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into normal 24-well plates (BD Biosciences) and grown for
24 h. Three pl of HyperFect Reagemt (Qiagen). 100 pl of
F12-K FBS free medium and siRNA (25 nM) were mixed.
incubated al room temperature for 5 min and added to cells.
After 96 h. cells were used for analysis and experimentation.
AS549 cells transfected with siRNA were washed with sterile
PBS and tolal RNA was extracted with Isogen reagent
(Bio-Rad Laboratories. Hercules. CA) according to the
manufacturer’s protocol. After deoxyribonuclease treatment.
total RNA (1 pg) of A549 cells was reverse-transcribed using
Improm-1I"™ reverse transcriptase (Promega, Madison, WI)
and oligo (dT). A mixture of 1 pl of oligo (dT) (0.5 pg/pl) and
total RNA (1 pg) was incubated at 70°C for 5 min. then
rapidly chilled at 4°C for 5 min. For conversion of total RNA
to ¢cDNA, the reaction mixture (20 pl) was prepared
containing the mixture of oligo (dT) and total RNA. 4 pl of
5xRT buffer. 2.4 pl of 25 mg MgCly. 4 pl of 2.5 mM dNTP
mix, 0.5 pl of Rnasin (1 U/, 1 yl of Improm-11 reverse
transcriptase and 3.1 pl of diethylpyrocarbonate-treated
water. The reaction was carried out at 25°C for 5 min,
42°C for 60 min and 70°C for 15 min. RT reaction mixtures.
including cDNA products. were stored at —20°C until used.
A single cDNA produced from total RNA was amplified by
quantitative PCR with FullVelocity SYBER Green QPCR
Master Mix (Strategene, Tokyo. Japan KK) and specific
primers for CTLl (QT00075838. Qiagen) and GAPDH
(lorward: ‘5-GAAGGTGAAGGTCGGAGT-3" and
reverse: ‘5-GAAGATGGTGATGGGATTTC-3"). A two-
step temperature program was applied for the amplification
of hCTL1 and GAPDH: initial denaturation (95°C) for 10
min, then 95°C for 15 s, 60°C for 60 s for 50 cycles.

Kinetic Analyses

Uptake was expressed as the cell-to-medium ratio (ul/
mg protein) obtained by dividing the uptake amount by the
concentration of substrate in the incubation buffer. Specific
uptake was obtained by subtracting the uptake at 4°C from
the uptake at 37°C. Kinetic parameters were obtained using
the following equation (Eq. 1):

Vinax X 8
& e )
where v is the uptake velocity of the substrate (pmol/30 s/img
protein). § is the substrate concentration in the medium
(uM). K., is the Michaelis constant (uM) and Vi, is the
maximum uptake rate (pmol/30 s/mg protein). Fitting was
performed by the nonlinear least-squares method using a
computer program (WinNonlin program. Pharsight. USA).
The half-inhibitory concentration (ICs) of inhibitors was
obtained by examining their inhibitory effects on the uptake
of choline based on Eq. 2.
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where C/M and C/M.; represent the uptake clearance in the
absence and presence of inhibitor. respectively. H is the slope
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factor and [ is the concentration of inhibitor. /Cs, values were
estimated by the nonlinear least-squares method using a
computer program (WinNonlin program. Pharsight, LSA),

Statistical Analysis

Student’s f-test was used to assess the significance of
differences between two sets of data. Differences were
considered to be statistically significant when p was <0.05.

RESULTS

Inhibitory effect of gefitinib on PC biosynthesis in AS49
and pdnmr_v-cnhl'rr(d rat ATII cells. To examine whether
gefitinib reduces PC biosynthesis in A549 and primary-cultured
rat ATII cells, the effect of gefitinib on the CDP-choline
pathway was examined. In both A549 and rat ATII cells.
[*H]choline was incorporated into PC in a time-dependem
manner over 3 h (Fig. 2a and d). Twenty and 50 pM gefitinib
reduced the apparent uptake of [*H]choline to 53.6:2.36 and
70.744.50% in AS49 and rat ATII cells, respectively, compared
to the values in the absence of gefitinib (Fig. 2b and ¢), In
addition. the radioactivity in the chloroform phase from A549
and rat ATII cells. containing only PC, was decreased by 20
and 50 uM gefitinib to 57.7¢7.33 and 64.112.56%. respectively
(Fig. 2b and ¢). Furthermore. preincubation of 20 and 50 yM
gefitinib with those cells for 60 min exhibited stronger
reductions of apparent uptake and incorporation into PC of
[*H]choline (uptake by the cells: 47.9+3.11 and 11,140,794 %:
PC biosynthesis: 30.547.90 and 1.4410.131% for A549 and rat
ATII cells, respectively) (Fig. 2¢ and f). These results
demonstrated that gefitinib inhibits the apparent uptake of
choline and the subsequent biosynthesis of PC, and its effect is
significantly increased when the cells are pretreated with the
drug.

Characteristics of ['H |choline transport in A549 and
primary-cultured rat ATII cells. ["H]Choline was taken up
linearly by A549 cells up to 1 min, and the uptake showed
temperature dependence (37°C: 4024412 pl/30 s/mg. 20°C:
21.5¢1.57 pl30 s/mg. 4°C: B1241.00 pl30 s/mg). The initial
uptake of choline by AS549 cells was studied over the
concentration range from 0.1 to 50 pM. The Eadie-Hofstee
plot showed a single saturable component and the apparent K.,
and V., values were 1504115 uM and 314¢18.2 pmol/30 s/mg.
respectively. Similarly, [*H]choline was taken up linearly by rat
ATII cells up to 5 min and the initial uptake at 2 min was
temperature-dependent (37°C: 54.133.25 b2 min/mg. 4°C:
16.743.42 ul/2 min/mg). The temperature-dependent
[*H]choline uptake was almost completely inhibited by
unlabeled 100 pM choline. showing that the uptake is
saturable ([*H]choline alone (1 pM): 37.4:3.25 pl22 min/meg.
with unlabeled choline 10 pM: 1894337 pl/2 min/mg, 100 puM:
1.6642,73 W2 min/mg). Decrease of Na* and K* in the incu-
bation media reduced the uptake of l“!-l Jeholine by A549 cells
(Fig. 3a. b and d). The uptake of ["H]choline by AS49 cells
was found to be markedly increased by changing the ex-
tracellular pH from 5.5 to 85 (Fig. 3c). ['H|Choline uptake by
rat. ATII cells was weakly reduced by replacement from
Na* to NMG"* in the incubation medin as well as A549 cells
{Fig. 3¢). The uptake of [*H]choline was not affected by
corticosterone, histamine or MPP*. which are substrates and
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Fig. 2. Time profile of incorporation of [*H]chaline into PC in A549 cells (a) and ra1 primary-cultured ATII cells (d), and inhibitory cifect of
gefitinib on the apparent uptake and incorporation of [*H|choline into PC by A549 (b and c) and rat primary-cultured ATII cclls (e and ) with
(e and I) or withoul preincubation (b and ¢). The concentration of I‘l[]chuli.nc was 01 uM. (b, ¢, €, ) Open and filled bars indicate the
apparent uplake by the cells and PC in the chloroform phase (which corresponds 1o incorporation into PC), respectively. Values above bars
are percentages of apparent uptake and PC in the chloroform phase in the absence of gefitinib. The inhibitory effect of gefitinib on the
incorporation of [*Hjcholine into PC by AS49 and ral ATII cells was measured al 37°C for 1 h. The preincubation of AS549 and rat ATTI cells
with gefitinib for 1 h was carried oul prior 1o the PC biosynthesis. * p<0.05 compared with contral. Each point and bar represents the mean +

S.E. from at least 3 wells,

inhibitors of human OCT]1, 2, and 3, whereas HC-3, a choline
analogue, inhibited the [*H]choline uptake by A3549 and rat
ATII cells in a concentration-dependent manner with ICsg
values of 9.4841.06 uM (Fig. 4a) and 79.9117.9 uM (Fig. 4b),
respectively,

Identification of mansporters expressed in A549 and
primary-cultured rat ATII cells. To investigate whal trans-
porter molecules are expressed in A549 and primary-coltured
rat ATII cells and to compare the expression profile in A549
and rat ATII cells with those in human bronchial epithelial
Calu-3 cells, lung, trachea, liver and kidney and in rat lung.
liver and kidney (Fig. 5). the expression of transporter
mRNAs was examined by RT-PCR. The experimental
conditions used for RT-PCR were validated by demonstrat-
ing the formation of RT-PCR products of the expected sizes
for OCTs and CTLs with total RNAs of liver and kidney
from rat and human as positive controls. Under these
conditions, RT-PCR did not show the expression of human
or rat OCT2 in A549. Calu-3, lung. trachea. rat ATII cells
and or rat lung. In rat ATII cells. very weak mRNA
expression of OCT1 was observed. The expression of human
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and rat OCT3 was observed in all tissues examined, except
for human liver. The expression of human CTL1 mRNA was
confirmed in all tissues, but the expression levels in trachea,
liver and kidney were very low. The expression of ral CTLI
mRNA was observed in all tissues examined. Although
mRNA of CTL2 was found in Calu-3, lung, trachea, liver
and kidney, it was not detected in A549 cells.

Effect of hCTLI siRNA on hCTL] mRNA expression
and ["H]choline uptake in AS49 cells. We investigated
whether hCTL] knockdown induced any change in hCTLI
mRNA expression and [*H]choline transport in AS49 cells
(Fig. 6a and b). Firstly. we checked whether the negative
control siRNA from Qiagen was suitable as a negative
control for hCTL1. The negative control siRNA did not
decrease hCTL1 mRNA expression compared with that in
the cells transfected only with the transfection reagent, at 48.
72 and 96 h after transfection (data not shown). Thus. we
used this siRNA as the negative control in the present study.
The hCTL] mRNA expression level and [*H]choline uptake
by A549 cells were determined 96 h after siRNA transfection
in A549 cells. The expression of hCTL] mRNA in A549 cells
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Fig. 3. Elfect of membrane potential (a), Na” (b, d and &), and pH (¢) on the uptake of ["H]choline by A549 cells and rat AT 11 cells. The
subsirate conceniration was 0.1 uM. Transporter-mediated uptake of [*H|choline in A549 and rat AT11 cells was calculated by the subtraction
of uplake al 4°C from thai at 37°C for 30 s and 2 min, respectively. a Uplake of [*H]choline was measured in AS49 cells in the presence of
increasing and decreasing concentrations of KCI (6-130 mM) and NaCl (125-1 mM), respectively, at pH 7.4. b and d Uptake of PH]choline
was measured in AS49 cells (b and d) and rat ATII cells (e) in Na®-free buffer. In Na‘-free buffer, the NaCl in the incubation buffer was
replaced with N-methylglucamine (NMG) and lithium chloride at pH 7.4, ¢ Uptake of [*H]choline was measured in A549 cells in the various
pH of the incubation buffer varied by adjusting the concentrations of Mes, Hepes and Tris. * p<0.05 compared with the uplake in normal
incubation buffer at pH 7.4. Each bar represents the mean + S.E. from at least 3 wells.

and the [*H]choline uptake by A549 cells were decreased by
the transfection of three different siRNAs to 38.6-66.4% and
34-50%, respectively, compared with the values obtained
with the negative control siRNA. To examine whether
transporter(s) other than CTL1 are involved in choline trans-
port in A549 cells, we investigated the effect of HC-3 on the
choline uptake by negative control and hCTL1 siRNA-treated
A549 cells. CTL1 mRNA expression was decreased to about
15% of that in negative control siRNA-treated A549 cells. The
choline uptake in negative control siRNA-treated A549 cells
was significantly inhibited by HC-3 but that in CTL] siRNA-
treated A549 cells was hardly inhibited (Fig. 7).

Inhibitory effect of gefitinib on ['H |choline transport in
AS549 and primary-cultured rat ATIl cells. The inhibitory
effect of gefitinib on the initial uptake of ['H]choline was
evaluated in A549 and primary-cultured rat ATID cells.
Gefitinib strongly inhibited [*H]choline uptake by A549 and
ral ATII cells with [Csp values of 19.942.07 and B5.8+13.1 uM,
respectively (Fig. 8a and b). When A549 and rat ATII cells
were preincubated with various concentrations of gefitinib
for 60 min. the inhibitory effect of gefitimb on the choline
uptake was significantly increased, and the ICsq values
became 6.7710.604 and 10.5+0.728 uM. respectively (Fig. Ba
and b). We assessed the interaction between gefitinib and

choline uptake in A549 cells with and without preincubation
of AS549 cells with gefitinib. In the absence of preincubation
of A549 cells with gefitinib. the plots of the choline uptake in
the absence and presence of gefitinib almost inlersected at
the horizontal axis (Fig. 9a). On the other hand, when the
cells were preincubated with gefitinib, the plots did not
intersect at the horizontal axis (Fig. 9b). The kinelic
parameter (Km and Vmax) values without and with
preincubation are shown in Table 1T

DISCUSSION

Gefitinib is an anticancer agent that acts as a selective
inhibitor of EGFR-TK. Gefitinib has been associated with
sudden and normal onset of severe ILD with the low incidence
of 1% worldwide (19). However, the molecular mechanisms of
both sudden and normal onset of 1LD associated with gefitinib
treatment remain largely uncharacterized.

PC is synthesized from choline within ATII epithelia and
secreted into the alveolar lumen via lamellar bodies as the
major phospholipid component of lung surfactant. which is
essential to establish normal breathing. ABCA3 recognizes
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represents the mean + S.E. from al least 3 wells.

PC as a substrate and transports PC into lamellar bodies in
ATII cells (20,21). Mutation of ABCA3 is reported to cause
neonatal respiratory distress syndrome and ILD (22), and
ABCA3 knock-out mice die within an hour after birth (23). It
is considered that the cause of the neonatal respiratory
distress syndrome and death of the mice is the lack of
secretion of PC into alveolar space due (o the decreased
ABCA3 activity. Furthermore, changes in PC content are
significantly correlated with loss of surface activily in patients
with ILD (24).

To elucidate the mechanism of ILD associated with
gefitinib, we focused on lung surfactant synthesis and tested
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Fig. 5. Expression of several transporter mRNAs in A549 cells,
Calu-3 cells, lung, trachea, liver, kidney, primary-culiured rat ATII
cells, rat lung, rat liver and ral kidney. The reactions using specific
primer sets were described in the text. PCR products were separated
by electrophoresis in 1-1.5% agarose gel and ethidiom bromide was
used to visualize bands

the hypothesis that gefitinib reduces PC biosynthesis via
inhibition of cellular choline uptake, resulting in abnormality
of lung surfactant. We also examined that choline transport
in A549 and primary-cultured rat ATII cells, and found that
it is mediated by a weakly Na®.dependent transporter, which
has transport characteristics similar to those of human and
rat CTLI.

Firstly, we investigated whether gefitinib impairs the
biosynthesis of PC in A549 and rat ATII cells. The apparent
uptake and incorporation into PC of externally added
[*H]choline by AS549 and rat ATII cells was markedly
reduced by 20 and 50 uM gefitinib (Fig. 2b and ¢). Twenty
and 50 uM gefitinib reduced the apparent uptake of
[*H]choline by A549 and rat ATII cells to about 50 and
70%, which was comparable to the values of 57.7 and 64.1%
for incorporation into PC in the respective cells. These
results suggested that 20 and 50 uM gefitinib may not affect
three enzymes involved in the CDP-choline pathway but
choline uptake. In rats, the total radioactivity related to
[**Cgefitinib in lung did not change greatly up to 6 h (25). To
check the effect of gefitinib existing in lung for hours on the
incorporation of choline into PC. we evaluated the inhibitory
effects of gefitinib after a 60 min preincubation of AS49 and
rat ATII cells with gefitinib, The incorporation of choline
into PC in A549 and rat ATII cells was more strongly
inhibited by pgefitinib than those in the absence of
preincubation (Fig. 2¢ and f). The inhibitory effect was also
observed on the apparent uptake of [*H]choline by both cells.
These observations with or without preincubation suggest
that the choline uptake process largely regulates the
incorporation of choline into PC in A549 and rat ATII cells

To characterize the choline transport regulating PC
biosynthesis in A549 and rat ATI cells, we performed
choline uptake studies by both cells. ['H]Choline was taken
up into AS549 cells in a time-. temperature- and concentration-
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uptake of ['H]choline in the absence and presence of preincubation of AS49 and it ATII cells with
gefitinib, respectively. ['H]Choline (0.1 uM) was incubated with various concentrations af gefitinib (0.5-100
puM for AS49 cells and 10-100 uM for rat ATII cells) for 30 s and 2 min, respectively. The solid line

represenis the mean ¢ S.E. from at leasi 3 wells.

dependent manner, demonstrating that the uptake is
transporter-mediated. For further characterization of
[*H]choline transport. the time of 30 s was used for the
evaluation of mitial uptake in AS4Y cells. The K, value
(15 pM) in A549 cells is about 10 times higher than that of
CHT! (1.6 uM) (26), and comparable to those of CTLI and
OCT2 (53-102 pM) (927). The upiake of [*H]choline by
AS549 cells showed membrane potential-, pH-. and weak Na*-

dependence (Fig. 3). These transport properties of choline
uptake in A549 cells are similar to those of OCTs and CTLs
(27.28). A choline analogue, HC-3, reduced the choline uptake
by AS549 cells with the 1Cs; value of 948 uM, whereas cor-
ticosterone. histamine and MPP*. which are substrates and
inhibitors of OCT1. 2, and 3, were not inhibitory up to 100 yM

(Fig. 4). RT-PCR analysis revealed the expression of OCT3
and CTL] mRNAs in A549 cells (Fig. 5). Based on the results
that the 1Cs, value of HC-3 for choline transport in A549 cells
was much higher than that [or CHT!-mediated choline
transport (5 nM) (26). that OCT3 substrate and/or inhibitors
did not inhibit choline uptake by A549 cells. and that OCT3
hardly recognizes choline as the substrate (9), the involve-
ments of CHT1 and OCT3 in choline transport in the cells
were considered to be negligible. The three different siRNAs
targeted to the three different regions of the hCTL1 gene
reduced both hCTLI mRNA expression and choline transport
activity in AS549 cells to about 50%, indicating that the
contribution of hCTL1 to transporter-mediated choline up-
take in AS549 cells is at least 50% (Fig. 7). On the basis of the
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Fig. 9. Eadie-Hofstee plots of the interaction between choline and gefitinib without (a) or with (b)
preincubation of A549 cells. Concentiation dependent uptake of ["H|choline (1-100 pM) was examined al
30 s in the absence (circles) o presence of 3 pM (squuires) and 10 pM (iriangles) gefitinib, Transporier-
mediated uptake of ["H]choline was expressed as the difference between the uptakes a1 37 and 4°C. The
solfid line represents the fied curve. Each point represents the mean + S.E. from at Jeast 3 wells
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Table IL. Kinetic Parnmeters of Choline Uptake by A549 Cells in the
Presence and Absence of Gefitinib

Preincubation (=) Preincubation (=)

Gefitinib

Km" Vmax" Km" Vimax®
« 0 pM 4344654 74616 4344654 T17+61.6
= 3uM 39.126.37 683170.1 52.4#6.10 681446.9
= 10 upM 5624648 7324533 T0.0¢10.6 6504623

(M), ® (pmol/30 simg)

transport properties, inhibitory effects of various compounds
on ['Hlcholine transport in AS49 cells, effect of hCTL]
siRNA and the transporter molecules identified by RT-PCR.
we consider that choline transport in AS49 cells is mainly
mediated by CTLI1. which is known fo be membrane
potential-. pH-dependent and weakly Na®-dependent. and to
have affinity for choline and HC-3 (27). In CTL1 siRNA.
treated AS49 cells. S pM HC-3, which is a concentration close
1o 1Csq of HC-3 on CTL1-mediated choline transport. did not
exhibit the inhibitory effect on choline uptake compared 1o
that observed in negative control siRNA-treated A549 cells.
This result indicates that CTL] mainly contributes to the
uplake of choline, while the involvement of transporter(s)
other than CTL1 cannol be excluded in choline transport by
AS549 cells. Further experiments will be required to identify
the transporter molecule(s) involved.

The mechanism of choline uptake into rat ATII cells was
reported previously (29). In this study, we confirmed that the
profile of choline uptake in our primary-cultured rat ATII
cells was similar to that previously reported. ["H]Choline was
taken up by rat ATII cells time-dependently for up to 5 min,
The initial uptake of choline evaluated at 2 min showed weak
Na*-dependence. The Km value of choline uptake by rat
ATII cells was predicted to be 10-100 pM and the ICsy of
HC-3 for the choline uptake by rat ATII cells was estimated
to be 79.9 uM. These results are comparable with reported
data (29), Furthermore, CTL1 mRNA expression in primary-
cultured rat ATIT cells was confirmed. Accordingly. we
consider that choline transport in rat ATII cells is mainly
mediated by a transporter which is similar to that in A549
cells and to CTLI1, as reported previously (29).

In human lung. the mRNA expression of CTL1, CTL2
and OCT3 was confirmed, whereas CTL1 and OCT3
mRNAs, but not CTL2 mRNA, were found in A549 cells,
There is a discrepancy in CTL2 mRNA expression between
human lung and A549 cells. This discrepancy can be ex-
plained by the fact that the lung is composed of many types
of cells. and only 2 to 5% of the alveolar space is occupied by
ATII cells (30). In addition, the mRNA expression patterns
of the transporters examined were similar in human and rat.
Considering the occupancy of ATIL cells in human lung.
and the transporter expression pattern and transport proper-
ties of choline in rat ATII cells. A549 cells seem to have a
similar choline transporl system 1o intact human pulmonary
ATII cells.

Finally. we further characterized the inhibitory effect of
gefitinib on choline transport in A549 and rat ATII cells,
Gefitinib inhibited [*H]choline uptake with the 1Cs; values of
19.9 uM in A549 cells and 85.8 pM in rat ATII cells (Fig. 8),
Furthermore. preincubation of A549 and rat ATII cells with
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gefitinib reduced the 1Cq values to 6.77 and 105 uM.
respectively (Fig. R). The interaction between pefitinib and
choline was kinetically studied. The Eadie-Hofstee plots
revealed that the maodes of inhibition of choline uptake into
AS549 cells by gefitinib were competitive and mixed type for
AS549 cells with and without preincubation with gefitinib.
respectively. Gelitinib has a similar chemical structure to
choline (Fig. 1). Based on the inhibitory kinetics by gefitinib
with and without preincubation, it is considered that CTLI
has at least two binding sites (possibly extracellular and intra-
cellular or intramembrane), and the concentrations al these
sites are both important determinants of the inhibitory effect
on CTLI activity, Preincubation also had a similar effect on
the extent of inhibition of PC biosynthesis. Accordingly. il is
considered that the reduction of PC biosynthesis caused by
the preincubation of A549 and rat ATII cells with gefitinib is
caused largely by the reduction of choline uptake process.

The maximum plasma total concentration of gefitinib
observed at a clinically relevant dose is 0.5 to 1 pM or higher.
but the plasma concentration shows inter-individual variabil-
ity amounting to 6- to 10-fold among patients (31-34).
Considering that about 90% of gefitinib in blood is bound
to plasma proteins. that the total radioactivity of gefitinib is
concentrated in the lung with a ratio higher than 10, and that
the total radioactivity in lung does not change greatly for up
to 6 b in rats (25). the concentration of gefitinib in the lung
can be estimated 10 be about 1 uM. and this level may be
maintained in the lung for several hours. This gefitinib
concentration in lung is close 1o the ICsy value of 6.77 uM
obtained in the present study. When CYP3Ad-medialed
gefitinib metabolism, which is a major clearance pathway of
gefitinib, 15 inhibited by the potent CYP3A4 inhibitor
itraconazole, the gefitinib plasma concentration is increased
(35). For cancer therapy. gefitinib will be co-administered
with a range of other drugs. If the major metabolic pathway
and the transport process of gefitinib are inhibited by co-
administered drugs and/or altered by genetic polymorphisms
ol the involved enzymes and transporters, the unbound
gefitinib concentration in the lung may exceed the 1Cs,
value, resulting in impaired PC biosynthesis that may lead to
abnormality of Tung surfactant. Accordingly, it is probable
that sudden onset of ILD associated with gefitinib is due to
an abnormality of the production of lung surfactant.

In conclusion we demonsirated that gefitinib reduces PC
biosynthesis via the inhibition of choline uptake by A549 and
primary-cultured rat ATII cells. We also showed that choline
transport by A549 and rat ATII cells is mainly mediated by
CTLI1, which is a membrane potential-, pH-dependent and
weakly Na®-dependent transporter. These results may have
implication for the one of mechanisms ol drug-induced lung
toxicity.
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Abstract

Purpose  The aim of this study was to develop a predic-
tion model using serum lumor markers o predict the
response 1o chemotherapy of patients with metastatic or
recurrent breast cancer.

Methods We retrospectively analyzed a training set of
105 patiems with metastatic or recurrent breast cancer.
Their chemotherapeutic response had been evaluated
according to the World Health Organization (WHO)'s
response crileria. Our model for predicting response using
carcinoembryonic antigen (CEA), carbohydrate antigen
(CA) 15-3, and NCC-ST-439 was determined using the
arca under the receiver operating characteristic curve
(ROC-AUC) and the overall misclassification rate (OMR)
in a random cross-validation. The prediction modcel was
then verified in a consecutive set of 64 patients. Their
response had been evaluated using the response evaluation
criteria in solid tumors (RECIST) cniteria.

Results  The best prediction model consisted of the serum
CEA, CAI15-3, and NCC-ST-439 levels, but the prediction
formula varied according to the baseline CA15-3 level (ele-
valed or normal). The overall ROC-AUC and OMR in the
training set were 0.83 and 0.19, respectively. The overall

K. Yonemori (04) - N, Katsumata - M, Yunokawa - E, Nakano
T. Kouno - C. Shimizu - M. Ando - K. Tamura - Y. Fujiwara
Hreast and Medical Oncology Division,

National Cancer Center Hospital, 5-1-1 Tsukiji,

Chuo-ku, Tokyo 104-0045, Japan

e-mail: kyonemor@®nce.go.jp

A. Noda - H. Uno - M. Takeuchi
Division of Biostatistics. School of Pharmaceutical Sciences.
Kitasato University, 5-9-1, Shirokane, Minato-ku, Tokyo. Japan

ROC-AUC and OMR in the verification set were 0.72 and
0.28, respectively. When the verification set was stratified
according o gither the objective response or the predicied
response, the time-to-progression, but not the overall sur-
vival, was significantly different.

Conclusion  Our model for predicting the response to first-
line chemotherapy of patients with metastatic or recurrent
breast cancer may be valid because it predicted the outcome
of more than 70% of the patients in an independent verifica-
tion set,

Keywords Tumor marker - Response - Prediction -
Breast cancer - Chemotherapy

Introduction

Breast cancer remains the major cause of death from cancer
among woman throughout the world, Most patients with
metastatic or recurrent hreast cancer receive chemotherapy
with a palliative intent. Presently, anthracylines (doxorubi-
cin, cpirubicin) and taxancs (docctaxcl, paclitaxel) are two
of the most effective anticancer drugs against breast cancer
(Veronesi et al. 2005). Breast cuncer is generally moni-
tored, and the response to chemotherapy is evaluated
according to standardized response criteria that are based
on changes in the size of measurable disease (World Health
Organization 1979: Therasse et al. 2000), Response to che-
motherapy confers symptom relicf for patients and resolves
the visceral crisis. A patient’s initial response (o chemother-
apy 1s also an important source ol information when decid-
ing whether 10 continue chemotherapy in individual
patients.

Breast cancer frequently metastasizes, and metastases
can be found in almost every organ. including bone, lung,
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pleura, liver, lymph nodes, soft-tissue, and the brain, Two-
thirds of patients with recurrent breast cancer present with
distant metastasis, usually in a single organ. The most com-
mon sites of disease at the time of first recurrence are the
bone, lung, and liver (Wood et al. 2004). Therefore, physi-
cians frequently face problems deciding whether to admin-
ister chemotherapy io patienis with only non-measurable
discases, such as bone metastases, malignant effusions, or
lymphangitis carcinomatosa.

For many malignancics, scrum tumor markers play an
important role in patient management. Serum tumor mark-
crs can potentially be used for cancer screening, aiding
diagnosis, determining both risk groups and prognosis, sur-
veillance after primary surgery. monitoring treatment, and
predicting response. Many serum tumor markers have been
investigated in patients with breast cancer, including carci-
noembryonic antigen (CEA), carbohydrate antigen (CA)
15-3, CA 549, CA 27.29, NCC-8T-439, tissue polypeptide
antigen, tissue polypeptide specific antigen. and the extra-
cellular form of HER2 (Duffy 2001, 2006). Despite numer-
ous investigations; however, the roles of serum twmor
markers have not yet been established in patients with
breast cancer. Therefore, the routine measurement of serum
wumor markers in patients with metastatic breast cancer is
not recommended in the clinical guidelines of the American
Society of Clinical Oncology. at present (Harris et al.
2007).

Predicting chemotherapeutic responses is challenging.
We suspected that scrum tumor markers might be uscful in
predicting patient response 1o chemotherapy. The develop-
ment of an appropriate prediction model would contribute
to treatment monitoring and the decision-making process,
particularly when an objective response has not been
ohserved during early courses of chemotherapy or in
patients with no measurable discase. The aim of this study
was to develop a prediction model using scrum tumor
markers to predict the response to first-line chemotherapy
in patients with metastatic or recurrent breast cancer, and to
cvaluate the predictive accuracy of the resulting prediction
model in a consecutive validation set.

Patients and methods
Patienis in the wraining sel

Between January 1999 and May 2003, a total of 105 con-
secutive patients with metastatic or recurrent hreast cancer
(the training set) were enrolled in a multi-center phase 111
trial for first-line chemotherapy at the National Cancer Cen-
ter Hospital (Katsumaia et al. 2005). The patients were ran-
domized into three groups: six courses ol AC therapy
(doxorubicin (A), 40 mg/m’, day 1; cyclophosphamide (C)

Q) Springes

500 mg/m?, day [, g3w), six courses of docetaxcl therapy
(docetaxel, 60 mg/m?, q3w), or three courses of alternating
AC therapy and docctaxcl therapy. Trastuzumab combina-
tion therapy was not available for patients with metastatic
or breasi cancer during the enrollment period of this study.
The primary endpoint was the time-to-treatment-failure of
the first-line chemotherapy. For the purpose of the present
study, we retrieved the clinical records of 105 patients with
measurable lesions whose response to chemotherapy had
been prospectively asscssed in the phase TIT trial. After
every 2 courses of chemotherapy. routine evaluations of the
treatment responses of measurable lesions were performed
according to the WHO criteria; these cvaluations included
clinical examinations, chest radiography, computed tomog-
raphy, and skeletal radiography or bone scanning, when
necessary (World Health Organization 1979). The patients
signed a written informed consent form approved by the
institutional review board for use in clinical trals and
agreeing to the review of records and images for research

purposes.
Serum tumor marker measurements

In all the patients in the present study, i complete blood cell
count, chemistry and serum tumor markers were measured
using blood samples obtained within | week of the start of
chemotherapy and obtained on day 1 of every course of che-
motherapy administration to avoid cytolytic effects; the sam-
ples were immediately assayed in the laboratory division of
the National Cancer Center Hospital. The serum CEA and
CA 15-3 values were measured using chemiluminescent
enzyme immunoassays (sandwich principle) with commer-
cially available kits: lumipalse CEA-N and lumipalse CA
15-3 (both Fujirebio Diagnostics Inc., Malvern, PA, USA).
Serum NCC-ST-439 values were measured using an
cnzyme immunoassay (sandwich principle) with a commer-
cially available kit (Lanazyme ST-439 plate;: Nippon
Kayaku Co., Tokyo, Japan). Quality control and calibration
for all the tumor marker measurements were strictly per-
formed using commercial reference control sera. The coeffi-
cients of intra- and inter-assay variability for all the wmor
markers were less than 10%. The upper normal limits for the
CEA and CA [5-3 levels were Sng/mL and 28 U/mL,
respectively; the upper normal limit for NCC-ST-439 was
7.0 U/mL in pre-menopausal women and 4.5 U/mL in men-
opausal woman. Throughout the phase III trial and clinical
practice, changes in the wmor marker values never influ-
enced the treatment decision-making process,

Development of prediction model

To develop a prediction model, the documented response
and the three serum tumor markers levels in the training set

105
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were collected from the patients” medical charts as follows:
baseline values, serum twmor marker values on day | the
sccond chemotherapy course, and scrum tumor marker val-
ues on day | of the third chemotherapy course. The percent
changes in the serum tumor marker values were expressed
according o the following formulas: MARKER
(T) = (Marker value on day | of the second chemotherapy
course — Initial marker value)/Initial marker value,
MARKER (II) = (Marker value on day | of the third che-
mothcrapy course — Initial marker valuc)/Initial marker
value, und MARKER (I and IT) = (Marker value on day 1 of
the third chemotherapy course — Marker value on day 1
of the second chemotherapy course)/Marker value on day 1
of the second chemotherapy course.

Multivariate logistic regression models were used to
derive a prediction model for the response. Several linear
combinations of marker values were fitted to the entire
training set. In addition, the training set was split into two
subgroups and several and different combinations of mark-
ers were fitted 1o each subgroup, which enlarged the class
of candidate prediction models. As a measure of accuracy,
the area under the receiver operating characteristic curve
(ROC-AUC) and the overall misclassification rate (OMR)
were caleulated for cach candidate prediction model.

In order to reduce the bias in estimating the ROC-
AUC and OMR of each prediction model. random cross-
validation estimates were calculated in which a
randomly selected 4/5 of training set was used to esti-
mate the model parameter and the remaining 1/5 was
used to calculate the ROC-AUC and OMR. This proce-
dure was repeated 200 times. The best prediction model
was determined by the maximum ROC-AUC. If several
models with the same ROC-AUC were obtained. the
model with the more parsimonious and lower OMR
values was regarded as the better model.

Verification of prediction model

After the development of the prediction model, the
model was verified using an independent consecutive
series of 64 patients with metastatic or recurrent breast
cancer who had received first-line chemotherapy in a
practical sctting at the National Cancer Center Hospital
between January 2004 and January 2005, All the patients
had adeguate bone marrow and organ function. The
patients had been treated with AC therapy, docetaxel
therapy. or weekly paclitaxel therapy (80 mg/m?) con-
sisting of 3 weekly cycles followed by a week of rest.
Trastuzumab combination therapy was also adminis-
tered with the docetaxel or weekly paclitaxel therapy if
the patient had a positive HER2 status. The responses of
all the patients o chemotherapy were evaluated accord-
ing to the RECIST criteria (Therasse et al. 2000). The

treatment regimens were decided according to the
patients’ preferences. The patients signed a written
informed consent form approved by the institutional
review board for the review of records and images for
research purposes, The ROC-AUC and OMR [or the ver-
ification set were examined to evaluate the performance
of the prediction model. Time-to-progression (TTP) and
the overall survival (0OS) time were statistically
compared between the patients with and those without a
predicted responsc according to the prediction model.
TTP was measured from the first day of chemotherapy
until disease progression or the final day of follow up,
and OS was measured from the first day of chemother-
apy until death or the final day of follow up. All statisti-
cal analyses were performed using SAS version 9.1
(SAS Institute, Cary NC, USA).

Results
Characteristics of patients in the training set

The clinical characteristics of the patients in the training
set are presented in Table 1. Tn the training set al base-
line, elevated CEA levels were observed in 39 patients
(37%), clevated CA15-3 levels were observed in 49
patients (47%), and elevated NCC-5T-439 levels were
observed in 44 patients (42%: 12 premenopausal women
and 32 postmenopausal women). Thirty-four patients
had received AC therapy, 37 patients had received doce-
taxel therapy, and 34 patienis had received allemnating
AC and docetaxel therapy as their first-line chemother-
apy regimen. The median number of chemotherapy
courses was 6 (range 2-6). The overall response rate of
the patients in the training set was 45% (95% confidence
interval [CI]: 36-55%; 6 complecte responses [CRs], 41
partial responses [PRs], 49 no changes [NCs], and 9 pro-
gressive diseases [PDs]). The median TTP and OS were
7.1 and 30,9 months, respectively.

Development of the prediction model
Single umor marker at one measurement point

The ROC-AUCs of single tumor markers (CEA, CA 15-
3, and NCC-8T-439) at each measurement point are
shown in Table 2. The ROC-AUC of CA 15-3 at each
measurement point was higher than those of CEA or
NCC-5T-439, and the ROC-AUCs of the serum tumor
marker values on day | of the third chemotherapy course
were higher than other measurements points in each
tumor murker. However, all ROC-AUCs were less than
0.7.
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Table 1 Characieristics of paticats in the training and verification scis

Tuble 2 ROC-AUCSs of serum wmor markers in cach measurement
poimnt

Training Verification P value*

set (%) set (%) Marker Point ROC-AUC
No. of patients 105 64 CEA Raseline 0.599
Median age (vange) 56 (34-76) 55 (35-76) 0.69 Day | of 2nd course 0617
Disenses Day | of 3rd course 0639
Metastatic 20 (19%) 14 (22%) 0.66 CA 15-3 Baseline 0.631
Recurrent BS (B1%) 50 (78%) Day | of 2nd course 0.657
Menopause Day 1 of Ird course 0.693
Pre-menopause 30 (29%) 25 (39%) 0.16 NCC-5T-439 Baseline 0.580
Menopause T5(71%) 39(61%) Day 1 of 2nd course 0565
Performance status Day 1 of 3rd course 0.620
0 69 (66% ) 29 (45%) 0.01
(k< 36 (34%) 35 (55%)
Hormone status models were less than 0.7. Therefore, CA 15-3 was selected
Positive S0 (48% ) 41 (64%) 0.04 for consideration of the candidate prediction modcls by the
Negative 55 (52%) 23 (36%) condition of the serum umor markers (such as an elevated
HER?2 stalus or normal range at baseline),
Positive 22 (21%) 20 (31%) 0.13
Negative 83 (79%) 44 (69%) The best prediction model in the present study
Number of disease sites
1-2 20 (67%) 39 (61%) 0.45 The candidate prediction models, taking the condition of
%< 35 (33%) 25 (39%) the CA 15-3 basclinc into consideration, were analyzed in
s ol dlsasne both the logarithmic transformation of the tumor marker
Pl hidiy thnkor 20 (19%) 1§ (23%) 0.8 values and the %changes of (he serum tumor markers. The
Libphriase 53 (50%) 30 (45%) 0.3 best prediction model developed in the present study defi-
Eiag 36 (34%) 28 (44%) 022 ned the probability of response as follows: probability of
ik 28 (27%) 29 (45%) 0.01 mmns&: = !?‘.f“ +c'), w.hcr: ¢ is the base of the natural
e 33 31663 27 (42%) o logarithm; if the bascline CA15-3 level was elevated,

* Univariate analysis: Chi-square test and ¢ tests were performed for
proportional differences or mean differences between the training and
verification sets (2-sided)

Combination of tumor markers (single, double or triple)
and various measurement points

In the logarithmic transformation of the tumor marker val-
ues, the candidate prediction model was derived using the
CA 15-3 values at baseline, day 1 of the 2nd course and day
I of the 3rd course. and the ROC-AUC and OMR for a ran-
dom cross-validation using the training set were .655 and
0.369, respectively. In the %changes of the serum tumor
markers, the candidate prediction model using both CA 15-
3 and NCC-ST-439 at baseline, day 1 of the 2nd course and
day 1 of the 3rd course was derived. and the ROC-AUC
and OMR for a random cross-validation using the training
set were 0.636 and 0.371. respectively. From these analy-
ses, the combination of tumor markers and measurement
points improved the ROC-AUCs, and CA 15-3 had a rela-
tively strong association compared with both CEA and
NCC-ST-439. However. the ROC-AUC:s of these candidate
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x=(1.448 + 0.086 x CA15-3(I) + 4.365 x CAI15-3(I) —
5.099 x NCC-ST439(I) + 2.266 x NCC-8T439(Il)), whereas
if the baseline CA15-3 level was within the normal range,
xa=(=0.577 — 2.683 x CEA(I) + 3.729 x CEA  (II) +
0.504 x NCC-ST-439(1) + 1.492 x NCC-S§T-439(IT)). The
prediction rule was as follows: a calculated probability of a
response =(0.778 corresponded to a CR or PR, while a cal-
culated probability of response <0.778 corresponded to a
SD or PD. The ROC-AUCs of the training set were 0.86
and 0.75 (elevated and normal ranges of CA 15-3. respec-
tively). The OMRs of the training sct were 0.16 and 0.27
(elevated and normal ranges of CA 15-3. respectively). The
ROC-AUCs for a random cross-validation using the train-
ing set were 0.83, and 0.64 (clevated and normal ranges of
CA 15-3, respectively). The OMRSs in a random cross-vali-
dation using the (raining set were 0.22 and 0.27 (elevated
and normal ranges of CA [5-3, respectively). The overall
ROC-AUC and OMR in the training set were 0.83, and
0.19, respectively (Fig. |, point estimate),

The prediction model was influenced by the bascline
level of CA 15-3; therefore, the performance of the predie-
tion model was evalualed by chunging the CA 15-3 cut-olf
level 10 every | U/mL between 24 and 30 U/mL (the kit
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Fig. 1 Receiver operating charactenstics (ROC) curve for the predic-
won model in the waining set (solid line). The model was developed
based on data from 104 patients with metastatic or recurment breast can-
cer, who participated in a phase 11) tnal. ROC curve for the prediction
maodel in the ven Rcation set (donied line). The verification set included
64 consecutive patients with metastatic or recurvent breast cancer
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standard defined the upper normal limit as 28 U/mL). The
dilferences in the 95% Cls for cach ROC-AUC or OMR
were calculated using the bootstrap method (iteration:
1.000). The ROC-AUCs and OMRs (or cut-off levels ol 26
or 27 U/mL were similar to that of the standard CA 15-3
cut-off level. When a cut-off level of about 25 U/mL was
used, the accuracy of the prediction model for CA 15-3
within the normal limit group increased; however, the over-
all ROC-AUC and OMR of the prediction model were infe-
rior to those obtained when the standard CA 15-3 cut-off
level was used (point estimate), while the differences in the
95% Cls for each ROC-AUC or OMR were similar. The
accuracy of the prediction model for the clevated CA 15-3
group increased, while the accuracy of the prediction model
for the normal CA 15-3 group decreased when a cut-off
level of about 24 U/ml. was used. The accuracy of the pre-
diction model for the elevated CA 15-3 group decreased,
while the accuracy of the prediction model for the normal
CA 15-3 group increased when a cut-off level of more than
28 U/mL was used. We concluded that the cut-off level
defined as the kit standard was appropriate for use with the
present prediction model.

Verification of the prediction model

After deriving the prediction model, an independent
consecutive series of 64 patients were analyzed to verify

the prediction model. Statistical differences in the patient
characteristics of the training and validation sets are pre-
sented in Table |. The median performance status and the
frequency of a hormone-positive stas were significantly
different between the traiming and verification sets. The
median performance status (range) in the training and veri-
fication sets were 0 (0=2) and | (0-2), respectively.

In the independent verification set at baseline, elevated
CEA levels were observed in 45 patients (70%), elevated
CA15-3 levels were observed in 42 patients (66%), and cle-
valed NCC-ST-439 levels were observed in 36 patients
(56%, 16 premenopausal women and 20 postmenopausal
women). Thirty-two patients had received AC therapy, 12
patients had received docetaxel therapy, and 20 patients had
received weekly paclitaxel therapy as their first-line chemo-
therapy regimen. Of these patients, 18 (28%) received trast-
uzumub in combination with their chemotherapy regimen,
The median number of chemotherapy courses was 6 (range
2-6). The overall response rate of the verification set was
64% (95% CI: 52 10 76%: 4 CR, 37 PR, 15 8D, and 8 PD).
The median TTP and OS were 8.0 and 22.9 months. respec-
tively.

The overall ROC-AUC and OMR in the verification set
were (.72 and 0.28, respectively (Fig. |, point estimate).
Therefore, the prediction model probably predicted the
objective response of more than 70% of the patients in a
practical setting. The TTP of the verification set was statis-
tically significant according to a log-rank test when the
groups were stratiflied according to both the RECIST crite-
ria and the prediction model (Fig. 2). The OS of the verifi-
calion sel was nol stutistically significant according 1o a
log-rank test when the groups were stratified according to
both the RECIST criteria and the prediction model (Fig. 3).

Discussion

This study eviluated the use of a prediction model bused on
three serum tumor markers for predicting the response o
chemotherapy in patients with metastatic or recurrent breast
cancer. Although some disparity in the patient characteris-
tics existed between the training set and the verification set,
the accuracy of the prediction model was reliable in an
independent verification set using a consecutive series of
putients,

The present study examined a prediction model based on
the serum levels of CA 19-9, CEA, and NCC-5T-439; these
tumor markers are widely measured parameters in Europe
and Japan (Dufly 2006; Kurebayashi et al, 2003), CA15-3
is a serum-based product of the MUCT gene and is the most
widely used serum marker for breast cancer (Duffy 2001),
CEA is a well-known serum tumor marker for a wide ringe
of malignancies, including breast cancer. NCC-ST-439
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Fig. 2 Kaplan-Meier analysis of time-to-progression in the verifica-
tion sei. The vertical bars indicate censored cases. a Time-to-progres-
sion in groups stratified according to the RECIST crueria. The doned
[tre indicates patients who achieved a CR or a PR, and the solid line
Indicates patients with SD or PD. b Time-to-progression in groups
stratified according to the prediction model, The dutred line indicates
patients who achieved a CR or a PR, and the solid line indicates pa-
tients with S or PD according to the prediction model

antigen is a umor-related carbohydrate antigen that is rec-
ognized by a monoclonal antibody and has been shown 1o
be elevated in gastric, colon, pancreatic and breast carci-
noma (Hirohashi etal. 1984), Since serum NCC-ST439
levels are not correlated with serum CA 15-3 or CEA lev-
els. combination assays using these tumor markers are
thought to be uscful in the treatment of paticnts with breast
cancer (Narita et al. 1993).

Biological predictive and prognostic fuctors such as hor-
mone receptors or HER2 have been estblished in breast
cancer; however, this approach requires tumor tissue and is
difficult to use for monitoring the response to therapy.
Serum umor markers are circulating tumor-derived mole-
cules and biologically become surrogate markers for the
tumor load. Some studies reported serum tumor markers,
especially in CEA and CA 15-3. correlated with poor prog-
nosis in breast cancer (Fehm et al, 2004; Finek etal, 2007;
Hu etal. 2002). And many studies have rcported that
patients who respond to chemotherapy also have reduced
tumor marker levels, while those with progressive disease
have clevated levels. Several studies have compared serum
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Fig. 3 Kaplan-Meier analysis of overall survival in the venfication
set. The vertical bars indicate censored cases. a Overall survival time
in groups stratified according to the RECIST criterin, The dorted line
indicates patients who achieved a CR or a PR. and the solid line indi-
cates patients with SD or FD. b Overall survival time in groups strati-
fied according to the prediction model. The dotted line indicales
patients who achieved a CR or a PR, and the solid line indicates pa-
tients with SD or PD according to the prediction model

tumor markers with objective response according to the
Intemmational Unit against Cancer Criteria, providing objec-
tive data to guide therapeutic decision-making (Dixon et al.
1993; Roberison etal. 1991; Robertson et al. 1999; Van
Dalen etal. 1996; Williams etal. 1990). Tampellini et al.
described a general correlation between clinical response
and the serum CAI15-3 response in about 50-60% of
patients (Tampellini et al. 2006), Therefore, the European
group for serum tumor markers in breast cancer recom-
mended that serum tumor markers should be measured
prior to every chemotherapy course (Molina et al. 2005).
The present study is the first to develop a prediction model
based on a statistical methodology and to validate the
model using an independent consecutive series, Several
studies have described that an association with response
was only observed in pretreatment marker-positive patients
(Kurebayashi et al. 2003, 2004) While the accuracy of the
prediction model for patients with abnormally elevated
scrum tumor markers was clearly validated, the prediction
model was fairly reliable for all of the patients. While the
present study contributes important information o the
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treatment of breast cancer patients, the definition of what
constitutes a significant increase or decrease in tumor
markers is likely to remain controversial.

Patients responding to chemotherapy usually fare better
and survive significantly longer (han  non-responders
(Piergia et al. 2001). Therefore, response to chemotherapy
can be considered a surrogate parameter with a dynamic
status. The important finding in the present study was that
the TTP in the verification set was significantly associated
with the presence or absence of a response when stratificd
according to either the prediction model or the objective
response criteria. No significant differences in the OS were
observed when the patients were stratified according to
cither the objective response criteria or the prediction
model, although a tendency was observed. The OS was
likely influenced by the fact that the majority of patients
with metastatic or recurrent breast cancer generally receive
second-line or additional systemic chemotherapies.

There were no differences in the examination strategies
or in the patterns of care for the patients in the training and
verification sets. However, the limitations of the present
study include a potential patient bias, similar to those in
previous studies (Dixon etal. 1993; Malinowski 2007;
Robertson etal. 1991; Robertson et al. 1999; Tampellini
el al. 2006; Van Dalen et al. 1996). Variations in the patient
population potentially exist in individual institutions over
time, Furthermore, general differences in the positive rates
for each tumor marker were observed. How these differ-
ences may allect the performance of the prediction model in
a more generalized population is uncertain, Serum tumor
markers based on twmor biology are unlikely o be
influenced strongly by individual patients or institutions,
However, we could not assess the accuracy of the predic-
tion model for patients in other institutions or countries. In
addition, the present study did not assess the cost-cffective-
ness of measuring scrum biological markers; this matter
will be investigated in future studies.

Radiological examinations, like computed tomography
or magnetic resonance imaging, are recommended for the
assessment of objective responses based on the RECIST
criteria in clinical trials, However, radiological examina-
tions for response analysis are not strictly required in prac-
tical settings. Therefore, our prediction model might reduce
the need for radiological examinations and patient work-
ups as well as the overall cost ol treaiment, Currently,
investigators are working to develop molecular diagnostic
application systems. such as genomic and proteomic pro-
files, for predicting the response to chemotherapy of
patients with breast cancer (Malinowski 2007). These diag-
nostic systems continue to evolve and are not yet univer-
sally used, but they do have the potential to predict
response and lo improve (reatment  management by
enabling customized therapies in the luture,

The present prediction model would enable a patient’s
probable response to be identified at an early stage and
could be used to identify paticnts who arc likely to benelit
from additional courses of chemotherapy. Future studies
should evaluate the clinical wility of this prediction model
in patients with non-measurable lesions and should deter-
mine whether clinical decisions based on this prediction
maodel can actually improve the clinical outcome.
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Dilatation of Bronchial Arteries Correlates With Extent
of Central Disease in Patients With
Chronic Thromboembolic Pulmonary Hypertension

Hidefumi Shimizu, MD; Nobuhiro Tanabe, MD; Jiro Terada. MD; Masahisa Masuda, MD*;
Seiichiro Sakao, MD; Yasunori Kasahara, MD; Yuichi Takiguchi, MD;
Koichiro Tatsumi, MD; Takayuki Kuriyama, MD

Background Dilatation of the bronchial arteries is a well-recognized feature in patients with chronic thrombo-
embolic pulmonary hypertension (CTEPH). The purpose of the current study was 1o use computed tomography
(CT) 10 assess the relationship between dilated bronchial arteries and the extent of thrombi. and to evaluate the
predictive value of the former for surgical outcome,

Methods and Results  Filty-nine patients with CTEPH and 16 with pulmonary arterial hypertension (PAH)
were retrospecrively evaluated. The tolal cross-sectional area of bronchial arteries was measured by CT and its
relationship with the central extent of thrombi or surgical outcome was assessed. The total area of the bronchial
arteries in CTEPH patients was significantly larger than that in PAH patients (median [range]. 6.9(1.7-29.5|mm*
vs 3.2[0.8-9.4]mm?), with the total area of bronchial arieries correlating with the central extent of thrombi. In
patients who had undergone pulmonary thromboendarterectomy (PTE) (n=22). the change in PaO2 after surgery
had a tendency (o correlate with the total arca of the bronchial arteries.

Conclusion The total cross-scetional area of the bronchial arteries correliuted with the extent of central disease in
patients with CTEPH, and it might predict gas exchange improvement after PTE,  (Circ J 2008; 72: 1136-1141)

Key Words: Bronchial artery; Chronic thromboembolic pulmonary hypertension; Pulmonary circulation: Pul-

monary embolism

hypertension (CTEPH). dilatation of the bronchial
arterics (BAs) 1s a well-recognized feature on conven-
tional angiography' and computed tomography (CT) angio-
graphy?* As the finding of dilaied BAs is rarely seen in
paticnts with idiopathic pulmonary arterial hypertension
(PAH) or acute pulmonary embolism, it has been suggested
that this feature counld help distingmish patients with
CTEPH [rom thuse with other diseases causing pulmonary
hypertension!-*4
The presence of diluted BAs represents increased system-
ic collateral blood supply' and it plays a important role in
maintaining the viability ol ischemic lung parenchyma
after pulmonary artery occlusion? However. the mechanisms
ol bronchial urtenal development are not well understood.
It is thought that both hemodynamic and nonhemodynamic
factors might be involved?® Tn o canine model, Rehulova ¢
al showed that the development of collateral bronchopul-
monary circulation depended on the size ol the occluded
branch of the pulimonary arteries? In patients with CTEPH,

In patients with chronic thromboembolic pulmonary
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the location of thrombi varies between individuals, but to
our knowledge no study has evaluated the relationship be-
tween the location of thrombi and the dilatation of BAs in
humans.

Previous studies showed a lower postoperative mortality
rate and lower postoperative pulmonary vascular resistance
(PVR) after pulmonary thromboendarterectomy (PTE) in
patients with dilated BAs according to the preoperative eval-
uation, compared with patients without dilied BAs#? Those
studies classified patients into 2 groups. with (21.5mm) or
without (<1.5mm) dilated BAs. Ley ¢t al showed a correlu-
tion between the cross-sectional arca ol BAs assessed by
CT ungiography and the bronchopulmonary shunt volume
assessed by magnetic resonance imaging? Those results
prompted os (o use the cross-sectional arca of the BAs, in-
stead of their diameters, Tor assessment of the relationship
with surgical ontcome alter PTE, as the bronchopulmonary
shunt volume may contribute directly to supporting ischemic
parenchymal tissue caused by occlusion ol the pulmonury
arteries.

The purpose ol vur study was to use CT angiography o
assess the relanonship between the cross-sectional area of
the BAs and the central extent ol thrombi, as well as 1o eval-
uate the predictive value of dilated BAs for surgical our-
come.

Methods
Sty Population
For this retrospective study. we scarched the computer
database of Chiba University Hospital 1o identily patients

Cimeeehitnns fowerseel Dl 72, fuly 2008
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with CTEPH (n=74) and PAH (n=19) who had undergone
CT angiography between January 2002 and August 2007
All patients, except | with PAH, had undergone right-heart
catheterization. The diagnosis of CTEPH or PAH was made
on the basis of multiple diagnostic tests. including a dedailed
history, physical examination, pulmonary function testing.
perfusion scanning. CT scanning, echocardiogram, righi-
heart cathetenization and serologic lests.

Fourteen patients (11 with CTEPH, 3 with PAH) were
excluded because of suboptimal contrast material delivery
for evaluation of the BAs. Four patients with CTEPH were
also excluded because the duration between CT angiography
and right-heart catheterization was more than 3 months.
Finally, 59 patients with CTEPH (CTEPH group) and 16
patients with PAH (PAH group: 8 with idiopathic PAH, 4
with PAH associated with collagen vascular disease. 2 with
arterial septal defect and 2 with PAH associated with portal
hypertension) were evaluated. Right-heart catheterization
and selective pulmonary angiography were performed in all
patienis of the CTEPH group.

Twenty-four patients in the CTEPH group had undergone
PTE: 2 of them died in the carly postoperative period, and
the remainder, except | patient (n=21), underwent post-
operative CT angiography within 3 months (median [range],
1 [1-3]) after PTE. Postoperative blood gas analyses were
performed for all patients and compared with preoperative
blood gas levels.

As for the control of the total area of the BAs, we evalu-
ated 12 patients who had acute pulmonary thromboems-
bolism (APTE). whose thrombi were treated and resolved
almost complerely (post-APTE group).

The Human Subject Committee of Chiba University
approved the study, and written informed consent was
given by all patients at the time of diagnosis.

CT Protocol

All CT scans were obtained with a 16-row multidetector
CT scanner (LightSpeed Ultra16; General Electric Medical
Systems, Milwaukee, WI, USA) with 1.25-mm slice thick-
ness. Patients were injected with 100 ml of contrast material
with 350mg of iodine/ml at 3mlfs. All CT examinations
were performed for a normal workup to diagnose or evaluate
CTEPH vr PAH, with u scunning delay of 20-30s [or opti-
mal pulmonary artery visualization,

Image Interpreration

CT images were reviewed by 2 investigators using u
cine-mode display on a computer workstation, and final
cvaluations were uchieved by consensus. All BAs ansing
from the descending aorta in each patient as depicted by CT
angiography were identificd. Al the mediastinal window set-
ting of the axial images, right and/or left BAs were identified
us contrast matenal-enhanced round or corvilinear strue-
tures (Fig 1). Their diameters were measured at the most
proximul site from their origin, We calculated the cross-
sectional area of each BA based on its diameter. and then
summed the cross-sectional sreas in cach patient 10 yield
the total area of the BAs

The CTEPH group waus divided into 3 subgroups, miin
type. lobar type and segmental type. according to the most
proximal location ol thrombi observed on CT angiography.
The main type (n=9) was defined as thrombi of main arte-
nes with or withow more distal thrombi location. the lobur
type (n=29) was defined as thrombi of lobar arteries with or
without more distal thrombi location, and the segmentul

Cinebation Jowrmal 19072, July 2008

137

Figl. Computed womography angiography in a putient with chronic
thromboembolic pulmonary hyperension shows dilated bronchial
arenes (amows )

type (n=21) was defined as thrombi in segmental anenes or
distal location.

We also evaluated pulmonary infarction by the periph-
eral scar score as described by Heinrich et al? In short, CT
scan images al the lung window settings were analyzed for
peripheral, irregulur, wedge-shaped or linear densities. By
adding up the number of involved lobes (lingual was re-
garded as a lobe), the peripheral scar score was obtained up
10 a maximum score of 6.

Statistical Analysis

Group comparisons were performed by Mann-Whitney
U-test or l-way analysis ol vanance on ranks (Kruskal-
Wallis method) with post-hoc test using the Steel-Dwass
method. When data were normally distributed with con-
stant vanance, correlalions were measured using Pearson's
correlation. Otherwise, the Spearman rank sum correlation
was used. Comparison of the total areas of the BAs be-
(ween belore and aller PTE was performed by Wilcoxon
matched-pairs signed-ranks test. For all compansons. a
p-value of less than 0.05 waus considered Lo indicate a sta-
tistically significant difference.

Results

Clinical and Hemodynamic Characteristics of the Patients

Table | summarizes the clinical and hemodynamic data
from the 75 patients included in the current study. No sta-
tistical significant differences were loand in terms ol age,
mean pulmonary witery pressure, cardiac index and PVR
among the groups und subgroups

Comparisons Between Patient Groups

The median wial area of the BAs in the CTEPH group
was signilicantly Farger than that in the PAH group and the
post-APTE group (Fig 2a: median [range]. 6.9[1.7-29.5]
mm? vs 3.2|0.8-9.4|mm? vs 2.0[0.9=5.1| mm?), When the
CTEPH group was divided into 3 subgroups according 1o
the most proximal location of thrombi. the median total area
ol the BAs in the segmental type was significantly smaller
than in the ether 2 types (Fig 2b). No significant dilTerence in
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Table 1 Clinical and Hemodynanile Characteristies of the 75 Patients in the Present Study

PAH gromp | 1.4
tn=16) All in=59)
Age [vear) So4xl6.6 F4.0£122
117-6%) 134-78)
Sex (M/F) /14 16/43
Mean patlsmonary artery pressure 27984 44.5512.9
() {26-55) (24-71)
Caordive index 3714053 2.560.63
(Lommin™ =1 (205431 11441451
Pul v veseular e 694£202 R28+425
fevnes st o) (I2-947) (289-2.2R5)

Dt aave mean £ 50 (emige), wnless vtherwive stated.
| *Stueely grovps were analyzed by Kneskal-Wallis test,

L TEPH group

P velne®

Hu:u fmz 'U; Inhm rr:— 18] Seywentul (n=13)
6240 4 5374126 S44L124 NS
(42-71 (34-72) 136-7K)
/1 B2 19
JRALI2H 412+028 ki NS
142-70 (23-71) 123-71) :
23610 91 2.464) 54 279058 NS
(1444451 (161-354] (1.82-4.24)
086467 BI0£468 7464368 NS
1515-1 69'91 1289.-2,285) (116-1.950)

PAH. prdimcanery wtvicd hypertension; CTEPH, chomic thromboembolic pulmonaey hypertension; NS, sl significunt.

| 4 L, b .
e | I
."E 304 o ,E- 30
o 25 = 25
g 204 é 20
: o
151 151 ® Fig2. (a) Total area of the bronchial arteries
:%) in the post-APTE, PAH and CTEPH groups. (b)
T 104 5| ** Comparison of the total area of the bronchial
- ! e E ° anteries in the 3 CTEPH subgroups according to
' . 3 s the location of thrombi. Bars indicate median
g 1 ° fp<l 00, *p<0L01, **p<0. APTE, acule
| 3 1%!' % ':g . (o) O |Jll|1m:lr1r=|r:|r lllrmnbnembohsm CTEPH. chronic
0 T v v 0 v T T bolic pulmonary hypertension; PAH,
post APTE PAH CTEPH main lobar gmental pul y arterial hypertension.
.E 30'] (o] — 5
E E
25 rs =-0.26 v 4
L p = 008 £
g 8 8 5
15+ P
B 8 g o o o 'g 24
5 104 o 8 o g o
ks 8 § g = g L
3 6 0O g o B o
- 3 T L) T T L] T T n T T T L L} 1
0 1 2 3 4 5 6 0 5 10 15 20 25 30
Peripheral scar score Total area of bronchial arteries (mm?)
Fig3. Correlation between peripheral sear score and total area of the Figd. Corelation between the tolal area of the bronchial artenes

bronchial artenes in the chrome thromboembohe pulmonary hyper-
lension group,

wolal area ol the BAs was observed between the PAH group
and the segmental type of CTEPH. In the CTEPH group. the
total area of the BAs showed a slight correlation with the
peripheral scar score, but it did not reach statistical sigmfi-
cance (Fig 3: r==00.26, p=0.08).
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and cardinc index in chronic thromboembolic pulmonary hyperien-
S group,

Corrvelation With Total Area of BAx and Preaperative
Hemodynamics

The total wrei ol the BAs was significantly correlated with
the preoperative cardiac index (Fig 4: r=—0.32. p<0.05). No
significant correlation was found between the tal area of
the BAs and preoperative imean pulmonary arlery pressure
(r=—0.05, p=0.72) or PVR (r=0.12, |'l=[|'.371.

ul. T2, uly 2008
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Table 2 Surgical Outcomes of Patients Undergoing PTE in=22) and Corrclation With Totasl Ares of Rroachisl Arteries

Postoperutive meun pulinonaiy artery pretture (mmM g
Pastoperative condicr ndex (L -wmin w7y

Pastopernitive puimoney visewlur resistance (dvmes-« 4 om ']

“eaedhn trm i prddersiiony veesnbur eestatun e (%)
Change in PuO= ufier PTE {mmblg)
Chatwgee i AulO: wfter PTE (mmHg)

Duiter e mean £ $0 (runge ). nlers siherise vuled
PTF, pul vk i

Correlation of Total Cross-Sectional Area of BAs
With Ourcome and its Change Afier PTE

Twenty-two patients (10 men, 12 women). mean 51.5
years (range, 18-69 years), underwent PTE and postopera-
tive right-heart catheterization, and the relationship be-
tween the lotal cross-sectional area of the BAs and surgical
outcome was evaluated. In this subgroup, the median otal
area of the BAs waus |4.8mm? (range, 3.6-29.5mm?).
Every patient. except |, had at least | BA with a diameter
21.5mm. Based on the location of thrombi, 7 patients were
classified as main type of CTEPH, 14 as lobar type, and
only | patient was classified as the segmental type. Table 2
summarizes the surgical ouicomes of the 22 patients. The
total area of the BAs showed a slight correlation with
changes in PaOz, but it did not reach statistical significance
(r=0.40, p=0.06). Other parameters regarding surgical
oulcome showed no correlation with the total arca of the
BAs. The total area of the BAs after PTE was significantly
reduced compared with before PTE (Fig5: median [range],
7.7[2.3=18.9]mm? vs 11.2[3.6~17.5] mm?).

Discussion

The current study demonstrated that the location ol
thrombi is related to the total cross-sectional arei of the
BAs in CTEPH patients. Although the BAs in the CTEPH
patients were significantly dilated compared with those in
the PAH patients, there was no significant difference in the
total area ol the BAs in the segmental type of CTEPH
group and those in the PAH group. We also showed that the
wital area ol the BAs in patients with CTEPH significantly
decreased after PTE and might predict surgical outcome.
With the advances in CT. the potential of CT angivgraphy
for diagnosing CTEPH has been demonstrated by a number
ol studies!=1 Morcover, CT ungiography is also being ree-
ogmzed as a useful test for evaluating the development of
systemic collateral supply o the lung?43591 Remy-Jardin
et al showed that multidetector row helical CT angiography
depicts the BAs more precisely than conventional angiogra-
phy! Therclore. n the present study we also used multide-
tector row helical CT angiogruphy o evaluate the dilatation
ol the BAs,

Consistent with previous studies™= 515 (ilaed BAs
were frequently seen in the patients with CTEPH in the
present stidy. The (otul area ol the BAs in the CTEPH pa-
tients was significantly larger than that in the PAH patients.
In the CTEPH group. us in carlier studics®? we did not find
any significant correlation between the total area of the BAs
and the preoperative mean pulinonary anery pressure or the
PVR. meaning that the severity of pulmonary hypertension
was not a stimulus for the development of dilited BAs.

Clinnharivn fornenal 10l 72, July 2008
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Total area of bronchial arteries (mm?)

Postoperative

Fig5. Companson of the total area of the bronchial arteries before
and after pulmonary thromboendariereciomy. *peD.0S

Proop'eratlve

However, the total area of the BAs was negatively corre-
lated with the cardiac index. Although the onset of CTEPH
is difficult 10 detect. disease duration might correlate with
the development of dilated BAs. On the other hand, reduc-
tion in the cardiac index occurs in the symptomatic and de-
compensated phase of pulmonary hypertension!® so disease
duration might lead to this negative correlation between the
total urea of the BAs und curdine index.

OF the CTEPH subgroups, the total arca of the BAs in the
segmental type wus significantly smaller than in the other
types. To our knowledge, this is the first study o investi-
gute the correlation hetween BA enlurgement and the cen-
tral extent of thrombi in humans. The inverse relationship
between the total arca of the BAs and the peripheral scar
score, possibly representing prior pulmonary infarction,
might support this finding. One study vsing a dog model
showed that the BAs did not become enlarged upon emboli-
zution ol muscular arteries or arterioles, ulthough enlarge-
ment occurred when the clastic branches of the pulmonary
arteries were occluded? This suggests that ocelusion of the
pulmonary arteries at the proximal sites of bronchopulmo-
nury arterial unastomoses might open them up. In humans,
preexisting bronchopulmonary artenial anastomoses are
commonly seen slightly proximal to the lobular arteries!?
The pressure gradient between the systemic arteries and the
pulmonary anteries distal w the site ol occlusion would
increase when small distal arteries and arterioles are un-
alfected in patients with main or lobar type of CTEPH! und
it would resull tn systemic arterial blood flow increasing in
ischemic arens. Another possibility Tor the development ol



