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Introduction

The function formulation to estimate the most appropriate percentage value of maximum Standardized
uptake value as a threshold for automatic lesion delineation in PET/CT exam considering lesion to
background ratio and the lesion volume determined by computed tomography ""CT"" tissue segmentation
software was investigated. The phantom consists of two parts: a hollow cylinder of a diameter (18.6 cm),
length (21.6 cm), and multiple spheres. The sphere assembly contains 4 spheres of different volumes. The
phantom was filled with water containing 18F-Fluorodeoxyglucose (18F-FDG) forming the sphere versus
background activity concentration (unCi/ml) ratios 3:1, 5:1, 8:1, 10:1, 12:1, 14:1 and15:1. For each scan,
the sphere set is aligned in the center of the field of view ""FOV'" and the time per bed position is similar
to that of the routine work 3min. Graphs were plotted of standardized uptake value threshold versus
lesion-size at different sphere/background ratio using MS Excel. There was a logarithmic decrease in
threshold with an increase in lesion size. The most appropriate SUV threshold for each lesion at different
lesion/background was estimated from the plotted graphs. Four tests namely, (5:1, 8:1, 12:1 and 15:1)
were used to generate a 3D general function to estimate threshold using the contrast ratio and lesion
volume as inputs and the other three tests (3:1, 10:1 and 14:1) were used for the function validation. The
Normalized mean square error (NMSE) is used to measure the convergence between estimated and
measured data set. The created logarithmic functions offer an easy and simple way to estimate the
percentage value of SUV max as a threshold using the lesion/background ratio and sphere volume(or
Diameter) from CT images as inputs to be used for lesion delineation and volume determination in PET
images that were verified and the NMSE=6.2. It could be concluded that the created formula is useful
and easy to estimate the most appropriate SUV threshold for automatically definite lesion volume.
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supported when combining computed tomography
with PET in one scanner. PET/CT allows

F18-FDG is glucose analog and it is the most
widely used radiopharmaceutical in positron
emission tomography (PET). F18-FDG uptake in
the tissue cells reflects the activity of this tissue.
Cancer cells need more glucose than normal cells,
and this is obviously demonstrated in the PET
scanning [1]. The location and activity of any
lesion can be determined and this helps in case
management. The lesion location determination is

determination of metabolic tumor volume (MTV)
and consequently total lesion glycolysis (TLG) [2].
TLG has a significant predictive value in oncology
since it reflects the change in status and response
to treatment [3], [4]. Also for appropriate detection
of gross tumor volume (GTV), the PET images are
used in radiotherapy planning [5]. The metabolism
inhomogeneity in some tumor shown by PET
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images directs the oncologist to give the accurate
dose to the patient according to the lesion activity
[6].Currently, the tumor is delineated either by
observation or guided by CT which is variable
according to personal experience [7]-[8]. The
relatively low spatial resolution of PET and noise
contribution  results in ill-defined lesion
boundaries. Many studies on automatic lesion
delineation using percentage value of maximum
standardized uptake value (SUV max) were
conducted in an attempt to obtain an optimum
threshold for appropriate lesion delineation and the
most commonly used thresholds are 40% or 50%
of SUV max within the volume of interest [2], [9].
Other automatic PET delineation methods include
contrast-oriented  [10], gradient-based  [11],
adaptive thresholding [9], background-subtracted
relative-threshold level [12] and statistical
modeling (FLAB) [13] and their performance have
been compared in several studies [15]-[16]. In the
present study, standard hollow spheres with well-
known volume were used to accurately determine
the optimum percentage of SUVmax as a threshold
for lesions delineation considering the contrast
ratio.

Materials and Methods

Phantom study

The phantom images were acquired using a
dedicated PET-CT scanner Ingenuity TF 64
(Philips Healthcare, Cleveland, OH, USA). This
scanner combines a modular, LYSO-based PET
component with a 64-channel CT component. The
phantom consists of two parts: a hollow cylinder of
a diameter (18.6 cm) and length (21.6 cm), and
multiple spheres. The sphere assembly contains six
spheres of varying volume ranging from 0.5 mL to
16 mL (i.e., 0.5,1, 2, 4, 8 and 16 mL) and internal
diameters ranging from 9.9mm to 31.2mm (i.e.
9.9, 12.4, 15.6, 19.7,24.8 and 31.2 mm) .The
spheres with volume 0.5 mL (9.9mm diameter)
and 1 mL (12.4mm diameter ) are excluded from
this study.

Phantom preparation and scanning

The phantom was filled with a mixture of water
and 18F-FDG to make the sphere versus
background activity concentration (uCi/ml) ratios
as 3:1, 5:1, 8:1, 10:1, 12:1, 14:1 and 15:1. In each
experience and at each time, the spheres are placed
accurately in the center of FOV. The Phantom was
scanned with the routinely used protocol and the
time/ bed position set to be 3 min.
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Data analysis

The Sphere volumes were delineated automatically
using various thresholds as, 30 %, 40%, 50%,
60%, 70% and 80% (percentage of maximum
SUV). This was carried out for every lesion
volume in the different seven concentration
experiments as mentioned above.

Graphs of the threshold versus lesion-volume for
each sphere/background ratio using MS Excel
function are plotted as in Figures (2, 4). The
functions represent the relationship between the
threshold values and the lesion sizes are listed in
Tables asin (1, 2, 3, 4, 6, 7 and 8).

Computed tomography image segmentation

As the medical imaging technology has seen a
tremendous growth, there are a number of methods
available as well as images generated daily in
health care. The difference in these images due to
different parts of the body through various
methods have been satisfactorily analyzed in
different need to develop a sophisticated and
effective image makes the development of
sophisticated and effective image segmentation
techniques. In the study, the lesion volume was
calculated using the image segmentation tools
impeded in the manufacturer processing program
as shown in Fig. (1).

Function formulation

For each lesion volume in contrast ratios 5:1,
8:1,12:1 and 15:1, the sphere SUV max and
the background SUV mean were measured,
then the ratio was calculated (lesion/
background).

The curve of each sphere indicates best threshold
through which a result of lesion size closer to the
known one was calculated. The different lesion
volumes on different contrast ratios, the measured
ratios, and the thresholds were then listed in Table
(5). Then MS-Excel was used to draw a
relationship between contrast ratio, sphere volume
and threshold as shown in Fig. (3). The data form
showed clearly that the relationship is logarithmic
and then a commercially available Excel adds-ins
called ThredDify was used to generate a 3D form
to estimate the lesion threshold considering the
contrast ratio and lesion volume as inputs in
Eq.(18):

z=87.7 + In(x"1*3xy~59) Eq.18
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Fig. (1): (a) the segmented lesion and its volume, (b) the 3D rendering and the anatomical lesion site

Function validation

For the other three tests, 3:1, 10:1 and 14:1, the
appropriate threshold and the contrast ratios were
measured in the same way as previously
mentioned in other experiments. In addition, the
measured contrast ratios and the well-known lesion
volumes were used to get the estimated threshold
using Eqg. (18). The measured and calculated
thresholds, are listed in Table (9). Normalized
Mean Square Error (NMSE) (Eq.1) used to
A group of routine cases was randomly selected.
For each lesion, a region of interest (ROI) in CT in
the 2D image was used to calculate the lesion
Hounsfield Unit (HU). This value was used as a
threshold in the tissue segmentation tool to extract
the lesion from the rested part of the body and then
calculate the lesion volume.

For the same lesion, the Lesion/Background was
calculated, using the PET images, by measuring
the SUV max for the lesion and the mean SUV
(SUV mean) for the background. This value
(lesion/background) was used in addition to the
lesion volume to calculate the most appropriate
threshold by substitution in the formulated
function. When using this threshold for lesion
delineation, as a result, the lesion volume in PET
can be obtained and then compared to that from the
tissue segmentation of CT images to verify the
result.

Results

Function generation

Figure (2) displays the relation between the
threshold and sphere volume at contrast ratio 5:1,

measure and validate the convergence between the
measured and data generated from the proposed
equation.

NMSE = 100 x /w 1)

Where X, is the measured data and X. is the
estimated data

Clinical applications

8:1, 12:1 and 15:1 and the trend line equations are
listed in Tables (1-4).

The most appropriate threshold for every lesion
volume is calculated from its relative trend line
equation and tabulated in Table (5)

A logarithmic data fit using Three Dify Excel add-
ins was performed which resulted in the
formulation of the following equation

z=87.7 +In(x 143xy=59) Eq.18
Where x is the contrast ratio, y is the sphere
volume and z is the percentage of maximum SUV

Knowing that, Sphere volume = gnr3,
Diameter (D) =2r The Eq.18 Can be reformulated
as follows using Diameter instead of volume:

z =91.3 —14.3In(x)- 17.7In (D) Eq.19
Where X is the contrast ratio and D is the sphere
Diameter

Function validation
For function validation concentration ratios 3:1,
10:1 and 14:1 were used as in the same way for
function formation and the relative graphs are
illustrated in Fig. (4)

Arab J. Nucl. Sci. & Applic. Vol. 52, No. 2 (2019)
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Fig. (2): The relation between threshold and sphere volume at contrast ratio (a) contrast ratio 5:1, (b) 8:1 ,(c) 12:1 and (d)
15:1 used for function formation

TABLE (1): SET OF FUNCTIONS RELATING THRESHOLD AND SPHERE VOLUME AT CONTRAST RATIO5TO 1

Sphere Contrast ratio 5:1 R? Equation No.
Volume(mL)
2 y = —3.44ln(x) + 15.79 0.98 ()
4 y = —4.7In(x) + 22.5 0.99 3)
8 y = —12.2In(x) + 56.42 0.99 4)
16 y = —19.1In(x) + 90.98 0.99 (5)

TABLE (2): SET OF FUNCTIONS RELATING THRESHOLD AND SPHERE VOLUME AT CONTRAST RATIO 8 TO 1

Sphere Contrast ratio 8:1 R? Equation No.
Volume(mL)
2 y =—3.42In(x) + 15.03 | 0.98 (6)
4 y = —5.181In(x) + 2342 | 0.98 7)
8 y =—-9.23In(x) +43.03 | 0.99 (8)
16 y = —15.41In(x) + 74.06 0.99 9

Arab J. Nucl. Sci. & Applic. Vol. 52, No. 2 (2019)



173

ESTIMATION OF THE MOST APPROPRIATE....

TABLE (1): SET OF FUNCTIONS RELATING THRESHOLD AND SPHERE VOLUME AT CONTRAST RATIO 12 TO 1

Sphere Contrast ratio 12:1 R? Equation No.
Volume(mL)
2 y =—411In(x) + 17.6 0.98 (10)
4 y = —5.741In(x) + 25.49 0.97 (11)
8 y = —8.89In(x) + 40.9 0.99 (12)
16 y = —14.31In(x) + 69 0.99 (13)

TABLE (2): SET OF FUNCTIONS RELATING THRESHOLD AND SPHERE VOLUME AT CONTRAST RATIO 15 TO 1

Sphere 15:1 R? Equation No.
Volume(mL)
2 y =—2.74In(x) + 12.36 0.98 (14)
4 y =—4.31In(x) + 19.9 0.99 (15)
8 y=—-737In(x) + 3499 | 0.99 (16)
16 y = —12.601In(x) + 62.02 0.99 (17)

Table (3): Most appropriate threshold values at different contrast ratios and sphere volumes

Contrast Ratio Volume(cm®) Lesion/Background Best threshold
(% of SUVmax)

2 3.395 54
o 51 4 3.913 52

3 8 4.098 51.5
> 16 4.506 51
S 2 6.296 45
s} - 4 6.814 44
S | 8 6.889 44
3 16 6.778 43
— 2 10.574 43
4 10.669 42
12:1 8 10.909 40
16 11.148 39

2 11.607 41.5
4 13.25 40
e 8 13.178 39
16 13.321 38
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Figure (4) the relation between threshold and sphere volume at contrast ratio (a) 3:1, (b) 10:1 and (c) 14:1

used for function validation
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TABLE (4): SET OF FUNCTIONS RELATING THRESHOLD AND SPHERE VOLUME AT CONTRAST RATIO 3 TO 1

Sphere 31 R? Equation No.
Volume(mL)
2 y = -6.58In(x) + 29.55 0.92 (20)
4 y = -7.01In(x) + 31.75 0.97 (21)
8 y = -14.3In(x) + 65.69 0.98 (22)
16 y = -25.6In(x) + 119.4 0.99 (23)

TABLE (5): SET OF FUNCTIONS RELATING THRESHOLD AND SPHERE VOLUME AT CONTRAST RATIO 10 TO 1

Sphere 10:1 R? Equation No.
Volume(mL)
2 y = -3.14In(x) + 14.10 0.99 (24)
4 y = -5.54In(x) + 24.86 0.99 (25)
8 y = -9.35In(x) + 43.72 0.99 (26)
16 y = -14.4In(x) + 69.00 0.99 (27)

TABLE (6): SET OF FUNCTIONS RELATING THRESHOLD AND SPHERE VOLUME AT CONTRAST RATIO 14 T0 1

Sphere 14:1 R? Equation No.
VVolume(mL)
2 y = -2.93In(x) + 13.21 0.98 (28)
4 y = -5.74In(x) + 24.88 0.85 (29)
8 y = -8.10In(x) + 38.15 0.99 (30)
16 y = -13.8In(x) + 68.20 0.99 (31)

Arab J. Nucl. Sci. & Applic. Vol. 52, No. 2 (2019)
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TABLE (7): NORMALIZED ERRORS BETWEEN MEASURED AND ESTIMATED THRESHOLDS

Volume mL Measured Estimated threshold | Difference
threshold
3:1 2 59 67 13
4 59 63 6.7
- 8 57 59 3.5
5 16 49 55 12.2
% 10:1 2 47 50 6.3
< 4 45 46 2.2
3+
Q 8 45 42 6.6
IS5 16 40 38 5
§ 14:1 2 45 45 0
4 39 41 5
8 38 37 2
16 37 33 10

#pr ¥
For 47
3
e By
bin 20

Fig. (4): An example of lesion deleniation (a) CT image (b) PET image (c) Extracted lesion volume using segmentation and

Arab J. Nucl. Sci. & Applic. Vol. 52, No. 2 (2019)

its location
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TABLE (8): DIFFERENT LESION VOLUMES MEASURED IN PET USING ESTIMATED THRESHOLD COMPARED TO THEIR

VOLUMES MEASURED IN CT USING TISSUE SEGMENTATION TOOL AND THE ERROR

Case SUVmax SUVmean Ratio  Estimated CT PET ERROR
Number (background) threshold(@  of  volume(cm3)  Volume(cm3)

SUVmax
1 4.2 2 2.1 71 2.6 2.7 3.8
2 59 15 3.93 58 5.3 4.7 11.3
3 6.3 1.8 3.5 58 7.5 7.4 1.3
4 51 1 501 52 8.4 7 16.6
5 8 0.5 16 36 7 6.3 10
6 6.9 1.9 6.63 45 13.4 12.3 8.2
7 17 1.6 10.62 33 32.2 38 18
8 4.9 1.2 4 61 2.9 241 17
9 7.8 1 7.8 51 3.2 3.8 18.75
10 13 13 10 46 4.5 4.3 44
11 5.8 1.2 4 47 35 38.8 10
12 12 0.7 17.14 45 45 49 8.8
13 7.5 0.7 10.7 38 14.5 13.6 6.2
14 7.4 0.6 12.3 34 18.9 22.8 20.6
15 11 0.8 13.75 42 4.4 4.2 45
16 7.7 18 4.3 49 22 25.5 15
17 12 1.7 7.1 40 29.4 30.3 3
18 16.6 1 16.6 18 143 140 2.3
19 12.4 0.8 15.5 29 29 24.8 14

Arab J. Nucl. Sci. & Applic. Vol. 52, No. 2 (2019)
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The most appropriate threshold for every lesion
volume is calculated from its relative trend line
equation (equations 20 to 31 as illustrated in the
above Tables) and the estimated values using
equation (18) are given in Table( 9 )then
measuring the error between the estimated and
measured value to get the NMSE which is 6.2

Clinical application

Nineteen routine cases were selected, the size of
the tumor in the CT images was measured using
tissue segmentation tool. Then, the PET images
were selected to measure the lesion SUV max and
background SUV mean and put the value of
lesion/background in the constructed equation
form to get the threshold and finally determine the
lesion volume to compare it with that result from
CT as shown in Fig. (4).

Comparing the lesion volume in PET calculated
through threshold estimation to that in CT using
the tissue segmentation tool the NMSE=10.35

Discussions

The main objective of this study is to find a
general equation through which we can
automatically delineate lesions in PET/CT studies.
In the phantom study, the volume delineation
accuracy of the relative threshold method with the
SUV max was validated. In the clinical study, the
impact of the suggested method was verified using
the clinical FDG-PET/CT images of 19 patients
randomly chosen from routine works and the
lesion volumes in PET were compared to those
obtained from CT segmentation.

Lesion volume definition using PET images is
currently used in multiple applications. For
instance, delineated lesion volume is used for the
measurement of total lesion glycolysis and the
delineation of gross tumor volume for radiation
treatment planning [16,17].

Several volume delineation studies have been
devised to improve the delineation accuracy [18,
19, and 20].

When measuring lesion volume using a relative
threshold of SUV, the lesion delineation is
affected, to a large extent, by the definition of the
threshold. Therefore, many previous studies have
focused on finding the optimal threshold to make
these volume calculations [20, 21].

The optimal reported fixed threshold value that has
been reported was 40% [18,22].
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However, the fixed threshold value method has a
limitation. It is difficult to assess tumor volume,
SUV value, uniformity of SUV within the tumor
.Hence, individual threshold settings for the tumor
and reconstruction conditions are required to
achieve accurate tumor volume measurements
[18,19,21,23,24]. The current study suggests a
logarithmic equation that relate the threshold value
to the contrast ratio which means that the threshold
value will depend on the SUV level and its
background.

The proposed method in the current work on the
phantom study at different contrast ratios provides
a reliable tool to estimate the lesion threshold to
determine the lesion volume accurately. The
accuracy of this method increases with the
increase of the size of the tumor. There is a need
for more investigations for lesions sizes smaller
than 2cm® and those which are not clearly
separated from any tumor in around.

The attempt made here was to optimize the
threshold values that accurately segment a given
PET lesion when the volume is measured with CT.
A number of measurements were taken to ensure
an adequate coverage of the impact of PVE on
lesion size at relatively wide range of lesion to
background ratio (i.e contrast ratio). Then,
validation studies were conducted on different
contrast ratios to verify that the generated formula
(Eq.18) of the volume segmentation threshold is
valid. The error associated with using an adapted
threshold value was well below 10% (i.e.
NMSE=6.2) when the algorithm was used in
comparison to CT lesion volume. However, the
error in 19 clinical lesions was about 10%.

Limitation

The method under study was valid with some
limitations which need further research, these
limitations are:

1- There should be a clear gap between the lesion
and any nearby tumor.

2- The lesion volume should be > 2cm®

Conclusions

This study reveals that a logarithmic 3D equation
can be used to identify nearly accurate the optimal
threshold value with variable contrast ratio and
lesion volume in PET studies using 18F
Fluorodeoxyglucose. ~ The  defined volume
fluctuated in accordance with the SUV max level
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and the lesion background. Thus, the equation
containing lesion/background and lesion volume as
variables is important to get the optimum threshold
for lesion delineation. Using this method can
reduce the effect of inter observer variation when
measuring some quantifications such as total lesion
glycolsis (TLG) and growth tumor volume (GTV).
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