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Abstract

Background The deep-inspiration breath-hold PET/CT
(DIBH PET/CT) technique improves the limitations of
diagnosing a lesion located in an area influenced by
respiratory motion that results in spatial misregistrations
caused by respiration between PET and CT. However, its
reproducibility with regard to calculating the maximal
standardized uptake value (SUV,,,,,) and metabolic volume
(MV) in DIBH PET/CT has not been elucidated.
Objective The purpose of this study was to investigate the
reproducibility of the DIBH PET/CT technique including
calculating the SUV .« and the MV.

Methods Sixty patients with various cancers were enrol-
led. The subjects had 47 abdominal lesions and 28 chest
lesions. All patients demonstrated a misregistered image in
the early whole-body image taken 50 min after FDG intra-
venous infusions. We added the delayed spotimages 40 min
after the first image. On the delayed image, we performed
both conventional techniques with non-breath-hold (NBH)
and the DIBH technique. In the four times DIBH technique,
we obtained the coefficient of variance (CV) in calculating
these indices for evaluating reproducibility.

Results The SUV,,.x value with DIBH showed an
increase of 16.1-60.1% compared with that measured by
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NBH. The mean value of CV was 5.5 in thoracic lesions
and 6.3 in abdominal lesions. The values of MV with
DIBH showed a decrease of 14.0-20.1% compared with
those measured by NBH. Regarding reproducibility, mean
value of CV was 7.1 in thoracic lesions and 11.9 in
abdominal lesions.

Conclusion The DIBH technique improves the inaccurate
quantification of both SUV ., and MV. Although the CV
value of SUV ,,.x with DIBH technique is better in thoracic
lesions compared with that in abdominal lesions, the
reproducibility was acceptable.

Keywords '®F-FDG PET/CT -
Deep-inspiration breath-hold - Reproducibility

Introduction

The combined PET/CT imaging yields increased sensitiv-
ity and specificity than either of the two modalities and,
therefore, provides improved diagnostic accuracy for var-
ious cancers [1-4]. Because attenuation correction in PET
is performed with the use of CT data, accurate spatial
registration of PET and CT image sets is required. In the
interpretation of PET/CT imaging, therefore, the mis-
alignment of structures and lesions owing to respiratory
motion is a significant problem [5-7]. It causes not only the
misdiagnosis of tumor location, but also errors of quanti-
fication [6, 8, 9]. To overcome this drawback, respiratory
gating of PET and CT is available using specific equipment
for gating data acquisition [7, 10-13]. However, the
method requires a long acquisition time for processing the
examination because we have to divide collection data into
certain phases [9-11]. Recently, the deep-inspiration
breath-hold (DIBH) technique has been reported to be
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likely to overcome these problems. Particularly, it has been
validated as a useful technique in the diagnosis of thoracic
lesions, such as lung cancer [14-17].

The effectiveness of DIBH is related to identifying
anatomical localizations as well as providing correct
quantification. According to a previous report, the maximal
standardized uptake value (SUV,,.) values with DIBH
PET were significantly higher than those obtained with
conventional non-breath-hold (NBH) PET [14, 15]. Using
the deep-inspiration breath-hold PET/CT (DIBH PET/CT)
technique, therefore, we can accurately evaluate lesions
close to the diaphragm in quantitative analysis. However,
to maintain a good quality imaging of DIBH PET/CT, we
need to repeat the DIBH technique and add some images.
Therefore, if CT images and repeated DIBH PET images
do not match constantly and completely, attenuation cor-
rection and SUV calculation will be inaccurate. To the best
of our knowledge, the reproducibility in the quantification
of SUV,..x or MV by DIBH has not been focused on
previously.

The purpose of the current study was to investigate the
reproducibility of the deep-inspiration breath-hold '®F-
FDG PET/CT (DIBH PET/CT) techniques in quantitative
analysis.

Materials and methods
Phantom study

Before clinical research of DIBH, we performed a phantom
experiment to examine the coefficient of variance (CV) of
'E_FDG PET indices in imaging of motionless objects. We
used a cylinder phantom (10-cm high, diameter of 20 cm,
etc. test phantom, Kyoto Kagaku, Japan) and set three
elliptical pillar phantoms (8.0-cm high, diameter 2.0 cm,
Kyoto Kagaku, Japan) filled with 'F-FDG aqueous solu-
tion of different radioactivity (64, 32, and 8 kBq/ml) con-
centrations in a cylinder phantom. '*F-FDG was provided
by Nihon MediPhysics Company (Kurume, Fukuoka pre-
fecture, Japan). All data were acquired on a combined PET/
CT in-line system (Biograph 16, Siemens). The PET/CT
scan was performed using a single bed position. CT was
used for CT-based attenuation correction. PET emission
data were acquired using a static collection method for
2 min and for 30 s. In condition with 30 s collections, a
total of 4 images were obtained per concentration.

All PET images were reconstructed using iterative
algorithms (Fourier rebinning plus attenuation-weighted
ordered-subset expectation maximization, 2 iterations, 8
subsets, 5-mm Gaussian filter) with CT-based attenuation
correction. The data were reconstructed with a 256 x 256
matrix and 2-mm slice thickness.
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Image analysis was performed on a dedicated worksta-
tion (ESOFT4.5, Siemens). On the 3-dimensional (coronal,
sagittal and axial) PET/CT images, volumes of interest
(VOIs) were drawn automatically around each cube above
a pre-set threshold of 50% of the maximal value of
radioactivity (Bq/ml), and 3-dimensional isocontours at
50% of the maximal value of radioactivity (Bg/ml). We
also calculated the metabolic volume (MV) of each cube.
We defined the MV as the total areas with radioactivity
(Bg/ml) exceeding 50% of the maximal value of radio-
activity.

The means and standard deviations (SDs) of the maxi-
mal value of radioactivity or MV for the 4 images with 30 s
data collections were calculated for all with the three-
cylinder phantoms with the various '®F-FDG radioactivity
concentrations. In addition, we calculated the CV for these
indices of four individual DIBH studies. The coefficient of
variance (CV) was defined as SD x 100/mean.

Clinical study

The current study was conducted from October 2007 to
July 2008. Sixty patients (34 male, 26 female; average age,
63.5 years; age range, 35-72 years) with a biopsy-proven
diagnosis of cancer confirmed by staff pathologists at the
School of Medicine, Miyazaki University, were included.
All patients were selected according to the findings of a
whole-body image, which showed misregistration under
NBH.

All analyzed lesions comprised 25 liver tumors includ-
ing multiple metastasis, 11 bile duct cancers including GB
cancer and lymph node metastasis, 11 pancreas cancers, 22
lung cancers, 3 esophageal cancers and 3 chest wall
tumors. All lesions were solid tumors diagnosed by X-ray
CT and ultrasound (US). All patients were free of diabetes
or respiratory dysfunction such as chronic obstructive
pulmonary disease (COPD). They had normal respiratory
function (percentage of vital capacity (%VC) >80.0%,
forced expiratory volume in 1 s (FEV 1.0%) >70.0%).
With regard to the tumor maximal diameter, there were
no significant differences between thoracic lesions and
abdominal lesions (Table 1).

We used the following protocol. Patients fasted for at
least 5 h before injection of 185 MBq of '®*F-FDG. The
total '8F-FDG dosage in each person was from 166.5 to
238.5 MBq and the mean dosage was 218.3 MBq
(3.76 MBg/kg). During the uptake phase of approximately
50 min, the patients remained in a quiet position. The first
whole-body image was obtained in a supine position. The
imaging time was 15-18 min for each patient. The acqui-
sition time per bed position was 2 min. In addition to the
conventional whole-body PET/CT examination, we added
NBH imaging of a spot view. The acquisition time was also
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Table 1 Patient’s clinical
characteristics

Thoracic lesions (n = 28)

Abdominal lesions (n = 32)

Age
Gender (M:F)

Respiratory function

%FEV1 forced expiratory %FEV1
volume in 1 s BVC
%VC %vital capacity COPD

COPD chronic obstructive

1 & Diabetes mellitus
pulmonary disease

65.9 + 10.1 61.3 + 10.2
16:12 18:14

86.3 £ 12.5 872 £ 89
91.7 + 89 85.1 £ 8.2
None None

None None

Imaging protocol

FDG NBH
injection WBI

|— 50min J

(NBHSI| | DIBHSI |

i— 60min J

30sec 30sec 30sec 30sec

NBH  : Non-breath hold
WBI  : Whole body imaging
SI : Spot imaging

o 30seconds

Start DIBH

End DIBH

Fig. 1 a Protocols for FDG PET/CT imaging of NBH and DIBH. b
Breathing signal of patient during NBH condition and DIBH PET/CT.
Patient was instructed to hold breath in maximal inspiratory position
for 30 s during DIBH PET scan

2 min. Just after the NBH imaging, we performed DIBH
spot imaging four times in all of the selected patients
(Fig. 1a).

Each DIBH image datum was acquired under a condi-
tion with 30 s breath holding. The time from the beginning
to the end of DIBH condition was recorded by referring to
the real-time display of the respiratory monitoring equip-
ment (AZ-733V; Anzai Medical Co. Ltd., Japan). A
respiratory sensor (an elasticized belt around the patient’s
abdomen) provides respiratory information by detecting
changes in the patient’s abdominal pressure. Before per-
forming the actual DIBH PET/CT examination, the patients
repeated exercises of DIBH several times to maintain each
DIBH posture equally. During the actual PET scan,
patients were asked to hold their breath in maximal inspi-
ratory position motionlessly for 30 s, with the respiratory
monitoring device fixed. We confirmed that they were
equal to the BH condition by referring to records of the
respiratory monitoring system (Fig. 1b).

We used the same clinical reconstruction parameters for
both the NBH PET and DIBH PET images. All PET
images were reconstructed using iterative algorithms
(Fourier rebinning plus attenuation-weighted ordered-sub-
set expectation maximization, 2 iterations, 8 subsets, 5-mm
Gaussian filter) with CT-based attenuation correction. The
data were reconstructed with a 256 x 256 matrix and
2-mm slice thickness. All PET and CT images were
transformed to a dedicated workstation (e-soft; Siemens),
from which fusion PET/CT images were constructed.

All patients provided written informed consent. The
review board of the Miyazaki University School of Medi-
cine approved this study protocol.

Image analysis

Image analysis was performed on the same dedicated
workstation (ESOFT4.5, Siemens) as used for the phantom
study, which can display three orthogonal planes for CT,
PET and PET/CT fused images and maximum-intensity
projection (MIP) images. NBH PET/CT and four kinds
of DIBH PET/CT image were visually assessed for the
anatomical location of the lesion, and accuracy of fusion
and alignment in separate instances by the same nuclear
medicine physicians.

On the 3-dimensional (coronal, sagittal and axial) PET/
CT images, a VOI of a lesion above a pre-set threshold of
50% of SUV ,.x was automatically drawn using 3-dimen-
sional isocontours at 50% of the maximum SUV. The
maximum value in the VOI was defined as SUV,,,,.
SUV,..x was obtained for all lesions revealed on NBH
PET/CT images and DIBH PET/CT images.

Both the values of SUV., and MV were compared
between NBH images and the mean of four DIBH images.
Continuous variables were expressed as mean & SD. Sta-
tistical analyses were conducted by the unpaired Student’s ¢
test and paired ¢ test. A p value of <0.05 was considered to
be statistically significant. In addition, we evaluated the
reproducibility of calculating these two indices in four
DIBH images. Namely, we calculated the CV for both
SUV,..x and MV of four individual DIBH studies. The CV
was defined as SD x 100/mean. Then we compared the
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mean value of CV in imaging of thoracic lesions with that
of abdominal lesions.

Results

The results of the phantom study are shown in Table 2 and
Fig. 2. When we calculated the quantitative indices
(maximal value of radioactivity and MV) in each of the
four 30-s studies, the reproducibility was acceptable in the
three kinds of concentrations (Fig. 2). The value of CV in
low-dose concentration (8 kBg/ml) was 5.7 and those in
the middle-dose (32 kBq/ml) or high-dose concentrations
(64 kBg/ml) were 1.2 and 1.1. Regard as CV for calcu-
lating MV, the value of CV in low-dose concentration was
12.2 and those in the middle-dose or high-dose concen-
trations were 3.1 and 2.3, respectively (Table 2).

In the clinical studies, all patients who participated in
this current study were able to accomplish this protocol.
With regard to the clinical parameters, there were no
apparent differences between abdominal lesions and tho-
racic lesions (Table 1). In both NBH and DIBH images, all

Table 2 Comparison of quantitative indices (phantom study)

Parameter Low dose Middle dose High dose

SUVax (Bg/ml)—30 s collection

Ist 3.7 (2934.1) 14.6 (12040.2) 282 (23278.4)
2nd 3.8 (3055.2) 14.8 (12013.2)  28.1 (23728.6)
3rd 3.3 (2710.7) 14.5 (11734.4)  27.6 (23268.8)
4th 3.4 (2744.5) 14.8 (11989.2)  27.7 (23177.3)
Mean 3.5 (2861.1) 147 (11944.3)  27.9 (23363.3)
SD 0.2 (162.5) 0.17 (141.4) 0.31 (247.8)
cv 5.7 12 1.1

SUVnax (Bg/ml)—2 min collection

3.5 (2801.1) 14.3 (11624.3) 27.4 (23151.9)
MV—30 s collection
1st 44 29.8 62.3
2nd 3.5 27.8 59.1
3rd 44 28.2 60.0
4th 4.7 28.8 60.2
Mean 4.2 28.6 60.4
SD 0.5 0.9 14
(&\% 12.2 3.1 2.3
MV—2 min collection
4.5 29.3 60.7

SUV pax (Bg/ml) maximal standardized uptake value (maximal value

of radioactivity count)

MYV metabolic volume (ml)
Low dose 8.0 kBg/ml
Middle dose 32.0 kBq/ml
High dose 64.0 kBq/ml
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lesions were clearly visualized. Under DIBH conditions, all
misregistration uptakes were corrected to the normal ana-
tomical location (Figs. 3, 4, 5, 6). The DIBH PET/CT not
only allowed a more precise localization of lesions, but
also accurately corrected the misregistration under NBH
conditions in all cases.

In the quantitative analysis, the mean value of SUV .,
was statistically higher in the DIBH PET/CT technique
than in the NBH study in all evaluated lesions. With regard
to the MV, the mean value of each MV was statistically
lower in the DIBH PET/CT technique than in the NBH
study (Table 3).

The mean value of CV in SUV,,,, was 5.5 in thoracic
lesions and 6.3 in abdominal lesions. These values were
higher in comparison with those obtained from the phan-
tom experiment with middle- or high-dose concentrations.
In the comparison of CV in SUV,,,«, the mean value of CV
in thoracic lesions was better than that in abdominal
lesions. However, there was no statistical significance.
With regard to CV in MV, it was 7.1 in thoracic lesions and
11.9 in abdominal lesions. This difference was not statis-
tically significant either.

Discussion

Because of its effectiveness, the DIBH technique is usually
applied to thoracic lesions [14-17]. It is effective in

30 seconds.

2 min.

Fig. 2 Results of phantom study. In 2-min collections (left upper),
the values of SUV .« were 3.5, 14.3 and 27.4 (low dose, middle dose,
high dose), and MV (ml) were 4.5, 29.3 and 60.7, respectively. In the
30-s collections (middle and right), each value of SUV . of low dose
was 3.7, 3.8, 3.3 and 3.4, respectively. Similarly, each SUV ,,x of
middle dose was 14.6, 14.8, 14.5 and 14.8. Each SUV,,,, of high dose
was 28.2, 28.1, 27.6 and 27.7. The CV of each concentration was 5.7,
1.2 and 1.1, respectively. Regarding MV (ml) in the 30-s collections,
each value of low dose was 4.4, 3.5, 4.4 and 4.7, respectively. The
MYV (ml) of middle dose was 29.8, 27.8, 28.2 and 28.8. The MV (ml)
of high dose was 62.3, 59.1, 60.0 and 60.2. The CV of each
concentration was 12.2, 3.1 and 2.3, respectively
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Fig. 3 A 45-year-old woman
with right breast cancer. In the
NBH image, focal FDG uptake
is shown within the rib (left
upper). The value of SUV ,,, is
9.0 and MV (ml) was 4.5 in the
NBH image. Using the DIBH
technique, FDG uptake was
noted to be consistent with
breast cancer. Each value of
SUV max Was 9.9, 9.3, 9.3 and
9.6, respectively. The value of
CV was 3.3. Regarding MV
(ml), the values were 4.4, 3.9,
4.4 and 4.2, respectively, and
the value of CV was 6.2
(middle and right)

Fig. 4 A 54-year-old woman
with liver metastasis from breast
cancer. In the NBH image

(left upper), focal FDG uptake
appears to be lung metastasis.
The value of SUV ., was 16.5
and MV (ml) was 19.5 in NBH.
Using the DIBH technique, liver
metastasis was correctly
recognized. Each value of
SUVnax in DIBH was 28.5,
29.6, 28.6 and 28.3,
respectively. The value of CV
was 2.2. Regarding MV (ml) in
DIBH technique, the values
were 14.4, 14.9, 14.1 and 15.8,
respectively, and the value of
CV was 5.2 (middle and right)

NBH

diagnosing the exact location of the lesion and evaluation
of the number of lesions by avoiding respiratory artifacts.
In addition, the method also has the advantage of providing
accurate quantitative indices [16, 17].

On the basis of very accurate local coregistration, which
makes it possible to perform accurate attenuation correc-
tion and also to reduce blurring, increases in SUV ,,, were
observed in most cases [14, 16—18]. The SUV .« values of
DIBH state increased 1.2-1.6 times in comparison with
those of the NBH state. This result was comparable to those
of previous data with regard to thoracic tumors [10, 16—
20]. In this mechanism, the voxel including SUV .. is
dispersed under the NBH condition with respiratory motion

DIBH

L)

L)

during the entire respiratory cycle, which causes underes-
timation of the true activity concentration [18-21]. In
contrast, under the DIBH condition, the voxel including the
SUV,..x tends to be fixed, resulting in an increase of
SUVax- The reason why the effectiveness was promi-
nently noted in thoracic lesions was probably due to the
distances moved by respiratory motions. Because thoracic
lesions were likely to be more influenced under respiratory
motion, SUV ., of thoracic lesion demonstrated more
remarkable changes than that of abdominal lesions.

The value of MV in the DIBH technique decreased to
about 80% of that in NBH in both thoracic and abdominal
lesions. In a previous respiration-gated study, a reduction
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Fig. 5 A 67-year-old man with
cholangiocarcinoma. With NBH
image, the tumor was identified
partly in the chest. The value of
SUV hax Was 8.5 and MV (ml)
was 26.8 (upper left). Under
DIBH condition, the tumor was
correctly coregistered. Each
value of SUV .« Was 14.6, 17.2,
16.5 and 16.2, respectively. The
value of CV was 6.7. The values
of MV (ml) in each DIBH
image were 20.3, 20.6, 26.0 and
30.5, respectively, and the value
of CV was 19.6 (middle and
right)

Fig. 6 A 64-year-old man with
primary lung adenocarcinoma.
With NBH, FDG uptake was
partly dissociated with tumor
contour. The value of SUV .«
was 3.2 and MV (ml) was

4.6 (left upper). Under DIBH
condition, the tumor was
correctly coregistered. Each
value of SUV .« was 6.4, 6.8,
7.0 and 6.5, respectively. The
values of MV (ml) in each
DIBH image was 3.2, 3.6, 3.5
and 3.8, and the value of CV
was 6.2 (middle and right)

of about 30% in the total lesion volume was shown [21]. As
respiratory motion resulted in the spread of the tumor
contour to a larger size than the correct outline, the value of
MYV seemed to be overestimated. Although the clinical
significance of the MV had not been determined yet, the
index was also likely to reflect the exact viable tumor tissue
amount [22]. The values of MV positively correlated well
with those of SUV .« in our previous study and the coef-
ficient correlations were around 0.6-0.7 [22]. The value of
MV would also preferably be calculated by the DIBH
technique.

With regard to the reproducibility of DIBH, the mean
value of CV in calculating SUV .. was fairly good, at
around 5-6. In calculating MV, the CV value was 7.1 in
thoracic lesions and 11.9 in abdominal lesions. These were
better than those of phantom studies with low-dose con-
dition. Although the value of CV was higher than that
obtained in the phantoms with middle-dose or high-dose
conditions, they would be acceptable values clinically if we
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NBH

DIBH

DIBH

recognize the ranges of values. Interestingly, the mean
values of CV of both indices were better in thoracic lesions
compared with those in abdominal lesions. A possible
explanation regarding the relatively higher CV of the
abdominal lesions may be that larger attenuation correction
factors including surrounding physiological uptake are
applied in this section compared to the thorax (lower
attenuation due to the lungs). Such a difference in ana-
tomical and physiological conditions was considered to be
the main influencing factor.

The other possible influential factor is the length of
acquisition time with breath holding. We set 30 s for each
datum in each study to gather adequate counts for main-
taining image qualities and reproducibility. Although the
value of CV in 30-s collection is known to be better than
that in 15-s collection in phantom study [16], 30-s breath
holding might be difficult in some cases. In some previous
studies on DIBH protocols, various and flexible breath-
holding times using list mode collections were set [16].
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Table 3 Comparison of quantitative indices (clinical studies)

Thoracic lesions ~ Abdominal lesions

(n = 28) (n = 47)
SUV nax
NBH 9.1+75 95+ 44
DIBH 12.0 £ 8.9% 13.5 £+ 7.3%
CcvV 55+29 6.3 + 4.8
MV (cm?)
NBH 257 £ 194 243 £ 179
DIBH 21.6 + 18.3* 20.4 + 15.9%*
CcvV 7.1+ 6.7 119 + 8.6
Maximal diameter (mm)  28.8 & 14.8 36.3 £ 15.5

NBH Non-breath hold
DIBH Deep-inspiration breath hold
The maximal diameter was calculated as the mean value of lesions

* P < 0.01; the value of DIBH was significantly higher than that of
NBH

** P < 0.05; the value of DIBH was significantly lower than that of
NBH

Even in patients with respiratory dysfunction, DIBH data
acquisition is possible under an optimal condition by the
list mode collections. In contrast, we fixed the length of
each breath-holding time at 30 s. Although we made the
series of examination uniform and could promote the
efficiency of DIBH studies, subtle difference within 4
DIBH studies might account for the higher CV values.

Another probable influential factor is the tumor com-
ponent. Because we selected only tumors with a solid
component, lesion homogeneity was assured equally in
each study. In cases with inhomogeneous tumors, such as
cavity forming ones or ones containing a cystic component,
the reproducibility would be worse.

Taking into account the result that the values of SUV .«
of a lesion with DIBH technique were higher than those
with NBH PET/CT, the optimal threshold of SUV ., for
differentiating between benign and malignant tumors
should be re-evaluated under well-controlled respiratory
motion. The criteria of the value of the SUV-related index,
such as the percentage of increase of a dual-phase study or
MYV, in differentiation or staging should also be evaluated
in the future.

The other implication is the contribution of this tech-
nique to the strategy for cancer treatment [14, 23].
Recently, radiotherapy has become more effective in var-
ious tumors [23, 24]. As accurate tumor location is an
important factor for determining the therapeutic method,
correct diagnosis using the DIBH technique for anatomical
assignment is important [25]. When MV is used as a guide
for the radiotherapy planning target volume, a greater dose
to the normal tissues may be irradiated under the NBH

condition. This kind of unnecessary overdose could be
avoided by the DIBH technique.

Although the DIBH technique has a drawback in clinical
use, that is, limited availability within only a one-bed range
at present, it will become a standard method if the sensi-
tivity of the PET/CT system is improved further and the
longitudinal fields of view are increased. Future studies
should be done under an optimal protocol and appropriate
data collection time in multiple institutions.

Conclusion

The DIBH 'F-FDG PET/CT corrects the inaccurate
quantification of both SUV ., and MV. The reproducibil-
ity of calculation in SUV ., or MV with DIBH technique
is favorable. However, at present it is better applicable to
thoracic than abdominal lesions.
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