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We have demonstrated the feasibility of semiconductor Compton cameras for multiple molecular
imaging in nuclear medicine. The Compton camera used in this work comprises two double-sided
orthogonal-strip germanium detectors, and their excellent energy resolution enabled discrimination of
the nuclides and accurate determination of the scattering angle for y rays in wide energy range. Three
radiocactive tracers of “ZnCly, ¥SrCl,, and iodinated (*'I) methylnorcholestenol were injected to

a living mouse and were measured simultaneously. Both two- and three-dimensional images of each
tracer were obtained by a fixed-angle imaging with a single Compton camera, which refiected the

different in vive behavior of them.

Introduction

Molecul ging technology has extended the nuclear medical
imaging modalities to visualize specific biological functions and
processes in living subjects. The established nuclear medical
imaging technologies, namely positron emission tomography
(PET) and single photon emission computed tomography
(SPECT), have already achieved great success in clinical appli-
cation because they can conduct noninvasive metabolic imaging
in deep tissue. Since PET utilizes coincidence measurement of
a pair of 511 keV annihilation photons of a positron and an
electron, it provides images of PET imaging agents with high
sensitivity, high resolution and high quantitation. On the other
hand, SPECT can obtain images of y-ray emitting tracers with

energy less than ~300 keV, though it needs mechanical colli-
mators to determine the lines of projection. Thus, molecular
imaging can be realized by labeling the y-ray- or positron-
emitting radionuclides on u specific molecular probe, which is
a natural extension of nuclear medicine. The imaging modalities
are extensively used for the visualization of changes in the
anatomy and function of various organs in several different
disorders as well as in following abnormalities or treatment
effects longitudinally.

The next extension of the nuclear medicine would be multiple
molecular imaging that can provide multidimensional images of
correlated molecular events. As most people admit, biological
processes in living subjects are quite complex. Thus, a single
molecular probe may not be able to characterize the targeted
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Fig. 1 Schematic diagram of the principle of y-ray imaging with the
GREI apparatus.®
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Fig. 2 Measured y-ray energy spectrum, The tracers of ¥Zn, "1, and
“Sr were clearly identified by the 1115.5, 364.5 and 514.0 keV photo-
peaks, respectively.
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multiple molecular probes at the same time. This also means that
more advanced and accurate diagnosis would be possible il we
can simultaneously use multiple molecular probes with different
characteristics. However, PET would not be suitable for multiple
molecular imaging, because it works only for positron emitting
nuclides and it is difficult to distinguish them. Though multiple
tracer imaging by SPECT has been attempted, the y-ray energy
is limited to less than ~300 keV, which also limits the choice
of radionuclides for labeling while there are more choices of
radionuclides available.'
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The GREI apparatus,® which is a semiconductor Compton
camera named after y-ray emission imaging, is a promising y-ray
imager being developed for multiple molecular imaging. It is
composed of two double-sided orthogonal-strip germanium
detectors arranged in parallel (Fig. 1), and the excelient energy
resolution allows discrimination of each nuclide simultaneously
injected. Furthermore, since Compton cameras need no
mechanical collimators, there is no loss of y rays caused by the
collimation, and multidirectional projection of the y-ray source
distribution can be obtained even by fixed-angle imaging with
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Fig. 3 Results of 2D image reconstruction.

Fig. 4 Example of representing the 2D reconstructed images.
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a single Compton camera. Thus, multiple molecular imaging is
a natural application of GREIL

In this work, we tried to demonstrate the concept of multiple
molecular imaging with semiconductor Compton cameras, by
showing simultancous mmaging of different y-ray emitng
radionuclides in wide energy range. Three radioactive tracers
were simultaneously injected to a live mouse, including a SPECT
imaging agent that can visualize some biological functions, and

neous imaging of the tracers was performed by using

simul

a prototype of a GREI apparatus

Demonstration of multiple molecular imaging in live
mouse

The experimental animal was a male normal ICR mouse at 8
weeks of age. Three radioactive tracers were intravenously injec-
ted to the mouse by the following procedures: (1) iodinated (**'1)
methylnorcholostenol (18.5 MBq) was injected by dividing into
three doses, injected 5-, 4 and 3-days prior to the imaging
allow dissociated "'l to be uptaken to the thyroid gland, no
thyroid blocking agent was used. (2) “*SrCl,—saline (2.0 MBg) was
injected | day prior to the imaging. (3) *ZnCly-saline (2.0 MBq)
was injected 25 minutes prior to the imaging. The mouse was

-[.{!

bound to the imaging stage equipped with a worming pad. The
imager was installed front face down right above the imaging
The distance between the stage surface and the front
detector of the GREI apparatus was 45 mm. The imaging was

slage.
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0-3 hrs. 36 hrs.
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anesthesia, The acquired data were analyzed on-line for checking,

eated under Nemb

carried out for 12 hours, with the mouse t

and also recorded in list-mode with real time and live time infor-

mation for further off-line analysis. The experiment had been
approved by Wako Animal Experiment Committee of RIKEN,

ik

and was performed in compliance with Regulations for the
Animal Experiments of RIKEN and related laws.

Results and discussion

I'wo-dimensional (2D), and three dimensional (3D) images were

reconstructed from the data acquired from the live-mouse
Imaging expenment, by adopting the Image-reconstruction
methods described in ref. 2. For the 2D images, a horizontal
(coronal) plane at 34 mm from the front detector was chosen,
which intersects the approximate center of the mouse body

Fig. 2 shows the y
acquired data. Image reconstruction was carried out for each
tracer by setling +5 keV energy windows around each specific

-ray energy spectrum constructed from the

y-ray photopeak
The in vivo behavior of the tracers used in this work has t

n

well studied. ™ *Zn accumulates in the liver and the tumor; “'Sris
a bone seeking nuclide; and iodinated ('"'I) methylnorcholostenol
accumulates in the adrenal glands, and dissociated "'l accumu-
lates in the thyroid gland if no thyroid blocking agent is used
Fig. 3 shows the results of the 2D image reconstruction. As

mer
graphic slices because they ignore the tracer distribution outside

pned in ref. 2, the 2D images do not represent true tomo-

912 hrs.

6-9 hrs.

Fig. 5 Sequential images of each tracer, reconstructed for each time span

This journal is ® The Royal Society of Chemistry 2008

J. Anal. Ar. Spectrom,, 2008, 23, 1089-1092 | 1091



d images for “*Zn, ¥Sr and "1

Fig. 6 Maximu intensity projection imag

the 2D plane. However, the 2D images have apparently repre-
sented the characteristic behavior of each tracer, that is: “Zn
accumulated in the liver; ¥Sr accumulated along bones; and "'
accumulated in the adrenal glands, and dissociated 'l accu-
mulated in the thyroid gland.

Fig. 4 shows some examples of representing the 2D images.
The image intensities of “*Zn, 'l and "Sr were assigned red,
green and blue colored pixels, respectively, and overlaid with the
photograph of the mouse. By using this method, any two or three
tracers could be displayed in one picture.

Fig. 5 shows the sequential images of each tracer that could
show the dynamic metabolic processes, constructed for each time
spanof 010 3,310 6, 6 1o 9 and 9 to 12 h. The time spans are
variable by changing the sectioning of the list-mode data. In the
figures, little significant change of tracer distribution was
observed, showing the equilibrium state of the tracer concen-
tration during the imaging time.

In order to obtain true tomographic images, 3D image
reconstruction was performed. Fig. 6 shows the maximum
intensity projection images of the 3D reconstructed images in
tilted view, though they are still preliminary results, However, the
different distribution suggests that the characteristic behavior of
each tracer was represented in the figures, and the 3D distribu-
tion was able to be reconstructed.

As shown above, we were able to obtain quite encouraging
results for multiple molecular imaging by use of semiconductor
Compton cameras. However, a higher spatial resolution,
a shorter imaging time, and quantitation would be required for
more practical use. Our preliminary estimation has shown that
a spatial resolution of less than | mm and about ten times
improved detection efficiency could be achieved. And also
importantly, targeted molecular events and efficacious molecular
probes must be developed to extract full potential of multiple
molecular imaging with GREL Though the cost is one of the
major problems for germanium semiconductor detectors,
whether it is expensive or not depends on the importance of the
targeted molecular events. We are pursuing research and devel-
opment on these requirements, and we believe that they will be
met in the not too distant future.

Conclusions

We demonstrated the concept of multiple molecular imaging by
use of semiconductor Compton cameras, The GREI apparatus,
which is a Compton camera consisting of two double-sided
orthogonal-strip Ge detectors, was used for the y-ray imaging.
Three radioactive tracers of “ZnCl,, **SrCl, and iodinated ('*'T)
methylnorcholestenol were simultaneously administered 1o
a mouse, and the y-ray imaging was carried out for 12 hours with
the mouse treated under anesthesia. We were able to obtain 2D
and 3D images of the tracers simultaneously, which showed the
potential of GREI apparatus as a multiple molecular imager. We
are pursuing research and development to realize the full
potential of multiple molecular imaging with semiconductor
Compton cameras.
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A Biological Experiment in Kibou:
LOH Analysis for Estimating rJ:tc Biological Influences of Space Radiation

Fumio YATAGAI"S, Akihisa TAKAHASHI?, Masamitsu HONMAS, Hiromi SUZUKI'S,
Katsunori OMORI®, Masaya SEKI®?, Toko HASHIZUME®', Toru SHIMAZUY,
Shuichi ENOMOTO!, Takeo OHNISHI? and Noriaki ISHIOKA®#

Abstract

This is a kind of review paper 1o introduce how ourd

g methodology for loss of heterozygosity (LOH) analysis

ilpfuﬁicuhlewda:dthebwlnmaldfmuhpmndm Durhmhgmmlupmmenu using human cultured cells in
““Kibou’ of International Space Station are planned to detect the following offects: i) mutagenic effects, i) combined
effects of radiation with-micro gravity, and iii) radicadaptive response. After the cell recovery to the carth, we will ana-
lyze the mutagenic effects (i) in the frozen cells exposed to low-dose space radiation during the 3 months preservation in
“"Kibou"', determine the combined effects (II) from the mutation indiictions in the cells incubated for 1 week under 1 G
or 4G in "Kibou"", and estimate the radioadaptive response (ifi) from measuring the repair efficiencies of DNA double-

strand breaks introduced after the recovery.
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Fig. 1 Biclogical inf of space
Biclogical effecta of apace mdiation exposure can be
classified into these two types, direct efincts and indirect
effects. Direct effects are considered 1o be mainly due to
DNA damage caused by jonizing ¢ (IR). On
the other hand, indirect :ﬂez:u arc well r:ﬂu:ted in r.he
ph:nnmm kaown as P
effect, genome instability ete. Usmg '3 Iusl u[ heter-
o:ygmitv (LOH) analysis methodalogy, we plan to de-
tect direer effects gy chwomosomal change caused by
DNA damage. Ford iom of indi effects, wefucm
on an adaprive which is defined as an acq
of cells exposed to challenging IR by an addi-
tiona! pricing low-dose IR exposure. Here, we congider
that the long preservation of ceils in space corresponds
to this kind of priming exposure.
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Fig. 2 Principle of LOH analysis

The selected thymidine kinase deficient {TK )

were analyzed m determine the loss of TX heterozygosi
1y (LOH) using PCR amplification of the exan 4 and 7
regions of the TK locus (Honma =t al., 1997 & 2000).
The selected TK~ mutants were classified into non
LCH, hemizygous LOH or } gous LOH by this
Judgment
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Space Radiation gipou in 1SS

Adaptive

response

Fig. 5 A plan of space experiment using *"Kibou'" [acility
The plan of ISS experiments for studying the biclogical
and mi ity ls sche-

5 m s

of space g ¥
matieally illustrated in this figure. The frozen cells of
human lympbablastoid TKS are brought 1o 1SS, A part
of them are just preserved as frozen status during the
stay of about 3 months, and then brought back to the
carth together with the other parts of them, which are
incubated for about one week under condition of 1 G or
uG during the long eray. The cell freexing system,
MELF! is ased for freezing the cells after the incubation
on I83. For the cells recovered from the space, & muta-
tion assay using LOH analysis system is planned for a
major part of the recovered celly, and the remaining part
of thern will be used for the adaptive-response assay, u-
suming that the space stay is a priming treatrment in this
response.
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Fig. ¢ Cell culture system in Kibou (CREF)
The 1 G condition is crealed by using the small rotor
(1.0-1.5G) in the Cell Biology Experiment Facility
{CBEF) in Kibou of 158 (Ishioks e al., 2004)
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Fig. 5 Design and principle of space simulation experiments
for detectil lapt ;
The strategy of space simulation experiments are shown
it the top panel of thix figure; (A) The C-ion expoture
in the first step is assumed to.correspond 1o the IR ex-
posure in space and the later steps are designed to deter-
mine the repair eficiencies of DNA double strand
hreaks (DSBy), introduced by the T-Seel txpression
vector, The sepair of DEBy is considered 1o be mainly
due to two pathways shown in the bottom panel, non
homologous end-joining (NHE]) and homalogous
recombination (HR). As s principle for determination
of DSB repair efficiency, we measure the TK™ mutants
genernted through NHE) or TE* revertants generated
through HR, respectively.

T oA 2T, ®ic, BRL: TKERER®S, bo
gen 2FE L TRAEDNA 55V mRNA EilHiHH
+h, FRADR LOH 27T 0Es L LOHTREDRE
HELEOEANIE2WTH, WHELAREELDNAD TKH
ETEROSESUCREFFOHAE LOw—A—8Ux
PCRETHEL —r ¥~ TRFTE. ¥k,
LOHZ2RETWTKERME (JFLOH) O mRNAH L
cDNA ¥ 8L TC, ¥y—Frvd—kk-TIKREFLED
TRAFUAETS. EREEATESEToORBRIUER
EFROFEREOERIC 2W T, EELORERY, LD
b TFRIIHXBY 2B L Ty eiyv. LOHER
A28 (REGoRSRE) Ll REFORT
i x#z) IcEFrbh (Fig 2), ThEhORED
ARk X L O, WS, dhbh, REdkDsso
JEfMAMES (Non homologous end-joining: NHE]) 2
AWitHEER L (Homologous recombination: HR) #i
#zHHA.

2.3.2 EEHEEMBEOEEDHR
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BAEL, EMEBICEEICESRY, MiHio LOH By L
2 Ao Ty, BNHRoBFOEHICHRTS.
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Dl — 3 (AMAXA) TRREET, TKRETE
MOBERE (BIFRBERE 1-Scel BRSEN) I DSB A
T35, BR:ELCTK6MEREEEL A5, i, I-Scel
BRI E#A L7 TSCES Ml X ORI AERERS
HAShATSCER2D 2 MFOMREEERICHEL TY
AW, BHE, it BMERL 8, TSCES @R
it ®A (TFT) AW LT, TKARAEROER L.,
TSCER? #fRic ¥ HAT 8% L T TK iREROEREL
MEYS. COATe SIS LOH i £ Moo=
KXSWTE), FhFNOEROBREEN, NHE] 5
WITHR [T X5 DSB D=L Fo 5. Fig. 51138
Eavro—VEROERET, DHOERRKRRA AV
BHYFEHRE (2T>AEVMNES) CRER2ITLS
3k, £2K, COWMTOMTOBLEL LA,

3. W ERBERNSHESNITRER

3.1 ESEFERHRCRGENHERT

IIHORROEED L AT TRERRELDE,
TK6 M TR LA~ LOH Bif v AFAXHATS &,
AROERALOFBRETDI0Cy Lo LERED
XHOREAS o (135MeV/u) BYIC LT RBERD
REmE e, REREH L2, TKE ZRERRLE
THREHNESGEELTEZVHNTE-TE, AT
LOH (af&—fxiR) B LELHTEENZLN
ALHVORETERTS, MELCBREICHES T 10
Gy Bz LIl4s, BERETORMOSSICERT
PLEERETT2400, LOHBRRZHLICEDLS
NN, COTHETANEC LR, BB TVERMNOESE
BT, 1 AMERETL RORT TLES LA
BEERAREINACLTHS (Fig 6a). yBOBR
#30mGy LETEE, SREL1.2mGy/h LETFTEHT
b, CORDLOHEAPBRENSC LERBEh
72718 (Fig. 6b). ChHOM ETORKERIZ, 2iED
LHATEFEHRER~OUSFLECEE T NS, kb,
A T LV AR, MEBERICH YT ZRMEORS
DRIZLTTiRRVES, PRNOBST DNA RS2 Y L
LTEH T340 AL TWE.

3.2 EEHEOHEHAYR
MOBPEORHEFZICTHTEWETERVWEREY

5. COEICEMMICH - TR ED T TR NS
TEC S ECHRFTTES > Th L. BEHTPHE
Bl (70 /2F » FFIE) TrosliiéEci
2 E5THEHE, ERORIEITORRLEWMTES S
¥R 5RFHTES. BELLVWI LR FTEESTY
5%, SEIMREETRESEL, B0 | MO 1
G & uG TTHy, BEMTEREROME LERDA
F—EFHCERT 58 THS. FHEIMCERY RS
TaUROoRE, Twitzhid, B EA~ORNOENICHE
SR TOHELOT, FHRMBREONEIIN I
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Fig. 6 Remlts of g d control !
The obuimd TK™ mm:nu were analyzed by ﬂu
bodology sch ically il u\Fig 2mduzz-
mine the TK eleit B ! of
mutationsl class, non LOH h:mknm LOH and
homozygous LOH, The summary results for these ana-
lyses are separately shown in cach case; (a) the frozen
cells are exposed 1o 10 ¢cGy carbon fon beam, (b) the
cells are cultured in the incubator during the low-dose/
low-dose-rate y-rays (30mGy: 1.2 mGy/h), and (c)
the cells are exposed to X-ray for détection of an adap-
tive rasponse (5 ¢Gy for priming exposure and 2 Gy for
challenging exposure) .

LS E OISR L L iR OB RER> SHR
TE5. CCCORMLELTH, EHBRE HET BEIC
ESE ERERTHERSFIIC L TYWAASBITFENS
#, SR EENORE ST 3BRTERMERET T
BECLEBRADE, CORDRALVIEVRHELE
A5, £k BMRLOEAMRPERENDELLD, B
MImELLT, $A2VWRERNZLOLLTRRENS
Ol kL bihs.

3.3 BCHEOHE
TRKEHBELOHMERLFIAL T, EEREMHBOY
SERELERELL TRASLV SV TRHTE S TS
NS0, FTRHESE X SRMLAERNTIR
BHCIZ TKEABRCRIETREYEAN. 208
B, 56y OFMEBHO 6 B 2 Gy DRBATES
T5E, TROBHELIVWLEOTKEABRYE
FBEFTONT L LRSI (Fig 60)9.
%7, LOHBfORR, R LoHE (ARATR) OF
ROWTRBL S I oMotz EIT, MR
OFHEMBEROSN ST { *HTOEOTRINES
EERT, MEClRTEEL Th AR BRI
AT RBREOWTSHRG L kb i/ o—
NOBELHEL, SREERDRORRTEN T SHET
FHEBORMBEED TV

Vo EIT, HMRABERI-S=IRBEAZ7F—CLNRE
fOSFEAIc DSB VIR L, DSBOBRSHELDL
AIIGEL BT AR LM TS L0 TEALY. TOK
DRFRODERT, 1-Scel REAZ 7 —LEZMAE (100
Rofalan 55 1 @LELE : #k01008) OBAETREIC
TAIFZ FOflb— a VORESELSNADT, &
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DEMEOERMTEILE-A. £ IT, THEODSE
B LTER (Fig 5) OFS LROTRBREHEEC
FTERLIDVGFHERCLIDVAL TV S L0 LHHLA.
e, 13M|OMHDO LIS THEANALSIC, DSBOEER
MROPEE LOH BHDBROERMEOR S L MBORK
BlrE£SwTws, EEE - ER8K y @8 (30 mCy)
k3 LOH BRSBHTaAZ I TiIch<aS, B
—DOBEMHEATHIVINESR  ERER)RES
(8.5mGy : 0.125mGy/h) %HFT T, I-Scel iC k 5 DSB
OBEEHREMEL . HRICES DSE ERODRIIF
HEHOBESIC AT, NEORHS T TONKEE, #E0%
PFCooNBEM< D, MELE L% 2 oh A HERTE
AR EnALW. TIC, FHENEWEIT CERRER
EAAVEBY (50mGy) TE&b25, FHYIL—
3 REHR (Fig. 5) Th, FEHKIC DSB OffzbEN
EET-7. TOTFMEIERS5IE, HR, NHE] Wih
DFRICED DSB NG, FRHOBEICHS, FONR
Po~3 BB LD (BELEZTT) @MAFEL
hiz.

LOH #HF OB, 7EREGLEO TK BETES

WHREOEHODNARBAELHMN L 258, 0

DSB Sl # WM< 2 ROBEIE, BEEH SV iTHLE
ICECZ DNA BEAER LD D30T, EDRRED
B LA T EATEIND. WEERNSOEEHE,
BERFOMERR LV REABREHMT S EHOR
THHCLRBSETLAW.

4. & b Y

SBOTHERWE, L0bH, 54794 /AKH
LA3LOEHBELERL TWET, COFTHFOWELHK
iCBmL LD EERERLTHERNRRF /YA R
BHEACLIIEETHS, CORRRBAE—F/I-ThD
ZEEHN OO, B, XEBHESENSEERATLE
BTC M- THEE(.
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