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FiG. 4. Profiles of measured and fitted data. Top: HRRT before (left) and
after (right) scanner setup. Mid: HR in 2D (left) and 3D (right) acquisition
mode. Bottom: MicroPET (left) and Allegro (right). Due to the normaliza-
tion process vertical units are arbitrary.

oblique planes (also called segment 1 and higher) were dis-
regarded, effectively resulting in a 2D sinogram.

For the HRRT, SF-Daily was measured using a 8Ge
phantom (diameter of 20 cm, length of 27 cm, 20 MBq),
routinely used for daily QC purposes. Sensitivity of SF-
NEMA to small changes in SF was investigated by measur-
ing SF of the HRRT just before and after performing a setup
process (i.e., tuning of gain and other settings in order to
maximize performance), as this setup process will decrease
SF due to optimized energy calibration. SF was measured for
the whole gantry and plane by plane. To assess effects of
noise, SF-Daily for the whole gantry was measured using
acquisition times of 15, 2, and 1 min.

For the Allegro, SF was determined for different lower
energy threshold settings (260, 310, 360, and 410 keV) and
an upper level discriminator set to 665 keV in order to in-
vestigate the correlation between both SF methods. For this a
20 cm diameter, 20 cm length cylinder filled with 20 MBq
18F was used. As no mini-scatter-phantom was available for
the microPET Focus 120, only SE-Daily was measured using
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TaBLE II. Comparison of SF-NEMA and SF-Daily.

SF-NEMA SF-Daily
Scanner (%) (%)
HRRT before setup 63 63
HRRT after setup 50 51
HRRT 15 min 50 51
HRRT 2 min 50 50
HRRT 1 min 50 50
HR 2D 14 13
HR 3D 38 33
MicroPET 45mm diameter cylinder 27° 23
Allegro 36 34

"The SF-NEMA was determined for a 60 mm phantom (8).

a cylinder with an inner radius of 4.5 cm and a length of 10
cm, filled with 10 MBgq, and this measurement was compared
with published SE-NEMA values.”

lll. RESULTS

Sinogram profiles of the central axial plane and SF-Daily
curve fits of total response 7(r) according to Eq. (1) are
shown in Fig. 4 for all scanners. In addition, resulting pri-
mary P(r) and scattered events S(r) are shown. In all cases,
the analytical response function equation (1) could be fitted
to the data with high accuracy. Clearly, both shape and am-
plitude of the scatter distribution differ among scanners and
acquisition modes. The HRRT setup process resulted in a
lower SF and a more symmetric scatter distribution. Differ-
ences in scatter contribution between 2D and 3D modes are
clearly illustrated by the HR profiles. The HR in 3D mode
and the Allegro (measured using the lower level discrimina-
tor set at 410 keV) have similar profiles, indicating the im-
pact of scanner geometry. The shape of the fitted primaries of
the microPET deviates substantially from that of the other
scanners due to the much smaller size of the phantom used.
In general, SF measurement using SF-Daily were relatively
insensitive to changes in PSF. Typically, doubling PSF (e.g.,
from 5 to 10 mm) resulted in only a 10% change in SF-Daily.

Table II summarizes SF values as obtained with SF-Daily
and SF-NEMA. In addition, in case of the HRRT, SF values
for different noise levels are included. Plane-by-plane SF
values for the HRRT are shown in Fig. 5.
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FiG. 5. Plane-by-plane values of SF-NEMA and SF-Daily (fitted SF) for the
HRRT before (left) and after (right) setup.
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Fic. 6. SF-Daily and SF-NEMA values measured on the Allegro. Data
points with higher SF refer to measurements with lower threshold values
(260, 310, 360, and 410 keV).

Figure 6 shows SF values of the Philips Allegro for vary-
ing lower energy threshold settings. Both SF-NEMA and SF-
Daily increased slightly with decreasing threshold channel,
and a good correlation between both methods was found
(R?=0.96). Finally, Fig. 7 shows a Bland-Altman plot of the
combined results presented in Table 1I and Fig. 6.

IV. DISCUSSION AND CONCLUSION

Using a simple curve fitting method, SF-Daily values
were determined for different scanners and acquisition
modes and compared to SF-NEMA values. A difference be-
tween SF-Daily and SF-NEMA only existed for the HR in
3D mode and for the microPET. For the latter, however, SF-
Daily was measured using a cylinder with an inner diameter
of 4.5 cm, while published SF-NEMA data were obtained
with a cylinder of 6 cm diameter. The impact of noise was
negligible for the three acquisition times investigated. The
count rate in the HRRT scans was approximately 50 kcounts
per slice, resulting in more than 100 counts per bin in the 1
min profiles, apparently sufficient for an accurate fit. The
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FIG. 7. Blant-Altman plot of all SF data from all four scanners and scan
modes (data from Table 11).
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plane-by-plane comparison of SF-Daily and SF-NEMA
showed good agreement especially in the center of the FOV.
The slight deviation for the outer planes is probably due to
the slightly longer phantom used for SF-NEMA than for SF-
Daily.

In general, slight deviations in fitted and acquired profiles
could be seen, especially at the maxima of the response (Fig.
4). Most likely these deviations are due to the fact that the
thickness of the wall of the cylinder was not taken into ac-
count. Nevertheless, they have negligible effect on the result-
ing SF.

Similar to SF-NEMA, SF-Daily can be performed on ei-
ther only a subset of the total sinogram, e.g., only on nonob-
lique (direct) planes, or on all sinogram planes/segments via
a rebinning step.5 The latter requires slight adaption of Eq.
(1), as the primary response in oblique planes will be based
on an oblique cross section of the phantom (in case of a
cylinder this will become an ellipse) rather than a circle. In
this study SF values were only determined using direct (2D)
sinograms for both the SF-NEMA and SF-Daily methods.
For one scanner these sinograms were derived from data ac-
quired in both 2D mode (with septa) and 3D mode (without
septa) in order to test different levels of scatter and randoms.

Although the SF-Daily method does require that the phan-
tom is positioned in the center of the FOV, in practice it
proved to be insensitive to slight misplacements. The method
could, however, easily be extended with an algorithm to
align the sinogram, similar to the SF-NEMA requirement.

One limitation is that not all scanners use cylindrical
phantoms for daily QC purposes but rely on measurements
of small sources in air. Although this has the benefit of re-
quiring less activity, it gives the energy resolution at 511 keV
rather than the scatter fraction. Furthermore, use of a point
source in air also prohibits measurement of uniformity of
coincidence timing over a large area of the FOV.

It should be emphasized that SF-Daily fits a profile to all
projection data. This is in contrast to some scatter correction
methods'” that rely on fitting the tails of the scatter profile. In
the presented approach all data are used and that knowledge
about the primary response is included, making the method
robust and insensitive to noise.

In general, SF-Daily values obtained were in close agree-
ment with those derived using the NEMA protocol, making
the method sufficiently sensitive to detect small changes in
SE. Because the shape of the primary distribution is well
known, accurate fits of the sum of scatter and primary events
to the total profile can be achieved, without making prior
assumptions about the shape of the scatter distribution. Fur-
thermore no discontinuities in the estimated responses S(r)
were found. The method is also suitable for determining SF
values in case of “dirty” radionuclides (i.e., radionuclides
that emit gamma rays in addition to positrons),18 activity
outside the FOV, and phantoms with deviating dimensions,
as long as the exact dimensions are known.

In conclusion, as this method does not require measure-
ments with special phantoms, it can be used to accurately
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monitor SF using both arbitrarily sized cylindrical phantoms
and short acquisition times, making the method particularly
useful for daily QC purposes.
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Interior SPECT Reconstruction Problem with
Tiny a proiri Knowledge — An Application for
High Resolution Pinhole Brain Imaging

Qiu Huang, Tsutomu Zeniya, Hiroyuki Kudo, Hidehiro lida, and Grant T. Gullberg

Abstract— The quantitation of cerebral blood flow (CBF)
and cerebral vascular reactivity (CVR) are valuable in
diagnosing brain ischemia, and the quantitation of
benzodiazepine receptor density is important in evaluating
neuronal damage due to ischemic effects. To better
evaluate cerebral autoregulation, a high resolution brain
single photon emission computed tomography (SPECT) imager
is being built that provides an image of the entire brain for
support information in the reconstruction of the interior
problem from small field-of-view, truncated projections
for high resolution ROI imaging.

Kudo ef al. presented a unique and stable solution to the
interior problem in computed tomography (CT) given tiny a
proiri knowledge of the object. In this work we advance their
result to the interior reconstruction problem in SPECT where a
uniform attenuation map is assumed in brain imaging.

In the theory, differentiation followed by backprojection (DBP)
of truncated SPECT data is shown to obtain the truncated
weighted Hilbert transform. Then with a proiri information on a
small part of the region-of-interest (ROI), the other part of the
ROI is shown to be available using the projection onto convex sets
(PCOS) method. Simulations show that the algorithm provides
quantitative results for the reconstruction of the fan-beam
tomographic data. Iterative reconstruction of the pinhole data is
under investigation to verify the accuracy of the central slice and
to provide reasonable results for regions off the central slice.

Index Terms—interior problem, SPECT, uniform attenuation,
brain imaging.
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designing a high resolution single photon emission computed
tomography (SPECT) imager for obtaining high resolution
brain scans for various imaging diagnostic applications. The
camera consists of one large field of view detector imaging the
whole brain and multiple smaller field of view high resolution
detectors imaging small regions of the brain (see Fig. 1). The
large field of view detector provides images without truncation
that localize areas of particular diagnostic interest and provide
support information for the reconstruction of high resolution
regions of interest (ROIs) from high resolution truncated
projections obtained with the small field of view detectors.
The work presented in this paper develops an algorithm that
accurately reconstructs uniformly attenuated truncated
projections, which is an extension of the interior
reconstruction problem for the reconstruction of non
attenuated truncated projections.

Figure 1. Large field of view detector for imaging whole brain and
smaller field of view detectors for imaging ROIs.

_—

The Department of Investigative Radiology has been
involved in a large-scale multicenter clinical study aimed at
evaluating validity and impact of a quantitative SPECT
reconstruction package (QSPECT) [1] for multicenter clinical
studies. The quantitative SPECT reconstruction package
provides quantitative functional parametric images which are
consistent among different setup of equipments and
institutions. This allows the use of SPECT in a large scale
clinical evaluation for diagnosing brain autoregulatory
abnormalities. (A review of noninvasive diagnostic tests to
assess cerebral autoregulation can be found in [2].) Dynamic
SPECT scans are used to quantify cerebral blood flow (CBF)
and cerebral vascular reactivity (CVR) in a single session
using a split dose administration of 'I iodo-amphetamine
(IMP); one at rest and one during Diamox challenge [3].
Clinical data using QSPECT demonstrated that CBF at rest
and during Diamox was reproducible among institutions.
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Another important part of the multi-center trial is to evaluate
neuronal damage due to ischemia and to provide prognostic
value for surgical outcomes. Damage of benzodiazepine
receptors has been found in cases of patients with severe brain
ischemia [4]. Also, alterations of central benzodiazepine
receptors have been described in several neuropsychiatric
conditions, including epilepsy, Alzheimer’s disease,
Huntington’s  chorea and  schizophrenia.  Carbon-11-
flumazenil, a benzodiazepine antagonist, has been used as a
PET radiotracer for visualization and quantification of
benzodiazepine receptors in humans. Recently, an iodinated
analog of flumazenil, iomazenil has been introduced as a
SPECT radiotracer. SPECT imaging of iodine-123-iomazenil
(lomazenil) binding to benzodiazepine receptors in the brain is
being used to evaluate neuronal damage caused by ischemia
[4] and the prognosis prior to carotid endoarterectomy [5].
Kinetic model-based methods have been developed for SPECT
to quantitatively measure '“l-iomazenil binding to
benzodiazepine receptors in the human brain [6].

The Department of Investigative Radiology is developing a
camera that will perform high resolution imaging of local
ROIs in the brain to better address these imaging applications.
Imaging with a high resolution small field of view camera
provides truncated projections. The reconstruction of these
projections involves determining the solution to the interior
problem in local tomography. The interior problem in medical
imaging refers to the situation where the region-of-interest
(ROI) is totally contained within the object. For instance, in
SPECT, the interior problem happens when the projections
passing through the region outside the ROI are truncated due
to a small field-of-view detector or a short detector-to-object
distance in the case of converging collimation. The interior
problem has been studied for some time [7]. Recently, Kudo et
al. [8] proved that the solution is unique and stable in
computed tomography (CT) if a small region in the ROI is
known a proiri. In this paper this result is extended to the
SPECT interior reconstruction problem.

Both in the work of Kudo ef al. and in the work presented in
this paper, the theory for the solution to the interior problem is
based on the differentiation backprojection (DBP) method.
The concept of DBP was first developed in parallel beam [9]
and cone-beam [10] geometry in CT. The non interior
truncation problem was solved for CT in {11], [12], [13], [14],
[15]. Similar works in SPECT can be found in [16], [17], [18],
[19], [20], where uniform attenuation was assumed. In SPECT
the assumption of uniform attenuation is reasonable for some
applications such as in brain imaging [21]. The result of the
work in this paper shows that, with a proiri information of the
ROI, the brain image can be reconstructed even when the
imaging geometry forms an interior problem. It is expected
that this result is useful in the reconstruction of pinhole data,
where a pinhole collimator is attached to the small field-of-
view cameras for imaging the brain. The pinhole collimator
provides a small field-of-view (FOV) with high sensitivity and
high resolution when located close to the object.

The paper is organized as follows: Section II shows that the
differentiated backprojection (DBP) of fan-beam data is

related to the distribution of the radioactive tracer in SPECT
through a truncated weighted Hilbert transform. Then a unique
inversion is shown to exist for the truncated weighted Hilbert
transform given a small region of ROI is known a proiri. The
results of numerical simulations are presented in Section III
where the theory is shown to give a measure of confidence for
the quantitative accuracy of the fan-beam reconstruction
problem and the conclusion is given in Section I'V.

II. METHOD

The method in this work is illustrated by showing that the
differentiated backprojection (DBP) of fan-beam data is
related to the distribution of the radioactive tracer in SPECT
through a truncated weighted Hilbert transform and the
truncated weighted Hilbert transform can be inverted given
some prior information.

A. DBP operation for fan-beam data
For a transaxial slice, let f(x, y) represent the distribution

of the radiopharmaceutical in body tissues, which is assumed
to be a smooth and compactly supported function of R?. The
SPECT image reconstruction estimates f(x,y) from the
We F=(x,y)
D:{(x,y)eR2 :ox? +y2 <1}. We assume f(x,»)=0
outside of D and the attenuation y of the body tissues is
uniform inside D. A ftypical fan-beam data acquisition

geometry with a circular focal-point trajectory is shown in Fig.
2, where each projection ray is represented by (f,0). One

detected photon counts. denote and

particular projection ray is shown emanating from the focal
point § for the angle # with the ray angle o .

In this paper, the fan-beam uniformly attenuated projection
of the function f(x,y) is defined as

(D, f1(p,0)= Tf(S +a(f,0))e"dr, (M

where‘Dﬂ f is the projection operator for the uniformly

attenuated fan-beam projection data, oce{-o,,0 and

m> ml>

@(f,c) is a unit vector in R” representing the direction from

the focal point to the collimation hole, as shown in Fig. 2.
Here, o,, €(0,7/2) denotes the maximum angle subtended

m
by the fan-beam. Let R be the radius of the circular focal point
trajectory. We can modify the fan-beam data to obtain:

2(B,0)=e D gy @

Define
s=Rsino,

O=c+p

o(r,p,0) = arcsin % = arcsin reos(9-9) .
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Focal Pount §

Projection ray

Circular fan-focal paint trajectory

Figure 2. A typical fan-beam acquisition geometry.

We denote 6 = (cosd,sin ) and 6% = (~sin 6, cos §) and
construct an image:

V(639

70" i i
B _l /!'/[2 é [(ao_ ﬂ)g](g O’(} ®, 8) O'(l ®, 0))‘7’9 (3)
2 A Rcosa(r,p,0) '

This image was proved to be related to the original distribution
of radiopharmaceutical as [17]:

P D cosh(ur) f(x—1,y
f(x’y): J MC{T
o nT
Equation (3) involves the operations of derivative and

backprojection for the modified attenuated projection in fan-
beam geometry and can be readily obtained from fan-beam

“)

measurements. Equation (4) shows that the image f (x,y) is an
image obtained by convolving the true image with a one-
dimensional (1D) kernel cosh(z#)/(7t) multiplied by some
factor, thus the image reconstruction is accomplished by
inverting the convolution corresponding to a truncated
weighted Hilbert transform.

B. Inversion of Truncated Hilbert Transform

Denote the left hand side of (4) by g(f)and the distribution
of activity by f(¢). The reconstruction is to solve the
following integral equation:

2(0) :_Ilcosh(u:[)f(t T)
As shown in Fig. 3, the function f(f)has a support in -7<¢<I.
There is no loss of generality since shifting and scaling can
always transform any support interval to (-/,1).

If g(?)is known for -/<¢<1, the equation can be solved as in
[19] and [17]. Unfortunately, for some geometries the function
g(?) is only available on a small interval -/<a<t<d<I. Then
the algorithms in [19] and [17] do not guarantee a stable
inversion. However, based on the work by Kudo etal [8], we

i Jit) known a priori
14 5 b c g 1
|  g(t) available |
! | |
——— Supportof f{t} —

Figure 3. Illustration of intervals.

found if the value of f(f) in the interval a<b<t<c<d is

assumed to be known, then the inversion is available in (4,d).
The reconstruction problem becomes:

g = IM (l<a<t<d<l),
= T
subject to  f(6)= fP ) for (a<b<t<c<d).

According to [17], we know the inversion can be obtained by
constructing a new function from g(7):

} gs) V-7
llt(s t),“ 5%

In this case, this function can be broken into two terms:

() +hy(t), where
g(s) Wl- 2
_’)\/l s
mo=| | +J ) ¢
! a(s— r)ﬂ

The first term /(f) is available from the truncated weighted
Hilbert transform g(f) for a<t<d, while the second term /,(f)

remains unknown.
Since the function f(f) is known for b<t<c, the second

hl(‘)—f

term in this interval can be represented as

no=[c+®)r”lO-ne  for
Here, the operator @ is the same as in [17] and / indicates the
unity operator.

According to the continuity property of analytical functions,
the function /,(f)can be analytically continued from the

te(b,c).

known interval (b, ¢) on the real axis to the larger interval (a,
d) on the real axis. Since both /() and /(f) are uniquely
determined for 7 €(a,d), function f(f) is uniquely determined
for te(a,d). Then the projection onto convex sets (PCOS)

method [22] was used to solve the integral equation in (5).
Numerical results will be shown in the next section.

III. NUMERICAL RESULTS

In the fan-beam SPECT simulation study, the object image
is chosen to be the modified Shepp-Logan phantom shown in
Fig. 4. Uniform attenuation coefficient u=0.15cm™ was
chosen to generate the truncated attenuated fan-beam data.
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< —

108cm

Figure 4 Digital phantom for fan-beam SPECT computer simulation.
The square boxes in the right image indicate two regions-of-interest
(ROIs).

In the reconstruction, first, differentiation followed by
backprojection of truncated SPECT data was obtained. Then
assuming the activity within a small part of the region-of-
interest is known, the other part of the ROI was estimated
using the PCOS method. The reconstructed image is shown in
Fig. 5.

Figure 5: The reconstructed image for fan-beam geometry. The box
indicates the region where the distribution is known a priori.

IV. CONCLUSION

This paper extended the work in [8] to SPECT imaging
where uniform attenuation map is assumed. The interior
problem was shown to be solvable given tiny a priori
information. Reconstructions from simulated fan-beam data
verify the theory.

The investigation of a pinhole system is presently
undergoing. In the pinhole simulation, regularized maximum a
posteriori (MAP) algorithm is used to reconstruct the
simulated pinhole data. A low resolution reconstruction of the
parallel beam collimated data is used as prior information.
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Abstract- We designed a concept of high resolution and
quantitative SPECT for imaging a selected small region-of-
interest (ROI) of human brain. This system is aimed at achieving
high resolution less than 1 mm and being applied for imaging
neurons and evaluating drug delivery system. Pinhole or cone-
beam collimators are useful for high-resolution imaging of small
ROI. However, when the ROI is smaller than the object, the
projection data are truncated by radioisotope outside ROL In the
reconstructed image, the truncation causes the artifact and the
overestimation of voxel value, which deceases quantitative
accuracy of physiological functions. We are introducing the new
truncation compensated 3D-OSEM (TC-3DOSEM)
reconstruction method. The truncated data can be successfully
reconstructed within ROI by fulfilling the condition that ROI
contains a priori knowledge. In addition to small field-of-view
(FOV) detector, we are introducing the parallel-hole collimator
attached large FOV detector covering the entire brain, to acquire
the nen-truncated data and provide the priori knowledge in small
ROI, even if the resolution of the detector is low. For imaging
with high resolution, we are using LaBr;(Ce) scintilator with
optically coupled to position-sensitive photomultiplier tube
(H8500, Hamamatsu, Japan) as the detector. And also, for proof
of our concept, we performed preliminary experiment using
pinhole SPECT and brain phantom. The reconstruction ROI
contained the region outside the brain, that is, zero count as the
priori knowledge. The truncated data were reconstructed by TC-
3DOSEM. The reconstructed image without artifact and
overestimation was obtained with high resolution. This
preliminary experiment suggested feasibility of high resolution
and quantitative SPECT for imaging a selected small ROI of
human brain.
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I. INTRODUCTION

W e designed a concept of high resolution and quantitative
SPECT for imaging a selected small region-of-interest
(ROI) of human brain. This system is aimed at achieving high
resolution less than 1 mm and being applied for imaging
neurons and evaluating drug delivery system. Also, for proof
of our concept, we carried out preliminary experiment using
pinhole SPECT and brain phantom.

II. CONCEPTUAL DESIGN

Pinhole or cone-beam collimators are useful for high-
resolution imaging of small ROIL. However, as shown in Fig. 1,
when the reconstruction ROI is smaller than the object like
human brain, the projection data are truncated by radioisotope
outside ROI. Because of this truncation, the voxel value of the
reconstructed image is overestimated. This hampers
quantitative assessment of physiological functions.

Recently, Kudo et al proposed reconstruction theory to
solve the interior problem in computed tomography (CT) [1].
We are applying it for pinhole and cone-beam SPECT. Let’s
explain how to realize with Fig. 2. According to Kudo’s
theory, the truncated data can be successfully reconstructed
within ROI by fulfilling the condition that ROI contains a
priori knowledge. In addition to small field-of-view (FOV)
detector for imaging with high resolution, we are introducing
the parallel-hole collimator attached large FOV detector
covering the entire brain to acquire the non-truncated data,
even if the resolution of the detector is low. As another
condition, the reconstruction matrix must be larger than the
object.

Figure 3 is a conceptual illustration of high resolution and
quantitative SPECT system for imaging a selected small ROI
of human brain. This system has two types of detectors. One is
pinhole or cone-beam collimator attached LaBr;(Ce)
scintillator with high intrinsic spatial resolution of
approximately 1 mm [2] for imaging a selected small ROI
with high resolution. The other is parallel-hole collimator
attached Nal(T1) scintillator with active area of 250 mm X 150
mm for acquiring the non-truncated data. Position-sensitive
photomultiplier tubes (H8500, Hamamatsu, Japan) are
optically coupled to both scintilators.
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Fig. 1. The artifact and overestimation on the reconstructed image due to
truncation.
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Fig. 3. Conceptual illustration of high resolution and quantitative SPECT
system for imaging a selected small ROI of human brain.

III. PRELIMINARY EXPERIMENT

For proof of our concept, we performed preliminary
experiment using pinhole SPECT and Hoffman brain phantom
[3]. The reconstruction ROI contained the region outside the
brain, that is, almost zero count as the priori knowledge [4].

Figure 4 shows the experimental setup. We scanned a part
of Hoffman brain phantom using the rotating stage and 1-mm
pinhole collimator fitted to clinical SPECT gamma camera
(GCA7200A, Toshiba, Japan). As for the scan parameters, the
phantom was filled with Tc-99m of 1,480 MBq and scanned
for 2 hours, the radius of rotation was 95mm, the imaging
FOV was 95 mm, and the rotation angle was 180 degrees. This
radius of rotation is that collimator doesn’t hit again the
phantom in case of circular orbit and 180 degrees rotation.
And also, we scanned same phantom using parallel collimator
to compare in terms of spatial resolution.

Fig. 4. Experimental setup for scanning Hoffman brain phantom by
pinhole SPECT.

Figure 5 shows results of human brain phantom study. In
case of clinical SPECT with parallel collimator, the resolution
of the reconstructed image was low. In case of pinhole
collimator and conventional 3DOSEM, the resolution was
high, but the artifact appeared at the edge of ROI and the
voxel counts were overestimated. On the other hand,
combination of pinhole collimator and TC-3DOSEM provide
high resolution image and eliminated the artifact and the
overestimation. In this experimental geometry using pinhole
collimator, theoretical resolution was approximately 2 mm.

Phantombitmap  Clinical SPECT Pinhole SPECT, Pinhole SPECT,
(Parallel collimator Small Recon. Large recon. matrix
+2D FBP) Matrix (3DOSEM)  (TG-3DOSEM)

AN~

/
FOV of pinhole
Resolution low high high (2mm FWHMI,
theoretically )
Quantitation good overestimation excellent

Fig. 5. Comparison of the reconstructed image from preliminary
experiment using brain phantom.

IV. CONCLUSION

The truncated data were reconstructed by truncation . . )
compensated 3D-OSEM  (TC-3DOSEM)  reconstruction We have designed the concept of high resolution and
method for pinhole SPECT [5] quantitative SPECT for imaging a selected small ROI of
' human brain. And also, the preliminary experiment suggested
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feasibility of high resolution and quantitative SPECT for
human brain.
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Abstract:

In the development of small-caliber vascular grafts (diameter; less than 3 mm),

animal implantation studies have been mostly performed by using rat abdominal aortas, and
their certain patency must evaluate with sacrificing every observation periods, which is both
labor-intensive and time-consuming when performing a large number of experiments. This
study is the first to demonstrate the application of 3-Tesla contrast-free time-of-flight magnetic
resonance angiography (TOF-MRA) in the continuous assessment of the status of a tissue-
engineered vascular graft in rat. As a model graft, a single connective tubular tissue (diameter;
1.5 mm), prepared by embedding the silicone rod (diameter; 1.5 mm) into a subcutaneous pouch
of a rat for 2 weeks an in vivo tissue-engineering, was used. The graft was implanted in the
abdominal aorta (diameter; 1.3 mm) of the rat by end-to-end anastomosis. Repeated TOF-MRA
imaging of the graft obtained over a 3-month follow-up period after implantation made it
possible to evaluate the patency of the graft, both simply and noninvasively. It also permitted
visualization of the connected abdominal aorta and renal and common iliac arteries having
smaller caliber (diameter; less than 1 mm). In addition, the degree of the stenosis or aneurysm
could also be detected. 3-Tesla MRA allowed the simplified and noninvasive assessment of the
status on the vascular graft, including the formation of a stenosis or aneurysm, in the same rat at
different times, which will be contributing to enhance the development of tissue-engineered
vascular grafts even with small caliber. © 2009 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl
Biomater 92B: 156-160, 2010

Keywords: small-caliber vascular grafts; magnetic resonance angiography; animal implan-
tation; biotube; tissue engineering

INTRODUCTION

Small-caliber arterial substitutes are needed for cardiac and
peripheral revascularization procedures. For such small
artery bypass grafting procedures, autologous arterial (e.g.,
internal thoracic artery and radial artery) or venous (e.g.,
saphenous vein) grafts still remain the most ideal vascular
substitutes."” However, many patients do not have a vessel
suitable for use owing to the poor quality, inadequate size or
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length, or previous harvest of such vessels. Moreover, a
second surgical procedure is required to initially obtain the
necessary vessel. Vascular prostheses, such as expanded
polytetrafluoroethylene (ePTFE) and poly (ethylene tereph-
thalate) (Dacron) grafts, have been used clinically for recon-
structing arteries.® However, small-caliber (<6 mm) arterial
substitutes have generally proved inadequate largely because
of the formation of thromboses and intimal hyperplasia.*>
Many design criteria have been proposed for the develop-
ment of functional small-caliber arterial replacement
grafts.> ' All most of all artificial vascular grafts (inner
diameter, 1.5-3.0 mm) have been employed for transplantation
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to rat abdominal aortas as an in vivo model.®™® Graft patency
has been evaluated during the follow-up period by angiogra-
phy® or by direct inspection at the time of removal for histo-
logical evaluation.®” However, angiography requires
cannulation of the carotid artery,® and a midline laparotomy
is needed for direct inspection.f"7 As a consequence, these
methods are complex and invasive. Therefore, it is difficult
to evaluate graft patency repeatedly in the same rat.
Although, graft patency has also been evaluated by palpating
the femoral pulse,” this method is subjective and uncertain.

The current imaging systems, including fluorescence
antibody method, single photon emission computed tomog-
raphy (SPECT),'? laser doppler system,13 or high-resolution
ultrasound'? for blood flow imaging in addition to magnetic
resonance angiography (MRA), are powerful tool in tissue
engineering field. However, it is considered that no imaging
systems except for MRA fit for evaluation of the status of
implanted small-caliber vascular grafts.

In clinical practice, MRI has been used as a noninvasive
evaluation method for the assessment of brain blood vessels
and peripheral arteries and also been widely used in preclini-
cal research on experimental small rodents.'>"® The studies
have typically been aimed at understanding the patho-physi-
ological status and evaluating the efficacy/side effects of
newly developed treatments, such as pharmaceutical and
regenerative medicine.

Our purpose in this study was to evaluate the status of a tis-
sue-engineered vascular graft with inner diameter of 1.5 mm,
clinically, repeatedly, and noninvasively in a rat implantation
model. To this end, 3-Tesla contrast-free time-of-flight mag-
netic resonance angiography (TOF-MRA) was applied.

MATERIALS AND METHODS

Preparation and Implantation of the Connective
Tubular Tissue

All animal experiments were conducted in accordance
with local regulations, complying with the Principles of
Laboratory Animal Care (formulated by the National Soci-
ety for Medical Research) and the Guide for the Care and
Use of Laboratory Animals (NIH Publication No. 86-23,
revised 1985). The research protocol (No. 8050) was
approved by the ethics committee of the National Cardio-
vascular Center Research Institute.

The connective tubular tissue was prepared by in vivo
tissue engineering according to the previous reported
method.” Briefly, a silicone rod (diameter, 1.5 mm; length,
10 mm; Tigers Polymer, Osaka, Japan) was used as a
mold. One adult female Wistar rat (weight; 300 g) was
anesthetized with 1.5% isoflurane (vol/vol air). The mold
was placed in a dorsal subcutaneous pouch, and after 2
weeks, the implant was removed. The tubular tissue was
obtained from the implant after trimming the peripheral tis-
sues and pulling out the rod. The tube thus obtained was
treated by coating with Argatroban (1 mg/graft; Mitsubishi
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Figure 1. Experimental setup in MR imaging on a human whole-
body 3T-MR scanner (GE Healthcare) (A). The coil was placed at the
center of the gantry and its turn axis had perpendicular alignment to
the static magnetic field (B). Rat’s abdomen was positioned inside
the coil along the craniocaudal direction. [Color figure can be
viewed in the online issue, which is available at www.interscience.
wiley.com.]

Chemical Co., Tokyo, Japan) to make it antithrombogenic.
It was then implanted to the infrarenal abdominal aorta of
the same rat using an end-to-end anastomosis under micro-
scopic guidance and sutured using 12 interrupted 10-0
nylon stitches [Figure 1(A)]. Patency was examined at the
time of surgery by direct inspection. The wound was closed
with 4-0 silk sutures. Thereafter, the rat had free access to
standard food and water. Graft status was evaluated at 2,
36, and 78 days after transplantation by contrast-free TOF-
MRA under anesthesia induced by an intramuscular injec-
tion of pentobarbital (40 mg/kg).

MR Data Acqusition

A human whole-body 3-Tesla magnetic resonance imaging
(MRI) scanner (Signa, GE Healthcare, Milwaukee, WI)
was employed in this study (Figure 1). The gradient coil
system was capable of providing a maximum gradient am-
plitude of 40 mT/m. All sequence programs employed in
this study were designed for clinical studies. A developed
single-turn surface coil of 62 mm diameter was used for
MR imaging [Figure 1(B)]. Contrast-free TOF-MRA was
performed using a three-dimensional flow-compensated fast
spoiled gradient recalled (3D-FSPGR) sequence [repetition
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Figure 2. (A) The tubular connective tissue vascular graft (diameter;
1.5 mm) after autoimplantation in the rat infrarenal abdominal aorta
(diameter; 1.3 mm) performed by end-to-end anastomosis under
microscopic guidance using 12 interrupted stitches of 10-0 nylon
suture. (B) The tubular connective tissue formed an aneurysm (max
diameter; 3.0 mm) at 78 days after autoimplantation. White arrows
indicate the proximal and distal anastomosis regions. Black arrow
indicates the aneurysm. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

time (TR) = 21 ms, echo time (TE) = 5.4 ms (out of
phase), flip angle (FA) = 15° slice thickness = 0.4 mm,
field of view (FOV) = 80 mm X 60 mm, matrix = 288 X
192, locs per slab = 128, the number of excitations (NEX)
= 1, scanning time = 5 min 58 s]. For suppressing venous
signals, a region of 40-mm thickness on the caudal side of
the measured slab was saturated. The measured voxel size
in TOF-MRA was 0.278 X 0.291 X 0.400 mm. The image
reconstruction was zero-filled to a matrix size of 512 X
512 and the voxel size was 0.156 X 0.156 X 0.400 mm.
MR angiograms were analyzed by generating the partial
maximum intensity projection (pMIP) with a commercial
software package (AZE, Tokyo, Japan). Our previous
report on TOF-MRA was shown detail in rat.'?

RESULTS

The tubular connective tissue with a diameter of 1.5 mm
was autoimplanted successfully into the 1.3 mm diameter
abdominal aorta of the rat by end-to-end anastomosis
[Figure 2(A)]. After suturing with 12 interrupted stitches,
there was little bleeding from either of the sites of anasto-
mosis, indicated by the arrows in Figure 2(A). The patency
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of the graft was recognized directly by the satisfactory pul-
sation at the graft and distal side of the aorta.

3-Tesla contrast-free TOF-MRA of the rat was per-
formed at 2 days after implantation [Figure 3(A)] to evalu-
ate the status of the graft. The measurement time was
~6 min and no contrast medium was needed. The MRA
distinctly visualized the patent graft connected to the ab-
dominal aorta together with renal arteries and common iliac
arteries of 0.7 and 0.8 mm diameter, respectively. Spatial
resolution in the MRA was less than several hundred
microns. A mechanical stenotic lesion, which may have
been due to the anastomosis, was observed in both anasto-
mosis regions. At 36 days after implantation, little stenosis
and no aneurismal dilation of the graft were observed
[Figure 3(B)]. At 78 days after implantation, the maximum
diameter of the aneurysm formed at the graft was 3.0 mm
[Figure 3(C)]. The shape of the aneurysm was very close
to that observed macroscopically [Figure 2(B)]. Therefore,
the status of the graft could be precisely determined,
repeatedly, and noninvasively.

DISCUSSION

This study is the first to demonstrate the application of
MRA to the evaluation of the status of a small-caliber arti-

Figure 3. 3-Tesla contrast-free TOF-MRA images of the rat abdomi-
nal aorta at 2 (A), 36 (B), and 78 (C) days after autoimplantation of
the biotube vascular graft. White arrows indicate the proximal and
distal anastomosis regions of the abdominal aorta. A stenotic lesion
was visible in the anastomosis regions at 2 days. An aneurysm for-
mation in the graft was visible at 78 days (black arrow indicates the
aneurysm).
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