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Abstract

The present study developed an integrated system for use in combined PET, MRI, and electrophysiological recording in
somatosensory studies in rats, called ISPMER. A stereotaxic frame was designed for animal positioning that could be used in all three
measurement modalities, and its dimensions complied with the gold standard of the Paxinos and Watson rat brain atlas. A graphical user
interface was developed for analyzing the data using several signal processing algorithms. This integrated system provides a novel
interface for the recording and processing of three-dimensional neuronal signals in three modalities.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Somatosensory studies in rats provide important in-
formation about neuronal signal processing in the central
nervous system [1,2]. Electrophysiological techniques are
commonly used to record neuronal activities in neu-
roscience research. Methods such as single-unit recording
and field potential (FP) recording exhibit an outstanding
temporal resolution, of the order of milliseconds [3,4], but
they do not have the capability to record over a wide region
within a short time frame. However, such spatial recording
can be achieved using functional imaging techniques, such
as positron-emission tomography (PET) and functional
magnetic resonance imaging (fMRI).

PET is a non-invasive imaging method that provides
functional information by detecting the distribution of a
positron emitter throughout an region of interest (ROI).
The first tomographic measurement using '*F-fluorodeox-

*Corresponding author. Tel.: + 8862 33665266.
E-mail address: jaw@ha.mc.ntu.edu.tw (F.-S. Jaw).

0168-9002/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
d0i:10.1016/j.nima.2007.06.062

yglucose (**F-FDG) was made by Phelps et al. in 1979,
who reported its use in mapping the cerebral metabolic rate
of glucose [5].

In 1990, Ogawa et al. [6,7] proposed the blood-
oxygenation-level-dependent (BOLD) fMRI method based
on hemodynamic responses. BOLD fMRI is based on the
presence of a paramagnetic substance, such as deoxy-
hemoglobin (Hb), that can interfere with the magnetic field
so as to reduce the intensity of signals. Activation of
neurons can stimulate vasodilatation indirectly and over-
compensate the regional cerebral blood flow so as to
introduce more oxygen and glucose. This causes the ratio
of paramagnetic deoxy-Hb in blood to be reduced when the
neural activity increases, resulting in more intense signals in
activated brain areas [8—10].

Unlike single-unit recording, FP recording can provide
macrocosmic information about neurons. The integrated
electrical signals reflect volume conduction of multiple
neuronal activities, and hence FPs can be used to
observe the activities of groups of neurons. This technique
also provides relative information anatomically, that is, the
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source of each signal that generates FPs. Thus, the present
study applied the above technique to demonstrate the
distributions and functions of areas excited by specific
stimuli.

The different types of data described above are difficult
to correlate with each other due to localization errors and
incompatibility of the different data analysis software
used for each. This prompted us to develop an integrated
system for PET, MRI, and electrophysiological recording
(ISPMER) consisting of a stereotaxic frame and a data
analysis interface in order to combine the advantages of
these three modalities and provide an interface that
integrates the various functional responses. In the present
study, the BE_.FDG-microPET, BOLD microMRI, and
electrophysiological recording techniques were used to
elucidate evoked responses in the rat brain.

2. Experiments
2.1. Stereotaxic frame for measurements of the rat brain

The body of stereotaxic frame of the ISPMER system is
constructed from acrylic, the screw is made of Nylon 66,
and the incisor fixer is made of polypropylene so as to
reduce attenuation and scattering of y-ray photons during
PET scans, and to avoid magnetic interference during MRI
scans (Fig. 1). The bottom of the frame is flat to facilitate
electrophysiological experiments. Two ear bars with a tip
of 16° and an incisor fixer are used to position the rat head,
with tapes used to restrain the body. The rat head can be
fixed firmly to the stereotaxic frame with two ear bars in an
identified interaural line through the external auditory
meatus. The incisors are fixed at 3.3mm below the
horizontal interaural line. Gas anesthesia can be adminis-
tered through the incisor fixer, with an oral-nasal airbag
mask used to keep the gas around the head. The bregma is
taken as a landmark in the rat brain, which is 9mm
anterior to the midpoint of the two ear bars. The spatial
design of the stereotaxic frame is compatible with a
small-animal stereotaxic frame from David Kopf Instru-
ments that is commonly used in -electrophysiological
recordings, and the slice orientations of the PET and
MRI images are identical to those in the Paxinos and
Watson rat brain atlas [11].

2.2. microPET

For microPET (R4, Concorde Microsystems, Knoxville,
TN, USA) imaging, rats were lightly restrained, and an
electrical stimulus (1 Hz, 5-10V pulses of 100 us duration)
was applied to the left hind paw during the 45 min uptake
period after injecting 3-3.5mCi of '"SF-FDG. Quantitative
dynamic scanning was performed on each rat for 30 min.
Three-dimensional (3D) volumetric images were acquired
in 1 min frames using standard 3D filtered back-projection
reconstruction.

2.3. MRI

Magnetic resonance (MR) images were obtained using a
4.7-T system (Biospec BMT 47/40, Bruker). Forty—four
slice gradient echo images (TR = 215ms, TE = 20 ms, flip
angle = 22.5°, FOV =4cm, SLTH =2mm, NEX =2,
and acquisition matrix = 256 x 64 pixels [256 x 256 pixels
after zero-padding]) were acquired at the same position,
with each frame taking 27s. The first 20 consecutive frames
were collected as a baseline, and the second 20 were
collected during the stimulation.

2.4. Electrophysiological experiments

After acquiring functional images using microPET and
MRI, evoked potentials in response to stimulation of the left
hind paw were recorded using FP recording. The rats were
anesthetized by continuous delivery of low-dosage ketamine
using an infusion pump (15 mg/ml, 1 ml/h, i.v.). The detected
evoked FPs were amplified 2500 times, filtered from 0.01 to
300Hz, and digitized at 3000 Hz by an A-to-D converter
card (PCI-MIO-16E-4, National Instruments, TX, USA).

2.5. Current-source-density (CSD) analysis

CSD analysis identifies the sites of current flow
in neuronal tissues [12], and has been used to reveal
physiological and anatomical aspects of neuronal circuits
[13-15] based on the spatiotemporal distribution of
activated sinks (inward membrane currents in the extra-
cellular space) and sources (outward membrane currents).
In the present study, the two-dimensional (2D) CSD
analysis assumed that dipole-producing currents flow in
the coronary section (mainly along the stereotaxic x and z
coordinates), which were calculated according to

2 2
_1m=0'x%d)+az%¢ (1)

where I,, is the net current; o, and o. are the tissue
conductivities along the x (mediolateral) and z (dorsoven-
tral) axes, respectively; and ¢ is the FP.

Five-point smoothing was applied to the second spatial
derivative of the FP due to spatial sampling variability:

m=2
—1I, : <ax > amd(x + mAd)

h 4Ad2 m=-2
m=2
+0. Z amP(z + mAd)>, (2
m=-2

where Ad is the sampling interval (50 pum), ay= —2,
ar1=0,and a;,=1.

2.6. Image analysis

The image processing interface was constructed in
MATLAB (version 7). Its functions include automatic
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Fig. 1. (a)~(c) Schematics of the stereotaxic frame; (d) Rat positioned in the stereotaxic frame, to which the MRI coil is fixed; (e) Rat in the small-animal

stereotaxic frame that is attached to the microPET bed.

atlas-based ROI and volume of interest calculations,
time—activity curve (TAC) analysis, parametric image
analysis, cross-correlation analysis, statistical image map-
ping, movie display, multiple-subjects image analysis, FP,
CSD, 3D surface rendering, and manual image registration
and fusion using scaling and shifting operations (Fig. 2).

For dynamic MR images, the TAC and the input
stimulation paradigm were calculated using the correlation
coefficient technique according to the following equation
and Fig. 3:

S, p, 1) — pp(x, DIR() — pg]
VI PG, 1) — ()P S RO — g
(3)

where R(?) is the function of the input paradigm, P(x, y, t)
is the TAC, up(x, y) is the mean of P(x, y, ), and ug is the
mean of R(¢).

After mapping the correlation coefficient onto high-
resolution MR template images, the results were trans-
formed from 3D dynamic data to 2D functional maps
(Figs. 4a and b). For microPET images, the data were
initially registered and fused with a high-resolution MRI
template by normalizing the pixel size. The atlas and high-
resolution PET/MRI images were then registered and fused
using manual scaling and shifting operations based on the
edges of the images (Fig. 4c). The shifting operation
represents a translation of the matrix, with all the contents
of the image moved by the same distance and the areas
outside the original image filled with zeroes. This process
does not change the values of the original pixels, only their
positions in the image. For the scaling operation, each
image was trimmed or enlarged and then resized using a

Clx,y) =

bicubic transformation. Both methods were applied at the
level of the pixel.

A novel automatic atlas-based ROI selection technique
was implemented by precisely defining the coordinates of
each brain area in the digital rat brain atlas. The relative
coordinates of the brain area were simultaneously warped
during the registration process, allowing a precise ROI to be
selected automatically. This technique can be used to reveal
the activated voxels in each brain area and generate the data
in ROIs for further statistical analyses. Multiple-subject image
analysis is an advanced digital atlas technique that was
used to compare the data among animals, with the results
combined into a single map called the incidence image
(Fig. 4d). Registering each image to the atlas template
eliminates spatial errors, and allows the average image of each
normalized subject to be obtained. Furthermore, electrophy-
siological recording areas in the thalamus were mapped
by referencing the rat atlas. The FP and CSD evoked by
electrical stimulation of the rat hind paw are shown in Fig. 4e.

3. Discussions

The novel feature of the ISPMER is the integration of
three measurement modalities: PET, MRI, and electro-
physiological recording. The use of the same stercotaxic
frame in all the three modalities facilitates constant
positioning throughout a sequence of experiments, thus
reducing localization errors. We used the Paxinos and
Watson rat brain atlas as the gold standard for the central
nervous system of rats. Many studies have used atlas-image
registration techniques to define responsive areas [2,16].
However, most conventional stereotaxic frames neglect
the spatial relationship between the interaural line and
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Fig. 2. Interface for analyzing PET, MRI, and electrophysiological recording data.
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Fig. 3. For dynamic MRI images, the TAC and the input stimulation paradigm were calculated using the correlation coefficient technique on
a pixel-by-pixel basis.

incisors. In adult rats, a flat-skull position can be achieved calibration before imaging, since a non-flat image prevents
only when the incisor bar is lowered to 3.3+0.4mm in precise definition of the local neuronal activation when
the horizontal direction. It is important to apply this referring to an atlas. Since the rat brain is small, a small
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Fig. 4. (a) Images from MRI and the rat brain atlas were registered by scaling and shifting operations; (b) event-related signals superimposed on the image
in (a) and the corresponding TAC; (c) microPET data co-registered with image in (a); (d) incidence images calculated by averaging the correlation
coefficient maps of several subjects during simulation. Each correlation map was normalized to the domain of the rat brain atlas before averaging;
(e) FP and CSD maps of the area in the ventral posterolateral thalamic nucleus that responded to stimulation of the left hindpaw.

error in elevation in the registration process can cause
major discrepancies. Thus, precise positioning of rat head
is crucial to obtaining consistent spatial alignment in
different measurement modalities.

As mentioned above, the dimensions of the stereotaxic
apparatus were designed to produce images identical to those
in the Paxinos and Watson rat brain atlas. Since the spatial
location of the head restrainer was identical to that in the
stereotaxic frame from David Kopf Instruments, the accuracy
was also the same. A similar study has used an identical
spatial system with a pair of sharp or blunt ear bars to
reposition animals in serial microPET imaging protocols [17].
Since high reproducibility was reported for that spatial system,
we did not perform an accuracy test in the present study.

We used spatial shifting and bicubic interpolation as the
scaling method to register data obtained from the three
measurement modalities. Bicubic interpolation is one of the
most widely used scaling techniques, and is commonly used
to scale lesions in MR images [18]. In order to minimize
interindividual bias, all registrations and analyses were
performed by a single person in this study. Although
manual registration is not an ideal method, Fig. 4a
indicates that it is sufficiently accurate.

Unlike manual ROI techniques, our novel automatic
atlas-based ROI selection accurately measures the regional
radioactivity, and provides high-spatial-resolution MRI
images and high-temporal-resolution FP signals. This
resolves the disadvantage of each recording method by
combining their results in a systematic manner. Each
subject was precisely registered to the rat brain atlas, and

our data demonstrated the efficacy of combining ISPMER
with atlas-based normalization.
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