reactivity to other specific vasoactive agents is altered in
hypertension (e.g., reactive oxygen species, nitric oxide, endo-
thelin-1, etc.) and what region of the microcirculation is most
susceptible to pathological changes (i.e., vessel branching
generation and vessel size). Ultimately, it is anticipated that SR
will provide an effective means of assessing potential thera-
peutic or prophylactic treatments for PAH.

In summary, we have demonstrated the effectiveness of SR
for assessing changes in pulmonary blood flow distribution and
functional changes (i.e., HPV) associated with the pathogene-
sis of PAH. Despite some limitations, the observations from
this study can provide future direction for investigating the
potential mechanisms responsible for these pathological
changes. Of particular importance, future use of SR will
provide an effective method for assessing the potential treat-
ments for PAH.
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Synchrotron Radiation Coronary Microangiography for
Morphometric and Physiological Evaluation of Myocardial
Neovascularization Induced by Endothelial Progenitor
Cell Transplantation

Hiroto Iwasaki, Kazuhito Fukushima, Atsuhiko Kawamoto, Keiji Umetani, Akira Oyamada,
Saeko Hayashi, Tomoyuki Matsumoto, Masakazu Ishikawa, Toshihiko Shibata, Hiromi Nishimura,
Hidekazu Hirai, Yutaka Mifune, Miki Horii, Kazuro Sugimura, Shigefumi Suehiro, Takayuki Asahara

Background—Therapeutic effect of stem cell transplantation (SCTx) for myocardial neovascularization has been evaluated
by histological capillary density in small animals. However, it has been technically difficult to obtain imaging evidence

of collateral formation by conventional angiography.

Methods and Results—Peripheral blood CD34+ and CD34— cells were isolated from patients with critical limb
ischemia. PBS, CD34— cells, or CD34+ cells were intramyocardially transplanted after ligating LAD of nude rats.
Coronary angiography of ex vivo beating hearts 5 and 28 days after the treatment was performed using the third
generation synchrotron radiation microangiography (SRM), which has potential to visualize vessels as small as
20 pum in diameter. The SRM was performed pre and post sodium nitroprusside (SNP) to examine vascular
physiology at each time point. Diameter of most collateral vessels was 20 to 120 um, apparently invisible size in
conventional angiography. Rentrop scores at day 28 pre and post SNP were significantly greater in CD34+ cell
group than other groups (P<<0.01). To quantify the extent of collateral formation, angiographic microvessel density
(AMVD) in the occluded LAD area was analyzed. AMVD on day 28 post SNP, not pre SNP, was significantly
augmented in CD34 + cell group than other groups (P<0.05). AMVD post SNP closely correlated with histological

capillary density (R=0.82, P<0.0001).

Conclusions—The SRM, capable of visualizing microvessels, may be useful for morphometric and physiological
evaluation of coronary collateral formation by SCTx. The novel imaging system may be an essential tool in future
preclinical/translational research of stem cell biology. (Arterioscler Thromb Vasc Biol. 2007;27:1326-1333.)

Key Words: synchrotron radiation microangiography m image m CD34+ cells m neovascularization
@ myocardial infarction

S tem/progenitor cell transplantation (SCTx) investigated
since the early 1990s is a novel approach for vascular
regeneration therapy in ischemic diseases.!-> One of the
examples of the SCTX is transplantation of adult peripheral
blood CD34+ cells that are endothelial progenitor cell
(EPC)-enriched population. Transplantation of CD34+ cells
prevents left ventricular (LV) dilatation and wall thinning,
inhibits myocardial fibrosis and apoptosis, and preserves LV
function through augmentation of myocardial neovasculariza-
tion and blood flow.+~ Evidence of increased vascularity by
therapeutic neovascularization such as CD34+ cell ransplan-

tation has been obtained by histological assessment of capil-
lary density and physiological evaluation of tissue perfusion
has been by microsphere methods in small sized animals
(mice and rats) with acute ML.'® However, the histological
examination has limitation for precise assessment of vascular
physiology in response to environmental stress. Though
microsphere assessment was performed to evaluate physio-
logical blood flow, it was pointed out to lack significant
reproducibility in small animal models. Several research
groups have utilized other approaches such as corrosion
casts'!12 and angiography!3-!4 to visualize collateral vessels.
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Corrosion casts allow the visualization of small arteries less
than 100 pum in diameter,!! although it is impossible to
examine in live animals or ex vivo beating hearts, and the
complete distension of the vessels depends on several factors
such as elastic properties of the vessel wall, viscosity of the
infused material, and pressure of infusion. Conventional
angiography, which has been widely performed in clinical
practice, can be also undergone in live animals repeatedly.
However, previous reports indicated that conventional an-
giography systems, which could not visualize arteries less
than 200 um in diameter,!5-!¢ have insufficient resolution to
visualize full extent of collateral formation. The resolu-
tional limitation may lead to underestimation of angio-
genic potential of the SCTx, because improvement of
collateral-dependent flow typically results from the prolif-
eration of vessels less than 180 um in diameter.'”-1% The
indispensable angiographic assessment in small animals
has never been established.

Synchrotron radiation (SR) has been investigated as a
novel approach for animal studies because intravenous coro-
nary angiography, a relatively less invasive technique com-
pared with selective coronary angiography, was begun at the
end of 1970’s. Research groups have improved imaging
systems in SR facilities for future clinical application.?® Aside
from the intravenous coronary angiography, Mori et ali5t6
recently developed a new angiography system calied SR
microangiography (SRM), which was an intraarterial mi-
croangiography system. In this system, monochromatic SR is
used as an x-ray source, which energy was adjusted to 33.2
keV just above the iodine K-edge energy to produce the
highest contrast image of the iodine contrast material, and a
high-fidelity video system is also used as a detector, which
has the potential to visualize small vessels (diameter <50 to
100 pm). Thereafter, many researchers have used the SRM to
visualize penetrating transmural coronary arteries in the
canine hearts,?! collateral microvessels following therapeutic
angiogenesis in rat model of hind limb ischemia,?? vasodila-
tation of arterial circle of cerebrum and its branches of the
dogs,?® and tumor-derived angiogenic vessels of the rabbits?+
at the Photon Factory in Tsukuba, Japan. However, the
previous SRM system was unable to visualize coronary
arteries, their branches, and collateral vessels in beating
hearts of small animals because of the still inappropriate
image quality. Currently, new SRM system with spatial
resolution in the um range has been developed in the
SPring-8 (Japan Synchrotron Radiation Research Institute) in
Sayo, Japan. Recently, Kidoguchi et al?s have applied the new
SRM system to visualize branches of rat middle cerebral
arteries and successfully depict the vessels as small as 30 um
in diameter at 9.5 um of detector pixel size. In this study, we
used the new generation SRM to visualize rat coronary
vessels as small as 20 pum in diameter at 4.5 pm of pixel size
and evaluated coronary vascular function in response to
vasodilator under fast beating condition. Here, we report
usefulness of the third generation SRM to visualize collateral
vessels and quantify the effect of therapeutic neovasculariza-
tion by bone marrow (BM)-derived CD34+ cell transplanta-
tion in rats with MI.

Synchrotron Radiation Coronary Microangiography 1327

Methods

Isolation of CD34+ Cells From Patients With
Critical Limb Ischemia

Peripheral blood total mononuclear cells (tMNCs) were obtained
from 3 male patients 71, 63, and 60 years of age with atherosclerotic
peripheral artery disease by apheresis after 5-day subcutaneous
administration of G-colony stimulating factor (CSF) (10 ug/kg/d).
CD34+ cells or CD34— cells were isolated from the tMNCs by a
magnetic cell sorting system, CliniMACS (Miltenyi Biotec).2¢ The
CD34+ cell fraction had a purity of >99%, as determined by
fluorescence-activated cell sorting (FACS) analysis using a mono-
clonal antibody specific for human CD34 (Becton Dickinson).
CD34+ cells in this study were CD31"#", AC133™® and CD45%"
but negative for KDR and VE-cadherin. In contrast, CD34— cells
were positive for CD45 and CD31, but negative for AC133, KDR,
and VE-cadherin. The FACS results suggest that freshly-isolated
CD34+ cells are immature population responsible for hematopoietic
stem cells, endothelial progenitor cells, and hemangioblasts, whereas
the CD34— cells are not considered to be either immature or mature
endothelial lineage cells (supplemental Figure I, available online at

. http://atvb.ahajournals.org).

These patients received intramuscular transplantation of 10°
CD34+ cells/kg according to the protocol of a phase I/Il dose-
escalation clinical trial. Remaining CD34+ or CD34— cells were
used for following experiments. Informed consent regarding the cell
therapy and experimental use of the remaining cells was obtained
from each patient before the case registration. The clinical study
protocol was approved by the Institutional Ethics Committees of
Kobe Institute of Biomedical Research and Innovation and Kobe
City General Hospital.

Animals

Female athymic nude rats (F344/N Jcl mu/rmu; CLEA Japan, Tokyo,
Japan) aged 7 to 8 weeks and weighing 145-160 g were used in this
study. The Institutional Animal Care and Use Committees of RIKEN
Center for Developmental Biology approved all animal procedures
including human cell transplantation. All of our experiments on
imaging of the rat hearts with MI also conformed to the SPring-8
Guide for Care and Use of Laboratory Animals in SRM examination.

Induction of Myocardial Infarction and

Cell Transplantation

Rats were anesthetized with ketamine and xylazine (60 mg/kg and 10
mg/kg, respectively, IP). MI was induced by ligating left anterior
descending coronary artery (LAD) as described previously.’#
Twenty mimutes after MI, rats received intramyocardial transplanta-
tion of 1X10° CD34— celis or 1X 10° CD34+ cells resuspended with
100 uL of PBS or the same volume of PBS without celis (n=9 in
each group). To evaluate incorporation and development of the
transplanted cells in MI tissue, CD34+ cells or CD34— cells labeled
with fluorescent carbocyamine 1, 1'-dioctadecyli-1 to 3,3,3,3'-tet-
ramethylindocarbocyanine perchlorate (Dil) dye (Molecular Probes,
Carlsbad, CA) were intramyocardially transferred into athmic nude
rats (n=3) after MIL.®

Imaging System

SRM experiments were performed at the 2nd optical hatch of the
BL28B2 beamline in the SPring-8. Monochromatic synchrotron
radiation with an energy level of 33.2 keV was obtained from the
beamline. An X-ray imaging system needs to have high shutter speed
to make sharp and blur-free images of fast-moving hearts, and for
this purpose we developed a shutter system using a rotating disk with
radial slots rotating around an axis parallel to the X-ray beam. The
shortest shutter open time was 0.1 ms. X-rays transmitted through the
object are detected by the X-ray direct-conversion type detector
incorporating the X-ray SATICON pick-up ‘tube. For high-
resolution, real-time imaging (7.0 um or 4.5 pum pixel size, 30
frames/second), the monochromatized x-ray obtained from the third
generation SR source and the new rotating disk shatter were used.

Downloaded from atvb.ahajournals.org at National Cardiovascular Center on February 11, 2008

-202-



1328 Arterioscler Thromb Vasc Biol. June 2007

Difterences in Characteristics of Synchrotron Radiation System
Between the Photon Factory and the SPring-8

Photon Factory SPring-8
Input field of view, mm 5050 or 20x20 7.0x7.0 or 45x4.5
Pixe! size, um 4848 or 19%19 7.X7.0 or 4.5%4.5
Spatial resolution, um 30 6
Minimum detectable vessel 50100 20
diameter, um
Shortest shutter open time, 17 2
msec

Sequential images were obtained with an input field of view of
7.0 mm X 7.0 mm or 45 mm X 4.5 mm. Image signals were
converted into digital format and stored in a frame memory with a
10241024 pixels format and 10-bit resolution. Improved points in
the new generation SR imaging system in the Spring-8 compared
with the previous version in the Photon Factory in Tsukuba, Japan is
shown in the Table.

Coronary Microangiography

Transplanted immunodeficient rats were anesthetized with pentobar-
bital and anticoagulant heparin intraperitoneally. After thoracotomy,
the heart and aortic arch were rapidly excised and immersed in
perfusion solution. The pericardium was quickly removed under
immersion and aorta was prepared for cannulation. The heart was
mounted on an aortic cannula, and then pulmonary artery was cut
near its origin. Throughout the experiment, aortic retrograde perfu-
sion at a constant flow rate (4.0 mL/min) with oxygenated perfusion
solution drawn from a temperature-regulated reservoir (37°C) was
started according to the Langendorf technique, as described in detail
previously.?” The perfusion solution was of the following composi-
tion (in mmol/L): NaCl, 118.5; NaHCO,, 25.0; KCl, 3.2; MgSO,,
1.2; KH,PO,, 1.2; CaCl,, 1.4; glucose, 11.0. The solution was filtered
before use and gassed continuously with 90% 0,/10% CO, (pH 7.4
at 37°C). Perfusion fluid was directed into coronary arteries to
perfuse the entire ventricular mass of the heart. Contractile function
and regular heart rhythm returned within a few seconds, and
maximum function was established in several minutes. After stabi-
lization of heart rate and perfusion pressure in the ex vivo beating
hearts under the Langendorf perfusion, SRM at baseline was per-
formed in each animal. The microangiographic images were taken at
base, mitral papillary muscle, and apical levels. Microangiography
was performed with an automated injector (Nemoto Kyorindo)
which was programmed to reproducibly deliver 0.4 mL/sec of
nonionic contrast media containing 37% iodine (lopamiron 370;
Nihon Schering) for 4 sec. After the baseline angiography were
taken, sodium nitroprusside (SNP) (Roche), an endothelium-
nondependent vasodilator, was added to oxigenized Krebs-Henseleit
solution while keeping the perfusate concentrations and the flow
rate. The concentration of SNP used in this study was 1X 107 mol/L,
which corresponds to values validated as the most suitable concen-
tration of SNP to assess the vasodilating effect in a previous study.28
Microangiography was similarly performed to visualize dilated
coronary vessels. Each imaging started 1 to 2 seconds before contrast
media infusion, so that background pictures without contrast media
could be taken for later computed analysis.

Tissue Harvest

After SRM, hearts were sliced in a broad-leaf fashion into 4
transverse sections from apex to base, embedded in OCT compound,
snap frozen in liquid nitrogen (LN,), and stored at —80°C for
immunohistochemistry. Rat hearts in OCT blocks were sectioned,
and 5-pm serial sections were collected on slides followed by
fixation with 4.0% paraformaldehyde at 4°C for 5 minutes and
stained immediately. Total RNA was isolated by selective dissection
of peri-infarct area in LV myocardium for reverse transcriptase-
polymerase chain reaction (RT-PCR).

Angiographic Assessment of Collateral

Vessel Formation

Collateral flow filling to the LLAD territory pre and post SNP was
graded angiographically ip a blinded manner by use of the Rentrop
scoring system.” To quantify development of collateral vessels,
angiographic microvessel density (AMVD) in the occluded LAD
area both pre and post SNP was measured by following computed
analysis. Hearts were divided into 4 parts from ligation point to apex,
then we measured vessel densities in each part. Region of interest
was determined in LAD perfusing area but without visible major
branches of the LAD. The images immediate before (background)
and during contrast media infusion were captured by an image
scanner. After the image capmre, vessel density in each part was
obtained by subtracting the background density from the angio-
graphic density processed with the NIH image program (v. 1.62) as
described previously.?® Average value of the vessel densities in 4
portions was calculated as the AMVD for each imaging procedure.
The ratio of AMVD post SNP to pre SNP (AMVD ratio) was also
calculated. These data analyses were performed by 2 blinded
observers.

Morphometric Evaluation of Capillary Density
Histochemical staining with isolectin B4 (Vector Laboratories) was
performed, and capillaries were recognized as tubular structures
positive for isolectin B4. Histological capillary density was evalu-
ated by morphometric examination of 5 randomly selected fields of
tissue sections recovered from segments of LV myocardium sub-
served by the occluded LAD.”® All morphometric studies were
performed by 2 examiners who were blinded to treatment.

Statistical Analysis

The results were statistically analyzed with the use of a software
package (Statview 5.0, Abacus Concepts Inc). All values were
expressed as mean=*SE. Paired ¢ tests were performed for compar-
ison of data between day 5 and day 28, and between pre and post
SNP infusion. The comparisons among 3 groups were made with
1-way ANOVAs. Post hoc analysis was performed by Fisher
protected least significant difference test. Correlation between his-
tological and microangiographic vessel densities was analyzed by
linear regression test. Differences of P<0.05 were considered
statistically significant.

Results

. Rentrop Score Pre and Post SNP Infusion

SRM was performed to evaluate collateral vessel develop-
ment by elucidating Rentrop score, a semiquantitative grad-
ing of collateral flow filling into the occluded coronary
artery,'® 5 and 28 days after cell transpiantation. SRM on day
5 demonstrated that the LAD was totally occluded at the
ligation point and collateral flow filling into the distal LAD
was not well visualized in all groups (Figure 1a). Angio-
graphic Rentrop score at day 5 was not significantly different
in each group (Figure ic). In contrast, SRM on day 28
revealed better visualization of collateral vessels into the
distal LAD area in CD34+ cell group compared with both
CD34— cell and PBS groups. Collateral vessels were
generated from left circumflex artery or proximal site of
LAD. Diameter of the collateral vessels was generally 20
to 120 wm, which is apparently invisible size in conven-
tional angiography (Figure 2a). Rentrop score at day 28
was significantly greater in CD34+ cell group than either
CD34— cell or PBS group (CD34+, 1.6+0.2; CD34—,
0.6+0.2; PBS, 0.4%0.2, P<0.01 for CD34+ versus
CD34— and PBS) (Figure 2c).
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Figure 1. a, Representative images of synchrotron
radiation microangiography (SRM) 5 days after
PBS, CD34—, or CD34+ cell transplantation (pre
sodium nitroprusside [SNP}; 7.0x7.0 mm). Collat-
eral vessels were poorly visualized in all groups.
Arrowhead shows ligation point (scale bar;

100 um). b, Representative SRM images post SNP
at day 5 (7.0x7.0 mm). Collateral vessels were
poorly visualized in all groups (scale bar; 100 um).
¢, Rentrop score of collateral development pre and

post SNP in each group at day 5. d, Angiographic
microvesse! density (AMVD) pre and post SNP in
each group at day 5. e, Ratio of AMVD post SNP
to pre SNP (AMVD ratio) in each group at day 5.

c Rentrop score (day 5) d AMVD (dsy 5)
3 80
: .‘- ': 4. . m : N : .
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SRM post SNP was similarly performed to evaluate the
augmentation of new microvasculature 5 and 28 days after
transplantation. SRM on day 5 revealed slightly better visu-
alization of the new microvasculature post SNP compared
with pre SNP in each group (Figure 1b). However, Rentrop
score post SNP at day 5 was not significantly different in each
group (Figure 1c). SRM on day 28 in CD34+ cell group, not
in CD34— and PBS groups, revealed that new microvascu-
lature in the occluded LAD area was better visualized post
SNP than pre SNP (Figure 2a and 2b). Rentrop score at day
28 in CD34+ cell group was significantly greater post SNP
than pre SNP (CD34+ post SNP, 1.8+0.1; CD34+ pre SNP,
1.6x£0.2, P<0.05). However, in PBS or CD34— cell group,
Rentrop score at day 28 post SNP was not significantly
different from that pre SNP (Figure 2c).

SRM post SNP at day 28 revealed better visualization of
collateral vessels into the distal LAD area in CD34+ cell
group compared with both CD34— cell and PBS groups
(Figure 2b). Rentrop score post SNP at day 28 was signifi-
cantly greater in CD34+ cell group than either CD34— cell
or PBS group (CD34+, 1.8+0.1; CD34-, 0.7+0.2; PBS,
0.5+0.2, P<0.01 for CD34+ versus CD34— and PBS)
(Figure 2c).

Thus, the new generation SRM system enabled visualiza-
tion and evaluation of new microvasculature created by
CD34+ cell wransplantation in the fast beating rat hearts.
These results suggest that CD34+ cell wansplantation may
enhance collateral blood flow in the ischemic myocardium
and may also improve collateral vascular function in response
to SNP infusion.

Angiographic Microvessel Density (AMVD)

in SRM

To quantify the activity of collateral vascular formation in
the occluded LAD area, we measured the AMVD in SRM
by computed analysis. AMVD pre and post SNP on day 5
was not significantly different in CD34+ cell group from
that in other groups (Figure 1d). The ratio of AMVD post
SNP to pre SNP (AMVD ratio) on day 5 was similar in all
groups (Figure Ie).

AMVD pre SNP on day 28 was not significantly
different in CD34+ cell group from that in other groups
(CD34+, 27.3+3.2; CD34—, 23.2+0.8, PBS, 21.6+2.7).
However, in CD34+ cell group, not in other groups,
AMVD on day 28 was significantly greater post SNP than
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Figure 2. a, Representative microangiographic
images pre SNP 28 days after PBS, CD34-, or
CD34+ cell transplantation (7.0x7.0 mm). Collat-
eral vessels were better developed in rat receiving
CD34+ cells compared with rats receiving PBS
and CD34- cells (scale bar, 100 um). b, Repre-
sentative microangiographic images post SNP at
day 28 (7.0x7.0 mm). Augmentation of collateral
microvessel development into distal portion of LAD
area was further visualized in rat receiving CD34+
cells compared with rats receiving PBS and

¢ Reatrop Score (day 28) d

CD34 -~ cells (scale bar, 100 pm). ¢, Rentrop score

pre and post SNP at day 28 in each group.

- -

PBS CD3-
Tpresse I pos:sxp

CD33- PBS

AMVD ratio (day 28)

————

‘o

B~ IR )

rg8s CDX-

CDM

pre SNP (post SNP, 53.2+3.8; pre SNP, 27.3%3.2,
P<0.05). AMVD post SNP on day 28 was significantly
greater in CD34+ cell group compared with CD34— cell
and PBS groups (CD34+, 53.2+3.8; CD34—, 26.5+2.0,
PBS, 23.0+2.0, P<0.01 for CD34+ versus CD34— and
PBS) (Figure 2d). AMVD ratio on day 28 was also
significantly greater in CD34+ cell group than either
CD34—~ cell or PBS group (CD34+, 2.5%£0.5; CD34—,
1.4x0.1, PBS, 1.1+0.1, P<0.01 for CD34+ versus
CD34— or PBS). AMVD ratio on day 28 was similar in
CD34— cell and PBS groups (Figure 2e).

These results indicate that AMVD analysis may be useful
to quantify the effect of therapeutic neovascularization by
CD34+ cell transplantation. Similarly as the Rentrop grade
examination, AMVD assessment suggests contribution of
CD34+ cell transplantation to improvement of collateral
vessel function in response to SNP.

Histological Evaluation of Capillary Density

Histochemical staining for isolectin B4 was performed to
identify capillaries in ischemic myocardium 4 weeks after
cell transplantation (Figure 3a). Histological capillary density

*P<0.05; P<0.01. d, AMVD pre and post SNP at
day 28 in each group. “P<0.01. ¢, AMVD ratio at
day 28 in each group. "P<0.01.

CD3:-  CDM-
Jpresxr I postsne

was significantly greater in CD34+ cell group than in
CD34— cell and PBS groups. Histological capillary density
in CD34— cell group was not significantly different from that
in PBS group (CD34+, 711x15; CD34~, 365+23; PBS,
294+17/mm?, P<0.01 for CD34+ versus CD34— and PBS)
(Figure 3b). :

Correlation Between SRM and
Histological Assessments
To confirm whether AMVD is precise assessment of vascular
development by CD34+ cell transplantation, we investigated
correlation between AMVD and histological capillary density
on day 28. AMVD pre SNP did not significantly correlate
with histological capillary density (R=0.16, P=0.42), how-
ever AMVD post SNP closely correlated with histological
capillary density (R=0.82, P<0.0001) (Figure 3c).

These results suggest that AMVD post SNP may be
accurate and useful for precise evaluation of collateral and
vascular formation following SCTx. '

Discussion
Many investigators have demonstrated efficacy of various
stem/progenitor cell transplantation against ischemic disease
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density in rats receiving CD34+ cells, CD34—
cells, or PBS at day 28. Ischemic neovasculariza-
tion was significantly enhanced after CD34+ cell
transplantation. *P<0.01. ¢, Correlations of AMVD
pre SNP or post SNP with histological capillary
density 4weeks after the treatment. AMVD post
SNP, but not pre SNP, closely comrelated with his-
tological capillary density.
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such as MI and limb ischemia in vivo.303! Although immu-
nodeficient rats/mice provide enormous information about
regenerative property of human stem/progenitor cells in the
animal models of tissue ischemia, the vasculogenic/angio-
genic effect of the human cells has been mainly evaluated by
histological assessments because of technical limitation for
physiological examinations in small animals.'’ Recently,
Toyota et al’2 reported critical role of VEGF for coronary
collateral growth by using micro CT. However, the micro CT
can be performed only for postmortem examination, ie, not
for fast beating hearts, and the spatial resolution of this
method was 18 um, which is 3 times larger than that in our
novel SRM system and is not considered to be ideal for
visualization of the collateral vessels.

In our SRM system, monochromatic SR is used as an x-ray
source, and high speed and resolution imaging system, which
has the potential to visualize blood vessels as small as 20 um
in diameter (spatial resolution: 6 um), is also used. In the
present study, we demonstrated usefulness of the SRM
imaging to evaluate therapeutic neovascularization by cell-
based therapy in small animals. Similarly as the previous
reports,*7# histological and molecular examinations in this
study confirmed endothelial differentiation and therapeutic
efficacy of the transplanted CD34+ cells for augmentation of
myocardial neovascularization. The SRM examination re-
vealed that diameter of the collateral vessels was generally 20
to 120 um, which is apparently invisible size in conventional
angiography, and the collaterals were better visualized after
SNP-induced vasodilatation than pre SNP. In comparison

Histological capillary density (¢ mm®)

with postmortem studies such as histology, corrosion casts
infusion and micro CT, it may be a great advantage of the
SRM to elucidate physiology of the microvessels in response
to vasoactive agents under the fast beating condition. To our
knowledge, this is the first report demonstrating coronary
microangiography under fast beating condition in both acute
and chronic phases after MI and SCTx. Extent of collateral
development was evaluated by conventional Rentrop score
and novel assessment of AMVD. Although Rentrop score has
been widely used in preclinical and clinical fields,” the
examination has several limitations: (1) The scoring is semi-
quantitative; (2) The system is to indirectly evaluate collateral
development by grading collateral filling into the occluded
coronary artery, and not to directly examine developed
vascularization. Therefore, we assessed AMVD to quantita-
tively and directly evaluate blood vessel development as
angiographic vessel density independent of blood flow in the
occluded arteries. In the present study, both conventional and
novel assessments revealed that collateral development and
vascularization in ischemic myocardium was similar in all
groups on day S, but was significantly augmented in CD34+
cell group than other groups on day 28. Interestingly, the
intergroup difference in AMVD was observed only post SNP,
not pre SNP. Similarly, AMVD post SNP, not pre SNP,
closely correlated with histological capillary density, which
has been used for morphological evaluation of neovascular-
ization in small animal studies. These results indicate accu-
racy and usefulness of AMVD post SNP for elucidating
preserved vascular volume created by SCTx in fast beating
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hearts of small animals, and also suggest that even in SRM
with high imaging resolution, SNP infusion may be essential
to avoid underestimation of the angiographic vascular den-
sity. The correlation between histological capillary density
and AMVD post SNP proves the quality of AMVD to
identify capillary vascular volume regenerated by SCTx. SNP
infusion may increase the diameter of not only already visible
vessels but also invisible capillaries (diameter <20 um) pre
SNP up to detectable size, thereby represents significant
augmentation of blood perfusion in ischemic myocardium
following CD34+ cell transplantation.

Present Limitations and Future Plans

The microangiographic imaging system requires a high shut-
ter speed (short exposure time) to produce sharp and blur-free
images of fast-moving hearts. In the current SRM system, the
rotating disk X-ray shutter has been developed to produce
X-ray pulses with the minimum pulse length of 0.1 ms,
because even the beating heart is to remain almost motionless
during the exposure time for ideal imaging. However, the
exposure time was adjusted to around 2.0 ms in this experi-
ment, because X-ray flux was not sufficient for the 0.1 ms
shutter operation. A speed of the coronary arteries in rats is a
few wm/ms at the end of diastole, ie, the movement of the
arteries in 2.0 ms is several um in the present system. On the
other hand, the limiting spatial resolution of the image
detector is approximately 6 pm, when digital images are
acquired with a 1024X1024 pixel format, an input field of
view of 4.5 mmX4.5 mm and pixel size of 4.5 um. These
facts indicate that the detector’s spatial resolution is compa-
rable to the motion blur amount in the present rat heart
imaging, however there is still some room for improvement
of the image quality. We are planning to develop a new X-ray
optical system used for SR to increase the X-ray flux for the
0.1 ms shutter operation. Another limitation of the present
study is that despite of the high quality of SRM for visual-
ization of coronary arteries and the microvascular bed of fast
beating hearts, we cannot take serial images in each individ-
ual at days 5 and 28, because they have to be examined ex
vivo not in vivo. Future establishment of in vivo SRM
imaging would be also warranted.

Conclusions

The present results indicate that the SRM may be useful to
both morphologically and physiologically evaluate therapeu-
tic neovascularization by SCTx in small animals. The novel
imaging system may be not only an essential tool in future
translational research of stem cell biology but also useful
assessment of microvascular beds in small animal models of
various diseases such as hypertension, diabetes mellitus, and
cardiomyopathy. Further development of in vivo imaging
system in future may lead to clinical application of the SRM,
which is expected to be useful for assessment of microangi-
opathy, elucidation of therapeutic neovascularization, and
determination of optimal treatment strategies in both preclin-
ical and clinical trials.
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Abstract

Objective The purpose of this study was to compare the
diagnostic performance of positron emission tomogra-
phy (PET) alone, computed tomography (CT) alone,
side-by-side reading, and fused images for restaging or
foliow-up of patients with malignant lymphoma.
Methods Fifty patients with histologically confirmed
non-Hodgkin lymphoma underwent an "®fluoro-2-deox-
yelucose (FDG)-PET scan, followed by a CT scan. CT
alone, PET alone, side-by-side reading, and fused images
were interpreted separately and visually using a five-
point grading scale for the following eight regions: cervi-
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cal, supraclavicular, axillary, mediastinal, para-aortic to
iliac, mesenteric, inguinal, and extra-nodal. Diagnostic
accuracy was compared on the basis of the final diagno-
ses determined by histological confirmation and/or clini-
cal course.

Results For all regions combined, the interpretation of
PET alone (sensitivity = 86.1%, specificity = 99.4%, ac-
curacy = 91.0%), side-by-side reading (96.0%, 99.4%,
98.9%), and fused images (98.0%, 99.4%, 99.2%) yielded
significantly higher diagnostic performance than that of
CT alone (59.4%, 96.1%, 91.0%; P < 0.001). The cervical,
supraclavicular, and extra-nodal regions were more ac-
curately diagnosed with PET (P < 0.05), whereas the
para-aortic to iliac regions were diagnosed more accu-
rately with side-by-side reading and fused images than
with CT alone or PET alone (P < 0.05).

Conclusions Although fused images are clinically valu-
able, side-by-side reading showed equivalent perfor-
mance, whereas the interpretation of PET alone yielded
reasonably high diagnostic performance for restaging or
follow-up of patients with malignant lymphoma.

Keywords CT - PET - Lymphoma - Image fusion

Introduction

Computed tomography (CT) has been one of the main
diagnostic modalities for the staging, restaging, and fol-
low-up of patients with lymphoma. CT can provide pre-
cise anatomicinformation and depict abnormal structures
and abnormal contrast enhancement resulting from
pathological changes of lesions [1-3]. Because interpre-
tations using CT are made mainly based on size criteria
[4], we can neither detect pathological lesions in normal-
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sized lymph nodes nor differentiate nodes enlarged by
other causes. Another drawback of CT for patients with
lymphoma is the difficulty of detecting tumors in cases
of diminished contrast with the surrounding tissues.
These disadvantages of CT result in a reduced sensitivity
for lesion detection {4, 5].

Rather than morphological information, positron
emission tomography (PET) using fiuorine-18-fluoro-2-
deoxy-p-glucose (FDG) provides metabolic information
on glucose uptake and is useful for the management of
patients with lymphoma [4, 6-13]. The main disadvan-
tages of PET tumor imaging are low contrast, low reso-
lution, and less effective visualization of anatomic
landmarks. These drawbacks make it difficult to accu-
rately localize lesions with pathological FDG uptake [5,
14], so that it 1s also usually necessary to refer to mor-
phological imaging such as CT to interpret PET images
(side-by-side reading) [1]. _

To complement morphological information, an inline
PET/CT system has been developed with its clinical via-
bility confirmed in several reports [1, 5, 14, 15]. This
system is advantageous when lesions are adjacent to
structures which cannot be conclusively assessed through
interpretations arrived at by means of by PET alone or
CT alone [15].

In spite of the known advantages of fused images
provided by a combined PET/CT scanner for the assess-
ment of malignant lymphoma [3, 16-18], not all insti-
tutes have access to this new technology because of its
higher cost. This has resulted in a continuing demand
for investigations of the clinical feasibility of software-
based manual fusion techniques. Image fusion can now
actually be achieved using software, and reportedly high
diagnostic accuracy was obtained even with this ap-
proach [19].

The purpose of our study was to compare the diag-
nostic performance of CT alone, PET alone, side-by-side
reading, and manually fused images for patients with
lymphoma.

Materials and methods
Subjects

Fifty patients (30 men and 20 women; mean age 53.8
years; range 2076 years) with histologically confirmed
non-Hodgkin lymphoma underwent an FDG-PET scan
followed by a CT scan at our institute between June 2003
and November 2004. Patients with diabetes mellitus
were excluded from our study to avoid false-negative
results on PET resulting from an elevated plasma glu-
cose level [20]. The scans were performed on 24 patients

@Springer

for restaging and on 26 for follow-up. The scans for re-
staging were for the evaluation of therapeutic effect after
completion of chemotherapy or chemo radiotherapy,
and scans for follow-up were used for checking for recur-
rence after a complete response had been achieved. The
duration between restaging examination and compietion
of therapy ranged from 3 to 10 weeks (mean 4.2 weeks),
and that between follow-up examination and confirma-
tion of complete response ranged from 12 to 26 weeks
(mean 15.3 weeks). The World Health Organization his-
tological classifications of the recruited patients with
non-Hodgkin lymphoma were B-cell lymphoma (n = 44)
and T-cell lymphoma (n = 6). Written informed consent
was obtained from all patients, and the ethics committee
of our institute approved this study.

PET examinations

All patients fasted for at least 4h before the examination
and received 111-148 MBq (3-4mCi) of FDG. Plasma
glucose levels were monitored just before the intra-
venous administration of FDG (range 72-133mg/d],
average 92mg/dl). Patients were urged to void 50-min
postinjection, after which they were positioned on a 200
x 60 x 5cm large vacuum cushion (ESFORM; Engineer-
ing System, Matsumoto, Japan), which has been widely
used for positioning patients for radiation therapy. The
cushion was placed on the bed of a PET scanner, and
the patients were positioned on top with their arms up
over the head as previously described [19]. With a felt-tip
pen, 2 median line from the navel to the sternum level
was drawn on the skin, as well as bilateral horizontal
longitudinal lines, and a transverse line on the upper
thigh indicating the starting point for scanning.

Positron emission tomography studies were performed
with either an ECAT Exact 47 or an ECAT Exact HR+
PET Camera (Siemens/CTI, Knoxville, TN, USA).
These devices simultaneously acquire 47 planes over a
16.2-cm (ECAT Exact 47) or 63 planes over a 15.5-cm
(ECAT Exact HR+) axial field of view. After placement
of the patients as described earlier, a static emission scan
was performed with 2-3 min of acquisition for each bed
position and covering an area from the upper thigh to
the meatus of the ear. Next, a transmission scan using a
%Gef*Ga rod source was performed over the same area
for 2min per bed position. All acquisitions were three
dimensional. Attenuation-corrected images were ob-
tained by using an ordered-subsets expectation maximi-
zation iterative reconstruction algorithm (four iterations,
eight subsets). Delayed PET scan was neither performed
nor interpreted in this study because delayed scan for
patients with lymphoma is not routinely performed in
our institute.
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CT examinations

After completion of the PET scan, patients were urged
to void again to obtain a consistent bladder shape and
reduce radiation exposure. They were then moved to the
CT room, where they were repositioned on the same
molded vacuum cushion and with reference to the same
median and bilateral surface lines that were drawn be-
fore the PET scan. The CT device was a multidetector
row CT scanner (Acquilion; Toshiba Medical Systems,
Tokyo, Japan) with four detectors. The following techni-
cal parameters were used for CT scanning: 120kV peak
energy, and 200-450mA electric current with automated
radiation exposure control, helical pitch of 5.5 mm (high-
speed mode), 3-mm collimation, and 5-mm reconstruc-
tion thickness. During the 20-30-s scan, the patients
were requested to perform shallow breathing. The CT
examinations were performed with (n = 47) or without
(n = 3) contrast material, and all the contrast-enhanced
CTs were acquired during the equilibrium phase, i.e.
80-90s after intravenous injection of 100ml of Iohexol
(Omnipaque 300; Daiichi Pharmaceutical, Tokyo,
Japan). The interval between PET and CT scans was less
than | h in all patients.

Image fusion

Both CT and PET data sets were transferred to a SUN
workstation (ULTRAG60; SUN Microsystems, Moun-
tain View, CA, USA). To obtain fused images of CT and
PET, the PET images, which had been enlarged with a
multiple zoom factor in order to match the field of view
of CT images (50cm), were interpolated with software
(Dr.View; Asahikasei-Joho Systems, Tokyo, Japan) into
a matrix size of 512 x 512 with 5-mm intervals. The slice
showing the lower margin of the urinary bladder was
then identified on both CT and modified PET images,
and the PET images were shifted cranio-caudally to
match the CT images. In this manner, by using the two
slices showing the loweér margin of the bladder, the two
sets of images were merged on a pixel-to-pixel basis.

Image analysis

First, two board-certified radiologists (TO, 14 years of
experience; YN, 13 years of experience) read the CT im-
ages without access to any clinical information. Both size
and shape criteria were used for CT interpretation, with
round lymph nodes with a short axis longer than 1cm
being considered abnormal in comparison with lymph
nodes that were flat and/or had a short axis less than
lcm in length. After interpretation of CT images only,
two radiologists (YN, 13 years of experience; SS, 12

" through 2 were

years of experience), who were also board-certified nu-
clear medicine physicians, interpreted the fused images.
In order to avoid interpretation bias, PET images alone
were read by two other board-certified nuclear medicine
physicians (TS, 22 years of experience; TH, 15 years of
experience) without access to any other information, in-
cluding CT image interpretations. Regions with focally
increased tracer uptake were interpreted as abnormal.
Because the purpose of the study was to assess the visual
interpretation of each modality, semi-quantitative pa-
rameters of FDG uptake, such as a standardized uptake
value, were not used. For side-by-side reading, PET and
CT images were juxtaposed and interpreted by two dif-
ferent board-certified radiologists (TO, 14 years of expe-
rience; MN, 7 years of experience).

All image interpretations were performed with the aid
of a workstation that provided the appropriate intensity
for PET and the optimal density level for CT. To assess
the diagnostic capability of each type of interpretation,
findings were compared on the basis of the following
anatomic regions: cervical, supraclavicular, axillary, me-
diastinal, para-aortic to iliac, mesenteric, inguinal, and
extranodal. The number of lesions in each region was
not counted. Interpretations of the images were scored
on a five-point grading scale (0 = definitely negative, 1 =
probably negative, 2 = equivocal, 3 = probably positive,
4 = definitely positive) by consensus of the two readers.
A lesion in the extranodal region was identified and in-
terpreted separately for each interpretation and was
scored “0” when no corresponding lesion was detected
by the other interpretations. Regions with a score of 3
or 4 were interpreted as positive, and those with grade 0
considered negative for each
interpretation.

Standard reference

Final diagnosis was determined by histological confir-
mation and/or clinical follow-up of at least 12 months
(mean duration 24.1 months; range 12.1-36.2 months).
Assessment of five regions in five patients was confirmed
histologically by means of biopsy. The remaining re-
gions without histological confirmation were evaluated
by means of clinical follow-up consisting of several im-
aging modalities such as follow-up PET study (n = 32),
magnetic resonance imaging (MRI) (n = 2), and follow-
up CT (n = 48). Fused images, obtained with the same
procedure as described before, were included in the
follow-up studies (n = 32). Final diagnosis of the regions
arrived at with the various imaging modalities was de-
fined as follows: when the region was diagnosed as posi-
tive with every method, a finding of enlargement of the
lesion and/or residual (or increased) accumulation re-
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gardless of therapy, or a finding of a decrease in size
and/or accumulation after therapy during the follow-up
study was regarded as true positive, whereas a finding of
a decrease in size and/or accumulation without therapy
was considered false positive. When the region was di-
agnosed as negative with every method, a finding of a
lack of enlargement and/or accumulation in the region
regardless of therapy was considered as true negative,
and a finding of an increase in size and/or accumulation
regardless of therapy was judged to be false negative.

Statistical analysis

To determine the diagnostic confidence of the interpreta-

tions, true-positive regions which were scored as “4” by
every interpretative method were statistically compared
by means of the chi-square test.

To assess the individual diagnostic performance of
each of the interpretation modalities, sensitivity, speci-
ficity, and accuracy of CT alone, PET alone, side-by-side
reading, and fused images were each assessed on the ba-
sis of the final diagnoses. To compare the diagnostic
performance of each modality thus assessed, the receiver
operating characteristic analysis followed by McNemar’s
test was applied.

We used commercially available software (Statview,
version 5.0, SAS Institute, Cary, NC, USA and Statmate
11T, HALLoGRAM Publishing, Aurora, CO, USA) for
statistical analysis. For all statistical analyses, a P value
of less than 0.05 was considered to indicate a statistically
significant difference.

Results

The number of involved regions was 100 in 25 patients.
The scores determined by each of the interpretation mo-
dalities for the true-positive regions are shown in
Table 1. The number of true-positive regions which were
scored as “4” was 47 (47%) for CT alone, 68 (68%) for
PET alone, 84 (84%) for side-by-side reading, and 91
(91%) for fused image interpretation. The differences in
scores between the interpretations of CT alone and the

Table 1 Distribution of scores for true-positive regions determined
with each of the modalities (n = 100)

Score CT alone PET alone  Side-by-side Fused image
0 13 (13%) 4 (4%) 2 (2%) 1(1%)

1 15 (15%) 2 (2%) 0 (0%) 0 (0%)

2 12 (12%) 8 (8%) 1 (1%) 0 (0%)

3 13 (13%) 18 (18%) 13 (13%) 8 (8%)

4 47 (47%) 68 (68%) 84 (84%) 91 (91%)

PET positron emission tomography, CT computed tomography

2] Springer

other modalities were all statistically significant by the
chi-square test (P < 0.001). The difference between the
interpretations of PET alone and fused images was also
statistically significant (P < 0.01). There was no signifi-
cant difference between the interpretations of side-by-
side and fused images.

The diagnostic performance and area under the curve
for each method on a per-region basis are summarized
in Table 2. For the overall regions, the interpretation of
PET images alone (sensitivity = 83.9%, specificity =
99.5%, accuracy = 91.9%, area under the curve = 0.959),
side-by-side reading (94.6%, 99.3%, 98.8%, 0.981), and
fused images (98.2%, 99.3%, 99.2%, 0.991) showed high-
er diagnostic performance than did that of CT images
alone (48.2%, 96.4%, 91.9%, 0.791) as determined by
McNemar’s test (P < 0.001) (Table 3, Fig. 1).

For the cervical regions, CT showed the lowest diag-
nostic value by a significant margin (P < 0.01). For the
para-aortic to iliac region, there was no significant dif-
ference between the diagnostic performance of CT and
PET, and that of CT was significantly poorer than the
performance of side-by-side reading and fused images
(P < 0.01) (Table 3).

Fifteen extranodal regions were found in nine patients
of our study population. These extranodal regions

9
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Fig. 1 Receiver operating characteristic analysis curves for the
overall regions. The diagnostic performance of positron emission
tomography (PET)-alone interpretation, side-by-side reading, and
fused image interpretation was significantly better than that of
computed tomography (CT)-alone interpretation (P < 0.001).
There was no significant difference in the diagnostic efficacy
among PET-alone interpretation, side-by-side reading, and fused
image interpretation for the overall regions
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Table 2 Diagnostic performance of the methodologies assessed by region-based analysis

Region CT only PET only

Side-by-side reading Fused image

SS SP AC Az SS SP AC

Az SS SP AC Az S8 SP AC Az

Overall 482 964 919 0791 839 99.5 919
{n = 100)
Cervical 500 944 90.0 0.791 900 1000 90.0
(n=19)

Supraclavicular  33.3 990 97.0 0.747 667 1000 97.0
(n=11)

Axillary 40.0 1000 940 0950 800 989 940
(n=19)

Mediastinal 750 97.8 1000 1.00 100.0 100.0 100.0
(n=6)

Para-aortic to 400 96.7 91.0 0.806 80.0 1000 91.0
iliac (n=12)

Mesenteric 1000 959 96.0 0.980 100.0 100.0 96.0
(n=4)

Inguinal 750 952 96.0 0.854 750 1000 96.0
(n=14)

Extranodal 300 875 776 0573 900 958 948
(n=15)

0959 946 993 988 0981 982 993 99.8 0991
0999 100.0 100.0 100.0 0.000 100.0 100.0 100.0 1.00
1.00 66.7 1000 9906 0.000 100.0 1000 1000 1.00
099 1000 989 99.0 0999 100.0 100.0 99.0 0.999
0.978 100.0 100.0 1000 0.000 100.0 100.0 100.0 1.00
0946 100.0 989 910 0.806 100.0 989 99.0 0.999
1.00 100.0 100.0 100.0 0.000 100.0 100.0 100.0 1.00
0.818 87.5 1000 98.0 0.938 100.0 100.0 100.0 1.00

0927 900 958 948 0933 90.0 958 948 0.940

SS sensitivity, SP specificity, 4C accuracy, AZ area under the curve

Table 3 Comparison of

diagnostic performance of the CT vs. CT vs. CT vs. PET vs. PET vs. S-by-S
methodologies by means of PET S-by-S fused S-by-S fused vs. fused
receiver operating Overall P<0.00l P<0001 P<000l NS NS NS
characteristic analysis Cervical P<00l  P<00l P<00l NS NS NS
Supraclavicular NS NS " NS NS NS NS
Axillary NS NS NS NS NS NS
Mediastinal NS NS NS NS NS NS
. Para-aortic to itiac NS P <001 P <0.01 NS NS NS
NS not statistically Mesenteric NS NS NS NS NS NS
significant, S-by-S side-by- Inguinal NS NS NS NS NS NS
side reading, Fused fused Extranodal P<0001 P<0001 P<0001 NS NS NS

image

comprised spleen, thyroid, nasopharynx (n = 2), spine,
rib (n = 2), pelvic bone, lung (n = 3), peritoneum, colon,
uterus, and brain. In these regions, the diagnostic per-
formance of CT alone was significantly poorer than that
of PET alone, side-by-side reading, and fused images (P
< 0.001). On the other hand, the latter three modalities
showed no significant differences in the assessment of the
extranodal region (Table 3).

Discussion

Our study indicates that the overall diagnostic perfor-
mance of PET alone, side-by-side reading, and fused
image interpretation do not differ significantly for re-
staging or follow-up of patients with malignant lym-
phoma but was significantly superior to interpretation
on the basis of CT alone.

On interpretation of CT alone, the detection of lesions
depends on the capability of distinguishing abnormal
structures from surrounding normal organs. Even when
contrast material was administered to 47 of the 50 pa-
tients (94%) in our study, the overall sensitivity of
interpretation with CT alone was only 48.2%, and was
especially low in the extranodal region (30.0%). Figure
2 shows an example of a patient with extranodal involve-
ment in the nasopharynx, which was overiooked in CT
alone. Schaefer et al. [3] reported similar results consis-
tent with our data regarding poorer diagnostic perfor-
mance for extranodal involvement by the interpretation
of contrast-enhanced CT [3].

In the nodal region, the interpretation of CT alone
mainly depends on size criteria to determine whether le-
sions are pathological [4, 7, 16, 21}, so that normal- or
borderline-sized lymph nodes with malignancy could be
diagnosed as normal. This is especially true for the
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restaging of lymphomas after therapy and residual en-
larged nodes without viability, which can be seen in up
to 80% of patients with Hodgkin lymphoma and in up
to 40% of non-Hodgkin lymphoma patients [16]. The
region-based analysis in our study demonstrated that the
diagnostic performance of CT-alone interpretation in
the cervical regions was significantly lower than that of
the other interpretation modalities. Because normal- or
borderline-sized lymph nodes without malignancy are
commonly seen in these regions, it is hard to differentiate
malignant from benign lesions by depending on size
criteria as well as to show abnormalities that are sur-
rounded by normal tissues such as muscles and vessels
(Fig. 3).

An inline PET/CT scanner has been developed to
overcome the lack of anatomical information which has
been a disadvantage of PET, and is reportedly beneficial
for the assessment of patients with lymphoma [1, 5, 14,
15, 18]. Restaging of three patients in our study was
performed correctly by fused image interpretation, but
interpreted as false negative by PET alone. Figure 4
shows one of these cases. For the assessment of interpre-
tation by PET alone, the detection of abnormality de-
pends on differentiation between physiological and
pathological uptake. It is therefore possible that abnor-
mal uptake was overlooked when it was located adjacent
to physiological uptake such as the heart in the medias-
tinal region, the ureter in the para-aortic to iliac region,
the intestinal tract in the mesenteric or inguinal regions
and the brain, liver, kidney, and bladder in the extra-
nodal region. Moreover, far fewer true-positive regions

were scored as “4” by PET alone than by fused image

interpretation. As Tatsumi et al. [22] showed, a fused
image has an advantage over separate PET and CT in-
terpretation in terms of lesion detection and diagnostic
confidence. For those reasons, anatomical information
is required to avoid false-negative findings by PET-alone
interpretation and to enhance the diagnostic confidence
for the assessment of lymphoma.

On the other hand, the diagnostic performance of
PET alone for the overall regions as assessed by region-
based analysis was much better than expected and
showed no statistical difference when compared with
that of side-by-side reading or fused image interpreta-
tion. For restaging or follow-up of patients with lym-
phoma, precise anatomical information is not always
essential when compared with that for patients with
other malignancies such as lung cancer, because ana-
tomical information in lymphoma is used to distinguish
nodal from extranodal and supradiaphragmatic from
infradiaphragmatic [3, 23]. The interpretation of PET
alone may therefore be sufficient for the assessment of
patients with lymphoma for restaging or follow-up. In
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other words, the diagnostic performance of interpreta-
tion modalities that includes PET images, regardless of
whether they are side-by-side reading or fused image in-
terpretations, is not statistically different and is sufficient
for the management of patients with lymphoma after
therapy.

Although the diagnostic performance of fused image
assessment was superior in terms of both overall and
individual regions to that of side-by-side reading, the
advantage of the former was so small that no statistically
significant difference was observed in our study.
Reinartz et al. [15] showed similar results for a compari-
son of the diagnostic performance between side-by-side
reading and reading with a combined PET/CT scanner.
They concluded that the diagnostic performance of side-
by-side reading was so outstanding that the additional
information obtained with a fused image was small but
substantial in certain situations.

One extranodal region in our study population was
misdiagnosed as false negative even by fused image in-
terpretation. In this patient, brain infiltration was de-
tected on MRI after PET examination, but overlooked
by all the other interpretation modalities including CT
and PET. This is because the use of latter two modalities
is problematic for the detection of brain tumors because
of the low-density resolution on CT and physiological
uptake of the brain on PET [24].

By adopting our fusion technique using a fixation
device, fused images were easily acquired without the
need for a dedicated PET/CT system and requiring only
a little extra time [19]. In addition, the fused images thus
obtained yielded small displacement between separately
acquired CT and PET images, thus resulting in a better
diagnostic performance. We believe that our fused PET
and CT data achieved a diagnostic performance equiva-
lent to, but slightly different from, that of an inline PET/
CT system. For this reason, further investigations com-
paring the diagnostic performance of fused images ac-
quired by our software-based approach and of PET/CT
are warranted. .

Our study has certain limitations. First, a pathologi-
cal diagnosis is for ethical reasons usually not possible
for all the detected lesions and abnormalities; therefore
we had to refer to a final diagnosis determined by histo-
logical confirmation and/or clinical follow-up for at least
12 months. These final diagnoses were then used as a
reference standard for comparisons among the diagnos-
tic performance of CT alone, PET alone, side-by-side
reading, and fused images. Moreover, 20 of the 50 pa-
tients were foliowed up with morphological imaging mo-
dalities alone. Second, because patients with lymphomas
of various histological classifications were included in
our study population, the uptake intensity of lesions
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Fig. 2 A 56-year-old man with nasopharyngeal (extranodal) in-
volvement of testicular diffuse large B-cell lymphoma. Focal up-
take around the nasopharynx was found on the PET image (b),
but it was difficult to diagnose this abnormality on the correspond-

ing CT image (a). MR imaging (fat-suppressed, gadolinium-en-
hanced, T1-weighted image) showed an intermediate intense lesion
in the nasopharyngeal region (d). This lesion was confirmed by

biopsy

- Fig. 3 A 44-year-old man with cervical involvement of orbit B-celi
lymphoma after chemotherapy 1 year previously. PET and CT
scans showed recurrence. Focal uptake in the right cervical region

was found on the PET image (b), but it was difficult to read the
lesion as positive on the corresponding CT image (a). This lesion
had disappeared on the follow-up PET scan after chemotherapy

Fig. 4 A 56-year-oid man with iliac lymph node involvement of
orbit marginal zone B-cell lymphoma. Intermediate uptake in the
left iliac region was found on the PET image, but it was difficult
to differentiate from physiological uptake of intestine. Moreover,

could vary depending on the histological subtype. There-
fore, a lymphoma subtype with low FDG uptake such
as mucosa-associated Iymphoid tissue lymphoma (extra-
nodal marginal zone B-cell lymphoma) [25, 26] is likely
to affect the diagnostic performance of modalities using
PET imaging.

the lesion was overlooked on the CT image (a), probably because
it was considered to be a vessel. Involvement was confirmed by
biopsy

In conclusion, the most accurate diagnosis was ob-
tained by interpreting fused images, followed by side-by-
side reading and interpreting PET alone. Although fused
images are clinically the most valuable, the diagnostic
performance of side-by-side reading was found to be
equivalent when the aim of the examination is restaging

@Springer

-215-



196

Ann Nucl Med (2007) 21:189-196

or follow-up. The area-based diagnostic accuracy of
PET-alone interpretation was also reasonably high for
patients with lymphoma when compared with that of
combined image interpretation.
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