was first located
automatically using standardised software for images of both
scanners. An isocontour ROI of 75% around the maximum was
then created to calculate mean SUVs. To determine the SUVs in
organs in the two images, ROIs were placed in an anatomically
corresponding central axial slice through the organ in question (brain,
lung, liver, spleen and vertebral bone), delineating the shape of the
organ but not including edge pixels. We compared both the mean
(average of all pixels within the ROI) and maximum (hottest single
pixel within the ROI) SUV in the two PET datasets for each patient.
Lesions were grouped according to location (near to versus distant
from the diaphragm).

Concerning data analysis of the phantom studies, volumes of
interest with a diameter 90% of the sphere’s diameter were centered
in each sphere, and the average and maximum activity concentrations
were calculated for both CT-corrected and germanium-corrected
images. In the cold cylinder an ROI was placed in the slice with the
body phantom’s maximum diameter, and the average and maximum
activity concentrations were determined.
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Fig. 1. a, b ROI definition for
lesions in PET (a) and PET/CT
(b). An isocontour ROI (75% of
maximum) was placed in the
slice in which the lesion (here,
oesophageal cancer) showed the
maximum SUV in the respective
images. ¢, d ROI definition for
organs in PET (¢) and PET/CT
(d). ROIs were placed in an
anatomically corresponding
central axial slice through the
organ, delineating the shape of
the organ but not including edge
pixels

Statistical analysis

Data are expressed as mean+standard deviation (SD). Multiple linear
regression analysis was performed, taking the At (the time difference
between the two scans) corresponding to each measurement as a
covariate, in order to correct for At and to determine the correlation
between maximum and mean SUVs obtained in organs and
suspected tumour lesions. Z transformation was applied to each
value and the z score was calculated according to the formula:

(SUV — mean SUV) / standard deviation.

For comparison between values derived from the CT and **Ge
attenuation-corrected PET data sets, A¢ was taken into account and
the 95% confidence interval for the coefficient of the multiple linear
regression analysis was used. For comparison of the phantom data,
paired Student’s ¢ test was used.

Statistical analysis was done with SPSS.

Results

Overall, the maximum and mean SUVs obtained from PET
and PET/CT did correlate significantly and to a similar
degree in both the patients who had stand-alone PET as the
first scan (=0.97, p<0.001) and those who had it as the
second scan (r=0.96 for SUV .« and »=0.97 for SUV .can,
p<0.001 in each case). SUVs were always higher in the
second scan (p<0.05, Fig. 2).
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Comparison of lesion SUVs according to location

A total of 46 lesions were analysed. Twenty of these had
been scanned first with PET and then with PET/CT and 26
in the opposite order. Twenty-three were located in the
oesophagus, 14 in mediastinal and hilar lymph nodes, five
in the lungs, two in the liver and two in soft tissue. Both the
maximum and the mean SUVs correlated significantly
between stand-alone PET and PET/CT images (partial
correlation coefficient »=0.9 and =0.92, respectively,
p<0.001). No systematic difference in At corrected abso-
lute values was observed (Table 1, Fig. 3).

Fourteen lesions were located near to the diaphragm.
Seven had been scanned first with PET and seven first with
PET/CT. The partial correlation coefficients of maximum
and mean SUVs calculated from PET and PET/CT were
r=0.97, p<0.001 and r=0.97, p<0.001, respectively. The
mean SUV .. values were slightly higher with PET/CT
than with PET, but when comparing the Az corrected
absolute values the difference was not statistically signif-
icant (Table 1, Fig. 3). Thirty-two lesions were located
distant from the diaphragm. Of these, 14 were scanned first
with PET, while 18 were scanned first with PET/CT. The
partial correlation coefficients of maximum and mean
SUVs calculated from PET and PET/CT were r=0. 87,
»<0.001 and r=0.89, p<0.001, respectively, and no differ-
ences were revealed when comparing the Ar corrected
values of the mean SUV ,,,, and mean SUV .., (Table 1).
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Fig. 2. Partial regression plot of the z-transformed SUVcan
measured in organs and lesions using the standardised coefficient
for the equation of the fitting line in a patients scanned first with
PET and then with PET/CT and b patients scanned first with PET/

Comparison of SUVs in organs

Overall, there was a significant correlation between At-
corrected organ SUVs from PET and PET/CT (mean
SUV max?=0.96, p<0.001; mean SUV ,¢,,7=0.95, p<0.001).
Results for different organs are shown in Table 2. In the
lungs, SUVs calculated from PET were higher (mean SUV
0.45%0.1) than those calculated from PET/CT (mean SUV
0.3440.1) but the difference was not statistically signifi-
cant. In bone tissue, SUVs were higher with PET/CT
(SUViean 2.440.8) than with PET (SUVyean 2.1£0.5),
though again, the difference did not reach statistical
significance. This was also true for the SUVs calculated
in brain. In liver and spleen, SUVs calculated from PET
were higher than those calculated from PET/CT (p<0.05).

Phantom data
Measured maximum and mean activity concentrations in

germanium-corrected and CT-corrected images correlated
significantly (+=0.99, p<0.001; Fig. 4). Overall, no signif-
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CT and then with PET. A significant correlation is seen in both
cases. Comparison of the data, taking Ar into account, revealed
higher SUVs in the second scans in each case (p<0.05)

icant difference was observed when comparing these
values (¢ test: p=0.68 for maximum activity concentrations
and p=0.63 for mean activity concentrations). The p value
determined in the cylinder imitating lung tissue attenuation
was 15% higher with ®8Ge transmission scan than with
PET/CT (Table 3).

Discussion

In summary, our results demonstrate that SUVs calculated
from PET/CT correlate significantly with those derived
from stand-alone PET. When the values are compared with
a method that takes into account the confounding effect of
time-varying uptake, no significant differences are calcu-
lated. These data suggest that PET/CT can substitute for
stand-alone PET for quantitative metabolic monitoring of
tumour therapy response. Thresholds established from
stand-alone PET may be transferred to the PET/CT setting.
It is of note that in our setting of two successive scans on
both systems, SUVs were always higher in the second scan
(Fig. 2), which is consistent with continuous metabolic

Table 1. Results of the comparison of the calculated maximum and mean SUVs in all lesions, grouped according to their location

Lesions n  Mean SUV,,,,£SD r Significant Mean SUV peantSD r Significant
difference at difference at
PET PET/CT p<0.05 PET PET/CT p<0.05
All lesions 46 10.434£5.1 10.38+£5.2 0.9, p<0.001 n.s. 8.54+4.3  8.49+4.2  0.92, p<0.001 n.s.
Paradiaphragmatic 14 11.3+4.8 124446  0.97, p<0.001 n.s. 9.5+3.9 10.2£3.6  0.97, p<0.001 n.s.
Distant from diaphragm 32 9.8+4.9 9.3+5.1 0.87, p<0.001 n.s. 7.2+4.0 7.0+4.2 0.89, p<0.001 n.s.

r partial correlation coefficient, p significance level, SD standard deviation, n.s. non-significant
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Fig. 3. Partial regression plot of the z-transformed SUV . using the
standardised coefficient for the equation of the fitting line in a all
lesions and b the paradiaphragmatic lesions. A significant correla-

trapping of the tracer. To compensate for this systematic
error, we studied two groups in which the sequence of
scans was changed and compared the SUVs with a method
that takes into account the confounding effect of time-
varying uptake. Some minor differences between the two
methods, however, were observed in our study. This
suggests that it is preferable to use the same system, either
stand-alone PET or PET/CT, in an individual patient when
a protocol of repetitive scans for serial therapy monitoring
is applied.

SUVs in tumour lesions

In a study examining the effect of ROI definition on the
accuracy of the estimated SUVs, Boellaard et al. [20]
demonstrated that the maximum pixel value is the best
choice for determining the activity concentration in a
lesion. We recorded both SUV .., and SUV,,., but for
comparison of the data concerning the lesions the SUV .,
is appropriate.

Differences in the temporal and spatial resolution of the
two transmission scans could possibly lead to differences
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tion is seen in both cases. Comparison of the data, taking At into
account, revealed no significant differences between the first and
second scans in either case

in the calculated SUVs. PET and conventional transmission
scan are acquired over several minutes, both reflecting the
average breathing position of the patient. CT is acquired
over a few seconds, reflecting a snap shot of a lesion in
motion for only a part of the respiratory cycle. This can
lead to misalignment between the PET and the CT scan and
to possible application of wrong attenuation coefficients. In
previous studies, artefacts originating from such misalign-
ments have been described [21-23]. Visvikis et al. [24]
showed that a mismatch between PET and CT due to
respiration may degrade the quality of attenuation correc-
tion of PET images and consequently produce inaccurate
SUVs. In our study, we observed a good overall correlation
for lesion SUVs between PET and PET/CT. We applied a
PET/CT breathing protocol which is a combination of
approaches suggested by Goerres et al. [21] and Beyer et al.
[22] to result in the best match between PET and CT.
Patients were asked to breathe shallowly during the whole
PET/CT acquisition and to hold their breath during the CT
acquisition of the thorax and the upper abdomen. Our data
indicate that this approach yields robust CT alignment for
attenuation correction and subsequent quantification.

Table 2. Results of the comparison of the calculated maximum and mean SUVs in normal organs

Organ n Mean SUV4SD, Mean SUVLSD,  Significant difference  Max. SUVLSD, Max. SUV+SD, Significant difference
PET PET/CT at p<0.05 PET PET/CT at p<0.05

Lung 35 0.45+0.1 0.34+0.1 n.s. 0.74+0.2 0.64+0.28 n.s.

Liver 30 2.17+0.45 2.19+0.43 p<0.05 3.3+0.8 3.2+0.7 p<0.05

Spleen 26 1.8+0.37 1.9+0.34 p<0.05 2.440.5 2.45+0.5 p<0.05

Bone 34 2.1+0.53 2.44+0.82 n.s. 2.7+0.8 2.9+1.0 n.s.

Brain 10 5.1£1.2 5.9+1.6 n.s. 8.7+2.1 10.2+3.1 n.s.

SD standard deviation, n.s. non-significant
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Fig. 4. Phantom measurement. Regression analysis of the mean
activity concentrations (Bg/ml) measured in the six hot spheres and
in the cold cylinder with PET and PET/CT. There was a significant
correlation of the measured activities. Higher activity was measured
in the cold cylinder with PET than with PET/CT

In a study in which CT scans were acquired in different
respiratory cycles in patients with lung lesions, Erdi et al.
[25] demonstrated a variation of up to 30% in the
calculated SUV ,.x depending on which “snap shot” CT
was used for attenuation correction. We therefore distin-
guished between paradiaphragmatic lesions and those
located distant from the diaphragm. The paradiaphragmatic
region is subjected to the largest movements, which are
relatively unidirectional and sized in centimetres [21, 26].
This could change the photon equivalent pathlength, and
consequently affect the SUV. Despite that, the calculated
SUVs in the two scans did correlate well and were not
significantly different.

Table 3. Mean p values applied for attenuation correction in PET
and PET/CT by the conventional 68 Ge transmission scan (tx) for
PET and the CT transmission scan for PET/CT in lung, soft tissue
and bone

u values (cm~! ; mean+SD)

68 Ge-tx CT
Lung 0.026+0.004 0.019+0.005
Soft tissue 0.098+0.0008 0.1£0.002
Bone 0.099+0.004 0.116+0.002
Imitated lung (phantom) 0.033 0.028

The last row shows the p value applied for the cylinder placed in the
centre of the phantom.
SD standard deviation

In this study we compared our routinely used HR+
clinical protocol (2D acquisition mode, no scatter correc-
tion; for details, see Materials and methods section) with
the clinical protocol for the PET/CT scanner in order to
evaluate whether established threshold values for therapy
monitoring can be transferred to scans acquired with PET/
CT. The HR+ acquisition protocol was established in our
institution in 2D mode without application of scatter
correction because the accuracy of the implemented 2D
scatter correction had been shown to be limited in whole-
body scans (validation tests performed in our institution).
Thus we decided years ago to use a protocol without scatter
correction for treatment monitoring, and the threshold
values were established in 2D acquisition mode without
application of any scatter correction. Changing the protocol
for the HR+ stand-alone PET would have been misleading
because the acquisition would then not have been similar to
that used in our clinical oncological studies.

SUVs in normal tissue

We compared the calculated SUVs in various background
tissues, including brain, lung, liver, spleen and vertebral
bone. For all organs the pooled data showed a significant
correlation between the two acquisition techniques.
Additionally we determined the attenuation coefficients
(i values) applied for attenuation correction in PET and
PET/CT for lung, soft tissue and bone (Table 3).

Tendencies towards differences were observed in lung
and in bone. The SUVs calculated in lung showed a
tendency to be higher in PET than in PET/CT. Two major
factors may account for the differences observed in the
lungs. Firstly, as the aim of our study was to compare the
SUVs calculated from our routine clinical images, we used
the acquisition protocols applied in routine clinical work,
which include scatter correction of 3D PET/CT acquisition
[19] but no scatter correction of 2D stand-alone PET
acquisition. The fraction of scattered photons of all
detected events in 2D acquisition is approximately 10—
15% [27] and this could have contributed to the higher
activity measured in the lung in PET. Secondly, determi-
nation of the applied p values for attenuation correction
shows that in comparison to the values derived from the
conventional transmission scan, the values calculated from
the CT scan are lower (mean difference in the mean p
values of approximately 27%), possibly resulting in an
underestimation of the activity calculated in the lungs in
PET/CT. Given the aim of this study, determination of the
exact contribution of the differences in the p values to the
calculated SUVs was beyond the limits of the study.
However, for the daily clinical use of PET/CT it is
important that no significant differences were calculated in
the lung when the data were compared with a method that
takes into account the confounding effect of time-varying
uptake. This result is in line with the results of the study of
Nakamoto et al. [28].

The SUVs calculated in bone tissue tended to be higher
in PET/CT than in PET (Table 2). The CT-derived mean p
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values based on a bilinear transformation were approxi-
mately 14% higher than the p values calculated with the
conventional transmission scan (Table 3), providing a
possible explanation for this tendency. Nakamoto et al. [28]
found significant differences between the activity concen-
trations calculated in bone with conventional and with CT
attenuation correction. They hypothesised that the differ-
ences in the interaction of X-rays and 511-keV photons
with bony tissue lead to errors in the conversion of bone CT
values to 511-keV attenuation values. To prove this
hypothesis was beyond the limits of our study. However,
the observed tendency towards higher SUVs in bony tissue
in PET/CT is indeed based on the higher attenuation
coefficients determined from CT.

Recently, Papathanassiou et al. [293] examined PET
images corrected for attenuation with '*’Cs transmission
measurement and with CT in order to compare the
appearance of the liver and the calculated SUVs in this
organ and in liver lesions when using the two attenuation
correction methods. In contrast to our results, they found
significantly higher SUVs in the liver and in the liver
lesions when the image was CT corrected.

The results of our study are in part not in line with the
results of similar studies using other PET/CT devices [28,
29] concerning the differences in calculated SUVs in bone
[28] and liver [29]. However, comparison of PET/CT data
obtained with devices from different manufacturers is
restricted by the fact that the same function is not applied to
transform the HU to 511-keV attenuation values [30].
Additionally, differences in the reconstruction algorithms
as well as differences in tomograph technologies and
geometries that affect measurement accuracy [27] may
have contributed to the described disagreements.

Limitations of the study

The aim of this study was to compare approaches for
tumour metabolic quantification using clinically estab-
lished imaging protocols for stand-alone PET and PET/CT.
As a consequence, differences with regard to the presence/
absence of scatter correction need to be taken into account,
as discussed above. However, all reconstruction parameters
were identical; this is important, as Schoder et al. [27]
reported that differences in SUVs of more than 25% were
solely attributable to differences in image reconstruction.

In conclusion, our study demonstrates that there is a
significant correlation between the SUVs calculated in
lesions and organs using stand-alone PET and PET/CT.
Treatment response evaluation can thus be carried out
using PET/CT in a manner similar to PET with conven-
tional attenuation correction. Owing to the additional
accurate anatomical information provided by the CT
component of PET/CT, functional and morphological
response criteria could be combined in the future to yield
a new integrative treatment response factor.
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