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Intra- or intersubject registration of anatomically poorly defined
SPECT data, such as in neuroreceptor imaging, is important for
longitudinal or group analysis. However, accurate registration is
difficult with only emission CT (ECT) data. We investigated fully
automated registration using transmission CT (TCT) data as an
intermediary image set. Methods: The accuracy of TCT regis-
tration was compared to that of ECT registration for four types
of data: gray-matter distribution (with [**™Tc]ethylcysteinate
dimer (ECD)), neocortical distribution (with ['23]]R91150, a highly
specific 5-HT,, receptor ligand), and striatal distribution of the
D,-receptor ligand (with ['2%lJiodobenzamide (IBZM)) and the
dopamine transporter ligand (with ['231]2 3-carbomethoxy-33-(4-
fluorophenyl)tropane (CIT)). In total, 10 datasets of the various
study types were used, all collected on a Toshiba GCA9300
gamma camera with super-high-resolution fanbeam collimators
and 3 X 370 MBq of 153Gd transmission sources (4-min sequen-
tial TCT scanning for receptor studies and 20-min simultaneous
scanning for [¥mTc]ECD studies). Per dataset, 15 random mis-
alignments of 9 rigid-body parameters (translation, rotation, and
anisotropic scaling) were conducted. All coregistrations were
done twice, both to the subject’s original scan and to a study-
specific template. This was done manually by two independent
experienced observers and with three automated voxel similar-
ity algorithms: mutual information (M.l.), count difference (C.D.),
and uniformity index (U.l.). As an outcome measure, the impact
of misregistration on semiquantification for the various study
types was established. Results: TCT matching allowed regis-
tration within 3.3 mm, 2.4°, and 1.2% scaling (mean squared
values for all directions) with an overall accuracy decrease in the
following order: C.D. > M.l. > manual > U.I. For [**"Tc]ECD and
['231]IBZM, TCT registration was as accurate as ECT registration,
while it was far superior for the other receptor data types,
especially for abnormal studies. The automated TCT registration
accuracy corresponded to average quantification errors of 2.9%
(**"Tc]ECD), 4.2% (['2%1]IBZM), 5.7% (['**1]R91150), and 6.1%
(['*11B-CIT). Conclusion: Fully automated registration through
intermediary TCT images is clinically feasible, fast, and accu-
rate. In addition to nonuniform attenuation correction, TCT
scanning therefore allows coregistration for group comparisons
of SPECT receptor data on a standardized or pixel-by-pixel
basis.
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Dopamine and serotonin receptors and transporters are
of interest in the pathophysiology of many psychiatric and
neurological disorders. During recent years, several prom-
ising SPECT ligands have been developed with high spec-
ificity and affinity (1,2). Most published studies so far have
used an interactive region-of-interest (ROI)-based semi-
guantitative analysis to determine significant binding
changes. Such an interactive approach is operator depen-
dent, bias prone, and time consuming.

The transformation of brain image sets of individual
subjects into a three-dimensional image set of standard
brain shape and size (anatomic standardization) has been
shown to enhance detection of focal brain responses and to
permit group comparisons between normal control subjects
and patients on a pixel-by-pixel bas®.(Anatomical stan-
dardization also allows the computation of parametric maps
of the ligand receptor binding from functional imaging data
that may be statistically analyzed at the voxel level, given
suitable techniques for both spatial coregistration and the
application of appropriate statistical tes#.(A principal
advantage of parametric maps is that no a priori hypothesis
is required concerning the choice of ROIs. Moreover, in
contrast to ROI techniques, all available image information
is analyzed.

Techniques for anatomical standardization of SPECT and
PET blood flow or metabolic images to a standard brain
template are well established, and several approaches and
applications have been describégg).

Recently, assessment of neuroreceptor distribution using
PET and the anatomic standardization technique has also
been proposed9]. PET standardization of Dimages of
1C-raclopride can be done with integrated time—activity
data that are transformed into the standard brain size and
shape, and subsequently these transformation parameters
can be applied to individual PET image®.(This approach
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works well since the integrated image forms a mixture afoncept from information theory28). This method mea-
(early) blood flow and (late) receptor binding data. sures the statistical dependence or information redundancy
In clinical situations, however, dynamic scanning ibetween image intensities of corresponding voxels in both
rarely performed with SPECT, and currently no gold staimages, which is assumed to be maximal if voxels are
dard is available for the image registration for recept@eometrically aligned. Itis a general algorithm that has been
SPECT on an intra- or intermodality basis. While somealidated for intermodality MRI, CT, PET, and SPECT
automated approaches are specific to a particular typerigfid-body registration Z3).
SPECT study, few methods work well on all datasets This study evaluated the feasibility and accuracy of
(5,10,12. automated registration of brain SPECT data using TCT
Commercially available transmission measurements foreasurements. Predefined realistic misregistrations were
SPECT are increasingly used?j. Because of its 242-d performed for four types of SPECT ligand studies, each
physical half-life, its relative affordability, and its suitablewith a different characteristic distribution: neocortical
energy spectrum (main emission at 97 and 103 ké¥gd  distribution with the 5-HF, ligand [23]-4-amino-N-[1-
is the most frequently used isotope. Single-photon transmjs-(4-fluorophenoxy)propyt4 - methyl-4-piperidinyl]-5-
sion CT (TCT) imaging not only allows improved quantiiodo-2-methoxybenzamide f]-5-1-R91150; normal
fication through nonuniform attenuation correction but alssignal-to-noise ratio (SNR), 1.8:1); localized basal gan-
permits movement detection and correction. Moreoveglia distribution with the dopamine Ereceptor ligand
TCT provides a possibility for anatomical registration, ag23]-iodobenzamide 3]IBZM; SNR, 1.5:1) and with
has been shown on thorax phantom daty.(In the head, the dopamine transporter ligan&J]2B-carbomethoxy-
sufficient contrast exists within TCT images to accuratelys-(4-iodophenyhtropane #3]8-CIT; SNR, 5-7:1);
classify pixels into bone, soft tissue, and sinuses. If braand global main gray-matter distribution witR®]Tc]-
TCT coregistration could be accomplished, obvious advaathylcysteine dimer P"Tc]ECD) (Fig. 1. The latter was
tages would be the possibility to coregister emission scagisosen as a reference study type whose anatomic stan-
with scarce anatomic information or different radionuclideslardization has been well described in recent literature
to create anatomically standardized templates and pati€¢®f24,25. We evaluated registration data obtained man-
studies, to coregister a patient scanned on separate dagy by two independent experienced observers and with
(13), or to correct for patient motion in or between scanthree fully automated algorithms frequently used for
(e.g., for dynamic SPECT scan studies lasting several hobtgin SPECT (mutual information, count difference, and
or even less than an hour for neurologic or psychiatrigniformity index). For these evaluations, optimal param-
patients with low compliance). eters were determined, and the ability to recover regis-
There are several approaches to image coregistration, aration was measured. Recovery was first measured for
the existing algorithms can be classified by several propeegistration to an initial anatomically standardized image
ties (14). Although stereotactic frame-based registration ghe “gold standard” obtained by consensus visual inspec-
accurate at the submillimeter level, it is impractical antlon) for each subject to simulate intrasubject registra-
cannot be applied retrospectively. Second, the use of extgon. Second, registration to a study-specific template was
nal or internal landmarks is generally operator dependgsérformed, and the error with respect to the gold standard
and hence prone to observer bias, time consuming, antage was measured. Moreover, normal and patient data
heavily dependent on the accuracy of landmark localizatievere compared with respect to this registration accuracy.
in all modalities (5-17). Automatic techniques are there-The speed of the automated algorithms was evaluated,
fore preferred, and these can be based either on surfagel finally, for the various types of data, the fitting
matching or voxel similarity measures. Surface matchirgccuracy was evaluated, with semiquantification as the
uses only contour information, and because these surfactiaically important outcome measure.
are not easily defined for functional data, incorrect registra-
tion may occur. Voxel-based algorithms optimize the sim-
ilarity of geometrically corresponding voxel pairs6j and MATERIALS AND METHODS
are generally the method of choice in coregistration of unirstrumentation
and multimodality brain imagesl4,1§. Many methods All data were acquired on a triple-head Toshiba GCA-9300
exist that optimize a global measure of the difference bgamera with super-high-resolution lead fanbeam (SHR-FB) colli-
tween image intensities of corresponding voxels (cost fun@ators, resulting in an on-site measured tomographic resolution of

. - . o 4 mm at a 132-mm radius of rotation. The fanbeam collimator
t|on)_and rely on t_he assumption that the intensities of tr?he?s a focal length of 397 mn2€) and must be used with this
two images are linearly correlated. Among these, coupi

. . L ) nimum radius of rotation. The field of view under these condi-
difference (9,20 and uniformity index 21) algorithms tions encompasses 220 mm, which enables complete inclusion of

have been shown to be fast and robust methods for SPEGs human head at least up to the foramen magnum. Three un-

MRI and perfusion SPECT-SPECT coregistratid®)( shielded and uncollimated rod sources each filled with 370 MBq
Mutual information maximization is a relatively new ap<53Gd (rod length, 335 mm; diameter, 4 mm) were used for

proach to the problem of multimodality registration, using @ansmission scanning. These sources are placed in the focal lines
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of the SHR-FB collimators. For transmission reconstruction, static
blank scans were acquired with 200 kcounts per camera head.

Subjects and Study Types
[99"Tc]ECD (Dupont Pharmaceuticals Ltd., Belgium) perfusion

FIGURE 1. Representative radioligand
studies used for emission registration
and transmission images used for trans-
mission registration. Images show trans-
axial (trx) and sagittal (sag) normal
[**"Tc]ECD (A), patient with cortico-
basal degeneration [**"Tc]ECD (trx) (B),
['231]IBZM (trx) (C), ['2®1]B-CIT (striatal
phantom, 7:1 ratio of striatum/back-
ground; trx) (D), normal ['2%1]R91150
5-HT,, study (trx + sag; note absence
of specific binding in the cerebellum)
(E), patient post-suicide attempt (delib-
erate self-injury) ['2%[]R91150 5-HT,,
(sag) (F), and '53Gd transmission map
(trx + sag) (G).

TABLE 1

scans were acquired from two healthy volunteers and one patier®verview of Radioligand Types, Subject Demographics,
with corticobasal degeneration and a severe frontal perfusion dednd Scan Description for Perfusion and Receptor Images

icit. [*24]IBZM (Nycomed Amersham, The Netherlands) scans of

two early-stage Parkinson patients with normal uptake were inScan
cluded. Three4]R91150 5-HT, receptor scans were used; in  NO-

cluding scans from one healthy volunteer, one patient with an-
orexia nervosa and a decrease in left frontal receptor binding, ang,
one attempted-suicide patient with deliberate self-inflicted injury 3
and severely decreased neocortical receptor binding potential. All
demographic and scan data for these subjects are summarized in
Table 1. All subjects were included after written informed consent 4
was obtained for studies and approved by the local university
hospital ethics committee. 5
Since patient data with the same camera constellation for do-
pamine transporter studies were unavailable, such data were sim;
ulated by means of a realistic striatal phantom. The three-dimen-
sional Alderson striatal brain phantom (Radiological Support g
Devices, Long Beach, CA) with dried skull (mass density, 1.86 g
g/cn?) was used. For normal studies, all parts representing the
putamen and head of the caudate nucleus were filled with 203 kBq
of 99MT¢, while the bulk of the phantom was filled with 6.07 MBq
(1,250 mL), representing a realistic 7:1 SNR as is observed with10
[*24] B-CIT in healthy volunteers scanned at 24 h after injection
(27). Apart from a normal study, one simulated patient was in-

Age

Radioligand ) Sex Description

[#9mTc]ECD 33 M  Normal healthy volunteer

[*9mTc]ECD 60 F  Normal healthy volunteer

[#9mTc]ECD 67 F  Cortico-basal
degeneration, z-score,
left frontal, —3.2

['231]1IBZM 52 F  Normal uptake
(Parkinson)

[123[IBZM 68 M  Normal uptake
(Parkinson)

['231B-CIT Phantom Normal

['231]B-CIT Phantom Background uptake R
head caudate nucleus

['23]R91150 25 F  Normal healthy volunteer

['2%1]R91150 16 F  Eating disorder, slight
decreased frontal
binding potential (z-
score, —1.0)

['2%1]R91150 43 M  Suicide attempt

(deliberate self-injury),
global decreased
uptake (z-score = —3)

cluded, in which the activity in the right caudate head was injected
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with the background concentration to represent aspecific activignd thez-axis axially in the caudo-cranial direction. Rotations are
These striatal phantom measurements are further designated asléfmed in the Cartesian planes, ed,, for a transaxial rotation
“B-CIT data” below. from the x- to they-axis.

All automated image registrations were made on three-dimen-
Data Acquisition and Reconstruction sional volume data with the above-mentioned MultiModality reg-

- - .. _istration toolkit (Nuclear Diagnostics). Images were coregistered
All acquisitions were performed similarly for all emission

. . . . with a limit of 1,000 iterations, normalization on total counts, and
scans. A continuous-acquisition mode was used with 90 projec-

tions in a 128 by 128 matrix (pixel size, 1.72 mm). F&IMTc]- a stopping criterion defined at the level where the similarity

. 0 )
ECD, [24]IBZM, and striatal phantom data, 20-min scans Wergweasure did not alter by-0.1%. The threshold settings were

acquired, whereas fotf4]R91150, the acquisitions lasted 40 min.opt'mlzed (see Resuilts). As a search §trategy, the |tera_t|ve down-

) . gyll-smplex method was used. Three different cost functions were
Symmetric scatter windows were set 7% apart from the 2Ou%ed' count difference (C.D.), uniformity index (U.l.), and mutual
window over the 140- or 159-keV peak. ) A y o

. . . 9 information (M.1.).
Transmission scans were acquired simultaneously®¥6fc ; I . .
: . . The C.D. algorithm minimizes the absolute difference in counts
data with a 15% central 99-keV window and two adjacent 5% . . .
. etween two imagesl9,20. The images can be normalized by a
scatter windows to correct f8P"Tc downscatter. TCT scans were . . - .
) ) . . factor, which can be the maximum number of counts in the image
acquired sequentially for the other studies, over a period of 4.5 min L . 7
) S or the total counts. Total-count normalization was used in this
and with the same acquisition parameters. . L S
) o . . work. The U.l. is a similarity measure based on the principle that
Scatter correction for emission and simultaneous transmissio . ) ) . -
. : .when two images are perfectly aligned, the ratio of the intensities
scans was done by means of the Triple Energy Window correctio . ) . ;
L ) : of two corresponding voxels belonging to a certain group or tissue
method 28). The main window was filtered with a Butterwortht e is assumed to be constatl) In the applied software
filter of order 8 with a cutoff of 0.16 cycles/pixel, and anothe’? ‘ pp

Butterworth filter of order 8 with a cutoff of 0.09 cycles/pixel Wasalgorlthm in this work, the voxels of the reference image are

used for the scatter windows. Nonuniform attenuation correcti divided into 256 groups according to their intensity levels. Then,

n ) . -
was calculated by means of iterative Chang with one |terat|o(%r?.r ea_c_h group of voxels in the refference Image, the ratio of the
. ) Intensities between two corresponding voxels is calculated, and the
Before reconstruction, fanbeam data were rebinned to parallel data; . . o . o
igriance of this ratio within each group is minimized. The M.I.

by means of the software from the camera manufacturer (pixe

size, 3.2 mm). Emission data were calculated by means of ﬁlter|n(§1_ex is calculated from the marginal probability distributions and

backprojection with Shepp-Logan prefiltering and a Butterwortb eir joint probability distribution_, and this algorithm_measure_s the
postfilter (order 8 and cutoffs of 0.13 cycles/pixel f8fTc data, egree of dependence of wo images by measuring the distance

0.09 for [24]IBZM, and 0.07 for [24]R91150). The complete between the joint dlstr_lbutlon and the distribution associated with
H]e_ case of complete independen28)(

;Zg&rztrr’gC;L?f?wr;rrZC?\?eL:rstieo\:]v%S.O%Tformed using the camera ma Although the U.l. has been shown to produce less adequate
accuracy for perfusion SPECT-SPECT registrati@g),( it was
included because good results were obtained in the TCT registra-

Data Analysis tion phantom study by Dey et allf). Similarity measures with

Reconstructed data were transferred on line after Interfile 3aBtificial changes before the calculation of the measure were not
conversion to a Hermes imaging platform (Pentium Pro, Intel 3Q&ed because they have shown inferior performag2zg (

MHz; Nuclear Diagnostics, Hgersted, Sweden) and converted to Manual registration was performed by two independent observ-

a 64-by-64 matrix format. ers with experience in image coregistration and brain SPECT. Both

For the patient data study types, study-specific, anatomicatipservers were blinded with respect to all misalignment parame-
standardized templates of size36doxels were obtained from ters, but they were informed of the maximal range at which the
larger sets of healthy volunteers. FGPTC]ECD, the first 30 data were independently and uniformly distributed, as was stated
volunteers that took part in the Gent-Optimized Adult High-Resabove. The manual registration procedure was interactive by
olution ECD Absolute Database (GO AHEAD) project, with 90means of a dual-window display and sliding-window (overlay)
thoroughly screened healthy volunteers (analysis in progress) wegehnique, as part of the MultiModality software. This allows the
included to form the stereotactic fitting template for this study. F@bserver to adjust the image of interest to a reference image on the

[*23]IBZM, a set of four normal studies was used to construct thiérst window (in this case the subject’s gold standard image or the

coregistration template, and fof?fiJR91150 the template cen study-specific template image), while directly registering the sec-

sisted of 10 young healthy volunteers. For th&[B-CIT simu ond image by direct numeric adjustment of the nine parameters.
lations, an average template consisting of four phantom measuBath images can be viewed simultaneously in three orientations
ments with activity ratios between 4:1 and 7:1 was obtained. Tlieoronal, sagittal, and transaxial) to aid spatial perception.
procedure to construct all of these templates is described in detail

by Radau et al.29), who used the same software (Brass anMisalignments

MultiModality; Nuclear Diagnostics). The TCT template was cre- To evaluate the TCT registration technique relative to direct

ated from the simultaneous transmission measurements of theeB@ission registration, the following sets of experiments were per-

[°9"Tc]ECD studies by applying the same emission 9-parametiarmed. Each of the 10 studies underwent 15 random misalign-

rigid transformation using the MultiModality software. ments. The amount of deliberate misalignment was based on

The coordinate system used in this work was defined similartypical magnitudes that can occur in realistic clinical situations.
to the stereotactic atlas of Talairach and Tourndd@®),(with the The misalignments were uniformly distributed within6 to +6
x-axis transaxially in the bicommisural plane in the right-lefpixels (reconstructed pixel size, 3.59 mm) along the Cartesian axes
direction, they-axis transaxially in the postero-anterior directionpf the translation vector;-10° to +10° of rotation in the three
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main Cartesian planes andl0% to+10% scaling along the samedifference components along the three axes of the Cartesian coor-
axes. Random numbers were generated in Excel97 for Windodisate system as defined above was calculated with equal weights.
(Microsoft Corp.) and were verified a posteriori to exclude fortu- o 1o

itously small misalignments and to ascertain whether the entire Aor = (A + A7+ A)™ Eg. 1

misalignment range was scanned. Trilinear interpolation was usedrpe residual differenca; (i = x.y.3 is defined as the value of the

when misaligning the data. For each type of study, but not for eaghyiciration parameters along these axes, expressed in pixels (where a

individual study, the same random misalignments were used. Lo fact registration would giva; = 0). For the rotation parameters,
Before the misalignment tests, all studies were registered to theneaqrab,, was defined as the square of the quadratic sum of

study-specific templates. This was done based on emission regig;iqual rotation registration values in the, xz andyz planes,

tration and count differences for the perfusion data and by ('meékpressed in degrees (perfect registratibr= 0).

mediary) transmission registration for the other data types. Implic- ’

ity it was assumed that this registration, verified by visual Dy = (PF, + PE, + DIV Eq. 2

inspection by the three first authors in consensus, could be taken as

the gold standard to which subsequent registrations were com-Similarly, the measur&,, was defined as the square of the qua

dratic sum of individual scaling values along the Cartesian axes,

pared. . .
Studies were subsequently registered to the individual’'s stuyPressed in percent (perfect registrat®ns= 100%).
itself to simulate intrasubject reorientation, which is of importance S = (324 32+ 3912, Eq. 3

for longitudinal studies. Second, to simulate realistic template-
based coregistration, they were also coregistered to the study-The effect of coregistration was related to semiquantification as a
specific template. For optimal comparison, all nine registratiatlinical-outcome parameter. For each study type, a volume-of-interest
parameters were allowed to vary in both procedures, although {dOl)-based semiquantification was performed for the nine-dimen-
intrasubject coregistration no scaling would be needed. Both regienal range of registration errors as described above for 1, 3, and 6
istration types were performed for all three automated algorithrp#els; 1, 3, and 6°, and 101, 105, and 110% scaling. For simplicity,
and both manual methods. In total, 940 trial registrations wetleese errors were evaluated separately along the major axis and
conducted. The agreement of the registration with the subject’saation planes. Figure 2 shows representative slices of anatomically
priori anatomically standardized image was considered as tstandardized VOI maps that were used for automated quantification.
measure of accuracy used in this study. The quantification procedure is based on the work of Slomka &9al. (
To reduce the evaluation of registration to a limited and pragnd a similar method for striatal receptors as described by Radau et al.
matic number of parameters, the residual errors along the trang8) and Habraken et al3().
tion, rotation, and scaling dimensions were expressed as follows.To test the robustness of the automated TCT registration algo-
For translation, the square of the quadratic shgnof the residual rithm to truncation in the axial direction, i.e., to study the effect of

ab

DCEBA

FIGURE 2. Stereotactic VOI maps for automated quantification. Maps include representative slices in stereotactic reference
frame for [**mTc]ECD perfusion and neocortical receptor ligand ['23]]R91150 quantification (A) and stereotactic VOI map for striatal
['231]IBZM and ['23])B-CIT (1.08-cm thickness, centered at site of standard anatomic striatum) (B).
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missing slices on TCT template regist_ration, four SUpplemfentaw)xel information was masked for the registration. The
TCT datasets were created by removing 2, 4, 6, and 8 slicestAfeshold determination was done for normal studies and for
3.4-mm thickness from the bottom of the skull, which has the mog{irasubject coregistration. The optimal threshold value was
information density (e.g., sinuses and irregular skull). The trurE)-a ed on minimal values for the quadratic sum of the
cated images were misaligned with the same parameters ands bined idual diff for t lati i d
registered using minimization of the absolute count diﬁerence.com, Ined residual differences for transiation, scaling, an
rotation (Eq. 1-3). For P"Tc]ECD, [23]IBZM, and
Statistical Analysis [123]R91150, as well as TCT studies, a 10% threshold was
All statistics were calculated with SPSS (version 9.0 for Win(')ptimal for the screened range 0%—70%, irrespective of

dows; SPSS 'nc'.’.Heverlee' Belgium). The assumption qf dE’}Iﬁinimization type. The difference up to the 30% threshold
normality was verified with the Kolmogorov-Smirnov test. Differ-

ences in coregistration accuracy between registration meth(y& s small in al! Cases bUt_m_Creased strongly and signifi-
were assessed by one-way ANOVA with Bonferroni correctio@ntly above this value. Within the range 0%-50%, a 0%
(o = 0.05). An independent-samplésest was used to Ca|cu|atethre3h0|d prOVidEd the lowest residual differences in C.D.
differences between template and intrasubject registration acamd U.l. minimization for 23] B-CIT studies, while 5%
racy. Differences in mean quantification errors between emissipnovided the minimal residual registration error for M.1.
and transmission registration were calculated by a paired-samples

t test. Bivariate correlations were tested by the Pearson correlatkit Accuracy

test. Figure 3 shows the accuracy of template registration for the
whole set of data obtained for observers 1 and 2 and the three

RESULTS automated registration algorithms, expressed as squared mean

Threshold Optimization residual errors. Only intf3]IBZM, template matching for U.1.

For all study types and minimization algorithms, theninimization resulted in a residual error within the predefined
optimal cutoff or threshold was determined, below which atlndomization limits. In all cases, best results were obtained
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B
20
FIGURE 3. Accuracy of template regis- o
tration for different radioligand studies, 3] TCT
shown as box-and-whisker plots. The ac- s 15
curacy of emission registration (top four 8
charts) and transmission registration g 10
(bottom chart) is given as square root of 9
quadratic sum of subdimensional devia- g
tions for translation (open boxes, pixels (1 % 5 i
pixel = 3.59 mm)), rotation (black boxes o) 5@
(degrees)), and scaling (striped boxes x or === %E‘%‘
(%)). Obs. 1, observer 1; Obs. 2, ob- Obs.1 Obs2 Ml CD.
server 2.

366  THE JourNAL oF NucLEAR MEDICINE * VoI. 42 « No. 2 « February 2001



for M.I. and C.D. minimization algorithms, with a slight ad-ence between registration accuracies for sequential versus si-
vantage for C.D. over M.I. for®f"Tc]ECD, [**3]IBZM, and multaneously acquired TCT studies was found.
TCT data. For 7] B-CIT and [?3]R91150 data, the average The correlations between the original misalignment pa-
misregistration was high, especially for rotational and scalimgmeters, categorized similarly as square roots of the qua-
components. These latter two components were generally sigatic sums of the individual components (Eq. 1-3), and the
nificantly higher for manual registration when compared tsame residual registration errors, categorized in the same
automated registration for all other study types. Between batfay, were investigated. There was a significant correlation
manual observers, there was no significant difference, irrespfar- all automated ECT and TCT registration methods and
tive of the type of study. data types between initial and residual misalignments for
The accuracy for registration to intrasubject studies wasnslation (Pearsop = 0.64—0.68;P = 0.002—-0.007),
systematically better and is summarized in Table 2, comstation p = 0.66—0.91;P = 0.001-0.004), and scaling
pared to template matching. There was a significantly highgr= 0.55-0.71P = 0.002—-0.033) parameters, indicating a
residual error accompanied with scaling and rotation faignificant relationship between the a priori misalignment
template-based registration compared to intrasubject regasid fit accuracy.
tration but not with translation.
U.l. registration appeared to be inappropriate for intrasubjediean Quantification Errors
TCT registration as well as for all template-matching proce- Figure 4 shows the semiquantification errors, separated
dures, with the exception offi]IBZM. No significant differ  for the nine registration dimensions. This errey, was

TABLE 2
Coregistration Accuracy for Intrasubject and Template Matching for Perfusion and Receptor Ligand Studies

Intrasubject registration* Template registration*

Atot (Dtot Atot q)tot
Study type (pixels) (degrees) Siot (%) (pixels) (degrees) Siot (%)
[®MTC]ECD
Obs. 1 1.1 (0.6) 3.0 2.1) 4.4 (2.3) 1.4 (0.6) 3.1(1.6) 7.8 (3.3)t
Obs. 2 1.0 (0.4) 3.1(1.8) 3.2(1.8) 1.3(0.5) 3.9(1.7) 4.2 (2.0)
M.I. 0.8 (0.4) 1.0 (0.6) 0.8 (0.3) 0.9 (0.4) 4.2 (3.5) 3117t
C.D. 0.9 (0.4) 1.0 (0.6) 1.1.(1.1) 0.9 (0.4) 2.0 (0.7)t 2.2 (1.6)t
u.l. 0.9 (0.4) 1.1 (0.6) 1.1 (0.3) 3.1(1.5) § §
[123)]1BZM
Obs. 1 1.1 (0.3) 2.8(1.3) 2.9 (1.5) 1.4 (0.3) 3.8 (1.7) 6.6 (2.1t
Obs. 2 1.1 (0.4) 2.2(0.7) 3.1(2.0) 0.9 (0.2) 2.6 (1.0) 3.7 (2.5)
M., 0.9 (0.3) 1.0 (0.6) 1.6 (0.4) 0.9 (0.3) 1.6 (1.0) 1.9 (1.7)
C.D. 0.9 (0.3) 0.9 (0.6) 1.2(1.3) 1.0 (0.4) 1.2(1.0) 1.3(1.2)
u.l. 0.8 (0.3) 1.0 (0.6) 3.4(5.2) 1.0 (0.4) 1.3(0.7) 6.7 (4.6)
[231-CIT
Obs. 1 2.1(1.8) 7.2 (4.2) 7.5 (2.5) 1.9 (1.5) 8.4 (3.0) 7.1@3.7)
Obs. 2 1.8 (1.6) 8.1(5.9) 9.5 (6.6) 2.0 (1.6) 7.7 (5.0) 6.5 (4.4)
M. 1.3 (1.4) 3.4 (4.7) § 2.3(2.2) 8.6 (8.3) §
C.D. 1.7 (1.5) 6.9 (9.4) 6.7 (7.5) 3.1(3.3) § §
u.l. 4.8 (4.4) 5.7 (4.8) 8.7 (3.9) § § §
[123]]R91150
Obs. 1 1.7 (2.5) 2.5(1.4) 2.9(1.9) 1.9 (1.4) 6.9 (3.6)t 7.9 (4.3)t
Obs. 2 1.2 (0.4) 3.2(1.9) 3.2 (2.0) 1.7 (0.8)* 6.0 (2.2)t 8.3 (3.6)t
M., 0.9 (0.3) 1.1 (0.6) 0.8 (0.3) 0.9 (0.6) 2.9 (1.6)f 3.0 (2.5)t
C.D. 0.9 (0.5) 1.1 (0.6) 0.9 (0.7) 1.3(0.9) 3.7 (2.4)t 4.3 (3.9)t
u.l. 0.9 (0.3) 1.0 (0.6) 1.6 (0.5) § § §
TCT
Obs. 1 1.3(1.2) 1.8 (1.0) 2.4 (1.5) 1.3(0.5) 3.5 (2.3)t 3.7(1.8)
Obs. 2 1.1 (0.6) 1.7 (1.1) 2.5(2.3) 1.6 (0.7) 2.5 (1.4) 3.6 (1.9)
M., 0.9 (0.4) 1.3(0.6) 1.6 (2.4) 0.8 (0.3) 4.2 (3.3)t 2.8 (3.0)
C.D. 0.9 (0.4) 1.2 (0.7) 1.0 (0.8) 0.9 (0.4) 2.4 (1.5 1.2 (0.7)
U.l. § § § § § §

*Values are given as mean and SD.

P < 0.01.

P < 0.05.

SOut of limits (>6 pixels or >10° or >10% mismatch).
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calculated as the average coefficient of variation for easpecified limits, quantification is relatively less sensitive to
study type j as follows: rotation and positive scaling variations, except for sagittal
(®,,) angular andzscale variations in the case of
e =3, L =0 [1?9]R91150, caused by normalization procedures to the
: N;Q; cerebellum with aspecific uptake.
with N; the number of VOI regions for type j, i the region Table 3 compares the mean quantification error for
number (for P"TC]ECD, i = 1.35; for [23]R91150, i = ECT-based registration with the C.D. procedure versus
1.24 (no subcortical regions); and fo#?J]IBZM and TCT matching in all nine variable dimensions. The over-
[123]B-CIT, i = 1 and 2, respectively), and’Qhe relative all mean quantification error is not significantly different
quantitative value after misregistration. As can be seen frd@f ECT versus TCT registration in the case of
this figure, there is substantial heterogeneity between thé%]IBZM and [*°"Tc]ECD, but it is highly significantly
study types as well as the transformation parameters. Trahstter for TCT matching in the case df{]g-CIT- and
lation differences of>1 cm (3 pixels) gave rise to unac-['?4]R91150-type data. It can be seen from Table 3 that
ceptably large $10%) mean errors for all study types. Themisregistration ire-scaling andz-translation has the larg-
largest quantification errors for translation are seen in rest relative impact on the total uncertainty for the recep-
ceptor ligand studies with the highest SNRs. Within thior ligand studies.
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TABLE 3
Mean Quantification Error for Emission Versus Transmission Template Matching for Perfusion and Receptor Ligand
Studies Based on Count Difference Registration Accuracy

[#*mTc]ECD ['23)1BZM ['2%1]6-CIT ['231]R91150
Parameter ECT TCT ECT TCT ECT TCT ECT TCT

Translation

Ay 1.6 1.7 0.9 0.9 3.0 1.4 2.0 1.9

Ay 1.4 1.6 2.7 2.8 9.8 14 2.4 2.1

A, 1.2 1.1 1.4 1.6 19.8 3.2 3.6 3.2

All A 2.4 2.6 3.2 3.3 22.3 3.8 4.8 4.3
Rotation

D,y 0.3 0.2 0.6 0.7 5.5 15 1.9 0.7

o,, 0.2 0.1 0.8 0.7 10.5 1.6 1.3 0.3

Dy, 0.3 0.2 1.2 0.8 11.2 1.6 4.6 1.5

All 0.5 0.3 1.6 1.3 16.3 2.7 5.1 1.7
Scaling

Sy 0.3 1.0 0.7 1.3 2.9 15 1.1 1.0

3y 0.8 0.5 0.7 1.0 7.0 0.8 1.7 1.0

3, 0.7 0.5 1.2 14 4.2 3.5 5.8 3.0

Al Y 1.1 1.2 1.6 2.2 8.0 3.9 6.1 3.3
All dimensions 2.7 2.9 3.9 4.2 28.9 6.1 9.3 5.7
Significance (paired

t test) NS (P = 0.9) NS (P = 0.2) P = 0.006 P = 0.021

NS = not significant.
All values are expressed as percentages.

Processing Time differences between any ECT or TCT registration times for
The amount of time required for each coregistration prehe automated procedures.

cedure was measured starting from the placements of the

two studies in the software display. Table 4 shows the ran§e@nstrained Versus Free Scaling

of processing time for all studies with respect to processingIntrasubject coregistrations with and without constrained

method (manual versus automated) for template matchirsgaling were compared for all data types, with five misreg-

M.l. and C.D. resulted in average calculation times of 3igtrations per type with the same uniformly distributed mis-

min, compared to 8.2 min for manual registration. Thalignment range (all scaling parameters, 100%). Table 5

automated procedures were not significantly different shows that no significant improvement on shift and rotation

processing time per iteration, and on average 0.55 s/iterati@gistration accuracy was obtained, irrespective of study.

was consumed. Manual registration for perfusion studi€@nly in the cases of théfd] 3-CIT data, rotational differ

took significantly longer for both observers than recept@nces were increased significantly. There was however a

ligand studies. One-way ANOVA revealed no significargignificant reduction in number of iterations to reach con-

TABLE 4
Processing Time (Mean and SD) for Manual and Automated Registration of All Data Types

Average processing time (s) (mean (SD)) for registration type

Manual Automatic

Radioligand or data type Obs. 1 Obs. 2 M.I. C.D. u.l.
[#*mTc]ECD 790 (216) 688 (320) 192 (86) 221 (88) 244 (105)
['231BZM 381 (105) 384 (122) 234 (98) 207 (78) 232 (126)
['231p-CIT 402 (141) 483 (247) 189 (58) 177 (88) 180 (34)
[2%1R91150 378 (106) 308 (58) 192 (65) 207 (88) 226 (116)
TCT 456 (180) 412 (148) 206 (86) 217 (72) 344 (182)
All 495 (228) 458 (242) 201 (80) 208 (83) 250 (134)
Mean no. of iterations (all) 360 365 464
Average processing time/iteration (all) 0.56 0.57 0.54

Calculations were performed on a 300-MHz Pentium Pro processor (128-Mb RAM).
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TABLE 5

Translation and Rotation Registration Accuracy for
Intrasubject Coregistration Comparing Constrained Versus
Unconstrained Scaling, for Mutual Information

total absence of specific anatomical reference regions (Fig.
1).

Effects of Incomplete Transmission Data

Minimization Figure 5 shows the importance of obtaining complete
: : : TCT data to allow accurate registration. For subsequent
Constrained scaling Scaling free deletion of two to eight slices, the registration algorithm will
Atot Drot Aot Drot try to elongate the original TCT image in the (axial)
Study type  (pixels)  (degrees)  (pixels)  (degrees)  Gjrection, as can be seen from the negativehift and
["TC]ECD  0.90 (0.26) 0.92 (0.25) 0.89 (0.25) 0.88 (0.31) parallel increasedscaling that was significantly correlated
['%BZM  1.01(0.12) 0.92(0.37) 1.01(0.13) 0.83(0.31) (Spearmarp = —0.928; P < 0.001). All of the other 7
Fzz:}ggchso g-;g Eg-gg; é-gg Eg-gg g-gg Eg-g% g-gg %-‘338* parameters did not differ significantly from zero. The reg-
ToT 089 (0.29) 0.92(0.21) 0.92(0.31) 0.93(0.31) istration error resulting from mcomplete.lmage sampllng at
the cranium of the skull was much less important, since the
T~ 00 discriminative regions at the lower half of the skull were
*P < 0.05. .
All values are expressed as mean (SD). still present.
DISCUSSION

Whereas techniques for anatomic standardization of
SPECT and PET blood flow or metabolic images to a
standard brain template are well established (6), as well as
Emission Registration of Patient Versus Normal Data those for dynamic PET receptor ligand studies, and the

In clinical practice, it has to be shown that registratioassessment of neuroreceptor distribution with an anatomic
occurs accurately not only for normal data but also fatandardization technique can conveniently be performed
patient data with significant defects. Patient data with def+th integrated time—activity date8(4), there is no gener-
icits were available for P"Tc]ECD, (simulated) 23]B- ally accepted technique for automated anatomic standard-
CIT, and [234]R91150. Differences between template tegization of static SPECT receptor studies. Yet, accurate an-
istration accuracies were investigated for these study typemic localization of abnormalities in functional SPECT
for the C.D. and M.l. minimization algorithms. receptor images is critical. In the signal analysis of human

For [*"Tc]ECD, slightly better average accuracy wabrain function activation, the effect of spatial registration
obtained for normal data, although the difference was nobise in brain images was shown to be important at the
significant for the patient with corticobasal degeneratioroxel level 32), and it may produce false-positive results in
(Table 6). For the receptor data, a significantly worse accpixel-based statistical tests becaused of registration errors.
racy was obtained for emission fitting of patient data. Fd¥or rCBF studies, Sychra et aB3) have shown that mis-
[129]R91150, this was entirely attributable to patient 1@egistration of one-eighth pixel (0.7 mm) can produce 5%-—
(Table 1) with a global severe reduction of specific 5T 10% voxel signal variation. To achieve the same level of
binding potential. In this case, scaling accuracy was highbperator-independent, voxel-based analysis capabilities for
significantly aberrantR < 0.001), likely because of thereceptor studies and to fully realize their potential of be-

vergence for constrained scaling: 22%59) versus 430
(+=146) P < 0.001).

TABLE 6
Template Registration Accuracy for Patient Studies Versus Normal Studies

Normal emission scans* Patient emission scans

q)tot cI)tot
Study type Minimization Aot (pixels) (degrees) Siot (%) Aot (pixels) (degrees) Siot (%)
[%mTG]ECD M.1. 0.80 (0.45) 41 (3.9) 3.0 (1.6) 1.09 (0.11) 4.4(3.1) 3.3 (2.0)
C.D. 0.87 (0.37) 1.95 (0.48) 2.0 (1.9) 0.88 (0.52) 2.1(1.1) 2.5(0.8)
[123)]3-CIT M. 0.80 (0.37) 2.3(0.8) 2.05 (1.0) 3.8 (2.3)t oot oot
C.D. 0.81 (0.40) 1.34 (0.49) 2.3(1.4) 5.5 (3.1) oot ot
[123]]R91150 M. 0.94 (0.50) 2.4(0.6) 1.32 (0.49) 0.95 (0.65) 3.2 (2.0) 3.9 2.7
C.D. 1.09 (0.41) 2.1(1.3) 2.3 (0.9) 1.43 (1.02) 45 (2.5 5.3 (4.4)
TCT M., 0.81 (0.26) 4.9 (4.8) 2.9(2.3) 0.85 (0.38) 4.0 (2.6) 2.8 (3.4)
C.D. 1.00 (0.51) 2.4(1.9) 1.20 (0.83) 0.88 (0.43) 2.5(1.4) 1.14 (0.75)

*All values are expressed as mean (SD).

P < 0.05.
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coming diagnostic tools in clinical practice, an anatomic From the above data it can also be seen that care should
standardization approach is highly desirable. In this studye expressed when analyzing receptor data by manual
we have shown that it is possible to achieve an anatongioregistration, since especially rotation and anisotropic
standardization accuracy comparable to conventional coregaling parameters are difficult to assess reliably within a
istration of perfusion studies by using intermediary rigifew degrees or a few percent. Moreover, relatively long
TCT registration. Realistic study doses and acquisitiqttocessing times make these data also less practical in
times were used to demonstrate the true clinical potentigdlinical routine. The fact that it took significantly longer for
both observers to coregister perfusion studies compared
Registration Accuracy with receptor data studies may have been caused by exces-
We have chosen the approach of voxel similarity minsive comparisons to all neocortical, cerebellar, and subcor-
mization since, for retrospective registration, it has beeital regions to achieve a subjectively “perfect” match. This
shown to produce the most accurate resulg.(Moreover, study was conducted with 64 by 64 matrices, but even for
similarity measures do not require separate segmentatiti?8 by 128 studies, current increases in hardware speed will
and are thus more useable than the surface-based mgoluce the automated processing time to a value signifi-
proaches. cantly below that for manual processing. Similar improve-
It should be stressed however that, in the use of aut@ents in registration accuracy of automated voxel-based
mated voxel-similarity minimization algorithms, several pamethods over manual registration were also demonstrated
rameters need to be optimized for particular study typor simulation studies an&F-FDG brain PET by Zuk and
The most important one is the optimal cutoff or threshol@tkins (18).
below which all voxel information is masked for the calcu- Contrary to intuitive expectations, fixing the scaling pa-
lation of the similarity measure. Since a substantial varig@meter did not significantly improve translation and rota-
tion by the choice of this parameter was shown, a priokiPn residual-error accuracy. This may imply that for these
knowledge of its optimal value is necessary. Although thefgPes of functional studies, scaling is more or less indepen-
was little difference between a 10% and 30% cutoff valygently done from the former two registration dimensions.
for all study types but thes3-CIT studies, the residual There was however_ significantly less (_thimization time
registration error was systematically lower at 10%. Discar#€€ded, with approximately half of that time necessary for

ing a minimum level of background noise from the emissio* VErsus nine parameters.

or transmission scans is thus necessary to obtain optimall '€ Magnitude of the deliberate misalignments that were

results. used is higher than that in comparable published studies

U.l. registration appeared to be inappropriate for intra(—34)' We also found a significant correlation between the

subject TCT registration as well as for all template-matclﬁnagthde of initial misregistration parameters and the reg-

ing procedures, with the exception dfJ]IBZM studies. Istration accuracy. In practice, th's means that a_priori
: manual) estimation of the approximate fit should enhance
However, the measure has performed well also in comp

ison to C.D. minimization in a registration validation stud)fi e accuracy and performance of the automated algorithm in

. . nding the registration minimization nadir.
of a thorax phantom using conventional CT and TCT data, The translation and rotation registration errors found in

as performed by Dey et all{). One hypothesis is that thethis work are in agreement with literature data for different

ra_nhg((aj_f(?f d|ffe(rjent y_oxel der(;_sf:cUes ar_ld tf 1z€ (?Ifct?_e r€91003ira- and intermodality registration experiments. Only few
W't_ fferent densities are ! erent in rain IMageSy dies addressed the problem of nine registration parame-
which may lead to lower variances of voxel intensity ratiog, o Scaling is an absolute necessity to evaluate the poten-

and thereby less sensitivity to registration inaccuracies gy ot myltisubject database construction with anatomic
cause of less sharply defined minima. The observation that ,4ardization.

[*?3]IBZM data did perform well may partly result from the oy few literature studies have used transmission im-
relatively low number of subjects included in the normajges for registration purposes, all in the thorax region. Dey
[*24]IBZM template and therefore a higher similarity to thest g (L1) have shown that for registration of TCT and
individual studies used in this work. conventional CT data in the thoracic region, three-dimen-
In this study, the difference in registration accuracy be&jonal landmark distances of 25 1.2 mm (C.D.) and
tween C.D. and M.1. was only marginal. In a previous study 3 + 1.3 mm (U.1.) can be obtained. This study considered
for SPECT-SPECT registration, before the availability afnly intrasubject matching with no scaling adjustment (6° of
the M.I. algorithm, C.D. and U.l. showed comparablgreedom). For registering TCT maps to MR images, these
registration errors for brain MRI-SPECT and perfusioauthors found that the uniformity index algorithm provided
SPECT-SPECT registration, in which the former performesktter convergence and possibly a better registratidh (
relatively best for SPECT-SPECT and the latter for MRI- Eberl et al. {9) used misregistration of PET and SPECT
SPECT 22). Generally, M.I. should be most broadly applitransmission measurements of a thorax phantom with ex-
cable since it can be used for both intramodality and inteternal markers and a count difference algorithm with six
modality registration Z3). rigid parameters. They found 3.X(.7 mm SD—maxi-
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mum 4.5 mm) residual registration differences for thhospital staff is a very small fraction of the typical doses
SPECT reconstruction of the thorax phantom. Bacharachtleat occur in conventional nuclear medicine investigations,
al. (34) studied PET cardiac scans of the same patient. Thiegluding those with the radioligand$?fi]IBZM, [ 23] -
stated a registration accuracy of better than 1 mm along &lIT, and [23]R91150 @7), even in the case of the uneol
translation axes and 1.5° in each rotation angle, using fidimated, unshielded source3§).

cial markers with an algorithm maximizing the correlation For the clinical'?¥ data, TCT maps were acquired-se
coefficients between stacks of slic&gl). Pallotta et al. 35 quentially because our own experiments have precluded the
used a surface-matching registration algorithm with cardigpossibility that, when TEW cross-talk correction from the
PET and observed an average fiducial marker displacemhigth-energy emission o3Gd is applied to the emission

of 2.7-4.5 mm. peak of low-count?d studies, a large number & emis

Anatomic standardization using PET ligand templateson counts are subtracted, resulting in a reduced counting
and registration based on integrated dynamic studies rate of up to 50%. The count density of short sequential
sulted in mean landmark distances ranging from 1.1 to 4u@&nsmission scans for static emission procedures was suf-
mm (4). As for intra- or intermodality ECT registration, ourficient for accurate registration and did not increase patient
values for the “well"-registered studies®{[Tc]JECD and imaging time significantly. A possible disadvantage of se-
[*24]1BZM) also produced residual registration errors thagiuential acquisition is patient motion between the transmis-
were very similar to published data. The magnitude of EC3ion and emission scans. This should be controlled to avoid
[*234]IBZM registration errors was similar to that describedignificant bias in the registration. A second postemission
by Radau et al.29). The same C.D. algorithm was used infTCT scan can aid to ensure that no patient motion has
this work, with a higher masking threshold (35%). occurred during the whole acquisition procedure.

Although evaluation of coregistration accuracy in milli- The anatomic standardization technique as shown here
meters and degrees is necessary, it is not sufficient germits us to build databases of the iBceptor, dopamine
demonstrate clinical utility, but the outcome parameter fdransporter, and serotonin-2a receptors and to automatically
routine clinical analysis requires quantification of the physegister patient data to these databases, allowing pixel-to-
iological parameters of interest. The influence of residupixel comparison. The diagnostic accuracy of this method
registration errors on mean semiquantification errors wasmpared to a conventional operator-dependent VOI anal-
relatively mild, but it is largely dependent on the use angkis is currently under investigation.
size of VOIs. For the brain perfusion studies, there was aHowever, the technique presented in this study has rele-
significant correlation between the size of the VOI and theance beyond the aforementioned applications. In principle,
semiquantification error introduced by a certain misregi#- is extendable to any SPECT receptor study to allow
tration. Sychra et al.3Q) found that registration errors for automated quantification and thereby to eliminate all intra-
single-axis-shift differences of 0.7 mm and 1° of rotatioand interobserver variability. For difficult neurological or
produce intensity errors of 5%—-10% on the voxel levepsychiatric patients, who are often unable to lie still for
Nevertheless, such analysis produces a maximum possiptelonged periods, registration allows successive time
error that is diminished by considering larger adjacent r&ames to be registered and added to generate a summed
gions or clusters, because errors of both signs in neighbonage of improved quality. For sequential TCT scans, this
ing pixels are present. ROl or VOI analysis or smoothingrould be at the expense of multiple TCT acquisitions before
before statistical voxel-based analys&6) will therefore or after each emission study. Nevertheless, these steps can
result in significantly lower errors. be justified by their low time cost and very limited burden

Although in our study, only two 'p3]IBZM normal of extra radiation. Multisubject pixel-based parametric im-
scans and two ] B-CIT simulation scans were in ages of rate constants or other physiologic parameters can
cluded, the conclusions from these findings are likely tinen be obtained. It would be interesting to compare the
remain unaltered. Strongly abnormdPj]IBZM scans registration accuracy and possibility of motion corrections
with diminished striatal uptake may demonstrate the n& specific elegant emission registration techniques such as
cessity of TCT registration, although the SNR of thesgrincipal-component analysis (10) or neural-network regis-
types of ligand studies is fairly low and there is globatration (39).
cerebral aspecific activity that can be used for similarity TCT maps can also be used for multimodality image
registration with the above algorithms, appreciable regegistration of single or multiple subjects, such as MRI/
istration accuracy may still be preserved. Also, there af&T-receptor ligand registration. The same technique can be
no technical factors that would partially invalidate theised for the registration of oncological studies, suctas
results from the simulated'l] B-CIT scans compared or [**"Tclhexakis-2-methoxyisobutyl isonitrile %Tc-
with true patient or volunteer studies. IMIBI) for improved active lesion localization.

Clinical Applications Study Limitations
It has been demonstrated that the extra radiation burdervalidation of registration algorithms is of vital impor-
associated with transmission scanning for both patient atahce, yet it is difficult. Phantom validation, simulations
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from segmented MRI, observer assessment, and fidu |%
markers all have drawbacks. We have chosen to evalupte
registration algorithms by their capability to register inten-
tionally randomly displaced studies within realistic limits
thereby inherently assessing the robustness of these meth-
ods, giving a realistic idea on the accuracy that can be
obtained in clinical use. For the evaluation of registratign
accuracy, we preferred not to determine the retrospective
residual registration error by comparison to fiducial markers
on humans, because such a fiducial based registration it elfg
has inherent measurement errors. The registration errprs
obtained with these methods are then a combination |of
errors in the measurement of the fiducial markers and reg-
istration errors by the algorithms. Use of internal anatom|
markers such as the top of the petrous bone or the orbit
also prone to inaccuracies because of the low, multipixel
SPECT resolution compared to attainable subvoxel regjs- .
tration accuracy. The technique of reregistration of con- §
trolled misregistrations to evaluate the performance of reg- o
istration algorithms has been used in several studies §
s
B
i

o

N

1
N

nslation (pixels)
(o]

RAamary ﬁﬁ? ]
!

*=AL0=A,;0=A,

[e=]

M T b T 170

(19,29,49. I SRRSO
As was shown in Figure 5, it is very important for optim

spatial TCT coregistration that a complete set of TCT d

is obtained. The most important discriminative regions, 1] *=®y;0=0,:0-0,

such as sinuses, the oronasal cavity, and the skull base

should be completely imaged. This proved necessary (to ; : . . :

avoid elongation of the coregistered image alongzaais 0 2 4 6 8

in an attempt with the algorithms to shift the intensity cente

and contour of the image to match the complete template ﬁ;

this should fail,zscaling may have to be manually adjustef F
in combination with theztranslation parameter, but all 30| *=%:0=2%y;0=2,

other parameters should be kept as determined by the algo- ] T

rithm. The effect of consistently higheraxis translation 20 !

errors was also described by Studholme et al. in brgin
PET-MR registration X6).

This limitation may also be one of the reasons why we
were unable to find references to automated registration| of
PET receptor ligand studies using 511-keV transmissipn
data. The field-of-view of most PET cameras is insufficient

0= 3~:ﬁE S ¥l =IO L

for complete skull inclusion. Moreover, the contrast features -10 . .
are decreased since smaller differences in attenuation coef- 0 2 4 6 8
ficients are present at 511 keV, compared to low-energly

SPECT measurements. A longer time between the transnjis- # slices off skull base

sion and subsequent emission scan is also required or

511-keV-transmission scanning, enabling more motion FIGURE 5. Residual registration error for count difference in
tifacts. TCT matching as function of incomplete sampling of infraten-

In this work. we have used 9° of freedom for coreqi torial skull, shown as clustered error bar plot. y-axis, 95% ClI
IS W v W ve u glﬁimits on registration difference. Data are squared quadratic

tration purposes, which is the minimum necessary tQms of translation (A), rotation (B), and scaling (C) errors.
construct intersubject template data. Although the head

can be appropriately modeled as a rigid organ for intra-

subject registration, it remains to be shown whether gbopulations with increased atrophy components). There-
fine (12-parameter) or even nonlinear scaling can infiere, a more elaborate approach may include prior intra-
prove the intersubject anatomic accuracy of TCS$ubject-rigid TCT—MR registration, and successive non-
registration. This is not straightforward since externdinear intersubject MR registration and application of the
skull information does not necessarily lead to a detailembmbined transformation parameters to the original li-
cerebral standardized anatomic registration (e.g., aggand data.
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