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of the field-of-view (FOV). PET scanning was performed
in 2-D mode. Following a 10-min transmission scan using a
rotating external %8Ge-3Ga rod source, 18F-solution of
approximately 37 MBq was inserted into the grey matter
compartment of the phantom. PET scan was carried out for
10 min. Images were reconstructed using a standard Fil-
tered-Back Projection (FBP) using a Hunning Filter, with
standard correction procedures for random, detector nor-
malization, attenuation, and scatter. Eight-millimetre post-
filter also applied.

Data analysis

X-ray CT and SPECT images were registered to the digital
design images of the phantom. The agreement with the
X-ray CT images was visually analyzed for all five phan-
toms, particularly the agreement of fine structures of the
cortex regions, the presence of residual resin materials in
grey matter and bone compartments, and smoothness of the
inner phantom surface or local distortion. It was also
analyzed whether air bubbles were left in the grey matter or
bone compartments on for the experiments filling both
compartments with liquid.

Digital design images for the grey matter were extracted
and were smoothed using a 3-dimensional Gaussian filter
so as to match the spatial resolution of each of SPECT and
PET images. The agreement between the SPECT and PET
images acquired with the *™Tc and '*’, and '®F solutions;
the digital design images were visually evaluated.

Three ROIs were placed on the attenuation coefficient
images obtained from the **™Tc rod source-based trans-
mission scan, namely the brain region, skull region, and
whole head contour as carried out in our earlier study on
young healthy volunteers [2, 15, 16]. The averaged atten-
uation coefficient values were obtained for each of these
three ROIs and were compared with the values obtained for
the young healthy subjects.

All data are presented as the mean & 1 SD. Student’s
t test was used to evaluate the difference, and p < 0.05 was
considered statistically significant.

Results

The results from the phantom assessment are summarized
in Table 1. The volume of the skull component was
306.0 & 1.9 mL, which was consistent with the expected
volume of this component calculated as a summation of the
surface area at each slice times the slice interval
(305.6 mL)). However, the grey matter volume was
562.2 £ 0.9 ml, which is 11.6 mL (2.1 %) greater than
the estimated value of 550.6 mL. The phantom height was
2127 £ 0.1 mm, and the weight of the phantom, exclud-
ing the internal liquid, was 1996.8 + 1.9 g. It is important
to note that once the phantom was filled with water, the
weight becomes heavier than the original weight. It
required more than a day to remove water inside the
compartments so that the weight becomes closer to the
original value <5 g.

Figure 3a, b shows example X-ray CT images of a
phantom without and with filling liquid into the compart-
ments, respectively. Both images were aligned and
re-sliced to match to the digital design images shown in
Fig. 2. Note that X-ray CT images demonstrated a high
contrast in the bone area due to K,HPO, solution, and
slightly reduced contrast in the grey matter area compared
to the polymer resin areas. The visual analysis showed no
particular distortion of the fine structure or resin materials
remaining inside the compartments, as were also in other 4
phantoms. It was also confirmed that there were no
apparent differences among the five phantoms on the X-ray
CT images. No air bubbles were visible in either
component.

The results of the attenuation coefficient values mea-
sured by the transmission scan using a SPECT camera are
summarized in Table 2, along with values observed in
healthy young volunteers in a previous study using the
same procedures [2]. The attenuation values observed were
0.168 & 0.006, 0.161 % 0.006 and 0.206 = 0.008 cm™*,
corresponding to the value averaged over the whole head
contour at the slice indicating the maximum cross section,
the cortical grey matter region and the skull (bone) region,

Table 1 Physical assessment of five pieces of the 3-dimensional brain phantom. The volume of the bone space essentially agreed with the
designed parameter, but the grey matter region had a significantly greater value by 11.6 mL (2.1 %)

#Phantom Grey vol (mL) Bone vol (mL) Weight (g) Height (mm)
1 1 564 303 1999 212.80
1 2 562 307 1996 212.80
2 3 563 308 1994 212.62
2 4 562 306 1998 212.69
2 5 562 306 1997 212.67
Mean £ SD 562.6 + 0.9 306.0 £ 1.9 1996.8 + 1.9 2127 £ 0.1
Ideal value 550.6 mL 305.6 mL
@ Springer
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(a)

0.1

Fig. 3 a X-ray CT image of the developed phantom, which does not
contain water or bone-equivalent liquid inside the phantom. Note that
the images are converted to attenuation u value with a peak value of 0.10
(cm™Y). The images are aligned to the digital design shown in Fig. 2. No
remaining materials or irregular surface are seen inside the grey matter
or bone compartments of the phantom. b X-ray CT images of a phantom

respectively. These values were similar to those from the
healthy volunteers determined by the same criteria in our
earlier study, which were 0.166 + 0.01, 0.155 £ 0.007
and 0.197 & 0010 cm™", respectively.

Figure 4 shows simulated images of the phantom, which
represent only the grey matter component, without and
with a 3-dimensional Gaussian filter that corresponded to
the spatial resolution of the reconstructed SPECT images.
Although homogeneous counts are assumed over the entire
grey matter regions, the smoothed images (16 mm FWHM)
represent inhomogeneous distribution. Figure 5 shows
reconstructed SPECT images of the phantom, in which the
grey matter component was filled with the *™Tc and I
solution, and the bone compartment was filled with the
K,HPO, liquid. The images, reconstructed using the
QSPECT software including the attenuation, scatter cor-
rection using the attenuation coefficient images generated
by means of the edge detection on the SPECT image,
demonstrated reasonable agreement with the simulated
images shown in Fig. 4 for both *™Tc and '*’I. Detailed
structure is identical including the left-right asymmetrical
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that contains water in the grey matter region, and a K,HPOy, solution in
the bone compartment. Note that the images are converted to
attenuation y value with a peak value of 0.20 (cm™"). The images are
aligned to the digital design of Fig. 2. There are no air bubbles
remaining in the phantom

distribution as follows; the counts in the occipital lob
region as indicated in (a) are attributed to the thicker
structure of the grey matter in this region, and the small
spots indicated by (a—d) arrows are attributed to the pres-
ence of the cortical fissure. Images were also similar
between the *™Tc and '*’I images.

Results from PET experiments are also compared with
the simulated digital images in Fig. 6. Images showed good
agreement with the digital design after smoothing with a
Gaussian filter of 9 mm FWHM.

Figure 7 demonstrates the effects of applying a different
magnitude of 3-dimensional Gaussian filter to the simu-
lated phantom images that contain radioactivity only in the
grey matter compartment. A greater amount of smoothing
filter resulted in a reduced high-to-low contrast of the
phantom images. Note that a particular part of the structure
vanishes, and other regions become a cluster, by increasing
the FWHM. It can be seen that relative contrasts in the
phantom images vary dependent on the magnitude of
3-dimensional smoothing factor, largely attributed to the
grey matter structure on the 3-dimensional domain.
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Fig. 3 continued

Table 2 Results of attenuation u values for the averaged brain,
cerebral region, and bone region that were obtained with the **™Tc-
based transmission assessment

4 values {em™)

Phantom Human
Averaged over head 0.168 £ 0.006 0.166 £ 0.010
Cerebral tissue 0.161 % 0.006 0.155 + 0.007
Bone 0.206 + 0.008 0.197 &+ 0010
Discussion

This study demonstrated that the photo-curable laser-
modelling technique, using the hydrophobic resin, can be
used to construct a 3-dimensional brain phantom contain-
ing a fine grey matter structure with a detailed head contour
and skull-equivalent and trachea components. With careful
attention during the manufacturing process, the constructed
phantoms appeared to be reasonably reproducible and
agreed with the digital design within the accuracy of our
image-registration technique. The supporting structures in
the inner spaces, which have been the need in typical
manufacturing process, could have been well avoided,
providing smooth, non-distorted structure inside the grey-
matter and skull compartments. The optimized procedures,
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including the decreased manufacturing speed during the
laser-beam construction, pitch selection, and temperature,
appeared to be adequate to ensure the solidity and repro-
ducibility of the phantom.

As shown in Table 1, the variation in the volumes was
+0.2 % (or 0.9 mL) and +0.6 % (or 1.9 mL), corre-
sponding to the grey matter and skull regions, respectively.
The total weight and height were also reproducible with
variations of +0.1 % and =0.05 %, respectively. The
attenuation coefficients of the phantom (Table 2), which
were obtained using a *°™Tc-rod source transmission
measurement, were equivalent to those in healthy volun-
teers, which were assessed using the same experimental
procedures in our earlier study for the whole brain, the
cerebral tissue area, and the skull area [2]. This is because
the photo-curable material used in this study has a similar
attenuation coefficient and density (1.07 g/mL) compared
to those of the human brain. The X-ray CT images shown
in Fig. 3a, b demonstrated a good agreement with the
digital design of the phantom shown in Fig. 2. More
importantly, there were no residual resin materials on the
X-ray CT images, nor any irregular inner wall surface of
the phantom in the grey matter or bone compartments. The
photo-curable laser-modelling technique usually requires
supporting bridges (or pillar structures) when designing
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Digital data

Digital data smoothed with a Gaussian filter (16 mm FWHM)

Fig. 4 Digital design of the grey matter area of the phantom in the
original form (fop) and after a smoothing operation with a Gaussian
Filter of 16-mm full-width at half maximum (bottom), which
corresponds to the spatial resolution of the SPECT images shown in

structures in the horizontal direction. Our efforts of
choosing optimal manufacturing procedures including the
reduced speed, temperature and pitch, appeared to be fea-
sible in order to remove such a supporting structure, which
is essential in this 3-dimensional brain phantom. It is also
important to note that the air bubbles could be well
removed relatively easily from both the grey matter and
bone compartments due to the connectivity of the liquid
space.

In this phantom, we used a bone-equivalent solution of
K,HPO, as suggested in an earlier study [14]. This solution
is known to have similar photon absorption coefficient
values with bone or hydroxylapatite for a wide photon
energy range, e.g., from 60 to 600 keV. This enables the
applicability of this phantom even to the X-ray CT-based
attenuation correction assessment. Use of this phantom also
for PET acquisition with the energy of 511 keV is also
valid. It should be noted that K,HPO, is water soluble, and
the solution could be concentrated until absorption
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Fig. 7. Note that the digital design data are noted with unity and null
values, corresponding to the grey matter and other regions,
respectively

coefficient values become greater than that of the human
bone, while hydroxyapatite is not water-soluble. The
water-soluble attenuation material is advantageous.

Of the note is that the SPECT images of the 3-dimen-
sional brain phantom were consistent with the digital
design of the phantom for both *™Tc and 'ZI, after
applying a Gaussian filter that corresponded to the spatial
resolution of the reconstructed images. This is attributed to
the accurate reconstruction software (QSPECT) [2, 17],
including adequate attenuation- and scatter-correction
procedures, employed in this study [2, 17]. The identical
images between the 9mTe and 12’1 isotopes further suggest
the adequacy of the compensation procedures for penetra-
tion from high-energy photons emitted from the *I iso-
tope itself [2, 17]. PET images reconstructed with the
standard FBP procedures including the detector normali-
zation, random, attenuation, and scatter correction pro-
cesses were in a good agreement with the smoothed digital
design images.
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(a) Tc-99m

(b)1-123

Fig. 5 SPECT images of the phantom filled with a 99m e solution
(top) and 1 solution (bottom) in the grey matter compartment and a
K,HPO, solution in the bone compartment. Both images are aligned
to the digital design shown in Fig. 4. SPECT images of the phantom

This phantom may help evaluating the quality of
clinical PET and SPECT brain images assessed with a
variety of equipment installed at different institutions.
There are several error factors that may cause distortion
or irregular radioactivity distribution in the reconstructed
images, attributed to imperfect attenuation- or scatter-
correction procedures and/or other physical error sources.
Quantitatively assessing these factors are often important
in multicenter-clinical trials using existing SPECT and
PET devices. Recently, Joshi et al. [12] proposed to
assess the cross-consistency of PET images from different
institutions using the Hoffman 3-dimensional brain
phantom. The 3-dimensional brain phantom presented in
this article may be better suited for such purpose. Joshi
et al. [12] demonstrated that errors introduced by the
attenuation and scatter correction procedures are signifi-
cant and vary depending on the PET device. They also
demonstrated that these errors are very different for
human brain as compared with those for the Hoffman 3D
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filled with a *™Tc solution (top) and ***I solution (bottom) in the grey
matter compartment and a K,HPO, solution in the bone compartment.
Both images are aligned to the digital design shown in Fig. 4

brain phantom, because of the cylindrical shape of the
Hoffman brain phantom with no skull or neck in the
Hoffman 3D brain phantom. The phantom developed in
this study might be better suited for determination of the
attenuation and scatter correction errors for PET in mul-
ticentre studies. Further, advantage of the present phan-
tom could be in the usage of evaluating brain SPECT
images. Brain SPECT reconstruction often employs a
software-based head contour detection for generating an
attenuation coefficient distribution, as also done in
QSPECT software. The present phantom is suitable in
order to evaluate adequacy of the head-contour detection
algorithm. Additional error factor could be due to the
contribution of radioactivity outside of FOV. This might
be evaluated by placing additional radioactivity source
that simulates the clinical distribution for each radiotracer.
Further systematic studies would be needed in order to
confirm the real contribution in multicenter studies using
SPECT.
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Digital design data with Gauss Filter (9 mm FWHM)

Fig. 6 Digital design of the grey matter area of the phantom after a smoothing operation with a Gaussian Filter of 9-mm full-width at half
maximum (fop), and PET images of the phantom filled with a 'SF solution (bottom). PET images are aligned to the digital design shown on fop

The photo-curable polymer has been known to absorb  digital data are not necessarily identical to the actual
water into the polymer materials and thus could alter the  structure of the constructed phantom. However, the dif-
volumes. However, a recently developed water-repellent  ference was not clearly visible in the X-ray CT images
epoxy-resin (TSR-829) [13] seemed to be an appropriate ~ compared with the digital design. Intrinsic differences
material for the phantom, as there was minimal dilution of  should be present in the precise structure and volume of the
the water-liquid into the resin. The persistence of water in ~ constructed phantom, but the reproducibility of the phan-
the grey matter and bone compartments after removing the  tom is probably a more important issue. Further investi-
water-liquid is attributed to the surface tension of water.  gation is needed.

The total weight of the phantom could become the original One drawback of the present 3-dimensional brain
value when removing the water from the phantom, after =~ phantom compared to the Hoffman 3-dimensional phantom
1 day of dry. Although further careful investigations are  is that there is no structure corresponding to the white
needed, the results in the present study suggest that this  matter region. It is theoretically possible to insert small
phantom is an adequate tool to evaluate PET/SPECT image  structures in the white matter regions, but additional work
quality. will be required to establish a liquid flow in these regions.

A systematic discrepancy of 11.6 mL (approximately  In addition, air bubbles may be difficult to be removed,
2 %) was observed in the grey matter volume compared to  requiring further technical challenges.
the digital design. This could have occurred during the The reconstruction program used in this study was a
axial interpolation in the CAD procedures. Note that the = QSPECT program and was recently evaluated in a multi-
digital data are given as tomographic data at 3.6-mm  center study [17]. The study demonstrated the adequacy of
intervals, and a 3-dimensional interpolation was done to  quantitating cerebral blood flow images both at rest and
establish the slice-to-slice connectivity. Therefore, the after acetazolamide treatment in clinical institutions, but
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Fig. 7 Digital images of the grey matter region of the phantom with
various magnitudes of the 3-dimensional Gaussian filter. The
magnitude of the filter is given as full-width at half-maximum.

further evaluations of the physical accuracy and cross-
institutional consistency of reconstructed images are
required among the participating institutions. The present
3-dimensional brain phantom might be valuable for this
purpose, particularly when data are obtained with a variety
of clinical settings and equipment. These studies are highly
desired in the future.

A recent report also suggested the impact of utilizing the
SPECT device in multicenter clinical trials. This is based on
the physical features of the SPECT equipment, namely that the
magnitude of the two major sources of attenuation and scatter
errors is independent of the scanner in SPECT, unlike in PET.
Scatter and attenuation occur in the object and are thus object
dependent, but are not dependent on the geometry of the
imaging equipment [18]. Therefore, once a software program
is developed to provide accurate image reconstruction with
compensation for both attenuation and scatter, the program
should be able to provide quantitative images that are
intrinsically independent of the geometric design of the
SPECT cameras. This is an attractive feature of SPECT for
multicenter clinical studies. The present 3-dimensional brain
phantom would be valuable in order to verify this concept.
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Smoothing reduces the contrast, and the magnitude of modification
varies at different regions, depending on the structure

Conclusion

A 3-dimensional brain phantom containing the grey matter,
skull, and tracheal structures with a realistic head contour
has been developed using a laser-modelling technique
with a photo-curable polymer (transparent TSR0829; 1.07
g/mL). The high consistency with digital data and repro-
ducibility across constructions suggest that this phantom
can be used for multicenter evaluations of PET and SPECT
images.
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ABSTRACT

A semi-automated MR-guided technique has been evaluated for non-invasive estimation of cerebral
metabolic rate of oxygen (CMRO,) using the sequential administration of >0 oxygen (0,) and 150
carbon dioxide (CO,) during a single PET scan. Two mathematical models, which assess the arterial
input function (AIF) from time-activity curves (TAC) in the internal carotid artery region, were tested,
namely one with a simple correction for the recovery coefficient (RC) and another with corrections for
RC and spillover from surrounding tissues. RC was determined from MRA and black-blood image. RC
was also determined from C?30 blood volume images as a reference. RC agreed between MR-based and
C'>0-PET based methods, suggesting validity of MR-based methods. Area-under-the-curve (AUC) of the
early portion of estimated AIF agreed with that of measured AIF in both models. AUC of the delayed
phase of estimated AIF was largely overestimated in the first model, but was sufficiently improved by
the spillover correction implemented in the second model.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

PET study using "0 gases (}°0,, C1°0,, C*0, and H3>0) provides
absolute quantification of cerebral blood flow (CBF), cerebral meta-
bolic rate of oxygen (CMRO,), oxygen extraction fraction (OEF), and
cerebral blood volume (CBV). The continuous monitoring of the
arterial radioactivity concentration using a small detector is pre-
requisite, but has been considered non-practical for a clinical use
due to its invasiveness and the need for labor intensive work. Recent
advances in PET devices enable quantitative assessment of time-
activity curves (TAC) in the area of the internal carotid artery (ICA),
by which arterial input functions (AIF) may be replaced. However,
the small structure of the ICA causes systematic underestimation
due to small recovery coefficient (RC) and spillover (SP) from the
surrounding tissues [1]. Hybrid MR/PET has a potential providing
the PET-derive AIF with accurate and reliable corrections for RC and
SP using MR-based anatomical information.

Abbreviations: CBF, cerebral blood flow; CMRO,, cerebral metabolic rate of
oxygen; OEF, oxygen extraction fraction; CBV, cerebral blood volume; TAC,
time-activity curve; ICA, internal carotid artery; AlF, arterial input function; RC,
recovery coefficient; SP, spillover; VOI, volume-of-interest; DARG, dual-tracer
autoradiographic method; TOF-MRA, time-of-flight magnetic resonance
angiography; BB-FRFSE, black-blood fast recovery fast spin echo; AUC, area under
the curve

* Corresponding author. Tel.: +81 6 6833 5012x2559; fax: +81 6 6835 5429.

E-mail address: iida@ri.ncvc.go.jp (H. lida).

0168-9002/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.nima.2012.08.037
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This study was intended to develop a semi-automated techni-
que to derive AIF for a series of 1>0-PET scans using MR images.
Validity of the technique is tested in the series of PET scans
performed on healthy volunteers. The impact of RC and SP
corrections has also been evaluated.

Vessel

Volume of intravascular
lumen V, [ml]

Measured with MRA
or black-blood images

VOIV, [ml]
Activity concentrationin VOI C(t) [Ba/ml]

RC=V,/V,
AIF: C,(t) = V/V, XC(t)

Fig. 1. Mathematical model for AIF estimation with a simple correction for the
recovery coefficient (model-1).
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2. Method
2.1. Imaging protocol

Scans were carried out 9 times, on 7 healthy volunteers of 26+/
—10 years old. The scanner was mCT from Siemens enabling 3D PET
with adequate corrections for randoms, deadtime count loss,
attenuation and scatter. Special attention was made in the scatter
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correction process to take into account for the strong radioactivity in
gaseous form in the facemask. The scan protocol followed a recently
proposed rapid dual-tracer autoradiographic method (DARG) [2,3],
in which °0, and C'°0, gases were inhaled sequentially within a
4.5 min interval, during a single PET scan over 9 min. A continuous
arterial blood sampling was carried out, and AIF was assessed using
a coincidence block detector, with adequate correction for delay and
dispersion. Additional PET images were obtained with 'O carbon
monoxide (CO) inhalation to measure the RC of a volumes-of-
interest (VOI) on ICA. Images were reconstructed at 5 sec interval,
to which two VOIs were placed on the ICA region using semi-
automated software. MR images were separately acquired on each
volunteer with the sequence of 3D time-of-flight MR angiography
(TOF-MRA) and 3D black-blood fast recovery fast spin echo
(BB-FRFSE). The pixel size of the MR image was 0.6 x 0.8 x 1.0
mm?® for TOF-MRA and 0.4 x 0.4 x 2.0 mm? for BB-FRFSE.

Table 1
Comparison of AUC in the early phase of O, and CO, inhalation with a simple
correction for the recovery coefficient.

AUC ratio for 0, (0-60 sec) AUC ratio for CO, (0-60 sec)

VOI1
=R x +(1-R.)x Subject  TOF-MRA  BB-FRFSE  CO TOF-MRA  BB-FRFSE  CO
Cylt)= RyxCoft) + (1-Ry*Cy(1) 001-1 0.88 0.91 092 089 0.92 0.92
VoI2 002-1 1.15 1.22 121 112 1.18 121
003-1 1.41 1.14 113 129 1.05 1.13
= X _ X
CZ(t} Rz Ca(t) *+(1 RZ) Cf(t) 004-1 1.06 0.96 1.02 113 1.02 1.02
Cy(t), Cft) : Activity concentration in VOI 1 and 2 005-1 115 1.04 103 1.20 1.09 1.03
R. R.:RCinVOl1and2 006-1 1.17 1.11 1.07 122 1.16 1.07
let)? Radiod ctivit tration in arterial blood 006-2 132 125 122 133 1.26 1.22
ot/ : Radloactivity concentration in a ood 007-1 0.92 0.87 095 101 096 0.95
C,(t) : Radioactivity concentration in surrounding tissue 007-2 111 1.05 111 096 0.91 111
o . . Mean 1.13 1.06 107 113 1.06 1.07
Fig. 2. Mathematical model for AIF estimation with recovery coefficient and SD 0.17 0.13 0.11 0.15 012 0.11
spillover correction (model-2).
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Fig. 3. Image processing for the AIF estimation by using semi-automated software. The process includes co-registration of MRI and PET images, automated extraction
of ICA region, and calculation of AIF from dynamic PET images with RC and SP correction using two VOIs.
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Table 2
Comparison of AUC in delayed phase of O, and CO, inhalation with a simple
correction for the recovery coefficient.

AUC ratio for O, (60-120 sec) AUC ratio for CO, (60-120 sec)

Subject TOF-MRA  BB-FRFSE = CO TOF-MRA  BB-FRFSE  CO
001-1 1.63 1.69 1.67 210 2.18 1.67
002-1 1.65 1.75 1.69  2.58 2.73 1.69
003-1 2.50 2.03 195 333 27 1.95
004-1 1.72 1.56 157 253 2.29 1.57
005-1 1.67 1.51 141 212 1.92 1.41
006-1 1.72 1.63 147 199 1.89 1.47
006-2 174 1.65 152 190 1.8 1.52
007-1 1.40 1.33 131 166 1.57 1.31
007-2  1.35 1.28 1.29  1.68 1.59 1.29
Mean 1.71 1.60 1.54 221 2.07 154
SD 033 0.22 0.21 0.53 0.43 0.21
b
200000 - —
‘)/OIZ 180000 - Blood Sampling 007-1
o E— — Model

- Model-2

TOF-MRA

- VOIL
VOI2
o

Radioactive Concentration [Bq/mi]

0 1c0 200 300 a00

Fig. 4. a: Example of VOI setting fused on maximum projection images of TOF-MRA
and CO PET data. VOI 1 and 2 were shown as red and blue region, respectively.
b: Measured and estimated input functions in one subject. AlFs were estimated with
the mathematical model-1 and model-2.

2.2. Model-1 (only RC correction)

To correct for the underestimation of the input function from
ICA TAC, a mathematical model shown in Fig. 1 was applied to
determine AIF with a correction for RC. The RC, which was defined
as the volume of intravascular lumen-to-the volume of VOI ratio,
was calculated using TOF-MRA and BB-FRFSE anatomical images,
and was applied to ICA TAC to determine RC-corrected AlFs. RC
was also determined from the C'°0 blood volume image in PET,
and was applied to determine AIF.

2.3. Model-2 (RC and SP correction)

Correction for SP of radioactivity from surrounding tissues was
taken into account, in addition to the RC correction described in
the model-1. The mathematical model shown in Fig. 2 was used,
and AIF was determined for given RC values for each of 2 VOIs.
The process of image analysis for the AIF estimation using model-
2 is shown in Fig. 3.

3. Results

The results of area under the curve (AUC) ratio for the three
methods to determine RC for early portion (initial 60 sec) of 10,
and C'0, scans obtained using the model-1 are summarized in
Table 1. Similarly, the results for the delayed portion (60-120 sec)
are summarized in Table 2. AIFs determined from ICA were 2.5-4.0
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Table 3
Comparison of AUC in early phase of O, and CO, inhalation with RC and SP correction.

AUC ratio for O, (0-60 sec) AUC ratio for CO, (0-60 sec)

Subject Model-1 Model-2 Model-1 Model-2
001-1 0.94 0.65 1.07 0.84
002-1 1.43 1.25 1.45 1.20
003-1 148 0.96 1.46 0.99
004-1 1.18 1.00 1.29 0.91
005-1 1.29 0.89 1.27 0.98
006-1 1.28 1.20 1.32 1.20
006-2 1.44 1.18 1.47 1.21
007-1 1.02 1.04 1.08 1.07
007-2 1.07 1.09 0.93 0.97
Mean 1.24 1.03 1.26 1.04
SD 0.20 0.18 0.20 0.14
Table 4

Comparison of AUC in delayed phase of O, and CO, inhalation with RC and SP
correction.

AUC ratio for O, (60-120 sec) AUC ratio for CO, (60-120 sec)

Subject Model-1 Model-2 Model-1 Model-2
001-1 1.46 0.77 232 0.81
002-1 1.75 1.20 2.91 1.09
003-1 2.25 1.19 3.69 1.05
004-1 1.59 0.99 2.88 0.73
005-1 1.62 0.84 224 0.84
006-1 1.68 1.09 227 0.99
006-2 1.66 1.01 2.19 0.80
007-1 1.30 0.89 1.83 0.79
007-2 1.11 0.78 1.56 0.85
Mean 1.60 0.97 243 0.88
SD 0.32 0.17 0.64 0.13

smaller than the measured AlFs. The simple correction for RC using
TOF-MRA, BB-FRFSE, and CO images improved the agreement of
AUC in the early part, but significantly overestimated in the delayed
part.

Corrections for SP in addition to RC using the two VOIs (Fig. 4a)
improved the agreement in AUC as compared with the invasive AlFs
particularly for the delayed portion for both O, and CO, inhalation
periods, as shown in Fig. 4b. The results of AUC comparison of
model-1 and model-2 were summarized in Tables 3 and 4.

4. Conclusion

In the present study, we demonstrated the non-invasive MRI-
guided AIF estimation from TAC in the ICA region in °0 labeled
gaseous PET. The AUC of the early phase of estimated AIF well
agreed with that of measured AIF. On the other hand, The AUC of
the delayed phase of estimated AIF was largely overestimated in
model-1, and improved in model-2 by incorporating the SP
correction with additional VOI placed surrounding area of the ICA.

These findings suggest that the combination of MR with 10
gaseous PET enables a rapid and quantitative assessment of
oxygen utilization simultaneously with the cerebral perfusion,
providing unique opportunity for clinical research.
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Abstract We developed autologous vascular grafts,
called “biotubes,” by simple and safe in-body tissue
architecture technology, which is a practical concept of
regenerative medicine, without using special sterile con-
ditions or complicated in vitro cell treatment processes. In
this study, biotubes of extremely small caliber were first
auto-implanted to rat abdominal aortas. Biotubes were
prepared by placing silicone rods (outer diameter 1.5 mm,
length 30 mm) used as a mold into dorsal subcutaneous
pouches in rats for 4 weeks. After argatroban coating, the
obtained biotubes were auto-implanted to abdominal aortas
(n = 6) by end-to-end anastomosis using a custom-
designed sutureless vascular connecting system under
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microscopic guidance. Graft status was evaluated by con-
trast-free time-of-flight magnetic resonance angiography
(TOF-MRA). All grafts were harvested at 12 weeks after
implantation. The patency rate was 66.7 % (4/6). MRA
showed little stenosis and no aneurysmal dilation in all
biotubes. The original biotube had wall thickness of about
56.2 & 26.5 pm at the middle portion and mainly random
and sparse collagen fibers and fibroblasts. After implanta-
tion, the wall thickness was 235.8 &+ 24.8 pm. In addition,
native-like vascular structure was regenerated, which
included (1) a completely endothelialized Iuminal surface,
(2) a mesh-like elastin fiber network, and (3) regular cir-
cumferential orientation of collagen fibers and o-SMA
positive cells. Biotubes could be used as small-caliber
vascular prostheses that greatly facilitate the healing pro-
cess and exhibit excellent biocompatibility in vascular
regenerative medicine.

Keywords Biotube - Vascular grafts - Autologous tissue -
In vivo tissue engineering - Connective tissue

Introduction

Small-caliber arterial substitutes are needed for cardiac
and peripheral revascularization procedures. For such
small artery bypass grafting procedures, autologous arte-
rial (e.g., internal thoracic artery and radial artery) or
venous (e.g., saphenous vein) grafts are still the ideal
vascular substitute [1-3]. However, many patients do not
have a vessel suitable for use owing to the poor quality,
inadequate size or length, or previous harvesting of such
vessels [4]. Moreover, a second surgical procedure is
required in order to obtain the necessary vessel initially.
Small-caliber arterial substitutes have generally proved
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inadequate largely because of the formation of thromboses
and intimal hyperplasia [5, 6].

We developed autologous prosthetic tissues using “in-
body tissue architecture” technology, which is a novel and
practical approach of regenerative medicine based on the
tissue-encapsulation phenomenon of foreign materials in
living bodies [7]. This technology has the following
advantages. The tissue prostheses can be fabricated in a
wide range of shapes and sizes to suit the need of indi-
vidual recipients, and most importantly, these prostheses
do not require complex in vitro cell management proce-
dures or exceptionally clean laboratory facilities, which are
expensive and time consuming. This technology has been
used for the development of cardiovascular tissues such as
vascular grafts, namely biotubes [7-11], or heart valves,
namely biovalves [12, 13]. Previously, the biotubes with
3-mm diameter were implanted into rabbit carotid arteries
[10]. A high patency rate (9/11) was obtained at 12 weeks
with endothelialization, dense collagen fibers with regular
circumferential orientation, and a few elastin fibers. No
aneurysm formation, rupturing, or stenosis was observed
for up to 26 months without significant neointimal thick-
ening [11].

In this study, further small-caliber biotubes with an
inner diameter of 1.5 mm were auto-implanted to rat
abdominal aortas for 12 weeks, and histological changes of
biotubes after implantation were evaluated.

Materials and methods
Preparation of biotubes

A total of six adult female Wistar rats (age 8 weeks, weight
238.8 4+ 58.6 g) were used in this experiment. All animals
received care according to the Principles of Laboratory
Animal Care (formulated by the National Institutes of
Health, publication 1n0.56-23, received 1985), and the
research protocol (no. 9044) was approved by the ethics
committee of the National Cerebral and Cardiovascular
Center.

A silicone rod (diameter, 1.5 mm; length, 30 mm;
Tigers Polymer, Osaka, Japan) was used as a mold. The
rats were anesthetized with 1.5 % isoflurane (v/v air). A
small incision was made in the shaved dorsal skin, and
three molds were placed in dorsal subcutaneous pouches of
each animal. After 4 weeks, the rats were anesthetized with
1.5 % isoflurane, and the implants were harvested. The
three biotubes (internal diameter 1.5 mm) per one rat were
obtained from the implants after trimming the peripheral
tissues and pulling out the rods. One of the biotubes was
used for autologous transplantation, and the others were
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used for measurement of burst strength or histological
evaluation.

Measurement of burst strength

Biotubes (n = 6) and native abdominal aortas (n = 6) were
used as samples. The native abdominal aortas were obtained
at sacrificing for the implanted biotubes. One end of the
biotubes was closed by tying with 4-0 silk threads and held
at fixed distance to restrict the longitudinal distension and
elongation. To the other end, a stainless-steel tube of
1.5 mm in external diameter was fixed with 4-0 silk threads
to act as a cannula. Saline solution was pumped into the
luminal cavities of the biotubes through the stainless steel
tube at a rate of 50 mmHg/s until the biotubes ruptured. The
burst strength was denoted by the water pressure at the
instant of tube rupture, as measured by a pressure transducer
(N5901; Nihon Denki Sanei, Inc., Tokyo, Japan).

Implantation of biotubes

Biotubes (length 20 mm; n = 6) were implanted to the
infrarenal abdominal aorta using “the sutureless vascular
connecting system” under microscopic guidance, similar to
our previously reported system [14]. The connecting sys-
tem consists of an introducing sheath and a connecting
device. The introducing sheath was prepared by remodel-
ing the catheter tubing (polyurethane of the 16G BD Ins-
yte™, Becton, Dickinson and Company, NJ, USA). The
connecting devices were custom-designed from the cathe-
ter (polyurethane, 16G BD InsyteTM, Becton, Dickinson
and Co., Franklin Lakes, NJ, USA). The dimensions of the
devices were: 1.5 mm in length, 1.7 mm in external
diameter, and 1.3 mm in internal diameter. In the wall of
the catheter, circular micropores were processed by a
CAD-assisted YAG laser ablation technique. Pore diameter
was 400 pm, pore-to-pore distance was 500 pm, and the
pore area to the entire area was 60 %.

Biotubes were treated by coating with argatroban (1 mg/
cmz; Mitsubishi Chemical Co., Tokyo, Japan) for 10 min
in order to make it antithrombogenic immediately before
implantation. The connecting devices were inserted into
the proximal and distal ends of the rat aorta through the
introducing sheath. Subsequently, the treated aortic ends
were inserted into biotubes, followed by banding from the
outside of the biotubes with 7-0 silk threads (Alfresa,
Osaka, Japan). Patency was examined at the time of sur-
gery by direct inspection. The wound was closed with 4-0
nylon sutures. Thereafter, the rats had free access to stan-
dard food and water. No anticoagulants or antiplatelet
agents were administered postoperatively. After 12 weeks
of implantation all biotubes were harvested.
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Evaluation of graft status

Graft status was evaluated at 6 and 12 weeks after trans-
plantation by 3-T contrast-free time-of-flight magnetic
resonance angiography (TOF-MRA) under anesthesia
induced by an intramuscular injection of pentobarbital
(40 mg/kg). A human whole-body 3-T magnetic resonance
imaging (MRI) scanner (Sigma, GE Healthcare, Milwau-
kee, WI, USA) was employed. The gradient coil system was
capable of providing a maximum gradient amplitude of 40
mT/m. All sequence programs employed in this study were
designed for clinical studies. A developed single-turn sur-
face coil of 62 mm diameter was used for MR imaging.
Contrast-free TOF-MRA was performed using a three-
dimensional flow-compensated fast spoiled gradient recal-
led (3D-FSPGR) sequence [repetition time (TR) = 21 ms,
echo time (TE) =5.4ms (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, scan-
ning time = 5 min 58 s]. For suppressing venous signals, a
region of 40 mm thickness on the caudal side of the mea-
sured slab was saturated. MR angiograms were analyzed by
generating the partial maximum intensity projection (pMIP)
with a commercial software package (AZE, Tokyo, Japan).

Histological examination

The specimens of the implanted biotubes were fixed with
10 % formalin, embedded in paraffin, sliced into short axis
cross sections, and finally stained with hematoxylin-eosin,
Masson’s trichrome, Elastica van Gieson, or Siriusu red.
Immunohistochemistry was performed using monoclonal
antibodies against a-smooth muscle actin (anti-human o-
SMA mouse monoclonal antibody clone 1A4; Dako Japan,
Kyoto, Japan; 1:100 dilution) and factor VIII (anti-human
von Willebrand factor mouse monoclonal antibody clone
F8/86; Dako Japan, Kyoto, Japan; 1:100 dilution).

Results
Preparation of biotubes

After the molds (Fig. 1a) were inserted into the dorsal
subcutaneous pouches of rats for 4 weeks, all molds were
completely encapsulated with very thin homogeneous
autologous connective tissues (Fig. 1b). Biotubes were
obtained by removing the molds from capsule tissues
(Fig. 1c). The efficiency of the biotube preparation was
100 %. The burst pressure of biotubes was 1085 +
525 mmHg (mean + SD), which is approximately half of
that of rat aorta (2478 + 628 mmHg).
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Fig. 1 a Silicone rods (diameter 1.5 mm, length 15 mm) were used
as the molds. b The molds were embedded into dorsal subcutaneous
pouches of rats for 4 weeks. The molds were completely encapsulated
with connective tissues. ¢ The obtained biotubes with thin wall
(thickness 56.2 + 26.5 pm). Scale bar 1.0 mm

Biotube implantation

Biotubes could be implanted easily into the rats using a
custom-designed sutureless vascular connecting system,
where no suturing treatment for anastomosis was needed
(Fig. 2a). Total ischemia time for implantation was very
short (34.8 + 12.1 min). No bleeding was observed after
declamping (Fig. 2b).

MRA distinctly visualized the patent graft connected to
the abdominal aorta together with renal arteries and com-
mon iliac arteries (Fig. 3). However, pseudostenosis by
artifact of the connection was observed in both anastomosis
regions (arrows in Fig. 3). In the midgraft region, little
stenosis and no aneurysmal dilation were observed in all
patent grafts. The overall patency rate was 66.7 % (4/6).
Two of the six grafts were occluded by thrombosis at
6 weeks after implantation.

Implanted biotubes were easily harvested with no
damage because there were few adhesions between biotu-
bes and surrounding tissues (Fig. 2c). In the obtained
biotubes 12 weeks after implantation, macroscopic obser-
vation revealed an extremely flat surface including the
region of connecting device, which was completely
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Fig. 2 a Insertion of two connecting devices, fabricated from
catheter tubing (polyurethane of the 16G BD InsyteTM, Becton,
Dickinson and Company, Franklin Lakes, NJ, USA), into the
proximal and distal ends of the rat abdominal aorta through the
introducing sheath under clamping. b The treated aortic ends were
inserted into the biotube vascular graft, followed by banding from the

Fig. 3 MRA images of the rat abdominal aorta at 1 (a), 6 (b) and 12
(c) weeks after implantation of biotubes. Upper side of all photos
indicates the proximal side. White arrows indicate the proximal and
distal anastomosis regions of the abdominal aorta. A mechanical
stenotic lesion, which may have been due to the anastomosis, was
observed in both anastomosis regions. In the midgraft region, neither
significant stenosis nor aneurysmal dilation was observed
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outside of the biotube with 7-0 silk threads. Pulsation of the biotubes
was noted immediately after declamping. ¢ After 12 weeks of
implantation, the biotube had little adhesion with surrounding tissues.
d Macroscopic observation revealed an extremely flat luminal surface
including the Juminal regions of the connecting devices, which were
completely impregnated into the vascular tissues (scale bar 3 mm)

impregnated into the developed thin tissues (Fig. 2d). In
the circumferential cross section of midgraft region, the
wall had grown thick, keeping the area of the lumen.
Before implantation, wall thickness of the biotubes was
56.2 £ 26.5 um (Fig. 4a-1). At 12 weeks after implanta-
tion, neointima was formed with wall thickness of
235.8 £ 24.8 pm (Fig. 4b-1).

Histological change

Before implantation biotubes were composed of collagen-
rich tissue with no elastic fibers (Fig. 4a-2, a-3) and col-
lagen fibers were randomly attached (Fig. 4a-6). No
abnormal collection or infiltration of inflammatory cells
was observed. The main cell component was fibroblasts
with no vascular constituent tissues (Fig. 4a-4, a-5).

On the other hand, after 12 weeks of implantation the
neointima was segregated in two layers, where the luminal
layer with a mesh-like elastin fiber network (Fig. 4b-3) and
circumferential oriented collagen fiber (Fig. 4b-2, b-6) were
formed on the almost cell-free dense collagen basement



J Artif Organs

Fig. 4 The circumferential
cross section of the biotube
before implantation (a-1-6) and
obtained at 12 weeks after
implantation (b-1-6). The
circumferential cross section of
native rat abdominal aorta (c-1-
3). Stained with H&E (a-1,
b-1, ¢-1), Masson trichrome
(a-2, b-2, ¢-2), Elastica van
Giesson (a-3, b-3, ¢-3), factor
VII (a-4, b-4), a-SMA (a-5,
b-5), and Sirius red (a-6, b-6).
Masson trichrome stain revealed
that it was composed of
collagen-rich tissue. Polarizing
microscopic observation after
Sirius red stain showed
circumferential orientation of
the collagen fiber after
implantation (b-6). Elastica van
Giesson staining revealed an
elastic fiber network in the
neointima of the biotube after
implantation (b-3).
Immunohistological staining for
factor VIII and o-smooth
muscle actin revealed o-smooth
muscle actin-positive cells (b-5)
and endothelial lining at the
luminal surfaces (b-4) of
biotube after implantation
(scale bar 100 pm)
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layer. The construction of collagen and elastin fibers was
very similar to that of native rat abdominal aorta (Fig. 4c-1,
c-2). The Iuminal layer had many o-SMA-positive, myofi-
broblasts or smooth muscle cells (Fig. 4b-5) and was
completely covered with endothelial cells (Fig. 4b-4).

Discussion

Tissue engineering combines the principles of engineering
and biological sciences to develop viable structures that
can replace diseased deficient natural structures. Some
investigators have successfully implanted in vitro tissue-
engineered vascular grafts in animals by using either
decellularized natural tissues or biodegradable synthetic
polymers as scaffolds [15-18]. However, these procedures
require complicated cell-management protocols, including
harvesting, seeding on appropriate scaffolds, and devel-
opment of neotissues by culturing cells in bioreactors under
strictly sterile conditions; all of these procedures are time
consuming and expensive. On the other hand, in vivo tissue
engineering can produce completely autologous tissues
without any artificial support materials. Campbell et al.
developed autologous vascular grafts in the abdominal
cavities of rats or rabbits. Although the grafts had a rela-
tively large internal diameter (3 mm) for small-caliber
native aorta of rats, the high patency rate of 67 % was
reported at 4 months of implantation by layering meso-
thelium cells on the luminal surface of myofibroblast-
walled tubes [19].

In this study, we evaluated the potential of biotubes to
generate a vascular graft for extremely small arteries
(internal diameter 1.5 mm). The biotubes were implanted
to the abdominal aorta of rats (internal diameter 1.3 mm)
by end-to-end anastomosis using custom-designed suture-
less connecting devices [15]. It must be verified whether
biotubes can be sutured and have sufficient burst strength
to withstand physiologic blood pressure or not. Because the
biotubes have adequate mechanical properties for a vas-
cular prosthesis, they were recently applied to carotid
arteries [20] and abdominal aortas of beagle dogs [21]. In
all implantations for systemic circulation, including those
described in this study, neither rupture nor aneurysm for-
mation was observed.

The patency rate of the biotubes at 12 weeks after
implantation was high in this study (66.7 %). Because the
main components of the original biotubes were collagen
fibers and fibroblasts, it was considered that acellular
Iuminal surfaces without endothelial cell coverage carry a
substantial risk for thrombosis when exposed to the blood
directly. In our previous implantation study of biotubes, all
grafts without anti-thrombogenic coating were completely
occluded at 2 weeks after implantation [10]. Strong anti-
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thrombogenicity, provided by the complete endothelial-
ization of the luminal surfaces, is highly desirable. For this
reason, most recent studies have focused on the creation of
tissue-engineered cardiovascular implants using autologous
endothelial cell seeding and bioreactor culturing prior to
implantation. Seeding with autologous vascular cells on the
luminal surface has provided a much higher patency rate
than non-cell-seeded grafts [22]. However, such cell
management and processing are complicated and invasive,
and they will render the implants prone to infection. In this
study, acute thrombus formation was considerably pre-
vented by argatroban coating.

At 12 weeks after implantation, almost complete vas-
cular tissue was re-constructed. Endothelial cells and
SMCs migrated into the biotube and became organized into
an endothelium and a media-like smooth muscle layer after
implantation. In addition, mesh-like elastin network was
formed on the basement dense collagen layer. Native-like
vascular structure was regenerated in a short period of
implantation. Therefore, the autologous connective tissue
could serve as an ideal scaffold for vascular wall forma-
tion. Some investigators have discussed which cells and
extracellular matrix remodeled tissue-engineered vascular
grafts after implantation. Kuwabara et al. [23] suspected
endothelial cells and smooth muscle cells were regenerated
from circulating blood stem cells. Hibino et al. [24]
reported neovessel formation arises from ingrowth of
vascular cells from the neighboring blood vessel. Erman
et al. described that endothelial coverage of the luminal
surface, transmural cellular infiltration, and formation of
neocapillaries in the graft body are the major graft healing
characteristics [17]. In this study, it still remains unclear
which cells and extracellular matrix remodeled biotubes
after implantation. It is necessary to investigate this issue in
the future.

Since the observation by MRA is simple and non-
invasive, assessment of the status of small-caliber vascular
grafts could be performed in the same rat at different times.
The repeatable MRA observation in a single rat enabled
correct assessment of the graft status over the follow-up
period. Such repeatability will reduce the variation in
results stemming from individual differences in experi-
mental animals [25]. By using the connecting system,
aortic clump time was only 30 min, which is about half that
in the traditional suturing method [14]. Since no bleeding
at the connecting parts occurred, hemostasis was very easy
in all implantations. In addition, although pseudostenosis
by artifacts of the connecting devices was observed at both
anastomosis regions, there was no actual stenosis. The
stenosis by suturing could lead to serious occlusion in
small-caliber grafts. The control of the bleeding and min-
imal anastomotic stenosis using the connecting system
induced reproductive results in the implantation study
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independent of the technique of surgeons. On the other
hand, there is one notable limitation to this system in that
the connecting device was directly exposed to blood flow,
which might promote thrombus formation at the luminal
surface of the device. Because of the small caliber of the
grafts, even small thrombi could result in occlusion.
However, the early endothelialization promoted by the
microporous mesh structure could prevent this complica-
tion. Therefore, this system minimizing the blood flow
interruption to obtain complete and reliable anastomosis
was appropriate for this study.

Conclusion

The biotube vascular grafts provided high patency even
when implanted in extremely small-caliber vessels with

internal diameter of 1.5 mm. An almost complete artery-

like structure with cellular components of endothelial cells
and smooth muscle cells and extracellular components of
collagen and elastin was formed only 12 weeks after
implantation. Biotubes could thus be used as small-caliber
vascular prostheses that greatly facilitated the healing
process and exhibited excellent biocompatibility. ‘
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ABSTRACT

Multi-modal MR-PET-EEG data acquisition in simultaneous mode confers a number of advantages at 3 T
and 9.4 T. The three modalities complement each other well; structural-functional imaging being the
domain of MRI, molecular imaging with specific tracers is the strength of PET, and EEG provides a tem-
poral dimension where the other two modalities are weak. The utility of hybrid MR-PET at 3 T in a clin-
ical setting is presented and critically discussed. The potential problems and the putative gains to be
accrued from hybrid imaging at 9.4 T, with examples from the human brain, are outlined. Steps on the
road to 9.4 T muiti-modal MR-PET-EEG are also illustrated. From an MR perspective, the potential for
ultra-high resolution structural imaging is discussed and example images of the cerebellum with an iso-
tropic resolution of 320 um are presented, setting the stage for hybrid imaging at ultra-high field. Further,
metabolic imaging is discussed and high-resolution images of the sodium distribution are presented.
Examples of tumour imaging on a 3 T MR-PET system are presented and discussed. Finally, the perspec-
tives for multi-modal imaging are discussed based on two on-going studies, the first comparing MR and
PET methods for the measurement of perfusion and the second which looks at tumour delineation based
on MRI contrasts but the knowledge of tumour extent is based on simultaneously acquired PET data.

Metabolic imaging
Sodium imaging
EEG-fMRI
MR-PET-EEG

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Tomographic imaging methodologies are essentially focused on
the generation of tissue contrast in a given plane of interest. Con-
trast between different tissues arises from the differences in
endogenous physical properties or through the introduction of
exogenous “contrast agents”. Often a single contrast, or multiple
contrasts from the same imaging modality, simply do not suffice
to enable a complete diagnostic decision to be reached or, in scien-
tific studies, leave aspects of the question unanswered. As such, a
desire to address the same problem in different imaging machines
arises. Specifically, spatial co-localisation of the information from
the different modalities might be desired or indeed, the introduc-
tion of a temporal dimension might be required.
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Magnetic resonance imaging (MRI) is characterised by its excel-
lent tissue contrast based on, for example, T; and T, relaxation
times, proton density, and diffusion/flow properties. Due to this
fact, it has been widely used for structural/diagnostic imaging in
the clinic and also for functional brain imaging in neuroscientific
research.

Positron emission tomography (PET) is a widely used and well-
established tool for clinical tumour diagnostics and is the gold
standard for metabolic imaging. In contrast to MRI, PET provides
insights into physiological and pathophysiological processes, albeit
at a comparatively low anatomical resolution. Consequently, as
shown here in an example from brain tumour imaging (see below),
PET can be seen as an outstanding complement to MRI with respect
to its metabolic specificity and its ability to enable tumour differ-
entiation and tumour extent mapping [1].

Recently, two major developments in the fields of MRI and PET
have taken place. In the MRI domain, the field strength of scanners
for human application has moved to the ultra-high field range of
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up to 9.4 T and even beyond. Ultra-high fields facilitate structural
imaging with significantly higher spatial resolution, higher func-
tional (BOLD) contrast [2], perhaps even at the level of columnar
resolution, and enhanced image contrast [3]. Moreover, such ul-
tra-high field MRI scanners open up the opportunity to perform
non-proton MRI and spectroscopy with a reasonable, PET-like spa-
tial resolution in the order of 3 mm isotropic [4-6].

Regarding the use of PET in the MRI environment, the use of
photo multiplier tubes (PMTs), that are extremely sensitive to
magnetic fields, has been abandoned in favour of avalanche photo
diodes (APDs) that are field insensitive. The implementation of
new detector technologies based on APDs has led to true hybrid
MR-PET scanners, capable of simultaneous MRI and PET data
acquisition and has thus negated the need to perform scans in
two separate machines. These hybrid scanners have the advantage
of measuring PET and MRI datasets that are intrinsically co-regis-
tered in time and space [7-9]. Furthermore, inclusion of a PET
scanner inside an MRI system brings with it advantages for PET im-
age reconstruction. Partial volume correction, attenuation and mo-
tion correction can be performed based on MRI images acquired
simultaneously with the PET data. In particular, clinical applica-
tions and neuroscientific research will benefit from these recent
developments in terms of opportunities for metabolic imaging,
accurate receptor density mapping, and novel paradigms for brain
function.

In the confines of this article, multimodal imaging is defined as
the summation of information from different imaging modalities

" whereby it is noted that MRI could well be regarded as being inher-
ently multimodal, given the plethora of contrast mechanisms that
can be exploited to generate image contrast. The combination of
MRI and PET will be discussed; the measurement of MRI and PET
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data in two separate scanners will not be addressed and attention
will instead be focused on hybrid MR-PET scanners studying the
human brain and that are capable of the acquisition of simulta-
neous datasets. Hybrid MR-PET data acquisition at 3T and at
9.4 T in humans will be explored. Further, the additional introduc-
tion of a temporal dimension, in the form of electroencephalogra-
phy (EEG), in hybrid mode, will also be presented and discussed.
Multimodal imaging in the form of simultaneous MR-EEG, and
the extension thereof to triple modality MR-PET-EEG will also
be briefly presented; the rationale for triple modal imaging is pre-
sented in Fig. 1 in the form of “finger print” diagrams.

2. Hybrid MR-PET scanner construction

The prototype 3 T MR-PET scanner used to obtain the results
described herein comprises a commercially-available 3 T Siemens
Tim Trio MR system and a custom-built BrainPET insert designed
especially for brain imaging (Siemens Healthcare, Erlangen, Ger-
many). The 9.4 T hybrid is also a Siemens prototype system based
around a magnet with a warm-bore diameter of 90 cm and a PET
insert that is nearly identical to that of the 3 T scanner. The Brain-
PET insert (Fig. 2) is a compact cylinder (length of 72 cm and an
outer diameter of 60 cm) consisting of 32 copper-shielded detector
cassettes each with six detector modules. The diameter of the PET
field-of-view is 31.4cm and 19.2 cm in the axial direction. The
front end of the detector module is a 12 x 12 matrix of individual
lutetium oxyorthosilicate (LSO) crystals coupled to a 3 x 3 array of
APDs thus rendering the detector insensitive to the magnetic field
of the MR system. The small volume of the LSO crystals measuring
2.5 x 2.5 % 20mm> leads to a central PET image resolution of
about 3 mm [10]; this is one of the best spatial resolutions for
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MR-PET, and hybrid MR-PET-EEG. Starting at the origin, the further one traverses

along a given axis, the better that particular attribute is fulfilled. MRI can provide exquisite spatial resolution and the technology is widely available. However, MRI is not
strong in the area of molecular imaging and its specificity is also somewhat limited. PET on the other hand, has poorer spatial and temporal resolution than MRI but it is
extremely specific - an attribute conferred upon it by the choice of radiolabelled tracer — and is also very sensitive. Both MRI and PET have a poor temporal resolution
regarding mapping of brain function, for example. In a hybrid scanner capable of simultaneous measurement of all three dataset, all the chosen attributes are fulfilled in

entirety.
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