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Abstract

Evaluate the effect of lesion size and Sphere to Background Ratio (SBR) on the threshold used for PET tumor
volume delineation.

Evaluation the effect and the accuracy of Recovery Coefficient (RC) model on Standards Uptake Value (SUV)
of different inner size diameters filled with different activity concentration and apply this model on small cohort of
patients and construct Look Up Table (LUT) for different lesions with different sizes. A cylindrical phantom equipped
with different volume hollow spheres was used. Two different reconstruction algorithms were applied in this study;
one of them modified with Point Spread Function (PSF), the other did not based on PSF.

Partial volume effect (PVE) was highly dominant in low uptake spheres although it had large size i.e., not
only small size object affecting by PVE but also low activity concentration object. For true volume measurements,
practically TrueX algorithm was more accurate when activity measurements deal with true or measured volumes.

Also, the results showed using that phantom study had successfully provided a practical “Look Up Table” for
the partial volume correction of spherical lesions at maximum measured activity ratios that were typically noted in
human PET-CT imaging. The present study demonstrated that SBR did not have significant effect on the estimation
of volumes from PET images in the different SBRs. The only determining factor for the threshold for PET volume
estimation was the size of the sphere. Superior percent accuracy was shown for OSEM algorithm when applying RC
model to corrected SUV values and OSEM was more efficient and less error variation with respect to sphere volume,
but in case of uncorrected data, no remarkable difference between TrueX and OSEM algorithm had been observed.
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Background

The Positron Emission Tomography (PET) is increasingly used for
the diagnosis and management of several diseases, with fundamental
applications in oncology and radiotherapy (RT). Usually the PET
equipment is associated to a Computed Tomography (CT) scanner, to
allow an accurate correction of the photon attenuation in patient and
an easier anatomical localization of the areas of abnormal uptake of the
radiopharmaceuticals. The PET images interpretation in fact is based
on the knowledge of the radiopharmaceutical distribution in organs
and tissues of patient, and physicians often use quantitative information
extracted from images [1], such as the SUV (Standardized Uptake
Value) which calculated from:

activity concentration in tissue

SUV = 1

(injected activity / body size)

In order to perform a diagnosis, to compare individual cases with
the literature and to extract a Biological Target Volume (BTV) for RT
planning. For these reasons, particular importance should be given to
image quality and quantitative accuracy of PET/CT scans [1].

SUV is the semi-quantitative method most commonly to determine
FDG uptake in attenuated corrected pet images. With this technique,
the tumor FDG concentration is normalized to the amount of injected
activity and total volume of distribution. Numerous indices have been
used to represent the volume [2].

The measured radioactivity within the ROI is normalized to the

average radioactivity concentration in the body, which is approximated
as the injected dose divided by patient body size [3].

One of the main problems affecting SUV values is partial
volume effect which is a complex process affected by many factors
including tumor size and shape, background activity in surrounding
tissues, spatial resolution of the scanner, image sampling and voxel
size, and measurement method. Partial volume effect occurs when
radioactive counts from a source or focus “spill out” into a region that
is volumetrically larger in the reconstructed image than its physical
size. Each PET scanner has an intrinsic point spread function (PSF)
which is a profile of how much spread in a reconstructed image occurs
when imaging a point source in air. The width of this PSE, which is
characterized by measuring the full width at half maximum (FWHM),
is usually used as a measure of spatial resolution.

Aslong as objects of interest are greater than two times the FWHM,
the partial volume effects are not very significant. However, if the object
is less than two times the FWHM, a significant fraction of the counts
“spill out” of the reconstructed object.
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The spatial resolution in PET images is limited by the detector
design (by the pitch of the crystal in the axial direction, for instance)
and by the reconstruction process.

Partial Volume Effect (PVE) actually refers to two distinct
phenomena, Spillover effect is the first effect and image sample effect
(tissue fraction effect) the second effect that make intensity values in
images differ from what they ideally should be [4].

PVE depends on the lesion size, the intrinsic contrast between
lesion and background, and the aforementioned spatial resolution,
which derived from detectors characteristics, reconstruction methods
and smoothing filters used. Also the image sampling (i.e. voxelization)
produces PVE [1].

One of the methods used to make a correction to PVE at regional
level called RC which is the percentage underestimation of the uptake
measured in hollow spheres inserted in a cylindrical phantom [4].

Defining the region used to quantify tumor uptake done by several
different possibilities and SUV,  and SUV, were concerned.

The TrueX algorithm uses a scanner specific point spread function
which is incorporated into the system matrix, resulting in better
resolution and noise properties. In this work, the influence of different
SBRs, sphere sizes and advanced reconstruction algorithms on target
delineation were studied, i.e. the influence of these factors on the
threshold and on the activity in the delineated sphere volume was
examined in detail. Also we applied Recovery Coefficient (RC) model
to make a correction for partial volume effect physically and clinically
and show the accuracy of that model after applying and comparing the
results yielded of the two algorithms had been used.

Materials and Methods

1. The Jaszczak phantom (Data Spectrum corporation) consists
of a cylinderic shaped water-filled cavity with six hollow spherical
inserts with inner diameters of 9.9 mm, 12.4 mm, 15.6 mm, 19.7 mm,
24.8 mm, and 31.2 mm suspended by plastic rods. The BG volume of
the cavity was 6.9 liters (Figure 1).

2. These spheres were filled with an activity four times of the
background (BG), to give different sphere/background ratios (SBRs).
These SBRs was calculated from activity concentrations derived from
activity measurements in a dose calibrator at filling time. The BG activity
concentration was measured at ten ROIs with a diameter matching with
each sphere in the peripheral region of the phantom and the mean value
of all ROIs was considered as BG activity concentration or calculated

S (R 25 I

& )
-\__J’bT cr 3[,

FTCT 3D
'“'

activity measurement as set forth by the NEMA convention. Shown is a
transverse slice through the phantom, and the green ROl is for the 3 cm
hot sphere and the other colors ROls are for the background.

by dividing the sphere activity by the BG activity measured in the
reconstructed image [5].

3. The phantom was filled with an '®F solution of ~1.8 mCi
radioactivity and the duration of scanning was 5 min to obtain a
statistically reliable number of counts. The Siemens acquisition protocol
for whole body PET-CT acquisition with F'8 was used [6].

4. All measurements were performed on a Siemens Biograph
16 True Point PET/CT scanner (Siemens Medical Solutions), installed
at the Department of Nuclear Medicine at the Cancer Children
Hospital(CCH).

5.  Each measurement was reconstructed with two different
reconstruction algorithms available at the Siemens Syngo workstation
(Syngo MI workplace, 2008): Iterative Ordered Subsets Expectation
Maximization algorithm (3D-OSEM), Iterative TrueX (3D-OSEM+PSF)
algorithm.

6.  For the two reconstructions algorithm a Gaussian Filter with
5 mm FWHM was applied and a 168 x 168 Matrix was used. For the
two iterative reconstruction algorithms, 4 iterations and 8 subsets (i.e.,
Equivalent Iteration EI=32) were used (clinical standard reconstruction
algorithm for FDG PET images recommended by Siemens Medical
Solutions).

7.  Thestandards used by NEMA for image quality determination
were used to define the ROIs, Rosslyn et al.

8. Evaluation methods

The following quantities were investigated: Threshold and
Activity analysis which are described briefly in the following:

Threshold (TH): was determined as a percentage of the maximum
activity in a region of interest (ROI).

The threshold is defined by the minimum deviation between
measured and true volume and given as the percentage of the source
activity concentration [7].

The optimal threshold for defining the true sphere volume was
found by manually varying the threshold of the maximum activity and
increasing or decreasing the threshold until the true sphere volume
was reached. The mean threshold of the large sphere was calculated for
different SBRs and fitted using the function:

TH=a + b/SBR (2),

where a and b are fitting parameters, calculated by linear regression
(least square method) of the measured data on the inverse of the SBR.

Activity analysis

In this work the estimated activity is calculated by either the
maximum activity concentration or the mean activity concentration
measured from the image of the sphere, multiplied by the sphere
volume.

The maximum activity of the sphere was defined as the value in
the hottest voxel multiplied by the sphere volume. This method was
applied, since it is most common in clinical practice. The mean activity
in the sphere was calculated by summing up all voxel values in the
respective sphere volume.

The Recovery Coefficient (RC) was defined as the “apparent activity
concentration in the image divided by the true activity concentration”.
The calculation of RC was performed by dividing the measured activity
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by the true activity in the respective ROI. Since the maximum and the
mean activity were investigated, RC___and RC_ were studied.

Since RC represents a measure for the deviation from the true
activity, an explicit correction factor C was introduced for clinical
convenience such that the multiplication of the measured activity with
C results in the true activity. C is simply the inverse of RC and was
calculated for all SBRs, sphere sizes and reconstruction algorithms.

As recommended by the manufacturer when using the TrueX
algorithm, the mean activity approximates the true activity best. (RC
used instead of RC ) for TrueX.

mean

The correction factor C, which was introduced to reproduce the
true activity, can be calculated for every single reconstruction algorithm
using:

C =A * exp (B/sphere volume), (3)

algorithm

With the fitting parameters A and B [ml], derived from the
calculated data [8]

“Attenuation correction for phantom was performed by CT
transmission scan “

9.  The relationships between optimal threshold (%) and the
estimated SBRs for the two reconstruction techniques were plotted.

10.  The relationships between (RCmax & RCmean) and different
sphere volumes for the two reconstruction algorithms were plotted.

11.  The relationship between RC versus the measured maximal
activity ratios was plotted.

(Max pixel in hot sphere/average background pixel=maximal activity
ratios) (4) [9]

The relationships between correction factor C_ and C__  and
different sphere volumes for the two reconstruction techniques were

plotted [8].

12.  Relationship between the true volume and calculated volume
of the spheres was plotted [10].

Patient Studies

Analyzed whole body by "F-FDG PET-CT studies of small
cohort of patient imaging was done for primary staging or treatment
evaluation. We worked with different types of malignancies. Patients
were injected intravenously with 370-555 MBq (about 10-15 mCi)
E-FDG, depending on body weight and habits. Images were acquired
45-60 min after infusion. Patients fasted for at least 6 HRs before tracer
injection, although liberal water intake was encouraged.

SUYV calculations

Coronal images reconstructed with either 3D-OSEM or TrueX
were displayed simultaneously on the monitor.

A tumor lesion was defined as abnormal focal F-FDG uptake
above background level and outside of normal anatomic structures. The
SUV was calculated as follows:

Decay corrected activity (kEq )\ Tissus volume (mL) (5)

S50V =

Injectad activity(kfq)/Body weight (g)

An evaluate to the effect of Count Recovery (RC) model on SUV
values of different inner size diameters filled with different activity
concentration. Apply the model on small cohort of patients and

determine Look Up Table for different lesion with different sizes.

In order to accurately quantify the magnitude of the partial volume
effect, a measure of the activity concentration within each sphere and
the background was compared to that of the known activity ratio
between the spheres and background this was readily achieved with
a recovery coefficient (RC). The RC formula is given by the following
simple expression:

L BC = Measured spher aotivity —-measursd 5G activity

(6)

2. This parameter is only justified in the case where the
background is not itself subject to Partial Volume Effects, and is of
known and uniform activity concentration.

KEnown sphere activity —knwon BE activity

3. The simple formula obtained in Eq. 7 yields the partial
volume corrected SUV_ .
Measured activity —FG activity

RC

4. PV corrected activity = + EBG activity

%

5.  The effect of incorporation of Point Spread Function
into system matrix of TrueX reconstruction algorithm obtained by
comparing the partial volume corrected SUV,__yielded from 3D-OSEM
and that yielded from TrueX.

6.  To give some practical idea of how partial volume correction
could be carried out in a clinical population, we applied this correction
method to a limited number of patients. The maximal diameter of the
lesion was obtained from the PET-CT patients images which may have
been with or without iodinated contrast and the maximal activity ratio
was obtained by placing a ROI around each lesion to obtain the SUV_
and the surrounding territory to obtain the background SUV

mean’

7. Dividing thelesion SUV_ and the background SUV_ gives
the maximal activity ratio. Using these parameters, the appropriate RC
was determined from the “Look Up Table” [9].

8. At this point, all the values for the correction were available,
and inserting them into the simple formula obtained in Eq. 7 yields the
partial volume corrected SUV__ .

Results and Discussion

Evaluation methods

The calculations of the fitting functions required for the threshold
and activity analysis were done by using Microsoft Office Excel 2007.

Threshold: The relationship between the best threshold of activity
to accurately measure the true volume of the spheres and the measured
SBR ratio were determined for the two reconstruction algorithms as
shown in Figure 2.

These relationships presented in Figure 2 indicated that for high
contrasted objects (low SBR ratio; a lower threshold of activity had to be
applied to adequately measure the actual volume of the spheres. Also,
for a given SBRs ratios, the threshold to be applied depended on the
reconstruction algorithm but Daisne et al. [11] proposed that for less
contrasted objects (low SBR ratio), a higher threshold of activity had
to be applied to adequately measure the actual volume of the spheres.

The present work indicated that the threshold values are increasing
with decreasing sphere sizes for all spheres and the increasing in smaller
spheres is higher for TrueX than OSEM, Also, it is observed that the
largest sphere containing low activity concentration, high contrast, low
threshold, and low SBR and vise versa for the smallest sphere.
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Figure 2: Threshold defining the true sphere volume as function of the SBR
using the OSEM and the TrueX algorithm, the data were fitted through an
inverse function which provided the best regression parameters.

Our data referred that the threshold values decreased with
increasing sphere size because it containing low activity concentration
but [5] stated that the threshold values for PET based target volume
segmentation increased with increasing sphere size for the two
algorithms, which can be regarded as constant for larger spheres
volumes and dependent on the SBR.

Threshold varied according to the signal to background (SBR)
ratios, being typically higher for less contrasted images which agree
with our previous published work [12].

For small structures, the partial volume effect becomes more
pronounced and a significantly reduced apparent activity concentration
was observed but in our work partial volume effect is highly dominant
in low uptake spheres although its large size i.e., not only small size
object affecting by PVE but also low activity concentration object.

The diameter and volume of each sphere was successively calculated
using increasing thresholds, where the thresholds were determined
as a percentage of the maximal activity in the spheres. The optimal
thresholds which resulted in minimal least square difference between
measured and actual sphere volumes were obtained.

The volumes of the spheres were calculated by applying a threshold
of activity as a function of the measured signal to background ratios.

The relationship between threshold percentage of the two
reconstruction algorithms and the true volumes of different spheres
which containing different activity concentrations yielding SBR
threshold volume curve shown in Figure 3.

In Figure 3 simple parameterization of the calibration curves for the
two reconstruction algorithms using the following function

TH (V)=m/V + TH (8)

(TH=the upper threshold, and V=the true volume of the sphere)
[13].

The relationship between %TH versus 1/V shown in Figure 4
yielding a straight line with the slope m and the intercept TH.

The slope and intercept were determined using a linear regression
technique of the measured data on the inverse of the sphere volume.

In the present work, different activity concentrations in different
spheres which leading to different SBR so, threshold increase with
decreasing sphere volumes this means the threshold values calculation

of affecting by activity concentration but [13] considered that according
to the selected SBR threshold volume curve, there is a fixed threshold
value T1 (fixed threshold region) for large volumes.

The adequate estimate of the volume was observed for spheres
between 0.5 and 16.0 ml as shown in Figure 5. The volumes of the
spheres were calculated by applying a threshold of activity as a function
of the measured signal to background ratios Figure 2. Two different
reconstruction algorithms have been used TrueX and OSEM.

Figures 4, 6 and 7 show the relation between percent threshold and
inverse of the true and measured volume for both algorithms (Table 1).

For true volume the values of parameters A and B of TrueX
algorithm deviate from that of OSEM algorithm by about +13% and
+10%, respectively.

For measured volume the values of parameters A and B of TrueX
algorithm deviate from that of OSEM algorithm by about +12.7% and
+7.8%, respectively.

The relation between percent threshold of the two reconstruction
algorithm and both true and measured volume shown in Figures 3, 8
and 9 for both algorithms. There was a trend for a more accurate estimate

% TH TrueX
% TH OSEM

0 2 4 6 8 10 12 14 16 18
True Volume(mL)

Figure 3: SBR threshold-volume curve determined with NEMA phantom at
different spheres sizes with different activity concentrations.

80
70 For TrueX
y =30.01x + 9.806
60 R?>=10.925
50
E 40 % TH TrueX
X % TH OSEM
30
20
10 For OSEM
y=27.01x +10.93
0 R?=0.894
0 0.5 1 1.5 2 2.5

1/True Volume(mL)

Figure 4: Threshold versus inverse of true volume using the OSEM and the
TrueX algorithm.
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Figure 5: Relationship between the true volume and the measured volume of
spheres
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=
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Figure 6: Threshold versus inverse of measured volume using TrueX algorithm.

within the whole range of sphere’s sizes using images reconstructed
with TrueX and OSEM.

Overall, using the method described in this work, adequate
estimate was observed for objects having at least a diameter between
once and twice the FWHM. For objects smaller than the FWHM, as
the determination of the volume is likely to be influenced by the partial
volume effect, the method reported in the present work does not hold
anymore.

We observed that partial volume effect dominant in large sphere
size due to low activity concentration i.e., not only sphere size leading
to arise of PVE phenomenon but also activity concentration.

In small size sphere the over increasing in activity concentration
leading to increasing in volume assessment than volume that ideally
should be.

Not only does activity from inside the sphere spill out but also
activity from outside the sphere spills into the sphere, partially
compensating for the spilling out. Obviously, the spilling out (signal
from inside the sphere that goes outside the sphere) depends on the
uptake inside the sphere. Most often, it is not balanced by the spilling in
(signal from outside the sphere that comes inside the sphere); therefore,
it is difficult to predict the overall effect of PVE [4].

Using the TrueX algorithm for image reconstruction, the threshold

70

60 *
< 50
£ 40 y=27.519x +10.245
£ R? =0.889
£ 30
=20

10 "o

*
0
0 0.5 1 1.5 2 25

1/measured volume

Figure 7: Threshold versus inverse of measured volume using the OSEM
algorithm.

A(ml) B(mL) R?
For true volume TrueX 30.52 9.8 0.925
For true volume OSEM 27 10.9 0.894
For measured volume 24 1 0. 901
TrueX
For measured volume
OSEM 275 10.2 0.889

Table 1: The values of A and B (mL) that verify the relation between percent
threshold and inverse of the true and measured volume for both algorithms. The
data have been fitted through a linear regression.

0 2 4 6 8 10 12 14 16
Measured Volume(mL)

Figure 8: Threshold versus measured sphere volume using TrueX reconstruction
algorithm.

defining the true sphere volume was higher comparing to the OSEM
algorithm (depending on the SBRs).

The threshold and SBR decreased with increased of sphere size
since the smallest sphere contained the highest activity concentration.

Volume underestimation analysis

For each sphere or simulated tumor, the percent bias
(%underestimation) in estimated volume was calculated by: [10]

measured rolums

Ypunderestimate (JhEvolume) = { - 1) = 100%

©

Note that; bias may be negative, indicating underestimation of the
sphere volume and vice versa for positive bias.

trus volume
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To verify the validity of the relationships established above, the
volumes of the spheres were calculated by applying the threshold of
activity determined as a function of the measured SBR ratios. Typically,
for the two reconstruction algorithms, the volumes of the different
spheres sizes were differed in estimation and the percent error in
volume estimation was higher for smaller spheres than larger spheres
as shown in Table 2. This can be attributed to the difference in activity
concentration among the six spheres; the smallest sphere volume has
the highest activity concentration and the largest sphere volume has the
lowest activity concentration.

The %E volume underestimation was observed for the four largest
spheres 16 ml, 8 ml, 4 ml, 2 ml.

In the largest sphere volume the %E volume underestimation for
both TrueX and OSEM were -16.3% and -22.6% respectively.

The %E volume underestimation for 8 ml, 4 ml was the same -11.3%
and -1% respectively for both algorithms.

For 2 ml sphere volume the %E volume underestimation was higher
for TrueX than OSEM.

For 1 ml sphere volume the %E volume overestimated for both
algorithms but obtain similar values.

Dramatically higher variation in %E volume was observed for both
algorithm in the smallest sphere volume 0.5 ml and the %E volume
was overestimated by 22% for TrueX and underestimated by -18% for
OSEM.

In spite that, Figure 10 represents the real deviations in imaging
determining the sphere volume comparing to the real sphere volume,
really it is found that these deviation did not match physically. It is
noticed that heterogeneity in these deviations, it can be referred as a
background difference effects and it is not volume sphere dependence.

According to the previous values TrueX algorithm may lead to

70
60
50
E 40
X 30
20
10

0 2 4 6 8 10 12 14 16
Measured Volume(mL)

Figure 9: Threshold versus measured sphere volume using the OSEM
reconstruction algorithm.

\"
measured | OfF

Ve ML ﬂﬁ:ﬁd OSEM vonume (TTUEX) Y%E,3ume OSEM
16 13.39 12.39 -16.3125 -22.5625
8 7.09 7.09 -11.375 -11.375
4 3.96 3.96 -1 -1
2 1.6 1.7 -20 -15
1 1.06 1.06 6 6
0.5 0.61 0.41 22 -18

Table 2: The accuracy of the threshold method in estimating the spheres volume
using two different reconstruction algorithms TrueX and OSEM.

an overestimation of the true activity for measurements with active
background which is confirmed by ref. [5].

The use of FDG-PET for the delineation of the tumor volume is
becoming increasingly popular in oncology for the estimation of
metabolic tumor burden and for radiotherapy planning. Although
many methods have been proposed for tumor volume delineation in
F “FDG PET images, there is no consensus regarding which method
should be preferred [14].

Differences in imaging parameters can have a pronounced effect
on the performance of semi-automated methods to delineate tumors.
This implies that PET data collection and image reconstruction
procedures and the semi-automated tumor delineation methods need
to be standardized and calibrated for each scanner for reproducible and
accurate tumor delineations [15,16].

Herzog et al. [17] pointed out that although tomographic imaging
has substantially benefited from the introduction of statistical image
reconstruction, advanced iterative reconstruction algorithms have to be
used carefully.

Activity analysis: The correction factor C, which was introduced
to estimate the true activity, can be calculated for both reconstruction
algorithms using equation (3).

The relationship between the measured volumes using the two
reconstruction algorithms obtained when applying the threshold and
the correction factor C represented in Figures 11 and 12 for both
algorithms. These were lead to the values of C,  and C_ ;| and when
comparing this values with that obtained from the relation between the
correction factor C and true volume Figure 13. We can conclude that
the values of C|  and C_,  is nearly the same for both measured and
true volumes relationships.

The correction factor (C ) parameters (A&B) for the two
reconstruction algorithms obtained when plotting the relation between
C and inverse of the true volumes shown in Table 3.

algorithm

Table 3 show the values of A and B [mL] that verify the relationship
between the Calgomhm and the inverse of the measured and true volumes

obtained from Figures 14-16 respectively. We can define that the values
of A and B is nearly equal and the residual error is nearly the same.

Figure 16 represents C ., =~ versus the inverse of true sphere
volume using the OSEM and the TrueX algorithm.

A %E for TrueX

%E Volume
o
B

59 5 10 15 20 C%E for OSEM

Volume(mL)

Figure 10: Fractional deviations of the automatically determined sphere volumes
compared to the true values.
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could be detected

For true volumes Figure 13: the values of C | .,

as C =2.8and C__ =2.9.

TrueX OSEM

For measured volumes Figures 11 and 12: the values of C
could be detected as C|  =2.9 and C

algorithm

osEMT "

o d€CTEased by increasing measured volume for both TrueX
and OSEM as shown in Figures 11 and 12.

For measured volume we obtained that the values of parameters
A and B of TrueX algorithm deviate from that of OSEM algorithm by
about £16.8% and +7.7% respectively.

For true volume we obtained that the values of parameters A and
B of TrueX algorithm deviate from that of OSEM algorithm by about
+22% and +7% respectively.

We can conclude that for true volume measurements TrueX
algorithm practically is more accurate when activity measurements

CTrch
~ 1] £ wn (=) ~

0 2 4 6 8 10 12 14 16
Measured Volume(mL)

Figure 11: measured volume versus correction factor for TrueX
algorithm.

C()SEM
S = N W A Ot X

0 2 4 6 8 10 12 14
Measured Volume(mL)

Figure 12: Measured volume versus correction factor for OSEM
algorithm.

——Cmean TrueX
——Cmean OSEM

Calgorithm
S =N WA NSO ®

e
~

4 6 8 10 12 14 16 18
Sphere Volume(mL)

Figure 13: Correction factor C for receiving the true activity: C_,, for the mean

activity and C_ . for the mean activity.

7
6
5
14
53 y=2.568x + 1.902
2 R*=0.990
1
0
0 0.5 1 1.5 2
I/Vmeasured(mL)
Figure 14:C_ . versus inverse of measured sphere volume using the TrueX

reconstruction algorithm.

8
7
6

25

24

O3 y=2.237x +2.062
2 R*=0.990
1
0

0 0.5 1 15 2 2.5 3
1/Vmeasured(mL)
Figure 15: C versus inverse of measured sphere volume using the

algorithm

OSEM reconstruction algorithm.

8
For TrueX
7 y=2.081x + 2.110
6 R?=0.990
E 5 ~—Cmean TrueX
s4 ——Cmean OSEM
g3
2 For OSEM
1 ¥ =2.678x + 1.962
0 R*=0.979
0 0.5 1 15 2 25
1/True Volume(mL)
Figure 16: C_ . versus inverse of true sphere volume using the OSEM and

the TrueX reconstruction algorithms.

deal with true or measured volumes.

Since, there is no significant difference between the maximum
activities for both algorithms, we considered that C for both algorithms
refers to the mean activity and our data confirm that recovery coefficient
depend on the lesion size, the sphere to background ratio (SBR).

The values of C (C,,_.,,=1/RC,__ ) is nearly constant for the large
spheres 16 mL, 8 mL, 4 mL but highly increasing for small spheres
2 mL, 1 mL, 0.5 mL as shown in Figure 13. It is clearing from these
curves that RCs are highly dependent on the size of the lesion which is
completely agree with the findings obtained by Kniusl et al. [5], these
findings states that for the largest three volumes a constant factor C
was found. For smaller volumes, C increased exponentially due to the

partial volume effect.

The data presented in Figures 17 and 18 confirm that RC is
inversely proportional to activity concentration which means that as
SBR increase, the RC decrease.

Kniusl et al. [5] indicated that the threshold values for PET based
target volume segmentation increased with increasing sphere size for
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both algorithms, which can be regarded as constant for sphere volumes
larger than 2.5 ml and are dependent on the SBR but in our works
threshold values increase with decrease sphere sizes due to differences
in SBRs. Experimentally determined correction factors C were
obtained in order to be able to calculate the true activity. Even though
the TrueX algorithm with Gaussian filter produced artificial results for
small spheres, for large spheres the maximum activity represented the
true activity well also without correction, as it is the case for the OSEM
algorithm. But, according to the manufacturer’s recommendation the
mean activity should be used in combination with the TrueX algorithm.
However, if the mean activity is applied in studies, an appropriate
correction is essential for quantitative assessment of the PET result.
When using the TrueX algorithm for quantitative evaluation, especially
in follow up and multicenter studies, commonly accepted guidelines
concerning the staging have to be used with care.

Partial volume correction using Recovery Coeflicient (RC)
model

In order to accurately quantify the magnitude of the partial volume
effect, a measure of the activity concentration within each sphere and
the background was compared to that of the known activity ratio
between the spheres and background. This was readily achieved with a
recovery coefficient (RC).

Figures 17a and 17b demonstrates the characteristic logarithmic
curves that are generated when the relationship between RCs of the two
reconstruction algorithms versus diameters (cm) of the spheres. RCs
decreased for the two reconstruction algorithm as the diameters (cm)
decrease in spheres 3 to 1 cm which is agree with Srinivas et al. [9].

When the relationship between the RCs values of the two
reconstruction algorithms versus the measured maximal activity ratios
derived from the two algorithms (max pixel in hot sphere: average
background pixel) were plotted and presented in Figures 18a and 18b)
for TrueX and OSEM respectively. It is noticed that the measured

A(ml) B(ml) R?
For true volume TrueX 2.08 21 0.99
For true volume OSEM 2.68 1.96 0.979
For measured volume 257 19 0.99
TrueX
For measured volume
OSEM 2.2 2.06 0.99

Table 3: Parameters of the correction factor C_ .~ for the two reconstruction

algorithms resulted when plotting the relation between C and inverse of the

algorithm

true and measured volumes. The data have been fitted using a linear regression.

0.6

0.5

0.4
K] -
i RCmean OSEM

0.2 emwRCmean TrueX

0.1

0 1 2 3 4
Sphere Size(cm)

Figure 17a: Sphere diameter versus RC
TrueX algorithm.

using the OSEM and the

mean

0.7
0.6
0.5
0.4
0.3 H RCmax OSEM
0.2 — @m»RCmax TrueX
0.1

0 1 2 3 4
Sphere size(cm)

Figure 17b: Sphere diameter versus RC__ using the OSEM and the TrueX
algorithm.
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Figure 18a: RC versus (MAR) for TrueX algorithm.
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Figure 18b: RC versus (MAR) for OSEM algorithm. algorithm.

maximal activity ratio is always less than the true activity ratio due to
the partial volume effect and MAR increasing with decrease sphere
sizes which disagree with Srinivas et al. [9], since in our works the
activity concentration is highest in the smallest sphere but lowest in
the largest one.

From equation (6) RCs values obtained and knowing the measured
activity of the spheres and background activity hence, all the values
for the correction were available, and when using them into the
simple formula obtained in equation (7) that yields the partial volume
corrected SUV,__ as shown in Table 4.

We noticed that after applying the RC model the losses in the
measured data were compensated and slightly differences between
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the true activities concentration of the spheres at filling time and the
corrected measured activities concentration were shown in Table 4 as
PVcorr SUV.

The threshold for large spheres was independent of sphere size,
since the sphere diameter was large compared to the spatial resolution,
however the threshold depended on the SBR.

The SBR threshold volume curve Figure 2 appears to be slightly
dependent on the type of image reconstruction algorithm especially for
small structures and on the spatial resolution of the imaging device.

For smaller spheres with higher SBR which contain the maximum
activity concentration it is noticed that the smaller the sphere diameter,
the higher the SBR underestimation.

The optimum threshold values were consistently higher for the
TrueX images because the source activity concentration is in general
underestimated compared with the values for the OSEM reconstructed
images.

Because of signal loss and limited spatial resolution, an
underestimation of the maximum activity for all sphere volumes was
expected. This underestimation should be in the range of a few percent
for large sphere sizes and increase substantially with decreasing sphere
volume. In addition, the spatial resolution had a partial effect on spheres
detection since the activity concentration was lower in large sphere and
higher in small sphere so the underestimation was higher for smallest
spheres in contrast to largest one.

In images reconstructed with OSEM algorithm, RC__ was found to
be independent of the SBR for all spheres. RC___showed a systematic
correlation to the sphere size and could be fitted using a logarithmic
function.

RC_ . was lower for all sphere volumes and decreased with
decreasing sphere sizes. In general RC__ showed the same systematic

behavior like RC__ .

aj

As recommended by the manufacturer when using the TrueX
algorithm, the mean activity approximates the true activity best. Figures
17a and 17b shows the RC__ and RC__ as a function of spheres sizes
for different activity concentration spheres, RC__ showed the same
systematic behavior like in OSEM reconstructed images.

It is clear from these Figures 17a and 17b that RCs are strongly
dependent on the size of the spheres. Also RCs values were slightly
higher for TrueX than OSEM this indicated that TrueX algorithm is
higher in activity determination than OSEM.

The main of this work aimed to generate a “Look Up Table” to
determine approximate RC values for lesions of different sizes when
partial volume correction was desired. Using Figures 17 and 18 as

True activity Max TrueX Mean TrueX Max OSEM Mean OSEM
conc.(kBg/ml) at before before before before
filling time correction correction correction = correction
15493 9800 7770 9800 7600
29600 17212 12364 17212 11866
60125 33367 22201 33367 20598
118400 59494 35180 59349 37671
244200 100722 58560 100722 58409
481000 120720 77247 120720 63762

Table 4: The true activity concentration (kBg/ml) and maximum and mean measured activity concentration for both algorithms and PVcorr SUV

obtained when applying recovery coefficient model.

such, two pieces of key information are needed: one is the measured
maximum activity ratio and the second is the physical size of the object.
The first can be obtained using ROI analysis from the PET scan, and the
second obtained easily from CT images. Of course, the assumption is
that the structural imaging technique will provide a reasonably accurate
estimate of the true size of the object of interest on the PET images.

With regard to using “Look Up Table” to improve diagnosis in
solitary pulmonary nodules, it is clear that the net effect of partial
volume correction is to modify the SUV. Small lesions with SUVs 2.5
will very likely become greater than 2.5 (and lesions greater than 2.5
will become even higher).

The most important application of this RC technique for partial
volume correction is likely to be in further studies when measuring the
absolute true activity of a lesion is desirable for the designed experiment.
In such settings, this approach may be beneficial for generating optimal
results.

Accuracy of PVC method

PVC was applied to the pixel value estimates and the percent biases
(%E) of the estimated mean pixel values relative to the true values were
calculated based on following equation:

GHE = (Fl-’l: suv

~1) x 100
sV %

Note: negative values of the bias indicate underestimates of the

activity in a ROI should be taken into consideration.

(10)

Generally it is observed from Table 5 that OSEM is more efficient
for introducing corrected data than TrueX that is due to the physical
parameters (Recovery Coefficient model) dealing with OSEM can
determine the activity concentration in a good precision than the
parameters of TrueX, i.e., RC model gives better accuracy when applied
to OSEM than TrueX.

Recovery correction (Figures 19a and 19b) show the fractional
deviation of uncorrected and corrected SUV__ from the known true
activity value for RC method.

Superior percent accuracy is shown for OSEM algorithm when
applying RC model to corrected SUV values and OSEM is more
efficient and less error variation with respect to sphere volume as
shown in Figure 19a, but in case of uncorrected data we did not observe
a remarkable difference between TrueX and OSEM algorithm as shown
in Figure 19b.

As expected, the uncorrected data clearly exhibit a reduced mean
recovery. The reduction is size dependent and affects even the largest
investigated target structures which agree with the work. For both
algorithms before correction it is noticed that the underestimation is

Pvcorr Pvcorr PVcorr
SUVmax for | SUVmean for = SUVmax for PVcorr SUVmean for OSEM

TrueX TrueX OSEM

15632 15519 15684 15528
29746 29626 29746 29642
60264 60151 60235 60183
118465 118426 118509 118469
244277 244254 244328 244291
481075 481105 481171 481165

for both algorithm that

max,mean
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gradually increased as the sphere size increased Figure 19b. On the
other side, for TrueX algorithm after correction it is noticed that the
overestimation is nearly the same for 0.5,1 and 2 mL sphere volume,
but started to increase in steps as the sphere volume increased as shown
in Table 5 and Figure 19a but for OSEM the overestimation increase in
steps as the sphere volume increased. This can be attributed completely
to the remarkable differences in activity concentration between the
smallest sphere and the largest one.

One limitation of this phantom study is that it cannot be directly
implemented in other institutions. Although a similar relationship
between the signal to background ratio and the isoactivity level is
expected, the data must be reprocessed each time a new reconstruction
algorithm and/or a new camera are used to adjust the parameters @’ and
‘b’ of the inverse relationship described. Another limitation is that it did
not address the issue of objects with complex shape usually observed in
clinical situations.

0,
Y %E(fé)(r);r)uex (/;gEfcl\)/: %E for TrueX (Uncorr.) %IE(J?]LS:;EM

%E ’ (Corr.) ’

16 0.167 0.224 -0.49851 -0.50948

8 0.089 0.143 -0.5823 -0.59912

4 0.045 0.097 -0.63075 -0.65741

2 0.023 0.058 -0.70287 -0.68183

1 0.022 0.038 -0.7602 -0.76081
0.5 0.022 0.034 -0.8394 -0.86744

Table 5: the accuracy before correction and after applying recovery coefficient
model to make a correction for the effect of partial volume.

Corrected
0.250
[

0.200
5
g *
E 0.150 | ¢ %E SUVmean for TrueX
=]
“ (.100 |
3 * M %E SUVmean for OSEM
0050 B

N
0.000

0 2 4 6 8 10 12 14 16 18
Sphere Volume(mL)

Figure 19a: Accuracy of delineation method as a function of sphere sizes. The

corrected SUV___is shown.
Sphere Volume(mL) Uncorrected
0
0 2 4 6 8 10 12 14 16 18
-0.2
=
g
£ -0.4
> @ %E SUVmean for TrueX
= ]
7]
-0.6 ]
§ v [ B %E SUVmean for OSEM
| |
-0.8
h

-1

Figure 19b: Accuracy of delineation method as a function of sphere sizes.
The Uncorrected SUV mean is shown.

Patient Studies

A tumor lesion was defined as abnormal focal F-FDG uptake
above background level and outside of normal anatomic structures. The
SUV was calculated by equation (5).

SUV,,, and SUV, (maximal and average SUV in the ROI) were
calculated for each ROI as shown in Figures 20 and 21.

Construction of Look Up Table (LUT) yielded from applying
Recovery Coefficient model.

2TrueX Look Up Table (LUT): Table 6a Parameters used for
calculation of a partial volume corrected SUV__ for 22 lesions from
10 patients with different types of malignancies and the patient images
reconstructed by TrueX algorithms.

For TrueX algorithm before the correction, all the lesions combined
gave an average SUV__of 10.0 and an average lesion size of 2.2 cm.
After partial volume correction of each lesion, the average SUV_
increased to 16.6 for all the lesions.

ax

OSEM Look Up Table (LUT): In Table 6b parameters used for
calculation of a partial volume corrected SUV__ for 19 lesions from
10 patients with different types of malignancies and the patient images
reconstructed by OSEM algorithms.

For OSEM algorithm before the correction, all the lesions combined
gave an average SUV_of 8.7 and an average lesion size of 2.2 cm. After
partial volume correction of each lesion, the average SUV__increased
to 12.4 for all the lesions.

It is noticed from Tables 6a and 6b that the values of SUV__before
applying RC model were ranged between 4.6 and 22.5 and the values
after applying RC model were 7.4 and 38.3 for TrueX. For OSEM the
same behaviour was noticed.

According to these findings it was easy to say that RC methods may
be suitable for the quantification of tumor uptake but not for visual
analysis.

A necessary assumption is that the volume and shape of the
metabolically active part of the tumor are approximately known. For
a spheric tumor, the RC can be readily calculated as a function of the
sphere size and the sphere to background contrast for a wide range of
spatial resolution values and then used for correction.

The RC depends not only on tumor volume but also on image
sampling. The RC can be calculated by assuming no surrounding activity,
and the uptake surrounding the tumor, which has to be estimated to
compensate for spilling in, can be accounted for subsequently by use of
a simple formula when the RC is applied.

The method assumes that the uptake is uniform throughout the
tumor although a necrotic part could be excluded if the tumor is
delineated and the method usually accounts only for uniform known
surrounding activity. If the tumor is close to 2 structures with different
uptake values, then the use of the RC may be inappropriate. The
correlation between "*F-FDG uptake assessed by SUV__and sphere size
observed in non small cell lung cancer (NSCLC) tumors disappeared
after PVE correction. This effect occurred because this relationship
was attributable mostly to the tissue density, which makes apparent
activity depend on tumor size. More puzzling, the correlation between
primary NSCLC tumor stage and F-FDG uptake measured with
SUV__ also disappeared after PVE correction. This result could suggest
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Figure 20: Patient example: Coronal PET images of 58-y-old male with diffuse lymphoma in neck. ROls are
placed in tumor. SUV max and SUVavg are calculated as shown.

Figure 21a: Patient example 1: Coronal PET images of 53-y-old male with Figure 21b: Patient exampIeZ: Coronal PET images of 53-y-old male with
NSCLC. ROls are placed in tumor. SUV max and SUV, are calculated as NSCLC. ROls are placed in tumor. SUV max and SUV, are calculated as
shown. shown.
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lesion max = bkg mean | lesion dia. = lesion: bkg Pvcorr SUv SUV (g/
NO- “Bg/iml) = (kBg/ml)  (cm) ratio RC (kBg/mL) (g/mi) mi) AFTER/BEFOR
AFTER BEFOR
1 31.86 4.70 2.7 6.8 0.587520 50.9 9.4 5.9 1.60
2 35.80 5.07 1.8 71 0.587450 57.4 7.4 4.59 1.60
3 70.20 2.18 2.6 321 0.582750 118.9 15.2 9 1.69
4 4212 6.63 2.2 6.4 0.582580 67.5 8.7 5.4 1.60
5 99.36 2.30 1.7 43.1 0.587700 167.4 34.9 20.7 1.69
6 108.00 2.74 2.7 39.5 0.581330 183.8 38.3 22,5 1.70
7 75.84 3.70 2.2 20.5 0.585400 126.9 26.4 15.8 1.67
8 78.67 3.70 2.2 21.3 0.584710 131.9 27.5 16.39 1.68
9 46.08 8.34 3 55 0.587750 72.6 121 7.68 1.57
10 45.60 22.20 2.7 2.1 0.588400 62.0 10.3 7.6 1.36
11 59.77 4.09 2 14.6 0.586070 99.1 23.0 13.9 1.66
12 35.00 6.45 1.8 5.4 0.587770 55.0 12.8 8.14 1.57
13 76.54 3.18 3 241 0.584200 128.8 29.9 17.8 1.68
14 30.68 2.48 1.6 12.4 0.586450 50.6 8.6 5.2 1.65
15 68.44 2.54 1.8 27.0 0.573700 117.4 19.9 11.6 1.72
16 26.31 3.43 2.2 7.7 0.586010 42.5 8.2 5.06 1.61
17 32.60 4.32 2 7.6 0.587010 52.5 10.1 6.27 1.61
18 69.30 7.59 23 9.1 0.587010 112.7 171 10.5 1.63
19 34.78 5.81 2.2 6.0 0.587680 55.1 8.4 5.27 1.58
20 55.24 4.05 1.9 13.6 0.586260 91.4 12.9 7.78 1.65
21 47.93 6.46 1.8 7.4 0.584000 77.5 10.9 6.75 1.62
22 55.59 5.33 1.8 10.4 0.586825 91.0 12.8 7.83 1.64

Table 6a: Parameters used for calculation of a partial volume corrected SUV __ for 22 lesions from 10 patients with different types of malignancies and the patient images
reconstructed by TrueX algorithms.

Vo | lmme | Moms  leden ledontho go P S0y Gm)
OR
1 33.48 5.0 2.4 6.7 0.68462 46.6 8.63 6.2 1.39
2 40.17 7.9 2.2 5.1 0.68484 55.0 7.06 5.15 1.37
3 32.448 29 1.8 11.2 0.68387 46.1 5.91 4.16 1.42
4 75.264 4.0 2 18.7 0.68271 108.4 22.58 15.68 1.44
5 99.12 2.3 1.7 43.0 0.67895 1449 30.19 20.65 1.46
6 48.3 3.5 3 13.9 0.68342 69.1 11.51 8.05 1.43
7 45.18 4.6 2.7 9.9 0.68404 63.9 10.66 7.53 1.42
8 49.837 35 1.8 141 0.68340 71.3 16.58 11.59 1.43
9 35.088 3.7 1.8 9.6 0.68416 49.6 11.53 8.16 1.41
10 72.67 4.6 3.1 15.6 0.68318 104.2 24.24 16.9 1.43
1 28.733 3.2 1.8 9.0 0.68424 40.5 6.87 4.87 1.41
12 57.525 3.5 1.9 16.3 0.683085 82.6 14.00 9.75 1.44
13 29.9 53 24 5.6 0.68462 41.2 7.93 5.75 1.38
14 24.336 41 2.2 5.9 0.68468 33.7 6.47 4.68 1.38
15 35.508 59 2.2 6.0 0.68471 491 7.44 5.38 1.38
16 62.04 5.9 2.6 10.4 0.68399 88.0 13.33 9.4 1.42
17 47.428 5.0 1.8 9.5 0.68401 67.0 9.44 6.68 1.41
18 49.984 4.2 1.7 11.9 0.68375 71.2 10.02 7.04 1.42
19 54.315 5.0 1.8 10.8 0.68390 771 10.86 7.65 1.42

Table 6b: Parameters used for calculation of a partial volume corrected SUV __ for 19 lesions from 10 patients with different types of malignancies and the patient images
reconstructed by OSEM algorithms.
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No lesion max bkg avg Lesion lesion: bkg RC
’ (KBg/ml) (KBg/ml) dia(cm) ratio
1 15.318 2.738 1.6 5.594595 0.6846
2 12.284 4.218 1.5 2.912280 0.5882

Pvcorr (kBag/ SUvV SUV
mL) q (g/ml) (g/ml) AFTER/BEFOR
AFTER BEFOR
21.11155 2.85 2.07 1.38
17.93102 2.42 1.61 1.46

Table 7: represents the SUV values before and after applying RC model for NSCLC.

that ¥F-FDG uptake may be good prognostic of NSCLC outcome
only through size dependence (i.e., larger non PVE-corrected tumors
had higher ®F-FDG recovery). This hypothesis is consistent with the
observation that for tumors larger than 2.8 cm, which are thus weakly
or not at all affected by PVE, there was no association between tumor
stage and "*F-FDG uptake.

Finally, this method could facilitate generation of equipment
specific recovery coeflicients for partial volume correction. The clinical
implications for the increased accuracy in SUV determination are
certainly of potential value in oncologic imaging (Table 7).
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