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Table 1. Synth “of 4a=d with different contents of gadolinium chelates

2Scheme 1, m/n x 100.

Introduction ratio Gd/DOTA R,
of DOTA? (mol%) MnP (x10°) Mo/M,° Gd® (wt%) (mol%) FITC label (mm™' s
4a 13.2 1.6 1.1 12.0 70.0 - 7.1
4b 7.5 1.1 1.2 9.2 69.1 — 6.2
4c 36 . 1.2 1.2 58 67.0 - 6.2
4d - 129 — — 9.3 539 - 7.0

PDetermined by size exclusion chromatography using 0.25 mm phosphate buffer as eluent with polystyrene standards.
“Determined by inductively coupled plasma atomic emission spectroscopy measurement.

2.3. Cytotoxicity of Gd-PVA to NIH-3T3 cells and cell
labeling by electroporation

Gd-PVA 4b was used for a cytotoxicity assay since FITC
introduced to 4d obstructs the accurate WST-1 assay. The
viability of NIH-3T3 cells in the presence of 4b was not affected
even at high concentrations (10 mm; polymer unit concentration
in culture medium) for up to 3 days (see Supplementary
Information). The low affinity of PVA (24) might suppress the
interaction of Gd-PVA with the cell membrane and decrease the
cytotoxicity. In fact, weak interaction was demonstrated by a
simple experiment as follows. Compound 4d was added to the
culture medium of NIH-3T3 cells, and the cells were incubated for
1 h. After washing with PBS three times, no fluorescence induced
by 4d was observed, indicating that 4d was unable to attach to
the cell membrane or enter the cells spontaneously.

To deliver such a bio-inert substance into cells, we selected
an electroporation method that is mainly used to transfect DNA
into cells. Since this method can introduce a large amount of
polymeric substances into any kind of cells nonspecifically with
low cytotoxicity, it is suitable for labeling various cells including
established cell lines, somatic stem cells, or even embryonic stem
cells for cell transplantation (25,26). When electroporation was
carried out, the concentration of Gd-PVA in culture medium was
set to 10 mm (polymer unit concentration) based on the result of
the cytotoxicity assay.

Figure 2 shows bright field and fluorescent photomicrographs
of NIH-3T3 cells 3 days after electroporation with 4d. Almost all
cells were labeled efficiently, and the intracellular 4d was
interestingly located only in the cytosolic compartment of
NIH-3T3 cells even after cell proliferation. This intracellular
distribution pattern is different from that for endocytosis, which is
made from bright dots.

The stability of Gd-PVA in NIH-3T3 cells was assessed by
measuring the total fluorescence intensity of the growing
NIH-3T3 cells with time. The number of Gd(lll) molecules in one
cell calculated from the fluorescence intensity was 7.3 x 10° per
cell just after electroporation. Cells were cultured for a given
period of time without subculture and then lysed. Before the cells
were lysed, they were washed by PBS sufficiently to eliminate any
4d leaching from them. Figure 3 represents the total fluorescence
intensity of 4d in NIH-3T3 cells (solid circle) and cellular
proliferation rates (open circle). Fluorescence derived from 4d
in cells showed no significant change over 10 days, and the
labeled cells grew well. These results show that 4d can remain in
the cytosolic compartment stably for a long period of time
without having any effect on cell proliferation.

2.4. In vitro T,-weighted MR measurements of the labeled
NIH-3T3

Figure 4a shows an MR image of the NIH-3T3 cell suspensions at
4.7 T. Compound 4d-labeled NIH-3T3 cell suspension, non-
labeled NIH-3T3 cell suspension and cellfree and Gd-free
medium were left at rest for 1 day to allow the cells to be
precipitated to the bottom of the test tube. Clear signal
enhancement in tube 1 at slice B passing through the
precipitated cells was seen. On the other hand, no signal was
observed in tube 1 at slice A, which indicates that 4d did not leak
out of the cells and that 4d in cells gives sufficient MR contrast
irrespective of the small amount of free water in the cells

To examine the cell density dependence of signal enhance-
ment, we next acquired MR images of 4d-labeled NIH-3T3 cells at
different densities in agarose gel, which was used to fix the
transplanted cells in the experiment involving the injection of
cells into a rat (Fig. 4b). MRI can depict at least 3.5 x 10° NIH-3T3

0.1 mbd

Figure 1. In vitro T,-weighted MR measurements of 4d in water at 4.7 T at the concentrations of 0, 0,05, 0.1, 0.2, 0.3, 0.5, and 1.0 mM. Three test tubes
containing different concentrations were fixed vertically. A horizontal section was scanned. These images were acquired using a 2 D spin echo sequence
with a TR of 2000 ms and a TE of 16 ms. These images were displayed using the same window level and window width.

Contrast Media Mol. Imaging 2010, 5 309-317

Copyright © 2010 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/cmmi

— 219 —




CONTRAST MEDIA &
MOLECULAR IMAGING

L2

Y. TACHIBANA ET AL

Figure 2. (a) Phase image and (b) fluorescent image of NIH-3T3 cells labeled with 4d (FITC-Gd-PVA) at 3 days after electroporation. After electroporation,
cells were washed three times by PBS. The bright ring forms showed cytosolic compartments in the fluorescent image. The scale bar represents 20 um.
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Figure 3. Changes in fluorescence intensity of 4d existing in total
NIH-3T3 cells in culture (solid circle) and the number of cells (open circle)
measured over the course of the 10 days following electroporation.
Fluorescence intensity is proportional to the amount of 4d in total cells.

cells. The number of cells transplanted to the rat ischemic hind
limb model (27) or infarcted myocardium swine model (28) was
1x 107 or 5 x 107, respectively. The sensitivity shown in Fig. 4
revealed that our imaging agent would surely be useful for
tracking this range of transplanted cells in vivo. Future studies
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should focus on high labeling efficiency at higher concentrations
of 4d using electroporation or another method.

2.5. In vivo fate of free SPIO and free Gd-PVA

To detect the living cells, contrast agents present outside of the
labeled cells (free contrast agent) after cell death should be
eliminated from the transplantation site. Solutions of 4d and
SPIO injected into the tissue were used as the model for free
contrast agents. Solutions of 4d and SPIO were directly injected
into rat femoral muscles, and on days 0, 3 and 6, the MR image
was analyzed (Fig. 5). Representative slices are shown in Fig. 5.
The bright signal attributed to 4d weakened rapidly and was
observed only slightly on day 3. In contrast, the dark signal due
to SPIO remained in the same area and was clearly observed
even 10 days after the injection. The same tendency was
observed in the other slices. SPIO-derived contrast several days
after injection may be attributed to the phagocytes engulfing
the injected SPIO, as has been previously reported (22,23).
Furthermore, the time courses of the contrast-to-noise ratio
(CNR) and the volume of the contrast-enhanced region were
evaluated (Fig. 6). For SPIO, the CNR and the volume of the
contrast-enhanced region showed no significant decrease over
the course of 13 days. In contrast, these same parameters
decreased rapidly when 4d was used. Signal enhancement was
observed in only one out of three rats at 4 days after injection.
Therefore, the data of 4d at 4 days have no error bar. Signal

(b)
106 x10° 4.8 x10° 0.7x10°

62x10° 35x10°

Figure 4. (a) In vitro T;-weighted MR measurements of 4d-labeled NIH-3T3 cells (tube 1), unlabeled NIH-3T3 (tube 2), and medium (tube 3) at 4.7 T.
(b) In vitro T,-weighted image of different numbers of cells labeled with 4d suspended in 100 ul agarose gel.
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0 day

3 day

Figure 5. In vivo MR measurements after the injection of 4d solution and SPIO solution into rat femoral muscle at 1.5 T. These images showed the slices
passing though the injection site. These images were obtained with a TR of 1500 ms and a TE of 9 ms (FOV, 4 x 8 cm; matrix, 128 x 256; slice thickness,
1 mm; slice gap, 0 mm; number of slices, 35).
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Figure 6. The time course of (a) the contrast-to-noise ratio (CNR) and (b) the number of voxels in the region where bright or dark signals due to contrast
agents were observed. Contrast enhancement due to 4d and SPIO was assessed using T;- (TE 9 ms, TR 500 ms) and T- (TE 20 ms, TR 3 s) weighted images,
respectively. The other scanning parameters were the same as in Figure 5. Three rats were examined and treated in the same manner as in Figure 5. CNR
was calculated as (11/2)”2|S1-52]/Sai,, where S;, S; and S, were the mean intensities in the contrast-enhanced region, muscle and air, respectively.

enhancement due to 4d disappeared completely in all rats at
6 days after injection. These data showed the rapid clearance
of Gd-PVA from muscle and the long-term retention of SPIO
in muscle. Yamaoka et al. reported that the half-life period of
radio-labeled PVA (molecular weight of 74 800) after i.m.
injection was about 10h (38). As shown in Fig. 6, the half-life

Figure 7. Preliminary in vivo T,-weighted MR measurements of
4d-labeled NIH-3T3 cells implanted in mice subcutaneously at 2T. These
cells were fixed in agarose gel. (a) 2 x 107 of 4d-labeled cells suspended in
200 .l agarose gel (b) 200 wl agarose gel only. T;-weighted images were
acquired using a 2D spin echo sequence with a TR of 2000 ms and a TE of
9ms (FOV, 3 x 6 cm; matrix, 128 x 256; slice thickness, 1 mm) at room
temperature.

period of free Gd-PVA from the tissue was about 10 hs,
which was almost the same as that of PVA. This result suggested
that free Gd-PVA behaved like free PVA without interacting
with macrophages in vivo. It can then be considered that
the MR contrast of Gd-PVA is attributable to the living
cells in vivo.

2.6. Preliminary in vivo MR imaging of transplanted
NIH-3T3 cells

Figure 7 shows an MR image of a rat that received
subcutaneous transplantation of 2 x 10’ 4d-labeled NIH-3T3
cells entrapped in agarose gel and cell-free gel (control) at each
side of the back. In this preliminary MR imaging, we used
undegradable agarose gel to evaluate the MRI contrast at a
known density of cells. Strong contrast enhancement was
observed at the area where labeled NIH-3T3 cells were
transplanted, while the control gel revealed a dark shadow.
These results indicate that transplanted cells can be detected
in vivo at a cell density of 107 cells per 0.1 ml.

3. DISCUSSION

Our goal was to track only the living cells in vivo for a long period
of time. To this end, an MRI contrast agent with adequate
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characteristics for cell labeling and delivery system into the cells
is a key factor. Cell labeling using SPIO as a contrast agent was
reported in detail by Engberink et al. in 2007 (29). They cocultured
human monocytes with SPIO suspension at a concentration of

1.0mg Fe ml™" for 0-6h. Incubation with SPIO resulted in °

effective cell labeling by endocytosis, nonspecifically. The
detection limit was 0.5 x 10° labeled cells per 250l on a 4.7
T MRI scanner. SPIO permits the detection of a small number of
cells because of its high sensitivity. In general, however,
endocytosed substrates would be exocytosed over time. The
MR contrast obtained after SPIO-labeled cell transplantation was
not attributed to the transplanted cells but to the macrophages
that engulfed the free SPIO (22,23). In this study, MR imaging data
for SPIO solution in femoral muscle showed that, even at 10 days
after injection, SPIO still remained. These data suggested that
SPIO is less suitable for long-term cell tracking. To track the
transplanted cells for a long period of time, the labeling agent
released upon cell death should be eliminated from the tissue.

Since we found that low-molecular-weight Gd-chelates cannot
remain in cells stably (data not shown), water-soluble conjugates
of Gd-chelates and a bio inert water-soluble carrier were
designed. The characteristics of Gd-containing conjugates
including the body distribution pattern are affected by the
nature of the carrier polymer. The water-soluble contrast agent is
expected to be eliminated from the body once it exits the cells if a
truly bio-inert carrier molecule is selected. To track only the living
cells, the contrast agents should be designed to be different
from the conventional water-soluble imaging agent for vascular
inflammation imaging or vascular imaging (30-36).

We selected PVA in this experiment as the carrier material for
long-term living cell tracking. Selecting nondegradable PVA as
the carrier enabled us to evaluate the potential of the contrast
agent in intracellular distribution or in cell tracking for a long
period of time. The body distribution of various polymeric
carriers has been extensively studied (37,38). Among these
carriers, PVA has various advantages as a candidate for use in the
biomedical and pharmaceutical fields. Some of these advan-
tages include its characteristics of water solubility, nontoxicity
and noncarcinogenicity. The half-life of Gd-PVA was longer than
those of other polymers such as dextran, pullulan and gelatin
because of an insignificant interaction with macrophages and
blood cells (24). This weak interaction with various cells is
believed to be responsible for the high hydrophilicity of PVA.
Since we proposed novel contrast agents in the present study
that would not exit the cells for long-term cell tracking, this
weak interaction with the cell membrane was considered to be
an advantage.

In the present study, we chose electroporation as a method for
delivering Gd-PVA into cells in order to establish a method that
is applicable to a variety of cells such as stem cells and primary
cells. The material delivery efficiency into cells via nonspecific
endocytosis or receptor-mediated encodytosis is probably
affected by the cell type. Interestingly, Gd-PVA delivered into
cells was localized only in the cytosolic compartment even after
cell proliferation (Fig. 2), although the reason for this remains
unclear. ' '

One possible issue in living cell tracking, although unlikely
to occur, is the uptake of dying cells labeled with 4d by tissue
macrophages that remain in the tissue. To study this possibility, it
is necessary to perform an experiment using cells in different
states (viable, dying and dead). However, it is difficult to control
the states of transplanted cells. We are considering evaluating

the effect of macrophages on the fate of Gd-PVA by
transplanting irradiated cells with sublethal doses or by
xenografting Gd-PVA-labeled cells.

Long-term cell tracking will be feasible due to the high stability
of Gd-PVA in cells for a long period of time (Fig. 3). In contrast to
SPIO, the free Gd-PVA will be eliminated from the tissue (Fig. 5)
when the transplanted cells burst upon cell death. The imaging of
only the living cells might be achieved using Gd-PVA.

4. CONCLUSION

The novel MRI contrast agents composed of PVA and Gd showed
high relaxivity and low cytotoxicity. The growing rate of NIH-3T3
cells was not affected by the intracellularly delivered Gd-PVA.
Furthermore, Gd-PVA was retained stably in cells for at least 10
days. The in vitro T,-weighted MR measurements using NIH-3T3
cells revealed that cells could be visualized under MRI. This in vivo
study demonstrates for the first time that Gd-PVA has high
applicability as a novel contrast agent for tracking only living
cells.

5. MATERIALS AND METHODS

5.1. Materials

PVA (M,,: 74,800, degree of saponification 98%) was a kind gift from
Kuraray Co. Ltd (Okayama, Japan). 1,4,7,10-Tetraazacyclododecane-
1,4,7,10-tetraacetic acid mono(N-hydroxysuccinimidyl ester) (DOTA-
NHS-ester) was purchased from Macrocyclics (Dallas, TX, USA).
FITC-NHS-ester was purchased from Invitrogen (Eugene, OR, USA).
Gadolinium chloride (GdCl;) was purchased from Wako Pure
Chemical Industries (Osaka, Japan). Resovist was purchased from
Nihon Schering (Osaka, Japan). Other reagents and solvents were
commercially available and used as received.

5.2. Synthesis of Gd-PVA

The synthetic route and structure of polymeric contrast agents
with different introduction ratios of Gd are shown in Scheme 1. A
mixture of PVA (1; 0.44g, 10 mmol in monomer unit concen-
tration) and carbonyl diimidazole (5, 7.5, and 10mmol) was
stirred in 80 ml of anhydrous dimethylsulfoxide (DMSO) at room
temperature under a nitrogen atmosphere for 4h. Then,
1,3-propanediamine (50, 75, and 100 mmol) was added to the
mixture, further stirred at room temperature for 1 day, and
dialyzed with Spectra/Pore membrane (cut-off molecular
weight =1 x 10% Spectrum Laboratories Inc, Rancho Domin-
guez, CA, USA) in distilled water three times. The remaining
solution was lyophilized to give 2.

"H NMR (D,0): 8 =4.92 (br, CH,CHO), 3.92 (br, CH,CHOH), 3.10
[br, C(=O)NHCH,], 2.79 (br, CH,NHp), 1.57 (br, CHCH,, br,
CH,CH,CH,). The introduction ratios were calculated as the ratio
of the integrals of the peaks at 2.79 and 1.57 ppm.

PVA-diamine was reacted with DOTA-NHS-ester (NH, of
FITC-PVA-diamine: DOTA-NHS-ester = 1:1.5) in 80 ml of anhydrous
DMSO at room temperature for 1 day under a nitrogen
atmosphere. The reaction mixture was dialyzed in distilled water
three times, and lyophilized to give PVA-diamine-DOTA (3).

"H NMR (D,0): 8 =5.07 (br, CH,CHO), 4.06 (br, CH,CHOH), 3.86
[br, C(=0)CH,N)] 3.51 [br, NCH,C(=0)OH], 3.24 [br, C(=0)NHCH,,
br, CH,CH,N], 1.69 (br, CHCH,, br, CH,CH,CHY).
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The solution of 3 was then treated with the dropwise addition
of 1.5 mole equiv. of gadolinium chloride to the DOTA while
stirring. The pH was maintained between 6.6 and 7.0 with 1m
NaOH solution and stirred for an additional 24h at room
temperature. The reaction mixture was dialyzed in distilled water
three times and lyophilized to give Gd-PVA (4a-d).

For labeling Gd-PVA with FITC, PVA-diamine was mixed with a
small amount of FITC-NHS-ester (NH, of 2: FITC-NHS-ester = 1:
8x 107 and stirred in 80ml of anhydrous DMSO at room
temperature for 1 day under a nitrogen atmosphere. The reaction
mixture was dialyzed, lyophilized to give FITC-PVA-diamine and
subjected to the DOTA reaction as shown in Scheme 1.

5.3. Measurements

'H-NMR spectra were recorded on a 300 MHz NMR spectrometer
(Gemini2000/300; Varian Inc., CA, USA) with a sample concen-
tration of 8mg per 800pl. Size exclusion chromatography
analysis was carried out using Shimadzu Gel Permeation
Chromatography System apparatus equipped with a refractive
index and UV detectors under the following conditions: TSKgel
G6000PWXL and G3000PWXL columns and 0.067 m PBS eluent at
a flow rate of 0.3mImin~' at 40°C (Tosoh, Tokyo, Japan) with a
sample concentration of 1 mg per 100 ul. The concentration of
the paramagnetic species [Gd(li)] was measured by inductively
coupled plasma atomic emission spectroscopy (model 7510,
Shimadzu Co., Kyoto, Japan).

5.4. Relaxivity of conjugated Gd at 7.1 T

Solvent longitudinal relaxation times (T;) in the aqueous’

solutions of the gadolinium conjugate were measured at
different concentrations of gadolinium conjugate using a mixture
of distilled water (0.625%) and deuterium oxide (99.375%) as a
solvent. All measurements were performed on a 300MHz (7.1 T)
NMR spectrometer (Gemini2000/300; Varian Inc., CA, USA) using
an inversion recovery technique with 19 inversion times (7)
ranging from 1 to 5000 ms at ambient temperature (25°C) with a
sample concentration of 8mg per 800 jil. A typical pulse width
of 180° pulse was 19us. T; values were estimated using
least-squares fitting of the signal intensities measured at 19 7/
values in an exponential fashion. The relaxivity of each
gadolinium complex was determined by a linear regression of
the 1/T; vs the gadolinium complex concentration.

5.5. Cell culture

NIH-3T3 cells were used for evaluating the cytotoxicity, cell labeling
potential and imaging efficiency of the Gd-PVA. They were grown
in Dulbecco’s modified Eagle’s medium (DMEM-LG) supplemented
with 10% bovine calf serum, 100 units mi~' penicillin, and 100
units ml~" streptomycin at 37°C, 10% CO, atmosphere.

5.6. Cytotoxicity assay

NIH-3T3 cells (1 x 10° cells per well) were seeded in a 96-well
culture plate and cultured overnight. Varying concentrations
(polymer unit concentrations of 10 nv to 10mm) of 4b were
added to each well. At the indicated time points, the number of
cells was measured by WST-1 assay according to the manufacturer’s
protocol (Takara Shuzo, Otsu, Japan). Briefly, cells were washed
with PBS three times, and the culture medium (100 pl) was added

Contrast Media Mol. Imaging 2010, 5 309-317
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to each well. Ten microliters of WST-1 {4-[3-(4-iodophenyl)-2-
(4-nitrophenyl)-2H-5-tetrazolio}-1,3-benzene disulfonate} solution
was added to each well, and the plates were incubated for 30 min.
The absorbance at 450 nm was measured on a microplate reader
(Model 550, Bio-Rad Laboratory Co, Tokyo, Japan).

5.7. Cell labeling by electroporation

NIH-3T3 cells were cultured in a 6cm diameter Petri dish at a
concentration of 5 x 10° cells per dish in DMEM-LG for 1 day. An
arbitrary amount of 4d was added to the culture medium, and
electrical pulses were applied to cells using a CUY-21 electroporator
(CUY-21; NEPPA GENE, Tokyo, Japan). Rectangular electrical pulses
(field strength 300Vcm™', number of pulses 10, pulse duration
5ms) were applied to cells using two parallel electrodes with a
5 mm gap. Cells were incubated for 1 h and washed with PBS twice.

5.8. Stability of 4d in cells

To determine whether 4d molecules stay in NIH-3T3 cells for a
long period of time, the labeled cells (1 x 10* cells) were seeded
in a 6 cm diameter Petri dish and cultured over 10 days without a
subculture, The time course of the fluorescence intensity for the
cultured cells was measured as follows. Before each measure-
ment, cells in one dish were washed three times with PBS to
eliminate the free 4d from the cells and lysed in 1ml lysis
buffer [25 mm tris (pH 7.8), 2 mm dithiothreitol, 2 mm 1,2-diamino-
cyclohexan-N,N,N,N'-tetraacetic acid, 10% glycerol, 1% Triton
X-100]. After 1 h incubation at 37°C, the fluorescence intensity of
the cell lysates was measured with a spectrofluorometer
(excitation 430nm, emission 540nm, Wallac 1420 ARVOsx,
Perkin-Elmer Life Sciences, Boston, MA, USA). The time course
of the fluorescence intensity represented the stability of 4d in the
cells. At the same time, the number of cells in each dish was
counted. In addition, the amount of 4d delivered into each cell
by electroporation was calculated using the standard curve of
fluorescence intensity.

59. MR imaging of Gd-PVA solution at 4.7 T

MR images of 4d aqueous solutions were obtained on a 200-MHz
(4.7 T) NMR spectrometer (Apollo; Tecmag Inc., TX, USA) equipped
with a gradient system (Jeol Ltd, Tokyo, Japan; maximum gradient
strength 20mTm™"; slew late 50 mTm™" ms ™) using a saddle coil
with an inner diameter of 47 mm. Aqueous solutions with different
concentrations (0.05, 0.1, 0.2, 0.3, 0.5 and 1 mm) of polymer unit
were prepared. Three test tubes with different concentrations were
fixed vertically. A horizontal section was scanned. T,-weighted
images of the samples were acquired using a 2D spin echo
sequence with a repetition time (TR) of 2000 ms and an echo time
(TE) of 16 ms. Taking the long T, of the water observed inthe 1.5 T
machine into account, TR was greater in comparison to that for
general T,-weighted images. We used the minimum possible TE to
minimize the T; relaxation effect. Other scanning parameters were
as follows: field of view (FOV), 6 x 6cm; matrix, 256 x 256; slice
thickness, 1 cm.

5.10. MR imaging of NIH-3T3 cells in vitro

MR measurements of labeled cells were performed using the
same scanner and the same parameters as in the imaging of
4d solutions. Cells labeled with 4d by electroporation were
trypsinized, centrifuged and resuspended in test tubes (75 mm
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long, 10mm in diameter) at 7 x 10° cells in 2ml of complete
DMEM. The test tubes with labeled cell suspensions were allowed
to settle for 1 day to allow the cells to be precipitated before MR
imaging. A test tube with unlabeled cell suspensions was also
prepared in the same manner. In addition, a test tube with
cell-free pure medium was prepared. The three test tubes
prepared were arranged as shown in Fig. 4(a). Scanned slices
were positioned so that they pass through the cell pellet part
(slice B in Fig. 4a) or the solution part (slice A in Fig. 4a).

The cell density dependence of signal enhancement was
examined as follows. Different numbers of labeled cells were
suspended in 100 .l of agarose solution at the concentration of
2wt% and cooled to be gelated. The MR imaging data of these
mixtures were collected by a 1 T compact MR imaging system
with a permanent magnet (MRmini, Dainippon Sumitomo
Pharma, Osaka, Japan) with a TE of 9ms and a 7R of 1500 ms
(FOV, 3 x 6 cm; matrix, 128 x 256; slice thickness, 3.7 mm).

5.11. In vivo fate of free SPIO and free Gd-PVA

The clearance of 4d and SPIO after intramuscular injection was
investigated in male rat F344. The rat was anesthetized by
inhalation anesthesia (1.5% isoflurane). Solutions of 4d (Gd
0.8 pmol per 50wl water) and carboxydextran-coated SPIO,
Resovist™ (Fe 0.8 wmol per 50 pl water, Bayer, Osaka, Japan) were
injected into the left and right femoral muscles, respectively,
using a 29 G needle. Whole inferior limbs of the animal were
scanned at 0, 3 and 10 days after injection on a 1.5 T compact MR
imaging system. These images were obtained with a TR of
1500 ms and a TE of 9ms (FOV, 4 x 8 cm; matrix, 128 x 256; slice
thickness, 1 mm; slice gap, 0 mm; number of slice, 35).

For the time course of the CNR and the number of voxels in the
region, whole inferior limbs of the animal were scanned at 0, 1, 4,
6,8, 11 and 13 days after injection ona 1.5 T compact MR imaging
system. These images were obtained with a TR of 500 ms and a TE
of 9ms, and with a TR of 3000 ms and a 7€ of 20 ms (FOV, 4 x 8 cm;
matrix, 128 x 256; slice thickness, 1 mm; slice gap, 0 mm; number
of slices, 35). CNR was calculated as (n/2)"2|51—52|/53i,, where §;,
S, and S,;; were the mean intensities in the contrast-enhanced
region, muscle and air, respectively.

5.12. Preliminary MR imaging of transplanted NIH-3T3
cells

In vivo cell tracking was preliminarily performed in male Balb/c
mice. These mice were anesthetized for imaging with the use of a
general inhalation anesthesia (1.5% isoflurane) and were allowed
to breathe spontaneously during preparation and scanning.
NIH-3T3 cells labeled with 4d (2 x 107 cells) were embedded in
2wt% agarose gel (200 pl) and transplanted to the mice
subcutaneously. MR images were obtained using a 2 T compact
MR imaging system with a permanent magnet. T,-weighted
images were acquired using a 2D spin echo sequence with a TR of
2000 ms and a TE of 9ms (FOV, 3 x 6 cm; matrix, 128 x 256; slice
thickness, 1 mm) at room temperature.

6. SUPPORTING INFORMATION

Supporting information can be found in the online version of this
article.
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Timing-controlled Decompaction of Polyplexes In Vivo Greatly Enhances Transgene Expression
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Compaction extent of polyplexes was successfully regulated
by cold treatment in buffer solution using thermoresponsive
gene carriers composed of linear poly(ethyleneimine) (1-PEI)
and alkyl side chains. Plasmid DNA (pCMV-Luc) was trans-
fected to COS-1 cells using these carriers with different cold
treatments. The luciferase expression was greatly enhanced
when cells were treated at 4 °C in well-defined timing. This was
a direct observation of how intracellular destabilization in
regulated timing is important for nonviral gene transfection.

There has been significant interest in synthetic polycation as
a non-viral gene carrier and in gene therapy.! Several poly-
cationic carriers, such as poly(ethyleneimine) (PEI),> poly-
(L-lysine) (PLL),} and chitosan,* have been developed due to
various advantages over viral vectors. Among them, PEI is one
of the most widely studied gene carriers because of its high
efficiency gene expression.? Furthermore, mechanism analysis
for efficient gene transfer including cellular uptake, lysosomal
escape, and nuclear transport has been widely carried out.
Although the decompaction or dissociation of polyplexes is
believed to be important for gene expression, studies of this are
not well developed because it is not easy to control these
phenomena in cells.

Recently, thermoresponsive polymers have received much
attention as intelligent materials for various applications.
Poly(N-isopropylacrylamide) (PNIPAAm) is one of the most
typical thermoresponsive polymers.” A block copolymer con-
sisting of poly(L-lactic acid) and poly(ethylene glycol)® and
poly(amino acid)s” have been also reported. Kurisawa et al.
reported that thermoresponsive copolymer, poly[N-isopropyl-
acrylamide-co-2-(dimethylamino)ethyl — methacrylate-co-butyl
methacrylate], showed high transfection efficiency.®® A PEI-
graft-PNIPAAm copolymer was synthesized as a thermores-
ponsive carrier by Bisht et al.'% Lavigne et al. reported that high
gene expression using PEI-PNIPAAm conjugates as a carrier
occurred below the LCST.!! We report herein synthesis and
timing-controlled gene transfection by use of new thermores-
ponsive PEI derivatives as gene carriers. PEI derivatives were
synthesized by the reaction of 1-PEI (M,, = 22000) with various
carboxylic acid chlorides in chloroform at room temperature for
48h (Scheme 1). In this study, butyryl chloride, propanoyl
chloride, and hexanoyl chloride were used for the synthesis of
PEI derivatives. The synthesis of PEI derivatives is summarized
in Table 1 and. the introduction ratio was determined by
THNMR. PEI-C4 was soluble in water at room temperature.
PEI-C5 and PEI-C6 were insoluble in water.

Figure 1 shows the transfection efficiency of PEI deriva-
tive/pCMV-Luc complexes. Complexes were formed by mixing
PEI derivatives with pCMV-Luc at several cation/anion (C/A)

Chem. Lett. 2010, 39, 1238-1239
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Table 1. Synthesis of PEI derivatives
. ; Introduction
Sample  Chloride Yield/% ratio® /%
PEI-C4  Butyryl chloride 55 64
PEI-C5  Propanoyl chloride 64 67
PEI-C6  Hexanoyl chloride 59 58

© 2010 The Chemical Society of Japan

*Determined by 'HNMR.
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Figure 1. Transfection efficiency determined by luciferase activity
in COS-1 at 37 °C. The polyplexes composed of pCMV-Luc (100 ng)
and polycations (C/A 48-1.5) in FBS (—) DMEM were added to
culture medium for 1 x 10 cells per well in the presence of 100 uM
chloroquine. @: PEIL, A: PEI-C4, I PEI-C5, and &: PEI-C6. Values
are shown as means = standard deviations.

ratios. The transfection efficiency was determined by luciferase
activity in COS-1 cells at 37 °C. PEI homopolymer as a control
showed high transfection efficiency with increasing C/A ratio.
The transfection efficiency of PEI-C4 at high C/A ratios of 24
and 48 was almost the same as that of PEL. It was demonstrated
that the transfection efficiency was not affected by the
introduction into the side chain of PEL For PEI-C5 and PEI-
C6, low transfection efficiencies were observed because of their
low solubility in water. )

Figure 2 shows photographs of 1wt% solution of PEI-C4
at 4 and 37°C. The transparent solution at 4 °C became opaque
at 37 °C. The turbidity change took place sharply in both heating
and cooling processes. This result showed that PEI-C4 was
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Figure 2. Photographs of the 1 wt% polymer solution of PEI-C4 at
(a) 4 and (b) 37°C.
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Figure 3. Relative fluorescence intensities of complexes depending
on the temperature. Fluorescein-labeled plasmid DNA was complexed
with PEI or PEI-C4. Complexes were incubated at 4 or 37°C for
various times. @: PEI-C4 (4 °C), l: PEI-C4 (37 °C), O: PEI (4 °C), and
[ PEI (37°C).

thermoresponsive polymer. The LCST of PEI-C4 was estimated
around 30 °C.

Relative fluorescence intensities of complexes depending on
the temperature were examined (Figure 3). Fluorescein-labeled
pCMV-Luc (F-pCMV-Luc) was complexed with PEI or PEI-C4
at the C/A ratio of 24 and complexes were incubated at 4 or
37°C for 1, 2, 4, and 8h. A gradual increase in the relative
fluorescence intensity of PEI-C4/F-pCMV-Luc complex by
treating at 4°C was found, whereas such increase was not
observed when the complex was incubated at 37 °C. In the case
of PEI, the change of relative fluorescence intensities was not
observed. This change must be because of the decompaction
of the polyplexes resulting from the increased hydrophilicity
of the PEI-C4. The temperature lower than the LCST caused
a conformational change of PEI-C4 and made the complex
unstable.

Effects of the post-transfection cold procedure on the
luciferase expression are shown in Figure 4B. Relative gene
expression was calculated as follows: (CPS/mg protein with the
cooling procedure)/(CPS/mg protein without the cooling
procedure). When cells were treated at 4 °C for 6h at 24 h post
transfection, the relative gene expression increased 2.3 times
(Figure 4A, A). This kind of enhancement was not observed for
the PEI (Figure 4A, open marks). The cold treatment for 2 h did
not affect the expression at all (Figure 4A, @). This may be due
to insufficient decompaction of the polyplexes. The internalized
complexes are considered to be decompacted as is shown in
Figure 3 and were transcribed, resulting in high gene expression.
When cells were cold treated for 6 h at 6 h post transfection, the

Chem. Lett. 2010, 39, 1238-1239
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Figure 4. Relative gene expression depending on temperature (A).
Cells were incubated with complexes composed of pCMV-Luc
(100ng) and polycations (C/A 48-1.5) in FBS (—) DMEM. PEI-C4
(closed symbol) and PEI (open symbol) were used. The cooling
procedure is shown on panel B.

expression enhancement was not observed even for the 6 h cold
treatment at 24h post transfection (Figure 4A, M), suggesting
that the decompaction at a too early stage in the intracellular
trafficking of polyplexes suppressed the gene expression
completely.

In conclusion, new thermoresponsive polymers based on
PEI were used for controlling the intracellular decompaction of
the polyplexes. Thermoresponse was found in polymer solution
prepared by the reaction of butyryl chloride with PEIL. The
stability of PEI-C4/F-pCMV-Luc complex was clearly affected
by cold treatment in a buffer solution. Furthermore, high gene
expression was achieved by well-defined cold treatment proce-
dure. Our system will be useful for mechanistic analysis of the
intracellular behavior of polyplexes for efficient polymeric
carrier-based gene transfer.

This work was supported by Grants-in-Aid from the Ministry
of Health, Labour and Welfare of Japan and by the Program for
Promotion of Fundamental Studies in Health Sciences of
National Institute of Biomedical Innovation of Japan.
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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.45
Many design criteria have been proposed for the develop-
ment of functional small-caliber arterial replacement
grafts.s_11 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-
phy8 or by direct inspection at the time of removal for histo-
logical evaluation.®” However, angiography requires
cannulation of the carotid artery,8 and a midline laparotomy
is needed for direct inspection.” 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,"® 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

Journal of Biomedical Materials Research Part B: Applied Biomaterials

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) = 54 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

of the graft was recognized directly by the satisfactory pul-
sation at the graft and distal side of the aorta.

3-Tesla contrast-frre 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).

Journal of Biomedical Materials Research Part B: Applied Biomaterials

— 235 —



3-TESLA MAGNETIC RESONANCE ANGIOGRAPHIC ASSESSMENT 159

ficial vascular graft implanted in the abdominal aorta of a
rat. In the development of small-caliber vascular grafts as a
preclinical study, in vivo evaluation is needed. Implantation
studies have been performed mostly by using the abdomi-
nal aorta of rats.®® 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. Since some rats survive with
no symptoms after graft occlusion, assessment of the occlu-
sion of an abdominal aorta after graft implantation is not
possible solely on the basis of the rat’s appearance. On the
other hand, some researchers have evaluated graft patency
by palpating the femoral pulse’; however, this method is
prone to subjectivity and uncertainty. Therefore, evaluation
of graft patency should be performed by direct inspection
under laparotomy. On the other hand, even in histological
observations, the evaluation of the degree of graft stenosis
is very difficult.

In this study, MRI images of a reasonable quality were
obtained from a rat using a human whole-body MRI scan-
ner at 3-Tesla. Contrast-free TOF-MRA was able to depict
the implanted graft with a diameter of ~1.5 mm, connected
to the abdominal aorta with a diameter of ~1.3 mm, and
also revealed arteries with diameters of less than 1 mm,
such as the renal, common iliac, and tail arteries, In addi-
tion, an evaluation of the graft status, including the steno-
sis, was also feasible due to the high resolution and
reasonable contrast. As indicated in Figure 3(A), the me-
chanical stenosis was clearly indicated at both sites of anas-
tomosis. Furthermore, the aneurysm formation was clearly
observed [Figure 3(C)]. Since the observation by MRA is
simple and noninvasive, 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 difference
in experimental animals.

As a model graft for implantation in this study, the tubu-
lar connective tissue was used. The tissue was prepared
similar to biotubes.’ Biotubes are autologous prosthetic
tubular tissues prepared by in-body tissue architecture tech-
nology. The biotube, obtained from rats by embedding the
silicone rods (diameter; 3 mm) into their subcutaneous
pouches for 4 weeks, had several 10 um in thickness, about
500 gf in maximum load at rapture, and about 1000 mmHg
in burst pressure.'® This technology, a novel and practical
concept in regenerative medicine, is based on the phenom-
enon of tissue encapsulation of foreign materials in vivo,
and it can be used to develop autologous tissues of the
desired shape, depending on the mold design.’~'' Using
this technology, several types of tissues, including “bio-
tubes” as vascular tissues,”!! “biovalves” as tri-leaflet
heart valve-shaped tissues,”®*! and “biocovered stents” as
hybrid IVR devices,?? have been developed. In this study,
by shortening of the encupsulation period weak and ununi-
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form wall structure was prepared particularly for observa-
tion of the variety of vascular graft fate. As expected,
normal, stenosis, or aneurysm models were appropriately
obtained in one rat.

The assessment of graft status using MR imaging does,
however, have limitations. When using certain materials for
artificial grafts (e.g., ePTFE and Dacron), MR imaging
might be difficult owing to graft artifacts. Furthermore,
such as ultrasound and/or digital subtraction angiography, it
is difficult to evaluate blood stream by 3D evaluation. The
TOF-MRA is more appropriate for the evaluation of tissue-
engineered vascular grafts. The signal-to-noise ratio in
image quality on TOF-MRA is strongly dependent on the
static field strength and the coil design. Further study
should be needed in developing coil. We hope that others
who study at understanding the patho-physiological status
and evaluating the efficacy/side effects of newly
developed treatments, such as pharmaceutical and regenera-
tive medicine.

CONCLUSIONS

Contrast-free TOF-MRA with 3-Tesla allowed an assess-
ment of tissue-engineered small-caliber vascular graft status
in the rat systemic arterial circulation. As the protocol used
in this study is simple and noninvasive, it is useful for the
longitudinal evaluation of graft status in the rat; this will
contribute to enhancing the development of tissue-engi-
neered small-caliber vascular grafts, particularly in the field
of regenerative medicine.
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;»‘Multlcenteri Evaluatlonvf of a Standarqlzed Protocol: for Rew

SPECT can provide valuable diagnostic and treatment
response information in large-scale multicenter clinical trials.
However, SPECT has been limited in providing consistent
quantitative functional parametric values across the centers,
largely because of a lack of standardized procedures to
correct for attenuation and scatter. Recently, a novel software
package has been developed to reconstruct quantitative
SPECT images and assess cerebral blood flow (CBF) at rest
and after acetazolamide challenge from a single SPECT
session. This study was aimed at validating this technique at
different institutions with a variety of SPECT devices and
imaging protocols. Methods: Twelve participating institutions
obtained a series of SPECT scans on physical phantoms and
clinical patients. The phantom experiments included the as-
sessment of septal penetration for each collimator used and
of the accuracy of the reconstructed images. Clinical studies
were divided into 3 protocols, including intrainstitutional repro-
ducibility, a comparison with PET, and rest-rest study consis-
tency. The results from 46 successful studies were analyzed.
Results: Activity concentration estimation (Bg/mL) in the re-
constructed SPECT images of a uniform cylindric phantom
showed an interinstitution variation of +5.1%, with a systematic
underestimation of concentration by 12.5%. CBF values were
reproducible both at rest and after acetazolamide on the
basis of repeated studies in the same patient (mean *+ SD dif-
ference, —0.4 = 5.2 mL/min/100 g, n = 44). CBF values were
also consistent with those determined using PET (-6.1 = 5.1
mL/min/100 g, n = 6). Conclusion: This study demonstrates
that SPECT can quantitatively provide physiologic functional
images of rest and acetazolamide challenge CBF, using a
quantitative reconstruction software package.

Key Words: '23-iodoamphetamine; cerebral blood flow;
acetazolamide; SPECT; vascular reactivity; quantitation
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Current clinical practice using SPECT relies largely on
interpretation of qualitative images reflecting physiologic
function. Quantitative functional parametric images may be
obtained by applying mathematic modeling to SPECT data
corrected for attenuation and scatter. Quantitative regional
cerebral blood flow (CBF) (/-3) and cerebral vascular reac-
tivity (CVR) in response to acetazolamide challenge (4-6)
have been obtained with these techniques. One major appli-
cation of such quantitative SPECT (QSPECT) approaches is
the evaluation of ischemic status in patients with occlusion or
stenosis in their middle cerebral arteries, to provide prognostic
information of the outcome of revascularization therapies (7).
Quantitative analysis in SPECT has also been demonstrated in
the assessment of binding potential for several neuroreceptor
ligands (8,9), for the quantitative assessment of regional my-
ocardial perfusion (10,11), and for the assessment of radio-
aerosol deposition and clearance in healthy and diseased
lungs (12). However, providing the standardized quantitative
approach required for multicenter clinical trials has so far
received only limited attention. Challenges remain in provid-
ing consistent quantitative data across institutions using a
variety of SPECT equipment and vendor-specific reconstruc-
tion strategies (13). This limitation is attributed to a lack of
standardized procedures in the reconstruction software of-
fered by vendors, particularly in terms of correcting at-
tenuation and scatter. Kinetic modeling for physiologic
parameter estimation is also not part of the vendors’ stand-
ard SPECT software. Although separate packages can be
purchased for this purpose, they are not integrated and are
flexible general-purpose packages, requiring considerable
skill and knowledge to effectively use. Thus, they are not
ideal for routine clinical use.

Scatter and attenuation occur in the object and are thus
object-dependent but are not dependent on the geometry of
the imaging equipment (14). Therefore, once a software
program is developed to provide accurate image reconstruc-
tion with compensation for both attenuation and scatter, the
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