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1 Introduction

Abstract. Confocal microscopy (CM) is a powerful image acquisition
technique that is well established in many biological applications. It
provides 3-D acquisition with high spatial resolution and can acquire
several different channels of complementary image information. Due
to the specimen extraction and preparation process, however, the
shapes of imaged objects may differ considerably from their in vivo
appearance. Magnetic resonance microscopy (MRM) is an evolving
variant of magnetic resonance imaging, which achieves microscopic
resolutions using a high magnetic field and strong magnetic gradients.
Compared to CM imaging, MRM allows for in situ imaging and is
virtually free of geometrical distortions. We propose to combine the
advantages of both methods by unwarping CM images using a MRM
reference image. Our method incorporates a sequence of image pro-
cessing operators applied to the MRM image, followed by a two-stage
intensity-based registration to compute a nonrigid coordinate transfor-
mation between the CM images and the MRM image. We present
results obtained using CM images from the brains of 20 honey bees

and a MRM image of an in situ bee brain. © 2005 society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.1896025]
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brains it does not currently allow penetration deeper than 200

Confocal microscopyCM) imaging is a powerful and versa- #M through head capsule and braimpublished resulisTo
tile image acquisition technique that is well established in OPtain a 3-Dimage of an entire bee brain, for example, it must
many biomedical applicatiod€ Among its main advantages be removed from. the head capsule. The shape of the brain as
are nondestructivéat least compared to histological slicing & Whole and of its substructures may, therefore, be altered
3-D acquisition and high spatial resolution, which is limited SuPstantially by the time of imaging. o _
mostly by the wavelength of light. Using several different  Magnetic resonanceMR) imaging is an imaging modality
fluorescent markers allows the acquisition of image data in that is capable of acquiring 3-D images vivo andin situ.
multiple channels. Labeling and imaging of single specific hile MR imaging is one of the most common imaging tech-
neurons is also possibié. niques in medical applicatioffghe spatial resolution of clini-
Because of scattering and absorption of light at the wave- €&l Scannerstypically 1-mm isotropic voxel sizelimits its
lengths used, CM imaging is limited to thin samples, which u§efu[ness for imaging of microscopic structure_s. However,
generally means that the structure of interest needs to be exigh-field MR spectrometers with strong magnetic field gra-
posed. Fundamentally, multiphoton microscopy, which uses dients that are usgd for microimaging can image structures. on
pairs or triplets of infrared photons for excitation, promises the order of magnitude of an insect brain, a process for which
increased penetration deptfad reduced scatter compared to € term magnetic resonance microscdpRM) has been

single-photon CM. It is our experience, however, that in insect c0ined(for a review of MRM applications see Ref). Using
magnetic particles for contrast enhancement and labeling,
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structures as small as single cells have been imaged withfluorescent markers. During imaging, a focused laser beam
MRM.8-11 deflected by a set ofy-scanning mirrors excites the fluores-
Specifically in insect brains, Wecker, Hschemeyer, and  cently stained specimefie., the dissected brain made trans-
Hoehrt? reported resolutions of 20@m slice thickness and  parent by histological meansThe emitted fluorescence is
30-um in-plane pixel size, which could be acquired in 50 min then spatially filtered by inserting a so-called “confocal pin-
on a 7 T scanner. Jasanoff and Slachieved isotropic voxel  hole” into the microscope’s optical path. This pinhole ensures
sizes between 20 and 40m on a 14.1 T scanner with an that only light from the focal plane reaches the detector, thus
acquisition time of 6 h. Haddad et #lacquired data of a bee  enabling the formation of an image that can be considered an
brain with a resolution of 15X%15.6x30.0 um within 26 h optical section through the specimen. By moving the position
using an 11.75 T magnet. of the specimen along the optical axis of the microscope, a
Because of the relatively lower spatial resolution, MRM 3-D image is generatet
cannot replace CM to image the fine details of insect brains.  The staining of the bee brains used for the present work
As an imaging modality, CM is a relatively inexpensive and followed an adapted immunohistological protocol. Dissected
high-resolution imaging technique, but it produces images and fixed brains were incubated with two primary antibodies
with substantial geometrical distortion because of the speci- (nc46, SYNORFL that label synapse proteifis® Because
men preparation procesgdissection, fixation, staining, dehy-  cell bodies in insects reside separately from fibers and tracts,
dration, and clearing MRM on the other hand is a technically these antibodies bind well in regions of high synaptic densi-
complex, time-consuming, and relatively low-resolution im- ties, i.e., neuropil, but not in somata regions. A Cy3-
aging technique that produces images with substantially lessconjugated secondary antibofiyjouse antirabbit whole 1gG
geometrical distortion[Note that MR images can have geo- (H+L)] sensitive to the primary antibody was subsequently
metrical distortion, due to magnetic field inhomogeneity and used to render labeled regions fluorescent. After dehydration
gradient magnitude uncertainfgcale error. These effects, and clearing with methyl salicylate, which is a standard pro-
however, can be minimized through the use of appropriate cedure to increase specimen transparency, the specimens were
acquisition methodge.g., field map correctionsThey are mounted in double-sided custom slides.
also of substantially smaller magnitude than the effects of = The brains were imaged with a confocal laser scanning
mechanical manipulation and chemical treatment that precedemicroscope(Leica TCS 4D. The chromophor was excited
CM imaging. We address this issue in detail in Seg. 4. with an ArKr laser(568-nm wavelength and the fluorescence
We propose to combine the advantages of both imaging was detected using a long-pass filté©0-nm cutoff wave-
modalities by using an MRM image of an insect brain as an length. The intensity of the fluorescence was quantized with
undistorted shape reference. By computing a transformationa resolution of 8 bits. Due to the size of the dissected and
between a CM image and an MRM image, we deform the embedded brain(about 2.5<1.6-mm laterally and about
microscopy image so that the imaged objéetg., insect 0.8-mm axially, it cannot be imaged in a single scan. There-
brain) matches the object imaged in MRM. If both images fore, we used multiple image-stack acquisiti@D-MISA) as
were acquired from the same individual, this method effec- described by Zuschratter et’&IThe entire brain was scanned
tively compensates for any deformations that the specimenin 2x3 partially overlapping single scans, each using 512
has undergone in preparation of the CM acquisition. X512 pixels laterally and between 80 and 120 sections axi-
Since it is currently not logistically possible to acquire ally. The stacks were combined into a single 3-D image using
such data, we demonstrate a slightly different application of custom software or a script running in Amiglercury Com-
the proposed method. For the current work, the available puter Systems, Inc., Boston, MACoordinates of the stack
MRM image data is from a subject that is not part of the origins in thexy plane were recorded by the microscope and
population imaged using CM. What we achieve here is to provided the relative positions needed for alignment of adja-
bring all CM images intoone common undeformed coordi- cent stacks. Because of the refractive index mismatch be-
nate system, albeit not the one of the respective subject. Thetween the media in the optical path, images exhibit a shorten-
advantage of this method is that it can easily be applied to ing of distances in axial direction that was accounted for by a
retrospective CM data, for which no corresponding MRM linear scaling factor of 1.8 Examples of the final micros-
data is available. copy images from four different subjects are shown in Fig. 1.
Ultimately, the goal remains to develop MRM to a point
where it is possible to obtain a high-resolution image for each 2.2 Magnetic Resonance Microscopy
subject that is to be imaged later using CM. In that sense, the The MRM acquisition was performed on a Bruker AMX 500
current work is concerned with providing and evaluating the spectrometer with 11.75 T and maximum gradient strength of
necessary basic image processing protocols and mathematicah.66 T/m. The solenoid coil had a length of 5.5 mm and an
tools. From an image processing perspective, matching im-inner diameter of 4 mm. A constant coil and sample tempera-
ages from different subjects to each other, as addressed in thisure of 5 °C was maintained during the experiment. The cool-
work, is a much harder problem than matching two images of ing unit utilizes a heater and temperature sensor that already

the same subject. exist on the AMX 500 spectrometer. Liquid nitrogen is evapo-
rated at a constant rate and heated subsequently to keep the
2 Methods sample at 5 °C, which is monitored and controlled by the tem-
) ) perature sensor.
2.1 Confocal Microscopy Imaging A 3-D spin-echo image with 256256x 30 voxels, a field

Confocal laser scanning microscopy is a type of fluorescenceof view of 4.0x4.0X0.9 mm, and a nominal resolution of
microscopy where the specimen is chemically labeled with 15.6X15.6x30.0 um was acquired. The echo time was 14.8
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tentorium, a sustaining sclerotized inner head structure ventral
from the brain, was left intact, thus preventing a deformation
of the head capsule. To enhance imaging contrast and to sta-
bilize the brain’s structure, the bee head was fixed overnight
in a solution of 4% formalin and 0.1% Triton X before remov-
ing the mandibles. After washing the specimen 2oh with
iso-osmotic sucrose solution, the bee head was kept in 30%
ethanol, which was replaced again by iso-osmotic sucrose so-
lution prior to the MRM acquisition. To remove gas, which is
dissolved in the iso-osmotic sucrose solution and fills the tra-
cheal air sacs surrounding the brain, the bee head was evacu-
ated for 30 min at the beginning of the fixation, and again for

Fig. 1 Examples of CM images of bee brains. The bee brains are la- 10 min just prior to the MRM.aCQUiSition- For the megsure-
beled fluorescently (see text for details). Shown are the central axial ment, the head was placed in a glass tube filled with iso-
slices of the 3-D image stacks acquired from four subjects. osmotic sucrose solution to prevent a magnetic susceptibility

difference at an air-specimen border. Further details of the
MRM imaging process can be found in Haddad et*aind
ms; the repetition time was 1.5 s. For the excitation, a Schaupp et af°
frequency-selective pulse with a Gaussian lineshape was used,
whereas for the refocusing, a nonfrequency selective block
pulse was chosen. To remove DC offsets, the mean value over2.3 Image Preprocessing
the last 30 points of each spin-echo acquisition was calculatedTo make the registration of MRM and CM images an easier
and subsequently subtracted from every point of this acquisi- problem, we apply a series of image operators to the MRM
tion. Zero filling by a factor of 2 prior to image reconstruction image. Figure 3 shows the individual steps and three orthogo-

resulted in an image resolution of K8.8xX15.0 um. The nal slices from the resulting intermediate MRM image after
total acquisition time(averaging over eight repetitionsvas each of them.

25.7 h. Three orthogonal slices from the reSUlting MRM im- The first processing Step is a Cropping Operation that re-
age are shown in Fig. 2. duces the field of view of the MRM image to exclude the

The preparation of the bee head reflects the tradeoff be-majority of nonbrain parts of the bee cranium. Since the
tween noninvasiveness and optimization for MRM imaging MRM image exhibits severe salt-and-pepper noise, a median
contrast. To minimize the radio frequency coil’s size and thus filter with a 3x3 neighborhood is applied next. This nonlinear
maximize its sensitivity, the head of a honey bg%pis filter reduces the noise while preserving edges. The next op-
melifera carnicaforaging worker was separated from the tho- erator is a histogram equalization of the image intensities,
rax, and the mandibles were removed by a horizontal cut ap-which enhances image contrast. This is followed by an inver-
proximately 1 mm ventrally from the brain boundary. The sjon of image intensities so that the brain is represented by
bright voxels, whereas the background is turned dark. The
final processing step is a gamma correction wits0.2,
which improves the separation of brain and image
background.

2.4 Image Unwarping

Unwarping the CM images is achieved by computing an ana-
tomically correct mathematical transformation between each
microscopy image and the MRM image. This procedure is
commonly referred to as image-to-image registratfon.

For the purpose of the present work, registration is a two-
stage process. In the first stage, the global relative pose of
both images is estimated and modeled by an affine transfor-
mation with 9 degrees of freedofithree translations, three
rotations, and three anisotropic scale factodsing a multi-
resolution search strate§ywe find the transformation param-
eters that maximize the normalized mutual informatidivl )
image similarity measufébetween the two images.

The second stage estimates and models the residual non-
rigid component of the transformation using an algorithm first
described by Rueckert et @ The transformation model is a
Fig. 2 An MRM image of the cranium of a honey bee. No contrast fre_e-form qeformatlor(FF[.))’ WhI.Ch IS d.eflnEd (.)n a regular,
agent was used during image acquisition. Top left: axial slice. Top L_II"IIfOI’m grid of control Po'nts Wlt_h cubic B-spline mterpola_—
right: sagittal slice. Bottom left: horizontal slice. The arrows denote tion between them. As in the affine stage, the transformation
the three coordinate directions of the 3-D representation of this image. parameters are determined that optimize NMI between the
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Horizontal

Fig. 3 Sequence of image processing operators applied to the MRM image in Fig. 2. (a) Crop field of view to approximately match microscopy
image. (b) Median filter, 3X3 neighborhood. (c) Histogram equalization of image intensities. (d) Inversion of image intensities. (e) Gamma
correction with y=0.2.

two images. An efficient implementation of this algorithm ages. Likewise, the coordinate transformation model of the

with support for parallel computation keeps the computational nonrigid registration can be substituted with a different one,

cost within reasonable bounés. but we have found the implicit smoothness constraint of the
To enforce smoothness of the nonrigid coordinate transfor- B-spline quite helpful when registering such different imaging

mation and to prevent unrealistic deformations and folding, modalities as MRM and CM.

we regularize the optimization function of the nonrigid regis-

tration stage. A constraint terB.q,syaintS @added to the NMI

image similarityEyy, with a user-defined weighw between 3 Results

zero and one. The complete optimization function is thus 3.1 Image Data and Methods

Eyo= (1— W) Eppyy — WE _ 1) We Qvaluate the propc_>se_d_unwarping techniql_Je by registering

total NMI constraind CM images from 20 individuals to an MRM image from a

where the negative sign of the constraint term represents thedifferent individual. For each subject, the CM image is inde-
requirement to minimize the constraint while maximizing the pendently registered to the reference MRM image, first with a
image similarity. In particular, we use a constraint term used 9 degrees of freedom affine transformation, followed by a
by Rueckert et af? which is based on second-order deriva- nonrigid FFD transformation. Figure 4 illustrates the succes-
tives of the transformation and models the bending energy of sive stages of alignment: rigid correction of pose and orienta-

a thin metal platé® tion differences, anisotropic scale correction, and finally, non-
The rigid and nonrigid registration methods outlined be- rigid deformation.
fore are only two of many successful such algorithifies an For the nonrigid registration, the control point spacing of

overview of the field, see Refs. 26 and)2We have chosen the FFD was initialized as 480m, which in a multiresolution
these particular methods mostly because of our own positive strategy was refined twice to reach a final resolution of 120
experience. For example, we have found the NMI image simi- um. The relatively coarse control point spacing reflects the
larity measure to be relatively insensitive to noise and image relatively coarser resolution of the MRM image. It is also
intensity inhomogeneity, which is quite strong in our CM im- motivated by the fact that we are attempting to model defor-
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Confocal Microscopy Image
Aligned (by Rotation and Translation) Aligned and Scaled

Reference MRM Image

Nonrigidly Deformed

Fig. 4 Example of axial slices at two locations from the MRM image with corresponding slices from one individual CM image. The CM image is
shown after alignment, scaling, and nonrigid deformation. The two slices are approximately 156 um apart. The affine scaling factors for this subject
were 1.14 in the x direction and 0.87 in the z direction (out of plane). There was no substantial scaling in the y direction.

mations of the specimen preparation process, which are likely ~ As a second experiment, we perform a leave-one-out com-
to be smooth and coarse in scale, rather than fine-scale interparison between the deformed segmented brains from the in-
individual shape differences. The regularization constraint dividual CM images. For that, an individual image is selected,

weight wasw=0.01,which we have found in previous work and the remaining 19 brain segmentations are combined into

to produce good result§?° an estimate of the correct segmentafidhen the overlap
between the selected brain and the combination of the remain-
3.2 Overlap Consistency of Segmented Brains ing segmentations is computed. This is repeated in a round-

We verify that the computed coordinate transformations be- robin manner, selecting eac_h indivi_dual as the test case once.
tween the MRM image and the CM images are meaningful by .The.results_of the round-robin consistency test are also shown
computing the overlap of manual segmentations of the brainsin Fig. 5 (right boX. The average percentage of matching
in all images. From previous work, we have access to manual VOXels here was 92% with a standard deviation of 2%.
segmentations of each of the microscopy images used in the ) )
present stud§®® In each image, 22 anatomical structures 3-3 Affine Transformation Components
were labeled by an expert. These segmentations are binarized he scaling factors from the affine registration are plotted by
to obtain a binary segmentation of the entire brain versus the dimension in Fig. 6. It is immediately clear from this plot that
image background. Similarly, we obtain a manual binary seg- the majority of the CM images are smaller in thelirection,
mentation of the brain in the MRM image. i.e., they have a smaller lateral extefscaling factor 0.92
For each CM image, the binary brain segmentation is de- =0.05, meartstandard deviation There is also a clear in-
formed according to the transformation computed between thecrease along the direction, i.e., in brain thicknes§l.05
respective CM image and the MRM image. The relative num- +0.06. The scaling factors in the direction are tightly
ber of voxels for which both segmentations agree is a measureclustered around 1.0, i.e., on average the brains in the CM
of how well the brains from the CM are mapped into the images have the same height as the one in the MRM image.
coordinate system of the MRM image. The results for all 20 The product of the three scaling factors for each subject is the
subjects are shown in Fig. @eft box). The average percent- total scaling factor for that subject. From Fig. 6 it appears that
age of matching voxels over all subjects is 90% with a stan- overall, the brain volume is smaller in the CM images than it

dard deviation of 1%. is in the MRM image(scaling factor 0.9Z0.05. In general,
100% - 1.2+
0
2 |
% 0,
el —
c
£ 5 T .
S so% g
g £ 10 == T
5 g
o 70%- | -
o Q
g 2 oo ’ J
(0]
S 60%- I
(0]
o
08 r T r r
50% 5 X Y 4 Total
0% . . Coordinate Dimension
Manual Segmentation Consistency
Fig. 6 Box plot of affine scaling factors by coordinate direction. The
Fig. 5 Percentage of matching voxels. Left box: matching voxels be- box on the far right corresponds to the total scale factor, which is the
tween manual segmentation of brain in MRM image and coregistered product of the individual scale factors for each subject. The scale
CM images. Right box: matching voxels between a segmented brain in factors are relative to the MRM image coordinates, i.e., factors smaller
one individual deformed CM image and the consensus segmentation than one correspond to the microscopy image being smaller than the
of the remaining deformed CM images. MRM image.

Journal of Biomedical Optics 024018-5 March/April 2005 + Vol. 10(2)



Rohlfing et al.

)

Fig. 7 Mean deformation vector field (left) and dominant deformation components (right) in MRM image
coordinates. The deformation field is only shown in the brain because the deformation field in the image
background outside the brain is meaningless, since it is a result of B-spline continuity and the smoothness
constraint of the registration algorithm. (a) Axial slice. (b) Horizontal slice. Each arrow in the left images
points in the direction of deformation; the length of an arrow represents the local deformation magnitude.

this suggests that the expansion in thickness does not entirelyposed and evaluated here are computationally efficient.
compensate for the lateral contraction. This is not necessarily Memory requirements are dominated mostly by the space al-
surprising, since the bee brain is not a homogeneous block oflocated for the image data, which is on the order of 25 to 30
matter, but instead an arrangement of multiple large structuresMB per CM image and about 3 MB for the cropped and

with relatively small connections between them. processed MRM image. Since we use a multiresolution pyra-
mid of smoothed and downsampled images, and due to some
3.4 Nonrigid Transformation Components storage space for the FFD control points, the total peak
In addition to the affine transformation components, there is Mmemory allocation is approximately 55 MB. _
substantial residual nonrigid motion. By computing the differ- ~ The image operators applied to the MRM image are easily

ence between affine and total motion for each image voxel, implemented and almost instantaneous. The most expensive
the pure nonrigid component is easily determined. To sup- Operator is the median filter, which takes ab@s using a not
press the essentially random motion in the image background,Particularly well-optimized implementation on a modern PC
we only include voxels inside the brai@s determined by ~ With a 3-GHz Intel Pentium 4 CPUmage size 298169x60
manual segmentationAveraged over all 20 subjects, the voxels. Note'that the entire preprocessing needs to be applied
magnitude of the nonrigid motion in the brain is g4n. The  to the MRM image only once, independent of the number of
range of the per-subject averages over all voxels is from 70 to CM images to be unwarped.
125 pm. Affine registration needs to be repeated for each CM im-
All transformations between the MRM image and the CM 2age, and on average took about 25 min of computation time
images are defined in the coordinate system of the MRM im- Per subject. Nonrigid registration on average consumed about
age. We can, therefore, easily compute the deformation field 15 min per subject. Nonrigid registration is less computation-
that is the mean over all microscopy images. The resulting ally expensive, despite the substantially larger number of de-
vector field is visualized in Fig. 7. Most notable in the hori- grees of freedom in the nonrigid transformation, because the
zontal slice is that the shrinking in the lateral direction is B-spline interpolation functions have compact support and,
accompanied by an expansion of similar magnitude along the therefore, each control point in the FFD only influences a
body axis. It appears that compared to the MRM image, the small local neighborhood. This locality can be exploited for
brains in the microscopy images on average lost part of their local recomputatiofi} whereas each parameter in the affine
width while gaining thickness. This is in good agreement with transformation has a global effect.
the findings of the affine analysis in the previous section.
Note, however, that the scaling is not global; the expansion of
the brain in thez direction, for example, is concentrated
around the center of the brain, whereas the peripheral regions4 Discussion

move inward but approximately maintain their thickness e have demonstrated that we can successfully map CM im-
[Fig. 7(b)]. ages of bee brains onto an MRM image. Quantitative analysis
of the computed transformations suggests that the preparation
process preceding CM imaging leads to substantial shape
Although it is not one of the core points of interest for the changes of the specimen, most notably a lateral shrinkage of
present work, it is important to note that the methods pro- up to 15%, which is accompanied by a thickness increase of

3.5 Computational Requirements
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similar magnitude. This finding is consistent with observa- the brain in the MRM image exhibits perfect bilateral symme-
tions during specimen preparation, but can we trust our try, which would have been affected by static field inhomoge-
numbers? neity. Thus we estimate geometrical distortion due to static

There are several possible sources of error in the evalua-field inhomogeneity to be on the order of at most 1 voxel.
tion performed. To begin with, the coordinate transformation Third, there can be geometrical distortion due to chemical
computed by the registration algorithm could simply be incor- shift. This type of distortion or artifact is observed as expected
rect. To examine this possibility, we computed the overlap in the region of the mandibular glan@shite blobs represent-
between a manual segmentation of the brain in the MRM ing fat in the mandibular glands are translated horizontally to
image and in each of the microscopy images. We also com-the left, leaving dark voids in the lower half of the axial slice
puted the consistency of the registrations among each other inin Fig. 2) but does not need to be considered here, because
a leave-one-out fashion. Both tests showed about 90% overlapthese glands are located sufficiently far from the brain itself to
between the coregistered brains. Since we intentionally used ahave any effect on the imaging of the brain, and because the
coarse nonrigid transformation to leave interindividual shape lateral readout gradient direction prevents the mandibular fat
differences intact, this is an excellent result. Visual inspection signal from shifting into the brain. Because the chemical shift
of the deformed CM images and comparison with the MRM depends on both the applied readout gradient and the static
image further suggests that the computed coordinate transfor-magnetic field, the magnitude of the shift provides a check for
mations have high accuracy; structure boundaries in the de-static field inhomogeneity, at least in the areas where the
formed CM images align with corresponding boundaries in chemical shift artifacts appear. The chemical shift observed in
the MRM image substantially better than the boundaries in our MRM image fits the theoretical expectation very well and
the original(undeformed CM images. suggests a high static field homogeneity.

The main advantage of MRM imaging is that the brain is Based on these considerations, the total expected geometri-
imagedin situ, where it is stretched out laterally between the cal distortion in the brain in the MRM image is substantially
complex eyes, and ventrally-dorsally between the antennassmaller than the affine scale factors and deformation magni-
and the ocelli. Leaving the brain in the head capsule with the tudes we computed in Secs. 3.3 and 3.4.
ventral tentorium intact provides mechanical rigidity and thus Importantly, the subject imaged in MRM was not part of
minimizes brain deformation during specimen preparation. the population imaged using CM. The number of CM images
However, we have no data to support the claim that our speci- is sufficiently large to capture much of the interindividual
men preparation for MRM imaging has no effect on brain Vvariation among different subjects. This is not the case for the
morphology. The transformations we compute probably re- single MRM image, which begs the question whether the im-
flect morphological changes due to the dissection, staining, aged subject is a typical one or an outlier. Ultimately, we plan
dehydration, and clearing, but might not reflect changes dueto image more bee brains, and in particular image the same
to the fixation, which is common to the preparation for both subjects in MRM and CM. So far, this has not been logisti-
imaging modalities. cally possible.

The MRM image acquisition is not entirely free of geo- The question remains whether unwarping an image from
metrical distortion. First, there is scaling error in the MRM one individual using an image from another individual is use-
image of approximately-1.5% in each coordinate direction ful. We believe that not only is this the case, but that there are
due to error in the gradient field magnitude. This was deter- applications that require such interindividual mapping. A good
mined by imaging a calibration phantom containing several €xample is mapping data that can only be acquired from mul-
glass capillaries with known diameters and wall thicknesses. tiple individuals, such as single-neuron images, into a com-
The scaling errors are small, and they change only the size ofmon reference coordinate system. An MRM image, due to its
the reference MRM image, but not its shape. relatively distortion-free representation of at least one indi-

Second, there can be geometrical distortion in the MRM Vidual subject, is an excellent choice to provide such a coor-
image due to inhomogeneities in the static magnetic field. dinate reference. Alternatively, the coordinate reference could
This type of distortion occurs only in the readout gradient be an average of MRM images acquired from multiple
direction and not in phase encoding directions. We used a 3-Dindividuals.
spin-echo image sequence with two phase encoding directions As a final remark, we emphasize that interindividual reg-
(y and 2) and only one readout gradient directiog (Fig. 2 istration of MRM and CM images is a substantially harder
shows the coordinate directionsThus any geometrical dis- ~ problem than registration of images from the same subject.
tortion due to static field innomogeneity would occur only in - With the methods in place for the former task, we are confi-
the lateral(x) direction. Static field inhomogeneity can be dent that we can successfully address the latter.
caused by magnetic susceptibility differences between differ-
ent tissues and are typically highest at air-tissue interfaces. We .
eliminated air-tissue interfaces by filling the tracheal air sacs 2 Conclusion
surrounding the brain with iso-osmotic sucrose solution, and We present a computationally efficient methodology for un-
placing the head in a tube filled with the same solution. In our warping CM images of insect brains by registering them to an
MRM image (Fig. 2), distortions due to static field inhomo- MRM image. The proposed method includes a pipeline of
geneity can be seen only at a few air bubbles near the cuticle,image processing operations that are applied to the MRM im-
but not at all in the proximity of the brain. The head capsule age to support a robust and accurate registration. Preliminary
and chitin structures, where one might expect a change inresults suggest that during preparation for CM imaging, the
magnetic susceptibility due to trace amounts of iron, have brains shrink in the lateral direction while their thickness in-
sharp and smooth boundaries in the MRM image. Moreover, creases. An MRM image, due to its relatively distortion-free
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representation of at least one individual subject, can serve as a

useful coordinate reference for mapping data that can only be 15

acquired from multiple individuals.
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