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Registration of Emission and Transmission
Whole-Body Scintillation-Camera Images
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In this work, a method for registration of whole-body (WB) scintil-
lation-camera images is presented. The primary motive for the
development is to perform activity quantification using the conju-
gate view method on an image basis. Accurate image registration
is required for sequential anterior and posterior scans, for serial
emission images for analysis of the biokinetics, and for transmis-
sion and emission images for a pixel-based attenuation correction.
Methods: Registration is performed by maximization of the mutual
information. The spatial transformation has been tailored for the
registration of WB images and is composed of global and local
transformations, including rigid, projective, and curved transforma-
tions. A coarse registration is first performed using cross-correla-
tion and direct pixel scaling. Optimization is then performed in a
sequence, beginning with the 2 legs independently, followed by
the upper body and head. Evaluation is performed for clinical
images of an '8l-labeled monoclonal antibody and for Monte
Carlo-simulated images. An anthropomorphic WB computer
phantom, which has been especially modified to match the patient
position during WB scanning, is used for the simulations. Results:
For simulated images, registration errors are within 1 pixel (<3.6
mm) for a sufficient image count level. Separate evaluation of the
influence of noise shows that the errors increase below a total
image count of approximately 105 (signal-to-noise ratio, approxi-
mately 4). For clinical evaluations, the deviations between point
markers are 9 = 5 mm. Conclusion: An automatic registration
method for WB images has been developed, which is applicable to
emission—-emission and transmission-emission registration. This
method has been applied in more than 50 clinical studies and has
shown to be robust and reliable.
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Whole-body (WB) scintillation-camera imaging is fre

WB activity quantification can be performed using the
conjugate view method(5,6). These calculations are usu-
ally based on the count level in separate regions of interest
(ROIs) from anterior and posterior images, with attenuation
correction by a factor corresponding to the mean value for
the ROI. The conjugate view method can also be applied
directly to the WB images. A geometric mean image is then
calculated from the anteroposterior pair, and the attenuation
correction is performed using a measured attenuation map.
Analysis of the biokinetics can be performed on a pixel
basis (7) or by applying identical ROIs to all images in a
time series. Furthermore, an image of the cumulated activity
can be formed, in which ROI analysis yields values that can
be used directly for absorbed dose calculations.

This quantification methodology assumes that the patient
position is the same in each imaging session. Image regis-
tration is required if the anterior and posterior images are
acquired sequentially and the patient has moved between
the scans, for alignment of images from a series of acqui-
sitions, and for alignment to a transmission scan acquired on
a separate occasion.

We present a method for registration of WB images that is
applicable to between-emission image registration and to reg-
istration of transmission and emission images. Two methods
have been presented for automatic registration of WB images
(7,8). Both were used for emission scans only, either by man-
ual or automatic extraction of features. Registration between
emission and transmission images has been performed using
point markers for regional spot scar8. (In this method, the
mutual information (MI) is used as a measure of similarity
(9-11). The MI method has proven to be robust and accurate
in several studies (10,12) and, because it uses the entire image
information, registration can be automated. With regard to

quently used to measure the uptake and retention of activifgtial transformation, the registration of WB images places
in organs and tissues. Activity measurements are requirdecial demands on correcting for patient movement between
for absorbed dose assessments, for radiation protectiorSns- In this work, registration is accomplished using global
diagnostic nuclear medicine, and for dose planning in riinear scaling and translation, combined with local rotation,

dionuclide therapy (1-4).
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shearing, and curved transformation. The most suitable trans-
formation was established after a survey among several can-
didate transformations.

The method is applied to clinical images of patients who are
given radioimmunotherapy for non-Hodgkin’s lymphoma us-
ing an'%Y-labeled antibody (13). Five intratherapy anterepos
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terior WB scans are acquired over a period of 1 wk. On each
occasion, a geometric mean image is calculated by multiplica-
tion, where the posterior image is first registered to the anterior |
image. Transmission scanning is performed 1 d before injec- Y min
tion, from which an attenuation factor image is calculated.
Attenuation correction is performed by image multiplication
after each of the geometric mean images has been registered to
the attenuation factor image. For evaluation of the method,
Monte Carlo simulation and a modified WB anthropomorphic
computer phantom have been used.
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MATERIALS AND METHODS

Regions for Local Transformation
The software consists of 2 parts: a preparation program and the ylegs '

main registration program. The preparation program is used to calcu-

late the geometric mean and attenuation factor images from the

acquired images and to determine the regions for the local spatial

transformations. Figure 1 illustrates the regions, which are determined

automatically. First, a threshold, calculated with an adaptive method,

separates the patient from the backgrouiat).(A bounding box (¥in,

Xmax Ymin» @Nd Ynay is determined from the minimal and maximal

and y-coordinates in the threshold image. The coordinatggn¥

Yhead Yuppes @Nd Yegs are then calculated according to:

ymax

Xmidline = (Xmin + Xmax)']/2

Yhead= Ymin T (ymax = Ymin) Y7

Yupper = Ymin T (Ymax = Ymin) 75 FIGURE 1. Definition of regions for attenuation factor image.
Bounding box, marked as rectangle surrounding patient, is de-
Yiegs = Ymin T (Ymax = Ymin) ¥15. Eqg. 1 termined from threshold image. Coordinates Xmidines Yhead: Yuppers

. . . . nd s are calculated using Equation 1 and are used to define
Five regions are determined covering the head, the upper boa}éadlrgegion (XE[0, Xengormatids YEIO, Ynead) (1), Upper body

the pelvic region, and each leg (Fig. 1). The constants in Equatigi=(o, x...y.ot.marids YEIO, Yupper) (2), PEIVC region (XE[0, Xend-ofmatrids
1 have been determined empirically from several patient Wigs[y, ... i) (3), right leg region (XE[0, Xmidines YE[Viegss
images. Optionally, if the regions appear poorly positioned, an,q.o.marix) (4), and left leg region (XE[Xmiines Xend-of-matrixls
interactive display allows for manual readjustment. YE[VYiegss Yend-ot-matrix]) (5)-

Spatial Transformation b
In the early stages of development, the spatial transformatiigz|
consisted of a second-order polynomiab) according to:

lance to a patient movement, as judged by an experienced tech-
rcllogist. The sensitivity with which the MI measure was affected
by each term was also investigated. Each coefficient was applied
separately, and a registration to the original image was performed,
where only the selected coefficient was allowed to vary in the
registration. The coefficients that could be correctly recovered
were highly ranked. Coefficient plots of the MI were also consid-
+ PoxX® + Pacy” + PrXPY + PoiXy’ + Xy ered in the selection of the terms, where an increasing MI, with no
local maxima and a clearly expressed peak at 0, was desired.
The following transformations were then considered most relevant:

2 2
X' = E 2 pijxjyi = Poo T PorX + Proy T PrXY
i=0 j=0

2 2
y =2 > 0 X'y = oo + GorX + Gaoy + GuiXy

i=0 j=0 e Linear translations governed by the coefficiepgs and goo.

2 2 2 2 2,2 The MI coefficient plot showed an increased slope for x—y
G2 F Gy ¥ GXY F GaXy” + XY, EG. 2 translations near 0, and a coarse prepositioning was thus
where the unprimed system denotes the original coordinates and expected to make the optimization converge more rapidly.
the primed system denotes the transformed coordinates, with transe The linear scaling coefficients; andq;o. These were diffi
formation coefficients; and ;. cult to determine by optimization; therefore, the pixel dimen-

The image quality of scintillation cameras does not allow for the  sions were determined from measurements.
determination of the 18 coefficients included in this transforma- e The linear shearing coefficiens, andqy:. These were useful
tion. Furthermore, some terms generate transformations that are but were sometimes difficult to recover. Good recovery and a
not anatomically realistic. To simplify the expression, an investi-  better patient resemblance were achieved by applying the
gation was conducted to identify the terms that could be removed. transformations locally (Fig. 2) and by constraining the trans-
The usefulness of each term was ranked according to the resem- formation. For the head region, a rigid rotation described by
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FIGURE 2. Test transformation of mass-
density image. (A) Original image. (B)
Transformed image. (C) Absolute differ-
ence between transformed image and orig-
inal image. (D) Transformation applied to
regular grid, shown for illustration. Coeffi-
cients used were ppy = —7,qpo = —7,Por =
102, Qo1 = 102, o = _4, B = 5, PioL =
_005, Pior = 007, and Qoou = 0.0005.
Euclidian distance is illustrated in A and B,
where center of mass of evaluation regions
for original image are marked as squares
and as crosses for transformed image. Val-
ues are head region, 33 mm; trunk, 25 mm;
right leg, 41 mm; and left leg, 9 mm, yield-

o i . . & o j ing average of 27 mm. Summation of
- - - Ld “ " counts in C yields value of SAD of 40%.

the anglea was used with the center of rotation at,(ne, A coarse preregistration is first performed by interpolation of
Vhead- FOr the upper body, a rotation angfe,with the center the match image into the pixel dimensions of the stationary image,
of rotation at (¥idine: Yupped Was used. For the leg regions, thewhich are obtained from weekly calibration measurements. An
coefficientp;g was determined for each leg separately; deapproximate determination of translatidnis then performed by a
notedp;o. andpior centered at (Ygine: Yiegs- direct computation of the maximal cross-correlation, in the fre-
The coefficientqy, produced an image curvature along theuency domain. This preregistration is necessary because the im-
x-direction. With the center at (gine: Yupped, applied to the age separator coordinates,ffne- - - Yegd determined for the sta
upper body and denoteg,, it resembled a shrugging of thetionary image are also used subsequently for the match image.
shoulders. Optimization is then performed. Because the local transforma-
tions for the upper body and the legs are largely independent of

The final expression for the coordinate transformation is givegyqn other, the optimization is divided into separate steps. The
by:

optimization is first done for the leg regions, including coefficients

V' =t 4 SVHRW + LRV + QVY) + rlav +rel v, Eq. 3 P1oL, Pior @ndpgo. Initially, goo was included, but it was excluded

on finding that its value was little influenced. Optimization of the

wherev, v2, andt are column vectors: upper body includes, B, goau, Poo: @aNdqgo. Initially, all 5 coef
ficients were optimized simultaneously, but, because of the occur-
— T 2 2 T el T ’ ’
v=06y)N V=04 YT = (Poo Goo) rence of misregistration ofly, and o,y these are optimized
andS, R,, Q, andLy are 2 2 matrices: separately.

For optimization of the local transformations, the Ml is calcu-
S— (Pm 0> _ ( cosy  sin V) lated on the basis of the separate regions to avoid the coefficients
0 /' ¥ \—siny cosy)’ for the legs being affected by a potentially mismatched upper body
0 0 0 p and vice versa. For optimization @ig, p1or andpgo, the Ml is
Q= (q 0), L,= <0 gx> calculated on the basis of the leg regions. Optimization of the
o02u coefficientspgg, o, @andp is performed with respect to the Ml of the

The matricest and S operate globally, whereas the other termsipper body. Optimization ofjo,y and gy is based on the entire
describe local transformations, with the factorsletermining the image MI becausep, requires information from the entire image
regions in which they are applied (Fig. I): = 1 for the head, for its determination.

r, = 1 for the upper bodyr, = 1 for the right legrs = 1 for the In summary, registration is performed as follows:

left leg, andr; = 0 otherwise (= 1,. . .5). Figures 2B and 2Bhow

an example of a spatial transformation.

1. Interpolation into equal pixel dimensions by a direct deter-
mination of S.

Registration Procedure 2. Approximate direct determination 6fusing cross-correla-

Before registration, 1 image is defined as the match image and
the other is defined as stationary, where the match image is3.
spatially transformed at registration. The program is written so that
any image can be used as match or stationary, and the effect of thd.
use of the different images is discussed further in the Results.

tion.

Optimization of the coefficientpig., pior and pgo On the
basis of the MI of the leg regions.

Optimization ofa, poe, andp on the basis of the Ml of the
upper body region.
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5. Optimization ofqy,y and gy on the basis of the Ml of the ulated with and without the phantom present. On the basis of

entire image. measurements in the clinical images, a background intensity of
6. Readjustment of coefficienpsy. andp,or0n the basis of the 15% of the average count density within the phantom was added
Ml of the leg regions. homogeneously to the emission images. Nine different levels of

Poisson noise were simulated. The clinical image count levels
ranged between 2@nd 10 counts, and realizations including“.:0

, 2.5, 5, 10, 25, 50, 100, 250, 500) counts were made, corre-
onding to approximate signal-to-noise ratios (SNRs) of between
nd 25. Figure 3 shows 3 geometric mean images with different

Implementation and Application

The Ml is implemented according to Studholme et dl0)( 1
where estimates of the joint and marginal density distributions ai
calculated as the joint and marginal histograms. The histogra
range from 0 to 255 an(_j are _normallzed o u_nlty. Powell's algc?foise levels together with a clinical image. Figure 4 depicts a
rithm is used for the optimization (16). To avoid the CONVergence . ~ted and a clinical attenuation factor image
to local maxima and ridges in the coefficient space, the magnituale ’
of the initial search vectors has been adjusted for each coefficighia|uation

to values on the order of what is typically obtained at registration. Tpe general evaluation methodology for the simulated images
Before the registration, some image preprocessing is performgds to apply a test transform to the match image (M), yielding the
to amplify features that enhance the similarity between the imagff\rﬁage M'’. Registration was performed between the stationary
A logarithmic transform is applied to the emission images, aft%age and M, followed by evaluation by measuring the deviation
adding a value of 1 to account for the 0 values. The attenuatigatween the registered Mind the original M image. The follow-

factor image is low-pass filtered to a spatial resolution comparalygy figures of merit were used: (a) the Euclidian distance
with that of the emission images. Thresholds are applied to remove

the background outside the patient attributed to photons scattered (ED = AXZ + Ay?)
in the couch. The registration transformation result is applied to the
unprocessed images. To account for the discontinuities that nfzgtween the center of mass of the images in pixels or mm and (b)
occur at the boundaries between the local regions, nearest-neigjie- sum of the absolute difference
bor interpolation between the regions is used, and an averaging
filter is applied. (SAD = > [M' = M|/> M),
All software is written in Interactive Data Language (Research x.y Xy
Systems, Inc., Boulder, CO). The software is platform independery ressed as the percentage of the total number of counts in the

h full il tested for Wi . . } .
and has been successfully compiled and tested for Windows original M image. The figures of merit were calculated for 4

(Microsoft, Redmond, WA), Compag True-Unix (Compag, Hous . . .
. . .\ . separate regions covering the head, the trunk, and the left and right

ton, TX), and Sun Solaris (Sun Microsystems, Mountain Vie . o . . .

CA) egs, as illustrated in Figures 2A-2C. These regions were identical

to those used for registration (Fig. 1) apart from the trunk region,
Imaging Systems which extended from j,qt0 Yiegs Generation of test transforma
Clinical acquisitions were performed on a DIACAM scintilla-tions was performed using Equation 3, with coefficient values
tion camera (Siemens Gammasonic, Inc., Chicago, IL) connecteshdomly sampled within reasonable ranges. Average induced
to a NucLearMAC acquisition system (Scientific Imaging, Incyalues for each evaluation region, obtained from 180 test images,
Littleton, CO). A high-energy collimator was used f&# mea  are presented in Table 1. The induced value of the SAD for the WB
surements and a low-energy, all-purpose collimator was used foas 98%z* 8%.
57Co. A 15% energy window, centered at 364 keV &t and at The registration performance for an ideal imaging system was
122 keV for 5’Co, was used. For the transmission studies, avaluated by means of the mass-density projection image. Test
uncollimated®’Co flood source was mounted on the camera hea@rsions of the image were generated whereby registration was
at a distance of 100 cm. The patient position was adjusted performed to the original image.
relation to the couch and to the directional lasers. To assess the accuracy of registration in a realistic situation,
For test image simulation, a modified version of an anthrop®4onte Carlo—simulated images were used for registration of the 3
morphic WB computer phantom (17,18) was used. The modificamage couples: posteroanterior, geometric mean to attenuation
tion was performed to match the patient position during WHBactor, and attenuation factor to geometric mean. For each regis-
scanning. It consisted principally of a straightening of the origtration couple, the respective match image (posterior, geometric
nally angled arms, by cutting out the lower arms and rotating themean, attenuation factor) was test transformed. Registration was
in 3 dimensions, with care taken to maintain the continuity of thgerformed to the respective stationary image, and the accuracy was
tissue compartments. quantified by comparison with the original match images. The
For simulation of a noise-free system with perfect spatial resusceptibility to noise was evaluated by means of the images with
olution, mass-density values were assigned to the various phantdifferent count levels. For each level, more than 2 noise realiza-
organs (19,20). A projection of the mass-density distribution wa®ns were made, and 20 versions of test images were registered.
obtained by line integration along the anteroposterior directidRegistration was also performed with and without preprocessing of
(Fig. 2A). images. To assess the influence of collimator septal penetration,
Monte Carlo simulation used the SIMIND code connected to ldonte Carlo simulation was performed with and without recording
routine that allows photon interaction in the collimator (21,22)eptal penetration counts, and the results were compared for a
The activity in organs was estimated from clinical radioimmunazount level of 16.
therapy WB and SPECT images using ROI analysis. SimulationsThe improvement gained through using the complete registra-
of emission anteroposterior images were performed3grwith a tion scheme in comparison with a direct, rigid method was also
complete decay scheme. Transmission studi€S@d were sim evaluated. The direct method consisted of pixel resizing and rigid
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FIGURE 3. (A-C) Three noise realizations
for simulated WB images. Image total
counts are 104, 105, and 108 for A, B, and
C, respectively, corresponding to SNRs of
approximately 1, 4, and 12, respectively.
(D) Patient image. In this patient, uptake in
heart was higher than that used in simula-
tion, and kidney uptake was lower. Source
distribution was estimated from several pa-
tient images, and, as illustrated, individual
variations occur.

translation obtained by cross-correlation (i.e., steps 1 and 2 in tingage (not shown) are similar, although a subtle difference
registration scheme). is the effect of the preprocessing. When using the attenua-
In 2 clinical studies, the registration accuracy was assessedin factor as the stationary image, no effect is seen on

comparison with the ppsition of’Co markers, fa_ttached at theapplying the preprocessing, whereas for the reverse a slight
sternal notch, the pelvic bones, and the umbilicus, for e

emission and’Co transmission acquisitions. F&# acquisitions,

the marker image was acquired in a separate energy window. The
coefficient values resulting from the registration were applied to
the marker image, whereby the centroid position of each marker
was determined.

RESULTS

For the mass-density projection image, the average Eu-
clidian distance was 0.4 0.2 mm, with a maximal devi-
ation of 2 mm. The average value of the SAD for the whole
body was 1.5%* 0.2%.

Figure 5 shows the errors obtained for the 9 count levels.
Each data point represents an average of the 4 evaluation
regions and the 20 test registrations. Similar results are
obtained for the posteroanterior registration, regardless of
the use of preprocessing (Fig. 5A). For count levels of
>2.5- 1, the error distance is between 1 and 4 mm, with
an average of 22 1 mm. The error and the associated SD
increase gradually for count levels ef1(® counts. At 5-

10* counts (SNR, approximately 2), values of about1®

mm are obtained, and, for 4@ounts (SNR, approximately . 4 F) ‘

1), the average error distance is 20 10 mm. For the .

geometric mean to attenuation factor registration, results #iGURE 4. WB attenuation factor images: simulated image

similar to those for the posteroanterior registration for couf®) and patient image (B). Main differences between images

levels of >2.5- 105, with an average error distance oft2 occur at jaw because of amglgam fillings, in'right lung because

1 mm (Fig. 5B). For lower count levels, the error shows?‘c portal catheter, and at hip because of implant at neck of
. . emur. No negative effects on registration accuracy were seen

_Sh8.fp increase, and, for ‘16(_)unts, Valuefc' similar to thosebecause of such patient-related details. Noise level is generally

induced for test transformation are obtained (Table 1). Th&y for clinical images; therefore, no separate noise simulations

results obtained when reversing the choice of the matalere performed for attenuation factor images.
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TABLE 1 TABLE 2
Euclidian Distance for Spatially Transformed Test Images Registration Results, in Terms of Euclidian Distance (mm),
for Count Level of 108

Region Euclidian distance (mm)
H - Geometric mean to
ead 41219 Posteroanterior attenuation factor
Trunk 27 =12
Right leg 32 + 14 Region Rigid* Complete* Rigid* Complete*
Left leg 36 =15 Head 23+13  2+1 20+15  2+09
Trunk 8+7 1+0.6 6*4 2+1
Data are expressed as mean * SD for 180 randomly induced test Rightleg 11 =7 1+08 9+4 2+1
transformations. Pixel size is 3.6 X 3.6 mm?2. Left leg 14 =10 1+07 17 =10 2*07

*Registration for direct, rigid method and for complete method.
Data are expressed as mean = SD. Pixel size is 3.6 X 3.6 mm?2.

improvement is seen for the lower count levels. Generally,
for all data points in Figures 5A and 5B, 1 SD was approx-
imately 50% of the error distance.

For the registration of posteroanterior and geometr'?:'scuss'ON
mean to attenuation factor images with a count level 6f 10 The novelty of this work compared with previous studies
error distances ares2 = 1 mm for all anatomic regions (1,3,7,8) is the use of Ml for WB images in conjunction with
(Table 2). Results are also given for registration performexdtailored spatial transformation. Furthermore, monomodal-
with the direct, rigid method, in which the error distance liegy (posteroanterior) and multimodality (geometric mean to
between 6+ 4 mm and 23+ 13 mm for all anatomic attenuation factor) image registration is addressed.
regions with the largest obtained discrepancies for the headlro date, more than 50 clinical images have been regis-
region and the legs. The values of the SAD for the potered and, in general, good results have been obtained. The
teroanterior rigid registration were obtained to 4729%6% automatic division into local regions works for about 50%
calculated for the whole body and to 28%6% using the of the patient images. Manual readjustment has been re-
complete registration method. For the geometric mean dqoired in cases of poorly positioned patients, where the
attenuation factor registration, 44% 6% was obtained for image is truncated or the legs are angled and therefore fall
the rigid method and 32%t 5% was obtained for the outside the subregions. Further, the thresholding algorithm
complete method. The SAD arising from noise alone wdails to find the patient outline for high-noise cases and in
computed from various noise realizations to a value of 27%e presence of patient-related details, which alter the gen-
Thus, the WB SAD related to the registrations was 1% (28&sal intensity distribution (Fig. 4). For the preprocessing of
— 27%) for the posteroanterior registration and was 5% f@nages, a logarithmic transform is used because it amplifies
the geometric mean to attenuation factor, using a complébe low image intensities (e.g., the blood background and
registration scheme, whereas for the rigid registration, tiseatter), which, to some extent, reflect the patient outline. In
SADs were 19% and 17%. this study, the effect of image preprocessing was small in

No clear trend could be seen in the registration accuramyst cases because the body contour was well delineated
when septal penetration was included in the simulationgith the present activity distribution. In preliminary studies
For similar count levels, the results were not significantlysing an activity distribution that is primarily concentrated
different from those obtained without septal penetratioto bone, preprocessing shows a considerable effect on the
The deviation assessed from the positions of the poirggistration results. Attempts to use Compton scatter images
markers in the clinical images was® 5 mm. for registration have also been ma@s3).

FIGURE 5. Euclidian distances obtained A B

for registration of posteroanterior images 70 7

(A) and attenuation factor to geometric 60 + 60+

mean images (B). Results are displayed as | = ]

function of total number of counts in im- Eso* g %1

ages. Results, including preprocessing, Ew T § 401

with associated error bars (mean + SD) (O). éao—» § swf

(A) Error bars for 108, 2.5 - 105, and 5 - 10% | 5 o

counts cannot be seen on scale but were gm" E 21

within =1 mm for all 3 points. (B) SDs for 5 - 10f 10f

10°%, 108, 2.5 - 108, and 5 - 10® counts were 0 , , ' 0 ) " '
within £1 mm. Results for unprocessed 10° 10% 105 108 107 108 104 108 108 107
images, where error bars have been omit- Total image counts Total image counts

ted for clarity (@).
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The MI measure has shown to be robust in that it copesices obtained between the registered and original image
well with noisy images and also shows no distinguishablee distributed evenly over the image, suggesting that they
effects from various artifacts in the clinical images (Fig. 4)priginate mainly from interpolation effects. Generally, the
The use of point markers (1,3) does not represent an altrgest systematic errors are obtained in the cranioinferior
native for the current application because of the radiatiairection because of the appearance of WB images. A great
dose to the personnel. Injected activity levels are seved®al of registration information is contained in tkelirec-
gigabecquerels, and the laborious attaching of markerstisn, whereas for thg-direction, the anatomic regions that
not considered justified. Each patient is imaged on at leass&pply information are the top of the head, the shoulders,
occasions, and some return for a second treatment regiite crotch, and the edges of the feet. Consequently, the
Therefore, the error associated with the positioning of ttepearance of the shoulders in the image was deemed to be
markers is prone to be high. Other suggested similaritmportant for the registration. Noisy images lead to larger
measures are manually selected landmark regighsufd errors and a larger variance in the results. Good results are
grid points generated after the images have been segmertbthined for posteroanterior registration, even at low count
into a binary version (8). Landmark identification is difficulievels. Registration of attenuation factor and geometric
in this study because of the high blood background andnzean images yields acceptable results down to levels of
generally diffuse uptake pattern. At late time points, thebout 16 counts. For the lower count levels, the optimiza
high level of noise makes segmentation difficult. tion of the local transformations fails. The conclusions

Spatial transformations of various complexity have beergarding clinical applications are that registered images
used in previous studies, including translation—rotation oniyiust be carefully inspected for count levels<01(°, espe
(1), scaling (7), local projective transformatio®,(and full cially for registration between geometric mean and attenu-
second-order polynomial warpin@); Through compari- ation factor images. The proposed method is generally ad-
sons with a less-detailed method, we concluded that regisntageous compared with simpler methods. However, for
tration using pixel resizing combined with linear translanoisy images, a less flexible method may work better, and
tions does not yield sufficiently accurate results. We alsee are currently investigating which transformations should
concluded that a full second-order polynomial transformée included in such a case. A particular application here is
tion is not achievable for the image information at hand. Traosimetry calculations, where late time points are of great
transformation we used was established as a compromiseportance.
where the most relevant aspects required for the registration
are included. In Equation 3, no local term is used for theONCLUSION
pelvic region (g is always 0) because the patient positioning
procedure is assumed to account for this position. Furthe
more, patient movements that alter the lines of projection
the formation of the WB images, such as trunk twisting anlg
rolling, are not modeled. A potential problem is the discon-

tinuity of the iransformation, which may affect the appeag for the current application. Future studies will focus on the

ance of tumors situated at the boundaries of the transform L%% of the registration method for absolute activity quanti-
tion regions. Several registered images have been inspe edion.

using surface plots, and the areas between the regions have
appeared smooth. However, in the future, a more SOphISlt\ICKNOWLEDGMENTS
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