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Combining MRI morphological data with functional PET data
offers significant advantages in research as well as in many
clinical situations. Automatic methods are needed, however, to
coregister the data from the two modalities. Methods: Simulated
PET images were created by simple and automatic segmenta-
tion of MR images followed by the assignment of different uptake
values to various tissue types. The simulated PET images were
registered to actual PET images using a pixel-by-pixel, PET-PET
registration method. The transformation matrix was then applied
to the MR images. The method was used to register MRI data to
PET transmission scans and emission scans obtained with
FDG, nomifensine and raclopride. Validation was performed by
comparing the results to those obtained by matching intemal
points manually defined in both volumes. Results: Emission and
transmission PET images were successfully registered to MR
data. Comparison to the manual method indicated a registration
accuracy on the order of 1—-2 mm in each direction. No difference
in accuracy between the different tracers was found. The error
sensitivity for the method’s assumptions seemed to be suffi-
ciently low to allow complete automation of the method. Con-
clusion: We present a rapid, robust and fully automated method
to register PET and MR brain images with sufficient accuracy for
most clinical applications.
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Tme coordinated use of morphological information as
assessed by MRI and functional information as assessed by
PET offer great advantages and possibilities for both mo-
dalities. By complementing PET data with MRI’s more
reliable region of interest (ROI) definition (1), anatomical
identification of activated areas (2) or local pathologies (3),
compensation for atrophy (4) and better reconstruction
methods (5) can be obtained. On the other hand, MRI can
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benefit from PET in the validation of new emerging meth-
ods such as functional studies with MRI (6,7). A prereg-
uisite for this is accurate coregistration of the data from the
two modalities to each other. A number of registration
methods have been suggested to achieve this. These meth-
ods can be broadly divided into three categories: expert
guided systems to match anatomical structures (8-10),
automatic or semiautomatic systems to minimize the
distance between surfaces that can be extracted in both
modalities (/1-14) and automatic methods to maximize
a measure of image similarity (15).

Although there are specific advantages and disadvan-
tages with each method, they seem to offer reasonably
accurate registration. A disadvantage of the first category
is the time an experienced worker needs to perform the
registration. The second category suffers from the difficul-
ties in automatically extracting common surfaces and from
the differences in contours on images from different mo-
dalities (13). A disadvantage of the third category is manual
editing of MR images to discard all extracerebral tissue
(15).

In this article, we propose a method for performing
PET-MRI registration that is an extension of one pre-
viously developed for PET-PET registration (16). By
segmenting the MR images, a PET image may be sim-
ulated by assigning appropriate uptake values to cere-
brospinal fluid (CSF) and to the gray and white matter.
The resulting images may then be registered to the
actual PET images using the PET-PET registration
method. The similarity between the simulated and ac-
tual PET images will depend strongly on the accuracy of
the segmentation of the MR images. The PET-PET reg-
istration method is, however, relatively insensitive to
moderate differences in tracer distribution (16). There-
fore, we believed that crude segmentation of the MRI
data by simple thresholding would yield simulated PET
images realistic enough to permit accurate registration.
This hypothesis was tested by registering PET data
obtained with several different tracers to MRI data and
comparing the results to those obtained by expert-
guided, point-pair matching. The method was also ex-
amined for possible sources of error.
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METHODS

PET

Scanners. Studies were performed either on a GEMS 2048-15B
(17) or GEMS 4096-15WB (GE Medical Systems, Milwaukee,
WI) (18) scanner. Both scanners produce 15 slices with 6.5-mm
slice spacing and have 6-mm axial and transaxial FWHM.

FDG Studies. Two adults and one child (ages 39, 43 and 1 yr,
respectively) underwent FDG-PET studies as part of the clinical
procedure prior to surgery for complex partial epilepsy. They
were positioned in the scanner so that the most basal slice corre-
sponded to the OM line. A dose of 2.2-6.7 MBg/kg body weight
of ['®FIFDG was injected and scanning was commenced. Data
from 30 to 50 min postinjection were summed and reconstructed
with a 4.2-mm Hanning filter, 2-mm pixel size, and contour finding
was used for attenuation correction (19). Due to the risk of sei-
zures, the only fixation was foam padding supported by a plexi-
glass head rest. The child was sedated throughout the examination
to prevent excessive movements.

Carbon-11-Nomifensine and Carbon-11-Raclopride Studies.
Carbon-11-nomifensine and ''C-raclopride studies were per-
formed in four individuals (ages 53, 54, 55 and 60 yr) randomly
selected from a group of 15 volunteers participating in a project
studying the effects of organic solvents. The volunteers had been
exposed to organic solvents in their line of work (painters) but had
apparently normal MRI scans. They were positioned in the scan-
ner so that the most basal slice corresponded to the OM line.
Fixation was achieved through foam padding supported by a
plexiglass head rest and a broad adhesive tape across the forehead
attached to the head rest. A dose of 3.8-8.3 MBg/kg body weight
N'C-nomifensine and 1.7-4.0 MBq/kg body weight !'C-raclopride
was injected. Data from 7 to 29 min postinjection were summed
for both tracers and images were reconstructed with a 4.2-mm
Hanning filter and 2-mm pixel size. All raclopride scans and two
of the nomifensine scans were reconstructed using a transmission
scan for attenuation correction; the other two nomifensine scans
used contour finding (/9). The study from which data were taken
was approved by the Ethics Committee of the Medical Faculty,
University of Uppsala and by the Isotope Committee, Uppsala
University Hospital. Informed consent was obtained from all sub-
jects.

MRI

Scanning was performed with a spin-echo pulse sequence with
echo times ranging from 20 to 25 msec and repetition times be-
tween 520 and 550 msec in six subjects. For a seventh subject, a
turbo spin-echo sequence with 12-msec echo time and 540-msec
repetition time was used. Images were sampled as transaxial 6 mm
thick 256 x 256 matrices with pixel sizes between 0.78 and 0.90
mm and a slice gap of 0.6 mm. The number of slices varied
between 19 and 23 but covered the entire cerebrum in all cases.
Fixation was achieved in a manner similar to that for PET scan-
ning. Images were converted from their internal format to
ACR-NEMA files for export to the PET computer system where
they were converted to the vendor-specific file format used for
PET images. In the last conversion step, adjacent pixels were
averaged to create 128 X 128 matrices with twice the original pixel
size.

PET-MRI Registration

Computers. A'VAX-station 4000/60 (Digital Equipment Corp.,
Maynard, MA) was used for all calculations. The programs per-
forming calculations were written in C and were linked to libraries
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TABLE 1
Uptake Values for Different Types of Tissue Used When
Creating Simulated PET Images

Tissue type
Ventricle White Gray Subcutaneous

Tracer Air and bone matter matter fat
FDG 0 0 1 4 0
C-nomifensine 0 0 1 4 0
1C-raciopride 0 0 1 2 2
Transmission 0 1 1 1 1

written in FORTRAN delivered with the scanner and to routines
copied from Press et al. (20).

Coordinate Axes. The coordinate system was defined so that
the x-axis runs transaxially in the left-right direction, the y-axis
runs transaxially in the up-down direction and the z-axis runs
axially. The letter a is used to denote rotation around the x-axis,
Brotation around the y-axis and vy rotation around the z-axis. The
origins of the systems are defined as the geometrical center point
of the two image volumes, respectively.

Creation of Simulated PET Images. The voxels of the MR
images were classified as consisting of either air, ventricle and
bone, white matter, gray matter or subcutaneous fat. Classifica-
tion was performed by simple thresholding. To simulate a PET
scan, each tissue category was given an uptake value that was
dependent on tracer type. All uptake values used in this study are
presented in Table 1. The simulated PET scan was then filtered
with a two-dimensional Gaussian filter to yield an inplane FWHM
of approximately 7.0 mm, which is comparable to that in the
actual PET images.

To obtain full automation of the method, the thresholds for each
study had to be obtained automatically, or the same thresholds
would have to be used for all individuals. To do the latter would
not be practical since the interindividual variation is large and a
separate set of thresholds would have to be evaluated for each
MRI protocol. An attempt to fit a number of Gaussians equal to
the number of tissue types for data segmentation to histographic
representation of all voxels in the volume did not yield satisfac-
tory results due to insufficient separation between gray and white
matter and was therefore ruled out. We assumed instead that the
relative abundance of the four types of tissue, as measured by
MRI, was roughly equal across subjects. Given that assumption
and the fact that 35% of all nonair voxels in a T1-weighted MRI
volume consist primarily of bone and ventricle, an upper thresh-
old for bone and ventricle (and thus also a lower threshold for gray
matter) could be estimated by integrating histographic represen-
tation of all nonair voxels until the integral spans 35% of the
voxels. To obtain the upper threshold for gray matter, the histo-
gram was integrated from the upper threshold for bone and ven-
tricle until the integral spans the relative abundance of gray mat-
ter, etc.

To obtain standard values for the relative abundance of the
different tissue types, the following strategy was applied. The
remaining 11 volunteers had MRI scanning according to the pro-
tocol above. Data were transferred to the PET system and ana-
lyzed with the vendor-supplied image display system. By inserting
monochromatic bands into the color scale and interactively mov-
ing these over the scale, approximate thresholds between the
different types of tissue were subjectively assessed. These thresh-
olds, together with the appurtenant MRI volume, were fed to a
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voxel-count program that counted all nonair voxels in the volume
that fell in each tissue category. Thus, estimates of the relative
abundance of each tissue category were obtained for each of the
11 subjects. Since this value is clearly dependent on the exact area
of the brain spanned during the examination, only data from the
first slice in which the temporal lobes were visible to the last slice
containing cerebral tissue of the vertex were used by the voxel
count program.

These standard values were then used to estimate thresholds
for the seven subjects in the validation study by creating histo-
grams of all nonair voxels from all slices above the temporal poles
and integrating them. The thresholds were then applied to all
slices in the MRI volume and to those below the temporal poles.

Registration. Registration of the simulated images to the actual
PET images was achieved using a previously described pixel-by-
pixel image similarity method (16) that operates on pixels with a
high signal-to-noise ratio only. These pixels were identified by
differentiating the reference image volume (the fixed volume) and
creating a mask by thresholding the derivative volume so that only
10% of pixels with the highest data content in the volume are used.
This was a small modification from the PET-to-PET registration
procedure in which only 5% of the pixels were used. By perform-
ing the differentiation on the simulated PET images, the effects
from high localized uptakes (e.g., ''C-raclopride in the caudate
nucleus) were minimized since these structures were not covered
by the mask. In PET-to-PET registration, the method behaves
robustly and no local maxima seem to exist in a reasonable vicin-
ity of the true solution (16).

Our experience of registering MRI to PET images indicates that
local maxima are a problem in this context, possibly due to initial
misregistrations being larger, or to the superficial similarity be-
tween the simulated and measured PET images. To overcome this
problem, multiple starting points were used. Six initial preregis-
trations with an extensive subsampling of the volume and liberal
convergence criteria were performed. The starting values for axial
translation head tilting in the anterior-posterior direction were
varied between the registrations. These parameters were varied
because they were frequently found to differ substantially be-
tween the PET and MRI volumes. The results from the initial
preregistrations were checked, and the values resulting in the
largest maxima were chosen as starting values for the final regis-
tration.

Validation

Equivalent Internal Points (EIP). An expert-guided landmark
registration method was used as an independent method to vali-
date automatic registration. PET and MRI datasets were re-
sampled to yield twenty-nine 128 x 128 x 2.0-mm slices with a
4.5-mm slice thickness. PET and MRI images were shown con-
currently in a modified version of the image display and manipu-
lation software provided by the manufacturer, and homologous
point-pairs in the two image sets were identified and their posi-
tions recorded. The software allows reslicing of the image vol-
umes in any direction to aid in the identification of landmarks. The
landmarks were selected independently by three individuals ex-
perienced in studying tomographic images and consisted of struc-
tures identifiable in both modalities such as the caudate nucleus
head, the thalamus and points on the cortical surface with high
curvature. The exact location and number of points varied de-
pending on the characteristics of the PET tracer used. For tracers
providing little anatomical information (e.g., raclopride), a com-
bination of points identified in the emission and transmission

PET-MRI Coregistration ® Andersson et al.

TABLE 2
Relative Abundance of Different Types of Tissue in the
Standard Group

Relative tissue abundance (%)

Tissue type Mean s.d. Range
Ventricle and bone 384 34 33.6-46.8
Gray matter 277 22 25.3-33.6
White matter 240 3.6 19.4-320
Subcutaneous fat 9.9 39 49-164

images was used. The transformation matrix mapping the PET
dataset onto the MRI dataset was obtained by minimizing the sum
of the Euclidean distances between the paired points with nonlin-
ear fitting.

Emission-Transmission Comparison. Emission scans and
transmission scans were obtained during the same scanning ses-
sion. It was assumed that there had been no subject movement
between the scan sessions and both the emission and transmission
data were registered to the MRI data. A comparison of the emis-
sion data to the transmission data enabled estimation of registra-
tion process errors, if there were no systematic errors also affect-
ing the method when emission and transmission data are used.

Error Analysis

Registration with and without Editing Extracerebral Struc-
tures. To determine the method’s sensitivity to the presence of
extracerebral tissue in MR images, the registration was carried out
both with and without manual editing of the MRI data to discard
extracerebral tissue such as the scalp, meningies and large ves-
sels. Data were edited with vendor-supplied image display and
analysis software and consisted of manually defining ROIs around
the brain and setting all voxels outside the ROISs to zero. This was
done for all seven MRI examinations used in the validation study.
When the edited MR images were segmented, the same threshold
values for the nonedited data were used.

Registration with Different Standard Values for Tissue Com-
position. If the method is to be completely automatic in its present
form, the same standard values for relative tissue abundance must
be used for all, or close to all, individuals. Table 2 shows the
spread of these values encountered in 11 subjects on the order of
3%-4% for each type of tissue with a range of 10%-15%. To
examine the effect on individuals with a tissue composition sig-
nificantly different from that in our standard group, registration
was performed with different combinations of tissue composition
values. The values for relative abundance of subcutaneous fat and
CSF were varied, and the values for the other types of tissue were
adjusted accordingly to ensure a total of 100%. We varied the
values for fat and CSF because they were expected to be the more
differing parameters (e.g., in obese individuals or in individuals
with marked cerebral atrophy). -

RESULTS

Standard Values for Relative Tissue Abundance.
Values for relative tissue abundance obtained from the
standard group are presented in Table 2. These values are
in no way intended as a statement on actual tissue compo-
sition, but rather, represent values for practical use for this
registration method only. The ranges for relative abun-
dance of CSF and bone and subcutaneous fat are on the
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FIGURE 1. Outputs from the various steps in the registration process. (A) T1-weighted MR image. (B) Simulated PET image created from
the MR image in A, using uptake values for 'C-nomifensine from Table 1. (C) Mask consisting of 10% of the voxels of the simulated PET
volume (shown in B) with the highest derivative values. Note how a mixture of brain surface regions and borders between gray and white
matter are used in the registration. (D) Carbon-11-nomifensine PET image after registration. (E) The same MR image as in A. (F) Simulated
PET image created from the MR image in E, using uptake values for ''C-raclopride from Table 1. (G) Mask consisting of the 10% of the
voxels of the simulated PET volume (shown in F) with the highest derivative values. (H) Carbon-11-raclopride PET image after registration.
The image is scaled so that the maximum of the gray scale is at 40% of the maximum intensity in the basal ganglia.

order of 15% and 10%, respectively. Thus, the range for
values to assess error sensitivity these assumptions was
larger than that encountered in this material.

Automatic Registration

All examinations used for the validation were success-
fully registered with the automatic method and the results
looked qualitatively good. No apparent misregistrations
could be identified by visual inspection of the images. Lo-
cal maxima presented no problems with the multiple start-
ing point approach. The average CPU time for the entire
registration process, exclusive of I/O and file transfer, was
190 sec (range 168-221 sec). Two examples of simulated
PET images and the resulting masks are shown in Figure 1.
The different uptake values for various tracers result in
using different parts of the images for the registration.
Figure 2 shows registered FDG, nomifensine and raclo-
pride PET images overlaid on MR images. There was good
qualitative agreement between the images.

Equivalent Internal Point Registration
The mean number of point pairs and the mean error per
point pair are shown for each tracer in Table 3. The inter-

FIGURE 2. Registered PET images over-
laid on T1-weighted MR images. Images were
created by mapping the MR images into a
gray scale and the PET images into the
Sokoloff pseudocolor scale. Every other
screen pixel was given a hue of gray from the
MR image, and mvery other was given a color
from the PET image. (A) FDG image regis-
tered to MR image. (B) Nomifensine image
registered to MR image. (C) Raclopride image
registered to MR image from the same indi-
vidual as in B.
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observer variability is shown in Table 4. Table 4 indicates
a somewhat larger spread of the translation in the axial
direction and the rotation around the x-axis compared to
the other directions. This is in agreement with a general
opinion, shared by all observers, that accurate identifica-
tion was hardest to achieve in the axial direction. The
larger spread for raclopride than for the other tracers is also
in accordance with the difficulties experienced by all ob-
servers in identifying points in the raclopride emission im-
ages and in the transmission images. The performance of
the EIP method depends on the experience and skill of the
observers and the versatility of the software used. There-
fore, the values for interobserver spread reflect the perfor-
mance of the method in our facility and cannot be extrap-
olated to other sites without reservations.

Automatic Versus EIP Registration

The differences between the results of the present
method and the EIP method are presented in Table S and in
Figure 3. A comparison of Tables 4 and 5 indicates that the
difference was of approximately the same magnitude as the
interobserver spread of the EIP method. For the raclo-
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TABLE 3
Statistics Regarding Registration with the EIP Method

Tracer No. of points Mean error per point* (mm)
FDG 128+ 1.6 405 +1.27
Nomifensine 13417 410+ 1.03
Raclopride 108+14 458 + 1.67

*The mean remaining Euclidean distance between the corresponding
points in the two volumes after the transformation of one of the volumes
according to the transformation matrix that minimized this measure.

pride studies, the difference between the two methods was
surprisingly small given the large interobserver variability
for the EIP method. This may well be an effect of the small
numbers.

Registration of Emission Versus Transmission
PET Images

The results from coregistered MR and PET emission
images compared to PET transmission images are shown in
Table 6 and Figure 4. The magnitude of the differences was
of the same order as the differences between the EIP
method and automatic registration to the emission images
(Table 5). There is the possibility of subject movement
between the emission and the transmission scan, which
adds to the estimated uncertainty of the method.

Registration with and without Editing of Extracerebral
Structures

The errors resulting from registration of PET data to MR
images from which extracerebral tissue had been edited are
shown in Table 7. Strangely, there seems to be a tendency
towards larger errors when edited (Table 5) MRI data are
used. The effect, however, does not reach conventional
significance. An-explanation for this may be offered by
Figure 1, where the existence of the scalp in the MR images
clearly yields a higher degree of similarity between the
actual and simulated PET images, especially for raclopride
(Figs. 1F, H) and for nomifensine (Figs. 1B, D), than if it
had not been present.

Registration with Different Standard Values
for Tissue Composition

Results from the registrations performed with differ-
ent assumptions for relative tissue abundance are
shown in Table 8 and Figure 5. The analysis indicates
that this is not a sensitive parameter and no significant
difference beween the errors (paired t-test) for any two
assumptions for relative abundance of subcutaneous fat
or bone and CSF was found. The lack of significance,
however, should not be overemphasized given the small
numbers.

TABLE 4
Interobserver Spread for Registration with the EIP Method
Translation (mm) Rotation (deg)

Tracer n X Y z a B y
FDG 3 0.69* + 0.22t 0.83 +0.23 1.95 +1.27 1.23+0.29 0.84 +0.17 0.78 + 0.24
Nomifensine 4 0.73+0.13 0.48 + 0.47 1.80 + 1.30 1.37 £ 0.65 061 +0.35 0.70 + 0.27
Raclopride 4 0.79 + 0.50 0.97 + 0.40 4.38 + 2,69 3.22+1.39 1.18 = 0.80 0.76 + 0.78

*The mean value of the interobserver spread (the standard deviation over the observers) averaged over all subjects analyzed with that tracer.
TThe standard deviation of interobserver spread when averaged over all subjects analyzed with that tracer.

Rotation
®  Mean of all observers

FIGURE 3. A comparsion between the re-

sults obtained from the automatic method and
the EIP method. Translation is shown on the

left and rotation on the right. Translation along

10 5 0 5
Rotation with automatic method (deg)
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TABLE 5
Registration Error in All Directions for the Examined Tracers

Translation (mm) Rotation (deg)

Tracer n X Y 4 a B vy
FDG 3 0.53* + 0.33" 1.41 £ 1.00 1.37 £ 0.57 1.25 +0.37 1.29 + 0.92 1.66 = 1.01
Nomifensine 4 0.33 £ 0.27 1.08 + 0.61 1.79 £ 1.1 1.58 + 0.90 0.67 = 0.51 0.46 +0.14
Raclopride 4 144 = 0.74 093 +1.26 196 + 1.34 194 = 0.79 1.17 £ 0.74 1.10+0.74

*The mean value of the absolute values of the difference between the result obtained with the automatic method and the result obtained with the

EIP method averaged over the three observers.

TThe standard deviation of the absolute values of the difference between the automatic method and the EIP method averaged over the three

observers.

DISCUSSION

The validation of an intermodality registration method is
a complex problem that has been discussed by Neelin et al.
(21) and can be described as follows: When using actual
data from scans obtained on humans, the true answer can-
not be known and any validation involves comparing the
validation method to an independent method which will
also have errors. Thus, the registration errors measured in
that way will always be overestimated, and the results may
be limited by the reference method rather than the method
being tested. On the other hand, when phantom measure-
ments combined with fiducial markers (22) or simulated
data (21) are used, the true answer is known but the ques-
tion is how representative is the validation for real human
data. When validating the method presented in this article,
the use of simulated data would clearly yield a situation
with circular evidence and was therefore not applicable.
The use of phantoms may yield data suitable for validation
of surface-fit methods, in which the important criterion is
to obtain realistic head or cortical surfaces. In our method,
however, it would not suffice. First, segmentation of the
MRI data would be trivial, which is certainly not the case
for human data. Second, extracerebral tissue effects that
could potentially cause problems for a method of this kind
could not be mimicked by a phantom.

Thus, we decided to use actual data and compared the
results with those from the EIP method (8,23,21). In a
recent paper (24), the EIP method was found to be superior

to a number of other registration methods, including the
surface-fit method and the stereotactic z-frame.

Our results, with mean errors in the order of 1.5 mm in
each direction, are slightly worse than those obtained by
Woods et al. (I15) using a similar method. There could be
many reasons for this. First, the validation method used by
Woods et al. (15) is most probably superior to the EIP
method. They used what is essentially the z-frame method
but the z-shaped fiducial is attached to the subject’s skull
rather than to a head holder in which the subject is more or
less fixed. Their measurements of fiducial-based registra-
tion errors, supported by measurements by Ge et al. (25)
on a similar system, indicate submillimeter accuracy. This
should be compared to mean errors for the EIP method on
the order of a 1.3-mm translation in each direction and 1.7°
around each axis (21) and to the interobserver spread for
the EIP method encountered in this article (Table 4). The
errors presented in Table 5 represent a combination of the
errors in our method and in the validation method, in which
the relative contributions of each method are unknown.

Second, the slice thickness of the MRI data in this study
is relatively large and yields highly anisotropic voxels. Due
to the nonlinearity of the PET image simulation process,
the partial volume effects resulting from large slice thick-
ness will affect PET and MRI data differently. This occurs
because the order of the intensity of the various tissue
types is different in T1-weighted MR images CSF) com-
pared to PET images for most tracers (gray>white>CSF).

TABLE 6
Comparison between Registration of MR Images to PET Transmission and Emission Images
Translation (mm) Rotation (deg)
Tracer n X Y Zz a B
Nomifensine 2 0.42* + 043" 0.41 + 0.41 1.37 £ 1.30 204 +0.50 1.20 +1.17 0.50 + 0.09
0.51 = 0.18 0.86 = 0.24 1.95 + 0.65 1.50 + 0.57 130 = 1.14 0.68 + 0.53

Raclopride 4

*“The mean value of the absolute values of the difference between coregistered MR and PET emission images and transmission images averaged

over all subjects analyzed with that tracer.

TThe standard deviation of the absolute values of the difference between coregistered MR and PET emission and transmission images when

averaged over all subjects analyzed with that tracer.
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FIGURE 4. Comparison of coregistered MR images to PET
emission and transmission images. Translation along all axes and
rotation around all axes are lumped.

Hence, when segmenting MR images, there will be a rim
on the cortex surface that is classified as CSF. The width of
this rim will increase with increasing angles of the surface
through the imaging plane. Similarly, on the borders be-
tween white matter and CSF, there will be a rim classified
as gray matter. The effect will again be accentuated with
increasing angles of the border through the image plane.
Thus, there will be a combined effect of apparent move-
ment of cortical surface and of false rims of high activity
around the ventricles which varies throughout the volume.
Thinner slices and/or possibly other MRI sequences yield-
ing intensities in the MR images in the same order as for
most PET tracers (e.g., proton density-weighted images)
would alleviate this and probably result in higher registra-
tion accuracy. The accuracy will be sufficient for most
clinical and scientific studies, and it may be advantageous
to validate the method on MRI studies with thick slices and
highly anisotropic voxels since these types of studies are
used in most clinical examinations of the brain.

The method presented in this article has many similari-
ties to the one suggested by Woods et al. (15) but differs
from it in two important aspects. First, our methodology
involves explicit, albeit primitive, segmenting of MR im-
ages using information about tissue composition and the
creating simulated PET images with data of relative uptake
in different tissue types for the specific tracer. In the algo-
rithm suggested by Woods et al. (15), the segmentation and
assignment of uptake values is performed implicitly by
grouping the MRI pixels into 256 groups for which separate
means and standard deviations are evaluated. Although
elegant and self-adapting, their strategy implies that the
iterative process, apart from evaluating the transformation
matrix, is also responsible for creating simulated PET im-
ages from the MRI images. Thus, the problem will be
worsened, which implies longer execution times, more lo-
cal maxima and a less certified convergence. This effect is
demonstrated by the considerably longer execution times
reported for PET-MRI registration (/5) than for PET-PET
registration (26) and by the lack of convergence when
extracerebral tissue is present in the MR images (15). With
the explicit segmentation and simulation of additional in-
formation in our method, the problem gets better condi-
tioning, yields faster and more reliable convergence and
allows the existence of scalp and meningies in MR images.
The disadvantages are the need to explicitly specify uptake
patterns for every tracer used and the risk of introducing
systematic errors. The latter seem not to be the case given
that our validation results do not indicate any bias. The
second difference lies in the use of a mask based on the
derivatives in the volume of simulated PET images. As
seen in Figure 1G, this results in automatic exclusion of the
basal ganglia from the registration process, which allows
raclopride PET scans to be aligned with MRI scans.

The present method can also register PET transmission
images to MRI data. This is an important feature since
some tracers (e.g., CO) exhibit uptake patterns that will not
allow direct registration to emission images with any
method. Registration of MRI data to the emission data is
always advantageous since possible errors from movement
between the transmission and emission scanning sessions
is avoided.

The 3-min execution speed compares favorably to those

TABLE 7
Registration Error in All Directions for the Study Tracers with Extracerebral Tissue Removed from the MR Images
Translation (mm) Rotation (deg)

Tracer n X Y Y4 a B y
FDG 3 0.64* + 0.06" 3.00 + 1.66 1.32 £ 0.41 153 + 1.16 200 + 1.50 1.01 £ 1.15
Nomifensine 4 0.43 = 0.30 0.54 = 0.51 164 = 1.14 1.81 £ 0.91 0.62 = 0.56 0.54 = 0.19
Raclopride 4 1.41 £ 063 1.47 = 1.06 224 + 162 317 +222 1.24 +0.33 1.49 + 0.74

*The mean value of the absolute values of the difference between the automatic and EIP methods averaged over the three observers.
TThe standard deviation of the absolute values of the difference between the automatic method and EIP methods averaged over the three

observers.

PET-MRI Coregistration ® Andersson et al.
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TABLE 8
Registration with Different Tissue Compositions

Tissue Nomifensine Raclopride
composition Translation (mm) Rotation (deg) Translation (mm) Rotation (deg)
Standard 1.07* + 0.921 0.90 + 0.74 144 =113 140 +0.79
5% Fat 111105 0.85 + 0.61 144 +1.23 145 +0.73
15% Fat 1.14 + 0.96 0.90 + 0.80 1.65 + 1.07 1.70 £ 1.19
20% Fat 1.14 £ 0.71 0.92 + 0.88 1.65+1.12 1.66 + 1.05
30% Ventricle 1.11 £ 0.76 1.00 = 1.04 1.56 + 1.07 141 +£0.92
35% Ventricle 1.09 = 0.87 0.88 + 0.81 153 +1.04 1.73*+1.13
45% Ventricle 118 £1.15 0.82 + 0.61 148 +1.28 1.56 = 0.88
50% Ventricle 139+ 150 0.74 = 0.50 1.76 = 1.62 156 +1.29

*The mean value of the absolute values of the difference between the automatic and EIP methods averaged over all subjects and all three

directions.

TThe standard deviation of the absolute values of the difference between the automatic and EIP methods when averaged over all subjects and

all three directions.

reported by other groups and is obtained by excluding most
of the data from the registration process with a derivative
mask. A high execution speed, however, is less an issue for
MRI-PET registration since considerably fewer registra-
tions are done. When PET images are coregistered, there
are typically six or more studies to register, as in activation
studies, or multiple frames to register to the first frame, as
in dynamic protocols. Also, the other steps involved in
transferring MRI data to the PET system, or vice versa, are
so time-consuming that the time spent on registration is
only a small part of the total process.

An important property of our method is that it is com-
pletely automatic. Previous attempts in this direction have
often involved manual interaction at some part in the pro-
cess such as manual definition or editing brain contours
(11,13) or editing MRI data to discard extracerebral voxels
(15). If the method is to be completely automatic, the
values for relative tissue abundance from the standard
group must be applicable to the large majority examina-
tions to be registered. The fact that the values were col-
lected from one group and applied to another heteroge-
neous group supports this notion. For subjects with
extensive atrophy, individual limits will have to be esti-

mated with the same technique used for the standard
group. This process is not time-consuming and typically
takes a few minutes.

The presence of large pathologies (e.g., tumors or isch-
emic areas) in the images may present difficulties. Such
areas also affect the results of PET-PET registrations (16).
For PET-PET images, errors may be avoided by manually
defining the area, drawing an ROI around it and discarding
it from the registration process (16). The same strategy can
probably be applied to PET-MRI images.

The present method has also successfully registered T2-
weighted MR images to PET images (data not shown).
Modifications to the method were limited to the collection
of new ‘‘standard values,’’ since CSF and bone cannot be
lumped together for T2-weighted data. It is expected that
the application of the present method to any type of MRI
sequence (with reasonable separation between the princi-
ple types of tissue) should be equally smooth.

CONCLUSION

Registration of MR and PET images is an important step
toward realizing the full potential of both imaging modali-

Error sensitivity with regard to assumptions about relative tissue abundance
—e— Translation Error for Raclopride —o— Translation Error for Nomifensine
—=— Rotation Error for Raclopride —o~ Rotation Error for Nomifensine
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ties. Our methodology can automatically register MR im-
ages to PET images obtained with a wide variety of tracers
and with an accuracy of 1-2 mm in each direction.
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