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threshold level for the energy signal was set to 80 keV. The threshold level for the pulse shape
spectrum for dividing the front layer and the back layer of the GSO scintillators was set at the
valley of the two peaks of the pulse shape spectrum calculated from the ratio of the partial
integration value to full integration value.

2.3. Performance of the blood sampling detector

The energy and pulse shape spectra of the blood sampling detector was measured for the
511 keV gamma photons and F-18 positrons. We evaluated the sensitivity, count rate
characteristics and background rejection capability. We also measured the input function
of a rat using the blood sampling detector.

2.3.1. Energy and pulse shape spectra measurements for 511 keV gamma photons and F-18
positrons.  The energy and the pulse shape spectra for the 511 keV gamma photons were
measured by irradiation with 511 keV gamma photons from the F-18 solution from the upper
side of the detector. With this configuration, since the positrons from F-18 were absorbed
outside of the shield, only 511 keV gamma photons could be measured by the detector.

The energy and pulse shape spectra for F-18 positrons were measured using F-18 solution
filled in a PE-10 tube without irradiation of the 511 keV gamma photons from outside the
detector.

2.3.2. Sensitivity.  Sensitivity is one of the most important characteristics of the blood
sampling detector for small animals because the amount of blood and the injected radioactivity
are limited. The sensitivity of the blood sampling detector was measured for the F-18 and
C-11 solutions. Approximately 37 kBq (1 p Ci) F-18 or C-11 solution was contained in
the PE-10 tube and set in the center of the detector. The positron solution was contained
in the tube all the way across the field of view of the detector (20 mm long). The position
of the positron solution in the tube was set at the center of the detector by fixing the tube at
the tungsten shield. Measurements were made for the count rates of the front layer and back
layer, and the subtracted count rate was also calculated for positrons. Sensitivity was derived
by calculating the ratio of the count rate to the radioactivity of the F-18 or the C-11 in the tube.

2.3.3. Count rate characteristics. 'The count rate characteristic is important because it relates
to the linearity of the system. Approximately 1 M Bq (~30 u Ci) of the F-18 solution was
contained in a PE-10 tube and set in the center of the detector. The count rates for the front
layer (positrons + background gamma photons), back layer (background gamma photons) and
front layer minus back layer (positrons) were measured following the decay of F-18.

2.3.4. Background gamma photons rejection capability. The background gamma photon
rejection capability is important to ensure that the dual-layer phoswich concept really works.
Approximately 15 kBq (~0.4 1 Ci) of the F-18 solution was contained in a PE-10 tube and set
in the center of the detector. 4 MBq (~100 w Ci) of the external 511 keV gamma source (F-18)
contained in a glass container was positioned on the left-hand side of the detector surface and
removed, then moved to the right-hand side and removed, and finally moved to the upper side
and removed. This process was repeated twice. The schematic drawing of the position of
the external 511 keV gamma source is shown in figure 4. The count rates for the front layer
(positrons + background gamma photons), the back layer (background gamma photons) and
the front layer minus back layer (positrons) were measured.
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Figure 4. Schematic drawing of the position of the external 511 keV gamma source measured for
background rejection capability.

2.3.5. Continuous blood sampling study of a rat using the detector. A continuous blood
sampling study of a rat was performed to measure the arterial time activity curve (TAC) and
determine whether the blood sampling detector is really useful for small animal measurements.
Approximately 30 MBq (0.8 mCi) of F-18-FDG was intravenously administered to normal
male Wistar rats (body weight: ~600 g) from the tail vein under anesthesia with ~1 min
injection duration. These studies were performed under the guidelines of the Laboratory
Investigation Committee of the Osaka University Graduate School of Medicine. Blood
sampling was performed from the femoral artery using a PE-10 tube. The length of the
tube from the rat to the detector was ~10 cm. The blood in the tube passed through the
detector and exited from the end of tube. The exited blood was dropped on a piece of paper
and collected in a plastic vial for weighing and counting by a well counter (Packard, Cobra
Gamma counter, USA). We did not use any pump for blood sampling, but spontaneous output
from the artery of the rat was measured.

The measurement by the blood sampling detector was performed for | s and repeated
for 1750 s. The tube was flushed three times during blood sampling from ~700 to 850 s,
~1100 to 1200 s and ~1300 to1600 s, to avoid clotting of the blood. The total volume of the
sampled blood from the rat was ~1.2 ml. The average flow rate of the blood in the tube was
~1 cm s~ or ~0.6 1l s~!. The measured count rate was corrected for the decay of F-18.

The blood sampling for the well counter was performed at ~10 s intervals in the first
12 points, ~30 s intervals in the middle 5 points, and ~10 min intervals at the last 3 points.
Each measured count rate was corrected for the weight of the blood and decay of F-18.

3. Results

3.1. Performance of the blood sampling detector

3.1.1. Energy and pulse shape spectra measurements for 511 keV gamma photons and F-18
positrons.  Figure 5 shows the energy spectrum of the detector for 511 keV gamma photons
from F-18. This spectrum was derived from the full integration signal (320 ns) without pulse
shape discrimination. Although the GSO scintillators have a dual-layer configuration, the
spectrum showed a single peak. The energy resolution was 18.5% FWHM.
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Figure 5. Energy spectrum of detector for 511 keV gamma photons. The vertical line at the low
channel of distribution is the energy threshold level.
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Figure 6. Pulse shape spectrum of the detector for 511 keV gamma photons. The vertical line
between peaks of distribution is the threshold level for dividing the count of the front layer (right
peak, GSO with 1.5 mol%, 35 ns) and back layer (left peak, GSO with 0.5 mol%, 60 ns).
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Figure 7. Energy spectrum of the detector for F-18 obtained in a tube. The arrow indicates the
photo-peak of 511 keV gamma photons.

In figure 6, the pulse shape spectrum of the detector for the 511 keV gamma photons
is shown. This spectrum does not contain any positrons. The right peak corresponds to the
front layer GSO (1.5 mol% Ce) and the left peak is the back layer GSO (0.5 mol% Ce). The
peak-to-valley (P/V) ratio of these two peaks was ~6. The threshold level for these two peaks
was divided at the valley of the peaks of the pulse shape distribution. Threshold level setting
to divide the two types of GSO was performed with this spectrum measured for the gamma
irradiation from the upper side of the detector. The threshold level was set so as to keep the
count rate difference of these two areas less than 1%.

Figure 7 shows the energy spectrum for F-18 contained in the tube. This spectrum was
derived from the full integration signal (320 ns) without pulse shape discrimination. The
spectrum has a broad energy distribution of beta (positrons) with a small peak for the 511 keV
gamma photons from the tube (arrow in figure 7).

In figure 8, the pulse shape spectrum of the detector for F-18 in the tube is shown. The
right peak corresponds to the decay time of the front layer GSO (1.5 mol%) and the left peak
is that of the back layer GSO (0.5 mol%). Because the front layer detects positrons and gammas
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Figure 8. Pulse shape spectrum of the detector for F-18 in a tube. The vertical line between peaks
of distribution is the threshold level for dividing the count of the front layer.

Table 1. Sensitivity of the blood sampling detector for F-18 and C-11.

Sensitivity (%)
C-11 240
F-18 8.6

and the back layer detects only gammas, the right peak is higher than the left peak. The counts
of the left peak (background gamma photons) are subtracted from the right peak (positrons +
background gamma photons) to obtain the background subtracted counts (positrons). The
count rate of right peak and that of the left peak are divided at the threshold level determined
from the distribution of the 511 keV gamma photons shown in figure 8. Each count rate in the
areas is calculated automatically by the data acquisition electronics.

3.1.2. Sensitivity. Table | shows the sensitivity of the detector for F-18 and C-11 in the
PE-10 tube. The sensitivity for F-18 was smaller because the positron energy is smaller than
that of C-11.

3.1.3. Count rate characteristics. Figure 9 shows the count rate characteristics of the
detector. The horizontal as well as vertical axes are logarithmic scales. The count rate should
be the linear function of activity. By comparing the count rate for front minus back (positron)
with the estimated ideal decay curve of F-18, count rates are linear up to ~50 k cps within an
error of 3%.

3.1.4.  Background gamma photon rejection capability. Figure 10 demonstrates the
background gamma photon rejection capability. The six peaks in the figure observed in
the front and back layers were made when the background 511 keV gamma source was
positioned near the detector. Valleys between these peaks occurred when the background
source was removed from the detector surface (no background activity). The variation of the
measured count rate of the front layer minus back layer (count rate for positrons) with and
without background activity was less than 3%.

3.1.5. Continuous blood sampling study of a rat. Figure 11 shows the count rate curves
of the F-18-FDG rat study measured by the continuous blood sampling detector. Due to the
gamma photons from the rat and the syringe, the count rate curves of the front and back layers
have significant offset counts. However, by subtracting the latter from the former, these offset
counts were corrected. The increase in the count rate of the front layer and back layer between
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Figure 9. Count rate characteristic of the detector measured using F-18 contained in the PE-10

tube.
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Figure 10. Background gamma rejection capability of the positron detector system. First and
fourth peaks for the front layer and back layer occurred when the background source was positioned
at the left-hand side of the detector, second and fifth peaks occurred when the source was at the
right-hand side, third and sixth peaks occurred when the source was at the upper side. Valleys
between peaks for the front and back layers occurred when the background source was removed

from the surface.

500 s and 700 s is because the syringe used for the FDG injection, in which some FDG
remained, was accidentally removed from the injector support and rolled near the detector
and the background activity was increased. Even with these accidental background activity
changes, the subtracted count rate did not change, showing the accuracy of the background
subtraction method of the detector.

The smoothed count rate curves are shown in figure 12. The curve was smoothed by

calculating the running average for 20 neighboring points. The smoothed count rate with
the counts measured by the well counter is shown in figure 13, where the blood sampling
detector count rate was converted to cps g~! measured by the well counter by multiplying the
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Figure 11. Count rate curves of rat artery blood measured by the blood sampling detector.
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Figure 12. Smoothed count rate curves of rat artery blood measured by the blood sampling
detector.

conversion factor between the developed detector and the well counter. The conversion factor
was measured using a F-18 solution filled in a PE-10 tube after this animal study. The time
difference between continuous blood sampling detector and well counter was adjusted from
the rise point to be the same.

4. Discussion

We successfully developed a high-sensitivity and compact blood sampling detector. Excellent
background gamma rejection capability of the detector is found in the results shown in
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Figure 13. Count rate curves of rat artery blood measured by the blood sampling detector (blue
lines) and well counter (red circles).

figures 11-13. The count rate of the background gamma photons in the animal study showed
that it was impossible to precisely measure artery TAC without background gamma photon
rejection. From figures 11 and 12, the background gamma photon count rate from outside of
the detector was larger than the positron count rate from the blood sampling tube. Correction of
the background count rate cannot be performed by such simple methods as subtracting a single
value from the count rate of the front layer because the background count rate significantly
changed with time.

One advantage of the developed blood sampling detector is its high sensitivity, which
is high because the energy threshold level can be set low. The sensitivity of our previously
developed phoswich blood sampling system was 1.7% for F-18 (Yamamoto et al 2001) and
7% for the coincidence blood sampling system (Kudomi et al 2003). With this low energy
threshold, some lower energy positrons (beta particles) can be detected. To increase the
sensitivity, smaller diameter and thinner tubes will be needed because the major sensitivity
loss comes from positron absorption in the tube.

Another advantage of the detector is its small size, which can be placed close to the small
animals to minimize the amount of the blood taken out. The small size can be realized with the
thin gamma shields as well as the simple and compact configuration of the detector with thin
scintillators coupled with a small PMT. The thin gamma shields are adequate for this detector
because it can accurately correct for the external gamma photons. Without correction for the
background gamma photons, precise measurement of the TAC of the artery blood, as shown
in figures 11-13, would not be possible.

The use of GSO scintillators with different Ce concentrations is ideal for a phoswich
positron detector, with background gamma photon detection capability because the detection
efficiencies of the front and back layers for the gamma photons are the same, and precise
correction is possible by the subtraction method.

For the quantitative measurement in human studies, the developed detector will also be
useful. The small size, high sensitivity and background gamma photon correction capability
will minimize the tube diameter and shorten the distance between subject and detector to
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reduce the delay and dispersion (Kanno ez al 1987, Iida er al 1987) as well as the total amount
of blood.

The time activity curve shown in figure 11 is noisy because the count rate is around
~100 cps in this study. Also, the noise was enhanced by the subtraction processes. To reduce
the noise, the 1 s sample data were smoothed over 20 s. Although the smoothing process
reduced some temporal information of the curve, it would not be a serious problem in this
study because the temporal change of the FDG study is not so fast. For the other studies using
shorter half-life isotopes such as C-11, N-13 and O-15 with a bolus injection, the smoothing
process will reduce the temporal information of the input function. However, because C-11,
N-13 and O-15 have higher positron energy, sensitivity becomes higher for the developed
blood sampling system. In addition, since the injection dose of these shorter half-life isotopes
is usually higher for PET imaging, the count rate for blood sampling also becomes higher.
Thus, it is expected that the smoothing of the data will be smaller in these studies.

For the animal study presented in this paper, a rat of a relatively larger size (600 g) was
used. The limitation of the amount of blood from the small animals is roughly 1% of the
body weight (McGuill and Rowan 1989, Morton 1993). In the study of a typical rat weighing
200 g, it will not be a problem because the limitation of the amount of blood sampling will be
~2 ml, larger than the amount of blood presented in this study (1.2 ml). However, it is not
clear at this time whether the blood sampling from typical mice (20 g) to measure the input
function is possible or not because its amount of blood is limited to be ~0.2 ml.

5. Conclusion

Our developed positron detector is compact with high sensitivity and is suitable for a blood
sampling system for small animal PET studies. With these results, we conclude that the
developed positron detector is promising for the quantitative measurement of small animals.
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% AUC BLUBES v b+ 7S HEETE R
W, 72,289 20 v 2 ROC Mo & 9 12¢
7 A — 5 HEEMEIC X BEHHITTE LV (Zhou et
al., 2002). 737 A M) v ZESEETIE, Fo(z),
F,(z) DBEERAHE FORETLI LT
BH27% ROCHMEBNT LI ENTE S,

Egan(1975) 1, WIEEBES AR ER S E By
72 ROC Hi# (BUF, NROC Hii & Wed) %3258

LTwd. 20FIEIR, 2BOMES IFRE
DARPPEE R T /37 A — % T ROC HHRAFE
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WTEBREILDS.

W, REERD LU BEROREMS, €
NENTEFDH N(pie,00) B LT Ny, 0y) &
LT AhH ZnEE EEON Y P T Eu
i2 BV BTPR(u), B LU FPR(u) i

memwzﬂ—@(“”%>

Oz

= 1—‘1’(3), ’

TPRmﬂw::1—@(31i@)

Oy

= 1-®(Be+ ) (21)

TH2HNAB, 22, B = /oy, Bo =
(e — 1)y TIH Y, () 1 HEHEEH 5 O
BRI T D 5. B, )0y, BLO
{ys, }Z,yzl BERLNIEE, fo, B DHEFEE o,
By AT D FE (728 24E, p B LT o OME
Heemkd VI RAHEE) £ v 5b. NROC
BiE, 7y b A 7y, = 1,2, TAV
TFPRnp(u;), TPRap(u;) # BT A &
—cf;&ﬁ@ﬁ%mwﬁfﬁﬁﬂwﬂdz
1,2... 12 & STHERL SN 5.

s BT, M ERSAICHS &
WHTHH, 20k BEAEICE, NROC Bk
B o R E ENNFH D, Pepe(1997,
1998, 2000) 4%, 7 (2.1) & &(-) ICBIL THZER
THIET(Q-Q 7 Uy F DFET), —#1k
WIGET N OFAAIC & o T ROC Hi%E 2
TWh.

2.4 ~NFEHEICES < ROC BER

0 3T IE, BAEN AR S L AREL

798, ERITIE, ZORED T SN B LIS
vy, #0750, Molodianovitch et al. (2006)
i, ERMEOTRE BREL T, RAEMIC AT RHR
(Box & Cox, 1964) #fiL, €D b & T NROC
i A BAL T b, NFEBE, WA, T

— 17 -

FRERE wol, F— Y EREPUETS. L
7295 5 T, NROC iz ad A ¥ RO JEH
13, BREEOEIEERE AT O IR L T,
SR (B B I3 BIEREO)NROC i
DRI TZ 5.

wWE, BEEHICBV T, BOKRERE
%J;ﬁ%%ﬁuﬁmfmﬁwmﬁﬁ
{93, Yiomy BER BT, 2512, :cg;\), ygj)
BN A—F AT L BNFEHYE

zp —1
é?:{ " ,A# 0

log z;, ,A=10
A
- Y, 1
ﬁy: X AF# 0
log v, ,A=0

5% 5k &, NFERICED CHE (PTROC
i) 1, o0,y 1HFL T NROC diffA HE
+THIETELINE. DL E NFERINT
A= ANBARATHL DS, FORLHEE
WA HVSR S,

3. ~FEEAHICED < ROC Hig
NROC Hifi T3, BEMHS SPREEHOR
ZAESTEESAIEI L2 HEL TnA. €
OF i, FHSARIC D RN ORE
AWMETELEIIH B, 2L, EBEOREME
DE LN IO LD RERWIZT 2 L3 i,
FO OB EREORED TR W T,
QAR 7o & D ITARFLIRITED  ROC
SRR s N Twa. 72150, TOHETH,
e E R L OV BB O E RSN R —IE
WICEED = & A REL BTS2 b 7\, EiE
o, EERE L IR RIS R AN F AT EL
AT, B R B OREMES R LN
%%K,E%%wﬁﬁémﬁﬁiw#%%&m.
IhoORREE LT, ERENOBEDNFE



BHORAORAA 55T ROC Hi % 18
BT BIEHEZOND, KR Cik, 2he
ROBOBIERBENTTIZ % EHS (Coto et
al., 1979, 1983 : Goto & Inoue, 1980) % =L
- 72~F 4 ROC Bisft (BUF, PNROC i) %
RETB. TRICL Y, BEEESHFEEL 3
BRE S OBBI SBATE B TR, X
FEHRDAPEHR S % B¥ES 5720, NROC
BRI DS b I E 2.

3.1 ~N*¥EHHH
W, EfEE & BREREEX HSF EEA
PND(A, p,0) IZREI & &, REFEWANST 21— &
MNEE BN TRBEORERE XN L5,
ZOLE, X OREEREELI
A-1 (=™ _ )2
o {-Ea)
(3.1)

fenp(z) =

. TEEEN S (Goto et al.,, 1979, 1983 : Goto &
Incue, 1980). & 212, u & o2 IENFEHIED
BRIz 2R EESBIHED & 2D
BEGBEBRT . 72, A\ p,0) &

®(s), A#0Q,

A(X u,0) =
A ,0) { 1 A=0

TEILbNABELACTKRETSHY, 1~

A p, o) BRI EBBICHEESHL & R 4T
LY ERGATOIT YO HEROAE 2%
T, s=Qu+1)/(\e) THD, o() 1

REERSHORRIHEBETH B (Goto et

al., 1979; 1983 : Goto & Inoue, 1980).
¥ ERBOREEOEBDO S, REE
HETHB LI &HD D, BECGERS
- WD R. ZD120, NFFHESA T
CEREPIEBIEICE > TH B D RS L
TWa. ZOLE, A p,0) 2ZEBLIHE

D, NFERPHDNG A— 5 DREEZTHZ
i, BL V7012 (Goto & Tnoue, 1980), 8
BT, A p,0) 1 EBEL 2D & THE
T5. S, BRBEORBMEAELLE 2 E
BOTWIREXE, BEOER Mo T < 3%
BORSWAHERIERTELZELLHERHT
BB (M, 1991 T - 488, 2004). 20
720, F@XTIE, R (3.1) DA p,0) ~ 1 %
REL 72% & T ROC M Z BT 5. Eic,
A p,0)  LIIBIT BREFFHESHTONS
A= DHEBED—FUR L IZDVTIL, B
i (1991), Zarembka(1974), I - #7% (1996)
KEZohTWAS,

3.2 ~*E#ROC BHROBR

W, NF ERBERPND O\, e, 02) 55
ih &AL Ten, BORYEEBOREM (e, }],,
BLU, NF EBRBFEFPND(, gy, 0,) 5
Hith Shlen, WORBBOREM]Y, )17,
BRD. Aoy Ay, iz, My, O, 0y PEEHID & &
A p,0) m 1B REL 2D ETD, By b
7 fEu i3S 5 BT PRpnp (u) B X 0145
EEFPRpnD (w) I

FPRenp(u) =1 - 8(2)

TPRpND (u) = .
L@)Pv P — Ay - 1)

[ 1-@( ,

Ayoy

. Ae 0N £0
I ® (exp {E@1 — Ayny — 1) ’
Ayoy )
Ae=0,)y #0
1= & ((logs(z) — Aapry)/Aady)
: Ae 0,0, =0

1—®(p— (ke — uty)/0y),
{ de = 0,7, = 0\, = A, b &)

(3.2)

 THROHND. clig, 2= (’(l,(’\”)—,uz)/o'm, p=
0z /0y, §(2) = 0p2+ i, $(2) = Aab(2)+1TH
5. BE, A, Ay, Hgy fy, Og, Oy Gi,*ﬁ]f‘j)z’
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Foi>, ZHE DIST A — 5 ORTAEEMEN,, Ny,
L, fhy, On, Gy TBEDPZDHI LT, 1-FER
FPRpyp(u) B & OBET PRpnp(u) DHEEE
FPRpnp(w), TPRpNp(u) 285 . L7dioT,
PNROC fiiiid, v b 7 fliu;(j = 1,2,...)
2% L T, (FPRpnp(u;), TPRpnp(u;)) %
B iz 7y hTAIETERILONS.

NEFHRSMAPERTAEZTHEL T D
- 72%, PNROC Hi#iiX, NROC itz 4850 %
WAL LTETIENTESL. Thbb, K
BiHo: d\p =\, = LOD BV 2D L &, NROC
- HEOBEOER VA T OEEITIE,
Frith O 1% EoE 3 #E (AIC:Akaike’s Information
Criteria) # 5 TN TE D (T - &Ik,
2004).

3.3 REHY A TEDEE

ROC Hiffi, BRMRAEBOFELT TR {,
EBEOBFFRREMIED W TRIRO A ET #ki)
T BIODOFEH v N A TEOBREICOH NS
na. |

Patton & Woolfenden(1989) {&, 7 v b 4+ 7
EOFRICL BT A %

C(u) = Co + TPR(u)p(Crp — Crn)
+FPR(u)(1 — p)(Crp — CN)
+pCrn + (1 — p)Crn (3.3)

gL CRERANCT A Y b A 7 Eu &
WRT BT, Bilh v b A T ET ORE
TPR(ul) B X O 1-$EEFPR(u!) £ 58 HEL
TWA. J2I, pREERTH Y, CidmMde
DaAL (BEARE), ZL TCo AL
THIADMERFET. Bls v M7 fEut DHEE
i, K33 Ay MA T E L TR L,
CNEOEBLILETEALND,

Somaza & Mossman(1991) i&, NROC Hh i
BT AREY Y b 7 Eut %

u*=ﬂwhvgg+%1—ﬂ@bg{%%fR}/l—ﬂl

NDEIITHEZTWE, ZIKR = (Cep —
Crn)/(Cen — Crp) T A M I E TR, 5
BB L B a A JBEEIC XS A e T

R, PNROC Mo xt3 A i h v b A
7iut B3 (3.3) LVEETHI LN TES.
745, PNROC MR TORETPR(u) B &
C1-EEFPR() * HWT, X (3.3) T5 %
SNAHIAMRMMIED LI, Bl R HE
¥ BET L. 12720, PNROC £ Tid NROC
B & S ICBMc Rl v A 7 EERT
ERTELRWRD, X (3.3)xH v b A T Hull
BLTHMAL, ThE 0LBWIET, BT
MESNBHINT A—Fp, READICEE, X3

_(1-p)
umy;—F_R (3.4)

B u e () BRI Lo TR 2 BT

L, &k#EAy A TES /L I,
v(u) = f(u)/g(u) &

viuw) =

Aylde _ - .
p{q(z)}(,\y—xz)/,\xd,({:(z)} v/ Ayty 1)/¢ .

Ayay
Az #0,A4 #0

pexp{kyg(z)}¢(exp{Ayzs(z)} — Aypy ~ 1)/¢ ®,

Ayoy

o logs(z) ~ Az py .
((3)4’(———#—%% )/w )

1
prﬁ(pz - ;;(P*m —My)) /¢ (z)

Az =0,2y £0

Az £ 0,0y =0

Ae =0,2y =0

ThbH. I, ¢(z) &, EHET IR A OMHE
TERETH 5.

2 X b HEoEER, BHD B WVITBEROEAL
ko THESN S, FlAE, BESETE, 4
Pz 2 A DI )R BRBREIC L2 AN
LobEdARBLTERL R, 2721,
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BRECL I ORE &1, HEKBOR
C BEDDLVEBERIKETAIENS, TR
b ORTEITIZ, EROBABEIC BT 5 5%
- ORBR - AMALETH B (Zhou et al, 2002).

4. FEBE LU BIERE

CITH, FhlB LU BERIE® @1 T PN-
ROC H#DMRE% BEFE D H ik & 3L, 5EA
T3, '

4.1 EfIRE .

EROBRREDFHSETHE, (1) BERS
LURFEEROUHEEIHt FOREL 2<
ThbInZ L, 2 BENBETHLZ &, b
EROC I BB ShTwa, 27201,
BEAY A X5 B9 72 W C i, EROC Hi
BROBEBBORT v TRFKEL R D720,
AUC BLUBMS v b 4 7 ORI 5dht
blohb. £7:, EROC M T, (EHATIC

CED ) BRFOMEI RO FER IET A 4

V. ZD7:0, BRXTI, FHES 3 £/ L
72 3BEFD /37 A} ) v 7 ROC Hi#g (NROC
#%, PTROC Mi#, & & U° PNROC M%) %
&N BT

NT ANy 7 ROCHBDBEEDAIDH,
BUCIE, AIC 2 & OEBRBIAEE FIV 5 = L4
T&5. 721, ROC Bt $Eateer 5 7 «
TAD—=DTHY, BEMICFDHHM® 5
THIELNEETH 2. Huang & Pepe(2007)
i, %5 2 M v 2 ROC B0 HE 6 7 FiE
W EROC i b O EBEE 2 v T3, &
BT, 2R, BEN L FEET.

EOlL  REET—4

RO EL BT 572012, IEBRE

30%B L UVRELEBRDEBETFT — ¥ B
SN T 5. Pepe(2003) it K BD % hCHME

o8y \

o7} ' - . PTROC

wr i roc
‘é:‘n.s-.

213

04+

03}t

02

Q1

— e — s 2

T I 7 S - e G
FPR

- 2: JIMHT— 2T 5 ROC Hi#g (EROC

B 42E% ROC 848, PNROC g N4 IF
R ROC i, NROC Hi#8 : 3 ROC i
#, PTROC 3 : N THIC X5 < ROC
HirR)

D ROC BHARDFHHICEAT — 5 % AT VB,
< 2T, NROC ##, PTROC i & of
PNROC HifRDHEEREMIc AT — 5 % Fiv 3.
B2, SREBET — ¥ 124493 ROC T
®%. NROC fhifid, EROC M (REEXBIZK) i2
URTTHICAHEL TBh, NROC HHARAS B 4]

GRERERI A o7 TRITIL T, PTROC

RSB £ U° PNROC Hii#i: EROC Bz @4
LRz RL 7=,

ROC MO E7 1 (57) DML AT
BN, EEERATIET C AIC R EHEL
7z. 22T, PTROC HifgE, ¥ ZEHiIc £S5\
Tk, MOFEE AIC % #kd 52 b
TERV. 20720, PTROC B OREE LT
NEERGHOTART A= 5 %A, = ), = A
L L7:b & ¢, PNROC i AIC £ EHEL 7.

'NROC Hi# T AIC i, 568.0C# b, 0 2

FRCHL TERCEAVEE o7, Shics

LT A =2 =2 %L 50 PTROC Hife
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» AIC 13543.2T# b, PNROC Hi#® AIC i,
542.1CH o7:. TbH, PNROC Hi#iod AIC
FEDPS L, FROBEERL . PNROC
i OREE HE4pEOER (BREBHEER
BOSAEENEL W, (u) = Fy(u) L% R
THEM) L0 b EEICAEL .

{2, @k %@ PTROC MBI 5
FEWNT A —F ORSIEEMEIIN = 0911 T
Hot. ZhicxL T, PNROC BRRONFZE
v R — & OREEMIE, X, = —1.750, %, =
—0.367T TH o7,

KT, TA N KT BREA Y M T

fEX FPR B XU TPR ZH#EEL 72 (K3 (a)).
ok E BEFRpF2HOLLE
30/(23+30) = 0.57 & L7z, I ARKEL
T, 0505105 TOFFEZ 70y b L7AZEH
(= V%B“Iét LraAr (Thbbh, EEERE
LTI L& BT AL) DI, BIHHEIC X
52 A b (?&29*5, EETRWILEREL
T AR TR THEREITT U ATV H
W TH D,

a A b HA80.655%K D & &, NROC Hi#RD i
WH oy b A T EOHERI, o 2 FEOERIC
mtfﬁﬁuﬁw@%ﬁbtgwwomux
TRRBCEWVEEZRLZ. WIBLZX S
I@OCE%@%T@&U@%(,_ﬂLiU,
Moy 9 FiELIZER RS v M A 7iEE R
L7.

‘ i3t L T, PTROC i3 L OF PNROC
B OR#EY v A 7THEOHEBIIEUL T
72, 7272, PNROC Hif#io % 975 PTROC i
L SRR v b A T ED SRR o 7.
PNROC HiftiZ B BT, BEEOa R P EHR
FHEE(TANEH0SDOL X), Bl b
T{EAS624TH V), IR & BREED I A B aF
lLwe & (A MEALODE ), FlA v b
FIEIRT25TH o 7. b H, PTROC M

S Tl

By y A7 E

: L : :
.5 055 06 065 07 075 08 08 09 095 1

5 3874
(a) 2 AN 3 HolA v A TEOT T b

1

0.9 T

- w-,_.‘E.Ig‘OC(TPR
0.8
PNROC(TPR)

...,._,NRPC(FPR)
NROC(TRRS"

+2IROC(FPRY™.,

035 oss 06 06 07 075 08 08 09 095 1
SANE

(b) 2 X}l 3 FPR, TPR 712 v b
3: BlEET — 2T ARED Y b4 TEORE

M1 5 A%, PNROC B#RICILL T, SRR L &
i3 A WREMEA B 2 AHEEICH o 7.

a2 b s 5 FPR B XU TPR OKE %
3 (b) 12/R3. NROC Hi##TO TPR B LU
FPR BT, WThIicBWTH o 2 F

EIC H T AR A IS & o 2. PNROC

e
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Hi# & PTROC Hi# o TPR # X U° FPR 0
Bk, L @M% RL 7225, PNROC fii
D3 5%, PTROC B#IC L T, TPR 750.03
BEM <, 2L T, FPR 750.048 B & - /-
$%bb, PNROC BOSEY v b + 7 i,
PTROC BI#UIC AT I X Ml s+ 2 TPR
BIU FPR & o 7-.

B0l 2 | ERIMERETF — 4

Zhou et al. (2002) i, EEHSMBEN B
AT 272012, CKBB(Z LT F> - %~
¥ BB) S EMPEPEREL TS, 22T
BERENEEBLUEEREIC LTI 0R
TWb. KFFT OB, CK-BB O BEEEDY|
REARGEETCH202RHT 22T
%. Zhou et al. (2002) ¥, BB LU Sk m

BOENENPHBERIF I o T B b

EIEHL TH Y, HBERBEOT — S It T

NROC HiZ#HL T35, 0/, Z@HF

Tid, NROC fi#f, PTROC Hi#%, PNROC M
BB LR BERBEDOT — 51289 5 NROC
Hi#R (log(NROC %)) COM:fES SEMli$ 5 .
41, K7 — 512355 ROC i TH 5.
NROC Hi##id, EROC f#ifi» 6 k& <
B1Y, Zhou et al. (2002) DRL Y ST 2 i
R (ERSHIHEDR V) 2RL 7. log(NROC
) 13, HEERBEO T — %12 NROC Hi1#
B TROIAMERTHS. log(NROC Eﬂﬁ) i,
NROC #h##IZ L T BROC B0 3 < 1o
BL Tw25i, N&% FPR Tit EROC ith R
PoHR T, M7, PTROC B, BLO
PNROC Hii#i/N& 7% FPR T % EROC Bt
BCAHBLCTEY, BFLESERLE. 20
L&D PTROC MO NF WIS 4 — 53,
A =0.178 T ), PNROC Mo~ 253
7 A=, A = 0.361, %, = 0.195(}, 3R

ERDNE LI T 3 — 5 DRFBTH D, 3,

7 1 Il 1 1 1 1 1 1 1
0 a1 62 a3 o4 as 08 07 LY e 1
FPR

4: BRABEF -2/ ¥T 3 ROC thig
(EROC ##:£5 ROC %, PNROC
HHR: NFIER ROC Bhig, NROC ii#g : IE
#ROC iR, log(NROC Ha#g) : 33czi
T-RIHT 3FER ROC g, PTROC

BEHR N FTHRUCED ¢ ROC #i#g)

HEERONELTEAT A — 5 DREETH
5) Thot. Thbb, K7 — 5Tk, HHE
BED D, L ATHREM (RELHIS X—
TAD0SDEL &, FHBERE ERT) 01T 2
W% &) ThB. TF N (57) OB 3

S %7212, Eh 1 & FHEDOFETE ROC

BRI L T AIC DME% &HE L 7-. NROC i -

HTO AIC Ok, 6629TH ), A= A, = A

&L 7:& &0 PTROC Hi#o AIC 14634.01C
%Y, PNROC Hi#/ AIC i3, 635.40TH - 7.

- $4&bb, PTROC Bt PNROC fig Bl

THED I AIC DED/NES 2 272, PTROC i
M LU PNROC HIMD#E R, MEBENER
(ERBENNLEERRER OO HE
LWFo(u) = Fyu) 2L 2 RTER) X9 bk
ERICAEL 7-. :

SbIZ, 3 A M (3.3) # AV T % ROC

RIS ET RN Y b R REL 2 (8
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5). 22T, HERE, &7 — 5280 HHEIE
BB 441/(19 + 41) = 0.683 £ L 7z. NROC
figid, wFhoa A b ITh NROC Hi#to
By b A 7 EFMLO 2 FEICH L THERRIC
Ehoss, 2 A b EAT0.70kKHO & &, PNROC
MO fE 7 v b+ 7EiE, PTROC Bt & D
HED TR o 2AY, T AR AT LDk

NROC -

BBy bA T
£

4%.5 0.55 0.6 0.65 0.7 075 0.8 0.85 0.9 0.95 ]
=3¢

(a) IA M A BEH v A TEDOTT Y b

"""""""" PTROC(TPR)

- e,

~
PNROC(TPR)

PNROC(FPR) NROC(TFR)

Rt
Gl
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''''''

0.2t

......
.......
........

o b.S 0.55 0.6 0.65 0.7 0.75 08 0.85 0.9 0.95 1

(b) = A F I % FPR, TPR 71 v |

5: WESMEET - ICHT ARy b A V18
DEE '

5 FOMEMZHSEEL . 22720, 2480 ROC
MEORE D v b o4 7, B R ERDEE
DOENLRPoTZ. '

5(b) i3 A bIISHT SR0EN v M AT
ETOFPRBELF TPRTH L. R#AH v b
BN 2 T A CIEI R E B o
NROC fif#o TPR B & F FPR M #&imi & <,
FPRICBWT FDEBENEETH o7z, T2,
PNROC Hii & PTROC Mo TPR I, 7h
CEESTH LN G072, T AN EN
X % PNROC Hi# & PTROC Hi#f > FPR i
ETOHEENADLNZD DD, T AL DK

CELBBIONT, ZOERIESLL. LL

T, T A+ HAHT0.85L. L TiE, PNROC it &
PTROC B O ERIIFRE RO ON Lo 7.

=63 BREONAAY DT =&

BElg i o 2B R iE N A F Y- h &
S B 7212, 9044 D BEIENE B B L UFs144
DRFENRILEN, MFE/ A A~ — 7 CA125
B LU CAI0-04 B S TV 5 (Wieand et
al., 1989). CA125%, BRRIEB LU FERO/N
Ar~—nkLTHbRTBY, i, CA19-9
X, EEEO NN A A AL L TRwLRTY
L AF—Fik, wTRONAF -0 b 28
OFHIGHEE R > TWEZ EWEHINT
W3 (Pepe, 2003; Zhou et al., 2002). &I T
HES, 2BOSMBIRNSRELR BHEIIBT 5
PNROC MO EIHERRTHI LD 5.

6 (a) 1%, CA1251Z%9 5 ROC IR TH
b, X6 (b) 1Z CA19-9I3t¥ % ROC HI#Ta
%. NROC iz, CA1258 L UF CA19-9D\»
FRIZBWTH EROC fifihr b Tz,
CA1250 PTROC B3, EROC ks & &
PN T W, ZOL XD, RXRFEWRNRT
A— ¥ OHEEMEB LU AIC DfEFFE 1ITRT.
PNROC BN AIC T WFh oA F<—7
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PNROC
Q8f

er e NROC
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ot
a3
az

a1

%18 PTROC _.«/( -

FPR

(a) CA125

PNRQC

PTROC

- X :
06 NROC
& V’ .

: 1 L I 1 1 1 L 1
0 o1 02 as 04 05 a6 a? 08 g 1

1 1 1 1 1 A I L] 1
[] (] 02 Y] a5 oS o7 08 as -
FPR

(b) CA19-9 -

€ 6: ROC M1 RO/ 1 v -
A DM

THRETHHI LN (CA19-90 L X1369.7
Th Y, CAI1250 L %806.7T% ), PNROC i
, ﬁ@ﬁw"i‘ﬁﬂf”ént D& ED CAILIZ

B BRFEWRAT A — 513, WS EETC

Ae1 = —0.745TH ), EEBTR,, = —0.342
Tholz. 72721, CAI99Z BT, 1- ek

# 1: BBEOS(FT—7 -v“—ﬂ:iﬂ'%éﬁﬁ
OEEE. 2212, BRI = A, = ) &R
ELEDETD PNROC Hiff T 0 AIC T

55, )
PNROC | PTROC | NROC
CA125 o -0.745 | -0.425 | -
A1 -0.342

AIC 806.7 | (808.5) | 1241.9
AUC 0.713 0.696 | 0.593
CA19-9 .2 -0.388 | -0.149 -
Ay2 0.009
AIC 1369.7 | (1380.9) | 1793.6
AUC 0.830 0.885 | 0.677

#%0.12° 5 0.4 §E B T 13, PNROC Hiff$ & 0°
PTROC #i#45 EROC #ift & v & L&z &g
L7z, bbb, NP ERSHOEEEIF
BEITE, B RRERIBORE VT AR
s, .

351, CA19-9ICBIT BNFBHNTG 1— %
i, BEREBEROB AT, = —0.388, B L
CREEBOBEICN,2 =000 Tho72. L
I o T, WFNOBOEILKE L BARSF

IZHE o Tz,

CA12512 %44 5 PNROC Higiid, CA19-9i-
LU THEIBEOER (BRESRLEEROS
THBYFELVE(u) = F,(u) 2L 2 XTE
M) DECITHBL TWBI Eh D, CA19-9D
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