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ABSTRACT

Objective: The purpose of this study is to compare the longitudinal location of
endoscopically-defined gross tumor volume (GTV) and positron emission
tomography-based metabolic tumor volume (MTV) of esophageal cancer, and

determine the optimal measures to delineate MTV using GTV as a reference.

Methods: A retrospective review of medical records was performed of the nine
patients who underwent endoscopic placement of fiducial markers for radiotherapy
of esophageal squamous cell carcinoma. Endoscopic hemoclips were used as the
fiducial markers, and were placed at the superior and inferior borders of the
endoscopically visible lesions. GTV was newly delineated solely based on the
locations of the fiducial markers. The standardized uptake value (SUV) threshold
corresponding to the superior and inferior borders of GTV was defined as the highest
threshold that made MTV reach each border of GTV. Both the fixed relative and
absolute threshold methods were used. The coefficients of variation of the threshold
values from both thresholding methods were compared to establish which method
would be more consistent to determine the threshold corresponding to the GTV

borders.

Results: The median fixed relative and absolute thresholds were 32% and 3.8,
respectively. The coefficient of variation was 0.781 for the fixed relative threshold

method and 0.400 for the fixed absolute threshold method, indicating more



consistent results from the fixed absolute threshold method. All but two GTV borders
were included in MTV with a SUV threshold of 2.5, which was used in previous
studies. Esophageal tumors with a maximum SUV > 20 tended to have closer
threshold values corresponding to the GTV borders to 2.5 (median 2.8 vs. 3.6, p =

0.069).

Conclusion: The fixed absolute threshold method was more suitable than the fixed
relative threshold method for determining the MTV for esophageal lesions. A SUV
of 2.5 was appropriate for esophageal tumors with a maximum SUV > 20. More

study is needed to suggest a feasible threshold for all esophageal tumors.

Keywords: Esophageal cancer, PET scan, endoscopy, tumor volume

Student number: 2018-29944
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INTRODUCTION

Radiotherapy, often combined with chemotherapy, has an essential role as
a definitive or neoadjuvant treatment in the management of esophageal cancer [1, 2].
After implementing conformal radiotherapy (RT), delineating an accurate target
volume is an important stage of RT planning. There is no single definitive imaging
modality to delineate precise gross tumor volume (GTV). As esophageal cancer can
spread through the mucosa and submucosa, using a computed tomography (CT) scan
alone to determine GTV of an esophageal tumor is challenging, particularly in the
longitudinal direction, though a simulated CT scan is still essential for planning
purposes. It is recommended that radiation oncologists incorporate information from

multiple studies [3].

Endoscopy is used to access esophageal tumors, and an endoscopic
description of the location and the length of the tumor correlates well with the
pathological tumor extension and clinical features, such as prognosis [4]. Translation
of the endoscopic description to a simulation CT scan is not intuitive [3], but the use
of fiducial markers can be helpful in this process. Machiels et al. showed that
endoscopy-guided implantation of a fiducial marker reduces variation in the inter-
and intra-observer GTV delineation [5]. The same group compared endoscopically
defined tumor borders and pathological findings using fiducial markers, and

concluded that they are well-correlated [6]. Although not a routine process, placing
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a fiducial marker can be very accurate to determine GTV for esophageal cancer RT

planning, particularly for tumors with mucosal or submucosal spread.

BF_Fluorodeoxyglucose (FDG) positron emission tomography/computed
tomography (PET/CT) is a recommended study for staging and target delineation
purposes, and introducing PET/CT to GTV delineation decreases uncertainty, such
as interobserver variability [7]. PET/CT has higher sensitivity and specificity for
detecting regional or distant metastases, but an esophageal primary tumor is not
always accessible by PET/CT, particularly when the tumor is small or superficial [8].
It can be problematic to determine the cranial and caudal borders of the GTV based
on PET/CT, as the tumor can spread through the superficial layer of the esophageal
wall and this superficial spread might not be detected by PET/CT. The purpose of
this study is to compare the longitudinal location of the GTV of esophageal
squamous cell carcinoma based on fiducial markers placed by endoscopy. We also
investigated metabolic tumor volume (MTV) based on hypermetabolic uptake on
PET, and determined the optimal measures to delineate MTV using endoscopy-based

GTYV as areference.



METHODS

1. Study population

This study was approved by the Institutional Review Board of Seoul
National University Hospital (IRB number 1912-137-1091) before collecting patient
information. The medical records of 100 patients with esophageal squamous cell
carcinoma who had undergone RT between 2018 and 2019 were retrospectively
reviewed. Among them, 27 patients had fiducial markers placed via endoscopy. Eight
patients were excluded because the endoscope could not be passed through the
esophageal tumor due to narrowing of the lumen, so the fiducial markers were placed
only in the proximal margin of the esophageal tumor and the longitudinal margin
was not determined by endoscopy. Two patients did not undergo pre-RT PET, and
six patients had no or minimal hypermetabolism in the primary esophageal tumor,
so these patients were excluded. Two other patients were excluded as they had
diffuse malignant lesions of the esophagus. After these exclusions, nine patients

remained and were included in this study.

2. Fiducial marker placement

All patients underwent endoscopy to examine the esophageal lesions before

treatment. Endoscopic procedures for placing the fiducial markers were performed



separately from diagnostic (echo) endoscopy. Two patients underwent endoscopy
with midazolam-based sedation. Endoscopic stainless steel hemoclips (EZ Clip, HX-
610-090L, Olympus, Tokyo, Japan) with a 10-mm open width were used as the
fiducial markers. At least one fiducial marker was placed in each superior and
inferior border of the endoscopically visible esophageal lesion, with a 0.5-1.0 cm
interval from the actual margins of the observed lesion. An experienced
gastroenterologist performed the procedure, and explanations of the exact location

of the fiducial markers relative to the esophageal tumor were written for each patient.

3. GTV delineation

A simulation CT scan was acquired after placing the fiducial markers on
the same day, while maintaining nil per os before the CT scan, due to potential
hemoclip displacement from food intake. Patients were positioned with both arms
abducted over their head and immobilized using a wing board. Patients with cervical
or high upper thoracic esophageal lesions were immobilized in the supine position
with IMRT Aquaplast to reduce RT set-up error. The thickness of the axial cut for
the simulation CT scan was 3 mm. GTVs for this study were newly delineated by a
contouring system (ARIA Oncology Information System 13.6, Varian Medical
Systems, Palo Alto, CA, USA) for each eligible patient based on the simulation CT
scan, independently from the GTV's and other volumes used in the actual treatment.

An experienced radiation oncologist delineated the GTVs based on the appearance



of the radio-opaque fiducial markers on the simulation CT scans only. A fiducial
marker often appeared in several axial cuts of the CT scan, and the fiducial marker
was considered placed in the middle of these axial cuts. The cranial and caudal
borders of GTV were determined based on the location of the fiducial markers and
the gastroenterologist’s description about the spatial relationship between the
fiducial markers and mucosal spread of the esophageal tumor. After determining the
cranial and caudal borders, the whole esophagus, which appeared in axial cuts
between these borders, was included in the GTV. Body contour was acquired using
the Search Body function in the contouring software during RT planning, and this

contour was used for fusing the simulation CT and PET images.

4. PET image acquisition

Patients fasted for at least 6 hours, and PET/CT was performed 1 hour after
intravenous injection of FDG (5.18 MBq/kg) using a dedicated PET/CT scanner
(Biograph mCT40 or mCT64, Siemens Healthcare, Erlangen, Germany). A low-dose
CT scan for attenuation correction and anatomical localization was acquired first,
followed by acquisition of the PET images from the vertex to the proximal thigh (1
min/bed position). While acquiring images, patients were positioned with both arms
abducted over their head, except for one patient who maintained supine position. The
PET images were reconstructed using an iterative algorithm and displayed by fusing

with the CT image.



5. Metabolic tumor volume and threshold corresponding to the GTV borders

GTV based on placement of the fiducial markers via endoscopy was
transferred from the contouring system to the PET imaging system (MIM 6.1.7, MIM
Software Inc., Beachwood, OH, USA) in the DICOM RTstruct format. The
simulation CT scan and PET images were fused by contour-based alignment offered
by the PET imaging system using the body contour acquired in the contouring system.
For the purpose of determining the location of the primary esophageal tumor based
on PET, MTV, which relies on hypermetabolism that appeared on the pre-RT PET of
each patient, was delineated on the PET imaging system. The threshold-based
method was applied to delineate MTV. Both fixed relative and fixed absolute
thresholds were used. The fixed relative threshold is defined as a certain percentage
of the maximum standardized uptake value (SUV) of a tumor, while the fixed
absolute threshold is defined as the absolute value of the SUV. To determine the
thresholds corresponding to each end of the GTV, the highest threshold that could
make MTV to reach the most superior or most inferior axial plane of the GTV on the
CT scan was established. The highest threshold was found by changing the threshold
of MTV by 1% for fixed relative threshold, and by 0.1 for fixed absolute threshold.
Thus, two threshold values, each corresponding to the superior and inferior borders
of the GTV were obtained for each patient and each thresholding method. Threshold

values by location were compared using the paired #-test.



The threshold values were verified to determine any correlations with other
covariates, by linear regression when the covariate was continuous, and by the
Kruskal-Wallis rank sum test when the covariate was categorical. The coefficient of
variation (CV), which is defined as standard deviation divided by the average, was
calculated from the threshold values to compare the consistency of the different

methods to obtain a threshold.

6. Concordance index analysis and linear approximation

The concept of a concordance index (CI) is mainly used to measure a
discrepancy between different volumes. In many other studies, the CI is defined as
the ratio of the volume of the intersection and the volume of the union of two
volumes [9]. In this study, longitudinal lengths rather than volume measurements
were compared, so we defined the CI as the ratio of the length of intersection and the
length of the union of GTV and each MTYV, because the measured MTV tended to be
smaller than GTV, as GTV is cylindrical while MTV is spherical due to a different
delineation principle. The longitudinal length of GTV and MTV was measured based
on how many axial planes were occupied by each volume on the simulation CT scan.
An example of the CI calculation is illustrated in Figure 1. A CI > 0.8 was defined

as good concordance.

To delineate MTV for CI analysis, both fixed relative and fixed absolute
thresholds were used, too. Percentages of 10%, 20%, 30%, 40%, 50%, 60%, and 70%
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of maximum SUV of the esophageal tumor were used as thresholds for the fixed
absolute threshold method, and SUVs of 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, and 6.0
were used as thresholds for the fixed absolute threshold method. In some patients,
MTV could not be determined for a low threshold, primarily due to diffuse
background hypermetabolism of the esophagus. The threshold that had the highest
Cl for a particular patient was defined as the optimal threshold for the patient. The
threshold that produced the highest CI for each patient and the highest CI of each
patient from a certain threshold method were verified to determine if there were any
correlations with other covariates by linear regression and by the Kruskal-Wallis
rank sum test, as with the previous analysis. The CV was also calculated using the

optimal threshold values.

Linear approximation to find the SUV threshold that would allow MTV to
have the same volumetric properties as GTV was used in other studies [10, 11].
Therefore, we compared the results from the CI analysis and linear approximation.
For each patient and the fixed relative and absolute threshold methods, a threshold
that would make the longitudinal length of MTV to that of GTV was calculated by
linear approximation, using the mentioned thresholds and corresponding
longitudinal length of MTV. If longitudinal length of MTV was measured at the same
multiple thresholds, the average values of these thresholds were used for
approximation. Extrapolation derived from the closest values was applied when the
resulting threshold was not expected to be between the mentioned thresholds. Figure
2 illustrates an example of linear approximation. The CV was calculated from the

8



optimal threshold values obtained from the CI analysis and linear approximation, to
compare the consistency of the results. All statistical analyses were performed using

R 3.6.0 (The R Foundation for Statistical Computing, Vienna, Austria).

21
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Figure 1. Example of a concordance index (CI) calculation. Radiopaque fiducial
markers are visible on the simulation CT scan (white arrow), and the gross tumor
volume (GTV) (red line, A) was delineated based on these markers. Metabolic tumor
volume (MTV) (magenta line, B) was delineated based on hypermetabolic uptake on
a PET scan. The intersection of GTV and MTV was determined (cyan line). The CI

was defined as the ratio of longitudinal lengths of the intersection of two volumes

(C) and longitudinal lengths of the union of two volumes (D).
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Figure 2. An example of linear approximation. Blue dots represent acquired
longitudinal length of metabolic tumor volume (MTV) according to each threshold.
Linear approximation was done between these points (blue dashed lines). In this case,
the longitudinal length of gross tumor volume (GTV) was 7.5 ¢m, and the linear
approximation shows that the corresponding threshold was 0.15 (15%). Thus, the
optimal threshold for this patient was 15% by linear approximation. If the
longitudinal length of MTV was measured in multiple thresholds (orange dots), the
average values of these thresholds were used for approximation (blue diamonds).
When the resulting threshold was not expected to be in between the mentioned
thresholds, extrapolation derived from closest values was applied (green dashed

lines).

11



[=)] 0 M~ [N=]

(wd) AL J0 ya8us| |euipniiSuoT

S| =

0.5 0.6 0.7 0.8

0.4

0.3

0.2

0.1

Threshold (fixed relative)

12



RESULTS

1. Patient characteristics

The characteristics of the nine patients included in this study are
summarized in the left columns of Table 1. Seven patients were male and two were
female. All but one patient was > 60 years. The range of T stages for the esophageal
primary lesion was Tlb to T3. Five patients had suspected or pathologically
confirmed lymph node metastasis. The borders of the cervical and the upper, middle,
and lower thoracic cancer were the thoracic inlet, the azygos vein, and the inferior
pulmonary veins, respectively. Two patients had cervical esophageal lesions, three
had upper thoracic, two had middle thoracic, and two had lower thoracic lesions.
Three patients underwent the simulation CT scan in the supine position, due to the
superior location of their esophageal lesions, as stated before. The range of
endoscopically defined GTV was 0.9 to 8.0 cm, and the average was 4.7 cm. The
range of maximum SUV from the PET scan for each patient was 7.1 to 28.6, and the

average was 16.2.
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Table 1. Patient characteristics and threshold corresponding to the gross tumor volume (GTV) borders

Position at

Longitudinal

Fixed relative

Fixed absolute

Patient Age at T LN Disease simulation leneth of Maximum __threshold method threshold method
number diagnosis  stage metastasis location CT GT\% (cm) SUV Superior  Inferior  Superior Inferior
border border border border
Middle Arm o o
1 M 52 T3 + thoracic abducted 7.5 26.5 10% 16% 2.8 4.6
2 F 69 T1b - Cervical Supinef 3.0 10.6 27% 70% 29 7.4
3 M 74 T2 - ﬂ[ﬁgz;c Supine 2.4 13.6 24% 53% 33 73
Upper Arm o o
4 M 71 T1b - thoracic  abducted 3.0 6.5 59% 36% 3.8 24
Lower Arm o o
5 M 67 T3 + thoracic abducted 8.1 13.0 51% 69% 6.7 9.0
Middle Arm N o
6 M 74 T3 + thoracic  abducted 7.2 28.6 13% 8% 3.7 2.5
Upper Arm o o
7 M 80 Tlb - thoracic  abducted 0.9 7.1 84% 80% 6.0 5.7
8 F 66 T2 + Cervical Supine 5.7 23.6 7% 11% 1.7 2.8
9 M 79 T3 + Lower Arm 45 16.4 16% 44% 2.7 73
thoracic abducted ’ ’ ’ ’

Abbreviations: LN — lymph node, GTV — gross tumor volume, SUV — standardized uptake value.

" The patients had a PET scan in the supine position.

14



2. Thresholds corresponding to the GTV borders

The thresholds corresponding to the superior and inferior GTV borders are
summarized in the right columns of Table 1. The median threshold value for the fixed
relative threshold method was 24% for the superior border, and 44% for the inferior
border. The median threshold value of all threshold values was 32%. No significant
difference was observed in the threshold values by location (p = 0.159). The median
threshold value using the fixed absolute threshold method was 3.3 for superior
borders and 5.7 for inferior borders. The median threshold value of all threshold
values was 3.8. No significant difference in the threshold value was observed by
location (p = 0.061). The distribution of the threshold values is summarized in Figure
3. The CV was 0.781 for every threshold value from the fixed relative threshold
method, and it was 0.400 for the fixed absolute threshold method. Thus, the fixed

absolute threshold method showed more consistent results.

Several thresholds for delineating MTV for esophageal cancer have been
suggested, and a fixed absolute threshold of SUV 2.5 is one of them [12]. All but
two superior and inferior GTV borders were included by MTV with a SUV threshold
of 2.5. Threshold values from the patients with a maximum SUV > 20 had a tendency
to be closer to 2.5. The median threshold of patients with a maximum SUV > 20 was
2.8, while the median threshold of the others was 3.6. Nevertheless, no significant
difference was observed between threshold values with a maximum SUV of 20 (p =

0.069).

15



Linear regression was performed for the fixed relative and absolute
thresholds to check the correlation between the threshold values and the continuous
covariates, which were the longitudinal length of GTV and the maximum SUV.
Figure 4 illustrates dot plots from these analyses, and a significant linear regression
model was constructed for the fixed absolute thresholds and both continuous
covariates. Significant differences in fixed relative thresholds were observed by T
stage (p = 0.038), lymph node positivity (p = 0.011), and location of the tumor (p =
0.044). No significant difference in the fixed absolute thresholds or these covariates

were found.

16



Figure 3. Histogram of (A) fixed relative threshold, (B) fixed absolute threshold corresponding to the gross tumor volume
(GTV) borders.

(A)

4;

(B)

= =
= 2 =
(=] o
o o Location
[ Superior
2- | Inferior
1-
0- 0-
00 01 02 03 04 05 06 07 08 09 1 2 3 4 5 & 7 & a8
Relative Threshold Absolute Threshold
17

A& )8t i

SECRIL WATCLAL |IMMVERSTY




Figure 4. Dot plot of (A) fixed relative thresholds corresponding to the gross tumor
volume (GTV) borders and GTV longitudinal length, (B) fixed relative thresholds
and the maximum standardized uptake value (SUV), (C) fixed absolute thresholds
and longitudinal length of GTV, (D) fixed absolute thresholds and maximum SUV.

A significant linear regression model was constructed in plots (A) and (B).

(A)

=

08

o

o

Fixed relative threshold comesponding to the borders
Fixed relative threshold comesponding to the borders

2 y =-0.056x + 0.641
o
o
~ o
= o o0
5 o°
T T T T T T T T
1 2 3 4 5 6 7 8
(C) Longitudinal length of GTV
0 0
3 3
2 @ 2 °
2 2
2 ®7 2 ©7
@ o © o @ o a -]
] ]
g & ‘
8 8
] ]
S o S o
g | £ -
s o o s o o
= ° s °
s o o o 5° s @ o ] °o
2 o ¢ 2 «4°
s ° s °
2 T T T T T T T T 2 T T T T
= 1 z 3 4 5 6 7 8 U 10 15 20 25
Longitudinal length of GTV Maximum SUV

18



3. Concordance index analysis

The calculated CIs of endoscopically defined GTV and PET-based MTV
defined by the fixed relative threshold are summarized in Table 2 and Figure 5A.
The highest median CI was 0.850 with a threshold of 10%, but MTV was only
delineated in three patients using this threshold, as background hypermetabolism
was too high to determine MTV with the low threshold in the other six patients. All
three patients had a maximum SUV > 20. Seven patients had their optimal relative
threshold as their lowest relative threshold that MTV could be delineated, and the
range of their optimal threshold was 10% to 40%. Five of nine patients had their
highest CI > 0.8, indicating good concordance between GTV and optimal MTV

regardless of the threshold value.

Linear regression was performed for the highest CI and the optimal
thresholds from each patient to check the correlation between these values and the
continuous covariates. Figure 6 illustrates dot plots and a significant linear regression
model. A significant correlation was found only between the optimal threshold of
each patient and maximum SUYV, indicating that the lower fixed relative threshold
would be suitable for patients with a higher maximum SUV. No significant
differences were observed in the highest CI or optimal threshold by T stage, lymph

node positivity, or location of the tumor.

The calculated CIs of GTV and MTV defined by the fixed absolute

threshold are summarized in Table 3 and Figure 5B. The highest median CI was

19



0.794 with a threshold of 3.0, and three patients had their optimal MTV with this
threshold. Four patients achieved a CI > 0.8 with a threshold of 3.0. Six of the nine
patients had their highest CI > 0.8, indicating good concordance between GTV and
optimal MTV regardless of the threshold value. All but one patient had an optimal
threshold > 3.0, indicating that although only three patients had their optimal MTV
with this threshold, a threshold with a SUV of 3.0 could cover the optimal MTV of

eight of the nine patients.

Linear regression was performed to check the correlations, and Figure 7
illustrates the results. No significant correlation was detected for the longitudinal
length of GTV or maximum SUV. Also, no significant differences were observed in
the highest CI or the optimal threshold by T stage, lymph node positivity, or location

of the tumor.
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Table 2. Calculated concordance indices for the fixed relative threshold method and

adaptive method

Patient Threshold relative to maximum SUV

number 10% 20% 30% 40% 50% 60% 70%

1 0.862 0.840 0.760 0.720 0.720 0.680  0.640
2 : : 0.692 0.545 0.600 0.500  0.500
3 ) 0.667 0.600 0.556 0.556 0.500  0.500
4 : : : 0.900 0.700 0.700  0.500
5 : 0.771 0.871 0.931 0.964 0.963 0.778
6 0.733 0.667 0.583 0.542 0.500 0.458  0.458
7 : : : 0.500 0.600 1.000  1.000
8 0.850 0.737 0.737 0.632 0.579 0.579  0.263
9 i 0.765 0.688 0.733 0.600 0.600  0.467

Median 0.850 0.751 0.692 0.632 0.600 0.600 0.500

* Metabolic tumor volume could not be delineated as hypermetabolic uptake

background was higher than the threshold.

The highest concordance indices of each patient for fixed relative threshold method

are underlined.

Abbreviations: SUV — standardized uptake value.
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Table 3. Calculated concordance indices for the fixed absolute threshold method

. Absolute SUV value of the threshold
Patient

number 20

2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

1 0.500 0.658 0.828 0.852 0.846 0.846 0.840 0.840 0.840

2 * 0.358 0.600 0.583 0.636 0.545 0.545 0.600 0.600
3 * 0.421 0.636 0.545 0.600 0.600 0.500 0.556 0.556
4 ’ 0.818 0.900 0.700 0.600 0.500 0.500 0.500 0.200

5 0.643 0.771 0.794 0.818 0.871 0.931 0.931 0.964 0.964
6 0.522 0.667 0.821 0.815 0.792 0.667 0.667 0.667 0.667

7 : 0.300 0.600 0.600 1.000 1.000 1.000 1.000 0.667

8 0.750 0.850 0.842 0.842 0.789 0.789 0.737 0.737 0.737

9 : 0.600 0.684 0.750 0.750 0.688 0.688 0.733 0.733

Median 0.582 0.658 0.794 0.750 0.789 0.688 0.688 0.733 0.667

* Metabolic tumor volume could not be delineated as background hypermetabolic

uptake was higher than the threshold.
Highest concordance indices of each patient are underlined.

Abbreviations: SUV — standardized uptake value.
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Figure 5. Box plot of concordance indices from the (A) fixed relative threshold analysis, (B) the fixed absolute threshold

analysis.
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Figure 6. Dot plot of (A) highest concordance index (CI) of each patient from the
fixed relative threshold method and longitudinal length of gross tumor volume
(GTV), (B) highest CI and maximum standardized uptake value (SUV), (C) potential
optimal threshold of each patient from the fixed relative threshold method and
longitudinal length of GTV, (D) optimal threshold and maximum SUV. A significant

linear regression model was constructed in plot (D).
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Figure 7. Dot plot of (A) highest concordance index (CI) of each patient from the

fixed absolute threshold method and longitudinal length of gross tumor volume

(GTV), (B) highest CI and maximum standardized uptake value (SUV), (C) potential

optimal threshold of each patient from the fixed absolute threshold method and

longitudinal length of GTV, (D) optimal threshold and maximum SUV.
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4. Comparison of CI analysis and linear approximation

Optimal thresholds for each patient obtained by both threshold methods
based on CI are summarized in the left column of Table 4. The CV was lower for the
fixed absolute threshold method, indicating that this method produced more
consistent results than the fixed relative threshold method. Optimal thresholds for
each patient based on linear approximation are summarized in the right column of
Table 4, and the results were generally similar with the CI analysis. Both the CI
analysis and linear approximation determined a median optimal threshold from the
fixed absolute threshold method of 3.5, while the median optimal threshold from the
fixed relative threshold method was slightly different. The CV was lower for the
fixed absolute threshold method than that for the fixed relative threshold method in

the linear approximation.
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Table 4. Comparisons of different methods to obtain the optimal threshold

Optimal threshold obtained based Optimal threshold obtained based

on concordance index on linear approximation
Patient
number  Fixed relative  Fixed absolute  Fixed relative  Fixed absolute
threshold threshold threshold threshold
method method method method
1 10% 3.5 15% 3.5
2 30% 4.0 34% 34
3 20% 3.0 30% 4.25
4 40% 3.0 35% 2.5
5 50% 5.75 55% 6.5
6 10% 3.0 13.3% 3.58
7 65% 4.75 65% 4.75
8 10% 2.5 7.5% 2.4
9 20% 3.75 20% 3.38
Median 20.0% 3.5 30% 3.5
Average 28.3% 3.69 30.5% 3.81
SD 0.197 1.021 0.194 1.251
Ccv 0.695 0.276 0.634 0.329

Abbreviations: SD — standard deviation, CV — coefficient of variation
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DISCUSSION

PET/CT has been integrated into RT planning and utilized by many
clinicians. As superficial tumors often cannot be detected by PET [8], PET-based
tumor borders may not be accurate if the tumor tends to spread superficially. Konski
etal. compared the lengths of esophageal primary tumors measured by CT scan, PET,
and endoscopic ultrasonography and found no significant difference between tumor
lengths measured by PET and endoscopic ultrasonography, while tumor lengths
measured by CT scan were significantly longer than those measured by PET [12].
This previous study revealed the superiority of implementing PET/CT to delineate
GTYV, but the analysis was only based on measured tumor length, and no actual
geometric comparison of hypermetabolism appeared on PET/CT, which is different

from the current study.

The delineation of MTV has been studied primarily in lung cancer, and
various segmentation methods and cut-off values for thresholds have been used [13].
An early study by Erdi et al. showed that a fixed relative threshold of 36-44% was
well-correlated with lung lesion volumes >4 mL [14]. Also, Yu et al. examined PET
images and lobectomy specimens of 15 non-small-cell lung cancer patients, and
proposed that a relative threshold of 31% and an absolute threshold of 3.0 would be
appropriate to define the target volume [10]. Previous studies on esophageal cancer

used similar absolute cut-off SUV values to distinguish benign lesions from
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malignant lesions. Konski et al. used a SUV of 2.5 to determine the extent of
esophageal tumors by PET [12]. We propose that a fixed absolute threshold of SUV
2.5 is sufficient to set MTV, and this is consistent with other reports that proposed
SUV thresholds of 2.5-3.0 [10, 15]. The current study also shows that not every
lesion had a threshold corresponding to the borders close to a SUV of 2.5. This result
is consistent with the report of Biehl et al. which concluded that no single threshold
could be determined to define lung lesion volume, compared with GTV based on a
CT scan [11]. We propose that esophageal lesions with a maximum SUV > 20 are
more suitable for MTV with a threshold SUV of 2.5. More studies are needed to

suggest a feasible threshold for every esophageal tumor.

Endoscopy is widely accepted as useful tool to access esophageal tumors,
particularly those with superficial spread. Previous studies have shown that placing
fiducial markers can be very helpful to interpret endoscopic findings for volume
delineation [5, 6]. In this present study, GTV was delineated solely based on the
location of fiducial markers appearing on the simulation CT scan, and various MTV
delineation methods were compared with this endoscopically defined GTV. These
methods are based on the assumption that a fiducial marker placed by endoscopy
accurately reflects mucosal spread of an esophageal tumor, as the above-mentioned
study stated. Geometric differences in MTV and GTV were analyzed using fiducial
markers, and the result showed discordance between GTV based on the endoscopic

fiducial markers and MTV in some patients.
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Contrary to previous studies from other groups, endoscopic hemoclips,
which are used for hemostasis, were used as fiducial markers in the present study.
Hemoclips are useful as fiducial markers because they are readily available in many
medical centers. When the simulation CT scan was conducted after placing the
hemoclips while maintaining nil per os, the hemoclips were stable enough to locate
the esophageal tumors on the simulation CT scan. As most gastroenterologists are
familiar with hemoclips, we expect that this procedure could be accurately
performed to locate esophageal tumors. Nevertheless, there is no previous
confirmation for hemoclips to be as precise as dedicated fiducial marker. Also, no
validation for how exactly translate the appearance of hemoclips in simulation CT to
target volume has been made, and there is no standard for the process. The hemoclips
as fiducial markers on the CT scan usually appeared on three or four axial planes
with an axial cut thickness of 3.0 mm, and this could add inconsistency of GTV
delineation. Furthermore, hemoclips were not stable enough for the pathologic
examination, as no hemoclip was left in a surgical specimen in the present study,
contrary to dedicated fiducial markers [16]. These potential concerns about

hemoclips require further examinations.

The concept of a CI is mostly used for volumetric comparisons in radiation
oncology. As mentioned in a previous section, it is a measure of the overlap of
different volumes. A CI of 1 means the structures are perfectly overlapped, while 0
means no overlap is present [9]. In this study, the measured volumes of the structures
were substituted by the longitudinal length of the volumes, considering the patterns
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of local spread of esophageal tumors and the different delineation principles applied
to GTV and MTV. As previously stated, CI analysis and the longitudinal length of
the volumes produced similar results with linear approximation, which was used in
previous studies. Compared with linear approximation, which only considers
longitudinal length of tumor volumes, the CI analysis included the actual location
and relationship of the tumor volumes. A low CI means discordance between two
structures, but does not indicate why this discordance happens, which is a
shortcoming of the CI. Thus, the CI value is useful to compare the amount of
concordance but may have limited clinical implications. Also, there is no CI limit
that is generally agreed to be clinically significant. In this study, a CI > 0.8 was
defined as good concordance, and a CI of 0.8 means there was an overestimate or an
underestimate as large as 20% for the union of two longitudinal lengths, though this

definition of good concordance based on CI is arbitrary.

Both CI analysis and linear approximation resulted in median optimal
absolute threshold of 3.5. In finding MTV thresholds corresponding to the borders
of GTV, we proposed that fixed absolute threshold of SUV 2.5 would encompass
most of GTV borders, and we also emphasized that this result is consistent with some
previous studies. SUV 3.5 had better result for making MTV to resemble
endoscopically defined GTV, as showed in CI analysis and linear approximation,
which are primarily volume comparisons. Though in treatment perspective, not
missing the actual tumor is important for determination of target volumes. Therefore,
SUV 2.5 would be more clinically relevant for delineation purpose.
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Although there is a study which showed pathologic tumor spread and
borders defined by dedicated fiducial markers were correlated well [6], and the
current study was based on the assumption derived from the previous study, no
confirmation for using hemoclips as fiducial markers has been made. Direct
comparison of pathologic features of resected tumor and tumor borders defined by
hemoclips is not feasible, due to low stability of hemoclips. Instead, constructing a
validation cohort consists of new or previously excluded patients, or checking failure
patterns of patients who had radiotherapy plan based on target volumes defined by
hemoclips may be helpful to confirm the conclusion of the present study. Also, to
identify how using hemoclips as fiducial markers can affect the actual planning
process, calculating inter- or intra-observer variability from GTV without fiducial

marker and GTV with hemoclips as fiducial markers would be feasible.

The present study had some limitations. This study was conducted
retrospectively and PET/CT scans were not intended to be fused with a simulation
CT scan. Therefore, geographic differences existed between PET scan and
simulation CT scan and could have influenced the analyses. The longitudinal
resolution of the simulation CT scan was too low to have sufficient accuracy for the
longitudinal length comparisons. The current study was based on assumption that
PET scan and endoscopy would represent pathologic GTV, but subclinical disease
or regional metastasis can also influence hypermetabolism on PET scan. The patients
in this study might be less representative due to the small number of patients.
Nevertheless, this study hypothesized that integrating the placement of endoscopic
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fiducial markers was helpful to delineate esophageal GTV.

In conclusion, the fixed absolute threshold method resulted in more
consistent threshold values than the fixed relative threshold method, and the fixed
relative threshold method tended to be more influenced by other properties of the
tumor. A SUV of 2.5, which was validated in previous studies, allowed the MTV to
include all but two borders of the GTV, but thresholds corresponding to the GTV
borders tended to be higher for esophageal tumors with maximum SUVs < 20. We
proposed that a SUV of 2.5 is more suitable for esophageal lesions with a maximum
SUV of 20. Some discordance between PET-based MTV and endoscopy-based GTV
was detected by the CI analysis, and integrating endoscopic features by using fiducial
markers may be useful for the correction. Additional studies with a larger patient

population and various other MTV delineation methods are warranted.
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