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An Activity Quantification Method Based on
Registration of CT and Whole-Body Scintillation
Camera Images, with Application to 33
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This article presents a new method for conjugate view activity
quantification for '3'l-labeled monoclonal antibody distribution.
Methods: The method is based on the combined use of images
from 3 modalities: whole-body (WB) scintillation camera scan-
ning, WB transmission scanning using %’Co, and CT. All images
are coaligned using a recently developed program for the reg-
istration of WB images. Corrections for attenuation, scatter, and
septal penetration are performed in image space. Compensa-
tion for scatter and septal penetration is performed by decon-
volution, using point-response functions determined from
Monte Carlo simulations. Attenuation correction is performed by
applying a patient-specific 364-keV narrow-beam attenuation
map obtained by combining information from the CT and the
transmission scan. A relationship is presented for the conver-
sion of the CT numbers to mass density. The attenuation- and
scatter-compensated image is converted from counts to activity
using a sensitivity value that was determined for 364-keV pho-
tons in air. This activity projection image is then analyzed for the
activity of volumes of interest (VOI) using 2-dimensional regions
of interest (ROIs) that are determined from the CT study. The CT
is first resliced into coronal slices, and a maximum-extension
ROl is outlined that encloses the VOI. Compensation for back-
ground activity and overlapping organs is performed on the
basis of total patient thickness in the projection line, and on
precalculated organ-background thickness fractions. Results:
Method evaluation was performed using data from both exper-
imental measurements and Monte Carlo simulations. The use of
an attenuation map derived directly from the CT study was also
evaluated. For organ activity quantification, an accuracy of
=10% was obtained. For small-diameter tumors, deviations
were larger because of lack of correction for the background-
dependent partial-volume effect. Conclusion: Registration of
CT and WB scintillation camera images was successfully ap-
plied to improve activity quantification by the conjugate view
method.
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Recent advances in radionuclide therapy (RNT) and
radioimmunotherapy (RIT) have stressed the requirement
for in vivo quantification of activity distributions as a basis
for individualized patient dosimetry. According to MIRD
pamphlet no. 16 (1), the most commonly used quantification
approach is the conjugate view method (2). In its basic
form, this method is relatively simple to apply. However, to
yield accurate results, several aspects need to be considered.
Because the method is based on 2-dimensiona (2D) pro-
jection images, the activity of tissues located under or over
the volume of interest (VOI) is superimposed and may be
difficult to separate. Attenuation, scatter, and septal pene-
tration complicate the activity quantification, particularly
for 1311, for which the principal energy is comparatively high
(364 keV), and the contribution from higher-energy photons
cannot be neglected (3). Organ segmentation congtitutes yet
another difficulty, limited by poor visudization of organ
boundaries due to modest image quality and spatial resolution.

Various methods have been applied to ded with these lim-
itations. One of the most common approaches for attenuation
and scatter compensation is to apply broad-beam attenuation
factor values obtained from patient transmission imaging or
calibration studies, without an explicit correction for scatter
(4-9). Narrow-beam attenuation compensation has been per-
formed using collimated line-source scanning (10) or an atten-
uation map obtained from CT (11). Explicit scatter correction
using build-up factors has been devel oped for quantification of
individual organs, for which iterative solutions have been used
(1,12), or aCT-assisted matrix inversion technique (13). Meth-
ods proposed for scatter-penetration compensation for 131
include energy-window—based techniques (3,10,14-16) and
methods based on convolution (17). For background compen-
sation, a common approach is to approximate the background
contribution from an adjacent region and subsequently apply a
correction for the volume occupied by the VOI itself (1,9,18).
For stuations in which underlying and overlying activities
cannot be resolved from the VOI, 3-dimensiona (3D) quanti-
fication based on SPECT is the method of choice. However, a
genera drawback of SPECT is that the axia field of view is
limited compared with that of whole-body (WB) scanning, and
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for optima quantification these 2 methods may be used in
combination (5).

The development of the method presented was prompted
by a need for quantitative measures of %1|-labeled mono-
clonal antibody distribution required for dosimetry of risk
organs and tumors. In this study, the anterioposterior scintilla-
tion camera WB scanning was performed before and during
RIT given for the treatment of B-cell lymphoma (19).

The method works in image space by compensating for
attenuation and scatter on apixel basis, so that a quantitative
image of the activity distribution results. In the activity
image, VOIs were outlined using 2D regions of interest
(RQI) that were determined from CT, and correction for
activity in underlying and overlying tissue was then per-
formed. Fundamental for this image-based methodology is
that all images are coregistered, which was achieved using
a recently developed program for WB images (20). Mainly
2 different registrations were used: registration of the emis-
sion WB scans to the attenuation map, and registration of
the CT study to the attenuation map. Method evaluation was
performed for the separate components and for the compu-
tational scheme as a whole, using data from both experi-
mental measurements and Monte Carlo simulated images of
aWB anthropomorphic phantom. Currently, the attenuation
map is obtained by deriving 2 independent maps, one from
WB transmission scanning with 5’Co and the other from CT,
which are then combined to yield a map valid for 3. The
reason for not applying the CT-based map directly for
attenuation correction is that for the current patient studies,
CT images were obtained from the routine clinical proce-
dure, where the axial span was sometimes limited. For
future patient studies, CT scanning with alarger axial span
will be enabled, and it will then be of interest to use the
CT-based attenuation map directly. This study therefore
also includes a prospective comparison of the results ob-
tained when using the attenuation maps from CT and trans-
mission scanning.

MATERIALS AND METHODS

Figure 1 illustrates the quantification procedure. Compensation
for scatter and septal penetration was performed for the raw
anteroposterior scans, C, and Cp, yielding primary-count-rate im-
ages P, and Py (cps) (Fig. 1). A geometric-mean image, GM, was
calculated by pixel-by-pixel multiplication of P, and the mirrored
Pr. The GM image was registered to the WB attenuation map
(AM) that represents a patient-specific attenuation map. Attenua-
tion correction was performed by pixel-by-pixel multiplication of
the registered couple GM and AM. The result was an image of the
count rate “in air,” which was converted to an image of the
activity, A, by division by the camera system sensitivity, eq (cps/
MBQ), according to:

A(x,2) = ; [PA(X,2)-Pe(x,2) ¥ AM(X,2)

1
= GM(x,z)-AM(x,z). Eg.1
0
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The WB attenuation map was obtained by combining informa-
tion from the transmission scan and the CT (Fig. 1). From the 5’Co
transmission scan, a WB attenuation map, AM+ct, was obtained.
From the CT study, a 3D image of the linear attenuation coefficient
distribution for 364 keV, wses(X,y,z), was determined, which was
integrated along the anterior-posterior direction, yielding the at-
tenuation map AMcr. Image registration of AMcr to AM+cr was
then performed. The intensity of AM+ct was adjusted according to
that of AMcr, yielding the final attenuation map, AM valid for 364
keV.

For image segmentation, the CT image was first resliced
coronally, and each coronal slice was then registered to AM+cr
(and thus GM) by applying the spatial transformation deter-
mined in the registration of AMcr to AM+cr. To avoid time-
consuming 3D segmentation, outlining of organsin the full CT
set was not performed. Instead, the segmentation was done in
2D by browsing through the coronal CT slices and manually
editing a contour until it encompassed the outer limits of the
organ, with the intention of determining a maximum areain the
x-z plane. The organ thickness, that is, the y-extension, was
determined from precalculated organ—background thickness
fractions of the total patient thickness. The organ thickness was
used in the correction for background activity and overlapping
organs.

Imaging Systems

Scintillation camera acquisition was performed on a DIA-
CAM camera (Siemens Gammasonic, Inc., Chicago, IL) con-
nected to a NucLearMAC (Scientific Imaging, Inc., Littleton,
CO) computer system. A high-energy parallel-hole collimator
was used for 131 measurements and a low-energy, all-purpose
collimator was used for 5°Co. A 15% energy window, centered
at 364 keV for 131 and at 122 keV for 5Co, was used. For the
transmission studies, an uncollimated 5’Co flood source was
mounted on the camera head at a distance of 100 cm, and
images were acquired with and without the patient present. WB
images, composed of 384 X 1,024 2.4 X 2.4 mm? pixels, were
acquired with a scan speed of either 10 or 20 cm/min.

CT scanning was performed with a Tomoscan LX (Philips
Medical Systems, Best, The Netherlands). For all studies, the
program for abdominal scanning was used. The transaxial field of
view was between 350 and 420 mm, the matrix size was 512 X
512, and axial sampling was performed with a slice thickness of 10
mm and no interslice gaps. A 3D matrix with dimensions of 192 X
192 X 512 and voxel dimensions of 4.8 X 4.8 X 4.8 mm? was
interpolated and then resliced in x-z planes so that a set of coronal
CT dlices was obtained.

Monte Carlo simulation of 131 emission and 5’Co transmission
images was performed using a WB anthropomorphic computer
phantom (20,21). The SIMIND code was used, together with a
routine that allows photon interaction and penetration in the col-
limator septa (22,23). The activity distribution was defined to
resemble that of the RIT studies. Four spherical tumors were
defined with diameters of 3.6 or 2.9 cm, situated retriperitonealy,
inguinally, at the axilla, and at the right lung hilus (Figs. 2A and
B). Transmission studies of 5’Co were simulated with and without
the phantom interposed. A 3D mass density image was obtained by
assigning density values to the various phantom organs (24,25),
and this image was used to mimic a CT study.
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FIGURE 1. Flow chart of activity quantification method using 3 different image types: anteroposterior WB scans, WB scintillation
camera transmission scan, and CT scan. Coordinate system used is shown at bottom. Text in bold denotes images. C, = raw anterior
scan; Cp = raw posterior scan; P, = primary-count-rate image, anterior; P, = primary-count-rate image, posterior; AMcr = attenuation
map from scintillation camera transmission scan; p(x,y,z) = mass density distribution; GM = geometric mean image; AMqt = attenuation
map from CT scan; w/p = mass attenuation coefficient; AM = energy-converted WB attenuation map; actyo = VOI activity.

Scatter and Septal Penetration Compensation (i.e., the primary count rate distribution); and PRF(X,2) is the point-
Compensation for scatter and septal penetration was performed by response function, that is, the planar image obtained in response to
deconvolution using the following mode! for image formation (26):  a point source in tissue. Deconvolution was performed in fre-

C(x.2) = P(x.2) ® PRF(x.2), Eq. 2 quency space by inverse filtering using a Wiener filter (27-29):

1 IFT(PRP)?
FT(PRF) [FT(PRPP + K

where C(x,2) is the measured image; P(X,z) is the projection of the
distribution of 31| atoms, which at decay emit 364-keV photons

P= FT’l[ ] FT(C), Eg.3
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where FT denotes the Fourier transformation. The optimal value of
the dimensionless parameter K depends on the image signal-to-
noise ratio and was applied to achieve a compromise between the
noise amplification of the inverse filtering, and scatter and resolu-
tion recovery. For this application, the value of K was selected
interactively on the basis of the visual appearance of the image.
The applied method was originally developed for %™Tc images
(26), on which scattering mainly occurs in the patient. For 1311, the
scatter component is more complex because of the high principal
energy (364 keV) and the contribution of higher-energy photons
(mainly 637 and 723 keV), which, through interactions, may have
an energy that makes them detectable within the energy window
(3). The PRF used included photons that were scattered in the
patient, scattered in the crystal and subsequently escaped, back-
scattered in the material behind the crystal, and scattered in or
penetrating the collimator septa. These effects were thus compen-
sated for by the deconvolution. Because the PRF is dependent on

D

FIGURE 2. Simulated images of activity
distribution that mimics current patient
group. Images were obtained as the geo-
metric mean of anterior and posterior pro-
jections. (A) Image representing defined
activity distribution, obtained by analytic
integration. (B) Monte Carlo simulated im-
age, for the camera system used. (C) Im-
age corrected for scatter and septal pene-
tration. (D) Image corrected for attenuation,
scatter, and septal penetration.

the source-to-camera distance and the source depth in tissue, 3
different PRFs were included (Fig. 3). All were obtained from
Monte Carlo simulation using the SIMIND code (3,22). Simula-
tion of a point source, located centraly in a water-filled phantom
with an elliptic cross-section, was performed. The magjor semiaxis
of the ellipse was fixed at 20 cm, whereas the minor semiaxis was
varied: 10, 15, and 20 cm for source-to-camera distances of 15, 20,
and 25 cm, respectively. For each depth, the volume under the PRF
was set to the respective total-to-primary ratio, which was obtained
from simulations by recording the primary and the total events
separately. The PRFs were angularly averaged to reduce possible
artifacts caused by direction-dependent collimator star patterns.
When the deconvolution was applied, the PRF that best matched
the patient thickness, determined from the attenuation maps, was
chosen. As an aternative to performing scatter correction before
the formation of the GM image, the GM image was formed from
the raw data images and then scatter compensation was applied to
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FIGURE 3. (A) Radial PRFs used for deconvolution scatter and penetration compensation. PRFs for depths of 20, 15, and 10 cm

in water, in order from top to bottom. (B) A deconvolution filter that was applied to clinical image in Figure 6, using PRF for a depth

of 10 cm.
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it. This was done because the PRF of geometric mean images has
been shown to be less depth dependent than the PRFs of separate
projections (28,30).

Attenuation Correction

CT-Based Attenuation Map. CT imaging yields a 3D image of
the linear attenuation coefficient of tissue, wn,_cr(xy,z) (cm™1), for
the energy spectrum of the scanner. To apply the CT study for
attenuation correction, conversion to 364 keV, pzes(X,y,2), is re-
quired. The method presented is based on the observation that for
the energy range of interest for RNT (~140-511 keV), the mass

attenuation coefficient, %, shows little variation between tissues

(24,25). A map of the mass density distribution, p(x.,y,z), was
therefore derived from the CT study, from which the distribution

asa(X,Y,Z) Was obtained by multiplication by % % To determine a

relationship between the mass density and the CT number, an
experimental measurement of a set of calibration samples was
performed (31). The mass density of the samples was determined
from cal culations based on the electron densities given in Knoos et
al. (31) and also by weighing. Furthermore, a set of theoretic CT
numbers was calculated for 25 kinds of human tissue (24). These
were obtained by summation of the values of ., cr, weighted by
their relative occurrence according to the spectral distribution of
the CT scanner. A bilinear relationship between the mass density
and the CT numbers, expressed in Hounsfield units (HU), was
established using linear regression (Fig. 4) (31):

HU < H,
HU = H,,

a+ b-HU(xy,x)

p(x,y,2) = {c +d - HU(X,y.X) e

where H; is a discriminator value. After calculation of the 3D
distribution paes(x,y,2), a 2D attenuation map, AMcr(x,2), was
calculated by line integration along the anterior-posterior direction

(Fig. 1):

AMcr(x,2) = \‘/eAyE yI67 pea(x.y.2). Eq. 5

where Ay denotes the pixel dimension in the y-direction (cm). The
2D image N+(x,z) describes the number of pixel sides that repre-

sent the patient. It was calculated from the 3D CT study by
applying a threshold value that discriminates the patient voxels
from the surrounding air (=—950 HU), setting al voxels located
below the patient couch to a value of zero and then counting the
number of voxels that represented the patient in the y-direction for
each (x,2).

Scintillation Camera—Based Attenuation Map. From the trans-
mission scan, a WB attenuation map, AM+¢r, was obtained:

Co(X,2)

AMqcr(x,2) = C(x,2)

Eq. 6

where C(x,z) and Cy(X,z) represent transmission count-rate images
measured for 5’Co with and without the patient in position. Be-
cause the measurement is performed in broad-beam geometry,
AM-cr describes the effective attenuation, described by s 57co-
AMqct is converted to values of 364 keV in narrow-beam geom-
etry by:

AM(x,z) = e(ln(AFTCT(XyZ))‘M364/P-eff,57co), Eq. 7
where pgeq Was set to 0.111 cm~! (25). The vaue of pessco IS
determined for the individual patient through comparisons with
AMcr (Fig. 5). This was achieved using an interactive program
that allows for manual adjustment of the value of ey s7c, Until the
intensity profiles through AM¢r and AM+¢r coincide.

For the scatter compensation, a value of the patient thicknessis
required for the selection of the appropriate PRF. The water
equivalent thickness was therefore determined as part of the above
program, as the water thickness that yields the same attenuation as
the maximum value in profiles through AM.

Image Registration

The complete procedure for activity quantification involves 3
instances of image registration (Fig. 1), namely the registration of
(a) GM to AM, (b) AM¢t to AM+cr, and (c) the coronaly dliced
CT study to AMtcr (or AM), al of which were accomplished
using the registration program described by Sjogreen et al. (20). As
AM¢ and the coronally dliced CT study arose from the same scan,

20F O
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.E !
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u 2
2 .
FIGURE 4. Calibration of Hounsfield | = ]
units of CT images to values of mass den- fo5 71
sity. Values were obtained from experi-
mental measurements of set of calibration !)
materials (@), and theoretic values were [ ] 0 " " A
calculated as sum of linear attenuation co-
efficient values weighted by spectral distri- -2000 -1000 0 1000 2000 3000 4000
bution of CT scanner (O). Dashed line rep-
resents bilinear relationship that was fitted CT number (Hounsfield units)
to data.
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FIGURE 5. Attenuation maps for 1 patient. (A) The image AM, obtained by energy conversion of attenuation map from WB
scintillation camera transmission scanning (AM+cy). (B) Attenuation map obtained from CT (AMcy). (C-E) Plots of attenuation map
values, as function of horizontal position, at positions indicated by horizontal lines in images. Profiles of AM (solid line) and AMqt

(dashed line).

the registration (c) was performed by direct application of the
transformation parameters that resulted from (b) to each slice of
the coronally sliced CT, by the assumption that no patient twisting
or rolling had occurred. For the registrations (b) and (c) aparticular
problem was the truncated field of view, and a version of the
mutual information criterion that was developed especially for the
registration of truncated images (32) was therefore applied.

To interpret the effect caused by imperfect registration on the
activity quantification, a separate evaluation was performed using
the AM and GM images that were obtained by Monte Carlo
simulation, which represent a perfectly matched couple. Random
spatial transformations were applied to the AM image, after which
registration to the GM image was performed. An activity image
was calculated according to Equation 1, and the activity obtained
for separate organs was compared with that obtained using the
original untransformed images.

Scintillation Camera Sensitivity Calibration
System sensitivity was determined using sources with known
activities. Because of the practical difficulties associated with

PLANAR AcTIVITY QUANTIFICATION WITH CT » Sjogreen et al.

accomplishing a narrow-beam geometry, this measurement was
done for sources of varying areas. The assumption was then made
that the contribution from scatter and septal penetration increases
linearly with the source area and that the contribution can be
neglected for an infinitesimal area. Measurements were performed
using 3 flat, circular sources (diameters of 57, 33, and 21 mm). The
activity of each source was measured in a well chamber (Venstra
Instrumenten, Eext, The Netherlands), and imaging was performed
at a distance of 10 cm from the camera face. The count density in
an ROI placed at the center of each source was measured, and the
total number of counts from each source was calculated from the
known areas. Division by the activity for each source yielded a
sensitivity value, eg, for each area, R. A straight line was fitted to
the er versus R data, the intercept of which on the y-axis gave a
value of the sensitivity for R = 0; €. This was compared with the
sensitivity obtained from Monte Carlo simulation imaging of a
point source in air for the same camera system. The number of
primary events in this case was registered separately, from which
a value of ¢y was calculated.
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FIGURE 6. Clinical geometric mean im-
age acquired at 24 h after therapeutic in-
jection. (A) Raw data image. (B) Image
corrected for attenuation and scatter pen-
etration. (C) Quantification of organ activi-
ties using regions defined from CT, applied
to activity image, A(x,z). (D) Coronal CT
slice, for which marked regions were man-
ually segmented in slices where outer
boundaries of organs were best visualized.

Correction for Background and Overlapping Organs
Background Correction. The activity of VOIs was determined
from the activity image A(x,z) (Eq. 1) using the 2D ROIsthat were
manually segmented using the coronally sliced CT (Fig. 6), as
described earlier in the Materials and Methods. The background
subtraction works by determining a background concentration
(MBg/voxel) from which the background contribution to the par-
ticular ROI is calculated. The ROl volume, Vg (voxels), was
defined as the volume enclosed by the ROI and the average patient
thickness at the ROI location. Vg was assumed to contain the VOI
and background tissue. The average thickness of the background
compartment, Nggr (pixel sides), was calculated from:

1
Ngcr = &vor - Nrr = avo R 2 N+(x,2), Eqg. 8

X,ZER

where N+ is the average patient thickness at the ROI location, R
isthe ROI area (pixels), and N1(x,2) is the thickness distribution of
the patient, obtained as described in association to Equation 5. The
organ—background thickness fraction, a,q, is the fraction of the
total patient thickness that represents background tissue, which
was obtained according to:

avo = 1— =1- Eqg. 9

where Ny, is the VOI average thickness and Vg is the VOI
volume (voxels). Values of a,o were caculated in advance and
wereretrieved at application. For organs, a,o; was calculated using
2 human models, the Zubal anthropomorphic phantom (21) and the
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analytic MIRD phantom (33) (Table 1). For VOIs other than
organs, such as tumors, the value of a,o was estimated by the
operator.

The activity in a VOI, Actyq,, was caculated from:

Actyg = f - E Ayol(X,2)

X,ZER

=f- E (ARr(X,2) — Cgs * Nggr), EQ. 10

X,ZER

where Ayo(X,2) is the background-compensated ROI distribution,
Ar(x,2) is the distribution within the ROI in the image A(x,2), f
corrects for the self-attenuation of the VOI (2) and is calculated for
the thickness Nyg, - Ay = (Nrg — Nggr) - Ay (cm), Cgg is the
concentration of the background activity (MBg/voxel), and the
product Cgg - Nggg has the dimensions (MBg/pixel). The vaue of
Cggs Was determined by measurements in the image A(x,z) in an ROI

TABLE 1
Organ-Background Thickness Fraction, ayq, (Eq. 9),
Calculated for Organs from 2 Human Models

Organ Zubal phantom MIRD phantom
Heart wall 0.81 0.86
Heart with contents — 0.65
Liver 0.61 0.58
Spleen 0.77 0.84
Kidneys 0.88 0.89
Lungs 0.65 0.52
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that contained background only, giving avalue Actgg. The volume of
thisregion, Vgg, was determined as the Sum >xzr N1(X,2). Assuming
the background has a uniform concentration throughout the patient,
Cgg Was caculated as the ratio Cgg = Actge/Vee.

Correction for Overlapping Organs. If, in the activity projection
image, the VOI was overlapped by other tissues, a separate cal-
culation was performed for the overlapped pixels. The activity
distribution Ay o (X,2) was cal culated according to Equation 10, but
only for the coordinates (x,z), which belonged to the nonover-
lapped part of R. For the overlapped pixels, Ayoi(x,z) was then
determined to the smallest of the following: (a) the average pixel
activity of the nonoverlapped pixels, (b) Avo(x,z) according to
Equation 10, ignoring the overlap; or (¢) Ar(X,z) minus the activity
in the overlapping pixel and half the background value,
0.5 Cge * Nggr-

For aternative (c) to come into effect, the activity of the
overlapping tissue must first be calculated. An organ for which this
was applicable for the current patient images is the liver. The
activity of the kidneys was first calculated where alternative (a)
gave an adequate estimate because of a homogeneous activity
distribution. Compensation for the overlap of the right kidney and
the liver was then performed using alternative (c).

RESULTS

Scatter and Septal Penetration Compensation

The total-to-primary ratios obtained were 2.44, 2.67, and
2.84 for water depths of 10, 15, and 20 cm, respectively
(Fig. 3). A generally improved image quality was obtained
because of the resolution and contrast recovery of the de-
convolution filter, which is clearly seen in Figures 2 and 6.
However, nonhomogeneous activity patterns may result for
some structures, for example, the liver and kidneys in Fig-
ure 2C.

Attenuation Correction

The constants for the mass density calibration (Eq. 4)
were determined to be the following: a = 1.01 g/lcm?®, b =
9.6- 104 g/cm®¥/HU, c = 1.12 g/lcm?, d = 2.3 - 10~* g/lcm®/
HU, and H; ~ 200 HU (Fig. 4). An experimenta evaluation
of the calibration was performed by CT measurement of 2

phantoms, a nonuniform Alderson phantom and an elliptic
Jaszczak phantom containing water and a contrast agent.
From the Alderson phantom, the following densities were
obtained: lungs, 0.3-0.5 g/cm?; soft tissue, 0.95-1.05
g/cm3; and bone, >1.1 g/lcm3. Values given by the manu-
facturer were as follows: lungs, 0.32 g/cms3; soft tissue, 1.03
g/cm3; and a bone density dlightly lower than that of ICRU
46, where it ranges between ~1.2 and 1.9 g/cm3 (25). For
the Jaszczak phantom, the densities obtained were as fol-
lows: water, 0.95-1.05 g/cm?; acrylic, 1.1-1.25 g/cm3; and
the contrast agent, 1.3-1.4 g/cme. Reference values for
water and acrylic are 1.0 and 1.2 g/cmg, respectively (34),
and the contrast agent was weighed, giving a value of 1.34
glemé,

The Alderson phantom was also imaged by transmission
scanning. The 2 attenuation maps, AM and AM¢y, were
compared by pixel-by-pixel subtraction, from which the
average difference was 0.1 = 0.3. By visua inspection of
the difference image, it was seen that the differences were
randomly distributed in the abdomen and pelvis, whereas
for the thorax, AM¢ had somewhat higher values between
and at the edges of the lungs. For patient images this
tendency was also seen (Fig. 5), and other differences were
caused by noise, differences in resolution, misregistration,
and the presence of the arms. Furthermore, for the pelvis,
AMcr showed a larger variability than AM, with lower
values for the projection lines between the pelvic bones and
higher values directly above. The values of gt 57c, Obtained
were between 0.140 and 0.155 cm~1 for all experiments and
patients.

Image Registration

The impact of the registration on the activity quantifica-
tion was evaluated for the organs listed in Table 2 and the
4 simulated tumors. For 50 independent registrations, the
activity obtained was a factor of 0.98—1.01 times the true
activity, with a SD of <0.02. The maximum value obtained

TABLE 2
Activity Calculation and Its Percentage Error Relative to Known Activity
PRF 10 cm* PRF 15 cm*
Known
activity AC by AMT AC by AMctf AC by AMT AC by AMcrT
Region (MBq) MBqg % MBqg % MBqg % MBqg %
Total image 1,000 1,026 3 1,062 6 930 -7 964 —4
Heart with
contents 42 43 2 45 7 39 -8 41 -3
Liver 81 91 12 93 15 83 3 85 5
Spleen 18 18 -2 18 1 16 -10 17 -7
Kidneys 41 44 8 43 4 40 -1 39 -5
Lungs 33 36 7 34 2 31 -9 29 —-14
Sacrum with blood 2.8 3.0 5 2.7 -4 2.5 -13 2.2 -21
*Scatter and penetration compensation using PRFs for water depths of 10 and 15 cm.
TAttenuation correction using attenuation maps from scintillation camera transmission scanning (AM) or from CT (AMc7).
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was 1.07, for the spleen, and the minimum value was 0.94,
for the tumor situated at the lung hilus.

Scintillation Camera Sensitivity Calibration

The value of € obtained from the extrapol ation measure-
ment was 24.3 cpgMBQ. The SD was estimated to be 0.5
cps/MBq, based mainly on the uncertainty in the number of
counts, particularly for the smallest source, for which res-
olution effects were not negligible. From the simulation, a
value of 24.1 cps/MBq was obtained. Because of the good
agreement, the simulated value was considered verified. The
sensitivity in scan mode was found to be a factor of 4.9
times less than the sensitivity in static mode. For the activity
quantification (Eq. 1), avalue of €, of 4.9 cpMBq (=24.1/
4.9) was therefore used.

Correction for Background and Overlapping Organs

Validation was performed in analytically generated im-
ages of the WB Zubal phantom without the influence of
physical factors such as attenuation, scatter, or limited spa-
tial resolution (Fig. 2A). To validate the background com-
pensation, activity was assigned to 1 organ at atime and a
homogenous background. Using Equation 10, the activity
obtained was a factor of 0.99-1.0 times the true activity.
The significance of the background correction was tested for
the heart by setting the value of a4 to the values zero and
1 (Eq. 8). A value of zero corresponds to neglecting the
background correction, which gave arecovery of 1.42 times
the true activity. A value of 1 subtracts a background value
that corresponds to the whole patient thickness, which gave
a recovery of 0.89. The correction for overlapping organs
was evaluated for the activity distribution used in the Monte
Carlo simulation. The results varied with the degree of
overlap and the amount of activity in the overlapping organ,
with obtained recoveries of between 0.94 and 1.06.

Activity Quantification

The activity quantification method was evaluated using
the Monte Carlo simulated images and the density image to
mimic a CT study. The activity in 6 organs was quantified
and compared with the true activity (Table 2). The physical
extension of the spleen, liver, kidneys, and lungs was de-
rived from the phantom as the outer boundary of the organs
in the projection image. For the heart, the true activity was
defined as the sum of the blood and heart wall activity. For
the sacrum, the true activity was defined as the blood and
bone marrow activity contained within an ROI that was
defined manually. The total thickness of the phantom was
20-22 cm at the thickest parts, which corresponds to a
water equivalent thickness of up to 24 cm. The results are
therefore presented for scatter-penetration compensation us-
ing PRFs for depths of both 10 and 15 cm. Results are also
presented for quantification using either AM or AMcr for
attenuation correction (Table 2). Good results were obtained
for all organsincluded, with deviations of <21%. Using the
PRF for 10 cm, the activity of the total image was slightly
overestimated, whereas for the 15-cm PRF an underestimate
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was obtained. This was the case for most organs, although
the liver activity was overestimated for both PRFs. Atten-
uation correction using AM or AMcr generally gave com-
parable results, with the largest differences being for the
heart, lungs, and sacrum. Like the patient images, the AM
image had dlightly lower values between the lungs and
higher values within the lungs. Similarly for the sacrum, the
higher resolution of the AM¢r image yielded lower values
between the pelvic bones, at the sacrum position. In addition
to the organslisted in Table 2, quantification was performed
for the 4 simulated tumors. Consistent underestimates were
here obtained of between —6% and —47%, varying with the
tumor location. Given the tumor diameters of only 2-2.5
times the full width at half maximum, the partial-volume
effect, and the different background level at the different
image locations, the quantification for small volumes was
limited.

When the order of the scatter correction and the forma-
tion of the geometric mean were reversed, the results were
similar to those given in Table 2. Differences of 1%—2%
were obtained for most organs, although larger differences
(4%—6%) were obtained for the lungs and the sacrum. No
tendency could be seen, however.

DISCUSSION

A method for conjugate-view gquantification has been
presented that uses a CT study in conjunction with WB
scans. The method is simple to apply, because most of the
procedures included can be performed automatically and are
implemented as parts of an interactive program. Monte
Carlo simulation has been valuable for evaluation, because
the shape and spatial distribution of organs, the overlap in
the projection images, and the heterogeneous attenuation
and scattering of surrounding tissue can be imitated in a
realistic manner.

The scatter-penetration correction was based on isotropic
and stationary PRFs, whereas in reality, the scatter compo-
nent depends on the source depth and the composition of
surrounding tissue. Because planar images reflect activity
located at various depths, an approximation is introduced
when a single PRF is applied for the correction. For the
simulation study, the PRF for a depth of 10 cm dightly
underestimated the scatter-to-total ratio, whereas for the
15-cm PRF, the ratio was overestimated. The consistent
overestimate of the liver activity is believed to be due to
boundary effects that were not properly modeled. A large
portion of the liver is close to the body boundary, where the
scatter distribution changes. The compensation method may
be improved using a refined assembly of the PRFs, for
example, by interpolation or adjustment to the density of
surrounding tissue. In this study, the parameter K was
chosen on the basis of the visual appearance of the image.
Because the primary objective was to achieve good quan-
tification, and resolution effects are known to decrease the
accuracy, comparatively noisy and structured images were
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preferred over a smooth appearance. Effects such as those
seen in Figure 2C, where nonhomogeneous patterns appear,
were thus obtained. If the filtering were applied for purposes
of image enhancement for diagnostics, another filter setting
would be required.

The choice of 5’Co for transmission scanning was made
because the solid flood-source is easy to handle in clinical
practice and the source uniformity is well documented. An
energy scaling is required, but this would most likely be
required even if using a '3 flood-source, because the ob-
jective is to determine an attenuation map for 364-keV
photons without the contribution from high-energy photon
scattering or septal penetration. A drawback with the scaling
is the use of a single parameter (et s7co) for the entire field
of view, because it varies dightly between anatomic re-
gions. Furthermore, the noise level may be significant be-
cause of a limited flood-source activity.

For the CT-based attenuation map, the accuracy in the
p-distribution is largely determined by the calibration be-
tween mass density and the CT number. For denser mate-
rials, a spread in the experimentally measured values was
obtained, and the theoretically deduced values were there-
fore used as a complement. An advantage of using mass
density as the calibration quantity is that attenuation maps
for any energy used in RNT can be obtained, by multipli-
cation by the appropriate value of w/p. If the CT-based map
is to be used directly for attenuation correction, a larger
axial span than that available in this study would be re-
quired. The limited field of view of the attenuation map
restricts the number of organs that can be quantified. Fur-
thermore, we have previously found (20) that the presence
of the shoulders and the crotch is critical for the registration
between emission and transmission images, and for the
current patient studies, the transmission scan was therefore
needed as a registration link between the CT and emission
images. The differences between the activity distributions
obtained when using the attenuation maps from transmis-
sion scanning or CT were small; possibly a slight improve-
ment is gained using CT (Table 2).

The consistent underestimate in activity for the 4 simu-
lated tumors is believed to be due to partial-volume effects
combined with alimited image contrast. The limited spatial
resolution in scintillation camera imaging imposes both a
spill-out from the source to the background and a spill-in
from the background into the source (35). For small vol-
umes, the quantification is thus less accurate, and further
method development is required in this area.

From the analytic simulation results, it was concluded
that the value of the organ—background thickness fraction
ayo ishot critical, and values based on phantom geometries
(Table 1) yield sufficient results. Overlap of organs is
deemed to be the largest source of uncertainty, because the
compensation relies on a subjective choice of the order in
which the organs are quantified.

An advantage of the presented quantification method is
that each physical effect is corrected for separately, which

PLANAR AcTIVITY QUANTIFICATION WITH CT » Sjogreen et al.

makes it straightforward to extend to other applications. To
be used for another radionuclide, only 3 parts need to be
modified: the value of the camera system sensitivity, the
assembly of PRFs, and the value of w/p obtained from
reference data for the generation of the CT-based attenua-
tion map.

CONCLUSION

The method presented for activity quantification in dif-
ferent organs was able to quantify the activity distribution to
within 10%. Scatter-penetration compensation by deconvo-
lution gave acceptable accuracy for most organs, although
the assembly of PRFs may be refined for situations in which
they deviate from an isotropic estimate. CT was found
useful for the segmentation of organs and for background
compensation. Currently, both CT and scintillation camera
transmission scanning are used for attenuation correction.
When CT scanning with a large axia field-of-view is en-
abled, it will be of interest to apply the CT-based attenuation
map directly for attenuation correction. Future devel opment
will also involve an investigation of the background-depen-
dent partial-volume effect, for an improvement of the quan-
tification of small activity volumes.
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