
Limitations of Dual-Photopeak Window Scatter
Correction for Brain Imaging
Robert E. Zimmerman. Benjamin B. Williams, Karen H. Chan, Stephen C. Moore and Marie Foley Kijewski
Department of Radiology, Brigham and Women 's Hospital: Nuclear Medicine Sen'ice, Brockton/West Roxbury Veterans

Affairs Medical Center (SCM); and Harvard Medical School, Boston, Massachusetts

A method for performing scatter corrections that would directly use
the photopeak information and would be straightforward for use in
clinical practice would be attractive in SPECT imaging. The dual-
photopeak window method may be such a method. It relates the
scatter fraction to the ratio of the lower to the total parts of a
split-photopeak window. We investigated the use of this scatter
correction method on a dedicated brain camera. Methods: Calibra
tion curves for the Ceraspectâ„¢, a dedicated brain imaging camera,
were obtained for four split-window combinations using point
sources in air and water. Simulations of the Ceraspectâ„¢ calibration

curves at several energy resolution values were obtained using a
Monte Carlo simulation of the instrument. Results: The calibration
curves, experimental and simulated, revealed an ambiguous and
unstable relationship between lower-to-total ratio and scatter frac
tion. Conclusion: The unsatisfactory calibration curves can be
attributed to the limited scatter produced in a brain-sized phantom
during the calibration process and inherent stability problems in the
calibration process. The dual-photopeak window method is not
usable for small-field imaging systems and may even be unstable for
larger-field systems.
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Scatter correction is one of the two most significant limitations
of quantitative SPECT imaging, the other being attenuation
correction. An accurate and convenient method of scatter
correction that could be easily applied would be extremely
useful in routine clinical imaging. Of the several methods
proposed for scatter correction that are suitable for routine
clinical use, the most widely used is the Compton window
subtraction method (/); related methods include one that uses a
Compton window convolved with a ring filter (2) and the
triple-energy window method (3,4). These methods sample
scatter at energies below the photopeak rather than within it,
leading to inaccurate estimation of the amount of scattered
radiation at any given location.

Methods that obtain information about scatter fraction (SF)
from the photopeak include the dual-photopeak window (DPW)
method (5-ft) and the channel ratio method (9). Dual-photo-
peak window measures the asymmetry of the photopeak (and,
by implication, scatter in the photopeak) by dividing the
photopeak into two energy regions, the upper and lower
regions. The ratio of lower window counts (L) to total photo-

peak counts (T) is then related to the amount of scatter in each
pixel of the image by means of a previously determined
calibration curve. This calibration curve is obtained from split
window-measurements using a point source in air and scatter
media over regions of the crystal. Because deVries and King ( 7)
reported encouraging results using a triple-head camera system
and DPW for body-sized objects, we decided to implement the
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DPW method on the Ceraspectâ„¢ dedicated brain camera

(Digital Scintigraphics, Inc., Waltham, MA).

MATERIALS AND METHODS
Ceraspectâ„¢ Brain Camera

The Ceraspectâ„¢, previously described in detail (10-13), is a

dedicated brain camera consisting of an annular Nal(Tl) crystal
with an array of 63 photomultiplier tubes. A cylindrical collimator
comprising three parallel-hole sections is mounted concentrically
within the crystal. The collimator assembly rotates to permit
collection of the full set of projections. One analog-to-digital
converter is paired to each photomultiplier tube, and scintillation
event positions and energy values are determined using digital
algorithms. The Ceraspectâ„¢ system is especially well-suited to the

investigation of scatter corrections because of the flexibility pro
vided by the digital energy selection. In principle, the number of
energy windows that can be simultaneously acquired is unlimited.

Dual-Photopeak Window Calibration Experiment

The energy resolution and energy calibration of the camera were
measured at the same region of the crystal used in the calibration
experiment by placing a point source of WmTc in air, 10 cm from

the collimator. The spectrum was digitized using the available
digital acquisition hardware and software.

To generate the calibration data, a point source of 49"'Tc (3 mm

long, 1 mm in diameter) was placed in a cylindrical phantom with
a 10-cm radius and a length of 15 cm. This point source was placed
sequentially at each of nine radial locations along the vertical
diameter of the phantom. The collimator was rotated so that the
axis of one parallel-hole section was parallel to the vertical
diameter of the phantom (Fig. 1). The position of the point sources
was controlled to within Â±0.5pixel (1 pixel = 1.67 mm) in the
image plane. Planar images (> 100 kilocounts) of the point sources
were obtained at the nine depths, in both water-filled and air-filled
cylindrical phantoms. Four lower and upper window pairs were
simultaneously acquired (5):

1. 127 keV-134 keV and 134 keV-155 keV (5%/15%);
2. 110 keV-131 keV and 131 keV-151 keV (15%/15%);
3. 127 keV-138 keV and 138 keV-155 keV (7.5%/12.5%);
4. 130 keV-140 keV and 140 keV-151 keV (7.5%/7.5%).

The scatter (S)-to-T ratio was calculated for each depth by:

c T _ T e-Â°I5d
Â»J ' w l ac

where Tw and Ta are the total counts in the window pair in water
and air, respectively, and d is the depth (in cm) of the point source
in the phantom. The L-to-T ratio is the ratio of the counts in the
lower energy window to the counts in the total photopeak window.
The L-to-T and S-to-T ratios were calculated for four regions of
interest (ROIs), centered at the projection of the source: 64 X 64
(114 cm2), 48 X 48 (64 cm2), 32 x 32 (28 cm2) and 16 X 16 (7
cm2) square pixel regions at each of the nine source locations.

1902 THEJOURNALOFNUCLEARMEDICINEâ€¢Vol. 38 â€¢No. 12 â€¢December 1997



Collimalor O Crystal

Collimalor -120 Collimator +120

FIGURE 1. The calibration phantom shown in relation to the Ceraspectâ„¢
detector. Only source projections from the collimator section at 0Â°were used

by electronically masking the crystal. The five holes permitted nine source
depths.

Monte Carlo Simulation of SPECT Imaging
Monte Carlo programs, based on algorithms described previ

ously (14,15), were developed to simulate the Ceraspectâ„¢ scanner

and a planar SPECT camera. Computer simulation enabled us to
confirm the experimental results, study the effects of improved
energy resolution on DPW calibration and elucidate potential
differences in calibration between the cylindrical Ceraspectâ„¢ and

planar camera geometries.
The DPW calibration procedure was simulated by generating

100,000 decay photons from point sources at the nine depths in the
water- and air-filled cylindrical phantoms. For the Ceraspectâ„¢, the
same 20-cm-diameter and 15-cm-long phantom used for the

physical measurements was simulated. For the planar camera, the
field of view was 30 cm X 40 cm, and a 20-cm-diameter and a
30-cm-diameter phantom, each 15 cm long, were simulated. In this

version of the simulation program, almost every decay photon and
scattered photon contributed to the image because direction-biased
detection was used as a variance reduction technique. For example,
collimator transport was not simulated explicitly in this version of
the program. Instead, a photon from each point of decay or scatter
was forced into a small solid angle perpendicular to the detector.
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FIGURE 2. Scatter-to-total ratio as a function of L-to-T ratio (i.e., the calibration curve for the DPW method).
Experimental and simulated curves are shown for each of four ROI sizes and four window combinations' 5%/15%

(A), 15%/15% (B), 7.5%/12.5% (C) and 7.5%/7.5% (D).
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FIGURE 3. Lower-to-total ratio versus depth for simulated and experimental
conditions in the water-filled phantom for the 5%/15% window pair. The

simulated energy resolution is 10.3%, with four ROI sizes.

The photon's weight was then multiplied by the known collimator

geometric efficiency.
Collimator scatter was also not treated explicitly; however,

septal penetration was approximated in the usual manner by using
a reduced, effective hole length to calculate the collimator effi
ciency and by broadening the collimator's geometric point re

sponse function correspondingly.
Up to 10 orders of scatter were simulated in the water phantom.

The images in each energy window contained 64 X 128 pixels,
with a pixel size of 0.167 cm. The energy resolution was 10.3%
FWHM for one of the simulations that were directly checking the
experimental results. Energy resolution values of 9%, 11% and
13% were also used to examine the resolution dependence of DPW
calibration. For the direct comparison with the experiment, the
L-to-T and S-to-T ratios were calculated in the same manner as
described for the physical experiments. For the check of the energy
dependence of the calibration curve, the same method was used,
except larger rectangular regions of 64 X 128, 48 X 96, 32 X 64
and 16 X 32 were used.

RESULTS AND DISCUSSION
The energy resolution of the Ceraspectâ„¢ was found to be

10.3%.
The DPW method, as originally proposed, requires a calibra

tion curve derived from the measurement of counts in variously
sized ROIs (7). This calibration curve is then used for pixel-
by-pixel scatter correction. A steep slope and somewhat erratic
behavior at higher SFs characterized the calibration curves for
all ROI sizes and window pairs studied (Fig. 2). The L-to-T
ratios, measured at the various depths within the water-filled
phantom, are shown in Figure 3 for both measured and
simulated data with 5%/15% windows. Note the nearly flat
behavior of the L-to-T ratio at depths beyond 7.5 cm for both
the simulation and the experiment. The ratios were insensitive
to changes in point-source depth, even with large ROIs. The
experimental and simulated S-to-T ratios exhibit little change
with increasing source depth (Fig. 4). Note that the S-to-T ratio
is less than 0.5, even with maximum source depth. The results
shown in Figures 3 and 4 explain the steep slope and erratic
behavior of the calibration curve shown in Figure 1. All window
pairs exhibited similar behavior.

Simulated DPW calibration curves for the Ceraspectâ„¢ with

energy resolution values of 9% (Fig. 5A), 11% (Fig. 5B) and
13% (Fig. 5C) demonstrate that there is little change with either
energy resolution or choice of window pairs from the 10.3%

S/T vs Depth

FIGURE 4. Scatter-to-total ratio versus point-source depth for simulated and
experimental conditions for the 5%/15% window pair.

calibration curve shown in Figure 2. However, the results
consistently show significant dependence on the size of the ROI
used. These results from the simulation are consistent with
experimental findings (Fig. 2); discrepancies between them can
be attributed to imperfect energy and spatial corrections in the
Ceraspectâ„¢.

The simulated DPW calibration for a planar camera resulted
in a similar ill-defined calibration curve (Fig. 6), showing that
the calibration problems we observed are not confined to the
unique geometry of the Ceraspectâ„¢.

The required one-to-one relationship between the S-to-T and
L-to-T ratios was not obtained for any combinations of region
size and window pairs tested. The slope approached infinity at
L-to-T values corresponding to relatively low levels of scatter.
In a simulation with a 20-cm-diameter and 26-cm-long water-
filled phantom and a centered 19-mm3 sphere, we found the SFs

of individual pixels to range between 0.11 and 0.60. Scatter
fractions of this amount were not reached in our calibration
experiments.

Our attempts to implement DPW on the brain camera failed
because we were unable to calibrate the system using the
procedures specified by the method's creators or variations on

them. There are two reasons for this failure. The small aperture
(~20 cm) and the short axial field of view (â€”10 cm) limited the

total amount of scattered radiation reaching the crystal. In
systems that can accommodate a larger calibration phantom,
more scatter is detected, and S-to-T and S-to-primary (P) ratios
covering a wider range of SFs can be measured. Figure 7 shows
the results of a comparison using the present simulation and that
of HÃ¡demenos et al. (6). Both simulations were performed for a
planar camera with a long cylinder, 30.5 cm in diameter,
containing a point source. Centered 7.5% dual windows were
used over the photopeak in both cases. Note the agreement
between the SF (S-to-P ratio) versus depth (two uppermost
lines). Also note the dramatic dependence of the SF (S-to-P
ratio) and S-to-T ratio on whether the entire crystal is used in
the analysis or whether a 3.8-cm2 ROI is used.

Another reason for difficulty in calibrating DPW on the brain
camera lies in the unstable and ill-defined nature of the basic
data relating S-to-T and L-to-T ratios as a function of point-
source depth. This caused the resulting calibration curves to be
sensitive to the ROI size and even caused, in some cases,
multivalued calibration curves (Fig. 5). The need to calculate
ratios over extremely large regions to encompass a large range
of SFs appears to be a fundamental flaw of the method. This
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FIGURE 5. Simulated S-to-T ratios versus L-to-T ratios for energy resolutionsof 9% (A), 11% (B) and 13% (C) and the indicated split-window combinations
for four ROI sizes.
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FIGURE 6. Simulated S-to-T ratio versus L-to-T ratio (i.e., the calibration
curve) for the DPW method for a planar camera, using "small" brain-sized

phantoms of 10-cm and 15-cm radii. The ROI size is 48 x 48 pixels.

flaw is inconsistent with its purpose, i.e., to estimate SFs within
projection data.

Ljungberg et al. (16) studied DPW using a brain-sized
phantom and a planar three-head camera. They used a cylinder
that was 20.8 cm in diameter and had an unspecified length
(probably 17 cm long), in keeping with other cylinders used in
their simulation. They fit the DPW calibration curve to the
polynomial:

L /L\2 /L\3
SF = -3.834 + 7.822 - - 5.4057 [-J + 1.415 I-J ,

where the L-to-U ratio is the ratio of a lower 130 keV-140 keV
window to an upper 140 keV-150 keV window. They did not
present the data, nor did they specify the range in the L-to-U
ratio over which the above equation was determined. This curve
can be compared to our simulated data for the 7.5%/7.5%
window pair (Fig. 8). Our calibration curve is essentially the
same as their simulated calibration using a similarly sized
object. The agreement is remarkably close, but the fact that the
curve has such a steep slope and a limited range of applicability
has not been previously discussed.

Buvat et al. (17), in a simulation study comparing nine scatter
correction methods, found that, for DPW, "the relationship

between SF and the ratio of the number of photons detected
within the two subwindows splitting the photopeak is not
well-defined." This study used a calibration cylinder of 22-cm
diameter and 22-cm length. Our study explains in detail why
this relationship is not well-defined.
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FIGURE 7. Simulated planar camera SF and S-to-T ratio versus point-source
depth for present work compared with results in HÃ¡demenos et al. (8).

FIGURE 8. Comparison of a simulated calibration curve (76) for lower and
upper windows of 130 keV-140 keV and 140 keV-150 keV, respectively, with

our simulated calibration curve for the 7.5%/7.5% window pair.

CONCLUSION
The DPW method is particularly unstable when it is applied

to a dedicated brain system and is of limited value in the general
imaging situation.
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