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Purpose: To assess and account for the impact of respiratory motion on the variability of activity and
volume determination of liver tumor in positron emission tomography (PET) through a comparison
between free-breathing (FB) and respiration-suspended (RS) PET images.

Methods: As part of a PET/computed tomography (CT) guided percutaneous liver ablation proce-
dure performed on a PET/CT scanner, a patient’s breathing is suspended on a ventilator, allowing
the acquisition of a near-motionless PET and CT reference images of the liver. In this study, baseline
RS and FB PET/CT images of 20 patients undergoing thermal ablation were acquired. The RS PET
provides near-motionless reference in a human study, and thereby allows a quantitative evaluation of
the effect of respiratory motion on PET images obtained under FB conditions. Two methods were ap-
plied to calculate tumor activity and volume: (1) threshold-based segmentation (TBS), estimating the
total lesion glycolysis (TLG) and the segmented volume and (2) histogram-based estimation (HBE),
yielding the background-subtracted lesion (BSL) activity and associated volume. The TBS method
employs 50% of the maximum standardized uptake value (SUV %) as the threshold for tumors with
SUVnax = 2X SUVjjerbkg, and tumor activity above this threshold yields TLGsgq,. The HBE method
determines local PET background based on a Gaussian fit of the low SUV peak in a SUV-volume
histogram, which is generated within a user-defined and optimized volume of interest containing
both local background and lesion uptakes. Voxels with PET intensity above the fitted background
were considered to have originated from the tumor and used to calculate the BSL activity and its
associated lesion volume.

Results: Respiratory motion caused SUV . to decrease from RS to FB by —15% 4+ 11% (p = 0.01).
Using TBS method, there was also a decrease in SUV eqn (—18% = 9%, p = 0.01), but an increase
in TLGsgg, (18% =+ 36%) and in the segmented volume (47% =+ 52%, p = 0.01) from RS to FB PET
images. The background uptake in normal liver was stable, 1% =+ 9%. In contrast, using the HBE
method, the differences in both BSL activity and BSL volume from RS to FB were —8% + 10% (p
= 0.005) and 0% =+ 16% (p = 0.94), respectively.

Conclusions: This is the first time that almost motion-free PET images of the human liver were ac-
quired and compared to free-breathing PET. The BSL method’s results are more consistent, for the
calculation of both tumor activity and volume in RS and FB PET images, than those using conven-
tional TBS. This suggests that the BSL method might be less sensitive to motion blurring and provides
an improved estimation of tumor activity and volume in the presence of respiratory motion. © 2014
American Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4892602]
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1. INTRODUCTION

In both image-guided thermal ablation and stereotactic
body radiation therapy, assessment of viable tumor volume
before, during, and after treatment is a useful tool that can
influence treatment outcome. '8F-fluoro-deoxy-glucose ('3F-
FDG) positron emission tomography (PET) and computed
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tomography (CT) are the clinical standard imaging modalities
that provide useful three-dimensional (3D) information on tu-
mor location, metabolic activity, and viable volume. In liver
and lung cancer treatment, respiratory motion is a major fac-
tor adding to the uncertainty in quantitative tumor imaging in
PET of the standard uptake value (SUV), PET and CT tumor
contour, localization, and response assessment."Z Due to a
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lack of ground truth in patients for tumor size and shape, it is
a major clinical challenge to quantify accurately tumor activ-
ity and viable volume based on PET/CT images. This problem
is further accentuated by tumor motion. Tumor ground truth
is not attainable in the clinical setting without surgical inter-
vention.

Previous approaches to reducing motion artifacts have in-
cluded four-dimensional PET (4D PET) with 4D CT. Stud-
ies using these techniques have reported inaccuracies asso-
ciated with tumor motion and their impact on SUV, tumor
delineation, and localization.>> Although 4D PET improves
image quality significantly, substantial residual motion arti-
facts remain in the retrospectively reconstructed 4D PET and
4D CT, primarily due to irregularities in patient breathing.®'%
There are two main types of 4D PET scan and reconstruc-
tion, including respiratory-gated and motion-compensated 3D
PET: (1) scanning throughout breathing cycles and sorting
raw data into multiple bins of respiratory phases, or scanning
only one particular phase with respiratory gating!'~'3 and (2)
scanning breathing cycles and applying a deformable model
derived from 4DCT to reconstruct a single phase scan with-
out suffering from low quantum or long acquisition.'#'¢ The
former requires considerably longer scan duration than a 3D
PET scan, to achieve the same count statistics, while the lat-
ter may suffer from deformation uncertainty, which is prop-
agated from residual motion artifacts in 4DCT (Ref. 6) and
uncertainty in deformable image registration,!” the uncertain-
ties will propagate into the new motion-compensated 3D PET
images. Therefore, the accuracy and reliability of 4D PET im-
ages are of concern. Breath-hold image acquisition is another
approach to reduce the motion artifact in PET, including deep
inspiration breath hold,'-2% but the variation of intra- and in-
terbreath hold (15-20 s per breath hold in repetitive holds)
during long PET acquisition introduces uncertainty and some
patients are incapable of breath holds. Therefore, it is a clini-
cal challenge to achieve a motion-free ground state for patient
PET/CT scan acquisitions.

Recently, a medical ventilation method has been applied
to achieve temporary respiration arrest and create an essen-
tially motion-free tumor for stereotactic radiotherapy and ab-
lative treatment under institutional research board protocols.
Lovelock et al.?' reported using the respiration-suspended
(RS) technique to treat liver cancer without motion in single-
fraction stereotactic radiosurgery. Patient respiration is sus-
pended on a ventilator under general anesthesia for ~5 min.
Ryan et al.?? applied the same RS technique in a PET/CT
guided percutaneous liver ablation procedure. In this latter in-
stance, the initial RS PET imaging was used for treatment
guidance with first FDG injection and a posttreatment RS
PET with a second, double-dose FDG injection (while the
first FDG injection has substantially decayed) was used for
instantaneous evaluation of the ablative treatment response.

Tumor delineation based on elevated FDG uptake in PET
images is a clinical challenge,”® because no single method
meets all major clinical needs, including accuracy, reliabil-
ity, and performance. Reported segmentation methods in-
clude manual drawing, use of a SUV threshold, edge extract-
ing, stochastic modeling, and machine learning. Validation
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of these segmentation methods includes physician contouring
and physical phantom testing. The most popular segmentation
method is threshold-based, usually at 42% of maximum stan-
dardized uptake value (SUV %), although Monte Carlo sim-
ulation can produce a lesion-specific threshold with clinically
acceptable volume estimation (+10%).>* Recently, Burger
et al.>>?% proposed a histogram-based method to reproducibly
estimate tumor uptake. This method estimates tumor uptake
based on a fit of the local nontumor background defined by a
Gaussian in the activity-volume histograms. The tumor vol-
ume is then estimated by summing the remaining partial bin
volume in the activity-volume histogram after background
subtraction. This method is called background-subtracted le-
sion (BSL) method, and it provides a reproducible method for
estimating the tumor activity within a volume that contains
activity above background.

Therefore, the objective of the present study was first to
measure the effect of respiratory motion on defining a target
volume based on a fixed threshold method and second to pro-
pose a technique to achieve a consistent determination of the
amount of radioactivity within a tumor volume that is less sen-
sitive to respiratory motion. PET/CT scans were acquired for
patients with liver lesions under the normal condition of free-
breathing (FB) and on a ventilator with respiratory suspension
(RS), which is assumed to be as close as possible to motion-
free “gold standard” image data in a human subject.

2. METHODS AND MATERIALS
2.A. PET/CT image acquisition and analysis

In this study, we report on 20 patients with metastatic
liver cancer who underwent tumor ablation by an interven-
tional radiologist. Before the ablative procedure, a PET/CT
was acquired with '8F-FDG under FB, followed by a second
PET/CT scan under anesthesia on a ventilator with RS. We
subsequently refer to this PET scan as RS PET. During the
respiratory suspension time, a CT and up to 1.5 min of PET
emission data were acquired. The acquisition was performed,
while the patients were immobilized in a supine position with
body rotation along the longitudinal axis, facilitating probe
placement. Patients (n = 20, age = 59 £ 8 years) were first
administered '®F-FDG by IV injection (4.2 4 0.2 mCi, or 155
£ 7 MBq) approximately 82 min on average prior to the pro-
cedure. The images were acquired on a GE D690 PET/CT
scanner (GE Healthcare, Milwaukee, WI) that was installed
in the operation room. All reconstructions were performed
over a 70 cm field of view with a 128 x 128 matrix using
2-iterations and 16-subsets with Gaussian transaxial filter of
6.0 mm FWHM and the “heavy” axial filter (3-point smooth-
ing [0.25 0.5 0.25]). Both time-of-flight and sharp iterative
reconstruction were used in the reconstructions. Random cor-
rections were done by singles and all other standard PET/CT
corrections were performed.

The FB and RS PET/CT image data sets were analyzed
in order to determine the magnitude of the error in SUV de-
termination and FDG viable tumor volume estimation associ-
ated with free-breathing. Two methods used for activity and
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volume assessments were: (1) a threshold-based segmentation
(50% SUV ax) and (2) a histogram-based estimation (HBE)
method with background subtraction, the BSL method. The
differences between the FB PET scan and the RS PET scan
(a surrogate for motion-free ground truth) were analyzed and
the significance of their differences was assessed using both
paired Student 7-test and Wilcoxon signed-rank test, based on
p-value (significance: p < 0.05) and z-score (significance: z >
2.0), respectively. When comparing data between FB and RS,
RS is always used as the reference. The relative difference
for a quantity (X) is defined as: %Diff = (Xpg—Xgrs)/Xrs X
100%.

2.B. Conventional TBS method

The first method used was a simple 50% maximum signal
threshold value to delineate the tumor edge. This threshold
was selected, not because this group believes it best identifies
the lesion boundary, but as the theoretical threshold, which
defines a radioactive edge at a planar boundary with uniform
FDG on one side and no activity on the other. Tumors within
human subjects exhibit neither a uniform distribution of ac-
tivity within the tumor nor a negligible background. Conse-
quently, no single SUV threshold can be argued to accurately
segment lesions and in the absence of a surgical pathology
“gold standard” we adopted the 50% threshold as a surrogate
volume with which the behavior of respiratory motion on the
threshold-based methods to detect lesions could be studied.
In this study, the threshold method was implemented within
the GE software package called PET VCAR (Volume Com-
puter Assisted Reading). For most liver lesions, a threshold
of 50% of SUV ,.x was used. This was successful whenever
SUVax exceeded SUVpackground by two folds as was the case
for most patients. For small lesions with low SUV uptake, a
threshold up to 70% was used. This was necessary to prevent
the threshold volume expanding in an uncontrolled manner
into a large segment of normal liver. The background uptake
was estimated by drawing a spherical volume containing nor-
mal liver tissue, distant from the lesion and the liver edge. The
volume of segmented region was calculated automatically, to-
gether with the mean and standard deviation of the uptake
within the volume.

2.C. BSL method

The second method used was the BSL approach, which is
a HBE method. If a box (or any arbitrary shape) is placed
around a lesion in a PET image and the frequency with which
an activity within small ranges is plotted so as to generate an
activity-volume histogram, then if the activity were uniformly
distributed within the lesion and the local background, the re-
sult would be two Gaussian profiles separated by voxel ac-
tivities corresponding to partial volumes associated with the
lesion edges. Real clinical data are not uniform and therefore
results in more complex activity volume histograms. For our
purposes it was practical to implement the BSL method us-
ing a boxed volume of interest (VOI) drawn around the lesion
with the inclusion local background activity. Using this vol-
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ume a histogram was generated using the Freedman—Diaconis
binning rule.?” To provide additional robustness for the his-
togram of tumors with backgrounds, the initial VOI is broken
up via a watershed transform and some of low uptake water-
sheds were removed prior to generating the histogram. This
reduced the asymmetric spread of the low uptake region in the
histogram representing background activity allowing a more
consistent Gaussian fit. The Gaussian fit was then subtracted
from the histogram and all positive values beyond a cutoff
were summed to represent the total lesion uptake, the BSL
activity. The cutoff was defined as the mean plus two stan-
dard deviations (mean + 20) of the Gaussian. The sum of all
signals provide the BSL uptake in SUV*ml.

The lesion volume was estimated by simply summing the
volume of the voxels used to estimate the BSL volume. In ad-
dition, an equivalent threshold defined as the threshold neces-
sary to compute the same total uptake (SUV*ml) as the BSL
method was computed to provide a visual confirmation of the
BSL estimate.

3. RESULTS

Table I shows patient general information, PET imaging
conditions, and the maximum SUV value for both FB and
RS images. The location of lesions is defined using Couin-
aud segmental anatomy of the liver. Among the 20 patients,
the lesion locations were distributed over the entire liver. A ¢-
test analysis is performed on maximum SUV between RS and
FB (the SUV .« in FB is significantly smaller than that in RS
by —15% £ 11%, p = 0.01).

3.A. Lesion volume calculated from threshold-based
segmentation

Table II shows the volumetric results from a TBS tool (PET
VCAR, GE Healthcare, Milwaukee, WI). An arbitrary thresh-
old (% of SUV.x) is used for each lesion. A 50% threshold
was applied to 17/20 lesions and 70%/60%/20% for 3/20 le-
sions (the first two cases where the lesion to liver background
ratios were less than 2 and the third case in which the le-
sion was close to the right kidney). Both segmented lesion
volume (p = 0.01) and mean lesion SUV values (p = 0.01)
are significantly different between RS and FB images, while
the mean normal liver background SUV is not (p = 0.15).
The RS lesion volume is smaller than FB volume by 47% =+
52%, while its mean SUYV is higher by 18% =+ 9% on average.
Figure 1 shows two adjacent lesions in RS. These lesions be-
come smeared into a single lesion in FB. In this case, the
FB lesion volume increases by 101% in comparison with RS
lesion volume, while the mean SUV drops by 37%. Both
the p-value in paired Student #-test and z-score in Wilcoxon
signed-rank test indicate that the differences in mean SUV
and tumor volume between FB and RS are of significance,
while the difference in background uptakes is not. These re-
sults agree with previous observations,"?2%2% and in addi-
tion quantify the difference between RS and FB (Fig. 3) in
patients.
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TABLE I. Patients (n = 20) with liver metastases were treated with local percutaneous thermal ablation. PET/CT images were acquired during both FB and RS
conditions.

Time Interval
fme fnterva Maximum SUV (g/ml)

Segmental Injected Uptake time from

Patient Age Sex location® activity(mCi) (min) RS to FB (min) RS FB P%Diff
1 57 f 4b 44 112 -7.7 9.8 10.1 4.0
2 53 m 2 4.4 58 15.3 9.5 9.1 —3.8
3 70 f 6/7 4.4 95 61.2 24.4 19.4 —20.2
4 45 f 8 4.0 66 10.5 7.2 5.5 —23.1
5 47 m 5/6 4.2 80 9.5 8.7 7.1 —19.0
6 52 f 44 85 10.5 21.9 16.2 —26.1
7 37 f 7 4.0 97 6.5 7.2 6.2 —14.6
8 53 f 8/4a 4.3 85 10.0 15.8 13.7 —13.6
9 52 f 4.0 50 10.0 9.1 5.7 —37.8
10 69 f 42 60 10.5 9.3 8.5 -93
11 66 f 7 4.3 94 27.7 10.4 8.7 —16.2
12 52 m 4.1 133 9.9 26.8 21.9 —18.1
13 68 f 8 42 92 13.6 5.6 5.7 2.5
14 61 m 8 44 67 16.5 13.7 10.8 —20.7
15 67 m 5 4.1 67 13.6 14.8 13.3 —10.3
16 62 m 4a 4.1 64 7.6 10.1 8.1 —19.7
17 65 m 6/7 4.4 78 10.0 6.7 6.3 —-55
18 65 m 8 4.0 110 13.5 44 4.8 74
19 52 f 7 4.0 60 65.4 19.7 24.5 24.2
20 52 m 2 4.0 83 28.2 10.9 11.7 7.3
Mean 59 4.2 82 17.1 —154
St.dev 8 0.2 21 17.4 10.5
p-value 0.01 (< 0.05)

z-score 2.8 (>2.0)

2The Couinaud segmental anatomy of the liver.

TABLE II. Lesion volume assessment using threshold segmentation method in PET images. The lesion volume, mean SUV for lesion and background are listed
between RS and FB. Significant differences in segmented lesion volume (p = 0.01) and the mean SUV (p = 0.01) are between RS and FB PET images, while
the averaged background is similar (p = 0.15).

Distant mean

Lesion volume Mean SUV TLG liver bkgd
(cm?) (g/ml) (g/mlcm?) (g/ml)
Patient Threshold(%) RS FB %oDiff RS FB YoDiff RS FB %Diff RS FB %Diff
1 50 1.3 2.0 54.3 7.5 6.1 — 189 9.5 11.9 24.5 2.4 2.4 -2.1
2 50 34 6.2 80.1 6.9 52 —23.0 233 322 385 2.0 2.2 7.4
3 50 12.0 14.2 17.9 139 10.4 —24.6 166.6 148.0 —11.2 2.6 33 25.0
4 70 22 6.5 200.0 5.7 44 —22.8 12.2 28.2 131.5 2.7 2.7 0.0
5 50 2.7 3.6 32.1 5.0 44 —12.1 135 15.7 16.2 3.1 2.8 —-738
6 50 25.7 51.7 101.1 10.4 6.6 —36.7 267.0 339.9 27.3 3.0 29 —-13
7 50 32 5.8 78.6 4.8 3.7 -219 15.5 21.6 39.6 2.4 2.4 0.0
8 50 5.6 5.0 —104 114 9.7 — 149 63.5 484 —23.8 2.8 2.8 1.4
9 50 1.5 2.5 72.8 6.5 43 —34.7 9.6 10.8 132 2.8 2.8 14
10 50 6.9 7.7 12.8 6.5 6.0 —-83 44.5 46.0 34 2.5 2.5 —-04
11 50 11.1 11.7 6.2 7.6 6.3 —-179 84.1 734 —12.7 22 2.4 5.8
12 20 27.6 35.8 29.8 10.7 9.2 —142 295.5 329.4 11.5 3.1 32 23
13 60 6.0 7.1 19.6 4.0 4.0 0.3 23.8 28.6 19.9 2.7 2.8 29
14 50 21.3 30.8 44.5 8.9 7.3 —18.3 190.3 224.8 18.1 33 3.1 —-63
15 50 2.8 35 239 10.4 9.4 -93 294 33.1 12.7 3.1 3.0 —1.6
16 50 6.2 5.8 —-6.3 6.4 53 —17.1 39.3 30.5 —224 35 2.9 —17.1
17 50 2.4 3.8 56.1 4.6 4.0 —13.1 11.3 154 35.7 2.0 2.1 39
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Distant mean

Lesion volume Mean SUV TLG liver bkgd
(cm®) (g/ml) (g/mlcm?) (g/ml)

Patient Threshold(%) RS FB %Diff RS FB %Diff RS FB %Diff RS FB %Diff
18 50 22 8.3 286.5 3.1 2.9 —8.0 6.7 239 254.6 14 2.0 40.8
19 50 10.7 13.2 23.8 14.1 18. 28.2 150.4 238.7 58.8 2.2 43 94.5
20 50 134 14.7 9.5 73 8.5 16.3 98.1 124.8 27.2 2.6 3.6 414
Mean 50.0 47.3 — 184 17.9 0.6
St.dev 9.7 52.1 9.3 36.0 8.7
p-value 0.01 0.01 0.04 0.15 (>0.05)
z-score 3.8 2.8 2.2 1.4 (<2.0)

3.B. Lesion volume calculated from BSL method

The BSL method is illustrated in Fig. 2, in which the his-
togram of the PET voxel activity in the VOI is shown. The
large peak observed in the histogram represents background
voxels that are distributed over fewer bins and are thus more
numerous than those from the lesion. The mean plus two stan-
dard deviations (20) of Gaussian fitted to background SUV
is used with this fit to separate the background from signal.
For visualization purpose, a threshold was derived by find-
ing the equivalent volume necessary to capture this signal.
Table III shows the assessment of lesion volume using the
BSL method, showing that the lesion volumes in RS and FB
PET images are very similar (0.1% + 16%, p = 0.94). The
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BSL values in RS and FB are also shown a relevant difference
(—8% =+ 10%, p = 0.005). That was within the range of rel-
ative change of averaged local background uptakes between
the RS and FB PET images (6% =+ 12%, p = 0.10). What can
be explained by the later time points (17 £ 17 min) of the
RS scans compared to the FB scans leading to an increase of
tumor activity and a decrease in background activity.

3.C. Tumor volume comparison between
the two methods

Figures 3 and 4 show the results for the lesion activity and
the volume corresponding to the region with activity greater
than background for the TBS and BSL methods, respectively.

-
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F1G. 1. PET images of patient #6 acquired under (a) FB and (b) RS. Segmentation of the tumor VOI was based on a threshold of 50% SUV 5. Two adjacent
lesions shown in RS blurred into one bigger lesion in FB, due to respiratory motion. Since some normal liver tissue is blended into the tumor volume, as shown
the lesion volume raised from 25.7 to 51.7 cm?, not only the maximum SUV but also the averaged SUV are dramatically reduced from RS to FB.
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FIG. 2. Histograms of FDG PET volume-activity under (a): (FB) and (b): (RS) scanning conditions for patient #5. The VOI contains tumor and surrounding
background (BKG), which fits with Gaussian distribution. Four threshold dotted-lines were drawn: BSL cutoff (mean + 2o, blue), SUV (BKG + 1.8, green),
1% of the Gaussian distribution (pink), and 50% of SUV,x of the lesion (red). SUV . for FB is lower than that for RS, due to motion smearing effect.

The volume values between RS and FB are very different
when segmented using TBS method (47% =+ 52%, p = 0.014),
while very similar when estimated with BSL method (0% =+
16%, p = 0.54). The TLG difference between RS and FB from
TBS method is 17.9% + 36.0% (Table 1I), while the BSL ac-
tivity has —7.7% =+ 10.4% difterence (Table III). The simi-
larity in estimated activity and volume between RS and FB
suggests that this measurement of the lesion uptake conserves
these quantities regardless of the presence of motion. In addi-
tion, the lesions in these 20 patients were spread throughout
most segments of the liver (Table I), and were insensitive to
patient-specific and location-specific motion. This is poten-
tially useful to assess viable tumor volume in the presence of
respiratory motion.

4. DISCUSSION
4.A. Motion-free ground truth for liver tumors

To establish a motion-free reference image of an irregular
shaped lesion with a nonuniform radiotracer distribution in
patients is not a trivial task. A major confounding factor in de-

Medical Physics, Vol. 41, No. 9, September 2014

termining any radiotracer distribution within patients is invol-
untary motion. In PET/CT of thoracic or abdominal lesions,
respiratory motion has a major impact on the integrity of le-
sion position, shape, volume, and SUV. To study the effects
of respiratory motion on such parameters, we have obtained
FDG PET/CT data conducted as part of a PET/CT guided per-
cutaneous liver ablation procedure. In this procedure, the nor-
mal physiological breathing control mechanism is suspended
under general anesthesia using a mechanical ventilator for up
to 2 min, with continuous safety monitoring of patient oxygen
and carbon dioxide levels. Within this limited time window,
a PET scan can be acquired under motion-free conditions,
allowing the establishment of unique patient PET “ground
truth”—motion-free PET image data set. Such image data
may provide the most stationary radiotracer distribution pos-
sible in a patient and the closest PET acquisition to a scan of a
phantom. Such data are important because they allow a com-
parison of PET images of lesions to be studied under normal
free-breathing relative to an almost complete respiratory sta-
sis, and thus quantitatively assess the impact of lesion motion
in a clinical setting. Using such motion-free PET images, le-
sion activity can be better quantified with higher confidence
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TABLE III. Lesion volume assessment using BSL method. Three differences in PET images between RS and FB are listed. A r-test confirms similar estimated
lesion volume (p = 0.54) between RS and FB, but significant difference background-adapted threshold (p = 0.002) between RS and FB.

Lesion volume BSL Lesion-specific Local SUV bkgd
(cm?) (g/mlcm?) cutoff threshold (g/ml)

Patient RS FB %Diff RS FB %Diff RS FB %Diff RS FB %Diff
1 21.5 222 32 136.6 133.8 —-2.0 0.23 0.23 0.9 2.4 2.2 -85
2 9.3 9.2 -0.8 43.6 414 —-49 0.31 0.33 6.7 1.8 2.2 20.8
3 27.6 28.2 2.0 261.3 238.3 —8.8 0.18 0.24 32.8 2.6 33 28.0
4 4.0 37 —-83 17.3 16.7 -39 0.47 0.64 35.8 2.7 2.8 39
5 11.4 8.4 —26.3 49.7 342 —-31.2 0.64 0.55 —13.5 2.8 3.0 6.8
6 46.2 47.6 3.0 362.3 326.5 -99 0.19 0.26 34.7 2.7 2.5 —-83
7 6.1 6.6 8.1 24.5 23.0 -59 0.43 0.50 16.2 2.5 2.4 -31
8 18.9 19.8 4.4 122.9 112.6 -84 0.22 0.25 13.0 2.8 3.0 53
9 4.0 4.6 13.6 18.6 17.5 —-54 0.35 0.57 60.0 2.8 3.0 8.4
10 14.2 18.5 30.3 71.3 83.2 16.7 0.31 0.34 9.4 2.5 2.6 5.8
11 253 22.1 —13.0 134.9 117.6 —12.8 0.26 0.34 29.5 2.1 2.5 16.5
12 39.8 413 3.8 349.6 3525 0.8 0.17 0.19 12.5 3.1 32 34
13 17.3 16.2 —6.6 92.9 87.9 —-54 0.25 0.28 11.6 3.1 32 6.1
14 62.0 62.2 0.4 384.6 383.6 -03 0.29 0.37 30.3 3.1 3.6 17.9
15 17.4 13.0 —252 953 79.8 —16.2 0.25 0.28 133 3.0 33 8.9
16 6.4 7.4 15.1 389 36.1 —-72 0.51 0.49 —4.0 4.0 3.0 —239
17 7.3 8.8 20.4 29.8 30.7 32 0.40 0.40 0.7 2.3 2.2 -3.1
18 8.2 6.66 —19.1 38.1 28.7 —24.38 0.41 0.52 26.1 2.7 2.8 5.8
19 44.6 54.5 22.1 482.4 452.1 —-63 0.16 0.21 339 35 35 2.3
20 32.0 24.1 —245 2154 167.5 —222 0.32 0.40 24.8 29 3.6 25.8
Mean 0.1 -17.7 18.7 59
St.dev 16.1 104 17.2 12.3
p-value 0.94 (>0.05) 0.005 0.002 0.10

Z-score 0.3 (<2.0) 2.8 3.2 2.2

for tumor diagnosis, staging, and response assessment. In ad-
dition the lesion’s total metabolic volume and shape are more
definable and quantifiable for purposes of therapy. To the best
of our knowledge, this is the first time that a patient motion-
free “ground truth” is established for assessing motion effect
on the activity as well as volume of liver tumor in PET/CT
images.

4.B. Limitation of a fixed threshold
segmentation method

All methods to segment lesions in PET/CT images suf-
fer from the inability to determine their accuracy against a
gold standard “true” tumor volume. In this study, the true le-
sion volumes are also unknown. However, the study of lesions
within the liver free from motion smearing brings us one-step
closer to the true lesion appearance. Concerning FDG-defined
tumor volumes, all methods should be considered as relative
determinations. The first methods used were based on defin-
ing an image threshold, such methods were initially based on
empirical phantom measurements of '3F laden spheres within
an '8F background.*® The principal shortcoming of threshold
methods is their inability to account for nonuniform distribu-
tions of activity within the lesion and the variability of the
background. Most threshold methods are based on SUV
which is a single point in a PET image that is sensitive to PET
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image noise, motion blurring, voxel size, and image filtering.
The SUVax in FB is smaller than that in RS by —15% =+
11%, because the SUV .« value in FB is likely smeared with
surrounding lower SUV values. Once the SUV ,,, is changed,
the threshold at a percentage of the SUV,,«x will be shifted
accordingly, resulting in a different lesion volume. Because
of the cubic relationship between the diameter and volume,
a slight increase or decrease in the delineated edge with dif-
ferent thresholds will result in a much more pronounced dif-
ference in volume. It is important to recognize that the mag-
nitude of the error in volume estimation as a consequence of
respiratory motion is likely to be valid regardless of the accu-
racy with the applied threshold. This quantified motion effects
on activity assessment and volume estimation of PET lesions
using TBS are consistent in scale with those found in phantom
simulation studies.?'

4.C. Conservation of lesion uptake activities
in BSL method

The BSL method is a recently-reported reproducible tech-
nique to determine the tumor activity of FDG above the back-
ground tissue.?> 2 In this histogram-based method, the inten-
sity of local background is assumed to be normally distri-
bution. So when the local background is subtracted the to-
tal lesion uptake will be identified. Partial volume effect on
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F1G. 3. Tumor activity (a), segmented volume (b), and percentage difference
(c) between FB and RS using TBS. Tumor volumes in FB and RS are signif-
icantly different (47% =+ 52%, p = 0.01). In FB, the activity (max or mean
SUV) is smaller and the volume is greater, under estimating the activity and
significantly overestimating the lesion size.

the clear or blurred edge of the lesion can alter the back-
ground distribution to a certain degree, contaminating the
high-activity wing of the Gaussian background and therefore
affecting the Gaussian fit and cutoff estimate (mean + 20).
The adoption of the watershed segmentation algorithm in the
BSL method provides a means to reduce the dependence of
the fit on the low-activity wing of the Gaussian background.
Furthermore, the mode of the distribution provides a lesion-
specific background level that is determined automatically.
After the Gaussian fit to the background and its subtraction
from the uptake in the histogram of the VOI, the sum of the
remaining signals is representative of the lesion’s total uptake.

Medical Physics, Vol. 41, No. 9, September 2014

12 3 45 6 7 8 9 10111213141516 171819 20
Lesion

FI1G. 4. Tumor activity (a), estimated volume (b), and percentage difference
(c) between FB and RS using HBE. The difference in tumor volumes between
FB and RS is not significant (0% =+ 16%, p = 0.94). Both the activity and the
volume are similar in FB and RS, %Diff in volume is reduced by one order
of magnitude with little systematic bias in contrast to TBS result [Fig. 3(c)].

In a VOI, the total uptake of a lesion should be conserved
with or without motion and the apparent difference is mostly
resulted from redistribution of the activity in space between
FB and RS. The increase in average activity by 8% from RS
to FB [Fig. 4(a) and Table III] may result from the physi-
ological increase in activity in the liver tumors over time,*?
since RS scans were done 17 & 17 min after the FB scans
(Table I). The system-dependent partial volume effect occurs
in both FB and RS PET images, while the attenuation correc-
tion bias affects FB PET, not RS.

As stated above, the uptake activities of the lesion with
and without motion should be conserved, except for small
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activity blurred into the local background in FB and small
tumor uptake gain in RS during the time interval after FB.
This conservation could be used as a simple constraint for
a segmentation algorithm. While this can be applied to any
segmentation method, when applied to threshold segmenta-
tion an adaptive threshold for both FB and RS PET can
be established via an uptake equivalent threshold, i.e., the
threshold that produces the same total uptake. Therefore, the
higher threshold for lesion segmentation in FB tends to can-
cel out the volume increase effect in FB. In fact, Table III and
Fig. 4 demonstrate a close match of the lesion activities and
volumes between RS and FB using BSL to determine the
adaptive threshold, supporting the uptake conservation hy-
pothesis. The difference in lesion volume is not of signifi-
cance between FB and RS PET images (Table III). Due to
partial volume effect, absolute lesion volume is expected to
be PET-resolution dependent. One would reasonably assume
that additional partial volume effects due to motion blurring
would cause a mismatch between the volumes estimated for
RS and FB, however similar volume estimates between the
two remain. Our results show that the volume difference has
o = 16%, which is relatively high due to the partial volume
effect and the cubic error-propagation from threshold to vol-
ume determination. BSL difference has o = 10%, which is
not far from £10% from a Monte Carlo simulation study.>*
The lesion volume conservation effect can be interpreted as
the adaptive capability of the BSL to the background levels.
The BSL cutoff thresholds in Table III are lesion-specific and
have a bias to compensate for the motion smearing effect—the
difference between FB and RS is 19% 4 17% on average.
The implication of this result is that the viable lesion volume
can be assessed using FB PET image with reasonably accurate
and consistent estimation. While this method does not purport
to be a “gold standard” in viable lesion volume assessment, it
does provide a consistent volumetric estimation based on a
statistical model of the local background activity distribution
within the VOI. Therefore, this is potentially useful in eval-
uating viable tumor volume change using PET imaging over
the treatment course.

4.D. Limitations and future investigations

The percentage activity and volume variation between RS
and FB from BSL method is still considered substantial (0%
4 16% and —8% =+ 10%) and have room for further improve-
ment. Part of the reason for this is the variation of the manual
definition of initial VOI for BSL calculation. Once the VOI
definition process is completely automated and shared by both
RS and FB, some uncertainty will be further removed and
more-consistent results are expected. For target volume de-
termination, the histogram-based method needs further inves-
tigation to establish a physical contour around the high FDG
uptake region, for any clinical application that requires target
volume delineation for treatment planning, such as radiother-
apy. Using this histogram approach, estimated volume is de-
termined and some high uptake voxels may not necessarily be
located within one topologically confined region. The authors
wish to underscore that the use of the term “tumor volume”
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in the context of this study refers to a volume for which the
activity exceeds that of the background normal tissue (in this
case liver). Because of this, any classification/segmentation
beyond these estimates, including the spatial location of tu-
mor boundaries, requires the use of an additional model to
perform that task.

Although, the difference in BSL activities (—8% =+
10%, in Table III) becomes smaller between FB and RS,
comparing with that of TLG (18% == 36%, in Table II) from
the TBS method, it is still statistically significant. Two effects
would contribute the —8% higher BSL activity in RS than
FB PET: a smaller activity decrease in FB due to motion
blurring (becomes local background) and a small activity
increase in RS due to further physiologically accumulation of
tracer into the tumor during the time gap after FB scan. The
histogram-based BSL method determines the appropriate
background around a lesion to calculate the lesion activity
and volume. However, it is beyond the capability of the BSL
method to estimate the SUV .« difference between FB and
RS due to motion blurring.

5. CONCLUSION

A clinical near-motion-free PET “ground truth” of patient
liver lesions has been established using general anesthesia to
temporarily suspend patient respiration on a ventilator and
achieve a reproducible assessment of a target volume from
PET images. Using PET/CT images obtained in this way al-
lows the effects of motion-free breathing upon tumor volume
estimation to be assessed. In this study free-breathing PET
images show a delineated volume increase by 47% =+ 52% (p
= 0.01) relative to RS when a 50% threshold was used. Simi-
lar motion differences would be anticipated by any threshold-
based method. In contrast, the BSL method provides a con-
served target volume with insignificant differences in target
volumes between RS and FB PET images (0% + 16%, p =
0.94). This result suggests that viable lesion volume could be
estimated using free-breathing PET images with reasonable
accuracy and reliability. In addition, these results suggest that
the BSL method can act as a reasonable constraint or penalty
for segmentation tasks even in the presence of motion.
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