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Abstract

Purpose An easily applicable algorithm for the FDG-PET-
based delineation of tumour volumes for the radiotherapy
of lung cancer was developed by phantom measurements
and validated in patient data.

Methods PET scans were performed (ECAT-ART tomo-
graph) on two cylindrical phantoms (phanl, phan2)
containing glass spheres of different volumes (7.4—
258 ml) which were filled with identical FDG concen-
trations. Gradually increasing the activity of the fillable
background, signal-to-background ratios from 33:1 to 2.5:1
were realised. The mean standardised uptake value (SUV)
of the region-of-interest (ROI) surrounded by a 70%
isocontour (mSUV,y) was used to represent the FDG
accumulation of each sphere (or tumour). Image contrast
was defined as:C = (mSUV7y — BG)/BG where BG is the
mean background—SUV. For the spheres of phanl, the
threshold SUVs (TS) best matching the known sphere
volumes were determined. A regression function represent-
ing the relationship between TS/(mSUV,,—BG) and C was
calculated and used for delineation of the spheres in phan2
and the gross tumour volumes (GTVs) of eight primary
lung tumours. These GTVs were compared to those defined
using CT.
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Results The relationship between TS/(mSUV,,—BG) and C
is best described by an inverse regression function which
can be converted to the linear relationship TS = ax
mSUVyp + b x BG. Using this algorithm, the volumes
delineated in phan2 differed by only —0.4 to +0.7 mm in
radius from the true ones, whilst the PET-GTVs differed by
only —0.7 to +1.2 mm compared with the values determined
by CT.

Conclusion By the contrast-oriented algorithm presented in
this study, a PET-based delineation of GTVs for primary
tumours of lung cancer patients is feasible.
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Introduction

In recent years, FDG-PET has become established as the most
accurate diagnostic procedure for staging non-small-cell lung
cancer (NSCLC) [1, 2]. As FDG-PET images the functional
characteristics of tissue, this method has the potential to
accurately demonstrate the three-dimensional extent of
malignant spread [3]. FDG-PET is, therefore, attractive to
be used as a tool for gross tumour volume (GTV) definition
in radiotherapy planning. Historically, the GTV of NSCLC
tumors has been defined by the International Commission on
Radiation Units and Measurements (ICRU) based only on
morphological imaging [4]. Therefore it is compromised by
the diagnostic limits of these methods [5, 6].

As the functional target volume found with FDG-PET
can often be assumed to be clinically more relevant than
that historically achieved with CT, many institutions have
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begun utilising FDG-PET for treatment planning. However,
for technical reasons, PET data suffer from a comparatively
low geometric resolution which poses technical problems
when integrating the method into the radiotherapy planning
process. Determination of a volume from FDG-PET is,
therefore, a critical step. Various basic approaches were
reported in the literature to accurately contour FDG-based
GTVs [7-9]. Most commonly, visual differentiation by the
experienced nuclear medicine physician is applied. Whilst
profiting from clinical experience, this method also bears
the risk of inter-observer variability [7]. Other authors
proposed the use of absolute thresholds like a standardised
uptake value (SUV) of 2.5 [8, 10]. However, due to
biological and physical factors [11-16], an absolute
threshold does not seem to be generally applicable for
target volume definition [17]. Hence, automated or semi-
automated methods of image segmentation have been
attempted, e.g. the application of a fixed threshold value
of maximal uptake [9]. However, depending on the tracer
accumulation in the background of the lesion, this method
may also fail.

In another basic approach developed by phantom
measurements, some authors proposed to use signal-to-
background ratios in algorithms for the segmentation of
FDG-positive tissue [18, 19]. One investigation has shown
that tumour volumes determined by such an algorithm in
head-and-neck tumours (volumes <30 ml) do better
correlate with the tumour volume determined pathological-
ly than volumes derived from CT and MRI [18, 20-22]. As
lung tumours do largely differ from head-and-neck tumours
in terms of size, homogeneity and physiological back-
ground, an algorithm proposed for that region of the body
does not necessarily apply to lung cancer targets. Another
group developed an algorithm which uses the mean target
SUV as the only parameter to iteratively calculate the
threshold SUV for auto-contouring a volume [19]. Apply-
ing the algorithm to spheres of known volume and a series
of NSCLC patients in comparison with a fixed image
intensity threshold, smaller deviations in target/phantom
delineation were observed when using the algorithm.
Although this group reported the validation in phantoms,
discrepant GTVs were determined by another group using
this algorithm to evaluate patient data [23]. Therefore, until
now, no method has been established for the universal use
in FDG-based GTV contouring in lung cancer.

During recent years, our institution has focussed on
FDG-PET in radiotherapy planning for lung cancer patients
[6, 24-28]. In preparation of a clinical multi-centre trial on
FDG-based radiotherapy planning for NSCLC involving
centres with various PET, CT and planning systems, there
was the need to address the question of how to define
comparable target volumes using FDG-PET between the
centres. A method for target volume delineation of lung
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tumours was needed which is non-sensitive against varying
physiological background conditions or tumour inhomoge-
neity and which can furthermore be simply used in various
PET and/or planning systems. Therefore, the aim of the
present investigation was to develop an algorithm for the
GTV delineation of lung tumours, easily applicable, to be
used in different systems. The method was developed by
phantom measurements and validated by application to
patient data.

Materials and methods
Phantoms

Two cylindrical phantoms formed from polymethylmetha-
crylate (PMMA) enclosing different glass spheres were
used: one (phanl) with a liquid background volume of
21.48 1 and up to eight fillable glass spheres with volumes
ranging from 7.4 up to 258.0 ml (7.4, 13.7, 33.8, 64.0,
107.1, 171.3 and 258.0 ml), the other (phan2) with a liquid
background volume of 7.24 1 and four fillable glass spheres
(volumes=7.4, 13.7, 64.0 and 171.3 ml). The phantoms are
shown in Figs. 1 and 2, respectively. The sizes of all glass
spheres used were within the range of tumour volumes
observed in NSCLC patients. The geometry of phanl was
chosen to reflect the distributions of scatter and random
events similar to those of patient studies. Phan2 was

Fig. 1 Phanl as used for evaluation of the contrast-oriented algorithm
comprising ten fillable spheres of different diameters
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Fig. 2 Phan2 as used for validation of the contrast-oriented algorithm
comprising four fillable spheres of different diameters

planned to be used for the purpose of quality control during
a multi-centre trial. Therefore, its smaller geometry was
chosen with regard to practicability.

Phantom measurements

For each series of measurements, 1,000 ml of a homoge-
neous solution of FDG was prepared and all spheres filled
with this solution. Measurements were repeated starting
with an initial activity concentration of FDG within the
spheres of 47.0+£7.6 kBg/ml at the time of the first
acquisition. The background was filled with the lowest
activity concentration of FDG used and then gradually
increased, whereby the sphere-to-background ratio de-
creased from 33:1 to 2.5:1 for phanl. Hypothetical “uptake
values” corresponding to the biological SUV based on the
net phantom weight as “lean body weight” were also
calculated for the spheres. These SUVs ranged from 25.3
down to 2.5 and were within the range observed in patients
with lung tumours. Using phan2, sphere-to-background
ratios of about 10:1, 5:1 and 3:1 were realised. For all
measurements, the hypothetically isodistributed activity
concentration within both phantoms varied between 3.90+
0.98 kBg/ml, similar to that used in clinical practice.

To further investigate whether there is an influence of the
overall activity concentration on the results, two additional
series of measurements were performed using phanl: one
realising a comparably low activity concentration (2 kBq/
ml) and one a comparably high activity concentration
(7.8 kBg/ml).

Patients

For the validation of the method developed by phantom
measurements in patients, data sets of eight patients with
histologically proven primary NSCLC were used. These were
chosen out of a group of patients with both PET and CT scans
acquired for radiotherapy planning [17]. The patients selected
for the purpose of the actual comparison showed lesions
which were clearly delineable in CT and, therefore, allowed
CT-based GTV determination at a high level of certainty.

Acquisition of data

PET data were acquired on an ECAT-ART PET scanner
(CTI/Siemens; slice thickness=3.375 mm, transaxial spatial
resolution=6.2 mm) [29] comprising an emission scan
followed by a “hot” transmission scan in singles mode using
two '*’Cs point sources [30]. A total field of view (FOV) of
28.2 cm was scanned in two overlapping bed positions (BP)
(axial FOV of the scanner=16.2 cm). Acquisition parameters
of the emission and transmission scan, respectively, were
similar to those used in clinical routine (emission scan time=
10 min/BP; “hot” transmission live time=192 s/BP, recon-
structed image size=128%128 pixels of 5.15x5.15 mm).
The transmission images were reconstructed using filtered
back projection (ramp filter, 0.25 Nyquist). Attenuation-
corrected image reconstruction of the emission data was
performed using the iterative OSEM method (two iterations,
four subsets, 2-mm Gaussian filter) [31].

All patients underwent an additional PET acquisition of
the thorax (two bed positions) in radiotherapy treatment
position 160 min after the injection of 250 MBq FDG
following the routine whole-body scan. The corresponding
planning CT scan (Philips CT TWIN FLASH, 5 mm slice
thickness, 512x512 pixels of 0.98 mm, shallow breathing)
was acquired on the same day. To ensure identical patient
position during both examinations, the same positioning aid
was used on both modalities and the patients were aligned
and marked using external laser positioning systems as
described before in more detail [17].

PET and CT data were transferred to a Hermes Workstation
(Hermes Medical Solutions, Sweden) to perform automatic
co-registration using a rigid normalised mutual-information
algorithm. The co-registered patient data as well as the PET
data of the phantom measurements were converted to DICOM
data and then transferred to the radiotherapy planning system
(Philips Pinnacle, version 6.2) of the department of radiother-
apy [6, 32].

Image analysis: phanl

Evaluation of the images was performed on the PET
workstation using the ECAT software (Siemens CTI, ECAT
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version 7.2). According to our hypothesis, the optimum
method to determine the TS for auto-contouring a volume
in FDG-PET is influenced by two parameters: the back-
ground activity and the FDG accumulation of the lesion.

To account for the surrounding background FDG
concentration, regions-of-interest (ROI) were drawn in
every plane between the spheres at a distance of at least
5 mm from the target. The mean SUV of all these ROIs was
used as background value (BG).

To account for the activity of the lesion itself, one has to
consider the intensity as well as the inhomogeneity of the FDG
accumulation. Therefore, firstly, the maximum SUVs of each
sphere were determined by drawing ROIs around the spheres.
Secondly, to obtain a lesion-specific parameter, which later
also accounts for the biologic inhomogeneity of tumours, the
following procedure was performed: ROIs were generated in
each sphere by a threshold of 70% of its maximum SUV. For
these ROIs, the mean SUV (mSUV5,) was calculated. (ROIs
are also presented in Fig. 4a, see the “Results” section).

The choice of the threshold of 70% was determined
experimentally as a result of multiple tests in patient datasets.
The rationale was to use voxels surrounded by a threshold
which is sufficiently smaller than SUV,, in order to
minimise the influence of non-representative global maxi-
mum values which are subject to large statistical variation.
On the other side, the voxels used for the determination of
this value representative for a lesion had to be located safely
within the tumour, even in the case of a faint FDG
accumulation in a rather high background to be dealt with.

According to our hypothesis, the threshold for auto-
contouring should depend on both mSUV5, the mean SUV
of the 70% isocontour, and background, BG. To test our
hypothesis, the contrast (C) was calculated for each sphere
as the difference between the mSUV, and the background
relative to the background, that is:

C= (mSUV70 — BG)/BG (1)

The contrast was varied by gradually increasing the
activity concentration of the background whereas the activity
concentration of the spheres simultaneously decreases due to
the physical half life of '®F. To find the threshold value that
yielded a volume best matching the true volume, the spheres
were auto-contoured in the attenuation-corrected slices
varying the TS in steps of 0.1. Using the resulting optimum
threshold values, a regression function was calculated
representing the relationship between the normalised TS
[TS/(mSUV70—-BG)] and the image contrast of the spheres
as defined above (Fig. 3; see the “Results” section).

Validation: phan2 and patients

The regression function derived for phanl (Egs. 2 and 3;
see the “Results” section) was applied to define the
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Fig. 3 Normalised TS [TS/(mSUV,;,—BG)] as a function of the
contrast C: results of measurements of phanl for the spheres of
diameter over 3 cm (a), for the spheres of diameter up to 3 cm (b).
The inverse regression function curves are also shown

threshold that should fit the volumes of the spheres of
phan2 as well as to define the PET-GTV of the NSCLC
patients. In the patient studies, the background values were
defined by the following procedure: the structure with the
highest FDG uptake adjacent to a significant proportion of
the lesion (e.g. lung, liver, mediastinum) was regarded as
relevant background [17]. In every plane where the lesion
was visually detectable, circular ROIs were placed into this
relevant background at a distance of at least 5 mm from the
target. The mean SUV of all these ROIs was taken as
background value, BG, of the patient study. The mSUVq
was determined by the procedures described above (phanl).

The calculated volumes of the spheres in phan2 were
compared with their true ones, whereas the PET-GTVs of
the patients were compared with the GTVs defined by the
radiooncologist in CT. These were generated according to
current international recommendations using the soft-tissue
window with respect to the lung window. For a better
comparison, hypothetical spheric radii were calculated for
the derived tumour volumes. This yielded a value compa-
rable to clinical practice where the differences in radius
would reflect the distance between the contours drawn in
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the same image. It further eases the comparison of the order
of magnitude of the differences in volumes measured to the
resolution of the imaging system.

Results
Phanl

The volumes determined by the best-fitting TS after stepwise
variation matched the known spherical volumes within +£2%.
Figure 3a shows the normalised TS [TS/(mSUV,,—BG)] as
a function of the contrast C for spheres with diameters
equal or larger than 3 cm; in Fig. 3b, the values for spheres
of diameters of up to 3 cm are presented. The evaluation
showed that the relationship between (TS/(mSUV,,—BG))
and C was best described by an inverse regression function
providing the best regression parameters, that is:

TS/(mSUVm — BG) = k/C +a. (2)

Evaluating TS normalised by (mSUV,,—BG) instead of
TS, this inverse equation could easily be converted by
multiplication to a linear relationship between TS, mSUV,
and BG, that is:

TS = a x mSUV7y + b x BG (3)

with @=0.50 and b=k—a=0.50 (R=0.973) for the ECAT
system for spheres of diameter equal or larger than 3 cm
(large spheres) and with a=0.67 and »=0.60 (R=0.993) for
spheres of diameter up to 3 cm (small spheres). The inverse
regression function curves providing these parameters are
also presented in Fig. 3. The distinction of using two sets of
parameter was made based on the following procedure: for
each sphere, the volume was calculated applying both sets
of parameter. As the ratio of the calculated and the true
volume should be preferably near one, it was necessary to
apply one set of parameters for spheres of diameter equal or
larger than 3 cm and the other for the smaller ones.

Figure 4a exemplifies the application of the method: a
representative transaxial slice of phanl is shown including
some typical background ROIs (red) as well as the ROI drawn
to find the SUV ., of the sphere (blue); the ROI generated by
a 70% isocontour, which yields mSUV5, (green) and the
resulting ROI, which was generated by the threshold for auto-
contouring, TS, according to Eq. 3 (yellow). Results of the
evaluation (SUV ., mMSUV ean, BG and TS) of this slice are
also given in this figure. Additionally, the whole procedure is
summarised in a flowchart and presented in Fig. 4b.

Influence of activity concentration

Data of two additional series of measurements were
evaluated which realised comparatively low and high
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0.7% SUV 0 5.00
Used to draw green ROI
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. Determined in green ROT
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Determined in red ROTs

wn

TS 0.5%5.62 +0.5*0.76
calculated by eq. (3) !
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b | Determine lesion |
¥
Measure SUV__.
| Calculate 70% SUV,,, |
]'_ | Determine background |
Draw ROl in lesion
by 70% SUV,___ | Draw ROI in background |
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Determine mean SUV Determine mean SUV
in this ROI in ROI
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~. i

Calculate threshold SUV TS by
TS=a*mSUV, +b*BG

!

[ Delineate volume by TS ]

Fig. 4 Example for the use of the contrast-oriented algorithm (a) and
flowchart (b). a Representative transaxial slice of phanl including
typical ROIs and values determined. Red background ROIs; blue ROI
generated by a threshold of SUV=2 to measure SUV,,.,; green ROI
generated by a 70% (0.7xSUV ,.x) isocontour, used to determine
mSUV5g; yellow final ROI for volume delineation, threshold TS
calculated according to Eq. 3. b Flowchart

hypothetically isodistributed activity concentrations (2.0
versus 7.8 kBg/ml). SUVs of the spheres were 7 and 16,
respectively. The thresholds for auto-contouring the spheres
were calculated according to Eq. 3. We found the ratio of
the calculated volumes of the spheres, Vi ,., and the true
ones, Vie 10 be Veae/Vie = 1.03 £0.05 for values of
relatively high hypothetically isodistributed activity and
Veale/ Viwe = 1.05 £ 0.02 for the low ones, respectively.
These results showed that, within the effective range of
activity concentrations used, the relationship between TS,
mSUV5, and BG as given in Eq. 3 as well as the values of
the parameters ¢ and b as stated above were found to
remain valid.

Sensitivity of auto-contoured sphere volume to small
changes in threshold SUV

The effect of small variations in TS on auto-contoured
volumes is shown in Fig. 5 for the spheres of volumes of
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Fig. 5 Changes in relative auto-contoured sphere volume (¥ a1o/Virue)
for small changes in threshold SUV for spheres of diameters of 3 and
7 cm and theoretical SUVs of 4 and 21

171.3 ml (7 cm diameter) and 13.7 ml (3 cm diameter),
respectively. We found that the relative change of volume
(Veard/Viwe) Was increasing both with decreasing spherical
volume and with decreasing SUV within the sphere. For low
SUVs, the volume changed very rapidly with small variations
of TS, the effect being more pronounced for spheres of small
volumes. For example, considering a mean SUV of about 4
within the spheres and spherical volumes of 171.3 and
13.7 ml, respectively, the differences in comparison with the
true volumes were found to be 24+4% and 40+9%
respectively, for a change of TS of 0.5.

Phan2

To validate the algorithm stated above (phanl, Eq. 3;
Fig. 3) the volumes of the spheres of phan2 (Fig. 2) were
calculated by applying TS determined according to this
relationship and the parameters for large and small spheres,
respectively. We found that the volumes of the two large
spheres (171.3 and 64.0 ml) were slightly overestimated by
less than 7% whereas the volumes of the two small spheres

(13.7 and 7.35 ml) were both underestimated by less then
8% and overestimated by less than 11%. These values
corresponded to deviations in spherical radii of less than
1 mm for the large spheres. For the small spheres, the
deviation in spherical radii varied between —0.4 and
+0.4 mm. These results are summarised in Table 1.

Application to patient data

The algorithm stated in Eq. 3 was applied to the image data
of the eight patients with NSCLC. The calculated volumes
are listed in Table 2 in comparison with the GTVs
determined by the radiotherapist using CT. All patients
but one (patient no. 2) showed high values of FDG uptake
as is usually known for patients with inoperable NSCLC
[33]. For a better comparison, the radii of equivalent
spherical volumes are given and also the differences in
spherical radii between PET and CT. The calculated radii
showed differences of —0.7 up to +1.2 mm in lesion size
compared with those determined by CT. The target ROI of
one of the patients (patient no. 8) as found by auto-
contouring following the contrast-oriented algorithm is
presented in Fig. 6.

Discussion

In the present investigation, we developed and evaluated an
easily applicable contrast-dependent method for defining a
GTV with FDG-PET, optimised for patients with locally
advanced lung cancers. The phantom measurements
showed that the TS for auto-contouring a volume in the
FDG-PET image depends on the mean SUV within the
volume (mSUV,y) as well as on the background value

Table 1 Results of volume delineation of the spheres of phan2 following the contrast-oriented algorithm (Eq. 3) in comparison with the true

values
SUV ax True sphere Measured sphere Difference (%) True sphere Measured sphere Difference (mm)
volume (ml) volume (ml) radius (mm) radius (mm)

8.5 1713 178.1 +3.9 34.5 34.9 +0.4
43 180.0 +5.1 35.0 +0.5
3.4 182.4 +6.5 352 +0.7
8.5 64.0 67.0 +4.7 24.8 252 +0.4
43 64.3 +0.4 24.9 +0.1
34 66.0 +3.2 25.1 +0.3
8.5 13.73 13.0 -5.6 14.9 14.6 -0.3
43 13.5 -1.7 14.8 0.1
34 13.9 +1.2 14.9 +0.0
8.5 7.35 6.7 —8.8 12.1 11.7 -0.4
43 7.6 +3.4 12.2 +0.1
3.4 8.2 +11.6 12.5 +0.4

Differences in spheric volumes between measured and true values are given in % of the true volumes. Differences in spheric radius between

calculated values and the true ones are given in mm
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Table 2 Results of FDG-based GTV delineation of the patients following the contrast-oriented algorithm (Eq. 3) in comparison with GTV

definition using CT

Patient Tumour localisation SUVax mSUV,, BG  GTV PET GTV CT Difference
no.
? Volume Radius Volume Radius Volume  Radius
(ml) (cm) (ml) (cm) (%) (mm)

1 Peripherally, upper lobe 26.3 19.7 0.3 67.3 2.52 66.4 2.51 +1.3 +0.11

2 Peripherally, lower lobe 1.7 1.4 0.2 5.5 1.10 5.5 1.10 0.00 0.00

3 Peripherally, lower lobe 15.8 11.8 0.5 16.2 1.57 12.7 1.50 +27.8 +1.23

4 Peripherally, upper middle 16.8 11.3 0.3 20.8 1.70 20.7 1.70 +0.2 +0.01
and lower lobe

5 Centrally 13.6 10.0 0.3 30.2 1.93 27.0 1.86 +11.7 +0.70

6 Peripherally, lower lobe 15.2 9.7 0.3 45.4 2.21 499 2.28 -9.0 -0.71

7 Peripherally, upper middle 21.7 16.3 0.3 72.5 2.59 69.0 2.54 +5.0 +0.42
and lower lobe

8 Centrally 19.1 13.0 1.0 194.5 3.59 185.2 3.53 +5.1 0.60

Differences in volume and radius between PET and CT are also given. Radius values are calculated for spheres of equivalent volume

(BG). Considering the contrast as given in Eq. 1 and
choosing an inverse regression allows transforming the
calculated function into the mathematically simpler algo-
rithm as presented in Eq. 3. This algorithm is easily applied
and—adaptable to any system used—may become imple-
mented into the software systems which are currently in use
in clinical practice. The application of the method described
in this study for the design of FDG-PET-based GTVs in
lung cancer has the potential to reduce much of the inter-
and intra-observer variation otherwise inherent in the use of
FDG-PET-based radiotherapy planning today [7].

Validation in phantom

To validate the algorithm presented, we applied the method
to another phantom (phan2) with different geometry which
was chosen with regard to the phantom’s use for quality
control in a multi-centre trial. As phan2 is significantly
smaller than phanl, those measurements show reduced
scatter and randoms. Therefore, there was a need to validate
carefully if the results determined for phan2 agree with

Fig. 6 Transverse CT slice (a)
and corresponding PET slice (b)
of patient 8 including examples
of target ROIs as found by auto-
contouring the PET images
following the contrast-oriented
algorithm: green ROI generated
by a 70% isocontour which is
used to determine mSUVg; pink
BG; yellow ROI generated by TS
according to Eq. 3=GTV PET

those of phanl. Using phan2, we observed a slight over-
estimation of the volumes of the large spheres (diameter
>3 cm) by up to 7%. This represents a calculated over-
estimation in a radius of less than +0.7 mm which is much
below the resolution as well as smaller than the pixel size in
PET imaging used to date. For the small spheres (diameter
<3 cm), we observed both under- and over-estimation of the
volumes up to —6% and +12%, respectively. However, this
difference in volume again represents a calculated differ-
ence in radius of less than —0.3 and +0.4 mm, respectively,
which is also below the resolution of the system. Overall,
the results for phan2 are in agreement with those observed
for phanl. Applying the contrast-dependent method, ade-
quate estimates were observed for objects having at least a
diameter of more than twice the full-width-at-half-
maximum (FWHM) of the PET scanner used. As expected,
the accuracy of the results is limited by the spatial
resolution of the scanner with relatively large voxels.

To calculate the threshold for auto-contouring, we
decided to use two sets of parameters for the regression
function: one set for spheres of diameter equal or larger
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than 3 cm and another for the spheres of diameter
smaller than 3 cm. This distinction can be explained by
the limited spatial resolution of the PET scanner which
is more pronounced for the smaller spheres [29, 34].
Moreover, as lesion detectability not only depends on
PET resolution but also on both the acquisition parame-
ters and the reconstruction methodology used [35], this
distinction may also reflect the influence of those
parameters.

Validation in patient data

Unlike in real tumours, the FDG distribution in the spheres
of the phantoms and in the background was homogenous.
To validate the method in clinical practice, we applied the
algorithm to lung tumours which were clearly delineable in
CT images and, therefore, allowed GTV determination
using CT at a high level of certainty. The volumes of
primary tumours in eight patients with NSCLC were
analysed and compared with the GTVs delineated by the
radiotherapist in the CT data.

The volumes of lung tumours as measured by '*F-FDG-
PET represent the accumulation averaged over several
breathing cycles whilst the CT data rather represent a
“snapshot” of the density at a short point in time within the
breathing cycle. As predicted by Caldwell, volumes
measured by FDG-PET may include not only the volume
visible on CT but also the position of the tumour during the
breathing cycle [36]. In concordance with this expectation,
we observed over-estimation of the volumes by PET
compared to CT up to 28%. This concordance is further
supported by the fact that the tumour in which the largest
over-estimation by FDG-PET occurred was located periph-
erally in the lower lobe of the right lung, in a region where
extensive breathing movements are present. In no case was
the volume defined by the contrast-oriented algorithm
significantly smaller than the GTV delineated in CT. This
is an important fact, since in radiotherapy planning, it is
mandatory to safely encompass all malignant structures.
Insufficient target volumes, being, e.g. too small to cover
the whole tumour, may be a reason for local under-dosing
and, therefore, tumour recurrence.

All patients but one (patient no. 2) showed relatively
high values of FDG uptake. In the clinical situation, a
SUV,ax of 2.5 is often assumed for the differentiation
between benign and malignant tumours. In fact, after
histological examination, only very few primary lung
cancers (e.g. patient no. 2) show a SUV,,, below 2.5,
whilst most tumours show a much higher SUV,,,,. For
radiotherapy patients with inoperable NSCLC, a mean
SUVnax of 17 is reported in the literature [33], whereas
for all patients with NSCLC (including the operable), a
mean SUV ., of 11 has been published [37].

@ Springer

Comparison with other methods

Various basic approaches for contouring FDG-based GTVs
were reported in the literature. In an earlier publication, we
compared the GTVs resulting from the methods most
commonly used (visual contouring, absolute thresholding
(SUV=2.5), relative thresholding (40% SUV ,.x)) with
those from the contrast-oriented algorithm described in this
study in 25 primary lung tumours [17]. That investigation
showed essential clinically relevant differences between the
volumes contoured by the different methods. Apart from
the visual delineation of the FDG-based GTVs by one
observer, the volumes delineated by the contrast-oriented
algorithm appeared to be most useful for radiotherapy
treatment planning of lung cancer patients. In the context of
this paper on clinical application, the question of the choice
of the background region in patients was discussed
extensively. In order to avoid redundance, these details
will not be discussed again in this report.

In another clinically oriented publication, we applied our
algorithm to define the volume of 32 FDG-PET-positive
lymph nodes using the parameters evaluated for spheres of
diameter <3 cm [38]. We compared both the delineability of
the nodes and the calculated GTVs with those resulting
from the above-mentioned methods used in the contouring
of primary tumours. In contrast to the data for primary
tumours, different methods of contouring did not lead to
widely differing GTVs for lymph nodes, but to significant
differences in the technical delineability. Whilst nearly all
volumes visually detected could be defined by the contrast-
oriented method (>95%), only 78% and 63% of the nodes
could be delineated by an absolute SUV or a threshold of
40% of the SUV ,ax, respectively. We consider this result to
be due to the ability of the method to cope with the low
contrast between nodes and mediastinum.

Several authors have addressed the problem of GTV
delineation in FDG-PET by automatic and semi-automatic
methods which were also derived from phantom measure-
ments. Different clinical settings were addressed by their
publications. Most authors used spheres of comparably
small volumes matched to the values of the expected patient
tumour volumes [9, 18, 20-22, 39-42]. Daisne and
colleagues who evaluated a signal-to-background algo-
rithm, focussed on head-and-neck tumours and, therefore,
used spheres of volumes from 2 to 17.15 ml corresponding
to spheric diameters of less than 3.2 cm. Erdi and
colleagues developed their method of image segmentation
by using a percentage of the maximum FDG accumulation
focussing on lung metastases caused by different neo-
plasms. They used spheres of volumes smaller than 5.5 ml
(corresponding spheric diameters <2.2 cm) [9].

Our study addresses the question of GTV definition in
patients with locally advanced NSCLC. Therefore, the
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present analysis deals with spheres of relatively large
volume sizes between 7.4 and 258.0 ml corresponding to
spheric diameters between 2.5 and 8.0 cm. One other
publication [19] reported on spheres of similar volumes
(between 12.2 and 291 ml). The authors also focussed on
patients with NSCLC, however, they evaluated an iterative
method using the mean SUV of the lesion irrespective of
the background

The contrast-oriented algorithm for contour delineation
described in this study uses the parameter mSUV,, for the
characterisation of the activity accumulation of the ques-
tionable lesion, whilst most other methods use the maximal
SUV or maximal activity within the ROI [18]. The mSUV,
is defined as the mean SUV within a ROI surrounded by a
threshold of 70% of the maximum activity in the sphere (or
the lesion, respectively). In our eyes, using the mean SUV
of a X% isocontour instead of the maximal SUV with X
sufficiently smaller than 100% substantially minimises the
influence of statistically non-representative maximum val-
ues which have to be expected in clinical use due to the
inhomogeneity of the FDG accumulation in tumours. The
value of 70% of the maximum was chosen to make sure
that the calculated mSUV5, is higher than the background
value even for small faintly accumulating lesions within the
mediastinum. Nevertheless, other values of X are also
feasible, e.g. 60-80%, each of them resulting in different
values of the parameters a and b used in Eq. 3. The value
applied in clinical routine has to be adapted for the system
used.

Daisne and coworkers who also proposed to use a
signal-to-background algorithm in head-and-neck tumours
tried to minimise the influence of statistically not represen-
tative maximum values by determining the threshold for
auto-contouring as a percentage of the maximum activity
which is defined as the average activity of the 9-voxel
surrounding the hottest voxel [18, 20, 21]. However, the
often inhomogenous uptake of FDG is not explicitly
considered by this investigation. This is justified by the
clinical application in the head-and-neck region because the
volumes of the documented lesions are rather small
(<20 ml).

Black and coworkers focussed on patients with NSCLC;
however, they proposed an algorithm which uses the mean
target SUV, SUV can, as the single parameter to determine
the threshold-SUV for target volume delineation [19]. The
authors stated that the mean target SUV calculation already
includes the effects of background activity. Nevertheless, as
the mean target SUV and the threshold-SUV are influenced
by each other, an iterative method is needed to calculate the
threshold-SUV which should converge to the expected
value generally after not more than five iterations. This is in
contrast to our aim of finding a uniformly applicable
method for defining a GTV with FDG-PET in lung cancer

which can easily be used in clinical practice making
iterative processes unsuitable. For comparison, we applied
the algorithm proposed by Black et al. to our phantom data,
resulting in the following parameters: SUV threshold =
0.61 X SUVyeant+ 0.54(r = 0.97). The application of this
constant-threshold method in our patient data, however,
consistently yielded smaller volumes than those delineated
from CT (range=—4.8% to —38%). Similar results have
been reported by Bayne and colleagues who also found
discrepant GTVs using the algorithm of Black and
colleagues to evaluate patient data [23]. The reason for
the underestimation of tumour volumes may lie in the
inhomogenous uptake of FDG in lung tumours or explicitly
in the neglect of the background activity

Limitations

There are some limitations to this study. First, there is no
gold standard for the “true” volumes of real tumours
measured by CT, which have to be compared to ungated
PET data. Therefore, only estimates can be made about the
influence of breathing excursions. The results of Caldwell
et al. may give an idea of the physical order of magnitude
of the size variations [36]. However, breathing excursions
may vary depending on the size, localisation and surround-
ing of the tumour, as well as on the breathing mechanics in
the individual patient. In the end, the results of clinical trials
will have to show which contouring method can be used
safely in patient care.

There are various approaches to the problem of breathing
movements including gating in image acquisition and
radiotherapy application [43, 44] or software correction
techniques and hardware, like 4-D-CT [45]. In the future,
also PET-MRI may provide new solutions. Most of these
techniques, however, are still under investigation for their
applicability in clinical routine [46] and their benefits to the
patients still have to be evaluated. The setting addressed by
the method presented in this study is the standard ungated
irradiation of NSCLC patients as commonly used in clinical
routine today.

Secondly, in cases of tumours with highly inhomoge-
nous FDG uptake, e.g. central necrosis, the volumes
delineated by our method may be too small. As the central
necrosis within a tumour is part of the GTV, the volume
resulting from auto-contouring has then to be visually
corrected by the experienced nuclear medicine physician
together with the radiotherapist. Moreover, as stated above,
in a recent, more clinically oriented publication [17], we
have compared the method described in this study with
other methods currently used in clinical application. In this
study, from the point of view of the radiotherapist, the
GTVs in inhomogenous tumours generated by use of the
contrast-oriented algorithm were more satisfactory than
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the GTVs generated by the other methods. However, to
date, no method of automatic contouring is able to fully
cope with this problem.

Furthermore, no automatic or semi-automatic method can
fully replace the experienced eye of the nuclear medicine
physician who in a first diagnostic step will always have to
decide which lesion has to be considered as a tumour in
contrast to inflammatory lesions or normal tissue.

First measurements with our systems (ECAT-ART PET
scanner/Philips Pinnacle planning system) have shown that
parameters @ and b will have to be adjusted for every
combination of PET including the reconstruction method
and parameters used, CT and planning system [24, 25].
Therefore, it has to be emphasised that although the method
is uniformly applicable, the values of parameters a and b
for Eq. 3 reported in this study are system-dependent.
These values have to be separately adjusted for each system
by phantom measurements as described in this study. In
preparation of a multi-centre trial, we are currently
investigating the validity and practicability of the algorithm
described in this study by comparing the results of phantom
measurements using different PET and radiotherapy plan-
ning systems in other centres. The results of these measure-
ments will be published as soon as possible.

Conclusion

By the contrast-oriented algorithm presented in this study, a
PET-based delineation of GTVs for primary tumours of
lung cancer patients is feasible. The TS for defining the
target depends on mSUV5, as a measure of the activity of
the lesion and on BG as a measure of the background
activity. The algorithm is easily applicable and adaptable to
any system used.
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