10th International Meeting on Fully Three-Dimensional Image Reconstruction in Radiology and Nuclear Medicine

=

108 cm

Figure 4 Digital phantom for fan-beam SPECT computer simulation.
The square boxes in the right image indicate two regions-of-interest
(ROIs).

In the reconstruction, first, differentiation followed by
backprojection of truncated SPECT data was obtained. Then
assuming the activity within a small part of the region-of-
interest is known, the other part of the ROI was estimated
using the PCOS method. The reconstructed image is shown in
Fig. S.

Figure 5: The reconstructed image for fan-beam geometry. The box
indicates the region where the distribution is known a priori.

IV. CONCLUSION

This paper extended the work in [8] to SPECT imaging
where uniform attenuation map is assumed. The interior
problem was shown to be solvable given tiny a priori
information. Reconstructions from simulated fan-beam data
verify the theory.

The investigation of a pinhole system is presently
undergoing. In the pinhole simulation, regularized maximum a
posteriori (MAP) algorithm is used to reconstruct the
simulated pinhole data. A low resolution reconstruction of the
parallel beam collimated data is used as prior information.
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Purpose: Regular monitoring of PET scanner performance is mandatory to assure quality of ac-
quired data. While extensive performance measurements include many scanner characteristics such
as resolution, count rate, uniformity, sensitivity, and scatter fraction (SF), most daily QC protocols
are limited to uniformity and sensitivity measurements. These measurements may be too insensitive
to detect more subtle drifts in detector gains that could lead to reduced detection of primary and
increased detection of scattered events. Current methods to measure SF, such as those prescribed by
the NEMA protocols (SE-NEMA), however, require specially designed phantoms and are too cum-
bersome to be performed on a daily basis.

Methods: In this study, a simple and versatile method to determine SF is described. This method
(SF-DAILY) does not require additional measurements, making it suitable for daily QC. The
method was validated for four different scanners by comparing results with those obtained with the
NEMA 1994 protocol.

Results: For all scanner types and acquisition modes, excellent agreement was found between
SF-NEMA and SF-DAILY.

Conclusions: The proposed method is a very practical and valuable addition to current daily QC
protocols. In addition, the method can be used to accurately measure SF in phantoms with other
dimensions than the NEMA phantom. © 2009 American Association of Physicists in Medicine.

[DOL: 10.1118/1.3213096]

Key words: PET, scatter fraction, quality control, NEMA

I. INTRODUCTION

Assessment of PET scanner performance is mandatory to
prevent image artifacts and to assure quantitative integrity of
acquired data. In general, extensive performance measure-
ments are performed only occasionally, e.g., after scanner
installation, an upgrade, or major maintenance, with more
concise quality control (QC) measurements being performed
on a daily basis (daily QC). The purpose of this daily QC is
to detect scanner malfunctioning and to monitor scanner sta-
bility. Ideally, this daily QC should be sensitive enough to
detect changes in scanner performance that require (immedi-
ate) attention. As scanner maintenance may have substantial
impact on patient throughput and planning, however, a deci-
sion to perform maintenance should be well founded, prefer-
ably based on a more extensive set of measured parameters.
Therefore, it is important that daily QC tests provide as much
relevant information as possible. Apart from offering a solid
basis for decision making in clinical practice, daily QC data
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can also give insight in scanner behavior as a function of
temperature, power loss, or time after maintenance.

While the above mentioned extensive (acceptance) perfor-
mance measurements (using a range of different phantoms)
include many scanner characteristics such as uniformity, sen-
sitivity, and scatter fraction (SF), for practical reasons, the
daily QC often is restricted to detector uniformity and sensi-
tivity. These parameters are typically derived from a scan of
a uniform cylindrical phantom filled with the long-lived iso-
tope %Ge. These limited measurements may, however, ob-
scure scanner drift or inaccuracies caused by changing detec-
tor gains, possibly leading to reduced detection of primary
and increased detection of scattered events. In addition, drifts
in electronics settings can lead to loss of sensitivity. For ex-
ample, a shift in photomultiplier tube (PMT) gains can cause
the 511 keV photopeak to drift, eventually (partly) falling
outside the energy window.' This, in turn, may lead to a
direct change in the detected SF, and hence image quality

© 2009 Am. Assoc. Phys. Med. 4609
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and quantitative accuracy. Especially in state-of-the-art PET
scanners that can only operate in 3D mode, SF is high (typi-
cally 50% of all detected events) and alterations in measured
SF can have a major impact. In order to quantify 3D PET
data, sophisticated scatter correction algorithms have been
developed. If adjustments are not made while needed, how-
ever, changes in SF can cause the algorithm to over- or un-
derestimate the scatter contribution, leading to bias, i.e., in-
correct regional activity concentrations.

The SF is defined as the fraction of all events that have
been scattered prior to detection. There are many ways to
determine this SF, but the most widely accepted method is
according to the NEMA standards. NEMA protocols have
been established in a collaboration between scanner manu-
facturers and users. The advantage of NEMA protocols is
that results can be interpreted by all parties, without uncer-
tainties about the exact conditions under which measure-
ments were performed. This is especially useful when com-
municating results between users, manufacturers, or other
parties. Disadvantages of NEMA protocols are that they usu-
ally require specially designed setups and phantoms and that
they are too cumbersome for use on a daily basis. Conse-
quently, NEMA protocols often are used only for acceptance
testing and in other situations where extensive measurements
are required (e.g., following a major upgrade).

The purpose of the present study was to develop and vali-
date a simple method to accurately estimate scatter fractions
using a uniform cylindrical phantom. In general, a uniform
cylindrical phantom is used to monitor sensitivity and uni-
formity on a daily basis and, therefore, this SF method could
easily be added to the daily or weekly QC without the need
for additional measurements. Validation was performed by
comparing measured SF values with those derived according
to the NEMA NU-1994 protocol using four different scan-
ners.

il. MATERIALS AND METHODS
I.LA. NEMA scatter fraction

NEMA standards for PET instrumentation describe a se-
ries of phantom measurements to determine scanner charac-
teristics, including spatial resolution, scatter fraction, count
rates, sensitivity, accuracy of correction methods, and gen-
eral image quality. While the older NEMA-1994 protocol'?
was defined in a time when PET was primarily used as a
brain imaging modality, the 2001 and 2007 protocols reflect
the shift toward whole-body oncological applicatic>ns.3'6 For
the SF measurement this is illustrated by the short 20 cm
cylinder in the NEMA 1994 protocol (SF-NEMA1994) and
the longer 70 cm cylinder in the NEMA 2001 protocol (SF-
NEMA2001). The latter phantom was introduced to include
scatter that originates from outside the axial field of view
(FOV) of the scanner, and therefore SF-NEMA2001 is
higher than SE-NEMA1994, especially when scanning in
3D mode (i.e., without septa in the FOV). In a comparative
study, however, it was shown that a change in SF-
NEMA1994 strongly correlated with a change in
SE-NEMA2001.>
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As the cylindrical daily QC phantom often has the same
dimensions as the NEMA 1994 scatter fraction phantom, SF-
NEMA1994 was used as the gold standard for validating the
proposed method. The NEMA1994 protocol describes a 20
cm diameter, 20 cm length, water filled cylinder in which a
20 cm line source can be inserted at three different positions
(0, 45, and 90 mm from the center) (Fig. 1). After filling the
line source with a low level of activity (~5 kBq/cc of '*F),
it was inserted at each of the three positions and, at each
position, data were acquired for 15 min to ensure at least 200
kcounts per slice within the central 17 cm of the phantom.

SF-NEMA 1994 was then obtained by (1) correcting the
three measurements for '*F decay, detector nonuniformities
(normalization), and, where relevant, detector gaps (Fig. 1),
(2) straightening the sinograms to eliminate curves due to
off-center line source positions (Fig. 1), (3) setting all sino-
gram pixels corresponding to positions >12 cm from the
center of the phantom to zero, (4) adding projection angles to
create one profile per line source position, and (5) adding the
three scatter profiles, thereby weighting for the annular re-
gion in which the line source is positioned, where (6) scat-
tered events under the primary peaks were estimated using
linear interpolation between count levels within 2 cm from
the peak® (Fig. 1).

11.B. Simplified procedure

When acquiring PET data using a uniform cylindrical
phantom of diameter D, filled with an arbitrary activity and
placed centrally in the FOV, the resulting total count (7)
projections are the sum of primary (or unscattered) events
(P), scattered events (S), and random events. In general, ran-
doms are corrected for by subtracting an independently mea-
sured estimate, usually obtained with the delayed window
technique and therefore not addressed specifically in this
study.” If r is the position on the projection (bin position)
relative to the center of the FOV, then S(r) is an arbitrary
function describing the scatter background. The point spread
function PSF(r) is a 1D function describing the resolution of
the projection data centered around r=0 (Fig. 2). It is now
postulated that, for a nonoblique projection plane, the spatial
distribution of the total counts T of primary and scattered
events within the FOV of a single ring of detectors (or non-
oblique, direct plane) originating from a cylindrical phantom
with diameter D is given by

T(r) = PSF(r) ® (P(r,D,p) + S(r)),

P(r,D,p)

1 1
=2\[2D2-r2-p~exp(—/¢ ZDZ——rz), r=D,

P(r,D,p)=0, r>D, (1

where u is the linear attenuation coefficient at 511 keV
(ecm™), P(r,D,p) describes the distribution of the detected
primary photons, and p is a scaling factor for the total num-
ber of detected primary photons that depends on both activity
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Fic. 1. llustration of SF-NEMA procedure. The top image shows a sinogram from a line measurement for one of the three positions. Line profiles (bottom)
are generated by straightening the profiles and averaging all views of the sinogram. Profiles are also shown using a logarithmic scale including the interpolated
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integrating the profiles as described by the NEMA protocol.

60 g 4 T T T

50

40

30

counts [au]

20

10+ P

50 100 150 200 26 300
profile position [mm]

FIG. 2. Example of the three parts of the model used for estimating the
SE-Daily: A PSF with a FWHM of 7 mm (scaled for illustration purposes),
a primary response from a cylinder with a diameter of 20 c¢m, and an arbi-
trary scatter response.
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in the phantom and sensitivity of the scanner. In short, the
total response is a sum of primary and scatter events, where
the shape of the primary contribution is known. In this case
the activity of the nonoblique cross section through the cy-
lindrical phantom was approximated by a circle [first term of
P(r,D,p)], and multiplication with the attenuation factor
(last exponential term) estimates the shape of the response in
the absence of scattered photons.

In this study S{r) was modeled as a first order cubic
spline8 based on a set of control points (r{,¥1;... ;7 Yn)s
i.e., S(r) was simply modeled as a piecewise linear function
between the coordinates (ry,y;) and (ry,y,), (r5,y,) and
(r3,y3), and so on. Although a piecewise linear shape might
not be natural, the convolution with PSF(r) removes discon-
tinuities at the control points. Figure 2 gives an example of
the components P(#), S(r), and PSF(r).

The new simplified method to derive SF (SF-Daily)
makes direct use of Eq. (1). First, the PSF is modeled using
a Gaussian function with a fixed width based on scanner
specific resolution data. For the sake of simplicity, in all
cases a spatially invariant resolution was assumed. Next, for
the scatter function S(r), the control points are chosen
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Fic. 3. Sinogram of uniform cylinder used for daily QC measurements.
Scatter in the background of the sinogram is clearly visible. Black diagonal
lines are due to gaps between detectors heads

equally divided over the data space (r direction) with ry lo-
cated at the beginning and r, at the end of the transversal
field of view. For this study five control points were used.
Since D, w, and PSF(#) are known and ry,...,rs are fixed,
T(r) has p and the five base points y,...,ys as free param-
eters. These parameters were estimated by fitting 7(r) to a
measured response projection profile using a nonlinear curve
fitting method (Levenberg-Marquardtg). It should be empha-
sized here that Eq. (1) is fitted to all projection data and not
just to the tails of the sinogram, making the method very
robust. For calculating SF only counts in the region r £3/5D
are taken into account as this is prescribed by the NEMA
protocol:

_ 1558(ndr

SO T(r)dr”

SE=
IZ3sp

2
To acquire data, a uniformly filled cylindrical phantom with
known diameter (in the present case 20 cm for the whole-
body scanners and 4.5 cm for the animal scanner) has to be
placed in the center of the FOV, with its long axis in line
with the scanner axis. In case the scanner has scintillation
crystals containing intrinsic radioactivity such as L(Y)SO,
background radiation has to be taken into account, as it pro-
duces randoms and a small fraction of true coincidences due
to cascading gamma rays.10 This background activity, how-
ever, usually is very low (typically less than 1 X 1073 counts
per second per line of response). On the other hand care
should be taken not to induce pileup effects that can alter SF
due to high count rates. Although this differs from scanner to

TaBLE I. Relevant data of the various scanners.
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scanner, as an example, SF for the high resolution research
tomography (HRRT) is stable when total activity in the FOV
is between approximately 1 and 100 MBq.11 Although the
count rate has negligible effect on SF as long as it is kept
within the clinical range, ideally, total activity in the cylinder
should be comparable to that used for the NEMA protocol
(2.5 kBqcc™!, or 15 MBq). Figure 3 shows an example of
an acquired sinogram.

II.C. Scanners

To test and validate the new SF-Daily method under vari-
ous circumstances, data from four different PET scanners
were used. The scanners varied in crystal material, crystal
size, ring diameter, and axial field of view, characteristics
that all affect the scatter fraction. Table I gives an overview
of relevant scanner data.

The Siemens HR (also known as ECAT Exact 47)% is a
whole-body BGO scanner that can be operated in both 2D
and 3D modes by means of retractable septa. Although 3D
acquisitions yield higher sensitivity, the 2D mode is charac-
terized by smaller randoms and scatter fractions, which can
be advantageous for high count rate studies. The Philips
Allagro13 is a 3D only whole-body scanner based on curved
GSO crystals, which have the advantage of a relatively high
energy resolution compared with other PET crystals, result-
ing in a lower SF. The 3D only Siemens HRRT was one of
the first scanners to apply LSO crystals. Its high spatial res-
olution enables detailed brain studies and small animal ap-
plications that can be covered in one bed position, thanks to
the large axial FOV." The Siemens microPET Focus 120
(Ref. 14) is a dedicated small animal LSO scanner with a
gantry opening of approximately 20 cm. Although a new
NEMA protocol specifically for small animal PET scanners
was introduced only recently15 microPET experiments using
NEMA-like phantoms have already been reported previ-
ously.'® Table I also lists resolution data (mm FWHM) as
used for modeling PSF in Eq. (1).

I1.D. Scatter fraction measurements

SE-NEMA and SF-Daily were measured and compared
for all four scanners. For the HR, SF was measured using a
cylinder, filled with '*F, in both 2D and 3D acquisition
modes. This provided a means to evaluate the effects of septa
on measured SF for both methods. Although in most cases
3D sinograms were acquired, analysis was performed only
on nonoblique (direct) planes in the sinogram. Hence, all

Crystal Diameter Resolution Ring
Crystal  thickness  Axial FOV gantry used diameter
Scanner material (mm) (cm) (cm) (mm FWHM) (cm)
Siemens HR BGO 30 15 51 5 82.7
Philips Allegro GSO 20 18 56 5 86.4
Siemens HRRT LSO 20 25 31 3 46.9
Siemens microPET Focus 120 LSO 10 7.6 20 2 25.8
184
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FiG. 4. Profiles of measured and fitted data. Top: HRRT before (left) and
after (right) scanner setup. Mid: HR in 2D (left) and 3D (right) acquisition
mode. Bottom: MicroPET (left) and Allegro (right). Due to the normaliza-
tion process vertical units are arbitrary.

oblique planes (also called segment 1 and higher) were dis-
regarded, effectively resulting in a 2D sinogram.

For the HRRT, SF-Daily was measured using a BGe
phantom (diameter of 20 cm, length of 27 cm, 20 MBgq),
routinely used for daily QC purposes. Sensitivity of SF-
NEMA to small changes in SF was investigated by measur-
ing SF of the HRRT just before and after performing a setup
process (i.e., tuning of gain and other settings in order to
maximize performance), as this setup process will decrease
SF due to optimized energy calibration. SF was measured for
the whole gantry and plane by plane. To assess eftects of
noise, SF-Daily for the whole gantry was measured using
acquisition times of 15, 2, and 1 min.

For the Allegro, SF was determined for different lower
energy threshold settings (260, 310, 360, and 410 keV) and
an upper level discriminator set to 665 keV in order to in-
vestigate the correlation between both SF methods. For this a
20 cm diameter, 20 cm length cylinder filled with 20 MBq
BE was used. As no mini-scatter-phantom was available for
the microPET Focus 120, only SF-Daily was measured using
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TaBLE II. Comparison of SF-NEMA and SF-Daily.
SF-NEMA SF-Daily
Scanner (%) (%)
HRRT before setup 63 63
HRRT after setup 50 51
HRRT 15 min 50 51
HRRT 2 min 50 50
HRRT 1 min 50 50
HR 2D 14 13
HR 3D 38 33
MicroPET 45mm diameter cylinder 27* 23
Allegro 36 34

*The SF-NEMA was determined for a 60 mm phantom (8).

a cylinder with an inner radius of 4.5 cm and a length of 10
cm, filled with 10 MBq, and this measurement was compared
with published SF-NEMA values.*

lll. RESULTS

Sinogram profiles of the central axial plane and SF-Daily
curve fits of total response 7(r) according to Eq. (1) are
shown in Fig. 4 for all scanners. In addition, resulting pri-
mary P(r) and scattered events S(r) are shown. In all cases,
the analytical response function equation (1) could be fitted
to the data with high accuracy. Clearly, both shape and am-
plitude of the scatter distribution differ among scanners and
acquisition modes. The HRRT setup process resulted in a
lower SF and a more symmetric scatter distribution. Differ-
ences in scatter contribution between 2D and 3D modes are
clearly illustrated by the HR profiles. The HR in 3D mode
and the Allegro (measured using the lower level discrimina-
tor set at 410 keV) have similar profiles, indicating the im-
pact of scanner geometry. The shape of the fitted primaries of
the microPET deviates substantially from that of the other
scanners due to the much smaller size of the phantom used.
In general, SF measurement using SF-Daily were relatively
insensitive to changes in PSE Typically, doubling PSF (e.g.,
from 5 to 10 mm) resulted in only a 10% change in SF-Daily.

Table II summarizes SF values as obtained with SF-Daily
and SF-NEMA. In addition, in case of the HRRT, SF values
for different noise levels are included. Plane-by-plane SF
values for the HRRT are shown in Fig. 5.

100 100 —
—— SF NEMA NU2-1994 —— SF NEMA NU2-1994
Fitted SF - - Fitted SF
80 80
S N N gt 4 ot 5 e st
oy 60}~ c < 60
3 B
R X P— b
w w o =
@ 40 @ 40
20 20
50 100 150 50 100 150
Plane Plane

FIG. 5. Plane-by-plane values of SF-NEMA and SF-Daily (fitted SF) for the
HRRT before (left) and after (right) setup.
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FiG. 6. SF-Daily and SF-NEMA values measured on the Allegro. Data
points with higher SF refer to measurements with lower threshold values
(260, 310, 360, and 410 keV).

Figure 6 shows SF values of the Philips Allegro for vary-
ing lower energy threshold settings. Both SF-NEMA and SF-
Daily increased slightly with decreasing threshold channel,
and a good correlation between both methods was found
(R*=0.96). Finally, Fig. 7 shows a Bland-Altman plot of the
combined results presented in Table II and Fig. 6.

IV. DISCUSSION AND CONCLUSION

Using a simple curve fitting method, SF-Daily values
were determined for different scanners and acquisition
modes and compared to SF-NEMA values. A difference be-
tween SF-Daily and SF-NEMA only existed for the HR in
3D mode and for the microPET. For the latter, however, SF-
Daily was measured using a cylinder with an inner diameter
of 4.5 cm, while published SF-NEMA data were obtained
with a cylinder of 6 cm diameter. The impact of noise was
negligible for the three acquisition times investigated. The
count rate in the HRRT scans was approximately 50 kcounts
per slice, resulting in more than 100 counts per bin in the 1
min profiles, apparently sufficient for an accurate fit. The
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Fic. 7. Blant-Altman plot of all SF data from all four scanners and scan
modes (data from Table II).
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plane-by-plane comparison of SF-Daily and SF-NEMA
showed good agreement especially in the center of the FOV.
The slight deviation for the outer planes is probably due to
the slightly longer phantom used for SF-NEMA than for SF-
Daily.

In general, slight deviations in fitted and acquired profiles
could be seen, especially at the maxima of the response (Fig.
4). Most likely these deviations are due to the fact that the
thickness of the wall of the cylinder was not taken into ac-
count. Nevertheless, they have negligible effect on the result-
ing SF.

Similar to SF-NEMA, SF-Daily can be performed on ei-
ther only a subset of the total sinogram, e.g., only on nonob-
lique (direct) planes, or on all sinogram planes/segments via
a rebinning step.5 The latter requires slight adaption of Eq.
(1), as the primary response in oblique planes will be based
on an oblique cross section of the phantom (in case of a
cylinder this will become an ellipse) rather than a circle. In
this study SF values were only determined using direct (2D)
sinograms for both the SF-NEMA and SF-Daily methods.
For one scanner these sinograms were derived from data ac-
quired in both 2D mode (with septa) and 3D mode (without
septa) in order to test different levels of scatter and randoms.

Although the SF-Daily method does require that the phan-
tom is positioned in the center of the FOV, in practice it
proved to be insensitive to slight misplacements. The method
could, however, easily be extended with an algorithm to
align the sinogram, similar to the SF-NEMA requirement.

One limitation is that not all scanners use cylindrical
phantoms for daily QC purposes but rely on measurements
of small sources in air. Although this has the benefit of re-
quiring less activity, it gives the energy resolution at 511 keV
rather than the scatter fraction. Furthermore, use of a point
source in air also prohibits measurement of uniformity of
coincidence timing over a large area of the FOV.

It should be emphasized that SF-Daily fits a profile to all
projection data. This is in contrast to some scatter correction
methods'” that rely on fitting the tails of the scatter profile. In
the presented approach all data are used and that knowledge
about the primary response is included, making the method
robust and insensitive to noise.

In general, SF-Daily values obtained were in close agree-
ment with those derived using the NEMA protocol, making
the method sufficiently sensitive to detect small changes in
SE. Because the shape of the primary distribution is well
known, accurate fits of the sum of scatter and primary events
to the total profile can be achieved, without making prior
assumptions about the shape of the scatter distribution. Fur-
thermore no discontinuities in the estimated responses S(r)
were found. The method is also suitable for determining SF
values in case of “dirty” radionuclides (i.e., radionuclides
that emit gamma rays in addition to positrons),18 activity
outside the FOV, and phantoms with deviating dimensions,
as long as the exact dimensions are known.

In conclusion, as this method does not require measure-
ments with special phantoms, it can be used to accurately
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monitor SF using both arbitrarily sized cylindrical phantoms
and short acquisition times, making the method particularly
useful for daily QC purposes.
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